Elements of Astrophysics

Nick Kaiser

April 21, 2002



Preface

These are the notes that have grown out of a introductory graduate course I have given for the
past few years at the IfA. They are meant to be a ‘primer’ for students embarking on a Ph.D. in
astronomy. The level is somewhat shallower than standard textbook courses, but quite a broad
range of material is covered. The goal is to get the student to the point of being able to make
meaningful order-of-magnitude calculations — and a number of problems are included — and to
give the students a fairly uniform base in the relevant physics that they can use as a starting point
and introduction to the more detailed textbooks they will need to use when they come to address
serious problems. The books that I have drawn upon extensively in devising this course are Rybicki
and Lightman; Shu’s two-volume series; Longair’s two-volume series; various sections of Landau and
Lifshitz (Classical theory of fields; Mechanics and Fluid Mechanics in particular); Huang’s statistical
mechanics, and Binney and Tremaine. Some sections here are rather terse overviews of the relevant
parts of these texts, but there are some other areas which I felt were not adequately covered, where I
have tried to give more elaborate coverage. The reader is strongly encouraged to consult these texts
along with the present work and particularly to attempt the relevant problems contained in many
of these.
The book is organised in the following sections:

e Preliminaries — We review aspects special relativity, Lagrangian and Hamiltonian dynamics,
and the mathematics of random processes.

e Radiation — The course follows quite closely the first few chapters of Rybicki and Lightman.
We review the macroscopic properties of electromagnetic radiation; we briefly review the con-
cepts of radiative transfer and then consider the properties of thermal radiation and show the
relation connection between the Planck spectrum and Einstein’s discovery of stimulated emis-
sion. The treatment of polarization in chapter is done somewhat differently and more attention
is given to radiation propagation both in the geometric optics limit and via diffraction theory.
This section concludes with a general discussion of radiation from moving charges, followed
by specific chapters for the important radiation mechanisms of bremsstrahlung, synchrotron
radiation and Compton scattering.

e Field Theory Initially an informal introduction to the ‘matter’ section, this has now expanded
to become a major part of the book.

e Matter Starting with the reaction cross sections as computed from field theory we develop
kinetic theory and the Boltzmann transport equation, which in turn forms the basis for fluid
dynamics. The goal is to show how the approximate, macroscopic theory is based on funda-
mental physics. We then consider ideal fluids; viscous fluids; fluid instabilities and supersonic
flows and shocks. Also covered here is the propagation of electromagnetic waves in a plasma.

e Gravity — We start with a brief review of Newtonian gravity and review properties of simple
spherical model systems. We then consider collisionless dynamics, with particular emphasis
on their use for determining masses of astronomical systems.

e Cosmology We then consider cosmology, cosmological fluctuations and gravitational lensing
(TBD).

e Appendices — In an attempt to make the course self-contained I have included some basic
results from vector calculus and Fourier transform theory. There is a brief and simple review
of the Boltzmann formula, and appendices on dispersive waves, the relativistic covariance of
electromagnetism, and complex analysis.

There are still some major holes in the syllabus. Little attention is given to neutron stars and
black holes, for instance, nor to accretion disk theory or MHD. These shortcoming reflect the interests
of the author.

I am continually finding errors in the text, and am grateful to the students who have suffered
through the course who have pointed out many other errors.



Contents

T Prelininaries

L

Special Relativity|

2

I1.8  Doppler Effect] . . . . . . .
1.9  Relativistic Beaming| . . . . . . .. ... o oo
[1.10 Relativistic Decays| . . . . . . . . . .
IL.11 Invariant Volumes and Densities] . . . . . . . . . . . . . ... ...
[1.11.1 Space-Time Volume Element| . . . . . . . . ... .. ... ... ... .....
[1.11.2 Momentum-Space Volume Element|. . . . . ... ... ... ... ... ..
I1.11.3 Momentum-Space Density| . . . . . . . . . ... ... 0oL
I1.11.4 Spatial Volume and Density|. . . . . . . . ... ... ... ... .. ... ...
[1.11.5 Phase-Space Density| . . . . . . . . . . . o
[1.11.6 Specific Intensity| . . . . . . . . . .

11.13.3 Geometry of Minkowski space|. . . . . . . . . ... oL
[1.13.4 Relativistic decays| . . . . . . . . . . L

Dynamics

2.1 Lagrangian Dynamics| . . . . . . . . .. .
RIT1 Generalized Coordinatesl . . . . . . . . . .. ..o
2.1.2  The Lagrangian and the Action|. . . . . . .. . ... ... ... ........
2.1.3  The Principle of Least Action|. . . . . . . . ... ... .. .. ...
2.1.4  The Euler-Lagrange Equations| . . . . . . ... ... ... ... ........
2.1.5  Example Lagrangians| . . . . . .. ... o o o

B Problems . . . v e e e e e e
2.6.1 Extremal paths| . . . . . . .. .
[2.6.2  Schwarzschild Trajectories|. . . . . . . . . . .. o o




4 CONTENTS

[2.6.3  Lagrangian electrodynamics| . . . . . . . . . . ... . o 44
B__Random Fields| 45
3.1 Descriptive Statistics| . . . . . . . . . . L 45
B.1.1 N-Point Distribution Functions| . . . . . .. ... ... o000 45
8.1.2 N-Point Correlation Functions| . . . . . .. .. ... ... .. oo 0. 46

3.2 Two-point Correlation Function|. . . . . . . . . ... ... ... ... ... .. ... 46
8.3 Power Spectrum| . . . . . . .. . 46
8.4  Measuring the Power Spectrum| . . . . . . . ... ... oo oL 48
3.5 Moments of the Power Spectrum| . . . . . . ... ... ..o Lo, 50
[B.6 Variance of Smoothed Fieldd . . . ... ... ... ... ... ... ... .. 51
8.7 Power Law Power Spectral . . . . . . . . . .. o 51
3.8 Projections of Random Fields| . . . . ... ... ... ... .. ... 00, 53
B.9 Gaussian Random Fieldsl. . . . . .. .. .. .. oo 55
B9.1  Central Limit Theoreml . . . . . . . . . .. . i 55
3.9.2  Multi-Variate Central [imit Theorem| . . . . ... ... ... .. ... .... 56
B.9.3 Gaussian Fieldsl. . . . . . . .. 57

13.10 Gaussian N-point Distribution Functions| . . . . . .. ... .. ... ... ... ... 57
[B.11 Gaussian Conditional Probabilities . . . . . . . ... ... ... ... ... ... 57
B.12 Ricean Calculationsl . . . . . . . .. . . o 58
B.I3 Variance of the Medianl . . . . . . . . . .. . . . ... 59
BIZProblemsl - - - o o o oo 60
18.14.1 Radiation autocorrelation function| . . . . . . . . . .. ... oL 60

II __Radiationl 61
|4 Properties of Electromagnetic Radiation| 63
4.1 Electromagnetic Spectrum|. . . . . . .. ... Lo 63
4.2 Macroscopic Description of Radiation| . . . . .. .. ... ... .. ... ... ... 64
4.2.1  The Specific Intensity| . . . . . . . . . . . 64
4.2.2 Energy Flux] . . . .. .. . 64
423 Momentum Fluxl . . . . . . . . . .. 65
4.2.4  Inverse Square Law for Energy Flux| . . . . ... ... ... ... ..., 65
4.2.5 Specific Energy Density| . . . . . . . . . ... 65
[42.6 Radiation Pressure] . . . . . . . . . . ... L 66

4.3 Constancy of Specific Intensity] . . . . . . . . . .. ... oL 67
E [ Radiation 71
.1 Thermodynamics of Black Body Radiation|. . . . . . ... ... .. ... .. ... 71
BIT  Stefan-Boltzmann Tawl. . . . . . . . . . ... 71
5.1.2  Entropy of Black-Body Radiation|. . . . . . ... ... ... ... ....... 73
5.1.3  Adiabatic Expansion Laws| . . . .. . ... .. ... ... ... ... .00, 73

p.2  Planck Spectrum| . . . . ..o 73
9.2.1  Density of States| . . . . . . . . . .. 74
9.2.2  Mean Energy per State] . . . . .. .. .. ... ... 75
9.2.3  Occupation Number in the Planck Spectrum| . . . . . .. ... .. ... ... 75
9.2.4  Specific Energy Density and Brightness|] . . . . ... ... ... ... ... .. 76

5.3 Properties of the Planck Spectrum| . . . . . .. ... ... ... ... . ... ... 76
p.3.1  Raleigh-Jeans Law| . . . . . . . . ... 76
b32 Wien Lawl . . . . . . . . . 77
p.3.3  Monotonicity with Temperature] . . . . . . . .. ... . oo 77
9.3.4  Wien Displacement Law| . . . . . . . .. ... ... ... .. .. 77

B35  Radiation Constantsl . . . . . . . . . . . .. 77



CONTENTS

b.4  Characteristic Temperatures|. . . . . . . . . . . . . ... e
b.4.1  Brightness Temperature] . . . . . . . . . . . . ... o
b.4.2  Color Temperature| . . . . . . . . . . . .. e
b.4.3  Effective Temperature] . . . . . . . . . . .

b5 Bose-Finstein Distribution|. . . . . . . . .. Lo

B6_Problems . . . . oo
5.6.1  Thermodynamics of Black-Body Radiation| . . . .. ... ... .. ......
5.6.2  Black body radiation and adiabatic invariance| . . . . .. ... .. ... ...
5.6.3  Black-body radiation|. . . . . . ... ... o
b.6.4  Planck Spectrum| . . . . . . ...

6.2  Absorption| . . ... .........
6.3  The Equation of Radiative Transter|
6.4 Kirchoff’s Lawl . ... ... .. ...

6.8  Combined Scattering and Absorption|
6.9 Rosseland Approximation| . . . . . .
16.10 The Eddington Approximation| . . .
6.11 Einstein A, B Coefhicients| . . . . . .

I!i.l I.I l]l“slf”“ l{s lflll!“ SI ......

7.2 Field Energy Density|. . . . . . . ..
7.3 Maxwell's Equations| . . . ... ...

7.4 Electromagnetic Waves|. . . . . . ..
7.5 Radiation Power Spectrum| . . . . .

[7.6.1 Maxwell’s equations| . . . . .

[7.6.2  Energy and momentum of radiation field|. . . . . . .. .. ... ...

I8 Geometric Optics|
81 Causticd . . .. ... ... ... ...

i
(s
7
78
78
78
78
78
79
79

81
81
82
82
83
83
83
84
85
85
87
88
88
89
90
90
90
90
91

93
93
93
93
95
96
96
97
97
99
99
100

101
102



6 CONTENTS

[9  Diffraction Theory| 107
9.1  Fresnel Diffractionl . . . . . . . . . . . . .. 108
9.2 Fraunhofer Diffraction| . . . . . . . . .. .. oo 110

9.2.1 Babinet’s Principle] . . . . . . . . ..o 111
9.3 Telescope Resolution| . . . . . . ... .. ... o 111
9.3.1 The Optical Transter Function| . . . . . . . ... ... ... ... . ...... 112
19.3.2  Properties of the Telescope PSF and OTF|. . . . .. .. ... ... ... ... 113
9.3.3 Random Phase Frrors| . . . . . . .. ... oo 113
9.4 Image Wander| . . . . . . . . . . e 118
9.5  Occultation Experiments|. . . . . . . . . .. .. L oo 119
9.6 Scintillation] . . . . . . . . . . . 119
9.7 'lransition to Geometric Optics| . . . . . . . . . . . . .. ... 121
9.8 Problemsl . . . . . . . e 123
081 Diffraction] . . . . . . . . . 123
9.8.2 Fraunhoferl . . . . . . . . . ... 123
9.8.3  Telescope PSF from Fresnel Integrall . . . . . . . ... ... ... .. ..... 124

[10 Radiation from Moving Charges| 127
110.1 Electromagnetic Potentials| . . . . . . ... ... ... ... .. .. ... 127
[10.2 Retarded Potentialsl . . . . . . . . . . . ... 128
110.3 Lienard-Wiechart Potentials| . . . . . . . .. ... ... oo o 129
110.4 Dipole Radiation| . . . . . . . . . ... 132
110.5 Larmor’s Formulal. . . . . . . . . . . . 133
110.6 General Multi-pole Expansion| . . . . . . . . . ... .. ... .. o 133
[10.7 Thomson Scattering] . . . . . . . . . . . . e e 135
[10.8 Radiation Reaction|. . . . . . . . . . .. .. L 137
110.9 Radiation from Harmonically Bound Particles|. . . . . . . ... ... ... ... ... 138
110.105cattering by Bound Charges| . . . . . . . . . . .. .. ... L o 138

.......................................... 139
|110.11.1 Antenna beam pattern|. . . . . . . . . . .. .. ... . ..o 139
110.11.2 Multipole radiation 1| . . . . . . . . .. ... Lo Lo 139
110.11.3 Multipole radiation 2| . . . . . . . . . . . ... . 140
[10.11.4 Electron scattering] . . . . . . . . . . .. L 141
[10.11.5Thomson drag| . . . . . . . . . . . . . . e 141
[10.11.6 Polarisationl . . . . . . . . . . . . . e 141

(11 Cerenkov Radiationl 143
[11.1 Retarded Potentiall . . . . . . . . . . .. ... 144
1.2 TW Potentials]. . . . . . . . .. o 145

(12 Bremsstrahlung| 149
[12.1 Radiation from a Single Collision| . . . . . . . . . . . ... ... .. .. ... ..., 149
[[2.2 Photon Discrefeness] . . . . . . . . o oo vt 150
112.3 Single-Speed Electron Stream| . . . . . . .. ..o 151
[12.4 Thermal Bremsstrahlungf. . . . . . ... ... ... ... . 0. 151
[12.5 Thermal Bremsstrahlung Absorption| . . . . . . . .. ... ... ... .. 152
[12.6 Relativistic Bremsstrahlungl . . . . . .. ... . o o000 153
[12.7 Applications of Thermal Bremsstrahlungf. . . . . . . ... ... .. ... ... ... 154

112.7.1 Low Frequency Emission from lonized Gas Clouds| . . . . . .. .. ... ... 154
272 Clusters of Galaxied . . . . ... ... .. . .. . ... . ... ... . 154
112.7.3 Bremsstrahlung from High Energy Electrons| . . . . . . ... ... ... ... 154
M28Problemsl - - -« o v oo e 155




CONTENTS 7

[13 Synchrotron Radiation| 157
.................................... 157
@32 Total Power Radiatedl . . . . . . o v v v v i i o 158
[13.3 Synchrotron Cooling| . . . . . ... ... ... ... 158
13. ectrum o nchrotron Radiation|. . . . . . . . ... ... o0 158

34T Pulse Profild . . . . . . . .. . 160
113.4.2 Low-Frequency Power Spectrum| . . . . . ... ... ... ... ........ 163
13.5 Power-Law Electrons . . . . . . . . . . . . . .. 165

|14 Compton Scattering] 167
|[14.1 Kinematics of Compton Scattering] . . . . . . . . . .. .. ... .. ... ....... 167
114.2 Inverse Compton Effect| . . . . . . . . . . ... . 169
114.3 Inverse Compton Power| . . . . . . . .. . .. . o 169
[14.4 Compton vs Inverse Compton Scattering|. . . . . . . .. ... ... ... ... .... 172
14.5 e Compton y-Parameter| . . . . . .. . . . ... L 172
14.6 Repeated Scatterings|. . . . . . . . . . . . L 173

114.6.1 Non-Relativistic, High Optical Depth| . . . . ... ... ... ... ... ... 173

114.6.2 Highly-Relativistic, Low Optical Depth| . . . . . ... ... ... .. ... 173

[14.7 The Sunyaev-Zel'dovich Eftect|. . . . . . .. ... ... ... 000000 173
[14.8 Compton Cooling and Compton Drag| . . . . .. ... .. .. ... ... .. ..... 174
MLIProblemsl - - -« v o o oo e e 174
114.9.1 Compton scattering 2[ . . . . . . . . . . .. 174

114.9.2 Inverse Compton Eftect| . . . . . . .. . .. ..o o oo 175

114.9.3 Compton y-parameter| . . . . . . . . . . .. Lo 175

ie eory 177

|15 Field Theory Overview| 179
16 Classical Fie eory 183

16.111deal Fluid Limit of Wave Mechanics

[16.11.1 Local Average Stress-Emnergy Tensor| . . . . .. ... ... ... ... ..... 205

[[6. 1T 2FEvolution EqUations] . . . . . . . . v vt vt e 207
MOI2DISCUSSION - « « « o o v v v e e e e e e 209
117 Quantum Fields| 211
[17.1 The Simple Harmonic Oscillator] . . . . .. ... ... . . ... . 211
[[7.2 The Interaction Picturel . . . . . . . . . . .. . 213
117.2.1 The S-Matrix Expansion| . . . . . . . ... ... .. ... .. .. . ..., 214
[17.2.2 Example: A Forced Oscillator|. . . . .. ... ... ... ... .. ....... 214

leldsl . . . e 215

17.3.1 Discrete 1-Dimensional Lattice Modell . . . . .. ... ... ... . ... .. 215
[17.3.2 Continuous 3-Dimensional Fieldl . . .. ... ... ... ... ... 217




8 CONTENTS

117.4.1 Scattering off an Impurity| . . . . . . . . . .. ... o 218
[17.4.2 Self Interactions| . . . . . . . . . .. 219
117.4.3 Second Order Scattering|. . . . . . . . . . . . .. . e 221
117.4.4 Contour Integral Formalism|. . . . . .. ... .. ... ... ... ... 226
117.4.5 Feynman Rules| . . . . . . . . . . . . . 227
117.4.6 Kinematics of Scattering|. . . . . . . . . . . ... 227
0747 Discussionl. . . . . . . . . o e e e 227
M75Problemsl - - - o o o oo 228
117.5.1 Ladder Operators| . . . . . .. . . . . . . . . . . e 228

|18 Relativistic Field Theory| 229
8.1 The Klein-Gordon Fieldl . . . . . . . .. ... oo L 229
18.2 Quantum Electrodynamics|. . . . . . . . .. ... L Lo 231
|18.3 Connection to Kinetic Theory|. . . . . . .. . ... .. 0oL, 232
|18.4 The Scalar Field in an Expanding Universel . . . . . ... ... .. ... .. ..... 233
[18.5 Non-Relativistic Scalar Fields| . . . . .. ... .00 0oL 235
M86 Problemsl - - -« v v o oo 236
18.6.1 Stress-Energy Tensor|. . . . . . . . . .. oL 236
[86.2 Klein-Gordon Fieldl. . . . . . . . . .. ... .. . 236
[18.6.3 Scalar Field Pressuref. . . . . . . .. .. . oo o 237
118.6.4 Domain Walls and Strings|. . . . . . .. ... ... o o 237

LV ___Matter 239
[19 Kinetic Theory| 241
119.1 The Collisionless Boltzmann Equation| . . . . . . .. ... ... ... .. .. ..... 241
119.2 The Boltzmann Transport Equation| . . . . ... .. ... ... ... ... .. ... 242
119.3 Applications of the Transport Equation| . . . . . .. ... ... ... ... .. 244
119.3.1 Equilibrium Solutions| . . . . . . . . .. . oo 244
[[9.3.2 Boltzmann’s A-Theoreml . . . . . . . . . . . i 245

119.4 Conserved Quantities|. . . . . . . . . . . . . o e e 246
19.4.1 Mass Conservationl . . . . . . . . . . . . . e e 246
19.4.2 Momentum Conservationl . . . . . . . . . . . . . .. ... ... ... 247
119.4.3 Energy Conservation| . . . . . . . . . . ... o 247
119.5 Fluid Equations|. . . . . . . . . . e 248
.......................................... 248

119.6.1 Boltzmann distribution| . . . . . . . . . ... L o 248
119.6.2 Kinetic theory and entropy| . . . . . . . . . . ... ... . 249
119.6.3 Kinetic theory] . . . . . . . . . 249
119.6.4 Massive neutrinosl . . . . . . . .. e e e 249

20 Tdeal Fluids| 251
20.1 Adiabatic Flows| . . . . .. .. . 251
[20.2 Hydrostatic Equilibrium| . . . . . . . ... ... 252
20.3 Convective Stability] . . . . . . . . . ... .. 252
20.4 Bernoulli’'s Equation| . . . . . . ... oo o 252
20.5 Kelvin’s Circulation Theoreml . . . . . . . . . .. .. . o oo 253
20.6 Potential Flowsd . . . . . . . . . . 255
120.7 Incompressible Potential Flows| . . . . . .. ... .. ... ..o 0000 255
20.8 Gravity Waves| . . . . . . .o 256
20.9 Sound Waves| . . . . . . . . L 258
ROTOPIobIems . - - o v oo e 259




CONTENTS

21 Viscous Fluids|
[21.1 Transport Coefficients| . . . . .
[21.2 Damping of Sound Waves| . . .
21.3 Reynold’s Number| . . . . . ..
RPLZ Problemd . . . .. .......
21.4.1 Viscous hydrodynamics|

21.4.2 Damping of Sound Waves| . . . . . . . . ... o o

RI43 Sound waved . . . . ..
22 Fluid Tnstabilities]

22.1 Rayleigh-Taylor and Kelvin-Helmholtz . . . . . ... ... .. ... ... ... ..

122.2 Gravitational Instability| . . . .
122.3 Thermal Instability]. . . . . . .
22.4 Turbulencel . . ... ... ...

123.2.2 Vorticity Generation| . .
[23.2.3 Taylor-Sedov Solution| .

24 Plasmal
24.1 Time and Length Scales| . . . .
24.1.1 Plasma Frequency| . . .
[24.1.3 Debye Length|. . . . . .

124.2 Electromagnetic Waves in a Plasma] . . . . ... .. ... ... ... ... ... ..

24.2.1 Dispersion in a Cold Plasmal . . . . . ... ... ... ... ...

[24.2.2 Faraday Rotation|. . . .
RZ3 Problemd . . . ... ......
[24.3.1 Dispersion Measure| . .

125 The Laws of Gravity|
125.1 General Relativity] . . . . . ..
125.2 Newtonian Gravity| . . . . . . .
[25.3 Spherical Systems| . . . . ...
25.3.1 Newton’s Theoremsl . .

125.3.2 Circular and Escape Speed| . . . . . .. ... ... ... .. o L.

125.3.3 Usetul Spherical Models|

259
259

261
261
263
264
264
264
264
265

267
267
267
268
269
269
270
270
270
271
272
272

273
273
273
274
276
276
276
276

277
277
277
278
278
279
279
280
283
283



10 CONTENTS
[26 Collisionless Systems| 291
26.1 Relaxation Timel . . . . . . . . o . . o 291
126.2 Jeans Equations| . . . . . ... 292
26.3 The Virial Theorem| . . . . . . . . . . o o 292
126.4 Applications of the Virial Theorem| . . . . . . . . .. ... ... .. .. ... ... 293
126.4.1 Spherical Collapse Model| . . . . . . ... ... ... .. ... .. ....... 293

126.4.2 Galaxy Cluster Mass to Light Ratios|. . . . . .. ... .. ... .. ... .. 293

26.4.3 Flat Rotation Curve Halosl . . . . ... ... .. .. ... ... ... 293

26.5 Masses from Kinematic Tracers . . . . . . . . . .. . .. . oL oL 294
26.6 The Oort Limitl . . . . . . . . . . . 295
26.7 Problemsl . . . . . . . e 295
126.7.1 Two-body Relaxation| . . . . . ... .. .. oo 295

[27 Evolution of Gravitating Systems| 297
27.1 Negative Specitic Heats| . . . . . . . . . .. ... . o 297
27.2 Phase Mixing| . . . . . . . . . . 298
27.3 Violent Relaxation| . . . . . . . . .. .. 299
[27.4 Dynamical Friction| . . . . . . . . .. L L 299
275 Collisions Between Galaxies . . . . . . . . . . .. o 300
27.6 Tidal Stripping] . . . . . . . . L e e 300
(VI  Cosmology| 301
(28 Friedmann-Robertson- Walker Models| 303
[28.1 Newtonian Cosmology|] . . . . . . . . . . . . . e 303
[28.2 Solution of the Energy Equation| . . . . . .. ... .. ... .. ... ......... 304
28.3 Asymptotic Behavior|. . . . . . . ... 306
[28.4 The Density Parameter| . . . . . . . . . . . . .. . 307
28.5 The Cosmological Redshitt| . . . . ... .. ... ... ... ... . ... ..... 308
28.6 The Horizon Problem| . . . . . . . . .. ... 308
28.7 Cosmology with Pressure| . . . . . .. ... ... ... ... ... . ... . ..., 309
28.8 Radiation Dominated Universel . . . . . . . . . . . . ... . . . o 312
28.9 Number of Quanta per Horizon Volume| . . . . . . . . . .. ... ... ... .. ... 312
28.10Curvature of Space-Time| . . . . . . . .. . . .. ... 313
28.11Problemsl . . . . . . . . e 316
128.11.1 Energy ot a Uniform Expanding Sphere| . . . . . . .. .. ... ... ... 316

128.11.2 5olution of the FRW Energy Equation| . . . . . . .. ... .. ..., 316

29 Inflation| 319
29.1 Problems with the FRW Modeld . . .. ... ... .. ... .. ... .. ....... 319
29.2 The Inflationary Scenario| . . . . . . . . . . . .. oL 319
29.3 Chaotic Inflationl . . . . . . . . . . . . 321
.......................................... 325
RIS Problemsl . . . . .o 327
ROST Inflafion] . - -« o v v oo e e e e 327

[30 Observations in FRW Cosmologies| 329
130.1 Distances in FRW Cosmologies| . . . . . . . ... ... ... .. ... ......... 329
[30.1.T Scale Factor vs Hubble Parameted . . . . . .. ... .. ... ... ...... 329

130.1.2 Redshift vs Comoving Distance| . . . . . . . ... . ... ... ... ...... 329

130.2 Angular Diameter and Luminosity Distances| . . . .. .. ... .. ... ... .... 331
130.3 Magnitudes and Distance Moduli] . . . . . . ... .. ... o0 0oL 334

B0.4 K-Correctionsl . . . . . . . . . . . 334



CONTENTS

131 Linear Cosmological Perturbation Theory|

132.3 Selt-Ordering Fields| . . . . . . . . . .. . oo
B23T1 Domaim Walld. . . . . . . .. . .
132.3.2 Cosmic Strings| . . . . . . . . . .. e e

133 Probes of Large-Scale Structure|

133.2 Galaxy Clustering| . . . . . . . . . . . e
83.2.1 Redshift Surveys| . . . . . . . . L
83.2.2 Poisson Sample Model| . . . . . .. .. oo
83.2.3 Correlation Functionsl . . . . . . . . .. ... o

83.3.1 Measuring Bulk-Flows| . . . . . .. ... ..o o oo
133.4 Microwave Background Anisotropies| . . . . . . . .. ... Lo L oL
33.4.1 Recombination and the Cosmic Photosphere| . . . . . . . ... .. ... ...
83.4.2 Large-Angle Anisotropies| . . . . . . . . ... oo
83.4.3 Small-Angle Anisotropies] . . . . . . .. L o

83.0 Weak Lensing| . . . . . . . . . . Lo

134 Non-Linear Cosmological Structure]
134.1 Spherical Collapse Model| . . . . . . . . .. . o
134.2 Gunn-Gott Spherical Accretion Model| . . . . . . .. ... o oo
134.3 The Zel’dovich Approximation| . . . . . . . . . . .. ... ... .. ... ...,
84.4 Press-Schechter Mass Functionl . . . . . . . .. . o oo oo

11

337
337
337
340
343
343
344
347
347
348
349
349
351
351

355
355
358
361
361
365

369
369
369
370
370
371
373
374
376
378
378
380
380
380
381
381
382



12 CONTENTS
[VII  Appendices| 395
[A_Vector Calculus| 397
BT Vectord . . . o o oo 397
[A2 Vector Productd . . . . . . . . . 397
[A3 Div, Gradand Curll. . . ... ... ... ... oo 397

[A e Divergence Theorem| . . . . . . o oo v vttt 398
IA.5 Stokes” Theoreml . . . . . . . . o L o 398
A6 Problemsl - - - o v o 398
[A6.1 Vector Calenfus Identities . . . . . . . . . . . .. . .. ... 398

(B Fourier Transforms| 401
IB.1_Discrete Fourier Transforml| . . . . . . . . . . ... Lo 401
IB.2 Continuous Fourier Transforml. . . . . . . . . . .. ... . 402
IB.3 Parseval’s Theoreml. . . . . . . . .. . . 403
IB.4 Convolution Theoreml . . . .. .. ... . . 403
B.5> Wiener-Khinchin Theoreml. . . . . . . . . . . . . .. ... ... .. .. .. 403
IB.6  Fourier Transtorms ot Derivatives and Integrals| . . . . .. ... .. ... ... ... 403
[B.7_Fourier Shift Theoreml . . . - .« « o v v v i e e 404
[B.8 Utility of Fourier Transforms| . . . . .. ... ... ... ... ............. 404

.9 Commonly Occurring Transforms| . . . . . . . . . . .. ... ... .. ... .. .... 404
IB.10 The Sampling Theorem| . . . . . . . . . ... o 405
.......................................... 407

IBA1.1 Fourier Transforms| . . . . . . . .« o o oo e e 407

[C The Boltzmann Formulal 409
[D_Dispersive Waves| 411
.1 e Group Velocity] . . . . . . . oL 411

D.2 Wave Packets| . . . . . . . . . 413
ID.3  Ewvolution of Dispersive Waves|. . . . . . . . . .. ... . o o 415

[E Relativistic Covariance of Electromagnetism| 421
IE.1 EM Field of a Rapidly Moving Charge| . . . . . . . .. ... ... ... ... .... 422

[ Complex Analysis| 425
IF.1  Complex Numbers and Functions| . . . . . . ... ... ... ... ... ... 425
IF.2  Analytic Functions| . . . . . . . .. .o 425
[F.3 Analytic Continuation| . . . . . . . . . . ... L 426
.4 Contour Integration| . . . ... .. ... . 427




List of Figures

........................................ 20

[1.2  Length Contraction|. . . . . . . . . . . . .. e 22
L3 Lorentz Transformationl . . . . . . . . . . . . 0 e 23
............................. 24

[L5 Four Momentuml| . . . . . . . . . . . e 28
1.6 Relativistic Beaming| . . . . . . .. ... L o 29
1.7 Relativistic Decays| . . . . . . . . . . 31
1.8 Spatial Volume Element| . . . . . . .. ... ... ... . oo o 33
2.1  Kuler-Lagrange Equations| . . . . . . . . .. ... . o 38
22 Adiabatic Tnvariancel . . . . . . . . . ... 42
3.1  Power-Spectrum and Auto-Correlation Function| . . . .. ... .. ... ... .... 48
3.2 Measuring the Power Spectrum| . . . . . .. ... ... oo oo 49
3.3 Fields with Power-Law Spectral . . . . . .. ... ... .. o oo 52
4.1 Specific Intensity| . . . . . . . Lo 64
B2 NEEFTUX .+« o o o o oo e e e e e 65
4.3 Radiation Energy Density] . . . . . . . . . ... 66
(4.4 Radiation Pressurel . . . . . . . . . ... 67
4.5 Invariance of the Intensity] . . . . . . . . .. . oo 68
4.6 Invariance of the Intensity in a Telescope] . . . . . . ... .. ... ... ... .... 68
.1 A Cylinder Containing Radiation| . . . . . . . .. ... ... ... ... .. ...... 72
5.2 Density of States| . . . . . . . .. e e 74
5.3 Planck Functionl . . . . . . . . . . . . e 76
[6.1 Finstein Coefficents. . . . . . . . . .. . 88
[7.1  Maxwell’'s Equations| . . . . . . . . ... ... .. 94
BI TFormation of a Caustid. . . . . . . . .. .. . 103
B2 Generic Formofa Caustid . . . . . . . . .. . 104
9.1 Huygens Wavelets| . . . . . . . . . . 107
9.2 Fresnel cos(z?) Function| . . . . . .. ... .. 109
[0.3 TFresnel Knife-Edge] . . . . . . . . . . . 110
9.4 Babinet’s Principle| . . . . . . ..o oo 111
9.5 Refracting Telescope| . . . . . . . . .. 112
9.6  PSF tor a Square Pupil] . . . ... ... 114
9.7 Circular Pupil PSF| . . . . .. . oo o 115
0.8 Wavefront Deformation from Turbulencel . . . . . . . . . . . . .. ... ... .. ... 116
9.9  Speckly PSE| . . . . . e 117
9.10 Scintillation| . . . . . . . . .. e e 121



LIST OF FIGURES

9.11 Telescope with Aberration| . . . . . . . . . . . ... ... . 122
9.12 Geometric vs Wave Optics|. . . . . . . . . . . . o e 124
[[0.1 Source for Retarded Potentiald . . . . . . ... ... ... . ... ... 128
[[0.2 Tienard-Wiechart Potentialsl . . . . . . . ... ... ... ... ... ... ...... 131
110.3 Dipole Radiation| . . . . . . . . .. 132
110.4 Bounded Charge Distribution| . . . . . . . . . ... ... ... ... ... .. ... .. 134
110.5 Quadrupole Radiation| . . . . . . . . . . ... 135
[10.6 Thomson Scattering] . . . . . . . . . . . . . i i e e e 136
1.1 Conical Shock Wavel . . . . . . . . . . . .. ... 143
[11.2 Cerenkov Radiation Geometry| . . . . . . . . . . . . . . .. . . ... 145
[11.3 Light Cone-Particle Intersection|. . . . . . . . . .. . ... ... ... .. ....... 146
[11.4 Pulse of Cerenkov Radiationl. . . . . . . .. ... ... ... .. 147
2.1 Electron-Ton Collision] . . . . . . . . . o oo it 150
[12.2 Thermal Bremsstrahlung Spectra) . . . . . . . .. .. ... .o oL L. 152
|13.1 Critical Frequency for Synchrotron Radiationf . . . . . . . ... .. ... ... .... 159
13.2 Geometry for Synchrotron Spectrum| . . . . . . . . .. ... oL 160
[13.3 Observer Time vs Retarded Timel. . . . . . . . .. ... ... ... ... .... 161
[13.4 Retarded vs Observer Timel . . . . . . . . . . . . ... ... ... 162
113.5 Potential for a Pulse of Synchrotron Radiation| . . . . ... .. ... ... ...... 163
113.6 Field for a Pulse of Synchrotron Radiation|. . . . . . . . ... ... ... .. ..... 163
|13.7 Synchrotron Power Spectrum| . . . . . . . . . ... ... o 164
[14.1 Compton Scattering] . . . . . . . . . . . . e 168
114.2 Inverse Compton Eftect| . . . . . . . . . .. ... .. . o 170
116.1 Coupled Oscillators|. . . . . . . . . . . . 184
116.2 Dispersion Relation|. . . . . . . . . . .. . 185
16.3 BRS Phase and Group Velocity| . . . . . . . . . . .. .. .. ... 188
16.4 The A¢* Interaction| . . . . . . . . . . . . .. ... 193
16.5 The a¢?y Interaction| . . . . . . . . . . . . .. .. ... 194
116.6 Interacting Complex Scalar Field| . . . . . .. ... ... ... ... ... ....... 198
117.1 First Order Phonon-Phonon Scattering|. . . . . .. ... ... ... ... ... ... 221
117.2 Chion Decay and Production| . . . . . .. ... ... ... ... ... ......... 221
117.3 Second Order Phonon-Phonon Scatteringl . . . . .. ... ... .. ... ....... 223
|117.4 Phonon-Phonon Scattering Diagrams|. . . . . . . .. ... ... ... ......... 224
117.5 Phonon-Phonon Scattering Diagrams|. . . . . . . ... .. ... 0oL, 225
117.6 Twisted Phonon-Phonon Scattering Diagram| . . . . . .. ... .. ... ... .. .. 225
[17.7 Contour Integral for the Chion Propoagator| . . . . . . .. ... .. ... .. ..... 226
8.1 W-Potentiall . . . . . . . . . . . e 231
[18.2 Compton Scattering] . . . . . . . . . . . . . e 232
[19.1 Two-Body Collision| . . . . . . . . ... .. ... . 243
201 Bernoulli Effect] . . . . . . . . . . . 253
20.2 Kelvin’s Circulation Theoreml . . . . . .« « « o v v v v v v i et e s 254
120.3 Gravity Wave Geometry| . . . . . . . . . ... 257
[21.1 Shear Viscosity| . . . . . . . . . . e 262




LIST OF FIGURES 15

122.2 Atmospheric Wavefront Corrugation| . . . . . . . . . . .. ... .. ... .. ..... 271
231 Shock Tubel . . . . . . . . 274
24.1 Plasma Frequency| . . . . . . . . . . e 277
24.2 Faraday Rotation|. . . . . . . . . . .. . L 282
27.1 Phase Mixing] . . . . . . . . . . e 298
[28.1 FRW Scale Factor (linear plot)] . . . . .. ... ... ... ... ........... 305
[28.2 FRW Scale Factor (logarithmic plot)| . . . . ... ... ................. 306
P83 Density Parameter] . . . . . . . . . . . ... 307
[28.4 Causal Structure of the FRW Modell . . . . . . . . . . ... . . ... .. ... .... 309
128.5 Microwave Background Photon World-Lines| . . . . . ... ... ... .. ... .... 310
28.6 Mass of FRW Closed Modell . . . . . . . . . . .. . . . 316
28.7 Embedding Diagram| . . . . . . . .. L o o 317
29.1 Horizon-Scale in Inflationl . . . . . . . . . . . . . .. ... .. .. . 322
[29.2 Chaotic Tnflation Potential Funcionl . . . . . . . . . . o o oo v v v it o e 323
130.1 Comoving Distance| . . . . . . . . . . . e 331
130.2 Angular Diameter Distance| . . . . . . . .. ... o Lo 332
130.3 Angular Diameter Distance| . . . . . . . . . ... o Lo 332
130.4 Luminosity Distance| . . . . . . . . . .. 333
131.1 Spherical Top-Hat Perturbation|. . . . . . . .. ... ... ... ... .. ... .... 338
131.2 Isocurvature and Isentropic Perturbations| . . . . . . . ... ... ... ... ..... 348
31.3 Adiabatic-Baryonic Model| . . . . . . ... oo o 350
31.4 Adiabatic-Baryonic Power Spectrum| . . . . . .. ... o000 350
81.5 Hot Dark Matter Power Spectrum| . . . . . ... .. ... .. .. .. ... ... 352
31.6 Cold Dark Matter Power Spectrum|. . . . . . . ... ... ... ... .. .. ..... 353
132.1 Monopole, Dipole and Quadrupole Perturbations| . . . . . . . ... ... ... .... 357
182.2 Multiple Quadrupole Perturbations|. . . . . . .. .. ... ... . oL 358
82.3 Scalar Field Potentiall . . . . . . . . .. .. .. ... ... 362
B2.4 Domain Wall Profile] . . . . . . . . .. . 363
132.5 Spontaneous Symmetry Breaking| . . . . .. ..o 0o o000 364
[32.6 2 Dimensional Scalar Field Potentiall . . . . . . . .. ... ... .. ... ... ... 365
33.1 The Tully-Fisher Relation| . . . . . . . . .. .. . . . .. ... 379
33.2 Large-Angle CMB Anisotropies| . . . . . . . ... ... L oo 381
83.3 Weak Lensing| . . . . . . . . . . e 383
134.1 Spherical Collapse Model| . . . . . . ... . .. ... ... . ... . ... o 386
B4.2 Gunn-Gott Accretion Modell . . . . . . . ... .. Lo oo 387
84.3 Biased Clustering|. . . . . . . . . . . . e 392
B4.4 Self-Similar Evolutionl . . . . . . . . .. oo 393
[B.1 Common Fourier Transformsl . . . . ... ... ... .. .. ... .. ... .. ... . 405
IB.2  Sampling Theorem| . . . . . . . . . . . . .. e 406
IC.1 Boltzmann Lawl . . . . . . . . . e 410
ID.1 Beating of 2 Sinusoids| . . . . . . . ... 412
ID.2 Evolution of a Wave Packet| . . . . . .. ... ... ... ... o o 414




16

LIST OF FIGURES

[D.4 Gravity Wave Chirp| . . . . .. .. ... ... .o 418

.5 Gravity Wave Swelll. . . . . o oo 419
|E.1  Electric Field of a Moving Charge| . . . . . ... .. ... .. ... .. ... 423
[F.1  Analytic Continuation| . . . . . . . . . . .. . . L e 426

.2 Contour Integrall . . . . . . . . .. 428




Part 1

Preliminaries

17






Chapter 1

Special Relativity

A remarkable feature of Maxwell’s equations is that they support waves with a unique velocity ¢,
yet there is no ‘underlying medium’ with respect to which this velocity is defined (in contrast to say
sound waves in a physical medium). An equally remarkable observational fact is that the velocity of
propagation of light is indeed independent of the frame of reference of the observer or of the source
(Michelson and Morley experiment). Searches for the expected aether drift proved unsuccessful.
These results would seem to conflict with Galilean relativity in which there is a universal time, and
universal Cartesian spatial coordinates such that each event can be assigned coordinates on which
all observers can agree. Einstein’s special theory of relativity makes sense of these results. The
result is a consistent framework in which events in space-time are assigned coordinates, but where
the coordinates depend on the state of motion of the observer. The situation is rather analogous
to that in planar geometry, where the coordinates of a point depend on the origin and rotation
of ones chosen frame of reference. However, one can also use vector notation to express relations
between lines and point — e.g. a + b = ¢ — which are valid for all frames of reference. In special
relativity the fundamental quantities are points, or ‘events’, which are vectors in a 4-dimensional
space-time. We will see how these ‘4-vectors’ transform under changes in the observer’s frame of
reference, and how particle velocities, momenta and other physical quantities can be expressed in
the language of 4-vector notation. Indeed the fundamental principle of relativity is that all of the
laws of physics can be expressed in a frame invariant manner. The last part of the chapter deals
with the transformation properties of distribution functions (e.g. the density of particles in space,
or the distribution of particles over energy, velocity etc).

1.1 Time Dilation

An immediate consequence of the frame-independence of the speed of light is that observers in
relative motion with respect to one another must assign different time separations to events.

Consider an observer A with a simple gedanken clock consisting of a photon bouncing between
mirrors attached to the ends of a standard rod of length Iy as illustrated in figure [I.I] One round
trip of the photon takes an interval Aty = 2ly/c in the ‘rest-frame’ of the clock. Now consider the
same round trip as seen from the point of view of an observer B moving with some relative velocity
v in a direction perpendicular to the rod.

First, note that A and B must assign the same length to the rod. To see this imagine B carries
an identical rod, also perpendicular to his direction of motion, with pencils attached which make
marks on A’s rod as they pass. Since the situation is completely symmetrical, the marks on A’s
rod must have the same separation as the pencils on B’s. Thus transverse spatial dimensions are
independent of the frame of state of the observer.

From B’s point of view then the distance traveled by the photon in one round trip must exceed
2lp, and consequently the time interval between the photon’s departure and return is At > Aty. In
this time, A’s rod has moved a distance vAt, so, by Pythagoras’ theorem the total distance traveled

19
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lo l() Z(Q) + (’Ut/2)2
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4

Figure 1.1: Illustration of time-dilation. Left panel shows one click of the gedanken clock in A’s frame
of reference. Right panel shows the path of the photon as seen by a moving observer. Evidently, if
the clock is moving the photon has to travel futher, so the interval between clicks for a moving clock
is greater that if the clock is at rest. The time dilation factor is v = 1/4/1 —v2/c2.

by the photon is 21/1% + (vAt/2)? = cAt and solving for At gives

At = Atg/+/1 —v2/c? (1.1)

or, defining the Lorentz gamma-factor

v =1/\/1—- 02/ (1.2)

we have the time dilation formula
t= ’}/to. (13)

Thus moving clocks run slow by the factor . This is a small correction for low velocities, but
becomes very large as the velocity approaches c¢. This behavior is not paradoxical, since the situation
is not symmetrical; the two events (departure and return) occur at the same point of space in A’s
frame of reference, whereas they occur at different positions in B’s frame. The spatial separation of
the two events in B’s frame is Ax = vAt, and the temporal separation is At = Atg/+/1 — v2/c? and
so we have

At? — Az?/c? = AL, (1.4)

Aty = /A2 — Ax? /c? (1.5)

is called the proper time interval between two events. It is invariant; ie it is the same for all observers
in a state of constant relative motion, even though they assign different spatial and temporal intervals
to the separation of the events. It is equal to the temporal separation of the events as measured

The quantity
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by an observer for whom the two events occur at the same point in space. Any other observer will
assign a greater temporal separation.

1.2 Length Contraction

We can derive the Lorentz-Fitzgerald length contraction formula in a very similar fashion. Let us
equip A with a pair of clocks mounted back to back so that a pair of photons repeatedly depart from
A, travel equal and opposite distances [y, bounce off mirrors, and then return to A. A space-time
diagram of one cycle of the clock as perceived by A is shown on the left hand side of figure [1.2

The same set of events as perceived by an observer B now moving with constant velocity parallel
to the arms of the clock is shown on the right for the case of v = ¢/2. Set the origin of coordinates at
the emission point, and let the length of the arms in B’s rest frame be [. The two photons propagate
along trajectories © = +ct until they reach the mirrors, which have world lines x = +[ + vt. Solving
for the reflection times ¢+ and locations gives

l

o (1.6)

cty = x4 =
The return flight of each photon is the same as the outward flight of the other photon, so the total

time At elapsed between departure and return to A satisfies

[ S DR
1—v/c 1+wv/c] 1—0v2/c?

At =c(ty +t_) =1 = 2721 (1.7)

However, we know that At = vAty = 2vly/c and hence we obtain the Lorentz-Fitzgerald length
contraction formula

1 =1o/y. (1.8)

This is sometimes stated as moving rods appear foreshortened. More precisely, we have shown
that two events which occur at the same time in one frame and have separation [ in that frame will
have a spatial separation in a relatively moving frame of Iy = I > [. Consider, for example the
reflection events. In A’s frame these occur at the same time, so Aty = 0, and have spatial separation
Az = 2ly. In B’s frame however, they have temporal separation (times ¢) of

cAt = c(ty —t_) = 2v%lv/c = 2vylgv/c (1.9)
and spatial separation
Ax =2, —x_ = 2v% = 2ylo. (1.10)
Evidently
Az? — AL = 41292 (1 — v?/c?) = (20)* = Az (1.11)

is also an invariant. The quantity

Azg = V/Az? — AL (1.12)

is known as the proper distance between the two events.
Finally, the area of the region enclosed by the photon world lines is, in A’s frame, Ag = (v/2lp)?
whereas in B’s frame

212
A=(V2z)(V2w_)= —2 = Ay. (1.13)

72(1—v?/e?)

so this area is an invariant. Since transverse dimensions are invariant, this means that the space-time
4-volume is an invariant.
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Figure 1.2: Space-time diagram used to derive length contraction. On the left are shown the photon
trajectories (wiggly diagonal lines) departing from the source S (whose world-line is the central
vertical line) and reflecting from mirrors M_, My (also with vertical world-lines) and returning to
the source S. This is for a stationary clock, and the interval between clicks of the clock — the time
between departure and return of the photons — is ¢At = 2ly. The slanted lines on the right show
the world lines for the source/receiver and mirrors for a clock which is moving at a constant velocity
(v = ¢/2 in this case). Since the speed of light is invariant, the photons still move along 45-degree
diagonal lines. Now we have already seen that the interval between clicks for a moving clock is
larger than that for a stationary clock by a factor . This means that the time between emission
and return for the moving clock is ¢At = 2+ly. It is then a matter of simple geometry (see text) to
show that the distance between the source and the mirrors [ is smaller than that for the stationary
clock by a factor «y, or I = lp/~. This is the phenomenon of relativistic length contraction; if we have
a metre rod moving in a direction parallel to its length then at a given time the distance between
the ends of the rod is less than 1 metre by a factor 1/4. The above description is of two different
clocks, viewed in a single coordinate system. There is a different, and illuminating, alternative way
to view the above figure. We can think of these two pictures as being of the same clock — and
indeed the very same set of emission, reflection and reception events — but as viewed from two
different frames of reference. The left hand picture shows the events as recorded by an observer who
sees the clock as stationary while the right hand picture is the events as recorded by an observer
moving at velocity v = ¢/2 with respect to the clock. Now consider the reflection events, labelled
r_ and ro. In the clock-frame these events have spatial separation Ax = 2ly, while in the moving
frame simple geometrical analysis shows that the spatial separation is Az = 2vyly. Now we are
saying that the separation of the mirrors is larger for the moving clock, whereas before we were
saying the moving clock’s rods were contracted. This sounds contradictory, or paradoxical, but it
isn’t really. The resolution of the apparent paradox is that the situation is again non-symmetrical
between the two frames. The reflection events occur at the same time in the clock’s rest frame, and
the separation is the so-called ‘proper-separation’ Azg = 2ly. In the moving frame the two events
have a time coordinate difference At # 0, and the spatial separation, as we show in the text, is now
Az = \/Az3 + 2At?. In the earlier discussion we were computing the distance between the two
events e, ¢/ which occur same time in the moving frame. These events in the rest frame do not occur
at the same coordinate time.
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ct ct!

x x/

Figure 1.3: The Lorentz transformation causes a shearing in the z — ¢ space. This was shown above
for an area bounded by null curves, but the result is true for arbitrary areas.

1.3 Lorentz Transformation

Figure [1.2] shows that the effect of a boost on the area in the z — ¢t plane bounded by the photon
paths is to squash it along one diagonal direction and to stretch it along the other. The same is true
for any area, as illustrated in figure In fact, one can write the transformation for the spatial
coordinates as multiplication by a matrix, whose coefficients are a function of the boost velocity.

In this section it will prove convenient to work in units such that ¢ = 1 (or equivalently let ¢ = ct
and drop the prime), so photon world lines are diagonals in  — ¢ space.

Let’s now determine the form of this transformation matrix for the case of a boost along the
z-axis. For such a boost, we know that the y and z-cooordinates are unaffected, so we need only
compute how the x and ¢ coordinates are changed. Consider first what happens if we take the z — ¢
plane and rotate it by 45 degrees. Specifically, let’s define new coordinates

T | on | t | | cos(45°) —sin(45°) t| 1|1 -1 t
{X } = R(45°) [ . } = [ sn(@5)  cos(ds?) ||z |Tal1 1 ||e] M
Now we saw in the previous section that in this rotated frame the effect of a boost is just a stretch in
the horizontal direction with scale factor S; = x, /lo = 1/7(1 —v) and a contraction in the vertical

direction with scale factor S_ = x_/lp = 1/v(1 + v). The effect of the boost on position vectors in
this 45-degree rotated system is just multiplication by the 2 x 2 matrix

M= { SO+ 59_ } ) (1.15)

or, denoting coordinates in the boosted frame by syperscript,

T | [S+ © T | | 54T
el SRR 11
The effect of these linear transformations is illustrated in figure [I.4]
So far we have obtained the linear transformation matrix for transforming the rotated X — T
coordinates. What we really want is the matrix that transforms un-rotated x — ¢ coordinates. This
is readily found since we have

[;I/}:R1[)1;—/,}:R1M{§}:R1MR{£} (1.17)

with R = R(45°) the rotation matrix for a 45 degree rotation. Evidently, the transformation from
x —t to boosted z’ — ¢’ coordinates is effected by multiplying by the matrix M’ = R~'MR, or

;11 178y 0 L 1] _1[ Sy+S -S,+S-
Mz[—1 1“0 Sl 1] T2 =Sy S Se+Ss. | (1.18)
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A A A

x X XI

t T T

Figure 1.4: A region of 2-dimensional = — ¢ space-time bounded by photon world lines is shown in
the left hand panel. The center panel shows the same region in X — T coordinates, which are just
x —t coordinates rotated through 45°. The right panel shows the same region after applying a boost
along the z-axis.

but Sy +S- = 2y and S; — S_ = 290 where § = v/c. Therefore the transformation of x — ¢
coordinate vectors induced by a boost of dimensionless velocity [ is

t t gl —vﬂHt} [v(t—ﬂx)}
E R o | R i 11
Finally, recalling that transverse dimensions y, z are unaffected by a boost in the x-direction we
obtain the full transformation as a 4 x 4 matrix multiplication

t' Yy =B t v(t — Bz)
Y 1 y Y ' '
Z 1 z z

This is known as the Lorentz transformation.

1.4 Four-vectors

The prototype 4-vector is the separation between two space-time events

20 ct
1
w_ | | =
x> z
which transforms under a boost v/c = [ as
o't = A2 (1.22)
where the 4 x 4 transformation matrix A*, is
Yo B
An, = | T8 . (1.23)

1

Summation of repeated indices is implied, and such summations should generally involve one sub-
script index and one superscript index.
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Alternative notation for four vectors is
ot =T = (ct,x) = (ct,z*) (1.24)

where i = 1,2, 3.

We have seen that the Lorentz transformation matrix A corresponds to a diagonal shearing in the
x — t subspace. The determinant of A is unity, in accord with the invariance of space-time volume
previously noted.

This is for a boost along the z-axis. The transformation law for a boost in another direction can
be found by multiplying matrices for a spatial rotation and a boost. There are also generalizations
of which allow for reflections of the coordinates (including time). See any standard text for
details.

The vector x* is a contravariant vector. It is also convenient to define a covariant 4-vector which
is equivalent, but is defined as

T, = (1.25)

with a subscript index to distinguish it.
The two forms of 4-vector can be transformed into each other by multiplying by a 4 x 4 matrix
called the Minkowski metric

N =" = 1 : (1.26)

since clearly z* = n*"z, and x, = nu,,x".
There is a version of the Lorentz matrix Au’/ that transforms covariant 4-vectors as x; = AMV.’L‘,,
which is related to A*, by

AH” = NurA"on". (1.27)
The norm of the 4-vector Z is defined as

=7 -T=alr, =2+ 2 +y* + 22 =x-x— (1.28)

which we recognize as the invariant proper separation of the events. It can be computed as s? =

Nuxtx? ete. If the norm is positive, negative or zero the separation is said to be ‘space-like’, ‘time-
like’ and ‘null’ respectively. Since the norm is invariant, a separation which is space-like in one frame
will be space-like in all inertial frames etc.

A 4-component entity A is a four-vector if it transforms in the same way as & under boosts (as
well as spatial transformations, rotations etc).

The scalar product of two four vectors fl', B is defined as
A-B=A"B,=—-AB"+ A B (1.29)
and it is easy to show that the scalar product is invariant under Lorentz transformations.

The gradient operator in space-time is a covariant vector since we require that the difference
between the values of some scalar quantity f at two neighboring points

df:d}-ﬁf:dx#%f (1.30)

should transform as a scalar (ie be invariant). We often write the gradient operator as V= Oy =
0/0x#. We will also use the notation 0,y = y,,, to denote partial derivatives with respect to space
time coordinates.

A 4 x 4 matrix TH is a contravariant rank-2 tensor if its components transform in the same
manner as A*BY. Covariant rank-2 tensors T}, or mixed rank-2 tensors 7,,” are defined similarly,
as are higher rank tensors.
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e Example rank-2 tensors are 7, and ¢/, (the Kronecker §-symbol). These are both constant;
the components have the same numerical value on all inertial frames. Other examples are the
outer product of a pair of vectors A*B", and the gradient of a vector field 9, A".

e Tensors can be added, so A*” + B*¥ is a tensor.

e Higher order tensors can be obtained by taking outer products of tensors, such as TH"77 =
Arv BT,

e Indices can be raised and lowered with the Minkowski metric.

e Pairs of identical indices can be summed over to construct tensors, vectors of lower rank
by contraction. For example, on can make a vector by contracting a (mixed) rank-3 tensor
AF =TH . Tt is important that one contract on one ‘upstairs’ and one ‘downstairs’ index. If
necessary, one should raise or lower an index with the Minkwski metric.

e The fundamental principle of special relativity is that all of the laws of physics can be expressed
in terms of 4-vectors and tensors in an invariant manner.

1.5 The 4-velocity

The coordinates of a particle are a 4-vector, as is the difference of the coordinates at two points
along its world-line. For two neighboring points or ‘events’, we can divide by the proper-time dr
between the events, ie the interval between the events as measured by an observer moving with the
particle and which is a scalar, to obtain the 4-velocity

-~ dxt

U=— (1.31)
which is a contravariant 4-vector.

If the particle has 3-velocity u relative to our inertial frame, then the two events in our frame
have temporal coordinate separation dt = ~y,d7, with v, = 1/4/1 —u-u/c? as usual, and hence
the particle’s 4-velocity is related to its coordinate velocity by U° = da°/dr = cdt/dr = ¢y, and
Ut = dz'/dT = yudz®/dt or

ﬁ:%{ © } (1.32)

If we undergo a boost along the z-axis of velocity 8 = v/c into some new inertial frame then the
components of the particle’s 4-velocity transform as

U =~(U° —pU")

U/1 =~ Ul — ﬁUO
i (1.33)
U/3 — U3

These relations can be used to show how speeds and velocities of particles transform under
boosts of the observer’s frame of reference as follows: The first of equations (1.33) with U% = ~ye,
U = yyu! etc and with z-component of the coordinate velocity in the unprimed frame u! = u cos
gives

Yo' = YYu (1 — % cos 0) (1.34)

which allows one to transform the particles Lorentz factor v, and therefore also the particle’s speed
|u|, under changes in inertial frame.

The second of equations (1.33) gives ywu'" = y(yat! — Beya) = Y7u(ul —v) or

/1 ul—v

= 1.35
1—wul/c? (1.35)
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which is the transformation law for the coordinate velocity.

If the particle is moving along the z-axis at the speed of light in the unprimed frame (u! = c)
then then the velocity in the unprimed frame is u/! = (¢ — v)/(1 — v/c) = ¢. This is in accord with
the constancy of the speed of light in all frames.

Finally, in the rest frame of the particle, U= (¢,0), so dotting some vector with a particle’s
4-velocity is a useful way to extract the time component of the 4-vector as seen in the particle’s
frame of reference.

1.6 The 4-acceleration

The four-acceleration is

/_f:

dU
dr’

(1.36)
and is another 4-vector.

The scalar product of the 4-acceleration and the 4-velocity is A-U= d(ﬁ ‘ ﬁ) /d7 which vanishes
because the squared length of a 4-vector is U-U = —c?, which is invariant. Thus the four acceleration
is always orthogonal to the 4-velocity.

In terms of the coordinate 3-velocity, the 4-acceleration is

A = ~(d(c)/dt, d(yu) /dt). (1.37)

and a little algebra gives the norm of the 4-acceleration in terms of the particle’s coordinate accel-
eration and coordinate velocity as

A-A=~%a-a++*(u-a/c)?). (1.38)

In the particle’s rest-frame U= (¢,0,0,0) so A° = 0, and therefore the norm is just equal to the
square of the proper acceleration: A A= lag|? so gives the acceleration felt by a particle in
terms of the coordinate acceleration in the observer’s frame of reference.

If we decompose the 3-acceleration into components a; and a; which are perpendicular and
parallel to the velocity vector u it is easy to show that

A A= Jag* =" ++%af) (1.39)

Of particular interest is the case a = a , as is the case for a particle being accelerated by a static
magnetic field. In that case, the rest-frame acceleration is larger than in the ‘lab-frame’ by a factor
~2. This is easily understood. Observers in different inertial frames agree on the values of transverse
distances as these are not affected by the Lorentz boost matrix. The second time derivative of the
transverse position of the particle is larger in the instantaneous rest-frame than in the lab-frame,
simply because time runs faster, by a factor 7y, in the rest-frame. This will prove useful when we
want to calculate relativistic synchrotron radiation.

1.7 The 4-momentum

Multiplying the 4-velocity of a particle by its rest mass m (another invariant) gives the four-
momentum

P =mU = ym(c,u). (1.40)

The spatial components of the 4-momentum differ from the non-relativistic form by the factor ~.
To see why this is necessary consider the situation illustrated in figure [1.5

Some texts use the notation mg for the rest-mass and set m = ymg. The space components of
the relativistic 4-momentum are then P = mu, just as in non-relativistic mechanics. We do not
follow that convention.
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A — A’ —

-’

B,B’

Figure 1.5: Illustration of the relativistic form for the momentum. Two observers A and B pass each
other on rapidly moving carriages and as they do so they bounce balls off each other, exchanging
momentum. The upper panel shows the symmetric situation in the center of mass frame. The lower
panel shows the situation from B’s point of view. Now B assigns a longer time interval to the pair
of events A and A’ than to B, B’ while transverse distances are invariant so it follows that the
transverse velocity he assigns to A’s ball is lower than his own by a factor 7. Thus, in B’s frame
mu, is not conserved, but ymu, is conserved in the collision.

The time component of the 4-momentum is

2
1
me =mc® + -mv? + ... (1.41)

NI 2

which, aside from the constant mc? coincides with the kinetic energy for low velocities, and we call
cP° = E the total energy. The 4-momentum is

P =(E/c,P). (1.42)

cP? = ymc? =

The 4-momentum for a massive particle is a time-like vector and its invariant squared length is
E?/c? —P P =m?c (1.43)

Massive particles are said to ‘live on the mass-shell’ in 4-momentum space.
All these quantities and relations are well-defined in the limit m — 0. For massless particles
E? = |P|?¢?, and with E = fiw, P = ik the 4-momentum is then

P = h(w/c, k). (1.44)

The total 4-momentum for a composite system is the sum of the 4-momenta for the component
parts, and all 4 components are conserved. Note that the mass of a composite system is not the
sum of the masses of the components, since the total mass contains, in addition to the rest mass,
any energy associated with internal motions etc.
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Figure 1.6: Left panel shows a photon emitted from a source as seen in the rest-frame. Right panel
shows the situation in the observer frame in which the source has velocity v = vx.

1.8 Doppler Effect

Consider a photon which in the frame of some observer has 4-momentum

1
5 _ Lo | costh
0

If the emitter is moving with velocity v = vx with respect to the observer then the 4-momentum
in the emitter’s frame is

1 ~¥(1 — Beosby)
= E — E —
poE|cost | _ 5 Eo| ~(costy—p) (1.46)

¢ | sinf c sin 0
0 0
The observed energy is therefore related to the energy in the emitter’s frame by
E
Ey (1.47)

- ~¥(1 — Beosby)

which is the Doppler formula.

1.9 Relativistic Beaming

Consider a source which emits radiation isotropically in its rest frame. What is the angular distri-
bution of radiation in some other inertial frame?
Let a particular photon have source-frame 4-momentum

1
- K cosf
P_Z sin 6 cos ¢ (1.48)
sin @ sin ¢

and let the source have velocity v = vX in the observer frame. The observer therefore has velocity
v = —uX in the source-frame, and so the photon 4-momentum in the observer frame (primed frame)
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is

/ 1 ~v(1 + Bcosb)
= K cos &’ E | ~(cos@+p)
r_ = - =
P = ¢ | sin€cos¢’ | ¢ sin 6 cos ¢ ’ (1.49)
sin 0’ sin ¢’ sin 6 sin ¢

Comparing the ratio P, /P, in the two frames shows that ¢’ = ¢; the azimuthal angle is the same in
both frames. Comparing P, /P, reveals that
sin 6

tan@’ = m (150)

For large velocities § — ¢ so v > 1 and this results in the photon trajectories in the observer frame
being confined to a narrow cone of width 6 ~ 1/ around the direction of motion of the source. For
example, consider ‘equatorial rays’ in the source-frame for which 8 = 90°. In the observer frame
these have
fant = — = o~ L (1.51)
ol gl

so the width of the beam is on the order of 1/ for v > 1. This result will be useful when we
consider synchrotron radiation.

It is also interesting to consider the energy flux in the beam. The Doppler formula says that the
energy of the photons are boosted by a factor

hv' 1

v A(1—Bcost)’ (152)
Now cosf' ~ (1—60%/2+..)and f=(1 -y 2)1/2~ (1 —7"2/2+...) s0
V(L= Beost) = (1= (1=772/2)(1 - 0%/2) = J (172 +67) ~ 1/7, (1.53)

where we have used 6’ ~ 1/ for v > 1. The typical energy boost factor is therefore hv'/hv ~ 7.
These photons are compressed by a factor ~ ~2 in angular width so the energy per unit area is
increased by a factor ~ 73. What about the rate at which this energy flows? Consider a finite
wave train of N waves. This will be emitted in time At = N/v in the rest frame, but will pass our
observer in time At’ = N/v' ~ At/~, with the net result that the energy flux (ie the energy per unit
area per unit time) is increased by a factor ~ ~*.

We will consider the transformation of radiation intensity more rigorously below.

1.10 Relativistic Decays

As an example of the use of 4-momentum conservation, consider a massive particle of mass M which
spontaneously decays into two lighter decay products of mass m; and msy with energies (as measured
in the rest-frame of the initial particle) Ey and Es (see figure . We shall set ¢ =1 for clarity in
this section.

Conservation of energy and momentum gives

M = FE; + Ey
0=P,+P, (1.54)
where we are using units such that ¢ = 1. The latter tells is that |P1|? = [P3|?, but |P1|? = E? —m?
and so 4-momentum conservation can also be written as

M =FE,+ E,

B2 —m? = B} - m) (1.55)
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before
@ P = (M,0)
after
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131=(E17P1) Py = (Ey, Py)

Figure 1.7: Decay of a heavy particle of mass M into two lighter decay products mi, ms. Four
momenta in the rest frame of the decaying particle are indicated.

and solving this pair of equations for the two unknowns F,, Fs yields

:M2—|—mf—m§ E2:M2—m§+m§ (1.56)
2M 2M

which are the energies of the decay products in the center-of-momentum frame.

Now consider the inverse process where two energetic particles collide and merge to form a heavier
particle. The sum of the particle energies in the center of momentum frame then sets a threshold;
this is the maximum mass particle that can be created. If we fire two equal mass particles at each
other with energy E; = FE5 then the available energy is M = E; + F». If, on the other hand, we fire a
particle of mass F; at a stationary target of mass mo, then the total energy of the resulting particle is
E = E;+ms and the total momentum of the product is P = Py, or equivalently P? = PZ = E? —m?
and so the mass of the product is

M? = E? - P? = (E; + my)? — B2 + m% = m? +m2 + 2myE. (1.57)

In the highly relativistic case where F; > m1, ms the mass threshold is M ~ +/2ms F; which is much
less than the mass threshold if one were to collide two particles of energy E; in a head-on collision.
This is because in the stationary target case most of the energy is carried off in the momentum of
the resulting particle, and the mass threshold is reduced by a factor ~1/,/7. This explains why the
highest energy collisions are obtained in particle accelerators which collide counter-rotating beams
of particles and anti-particles.

£y

1.11 Invariant Volumes and Densities

Boosts of the observer induce changes in the spatio-temporal coordinates of events and thereby
modify the 3-volume of a box, for instance. Boosts also cause changes in the energies and momenta
of particles, and therefore modify the 3-volume of momentum space occupied by some set of particles,
and therefore cause the momentum-space density of particles to vary etc.

There are however certain combinations of volumes, densities etc that remain invariant under
Lorentz boosts, and it is highly desirable to write the laws of physics in a manner which makes use
of these invariants as much as possible.

1.11.1 Space-Time Volume Element

One example of an invariant volume we have already seen is the space-time volume element:

dV dt = dx dy dz dt is Lorentz invariant. (1.58)
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1.11.2 Momentum-Space Volume Element

Now consider momentum-space. Consider a set of particles which are nearly at rest, but actually
have a small range of 3-momenta 0 < p, < Ap, etc. Consider the difference in 4-momenta of the
particles at the origin and at the maximum of the range of momenta. To first order in Ap; this is
AP = (0, Apg, Apy, Ap.) since the range in energy is quadratic in the momenta for low momenta
so we can ignore it. In a boosted frame, this 4-momentum difference is

AF; y B 0 —VBAp,
~ AP, -8 v AP, VAP,
A x _ —
APT=\ Ap | = 1 AP, | T | AP, (1.59)
AP! 1 AP, AP,
and therefore
AP,AP,AP, = yAP,AP,AP, (1.60)

but the energy in the rest-frame is E = m while in the lab-frame E’ = ym so v = E’/E and hence

d3p | L
- Lorentz invariant. (1.61)

This says that a boost will change both the energy of a bunch of particles and also the 3-momentum
volume that they occupy, but the combination above is invariant under boosts. This is very useful
in formulating the relativistic Boltzmann equation.

1.11.3 Momentum-Space Density

We define the momentum space density or momentum distribution function n(p) so that n(p)d3p
is the number of particles in 3-momentum volume element d>p. Like any number, this is Lorentz
invariant, so

d3
n(p)d®p = En(p)fp is Lorentz invariant (1.62)
and therefore
En(p) is Lorentz invariant. (1.63)

1.11.4 Spatial Volume and Density

Consider a set of particles all moving at the same velocity relative to some inertial reference frame,
as illustrated in figure This figure shows that if a certain number of particles occupy a certain
region in the lab-frame then they occupy a region in the rest-frame which is larger by a factor «y. This
means that spatial volumes in the rest frame d®rg and in the lab-frame are related by d®rg = vd>r,
but Ey = m and E = ym, so v = E/Ey and therefore

Ed®r  is Lorentz invariant. (1.64)

Since the number of particles in some volume element n(r)d3r is clearly Lorentz invariant, this
means that the spatial density transforms such that

n(r)

= is Lorentz invariant. (1.65)

This has an interesting consequence. Consider a neutral plasma consisting of streams of electrons
and positrons propagating at equal velocities but in opposite directions. The two streams have equal
densities by symmetry. Now consider the situation as perceived by an observer moving in the same
direction as the electrons. That observer sees the positrons to have a higher energy, and therefore
a higher space density, than the electrons. For that observer the plasma is not neutral but has a
positive charge density.
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Figure 1.8: Illustration of the transformation of the spatial volume occupied by a set of particles.
Left panel shows world-lines for a set of particles all with the same non-zero momentum in the
‘laboratory frame’. The horizontal line spans the range of z-coordinate Az which contains a certain
number of particles (four here) and this interval has At = 0. Right panel shows the same thing
from the rest-frame of the particles. The particle world-lines are now vertical, and the transformed
interval Az is now tilted and has Aty # 0. Since Az? — At? is invariant, this means that Azg > Ax.

1.11.5 Phase-Space Density

We define the phase-space density or phase-space distribution function f(r,p) such that f(r,p)d®r d*p
is the number of particles in 6-volume d3r d®p. Since Ed®r and d3p/E are Lorentz invariant, then
so is d3r d3p and since f(r,p)d3r d3p is a number of particles this means that

f(r,p) is Lorentz invariant. (1.66)

1.11.6 Specific Intensity

We can use the foregoing to compute how the energy density of radiation and the specific intensity
transform under a boost of one’s frame of reference.

The spatial energy density for particles occupying a momentum-space volume d>p is given by the
product of the spatial number density and the energy

d’u = f(r,p)Ed’p = f(r, p)Ep’dpdS. (1.67)

For photons, or any zero rest mass particle, p = hv/c and E = hv, so dp = (h/c)dv so

( h* ,
d3u = u,, (Q)dvdQ = = f(r,p)r3dvdQ (1.68)

and, since f(r,p) is Lorentz invariant, dividing through by dvdQ) shows that the specific energy
density transforms such that
u, (2)

v3

is Lorentz invariant (1.69)
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and therefore that the specific intensity also transforms in such a way that

L)

v3

is Lorentz invariant. (1.70)

This is an extremely useful result. If one can compute the change in energy of a photon v — v/
induced by a boost of the observer frame then we obtain the transformation of the intensity

/

() = (”)31V(Q). (1.71)

v

If we integrate over frequencies we find that the bolometric intensity transforms as

Q) = (1>4I(9) (1.72)

where v, is some characteristic frequency (e.g. the median frequency, the energy weighted mean
frequency, the frequency of peak intensity or any other fiducial point on the spectrum). For a source
emitting black-body radiation, this means that any observer also sees black-body radiation, though
with temperature scaled according to the Doppler frequency shift.

1.12 Emission from Relativistic Particles

A useful procedure for computing the total power radiated by an accelerated relativistic particle is
to go into the instantaneous rest frame of the particle (primed frame) and compute the power using
Larmor’s formula and then transform back to the (unprimed) observer frame.

The latter transformation is trivial, since provided the radiation emission is front-back symmet-
ric (as is the case for dipole radiation and for most emission mechanisms covered here) the net
momentum of the emitted radiation vanishes, so if an amount of energy dW’ is radiated then the
net 4-momentum of the radiation is P/ = (dW'/¢,0,0,0) and therefore the energy in the observer
frame is just dW = vdW’. Similarly, if this energy is emitted in a time dt’ in the rest frame, this
corresponds to an interval dt = vdt’ in the observer frame and therefore

p_ AW _ AW

=—=P=— 1.73
dt dt’ ( )
so the radiated power is Lorentz invariant.
Larmor’s formula gives
2¢>
/ 12

but, as discussed, the time component of the 4-acceleration vanishes in the rest-frame, and so
|a’|? = A+ A and

2¢° -~ o
which is manifestly covariant.
Using (1.39)) this can also be written
24> 4, 5 2 2

which gives the power radiated in terms of the 3-acceleration measured in the observer frame.
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1.13 Problems

1.13.1 Speed and Velocity Transformation

Consider a particle moving with coordinate velocity u in your frame (unprimed).

1.
2.

What is the gamma-factor v, that you assign to the particle?

Write down the 4-velocity U for this particle in your frame of reference.

. Apply a boost to obtain the 4-velocity U’ for an observer (your friend) moving at velocity

v = (v,0,0) relative to you.

Obtain an expression for the gamma-factor 7, for the particle in your friend’s frame of reference
in terms of yyu,v,c,cosf =V -t and c.

Obtain an expression for u’!, the z-component of the particle’s coordinate velocity in your
friend’s frame in terms of v, u! and c.

Apply this to the case of a particle with u = (¢,0,0). What is u’?

1.13.2 Four-Acceleration

1.

N v

Write down the 4-velocity U for a particle with coordinate 3-velocity u in terms of u, ¢ and
v=1/y/1—-u?/c?.

The 4-velocity is A= dﬁ/ dt where 7 is proper time along the particles world line. Rewrite
this in terms of the rate of change of the 4-velocity with respect to coordinate time ¢.

. Obtain an expression for the 4-acceleration in terms of v, 3 = u/c, a; and aj (these being

the components of the coordinate acceleration a = du/dt in the directions perpendicular and
parallel to u). The factor  should appear only once.

Use the above to obtain an expression for the norm A - A in terms of v, a1 and aj.
What is the time component of the 4-acceleration in the rest-frame of the particle?
How is the squared coordinate acceleration |a?| in the rest-frame related to the invariant A-A

Use the above to obtain the rest-frame |a|? for a particle which in our frame has coordinate
acceleration a=a .

1.13.3 Geometry of Minkowski space

Consider an explosion which occurs at the origin of Minkowski space coordinates ¢t = r = 0 which
results in a cloud of test particles flying radially outward at all velocities v < c.

a.

Show that surfaces of constant proper time 7 as measured by the test particles is the hyper-
boloid
t?2 =72 4 o2 (1.77)

where 72 = 22 4+ y? + 22. Sketch the intersection of this surface with the plane y = z = 0 and
also show some representative test particle trajectories.

Construct the spatial metric (line element) on this curved hypersurface as follows:

1. Set up polar coords r, 0, ¢ such that (z,y,z) = rsinf cos p, rsin 8 sin ¢, r cos 6

2. For a tangential line element (r = constant) dt = 0. Hence show (or argue) that the
proper length of a tangential line element is

(dl,)? = r?((d)? + sin® B(dy)?) = r?do? (1.78)
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3. For a radially directed line segment connecting points with Minkowski radial coordinate
r, 7 +dr (but at the same 7) there is a non-zero dt given by d(t?) = d(72 + r?) = d(r?).
Hence show that the proper length is

dr)?
(dly)? = (dr)* = (dt)* = =575 i 7,3/72 (1.79)
4. Combine 2,3 to give
2 (dr)? 27 2
(dl) Ty + redo (1.80)

c. Now consider a rescaling of the radial coordinate R = r/7.
1. Show that R = v, where v = (1—v?)~'/? and is therefore constant label for each particle;
a ‘comoving radial coordinate’.
2. Rewrite the result of b.4. as
dR?
1+ R?

di* = 7%( + R?do?) (1.81)

d. Show that (flat) Minkowski space, when written in 7, R, 0, ¢ coordinates takes the form

2

dR
ds* = —dr* + 7%(

B + R?do?) (1.82)

Rewrite this in terms of an alternative comoving radial coordinate w where R = sinhw. Com-
pare your results with formulae for the space-time geometry of an open Friedmann-Robertson-
Walker cosmology from any standard introductory cosmology text.

1.13.4 Relativistic decays

Consider a heavy particle H of mass M which decays into two light particles of equal mass m.

a. Show that in the rest frame of the heavy particle the energy of a decay product is E = M/2
and the modulus of the momentum is |p| = §,M/2 where 8, = (1 — 4m?/M?)'/2 so the

4-momentum is
1

L M Bpit
= 1.83
P=r Bpy/1 — pcos e (1.83)
Bpy/1— p?sing

b. Compute the decay product 4-momentum in a frame (the ‘laboratory frame’) in which the
decaying particle has velocity 3 parallel to the x-axis.

c. Show that for decays which are isotropic in the rest frame of the decaying particle the decay
product energy is uniformly distributed in the range £, < Ej, < E;‘ where

E
BF=—1x %H(l — 4m? /M?)1/? (1.84)
Sketch the mimimum and maximum decay product energy as a function of the energy of the
decaying particle Ey.

d. Now consider decays from a distribution of heavy particles which all have the same energy in
the lab frame but have isotropically distributed momenta. What is the distribution in energy
of the decay products? What is the form of the phase-space distribution function f(p) for the
decay products? (Assume that the occupation numbers for the final states are negligible).



Chapter 2

Dynamics

This chapter consists of a review of some useful results from Lagrangian and Hamiltonian dynamics.
We first introduce the concepts of generalized coordinates, the Lagrangian and the action. We
state the principle of least action and then give some examples which show how to construct the
Lagrangian to obtain the equations of motion. We show how energy and momentum conservation
arise from symmetries of the Lagrangian under shift of time and spatial translations, and we also
show how the Lagrangian formalism is useful for generating the equations of motion in transformed
coordinates. We then review Hamilton’s equations and finally we discuss adiabatic invariance.

2.1 Lagrangian Dynamics

2.1.1 Generalized Coordinates

In Lagrangian dynamics a mechanical system is described by generalized coordinates which we
denote by ¢; with ¢ running from 1 through N with N the number of degrees of freedom. We will
also use the notation q = ¢;.

The values of the coordinates at some instant of time are generally not enough to specify the
state of the system, to fully specify the state one needs to give also the values of the velocities ¢;.
The future evolution is then determined.

2.1.2 The Lagrangian and the Action

A mechanical system is defined by its Lagrangian. This is a scalar function of the coordinates and
velocities and optionally time and is denoted by L(g;, ¢;,t). It has units of energy.

The action S is defined for a bounded path q(t) in coordinate space and is the time integral of
the Lagrangian

to
s = [t Lat).a). 1), (2.1)
t1
The action has units of angular momentum.

2.1.3 The Principle of Least Action

The principle of least action asserts that the actual evolutionary histories (or more briefly ‘paths’)
q(t) that a system follows are those which minimize (or more generally extremize) the action:

55 =0 / dt L(q(t),a(t),t) = 0. (2.2)

t1

37
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Figure 2.1: The lines show two hypothetical evolutionary histories of a one-dimensional system. The
two paths begin and end at the same points.

2.1.4 The Euler-Lagrange Equations

The ‘global’ minimization implies a certain condition on the derivatives of the Lagrangian
which must be locally satisfied. This condition provides the equations of motion for the system.
Consider a system with one degree of freedom: L(g,q,t) and consider two hypothetical neigh-
boring paths ¢(t) and ¢'(t) = ¢(t) + dq(t) as illustrated in figure The variation of ¢(¢) implies a
corresponding variation of the velocity 6¢ = d(dq)/dt = 4q.
The variation of the action is

08=58-8= /dt L(q+0q,4+0q,t) — /dt L(q,q,t). (2.3)

If we make a Taylor expansion and ignore terms higher than linear in the (assumed infinitesimal)
perturbation to the path, we have

to
oL . OL
5S=/dt [5(] -0 } . 2.4
o0 2% (2.4)
t1
Now the second term in brackets here can be written as
- OL d oL d (0L
N o N 2.
5 = @ (5‘134) L (a:'c) (25)
and therefore the action variation can be written as
12
oL]" A%k oL
_ v _9¢ 2.
oS [6(] (%LI +/dt dq [ 7 34 (2.6)
t1

but the first term vanishes since dq(t1) = dg(t2) = 0 and, since the variation dg(t) is arbitrary, the
term within the square brackets in the integral must vanish. This gives the Euler-Lagrange equation:

9% = _ 7
; 7 0. (2. )
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The generalization to multi-dimensional systems is straightforward and we obtain

dge oL 28)
dt 8qz '

which gives a set of equations, one per degree of freedom i. As we will now see, these equations
provide the means to evolve the state of the system; they provide the equations of motion for the
system.

2.1.5 Example Lagrangians

So far we have not said how the Lagrangian for a system is determined; we have simply asserted
that there is such a function whose minimization provides the equations of motion.

Consider the Lagrangian L = m|x|?/2, where x is the usual Cartesian spatial coordinate. Note
that this is the only function which is at most quadratic in the velocity and satisfies homogeneity
(which means L cannot depend on x) and isotropy (L is independent of the direction of motion).
The Euler-Lagrange equations are then

d2L
9% _ = #; = constant (2.9)
dt
which is the law of inertia; we have obtained the equations of motion for a free particle, for which
the Lagrangian is just the kinetic energy.

We also see an example of what is a general rule: if the Lagrangian is independent of one of the
coordinates then the corresponding velocity is constant.

A less trivial example is a set of particles labelled by an index a and with (time independent)
Lagrangian

. 1 .
L(Xa,%q) = Y 5ma\xa\? —U(x1,X2,...) (2.10)
for which the Euler-Lagrange equations are
dx, ou

e (2.11)

which we identify with Newton’s law for a system with potential energy U (x,).
Note that the Lagrangian here is the kinetic energy minus the potential energy: L =T — U.
Again, if L is independent of one of the coordinates OU /9%, = 0, then the corresponding velocity
Xy is constant.

2.2 Conservation Laws

2.2.1 Energy Conservation
If there is no explicit time dependence of the Lagrangian, so L = L(q, q), the total derivative of the

Lagrangian is
dL oL .
=Y it Y g (212

which, using the Euler-Lagrange equation, is

dL aq , dZ A2 o5.9
ok _ L, : i 2.1
dt +Za Gi dt (2.13)

so we have

d . OL
o <Z Gigg L) =0. (2.14)
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which means that the quantity
OL
E= ji— — L 2.15
zi:q 9, (2.15)

which we call the energy is a constant of the motion.

The energy is conserved for any system with 9L/0t = 0. Such systems are said to be ‘closed’ or
‘isolated’.

The partial derivative of the Lagrangian dL/d¢; with respect to the coordinate velocity ¢; is
called the momentum or, more verbosely, the momentum canonically conjugate to the coordinate
¢;- In terms of the momentum, the energy is

E= dgpi— L. (2.16)

Note that for the system (2.10) the momenta are p, = m,%X, and the energy is

E=Y mail/2+U(x1,%a,...) (2.17)
which is the sum of the kinetic and potential energies as expected.

2.2.2 Momentum Conservation

Consider a system in which the potential energy depends only on the relative values of the Cartesian
coordinates: ie the Lagrangian is invariant if we translate the entire system by a distance Ax. The
change in the Lagrangian is

6L = Ax Z 8xa = > nga =0 (2.18)

but OL/0x, = —d(OL/0%,)/dt from the E-L equations, so

" Z axa (2.19)

or equivalently that the quantity
P=) p.=Y 0L/0%, (2.20)

is conserved. This is called the total momentum of the system and its conservation law follows
directly from spatial homogeneity.

Similar arguments can be used to show that the angular momentum is conserved if the Lagrangian
is independent of orientation.

These quantities are the total momenta of the system. In addition to these conservation laws we
also have conservation of individual momenta

oL
pi = 90 constant (2.21)

if the Lagrangian is independent of the corresponding generalized coordinate: dL/dq; = 0.

2.3 Coordinate Transformations

The Euler-Lagrange equations are useful for generating the equations of motion in arbitrary coordi-
nate systems. Since L is a scalar quantity it is independent of the representation of the coordinate
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system. For example, consider a free particle, for which the Lagrangian is L = m|x|?/2. However,
consider what happens if one works in an expanding coordinate system and defines

x = a(t)r (2.22)

with a(t) a scale-factor.
Expressing the Lagrangian in terms of the new r coordinates we have x = ar + ar which means
that the Lagrangian L = m?/2 becomes a function of both r and ¥:

L(r, i) = %(a%ﬁ + 2aar - ¥ + a2?) (2.23)

To form the Euler-Lagrange equations we need the partial derivatives

OL /0% = m(aar + a®t)

OL/dr = m(a2r + aat) (2.24)
and the Euler-Lagrange equations are then
i+2% 4+ Zr=o0. (2.25)
a a

2.4 Hamilton’s Equations

In Hamilton’s formulation of dynamics we define the Hamiltonian
H=Y dp—L(g,q1t). (226)

This is identical in value to the energy defined in (2.15)).
At first sight, the Hamiltonian would seem to be a function of ¢, q,p,t. However, if we write

down the differential oL oL oL
dH = qd dj — —d¢— —dq — —dt 2.27
adp + pdq = 5odi = 5 dg = o (2.27)
we see that the 2nd and 3rd terms cancel each other (recalling the definition p = 0L/d¢) and so dH
contains only terms with dp, dq and dt so evidently the Hamiltonian is only a function of ¢, p and
t:
H = H(q,p,1). (2.28)

Using the Euler-Lagrange equation to replace dL/dq in the fourth term in (2.27) with p and
using the definition of the Hamiltonian (2.26)) to replace dL/0t in the fifth term with —0H /0t we
can write dH as

o
dH = gdp — pdq + aa—tdt (2.29)

but we can also write this as
OH oOH oOH

dH = —dp+ —dq+ —dt 2.30
op Pt 5%t 5 (2.30)
and comparing the coefficients of dp and dq yields Hamilton’s equations:
¢=0H/0p
5= —0H/dq (2.31)
The generalization to a multi-dimensional system is straightforward and we then have
¢ = OH/0p;
pi = ~0H /g, (252

For a system with N degrees of freedom, the Euler-Lagrange equations provide a set of N second
order differential equations. Hamilton’s equations, in contrast, are a set of 2INV coupled first order
differential equations. Either set of equations can be integrated to obtain the evolution of the system.
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Figure 2.2: Adiabatic invariance concerns systems where the Hamiltonian evolves slowly with time.
The curves show contours of the Hamiltonian for such a system at three different times. At each
time the system will orbit around a certain contour. Provided the system evolves slowly, the final
contour is fully determined by the initial contour, and is independent of the details of how the system
changed. The adiabatic invariant turns out to be the area within the contour.

2.5 Adiabatic Invariance

Hamilton’s equations are convenient for discussing adiabatic invariance.

Consider a system with Hamiltonian H(p, q,t). For constant ¢, the energy is conserved, and the
system will move around a contour of the Hamiltonian; ie around some closed loop in g, p space (see
figure . Now ask what happens if there is some slow explicit time dependence of the Hamiltonian
(this might be some slow variation of a spring constant or perhaps some external contribution to
the potential energy). If the change in the Hamiltonian is sufficiently slow the system will appear
to conserve energy over short time-scales (successive orbits will be very similar) but over long time-
scales there will be secular evolution and the system will evolve through a series of quasi-periodic
orbits and the energy will also change with time.

At time ¢; the Hamiltonian is Hi(g,p) = H(q,p,t1) and the possible orbits form a 1-parameter
family; these are just the contours of H;. Similarly at time t5 we have Hs(q, p) and we have another
set of orbits. For a given initial energy F4, and for sufficiently slow variation of the potential, the
system will end up in a specific energy orbit F,, independent of the details of how the variation
took place. Equivalently, we can say that something is conserved in the evolution. It turns out
that that quantity — which we call an adiabatic invariant — is just the area within the orbit in

position-momentum space:
I://dpdqzj{dqp (2.33)

The derivation of this powerful and simple result is rather tedious (see L4+L Mechanics for the
details). The flavor of this result, can however be appreciated with a simple example. Consider a
simple system which is a conker on a string of length [ and rotating at some initial velocity v. What
happens if we slowly shorten the string? Shortening the string does not exert any torque on the
conker, so the angular momentum must be conserved and therefore lv =constant and so v x 1/I; as
the string shortens the velocity of the particle increases. The energy of the conker is not conserved;
since the string is in tension, the agent shortening the string must do work. The energy of the
system is entirely kinetic and increases as E oc v? oc 1/i%. The angular frequency of the system is
w = v/l which is also proportional to v? and so we find that the energy evolves in proportion to the
frequency:

is conserved.

E x w(t). (2.34)

Let us derive the equivalent scaling law for a system consisting of a simple harmonic oscillator
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with a time varying spring constant using (2.33)). The Hamiltonian is

1 1
H= §p2/m + imwQ(t)q2 (2.35)
For w =constant the solution is an elliptical orbit in ¢, p space with semi-major axes pg = vV2mFE
and qo = 1/2F/mw? so the area of the ellipse is
I x pogo x E/w (2.36)

so, if I is conserved we find E(t) « w(t) as for the conker, provided the frequency changes slowly
(the requirement is that the fractional change in the frequency over one orbit should be small).

Another way to get to this result, again for a simple harmonic oscillator with time varying
frequency, is to integrate the equations of motion:

i+ w?(t)z = 0. (2.37)

For w =constant the solution is x = ae’*, so let’s look for a solution with slowly varying amplitude
x = a(t)e™!. Performing the differentiation with respect to time yields

4w (t)e =0 =i(ab + 2aw)e™’ + de™? (2.38)

but if a(t) is slowly varying we can neglect d as compared to the other terms, and we find that the
amplitude must obey the equation
aw + 2aw =0 (2.39)

which has solution a(t) oc w(t)~'/2. The kinetic energy of the system is F oc #? o (wa)? o w so
again we obtain the scaling law E(t) o« w(t).

Adiabatic invariance is closely connected to Liouville’s theorem. The latter says that particles
in 6-dimensional phase space behave like an incompressible fluid. If we populate the orbits inside
some given energy contour of Hi(p, q), it makes sense then that the area that these particles end up
occupying at the end should be unchanged.

Lastly, let us think about the quantum mechanics of this system. The energy levels for a constant
frequency oscillator are

E=(n+1/2)hw (2.40)

so the classical adiabatic invariant behavior corresponds to conservation of n, which seems reasonable.
For the simple case of SHM with time varying frequency the above approaches yield the same
answer, for more complicated systems the most general and powerful approach is to use (2.33)).

2.6 Problems

2.6.1 Extremal paths

Extremal paths. Consider photon propagating through a medium with inhomogeneous refractive
index n(x). Show that the time of flight is

1 dl’l dl‘l 1/2
t= E/dl ( 7 dl ) n(x;) (2.41)

where x(1) is the path of the photon and where [ is an arbitrary parameterisation along the path.
According to Fermat’s principle the variation of the time of flight d¢ vanishes for the actual ray.
Show that the Euler-Lagrange equations for this variation problem are ‘Snell’s law of refraction’

dnk

where k is the photon direction and where the parameterisation has been chosen so that |[dx/dl| = 1.
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Use Snell’s law to estimate the angular deflection of a ray passing through a region of size L with
some refractive index fluctuation dn.

If one observes a source at distance D through an inhomogeneous medium with random refractive
index fluctuations dn with a coherence scale L, how large does dn need to be to cause multipath
propagation?

2.6.2 Schwarzschild Trajectories

In general relativity the metric tensor g,,,, is defined such that the proper time interval corresponding

to coordinate separation dx is (dr)? = — g (Z)datdz”. Massive particles move along world lines
that minimize the proper time:

dxt dxv
0 | d\/—guw———— =0, 2.43
where ) is some arbitrary parameterisation of the path.

a) Use this variational principle to show that if g, (%) is independent of one of the coordinates
x® this implies that

Ua = gapU”? = constant (2.44)

where U = di/dr is the 4-velocity.

b) The Schwartzschild metric for a mass m is (in units such that ¢ = G = 1)

2m

—(dr)? = — (1 — r) (dt)? + (1 — 2;”) ) (dr)? 4 r2((d8)* + sin? 8(d¢)?). (2.45)

Use the result from part a) to obtain the ‘energy equation’ for particles on radial orbits (6, ¢ constant)

h (dr/dr)* = ... (2.46)

Note: You don’t need to know any GR to answer this question!

2.6.3 Lagrangian electrodynamics

From the stationarity of the action

ta

t1
for a system with generalised coordinates ¢;, derive the Euler-Lagrange equations
d(0L9q;)

dt

The Lagrangian for a particle of mass m and charge ¢ moving in an electromagnetic field is given
by

= 8L/8q, (248)

1
Lix,%) = 5mx* + %A X — qo (2.49)

where A(x,t) and ¢(x,t) are the vector and scalar potentials.
Show that the momentum conjugate to x is

p=mx+ LA (2.50)
(&
and that Euler-Lagrange equation generates the Lorentz force law
1
mX = q[E + —% x B] (2.51)
c

where B=V x A and E = —-V¢ —(1/c)0A/0t. (You may make use of the identity v x (V x A) =
V(v-A)—(v-V)A).



Chapter 3

Random Fields

Random fields and random, or stochastic, processes are ubiquitous in astronomy. The radiation
field entering our instruments, the distribution of stars and galaxies, the distribution of wave-like
disturbances in the early universe, in spiral galaxies or in the sun, the distribution of electrons in a
CCD image; all of these are random processes. Here we will introduce statistics which are useful for
describing such processes and some useful mathematical tools.

3.1 Descriptive Statistics

Let’s consider, for concreteness, a random scalar function of position f(r), though we could equally
well have chosen a vector function like the electric field, and it might be a function of space and time,
or just of time, or of 6-dimensional phase-space etc. Let us also consider statistically homogeneous
processes, which fluctuate, but in which the statistical character of the fluctuations does not vary
with location.

The most general description would be some kind of probability density functional P(f(r))D[f(r)]
giving the probability to observe a particular configuration of the field f(r). This probability can
be thought of as giving the distribution over an ensemble of realizations, or alternatively one might
think of it as giving the distribution over samples drawn from a single infinite realization at randomly
chosen locations.

3.1.1 N-Point Distribution Functions

A useful description is provided by the hierarchy of N-point distribution functions. The 1-point
distribution function is

p(f)df (3.1)

and gives the probability to observe a field value f at some randomly chosen point in space. The
2-point distribution function is

p(f1, f2)df1df> (3.2)

and gives the probability to observe f(r;) = f; and f(r2) = f2 at two positions ry, ry. For statisti-
cally homogeneous processes this will depend only on the separation r; — ro, and for a statistically
isotropic process it only depends on the modulus of the separation |r; — ra|.

One can readily generalize this to arbitrary numbers of points, and the whole hierarchy constitutes
a full description of the random process. The utility of this approach it that useful physics can
often be extracted from a reduced approximate description in terms of a few low order distribution
functions.

45
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3.1.2 N-Point Correlation Functions

We obtain the N-point correlation functions by integrating over the distribution functions. For
example, the two-point correlation function is

E(r12) = (fi o) = / df, / dfs fufo p(fr, f2) (3.3)

which again depends only on the separation of the pair of measurement points.
This can be generalized to give the three-point correlation function and so on.
The N-point correlation functions are moments of the corresponding distribution functions.

3.2 Two-point Correlation Function

The two point correlation function (or auto-correlation function) is very useful as it allows one to
compute the variance of any linear function of the random field. For example, the variance of the
field itself is (f2) and is equal to the value of the auto-correlation function at zero lag: £(0).

For a less trivial example, consider the average of the field over some averaging cell:

f= %/Vdgr f(r) (3.4)

with V' the volume of the cell. This is also a linear function of f. The variance, or mean square
value, of f is obtained by writing down two copies of the integral 1) with the second having
integration variable r’, and enclosing it within the (....) ensemble averaging operator:

7= (5 [ sy, [ @ so). (3.5)

Rearranging the terms in this double integral and realising that the (....) operator only acts on the
stochastic variables f(r), f(r’) gives

7 = %/Vd?’r/vd?’r’(f(r)f(r’» _ %/Vd%/vd%' £r—1). (3.6)

So the variance of the average field may be computed as a double integral over the 2-point function.

It is sometimes the case that the range of correlations of the field is limited, so £(r) is appreciable
only within some coherence length r. and is negligible for r > r.. If the size of the averaging cell is
large compared to the coherence length r. < V1/3, then

/ d*r' E(x' —r) ~ /dgr’ &(r') (3.7)
1%
where the range of integration is unrestricted, provided the point r lies at least a distance r. from

the walls of the cell, and the variance is then

2

=g [ @rew ~ oy =y (39)

which says that the rms value of the averaged field f will be approximately the rms value of the
field f divided by v/N, with N = V/r? the number of coherence volumes within the cell.

3.3 Power Spectrum
The 2-point function £(r) and it’s generalizations to N-points are real-space statistics. The transla-

tional invariance of statistically homogeneous fields suggests that Fourier-space or spectral statistics
may also be useful.
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The Fourier transform of the field f is
f(k) = / d3r f(r)e™r. (3.9)

and the power spectrum is proportional to the expectation value of the squared modulus of f (k)

P(k) oc (| f(k)[). (3.10)

The tricky thing here is getting the constant of proportionality since we are dealing with a field of
infinite extent. For a random field occupying some large but finite volume Parseval’s theorem tells us
that (2m) = [ d®k |f(k)|?> = [d®r f2(r) and the latter integral, and therefore also | f(k)|?, increase
in proportion to the volume, so to get a sensible measure of the power we need somehow to divide
(|f(k)[2) by some suitably infinite volume factor.

To make the definition of the power precise, consider the expectation of the product of the
transform at two different spatial frequencies k, k/, or more specifically, the average of the the
product f(k)f*(k’) with f* the complex conjugate of f. Writing out two copies of , wrapping
them in the averaging operator (...), and re-arranging terms yields

FaF 0 = [ dr [ dr (g netene . .11

Now (f(r)f(r’)) = &(r —r’) so on changing the second integration variable from r’ to z = r’ —r the
double integral separates into a product of integrals and we have

(f(K)f* (X)) = /d?’r ei(k_k/)‘r/d% £(z)e'”k (3.12)

() f* () = (2m)*0(k — K') P(k) (3.13)

where we have recognized the first integral in (3.12)) as a representation of the Dirac o-function and
where we have now defined the power spectrum as

P(k) = / d3r &(r)e’ T, (3.14)

Equation tells us that different Fourier modes (ie k’ # k) are completely uncorrelated.
This is a direct consequence of the assumed translational invariance, or statistical homogeneity, of
the field. On the other hand, for k = k’ the infinite volume factor in (f(k)f*(k)) = (|f(k)|?) is
supplied by the Dirac d-function.

We have only computed (f(k)f*(k’)) here. Other correlation coefficients such as (f(k)f(k’)) can
be obtained using the fact that f(k) = f*(—k) which follows from the assumed reality of f(r).

It is interesting to contrast the character of the fields in real-space and in Fourier-space. In real
space, f(r) will generally have extended correlations, (f(r)f(r")) # 0 for r # r’, but is statistically
homogeneous. In Fourier space f(k) there are no extended correlations — the field f(k) is completely
incoherent — but the field is inhomogeneous since, for example, (| f(k)|?) varies with position k.

Properties of the power spectrum:

e The power spectrum and auto-correlation function are Fourier transform pairs of one another.
This is the Wiener-Khinchin theorem.

e The power spectrum tells us how the variance of the field is distributed over spatial frequency.
Taking the inverse transform of (3.14]) at r = 0 gives

3
(%) = £(0) = / %P(k) (3.15)

so the total variance of the field can be obtained by integrating the power spectrum.
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Py ~ &or?

| |
" r "k=1/r. &k

Figure 3.1: Illustration of the relationship between the auto-correlation function £(r) and the power
spectrum P(k) for the important case where the former has a bell-shaped form with constant asymp-
tote as r — 0 and with width r..

e If the field is statistically isotropic then the power spectrum depends only on the modulus of
the wave vector: P(k) = P(k).

e If f(r) is dimensionless then so is £(r) and therefore from (3.14)) P(k) has units of volume.
This is for fields in three spatial dimensions. Similarly, the power spectrum of some temporal
process f(t) has units of time etc.

e One sometimes sees the power expressed as A%(k) = k3P(k)/2m2, in terms of which the field
variance is (f?) = [dlnk A?(k), so A%(k) gives the contribution to the field variance per
log-interval of wave number, and we have A?(k) ~ &(r ~ 1/k).

e If the field f(r) is incoherent, by which we mean that the values of the field at different points
are uncorrelated, so £(r) o §(r), then the power spectrum is constant. Such fields are referred
to as white-noise.

e If the auto-correlation function is a bell-shaped function with coherence length r., then from
(3.14) the power spectrum will be flat for k < 1/r., since then e’®* ~ 1 where ¢ is non-
negligible. The value of the power at these low frequencies is then P(k < 1/r.) ~ [ d3r £(r) ~
£(0)r?. For k > 1/r. the power will be small since we then have many oscillations of e™*
within r ~ r. which will tend to cancel. These results are illustrated in figure [3.1

3.4 Measuring the Power Spectrum

It is illuminating to consider estimating the power spectrum from a finite sample of the infinite
random field. We can write such a sample as fs(r) = W(r)f(r) where the function W (r) describes
the sample volume geometry. For concreteness, imagine W to be unity within a cubical sample
volume of side L and W = 0 otherwise.
The Fourier transform of the finite sample is, from the convolution theorem, the convolution of
the transforms f and W:
A UL N Y 3.16
Fk) = [ G W k= 10) (3.16)
This says that the transform of the sample is a somewhat smoothed version of the intrinsically
incoherent f(k). The width of the smoothing function W is Ak ~ 1/L, so the transform f,(k)
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£(r) P(k)

Figure 3.2: The left panel shows a realization of 2-dimensional random ransom field f(r) ‘windowed’
by the function W (r) which is a disk of radius R. The random field is Gaussian white noise filtered by
smoothing with a Gaussian kernel with scale length ¢ < R. The right-hand panel shows the power
spectrum. The ‘speckly’ nature of the power spectrum is readily apparent. The overall extent of the
power spectrum is kpyax ~ 1/0 while the size of the individual speckles is on the order Ak ~ 1/R.
The speckly nature of the power spectrum is not specific to the choise of Gaussian random fields. As
one makes the window function — or survey size — larger, the size of the speckles decreases. The
fractional precision with which one can measure the power averaged over some region of k-space is
AP/P ~ 1/v/N where N is the number of speckles. Estimating the statistical uncertainty in power
spectra is essentially a counting exercise.

will be coherent over scales 6k < 1/L but will be incoherent on larger scales. The act of sampling
introduces finite range correlations in the transform.
If we square the sample transform and take the expectation value we find

r 2\ __ K PR < INTA* N FL £% (L
UF007) = [ s [ g W k= 11 (e = W) () () (317)
and using allows one to evaluate one of the integrals to give
r 2\ _ d3kl 1 |2 /
1F.00) = [ Gl k=) EPOC) (315)

ie a convolution of the power spectrum with | (k)|?.

For naturally occurring random fields it is often the case that the power spectrum P(k) is a
smoothly varying function, with fractional change in the power at two points k, k/ = k + dk being
small, provided that dk < k. For spatial frequencies k > 1/L then P(k) will be effectively constant

over the range of frequencies |k — k’| < 1/L that |W (k — k’)|? is non negligible, and therefore

- A3k -
1700 = P [ G5 UOR = PR [ dPr Wow) = 1P () (319)
where we have used Parseval’s theorem. This means that a fair approximate estimator of the power
is

P(k) ~ L73|f,(k)|?. (3.20)
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It is interesting to note that this estimator P(k) does not really converge to the true spectrum as
the sample volume tends to infinity. This is because of the ‘grainy’ or ‘blotchy’ nature of fs already
commented on (see ﬁgure. What happens is that the number of grains within some finite volume
of frequency space becomes larger as the volume increases, so the average of P(k) over this finite
region will tend to the true value, but at the microscopic scale P(k) still fluctuates from point to
point with ((P(k) — P(k))2)!/2 ~ P(k). This means that one can simply estimate the fractional
uncertainty in the estimated power simply by counting the number of independent cells.

The above results largely apply for arbitrary sample volume W (r), and have a bearing on the
design of experiments to measure the power spectrum for e.g. galaxy clustering. Say you can afford
to sample a certain finite volume of space, but can choose how to lay out a set of survey fields. A
contiguous cubic survey would give |W (k)|? as a 3-dimensional sinc function with a ‘central lobe’ of
width 0k ~ 1/L. Laying out the fields in a broader grid may be advantageous as this will decrease
the width of the central lobe and increase the number of effectively independent samples of the power
considerably. However, it will also tend to result in extended side-lobes in the ‘window function’
|W (k)|? and, if one is trying to measure power at low frequencies, the signal will be contaminated
by power aliased from high frequencies. The mean value of the aliased power can be estimated and
subtracted, but the fluctuations in the aliased power increase the noise in one’s measurement. The
optimal sampling strategy depends on the actual power spectrum.

3.5 Moments of the Power Spectrum

Consider a 1-dimensional field f(r). The variance of the field is

dk
()= [ 5eP() = €(0) (3.21)
s
so the variance is the zeroth moment of the power, and is also the auto-correlation function at zero
lag.
Higher moments of the power spectrum are also of considerable physical significance. Consider
a random field F'(r) which is the derivative of f(r):

df
F(r)=f'(r)= 2. 3.22
() =1)="% (322)
Taking the derivative in real space corresponds to multiplying by ik in Fourier space, so
F(k) = ikf(k) (3.23)
and the power spectrum of F' is
Pr(k) = k* Py (k). (3.24)
This means that the variance of the gradient f’ is
2 dk
() = %) = [ 5ER P (3.25)
which is the second moment of the power spectrum. We can also write this in terms of the auto-
correlation function since if P(k) is the transform of £(r) then k2P(k) = —(ik)?>P(k) is minus the
transform of the second derivative of £(r) so
o [ dk o, 0%
= | —k*Pk)=—- — . 3.26
= [ erw - - (55) (3.26)

We can also compute such quantities as (ff’) which is proportional to [dk kP(k), but for
isotropic fields P(k) is an even function while k is odd, so (ff’) = 0. For such fields the covariance
matrix (f) (™) for derivatives of order m and n is non-zero only if n — m is even. For example,
the co-variance of the field and its second derivative is

(ff"y = —/%kQP(k) = <gi§>r=0. (3.27)

which, aside from the sign, is identical to (f?).
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3.6 Variance of Smoothed Fields

The power spectrum is very useful for computing the variance of fields which have been smoothed or
filtered with a smoothing kernel W (r), a common example of which being the point spread function
of an instrument.

If the smoothed field is

fs(r) = /d37" fx =" W) (3.28)
then, by the convolution theorem, its transform is
fs(k) = F)W (k). (3.29)
The power spectrum of fg is then
Py, (k) = W (k)[* Py (k) (3.30)

and therefore the variance of the smoothed field is
2 Pk s 2
(f3) = WIW(k)I Py (k). (3.31)

This is equivalent to (3.6)) but is a single rather than double integration.

3.7 Power Law Power Spectra

Many physical processes give rise to fields with power spectra which can be approximated as power
laws in temporal or spatial frequencies,

P(w) oc w™ or P(k) oc k™ (3.32)

where n is the spectral index. As we have seen, an incoherent process in which the field values at
different places or times are uncorrelated gives a flat or ‘white’ spectrum with n = 0. Spectra with
indices n > 0 (with more power at high frequencies that is) are sometimes said to be blue while
those with n < 0 are called red. Some examples are shown in figure 3.3

An example of a red spectrum is ‘Brownian noise’ obtained by integrating an incoherent process.
Physical realizations include the ‘drunkards walk’, and the displacement of a molecule being buffeted
by collisions in a gas. The displacement as a function of time has a spectrum P(w) o w” withn = —2.

Another example of a very red spectrum is the phase fluctuation in the wavefront from a distant
source introduced by atmospheric turbulence. This is a two-dimensional field with spectral index
n=—11/3.

Note that for a process with spectral index more negative than minus the number of dimensions
N, as is the case in the two above examples, the auto-correlation function £ is ill-defined since
E0) ~ [ dN'k k™ and this integral does not converge at low frequencies. This is not usually a serious
problem, since the power-law may only be obeyed over some range of frequencies, and there may
be some physical cut-off (such as the ‘outer-scale’ in atmospheric turbulence) which renders the
variance finite. In such cases it is more useful to define a structure function

S(r) = ((f(r) = £(0))*) = 2(&(0) — £(r)). (3.33)

The infra-red divergence renders both £(0) and £(r) formally infinite, but the difference is well defined

provided n > —(N 4 2) and has a power-law form S(r) oc 7~ (N+7). For atmospheric turbulence, for
instance, N = 2, n = —11/3 and the structure function for phase fluctuations is S, (r) o< %/3.
One particularly interesting class of processes are so-called ‘flicker-noise’ processes with n = —N.

For a temporal process, for instance, this would be n = —1, and such fields are often referred to as
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Figure 3.3: Examples of 2-dimensional random fields with power-law like power spectra. These
were generated by first generating a white noise Gaussian random field — see below — and then
smoothing it with a small Gaussian kernel of scale-length o. This smoothing introduces a coherence
in the field. The Fourier transform of the white noise field was then multiplied by &"/? and the
result was inverse transformed. The upper right panel shows 2-dimensional ‘flicker-noise’; such fields
have the same variance on all scales. The lower left panel is ‘white-noise’. The lower right panel
has n = 2 and is more uniform on large scales than white noise. Such fields, with n > 0 that is,
have P(k) — 0 as k — 0. Since P(k) is the transform of £(r) this means that such fields have
[ d?*r £(r) = 0. The auto-correlation function £(r) for our n = 2 examples has a positive peak of
width ~ ¢ around r = 0, but is surrounded by a compensating ‘moat’ where £(r) is negative. The
field values at pairs of points separated by a few times the coherence length are anti-correlated.
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having a ‘1/f’ spectrum, since the power spectrum scales inversely with frequency (f — w in our
notation). In this case the contribution to the variance of the field is

(1) = [ 2P ~ Ml (334
Such fields have the characteristic that there is equal contribution to the variance per logarithmic
interval of frequency, and are often said to be ‘scale-invariant’. One can generate something approx-
imating a flicker noise process by drawing a wiggly curve with some long coherence length and some
rms amplitude, and then adding to this another wiggly curve with the same amplitude but with half
the coherence length and so on.
Physical processes that have been claimed to approximate flicker noise include:

e The brightness of quasars as a function of time.

e The intensity of classical music (when averaged over a time-scale much longer then the period of
acoustic waves). This presumably reflects the interesting ‘hierarchical’ structure of such music,
with notes of varying strength, phrases of varying strength, movements of varying strength. It
is not the case for some other types of music.

e The fluctuation in the resistance of carbon resistors as a function of time.

e The large-angle fluctuations in the microwave background as revealed by the COBE satellite.
e Seismic noise.

e Deflection of light by gravity waves.

e Telescope mirror roughness.

e Variation in height of high tides over long periods of time.

Not all of these are well understood (see Press article).

3.8 Projections of Random Fields

It is often the case that we observe a projection of some random field onto a lower dimensional

space. Examples include the 3-dimensional galaxy density field projected onto the 2-dimensional sky,

and the 3-dimensional atmospheric refractive index fluctuations projected onto the 2-dimensional

wavefront. It is useful to be able to transform the power spectrum and auto-correlation function in

the different spaces, either to predict the observed power, or, though this is generally more difficult,

to de-project the observed power to reconstruct the power in the higher dimensional case.
Consider a planar projection

F(z,y) = /dz W(z)f(x,y,z) (3.35)

where W (z) is a normalized ‘box-car’ function of width Az and height 1/Az, so gives the
average of f(x,y,z) through a slab.

If the field f(r) has a well defined coherence length r., and variance (f2), then one can crudely
picture the field as a set of contiguous domains or cells of size ~ r. within each of which the field is
assigned a constant, but randomly chosen, value with amplitude f ~ ( f2>1/ 2. In this model, and if
the coherence length is small compared to the slab thickness, the projected field will be the average
over N = Az/r. domains so we expect

Tc

1
(F2) = < (£2) = 225, (3.36)
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The coherence scale of the projected field will be similar to that of the unprojected field, so we
expect

&(0) = =€ (0) (3.37)
In the same spirit, one might model a more general field with some 3-dimensional correlation function
&3p(r) as the superposition of components with coherence length r and (f?2) ~ &3p(r), for which we
should have

§ap(r) ~ ALZ&D(T)- (3.38)

For a power law £3p(r) o< #~73P then the 2-dimensional correlation function will also be a power
law with yop = v3p — 1. This is all assuming the slab is thick. If the slab is small compared to the
coherence length one expects &ap () = E3p(r), so for a finite slab, one would expect the 2-dimensional
auto-correlation function to have a locally power behavior for both » < Az and r > Az, with slopes

~vop = v3p — 1 and ~ap = ~y3p respectively.
This order of magnitude result can be made more precise. The 2-dimensional auto-correlation is

&n(z,y) = (F@@' + .y +y)F(2',y))
= [dz [dZW ()W () (f (' + 2,y +y,2) f (2., 2)) (3.39)
= [dz [dZ'W (2)W (2" )ép (V22 + 42 + (2 — 2/)2)

and if r = /22 + y? < Az we find
Ep(r) =~ /dz’ W2(2") /dz &p(Vr2 +22) = Aiz /dz Ep(Vr2 + 22). (3.40)

This allows one to transform from 3-D to 2-D. For a power law, this integral gives

r

Ea(r) = 5~

&sp(r) (3.41)
provided v > 1, which is just the condition that the slope should be such that &p(r) be a decreasing
function of r. This agrees with the random-walk argument above.

The generalization of this approach to 3-dimensional spherical geometry (with the observer at
the origin) leads to what is called Limber’s equation.

One can also obtain a similar transformation law for the power spectrum. Imagine one generates
a 3-D random field as a sum of sinusoidal waves with appropriately chosen wavelengths \ ~ 27 /k*
and amplitudes fi o v/ P(k*). In projection, and assuming k*Az > 1, most of these waves will
suffer strong attenuation as positive and negative half cycles cancel one another. The only modes
which are not attenuated are those such that the phase along each line of sight varies by less than
a radian or so, or equivalently, those modes with k,Az < 1. These modes have wave-vector nearly
perpendicular to the line of sight through the slab. Thus projecting through a thick slab of thickness
Az in real-space has the effect of selecting modes in a narrow slice dk, < 1/Az in Fourier space.
One therefore has the simple result that

Pop(k) ~ Pyp(k)/Az (3.42)

where the constant of proportionality 1/Az is consistent with the requirement that Pyp should have
dimensions of (length)".

For a power law spectrum P o k™ the slope is the same in both three and two dimensions. This
is in accord with the reasonable requirement that if the field is incoherent in 3-D, so n = 0, then the
projected field should also be incoherent. It is also in accord with the results for transforming the
auto-correlation function above since if P(k) = P,(k/k,)™ then

ANk ) )
&np = [ G POO" ~ P00 [y e, (3.43)

The integral here is dimensionless and generally of order unity, so this tells us that a spectral index
n corresponds to a correlation function slope v = —(n+ N) so, for instance, yop = y3p + 1 as before.
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These results are true for a wide range of spectral indices, though certain values such as n = 0 are
special cases (n = 0 does not correspond to &3p oc 73 for instance). What happens in this case is
that the value of the dimensionless integral vanishes. For the integral to have a finite low-frequency
contribution requires n > —N. As discussed, for redder (ie more negative) indices, £ is ill defined,
but the structure function
50 = 2(60) - €00) =2 [ (2E P - %) .40
a B CN '

is well-defined providing n > —(2 + N).

3.9 Gaussian Random Fields

A significant special class of random fields are Gaussian random fields, examples of which are legion.
Gaussian statistics arise whenever one has a random process which is the sum of a large number
of independent disturbances. Gaussian random fields also arise from the quantum-mechanics of the
early universe, and such fields play a major role in cosmology.

3.9.1 Central Limit Theorem

Consider a random variate Y which is the sum of a large number of random components

Y=>X (3.45)

where the X values are drawn randomly and independently from some probability distribution
function p(X). The central limit theorem states that for large N, and provided p(X) satisfies
certain reasonable conditions, the probability distribution for Y tends to a universal form

dy
Y)dY = exp(—Y?/202 3.46
pN( ) may Xp( /UY) ( )
where
02 =No% and o%= / dX X?p(X). (3.47)

We can prove this by induction. Let Y denote the sum of N random X values, and Y’ the partial
sum of the first N — 1 values, so Y = Y’ + X . The probability of some Y is the sum over all Y’ of
pn—1(Y") times the probability that Xy =Y — Y’ or

pv(¥) = [ a¥ o s (V)ply =Y (3.48)

This is a convolution, so the Fourier transform of the probability distribution, also called the gener-
ating function, is

Pn(w) =Ppr-1(w)p(w) (3.49)
and since for N = 1 we have p;(w) = p(w),
pn(w) = plw)V. (3.50)

This means that py(w) is maximized where p(w) is maximized, ie at w = 0, but will tend to be
much more tightly peaked, and so will only depend on the form of p(w) very close to the origin.
Expanding the complex exponential factor in the Fourier transform p(w) for w <« 1/ox gives

p(w) = /dX p(X)eX = /dX p(X)(1 +iwX —w?X?/2+..)). (3.51)
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The first term here is unity. The second term is iw(X) = 0. The third term is —w?(X?)/2 =
—w?0% /2 and therefore

Pw) ~1—w?o%/2 for wox < 1 (3.52)
Raising this to the Nth power gives
pnv(w) =pw)N =1 —w?0%/2)N — exp(—w?No% /2) (3.53)

provided N is large. Performing the inverse transform py — py we obtain

1
pn(Y) = onNoZ exp(—Y?/2No%) (3.54)
X

QED.

3.9.2 Multi-Variate Central Limit Theorem

Consider a random vector Y = {Y1,Y5,...Y,,} which is the sum of N random vectors X
Y=> X (3.55)
N
The generating function is now
p(w) = / d™X p(X)e“ X, (3.56)
Expanding the exponential gives
eiw.X =1+ iwiXi - wiXiijj/Q ce (357)
so assuming we have, as before, chosen the origin such that (X) = 0, we have
ﬁ(w) =1- mijwiwj/Q +... (358)
with

the covariance matrix for the X vectors. The same argument as above gives the generating function
for Y as

Py(w) = (1 - mijwiwj/2)N = exp(—M,;jw;w;/2) (3.60)

with

and inverse transforming py(w) gives

amy _
pn(Y)d™Y = VORI exp(—Y;M;'Y;/2). (3.62)

This is most easily verified by working in a ‘rotated frame’ such that M;; is diagonal, but is true in
general since the determinant [ M| and the quadratic form Y;M;;'Y; are invariants.

This calculation shows that the probability distribution function for a Gaussian random vector
Y is fully specified by the matrix of covariance elements M;; = (Y;Y;).
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3.9.3 Gaussian Fields

A 1-dimensional Gaussian random field f(r) can be thought of as a very large vector £ = {f1, f2, f3,...}
giving the values of the field f,, at a set of very finely spaced set of points r,,, = mAr.

If the field is statistically homogeneous then the correspondingly huge covariance matrix is easily
generated since (f,, fm) = £(|Jn — m|Ar).

A convenient prescription for generating a Gaussian random field on the computer is to make a
Fourier synthesis

Fr)y=>" fue™ (3.63)
k

with randomly chosen Fourier amplitudes f; with | fk| x +/P(k). These are complex, but must
satisfy f_j = fg to ensure reality of f(r). This prescription clearly satisfies the conditions for the
CLT that f(r) be a sum of independent random variables, and it is not particularly critical precisely
what distribution function is used to generate the fk values.

A key feature of a Gaussian random field is that all of its properties are completely specified by
the two point function £(r), and therefore by the power spectrum P(k). This is in contrast to a
general random field where only all variance statistics of the field are thus specified. Two general
random fields may have the same two-point function but their higher order correlation functions may
differ. For Gaussian random fields, all higher order statistics are uniquely specified by the two-point
function &(r).

The above results are readily generalized to fields in multi-dimensional spaces.

3.10 Gaussian N-point Distribution Functions

Given the power spectrum or auto-correlation function one can simply write down the N-point
distribution function for a GRF:

p(fi, fo. . fn)aAN f (3.64)

or indeed for any set of linear functions of the field (including derivatives of arbitrary order etc).
All that one needs to do is compute the N x N covariance matrix elements, each of which can be
written as an integral over the power spectrum.

For example, the 2-point distribution function p(fi, f2) involves the 2 x 2 covariance matrix

L UD (fufe) ] T 0) &)
Ma =1ty (3 }_[ﬁ(r) 5(0)]' (3.65)

The determinant is |[M| = &2 — &2 and the inverse is

-1 __ 1 50 gr
w'-gra| e & (300

so the bi-variate probability distribution is

dfdf £f2—2£rff +€f2
o) didh = T oxp (i)

Note that if &, tends to zero for large r then then bivariate distribution function factorizes

p(f1, f2) = p(f1)p(f2)-

(3.67)

3.11 Gaussian Conditional Probabilities

The conditional probability for the value of the field fo at ro given a measurement of the field f; at
rq is, by Bayes’ theorem,

p(falf1) = p(f1, f2)/p(f1) (3.68)
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or

p(falf1) =

(f2 — Cf1)2) (369)

1
— _exp(-—
21&0(1 — ) ( 260(1 —¢?)
where ¢ = &,./&.
This is a shifted Gaussian distribution with non-zero conditional mean

(folfr) = ch (3.70)

so the mean value is close to the conditional value for ri5 < r. and relaxes to zero for ris > r..
The conditional variance is

((f2 = ef1?| /1) = &(1 = ) (3.71)

which is much smaller than the unconstrained variance for r1o < 7.

3.12 Ricean Calculations

Imagine one is monitoring a noisy radio receiver for pulses and one would like to estimate the
frequency of spurious pulse detections simply due to the noise in the output. This problem first
arose in telegraphy, and the solution to such problems was first clearly set out by Rice.

A classical ‘Ricean’ calculation is to ask, given a Gaussian random time series f(t), with some
specified auto-correlation function (1) = (f(¢) f(¢t+ 7)), what is the frequency of up-crossings of the
level f = F?

To answer this, consider the bi-variate probability element

dp =p(f = F, f")dfdf’ (3.72)

with f/ = df /dt, the time derivative of the field. This quantity tells us the fraction of time that the
following conditions are satisfied
F<f<F+df
3.73
f/ < % < f/ + df/ ( )

These conditions individually specify a set of intervals of time; the former of length At ~ df /1/(f"?)

and the latter of length At ~ df’/1/(f""?), and the combined conditions are satisfied within the

intersection of these interval sets. Let us choose the infinitesimals so that At < At’ (ie df is an
infinitesimal of higher order than df’), so that the length of the interval is determined by the first
condition, and

At =df/f'. (3.74)

Define nyp(F, f')df’ to be the frequency (number per unit time) of up-crossings with f/ < df /dt <
f' +df’. Multiplying this by the length of the intervals must equal the probability element above:

nup(F, f)df' At = p(f = F, f')dfdf’ (3.75)

and therefore
nup(F, ') = If'| P(f = F. f) (3.76)

and the total rate of up-crossings is obtained by integrating over all f' > 0:
oo
mpl(F) = [ df' |F| P(E.). (377)
0
This integration is straightforward. As we have seen, (ff’) = 0, so the joint distribution factorizes

into two independent Gaussians p(f, ') = p(f)p(f’) with

p(f) = (2m&) ™Y/ % exp(— f2 /2&0)

p(') = (2m(—€))) /2 exp(— £ /2(—€}) (3.78)
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nun(F) = 5[0y X0 F/2€(0), (3.79)

The curvature of £(7) at 7 = 0 therefore determines the characteristic time-scale 7 = /& /&
and the rate of up-crossings is essentially this rate times the probability that the field has value
f=F.

This type of calculation can be generalized to fields in multi-dimensional space, and can also be
generalized to give the frequency of extrema, or of peaks, the latter playing a big role in cosmological
structure formation theory.

and hence

As a second example, consider the distribution of heights of extrema. At first sight this is trivial,
since this is surely just

pext(F) :p(f:F|fl:0) :p(f:F7fI:0)/p(fl:0) (380)

right? And since the field and its first derivative are uncorrelated (ff’) =0, so p(f = F, f' =0) =
p(f = F)p(f’ = 0) and therefore

Pext(F) = p(f = F). (3.81)

This is a very simple result, but also very puzzling, as it says that the distribution of field values at
extrema is the same as the unconstrained distribution of field values, whereas common sense seems
to indicate that the distribution of extremal values should be, well, more extreme. To bolster one’s
confidence in this intuitive feeling consider the case of band limited noise with power spectrum P(w)
which vanishes outside of some narrow range of frequency of width dw around some central frequency
wp. A realization of such a process takes the form of a locally sinusoidal wave of frequency wg, and
with slowly varying envelope. Over some interval of length §¢t < 1/dw, where the peak amplitude
has some nearly constant value fiayx, the mean square value of the field is f2,, /2 whereas the mean
square value of the field at extrema is just f2,, which is surely inconsistent with pey (F) = p(f = F).

To see what is wrong with the above analysis one needs to examine more carefully what is meant
by p(f = F, f/ = 0). By itself, this is quite abstract, but multiplied by infinitesimals df, df’ the
meaning is clear:

p(f =F. f" = 0)dfdf’ (3.82)

gives the fraction of time that the field and its derivative lie in the prescribed ranges, or the fraction
of time occupied by a set of intervals. Now in the vicinity of an extremum at ¢y say the value of
the derivative is f/ = 04 (¢ — to) f”, so the the length of the interval will be inversely proportional
to the second derivative 6t = df’/f”, which in turn is (anti)-correlated with the field f. The simple
conditional probability p(f = F|f’ = 0) gives the distribution of field values near extrema, but it in
a way which gives more weight to those extrema with small f”.

3.13 Variance of the Median

Consider the common situation: One has obtained a set of CCD images of some object, which one
would like to average in order to beat down the noise. Unfortunately, the images contain not just
an approximately Gaussian noise component, arising from photon counting statistics, but also a
highly non-Gaussian noise component coming from cosmic rays, so one is tempted to take a median
of the images rather than a straight average (which, in the absence of cosmic rays, and assuming
homogeneous data, would be optimal). What is the penalty in terms of final variance for taking the
median rather than the average?

We wish to compute the variance of the median of IV independent random variates z. Denote the
parent probability distribution by p(x) and the cumulative distribution by P(x) = ffoo dz’ p(a').
Without loss of generality we can take the origin in z-space to lie at the median of the parent
distribution so that P(0) = 1/2.



60 CHAPTER 3. RANDOM FIELDS

Consider, for simplicity, the case of even N. The probability that the first N/2 samples lie below
some value x while the last N/2 lie above z is just

pmedian(z) = (1 - P(I))N/QP(I)N/Q (383)

To get the total probability (that N/2 samples lie below ) we sum over all combinations. This
introduces factorials, but these are independent of = so the final result is proportional to the above
factor.

For large N we expect the median of N samples to lie very close to the median of the parent
population, so we make a Taylor series of p(z) around x = 0:

1
p(x) =~ po + phx + 5]96’3@2 +on (3.84)

with corresponding expansion for the cumulative distribution P(x) =1/2 + fom dx p(x) or

1 1
P(zr) ~ 3 + pox + 5])6902 Fo. (3.85)
Keeping the leading order terms gives
Pmedian (@) o< (14 2poz)N/2(1 — 2pox)NV/? = (1 — 4p3a®)NV/? ~ exp(—2Npaz?) (3.86)

where in the last step we have assumed N is large.

In this limit the distribution is a Gaussian: pmedian () o exp(—z?/202

2 edian) With median variance

9 1

median — Wp% (387)

o
which depends only on pg = p(x = 0). This is an example of a Gaussian distribution arising in a
case where the central limit theorem does not apply.

For the special case of a Gaussian parent distribution with variance 02 we have py = 1/v/2mog
so the median variance is

(3.88)

SIES

2 _
Omedian — X

bo| 3

which states that the median variance is 7/2 times larger than the variance of the mean.

3.14 Problems

3.14.1 Radiation autocorrelation function

Radiation from a thermal source at temperature 7" is passed through a band pass filter with (energy)
transmission function 7 (w) = 1/w? for wy —dw < w < wp +dw and falls on a sensitive detector which
measure one component the electric field E(t) as a function of time. Assuming that wy+dw < kT'/h,
what is the normalised autocorrelation function of the measured electric field cg(7) = (E(t)E(t +

TH/(E(t)?).
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Chapter 4

Properties of Electromagnetic
Radiation

In this chapter we introduce the specific intensity and other quantities that describe the energy
flux associated with electromagnetic radiation. We show the relation between the intensity and the
energy flux, momentum flux, radiation pressure and energy density. We discuss the constancy of the
intensity along light rays.

4.1 Electromagnetic Spectrum

Astronomical observations mostly deal with electromagnetic radiation. Refraction, diffraction and
interference phenomena indicate that this radiation behaves as waves with wavelength A and fre-

quency v related by
A=c/v (4.1)

with ¢ the speed of light
c=3x10%m/s. (4.2)

The photo-electric effect shows that energy is given to, or taken from, the radiation field in discrete

quanta — photons — with energy
E=hv (4.3)

where h is Planck’s constant
h=6.6x10""ergs. (4.4)

Of great importance is thermal radiation as emitted by matter in thermodynamic equilibrium, for
which the characteristic photon energy is related to the temperature of the emitting material by

T=FE/k (4.5)
where k is Boltzmann’s constant
k=1.38 x 10" erg/K. (4.6)

Astronomers deal with radiation covering a wide range of frequencies, conventionally delineated
into various regimes:

e Gamma rays: T = 10'°K
X-rays: 109K < T < 10°K

UV: 10°K £ T < 10°K
Optical: T ~ 3 x 10K
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Figure 4.1: Illustration of the geometry for defining the specific intensity

e IR: 10*°K < T < 102K
e Radio: 10'K T < 1071K

4.2 Macroscopic Description of Radiation

4.2.1 The Specific Intensity

The macroscopic properties of freely propagating radiation are well described by geometric optics in
which radiative energy travels along ‘rays’. One can also picture this as streams of photons carrying
energy moving ballistically. The flow of energy along these rays is the radiative flux.

In general the radiative energy flux depends on direction €2 and on frequency v (or wavelength
A). We define the monochromatic specific intensity I, () (also known as the brightness or surface
brightness) such that if we erect a small surface dA perpendicular to the rays propagating in some
small range of directions dQ? (as illustrated in figure then in time dt, those rays in a range of
frequencies dv around v will transport through the surface an amount of energy

dE = I,,(9) dA dt dQ dv. (4.7)

The units of the intensity are therefore erg/cm?/s/steradian/Hz.
The intensity provides a fairly complete description of the transport of energy via radiation. It
can be generalised to describe how the energy is distributed between the different polarization states

(see §7.5.3).

4.2.2 Energy Flux

Consider a surface element with some arbitrary orientation, and rays in some small cone df2 around
direction € as illustrated in figure [{:2] The area of the surface projected onto a plane perpendicular
to the rays is dA, = dAcosf, where 6 is the angle between the rays and the normal to the surface,
so the differential flux (energy per unit area per unit time) for this range of directions is

dF, = I, cos(9) dS). (4.8)

The net flux is obtained by integrating over direction
F,= /dQ I,(Q) cosb. (4.9)

Multiplying some function of direction by the nth power of cosf and integrating is often termed
‘taking the nth moment’ of the function, so we can say that the net flux is the first moment of the
intensity. Note that the net flux is zero for isotropic radiation.

Note also that the energy flux is not truly intrinsic to the radiation field, since it depends on the
orientation of the surface element. Energy propagating ‘downwards’ through the surface counts as
negative energy flux.
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Figure 4.2: Illustration of the geometry of the area and bundle of rays for calculating the contribution
to the net flux.

4.2.3 Momentum Flux

Photons carry momentum p = nF/c, where 1 is a unit vector in the direction of the photon motion,
so the component of the momentum in the direction dA normal to a surface element is p; = |p| cos 8
and so the differential momentum flux is dF, cos€@ and integrating over all directions gives the
momentum flux

1
P, == /dQ 1,(Q) cos® 6 (4.10)
c

so the momentum flux is the second moment of the intensity. If the surface element is perpendicular
to the z-axis, for example, this quantity gives the rate at which the z component of momentum is
being transported in the positive z direction through the surface.

Perhaps surprisingly, the momentum flux does not vanish for isotropic radiation; rays propagat-
ing up (down) are considered a positive (negative) flux of particles, but carry positive (negative)
momentum.

All the above quantities are monochromatic and refer to a single frequency. One can obtain the
corresponding total quantities by integrating over frequency

1(Q) = /du I,(9) ete... (4.11)

We have used subscript frequency above. One can also define analogous quantities with subscript
A such that e.g. F) is the energy flux per unit range of wavelength around A. These are related by

e.g.
I,dv = IndA (4.12)

with A = ¢/v — d\ = —c¢/v?dv so
Iy =v%I,/c. (4.13)
4.2.4 Inverse Square Law for Energy Flux

Consider an isotropically emitting source. The net rate at which energy crosses an enclosing sphere
is independent of the radius of the sphere, and is equal to the product of ' and the area, hence

F o 1/r2, (4.14)

4.2.5 Specific Energy Density
We define the specific energy density as

1, () = energy /volume/solid angle/frequency. (4.15)
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Figure 4.3: Illustration of the relation between the specific intensity and specific energy density.

This is proportional to the intensity. To determine the constant of proportionality, consider a cylinder
of length dl and cross-section area dA as illustrated in figure The energy enclosed (and in range
of direction d) around the axis and in dv around v) is

dE = u, (Q)dQdld Ady (4.16)

and this energy will pass out of the cylinder in a time dt = dl/c. However, we also have I, =
dE/(dtdAdSddv) and hence
u, () =1,(Q)/c. (4.17)

This is reasonable; since all photons move at the same velocity ¢, the rate at which photons in a
certain range of directions cross a perpendicular surface is just equal to the photon number density
times the speed of light. Similarly, the energy flux for rays in this range of directions — i.e. the
brightness — is equal to the energy density times c.

Integrating over direction gives

wy = / 40 1w, (Q) = % / 40 1,(9) (4.18)

so the energy density is proportional to the zeroth moment of the intensity. Equivalently

4
T (4.19)
c
where L
J, = — /dQ I,(Q) (4.20)
4
is the mean intensity.
4.2.6 Radiation Pressure
For isotropic radiation the radiation pressure is
P=u/3. (4.21)

The simplest way to see this is to consider a single photon bouncing off the walls of a perfectly
reflecting box, compute the rate of transfer of momentum to one of the walls, and then average over
all possible directions for the photon (see figure [4.4)).

More formally, though also more generally, the rate at which photons of a certain direction
bounce off an element of the wall is given by dividing the energy flux by the energy per photon

dn I, cos0dAdQdv

i ™ (4.22)
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Figure 4.4: Imagine a box with perfectly reflecting walls of side L containing a single photon of energy
E. When the photon reflects off the wall at the right the transfer of momentum is AP = 2(E/¢) cos 6.
The time between reflections off this wall is At = 2L/(ccos ). The rate of transfer of momentum to
the wall per unit area — i.e. the pressure exerted by the radiation — is AP/(L2At) = (E/L?) cos? § =
ucos? §. For isotropic radiation, (cos? @) = 1/3, so P = u/3.

Here 6 is the angle between the photon direction and the normal to the wall. In each such reflection
the z-component of the momentum is reversed, giving a momentum transfer to the wall Ap =
2(E/c)cosb, so the rate at which momentum is transferred to the wall per unit area per unit
frequency is
force 2
P=—=- dQ I, cos 6. 4.23
Y dAdv e / v ( )
cos >0
The radiation pressure is therefore proportional to the second moment of the intensity. Integrating
this over frequency gives the total radiation pressure. For isotropic radiation this is

2
P= /du P == /duJﬂw/de = % (4.24)
C

so the radiation pressure is one third of the energy density.

Another way to think about radiation pressure is to consider the change in energy of a box
containing standing waves of radiation if we slowly change the volume of the box. If we make a
fractional decrease € in the linear size — so L — L’ = L(1 — €) then the wavelength scales in
the same way, and so the energy of each quantum increases as hv — hv' = hv/(1 —€) ~ hv(1l +€)
(ignoring terms of order €2 and higher). Thus, if the number of quanta are conserved then the energy
also increases by this factor, and the change in energy is AE = eE. This increase of energy had to
come from work done in compressing the box against the radiation pressure. Since there are 6 walls,
and each moves a distance €L/2, we have dW = ¢E = 6 PL? x eL/2 and hence P = E/(3L3) = u/3.

4.3 Constancy of Specific Intensity

Consider two circular disks of areas dA; and dAs with separation R and let both disks be normal
to their separation (see figure . Consider those rays which pass through both disks. The rate at
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Figure 4.5: Illustration of a sample of rays which pass through both of two small area elements.
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Figure 4.6: An illustration of how intensity is conserved even under extreme focusing of rays. The
intensity of light coming into the telescope is I;. The energy per unit time entering the telescope
pupil is equal to I1 ApyupindS? where d€Q is the solid angle of the source. In front of the image (of area
Aimage = L?dQ) the intensity is I and the radiation is extended over a solid angle Qpeam = Apupir/L>.
Equating the rate at which energy is deposited on the focal plane with the rate energy enters the
pupil tells us that I, = I;.

which energy passes through the disks can be written as

dE
E = l,ldAldQldI/ = IVQdAQdQQdV (425)

but the solid angle of the cone of rays is dQ; = dAs/R? and dQy = dA;/R? so
I = I (4.26)

so the specific intensity is conserved.

This is consistent with the inverse square law for the energy flux from a isotropically emitting
source, since the energy flux is the product of the intensity and the solid angle of the source, and
the latter varies inversely with radius squared.

This is for radiation propagating in free space. It also applies to radiation propagating through
(static) lenses. A telescope cannot change the intensity; what it does is increase the apparent solid
angle of the object and this increases the energy flux falling on the detector (see figure .

One consequence of the constancy of specific intensity is that we can readily detect even very
distant objects such as galaxies, clusters of galaxies, provided they are big enough to be resolved.
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Note that for cosmologically distant objects the surface brightness is not conserved; rather they
suffer from (1+ 2)* dimming due to the red-shifting of the radiation. This is not in conflict with the
law of constancy of intensity for a static system since an expanding Universe is not static.

Constancy of intensity is also invoked in Olber’s paradox which says that in an infinite Universe
any line of sight should end on a star, so the sky should be bright, not dark. The ‘resolution’ of this
non-paradox involves the finite age of the Universe — there is generally a ‘horizon’ beyond which
we cannot see — and also the (1 + z)* dimming mentioned above.

We will see that the surface brightness of black body radiation is proportional to 7%. If a static
optical system could change the intensity, this would be equivalent to changing the temperature of
the radiation passing through the system. This difference in temperature would allow one to extract
useful work from a thermal system, which is forbidden; it would allow one to make a perpetual
motion machine.
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Chapter 5

Thermal Radiation

We now consider thermal radiation, by which we mean radiation emitted by matter which is in ther-
mal equilibrium, and black body radiation, which is radiation which is itself in thermal equilibrium
(e.g. the radiation inside a kiln, or deep inside a star).

The standard gedanken apparatus for generating black-body radiation is a cavity with perfectly
reflecting walls and containing some specks of matter which can absorb and re-radiate the photons
and thereby allow the radiation to reach equilibrium. (Since photons are massless and do not carry
any conserved quantum numbers they can be created or destroyed in the interaction with matter).
Our task here is to find the equilibrium distribution of photon energies.

The resulting intensity will, of course, depend on how much energy we put in the cavity. The
equilibrium intensity must be isotropic and homogeneous in space, and so should therefore depend
only on the energy density. The intensity, which we will denote by I,, = B, (T'), must be a universal
function of frequency parameterized only by the temperature T'. Were this not the case — i.e. if the
equilibrium intensity were to depend on some other parameter (such as a magnetic field say) then it
would be possible to extract useful work from an equilibrated system (see RL), but this is forbidden
by the second law of thermodynamics.

Several important properties of black-body radiation — the Stefan-Boltzmann law, the thermo-
dynamic entropy, and the adiabatic expansion laws — can be deduced from purely thermodynamical
considerations. We review these results first in §5.1] We then apply statistical mechanical consid-
erations to derive the detailed form of the Planck spectrum in All of the results derived
thermodynamically can, of course, be obtained from the Planck spectrum.

5.1 Thermodynamics of Black Body Radiation

5.1.1 Stefan-Boltzmann Law

Consider a cylinder containing radiation (and a speck of matter in order to allow the radiation to
equilibrate), with the possibility of heat input from some external source, and with a piston to
connect the radiation mechanically to the outside world and allow the radiation to do work on its
environment or wvice versa. See figure 5.1

The first law of thermodynamics relates changes dU in the total energy U, heat input d@ and
mechanical work done by the system on the outside world PdV:

dU = d@Q — PdV. (5.1)
The change in the thermodynamic entropy of the system is

_dQ v pav

dS =% =+ — (5.2)
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S o7

Figure 5.1: A cylinder with perfectly reflecting walls (and perhaps a speck of dust to allow the
radiation to thermalize) contains black-body radiation. The piston allows the radiation to interact
mechanically with the outside world, and there is also an external source of heat.

with U = uV, P = u/3 and energy density v = w(T') we have dU = d(uV) = udV + Vdu and
therefore find

V du du
However, since the total entropy is a function only of the temperature and volume, we also have
a8 oS
= —dT' + —dV. 4
ds 8Td + Pl dv. (5.4)

Equating the coefficients of dT" and dV in (5.3) and (5.4) shows that the partial derivatives of
the entropy are 9S/0T = (V/T)(du/dT) and 9S/0V = (4/3)(u/T) and equating 9*S/0VOT and
925/0TOV yields
du dT
e el
U T

which has solution u oc 7% (we are assuming that u — 0 as 7" — 0). Introducing a constant of
proportionality a gives us the Stefan-Boltzmann law

(5.5)

uw=al? (5.6)

The energy density is related to the brightness by u = 4w B/c so we have

acT*
B,(T) = .
()= (57)
as an alternative statement of the Stefan-Boltzmann law.
Finally, the emergent flux density from a black-body radiator is
F= dQ Bcos =B (5.8)

cos >0

and so
F=oT* (5.9)
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where the constants of proportionality in these various versions of the Stefan-Boltzmann law are

4
a="2 =756 x 10" Yerg cm 3K~ (5.10)

c

and ac
o=r= 5.67 x 10 %erg cm 2K 4571, (5.11)

These were originally determined empirically. Below we shall derive them in terms of the fundamental
constants h, c.

5.1.2 Entropy of Black-Body Radiation

Start with a cold cavity, with negligible energy, and apply heat at constant volume. The entropy
can be obtained by integrating dS = dQ/T:

dQ du dr* 2
= | —= = — = — =4 TT 12
S /T V/T aV/ T aV/d (5.12)

S = %aVT?’. (5.13)

or

The entropy scales with the volume, as one could easily have concluded from the fact that @ is an
extensive quantity, and it scales as the cube of the temperature.

The radiation energy is U = aVT*. If we assert that the typical photon energy is E ~ kT then
the number of photons in a black-body cavity is

aVT*

N ~ = (a/k)VT? (5.14)

so, for black-body radiation, the entropy is just proportional to the number of photons.

5.1.3 Adiabatic Expansion Laws

We can now compute how the temperature and radiation pressure vary if we change the volume
while keeping the system thermally isolated from the external world (d@Q = 0). At constant S we
have

TxV™Y3  and PoxT'ocV™43 (5.15)

The adiabatic equation of state for black-body radiation radiation is therefore
PV7 = constant (5.16)

with adiabatic index v = 4/3.

The above results are consistent with the picture of the radiation as a conserved number of
photons, with wavelength scaling as the linear dimension of the cavity A oc L o< V'1/3, so the energy
of each photon scales as E « hv « 1/L, and since the characteristic energy is E ~ kT this means
TxEx V5

This tells us that black-body radiation remains black-body under adiabatic expansion — it does
not require any matter to maintain this form.

5.2 Planck Spectrum

We now derive the Planck spectrum B, (T). This involves two steps: first we compute the density
of states as a function of frequency, and then we compute the mean energy per state using the
Boltzmann formula. After discussing what this means in terms of occupation numbers, we combine
these to obtain the energy density u, (Q2) and B, (T'). Finally, we discuss some general properties of
the Planck spectrum and the various ‘characteristic temperatures’ that are observationally useful.



74 CHAPTER 5. THERMAL RADIATION

y y
z kz
o o o o o
o o o o o
®0 ®0 ®0 *0 o
o o o o o
®0 ®0 ¢0 o o
o o o o
®o0 ®o o ®o o
o o o o o
e ®0 ®0 ®o o
o o o o
dk=2n/L
ky
L

Figure 5.2: Left panel shows an idealised cubical box of side L. Also indicated is a standing wave
(actually the fundamental mode). On the right is the corresponding lattice of states in wave-number
space. As the box becomes very large, the spacing of the states becomes very fine. The number of
states in some volume Ak® of k-space is 2 x L3Ak3/(27)3.

5.2.1 Density of States

Consider a large cubical box of side L with perfectly reflecting walls, as illustrated in figure The
states of the electromagnetic field consistent with these boundary conditions are a set of standing
waves, labelled by a set of three numbers (ng, ny,n.) giving the number of periods in the z, y, and
z dimensions respectively. Equivalently, since L is considered to be constant here, the states can be
labelled by the wave-number vector k = (27/L)n which has amplitude |k| = 27/ = 27v/c. The
momentum of a photon with this wavelength is p = hk/27w = hk.

These standing wave states form a regular cubical lattice in k-space with spacing dk = 27/L. As
L — oo, the spacing dk shrinks to zero.

Consider a finite volume in wave-number space (Ak)3. The number of states in this volume is

Nitates = 2 X (Ak)3/dk® = 203 (Ak)?/(2m)? (5.17)

where the factor 2 arises because there are two polarization states for each allowed oscillation mode.

The number of states Ngpates iS proportional to the product of the real space volume element
V = L? and the k-space volume element (Ak)3. There is therefore a well defined and constant
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density of states in 6-dimensional space:

Nstates 2
= . 5.18
volume x k — volume  (27)3 (5.18)

Consider the modes with wave normal k in some element df2 of solid angle and with |k| in the
range k to k+ Ak. The k-space volume is k?dkd$) = (27)31v2dvdQ/c3, so the number of states in this
volume element is Nyates = 2L302dvd()/c® and therefore the density of states (in volume-frequency
space) is

p = Nytates/volume/solid angle/frequency = 21 /¢3 (5.19)

5.2.2 Mean Energy per State

The next step is to compute the mean energy for an oscillator of a given spatial frequency k (and po-
larization). According to elementary quantum mechanics, a simple harmonic oscillator has quantized
energy levels

E=(n+1/2)hv. (5.20)

Henceforth we shall ignore the constant hr/2 ground state energy.

These oscillator states can be thought of as distinguishable particles, and we can therefore apply
the Boltzmann formula to say that the probability to find an oscillator with energy E is proportional
to exp(—(BFE) = exp(—E/kT). The mean energy is

E Ee_BE a o

E= "20276 =35 InY e P (5.21)
Z e PE n=0
n=0

but the sum here is a simple geometric series

S e PE =N el = (1 — Py (5.22)
n=0 n=0

from which we obtain

_ hyeBhv hv
E = | — o P — ol 1 (5.23)

5.2.3 Occupation Number in the Planck Spectrum
If we divide the mean energy E by the energy per photon hv we obtain the mean occupation number

i 1

(see figure . This has the following asymptotic dependence on frequency:
e hv < kT: expanding the exponential as a Taylor series the leading order term is n ~ kT'/hv >
1. In this ‘Raleigh-Jeans’ region the occupation number is large — each state contains a large

number of photons, and photon discreteness effects are negligible. The occupation number
diverges as v — 0, but the mean energy remains finite £ ~ kT

e hr ~ kT this is the characteristic photon energy, and the occupation number is of order unity.

e hv > EkT: the +1 in the denominator is negligible and 7 ~ exp(—hv/kT) and becomes
exponentially small.

e The occupation number 72 derived here is the equilibrium distribution for massless bosonic
particles.
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Figure 5.3: Left panel shows the occupations number for the Planck function. Right panel shows
the brightness as a function of frequency for various temperature black-bodies.

5.2.4 Specific Energy Density and Brightness

Multiplying the number of states dN = (2v2/c®)dV dv d by the mean energy for a state (5.23)
yields

h

7”_1611/ dv dS) (5.25)

dE = u, (Q)dV dv dQ2 = (2y2/c3)eﬁ}w

so the specific energy density is

2h13/c3
and the brightness B, = I,, = cu, is
2h13 /c?
By =G =1 (5:27)

The Planck function grows as B o v? for hv < kT and then falls rather abruptly due to the
exponential for hv 2 kT (see figure |5.3)).

This is consistent with the v o< 7% behavior deduced from thermodynamic considerations. The
total energy density is u = 47 [ dv B, /c, this integral is dominated by modes around the char-
acteristic frequency v* = kT/h, and the value of the integrand at the peak is on the order of
Buax ~ hv?/c? ~ (kT)3/(h%c?) so the integral is on the order of u ~ v*Bpax/c ~ (KT)*/(h3c?),
which is proportional to T4.

Note that the energy density can also be written as u ~ kT'/\3. Equivalently, the number density
of photons with energy hv ~ kT is on the order of n ~ 1/\3.

5.3 Properties of the Planck Spectrum

5.3.1 Raleigh-Jeans Law

As discussed, for hv < kT' the argument of the exponential is small, and expanding gives mean
energy per state E ~ kT, so we can say that these modes are ‘in equipartition’. The intensity is

BRY ~ 2,2kT (5.28)
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5.3.2 Wien Law

In the other extreme hv > kKT we have

o 2008
BYYien o ek (5.29)

which falls sharply with increasing frequency.

5.3.3 Monotonicity with Temperature
From (5.27) we find 0B, (T)/0T > 0 for all v. Thus B,(T" > T) lies everywhere above B, (T).

5.3.4 Wien Displacement Law

The brightness B, peaks at hvpax = 2.82kT 80 Vmax = (5.88 x 101°Hz)kT/h. In wavelength, By
peaks at ApaxT = 0.29cm K.

5.3.5 Radiation Constants

The constants occurring in the various versions of the Stefan-Boltzmann law can be computed in
terms of the ‘fundamental’ constants h, k, c. The total brightness is

B= /du B,(T) = (ig) (l"ff/ fo”i. (5.30)

The value of the dimensionless integral here is /15 so

2kt
R (5:31)
and hence 4 4
2wk 82k
g = m and a = W (532)

5.4 Characteristic Temperatures

5.4.1 Brightness Temperature

If we observe a brightness I, at some frequency v then we can define a ‘brightness temperature’ T
such that I, = B,(Ty).
This is simply computed in the RJ regime:

02

Ty= -1,
b7 ou2k

(5.33)

This requires that the source be resolved in order for I, to be defined, and will give a reliable
estimate of the temperature if the source is optically thick.

5.4.2 Color Temperature

If we can deduce the characteristic frequency v, say from broad band observations at a range of
frequencies, then we can define the ‘color temperature’

Tooror = v, k. (5.34)

The color temperature does not require the source to be resolved or optically thick.
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5.4.3 Effective Temperature

If a bolometer provides the total flux density F' but does not provide any detailed frequency distri-
bution information one can deduce the temperature if the size of the source d2 is known by equating

F ac
B=E =t (5.35)

This requires that the source be resolved.

5.5 Bose-Einstein Distribution

The Planck spectrum derived above is the fully equilibrated distribution function for photons, and
in the derivation we placed no restrictions on the occupation numbers, implicitly assuming that
reactions which create or destroy photons are efficient. Under certain circumstances (e.g. electron
scattering) such reactions may be inefficient, though scattering may be able to efficiently redistribute
energy among a fixed number of photons. In this case, the photon energy distribution will deviate
from the Planck spectrum, and one has the more general Bose-Einstein distribution, with mean
occupation number

1
= e(hv+p) /KT _ 1

i

(5.36)

The constant p here is known as the chemical potential.

If the chemical potential is positive then this leads to a finite occupation number at zero energy.
Such a situation arises if there are too few photons for the given energy (i.e. fewer than for a Planck
spectrum of a given energy).

If the chemical potential is negative then the Bose-Einstein occupation number becomes infinite
at a finite frequency hv = pu, which is unphysical. Now one can vary the chemical potential by
supplying or removing heat (without allowing photon number changing reactions). If one were
to start with a photon gas with positive p then one can decrease it by extracting heat from the
gas. Once p reaches zero, any further extraction of heat will result in a Bose condensation with a
Planckian distribution for £ > 0 and any excess photons in the zero energy state.

We will see how the Bose-Einstein distribution and its analog for fermions - the Fermi-Dirac
distribution arise when we discuss kinetic theory in chapter

5.6 Problems

5.6.1 Thermodynamics of Black-Body Radiation

The entropy S of a system is defined by d@ = TdS where dQ is the heat input and T is the
temperature.

a. Derive an expression for the entropy of black body radiation in an enclosure in terms of the
temperature 7', the volume V', and the radiation constant a.

b. If one expands the enclosure adiabatically (i.e. with no heat input or output) how does the
temperature scale with the volume.

5.6.2 Black body radiation and adiabatic invariance

a) Consider a perfectly reflecting cavity containing black body radiation. By invoking ‘adiabatic
invariance’ (i.e. constancy of occupation number for each fundamental mode of oscillation) show
that if the cavity (a balloon perhaps) expands isotropically, then the radiation maintains a black
body spectrum. How does the temperature scale with the linear size of the cavity?

b) Assume that the 3K background radiation has an energy density smaller than the current
matter density by a factor 102. What was the temperature of the background radiation at the epoch
when the matter and radiation had equal energy density?
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¢) Now consider a perfectly reflecting cavity which expands only in one direction (a cylinder
capped by a piston for instance) and which initially contains black-body radiation. Again applying
adiabatic invariance, compute by what factor the energy in the radiation decreases in the limit of a
very large expansion factor. You should not assume that the cavity contains any matter to scatter
the radiation and maintain isotropy and/or thermal equilibrium.

d) Apply the same principle of constancy of occupation number to another simple harmonic
oscillator: a simple pendulum undergoing small oscillations but with a slowly varying pendulum
length L. How does the energy of the oscillator depend on frequency? How does the amplitude of
the oscillations depend on frequency?

5.6.3 Black-body radiation

Derive the Planck spectrum for a thermal black-body radiation field. You should proceed in two
steps:

First compute the density of states in frequency space for a cubicle cavity of side L (don’t forget
to allow for the two independent polarisation states). Obtain an expression for p, the number of
states per unit volume per unit frequency per unit solid angle.

Next calculate the mean energy per state as follows. In thermal equilibrium at temperature T,
the probability distribution for the energy E = nhv follows the Boltzmann law p(F) x exp(—SE)
where 8 = 1/kT and k is Boltzmann’s constant. Thereby show that the mean energy of a mode is
given by E = —0/031In(> -, e #""). Evaluate the sum to obtain a closed expression for £ and
combine with your expression for the density of states to obtain an expression for the specific energy
density u, (Q).

Integrate u, () to obtain the Stefan-Boltzmann law for the total energy density: u = aT* and
express a in terms of fundamental constants (you may use the result for the dimensionless integral
[dx 23/(e® — 1) = n1/15).

5.6.4 Planck Spectrum

A cubical cavity of side 1m contains radiation at temperature T" = 300K. Give a rough estimate of
the characteristic wavelength of the radiation and estimate of the number of photons in the enclosure.
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Chapter 6

Radiative Transfer

We now consider radiation passing through matter, which may absorb, emit and/or scatter radiation
out of or into the beam. We will derive the equation governing the evolution of the intensity. Real
scattering processes (e.g. electron scattering) are generally anisotropic and introduce polarization.
Here we will consider only isotropic scatterers and unpolarized radiation. We will also limit attention
to ‘elastic’ scattering in which there is negligible change in the photon energy in scattering (this is a
reasonable approximation if the photon energy is much less than the rest mass of the scatterer and
the latter has thermal or random velocity much less than the speed of light).

6.1 Emission

We define the (spontaneous) emission coefficient such that matter in a volume element dV adds to
the radiation field an amount of energy

dE = 5,(Q) dV dQ dt dv. (6.1)
For isotropically emitting particles
P,
= — 2
Jv= (6.2)

where P, here is the radiated power per unit volume per unit frequency.
The (angle averaged) emissivity €, is the energy input per unit mass per unit time per unit
frequency and is defined such that

dE =€, p dV dt dv (dQ/4m) (6.3)
with p the mass density, from which follows the relation

= wp (6.4)

jy_47r'

Consider a cylindrical tube of cross-section area dA and length di. The radiation energy in a
co-axial cone of direction df? is
E=wu, dAdl dQ dv (6.5)

in a time dt = dl/c this tube will have moved thought its length, and the matter in the volume will
have injected an extra amount of energy

O0F = 7,dAdldQdvdt (6.6)
soul, = (E+ 0FE)/dAdldQdv = u, + j,dt, or du, = j,dt or, since I, = cu,
dl, = j,ds (6.7)

where ds is an infinitesimal path length element.
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6.2 Absorption

Absorption will remove from a beam an amount of intensity proportional to the incident intensity
and proportional to the path length:

dl, = —ay,1,ds (6.8)

where the absorption coefficient a has units of (length)~*.

For a simple model of randomly placed absorbing spheres with cross-section ¢ and number density
n the mean covering fraction for objects in a tube of area A and length dsis 6A/A = nodV/A = nodl
so we would expect an attenuation in intensity

dl = —nolds (6.9)

so, for this model, a = no.
One can also define the opacity &,
Qy, = pky (6.10)

which is more convenient if one wishes to calculate the attenuation for propagation through a given
column density of material.

6.3 The Equation of Radiative Transfer

Combining emission and absorption terms give the equation of radiative transfer:

dl,
ds
This is easy to solve if j, is given, but tricky in general since j, contains scattered radiation which

is proportion to the angle averaged intensity, so we obtain an integro-differential equation.
Solutions can easily be found for two special cases:

= —a,l, +j, (6.11)

e Emission only:

dl, ) .
o I,(s) = 1,(0) + /ds Jv (6.12)
e Absorption only:
dI, _
L=, — 1(s) = L(0)e J dsa (6.13)
S

It is useful to define an alternative dimensionless parameterization of path length called the
optical depth T such that
dr, = a,ds (6.14)

and in terms of which the pure absorption solution is I,,(s) = I,(0)e™".
With both emission and absorption it is useful to define the source function

Sy =Jju/aw (6.15)
in terms of which the RTE becomes dl
Y —_I,+8S, 6.16
dr, + ( )
and the formal solution of the RTE is
I(7) = 1,(0)e™" + / e 8, (7)dr! (6.17)
0

which can be verified by direct differentiation. The utility of this solution is limited by the fact that
the source function is not given, but must usually be determined as an integral over the intensity.



6.4. KIRCHOFF’S LAW 83

6.4 Kirchoff’s Law

Consider a kiln containing some matter and radiation in thermal equilibrium at temperature 7. The
intensity obeys the RTE:
dl,
dr

but in equilibrium the intensity must be spatially constant, so dI/dr = 0, and hence the S, = I,
= B,(T), ie the source function and intensity are equal. Since the source function is defined as
S = j/a, this means that

=S, -1, (6.18)

jl/ = auBu(T) (619)

which is Kirchoff’s law. This tells us, for instance, that if some material absorbs well at some
particular wavelength (perhaps because of a resonance) then it will also radiate well at the same
frequency.

6.5 Mean Free Path

We can compute the probability distribution for photon paths and the mean free path as follows.
The probability that a photon is absorbed within an infinitesimal distance ds is

P.bs = ads (6.20)

so the probability it survives is
Pyurvive(ds) =1 — ads (6.21)

and the probability it survives at least a finite distance s (i.e. it survives a succession of N = s/ds
steps of length ds) is

Paurvive(> 8) = (1 — ads)Y = (1 — as/N)N = exp(—as) (6.22)

This is the cumulative distribution function. The differential distribution function for path

lengths is

dPsurvive
P(s) = —% = aexp(—as) (6.23)

so the distribution of path lengths is exponential with typical path length ~ 1/« as might have been
expected.
The mean path length is

(s) = /ds sP(s) =1/a. (6.24)

6.6 Radiation Force

Radiation incident on scattering/absorbing material will result in transfer of momentum to the mat-
ter. We now calculate this assuming that the scattered or re-radiated energy is emitted isotropically
in the rest frame of the matter. Consider the radiation in a narrow cone of direction df) and in a
co-axial cylinder. The energy in the cylinder is

E =udl dA dQ. (6.25)

In a time dt = dl/c this tube will travel its length, and absorbers and/or scatterers will have reduced
the energy content by an amount
0F = (ad)E (6.26)

with a corresponding transfer of momentum

op=nadlE/c=naudtdV dQ:ﬁazdt dv dQ (6.27)
c
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SO

momentum  force zl/dy a,F, (6.28)

volume X time  volume ¢

where F, = [ dQ I, is the radiation flux vector.
The acceleration of the material is

force

1
= acceleration = — /du kF, (6.29)
mass ¢

Note that these results assume that the scattering process is front-back symmetric.

6.7 Random Walks

As discussed above, the RTE with scattering is an integro-differential equation and it is therefore
quite hard to find exact solutions for most problems of interest.

However, order-of-magnitude estimates of some important features can be obtained using random
walk arguments. The basic idea here is that if the typical distance between scatterings is [ say (ie the
mean free path) and if each scattering gives a random change in direction then, after N scatterings,
a photon will have traversed a net distance on the order of L, = V/NI.

A simple way to derive this famous ‘drunkards walk’ law is to consider a simple 1-dimensional
walk, where at each step the particle can move forward and backward one unit. Let a particle have
reached position z,, after n steps. After the next step it will be at z,11 =2, +1or Tp41 =2, — 1
with equal probability of 1/2. The mean square displacement after n+1 steps given that the particle
is at x,, after n steps is

[(zn +1)% + (z, — 1)%] =22 +1 (6.30)

DO =

(xi+1|xn> =

so the average increase of (z2) in one step is unity, regardless of the value of z,,. More formally, the
unconstrained mean square of x, 41 is given by integrating over all possible values for z,,:

(22,,) = / 0 p(an) (2241 |1n) = / Az p(en) (22 +1) = (22) + 1 (6.31)

so the mean square displacement increases by unity for each step and since the particle starts at

zo =0 we have (z2) = n.

Alternatively, and in 3-dimensions, one can write the net vector displacement R as
R=ri+ro+...+ry (6.32)
The mean vector displacement vanishes,
(R) =N(r;) =0 (6.33)
but the mean square displacement is
(R?) = (r}) +2(r; -1a) + ...+ (r) +... (6.34)

now all the cross terms like (rq-rs) vanish (since the directions of different path segments are assumed
to be uncorrelated), and we have
(R?) = N(r?). (6.35)

As an example, consider the escape of a photon from a cloud of of size L. If the mean free path
is I < L then the optical depth of the cloud is 7 ~ L/I. In N steps, the photon will travel a distance
I, ~ v/ Nl. Equating this with the size of the cloud L yields the required number of steps for escape
N ~ 72,
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6.8 Combined Scattering and Absorption

Of some interest are media in which there is both absorption, characterized by the absorption
coefficient «,, and scattering, which we shall characterize by the scattering coefficient ¢,, such the
the mean free path for scattering alone is 1/0,,. The distinction is that scattering can isotropize
radiation, but cannot thermalize it, as this requires true absorption and re-emission.
The mean free path is
I, = (o, +0,) " (6.36)

The probability that a path ends with an absorption event is called the single scattering albedo

Qy
= ——. 6.37
‘ oy, + 0oy ( )

The probability that a photon gets absorbed after N paths is then P(N) ~ eN which approaches
unity after N ~ €, paths, or equivalently after traveling a net distance

1

v, (a, + a,,)'

This is called the thermalization length or the effective mean free path. One can define the effective
optical depth for a cloud of size R as

Lo~ /e~ (6.38)

P =y

= T (Ta + To’) (639)

Ty =

with 7, = R and 7, = oR.

o If 7, <« 1 then the cloud is ‘effectively thin’ and thermal photons emitted by the absorbing
particles will typically escape from the cloud without being re-absorbed. The emissivity (due
exclusively to the absorbing particles) is j = B and the luminosity is L ~ jV ~ aBV. The
brightness is I ~ L/A ~ aBL ~ €1, B.

e If 7 > 1 the cloud is ‘effectively thick’ and one expects the radiation within the cloud to
be thermalized. In this case the photons which escape will typically have been emitted by
absorbers within a distance ~ [, of the surface, so the luminosity of the cloud will be L ~
Ajly ~ aBAl, ~ \/eBA. This luminosity will be much less than that of a black-body radiator
of the same area if € < 1.

6.9 Rosseland Approximation

The Rosseland approximation allows one to compute the transport of energy in a cloud with scat-
tering and absorption.
We can write the RTE as

dl,
L= —a,L,~B) -0, ~ ) (6.40)

since the absorbing particles emit with emissivity j, = «, B,u whereas the radiation scattered is
proportional to the mean intensity J,.
This can also be written as

dl,
—L = (o +0,)(1, ~ 5,) (6.41)
where the source function is here defined as
VBV VJV
S, = By + 0y (6.42)

oy, + 0oy,
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which, in the isotropic scattering model, is independent of direction.
If we assume a plane-parallel or stratified system dz = pds with p = cosf and we have

ol,
a 0z
The Rosseland approximation scheme exploits the fact that deep within a cloud, the radiation
will be close to isotropic, and the fractional change in the intensity over one mean free path will be
small, or equivalently, that 0I/0z < (a + o)I.
To zeroth order we ignore 01, /0z entirely and readily obtain the zeroth order solution

=—(ay+0,)I, —S,) (6.43)

Y =B, (6.44)

At next higher order
I(l) - S _ 12 aB,,
v ' a, 4o, 02

(6.45)

Taking the first moment of this, the source function (which is isotropic) drops out, and we obtain
the first order flux

4 0B, (T) dT
F,(z) =2 I = - e 4
(2) W/duu o (2 1) oy +o)) o7 dz (6.46)
The integrated flux is
_ AmdT _10B,(T)
o T3 dT
16USB
F(z) = —"—"—"T""—"-—— A4
(2) 3ar dz (6.48)

where the Rosseland absorption coefficient ag is defined as

é = /du (o + au)flang(ﬂT)//dV aB(;,jET) (6.49)

and ogp is the Stefan-Boltzmann constant, and where we have made use of [ dvdB, /0T = B(T)/dT
40T3 /7.

e Equation (6.48]) shows the heat flux to be proportional to the temperature gradient, as might
have been expected, or more generally F o« V7.

e The thermal conductivity is 16051 /3ar

° algl is largest at frequencies where the combined absorption + scattering coefficient oy, + o,
is small.

e The Rosseland approximation requires both nearly isotropic conditions and the stronger con-
dition that the medium should be nearly thermalized.

e It tells us how energy seeps upwards through a scattering and absorbing medium, but it does
not describe the manner in which the intensity I, — B, within such a medium.

One can understand the general form of from a simple order-of-magnitude argument.
Consider two adjacent slabs of material of thickness Az ~ [, the mean-free-path, and with the upper
and lower slabs having temperatures 7" and T + AT respectively. The energy within the upper slab
is E = aAA2T*, while that in the lower is B/ = aAA2(T + AT)* ~ E + 4aAAZT3AT. In a time
dt ~ dl/c ~ Az/c, a substantial fraction of the photons originally in the lower slab will now be in
the upper slab and vice versa, with a corresponding transfer of energy per unit area per time of

E' — E AT AT  osgT? 0T
~ ~alT3c== ~ loggT?>=—— ~ -
Adt e Az IsB Az a 0z

(6.50)

in agreement with (6.48]).
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6.10 The Eddington Approximation

The Eddington approximation also assumes that conditions are close to isotropic, but not necessarily
that the radiation is locally nearly thermalized.
Eddington expands the intensity as a function of angle p = cos8:

L(rpn) =a,(7) + b, (T)p+ ... (6.51)

and ignores all but the first two terms.
Taking the first three moments of the intensity gives

L %fd,u[u:au
H,=1[dupl,=b,/3 (6.52)
K, §fd/4u2h:ay/3

These are proportional to the mean intensity, the energy flux, and the radiation pressure respectively.
The first and last together imply the relation K, = J,/3.

Write the RTE as
oI,

=—(I,-S, 6.53
Hor ( ) (6.53)
with
dr, = —(a + 0,)dz (6.54)
and
l/Bl/ VJI./
g, =Wl oy g e, (6.55)
Qy + 0y
and take the first few moments.
The zeroth moment yields
o0H,
=J,- 5, 6.56
or ( )

and the first moment is

1
0K, _19J, _

or 3or 7 (6:57)
and combining these and eliminating H, yields
Ly g enBy+ (1— e (6.58)
3o0r2 77 v = v T by v )y :
or, more simply,
1027,
— = - B,). .
352 = (v = By) (6.59)

Given some temperature profile T'(z), and hence B, (%), equation allows one to solve for
J, and hence the source function S, and from this one can obtain I, from the formal solution of the
RTE.

Equation has the form of a diffusion equation and describes how the intensity relaxes to-
wards the black-body from within a cloud. For example, if we assume the temperature, and therefore
B, to be nearly independent of position then the general solution of contains exponentially
growing and decaying terms J — B ~ exp(£7,) with 7« = v/3er the effective optical depth. If we
require that J — B deep within the cloud, this boundary condition kills the exponentially growing
term, and we find that the radiation relaxes towards black-body exponentially with a scale length
equal to to the effective mean free path, in agreement with the order-of-magnitude result above.

See R+L for further discussion of this and the ‘two-stream’ approximation.
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Figure 6.1: Processes considered in the Einsten ‘two-state atom’ model. The filled circle indicates
the internal energy level of the atom. Lower/upper level is the ground/excited state. Top row is
spontaneous emission. Middle panel is absorption. Bottom panel is stimulated emission, where the
atom is ‘encouraged’ to de-excite as a result of the ambient radiation.

6.11 Einstein A, B Coefficients

Einstein considered a idealized two-state system with energy levels Fi, Fs in equilibrium with a
thermal radiation bath with which it can exchange photons of energy hv = E5 — E;. He deduced
two important facts:

e In addition to the processes of absorption to excite the system and spontaneous emission to
de-excite it there must be another process ‘stimulated emission’ in which the system de-excites
stimulated by the ambient radiation.

e The ratio of the rates for these processes are universal and given in terms of fundamental
constants.

6.11.1 Einstein Relations
The reactions we consider are tabulated in figure These are

e Let the rate for spontaneous emission be Asy, which is the probability that the system drops
from E5 to E7 per unit time.

e Let BioJ, be the probability per unit time that the system be excited from E; to Es, in the
ambient mean intensity .J,,.

e Let By1J, be the probability per unit time that the system be de-excited from F; to Es, as a
result of the ambient mean intensity J,,. This is referred to as stimulated emission.

For an ensemble of such systems, there will in equilibrium be number densities ny, no which must
satisfy
n1BioJ = no Ao +noBorJ (660)
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from which we can solve for J
As1 /B

(n1/n2)(Bi2/B21) — 1
However, in thermal equilibrium, the ratio of occupation numbers must satisfy the Boltzmann law

J =

(6.61)

mo_ GAE/RT _ Jhv/kT (6.62)
n2

and therefore we have
As1/Ba

(312/B2l>ehu/k:T -1
Comparing this with the Planck function we find that these are consistent, provided the micro-
scopic rates satisfy the ‘Einstein relations’

J= (6.63)

Bgl = 312 (664)

and
A9y = 2h13c By, (6.65)

e These relations are somewhat reminiscent of Kirchoff’s law, which relates emission and absorp-
tion for matter in thermal equilibrium. This is superficial. The Einstein relations (also known
as ‘detailed balance’ relations) are more profound as they relate the microscopic absorption and
emission rates for any system, regardless of whether it happens to be in thermal equilibrium.

e The discussion here is somewhat oversimplified. See RL for inclusion of ‘statistical weights’.

6.11.2 Emission and Absorption Coefficients

We can derive the absorption and emission coefficients in terms of the A, B coefficients.
The spontaneous emission is

Q
dE = ngAglhyj—dV¢(V)dudt =J, dQ dv dV dt (6.66)
™

where we have introduced a narrow, but finite, ‘line profile’ ¢(v). Thus

Jv = TH2A21¢(V)- (6.67)
T
The (uncorrected) absorption is
hv
oy = 47’01312(;5(1/) (668)
T
and allowing for stimulated emission (which is most naturally considered negative absorption)
hv
a, = Z312¢(V)(n1 — ) (6.69)
7r
The source function is then Ao /B
S, = j, Janu = 222/ Br2 (6.70)
ny —no
e If the matter is in thermal equilibrium, this results gives the absorption coefficient as
hv
a, = 5774312(1 — e IR (w) (6.71)

and source function S, = B,, in accord with Kirchoff’s law.
e For general (ie non-thermal) occupation numbers, this formula gives emission for given ni, ns.

e If the occupation numbers are inverted, so no > nj then the absorption becomes negative.
This leads to an instability with the matter dumping it’s energy into the radiation field giving
rise to huge photon occupation numbers. This is the process underlying lasers and masers.
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6.12 Problems

6.12.1 Main sequence

Consider the optically thick interior of a star.
a) Using ‘random walk’ arguments (or otherwise) show that the the radiative flux (energy/area/time)
is on the order of
F ~acT*\/R (6.72)

where A is the mean free path (MFP), R is the radius and a is the Stefan-Boltzmann constant.
b) How is the MFP related to the density of particles n and their scattering cross section o?
¢) Now use the equation of hydrostatic equilibrium to show that

kT GM
—~— (6.73)
m R
where M is the mass interior to R and m is the mean molecular weight (assume that the gas kinetic
pressure > radiation pressure).
d) Combine the above results to show that the luminosity net luminosity scales as the cube of
the mass, and more specifically,
4
ac (Gm
L~— (=) mM>. 6.74
“ (e (6.74)
e) Assuming electron scattering dominates, so the appropriate cross-section is the Thomson cross
section o ~ 6x1072°cm, estimate the luminosity of a star of mass 2x1033gm. How does this compare
to the luminosity of the sun?

6.12.2 Radiative Transfer.

A large homogeneous sphere of material of uniform density and temperature 7' has a scattering
coefficient & = 1 x 1072cm ™! and an absorption coefficient « = 1 x 10~%cm™! (both assumed to be
independent of frequency and depth).

a. Use random walk arguments to estimate the depth below the surface at which the radiation
approaches a thermal ‘black-body’ spectrum.

b. How does the luminosity of the sphere compare to that of a black body of the same size and
temperature.

6.12.3 Eddington luminosity

a) Show that the condition that an optically thin cloud can be ejected by radiation pressure from a
nearby luminous object is that the mass-to-light ratio should be

M K

<
L 4rGe

(6.75)

where k is the mass absorption coefficient for the cloud (assumed independent of frequency).
b) Show that the terminal velocity of the cloud, if it starts from rest at a distance R is

2GM kL

c¢) Taking the minimum value of k to be that due to Thomson scattering when the cloud is fully
ionised show that the maximum luminosity the object can have and not eject hydrogen by radiation
pressure is

A Gemp M
Lepp = % = 1.25 x 10%ergs™ (M/My) (6.77)
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6.12.4 Poissonian statistics

3. Consider a “Poissonian” or “shot noise” bus service with buses arriving at your stop randomly
at the rate of n per unit time (i.e. the probability that a bus shall arrive in a short time interval §t
is ndt).

a) Assuming you have just arrived at the bus stop, what is the probability distribution for the
time you will have to wait until the next bus arrives?

b) What is the probability distribution for intervals between bus arrivals?
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Chapter 7

Radiation Fields

7.1 Lorentz Force Law
In the non-relativistic limit the force on a particle of charge ¢ is
F=¢E+vxB/c (7.1)

so the rate of work is v - F = gv - E (the magnetic field forces particles in a direction perpendicular
to their motion so therefore does no work), and therefore d(mv?/2)/dt = qv - E.

For a distribution of charges with charge density p = > ¢/AV and current density j = > qv/AV
the force per unit volume is

1
f=pE+-jxB (7.2)
c

and the rate of work per unit volume is j - E and is equal to the rate of increase of the mechanical
energy density.

7.2 Field Energy Density

The electromagnetic field has energy which is quadratic in the fields E and B. A simple way to
compute the electric field energy is to consider a sphere of radius R carrying total charge @) uniformly
distributed in a very thin shell. The electric field ramps up from zero to Ey = Q/R? as one passes
from the inner to the outer edge of the shell, so the mean electric field felt by the charges is Fy/2.
If we force the sphere to contract from R to R — AR then we must do work against the repulsive

electrostatic field 1 1
AW = Q(Ey/2)AR = 51«7§RPAR = 87E§AV (7.3)
U

with AV = 47rR?AR the volume swept out. Since in the process we have created field of strength
Ey in this volume, we can identify E?/(87) with the energy density of the field.
Similar arguments can be applied to show that the magnetic field energy density is B2?/(8).

7.3 Maxwell’s Equations

Maxwell’s equations are

M1: V.-E=d4mp M2: V-B=0 (7.4)
M3: VxE=-198 jrq:. vxB=4rjy 1B '

which are respectively the differential statements of M1: Gauss’ law; M2: the absence of free magnetic
charges; M3: Faraday’s or Lenz’s law of inductions; and M4: Ampere’s law (plus the displacement
current term) (see figure [7.1]).

93
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Gausslaw No magnetic monopoles
O-E=4mp 0-B=0

N2

/\,

B
Earadav's | Ampere’s law
araday’s law (+ displacement current)
of induction
_— B
A\
/—)
>
E
—_10B
OXE =-= %2
c ot OxB =47 +1 JE

Figure 7.1: Maxwell’s equations are, for the most part, the differential statement of the laws of
electro- and magneto-statics, plus the law of induction. Maxwell’s major contribution was to see
that Ampere’s law for steady currents V x B = 47j needed to be augmented by the ‘displacement
current’ term. In the lower right panel, for the loop on the left is is clear that we can identify the
loop integral of B with the current piercing the loop. For the right hand loop we can either close
the surface so that has a current through it, or, by taking the surface to fall between the capacitor
plates it will have no current, but it will have a net OE/dt. Maxwell’s displacement current takes
care of the latter possibility, and guarantees consistent results.

Taking the divergence of M4 and using M1 yields

dp
—+V.j=0 7.5
5 TV (7.5)
which expresses the conservation of charge (to see this integrate over some volume and invoke the
divergence theorem).

Dotting Ampere’s law with the electric field E gives

. 1 OE
using the result for vector calculus that V- (A xB) =B - (V x A) — A - (V x B) we can replace
(VxB)-Eby B:-(V xE)—V.(Ex B) and finally replacing V x E with —%%—]? by Lenz’s law
yields
1 O(E* + B?) c

B TP ) . ExB .

J +87T ot 47TV (ExB) (7.7)
Now the first term on the left hand side is the rate of change of the mechanical energy of the charges.

The second term is the change of the field energy density, so the left hand side terms together are
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the rate of change of the total energy density. This equation expresses conservation of energy, with
the right hand side being the divergence of a field energy flux vector, the Poynting vector:

Cc

47

S= —ExB (7.8)

The Poynting flux has some peculiar features. For example, it appears to say that a charged
bar magnet has an energy flux that circulates around the bar in a toroidal sense. This is not very
meaningful. However, if one integrates the terms in the above equation over some finite volume,
the terms on the left give the rate of change of the total energy within the volume, and the right
hand side can be converted to an integral over the surface the volume element of the Poynting flux,
and this is well defined and free from peculiarities. Note that static fields tend to fall off as 1/7?
so S ~ 1/r* for such fields and the integral over the surface for a static system is [dA - S ~ 1/r?
which converges to zero as it should.

7.4 Electromagnetic Waves
Specializing to empty space, with p = 0, j = 0, Maxwell’s equations become

Ml: V-E=0 M2: V-B=0

. _ _10B . _ 10E
M3: VxE=-1%8 4. VxB=12E

(7.9)

Taking the curl of M3 and using M4 gives V x (V x E) = —¢ 20%E/0t? and invoking the vector
identity V x (V x E) = V- (V -E) — V2E and Gauss’ law V - E = 0 yields

1 0°E

2 B ———
V'E c? Ot2?

(7.10)
which has the form of a wave equation. Performing the same sequence of operations with M1 « M2,
M3 — M4 yields an identical wave equation for B.

Let us look for traveling wave solutions of the form

E(r,t) = eEpe'kr—«t)
B(I‘, t) — bBOei(kr—wt) (711)
with unit vectors |e| = |b| = 1 and with complex amplitudes Ey, By, though with the understanding
that the physical field is the real part. Inserting these trial solutions in Maxwell’s equations yields
the following inter-relations:

M1 : k-e=0
M2 : k-b=0
M3: kxeFEy=(w/c)bBy
M4: kxbBy=—(w/c)eEy

(7.12)

The first two of these tell us that the waves are transverse: both b and e must be perpendicular to
the wave vector k. The second pair tell us that e and b must be orthogonal to each other, so k, e,
and b form an orthonormal triad. Inspecting the magnitude of the latter pair gives Ey = Bow/kc
and By = Fow/kec which imply

Ey = By (7.13)
and also yield the dispersion relation
w=ck (7.14)
from which we can infer that
d
phase velocity = @ _ group velocity = X _ . (7.15)

k dk
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so these waves are non-dispersive.
The energy density is Usela = (E? + B?)/8m. Writing Ey = |Eple!® we have Re(E)? = Re(B)? =
|Eo|? cos?(k - r — wt + ¢). The cosine-squared term averages to 1/2 so we have

1 1
(U) = 5| B3| = o |B. (7.16)

The Poynting vector is
S = iEOBOe x b= iquoP cos?(k -1 — wt + ) (7.17)
which points along the wave vector and has expectation value

(S) = g B3| = c{Unaia). (7.18)

7.5 Radiation Power Spectrum

If we sit in a collimated beam of radiation, the Poynting vector tells us the energy flux per unit time

per unit area
aw ¢

~ = 2 1
dAdt 4w (*) (7.19)
so the average energy flux per unit area is
aw 1 ’
c
— V= —— [ dt E*(t 2
<dAdt> 47rT/ (®) (7.20)
0
or equivalently, by Parseval’s theorem,
dW ¢ [ dw (|EW)?)
_— V= — [ -1 21
<dAdt> 4 / 27 T (7.21)

with E(w) the Fourier transform of E(t). The squared transform of the electric field is called the
power spectrum, and is proportional to the intensity I, with v = w/2.

For some purposes this description is too simplistic, as it hides the vector nature of the field,
which allows the possibility of polarized radiation, and for eg radiative transfer one needs a more
detailed description which gives the radiation flux in the different polarization modes.

7.5.1 Polarization of Planar Waves

A linearly polarized plane wave may be written as
E(r,t) = 4Re [Egei(k"’“’t)} (7.22)

where Fj is a complex amplitude, and a is perpendicular to k. The most general plane wave (with
k xz) is ' '

E(t) = Re[(XE, + yE,)e "] = Re[Ege ™| (7.23)
where, for simplicity, we give the value of the field at = = 0. Both E, and E, are complex amplitudes,
and Ey is a complex vector. Writing E, = &,e* and E, = c‘,'yewy, with &, &, real, the physical
field components are

E.(t) ] { &, cos(wt — ¢,)
E(t) = = . 7.24
0=| 5 | = a5 (7:24)
The 2-vector E(t) moves along a closed periodic curve in E,, E, space with period T' = 27 /w.
In fact, this curve is an ellipse. To see this, write down the parametric formula for an ellipse with
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principle axes aligned with the coordinate axes in some rotated frame {E;, E} = {acos(w(t —
to)), bsin(w(t —tp))}. Then apply the rotation operator to obtain the formula in an arbitrary frame,
rotated by some angle x:

E, | | cosxy —siny E!
[ E, } o [ siny  cosy E, | (7.25)
Expanding the cosine terms in (7.24) and comparing terms containing coswt and sinwt in each of
E,, E, yields 4 equations which one can solve to obtain a, b to and x for given &;, £;, ¢, and .
Special cases are a = 0 or b = 0 which result in a linearly polarized wave, in which the point E(t)
oscillates back and forth along a line through the origin. For a = b the ellipse becomes a circle, and

the wave is said to be circularly polarized with helicity which is negative or positive if, for a wave
propagating towards the observer, the field value rotates clockwise or counter-clockwise respectively.

7.5.2 Polarization of Quasi-Monochromatic Waves

For a nearly monochromatic wave of angular frequency wy (eg a general wave which has been passed
through a narrow band filter) we know that each component of the electric field will be locally
sinusoidal, but that the amplitude, or envelope of the wave will evolve slowly with time. Over any
limited time 1/wp < 6t < 1/0w, with dw the width of the filter, the wave will behave much like a
pure planar wave discussed above, but over longer periods, the wave will evolve through a succession
of different planar wave states. Now it may be that this succession of states has some persistent
features; it may be that there is a general tendency for the wave to be found with F, > E,, in which
case we would say the wave has some degree of linearly polarization, or it may be that the wave
tends to be found rotating counter-clockwise, in which case we would say that it has some degree
of circular polarization. On the other hand, it might be that there are no persistent correlations;
the field might be found to be rotating clockwise at one moment and counter-clockwise at another
time, for instance. If there is no systematic sense of rotation, and if there is no systematic tendency
for the field values to prefer any particular direction in field space then we describe the wave as
unpolarized, or ‘natural’.

7.5.3 Power Spectrum Tensor and Stokes Parameters

We can formalize this using the language of random fields; since, in general, the electric field for a
collimated beam is a 2-vector valued random function of time, with transform

Ei(w) = / dt By(t)e™! (7.26)

so we can write down the expectation for the product of components of transforms much as for a

scalar function: ~ R , .
(Bi(w)Es(w') = [dt [dt'(E;(t)E;(t))e@=="t)

, ; - 7.27
= [dt eIt [dr &(T)e' ™ (7.27)
where we have defined the auto-correlation function tensor
Recognizing the first integral in (7.27) as a representation of the Dirac §-function we have
(El(w)E]*(w’» =276 (w — W) P (W) (7.29)

where the power spectrum tensor is

Pj(w) = / dr &ij(T)e™™ (7.30)
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This is very similar to the result for a scalar random field, but with one important distinction: the
power here is generally complex. From the definition of &;;(7) (7.28)) we have

§ij (1) = &ji(—7) (7.31)

s0 &;;(7) is symmetric under the combination of reflection in time and exchanging i < j. For i = j
this implies that both Py, (w) and Py, (w) are real. For i # j though this implies Py, (w) = Py, (w).
It also follows from the definition of P;; that P;;(—w) = P;;(w). Because of these symmetries P;;(w)
has only 4 real degrees of freedom for each |w|.

Now consider a filtered version of the field

EF(t) = / Z—:Ei(w)F(w)e_m (7.32)

for which the two point auto-correlation function tensor is

EFOEFO) = [ 52 [ G2 F@P @) B )" (7.33)

or, on invoking the definition of P;;(w)

d .
(EFMELO) = [ ZIF@PPs@)e ™ (7.34)
and, if F(w) is a narrow band filter, accepting only frequencies in a narrow range about w = +wy,

15(1) = (Ef (T)E] (0)) = Pyj(wo)e™ ™7 + Pjj(wo)e™. (7.35)
which is manifestly real.

The four real components of the tensor P;; can be taken to be the Stokes parameters I, Q, U,
V' defined by

[=Pu+ P,
Q = P:L’:E - Pyy
U=Pyy+ Py (7.36)
1V = Py — Py,

The first three of these can be expressed in terms of the zero-lag auto-correlation function tensor:

I=53(6,(0) +&,,(0)
Q = 3(&5,0) — ¢, (0) (7.37)
U =¢b,(0)

while the fourth involves the correlation at a lag of 1/4 of a wave period:
V = fjw(r = m/2wy) (7.38)

e The Stokes parameters have the following significance: I gives the total energy flux, or intensity.
@ and U describe the two states of linear polarization; for Q = I, U =V = 0 the field is fully
linearly polarized with electric field parallel to the z-axis, for Q = —I, U = V = 0 the field
is fully polarized along the y-axis. For U = £I (and @ = V = 0) the field is polarized along
the diagonals. The circularity V describes circular polarization, with V' = +I corresponding
to complete circular polarization in the two helicity states.

e One can show that in general I? > Q% + U2 + V2. For Q = U = V = 0 the beam is said to be
unpolarized.

e The linear polarization terms ), U may be measured by passing the beam through a polarizing
filter (e.g. a grid of wires for microwaves) and measuring the intensity as a function of angle.
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e Equation (|7.38) suggests how to measure circular polarization; split a beam, introduce a 1/4
wave lag in one arm, recombine and measure the intensity.

e The Stokes parameters are additive for a superposition of independent beams. This is not the
case if the beams are correlated; the superposition of two opposite helicity circularly polarized
beams gives a resultant which is linearly polarized, for example.

e The general radiative transfer equation can be stated much as for the simple unpolarized case,
but involves the 4-vector {I,Q,U, V'}, and the scattering coefficient becomes a tensor quantity.
See Chandrasehkar’s “Radiative Transfer” for details.

e A general beam can be decomposed into two components

I I_ /Q2+U2+V2 /Q2+U2+V2

Q| _ 0 Q

o= 0 + B (7.39)
v 0 v

ie as a superposition of a unpolarized beam and a pure elliptically polarized beam.

e One can define the degree of polarization as

Mo VU VE (7.40)

- T
7.6 Problems

7.6.1 Maxwell’s equations

Write down Maxwell’s equations for the fields E, B produced by a distribution of charge with density
p and current density j.

Show that these equations imply charge conservation:

Ip
9Py.i— A1
o TV i=0 (7.41)

Use the Lorentz force law to show that the rate per unit volume at which the fields do work on
the charges is equal to j - E. Now use Maxwell’s equations to show that

1 9(F*+B?)

R
J +87r ot

=-V.S (7.42)
where S = cE x B/4rw. Integrate this over some small volume, and, using the divergence theorem
to convert the S integral to a surface integral, interpret the three terms in the resulting equation.
(You may make use of the identity V- (ExB) =B (VxE)—E- (V x B))

Assuming a trial solution of the wave-like form

E = Eoei(k.r—wt) B = Boei(k~l‘—wt) (743)

use Maxwell’s equations to show that for plane waves propagating in vacuum the vectors Eg, By and
the wave-vector k form a mutually orthogonal triad; that Eqg = Bg; and that the phase and group
velocity for these waves are equal to c. Compute the mean energy density (U) and the mean of the
Poynting vector (S).
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7.6.2 Energy and momentum of radiation field

Consider a charge ¢ moving in a viscous medium with a frictional force Fyijsc = —0v. Suppose a
circularly polarised electromagnetic wave passes through the medium so the equation of motion of

the charge is

dv
m% = Fiisc + Frorentz (744)

now assume further that the charged particle is very light so that it’s motion is such that the viscous
and Lorentz forces balance: Fyisc + Frorentz =~ 0. Let the electric field amplitude be E and the
frequency of the wave be w.

a. Show that to lowest order in v/c (i.e. neglecting the magnetic contribution to Frorentz) the
charge moves in a circle in a plane normal to the wave vector with speed ¢E /8 and with radius

qE/Bw.
b. Show that the work done by the wave per unit time is ¢2E?/.

c. Now comnsider the magnetic force term. Show that this gives rise to a force parallel to the wave
vector of amplitude g2 E?/Bc. Thus show that in absorbing an amount of energy dW from the
wave, the momentum transfer is dP = dW/c.

d. Show that the torque exerted on the fluid is ¢?E?/Bw. What is the angular momentum
transferred to the fluid in the course of absorbing an amount of energy dWW/?

e. Show that the absorption cross section is 4mq?/3c.

f. If we now regard the radiation to be composed of photons of energy E, = hw, show that
the foregoing results require that momentum of a photon is P = hw/c = E,/c and that the
angular momentum is J = h.



Chapter 8

Geometric Optics

A perfectly planar wave is .
fr,t) = aeb (8.1)

where f might denote either E or B (and we shall not concern ourselves here with polarization),
and 9(r,t) = wt — k- r + ¢ is the phase.

In geometric optics, which can be defined as the limiting case of wave optics as A\ — 0, the
radiation field locally approximates a plane wave:

f(r,t) = a(r, t)eiw(r’t) (8.2)

with slowly varying amplitude a(r,t) and numerically large phase, or eikonal, ¥(r,t).
Inserting the above in the wave equation
o f
Ox;0xt

1 0%f

where we have defined the four-vectors x' = (ct,x) and x; = (—ct, x), gives

0a Oa OY 0%y oY oY
e 42— e 4 -+ ————f=0. 8.4
33:,83:16 + ’8331- 83316 + zf@:ci@xl + ox; 8m1f (8-4)
But if ¢ is very large, the last term here overwhelmingly dominates and we obtain the eikonal
equation
oY Oy
- =0 8.5
Ox; Ot (8:5)
or )
(V§)* = 5¢° = 0. (8.6)

Referring to the pure plane wave, for which ¥ =k -r —wt + ¢ and so V¢ = k and 1,/} = —w, the
eikonal equation says that
k? —w?/c* =0 (8.7)

which is also analogous to the relativistic energy-momentum relation for a massless particle

p? — E?/c* = 0. (8.8)
For the interesting case of w = constant, we can write 1) = —wt + 1o(r) and the eikonal equation

is o
(Vo) = 25 (59)

The surfaces 1 (r) = constant are wavefronts. The eikonal equation tells us that they march forward
across space with uniform spacing, and the energy propagates perpendicular to the wavefront.

101
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The eikonal equation becomes more useful in situations where the refractive index varies with
position.

The eikonal equation can be used as a starting point to derive Fermat’s principle of least time
according to which light rays propagate along lines of extremal time of flight. Fermat’s principle can
also be understood in terms of constructive interference.

8.1 Caustics

In geometric optics light rays behave much like a stream of ballistic particles, traveling along straight
lines in vacuum and, more generally, propagating along extremal time curves if the refractive index
varies from place to place. The density of rays will, in general, vary from place to place, and this
corresponds to variation in the energy flux.

Consider a collimated uniform beam which passes through an inhomogeneous ‘phase screen’ (a
region with spatially varying refractive index — e.g. shower glass). The phase screen results in a
slight corrugation of the wavefront, and consequently the rays will be slightly deflected from their
original parallel paths and this will result in spatial variation in the energy flux.

A generic feature of such light deflection is the developments of caustic surfaces on which the flux
is infinite. To analyze this, consider a phase screen which only causes a deflection in one direction
(say along the x-axis). Label the rays by their initial spatial coordinate x. We will also refer to
this as the Lagrangian coordinate. After suffering a phase perturbation ¢(x) the wavefront will be
advanced by an amount h = A¢/2m and the normal to the wavefront will be tilted by an angle
0(z) = Vh(z) = A\Vé(x)/2m.

After propagating a distance D beyond the phase screen, the rays will have been deflected, or
mapped, to an Eulerian coordinate

r(z) =z + DO(x) (8.10)
this is called a Lagrangian mapping. Let the rays initially have a uniform density ng in Lagrangian
space. The density in Eulerian coordinates is given by the Jacobian of the mapping since ndr = ngdx

and therefore
n =no(dr/dz)™" o« (14 Ddf/dx)~". (8.11)

This means that for those rays which passed through a region of the phase screen where df/dz < 0 the
density of rays, and therefore the energy flux, will become infinite at finite distance D = (df/dx) 1.
This is the phenomenon seen on the bottom of the swimming pool on a sunny day. A simple caustic
is shown in figure [8.1

The generic nature of the resulting caustics can be found from a simple graphical argument.
Figure shows r vs z for various depths D for a simple sinusoidal deflection 6 = 6y cos(z). The
intermediate curve is plotted for the distance at which infinite flux first appears. At greater depth
r(x) has pairs of maxima and minima at which one has a ‘fold catastrophe’. Observers lying between
these points will see triple images of the distant source source of illumination.

The energy flux is formally infinite at positions r. corresponding to turning points (ie dr/dx =
r’ = 0). In the vicinity of such a point, with Lagrangian coordinate z,

=7+ %r”(xc)(x —x.)? (8.12)

so a small interval Ar = r —r. neighboring a caustic corresponds to an interval in Lagrangian space
of

9 1/2
and since the rays are uniformly distributed in z, the density of rays near a caustic is
n o Ax/Ar < 1/VAr. (8.14)

This is the universal scaling law for the intensity close to fold caustics — the generic type of
caustic. The flux density diverges inversely as the square root of distance from the caustic surface,
F o< 1//r, but the integrated flux [ dr F from the caustic is finite.



8.1. CAUSTICS 103

Figure 8.1: Formation of a caustic. The rays illustrated here (propagating left to right) have been
subjected to a smoothly varying deflection field. This leads to focusing of rays and formation of
a caustic. It is apparent that at each point inside the caustic surface there are three different ray
directions, and an observer would see three images of the assumed distant source. The high spatial
density of rays just inside the caustic surface correspond to high amplification of the flux.

A counter-example is well figured lens, which produces a different type of singularity - the flux
becomes infinite at a point rather than on a surface. However, this is a special and degenerate case.
For any finite degree of aberration of the lens the perfect conical focus will degenerate into a ‘astroid’
type caustic.

Caustics are always associated with the appearance of multiple images. As one passes through
the surface, a pair of infinitely bright images will appear at the same point on the sky. They will
then rapidly move apart and become fainter. Caustic surfaces may be nested within each other, and
further pairs of images may appear. This leads to the ‘odd number of images’ theorem often invoked
in gravitational lensing.

We have assumed here perfect geometric optics. For finite wavelength the caustics may be
smeared out. We have also worked in 1-dimension for simplicity, but the results are readily extendible
to a 2-dimensional deflection screen, for which the amplification, for instance, is given by the inverse
of the Jacobian of the transformation from Lagrangian to Eulerian space:

—1 —1

0%h
ariarj

87“1'
ij

(Sij—I—D

A= ’ (8.15)

This is readily generalized to finite source distance. Writing Dyg for the distance from the source
to the deflecting screen (or lens) and Dog from the source to the observer (ie the point where we
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Figure 8.2: Eulerian r coordinate versus Lagrangian x for sinusoidal deflection screen for increasing
distance behind the deflection screen.

measure the energy flux gives

—1

DpsDor, 9*h
DOS 87“1'87“3‘

A= |0; + (8.16)

One can look at this from an alternative point of view. Consider a narrow conical bundle of rays
propagating back from the observer and map these onto the source plane. For a narrow cone, these
get mapped to an ellipse, with area proportional to the amplification. This is consistent with the
result that the intensity, or surface brightness, of sources is not affected by static deflections; the
way in which the amplification arises is by changes in the apparent angular size of sources.

The matrix appearing here is called the distortion tensor and can be used to describe the change
in shapes of objects seen through inhomogeneous refractive media.

8.2 Random Caustics

In many cases of interest the phase screen is a random function. One example is gravitational ‘micro-
lensing’, and other random deflecting screens arise in the interstellar medium and in the atmosphere,
though in the latter cases, the situation is generally complicated by diffraction. Another physical
realization of random caustics which is of great familiarity is the illumination pattern on the bottom
of the swimming pool.
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8.2.1 Probability for Amplification

An observer monitoring a source through a random refractive medium will see spikes in the flux from
the source as the caustic surfaces sweep past (usually because of motion of the observer relative to
the source). A direct corollary of the universal scaling law for the profiles of fold caustics is that there
is a universal probability law for high amplifications, regardless of whether the deflecting screen is
highly non-Gaussian (as in micro-lensing) or Gaussian (as in the swimming pool or the atmosphere).
The probability that a source will appear amplified by at least a factor A will be proportional
to the fraction of Eulerian space in which the density of rays is n > Ang. Since n oc 1/v/Ar, this
fraction is proportional to Ar oc 1/A2, so P(> A) o 1/A?, and therefore the differential probability
distribution is
p(A)dA oc dA/A3. (8.17)

8.2.2 Caustics from Gaussian Deflections

For a Gaussian random phase screen one can compute the power spectrum and auto-correlation
function of the illumination pattern.

Consider a set of finely, but uniformly, spaced initially parallel rays in Lagrangian space, with
x = iAxz. We will work here in 1-dimension for simplicity, but the results are readily generalized to
2-dimensions.

Mapping these rays to Eulerian space yields a density field

n(r) = Z o(r —x; — DO(x;)) (8.18)

with transform

4 . 1 o
n(k) = /dr n(r)et*r = Zd’“‘“*Do(mﬂ) v /dx etk gtk Do) (8.19)

The power spectrum of the density of rays in Eulerian space is
P (k) o< (Ja(k)[*) (8.20)
or
Pr(k) < /d:r:/dx' (kD (O0(x)=0@"))y gik(z—a") (8.21)
For a Gaussian random variate ¢ it is easy to show the that () = ¢=(¢*)/2. Now the quantity

ED(6(x) — 0(«")) is a Gaussian random variate, so

<eikD(6(x)79(z'))> _ 67180259(93)/2 (8.22)
with Sg(x) = ((0(z) — 6(0))?) the structure function for the deflection angle, and so
Pg(k) x /d:v e K*D*So(@)/2 ke (8.23)

This gives the power-spectrum of, and therefore the auto-correlation of, the density in Eulerian space
in terms of the two point function or power spectrum of the deflection in Lagrangian space, since

dk

Sp(@)/2 = £5(0) — o) = / X Pa(k)(1 — cos ). (8.24)

An interesting model is a power-law power spectrum Py(k) = P, (k/ky)™. The structure function

is then ik
Sg(z)/2 = Pk;" / o K" (1 = cos k) = 2P ke, (8.25)
™



106 CHAPTER 8. GEOMETRIC OPTICS
with J
I, = / —iy”(l — cosy). (8.26)

Convergence of this dimensionless integral at low and high frequencies requires —3 < n < —1, and
for spectral indices in this range, the structure function is a power law in x:

So(x)/2 = I, Pk "o~ (D), (8.27)

As a specific example, consider the case n = —2. We then have Sy(x)/2 = [_oP.k?|x|, or
equivalently k?D?Sy(x)/2 = k?|x|/ko(D) with

1
ko(D) = ——+— 2
0( ) D2P*]€%I_2 (8 8)
) .
Po(k dr e K212l ko gike — [ g o= (K /ko—ik)z 2k 8.99
(k) o T e e = T e —l—c.c.—m. (8.29)
0

This functional form is known as a Lorentzian profile. The power spectrum thus has a double
power law spectrum, Pg (k) o< k°, 1/k? at low and high spatial frequencies respectively. The break
between these two asymptotic power laws occurs at k = ko ~ 1/(k2D?P,). The significance of this
characteristic scale is made more transparent if we note that the rms deflection angle on scale A ~ 1/k
is AO(k) ~ \/kP(k) = \/P,k2/k so A0(ko) ~ \/Pk2/ko = 1/koD, or equivalently, \g ~ DAO()g).
The characteristic scale \g is such that the ‘focal length’ for fluctuations on this scale is on the order
of D. Since Af(N) x VX for this spectral index, this implies that the characteristic scale varies with
distance is A\g o< D?.

It is interesting to note that the above result actually violates the ‘universal scaling law’ for
high amplification P(A) o 1/A3 defined above. To see that these are in conflict note that the
second moment of the amplification computed from P(A) is (A?) [ dA A? P(A) and is logarithmically
divergent at large A. Computing (A?) = [ %PE(k) using the above equation, in contrast, gives
a perfectly finite result. The resolution of this seeming paradox is that in deriving the universal
scaling we implicitly assumed that the deflection is smoothly varying, and, in particular that the
mean square gradient of the deflection (§’?) is finite. For the n = —2 case considered above, however,
the mean square deflection gradient is (§"?) ~ [ dk k*Pp(k) which is ultra-violet divergent (i.e. it
grows without limit as & — o00).

If we modify the deflection spectrum and impose some kind of cut-off at large k& such that
[ dk k%P(k) becomes finite then we recover the log-divergent mean square amplification predicted
by P(A) oc A3, To see this note that & (0) = — [ 2% k2P(k) is then finite. Writing the structure
function as Sy(z) = (& (0) — &(x))/2 and expanding &y(r) = &(0) + & (0)z? + ... we see that
So(z) o< 2% as * — 0, as compared to |z| for the pure n = —2 power law. Finally, inserting
Sp(x) x 22 in and integrating over k we find [ dkPg(k) ~ [dz/z as x — 0 which is indeed
logarithmically divergent.

What is happening here physically is that the high frequency deflections in the pure power law
model are disrupting the caustics that would otherwise form.

The same type of analysis can be applied in 3-dimensions to the ‘Zel’dovich approximation’ for
growth of cosmological structure.




Chapter 9

Diffraction Theory

Geometric optics applies in the limit A — 0, or effectively A < L, the size of the ‘wave-packet’. For
finite A, the classical wave uncertainty principle says that a packet of size L cannot be perfectly
collimated, but must have a range of momenta dk/k 2 A/L, and this results in spreading of the
wave packet.

Diffraction theory extends geometric optics to allow for the effect of finite extent of stops, aper-
tures, baffles, pupils etc. It is also needed for a proper treatment of scintillation, since diffraction
effects will tend to smear out the geometric optics caustics discussed above.

Consider a plane wave with k o z incident on some kind of aperture or ‘pupil’ in the plane
z = 0. A proper treatment would involve solution of Maxwell’s equations with appropriate boundary
conditions at z = —oo and on the surface of the absorbing stop. Diffraction theory uses a simple,
but physically appealing, approximation. We assume that on a surface covering the aperture the
wave amplitude (f = E, B) is what one would obtain in the absence of the aperture

f(‘ra Y,z = O?t) = fOe_th (91)

Figure 9.1: Parallel vertical lines at the left represent wavefronts in a collimated beam incident on
an aperture. In diffraction theory the field amplitude at some field point r behind the aperture is
computed as the sum over ‘Huygens’ wavelets’ (indicated by the dashed lines) of complex phase
factors e with ¢ the path length R in units of \/27.

107
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with w = ck, and that the amplitude of the field at some point to the right of the aperture (ie at
z > 0) is obtained by summing over elements of the wavefront — called ‘Huygen’s wavelets’ — of
the amplitude times a factor e’¥ /R where R is the distance from the wavelet to the point in question
and ¢ = kR is the phase factor corresponding to path length R for a wave with this wavenumber.
More precisely, the factor also contains u, the cosine of the angle between the vector R and the
normal to the surface element, but here we mostly consider situations where p is very close to unity.
Mathematically, this is

A eid) p /d/ eikR
f(x7y7z,t—0)—/ bR —// o dy' p—p (9.2)

with R = \/(z — 2/)2 + (y — v/)? + 22. The energy density is obtained by squaring the field ampli-
tude:
et |?

u(r):‘/dAuR

This is for sharp-edged stops that either transmit the full amplitude or completely block it. The
theory can be generalized to apertures with soft edges by introducing a continuous aperture function
A(2’,y’) in the above equations. The square of this function is the fraction of energy transmitted.
A phase screen can be described by a complex aperture function.

For rigorous derivation and discussion of the domain of validity of this approximation see Born
and Wolfe.

In the geometric optics limit, the effect of a sharp-edged aperture is to introduce a sharp-edged
shadow. At small distances behind the aperture, the effect of diffraction is essentially to soften the
edges of the shadow. At very large distances, the spreading of the beam is large compared to the
width of the aperture, and all that is relevant is the distribution over direction of the wave energy.
These two regimes are described as Fresnel diffraction and Fraunhofer diffraction respectively.

(9.3)

9.1 Fresnel Diffraction

A classic problem in Fresnel diffraction theory is to compute the shadow of a knife edge as seen on
a screen placed at some distance D > A behind it. Let (x,y) denote the position in the plane of the
knife-edge, and (zg,yo) the position on the screen (see figure . By symmetry, the intensity on
the screen is independent of yg, so let’s calculate the intensity at (zg,yo = 0).

The amplitude on the screen is

') x>0

Consider first some point at large xg, ie well away from the geometric shadow. The complex phase
factor is stationary for = zo, ¥ = 0 and has constant value e’*”. Expanding the path length as
we move away from (z,y) = (x9,0) gives

Y =ky/D? + (x — 20)2 + 42 ~ kD + k[(z — z0)? + v*]/2D (9.5)

so the phase change is small compared to unity over a region in the knife-edge plane of size dx, dy ~
v/D/k but beyond this the phase change is large and increases rapidly with distance resulting in
strong destructive interference. The real part of the complex phase factor is shown in figure
The upshot of this is that the contribution to the amplitude is dominated by a small region of size
\/D/k around (z,y) = (20,0). This size is called the Fresnel length r; ~ \/D/k ~ v/DJ, ie the
geometric mean of the path length and the wavelength.

At a position zy much greater than the Fresnel length z¢ > \/D/k the effect of the knife edge
will be negligible, since it cuts off the contribution from regions of the aperture plane which would
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Figure 9.2: The surface shows the real part of the function ¢ which appears in Fresnel diffraction
calculations.

give a negligible contribution even without the screen. For general zo we need to allow for the
limitation on the integral from the knife-edge and we have

flxg) ox /dy eiky?/2D / dz eth(@=0)*/2D (9.6)

x>0

(see figure[9.3)). The y-integration introduces a constant factor, which we shall ignore, since we are

interested here in the shape of the illumination pattern on the screen. Introducing a dimensionless
and shifted z-variable n(z) = (x — x0)\/k/2D we have for the field amplitude

oo oo

f(zo) x / dn e’ = / dn (cosn? + isinn?) (9.7)

—w(zo) —w(zo)

which is clearly a dimensionless function of

w(zo) = \/k/2Dxy. (9.8)

It is not difficult to show that for large negative w (ie well inside the geometric shadow) the
amplitude is f o< 1/|w|, so the intensity I ~ |f|? is proportional to 1/w?. For large positive w the
integral is nearly constant with decaying wave-like ripples with scale dw ~ 1 or dzg ~ VDX ~ -
The exact result for the intensity can readily be expressed in terms of the tabulated ‘Fresnel integrals’.
For a more detailed and rigorous discussion of this problem see Landau and Lifshitz vol 2.

Consider now instead of a knife-edge an aperture of width L. We saw for a knife-edge that
diffraction scatters light a distance ~ v/ DX beyond the geometric shadow. If the distance to the
screen satisfies VDX < L then diffraction results in a relatively small modification to the edge of
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eiﬂ\r—r0\2/Dz\

ANANEA

Figure 9.3: To calculate the field amplitude at the point ro = (¢, 0) in the observer plane at the right

we need to integrate the Fresnel function eimlr=rol*/DX gyer the unobscured region in the knife-edge

plane. The first few zero rings of the real part of the Fresnel function are illustrated schematically.

shadow pattern much as for the knife-edge. However, this condition fails to apply for sufficiently
large aperture-screen distance D 2 L?/\. In the latter regime, the Fresnel scale exceeds the width
of the aperture, and a different approach is required.

9.2 Fraunhofer Diffraction

For a two dimensional aperture A(r), the field amplitude at a point ro = (x,yo) is again a 2-
dimensional integral over the aperture plane:

o) = [ dPr Aw)e VTR (9.9)

As before, we can expand the phase factor as
D2 4 |rg — 1|2 ~ kD + k|rg|*/2D — kro - /D + k|r|* /2D (9.10)

Now if the aperture-screen distance is very large: D > kL?, then since r < L the last term here is
always small compared to unity and may be neglected, and replacing k — 27/ we have

f(I‘o) :eik(DHro\?/zD)/dzT A(r)e—zm‘rom/AD' (9_11)

The phase factor in front of the integral is irrelevant, and we recognize this as the transform of the
aperture function f(rg) = A(2mirg/AD).

This gives the amplitude as a function of ry on a screen at great distance D, or equivalently the
amplitude in a direction @ = ro/D, or again equivalently for the amplitude for waves scattered from
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Aq(r) A (r)

Figure 9.4: Two complementary screens A;(r) and As(r) such that Ay + A2 = 1, so the light passed
by one is blocked by the other and wice versa. Babinet’s principle tells us that the distribution of
scattered light is the same for the two screens. Note that in the case of A; — for which the blockage
is finite in extent — there is a (infinitely) large non-scattered component.

initial wave-number k into waves with wave-number
k’:k+q:k+%k (9.12)

and squaring the amplitude gives the intensity for scattered radiation in direction d§? = df,df, =
dCIdeIy/k2
I1(2)dQ « |A(q)|>d?q. (9.13)

The key assumption here is that the width of the aperture is much smaller than the Fresnel
scale v/ DX. This greatly simplifies the maths, as only a small part of the Fresnel function then
contributes, and we can approximate eimr? /DA by a simple plane wave over the limited region that
contributes to the field amplitude calculation.

9.2.1 Babinet’s Principle

There is a useful relation between the beam pattern for complementary screens Ay, As where holes
in one match obscuration in the other, or, more generally, where

Al(l‘) + AQ(I‘) =1 (914)

(see figure . Transforming this gives A;(q) + Ay(q) 4(q). Now the radiation scattered out of
the original beam has, by definition, q # 0, so 41(q) = —A2(q) and therefore

L) = L(Q) (9.15)

so the intensity of radiation scattered out of the original direction is the same for complementary
screens, which is Babinet’s principle.

9.3 Telescope Resolution

An interesting application of diffraction theory is to compute the point spread function for a tele-
scope. A well figured lens or mirror introduces a phase lag which turns plane waves from a distant
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Figure 9.5: A refracting telescope converts incoming planar wavefronts to circular wavefronts con-
verging on the focal point 0. The path length L’ from r to x is shorter than L by an amount AL ~ 6z
for small 6. Thus the phase factor in the integration for the field amplitude at x is e?27™x*/LA,

on-axis source into spherical wavefronts. In the geometric optics limit A — 0 these converge to a
point on the focal plane. What is the pattern of energy flux on the focal plane as a function of
distance x from the origin when we allow for finite wavelength?

If the focal length of the telescope is L then a shift x in the focal plane corresponds to an angle
6 = x/L so the variation in the path length from x to a point r on an incoming on-axis wavefront
in the pupil plane is the same as the distance between an on-axis wavefront and a wave-front tilted
by 6, so the phase factor is §1p = 270 - r/\ and the field amplitude is

f(x) x /d2r A(r)e2mxr/IA, (9.16)

Note that this is formally identical to the formula for the field amplitude in the Fraunhofer approx-
imation. The focusing action of the lens makes the amplitude pattern on the focal plane identical
(aside from a scale factor) to that computed in Fraunhofer theory for an observer at infinity for the
same aperture, but without a lens.
Squaring the field amplitude, as usual, gives the focal-plane energy density pattern, or point
spread function,
9(x) o< |F(0)[? o |A(2rmix/LA) (9.17)

which says that the PSF g(x) is the square of the transform of the aperture function evaluated at
k = 2mix/L\. Equivalently, the PSF is the transform of the auto-correlation function of the aperture
function

g(x) x /d2z emixz/LA /d2r A(r)A*(r + 2) (9.18)

where we have allowed for the fact that the aperture function A(r) may contain a complex phase
factor if there are aberrations for instance.

9.3.1 The Optical Transfer Function

The Fourier transform of the PSF g(k) is, according to (9.18]), equal to the auto-correlation of the
aperture evaluated at a lag of z = kLA/2w. The transform of the PSF is known as the optical
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transfer function (OTF). Since the image Fops(x) (i.e. the energy flux) formed on the focal plane is
the convolution of the true image with the PSF:

Fobs(X) = (Ftrue & g)x (919)

then, by the convolution theorem, the transform of the focal plane image is

Fobs(k) = Ftrue(k)g(k)- (920)

Often, there are other sources of blurring in the system. For example, in CCDs there is further
image degradation due to charge diffusion, and telescope tracking errors give a further blurring. The
utility of the OTF is that in such cases the OTF for the complete system is the product of the
separate OTFs due to the optics, the detector, the tracking errors etc.

The choice of argument for the OTF can sometimes be a source of confusion. The wave-vector
k has units of inverse length, whereas sometimes the OTF is taken to be the auto-correlation of
the aperture, whose arguments has units of length. The dimensionful conversion factor is LA/2.
Also, the PSF is often considered to be a function of the (vector) angle on the sky: PSF= ¢(0)
with @ = x/L, in which case the corresponding wave-vector k is dimensionless. In some cases the
convention being used is clearly stated, but more often one has to infer what the argument units are
by inspection.

One occasionally finds reference to the modulation transfer function (MTF). This is just the
modulus of the OTF.

9.3.2 Properties of the Telescope PSF and OTF

Several generic properties of telescope PSFs and OTFs can be inferred from the above equations:

o If the aperture has width D4 then the PSF has width Ax ~ LA/Dy4 (in distance on the focal
plane) or Af ~ A/D 4 in angle.

e Since the aperture is bounded in size, the OTF is bounded in frequency: g(k) = 0 for k >
47D 4/LA. This means that images formed in real telescopes always have band limited signal
content. By virtue of the sampling theorem, there is then a critical sampling rate such that
all of the information is preserved. Few optical telescopes, however, are sampled at the critical
rate.

e Obstructions of the pupil such as secondary mirror support struts lead to extended linear
features known as ‘diffraction spikes’ in the PSF. Similarly, sharp edges in the pupil lead
to extended ‘wings’ of the PSF with g(x) o« 1/2 for > Ax. See figures and

accompanying caption for more discussion.
e High frequency figure errors also lead to extended wings on the PSF.

e Such wings are a serious impediment for e.g. extra-solar planet searches as the target planet
can be swamped by scattered light from its parent star.

e The scattered light in the PSF wings can be greatly reduced by apodizing the pupil, though
this is not often done. Careful choice of pupil can also help. For example, as shown in figures
and square and circular pupils both produce azimuthally average g(z) o 1/23, but in
the former case the scattered light is confined to narrow radial ‘spikes’, and so faint companion
objects can still be detected in other parts of the image.

9.3.3 Random Phase Errors

The telescope image is also affected by random phase errors. There arise either from fine-scale mirror
roughness — imperfections arising in the grinding and/or polishing process — and atmospheric
turbulence, when mixing of air with varying entropy results in fluctuations in the refractive indec.
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Figure 9.6: A square pupil can be considered to be the product of two one dimensional box-car func-
tions: A(z,y) = W(z)W (y) and consequently it’s transform is the product of two ‘sinc’ functions:
A(ky, ky) = W (ks )W (k) with W (k) = sin(kDa/2)/(kDa/2). This (real) function is plotted above,
and its square is the PSF. The straight sharp edges of the pupil give rise to extended ‘diffraction
spikes’. Now the amplitude of the ripples in the sinc function fall off asymptotically as 1/k for large
argument, so the amplitude of the diffraction spikes fall as g(x) oc 1/22. The width of these features
is independent of x, however, so if we azimuthally average the PSF, the energy scattered to large

radius falls as 1/x3. As we shall see, the same is true for a circular aperture (see figure [9.7).

Phase errors, random or otherwise, can be treated by introducing a phase factor C(r) = et (r)
which multiplies the pupil function. The field amplitude is then

F(x) o (AC). (9.21)

Mirror Roughness

If the phase errors due to mirror roughness are small; ¥(r) < 1, as is commonly the case, one can
approximate C(r) as C(r) ~ 1 4+ i¢(r). The field amplitude is then the sum of two terms; the first
being simply that computed from the pupil function alone, while the second is f(x) x (A¢).
Mirror roughness can be an important contributor to the wings of the PSF. The field amplitude
is the convolution of A with 45 evaluated, as usual, at k = 27rz/LA. Well outside of the diffraction
limited core — i.e. at & > AL/D 4 — the PSF is domimated by the mirror roughness term and

g(x) ~ |p(k = 2mx/LN)|? (9.22)

i.e. the PSF is proportional to the power spectrum of the phase fluctuations: g(x) oc Py(k(x)).
Empirically, the telescope PSF is often found to have an extended aureole with g o 1/z2. This
contribution will dominate over edge effects (g o 1/z%) and atmospheric effects (g o 1/x1/3),
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~A

Figure 9.7: The PSF for a circular pupil can be computed exactly in terms of Bessel functions, from
which one can show that, asymptotically, the wings of the PSF scale like 1/r3. To see how this
comes about, and how this result obtains quite generally for any pupil with a sharp edge, consider
computing the transform of the pupil at some wave-number k = 27/A with direction as indicated.
The (real part of the) transform is just the product of the pupil function with a plane wave cos(x-k),
and similarly for the imaginary part. If £ > R then there will tend to be very good cancellation
between the positive and negative half-cycles of the wave. The strongest contribution comes from the
last half-cycle, which does not get cancelled. If the pupil is circular then the length of this sliver is
~ v/RA while its width is ~ A, so the net contribution to the transform is A(k) ~ RY/2A3/? o k=3/2.
Squaring this gives the asymptotic behaviour for the PSF: g(z) = |A(k = z/27L\)|? o< 1/2°.

if present, at very large radii. To generate this requires a power-law phase-error power spectrum
Py(k) o< 1/k?. This is two-dimensional flicker noise; with equal contribution to the phase variance
form each logarithmic range of frequencies.

In general, the the total scattered light is proportional to the phase error variance (for flicker
noise this is logarithmically divergent, as is the integral [ d*xg(r)). This has a non-negligible effect
on aperture photometry, especially when comparing results from different delecopes with differing
mirror properties.

If the fine-scale mirror surface errors can be approximated as a statistically homogeneous process
then the PSF — being the power spectrum of ¢(r) ‘windowed’ with A(r), and it follows that the
aureole is speckly with microscale equal to the diffraction limited PSF width.

Atmospheric Turbulence

Atmospheric turbulence is more difficult to analyse, as the phase fluctuations are non numerically
small. For pure Kolmogorov turbulence, the phase structure function is Sy(r) = ((¢(r) — ¢(0))?) =
6.88(r/r9)>? where 7 is the Fried length. On scales larger than ry the phase errors are large
compared to unity. A realization of a wave-front after passing through a turbulent atmosphere is
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Figure 9.8: A realisation of a wavefront after passing through a turbulent atmosphere. Kolmogorov
turbulence produces refractive index fluctuations én with a power law power-spectrum P, (k) o
k~11/3 and the same is true of the 2-dimensional phase (this being a projection of the refractive
index). The phase fluctuations are strongly ‘infra-red divergent’, whereas the mean deflection,
averaged over a patch of a given size, diverges at small scales.

shown in figure [9.8

For big telescopes it is usually the case that the Fried length is much less than the pupil diameter
D. So again A(r)C(r) takes the form of an infinite random field fluctuating on scale r. modulated,
or ‘windowed’, by the aperture function. The transform of AC is therefore, on general grounds, an
incoherent function C' with overall extent ~ 1 /ro convolved, or smoothed, with A and the squared
intensity |f(x)|? will consist of a set of random speckles, each of the size of the PSF for a diffraction
limited telescope, but spread over a larger area of the focal plane. A realisation of such a PSF is
shown in figure

Now the phase fluctuation screen varies with time (primarily due to being convected across the
pupil by wind) and this means that the speckles tend to dance around, with a relatively short time-
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Figure 9.9: A realisation of a PSF arising from atmospheric seeing with Kolmogorov turbulence. In a
diffraction limited telescope there are two important length scales; the wavelength \ and the aperture
diameter D. The angular resolution, which is of course dimensionless, is A ~ A/D. Refractive index
fluctuations in the atmosphere introduce an additional length scale: the Fried length rg. This such
that the root mean squared difference in phase-error for two points with separation r( is on the order
of one radian. In the atmosphere dominated PSF, each speckle is in the order of the diffraction limit,
but the overall angular width of the PSF is Af ~ \/rg.

scale and if one integrates longer than this, as is usually the case, then the result is a smeared out
PSF with angular resolution § ~ \/rq. This is the resolving power of a diffraction limited telescope
of aperture diameter D ~ rq.

For long integrations, it is possible to subtract an azimuthally averaged PSF to help reveal faint
companions for example. However, if N, the number of photons per speckle per speckle coherence
time is large, then the fluctuations about the mean profile will be larger than the photon counting
limit by a factor v/N. This excess variance is called speckle noise.

For sufficiently bright sources it is possible to observe the instantaneous speckle pattern, and
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from this deduce properties of the source on scales comparable to the diffraction limited resolution.
This is called speckle interferometry.

9.4 Image Wander

The wave-front deformation h(r) generated by Kolmogorov turbulence (figure has lots of low-
frequency power. The region of the wave-front covering the telescope pupil, of size D, will have a
average slope Vh ~ /((h(0) — h(D))2)/D, corresponding to an angular deflection of the same size.
The phase fluctuation is d¢ = h/\, so the typical net shift in the angular position is expected to be
66 ~ S,(D)Y2)\/D. With S, (r) = 6.88(r/r¢)*/? this is 60 ~ (\/r9)(ro/D)'/® The overall angular
width of the PSF on the other hand is A8 ~ (A\/rg). Thus, for an extremely large telescope, the net
defelction of the image position caused by the atmosphere becomes negligible. The ratio of the net
shift to the PSF width falls off quite slowly, only as the —1/6 power of the diameter. For modest
size telescopes, a substantial part of the atmospheric image degradation comes from the so-called
image wander. This is important, since such image wander, as well as image motion induced by the
wobbling of the wind-buffeted telescope, can be taken out be tip-tilt correction. Traditionally this
has been achieved by introducing a wobbling mirror, or glass plate, with a servo loop to freeze the
motion of a continuously monitored guide star. More recently it has become possible to take out
the image motion by shuffling the accumulating electronic charge around the CCD.

The above estimate of the deflection — that it is just some kind of average of the wavefront slope
across the pupil — is rather hand waving. We can make this more precise if we consider the centroid
of the PSF. The starting point is the expression for the PSF as the Fourier transform of the OTF
(19.18). We will write this as

g(x) /dzz 2T x 2/ LAy (7) (9.23)

with
x(z) = /d% A(r)A(r + Z)ei(SD(r)—w(r—&-Z)) (9.24)

i.e. the auto-correlation function of the real pupil function A times the atmospheric phase factor e*®.
The first moment of the PSF is

/de xg(x) = /d22 X(z)/de xe2mix2/LA (9.25)

L\ i
= 2 / d*x / d*z x(2)V e2mix2/ LA (9.26)
. ,
- / d*a / @2z 2T/ INY (9:27)
L
- _% /d% 5(2nz/LA\)Vx (928)

_— (ﬁj) (VX )ams (9.29)

where we have first used the fact the V,e?™*2/LA = (27x/L\)e?™*%/LA We then integrated by
parts to shift the gradient operator from the complex exponential to xy. We then recognized the
z-integral on the third line as a Dirac §-function.

The zeroth moment of the PSF is similarly found to be

/dgx g(x) = /dgz x(z) /de e?rixz/LA Qx(z =0). (9.30)

2T
The centroid of the PSF is defined as

_  JdPzxg(x) QL) (Vy
X = 7‘[ Pz gx) =90 <X>z=0. (9.31)
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Now the gradient of (9.24) is

V.x=V. /d27“ A(r)e* M A(r 4 z)e~ e +2) (9.32)

_ / Pr A(r)e*®) [VA(r + 2) — iA(r + 2) Vep(r + )] e~ 9+ (9.33)
If we now evaluate this at z = 0 we have
(VX)a=0 = / d*r A(r)VA(r) —i / d*r A% (r)Ve. (9.34)

The first term is the integral of a total derivative A(r)V A(r) = VA%/2, which therefore vanishes,
and, with (9.31)) we finally obtain

LA [ dr W(r)Ve(r)
2r  [d?r W(r)

X = (9.35)
where W (r) = A?(r) is the square of the pupil function (and which is equal to A(r) in the usual
case that the pupil transmission is either unity or zero).

Thus the PSF centroid position is indeed a weighted average of the slope of the wavefront defor-
mation or phase-error across the pupil. What is remarkable about this result is that while the actual
PSF is a highly non-linear function of the phase-error — since the phase appears in complex exponen-
tial factors — the centroid is a linear function of ¢. This means that if the phase-error has Gaussian
statistics, as the central limit theorem would encourage us to believe is the case, then the centroid is
also a Gaussian random variable. Given the power-law form for the power spectrum for the phase-
error, one can, for instance, compute the temporal power-spectrum or auto-correlation function of
the deflection X(t) (problem-TBD). Given a model for the distribution of seeing with altitude one
can also compute the co-variance of the deflection for different stars. This is all very convenient and
elegant. However, we should point out that the centroid statistic, while mathematically appealing, is
quite useless in practical applications as it has terrible noise properties because the integral must be
taken over the entire noisy image. What is usually done in reality is to smooth the image with some
kernel with shape similar to the average PSF and then locate the peak. Unfortunately, computing
the statistical properties of this smoothed-peak motions is much more complicated, and these mo-
tions do not have precisely Gaussian statistics. The behaviour for such realistic position estimators
can be found from simple numerical experiments, as one can easily generate a large realization of a
phase-screen like that in figure and then drag this across a model pupil and compute the PSF as
a function of time numerically. Such experiments, and indeed analytic reasoning, suggest that the
statistical properties of the smoothed-peak motions are quite similar to those of the centroid, but
that the high temporal frequency behavior is rather different.

9.5 Occultation Experiments

The Fresnel scale has a useful significance in occultation experiments. Let us assume that one
monitors a large number of distant stars to look for occultations by objects in the solar system. This
approach is limited by diffraction effects. In the discussion of the knife-edge, we saw that the waves
which interfere constructively cover a ‘Fresnel zone’ in the occulting plane of size ~ v/ DX, and so
strong occultation is expected only for objects which are larger than

1/2 1/2
L ~1.2km (Iﬁj) (12) . (9.36)

9.6 Scintillation

Consider radiation at wavelength A from a point source propagating a distance D through a random
refractive medium. Let the medium consist of clouds or domains of size 7, with random fractional
refractive index fluctuations on/n.
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The light crossing time for a domain is ¢t. = r./c, and the fluctuations én introduce fractional
changes in the light crossing time 6t/t ~ dn/n leading to corrugation of the wavefronts of amplitude
dh ~ ¢t ~ r.on/n, corresponding to angular tilt (induced by a single cloud) of §6; ~ dn/n. The
total deflection will be the sum of N ~ D/r. random deflections or

Dé
50 ~ () =2

e N

(9.37)

(see figure [9.10).

If the refractive index fluctuations are sufficiently strong and/or if the path length is sufficiently
long, this will lead to multi-path propagation. In the geometric optics regime, the condition for
multi-path propagation is

D60 2 re. (9.38)

For geometric optics to be valid we require that the Fresnel scale be smaller than the separation of
the rays
ry=vVDX < DO (9.39)

since only if this condition is satisfied do we really have well defined separate paths. If this condition
is satisfied then in the vicinity of the observer there will be a superposition of waves with slightly
different angles, resulting in a periodic interference pattern. If the observer is moving relative to
this pattern, as is generally the case, this will result in oscillations in the apparent brightness of the
source. The spatial scale of these oscillations is As ~ A/d6.

In the case of the ISM, this mechanism — known as diffractive inter-stellar scintillation or DISS
— can yield important information about the nature of the intervening medium even if the angular
splitting is too small to be resolved. Imagine, for instance, one observes a clean sinusoidal oscillation
in brightness. From this one can infer that there are two paths interfering. From the time-scale of
the oscillations, together with some estimate of the observer’s velocity relative to the fringe-pattern,
one can infer As and from this the angular splitting 6 ~ A\/As, and from this, together with some
estimate of the distance of the source, one can infer r. ~ D§6, the characteristic size of the clouds.
This in turn tells us N ~ D/r., the number of clouds along a line of sight, and hence one can infer
the strength of the refractive index fluctuations én/n ~ 36/v/N.

Note that this mechanism requires that the source be small: 60s < As/D. Conversely, this
mechanism can provide information about the sizes of sources which cannot be resolved.

If the geometric optics condition is violated then the diffraction pattern will be washed out.
There may still be fluctuations in the source brightness, but these are caused by the net amplification
averaged over a cigar shaped volume of width ~ r¢. This tends to be weaker, and occurs on a much
longer time-scale. This is called refractive inter-stellar scintillation or RISS.

The atmosphere also causes scintillation; the ‘twinkling’ of stars. Atmospheric turbulence causes
refractive index fluctuations with spectral index n = —11/3, and the two-dimensional structure
function for phase fluctuations is therefore ((610)?) ~ (r/r)%/3. In good observing conditions, and
in the optical, the phase-correlation length (or Fried length) is on the order of rg ~ 40cm. The
amplitude of the wavefront corrugations on scale r are therefore 6h ~ A(r/r9)%/¢ and consequently
the angular deflection is 60 ~ 6h/r ~ Arg®/®r=1/6. If the turbulence is at altitude D (with typical
value D ~ 5km) then, in the geometric optics limit, the amplification A is on the order of

Dso

r

A(r) ~ D)\r65/6r_7/6 (9.40)

with A ~ 1 indicating the onset of caustics and multi-path propagation. However, for A ~ 5x10~"m
and D ~ 5km, the Fresnel length is 7y ~ 5cm which is larger than the scale for which geometric

optics gives A = 1 since

r(A=1 e\ %"

rA=1 _ <f> (9.41)
Tf To

which is considerably smaller than unity for the parameters here. This very rough order of magnitude

conclusion is supported by more accurate calculations (e.g. Roddier and co-workers) which show
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dh~r.on

50~/ N 56,

source observer

Ax
observer

Figure 9.10: Upper panel illustrates the retardation of wavefronts dh as they pass through an over-
dense cloud with refractive index perturbation dn. An example ray is also shown. The middle panel
illustrated the deflection of rays by a collection of randomly placed clouds. In this case the positions
have contrived to defelct the rays so that the observer at right sees two images of the source. The
lower panel shows a blow up of the region around the observer. Wavefronts of the two interfering
signals are shown, along with the observer velocity vector and the transverse distance over which
the signal from the source is modulated.

that under these ‘good seeing’ conditions the amplification should be < 10%, and these theoretical
results are supported by measurements of the scintillation index. In bad seeing, the Fried length is
considerably smaller, and the scintillation can then be substantial.

9.7 Transition to Geometric Optics

Consider a simple single-element reflecting telescope whose otherwise perfect mirror suffers from a
smooth aberration or figure error h(r) as indicated in figure
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\

Figure 9.11: In the geometric optics limit, rays reflected off a mirror with a slight aberration suffer a
small anomalous deflection §6 given by the gradient of the wavefront deformation h(r) (so the height
of the mirror deviation is h(r)/2) and arrive at the focal plane at x(r) = LVh(r). Caustic surfaces
intersect the focal plane at the turning points of the deflection, where |§%h/dr;0r;| vanish.

According to geometric optics, waves from a distant on-axis source reflecting off the mirror at r
will suffer an anomalous deflection

00(r) = Vh(r) (9.42)

and reach the focal plane at a displaced location
x(r) = LéO(r) = LVh(r) (9.43)

with L the focal length, and the energy flux of these rays is

-1 —1

0%h
ariarj

al’i
87“j

F(x) (9.44)

(X ‘

This results in the usual caustic surfaces at points in the focal plane corresponding to turning points
of the deflection.

For long wavelengths, on the other hand, the width of the PSF is LA/D > LVh and the
aberration is negligible.

Let us analyze this transition from wave-optics to the geometric-optics limit from the point of
view of diffraction theory. The field amplitude at point x on the focal plane is

100 = [ et~ [y agp)evie (9.45)

with A(r) the aperture or pupil function and ¥ (r;x) = 27 (h(r) —x-r/L)/A.

As the amplitude of the phase fluctuations due to the aberration become large compared to unity
we expect that the greatest contribution to the field amplitude will come from points in the pupil
plane where the phase 1) is nearly stationary. That is, at extrema of ¥(r). These are points ro where
the gradient of the aberration function A(r) happens to coincide with the gradient of the planar
function x - r/L or where

(Vh)p, =x/L. (9.46)

These are just the reflection points of geometric optics.
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In the vicinity of such a point rg we have, for the phase error,

7 27 L, ,82}1(1‘0)
oY = By (h(ro) + iﬁ‘rjm +... (9'47)

with ¥’ = r — ry. Changing integration variable in the amplitude integral to r’ and dropping the
prime gives

f(X) 2ei27rh(lz‘0)/)\/d2,r, A(I‘o-i—l‘) eiﬂhij(ro)rirj/)\ (948)

with h;; = 9*h/0r;Or;. Inspecting the exponential factor in the integral we expect the dominant
contribution to come from a region of size dr < \/A/h”. This ‘Fresnel zone’ becomes smaller with
decreasing A, so for most points ro(x) we can neglect the limitation of the aperture function A(r).
Transforming to a rotated frame in which h;; is diagonal,

her O
hij = { 0 hy, } (9.49)
and the field amplitude becomes
f(x) = et2mhlro)/X /dsc e”h”’”z/’\/dy eimhu /A (9.50)

Now, on dimensional grounds the z-integral has value \/A/mh,, times some factor of order unity,
and similarly for the y-integral, so on squaring the wave amplitude we obtain the energy flux

|f(X)‘2 X 1/(hmrhyy) (9.51)

but this is just the inverse of the determinant of the matrix h;;, which is a rotational invariant, so

in general we have
-1

0%h
(97’1'67’]'

2 o \ (0.52)

again in agreement with the geometric optics result .

The argument above is somewhat misleading in that we have simply squared the amplitude
arising from a single Fresnel zone, whereas in general, we expect there to be a superposition of the
amplitudes from several zones, each of which will have a different phase factor e?™(x0)/A and this
results in an illumination pattern on the focal plane which with a periodic pattern, with alternating
zones of constructive and destructive interference, as illustrated in figure [9.12

9.8 Problems

9.8.1 Diffraction.

You wish to construct a pinhole camera from a box of side L = 10cm to take a photograph at a
wavelength A = 4 x 10~ °cm. Estimate the diameter of the pinhole required to obtain the sharpest
image.

9.8.2 Fraunhofer

A perfectly absorbing disk of radius R lies in a collimated beam of monochromatic radiation of
wavelength A and absorbs energy at a rate of 1 erg/s. What is the net energy flux in the radiation
scattered out of the original beam direction by the disk according to Fraunhofer diffraction theory.
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FIGURE ERROR AMPLIFICATION

COSINE(PHASE) GEOMETRIC OPTICS WAVE OPTICS

Figure 9.12: Geometric vs wave optics. Upper left panel shows an example of a quasi-random
figure error h(r). This is a sample of smoothed Gaussian random noise windowed by the circular
aperture function. Upper right panel shows the amplification A = |0?h/0r;0r;|~" according to
geometric optics. Lower left panel shows the cosine of the phase cos(¢(r)) with ¥ (r) = 27h(r)/A.
The complex field amplitude at a point x in the focal plane is equal to the Fourier transform
of cos(¢)) + isin(¢). Lower right panel shows the PSF computed according to diffraction theory
by squaring the field amplitude while the lower center panel shows the PSF for this figure error
in the geometric optics limit. The sharp, well-defined features in the wave-optics PSF arise from
regions in the pupil plane where cos()) has a quasi-monochromatic variation over relatively extended
regions, and are associated with the ‘critical-curves’ seen in the amplification pattern. These features
correspond to the geometrical optical caustics. The periodic oscillations in the wave-optics PSF arise
from interference between radiation arising from distinct zones on the pupil plane.

9.8.3 Telescope PSF from Fresnel Integral

Consider a large ground based telescope of aperture A and focal length D observing at wavelength
A. Assume that the optics have been configured to give diffraction limited performance. This means
that planar wavefronts from a distant source on axis interfere constructively at the origin & = 0 of
the focal plane with negligible phase shifts (or equivalently that the optical path length from & =0
to any point 7 on the entrance pupil plane is constant to a precision better than A). Similarly,
wavefronts from a source an angle g off axis will interfere constructively at & = Dé.

a. Show from the foregoing considerations that the optical path length from & to 7 is given by

I = constant + Z - 7/ D (9.53)

b. At any instant, the wave front from a distant point source will have been distorted by fluctua-
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tions in the density of the turbulent atmosphere through which it has passed. Let the vertical
displacement of the wavefront in the entrance pupil be h(7). Use Fresnel diffraction theory to
show that the amplitude for the radiation field on the focal plane is

a(f) o / d?r O(7)e?™i@ T/ DX (9.54)

where C(7) = €*#(*) where the phase shift is ¢(r) = 27h(7)/\. Thus show that for a sufficiently
long integration time the intensity pattern on the focal plane (the ‘point spread function’ or
psf) is

o(#) = {la(@)?) = / @1 €0 (eI DA (0.55)

where {c(7) = (C(# + 7)C*(#)). Show that the fourier transform of the psf (the ‘optical
transfer function’) is therefore given by

g(k) = / P g(2)e* T = ¢o(kDA/2r) (9.56)

c. Assuming the distortion of the wavefront h(7) takes the form of a 2-dimensional gaussian
random field, one can show that &c(7) = (e/(?1792)) = ¢=9(M/2 where S, (F) = ((¢(7) —
(7 + ))?) is the ‘structure function’. For fully developed Kolmogorov turbulence one has
S, () is a power law S, (r) = (r/ry)®/3 where r¢ is the ‘Fried length’ over which the rms phase
change is unity. Compute the OTF in this case, and estimate the (angular) width of the psf
in terms of rqg, A.

d. Assuming that the amplitude of the wavefront deformation h(7) is independent of wavelength
show that the resolution scales as the 1/5 power of wavelength.

e. Derive the relation (e/(¥1=%2)) = ¢=5¢("/2 for a gaussian random field (7).
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Chapter 10

Radiation from Moving Charges

10.1 Electromagnetic Potentials
Maxwell’s equations (7.4]) involve the six variables E(r,¢) and B(r,t). They can be reformulated in
terms of 4 potentials ¢(r,t), A(r,t).

The second of Maxwell’s equations V - B = 0 tells us that B is the curl of some vector A:

B=VxA. (10.1)

Using this in Faraday’s law V x E = —19B /0t (M3) tells us that

10A

so the quantity in parentheses is the gradient of some scalar function —¢, or

E=—-""_V¢ (10.3)

These potentials are not unique, since if we make the gauge transformation

A—A =A+Vy

. 10.4
6= ¢ =01 (104)
where 9 (r,t) is an arbitrary function this leaves the physical fields E, B unchanged.
Using (10.3)), Gauss’ law V2¢ = 47p becomes
10% 10(V-A+g/c)
2 ot? + c ot P (10.5)
and Ampere’s law (M4) similarly becomes
1 0%°A :
2 . _ .

The terms involving the quantity ( =V - A + ¢/ ¢ can be removed by a suitable gauge transfor-
mation, since, under the transformation (|10.4))

(= =¢C+0y (10.7)

where we have defined the d’Alembertian or wave operator

O=Vv?- - (10.8)
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Figure 10.1: Tllustration of the source term Q(t) for the retarded potential. We carve space up into
cells (left panel) and then solve for the field due to a single cell (shown highlighted). For a single
moving charge, for example, the source term Q(¢) would be a short pulse (right). Having solved for
the field from once such microscopic cell we then invoke the linearity of the field equations to add
together the solutions for all of the cells.

Since 9 (r, t) is arbitrary, it can be chosen to make ¢ = O vanish:

10¢
V- A+-—=0 10.9
+ c Ot ( )
which is called the Lorentz gauge condition.

With this choice of gauge, Maxwell’s equations take the very simple form:

OA = —4nj/c

06— —dmp (10.10)

In the absence of charges both A and ¢ obey the wave equation, and the terms on the RHS are
source terms.
See appendix [E] for a review of invariance of electromagnetism.

10.2 Retarded Potentials

The equations are linear in the fields and in the charges. This means that the solutions for a
superposition of source terms can be obtained by summing the solutions for the various components.
In particular, we can describe a general charge/current distribution by carving space up into a grid
of infinitesimal cubical cells and giving the charge within, and current passing through, each cell
(see figure [10.1]).

Consider one infinitesimal cell, which we can place at the origin of our coordinates. Let the
charge within the cell be @ = >_ ¢ and the current be J = > gv. These will be, in general, functions
of time, so Maxwell’s equations are

OA = —47J(t)d(r)/c
06 = —4xQ(1)3(x)
The four source terms here are clearly spherically symmetric, so ¢(r,t) = ¢(r,t) and A, (r,t) =

A, (r,t) etc., and the solutions will share this symmetry. To find the solutions, we use the Laplacian
for a spherically symmetric function

(10.11)

1 d(r?df /dr)
2

V2f(r) = yra— (10.12)

r
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(Problem: show this.) Applying this to the potential, and making the change of variable ¢(r,t) =
x(r,t)/r we find that for r # 0 the function x(r,t) satisfies the 1-dimensional wave equation

X' =%/t =0 (10.13)
where " = 9?x/0r?. This has the general solution
x(r,t) =x1(t —r/c) + x2(t +1/c) (10.14)

where Y1, x2 are two arbitrary functions which must be chosen to satisfy appropriate boundary con-
ditions. The first term here describes an outward propagating wave, which is physically reasonable,
so we discard the latter.

Finally, we need to find x1(t) which gives the correct Coulombic behavior in the immediate
vicinity of the source: ¢(r,t) — Q(t)/r as r — 0. This requires x1(t) = Q(¢). Similarly, requiring
that the magnetic potential tend to the magneto-static form gives the A(r,t) — J(¢)/cr and the
solutions to Maxwell’s equations are

A(r,t)=J(t—r/c)/ecr
o(r,t) =Q(t —r/c)/r
Problem: show that A(r) = J/r reproduces the Biot-Savart law with B =V x A.

These are the solutions for a single infinitesimal source cell located at the origin. Summing over
all cells give the potentials at some arbitrary ‘field point’ r as 3-dimensional integrals

(10.15)

A(r,t) = ¢ [d*j(' t —[r —1|/c)/|r — |
o(r,t) = [ &' p(r',t — v —x'|/c)/|r — x|

These are called the retarded potentials. They explicitly give the potentials ¢, A produced by an
arbitrary charge distribution, and, with , the fields E, B.

The potentials are just like the electro- and magneto-static potentials, but where the
source is evaluated at the retarded time.

To check that these solutions do in fact obey the Lorentz gauge conditions, rewrite these with a
change of integration variable to r’” =r —r’ so

j —r/ — - " "
V.A — z/d3rﬂ J(r r 7t r ) — }/dg’l"/, (V ,])I‘—I‘ ;t—r (10.17)

c r! c !

(10.16)

and similarly ¢ = [ d®r" p(r — "t — ") /r" and so

. 1 - ) ol !
V.A+¢/c:,/d3,~"(v JA Perior (10.18)
(&

,r//

which vanishes due to charge conservation.
One can add to these any solution of the homogeneous wave equations, to describe, for instance,
radiation from external sources.

10.3 Lienard-Wiechart Potentials

The Lienard-Wiechart potentials are the specialization of (10.16)) to the case of a single particle of
charge ¢ moving along a path rq(t) with velocity u = fp. To obtain these, we first rewrite (10.16)) as
4-dimensional space-time integrals by introducing a d-function. For the scalar potential this gives

o(r,t) = /d?’r’/dt’p(r,’t/)é(t, —ttr=rlje) (10.19)

v —r'|

For a point charge, the charge density is

p(r', 1) = qd(r' —ro(t')) (10.20)
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which allows us to perform the spatial integration to give

_ O —t+ |r —ro(t)]/c)
o(r,t) = q/dt F——T (10.21)
or, with R(#') =r —ro(t) and R = |R|, we can write this as
o(r, 1) = q/dt’(s(tl - g(tf;“(t/)/c). (10.22)

This equation says that the potential seen by an observer at point r and time ¢ only ‘knows’ about
the state of the particle at the specific instant ¢’ on its trajectory. That instant is when c(t — t')
happens to coincide with the distance to the particle R(¢'). This is the point in space-time at which
the particle’s trajectory intersects the past light cone of the observer (see figure . It should be
obvious from this figure that, provided the particle’s velocity does not exceeed the speed of light,
there can only be one such point. This time, the solution of the equation ¢’ + R(t')/c = t, is called
the retarded time t' = t,e(t).

The usual procedure is now to formally manipulate the d-function using the property of the Dirac
S-function that §(F(t') —t) = §(t' — F~1(t))/F'(t') where F(t) is an arbitrary continuous function,
F~1 is the inverse function, and F’ denotes the derivative of F. (To prove this simply perform a
Taylor expansion of F(t') around #' = t,(t) = F~1(t).) This gives an integral over dt’ involving
O(t" — tret(t)) which is then easily performed. Here we will take a more pedestrian, though entirely
equivalent, approach. Let’s calculate the potential at the observer’s location, averaged over a small
(eventually infinitesimal) time interval 0 < ¢ < 7:

T

1 q dt’ [ ’ ’
(p) == [ dt o(r,t) == | —— [ dté(t' —t+ R(t')/c). (10.23)
7'0/ T/R(t )0/

The second integral has value unity if 0 < ¢/ + R(t') < 7, and zero otherwise (since in the latter case
the d-function falls outside of the domain of integration). The time averaged potential is therefore

tret (T)

q a' g At
ez /(O RE) T Rl T o4

with At = t,04(7) — tret(0), which is the coordinate time it takes the particle to pass from the
past light cone of the point (r,0) to that of (r,7). This approximate equality becomes exact as the
averaging interval 7 — 0.

We need therefore to calculate the ratio At’/7, since the actual potential is just the regular
coulombic potential ¢ = ¢/R times this factor. Inspection of figure shows that for a stationary
charge At'/T = 1; for a charge moving away from the observer at v = ¢, At’/7 = 1/2 while for an
observer moving towards the observer, At'/7 — oo as v — ¢. To obtain the general result, simply
insert tyet (7) = tret(0) + At’ into the tyet(7) + R(tret(7))/c = 7 (which is the equation defining what
we mean by the retarded time) to give

tret (0) + At + R(tret(0) + At) e = T. (10.25)
Doing a Taylor expansion: R(tpet(0)+At) — R(tret(0))+At'dR/dt’ and using tret (0)+ R (tret (0))/c =
0 yields
1dR\ '
At =1+ =— . 10.2
t ( +- dt’) T (10.26)

Now since by definition R(#') = /(r —ro(¥')) - (r —ro(t)), the derivative here is dR(¢')/dt' =
—R(t) - to(t') = —R(t') - v(t'), and we have
ar_
T 1-R®)-v(t)/c

(10.27)
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t r(t)=r ro(t)
vV = f‘o
T +~ — — — —
r
At = —F
t+ l—— R(t’) _ I 1-R-v/c

Figure 10.2: Space-time diagram used to derive the Lienard-Wiechart potentials. The bold vertical
line represents the observer — taken here to be stationary — and the heavy curve represents the
moving charged particle. The lines at 45 degrees are the past light cones of the points on the
observer’s world line (r,¢ = 0) and (r,t = 7). The charged particle intercepts the past light cone
of the point (r,t) only once, at a retarded time t' such that ¢ + R(t') = t and at distance R(t').
We show in the text that the potential seen by the observer is just equal to the Coulomb potential
¢ = q/R(t') times the factor At’/7, with At’ the (coordinate) time taken to pass between the two
past light cones. This factor ranges from 1/2, for a particle moving very rapidly (v ~ ¢) away from
the observer, to arbitrarily large for a relativistic particle moving directly towards the observer. The
general formula for this ratio is indicated.

Clearly, this agrees with the three special cases above. Finally then, for 7 — 0 the average field
tends to the instantaneous field (¢) — ¢(r,t = 0). There is nothing special about the choice of t =0
and we have the general formula for the LW scalar potential

1
rt)=q|—— 10.28
o 1) q[(l_R_v/c)R (10.28)
where the quantity in square brackets is to be evaluated at the retarded time.
Identical reasoning can be applied to the vector potential to give
Aty =4|— ¥ (10.29)
c|(1-R-v/c)R
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E

Figure 10.3: The geometry for calculation of dipole radiation from a small region of space (circle)
containing charges such that the net current J is parallel to the z-axis. The ‘field point’ at large
distance r is indicated. In the calculation it is assumed that the charge distribution is effectively
static over the time it takes for radiation to cross the system.

A key feature of the L-W potentials , is that the potentials, and hence also the
fields, become very large when 1 ~R-v /cis very small. This happens when a highly energetic particle
is moving almost directly towards the observer, as one would expect from relativistic beaming. The
potentials also provide a useful starting point to discuss such issues as the transition from coulomb
potential to radiation at large distances. We will use them in the treament of synchrotron and
Cernekov radiation.

10.4 Dipole Radiation

Imagine we have some oscillating charge distribution within a small region of space, with the net
current aligned with the z-axis as illustrated in figure [10.3] The potential and field solutions will
approximate those for a single microscopic cell ((10.15)). If the current is

J(t) = Joze™! (10.30)

so the magnetic potential is 4
A(r,t) = Joze =7/ o (10.31)

The magnetic field is given by taking the curl: B = V x A. For a static field (w — 0), the spatial
derivatives act only on the 1/r factor, giving a field falling as B oc 1/r? (the Biot-Savart law). With a
time varying current, the spatial derivatives also act on the complex exponential, so 9A ~ (iw/c)Jo /T
giving only a B o< 1/r fall-off. At sufficiently large distances the 1/r component comes to dominate,
and this is the radiation field, with energy density o E? = B2 oc 1/72.

More precisely, we have d,e~""/¢ = (—iwz /cr)e~*"/¢ and hence
J wt x y Z —iwJ wt S I
B=VxA=""_10, 0, 0. :Wge{xg_yﬂ (10.32)
er 0 0 e—iwr/e c r r

e The magnetic field is perpendicular to the current (B -z = 0), and also to r, the direction of
propagation (as required for transverse waves).

e The amplitude of the magnetic field is greatest for points with z = 0 — ie around the equator
— and is zero for points along the z-axis. The energy density is oc |B|? and is proportional to
sin? # - with 6 the polar angle.
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e The electric field is trickier to calculate this way, but we know that it must be perpendicular
to B and to the line of sight r, and equal in magnitude. It is oriented parallel to the projection
of the current vector on the sky.

e The pre-factor iw tells us that the field is proportional to the rate of change of the current.
Since the current is proportional to the charge velocity, this means that the radiation field is
proportional to the charge acceleration.

e The current is given by J = > gv = 9(3_ qr)/0t so the field is proportional to the second time
derivative of the dipole moment d = gr.

For an arbitrary small system of charges — where the current need not align with the z-axis —
the spectral decomposition of the radiation field is then

d, xr

B.(r) 2,2 (10.33)
10.5 Larmor’s Formula
If the current is due to a single charge, we have for the Poynting vector
c c J? >
S=_—(E>+B%)=—B"= ———sin®f= sin” 6 10.34
87T( +5) 4 4rr2cs drrzcs O ( )

with u the charge velocity (we have derived this for a single harmonic component, but it is true in
general by Parseval’s theorem).
The energy radiated into direction d2 per unit time is Sr2dQ hence
aw q*u?
dtdQ)  4me3

and integrating over direction gives the total power

sin? 0 (10.35)

1

q2’l.1/2 9
=—=2 dup (1 — 10.36
o [ 1) (10.36)
—1

aw
P=—
dt

the integral is elementary and leads to Larmor’s formula for the power radiated by an accelerated
charge:

2¢%42

== 10.37

303 (10.37)

10.6 (General Multi-pole Expansion

We showed above that a small region containing a collection of moving charges generates a radiation
field proportional to the second time derivative of the dipole moment of the charge. In obtaining
this we implicitly assumed that the variation of the system over the time it takes for light to cross
it is negligible, so the result is valid only for sufficiently small regions and velocities. This dipole
approximation is just one term in a more general expansion for the radiation from a collection of
charges.

To derive the general multi-pole expansion we start with and rewrite the expression for
the magnetic potential as a 4-dimensional space time integral by introducing a temporal §-function:

A(r,t) = %/d?’r’/dt’ S )0 —t+ r = xl/c) (10.38)

v —r'|

Next, define the temporal Fourier transforms of the current and potential to be

ju(r) = / dt j(r,t)e™" (10.39)
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Figure 10.4: For a bounded charge distribution of size L and a distant observer at r > L one can
approximate the distance |[r/ —r| ~7r —n-r'.

and
A (r) = / dt A(r,t)e™" (10.40)

to obtain

Aw(r) — %fdtfdgrlfdt/j(r/’t/)(;(tlitﬂrir/‘/C) eiwt

e —r’|

= %fd?’r/ ekl fdt'j(r',t/)ei“’tl (10.41)

[r—r’|

1 . ik|r—r/|
= ¢ [ () e

The transform of the potential at some frequency w is thus the convolution of j, (r) with the circular

wave function e?*" /r. This is reminiscent of diffraction theory.

Now let’s place the origin of coordinates within the charge distribution of extent r’ ~ L, and
place the field point at some distance r > L as illustrated in figure For r > L we can replace
|r — r’| in the denominator with r and expand the distance factor in the complex exponential as
|r — 1| ~ 7 —n-r/, with n the unit vector in the direction of the field point, to obtain

eikr

Au(r) = — /d%’jw(r’)e*“@“'r' (10.42)

and expanding the exponential in the integral we have
o0

> / d3r jo(r')(—ikn - /)" (10.43)

cr
n=0

ikr
Au(r)=°

This is a series expansion in kn -1’ ~ L/A. This parameter will be small (and so the series will
rapidly converge) provided L < A, or equivalently if the light crossing-time for the system is small
compared to the period of the radiation, which will usually be the case if the charges are moving
non-relativistically.

The lowest order term in the expansion is n = 0 for which

© eikr 3 , eikr ot eikr

A =— [ d7j.(x') = dt e"'d(t) = jwd,, 10.44
Ow = a6 = [arean = i (10.44)

with d(t) = > ¢r(t) the dipole moment of the charge distribution.

The next term in the series is

_ 'keikr _ikeikr
AW (r) = /d3 jo(r)n -t = '(n-r' 10.45
W)= "2 [ = TS g ) (10.45)

which involves the quadrupole moment of the charge distribution and this radiation is called quadrupole
radiation.
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Figure 10.5: A simple antenna consists of two equal charges on a spring. The dipole moment for this
system vanishes. If the wavelength is very long compared to the size of the antenna then there is very
strong destructive interference of the radiation from the two charges. However, this cancellation is
not perfect, and once we allow for the finite light-crossing time of the system, then distant observers
will, in general, see some radiation. The strength of the field is typically smaller than the dipole
field that one of these charges would create by a factor ~ L/A. The radiation is strongest towards
the poles, since the phase difference is then maximized, and zero for observers around the equator.
The energy has a cos?() or ‘quadrupolar’ dependence.

For non-relativistic charge distributions, the lowest order non-vanishing term will dominate. In
many cases this is the dipole term. In some cases the dipole may vanish. For example, consider a
system consisting of a spring with equal charges at each end and undergoing linear oscillation, as
illustrated in figure [10.5] The net current in this system vanishes, as does the dipole moment. In
the dipole approximation this system does not radiate. This is because to lowest order, the fields
generated by the opposing currents cancel. However, this neglects the finite time it takes for the
radiation to cross the system. In general, the field at large distance will be the sum of that from the
two charges, but they will not be perfectly out of phase, and there will be some net radiation in the
quadrupole term. Another example is a collision between two equal charges, for which there is also
no net dipole moment, and the dominant radiation term is again the quadrupole component.

The above formulae show that a given temporal frequency of the radiation field is generated by
the corresponding frequency in the relevant moment of the charge distribution. Note that these
frequencies need not correspond to the frequency of motion of the charges. Consider, for example, a
system consisting of two charges rotating about their center of mass. In this case the period of the
quadrupole moment is half the rotation period.

10.7 Thomson Scattering

Larmor’s formula gives the power radiated by an accelerated charge. Consider a point charge of
mass m and charge ¢ lying in a beam of linearly polarized radiation of frequency wgy with electric
field

E = Epesinwpt (10.46)
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E = Ejysin wyt

Figure 10.6: Geometry for the calculation of Thomson scattering. A linearly polarized beam of
radiation enters from the left and illuminates an electron, generating an oscillating dipole moment
as indicated. This dipole generates an outgoing wave of radiation with cylindrical symmetry.

as illustrated in figure The force on the particle is F = ¢E and results in an acceleration
t = ¢E/m and therefore a 2nd derivative of the dipole moment

. E
d=gi=1 moe sinwot (10.47)

so, according to Larmor, the power radiated (averaged over a cycle) is

apr <‘d|2> .2 ‘E§ .
90 = anes Sin 0= pry—p 0 (10.48)

and the total power radiated (or scattered) is

p_ 4'Ep

= 10.4
3m?2¢c3 (10.49)

The incident flux is (S) = ¢(E?) /47 = cEZ /87, and if we define a differential cross-section do/dS2
for scattering such that

dP do
ot _ gy 4o 10.50
then we have p .
d% - quc4 sin2 0. (10.51)
For an electron, ¢ = e, this is
d
% = r25in% 0 (10.52)
where we have defined )
ro = — =282 x 10~ 3cm (10.53)

mec?
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as the classical radius of the electron (ie the radius of a cloud of charge e such that its electrostatic
potential energy is equal to the electron rest-mass energy).
The total cross section is

+1

d 8
o= /dQ £ =27r] /d,u (1—p?) = %7‘(2) (10.54)
-1
For an electron this gives the Thomson cross-section
or = 0.665 x 10~ cm?. (10.55)

The limitations on this result are

e The energy per photon should be much less than the rest-mass energy of the electron hr <
mec? or hv < 0.5MeV. At higher energies we need to take the recoil of the electron into
account.

e The field should not be so strong as to accelerate the charge to relativistic velocity.

The foregoing was for an incident linearly polarized beam. Scattering of natural (unpolarized)
radiation can be computed by considering a superposition of two incoherent linearly polarized beams
with perpendicular polarization states.

Features of electron scattering:

e The cross-section is independent of frequency.
e The distribution of scattered energy is forward-backward symmetric.
e The total cross-section for scattering of natural radiation is the same as for a polarized beam.

e The scattered radiation is strongly linearly polarized (100% for the radiation scattered at
right-angles to the incoming beam).

10.8 Radiation Reaction

Consider a simple harmonic oscillator consisting of a spring with a charged mass on the end. The
energy radiated will tap the internal energy of this system and will cause the amplitude of the
oscillations to decay.

This may be described, at least phenomenologically, as a radiation reaction force.

To order of magnitude, the time-scale for the oscillation to decay is tqecay ~ mv?/ Prarmor ~
(me3/e)t2 1. ~ ct? 1. /To With tomis = v/9. Thus the decay time will greatly exceed the orbital
time or oscillator period provided to pit => 7 where 7 is the time for light to cross the classical radius
of the electron: 7 = 262/3mc3 ~ 10723s. If tomis > T, as is usually the case, radiation reaction can
be treated as a small perturbation.

The radiation reaction force F must satisfy

2 2,2
/dt F u= /dt Plormor = /dt cu (10.56)

3¢c3

where the integrations are over one or more periods of the oscillation. An acceptable choice is

2¢%1

thought this should be treated with caution (see R+L).
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10.9 Radiation from Harmonically Bound Particles

Including the radiation reaction force, the equation of motion for an electron tethered by a spring
with spring constant k, and corresponding frequency wy = \/k/me, is

Az Bz
yTi i wir — Tog =0 (10.58)

Evaluating the radiation reaction term using the undamped solution z oc coswot gives d®z/dt? =
—w?dz/dt and the E.O.M becomes

P+ witi+wiz =0 (10.59)

in which the radiation reaction term now takes the same form as would a frictional force.
Searching for solutions of the form x o exp(at) (with o complex to allow for decaying oscillations)
converts this to an algebraic equation

4+ wita+ws =0 (10.60)

with solutions 1
o = tiwy — 5(.«.}37’ +... (10.61)

With initial conditions 2(0) = 2o and #(0) = 0 the solution is

z(t) = zoe T2 cos wot (10.62)
which is a damped oscillation with decay rate
2e2w?
[=wir = 0 10.63
“o7 3me3 ( )
in agreement with the order of magnitude argument above.
The transform of this decaying oscillator is
z(w) = / dt z(t)e™" = ! + ! (10.64)
/2 —i(w—wy) T/2—i(w+wp) '

which is small, save in the vicinity of w = +wg. The radiated power is dW/dw ~ w*|z(w)|? or, more
precisely

aw 8rwie?ad 1

do — 3c3(47)2 (w —wp)? + (T'/2)2

The radiated power thus has a Lorentzian profile.

Radiation damping therefore imposes a minimum width on spectral lines for electronic oscillators:
Aw = T = 2¢%w3/3mc® or equivalently a width in wavelength of A\ = (\/wp)dw = 2mer =~
1.2 x107* A,

(10.65)

10.10 Scattering by Bound Charges

In the case of scattering by free charges — Thomson scattering — the incident electric field produces
an acceleration proportional to the field, and hence d «x E and therefore a scattered radiation field
with amplitude proportional to the incoming field, resulting in a scattering cross-section which is
independent of frequency.

In the case of scattering by a charge bound in a quadratic potential well with free oscillation
frequency wp, we expect the cross-section to be equal to op for w > wgy. For low-frequency incident
radiation w < wp the situation is different; here the incident field causes the charge to move to
a displaced position such that the electric field is balanced by the spring constant force, but this
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results in a displacement, and therefore a dipole moment, which is proportional to the field (rather
than the second time derivative of the dipole being proportional to the field).

For a free charge, the dipole amplitude is d «x E/wy whereas for the bound charge and w < wy,
the dipole amplitude is d ~ E/w?, which is smaller by a factor (w/wp)? < 1, and the scattered
radiation intensity — being proportional to the square of the dipole — is smaller than for free
charges by a factor (w/wg)*. Thus for low frequency radiation we expect

o(w) =~ (w/wo)or (10.66)

A more detailed analysis shows that there is a resonance at w = wy where the cross section
becomes very large. In the absence of damping, this resonance is infinitely sharp, and the cross-
section becomes formally infinite. Including radiation, or other, damping results in finite width to
the resonance dw ~ T'.

10.11 Problems

10.11.1 Antenna beam pattern

Two ocillating dipole moments (antennae) d;, ds are oriented vertically and are a horizontal distance
L apart. They oscillate in phase with the same frequency w. Consider radiation emitted in a direction
at angle 6 with respect to the vertical and in the vertical plane containing the two dipoles.

a. Show that at large distances D > L the angular distribution of the radiated power is

dP  w'sin®
= %(d? +2dydy cos § + d2) (10.67)
where the ‘phase angle’ is § = wLsinf/c.

b. Show that when L < A the radiation is the same as from a single oscillating dipole of amplitude
d; +d;

c. Generalise to a 2-dimensional array n(z,y) = >, d(x — z;,y — y;) containing a large number
of antennae laid out in the plane z = 0, now with their dipoles lying in the horizontal plane
(parallel to the z-axis) say. Show that the ‘synthesised beam pattern” — which we define to
be the power radiated as a function of direction 8 — is just the square of the modulus of the
fourier transform of the array pattern n:

9 2

P(0,,6,) \ [ [ sty nia gy

(10.68)

E eQTri.’Ei, 0/)\
i

(you may adopt the small angle approximation).

d. The VLA is a Y-shaped array of radio receivers (which could also be used as a highly directional
transmitter). Sketch the resulting beam pattern.

10.11.2 Multipole radiation 1

At large distances Ry from a relatively compact distribution of radiating currents the vector potental
can be written as

1 .
A= E/d?’r‘]t/“.n/c (10.69)

where t' =t — Rp/c and n is a unit vector in the direction from the radiating system to the observer.

a. Expand in powers of r - n/c to obtain

1
A=— [ &rjy
cRo/ ) +

1 0 .
e / &Br(r - n)je (10.70)
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b. Show that, for a system of point charges, this becomes

A= ZC:};]: + 02;_{0 % > qv(r-m) (10.71)
c. Show that
2v(r-n) = %r(r ‘n)+ (rxv)xn (10.72)
and thus obtain '
A:cgo—l—%;RO;Zqu(n-r)—kl(rhxn) (10.73)

CRO

where the dipole moment is d = ) gr and the magnetic moment is m = > gr x v/c. Thus, in
this approximation, the potential contains terms proportional to the first time derivative of the
dipole (dipole radiation); the second time derivative of the quadrupole moment (quadrupole
radiation) and the first time derivative of the magnetic moment (magnetic dipole radiation).

d. Show that the radiation field intensity from a bar magnet spinning about an axis perpendicular

to the line joining its poles is on the order of E, B ~ 71/c?Ry and that the radiated power is
P ~n?/c3.

10.11.3 Multipole radiation 2

Starting with the expression for the retarded vector potential in the form

A(rt) = /d%’/dt’j(ri’ D)5 —t+r —x'|/e) (10.74)

v —r'|

a. Show that the temporal fourier transforms A, (r) = [ dtA(r,t) exp(iwt) and j, (r) = [ dtj(r,t) exp(iwt)
are related by

1 Jo (") ke
A,(r) = E/d?’r’mek'” vl (10.75)

where k = w/c. Note that this gives a one-to-one relationship between the temporal fourier
components of A and j. Note also, that the field A, (r) is just a convolution of the source j(r)
with the convolution kernel e**/¥l /.

b. For sources of size L and field points at distances » > L we can take |[r —r'| ~ r —n-r’ in the
exponential (where r’ is measured relative to a spatial origin inside the source) and one can
take |r — r'| >~ r in the demoninator. Thus show that in this approximation

eikr 0 1 . ) .
A, (r) = p- > m/dgr’.]w(r’)(—zkn-r’) (10.76)
m=0

For sources with dimension L < A, this is an expansion in the small dimensionless quantity
kn-r’. The n = 0 component gives the dipole radiation, n = 1 gives the quadrupole term etc.

c. Now specialise to the case of a point charge ¢ moving in a circle of radius rg in the z = 0 plane
with frequency wy:

j(r,t) = qvo(r — R(t)) (10.77)

where R = {rg coswot, rg sinwgt, 0}, v = {—wprg sin wot, wore coswpt, 0}. Show that the dipole
radiation is non-zero only at frequency w = wy, the quadrupole radiation appears at w = 2wy
and so on.
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10.11.4 Electron scattering

Larmor’s formula gives the power radiated by an accelerated charge as P ~ q¢?a?/c® where ¢ is the
charge and a is the acceleration.

a. To order of magnitude, estimate the cross section for scattering of radiation by a free electron
in terms of the electronic charge, mass and the speed of light.

b. Now consider an electron bound in a parabolic potential well such that the free oscillation
frequency is wg. Estimate the cross section for scattering of light as a function of frequency w
for the two limiting regimes w > wy and w < wy.

10.11.5 Thomson drag

Consider a radiation field which, in a particular frame of reference, appears isotropic with specific
intensity I,,.

a. Show that a photon with frequency v in the isotropic frame will appear to an observer moving
at velocity v = B¢ < ¢ with respect to this frame to have frequency v’ = (1 — Bu)v where p is
the cosine of the angle between the photon momentum and the direction of motion.

b. Invoke Lorentz invariance of I,/v® to show that the specific intensity seen by the moving

observer is
I =1, — Bu(3I, — vdl,/ov) (10.78)

and therefore that
I'=1-48ul (10.79)

c. Show that an electron moving through this radiation will feel a drag force F = (4/3)BUor
where U = 471 /c is the energy density and o is the Thomson cross-section.

d. Specialise to a black-body radiation field and show that the velocity of an electron will decay
exponentially with v o< exp(—t/7.) on a timescale 7, ~ m.c/(aT*rd).

e. Compute the decay time 7, for the velocity of a blob of fully ionized plasma moving relative
to an isotropic black body radiation field.

f. Compute these timescales for electrons or plasma moving through the microwave background
(T = 2.7K) and compare to the age of the Universe t ~ H, ' ~ 10'° years. Conclude that
these effects are of little consequence at the present. However, in the expanding universe, the
drag rates scale as 71 oc T* o (1 + 2)* while the Hubble rate scales as H oc (14 2)3/2 (matter
dominated). Estimate the redshifts at which H7. = 1 and H7, = 1. At redshifts exceeding the
latter, plasma will be effectively locked to the frame of isotropy of the microwave background.
At redshifts exceeding the former, the microwave background will act as an efficient coolant
for hot ionized gas.

10.11.6 Polarisation

Sketch the pattern of linear polarisation expected for a non polarised point source embedded in a
optically thin cloud of ionized gas (assume the scattering is dominated by electron scattering).
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Chapter 11

Cerenkov Radiation

Most radiation generation involves accelerated charges, since a uniformly moving charge does not
radiate. An exception to this rule is a charge which is moving faster than the speed of light. This
super-luminal motion may arise in two ways; ordinarily when a high energy particle passes through
a medium with refractive index n > 1, such as a cosmic ray entering the atmosphere. Alternatively,
one may have a charge concentration which moves super-luminally (think of caterpillar legs). This
is not as crazy as it sounds; a group in Oxford are building a device which produces a charge pattern
with super-luminal motion.

Cerenkov radiation can be likened to the sonic boom from a supersonic airplane. Figure [11.1
shows how a supersonic, or super-luminal, particle will outrun any disturbance it makes, and that
one would expect a conical pulse of radiation, with the normal to the surface of the cone making an
angle cos~!(c/v) with the direction of motion of the particle.

We will analyze the resulting Cerenkov or Heaviside radiation first using the retarded potential,
and then using the LW potentials.

Y

vt

Figure 11.1: A supersonic plane excites a ‘sonic-boom’; a wave pulse propagating out with conical
wave fronts with angle, relative to the direction of motion, 8 = cos™!(c/v).

143
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11.1 Retarded Potential

For a field point very distant from the source of the radiation, the spectral decomposition of the
magnetic potential can be written as

eik:r . y ) ,
Au(r)=— /dt’/djr'j(r’,t’)e“’t et (11.1)
cr
where n =r/r.

If we now introduce a current density which describes a charge (or a charge concentration) moving
at a uniform velocity v along the z-axis:

j(r,t) = zqud(x)o(y)d(z — vt) (11.2)
the potential is
ikr
A,(r)= ¢ qvi/dt giw—nzv/e)t (11.3)
er

Now the integral here is a representation of the d-function: 276(w(1 —n,v/c)). Since n, < 1, the
argument of the delta function is non-zero for all w if v < ¢, and there is no radiation. However, if
v > ¢ the argument of the d-function vanishes for the direction n, = ¢/v, and the potential is very
strong (formally infinite). This is just the direction of the outgoing conical wave.

In addition to being highly directional, the sonic-boom analogy suggests that the radiation would
have a rather blue spectrum. This is indeed the case. To determine the spectrum, consider a
relativistic particle propagating superluminally for finite time 7', with v > ¢ (as, for example as a
energetic particle passes through a slab with refractive index n > 1. See figure . The time
integral is now bounded, and becomes a ‘sinc’ function, rather than a J-function, and the magnetic
potential is then

quzT et

A,(r) = T sinc(w(l — n,v/c)T/2) (11.4)

with sinc(z) = sin(x)/xz. The field is obtained in the usual way from the potential as B = V x A.
Again as usual, the most rapidly spatially varying factor here is ¢’*”. When we apply the gradient
operator we can effectively ignore the variation in r provided r > 1/k. The sinc function also
depends on r since n, = 7., but this contribution to the spatial gradient is also negligible for r > T.
If these conditions are satisfied, the field is then

ikr

_Loqua XFT T (w(1 — nav/e)T)2). (11.5)
T

B.(r) = 5

¢
The Poynting flux is S = ¢(E? + B?)/8m = ¢B?/4n and is directed along . The total energy
emitted into solid angle dfQ is

o0

240 240)
AW = TZdQ/dt sy = <4 /dt Bty = <4 /d—w B2(t) (11.6)
4 2w 2w

or equivalently dS, = c¢B2dw/(27)?. The system is cylindrically symmetric, so the solid angle is
dS) = 2w sin 8df and and the amount of energy emerging per unit frequency per unit angle is

¢2v2w? sin® 0dOdw

d*W = 27r2dS,,dfsin 6 =
4t

sinc?(w(1 — n.v/c)T/2) (11.7)

where we have used |z x | = sin 6.

Equation tells us how the emergent energy is distributed over frequency and over angle.
The sinc? factor limits the contribution to a small range in angle Af ~ 1/wT tan@y around 6y =
cos~!¢/v. Integrating over direction to obtain the total spectrum, we can ignore the variation of the
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Figure 11.2: Geometry for Cerenkov radiation calculation.

sin® @ term. Changing integration variable from 6 to ¢ = w(1 —n.v/c)T/2 ~ wtanOy(0 — 00)T/2 so
df = 2d¢/wT tan Oy gives

v(1 — % /v?)Twdw
mc?

dW =

/dg sin? ¢/¢2. (11.8)

The dimensionless integral here introduces a factor of order unity. Equation shows that the
energy radiated is proportional to the time of flight, as one might have expected, and therefore
to the path length through the refractive medium. It also shows that the spectrum is blue, with
dW/dw x w.

11.2 LW Potentials

The treatment above provides a useful illustration of the use of retarded potentials. It is also
illustrative to obtain the form of the radiation pulse using the Lienard-Wiechart potentials.

Recall that the LW potentials are just equal to the electro-static and magneto-static potentials
times a factor 1/(1 — R- v). This means that the potential becomes very large for a particle moving
directly towards the observer (which can also be understood in terms of relativistic beaming). An
entirely analogous situation arises here where the particle world line can ‘graze’ the observer’s light
cone, as illustrated in figure[11.3] This is very different from the situation for a particle moving slower
than ¢, for which the particle world line pierces the past light cone of any point on the observers
world line, and does so exactly once. There is therefore a specific instant on the observer’s world
line when the particle grazes it’s past light cone. At that instant R-v =1 and the effective charge
of the particle becomes infinite. At later observer times, the particle pierces the light cone twice,
and observer perceives a potential which is the sum of that from two particles of finite charge.

As another way of looking at this, we saw that the velocity dependent boost factor 1/(1—R-v)
was equivalent to dt/dr where dt is the coordinate time interval spent by the particle between two
observer past light cones whose apices differ by time dr. Clearly, as the particle grazes the critical
light cone, the observer time 7 is stationary with respect to the coordinate time, and dt/dr — oc.

Let the charged particle move along the trajectory

r(t) = (0,0, vt) (11.9)
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Figure 11.3: Intersection of the world-line of a super-luminal charged particle (or charge disturbance)
and the past light cone of an observer. For sufficiently early times (¢ < ¢,) the particle world-line
does not intersect the light cone at all, and the observer sees no field whatsoever. For t = t, the
particle world-line just grazes the light cone, as illustrated by the opaque cone. For later times
(e.g. semi-transparent cone) the world line intersects the past light cone at two points.

and let us place the observer at location rops = (20,0,0). The intersection of the past light cone of
the event (7,xg,0,0) and the plane x =0, y = 0 is
22 =2t —1)* — a2l (11.10)

The intersection of the particle’s trajectory and the past light cone occurs at coordinate times t such
that z = vt = \/c2(t — 7)% — x5 or

—7 + /7202 /% — (v2/c2 — 1)z} /c?)
v2/c? =1 '

t= (11.11)

This gives two real roots only for 7 > 7, where

cTe = Toy/1 — 2 /02 (11.12)

This is the instant of grazing. Note that we need to use 7, > 0. The alternate case corresponds to
the particle grazing the future light cone.

Now with v = (0,0,v) and R = (x,0, —vt) one can readily show that at the instant of grazing,
t =7,/(v?/c2 — 1), the factor 1 — R - v vanishes, as claimed above. Alternatively, and more simply,
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Figure 11.4: The form of a pulse of Cerenkov radiation.

taking the derivative of (11.11)) with respect to 7 we find

dt 1 v T
— = |-14 -—— 11.13
dr  v%/c? -1 c 7-2_7-*2] ( )
The observer feels the potential from two sources A = A, + A_:
qv | dt
A = — . 11.14
+(7) cr(tsy) |dr| ( )

Specialising to the behaviour of the pulse close to the leading edge (i.e. 7 ~ 7,), we have /72 — 72 =
(T4 7)(T = T0) ﬁ\/ﬁm, and the potential is

27,
A(r) ~ qgv  v/c T,

crvi/e2 =1\ 1—1, (11.15)
with r = x¢/sin#.

The form of the resulting potential wave pulse is therefore as illustrated schematically in figure
The potential diverges as 1/ VAT as 7 approaches 7,. The characteristic form is identical to
that of a ‘fold-caustic’.

The magnetic field is B = V x A. Since v = vz, the field at (z0,0,0) is B = y9A/9x¢. Now
xo appears in 7, = xgsinf and also in 7. Close to the pulse edge, however, the most rapid variation
is in the factor 1/4/7 — xgsin@/c and we can therefore replace A/dzg by —c 1sin0dA/dr. The
magnetic field is then

B 2324\ /1 — 2 2

o3 (T — 7y )3 ’

(11.16)

The field therefore diverges as 1/A73/? as 7 — 7,. This implies a formally infinite (integrated)
Poynting flux: [dr B? «c 1/A7?. This divergence is the real-space analog of the divergent energy
computed from the power spectrum over dW o wdw o< w2, .. This divergence would be removed,
for example, by introducing a finite width for the shower of particles in an atmospheric Cerenkov
shower, for example.

One can also compute the power spectrum of the radiation, and the dependence on v/¢, from
the potential . Taking the temporal transform we find

_ Twt qv v TWTx
Aw = /dt A(t)e ~ TW\/ T*/(/Je (1117)
where we have dropped some dimensionless factors of order unity. Since ¢B(t) = —sinf9A/0t,
B, = —isinfA, /(cw) and the Poynting flux is then

¢2 sin® O, wdw

dS, ~ B2dw ~ L 27 T
w w 627’2(1 _ 02/,02)2

(11.18)
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If we erect a cylinder of length L and radius xy around the particle trajectory, the component of the
energy flux in the direction normal to the surface is sin d.S. The area area of the cylinder is 27wz L,
so the energy crossing the surface (per unit frequency) is dW = 2nzoL sin 0dS,,. With z¢ = rsind,
cTy = Tosinf and with L = vT = cvT/ cos § we obtain

v(1 — 2 /v?)Twdw

5 (11.19)

dW ~

in agreement with (11.8).

Astronomical applications include cosmic-ray detection via atmospheric Cerenkov radiation, and
also in solid state Cerenkov detectors. The other scenario for generating radiation from a super-
luminal charge or current disturbance may have implications for radiation from pulsars.



Chapter 12

Bremsstrahlung

Bremsstrahlung,, or ‘braking-radiation’; also known as free-free emission, is produced by collisions
between particles in hot ionized plasmas.

e Bremsstrahlung arises predominantly from collisions between electrons and ions. Electron-
electron collisions are ineffective as they produce no dipole radiation. Collisions between ions
with different charge-to-mass ratio are capable of generating dipole radiation, but their low
accelerations render them also unimportant.

e In an electron-ion collision we can take the ion to be unaccelerated.

e Precise results require quantum treatment, but useful approximate results can be obtained
from a classical calculation of the dipole radiation, with plausible cut-offs.

In what follows we will first compute the radiation power spectrum from a single collision with
given electron velocity and impact parameter. We then integrate over impact parameter to get the
emission from a single-speed electron component, and then integrate over a thermal distribution
of electron velocities to obtain the thermal bremsstrahlung emissivity. We briefly mention thermal
bremsstrahlung absorption and the emission from a plasma with relativistic electron velocities.

12.1 Radiation from a Single Collision

The geometry for the collision of an electron with an ion of charge +Ze is shown in figure [12.1
The energy radiated into a range of directions df2 around r is, as usual,

dW = erQ/dtS(t) (12.1)

with Poynting flux
cE%(t) c¢B%(t)

S(t) = = 12.2
®) 4 4 ( )
and at very large distances the radiation field is
i xd(t—r/c)
B(t) = ———— 12.3
(v (12.3)

Integrating over directions gives

1 dQ) - 2 . 2 dw =
= — |t xd®)|]? = == d 2:—/—d 2 12.4
W= [t [ Trxdnr = [alder = o5 [ 5dw) (12.4

by Parseval’s theorem, or ~
2/d(w)|?

dW =
3me3d

duw. (12.5)
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Figure 12.1: Geometry of an electron-ion collision. See text.

The collision velocity and impact parameter define a characteristic time t, = b/v for changes
in the electron velocity and a corresponding characteristic frequency w, ~ v/b at which we expect
most of the radiation to be emitted. The 2nd derivative of the dipole moment is d = —ev = —ea,
and the acceleration is an impulse of strength amax = Ze?/b and duration ~ t,. For w < w, then
we have [dt ve™' ~ [dt v = Av. It is not difficult to show that, for small deflection angles, the
net impulse is

27¢e?
Av = 12.6
v mbuv ( )
and we find ) .
dW (b 82 w<w, =v/b
~ 3mc3m2v2h2
dow { fo w>w,=0v/b (12.7)
Thus, for given v and b the spectrum of the radiation is flat, with strength oc 1/v2b? up to the

cut off w,.

The total energy emitted is dW ~ w,dW/dw and is inversely proportional to the velocity. This is
because the slower particles are accelerated for a longer time. The more rapid collisions then spread
the energy over a greater bandwidth resulting in dW/dw o 1/v2.

12.2 Photon Discreteness

Classically, the total energy emitted in a collision is dW ~ e2i?t, /c® ~ €b/m?c3b3v and emerges at
frequency w ~ v/b. It is interesting to compare this to the energy of a quantum of this frequency:

2\ 3 2
w <e) (h”> (12.8)
hv he muv?
The first factor here is the cube of the fine structure constant and is on the order of 1075, and the
second factor can be at most of order unity for any physically allowed reaction, so this number is
always very small.
The energy emitted according to the classical dipole calculation is therefore less than the typical
energy of any photons which are actually emitted by a huge factor. The classical calculation however

correctly gives the mean energy emitted in a collision. Evidently, the rate of collision events that
actually generate a photon is much less than the classical frequency of collisions.
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12.3 Single-Speed Electron Stream

For a single electron with velocity v passing through a cloud of static ion targets with space density
n;, the rate of collisions with impact parameter in the range b to b+ db is dN/dt = 2wn;vbdb.

For a stream of electrons with space density n. then the rate of collisions per unit volume with
impact parameter in this range is dN/dV dt = 27n;n.vbdb. Integrating over impact parameter gives
the energy radiated per unit bandwidth per unit volume per unit time of

aw dW(b) 16225
= 27NN, s 1 max/ Ymin ). 12.
dwdV dt i U/db b dw 3c3m2u B(bmax/bmin) (12.9)

The upper limit by, arises from the requirement w < wy, or
b S bmax(wy U) = U/w- (1210)

What sets the lower limit by,;,7 At low energies it is the condition that the scattering angle
be small, but for energies 2 10eV the lower limit is set by quantum mechanics: an electron with
velocity v has a de Broglie wavelength A\gp ~ h/muv and it makes no sense to treat the electron as
point-like for impact parameters less than \gg, and it is reasonable to adopt a cut-off

b 2 bmin(v) = N (12.11)

muv

Equation (12.9) together with (12.10} [L2.11)) suggests that the radiated power spectrum is only
weakly (logarithmically) frequency dependent. This is true at sufficiently low frequencies, but note

that byax decreases with increasing frequency, while by,;, depends only on the electron velocity. For
a given electron velocity, there is a cut-off in the power spectrum at frequency w where byax(w,v) =
bumin(v), or h/mv = v/w, or equivalently

W < Winax (V) ~ mv?/h. (12.12)

This is very reasonable, since it states that the energy of the emitted photon had better be smaller
than the total kinetic energy of the electron.
The above argument gives a useful approximation to the radiated power

AW 16nen; Z%e® w < mv?/h
T~ 3c3m2v
dwdVdl = { 0 for s me/n (213

It is conventional to encapsulate the details of a proper calculation in the ‘Gaunt-factor’ and
write the power as
aw 16n.n;Z2e8
dwdVdt 3\/§cgm2v g

(v,w) (12.14)

see e.g. R+L for more details.

Note that the low-frequency asymptotic power scales inversely with velocity. This is because
while fast and slow electrons spend the same fraction of time being accelerated, the faster ones
spread their radiation over a greater bandwidth.

12.4 Thermal Bremsstrahlung
Having computed the radiated power for a stream of electrons with a single velocity all that remains
to compute the power radiated by an thermally equilibrated plasma is to average over a thermal

(Maxwellian) distribution of velocities:

d®*p(v) = d®vexp(—mwv? /2kT) o v? exp(—mv?/2kT)dv (12.15)
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Figure 12.2: Spectra for thermal bremsstrahlung for two different temperatures (though assuming
the same density).

To a rough approximation we can account for the cut-off by inserting the low-frequency asymptotic

form for the single speed dW/dwdV dt but limit the integration to v > vmin(w) such that mv2; /2 =

hw to give

f dv ,Uefmv2/2kT
AW N 16n.n;Z%€% ..., Z%n.n;ed

dodVdt —  3c3m? [ dvv2e-mv?/2T T (me2)3/2 (

kT)~1/2e T /kT, (12.16)

For low frequencies the emission scales inversely with square root temperature, consistent with the
1/v scaling above since the typical thermal velocity scales as VT.

Thermal bremsstrahlung spectra are sketched in figure [12.2

Integrating this over frequency gives

aw .
v Z*neni e VET (mc?)~3/2 (12.17)
so the bolometric emission scales as V7.
The emission scales as the square of the density.

The free-free emissivity for a plasma is then

aw
ff_ _ —27 2,2 -
T 1.4 x 107*(T/K)""* Z*n.n;g (12.18)

in cgs units. The appropriately averaged Gaunt factor here is very close to unity for realistic
conditions.

This ‘thermal-bremsstrahlung’ spectrum is valid for sufficiently high temperatures, ie higher than
the temperature corresponding to atomic transitions for the ions in question. At lower temperatures
line emission becomes important.

12.5 Thermal Bremsstrahlung Absorption

The inverse reaction to that considered above results in thermal bremsstrahlung absorption, which
can be obtained from the emissivity using Kirchoft’s law: «, = j,/B,(T). The bremsstrahlung
emissivity is asymptotically flat at low frequencies, whereas B, o 2, so the absorption is strongly
frequency dependent «,, o< 1/v% and is therefore most effective at low frequencies.
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12.6 Relativistic Bremsstrahlung

We now elucidate the general features of free-free emission from a plasma where the electron velocities
are relativistic.
First, let’s review the steps leading to the non-relativistic result.

e 1 electron — 1 ion. In a collision, the electron sees an impulse with 1 ~ Ze?/mb? lasting
a time t, ~ b/v resulting in the emission of mean amount of energy dW ~ e?u?t,/c® ~
Z%e8 /m2c3b3v with frequency w ~ v/b.

e Energy cut-off. The energy of the emitted quanta should not exceed kinetic energy of
electron, so hv < mwv? or equivalently b > byin = h/mu.

e 1 electron — many ions. The frequency of collisions with impact parameter < b is dN/dt ~
n;vb? o« b? whereas energy dW o< 1/b3, so most energy is emitted in collisions with b ~ byy.
The rate of such collisions is dN/dt ~ n;vb?, and the power output of a single electron is
therefore dW/dt ~ n;vZ%e® /mch.

n

e Many electrons — many ions. The power per unit volume is dW/dVdt = n.dW/dt ~
nenvZ2e8 /mcdh.

We now generalize this argument to the relativistic case. The approach is to compute the emission
in the rest frame of the electron — which sees the highly foreshortened and amplified electric field
of a relativistic ion — and then transform back to the observer frame.

e 1 electron — 1 ion. The electron sees the electric field of a rapidly moving ion as an impulse
with E ~ vZe? /b2, so i ~ vZe?/mb?, and lasting a time t, ~ b/vyc. The net energy radiated
is therefore dW ~ e2u?t, /c3 ~ vZ2%e5 /m?c*b3 with frequency w, ~ ve/b.

e Energy cut-off. The energy of the emitted quanta in the observer frame should not exceed
the electron energy ~ ymc?, or, in the electron frame, hv < mc?. This gives buyin ~ vh/mec.

e 1 electron — many ions. The electrons see the volume occupied by the ions foreshortened,
and therefore they see an oncoming stream of ions with v ~ ¢ and density yn; (where n;
is the ion density in the observer frame or in rest frame of the ions). The rate of collisions
with b ~ by is dN/dt ~ yn;b2 . c and therefore the power output in the electron frame is
dW/dt ~ yn; Z%e® /mc2h.

e Many electrons — many ions. The l-electron power dW/dt is Lorentz invariant, and

electrons have space-density n., so the net power per unit volume is

aw yninee®  nin.eSE

avdt =~ “mezh h(mc?)? (12.19)

with most of the energy emitted at frequency hiw ~ ymc? = E.

A characteristic property of relativistic Bremsstrahlung is that the emissivity is proportional to
the electron energy, and therefore to the temperature T for thermalized plasma, as compared to
emissivity o v/7 in the non-relativistic case.

There is an interesting and illuminating alternative way to look at bremsstrahlung. We saw that
the mean energy radiated in a collision (in the electron rest frame) is dW' ~ vZ2e¢/(m2c*b?) and
that the energy in the observer frame is therefore dW = vdW’. Now we can write this as

Ze\? [ e\’
daW=~*(=) (— ) b 12.20
(%) (e) =
but we recognize the first factor in parentheses as the square of the ion’s coulomb field (and therefore

on the order of the energy density of the ion’s field at distance b) and the second factor as the square
of the classical radius of the electron r3 or, equivalently on the order of the Thomson cross section.
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Thus, we can write the energy radiated as
dW ~ ”yzbO'TUﬁcld (1221)

with Ugelq the energy density of the external field (in the rest frame of the ion, that is). Crudely
speaking, we can describe the bremsstrahlung process as though the electron, passing close to the
ion, knocks out the energy density in a volume bor and in the process boosts this by a factor 2.

As we shall see, one can express the radiation power from synchrotron and from Compton scat-
tering in exactly the same way; it is as though the electron has size o7 and impacts the ambient field
— be it the field of an ion for bremsstrahlung, a magnetic field in the case of synchrotron emission,
or a randomly fluctuating ambient radiation field in the case of Comptonization — and ejects it
with a 72 energy boost. As we shall see when we discuss Compton scattering, this 42 boost factor
is simply the result of a pair of Lorentz transforms.

12.7 Applications of Thermal Bremsstrahlung

12.7.1 Low Frequency Emission from Ionized Gas Clouds

Bremsstrahlung is important at low frequencies since the spectrum is flat, with j, ~ n?T~1/2. As dis-
cussed, at sufficiently low frequency the clouds may become optically thick to thermal bremsstrahlung
absorption. The signature of such clouds is a spectrum with I,, oc v? at very low frequencies flattening
to I, < 0 at higher frequencies. This effect is seen in radio observations of HII regions.

12.7.2 Clusters of Galaxies

e Diffuse X-ray emission from very massive clusters of galaxies looks like thermal bremsstrahlung
with kT ~ 10keV. Lower mass clusters have bremsstrahlung-like continuum with iron lines
superposed.

e The inferred temperature of ~ 108K is consistent with hot gas in hydrostatic equilibrium in
the same potential well depth as inferred from the virial theorem and the observed velocity
dispersion of o, ~ 1000km/s. For these values, the kinetic energy per unit mass is the same
for a galaxy as for an electron-ion pair.

e Since emissivity scales as n? the surface brightness is the integral of n? along the line of
sight I oc [dl n?. This is known as the emission measure. This tends to be very centrally
concentrated (as compared to the projected density of galaxies for instance); X-ray observations
have become the preferred method for detecting distant clusters where optical searches become
subject to confusion.

e Bremsstrahlung emission can become an effective cooling mechanism in centrally concentrated
clusters. The net rate of energy loss is dE/dt x E'/2n so the cooling time is teool ~ E/E x
E'/2p~1, This has the consequences that cooling is most effective in the center of clusters and,
for a given density, tends to be less effective in the hotter, more massive clusters.

e Many clusters have central cooling times on the order of the age of the Universe, and are
reasonably well modeled as ‘cooling flows’ in which gas pressure support is removed from the
gas at the center, and the outer atmosphere quasi-statically adjusts. However, a puzzle is
where the gas which ‘drops out’ ends up. There are cooling flows with mass disappearing at
the rate of several hundred solar masses per year, but this gas does not end up as luminous
stars.

12.7.3 Bremsstrahlung from High Energy Electrons

Gamma ray emission is detected from our galaxy which is thought to arise from Bremsstrahlung
from high energy electrons.
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e The electrons are typically modeled as having a power-law distribution of energies.

e The radiative energy is carried by photons with hv ~ E..

¢ Gamma-rays from the galaxy with energies in the range 30 — 100MeV suggest an abundance

of relativistic electrons with v ~ 100.

12.8 Problems

12.8.1 Bremsstrahlung

In the following assume that the electron is non-relativistic in the ion frame but that mv?/2 > 1
Rydberg.

a.

Using Larmor’s formula (see problem 5), give an order of magnitude estimate for the energy
dW radiated as an electron flies past a singly charged ion with velocity v and impact parameter
b. What is the characteristic frequency of the radiation emitted?

The foregoing is valid only for sufficiently soft encounters that the photon energy satisfies
hw < mev?/2. Compute, for given v, the impact parameter by, such that this condition is
marginally satisfied.

Compute the frequency of collisions (per unit volume) with b ~ by, for a beam of electrons
with space density n. passing through a cloud of ions with space density n;, and (combining
this with the answer from part a) compute the power per unit volume.

Replacing the single speed v with the characteristic velocity for electrons with a thermal
distribution of velocities at some temperature 7', obtain an approximation to the thermal
bremsstrahlung bolometric emissivity eg in terms of n;, n., T and fundamental constants.

Estimate the mean number of photons generated per collision with b ~ byi,. Express your
answer in terms of the ‘fine structure constant’ a = ¢2/hc ~ 1/137.
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Chapter 13

Synchrotron Radiation

Synchrotron radiation is generated by the acceleration of electrons spiraling around static mag-
netic fields. It is often called ‘non-thermal’ radiation (to distinguish it from emission from thermal
electrons, rather than from black-body radiation).

13.1 Equations of Motion

The relativistic Lorentz force law gives the rate of change of the four-momentum. The time compo-
nent is
dE  dym
dt dt
so the Lorentz factor 7, and therefore also the speed for the electron are constant in time.
The space component is

=—ev-E=0 (13.1)

dP  d(ymv)
_——=— = — B 13.2
o p eB x v/c (13.2)
or
dv e
N_ ‘g 13.
my_ SBxv (13.3)

Note that ¢ here is coordinate time.

The rate of change of v||, the component of the velocity parallel to the magnetic field, vanishes,
80 V| =constant.

The solution of the equations of motion for the component of the velocity perpendicular to the
field correspond to circular motion. If the field is aligned with the z-axis

| re() | | coswpt B —sinwpt
ri(t) = { Ty (t) } - [ sinwpt ] = Vi =rws { coswpt ] ' (13.4)

This trajectory is a helix and the angular frequency of rotation about the field axis is

[vi| eB
e (13.5)

which is known as the relativistic (angular) gyro-frequency.
For low velocities v < ¢, v — 1 and the gyro-frequency becomes independent of the particle
energy. The (non-relativistic) gyro-frequency is

wg = ﬁ. (13.6)
me
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13.2 Total Power Radiated

The power radiated is, according to Larmor, proportional to the square of the proper acceleration
P= 262a8 /3c3, or, in terms of the coordinate acceleration in the observer frame

2¢2 2¢2 eB \?

or, in terms of the classical radius of the electron rq = ¢?/mc?,

P= grgcﬁi’fBQ. (13.8)
An alternative path to this result is to transform the magnetic field into the instantaneous frame
of rest of the electron. The electron sees an electric field and the power can be computed much as
for Thomson scattering.
This is power in the rest-frame, but since dipole radiation is front-back symmetric, the radiated
power is Lorentz invariant.

Equation ((13.8) applies for a electrons of fixed ‘pitch angle’, defined such that sina = v, /v.

Averaging (|13.8)) over pitch angle assuming an isotropic distribution gives
2\ 2
(P) = (3) rocf* A B2 (13.9)
One can also express the power as
P = 207cUnag /272 sin® a. (13.10)

where Upag = B?/87 is the magnetic field energy, and o7 = 8772 /3 is the Thomson cross-section.
Averaging over pitch angle and taking the highly relativistic limit,

4
(P) = §caTanmg. (13.11)

13.3 Synchrotron Cooling

The energy loss rate for a relativistic electron is dE/dt = P o E?. One can define a cooling rate
E/E and a corresponding cooling time t¢oo = E/E.
More precisely,
dE 407Unmag
— = —————=dt 13.12
E? 3m2c3 ( )
which can be integrated to give
1 1 4UTUmag
—_— - = = —=t. 13.13
E; E; 3m?2c3 ( )
This sets an upper limit to the electron energy as a function of the time since the electrons were
injected. Even if the electrons were initially infinitely energetic they will have cooled to a finite
temperature Fya(t) = (3m2c? /40TUmag)t’1 after time ¢ and electrons of lower initial energy will
have F < Eiax.
Observing electrons of a certain energy in a given magnetic field then gives an upper limit to the
age of the electrons (ie time since they were accelerated and injected).

13.4 Spectrum of Synchrotron Radiation

At low energies, v < ¢ one can compute the radiation from the spiraling electrons using the dipole
formula, and one finds that the radiation is emitted at the gyration frequency.
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Figure 13.1:  Because of relativistic beaming, a distant observer at R receives appreciable syn-
chrotron radiation from the electron only for a small fraction (~ 1/v) of its orbit. The leading edge
of the pulse is emitted as the particle enters the active zone at the left, and the trailing edge of the
pulse is emitted a time At’ ~ 1/(qywp) later as the particle leaves the active zone at the right. The
leading edge of the pulse has meanwhile propagated a distance cAt’ whereas the particle has moved
a distance vAt’, so it has almost kept up with the leading edge. Consequently, the interval between
reception of the pulse edges is on the order of At = At' x (1 —v/¢) or, since At ~ 1/(ywp) and
(1 —v/c) ~1/(29?) we have At ~ 1/(y3wp). Thus the frequency of the radiation detected is larger
than the orbital frequency by a factor ~ ~3.

For large electron energies we expect the radiation to be strongly beamed along the direction of
motion with opening angle for the beam Af# ~ 1/v. An observer will then receive pulses of radiation
of period 7 = 27 /wp but of duration At < 7. In fact, the time-scale for the pulses is At ~ 7/4°
and consequently the radiation emerges at frequency

we ~ Ywp. (13.14)

This can be understood qualitatively as follows. The beaming effect means that a given observer
will see radiation from the particle only for a small fraction ~ 1/ of its orbit ie for || < 1/v in
figure This is when it is moving almost directly towards the observer, and consequently there
is a big Doppler effect: the emission of the leading edge of the pulse precedes the emission of the
training edge by a coordinate time interval At ~ 1/(wp7y), but the latter event is closer to the
observer by an amount Ar = vAt’, so the interval between the reception of the leading and trailing
edges is

At=(1- DAY ~ (1 - B)/(wsy) ~ 1/(@s7") (13.15)

where we have used (1 — 3) ~ 1/(27?) for v > 1.

Thus, we expect to receive radiation up to frequencies at most of order w, given by ({13.14]), which
is often called the critical frequency.
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X

Figure 13.2: Geometry for calculation of the spectrum of synchrotron radiation. An electron orbits
in the z — y plane with velocity v. The vector R points to the distant observer.

13.4.1 Pulse Profile

This result can also be obtained using the Lienard-Wiechart potentials, and this also allows us to
infer the shape of the spectrum of synchrotron radiation.
For an observer at great distances the magnetic potential is

_q v o q v(t')
ARD = T v/c>|R+r|Lt =& o) (13.16)

where r(t') is the trajectory of the electron, v = ¥, n = R and where the retarded time ¢’ is the
solution of
t'=t—R/c+n-r(t')/c (13.17)
where R is now considered constant.
For the geometry shown in figure we have r = r(coswpt’, sinwpt’,0) and n = (0, cos 6, sin 9)
son-r(t') =rcosfsinwpt’. The relation between observer time ¢t and retarded time ¢’ is then
p

t—R/c=1t — —cosfsinwgt’. (13.18)
wB

This function is plotted in figure [13.3]
The ‘Doppler factor’ appearing in the LW potentials is

A dt
K::l—R-v:%:l— 1 —(1/)2cos O coswpt’ (13.19)
where we have used 8 = /1 — (1/7)2. Evidently, the factor x becomes very small — and conse-

quently the potential becomes very large — provided /1 — 1/42, cos § and coswpgt’ are all very close
to unity. Equivalently, a small x requires that 1/, 8 and wgt’ are all very small compared to unity.
If so,

[(1/7)* + 6% + wit”] (13.20)

|~

R~
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Figure 13.3: Observer time as a function of retarded times as given by . Two complete
rotations are shown, for various values of G cosf. At high velocities and small angles, observer time
becomes almost stationary with respect to retarded time. Consequently, the function x becomes
very small, and the potentials and fields become very strong, resulting in a short pulse of radiation.
It appears that the function tends to a well defined limit as Jcos@ — 1. However, this is somewhat
misleading; if we examine in detail the nearly stationary region, we find that the behaviour is very
sensitive to how close G cos @ is to unity.

where we have expanded the trigonometric functions in (13.19)).
Performing the analogous expansion on (13.18]) gives

Lo 2 povy 1 wpt?
t— ~ — N 14+ -—— |- 13.21
Rje= S(72 +0?) (+37_2+92 (13.21)

from which we see that there is a characteristic time-scale

(v, 0) = V2 +0%/wp. (13.22)

For ¢/ < t/, we have a linear relation ¢ o< ¢’ whereas for ¢’ > t', t oc t'3. More specifically,

tN{ (772+92)tl t/<<t;

The time-scale #, corresponds to a characteristic observer time interval ¢, = (y~2 4 62)3/2 Jwp.
Note that for 8 = 0 (or, more generally, § < 1/7) this just the inverse of the critical frequency:
te ~ 1/we.
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t' o t1/3
-

Figure 13.4: Relation between retarded time ¢’ and observer time t.

We can turn ((13.23) around to obtain the asymptotic form for the retarded time as a function
of observer time:

-2 2
¢ :{ t/(y" +67) t <ty (13.24)

(t/w2)1/3 t>t,
as as sketched in figure
We can now compute, for example, the z-component of the potential A,. The numerator in

(13.16)) then contains the z-component of the velocity v, = vsinwgt’ ~ vwpt’ since we can safely
assume that t' < 1/wp. The potential is therefore given by

quwpt’ 2
AL (t) = 13.25
®) cR  (1/7)% + 0% + wit? ( )
with ¢’ given by (13.21]). This has the asymptotic behaviour
qu 2wpt/(y™2 + 62)2 1<t
Ao R { 2(wpt)~1/? t>t, (12.26)

as sketched in figure [I3.5]
The magnetic field is B = V x A. At large distances, and for our geometry, this gives B, =
(1/¢)0A,/0t. The field is a time symmetric pulse with

B~

2 —2 02 2

@R —(2/3)wp /=473 t>t,

The form of the field is shown in figure The field in the negative ‘wings’ falls off rapidly, and
the contribution to the net energy flux from ¢ > ¢, is small. The characteristic frequency in the
spectrum of a single pulse from an electron of Lorentz factor v as viewed by an observer along a
direction at angle 8 out of the orbital plane is therefore

wB

Wy = 1/t* ~ W

(13.28)

Since there are no features in the potential or the field on scales smaller than ¢, the power falls
rapidly for w > 1/t,.
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Figure 13.5: Sketch of the form of the potential for a pulse of synchrotron radiation from a highly
relativistic electron with Lorentz factor + as seen by an observer lying an angle 6 out of the plane
of the orbit.

B.(t)

|B| oc t=4/3

Figure 13.6: Schematic profile of the magnetic (or electric) field for a pulse of synchrotron radiation.

13.4.2 Low-Frequency Power Spectrum

While there is relatively little power at w < wy it is still of some interest to obtain the form of the
power spectrum. The low-frequency power spectrum is dominated by the wings in the pulse. We

can model these as v )
B(t,0) ~ CZ—Rw;““t—‘*/?’ for txt, (13.29)

where t, ~ 03 /wp. The transform of the field is then

o w )\
B.(0) = /dt B(t,0)e"™ = <= <wB> for w < w, (13.30)
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Figure 13.7: Sketch of the form of the power spectrum of synchrotron radiation for mono-energetic
electrons.

with rapid attenuation at higher frequencies w > w,. We have used here [ dt t=4/3¢wt = W'/3 [ dy y=4/3¢™
where the latter integral is some number of order unity.

It would appear then that the power spectrum — which is proportional to B2 — is P(w) o< w
This is true for an observer at a specific angle relative to the orbit plane. However, in general, we
have a distribution of pitch angles, so we really want to integrate over the distribution. Equivalently,
we want to integrate over possible angles for the observer. Then we need to allow for the fact that
the cut-off frequency w, is angle dependent. As we will now show, this results in more observed
power at low frequencies.

The total energy emitted in a single gyration is obtained by integrating the Poynting flux:

2 2
AW = RQ/dG/dt cB(t,6) —CR /dw /d9B2 (13.31)

by Parseval’s theorem. The cut-off frequency is w, = wg/(1/72 +92)3/ 2. At some observed frequency
w, an observer will see appreciable radiation only if the angle 6 is less than some 6., such that
Wi (Omax) = w. If w < w, this means that ., (W) =~ (wp/w)/3. At larger angles, w, < w and the
radiation is suppressed. To the level of sophistication that we are working, we can then replace the

J d6 B2(8) by Omax times the asymptotic expression ([13.30)), to give

202 1/3
AW ~ /d Y () . (13.32)

The total power is P = wgAW/27, since the pulses occur with frequency wg /27, so we have
P = [ dw P(w) where the power spectrum is

2/3

2/3
QQUQWB/ Wwl/3

Pw) ~ T8

(13.33)
The low-frequency power-spectrum is therefore a power-law: P(w) w!/3. The general form for
the synchrotron power spectrum for electrons of a single energy is sketched in figure [13.7]
Note that wp = ¢B/ymc = qBc/E. Thus a a highly relativistic electron will have the same
low-frequency power as a highly relativistic proton of the same frequency; the low-frequency power
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depends only on the energy of the particle, and not its velocity (assuming v > 1 at least). The
high-frequency cut-off at w, = v3wp ~ E?eB/m3c® on the other hand, depends also on the mass
of the particle. This is because the cut-off, unlike the low-w power, is critically dependent on how
close the particle velocity is to the speed of light.

Finally, a puzzle: Compare the spectrum obtained here with the low-energy spectrum from
bremsstrahlung. In that case we argued that a collision will produce a pulse of radiation, and so
the low-frequency spectrum should be flat, P(w) o« w”. Here we also have a pulse of radiation.
Why do we not find a flat, low-w power spectrum? The answer lies in the shape of the pulse. For
bremsstrahlung, the time integral of the field | dt B(t) is non-zero, and the transform of the field at
low frequencies is constant. Here the integral of the pulse vanishes: [dt B(t) = 0 and there is no
analogous flat-spectrum component.

13.5 Power-Law Electrons

To obtain a realistic synchrotron spectrum we need to convolve the mono-energetic electron spectrum
derived above with the energy distribution function for the electrons.
An interesting model is where the electrons have a power law distribution in energy:

n(vy)dy = Cy~Pdy. (13.34)

The synchrotron power spectrum will then be a superposition of copies of the spectrum for mono-
energetic electrons derived above, with appropriate scaling of amplitude and frequency.

To find the form of the composite power spectrum, we can argue as follows: The number of
electrons in a logarithmic interval of 7 is

dn ~ Cy'"Pdln~y (13.35)

and the power radiated by a single electron is P ~ ~2corN? o ~? and appears ar frequency
w ~ 72vg. This means that frequency w corresponds to energy v = y/w/wg and therefor the power
radiated by the electrons with energy ~ v is

dP = wP(w)dInw x v*PdIny ox w3 P/ 2dInw (13.36)
It then follows that the composite power spectrum is a power-law
Piot(w) oxc w™? (13.37)

with spectral index s = (p — 1)/2.
Such models give a reasonable description of emission from radio-galaxies, which typically have
power-law-like spectra extending over a substantial range of frequencies with spectral index s ~ 0.8.
Radio galaxies also often display a cut-off at low frequencies due to synchrotron self-absorption.
See R+L for further discussion.
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Chapter 14

Compton Scattering

Compton scattering is the generalization of Thomson scattering to allow for the recoil effect if the
photon energy is not completely negligible compared to the electron rest mass.

For Thomson scattering we found that the scattered radiation had the same frequency as the
incident radiation, so the energy of the quanta are unchanged, and we obtained the differential
cross-section

do 1, 2, 30T 9
0= 2r0(1 + cos® 0) = Tom (14 cos®6) (14.1)

where 0 is the angle between the directions of the incoming and scattered photons.
The generalization of this involves two modifications

e Recoil of the electron — this can be understood from simple relativistic kinematics.

e The cross-section is modified (the Klein-Nishina formula) if the photon energy in the rest frame
of the electron exceeds the electron rest mass energy. This requires quantum electrodynamics.

14.1 Kinematics of Compton Scattering

Suitable null 4-vectors to represent the initial and final photon 4-momenta are

1 1

S 5 € cos 6

P’yi = E 0 and Pfyf = ? sin@cosgb (142)
0 sin 6 sin ¢

where e denotes the energy, the subscript 1 denotes the outgoing photon state, (ie after one scattering)
and we have chosen the initial photon have momentum parallel to the z-axis.
Similarly, the 4-momenta for the initial and final electron states are

me E/c
= 0 5 P,
P, = 0 and Py = P, (14.3)
0 P,

where we are working in the rest-frame of the initial electron. These 4-momenta are illustrated in

figure

Conservation of the total 4-momentum is
P,+P.,=P;+P.;. (14.4)

If we specify the incoming momenta P.; and ]371- then the outgoing 4-momenta contain six free
parameters, €1, § and ¢ for the photon and P,y for the electron (with the electron energy then fixed

167
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before after X

(mec, 0) .\

(Et/c,Py)

Figure 14.1: Four-momenta of particles involved in a Compton scattering event, working in a frame
such that the electron is initially at rest and the initial photon direction is n = (1,0,0). The final
photon direction is n; = (cos 6, sin 6 cos ¢, sin 6 sin ¢).

by the mass-shell condition E? = p?c? + m2c*). If we specify the direction 6, ¢ of the outgoing
photon say, then equation provides us with the necessary four constraints to fully determine
the collision (ie the energy of the photon and the 3-momentum of the outgoing electron).

If we simply want to determine the energy of the outgoing photon €;, then we only need one
equation. A convenient way to throw out the unwanted information P,y is to take the norm of ]36 £
If we orient our spatial coordinate system ¢ = 0, so the outgoing photon momentum lies in the x —y
plane, then P, fis
€+ mc? — €1

5 3 s 1] e—ecost
Py =P, + P — Pyy= p €1 5in 0 (14.5)
0
and the mass-shell requirement ng = 2|Py|? + m?c* becomes
(e +me? — €1)? = (€ — €1 cos 0)? + (e sin §) + m?ct. (14.6)

Which is a single equation one can solve for €¢; given € and 6. Expanding out the products and

reordering gives
€

TTIT —>(1 —cosb) (14.7)
and expressing the photon energies in terms of wavelength € = hv = he/\ gives
A1 — A=A (1 —cosb) (14.8)
where the parameter .
Ae = pogs (14.9)

is the Compton wavelength.
Equations ([14.714.8)) describe the energy loss for photons scattering off stationary electrons.
They show that the collision is effectively elastic (ie €; ~ €) if € < mc?.
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14.2 Inverse Compton Effect

Also of interest is the change in energy of photons scattering off moving electrons. This can be
obtained by a) Lorentz transforming the photon 4-momentum to obtain its value in the electron
rest frame b) computing the energy change of the photon as above and ¢) Lorentz transforming the
outgoing photon 4-momentum back to the ‘laboratory’ or observer frame.

Let us take the electron to be moving in the z-direction and take the initial photon 4-momentum
to be ]3% = ¢(1,cos0,sin 6, 0) then transforming to the rest frame (primed quantities) gives

/ e / v =By € ey(1 — Beosb)
gl I IR | el B B B TRT
0 1 0 0
so the rest frame incoming photon energy is
€ = ey(1 — Bcosh). (14.11)

This photon will scatter to an outgoing photon with energy €} ~ € provided ¢ < mc?, and with
some direction 07, ¢}. Applying the inverse Lorentz boost to get back to the lab-frame gives

€1 = €1y(1 + Bceosb)) (14.12)
and so the initial and final energies in the lab-frame are related by
€1 = ey*(1+ Beos ) (1 — Bcosh). (14.13)

The reason for writing the energy change in this seemingly awkward way — with one angle
in the rest-frame system and one in the lab-frame system — is that both 6 and 6] have a broad
distributions. The angle 6 is the distribution of incoming angles in the lab-frame, and the distribtuion
of p = cos(f) is flat. The angle 67 is the direction of the scattered photon in the electron-frame.
This is not isotropic, but still has a broad distribution. In contrast, for high energy electrons, both
0" and 61 have very narrow distributions as illustrated in figure [14.2

It then follows that for typical collisions, the photon energy is boosted by a factor ~ 2

€1 ~ e (14.14)

The only exceptions to this rule are for incoming photons with 6 ~ 0 (ie propagating in the same
direction as the electron) or if the outgoing photon has 6] ~ 7 (ie the scattered photon direction is
opposite to the electron velocity), but these are special cases.

This result can also be understood in terms of ‘beaming’ (see ﬁgure. Consider some isotropic
or nearly isotropic photon gas and a rapidly moving electron with v = (x. Boosting into the
electron frame we find that the electron sees a highly anisotropic radiation field, with most of the
photons having momenta parallel to the direction —x. These photons get scattered approximately
isotropically in the electron frame, and boosting back to the laboratory frame we find that the
outgoing photons are tightly beamed along the 4+x direction.

This process is an extremely efficient way to boost low energy photons to high energies, and
(since the phrase ‘Compton scattering’ was initially used to describe the loss of photon energy in
colliding off cold electrons) is called inverse Compton scattering.

The results above are valid only if € < mc?, which means it is restricted to e; < ymc?.

14.3 Inverse Compton Power

Imagine a cloud containing hot electrons and radiation being scattered. What is the rate at which
energy is given to the radiation field by inverse compton scattering off the rapidly moving electrons?
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Figure 14.2: The 72 energy boost factor can be understood in terms of relativistic beaming. Upper
left shows an electron moving with velocity v in the lab frame and incoming photons which are
isotropically distributed. Upper right panel shows the incoming quanta in the rest-frame of the
electron. They are now highly anisotropic, so the electron sees them as nearly ‘head-on’ and their
typical energies are boosted by a factor ~ . Lower left shows the photons after scattering. They
are now approximately isotropic in the electron frame, and have roughly the same energy as they
had before being scattered. Lower right panel shows the scattered photons in the lab-frame. They
are now again highly collimated, and their typical energies have been boosted by a further factor
~ 7, 50 in the lab-frame the overall typical energy is boosted by a factor 2.

<
5

To answer this we transform to get the energy density v’ in the electron rest frame and then use
the Thomson cross-section to give the power scattered as P’ = coru’, which is Lorentz invariant
since the scattered radiation is front-back symmetric in the electron frame, and which therefore also
gives the rate at which energy is scattered into the radiation field in the lab-frame.

To make the transformation, recall that one can write the energy density for radiation in range
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of frequencies dw and range of directions df2 in terms of the phase-space density f(r,p) as

& 3
fp = W22 f(r,p) L (14.15)

u, (Q)dvdS = f(x,p)Ed’p = E*f(x.p) -

with E = hv, p = hv/c and d®p = p?dpdQ = (h/c)3v?dvdS). But f(r,p) (which here is actually
independent of r) and d®p/E are both Lorentz invariant quantities, so we have

ul, (QdV dY = (V' Jv)*u, (Q)dvdQ. (14.16)

The reason for two powers of v'/v here is that the energy E = hv of each photon gets boosted
by one power of /v and the rate at which photons pass by an observer also increases by the same
factor (if photons are passing at a rate of € photons per period of the radiation in one frame then
they are passing by at the rate of € photons per period in all frames).

Now the frequency factor is simply given by the Doppler formula v'/v = v(1 — S cos8), which
depends only on the speed of the electron and the direction € of the photon in the lab-frame, so we
have for the total energy density in the electron frame

u' = /dﬂ’/du’ ul, () = 72/619 (1 —ﬁcose)Z/dy u, (Q) (14.17)

and if the radiation is isotropic in the lab-frame then

dQ)

u = fu/ 4—(1 — Bcos)? = ~*u(l + 5%/3). (14.18)
/I

Using 72 = 1/(1 — 3?) we can write this as v/ = (4/3)u(y? — 1/4) so the rate at which energy is

scattered into the radiation field is

4
Py =P, =copu’ = gcaTu(’y2 —1/4). (14.19)

We also need to take into account the rate at which energy is being scattered out of the radiation
field by these collisions, which we will denote by P_. In the electron frame this is just equal to Py,
but this is not very useful since the incoming radiation is highly beamed in the electron frame and
so P_ is not Lorentz invariant.

To compute P_, consider instead of the energy density wu,(f2), the photon number density
n,(Q) = u, (Q)/hv, and which, according to (14.16), transforms as

n., (Q)dv'dQ' = (V' /v)n, (Q)dvdQ. (14.20)

The flux of photons in the electron-frame (number per area per second) in a range of frequency
and direction dv'dSY is enl, (€')dv'dQ) and the rate at which these are scattered out of the beam is
just cornl, (Q')dr'dSY so the total rate of scattering events is

= cor [ [ @ n@) = cory [0 peoso) [avn@ (a2

which, for isotropic incident radiation, is

dN
— = 47TCO'T’y/dI/ n, (Q) = coryn. (14.22)

dt’
where n is the total number density of photons in the lab-frame.
The proper time interval dt’ is related to lab-frame time interval dt by dt = ~dt’ because of
time-dilation, and therefore the rate of scatterings as measured in the lab frame is just

AN 1dN

e ;W = corn. (14.23)
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Now Thomson scattering is independent of the frequency of the photon, so it follows that the rate
at which energy is scattered out of the radiation field is given by multiplying dN/dt by the mean

energy per photon, to give

P_= (hl/}% = coru (14.24)

Note that this is precisely the rate at which energy is scattered for a stationary electron. This
is something of a coincidence since we can see from that the photons removed from the
radiation field by the moving electron do not have an isotropic distribution in the lab-frame, rather
they have a (1 — 8 cosf) distribution, so the photons propagating in the direction opposite to the
electron are more likely to be scattered.

Combining Py from and P_ from gives the net inverse Compton power for 1
electron of P = P, — P_ or

4
pP= 3527200Tu (14.25)

and the total energy transfer rate per unit volume is given by multiplying this by the electron density,
or more generally by the distribution function n(r, E) and integrating over energy.

Equation is remarkably simple, and also remarkably similar to the synchrotron power
and the bremsstrahlung power, for reasons already discussed.

Interestingly, for low velocities, the Compton power is quadratic in the velocity. There is no
first-order effect, since a scatterings may increase or decrease the photon energy.

14.4 Compton vs Inverse Compton Scattering

Equation is supposedly valid for all electron energies, and is clearly always positive. However,
this does not make sense. For cold electrons, Compton scattering result in a loss of energy for the
electrons via the recoil, which was ignored in deriving .

For low energy electrons (with v/c = § < 1), the radiation in the electron frame is very nearly
isotropic (0v/v ~ 8 < 1, so consequently the variation of the intensity 61/I ~ 8 < 1 and is also
small, so we can incorporate the effect of recoil by simply subtracting the mean photon energy loss
given by .

For v < ¢ mean rate of energy transfer is given by dE/dt ~ (4/3)coruv?/c* while the rate of
scatterings is dN/dt = copn = copu/(e) so the mean photon energy gain per collision (neglecting
recoil) is (A€)/(e) = (4/3)(v/c)?, and if v < c this is approximately equal to the mean fractional
energy gain (Ae/e) = (4/3)(v/c)? For a thermal distribution of electrons this becomes (Ae/e) =
4kT /mc?. The mean fractional energy loss due to recoil is from Ae/e = ¢/Mc?, so combining

these gives

A 4kT —

<€> _ T~ he (14.26)
€ me

It € > 4kT then there is net transfer of energy to the electrons and vice versa.

14.5 The Compton y-Parameter

The Compton y-parameter is defined as

A
Y= <6> X (number of scatterings) . (14.27)

€

e In a system with y much less (greater) than unity the spectrum will be little (strongly) affected
by the scattering(s).

e In computing y it is usual to either use the non-relativistic expression ({14.26)) or the highly
relativistic limit (Ae/e) ~ 442 /3.

e The mean number of scatterings is given by max(7,72).
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e The y-parameter is generally frequency dependent.

14.6 Repeated Scatterings

14.6.1 Non-Relativistic, High Optical Depth

To a crude but useful approximation we can say that the photon gains energy according to (|14.26)
in each collision, and if kT > hv then after N scatterings we have

(en) 4kT\ N 1ANET\Y  yaer
60 — 1 + mc2 — ]_ + N mc2 ~ e me2 = ey (14.28)

so the mean net energy boost is the exponential of the Compton y-parameter.

14.6.2 Highly-Relativistic, Low Optical Depth

In the other extreme, v > 1, the mean fractional energy gain per collision is A = €1/eg ~ 2 so
after k scatterings we expect €, ~ €9 AF, or equivalently, the number of scatterings required to reach
energy € is k ~ In(e/€g)/ In A.

For low optical depth 7 < 1 the probability of k-scatterings is p(k) ~ 7%, so the intensity in
highly boosted photons is

i Ll InT 1n(€k/60) en InT/In A
I(er) ~ I(eg)T ~ I(€g)e" ™™ ~ Ipexp | ————— | ~Io x [ — (14.29)
InA €0
so the result is a power law I(e) ox e P with p = —In7/1n A.

14.7 The Sunyaev-Zel’dovich Effect

The Sunyaev-Zel’dovich effect is the effect on the microwave background radiation induced by scat-
tering off hot gas.

e Since the input spectrum is nearly thermal and therefore has high occupation number in R-J
region, a proper treatment requires consideration of stimulated emission. For non-relativistic
gas, the evolution of the spectrum is described by the Kompaneets equation (see R+L) which
is a Focker-Planck equation describing the diffusion of photon energies. Here we will give only
a qualitative discussion of the effect.

e Photons may be scattered out of or into the line of sight, so the number of photons does not
change. Photons may be scattered up or down in energy. On average, the increase in energy
is Ae = 4kTe/mc?. The result must be some shift of the energy distribution function n, (£2)
to generally higher energies, but which preserves the area [ dv n,. This gives an increase in
intensity at high frequencies hv 2 kTypr and a reduction in the R-J region.

e It has been observed for several clusters of galaxies.

e The R-J SZ decrement gives a fluctuation in brightness temperature AT /T = —2y. It is on
the order of 1074,

e The SZ effect measures the integral along the line of sight of the electron density times the
temperature [ dz n.T', which is proportional to the integral of the pressure along the line of
sight.

e For a cluster of size R the SZ decrement is proportional to n.R whereas the X-ray emission is
proportional to n2 R, so the ratio of the square of the SZ effect to the X-ray emission provides
an estimate of the physical size of the cluster.
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e Combining the physical size with the redshift and the angular size of the cluster provides a
direct estimate of the scale of the universe, or equivalently of the Hubble parameter Hy.

e There is another effect — the kinematic SZ effect — in which clusters give rise to a temperature
fluctuation via the Doppler effect. This is on the order of the optical depth to electron scattering
times the line of sight velocity and it typically somewhat smaller than the true SZ decrement.

14.8 Compton Cooling and Compton Drag

Compton scattering of microwave background photons off of moving electrons removes energy from
electrons. Collisions with ions will replenish the electron energy, so the net result is to cool the gas.
We can estimate the time-scale for this cooling as follows: For non-relativistic electrons, the
electrons see radiation which is slightly anisotropic; the temperature is T'(u) = (1 + Bu)To, where
Ty is the isotropic temperature seen by a stationary observer. The intensity, which scales as the
fourth power of temperature, is then I(u) ~ (1 + 48u)ly, and computing the radiative force F =
(or/c) [dQ pI(p) gives F ~ (4/3)uor3. This gives an equation of motion for a single electron:

dv 4 uor
—=—= . 14.30
dt (3 mec> v ( )

The radiation scattering acts like a viscous drag force, and the velocity decays as v(t) = v(to) exp(—t/7e).
The time-scale for the velocities to decay — which is also the time-scale for the gas too cool, provided
collisions can replenish the electron energy sufficiently fast is

MeC
uor

(14.31)

Te ™~

The time-scale for ‘Compton-cooling’ exceeds the age of the universe today, but was effective in
the past. It may plays an important role in galaxy formation as cooling is necessary to allow the
baryonic material to settle within the dark matter potential well, since otherwise the hot gas would
simply remain as a hot atmosphere is hydrostatic equilibrium.

Compton drag is a frictional force exerted on ionized gas which is moving relative to the mi-
crowave background frame. This is highly analogous to the drag on an electron computed above.
The time-scale is much longer, however. This is because for a blob of ionized plasma, the scattering
cross-section is supplied almost completely by the electrons while the inertia is provided almost
entirely by the ions. For ionized hydrogen, the time-scale for the velocity to decay is then

mMpC

por

Tp ~ (14.32)
which is longer than 7. by a factor m,/m. ~ 2000. This only becomes effective at very early
times, but results in any ionized gas being effectively locked to the frame in which the microwave
background appears isotropic.

14.9 Problems

14.9.1 Compton scattering 2

Consider the scattering of a photon off an electron at rest. Write down suitable 4-momentum
vectors P’ to describe the incoming/outgoing states (use subscripts 4,0 for in/out photon states),
denote photon energies by e, photon directions by n and outgoing photon 3-mom by p.

By considering the squared modulus of the outgoing electron 4-mom (or otherwise) show that

e;
1+ %5(1—cosh)

mc

(14.33)

€o
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where 6 is the angle between the incoming/outgoing photon directions, and that the photon wave-
lengths are related by
Ao =N + Ac(1 —cosb) (14.34)

where A\, = h/mc is the Compton wavelength of the electron.

14.9.2 Inverse Compton Effect

Consider a ‘head on’ collision between a photon of energy e and an electron with initial Lorentz
factor v (as measured in the ‘lab-frame’) and in which the photon reverses its direction of motion.
(Assume the electron is initially moving left — negative velocity — and the photon is travelling to
the right).

What is the energy of the incoming photon in the electron rest frame? What is the energy of
the outgoing photon in the electron rest frame? Neglecting the change of photon energy in the rest
frame, compute the energy of the outgoing photon in the lab frame. Assuming v > 1, estimate the
fractional error in the lab-frame energy change incurred in neglecting the e-frame energy change.

Now consider a highly relativistic electron propagating through the 3K microwave background.
What is the typical incoming photon energy in the electron rest frame? What is the limit on ~ such
that it is valid to use the Thomson scattering cross-section o to estimate the rate of collisions.

14.9.3 Compton y-parameter

Define the ‘Compton y-parameter’. Consider a galaxy cluster containing gas at temperature 10 keV,
scattering microwave background photons. Assuming an electron density n, ~ 1072cm ™3 and size
~ 1Mpc, estimate the optical depth 7 to electron scattering.

What is the typical change in frequency for a scattered photon?

What is the average change in frequency for a scattered photon?

What is the y-parameter?

What is the fractional change in intensity of the MBR in the Raleigh-Jeans region.

Clusters are thought to move relative to the microwave background with velocities v ~ (1 —
2) x 1073¢. Discuss in general terms what effect would this have on the microwave background
temperature? How does this compare with the inverse-compton effect? How might one disentangle
these effects?
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Chapter 15

Field Theory Overview

Lagrangian dynamics is ideally suited for analyzing systems with many degrees of freedom. Such
systems include lattices of atoms in crystals and, in the ‘continuum limit’, the behavior of continuous
fields. For systems with potentials which are quadratic in the coordinates — which is always the case
for small amplitude oscillations about a potential minimum — once can always find normal modes
of oscillation. These are linear combinations of the coordinates ¢; in terms of which the system
becomes a set of independent simple harmonic oscillators. For the crystal lattice, and for classical
fields, these normal modes are just traveling waves. This means that quantum mechanically, the
system is simply described by a set of occupation numbers or energy levels for each of the normal
modes.
The quantum mechanical states of the system in the occupation number representation are

|7’l1,7’7,2...7’bj...> (151)

with n; giving the occupation number of the jth normal mode. For a non-interacting field theory
these states are exact eigenstates of the total Hamiltonian. The non-interacting or ‘free’ field is
rather sterile; it just sits there. It is also highly idealized, in reality the system must interact with
the outside world, and there may also be internal interactions. External interactions, such as wiggling
an atom in a crystal or wiggling a charge in the electro-magnetic field, can add or remove energy,
and so change occupation numbers. Similarly, any degree of anharmonicity of the oscillators will
introduce coupling between the normal modes, so the quantum theory should allow for scattering of
quanta. The usefulness of the multi-particle states in the context of interacting fields is that
for many systems the interactions can be considered a small perturbation on the non-interacting
theory, so these are approximate eigenstates of the system and one can apply perturbation theory
to compute transition amplitudes for the system to go from one state to another.

This program leads to quantum field theory, encompassing quantum electrodynamics — which
provides the proper description of the scattering processes which we have treated above in an approx-
imate classical manner for the most part — and also theories of weak and strong interactions. This a
huge and formidable subject, combining, as it does, special relativity and quantum mechanics. In the
following three chapters I shall try to give a flavor of these theories with a simplified treatment that
ignores many important features, but which illustrates some features which are of great relevance for
astrophysics. The approach I shall follow is similar to that of Ziman, in his “Elements of Advanced
Quantum Theory” in that I shall first consider a ‘solid-state’ model consisting of a lattice of coupled
oscillators. This system can be analyzed using regular Lagrangian mechanics, and taking the con-
tinuum limit this becomes a classical Lagrangian field theory for ‘scalar-elasticity’ waves. We then
consider the quantum mechanics of this system, the quanta of which are phonons. This may seems
out of place in a lecture course on astrophysics. Our reason for exploring this model is that if we
‘abstract away’ the underlying physical medium and choose coefficients to make the field equations
relativistically covariant we obtain a quantum field theory for the relativistic massive scalar field,
whose quanta are massive spin-less bosonic particles (chapter . These entirely distinct systems
are, in a sense, identical, since they have the same Lagrangian. This means that all the results for
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the more concrete, and conceptually less challenging, atomic lattice carry over to the more abstract,
but for us much more interesting, scalar field.

This in itself may seem somewhat removed from the kind of interactions we have mostly been
considering here which are between electrons (massive but fermionic in nature) and the electro-
magnetic field (bosonic but massless and a vector field). One motivation for considering the scalar
field is that it is in many ways the simplest type of matter field, and nicely illustrates many features
of the quantized electro-magnetic field without the complications of polarization, gauge invariance
etc. It shows how mass is introduced into the theory, and the theoretical machinery for calculating
transition amplitudes, reaction rates etc carries over to quantum electrodynamics and then to weak-
interaction theory and beyond. Another motivation for considering the scalar field is the important
role that such fields play in modern cosmology.

Here is a ‘road-map’ to the next three chapters.

In chapter we develop classical non relativistic field theory. In we construct a simple
mechanical system consisting of a lattice of coupled oscillators; each oscillator consists of a bead
on a rod with a spring, and the oscillators are connected to their neighbors with coupling springs.
This system is analyzed using regular Lagrangian dynamics, and we obtain the normal modes of
oscillations and dispersion relation etc. for such a lattice.

In take the continuum limit of the Lagrangian for this lattice to obtain the Lagrangian
density function E((é,V(b, ¢). We then show how the field equations for waves on this lattice can
be derived from this Lagrangian density by requiring, as always, that the action S be extremized.
In §16.3] we explore the conservation laws which arise from the invariance of the Lagrangian density
under time and space translations. The former gives conservation of energy, just as we could have
obtained from regular mechanics. The latter gives rise to something quite new, which is not apparent
in the usual mechanical analysis; this is the wave-momentum which is conserved independently of
the ‘microscopic’ momentum embodied in the canonical momenta of the system. We show that the
energy and wave-momenta of classical wave packets are related by P/E = k/w where k and w are
the spatial and temporal frequencies respectively.

The lattice model we explore (see figure is very specific; in addition to the coupling springs,
which allow waves to propagate along the lattice, there are internal springs. These have the conse-
quence that the oscillation frequency tends to a finite lower limit as k — 0. In fact the dispersion

relation is
2 4

w? =k +

2 (15.2)
where ¢ is the wave-speed for high momentum waves, and m is a parameter with units of mass
determined by the spring constants and bead masses. In we show how the classical wave-
packets for this field have energy-momentum relation E? = PZ%c? + M?c* which mimics that of
relativistic quanta: This is quite deliberate — it allows this non-relativistic system to illustrate many
features of relativistic fields — and we show, for instance, that the momentum of a wave packet is
given by p = yMv, where v = (1 — v?/¢?)~/? and v is the group velocity. We also show in §16.5
that the solutions of this system obey a covariance: if ¢(x,t) is a solution then ¢'(x,t) = ¢(x’;t') is
also a solution, where (x,t) and (x/,t’) are related by a transformation which is formally identical
to a Lorentz transformation.

To round off our discussion of classical non-relativistic fields we consider interacting field theories
in We discuss how interactions — which couple the otherwise independent planar traveling
wave solutions — can be introduced either through non-linear springs (a ‘self-interaction’) or by
coupling between different fields. We show that interactions between waves are particularly efficient
if the waves obey a ‘resonance’ condition; this condition is that the sum of the spatial and temporal
frequencies of the incoming and outgoing waves should be equal. This condition arises again later,
where in the quantum mechanical analysis the interaction rates include a energy and momentum
conserving J-function which enforces this resonance condition.

In chapter [I7] we develop the quantum mechanical description of non-relativistic fields. We start
with the quantization of a single simple harmonic oscillator in where we introduce the creation
and destruction operators a' and a which are central to all quantum field calculations. In §17.2| we
describe the ‘interaction picture’, which is a hybrid of the Schroedinger and Heisenberg pictures,
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and show how the time-dependent perturbation theory in this formalism leads to the ‘S-matrix
expansion’ in This is illustrated with the example of a forced oscillator in

In we apply these concepts to free — i.e. non-interacting — fields, using the example of the
scalar elasticity model. We first obtain the creation and destruction operators for phonons of the
discrete lattice system in §17.3.1] and show that these have the appropriate commutation relations
and are related to the Hamiltonian in the proper way. We generalize to continuous fields in one or
more dimensions is

In §17.4we introduce perturbative interactions and compute scattering rates for various processes.
These include scattering off an impurity in the lattice (; scattering of phonons via a A¢*
self interaction (§17.4.2); and in we consider ‘second-order’ scattering of a phonon by the
exchange of a virtual phonon of a different type. All of these are worked through in detail. In §17.4.4]
we briefly discuss the contour integral formalism for computing scattering rates and we discuss the
‘Feynman rules’ for this scalar phonon system in §17.4.5] In J17.4.6] we discuss the ‘kinematic
constraints’ placed on scattering and decay processes by the requirements of conservation of energy
and momentum.

In chapter [I8 we turn to relativistic quantum fields. In §I8.1] we develop the theory of the mas-
sive scalar field (or Klein-Gordon field). This proves to be very simple since the system is formally
identical to the ‘scalar-elasticity’ model we had considered in the previous two chapters. Making this
theory relativistically covariant is little more than choosing appropriate coefficients in the Hamilto-
nian. We then discuss self-interactions, spontaneous symmetry breaking and scattering of particles
via a coupling between independent fields. We discuss the generalization of the scalar field theory
to more complicated fields and discuss quantum electrodynamics in though the treatment is
rather shallow. In we show how the scattering amplitudes computed by perturbation theory
lead immediately to kinetic theory in the form of the fully relativistic, fully quantum-mechanical
Boltzmann equation.

In §I8-4] we return to the scalar field and explore the role of such fields in cosmology. We show how
such fields can drive inflation, either in the very early or very late Universe; how they can behave like
‘cold dark matter’ or like relativistic particles and we also show how, with an appropriate potential
function, they can lead to domain-walls, cosmic strings and other ‘topological defects’. In we
explore in a little more detail the evolution of the Klein-Gordon field in the non-relativistic limit
(i.e. where the wavelength is much greater then the Compton wavelength). We show that if we
factor out a rapid common oscillation factor, the equation of motion for such fields is in fact the
time dependent Schroedinger equation. We discuss the correspondence principle, and also show how
non-relativistic fields are coupled to gravity.
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Chapter 16

Classical Field Theory

Here we develop the classical Lagrangian approach to field theory. We first introduce a model
consisting of a discrete lattice of coupled oscillators. While fairly simple, the model proves to be
extremely versatile and the properties of the sound waves on this lattice demonstrate many of the
properties usually associated with relativistic fields. Taking the ‘continuum limit, we show how the
equations of motion for a field can be generated from the Lagrangian density. Next, we derive the
conservation laws for momentum and energy; the latter is very similar to that is regular Lagrangian
mechanics, but the former is very different and is a uniquely field theoretical construct. We explore
the relation between wave energy and momentum for sound waves in our model system — which is
formally identical to that for relativistic particles — and also show how the sound-wave equations
display an invariance under Lorentz-like boost transformations. We then consider the effect of adding
interaction terms to the Lagrangian. These introduce a coupling between the otherwise independent
normal modes, and we emphasize the resonance conditions that must me satisfied to allow effective
coupling. We then discuss some puzzles and paradoxes concerning the wave momentum. We next
show that in the long-wavelength limit (corresponding to the non-relativistic limit) that, in addition
to energy and momentum a fifth quantity is conserved. This extra conservation law is the wave-
mechanical analog of conservation of particle number or proper mass. It is only approximately
conserved, but this approximation becomes exact in the limit of small group velocity. Finally,
we develop the equations governing the transport of energy and momentum in a self-interacting
field theory. We show that the sound-wave energy density behaves just like a collisional gas, with
same equations of motion, and with exactly the same adiabatic indices in the relativistic and non-
relativistic limits.

16.1 The BRS Model

Consider a system consisting of a 1-dimensional array of identical beads of mass M constrained
to move in the vertical direction by rods and with a spring of spring constant K connected to the
particle. The rods are assumed to be infinitely stiff, and the bead slide up and down with no friction.
We will refer to this beads, rods and springs system as the ‘BRS’ model.

Let ¢; denote the displacement of the jth particle from the rest position. As it stands we simply
have a set of independent SHM oscillators with equations of motion qS] = —(K/M)¢;. Now add some
additional springs with spring constant K’ which link the beads to their neighbors as illustrated in
figure The Lagrangian is just the kinetic minus the potential energy, which we can readily
write down:

! !/
L(60d) = 5 S8 =SS0~ 6)? ~ T Y 6’ — 536 (6
3 3

i %

The reason for the factor 1/4 in the energy for the connecting springs is that the energy in these
springs is shared between two neighbors.
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Figure 16.1: A lattice of coupled oscillators. Massive beads are constrained to move in the vertical
direction by rods, and tethered to the base by springs with spring constant K. Neighboring particles
are also coupled by springs of spring constant K’. The displacement of the jth bead is ¢;.

The equations of motion for this system are the Euler-Lagrange equations

d(8L>8L 162)

dt \o9¢p) 99
The partial derivatives with respect to the velocities appearing on the LHS are
oL :
— =M¢; (16.3)
0¢;
and the partial derivatives with respect to the displacements on the RHS are
oL ,
90, K'[(¢j—1 = &5) + (¢j+1 — &;)] — K¢ (16.4)
J

so the Euler-Lagrange equations are

Mo; — K'[pj—1 — 2¢; + dj1] + K¢ = 0. (16.5)

In terms of the ¢; we have a set of coupled oscillators. It is easy to find a set of normal modes
which are decoupled. Let us imagine we construct a circular loop of N of these systems (which means
we don’t need to to worry about boundary conditions) and define the discrete Fourier transform of
the displacements

O(t) = Y () I (16.6)
J
The transform of the Euler-Lagrange equations is then

Z {M@ — K'[¢j1 —2¢; + ¢j 1] + K¢j] e*mRIIN = 0, (16.7)

J
Now Z¢j,1e2”k47‘/N = $,e2™k/N gand > (igje%ikj/N = d;, so 1' says

dp + [2K'(1 — cos2nk/N) 4+ K|®; = 0 (16.8)
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Figure 16.2: Dispersion relation for the discrete lattice model . The minimum frequency is
Wmin = VK/M at k = 0. Here all of the beads oscillate up and down together. The maximum
frequency is wmax = /(4K + K)/M at k = £N/2. Here neighboring beads are 180 degrees out
of phase with each other. The frequency is also defined for wave-numbers |k| > N/2, but these are
just aliased versions of the waves within the range |k| < N/2. For the case K < K’, i.e. where the
connecting springs are relatively strong, and as assumed here, there is another scale in the problem:
k, = N/K/2K’. The significance of this spatial frequency scale is that for k¥ < k, most of the
potential energy is in the K-springs, while for k& > k, most of the potential energy is in the K’
springs which link the particles. For k < N (i.e. wavelengths much bigger than the separation of
the oscillators) the dispersion relation is w(k) ~ wminy/1 + (k/kx)?. Thus, for ky, < k < N we have

w  k and the waves are non-dispersive.

so evidently the discrete transforms @, defined in (16.6]) are a set of normal modes; i.e. the equation
of motion for the mode % is independent of that for all of the other modes k' # k.
The solutions of (16.8)) are ®(t) = ®roe™™* with frequency given by the dispersion relation

2K'(1 —cos2mk/N) + K
w(k) = \/ (1 = cos 2mk/N) + (16.9)
M
as sketched in figure [16.2
For completeness, we note that the momentum conjugate to the displacement ¢; is
oL .
= = M, 16.10
Pi= ¢ (16.10)
and that the Hamiltonian is
H(Pi;éf’i):Zpifﬁi*L:ZP?/M*L- (16.11)

This is identical in form to the Lagrangian (16.1)) save that the terms involving the spring constant
K, K’ have positive sign. We could have inferred this from the fact that L = T — U while the
Hamiltonian is the total energy H =T 4+ U.

16.2 The Continuum Limit

It is interesting to consider the limiting situation where the wavelength is much greater than the
spacing between the units (or equivalently, for finite wavelength, in the limit that the spacing Az —
0). In this limit, the displacement varies little from unit to unit, so viewed macroscopically ¢; behaves
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like a continuously varying field ¢(z) with x = jAz. We can therefore replace finite differences like
¢j+1 — ¢; in the Lagrangian with AzV¢.
The Lagrangian then becomes

K’ Ao: K
L=) Az|-——¢° 2o —¢? 16.12
> o (5300~ 5 (V07 - 50?) (16.12)
and in the limit Az — 0 the sum becomes and integral: > Az... — [dx ..., so the Lagrangian is
— [ o £(6,90.0) (16.13)

where we have defined the Lagrangian density

£(3,96,6) = 3p(d* — V6 — p26). (16.14)

This is a quadratic function of the field and its space and time derivatives with constant coefficients

M K’ K
_ =3 2 16.1
P~ Az = . F=Nm (16.15)

Here p is the line density; p is the frequency for the oscillators if decoupled, and cs, as we shall see,
is the asymptotic wave velocity for high spatial frequency waves. Similarly, the total Hamiltonian is
a spatial integral

H= / & H(é, Vo, ) (16.16)

where the Hamiltonian density is

H(3,96,6) = 5p(d? + AV + 5267) (16.17)

where the three terms represent the kinetic energy density and the densities of energy in the springs
K’ and K respectively.
The action now becomes a 2-dimensional integral over time and space:

S = /dtL = /dt/dw L($,V, ). (16.18)

For a system with a finite number of degrees of freedom n (the displacements of the n beads in our
lattice system) we obtain the Euler-Lagrange equations by varying the n paths g;(t) — ¢;(¢) + dq;(¢)
and requiring that the action be stationary. Here the index ¢ has become the continuous variable x
and we require that S above be stationary with respect to variations if the field ¢(x,t):

d(x,t) — ¢’ (x,t) = ¢p(z,t) + dg(z, t). (16.19)
The variation of the field velocity and gradient are
¢ =+ 0(60)/0t = b+ 0¢ (16.20)
and
V¢ =Vo+ V(i) (16.21)

so the variation of the action §S = S’ — S corresponding to the field variation ((16.19)) is
68 = /dt / dz L(¢+ 00,V +V(30),d + 6¢) — /dt / dz L(p, V¢, d). (16.22)
For an infinitesimal variation, we can make a 1st order Taylor expansion to give

S = /dt/da: [ p— +V(6¢)% +6¢ ¢] (16.23)
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Reversing the order of the integrals, the first term is the integral over position of

ta

/dt &bgg. (16.24)

t1

In this integral, x is to be considered constant, so the symbol 6¢ denotes the ordinary time derivative
of d¢(z,t) at this position. This means we can integrate by parts to give

ta

2} .
L [ 0E]" oy 5, 10L/00)
/dt 5(;5(% - [Maq's]tl /dt b= (16.25)

ty

where the operator d/dt denotes the derivative with respect to time at fixed position x. Now the
boundary terms vanishes if §¢(z,t) is assumed to vanish at the initial and final times. Alternatively,
we can take the time integral from t = —oo to ¢t = 400 and require that the fields tend to zero as
t — +oo. This allows us to replace the integral involving 5¢ by one involving §¢.

A word on the notation is perhaps in order. The time derivative operator d/dt here is really the
partial derivative with respect to time at constant position. Normally we would write this as 9/t
but here that would be ambiguous since it does not tell us what variables are to be held constant.
In general, the Lagrangian density may depend explicitly on time (e.g. if any of the coefficients like
p and g were time dependent) and we have £(¢, V¢, ¢,t). When we write d(0L/8¢)/dt we mean
the time derivative at constant value of the field and its derivatives. In our case this vanishes since
AL/t = 0. However, if we evaluate dL/d¢ using the actual field ¢(z,t) and its derivatives, this is
some specific function of x and ¢t. This has a well defined time derivative at constant x, which is
what we mean when we write d(9L/d¢)/dL.

Similarly, the spatial integral appearing in the second term is

/dw V(56) ;qus = [5%8%] - /dw 5¢W (16.26)

where the operator d/dz denotes the derivative with respect to position at fixed time. Here again
we can discard the boundary terms if we assume that the fields tend to zero at spatial infinity, or if
we invoke periodic boundary conditions.

With these substitutions, every term in now contains a multiplicative factor d¢, and the
variation of the action is

o5~ [at [ aso [d@fﬁ) \ OL/T0) _ gﬂ | (16.27)

The actual field ¢(z,¢) is such that the action is extremized; i.e. the variation in the action must
vanish for an arbitrary perturbation d¢(z,t) about this field. This means that the quantity in
brackets must vanish at all points (z,t). This gives the Euler-Lagrange equation

d(0L/9¢) = d(OL/O(Ve) OL
s e ~ 9% = 0, (16.28)

which provides the equation of motion for the field.

This was derived here for a Lagrangian density with no explicit time or position dependence, but
had we taken instead L(¢, Vo, d,x,t) we would have obtained precisely the same variation of the
action and therefore we would also have obtained precisely the same field equations as in

(116.28]) above.

This is quite general, but also somewhat abstract. If we specialize to the BRS model Lagrangian
density ((16.14]), for example, the Euler-Lagrange equation (16.28)) becomes

¢ — V3P4 putp=0. (16.29)
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Figure 16.3: The panel on the left shows the continuum limit dispersion relation panel for the BRS
model. The center panel shows the phase velocity and the right panel shows the group velocity.

This is a 1-dimensional wave equation, with traveling wave solutions
pla,t) = poe @Ik, (16.30)

and dispersion relation
w(k)? = 2k + u2. (16.31)

This dispersion relation is entirely equivalent to the low-frequency limit of withi = z/Az =
Nz/L and with the integer mode index k replaced by k/Ak with Ak = 27/L. We could also have
obtained the continuum limit wave equation directly from the discrete version in a similar way. Our
motivation for taking the more laborious route above is to illustrate how the wave-equation etc. can
be derived directly from a Lagrangian density like for a continuous field ¢, regardless of
whether this is really the limit of some discrete lattice system.

Just as before, the dispersion relation (16.31]) defines a characteristic spatial frequency k., =
v/ 1t/ cs. Referring to the Hamiltonian densi, for k > k, most of the potential energy is in
the field gradient term pc2(V¢)?/2 while for k < k, the potential is mostly pu?¢?/2. The phase

velocity is
Uphase = % = Cs\/ 14 (k*/k)2 (1632)

where wy, = w(k). This tends to infinity for low wave numbers k& < k, and to ¢s for k > k. The
group velocity is

dog ok _ & (16.33)

VUgroup = dk =¢ Wi \/W
The group velocity gives the speed of motion of a wave-packet, and therefore also the speed at which
information can be propagated. Here the group velocity tends to ¢; as k — oo. For small wave
numbers k < k,, the group velocity is proportional to k. The dispersion relation and the phase and
group velocities are illustrated in figure [16.3]

The generalization to two or more spatial dimensions is quite straightforward. We could, for
example, cover a table with a grid of vertical rods with beads bouncing up and down on springs, and
couple each bead to its four nearest neighbors in much the same way as we did in one dimension.
The 1-dimensional discrete index ¢ could then be replaced by a 2-vector i with integer components
i, i%. Taking the continuum limit then involves replacing i with the continuous variable x = i/Aw.
The Lagrangian density would now be

L($,00/02",00/027,¢) = L(, .5, 0) (16.34)

where ¢ ; = 0¢/027, and the action becomes a three dimensional integral S = [dt [ d*z L. Fol-
lowing the same reasoning as above we are led to an Euler-Lagrange equation like (|16.28]), but
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with multiple spatial gradient terms. Using the Einstein summation convention, this can be written
succinctly as )
d(0L/0¢p)  d(0L)0¢ ;) OL
—=- — — = (. 16.35
i T 96 (16.35)

The continuum limit Lagrangian density for the multi-dimensional lattice system is identical
to , but where now the V operator is the multi-dimensional spatial gradient operator, so
(V¢)? = ¢,6,. Taking the derivative with respect to the field gradients gives dL/0¢ ; = ?p¢ ;,
so d(0L)0¢ ;)/dx? = c2pp j; = c2pV?p. The continuum limit equation of motion for the multi-
dimensional system is then identical to , but where now V? denotes the Laplacian operator.

16.3 Conservation of Wave-Momentum

In ordinary classical mechanics, for a closed system, i.e. one for which the Lagrangian has no explicit
time dependence, the total energy E = 3" p;G; — L is conserved. In classical Lagrangian field theory,
the time is replaced by space-time coordinates ¢ — z# = (¢,x). The action is S = [dt L —
Jdt [ d3z L for example, and the 2nd time derivative operator in the equation of motion becomes
the wave operator d?/dt> — d?/dt*> — ¢2V?2. If the Lagrangian density does not depend explicitly
on the spatial coordinates 2 — as in the continuous field theories considered here — then there are
additional conserved quantities, whose properties we will now elucidate.

To start with, let the Lagrangian density be E(q'ﬁ, b, ¢, 2%, t), where, as usual ¢,; = d¢/dz’
(remember d/dz’ here means space derivative at fixed time ¢). We have allowed here for an explicit
dependence on time or position. In the underlying discrete lattice model, the former could describe
a time variation of the spring constants, for example, and the latter could describe a system where
the masses and/or springs are not all identical.

Now let’s calculate dL/dx?, the total derivative of £ with respect to spatial coordinate x! at
constant time. This is .
dC 0L do oL de¢,; 0OLdp OL
det 9 drt ¢ dat  dpdxt Oz

(16.36)

where summation over the repeated index j is implied. Now the penultimate term here is (9L/9¢)¢ ;,
but we can eliminate 9L/0d¢ using the Euler-Lagrange equation ((16.28]) to obtain

AL OLdo, N d(dL/09)
dz’ 9 dt dt

OL do | d(OL/Ds,) ,  OL
T dat

bt 9¢; dui dai

(16.37)

where we have used d¢/dz’ = d¢ ;/dt and de ;/dxt = ¢ ;; = d¢ ;/dxI. Written this way, we see that
the first pair of terms on the RHS are the time derivative of (0L/ 8(&)@% at fixed position, and the
second pair of terms are the derivative with respect to 27 of (9L/0¢ ;)¢ at fixed time. The LHS
of this equation can also be written as dC/dx" = §;;dL/ dx’, so, rearranging terms, we have

d oL d oL oL

There are three equations here, one for each of i = 1,2,3. If we now stipulate that 9£/92° = 0;
i.e. there be no explicit dependence of the Lagrangian density on position 2 (which, in the underlying
lattice model, says that all of the beads and springs are in fact identical), then each of these says
that the partial time derivative of some quantity p;(x,t) is minus the divergence of a vector w;(x,t):

pi=—-V - -w; (16.39)
where, for example, for i = 1 we have

. 1 OL/O¢
Pz = —(0L/09) » and we=L|0|—¢,| OL/Od, |. (16.40)
0 oL/,
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Each of equations ([16.39)) is just like the equation expressing conservation of electric charge: p =
—V - j. Integrating over all space, the right hand sides of (16.39)) disappear and we find

dpP

= 16.41
o =0 (16.41)

where

/d% p(x,t) /d% — V. (16.42)

Equation expresses conservation of the three components of the vector P.

Clearly, it was critical here to assume that the final term 0L£/0z% in (16.38) vanish since, in
general, [d*z OL/dx" # 0 (this can be seen most easily from (16.36) which shows that 0L/9z" #
dL/dz", whose spatial integral does vanish, rather 9L/9x" contains three other terms which are not,
in general expressible as a spatial gradient). The conservation of P is a direct consequence of the
invariance of the Lagrangian under shifts of position.

This is quite general. We have made no assumptions about the form of the Lagrangian density,
save that it is a function only of ¢, V¢, ¢ and possibly t. For a great many systems, however,
the velocity gb appears in the Lagrangian density only in a kinetic energy term like pgi)Q /2. This
would encompass systems like the one we have constructed, but with arbitrary potential energy.
The conserved vector is then

P= —p/d?’x PV . (16.43)

What is this vector? The Lagrangian density has the dimensions of energy density, while ¢ is
a displacement with units of length, so it is evident from that P has units of momentum.
However, this quantity is quite distinct from the sum of the ‘microscopic’ conjugate momenta which,
for our beads and springs model is Y p; = M Zd)z and which, in the continuum limit becomes
P f d3z QS This is very different from the quantity appearing in (|16.43)) which is of second order
in the field, while the summed microscopic momentum is first order. If this were not enough to
convince us that these are fundamentally different entities, we might also note that the microscopic
momentum vanishes for a wave, since opposite half-cycles cancel, and that, for our 1-dimensional
beads and rods system, the bead momentum is perpendicular to the wave propagation direction
while is parallel.

The vector P is not included in the microscopic momentum. Both P and the microscopic mo-
mentum are conserved independently. They arise from quite different symmetries; in the discrete
lattice model, conservation of the microscopic momentum follows from invariance of the Lagrangian
if we shift the entire system in space; this symmetry is the homogeneity of space itself. The micro-
scopic momentum is conserved even if the beads and springs are heterogeneous. The conservation of
the wave-momentum P follows from invariance of the Lagrangian under shifts in position along the
lattice. This is a much more restrictive condition. We will call P the field-momentum or the wave-
momentum. The vector p is the density of wave-momentum, and the tensor w;; is the momentum
flux density.

Now the other conserved quantity is the total energy E. Following the same line of argument as
above, expanding the time derivative of the Lagrangian density dL/dt we are led to

d oL . oL
<a¢>¢_ ) =@ (%aﬁ) ~ ot (16.44)

Now, if the last term 0L/0t = 0, this is

i=-V-F (16.45)

with energy density € being the Hamiltonian density as obtained before, and with energy current
density F; = ¢0L/0¢ ;. For the BRS model, and indeed for any model where the field gradient V¢
enters the Lagrangian density only in a term —pc?(V¢)2/2, the energy current is

F=—c2ppVo=c’p (16.46)



16.4. ENERGY AND MOMENTUM IN THE BRS MODEL 191

so the energy flux is proportional to the momentum density.

Consider a wave-packet with mean wave-number k and overall size > 1/k, so the packet is
essentially monochromatic. If we perform the spatial integrals for the energy and wave momentum,
then these are clearly localized in the region of the packet. As this packet moves, the energy and
momentum are transported with it. Now the energy density is € = p(¢? + (V$)? + u?¢?)/2 =
p(wi + k? + m?)$? /2 = pwid?. Integrating this over space gives the total energy E = pwi [ d3z ¢?.
Similarly, the momentum is P = pwik [ d3z ¢2. The ratio of momentum to energy for a wave packet
is therefore

P k
- =— 16.47
= on (16.47)
which is compatible with the quantum mechanical relations P = hk and E = hwy.
The energy and momentum for a large classical wave-packet can be written as
E = wy {wkp/dg’x ¢2} and P=k {wkp/d%‘ ¢2} . (16.48)

The quantity in brackets is constant for a nearly-monochromatic wave packet. It can be written as
Nh, where N can be thought of as the number of fundamental quanta comprising the wave packet.

16.4 Energy and Momentum in the BRS Model

Specializing to the BRS dispersion relation w = ¢2k? + pu? (16.31)), the energy-momentum relation
for a wave-packet is
E? = P2c% 4+ m2c! (16.49)

S

where m, which has dimensions of mass, is defined as

3. 42

m = w. (16.50)

CS

Equation is identical in form to the energy-momentum relation for a relativistic particle

of mass m, but with the speed of light replaced by cs; the asymptotic wave-velocity for a highly
energetic wave packets.

The group velocity is related to the wave-vector by v, = c¢?k/wy, or equivalently by v, =

c?k//c2k? + u2 by (16.33). Solving for k gives

1 H

k=—0 Iy, (16.51)
J1—v2/e
or from (|16.48]), (16.50))
P =ymv, and E = ~ymc? (16.52)
with
y=(1-v2/)72 (16.53)

These results are exactly analogous to the momentum-velocity relation for a relativistic particle.

16.5 Covariance of the BRS Model

Waves in the 1-dimensional BRS model are not relativistically covariant. There is a specific inertial
frame — that in which the system as a whole is stationary — in which the waves obey the dispersion
relation . If we have a wave of a certain spatial frequency traveling along, then if we run
alongside it it will have the same spatial frequency, but now w = 0 # wyx. However, consider the
combined transformation on the space and time coordinates

212 ]-L PN )L ] o
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This is very similar to a Lorentz transformation. If we consider the origin in the un-primed coordinate
system x = 0, this moves along the path &’ = —f~yest, t' = ¢, i.e. with speed v' = da’/dt’ = —c;.
This transformation therefore corresponds to a boost with the origin in z’,¢' coordinates moving at
velocity v = (¢ in the un-primed coordinate space.

It is easy to show that the Lagrangian density, equation of motion for the field etc., are all
invariant under this transformation. This is very useful. It tells us that if we have one solution of
the field equation ¢(Z) = ¢(x, cst) then the function

¢' (%) = ¢(AZ) (16.55)

is also a solution. Here A can be the transformation matrix for an arbitrary boost.
As an illustration, consider a plane wave ¢(z,t) = poe'¥ ") with phase ¥ (z,t) = wt — ka with
w = wy. Applying the transformation for a boost gives 1) = w't’ — k'2’ with

FRRERES!

One can readily show that w'> = cgk;’2 + 12, so w’ and k' still satisfy the dispersion relation :
w’ = wys. Thus a wave-like solution in transformed coordinates is also a solution of the field equations,
but with frequency and wave-number (i.e. energy and momentum) transformed appropriately. An
arbitrary solution can be written as a sum of plane-waves, so the result is quite general.

The generalization to 2 or 3 dimensions is quite straightforward. Just as for the relativistic
Lorentz transformation, distances perpendicular to the boost are unaffected.

16.6 Interactions in Classical Field Theory

The Lagrangian density is somewhat idealized in that the spring forces are assumed to
be perfectly linear in the field displacements (so the spring energies are perfectly quadratic). Real
springs are quadratic only in the limit of vanishingly small displacements, and a more realistic model
for the spring potential energy would be to have a potential energy density

V(p) = puld? /2 + \p* + ... (16.57)

This kind of non-quadratic potential can also be realized with an ideal spring as illustrated in
figure With this modification, the pure non-interacting plane-wave solutions are no longer
exact solutions of the wave equation. The non-quadratic contribution to the potential energy will
introduce a coupling, or interaction, between the waves, and the contribution to the Hamiltonian
density is called the interaction Hamiltonian.

This specific type of interaction is called a self interaction since the ¢ field interacts with itself.
Another type of interaction is to couple two or more different fields. One way to introduce an
interaction between two fields ¢ and x of the type we have been discussing is shown in figure [16.5}
If we assume the field displacements are small and perform an expansion we find that the stretching

of the K spring is
1¢2 1¢2
Al=x(1-=Z ) +=% 16.
l X( 2a2>+2a (16.58)

plus terms which are fourth order or higher in the fields. The potential energy is then

1 1 Lo*x  ¢°x°  1¢
V(9:X) = 5Kp0” + 5K {XQ 5. T2 tige

(16.59)

plus terms of fifth order of higher in the fields. We see that this modification to our model has intro-
duced two types of interaction between the fields — one of the form a¢?y and another proportional
to ¢?x% — and a ¢* type self-interaction of the ¢ field.
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Figure 16.4: A self-interacting field can be realized with a slight modification to the original model.
Here the bead slides along the horizontal rod, but is tethered by an orthogonally connected spring.
The length of the spring is | = y/a? + ¢2. If the relaxed spring has length [y, the energy in the spring
is V(¢) = K(I —1p)?/2. This gives a potential which, for small displacement ¢ can be expanded as
V(¢) = constant + pu2¢?/2 + A¢* + .... The ‘mass term’ coefficient is p = K(1 —ly/a)/2. If a > I
(i.e. the spring is in tension when ¢ = 0) this is positive. The coupling coefficient is A = Kly/4a3
which is always positive. For a < Iy (i.e. the spring is in compression for ¢ = 0) the mass term p is
negative. In this case the potential has a ‘w’ shape, ¢ = 0 is a point of unstable equilibrium, and
there are two asymmetric minima ¢ = +¢q. This is an ‘end on’ view of a chain of these units —
think of multiple replicas stacked perpendicular to the page — and the connecting arms and springs
are not shown.

Consider the Hin = ad?x interaction term. This will introduce a term in the Lagrangian density
Lint = —Hine and will therefore introduce a term —dL;, /0x = —ag? in the equation of motion for
the x field, which becomes

X — VX + i x + ag® = 0. (16.60)

From the point of view of the y field, the interaction looks like a force proportional to ¢2, and
consequently oscillations of the ¢ field can excite oscillations of the x field. Now the most efficient
way to excite an oscillation mode of the y field is to drive it with a force which looks like the velocity
x for that mode (which is also a traveling wave). Consider the situation where (in the absence of
the interaction) the ¢ field consists of two plane waves:

—

O(Z) = cos(ky - ) + cos(ky - ) (16.61)

where k = (w/cs, k) and where w and k satisfy the ¢-field dispersion relation w? = c2k? + ,ui.
Squaring this, we see that the force in the y-field equation of motion is proportional to

¢* = cos?(ky - T) + 2 cos(ky - T) cos(ks - &) + cos(ks - T)

R - - - - - 16.62
=1+ 1cos(2k; - &) + cos((ky + ko) - ©) + cos((k1 — k2) - B) + 5 cos(2ks - T) ( )

The force therefore contains four contributions which look like plane waves with various temporal
and spatial frequencies. The second term here, for example is cos((k1 + k2) - &) = cos((wy + wa)t —
(k1 +ko)-x). This will be efficient at exciting oscillations of the x field if = w; 4wy and q = k; +ks
satisfy the y-field dispersion relation Q2 = c2¢? + ui. For example, let’s assume that p, > pe. We

could then collide two plane ¢-field waves with w1 = wa = py /2 and k1 = —ky. The result is a
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¢

Figure 16.5: We can modify our beads and springs model to introduce an interaction term in the
total Hamiltonian. To do this, we need two separate sets of coupled oscillators to represent the ¢
and y fields. We will assume that the beads all have the same mass and that the coupling springs
are identical, so the asymptotic high-frequency group velocity is the same for both types of waves.
The base springs — which determined the oscillation frequency for low-k waves — will generally be
different for the two fields. We now lay the ¢ oscillators on their side, and we connect the x-bead
base spring to the ¢-bead as shown. The displacements of the beads from their rest positions (where
the springs are relaxed) are indicated. This is an ‘end on’ view of the chain of these units — think
of multiple replicas stacked perpendicular to the page — and the connecting arms and springs are
not shown.

component in the force with temporal frequency € = 1, and q = k; + ko = 0, which is just what is
needed to excite the k = 0 mode of the y-field.

More generally, we expect strong coupling between a pair of ¢-modes with spatial frequencies k;
and ko and a xy-mode with wave-number q provided the resonance conditions

q=k; +ko

16.
Q= o+ (16.63)

are satisfied.
If we consider instead the interaction Hin = Ap?x> /2 we find that the equations of motion
become .
o= VPO + pio + Ao =0
X — V2 + 2 x + Ag?x = 0.
Using the same line of argument above, one can readily show that the interaction can efficiently
transfer energy from a pair of ¢-modes ky, ko to a pair of y-modes q;, qo provided

(16.64)

a1+ a2 =k; + ko

Q1 + Oy = w1 + wo. (16.65)

In the equation of motion for the amplitude for the mode q;, the combination of modes ki, ko and
g2 produces a resonant force. Things are a little different from the ¢¢ — x process above, since
here the interaction is not effective if, for instance, the y-field vanishes initially. Similarly, with
Hie = ad?y, the process x — ¢¢ is not effective classically unless there is some initial power in
the ¢ field at the appropriate frequencies. We can see this from the model in figure Ifop=0
initially, then no amount of wiggling of the y-field can excite the ¢ oscillations.
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We will see that the quantum mechanical transition amplitudes for these processes contain a
4-dimensional d-function which enforces these resonance conditions, and at the same time enforces
conservation of total energy and wave-momentum.

We obtained the conservation of wave-momentum in for a single field. However, the deriva-
tion can easily be extended to interacting fields, and it is easy to show that for any coupling of the
form Hin, = V (¢, x) the sum of the wave-momenta for the various fields is conserved.

16.7 Wave-Momentum Puzzles

Conservation of wave-momentum in the ‘scalar elasticity’ model considered here raises some inter-
esting puzzles.

e Consider a ring of coupled oscillators (with beads sliding on vertical rods) mounted on a
stationary turntable, and let there be a wave propagating around in a particular direction, say
clockwise. This wave carries momentum around the ring, yet there is clearly no motion of any
material around the ring. Now imagine there is a small amount of friction which causes the
wave to damp — does the turntable absorb the momentum and start to spin? If not, where
did the wave momentum go?

e For the same system, consider an external agent who applies forces to the particles in this
system in order to excite a clockwise propagating wave. Does this agent experience a recoil?

e Consider a linear chain of oscillators mounted on a stationary skate-board with a momentum
carrying wave propagating along it. Let the end bead be fixed to its rod, so that the wave is
reflected and its momentum is reversed. Does the skate-board start moving?

What is amusing about these puzzles is that a student with only an elementary knowledge of
dynamics would have no hesitation in answering (correctly) that the turntable does not spin up;
that the forcing agent feels no recoil (there being no force applied in the direction of the wave-
momentum) and that the skate-board does not suddenly accelerate. It is only with the benefit of
the mathematically sophisticated Lagrangian treatment that we are prepared to contemplate such
preposterous notions.

The resolution of the apparent conflict between the naive and sophisticated treatment in most
of the above examples is that we have broken the symmetry of the system which was required in
order that wave-momentum be conserved. When we apply a force, or when we pin one of the beads,
the system is no longer symmetrical and wave momentum is no longer conserved. In the second
example, for instance, momentum is not conserved while the force acts — so wave-momentum is
created with no recoil — but once the force stops acting the wave momentum is conserved.

The first example is a little different. Here we need to think more carefully about what it means
to add friction. Fundamentally, this can be thought of as exciting phonons in another lattice; that of
the material comprising the turntable. We could model this, in principle, by adding some coupling
term to our Lagrangian; this would allow the momentum to be transferred from the waves on our
lattice to sound waves in the turntable. If the Lagrangian for the latter were spatially homogeneous
then the wave-momentum would still be preserved, but would not reveal itself as net rotation; to
see the momentum we would need to look carefully at the sound waves to see that they are in fact
anisotropic. Realistically, the fact that the turntable is finite means that its Lagrangian density is
not translationally invariant and therefore the wave-momentum would not be conserved. The same
is true for impurities in the material which would scatter and isotropize the wave-energy.

If wave-momentum conservation is so easily broken then what use is this concept? The answer is
that we believe that in reality the Lagrangian is perfectly symmetrical under spatial translations. A
real impurity in a lattice isn’t really an asymmetric term in the Lagrangian, as we have pretended,
rather it is an asymmetric configuration of some other field, which is coupled to our lattice waves
via an interaction term which is symmetric under translations.
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16.8 Conservation of ‘Charge’
Consider two fields a(x,t), b(x,t) obeying the free-field ‘scalar elasticity’ field equations

i—c2V%a+ p*a=0
. 8 16.

b— V2 4 12b = 0. (16.66)
These fields have the identical parameters cg, 1 but are completely independent of one another. Now
multiply the first by b and the second by a and subtract. The terms involving p cancel and we have

bi — ab = 2(bV%a — aV?b). (16.67)

Now first term on the LHS can be written as bi = d(ba)/dt — ba and similarly for the second term.
The first term in parentheses on the RHS is likewise bV?a = V - (bVa) — Vb - Va and similarly
for the second. With these substitutions, the terms involving ab on the LHS cancel, as do those
involving Va - Vb on the RHS, and we obtain

o .
§(ba —ab) = —c2V - (aVb - bVa). (16.68)
This is clearly a conservation law, of the familiar form On/0t = —V -j with ‘density’ n = ba — ab and

‘current’ j = ¢2(aVb — bVa). An immediate consequence of this is that the integral of the density
Q = [ d*z n(x,t) is a constant.

This is very peculiar. Why should two independent fields, when combined in this way, have such
a conservation law? What is the physical meaning of the conserved ‘charge’ @ here.

Before trying to answer these questions, let’s explore this in a slightly more general and also
more formal manner. First, let’s consider a and b to be the real and imaginary parts of a complex
scalar field ¢:

¢=a+1ib and " =a—idb (16.69)
from which a and b can be recovered as
a=(¢+¢%)/2 and b= (¢ —¢*)/2i. (16.70)
The Lagrangian density is
L= g(aﬁ — A(Va)? — p2a® + b — A(Vb)? — u2?) (16.71)
which, in terms of ¢, ¢* is
£=2(06" = 2Vo- Vo' — utos"). (16.72)

In , b, ¢*, Vo, V¢*, ¢ and ¢* are all considered to be independent fields. (This is
just like how the real scalar field Lagrangian E((ﬁ,V(ﬁ,(ﬁ) is considered to be a function of three
independent fields ¢, ¢ and V¢). The equations of motion are obtained, as usual, by requiring that
the action S = [ dt [ d3z L be stationary with respect to variations ¢ — ¢+ d¢ and ¢* — ¢* + §¢*.

The former variation gives
d (oL d oL oL
= i - == 16.

i <a¢) T (am—) 96 " (16.73)

which, in our case, yields )
o* — AV3* 4+ p2p* =0 (16.74)
and the latter gives an identical equation for ¢. These equations of motion, with (16.69)) are equiv-

alent to equations (|16.66)).

Now the Lagrangian density (16.72) is rather symmetrical. In particular, it is invariant under
the transformation . 4
p—¢ =e? and ¢o* — ¢t =y (16.75)



16.8. CONSERVATION OF ‘CHARGE’ 197

where 6 is an arbitrary constant. This provides a nice way to obtain the conservation law (16.68|).
We can think of the transformed field ¢’ as a function of x, ¢ and 6, but the invariance of £ implies
that total derivative of £ with respect to the parameter 6 vanishes:

T 0 T 9500 96, 00 0600 a4 00 0gr, 06 0" 00

. ) I O™ *
dL _0LOG DL 0p;  OLOG 0L OS*  OL D0, OL 06 (16.76)

Using the equations of motion (16.73) and its complex conjugate to eliminate dL/0¢ and OL/0¢*
and using 9¢/00 = 0(0¢/00) /0t = i0¢p /0t etc. this becomes

on .
i -V -j (16.77)
with density
. ( oL, ) (16.78)
0 Do
and current or or

This is an example of Noether’s theorem, which says that if the Lagrangian density is invariant
under some continuous transformation such as there is a corresponding conservation law.
This specific type of transformation is known as a global gauge transformation.

For the free field Lagrangian the density and current are

= i(¢¢" — ¢"9) (16.80)

and
=iV - 9V ") (16.81)

which we could have readily obtained from (16.68)) using (16.70)).

The current density j is reminiscent of the momentum density p. Recall that conservation of
the wave-momentum for a single real field was obtained by considering the total derivative of the
Lagrangian density with respect to position: dL/dx, which yielded p = V¢$oL/ d¢. Applying the
same line of reasoning for the complex field yields

oL
=Vo¢— + v 16.82
= Ve (16.82)
or, for the Lagrangian (16.72]),
p=—L(Ve +d'Vo). (16.83)

With (16.69) this is easily shown to be equivalent to the sum of the momentum densities for the
fields a and b: )
p = —p(aVa+bVb). (16.84)

Now consider a plane-wave ¢ = elwit=kx) = Thig has momentum density p = pwikpg* which
is parallel to k, as befits a wave propagating in the direction k, and the same is true for the
wave ¢ = e {wxt=kX) which also propagates in the direction k. The current for the field ¢ is
i(¢V¢* — 9*V ¢), which is also parallel to lA<, but the current for the field ¢’ has opposite sign. The
same is true for wave packets; a packet with positive frequency ¢ o etiwrt hag positive charge @,
which it transports in the direction k, giving a positive current. A negative frequency wave packet,
with ¢ oc e"™x!  has a negative charge and has a negative current in the direction k.

The ‘charge’ for these quasi-monochromatic wave packets here is very similar to circular polar-
ization for an electro-magnetic field. What we have called a positively charged field is one in which
the field a lags b by 90 degrees and wvice versa. If the two fields are in phase (¢ = b) we have a
linearly polarized wave and the charge density and current vanish. There is a difference, however,
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Figure 16.6: This modification to the BRS model provides a interaction between two fields a(x,?)
and b(x,t). What we have here is two beads on rods with springs, much as in the original model,
but with a cord attached to bead b with passes over the frictionless pulley at the upper right and
then connects to bead b through the spring with spring constant K’. The length of the K springs,
when relaxed, is ly. If the relaxed length of the cord plus spring connecting the beads is [{), then, for
small a, b the potential energy is V(a,b) = K (a®+b%)/2+ K'((2lo — Ij)) + (a® + b?) /2ly +...)%. This
is of the form V (a, b) = pa?/2+ ub?/2+ X(a®?+b%)%2 +. ... The first two terms are the usual free-field
mass terms while the last term provides a self-interaction. If we represent the fields as ¢ = a + ib
then the potential term is V(¢) = A|¢|*. This interaction respects the conservation law .

in that the electro-magnetic field vector E ‘lives’ in the real 3-dimensional space, whereas here the
vector ¢ = (a,b) exists in a relatively abstract internal 2-dimensional space.

For free fields, the physical meaning of all this is somewhat questionable, since, as emphasized at
the outset, the fields a, b are completely independent of one another. The mysterious conservation
law is nothing more than the statement that

i—c2Va _ b—c2V? (16.85)

a b

i.e. the parameter pu is the same in the two equations of motion. The physical implication of this kind
of conservation law only really emerges we consider a pair of interacting fields. We can introduce
an interaction between the a and b fields by by adding a term —V'(a,b) to the Lagrangian density
L. This in turn adds a term —0V/0a to the RHS of the equation of motion for a in and
similarly for b. In general, this will violate the conservation law , since we add to the RHS
a term adV/90b — bOV/da. However, under certain circumstances this term will also vanish. It
is easy to see that this will be the case if the interaction potential V is a function of a® + b*:
i.e. V(a,b) = F(a® + b?), in which case a0V /b = 2abF’ = b0V /da. This result is neatly expressed
in the complex field formalism; this particular potential is equivalently V(¢) = F'(¢¢*), which is
clearly invariant under the global gauge transformation , so the Lagrangian density for this
interacting field theory is also invariant. A realization of such an interaction is illustrated in figure
116.06l

What this analysis shows is that a field theory for a pair of fields with identical mass parameter
1 can naturally accommodate two types of waves, which transport a conserved ‘charge’. These two
types of waves are the positive and negative frequency components of the complex field ¢. This is
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rather different from the single real field, where the negative frequency Fourier components are just
the mirror image, with conjugation, of the positive frequency components. Here the positive and
negative frequency components are quite independent, and positive (negative) frequency components
carry positive (negative) ‘charge’. In the quantum theory of such a field, the corresponding quanta
are charged particles and anti-particles. Precisely what this ‘charge’ is depends, essentially, on the
interactions with other fields. It turns one can add an interaction with the electro-magnetic field, for
instance, so that the charge here is electric charge. However, this is not the only possibility, and the
conserved quantity could be some other entity. Other possibilities are to have a field with more than
two components, and in this way one can construct theories with more complicated conservation
laws.

16.9 Conservation of Particle Number

In addition to energy and the three components of the wave-momentum — which are precisely
conserved in interacting theories — a non-interacting field possesses a fifth conserved quantity,
which corresponds to conservation of number of particles. We will first obtain this directly from the
form of the solutions. We then show how the conservation law can be understood as arising from a
symmetry of the free-field Lagrangian, when written in an appropriate manner.

The general solution of the free field equation of motion

b— V24 2o =0 (16.86)
can be written as

G(x,1) = 6T + ¢~ =Y uee’ TR LN " e nt ), (16.87)
k k

The complex Fourier amplitudes can be related to the transform of the field and its time derivative
on some initial time-slice t = ¢ as

bk = % (qB(lg to) + gfs(k, 0) /iwk> g~ wito (16.88)
where .
(k1) = / Fo o)™ and k1) = / P d(x, t)e>. (16.89)
Now consider the quantities
n(x,t) =i(¢* o™ — ¢ ¢") (16.90)
and
j(x,t) = —ic}(¢T V¢~ — ¢~ Vo). (16.91)

Since ¢ and ¢~ are complex conjugates of each other both n and j are real. In terms of the Fourier
coefficients ¢y they are

n(x,1) =3 D Gredie (Wi + wie ) (et (koK) (16.92)
k k'
and ‘
J 1) =2 D dudi (k + K)el(xm)im ek ), (16.93)
k K

The time derivative of n(x,t) is

a - 7
D D) BT AR A (16.94)
k

k’
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whereas the divergence of j(x,t) is

Voj=—ic2 >3 duoi (k2 — k2)ell@een)t=(enk)x), (16.95)
k Kk

However, the frequency is defined to be w2 = c2k% + 12, so we have

on
— =-V_-j. 16.96
5 J (16.96)
Thus we have a conservation law, relating the density (16.90)) and corresponding current (16.91]).
For a single plane wave, with amplitude ¢q, the density and current are

n = gpwi

. 16.97

j = clogk (16.97)
so (egn, j) form a four-vector (the amplitude of a wave being an invariant also). Note that the current

in this case is just equal to the density times the group velocity: j = vgn.
The same is true for a large wave-packet, for which the global conserved quantity is

N = /d% n(x,t) = wk/d3:z: P> (16.98)

As already discussed, this quantity corresponds to the particle number.

Another interesting model is a statistically homogeneous random field, for which (¢x¢i,) =
P4 (k)dxi where P, is the power spectrum. This is working in a periodic box, where the Fourier
modes are discrete. If we think of the modes as being continuuous, this becomes (¢x¢i,) =
(27m)3 P, (k)d(k — k’). The expectation values of the density and current are then

() = S ol?)enc = [ 3 Pollon

) = ok = [ g Po(k)k (16.99)

The quantity wiPp(k) plays the role, in wave mechanics, of the phase space density f(p) in
particle dynamics. Like f(p) it is invariant under boosts (see below). Integrating over all momenta
— i.e. all values of wave-number k — gives the particle number density; multiplying by k and
integrating gives the momentum density and multiplying by wyx and integrating gives the energy
density.

The conservation law was obtained directly from the properties of the solution of the
field equations. It is also interesting to see how this emerges as a consequence of a symmetry of the
Lagrangian. With ¢ = ¢+ + ¢~ the Lagrangian density is

L= 867 — A(Voh)? - 126+)+
p(pto™ — Vot - Vo — Pt o)+ (16.100)
5((07) = AV )? = w2e™").
If we vary either ¢ or ¢~ we obtain the same equation of motion:
ot — AVt — Pt + 4 — VT — e =0, (16.101)

This is just the equation of motion for ¢, with ¢ — ¢* + ¢—. However, consider the Lagrangian
density

L'=p(¢td —VeT - Vo —pPete). (16.102)
Varying ¢+ and ¢~ now yield the field equations
oF — Vit — 2t =0
and (16.103)
¢ — AV — o =0.
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But ¢t and ¢~ are complex conjugates, so any field ¢ (x, t) which is a solution of the field equations
derived from £’ is automatically a solution of the field equations derived from £. Thus, we can
take the Lagrangian density for the system to be £’ given by , since it generates equivalent
solutions. Now this Lagrangian, like that for ¢ has no explicity time or position dependence, so energy
and the three components of momentum are all conserved. However, has an additional
symmetry: it is invariant under the global gauge transformation ¢+ — ¢Te'? and o= — ¢~ .
This transformation corresponds to variation of the choice of initial time slice (¢ = 0) on which we
determine ¢T and ¢~. The conservation law can readily be obtained by requiring that the
total derivative of the Lagrangian density with respect to 6 vanish, just as we did to obtain charge
conservation for the complex field.

It should not come as a surprise that the free field has more conserved quantities than just the
energy and momentum density. The Fourier amplitudes ¢y can be determined from the displacement
and velocity data ¢(x,t), (ﬁ(x, t) on any time slice, so there are in effect a triply infinite number
of conserved quantities. However, this behaviour is specific to the free field. For the free field,
the 4-dimensional Fourier modes are confined to the 3-surface wi = ¢2k? + p?, so the information
content in the 4-dimensional field ¢(x, t) is really only 3-dimensional. If we admit interactions, this
will no longer be the case. A necessary consequence of any interactions is that the energy shell will
‘fuzz-out’ somewhat, and it is no longer possible to determine the entire space-time behaviour from
measurements on one time slice.

Consider adding an interaction term Li,; = pA¢* to the free-field Lagrangian. In terms of ¢,
¢~ this is

Line = pX'((07) + 4(67)°07 +6(67)*(67)? + 467 (67)° + (¢7)"). (16.104)

However, only the central term here respects the global gauge transformation symmetry, so adding
interactions therefore violates conservation of particle number.

16.10 Particle Number Conservation at Low Energies

We saw in the previous section that in the wave mechanics of a continuous medium there are four
exactly conserved quantities — the energy and the three components of the wave-momentum —
but that particle number is only conserved for non-interacting fields. Now particle number is also
violated in interactions of high energy particles; if we collide very energetic (i.e. highly relativistic)
particles then there is ample energy to create new particles that were not present in the initial state.
However, if we collide particles with kinetic energy E < mqc?, then there is not enough energy to
overcome the threshold to produce new particles, so particle number is conserved at low energies.
We will now see how particle conservation is conserved in a classical interacting field theory, in the
limit that the wavelength is large compared to A, = 27/ky = 2wcs/u. For the BRS model this
length scale plays the role of the Compton wavelength, so the condition A > A, corresponds to
the highly non-relativistic limit. In essence, what happens is that in the limit k¥ < k, the field
¢ has rapid temporal oscillation at frequency w ~ p with a relatively slowly varying ‘envelope’.
The evolution of this envelope, it turns out, is governed by an equation which is very similar to
the Schroedinger equation. The correspondence principle, which states that non-relativistic particle
dynamics phenomena can be equally well described by Schroedinger’s wave mechanics — then carries
over, with a little modification, to the scalar elasticity waves.
Consider first non-interacting waves (A = 0), for which the wave equation is

¢ — AV +p’¢ = 0. (16.105)

In the limit we are considering, i.e. c;k < p, the second term is much smaller in magnitude than
the third, so the first and third terms must be nearly equal. If we neglect the second term entirely,
the equation of motion is ¢ + p2¢ = 0, the solutions of which are d(x,t) = ¢o(x) exp(Lut); i.e. the
field just sits there without moving, aside from wiggling up and down at frequency w = pu. What
we would lie to do is to divide out the rapid time oscillation and develop an equation of motion for
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the relatively slowly varying modulating function. This is a little tricky since a general ¢ field will
contain both positive and negative frequencies: ¢ = ¢ + ¢~ as in . If the spatial frequency
of the waves is k < kpax, then the positive energy part of the wave is limited to a narrow band
of spatial frequencies p < w < puy/1+ c2k2 ... /12, and similarly for the negative frequency modes.
Thus, we can let

d(x,t) = Y(x, t)e™ % (x, t)e M (16.106)

where ¥(x,t) and its conjugate are band-limited with temporal frequencies in the range 0 < w <
c2k2 . /2u. The free field Lagrangian density is then

max

L=5(¢* = 2(Vo)? — p2¢?)
:'56275/1 [(,l/} + Z/~L¢)2 - Cz(v'l/))2 - /"szz] (16107)
+ol(V + ipp) (P — ipgp*) — XV - Vi* — pPep*]
HEem 2 —ipyp*)? — 2(V*)? — p?y*?),

and for a A¢* interaction term this is augmented with
Lint = _P>\¢4 _ _p)\(w4e4iut + 41/)3’1/)*6%’” + 6¢2¢*2 + 41/}1/)*36721’;415 + 1/1*4674“”). (16108)

Thus the transformation has resulted in an explicit time dependence in the Lagrangian,
with terms containing rapidly oscillating factors et2#* and e*%#*. However — and this is a key
point — if we are dealing with low spatial frequency waves k < kpax, so the temporal frequency for
the ¢ field is w < k2, /241 < p, the contribution to the action S = [ dt [ d®x £ from these terms is
very small since all the other factors are relatively very slowly varying. Thus, for k < p/cs we can

ignore most of the terms above and use the effective Lagrangian
L = pl* +ip(™ — ) — 2V - Vi — 6Ap>y). (16.109)

This can be further simplified, since, in the regime we are considering, ) < u so we can neglect
the first term as compared to the second. We can therefore take the Lagrangian to be

L= plip(p* — *) — V- Vi* — 63p> ). (16.110)

The equation of motion is obtained, as always, by requiring that the action be stationary with
respect to variation of the fields v, ¥*. For the variation ¢* — ¥* + §* this yields

d(OL) ) N d(OL/0Y7;)

W) _ * 16.111
- = OL/* =0 (16.111)

or equivalently
= Sy Pyzge 16.112
W—o Vit i =0 (16.112)
H Iz

and the variation ¢ — 1 + 01 yields the complex congugate of (16.112). This is very similar in
form to the time dependent Schroedinger equation for the wave-function 9 (x,t) for a particle in a
potential, but with the dynamical quantity 6\1* /u in place of the potential V (x). We will discuss
this connection further below.

The Lagrangian (16.110)), like (16.102)), has no explicit dependence on ¢ or on x, so energy and
momentum are conserved, and it is also symmetric under the global gauge transformation ¢ — e*
and 1* — *e~ so it therefore also has a conserved particle number.

Conservation of particle number follows from the vanishing of the total derivative of the
Lagrangian with respect to the global gauge transformation parameter:

A9 90 9y 00 Dy, 00

oYt (16.113)
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Using the Euler-Lagrange equation to replace dL/dv by d(dL/)/dt + d(DL/ ;) /dx’ and with
oY /00 = iy, 81&/89 = i1) etc this becomes

.d (0L oc .\ .d oL oL
or 9
n .

i -V -j (16.115)
where the particle number density is

n = 2pupr)* (16.116)
and the particle flux density is

§ = ipE(W* VY — PV, (16.117)

Conservation of momentum is obtained from the total spatial derivative of the Lagrangian
density:

AL 9L Oy +%a¢ N L Y
de’  OY Ozt gy Ozt Oy Ot
Using the Euler-Lagrange equation as above and using the commutation property of partial deriva-
tives this becomes

T+t (16.118)

% (giwz - ;f* 1/)’;) = —% (;fji/u - ;ﬁjwj + 5ij£> (16.119)
or ; i
aai - —%ﬁjj (16.120)
where the momentum density is
p = ipu(Y* V¢ —pVip*) (16.121)
and the momentum flux tensor is
W = el %+ W — 0y (V) — ) (16.122)

S

Conservation of energy is obtained from the total time derivative of the Lagrangian density:

dL _oLoy  OLOY  OL 9u,

T et ogar T o, ot R (16.123)

Again, using the Euler-Lagrange equations and the commutation property of partial derivatives, this
becomes
d (oL . OL . d oL . oL .
— =+ — *—ﬁ) =—— + * . 16.124
dt (aww aw*w dai <6w,jw 8¢fjw ) ( )

Using the equations of motion to replace 21/1 by ¢2V2)/2u — 6 \p?¢* /u and similarly for izﬁ* this
becomes

Oe

—=—-V_ F 16.12
e \Y% (16.125)
where the energy density is
e = p(AVY - ViP* + 612 *7) (16.126)
and the energy flux vector is
-2 Cz * 72 2, 1% 6A * (K *
F = ipelly (VO V20 = VUV20h) 4+ 200 (0 V9 = 0 79)] (16.127)
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To summarize, the conservation laws are

number : on/ot=—-V-j
momentum :  dp' /Ot = —Ow' Oz’ (16.128)
energy : Oe/0t = -V - F
where
n = 2pupyp*

J=ip (VY — V)
B p = ipp(p Vi) — V) ,
w' = ped (% + Wi — 05 [VA (b07) — Fu*y?) (16.129)
€= p(AVY - VI +6X)**?)
2 .
F = ipc2[5 (Vi V2 — VYT20%) + o (6* Vi) — V)]

There is a close parallel here with Schroedinger’s development of quantum mechanics, where the
state for a particle is represented by a ‘wave-function’ 1(x,t). The density n is, aside from a constant,
the probability density. The form of the particle current is also familiar from non-relativistic quantum
theory. The globally conserved quantities are

N = [dzn=2pu [ d®z
P=[dzp=ipp[dPz (W*Vp —9Vy*) =2pp [ dPx ;/J*zivﬁb (16.130)
E=[dze=pc? [dPx VY* -V =2pp [ dPx w*%w

where in the last equation we have neglected the contribution to the energy density from the in-
teraction. If 1) were a wave-function, then second line above would be the expectation value of
the momentum operator p o« iV in the state ¢». The last line, similarly, is proportional to the
expectation value of the Hamiltonian operator H = p?/2m. The low-energy limit of the free-field
scalar-elasticity equation of motion is exactly equivalent to the Schroedinger equation for a free-
particle. For the interacting field, the equation of motion is formally similar to the Schroedinger
equation for a particle in a potential V' = 6A¢*¢)/u. However, this analogy should not be taken
too far, since this potential is both time and position dependent, which properties generally destroy
energy and momentum conservation.

16.11 1Ideal Fluid Limit of Wave Mechanics

As an example of the power of the energy and momentum conservation laws, consider a 3-dimensional
field ¢(x,t) of the type we have been discussing. Let us assume that the field has a self-interaction,
let’s say a A¢?* interaction term, but which is sufficiently weak that the waves can be locally approx-
imated as a sum of free-field traveling waves. Now imagine we inject some wave energy into this
system in some arbitrary and inhomogeneous manner. This is analogous to throwing a brick into a
swimming pool; we may initially have an organized disturbance, but after a little time interactions
between the waves and the walls of the pool will randomly distribute the energy among the various
modes, and the result is a Gaussian random wave field. Such a field can be realized by summing
waves with random complex amplitudes QNS(k) (or random real amplitudes and random phases) and
is fully characterized by the power spectrum Py(k) = ( |q5k|2> Here the interactions between wave
modes will similarly effectively randomize the phases and amplitudes of the waves, and the system
will relax to a locally homogeneous state (the situation here differs slightly from the swimming pool
example in that there the interactions with the wall do not respect wave momentum conservation,
so the power spectrum for waves in the pool becomes isotropic).

Now while wave interactions can efficiently locally homogenize the wave energy spectrum, large
scale inhomogeneities in the energy and momentum distribution will take a very long time to be
erased. This is very similar to the situation in gas dynamics, where collisions can rapidly render the
velocity distribution locally Maxwellian, but where large scale inhomogeneities — sound waves for
instance — take a very long time to damp out. What we will develop here is a system of equations
which describe the spatio-temporal evolution of the wave energy and momentum. These turn out to
be identical to the ideal fluid equations for a collisional gas of relativistic particles.
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16.11.1 Local Average Stress-Energy Tensor

We have already obtained the energy and momentum densities € = ¢O.L / dp—L and p = —¢pdL /OV ¢,
which for the system considered here become

e= L&+ (Vo) +476?) (16.131)

and )
p=—ppVo. (16.132)
These are fluctuating quantities, with coherence length- and time-scales ~ 1/k and 1/wy respectively.

Let’s average the energy and momentum densities and flux densities in some region of space-time of
size L > 1/k and duration T >> 1/wy. The average energy density is

(@) = £ (6% + (V) + (e . (16.133)

Each of these expectation values can be written as an integral over wave-number involving the power
spectrum. For example, (¢?) = (27) 2 [ d®k wi P,(k), and therefore

3
©="2 / (;lﬂ’; (W2 + 22 + 52) Py (k) (16.134)

but the waves are assumed to obey the free-field dispersion relation to a very good approximation,
so the term in parentheses is just twice wi and the mean energy density is

(€) :p/(;f)gwﬁp(b(k). (16.135)

Similarly, the mean momentum density is

oL . A3k
(p) = <_8TZ.>V¢> =—p{¢Vo)=p kakP¢(k). (16.136)
The energy flux is F; = ¢dL/ 0¢ i, so the mean energy flux is
. 0L . d3k
F) = () = ~pc2696) = o | kPl (16.137)
Finally, the average momentum flux tensor is
oL 5ij 12 2 2 242 2
(wij) = (6L — ﬁﬁﬁ,ﬂ = 7<¢ — (V@) —m”¢7) + pc(9,;0,i)- (16.138)
J
The first term vanishes by virtue of the dispersion relation, so
2 2 d*k
(wij) = pcs(¢,;0,:) = csp Wkikqué(k)- (16.139)

The contribution to the energy density from wave modes in d®k is d®e¢ = pd®kwi P,(k)/(27)3,
so the quantities here are energy weighted averages. The energy flux density, for example, is the
average of c2k/wy. But c2k/wi = v4(k), the group velocity for waves with wave-number k, so (F) is
(€) times the energy weighted average group velocity. Similarly, the average momentum flux tensor
(wyj) is (€) times the energy weighted group velocity dispersion tensor.

We can combine the various factors in the 4 x 4 matrix

€ - CsP ) A3k
T — | = Py(K)k"E” 16.14
| & [ GmyPetont (16.140)
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where the four-momentum (or four-wave-number) is k¥ = (wi/cs, k).

Now recall that solutions of the wave equations satisfy a covariance under Lorentz-like boost
transformations. If we have a solution ¢(Z) = ¢(x,t) then we can generate a 3-dimensional family
of solutions ¢'(¥) = ¢(AZ) where A is the transformation matrix for a boost, parameterized by the
boost velocity v = Bcs. The transformation for a boost along the x-axis is a shearing in the x — ¢
plane. Now d®kP,(k)/(27)3 is the contribution to the variance (¢?) from the region d*k about k.
Since the variance is invariant under boosts (since ¢ is invariant) so also is d®*kPy(k). This means
that the matrix T+ is in fact a 4-tensor; i.e. its components transform like k*k" under a boost. It
is called the stress energy tensor.

This tensor takes a particularly simple form if we apply a boost such that the momentum flux
density for the transformed field vanishes. If there is no net momentum flux, the effect of collisions
is to produce a spherically symmetric, or isotropic, power spectrum Pp(k) = P,(k), and the stress-
energy tensor is therefore

€0

P
my _
T = p (16.141)
P
where € is the energy density of the transformed field, and we have used
Br | G v Ps(k)
(w;;) = c2/ k'K Py(k) = e : = eo(|vy|*)di; /3¢ (16.142)
=% | 23 ¢ 2 [k Py (k) o
to define the pressure

P = e{|v,|*)/3c2. (16.143)

The pressure is therefore essentially the energy weighted mean square group velocity.
The stress-energy tensor for the actual field can then be obtained by applying the boost trans-
formation matrix to ((16.141f). For a boost along the z-axis, for instance,

v (eo + B*P)  By3(e0 + P)
v _ | B+ P) y*(BPe+P) . (16.144)
P

and we can then read off the components of the energy density, momentum density, momentum
flux etc. The actual energy density is ¢ = 7?(ep + $?P) and the actual momentum density is
csp = B7%(eg + P). The latter can also be written as c;p = B(e + P). Thus given some actual
TH we can determine the parameters (3, g and P as follows: 1) Find the 3-rotation matrix that
aligns the momentum p with the z-axis. 2) Read off the pressure P from either 722 or T33. 3)
Compute the dimensionless velocity 8 = c¢sp/(e + P). This also provides v = 1/4/1 + 52. 4) Solve
€ = v%(eo + B%P) for €.

An alternatively, but particularly useful form for the stress-energy tensor can be obtained if we
define the 4-velocity @ = (ycs,yv). This is exactly analogous to the 4-velocity in special relativity,
but with the asymptotic sound speed ¢, in place of the speed of light, and has all the familiar
properties: e.g. @ -4 = u'u, = —c?, where u, = n,,u” with 7,, the usual Minkowski metric. In
terms of %, we can write

T = (o + P)uru” /c? 4 n" P. (16.145)

It is easy to check that this agrees with for the particular case v = (fcs, 0,0). However, ¢y
and P are the energy density and pressure as calculated under the specific boost transformation that
annuls the momentum density, and they therefore transform as scalars under boosts, so consequently
is a 4-tensor equation and is therefore valid for arbitrary boost velocity u.

To summarize, we first expressed the average stress energy tensor in terms of the power spectrum
of the waves . We then obtained an alternative, but equivalent, expression in terms
of the five parameters ¢y, P and the three components of the velocity boost u needed to transform
from the zero momentum field to the actual field.
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16.11.2 Evolution Equations

So far we have imagined this sea of waves to be perfectly homogeneous. Now imagine that the
sea has been rendered locally statistically homogeneous by the wave interactions, but that there
is some persistent large scale inhomogeneity. We can compute the evolution of such macroscopic
inhomogeneities by taking the local spatial average of the conservation laws ¢ = —V - F and p =
—V-w. These can be succinctly combined as the time and space components of the 4-vector equation

™, = 0. (16.146)

While succinct, this rather obscures the physical content. To reveal this, note that the time compo-
nent of this set of equations (obtained by setting p = 0) is, from ((16.145)

oP
ot

9 [(e0 + P)u’u”] — cs——

0
[(e0 + P)ulu” + 2 Pn°] = e

0= QTOVU —
c oxv

(16.147)

where we have used n*¥ = diag(—1,1,1,1) and & = (cst,x). The space components are similarly
obtained by setting p = i:

; 0
=TV, = (€0 + P)u'u” + 2 Pn']

ox
0 5 OP
= 5[0+ Pluu B + o (16.148)
, " oP
ot 0, v 0, v 2
=4 8x”[(EO+P)u u’] + (o + P)u’u 833”+ P

where, to obtain the second line we have used u* = u°3¢ and n* = §%, and in the last step we have

simply used the rule for differentiating a product. Comparing with (|16.147)) we see that the first

term on the right hand side can be written as 3'c;0P/0t = v'0P/0t and (16.148) becomes

ot 0P 0P
ax’/ +c ga 7 +v E (16149)

But u”9/0x¥ = v(0/0t + (v - V)) and therefore this becomes the vector equation

(€0 + P)yu”

ov c? oP

o (16.150)

where we recognize, on the left hand side, the convective derivative of v, the local rate of change
of v as seen by an observer moving at velocity v (i.e. an observer in who’s frame the momentum
density vanishes). Equation is the relativistic form of the Euler equation.

A more useful form for the fourth component of the conservation laws is obtained if we dot T+" ,
with u#. Multiplying by ¢2, this gives

y 1 0 , 0P
O = U’HT# sV = éuu axy [(60 + P)uu ] + u a v
uyut d(eg + P)u” u’u,, Out , OP
B 22 oxv (60 +P) 02“ oz " Bav
E £ (16.151)
~ O(eo + P)u” 5
N Oxv Oxv
ou” 860
= (ot P) oz " Qv

where we have used u,0ut/0z" = (1/2)0(u - @)/0x” = 0. This then provides an expression for the
convective derivative of the energy density:

860
ot

+(v-V)ep = -2 ;L P {ZZ +V-(y )} . (16.152)
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Equations (|16.152)) and ((16.150|) take a particularly simple form in the vicinity of a point where
the momentum density, and therefore also v, vanishes, since we can then take v = 1 to obtain

% =—(e+P)V-v (16.153)
and p vp
v
—_— = . 16.154
dt €+ P (16.154)

These are in fact identical to the relativistically correct energy equation and Euler equation for a
collisional gas. They provide four equations for five unknowns €3, P and u. To close this system of
equations we need an equation of state; a rule giving the pressure as a function of ¢y. In the following
sections we find this relation for the two limiting cases of high spatial frequency waves with k > k,,
corresponding to the highly relativistic gas, and the opposite case k < k,, which corresponds to the
non-relativistic gas.

High Frequency Waves

It is very easy to find the equation of state in the limit that the sound waves have very high spatial
frequency |k| > p/cs. In this case the field is effectively massless and the group velocity is |v4| = ¢;
for essentially all k and therefore (|v,|?) = ¢ and therefore P = €y/3. This is the same as the
equation of state for a gas in which the particles are highly relativistic.

The energy equation, in the vicinity of a point where v = 0, in this limit says

deo

4
i —gegv V. (16.155)

Now V - v = V~1dV/dt, with V the volume, so this tells us that the energy, and hence also the
pressure, changes inversely as the 4/3 power of the volume: PV*/3 = constant.
The general energy and Euler equations are then

. deo [0y
_ _4a . 16.1
éo 35 [5‘75 +V (’yv)] (16.156)
and 5
s Cs €0
v = e {Veo —l—v—a } . (16.157)

These provide a coupled, but closed, system of 4 equations for the four functions, or fields, €y(x,t),
v(x,t) (note that v = 1/4/1 —v2?/c2 is not an independent variable). If these fields, and their
derivatives, are known on one time slice, then ((16.156)) and (16.157) allow one to advance the fields
to the next time slice and in this wave determine the future evolution from arbitrary initial conditions.

We started with a field equation for ¢(x,t), and a rather complicated one at that, with a self-
interacting field. We finished with a system of 4 deterministic equations for the scalar €y(x,t) and
the vector field v(x,t). The significance of the latter is that v is the boost transformation which
locally annuls the momentum density, and €g is the energy density of the transformed field. Once
we have the solution, we can then determine the stress energy tensor TH¥(x,t) using .

These equations, like the equations of ideal fluid dynamics, are non-linear. For small perturba-
tions about a uniform energy density state, we can linearize and let ¢g = €+ €1, and v = 0 + vy,
where quantities with subscript 1 are assumed to be small perturbations: €; < € and v; < ¢s. The
latter means we can set v = 1 and ignore v - V compared to 9/9t in the convective derivative. In
this limit the energy and Euler equations become

_ovy c?
and 9 A
o _Zev.ovy (16.159)
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or, on taking the divergence of (|16.158|) and the time derivative of (16.159)) and eliminating the
velocity,

e 2
(%; - §v2q =0. (16.160)

This is a wave equation, with wave speed c,/v/3. These are very different from the waves of the
underlying ¢ field; these are waves of wave energy density. This equation, for the evolution of
self-interacting sound waves in our solid state lattice system is exactly analogous to the equation
governing acoustic waves in a radiation dominated plasma.

Low-Frequency Waves

Now let’s consider the opposite limit where k < k. As discussed in §16.10| we then have, in addition
to energy and momentum, a fifth approximate conservation law. These five conservation laws were
given in , along with the constituent relations . The latter can be simplfied in the
case that the interaction coupling constant is large enough that the interactions render the power-
spectrum isotropic, but small enough that the interaction energy A¢* is negligible compared to the
other contributions to the energy. One can then drop the terms in which involve .

Proceding much as before, we can assume that the interactions will render the wave-field as
a locally homogeneous Gaussian random field, and we can compute quantities such as the energy
density, particel density in terms of the power spectrum. One can then show that the constervation
laws reduce to the continuity, Euler and energy equations.

16.12 Discussion

We have shown here how one can treat continuous media using the Lagrangian formalism. We started
with a simple ‘solid state’ system consisting of a lattice of coupled oscillators and determined the
discrete set of normal modes, which are the discrete Fourier transform of the displacements ¢;. We
then took the continuum limit, and showed that the action is the 2-dimensional space-time integral
the Lagrangian density L(¢, V@, ®), which is a quadratic function of the field and its derivatives.
The condition 65 = 0 generated the equation of motion of the system in the form of a 2nd order
differential equation in space and time. The normal modes are again Fourier modes (continuous
Fourier modes now). The generalization to 2 or 3 spatial dimensions is straightforward.

We then showed that the symmetry of the Lagrangian density under spatial translations gave
rise to conservation of wave momentum. Applying this to non-interacting wave packets we found
that energy and momentum are related by P/E = k/w,. We also investigated multiple, possi-
bly coupled, fields. We saw that a two component field can have additionally conservation laws
which look suspiciously like conservation of electric charge, or some other conserved quantity, and
we showed that low-energy (i.e. non-relativistic) waves display a futher conservation analogous to
particle conservation. Finally, we explored in some detail, the behaviour of interacting fields with
interactions sufficiently weak that they do not substantially modify the energy of the system, but
sufficiently strong that they frustrate the propagation of wave packets over large distances. We
found that the energy and momentum density in such self-interacting wave systems obey a closed
system of equations which are precisely like those obeyed by relativistic collisional gas of pointlike
particles, in the ideal fluid limit (see e.g. Weinberg’s book). What we have seen here is a classical
wave-particle correspondence principle; we can think of an ideal fluid as a gas of classical particles
which collide with each other or as a field of self-interacting waves. The two models for the ‘underly-
ing real system’ give identical results for the laws governing the macro-scopic propagation of energy
and momentum.

The underlying discrete lattice model was chosen so that the field equation, dispersion relation,
wave-packet energy momentum relation etc. mimic the properties of the relativistic massive scalar
field (which we will introduce in chapter . The mechanical system introduced here, and explored
quantum mechanically in the following chapter, therefore provides a useful, concrete and conceptually
less challenging analog of the more abstract relativistic scalar field. In employing this analogy one
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should be careful how to interpret the field. In the mechanical model, the field happens to be a
spatial displacement. However, the direction of the field was arbitrary; In the 1-dimensional model
we drew the beads oscillating vertically, but they could equally well have been drawn oscillating
horizontally and either transverse or parallel to the lattice. In any of these cases the Lagrangian
density is the same. Similarly, in 2- or 3-dimensions, the direction of motion was quite arbitrary.
This is quite different from waves in real elastic solids, where the displacement is a vector. The
model we have constructed is for a scalar disturbance; the displacement is best thought of as lying
in an abstract 1-dimensional internal space. What we have called the microscopic momentum — the
sum of the conjugate momenta — ‘lives’ in this abstract space. The wave-momentum, in contrast,
is a true vector quantity in the real space, and which transforms in the usual way under spatial
rotations, for instance.

The invariance of such classical field theories under what are formally identical to Lorentz trans-
formations is rather interesting, and encourages a rather non-standard view of relativistic invariance.
As already emphasised, the system here is not truly relativistically covariant; if we imagine a two-
dimensional system, then if we observe the propagation of waves on this surface using photons (or
other particles with a propagation speed much greater than cs, the asymptotic velocity for high
frequency elasticity waves) then we can readily infer the frame of rest of the underling lattice; it
is that frame for which the dispersion relation is independent of wave-momentum direction. Using
photons, one can, of you like, measure the aether drift for these elasticity waves. However, the
wave-systems considered here allow quite rich behaviour, encompassing analogs of relativistic and
non-relativistic particles, and interactions between waves allow quite complex solutions to develop.
What if we imagine some being, or perhaps something like a cellular automaton, which lives in this
2-dimensional ‘plani-verse’ and is constructed out of these fields (just as we imagine ourselves to be,
in reality, complex solutions of a rather simple set of fundamental field equations) — can such an
entity measure the aether drift? The answer is that there is no observation that this entity can make
which can reveal the underlying lattice rest-frame, provided all the fields in the system have identical
asymptotic sound speed cs. The fields may have quite different ‘base-spring’ strengths (i.e. different
masses) and the base-spings may be non-linear or may have pointlike interactions with other fields,
but provided the bead-mass and connecting-spring constants give the same asymptotic sound speed,
the system is, internally, fully covariant and any aether drift measurements are doomed to failure.
If on the other hand, the connecting spring constants and bead masses give different ¢, vales for the
different fields, then the Lorentz-like transformations which preserve the field equations depend on
the particular field; the transformation under which one field remains a solution, does not preserve
the field equations for other fields.

Thus, it would seem to be quite consistent to believe that the world we inhabit is ‘in reality’ a
Galilean system, with absolute time etc., but that all of the fields in our universe happen to have
the same asymptotic propagation speed, so the world ‘appears’ to be Lorentz invariant. If the world
is just fields, and if all of the fields have identical cg, then this is meta-physics; if we cannot detect
the aether, then we should not introduce it in our physical description of the Universe. However, if
we were ever to be able to demonstrate the existence of say ‘tachyonic’ behaviour; e.g. apparently
causal correlations between the field values at points with space-like separations, then this could be
readily be incorporated in classical field theory, simply by introducing fields with different ¢, values.

Finally, there is an important inadequacy in the interacting field theories we have developed.
We were only able to establish the wave-particle correpondence principle in the limits of highly
relativistic or highly non-relativistic waves. In the particle description one can treat collisional
gases at all energies, if we introduce the additional requirement that the gas be locally in thermal
equilibrium. This extra ingredient provides the distribution function for particle momenta, and
provides a general equation of state. Only in the limits we have considered are the evolutionary
equations for the wave energy independent of the details of the momentum distribution. If we try
to introduce thermal equilibrium in a classical wave system we immediately run into problems; the
equilibrium state should have equal energy per oscillation mode, and this is counter to observations.
The resolution, of course, is that the world is not classical, but quantum mechanical, and the energy
states of the modes are not continuous but are discretized in units of hw. In the next chapter we
will develop the proper quantum mechanical description of wave systems.



Chapter 17

Quantum Fields

Hamiltonian dynamics provides a direct path from the classical to the quantum description of a
system. The canonical quantization procedure consists of replacing the position and momentum
variables ¢ and p with non-commuting operators which act on quantum mechanical states. For the
discrete lattice model these operators are the displacements ¢; and momenta p; = dL/0¢; = M gbj

17.1 The Simple Harmonic Oscillator
Consider a single simple harmonic oscillator, with Hamiltonian
H = p?/2m + ka?/2. (17.1)

One approach to this is to solve Schroedinger’s equation Fv¢ = Ht (with the usual substitutions
E — iho/0t and p — —ihd/0x) to obtain the wave-function ¢. This gives the well known result
that the energy levels are quantized with

E,=(n+1/2)hw (17.2)

with w = \/k/m. There is, however, a different approach using creation and destruction operators,
which proves to be of great value in field theory.
These operators are defined to be

1
2hmw

a= (mwx + ip)

. 17.3
al = 7%7% (mwz — ip) ( )

If 2 and p were classical variables then their product aa’ would be H/hw. But x and p are really
non-commuting operators obeying the commutation relation

[, p] = xp — px = ih. (17.4)

Now the two possible products of @ and a' are

1 2 2

aat = (m2w?2? — imw(zp — px) +p

ata = 2:21:: (m2w?2? + imw(zp — px) + p2§ (17.5)
from which follow two important results
e Subtracting these and using gives the commutator of a and af
[a,a’] = 1. (17.6)

211
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e Adding these gets rid of the cross terms and we find that the Hamiltonian is proportional to
the symmetrized product of a and a':

H= h?w(acfr +a'a) (17.7)

or as H = hw{a, a'}/2 where the ‘anti-commutator’ is defined as {a,a'} = aa’ + a'a.

Why are these called creation and destruction operators (sometimes ‘ladder operators’)? To see
this let’s apply the operator H to the state |aE) = a|E) where |E) is the energy eigenstate with
energy E (i.e. HE) = E|E))

H|aE) = Ha|E) = % (aata + a'aa)|E)
=" (a(aa’ — 1) + (aa’ — 1)a)|E) (17.8)
=a(H — hw)|E) = (F — hw)a|E) = (E — hw)|aFE)

where we have used the commutation relation to replace afa by aa’ — 1. Evidently the state
|aE) is also an energy eigenstate, but with energy level one quantum lower than the state |E),
so effectively the operator a has destroyed one quantum of energy. Identical reasoning shows that
H|a'E) = (E + hw)|a'E) so a' has the effect of increasing the energy by one quantum.

These result imply that the energy eigenstates are also eigenstates of the operator N = a'a since

this first lowers the energy but then raises it again. What are the eigenvalues n of this operator?
The eigenvalue equation is N|n) = n|n). Now using ((17.6) we find that

Nal|n) = a'aaln) = (aa’a — a)|n) = a(N — 1)|n) = (n — 1)a|n) (17.9)

so the state a|n) has eigenvalue one lower than the state |n) and similarly N|afn) = (n + 1)[atn).
Now a applied to the lowest energy state |nmi,) must vanish, as must a'a|ny,,) and therefore the
eigenvalue of the lowest energy state (nmin|a’a|nmin) must vanish nyi, = 0, and the eigenvalues are
just the integers n = 0,1,2... The operator N is called the number operator.

What about the normalization of the states |an)? These are not normalized, since the bra
corresponding to the ket |an) is (an| = (n|a’ and so (an|an) = (n|ataln) = n. If we require that
these eigenstates be normalized so (n|n) = 1 for all n, then (anlan) = n = n{n — 1jn — 1) and
similarly (a'nja'n) =n+1= (n+1)(n+ 1jn + 1) and therefore

aln) = n'/?n —1)
af[n) = (n+1)1/2[n +1). (17.10)
We can now work out the energy eigenvalues E,. Writing out all the steps in gory detail, these
are
E, = (n|H|n) = % (n|aa’ + ala|n)
=l [\/n:1<n|a\n+1>+\/77<n|aT|nf 1)] (17.11)
=5 [(n+ 1)(nln) + n(n|n)]
=(n+1/2)hw.

Finally, note that one can express the physical operators p, x in terms of the creation and

destruction operators as
= +/h/2wm(a’ + a) (17.12)

p = iy/hwm/2(al — a)

These expressions allow one to compute expectation values such as the mean square displacement
(n]z%|n) in some state |n) using operator algebra, without requiring any definite prescription for the
wave-function of the state. More important for us, physical operators appearing in the interaction
Hamiltonian can be expressed in terms of the creation and destruction operators, which is very useful
if we want to compute the rate at which interactions inject energy or scatter excitations.
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17.2 The Interaction Picture

Quantum mechanics was initially developed in two quite independent ways by Schroedinger and
by Heisenberg. These two approaches give identical results for the expectation values of physical
operators (|Y|¢)), but this still leaves considerable freedom in the definition of the states and
operators.

In the Schroedinger picture the operators (such as z, p for the simple harmonic oscillator) are
considered fixed in time while the state |1)g) with wave function ¥ (x,t) evolves in time according to
the time dependent Schroedinger equation

. d
ihbs) = Hlys) (17.13)
the formal solution to which is

[9s(1)) = e H 10 Py (1)), (17.14)

In the Heisenberg picture the states [1)) are considered fixed in time, so we can take |¢p) =
[s(to)) say, and the equality (¥s|Ys|vvs) = (Yu|Ym|tm) implies that the operators in the two
pictures are related by

YH —_ eiH(tfto)/hYSefiH(tfto)/ﬁ (1715)

and differentiating this with respect to ¢ (with Ys constant) gives the ‘equation of motion’ for
operators in the Heisenberg picture

Y,
ihddTH = [Yu, H]. (17.16)

In what follows we shall be interested in systems in which the total Hamiltonian is the sum of
the free field Hamiltonian H,, whose eigenstates have fixed occupation numbers, and an ‘interaction
term’:

H = Hy + Hip. (17.17)

In this context it proves useful to work in the interaction picture, which is a hybrid of the Heisenberg
and Schroedinger pictures in which the operators evolve in time as

Y; = eiHo(t—to)/hYSe—iHo(t—to)/h (17.18)

i.e. like the Heisenberg picture operators of the free field theory, and the equation of motion for the

operators is

Y,
ih% = [Y7, Hy), (17.19)

while the states evolve as p

For example, for the simple harmonic oscillator Hy = hw{aa’}/2, and, using the commutation
relation (17.6)), the equations of motion for a, a’ become

da(t)/dt = —iwal(t)
dat(t)/dt = iwal(t) (17.21)

the solutions to which are _
a(t) = ae™ ™!

o) ot (17.22)

where a, at are the initial values of the operators. Note that the commutation relation applies
to a(t), a’(t) also: [a(t),a(t)] = [a,a’] = 1.

In the interaction picture, the operators evolve rapidly, on timescale 7 ~ i/Hy while the states
evolve slowly on timescale 7 ~ i/ Hint.



214 CHAPTER 17. QUANTUM FIELDS

17.2.1 The S-Matrix Expansion

If we start at ¢; with the system in some state |i) then on integrating (17.20) we have for the state
at some later time ¢

06 =19+ 5 [ dt Hu @0, (17.23)

This is an implicit equation for |1 (t)). We can obtain an explicit solution as a power law expansion
in the strength of the interaction as follows. To zeroth order in the interaction nothing happens;
the zeroth order solution is [1/(°)(t)) = |i). We can obtain a better approximation by inserting
(")) = |i) on the RHS of (17.23). We can then put this improved solution in the RHS and so on.

Successive approximations are
(W@ (t)) = 1)
t

[ () = |i) + 7 [ dt’ Hin(t')]i)

. o o (17.24)

|¢®@»:M%+%fdﬂHmuN®+(%ffdﬂHm@Ufﬁ”EmWNw
t1 ty1 t1

The development of the various terms in this expansion can be expressed as a recursion relation

W) = i)+ [ & Hu "D ), (17.25)

This expansion is the basis for essentially all calculations in perturbative field theory. It is known
as the ‘S-matrix expansion’. It gives the time evolution of the states as |1(t)) = Ul|i) — where U
is the time-evolution operator — from which we can compute the amplitude for the system to be in
some state |f) as (f|U]q).

17.2.2 Example: A Forced Oscillator

As an illustration, let us add a term H;,y = F(¢)x to the simple harmonic oscillator. This adds a term
Lint = —Hiyt to the Lagrangian, and the equation of motion is then m& = —9L/0x = —kx + F(t),
so F(t) represents an external force which we treat classically. The operator corresponding to this
classical interaction is

Hin(1) = 1 5o F(t)(a' (1) + a(1)) (17.26)

and the state will evolve to

[o(8)) = [ (to)) — wiol 4 e=tq] |y(1o)). (17.27)

¢
1
—— [ dt F(t) |e
vV Zwmh/ 01
0

If we assume the state is initially in the vacuum, so [¢(f9)) = |0) then the destruction operator has
no effect, since a|0) = 0, but a'|0) = |1) so

i [dtF(t)e™!

1 17.28
5 1) (17.28)

% (#)) = 10) —

and the amplitude for the system to be in the excited state |1) at time ¢ given that it was in the
ground state |0) at time ¢; is

() = \/ﬁ/dt Ft)e! (17.29)
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which is proportional to the transform of the force at the oscillator frequency.
Squaring the amplitude gives the probability for the transition as

ty ty
]_ . ’
p(0 — 1) = [(1,t4]0,8,)* = o /dt/dt’ F(t)F(t' e, (17.30)
ti ti

For example, if the force is some random function of time, and acts for total time T', this is

p(0—1) = 5T /dT Ep(T)e™T™ (17.31)
where .
Ep(T) = %/dt F)F(t+7) (17.32)
0

is the two-point function for the force. Invoking the Wiener-Khinchin theorem gives

TPF (w)
0—1)= —— 17.33
p0—1) =2, (17.33)
so the probability that the system gets excited is proportional to the duration that the perturbation
is switched on and to the power in the force at the frequency of the oscillator, an eminently reasonable
result.

17.3 Free Fields

We can apply these concepts to the non-interacting field theory, since, as we have seen, this is a
set of non-interacting simple harmonic oscillators. Thus we should be able to construct a pair of
creation and destruction operators for each mode of the field. We will first do this in detail for the
case of the 1-dimensional discrete lattice. The transition to a 3-dimensional continuous system is
then straightforward.

17.3.1 Discrete 1-Dimensional Lattice Model

Let us assume a discrete lattice model consisting of a ring of IV coupled oscillators. It turns out that
one can write the displacement operator ¢;(¢) as a sum over normal modes:

. _ T i(wrpt—2mjk/N) 7Z(Wkt727Tjk)/N)>
&;(t) Ek \ aiNo (ake + age . (17.34)
¥

where ag, a; are operators which respectively destroy and create excitations in the mode with wave
number k.

To justify this we need to show first that these operators have the appropriate commutation
relations, and second that they have the appropriate relationship to the Hamiltonian.

To do this we shall need the analogous expression for the velocities éj, which are just the time
derivatives of the displacements ¢; given by :

. I , . , .
¢j (t) _ ZZ 2]\2}];\[ (alez(wktf%rjk/N) B akefz(wktf%rgk/N)) ) (1735)
k

Next, we relate a, and aL to the (spatial) discrete transforms of ¢; and gﬁj defined as

p(t) =D ()N and  By(t) =Y dy(t)e RN, (17.36)
J J
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With ay(t) = age~™** and ak( ) = aT e™rt the first of these is

127rj(k—k’)/N) ) i27rj(k+k")/N)) 17
ZZ“QMka/ + ap (t)e (17.37)

and similarly for &, but > ei2mi(k£K)/N) = N§,. 0 and so

(17.38)

Solving for az (t) and ag(t), we have

al (t) = \/f;%;; (@) + Bi(t) /i) -
ar(t) = /M (q> W (D) —‘i)_k(t)/iwk>.

E

We are now ready to compute the commutator [ay, ak,] To obtain this we first need the commu-
tators for the @y, &, operators. Since ®; contains only displacement operators ¢; it commutes with
itself and similarly for ®; which contains only momentum operators. The only non-zero contributions
to the commutator come from terms like [®, ®_;/], which is

[‘I)k7 [Z¢ el27‘rkl/N Z (b —i27wk m/N] _ Z ZeiQﬂ'(kl—k’m)/N [¢l,¢m} (1740)
I m

but ¢, = Pm/M so [qSl,qu] = [p1,pm]/M = iy /M (the &, here expressing the fact that the
operators for displacement and momentum at different sites on the lattice commute), and therefore

. ik , / thIN
[@k’ q)_k/} — M ZGZQWl(kfk‘ )/N — M 6kk/- (1741)
l

The commutator of the a, at operators is, from (17.39)

lan(t), al, (6)] = %m B4 (t) - %’f}fﬂ,@k ¢ q;,;(:) (17.42)
or, using ,
lar (), af, ()] = Gy (17.43)

For k = k' this commutator is identical to the commutator [a,a'] for a single oscillator and the
commutator for different modes k # k' vanishes.

We can also express the Hamiltonian in terms of ag, az as follows. If we go back to the expression
for the Lagrangian , convert this to the Hamiltonian by changing the sign of the potential energy
terms, and substitute ¢; — N~1Y", ®e~2™7*/N e find that the classical Hamiltonian becomes

M . M .o
H= Ek: O dF + WidDf = oV Ek: Ppd_p 4 Wi d_y, (17.44)
and replacing the classical variables by operators we find

H= Z o {ay,al} (17.45)

which, as expected, is just a sum over the modes of the Hamiltonian for each oscillator mode taken
separately.



17.4. INTERACTIONS 217

From here one can argue exactly as before that the operator aj has the effect of reducing the
energy in mode k by one quantum and a£ increases it by the same amount. Applying the creation
operators to the vacuum generates the multi-particle eigenstates etc.

This much we might have reasonably anticipated from the results for a single oscillator. The
reason for going through the laborious analysis above is to obtain and for the dis-
placement operator and its conjugate momentum in terms of the ladder operators. This means that
if we can express the interaction Hamiltonian Hj, in terms of the displacement, or the velocity, then
we can also express it in terms of the ay, a;f( operators. We can then calculate transition rates with
relative ease.

17.3.2 Continuous 3-Dimensional Field

The transition from the discrete model to a continuous field is mathematically straightforward. In
one dimension we simply replace the position index j by z = jAz and the wave-number index k by
the physical wave number kpnys = 2wk/L, so the factor 2mjk/N = kpnysz and similarly in higher
dimensions 27j - k/N — kpnys - x. The factor MN = M, is just the total mass of all the beads and
the (now continuous) displacement and velocity fields become

d(x,t) = QMthk (altei(wkt_k‘x) + ake_i(wkt_k'x))
k

d)(x’ t) _ ,LZ 27;/4}11; (aLei(wkt—k‘x) _ ake—i(wkt—kx))
k

(17.46)

Note that we are working here in a box of size L so that we still have a discrete set of modes. Since
L — oo we could replace the discrete sums here by continuous integrals, but the discrete form proves
to be more convenient for our purposes.

The operators appearing here still satisfy the commutation relation

s, aly] = Giaer- (17.47)

and the Hamiltonian can be written as

1
H= 5 ; hwk(akalt + aLak) (17.48)

exactly as before. These operators can be used to create and destroy quanta, and to construct the
energy eigenstates of the system systematically. The energy eigenstates of the free-field are simply
the multi-particle eigenstates which are the product of the states for the individual modes.

One might worry whether we are really allowed to carry over the commutation relations [¢;, py,] =
thdy, for the discrete position and momentum operators; here this says that the field and momen-
tum operators at two different points commute, regardless of how close they are. Ultimately, the
justification for this physical assumption is the extent to which the resulting field theory adequately
describes nature.

17.4 Interactions

Consider a 2- or 3-dimensional discrete lattice model. Imagine the system is initially in some eigen-
state of the free field Hamiltonian and we then ‘switch on’ some small additional interaction term
(which will be specified presently) for some period of time. The interaction will cause the state to
deviate from the fixed occupation number state, and we will have generally non-zero amplitudes,
and hence probabilities, for the system to be found with different occupation numbers after the
interaction.

We will illustrate this with several examples which we work through in detail. We will compute
the scattering of phonons off an impurity in the lattice and then scattering of phonons with each
other via non-harmonic (i.e. non-quadratic) behavior of the spring potential energy. Both of these
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phenomena can be described using first order perturbation theory. We then explore the scattering
of phonons via exchange of a virtual particle; an example of a second order perturbation theory
calculation.

17.4.1 Scattering off an Impurity

What happens if we introduce an ‘impurity’ in the lattice and make one of the beads, the one at the
origin of coordinates for concreteness, abnormally heavy with mass M + AM. This will introduce a
perturbation or interaction term to the Hamiltonian so we can write

H = Hy + Hin (17.49)

with H the free-field Hamiltonian and with
1 .
Hin(t) = §AM¢(O,t)2 (17.50)

the interaction term.

Classically, we expect that if we were to ‘illuminate’ such an impurity with a monochromatic,
beamed sound wave then this would give rise to a spherical outgoing scattered wave of the same
frequency, quite analogous to Thomson scattering of an electromagnetic wave by an electron.

To treat this quantum mechanically, we first write ¢5(O7 t) in Hint(t) as a sum over creation and

destruction operators:
hwk
O t) \/7 —a 17.51
Z Moot k(t)) (17.51)

and so the interaction term can be written as a double sum

Hine (1) = Sort S 3 Vi el (1) - () aly () — e (1) (17.52)

k Kk’

which contains all possible pairs of ax’s and a,’s
Applying ([17.25)) to some initial state |i) gives the time evolution of the state

V) = Ut 0li) = 10) -+ & J dt Hiue(Dli) = i)+ 445 33 Vo

t
x [dt (aLeiwkt — ake_iwkt)(a;[{,e“"k’t — ayre” @ t)|g).
t1

(17.53)
Let’s suppose the system starts out in some multi-particle eigenstate of the unperturbed Hamil-
tonian |i) =|...,nk,...). After applying the perturbation for some time T the state will no longer

be in this pure eigenstate, but will contain a superposition of the original state and states obtained
from the initial state by applying a pair of creation and/or destruction operators. We can ask for the
amplitude that the system be in some specific eigenstate |f) = |...,nj,...) with a different set of
occupation numbers. For example, let’s ask for the amplitude (f|U]¢) that the occupation numbers
differ only for two modes ki, ko and where nj =n; — 1 and n, = ny + 1 i.e. an excitation has been
annihilated from mode k; and one has been created in mode ko. With this choice of initial and final
states, the only terms in the double sum over operators which produce a non-zero contribution to
the amplitude are those containing the destruction operator for the mode k; and a creation operator
for mode ks, for which we have

(flaf, ax, i) = /ni (1 +na), (17.54)

and we get an identical result if we change the order of these operators (since this is a scattering we

can assume kj # ko, so the operators aLQ and ay, commute). Any other combination of operators

will produce a mixing into a state which is orthogonal to | f) and therefore gives zero when sandwiched
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between (f| and |i). Taking account of both possibilities (i.e. k,k’ = kj,ks and k,k’ = ko, k1) give
the transition amplitude

. AM o
(H1U10) = Voo T 1) / dt o=t (17.55)

For large T', the integral becomes 27d(ws — w1). Had we asked, instead, for the amplitude to make
the transition to the state [ny + 1,n2 + 1), we would have had 276(w2 4+ w1), which vanishes because
the energies are positive.

The probability to make this transition in time 7" is the squared modulus of the amplitude:

AM \? . ;
p(ki — ko) = <2Mt t) wiwoni (ng + 1) /dt/dt’ eiwr1—w2)(t=t) (17.56)

For large T, the double integral becomes [ dt [ dr e w1=w2)T — 97T §(wy —ws) so the transition rate
(i.e. the transition probability per unit time) is

k k AM
R(k1—>k2):TlEréop(l_) 2):<7;th
O

2
T ) wlwgnl(ng + 1)(5((4]1 — WQ). (1757)

The é-function here says that the phonon frequency, and therefore the energy, is unchanged in the
scattering; this is elastic scattering. More generally, if the perturbation only acts for finite time T,
the energy conserving d-function is replaced by a function with width éw ~ 1/T. Equation
gives the rate for a transition to a specific final mode ko, and if we integrate over all modes at the
scattering frequency we can obtain the net scattering rate out of state ky. This is quite analogous
to Rayleigh scattering. Note that wave-momentum is not conserved here. This is to be expected
since the presence of the impurity violated the invariance of the system under translations.
A key feature here is the dependence of the scattering rate on the initial occupation numbers:

This is a result of profound significance. That the rate should scale with the occupation number 7
in the initial mode is reasonable, but we see that the rate also depends non-trivially on the initial
occupation number ny of the final mode. This is the phenomenon of stimulated emission as originally
deduced by Einstein from considering a two-state system in thermal equilibrium with black-body
radiation. Here we see it arising as a fundamental property of field theory — it will apply to any
bosonic field and is quite general — and it says that if a certain state has a high occupation number
then the probability that particles will scatter into that state is increased.

Note that the wave-momentum is not conserved in scattering off an inpurity, since the Lagrangian
density is not independent of position.

17.4.2 Self Interactions

As discussed in the previous chapter, another interesting model for the interaction of a field is a
self-interaction. In our ‘scalar-elasticity’ model this can be introduced by letting the springs K have
a slightly ‘non-harmonic’ or non-quadratic behavior, so the contribution to the potential energy (and
therefore to the Hamiltonian) is
p? w?
V(p) = 7452 — 7(;52 + \o? (17.59)

for example.

This type of modification will again break the non-interacting nature of the normal modes. At
the classical level, the interaction term

Hig = / 0 Hin = A / Pz ! (17.60)
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will introduce a coupling between the otherwise independent normal modes. Expanding the field
as a sum over creation and destruction operators ¢ — ngl/z(aiei(“’kt_k'x) + ape @xt=kx) the

k
interaction Hamiltonian will now contain a four-fold sum over wave-vectors with terms consisting of
all possible combinations of four a’s or a’s:

aTkei(wkt—kx) 4 ake—i(wkt—kx)) )

Hing o< A / ZES ( ——— = (17.61)

k k’ k' k'

where ... stands for three more copies of the term in parentheses, but with k replaced by k’, k”
and k. We can use this with the S-matrix expansion to compute the transition amplitude between
initial and final states with definite occupation numbers. As with scattering off an impurity, once
we specify the initial and final states, only a very limited subset of all of the possible combinations
of operators are relevant.

For example, consider initial and final states |¢) = |n1,n2,n3,n4) and |f) = |ny — 1,n0 — 1, n3 +
1,n4 + 1). We are only labelling the modes for which the occupation numbers actually change.
This is a scattering reaction kiks — ksky. Obviously, the only effective combinations of operators
contain destruction operators for modes ki, ko and creation operators for ks, k4 for which

(f|a£4a£3ak2akl i) = /nina(1+ n3) (1 + ny). (17.62)

The operators can appear in any order — since we are assuming that all of the modes are distinct
— and this yields 4! identical contributions for the 4! ways to assign k, k’, k”, k"’ to kq, ks, k3 and
ky.

With the operator algebra taken care of we can proceed to performing the spatial and time
integrals:

(F1U1i) = (fl35 [ dt [ d*xHinli)
t
o Ny [ manz(ns+1)(nat1) fdt e~ (Witwatwstwa)t fd3:r eilki+ks—ks—ka)x_ (17.63)

Wiwawzws
t1

The spatial integral is (27)30) (k; + ko — k3 — ky). This means that the sum of wave vectors of
the phonons is conserved in the scattering. We will assume that the interaction is on permanently,
in which case t; — —o0 and t2 — 0o and the time integral becomes 276 (w1 + we — w3 — wy), so the
sum of the temporal frequencies is also conserved in the interaction. Squaring the amplitude gives
a transition probability per unit time, or scattering rate, of

ning(1+n3)(1 + ng)

ki, k ks, k > > > 7
p( 1, K2 — K3, 4) o()\2(5(4)(]€1+k2_k3_k4) . (1764)

T Wi1Wawswy

where we have defined the ‘frequency-wave number 4-vector’ k= (w,k) — though this should not
be construed as a Lorentz 4-vector — and §(*) (k) is shorthand for 6©*) (k)& (w).

This is a scattering of phonons off each other induced by non-linearity in the springs. We use the
symbol shown in figure to denote the contribution to the complex amplitude ((17.63). This is a
single-vertex Feynman diagram with four external legs. A Feynman diagram tells us at a glance the
initial and final states, and the nature of the interaction term (here the vertex with four emerging
lines tells us that we are considering an interaction Hamiltonian consisting of the product of four
fields). It also tells us at what order in the general S-matrix expansion we are working; here there is
one vertex which tells us this is a first order contribution to the amplitude. It also happens to look
like a space-time diagram of a collisional interaction between a pair of particles.

The self-interaction scattering conserves total energy and wave-momentum, as it should since the
classical Lagrangian density on which the theory is based has no explicit dependence on position.

Conservation of the sum of the frequencies of the quanta involved is readily interpreted as con-
servation of energy, since the energy of each mode is (n 4+ 1/2)fiw. Conservation of the vector sum
of the wave-numbers similarly implies conservation of the total wave momentum. In what follows
we will sometimes refer to ‘energy w’ or ‘momentum k’. In such blatantly dimensionally incorrect
statements we are implicitly setting h = 1.
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Figure 17.1: Feynman diagram for first order (i.e. single-vertex) scattering of phonons induced by
an an-harmonic spring potential energy V(¢) = K¢?/2 + \¢™.
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Figure 17.2: Feynman diagrams for the decay of a chion (dotted line) into a pair of phions (solid
lines), and the inverse process. The interaction Hamiltonian is Hi,, = ag?y.

17.4.3 Second Order Scattering

The examples above were processes that can be described at first order in perturbation theory.
Many important scattering processes involve the exchange of a virtual particle, and the rates for
these processes require second order perturbation theory. With a slight modification to our ‘scalar-
elasticity’ model we can explore such processes.

To this end, consider a medium that can support two types of phonon fields of the type we have
been discussing : ¢ and Yy, each with their own free-field Lagrangian density, though with different
parameters (= [iy, pg. Let the fields be coupled by a term

Hint = ag’x (17.65)

where « is a coupling constant. It should be clear that this has the potential to describe first order
processes such as a ‘chion’ decaying to a pair of ‘phions’, or a pair of phions annihilating to form
a chion as shown in figure If we denote the frequency of the x field by Q(q), with g the
spatial frequency, then the rate for such a process would involve an energy conserving J-function
S(w(ky) +w(ks) — 2(q)) and the momentum conserving factor 63 (k; + ko — q).

Now what if the minimum energy (i.e. % times the minimum frequency) of our chions is greater
than the sum of the energy of the available phions? This is easy to arrange; recall that the minimum
energy is set by the strength of the K-springs (or by the —cx?/2 term in the continuous field
Lagrangian density). In that case the first order transition ¢ + ¢ — x cannot take place. There
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is, however, still the possibility of interesting second-order effects such as phion-phion scattering
mediated by the exchange of a virtual chion. Calculating the evolution of the initial state in the
interaction picture at second order using (|17.24)) gives

16(t5)) = Uli) = |i) + <Z,1h>2]fdtHim(t)/tdt’Hint(t’)i) (17.66)

where we have discarded the first order term.
In terms of the interaction Hamiltonian density these time integrals become integrals over space-

time
Uli) = i) + (;)2/dt/d3x H(x,t)/dt'/d%' H i) (17.67)

o) =i+ (5) [t [ @ 000w [t [ @ormli (17.68)

As usual, we now expand each of the field operators here as a sum of creation and destruction
operators:

or

o(x1) = D Jw(k) 3 (aje T gt TR0)) (17.69)
k
and ) )
X(x, 1) = > Qq) "/ (ale el 79 4 ggem(Palmax)) (17.70)
q

where, for clarity, we have dropped the constant factor /2% /M. Since there are six fields involved
this yields a six-fold sum over wave-vectors, each element of which consists of various combinations
of as and afs.

Now let us specify the initial state as |i) = |ki,ko;0), by which we mean one phion with mo-
mentum ki, and one with ko and no chions, and the final state as |f) = |ks, k4;0). That is, we are
considering the scattering process k1ks — ksky. The amplitude to make the transition (f|U|i) then
picks out a very limited subset of all the possible second order terms in our 6-fold sum. First, any
relevant term must contain a pair of destruction operators ay,, ak, to annihilate the initial particles,
and a pair of creation operators aLS, aLl to create the outgoing particles. Second, it must also
contain a creation operator ag to create a chion, with some as yet unspecified momentum q, and
must then also contain a destruction operator aq for the same momentum. This eliminates five of
the sums over momenta and we are left with a single sum over the momentum q of the virtual chion.
One such combination of operators which gives a non-zero contribution to the amplitude (f|Ui) is

(akzaLaq)(aklaLSaL). (17.71)

where the first triplet is associated with the space-time point (x,t) and the second triplet with
(x/,t"). This would describe the scattering of phonons via the exchange of a chion, the Feynman
diagram for which is shown in figure [I7.3]

The contribution to the transition amplitude from this term is then

ks,ka:0 t T oal|ky k230 t
(FU]i) ~ 02 3o SR et g B0 [y | g [ e [ P
q

ei(kg—k4+q)-xei(k1 —kg—q)»x/ ei(w4—w2—Qq)tei(w3—w1 +Qq)t/ .

(17.72)

Performing the spatial integrations results in a pair of d-functions, and the expectation value is
(ks,kq;0] ... |k, ko;0) = 1 which takes care of all the operator arithmetic. Changing the integration
variable from t’' to 7 =t/ — ¢, the amplitude becomes

(FIUi)y ~ o?(wrwawsws) "2 305163 (kg — kg + q)6®) (k1 — k3 — q)
q

' 0 (17.73)
x [dt emirtwa—ws—wt [ Gr eilwsmwita)T

— 00
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Figure 17.3: Feynman diagram for second order scattering of a phonon. The total Lagrangian density
here is assumed to be that for two free fields ¢ (solid lines) and x (dashed) with an interaction term
£int = Q¢2X.

The two three dimensional §-functions express conservation of 3-momentum at each of the ver-
tices. We can use one of these to perform the summation over q, since 8@ (k; —ks —q)f(q) =
f(ki —k3), i.e. we erase this é-function, and the summation, and replace q by k; — k3 throughout.
The remaining d-function becomes 5 (k; + ky — ks — ky) which conserves total wave-momentum.
The dt integral similarly enforces conservation of total energy. All that remains is the dr integral.
Introducing an infinitesimal positive constant J to ensure convergence, and defining € = wi — ws,
this is

0 0
/ dr e7 )T — lim [ dr et = _71 (17.74)
—0 € — Qq
— 00

— 00

Combining the d-functions the amplitude is then

P
Oy~ @20 Bt R ks — ki) 11 (17.75)
\/m Qq €— Qq
The final amplitude is then a rather simple function of the external phonon momenta and energies
(since € = w; — w3 and q = k; — k3). However, what we have computed here is only part of the
story; we have only considered the one possible combination of operators in (17.71). We need now
to enumerate all of the allowed terms, and sum their contributions to the amplitude.

How many combinations like are there that give a non-zero contribution? Let’s call the
vertex at (t',x’) vertex A and that at (¢,x) vertex B. The S-matrix expansion stipulates that ¢/
precede t. Vertex A must then contain the chion creation operator and vertex B must contain the
corresponding chion destruction operator. The operators for the external phions can, however, be
assigned in any way we like, subject only to the condition that we have two phion operators per
vertex; this being dictated by the form of the interaction . The number of ways of connecting
the 4 external particles in pairs to two vertices is 4!/(2!)2 = 6. These are shown in figure m
Evidently there are three pairs of diagrams which differ only in that in the lower member of each
pair the right vertex has been ‘pulled back’ to precede the left vertex, and the vertex labels have
been swapped.

Consider the center pair of diagrams. We have already calculated the contribution to the am-
plitude for the upper diagram. The lower diagram gives a very similar contribution. If we swap
primed by unprimed coordinates, all of the complex exponential factors associated with the external




224 CHAPTER 17. QUANTUM FIELDS

Figure 17.4: The six possible contributions to phonon-phonon scattering via a ag@y interaction
potential. These are ‘time-ordered’ processes; in each case the vertex A precedes B.

particles are identical to what we had before. The only changes are that we must now integrate over
t < t' (or equivalently ¢’ > ¢) and that we must replace the chion creation operator associated with
the vertex at x’,#’ with a destruction operator and vice versa. This has the effect of changing the
sign in the exponent for factors like e/t and e‘a™.

The contribution to the transition amplitude from both of these diagrams is

a? 3 3.0 i(ka—ka+q)-x i(ki —k3z—q)-x' i(wi+ws—wz—wy)t
R Zfdtfd ib'fd x el( 2—ka+q) XeZ( 1—kz—q)-x el(w1 w2 —w3z—wa)
q

0 4 o (17.76)
xgiq 7f dr e=He=Q2a)7 4 Ofdr e (et q)T

Where, as before, ¢ = w; — ws; i.e. it is the amount of energy being transferred from the left-hand
phion to the one on the right. It might appear that we should have included the e?®* etc. factors
within the term in braces and with appropriate sign factors for the two cases t’ < ¢t and t' > t¢.
However, this is not necessary since we are integrating over all possible q, so we can replace, for
instance »_ e'ax by >q R

The dr integrals can be performed as above, to obtain

€e—Qq €+Qq:Q(21—62

0 e}
1 ) . -1 -1 2
o /dT e ()T +/d7’ e e a)T & — + . (17.77)
1 —00 0
As before, the dt, d®z and d3z’ integrals and the sum over q become a 4-dimensional §-function
conserving energy and total 3-momentum for the diagram as a whole.
The final amplitude for this pair of diagrams taken together is then

5(4)(];1 + Eg — Eg — E4) 1
/o1 wawswy Q2 — ¢ '
We symbolize this contribution by the center diagram in [17.5] The two vertices are drawn here at

the same time to emphasize that this diagram accounts for both of the two cases where the left
vertex precedes the right and wvice versa. There are three such diagrams, as depicted in figure [L7.5

(flU1i) ~ o?

(17.78)
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Figure 17.5: Diagrams for phonon-phonon scattering, each of which combines the contribution to
the amplitude from the pair of time-ordered graphs in figure [[7.4] The diagram on the left, for
example, symbolizes the contribution from two separate time-ordered processes. In one, the pair of
phions 1, 2 annihilate to create a chion which later decays into the phions 3, 4. In the other, the
phions 3, 4 and the chion (which must have negative energy) are first created, and the chion later
merges with the phions 1 and 2.

Figure 17.6: An alternative view of the process shown in the left panel of figure [17.5

Each contains a factor 1/ (Qf) — €2) where p is the momentum transferred in the exchange and € is
the energy transferred. For the left hand diagram, for example, € = w; 4+ ws, and q = k; — ko while
for the right diagram ¢ = wy — wy, and q = k; — k4.

Each diagram is topologically distinct from the others. Imagine the external lines as rubber
bands connected to the corners of a frame, and the internal line as a rigid rod. We can hold the rod
in any orientation, and look at it from any angle. This generates diagrams which look superficially
different, but we do not add any extra contribution to the amplitude. For example, we could have
drawn the diagram on the left in figure as in but this is topologically equivalent.

That’s it — we’re done. Squaring the amplitude, summed over all topologically distinct diagrams,
gives the transition probability, and thereby the scattering rate for this process.

The final amplitude is very similar to that for 1st order scattering via a A¢* interaction .
In both cases we have conservation of total momentum and energy, and in both cases there are
factors w—1/2 associated with each incoming and outgoing particle. Had we considered here initial
states with occupation number n; > 1 or final states with initial occupation number n; > 0 then we
would have also obtained an extra factor y/nin2(1 + n3)(1 + n4) exactly as in .

An important new ingredient is the factor

- (17.79)
02 — €

which we will call the chion propagator. It is a function of the incoming and outgoing particle energies
and momenta. Now the function Q(q) is just the chion dispersion relation; it gives the angular
frequency for a real chions of momentum p = hq. The relation between energy and momentum for
real phions is then

E(p) = hQ(p/h). (17.80)
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Figure 17.7: Contour integral for evaluating the chion propoagator.

For the free-field Lagrangian we have been considering the dispersion relation is a©2?(q) = b|q|? + ¢,
so the real particle states lie on a 3-dimensional hyper-surface in energy-momentum 4-space; the
‘energy shell’. This is exactly analogous to relativistic particles which live on the ‘mass-shell’ E? =
p202 +m2ct.

Now consider the left hand phion leg of figure This particle comes in with energy hw;
and leaves with energy hws, so it transfers to the chion energy AF = Fi(w; — ws). Similarly, it
transfers an amount of momentum Ap = fi(k; — k3). We have seen that 3-momentum is exactly
conserved at each vertex. We can also say that energy is also conserved, since whatever energy is
lost (or gained) in the interaction by the left-hand phion is gained (lost) by the right-hand phion.
However, for the situation we are considering here, there is insufficient energy to create a real chion
with momentum Ap; i.e. AE < h2(Ap); the energy AE transferred by the chion exchange is not
the same as that obtained from the dispersion relation . This is what we mean when we say
that the exchanged chion is a virtual particle. The energy-momentum 4-vector lies off the energy
shell. (In the relativistic context, we say that the exchanged particle is ‘off mass-shell’). Note that
the strength of the interaction becomes larger the closer the exchanged energy is to that for a real
chion with momentum Ap. If we increase the energy and momentum of the incoming particles we
will eventually reach energies where, if the outgoing momentum is sufficiently small, one can create
a real chion, and the interaction strength then formally diverges. This is not unphysical, however,
since in that case we should not have ignored the first order scattering amplitude.

Note also that for phion energies much less than h{,;, the phonon propagator is effectively
independent of the external particle energies. The reaction rate is then the same that one would
obtain from 1st order scattering with a A¢* interaction term with a suitable choice of coupling
constant \. However, with increasing reactant energy one would see an increase in the reaction
rate which would signify that one is really dealing with collisions which are being mediated by the
exchanged of virtual particles for which the minimum (real particle) energy is large.

17.4.4 Contour Integral Formalism

An alternative and elegant way to evaluate the transition amplitude is via contour integration. The

second line of (|17.76)) can be written as

ir [ [a0— 077 17.81
/TU T (17.81)

Here () is a complex variable and the integral is to be taken along the real axis, as indicated in figure
The integrand has poles at Q = £(Qq — i6). For 7 > 0 we can complete the contour in the
positive half of the complex Q plane and we pick up the residue at Q = —(Qq — i) and for 7 < 0
we can complete the integral in the lower half of the plane and enclose the other pole.
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The amplitude can then be written as

(flUli) = m;fdﬁm
« fdtfd3xfdt’ fd3x' ei(k27k47q)»xei(k17k3+q)~x’ei(w47w27Q)tei(w37w1+§2)t' (1782)
= Voo o ) gz (ke — ks = 93D (kha — ks + )
q

This is an integral over energy-momentum space and the other integrals over the vertex coordinates
are now taken without let or hindrance over the entire space-time.

This form for the amplitude is very convenient, particularly for computing more complicated
graphs. If there are multiple internal lines then we have an integration over all energy and momentum
values for each internal line.

17.4.5 Feynman Rules

Feynman realised that there was a rather mechanical procedure for generating the amplitude for a
diagram. For our simple a¢?y model these are:

1. Write a factor 1/4/w for each external leg.

2. Label all lines with momenta, and pencil in the assumed direction of momentum flow.
3. Write a factor 1/(Q* — Q2) for each internal line.

4. Write a total energy-momentum conserving d-function.

5. Integrate over all energy-momenta that are not determined by the external particle momenta.

17.4.6 Kinematics of Scattering

Conservation of total energy and momentum imposed important kinematic constraints on the allowed
interactions. For example, one immediate consequence is that the amplitude for processes where one
particle decays into several lower energy particles of the same kind is identically zero. To see this,
one can invoke the invariance under Lorentz-like transformations to transfrom into the frame where
the momentum of the initial particle vanishes. Since the outgoing particles is necessarily greater
than their rest-energies, such a process cannot conserve energy.

17.4.7 Discussion

The treatment here has been incomplete and somewhat superficial; we have ignored fermions entirely
and we have considered only a rather simple bosonic field theory, a rather idealized ‘scalar-elasticity’
model. The point here is not to learn about real solids though, but to illustrate the way in which
quantum field theories are constructed and how transition rates are computed. What we have
sketched here is so called ‘second-quantization’, which is rather different in flavor from elementary
quantum mechanics where one solves the Schroedinger equation for a wave-function. The program,
in outline, is to take some classical system (defined by its wave equation, or equivalently by its
Lagrangian density) as an idealized non-interacting system, find the normal modes and construct
the creation and destruction operators which act on the multi-particle states . One then adds
interactions, usually in the form of assumed weak couplings between different fields, express the
interaction Hamiltonian in terms of the a’s and a'’s and compute rates for transitions using the
S-matrix expansion. This proves to be very powerful.
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17.5 Problems

17.5.1 Ladder Operators

a) Compute the mean square displacement (n|z?|n) for a simple harmonic oscillator H = p?/2m +
w?2?%/2 using the creation and destruction operators af, a. Note that the energy eigenstates |n) are
orthonormal: (m|n) = dmp.

b) Show that the Heisenberg equations of motion for the creation and destruction operators af,
a are

da(t)/dt = —iwal(t)

dat(t)/dt = iwa' (t) (17.83)



Chapter 18

Relativistic Field Theory

18.1 The Klein-Gordon Field

The system we have been discussing is a mechanical one, with waves propagating on an underly-
ing medium consisting of real rods, springs, beads etc. However, abstracting away the underlying
medium and choosing suitable coefficients in the Lagrangian density it becomes immediately trans-
formed into something much more interesting and exotic; a 3-dimensional relativistically covariant
scalar field.

The scalar field is denoted by ¢(z) = ¢(x,t), and is a Lorentz invariant quantity. Different
observers assign different values to the coordinates (x,t) of space-time events but they agree
on the value of the field ¢.

The Lagrangian density for the scalar field is

_]"2_1 2_122
L=3d - 5(Ve) - 5m’s (18.1)

This is in natural units such that ¢ =% = 1. In physical units
1 m2c?
2 p2

11

|
= 359" = 5(Vo)? o*. (18.2)

The Lagrangian density has precisely the same form as the scalar elasticity model. However,
in that model, the field ¢ had dimensions of length. Here, since the Lagrangian density has
units of energy density £ = ML~'T~2 the field has units ¢ = MY/2LY/2T-1,

The Lagrangian density can be written
L= —%a“qsauqs — %m2¢2, (18.3)
which is clearly covariant. The Lagrangian density is a Lorentz scalar.
The action integral is
S = /d4x L( 0, ). (18.4)
This is also Lorentz invariant.

This yields the field equation
0(0L/0¢,,,) oL

e, 5 =" (18.5)

or .
¢ —V2p+m?p=0 (18.6)

229
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or again, equivalently,
O¢ +m?¢ =0 (18.7)

which is the Klein-Gordon equation for a massive scalar field.

e We are working here in ‘natural’ units such that both 7 and c are unity. If we put these back
in, the field equation is ¢/c? — V2¢ + (m2c2/h?)¢ = 0.

e This is a purely classical field equation analogous to the electromagnetic field equations for the
field A. Planck’s constant appears only as a parameter in the mass term.

e The traveling wave solutions of this equation have dispersion relation w? = k2 +m? (or h*w? =
h2c2k? 4+ m2c* in physical units) which we recognize as the relativistically correct relation
between energy and momentum for a particle of mass m. The scale k, in the phonon model
now becomes the (inverse of) the Compton wavelength for the particle.

e Quantization of the normal modes of this classical equation yields massive, neutral spin-less
non-interacting ‘phions’.

e The propagator (|17.79) becomes 1/ (E k- m?) which is again covariant.

e As discussed earlier, a complex field can represent charged particles, though we shall not
explore that here.

This is interesting. What started out as a simple physical model with beads on springs has become
a relativistic massive scalar field. But aside from rescaling of the parameters in the Lagrangian it is
the same physical system, so we can draw useful analogies between the concrete beads and springs
system and the more abstract relativistic field. With further slight modifications, our beads and
springs system can also illustrate some other interesting features of field theory. Let us explore a
few of these.

What if the K-spring were made an-harmonic? Specifically, what would happen if we were to
replace the potential energy term K¢?/2 (which becomes the mass term m?¢?/2 in the scalar field
Lagrangian) by some more general potential

V(g) = %mw + Ag* (18.8)

say? As discussed above, this leads to scattering of the quanta which would be described by a single-
vertex Feynman diagram with four legs. An interesting feature of the transition matrix element for
the relativistically covariant field is that the 1-dimensional energy conserving J-function and the
3-dimensional wave-number conserving J-function in combine to form a 4-dimensional §-
function which ensures conservation of total 4-momentum in the scattering process.

What if the potential is of the form V(¢) = constant — a¢? + bd? with a, b positive constants?
This kind of w-shaped potential (see figure leads to spontaneous symmetry breaking where at
low temperatures the field will want to settle into one of the two minima, and leads to the formation
of ‘domains’ within which the field is spatially constant, separated by ‘domain-walls’ where there
is concentration of field gradients (and therefore potential energy). Higher dimensional fields are
possible, and these lead to other possible topological defects. These have been considered as possible
mechanism for the formation of cosmological structures.

What if we have multiple scalar fields? Clearly if we add a new independent field ¢ to give a
total Lagrangian density £ = L(¢,,, ¢) + L(¢,,, %) this will give decoupled non-interacting quanta.
However, what if we add an interaction term Ly = —a¢?¥?? Such an interaction would allow
scattering of phions off psions via a single vertex diagram (i.e. a first order process). Similarly, a
term a¢?1 would allow phion-phion scattering via the exchange of a virtual psion.

What if the Lagrangian for the second field 1 has potential V (1)) = constant —at)? +bi)* and this
field has settled into one to the asymmetric minima? This means that within any domain ¢ will be
constant, and from the point of view of the ¢-field there appears to be a potential ap?¢? = Mg p? /2
so this gives rise to an effective mass term for the phions even if the ¢ field started out massless. This
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V(9)

¢

Figure 18.1: Illustration of highly an-harmonic w-shaped potential that arises in theories with spon-
taneous symmetry breaking.

may sound baroque, but this is what underlies the Weinberg-Salaam model for weak interactions
where the ¢ field is the Higgs field and the ¢ field represents the W or Z vector bosons, which
acquire a mass in just this manner.

18.2 Quantum Electrodynamics

Other theories can be constructed by introducing different fields, which need not be scalars, and
specifying the couplings between them. Once such example is quantum electrodynamics, where the
coupling is

Hing ox Ay (18.9)

where 9 represents the field for an electron, which is a 4-component ‘spinor’ it turns out, and A the
electromagnetic 4-potential.

This is different from the scalar field analysis since the electron is a fermion. Fermions obey the
exclusion principle. This means that the occupation numbers can take only the values 0, and 1,
and that the creation operator applied to an occupied state must vanish. This is accomplished by
replacing the commutation relation for bosonic ladder operators by an anti-commutation relation
with [a,a’] — {a,a}. This has the interesting consequence that the rates for scattering will involve
factors 1 —n s where ny represents the initial occupation number of the final state, rather than 14+n;
the transition rate is proportional to the ‘unoccupation number’ of the final state. In many other
respects, interactions involving fermionic fields are treated much as above.

The 3-field interaction does not admit any real single vertex reactions because 4-momentum
cannot be conserved. Real reactions appear in second order perturbation theory through terms like

Pt ATt Ay (18.10)

which (reading right to left as usual) destroys an initial electron and photon, creates a virtual electron
(which may be off mass-shell) which then gets destroyed, followed by creation of an outgoing electron
and an outgoing photon. This type of term describes Compton scattering (figure . Other
products of factors describe scattering of electrons by exchange of a virtual photon etc. with diagrams
similar to those in figure [[8:2] Because electrons are charged, not all of the processes depicted in
figure are allowed. For electron-electron scattering, there is no analog of the left-hand diagram
since two electrons cannot annihilate to make a photon. Such a diagram does, however, contribute
to electron-positron scattering, but then only one of the other diagrams contributes since an electron
cannot transmute into a positron.
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Figure 18.2: Feynman diagram for the lowest order contribution to the amplitude for Compton
scattering. Solid lines denote electrons and wiggly lines photons.

18.3 Connection to Kinetic Theory

The reaction rates obtained as above provide a key input to kinetic theory, which describes the
evolution of the 6-dimensional phase space density for particles f(r, p).

The phase space density is very closely related to the occupation number ny. These were derived
for a unit volume box, for which the separation of states is 0k = 2w /L. If the density of particles
is uniform in space, so f is a function only of momentum, the number of particles in 3-dimensional
volume element of momentum space is N = f(p)L3d®p, whereas, with p = hik, the sum of the
occupation numbers for the modes in this volume is N = fd3p/(2rhi/L)? where 7 is the mean
occupation number, and therefore

n=fhd. (18.11)

Now the mean number of reactions taking place in volume V and time T in which there are
initial particles in momentum space elements d>p; and d3p, and final particles in momentum space
elements d3ps and d3p, is then, for the A\¢* self-interaction model,

NPy, P2 — D3, 0a) o< VTN 6W (P + pa — s — pia)

xnina(l+ng)(1+ n4)—d3p1 @py dps d*ps
E1 Ex E3 Eu

(18.12)

where the energy factors arise from the frequency factors in the denominator in . This is
already manifestly covariant; the factor VT is Lorentz invariant, the occupation number is propor-
tional to the phase space density which is also Lorentz invariant, and each of the momentum-space
volumes is paired with the corresponding energy in the combination d®p/E which is also Lorentz
invariant.

One can also express the number of reactions N as the minus the rate of change of ny with time
times the volume V, time interval T, and momentum space volume d>p; as

N (1, P2 — Ps,Pa) = =V Trird’py. (18.13)

However, we also need to allow for the possibility of inverse reactions, where particles are removed
from modes k3 and k4 and particles are created in modes k; and ky. This introduces an extra term
in the rates which has opposite sign, but has the input and output states exchanged. Both forward



18.4. THE SCALAR FIELD IN AN EXPANDING UNIVERSE 233

and inverse reactions can be treated together if we replace the quantum mechanical statistical-factor
n1n2(1 + 713)(1 + TL4) by

n1n2(1+n3)(1—|—n4) —n3n4(1+n1)(1+n2). (18.14)

Fermionic reactants can be included here by changing plus signs to minus signs.
The rate of change of the mean occupation number is then given by

Epdm = )2 dmfdp”" dp4 SH(p1 + po — Ps — Pa)

x(nana(1 + ng)(1 + n4) —ngng(l+ n1)(1 + n2)). (18.15)

This is a remarkable and powerful equation. It is fully relativistic — since all of the factors are
explicitly Lorentz invariant — and it is also fully quantum mechanical, since it includes e.g. the
stimulated emission factors for bosons and Fermi-blocking for fermions. There are three similar
equations giving the rate of change of no, n3 and ny. This was obtained for a specific interaction, but
other reactions can be included by replacing the coupling constant A with the transition amplitude,
which, as we have seen, is also an invariant function of the particle 4-momenta.

e This is a deterministic system which can be integrated forward in time to compute the reactions
in a gas of relativistic particles. For example, one can split momentum space up into a finite
grid of cells and assign initial values to the occupation numbers. Then, for each cell k; one
could loop over the subset of all triplets ko, ks, k4 such that p; + po — p3 — ps vanishes,
and increment or decrement nj; appropriately for some small time interval At. Repeating
this laborious, but conceptually straightforward, process gives the evolution of the occupation
numbers n(p) with time.

e The right hand side is really a 5-dimensional integral (three triple integrals containing four
0-functions). This makes sense. To compute the rate of loss of particles from mode k; we
need to integrate over the momenta ky of the other input particle. The output particles, being
real, have six degrees of freedom, four of which are fixed by energy-momentum conservation,
leaving two free variables to integrate out. These could be taken to be the direction of one of
the outgoing particles, for example.

e The output of this program is the number density of particles n = [d®p f — [dE Epf, the
energy density p = f dE E?pf, and other quantities such as the pressure, entropy etc can also
be extracted from the final occupation numbers.

e An important and direct consequence of this expression is that in equilibrium, where the mean
rates must all vanish, we require that the statistical factor must vanish and this implies
that the mean occupation numbers as a function of energy are given by the Bose-Einstein and
Fermi-Dirac expressions for the bosons and fermions respectively.

18.4 The Scalar Field in an Expanding Universe

Scalar fields are cherished by cosmologists. They have been invoked as the ‘inflaton” which drives
inflation; scalar fields have been considered as candidates for the dark matter (the classical example
here being the ‘axion’), and the recent evidence for an accelerating universe has rekindled interest in
the possibility that the universal expansion has recently become controlled by another inflaton-like
field.

To help understand how such fields behave in a cosmological context let us reformulate the
equations of motion in expanding coordinates. Specifically let us transform from physical spatial
coordinates x to ‘comoving’ coordinates r defined such that x = a(¢)r with a(t) the cosmological
scale factor.
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The action S = [ d*x L(¢, V.6, d) becomes

S = /dt/d?’r L($, V10, p,t) (18.16)
where now the Lagrangian, in terms of these new variables, is
: at., a , a*m? ,
L(9, Vi, $1) = 567 = 5(Vid)” = —5—9¢" (18.17)

Taking the various partial derivatives and combining them in the usual way yields the Klein-Gordon
equation in expanding coordinates

¢+3H¢;,%vg¢+mz¢:0 (18.18)

where H = a/a is the expansion rate. This differs most significantly from the equation in non-
expanding coordinates by the inclusion of the ‘damping term’ 3H¢ which, as its name suggests,
causes the field amplitude to decay as the Universe expands.

To compute how the how the field amplitude decays we proceed as follows:

e We consider a single plane wave with (comoving) spatial frequency k and let ¢(r,t) = ¢o(t)e’ *.
e We re-scale the field, and define an auxiliary variable 1 (t) = a(t)3/?¢q(t).

e This re-scaling gets rid of the ‘damping term’ and the equation of motion for ¥ is
b+ Q(t)y = 0. (18.19)
e This is an oscillator equation with time varying frequency
Q2(t) = k2 /a®(t) + m? (18.20)

where we have dropped some terms which become negligible if k%/a? +m? > H?, or equiv-
alently if the period of oscillation of the ¢ field is small compared to the age of the Universe
t~1/H.

e We then apply adiabatic invariance, which tells us that the re-scaled field amplitude varies as
P o Q)2

e We divide 1 by a/? to obtain the true field amplitude .

There are two limiting cases of interest: The first is where m > k/a, or equivalently that the
physical wavelength A ~ a/k > 1/m or again equivalently A > A. the Compton wavelength. We
expect this to correspond to non-relativistic quanta. The frequency €2 is then nearly constant in
time so the amplitude of the re-scaled field is nearly constant and the amplitude of the real field
b decays as ¢o o a~3/2. The energy density is proportional to the kinetic energy term in the
Lagrangian density, and so the energy density of the particles decays as q52 ~ 02¢? x 1/a®. This is
just what one would expect for non-relativistic quanta — the energy of each particle is just the rest
mass, which is constant, and the number density falls as 1/a® as the Universe expands.

The other extreme is m < k/a, corresponding to A < \.. The frequency ) then varies with the
expansion as 2 ~ k/a « 1/a and the re-scaled field amplitude is 9 o 012 x /2. The amplitude
of the true field then decays as ¢ « 1/a and the energy density is #? ~ Q202 x 1/a*. However, this
again is exactly what one would expect for relativistic quanta; the number of quanta dilutes as 1/a?
as before, but each quantum is losing energy proportional to 1/a so the density falls as 1/a%.

The foregoing discussion applies to spatially incoherent field configurations representing quanta
of radiation or randomly moving thermal particles etc. The scalar field is bosonic, like the elec-
tromagnetic field, and so can also appear in macroscopic configurations in a manner analogous to
macroscopic magnetic fields. In the long wavelength limit, the field equation is (5—1— 3H (;5 +m?2¢ = 0.
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This has the decaying oscillatory solutions ¢ o a~3/2¢"™* already discussed, provided m > H, but
at sufficiently early times or for sufficiently light fields this condition will be broken and the field
equation becomes effectively é—i— 3H qb = 0 which admits solutions with ¢ constant in time. These
nearly constant field configurations have the rather interesting property that the Lagrangian density,
and therefore the energy density are constant. This means that such a field configuration is under
enormous tension, since the universal expansion must be doing work at a great rate to maintain the
constant mass-energy density. This is somewhat analogous to the tension along a static magnetic
field, but here we have isotropic tension. Another consequence, as we shall see, is that the universe
must expand exponentially if it is dominated by such a field, and this is the basis for inflation.

18.5 Non-Relativistic Scalar Fields

It is interesting to look at the evolution of the scalar field in the non-relativistic limit. This corre-
sponds to long-wavelength variations such that V2¢ < m?2¢ (or equivalently that the wavelength
greatly exceeds the Compton wavelength).

Since it is the V2¢ term which couples the different oscillators, to a first approximation this
means that if we start with ¢(r,t = 0) = ¢o(r) then the field will just sit there and oscillate at the
Compton frequency without spreading: ¢(r,t) ~ ¢o(r)e?™. This becomes exact in the limit that
A — oo. For a large but finite wavelength disturbance we expect that the disturbance will tend to
diffuse away from the initial location.

To describe this mathematically let us factor out the common rapid oscillation factor e
set

imt and

p(r,t) = P(r,t)e™ +op*(r, t)e ™ (18.21)

where 9 (r,t) is a slowly varying field. By construction ¢ will be real. Taking the time derivative of
the field gives . 4 4 . ) 4
¢ — imz/)e”"t _ imw*e_”m 4 wezmt + ,(/)*e—imt (18.22)

where the first two terms here are much larger than the last two. Taking a further time derivative
yields . . . . S .
¢ _ _mQ(wezmt + w*e—ﬁmt) 4 Qim(wezmt _ w*e—zmt) T O(wezmt)' (1823)
The Laplacian of the field is ' 4
V2p = V2ipe'™ + V2ypre (18.24)

and combining these in the field equation gb — V20 +m?¢p = 0 gives
2im(ihe™ — reTM) — VEpe™ 4 Ve = 0, (18.25)

Since 1) is supposed to be relatively slowly varying compared to ™! this requires that both the
coefficient of €™ and of e~ must vanish, which means that

. VA

w o 0 (18.26)
which is just the Schroedinger equation.

This is a familiar equation appearing in a perhaps unfamiliar context. More usually, this equation
is used to describe the quantum mechanical wave function of a fermionic particle like the electron,
whereas here it appears as the non-relativistic limit of a classical wave equation for a bosonic field!

Returning to our beads and springs model, we have argued that if we set this oscillating with
some long-wavelength amplitude modulation pattern then to first order the energy density (squared
amplitude of the field) remains localized, but over long periods of time the energy will diffuse away
from its initial location, and this is described by the Schroedinger equation. One consequence of
this is that a non-relativistic scalar field, while being a fundamentally wave mechanical system, can
mimic the behavior of classical non-relativistic particles by virtue of the correspondence principle.

One can also introduce the effect of Newtonian gravity by letting the mass parameter m — m(1+
®(r)) where ®(r) is the Newtonian gravitational potential. One then finds that the Schroedinger
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equation contains an additional m®(r)y energy term. This could provide an alternative to N-
body integration for instance. Rather than treat a set of classical particles with some given initial
phase-space distribution function, one can set up some corresponding initial ¢ field with the same
macroscopic properties. Specifically this would mean that if one were to take a region of space which
is small, but still much larger than the wavelength, and Fourier transform the field, the resulting
energy density as a function of k should be proportional to f(p). The gravitational field could then
be calculated using Poisson’s equation V2® = 47Gp with p o< 2. This provides a pair of coupled
equations with which we can evolve the system.

18.6 Problems

18.6.1 Stress-Energy Tensor

Consider the Lagrangian density £(0,¢, ¢) for a field ¢(Z) (as usual d,,¢ denotes partial derivative
with respect to space-time coordinates).

a) Write down the Euler-Lagrange equation for this sytem.

b) Use this to show that the partial derivative of the Lagrangian density with respect to space
time coordinate x? can be written as

oL 0 oL 0¢
= — — . 18.27
0x°  OzH (39{)7“ 3:6") ( )
c¢) Show, thereby, that
T , =0 (18.28)
where the stress-energy tensor TH" is
T =n" L —n"? oL 9¢ (18.29)

A, 0z

This analysis is very similar to the analysis of energy conservation in the dynamics section of the
notes (though technically considerably more challenging).

Just as the equation j* , expresses the conservation of the total electric charge @ = J &3z 59,
the equation T ,, = 0 expresses the conservation of a four-vector P* = [ d3z TO*; the total four-
momentum of the system. See Landau and Lifshitz “Classical Theory of Fields” §32 for a detailed
discussion.

18.6.2 Klein-Gordon Field
a) For the Klein-Gordon Lagrangian density

L= —%n’“’&,gbaﬂgb - %m2¢2 (18.30)

show that the stress-energy tensor is
T = 9" ¢d" ¢ + nH' L; (18.31)

that the time-time component of T#”, which is the energy density, is

1 .
p =T = J[6* + (V) + m?¢?) (18.32)
and that the average of the spatial diagonal components, which is the pressure, is
1 .. 1 .
P =T = 5[052 — (V9)?/3 —m?¢?]. (18.33)

b) What is the relation between the pressure and density — the ‘equation of state’ — for the following
field configurations.



18.6. PROBLEMS 237

1. A sea of incoherent random waves with k& > m.
2. A sea of incoherent random waves with £ < m.

3. A spatially uniform and static field ¢ = constant.

18.6.3 Scalar Field Pressure
Starting from the Klein-Gordon Lagrangian density (in natural units)

1 .

L= (6" = (Vo0)? = m?6?) (18.34)
obtain the Euler-Lagrange equation in an expanding Universe where comoving and physical coor-
dinates are related by r = x/a(t). Here V, denotes derivative with respect to physical spatial
coordinate.

The energy density for the field is

p= % [éQ + aig(wa + m%z} (18.35)

where V denotes derivative with respect to comoving spatial coordinate. In the ‘beads and springs’
analog what do the three terms represent?

Combine these to show that the rate of change of the density, averaged over some comoving
volume, is

d ] . 1
% -4 [3<¢2> + a2<(v¢)2>] + surface terms. (18.36)
where the surface terms become negligible if the averaging volume becomes large, and vanish if we
impose periodic boundary conditions.

Now the first law of thermodynamics (and E = Mc?) imply that for a homogeneous expanding

Universe, the rate of change of the density is

dp N
i 3a(p+P). (18.37)
Show thereby that the mean pressure is
1r1 -
(P) =5 [(0%) — (V20)2) /3 - m2(6?)] (18.38)

What is the equation of state (relation between P and p) for highly relativistic waves.

18.6.4 Domain Walls and Strings
a) Consider a scalar field ¢(x,t) with ‘spontaneous symmetry breaking’ potential
V(¢) = constant — a¢? + bo* (18.39)
with a, b positive constants. Let the minima of the potential be V = 0 at ¢ = £¢¢ and let V(0) = V.
e Sketch the minimum energy field configuration, if we require that ¢ = +¢q as 1 — +o0.
e What is the width of the domain wall?
e What is the surface density of the wall?
b) Now consider a two component field with the analogous ‘wine bottle bottom’ potential:
V (61, ¢2) = constant — a(¢2 + ¢2) + b(¢2 + ¢2)> (18.40)

with potential minimum V = 0 at ¢? + ¢3 = ¢3 and again V(0,0) = V5.
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e Describe the minimum energy field configuration, if we require that (¢1, ¢2) — (21, x2)/\/23 + 23
as 22 + 23 — 00?
e What is the thickness of the string?
e What is the line density of the string?

Order of magnitude estimates are sufficient.
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Chapter 19

Kinetic Theory

Kinetic Theory provides the microscopic basis for gas dynamics. In the dilute gas approximation,
such that the de Broglie wavelength is much less than the mean particle separation (which implies
that the occupation number be small so stimulated emission and exclusion principle are unimportant)
we can consider the gas to be a set of classical particles moving ballistically with occasional collisions.

The collisions are described by the cross-section o which gives the rate of collisions and the
distribution of deflection angles for the particles. This may be computed quantum mechanically
or determined experimentally and is assumed here to be a given function of deflection angle and
relative velocity. We shall also focus on non-relativistic gases such that kT < mc?.

We shall derive the Boltzmann equation which describes the evolution of the phase-space density
f(r,v) for atoms in the gas, first for a collisionless gas and then study the effect of collisions to
obtain the Boltzmann transport equation. We discuss equilibrium solutions of this equation, and
Boltzmann’s H-theorem. We obtain the ideal gas laws as a limiting idealization in the case of short
mean free path, and discuss qualitatively the effects of viscosity and heat conduction.

19.1 The Collisionless Boltzmann Equation

Consider a 6-dimensional volume d®w = d*rd3v of phase space (we shall assume equal mass particles,
so velocity and momentum are effectively equivalent). Imagine the volumes to be small compared
to the scale over which macroscopic conditions vary but still large enough to contain a huge number
of particles.

The number of particles in d%w is f(w)d®w. The rate of change of this number is the integral of
the flux of particles across the boundary of d®w. For a finite volume w we have

d

- def:_/dgn.(fW) (19.1)
w S

with S the surface of w and n its normal. The 6-dimensional divergence theorem relates such a surface
integral to the volume integral of the 6-dimensional divergence [dS n - (fw) = [dSwV - (fw) and
therefore
6, |Of .
/dw {875+V~(fw)]—0 (19.2)

w

from which follows the 6-dimensional continuity equation

of N
o TV (W) =0, (19.3)

This result can also be obtained by considering the flux of particles through the sides of a small
6-cube.

241
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Writing this out in more detail

3
3xi( Z = (19.4)
=1 =1
o of |, o, YT
. Zq V;
o T o TV oy T _fz (5‘:52 ) (19:5)

but using Hamilton’s equations &; = 0H/dp; and p; — BH /0x; with p = mv shows that the right

hand side vanishes identically. The left hand side is the convective derivative of the phase-space
density; it gives the rate of change of f as seen by an atom moving with 6-velocity w = (%,v). We
denote this by df /dt = Lf where the differential Liouville operator is L = 0/0t+%-0/0x+v-0/0v
and we obtain the collisionless Boltzmann equation, or Liouville’s equation

?:—Lf—<§t+x.vx+vvv)f—o. (19.6)

This equation says that the phase-space density behaves like an incompressible fluid; the phase-
space density remains constant along the path of a particle. The space-density of particles may
vary, but it must be accompanied by a change in the momentum-space density so that the product
n(x)n(v) remains constant. The phase-space density in the vicinity of different particles will, in
general, differ.

This should not be confused with the invariance of f(x,v) under Lorentz boosts noted earlier. It
is however intimately related to the adiabatic invariance of § dp dg. Consider a collection of particles
oscillating in a pig-trough. These particles will fill some region of the 2-dimensional phase space.
If we change the energy or the profile of the trough, this will change the boundary of the region of
phase-space they occupy, but the density of each volume of this ‘luid’ remains constant, so the total
area of this region remains fixed.

19.2 The Boltzmann Transport Equation

To describe the effect of collisions we augment the collisionless Boltzmann equation with a collision
term

Lf= (8 +%x-Vx+v-V )f (Z{) (19.7)
coll

The instantaneous rate of change of f(x, v) due to collisions involves collisions which scatter particles
out of this region of phase space and collisions which scatter particles in. We define the loss rate R
such that Rd>xd3v is the number of collisions per unit time where one of the initial particles is in
d3xd®v and the gain rate R so that Rd®xd>v is the number of collisions per unit time where one of
the final particles is in d®zd3v so the collision term can be written as
of 3,73 P 3,73
() dtd°xd’v = Ngain — Nioss = (R — R)otd zd’v (19.8)
ot coll
Let us consider exclusively 2-body collisions of equal mass atoms which scatter particles labeled
1, 2 from velocities v, va to v{, v} as illustrated in figure To obtain the loss rate from
particles with some specific velocity vi we need to integrate over all possible velocities vy for the
other colliding particle. Once v; and vs are specified, this leaves the six variables v}, v} to be
determined. Momentum and energy conservation impose four constraints, leaving two variables to
fully determine the collision. We can take these to be the direction = ¥} of particle 1 after the
collision. We define the differential cross-section (€2) such that the number of collisions per unit
time per unit spatial volume between particles in streams with space densities n; = f(vy)d3v; and
ny = f(va)d3vy and in which particle 1 is deflected into direction df2 is

dN

m = TL17L2|V1 — V2|0’(Q)dﬂ = d3v1d3v2f(v1)f(v2)|v1 - V2|O’(Q)dQ (199)
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Uy

Vo

Vi

Figure 19.1: Tlustration of a collision between two particles where initial particles are in momentum
space cells labeled vy, vy and end up in cells labeled vi/, vo,. In calculating the rate of change of
occupation number for cell v; say, we have a negative term corresponding to the ‘forward’ reactions
as shown, but we also have a positive term arising from ‘inverse’ reactions. For interaction processes
of most interest, the ‘microscopic rates’ for the forward and inverse reactions are the same, and the
actual rates are then just proportional to fi fo and fj f4 respectively.

Integrating this over all vy and €2 gives the loss term
Rd37}1 = d3v1f(v1)/d3v2 /dQ O'(Q)|V1 — V2|f(V2). (1910)

The gain term is trickier, as we need to consider the inverse collisions v, v} — vi, vo where
one of the particles ends up in d3v; and integrate over all possible values of v}, v} and v, consistent
with energy and momentum conservation. However, we know from field theory that the net rate of
reactions scattering particles out of state v; (ie including backward reactions as a negative rate) is

R(vi,vo — Vi, vh) oc d3vy dPvy d®v) d®vh 6P (5y + Pa — 7, — Ph) (nyny — numa)|T(F:) 2. (19.11)

The transition amplitude T is an invariant function of its arguments, and for electromagnetic inter-
actions is symmetric under exchange of initial and final states. Thus for real reactions we expect
the rates to be symmetric with respect to forward and backward collisions, and so we have for the
total collision term

0
<8ft1)cou - /dSUQ/dQ o(Q)|vi = val|(fifs = fif2) (19.12)

where f{ = f(v]) etc and where in the integral on the right vy is assumed to be fixed, and v}, v}
are considered functions of v, vo and Q. Also, it should be noted that ¢(f2) is really also a function
of the relative speed of the particles.
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19.3 Applications of the Transport Equation

19.3.1 Equilibrium Solutions
In equilibrium, the collision term (19.12)) must vanish, which implies

fifs—fifa=0 (19.13)
This can be thought of as a conservation law
log f1 + log f5 = log f1 + log f2 (19.14)
Now we also have conservation of energy, or
(W1)* + (v5)* =] + 03 (19.15)

The equilibrium phase space distribution function is some function only of the speed f = f(|v]),
which is compatible with the above conservation laws if

log f = a — bv. (19.16)

The coefficient b can be related to the temperature using the Boltzmann formula. Since the
kinetic energy is £ = mv?/2 and f measures the probability that a cell of phase-space is occupied
we must have

f(v1)

f(va)

so b= pm/2 =m/(2kT).
The coefficient a is a normalization factor and is fixed once we specify the number density of
particles

= exp(—b(vi —v3)) = exp(—[(E; — Ey)) (19.17)

n= /d% f (19.18)

and performing the integration gives

_ # — 1 mo?/ET
flv)= (27TkT/M)3/2€ 2 . (19.19)

One can thereby show that the mean kinetic energy per particle

v flo)yme?/2 3
ST e 128 (19.20)

If we include the ‘quantum mechanical’ factors for the final states then the condition for equilib-
rium becomes

ARBAERH)AERf) = fifo(L£R° A £ R f3) =0 (19.21)

and one then obtains the Fermi-Dirac and Bose-Einstein distributions. One can similarly derive
other thermodynamic properties such as the pressure and the entropy density s, the latter being
given, aside from a constant, by

1 .
§=—= /d% f(v)logh® f(v) = —(log h® f) (19.22)
n
since one can easily show that with the equilibrium distribution function this integral is

/dsv f()logh®f(v) = 3; log(kT/n?/3) + constant (19.23)
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19.3.2 Boltzmann’s H-Theorem

Consider a gas of particles with uniform space density (so Vyxf = 0) and with no external force
acting (so v -V f = 0 also), so the Liouville operator is L = 9/9t and Liouville’s equation becomes

of _ (of
o = (50) .

Let us define Boltzmann’s H-function
H(t) = /dSU f(v,t)log f(v,t). (19.25)

Where, for this to make sense, f must be understood to be the numerical value of f for some
particular choice of units, rather than a dimensional quantity. Also, f must really be considered to
be the average of the occupation number n over a large number of fundamental cells of size h* in
phase-space, since the actual occupation numbers are mostly zero in the dilute gas approximation.
The time derivative of H is
dH of

- = 3 -

or, using (19.13),
dH
e /dgvl /d?’vg/dQ a(Q)|vi — va|(fifs — fif2)(1 +1og f1). (19.27)

Now this 8-dimensional integral is really just a way of enumerating all the possible reaction paths,
and could have been written as

dH Lo -
o @ [ @ [ @ [ @ 80@ 4R -5 - B - A RTEPO g fi) (1925)

which, aside from the last factor, is symmetric under exchanging particle labels, except for a factor
—1 if we switch final and initial state labels. This gives us four equivalent statements for dH/dt
which we can average to obtain
dH 1 3 3 ! ! / ! pl ! gl
. a /d vy d’vg dQ o' (Q)|vy — va|(f1fs — f1f2)(log fifo —log f1f3). (19.29)
Now since log is a monotonically increasing function of its argument the last two factors here have
opposite sign and so we obtain the H-theorem
dH
— <
dt —
Since, as we have seen, the quantity H(t) is proportional to (minus) the entropy, we see that the
statistical mechanical entropy can never decrease. Also, the condition that the entropy should be
constant is the same as the condition for equilibrium. Therefore, if f(v) differs from the Maxwellian
form, the entropy must necessarily increase until the phase-space density becomes Maxwellian.

We can perhaps see this more clearly if we consider a single reaction path vy, ve < v/, v} as in
figure If the phase-space density for cell v; changes by an amount A f; then the contribution to
the H-function from that cell changes by an amount AH; = d3v; A f; log f1. Now d>vf is the space
number density of those particles falling in this cell, so if we take the total volume of space to be

0. (19.30)

unity, for a single forward interaction we have d3vi fi = d®vafo = —1 and dPv1/ fir = d3vy for = +1
so the total change in H for a single forward reaction is
AH = —log f1 —log f2 +log f1 + log for = log f1 for —log f1 fa. (19.31)

However, the mean net rate of forward reactions (i.e. the mean number of forward reactions minus
the mean number of backwards reactions) is proportional to fi fo — f1/ for so we reach the conclusion
that, on average, collisions will cause H to decrease (assuming the gas is not in equilibrium). This
is true regardless of which reaction pathway we consider so dH /dt must be non positive.
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19.4 Conserved Quantities

If some quantity x(v) is conserved in collisions, ie

x(vi) + x(v2) = x(v1) + x(v3), (19.32)
then
/d% x(v) <af) =0. (19.33)
Ot /) con
The proof is similar to that of the H-theorem. Using we can write this as
Jox (5) = [ a0 (@) = valx() i~ 2 (1930

and interchanging 1 < 1’ etc as before we can write this as

0
[vxe) (8;”) - 1 [ @ o a0 0@~ valln +xa - xh -G i) (19.39)

which vanishes by ((19.32]).
Using Lf = (0f/0t)con this can be written as

af of 0o Of
3 _— —_— = = — =
/d v x(v) <6t +v % Ox 3V> 0 (19.36)
where we have set v = —0®/0x, with ® the gravitational potential, or as
9 [ 9 [ _ 0% [y (OUX) _pdx _
at/dvforaX/dvxvf I dv( o fdv =0 (19.37)

where we have used x0f/0v = 9(fx)/0v— fdx/dv. Now the first term in the last integral in (19.37))
vanishes since f(v) — 0 as v — co. Defining the velocity average of a function @ as

3U
Q) = W = %/d:”v fQ (19.38)

(19.37)) becomes

(19.39)

ot ox ox  \dv

There are 5 dynamical quantities which are conserved in collisions: The mass of the particles m,
the three components of the momentum mv, and the energy mv?/2. Substituting these in turn for
x in (19.39)) yields a set of 5 useful conservation laws.

on(x)  Inlxv) 0% <d><> =0.

19.4.1 Mass Conservation

If we set x = m in (19.39) and define the mass density p = nm then the last term vanishes (since m
is independent of v) and we obtain the continuity equation

Idp

Fivy. =0 19.40
L9 () (19.40)
where we have defined the mean velocity (or ‘streaming velocity’) as
[dPv fv
= SR e 19.41
Since V - (pu) = pV -u+u- Vp we can write ((19.40) as
Dp
A VA 19.42
o= PV-u (19.42)

where we have defined the Lagrangian derivative D/Dt = 0/0t + u -V so DQ/Dt is the rate of
change of @) as seen by an observer moving at the streaming velocity.
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19.4.2 Momentum Conservation
Setting x(v) = mv in (19.39)) yields

Opu;  Op(vivg) o0d
R L =0. 19.4
ot " om, Pom (19.43)

If we let v =u+ w, so w is the ‘random’ motion of the particle relative to the local mean velocity
u, and define p{w;wy) = Pd;, — m, where

P=p(lw*)/3 (19.44)

is the ‘gas pressure’ and
ik = p{|w|?0ix /3 — wiwy,) (19.45)

is the ‘viscous stress-tensor’. What we are doing here is decomposing the velocity dispersion tensor
(w;wg) into a diagonal part describing isotropic kinetic pressure and the traceless part m;;. Note
that 75 is symmetric and therefore has 5 degrees of freedom.

The momentum conservation law then becomes

0 0 0P
s — ur 4 PO — i) = — 19.4
at(pm) + o, (pujuy + P — mik) p(“)xi (19.46)
and if we combine this with (19.40) one obtains the ‘force equation’
D
p?‘; — VO VPV .7 (19.47)
where (V - m); = 0wy /0xk.
19.4.3 Energy Conservation
Setting
Lo 1 5 Lo 9
x(v) = Zmw” = gmu +mw-u+ 5w (19.48)
in (19.39) yields the energy conservation law
9 1p, 2 2 9 [p 2 09
—|E — | —uy = 0. 19.4
57 [0+ )] + 50 (Sl + wahu+ w4 o= =0 (19.49)
Now
(g, +wp) (us + w;) (u; + w;)) = w?ug + 2ui (wiwg) + ug (w?) + (wrw?) (19.50)
and defining the specific internal energy € by
pe = plw?/2) = 3P/2 (19.51)
and the conduction heat flux F )
F, = §p<wkw2> (19.52)
(119.49)) gives the total energy equation
o (1 , o (1 , oD
= (= = (= (P — m; F) = —pur— 19.53
o <2PU +p€>+8xk (2PU w4+ wi (P — mir) + peuy, + k) pukamk ( )

which is a continuity equation where the first term is the time derivative of the total energy density,
the second term is the divergence of the energy flux and the term on the right hand side is the rate
at which external forces are doing work.
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Using (|19.47)) this can also be recast as the internal energy equation
9(pe) n J(peuy) Our,  OFy

=—-P———+V 19.54
ot | om zn Oz | (19.54)
where we have defined the rate of viscous dissipation as
ou; 1 Oou;  Ouy
U=mp—==m; . 19.55
ik D 27rk(5':z:k+8xi) (19.55)
Finally, using the equation of continuity this becomes an expression of the first law of thermody-
namics
De
pﬁ—:PV~u—V~F—I—\II (19.56)

where now the external potential ® and the bulk motion u no longer appear. This says that the
rate of change of internal energy of a parcel of fluid comes from a combination of PdV work, heat
conduction and dissipation of anisotropic shear.

19.5 Fluid Equations

To recapitulate, taking moments of the Boltzmann transport equation have yielded

(%—l—u-V)p:—pV-u
p(&+u-V)u=—pVe-VP+V 7 (19.57)
p(a—ku-V)e:—PV-u—V-F—i—‘lf

with constituent relations
p=m [dvf(x,v,1)
u=(v)

- 3P/p=5(w?) (19.58)

i = p(|W[?i /3 — wiwy)
Fy = 3 p(wpw?)
U = m g;:;

this gives 5 equations, but unfortunately there are 13 unknowns these are p, €, and the three
components of u plus the three components of the heat flux F and the 5 components of the viscous
stress tensor m;; (which is a trace-free symmetric tensor).

However, in the limit that the mean free path A is small compared to the scales L over which
conditions are varying progress can be made by making an expansion in powers of A/L. In the
limit A — 0 collisions will be very effective and will force the velocity distribution to become locally
Maxwellian, on a short time-scale on the order of the collision time. Inhomogeneities on large scales
though will take much longer to damp out. Now for a Maxwellian, the random velocity distribution
is isotropic, so the viscous stress and the heat flux vanish. If we simply set F = 0 and 7, = 0
then one ends up with a set of 5 equations for the 5 unknowns p, € and u. These are known as the
ideal fluid equations, and the momentum equation is known as the Fuler equation. Taking the ideal
fluid as a zeroth order solution, one can then compute the small anisotropy of the random velocity
distribution function to first order in the mean free path. For instance, if there is velocity shear,
then this will drive an anisotropy of the random velocity dispersion (w;w;) resulting in a viscous
stress ™ ~ AVu/(w?)'/2. Similarly, of there is a temperature gradient in the zeroth order solution
then this will give rise to a heat flux F etc. Including the effects of viscosity and heat conduction
result in the Navier-Stokes equations.

19.6 Problems

19.6.1 Boltzmann distribution

According to elementary field theory, and in the ‘dilute gas’ approximation, the net rate for reactions
Pi1 ---DiN < Pfi-..pgm with N incoming particles and M outgoing particles (or vice versa for the
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inverse reaction) contains a factor

(fir - finQxtfr) ... A frm) = frn-- fraa(L £ faa) ... (1 £ fin)) (19.59)

where + signs apply for outgoing bosons and fermions respectively. This expression says that the
rate of reactions depends on the product of the densities of incoming particles, as expected classically,
and the 14 f factors associated with the outgoing particles express quantum mechanical corrections
for stimulated emission (for bosons) and the exclusion principle for fermions.

a. For a gas of particles which have isotropically distributed momenta in the lab frame the oc-
cupation number f is a function only of the energy of the particle. Show that the equilibrium
distribution function for the species i is is fi(F;) = (e(PFite) 3 1)~1 where 3 is the inverse
temperature and «; is chemical potential for species 7 and the sum of the chemical potentials
for the incoming particles is equal to the sum for the outgoing particles.

b. Show that for a reaction Ly, Ls < L}, L5, B (i.e. two L-particles scattering off each other,
creating in the process a bosonic B particle) that ag = 0 and that the bosons must therefore
have a Planckian distribution.

19.6.2 Kinetic theory and entropy

Write down expressions for the energy U and pressure P of an ideal monatomic gas of N particles
at temperature T in a volume V. Use these relations and the first law of thermodynamics dU =
TdS — PdV to show that the entropy is given by S = Nk(3/2InT + In V') + constant.

Now consider the statistical mechanical definition of the entropy density s = —k [ d®vfIn f where
f(v) is the phase space distribution function. For a Maxwellian distribution f = Aexp —muv?/2kT,
compute the normalisation factor A in terms of the temperature 7" and the space density of par-
ticles n, and compute the total statistical mechanical entropy S = f d3z s and compare with the
thermodynamic result.

The collision term in the Boltzmann transport equation is

(Wg(;tvl))c = /dgvz/dﬂ%lvl — Vol (fF(V))F(v2) = f(v1) f(v2)) (19.60)

Show that for a Maxwellian, (0f/0t). = 0.

19.6.3 Kinetic theory

Compare the de Broglie wavelength and the mean separation of air molecules at atmospheric pressure;
discuss the validity of a description of such a gas as a collection of effectively distinguishable particles
following classical trajectories interrupted by brief collision events.

Estimate the thermal speed for air molecules at room temperature. Estimate the mean free path
and collision time assuming a collision cross section o ~ 10~ 15cm?.

Estimate the thermal velocities of electrons and ions in ionised gas at T~ 10*K. Estimate the
mean free time between hard electron-electron collisions (i.e. collisions which change the direction
of the electron’s motion substantially) and the corresponding mean free path assuming a density of
Nne ~ lem™3.

19.6.4 Massive neutrinos

According to the standard big bang model the Universe is suffused with a thermal gas of neutrinos
which, at high redshift has a number density and and temperature essentially the same as the
photons which now comprise the 3K microwave background. These neutrinos, if they had a mass on
the order of ten electron volts, could provide the ‘missing mass’ inferred from dynamics of clusters
of galaxies etc.
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a) Estimate the redshift at which these neutrinos became non-relativistic (i.e. the epoch when a
MBR photon had a typical energy ~ 10 eV) and estimate their phase space density at that time.

b) What does the collisionless Boltzmann equation tell us about the subsequent evolution of their
phase space density?

c¢) Use this to derive, to order of magnitude, the ‘Tremaine-Gunn’ bound in the size - velocity
dispersion plane for structures which are gravitationally bound by these particles.

d) Compare this limit with cores of galaxy clusters (o ~ 10 km/s and R ~ 0.25Mpc.



Chapter 20

Ideal Fluids

Setting F = 0 and m;; = 0 in (19.57) yields the ideal fluid equations

D

pﬁ%: —pVo —-VP (20.1)
i = f%eV ‘u

These are known as the continuity equation, Euler’s equation, and the energy equation.

20.1 Adiabatic Flows

If one multiplies the energy equation in (20.1)) by 3p/2¢ and subtracts the continuity equation one
obtains

3pDe Dp
crzZ= 2P 20.2
2e¢ Dt Dt 0 (20.2)
or equivalently
D 5
— =0 20.3
= (pe%) (20.3)

which tells us that along a streamline the specific energy and the mass density are related by
€ o p?/3 (20.4)

This makes physical sense. Each particle is bouncing off other particles. If there is a net contraction,
so V-u < 0 in some region, then a particle will tend to gain energy as it bounces off particles moving
inwards.

This is much like what happens to a particle in a box with reflecting walls which are changing
with time so that L = L(t). In each reflection off a wall perpendicular to the z-axis the z-component
of the velocity changes by Av, = —L and such reflections occur once per time At = L/v,, and so
the rate of change of the velocity is

dv_Av_g dfv__de

&AL v =TI (20.5)

with solution v(t) &< 1/L. Since the density of particles scales as p oc 1/L? the thermal energy scales
as € x v? o 1/L? o« p?/3 in accord with

Another line of argument that leads to the same result is to consider standing de Broglie waves
in a cavity.

Equation is equivalent to constancy of the entropy. The first law of thermodynamics is
dU = TdS — PdV, so for constant S, dU = —PdV, but U = Me, V = M/p where M is the mass
of gas, so Mde = MPdp~! which, with P = 2/3ep, gives de/e = (2/3)dp/p which again implies
€ o p?/3.

251
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20.2 Hydrostatic Equilibrium

Setting Du/Dt = 0 in Euler’s equation gives the equation of hydrostatic equilibrium

VP =—pVd (20.6)
with @ the gravitational potential.
For a stratified medium this becomes
oP
il 20.7
5, = P9 (20.7)

with g = —V® the gravity.
More generally the density and potential are related by Poisson’s equation

V2® = 4nGp (20.8)
and combining this with (20.6]) gives
1
V. (pvp> = —V2® = —4nGp (20.9)
or, for a spherically symmetric system
1d (r*dP
() = 4 . 20.1
7°2d7“(p dr) mGp (20.10)

With an assumed equation of state P = P(p) for instance, (20.10) can be integrated to give
P(r), p(r) etc.

20.3 Convective Stability

Solutions of are mechanically stable but may be convectively unstable. To determine whether
a solution p(z), P(z) is convectively stable, consider a blob of gas, and imagine displacing it upwards
by an amount Az. After rising, the pressure falls by an amount AP = —AzV P and it will expand
(adiabatically) with P oc p°/3 and the fractional change in density will be Ap/p = (3/5)AP/P,
whereas the fractional change in the ambient density is Ap/p = AzVp/p. If, after rising, it finds
itself more buoyant than its surroundings (ie lower density) then it will continue to rise and is clearly
unstable. It is not difficult to see that the condition for stability is that the entropy of the gas should
increase with height, or equivalently dlog P/dlogp < 5/3.

20.4 Bernoulli’s Equation

Bernoulli’s Equation applies to steady flows for which du/dt = 0 (this should not be confused with
hydrostatic equilibrium, for which Du/Dt = 0). Euler’s equation then becomes

(u-Viju=-Vo&—VP/p (20.11)

but (u-V)u = 1Vu? —ux (V x u) so this is

1
5Vu2 +(Vxu)xu+V®e+VP/p=0. (20.12)

Now under various conditions, the last term here is a total gradient. One such situation is if the
flow is adiabatic (ie isentropic) in which case V P/p is the gradient of the specific enthalpy. The total
enthalpy H is defined to be H = U+ PV, and its derivative is dH = dU+ PdV +VdP = TdS+VdP,
and dividing by the mass gives dh = Tds + dP/p. Thus, for adiabatic gas, VP/p = Vh, where

h=e¢+P/p (20.13)
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[

Figure 20.1: Tllustration of the Bernoulli effect. An ideal fluid moves through a venturi tube.
Constancy of flux means the velocity must be highest at the waist of the tube. In a steady state
this requires that the fluid be accelerated, which requires a pressure gradient so that the pressure
be lowest where the velocity is highest.

is the specific enthalpy. The quantity V P/p is also a total gradient for any barytropic equation of
state P = P(p), and we shall assume this is the case.

If we dot equation above with the unit vector @1 the term involving V x u drops out, and
noting that @ - V is the derivative along the direction of motion, which we will write as d/dl, we
have

d<1u2+h+q>) =0 (20.14)
dl \ 2 - '

Now the specific enthalpy is just proportional to the pressure, which means that, if we neglect
the effect of gravity, an increase in fluid or gas velocity must be accompanied by a drop of pressure.
This is called the Bernoulli effect and is used in the carburetor where the air is channelled through a
‘venturi’ or constricting nozzle. Since the flux of gas is fixed, this requires that the gas velocity scale
inversely as the cross-sectional area, resulting in a drop in pressure in the nozzle. This pressure drop
causes fuel to be sucked through the jet into the air-stream. The phenomenon is also said to occur
when ships travel parallel to one another. Here the water is forced to flow faster between the ships,
causing a drop in pressure which causes the ships to be attracted to one another. This also explains
why if one opens a car window a crack, air will be sucked out. Finally, it can be used effectively to
separate pages of a book or newspaper simply by blowing past the leaves to cause a drop in pressure.

20.5 Kelvin’s Circulation Theorem

We can write the Euler equation as

0 1
afl: +V (2u2> +(Vxu)xu=-V®—-VP/p. (20.15)
If we take the curl of this, and assume adiabaticity, so VP/p = Vh, or more generally assume a
barytropic equation of state P = P(p), then all but the first and third terms on the left hand side
drop out. Defining the vorticity w = V X u we obtain

Oow

o TV x(@xu) =0 (20.16)
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T
[

Figure 20.2: Kelvin’s circulation theorem concerns the rate of change of I, the integral of the vorticity
over a surface, as the boundary of the surface moves with the fluid flow. This figure illustrates that
the change in the surface as it moves a distance u dt can be considered to be the ribbon-like strip
connecting the old loop to the new loop.

Now consider the circulation
r= %u -dl (20.17)

which is defined for a closed loop. Using Stokes’ theorem this can be expressed as

F:/dA(Vxu)~n:/dAw-n:/dA-w (20.18)

How does I' change with time for a loop which moves with the fluid? The value of I for a given
loop does not depend on the surface that one chooses. The simplest way to compute the change in
I" as we move the loop a small distance udt along the flow is to take the new surface to be the old
surface plus a ribbon like wall which connects the old loop to the new loop as illustrated in figure
20.2l The change in I" will then consist of two terms; the change in I' for the old surface if the
velocity field has changed with time plus the contribution from the ribbon:

5r:§t/dA-%‘;’+/5A-w. (20.19)
The element of surface of the ribbon shown in figure [20.2] is

SA = dl x udt (20.20)

so in the second integral 0A - w =t (dl x u) - w = dt dl- (w x u) (since a - (b x ¢) is the volume
of the parallelepiped with edges a, b, ¢, which is independent of the order of the vectors) and so
dividing through by 6t gives

dr’ ow
— = [ dA - — dl- . 20.21
7 / 5 + ]{ (w x u) (20.21)
Using Stokes’ theorem to convert the loop integral to a surface integral gives
dar Oow
— = A-| — 20.22
= /d <8t—|—V><(w><u)) (20.22)
but by (20.16) the integrand vanishes and we have Kelvin’s circulation theorem
ar
— =0 20.23
o (20.23)

which tells us that the circulation is conserved.
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20.6 Potential Flows

Consider a stream of ideal fluid and assume that the vorticity at some point r upstream vanishes.
Now according to , the convective derivative of the vorticity is
&:afw+(u-V)w:Vx(wxu)+(u-V)w (20.24)
Dt ot
which implies that if w = 0 initially (ie at r) then it will stay that way and must vanish at all points
on the streamline passing through r.
One can reach the same conclusion using Kelvin’s circulation theorem for loops of various orien-
tation in the vicinity of r (which have I' = 0) and following them downstream.
If the vorticity vanishes at all points upstream (as is the case if one has laminar flow, for instance)
then the vorticity must vanish everywhere. If w = V x u this means that the flow velocity must be
the gradient of some scalar function ¥, known as the velocity potential:

u(r,t) = VU(r,1). (20.25)

A general flow has three degrees of freedom at each point in space, whereas a potential flow has
only one since is is derived from a single scalar function W. One way to see this is to write the flow
as a Fourier synthesis

u(r,t) =Y e, (20.26)
k

For a general flow we need to specify three values ux for each k whereas for a potential flow ux =
ikWy.
Now, neglecting gravity and assuming adiabaticity (so VP/p = Vh) Euler’s equation is

ou 1_ ,
il = — 20.2
at+2V“ +uxw Vh (20.27)
but for a potential flow, w = 0, and du/dt = I(VV¥)/0t, and so we have
or 1,
implying
or 1,
— + = = . 20.2
8t+2u +h = f(t) (20.29)

In fact, we can always set f = 0 without loss of generality since one can always make the trans-
formation ¥ — ¥ = ¥ 4 F(¢t) for arbitrary F(t) without changing the flow u = V¥ and one can
therefore choose F'(t) such that OF /ot = f.
For a steady flow 0¥ /0t = 0 and f(t) =constant and we have

1
§u2 + h = constant. (20.30)
It is interesting to compare this with Bernoulli’s equation (20.14)) which looks very similar. However,
the latter states that u?/2 + h is constant along streamlines, and allows the possibility that the
constant is different for different streamlines. Equation (20.30]), in contrast, is more restrictive and
states that for a steady potential flow u?/2 + h is the same for all streamlines.

20.7 Incompressible Potential Flows

Potential flows have V x u = 0, implying u = VW. If in addition we require that the flow be
incompressible, or approximately so, then the continuity equation Dp/Dt = —pV - u implies that
V -u = 0 also, and therefore

V2 = 0. (20.31)
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Thus the velocity potential is the solution of Poisson’s equation with vanishing source term.

An example is ¥ = —1/|r| for r # 0, which gives a velocity u = #/r? which is the 1/r? mass
conserving flow one would expect to find for a constant source of fluid injected at r = 0.

In this context the Euler equation (now including the gravitational potential ®) is

U1
Vaa—t +5 VUl + VO +V(P/p) =0 (20.32)
or 8 2
v
4L 4D+ P/p= 20.
o5t e+ Plp=0 (20.33)

where we have assumed an appropriate F'(t) in @ to set the right hand side to zero.
If the external pressure on some boundary is specified then (20.33)) (with u? = (V¥)?) supplies

the boundary condition for (20.31]).
Note that Bernoulli’s equation for incompressible potential flows is

1
§u2 +®+P/p=0 (20.34)
or, neglecting gravity,
1
S+ Plp=0 (20.35)

which provides a direct relationship between flow velocity and pressure. If we consider an obstruction
in a potential flow this implies that the pressure will be the greatest at the stagnation points on the
surface of the obstruction where u = 0. This also allows one to see how an aerofoil can provide lift if
it is shaped such that the fluid must flow faster over the upper surface than over the lower surface.

20.8 Gravity Waves

An interesting application of potential flow theory is provided by gravity waves such as occur in the
ocean or in atmospheres of stars and planets.

For concreteness, let us consider waves in a bath of incompressible fluid with negligible external
pressure.

One can easily derive the main features of waves in such a system from order of magnitude
arguments. These reveal an important distinction between the cases when the bath is deep or
shallow as compared to the wavelength of the wave. In the former case, if we displace some fluid so
that the surface in a region of size L is raised by an amount h, then we expect the fluid to respond
by sinking back causing a flow extending to depth ~ L below the surface. The mass of fluid involved
in the flow is therefore M ~ pL? and the gravitational force is F ~ L?gph. Setting F = Ma = —Mh
gives ,

L=gph g9

L ~ Lh (20.36)

which is a simple harmonic oscillator with frequency

}:LN

w?~g/L. (20.37)

One can read from this that gravity waves in a deep body of fluid are dispersive, since w ~ vk
(with k& ~ 27/X the wave-number) and therefore phase and group velocities vphase = w/k and
Vgroup = Ow/0k have non-trivial dependence on wavelength. Also, one can see that the period of
gravity waves of length-scale L is on the order of the period of a pendulum of that length.

One can perform a similar argument for a shallow bath of depth D <« L, in which case the mass
of fluid involved is M ~ pL?D whereas the restoring force is the same as before F' ~ L?gph and one
obtains an equation of motion

. g
b~ Lh 20.
5 (20.38)

which is a non-dispersive wave equation.
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Figure 20.3: Geometry for the calculation of gravity wave dispersion relation.

Now let’s see how this can be made more precise. We start with the Euler equation as above,
replace ® — gz, and linearize in the amplitude of the waves. This means we drop the u? term since
it is of second order. Letting ¢ denote the displacement of the surface (see figure , and with
zero (or negligible) external pressure, Euler’s equation provides the boundary condition

ov
— =0 20.39
(%) +o¢ (20.39)
or, more usefully, taking the time derivative of this and using ¢ = u, = 0¥ /0z, this is
ov 9%V
—+ =0. 20.4
(gaz + 52 )z_g 0 (20.40)

This condition must be satisfied on the surface z = (. However, since both ¥ and ( are first order
quantities, we can effectively apply the above condition at z = 0 and make only an error of second
order. The pair of equations we need to solve are

V20 =0
2 20.41
(o824 5) =0 o

As usual, we want to look for traveling wave solutions ¥ = f (z)ei(“’t*’”) and let’s guess that
f(2) is some kind of exponential, so substituting ® = ce®*ti(wt=kz) in Poisson’s equation gives
V2¥ = (a® — k?)¥ = 0 and therefore a = +k. Since z is negative below the surface, for the infinitely
deep bath (which is typically the most interesting case) we need to take the solution a = —k, so the
velocity field disturbance falls off exponentially with depth with e-folding scale k=% = \/27. This
justifies the assumption in the order of magnitude analysis that the velocity field extends a distance
~ X below the surface. The boundary condition equation now becomes gk¥ = —w?¥ which gives

the dispersion relation
w(k) = +/gk (20.42)

again in accord with the hand-waving analysis.

For a bath of finite depth one needs to provide also a boundary condition that u, = d¥/dz
vanish on the floor of the bath, and one finds then that the solution is a combination of the growing
and decaying exponential solutions.

The dispersive nature of these waves is quite interesting. The group velocity is dw/9k o Ek=1/2
so the group velocity scales as the square root of the wavelength. Thus a localized disturbance (an
impulse) will evolve into a ‘chirp’ with the low-frequencies arriving first.

Note that vphase = 1/g/k whereas vgroup = %\/ g/k which means that wave crests travel twice as
fast as the group velocity. For a packet of waves this means that wave crests will appear as if from
nowhere at the tail of the packet, march forward through the packet, and disappear to the front.
All of this is familiar to anyone who has idly tossed pebbles into a pond.
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20.9 Sound Waves

To obtain the wave equation for small amplitude acoustic oscillations we start with the equations of
continuity and the Euler equation

(a%“l'v'o) =-rV-u (20.43)
(32 +(u-V)u) =-VP/p
We then set
p=po+p1
P=PFP+ P (2044)
u=04+u

where a subscript 0 denotes the equilibrium solution in the absence of waves (so ug = 0 of course)
and a subscript 1 denotes an assumed small perturbation about the equilibrium.

Substituting (20.44)) in (20.43) and keeping only terms of first order gives

Lptl-l-pov'lhzo

L (20.45)
ot T p%VPl =0
now if the oscillations are adiabatic then
oP
P = 20.46
' (8,0 ) S ( )

and taking the time derivative of the first of (20.45) and subtracting pg times the gradient of the
second gives

d2p1 oP 2
=) V%), =0 20.47
12 ap ). 1 ( )

which is a wave equation in the scalar quantity p; with sound speed cg given by
oP
2

(2 20.48
2= (%), (2043

For the special case of a planar disturbance /0, = 0/9, = 0 we have

Pp1 Ldm
— =0 20.49
oz~ “9x2 ( )
with general solution
p1(z,t) = f1(z — ct) + falz + ct) (20.50)

where f1 and fs are two arbitrary functions which must be determined from the boundary conditions.
In general the solutions of the 3-dimensional wave equation are superpositions of traveling waves

pr(r,t) = A’k (20.51)
k

The dispersion relation for these waves is
w?—k*/2 =0 — w=k/cs (20.52)

so these waves are non-dispersive.

We can see under what conditions we are allowed to neglect terms of 2nd order (and higher) in
the wave amplitude. For example, in passing from (20.43)) to we have, for example, dropped
(u- V)u as compared to du/dt but for a plane wave (u- V)u ~ ku? while du/0t ~ wu so this
is justified provided ku < w or, since w = ke if u < ¢5 so the linearized wave equation is valid
provided the velocity associated with the waves is small compared to the sound speed. It is easy
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to see from the first of that p1/po ~ ku/w ~ u/cs so the linearized wave equation is valid
provided the fractional amplitude of the density fluctuation is small: p;/po < 1 also.

The sound speed is given by . For adiabatic compression or rarefaction we found € o p*/3
and P o pe o< p°/% so (dP/dp)s = (5/3)(Po/po). Now Py = po(w?)/3 and therefore we have

5
o = \/; (w?)1/? (20.53)

ie the sound speed is on the order of the rms random thermal velocity. Note that the sound speed
is independent of the density and is proportional to the square root of the temperature.

20.10 Problems

20.10.1 Ideal fluids

Write down the continuity and energy equations for an ideal gas in the form

(%-Fu-V)p:...

(5 +u-V)e=... (20.54)

where ¢ is the specific thermal energy density.

Combine these equations to show that pe /2 is constant along fluid trajectories, so & oc p?/3,
and that the specific entropy s is therefore constant.

Estimate the rate (in degrees per km) at which dry air cools adiabatically if raised in height from
sea level.

3/2

20.10.2 Potential flows

Potential flows have vanishing vorticity: V xu = 0. A sufficient condition for this is that the velocity
be the gradient of some scalar potential field ¢(r). By considering the fourier transform of a general
3-dimensional vector field (or otherwise) show that this is also a necessary condition.

Show that it is possible to reconstruct the full 3-dimensional velocity field for a potential flow
from measurements only of the line-of-sight component of the velocity. This technique is used in
studies of cosmological ‘bulk-flows’ caused by nearby superclusters.

20.10.3 Hydrostatic equilibrium

a) Write down the equations of hydrostatic equilibrium for gas of density p and pressure P. Show
that if P = ap? these can be combined to yield

V2 + —p= (20.55)

b) Show that this equation admits spherically symmetric solutions of the form p(r) = Asinkr/r
if r < w/k, p =0 otherwise, where k = \/27G/a and A is an arbitrary constant (which is fixed once
the total mass is specified).

c¢) Show that there are also solutions of the form p(r) = Bcoskr/r, but that these require an
addition point mass at the origin.

d) Interestingly, the above equation also admits non-spherical solutions:

p(r) = Acos(kyx) cos(kyy) cos(k.z) (20.56)

for || < m/2k, etc. Find the condition that must be satisfied by the coefficients k., k,, k. and
sketch some isodensity contours in the plane z = 0 and for k, = k, = 2/m. Does this solution seem
physically reasonable to you? Discuss what may be wrong with this type of solution.

e) Returning to the spherical case, consider the run of entropy with radius for the p(r) =
Asin kr/r solution. Does it increase or decrease with r? Is the solution convectively stable?
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Chapter 21

Viscous Fluids

21.1 Transport Coefficients

The ideal fluid equations (20.1]) were obtained from the general fluid equations (19.57)) by dropping
the terms involving the viscous shear tensor m;; and the heat flux F. These can be calculated from
kinetic theory, in the limit that the mean free path is small compared to the scales over which

macroscopic conditions vary. To lowest order the solution of the Boltzmann transport equation
Lf = (0f/0t)con is a shifted Maxwellian

S 1¢.) B e s YOS
frv) = (2rkT(r)/m)?/2¢ e (21.1)

However, this cannot be an exact solution of the BTE since the collision term vanishes identically,
but the Liouville operator contains, for example, the spatial gradient term v-Vy f which is non zero,
so one needs to augment the locally Maxwellian zeroth order approximation with correction terms.
The detailed calculation of the transport coefficients is known as the Chapman-Enskog procedure
which is described in Huang’s book for example. The key results are that the viscous shear tensor
is given by

Ti5 = MDij (21.2)
where 5 5 5
U; W
D;; = — J _Z -u)0;5 21.
=gt e 5V Wi (21.3)

where D;; is the deformation rate tensor which is simply a symmetrized and traceless version of the
shear tensor Qu;/dz;. This says that the viscous shear tensor (which is essentially the traceless part
of the velocity dispersion tensor) is driven by the velocity shear. The coefficient of shear viscosity,
or more briefly the viscosity, p in is given by

1/2
= 2 (rmkT) 2 (21.4)
8 o
where o is the velocity averaged cross-section. To order of magnitude pu ~ muvr/o where vy ~
\/ kT /m is the typical thermal random velocity.
The heat flux is given by
F=-xkVT (21.5)

where k/pu = (5/2)Cy is known as Euken’s constant.

These results are well confirmed predictions of kinetic theory. The derivation is mathematically
involved, but the general form of the results can be well understood from simple arguments. Let
us model a shearing fluid as a set of slabs of thickness on the order of the mean free path A, as
illustrated in figure Each mean free time (or collision time) 7 = \/vp most of the particles in
a slab will be replaced by particles from the neighboring slabs. Consider the situation where there
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\/ .§ — u(zo + 2A)
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Figure 21.1: The effect of shear viscosity on irregularities in the velocity field can be under-
stood crudely as a smoothing effect due to random motion of atoms. Here we have a stack of
slabs each of which is roughly one mean free path thick. In one collision time 7 ~ A vp, a
good fraction of the particles in the center slab will have departed, to be replaced by the parti-
cles which were in the neighboring slabs. The new velocity of the center slab is approximatedly
the average velocity of the two neighbors This means that the acceleration of the center slab is
(Ou/0t)vise ~ N20%u/02%/(\Jvr) ~ Avrd?u/02z%. Another way to look at this is that there is a
flux of z-component of momentum in the z-direction AP/AAAt ~ (mvr/o)0u/dz. For the slabs
adjacent to the center slab, for instance, there is a gradient of velocity, but no acceleration since the

same amount of momentum flows through each face. For the center slab, however, there is a loss of
r-momentum through both faces, so the slab decellerates.

is a continuous variation of the z-component of the flow velocity u(z). If a particular slab at zg is
moving faster than the average of its two neighbors then, after one collision time, this slab will have
velocity u' = u(zp,t+7) ~ (u(zg+ A, t) + u(zo — A\, t)) /2 and the acceleration of this slab is therefore

ou  Au  u(zo,t+7)—ulzo,t)  u(zo+ A t) —2u(zo,t) +ulzo — A, 1)
RV ~ (21.6)
at At T 27
but if the velocity field u(z) varies smoothly the numerator in the final expression is approximately
A20%u/02?, and since T ~ /v, the viscous acceleration is

ou
(3t>visc ~ vp AV, (21.7)

On the other hand, in the fluid equations ((19.57)) this term is
Ou -1 M2
i = o~ = . 21.8
(8t)visc pV.-x pV u (21.8)

since m ~ pVu. These are compatible if u ~ pvrA ~ (mn)(kT/m)'/?(no)~! ~ VmkT/o in
agreement with .

The exchange of particles between slabs gives a momentum flux (in this case a flux of a-
momentum in the direction in which u, is decreasing). The exchange momentum between two
slabs of area A is AP ~ pANAu ~ mnAN?0u/0z which is exchanged in time At = \/v7r and the
momentum transport per unit time per unit area (or the force per unit area) is

AP mur @

ANt T o 02 (21.9)

so the momentum flux is proportional to the shear. If there is just a pure gradient of velocity then
the momentum flux is constant, and the momentum of any slab does not change with time. If there
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is a second derivative of the flow velocity then the force per unit area will be different on the top
and bottom of the slab and there will be an acceleration of the slab (see figure 21.1]).

It is interesting that the density of particles does not appear in the viscosity or in the momentum
flux. While the number of particles per second crossing a surface increases with n, the distance they
travel decreases since A ~ 1/(no) and these effects cancel.

The effect of viscosity in the Euler equation is to gradually smooth out the velocity flow. If
u(z) is initially fluctuating then the faster slabs will decelerate and vice versa until the flow becomes
uniform with « — @ the mean of the initial velocity. Since the bulk kinetic energy density is pu?, this
smoothing of the velocity field results in a net loss (or dissipation) of the kinetic energy. This energy
ends up in heat, and appears in the internal energy equation as the ‘viscous dissipation’ term
U ~ Vu.

The form of the thermal conductivity can be understood from the same kind of argument. If
there is a gradient of temperature then the difference in energy per particle over a distance A is
AFE; ~ kAVT and since the number of particles in a slab of volume A\ is N ~ nA\ and these
exchange in a time 7 = A /v, the flux of energy per unit area is

~ LT (21.10)

again in accord with (21.5)).

21.2 Damping of Sound Waves

Keeping the viscous term in the Euler equation and the dissipation term in the internal energy
equation and linearizing as before gives

gu — —lgiow?1 + alvrViu
9 — g u+ BlupVie

9 — " po

(21.11)

with «, 8 dimensionless factors of order unity. Strictly speaking, the dissipation term here will cause
the gas to heat up, and the background solution €y will not be exactly constant, as we have assumed.
However, the energy in the waves is second order in the wave amplitude and we can ignore this and
take the gas to be effectively isentropic, so VP = (5/2)(Py/€0)Ver = (5/3)poVer.
If we try solutions
u= RUei(wtka)

€ = Beilwt—kx) (21.12)
and the differential equations (21.11]) become the algebraic equations
. 5, 2 _
iwU — 31kE +vk*U =0 (21.13)

iwE — 2ike2U + 2vk?E = 0

where we have defined the kinematic viscosity v = aAvr.
The first of these equations gives U = gzkE /(iw + vk?) and using this in the second equation
and dividing through by E gives the dispersion relation

(iw + vk?)(iw + %ng) = —c%k? (21.14)

and if we assume that the damping is weak (so the fractional change in the amplitude of the wave
per cycle is small) then the frequency is

w = csk + i (21.15)
where the damping rate is I' ~ vk2.
e This damping rate is proportional to k2 so short waves damp out fastest.

e The damping time is tqamp ~ L?/Avp ~ (L/A)*tcon (with A the mean free path and L the
wavelength), but this is just the time it takes for a particle to random walk a distance L.
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21.3 Reynold’s Number

The Euler equation for a potential flow and neglecting gravity is

ou 1 1
7+7Vu2 = —7VP—§—1/V211, 21.16
ot 2 P ( )

Ignoring the last term on each side gave non-dissipating sound waves. Including viscosity, as we
have seen, causes the sound waves to decay. The second term on the left hand side, which we shall
call the ‘inertial term’, in contrast, leads to instability in the sense that irregularities will tend to
grow. One way to see this is consider a single planar sound wave with spatial frequency kg. The
term Vu?/2 therefore contains a component at spatial frequency 2kg. This term therefore appears
as a driving term for the oscillation mode k = 2ky. The inertial term therefore couples modes of
different spatial frequencies. In the absence of viscosity this leads to the ‘turbulent cascade’ with
energy propagating from large scales to smaller scales.

This natural tendency to instability for non-viscous fluids can be stabilized is stabilized if the
viscosity is sufficiently large. If we have a velocity disturbance of amplitude u on scale L then the
relative importance of the viscous and inertial terms is given by the dimensionless ratio

~ Uk (21.17)

which is called the Reynold’s number .

e If the Reynold’s number for a system is large compared to unity the viscous effects are relatively
unimportant and vice versa.

e Since v ~ vrA the Reynold’s number can be written as Re ~ (u/cs)(L/A). Now for a fluid
description to be at all valid we need L > A, so the Reynold’s number will typically be large
(unless the velocity associated with the wave is tiny compared to the sound speed).

e If two systems have the same Reynold’s number the solutions are mathematically similar,
which means that the solutions for one can be obtained from those for another be applying a
suitable scaling of lengths and times.

21.4 Problems

21.4.1 Viscous hydrodynamics

Water has a kinematic viscosity v ~ 10~72cm? /sec. Infer the mean free path for water molecules, and
estimate the damping time for gravity waves on the ocean as a function of their wavelength. Review
the derivation of the dispersion relation for deep ocean ‘gravity waves’: w(k) = v/kg. Estimate the
shortest wavelength waves which can reach Hawaii effectively unattenuated from a distant storm in
the North Pacific.

21.4.2 Damping of Sound Waves

Use the ideal fluid continuity and energy equations to derive the linearised wave equation for sound
waves. Show that the most general solution for planar sound wave disturbances is f1(x—ct)+ fo(z+-ct)
where fi; and f, are arbitrary functions. Air has a kinematic viscosity v ~ 0.15cm?/sec. Using
random walk arguments, or otherwise, estimate the damping time for a sound wave at ‘middle-C’
(256Hz).
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21.4.3 Sound waves

The continuity, Euler and energy equations for an ideal gas can be written as

(%-Fu-V)p:—pV-u
(£ +u V)u=-VP/p-V¢ (21.18)
(%—Fu-V)sz—%V-u

a) What do the symbols u, p, P, ¢, & represent?

b) Assuming a simple monatomic gas, combine the continuity and energy equations to show that
pe~3/2 is constant along fluid trajectories, so € o p*/3, and that the specific entropy s is therefore
constant.

c¢) Let p(r,t) = po + p1(r,t), P(r,t) = Py + Pi(r,t) where p1, P; are understood to be small
perturbations about a static uniform solution. Neglecting, for the moment, the effect of gravity,
linearise the continuity and Euler equations and combine these to obtain the wave equation for
adiabatic sound waves e op

P1 2
BT (3/))8 Vip1 =0 (21.19)

d) Find the relation between the sound speed and the rms thermal velocity of atoms for a simple
monatomic gas. How does the sound speed depend on density? How does the sound speed depend
on temperature?

e) For finite mean free path, diffusion effects will modify the fluid equations. Indicate the general
form of the extra terms in the fluid equations at the next level of approximation (Navier-Stokes)
and describe their effect on sound waves.

f) Discuss qualitatively the effect of including the self-gravity of the sound wave. You should
explain what is meant by the ‘Jeans length’, and indicate how it is related to the sound speed and
the dynamical time tqy, ~ (Gp)~/2.
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Chapter 22

Fluid Instabilities

Fluids are susceptible to various instabilities. We have already discussed convective instability. We
first briefly mention the Rayleigh-Taylor and Kelvin-Helmholtz instabilities, and then discuss in a
little more depth gravitational instability, thermal instability and turbulence.

22.1 Rayleigh-Taylor and Kelvin-Helmholtz

Rayleigh-Taylor instability arises when a heavy fluid lies over a lighter fluid; any small irregularity
in the height of the interface will grow exponentially and rapidly become large.

The term is also used to describe what happens in an explosion with dense ejected material
incident on lighter surrounding material.

In both situations, ripples in the interface grow into ‘fingers’ of dense matter penetrating the
lighter material.

Kelvin-Helmholtz instability arises, for instance, when wind blows across the surface of a fluid,
or more generally when there is wind shear in a stratified medium. In the former case the instability
can be stabilized by surface tension of the interface. For a shearing stratified fluid the instability can
be stabilized by a sufficiently large entropy gradient, much as we found for convective instability.
We will discuss this later when we consider turbulence, the onset of which is closely related to
Kelvin-Helmholtz instability.

22.2 Gravitational Instability

Gravitational instability appears if we add the gravitational term to the linearized sound wave
equations. Starting with the continuity and Euler equations

p1=—-pV-u
u= —ci% - Vo (22.1)

with V2® = 47Gp, the peculiar gravity caused by the density fluctuation. Taking the time derivative
of the first and using the second to eliminate the velocity gives

p1 = c2V?p1 + 4nGpopy (22.2)
and using trial solution p; ox €/“t=¥X) yields the dispersion relation
w? = k*c? — 4nGpo. (22.3)

e The last term is the inverse square of the dynamical-time or collapse-time for a body of density
Po-
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e The squared frequency becomes negative (signalling exponentially growing instability) for
waves with wavelength exceeding a critical value

Ae =27 /ke = 2mes [/ 4mGpg (22.4)

e Crudely speaking, the criterion for stability of an over-dense region is that a sound wave should
be able to cross the perturbation in less than the dynamical time.

e We have performed the ‘Jeans swindle’ in side-stepping the issue of the fact that the assumed
stable background about which we are making a linearized perturbation is in fact unstable. We
will see how this can be justified when we consider growth of density fluctuations in cosmology.

22.3 Thermal Instability

Consider a box with transparent walls full of atomic or molecular gas with uniform density p and
temperature T. The atoms will have a Maxwellian velocity distribution and the atoms will have a
thermal distribution of internal excitation levels. In the absence of any external radiation field the
gas can cool through collisionally induced excitation followed by spontaneous emission, and there will
be an emissivity which is a function of the temperature and the density of the gas: j = j(T, p). If we
switch on an external radiation source, then one should be able to find combinations of temperature
and pressure such that the radiation loss is just canceled by absorption, and the system will then be
in equilibrium. However, for most temperatures, this equilibrium will be unstable. This is because
the energy loss due to collisions scales as the density squared, whereas the energy gain rate is
proportional to the density times the absorption cross-section.

Imagine one has gas with thermodynamic parameters (pg,Tp) which is just in balance between
heating and cooling. If one were to perturb a parcel of this gas by injecting a little heat then it will
expand and move to a new point with a lower density. It must, however, have a higher temperature
than it had initially, since it must remain in pressure equilibrium. Similarly, if we remove a little
heat it must contract slightly, and become denser (and therefore cooler if it is to remain in pressure
equilibrium). This is illustrated in figure If the cooling rate is insensitive to the temperature,
then an over-dense, and therefore cooler, perturbation will radiate more effectively and will become
still denser and cooler. An under-dense, and therefore hotter, region will radiate less efficiently,
so the radiative energy input will exceed the rate at which energy is radiated and the region will
become even more under-dense and hotter. The initial density inhomogeneity seed, no matter how
small, will grow exponentially and the system is said to be ‘thermally unstable’.

The only way to avoid this instability is if the cooling rate is strongly dependent on the gas
temperature, with the cooling being more effective at higher temperature. If the temperature de-
pendence is sufficiently strong, then the cooling rate under isobaric conditions may decrease with
increasing density, and the gas can then be stable.

This strong, positive dependence of cooling rate on temperature can occur for certain, rather
specific, temperatures. For example, for atomic gas at temperatures below about 10*K the proba-
bility that an atom is excited is exponentially small; thus a small increase in temperature results in
an exponential increase in the fraction of excited atoms, and consequently in the radiative cooling
rate. A similar transition occurs around 102K for molecules where molecular vibration states get
excited.

A body of gas at an intermediate temperature, say around 103K, will be unstable, and will
precipitate over-dense clouds which will end up at around 100K surrounded by a hotter gas at
around 10*K. This leads to the ‘two-phase medium’ picture (or more generally multi-phase medium)
of the interstellar medium.

The condition for stability is (0L/9T)p > 0, where L is the cooling rate.
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P = constant

p

Figure 22.1: The curve shows an isobar passing through the state (pg, Tp), for which the collisionally
induced cooling just balances the energy input radiation. If we perturb an element of the gas by
adding or removing some heat then it will move along this isobar. Since cooling ordinarily tends
to be more efficient for higher densities, this is unstable (see text). To avoid the instability it is
necessary to have the cooling rate increase strongly with temperature.

22.4 Turbulence

Empirically, flows with small Reynold’s number are stable, whereas high Re flows are unstable and
lead to chaotic behavior. Examples are stirring cups of honey and coffee respectively. The latter type
of flow tends to form eddies, which form sub-eddies and so on, and there is said to be a turbulent
cascade of energy from some outer scale — the scale on which bulk kinetic energy is being injected
— down to some inner scale at which viscosity becomes important and the energy is converted to
heat.

Turbulent flows are highly non-linear and complicated and are a challenge even to numerical
calculations. There are however some simple scaling properties of turbulent flows that are expected
to hold if the inner scale is much less than the outer scale. These scaling laws are known as the
Kolmogorov spectrum. The range of scales Linper S L S Louter 1S known as the inertial range.

22.4.1 Kolmogorov Spectrum

Assuming the Mach number to be small, the flow can be modeled as approximately incompressible.
At length scale L, there will be eddies with some characteristic velocity v(L) and the kinetic energy
density in these eddies is € ~ pv?(L). These eddies turn over on time-scale 7(L) ~ L/v(L) and it is
reasonable to assume that these eddies transfer their energy to smaller scale eddies on the order of
the turnover time. These eddies will also be receiving energy from larger scale ‘parent’ eddies. In
the steady state there can be no build up of energy at any particular scale, so we require that the
energy density transfer rate de/dt ~ /7 be independent of L. This gives pv?(L) &< L/v(L), or

v(L) x L'/ (22.5)

this is the Kolmogorov velocity spectrum for fully developed turbulence.
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22.4.2 Passive Additives

Similar arguments can be applied to the spatial power spectrum of passive additives. A passive
additive is a property which is conserved along the flow. Examples are the entropy of a gas, water
vapor content of air, ‘creaminess’ of liquid in a just stirred cup of coffee. For the last example, defining
the creaminess ¢(r) to be unity in the cream and zero otherwise then after we pour the cream, the
power spectrum P.(k) will be dominated by low frequencies, but the turbulent cascade will cause
power to be created at higher frequencies. Now the variance of the additive (c¢?) is conserved (until
we get down to scales where diffusion becomes effective) and so again, in the steady state, in which
there is some agency injecting kinetic energy and creaminess fluctuations on a large scale Lqyuser and
these are cascading to smaller scales on a time-scale of order the eddy turnover time. The rate at
which variance is being transferred (c?); /7 should be independent of scale. This leads to

() o< T(L) ~ TIL) o L%/3, (22.6)

Since (¢?), ~ (k*P.(k))g~1/r the scaling (22.6) corresponds to a power-law power spectrum
P.(k) o< k™ with 3+n = —2/3 or
P.(k) o k=173, (22.7)

For this type of power-law spectrum, the auto-correlation function is not well-defined (in reality,
the value £.(r) will be determined by the outer-scale) but the structure function is well defined and
has the power law form

S.(r) = ((c(0) — e(r))?) o r?/3. (22.8)

22.4.3 Inner Scale

The turbulent cascade persists down to the diffusion scale at which viscosity acts to damp out the
flows and irreversibly mix any passive additives (thus destroying additive variance).

The diffusion scale is such that the damping rate u=10u/dt ~ v/L? ~ 1/7(L) ~ v(L)/L with
v ~ vrA the kinematic viscosity. But with with v(L) = v(Louter)(L/Louter)/? this gives

y 3/4
Linner ~ Lou er | 77/ 77 22.9
‘ (LouterU(Louter)> ( )

22.4.4 Atmospheric Seeing

An interesting application of turbulence theory is provided by atmospheric seeing which arises from
turbulence driven by large scale wind shear mixing air with inhomogeneous entropy, water vapor
etc. Since atmospheric turbulence is strongly sub-sonic we can assume that the air is in pressure
equilibrium, so fluctuations in the entropy are reflected in fluctuations in the density and refractive
index dn.

These refractive index fluctuations cause corrugation of the wavefronts from distant sources.
The vertical deviation of the wavefront (or effectively the phase fluctuation) is proportional to the
integral of the air density, and has the same spectral index P, o< k~'*/3 and the two-dimensional
structure function is S o< 7%/3. A realization of a wavefront after propagation through a turbulent
atmosphere is shown in figure

The structure function for the phase fluctuations is also a power law, and is conventionally
parameterized in terms of the Fried length r( as

Sy (r) = 6.88(r/19)*/3. (22.10)

The Fried length is therefore the scale over which the rms phase difference is v/6.88, so different

parts of the wave-front separated by g or more will be significantly out of phase with each other.
We saw earlier that the optical transfer function of the telescope (the Fourier transform of

the point spread function) is proportional to e~5¢(")/2 with S, the structure function for phase
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Figure 22.2: Realization of wavefront from a distant source after propagating through the atmo-
sphere. The projected phase fluctuations were modeled as a Gaussian random field.

fluctuations. Since S, o< r5/3, taking the transform leads to a PSF g(f) with a core of radius
0. ~ A/ro and with a power-law halo or ‘aureole’ g(#) 0=11/3 for > 0.

This is for an ideal imaging system. In real telescopes there are usually sharp edges to the pupil or
input stop, and this results in wings of the PSF with g oc 7~3. There is also usually mirror roughness
which typically exceeds the atmospheric corrugation on small scales < ry and typically generates a
PSF with a g oc 72, This indicates that the spectrum of mirror errors has index n ~ —2, which is
2-dimensional flicker noise. Putting these affects together suggests that a real PSF will consist of a
core, surrounded by a series of power law extensions of progressively shallower slopes.

22.4.5 Stability

In the atmosphere the Reynold’s number for shearing flows on scales of order km is enormous, so one
might expect turbulence to be ubiquitous. However, it is possible for the atmosphere to be stabilized
against turbulence by a positive entropy gradient (entropy increasing with altitude) since a positive
entropy gradient means it costs energy to create a large scale eddy. Comparing the kinetic energy
in velocity shear in a region of size L to the potential energy cost for turning over a cell of this size
leads to Richardson’s criterion for stability .

The kinetic energy is straightforward. For a cell of size L it is Eyi, ~ pL3(LVu)? ~ pu?L°.

To compute the energy cost, recall that the specific entropy is

k
s=— §lanlnn , (22.11)
m \ 2

where m is the mass of the air molecules. Assuming adiabaticity, the density and temperature are
related by
T3/ 2

= T (22.12)

Let’s say we take some parcel of gas from altitude z’ at which the specific entropy is s’ and raise it
to level z where the entropy is s (and the density and temperature are n and T'). If the density and
temperature of the displaced gas are n’ and T then these satisfy

T/3/2

" = T (22.13)
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but they must also satisfy pressure equilibrium:
n'T' = nT (22.14)

so, using this to eliminate the temperature 7" in ([22.13]) gives

3/2T3/2
N\5/2 — ni 29 1
() exp(ms’/k) (22.15)
or, using (|22.12))
AN exp(ms/k) ,

With n’ = n+ An and s’ = s — As, and assuming small fractional changes in the density, entropy
etc

5A
14+ 22% v 1 4 mAs/E (22.17)
2 n
or A 9
7” — “mAs/k (22.18)

If we overturn a parcel of fluid of size L through its own length, the fractional density change is
therefore Ap/p ~ mLVs/k, and the potential energy cost is Epot ~ g(ApL3)L ~ gpmL®Vs so the
ratio is

Epot gmV's

Ekin ~ k(Vu)2

An atmosphere will be stable if this dimensionless number exceeds unity.

(22.19)

22.5 Problems

22.5.1 Kolmogorov turbulence

Give an order of magnitude estimate for the specific energy ‘flux’ (from parent to daughter eddies)
in a turbulent cascade in terms of the characteristic velocity Uy of eddies of size ~ L. Thereby
obtain the Kolmogorov scaling law for fully developed turbulence in the form Uy o« L7, and the
corresponding law for the turnover time 7(L).

If the mean free path in air is [ = 4 x 10~%cm and the mean thermal velocity is v = 4 x 10%cm/s,
estimate the time for atoms to diffuse a distance L.

By combining the above results, estimate the ‘inner scale’ at which the bulk kinetic energy is
dissipated by viscosity into heat, if the ‘outer scale’ for atmospheric turbulence is ~ 100m and the
velocity at this scale is ~ 20m/s,



Chapter 23

Supersonic Flows and Shocks

Subsonic flows with u < ¢, are nearly incompressible while for transsonic (u ~ ¢;) and supersonic
(u > ¢;) flows compression of the gas is important.

One can see this from Bernoulli’s equation u?/2 + h = constant, with dh = dP/p as we will
assume adiabaticity. Writing dP = (OP/9p)sdp = c2dp and du?/2 = udu gives

d d
w4 22— (23.1)
u P
or A A
2P 2t (23.2)
p U
where the Mach number is defined by
M = u/cs. (23.3)
It follows that A A
Ap < Au M <1
‘ p { N } o for { M> 1 (23.4)

23.1 The de Laval Nozzle

An interesting application is the de Laval nozzle in which gas is accelerated to supersonic velocities.
This is the basis of rocketry and the physics is relevant for astrophysical jets.

In the de Laval nozzle gas passes adiabatically through a constricting venturi. The continuity
equation is pAu = constant, or dp/p + du/u+ dA/A = 0. Using this says

(1-— MQ)‘LU __d4
U A

For low Mach number M < 1, a constriction dA < 0 causes an acceleration du > 0 so subsonic gas
entering a venturi will accelerate. For M > 1 though a constriction requires a deceleration. Thus,
if one can arrange that the velocity just equals the sound speed in the waist of the venturi, the gas
can be accelerated both entering and leaving the venturi.

This is an effective way to convert thermal energy in the gas into bulk kinetic energy.

(23.5)

23.2 Shock Waves

If a subsonic flow passes an obstacle, sound waves can propagate upstream and ‘warn’ the incoming
gas, so the flow can adjust itself to accommodate the obstacle. For a supersonic flow this is im-
possible and obstacles lead inevitably to shock waves. Gas encountering a shock suffers a sudden
and irreversible increase in entropy as bulk kinetic energy is converted to heat. The microscopic
behavior of the shock is complicated, but important features can be obtained from the principles of
conservation of mass, momentum and energy. Here we will consider collisional shocks.

273
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Figure 23.1: The upper sub-figure shows a piston begin driven along a tube at velocity vpiston-
Initially the tube contains gas with sound speed ¢; < Upiston- A ‘shock-wave’ preceeds the piston and
propagates into the cold gas. In the shock, collisions convert bulk kinetic energy into heat. Behind
the shock the tube contains heated and compressed gas. The lower sub-figure shows the same thing
from the point of view of an observer who moves along with the shock. The basic features of the
shock — shock velocity, density and pressure jumps etc — can be determined from continuity of flux
of mass, momentum and energy, independent of the details of the collisions happening in the shock.

23.2.1 The Shock Tube

Consider a tube containing gas with density p;, pressure P; and sound speed ¢; with a piston begin
driven along the tube at velocity v, > ¢; as illustrated in figure 23.1} The gas particles initially
impacted by the piston will be strongly accelerated. They will in turn collide with particles further
along the tube, and it is not unreasonable to assume that a disturbance will proceed along the tube
leaving an irreversibly heated body of gas in its wake. This is known as a collisional shock; a narrow
region within which collisions rapidly generate entropy.

To analyze this is is convenient to shift to a moving frame of reference in which the putative
shock is stationary, as illustrated in the lower part of figure In this frame, gas arrives from one
side at velocity u; and with ‘pre-shock’ density p; and pressure P;, gets heated and accelerated and
leaves with ‘post-shock’ velocity, density and pressure ug, p2 and P». To obtain the relation between
pre- and post-shock quantities we require that in the steady state, the flux of mass, x-momentum
and energy should be the same on both sides of the shock. Continuity of mass flux is trivial: we
need piu; = paus. Continuity of momentum and energy is trickier since we need to take account of
both bulk and micro-scopic motions.

The rate at which particles cross a unit area which is perpendicular to the flow is dN/dtdA =
[ d3v f(v)v,. The mass flux is therefore

dN

Jj= Mot = m/d3v f(v)v, = m/d3w fo(w)(u + wy) (23.6)

where fo(w) is the distribution of random velocities. From the definition © = (v,) the mean random
velocity vanishes [ d*w f(w)w, =0 and we have

Jj=mnu=pu (23.7)

as expected.
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Momentum flux is
[0 suatmen =m [ dw fow)us w)? = i + plu) =it + P (238)

where we have assumed an isotropic distribution of random velocities so that (w?) = (w?)/3 = P/p.
Continuity of z-momentum implies continuity of pu? + P.
Energy flux is

[d3v f(v)vg (3me?) = Im [ Bw fo(w)(u+ w,)(u? + 2u-w + w?)
= pu (3u® + $(w?) + (w?)) (23.9)
= pu (3u® + €+ P/p) = pu (3u® + h)

where h = € + P/p is the specific enthalpy. Since pu is just the mass flux (which is continuous),
continuity of energy flux therefore implies continuity of u?/2 + h.
The jump conditions are then

pP1U1L = P2U2
p1u? + Py = pou3 + P» (23.10)
%u% +h = %u% + ha

These were derived here for the simple case of a monatomic gas, but they are in fact more general.

It is interesting that h = e + P/p and not just the internal energy e appears in the energy flux
continuity equation. This means that the sum of the bulk and thermal kinetic energies of a parcel of
gas are not the same after the shock as before. This is because the volume of this element will have
changed, in fact, as we will shortly see, the gas parcel will have been compressed, and this required
work to be done which came from the gas itself.

To solve (23.10)) we proceed as follows:

1. Let uy = jVj and ug = jV5 where j is the mass flux and V' = 1/p is the specific volume, ie the
volume occupied by unit mass of gas.

2. Eliminating the velocities u1, ug, the second of (23.10) becomes

P+ Vi = P+ j?Vy (23.11)
or P P
) 2 — 142

2" 2 23.12

3. Eliminating the velocities u1, us from the third of (23.10) gives

M+ 57V = ha + 37V (28.13)
or
hl—h2+%(Vl—|—Vg)(P2—P1):0 (23.14)
or, since h = ¢ + P/p,
o —62+%<v1 V) (P4 Py) = 0. (23.15)

If we specify P; and V3 = 1/p; then either of equations (23.14) or (23.14), whichever is most
convenient, provides a relation between P, and V5. This relation is known as the shock adiabat.

Once we specify one post-shock quantity such as P» (which is determined eventually by the
energetics of the piston or explosion which is driving the shock) then all other post-shock quantities
are fixed.

A shock is said to be ‘strong’ if the post shock pressure greatly exceeds the pre-shock pressure.
In this case we set P = hy = ¢; = 0 and it is not difficult to show that the density increases by a
factor 4.

See Landau and Lifshitz “Fluid Dynamics” for discussion of the stability of collisional shocks.
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23.2.2 Vorticity Generation

Kelvin’s circulation theorem tells us that an ideal fluid which is initially vorticity free remains that
way for ever. However, with dissipation this is no longer the case. In collisional shocks there is
strong dissipation in the shock and, if the shock is oblique (ie the normal to the shock does not
coincide with the flow velocity vector) vorticity can be generated.

23.2.3 Taylor-Sedov Solution

The Taylor-Sedov shock solution describes what happens if a point-like explosion occurs in a uniform
density gas. After some short time the explosion will have ‘swept up’ more than the mass of the
material ejected in the explosion, and subsequently one expects to find a spherical shock wave
propagating radially outward, with radius as a function of time r = r(E, p, t) where E is the energy
of the explosion and p is the density of the ambient gas.

By dimensional analysis, if we assume that the solution has power law dependence on E, p and
t,ie 7 = E'p™t" then equating powers of mass, length and time on both sides of this equation gives
the power law indices I = 1/5, m = —1/5 and n = 2/5 so the form of the solution is

r(t) = aBY/5p= /5425, (23.16)

One could also have reached this conclusion from energy considerations. Note that the velocity
of the shock is v = (2/5)r/t and the kinetic energy is Ey, ~ prv? which is independent of r and ¢
and is on the order of the initial energy injected.

The Taylor-Sedov solution applies to supernovae explosions. At late times cooling can become
effective and the shock then evolves into the ‘snow-plow’ phase.

23.3 Problems

23.3.1 Collisional shocks

a) Write down or, if you like, derive the equations expressing the continuity of fluxes of mass,
momentum and energy for a planar collisional shock. Work in frame of reference such that the shock
is stationary and denote the pre- and post-shock velocities by wuy, us respectively and assume that
the flow velocity is perpendicular to the shock surface.

These equations relate the densities p, pressures P and enthalpies h = € + P/p on the two sides
of the shock discontinuity.

b) Take the limit of the continuity equations for a strong shock (P; < P;) and show that for a
monatomic gas the density jumps by a factor 4.

¢) Find the relation between the shock propagation velocity (i.e. the velocity at which the shock
moves into the unshocked medium) and the post-shock sound speed.

d) A strong spherically symmetric shock resulting from an explosion of energy E is propagating
into uniform cold gas of density p. In the absence of radiative cooling the shock radius r(¢; E, p) can
only be a power-law function of its arguments:

r=aEtmp" (23.17)

where « is some dimensionless constant which we will assume to be of order unity. Use dimensional
analysis to find the indices I, m, n.

e) A supernova explosion dumps energy ~ 105! erg in a region containing uniform cool gas at
density n = lem™3. Use the ‘Taylor-Sedov’ scaling law you have just derived to compute the radius
and velocity of the shock front after 100 years.
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Plasma

24.1 Time and Length Scales

Much of the baryonic material in the Universe is in the form of plasma; highly ionized, and therefore
electrically conductive, gas. There are a variety of important length- and time-scales for plasmas:

24.1.1 Plasma Frequency

Consider an otherwise electrically neutral plasma where we take a block of electrons and displace
them sideways by an amount x as illustrated in figure This generates a restoring force so the
equation of motion is

X = —w’x (24.1)

where the plasma frequency is

1/2
wy = \/Amne2 fm. ~ 5.6 x 10° ( n ) 51 (24.2)

lem—3

Thus if we physically disturb a plasma it will ‘ring’ at the frequency w,. Also, as we will shortly
see, electromagnetic waves can only propagate through the plasma if their frequency exceeds wy,.

X
el - -
|+ + _— | - -
|+ + | - -
I+ o+ _ B =dmenx | - -
|+ + F |- -
|+ + _ |- -
|+ + I

Figure 24.1: If we displace a block of electrons in a plasma from their initial location — as indicated
by the dashed box — this generates an electric field which acts to try to restore neutrality. In the
absence of damping, this leads to oscillation at the plasma frequency w, = \/4mne?/me.
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24.1.2 Relaxation Time

The relaxation time is the time-scale for collisions to establish a Maxwellian distribution of veloc-
ities. We can crudely estimate this as the time between collisions with sufficiently small impact
parameter that they substantially deflect an electron. For such collisions, the potential energy at
closest approach is on the order of the typical thermal kinetic energy:

e2

0 ~ kT (24.3)
so the cross-section for such collisions is
4
e
~bE N~ — 24.4
7 (kT)? (24.4)
The mean free path is
1 L272 2,4
[~ — ~ ~ T (24.5)
no net net
where v ~ \/kT/m, is the typical thermal velocity. The relaxation time is then
l 2,,3 T3/2
fom — ~ O 0,925 (24.6)
v ne

where n is in units of cm™2 and 7 is in Kelvin.

For most astrophysical plasmas, t. is much less that the plasma oscillation frequency, but is still
short compared to most other time-scales such as the age of the system, so we expect the electrons
to have relaxed to a Maxwellian velocity distribution.

24.1.3 Debye Length

Consider what happens if we introduce a positive ion into an electrically neutral plasma. The
electrons will respond to the electric field of the ion, and will be attracted towards it, tending to
counteract the positive charge. They will, in general, overshoot, and there will be some oscillations
which radiate outwards. Once these have departed, the result will be an electically neutral plasma
with a very concentrated electron charge concentration surrounding, and just compensating, the
electric field due to the ion. The time-scale for the plasma to adjust to the implanted ion is on the
order of the inverse of the plasma frequency wy,.

This is for a cold plasma. What happens if the electrons have a finite thermal velocity? Random
thermal velocities will tend to smear out the electron charge concentration, but this will then reveal
charge of the implanted ion, so there is a competition between these two effects. Now at a distance
[ from the ion, the time-scale for the velocities to act is 7 ~ [/vp. Here vp ~ /kT/m is the typical
thermal velocity. This ‘smearing time-scale’ 7(1) increases with I, so there will be some distance [p

such that 7(1) ~ 1/w,:
vT kT
Ip~—n~y—. 24.7
b Wy ne? (247)

This length-scale (which will be defined more precisely below) is known as the Debye length. It’s
significance is as follows: at distances [ > [p the plasma can relax towards neutrality faster than
thermal velocities can smear out the electron charge concentration, so we expect that the ionic
charge will be effectively screened by the electrons. On scales | < Ip, on the other hand, smearing
by random motions is effective; the electron concentration is smoothed out, and the field due to the
ion will not be screened.

Landau and Lifshitz give a more quantitative calculation of the screening: In equilibrium (and
in the ensemble average state) we expect the surrounding electrons and ions to have a Boltzmann
distribution, with the density of electrons, for example, being n.(r) = nee?M/FT where n, is the
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mean density and ¢(r) is the potential due to the ion and the screening cloud. Similarly, the density
of ions will be n;(r) = nje—Zi€?(")/KT The total mean charge density profile will be

p(r) = Zed(r) — neee® /R 4 7, e Zied(r/RT (24.8)
where the potential ¢(r) is related to p(r) by Poisson’s equation
V¢ = —dmp. (24.9)

The problem here is to find a self-consistent solution to this pair of equations. In general this is
difficult, but finding a solution at large radii is easier, since we then expect e¢(r) < kT, so we can
expand the exponentials to obtain

p(r) =~ Zed(r) — ¢(r) /L% (24.10)

where we have invoked overall charge neutrality (n. = Z;n;) and where we have defined the Debye

length Lp such that

e2(ne + Zin;)
kT

This is in accord with the hand-waving argument above. Poisson’s equation, with the Laplacian

written in spherically symmetric form, is

Ly = . (24.11)

1 dr2% _9
g =L, (24.12)

and the boundary condition is ¢ — Ze/r as 7 — 0. This has solution

o(r) = ?e*T/LD. (24.13)

e The Debye length is the screening length; on scales r < Lp the potential is that of the bare
ion, while on larger scales the potential is exponentially suppressed.

e On scales > Lp one can ignore the particulate nature of the plasma.

e The Debye length is on the order of the thermal velocity times the inverse of the plasma
frequency. This is in accord with the idea that the plasma will tend to relax towards charge-
neutrality on time-scale 1/w, — resulting in a enhancement of electrons around the ion — but
thermal motions will tend to smear this out.

e We have assumed here that the electrons are effectively collisionless.

24.2 Electromagnetic Waves in a Plasma

The mobile charges in a plasma have a profound influence on the propagation of electromagnetic
waves. Here we will consider two applications; the dispersion of waves propagating through a plasma
and the rotation of polarization which occurs if there is a large-scale magnetic field present. Both
of these effects can be used as diagnostics to probe the properties of the medium through which the
waves are propagating.

24.2.1 Dispersion in a Cold Plasma

If we consider waves with period much less than the relaxation time we can ignore collisions. Any
electric field E associated with the wave will drive a current in the electrons. The equation of motion
for an electron is X = eE/m, so the current generated by the field obeys

@_ne2E
. m

(24.14)
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This is valid provided the period of the waves is much less than the relaxation time, as is usually
the case.

If we assume a wave-like solution in which all properties vary as e**=%%) then the current is
ine? iw?
= E=_TE, (24.15)
wm 4w

The third and fourth of Maxwell’s equations become

ik x E = &B
: 47j 1 Lw?—w? (2416)
ikxB =" - %2 = = —2F,

If we let the wave propagate along the z-axis, then on combining these equations we obtain the
dispersion relation
w? =2k 4wl (24.17)

This is the same as the dispersion relation for a Klein-Gordon field with mass m = fiw,/c*. The
presence of the modile sea of electron charge density has evidently endowed the electromagnetic
waves with a non-zero ‘effective mass’.

e For w < w, the wave-number becomes imaginary, and instead of traveling waves we have an
evanescent decaying behavior E oc e7#".

e The current and electric field are 90 degrees out of phase, so (j - E) = 0. This means that no
work is done by the wave on the plasma and so the energy is reflected.

e For w > w, we have traveling wave solutions, but the waves are is dispersive (see appendix @
e The group velocity is vgroup = dw/dk = ¢*k/w = ¢,/1 —w?/w?. This is the speed at which
information propagates, and tends to zero as w approaches wy,.

e If a source (a pulsar perhaps) emits pulses, then the pulses will be dispersed and we receive a
‘chirp’ of decreasing frequency (see problem).

e Measurement of the time of arrival vs frequency provides the dispersion measure D = [ dl n..

24.2.2 Faraday Rotation

Plasmas are highly conductive, and so cannot sustain any large-scale electric fields. They are,
however, often threaded by large scale magnetic fields. The presence of a magnetic field introduces a
new frequency in the problem: the electrons will gyrate around the field lines at the gyro-frequency

eB

wG::1.67><107<
mc

) st (24.18)
gauss

Just as with bulk oscillation of the plasma at the plasma frequency, we might expect the internal
oscillations associated with the magnetic field to affect the oscillations of the electromagnetic field
and thereby further modify the dispersion relation. This is indeed the case. We shall see that the
presence of a magnetic field causes circularly polarized waves to propagate at different velocities,
depending on their helicity. An important consequence of this is that the plane of polarization for
linearly polarized waves rotates as it propagates through a magnetized plasma. This phenomenon
is known as Faraday rotation, and provides an important diagnostic for magnetic fields.

Calculation of the dispersion relation is complicated in general since this will depend on the
wave direction and on the polarization. Here we will consider for simplicity only waves propagating
parallel to the field lines, which we shall take to lie along the z-axis.

Consider a circularly polarized wave propagating along the z-axis, such that the electric field lies

in the = — y plane and is
E, | cos(wt)
{ E, } =Ey [ sin(wt) } . (24.19)
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In the absence of any large-scale magnetic field, and assuming electron velocities v < ¢ so we can
neglect the effect on the electron of the magnetic field of the wave, the acceleration of an electron is

X =eE/m (24.20)

as before. This acceleration vector is the time derivative of a velocity

{ Ve } _ ko { sin(wt) ] (24.21)

Uy wm | — cos(wt)

which in turn is the derivative of a displacement

{ x } _ K { cos(wt) } . (24.22)

Y w?m | sin(wt)

Thus each electron moves in a circular orbit of radius ro = eEg/w?m at velocity vg = eEg/wm.
Now add a static magnetic field parallel to the z-axis. There will now be an additional ev x
B/(mc) component to the acceleration. If we guess that the velocity is

AR ey )

(with vy to be determined) the extra component of the acceleration is

eva:eB[ vy }:_eUOB[COS(wt)]

me mec | —vg sin(wt) (24.24)

mc

The magnetic force is therefore anti-parallel to the electric force. The equation of motion is

%=—[E+vxB/] (24.25)
m
or
| cos(wt) | _ e _ cos(wt)
[ i ] = wuy { sin(wt) ] = [Ey —voB/(] { sin(wt) | (24.26)
Our guess is then indeed a solution, provided
B
Vo (w + 6) = EEO (24.27)
me m
or equivalently
E
vo= — 0 (24.28)
m(w + wag)

What is happening is that the magnetic force is opposing, and therefore hindering, the electric
centripetal force, resulting in a velocity which is smaller by a factor 1/(1 + wg/w) (see figure 24.2).
For a magnetic field which is anti-parallel to the wave-vector, or equivalently for a wave of the
opposite helicity (with the field, velocity and displacement rotating clockwise rather than anti-
clockwise), the magnetic force adds to the centripetal acceleration due to the electric field, and the
velocity is then larger by a factor 1/(1 — wg/w).

The propagation of an electromagnetic wave of a certain frequency w through a magnetized
plasma is, for the case of B parallel or anti-parallel to the wave-vector k, identical to that for a
non-magnetized plasma consiting of particles with the same number density and charge but with a
slightly different mass ratio m’ = m(1 + wg/w), or equivalently to a wave in a neutral plasma with
a slightly different plasma frequency

2

w,
/2 2 (24.29)

Y = TTugle’
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Vo %EO Vo %(E() — UQB/C)

/ e

Figure 24.2: For a circularly polarized wave, the electrons confined to circular orbits by the cen-
tripetal acceleration eFEp/m and therefore move with speed vy = eEy/mw (left panel). If there
is a magnetic field parallel (anti-parallel) to the wave vector the centripetal acceleration is par-
tially annulled (enhanced) by a magnetic force, and the velocity is reduced (increased) by a factor
1/(1 twg/w).

The dispersion relation is therefore
ki =w? - —2 . (24.30)

This is the dispersion relation for circularly polarized waves. These are the ‘propagation eigen-
states’ of a magnetized plasma. Here we are more interested in the propagation of radiation which
is initially linearly polarized. We can obtain evolution as follows: We can decompose an initially
linearly polarized wave into the sum of two circular waves of opposite helicity. These then propagate
independently through some path length of plasma and we can then recombine them to obtain the
final field.

For example, consider the wave

[t R Ferint e R Briintens IR

i.e. the sum of two circularly polarized waves. At ¢ =0, z = 0 the field is (£, E,) = (Eo,0). Now
write k4 = k = Ak, to obtain
E.(z,t) | _ - coszAE | =z 1
{ E, (x4) } = Fycos(wt — kz) { - sin Ak ] = Eycos(wt — kz)R(zAk) { 0 } (24.32)
Where R(#) denotes the 2-D rotation matrix. For Ak < k this is a linearly polarized wave whose
plane over polarization rotates progressively with distance 6(z) = zAk. More generally, if the plasma

density and/or magnetic field (and therefore Ak = (k4 — k_)/2) varies with position the rotation
angle is

1 1 5
0(z) = 3 /dz (kg —k_) ~ 5007 /dz wywa (24.33)
or equivalently
2med

The line integral appearing here is called the rotation measure. Now of course we usually do not
know what the initial electric field orientation was, but the rotation angle depends on frequency, so
by measuring the polarization angle as a function of frequency we can infer the rotation measure.
Combining the rotation measure and the dispersion measure provides independent estimates of the
large-scale field B and also the integral of the electron density.
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24.3 Problems

24.3.1 Dispersion Measure

A distant pulsar emits short pulses which propagate to us through an intervening ionized medium.
a) Sketch the ‘periodogram’ (power as a function of frequency and time) for the received signal.
b) Show that the signal arrival time is related to frequency as

= g + (2cw?) 7t /dl w? (24.35)

where w), is the plasma frequency.
¢) Under what conditions is the approximation above valid?
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Chapter 25

The Laws of Gravity

25.1 General Relativity

The best theory for gravity is Einstein’s general theory of relativity. This is a classical theory
of geometrodynamics, and has not yet been accommodated within a proper quantum mechanical
framework.

In general relativity matter causes curvature of space-time, which in turn influences the orbits of
particles etc. As Wheeler has colorfully put it, “space tells matter how to move — matter tells space
how to curve”. Central to general relativity is the metric tensor g,, which is the generalization
to curved space-times of the Minkowski metric 7, from special relativity. The basic equation of
general relativity is an identity between the curvature tensor G, , which is constructed from second
derivatives of the metric, and the stress-energy tensor T),,, describing the matter.

In the weak-field limit of GR the metric is g,, = 1, + hyu where hy, is a small perturbation.
If, in addition, the matter configuration is slowly varying (velocity of massive particles < ¢) then
GR becomes identical to Newtonian gravity. Newtonian gravity provides a good description of most
weak field phenomena with the exception of gravitational waves (these are usually weak fields, but
require rapidly moving sources to be efficiently generated).

The bending of light by weak gravitational fields can also be ‘fudged’ simply by multiplying the
Newtonian result for a test particle of velocity ¢ by a factor two.

25.2 Newtonian Gravity

In Newton’s theory the acceleration of a particle is the sum over all other particles of G times the
mass times the inverse square of the distance.

. Gm;(x; — x;)
%= e (25.1)
i#j L
where
G ~6.67 x 10 8cm3g 1572 (25.2)
For a continuous density distribution this is
.. 3,/ / (X/ — X)
¥x=g(x)=G [ d°z' p(x )m (25.3)
The gravity g can be written as the gradient of the gravitational potential g = —V ® where
/
B(x) = —G/d?’x’ Xp,(f L|. (25.4)

Taking the gradient of ®(x) one recovers (25.3)).
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In addition to the explicit formula for the potential as an spatial integral (25.4) there is also an
equivalent local relationship between the Laplacian of the potential V2® and the density p

V20 = 47Gp (25.5)

which is Poisson’s equation.

One way to establish the equivalence of (25.4)) and (25.5) is to take the divergence of the gravity
(125.3)

Vi g(x) = -V2® = G/d3ac’ p(x")Vx - X=X (25.6)
|x/ — x|3

now the divergence V- (x/x3) appearing here is readily computed and is found to vanish for x # 0, so
it must therefore be proportional to the Dirac d-function. To obtain the constant of proportionality
integrate V- (x/2®) over a small sphere and use the divergence theorem to obtain [ d3z V- (x/z%) =
JdS - x/z® = 47 so we have V - (x/2®) = 476(x) and using this in (25.6) yields Poisson’s equation
©5.5).

Integrating (25.5)) over some region gives

4rGM = 47rG/d3x p(x) = /d% V20 = /dS Vo (25.7)

so the integral of the normal component of the gravity over some closed surface is equal to 47G
times the mass enclosed. This is Gauss’ law.
For a system of point masses the gravitational binding energy is defined as

Gm;m
W= Z; T le (25.8)

the factor 1/2 arising because each pair is counted twice in this sum.
For a continuous distribution

W = %/d‘o’x p(x)P(x). (25.9)

Note that ‘continuous distribution’ results can be used for point masses with p(r) — >, §(r —r;).

25.3 Spherical Systems

25.3.1 Newton’s Theorems
Newton found that

e g = 0 inside a spherical shell of mass.
e The gravity outside such a shell is the same as for an equivalent mass at the origin.

These can be proved geometrically (see Binney and Tremaine), and they also follow directly from
Gauss’ law and spherical symmetry.
These theorems imply that the gravity g(r) for an arbitrary spherical system with cumulative
mass profile M(r) is
GM (r)

2

S i 25.1
g R (25.10)

25.3.2 Circular and Escape Speed

The speed of a particle on a circular orbit satisfies
dv v GM(r)

. r r2

Ucirc = GM(T>/T (2511)

The escape speed is
Vesc = /2P (1) (25.12)

where ® is measured relative to its value at spatial infinity.
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25.3.3 Useful Spherical Models
Point Mass

For a point mass M (r) =m

The potential is & = —Gm/r.
e The circular velocity is veire = /Gm/r.

The escape velocity is Vese = V/2Vcire-

e The veipe ox 7 1/2

Uniform Density Sphere

For a static uniform sphere of density p

e The gravity is

GM(r) 4m
9="p =3
e The circular speed is
4
Vcirc = ’/TGp
3
e The orbital period is
' _ 2mr /37
orbit = Ucirc B Gp

which is independent of the radius of the orbit.

circular speed profile is usually referred to as a Keplerian profile.
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(25.13)

(25.14)

(25.15)

e The potential, measured with respect to the origin, is a parabola and the equation of motion

for test particles within the sphere is

4
—77TGPI'.
3

The period of any orbit in this potential is the same as that for a circular orbit.

(25.16)

e The dynamical time corresponding to density p is variously defined as the orbital time, the

collapse time etc, but is always on the order of t4ym = 1/v/Gp.

All of the above properties are independent of the radius a of the sphere, and the dynamical and
other times-scales are well defined in the limit that ¢ — oo. The potential with respect to spatial

infinity depends on the radius and is given by

—27Gp (a® — L2 r<a
@(r):{ _4771(—Gpa33 ) for {r>a

3 T

Power Law Density Profile
A power law density profile p(r) = po(r/ro) ¢ has
e Mass M(r) oc r37.
e We need a < 3 if the mass at the origin is to be finite.

e The density cusp at the origin can be ‘softened’ as in the NF'W models.

(25.17)

e A flat rotation curve results for « = 2 and is referred to as a singular isothermal sphere profile.
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Hernquist and NFW Models

Mass condensations that grow in cosmological simulations have been found to be quite well described

by double power-law models.
The NFW model is
(25.18)

which has asymptotic forms

r1 r <L,
pcx{ 3} for {7’>>7"C (25.19)



Chapter 26

Collisionless Systems

26.1 Relaxation Time

The statistical mechanics of gravitating systems is very different from collisional gases. In the latter,
long range electrostatic forces are screened by the neutrality of matter, whereas for the former the
acceleration of particles is usually dominated by long range forces. For example, for a random
distribution of point masses of mass m and number density n, the typical gravity from the nearest
particle is g ~ Gm/n?/? while the overall gravity of the system is g ~ G Mo, /R? ~ GmnR which is
larger than the short-range force by a factor n'/3R ~ N'/3 where N is the number of particles in
the system.

In many systems, the short-range gravitational accelerations are almost completely negligible,
and the state of the system depends entirely on the way it was initially assembled.

To estimate the effect of graininess of the mass distribution on particle motions consider a collision
with impact parameter b. This will give a transverse impulse on the order of the acceleration times
the duration of the impact or

Gmb Gm
T
In crossing the system once the mean number of collisions with impact parameter in the interval b
to b+ db is dn ~ (N/R?)bdb. Now the mean vector sum of the impulses vanishes, but the mean
square impulse accumulates and integrating over impact parameters gives the mean square impulse
for one crossing of the system

N Gm 2 Gm 2
2 - - ~ [ ==
(Av?) 5 [ dbb ( o > ( ” > NInA (26.2)

(SUJ_ (261)

with A = R/bpin. The minimum impact parameter is by, = Gm/v27 and is the impact parameter
that results in a large deflection dv; ~ v.
Now v? ~ GmN/R 0 R/byin ~ Rv?/Gm = N and therefore in 1 crossing we have

(Av) InN
v2 N

(26.3)

which is typically much less than unity and the number of crossings required for the effect of short-
range collisions to become important is ~ N/In N and the relaxation time is

N
trelax ~ T torbit- 26.4
T N e (26.4)

e In galaxies with Nytars ~ 10! and dynamical, or orbital, time tqyn ~ 10%yr the relaxation
time is on the order of tyeiax ~ 10™yr which greatly exceeds the age of the Universe which is
t ~ H' ~ 10'° yr. This allows that the shapes of elliptical galaxies may be supported by
anisotropic pressure, rather than by rotation, as was thought in olden times.
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e In globular clusters with N ~ 10° and fqyn ~ 10°yr and the relaxation time is on the order
of the Hubble time, so relaxations effects are important for such systems.

e In galaxy clusters with N ~ 10% and tayn ~ 10%yr and the relaxation time is somewhat
larger than the Hubble time, so relaxations effects are marginally effective for such systems.

26.2 Jeans Equations

On time-scales less than the relaxation time, a gravitating system of point masses is described by
the collisionless Boltzmann equation

0
8Jtc+v Vef—-V®.V,f=0 (26.5)
Taking the zeroth and first moments of this equation yields the equation of continuity
9P L. (pu)=0 (26.6)
ot B '
with u = (v), and the Euler equation
aui 0P 1 8( )
SV = — = =0 26.7
ot (- V)u dx;  p 81'] (26.7)

where O'2j = ((v; — w;)(v; — u;)) is the velocity dispersion tensor. In the steady state, the left hand
51de is (u- V)u and is the centrifugal acceleration. Note that we do not split the pressure tensor
pazj into isotropic and anisotropic parts as we did for a collisional gas.

Together with Poisson’s equation (25.5)) to relate the potential ® to the mass density, and
(126.7) provide 5 equations, known as Jeanb equations. However, one has in general 10 unknowns
(the density p, the three components of the streaming velocity u and the six components of the
symmetric 3 x 3 tensor O’QJ In order to make progress it is necessary to make some assumption
about the velocity dispersion tensor; common choices are to model o? ;; s Isotropic or, for a spherical
system, to introduce an anisotropy parameter specifying the ratio of radial to tangential components

2
of 7.

26.3 The Virial Theorem

Consider the moment of inertia of a system of point masses I = . mr?,

I =23 mr- i and taking a further time derivative gives

%f =S w2+ Y mr i (26.8)

Requiring that I vanish for a stable system and expressing the acceleration t as a sum of the gravity
from all the other particles gives

The time derivative is

2T+Zmr ZGm vor _=0 (26.9)
/;ﬁr

with T the kinetic energy of the particles.
Now switching r <> r’ in the last term simply changes the sign, so we can write this as

S5 Gmm/'r - :, —

r r/#r
=1 Y Gmmr o =2 Y Gmn'y - =t (26.10)
r r/#r r r'#r
G A
—3L ) FHEm =W

r r/#r
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and we therefore have the virial theorem
2T+ W = 0. (26.11)

The virial theorem provides a useful way to estimate the mass of bound systems. For example,
if we assume equal mass particles, then the particle mass m is given by

2 Y
m= G (26.12)

pairs

For a roughly spherical system it is reasonable to assume that the 3-dimensional velocity dispersion
in the numerator is 3 times the observed line of sight velocity dispersion. Similarly, the mean
harmonic radius which appears in the denominator can be estimated from the observed distribution
of projected separations, and this provides a useful way to determine the mass of a gravitating
system.

The virial theorem gives the correct answer if the luminous particles trace the mass, but will fail
if, for example, the dark matter has a different profile from the luminous particles.

26.4 Applications of the Virial Theorem

26.4.1 Spherical Collapse Model

Consider a uniform static sphere of dust of mass M and radius R;. A perfectly symmetrical sphere
will collapse to form a black hole, but this requires an enormous collapse factor, and any sensible
amount of asphericity or initial angular momentum will cause the system to instead oscillate and
eventually settle into some virialized final state. The initial energy is all potential E; = W; ~
—GM?/R and energy is conserved so we have Ty + Wy = Ey = E;. But the virial theorem tells us
that 207y + Wy = 0 — Ty = —W;/2 and therefore Ty + W; = W;/2 = W, which means that the
sphere must collapse by about a factor 2 in radius.

26.4.2 Galaxy Cluster Mass to Light Ratios

Photometric observations provide the surface brightness ¥; of a cluster. On the other hand, obser-
vations of the velocity dispersion o2 together with the virial theorem give o2 ~ % ~ % ~GY,R
where Y, is the projected mass density. If the distance D to the cluster is known from its redshift
then the mass to light ratio can be estimated as

M X, o2
L % GDo% (26.13)

where 6 is the angular size of the cluster.
Applying this technique, Zwicky found that clusters have M/L ~ 300M/Lg where subscript ®
indicates solar values.

26.4.3 Flat Rotation Curve Halos

More accurate masses are obtained for disk galaxies if the rotation curve can be measured (say from
HI radio measurements). Once the measured velocity width has been corrected for inclination, the
mass is given by

GM(r) _ 21, (26.14)

r
Spiral galaxies are found to have rather flat rotation curves extending to at least a few tens of

kpc (well beyond the radius where most of the visible stars reside) and this indicates that these
galaxies have dark halos with M o r.
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26.5 Masses from Kinematic Tracers

The virial theorem is exact, but requires that the light traces the mass. This is not a very good
assumption. The Euler equation can be used to constrain the gravitational potential of a
system using kinematic data for particles which need not necessarily trace the mass.
For a static non-rotating system and assuming isotropic velocity dispersion temperature the Euler
equation is
V(no?p) = —nVo (26.15)

with n the number density of particles. This is just like the equation of hydrostatic equilibrium for
a collisional system.
Now let’s assume that the observed velocity dispersion happens to be isothermal, ie independent
of radius do?/dr = 0, and so
9 nd®/dr
0ip = ———— = constant. 26.16
1D dn/dr ( )
If we further assume that the kinematic tracer density is a power law n oc r~7 then this is consistent
with a mass profile

M(r) = Mo(r/ro) (26.17)

since we then have V& = GM/r? = GMy/(ror) o< 1/7.
With these assumptions, the observed velocity dispersion is related to the circular velocity v =

GMo/ro by
—1
otp =} < ahm) (26.18)

“dlnr
e If the tracers have the same profile as the mass (n oc 1/r?) then v? = 203 ,.

o If the tracers have a steeper (shallower) profile then the observed velocity dispersion will be
lower (higher). This is not surprising since for shallower profiles the test particle orbits take
them further up the potential.

e For gas and galaxies with similar profiles residing in the same potential well we expect the
specific energy to be the same, or

1, (3/2kT
3750 = (26.19)

where p is the mean molecular weight (u = 1/2 for fully ionized hydrogen for instance). This
is a testable prediction which seems to be quite well obeyed. This result places constraints
on possible long range interactions between dark matter particles since these would affect the
galaxies but not the gas.

This was for a power-law tracer density profile. Another interesting model is a population of
tracers with finite extent residing in a flat rotation curve extended halo. The velocity dispersion can
then be found much as in the derivation of the virial theorem by considering the second derivative

of the moment of inertia:
1. .9 .
O:§I:Zr +) r-f (26.20)
but now with # = —GMy/(rrg) this gives Y72 = (GMy/r9) Y. 1 or equivalently
a3p = (i) = v? (26.21)

c

as compared to o3, = (3/2)v? for particles with n o 1/r? profile.
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26.6 The Oort Limit

The Jeans equations can also be applied to a flattened disk geometry, in which case the vertical
mass profile can be determined from measurements of densities and velocities of kinematic tracers
oscillating up and down through the plane.

We start with the collisionless Boltzmann equation. For a planar geometry we have V.f =
z0f/0z and V,® = z0®/0z. Multiplying by v, and integrating (with f/0t = 0 as appropriate for
a steady state solution) gives

of 0% of
3y, 02 3
/d Y9, T 0 /d Y9z =0 (26.22)

Integrating the second term by parts and dividing through by the number density n gives
1dn{vs) 2) 0P

Tos 9. (26.23)
but V2® = 92®/922 = 47Gp and so
1 a 1 dn(v )
R (26.24)

where the quantities on the right hand side, which is, in essence, the second derivative of the kinetic
pressure of the tracers, is observable given a collection of stars with well determined distances.
Applying this to stars in the solar neighborhood, Oort found

p~0.15Mgpc> (26.25)

which is known as the Oort limit.
Integrating the density gives the surface mass density

dn(v?)
/ dz plz 2an 02

(26.26)

or, for z = 700pc,
¥(700pc) =~ 90Mepe 2. (26.27)

Comparing this to the surface luminosity density ¥; is of some interest, since it can tell us if
there is dark matter in the disk. The value of ¥; has been hotly debated, but the estimates of the
fraction of missing matter in the disk range from zero (Gilmore) to about 50% (Bahcall).

26.7 Problems

26.7.1 Two-body Relaxation.

Consider a virialised self-gravitating system of size R consisting of N identical particles of mass m
(picture).

1. Give order of magnitude estimates of
(a
(b

) The long-range gravitational acceleration due to the system as a whole.

)
(¢) The short-range gravitational acceleration due to the nearest neighbor.
(d)

)

The typical distance b from a particle to its nearest neighbor.

d
(e) The typical velocity v of a particle.

The ratio of long- to short-range force (in terms of N).
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2. What is the typical transverse impulse Av suffered by a particle moving at velocity v as it
passes a neighboring particle at impact parameter b?
3. How many such encounters does a particle suffer as it traverses the whole system once?

4. The mean impulse from many encounters averages to zero, but the mean square impulse
accululates.
(a) What is the accululated mean square impulse in one crossing?
(b) How large is this compared to the mean square orbital velocity?
(c) At this rate, how many orbits or crossing times will it take for the particle’s velocity to
be significantly affected by nearest neighbor collisions.

5. How does this ‘relaxation time’ compare with the age of the Universe for

(a) A galaxy consisting of ~ 1010 stars with a dynamical time of ~ 10% years?

(b) A globular cluster with ~ 10° stars and a dynamical time of ~ 10° years?



Chapter 27

Evolution of Gravitating Systems

27.1 Negative Specific Heats

A curious property of bound stable gravitating systems is that they have negative specific heats.
The total energy is E = K+ W (with K here the kinetic energy) and the virial theorem is W = —2K
so the total energy is

E=-K. (27.1)

The kinetic energy scales with the kinetic temperature 7' defined such that K = % S mo? = %N kT

and so the specific heat is .
3
C= T = 2Nk (27.2)
which is negative.

This leads to instability if gravitating systems are allowed to interact with other systems. As
an example, consider two virialized clusters, both consisting of N equal mass particles, and the
first with radius Ry, kinetic energy K;, potential energy W; and similarly for cluster 2. The virial
theorem tells us that each cluster satisfies W = —2T.

The total entropy for one of these clusters is S = Nk(InT3/2 —Inn) where n is the density. Now

nox1/R3oc (=W)3 and T x K, so the entropy for a cloud is
3
S =Nk (2 InK — 31n(—W)) + constant. (27.3)

Now the virial theorem tells us that if the energy of the cluster changes, the changes in logarithms
of the energies here are related by Aln K = Aln(—W) and therefore the change in the entropy if
the kinetic energy changes by AK is

3 AK

AS =——-Nk—. 274

5 Vk— (27.4)

This says that if a system gets hotter (AK > 0) it loses entropy.
Now if some energy passes between the two systems such that AK; = AK and AK,; = —AK,

then the change in the total entropy is

AStotal - —gNkAK (I;l - I;) . (275)
Thus if K3 > Ko — so system 1 has a higher kinetic temperature than system 2 — then for the
change in the total entropy to be positive requires AK > 0, which, since the total energy £ = —K
is negative, corresponds, as usual, to a transfer of energy from the hotter system to the cooler, and,
due to the negative specific heat, this results in the hotter system becoming still hotter and wvice
verse.
We have been rather vague about how the energy exchange actually takes place.
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Figure 27.1: Tlustration of phase-mixing for an initially cold gravitating system (such as cold-dark
matter). The three panels illustrate the folding of the phase sheet as the system evolves.

e One manifestation of this instability is the possibility of runaway interactions between binary
star systems and single stars within globular clusters. Here, if the orbital motion of the
binaries exceeds the typical velocity of stars in the cluster then energy will be transferred from
the binaries to the general star population, causing the binaries to become still hotter etc.

e A similar interaction is between stars of different mass within a cluster. It is not unreasonable
to assume that initially the stars all have similar velocities. However, that means that the
energy per particle, and therefore also the kinetic temperature, scales with the mass, and so
collisions will tend to transfer energy from the more massive to the lighter stars. This leads to
concentration of massive stars in the core and the lighter stars to be expelled, or scattered to
large radius orbits.

e Another example is a hierarchical system with bound gravitating sub-units orbiting within
a large system (much like globular clusters in a galaxy say, or galaxies within a cluster of
galaxies), where the energy transfer is mediated by tidal forces and inelasticity of collisions
between the clusters. Entropic considerations here say that interactions which increase entropy
are those where energy is transferred from hotter to colder bodies, where temperature is defined
so that kT is the kinetic energy of a ‘meta-particle’. This usually means transfer of energy from
large-scales to smaller scales (for example, a globular cluster orbiting in a galaxy has much
more energy than a single star in a globular cluster). This causes the ‘hot’ system (the cluster
orbits within the halo) to give energy to the sub-units (the stars in the clusters themselves).
This causes the hot system to heat up and the cold system to cool further until eventually the
clusters will become unbound.

Negative specific heats lead to a gravo-thermal catastrophe. There is no hope of finding a true
equilibrium solution like the Maxwellian for a collisional gas.

27.2 Phase Mixing

Liouville’s theorem tells us that the phase-space density is constant along particle orbits. If the
dark matter is initially ‘cold’ (ie it has negligible thermal or random velocities) then it occupies only
a 3-dimensional subspace v, = v, = v, = 0 of phase-space, and it will remain that way forever.
Initially, this phase sheet is flat, but as structures start to form the particles will accelerate and
the velocity at a given position will deviate from zero. Eventually, particles will fall into potential
wells and oscillate, with the result that the phase sheet gets wrapped up, as illustrated in 1-spatial
dimension is figure

Once the phase-sheets has folded over on itself, there will no longer be a single velocity at each
point in space, rather there will be a set of discrete velocities which are populated. Our galaxy is
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about 50 dynamical times old, so one might expect there to be about 50 distinct ‘streams’ of dark
matter passing through our neighborhood.

While the true phase space density does not evolve, this wrapping of phase sheets will cause the
coarse-grained phase-space density to decrease.

27.3 Violent Relaxation

In a stable potential particles orbit at fixed energy and dE/dt = 0. When a gravitating system is
initially forming (perhaps from the merger of sub-units) the potential will be rapidly fluctuating, and
the particle energy will change as dE /dt = mo®/0t. This process will tend to generate a distribution
in which the velocities of particles are independent of the particle mass, as was originally pointed
out by Lynden-Bell.

27.4 Dynamical Friction

A heavy object orbiting in a system consisting of predominantly lighter particles will tend to sink
towards the center because of dynamical friction. The calculation of the dynamical friction force is
similar to the calculation of the relaxation time and is also very similar indeed to the calculation of
bremsstrahlung radiation.

There are two ways of looking at this. One picture is that the massive particle will induce a wake
in the lighter particles, and the excess density in the wake exerts a gravitational pull on the heavy
article. Another view is that a massive particle passing by causes an impulse in the ‘background’
particles, and transfers to them kinetic energy which must come eventually from the kinetic energy
of the massive particle. We will follow the second route.

Let a heavy particle of mass M move at velocity V through a background sea of light particles
of mass m. As it passes by, a background particle at impact parameter b is given a velocity impulse
dv = (GM/b*) x (b/V) and a corresponding kinetic energy AE = m(6v)?/2 ~ m(GM/bV)?. Note
the rate of such collisions is dN/dt = nVbdb with n the density of background particles. The
deceleration of the massive particle is then

v 1 dE_ m GM\?
kA e . == . 27.
dt ~ MV dt Mv/dbbnv(bv> (27.6)
As before, this gives a logarithmic integral and we have
dV  G?’Mmn
— ~ ————1InA 27.
dt vz " (27.7)

where as before the factor In A is the ratio of the size of the system to the minimum impact parameter
bmin, and is rather insensitive to the precise value of byip.

e The acceleration is proportional to the mass of the heavy particle, so the force is proportional
to M?2. This can also be obtained from considering the wake — the amplitude of the density
fluctuation in the wake is proportional to M.

e The acceleration is inversely proportional to the inverse square of the massive particle velocity.

e The analysis here is oversimplified in that the velocity of the background particles was not taken
into account. A more careful analysis shows, not surprisingly, that the energy transferred to
rapidly moving background particles is less than if they are stationary.

e Applications include decay of globular cluster orbits in a massive galactic halo. For M ~
10°My and V' ~ 250km/s the dynamical friction time becomes comparable to the age of the
universe at about lkpc. The Magellanic clouds are more distant (~ 50kpc) but much more
massive (M ~ 101°M) and again the friction time-scale is on the order of the Hubble time.

e Dynamical friction is may play a role in building giant ‘cD’ galaxies in the centers of clusters.
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27.5 Collisions Between Galaxies

Galaxies will occasionally collide in clusters. However, since the orbital velocity in the cluster is
typically on the order of 1000 km/s which is considerably greater than the internal rotation velocity
(typically 200 km/s) these collisions have little effect on the galaxies since the galaxies just feel a
short impulsive force and have no time to respond.

In poor clusters and groups the relative collision velocity is close to the galaxy internal velocities
and such collisions would be inelastic and would lead to merging of galaxies.

The question whether elliptical galaxies form from merging of spirals has been hotly debated.
On one side, there are certainly examples of tidal tails indicating ongoing merging systems. On the
other, there is evidence that ellipticals are very old and can be found in a mature state at redshifts
z ~ 1, so if they did form by merging they did so a long time ago.

27.6 Tidal Stripping

Another evolutionary effect in gravitating systems is tidal stripping. The outer parts of galaxies in
clusters may be stripped in this way. The tidal radius is the radius at which the density is equal to
the mean density of the parent body.
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Chapter 28

Friedmann-Robertson- Walker
Models

28.1 Newtonian Cosmology

Consider a small uniform density uniformly expanding sphere of pressure-free dust of radius a and
density p. Gauss’ law tells us that the acceleration of particles at the edge of the sphere is & =
—~GM/a?, or, with M = %wp(f”

4
= fgﬂGpa. (28.1)
This acceleration equation can be integrated by multiplying by 2a, which gives
da? 2GMa
206G = — = — 28.2
aa dt a? ( )
i 2G M °GM  26M
a* = —/dt 5 ¢ —/da 5— = —— + constant. (28.3)
a a a
With M = %Wpa?’ again, this gives the energy equation
9 _ 8 2
a® = gﬁGpa + 2E, (28.4)

where FEj is constant. This equation expresses conservation of energy, the term on the left hand
side being proportional to the kinetic energy and the first term on the right hand side being the
proportional to potential energy. More precisely, Ej is the total energy per unit mass — the specific
energy, that is — of test particles on the boundary of the sphere.

The equivalence of and could have been established by differentiating the latter.
This gives

2ai = ng(/}ag + 2paa) (28.5)

but with the continuity equation, which in this context is pa® = constant, or

) a
p= —3Ep (28.6)

we recover ([28.1)).

Note that both sides of are linear in the dust-ball radius a, so if a(t) is a solution then so
is ' = aa for an arbitrary constant «. This means that, if the density is initially uniform, all of the
shells of the dust cloud evolve in the same way, and the density will remain uniform.

It is interesting to contrast the properties of a uniform density gravitating cloud to a sphere of
uniform electrical charge density. In the latter case, the electric field at the surface of the sphere
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grows linearly with the size of the sphere. Since the electric field is an observable quantity, this
means that there is no sensible solution as a — oo, it also means that an observer within a finite
sphere can always determine the direction to the center of the sphere from local measurements of
E. The analogous quantity in the gravitating sphere is the gravity vector g, which also diverges
linearly with the sphere radius etc. However, the gravity itself is not directly observable — this is
fundamentally because of the equivalence principle; all particles accelerate alike in a gravitational
field — and the only directly observable property of the gravity is its spatial gradient, which is the
tidal field tensor 0?®/0xz;0x;. Since the gravity is proportional to radius this means that the tide is
spatially uniform and perfectly regular in the limit ¢ — oco. Also it means that an observer cannot
determine the direction to the center from local measurements; each observer simply sees locally
isotropic expansion. Newtonian gravity can therefore model an expanding pressure-free cosmology
of arbitrary size.

Newton, Laplace and contemporaries were of course unaware that we live in a galaxy surrounded
by a seemingly infinite sea of other galaxies which, on large scales, are apparently uniformly dis-
tributed. Nor were they aware that these galaxies are receding from us according to Hubble’s law.
Had they been privy to this information, they would have had no difficulty concocting the physical
model above which is used by all practicing cosmologists today in interpreting their observations.

The system of equations above are also valid in general relativity, as originally shown by Fried-
mann and by Robertson and Walker. This is because Newtonian gravity provides the correct descrip-
tion of a finite sphere in the limit a — 0, and because of Birchoft’s theorem, which is the relativistic
equivalent of Gauss’ law, and which says that for a spherically symmetric mass distribution, the
gravity within some shell is independent of the matter distribution outside. We will refer to these
models as the FRW models.

28.2 Solution of the Energy Equation
There is an analytic parametric solution of the energy equation:

a(n) = A(1 — cosn)

. 28.7
t{n) = By — sinn) (251
from which it follows that the expansion velocity is
d da/d A i
o= do _dajdn A sinm (28.8)

dt — dt/dy — B1—cosn

Substituting these in ((28.4) one finds that this equation is satisfied if we choose the constants A, B
to be
A = GM/2|Ey|

B = GM/(2|Eo|)*? (289)

where M = %WpctS.

These are the solutions for energy constant Ey < 0, corresponding to a gravitationally bound
system which first expands but then turns around and collapses back to zero radius. The total time
from big-bang to big-crunch in these models is 2rB. A family of such solutions are shown as the
lower solid curves in figures and

There are analogous solutions for the case of Ey > 0 where A and B are still given by but
where the trigonometric functions are replaced by their hyperbolic equivalents:

a(n) = A(coshn — 1)
t(n) = B(sinhn —n)

Such solutions are unbound and expand forever. The constant B in this case is the time at which
the kinetic and potential energies become comparable to the total energy. For ¢t < B the kinetic and
potential energies are much larger, in modulus, than the total energy, while for ¢ > B the potential
energy becomes negligible and the solutions become freely expanding with a  ¢.

(28.10)
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Figure 28.1: Scale factor a vs time for a family of FRW models. The quantities plotted in the lower
set of solid curves are t = B(n — sinn) and a = (B)?>/3(1 — cosn) for B = 0.5,1.0,2.0,4.0,8.0. The
quantities plotted in the upper set of solid curves are t = B(sinhn — 1) and a = (B)?/?(coshn — 1)
for the same set of B values. These curves are the time evolution of the radii of spheres of the
same mass for various energies. The lower/upper curves have negative/positive total energy. All of
these solutions become identical at early times (this is because the kinetic and potential energies are
nearly equal but opposite and much larger in modulus than the total energy). The dashed curve is
the marginally bound case with zero total energy. This can be considered to be the limiting case of
either open or closed models as B — o0.

A family of such solutions are shown as the upper set of solid curves in figures and The
negative/positive total energy solutions are referred to as ‘open’ and ‘closed’ respectively. Here we
see that the open models are open-ended in time. The real reason for this choice of terminology will
become apparent later where we will see that the spatial geometries corresponding to these models
are open and closed respectively. The marginally bound solution is commonly referred to as the
Einstein - de Sitter model.

Some useful cosmological parameters are

e The Hubble parameter or expansion rate is defined to be
H=a/a (28.11)

and has units of inverse time. Its current value is measurable locally from the ratio of recession
velocity to distance and is Hy ~ 75km/s/Mpc. It is generally very similar to the inverse age
of the Universe.

e The critical density is defined as
3H?

e 28.12
8rG (28.12)

Pcrit =
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Figure 28.2: As figure but plotted on logarithmic scales. This makes clearer that all models
have the same power-law form, a o t2/3, for early times t < B. The open model solutions become
linear, a o t for t > B.

For a given expansion rate H, (28.12)) gives the density required so that the potential energy
just balances the kinetic energy. Dividing (28.4) by 87Ga?/3 gives

Pexit = p + 3Eo/4nGa® (28.13)
so if p > perit we must have Ey < 0 and the universe must be bound and wvice versa.

e The cosmological density parameter is

p

Q= .
Pcrit

(28.14)

The density parameter is close to unity at early times in all models (and also in the big crunch
for closed models) but tends to diverge strongly from the critical density solution if §2 is not

exactly unity (see figure [28.3)).

28.3 Asymptotic Behavior

In the energy equation the potential energy term scales as 1/a which means that the kinetic
energy must also scale as 1/a. Regardless of the current value of the energy constant Ey, if we
go back to sufficiently early times the two time varying terms will completely dominate and the
constant of energy will be negligible. Taking Ey — 0 the energy equation becomes

a* = 2GM/a. (28.15)
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Figure 28.3: Evolution of the cosmological density parameter Q vs time in matter dominated FRW
models. As before, t = B(n—sinn) for the upper curves (closed models) for B = 0.5, 1.0, 2.0, 4.0, 8.0,
and ¢ = B(sinhn — n) for the lower curves (open models). The density parameter is Q = 2(1 —
cosn)/sin? 7 for the closed models and Q = 2(coshn — 1)/sinh? 5 for the open models.

If we postulate a power-law solution a = ag(t/tg)* then a = aa/t, so the energy equation says
a?a?/t? = 2GM/a x 1/a, or
a o t2/3, (28.16)

This behavior can also be inferred from the parametric solutions in the limit n < 1. At early times
P — perit and therefore Q — 1.

The future asymptotic behavior depends critically on the energy constant. For Ey < 0 the
Universe will reach a maximum size and will then re-collapse and the late time behavior will be
the reverse of the initial expansion. If Fy > 0 then at some point the kinetic and potential terms
will become comparable to Ey, at which point € will start to deviate appreciably from unity. For
late times G2 — 2Ey, corresponding to undecelerated expansion. The critical density then scales as
Perit X H? = (a/a)? o< 1/a® while the actual density scales as p x 1/a® and so Q@ — 0 as Q < 1/t in
the limit t — oc.

28.4 The Density Parameter

Estimates of the local expansion rate H tell us the current critical density perit. Redshift surveys
tell us the local Iuminosity density of the Universe £. If we multiply this by the mass-to-light ratio
M/L determined from virial analysis of clusters of galaxies we find that the density of matter is
around 0.2 — 0.3 times critical, and therefore that the density parameter Q.. ~ 0.2 — 0.3.

There is of course considerable slop in the dynamical mass measurements, and also in the implicit
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assumption that the M /L of clusters is representative, but there is a growing consensus that this
is about the correct value, and almost unanimous agreement that < 1. Also, estimates of the
acceleration of the universe from supernovae studies also indicate a low matter density. This result
is remarkable for two reasons: €2 is very close to unity and yet it is apparently not exactly equal to
unity. If this estimate is correct it says that we live at a rather special time when matter has just
stopped dominating the expansion of the Universe. Why this should be remains a mystery.

28.5 The Cosmological Redshift

Consider a photon which is emitted by the observer at the center of an expanding sphere of mass
M and radius a and received by an observer on the surface. Let us assume that the radius of the
sphere is small enough that a < ¢. The received wavelength will then be greater than that emitted
because of the Doppler effect, and we therefore have a redshift

A
1+z= )\Obs =1+a/c (28.17)

The fractional change in wavelength is AA/A = a/c. Any gravitational redshift effect is AN/ ~
GM /ac?® and is negligible compared to the Doppler effect since GM/ac® ~ (a/c)? < a/c.

Now consider the change in the size of the sphere in the time At = a/c that it takes for the
photon to make this trip. The ratio of sphere sizes is

WAL At
Gobs _ @ GAE_ 4 GBT e (28.18)
a a

acm
Thus, for a small sphere, the fractional change in the wavelength of light is equal to the fractional
change in the sphere radius. If we have a photon which travels a large distance through a FRW
model then we can compute the net change in the wavelength by multiplying the effect due to a
series of infinitesimal steps. The result is that

)\OS oDSs
14z = 2obs _ fob (28.19)

Aem Gem

i.e. the wavelength grows in proportional to the scale factor.

28.6 The Horizon Problem

The FRW equations provide a self-consistent mathematical model for a large, perhaps infinite,
uniform density expanding Universe. However, it has a rather peculiar feature; at early times the
distance over which light, and therefore any other causal influence, can propagate shrinks to zero,
and moreover it shrinks faster than the Universe itself.
To analyze this it is useful to introduce the concept of comoving coordinates r which are related
to physical coordinates by
x =a(t)r (28.20)

Thus the surface of our dust sphere has comoving radius » = 1, and the dust particles do not move
in comoving coordinates. Now the physical distance that a photon can travel in time interval dt
is just dx = cdt, corresponding to a change in comoving coordinate dr = cdt/a(t). The integrated
comoving distance that a photon can travel since ¢t = 0 is called the horizon 7, and is

t t
dt dt
0 0

which tends to zero for t — 0.
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Figure 28.4: The causal structure of FRW models is most clearly shown if we plot particle world-lines
in n—r coordinates (i.e. conformal time vs comoving spatial coordinate). The vertical lines represent
comoving observers, while the diagonal lines are light rays. Causal influences are constrained to lie
within the light-cones. Since conformal time 1 — 0 at the big-bang, this means that the the initial
singularity (the line = 0) is acausal, in the sense that comoving observers are initially out of causal
contact with each other. If, however, the Universe accelerates at early times, the initial singularity
is pushed back to n = —oo in this plot, and the big-bang is then causal.

A useful way to visualize the causal structure of the FRW model is to work in conformal time n
which satisfies dn = edt/a(t). Since photons have dr = cdt/a(t) this means that if we plot world-lines
in 7 —r space then comoving observers are lines of constant r while photons are lines at +45 degrees
(hence the terminology ‘conformal time’). This is shown in figure This shows that comoving
observers which can now exchange information and physically influence each other were, at early
times, causally disconnected.

The problematic nature of the horizon is most clearly appreciated if we consider the photons of
the microwave background radiation. These photons have been propagating freely since they were
last scattered at a redshift of zgec ~ 103. At that time, the horizon was smaller than the present
value by a factor (to/tgec)'/® = (ao/agec)"? = zééf ~ 30. Consider photons arriving from opposite
directions (see figure . The regions which last scattered the radiation now arriving from these
directions were not able to causally influence each other at the time the radiation was scattered —
indeed they are not causally connected even today — yet the radiation we see is, aside from the
dipole anisotropy due to our motion, isotropic to a few parts in 10°. The standard FRW model
provides no explanation for how this degree of isotropy was established; it must be put in as initial
conditions.

The horizon problem is fundamentally due to the fact that the universal expansion is decelerating:
i < 0. If we consider a pair of neighboring observers who are currently receding from each other with
some velocity v < ¢, then at earlier times this recession velocity was larger and, at some sufficiently
early time, exceeded the speed of light. Before that time these observers were causally disconnected.
If one had instead a power-law expansion a x t* with a > 1 then ¢ > 0 and the comoving horizon
scale diverges as t — oo and there is no horizon problem.

28.7 Cosmology with Pressure

So far we have considered pressure-free dust. What happens if this dust is actually a dust of bombs
all primed to explode at a certain time? At that instant, the equation of state changes from P = 0
to P # 0 as the shrapnel, radiation etc from the explosions will have positive pressure.

Naively, one might imagine that pressure would tend to counteract gravity and would cause the
universal expansion to decelerate less rapidly, but this is incorrect. It is true that for a finite sphere,
such an explosion would accelerate the outer layers, and this acceleration would work its way in, but
this acceleration is caused by pressure gradients which only arise by virtue of there being an edge to
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Figure 28.5: The wiggly diagonal lines in this conformal space-time plot show the world lines of
two photons which we now see arriving from opposite directions, and which were last scattered at
points a, b. The horizontal dashed line indicates the moment of recombination of the plasma. Also
shown are the past light cones of the events a, b. The regions which can have causally influenced the
photons prior to their departure are very small compared to the separation of the scattering events.

the sphere. Deep within a very large sphere, there is no pressure gradient (at least for short times
after the explosions), so there are no VP forces acting.

Recall that for P = 0 the equations governing the scale factor of the universe and the density
parameter are the acceleration equation

a= fgﬂ'Gpa (28.22)
the continuity equation
p= —39/) (28.23)
a
and the energy equation
a’ = gﬂGp(IQ +2E, (28.24)

with Fy constant. These equations are not independent; any one can be derived from the other two.
They provide two independent equations which determine the two functions a(t) and p(t), the initial
conditions being set by the energy constant Fy and also the time of the big-bang.

One consequence of non-zero pressure is to modify the continuity equation. For P = 0 this is the
statement that the mass within a comoving sphere is constant: pa® = constant. If P # 0 this is not
correct. With P > 0, any volume of the Universe does work on its surroundings as it expands, and
since mass and energy are equivalent according to Einstein the mass is not conserved. Equating ¢?
times the rate of change of the mass to the PdV work for a sphere of radius a gives

d(4mpa®c®/3) = —PdV = —4nPa*adt (28.25)

and hence
a P
Hh= —3— — 28.26
p " <p+ 02> ( )

which must be used in place of . Note that this equation is a simple consequence of conser-
vation of energy — the first law of thermodynamics — and the identification of energy and mass
E = Mc.

A positive pressure therefore causes a reduction in the mass enclosed within a comoving sphere.
Now Newtonian gravity theory can readily describe the motion of particles on radial orbits in the
potential generated by a time varying mass. The result is that the acceleration is still given by
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28.22)), but that the term Ejy in the energy equation is no longer constant in time. Differentiating
28.24)) with respect to time gives

: 4 8
Fy = ai — ngpa“' — ngpaa (28.27)

or, using (28.22)) and (28.23)),

Ey = 4nGpPaa/c. (28.28)

In this respect, however, Newtonian theory is wrong. General relativity tells us that the term Ej
in the energy equation actually remains constant even with P # 0. This means that the Newtonian
acceleration equation cannot be correct. Differentiating the energy equation (with Ey =
constant) and using the equation of continuity gives the modified acceleration equation

.. 4 3P
i = —gﬂ'G <p + c2> a. (28.29)

Thus we see that a positive pressure actually increases the deceleration of the Universal expansion.

Equation is an important and surprising result; it says that pressure gravitates in general
relativity. We should be clear what is meant by the density p here, and, in particular, draw a
distinction between total mass-energy density and the proper mass density. Naively, one might
imagine the pressure term in as being some O(v?/c?) correction of the proper mass density
for the kinetic energy of random motions. This term has the right magnitude at least. This is not
correct; the density p here is the total mass-energy density including kinetic energy. To reinforce
this, note that the proper mass density is not conserved in the transition from P = 0 to P > 0, since
some of the rest-mass of the bombs is consumed in creating the kinetic energy of shrapnel and any
energy in radiation. Since @ and Ey should not change discontinuously in this transition it is the
total mass energy density — which is conserved through this transition — which must appear here.

At first sight it may appear unphysical to identify the source of the gravitational field with
p + 3P/c%. This is because this quantity does not obey any fundamental conservation law; we can
change the pressure, within limits, at will by exploding bombs etc. The bombs example gives an
irreversible change in the pressure, but this is not an essential requirement. Consider instead a
universe consisting of a dust of baseball players who, at some predetermined instant after the big
bang, start practicing their pitching and lob balls to their neighbors. Since the players are receding
from each other they receive balls with less energy than which they are thrown, and they must
therefore be steadily consuming rest-mass in the process. If the players subsequently stop practicing,
the pressure returns to zero. While contrived, this example shows that we can in principle switch
the pressure on and off as we like.

To see why this is unsettling, consider what happens if we have a large region containing a
dust of bombs primed to explode — would this then suddenly change the gravitational acceleration,
and therefore the orbits, of satellites outside? It is pretty obvious that they cannot change, at
least instantaneously, since this would violate causality. To extend the example, let us enclose the
bombs in an initially slack balloon. The steady state after the bombs explode is to have the internal
pressure balanced by tension in the enclosing membrane. Again, it does not seem reasonable that the
gravitating mass as seen by an external observer (measuring the Keplerian orbits of satellites say)
would change. How can the internal micro-physics in the balloon affect the total mass and energy
seen by an external observer? The resolution, in this case, is that the extra gravitational attraction
due to the positive pressure in the interior is canceled by a repulsion arising from the tension (a
kind of negative pressure) in the balloon skin. Inside the balloon, however, the acceleration of test
particles is correctly given by rather than the Newtonian law .

Note that energy is not conserved locally in an expanding Universe with non-zero pressure, since
each region does work on its surroundings. Recall that, in mechanics, energy is conserved only for
a Lagrangian which has no explicit time dependence. The Lagrangian density for fields or particles
in an expanding Universe, when written in comoving coordinates, contains the time-dependent scale
factor a(t) as a parameter, so energy is not conserved. For a finite sphere, bounded by a tense
membrane to provide appropriate boundary conditions the total energy (including the potential
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energy stored in the membrane) is conserved. Thus, if you want the energy budget to balance with
P # 0, just imagine the Universe to be contained within some large balloon.

An important feature that emerges from the fact that applies equally with or without
pressure is that changing the equation of state of the universe can have no influence on the sign of
the energy term; if the universe is initially unbound then it stays that way forever and vice versa. A
related consequence is that, for open models, the late-time asymptotic velocity of a sphere a(t — o)
is also independent of the thermal history of the Universe.

28.8 Radiation Dominated Universe

Another important constituent of the Universe is the thermal microwave background radiation
(MBR), which is a relic of the big bang. Currently, the density of the MBR is around 10~% times
the critical density, and therefore also much less than that of the matter, but photons redshift and
lose energy as the universe expands (a consequence of the work done by their pressure) and the
radiation density scales as praq X a—* while Pmatter X @ > so when the Universe was about 10—4
times smaller than today (ie at a redshift of equality 1+ zeq = 10*) the matter and radiation density
would have been equal. Since the expansion law in the matter dominated era is a o t2/3, and the
present age of the Universe is ¢y ~ 10'%yr, this transition from radiation to matter domination at
teq = (14 2eq) ~%/?tg = 10*yr. At earlier times, the Universe was radiation dominated.

In the radiation dominated era it is a very good approximation to neglect the constant 2Fj in
the energy equation , and with p oc a=* the solution of this equation is again a power law
a x t* but now with o = 1/2.

e In both radiation and matter dominated eras, the age of the Universe is roughly the inverse
of the expansion rate, though the constant of proportionality depends on the details of the
equation of state.

e The Universe decelerates more with non-zero positive pressure.

e The horizon problem persists in the radiation dominated era since r, = ¢ [ dt/a(t) t1/2. As
discussed, there is a ‘horizon problem’ in any universe which decelerates.

28.9 Number of Quanta per Horizon Volume

Assuming that the universe is radiation dominated at early times it is interesting to ask: what is
the number of quanta per horizon volume (i.e. physical volume V = ¢3¢3).

For thermal radiation most of the energy is in photons with E ~ kT; if we imagine the Universe
to be a periodic box of side L, the spacing of wave-numbers is 6k = 27/L so, with ik ~ E/c the
number of photons in volume L? is N ~ (k/0k)® ~ (E/hc)3L? and therefore the number density
n ~ E3/(h3c3). The density is p ~ nE/c? ~ E*/(h3c®) — the Stefan-Boltzmann law — and this is
related to the age of the universe by t ~ 1/4/Gp and therefore the relation between the age of the
universe and the characteristic energy of the quanta is

R3/265/2 1
Yo
We are ignoring here the fact that at very high energies there are more particle species that are in
equilibrium via number changing reactions. This is because number changing reactions for particles
of mass m are ‘frozen out’ when the temperature falls below 7' ~ mc?/k. More rigorously we should
include a factor for the number of degrees of freedom, but this only introduces a correction factor
of order unity.

The physical horizon size is V}, = (ct)3, so with n ~ E3/(h3c®) the number of quanta per horizon
volume is Nj, = nVj, ~ E3t3/h3 or, with (28.30)

3 R9/215/2 BL/2:5/2\ 3 £\ 3
o () (1) ey (2 s
h G3/2ES GY2E E

(28.30)
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where we have defined the Planck energy

hcb 19
It is also useful to define the Planck mass
_ En he -5
mp ==\ G = 107 °g. (28.33)
One can also define the Planck time
tol = h/Ep ~ 10~ %s. (28.34)

Thus as we go back in time, the number of quanta per horizon volume decreases. Only for
Universes much older than the Planck-time is it reasonable to assume a nearly uniform energy
density. At Planck-scale energies, the fluctuations in the fields are expected to produce strong
gravitational effects.

28.10 Curvature of Space-Time

So far we have concentrated on local properties of the universe — expansion rate, density, pressure
etc — and have thus avoided any discussion of the global curvature of space-time, which, according
to general relativity is caused by matter.

Space-time curvature is described by the metric tensor g,,. This is the curved-space general-
ization of the Minkowski metric 7,, and is defined such that the proper separation of two events

with coordinate separation dr is ds? = guvdztdx”. The metric, or line element for a spatially
homogeneous and isotropic world model can be written as

ds* = —d7? + a*(7)(dw? + SE(w)do?) (28.35)
where do? = df? + sin® #d¢? is the usual solid angle.

e The radial coordinate w is a comoving coordinate — comoving observers have constant w, 6,

o.
e The time coordinate time 7 is the proper time since the big-bang for a comoving observer.

e The line element (28.35) follows from geometrical considerations alone (see Gunn’s Saas Fee
lectures), and is independent of any specific theory of gravity.

e The function Si(w) takes one of three forms, corresponding to the value of the curvature
eigenvalue k = 0, £1:

sinw 1
Sk(w) = w for k= 0 (28.36)
sinh w -1

— For k = 0, the constant 7 surfaces are spatially flat.

— For k = +1, the constant 7 surfaces are unbounded but spatially finite (or closed) 3-
dimensional analogs of the 2-sphere. The scale factor a is then the curvature radius.

— For k = —1, the constant 7 surfaces are unbounded and spatially infinite. They are
analogous to a saddle in two dimensions.

e A common alternative representation of the line element is to use radial coordinate r = Si(w),
in terms of which the line element is
dr?
1—kr?

ds* = —dr? + a*(7) < + r2d02) . (28.37)



314 CHAPTER 28. FRIEDMANN-ROBERTSON-WALKER MODELS

e It is common to define the conformal time 7 such that dn = dr/a(7) and the line element is
then
ds* = a*(1)(—dn? + dw? + Si(w)do?). (28.38)

Radial photons move along 45 degree diagonals in 1 — w space.

So far this is pure geometry plus the assumptions of homogeneity and isotropy. The field equations
of general relativity provide a relation between the curvature of space-time and the matter content.
Here, this boils down to the equation

da\* _ 8w Cod? —
(dT) =5 Gpa” —c k (28.39)
with £ = +1 the curvature eigenvalue. This is equivalent to the energy equation , with the
energy constant 2Fy — —c?k, and with an appropriate scaling of a. In the Newtonian analysis, the
scale factor is arbitrary. In general relativity, we take the scale factor to be the curvature scale.

This tells us that spatially closed and open models correspond to bound and unbound cosmologies
respectively. The borderline case is spatially flat, and can be obtained as the limiting case of either
closed or open models.

Note that the curvature scale is a comoving scale, and is therefore fixed. Changing the equation
of state can have no influence on the geometry of the Universe. However, in inflation, the curvature
scale is stretched and becomes exponentially large, and in this way the Universe can be prepared in
a state which is effectively spatially flat.

Finally, one should not confuse space-time curvature and the curvature of the 7 = constant
surfaces. In the £ = 0 solution, the constant 7 surfaces are spatially flat, but the mass density does
not vanish so the space-time is still curved. In open models, the density, and therefore space-time
curvature tend to zero at late times, but the constant 7 surfaces are still hyperbolic, saddle-like
surfaces; the metric in that limit (with a(7) o 7) is simply a re-parameterization of the flat space-
time Minkowski metric.

The spatial metric of the unit 2-sphere is dI?> = df? + sin? 8d¢?. The length of a line element
perpendicular to the radial direction (i.e. df = 0) is dl = sinfd¢ and the circumference of a circle
is | = 2mwsin@. This increases linearly with 6 for 0 < 1, reaches a maximum of 27 at § = 7/2, and
then shrinks to zero at the antipodal point § = 7. Similarly, the spatial metric of the closed model
is a 3-sphere, with dI? = dw? + sin® wdo?. The area of a spherical surface which is perpendicular to
the radius vector (i.e. dw = 0) is dA = a?sin® wdo? with do? = d6? + sin? dp>. The total area of a
sphere of radius w is A = 47a(t)?sin® w. Just as in the 2-dimensional case, this peaks at w = 7/2
and shrinks back to zero at the antipodal point w = 7.

The closed model is finite, yet has no boundary. However, at least if we restrict attention to
zero-pressure equation of state, we are free to take only a finite part of the total solution w < wyax-
This is a spherically symmetric mass configuration, and so should match onto the Schwarzschild
solution for a point mass m, for which the space-time metric is (in units such that ¢ = G = 1)

2m

—(d7)? = — <1 — T) (dt)* + <1 - 2;”)_1 (dr)? + 72((d0)? 4 sin® O(d¢)?). (28.40)

Comparing the angular part of the metric it is apparent that the Schwarzschild radial coordinate r
and the FRW ‘development angle’ w are related by r = asinw. Now a particle at the edge of the
FRW model can equally be considered to be a radially moving test particle in the Schwarzschild
geometry. We found in problem (??7?) that such particles orbits satisfy

2
<3r> = 26m + constant. (28.41)
T T

Compare this with the energy equation

2
(fla> = 6M + constant. (28.42)
T a
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where we have defined the mass parameter M = 4mpa®/3. With r = asinw this implies that the
Schwarzschild mass parameter is
m = M sin® w (28.43)

This is interesting. For w < 1, the mass increases as w® as expected. However, the mass is

maximized for a model with a development angle of 7/2, or half of the complete closed model. If we
take a larger development angle, and therefore include more proper-mass, the Schwarzschild mass
parameter decreases. To the outside world, this positive addition of proper mass has negative total
energy. This means that the negative gravitational potential energy outweighs the rest-mass energy.
The gravitating mass shrinks to zero as w — w. Evidently a nearly complete closed model with
w = 7w — € looks, to the outside world, like a very low mass, that of a much smaller closed model
section with w = e.

The total energy of a complete closed universe is therefore zero. Zel’dovich, and many others
subsequently, have argued that this is therefore a natural choice of world model if, for instance, one
imagines that the Universe is created by some kind of quantum mechanical tunneling event. To
be consistent with the apparent flatness of the Universe today one would need to assume that the
curvature scale has been inflated to be much larger than the present apparent horizon size.

It is interesting to compare the external gravitational mass with the total proper mass. The
volume element of the parallelepiped with legs dw, df, d¢ is

3z = (adw) x (asinwdh) x (asinwsin dg), (28.44)
so the total mass interior to w is
3 7 .2 . 3 sin 2w
Mproper = pa dw sin“w | df sin@ [ d¢ = §M w — 3 (28.45)

The gravitational mass (28.43|) and proper mass (28.45|) are shown in figure m

These partial closed FRW models start from a singularity of infinite density and then expand,
passing through the Schwarzschild radius r = 2Gm/c?. With r = asinw, m = M sin®w, and
a = M (1 — cosn), particles on the exterior cross the Schwarzschild radius at conformal time 1 when
1 —cosn = 2sin®w. For w < 1, this occurs when 1 = 2w. Such solutions spend the great majority
of their time outside the Schwarzschild radius. For the case w = 7/2 — i.e. half of the complete
solution — the exterior particles just reach the Schwarzschild radius. It may seem strange that the
matter in these models can expand from within the Schwarzschild radius, but this is indeed the
case. If one considers only the collapsing phase of these models then one has the classic model for
black-hole formation as developed by Oppenheimer and Snyder. The spherical mass collapses to a
point, and photons leaving the surface can only escape to infinity if they embark on their journey
while the radius exceeds the Schwarzschild radius. The expanding phase of these models is just the
time reverse of such models; what we have is a ‘white-hole’ solution The initial singularity is visible
to the outside world (eventually) just as photons from the outside can fall in to the final singularity.

One can visualize the geometry solution in a 2-dimensional analog (figure . The interior is
part of a 2-sphere, which matches smoothly onto a exterior solution much like a depressed rubber
sheet. The closed solutions with w > /2 are slightly peculiar in the sense that, at the edge, the
radius r is decreasing with increasing w. This means that the FRW geometry matches onto a ‘throat’
like exterior geometry.

In the limit of small development angle wyax < 1 both the proper mass and the gravita-
tional mass are given, to lowest order in wpax, by

Mproper = Mgray = Mwd = 4—7rpa3w3 (28.46)

max 3 max

by the gravitational mass. However, keeping terms of next higher non vanishing order one obtains
for the ratio of proper to gravitational mass
Mproper o g 2
Mgrav g max

This result will prove useful below.

+ (’)(w4 ) (28.47)



316 CHAPTER 28. FRIEDMANN-ROBERTSON-WALKER MODELS

[ T T T T | T T T T I ]
<L b
i proper mass ]
ol ]
= i |
\ - -
E - -
= |
i gravitating mass ]
ol L
0 1 2 3

Figure 28.6: The proper-mass and gravitational mass for a partial closed FRW cosmology are plotted

against the development angle w.

28.11 Problems

28.11.1 Energy of a Uniform Expanding Sphere

Compute the total kinetic energy and the total gravitational binding energy for a uniformly expand-

ing constant density sphere of radius a, density p and surface velocity a.

28.11.2 Solution of the FRW Energy Equation

Verify that a parametric solution of the energy equation
9 _ 8 2
a® = §7era + 2F
is
a(n) = A(1 — cosn)
t(n) = B(n — sinn)

and find the relation between constants A, B and the energy constant Ej.

(28.48)

(28.49)
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Figure 28.7: A partial closed FRW model consists of part of a 3-sphere which matches smoothly
onto the horn-like Schwarzschild geometry. The 2-dimensional analog of this composite geometry
can be visualized as part of a parabolic sphere connecting smoothly onto a 2-dimensional horn.
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Chapter 29

Inflation

29.1 Problems with the FRW Models

We have already discussed two problematic features of the matter or radiation dominated FRW
models. One of these is the horizon problem, which says that the remarkable uniformity we see
on large scales today must be imposed a-causally. The other is the flatness problem, which is
that the observational fact that €2 is currently not very different from unity requires it to have
been astonishingly close to unity in the distant past. Both of these problems render the models
unattractive since the basic properties of flatness and homogeneity are not really explained by the
theory, rather they must be imposed as finely tuned initial conditions.

To these problems we can add the monopole problem. In grand unified theories (GUTs) massive
magnetic monopoles are predicted to exist. In the hot big bang model, at the time of GUT symmetry
breaking (as the Universe cools through the GUT temperature of around 10'°GeV) these monopoles
appear as topological defects, with a number density on the order of one per horizon size. These
objects are a definite prediction of GUTSs, yet their existence in anything like this abundance would
be a disaster for cosmology, as they would have a density today hugely in excess of that observed.

There are also a number of additional unsettling features of the hot big bang model. One might
ask what happened before the initial singularity? What are the seeds of the structure that we see in
the Universe? What explains the baryon asymmetry of the Universe? There are now ~ 10% photons
per baryon, which seems to imply that there was initially a slight asymmetry between baryons and
anti-baryons at the one part in 10 level.

29.2 The Inflationary Scenario

In the inflationary scenario many of these problems appear to be solved or at least ameliorated.
The essence of inflation is to assume that at early times the Universe passed through a phase with
a strongly negative pressure (i.e. positive tension).

Let us start with the horizon problem. As we have already discussed, this can be traced directly
to the deceleration of the expansion Universe; if @ < 0 then the velocity difference between any
two observers, which is proportional to @, decreases with time. Therefore, going back in time, the
relative velocity inexorably increases and at some finite time in the past reaches the speed of light
¢, and before that the two observers cannot exchange information or causal influences.

The only way to avoid this is for the Universe to have undergone an accelerating phase with @ > 0
in its early history. From the acceleration equation this requires p + 3P/c? < 0, or a strong
negative pressure P < —pc?/3. This is the strange, and somewhat counterintuitive, feature of the
general relativistic expansion law; just as a positive pressure augments the gravitational deceleration,
a sufficiently strong negative pressure can cause the expansion to accelerate.

At first sight it is hard to see how a negative pressure can arise. Certainly, for a gas of particles
interacting through localized collisions, the pressure cannot be negative. As shown in Weinberg’s
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book, for instance, a relativistic ideal gas must have pressure in the range 0 < P < pc?/3. Also, we
can consider pressure to be the flux of momentum. A particle moving in the positive = direction
carries a positive z-component of momentum, and therefore the flux of z-momentum passing in the
positive z-direction through a surface must be positive.

However, if we consider fields, rather than particles, then the possibility of negative pressure is
not at all unreasonable. After all, the most commonplace field that we can feel macroscopically is
the magnetic field. Anyone who has played with a pair of bar-magnets or pulled magnets off a fridge
knows that such fields have strong tension. However, such fields do not have isotropic tension; there
is tension along the field lines — you have to do work to stretch the field out and create more of it
— but in the transverse directions the opposite is true; as we see from images of the field produced
with iron filings the field between a pair of magnets clearly wants to burst out sideways. This follows
directly from energetic considerations, along with flux conservation. Imagine you try to confine the
field to pass through a smaller area. Flux conservation means that the field strength must increase
inversely with the area, but the energy density scales as the square of the field strength, so the
total energy is larger the smaller the cross-sectional area. A static magnetic field then has negative
pressure along the field lines but positive pressure in the transverse directions.

This anisotropy of the pressure for a macroscopic quasi-static magnetic field is associated with
the fact that electromagnetism is a vector field. Now in grand unified theories, there are also scalar
fields such as the Higgs field. The leap of inspiration which led to the concept of inflation was the
realization that a field like this can have a pressure which is isotropic — this is natural enough since
a scalar field cannot point in any particular direction — and may have the negative pressure required
to make the universal expansion accelerate. As discussed in a possible solution of the field
equations for a massive scalar field at early times is a spatially and temporally constant field value.
The energy density and pressure (i.e. diagonal components of the stress-energy tensor) for a scalar
field are

oot = 232+ (V0 4V (0) (29.1)
. 02
P= - (Vo) - V(o) (20.2)

We are following the usual convention in cosmology that any mass term m2ci¢?/ h? is considered
part of the potential function V(). A static and homogeneous field configuration — one with b=
and V¢ = 0 — therefore has density p = V(¢)/c? and pressure P = —V(¢) = —pc®. Such a
potential dominated field configuration therefore amply satisfies the inequality P < —pc?/3.

With P = —pc?, the continuity equation tells us that p = 0. The cosmological expansion does
work against the tension of the field at just the rate required to keep the density constant; for this
reason the inflationary universe has been dubbed the ultimate free Iunch. The acceleration equation
is then

4 8
a = —gﬂ'G(p +3P/c?) = §7er, (29.3)
with p = constant. The general solution of this equation is
a(t) = apet™ +q_e Ht (29.4)

with
H = +/87Gp/3 = constant. (29.5)

For generic initial conditions, a potential dominated universe, will tend towards an exponentially
expanding solution a o ef’t.

During inflation, the comoving horizon size — defined here as the comoving distance that a photon
can travel per expansion time — is r, ~ ¢H~!/a. Since H is constant this decreases exponentially
as 1, oc e Ht. At early times during inflation photons can travel great comoving distances but this
decreases as time goes on. In a viable inflationary model, inflation cannot continue forever, but
must end, with conversion of the energy density — all stored in the scalar field — into ‘ordinary’
matter with P = pc?/3, i.e. we must make a transition from a scalar field dominated universe to
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a radiation dominated hot-big bang model. Side-stepping, for the moment, the issue of exactly
how this so-called ‘re-heating’ occurs, the overall behavior of the comoving horizon scale (as we
have defined it above) is shown as the solid line in figure This allows the possibility that the
entire Universe was initially in causal contact. Let’s look at this from the point of view of a pair
of comoving observers. These have a constant comoving separation, as indicated by the horizontal
dashed line say. During inflation, the velocity difference between these observers increases as they
accelerate apart, and a pair of observers with initial relative velocity v < ¢ will at some time lose
causal contact with each other once their relative velocity reaches the speed of light. If the universe
later becomes radiation dominated, the relative velocity will subsequently fall and these observers
can regain causal contact. For those who feel uneasy with the somewhat hand-waving definition of
the horizon size as the distance light can travel in an expansion time, consider instead the rigorous
definition of the comoving distance to a distant source as a function of the ‘look-back time’ 7 = ¢ty —t

T

r(r) = c/ 7a(td7— (29.6)

0—T)
0

In the matter dominated era this increases with decreasing 7 at first, but tends towards a limiting
asymptote. Back in the inflationary era, however, this integral grows exponentially and becomes
arbitrarily large.

What about the flatness problem? Recall that departure from flatness is an indication of an
imbalance between the kinetic and potential energy terms in the energy equation

a* = 271'Gpcc2 — ke (29.7)

For an exactly flat universe £ = 0 and these two terms are exactly equal. Now consider a universe
which is initially open say, with k¥ = —1. During an inflationary phase, the expansion accelerates,
a increases, as must the potential energy term on the right hand side. Inflation acts to increase,
exponentially, the kinetic and potential terms in the energy equation. Thus even if there is a non-zero
initial energy constant, it will tend to become exponentially small at the end of inflation. Inflation
therefore drives the universe towards flatness; the (2 = 1 state becomes an attractor rather than an
unstable state. Another way to look on this is to realize that in FRW models — and the inflationary
universe is an FRW model, just one with a weird equation of state — the curvature scale is a
comoving scale. Relative to the horizon scale, the curvature scale is stretched exponentially. Thus
it might be that our universe is open or closed, but that the curvature scale has been stretched to
be enormously larger than the currently observable region of the universe.

What about the monopole problem? These are topological defects of a field. Inflation allows
this field to be coherent over very large scales; up to the initial comoving horizon scale. Provided
the universe re-heats to a temperature less than the GUT scale, monopoles — which have a mass
around the GUT energy scale — will not be effectively created.

It is interesting to ask, how many e-foldings of inflationary expansion are required in order to
establish causality over the region of the universe (size I ~ ¢/Hp) that we can currently observe?
The answer depends on the temperature at which reheating occurs. If this reheating temperature is
around the energy scale of grand unification, or T ~ Tqur ~ 1016GeV, then the temperature falls by
about a factor 10%° before the Universe becomes matter dominated at a temperature of about 10eV.
During that period the comoving horizon grows as rj, o t'/2 o a 1/T, or by about 15 orders of
magnitude. Once the universe becomes matter dominated the horizon grows as 7, o« t'/3 oc a'/? or
by about another factor of 100. The current horizon is therefore about 1027 ~ €52 times larger now
than at the reheating time, so we need about 60 e-foldings of inflation.

29.3 Chaotic Inflation

Originally, it was imagined that the field driving inflation, the inflaton field, had a w-shaped potential
of the kind involved in spontaneous symmetry breaking with the Higgs field. For reasons we shall
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Figure 29.1: The evolution of the comoving horizon scale (heavy solid line) in a Universe which
passes through three phases; an inflationary stage followed by a radiation dominated and then a
matter dominated era. The ordinate is logarithmic and the abscissa is linear in the inflationary era
and logarithmic thereafter. The diagonal line labeled rp; indicates the Planck length. The horizontal
dashed line indicates the comoving separation of a pair of observers. This length scale appears at
the Planck scale at some time during the inflationary era. We have no adequate description of
physics below and to the left of the Planck scale line. The observers then accelerate away from one
another. If they were to exchange signals they would perceive an increasing redshift. The separation
between the observers reaches the horizon scale at the point labeled ‘a’. At that time their relative
velocity reaches the speed of light and their relative redshift becomes infinite. Subsequently the
observers are unable to exchange signals. At the reheating epoch the Universe starts to decelerate,
and at point ‘b’ the recession velocity falls below the speed of light. The observers then re-appear
on each other’s horizon; they can exchange signals which are received with steadily decreasing
redshift. The separation chosen here is such that it re-enters the horizon during the radiation
dominated era. Larger separations enter the horizon at later times. The current horizon scale is
cto ~ ¢/Hp ~ 3000Mpc. Since the comoving horizon scale is proportional to t1/3 in the matter era,
the horizon scale at t.q is smaller than the current horizon by a factor ~ 100, or about ~ 30Mpc, the
scale of super-clusters. The horizontal dashed line might represent the size of a region encompassing
the matter now comprising a galaxy say.

not go into here, such models have fallen out of favor. Instead, most attention is currently focused
on so-called chaotic inflation models in which the field has a potential function as sketched in figure
It is assumed that the field starts out at some point far from the origin, and then evolves to
smaller values much as a ball rolling down a hill. In this section we shall explore what is required in
order to obtain a viable inflationary scenario, i.e. one in which there are sufficiently many e-foldings.

For concreteness, consider a field with Lagrangian density

1

o
2c2

12 1 2 /\ 4
9" = 5(Ve)" — —¢" (29.8)

This is a massless field with a self-interaction term parameterized by the dimensionless constant
A. Note that the Lagrangian density has units of energy density [£] = ML™'T~2 so the field has
dimensions [¢] = M'/2LY/2T~! (in natural units L. = 1/M, T = 1/M the field has units of mass).
Assuming the field to be spatially uniform, the equation of motion is

b+3Ho+ %%3 =0, (29.9)

where the last term is the potential gradient and the second term is the damping due to the cosmo-
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Figure 29.2: In the chaotic inflation scenario, the potential function V' (¢) is assumed to be a mono-
tonically increasing function with V(0) = 0. The potential could simply be a mass term V oc ¢? or
perhaps V o ¢*.

logical expansion. The energy density and pressure are

1 . A
2 _ L g2 A4 29 1
pet = 558+ 0 (20.10)
1 . A
P=_——¢* - ¢ 29.11
2c2 hc¢ ( )
and the expansion rate is given by
8 8 1 . A
H? = —nGp = -G | — > + =0 ). 29.12
37 P =3 <2c4¢ = (29.12)

Equation is like that of a ball rolling down a hill with a frictional force, the coefficient of
friction H being dependent on the field and the field velocity through . For such a system
there are two limiting types of behavior, depending on the value of the field. In one, the friction is
negligible and the field is in free-fall with d) equal to the potential gradient. In the other, the friction
is important, the first term in is negligible compared to the other terms and the field moves
at a ‘terminal velocity’ such that the friction force just balances the potential gradient.

Let’s assume, for the moment, that the former is the case. The effective equation of motion is

then

¢+ %df” =0. (29.13)

The time-scale for changes in the field velocity is

¢ ho
taccel ~ \/; ~ \/;¢ . (29.14)

After one acceleration time-scale the field will acquire a velocity

o e
¢ ~ ¢taccel ~ €¢2 (2915)
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The kinetic energy term in the density is

)\c \%4
7(1)2 = Ng (29.16)

friction should still be negligible is 3H gb < (Ae/Rh)@3. Using (29.12)), this inequality becomes

.. [87GAS ) 73
BH ~ 3| =5 ¢ < =gt (29.17)

The dimensionless interaction strength factors out of this inequality, so the condition that the friction
be negligible is simply that the field be sufficiently weak (¢ < \/c*/G).
Conversely, the condition that the friction should dominate — the slow-roll condition — is

so the potential and kinetic energy terms in the density are comi arable. Now the condition that the

ct

*>\ G (29.18)

We can write this inequality in a rather more revealing manner if we note that the quantity /h/c3¢

has dimensions of mass, so we need
[ h [he

where my, is the Planck-mass. In natural units (A = ¢ = 1) this says that if the field is much greater
than the Planck-mass then the friction will dominate and the field will be unable to roll freely down
the potential, rather it will roll slowly down the hill at the terminal velocity

4)\c
3hH

¢ =—r¢’. (29.20)

Assuming that the inequality m ) holds, what is the equation of state, or equivalently how
1arge is the positive kinetic energy term ~ <b2 /c? c in the pressure as compared to the potentlal term
= A¢*/hc? Squaring the terminal velocity (29.20) and using the inequality H? > (8/3)7GV/c?

ylelds
1, 16M%¢° 160205 (8nGAe*\ T [Agt [
2= < 29.21

2¢2 9h2H? —  9n* 3he he G¢2 ( )

The first factor here is just the potential and, under the slow-roll condition (29.18 , the second factor
is much less than unity, so this says that

21?052 < V(o). (29.22)

The kinetic energy terms in the pressure and density are therefore much less than the potential
terms and we therefore have P ~ —pc? as required for inflation to proceed.

As already mentioned, in a viable model, inflation must be sustained for many e-foldings in order
to solve the flatness, horizon problems. In one e-folding, the field will move a distance A¢p ~ ¢/H.
For GUT scale inflation, where we need ~ 60 e-foldings, we need

Af I% <t (29.23)
Using and H? ~ GV/c? ~ GA¢* /hc? this becomes
A
¢ > ek (29.24)

Thus, the field needs to exceed the Planck mass by at least a factor e /2 ~ 8 in order to achieve
sufficiently many e-foldings of inflation.
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In this model, the field rolls slowly — very slowly at first — down the potential and the universe
inflates. The expansion rate H does not remain precisely constant, but decreases slowly with time.
Eventually the field reaches the value (f/c*)'/2¢ ~ my,, at which point the friction term H in the
equation of motion is no longer effective and the field starts to oscillate freely about the potential
minimum. As discussed previously, the field amplitude will damp adiabatically, and the density will
fall as p o< 1/a?; just as in a matter dominated universe. In the particle description, a macroscopic
coherent field with V¢ = 0 is a huge number of zero momentum particles — a ‘Bose condensate’ if
you will — and therefore behaves just like non-relativistic particles. In more detail, one finds that
the pressure for such a system oscillates about zero, being positive when ¢ = 0 and ¢ is maximized at
the bottom of the potential and being negative at the limits of the field excursion when ¢ = 0. This
is not what we want, which is a transition to a radiation dominated cosmology. If, however, there are
other fields y in the Lagrangian, and if these are coupled to the inflaton field ¢, then once the ¢ field
starts oscillating, it can decay into x-ons, provided these have a mass which is lower that that of the
¢-field. The details of this re-heating process depends on the details of the interactions between the
field. In figure we have assumed that re-heating happens promptly once the inflaton starts to
oscillate. It is presumably possible, if the interactions are sufficiently weak, the universe might pass
through a period of matter domination after the end of inflation before re-heating occurs.

We have considered a rather specific model above, with a A¢* potential. The main results are
not specific to this choice. Had we instead assumed V = (m2c?/h?)¢? — i.e. a non-interacting, but
massive, field, then we again find that the ‘slow-roll’ condition is simply that ¢ > /c*/G.

29.4 Discussion

The ‘inflationary scenario’ described above provides a plausible mechanism for preparing the universe
in a flat and spatially homogeneous state on all scales that we can observe, starting from fairly generic
initial conditions (rather than absurdly finely tuned ones). All we require is that the field start off at
a sufficiently high value; the initial value of the field velocity b is largely irrelevant, since the cosmic
drag term rapidly reduces c;S to the terminal velocity. The empirically evidence strongly encourages
one to suspect that our universe has passed through such a phase. The situation facing cosmologists
is rather like that facing a policeman who, walking down the high street, finds a jewelry shop with
a broken window. Now it could be that this is a random accident, but the circumstantial evidence
that it is a jewelry shop rather than a grocery or shoe shop, strongly encourages one to believe that
this not an accident but a crime.

As we shall discuss later, the inflationary scenario also creates density fluctuations which can seed
the structures we see in the distribution of galaxies and in the cosmic microwave background. The
amplitude of these fluctuations is strongly model dependent, but the prediction is for fluctuations
with dependence on wavelength very much like that which seem to be required.

These results make the inflationary model highly attractive. On the down side, one has to invoke
a new field, the inflaton, precisely to obtain these desirable results. Initially, the development of this
field of research was strongly linked to developments in fundamental particle physics — spontaneous
symmetry breaking etc. — but the subject has now taken on a life of its own. While we have used
GUT-scale inflation in order to derive e.g. the number of e-foldings, there is really no need to assume
this (though reheating to super-GUT temperatures would be problematic). Indeed, studies of the
expansion rate using supernovae have suggested that the universal expansion is now accelerating;
it would seem that we are entering another inflationary phase. The ideas described above can
readily be re-cycled to describe late-time inflation by choosing appropriate parameters (specifically,
this requires that the fields be very light). The inflaton field must be coupled to other fields in
order to allow re-heating, and in principle this allows empirical tests of the theory. However, the
requirements on the form and strength of the interaction are not very specific, and the energies
required to make GUT-scale inflatons is beyond the reach of terrestrial particle accelerators. Aside
from the ‘predictions’ of flatness, homogeneity and density fluctuations — all of which were observed
before inflation was invented — it is hard to find testable predictions. One hope is that the inflaton
field and its potential will emerge as the low-energy some more fundamental theory which unifies
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all of the forces, including gravity. This is an area of much activity at present, but hopefully will
explain why there is an inflaton; why it has the potential it needs; why the minimum of the potential
is at zero energy density and so on.

There is another rather unsettling aspect of the inflationary scenario, which is that we had
to assume that the field is highly homogeneous. Many discussions of the subject argue that any
inhomogeneity will be stretched to super-horizon scale in order to justify this assumption. This
seems overly complacent. Recall that in figure the boundary of the domain which we can
describe without a theory of quantum gravity is not a fixed time ¢ = ¢, rather the time at which a
region starts to be describable classically depends on the size of the region. Each time the universe
doubles in size, each Planck-scale region gets replaced by eight new Planck-scale volumes. Predicting
the ‘initial’ state of such regions requires a quantum theory of gravity, but it is commonly imagined
that the classical universe emerges from some chaotic space-time foam. Now even if this process
were to generate quite small occupation numbers for these Planck-scale modes, this would give a
positive contribution to the pressure which would stop inflation taking place. If we want to invoke
inflation then we must assume that this quantum-gravitational process produce a very rare vacuum.

There is one other peculiar feature of a potential dominated medium that needs mention. We
have developed the theory here simply as we did for the FRW models, with the sole modification

being the adoption of the equation of state P = —pc?. There is, however, an important distinction
to be drawn between such a medium and a fluid with P = pc3/3 or P = 0 say. In the latter
cases there are a preferred set of observers — the ‘comoving observers’ — for whom the stress

energy tensor takes the symmetric form TH = diag(pc?, P, P, P). At each point in space, this zero
momentum density condition picks out a unique velocity, and this gives us a unique ‘congruence’
of comoving observers. We can clearly determine unambiguously whether the universe is expanding
or contracting by having such observers exchange light signals and measure red-shifts, for instance.
In the inflationary phase, in contrast, when P = —pc? to high accuracy, there is no such unique
congruence of comoving observers, since with P = —pc? the stress energy tensor has the same form
in all inertial frames. One can construct a set of test particle world-lines which are exponentially
expanding, as we have done here, and these observers would say that mass-energy is being created
spontaneously by the universal expansion. However, one can also find a set of test particles whose
world-lines are initially converging (the acceleration equation only tells us that @ > 0, and one can
have test particles with @ < 0 initially). Such observers would not agree that mass-energy is being
created. One can also construct a congruence of world-lines which are tilted (i.e. in a state of motion)
with respect to our comoving observers, and they would also see vanishing momentum density for
the scalar field. The usual response to this is to argue that the pressure is not precisely P = —pc?,
rather there will be a small correction, either due to the field velocity ng or due to the presence of
other matter fields, which will break the exact invariance of T#” under Lorentz boosts.

Finally, in the introduction, we raised the question ‘what happened before the initial singularity?’.
In the standard hot big bang, the initial singularity is unavoidable, and such a question is probably
best answered by saying it is meaningless. With the inflationary equation of state, we have seen that
the general solution for the expansion factor is the sum of exponentially growing and decaying terms
(29.4). Generically one would imagine that the coefficients of both terms would be non-zero, in which
case, at very early times, the negative exponential term would come to dominate and the universe
would be collapsing rather than expanding. One might therefore claim that inflationary models one
can have an initially collapsing universe which contracts to a minimum size and then bounces, and
one could similarly argue for the possibility of repeated cycles of expansion and contraction. In
the context of the models developed here, however, this is a misconception. There is a quantitative
difference in the behavior of a scalar field in a contracting universe as compared the the expanding
model considered above. In the latter case, H is positive and the term 3H¢ in the equation of
motion is a friction, and the evolution of the field will relax towards the slowly rolling terminal
velocity solution. In a collapsing phase H is negative, so we have negative friction. In this case
the slowly rolling solution — while possible, since the system as a whole is time symmetric — is an
unstable one. For generic initial conditions going into a ‘big-crunch’ we do not expect the field to
become potential dominated, and so the inflationary equation of state will not arise.
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29.5 Problems

29.5.1 Inflation

Derive the general form of the solution for the scale factor a(t) in an inflationary universe — i.e. one
in which P = —pc?.
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Chapter 30

Observations in FRW Cosmologies

30.1 Distances in FRW Cosmologies

The distance to an object is determined by two quantities: the current curvature radius ag, which
sets the overall scale, and the comoving distance w. Observationally the more accessible quantities
are the expansion rate Hy and the redshift z, the latter being rather accurately measurable from the
shift of lines in the spectrum. In the next two subsections we show how these two sets of variables
are related.

30.1.1 Scale Factor vs Hubble Parameter

The energy equation tells us that
2

H? = gﬂGp:I: (30.1)

c
a2
with the positive sign for open cosmologies and vice versa. With the definition of the critical density
and the density parameter €2, this provides a connection between the scale factor and the Hubble
parameter. In what follows, I shall assume an open cosmology (from which the Einstein-de Sitter
results are obtained as the limiting case). The results for closed cosmologies are almost identical,
save for appropriate sign changes and replacing hyperbolic trigonometric functions by their regular
counterparts.

If we specify the present matter density py and expansion rate Hy, or equivalently the expansion
rate and density parameter €2, then the present value of the scale factor is

C/]?b
VI=Q

Note that ag — oo for Q¢ — 1; we will return to this presently.

ag = (30.2)

30.1.2 Redshift vs Comoving Distance

Now consider the redshift z. As already discussed, the observed wavelength for a photon which left

a comoving source at time ¢ is equal to the wavelength at emission times the factor by which the

scale factor has grown. Defining the redshift as 1 + z = Agps/Aem We have
ao

a(tem) -

This gives z = z(tem) if the expansion history is known. The comoving distance w of the source can

also be related to the time of emission, and hence to the redshift, since

14+2z=

(30.3)

tobs

w=c / Ii)' (30.4)

em
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To make this connection between w and z it is most convenient to work in conformal time 1 defined
such that dn = edt/a, and for which dw = —dn. The energy equation, written in terms of @’ = da/dn

rather than a = da/dt is
8rGpa*
r_
a = 37 + a2. (305)

To evolve this backwards in time we need to know how the density p changes with time. This is
given by the equation of continuity: p = —3(a/a)(p + P/c?) so p' = dp/dn is

p = —3%/(;) + P/c?). (30.6)

Equations and , together with a specification of the ‘equation of state’ for the matter
content, can be integrated backwards in time to give a(n) and p(n). Specifically, one might specify
the current expansion rate Hy and the current density parameters €2,,, 2., Qa etc for the different
constituents (which have P = 0, P = pc?/3, P = —pc? respectively). The final scale factor is then
given by 7 with Qg = Q,,, + ... the total density parameter. Having solved these equations —
in generally this must be done numerically, though this is quite straightforward — for a(n) = a(—w)
(taking no = 0) gives the redshift z(w) = ag/a(—w) — 1 and inverting this gives w, the comoving
distance, as a function of redshift.

While these integrations cannot generally be performed analytically, there are several simple
and illuminating special cases, and the more general behavior can be qualitatively understood by
interpolating between these cases.

First, consider a very low density universe: 2 < 1. In this case we can neglect the density entirely
and says @' = a, or da/a = dn. Integrating this up gives log(ag/a) = —n, or, with w = —9
and using the definition of the redshift, this is w(z) = log(1l + z). As a quick sanity check note that
for z < 1 this gives w ~ z, whereas ag ~ Hy/c for Q¢ — 0 and hence the local distance-redshift
relation is dl = agw ~ Hpz/c. For high redshift the comoving distance increases without limit in this
model, but only logarithmically. However, this is somewhat academic, since €2,, is almost certainly
not much less than 0.05, so the Universe was almost certainly matter dominated at some not too
distant (i.e. logarithmically recent) time in the past.

Another case of much interest is the flat Universe, in which case we can ignore the second
term in the square root sign in . Consider the case Q = Q,, = 1: The density is then
p = polap/a)? and becomes da//a = (Hoag/z/c)dn. Integrating this and dividing by \/ag
gives 2(1 — y/a/ag) = Hpapw/c. This is somewhat awkward since, as already mentioned, ag — oo
for a flat universe. However, in this case, where S;(w) = w, the metric is

ds*— = a*(1)(—dn? + dw? + W?do?). (30.7)

However, this is invariant if we re-scale a — a’ = aa, with a some constant, provided we also re-scale
comoving distance w — w’ = w/a, and similarly re-scale the conformal time 7. If we choose « such
that ag = 2¢/Hy and drop the prime we have

1
Vitz

Note that for z < 1 we have w ~ z/2 so the local distance-redshift relation is dl = agw ~ Hyz/c
just as before (the normalization of the present scale factor ag = 2¢/Hp ~ 8000Mpc was chosen for
this reason). Note also that the comoving distance tends to a finite limit w = 1 as z — oco. This is
the distance to the horizon.

Finally, consider the case 2 = Q5 = 1. In this case the density is constant and becomes
a' = Hoa?/c or da/a® = (Hy/c)dn. Integrating this and with ag = 2¢/H, we have

w=1-—

(30.8)

w=z/2. (30.9)

This again has the same local distance-redshift relation dl = Hyz as the other cases and here
the comoving distance increases without limit as z — oo reflecting the fact that the A-dominated
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Figure 30.1: Comoving distance is plotted versus redshift for three illustrative models.

universe has no horizon. Again, this is somewhat academic since we know that the matter density in
not negligible. Figure shows the comoving distance for three plausible choices of cosmological
parameters.

30.2 Angular Diameter and Luminosity Distances

If we place identical copies of some extended spherical source at various distances then it will have
an angular size Af and apparent luminosity (i.e. bolometric flux density) F which are functions of
the redshift. For small redshifts the angular size scales inversely with distance D and the luminosity
scales as 1/D?. Tt is useful to define an angular diameter distance D,(z) such that Af o 1/D,(2)
for all z and and a Iuminosity distance D) such that F o 1/DE.

To obtain D,, consider a small spherical object of physical radius Ar (figure . The metric
tells us that the size is related to the angular radius by Ar = a(z)sinhwAf. The angular
diameter distance is then defined such that Ar = D,A#, or

_Ar

D.(z) = e

a(z) sinhw(z). (30.10)
For low redshift a(z) ~ ap and D, ~ apsinhw, and this increases linearly with redshift. However,
for z 2 1 the scale factor becomes important. For the Einstein - de Sitter model a o 7% = (1 — w)?
s0 D, o (1 —w)?w. This is maximized for w = 1/3, corresponding to z = 5/4, and for larger redshift
objects of a given physical size become larger with increasing distance. For the A-dominated model
w x z, while @ &< 1/(1 + 2) so in this case D, tends asymptotically to a constant value as z — oo.
A simple way to establish the luminosity distance D; is to consider a black-body source with
rest-frame temperature Tey,. The intrinsic bolometric luminosity is proportional to the area times
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observer source

T [y
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Figure 30.2: A source of physical radius Ar lies at a comoving distance w from an observer. According
to the metric , the angle and object size are related by Ar = asinhwA#f where a is the scale
factor at the time the light left the source. The angular diameter distance is therefore D, =
a(z) sinhw(z).

00

20

D,(2)
1000 1500

500

10

z

Figure 30.3: Angular diameter distance is plotted versus redshift for three illustrative models.

the fourth power of the temperature L oc Ar?T2 (the Stefan-Boltzmann law). The observed
temperature is lower than T¢,, because of the redshift: Tops = Tem/(1 + 2), and the bolometric flux
density is proportional to the product of the solid angle AQ times T4 .. But @ = 7Ar?/D2, so the
flux density is F oc L(1+ 2)~%/D? or F o< L/D}? with

Dy(z) = (14 2)*D.(2). (30.11)
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Figure 30.4: Luminosity distance is plotted versus redshift for three illustrative models.

More generally, from measurement of the monochromatic flux density F, at observer frequency
v we can infer the luminosity L, at rest-frame frequency v/ = (1 4 z)v as follows: First, note that
an observer cosmologically close to the source — i.e at a distance r < ¢/H — will see brightness

L, L, L
AAQ (42 (mAr2/r2)  Am2Ar?

I, (30.12)

Now the transformation law for the surface brightness is I,,/v® = constant, or I, = I/(v/V')? =
I/ /(1 + 2)3. The observed flux density is then

F,= /dQ f=n (A, o Le=tiow (30.13)
v YU\ DL ) Y AnDL(2)2(1 4 2)3 '

Turning this around gives
Ly =47D(1+ 2)°Fy 142 (30.14)

Note that dv = dv' /(1 + z) so

Ly/ dv’ Ll,/dl//

F,dv = =
U T 1mDL(2)2(1 + 2)%  4nDy(2)2

(30.15)
and integrating over all frequency gives
F / v F, L (30.16)
= vF,=———— .
471‘D1<Z)2

in accord with the result obtained for a black-body emitter.
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30.3 Magnitudes and Distance Moduli

Astronomers like to quote flux density in the magnitude scale defined such that m = —2.5log;, F' +
constant. Usually, fluxes are measured through some standard filter. The flux in filter band b is
then

[ dv F,Ry(v)

By = J dv Ry(v)

(30.17)
where Ry(v) is the dimensionless transmission function describing the throughput of the filter. The
reason for the factor 2.5 is historical, but for rough calculations is is a happy coincidence that
2.51ogy is very close to the natural logarithm. Operationally, the magnitude scale is conveniently
calibrated by measuring the magnitude relative to some standard object. In the Vega magnitude
scale, the star Vega has magnitude m;, identically zero in all passbands. Traditionally, the apparent
magnitude of an object is then —2.5 times the log of its flux density relative to that of Vega:

[ dv F(v)Ry(v)

[ dv Pyega(v)Ry(v) | (30.18)

my = —2.5log;

For nearby objects, and in the absence of absorption, the flux varies inversely with the square of
the distance D. One can then quote the distance to an object in magnitudes also. A star identical
to Vega, but ten times farther away will be 100 times fainter, so it will have an apparent magnitude
of +5. The distance modulus is defined as

DM = 5log,,(D/10pc) (30.19)

where one parsec is 1pc ~ 3.0 x 10"8cm.

30.4 K-Corrections

For cosmologically nearby objects, and in the absence of absorption, the absolute magnitude M, in
some band b is related to distance and apparent magnitude m; by

My, = my — DM. (30.20)

For cosmologically distant objects things are more complicated since if we observe in a filter with
central wavelength A then this receives photons which were emitted around wavelength A’ = A/(1+z),
so the best we can really hope to obtain is the absolute magnitude in a filter ¥ with transmission
function Ry (v) = Rp(v(1 + 2)).

There is an additional, often overlooked, subtlety which is worth mentioning here. Many detectors
such as CCDs better approximate photon counting systems then they do energy measuring devices.
A photon counting system cannot measure the integrated energy appearing in . What they
can measure is the flux of photons. Since the photon flux n, is equal to the energy flux divided
by the energy per photon n, = F,/hv. For very narrow band filters this is a negligible effect,
but for the broad-band filters often used (because they are more efficient) the distinction can be
important. We can, however, use the traditional definition of magnitudes, is we simply replace Ry (v)
by R} (v) = Ry(v)/v. We will assume that this substitution has been made, and in what follows we
will drop the prime for clarity. With F(v)dv = L(v' = (1+2)v)dv' /4w D?(z) the apparent magnitude
is then

10pc >2 JdvL((1 + 2)v)Ry(v) (30.21)

mp = 72.5log10 l(Dl(Z) de/LVega(V)Rb(V)

Changing integration variable in the upper integral to v’ = (1 + z)v and dropping the prime gives

JdvL(v)Ry(v/(1 + 2))
(I+2)f devega(u)Rb(u)] (30.22)

my = DM — 2.5log; [
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or as
my = DM = 25108, | dfy‘ﬁ’igggggy)} — 2.5logy, [{fii()'/}]fh"/(;(/y()l Rt (ZV))) L (30.23)
The center term on the right hand side is the absolute magnitude My, so this is
My, = mp — DM(2) + ky(2) (30.24)
where the so called k-correction is
ko (2) = —2.51ogy, JavLw)By(v/(1 + 2)) (30.25)

(1+2) [ L) Ry(v)

The k-correction depends on the filter response function and on the spectral energy distribution
(SED) of the source, and accounts for the red-shifting of the source spectrum.

These correction functions have been computed for various types of galaxies so, if one has a good
idea of what type of galaxy one is dealing with, one can obtain a rough estimate of the absolute
luminosity in this way. One can do rather better than this. Imagine one observes a galaxy at redshift
z = 0.6 in the I-band. The central wavelength is A\; ~ 80004, so in the rest-frame this corresponds
to A ~ 50004 which is close to the central wavelength in the V-band. Thus I-band observations of
galaxies at this redshift provide one with the rest-frame V-band absolute magnitude with very small
galaxy type dependent corrections. Generalizing this, with I — b and V' — b’ we have

My = mp — DM(2) + kuy (2) (30.26)
where the generalized k-correction is

f dI/LVCga(l/)Rb/ (V)
[ dvLvega (V) Ry (v)

JdvL(v)Ry(v/(1 + 2))

kbb’(z) = _2~510g10 (1 + z) deL(V)Rb’(V) ’

} — 2.510gy, [ (30.27)
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Chapter 31

Linear Cosmological Perturbation
Theory

Having explored the idealized perfectly homogeneous FRW models we now explore departures from
perfectly uniform density and expansion using linear perturbation theory. We first consider pertur-
bations of the zero pressure models in This are applicable at late times when the pressure is
negligible. These models are also valid at early times for sufficiently long wavelength perturbations
which are ‘outside the horizon’, and for which pressure gradients are negligible. In §31.2] we consider
the effects of pressure, which is important at early times for sub-horizon scale perturbations. We
discuss the different perturbation modes which are present when there are multiple coupled fluids
(such as the radiation and plasma) and we also discuss diffusive damping.

Having laid some of the theoretical groundwork we describe in how ideas about the nature
of the matter perturbation have evolved over the years.

In the following chapter we will discuss the generation of cosmological perturbations. Specifically,
we consider three spontaneous generation of perturbations; quantum fluctuations in inflation, and
self ordering fields.

31.1 Perturbations of Zero-Pressure Models

31.1.1 The Spherical ‘Top-Hat’ Perturbation

In a matter dominated background cosmology the simplest way to construct a perturbation is to
excise a sphere of matter and replace it with a smaller sphere of the same gravitational mass as
illustrated in figure This generates a ‘top-hat’ positive density perturbation. One can lay
down more than one such perturbation, provided the walls of the perturbations do not overlap, and
this simple type of model for inhomogeneity is sometimes referred to as the ‘Swiss-Cheese model’.
While highly idealized, this simple model illustrates most of the features of the perturbations of
arbitrary shape.
The trajectories R(t) of comoving observers on the surface of a sphere containing mass M obey
the energy equation
R? =2GM/R +2E (31.1)

with E = constant. The solutions of this equation form a two parameter family; we can perturb
the energy E, and we can also change the time of the big-bang, or we can make some combined
perturbation. In either case, since the mass is fixed, we have p(t)R(t)? = p/(t)R'(t)°, where primed
and un-primed quantities refer the the interior and exterior respectively. For a small perturbation
p' = p(l+6dp/p), with dp/p < 1, to first order in the amplitude we have

dp OR
- 3= 1.2
p 3 7 (31.2)
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Figure 31.1: One can generate a perturbation of a dust-filled cosmology by excising a sphere of
matter and replacing it with a smaller sphere of radius R’. The middle panel illustrates a decaying
perturbation produced by a ‘delayed bang’. The right panel shows the more interesting growing
perturbation that can be generated by perturbing the energy of the sphere. The space-time in the
gap is Schwarzschild.

where 0p/dp indicates the fractional perturbation to the density at a given time, and similarly for
O0R/R. This gives the density perturbation from the perturbation JR to the trajectory. Now we
can also determine 0R from the perturbation dtg in the time ¢(R) to arrive at a given radius R:
5t=t'(R) — t(R) since 6R = — R0t (see figure and therefore

(%p = 3%5153 = 3Hitp. (31.3)

If we make a perturbation by delaying the bang time within the sphere, but keeping the energy
unaltered, the time delay 0tg is constant §tr = &t;, so this produces a density perturbation with
dp/p o< H which says that the density perturbation will decay as 1/t. For perturbations generated
in the early universe, these decaying mode density perturbations will be negligible at late times.

A more interesting way to perturb the universe is to keep the bang time fixed, but to perturb
the energy of the explosion. Now the interior will again resemble part of another FRW universe,
but with lower energy E' = FE + 0F (the quantity §F here being negative for a positive density
perturbation). The energy equation for the perturbed radius is

dR"\*
< i > =2GM/R' +2E + 20E. (31.4)
Taking the square root we have, for the time taken to obtain a radius R,
i dR' i dR'
t’:/dt:/ :t—aE/—g/z+... (31.5)
) \/ 26M 4 9f 1 2%F ) (M 4 2)
where, in the second step, we have made a Taylor expansion and where ... denotes terms of 2nd
order and higher in §F.
The perturbation in the time to reach radius R is then
i dR’
0 ( R’ + 2E)
and from (31.3)) the density perturbation is therefore
) B dR/
P 0 ( R’ + 2E)
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We can identify two interesting limiting cases

e At early times in all models (and for all time in the Einstein - de Sitter model) the energy
constant E' is negligible compared to 2GM/R, the expansion velocity is R~ \/QG /R, the
integral is [ dR(2GM/R)~3/? = (2/5)(2GM)~3/2R%/2 so the density perturbation is

op 6 JOF
—_— = Q~1. 1.
P 52GM/R (31.8)

This type of density perturbation therefore grows with time as dp/p o< R o< t2/3 oc (14 2)~!
This was first shown by Lifshitz.

e At late times in a low density universe the energy constant term dominates; the expansion
velocity R — constant while the integral is £7%/2 [ dR = E~%/2R, with the net result that
the density perturbation becomes asymptotically constant

op 30F

_—=——— Q<1 31.9

P 5% (31.9)
We say that the density perturbation ‘freezes out’ in a low density universe as it ‘peels away’
from the = 1 solution. For Q) < 1 the expansion velocity @ becomes asymptotically constant,
so the expansion rate decays as H « 1/a, and therefore Q ~ Gp/H? o 1/a also; this means
that © o< (1 4 2) in a low density universe, and therefore this freeze-out occurs at a redshift
1+ 2 ~ 1/Qp, though the transition is, in reality, a gradual one.

Note that we could have easily guessed the growth rate by simply arguing that the perturbation
to the binding energy of the region is d¢ ~ GoM/R ~ (6p/p)(pR?) < (§p/p)/R, and is constant.

The phenomenon described here is often called ‘gravitational instability’, which is something of
a misnomer. True, the density perturbation grows with time, but the perturbation to the binding
energy is constant in time; the density contrast grows at just the rate required to maintain this.

It is also of interest to calculate the perturbation to the expansion rate H = R/ R since, as we
shall see, this is also a directly observable quantity. The expansion rate within the perturbation is

o \/2GM 2(E + 6E)

TR (31.10)

so, to first order in 0 F, the difference between perturbed and un-perturbed expansion rates is
0E/R

Neowery

However, this, as we have been careful to indicate, is the perturbation to the expansion rate at a

fixed radius R. This is not what is observed, which is the perturbation to the expansion rate at a
given time. The latter is

(6H)p=H — H = (31.11)

(6H); = (0H)r + H(5t)r (31.12)
Now H = R/R — R?/R?, which, with R = ~GM/R?, is H = —(3GM/R® + 2E/R?) and we have

R
oH oF 3GM 20GM 124 dR
) = 2 o ([ op) (2 4oE 7/— 31.13
<H)t GM 4 oF ( R >( R > Ro (mTMJrQE)w ( )

Again, this rather ugly expression becomes a lot simpler in the limits 2GM/R > E (i.e. 2 ~ 1) and
2GM/R < E (i.e. @ < 1). In the former case we have

SHY 2 o
— ] = -— Q~1. 1.14
(H )t 52GM/R (31.14)
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and in the latter limit the fractional perturbation to the expansion rate vanishes.

Comparing with (31.8)) for the amplitude of the density perturbation we see that for for growing
mode perturbations in the Einstein - de Sitter background the perturbation to the Hubble rate is
just minus one third of the fractional density perturbation:

oH 16
oo (31.15)
H 3 p
The fractional perturbation in the expansion rate therefore also grows as 6 H/H o t*/3. The velocity
difference between a pair or particles which straddle the gap is, in this case,

2
_2uR. (31.16)

SR OH
3 p

—6v=HSR— RSH = HR | = — =
§v=HSR — RS R(R 7

Since HR x 4/1/R, the peculiar velocity grows as dv VR o t'/3. Again, this growth rate can
be obtained by arguing that the potential d¢ is constant in time, but §¢ ~ &(v?) ~ vév hence
v ox 1/v x VR.

To summarize, we have shown that there are two modes for spherical density perturbations in
a zero-pressure cosmology. The decaying modes have dp/p o 1/t. The more interesting growing
modes have fractional perturbations in the density and expansion rate which grow as t2/3 for Q ~ 1.
In low density models the density perturbations become asymptotically constant, and the expansion
rate perturbation asymptotically vanishes.

The above analysis is Newtonian. This is adequate, provided we are considering perturbations
at such times that R < ¢. That is, for perturbations which are smaller than the current horizon
scale. This way of modeling perturbations is, however, not restricted to this regime. In the case
of perturbations to a closed universe, for instance, the embedding diagram for the type of density
perturbation is partial closed model within the perturbation matching on to a shell of horn-like
Schwarzschild geometry which then matches smoothly onto the exterior, this being a closed model
with larger radius of curvature.

31.1.2 General Perturbations

The spherical perturbations considered above are highly idealized. In general the density p(x,t)
is some arbitrary function of physical position x. The expansion velocity vpnys = X will also, in
general, be some related function of x and t. In what follows it is more convenient to work in
comoving spatial coordinate r = x/a(t), where a(t) is the global scale factor (i.e. that for the un-
perturbed cosmology). This is the same comoving coordinate we denoted by w earlier. We define
the density perturbation

5(r,t) = 5’;(&’;) =2 (ar’;zt)_ Pt (31.17)

where p is the mean density. It is also more convenient to define a peculiar velocity
V = Vphys — HX, (31.18)

which is the departure from uniform expansion, and to define a comoving peculiar velocity u, which
is the rate of change of r with time:
_d(x/a) %X ax  Vpnys — HX

v
- _ = _‘pwys o7 7 31.19
dt a a2 a a ( )

Our experience with spherical perturbations suggests that we should be able to decompose a
general initial perturbation into growing and decaying components

S(r,t;) =0T (v, ;) + 07 (r,t;). (31.20)
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where the split into growing and decaying modes is determined by the initial perturbation ¢ and
its rate of change 6. In the linear approximation, each of these modes then evolves completely
independently, with growth factors D (t) = 6% ()/6%(¢;) and the final density perturbation is

§(r,t) = DT ()0 (v, t;) + D™ (£)6 (r, t;). (31.21)

This is not quite true, however. It turns out that in two or more dimensions there are modes
of a completely different character, which did not appear in our analysis of spherical perturbations
since they do not admit any spherically symmetric states. To see why, note that, at a given time,
we can make a Fourier transform and write the density perturbation field as a Fourier synthesis

S(r,t) = ow(t)e™ ™. (31.22)
k

That is, we are writing the density field as a sum of plane wave ripples with a pattern which is fixed
in comoving coordinates (we are assuming here that the wavelength of the perturbation is much
less than the curvature scale, so we can consider our spatial coordinates r to be flat-space Cartesian
coordinates). If we do the same thing to the velocity field

u(r,t) = > w(t)e™” (31.23)
k

then it is clear that, for each wave-vector, there are four degrees of freedom — the values of dy and uy
— not two. The spherical perturbations are special in that if we make a Fourier decomposition, the
velocity coefficients uy are parallel to the wave-vector k. These are like longitudinal or compressional
sound waves. This is also the characteristic of potential flows. In addition to these so-called scalar
modes (not to be confused with scalar fields), there are vector modes. These have a quite different
character, and have non-zero transverse velocity (i.e. the velocity in the directions orthogonal to
the wave vector). These modes, for example, can have non-vanishing angular momentum, and are
often referred to as ‘torsional modes’. Henceforth we will simply ignore these vector modes, with
the rather lame justification that they are uninteresting since there are no growing vector modes.
That is, we will exclusively consider perturbations for which

u(r,t) =Y kuk(t)e™ (31.24)
k

The first step in deriving the growth rate for density perturbations is to note that the density
perturbation will give rise to a small perturbation d¢ to the Newtonian gravitational potential via
Poisson’s equation

V266 = 4rGpo. (31.25)

We use the subscript = here to show that we are taking the gradient with respect to physical
coordinate x, rather than say comoving coordinate r. Applied to a plane wave density ripple d¢ =
dxexp(ik - r) = ¢rexp(i(k/a) - x) the Laplacian operator gives V23¢ = —k2¢y/a® and therefore
Poisson’s equation becomes the algebraic equation

k ¢y = —4rGpa’d. (31.26)

The gradient of the potential perturbation §¢ is the so-called peculiar gravity and causes particles’
world-lines to deviate from r = constant. However, as we will work in comoving coordinates, there
is a slight subtlety: Imagine a particle moving ballistically with no gravitational forces acting. The
particle’s physical velocity vpnys Will be constant, but as it moves it will be overtaking particles with
progressively higher Hubble velocity, so its peculiar velocity, i.e. its velocity relative to the comoving
observers it is passing, will decrease in time. If, at some instant, it is moving at velocity v past
observer A then after a time interval ¢ it will have moved a distance dx = vét, and will be passing
observer B who is receding from A with Hubble velocity Hdx, so B will see the particle passing with
velocity v/ = v — Hvét; this implies the equation of motion (in the absence of any peculiar gravity)

v =—Hv. (31.27)
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Thus, in an expanding coordinate system there appears to be a cosmic drag acting on the particle.
The effect of the density perturbation is to subject the particle to an additional acceleration —V ,§¢
and the equation of motion is therefore

v=—Hv—V_,0¢. (31.28)
In terms of u = w = v/a, for which u = (v — Hv)/a,
. 1
u=-2Hu- —V,i¢ (31.29)
a
where V, = aV, denotes the derivative with respect to comoving coordinate r. For a plane-wave
density ripple, for which V,.0¢ = ik¢re’™ ™ and the velocity is given by (31.24)), this gives
e = —2Huy — ik /a®. (31.30)

The final step is to invoke the continuity equation to connect the velocity u and the rate of
change of ¢. In x, t coordinates the continuity equation is dp/0t = —V - (pvpnys). The density 1+6
in comoving coordinates similarly satisfies the continuity equation 9(1 + §)/0t = —=V,. - ((1 + §)u),
the linearized version of which

§=-V, u (31.31)

For a single plane-wave density ripple this is

e = —ikuy. (31.32)
Taking the time derivative of , and using we obtain
o = —ikine = ik(2Huy + ikr/a®) = —Hoy — (k*/a?)dx (31.33)
and using to eliminate ¢ we have
b + 2H by — 4G pdy = 0. (31.34)

This is the equation governing the time evolution of a linearized density ripple of amplitude Jy.
However, since k does not appear in any of the coefficients, and dx appears only at first order, we
can multiply by e’** and sum over modes to obtain

6+ 2H6 — AnGpé = 0. (31.35)

This is a local equation governing the evolution of the density perturbation field d(r,t). It is second
order in time, so we need to specify both § (or the displacement) and ) (or the rate of change of the
displacement) as initial conditions.

One can readily show that for Q = 1, equation admits the same growing and decaying
solutions obtained from the spherical model. Making the ansatz d(r,t) = AF(r)t*, we have § =
QAF(r)t* ' = ad/t and § = a(a — 1)AF(r)t* 2 = a(a — 1)§/t? which, in , and dividing by
4, becomes

ala —1)/t* + 2aH [/t — 47Gp = 0. (31.36)

Now in the Einstein - de Sitter model a o t*/3 so H = a/a = 2/3t while 47Gp = 3H?/2 = 2/3t? so,
multiplying the above equation by 2, we have

30 +a—2=0 (31.37)
with solutions aw = —1,+2/3. The ‘eigen-modes’ of (31.35) are therefore §* (r, ) oc t2/% and §~ (r, t)
t~!. The general solution of ([31.35) is then

5(r,t) = 6T (r,t;) ()2/3 +07(r,t;) <> - . (31.38)
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Here ¢; is the initial time.
Taking the time derivative and multiplying by ¢ gives

1 (r, 1) = ;mr, 5 <t>2/3 () (t> - (31.39)

and solving the above equations for §*(r,¢;) and 6~ (r,;) yields

Ft(r ) =2 (5(r,ti) + té(r,ti)>

6 (r,ts) = 2 (8(r,t:) — 3t5(x,1:)) (31.40)

Given some initial d(r), d(r), this tells us the amplitudes for the growing and decaying modes.

31.2 Non-zero Pressure and the Jeans Length

So far we have considered P = 0; this is a good approximation when the Universe is matter dominated
and when the gas is decoupled from the radiation. However, prior to a redshift of about 1000 —
known as the redshift of recombination or the redshift of decoupling — the gas was highly ionized,
and was tightly coupled to the photons of the microwave background by Thomson scattering. Prior
to decoupling it is important to allow for the effect of the pressure of the radiation.

31.2.1 Matter Dominated Era

We will first consider the behavior of perturbations in the relatively narrow window between zeq
and zqec. During this period, the density of the radiation-plasma fluid is dominated by the baryons,
P = Pp > prad, but the radiation provides a pressure P = P,,q = prad02 /3.

Assuming the baryons and photons to be tightly coupled, the radiation density is proportional
to the 4/3 power of the matter density, or

pra 4/3
Prad = 74/(31, pb/ . (3141)
Pr

where D,.q4, Pp, are the mean densities of radiation and baryons. The sound speed is given by

2= dip _ ﬁdl)rad _ gﬁrad
*odp 3 dpy 9 Dy

. (31.42)

The sound speed is therefore on the order ¢; ~ ¢\/praa/pp X a~1/2. We can define a sound horizon
to be the distance that sound waves can travel in the age of the Universe, or in one expansion time.
The comoving sound horizon is r ~ cgt/a. However, in the matter dominated era, t o< a®/? and
hence the comoving sound horizon is constant.

The Fourier decomposition approach (unlike the spherical top-hat) is readily modified to incorpo-
rate pressure: For P < p the gravitational acceleration —V ,§¢ must be augmented by the pressure
gradient acceleration —V,P/p. which, for linear perturbations, is —c>V,6. Including this extra

acceleration in (31.33)), equation (31.34]) becomes
O + 2H6b), — (4nGp — 2k2 Ja®)6), = 0. (31.43)

The new extra term here radically changes the behavior of the solutions. For small wavelength (high
k) this term will dominate and the solutions will be oscillatory — these are simply adiabatic sound
waves (though the pressure here comes from the radiation rather than the kinetic motion of the gas
particles as in a conventional sound wave).

One can define the Jeans wavelength

Ay =2ma/ky = 2me,(4nGp)~1/? (31.44)
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which separates the growing (A > A;) modes from oscillatory (A < Aj) solutions. To order of
magnitude, the Jeans length is just the distance a sound wave can propagate in the age of the
universe (Ay ~ ¢st) which is just the physical sound horizon.

Perturbations of wavelength < \; will oscillate many times per expansion time (this assumes
that diffusive damping is negligible; this will be considered later). However, the equation that these
perturbations obey is not a simple harmonic oscillator, as it contains a damping term 2H § and also
the frequency of the oscillations w ~ ¢sk/a is not constant. To determine the secular evolution of
the perturbations — i.e. how the amplitude evolves with time — we proceed as follows: First we
make a transformation from ¢ to an auxiliary field x defined such that

O(r,t) = x(r, )t (31.45)
with « constant. The partial time derivatives of § appearing in (31.43) are then

§ = xt® + axt® ! (31.46)
6 = Xt + 2axt* 4+ ala — 1)t 2 (31.47)

so, on multiplying by ¢2 (31.43) becomes

Ak? 3 2Ho oo — 1)
X+ 2(a/t+ H)x - —CH + ———— | x=0. 31.48
R e s BIL (3145
Now in the matter dominated era a o« t?/3, so H = a/a = 2/3t, so, if we take o = —2/3, the

coeflicient of x vanishes and we thereby eliminate the damping term. We then have

A2k?
>'g+( ;2 H2)X0. (31.49)

This is an un-damped oscillator ¥ + Q2 = 0 with time varying frequency Q2 = ¢2k?/a? — H>.
We are here most interested in waves with A < ¢;t — since longer wavelengths will not have had
time to oscillate — but this condition is k = 2wa/A > Ha/cs. To a good approximation we can
neglect the term H? in the frequency, so Q ~ csk/a. The sound speed is ¢ ~ ¢y/prad/pn Which
is proportional to a~1/2, so Q o a~3/2. The frequency decreases as the Universe expands, partly
because the wave, having fixed comoving wavelength, is being stretched, and partly because the
sound speed is decreasing.

In the limit that the time-scale for variation of the frequency is much greater than the period of
oscillation — which is just the condition k > Ha/c, again — we can apply the principle of adiabatic
invariance, which tells us that the amplitude of the x-field fluctuations should scale as x o 1/ VQ
or as x o« a®/*. The auxiliary field fluctuations therefore grow in amplitude. However, the actual
density fluctuation § = yt® = xt~2/3  y/a, with the net result that the amplitude of acoustic
fluctuations damp adiabatically as

x oca” Vo (14 2)Y4, (31.50)

Note that in obtaining this we assumed a o t2/3, as is appropriate for a matter dominated
cosmology. However, as the result was obtained using adiabatic invariance, it is independent of
the details of the expansion, and would still apply if, for instance, there were some additional field
present and affecting the expansion.

31.2.2 Radiation Dominated Era

The above Newtonian analysis is only valid for P < p, and for perturbations which are smaller than
the horizon. When the former condition breaks down, one cannot use the non-relativistic Euler,
energy equations, and when the latter is broken one cannot use Newtonian gravity. Here we will
consider the evolution of acoustic perturbations on scales much less than the horizon, or equivalently
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much less than the sound horizon A < ¢,t, since, in the radiation era, the sound horizon c,t = ct/v/3
tracks the light horizon, and we will see how the adiabatic damping of such waves is modified.

Now for waves with A < cst we can safely neglect the gravity due to the perturbation since
the pressure gradient acceleration is overwhelming larger. What we shall do here is to compute
the evolution of such waves in a fictitious background cosmology in which gravity is also neglected.
We do not believe that this is really valid; it is logically possible to have a radiation dominated
cosmology with € < 1, but this appears not to be the case for our Universe. However, since the
waves evolve adiabatically, the evolution of the wave amplitude, as a function of the scale factor, is
independent of the details of the expansion law. By this ruse we are able to compute the evolution
using only special relativity and we are able to sidestep the complications of coupling a relativistic
plasma to gravity.

The equations of motion are then simply

T , = 0. (31.51)

When we considered self-interacting scalar elasticity sound waves we showed how these four equations
could, in the ideal fluid limit, be cast into a more useful form as evolutionary equations for the energy
density and for a 3-velocity v. Here we will repeat that analysis, but using the conventional notation
for cosmological density fields. The stress-energy tensor for an ideal fluid is

™ = (p+ P/*)U*UY + 0 P (31.52)

where the 4-velocity U= (ve,yv) is that of observers who perceive a stress-energy tensor TH =
diag(c?p, P, P, P); i.e. for observers comoving with the fluid.

If we set p = ¢ in (31.51f) and make use of (31.51]) with © = 0 we obtain the relativistic Euler
equation

ov 9 opP
Z . - P — . 1.
5 +(v-V)v ()£ P) {c VP +v (“)t} (31.53)
Dotting (31.51) with U gives
0 oP
= T“V v — P 2 rgv v 1’ 4
0= U, = Uy o l(p + PIEYTHU" 4+ U7 2 (31.54)
which, with U = (y¢,vv) and using 8(U - U) /0t = 0 gives the relativistic energy equation
9 Pc? [0
a—’;+(v.V)p:_u [8Z+V-(7v)]. (31.55)

Specializing to the case of a radiation density dominated plasma for which P = pc?/3, (31.53)) and
(131.55)) become

dv 1 9 dp
_— = — —_— 1~
o 1, {c Vp—i—vat} (31.56)
dp 4 [1ldy
P Pt v - 1.
7 3P L 7 + v} (31.57)

where d/dt = 0/0t + v - V is the total, or convective, time derivative.

Equations (31.56)), admit exact solutions corresponding to a homogeneous expanding
Universe with un-decelerated linear Hubble expansion v = Hx = x/t. Such solutions do not have
p(r,t) = p(t), as one might perhaps have expected. This is because in a homogeneous expanding
Universe, the density is not constant on slices of constant coordinate time ¢, rather it is constant on
surfaces of constant proper time since the big bang. For freely expanding matter in Minkowski space-
time, the proper time is 7 = 1/t2 — 22/c¢2 = t/~. Surfaces of constant 7 are therefore hyperbolae in
X, t space. If we look for a solution with

p(x,t) = p(7) (31.58)
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we find that the factor in brackets on the right hand side of the Euler equation is

dp  dp (vt —x)
2
v — = 31.59
cVptv ot dr 1 ( )
but x = vt, so the right hand side of (31.56)) vanishes. Therefore dv/dt = 0, and so fluid elements
do indeed move with constant velocities. If dv/dt = 0 then dvy/dt = 0 also, and therefore the energy
equation (31.57)) becomes, in this context,

dp 4 I

N v Y L 31.60

a3V Th (31.60)
where we have used V -v = (1/t)V - x = 3/t, or, since t = v7, and ~ is constant along any fluid
element world-line

dp P
— = —4- 31.61
dr T ( )

which does indeed allow a solution with p = p(7), specifically p o 1/7%. Since this model is freely
expanding (i.e. the scale-factor a is proportional to 7) this corresponds to the usual p o 1/a* behavior
for relativistic matter.

Having established the exact homogeneous expanding solution, we now want to look at the
evolution of perturbations about this ‘background’. In the above analysis we worked in Minkowski
space coordinates (x, ct), but this proves cumbersome when we add perturbations. Instead we will
consider the density and velocity to be functions not of x,¢ but of the dimensionless comoving
spatial coordinate r = x/ct and the proper time 7. We can readily infer the equations governing
the evolution of p(r,) and v(r,7) from equations (31.56), (31.57). Consider a point in space-time
where the velocity of the fluid vanishes. At that point, intervals of coordinate time ¢ and proper
time 7 are identical, v = 1, and so these equations become

dv c

- 1.62
I 4pr (31.62)
dp 4
= _gpv v (31.63)

(note that vanishing of v does not imply that V - v = 0). But we can always make a Lorentz trans-

formation to make the velocity at any point vanish, and therefore equations , apply

everywhere, with understanding that V denotes the gradient with respect to physical displacement

in the rest-frame of the fluid — i.e. it is the spatial gradient on surfaces of constant proper time 7.
It is easy to check that the zeroth order solutions

p=poo<1/tt (31.64)
v=vy=x/t=cr (31.65)

satisfy these equations. Let us now look for solutions p = pg + p1 and v = vy 4+ vi. Substituting

these in (31.62)), (31.63)) and discarding all but the first order terms yields

c
v, = — V. 31.66
Vi Lpor P1 ( )

. 4po 4 p1

=73 Ve 3cr Vi Vo (31.67)

where V,. = aV denotes spatial derivative with respect to comoving coordinate r and dot denotes
derivative with respect to 7. Now V - v = 3¢ so (31.67) can be written as

o1+ 4% =32V, (31.68)

Taking the derivative of this with respect to proper time gives

d d 4 4 )
s (A N Amg e 5160
po/T 3cr cT T T2
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Now pg o< 1/7* so d(po/7)/dT = —5(po/7), and using equation (31.68) to eliminate V,. - v; and
(131.66) for v yields a second order equation for p;:

. . 1
p1+9p1/7 + 16p1 /7% — ﬁvf.pl =0. (31.70)

However, for the waves of interest here, for which A < ¢7, the last term is much larger in magnitude
than the penultimate term and we therefore have, in this limit,

n . 1
p1L+9p1 /T — ﬁvipl =0. (31.71)
We can now treat this exactly as we did for waves in the matter dominated era: letting p; = xt®,
but now with & = —9/2, eliminates the damping term and results in the oscillator equation
- L2y =0 (31.72)
X 37_2 'r‘X - .

with frequency Q = 1/4/37, so adiabatic invariance tells us that that the y-field fluctuations evolve
as x o< 1//Q o 7/2 and therefore the amplitude of the density perturbation evolves as p; oc 1/72.
Thus, in this model, the density perturbation amplitude evolves exactly as the background density
and the fractional density perturbation amplitude is constant:

§="1 o 70, (31.73)
Po

31.2.3 Super-Horizon Scale Perturbations

The rigorous treatment of perturbations with A 2 ct is quite involved, and there are some sub-
tleties involved in defining the perturbation amplitude. In the Newtonian analysis we define the
perturbation to be the variation in the density at a given time. For super-horizon scale waves one
needs to carefully define the hyper-surface on which one defines the density contrast. One could,
for example, take these hyper-surfaces to be surfaces of constant density, in which case the density
perturbation would vanish identically. This does not mean that super-horizon scale perturbations
are ill-defined, since in this case the expansion law would not be uniform. The results of the more
detailed analysis, which we shall not cover here, are in accord with the picture which emerges from
the spherical model that an over-dense region can be thought of as part of a different universe
(i.e. one with a smaller radius of curvature) evolving independently. These perturbations have con-
stant spatial curvature or gravitational potential, provided A > cst. In the matter dominated case
we had §¢ = constant ~ §M/R ~ (R36p)/R ~ (dp/p)pR?. Constancy of §¢ and p oc 1/R? then
implies dp/p x R  a. In the radiation dominated case, the same hand-waving argument, but now
with p < 1/R*, would suggest that dp/p x a?, which is in agreement with the more sophisticated
analysis that can be found in Peebles’ book for instance.

31.2.4 Isocurvature vs Isentropic Perturbations

The type of perturbation we have described above is an adiabatic perturbation. This is the pertur-
bation one makes if one takes the matter and radiation in some region and compresses it; the ratio
of photons to baryons is fixed and consequently d,.q = (4/3)dp and there is a non-zero perturbation

in the total matter density
) Pradd D0
Otot = (p) — PradOrad T Pu%b —ipb b, (31.74)
P/ tot Prad + Pb
as illustrated in the left hand panel of figure
An alternative that used to be considered is a isothermal perturbation where the radiation is
unperturbed initially. Nowadays we think of multi-component fluids comprising e.g. pressure free cold
dark matter, plus a tightly coupled plasma composed of baryons and radiation. A similar ambiguity
then arises as how to set up the initial perturbation. One very natural type of perturbation is to
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A . . . 4 .
p isentropic P isocurvature p isothermal

Figure 31.2: The left hand panel shows an ‘adiabatic’ or ‘isentropic’ perturbation of the kind we
have been discussing above. In such a perturbation we crush the matter and radiation together.
Such perturbations have a net density inhomogeneity and consequently have non-zero curvature or
potential perturbations. A very natural alternative is to generate a perturbation in which the initial
perturbation in the baryon density is cancelled by a corresponding under-density in the radiation.
Such perturbations have, initially, no net density perturbation and therefore no associated curvature
perturbation, and are called ‘isocurvature’. For super-horizon scale perturbations the curvature is
frozen in, but there is a non-zero pressure gradient, and once the perturbations enter the horizon
this becomes effective and will act to annul the pressure gradient. In the example shown in the
center panel, there is an inward directed pressure gradient which will act to erase the under-density
in radiation, but in doing so will enhance the over-density in the baryons. The radiation density
will over-shoot and one will have an oscillation about a state in which the radiation is uniform. The
equilibrium state about which these oscillations will occur is shown in the right panel and is known
as a ‘isothermal’ perturbation, since the radiation density, and therefore also the temperature, are
constant.

say that initially there were no curvature fluctuations, and the perturbation is produced by varying
the relative fractions of baryons to photons with the excess in any one fluid being compensated by a
deficit in the other. Such a perturbation is termed an isocurvature perturbation and is the descendant
of the old style isothermal perturbation. The alternative is the so-called isentropic perturbation in
which the fluids are compressed together and which is the descendant of the old-style adiabatic
perturbation. The terminology here arises because the number of photons per baryon is equivalently
the entropy per baryon.

31.2.5 Diffusive Damping and Free-Streaming

The Jeans analysis assumed a tightly coupled baryon-photon plasma. There are two situations where
this is inappropriate.

At early times the plasma is very optically thick, but as the universe expands the mean-free path
for photons increases and the photons tend to leak out of the sound waves and consequently they
damp out. This was first analyzed by Joe Silk and is called Silk damping. Around z = 1000, the ions
and electrons (re)combine and become neutral and the photons are no longer locked to the baryons.
The consequence of this is that sufficiently small scale perturbations (interestingly close to the mass
of galaxies as it happens) are damped out. Nowadays the emphasis is on dark matter models where
the damping of acoustic fluctuations is not so critical.

Another interesting (and possibly very relevant) situation is that of hot-dark-matter such as a
neutrino with a mass on the order of 10 eV. Such particles have large thermal velocities, but are not
locked to the other components by scattering. One can still define a neutrino Jeans length which is
the distance a neutrino can travel in one expansion time. This starts off small (in comoving terms),
grows and peaks around the time the neutrinos go non-relativistic. Once the neutrinos become
non-relativistic their velocities decay adiabatically as v o« 1/a according to equation and
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the comoving Jeans length decreases. As with acoustic waves, perturbations bigger than the Jeans
length grow, but smaller perturbations damp out very rapidly as the neutrinos stream out of the
perturbation.

31.3 Scenarios

We will now put these results to work and explore a number of scenarios for structure formation.

31.3.1 The Adiabatic-Baryonic Model

The first scenario to be worked out in any detail was the adiabatic baryonic model (Peebles and
Yu). In this calculation one assumes some initial adiabatic density fluctuations imposed at some very
early epoch, and one assumes that the universe is dominated by baryons and radiation. One Fourier
decomposes these into plane wave modes and then calculates the temporal evolution of each mode
separately. At sufficiently early times all the modes have A\ ~ a/k > t, pressure gradients are neg-
ligible and the perturbations grow in step with ¢ < a?. Eventually, short wavelength perturbations
enter the horizon. For galaxy scale perturbations (A9 ~ 1 Mpc) this happens when the universe is
radiation dominated. These perturbations then oscillate as acoustic waves with constant amplitude.
As time goes on progressively longer wavelengths enter the horizon and start oscillating. Eventually
we reach the epoch zeq when prad = pmatter and then something rather interesting happens. Before
Zeqs P = p/3, cs ~ 1/4/3 and the ‘sound horizon’ ~ c,t/a grows like a oc t'/2. After zeq, P/p o 1/a,
the sound speed falls like 1/+/a, t a®/? and consequently the comoving sound horizon (or comov-
ing Jeans length) is approximately constant. At z ~ 1000 ~ z.,/10, the plasma recombines and
the pressure support from the radiation is lost, the Jeans length falls, and all perturbations grow
according to the usual § o a law. The various phases of the life of an adiabatic perturbation are
shown schematically in figure [31.3

The result of this calculation can be expressed in terms of a transfer function T'(k) expressing
the final amplitude of a perturbation of (comoving) wavenumber k relative to it’s initial amplitude.
For a power-law initial power spectrum P(k) o< k™ for instance, the final power spectrum is P(k)
k™T?(k). This linear output spectrum can then be given as initial conditions to a numerical simulator
who can evolve the density fluctuations into the non-linear regime and compare the results with
e.g. galaxy clustering data. The transfer function for the adiabatic baryonic model has some rather
interesting features. For wavelengths longer than the maximum Jeans length (roughly the horizon
size at zeq) T'(k) is constant, but for shorter wavelengths there are oscillations. These arise because
one assumes that the perturbations are purely in the growing mode at ¢;, so the phase of the sound
wave @ = f w(t)dt at zgee is smooth and monotonically increasing function of k. If one models the
decoupling process as instantaneous, it is easy to show that the amplitude of the growing mode
perturbation is then an oscillatory function of k. This results in nodes and anti-nodes (see figure
and therefore quasi-periodic bumps in the power spectrum. These oscillations extend to about
a factor 10 in wavelength, below which they are damped out by photon diffusion. There is a large
bump in T'(k) at around the maximum Jeans length. This comes about because of the plateau in
the Jeans length; a mode with wavelength just greater than Ajyax will grow uninterrupted while one
of slightly shorter wavelength will oscillate with actually slowly decreasing amplitude between z.q
and Zrec-

This calculation really marked a turning point in structure formation. While the creation of the
initial fluctuations was still a subject of speculation, it seemed reasonable to assume a power law
initial state, and one then obtained a quantitative prediction for the post-z.q power spectrum. This
model has only two free parameters; the initial amplitude of the power spectrum and the initial
spectral index n. Moreover, this spectrum had two prominent features; the bump at wpeq and the
damping cut-off. The present horizon size is ~ 1/Hy ~ 3000 Mpc, and since wy o t/a al/? x
Z_1/2, GpWHeq = 30 Mpc which is the scale of superclusters, the largest prominent structures we
observe in the universe; a remarkable fact indeed! The damping scale sets a minimum scale for
the first structures to form, and it is obviously attractive to identify this scale with galaxies in this
theory.
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Figure 31.3: Evolution of initially adiabatic (or isentropic) perturbations is shown schematically for
perturbations of three different wavelengths. The perturbation passes through three phases. First,
when outside the horizon, the perturbation amplitude grows as ¢ o< a? in the radiation era and as
0 « @ in the matter dominated era. Perturbations which enter the horizon before ¢ oscillate at
constant amplitude until teq. For teq < ¢t < fqec the amplitude decays adiabatically as 6 o 1/ al/4.
Short wavelength perturbations are, in addition, subject to diffusive damping, and are strongly
attenuated. Perturbations which persist to tqec then couple to growing and decaying perturbations
in the now pressure-free neutral gas.
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Figure 31.4: Power spectrum in the adiabatic-baryonic model (schematic). The dashed line indicates
the initial power spectrum. The main peak is at a scale just larger than the maximum Jeans length,
where the perturbations underwent continuous growth. Shorter waves entered the horizon before zqq
and subsequently oscillated, so their amplitude is suppressed. The nodes in the output spectrum are
those wavelengths which have zero amplitude in the growing mode at the time of decoupling. The
cut-off in the power spectrum at high k is due to diffusive damping.
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This theory therefore has much to commend it. Its main weakness is that is does not include dark
matter. Dark matter seems to dominate over baryonic matter in clusters of galaxies — least-ways it
is hard to see how the dark matter there could be in a baryonic form — and big-bang nucleosynthesis
predicts an uncomfortably low baryonic density parameter: Qj, ~ 0.02/h? ~ 0.04. Such a low density
means that perturbations freeze out quite early (when 2 starts to peel away from unity) and this
makes it hard to account for both the smallness of the microwave background fluctuations and the
presence of galaxies etc. at z 2 3.

As well as the empirical evidence for substantial quantities of dark matter, which implied a
density parameter 2 ~ 0.2, and possibly more if galaxies are biased with respect to dark matter,
there was the natural repugnance on the part of theorists to the idea that 2 be quite close to unity,
but not exactly so. These facts and prejudices led to the development of models containing large
amounts of dark-matter.

31.3.2 The Hot-Dark-Matter Model

The first non-baryonic model to be seriously studied was the hot dark matter model (HDM), with
the candidate particle being a massive neutrino. Neutrinos are produced in thermal abundance at
high temperatures, but the weak interactions freeze-out around an MeV or so and the neutrino are
thereafter effectively uncoupled from the rest of matter save through their gravitational influence.
The expected number density of a light neutrino species is then roughly the same as the number
density of photons in the microwave ground; this is only a rough equality because the number of
photons was boosted somewhat when the electrons and positrons recombined, and from consideration
of degrees of freedom. Thus if the neutrinos have a mass such that they would go non-relativistic at
around z¢q they would have a density comparable to the critical density today. This requires m ~ 30
eV, and this theory got a substantial boost when there was experimental evidence to suggest a mass
of this order (Lyubimov).

In the HDM model, fluctuations on small scales are damped out by free-streaming. The char-
acteristic smoothing length in this theory is just the comoving distance traveled by a neutrino. At
early times, z > z.q, the neutrinos are relativistic and the comoving distance traveled is just the
horizon size wy, after they go non-relativistic the velocity of the neutrinos redshifts v o 1/a, so the
comoving distance traveled per expansion time is o< vt/a o< t/a? a~1/2? which decreases with time.
Thus, the total distance traveled is on the order of the horizon size at z.q, which, as we have seen,
is roughly the scale of superclusters today.

As there is essentially no power remaining on small scales, the first structures to go non-linear
are superclusters and galaxies must then form by fragmentation; this is called a top down scenario,
as opposed to a bottom up scenario in which structures form first on small scales and then cluster
hierarchically into progressively larger entities.

The formation of structure in HDM-like models was analyzed extensively by Zel’dovich and
co-workers and can be understood analytically in terms of his beautiful approximation in which
structures form by ‘pancaking’. While the gross features of large-scale structure predicted in the
HDM model agree nicely with the impression of filamentary or sheet-like structure seen in galaxy
surveys, it seems hard to reconcile the early appearance of quasars and radio galaxies and the
absence of neutral gas at high redshift — the Gunn-Peterson test — with the fact that the large
scale structure appears to be forming today.

31.3.3 The Cold Dark Matter Model

The cold dark matter model (CDM) also assumes that the bulk of the matter is non-baryonic, but
that this material is not in thermal equilibrium at early times. One possible candidate for CDM is
the axion (see Kolb and Turner) in which the density resides in coherent oscillations of a scalar field.
For the present purposes all we need to know about the axion (or whatever) is that it behaves just
like zero-pressure dust.

If we track the evolution of say a galactic scale perturbation then at early times A\ > ¢, pres-
sure gradients are negligible, and the perturbation grows in the usual energy/curvature conserving
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Figure 31.5: Power spectrum in the hot dark matter (HDM) model (schematic). The long-dashed
line indicates the initial power spectrum. The vertical dashed line indicates the horizon size at the
time the neutrinos become non-relativistic at z ~ zeq. In the HDM model the first structures to
form are super-cluster scale, and smaller scale-structures must form by fragmentation.

manner. The perturbation enters the horizon in the radiation dominated era; the baryon-photon
plasma then oscillates acoustically and the growth of the sub-dominant CDM component stagnates.
The fluctuations are not erased however, as they are in the HDM model, so at z.q the fluctuations
can start to grow. On scales exceeding the horizon size at z.q there is uninterrupted growth. The
end result is a suppression of small scale fluctuations by a factor ~ (A/Ameq) ™2 in amplitude. As
we shall see, the preferred initial spectrum has § oc 1/A? initially, so on small scales the amplitude
of the fluctuations becomes asymptotically constant (see figure . The details have been worked
out numerically (Bond and Efstathiou, 1984; Vittorio and Silk, 1984) and it turns out that the
progression from the large-scale to small scale asymptotes is very gradual, and consequently one has
in effect a hierarchical or ‘bottom-up’ scenario.

The CDM model has been explored in much greater detail than any of the other scenarios, and
in many ways makes predictions which agree very well with observations; certainly the qualitative
predictions fit very nicely with what is seen. In recent years, however, the simplest, and most
attractive, version of the theory — in which the total density parameter is unity — has come under
attack from observations of large-scale clustering; there is more power on large scales than the theory
predicts. This will be discussed in greater depth below.
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Figure 31.6: Power spectrum in the cold dark matter (CDM) model (schematic). The long-dashed
line indicates the initial power spectrum. The vertical dashed line indicates the horizon size at the
time the neutrinos become non-relativistic at z ~ zeq.
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Chapter 32

Origin of Cosmological Structure

Having considered the evolution of density perturbations from some given initial state we now explore
how the initial seeds for structure may have arisen. We first consider the ‘spontaneous’ generation
of fluctuations from the effect of non-gravitational forces in the hot big bang model, and show that
it is very difficult to generate large-scale structure in this way. We then consider the generation
of density fluctuations from quantum fluctuations in the scalar field during inflation and finally we
consider topological defects.

Before embarking on these calculations, it is worth describing what seems to be required observa-
tionally. In fact, long before inflation and when cosmological structure formation was still a relatively
immature subject, Harrison and Zel’dovich pointed out that if the initial spectrum of fluctuations
had a power-law spectrum P(k) o k™ extending over a very wide range of scales then it should have
index n = 1. The argument is that for a power-law, the fluctuations in the potential, and therefore in
the curvature, also have a power law spectrum. For most spectral indices, the curvature fluctuations
will either diverge at small scales or at large scales. This would result in small black-holes if n is
too large, or would lead to the universe being highly inhomogeneous on large scales if n is too small.
The ‘happy medium’ (in which the curvature fluctuations diverge at both small and large scales,
but only logarithmically fast) is that for which the root mean square density fluctuations scale as
dp/p o< 1/A2, so the potential fluctuations ¢ ~ (HN)28p/p are independent of . For a power-law
power spectrum, the variance per octave of wave-number is ((6p/p)?)x ~ k3 P(k) oc k3™ oc A\=(B+71),
Thus, for n = 1, the potential fluctuations are scale invariant. This is known as the Harrison-
Zel'dovich spectrum. While somewhat philosophically motivated, this kind of spectral index has
much to commend it. Gott and Rees, had argued that the structure we see on scales of galaxies,
clusters and super-clusters seemed to require an spectral index for the perturbations emerging after
Zeq Of n ~ —1. This is not the Harrison-Zel’dovich index, but allowing for the suppression of the
growth of small scale perturbations during the physical processes described above during the era
around Zz.q, these are consistent. The real clincher for the n = 1 spectrum came with the detection
by COBE of roughly scale invariant ripples in the large-angle anisotropy of the CMB. Normalizing
the spectrum to cluster or super-cluster scale structures, these fit very nicely to an extrapolation to
larger scales using the Harrison-Zel’dovich spectrum.

32.1 Spontaneous Generation of Fluctuations

Consider an initially homogeneous universe and let the pressure become inhomogeneous (this might
happen during a phase transition in the early universe, or at much later times when stars form and
explode). This non-gravitational force will generate density perturbations. For a spontaneous cos-
mological phase transition the pressure fluctuations should be uncorrelated on scales larger than the
horizon scale at that time. Similarly, a natural model for the pressure perturbation from randomly
exploding stars has a flat power spectrum on large scales. What is the amplitude of mass fluctuations
on large scales generated by such a process? The answer is very little. Naively, one might imagine
that there might be root-N perturbations, with N the number of independent fluctuation regions,

355
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giving 6p/p o« M~1/2. Alternatively, one might imagine there would be ‘surface fluctuations’ giving
op/p x M —5/6_ Now it is true that if we measure the density within a sharp-edged top-hat sphere,
then there will be fluctuations in the mass of this later order, but the fluctuations in growing modes
will be much smaller than this; the amplitude of the growing mode is in fact dp/p oc M~7/6.

Let’s first obtain this result from a Newtonian analysis. What we shall do is compute the
perturbation to the large-scale gravitational potential §¢p — since this is associated with the growing
mode density perturbations — from which we can obtain dp/p. Consider first a homogeneous
expanding dust-filled cosmology containing an agent who can re-arrange the surrounding matter,
but can only influence material at distances r < R (see figure . What is the perturbation to
the Newtonian potential at large scales? The potential is

- _G/d3 Ol (32.1)

I’—rl

where the integrand vanishes for ' 2 R. At large distances r > R, we can expand the factor
1/|r' —r| as

1 1 1or - r—v -\ V2
R Y R (1 _ zrrﬂrr) (32.2)
Making a Taylor expansion gives
1 1 r-v 1/r ¢ (r'-r)?
m:;“r?‘Fg 2 -3 ol 4 (32.3)

Using this in gives an expansion in powers of 1/r. The coefficient of the leading order term
(for which 6¢ ~ 1/r) is [d®r" §p(r’). This is the monopole moment of the mass distribution, but
this vanishes by virtue of conservation of mass. The next term has §¢ x 1/r2, and has coefficient
proportional to £+ [ d*r’ §p(r’)r’, which is the dipole moment. This vanishes by virtue of momentum
conservation. The next term has 6¢ o< 1/r3 with coefficient proportional to the quadrupole moment.
The does not, in general vanish; the agent, can, for example, rearrange the matter into a ‘dumb-bell’
shaped configuration without exchanging any mass or momentum with the exterior (see figure [32.1)).
If the mass contained within the perturbation region is AM, the large-scale gravitational potential
is 0¢p(r) ~ GAMR?/r3 where R is the scale of the fluctuation region and this is smaller than the
un-shielded monopole term GAM /r by two powers of R/r.

Now consider a multitude of such agents, with separation ~ R, each of whom re-arranges the
surrounding matter in accordance with mass and momentum conservation, but otherwise in a random
manner, such that different fluctuation regions are uncorrelated with each other (see figure|32.2]). The
mean square large scale potential — averaged over a region containing mass M, or size  ~ (M /p)'/3
— is then the sum of N ~ (r/R)® ~ M/AM quadrupole sources adding in quadrature, so the root
mean square potential perturbation is

GAMR?
Sonr = ((00))3)" ~ NY2Z=— o M2,

. (32.4)

The fluctuations in the potential are therefore a white-noise process. Now, for the growing mode, the
potential and density fluctuations are related by 6¢ ~ (Hr/c)25p/p o< M?/35p/p, so the root mean
squared growing mode density perturbations induced by this kind of small-scale ‘curdling’ has rms
6p/p o< M~7/6. The mass distribution on large-scales at late times is much smoother than ‘root-N’
mass fluctuations, and smoother even than the ‘surface fluctuations’.

The argument given above is Newtonian and assumes conservation of mass. Do these conclu-
sions still hold with fluctuations of the relativistic plasma? For example, consider a universe in
which the process of baryogenesis is spatially inhomogeneous. If the photon-to-baryon ration —
the specific entropy that is — is an incoherent random function of position, this will generate an
initially isocurvature perturbation such that the number density of baryons is a white-noise process,
but with the initial density fluctuation in the baryons being compensated by the radiation density.
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Figure 32.1: Illustration of the type of perturbation that can be generated by a physical process
that operates locally (within region delimited by the dashed circle). On the left is a monopole
perturbation. This has a net excess mass and would generate a potential perturbation at large
scales d¢ o< 1/r. Such a perturbation is not allowed, since it requires importing mass from large
distances; if one is constrained only to re-arrange the mass within the dashed circle, then for a
symmetric mass configuration the net mass excess must vanish. In the center is shown a dipole
perturbation with an over-dense region on the right and an under-dense region on the left. Such a
perturbation would generate a large-scale gravitational potential d¢ oc 1/72. The net mass excess
inside the dashed circle is now zero, but such perturbations are still now allowed as, in order to
generate such a perturbation, one would need to impart a net momentum to the matter. On the
right is a quadrupole perturbation. Such a perturbation can be generated by a local physical process
while still conserving mass and momentum. A quadrupole source generates a large-scale potential
perturbation d¢ oc 1/r?; this falls off much faster than for an ‘un-shielded’ monopole perturbation.

Now as the universe expands the radiation will redshift away and will eventually become negligible.
At late times then there will be fluctuations in the net proper mass contained within any comoving
region with rms amplitude scaling inversely as the square root of the number of fluctuation regions,
or 6p/p o« M~1/2. Does this not conflict with the M~7/6 rule? Not necessarily, since we do not
know what fraction of these perturbations is in the growing mode. To resolve this, recall the be-
havior of spherical perturbations. To generate a decaying mode we delay the ‘bang-time’ keeping
the energy constant, and the proper mass contained in the perturbation is fixed. In the growing
mode we perturb the binding energy ¢. The gravitational mass of the perturbation must equal the
unperturbed mass, but as the binding energy is negative, we must actually have a slight enhance-
ment of the net proper mass 6 M ~ —M ¢ within the perturbation. Thus, the fluctuations in proper
mass within comoving regions (which scale as M /2 in this incoherent isocurvature model) measure
§¢ ~ (H?X?)8growing and we recover the 6p/p oc M~7/6 hehavior for the growing modes.

The large-scale growing perturbations produced by small-scale rearrangement of mass are there-
fore very small and this effectively excludes the possibility that the large-scale structure results from
curdling of the universe during a phase transition at early times because the horizon size is small
then. It would also seem quite difficult to produce the largest scale structures seen from hydrody-
namical effect of supernovae explosions (though the fact that a simple estimate of the net energy
released based on the abundance of the results of nuclear burning in stars does not fall very far short
of what is desired is tantalizing). In any such scenario, accounting for the large-angle fluctuations
in the CMB is very difficult indeed, since the prediction is for temperature fluctuations falling off as
OT/T ~ ¢ ox =3/2.
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Figure 32.2: Schematic illustration of the type of density inhomogeneity than can be produced by
local re-arrangement of the matter. This is the type of perturbations generated by e.g. phase tran-
sitions in the hot-big bang model, where the effects of pressure gradients are limited by the horizon
size. Each fluctuation region generates a large-scale potential fluctuation 6¢ ~ GAM R?/r3, where
AM and R are respectively the mass within and the size of a fluctuation region. The orientation,
and in a realistic model also the amplitude, of the potential fluctuation is a random variable. There-
fore the large-scale potential fluctuations are v/N times larger than the effect for a single region.
With N oc M, the root mean squared potential fluctuation is d¢ \/M/r?’ x 1/\/M The po-
tential generated by such a process is therefore a ‘white-noise’ process, with a flat power spectrum
P, (k) = constant (i.e spectral index n = 0). The mass fluctuations dp in the growing mode are re-
lated to the potential fluctuations by V2d¢ = 47Gép, so dpix ~ G~ 'k*6¢y and the power-spectrum
of the mass-fluctuations is therefore P,(k) ~ (|0pk|®) oc k*. The spectral index is n = 4, and the
root mean squared mass fluctuations at late times are dp/p oc M —7/6,

32.2 Fluctuations from Inflation

A more promising way to generate density fluctuations is from quantum fluctuations in the scalar
field driving inflation. In chapter explored a model of ‘chaotic inflation’ in which the inflaton
field has potential V(¢) = A¢?/lic. We found that provided ¢ > /c*/G — or ¢ > my, in natural
units — the stress-energy tensor has P = —pc?, as required to drive inflation. While it was not
stated there, we also assumed implicitly that the field was weakly self-interacting A < 1, and that
the field value was ¢ < /\_1/4\/04/67‘7 so that the density p ~ A¢*/c? is much less than the Planck-
density. With these assumptions, the important scales in the inflaton-radiation-matter dominated
cosmology are as depicted in figure [29.1] It is a remarkable feature of the inflationary cosmology
that, in addition to solving the flatness, horizon and possibly other problems, it naturally predicts
that at late times, there will be density fluctuations re-entering the horizon with amplitude

2
o JRH (32.5)

p c ¢
where these quantities are evaluated as the perturbations leave the horizon during the inflationary
era. Since, H and ¢ are slowly varying during inflation, this naturally predicts seeds for structure

formation close to the preferred Harrison-Zel’dovich form.

As usual, since we are dealing with small amplitude fluctuations, the natural approach is to
decompose the field into spatial Fourier modes, and compute the evolution of these separately. As
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shown in figure [29.1] such a mode, being fixed in comoving wavelength, first appears, or rather
becomes describable without a quantum theory of gravity, when the physical wavelength is on the
order of the Planck length. As already discussed, for inflation to take place we require that the
field fluctuation at that time be in the vacuum state to very high accuracy. This then sets the
initial conditions; the initial occupation number for inflatons of this scale must vanish. A detailed
calculation of the evolution is extremely technical, involving such tricky issues as the nature of
the vacuum in curved space-time, as well as requiring a full general-relativistic treatment for the
modes while they are outside the horizon. Here we shall only give a rather hand-waving sketch
of the important processes and thereby physically justify the form of the key result . We
will show that the requirement that the final density fluctuation amplitude agree with that required
observationally puts very strong constraints on the strength of the interaction term (or mass term) in
the inflaton potential. We will also discuss how inflation predicts, in addition to density fluctuations,
fluctuations in all fields, and, in particular, predicts a stochastic background of gravity waves. This
provides a potential test of the theory.

First, we need to establish the nature of the fluctuations about the large-scale average inflaton
field during inflation. We will denote the ‘background’ field by ¢¢, and the fluctuations, which, as
we shall see, are relatively small, by ¢1. The general equation of motion for the inflaton field is

. . 2
é+3HG+ Z—2V2¢+4)\%¢3 —0, (32.6)

where V denotes the derivative with respect to comoving coordinates. If we decompose the field
as ¢ = ¢g + ¢1, where the ‘background’ field ¢ is assumed to have V¢g = 0, and make a Taylor
expansion of the interaction term assuming that the fluctuations about the background are relatively
small (i.e ¢1 < ¢g) then the equation of motion for the perturbation, which will not in general have
small spatial gradient, is

T
¢1+3Hp1 + a—2V o1+ 12)\?@ =0. (32.7)
Compare this with the equation of motion for a free massive scalar field
. . 2 2 4
b+ 3H + %v% + mhj 6= 0. (32.8)

Evidently, the fluctuations about the background field behave like a free field with mass

m = \/12\h¢3/c3. (32.9)

The Compton wavelength for the inflaton fluctuations is

Ae = h/me (32.10)

which we can compare to the horizon scale ¢/H. With H ~ /Gp = \/Ge/c2 ~ \/GAp§/hc3, the
ratio of these is
Ae Gog
c/H Ve

Therefore, if the field is large enough to allow inflation (¢o > 1/c*/G) then A. > ¢/H; the Compton
wavelength is much larger than the horizon. Thus, to a very good approximation, the classical
equation governing fluctuations ¢, is that of a free, massless field. This result is not specific to the
V o ¢* form for the inflaton potential; the same is true for a V oc ¢? theory or for other polynomial
potentials.

The initial conditions are that the occupation number for these fluctuations must vanish: ny =
0. There are still zero-point fluctuations of the field with energy Fx = hwy/2, but these cannot
gravitate. We do not need to understand why this is so; we can simply take it as an empirical fact
that these zero point fluctuations, which are present in all fields today, and which would predict
an energy density on the order of the Planck density of p ~ 10%°gm cm™3, are somehow not to

(32.11)
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be included in the stress-energy tensor. In order to couple to real density fluctuations, these zero-
point quantum fluctuations must somehow develop non-zero occupation numbers. This is easily
seen to be inevitable. When the wavelength is much less than the horizon-scale, the effect of the
universal expansion is negligible; the field fluctuations evolve just as they would in flat space with
adiabatically conserved occupation number ny = 0. However, as the wavelength approaches the
horizon scale, the frequency of oscillations w ~ ¢/A approaches the Hubble expansion rate and
adiabaticity breaks down. Hopefully it is not too much of a stretch to accept that the result must
be occupation numbers ny of order unity as modes leave the horizon. We can then estimate the
amplitude of these now real inflaton fluctuations. The energy per mode is Fyx ~ hw, so the energy
density is € ~ L™3> hwx ~ [d® hwy, ~ hkPw, ~ hc 3w} where w, ~ H. The stress-energy
k

tensor for massless free fields is € = (§3)/2¢2 + ((V1)?)/2, but these terms are equal, so we have
€~ (p2)/c? ~ w?(p?)/c*. Equating these two expressions for the energy density, and using w ~ H
for these trans-horizon scale modes, we find that the field variance is

hH?

($2) ~ — (32.12)

Before proceeding, it is interesting to note that the prediction for the field fluctuations derived
here are the same as for a field in thermal equilibrium at a temperature k7" ~ hH. For such a
field, the occupation number is exponentially small for wavelengths k = wy/c > kT/hc, and most
of the field variance comes from modes with k& ~ kT'/c. An alternative route to is to show
that the existence of the event horizon during inflation results in Hawking radiation of temperature
kT ~ H/hke.

The clear prediction — and this is made more quantitative in the full treatment — is for inflaton
field fluctuations at horizon exit of amplitude ¢ ~ /hH?/c. To understand how these couple to
density and curvature fluctuations at the end of inflation, and subsequently to density fluctuations
at horizon re-entry, consider first a region where d¢ happens to be small. This region will inflate by
a certain number of e-foldings, and will then re-heat to a density determined solely by the nature
of the inflaton potential and its couplings to other fields. Now consider a region of the same initial
size, but where the field fluctuation happens to be positive. The field in this region starts up ‘higher
up the hill’; so this region inflates for slightly longer, and ends up occupying a slightly larger volume
when it re-heats (to the same density as the unperturbed region). The extra expansion factor is
exp(Hdt), where dt is the time taken for the field to roll from ¢ = ¢g + d¢ to ¢ = ¢g. This is just
ot = 5¢)/q5. For small §¢ we can expand the exponential as exp(Hdt) ~ 1+ Hot ~ 1+ quﬁ/g.ﬁ. This
is the excess of volume occupied by the perturbation region as compared to what it would have been
had d¢ been zero; clearly to replace a given volume in the background model by a slightly larger
volume requires that the perturbed region have slightly positive curvature, which, as we have seen,
can be related to the Newtonian potential fluctuations. Alternatively, for a large-scale perturbation
which enters the horizon after matter domination, there will be an excess of proper mass within the
perturbed region §M /M ~ Hét, which is just equal to the Newtonian potential fluctuation, which
again is just equal to the density fluctuation at horizon re-entry. Either route yields a prediction for
the late-time horizon scale density fluctuation given by .

The late-time density fluctuation amplitude is therefore set by the values of H and é at horizon
exit. Since the field will be rolling slowly at the terminal velocity ¢ = 4A\c¢3/lH, these will vary
slowly with wavelength, so the prediction is for a spectrum with index n close to unity. As further
consequence is that since the initial ‘zero-point’ fluctuations are statistically independent, so also
will be the complex amplitudes for the density fluctuations; i.e. the prediction is that the density
perturbations will take the form of a Gaussian random field.

Observations of the microwave background tell us that the density fluctuation at horizon re-entry
is around dz ~ 107°. Matching this requirement places a constrain on the interaction strength
parameter A (or its equivalent for other choices of the inflaton potential form). Using H? ~ Ge/c? ~
GApS/hc® and ¢ ~ Aegd /RH we have

7 H2 2\ 3/2
O ~ \f ~ (%) A2, (32.13)
C (b C
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Now the first factor must be greater than unity for inflation to take place. In fact, we found that we
needed ¢g 2 \/c*/eG where € is the inverse of the number of e-foldings required to solve the horizon
problem. This means that the pre-factor on the right hand side of is around 100 (though
the precise value is dependent on the energy scale of re-heating), and therefore a viable model must
have a dimensionless interaction strength

A~ 10740% ~ 10712, (32.14)

Finally, while we have focused on the fluctuations in the inflaton field, since it is these which give
rise to density fluctuations, the first part of the argument here can be used to predict the horizon-exit
value of the amplitude of any fields which are effectively massless during inflation. In particular, the
theory predicts that there should be fluctuations in the graviton field — gravitational waves that is
— with amplitude on the order of the expansion rate in units of the Planck frequency. These waves
are ‘frozen-in’ which the perturbation is outside the horizon and then start to oscillate on horizon
re-entry. A high priority for future measurements of the microwave background anisotropies is to
measure the strength of these waves.

32.3 Self-Ordering Fields

An alternative, and also highly attractive, possibility is that the seeds of structure may be due
to self-ordering fields. The idea here is to have some scalar field or such-like which is initially in a
highly disordered thermal state, but which has potential function of the kind invoked in spontaneous
symmetry breaking. As the universe expands, the field temperature decreases and eventually it
becomes energetically favorable for the field to fall into the minimum of the potential function. Such
fields try to ‘comb themselves smooth’, but are frustrated in this due to the formation of topological
defects. The most common example of this phenomenon at low energies is a ferro-magnetic material
which, if cooled from high temperature, will undergo a phase transition and will develop domains
which are bounded by walls. In cosmology, as at low energies, the character and evolution of such
systems depends critically on the dimensionality of the field involved. Here we shall consider first
1-dimensional fields, which give rise to domain walls, but, unfortunately do not seem to be consistent
the observed state of the universe. We then consider 2-dimensional fields, which, as we shall see,
give rise to cosmic strings, and which are a more promising mechanism for generating cosmological
structure.

32.3.1 Domain Walls

Consider a real scalar field with Lagrangian density

1., 1

L£(6,6,V9) = 556" = 5(V)* = V(9) (32.15)
with potential function ) s
Vi(g)=Vo— mhzc ¢° + %d‘ (32.16)

as sketched in figure [32.3] This field has a negative mass parameter, and a self-interaction pa-
rameterized by the dimensionless constant A. The potential has asymmetric minima at field values
¢ = £¢g, the solutions of dV/d¢p = 0, where

m2¢c3

¢o = IV (32.17)

and has an unstable maximum at ¢ = 0. If we require that V(£¢g) = 0, the constant V; is related
to the parameters m, A by
mAc?

V)=V, = ~°_.
0)="o 16AR>

(32.18)
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V(o)
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Figure 32.3: The potential function for a real scalar field involved in the generation of domain walls.

Now a field in thermal equilibrium at temperature T has energy per mode Ey = (nx + 1/2)hwy
with ny, = (eh‘*’k/ KT 1)=1. If the field is effectively free and massless, the dispersion relation is
simply wx = ck. Ignoring the zero point energy, and taking the universe to be a periodic box of size
L, the energy density is

(KT)*
(hc)?

a3k h
_71-3 _ 4
e(T)=1L Ek nxhwyg = / @n) nihwy ~ ST~ (32.19)

where wy = KT'/h. This is just the Stefan-Boltzmann law. The energy density is also related to the
mean square field fluctuations by the stress-energy tensor: € ~ ¢?/c? ~ w?¢?/c?, so equating these
two expressions for e gives the root mean square field fluctuation at temperature 7"

2\ 1/2 h kT
~ — W ~ —,
(47 B~ I

This says that the typical field value for a field in thermal equilibrium is proportional to the temper-
ature (in natural units the root mean squared value of the field — which has dimensions of energy —
is just equal to kT). If we use this to compute the potential energy density €in¢ due to the interaction
term we find

(32.20)

A AkT)*
€int "~ ﬂ<¢2>2 ~ (hc)3 .

Thus, provided the dimensionless interaction strength X is much less than unity, as we shall assume,
for a thermal state the interaction energy is a small perturbation to the total energy .

At high temperatures such that k7 > vhceo the typical field values are much greater than
¢o and the hill at the center of the potential is then relatively unimportant for the motion of the
field. However, as the universe expands the temperature and the field amplitude decrease until the
thermal field fluctuations become of order ¢y and below this temperature the field will be trapped
in one or other of the local minima. This phase transition occurs at a critical temperature

(32.21)

m02

va)

Now since the field configuration is initially highly spatially incoherent, different regions of space will
want to settle into different minima. What happens (see simulation??) is that the field will become
locally smooth within domains with value ¢ = 4@y, since this minimizes the (V¢)? contribution
to the energy density, with domains separated by domain walls where there is a strong localized
gradient of the field. One can estimate the thickness of these walls on energetic grounds to be

Ag~ 20 (32.23)

Vo

ET. ~ Vheho ~ (32.22)
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+dot

Figure 32.4: The upper panel shows the variation of the field passing through a domain wall of
thickness Az. We can estimate the width, and surface mass density of a domain wall, as follows.
If the wall has width Az then the typical field gradient within the wall is V¢ ~ ¢o/Az. The
energy density is then € ~ (¢o/Az)? + Vp, so the density per unit area ¥ is given by 2% ~ eAx ~
¢%/Ax + VoAx. If the wall is too thin, the gradient energy term becomes large while if the wall is
too thick the potential term is increased. The total energy is minimized for Ax ~ ¢¢/+/Vo. This is
the width of a stable domain wall, for which the mass surface density is X ~ ¢gv/Vo/c%.

(see figure and its accompanying caption), and the mass-energy surface density in a stable wall

N ¢0\/70.

is
X
2

(32.24)

The single static planar wall is highly idealized. The initial walls configuration will be highly
disordered. Again, energetic considerations tell us that the system will evolve to minimize the total
energy in the walls. A simply connected region bounded by a wall will tend to shrink. In doing so,
it will convert the potential energy into kinetic energy, so we expect walls to be moving at speeds on
the order of the speed of light. Such a region will shrink to zero size on a time scale of order its size
divided by c. The energy released will propagate away as waves, but these will damp adiabatically,
so between the walls the field will remain relatively smooth. The expectation then is that any
regions smaller than the horizon scale ~ ct will disappear, but the field at separations bigger than
the horizon scale will remain uncorrelated; the field dynamics will result in domains, at any time,
on the order of the horizon size. In fact we expect a scaling solution where the field looks the same
at any time save for scaling of the mean wall separation with the horizon scale.

This behavior is illustrated, for a field in 2-dimensions in figure The equations for a scalar
field in 2-dimensions, with a W-shaped potential and with a weak damping term were evolved
numerically using a simple centered algorithm. The intial field was a Gaussian random field with a
flat spectrum, aside from a smoothing with a small kernel to make the field smooth at the spatial
sampling scale. The initial field amplitude was somewhat higher than ¢g, but the damping term
cools the field, which starts to separate into domains where ¢ ~ w¢q. As the system evolves, enclosed
regions can shrink to zero size and then disappear with a release of energy in a circular out-going
wave. The scale of the walls gradually increases with time.

If we say there is on the order of one wall, of area ~ (ct)? per horizon volume (ct)?, the mean
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Figure 32.5: A set of frames from a computation of spontaneous symmetry breaking. The full
animation can be viewed at http://www.ifa.hawaii.edu/~kaiser/wavemovies


http://www.ifa.hawaii.edu/~kaiser/wavemovies
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Figure 32.6: The potential function for a 2 component scalar field involved in the generation cosmic
strings.

mass-energy density in walls is

D)

Pwalls ™~ a (32.25)

This is a serious problem, since the density of the matter, or radiation, in the universe is p =
3H?/87G, which scales as 1/t2. Thus the walls will rapidly come to dominate the universe; and one
would have very large density inhomogeneity on the horizon scale. This is not what is observed.

32.3.2 Cosmic Strings

Now consider a two-component scalar field ¢ for which the potential V(¢) is the two dimensional
analog of as illustrated in figure This is often called a ‘Mexican-hat’ or ‘sombrero’
potential. The minimum energy is on the circle |¢| = ¢ and the field will try to relax towards this.
There will be oscillations about the minimum, but the amplitude of these decreases adiabatically and
the field will develop regions where the field lies in the minimum and varies slowly with position.
While a completely uniform field is energetically favored, just as for domain walls, the assumed
initial incoherence of the field limits the scale of coherence; the formation of a single infinitely large
domain being frustrated by the formation of a network of cosmic strings — localized regions of
energy density where the field sits at ¢ = 0.

To get an idea of the topology of the initial string network, picture the initial field as filtered
white noise with some coherence length set by the filter, and model the initial field evolution as
simply rolling ‘downhill’ to the nearest minimum. In most places the field will vary quite smoothly
with position, with V¢ ~ ¢/A, where X is the coherence length for the initial field. However, at
positions where both components of the field ¢ and ¢o were initially very small there will be very
large gradients — and therefore very high energy density — localized near the regions where ¢ = 0
initially. Now in 3-dimensional space the field ¢; will generally vanish on a surface, and similarly for
¢2, so the regions where both components vanish are the intersection of these surfaces; i.e. on lines,
or ‘strings’. There is another way of looking at this; if we traverse an arbitrary loop in the real three
dimensional space, the field moves along a closed trajectory in 2-dimensional field space. If the field
is trapped in the circular trough then it is possible that the field trajectory will pass once around
the brim of the sombrero; we would say that this loop has a winding number of one (or minus one,
depending on the sense of rotation of the field). Now this winding number is a topological invariant;
we can make a continuous deformation of the loop and the winding number cannot change, provided
the field is everywhere confined to the minimum energy circle.

Now the energy for this toy mode is in fact divergent. What is energetically more favorable is
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for the field to sit at ¢ = 0 along the string axis, with the field falling to the potential minimum
within some distance — the string thickness Axz. We can estimate what this is as follows. Consider
a perfectly axi-symmetric field with unit winding number, and let’s assume to start with that the
field everywhere (except perhaps exactly on the axis) lies in the minimum. We can choose the spatial
coordinate axes such that the field is

¢1 do | x
=— . 32.26
[ o)) } T Y ( )
The field gradient term in the energy density is
94 2
(vey2 = 22190 _ %0 (32.27)

= 9. 9. 2
Orj Or; T

If we integrate this from ryin t0 Tmax We find a contribution to the line density

2
oc® = ¢p / % = 2m¢pg [log(r)] (32.28)
so the line density diverges logarithmically if we let rpn;, — 0. Now consider a crude model in
which the field lies in the zero potential for » 2 Ax but has ¢ ~ 0 for r < Az with some smooth
transition between these. The gradient contribution to the line density will then contain a component
o ~ ¢2log(rmax/Ax)/c? and there will be a contribution from the potential o ~ VoAz?/c?, so the
total line density will be

(@05 log(rmax/Ax) + Vo Az?) (32.29)

1
o~ —
2

where «, 3 are dimensionless coefficients of order unity. Setting the derivative of this with respect
to Az to zero gives the string width for minimum line density (i..e. energy)

Az~ 20 (32.30)

VVo

just as above for domain walls. The linear mass-density is

2 2
VolAzx o
g ~ 5 ~ —

(32.31)

c c?

The generation of this network of strings during a phase-transition involving a two-component field
is known as the Kibble mechanism.

Just as for walls, the initial string network will be quite contorted. Calculating the stress-energy
tensor (or more simply applying energetics arguments) again tells us that the string network will
not be static but will develop transverse velocities ~ ¢. The character of the evolution of the string
network is qualitatively different, however. Strings can reconnect when they intersect and so loops
can be chopped off the network. Such a loop may further intersect itself, but there are stable loop
configurations which sit there and oscillate. Such loops have large quadrupole moments and are
moving relativistically, so they are quite efficient at radiating gravitational radiation. One can show
that such loops will decay after ~ ¢?/Go oscillations.

It is reasonable to expect that such a network will evolve towards a scaling solution with roughly
one long string per horizon volume (that being the distance a string section will typically move). If
we estimate the mean density in such strings we find

o

pstring ~ w (3232)
This is quite different from the case of walls where the density falls as 1/¢; here the string density
evolves in the same manner as the mean density of matter or radiation, whichever happens to
dominate. Thus we expect to have a constant fraction of the total energy density in string at
any time. That the system should tend towards the scaling solution seems very reasonable — if
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there were too much string in some region then the interconnection would be more vigorous than
on average and wice-versa — and early simulations of the evolution of the string network were
performed and seemed to confirm this. This led to a simple picture of a continuously evolving
network of long strings with a debris of oscillating loops lying around (whose mass spectrum could
be crudely estimated from the dynamics of loop production) and it was supposed that the loops
would act as point-like ‘seeds’ for structure formation. In this picture the density fluctuations would
be highly non-Gaussian, in contrast to the fluctuations arising from inflation for instance. However,
subsequent higher resolution simulations showed that this picture was somewhat flawed. The simple
intuitive expectation (and low resolution simulations) did not incorporate an important feature;
each time strings chop, discontinuities form and propagate along the string as traveling waves. As
time proceeds the network develops more and more fine scale structure. It is still suspected that a
scaling solution will result, but performing the needed simulations is quite a challenge. Analysis of
the higher resolution simulations suggest that the simple one loop-one object picture for structure
formation was overly simplified and that the myriad of rapidly moving loops produces something
more akin to Gaussian fluctuations.

Perhaps the nicest feature of the string model is that the model has only one free parameter —
the line-density of the strings o. This sets the amplitude of density fluctuations at horizon crossing.
We can estimate this as follows: The total density is por ~ H?/G, so the ratio of string to total
density is

strin, 6 TCZ TC i
psng  0G  Go  Get G (KT.) :<k ) (32.33)

~ ~N — ~ ~ —
Prot c2H?t2 c? ct ct  he Ep

where we have used o ~ @3/c?, Ep ~ +/hc5/G and kT. ~ Vhedo. Now the energy density
fluctuations in the strings are of order unity at the horizon scale — there being on the order of one
string per horizon — and therefore the total density perturbation at horizon crossing is

6 strin, ch 2
9P Pstring | () , (32.34)
p Prot B,

The gravity associated with the string network drives motions of the rest of the matter and thus
excites growing density perturbations which could plausibly account for the structure we see. This is
very encouraging. First, the theory naturally generates perturbations with scale invariant amplitude
at horizon crossing; the Harrison-Zel’dovich spectrum. Second, for strings formed at around the GUT
scale of kT, ~ 10'6GeV ~ 1073Ey,, this predicts 6 ~ 1076, which is not far from that observed.
Unfortunately, while the formation of strings at the GUT time is not mandatory, the formation of
monopoles is, and these monopoles are a disaster. They can be gotten rid of by inflation — and one
major motivation for inflation was the monopole problem — but then one would inflate away the
strings as well.

An interesting feature of the negative tension is that the stress-energy tensor for an infinite static
string is trace-free and consequently the string produces no tidal field. Outside of such a string
spacetime is flat, but it is topologically different from ordinary Minkowski space in that there is a
small deficit in azimuthal angle 6o = 47Go/c?. A particularly distinctive features of the cosmic
string model arises via gravitational lensing; lensing by long strings can produce a unique signature
both in images of distant galaxies and in the microwave background.

There are other defects which can form. We have already discussed formation of walls from
1-dimensional fields, and monopoles from three dimensional fields, both of which are dangerous. A
four-component field is more benign and gives rise to texture. A texture is not a topologically stable
defect. Textures are most easily pictured in 1-D — where they result from having a 2-component
field — and such a texture can shrink until (V#)? ~ V(0) at which point it will unwind.
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Chapter 33

Probes of Large-Scale Structure

33.1 Introduction

The inflationary/CDM model makes quite definite predictions for the power spectrum of the density
perturbations emerging from the early universe, and also that the fluctuations should take the form
of a Gaussian random field. On small-scales, structures have gone non-linear, resulting in galaxies
and groups and clusters of galaxies. In many ways the cleanest tests of cosmological structure
formation theory comes from measurements of large-scale structure, where the fluctuations are still
in the linear regime (6p/p < 1), and thus directly reveal the initial conditions. There are four classic
probes of large scale structure: galaxy clustering §33.2} deviations from pure Hubble expansion or
bulk-flows §33.3} anisotropy of the microwave background §33.4} and the distortion of the shapes
of faint galaxies from weak lensing Rather than try to present a snap-shot of the current
results in each of these fields — which would rapidly become out-dated — we will focus on the basic
physical principles and set out what are the key strengths and weaknesses of the different probes.

33.2 Galaxy Clustering

In some ways, galaxy clustering is the most straightforward probe of large-scale structure. The
galaxies are like a dust of test-particles which flow with the matter in general and their spatial
distribution thereby traces the underlying total density. By measuring the statistical properties
of the galaxy distribution — auto-correlation function, power spectrum and higher order statistics
— we can test the predictions of early universe theory. There are two basic techniques that are
used here. One is to use angular surveys, where one measures the angular positions of galaxies and
extracts for example w(6), the two-point angular galaxy correlation function. The other is to use
redshift surveys, where one has the three-dimensional distribution of galaxies, with distance being
inferred from the redshift. The advantages of angular surveys is that they are cheap and deep,
particularly with the advent of large-format CCD detectors. The disadvantage is that the structure
tends to get washed out in projection. Also, because we see a large number of structures along
any line of sight, the projected fluctuations become Gaussian by virtue of the central limit theorem,
making it hard to test for primordial non-Gaussianity. Redshift surveys avoid the latter problems,
but are much more expensive to obtain; one can determine the positions of on the order of 10°
galaxies in a 30 minute observation with a large telescope, reaching magnitude mp ~ 26 — 27. The
deepest redshift sourveys currently feasible are restricted to mpr < 24, and take many hours per
field, with much smaller field of view. A complication in analysing such surveys is that the redshift
does not strictly measure the distance; the peculiar velocities associated with the growing structure
result in redshift space distortion, though, as we shall see, we can turn this to our advantage and
use it as a way to determine the density parameter.

369
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33.2.1 Redshift Surveys

The technique here is to take images of a field to determine the locations of the galaxies in some
chosen range of magnitudes, and then to obtain optical spectra, this typically being done using
either a multi-slit spectrograph or using optical fibres to conduct the light from the focal plane to
a single spectrograph. State of the art systems are capable of collecting several hundred spectra
simultaneously. The result of this exercise is a catalog containing angular positions and redshifts for
all of the galaxies in the chosen region of the sky which meet the selection criterion.

33.2.2 Poisson Sample Model

In order to analyze this kind of catalog and relate the results to theoretical predictions we need
to have some kind of model for how galaxies are related to the underlying density field. Now one
possibility is a ‘what-you-see-is-what-you-get’ model, where the luminous and dark matter densities
are precisely the same. However, this is not really viable; first of all, we know empirically from
rotation curve studies and from gravitational lensing that galaxies have extended haloes. Evidently
the luminous matter is much clumpier than the dark matter on small scales. This property is also
readily understood physically; when galaxy halo sized objects form, the baryons can dissipate their
binding energy quite efficiently via collisional effects (see later), and so can sink to the bottom of the
potential well while the dark matter, being like a collisionless fluid cannot contract because of phase-
space density conservation. Second, there is good reason to believe that the luminosity of a galaxy is
not simply proportional to the amount of baryons in the region from which it forms. There is almost
certainly a strong stochastic element to the luminosity to baryon mass density. Young galaxies are
very bright, and then fade, and galaxies may undergo subsequent bursts of star formation. These
considerations motivate the model for the relation between galaxies and the underlying, or total
mass, density field, know as the Poisson sampling model. One way to visualize this model is to
consider a sea of particles so numerous that they have an effectively continuous number density p(r).
Now assign to each particle a uniformly distributed independent random number p in the range
0 < p <1 and paint those particles with p < € red, where € is some small constant. The red particles
define a Poisson sample of the continuous field p(r).

Mathematically one can formalize this by imagining space to be divided into tiny cubical cells
with labels ¢ having volume 0V; and and occupation number n;. The mean occupation number is

;= ep(r;)oV. (33.1)
The probability that a cell is occupied is

and, in the limit that the cells become infinitesimal, the probability that n; > 1 becomes negligible,
so the probability that the cell is empty is

P(n;=0)=1-m;. (33.3)

So far galaxies have been modelled as identical, featureless points. The Poisson sample model
can be extended to incorporate a distribution of intrinsic luminosities or other characteristics. If the
luminosity function — the distribution function for luminosities — is ¢(L) then the extension of the
Poisson sample model is that the probablility that a cell in the 4-dimensional position-luminosity
space is occupied is

P(n; = 1) = ep(r)¢(L)d*VdL. (33.4)

This model says that one draws particles at random from the quasi-continuous sea, and then assigns
each of them a luminosity drawn at random from the luminosity function.

The Poisson sample model underlies most observational work in galaxy clustering — so much
so that the adoption of this model is rarely explicitly stated in the literature. However, we should
remember that it is only a model, and one that cannot be strictly correct. It is the opposite
extreme from the ‘light traces mass exactly’” WYSIWIG model described above. Reality probably
lies somewhere in between.
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33.2.3 Correlation Functions

In this model, the probability that two particular cells (labelled 1 and 2), separated by ris are
both occupied is just the product of the probabilities that each cell is occuped P(ny = 1,ny =
1) = €25V 2p(r1)p(r2). We are ignoring here, for simplicity, the distribution of luminosities and are
treating galaxies as identical featureless points. The mean value of the product of cell occupation
numbers taken over all pairs of cells with separation rys is then

ning = 62/)(1‘1)/)(r2)5V15V2. (335)

This is, if you like, the average taken over an ensemble of realizations of points generated by sampling
a single given density field p(r). Now the density field p(r) is itself a random process and Nature, by
creating us at a particular location in space, has provided us with a specific realization of this field
in the region around us that we can observe. Learning about the specific density field configuration
around us is interesting, of course, but for testing theories of structure formation, we are more
interested in learning about the statistical properties of the ensemble of all density fields. Under the
Copernican hypothesis — that we are placed at a random location in a statistically homogeneous
random universe — these properties can be encoded in the hierarchy of correlation functions. A
nice feature of the Poisson sample model is that it makes it relatively easy to relate the correlation
function of the underlying density field p(r) to counts of galaxies.
Consider the ensemble average of the product of the occupation numbers for a pair of cells

<n1n2> = 62 <p(r1)p(r2)>5V15V2 (336)
and defining the fractional density perturbation d(r) such that p(r) = p(1 + é(r)) this becomes
(ning) = 2p26V2(1 + £(r12)) (33.7)

where £(r12) = (6(r)d(r + ri2)) is the auto-correlation function of the density fluctuation field. If
there were no underlying structure ({(r) = 0) the expectation of the product of cell numbers would
therefore be (niny) = €2p?6V2. From a purely observational standpoint, the two point correlation
function £(r) measures the fractional excess probability that a pair of cells are both occupied, given
that they have a separation ris. It also measures the fractional excess probability that an observer
living on a galaxy has a neighbour in a cell at that relative location as compared to an observer at
a randomly chosen location (problem??).

Now we can estimate (r) by counting pairs with an appropriate separation. Obviously we must
average over some range of separation in order to get a sensible number of pairs. Given some bounded
region with cells labelled ¢ we can write the number of pairs of galaxies with separation |r;;| in the
range r — Ar/2 <|r;;| <+ Ar/2 as a double sum over cells:

Ny (r, Ar) ZannJ (Irijl;r, Ar) (33.8)

where S(|r;;|;7, Ar) is unity (zero) if the the separation lies in (outside) the allowed range. Taking
the geometry of the observed region to be given, the expectation value of IV, is

(Np(r, Ar)) ZZ (ning)S(|rsjl;m, Ar) (33.9)
and using (33.7) this becomes
(Ny(r,Ar)) = € pZZav Zav 1+£&(rij)) = €2p /d?’n/d% (1+£&(r; —rj).  (33.10)

Let’s assume that the range of separations is quite small Ar < r, and that £(r) depends only
on 7;; = |r;;| and is such that, at separation r the scale for changes in &£(r) is on the order of r;
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ie. d¢/dr ~ &/r. Under these assumptions we can take {(r;;) to be the constant value for the center
of the averaging bin £(r), so

(Np(r, Ar)) :ﬁQ(l—i—f(r))/d?’ri/d?’rj (33.11)

where T = €(p) is the mean density of galaxies.

To convert this to a practical estimator for £(r) we just need some way to estimate the double
spatial integral here. Since the survey volume is usually specified by giving a range of anglular
coordinates on the sky, perhaps subject to a set of ‘bad regions’ (bright stars, data drop-outs etc),
this is most easily computed in a Monte-Carlo fashion by generating a very large set of points with
random independent positions and then applying a filter to restrict them to the survey region. Let
the mean number density of random objects be Tanq and that of real objects be iyeal = Trand/a. We
denote the number of real pairs by DD = N, rea1 (for ‘data-data’ pairs) and define RR = Np)rand/oz2
(for ‘random-random’ pairs, but applying a dilution factor 1/a? to allow for their larger mean number
density). The expectation value of DD is then

(DD) = (1 + £(r))RR. (33.12)

A fair correlation function estimator £(r) — i.e. one for which ({(r)) = £(r) — is

£(r) = % -1 (33.13)

This is a simple, and often used estimator, but it has a number of drawbacks:

e The mean density of galaxies must usually be determined from the from the actual density of
galaxies in the survey. This introduces a so-called integral constraint that the volume integral
of the two-point function estimator is forced to vanish. Since £(r) tends to be positive at small
separations, this introduces a negative bias in é (r) at separations approching the size of the
survey. This is largely unavoidable. One can try to model the effect, but this requires assuming
some form for &(r) which doesn’t seem fair. The best solution is to obtain more datal

e The density fluctuations couple with the sharp boundary of the survey to produce spurious
results. Say the density field is rather smooth, with fluctuations on some ‘coherence-scale’ r..
If we slice through a structure the resulting density field has the appearance of sharp, or high
spatial frequency, structure and this will cause an error in measurements of £(r) at small scales.
This is not a bias, since the error is as likely to be positive or negative, but is an unwanted
kind of ‘cross-talk’ between large-scale fluctuations and smaller scales which complicates the
error analysis. This problem can be ameliorated somewhat with an alternative estimator (see
below), or by ‘apodizing’ the survey; i.e. applying weights which taper off towards the edges.

e A proper error analysis is very difficult, since, as we shall see, the estimates of £(r) for different
bins are not independent.

The results of redshift surveys indicate that the galaxy-galaxy correlation function has a power-
law form &(r) =~ (r/rqg) ™7 for r < 10Mpc and with v ~ 1.8. On larger scales the correlation function
departs from a power law.

Regarding the error analysis, it has often been suggested that one estimate the uncertainty in f (r)
by some form of ‘bootstrap’ approach. An example is to take the actual data, but assign random
weights to the galaxies (e.g. one might discard half of the galaxies at random). The differences
between such an ensemble of such estimates provides some idea of the fluctuations £(r) about the
true value, but is not usually what one wants. There are two elements of randomness in the generation
of a sample of galaxies. The first is the realization of a particular density field p(r) from the ensemble
of all statistically equivalent initial conditions. Equivalently, by ergodicity, this is the randomness
arising from our particular randomly chosen location. The second is the randomness inherent in the
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assumed Poisson sampling of the density field. Now on large scales the former tends to dominate,
while bootstrap methods are only sensitive to the latter, sub-dominant, type of uncertainty. The
latter type of error can best be thought of as a ‘measurement error’; just as in photometry, where we
have 1/v/N fluctuations in the flux from the number of photons, here we have 1/v/N fluctuations in
any estimate of §(r) arising from the finite number of galaxies. On large-scales, however, the number
of galaxies per ‘structure’ is very large. Superclusters — objects living right at the boundary between
the linear and non-linear regimes — contain hundreds or even thousands of galaxies. The 1/ VN
fluctuations — often called the sampling variance or cosmic variance arising from the finite number
of structures is much larger than 1/,/Ngais. Since, in a magnitude limited survey, the mean number
density of galaxies decreases with distance, this suggests that one should give more weight to more
distant galaxies. To understand the estimation of uncertainties in & (r) and make these ideas more
precise we now turn to power-spectrum estimation.

33.2.4 The Power Spectrum

The two-point correlation function £(r) is the Fourier transform of the power spectrum P(k) and
vice versa, so the two statistics are mathematically equivalent. One can estimate P(k) as follows:
First take the Fourier transform of the galaxies, considering them to be the function consisting

of a set of d-functions: 3 4 4
fk) = Z T = Z nje’kTi, (33.14)

galaxies, g cells, i

Multiplying this by its complex conjugate and taking the expectation value gives

(If &)%) = Z Z(nmj)e"k'(“_”), (33.15)

Using (33.7), and assuming, for simplicity that the mean number density of galaxies is spatially
constant, we have

(FAP) =D (nd) + Y aVi Y V(L +&(ri —xj))e ) (33.16)
i i i
where we have realized that (33.7) applies only for i # j. Now since n; = 0 or 1, n? = n; and hence

(n?) =mdV, and, converting the sums to integrals, we have

(f()?) = ﬁ/d?’r W(r) + 7> /d% W(r)/d?’r’ W (') (1+&(r — 1))t (33.17)

Where W(r) is the ‘window function’ describing the shape of the survey volume. Next, using
W(r) = (2r)73 [ 3k W(k)e*~, and W (k) = [ d®r W(r)e’ ™, we have

1707 =mo) s miea + [ S8 [ i [ e [ gaeno

(2m)* ) (2m)?
(33.18)
- - 31./ 3t 5 ) )
=W (0) +7*W?(k) + / éf)g / (CZQ:)?,W(k')W*(k")(27r)35(k’k”) / &Pz £(z)el k)
(33.19)
~ ~ 3 1./ B
=7aW(0) + m°W?(k) + / (C;:)BP(k — KW (X)) (33.20)

Thus simply by taking the square of the transform of the positions of the galaxies we have obtained
a quantity whose expectation value is, aside in essence, a convolution of the power spectrum of the
density field p(r) with a kernel which is the square of the transform of the window function. We
can identify the terms on the right hand side with a k-independent ‘shot-noise’ contribution, the
transform of the sample volume squared, and finally a term arising from the actual fluctuations in
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the underlying density field p(r). The appearance of the convolving kernel is readily understood; if
the survey has size L then we do not expect to be able to ‘resolve’ features in the power spectrum
with 8k < 1/L. If we are interested in the spectrum a spatial frequency k > L~! where L is the
size of the survey, then, since W (k) has width Ak ~ 1 /L, we can neglect the effect of the convolving
kernel and we have, as a fair estimator of the power spectrum

P(k) = |f(k)|> — W (0) — m2W?(k). (33.21)

To obtain this we took the transform of the galaxies, squared it, and then subtracted the ex-
pectation of the power spectrum for random galaxies. This is very similar to the estimator of the
correlation function above. Now there is an alternative. We could have subtracted the
power-spectrum for a random catalog of objects, suitably scaled, from f(k) before squaring. If we
define the scaled transform of a very numerous catalog of random galaxies f(k)pang = a1+ e’KT
then we find that

&K
(27m)?

This estimator has somewhat superior performance. The analog for estimating the correlation func-
tion is

(1700 = Funa W) =7 (0) + [ 655 Pl k)W () (33.22)

- DD - 2DR + RR
= ——
where DD and RR are as before and where DR is the number of data-random pairs. This estimator
is somewhat less affected by sharp edges of the survey volume.

The power-spectrum approach makes it easier to estimate the uncertainty. In inflationary mod-
els, the density field is predicted to have Gaussian statistics; i.e. the different Fourier modes are
uncorrelated. The same is true for the spectrum of the galaxies. This means that the measured
‘raw’ power (before subtracting off the shot noise from the galaxy discreteness that is) is some posi-
tive speckly function with speckle width Ak ~ 1/L. The expectation value of the measured power is
the true power (plus the expected shot noise power), but there are fractional fluctuations about the
mean of order unity. The fractional fluctuations in the measured power for a band of power are at
the 1/ VN level, but where N is the number of distinct Fourier modes. For a cubical survey volume,
the spacing of such independent modes is just Ak = 27/L and the concept can also be made precise
for non-cubical survey volumes. Thus, in power spectrum estimation, and assuming Gaussian initial
conditions, error estimation is fundamentally a counting exercise.

Comparing the two approaches, it is interesting to note that the correlation function estimator
is relatively insensitive to the survey geometry, whereas with for the power spectrum the result is
convolved with a window function. This becomes a serious problem for e.g. pencil beam surveys,
where the kernel function becomes a thin disk (the transform of a needle). One consequence of
this is that when one estimates the spectrum at some low spatial frequency, the result is dominated
by high spatial frequency power being scattered down by the extended ‘side-lobes’ of the kernel
function. However, for sensible survey geometries the advantage of being able to simply estimate
the uncertainty in the power makes it the technique of choice.

Power spectrum estimates from e.g. the SDSS and 2df surveys are now probing well into the linear
regime. The theoretical prediction is that the power, which rises with decreasing spatial frequency
at small scales as k~ 12, will peak at a scale corresponding to the horizon scale at Zeq and will then
decrease asymptotically as P(k) o< k — the n = 1 Harrison-Zel’dovich spectrum — to very large
scales.

(33.23)

33.2.5 Redshift Space Distortion

The power spectrum is a useful way to reveal a rather interesting property of the clustering pattern
in redshift space. So far we have pretended that redshift simply measures distance. There are,
however, peculiar velocities associated with the growth of structure which distort the distribution
of galaxies as seen in redshift space. It is easy to understand the nature of the effect; consider an
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overdense spherical region. According to the Hubble rate within the region will be reduced,
and consequently the volume of the region will appear smaller than it really is. Transverse dimensions
are unaffected by the velocity, so the effect is that a overdense sphere will appear squashed along
the line of sight.

We can make this more quantitative. Consider a single plane-wave density ripple with wave
vector k lying along the line of sight. Let the density contrast amplitude be ¢, (the subscript r
denoting real-space). This density wave is generated by a sinusoidal displacement Ar = Arg cos(kr).
The density contrast is the derivative of the displacement: §, = dAr/dr = —kArgsin(kr), so the
dispacement and density contrast are related by Ar = 4,./k. Now the continuity equation tells us
that the peculiar comoving velocity u is related to the perturbation amplitude by V - u = -4, or
uw=—4 /k. The physical peculiar velocity is v = au = ad /k, giving rize to a physical displacement
in redshift space Ax = v/H and therefore a comoving displacement Ar, = Axz/a, or Ar, = §/Hk.
The ratio of the extra displacement in redshift space to the true displacement is

N
AT’O n H(S

(33.24)

In an FEinstein - de Sitter cosmology, the density perturbation grows as § « a, so ) /0 = aja =
H. In this case, the extra displacement is just equal to the real displacement. This means that
the amplitude of the density ripple in redshift space will appear twice as large as it really is. In
a low density universe we saw that the perturbation to the Hubble rate is, for a given density
contrast, lower. A simple, yet very good, approximation to the €2 dependence of the expansion rate
perturbation is

A7H = _19—0-6%

. 2
= 5 ; (33.25)

It is not hard to generalize the analysis to a plane wave of arbitrary direction k. The full effect is
seen for waves along the line of sight whereas a wave lying transverse to the line of sight is unaffected.
The final result for the amplitude J,(k) of the wave in redshift space is

5.(k) = (1+Q%6u2)6,.(k) (33.26)

where d,.(k) is the amplitude of the wave in real-space and p is the cosine of the angle between the
wave vector and the line of sight. The power spectrum is the expectation value of the square of the
Fourier transfrom, so the power-spectra in real and redshift-space are related by

P.(k) = (1+Q%%u*)? P, (k). (33.27)

The redshift space distortion has been detected quite clearly in the 2df survey and appears to
indicate  ~ 0.3, in accord with other estimates. The measurement of the effect is a little more
difficult than the simple analysis would suggest. This is because non-linear structures produce a
elongation of structures along the line-of-sight from the finger of god effect. Care must be taken
so that this does not contaminate the linear theory squashing effect. The other main weakness of
this probe is that we have assumed that galaxies are unbiased tracers of the mass. If galaxies are
positively biased, the galaxy density contrast in real space is greater than that of the mass density
(which is what drives the peculiar velocity). The result of a positive bias is to give an artifically low
estimate of the density parameter. If we model the bias as a constant multiplier: §,(r) = bé(r) then
the redshift space power spectrum is

P.(k) = (1 + u*)* Py(k) (33.28)

where

B=-—. (33.29)
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33.2.6 Angular Clustering Surveys

An alternative to redshift surveys is to measure the clustering from the fluctuations in the counts of
galaxies projected onto the sky as revealed by a photometric survey. One can define a 2-dimensional
angular correlation function w(@), and angular power spectrum P(k) much as in 3-dimensions.
As already mentioned, photometric surveys allow one to probe much larger volumes of space than
available using redshift surveys, but the disadvantages are that the structures tend to get washed
out in projection, and that non-Gaussianity becomes harder to discern. We will now show how the
2-dimensional statistics are related to their 3-dimensional analogs. In both cases we will assume that
we are trying to measure structure on scales much less than the depth of the survey.

Limber’s Equation

Limber showed how to relate the angular correlation function w(6), to the 3-dimensional density
correlation function £(r). We define w(6) such that the expectation value of the product of the
occupation numbers for two small cells on the sky of solid angles §€2;, §22 and separation 6 is

Here 7y is the mean density of galaxies on the sky.

For simplicity we will assume that the universe can be treated as spatially flat on scales up to
the size of the survey and we will work in Cartesian comoving cordinates r = (x,y, z). We will also
assume that the survey solid angle is {2 < 1, so we can erect a 2-dimensional Cartesian co-ordinate
system (6, 6,) on the sky also, with r = (z,y,2) ~ (20,20, z) to a very high precision. For an
infinitesimal cell, and for a given density contrast field 6(r) the probability that a cell at position 8
is occupied is

Plny) = 690 / dz ()22 (1 + 6(20,, 20, 2)). (33.31)
Taking the average over the ensemble of density fields, and using (§) = 0, the expectation is
(ny) = o /dz n(z)22 (33.32)
so the mean density on the sky is
_ (n1) _ / — 2
o= 5o = dzm(z)z". (33.33)

The probability that two cells, which we take to lie at the origin and at a distance 6 along the 6,
axis, both be occupied is

Pln1,ms) = (nams) = 00400, / dz 7i(2)2? / 4 7(2)22(1 + (5(0,0,2)0(02',0,2)))  (33.34)
From the definition of w(#) (33.30) we obtain

[dz [ d2 (z)22n(2)2"%¢ ( 0222 + (2 — z’)2)
w(f) = — 5 .
[[ dz 71(2)2?]

If we are measuring at a small angle # < 1, and the spatial correlation function is a rapidly falling
function, as seems be be the case, then the spatial correlation function will become very small for
(z — 2’) 2 20. In this limit, making the dz integration over the correlation function is a lot like
integrating over a é-function. We can replace the slowly varying function n(z)z? by its value at
z =z’ and, changing integration variable we have

_ Jdz n(z')22* [dz €V 6227 + 22).
[[dz ﬁ(z)zQ]Q

(33.35)

w(6) (33.36)

This is known as Limber’s equation.
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Angular Power Spectrum

In the same approximation, one can show that the angular power spectrum
Py(r) = / 20w (9)e0 (33.37)
is related to the 3-dimensional power spectrum by
Py(k) = / dz Ti(2)222P(s) ). (33.38)

To understand this one can think of the total projected galaxy counts as the superposition of a
set of slabs. If we measure the transform of the counts at some wave-vector k then we will see
contributions from all 3-dimensional plane waves which project to the approriate angular frequency;
ie. they must have perpendicular wave-vector k; = k/z. If the slabs are each thick compared to
the wavelength then only waves with k very nearly perpendicular to the line of sight will contribute
appreciably; they must have kj < 1/Ar, with Ar the slab thickness. This means that the power
spectrum at wave-number k can only feel a contribution from modes with k ~ k/z. Again, if Az is
large compared to the scale of clustering we can take the different slabs to be effectively uncorrelated
so we can just add the power from all the slabs. Letting the sum > Ar... — [dr... we obtain the
result above.

Results

Either or can be used to predict the two-dimensional statistics from the 3-dimensional
2-point function or power spectrum. The simple analyis here can readily be generalized to non-flat
spatial goemetry, and one can also include evolution of £(r) or P(k). The relation is particularly
simple when the correlation function is a power-law £(r) oc r =7, for which we readily find w(6) o 017
or w(f) oc %8 if v ~ 1.8. In Fourier space, the angular power spectrum has the same spatial
index as the 3-dimensional power spectrum. At bright magnitudes the observations agree with this
prediction, but there seems to be some flattening of the slope at faint magnitudes (corresponding to
galaxy redshifts on the order of unity).

Of great interest is the form of the 2-point functions at large scales — the small-scale behaviour
being relatively well understood — but great care must be taken to correctly detemine 7(2) since
small-scale fluctuations arising nearby can masquerade as large-scale fluctuations at greater distance.

Statistical Uncertainty

Great care is needed in interpreting estimates of the angular correlation function since the corre-
lations between estimates at different angular scales are highly correlated. To see why, it is again
easiest to consider the power spectrum. As always, the angular power spectrum has a speckly form,
with coherence scale, or speckle size, Ax ~ 1/0, with © the size of the survey. The expectation value
of the power-spectrum is the true power, but there are relative fluctuations of order unity within
each coherence patch. The error in w(#), which we will denote by Aw is driven by the fluctuations
AP(r) about the mean value. If we compute the variance we can model the estimated power as a
set of discrete independent values with mean value (P) = P(x) and variance ((AP)2?) = P2(k). If

we compute the error variance in @(8) = (2m)~2 [ 2P (r)e® 0 we find

(Aw)) ~ (8r)1 YT ST APAR ~ () S ((AP)) ~ (Ar) / &k P2(k). (33.39)

[ 7 %

Now if P(k) oc k=12, as seems to be the case, then this integral is ‘infra-red divergent’; it is dominated
by few lowest frequency speckles. The error Aw(f) produced by these dominant speckles has very
strong long range correlations.
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Performing the same analysis for the 3-dimensional correlation function we find

(A% ~ (AW Y YT ARAP, ~ (AR S(APP) ~ (k) / &k P2(). (33.40)

7 7 [

With P(k) oc k=12 this integral is ‘ultra-violent’ divergent; more realistically, what this means is
that if we average the correlation function over bins of width Ar then the integral will be cut-off
at kmax ~ 1/Ar. There is still a long-range component to the errors in é , but it is smaller than
the bin-to-bin variance. In either case, the best way to understand the statistical uncertainty is via
power spectrum analysis, and most recent studies use this technique.

33.3 Bulk-Flows

Deviations from pure Hubble expansion, or bulk-flows, provide another probe of large scale structure.
This probe exploits the linearized continuity equation § = —V-u which relates the comoving peculiar
velocity to the growth of the density contrast §(r). Bulk-flow studies therefore provide a direct probe
of the mass fluctuations, and are independent of biasing. In principle, these studies can be used to
determine the power-spectrum of the mass fluctuations. However, as we shall describe, bulk flow
measurements can only be made for nearby galaxies, so the volume that can be probed is quite
small and the power spectrum estimates therefore have large sample variance. Instead, what is more
usually done is to compare the flows and the galaxy density constrast, and thereby try to determine
the fluctuation growth rate.

33.3.1 Measuring Bulk-Flows

The velocity in question is the peculiar velocity; the deviation from pure Hubble flow. One very
useful datum comes from the CMB dipole anisotropy, which measures the Earth’s peculiar velocity
with respect to the frame in which the CMB is isotropic. Since the dipole anisotropy is much larger,
by a factor ~ 30, than the intrinsic anisotropy, this is effectively just our peculiar velocity. This tells
us that the earth is moving at about 300km/s. We are moving in roughly the opposite direction
around the Milky Way at a speed of about 220km/s, so taking the vector sum we find that the
galaxy is moving at about 500km/s relative to the cosmic rest frame.

In principle, one can measure the line-of-sight peculiar velocities for clusters of galaxies from the
kinematic Sunyaev Zel’dovich effect, but there is little useful information as yet.

What has proved more useful is to measure the relative velocities of other galaxies in our neigh-
bourhood, and thereby extend the measurement of the Milky Way motion to larger scales. Measuring
bulk-flows is conceptually straightforward; we simply need to determine the distance r to the galaxy
in question, we then take the recession velocity of the galaxy and correct this for the motion of
the Milky Way (to obtain the recession velocity vomp that would be measured by an observer at
our location who happens to see no CMD dipole moment). The component of the galaxies peculiar
velocity along the line of sight is

Upec = UCMB — Hr. (3341)

The tricky part is determining accurate distances. If galaxies were ‘standard candles’ this would
be straightforward, but galaxies have a wide range of intrinsic luminosities. There are, however,
strong correlations between the intrinsic luminosity and distance independent measureable quantities
such as the rotation velocity or velocity dispersion. This is not surprising; more massive galaxies have
larger rotation velocities and might be expected to be more luminous. Spiral galaxies, for instance,
obey a strong correlation between intrinsic luminosity and rotation velocity of the form L o v,
with a ~ 4 (the best fitting slope depends on the passband in which the flux is measured). This
is known as the Tully-Fisher relation (see figure [33.1)). The rotation velocity provides an estimate
of the intrinsic luminosity and comparing with the measured flux then gives the distance to the
galaxy. There is a similar relation for elliptical galaxies between the luminosity and the velocity
dispersion, known as the Faber-Jackson relation. It was subsequently realized that a more accurate
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Figure 33.1: Illustration of the Tully-Fisher relation. Open and closed dots denote measurements of
the logarithm of circular velocity and apparent magnitude for galaxies in two regions of space, say
in two different clusters. There is a tight relation between m and log(v.) in both cases, but with an
offset. The most straightforward interpretation of this is that there is a universal relation between
intrinsic luminosity and v, but that the clusters are at different distances. This type of measurement
allows one to determine relative distances to distant galaxies.

prediction for the intrinsic luminosity can be given from measurements of both the velocity dispersion
and the surface brightness; another distance independent observable. This relation is known as the
fundamental plane. Other methods for determining distances to galaxies include supernovae and
surface brightness fluctuation.

A common property of all such distance estimates is that the give distances with a constant,
or nearly constant, fractional error. The most precise methods give fractional distance errors at
about the 10% level. If we assume that our motion of ~ 500km/s is not atypical — as seems to be
the case — this says that, for a single galaxy, the peculiar velocity can only be determined if the
recession velocity is v < 5000km/s. One can do somewhat better by averaging together distances
for a collection of galaxies in some region of space, which are assumed to share a common peculiar
velociuty, but the range of such methods is still quite limited.

The earliest application of such measurements were to the local supercluster (LSC). This is a
system whose center lies ~ 10Mpc from the Milky Way and which appears to have a density contrast
in galaxies An/n ~ 2 within our radius. Measuring distances to, and recession velocities of, galaxies
in this system indicates that the Hubble expansion is retarded by about 30%. This indicates a fairly
low €. Only part of the ~ 500km/s motion of the Milky Way can be attributed to the gravitational
pull of the local supercluster. More accurate inspection of the flows within the LSC revealed a tidal
shear, indicating the presence of some external mass. Once a deeper sample of elliptical galaxies
became available it became apparent that there are several superclusters in our vicinity that produce
a rather complicated flow pattern.

These measurements have been combined with redshift surveys to determine € (or more generally
B). There are two approaches that have been used. The first is to use the galaxy density field to
compute the acceleration field and thereby predict the peculiar velocity. This is a non-local method,
since the velocity of a galaxy may depend on quite distant mass concentrations. It is then important
that the redshift survey have nearly full sky coverage and be sufficiently deep to encompass all of
the important mass fluctuations. The second approach is to compute the divergence of the velocity
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field and then compare this with the density. This is a local comparison. While it would seem that
computing V -u would require all 3 components of the velocity field, this is not the case. The reason
for this is that in linear perturbation theory the flow is a potential field. This means that one can
determine the velocity potential simply by integrating the line of sight component of the velocity,
and one can thereby reconstruct all 3 components of the velocity field from measurements of only
one. Application of these methods, mostly using the redshift surveys derived from the IRAS satellite
observations, indicate fairly high density parameter. How this can be reconciled with the concensus
for low values is not yet clear.

33.4 Microwave Background Anisotropies

A third probe of linear structures are cosmic microwave background anisotropies. This is rather
different from galaxy clustering and bulk flows in that the anisotropy is generated at early times.
Small angle anisotropy, for instance, probes the state of the universe at the redshift of recombination
Zdec =~ 1000.

33.4.1 Recombination and the Cosmic Photosphere

First we need to understand where the photons we are seeing originated. In the standard cosmology
the universe was highly ionized prior to zqe. and then rather rapidly became neutral. Detailed
calculations show that the ‘visibility function’” — this gives the distribution over redshift of last
scattering for CMB photons — is correspondingly narrow, with width Az/z ~ 1/10. In an Einstein
- de Sitter cosmology, the comoving distance w is related to redshift by

1
Vitz

This means that the horizon (the surface of infinite redshift) is at w = 1, whereas the surface z = zqec
is at wgee =~ 1 — 1/4/1000 ~ 0.97. The cosmic photosphere is then a rather narrow fuzzy shell quite
close to the horizon. If the universe is spatially flat then the angle subtended by the horizon size
at decoupling is 0 dec =~ 1/1/Zdec Or about 2 degrees. If the universe is open, this angular scale is
reduced.

w=1-—

(33.42)

33.4.2 Large-Angle Anisotropies

Consider first the anisotropy generated by perturbations larger than the horizon size at decoupling.
The situation is sketched in figure [33:2] The primary effect driving large-angle anisotropy is the
so-called Sachs-Wolfe effect. Photons which emerge from an over-dense (under-dense) region suftfer
what is effectively a gravitational redshift (blueshift). However, for subtle reasons, the fractional
photon energy change — which is equal to the fractional change in temperature — is one third of the
Newtonian potential perturbation at the point of emission. The Sachs-Wolfe temperature anisotropy
is

AT
T~ Odem (33.43)

The temperature anisotropy is therefore on the order of the density perturbation amplitude at
horizon crossing.

In addition to the temperature anisotropy induced as the photons ‘climb out’ of the potential
well where they originate, there is an additional source of temperature anisotropy generated as the
photons pass through intervening inhomogeneity (photon C in figure . This effect was first
calculated by Rees and Sciama. This effect, however, is sub-dominant. First, in a flat universe, and
in linear theory, the effect vanishes. In an open universe there is a non-vanishing effect, but the
amplitude is on the order AT/T ~ HR{¢p, where R is the size of the perturbation; this is smaller
than the Sachs-Wolfe effect by the factor HR which is the size of the perturbation in units of the
horizon size. Now the effect of multiple perturbations along the line of sight will add in quadrature,
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Figure 33.2: Schematic illustration of the generation of large angle CMB anisotropy. Photon A
arrives from an unperturbed region of the universe. Photon B emerges from an over-dense region. It
suffers the ‘Sachs-Wolfe’ effect — effectively a gravitational redshift — and has slightly lower energy
than photon A when it reaches the observer. Photon C passes through an over-dense region on its
way form the last scattering surface, and suffers the ‘Rees-Sciama’ effect.

resulting in a net anisotropy AT/T ~ v HRO¢, but this is still small compared to the Sachs-Wolfe
effect.

The large-scale temperature anisotropy effectively provides a map of the Newtonian potential
variation on the last scattering surface. The prediction of inflation (and also cosmic string models) is
that the temperature fluctuation field should take the scale-invariant flicker-noise form corresponding
to spectral index n = 1. This is just what was observed by the COBE sattelite.

33.4.3 Small-Angle Anisotropies

Small-scale anisotropies are more complicated. As discussed in chapter prior to de-coupling,
and on scales small compared to the sound horizon, the baryon-photon fluid undergoes acoustic
oscillations. In such sound waves, there are adiabatic variations of the temperature AT/T ~ Ap/p
and there are also peculiar velocities v ~ ¢;Ap/p. Both of these give rise to temperature anisotropy.
Detailed calculation of small-scale anisotropy is quite calculated and must be performed numerically.
The net result of such calculations is the angular power spectrum for the fluctuations. This is usually
stated in terms of the mean square Legendre polynomial coefficient C7. However, since these effects
appear at small angle, one is free to approximate the sky as effectively flat, and one can then express
the temperature variance in terms of the power-spectrum. The result is a spectrum of small-angle
anisotropies with bumps and wiggles extending from the horizon scale down to the damping cut-off.
The amplitude of the wiggles in the power spectrum are larger the larger is the baryon content.

33.4.4 Polarization of the CMB

In addition to the temperature anisotropy AT /T, the CMB is predicted to display polarization.
Polarization of the CMB arises by virtue of the anisotropic nature of Thomson scattering; if an
electron is illuminated with radiation which is anisotropic then the radiation it scatters will be
polarized. For example, if we lie along the z-axis and observer an eletron at the spatial origin which
is being illuminated by a lamp sited out along the y-axis then the radiation we see will be linearly
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polarized in the a-direction (see . In general, the degree of polarization is proportonal to
the quadrupole moment of the incident radiation. Measurement of the CMB polarization therefore
provide us with a kind of ‘remote-sensing’ of the anisotropy of the radiation field as it was at the
time of last scattering.

33.5 Weak Lensing

Another probe of large-scale structure is weak gravitational lensing. Light rays propagating to us
through the inhomogeneous universe get tugged from side to side by mass concentrations. The
deflection of a light ray that passes a point mass M at impact parameter b is

AGM
Oaer = a2y (33.44)
This is just twice what Newtonian theory would give for the deflection of a test particle moving
at v = c¢. In this picture we are imagining the radiation to be test particles being pulled by

a gravitational acceleration. There is another useful way to look at this using wave-optics; the
inhomogeneity of the mass distribution causes space-time to become curved. As discussed earlier,
the space in an over-dense region is positively curved, as illustrated in figure [28.7] This means that
light rays propagating through the over-density have to propagate a slightly greater distance than
they would in the absence of a the density perturbation. Consequently the wave-fronts get retarded
slightly in passing through the over-density and this results in focusing of rays. There is still another
way to picture the situation: The optical properties of a lumpy universe are, in fact, essentially
identical to that of a block of glass of inhomogeneous density where the refractive index is

n(r) = (1 —2¢(r)/c?) (33.45)

with ¢(r) the Newtonian gravitational potential. In an over-dense region, ¢ is negative, so n is
slightly greater than unity. In this picture we think of space as being flat, but that the speed of light
is slightly retarded in the over-dense region. All three of the above pictures give identical results.

The gravitational potential of a bound structure is on the order of d¢ ~ o2, where o, is the
velocity dispersion or circular velocity. Now the velocity dispersion for a massive cluster of galaxies,
for example, is o, ~ 1000km/s, or about 0.003 times ¢. One such object can cause a deflection of on
the order of 20”, and multiple objects along the line of sight would give random deflections adding
in quadrature to give still larger deflection. Images of distant objects are therefore shifted from
their “true” positions (i.e. the positions they would have if we could somehow switch off the gravity
perturbation). Unfortunately, this deflection is not easily measurable, since we do not know the true
positions. Instead, the effect exploited in weak lensing is the differential deflection — i.e. the fact
that the deflection suffered by the light from one side of a distant galaxy is slightly different than
the deflection for the other side. This causes a systematic distortion, or ‘shearing’, of the shapes
of the distant galaxies. The effect is similar to the distortion of distant objects seen in a ‘mirage’,
though is a much weaker effect.

We can estimate the size of the effect as follows: Consider a mass concentration of size R and
mass M at a distance D,; from the observer as shown schematically in figure @ Now consider a
thin conical bundle of rays with opening angle 8y emerging from the observer and propagating back
to some distant ‘source plane’. In the absence of the lens this bundle would intersect the source plane
in a circle of radius | = Dysfy. Now the lens will introduce some deflection Ogef ~ GM /c?b, and there
will also generally be some change in the deflection across the bundle of Afger ~ GMb/c?b?. This
relative deflection will cause the initially circular bundle of rays to become elliptical. The length of
the ellipse in the radial direction will be I’ = [ + DisAfqes. The fractional stretching of the ellipse,
or ‘image shear’, is

4 Dis ADqger
y=—-—-1= .
l Dos 6o

Now we can also write the differential deflection as Afqer = OpdBaer/d, where dfqer/dd is the
distortion tensor; it gives the rate of change of deflection angle with position on the sky. The image

(33.46)
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Figure 33.3: Schematic illustration of weak lensing. In the absence of the deflecting lens, a conical
bindle of rays emerging from the observer will intercept the source plane in a circle. In the presence
of the lens, the bundle will intercept the source plane in an ellipse. An object of this ellipticity on the
source plane will therefore apprear circular. Conversely, a circular object will appear elliptical, but
with an ellipticity of the opposite ‘sign’ (i.e. it will appear stretched along the tangential direction
in this example). As shown in the main text, the fractional stretching of the image, also known as
the ‘image-shear’, is v = I'/l — 1 = (Dy5/Dys)0qes/ 00.

shear is then
D5 dfqes

Dos do -

(33.47)

Now consider an over-dense lens of size R and density contrast dp/p. The angular size of the
lens is @ ~ R/D,). The deflection angle is

G6M  GopR?
Ogef ~ ~ ) 33.48
4t ™ TR c? ( )
The deflection angle will vary smoothly with impact parameter, so the distortion is
d0ge Ode GopR%*/c*  H?DyR§
aot Yot GOpRZ/e” oo (33.49)
de 0 R/Dgy 2 p
where we have used H? ~ Gp. The image shear is therefore
H2 DolDls 6p
~———R—. 33.50
c?2 D p ( )

Note that the strength of the effect scales as the product of the density and the size of the object;
i.e. it is proportional to the surface density of the lens.

This is the effect due to a single object. This may be relevant for highly non-linear objects such
as clusters of galaxies, where the space filling factor is small and the probability that a line of sight
intercepts such an object is small. For large-scale structures with dp/p < 1 the filling factor is of
order unity, and the net effect will be the superposition of a large number of structures along the
line of sight. In fact, the shear is the integral of the tidal field along the line of sight. Each structure
will give a contribution to the shear with a random direction and strength. This means that the net
shear variance (y?) will be the sum of the individual shear variances, or, equivalently, that the net
effect will be larger than that from a single object by roughly v/ N where N ~ Do /R is the number
of structures. The factor D, D)s means that we get a small effect from structures which are very
close to either the source or the observer, so, to get a crude estimate of the effect we can assume
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that all of the distances are of the same order of magnitude. This gives the prediction for the root

mean square shear:
1/2
H2DY2RY2 [ (5p\?
(P2~ — <p) . (33.51)

This tells us that the strength of the effect increases as the 3/2 power of the distance to the source;
therefore to detect the effect one wants to use sources at cosmological distance (this also gives a large
number of background galaxies, with also helps). For sources at z ~ 1, the distance is D ~ ¢/H, so

the strength of the effect is then
1/2
R p 2
W2y (£ : 33.52
) \/D<(p)> (38.52)

This would suggest that, for super-cluster scale structures with R ~ 10Mpc and dp/p ~ 1, the root
mean square shear would be on the order of 5%. More careful estimates — putting in factors like 47
and geometric factors properly — gives a predicition for shear of order 1% on scales of one degree.

This is a very small effect. A 1% shear means that a circular object will appear elliptical, mith
major axis about 1% larger than the minor axis. However, galaxies are already elliptical, with root
mean square ellipticity of about 30%, so the effect cannot be detected for a single object. What makes
the effect measureable is that the shear is spatially coherent. The effect from super-cluster and larger
scale structure will be coherent over large angular scales. Now the number of background galaxies
— the ‘cosmic wallpaper’ — becomes very large; one can readily detect = 10° galaxies per square
degree. By looking for a statistical tendency for the galaxy position angles to be anisotropically
distributed one can measure shears on the order of ~ 0.3/4/Ngal, which is comfortably smaller than
the prediction on degree scales. This is just the statistical error; to keep the systematic errors below
this requires very careful analysis of the images. Current measurements find consistent results on
scales of < 10/, and here is little data on larger scales as yet, but several large-scale surveys are being
carried out, so the outlook is promising.



Chapter 34

Non-Linear Cosmological Structure

In chapter [31] we explored the evolution of small amplitude perturbations of otherwise homogeneous
cosmological models. This provides an accurate description of the evolution of structure from very
early times. On sufficiently large scales, the structure is still in the linear regime today, but small
scale structures have reached the point where dp/p 2 1 and have gone non-linear.

When dealing with the development of non-linear structure we can usually neglect radiation
pressure and assume that the structures are much smaller than the horizon scale, so a Newtonian
treatment is valid. However, the equations of motion are still relatively complicated and it is hard
to find exact solutions except in highly idealized models such as spherical or planar 1-dimensional
collapse. One approach to non-linear structure growth is to attempt to evolve the initial conditions
forward from the linear regime numerically using either N-body simulations, to evolve the collisionless
Boltzmann equation, or hydro-dynamical simulations to evolve the Euler, energy and continuity
equations. The former is adequate to describe the evolution of collisionless dark matter matter, but
the latter is required if one also wants to treat the baryonic matter. Another possibility is to extend
perturbation theory beyond linear order. This is an area where there has been much activity by
theorists in recent years. These calculations typically assume a Gaussian initial density field, and
then compute the emergence of non-Gaussianity, e.g. the skewness, or the kurtosis of the density
distribution. Such results are limited to the ‘quasi-linear’ regime; i.e. density contrasts § < 1. This
is a rather limited range of validity. Also, since most interest is in theories with ‘hierarchical’ initial
fluctuation spectra, when one scale is just going non-linear, there are smaller scale structures which
will be highly non-linear. Usually such calculations deal with this by assuming some smoothing of
the initial J-field, but the validity of this is questionable.

Here I shall describe a number of approximate methods and models that directly address the
‘quite-strongly non-linear’ regime. These models are typically quite idealized, but they are still
useful as they provide insight into the way structure has evolved, and is evolving today.

34.1 Spherical Collapse Model

A simple model for the non-linear evolution of an initially positive density fluctuation is the ‘top-hat
model” in which there is an initial spherical over-density, with constant § = §p/p. We have already
analyzed this in the linear regime. The non-linear evolution of such a perturbation is illustrated in

figure

The inner radius obeys

R? =2GM/R — 2E} (34.1)
with ‘cycloidal’ solutions
GM
= —_— 1 —_ S 4.2
R = G (1 = cos(n) (34.2)
GM .
t = 2B (n — sin(n)) (34.3)

385
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Figure 34.1: In the spherical ‘top-hat’ perturbation we excise some sphere of matter and replace
it with a smaller concentric uniform density sphere. The upper line depicts the expansion of the
exterior mass shell. The interior, assumed here to be gravitationally bound, behaves like part of
a closed FRW model (lower curve). If the interior is precisely uniform it will collapse to a final
singularity and form a black hole. However, for perturbations much smaller than the horizon scale,
the specific gravitational binding energy at the point of maximum expansion is small, and a huge
collapse factor is required to form a black-hole. More realistically, any initial irregularity or angular
momentum will cause the collapse to ‘bounce’, and we expect the system to then settle down to
an equilibrated, or virialized, state with final radius roughly half that of the sphere at the point of
maximum expansion.

The inner radius peaks at the ‘turn-around time’ tyym = TGM (QEO)*S/ 2 when the density is

3M 3

= = . 34.4
P= R~ 32GP (344)
Compare this with the density of an Einstein - de Sitter (k = 0, Q = 1) background
1
o= ) 34.5
e (34.5)
In such a background, the over-dense perturbation will turn around with density contrast
p 972
= = — ~ 5.55. 34.6
(p) turn 16 ( )

A perfectly spherical over-density would collapse to infinite density at 2ty and would form a
black hole. In the more realistic case we would expect a collapsing ‘blob’ to become increasingly
aspherical and virialize after contracting by about a factor 2 in radius. What we mean by virialization
is reaching a state where the radius is no longer contracting as in the collapse phase. While only a
rough guide to the real situation, this suggests that the system will virialize with a density ~ 8 times
larger than at turnaround. Now the background cosmology is expanding with scale-factor a o t2/3,
so in the interval tyym < t < 2tgun the background will have expanded by a factor 22/3 and will
therefore have decreased in density by a factor 4, giving a density contrast at virialization of

(Z) — 1872 ~ 180. (34.7)
virial
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Figure 34.2: Tllustration of the kind of divergence free flow pattern induced by a point mass. The
peculiar velocity falls off as dv oc 1/R?, with the consequence that the flux of matter through any
a shell of radius R is independent of R. For R > 0 the density remains unperturbed, but there is a
net accumulation of mass at the origin.

This is for a perturbation of an Einstein - de Sitter background, which may not be realistic at very
late times, but the analysis is readily generalized to open models, since the only thing the interior
‘knows’ about the background cosmology is the time since the big-bang.

The perturbation conserves energy, so the final virial velocity o, is related to the initial pertur-
bation to the Newtonian potential perturbation d¢ by

0_2

U
2 0. (34.8)
Perhaps more interestingly, we can estimate the velocity dispersion for a recently virialized object
of a given size, or vice versa. For an object with an over-density of 180, the circular velocity is

GM 4
Ve =~ = 180 x S mGpR® ~ 90H*R?. (34.9)
The line-of-sight velocity dispersion is o2 ~ v?irc

contrast 180) is

/2, so the velocity dispersion and radius (at density

1o,

Rigo ~ - —. 34.10

180 ~ = ( )

For a rich cluster of galaxies like the Coma cluster, which has o, ~ 1000km/s, this gives Rjgo =~

1.5h~'Mpc. While clusters do not have sharp edges — there being matter in-falling at greater

distances and denser material in the center which collapsed in the past — it is gratifying that this

estimate of the size of a cluster agrees very nicely with the size that George Abell assigned to such
objects.

34.2 Gunn-Gott Spherical Accretion Model

Another very illuminating model is that of Gunn and Gott (197?) who considered what happens if
one introduces a point-like ‘seed’ of mass My into an otherwise uniform Einstein -de Sitter universe.
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First consider the linear theory. At large radii, the mass will induce a peculiar acceleration at

physical distance R of
~ GM,

2 (34.11)
Acting over a Hubble time ¢ ~ 1/H this will generate a peculiar infall velocity
G My

This kind of dv oc 1/R? flow (see figure is ‘divergence free’, so there is no change in the density
at large distances (think of two concentric comoving shells; the flux of matter across a surface is the
velocity times the area and is independent of radius, so there is no build up except at the center).
The amount of mass convected across a shell in one Hubble time is §M ~ pR2jvt which, with
(34.12) and H? = 87Gp/3, gives M ~ My. Thus the seed induces, after one expansion time, a
growing mode density perturbation (dp/p); ~ My/M, and this subsequently grows with time as
dp/p=0M(t)/M o a(t). This is assuming, for simplicity, an Einstein - de Sitter background.
The amount of mass accumulated in the center is therefore
SM(t) ~ Moaﬁ  aft). (34.13)
(2

This mass represents a density contrast of order unity at a physical radius R such that §M ~ pR3,
and slightly inside will lie the turnaround radius

Riuen ~ (6M/p)'/® oc a*/3. (34.14)

As time goes on, progressively larger shells will turn around, collapse and virialize in some compli-
cated way with shell crossing etc. However, we may reasonably expect that the final specific binding
energy of a shell of a certain mass will be equal, modulo some factor of order unity, to its initial
specific binding energy d¢. Now the initial binding energy is a power law in radius:

8¢ ~ GMy/R x 1/R ox M~Y/3, (34.15)
whereas the final binding energy as a function of the final radius Ry is
0¢ ~ GM(Ry)/Ry (34.16)
where M (Ry) is the mass within radius R;. Equating these gives the scaling law
3/4
M(Ry) < RY*. (34.17)
If the mass within radius Ry is a power law in Ry then so also is the density:
p(Ry) ~ M(Ry)/R3 o R,/ (34.18)

This analysis then tells us that the virialized system should have a power law density profile. What
is interesting about this result is that it is very close to the p(R) ~ R~2 density run for a flat rotation
curve halo, and also similar to the profile of clusters of galaxies, which are also often modeled as
‘isothermal spheres’.

34.3 The Zel’dovich Approximation

In linear theory, and for growing perturbations in an Einstein - de Sitter model, particles move with
peculiar velocity
v(r,t) = (t/to)3vo(r) (34.19)

where now r is a comoving spatial coordinate and vq is the peculiar velocity at some initial time.
This says that the peculiar velocity field just grows with time at the same rate v o ¢'/3 at all points
in space.
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The physical displacement of a particle in time dt is dx = vdt, so the comoving displacement is

dx v
dr= — = —dt = udt (34.20)
a a
where the comoving peculiar velocity is u = v/a. The rate of change of comoving position with
scale factor a is then

dr vdt
—=—— 34.21
da ada’ ( )
but with v o t1/3 and a x t2/3, so da/dt t~1/3 this says that
dr
— o t0. 34.22
Ta (34.22)

Therefore, if we define a new ‘time’ 7 < a, then the particles move ballistically in comoving coordinate
space: dr/dr = constant. Zel’dovich’s approximation is to assume that this ballistic motion continues
into the non-linear regime.

The result is a Lagrangian mapping resulting in formation of caustics, or surfaces of infinite
density. This is very analogous to the formation of caustics on the swimming pool floor, which we
explored in our study of geometric optics in chapter[8] There the horizontal deflection of the rays —
a 2-dimensional vector displacement — increases linearly with distance from the surface, and here
the 3-dimensional comoving displacement increases linearly with ‘time’ 7. We can write the actual
comoving position or Fulerian coordinate x as a function of the initial or Lagrangian coordinate r
as

x(r) =r+7U(r) (34.23)

where U is a suitably scaled version of u.
Until caustics form, the density is
-1

61‘7;
87"j

p X (34.24)

where |0x/0r| is the Jacobian of the transformation from Lagrangian to Eulerian coordinate. This
is just conservation of mass: dM = prd®r = ppd®z, with pg and py, the densities in Eulerian and
Lagrangian space respectively. Now from , Ox;/dr; = 6;; + 70U, /Orj, so we can also write
the density as

1

1+ 7’)\1)(1 + T)\Q)(l + T)\3)

p X ( (34.25)
where the \; are the eigenvalues of the deformation tensor ®;; = 0U;/0r;.

If there is a negative eigenvalue A\; < Ao, A3, then the density of a small comoving volume of
matter will become infinite with collapse along the appropriate principle axis when 7 = —1/A;.
Pancakes — or perhaps we should call then blinis — form with a multi-stream region sandwiched
between the caustic surfaces. These pancakes grow rapidly and intersect to form a cellular network
of walls or pancakes intersecting in lines with the matter in these lines draining into the nodes where
all three of the eigenvalues of OU;/Jr; go negative.

The Zel’dovich approximation seems to give a good picture of formation of structure in the HDM
model, but continued unaccelerated motion of particles after shell crossing is clearly unrealistic. A
useful modification of Zel’dovich’s approximation is to assume that particles move ballistically until
shell-crossing, at which point they stick together. This is described by Burger’s equation, and gives
infinitesimally thin walls. This is also obviously unrealistic, but actually receives some justification if
we think of the Universal expansion adiabatically stretching a self-gravitating sheet. If the thickness
of the sheet is T" and the surface density X, then the acceleration of a particle at the surface is
7 ~ GX, and the frequency of oscillation of particles through the sheet is

7 [|GX
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Now the surface density decreases as ¥ oc 1/a? for a sheet expanding in the transverse direction at
the Hubble rate, so applying the law of adiabatic invariance r = A cos(wt) with amplitude A < 1//w
and requiring A ~ T we find that the (physical) thickness must evolve as

T o a?/3. (34.27)

This increases with time, but not as fast as the scale factor a(t), so in comoving coordinates the
sheet should indeed become thin.

Another nice feature of the Zel’dovich approximation is that one can compute the non-linear
power spectrum analytically in terms of the initial power spectrum, as described in detail in chapter

1]

34.4 Press-Schechter Mass Function

The Press-Schechter approximation is designed for hierarchical type initial fluctuation fields. It
provides one with a useful approximation for the differential mass function n(M) = dN(> M)/dM,
where the cumulative mass function N(> M) is the comoving number density of bound structures
with mass > M.

The idea is that one identify two quantities: The first is the fraction of space where the initial
density contrast field d(r), when filtered with a kernel of mass M, lies above the threshold ., for
formation of non-linear condensations.

exp(—v?/2). (34.28)

> dv
f o> 6cri 7M = /
( M) Sexis /o (M) V2T

The second is the fraction of mass in objects more massive than M

f(> M) = /Mm dM Mn(M). (34.29)

Differentiating (34.28)) and (34.29) with respect to M and equating we get

n(M) = Sexivdor (M) /dM

= oMo D) exp(—02,, /202 (M)) (34.30)

crit

While hard to justify rigorously, the idea obviously contains an element of truth, and moreover seems
to give predictions which agree with the results of N-body experiments.

If one assumes a power-law spectrum P(k) oc k™ then the variance as a function of smoothing
mass M is also a power law, o2(M) oc M~("+3)/3_ In ‘hierarchical models’ (those with n > —3) the
mass variance increases with decreasing mass. At sufficiently low masses we must have o > eyt
and the exponential factor becomes close to unity and the theory predicts a power-law differential
mass function. For n = —2, for instance, which is the slope of the CDM spectrum around the mass
scale of galaxies the theory predicts n(M) oc M~%/6. At high masses, when ey /0 (M) starts to
exceed unity the exponential factor becomes very small. The general prediction is for a power-law
mass function which becomes exponentially cut off above some characteristic mass scale; the mass
M, where o(M,) ~ 1. This is just the kind of behavior seen in the galaxy luminosity function and
also in the cluster mass function.

34.5 Biased Clustering

In the Press-Schechter theory, collapsed objects are associated with regions where the initial over-
density, smoothed on an appropriate mass-scale, is sufficiently large. A consequence of this is that
objects on the high end of the mass function — those with M 2 M, that is — will tend to have
amplified large large-scale clustering properties. Their clustering is said to be positively biased. The
effect is illustrated in figure which shows how the density of over-dense regions is modulated by
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long wavelength modes of the density field. This effect is fairly obvious, but what is less obvious is
how the strength of the modulation increases as one raises the threshold. This is consequence of the
peculiar property of a Gaussian distribution. The Gaussian distribution is P(v) o< exp(—v?/2). In
the vicinity of some value v = 14 the distribution for Av = v — 1y is P(Av) oc exp(—(vo + Av)?/2).
Expanding the quadratic factor in the exponential, and assuming vy > Av gives

P(Av) ~ exp(—1pAv). (34.31)

Thus a Gaussian looks locally exponential: P(Av) ~ exp(—Av/oa,) with exponential scale length
oar = 1/vy which decreases with increasing vg. Thus the further out we go on the tail of a Gaussian
the steeper the distribution becomes.

If we add a positive background field d,, the fractional change in the probability to exceed the
threshold is then AP/P ~ vy6,/o. The fluctuation in the number density of upward excursions is
then

1)
1+ ;" =1+ b3, (34.32)
where the bias factor is 5
o crit
b= — = . 34.33
o o2 ( )

Since dymerit 1S constant here, the bias factor rapidly increases with the mass of the objects (because
0%(M) decreases with increasing mass). This is the linearized bias; valid for very small 6,, such that
bdp < 1. It is not difficult to show that for d, < 1, the density of upward fluctuations is proportional
to exp(bdy). Thus the density of objects is the exponential of the background field.

One solid application of this theory is to clusters of galaxies; these are the most massive gravi-
tationally collapsed objects, and so are naturally identified with particularly high peaks. For a long
time, the very strong clustering of such objects was a puzzle; they have a correlation length of about
20Mpc as compared to about 5Mpc for galaxies. Now we understand that this is just about what
one would expect given Gaussian initial density fluctuations. It is tempting to apply this theory also
to galaxies, but there the connection between theory and observation is more tenuous. However,
at high redshift one would expect the rare, most massive galaxies to be the analog of very massive
clusters today, and this theory then provides a natural explanation for the rather strong clustering
of ‘Lyman-break’ galaxies at z ~ 3.

34.6 Self-Similar Clustering

Another useful approximation for ‘hierarchical’ initial conditions is the self-similar evolution model.
The idea is that if the initial spectrum of fluctuations approximates a power law over some range of
wave-number then the structure should evolve in such a way that the non-linear density field at one
time is a scaled replica of the field at another time, where the scaling factor in mass say is given by
M, (t); the nominal mass going non-linear.

For a power law spectrum P(k) o< k", the mass variance scales as 0% ~ (k3P(k))—y / oc 7= +3).
The root mean squared mass fluctuations grow with time in proportion to the scale factor a(t), and
therefore o scales with M o r? and a as

o(M,t) oc aM ~(+3)/6, (34.34)

The mass-scale of non-linearity (o ~ 1) therefore scales as
M, o a/(+3) (34.35)
and the scaling law is that the fraction of mass per log interval of mass is a function only of M /M, (t):

M?n(M,t) = F(M/M.(t)) (34.36)

(see figure (34.4)). This relation does not specify anything about the universal function F(y), but
it does allow one to predict the mass function at redshift z > 0 given the form at z = 0.
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Figure 34.3: The upper panel shows a realization of a Gaussian random noise field. This is supposed
to represent the initial Gaussian density perturbation field d(r). The horizontal dashed line is
supposed to represent the threshold density required in order for a region to have collapsed. The
lower trace shows the ‘excursion set’ for this threshold (here taken to be 1.8 times the root mean
squared fluctuation. This function is one or zero depending on whether f(x) exceeds the threshold.
The positive parts of the excursion set are randomly distributed with position. The lower panel shows
the same thing, but where we have added a long-wavelength sinusoidal ‘background’ field. Clearly,
and not surprisingly, the background field has modulated the density of the regions exceeding the
critical threshold.
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Figure 34.4: If the initial spectrum of density fluctuations has a power-law form, the differential
mass function n(M) evolves such that M?n(M,t) is a universal function F/(M/M,(t)). Here M.,(t)
is the mass going non-linear at time ¢. Self-similarity does not tell one the form of the universal
function F'(y) — sketched here as a Schecteresque function — but it does enable one to retrodict the
mass function at earlier times from observations of the current mass function. Since the evolution
of the characteristic mass-scale M, (¢) depends on the initial spectral index, this provides a useful
test of cosmological theory.

This model provides a simple, but apparently quite accurate, model for the evolution of structures
in CDM-like models where the slope of the spectrum varies quite gradually with mass. The models
are parameterized by n, the effective slope of the power spectrum on mass scales of interest. For
CDM this varies from n ~ —1 on the scale of clusters to n ~ —2 on the scale of galaxies.

The scaling makes no assumption about the statistical nature of the density field and is applicable
to e.g. the cosmic string model for structure formation.

34.7 Davis and Peebles Scaling Solution

The goes beyond the self-similar scaling and attempts to determine the slope of the two-point
correlation function in the non-linear regime from the slope n of the initial power spectrum, assumed
to be power-law like with P(k) o< k™.

The original discussion was couched in terms of the BBGKY hierarchy, but the essential result
can be easily obtained from conservation of energy considerations, much as we did for the accretion
onto a point mass.

With the initial spectrum for the density fluctuations 6 and with V2¢ = 47Gpd, so d¢ =
47Gpdy /k? the root mean square potential fluctuations on scale r are

1/2

(6%)1/2 ~ [ / 3kl k"W, (k) (34.37)

where W, (k) is the transform of the smoothing kernel, which falls rapidly for k> 1/r. This gives
(60312 o p(171)/2, (34.38)
In terms of mass scale, M oc r!/3 this is
(6¢%)}/% oc MU=/, (34.39)

One the other hand, in the non-linear regime, we have a power-law mass auto-correlation function
&(r) o« 777, Now imagine the mass distribution to be a set of randomly distributed clumps of
size r and over-density 0. > 1. The fraction of space occupied by the clumps is f ~ 1/d,, so the
density fluctuation variance is £(r) =~ (§2) ~ f62 ~ 6.. The mass of a lump is M ~ pd.r3, so the
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characteristic mass of clumps of size r is M o 7377, The binding energy of clumps then scales with
their radius and mass as

8¢ ~ M/r o 7277 oc ME=1/G=7), (34.40)
Equating (34.39) and (34.40)), we obtain the relation
94 3n
= 34.41
7 5+n ( )

which would fit with the empirically observed slope v ~ 1.8 for a white noise spectrum n = 0.

While the derivation here is similar to that for spherical accretion, the result is much less robust.
While it makes perfect sense to say that the binding energy of structures when they first form is
given, within a geometrical factor of order unity, by the initial binding energy, the calculation here
assumes that even when much larger mass objects have collapsed, the small clumps still preserve
the binding energy with which they are born. This is not likely to be the case, as there will be
transfer of energy between the different scales of the hierarchy. As we have argued above, entropy
considerations suggest that such interactions will tend to erase sub-structure. Numerical simulations
do not provide much support for this theory.

34.8 Cosmic Virial Theorem

The cosmic virial theorem (Davis and Peebles again) attempts to relate the low order correlation
functions for galaxies to the relative motions of galaxies and thereby obtain an estimate of the
mass-to-light ratio of mass clustered along with galaxies.

In essence, their argument is as follows: Assume that galaxies cluster like the mass — this means

that the excess mass within distance 7 of a galaxy grows like M o< [ d®r &(r) o< r3~7. The potential
well depth is then 6¢ ~ GM/r o r>77. One would expect the relative velocity of galaxies at
separation 7 to scale as

o?(r) oc 7277 =~ 02 (34.42)

This prediction seems to be remarkably well obeyed on scales from a few tens of kpc out to about
1 Mpc (and one would not expect the result to hold at larger separations where things have yet to
stabilize anyway).

From the size of the peculiar motions, one infers that the mass-to-light ratio of material clustered
around galaxies on scale ~ 1 Mpc or less is M/L ~ 300k in solar units. If representative of
the universal value, this would imply Q =~ 0.2. This is similar to the mass-to-light ratio from
virial analysis of individual clusters of galaxies, and provides strong supporting evidence for copious
amounts of dark matter. It also supports the hypothesis that the galaxies cluster like the mass,
and therefore that the universal density parameter is 2 ~ 0.2 rather than the aesthetically pleasing
Q=1
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Appendix A
Vector Calculus

A.1 Vectors
(A.1)

The prototype vector is the distance between two points in space
d = (dg,dy,d.) = d;.

A three component entity v; is a vector if it transforms under rotations in the same manner as d;.

A.2 Vector Products
The scalar product or dot product of two vectors is
3
a-b= ZCLJ% = aib; (A.2)
i=1

The cross product or outer product is

X y z ayb, —a.b,

c=axb=|a ay a; |=| aby—azb, (A.3)

by by b, azby — ayb,
A.3 Div, Grad and Curl
The gradient operator is

V= (atv 83}782) = 0; (A4)
The gradient of a scalar field f(r) is a vector
Vf=0f. (A.5)
The divergence of a vector field v(r) is a scalar
ov, v, Ov 0v;
V.v=|—,-2 2] =—". A6
M (8x’5‘y’82> 0z (A.6)
The Laplacian operator is V2 = V - V and yields a scalar when applied to a scalar and a vector
(A7)

r dr)

when applied to a vector.
The Laplacian of a spherically symmetric function f(r) is
(2
V2if=—
! r2  dr
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The curl of a vector field v(r) is a vector

X y 2 ayvz - azv:c
Vxv=|0, 0y 0, |=| 003 —0pv, |. (A.8)
Vg Uy U 02Vy — OyUy
The curl of the curl of a vector field is
V x(Vxv)=V(V.v)- Vv (A.9)

The divergence of the curl of a vector field vanishes
V- (Vxv)=0 (A.10)
The divergence of the cross-product of two vector fields is
V- (AxB)=B:(VxA)—A-(VxB) (A.11)
Another identity which is useful in fluid dynamics is
(u-Viju= %Vuz—ux (V x u). (A.12)

The above vector identities are all readily verified by writing out the cross-products using the
determinant form for the cross product.

A.4 The Divergence Theorem

The divergence theorem says that the volume integral of the divergence of a vector field v(r) is equal
to the integral over the surface of the volume of the normal component of v:

/d3rv-v=/dA-v (A.13)

\'% S

and can be proven by integrating by parts.

A.5 Stokes’ Theorem

The integral of the normal component of the curl of a vector field v over a surface is equal to the
loop integral of the tangential component of the field around the perimeter:

/dA-va:fdl-v. (A.14)

A.6 Problems

A.6.1 Vector Calculus Identities

The cross product of two vectors a, b can be expressed as the determinant of the matrix

X y z ayb, —a.b,
c=axb=|a ay a; |=| aby—azb, (A.15)
by b, b, Gzby — ayby

and the same is true if the components of the vector a are differential operators: a = V = (0;, 0,0,).
Use this result to show that:



A.6.

PROBLEMS

The curl of the curl of a vector field is

V x(Vxv)=V(V-v)- Vi
The divergence of the curl of a vector field vanishes
V- (Vxv)=0
The divergence of the cross-product of two vector fields is
V- (AxB)=B-(VxA)—A.-(VxB)

and finally that
1
(u-Viju= §Vu2—|—u>< (V x u).
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(A.16)

(A.17)

(A.18)

(A.19)
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Appendix B

Fourier Transforms

B.1 Discrete Fourier Transform

Consider a set of N uniformly spaced samples of a 1-dimensional scalar function Fx, X =0, N — 1.
Define the discrete Fourier transform as

N-1
F =Y Fxe?™ XN (B.1)
X=0
Now consider the function
N-1
Gx =) Fre 2mKX/N (B.2)
K=0

substituting for F from (B.1)) this becomes

N-1

N—-1
Gx = Z Fx/ Z eiQﬂ'K(X’—X)/N (B?))
X'=0 K=0

The second sum here is a simple geometric series, with value

N-1 i2n(X'—X
2K (X' =X)/N _ 1 — e )

T 1 — ei2n(X'=X)/N
K=0

(B.4)

the numerator here is zero for all X’ — X (since X’ — X is an integer) whereas the denominator is
finite unless X’ — X is a multiple of N. For X, X’ in the range 0, N — 1 then the sum vanishes
unless X’ — X = 0, in which case it has value N, so we have

N-1 )
Z ezQﬂ'KX/N = Néx (B5)
K=0

where dx is the discrete delta-function which is unity or zero if X is zero or non-zero respectively.
It follows from (B.3)) that Gx = N Fx, from which we obtain the inverse discrete Fourier transform

N-1
1 . ‘
Fy = — KE_:O Fye2mKX/N (B.6)

Equations (B.1)), allow one to reversibly transform from real-space to Fourier-space represen-
tation and wvice versa.
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B.2 Continuous Fourier Transform

We can translate the foregoing results for discrete transforms by converting sums to integrals. Let
the real-space domain have length L so the real-space coordinate is x = X Az, where the ‘pixel’ size
is Az = L/N, and define f(x) = Fx—z;/a,. Similarly define the continuous wave number k& = KAk

with Ak = 27 /L and set f(k) = Aa:FK:k/Ak to obtain from lb

N—-1 L
f(k) = Z Azxf(z)e*® — /dr f(z)e® (B.7)
X=0 o
and the discrete inverse transform becomes
N-1

s 2 Akt~ [ SR e (B.3)

1) = NakaAs Pt

it is also of interest to convert the expression for the discrete d-function to a continuous integral:

N-1
dk . Ak K X/N _ LM(;X _ O (B.9)

2N gk _ X
27 27 27 Az
K=0

The final expression here has value 1/Ax if we are in the zeroth pixel X = 0 or equivalently if
0 < z < Az so in the continuum limit Az — 0 this is a representation of the delta function and we
have

dk .
— e =9 B.10
e = (a) (B.10)

where the ‘Dirac d-function’ §(x) has the property that for any function h(z)

/dx’ h(x)d(x — 2) = h(z) (B.11)

Note that if a is held constant inside an integral

[ v twistan) = [ L/ = 10)/a= [ dyswiw/a (B.12)
thus
d(ay) = o) /a (5.13)

which is a useful result.
The generalization to M-dimensional space is straightforward and we have

JR) = [ dMr j(@)e
£(@) = | ke Ry (B4
and
dMk .
/(QW)M et T = §(7) (B.15)

Note that if f(Z) is real then f(—k) = f(k)*.
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B.3 Parseval’s Theorem

We now derive Parseval’s theorem for discrete functions and then for continuous functions. Consider
the sum of the squared values of a discrete function Fx. Invoking we can write this as

ZF2 _ Z ZF 6—127TXK/N 1 ZF* i2n XK'/N
N2 ZZFKFK’ Zefz%rX(K K')/N (B16)
- NZZFKFK/(;K K = NZ|FK|2

and for continuous functions we have

fda? f2 fdle 2k ( —Lk:xf dk/ ’Lk‘.L
=9 @ A f(R) (K" [ da ew k> (B.17)

2m

=[& d’“’ FR)F(R 2md(k — k') = [ 22| f(k)|?

:;

B.4 Convolution Theorem

We define the convolution of two continuous functions f(z), g(x) to be

c(z) = /dx/ f(@g(x —a') (B.18)
the transform of which is
é(k) = [dx ¢ ““*fdzfdx Yg(x — o' )eth®
_ fd.%‘ f / f f ]{JN) 1(ka: kx —k" (z—2"))
= ‘é’jr/ Ik k; f(k k" fdw e’(k k' ”fdx ik’ —K)a’! (B.19)
:f / fdk,// ) (k//)(s(k k//)(s(k,// k_l)
= f(k)g(k)

so the transform of a convolution of two functions is the product of the individual transforms. A
direct corollary is that the transform of a product is the convolution of the individual transforms.

B.5 Wiener-Khinchin Theorem

The auto-correlation of a function f is

&(z) =1 [dx fla' + )
%f ’ gif( ) —zkw dk/f(k) —ik’ (z+a")
AR L (8.20)
= %f %J (k) f (ke x27r6(k + k:’)
— S EFCR e = [ e

where we have used f(—k) = f*(k) (since f(z) is real) and where P(k) = |f(k)|?/L is the power
spectrum. Thus £(z) is the FT of P(k) and vice versa, which is the Wiener-Khinchin theorem. Note
that for a statistically homogeneous random field £(x) and P(k) tend in an average sense to a limit
which is independent of the sampling box size L.

B.6 Fourier Transforms of Derivatives and Integrals

If

(B.21)
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then by equation (B.8) we have
f%ﬁv(k)e—zkm _ didxfﬁf(k)e_lkm

— [k ) de T (B.22)
= [ gE(—ikf(k))e "
so the transform of the derivative of a function is —¢k times the transform of the function:
F(k) = —ikf(k) (B.23)

One can also obtain this result by integration by parts.

The transform of the integral of a function is similarly equal to the transform of that function
divided by —ik. This is ill-defined for £k = 0. This reflects the fact that an integral is determined
only up to an additive constant, and the k = 0 term in a Fourier expansion is just this constant.

B.7 Fourier Shift Theorem

The Fourier transform of a shifted field f'(z) = f(z + d) is given by
Fi) = 4 f (k). (B.24)

B.8 Utility of Fourier Transforms

One use for Fourier transforms in astrophysics is to convert differential equations to algebraic equa-
tions; the ‘grad’ operator V, becoming multiplication by —ik in the Fourier domain.

Fourier transforms are a great help in describing random processes — and especially statistically
homogeneous random processes.

Fourier transforms are computationally very useful for convolving or de-convolving data. Say you
want to convolve a N x N image with some extended smoothing kernel. At face value this would
appear to take ON* operations (for each of the N? ‘destination image’ pixels you need to sum over
N? ‘source image’ pixels). The operation count is smaller for a smaller kernel, but still extremely
expensive for large images. The great advantage of performing such smoothing in Fourier transform
space is that the fast Fourier transform algorithm requires only ON?log(NN?) operations. Thus, the
preferred method to convolve an image with a kernel is to transform both with the FFT, multiply
the transforms and then inverse transform the result.

B.9 Commonly Occurring Transforms

Here we describe some useful common transforms (see figure [B.1). We have taken some liberties
with normalization.

e The FT of a §-function at the origin f(r) = §(r) is a constant. If the d-function is shifted, so
f(r) =d(r — rp), the constant is multiplied by exp(ik - r).

e A 1-dimensional é-function is the derivative of a step function. Hence the transform of a step
function is proportional to 1/k.

e The transform of a Gaussian f(r) = exp(—r2/202) is another Gaussian f(k) = exp(—k202/2).
This generalized the result for a d-function — which can be thought of as a Gaussian with
o — 0. Fine-scale structures in real space correspond to extended features in transform space.

e The transform of a ‘box-car’ or ‘top-hat’ function f(r) =1 for |r| < L/2 is the ‘sinc’ function:

f(k) =sin(kL/2)/(kL/2).
e The transform of a ‘comb’ function ca,(r) = > 0(r — nAr) is another comb function: é(k) =

Conjar(k) =3 0(k —2mn/Ar). Comb functions are often referred to as ‘Shah’ functions.



B.10. THE SAMPLING THEOREM 405

~ A ~

fz) 1 delta-function f(k) f(k) =constant
f(x) = 6(x)
z - k -
flzx) step-function TON x 1/k
— -
f(2) 1 two-slit /vf(k v(xik%)
—X0 o z _ k
fz) 1 box-car Fk) | Fk) = 512;@:0

—z zo T \/ \/ k

f(z) ‘ Gaussian k20?2
f( ) = 6_x2/2<7 /\
o v
f(x) comb f(k)
Az r 2/ Ax ko

Figure B.1: A variety of Fourier transform pairs.

B.10 The Sampling Theorem

As a useful and interesting application of some of the foregoing results consider the transform of
a ‘pixellated’ image. Say we have some source image f(r) which we measure at a set of locations
separated by Ar (see figure . The result is a set of d-function samples fpix(r) = car X f. The
transform of these pixel values is, by the convolution theorem, fpix(k) = Cox/Ar @ f . This is the sum
of a set of replicas of the transform of the source image placed at locations k = 2wn/Ar.

Now suppose that the original signal is ‘band-limited’, so f(k) # 0 only for |k| < Emax. This
is not at all an unreasonable assumption; any astronomical telescope produces images which are
strictly band-limited. If the cut-off frequency is less than one half of the spacing between the of the
comb ¢y /A, then the replicas do not overlap. This means that the transform of the source image can
be recovered exactly from the transform of the pixels, simply by multiplying by a box-car function
of width 2k ax:

fk) = W(k) x foix(k) (B.25)



406 APPENDIX B. FOURIER TRANSFORMS

! !
r k i
fs Ar 27T/A7" fs

f:f9®v~v stW

[N\ /. /N

VNSV 3

Figure B.2: Illustration of the sampling theorem. The upper left plot shows a random function
f(r) and its transform f (k) is shown schematically in the upper right plot. Sampling f(r) at a set
of uniformly spaced points yields the function fy(r) (a set of é-functions) whose transform f,(k)
is the superposition of a set of replicas of the transform of the original field on a grid of spacing
Ak = 27 /Ar. If the sampling rate is sufficiently high then these replicas do not overlap. It is then
possible to recover the transform of the original field simply by windowing fs with a box-car W (k).
Inverse transforming recovers the original field f(r). Equivalently, in real-space, one can recover the
original field by convolving the sampled field with a ‘sinc’ function which is the transform of the box
car.

where W (k) = 1 if |k| < kmax and zero otherwise.
The value of the source image at position rg is

F(ro) = / W iy kro = [ 25 3y (k) e ()70 (B.26)

27 27

but foix(k) = 3 fpe'*™» where f, is the value of the pixel at position r,. Hence the source image
P
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value can be recovered exactly from the finite number of samples f, as
£0) =3 b [ B Wyt = 37 W (r, — ro). (B.27)
. L - . P P

The transform of the box-car is W (r) = sinc(kmax”), so this says we can recover the source image
value at any position — not necessarily at a measured point — be combining the measured values
with weights equal to sinc(kpaxr). This is commonly referred to as sinc interpolation.

The pixel spacing required in order to be able to sinc-interpolate is Ar < m/kmax. Equivalently,
with given pixel spacing Ar, the source image should not contain any signal at wavelengths less than
Amin = 2Ar — i.e. the shortest wavelength allowed just fits within two pixels. If this condition is
satisfied, the image is said to be critically sampled and can be shifted and re-sampled without any
loss of information.

One can show that for a telescope with primary diameter D, observing at wavelength A, critical
sampling requires that the angular pixel size be less than A§ = A/2D. For HST (D = 2.4m) at visible
wavelength of say 0.5um this requires a pixel size of about 0”.02. For the wide field imager WFPC,
the size of the wide-field pixels are 0”.1, so the instrument is not critically sampled. However, with
multiple exposures, it is possible to reconstruct a critically sampled image.

A remarkable feature of sinc interpolation is that if one uses it to interpolate from one image
grid onto another which is just shifted with respect to the first, then if there is noise in the source
image which is uncorrelated from pixel to pixel, then the noise in the interpolated image is also
uncorrelated.

B.11 Problems

B.11.1 Fourier Transforms

Compute the Fourier transforms of the following 1-dimensional functions. Also sketch both real-space
and Fourier-space functions.

1. A delta-function: f(z) = 0(x — x9).

2. A step function f(xz) = 1,0 for > 0, z < 0 respectively.
3. A Gaussian: f(z) = exp(—x2/20?).

4. A ‘double-slit’: f(z) = 6(x — d) + d(z + d).

5. A ‘dipole’: f(x) =d(z —d) — 0(z + d).

6. A ‘box-car: f(z) =1if |z| < L/2, f(x) = 0 otherwise.
7. A ‘comb-function’: f(z) =>d(z — nAx).
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Appendix C

The Boltzmann Formula

Consider a gas of IV distinguishable particles, each of which can be in one of a set of discrete energy
states F; = iAE.
The number of different ways to assign these particles to a particular configuration, ie a certain
set of occupation numbers {n;} for the different energy levels is
N!

77,1!77,2! e ni_lln,;!nHl! .

(C.1)

In the evolution of such a gas the occupation numbers will change as particles scatter off one
another, but must obey the constraints

Z n; =N and Z n; E; = Fiotal- (C.2)

If the system explores the available states in a random manner then the probability should be
proportional to W. Now there is a certain set of occupation numbers 7; for which W (and therefore
also log W) is maximized. We expect that the system will typically be found with occupation
numbers very similar to ;. For this most probable configuration 7 has a specific dependence on
energy F; which we will now deduce.

Consider a scattering event where two particles initially in level i end up in levels i — 1, i + 1,
as illustrated in figure This clearly obeys the number and energy conservation. The new

complexion is
N!
W' = . C.3

The ratio of complexions is

w’ i(n; — 1 2
LA ni(n; — 1) ~ M (C.4)
W (nic1 +D)(nipr + 1) ni_anigy

where we have assumed that the occupation numbers are large.
For the most probable configuration the complexion should be stationary with respect to small
changes (such as the single scattering event described above), so W/ /W =1 or

Ll P L (C.5)

n; Nit+1

This is true regardless of the choice of . Thus, in the most probable configuration, the ratio of the
occupation of one level to that of the next higher level is a constant

n(E + AFE)/n(E) = constant (C.6)
and the functional form which satisfies this is

n(E) = aexp(—pE) (C.7)
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Figure C.1: The circles represent schematically the number of particles in each energy level. A
possible ‘scattering’ event — i.e. one which respects conservation of both energy and particle number
— is illustrated. Here two particles initially in energy level F; end up in the adjacent energy
levels. For large occcupation numbers, and near equilibrium, the probability for the state should be
stationary with respect to such exchanges. This requirement leads to the Boltzmann formula.

where « and [ are constants, whose values are fixed once we specify the total number of particles
and the total energy.

The occupation numbers n(FE) are proportional to the probability to find some arbitrary particle
with energy F. Thus we obtain the Boltzmann law

p(F) x exp(—SE). (C.8)



Appendix D

Dispersive Waves

Many physical systems have equations of motion that admit planar waves
B(x, 1) = dpee’ i 7RX) (D.1)

as either exact or approximate solutions. In this, and in what follows, the actual wave is the real
part of this expression. Examples covered here include sound waves, electro-magnetic waves, scalar
fields, deep ocean waves, waves in a plasma etc.

A pure plane wave propagates with velocity

c= wkk/k‘2 (D.2)

since ‘ _
gf)(X,t + T) _ ¢kez(wk(t+7)fk-x) _ ¢kel(wkt7k'(x7m—)) _ ¢(X —cr, t) (D?))

so the wave at time ¢t + 7 is identical to the wave at time ¢ but shifted by a distance Ax = cr.
Equation is the velocity at which surfaces of constant phase 1(x,t) = wxt — k- x march across
space, and the speed of this motion |c| = wy/k is called the phase velocity (though it should really
be called the phase-speed).

For non-dispersive systems, the phase speed is independent of the wave-number. These systems
admit, for instance, 1-dimensional solutions which propagate preserving their wave-form, and also
the response to a d-function source is an outgoing spherical wave with a sharp d-function pulse profile.
For many of the systems mentioned above, however, the phase speed depends on the wavelength.
This has the consequence that wave-packets travel at a different velocity from the wave-crests —
the group velocity —- and that the response to a d-function source becomes a ‘chirp’.

D.1 The Group Velocity

The dispersion relation is the relation between the spatial and temporal frequencies for a wave,
usually as an explicit equation for the frequency w in terms of the wave-number k:

w = w(k). (D.4)

We will often use the notation wyx = w(k). Also, for many systems, the frequency is independent
of the direction of the wave, and then w = w(k). Non-dispersive systems have the ‘trivial’ linear
relation w(k) = ck.

Consider a disturbance which is the sum of two plane waves with wave-vectors k; and k:

(b(.%‘,t) — ei(wklt—k1~x) + ei(wkzt—kg'x). (D.5)
Now €@ + e?0 = ¢iatb)/2(¢ila=b)/2 4 o=ila=b)/2) — 9¢i(a+D)/2 co5((a — b) /2), s0 We can write this as

wkl_wkgtikl_kQ X
2 2

o(x,t) = 261 @=k%) o cog ( (D.6)
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Figure D.1: Wave which is the sum of two neighboring frequencies cos(ki2) + cos(keax). This is the
product of two sinusoids, one the ‘carrier’ at the mean frequency k = (k1 + k2)/2 and the other the
envelope at the modulating frequency (k1 —k2)/2. This phenomenon is known as beating. The wave
consists of packets or ‘sets’. The number of waves per set is ~ k/Ak. If the system is dispersive, the
modulation pattern travels at a speed vgroup = Aw/Ak which differs from the phase velocity.

where @ and k are the average temporal and spatial frequencies. If the two frequencies are similar,
so ki — ko < ki, ko, then this is a rapidly oscillating plane wave with e*@*=%*) heing modulated
by a relatively slowly varying amplitude 2 cos((Awt — Ak - x)/2) as illustrated in figure

Evidently, this modulation pattern travels at velocity

_ AwAk
Ve T (Ak)

(D.7)

For small Ak this tends to a well-defined limit, for which these sets, or groups, of waves travel at

the group velocity

dw(k)
dk

(D.8)

Vg:

For a non-dispersive system, the group- and phase-velocities are the same, but in general they
differ. For example:

e For deep ocean gravity waves, for instance, the dispersion relation is wi, = \/gk so vy = ¢/2.
For these waves, the wave-crests march through the sets, appearing at the tail and vanishing
at the nose.

e For free de Broglie waves, with dispersion relation w(k) = hk?/2m, the phase-velocity is
¢ = hk/2m group velocity is vy = hk/m = 2c.

e For electro-magnetic waves in a cold plasma, or for Klein-Gordon waves, with w(k)? = k% +

m2c* /h?, the phase velocity is v, = w/k = ¢y/1 +m2c2/h*k? which diverges as k — 0, while

the group velocity is v, = dw/dk = k/w.
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D.2 Wave Packets

This argument can be generalized to describe the propagation of waveforms with more complicated
profiles. Let us define the real function

W(x) = 3 W(q)e™, (D.9)

where reality of W (x) requires W(fg) = Vz* (q). Now construct a traveling wave ¢(x,t) as the sum
of modes like (D.1) and with ¢, = W (k — k):

B(x,t) = Y W(k — K)elt=kx) = i@k 37 pjy (g i(Qat=ax) (D.10)
k q

where q = k — k and

— — dw 1 d?w
Qg =wk+q) —wk)= Qi% + i%qjidk‘-dk“ +..
i T AR5

(D.11)
with partial derivatives evaluated at k = k. If we keep only the term of first order in q here, the
wave is

B(x,t) = W (x — vgt)e @k, (D.12)

where v, = dw/dk is the group velocity. This is again a rapid oscillation at the carrier frequency k
modulated by the moving envelope function W (x — vt).

This therefore describes a wave packet with profile W(x) which propagates along at the group
velocity, preserving its shape. Now small q means a large packet, since the values of q for which
W(q) are appreciable are on the order of ¢ ~ 1/L, with L the extent of the packet. Thus we expect
this non-evolving packet approximation to become better the larger the packet. For small packets, or
for long times, the packet will evolve. We can estimate the evolution time-scale for the wave-packet
if we keep the next order term in the Taylor expansion . We then have

B(x,t) = W(x — vgt, t)e! @k, (D.13)
with
W(x,t) = Z W(q)ei(Ijq‘j (d2w/dk/1’dk]‘)t/26iq'x. (D.14)
q

The transform of the wave-envelope in this approximation then becomes
Wi(q,t) = W(q)ei‘h‘b(d2w/dkidkj)t/2’ (D.15)

so the evolution of the packet profile is small for times t < (¢?d?w/dk?)~!. The evolution of a small
wave packet is shown in figure We can identify three time-scales here; Tohase, Teross and Tevol,
being the inverse of the carrier frequency, the time for the packet to pass through its own length,
and the time for the wave-packet to evolve. These are

L 1 1
T ross "~ ~ T ~N ——
TS gronp qdw/dk T Pdw/dk?

~ (D.16)

Tphase

We have used here L ~ 1/q. For the deep ocean waves, for example, where w(k) = /gk these
time-scales are in the ratio 1: k/q : (k/q)?. But k/q ~ N, the number of waves in the packet, so a
packet containing say 100 waves will take ~ 100 times the wave period to pass through its length,
but will propagate ~ 100 times its length before substantially changing its shape. For a great many
naturally occurring dispersion relations Teyol/Teross ~ k/q, so large wave packets (L > 1/k) persist
for a long time.
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Figure D.2: Evolution of a wave packet. Initial packet is at top left and is moving to the left. Final
packet, after propagating once around the (periodic) box is at lower right. The spreading of the
packet is evident. The dispersion relation is that of deep ocean waves.
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Figure D.3: Solutions of free-field wave equations have a 4-dimensional Fourier transform which is
confined to a pair of 3-dimensional hyper-surfaces w = twy. For a non-dispersive wave these are a
pair of cones which meet at the origin. Here we show the form of the hyper-surface for dispersion
relation like that of a massive field: wy = \/c2k2 + p2.

D.3 Evolution of Dispersive Waves

A common problem is to evolve some system of wave equations forward in time given some initial
field configuration. In general, one needs to cast the equations into some discretized form and then
step these equations forward. However, for non-interacting wave equations, life is much simpler since
the general field is a sum of traveling wave solutions like (D.1)). Thus, to evolve from some initial
field configuration at ¢ = 0 to some later time we need only determine the coefficients ¢y, and then
multiply these by the complex phase factor e™x!f—%* to synthesize the field ¢(x,t¢). One might
guess that the coefficients ¢y are just the Fourier transform of the initial field ¢(x,t = 0). However,
this is not quite correct; consider the waves ¢; = cos(wt — k - x) and ¢2 = cos(—wt — k - x). These
waves travel in directions k and —k respectively, but have identical transform at ¢ = 0. However,
these fields have different time derivative at t = 0, so if we supply ¢(x,¢t = 0) and ¢(x,t = 0) then
this should suffice to determine both the future evolution. This is not too surprising; these wave-like
solutions often arise as the solution of second order differential equations for which, to fully specify
the initial state, we need to specify both the initial displacement ¢(x,0) and the initial velocity

é(x7 0).

A general field in space time ¢(Z) = ¢(x,t) has a 4-dimensional Fourier transform

o(k) = / d*z ¢(T)e* (D.17)
with inverse transform .
Bk oo
(7) = / gt SR (D.18)

For a free-field, however, the transform vanishes expect on the hyper-surfaces w = twy (see figure
. The modes QE(E) and &(—E) together describe a disturbance propagating in the direction k,
while ¢(k') and ¢(—k') propagate in the direction —k. For a real field ¢(&), ¢(—k) = ¢*(k), so the
negative energy modes are fully determined once we specify the positive energy mode amplitudes.
To specify the field then we need to provide the real and imaginary components of the complex field
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od(wk, k) at each point in k-space. This corresponds to the need to provide both ¢(x,t = 0) and

¢(x,t = 0) at each point in real space.
Let us write the field as a sum over positive and negative frequency components:

oit) = [ ot getont 0 [ g ent k0 (D.19)
Taking the spatial Fourier transforms of ¢ and ¢ at t = 0, we find
300 = [ & o(x, 00’ = 6719 + 6™(~k) (D.20)
and
300 = [ s 9,00 = (1) — et (1), (D.21)
Solving for ¢+ (k) and ¢~ (k) gives
)= 5 [&(k) v “ﬁ”] (D.22)
and .
o~ (k) = % [é(k) + QZ)E:)] . (D.23)
For example, consider a 1-dimensional, initially static, disturbance
ey 24

Evaluating the transforms and using the above pair of equations gives

¢1(k) = o (=k) = 3(ky)d (k=) f (k2) /2. (D.25)
The future development of the field is
ox.t) = 5 [ SRk 4 (D.26)

For a non-dispersive system (i.e. one for which wy = ck) this is

¢(X, t) _ %/%f(kz)eikm(x—d) tLec= f(l' ;— Ct) + f(ﬂ?; Ct) ] (D27)

As another example, consider a localized impulse which we model as ¢(x,0) = §(x), ¢(x,0) = 0.
Now we have ¢T (k) = ¢~ (k) = constant and the future development of the wave is

B(x,1) / APk itk / APk e~ etk (D.28)

For given x, t the major contribution to say the first integral here comes from the region of k-
space where the phase 1(k;x,t) = wit — k - x is stationary, i.e. where 91/0k = 0. Performing the
derivative, we see that the phase is stationary for wave number k = ko(x, t) such that v, (ko) = x/t.
In the vicinity of this stationary point, we can expand the phase as

dek "
dk;dk;

P(k;x,t) ~ wi,t — ko - x + 54 (D.29)
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where q = k—kg and the partial derivatives are to be evaluated at k = ko(x, ). In this approximation
the wave solution is . )
b(x, 1) ~ ilt—ko ) /d3qexp (’q.q.dwkt) (D.30)
’ 2 dk;dk; '
with a similar contribution from the second integral. The integral here a slowly varying envelope
which modulates the relatively rapidly varying complex exponential factor. At fixed position x,
the wave has a sinusoidal variation with time varying frequency w(ko(x,t)) and with time varying
amplitude. This is called a ‘chirp’.
Specializing to the case of an isotropic dispersion relation w(k) = w(k), the quadratic form

appearing here is
d2wy ldw 4 d*w

_ 2
T ezl

. S D.31
B9 Ak, ~ T dke (D-31)

where q = (k-q)k and q; = q—qj. The value of the integral is then ~ k(dw/dk)~! (d*w/dk*)=1/2,
and similarly in two dimensions it is ~ \/k/(dw/dk)(d?w/dk?). As an application, consider deep

ocean waves for which w = y/gk. The group velocity is dw/dk = %\/ g/k and the stationary phase
condition vg (ko) = x/t gives ko(x,t) = gt?x/423 and the frequency is wo(x,t) = w(ko) = gt/2x.
The determinant is |d°w/dk;dk;| ~ g/k§. The envelope is

2 i AP 3/2,—1
d*qexp iqiqjmt o ko(z,t)*/ =t (D.32)
iaRj
so the wave develops as
) +2
G, 1) ~ kPt etwot—kox —5 cos(gt”/4x). (D.33)

Had we instead applied an initial impulsive velocity gf)(x,t = 0) = d(x) with zero displacement
#(x,t = 0) = 0 then this generates a spectrum |¢* (k)|? o< 1/w? o 1/k rather than a flat spectrum.
Similarly, if the initial impulse is not point-like but is extended over some region of size [ then this
will give a cut-off in the power spectrum at k& 2 1/I. For example, for a Gaussian velocity impulse
with profile ¢(x, 0) o< exp(—z?/20?) the wave is

tl
oz, t) ~ e exp(—g*tio? /8x%) cos(gt? /4x). (D.34)

This is plotted in figure [D-4] The 2-dimensional disturbance generated from a localised random
disturbance is shown in figure
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X

Figure D.4: Evolution of a spherical deep ocean water wave. The quantity plotted is ¢ =
(t2/2?) cos(t? /4x) exp(—t*/8x%), for t = 15,30,45,60. This is the ‘chirp’ generated by an impulse
with a Gaussian profile with scale o = 1.
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Figure D.5: Evolution of deep ocean water waves from a localised ‘storm’. The initial conditions
were uniform aside from a small region near the origin in which the field was given a random ‘white
noise’ displacement. This was then evolved as described in the text.



420 APPENDIX D. DISPERSIVE WAVES



Appendix E

Relativistic Covariance of
Electromagnetism

Here we review the relativistic formulation of the laws of electromagnetism.

The electronic charge e is a constant and is the same in all frames of reference. This means
that the charge density p = en. transforms so that p/FE is conserved, ie p transforms like the time-
component of a four-vector. Similarly, the current density j transforms like the spatial components
of a 4-vector so we can combine p and j to form the four-current

j=3"=(cp.j)- (E.1)

Some features of the transformation of the four-current are quite familiar. For example, it is clear
that a static charged rod, if put into motion becomes a current. Less familiar perhaps is the fact
that an electrically neutral rod, but containing a current in the form of electrons moving against a
static background of ions will, in a boosted frame, have a non-zero charge density. This has to do
with the fact that the density of a set of particles depends on the frame of reference.

The equation of charge conservation is

%—FVj:O = 3 ,=0 (E.2)

which is covariant (it says that the scalar quantity j* ,, the four-divergence of the four-current,
vanishes).

Maxwell’s equations in terms of the potential can also be expressed in a covariant manner:

OA = —47j/c A
<~ AR = ——gH E.3
o e T (£3)

with
A=A =(6,A) (E-4)

another four-vector.
The Lorentz gauge condition can also be expressed in a covariant manner:

V-A+¢le=0 = A", =0. (E.5)

It turns out that the fields E and B are the non-vanishing parts of the Faraday tensor F),, which
is the anti-symmetrized derivative of the four-potential: F,,, = A, ,) = A, , — A, , with components

0 —-E. —-BE, —E.
| E. 0 B. -B,
Fw=1% B 0 B |’ (E-6)
E

. By, —B; 0

421
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The transformation law for the E, B is

E| =E B| =B (E.7)
E\ = (B, + 8 x B) B, = (B, - B % E).
see R+L for simple physical examples illustrating these transformation laws.
The relativistically correct expression of the Lorentz force law is
du+ q
— = —Fr,U" E.8
dr mc (E-8)
whose time and space components can be written as
dP® _ 1dP° _
@ =5 ar 4BV (E.9)

4P _ 142 _ g[B 4 (v x B)/d

which is identical to the non-relativistic form, except that the momentum here is the relativistic
momentum P = ymv.

E.1 EM Field of a Rapidly Moving Charge

In the rest frame of a charge (primed frame) the electric potential is ¢’ = ¢/r’ and the magnetic
potential A’ vanishes, so applying a boost along the z-axis gives the potential in the lab-frame
(unprimed frame)

4/’
_ /
Al = AF LAY = Vﬁoq/r (E.10)
0
&) o
T_| 2| _| T
A= { a =] gk (E.11)
with
24 2% = /72 (x —vt)2 +y2 + 22 (E.12)
Computing the electric field E = —A /¢ — V¢ yields
g r — vt

z
For a field point at z = 2 =0, y = b, we have E, = 0 and

_ vgb _ yqut
E,(t) = —(721}%2 52 and E.(t) = —(721}%2 ) (E.14)

If we define the dimensionless time y = yvt/b then we can write

b2E,(t) 1 and VE.(t) 1 y
= 1 = —
Yq (1+y2)3/2 Yq v (14 y2)3/2

These functions are shown in figure Both of these are impulses of extent Ay ~ 1 — At ~ b/~wv.
For highly relativistic motion this means that the electric field configuration is not spherical (in
which case the period of the impulse would be At ~ b/v) but is compressed along the direction of

motion by a factor . Also, for highly relativistic motion £, <« E,. The y-component has maximum
value Fax = 7q/b?.

(E.15)
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2
b“E/yq

y

Figure E.1: Electric field of a rapidly moving charge plotted versus dimensionless time coordinate
y = yut/b for Lorentz factor v = 5.
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Appendix F

Complex Analysis

F.1 Complex Numbers and Functions

e An example of a complex number is z = x + iy, where z, y are real and ¢ = y/—1.
e A complex number corresponds to a point (x,y) on the Argand Diagram.

e The complex number z can also be represented in ‘polar coordinates’ as z = ae’? = a(cos(p) +
isin(p)), with a = /22 4 y2 and tan(p) = y/z.

e Complex numbers can be added like 2-vectors, but unlike ordinary 2-vectors can also be directly
multiplied, 22’ = aa’e¥+¥) and divided z/2’ = (a/a’)e¥=¢").

e Multiplying a complex number 2z’ by z = ae’# increases its length by a factor a and rotates it
in the Argand plane by an angle .

A complex function f(z) associates with each point z a complex number f(z).

F.2 Analytic Functions
A complex function f(z) can be written as

f(z) = u(z,y) +iv(z,y) (F.1)

where u(z,y) and v(z,y) are real.
A very special, but nonetheless extremely important, class of complex functions are analytic
complex functions defined as those for which

Ou/ox = Ov/dy

ou/oy = —0v /. (F-2)
These are called the Cauchy-Riemann conditions.
If we use the notation
f:u—i-iv:[z} (F.3)
the differential of an arbitrary complex function f(z) = u + v is
| Au | | Ou/O0z Ou/Oy Az
Af= [ Av } o { Ov/0x Ov/dy Ay |- (F-4)

Now if f(z) is analytic we can use the Cauchy-Riemann conditions to eliminate dv/dz, dv/dy to

give
o= (3] [ 2, ]3]

425
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Figure F.1: If an analytic function f(z) = u(x,y) + iv(z,y) is known at all points along the z-axis
then the value at some point (z, Ay) is given in terms of the values of v and v at the neighboring
points on the x-axis.

This is rather interesting; the matrix appearing here looks a lot like a rotation matrix: R =
{{cos 0, —sin 6}, {sinf,cosf}}. Indeed, if we define a’ = /(Ou/dz)2 + (Ou/dy)? and tan(¢’) =
(Ou/0y)/(0u/0x) the differential of f becomes

sr- (3] =] 3

But this is just a multiplication of Az = Az + iAy by a factor o’ and a rotation through an angle
¢, i.e. it is a multiplication of Az by another complex number f' = a’e'? :

Af = f'Az (F.7)
Thus an analytic function f(z) has derivative

f'(z) = lim Af (F.8)

= 1i —
Az—0 Az

which is also a complex function.

F.3 Analytic Continuation

A general complex function f(z2) = u(x,y) + iv(x,y) is clearly a two dimensional complex function;
we need to specify the values of the real and imaginary parts at all points on the plane. Analytic
functions have the magical property that they are essentially one dimensional, in the sense that if the
values of u, v are known along some line in the Argand diagram then they are known everywhere.
To see how this comes about, let’s discretize the Argand plane with a grid spacing Az = Ay, as
illustrated in figure We will assume that the grid spacing is very small compared to the scale
of any variations in w or v. Let’s also assume that u and v are known at all points along the z-axis.
The values of u and v at some point z = (z, Ay) (i.e a distance Ay above the point z = (z,0)) are

u(z, Ay) = u(z,0) + du/dyAy = u(x,0) — Ov/dxAy (F.9)
v(x, Ay) = v(x,0) + Ov/dyAy = v(x,0) + du/dxrAy ’
where we have used the Cauchy-Riemann conditions (F.2). But with du/0x = (u(x + Az,0) —
u(z,0))/Azx etc. and Az = Ay these are

u(z, Ay) = u(x,0) — v(z + Az,0) + v(z,0)

v(z, Ay) = v(z,0) + u(z + Az, 0) + u(x,0) (F.10)
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Since all of the values on the right hand side are known for all z, this determines the values of f(z)
for all = along the line y = Ay. These in turn determine f(z) along the line y = 2Ay and so on.
If we let Az, Ay tend to zero, this becomes exact, and we can thereby analytically continue the
function f(z) off the real axis, or indeed off any line across the Argand plane.

The foregoing is valid provided f(z) is analytic, but will cease to apply in regions where f(z) does
not obey the Cauchy-Riemann conditions . As we shall see, there are complex functions which
are analytic except at one or more points in the Argand plane where the function f(z) becomes
infinite. These points are known as the poles of the function f(z).

F.4 Contour Integration

The great utility of complex analysis for astrophysicists is that it allows us to evaluate, or provide
analytic formulae for, integrals occurring in physical problems. The essential result used here is that
the value of a contour integral, I = ¢ dz f(z) taken around some closed loop in the Argand plane is
invariant under deformation of the integration path (provided the path is not forced to cross over a
pole).

We can see how this applies in the foregoing example. Let I(yo) denote the integral of f along
the line y = yp in the Argand plane, so for this path dz = dz. In the discretized complex plane, for
yo = 0 this is

I(0) = /dz f(z ZAw u(x,0) + iv(z, 0)) (F.11)

but the integral I(Ay) is identical since, with u(z, Ay), v(x, Ay) given by the terms involving
v in the u integration cancel and vice versa. The value of I(yg) is therefore independent of which
contour we use.

More generally, in the vicinity of the origin we have

ou ou v Ov
Fz) = fO) + oo+ oY Tiaat TigyY (F.12)

so with dz = dx + idy we have
f(z)dz = (Jc+ fy—i—i@a:—&-z@ ) (dz + idy). (F.13)
4 Y x Yy

The partial derivatives are to be considered constant here. Now when we perform the integration
$dz f(z) around a closed loop, terms like (Ju/dx) § dz x vanish, since zdr = dz?/2 is a total
derivative, so § dz? = 0. The only terms which can contribute are terms like (Ou/dy) § dz y, which,
in general, would give a contribution proportional to the area within the contour. However, for an
analytic function the Cauchy-Riemann conditions allow us to replace Ov/dy with du/dz and
Ov/dz with —0u /0y, and we have

Foesir=[2-2) (faru fans) = [2-2] fan =0 g

However, the choice of origin was arbitrary, so we find that, quite generally, f dz f(z) vanishes for
any small loop (provided f(z) is analytic on and within the loop).

If we have some large loop then we can slightly deform it to obtain the integral around a new
large loop plus the integral around a small closed loop, this being the difference between the two
large loops, and which vanishes. Repeating this process allows us to continuously deform a contour
integral without changing its value. If a function is analytic everywhere within some loop, for
example, then the loop can be shrunk to zero and it follows that the integral around the original
loop vanishes.

However, what if the loop contains a pole? For example, consider ¢ dz f with f(z) = f'(z)/(z—20)
where f/(z) is analytic and where the path encircles the point zq as illustrated in figure The
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Y
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Y

Figure F.2: Example of a contour integral.

function f(z) has a singularity at z = zp, but can be shown to be analytic elsewhere. This means
that we can shrink the integral down to a small circular loop of radius € enclosing the pole. With
z — zg = €' 80 dz = ee'?dyp, the integral then becomes

fasr= §ELE ) § 2= i) [ =2mrz0) (k.15

where the second and third loop integrals are taken around the small circle. This approximation
becomes exact in the limit € — 0. We say that the integral becomes the residue of the integrand at
the pole.
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commutation relation, 2T1] covariance matrix, [50]
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comoving sound horizon, critical density, [305)
comoving spatial coordinate, critical frequency, [159
complex critical sampling,
analysis, [425 cross product, [397]
function, cumulative mass function, [390]
number, [125] curl,
complex scalar field, [196] curvature eigenvalue, [313
Compton y-parameter, @ curvature of space-time, [313
Compton cooling, curvature tensor, [287]
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inverse, [I69] damping term, [234]
Compton scattering, [167] dark halos, 293]
Compton wavelength, [I68] [201] dark matter, 294]
conditional probability, [57] Davis and Peebles scaling solution, [393
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conservation of momentum, deformation rate tensor, [261
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6-dimensional, differential mass function, [390]
continuum limit, [185) differential momentum flux, [65]
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convective derivative, [242 diffraction theory,
convective stability, 252] diffusion scale, [270]
convolution theorem, 03| dipole radiation, [I32]
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cooling flows, dispersion measure, [280
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2-point, [46] displacement current,
3-point, [16] distance modulus,
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cosmic photosphere, 380 divergence,
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cosmic virial theorem, [394] Doppler formula, @
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INDEX

dynamical time, [289
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eikonal equation, [LO1
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electromagnetic radiation,
electromagnetic spectrum, [63]
electromagnetic waves,
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energy conservation, [247]
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energy equation, [303]
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entropy

statistical mechanical,
equation of state, [20§
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Faraday tensor,
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fast Fourier transform, [104]
Fermat’s principle,
Fermi-Dirac distribution,
Feynman diagram, 220

field theory, [179]
field-momentum, [T90]

figure error, [121

figure errors, [113

fine structure constant,
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first law of thermodynamics, [248]
flat rotation curve, 289
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flicker noise,
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fluid equations, 24§
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four acceleration, [27]
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four momentum,
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scalar product, [25]
four velocity,
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norm of,

Fourier transform, [401
Fraunhofer diffraction, [I08] [T10]
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free-free emission, (149
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Fresnel diffraction, [L08
Fresnel integrals,
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galaxy luminosity function, [390
Galilean relativity,

gauge transformation,
Gaunt factor, [T51]

Gauss’ law,
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general theory of relativity,
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geometrodynamics, 287]
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grand unified theories, [319]
gravitational binding energy, 285]
gravitational instability,
gravitational potential,

gravity waves, [250]
gravo-thermal catastrophe, 298]

group velocity, [96} [T88} 280}
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Gunn-Gott spherical accretion model,
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H-theorem
Boltzmann’s, 245

Hamilton’s equations,
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Harrison-Zel’dovich spectrum, [355
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jump conditions, 275]
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Liouville’s equation, [242
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covariant form,
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Lorentzian profile,
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luminosity distance, [331]
luminosity function, [370]

Mach number, 269} 273]

magnetic potential, [127]
magnitude scale,
mass conservation, 240]
mass shell,
mass to light ratio, [293
mass-shell condition, [I6§]
Maxwell’s equation, [93]
Maxwell’s equations,
covariant form,
Maxwellian distribution, [151
mean free path,
effective, [BH
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variance of,
metric tensor, 287]
Michelson and Morley experiment, [T9]
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momentum distribution function,
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momentum flux,
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monopole problem, [319]

multi-pole expansion, [I33]

N-body simulations, [385

N-point correlation functions, [40]
N-point distribution functions,
natural units, 230]

Navier-Stokes equations, 248
negative specific heats, [297
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Newtonian gravity,
Noether’s theorem,
non-thermal radiation, [I57]
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number operator, [212)

occultation experiments,
occupation number representation, [I79]
occupation numbers,
Olber’s paradox,
Oort limit,
operators

creation and destruction, 217]
optical depth,

effective,
optical transfer function, [112
orbital period,
outer product, [397]
outer scale,

parsec, 334]

Parseval’s theorem, [47]
particle number, 200]
passive additives, 270

past light cone, [130
peculiar gravity, [341
peculiar velocity,
phase screen,

phase sheet, 298]
phase space, [241

phase space density, 232
phase structure function, [L15
phase transition, [362]
phase velocity, [06] [I88] [A1]]
phase-space density,
phonons

scattering, 217]
photo-electric effect,
photon discreteness, [I50]
physical coordinates, [308
pitch angle,
Planck energy, |313

Planck mass, [313
Planck spectrum, [71] [73]
Planck time, [313
Planck’s constant,
plasma frequency,
point spread function, [112
Poisson sampling model, [370]
Poisson’s equation,
polarization,
polarization of the CMB,
potential flows, [255)
potentials
Lienard-Wiechart,
retarded,
power law density profile,

power spectrum, [A7}, [A03]

Poynting vector, [95]

Press-Schechter approximation, [390
Press-Schechter mass function, [390

pressure tensor, [292]

principle of adiabatic invariance, [344]

principle of least action, [37]

principle of special relativity,
probability density functional,

proper distance,
proper time, [20]
prototype 4-vector, [24]
pupil plane,

quadrupole radiation, 134
quantum electrodynamics, [231

quantum fields,
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quantum mechanical statistical-factor, [233

radiation constants,
radiation damping, 138
radiation force, [83]
radiation power spectrum, [96]
radiation pressure,
radiation reaction,
radiative flux, [64]
radiative transfer, [§]]

equation of,
Raleigh-Jeans law, [76]
Raleigh-Jeans region,
random field

projection of, [53]
random fields,
random process,
random walks,

Rayleigh-Taylor instability,

redshift, [329]
redshift of equality,

redshift space distortion, [369



434 INDEX

redshift surveys, [369] space-time 4-volume,
relativistic beaming, [29] special relativity, [T9]
relativistic decays, [30] specific energy density,
relativistic field theory, 229 specific heat,
relaxation time, specific intensity, [64]
residue, [428] conservation of,
resonance conditions, constancy of, [67]
retarded potentials, [I2§] specific internal energy, 247]
retarded time, specific volume,
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Richardson’s criterion for stability, speckle noise,
Rosseland approximation, spectral energy distribution, [335
rotation measure, 282 spectral index, [51]
speed of light, [63]
S-matrix expansion, 214] spherical collapse model,
Sachs-Wolfe effect, spinor, [237]
sampling theorem, [105] spontaneous symmetry breaking, 230]
sampling theorem, Stefan-Boltzmann law,
sampling variance, step function, 404
scalar field, stimulated emission,
Lagrangian density, [229 stochastic process,
non-relativistic, [235 Stokes’ parameters, [07]
scalar fields, [233] Stokes’ theorem, [398
scalar modes, stress energy tensor, [200]
scalar potential, stress-energy tensor, [287]
scalar product, structure function,
scaling solution, [363 Sunyaev-Zel’dovich effect,
scattering rate, 220] super-luminal motion, 143
Schroedinger equation, 213} 235 supersonic flows, 273
Schroedinger picture, [213 surface brightness,
scintillation, [119 surface brightness fluctuation, 379
screening length, synchrotron
second-quantization, radiation pulse, [162]
self interaction, @ synchrotron radiation,
self interactions, spectrum of,
self-ordering fields,
self-similar clustering, [391 Taylor-Sedov shock solution,
self-similar evolution model, tensor, [25]
Shah function, 404 addition,
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shock waves, contravariant, [25]
Silk damping, [348 covariant, [25]
simple harmonic oscillator, [211 mixed rank,
sinc function, texture, [367]
sinc interpolation, [A07] thermal bremsstrahlung, [[51]
single scattering albedo, [85] thermal bremsstrahlung absorption, [I52]
singular isothermal sphere, 289] thermal conductivity,
slow-roll condition, thermal instability, 268
smoothing kernel, thermal radiation,
sonic boom, 143 thermalization length,
sound horizon, [343] thermodynamic entropy, [71]
sound speed, Thomson cross-section, [137]
sound waves, [258 Thomson scattering,

source function, three-point correlation function, [46]
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tidal field tensor, winding number, [365)

tidal radius, [300] world line,

time dependent Schroedinger equation,

time dilation, Zel’dovich approximation, [388]

time dilation factor,
time dilation formula,
tip-tilt correction, [I1§]

top down scenario, [351
top-hat function,
topological defects,

topological invariant, |36

total energy equation, 247]
transfer function, 349

transition amplitude,
transition probability,
transition rate, [219]

translational invariance, [40]
transmission function,
transport coeflicients, 261
Tully-Fisher relation, [378
turbulence, 269]

turbulent cascade, 269

two point correlation function, [46]
two-point correlation function, @

vector calculus, [397

vector modes, [34]]

Vega magnitude scale,
velocity dispersion tensor, [292
velocity potential,
venturi, 253 273

virial theorem, [293]

virtual particle,

viscosity, 26]]

viscous dissipation, 248
viscous fluids, 261]
viscous shear tensor,
viscous stress-tensor, @

vorticity, 253

wave momentum, [220]

wave operator, [[27]

wave packet,

wave uncertainty principle,
wave-momentum, [T90]
wave-optics, [122]

wave-packet, [I8§]

weak gravitational lensing,
weak lensing, [369

weak-field limit,
white-noise,

Wien diplacement law, [77]
Wien law, [77]
Wiener-Khinchin theorem, [47]
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