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PREFACE

“Orbis Scientiae 1999” constitutes the 28th conference on High Energy Physics
and Cosmology that were begun in 1964. It has now become an institution by itself 
under the aegis of which the physicists convene annually in South Florida. It created a 
Belle Époque in Coral Gables. The series of Orbis Scientiae started with the participants 
of highest distinction in physics of the 20th Century. After its first two decades the
conferences have been placed in the hands of younger and promising physicists. 

The 1999 meeting was the last conference of the millennium. The topics that 
were covered did not give the impression of laying the foundations of great 
advancements in theoretical physics. Work on such concepts as strings or super strings, 
is being actively pursued. It is ofcourse true that revolutions in physics are not frequent.
Finding the neutrino massiveness was quite exciting but did not provide enough basis for
further progress in the field of neutrino physics. 

Recent efforts with regard to extensive studies, gamma ray bursts do manifest 
themselves as exceptionally important events. There are many papers in the literature 
studying theoretical implications of the energy dependence of the gamma rays. In this 
field one of us (Kursunoglu) had published a paper in the Physical Review in 1975. Our 
first conference in 2000 or rather its Orbis Scientiae will certainly contain some topics on
this matter. 

It is quite conceivable that in the Big Bang creation of the Universe, very high-
energy dependent gamma rays must have played an important role especially causing 
very fast initial expansion of the early Universe. This may well have been the 
mechanism for the existence of the so-called inflationary behavior of the process of 
creation. We are looking forward to the Orbis Scientiae 2000 to include in its program 
this subject matter. 

The Chairman and Trustees of the Global Foundation, Inc. wish to gratefully 
acknowledge the generous support of this conference by Lady Blanka Rosenstiel, 
Founder and President of the American Institute of Polish Culture, Chopin Foundation
and Honorary Consul of the Republic of Poland in Miami, and to Dr. and Mrs. Edward
Bacinich of Palm Beach, Florida 

Behram N. Kursunoglu 
Stephan L. Mintz 

Arnold Perlmutter 
Coral Gables, Florida 
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session, if desired, or makes general opening remarks.

Presents a paper and submits it for publication in the
conference proceedings at the conclusion of the
conference.
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questions about same upon invitation by the moderator.

Dissertator:

Annotator:

CONFERENCE PROCEEDINGS 

1. The conference portfolio given to you at registration contains
instructions to the authors from the publisher for preparing
typescripts for the conference proceedings.

2. Papers must be received at the Global Foundation by February 15,
2000.

3. An edited Conference Proceedings will be submitted to the
Publisher by March 14, 2000.
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VARIABLE SPEED OF LIGHT COSMOLOGY

BehramN. Kursunoglu

GlobalFoundationInc.
Coral Gables,Florida
kursun@globalfoundationinc.org

In the past two or three years there have been many papers in the field of the Energy
dependence of the speed of light emitted from regions of cosmic distances where
phenomenon of gamma ray bursts are taking place. These very interesting cosmic events
have inspired many theorists to research on the implications of gamma ray speed dependence
on energy or variable speed of light. The work depends to a large extent on making guesses
with regard to the behavior of such gamma rays, which provide some information on the
source of the gamma rays especially the mechanism for the explosive expansion of the early
universe. The cosmic regions like, for example, the cores of some galaxies containing super
massive black holes provide powerful sources of gravitational acceleration of particles to
very high energies to produce X-rays and even gamma rays. These are like experimental
demonstration of gravity acting as a source of the electromagnetism and more precisely,
these cosmic phenomena provide, beyond any shadow of doubt, dramatic demonstration for
the“Unified theory of electromagnetism andgravitation”. In the general relativistic theory of
gravitation electromagnetic energy and momentum do act as a source of gravity but in the
unified theory gravity itself can act as a source of electromagnetism. In fact the unified
theory does more: it brings in the short-range weak and strong forces.

Observations demonstrate that the explosive behavior of the cosmic regions is greatly
affected by the energy dependence of the emitted gamma rays. Here what we have is
comparable to an inflationary behavior for which energy is provided by the emission of
gamma rays. In 1975, I calculated the speed ofelectromagnetic waves from the unified field
theory of electromagnetism and gravitation’. For the propagation of light in the presence of a 
gravitational field we use the equation: 

1 Behram N. Kursunoglu, PhysicalReview D Volume 14, Number 6, 15 September 1976. 
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gµvdxµdxV=0, (1)

where gµv is the metric of space-time representing gravitational potentials with µ and v
ranging from 1 to 4. However in space-time geometry pertaining to a unified theory of
electromagneticism and gravitation the metric is defined by the symmetric tensorbµv as
described below:

(2)bµv dxµ dxV = 0,

^

where
1
2(1+–�:��gµv-Tµv

(3)

(4)

The energy dependence of the speed of light is computed here, by using the equation
(2), in a straightforward way. In fact Erwin Schrödinger had obtained the same result a long
time ago2 by using Born-Infeld non-linear electrodynamics. The reason for the complicated
procedure adopted by Schrödinger was due to the fact that his version of the non-symmetric
generalization of the general theory of relativity did not include the metric bµv. The
calculation of a variable speed of light has been performed1 for which a special case,
irrespective ofpolarization and frequency, is given by

(1+�: –A2)½bµv =

1 1 1
2 4 2

andwhere

�: = - �) µ v�) uv, =– �)µv fµ v ,fµ v = –�Hµ v p �V�)�U�V

V 2= 1 +�: –^2 sin2�T+ cos2�T��
1 (5)

(1 + – �: +I )2

2

where�Trepresents one of the angles to determine direction of the wave normal. The speed in
the direction ofcoordinates are obtained by setting �T= 0 for the “1” direction, �T= 1/2 �Sand�)
= 0 for the “2” direction, and �T= �������S�����)��= �������Sfor the “3” direction thus the variable speed 
of light in the “3” direction is given by

(6)1’ I 2= –�: �� + �, 2

1 ���: – �, 2
V2 =

1
2(1 + – �: + I) 4

We can now determine the energy dependence of the speed of light to be an invariant 
result. The numerator can be written as

________________________
(7)1 + q-2�: –q-4�,2= (1 + –1 q-2�: ) 2 – q-4c2pµpµ,

2

2 E. Schrödinger, Proc. R. Irish Acad. 47A.77(1942). To this author’s knowledge, the report by E. Schrödinger____
mentioned in the text does not seem to have been published.
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where

c2pµpµ = –1 �: 2 + �, 2 = I2,

_

(8)
4

By using the identities 

we can write 4
Tv

�U�7�U
µ = �Gv (1�: �� + �,2)1

(9)

cpµ = Tµ�Uvp, (10)

wherev�U is a unit vector ie:v�Uv�U= 1.

The metric tensor bµv and the parameter q were introduced or rather discovered in 
1950 while as a graduate student in Cambridge University I was working on a new 
formulation of Einstein’s and Schrodinger’s non-symmetric unified field theories. The use of
the metric tensor bµv led to the existence of a fundamental length parameter r0, which is 
related to the parameter q by an equation of state3.

(11)
c4r0

2q2 = ––– 
2G’

where q2 has the dimensions of energy density 
From (6) it is clear that v2 is less than 1 and the region from where light is emerging 

depending on its total energy content could partition this energy among the massive particles 
and as it may have happened in the creation of the universe leading to a very fast expansion 
in its early fractional seconds of birth. We can thus imagine that the energy dependence of 
the speed of light bursting out from a cosmic region must have been the early part of the Big 
Bang creation of the universe. Hence we are able to consider the Big Bang taking place in 
several stages whose effect on the early Universe were actually the foundation of the creation 
process. An explicit display of energy dependence can be obtained by observing that the 
numerator in equation (6) can be expressed in the form of equation (10), which represents a 
momentum density four vector. 

By splitting the general anti-symmetric field into the sum of a background field and a 
radiation field we can see that the momentum density vector pµis expressible as 

pµ = (Tv
oµ + Tv

1µ + Tv
1µ) vv. (12)

representing the sum of momentum densities of photon, massive particle, and interaction of 
photon with the massive particle. Thus we see that the gamma ray bursts provide a source of 
energy for massive particles in a cosmic region to acquire large energies to lead to fast 
expansion of matter contained in the region. 

It is quite interesting to observe that variable speed of light does not present any
difficulties with regard to some cosmological behavior of the universe like for example the 

3 Behram N. Kursunoglu, Phys. Rev .88,1369 (1952) 
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problem of flatness or copious production of monopoles since the process of monopole 
condensation does not leave any room for the existence of free monopoles. The flatness of 
the Universe in the unified field theory is a consequence of, as a result of the expansion of 
the universe, increasing size ofr0. In this theory there exists no free monopoles all of them
as a result of monopole condensation have been confined to create elementary particles. 
Monopole condensarion contrary to Bose-Einstein condensation, takes place at very high 
temperatures. In fact in this theory all the participating field equations are fully compatible 
with one another. At microcosmic distances the theory yields masses that result from using
length scales much shorter than so-called Planck length of 10-33 cm. The most general form 
for the mass is obtained as 

c2

(13)m= –– 2G r0

Wherer0 ~~ 10-53 cm for proton and for the Universer0 ~~ 1027 cm. How many protons can I
put side by side to make the Universe?

It is rather remarkable to see that various papers on the subject have been based on a 
proper analysis without having the benefit of a metric of space-time. All of these 
considerations are of course compatible with Einstein’s theory of gravity. Where c the speed 
of light, relates time to space. In order to pursue further the significance of varying of the 
speed of light and its role in the important quantities like Planck Scale length and Planck 
Scale mass could be affected. Should we then imagine two different metrics one describing 
the propagation of photons and the other describing gravity itself, which is space-time metric, 
and the associated particles of gravitons? This would complicate simple things. The best 
way to describe propagation of photons and gravitons is the use of a unified field theory 
where gravity and electromagnetism are unified like we have introduced in this paper where 
the most general metric is expressible as 

bµv = Agµv + BTµv, (14)

where the functions A and B, as follows from the definition (3) above, are given by 

1
A = 2 

(1+–�: )
(15)

(1+�: –�,2)½ ,

(16)
1

(1+�: – �,2) ½B = 

It must be understood that the invariant functions�: and^ contain besides free
electromagnetic field also the background fields and the interaction between the two fields. 
At this point I would like to quote from my Paper 1 referred here earlier: “A possible direct 
experimental test of the result (5) could be based on the emission of radiation from a pulsar 
where the interplay between the field on the surface of the neutron star and electromagnetic 
wave may be described as a nonlinear effect of the kind predicted in this paper. Thus the 
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directional effect of emission of radiation implied by equation (5) might be due to dispersion
intrinsic to a pulsar itself arising from the high densities and field strengths. The net effect
could manifest itself by time delay in the arrival of some radiation. In this case, one should
observe an asymmetric broadening of the radiation independent of bandwidths.

NASA's $326 million project to launch The Gamma Ray Large Area Space
Telescope into Earth orbit in 2005 will open new windows to study gamma ray bursts
coming from distant cosmic regions, which should reveal the presence of violent cosmic
phenomena. These gamma rays are, most likely, the result of the acceleration of particles by
the powerful gravitational forces. Thus gravitation is acting as a source of the
electromagnetism and, therefore, these cosmic phenomena do vindicate unification of gravity
with electromagnetic forces. It is thus cosmic acceleration of particles that reveal information
about the gamma rays bursting regions of the universe.

7



This page intentionally left blank.



ENERGY DEPENDENCE OF THE SPEED OF LIGHT EMERGING FROM
COSMIC REGIONS

ArnoldPerlmutter

Department of Physics
University of Miami
Coral Gables, FL 33124

Observations of very high energy�J-rays from cosmological sources have increased in
frequency and refinement. Among the numerous examples of the emissions by Gamma Ray
Bursters (GRB), several have led to estimates of the variation of the speed of the photons
as function of their energy. Several authors have proposed that quantum-gavitational fluc-
tuations in the space time background may endow the conventional particle vacuum with
nontrivial optical properties, such as a frequency-dependent refractive index, birefringence,
and a diffusive spread in the apparent velocity of light.(1),(2),(3)

A particular example, the active galaxy Markarian 421,(4) has lent itself to interesting
analysis(5) of the time delay of the signal of multi-TeV �J-rays. They use the result that
various approaches to quantum gravity lead to a description of first order effects of a time
dispersion(5), given by

E L
EQG c

�' t = �[—— – (1)

where �' t is the time delay relative to the standard energy-independent speed of light,
c; �[ is a model-dependent factor of order 1;E is the energy of the observed radiation;
EQG is the assumed energy scale for quantum gravitational effects which can couple to the
electromagnetic radiation, andL is the distance over which the radiation has propagated.
While they state that EQG is generally assumed to be of the order ofEp, Planck energy
( = 1019GeV), some string theory work suggests that it would be as low as 1016GeV(6).~

Using the value of the redshift of Markarian 421 to be 0.031, which translates to a
distance of 1.1 x 1016 light-seconds for an assumed Hubble constant of 85km/s/Mpc, they
obtain a lower bound on EQG/�[ of 4 x 1016GeV(5). If �X= 3/2, as indicated from recent
calculations of D-brane theory(7), then EQG > 6 x 1016GeV. Calculations in the context
of loop gravity(3) lead to a value of�[ as large as 4, suggesting an energy scale larger than
1.6 x 1017GeV.

In the Unified Gravitational theory of Kursunoglu(8), there is an exact formula for the
dependence of the light speed on the field variables of the electromagnetic radiation. For 
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the purposes of this paper, this speed can be written as

1_
4

2
__ _____

(2)

where W = E
2

+B2 is the energy density,�: = B2 – E2 and A = B. E are invariants of the
field, andI2 = �: 2 + ^2. Note that W,�: and ^ are actually multiples ofq2, given by

__
(3)

c4

q2r0
2 = 2G,

wherer0 is a fundamental length,c is the speed of light and G is the gravitational constant.
Theq2 is therefore an energy density associated with a vacuum and is presumed to be much 
larger than W,�:�� and �, . Again, for the purposes of this discussion, we will assume that
W >> �:�� �,, although in the future it is hoped that one can find ways of estimating�7 and
A. Hence, we may write eq. (2) as 

and for W << 1, 

The time delay is then given by 

(4)

(5)

(6)

giving a value of the ratio W—
q2

= 4.2 x 10–14, if we use the input of Biller et al.(5)

Since it is clear that we must have 
W = E,—— ,E Q G q2 then the factor�[ in eq. (1) must be1–

2
This gives a value EQG > 4.8 × 1016GeV.

We can now calculate limits on q2 and r0 from EQG and eq. (3). We have 

(7)
c4

2G
EQG > 4.8 x 1016GeV = q2r 3

0
= — r0 .

This gives r0 = 1.25 x 10–35cm, which is about three orders of magnitude smaller than 
Planck length, just as EQG is about three orders of magnitude less than Planck energy. 
Finally the energy density from eq. (7), is given by 

q2 = 3.9 x 10118erg/cm3.
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CONFORMALITY, PARTICLE PHENOMENOLOGY AND THE
COSMOLOGICAL CONSTANT

Paul H. Frampton

Department of Physics and Astronomy,
University of North Carolina,
Chapel Hill, NC 27599-3255.

Abstract

Conformality is the idea that at TeV scales enrichment of the standard model particle
spectrum leads to conformal invariance at a fixed point of the renormalization group.
Some aspects of conformality in particle phenomenology and cosmology are discussed.

Alternative to “Grand” Unification

In GUT theories there is an unexplained hierarchy between the GUT scale and the
weak scale which is about 14 orders of magnitude. There is the question of why these
very different scales exist and how are the scales stabilized under quantum corrections?

Supersymmetry solves the second of these problems but not the first. Supersym-
metry has somesuccesses:(i) the cancellation of some UV divergences; (ii) the technical
naturalness of the hierarchy; (iii) the unification of the gauge couplings; and (iv) its
natural appearance in string theory.

On the other side, supersymmetry definitely presents severalpuzzles: (i) the “mu”
problem- why is the Higgs at the weak scale not at the GUT scale?; (ii) breaking
supersymmetry leads to too large a cosmological constant; and (iii) is supersymmetry
really fundamental for string theory since there are solutions of string theory without
supersymmet ry.

These general considerations led naturally to the suggestion [1, 2, 3, 4, 5, 6] that
supersymmetry and grand unification should be replaced by conformality at the TeV
scale. Here it will be shown that this idea is possible, including explicit examples
containing the standard model states. Further it will be shown that conformality is
a much more rigid constraint than supersymmetry. Conformality predicts additional
states at the TeV scale and a rich inter-family structure of Yukawa couplings.

Quantum Gravity Generalized Theory of Gravitation. and Supersrting Theory-Based Unification 
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Conformality as a Hierarchy Solution

First we note that quark and lepton masses, the QCD scale and weak scale are
small compared to a (multi-) TeV scale. At the higher scale they may be put to zero,
suggesting the addition of further degrees of freedom to yield a quantum field theory
with conformal invariance. This has the virtue of possessing naturalness in the sense
of 't Hooft [7] since zero masses and scales increases the symmetry.

The theory is assumed to be given by the action:

S = S0 + �°d4x�Di Oi (1)

whereS0 is the action for the conformal theory and theOi are operators with dimension
below four which break conformal invariance softly. 

The mass parameters�Di, have mass dimension 4 –�' i where�' i is the dimension ofOi
at the conformal point. 

Let M be the scale set by the parameters ai, and hence the scale at which conformal 
invariance is broken. The forE > > M the couplings will not run while they start
running for E < M. To solve the hierarchy problem we assume M is near to the TeV 
scale.

d = 4 CFTs 

In enumerating the CFTs in 4 spacetime dimensions, we must choose theN of
SU(N). To leading order in 1/N, the RG�E-functionsalways vanish as they coincide
with theN = 4 case [8, 9]. For finiteN the situation is still under active investigation.
To prove the �E– functions vanish when N = 0 is rendered more difficult by the fact 
that without supersymmetry the associated nonrenormalization theorems are absent. 

We extract the candidates from compactification[10] of the Type IIB superstring
on AdS5 x S5/W.

Let W C SU( 4) denote a discrete subgroup of SU(4). Consider irreducible repre-
sentations ofWWW Suppose there are k irreducible representationsRi, with dimensionsdi

with i = 1, ..., k. The gauge theory in question has gauge symmetry 

SU(Nd1) x SU(Nd2) x ... SU(Ndk) (2)
The fermions in the theory are given as follows. Consider the 4 dimensional repre-

sentation of�' induced from its embedding inSU(4). Itmayormaynotbeanirreducible
representation of�' . We consider the tensor product of 4 with the representationsRi:

4 �ƒ Ri =�„ jn i
jRj

(1, 1, .., Ndi, 1, ..., Ndj, 1, ..)

(3)

(4)

The chiral fermions are in bifundamental representations
i

with multiplicity ni
j defined above. For i = j the above is understood in the sense that 

we obtain nii adjoint fields plus nii singlet fields of SU(Ndi).

14



Note that we can equivalently view n i
i as the number of trivial representations in 

the tensor product 
(4 �ƒ Ri �ƒRj*)trivial =ni

j (5)
The asymmetry between i and j is manifest in the above formula. Thus in general

we have n i
j �xn j

i and so the theory in question is in general a chiral theory. However if 
I? is a real subgroup ofSU(4), i.e. if 4 = 4* as far as�' representations are concerned,
then we have by taking the complex conjugate:

j�ƒni
j = (4 Ri �ƒRj) = (4�ƒRi�ƒEj*)* trivial = (4*�ƒRi �ƒR j )trivial = (4�ƒRi �ƒ i

* R j)trivial =ni
j .

(6)
So the theory is chiral only if 4 is a complex representation of�' , i.e. only if 4 �x4*

as a representation of�' . If I? were a real subgroup ofSU(4) thenni
j =ni

j .
If �' is a complex subgroup, the theory is chiral, but it is free of gauge anomalies.

To see this note that the number of chiral fermions in the fundamental representation 
of each group SU(Ndi ) plus Ndi times the number of chiral fermions in the adoint 
representation is given by 

�6ni
j Ndj = 4 Ndi (7)

j

(where the number of adjoints is given by ni
i ). Similarly the number of anti-fundamentals

�ƒ

plus Ndi times the number of adjoints is given by 

�6ni
j Ndj = �6Ndj(4�ƒRj �ƒRi)trivial*  = �6Ndj (4*�ƒRj

* Ri )trivial = 4Ndi (8)
j

Thus, comparing with Eq.(7) we see that the difference of the number of chiral
fermions in the fundamental and the antifundamental representation is zero (note that
the adjoint representation is real and does not contribute to anomaly). Thus each 
gauge group is anomaly free. The requirement of anomaly cancellation is, of course, a 
familiar one in string theory [12, 13] as well as in model building beyond the standard 
model [14, 15, 16, 17]. 

In addition to fermions, we have bosons, also in the bifundamental represenations.
The number of bosons Mji in the bifundamental representation ofSU(Ndi)�ƒSU(Ndj ) is
given by the number of Rj representations in the tensor product of the representation 
6 of SU(4) restricted to�' with the Ri representation. Note that since 6 is a real 
representation we have

i jM i
j = (6�ƒ Ri �ƒRj*) trivial = (6�ƒ R �ƒ i* R j)trivial = M j

i

In other words for each M
j
i we have acomplexscalar field in the corresponding bifunda-

mental representation, where complex conjugation will take us from the fields labeled 
by M ji to M ij .

The fields in the theory are naturally summarized by a graph, called the quiver 
diagram [11], where for each gauge groupSU(Ndi ) there corresponds a node in the
graph, for each chiral fermion in the representation ( Ndi,Ndj ), ni

j in total, corresponds 
a directed arrow from the i-th node to the j-th node, and for each complex scalar in 
the bifundamental of SU(Ndi ) × SU(Ndj ), Mi

j in total, corresponds an undirectedline
between the i-th node and the j-th node
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Interactions. Gauge fields interact according to gauge coupling which, combined with 
corresponding theta angle for i th group, is writable as 

where�Wis complex parameter (independent i) and |�' | = order�' .

Yukawa interactions. Triangles in quiver. Two directed fermion sides and an undirected
scalar side. 

in which dabc is ascertainable as Clebsch-Gordan coefficient from product of trivial rep-
resentaionsoccurringrespectivelyin(4�ƒRiÄR *j ),(6�ƒRj�ƒRk*)and(4�ƒRk,�ƒRi*).

scalar interactions. Quadrilaterals in quiver. Four undirected sides. TheQuartic
coupling computable analagously to above. 

Conformality. To leading order in 1/N all such theories are confromal[8, 9]. 

Are they conformal for higher orders? 

YES, for N = 2. All such N = 2 theories are obtainable. 

YES, for N = 1: non-renormalization theorems ensure flat direction(s). 

UNKNOWN for N = 0. 

Conformality for N = 0. We can offer a plausibility argument for a conformal S fixed 
point. If only one independent coupling occurs then the S-duality of the progenitor 
Type IIB superstring implies g�m��1/g symmetry. If the next to leading order in 1/N
is asymptotically free then IR flow increases g. Therefore for large g IR flow decreases 
g. Hence�Eg = 0 for some intermediate g.

Applications of Conformality to Particle Phenomenology.

It is assumed that the Lagrangian is nearly conformal. That is, it is the soft-breaking
of a conformal theory. 

The soft breaking terms would involve quadratic and cubic scalar terms, and fermion 
mass terms. In the quiver diagram, these correspond respectively to 2-gons and triangles 
with undirected edges, and 2-gons with compatibly directed edges. 

S=S0+ �°�DabTr �<1
a

j * �<b
ji * + �D2

cdT r �)
c
1 j *�)

d
j i *
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Depending on the sign of the scalar mass term the conformal breaking could ind 
gauge symmetry breaking. 

Consider a gauge subgroup SU(Ndi) x SU(Ndj) and suppose that < �) ij * >�x0
Assume for simplicity that di = dj = d. Then the VEV can be represented by a Squ 
matrix with diagonal entries. The symmetry breaking depends on the eigenvalues. 
there are two equal eigenvalues and the rest zero we get:

SU(Nd) x SU(Nd) +

SU(2)diagonal x U(1) x SU(Nd – 2) x SU(Nd – 2)

With more such VEVs and various alignments thereof a rich pattern of gauge symme 
breakings can emerge. 

GENERAL PREDICTIONS. 

Consider embedding the standard model gauge group according to: 

Each gauge group of the SM can lie entirely in aSU(Ndi) or in a diagonal subgroup
of a number thereof. 

Only bifundamentals (including adjoints) are possible. This implies no (8, 2), etc. A 
conformality restriction which is new and satisfied in Nature! 

No U(1) factor can be conformal and so hypercharge is quantized through its incorpo-
ration in a non-abelian gauge group. This is the “conformality” equivalent to the GUT 
charge quantization condition in e.g.SU(5)!

Beyond these general consistencies, there are predictions of new particles necessary to
render the theory conformal. 

The minimal extra particle content comes from putting each SM gauge group in one 
SU(Ndi). Diagonal subgroup embeddingincreasesnumber of additionalstates.

Number of fundamentals plusNdi times the adjoints is 4Ndi. Number N3 of color 
triplets and N8 of color octets satisfies: 

N3 +3N8 >_ 4 × 3 = 12

Since the SM has N3 = 6 we predict: 

�' N3 + 3N8 >_  6

17



The additional states are at TeV if conformality solves hierarchy. Similarly for color 
scalars:

The same exercise forSU(2) gives�' N2 + 4N3 > 4 and�$M2 + 2M3 >_  11 respectively.

FURTHER PREDICTIONS 

Yukawa and Quartic interactions are untouched by soft-breaking terms. These are 
therefore completely determined by the IR fixed point parameters. So a rich structure 
for flavor is dictated by conformal invariance. This is to be compared with the MSSM 
(or SM) where the Yukawa couplings are free parameters. 

GAUGE COUPLING UNIFICATION 

Above the TeV scale couplings will not run. The couplings are nevertheless related, 
and not necessarily equal at the conformal scale. 

For example, with equalSU(Nd) couplings embedSU(3), SU(2), andU(1) diagonally
into 1, 3, 6 such groups respectively to obtain proximity to the correct ratios of the 
low-energy SM gauge couplings. 

Some illustrative examples of model building using conformality: 

We need to specify an embedding�' �‹ SU(4).

ConsiderZ2. It embeds as (–1, –1, –1, –1) which is real and so leads to a non-chiral
model.

Z3. One choice is 4 = ( �D�����D�����D����1) which maintains N=1 supersymmetry. Otherwise 
we may choose 4=( �D�����D�����D�������D���� but this is real. 

Z4. The only N = 0 complex embedding is 4=( i, i, i, i ). The quiver is as shown on 
the next transparency with the SU(N)4 gauge groups at the corners, the fermions on 
the edges and the scalars on the diagonals. The scalar content is too tight to break to 
the SM. 

Naming the nodes 0, 1, 2, 3, 4 we identify 0 with color and the diagonal subgroups 
(1,3) and (2,4) with weak and hypercolor respectively. There are then three families in 

and one anti-family.

We suppose that the soft conformal breaking excludes a mass term marrying the third 
family to its mirror. 
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There are sufficient scalars to break to the SM with three families. 

This is an existence proof. 

Simplest three family model has N = 1 supersymmetry. 

Fermions and scalars are: 

Find:

for all threeSU(3) factors in supersymmetric trinification.

NON-ABELIAN ORBIFOLDS 

We consider all non-abelian discrete groups up to order g < 32. There are exactly 
45 such groups. Because the gauge group arrived at is�ƒ��i SU(Ndi ) we can arrive at
SU(4) × SU(2) ×SU(2) by choosingN = 2.

To obtain chiral fermions one must have4�x4* This is not quite sufficient because
for N = 2, if 4 is complex but pseudoreal, the fermions are still non-chiral [6].

This last requirement eliminates many of the 45 candidate groups. For example 
Q2n �‹��SU(2) has irreps ofappropriate dimensions but cannot sustain chiral fermions.
because these irreps are , likeSU(2), pseudoreal.

This leaves 19 possible non-abelian R with g _< 31, the lowest order beingg = 16.
This gives only two families. 

The smallest group which allows three chiral familes has orderg = 24 so we now
describe this model. 

Using onlyDN, Q2N, SN and T

������



(T = tetrahedral S4/Z2) one already finds 32 of the 45 non-abelian discrete groups 
with g _< 31:

The remaining 13 of the 45 non-abelian discrete groups withg _< 31 are twisted prod-
ucts:

Successfulg = 24 model is based on the group�* = Z3, �sQ.
The fifteen irreps of �* are

1, l', l", 1'" 2,

1�D��1'�D��1"�D��1'"�D�� ���D��
���D–1 1'�D��1 1"�D–1 1'"

The same model occurs for�* = Z3 �sD4. The multiplication table is shown below.

, , , �A–1,2�A–1
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etc.

The general embedding of the required type can be written: 

4 = �����Da1, 1'�Da2 2�Da3)

The requirement that the6 is real dictates that

a1 + a2 = –2a3

It is therefore sufficient to consider forN = 0 no surviving supersymmetry only
the choice: 

4 = ( 1�D��1', 2�D)

It remains to derive the chiral fermions and the complex scalars using the proce-
dures already discussed (quiver diagrams). 

D4 �sZ3 MODEL.

VEVs for these scalars allow to break to the 
following diagonal subgroups as the only 
surviving gauge symmetries: 

SU(2)1,2,3 �m SU(2)

SU(2)5,6,7 �m SU(2)

SU(4)1,2 �m SU(4)

This spontaneous symmetry breaking leaves the Pati-Salam type model: 

SU(4) × SU(2) × SU(2)

with three chiral fermion generations 

3 [( 4, 2, 2) + ( 4 2, 2)] 
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Towards the Cosmological Constant. 

INCLUSION OF GRAVITY.

The CFT arrived at is in a flat spacetime background which does not contain gravity. 

One way to introduce the four-dimensional graviton introduces an extra spacetime di-
mension and truncates the range of the fifth dimension. The four-dimensional graviton
then appears by compactification of the higher-dimensional graviton, as is certainly the 
path suggested by the superstring. 

Although conformality solves the hierarchy between the weak scale and the GUT scale, 
the hierarchy existing in non-string theory without gravity, it is clear that classical grav-
ity violates conformal invariance because of its dimensional Newton coupling constant. 
The inclusion of gravity in the conformality scheme most likely involves a change in the
spacetime at the Planck scale; one possibility being explored is noncommutative space-
time coordinates [18]. Another even more radical idea is the one already mentioned to 
invoke [19] at TeV scales an extra spacetime coordinate.

SUMMARY.

Conformality is seen to be a rigid organizing principle. Many embeddings remain to be 
studied. Soft breaking of conformal symmetry deserves further study, as does the even 
more appealing case of spontaneous breaking of conformal symmetry. 

The latter could entail flat directions even in the absence of supersymmetry and if this 
is really possible one would need to invoke a symmetry different from supersymmetry 
to generate the flat direction. 

This would lead naturally to an explanation of the vanishing cosmological constant 
different from any where a fifth spacetime dimension is invoked [20, 21].

New particles await discovery at the TeV scale if the conformality idea is valid. 
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ETERNAL INFLATION AND THE PRESENT UNIVERSE

Alexander Vilenkin 

Department of Physics and Astronomy, 
Tufts University, Medford, MA 02155 

INTRODUCTION

I am going to discuss the structure of the universe on super-large scales, so large 
that we are never going to observe them. I shall argue, however, that this analysis may 
help us understand some features of the universe within the observable range. This is 
based on the work done with my student Vitaly Vanchurin at Tufts arid with Serge 
Winitzki at Cambridge University. 

Let me begin with a brief introduction to eternal inflation. As we know, inflation 
is a nearly exponential expansion of the universe, 

(1)
a(t) ˜̃ e Ht ,

which is driven by the potential energy of a scalar field W, called the inflaton. a(t) in 
Eq.(1) is the scale factor and the expansion rate H is determined by the inflaton poten-
tial V(�J). Inflation ends when�I starts oscillating about the minimum of the potential.
Its energy is then dumped into relativistic particles and is quickly thermalized.

A remarkable feature of inflation is that generically it never ends completely. At 
any time, there are parts of the universe that are still inflating 1,2. The reason is that 
the evolution of�Jis influenced by quantum fluctuations. This applies in particular
to the range of�Jnear the maximum of V(�J), where the potential is very flat. As a
result, thermalization does not occur everywhere at the same time. We can introduce
a decay constant�' such that t = 1/�* is the characteristic time it takes�J to get from
the maximum to the minimum of the potential. Then the total inflating volume in the
universe is proportional to 

The first factor on the right-hand side describes the exponential decay of the inflating 
volume due to thermalization, while the second factor describes the exponential ex-
pansion of the regions which still continue to inflate. For flat potentials required for
successful inflation, we typically have�'�� << 3H, so that Vinf grows exponentially with
time. The thermalized volume grows at the rate dVtherm /dt = �*dVinf /dt and thus
Vtherm also grows exponentially. 

Different thermalized regions in such eternally inflating universe may have very
different properties. Here are some examples. 

Vinf �ve– �*t e3Ht. (2)
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The potentialV(�J) may have several minima corresponding to vacua with different
physical properties. For example, the values of some constants of Nature (e.g., the
electron mass or the cosmological constant) or cosmological parameters (such as the
amplitude of density fluctuations, the baryon to entropy ratio, etc.) could be different
in the corresponding thermalized regions. A more interesting possibility is that the
“constants” are related to some slowly-varying fields and take values in a continuous
range. For example, the inflaton could be a complex field,�J= �|�J�| exp(ix), with
a potential having the shape of a “deformed Mexican hat” (that is, with somex-
dependence). Then different paths that�Jcan take from the top of the potential to the
bottom will result in different magnitudes of density fluctuations�Gp/p. The amplitude
of the fluctuations will therefore be different in different parts of the universe. Another
example is a fieldx(unrelated to the inflaton) with a self-interaction potential V(x). If
U(x) is a very slowly varying function ofx, then it can act as an effective cosmological
constant. Quantum fluctuations will randomizex during inflation, and observers in
different parts of the universe will measure different values of U(x).

Perhaps the most important example is the spectrum of cosmological density fluc-
tuations. The density fluctuation�G�R/�R(l) is determined by the quantum fluctuation
�G�J( l ) of the inflaton field �J at the time when the corresponding comoving scale 1 crossed
the horizon. Different realizations of quantum fluctuations �G�J( l ) result in different den-
sity fluctuations spectra in widely separated parts of the universe. This uncertainty is
present inall models of inflation.

In all these examples, we have parametersxwhich we cannot possibly predict with
certainty. All we can hope to do is to determine the probability distribution P(x).

An eternally inflating universe is inhabited by a huge number of civilizations that
will measure different values ofx. We can define the probability P(x)dx as being
proportional3 to the number of observers who will measurex in the interval dx. Now,
observers are where galaxies are, and thus P(x)dx is proportional to the number of
galaxies in regions wherex takes values in the interval dx. We can then write

P(x) �vF(x )v(x), (3)

where F(x)dx is the fraction of volume in thermalized regions withx in the interval
dx, and V(x) is the number of galaxies per unit volume (as a function ofx). It is
convenient to consider comoving regions and to measure their volumes at the time of 
thermalization. The calculation ofv(x) is a standard astrophysical problem, and here
I shall focus on the volume factor F( x).

In this discussion I am trying to avoid the word “anthropic”, because it makes
some people very upset, but what I want to emphasize is that the approach I have just 
outlined is as quantitative and predictive as it can possibly be. OnceP(x) is calculated,
we can predict, for example, thatx should have a value in a certain range with 95%
confidence.

The first attempts to implement this approach encountered an unexpected diffi-
culty. It can be traced down to the fact that eternal inflation never ends, and.the
number of galaxies in an eternally inflating universe is infinite at t�m8. In order to
calculate the volume fractionF(x), one therefore has to compare infinities, which is
an inherently ambiguous procedure. One can introduce a time cutoff and include only 
galaxies that formed prior to some timetc, with the limit tc �m 8 at the end. One
finds, however, that the resulting probability distributions are extremely sensitive to 
the choice of the time coordinatet 4, 5. Linde, Linde and Mezhlumian6 attempted to
determine the most probable spectrum of density fluctuations using the proper time
along the worldlines of comoving observers, which they regarded as the most natural
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choice of the time coordinate. They found a probability distribution suggesting that a
typical observer could find herself at a deep minimum of the density field. On the other
hand, if one uses the expansion factor along the worldlines as the time coordinate, one
recovers the standard result7. Coordinates in general relativity are arbitrary labels,
and such gauge-dependence of the results is, of course, an embarrassment.

The rest of the paper is organized as follows. After reviewing the physics of eternal
inflation, I shall discuss the origin of the gauge-dependence problem and its proposed
resolution. Then, as a specific application, I shall analyze the spectrum of density
fluctuations measured by a typical observer. Finally, I shall briefly summarize the
conclusions.

ETERNAL INFLATION

The metric of an inflating universe has a locally Robertson-Walker form,

ds2 = dt2 – a2(t)dx2,

a/a ˜̃ H(W) = [8�SV(�J)/3]½

(4)

with the expansion rate given by

(5)

The potential V(�J) is assumed to be a slowly varying function of W. As a result,H is
a slowly varying function of the coordinates, and we have an approximately de Sitter
space with a horizon distanceH–1. The classical slow-roll evolution equation for W is

Wcl ˜̃ –H'(W)/4�S (6)

Quantum fluctuations of W can be represented as a random walk with random
steps taken independently in separate horizon-size regions, with one step per Hubble
time H–1. The rms magnitude of the steps is

�G�Jrms= (H/2�S). (7)

We do not have a completely satisfactory derivation of this stochastic picture in the 
general case. Its main justification is that it reproduces the results of quantum field 
theory in de Sitter space for a free scalar field of mass m < < H (that is, the two-point
function obtained by averaging a classical stochastic field coincides with the quantum 
two point function). For flat inflaton potentials, the dynamics of�Jshould be close to
that of a free field, so one expects the stochastic picture to apply with a good accuracy. 

Let us define the distribution F (�J, t)d�J as the volume occupied by �J in the interval 
d���J at time t.It satisfies the Fokker-Planck equation1 8, 9, 10, 11, 4

�ut F +�u�JJ = 3H�D F, (8)

(9)
1

8�S2
�J 4�S

where
1J = – ——�u (H�D����F) – – H �D –1H'F.

The first term of the flux J describes quantum "diffusion" of the field �J, while the 
second term corresponds to the classical"drift" described by Eq.(6). The parameterQ
in Eqs.(8),(9) represents the freedom of time parametrization, with the time variablet
related to the proper time�Waccording todt = �+��–�Dd�W��Hence,�D= 1 corresponds to
the proper time,t = �W��and �D= 0 to the scale factor time,t = In a.
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A great deal of research has been done on the properties of the Fokker-Planck
equation (8) and on its solutions. To summarize the conclusions, there are some good
news and some bad news. The good news is that the asymptotic form of the solutions
of (8) is

The overall factor e�Jt drops out in the normalized distribution, and thus one gets a sta-
tionary asymptotic distribution for �J. The bad news is that F(�J) has a strong depen-
dence on a, so that the results are very sensitive to the choice of the time coordinate4.
This very disturbing result lead some authors to doubt that a meaningful definition of
probabilities in an eternally inflating universe is even in principle possible4, 6. We shall
see, however, that these pessimistic conclusions may have been premature.

F(�I, t) ––>F(�I)e �Jt (t � m � d). (10)

THE PROPOSAL

The gauge dependence of the probability distributions obtained using a constant-
time cutoff can be understood as follows. The factorF(x) in Eq.(3) is the probability
distribution of the fieldsx on the thermalization hypersurface�6* which separates in-
flating and thermalized spacetime regions. It is an infinite spacelike surface which plays
the role of the big bang for the thermalized region that lies to its future. Due to the
stochastic nature of inflation, this surface is rather irregular and is in general multiply
connected. The time variablet is usually defined in terms of some geometric or scalar
field variables, and since these variables are subject to significant fluctuations, the cut-
off surface�6c : t = const is also expected to be rather irregular. The intersection with
�6c cuts an infinite number of predominantly small pieces off the surface�6*, and the
distribution F(x) is to be calculated on this population of pieces. A change of the time
variable t results in a deformation of the cutoff surface, accompanied by a substantial
change in the population of the regions of�6* that are being included. The resulting
probability distribution is also substantially modified.

The resolution of the gauge dependence problem that I proposed in Ref.16 is to
calculate the probability distribution forx within a single, connected domain on the
thermalization surface�6* . If the field x varies in a finite range, it will run through
all of its values many times in a sufficiently large volume. We expect, therefore, that
the distributionF(x) will converge rapidly as the volume is increased. It does not
matter which thermalized domain we choose to calculate probabilities: all domains are
statistically equivalent, due to the stochastic nature of quantum fluctuations in eternal
inflation. This is a very simple prescription, and I am a bit embarrassed that I did not,
think of it earlier, having thought about this problem for a number of years.

With this prescription, the volume distribution F(x) can be calculated directly
from numerical simulations, and we have done that in Ref.13. In some cases an ana-
lytic calculation is also possible. Suppose, for example, that the potential V(�J,x) is
essentially independent of x for �|�J�| < �J0, where W0 is in the deterministic slow-roll
range, where quantum fluctuations of f and x can be neglected compared to the clas-
sical drift. Then, the evolution of �J at �J > j0 is monotonic, and a natural choice 
of the time variable in this range ist = �J. The probability distribution forX on the
constant-”time” surface �J = �J0 is 

F 0,(x) = F(�J0, x) = const. (11)

since all values of xare equally probable at �J��< �J0. We are interested in the probability 
distribution on the thermalization surface, F(x) = F (�J*, x), where �J��* is the value of‘ 
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�J at thermalization. This is given by 16

(12)

Here,xo is the value of x at �J = �J0 that classically evolves into x at �J* , N(x0)
is the number of e-foldings along this classical path, exp(3N) is the corresponding
enhancement of the volume, and the last factor is the Jacobian transforming fromXo
to x. In many interesting cases,x does not change much during the slow roll. Then,

F(x)� � � texp[3N(x)]. (13)

In a more general case, when the diffusion of x is not negligible at �J> �J0, the 
distributionF(x) can be found by solving the Fokker-Planck equation witht = W in
the range �J0 < �J < �J* and with the initial condition (11). The corresponding form of 

(14)

We have solved this equation with the same parameters that we used in numerical sim-
ulations and compared the resulting probability distribution F(x) with the distribution
obtained directly from the simulations. We found very good agreement between the 
two (see Ref.13 for details). 

DENSITY FLUCTUATIONS 

As a specific application of the proposed approach, let us consider the spectrum
of density perturbations in the standard model of inflation with a single field W. The 
perturbations are determined by quantum fluctuations �D�J; they are introduced on each 
comoving scale at the time when that scale crosses the horizon and have a gauge-
invariant amplitude 7

�G���R/�R= 8 �SH �G�J/ H1, (15)

(�D�R/�R)rms = 4H2 /�|H1�|. (16)

whereH1 = dH/d�J. With an rms fluctuation ( �G�J)rms= H/ ���S��this gives 

Fluctuations of�Jon different length scales are statistically independent and can be
treated separately. We can therefore concentrate on a single scale corresponding to
some value �J = �J0, disregarding all of the rest. 

On the equal-”time” surface �J = �J0, the fluctuations �D���J��can be regarded as random 
Gaussian variables with adistribution

(17)

whereH0 = H (W0). We are interested in th distribution F(dj)on the terminalization
surface�J = �J*. This will be different from F 0 if there is some correlation between �D�J
and the amount of inflationary expansion in the period between �J0 and �J*. In fact, 
there is such a correlation. If �J fluctuates in the direction opposite to the classical 
roll, then inflation is prolonged and the expansion factor is increased. Otherwise, it is 
decreased, and we can write 

F( �G�J) �v F 0 ( �G���J) exp(3H0 �Gt), (18)
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the equation was derived in Ref.13

F0(�D�J)�t exp[_ ___2�P2
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0

(�D�J)2] ,��



where
�Gt = -(4�S/H1

0)�G�J (19)
is the time delay of the slow roll due to the fluctuation���D�J.

Combining Eqs.(17)-(19), we obtain 16

(20)

which describes Gaussian fluctuations with a nonzero mean value, 

�G�J = 3 H3
0 / �SH10. (21)

This is different from the standard approach7 which disregards the volume enhancement

(22)

factor and uses the distribution (17). The effect, however, is hopelessly small. Indeed,

We thus see that the standard results remain essentially unchanged. 

CONCLUSIONS

Eternally inflating universes can contain thermalized regions with different values
of the cosmological parameters, which we have denoted generically byx. We cannot
then predictx with certainty and can only find the probability distribution P(x). Until
recently] it was thought that calculation ofP inevitably involves comparing infinite
volumes, and therefore leads to ambiguities. My proposal is to calculateP in a single
thermalized domain. The choice of the domain is unimportant, since all thermalized 
domains are statistically equivalent. This apprach gives unambiguous results. When 
applied to the spectrum of density fluctuations, it recovers the standard results with a
small correctionO( 10–5).

It should be noted that this approach cannot be applied to models wherex is a
discrete variable which takes different values in different thermalized regions, but is 
homogeneous within each region. One can take this as indicating that no probability 
distribution for a discrete variable can be meaningfully defined in an eternally inflating 
universe. Alternatively] one could try to introduce some other cutoff prescription to 
be applied specifically in the case of a discrete variable. Some possibilities have been 
discussed in Refs.17, 18. This issue requires further investigation. 
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Abstract

Observations and models of galactic and extragalactic magnetic fields lead to the con-
clusion that monopoles of mass <

˜
1015 GeV are accelerated in these fields to relativistic

velocities. We explore the possible signatures of a cosmic flux of relativistic monopoles 
impinging on the earth. 

INTRODUCTION

We discuss the possibility that light magnetic monopoles are cosmic ray primaries. 
The inferred strength and coherence size of existing extragalactic magnetic fields suggest 
that any monopole with a mass near or less than 1015 GeV would have been accelerated
in magnetic fields to relativisitic velocities. On striking matter, such as the Earth's 
atmosphere, these relativistic monopoles will generate a particle cascade. Here we 
investigate the shower signatures of relativistic magnetic monopoles. 

The monopole flux is limited only by Parker's upper bound Fp˜ 10–15/cm2/s/sr
[1] , which results from requiring that monopoles not short–circuit our Galactic magnetic 
fields faster than their dynamo can regenerate them. Since the Parker bound is several 
orders of magnitude above the observed highest–energy cosmic ray flux, existing cosmic 
ray detectors can meaningfully search for a monopole flux. 

Because of their mass and integrity, a single monopole primary will continuously 
induce air-showers, in contrast to nucleon and photon primaries which transfer nearly 
all of their energy at shower initiation. Thus we expect the monopole shower to be read-
ily distinguished from non–monopole initiated showers. However, we also investigate 
the possibility that the hadronic interaction of the monopole is sufficiently strong to 
produce air–showers with dE/dx comparable to that from nuclear primaries, in which 
case existing data would already imply a meaningful limit on the monopole flux. One 
may even speculate that monopoles with a large dE/dx have been observed, as the pri-
maries producing the enigmatic showers above the GZK cutoff at~5 x 1019 eV [2, 3].
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MONOPOLES IN MAGNETIC FIELDS 

The number density and therefore the flux of monopoles emerging from a phase 
transition are determined by the Kibble mechanism [4], where at the time of the phase 
transition, roughly one monopole or antimonopole is produced per correlated volume. 
The resulting monopole number density today is 

nM ~ 10–19 (Tc/1011GeV)3(lH/ �[c)3 cm–3 (1)
where�[c is the phase transition correlation length, bounded from above by the horizon 
size lH at the time when the system relaxes to the true broken-symmetry vacuum. 
The correlation length may be comparable to the horizon size (second order or weakly 
first order phase transition) or considerably smaller than the horizon size (strongly first 
order transition). 

To avoid overclosing the universe, the monopole mass density today, relative to 
the closure value, is 

�: M ~ 0.1 (M/1013GeV)4(lH/�[c)3. (2)
Hence, monopoles less massive than ~1013(�[c/lH)3/4 GeV are allowed. Requiring that
the Kibble flux be less than the Parker limitF = FP < 10–15/cm2/sec/sr, one derives
a combined mass bound [3] 

M <
˜

1011(�[c/lH) GeV (3)
which is stronger than the curvature constraint by about two orders of magnitude. 

The general expression for the relativistic monopole flux may be written [3] 

(4)

The energy–density constraint for relativistic monopoles is stronger than that for non-
relativistic monopoles,

____
(5)

� EM�¯ FM
�: RM~( mpl

) ( Fp
___ ) ,

wheremP1 is the Plank mass. This shows that a Kibble monopole flux respecting the 
Parker limit cannot overcurve the universe, regardless of the nature of the monopole-
creating phase transition (parameterized by �[c/lH), as long as (EM) <

˜ mPl.
Although minimal SU(5) breaking gives monopoles of mass ˜ 10 17 GeV, there are 

ample theoretical possibilities for producing monopoles with mass <
˜ 1015 GeV and the 

possibility of strong interaction cross-sections that avoid proton decay [5,6,7,8]. Based 
on the Kibble mechanism for monopole production, bounds on the universe's curvature 
constrain the monopole mass to less than 1013 GeV, while a comparison of the Kibble
flux to the Parker limit constrains the monopole mass to less than 1011 GeV. However, 
we note that in higher dimensional cosmologies, the Kibble flux given in eq. (4) may 
be altered. If the Kibble flux estimate is changed, then the straightforward Parker 
upper limit Fp_< 10–15/cm2/sec/sr becomes the only reliable bound on the monopole
flux. Thus, in the spirit of generality, we will let M be a free parameter and use the 
Kibble mechanism as a rough guide to FM. We will, of course, require that FM obey
the Parker limit. We also will assume that proton decay is avoided in a way that does 
not restrict the parameter M.
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Monopole Structure 

Monopoles are topological defects with a non-trivial internal structure; the core 
of the monopole is a region of restored unified symmetry. Monopoles are classified [4] 
by their topological winding, but for the case of GUT monopoles this classification 
is too coarse. In an SU(5) GUT the fundamental minimally-charged monopole is 
six-fold degenerate. For an appropriate Higgs potential there are four other types of 
stable bound states formed from the fundamental monopoles [9, 10]. In this work we 
need to distinguish between those monopoles with color-magnetic charge and those 
with only ordinary ( UEM(1)) magnetic charge. Thus, we adopt the nomenclature “q–
monopoles” for those monopoles with color-magnetic charge and “ l–monopoles” for 
those with only the ordinary magnetic charge. The possible confinement of magnetic 
monopoles has recently been considered [11] via the formation of Z3 color-magnetic
“strings.” If such a mechanism was realized one result could be the formation of color-
singlet “baryonic–monopoles.” The fusion of three differently colored strings produces 
a baryon–like composite of fundamental GUT monopoles. The internal structure of a 
baryonic–monopole would approximate that of an ordinary baryon in the QCD string
model, but with q-monopoles in the place of quarks. Thus, the baryonic-monopole
structure is quite different from a single l–monopoleand, as such, we expect it to have 
a very different cross-section and cosmic ray shower profile. 

Monopole Acceleration 

The kinetic energy imparted to a magnetic monopole on traversing a magnetic
field is [3]

�˜�m

EK = gB 1c �[ . dv, (6) 

where

�˜

��

�m

is the Dirac magnetic charge, B is the magnetic field strength, �[ specifies the field’s 
coherence length and direction,C is the curve describing the monopole path, anddv
is the direction of the monopole velocity at a given point along the path. Galactic 
magnetic fields and magnetic fields in extragalactic sheets and galactic clusters range
from about 0.1 to 100µG, while their coherence lengths range from 10–4 to about 30Mpc
[12, 13]. These fields can accelerate a monopole from rest to the energy range 2 x 1020

to 5 × 1023 eV. Monopoles that random walk N steps through a set of domains are
expected to pick up an additional factor of their energy. For extragalactic sheets,
which we expect to dominate the spectrum, this number can be roughly estimated to 
be of order N ˜ H0

–1 /50Mpc ~ 100, and so Emax ˜ eV. Hence, monopoles
with mass below ˜ 1015 GeV are relativistic. The rest of this talk is devoted to the
novel phenomenology of relativistic monopoles. As a prelude to calculating monopole
signatures in various detectors, we turn to a discussion of the interactions of monopoles 
with matter.

1025

g = e/2�D= 3.3 x 10–8 esu (or 3.3x 10–8dynes/G) (7)

RELATIVISTIC MONOPOLE ENERGY LOSS IN MATTER 

Regardless of the interaction, the fact that the monopole is conserved in each 
interaction, due to its topological stability, argues for kinematics rather different from 
those applying to nucleon or photon primaries. The differing kinematics in turn argues 
for differing signatures. However, our explorations of possible strong interactions will 
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include a model where q-monopolesare excited and their hadronic cross–section grows 
after impact, so that the energy transfer is large enough to stop the monopole very 
quickly. In this model, the monopole’s hadronic signature may be similar to that from 
a nucleon. 

Color confinement 
ensures that all monopoles are color singlet objects, and so have no classical long–range 
color–magnetic field. However, we expectl-monopolesand q-monopoles to have very
different hadronic interactions. Althoughl-monopoleslack a color–magnetic charge,
the unbroken symmetry in their core ensures that gluon and light quark fields will leak 
out from the center to the confinement distance�,

–1
QCD ˜ fm.

We will resume the discussion of the monopole’s hadronic interaction with matter

1_
4�A

after first discussing in some detail their better–understood electromagnetic interac-
tions. The electromagnetic interaction of the monopole may dominate the hadronic 
interaction because the electromagnetic coupling of the monopole is large, �DM = g2 =

~_ 34 and mediated by a long-range field. At large distances and high veloci-
ties, the magnetic monopole mimics the electromagnetic interaction of a heavy ion of 
chargeZ ˜ –̃ 68. We will view the monopole as a classical source of radiation, 
while treating the matter-radiation interaction quantum mechanically. In this way, the 
large electromagnetic coupling of the monopole is isolated in the classical field, and the 
matter–radiation interaction can be calculated perturbatively.

1_
2

�A

Electromagnetic Interactions 

The strong interaction of a monopole is difficult to assess. 

We consider here the energy losses of the monopole due to the three electromagnetic 
processes: collisions (ionization of atoms),e+e– pair production, and bremsstrahlung.
It will turn out that Bethe–Heitler pair production will be the dominant mechanism for 
the growth of the total shower electron numberNe, which in turn is the source generat-
ing the Cherenkov and radio wave signatures. On the other hand, the bremsstrahlung 
process will be the major energy loss mechanism and so is the main contributor to the
nitrogen fluorescence signature. 

The monopole-matter electromagnetic interaction for �J< 100 is well reported in 
the literature [14, 151. Previous works include atomic excitations and ionization losses 
with electrons in the absorber. The density suppression effect is also included. These 
effects are collectively referred to as “collisional” energy losses. 

For �J > 100 the expression for collisional energy losses needs to be modified 
[16, 17], and QED effects like primary particle bremsstrahlung and electron-positron 
pair production can become operative. As we are interested in the energy loss of 
ultrarelativistic monopoles in matter, we will need to consider these processes. Here 
we only have space to collect the results. See [15] and [17] for more details. 

(8)

(9)

Ne is the electron number density of the absorber, I is the mean ionization energy of 
the medium, and �Gis the density effect; 

(10)

where
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where Z is the atomic number of the atoms comprising the absorber; 

and the energy loss for baryonic-monopoles can be approximated as 

(11)

(12)

wherel(x) = 1 for l-monopoles, but forq-monopolesthe strong cross-section�V(x) =
l(x) shad is explicitly a function of column depthx.

Monopole Electromagnetic Signatures 

Signature events forl-monopolesare discussed with a specific emphasis on 1)
the general shower development, 2) Cherenkov signatures, and 3) earth tomography 
with relativistic l-monopoles. The general shower characteristics are developed first,
as the other signatures are derivable from that model. The I-monopoles will be highly 
penetrating primaries, interacting mostly via the electromagnetic force and all the while 
maintaining their structural integrity. On average, there will be a quasi-steady cloud 
of secondary particles traveling along with the l-monopole. Thus, we will call this type 
of shower “monopole-induced.”

Given a fast monopole passing through matter, the various electromagnetic pro-
cesses can inject energetic photons, electrons, and positrons into the absorbing medium. 
If the energy of these injected secondary particles is sufficient, they may initiate a 
particle cascade. In [17] we review a simple model to describe such a cascade. An 
electromagnetic cascade can be initiated by an electron, positron or photon. In the 
simple model we consider, the photon pair production length is equal to the electron 
(or positron) radiation length. In this model, originally developed by Heitler [18], pho-
ton and electron showers will develop identically. After reaching the shower maximum 
at Xmax the shower size decreases exponentially with column depth. The attenuation
length for the shower decay after Xmax is approximately 200

g—cm2 .
A monopole is highly penetrating and, as such, can initiate many cascades before 

stopping, but the energy injected into the absorber in any single interaction must be 
greater than Ec for a subshower to develop. This restricts the inelasticity to h >

˜
–̃

10–12 , for monopole–matter interactions which can develop subshowers and 
contribute to the quasi–steady cloud of secondary particles traveling with the monopole. 
Lower inelasticity events will contribute directly to ionization without intermediate 
particle production. For shower development the main process is pair production. For 
a monopole of boost factor 105 < �J< 107 the shower size will be ˜ 105±1 particles.

It is surprising, and may seem counter-intuitive, that the shower profile changes 
very little while the monopole passes through a medium boundary. For example, in 
traveling from the earth’s mantle into air the shower size is reduced by ˜ 30% while 
the density decreases by ˜ 10–4. In a more dense medium there are more interactions 
per unit path-length but the subshowers range out more quickly. Thus, the monopole-
induced quasi-steady shower is mostly fixed by the properties of the monopole and only 
weakly determined by the absorber medium. 
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The lateral profile is approximately uniform out to a lateral cutoff given by the 
Molière radius 

(13)

As defined, the Molière radius is independent of the incident monopole energy, being 
determined only by the spread of low energy particles resulting from multiple Coulomb 
scattering. Within a distanceRM of the monopole path will be~ 90% of the shower
particles [19]. 

Monopole Cherenkov Signatures 

When a charge travels through a medium with index of refraction n, at a velocity 
�E> Cherenkov radiation is emitted. The total power emitted in Cherenkov radiation 
per unit frequencyv and per unit lengthl by a chargeZe is given by the Frank-Tamm
formula

(14)

The maximal emission of the Cherenkov light occurs at an angle�Qmax=arccos(
where�Qis measured from the radiating particle’s direction. Magnetic monopoles radiate
Cherenkov light directly [20] for �EM > where Z2 is replaced with – ˜ 4700 for 
minimally charged monopoles. Cherenkov light from an electric charge source is linearly
polarized in the plane containing the path of the source and the direction of observation. 
However, the polarization of Cherenkov light from a magnetic charge will be rotated 
90 degrees from that of an electric charge. This rotated polarization in principle offers 
a unique Cherenkov signature for monopoles [21]. 

The monopole-induced shower also contributes to the Cherenkov signal. In par-
ticular, an electric charge excess (of roughly 20% the shower size) will emit coherent 
Cherenkov for wavelengths �O>> RM. For coherent Cherenkov the Z2 factor will be 
large: 108 <

˜ Z2 <
˜ 1010. The proposed RICE array may be sensitive to such a monopole 

signature.

Earth Tomography with Relativistic Monopoles 

2

Direct knowledge about the composition and density of the Earth’s interior is 
lacking. Analysis of the seismic data is currently the best source of information about 
the Earth’s internal properties [22, 23]. However, another potential probe would be the 
study of highly penetrating particles which could pass through the Earth’s interior and 
interact differently depending upon the composition and density of material traversed. 
Thus, it may be possible to directly measure the density profile of the Earth’s interior 
[24]. Over a significant range of masses and initial energies, monopoles can pass through 
a large portion of the Earth’s interior and emerge with relativistic velocities. 

Upgoing Monopole-Induced Shower 

An upgoing monopole-induced shower will be created along the path followed by 
an upgoing monopole. When a monopole passes through a medium boundary the 
shower size will change to reflect the shower regeneration rate of the new medium. The 
nitrogen fluorescence signal for upgoing monopoles is too weak to be measured, but 
Cherenkov light may be an observable signal. The future OWL/Airwatch experiment 
may be able to see such an event. Radio–Cherenkov emission from the moon may also 
be observable. An attempt to infer the high energy neutrino flux incident on the moon 
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by detecting the associated radio emission from showers in the lunar regolith has been 
undertaken recently [25]. Monopoles should penetrate the moon and emit sufficient 
power in radio–Cherenkov to be observable by the same means. 

Baryonic–Monopole Air Showers 

The natural acceleration of monopoles to energies above the GZK cutoff at EGZK˜5 x 1019 eV, and the allowed abundance of a monopole flux at the observed super–GZK 
event rate motivates us to ask whether monopoles may contribute to the super–GZK 
events. As a proof of principle, we have studied a simple model of a baryonic–monopole 
interaction in air which produces a shower similar to that arising from a proton primary. 
To mimic a proton-induced shower the monopole must transfer nearly all of its energy 
to the shower in a very small distance. The large inertia of a massive monopole makes 
this impossible if the cross-section is typically strong, ˜ 100 mb [26]. The cross–section 
we seek needs to be much larger. 

We model our arguments on those of [11] where threeq-monopolesare confined

�,� , � ,

by Z3 strings of color-magnetic flux to form a color-singlet baryonic monopole. We 
further assume that 1) the cross–section for the interaction of the baryonic-monopole
with a nucleus is geometric; in it's unstretched state (before hitting the atmosphere)
the monopole's cross-section is roughly hadronic, �V0 ˜

–2 (where = QCD); 2)
each interaction between the monopole and an air nucleus transfers an O( 1) fraction
of the exchanged energy into stretching the chromomagnetic strings of the monopole; 
3) the chromomagnetic strings can only be broken with the formation of a monopole-
antimonopole pair, a process which is highly suppressed and therefore ignored; other 
possible relaxation processes of the stretched string are assumed to be negligible [27]; 
4) the energy transfer per interaction is soft, �K˜ The color-magnetic strings 
have a string tension µ – ˜ �,2. Therefore, whenO(1) of the energy transfer (�G�,)
stretches the color-magneticstrings (assumption 2), the length L ~�,–1 increases by
�GL = dE/µ, so that the fractional increase in length is�GL/L = �J��Consequently, the
geometrical cross-section grows� v � Jafter each interaction.

Already after the first interaction, the cross-section is sufficiently large to shrink 
the subsequent interaction length to a small fraction of the depth of the first interaction. 
Thus,O( 1) of the monopole energy is transferred to the air nuclei over a short distance, 
just as in a hadron-initiated shower. A quantitative analysis yields the total distance 
traveled between the first interaction and the ( �K–1)th interaction is 

(15)

Thus, the stretchable chromomagnetic strings of the baryonic monopole provide an 
example of a very massive monopole which nevertheless transfers O(1) of its relativistic 
energy to an air shower over a very short distance. This baryonic monopole is therefore 
similar to the air–shower signature of a primary nucleon or nucleus in this respect. 
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VERTEX OPERATORS FOR 
STRINGS ON ANTI-DE SITTER SPACE 

L. Dolan 

Department of Physics, University of North Carolina 

Chapel Hill, North Carolina 27599-3255, USA 

INTRODUCTION

M-theory and Type IIB string theory on anti-de Sitter (AdS) space is conjectured 

to be dual to a conformal field theory on the boundary of the AdS space. Recent 

formulations[1,2] of the IIB string onAdS5 x S5 may be useful in giving precise data

about the large 't Hooft coupling limit of the four-dimensionalN = 4 super Yang-

Mills, which is conformal and lives on the boundary of AdS5. Earlier[3], a quantizable 

worldsheet action was given for the IIB string on AdS3 x S3 x M with background

Ramond-Ramond flux, whereM is T4 or K3. The vertex operators for this model

can be explicitly computed in the bulk [4]. Correlation functions constructed from 

these vertex operators, restricted to the boundary ofAdS3 will be those of a two-

dimensional space-time conformal field theory. M-theory on eitherAdS4 x S7 or

AdS7 x S4 is dual to either three or six-dimensional conformal field theories, but

these constructions, outside of the supergravity limit, remain elusive. 

In this talk, we describe the difficulties in formulating strings on AdS, and new 

worldsheet variables which theAdS3 vertex operators are expressed in terms of. In

flat space, constraint equations on these vertex operators follow from the physical 

state conditions coming from an N = 4 superconformal algebra. We generalize[4] 

the constraint equations to AdS for the vertex operators for the massless states that 
are independent of the compactification M, and show they are given in terms of 

the D = 6, N = (2,0) supergravity and tensor field multiplets linearized around 
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AdS3 x S3. We work to leading order in�D���� but because of the high degree of
symmetry of the model, we expect our result for the vertex operators to be exact. 

Tree level n-point correlation functions for n >– 4 presumably have �D�� corrections.

COVARIANT WORLD SHEET FIELDS

P-brane solutions with an anti-de Sitter metric include non-zero flux of Ramond-
Ramond (RR) boson fields. In the Ramond-Neveu-Schwarz (RNS) formalism, these 
RR target space fields couple to 2d spin fields in the worldsheet action for strings 

on AdS space. This violates superconformal worldsheet symmetry , since worldsheet 

supercurrents are not local with respect to the spin fields, and makes the worldsheet 
conformal field theory difficult to understand. 

This problem has been overcome in some special cases. The Berkovits-Vafa

formalism for manifest Lorentz covariant and supersymmetric quantization on R6 x M 
uses the following worldsheet fields. The bosonic fields xP(z, z) contain both left- and

right-moving modes. In addition there are left-moving fermi fields �Ta
L (z),pa

L (z) of 

spins 0 and 1, together with ghosts�VL(z), PL(z), and right-moving counterparts of all
these left-moving fields. These variables allow Ramond-Ramond background fields to 

be incorporated without adding spin fields to the worldsheet action as follows: in the 
AdS3 x S3 case, i.e. after adding RR background fields to the worldsheet action, one

can integrate out the p's, so that the model has ordinary conformal fields xp, �Ta, �Ta

(all now with both left- and right-moving components) as well as the ghosts[3].

N = 4 SUPERVIRASORO GENERATORS

The N = 4 superconformal generators withc = 6 are given in flat space by[3]
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CONSTRAINT EQUATIONS FOR VERTEX OPERATORS 

The expansion of the massless vertex operator in terms of the worldsheet fields 
is

In flat space, the constraints from the left and right-moving worldsheet super Virasoro 
algebras are: 

for –1 <– m,n <– 1, with the notation�•a = d/d�Ta, �• a = d/d�Ta, aab = –�Vpab�up. In
flat space, these equations were derived by requiring the vertex operators to satisfy 
the physical state conditions 

whereTn, G±
n , G±

n , Jn, J±
n and corresponding barred generators are the left and right

N = 4 worldsheet superconformal generators. These conditions further imply Vm,n =
0 for m > 1 or n > 1 or m < 1 or n < 1, leaving nine non-zero components. 

In curved space, we modify these equations as follows: 

There is also a spin zero condition constructed from the Laplacian: 
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We derived [4] the curved space equations by deforming the corresponding equations 

for the flat case, which were presented above, by requiring invariance under the 

PSU(2/2) transformations that replace the d = 6 super Poincare transformations 

of flat space. The Lie algebra of the supergroup PSU(2/2) contains six even gen-

erators Kab, �• SO(4) and eight odd generatorsEa, F a. They generate the following 

infinitesmal symmetry transformations of the constraint equations:

LINEARIZED ADS SUPERGRAVITY EQUATIONS 

The AdS supersymmetric constraints imply 

We can gauge fix to zero the vertex operators V–1,1 V1,–1 V0,–1, V–1,0, V–1,–1, and 
therefore they do not correspond to propagating degrees of freedom. Furthermore 

this gauge symmetry can be used both to set to zero the components of V1,1 with no 

�T’s or no �T’s, and to gauge fix all components of V0,1, V1,0, V0,0 that are independent 

of those of V1,1. The physical degrees of freedom are thus described by a superfield

This has the field content of D = 6, N = (2,0) supergravity with one supergravity 

and one tensor multiplet. In flat space, the surviving constraint equations imply that 

the component fields�&are all on shell massless fields, that is�66
m =1 �um�um�) = 0 and

in addition 

where
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The equations of motion for the flat space vertex operator component fields describe 
D = 6, N = (2,0) supergravity expanded around the six-dimensional Minkowski 
metric.

In AdS3 x S3 space there are corresponding gauge transformations which reduce 
the number of degrees of freedom similarly, but the Laplacian must be replaced by

the Ads Laplacian, and the constraints are likewise deformed. We focus on the 

vertex operator V11 that carries the physical degrees of freedom. We show the string 
constraint equations are equivalent to the D = 6, N = (2,0) linearized supergravity 
equations expanded around the AdS3 × S3 metric.

For the bosonic field components of the vertex operators the AdS constraint
equations result in 

We have expanded Gmn = 9mn + bmn + gmnf. The SO(4) Laplacian is 

=
1–
8 �Habcd tab

L tcd
L =

1–
8 �Habcdtab

R tcd
R . In order to compare this with supergravity, we 

need to reexpress the above formulas containing the right- and left-invariant vielbeins
t
ab
L ,tab

R in terms of covariant derivatives Dp on the group manifold. So we write
--

-- -- -- - -

Acting on a scalar,TL = tL andTR = tR, since both just act geometrically. But they
differ in acting on fields that carry spinor or vector indices. For example, on spinor

indices,

For AdS3 × S3 we can write the Riemann tensor and the metric tensor as
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The sigma matrices �Vmabsatisfy the algebra 

in flat space, where �Kmn is the six-dimensional Minkowski metric, and 1 <– a <– 4.
Sigma matrices with lowered indices are defined by�V

m
ab =

1
–
2 �Habcd�Vmcd, although for 

other quantities indices are raised and lowered with �Gab, so we distinguish �Vmab from

�Gac�Gbd�Vmcd . In curved space,�Kmn is replaced by theAdS3 × S3 metric gmn.
-

We then find from the string constraints that the six-dimensional metric field 
grs, the dilaton�I�� and the two-form brs satisfy

This is the curved space version of the flat space zero Laplacian condition �G�3�gpbrs =
�u��p�upgrs = �up�up�I = 0.

Four self-dual tensor and scalar pairs come from the string bispinor fields 
F ++ab , V ab

-- , , A +b
- a , A -a

+b . From the string constraint equations they satisfy 

The last constraints can be written as 

where
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where

so F+-ab and F-+ab satisfy equations similar to those for F++ab.

Independent conditions on the fermion fields are 

We now show that theAdS3 x S3 supersymmetric vertex operator constraint
equations are equivalent to the linearized supergravity equations for the supergravity
multiplet and one tensor multiplet of D = 6, N = (2,0) supergravity expanded 
around theAdS3 x S3 metric and a self-dual three-form. We give the identification
of the string vertex operator components in terms of the supergravity fields. 

We will see that the two-form b mn is a linear combination of all the oscillations 
corresponding to the five self-dual tensor fields and the anti-self-dual tensor field,
including the oscillation with non-vanishing background. In flat space, b mn corre-
sponds to a state in the Neveu-Schwarz sector. In our curved space case, the string 
model describes vertex operators forAdS3 background with Ramond-Ramond flux. 
When matching the vertex operator component fields with the supergravity oscilla-
tions, we find that not only the bispinor V ab

-- (which is a Ramond-Ramond field in 
the flat space case), but also the tensor b mn include supergravity oscillations with 
non-vanishing self-dual background. 

The linearized supergravity equations are given by 

where we have defined Hprs �y g 6
prs + B i gi

prs as a combination of the supergrav-
ity exact forms g6 �y db6,gi �y dbi , since we will equate this with the string field
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strength H = db. We will choose B1 = 2. In zeroeth order, the equations are 
Rrs = – H i H i

s pq .

gi
prs ,g6

prs ,hrs ���Ii , 1 <– i <– 5, (and 2 <– I <– 5) as 

rpq

We define the vertex operator components in terms of the supergravity fields 

which follows from choosing the graviton trace h
�O
�O to satisfy �I1 – h 

�O
�O = –2 CI �I I,

and we have usedHprs = �upbrs + �urbsp + �usbpr.

The combinationsCI �I I and BIgI
prs reflect the SO(4)R symmetry of the D =

6,N = (2,0) theory onAdS3 x S3. We relabelCI = CI++ , BI = BI++ . To define 

the remaining string components in terms of supergravity fields, we consider linearly
independent quantities C I

e �II BI
e gI

prs, l = ++, + –, –+, – – 

Vab is given in terms of the fourth tensor/scalar pair CI_ _ �II , BI__gI
mnp through--

With these field definitions, the string constraint equations for theAdS3 vertex op-

erators reduce to the linearized supergravity equations for the vertex operator field 

components . 

The fermion constraints imply the linearized AdS supergravity equations for 

the gravitinos and spinors, due to the above correspondence for the bosons and the 

supersymmetry of the two theories. 
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Abstract

In 2+1 dimensions, the Chern-Simons Gauge theory of a simple groupG on
a manifold with boundary is known to lead to a WZW theory. When a source 
characterized by the Cartan subalgebra H of G is coupled to the Chern-Simons
theory, the corresponding WZW theory is modified. We study the consequences 
of this modification on the corresponding Kac-Moody and the Virasoro algebras. 
The relevance of this development to the microscopic structure of the AdS3 black
hole is pointed out. 

1 Introduction

It has been known for sometime [l] that, for a simple gauge group G, the Chern-Simons
theory in 2+1 dimensions on a manifold with boundary leads to a WZW theory. It 
is also known [l, 21 that when a source characterized by the Cartan subalgebra H of
G is coupled to the Chern-Simons theory, the corresponding WZW theory is modified. 
The main purpose of this work is to study the structure of Kac-Moody and Virasoro
algebras of the modified theory and compare and contrast them with the corresponding 
algebras in the absence of a source. 

Our initial motivation for studying such algebras was to understand the microscopic 
structure of the AdS3 black hole [3], which is a solution of free Einstein's equations with
a negative cosmological constant. It is well known that the free Einstein theory in 2$1 
dimensions with or without a cosmological constant can be formulated as a free Chern 
Simons theory [4, 51 which has at most a small number of degrees freedom. To account 
for the degrees of freedom which are responsible for the black hole entropy, a number 
of interesting suggestions have been made. In one way or another, these suggestions 
make use of a conformal field theory on some boundary. In one of these [6], use is made 
of the asymptotic behavior of the black hole solution [7] to obtain a conformal field 
theory at infinite boundary. In this case, one does not directly count the states but 
makes use of a formula due to Cardy [8] for the asymptotic density of states. In another 
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approach [9, 10], Chern-Simons theory is studied on a manifold with boundary, where 
the boundary is identified with an apparent horizon. One advantage of this approach 
is that one can directly count the states. But the central charge of the corresponding 
conformal field theory is different from the previous case, and the role and the location 
of the apparent horizon boundary is not well understood. 

A third possibility is to consider a Chern-Simons theory coupled to source on a 
manifold with boundary. The motivation for adding a source is the requirement that
all the information concerning the black hole, e.g., its discrete identification group, be 
encoded in the Chern-Simons theory. It is easy to demonstrate that the free Chern-
Simons theory is not sufficient for this purpose [12, 13, 11], so that the inclusion of the 
source is essential. This brings us back to the primary motivation underlying the present 
work. In section 2, we review some known results on free Chern-Simons theory on a 
manifold with boundary and the corresponding WZW theory. In section 3, we study 
how this WZW theory is modified in the presence of a source. In particular, we point 
out that the resulting conformal field theory has a twisted Kac-Moody algebra. Finally, 
the implications of this result for the entropy of the AdS3 black hole are discussed in
section 4. 

2 Chern-Simons Action and Boundary Effects
For a simple or a semi-simple group, the Chern Simons action has the form 

(1)

A = Aµdxµ (2)

Ics =
1–
4�STr �°MA^(dA+

2–
3  A^A)

where Tr stands for trace and 

We require the 2+1 dimensional manifold M to have the topologyR x �3, with �3a two-
manifold andR representing the time-like coordinate x0. Moreover, in accord with
Mach’s principle, we take the topology of�3to be trivial in the absence of sources, with
the possible exception of a boundary. Then, subject to the constraints 

(3)
1

Fb[A]= -8,AP+ebcdAfciAdj)=0

0

the Chern-Simons action for a simple groupG will take the form

Ics =
k__
2�P�° (4)

wherei, j = 1,2.
Up to this point, our analysis is independent of whether the manifoldM does

or does not have a boundary. Let us now assume that the two dimensional surface
�3��has the topology of a disc. The main advantage of this approach is that it is not
necessary to identify this boundary with a specific physical boundary such as a horizon. 
The manifoldM is still a topological manifold without a metric, and the topological
features of the Chern-Simons theory is maintained. Moreover, since there is no notion 
of a distance inM, any physics which can be extracted from the Chern-Simons theory
on such a manifold, must be independent of thesizeof the disc and hence of the location
of the boundary relative to some internal features such as a source. 

From our point of view, a Chern-Simons theory on a manifold with boundary must 
have the correct information encoded in it so that it can describe a physical system of 
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They can be solved exactly by the ansatz [l, 2] 

We thus obtain an infinite number of conserved currents: 

interest. So, the topology of the manifold M must be chosen with the specific physics 
in mind. As pointed out in the introduction, one of the applications we have in mind 
is the entropy of the AdS3 black hole. In that case. to be compatible with Mach's 
principle, there can be no non-trivial features within M in the absence of matter. This 
means that in the absence of sources, a Wilson loop in M is contractible to a point 
and that to have non-trivial observables, we must couple the Chern-Simons theory to 
sources. Therefore, what we wish to explore here is a Chern-Simons theory coupled to 
a source on a manifold with boundary. For comparison and contrast with other works, 
let us first consider the theory in the absence of a source.

The main features of a Chern-Simons theory on a manifold with boundary has been
known for sometime [l, 2]. Here, with M = R x �6 we identify the two dimensional 
manifold �3 with a disc D. Then, the boundary ofM will have the topologyR × S1.
We parametrizeR with �T��and S1 with �I�� In this parametrization, the Chern-Simons
action on a manifold with boundary can be written as 

(5)

The surface term can be justified by, e.g., requiring the cancellation of the surface terms 
which arise in the variation of the first term. It vanishes in the gauge in which At = 0 
at the boundary. In this action, letA = Ã + A�Wandd = dt �u��

�u���W
+ d. Then, the resulting 

constraint equations for the field strength take the form 
–

(6)

(7)

where U = U(�I,�W) is an element of the gauge groupG.
Chern-Simons action given by Eq. (5) can be rewritten as 

Using this solution, the 

(8)

We thus arrive at a WZW action and can take over many result already available in
the literature for this model. As in any WZW theory, the change in the integrand of 
this action under an infinitesimal variation �GU of U is a derivative. We interpret this 
to mean that U = U( �I, �W), i.e., it is independent of the third (radial) coordinate of the 
bulk. In other words, the information encoded in the disc depends only on its topology 
and is invariant under any scaling of the size of the disc. 

The above Lagrangian is invariant under the following transformations of the U
field  [2]: 

where �:– (�I) and �: (�W) are any two elements ofG. To obtain the conserved currents, let
U �mU + dU. The corresponding variation of the action leads to SWZW �mSWZW +
�GSWZW, where

(10)

U ( �I , �W) �m�: – ( �I )U �: ( �W) (9)

(11)
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wherez = exp(i�I). As usual,Jn satisfy the Kac-Moody algebra

Here, Ta are the generators of the algebra of the group G, and J �I is a function of �I
only because�u�WJ�I = 0.

If we expandJ�I in a Laurent Series, we obtain

(12)

(13)

The corresponding energy momentum tensor for the action SWZW can be computed 
using the Sugawara construction : 

(14)

(15)
where

2k
The Ln operators satisfy the following Virasoro algebra: 

(16)

with c the central charge. 

3 The Coupling of a source 
Next, we couple a source to the Chern-Simons action on the manifold M which, as in 
the previous section, has the boundary R× S1. In general, we take the source to be a
representation of the group G [12, 13]. To be specific, let us consider a source action 
given by [1, 2] 

(17)

Here�O= �OaHa whereHa are elements of the Cartan subalgebraH of G. The quantity
w(t) is an arbitrary element of G. The above action is invariant under the transforma-
tion w(t) �mw(�W)h(�W), whereh(�W) commutes with�O��

Now the total action on M is,

t) (18) 

(19)

where xp specifies the location of the source, heretofore taken to be the origin. The 
solution to the above equation is given by 

(20)

(21)

where [2] 
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The new effective action on the boundary�u��M is then

This Lagrangian is also invariant under the following transformation: 

(22)

(23)

where �: (�W) commute with �O��Varying the action under the above symmetry transfor-
mation, we get 

where [ 11] 
(24)

(25)J
Hence, the requirement that �GStotal = 0 will give rise to the conservation equation 

Thus, the new total current is given by [11] 

Then, it is easy to check that 

We can also rewriteJ^
�F in the form [11]

where

(26)

(27)

A solution of J�I can be written in terms of the current in the absence of the source:^

(28)

(29)

(30)

(31)
With the new currents at our disposal, the next step is to see how this modification 

affects the properties of the corresponding conformal field theory. In this respect, we 
note from Eq. (28) that our new currents 

�˜
J �I are related to the currents J �I in the absence 

of the source by conjugation with respect to the elements of the Cartan subalgebra H
of the group G. This kind of conjugation *has been noted in the study of Kac-Moody
algebras [14]. So, to understand how the coupling to a source affects structure of the 
source-free conformal field theory, we follow the analysis of reference [14] and express 
the algebra of the group G of rank r in the Cartan-Weyl basis. Let Hi be the elements 
of the Cartan subalgebra and denote the remaining generators byE�D�� Then,

(32)
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In this expression, 1 <– i, j <– r, and�D�����E��are roots. Now we can rewrite the affine Kac- 
Moody algebra g of the sourceless theory of the last section in this basis as follows: 

(33)

We also note from the last section that in the absence of the source the element Lo of
the Virasoro algebra and the currentsJa

n have the following commutation relations: 

(34)

With these preliminaries, it follows from Eq. (31) that the symmetry algebra of our 
solution Û(�I, t) can be realized as an inner automorphism of the algebra g in the form
g(Jn ) = �JJn �J–1, where, suppressing the coupling k,

(35)�J= ei�O.H

The map ghas the property gN = 1. This implies that N�L���A is an integer multiple of 
2�S��for all roots �D �• g. The algebrag in the modified Cartan-Weyl basis is given by

(36)
Thus, the basis ofg consists of the elementsHi

m and E�A
n where m�• Z and n �• (Z+

These operators satisfy a Kac-Moody algebra which is formally the same as those of 
g but with rearranged (fractional) values of the suffices. Hence the algebra g can be
viewed as the "twisted" version of the algebra g.

Given their formal similarity in structure, it remains to see to what extent the 
algebrag and its twisted version g are physically equivalent. To get some insight, let 
us see to what extent we can undo the twisting. To this end, we introduce a new basis 
for g^

^

^

^

(37)

The new operators, F n
�Dand I

i
n satisfy the untwisted algebra of g. So, in this basis the

presence of the source does not affect the Kac-Moody algebra. However, in this basis 
the Virasoro algebra is modified. For example, instead of the operator L0 we get 

(38)

This change has important physical implications. For one thing, it implies that the 
symmetry of the ground state has been reduced from G to H. In other words, in the 
absence of the source, the ground state is a linear representation of G whereas in the 
presence of the source, the ground state is a non-linear representation of G which is 
linear with respect to the subgroup H. Similarly, the loop group symmetry LG is
broken down to LG/H. This turns out to have important consequences for the black 
hole entropy, as we shall see in the next section. 
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4 The Entropy of the AdS3 Black Hole 
Consider first a derivation by Strominger [6], in which use is made of an earlier work by 
Brown and Henneaux [7]. Starting with standard (metrical) Einstein theory with a neg-
ative cosmological constant, these authors demonstrated that under suitable boundary 
conditions the asymptotic symmetry group of AdS3 gravity is generated by two copies 
of Virasoro algebra with central charges 

(39)

wherel is the radius of curvature of the AdS3 space, andG is Newton’s constant. The
presence of such a symmetry indicates that there is a conformal field theory at the 
asymptotic boundary. It was shown by Strominger that the BTZ solution satisfies the 
Brown-Henneaux boundary conditions and possessed an asymptotic symmetry of this 
type. So, he identified the degrees of freedom of the black hole in the bulk with those 
of the conformal field theory at the infinite boundary. Then, using Cardy’s formula [8] 
for the asymptotic density of states, he showed that the entropy of this conformal field 
theory is given by 

(40)
in agreement with Bekenstein-Hawking formula. 

The strength as well as the weakness of this derivation rests on its independence from 
the details of the black hole’s microscopic structure. It relies only on the diffeomorphism 
invariance of Einstein’s metrical theory and the asymptotic symmetry of the black hole 
solution. These features are, however, not limited to the BTZ soIution [11] and apply
to other regular horizonless solutions also. This is clear from the work of Brown and 
Henneaux [7], which preceded the discovery of BTZ black hole. In particular, to any of 
the horizonless solutions which have asymptotic Virasoro symmetries, we can associate 
a conformal field theory with non-trivial degrees of freedom. We would then be led to
assign the corresponding entropy to the horizonless solutions also. 

To obtain the entropy given by Eq. (40) from a more intrinsic microscopic structure, 
attempts have been made to derive this expression from Chern-Simons theory on a 
manifold with boundary. Most of these attempts [9, 10, 15, 16] are based on pure 
Chern-Simons theory for which the manifold M is identified with space-time. An 
alternative possibility [12. 13, 11] is to consider a Chern-Simons theory coupled to a
source on a manifold M with boundary, which is not identified with space-time. What 
all the approaches using the Chern-Simons theory have in common is that in one way or
another they lead to a conformal field theory in which one can count the states directly. 
Among the features in which they differ are the values of the central charge c and the
lowest eigenvalue �' 0 of the operator L0. Both of these quantities figure prominently 
in the computation of the asymptotic density of states. When �' 0 vanishes, Cardy’s 
formula [8] states that 

(41)

In this expression,�R���'�� is the number of states for which the eigenvalue of Lo is �$,
and it holds for large �'��

When the lowest eigenvalue �' �� does not vanish, the analysis is somewhat more 
subtle, and the asymptotic density of states for large �' is given by [15] 

(42)
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From the analysis of the last section, it follows that in the presence of a source the 
eigenvalue�' �� is in general non- vanishing. We therefore expect that the expression 
for the entropy of the AdS3 black hole obtained in our approach will be different from 
those obtained by other (sourceless) approaches based on Chern-Simons Theory. The 
details will be given elsewhere. 

This work was supported, in part by the Department of Energy under the contract 
number DOE-FG02-84ER40153.
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A.J. Meyer, II 
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INTRODUCTION

The Total Mass of the Super Spin Model Universe is a Function of only Four
Fundamental Parameters. 

This is a brief review of the Super Spin Model (SSM), wherein the relationship, 
M=4�P��2(hc/G)1/2exp(hc/e2),

was established for a non-stationary axi-symmetric space-time, where Mc2 is the space-
time’s total conserved energy. 

Also established were three additional independent equations for the mass ‘M’ ofsuch
non-stationary axi-symmetric space-times, which led to a set offormal linkages among:

The Universal Gravitational Constant ‘G’, 
The Fundamental Quantum of Electric Charge ‘e’, 
The Fundamental Quantum ofAction, Planck’s Constant’ ‘h’,
The Speed ofLight ‘c’ in Vacuo and
The Electron and Proton Masses, me and mp.

This set of connections, in turn, led to linkages among the four fundamental forces – 
the Gravitational, Electromagnetic, Strong, and Weak. These linkages are discussed in 
Meyer (1 995). The present paper primarily consists of a brief synopsis of the unification 
of ‘G’ and ‘e’ along with a short overview of the Super Spin Model.

1h = h/2�S

Quantum Gravity. Generalized Theory of Gra vitation, and Superstring Theory -Based Unification 
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The Super Spin Model yields a mathematical relationship between the universal 
gravitational constant ‘G’ and the fundamental electric charge quantum ‘e’ in terms of only 
Planck’s constant ‘h’, the speed of light ‘c’ and the proton and electron masses ‘mp’ and 
‘me’.

From this relationshp, it is now possible to compute the value of G with much greater 
accuracy than the current experimentally measured value of 6.673 x 10-8 cm3/gm/sec2,
which has a relative standard uncertainty of 1.5 x 10-3.

The new theoretical value ofG as calculated in terms ofthe better-measured values of
the above fundamental parameters is: 6.672941 x 10-8 cm3/gm/sec2. This new value has a 
relative standard uncertainty of only 1.092 x 106. Providing this model is correct, the new 
value of G is over a thousand times more accurate than the current2 experimentally
measured value. 

A Sample of Additional Predictions Calculated Directly from the Super Spin Model

The Mass ‘M’ of the universe is predicted to be: 
M=4�S2�• (hc/G) exp (hc/e2) = 2.8062060 x 1056gm; which implies:

The gravitational radius ofthe universe is: 2.0835498 x 1028 cm.
The present decay time for an isolated neutron in vacuo is predicted to be: 

tn=(�S2/ce2)3/2 Gmn (mp/me)1/2exp( hc/e2) = 15.317381 minutes.
The present Cosmic Background Radiation Temperature3 is predicted to be between: 

2.7193 K and 2.736 K. 
The present value of the Hubble “constant” is predicted to be: 

2.159167 x 10-18/ sec = 66.593 km/secMpc. 
The present age of the universe is predicted to be: 15.253369 billion years.
The presentdensityof the universe is predicted to be: 3.303909 × 10-31gm/cm3.
The Cosmic Temperature at Creation is predictedto have been: 5.277739 x 1031 K.
The total Number of protons ‘Np,’ in the universe is predicted to be: 2266.
The total Number of electrons ‘Ne’, in the universe is predicted to be: 2266.
The relative abundance of Helium in the universe is predicted to be: <~ 25.79%.
The presentNumberof “flywheel” neutrinos ‘Nv’ is predicted tobe: 3.05 × 1091.
The present average energy ‘�Hv’ of the “flywheel” neutrinos is predicted to be:

There is a more complete list in the earlier published SSM paper, Meyer (1995).
However, the calculated values for G etc. in that paper are based upon the 1986 publication 
from N.I.S.T. while those in this paper are based upon the 1998 findings.4

2 December, 1999. 
3 The SSM gives the average Cosmic Background Radiation (CBR) photon energy as a function of F as:
�H�J= {(hc5/G)1/2/[2�Sexp(hc/2e2 )]} {43�S[2 – [2(1+ sin�))]1/2]/[8sin�) (5�) – 3 sin�) cos�) )]} 1/4. Where �) is an 
expansion parameter, which at present is predicted by the SSM to be: 1.52413073, The average photon 
energy as a function of temperature may be approximated as �H�J =�S[8/15]1/4 kT, or as �H�J = 3[ �[(4)/�[(3)]kT. The
latter form (with the Riemann zeta functions) is based upon integration over an infinite range of frequencies 
and gives the present CBR temperature as: T = 2.7360 K. The equation, �H�J= �S[8/15]1/4 kT, which is based 
upon a calculation of the average photon’s volume, assumes that photons completely filled the space of the 
early universe before matter condensation took place, gives the present CBR temperature as: T=2.7193K.
The actual CBR temperature may reside in the range between 2.7193 K and 2.7360 K, with the mean 
temperature being 2.7277 K. See. Meyer (1995) 
4 CODATA Recommended Values ofthe Fundamental Physical Constants: 1998, Peter J. Mohr and Barry N.
Taylor, National Institute of standards and Technology, Gaithersburg, MD 20899-8401, USA 

0.001 5 lev. 
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OVERVIEW

In this paper, a few highlights of a cosmological model, dubbed the Super Spin Model 
(SSM), are presented. The Model comprises a set of equations linking the universal 
gravitational constant ‘G’ to the electron charge ‘e’ and to other fundamental parameters.

These interconnections are then interlinked with equations describing the strong and 
weak forces in terms of the same fundamental parameters.

This model is based upon the Kerr family [Kerr (1963)] of stationary solutions for the 
empty space - axi-symmetric- Einstein-Maxwell - source free - equations. An expanded 
Kerr topology and thermodynamics is used which incorporates both the inner and outer 
event horizon areas as a measure of entropy, thereby achieving Third Law consistency. 

These results are then extended to include non-stationary axi-symmetric space-times,
which possess non-stationary“evolving” eventhorizons.

Due to their parametric simplicity, the Kerr family of solutions for the empty space 
axi-symmetric Einstein-Maxwell source free equations (i.e., uncharged Kerr black holes)
provide a rich laboratory in which to perform “gedanken versuchen.” This uncharged 
family is determined by just two parameters: E and where E=Mc2 is the total energy of 
the space-time and is its total angular momentum. This family is represented by the 
following metric: 

KERR MERIC 

Where:
Rg = GM/c2 = Gravitational radius of space-time,
a = Space-time’s specific angular momentum radius = J/Mc, 
�V2 = r2 + a2cos���T= Space-time’s rotation radial coordinate offset, 

Mc2 = Conserved total energy of space-time,
J = I I= aMc = Scalar value of space-time’s angular momentum. 

-8,<– r <– +8,
Such that: 

-8 <– u<– +8,
0<–�I <–2�S��
0 <– �T<– �S��

Note, there exist two non-negative event horizon radii, r+ and r-, which are the conjugate 
solutions of the equation: �J2(r) = 0 which are’ 
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They can be re-written as: 

Hence, the space-time’s specific angular momentum radius is parameterized in terms of M 
and ± �)��

The angle ‘ �)’ is therefore a measure of the magnitude of the space-time’s angular 
momentum (and/or expansion state). That is: 

As is easily seen, �) = ±0, implies a maximally rotating Kerr space-time and 
�) = ± �S/2 implies a static Schwarzschild space-time.

WHY DOES THE UNIVERSE EXPAND? 

In the beginning when the universe was in a super-dense energy state, how could it 
possibly expand and overcome the intense gravitational fields that should have reduced it 
to a state of permanent and complete gravitational collapse? 

According to the Super Spin Model, the reason the universe expands is due to its 
initial structure - its topology. If energy were distributed in the form of maximally rotating 
Planck density string, then it would naturally begin to expand in three dimensions in spite 
of its huge density. Such a string is already “pre-inflated” in one dimension, while 
"compressed" in the other three. 

One may visualize this beginning state as a circle of light—a geonic5 pseudo ring 
singularity — a closed string of maximum energy density light consisting of Planck mass 
photons – “primatons.” See Wheeler (1 955) and Meyer (1 980). 

THE DESCRIPTION OF THE SSM UNIVERSE (U) AS A ROTATING 
NON-STATIONARY AM -SYMMETRIC SPACE -TIME

One way to produce a model of a non-stationary axi-symmetric space-time, is to 
characterize the entire family of stationary uncharged Kerr solutions for the empty space 
axi-svmmetric Einstein-Maxwell source free equations as the set of ordered pairs: 

Such a parameterization gives the entire family of Kerr solutions in terms of only two
parameters ‘M’ and ‘ �)’ and only two universal constants ‘G’ and ‘c’. That is any member 
of the Kerr Metric Family can be represented as the ordered pair: 

From (A), by treating ± �) , as a dual-time dependent variable, it is possible to transform 
the Kerr metric for the stationary family of completeevent horizons into a single dual- 

5 Geons are gravitational electromagnetic entities 
be gravitationally confined. That is, light, itself. forms a sort of black hole Wheeler developed this concept 
in 1954. 

They are objects wherein light has sufficient energy to 

6 6 



valued time-varying metric which governs the evolution of incomplete event horizons 
growing in both directions in both r ±and�T± = �S/2 ± �) , starting from �) = ±0, where: 

For the stationary metric(A), when�J2(r) = 0�• r± = Rg ± [Rg
2 – a2]1/2, then ds±= 0.

However, this is not generally true when the metric coefficients of (A) are written as a 
function of the parameter �)��That is, for the metric (A):

ds±/d�) is generally 0, for�J2(r±) = 0, when ±�) is a dual-time dependent variable.
Rewriting (A) in terms of its past directed and future directed non-stationary event 

horizons, we get: 

Where the boundry conditions of ‘U’ are: 

And:

= the radii of gyration of event 
horizons and 
�: ±(�)) = c d �I /du± = -gu�I(�))c/g�I�I (�)) = ac/(Rz±)2= c cos�)/[2Rg( 1± sin�))]
are the dual event horizon rotation rates.

I±�: ± = J(±�)) = a(±�) )Mc = RgMc cos(�) ) = GM2cos(�))/c �|= (±=�) )
For a constant M, one can see that the moments of inertia are I± = M(Rz±)2, since: 

The above formulations are valid for the subset, U, of the axi-symmetric space-time
manifold,6 M, such that U is isomorphic to the intrinsically non-stationary region which is
partially bounded by or swept out by the two “incomplete” event horizons with radii: 
r± = r( �) (t±)), provided that the initial configuration (fluctuation) of the space-time is 
isomorphic to a Planck density closed string, spinning at the speed of light, (i.e. a geonic
pseudo ring singularity). Note that at �) = ± �S/2 the U becomes identical to a 
Schwarzschild black hole with complete and stationary event horizons. It is also critical to 
notice, that for constant �) (the stationary case), the r± are the loci of null hyper-surfaces,
but for variable�) (the non-stationarycase) the r±lociare null only where:

cos2 �T= sin2�) �• �T= �T± �y�S/2±�)

���� There might also exist an independentanti M �y-M simultaneously created with equal energy and
angular momentum, but with opposite parity 

67



ABOUT THE BOUNDARY CONDITIONS: 

The Heisenberg uncertainty principle dictates that the initial conditions are calculated 
when:7

where: Nw = M/mw Rg/Rw either the dimensionless mass or the dimensionless

where:

and

gravitational radius of U, 
mw �y (hc/G)½ �y Planck mass,

Rw �y(Gh/c3)½ �yPlanck radius.

In this model, only the initial boundary conditions are posited a-priori. The final 
boundary conditions are “teleological,” based upon positing that F is a function of some
temporal variable ‘t’. That is, �& = �&(t) is a time varying function, with sgn(�&) = sgn(t)
and with �) ˜ ±0 corresponding to t˜±0

The initial state is a maximally rotating gravitationally closed Planck density string of 
mass M. This initial state is also isomorphic, at least in terms of its mass and angular 
momentum, to an extreme Kerr black hole, and is topologically quasi-isomorphic to its ring
singularity.

The final state, at �) = ± �S/2 is a Schwarzschild black hole of mass M, which is the 
fully expanded non-rotating Kerr solution with: 

Rs, the Schwarzschild radius. 

Note: The excess angular momentum energy, given by �'Ej=Mc2[1-1/ �•2], not taken 
up by the expansion, see Christodoulu (1970), is hypothesized to be taken up by the
generation of flywheels surmised to be a species of neutrinos. Some of the excess may 
also be stored in the rotational energy of galaxies, stars and other spinning and rotating
objects.

7 This is due to the fad that the creation process has to be complete and its minimum space-timegranularity
increased to the Planck limit before the universe is as old as its Compton time˜ 10–104second. Otherwise it
would return to the vacuum. See the further section “TEMPORAL MEASURE” and Meyer (1995).
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Figure 1. This illustrates how energy density is inversely propoxtional to the square of the 
energy, while wavelength is inversely proportional to the energy. In general, any infinite 
mass object has zero density if its volume is proportional to its gravitational radius raised to 
any power greater than unity. 
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THE INITIAL CONDITIONS: 

When:

there exists anextreme gravitationallyclosedPlanckdensitystringoflength,8 C�J± , where:

which �•
��MaximumPossibleElectromagneticEnergyDensity9=�Uwc2 = c7/8�S2G2h.
�� Maximum Possible Action for the Gravitationally Closed Space = (0) = GM2/c.

�� Maximum Possible StringTension= Tw=Mc2/C�J ± = c4/4�SG.
��MaximumPossibleVacuumPolarizationEnergy=�Hevacw= e2(c3/hG)1/2.
����MaximumPossiblePhotonEnergy=�E�J w,= (hc5/G)1/2. (SeeFigures 1,2,3 & 4)

In other words, our main postulate is that the initial fluctuation is a non-singular
coherent toroidal electromagnetic disturbance ofPlanck density,�Uw. This fluctuation is
formally identical to a toroidal geon, or a closed circular string composed ofNw primaton
photons, with total initial angular momentum magnitude: 

The inner and outer event horizon areas are calculated by: 

Therefore, the total net horizon area for the SSM Universe is reckoned by: 

Moreover, the spatial volume or hyper-surface area of the SSM U is calculated as: 10

We also find that the total space-time volume or 4-volume (ignoring the�•-1 coefficient) as
a function the expansion parameter �) is:

Of course, the lengthC�J ±, is the one dimensional “area:”

8 �� �) �H�J(r±( �) )) = 0, C �J± = �°02x [g �I�I ( �G-0)]1/2d�I = 4 �SRg= circumference of both inner and outer event horizons 
at the “equator” (the space orthogonal to the axis ofsymmetry, (0), i.e.�T- �S/2.) Note,the circumference is
constantfor all�) and hence,is independent ofthe event horizon radii.
9 SeeFigure 1. and the discussion about maximum energy density electromagnetic quanta in Meyer (1980).

This spatial volume calculation is worked out in Meyer (1995).10
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TEMPORAL MEASURE 

between the current future directed and past-directed time displacements, i.e.: 
Please note, there always exists a net time interval, �' ts(�)), (which is the difference 

In general:
Therefore, for the small angle at creation�) =�) x ±(�• �S)/Nw, one gets:

which isone half11the Compton wavelength ofthe SSM universe. Andat maximum
expansion, when,�) = ±�S/2:

The past-drected time12 is:

Note, when �) = �)����then t-( �) *) = 15.25 billion years.13

Again, please seeFigures 2,3and4,which provide schematics showing how the SSM
universe evolves. 

The expansion parameter, F, grows in both directions away from an origin 
�) ˜ ±0. That is, the space-time expands, “both ways“ in time. In the beginning, the
space-time or “creation ring is a closed cosmic string with an “inflated” circumference of 
276.75 billion light-years. Since the angular momentum vector, is a cosine function of 
�&, then by increasing �| �) �| the angular momentum magnitude is decreased and the space
expands.

As �) approaches ±�S/2, the outer event horizon approaches the Schwarzchild radius
and the inner event horizon radius approaches zero. 

The state of the original SSM string universe is balanced on a “razor’s edge,” where
the “centrifugal” acceleration is precisely balanced with the gravitational. However, due 
to the tiny areas of the primaton event horizons, the string will rapidly “evaporate” via 
Hawking radiation into its ergosphere14 within 2.60 x 10-39seconds.

Reiterating, we transform the entire family of metrics into one dual �&=�&(t±), time
varying metric, so that�) grows in both directions away from the origin ~ ±0 That is, the
space-time expands as �) grows in both positive and negative temporal directions from 
whenorwhere: �) = �) x �y±�• �S/ N w~± 0.

At this epoch the space-time is a closed cosmic string with “inflated” circumference — 
a pseudo ring singularity — which is a circle of Planck density primaton light — a Planck 
density toroidal geon. 

11 This might mean there were two universes created. That is, there might be another U created with 
opposite parity, so that the net angular momentum would be zero. In this paper we shall just be concerned 
with one of them. 
12 One can see that the maximum past time is always finite and the maximum future time is always infinite.

section: “ON THE DETERMINATION OF m p & m e”
14

In the SSM, the ‘present’ is defined as the time when �)= �)�� �y��sin -1[(mp- me)/( mp+ me)]. See the further
13

The SSM ergosphere is defined as the region: 
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Since, =RgM ccos�) , then by increasing the absolute magnitudes of,�|t +�|and�|t �|- i.e.
�|±�)�| the angular momentum is decreased and the space expands. 

The major hypothesis is that the universe starts as a “stringy” toroidal geon with an 
initial (post creation) angular momentum magnitude of�| (0)�|= RgMc = hNw

2, and with
total post creation constant energy E=Mc2 > 0. That is, after creation dE/d�) =0.

The energy E, just after the creation event, is hypothesized to equal the total
electromagnetic (EM) energy of the manifold,M. Moreover, this EM energy E is
localized within U(±0), a string-like sub-region of M, at t±=±0. That is, it is postulated 
that all energy was created originally as light, coherent light in the form of a maximum 
density toroidal geon, U(±0). Where U is a set including and bounded by the two 
incompletely propagated event horizons. 

The region U (See Figures 2-4) is defined as: 

One aspect of the Super-spin hypothesis is that the expanding space-time U( �)) stores 
its excess angular momentum in rotating matter and neutrinos and upon full expansion 
settles down to the Schwarzschild metric along a future directed time coordinate. 

Another aspect is: if the standard FRW model is assumed, then the U will appear to not 
have enough mass for gravitational closure. Nevertheless, it is closed in the SSM metric. 

Figure 2. Profile offuture directed and past directed light cones starting at creation ring as
projected onto the following space: {< ±t,�T���I> �
 (�S/2 - �) �r �T �r �S/2+�) )^ ( �I –constant)}
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Figure 3. Portrait of evolution of SSM universe 
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Figure 4 (Solid View of Figure’s 2 & 3)

This illustrates the loci of future and past-directed light cones, starting at creation ring as projected
in the following space: 

{<±  t, �T���I>�
 (�S/2 – �) <– �T<– �S/2+�))^(0 <– �I <– ���S)}

Only two-dimensional projections of three- space are shown in the above solid. 
The darkest region is a two-dimensional {< ±t,�T>} profile of light cones as shown in Figure 2.
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OUTLINE OF THE SOLUTION FOR THE MASS OF THE SSM UNIVERSE

Figure 5. Schematic for the Solution for the Mass of the SSM Universe 

The solution for the massM of the SSM Universe was obtained by noting that Unn
(1976) found the vacuum could exhibit a measurable temperature induced by acceleration 
And since, an initial condition for the SSM Universe was the existence of a maximal 
spinning string – there was acceleration. The String Mass puzzle was solved by Meyer
(1995) in the form of equation (1), by utilizing: 

The Unruh temperature, 
Bose-Einstein statistics, 
Momenta phase space conservation,
The axi-symmetric metric and the 
Initial boundary conditions, 

along with the identities: 

Where: �D�y��e2/hc.
Note:

�He vac = e2Rw = Gmeg
2/Rw, = kTevac= �DGmw

2/Rw= �D�Hw.

�Heg= megc2 = [ �Dhc5/G] 1/2 = d �D�Hw = ec2/dG�y
Gravitational Electromagnetic Unification Energy. 

In summary, the above conditions, principles, and equations led to the determination o 
the expectation function: 

(1)
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THE REST MASS OF U 

The irreducible energy ‘Eq’ of any Kerr black hole or axi-symmetric rotating space-
time with finite event horizons is the energy that can't be radiated away by slowing down 
the rate of rotation. This energy is equal to the energy of the space-time system 'U' at rest 
with respect to the rest of the manifold ‘M at infinity. That is: 

Eq = Total Energy - Kinetic Energy = Rest Energy = Irreducible Energy. 

This irreducible energy for any Kerr black hole starting at some initial ‘� ) � )0’ was shown
by Christodoulu (1970) to be determinedby:

It is quite apparent, though here stated without formal proof, that Christodoulu's 
formula also holds for the class oftoroidal geons such that when we start with �) = �) 0 = ±0 
and�|J(0)�| = RgMc, and we increase �|�) �| without radiating away any significant amount of 
energy through the actual final event horizons; we will find that upon reaching �| �)�|�� ���S��/2
(the Schwarzschild or final"rest" state) that, E[1-1/�•��2], or around 29% ofthe total energy
isunaccountedfor. This implies the rest mass ofthe SSM universe is:

M0 = �0���•��

Reiterating, the entire family of stationary Kerr metrics is transformed into a single,
�&= �&(t±) =±�&, dual time varying metric, (–�S/2 <– �) <– �S/2 ), so that �) grows in both 
directions away from the origin F ˜˜ 0. That is, the space-time expands, "both ways" from
when or where:

At this epoch the space-time is a closed cosmic string with "inflated" and ever-constant
circumference:

2.618212253 x 1029 cm = 276.75 billion light-years.

Since�|J�| =GM2cos( �) )/c, then by increasing the absolute magnitudes of t±, the angular 
momentum is decreased and the space expands. 

TWO DERIVATIONS WHICH CLOSELY DETERMINE THE MEAN CHARGED 
FERMION MASS ‘mo (mp + me )/2’

The mass M of this model universe has been determined from theory. But, how are 

Fortunately, it turned out, the mean stable charged fermion mass‘mo’ could be closely
other masses, such as the masses of the electron and proton, going to be determined?

determined from theory in at least two ways. 
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First Derivation of the Approximate Mean Stable Charged Fermion Mass ‘m0’

Figure 6. 
Schematic for first derivation of the approximate mean stable charged fermion mass ‘m 0’

In this derivation the mass, m0, was determined by the use of: 
Phase space conservation, 
Both initial and end-state boundary conditions and 
The exterior red-shifted Hartle-Hawking event horizon temperature15 at 
infinity. See Hartle and Hawking (1 976) 

After some calculation, see Meyer (1 995), we then get: 

(2)

Where, xrf = 3/5+[ �Se2/hc]2 +. . . ˜̃ 3/5 is the Fermi coefficient at the exterior red-shifted Hartle-Hawking
temperature. This is the Fermi coefficient for a Fermi-Dirac gas at the vacuum temperature of the outer 
event horizon ofa Schwarzschild black hole red shifted to infinity. It is calculated by using a series obtained 
by Sommerfeld. Note that at a temperature of absolute zero in a flat Minkowski vacuum, the Fermi 
coefficient will be exactly equal to 3/5. 

15
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Second Approximate Determination of Mean Stable Charged Fermion Mass ‘m0’

Figure 7 
Schematic for second derivation of the approximate mean stable charged fermion mass‘m0’

This alternate approximate solution for mo is obtained by using: 
The end-state conditions, 
The Fermi-Dirac statistics, 
The Debye distribution approximation, 
And by blue-shifting the external temperature of the Hartle-Hawking
vacuum at infinity, to a temperature16 associated with the charged particle 
zitterbewegung. This temperature is determined at a time uncertain within 
an internally red-shifted wave-period from the outer event horizon’s 
2-surface boundary. 

After some calculation, see Meyer (1995), we then get: 

(3)

Where, xbf = 3/5 + �6gi(�D). . . ˜̃ 3/5, is the Fermi coefficient at the interior blue shifted Hartle-Hawking16

temperature,
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ON AN INDEPENDENT THEORETICAL DETERMINATION OF THE 
SOMMERFELD FINE STRUCTURE CONSTANT ‘ �D= e2/hc’

By equating the two close solutions for m0, an approximate solution for ‘ �D’ appears. 
This rough methodology shows promise that the Sommerfeld fine structure constant ‘ �D’
may, in principle, be theoretically determined with greater accuracy than accomplished by 
current experimental means. 

Equating(2) with (3)yields:

Since,

Then:

This rough method produces an error ratio of 0.00597. 

Figure 8. 
constants:�D, e andG.

It is easy to see that both M & m0 can be expressed in terms of just 3 fundamental 
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THE DETERMINATION OF G = G(h,c,e,m 0)
From the new non-stationary metric gij(�&��), the rescaled Hamiltonian is formed:

(4)
Due to the above results, the solution for n and hence Nq can be accurately determined 

by direct calculation. This is because M has been determined via (1) andm0 has also been 
closely determined by (1) and[ (2) or (3) ]. Also, a has been roughly determined by (2)
and(3).

Therefore, a “reincarnation” of Sir Arthur Eddington’s famous “Cosmical Number”,
Eddington (1939), reappears as: 

Therefore, a connection betweenG& eis established.

(5)

ON THE DETERMINATION OF m p & m e

From the quadratic in (4) above, it also follows that: 
m+ = m0( 1+ sin�) )
m- = m0( 1 -sin�) )

where�) is chosen as the positive branch. 
Now we know: 

These equations suggest the hypothesis: 
me + mp = 2m0

The proton and the electron mass are mass-time conjugates, i.e. the prot 
electron exhibit mass, charge, time and parity conjugation. 

This implies that the proton and electron are“time vintaged”anti-particles.
Therefore, we posit that:

If this hypothesis is true, then at the present, when: 
= 1,52413073 radians, 

the SSM should be able to predict the current values of certain other phenomena, which 
also depend upon �)

That is, if our universe is a SSM type universe, then at present, when �)�� �)������the
model should be able to predict current values of other phenomena, which also depend 
upon�)�� such as the CBR temperature and the density of our universe. 

In the SSM universe the CBR temperature ‘T ’. as a function of �) is derived as: 

Therefore, the present CBR temperature,” T �J(�)), at �)��� ���)������should be: 2.7360 K 

17 Please see footnote 3. 
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The average mass density ‘�RU’, of the SSM universe as a function of �&, is determined 
as : 

Therefore, the presentaverage mass density,�Ru(�).), should be: 3.3039085 × 10-31 gm/cm3.

PREDICTED INCONSISTENCIES BETWEEN THE SSM AND THE STANDARD
MODEL

The major difference between most conformal mass scaling models and the Super Spin
Model is that; in the SSM, the direction and magnitude of the mass scaling is also charge 
and parity conjugated with time. Moreover, in the SSM, the total rest mass is constant and
time invariant, even though individual particle rest masses are rescaled "covariantly" and
"contravariantly," according to their temporal senses, charges and parities. This is
possible, because the SSM metric is non-stationary, dual time asymmetric and non-
symmetric under spatial inversion. 

Why hasn’t proton decay been observed? At creation, after pair production, where did 
all the antimatter go? According to the SSM, m, and m- are “time vintaged” anti-particles
whose rest masses, by being geared to a dual valued time dependent metric, will vary 
relative to the amount of �) displacement, or equivalently to the amount of time elapsed 
since their mutual creation via pair production. Therefore, the original anti-matter did not 
mysteriously leave the universe! It is still with us and a part of us! 

Moreover, if m+ and m. are indeed mp and me respectively, then there is no apparent
reason to expect the proton to decay, unless the electron also is capable of decaying. This 
is because the proton’s structure should mirror the structure of its time-vintaged anti-
particle, the electron, unless basic particle topologies are also time and parity dependent. 
This does not seem to be the case, since each proton-antiproton and electron-positron pair 
appear to retain topological equivalence under spatial inversion and time reversal.

It then follows that the SS Model contradicts aspects of the Standard quark-lepton
Model. Since in the Standard Model the proton and other hadrons are composed of 
quarks; but the electrons and other leptons are regarded as fundamental point-like particles.
Nevertheless, over the past three decades there has been considerable evidence that the 
proton has structure, e.g. Krisch (1976). 

This evidence, taken along with the SSM inferred isomorphism of the electron and
proton topologies is in accord with some particle string theories and is also consistent with 
certain elements of the elementary particle theory put forth by Behram Kursunoglu (1974), 
(1976).

In the Kursunoglu “Orbiton Model,” both the proton and the electron are structurally 
isomorphic; both formed as singularity-free, “onion-like,’’ alternating magnetic field 
structures- “orbitons.”

In summary, if the inferences derived from SSM are correct, it follows that, proton 
decay should not only be “difficult,” but impossible to observe, and the universe should
appear to consist predominantly of matter, with the appearance of very little, if any, 
naturally occurring anti-matter. This is because ancient anti-matter is implicit, and has 
been rescaled as electrons (or protons). 

Shortly after the Big Spin creation, when: t0±, �z±1.824×10-5 seconds, the metric was 
still almost unitary, i.e. 

At this point the U’s energy density,�Uu(�) 0±) = 5.7059×1014 gm-c2/cm3, and the
temperature, T( �) ���r�� = 2.8518 x1012 K, were such that it became possible, within an instant, 
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for matter-antimatter pairs ( with unresolvable rest mass difference ) to start condensing. 
Technically, virtual pairs at �) = 0, have identical matter - anti-matter masses. 

As �| �) �| continued to increase, the U got cooler and less dense, globally producing 
only neutrinos, which incrementally stored the decrements in the U’s angular energy and
momentum. Moreover, after the requisite time had passed since t0±, because of the time 
varying metric’s asymmetric duality, observers would notice two sets containing equal 
numbers of oppositely, but equally charged particles with unequal rest masses: 

m± = m0( 1 ± sin�)).

One can surmise that there would be considerable theoretical difficulties for residents 
of the SSM universe, if they assumed that these two energy levels were constant; i.e. if they 
assumed that the electron and proton rest masses were constant 

Moreover, if they regarded this assumption as true, a-priori, it would be then be
incumbent upon them to create laws requiring the conservation of “lepton” and “baryon” 
number. Furthermore, addtional laws stipulating the conservation of other attributes that 
appeared to be associated with “leptonness” and “baryonness” would also have to be 
created.

Of course, similar rescaling processes will occur for pair production of other types of 
particles produced at other energy levels. At the creation epoch, the proton and electron 
had equal rest masses of mass m0. That is, they were anti-particles of each other then, but 
not at later times. 

In the SSM U, local pair production at various energy levels can take place in what
appears to the observer to be a flat space-time which nevertheless registers intrinsically 
different energy ‘gauges’, but which in ‘reality’ are a spectrum of hyper-surfaces with 
different curvatures, locally appearing to be flat; i.e. locally Minkowskian and Lorentz 
invariant. Hence, the flat space Dirac equation correctly yields pairs of oppositely charged 
particles with equalrest masses. 

Nevertheless, within the rules of the “standard model” a nagging question remains 
unanswered. “Why are there only two (apparently) stable rest masses, associated with the 
same charge quantum magnitude ‘e’, that appear from among the spectrum of “possible 
rest energy levels?” This charge magnitude equality, but rest mass difference, would lead
an observer to postulate the existence of a “law” for “heavy charge“ or “baryon” 
conservation and consequently classify the long-lived charged baryons and leptons as 
“different as apples and oranges” instead of just “fruit”- or the vintaged anti-particles they
actually are in this type of space-time.

OTHER TOPICS

Was ‘‘LetThere BeLight” of Genesis a Bubbleor a String?

There is no apparent reason that a non-rotating bubble membrane fluctuation would be 
stable. It should rapidly absorb the high pressure vacuum (EM) energy and “flash back” 
into the flat vacuum from whence it sprang within the Compton time of the universe which 
is about 1 0-104 sec.

However, in the SSM, the angular momentum of the maximally spinning string 
induces a coarser granularity by a factor of Nw upon both the spatial and temporal quanta of 
the fluctuation’s active region. That is, the previously indivisible quanta become Planck 
sized.

Thus, the creative process produces a real space-time with new indivisible spatial and 
temporal quanta (Rw and tw), each respectively greater by a factor of Nw than the universe’s 
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Compton length and time; thereby “closing all the hatches” and stopping the massive 
virtual fluctuation from “sinking” back into the vacuum. 

In other words the Creator "writes a check" to the vacuum for 2.8×1056 grams of
energy and then "changes thebanking rulesbefore it can clear."

This process creates an actual massive rotating space-time U, initially consisting of the 
combined coherent directed energy of Nw=1.289×1061 primaton photons forming a closed
Planck density string or ”circle of light.” 

Again in other words, the angular momentum components of the fluctuation produce a 
topological transformation inducing a nonreversible Planckian space-time-energy
“granularity,“ which acts as a one-way valve, thereby preventing the return of the ˜1056 gm 
of energy back to the vacuum within ˜10–104 seconds.

Rotation Neutrinos

Another aspect of the SUPER SPIN hypothesis is that the expanding space-time stores 
its excess angular momentum in rotating matter and neutrinos and upon approaching full 
expansion settles down to the Schwarzschild metric along a future directed time coordinate. 

Entropy

Furthermore, it has also been found that the thermodynamics of black holes and non-
stationary geons became consistent with classical thermodynamics by introducing an 
augmented definition of the "Bekenstein-Hawking" entropy formula, extended to include
the inner event horizon area as a measure of “negentropy” thereby producing third law
consistency. By extending this augmentation to the SSM, the gravitational entropy as a 
function of �) is determined as: 

It is easy to see that entropy will increase along both positive and negative temporal 
directions as both temporal displacements increase away from the origin in both positive 
and negative time. 

This extension, applied to maximally rotating, maximum density geons, results in a 
low initial gravitational entropy value upon the creation of the Planck density string 
at�)��� ���)��x. This value is: 

and ‘k’ is Boltzman‘sconstant.

Notice that both directions and senses of the temporal dimension, i.e. time and anti-

It is simple, but interesting, to observe that anti-time trajectories cannot reach the “terra
time began (were created) at �) = 0, along with the other spatial dimensions. 

incognita” beyond or before the universe was created. 

Further SSM Verification 

The followingFigures 9, 10and11 illustrate how the Cosmic Background Radiation
(CBR) behaves over time. They indicate that even though the SSM universe is closed, it 
appears, from our “perspective” of the CBR, to be expanding at an ever-faster rate. 

Further verification of the SSM hypothesis entails determining if there are bluer shifts 
in certain spectra than expected. It also entails checking whether there is an increased 
spread of the spectra lines between ordinary atomic Hydrogen and Deuterium as one gazes 
ever further into the past. Figure 12 is illustrative. 
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Figure 9 This graph represents the predicted Cosmic Background Radiation 
Temperature as calculated from the Super Spin Model. 
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Figure 10 This represents a more recent portion of the predicted Cosmic 
Background Radiation Temperature as calculated from the Super Spin Model. 
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Figure 11. This graph represents the predicted lengthening rate, according to the SSM. 
of the cosmic background radiation’s characteristic Wien wavelength, �O0.
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Figure 12. This graph represents the predicted differences between the Lyman alpha 
wavelengths of Hydrogen 1 and Deuterium as viewed from the present perspective. 
The Super Spin Model predicts that the Lyman alpha light reaching us now from a 
common source containing Hydrogen 1 and Deuterium, situated about .75 billion 
light-years away, may be observed to have the difference between their respective 
wavelengths amount to over twice as much as is now locally observed in a laboratory 
frame here on Earth. 
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MAGNETIC MONOPOLES, MASSIVE NEUTRINOS, AND GRAVITATION VIA

KURSUNOGLU’S THEORY 

Osher Doctorow, Ph.D. 

1. INTRODUCTION 

LOGICAL -EXPERIMENTAL UNIFICATION THEORY (LEUT) AND 

The magnetic monopole has not been observed but is predicted by GUTS (grand
unified theories (Dirac (1931), ‘t Hooft (1974) and Polyakov (1974)) contrary to 
Maxwell’s non-magnetic monopole equation (which needs to be revised), whereas the 
massive neutrino has now been observed contrary to predictions of most theorists
(Kursunoglu (1998)), and gravitation is not even theoretically agreed upon by most 
theorists. These quandaries suggest a fundamental change of emphasis in the foundations 
of physics away from the usual geometric-algebraic-analytic physics toward logic-based
physics, since the quandaries involve deep logical anomalies, paradoxes, and confusions. 
This direction can already be seen from the related conclusion by the algebraic quantum 
pioneer R. Haag in his numerous papers that an algebraic interpretation of the Lagrangian 
(which is the major expression of influence between event/things in theoretical physics)
is unlikely to be successful - which is at least as much the case for a geometric or analytic 
or arithmetic (from which probability/statistics derive) interpretation of the Lagrangian, it 
may be remarked. 

Logic already has entered quantum theory and hence physics via quantum logic, 
which has been well analyzed by Jammer (1974) up to 1974. However, quantum logic 
subsequently became bogged down due to its uncritical acceptance of logical anomalies 
and paradoxes including those involved in the Heisenberg Uncertainty Principle which 
seemed to imply the non-existence of intersections ofcanonically conjugate experimental
events. The form in which this “bogged down” situation occurred was supposedly the 
“pinnacle” of quantum logic accomplishments, namely, the isolation of islands of 
unrelated propositions as non-Boolean lattices. These islands could not be tied down to 
anything practical in physics and quantum logic became almost completely divorced from 
the rest of physics including quantum theory. 

The return of logic to physics via logical-experimental unified theory (LEUT) 
takes as its basic assumption the principle that everything must make logical sense, even
the definitions when they are asserted to pertain to the real world, so paradoxes and 
anomalies and incompatible events need to be resolved into meaningful logical and 
experimental statements in order to be accepted into physics. It is true that definitions 
may ultimately involve self-definition if carried out for all expressions, but this never 
precludes requiring that “anomalies” and “paradoxes” be translated into language which 
compares them with non-anomalous expressions using language understandable by all 
physicists. In fact, English dictionaries define words in terms of themselves, but this does 
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not ordinarily cause trouble because the words that ultimately do not involve some clear 
mental or physical description are (almost) non-existent.

To be even clearer, LEUT asserts that everything in physics needs to be described 
either in terms of logical propositions or their set/event analogue. The logical
operations are V (or),^(and),̃ (not), (if...then or logical conditional- roughly
equivalent to implies) and their set/event theory analogues are U (or), ‘ (not or 
"complement"), (if...then, also taken to mean “influences”), and “and
(intersection of)", which is represented either as an inverted U or, in this paper, by
concatenation of set/events, e.g., AB means A and (intersect) B. 

The next section gives the main results for monopoles, neutrinos, and gravitons. 
Derivations of the results is usually left for the remaining sections. String theorists can 
replace the word “particle” by “string” throughout. 

2. RESULTS: DISCRIMINATING MONOPOLES, NEUTRINOS, GRAVITONS, 
BOSONS, ETC. 

1. By logic. Monopoles have one-way influence and so correspond to the logical 
conditional (if.. .then) while dipoles and bosons including gravitons and photons have 
two-way influence and so correspond to the logical biconditional (if and only if or iff) 

The logical picture of bosons is that of an intersection, as mentioned, so it is a two-
way rather than a one-way picture. 

2. By set/events. Monopoles are generated by perpendicular set/events (the 
electric versus magnetic “fields”), neutrinos do not interact with ordinary matter and so 
lack set/event intersections with ordinary matter (thus forming dark matter), and gravitons 
are uniquely formed by the interaction/intersection of matter with space itself as a 
set/event other than mere inclusion (curvature of space).. Neutrinos must be massive 
rather than massless pointlike because point particles arise as the tangential intersection of 
ordinary masses, e.g., photons arising from tangential electrons, protons, etc. 

The
universe is uniformly distributed, so inhomogeneities can only be produced by collisions 
of uniform spaces with different dimensions. For example, a black hole regarded as a 2-
dimensional line or cone in the Carlip (1998) picture with axis along time penetrates (via 
its apex) three-dimensional space which either pre-exists in a Kaluza-Klein curled up 
manner at the Big Bang or is created along with the black hole (as the complement of the 
black hole), creating inhomogeneity and thus stellar and galactic structures instead of the 
inflation picture, although uniformity is slowly restored especially in inter-structure space. 
Thus neutrinos should retain their uniformity in interstellar space (explaining and 
predicting dark matter), while uniformity predicts that monopoles and dipoles should be 
uniformly distributed via Kursunoglu’s (1996, 1998) containment in elementary particle 
matter and LEUT’s central versus surface magnetic-electrical orthogonal combinations in 
condensate and large matter structures. Bosons are intersections of two uniformly 
distributed wave-particles which, similarly on a smaller scale to the Big Bang cross-
dimensional intersection creates disturbances which are fundamental forces. The graviton 
boson or gravity force involves spatial intersection as mentioned, while the photon boson 
or electromagnetic force may be generated by a uniquely tangential collision of electrons, 
protons, etc. Finally, neutrinos had an original uniform distribution which was displaced 
by the central matter structures described above to some degree, so neutrinos should show 
up outside stellar/galactic structures - precisely where dark matter would be expected. Of 
course, many neutrinos remain in matter regions because of the low neutrino interaction 
with most other forms of matter. 

4. By transformations. The fundamental forces which increase as distance 
between particles decreases (e.g., gravitation, electromagnetism) follow the S(x) = 1/x 

3. By measures including probabilities as in Doctorow et. al. (1983).. 
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transformation applied across dimensions from the Big Bang: S(f) = 1/r, i.e., f = 1/r 
without constant of proportionality, where f is force and r is distance, while the other 
fundamental forces follow the T(x) = x + 1 transformation, i.e., f = r + 1 without constant 
of proportionality, or considering repeated application, f = r + constant. 

3. FURTHER THEORY AND MONOPOLES, NEUTRINOS, GRAVITONS 

LEUT has four fundamental properties: logic, measures, set/events, and 
transformations. Logic has already been discussed, and the remaining three will be 
discussed below together (using interval continuous random variables) with applications 
of all four fundamental properties and theorems related to all concepts. 

1. Since sets/events are fundamental in LEUT, LEUT immediately notes that 
measures are a major way to describe and explore and operate on sets, including 
Lebesgue type measures of set A = m(A), probability measures of set A = P(A), etc. 
The uniform probability distribution, which is the unique probability distribution 
whose probability density function is constant, is the fundamental probability 
distribution of the universe (which can be proven (see Theorem 1) up to a reasonable 
point by measure + logic arguments or can be derived from the maximum entropy 
uniform distribution characteristic of Shannon entropy with unspecified mean and 
variance by ranking unspecified mean and variance higher in entropy terms than specified 
means and variances which latter restrict things too much), although this can be 
reformulated in terms of Lebesgue type measures and other measures. This yields 
isotropy and homogeneity of the universe and solution of the horizon and flatness 
problem, etc.The uniform distribution on an interval of the nonnegative real line [a, b] has 
probability density function f(x) = 1/(b-a) and increasing b for fixed a corresponds to 
effective gauge theory having a higher maximum energy before cutoff (and in fact 
replaces the need to have an effective quantum gauge field theory at all) and also to a 
larger influence of (random) variable X or even/set A calculated by P(X-->Y) = P(A--
>B) where A = {X < = x} for uniformly distributed X, B = {Y < = y} for any random 
variable Y.. This is fairly easy to derive from the fact that P(A-->B) is maximized at 1 for 
P(A) = 0 as well as for A a subset of B (with measure or probability 1), and likewise for 
finite Lebesgue type measure results., using the fact that A-->B = A’ U B so P(A-->B) = 1 
- P(A) + P(AB). Wave-particle duality is interpreted in LEUT as two simultaneous 
measures on objects of the universe: a wave measure and a particle type measure. Unlike 
Bohr’s original claim that physical objects are simultaneously particles and waves, which 
is logically contradictory, LEUT considers that, in probabilistic (or other measure) terms, 
there are two simultaneous measures as indicated on physical space. The first measures a 
wave variable U, the second measures a particle variable V, and the physical object has 
associated with it the couple (U, V). 

Set/events (events are a type of set) when rigorously analyzed help discriminate 
between monopoles, neutrinos, photons, bosons, and gravitons. The evidence of 
Kursunoglu (1996) that Big Bang condensates and near zero temperature Bose-Einstein 
condensates of rubidium-87 gas and lithium-7 gas forming central magnetic versus 
surrounding (spherical, etc.) surface electric charges (with or without intermediate bands) 
can be interpreted as evidence that monopole/surface configurations represent our 3+1 
dimensional observation of the orthogonality of the electric and magnetic “fields” in 3+3
= 6 spatial dimensions. For example, a one-dimensional line or the apex of a narrow 2-
dimensional cone penetrates a 2-dimensional plane or surface or 3-dimensional solid in 
what usually looks to a “2- or 3-dimensional inhabitant” as a zero-dimensional point or
pair of points, analogous to the central monopole point. This also solves the problem of 
the Maxwell non-magnetic charge equation, since replacing this equation by a magnetic 
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charge equation similar to the electric charge equation and assuming orthogonality yields 
the remaining Maxwell equations under quite general conditions. Uniformity and 
symmetry also indicate that the Maxwell equations should be symmetric with regard to 
electric and magnetic poles. 

The elementary particle theory of bosons as force exchange particles and fermions 
as particles being related by bosons is too obscure logically, and set/events analysis helps 
to clarify the situation.. Since wave-particle duality is logically sound via the double 
probability assignment to masses (wavelike and particle-like) in LEUT, “bosons” need 
not be interpreted as anything more than intersections in time of two field-particles which 
generates a wave-particle intersection having a mass and acting upon both original wave-
particles as a force in time, followed by separation of the original wave-particles which 
results in disappearance of the intersection (“boson”). 

Kursunoglu (1995) points out that the massive spin-2 gauge bosons replace the 
Higgs Boson. This is correct from the philosophical viewpoint of Cao (1997) also, who 
points out that Higgs bosons have doubtful philosophical grounding in physics whether
from the realistic viewpoint or the instrumental viewpoint (in the latter viewpoint, the 
Higgs bosons are just regarded as instruments without serious physical embodiment). 
Higgs boson mass appears to be unpredictable from current theories. If it goes from a 
massless to a massive state or vice versa, which many bosons have to do to prevent 
infinities and other anomalies, then it falls under the even more logically obscure Higgs 
or Higgs-Anderson mechanism which claims that massless objects “acquire mass” 
through long range forces which recombine massless modes into massive ones. 

Transformations in LEUT replace much of the eliminated anomalous 
machinery of effective gauge quantum field theory. Thus, the uncertainty principle is 
mostly replaced by Carlip’s (1998) and others’ (2+1)-dimensional quantum gravity 
modular transformations S(x) = -1/x, T(x) = x+1, which with the additional 
generalizations that x can be negative and can be any physical quantity reduce to (with the 
same symbols) S(x) = 1/x, T(x) = x+1. As Jammer (1974) points out, it never has been
established that the energy and position of any object cannot be simultaneously measured 
with arbitrary precision since such precision does not exist. As for the form of the 
uncertainty principle stating that product of standard deviations of two self-adjoint
operators on Hilbert space exceeds a constant, the neo-Bohm school has provided 
convincing evidence of the need to generalize the restrictive Hilbert space framework to 
rigged Hilbert spaces, lattices of Hilbert spaces, and Banach spaces, where (especially for 
the last) such forms of the uncertainty principle do not exist. That school shows that the 
Neumann-Mackey basic Hilbert space needs to be extended at least as far as Rigged 
Hilbert Spaces (e.g., because former cannot support very singular operators such as 
unsmeared field , but also because neither delta functions nor plane waves belong to 
Hilbert L2 space and also eigenvectors of points of the continuous spectrum of self-
adjoint operators do not belong to the Hilbert space) and to lattices of Hilbert or Banach 
spaces (Banach spaces are much more general than Hilbert spaces). The modular 
transformations play an additional role in LEUT of generating the 
mass/energy/force/distance relationships of elementary particles such as (to an order of
magnitude) m = 1/E for mass m and energy E in combination with the assumption that at 
the Big Bang all dimensions were united: mass = energy = space [=1, 2, and/or 3
dimensions] = time = force, called dimensional unification. This has the same type of 
justification as the usual physical principle of unification of the four fundamental forces 
at the Big Bang. 

Several major theorems of LEUT are stated below, difficult ones with proof, 
easier ones with proof outlines, and simple ones without proof. 

THEOREM 1. E(X �mY), the expected influence of X on Y, = integral 
yfX �mY\(x,y)dy, and is finite iff X and Y are nonzero on a finite interval (like uniform

2.
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distribution) and are + infinity for X, Y nonnegative. It is undefined for X, Y symmetric 
about any point, e.g., Gaussian distribution. The uniform probability distribution is the 
simplest probability distribution which satisfies the finite E(X�mY) requirement where
E(X�mY) is the expected influence of X on Y. The uniform distribution has constant
probability density function (pdf) from elementary probability. 

Proof. E(X�mY) is constructed analogously to the conditional expectation of Y
given X = x, E(Y/X=x) or E(Y/X) which integrates y dy from negative infinity to infinity 
times the conditional probability density, defined as fY/X(y/x) = f(x,y)/fX(x) where f(x,y) 
is the joint probability density function (pdf) of random variables X and Y and fX(x) is 
the marginal probability density function (pdf) of X, provided that fX(x) is not0.
For E(X�mY), fX�mY(x,y) =1 - fX(x) + f(x,y) for fX(x) the marginal pdf of X and f(x,y)
the joint pdf of X and Y. If yf(X�mY)(x,y) is integrated over the real line with respect to
y, then the integral of the first term, 1, in the last equation is infinity minus infinity over 
the real line, whereas the remaining terms are finite from probability theory. If the 
integral is only taken on the nonnegative real axis, then +infinity is obtained. Only when 
the interval of integration is finite, meaning that X and Y are defined on a finite interval 
of the nonnegative realline for example, as with uniform type distributions or
truncated/censored distributions, is E(X�mY) finite. Thus, the uniform type distribution
(for finite E(X�m��Y)) and nonnegative type distributions like the gamma (including chi-
squared, exponential) distribution are the only types of distributions for which E(X�mY)
makes sense. The symmetric distributions like the Gaussian are not usable for analysis by 
E(X�mY). It should be noted that f(X�mY)(x,y) is not a pdfor a cdf. Of course, neither is
fY/X(y/x) a pdf or cdf (in fact, it is a ratio of pdfs). This does not change the usefulness
of either expression. Q.E.D. 

An interesting and useful theorem is the following. 
Theorem 2. P(A �m B �m C) = P(A’B’) + P(BC) and P(A �j B �j C) = P(ABC) + 

P(A’B’C’), and P ���$�k���mB) = P(AB) + P(A’B’) The Dirac spinor anticommutation
relations wuwv + wvwu = 2guv Io and w5wu + wuw5 = 0 for Io 4x4 identity matrix and 
wu [w with subscript u] Dirac spinor 4x4 complex matrix then correspond in the 
probability picture to the first equation of the theorem with A = event that 1st matrix in
product of 2 matrices is wu, B = event that 2nd matrix is product of 2 matrices is wv, and 
Io maps to probability 1,0 maps to 0.40. 

These theorems greatly simplify logical-real analysis of monopoles, Lagrangians,
interactions between particles mediated by bosons (set/event B above would be bosons), 
symmetry-breaking scenarios from early universe, spinors/tensors/multivectors in 
Clifford/division algebras, since triple intersections on the left hand sides of the equations
reduce to sums of double intersections on the right hand side (which are easier to evaluate 
and with evaluation similar to what has already been done earlier in the paper). Since 
multivectors relevant to physics almost never involve more than three products in any 
term, most physical interpretation of multivectors simplifies enormously via 
probability/Lebesgue-measuretypeanalyses. The fact that P(A�m��B) is maximized (= 1)
for P(A) = 0 and/or for A a subset of B (with probability 1) has an analogue for 
P(A �mB �mC) since if A is a subset of B and B is a subset of C, then B’ is a subset of A’ 
and so A’B’ = B’ and BC = B, so P(A’B’) + P(BC) = P(B’) + P(B) = 1, so P(A �mB �mC) =
1, and if P(A) = P(B) = P( C ) = 0, then P(BC) = 0 and P(A’B’) = P(A U B)’ = 1, so
P(A�m��B�m��C) = 1. Thus, for example, scenarios near the Big Bang such as Kursunoglu
(1996) monopole�m condensate�m freezing into confined matter attain maximum
influence (somewhat like maximum entropy but more tractable) if all stages involve 
singularities or at least lower dimensions than 3, and/or if monopoles are a subset of 
condensates which are a subset of the final “frozen” confined scenario. Both 
Kursunoglu’s and LEUT’s theories of monopoles are indicated by this. 
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Magnetic monopoles have one pole, north or south. This means they have one-
way influence rather than the two-way influence of dipoles. Since (using probability 
measure although Lebesgue-type measures and others can be used) P(A ®B) reflects one-
way influence and P(A�j B) reflects two-way influence, the theorem below can be
proven from the fact that At�j��B = (A�m��B)(B�mA) which is a subset of A�m��B.

Theorem 3. Using the above measures of influence, monopoles have at least as 
much influence (on other events and/or themselves) as dipoles. 

Outline of Proof. E subset of F implies P(E) < = P(F) (monotonicity of 
probability), any sets E, F. Note that (A�m��B)(B�m���!) is the intersection of two sets.
Q.E.D.

This theorem justifies both Kursunoglu’s theory of Big Bang monopoles entering 
into all matter via confinement and this author’s theory of monopoles centrally located 
(but screened) in stars, planets, galaxies, etc. Both can be correct in different regions of
spacetime or different local scenarios. Many monopoles can be confined, while others 
become “semi-confined” in central regions of matter. 

THEOREM 4. For X, Y nonnegative, E(X�mY) > = E(Y/X=x) and fX�mY(x,y) > =
f(Y/X)(y/x) if and only if fX(x) and f(x,y) < = 1 except for the rare “pathological case” 
where both fX(x) and f(x,y) > 1. Also, P(A�mB) > = P(B/A) everywhere and FX�mY > =
FY/X=x everywhere where FY/X=x = F(x,y)/FX(x) for FX(x) nonzero cumulative 
distribution function (cdf) of X, F(x,y) joint cdf of X, Y, and FX�m��Y(x,y) = 1 - FX(x) +
F(x,y). fX(x) > 1 only occurs when the uncertainty as measured by the standard deviation
or variance of a distribution is very small, so X approaches a masslike concentration, 
which is in fact known as a mass or point mass distribution. There are thus two phase 
regimes: those where fX(x) > 1, and those where fX(x) < = 1. To avoid logical 
contradictions, however, the two “phases” are described by different random variables U 
and V with respective pdfs fU and gV. 

The second inequality is equivalent to 1 - fX(x) + f(x,y) > = 
f(x,y)/fX(x) for fX(x) not 0, and this says 1 - fX(x) > = f(x,y)(1/fX(x) - 1) = f(x,y)(1 -
f(X(x))/fX(x) for fX(x) not equal to 1 or 0, and if fX(x) < = 1 (the opposite case yields the 
opposite direction of the inequality as required) this is equivalent to 1 > = f(x,y)/fX(x) 
which says fX(x) > = f(x,y) which is true always from probability theory.. The third and 
fourth inequalities hold everywhere because P(A) is never > 1 and FX(x) is never greater
than 1 by definition of probabilities and cdfs (unlike pdfs). Also, P(A�m��B) > = P(B/A)
whenever P(A) is not 0 with no exceptions, because the above proof goes through exactly 
the same except that P(A) and P(AB) are never > 1 by definition of P(A) and P(AB). The 
same proof as that of the last paragraph holds for the cumulative distribution function 
FX(x) and F(x,y), and it follows that F(X�mY)(x,y) = 1 - FX(x) + F(x,y) > =
F(Y/X=x)(y/x) = F(x,y)/FX(x) wherever FX(x) is not 0. It is even possible to assign only 
one probability distribution fX(x) to X and then to consider that there are two phases, 
namely, fX(x) < = 1 versus fX(x) > 1. The same random variable or object X then 
changes from wave (fX(x) < = 1) to particle (fX(x) > 1). fX(x) attains a maximum, say x 
= xo, at the particle “center”, and the particle is wavelike away from the center. To avoid 
logical contradictions, it is preferable to regard a physical object as having associated with 
it two random variables U, V, i.e., the couple (U, V), where U has pdf fU, V has pdf gV, 
and fU < = 1 always (U is wavelike), gV > 1 near V = vo and gV < = 1 elsewhere (V is 
particle-like in one region and wavelike in another). 

This explains the Pauli exclusion principle for fermions and its absence for bosons 
as well as the fact that in the algebraic physics approach two successive creation operators 
yield zero for fermions but not for bosons (anticommutation relation for fermions verus 
commutation relation for bosons). Masses cannot intersect except at a point of tangency, 
but arbitrarily many waves associated with the masses can intersect over nonzero volumes. 

Proof outline.

Q.E.D.
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The first property is described by and due to the mostly masslike U1, U2, etc. of the 
different particles, while the second is due to the wavelike VI, V2, etc. (respectively) of 
the different particles. Bosons are (except possibly at a point of tangency) just wave 
intersections. Such intersections themselves give rise to a “mostly masslike” part of the 
intersection as well as a wavelike part of the intersection not so much because of the 
original physical objects but because the intersection of more and more waves “begins to 
look like a mass” in the same way that more and more “adjacent” points begin to look like 
a line and more and more “adjacent” planes begin to look like a solid object. Of course, 
the order relationship between “adjacent” elements is not algebraic, but it involves no 
logical contradictions and makes both logical and experimental sense. 

4. EXPERIMENTS TO RE PERFORMED 

1. Low-temperature results described in Kursunoglu ( 1996) suggest possibility 
that not only is there high temperature singularity at Big Bang, but also low temperature 
singularity at 0 degrees K, also likely because of the one-sidedness of 0 degrees. 
Decreasing temperatures very close to 0 may initiate a jump “through the singularity” to 
the Big Bang regime, especially if both singularities coincide or are near each other. 2. 
Experiment 2 repeats above but alters surface electrical field, and in this version the 
central magnetic field is considered to be perpendicular in 3+3 or 3+1 + 3+1 = 6+1 
dimensions to the surface electrical field, so varying the surface electrical field should tell 
us how the magnetic field reacts, and with version 1 as a possible supplement, the 
experiment can confirm the orthogonality at one or both of the temperature regimes. 3. 
Version 3 is based on recent geophysical results - when the earth’s orbit is near the sun, 
ice ages are most frequent. LRQG explains this as due to the decrease in surface heat 
generated by electrical fields due to increase in central magnetic pole field strength by 
attraction to the sun’s central magnetic pole, although an alternative scenario is that 
surface heat decreases due to the same process but with the sun and earth having opposite 
central magnetic poles. The “experiment” has already been performed since the data are 
consistent with either approach, planetary orbits around the sun may indicate that, e.g., 
earth and sun have opposite monopoles. One see far-fetched idea is to use 
superconducting material and fiber optics to create a very thin stringlike bridge between 
earth and sun and launch ends of the string toward centers of sun and earth respectively.. 
Alternatively, surface conduction should affect string conduction similarly for the earth-
sun system versus the earth-Jupiter system, oppositely for earth-Mars system. 4. Version 
4 is like version 3 but uses earth’s deviation from perfect sphere to determine whether 
magnetic/electrical interaction deviates considerably from that expected with a spherical 
shape with versus without central monopole. 5. The recent failure of the polar Mars 
landing suggests version 5 - land a drill on mars and dig to its core or make Mars a testing 
ground for all other LRQG scenarios, with giant superconductors to cover the large parts 
of martian surface. 6. Version 6 is to build a space pump via expansion of a sphere due to 
increased central magnetism of the same or oposite pole signs and then followed by 
contraction due to gravity or due to an external (concentric or non-concentric) sphere, 
yielding a spherical space pump basis of a space engine for space travel. 7. Version 7 -
earth core penetrating drill or missile (without a warhead, obviously), to pull along or 
launch super-strong fiber optic cable or superconductor. 8. version 8 is like 5 but on earth 
using, e.g., unidirectional electric field. 

The corporation American Superconductor leads the way in superconductor 
applications to such a degree that many experiments described are either now or will soon 
be feasible. With development of high temperature superconducting (HTS) material 
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(which has a much higher critical temperature below which it superconducts), it is much 
easier than before to get superconductivity. There have been so many applications, from 
engines to wires and beyond, that almost anything seems possible. There are even maglev 
trains (magnetically levitated), with strong magnetic fields created by HTS coils which 
produce levitation by repulsion or attraction, and these trains are high speed and low cost. 

5. CONCLUSION

Magnetic monopoles, massive neutrinos, and gravitation/gravitons are clearly analyzed, 
discriminated, and categorized by logical experimental unification theory (LEUT), a 
successor to quantum logic which does not accept anomalies and which replaces effective 
gauge quantum field theory (the latest version of quantum field theory) by a combination 
of logic, experiment, set/events, measure, and transformations (especially a generalization 
of 2+1 dimensional modular transformations). Monopoles are one of the very rare 
objects which are characterized by only one-way logical-physical influence (single pole) 
and are obtained in two ways: (1) via Kursunoglu’s confinement process: free monopoles 
�m condensation�m confined monopoles constituting fundamental particles, (2) via
LEUT’s central point magnetic charge versus surrounding (spherical type) surface area 
electric charge systems which are similar to condensates described by Kursunoglu but 
which are predicted for stars, possibly planets, and other large scale matter 
concentrations. Massive neutrinos have of course been discovered recently and are 
prime candidates for dark matter, but LEUT derives them as the unique particles which 
do not intersect/interact with ordinary matter which precludes them from having a 
massless pointlike nature since points arise among fundamental particles exclusively from 
tangential intersection of ordinary matter (as in photons from electron tangency). 
Gravitons (and gravitation) are uniquely characterized as the unique objects of the 
universe formed by the intersection of matter and spatial curvature and, unlike 
monopoles, involve two-way logical-physical influence. Solar/interstellar experiments
are proposed for confirming some predictions, including superconductors. 
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AN UPDATE ON THE PROPERTIES OF THE TOP QUARK
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Abstract

Properties of the top quark such as its mass, its decay properties, and thett-

production cross section, have been studied by the CDF and DØexperiments
at the Tevatron Collider. Currently, the observed characteristics conform to 
expectationsfrom the standardmodel. Nevertheless, allconclusionsare limited
by statistical uncertainty, and with the anticipated improvement in quality of
detectors and the increase by over a factor of 100 in data before the turn-on
of the LHC, the enhanced sensitivity may finally reveal the presence of new 
particle interactions and phenomena. 

INTRODUCTION

It has been almost five years since the definitive observation of the top quark by
the CDF and DØ experiments [1, 2]. The first hints of a possible signal were gleaned 
somewhat before then: (i) by DØ in their famous Event 417 [3], and (ii) by CDF in 
the large excess of events found in their initial data sample, and published in 1994 as 
“evidence for” top [4]. Event 417 survived the passage of time and withstood greater 
scrutiny, and is still regarded as one of the best examples of top-antitop production, 
but the first cross section reported by CDF for top production turned out to be
more than a factor of two larger than the currently accepted value. For the early
measurements of the mass of the top quark, DØ obtained a rather large value, but 
CDF got pretty much what is now accepted as the mass of top [1, 2]. 

Everything we know about top has been learned from studies oftt production,-

which, at the energy of the Tevatron, is dominated by the qq incident channel. With
top decaying into W + b in the standard model (SM), the final states with least 
background arise from events that haveW �m l + decays. When bothW bosons
decay leptonically (either e or µ), the events contain two (isolated) leptons of large 
transverse momentum (pT ). Such events, with their accompanying jets, correspond to
”dilepton” channels. When oneW decays leptonically and the other one via a quark
and antiquark pair, the events comprise the single-lepton channels, and when both 
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W bosons decay via quarks the final state is called the all-jets channel. In addition 
to the nominal six objects, events can have extra jets arising from gluon emission in 
the initial or final state. The all-jets channel has the largest yield, but an enormous 
background from QCD jet production, and is therefore the most difficult to analyze. 

During this past year, CDF and DØ joined forces to produce an averaged top 
mass (Mt) and cross section that would best summarize the results from the analyses
at the Tevatron. The averaging of the mass parameters is now complete, and yields 
Mt = 174.3 ± 5.1 GeV [5], but the results on thett cross section are still not ready
(an unofficial value is 6.2 ± 1.2 pb). A summary of the latest measurements of the
mass and cross section for all available final states is given in Fig. 1 and 2 [6, 7]. 

Considering the few events and the difficulty of the analysis, the 3% precision
achieved on Mt is quite remarkable. Cross sections obtained from separate channels 
are consistent with branching fractions expected fort �m W + b decay. It would be
good to establish the electric charges are correct, but the events certainly look like

-

top, feel like top, and, undoubtedly, are top. Although the uncertainties are still 
quite large, the superb agreement between theory and observed cross section is one of 
the great triumphs of the SM and QCD [8]. The value of the mass of the top quark 
is very large, and as a result its Yukawa coupling is close to unity, suggesting that 
top may hold an especially fundamental position in the SM. Nevertheless, the mass 
is completely consistent with expectations from electroweak theory. In fact, the top 
mass, taken with the well measured mass of theW obtained at the Tevatron and at
LEP [9], has provided additional constraint on the mass of the Higgs in the standard
model, which is now favored to be well below 200 GeV. 

With the small sample of top events available from previous runs of the Tevatron, 
one might wonder whether there are any other important properties of the top quark 
that could be extracted from the data. Several studies carried out by CDF and D0, 
although neither as sweeping nor as sensitive as we would have liked, have nevertheless
provided some interesting limits and tests of the SM. Recently completed searches 
and some of the still ongoing analyses are itemized below:

• Spin correlations intt decays.
• Helicity of the W in tt final states.-

-

• Extraction of the branching ratio oft �m W + b, and thereby the value of the

• Production of single-top events. 
• Flavor-changing decays of the top quark via neutral currents (FCNC).
• The decay of top into a charged Higgs boson:t �m H+ + b.
• Anomalous contributions tott production from possible tt resonances-

We will discuss only several of the above analyses, some of which were intended
primarily as vehicles for assessing the eventual sensitivity expected for such studies 
once data from future runs of the Tevatron become available. The next run is now 
scheduled to commence in Spring 2001 at a center of mass energy 2 TeV, and the 
first goal is to reach an integrated luminosity of 2 events/fb. With the 10% increase 
in and improvement in both detectors, the 20-fold increase in luminosity will
correspond to a far greater increase in signal, especially for the more rare dilepton 
events and for events that will have b jets tagged either via displaced vertices based 
on silicon microstrip detectors or through “soft” (not isolated) leptons that often

-accompany b jets. It has been estimated [10] that an extra factor of at least four in the 
yield of tt events, and an extra factor of more that ten for the more difficult single-top
events, will be obtained just from the upgrading of the detectors and increase in 

Cabibbo-Kobayashi-Maskawamatrix element�| Vtb�|
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Figure 1. Measured values of the mass of the top quark. 

Figure 2. Measured cross sections fortt production in different channels.-
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MORE ON MASS AND CROSS SECTION 

Although DØ is still working on the extraction of the mass in the all-jets channel, 
and the latest values of cross sections from CDF have yet to appear in the journals, 
most of the results on top mass and cross sections are now relatively well known. In 
their independent approaches, each group has used both ingenuity and the strengths 
of their detectors to great advantage. CDF has concentrated on their excellent silicon
system, and DØ has relied on its calorimetry and muon coverage, and has pioneered
novel approaches in analysis through bold application of neural networks. 

For example, DØ has recently re-examined the yield of eµ dilepton events using a
neural network approach rather than more classical means (e.g., random grid search) 
of implementing cutoffs on variables used to maximize separation between signal and 
background [11]. A modest improvement has been achieved in the yield of signal, 
with a simultaneous reduction in background. The net gain corresponds to ~ 18%
in statistics or ~40% in running time. These kinds of approaches will be used more
often in the next run, and will help reduce uncertainties in many analyses. 

In the future, limitations on the accuracy of the top mass will be dominated 
mainly by the uncertainty in the energy scale used for reconstructing jets, and by 
ambiguities in the model for production and decay of the top quarks. These are 
expected to improve by about a factor of two, and bring the total uncertainty down 
to 2 – 3 GeV. The major improvement in measurements of cross sections will be from 
an increase in statistics for the individual channels, which will also provide better 
checks of branching fractions into different final states. The absolute uncertainty will 
be limited by comparable contributions ( ˜5%) from absolute luminosity, b–tagging
efficiency. statistics, energy scale, and the model used for tt production. Thus, about 
a 10% uncertainty on the cross section should be within reach [12]. 

SEARCH FOR DECAY OF TOP INTO A CHARGED HIGGS 

The standard model requires a single complex Higgs doublet, which, after sym-
metry breaking, leaves one neutral Higgs boson. The simplest extensions of the Higgs 
sector, including supersymmetric theories, involve a two-doublet structure, and point 
to the existence of a charged Higgs (H±). If the mass of the charged Higgs (MH±) is 

tan �E

Figure 3. Regionsof parameterspacefor a chargedHiggs bosonexcludedby CDF.
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sufficiently small, then the top quark can decay via t�m H+ + b. Depending on the
value ofMH± and the parameter tanb (the ratio of the vacuum expectation values of
the two Higgs doublets), this decay can compete with the standard modet �m W++b.
The branching fraction oft �m H+ + b is largest for both very small and very large
tan�E(tan�E< 1 and tan�E> 50), and smallest when tanb = ˜ 6, where the 
decay is dominated by t�m W+ + b. The decay of theH± also depends strongly on
tan�E��with the branching tocs and t* b �m Wbb dominating for tanb < 1, and into
�W�Y�Wfor tan�E> 1. The relative decay rates into the two hadronic modes are sensitive
to MH±, especially near the upper edge of allowed kinematics. 

The search for t�m H+ + b relies on a violation of lepton universality in Higgs
decay, and has proceeded along two lines. First, the more direct approach is based on 
the appearance of excess tt signal in the t + X channels, where the analyses rely on 
the specific decay ofH± �m �W±v�W (and t �m hadrons+v�W), which is dominant at large
tan�E��The other route involves an indirect search, and is based on the disappearance
of top signal, because the standard analysis of tt�m lepton+jets has selection criteria
optimized for the SM modes, and thereby ignores the possibility of a contribution 
from H±. Consequently, if a large fraction of top quarks decay via aH±, then,
assuming that there are no additional sources oftt signal from mechanisms beyond-

the SM, there will be fewer events observed than expected in channels based purely 
on the SM. A less model-dependent approach, but one that is not very sensitive at 
current level of statistics, is used by CDF in searches for an anomaly in the ratio of
lepton+jets and dilepton+jetstt final states. This indirect method is not affected by
uncertainties in thett production cross section [13].

-

Lower limits on MH± of about 77 GeV, essentially independent of tanb. have 
been obtained at LEP from searches for direct coupling ofZ �m H+H- [14], and a
more model-dependent limit ofMH± > 244 GeV has been extracted from theb �msg
transition at CLEO [15]. The results from CDF and DØ are given in Fig. 3[13]
and 4 [16] as a function of MH± and tanb, and are observed to exclude much of the
phase space for tan�E< 1 and tanb > 30. From the connection between tan,!? and
the branching fraction oft �m Hb, we can exclude the existence of a charged Higgs
with MH < 120 GeV, for B(t �m Hb > 0.4), at˜ 95% confidence. The next run of 
the Tevatron is expected to reduce the unexcluded region of phase space by about a 
factor of two (as shown in Fig. 4), or, possibly, find theH±.

HELICITY OF THE W AND SPIN CORRELATIONS IN TOP DECAYS

Spin provides another window for viewing the predictions of, and possible depar-
tures from, the standard model. Two areas that have been studied at CDF and DØ
involve the helicity of the W boson from top decay, and correlations among the decay 
products of the two top quarks in tt events. Given the V– A form of the weak interac-
tion, a top quark should decay into either a left handed or a longitudinally polarized
W+ This implies that leptons from W �m vedecay will tend to be emitted in a di-
rection opposite to the line of flight of the W. The angular distribution of the lepton
in the rest frame of the W, with the axis of quantization defined by the line of flight of 
the W, will therefore be asymmetric, and characterized by the fraction of left-handed
W+ in top decay (with helicity –1),�eleft = 2,M2

W/(M2
t + 2M2

W) = 1 – �elong ~ 0.3.
DØ has made preliminary studies to ascertain prospects for the next run, and CDF
has already presented analyses of lepton pT spectra for W decays in tt events in lep-
ton and dilepton channels [17]: yielding�elong = 0.91 ± 0.37 ± 0.13 (statistical and
systematic uncertainties, respectively), in full agreement with the SM. 
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The dominance of theqq incident channel fortt production, guarantees that the

×

- -

two top spins will tend to point along the same direction in the center of mass of the 
parton-parton collision. Because the lifetime of the top quark is ~ 4 10–25sec, and
far shorter than hadronization time, the spin information carried by the top quarks is 
transmitted to their decay products. In fact, any depolarization could provide limits 
on the lifetime of top, and consequently on�' (t �m W + b) and �| Vtb�|

For a polarized top quark, the angular distribution of the decay products in the 
top rest frame is given by (1 +�Dcos�T)/2, where a = 1 for the charged lepton or d quark
from W decay, and �|�A�| <– 0.41 for the other decay products ( W, v, b or the up quark).
(The �Dparameters fort have opposite sign to those fort.) Because of the difficulty
of reconstructing down quarks from W decay, charged leptons would seem to offer 
the best means for extracting values of �D�� However, for interactions of unpolarized 
pp, a cannot be measured in top decay. Nevertheless, a can be determined from the 
correlated distribution in the decay angles�T�� and �T– of the t and t:

The value of K depends on the axis of quantization chosen for analyzing the de-
cays. The more standard axes of the incident beam (“Gottfried-Jackson” frame) or 
the lines of flight of the top quarks (“helicity” frames) are not the ones preferred 
here, but instead there is an optimal axis, or “off diagonal‘’ basis, as defined by the

• Luminosity: �° £dt= 2 fb–1.
• Collision energy: = 2.0 TeV
• Manydetector improvements. 
• Assume �V(tt) = 7.0 pb, nobs = 600,

nB = 50 ±5, �HSM = 4.0 ± 0.4 %.

Figure 4. Regions of parameter space for a charged Higgs boson excluded by Dø,
and expectations for sensitivity in the next run of the Tevatron. 
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transformation [18]: 

where�\ and �T�
are, respectively, the angle of the optimal axis and the angle for the 
line of flight of the top quarks, defined relative to the incident direction of the p in
the parton-parton rest frame, and �E�
 refers to the velocity of the top quarks in that 
frame. In the off diagonal basis, the impact 

Figure 5. Results from a study of spin correlations in tt decay reported by DØ. 

of contributions from opposite spin orientations of the top quarks (e.g., from gluon-
gluon production) vanish to leading order in �Dstrong, providing an expected value of 
k ˜ 0.9. To measure the decay angles, requires the full kinematic reconstruction of
tt events. Unfortunately, dilepton events are kinematically underconstrained, and a 
special procedure was therefore developed at D Ø [19] to handle the ambiguities and 
poor resolution brought about by the two missing neutrinos in these channels. Using 
its 6 dilepton events, DØ calculated all possible neutrunosolutions, with smeared 
resolutions, and obtained a likelihood for each event permutation. These were added 
for all events, and are shown in the density plot in Fig. 5. A likelihood fit was then 
performed to signal (based on a spin-correlatedtt Monte Carlo) and small sources of 
background, with k as arbitrary parameter, which established thatk > –0.25 at 68%

-

confidence [20], consistent with production through an intermediary gluon. A value 
of K ˜ –1.0 would correspond to an intermediary Higgs-like J = 0 boson. 

Clearly, the results of spin studies to date have not been electrifying, however, 
with the great increase in statistics expected from the next run of the Tevatron, such 
measurements will provide delicate and sensitive tests of the SM.
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CONCLUSION

Considering the small number of events collected thus far, the properties of the 
top quark are known to remarkable precision. The mass is 174.3 ± 5.1 GeV, the tt
cross section (unofficial) is 6.2 ± 1.2 pb, the branching modes of the top quark are 
in line with expectation from t�m W + b decay, and all observations are consistent

-

with the SM. The upcoming enormous increase in statistical accuracy will hopefully 
reveal new interactions and the shortcomings of current theory. 

ACKNOWLEDGEMENTS

I wish to thank my colleagues on CDF and DØ for their many contributions 
that have provided the basis for this presentation. I am especially grateful to Dhi-
man Chakraborty, Suyong Choi, John Conway, Mark Kruse, Ann Heinson, Andrew 
Robinson, Harpreet Singh, Eric Smith, Kirsten Tollefson, Gordon Watts and John 
Womersley for their input and helpful comments.

References
[1] F. Abe et al., Phys. Rev. Lett. 74,2626 (1995) 

[2] S. Abachiet al.,Phys. Rev. Lett.74,2632 (1995).

[3] S. Abachi et al., Phys. Rev. Lett.72,2138 (1994).

[4] F. Abe et al., Phys. Rev. Lett. 73,225 (1994) 

[5] Top Averaging Group, L. Demortier et al., FERMILAB TM 2084 (May 1999) 




