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I. INTRODUCTION

This is the ninth year of operation of the Center for Particle 

Theory at the University of Texas at Austin. For the past seven 

years of operation the Center has enjoyed the support of both the 

University and the Atomic Energy Commission. The recent reorgani

zation of the A. E. C. has shifted our sponsoring agency to the 

newly organized Energy Research and Development Agency (ERDA).

This our first progress report to ERDA describing activities of 

the past year should also be considered in the context of the 

earlier six reports which show a. history of active and significant 

research in the structure of matter. The breadth and significance 

of this research is possible because of both the organizational 

structure of the Center for Particle Theory and its senior scienti

fic leadership. The Center for Particle Theory is an established, 

ongoing component of the University of Texas. It is housed in 

the Physics Department of the University but reports through inde

pendent channels to the Vice President for Research. It receives 

both intellectual and financial support through the Organized 

Research Budget of the University and as such serves its research 

mission through both national and state support. This program has 

been under the joint direction of the co-principal investigators 

and Co-Directors of the Center Professors E. C. G. Sudarshan and 

Y. Ne'eman. This research program encompasses the entire operation 

of the Center for Particle Theory.

We are pleased to express our appreciation to the Commission 

and the University for their generous and continuing support, both 

with regard to operating funds as well as encouragement and counsel. 

We would like to mention in particular the encouragement for our 

work from President Lorene Rogers, Vice President for Research

H. E. Sutton, Vice President and Dean of Graduate Studies I. C. Lieb, 

Dean Paul Olum and Chairman T. A. Griffy, and the unfailing courtesy



and help of the staff of the Office of Sponsored Projects. We at 

the Center for Particle Theory, besides the financial support of 

the University of Texas, have enjoyed the benefits of an excellent 

Physics-Math-Astronomy Library and one of the finest university- 

based scientific computation centars in this country. The Com

putation Center, besides housing a CDC 6600, has a staff of 

expert programmers and support personnel to assist in scientific 

computation.

The staff of the Center have benefited from a rich atmosphere 

for research provided by our colleagues in the Department of 

Physics. Professors A. Schild, B. DeWitt, L. Shepley and R, Matzner 

and the staff of the Center for Relativity have always been a 

source of expert advice and critical but supportive analysis. 

Professor P. A. Matsen of the Atomic and Molecular Physics Group 

has assisted in our research in Group Theory and Mathematical 

Physics. The staff of the Center for Statistical Physics, directed 

by Professor I. Prigogine, is internationally known for its re

search in statistical methods. Professors T. Tamura, T. Udagawa 

and R. W. Coker of the Center for Nuclear Studies have become in

terested in low energy pion physics and have begun to interact more 

steadily with our group. Nuclear experiments at medium energy are 

just being initiated at Los Alamos. Both Texas experimentalists 

and others have been active in contacting and working with our 

staff on experiment proposals and most recently on analysis of 

emerging data.

In addition to the staff listed above, the Center for Particle 

Theory, in conjunction with the Physics Department, has enjoyed 

collaboration and contact with several visitors, some for extended 

stays at the University of Texas. Particular mention should be 

made of Professor J. V. Narlikar of Tata Institute of Fundamental 

Research, India, Professor Harun ar Rashid of the University of 

Dacca, Bangladesh, and Professor M. Seetharaman of the University



of Madras, India, who spent part of the year in Austin. In addi

tion the staff of the Center enjoy the interaction of physicists 

from other institutions who chose to spend a significant portion 

of their sabbatical period at the Center. Professor B. Etemadi 

of Tehran, Iran and Professor A. A. Golestaneh of Mount Union 

College, Alliance,Ohio, were active in our research program. The 

fruitfulness of these collaborations for both the staff and the 

visitor is indicated by the continuing collaboration with earlier 

visitors. Among the many continuing efforts with staffs of other 

institutions we have collaborations with Professor V. Teplitz of 

Virginia Polytechnic Institute, Blacksburg, Virginia, Professor 

V. Gorini of dell Universita, Milano, Italy, and Professor A. 

Kossakowski of Copernicus University, Torun, Poland. In addition, 

the Center is part of a cooperative program with the staff of the 

University of Warsaw in Poland. Collaboration included Professor J. 

Werle, Professor Bialkowski, and S. Pokorski. A similar program 

with the Centro de Investigacion y Estudios Avanzados of Mexico 

has led to similar collaborations with Dr. A. Garcia. Both of 

these cooperative programs have sponsored significant joint seminars 

or working meetings. The first meeting was in Austin last year 

with a follow up meeting in Mexico City in January 1976. This 

last meeting emphasized mathematical models and had among its 

participants Professor A. Janner, University of Nijmegen, the 

Netherlands? Professor P. Winternitz, Centre de Recherches Mathema- 

tiques, Universite de Montreal; M. Moshinsky, Univers.idad Nacional 

Autonoma de Mexico; A. Lichnerowicz, College de France; Professor 

S. Okubo, University of Rochester; Professor R. Oehme, University 

of Chicago. We have had colloquia on topics related to our re

search which are, of course, a departmental function and contri

bute significantly to our research effort.

During this past year, we have enjoyed extensive collaboration 

with our neighboring institution, Texas A. & M. University. Two
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Texas A. S M. staff members, Professor R. A. Bryan and Professor 

R. B. Clark, spent a significant portion of their research effort 

working on problems in collaboration with the staff of the Center 

for Particle Theory.

At the time of this writing the group consists of the two 

co-principal investigators and co-directors of the Center for 

Particle Theory; Professors E. C. G. Sudarshan and Y. Ne'eman 

(who during the reporting period, academic year 1974-75, was on 

leave as the Deputy Minister of Defense in Israel and as such was 

not able to actively participate in the program); five full-time 

faculty members: Professor T. A. Griffy; Associate Professors A.

Bohm, C. B. Chiu and A. M. Gleeson; and Assistant Professor D.

Dicus; and one visiting Assistant Professor, R. Bowers. The 

full time research staff is composed of three research associates: 

Drs. J. P. Hsu, T. Sherry and D. Tow, The Center supports in its 

research activities the development of the students; we have at 

present seven graduate students working towards a degree in Physics 

with specialization in elementary particle theory. In addition, 

one student Mr. D. Pedigo was the recipient of a University Fellow

ship and although not receiving support from Center funds partici

pated actively in its research. In addition one other student 

Mr. J. Wheeler was employed as a teaching assistant but also contri

buted significantly to our research program.

This research report provides a detailed summary of the acti

vities of the staff of the Center. The report contains, besides 

this introduction, one section treating the research of the Center 

and several appendices. The next section details this past year's 

research accomplishments. It is broken up into seven subsections 

which describe the particular fields of research discussed. The 

report contains two appendices; one, containing the abstracts of 

research reports and the other, describing the research histories 

of the staff of the Center for Particle Theory.



Research Report for the Academic Year 1975-1976

A. Introduction

Again this year the results obtained by the experimentalists 

at the new facilities have provided a background of excitement 

and discovery which indicates the continued progress in our 

movement to understand subnuclear matter. These discoveries 

of new particles at SLAC and Brookhaven coupled with the results 

of the neutrino scattering experiments at NAL and CERN have 

provided a stimulus to theory building unlike any that we 

have seen in recent years. High energy experiments have 

already indicated that fluid or composite models of matter 

are a natural phenomenology for these data. The unified 

theories of weak and electromagnetic interactions, dependent 

on the neutrino experiments for their verification, have sti

mulated new research in methods of field theory.

The members of the Center for Particle Theory have been 

actively involved in the development of all these new concepts. 

As is indicated in the attached abstracts and the report which 

follows, they have contributed significantly to the current 

trends of the field; in some cases clearly anticipating these 

trends. The development of new approaches to unified theories 

with a more flexible basis was initiated here at Texas and is 

continuing. The development and import of the indefinite metric 

nature of a relativistic quantum field theory was first pointed 

out by staff now at Texas. The relationship between the assump

tion of supersymmetric field theories and their underlying 

Grassman algebra was initiated here at Texas.

Even more importantly than the desire to participate in the 

current trends, the members of the University of Texas Center 

for Particle Theory have always maintained the single goal of 

understanding the fundamental constituents of matter and their



interactions. In order to approach this goal, they must 

research the methods of particle physics along several 

paths because we cannot predict which of the many possible 

approaches and techniques will be most successful in urder- 

standing the nature of matter. We continue to emphasize 

the mathematical methods underlying our understanding. In 

addition, in fact, a true understanding of a particular 

problem is only achieved after the problem has been studied 

from several directions. Fortunately, the staff of the 

Center for Particle Theory has the broad background and ex

pertise necessary for a many-pronged approach to these pro

blems and, as in previous years, significant progress has 

been made along many paths. In a similar regard the staff 

is always aware of the extended obligation of the physicist 

in the need to relate the techniques and insights developed 

in his particular speciality to the broader study of Physics 

in general.

.'£n this report, we have very briefly summarized the primary 

research activities of the staff of the Center. Detail in

formation about research results is given in the rjted CPT 

report. For convenience of reporting, we have divided the 

different ways of studying the problems into several broad 

categories. This separation is very artificial in the sense 

that any given problem will overlap several categories and 

as will be obvious below, the interests of the individual 

staff members also overlap several categories. Furthermore, 

we must always remember that whatever the approach, the goal 

remains the same.
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B. Field Theory Models

During the past two years, after a period of neglect, 

the community of particle theoreticians have returned to 

an active attempt at formulation of their fundamental theories 

in terms of the local theory of fields. This return to a 

local formalism operating in space time has generated a 

renewed interest in all aspects of field theory, both classical 

and quantum mechanical. The staff of the center welcome this 

renewal of interest. In fact much of the recent return to 

interest was anticipated by this group. As a matter of fact 

in spite of all of its naturalness as a fundamental framework, 

the theory of field is a very subtle and deceptively prag

matic method for the development of theory. The staff at 

the center have long been identified with attempts to both 

clarify the techniques of field theory and to extend them 

to include newer interactions.

The new wave of interest in field theory is generally 

identified with the realization that theories whose symmetries 

are reduced by Goldstone mechanisms possess the renormaliza- 

bility of the original symmetric theory. This led to an in

terest in symmetric renormalizable theories which could unify 

some categories of interactions. Professors Sudarshan and 

Dr. Hsu recognized early the ambiguities and difficulties of 

this approach and formulated an alternative technique which 

was intrinsically more generalizable and basically more 

physically motivated. The method of Lagrange multiplier 

fields with or without distorted gauge symmetry can be u.ed to 

generate the more well known effects of the Goldstone mechanism 

broken symmetry theories without the many difficulties that 

emerge in these theories. The implications of this new ap

proach are many and Professor Sudarshan and Dr. Hsu and two 

students have initiated a broad program into these theories.
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An example of this type is reported in 0R0 225. Professor 

Sudarshan with Dr. Hsu and Mr. Mac have investigated the gauge 

conditions in the usual formalism for non-abelian gauge theories. 

They show a violation of unitarity in this case whereas the 

equivalent lagrange multiplier approach permits the construc

tion of a unitary theory.

A similar circumstance but in this case occuring for the 

Weinberg Unified Theory is examined in 0R0 235, by Hsu and 

Sudarshan. They show that the usual formalism for non-Abelian 

gauge theories is not completely satisfactory: Calculations 

show that the usual formalism for Weinberg's unified gauge 

theory with a bilinear gauge condition leads to violation of 

unitarity, contrary to general formal proofs of unitarity.

In contrast, the Lagrange multiplier formalism for this theory 

gives rise to unitary amplitudes; their unitarity has been 

checked explicitly at the 1-loop and the 2-loop levels. This 

shows the general validity of the Lagrange multiplier forma

lism and its advantages over the usual formalism.

The general problems of the usual approach in the presence 

of bilinear gauge conditions is further analysed for the case 

of unified theories in the Wu gauge. Hsu has shown by means 

of both a formal proof and an explicit calculation that for 

theories with bilinear gauge conditions constructed within the 

Lagrangian multiplier formalism the theory is unitary. This 

proof shows the redundancy of the use of fictitous fields 

which occur in the usual formalism and which carry with them 

the threat of a unitarity violation (0R0 255). The group at 

Texas have continued in this general direction of investi

gating the gauge invariance structure of established theories.

In 0R0 210 Hsu and Underwood have analysed the Einstein Theory 

of Gravity, and in ORO 258 Dr. Hsu and Mr. Mac investigate 

several theories based on a Lagrangian with 0(3) symmetry



but several gauge conditions. It is found that the generalized 
axial gauge condition leads to a violation of unitarity.

On the other hand they have shown the renormalizability 
of the distorted gauge-invariant approach. In 0R0 246,Hsu 
and Underwood consider a new type of renormalizable theory 
involving massive Yang-Mills fields whose mass is generated 
by an intrinsic breakdown of the usual local gauge symmetry. 
However, the Lagrangian has distorted gauge symmetry which 
leads to the Ward-Takahashi (W-T) identities. Also, the 
theory is independent of the gauge parameter £. They com
pletely carry out an explicit renormalization at the one- 
loop level by exhibiting counter terms, defining the physical 
parameters and computing all renormalization constants to 
check the W-T identities. A truly finite theory is clearly 
renormalizable and therefore a very attractive possibility 
for theory formation. The finite quantum electrodynamics 
of Lee and Wick as modified by Pradhan and Lahiri is shown 
by explicit calculation to violate unitarity. This is re
ported in ORO-224.

A new topic of interest associated with those highly 
symmetric theories has been the possible existence of mag
netic monopole solutions. In 0R0 223 and 254, Dr. Hsu has 
studied both general non-abelian Yang Mills and unified 
gauge theories and in particular the unified theory of 
Weinberg. In this latter case the Dirac charge quantization
condition implies that the Weinberg mixing angle must satisfy

2sin 0 = 1/2 which is experimentally testable. Dr. Hsu 
has shown that the monopole solutions are generally a result 
of the symmetry and not the detail dynamics and verifies 
that they will arise also in the distorted gauge symmetry 
approach. With Mr. Mac, Dr. Hsu has further reinforced 
this view by looking at Dyon solutions in the Classical
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Yang-Mills Field. They show that the conserved magnetic and 
electric charges in non-Abelian theories have nothing to 
do with the Higgs scalars and/or the symmetry structure of the 
Lagrangian. These structures are a consequence of the local 
isospin gauge symmetry. They present several exact static 
dyon solutions to the non-linear classical field equations 
in both massless and massive Yang-Mills theories, which 
possess both electric and magnetic charges.

In ORO 265, a continuation of work initiated at Dublin,
Dr. T. Sherry has analysed two simple gauge theory models 
using point transformations rather than gauge transformations. 
The renormalization constants are examined directly in two 
gauges, the Renormalization (Landau) and Unitary gauges. Our 
result is that the individual coupling constant renormaliz- 
tions are identical when calculated in each of the above 
two gauges, although the wave-function and proper vertex 
renormalizations differ.

The Quantum Theory of Fields can be developed only from 
the background of a consistant classical relativistic field 
theory. The primary problem has always been identified with 
the correct development of a suitable high spin formalism.
This program has been in progress for several years but 
recent developments in classification schemes for relativistic 
wave equations developed at Texas have been very successful.
In his doctoral dissertation, Dr. A. Khalil has produced 
for convenience in studying the structure of RWE's the 
following classification scheme:

C

C(R,E) C ( R j ' v E )  C ( v R , E )
C(^R,^E)

C ( R , E , B)  C ( R , E , ^ B )



here C is the class of all RWE's of the form
(-ir • 3 + m)ty(x) = 0

C( ) are the various mutually exclusive subclasses, and the 
letters in the parentheses indicate the particular properties 
of the wave equations in that class. R stands for reducible,

»

so C (R) is the class of all wave equations where {r^ly =
0,1,2,3 | form a reducible set. The "tilda" denotes nega
tion, or the absense of the property in front of which it 
appears. Therefore, for example C(^R) is the class of all 
wave equations with irreducible matrices. E stands for 
"equivalent" equations where this word is used in a pre
cisely defined technical sense, given in the last report.
B stands for barnacled equations. The arrows indicate in
verse inclusions, thus C -*■ C ( r ) means that C(R) is contained 
in the class C. in the previous report the results for its 
class C(r,e,B) were given (0R0 261). This is the class of 
all barnacled relativistic wave equations (BWE's).

Over the last year, the work has centered mainly around 
the other subclasses and the implications of the barnacle 
structures in wave equations.

The question of how different theories based on reducible 
equations (class C(R)) are compared to equations made up 
from the irreducible part(s) of the given equation was 
answered in the following theorem:

If one takes any reducible wave equation (any equation in 
C(R)), (-ir-9 + m) ̂  = 0, such that (a) it describes a unique 
mass m, (b) a unique spin s and (c) has the minimum number of 
independent components, namely 2 (2s + 1) then such an equation 
is "equivalent" to a simpler irreducible equation constructed
from the irreducible core of the T - matrices, in the freeV
case. When appropriate interaction's with a general external



field are considered, (-ir*9 + m + B(x))V(x) = 0 then one 
of two things happen; (a) this interacting equation is now 
equivalent to the interacting simpler irreducible equation 
in the same type of an interaction. For example if (-ir*3 + m) 
*Mx) = 0  in C(R) .is equivalent to a simpler (-i8*9 + m )<j>(x) = 0, 
8  ̂are the irreducible "core" of the I’ matrices, then 
(-ir*3 + m + er'A)'l'(x) (minimal coupling) is equivalent to 
(-i8*8 + m + e3*A)$(x) = 0 or (b) the interaction creates new 
independent components in 'J'(x) that were not present in the 
free theory and the equation may be considered inconsistent.
Thus according to this theorem all unique mass and spin re
ducible equations with 2 (2s + 1) independent components are 
indistinquishable from simpler irreducible equations or are 
not consistent (provided the B(x) are constructed from pro
ducts of r - matrices contracted over the external poten- 
tials(ORO 260).

In ORO 253, the class C(^R,E) has also been investigated 
and examples for any spin have been constructed. As one 
example, a spin 1/2 wave equation was constructed where with 
the principle of minimal coupling alone one can realize any 
value of the magnetic moment for the particle in minimal 
coupling since the magnetic moment depends on a parameter 
which is otherwise free in the RWE. This equation has all 
the usual properties required in relativistic quantum 
mechanics.

The external field problem and the Velo-Zwanziger patho
logy (also called non-causal propagation in the literature) has 
been investigated. First, it is shown .that the kinds of 
equivalences between two RWE's considered persist as rela
tionships between the two theories when interactions are intro
duced. Second, various types of equations and interactions 
are shown to be free of the non-causal propagation. These



results are in domains where causal wave equation's were 
not known to exist before (ORO 266). For example, the equa
tion discussed in ORO 253 is irreducible and satisfies

2 2
T * {T *  - 1) =  0o o

and still remains causal in minimal coupling. No irreducible
RWE that remained causal in minimal coupling with algebras
other than (T^ - 1) = 0 or F (T^ - 1) = 0 was known in the
past. Another spin 1 example is given that also remains

3 2causal in minimal coupling with the algebra = ®
has also been found. For algebras higher than this it is 
suspected that there are no equations that remain causal in 
a minimally coupled external field - this work is in progress.

Barnacles have been used to create new links between 
different theories. It works as follows: Take the equation 
(— iT • 3 + m) <J> = 0 and add barnacles to it (appropriately) to 
get a larger (-ir'*3 + m) ' = 0. Transform this equation 
via matrices that commute with the matrices of the repre
sentation of the Lorentz group that acts on the r' - equation 
to obtain a (-ir"*3 + m)<j>" = 0 equation. Now in some cases 
it turns out that the T" - equation reduces to (—i B • 3 + m) rp 
= 0 by one of the other (more complicated than barnacle) 
equivalences, and the 3- equation is simpler than the original 
T- equation. As an example it is shown that the usual PDK 
spin 1 and the smaller Hurley spin 1 theories are related 
in this manner. In this way questions regarding the causality 
of propagation etc. for a given complex equation can sometimes 
be reduced to similar questions for a structurally simpler 
wave equation where the answer to these questions may be easier 
or already known. Investigations of the 30 and 50 component 
massive spin 2 theories with regard to this structure are 
in progress.



The literature reflects barnacles arising in theories 
constructed by several authors, as for example in Capri's 16 
component spin 1/2 equations, which are nothing more than 
barnacled Dirac equations. More recently the spin 3/2 
Fisk-Tait equation that was very promising due to the fact 
that it remained causal in a minimally coupled external 
electromagnetic field (and the Rarita-Schwinger equation does 
not) was shown in 0R0 261 (work with M. Seetharaman) to be 
a barnacled Hurley equation for spin 3/2 and thus not a new 
equation. By virture of this result the Fisk-Tait equation 
shares all the problems of the Hurley equation.

The techniques developed in the course of this research 
show that the nuraber of truly different theories for a 
given mass and spin spectra are severly limited.

Many particle physicists from other institutions come 
to visit the center in order to carry out an investigation 
of some aspect of field theory. Dr. C. C. Chiang of Max 
Planke in Munich already known for his outstanding work 
in field theory completed a work in perturbations in in
definite metric field theories which he had initiated at 
Munich. In this case he investigated the theory of regular 
perturbations of self-adjoint operators in a .Hilbert space 
and the criteria for regular perturbation have been applied 
to various problems in quantum mechanics. Attempts have 
also been made to apply the criteria in the form of norm to 
some model quantum field theories to discuss, above all, 
the existence of strong asymptotic limits of field operators 
in a Hilbert space. The asymptotic field operators are closely 
related to the S-matrix operator, and the study of the asympto
tic field operators would give us a way to check 
the consistency of the scattering theory in quantum field



theory in 4-dimensional space-time, the analysis of the 
asymptotic field operators is, if not impossible, complicated 
by the presence of divergences (0R0 226).

Dr. P. Narayama Swamy of Southern Illinois University 
who had spent a portion of his sabbatical time at Texas 
has examined the existence of the Goldstone mode in massless 
quantum electrodynamics. It was shown that solutions exist 
corresponding to the Goldstone realization of gauge 
symmetry. The result will also be valid for fermion quarks 
interacting strongly with massless vector gluons.

C. Phenomenological Applications of Field Theory
The methods of field theory, since they naturally incor

porate many fundamental requirements of any theory, are often 
used to provide a phenomenological basis with which to 
analyze experimental data. The theory of the electrodynamic 
and weak interactions of the hadrons are especially important 
examples. The field theory phenomenology of the V-A theory 
of weak interactions of Marshak and Sudarshan is connected 
with the high degree of symmetry expressed by the states of 
the hadrons and a powerful method of analysis is available.
As a matter of fact this fundamental phenomenology is the 
basis from which all subsequent progress on the theory of 
weak interactions has developed.

In the past five years, on the theoretical as well as 
on the experimental side, weak interactions have enjoyed 
exciting new growth. Of key importance has been 
the development of a unified theory of weak and electromag
netic interactions with the attractive feature of renormaliz- 
ability. This has led to a formidable array of calculations



and a great deal of model building to obtain agreement with 
experiment while operating within the framework of these 
gauge models. It seems likely that some of these ideas 
are correct, even though all the components of a complete 
theory of the weak interactions is not yet at hand. A good 
dose of skepticism, however, is probably healthy and with 
that in mind Dr. Dicus, together with Dr. G. Segre of the 
University of Pennsylvania and Dr. V. Teplitz of Virginia 
Polytechnic Institute, turned to the predictions of an alter
native renormalizable model of weak interactions. Their 
purpose was to show that there is still a good deal of flex
ibility in developing a theoretical scheme to fit weak inter
action experiments and to demonstrate within the context of 
the specific model how improved experimental results will 
resolve ambiguities. The model they consider was one in 
which the weak interactions are mediated by spin zero bosons. 
If the masses of the scalar bosons is 25 GeV then the 
interaction reduces to V-A for y-decay and f5- decay. For 
other reactions, however, the interaction is not just V-A, 
in particular it has neutral current effects.

There are two scalar bosons in such a model, one charged 
and one neutral. Dr. Dicus et. al. considered two extreme 
versions of the theo;.y, one in which the masses of the scalars 
is taken to different and a second version in which the 
masses are equal but the couplings of the two bosons to 
the leptons are unequal. Each version has then two possible 
parameters, one is the ratio of the masses or the coupling 
constants, and the other is the absolute value of the coupling 
constant. The absolute value of the coupling is bound by 
universality to be bigger than ^0.1 and by the desire that 
a perturbation expansion be valid to be less than 1.0. The



precise limits are given in ORO 237. Deep inelastic neutrino 
scattering serves to fix the other parameter. Given this 
the model makes many predictions.

The most obvious important tests of this scalar exchange 
model are:

(a) Q = a(v + N -► v + X)/a(v + N + v + X) = 1
V y  y  y

(b) o(v + N v +A)/a(e + N -* e + A) = 1/10 (Gq2/e2)2
(c) the large asymmetry and muon polarization in e+e -+■

+  “
U U

(d) << 1 inv^ + e-*v^ + e

C„ = C = 1 in \) + e -* v + eV A e e

(a) and (b) follow from the fact that the neutral current 
in this model has only vector 1 = 1  and axial vector 1 = 0  
parts. The resulting absence of vector, axial vector inter
ference (after averaging over isospin) make the prediction 
(a) of equal v and v neutral inclusive scattering model 
independent. Deviations from equality could not be remedied 
by varying parameters in the Lagrangian. A different form 
would be required. The asymmetry in the scattering angle 
for the process e+e y+y is predicted to be 6% in one 
version of the model and 12% in the other version. This 
is to be compared with the Weinberg gauge theory where the 
asymmetry is ^ 1.2%. An experiment to measure this asymmetry 
is being set up at SPEAR. It should also be noted that the 
asymmetry in all models (gauge theory and otherwise) is 
proportional to the square of the beam energy so that it 
will be much larger at PEP energies, (d) implies that the 
cross section for \> + e -*• v + e, for example, is bounded

y  y
b y
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44 cm'
2 -42 cm^ 

GeV10 GeV - E

That is,it may be as large as the minimum value predicted 
by the Weinberg gauge model but it may also be much smaller. 
There are three world events of this process and an experi
ment is being set up at NAL to measure this reaction. This 
work is contained in ORO 170,which was published in the 
Physical Review Letters,and in ORO 237.

An essential part of this model is heavy leptons which 
propagate the leptonic interaction. Unlike the scalar 
bosons there are no restrictions on the masses of these 
heavy leptons. Therefore it is not unreasonable to expect 
them to be produced, if not at SPEAR then at least at PEP, 
through the reaction e+e L+L . Production has been 
considered by Dr. Dicus in ORO 252 where he finds three main 
results:

(1) The cross section for producing a heavy lepton pair 
must be considerably different than what is predicted on the 
basis of single photon exchange and will be much larger than 
single photon exchange once the beam energy is high enough. 
This is true as soon as the energy passes threshold and will 
cause a large change in R.

(2) The heavy leptons will decay almost entirely into a 
semi-leptonic mode and thus will live for a relatively long 
time.

(3) Once the production cross section is significantly 
different from that based on one photon exchange there will 
be no angular correlation of the decay products.

Last year Dr. Dicus, together with Dr. Teplitz and Dr.
J. Young of M.I.T., considered lepton-lepton scattering in a 
spontaneously broken gauge theory based on the group
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G = SU(2)W B SU(2)F a U(l). In this model the doubles
(e,ve) and were assigned W-spin while the doublets
(e,y) and (v ,v ) were assigned F-spin. This followed from the e y
suggestion of using strong interaction techniques, particu
larly the Mandelstam representation, in weak interaction 
calculations. In this spirit they were led to the model 
above by asking for the properties of a lepton-lepton 
scattering amplitude that satisfies strong-interaction 
duality at high energies: the gauge group G is the symmetry 
group of a minimal set of Regge trajectories. At that time 
they were not able to determine the slope of the relevant 
trajectories. Now, however, using the recent result that 
the scattering amplitude of Yang-Mills theories expotentiates 
when the invariants are large they were able to calculate 
the slopes. This is contained in 0R0 242.

A summary of the work on both the SU(2>W x SU(2)F x U(l) 
gauge model and the work on the scalar exchange model is 
contained in 0R0 230, a conference report submitted to the 
Northeastern Conference on Gauge Theories and Modern Field 
Theory.

Phenomenological methods based on field theory are not
only applicable to weak and electromagnetic interactions
but also to the strong interactions. Dr. R. Acharya of the
University of Arizona while visiting the Center used the
methods of Reggeon field theory to study the properties
of the pomeron intercept. He utilized the "allan-Symanzik
equation to prove that a bare Pomeron of unit intercept
necessarily restricts the renormalized Pomeron to satisfy the
same condition, i.e., a _ (0) = 1, at a nontrivial fixedrenorm. — -
point B(g*) = 0 of the Callan-Symanzik equation. He shows 
in addition that this assertion does not depend on the valid
ity of the e expansion (e = 4-D).
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In recent years the Gell-Mann-Low equation has received 
a great deal of attention as a possible step in "finite" 
theory construction. A variant of their approach is pre
sented by R. Acharya and Z. Horvath (ORO 228) in a massless 
quark model with singlet gluons. A solution is exhibited 
for which the gluon wave function renormalization constant 
is finite but with the quark bare mass infinite. Its space
time structure is very different from the zero physical mass 
limit of the Adler-Baker-Johnson-Willey electrodynamics:
The quark propagator exhibits a square-root cut running from 

2p = 0 to 00 and it breaks y,. invariance but yet preserves 
scale invariance. The quark-gluon substructure remains 
unobservable. An interesting consequence of the model is 
the departure of the e+e annihilation cross section into 
hadrons, from the free quark model result. The other features 
are: (a) the existence of Goldstone bosons (b) an explicit 
realization of the Kallen's conjecture in quantum electro
dynamics, and (c) a counter-example of the extension of the 
Federbush-Johnson-Jost-SchrOer theorem, outside the charge- 
zero sector of the present model.

Model systems which display renormalization via the Gell- 
Mann-Low equations are always useful developmental tools. 
Professor N. G. Deshpande of the University of Oregon while 
visiting Texas studied the exactly soluble relativistic model 
field theory proposed by Zachariasen. Renormalization of this 
model is carried out both in the conventional manner, and by 
choosing the point of renormalization at an arbitrary space
like momentum. The Gell-Mann-Low equations are then set up 
for the coupling constant, and the exact solution obtained.
The asymptotic value of the coupling is seen to go to the 
bare constant. Some implications of the model are considered.
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D . Strong Interaction Physics
The huge increase in the experimental capability of high 

energy physics brought about by the development of the new 
machines has reflected itself in the need for continued and 
even increased efforts on the part of the theoretician to 
not only assimilate the new data but also to respond with 
new formats and experimentally answerable questions which 
will emerge from the analysis of this data.' In fact the 
flood of new data,unless placed in context, analysed for con
tent/ and pressed for new leads,is literally just that - a 
flood of data. The theoretician working on hadron physics 
must be in a position to not only receive the data but also 
to propose new formats of data analysis and recommend new 
areas of research. Professor Chiu along with Professor 
Sudarshan and their collaborators have been very active in 
attempting to develop and justify models of hadrons based on 
the newly developed data from the new facilities.

Professors Chiu and Sudarshan had earlier proposed a 
hydrodynamical model of hadrons with frame independent symmetry. 
The earlier investigations of this model had quite successfully 
described many of the observed aspects of the high energy 
experimental data, especially the plateaus in the longitudinal 
rapidity distribution. This model has been combined with a 
microscopic fluid model by Chiu and Wang to produce a detailed 
model of hadrons. Professor Chiu and Dr. Wang have continued 
the investigations of the ramifications of this model. They 
show that pion inclusive momentum distributions in pp collisions 
at 90° up to FNAL and ISR energies and up to moderate momentum 
can be accounted for by the hydrodynamical model with the frame 
independent symmetry proposed earlier. Within their solution, 
after some characteristic proper time has elapsed, matter system
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possesses some local thermal equilibrium but not a global 
equilibrium. The very large p^ data suggest that prior to 
the local thermal equilibrium the scattering is dominated 
by some hard scattering.

Among the new features of the high energy data which has 
clearly emerged from the exhaustive analysis of the theoreti
cians is the clustering of the fireball or hydrodynamic 
constituents. In CPT 231 and 232, Chiu and Wang have analyzed 
some properties of clusters based on two-body rapidity correla
tion, charge transfer and rapidity gap distribution data. In 
particular, they investigated these data from the point of
view of the meson resonance decay model, where each cluster decays 
into some effective number of charged pions. Their results, 
together with earlier work of other authors,show that some 
cluster parameters are insensitive to details of decay models 
assumed. In particular, within a cluster there is a character
istic correlation among the constituent hadrons with the cluster 
correlation parameter R - <n(n-l)>/<n> = 2 and the correlation 
has a typical width of 1 unit on the rapidity scale.

Professor E. Ugaz now at the Univ. Antonoma de Barcelona, 
Spain, a former student at Texas, reports in 0R0 241 on work 
initiated here. He presents a cluster model developed to des
cribe the transverse momentum correlations of pions. He studies 
two versions of the model based on a multiperipheral and an 
independent emission production mechanisms. He shows a method 
by which effects due to the transverse motion of clusters are 
explicitly incorporated into the model. Effects due to this 
motion are discussed in detail. In particular it is argued 
that, when the two pions emerge from different clusters, 
neither the cluster transverse motion nor the azimuthal correla
tion between clusters can never be neglected. He compares
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the tttt fully inclusive transverse momentum correlation data to 
the expectation of the model. These results suggest that many 
interesting features of the data have simple interpretation in 
terms of these or related cluster effects. Thus they give 
support to the cluster picture of multiparticle production.
Other model predictions are also discussed, with emphasis on 
these that can be used to distinguish independent emission 
vs. multiperipheral dynamics.

Not only must the high energy strong interaction theoreti
cians reduce the flood of new data to a m&nagable phenomenology, but 
they must propose and analyse possible dynamical schemes.
Professor Chiu was one of the original developers of the statis
tical bootstrap model of hadron dynamics. This model has been 
so successful that it has been used by others to develop explan
ations for hadron phenomena. Recently Logap, Kogits and Tanaka, 
showed that one of the solutions to the statistical bootstrap 
model with spin proposed by Chiu and Heinmann sometime ago gives 
reasonable description to two-body scattering data except for the 
shrinkage phenomena. Chiu further investigated their model. In 
CPT 233, Dr. Chiu clarified the assumptions involved to give rise 
to Regge shrinkage for the peripheral peak.

More recently Professor Chiu and his collaborators have been 
interested in developing a dynamics based on a dual bootstrap 
model. In CPT 251 Chiu, Hossain and Tow reported a dual boot
strap model. They formulated the bootstrap model with SU(3)
breaking and with unequal cylinder and planar couplings and in-

/ ’

vestigated up to the top'ological cylinder level. They derived
and calculated meson-nucleon total cross sections for PT ,Lab
from 10 GeV/c to 50 GeV/c. The K/tt multiplicity ratio was also 
calculated. All these are in reasonable agreement with the 
data. They also proposed a regrouping of terms in the
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topological expansion and argued for the rapid convergence of 
the topological series.

The development of a dynamics must proceed apace with the 
phenomenological insights developed from data analysis. Prof.
Chiu and Dr. Tow have proposed an intimate relation between the 
pion inclusive cross section and the p inclusive cross section 
and have derived a formula for the contribution to the single 
pion inclusive cross section from the production of NN clusters. 
They are presently investigating the implications of this NN 
cluster and have found that taking a typical pomeron intercept 
less than unity as given by a dual bootstrap solution, ons can 
account for the observed 30%-40% rise over the ISR energies. 
Presently they are in the final stages of making quantitative 
calculation.

Professors Chiu and Sudarshan along with Professor T. 
Kalogeropoulos of Syracuse University, have pointed out that 
assymetry in the production of two pions from polarized protons 
in an antiproton beam could be a test of the antiproton intrinsic 
parity. In ORO 259, they report on the analysis of these events.

Professor A. M. Harun ar Rashid of the University of Dacca, 
Bangladesh, while in the United States visited Texas. He became 
interested in the program of high energy strong interaction 
physics and analysed the problem of deep inelastic scattering 
in a Reggeized Symmetry Model. Using duality as the essential 
theoretical concept, the high w-behavior of the structure functions 
is derived from the Reggeisation prescription due to Van Hove 
and the low co-behaviour is obtained from the dispersion relation 
approach due to Schwinger. Such a unified treatment avoids 
many adhoc assumptions current in the literature and results in 
a simple phenomenological description of the virtual photon- 
nucleon scattering processes.
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E. The Algebraic Approach in Weak and Electromagnetic Interactions 
The main effort in this area has been devoted to the contin

uation of the program suggested by A. Bohm in 1974, which consists 
of the use of a minimal set of assumptions within a framework of 
relativistic quantum mechanics. According to the fundamental 
assumptions of quantum mechanics, the mathematical image of a 
physical system is an algebra of operators in a linear space. The 
principal assumptions made about such an algebra for hadrons are 
that it contains: (1) the algebra of the Poincare group extended
by C,P,T; (2) the algebra of SU(3)_ (or SU(4)_), regarded as a

b  E

spectrum generating group which does not commute with the momentum 
operator but does commute with the 4-velocity operator: ĴPyM 
SU(3) = 0 (Werle relation); (3) vector and axialvector transition

IL _
CL OLoperators V , A^ (non-local "currents") which have a definite 

transformation property under the spectrum generating SU(3) (or 
SU(4)) and which are universally related to the transition opera
tor for weak leptonic and semileptonic decays ("V-A") and also 
to the electromagnetic transition operator ("CVC").

Work has been done and is in progress in three areas of this 
research program:

A. Semileptonic decays of baryons. In collaboration with 
A. Garcia (Mexico) and J. S. Nilsson (Sweden) it has been shown 
(0R0 238, 0R0 239, and 0R0 248) that assumptions (1), (2), and
(3) lead to an improvement over the Cabibbo model,if the suppression
is described by a Cabibbo angle and simple SU(3) transformation

Ot ctproperties for the V^ and A^ are assumed. In the limit of ,SU(3) 
symmetry, the results of the Cabibbo model are reproduced.

B. Weak and electromagnetic formfactors and decay parameters 
of pseudoscalar mesons. In collaboration with M. Igarashi and
J . Werle of Warsaw University, the weak leptonic and semileptonic



decays of pseudoscaiar mesons are being investigated. In ORO 
249, they report on the use of assumption (2). This leads to 
the introduction of formfactors which, in contrast to the usual 
formfactors, are invariant with respect to the spectrum generat
ing SU(3). This leads to the value = -0.57 for the formfactor 
ratio, and suggests that the strangeness changing suppression
factor should be defined by the amplitudes at t = t rather■* max
than at t = 0. The experimental value for this strangeness
changing suppression factor turns out to be numerically equal
to the strangeness changing suppression factor for K d e c a y
This result is independent of any assumption like (3). The
value of the suppression factor can be obtained by choosing a
particular transformation property under assumption (3).

C. Vector meson leptonic (V -*• LI) and radiative (V Py)
decays in SUO)^ and SU(4)_. The decay rates for V ee have 

E  £

be.en calculated using assumption (3) with various forms for the
Q

for the transformation property of the Vj with respect to the
spectrum generating SU(3) . The J/ty -*■ ee decay rate is obtained 
by extending this model to SU(4) (ORO 234). The same kind of 
assumptions have been applied to the radiative decays V -*■ Py. 
Because of r ( p -*■ ny) / r(w ->-rry), the radiative decays of the 
old vector mesons cannot be fit within SU(3). However, the 
known radiative decay rates of the old vector mesons may be 
used with the spectrum generating SU(4) to determine the supres- 
sion factor, which is connected with the transformation property 
of assumption (3). The supression factors determined in this 
way have been used to predict the decay rates for J/i[i -> x(2.8)+y 
and for the other radiative decays (ORO 243).

Besides this major research program some effort has also 
been devoted to understanding the application of fibre bundles 
in hadron physics (ORO 247). Recently, deSitter Bundles have



been suggested (W. Drechsler) for the description of an extended 
hadron structure. The connection of this with an old idea of 
A. Bohm that hadrons are miniature deSitter spaces of infinite 
time and finite (1/3*10 ^cm) space extension has been investi
gated.
F. Superdense Matter

Until very recently the most dense forms of condensed 
matter were considered to occur inside the atomic nucleus.
Nuclear matter, because of the dominant long range attractive 
and short range repulsive forces, exists in a stable confi
guration with a relatively uniform density. This stable density

14 3of approximately 10 gm/cm was low enough that only the gross
features of properties of the elementary constituents were
needed. During the past few years, the observations of more
exotic astronomical phenomena have indicated that matter at much
higher density may be a relatively common constituent of our
universe. Pulsars with neutron star cores seem to require matter

15 16 3densities in their cores of the order of 10 to 10 gm/cm .
At these densities the close approach requires a more detailed 
model of the constituents. Even more importantly, the Pauli 
principle will require momenta which even at absolute zero can 
no longer be considered nonrelativistic.

The group at Texas have developed a consistant and exact 
relativistic model of cold superdense matter. This model has 
been successfully fit to the static properties of both nuclear 
and neutron star matter. When applied to a quark fluid it pre
dicts resonable baryon masses. This past year research on this 
model has been continued.

One of these investigations has been the general analysis 
of the methods used in the development of models of superdense
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matter. In ORO 256, Professor Bowers and Gleeson and Mr. Pedigo 
have examined the many computational schemes based on relativistic 
quantum field theory devleoped to meet a super dense many body 
system. An analysis of problems which arise at different levels 
of approximation is given, and methods are outlined for their 
solution. Finally, a consistent approximation scheme suited to 
relativistic systems is presented, and its justification discussed.

The other wave of attack has been to extend the range of the 
model by means of the addition of finite temperature effects.
These additions will allow the model to handle macroscopic non
static situations which will arise in applications to supernova 
collapse and elementary particle scattering experiments. As a 
preliminary step in this direction the equation of state for a 
single baryon species has beer, calculated which is applicable 
for all temperatures, and which includes attractive and repulsive 
interactions needed to fit zero temperature models of nuclear 
matter. In this model all physical quantities (number densities, 
effective masses and chemical potentials) are treated in a fully 
self-consistant manner. The results represent the first fully 
relativistic finite temperature equation of state which includes
the strong interactions. The effect of the inclusion of baryon

2pairs for T > 2mc /k is discussed m  detail. The phase transition
identified with nuclear matter vanishes for system temperatures
in excess of T = 1.034 x 10^°K. All values of e(P.T) correspond c
to systems that are causal in the sense that the locally determined 
speed of sound never exceeds the speed of light.

Professor J. Werle of Warsaw University, in Texas on a visitor 
program arranged by the National Science Foundation and the 
Government of Poland, participated in the program on supcrdense 
matter model of hadrons. He developed and examined the hydrodynamics
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of a quark model of hadrons based on a local and highly symmetric, 
but non-linear interaction function of a current-current interaction. 
Although nc a priori masses of quarks are introduced in the Lagran
gian which is Yg-invariant, some effective masses are created by 
the non-linear interaction. For a more specific form of the inter
action some interesting condensation effect occurs which may lead 
to the formation of droplets of hadronic matter composed of suitable 
"quark fluids".
G. Related Areas

Any attempt to formulate a model of matter must rely on exper
tise and knowledge drawn from all fields of Physics. The constant 
interaction between particle theory and the other fields of physics 
is beneficial to both and necessary for their well being. The 
recent developments of hydrodynamic models so popular in current 
particle phenomenology were an outgrowth of the experience with 
many body fluid physics. At the same time the expertize developed 
in many body physics aould be applied to astrophysical situations. 
Conversely, the development of higher symmetry methods has been 
carried over to fruitful research in theory of atomic and molecular 
structure.

The staff of the Center for Particle Theory are extremely 
fortunate in that they enjoy an environment at the University 
of Texas in which there is always the stimulus to answer questions 
in related areas of physics and astronomy. Qur colleagues in the 
Physics Department are well-known and respected researchers with 
interests in the full range of physical phenomena. The stimulating 
nature of this environment manifests itself through the activities 
of the staff in areas that are related to elementary particle 
physics. Besides the usual consultations that we have with our 
colleagues in statistical mechanics or in relativity or in the 
theory of condensed matter, occaionally the staff members will 
become sufficiently involved in a problem of related interest
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that they will produce an independent piece of research in a 
related field.

In 1972, Dr. Dicus proposed using stellar energy loss rates 
to test the new weak interaction models that were starting to 
be developed. In particular, he calculated the difference between 
the V-A theory and the new models due to the reactions:

+  — — e + e -*■ v + v
Y + e-*e + v + v 

PLASMON -*• V + V
However, the reaction rate for each of these falls off rapidly 

if the electron degeneracy becomes strong. A fourth reaction, 
e + Z - * - e + Z  + v + v , 

neutrino bremsstrahlung by a degenerate electron gas interacting 
with the nuclear Coulomb field, is not suppressed at high density.

This year Dr. Dicus and a graduate student, Ed Kolb, together 
with Dr. David Schramm and a graduate student,David Tubbs,of the 
University of Chicago calculated the change in the bremsstrahlung 
rate in a general gauge model. In addition, they studied the 
dependence of the rate on the type of electron screening assumed. 
This work is contained in ORO 244. They found that the effect of 
the screening was relatively mild (not more than a factor of two) 
while the dependence on the weak interaction model could make 
large changes but probably does not (a factor of 1.3 in the Wein
berg gauge model).

The physics of superdense matter as developed by Gleeson, 
Bowers, and Pedigo can find direct application to the analysis 
of the structure of neutron stars. In ORO 257, Professor Richard 
Bowers and Professor W. D. Arnett of the University of Illinois 
has produced a systematic survey of the structural properties 
of neutron star models, constructed using a representative 
sampling of equations of state. Special care has been taken 
that the different equations of state are treated in a consistent 
manner. The behaviour of some of those macroscopic properties
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which are of observational or evolutionary significance is 
examined. A simple analysis is given which connects the micro
scopic parameters (strengh and range) of a non-relativistic 
interaction with the macroscopic properties of the neutron star 
models presented here; this provides a simple way of understanding 
the trends in the numerical results.

The present scenario for neutron star formation precedes 
through the core collapse of a supernova. This scenario has been 
computational verfied for models down to approximately nuclear 
density. Further progress on this problem requires a realistic 
model of hot, superdense, strongly interacting relativistic 
matter. In ORO 268, Gleeson, Bowers and Mr. J. Wheeler have 
reported just such a model. The zero temperature limit of this 
model which has already been discussed in the literature, is 
fit to nuclear matter and has been used to construct model 
neutron stars whose masses and moments of inertia are in excel
lent agreement with observational data on pulsars, contact x-ray 
sources. Extensive numerical results are presented which bridge 
the temperature and density interval separating current models of 
supernova remnant as predicted by evolutionary calculations based 
on ideal gas equations of state and the final configurations of 
cold neutron stars. Particular emphasis is given to the region 
along the adiabat log e = e log T - 20. The model includes 
the effects of baryons pair production, and radiation pressure.
The question of chemical equilibrium is also discussed.

Recent gains in observational astronomy have produced 
experimental evidences of the properties of the early universe. 
These observations have stimulated a sharp increase in the theore
tical speculations which surround the question of the formation 
of the universe. The mixture of expertize of the formal cos- 
mologist and the theoretical elementary particle physicist should



be an effective means of addressing these problems. Professor
E. C. 6 . Sudarshan and J. V. Narlikar of Tata Institute of 
Fundamental Research, Bombay, India, in ORO 240, have examined 
the possible role of tachyons in cosmology. They discuss the 
propagation of tachyons in an expanding universe. It is shown 
that a primordial tachyon in the big bang universe cannot 
survive unless it had very large energy initially. In an inde
finitely expanding universe the tachyon trajectory turns back 
in time. This time barrier is found to exist even in the quan
tum mechanical discussion of tachyons. This property is used 
to set limits on the mass of a tachyon. The possible astronomical 
checks on the hypothesis that neutrinos or photons may be tachyonic 
are also discussed.

Similarly in ORO 270, Professor Sudarshan and K. P.Sinha 
and C. Sivaram of the Indian Institute of Science, have discussed 
some of the cosmological consequences of the superfluid vacuum 
state developed previously by the authors. The transition tem
perature of the hadronic superfluid (superfluid during the hadron 
era) is estimated to be 10^ °K, which is the same as the 
Hagedon temperature giving a physical basis of the thermodynamic 
bootstrap model.

The basic machinery for the computation of microscopic 
phenomena is quantum mechanics. To most physicists, the observa
tional or measurement theory of quantum systems is a source of 
confusion and ambiguity. The role of the classical apparatus 
which measures is a subtle and significant part of the quantum 
problem. Professor Sudarshan in ORO 269 poses and solves the 
problem of measurement interaction between classical and quantum 
systems. The restriction to compatible measurements 
come about naturally as the condition for the integrity of the 
classical system. A technical device is the perspective on 
classical mechanics as quantum mechanics with essentially hidden
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dynamical variables.
In a related study (ORO 271), Professors Sudarshan and 

Misra examine the nature of decay in quantum systems. They 
seek a quantum-theoretic expression for the probability that 
an unstable particle prepared initially in a well defined 
state p will be found to decay sometime during a given interval.
It is argued that probabilities like this which pertain to 
continuous monitoring possess operational meaning.

A simple natural approach to this problem leads to the 
startling conclusion that an unstable particle which is con* 
tinuously observed whether it decays will never be found to decay. 
Since recording the track of an unstable particle (which can 
be distinguished from its decay products) realizes such con
tinuous observations to a close degree of approximation, the 
above conclusion poses a paradox which they call Zeno's Paradox 
in Quantum Theory. Its implications and possible resolutions are 
briefly discussed.

The mathematical transcription of the above-mentioned 
conclusion is a structure theorem concerning semigroups. Although 
special cases of this theorem are known, the general formulation 
and the proof given here are believed to be new. They also 
note that the known "no-go" theorem concerning the semigroup 
law for the reduced evolution of any physical system (including 
decaying systems) is subsumed under their theorem as a direct 
corollary.
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RESEARCH HISTORY 
T. A. Griffy - Professor of Physics

Dr. Griffy was educated at Rice University (B.A. 1959, M.A. 1960, 
Ph.D. 1961). While a graduate student, he did research on the effects of 
final-state interactions in decay processes and on nuclear interference 
effects in Goulcxrb excitation of nuclei.

Following his graduate work, he joined the faculty of the Physics 
Department at Duke University. While there, he did calculations of the 
inelastic scattering of high-energy electrons from nuclei, performing the 
first phase-shift calculations of the process. In Septeirber 1962, he 
joined the High Energy Physics Laboratory at Stanford University, working 
with the group headed by Professor Robert Hofstadter. While at Stanford, 
several theoretical calculations were performed which were related to the 
experimental program of the laboratory, including: deuteron electrodisin- 
tegraticn, radiative corrections to inelastic scattering processes, 
electron scattering from nuclear magnetic nonents and electron scattering 
from He3 and H3.

In Septentoer 1965, Dr. Griffy joined the faculty of the Physics 
Department at The University of Texas at Austin. Continuing the work done 
at Stanford, theoretical vrork was done on the electroproduction of pions 
frcm nuclei and e-p and e-y coincidence experiments on nuclear targets. 
Motivated by the joint program between OT and LflMPF, more recent work has 
included calculations of proton multiple scattering, including the effects 
of the nuclear interaction, neutron production in p + d reactions at

+  —medium energies, and Coulaib effects in ir , tt scattering from nuclei.
In addition to the oontinuing work in medium energy nuclear phy

sics, seme interest has developed in the area of biophysics, specifically, 
the physical basis of the triggering of the action potential in neurons.

Dr. Griffy is presently Chairman of the Physics Department of The 
University of Texas, having taken over these duties in 1974.
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RESEARCH HISTORY 
Yuval Ne'eman - Professor of Physics

Yuval Ne'eman is a part-time scientist and a part-time 
university president. During one semester, he spends three 
days a week presiding over 14,000 students at Tel Aviv Univer
sity and three days a week he spends with his first love, 
theoretical physics. During the other semester, he is co
director of the Center for Particle Theory at the University 
of Texas. There, besides a normal teaching load, he does 
research and directs the research activity of several younger 
physicists.

Yuval Ne'eman has had several careers besides this one 
in Physics and university administration. During the 1948 war, 
he was deputy commander in the Givati Brigade, and later served 
as deputy director of intelligence. In 1958, when he asked 
Moshe Dayan to relieve him of duty in order to return to the 
Technion University, Dayan sent him to London as military 
attache. While there, Ne'eman did his job with distinction, 
won a Ph.D. at London University and worked on his theory of 
unitary symmetry. This work has transformed thinking about 
elementary particles. Later Yuval Ne'eman was scientific 
director of the Atomic Energy Commission Laboratories. While 
there, he conceived the idea of a fundamental sub-particle 
triplet field (later known as "quarks", in a further developed 
version by Gell Mann and Zweig). In 1963 he became the head 
of the Tel Aviv Physics Department. The next year he went to 
the United States, where he served as visiting professor at 
the California Institute of Technology and saw his theory of 
unitary symmetry proved when scientists at Brookhaven observed 
the omega-minus particle as he had predicted.
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In 1965 Dr. Ne'eman returned to Tel Aviv as a full time 
Professor of Physics. During this period, his research inter
ests continued to include problems related to the symmetry 
structure of elementary particle physics. In addition, at 
the same time, he began his work on the fifth interaction, a 
new force in nature responsible for some of the observed 
properties of weak interactions. It is interesting to note 
that in his theory there would exist massive narrow resonances 
similar to the ip particles just discovered. In 1966 Professor 
Ne'eman extended his interest in symmetry groups applied to 
particle spectra to include the larger non-compact groups and 
began an investigation of the nature of transition generating 
algebras and their role in particle physics.

In 1968 Professor Ne'eman was appointed half-time as a 
Professor at the University of Texas in Austin. At the same 
time he served as director of the Center for Particle Theory.
In 1968 and 1969, besides extending his investigations on 
transition generating algebras, he began to investigate the 
representations of algebras of the integrated contracted 
current commutators and possible quark algebras of the Regge 
residues. More recently, Professor Ne'eman's interests have 
extended to include possible implications of violations of 
time reversal invariance on a global cosmological scale. These 
investigations of global time reversal violations have led 
Professor Ne'eman to the analysis of white hole phenomena in 
cosmology.

In 1970 Professor Ne'eman received the Albert Einstein 
Medal and Award of the Lewis L. Strauss Foundation (Princeton- 
Washington) for his originating the concept of the fundamental 
triplet field.

In 1970 Professor Ne'eman became President of Tel Aviv 
University. In January 1975 he requested a leave of absence
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from his scientific academic responsibilities in order to 
assume the role of Assistant Minister of Defense for Israel. 
He also resigned from his position as University president, 
when he undertook in addition the tasks of Chief Defense 
Scientist. He has recently resigned from his Governmental 
duties and has now returned fully to his research in Physics.
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George Sudarshan - Professor of Physics

George Sudarshan got his B.Sc. (Honors) and M.A. Degrees in Physics 
at the University of Madras and His Ph.D. in Physics at the University of 
Rochester. His interests and research contributions cover a broad sweep of 
physics but all along Particle Theory has held the center stage. In addition 
to his cwn research, from an early stage in his career as a physicist he has 
generously given of his time and energy in assisting, directing, instructing 
and counseling numerous physicists many of whan have gone cn to make a name 
for themselves. He considers himself scmetirtes as a teacher, sane times as a 
research worker, but always as a scientist.

He started his research career with the stufly of multiple scattering 
in nuclear emulsions at the Tata Institute of Fundamental Research. His 
interest in more fundamental problems of what has now oome to be known as 
Particle Physics started here and came into its own during the two years he 
spent as a graduate student at the University of Rochester. His doctoral vrork 
led to the discovery of the V-A interaction which is now a classic. During 
this time, he gave the first statistical theory of antinucleon annihilation 
and also introduced the Iorentz invariant phase space density for the statisti
cal theory of meson production. The first application of broken syirmetry in 
particle physics, the equal spacing rule for magnetic moment of isospin 
raultiplets was derived by Marshak, Okubo and Sudarshan during this period. This 
application naturally led to Okubo's work on unitary symmetry and the Gell-Mann- 
Okubo mass formula.

George Sudarshan spent the two years 1957-1959 as a Research Fellow 
at Harvard University with Professor Julian Schwinger. New vistas opened up 
during this time. Under Schwinger's inspiration, he carried out the investi
gation of the quantum theory of higher spin fields and demonstrated a general 
theorem on the existence of secondary constraints and consequent problems of 
quantization of higher spin fermion fields with special reference to the incon
sistency of spin 3/2 fields in an external electromagnetic field. This work, , 
which was completed in collaboration with Kenneth Johnson, has been the inpetus 
for a whole new area dealing with relativistic wave equations, particularly,
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the work of Velo and Zwanziger on the acausality of higher spin field proroga
tion and of Arthur Wightraan and his various associates on the problem of wave 
equations in external fields.

A different area of research concerned itself with analytic properties 
of field theoretic anplitudes. In collaboration with Walter Gilbert and Stanley 
Deser he developed a new family of integral representations which have acme to be 
called the DGS representations.

Ihe work on vreak interactions continued with the increasing confirma
tion of the universal V-A theory. He collaborated with the Rochester group in 
elucidating many of the subtle properties of weak interactions, in particular, 
the SU(2) properties of weak currents. Among them are the first announced 
connection between the axial vector hadronic current and the pion source, the
first characterization of the I = i current rule for strangeness changing

1 odecays and the consequences of Al = for K decay.
George Sudarshan returned to Rochester as an Assistant Professor 

on the University faculty in 1959 and was promoted to the rank of Associate 
Professor in 1961. During this period, he moved into new territory. Antici
pating the great interest in Lie groups, he formulated classical mechanics 
in terms of Lie groups; this interest has now ccnpleted its premise in a 
new book on Classical Dynamics written in collaboration with Narasimhiengar 
Mukunda and published by John Wiley in 1974. In collaboration with two 
students, Thomas Jordan and Douglas Currie, he investigated relativistic 
Hamiltonian theories and proved a fundamental no-go theorem which has cove to 
be called the No Interaction Theorem. He laid the plans for a systematic study 
of irreversible quantum processes considered as stochastic dynamics of quantum 
mechanical systems. This work has been continued, in collaboration with T. 
Jordan, P. M. Mathews and, particularly, Vittorio Gorini, and has received 
the attention of mathematicians who call them positive and ocnpletely positive 
maps.

The study of particle physics was continued during this period.
Robert Marshak and George Sudarshan published a thin volume on the Theory of 
Elementary Particles, which documented the insights of the late fifties and 
early sixties. Along with Susunu Okubo and Robert Marshak he found the
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general solution to a class of integral equations in the course of a study of 
lambda hyperon decay: this solution is now kncwn in the literature as the 
Cannes' Solution. Unitary syimietry came to be discovered during this time and 
Okubo developed his celebrated mass formula as a more substantial application 
of broken symmetry. During this time, Sudarshan and his ocworkers developed 
a general theory of sum rules using the so-called Smushkevich method; these 
were sane of the earliest derivations of consequences of unitary synmetry. 
Particulary notable are the results on electromagnetic moments and mass 
differences.

During this period, the most important new undertakings were the form
ulation of two new concepts: that of quantum theory with indefinite metric 
and the theory of tachyons. VJhile Dirac had pointed out the possibility of an 
indefinite metric and Pauli had reviewed it, the first serious work on this 
was by Suraj Gupta in quantum electrodynamics. Sudarshan took up this work but 
showed hew it could be applied to remove divergences from local field theory 
and yet retain the conventional probability interpretation of quantum mechanics. 
Along with Arons and Han he applied it to quantum electrodynamics. The 
developments in the area were reviewed in his report to the Solvay Conference 
in 1968. Since that time, the subject has received wide attention due to the 
eloquent advocacy of T. D. Lee. In their papers Lee and Wick raised the pos
sibility of use of ocnplex bare masses; this turns out to be an excellent idea 
though the manner in which they inplemented their program led to violation of 
Lorentz invariance. Shis difficulty was pointed out by Sudarshan and ooworkers.

The idea that particles may travel with speeds exceeding that of 
light in a relativistic theory, which Sudarshan proposed in the fifties, was met 
with strong criticism and it was published only when it was rewritten subse
quently in collaboration with Bilaniuk and Deshpande. Many authors have now 
taken up the theme; tachyons along with magnetic monopoles and quarks are 
conspicuous by their absence on the scene.

During his Rochester years, he contributed to quantum field theory, 
particularly in reference to the possible existence of multiple vacuum states 
within the Wightman framework. Kis work with Bardakci showing the trivial 
S-matrix for a scalar field theory with a polynomial souroe predates the work
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of Borchers. His work on parastatistics in cx»llaboration with Ryan is one of 
the clearest derivations. But the most important contribution to quantum 
field theory was to be quantum theory of optical coherence in which he shewed tnat 
there is a complete equivalence between the semiclassical theory of partial 
coherence and the results of quantum electrodynamics. In collaboration with 
Leonard Mandel and Emil Wblf, he also gave a formulation of photoelectric 
counting distribution. The fundamental insights gained in this area are sum
marized .in the book QUANTUM OPTICS, coauthored with John Klauder, published 
in 1968.

In 1964-1965 George Sudarshan was Guest Professor at the Institute 
of Exact Sciences, University of Bern; he also made guest visits to Brandeis 
University and the Institute of Mathematical Sciences in Madras. During this 
period, he showed in collaboration with O'Raifeartaigh, San than am and 
with Leutwyler, that if certain consequences of symmetry (the Simishkevich 
type son rules) hold, then a symmetry follows. He also showed that this was 
related to, but distinct from, the Cutkosky mechanism of induction of symmetries. 
The principle is closely related to the algebra of currents, and used as such 
by Cook, Goebel and Sukita and by Kuriyan and Sudarshan for strong coupling 
theories. During this time, the question of oarbining internal symmetry and 
the Lorentz group was triggered by McGlinn. sudarshan proved two basic no-go 
results of this type of questions and introduced Lochlainn O'Raifeartaigh to 
the problem which he subsequently solved oonpletely.

In 1965 Sudarshan joined Syracuse University as Professor of Physics 
and helped create an active, though snail, high energy theory group there.
The work on higher symmetries was now taken up in earnest. During this time, 
Lochlainn O'Raifeartaigh discovered his theorem and Moo-Young Han did his work 
on the Han-Nanbu model. Noninvarianoe groups were discovered during this time 
by Sudarshan along with Mukunda and O'Raifeartaigh. Jacob Kuriyan, Narasimheingar 
Mukunda and George Sudarshan did sane trail blazing work on the theory of 
unitary representations of nonocnpact groups, which has ccme to be known as 
master analytic representations. Relativistic SU(6), the orbital excitation 
model of SU(6) X 0(3) were discovered during this time. So was the theory 
of Primary Interactions, which gave a firm basis for vector dominance models.
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But his most important contribution during this time was to current 
algebras. Krishnan Hainan and George Sudarshan generalized the Ward-Takahashi 
method to the case of nanabelian symmetries and derived the generalized Ward- 
Takahashi Identities fran which follow a host of results including the Adler- 
Weisberger relations and the Toniozawa-Wleinberg-Raman scattering length 
relations. This basic result and its application to pion-nucleon scattering 
are published in Physics Letters and the Physical Review.

In 1968 he spent a semester as a Visiting Professor at the Centre 
for Advanced Research in Physics and Astrophysics at Delhi University. During 
this period, he formulated a theory of tachyon fields incorporating the 
re interpretation principle in collaboration with Jawharlal Dhar; and a review 
of superluminal physics along with Qlexa-Myron Bilaniuk. The celebrated 
theorem of Pauli on the connection between spin and statistics presupposes 
the restriction to finite component relativistic fields. Sudarshan reexamined 
this question and shewed that it is possible to derive the relation between 
spin and statistics from the symmetry between emission and absorption. He 
shewed, in two papers presented to the Nobel Synposium and to the Indian Academy
of Sciences, that ultimately the connection between spin and statistics is trace
able to the rotation group in three dimensions for which the fundamental bilinear 
form is symmetric for tensor fields and antisynmetric for spinor fields.

During this period, Sudarshan got seriously interested in philosophy, 
particularly, the nature of causality, time, coherence, perspective and 
cognition. These concerns and the fruits of this study have strongly influenced 
him in his understanding and presentation of physics. It is curious that both 
tachyons and quantum theory with indefinite metric raise questions in these 
philosophical domains.

The University of Texas at Austin invited him to become Professor of 
Physics in 1969 and to assume the post of Co-Director of the Center for Particle 
Theory in 1970. In association with Yuval Ne'eman he founded a strong group of 
particle theorists at Austin of which he continues to be a menfcer. Together 
with Relativity and Astronomy there is an exciting and active group now which 
has the honor of having John Wheeler join them during the coming Fall.

During these years, Sudarshan has continued his work in particle
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physics. Along with coworkers, he analyzed high energy scattering data for 
tachyonic resonances, studied fcne analytic properties of transition amplitudes 
in indefinite metric theories and the question of violation of causality in such 
theories. The study of quantum theory of fields with spin 3/2 was taken up 
in collaboration with Bruce Mainland; they showed that not only the Heisenberg 
equations of motion but the entire Poincare Lie algebra is properly realized 
by the field.

The problem of action-at-a-distance in relativistic theories was 
reinvestigated. Since he had proved the no-interaction theorem in local 
relativistic theories, this was only just! He shewed that every action-at-a- 
distance theory can be embedded in a local field theory in a natural manner; 
and that any finite theory of this kind automatically inplied an indefinite 
metric. A general theory of physically ireaningful indefinite metric theory 
was the natural follow-up and this work has been carried out as the theory of 
"shadow states". Shadows are states that are involved in formulating the dynam
ics but not involved in the unitarity sum.

Together with J. P. Hsu and two students, Allen Underwood and 
Enrique Mac, ha has studied unified gauge theories and given an alternate for
malism using Lagrange multiplier fields; and applied it to construct a number 
of models. In most cases this method gives rise to different and, often, 
sinpler Lagrangians, but essentially the same S-matrix as given by the usual 
theory.

Description of higher spin particles continues to be a problem and 
relativistic wave equations are actively being studied. William Hurley and 
George Sudarshan have studied a general class of such equations giving unique 
mass and unique spin. A new class of "barnacled wave equations" have been 
introduced and studied. Aslam Khalil has oonpleted a doctoral thesis on gener
alizations of this scheme and related topics.

Multiple particle production at high energies is an active field of 
interest. In collaboration with Charles Chiu and K. Wang, he has formulated 
a hydrodynamical theory of inultiparticle production with frame-independenoe.

Dynamical maps have been investigated in collaboration with Vittorio 
Gorini. The extremal maps of a two-level system have been obtained. Like
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finding the unitary representations of a nonoonpact group, this is a "first".
For completely positive maps the use of Choi's theorem enables one to find 
all the extremal elements in a sinpler manner.

Particle physics concepts have application to other fields and 
several such applications have been carried out. The competition between 
species can be modeled by coupled fields and one can thus generate Hamiltonian 
models of "interaction" between biological species. This work is done in 
collaboration with S. N. Biswas. The temporal behavior of a repeatedly ob
served quantum system is a fascinating topic and certain features of this are be
ing investigated in collaboration with Charles Chiu and Baidyanath Misra.
Misra and Sudarshan have already shewn that continuous observation, followed 
in quantum mechanics, leads to a Zeno's paradox. Sudarshan has also shown 
hew it introduce an interaction between a classical and a quantum system and 
thus provide a basis for measurement theory by eirbedding the classical system 
in a quantum system with continuous superselection rules. Sudarshan and Mukunda 
have shewn that Nambu dynamics is essentially Hamiltonian dynamics, seen in a 
new perspective.

In recognition of his scientific work and service to society 
honorary Doctor of Science degrees have been conferred on him by the University 
of Wisconsin and by the University of Delhi. 'The President of India has 
honored him with the Padmabhushan (Order of the Lotus); and the Association of 
Indians in America has presented him with its Honor Award.
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RESEARCH HISTORY 

Amo Bohm - Associate Professor of Physics

As a student at the Freie Universit&t Berlin in 1962, Amo Bohm 
worked cn axiomatic quantum field theory. He applied the axiomatic field 
theory of Bogojubov, Medvedev and Polivanov to quantum electrodynaKU.cs and 
showed that the asynptotic form of the currents agrees with the expressions 
of the renormalized theory. This was later published in a paper with Polivanov. 
(Nuov. Cim. 40, 1110(1965)).

During the period 1963-1964, Amo Bohm was an instructor at the 
Institute of Technology in Karlsruhe, where he worked on problems of elemen
tary particle phenanenology (calculation of pion-nucleon scattering phase 
shifts).

In 1964 as a Research Associate at the University of Marburg,
Amo Bohm started work on group theoretical methods in particle physics and 
cxntinued this work with A. 0. Barut at the International Centre for Theoreti
cal Physics in Trieste, where A. Bohm was an IAEA Research Fellow, 1964-1966.

During this time, he suggested (together with A. O. Barut, Phys.
Rev. 139B, 1107) using groups not only as symmetry groups but to describe all 
states of a physical system by an irreducible representation of a group ("dynam
ical group"). The same suggestion was later made by Mukunda, 0'Raifeartaigh, 
Sudarshan ("non-invariance group") and Dothan, Gell-Mann, Ne'eman, who coined 
the presently accepted name of "spectrum generating group" for it.

During the same time, he also worked on the mathematical methods 
of quantun mechanics. He made the suggestion to formulate quantum mechanics 
in the Rigged Hilbert Space with algebras of continuous operators and thus 
give a mathematically rigorous presentation of the Dirac formalism in quantum 
mechanics. (A similar suggestion was made independently by J. E. Roberts).

While A. Bohm was a research associate at Syracuse University, 
during 1966-1968, he gave the construction of the Rigged Hilbert Space for 
representations of Lie groups and the proof that the space of differentiable 
vectors for semi-sinple Lie groups is a nuclear space. (J. Math. Phys. £,
1551 (1967)). (The sane construction was suggested later by B. Nagel). His 
major effort during this period was devoted to working on his suggestion to 
use the connection between the deSitter group and Poincare group for the
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problem of the mass spectrum of elementary particles. This led to the intro-
-13duction of an elementary length of 1/3 • 10 an and the idea that hadrons

-13are miniature deSitter spaces of infinite time and finite (1/3 • 10 cm) 
space extension. (Years later the same picture for hadrons was also obtained 
by differential geometrical arguments using fibre bundles by W. Drechsler, 
Fortsch. Phys. 23(1975)).

A.Bohm continued the vrork on the deSitter model, when he came in 
1968 as an associate professor to the University of Texas. In 1969 a repre
sentation of the full relativistic synmetry (a coftbination of the Poincare 
algebra, C, P, T and an infinite dimensional generalization of the Dirac y- 

matrices) was introduced, which was called Generalized Dirac Representation, 
because it describes baryons and mesons in the same way as the spaae of the 
solution of the Dirac equation describes the electron (Phys. Rev. D3, 367).
This was combined with the above deSitter model for the description of the 
hadrcn spectrum (Phys. Rev. D3, 377; Phys. Rev. Letters 23/ 436).

In 1970-1971 A. Bohm extended his idea of a quantum mechanical 
description (i.e., by an algebra of operators) of particle properties to 
include the algebra of charges. This was in a certain way a continuation of 
the work he had done previously together with E. C. G. Sudarshan on the semi- 
leptonic and leptonic decay of hadrons. In the spring of 1971, while A. Bohm 
was visiting scientist at the Max-Planck Institute in Munich, it was shown 
that the resulting algebraic model has many structures in ooranon with the 
algebra of currents. During 1971-1972, this algebra of transition operators 
was applied to a unified description of the radiative and leptonic decay 
of vector mesons, partially in collaboration with J. Nilsson at the Institute 
for Theoretical Physics in Gttteborg.

As a continuation of this program, A. Bohm suggested in 1974 to 
use a minimal set of assurrptions: 1) Poincare invariance and C, P, T 
properties; 2) SU(3) as a spectrum generating group; 3) V-A for the opera
tors that describe the transitions (currents) to calculate weak leptonic and 
electromagnetic decay properties. Presently vrork is in progress in three 
areas of this research program. Together with M. Igarashi and J. Werle (Univer
sity of Warsaw) the weak leptonic decay of pseudoscalar mesons is investigated.
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Together with A. Garcia {Mexico) , J. S. Nilsson (Sweden) and R. B. Teese, the 
hypezon leptonic decays are studied and an improvement of the Cabibbo model 
is obtained, 'together with R. B. Teese and graduate students at Texas this 
program is applied to the calculation of electromagnetic decays of vector 
mesons in the framework of SU(4).



RESEARCH HISTORY
Charles B. Chiu - Associate Professor of Physics

Dr. Chiu ocnpleted his Ph.D. thesis work in high energy experi
mental physics, at the University of California at Berkeley in 1965. His 
thesis is on "Pion-nucleon charge exchange angular distribution, fran 
500 to 1300 MeV." 'ihis work provided additional constraints to the deter
mination of pion-nucleon phase shifts. After this work, he joined the 
theoretical group at the Lawrence Radiation Laboratory in Berkeley. This 
marked a transition in his research career. Since then, he has been work
ing on theoretical physics problems. During his stay in the theoretical 
group (1965-1967), he worked on different aspects of the Regge pole model.
He was one of the first authors who recognized the experimental confirma
tion on the "nonsense-wrong-signature zero" in the Regge pole theory.
During this period, through several collaborative papers, he worked on the 
classification of sense-nonsense choosing mechanisms in the Regge pole 
theory and the different Regge pole solutions for picn-nuclecn and nucleon- 
nuclecn scattering.

For the period 1967 through 1968, Dr. Chiu worked in the theory 
division at CERN as a visiting scientist. During this period, he and 
Dr. J. Finkelstein proposed and developed the "hybrid model" for hadron 
two-body scattering at small as well as large momentum transfer regions.
Uiis model is similar to the "Weak cut model". He and Dr. J. Finkelstein 
also derived the ideal mixing frcm the exchange degeneracy condition. 
During this period, he and Dr. A. Kotanski clarified the connection between 
the Regge pole phase factor and the "Schmid loop".

For the period 1968 to 1969, Dr. Chiu worked in the Cavendish 
Laboratory, Canbridge, England, as a senior research fellow. He continued 
to investigate the large momentum transfer scattering phencma. He delivered 
a review paper on nonforward scattering in the Theoretical Physics Meeting 
at Rutherford Laboratory in Deoenber, 1968. An extended version of this 
work was later published in the Reviews of Modem Physics. During this 
period, Dr. Chiu collaborated with Dr. R. J. Eden and Mr. M. B. Green.
They developed the phase contour model which provides a general framework
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for the description of the phase of hadron amplitude satisfying the general 
properties: crossing, analyticity, unitarity and Regge asynptotic behavior, 
etc.

Fran 1569 to 1971, Dr. Chiu worked at Caltech. From 1969 to 1970, 
he was a research fellow, and fran 1970 to 1971, the Richard Case Tolman 
Senior Research Fellcw there. During these two years, he studied the high 
energy collision phenomena from the point of view of Regge poles and cuts.
He made a systematic survey on the strong points and the weak points of the 
Regge pole model, and also the inadequacy of cut models. A sunmary of this 
survey was presented at the American Physical Society meeting, Noveirber,
1970, sponsored by the CPT group here. An extended version of this work 
was later published in the Nuclear Physics. During his stay at Caltech, 
he was also a co-organizer of the Caltech conference on high energy phenom
enology, and a oo-editor of the conference proceedings, in which the need 
for a phenomenological approach to the strcng interaction physics is 
stressed. Through collaborative work, Dr. Chiu investigated the factoriza
tion property of the dual resonance propagator and derived the "generalized 
ward identity" in the dual resonance model. He and Dr. Robert Heinman formu
lated the statistical bootstrap model with spins, and demonstrated the 
relation between the angular momentum spectrum of the dual resonance model 
and that of the statistical bootstrap model.

Dr. Chiu joined the Department of Physics at The University of Texas 
at Austin in 1971 as an Assistant Professor. During 1971-1972, he continued 
to work on the systematics of two-bcdy scattering phenomena at high energy. 
Based on the statistical bootstrap model, he proposed a "strcng central 
absorption prescription" for two-body scattering, which qualitatively

V

accounts for the successes and the failures of the Regge pole model. He 
contributed a review article on the "Evidence of Regge Pole Model in Hadron 
Collisions" published in Annual Review of Nuclear Science, 1972. He re
formulated the statistical bootstrap model, found analytic solutions, and 
gave new physical interpretation to the model. Influenced by local 
research interest on shadow state theory, with Dr. C. C. chiang, he also 
worked on the mass renormalization problem based on the dispersion relation 
and the Feynman diagram techniques.
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During 1972-1973, Dr. Chiu's main research interest was directed 

toward the formulation of a bootstrap model which accounts for hadron 

interaction dynamics. An input to the bootstrap model involves the multi- 

particle production physics, as well as two-body scattering physics, with 

the unitarity relation playing a crucial role linking the two-body scatter

ing amplitude to 2 to n amplitudes. As a first step toward this goal, he 

began to explore various phenomenological models for multiparticle produc

tions. Collaborating with Dr. K. H. Wang, he developed an independent 

cluster emission model for multiparticle production. Collaborating with 

Dr. R. Gleiser, Dr. Chiu further investigated the ramification of M s  

modified statistical bootstrap model.

During 1973-1974, with his general interest in nultiparticle produc

tion models, he was intrigues by the rise of the total cross section in the 

ISR region. During this year, he worked on the application of the absorp

tion to the popular models of multiparticle productions: the multiperi- 

pheral model and the independent emission model. He and Dr. K. H. Wang 

and, at an early stage also joined by Dr. R. Gleiser, developed the 

absorption formalism for imoltiparticle production and achieved to demonstrate 

that the "absorbed independent cluster emission model" provides a unified 

description to the elastic data including the rise of the total cross 

section, the inclusive data and the multiplicity distribution data. This, 

to our knowledge, is the first phenomenological model which simultaneously 

accounts for such varieties of data. During this period, Dr. Chiu, together 

with his student E. Ugaz, found an enpirical 1' fixed-powe r-extrapolation 

scheme” for the single particle inclusive distribution in the fragmentation 

region in high energy multiparticle productions. A similar behavior is 

also found for a hypothetical exanple of the dual resonance model. With 

this fragmentation distribution within the framework of the Hegge-Meuller 

model the inclusive rapidity-distribution is specified at all energies.

Based on the independent cluster emission model, the specified inclusive 

distribution leads one to predict the energy dependence of the average 

multiplicities, and of a tenporaxy rise of the total cross section and the 

multiplicity distribution. They are all in reasonable agreement with the 

data.
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During 1974-1975, his main research was on the investigation of 

hydrodynamical models for multiparticle production in high energy hadron 

collisions. He views hydrodynamical models as providing a general statis

tical approach to final state interactions among irailtiparticles, which are 

produced within a small space-time volume. He, together with E. C. G. 

Sudarshan and K. H. Wang, proposed a new hydxodynamical model —  the frame 

independence syimnetry model for multiparticle production. In contrast 

to Landau's model, where one assumes there is initially a global thermal 

equilibrium, within this new proposal the initial thermal equilibrium of 

matter is reached only at the local level. At high energies, Landau's 

version violates the uncertainty principle, but this new proposal does 

not suffer the same criticism. Further on, he and K. H. Wang investigated 

the pion mcmentun distribution at 90° in pp collision based on this new 

model and the notion of evaporation. With the parameters of their model 

completely specified from a fit to the data at 1500 GeV incident labora

tory energy, predictions at other energies ranging frcm 25 to 1500 GeV 

show a characteristic anti-shrinking energy dependence and are in good 

agreement with the data. They have also investigated several technical 

points of hydrodynamics: e.g., the hydrodynamical model with massless 

constituents and the constraints iitposed on a hydrodynamical system when 

it undergoes a conical expansion.

During 1975-1976, Dr. Chiu continues his research in the cluster 

production model* He and K. H. Wang further developed the model applying 

to the charge transfer distribution, two-particle correlation function, 

and the rapidity-gap distributions. They concluded that the data require 

a certain characteristic correlation effect within a cluster for a wide 

range of cluster decay models. In a separate investigation he, together 

with Dr. D. Tow, found that if one assumes some NN cluster production, the 

observed rise of the single pion inclusive cross section in the central 

region at ISR energies may be correlated to the corresponding rise in the 

P inclusive cross section. Along the line of strong interaction dynamics, 

he, together with Dr. D. Tow and Mr. M. Hossain, formulated a sinple SU(3) 

breaking scheme for the dual bootstrap model. The solutions found are in
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reasonable agreement with the cross section and the multiplicity data. 

Stimulated by the work of R. Logan and his collaborators on the statis

tical bootstrap model with spin proposed earlier by Chiu and Heinman,

Dr. Chiu further investigated this model and clarified the assunptions 

required to give rise to shrinking peripheral peaks.

Another problem investigated in this year is in collaboration 

with E. C. G. Sudarshan and B. Misra. It is chi tlie time development of 

an unstable quantum system based on the Lee model. In this work, a char

acteristic tine scale prior to the onset of the exponential decay was 

discovered, which provides an inportant clue teward the clarification on 

the long standing Zeno's paradox for unstable particle decay.
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CAREER SYNOPSIS

1) Significant Research Accomplishments

Dr. Gleeson's research interests have been in the general 

area of elementary particle formalism and phenomenology. Although 

many of the investigations such as, studies of kinematic effects 

and different direct phenomenological data fittings are worth 

while in their own right, this review will treat only the most 

significant research accomplishments. A complete list of publi

cations is attached.

Dr. Gleeson's thesis (Univ. of Penn. 1965) was a detailed 

calculation of the process of single pion production processes 

using the anayltic S-matrix method. It was and is the most 

complete ab intio calculation of this process undertaken. It is 

the only treatment of this problem in which the threshold cuts 

which arise from unitarity constraints are handled appropriately.

From 1965 to 19 69 Dr. Gleeson was on the staff of the Physics 

Department at Syracuse University. While there as both a post 

doctoral research associate and as an assistant professor, he 

developed several new research topics. In a paper titled "Weak 

Axial-Vector Currents and the Baryon Field" he was the first 

to propose and test the chiral algebraic structure of the baryon 

fields. This paper is based in an extension of the methods developed 

for the Algebra of Currents by Adler and Weisberger. This analysis 

is a first step in the identification of the chiral structure of 

the fermion systems and proceeded by a few years the subsequently 

developed general chiral symmetric methods for the analysis of 

strong interactions.

In "Non-invariance Group by Bootstrap and Regge Behavior",

Dr. Gleeson with R. Musto developed and applied a method, later to 

be called finite energy sum rules, for the investigation of the
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algebraic structure of meson baryon coupling strengths. This 

paper is important as regards both its method and intent. The 

method of finite energy sum rules was later applied by others 

to solve the problem of balancing the resonance pole versus 

regge pole saturation of the intermediate energy cross sections 

and led to the concept of duality in the strong interactions.

The intent was the first use of high energy or regge behavior 

to constrain the low energy coupling strengths or more generally 

to extend the algebraic system in which to express the strong 

interaction coupling strengths.

As mentioned above the application of finite energy sum rules 

to phenomenology of intermediate energy amplitudes lead to the 

hypothesis of duality. An amplitude which exactly satisfies the 

constraints of duality was independently proposed by Gleeson and 

Meggs in "Infinite sequence of Resonance Poles and Regge Asymp

totic Behavior" and by Veneziano. This amplitude called the 

Veneziano representation has served as the classic example for 

the analysis of an exact dual model and provided the basic frame

work for the development of dual models of the strong interactions.

In a series of papers, Gleeson, Meggs and Parkinson proposed 

tests of several alternative possibilities to the complete dual

ity that was the current Style. The present theoretical difficul

ties in formulating a realistic dual theory have subsequently made 

most of the discussion of these questions moot, although they were 

important at the time.

With Professor Sudarshan, Dr. Gleeson worked on the formula

tion of a reasonable complete physical interpretation of complex 

energy negative-metric theories. This work dovetailed nicely with 

a new interest in this topic brought about by a new model by T. D. 

Lee and G. C. Wick which used these methods to regulate relativis- 

tic field theories. Dr. Gleeson and Sudarshan with collaborators 

showed in "Analyticity Covariance, and Unitarity in Indefinite 

Metric Quantum Field Theories" that the Lee-Wick program was 

untenable.
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In the past few years Dr. Gleeson has initiated with R.

Bowers a program for the development of a realistic model of 

superdense matter. This model when applied to cold systems 

such as neutron stars is the only model containing the full 

complement of baryon constituents which produces star models 

sufficiently rigid and yet causal which satisfies the present 

astronomically obtained bounds for mass and moment of inertia 

for these objects.

2) Significant Teaching Accomplishments

Dr. Gleeson has devoted a fair fraction of his efforts at 

Texas to the improvement and extension of our existing under

graduate programs. His efforts as a lecturer were recognized 

when he was awarded a special honorable mention in the Jean 

Holloway Teaching Excellence Award.

More importantly, Dr. Gleeson was among the faculty members 

responsible for the revitalization of the Physics 341 course 

sequences. He developed and reported on one of the most suc

cessful of these courses, "The Nature of Things". This course 

is now being given by Dr. Coker and is one of the most popular 

physics courses offered. In developing the media requirements 

for this course Dr. Gleeson helped raise significantly the quality 

and range of our departmental media capability.

In addition Dr. Gleeson has undertaken the development of 

a self paced format for the engineering physics course. This 

course offering still in its formative stages offers a very 

attractive, Educationally successful alternative to the standard 

lecture class and has been used as a model for course development 

in other schools at U.T. and in other universities.

Dr. Gleeson is also presently active as the Freshmen advisor 

and as such is a member of the undergraduate committee.
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3) Significant University Service

Dr. Gleeson serves on several department and college wide 

committee's. He has been an Associate Dean of the Graduate 

School and is a member of the Faculty Senate. He also serves 

to assist Professor Sudarshan in the disposition of a signi

ficant fraction of his administrative duties as Director of the 

Center for Particle Theory. In addition Dr. Gleeson spends 

a significant fraction of his time supporting the general research 

programs of the research staff at the Center for Particle Theory.
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RESEARCH HISTORY 

Duane A. Dicus - Assistant Professor of Physics

While a graduate student at U.C.L.A., Dr. Dicus collaborated with 

Dr. Ernest £bers and Dr. Richard Norton in calculating the electromagnetic 

corrections to the weak vector coupling constant of hadrons. This problem 

had intrigued particle physicists for ten years because of its bearing on 

the question of the universality of the rauon and the hadron weak decay 

constants. These authors showed the radiative correction to hadron decay 

was independent of the strong interactions of the hadrons and thus could 

be calculated by known methods. In a second part of his thesis work, Dr. 

Dicus discussed the universality of nuclear weak vector coupling constants 

among themselves. An inproved calculation of one of the Coulomb correc

tions was instrumental in bringing the various coupling constants closer
26

together and removing the so-called "A£ anomaly”.

From 1969 to 1971 Dr. Dicus was a research associate at M.I.T.

While there, he, Professor Roman Jacikiw, and Professor Vigdor Teplitz 

shewed that light ne commutators were the natural camutators to use to 

derive fixed mass sjm rules on the structure functions of deep inelastic 

scattering. This method of deriving sum rules removed ambiguities that 

existed when equal time commutators were used and seme of the old sum rules 

were corrected. Extending this method in a series of papers over the next 

several years Dr. Dicus, sometimes with Dr. Teplitz or Dr. David Palmer, 

derived new sum rules and relations among the structure functions.

Also while at M.I.T. Dr. Dicus, together with Dr. Teplitz and 

Dr. Daniel Freedman wrote two papers on the Reggeization of field theories. 

This work has recently been useful to other investigators in their attempts 

to Reggeize unified gauge theories.

From 1971 to 1973 Dr. Dicus was a Research Associate and part time 

Assistant Professor at the University of Rochester. Other than the light 

cone work mentioned above, he spent a large share of that time trying to 

find tests of unified gauge theories. This led him to calculate stellar 

energy loss rates, various lepton processes, and the radiative corrections 
+ — + — 

to the process e e ■> y y .
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In 1973 Dr. Dicus anticipated that the spectrum of hadrons should 

be SU(4) rather than SU (3) and he and Vishnu Mathur initiated a program of 

studying the synrnetry group chiral SU(4) ft SU(4) and how it is broken. Later 

in 1973 Dr. Dicus joined the diversity of Texas as an Assistant Professor 

and he and Dr. N. G. Deshpande continued the work on SU(4) ft SU(4). This 

vrork preceded by more than a year the interest in SU (4) precipitated by the 

discovery of the (J) particles.

Attempts to find tests of weak interaction theories has been extended 

to models which are not gauge theories. Dr. Dicus, Dr. Teplitz of Virginia 

Polytechnic Institute, and Dr. Gino Segre of the University of Pennsylvania 

have discussed in detail tests of a model based on the exchange of heavy scalar 

bosons and have made interesting predictions for the processes v ^ + e - * v ^  + e 

and e+e ■* y+M . Also, Dr. Dicus has discussed again the use of stellar energy 

loss rates to test different theories, a method he first used in 1972 preceding 

by three years the current interest in such tests.

In addition to his work on finding tests of waak interaction models 

Dr. Dicus has also been active in constructing inproved versions of such 

theories. In particular, Dr. Dicus, Dr. Teplitz, and Dr. J. E. Young of M.I.T. 

have their cwn unified gauge theory which uses the strong interaction technique 

of duality to incorporate the electrcn-muon universality in a natural way.

\
V



B26

During the period May 1967-1971, Dr. Bcwers was a research assis

tant in the Physics Department of the University of Oregon. Fran 1967 to 1969 

he worked with Dr. Gerald Mahan on the band structure of semiconductors and 

also investigated preliminary models of perovskite ferro electrics. Fran 

1969-1971 he developed, in collaboration with Dr. R. L. Zirtmernvan, a formu

lation of quantum many-body theory wtiich included aspects of the strong 

interactions and general relativity. His thesis on this subject included 

applications to superdense matter in neutron stars.

In 1971 Dr. Bcwers joined the Center for Relativity Theory at the 

University of Texas at Austin as a research associate and continued work on 

superdense matter. During this association, he published, in collaboration 

with Drs. J. A. Campbell and R. L. Zimnermsn, sane of the first fully relativ

istic superdense matter calculations applicable to models of neutron stars. 

Additional research in areas of general relativity and relativistic astro

physics was oortpleted in collaboration with members of the Center for Rela

tivity Theory. This work incl'ided a model of anisotropic spheres in general 

relativity. Recent observatic il data from a wide sampling of O.B. runaways 

was also analyzed for possible evidence of collapsed companions. Evolutionary 

arguments and properties of close binary systems were used to shew that in 

eleven cases collapsed companions v^re not inconsistent with the data.

During 1973-1974, Dr. Bowers held a joint research associateship 

with the Center for Relativity and the Department of Astronony. During this 

period, he extended his research activities to include neutron star structure 

in collaboration with W. D. Arnett. Extensive investigations were performed 

during this time on static neutron star structure, using a representative 

sanpling of available equations of state. Evolutionary and observational 

material was also used to evaluate the acceptability of the microscopic input 

physics for these calculations, and as a possible check on supernova remnant 

masses predicted by recent models of supernova. Throughout this period 

Dr. Bowers continued his collaboration with members of the Center for Particle

RESEARCH HISTORY

Richard L. Bowers - Assistant Professor



Theory on the properties of relativistic superdense natter. A  major program 

developed out of this collaboration.

During 1974-1975 academic year, Dr. Bowers held a position as 

visiting assistant professor in the Department of Physics at Texas A & M 

University and continued his research activities in collaboration with matters 

of the Center for Particle Theory at the University of Texas at Austin, and 

with W. D. Arnett of the Department of Astronomy at the University of Illinois. 

During this period, Dr. Bcwers and his collaborators completed initial research 

on the equations of state for cold superdense matter and its applications to 

elementary particle physics and neutron stars. This-work led to a justifica

tion for the first fully relativistic equation of state applicable to neutron 

stars, which includes phenanenologically the strong interactions for hyperons. 

The results led to a significant increase in the expected maximum stable mass 

for cold neutral stars which has far-reaching inplications for astrophysics.

In June, 1975, Dr. Bcwers returned to the University of Texas at 

Austin, where he is now an assistant professor in the Department of Physics, 

to continue research in astrophysics. During the last six months, research 

has been performed extending the theory of superdense matter to include the 

effects of pion condensation, and to investigate their influence on the obser

vational properties of neutron stars. Dr. Bowgrs has also been investigating 

the thermal properties of neutron stars and their cooling rates, incorporating 

new results at the equation of state level which are expected to have obser

vational consequences.

Currently Dr. Bowsrs is investigating the evolutionary states sub

sequent to reimar.t formation in supernova. This work is being done in colla

boration with rentiers of the Center for Particl Theory at the University of 

Texas, and with W. D. Arnett at the University of Illinois. As a first step 

in this work a finite temperature equation of state for strongly interacting 

matter is being developed which is applicable for arbitrary teirperatures, and 

which reduces at T=0 to the phenomenological model developed earlier.
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RESEARCH HISTORY 

NILENDRE G. DESHPANDE - VISITING PROFESSOR

Hie research interests of Professor Deshpande lie primarily k ? the 

field of weak interactions, both in the phenomenology and the field theoretic 

aspects.

In the past, studies were carried out in chiral symmetry breaking 

in SU (3) x SU(3) as well as SU(4) x SU(4) models. A conclusion reached was 

that the popular model with (3*, 3) breaking was not compatible with expe

riment, while (8*, 8) admixture was necessary for good fits. The same con

clusion was obtained for SU (4) x SU (4) symmetry. The inportanoe of these in

vestigations arises from the fact that in the unified models of weak and 

electromagnetic interactions, the symmetry breaking necessarily arises from 

quark mass terms, i.e., (3*,3) or (4*,4) breaking. Hew to reconcile the two 

is still an open problem.

A  new method of obtaining the Feynman rules for non-Abelian gauge 

invariant theories was developed by Hsu and Sudarshan. This approach gave a 

seemingly new set of rules for the Weinberg-Salam model. It was shown that 

cne could make a set of transformations such that the two rules were equiva

lent.

Study was undertaken on an exactly solvable model to understand the 

method of renormalization group and asymptotic freedom. The model chosen was 

cne by Zachariasen, which has the advantage of being relativistically invari

ant. It was found that the Gall-Mann-Lcw equations could be solved exactly 

for this model, and asymptotic freedom was explicitly shewn.
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Baidyanath Misra - visiting Professor

During ny stay at the Center for Particle Theory, University of Texas 

(Pall 1975), I investigated three sets of problems.

One of them oonoems a mathematical analysis and physical discussion 

of the <&namics of quantun systems subjected to repeated and (in the limit) 

continuous observation. A  sirple natural approach to this problem leads to 

the seemingly paradoxical conclusion that an unstable particle when contin

uously observed as to whether it decays or not, will never be found to decay. 

Possible resolutions of this paradox were investigated and its implications 

as regards the possibility of introducing the notion of "arrival time" or 

"time of decay" in quantum theory was discussed. The mathematical content of 

this investigation contributes to the theory of generalized product formulas 

(Trotter) for semigroup and have, also, applications in the theory of "reduced 

evolution" of a subsystem of quantal system.

The second problem was concerned with developing a dynamical theory 

of quantum measurement process. In contrast to traditional approach to the 

problem, it is new posed in the context of a theory of interaction between the 

quantum object and the classical measuring equipment. The conceptual and technical- 

mathematical problems arising in this approach are analysed and solved in detail.

The third problem is concerned with the study of regular stationary 

processes with the aid of iiprimitivity theorem of group representation.

The first two investigations were carried out jointly with Professor 

G. C. G. Sudarshan. In addition, I collaborated with Professor Chiu and Sudarshan 

on a detailed study of departure from exponential decay law at small time.
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Prior to 1969, when he was awarded his Ph.D., Dr. Hsu, a student 

at Itochester University, investigated many fundamental problems in 

Theoretical Physics. These included the consistency between various 

basic concepts (e.g., time, the propagation of light, fundamental length, 

self-energy, etc.). The problems of currents and spectral functions from 

which he obtained the generalized Weinberg sum rules in which the non

vanishing pion and kaon mass are included. Hie form factors, the 

decay width of some vector mesons and the pion masi difference were cal

culated. With S. Okubo, he investigated the interference model. Disper

sion relations were developed which were used to obtain an interpolation 

formula for the amplitudes which have both low energy resonant behavior 

and high energy Regge behavior. This technique is also used to get an 

inproved proton-neutron mass difference. He was also involved in gen

eralizing the algebra of local currents at equal time to that cn light 

cones.

From 1969 through 1971, Dr. Hsu was a postdoctoral fellow at 

McGill University. There he worked on several topics of current interest.

He produced a new theory of weak interactions which predicts a violation 

of CPT invariance in the basic weak interactions and a definite anomalous 

lifetime for particle decay in flight at high energies. This theory will 

be tested by T. Devlin, et al. At this time, high energy collisions of 

hadrons and fragmentation model became stylish and Dr. Hsu investigated 

them. Fran his studies of time and 4-dimensional symmetry, it was con

cluded that a direct measurement of the cycle frequency to test the
2

Doppler frequency to order (v/c) is critical and absolutely necessary 

in order to establish the currently accepted concepts. Such experiments 

are being considered actively by Dr. J. L. Hall (in 1976) in NBS at Boulder.

During 1972, Dr. Hsu was a postdoctoral assistant at Rutgers 

University, where he worked on a new form of dynamical system, in which 

the commutator for the dynamical variables of a quantized field are defined 

on a "light-like surface". The algebra of currents may be defined on such 

a surface and the Gell-Mann-Okubo mass formula in quadratic form for both

RESEARCH HISTORY

Jong-Ping Hsu - Research Associate



mesons and baryons is derived without the trouble due to momentum dependence.

Daring 1973, Dr. Hsu was a postdoctoral associate at the University 

of Texas at Austin. He worked with Professor Ne'eman on the phenomenologi

cal analysis of CP violation. He has been working with Professor Sudarshan 

on weak interactions. He also studied electrodynamics with non-linear gauge.

During 1974, Dr. Hsu studied possible CP-violating mechanism in 

collaboration with Professor Ne'eman. A theory of CP ncninvariance (in 

which the dynamics is determined by the principle of gauge invariance) and 

an experimental test of the origin of CP noninvarianoe were proposed. He 

also investigated a general method of unitarizing field theory involving 

interacting ghost particles in collaboration with Professor Sudarshan.

A generalized concept of gauge invariance (i.e., distorted gauge invar- 

ianae) is proposed for a Lagrangian which does not have the usual gauge 

symmetry because of the presence of mass terms. A new Lagrange multiplier 

formalism is proposed for general gauge theories. It has been substanti

ated by calculations in several specific theories by Dr. Hsu, Professor 

Sidarshan, Mr. Mac and Mr. Underwood.

During 1975, Dr. Hsu, Mr. Mac and Professor Sudarshan shew that the 

new formalism is siitpler than the usual formalism of Fadcleev, et al, be

cause the visual formalism leads to redundant gauge-conpensating terms, which 

are not needed for unitarity when a class of bilinear gauge condition is 

used. A new technique of renormalization with the help of a oounter- 

lagrangian (which cannot be reduced to iie usual counter-terms in general) 

is investigated. This provides a new basis to <xmstruct a sinple unified 

theory of weak and electromagnetic interactions, which is free of diver

gence after renormalization.

Dr. Hsu and Mr. Underwood have carried out complicated one-loop 

diagrams to check unitarity in quantum gravity. To support the Lagrange 

multiplier formalism, they have also invest* jated and worked out a ocnplete 

renormalization at the one-loop level in a distorted gauge-invariant 

theory in which there is no spontaneously broken gauge synmetry. During 

1976, they are studying the possible new heavy leptons as a triplet, rather 

than a doublet; they are constructing a unified model with newly discovered 

heavy leptons and calculating their decay distribution and their productions.
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This gives information to determine whether the new leptons discovered at SLfiC 

belong to a triplet or a doublet.

Dr. Hsu, Mr. Mac and Professor Sudarshan have studied the problem 

of Ward identities, renormalization and asynptotic freedcm of distorted gauge 

invariant theories. Dr. Hsu and Professor Sudarshan also are Investigating 

the possible coupling among intermediate vector bosons, photons and gluons. 

This is a crucial problem for including strong interactions in the unified 

weak and electromagnetic interactions. They also are studying the possibility 

to decouple the physical scalar field from unified theories and hence simpli

fy the theories by taking the mass of scalar field to infinity. Sane calcu

lations indicate that this is possible in sane distorted-gauge invariant 

theories, excluding spontaneously broken gauge theories.

Dr. Hsu and Mr. Mac have shewn that the usual gauge formalism 

also leads to violation of unitarity even when one uses a particular linear 

gauge condition. The reason for this is not clear yet. They also show that 

a finite quantun electrodynamics (using the trick of a limiting procedure) 

published in Phys. Rev. is not unitary. They have also studied the relation 

betwsen local gauge symnetry and dyon solutions in Yang-Mills theory.

Dr. Hsu has studied the magnetic monopole solutions in general

gauge theories. He demonstrated that the isovector Higgs scalars could be

replaced by a local unit isovector, as far as the monopole solution is con-
2

oemed. Based on charge quantization, he predicted sin 0=1/2 in SU(2) X U (1) 

unified theory. He obtained an exact analytic corplex solution for SU(2) 

gauge fields. This inspired C. N. Yang and T. T. Wu to find analytic real 

solution for SL(2.c) gauge fields. He shows that there is a connection among 

the magnetic monopoles with quantized strength, the tcplogical structure of 

solutions of gauje fields and the global gauge (i.e., principal coordinate 

bundle) of non-Abelian theory discussed by Wu and Yang.
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THOMAS N. SHERRY - RESEARCH ASSOCIATE

Dr. Sherry received his B.Sc. (hans.) in Mathematical Science at 

University College, Dublin, Ireland, in Noveirber 1971, and his M.Sc. in 

Mathematical Science a year later. The latter included sate introductory re

search work (produced as a minor thesis) consisting of an investigation of 

scale invariance in both classical and quantum mechanical systems, under the 

guidance of Professor C. P. Ryan.

Fran April 1973 to Fall 1974 Dr. Sherry studied under Professor 

L. 0'Raifeartaigh at the Dublin Institute for Advanced Studies (DIAS).

Dr. Sherry collaborated with Dr s. G. B. Mainland and L. 0' Raifeartaigh in an 

examination of unified gauge theory models using point transformations of 

fields rather than the usual gauge transformations. The main aim of this 

investigation was to gain sane further understanding of the mechanism whereby 

the anomalous divergences inherent in the unitary gauge formulation of such 

theories cancel to yield a renormalizable theory, by means comparison with a 

particular renormalizab3.e gauge. This work was published in Nucl. Phys. B79,

503 (1974). Dr. Sherry further shewed that in this approach the mass and 

coupling constant renormalization constants are gauge independent, although the 

wave function and proper vertex renormalization constants are in general 

gauge dependent. Dr. Sherry's Ph.D. thesis was entitled "Renormalization 

Problems in Model Field Theories". The thesis also included an investigation 

of sane solvable models derived as generalizations of the Lee Model.

During the academic year 1974-75, Dr. Sherry held an appointment 

as research scholar at the DIAS. He collaborated with Dr. S. Browne and 

Professor O'Raifeartaigh in constructing an asynptotically free unified gauge 

theory model, which is also free of the infrared divergence difficulties 

inherent in the models produced in previous attempts by other authors. This 

was achieved by using a supersyirmetric framework, based on work of O'Raifeartaigh. 

This work has been published in Nucl. Phys. B99, 150 (1975).

In the fall of 1975, Dr. Sherry took up an appointment as post

doctoral Research Associate at the Center for Particle Theory in Austin.
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During this year, he has worked with Professor Sudarshan and Dr. J. P. Hsu 

in examining the relevance of the concept of asynptotic freedom in a theory 

which is inherently finite, by applying the renormalization group technique 

of Gell-Mann and Low to a scalar field theory model containing indefinite 

metric fields. Preliminary results suggest a theory vrtiich is finite, but 

has indefinite metric fields, cannot be asymptotically free, but that stable 

finite infrared and ultraviolet fixed points may exist for the effective

coupling constant.



From 1968 to 1971, while a research assistant under Professor 

Geoffrey F. Chew at the University of California at Berkeley, Dr. Tew was cue 

of the first people who revived interest in the ABFST irailtiperipheral model 

(MPM) as a viable model for high energy multiparticle production. He calcu

lated the quantitative predictions of the model and pointed out its agreements 

and shortcomings. With Dr. D. R. Snider, he formulated this MPM including 

interference terms and also calculated the contribution of an important class 

of interference terms. Then with Dr. S.-S. Shei, he showed that a sinple 

modification of this MPM can also account for certain general features, e.g., 

Bjorken scaling, of deep inelastic electrcn-nuclecn scattering. In a paper 

with Drs. D. E. Lyon and C. Risk, he pointed out that the usual relativistic 

approximation for transforming single particle inclusive angular distributions 

from the laboratory to the center of mass is incorrect and worked out the 

correct transformation.

From 1971 to 1973, Dr. Tew was a member of the Institute for Advanced 

Study in Princeton. There he extended his investigation of the modified MEM 

to the study of deep inelastic neutrino-nucleon scattering. He also derived 

the average multiplicity formula in the Mueller-Regge model containing a 

secondary trajectory and considered its phenomenological implications.

From 1973 to 1975, Dr. Tew was an Assistant Professor (Research) at 

Brown University. In collaboration with Dr. C.-I. Tan, he pursued the hypothe

sis that dynamical production of high mass clusters,such as NN clusters, is 

the major reason for the rise of total cross sections at high energies; sane 

preliminary implications for pion inclusive cross sections were pointed out. 

lhey also showed that in multiperipheral cluster models, pions cannot be the 

dominant exchanges. They, together with Drs. T. K. Gaisser and H. I. Miettinen, 

proposed several experimental tests (which will be done at CERN's ISR acceler

ator) to distinguish a peripheral mechanism or a central mechanism for the 

production of p's. Dr. Tew, together with Drs. H. M. Fried, K. Kang, and

C.-I. Tan, also suggested the possible existence of Qtt and other BB bound

RESEARCH HISTORY

Don M. Tew - Research Associate
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states and resonances.

Dr. Tow joined the University of Texas' Center for Particle Theory 

staff in 1975. Together with Dr. C. B. Chiu and Mr. M. Hossain, he formulated 

the topological dual bootstrap model with symmetry breaking and with unequal 

cylinder and planar couplings. They shewed that this model can explain all 

meson-nucleon total cross sections for PT̂ h frun 10 GeV/c to 50 GeV/c. They 

also proposed a regrouping of terms in the topological expansion and argued 

for the rapid convergence of the toplogical series. Dr. Tow and Dr. Chiu 

are new finishing a systematic investigation of the effects of NN cluster 

production on pion and kaon inclusive cross sections; the recently observed 

30%-40% rise of these cross sections over ISR energies can new be explained.
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Mr. Mcncwar Hossain is a third-year graduate student in the Physics 

Department of the University of Texas. He received B.Sc. and M.Sc. degrees 

in physics fran the University of Dacca. He worked as a research student of 

Dr. M. Hug of the Atonic Energy Center, Dacca, in 1972, and as a research 

assistant in solid state physics in the sumner of 1974. Fran the sunrner of 

1975, he has been working as a research assistant in the Center for Particle 

Theory.

His research interests are strong interaction physics and applica

tion of syimetry groups to elementary particles. His M.Sc. thesis was based 

on an investigation of pion-nucleon charge exchange scattering using finite 

energy sum rules. He has also been studying the group theoretical aspects 

and phenomenology associated with the discovery of new particles. A paper 

on the radiative decays of mesons has been pvblished by him in collaboration 

with A. Bohm and others. Mr. Hossain is now investigating the bootstrap 

models under the supervision of C. Chiu. There has been some recent develop

ment in S-matrix theory using topological analysis. He published a paper 

cm topological boots trap models with C. Chiu and D. Tow. Further work in this 

direction is in progress.

RESEARCH HISTORY

Moncwar Hossain - Research Assistant



B38

During the last three years, M. A. K. Khalil's main research has 

centered around the structure of certain manifestly Lorentz covariant wave 

equations for arbitrary spin fields and their interactions with an external 

field.

It is well kncwn that there are many wave equations available that 

satisfy all the same assumptions of relativistic quantum mechanics, and de

scribe a system with a given mass and spin spectra. A systematic study of the 

possible relationships between such theories for the same mass and spin system, 

both free and interacting, has been reported in Dr. Khalil's Ph.D. (1976) dis

sertation ccrpleted under the guidance of Professor E. C. G* Sudarshan. This 

work has shown that there are actually not as many different theories avail

able as was once suspected. Sane theories given in the literature have been 

shown to be equivalent to sinpler well kncwn theories by the use of the derived 

equivalance relationships. Dr. Khalil has prepared eight papers for publica

tion to report this work, including one in collaboration with Professor 

Sudarshan and one with Dr. M. Seetharaman.

His other research interests include perceptual and developmental 

psychology, in which he has conducted research in the Luneberg theory of visual 

perception, and Kchlberg's theory of cognitive development of moral judgments, 

respectively. He has, also, worked on a stochaistic theory of the spread of 

epidemics. Lastly he has conducted research on coloring theorems in Graph 

Theory. Dr. Khalil has been trained in several disciplines of mathematics, 

and has applied mathematics to new situations in the above areas = - _

RESEARCH HISTORY

M. Aslam K. Khalil - Research Assistant
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Edward W. Kolb - Research Assistant ^

During the period June 1974 - September 1975, Edward Kolb was
/

a research assistant jn the Electror.ooustics Division of implied Research 

Laboratories, the University of Texas.- His work with Dr. J. J. Truchard 

included devnlaptTent of computerized sanar test measurement systems, and 

development of jarametric receiving arrays.

From Septeirber 1975 to the present time, Mr. Kolb has been a menfoer 

of the Center for Particle Theory. General research interests during this 

time are centered in the application of weak interactions to astrophysics, 

in particular, stellar energy losses via neutrino emission processes. In 

collaboration with D. 3^'Dicus (Center for Particle Theory), D. L. Schranm 

and D. N. Tubbs (University of Chicago), the calculation of stellar energy 

losses by neutrino bremsstrahlung was extended to include vector and axial- 

vector waak neutral currents.
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Enrique Mac (Cotrina) - Research Assistant

Working with Dr. A. J. Kalriay, we have finished a paper "The Quantum 

Field Theory of Fermions and Parafermicns Constructed from Quantum Bose Fields,

II. A Renark on the Observables", Prog. Theoret. Phys- 55, 297 (1976). In a 

previous paper it was found that Fermi fields can be expressed as bilinear 

ocrrbinations of Bose fields; this means that if in an expression we have n 

Fermi fields, expressed in terms of bosons, we will have 2n Bose fields. This 

ccnplicates the calculation. We find here that because physical results are 

obtained applying operators over states, the expressions containing 2n Bose 

fields can be reduced to expressions with only 2 Bose fields, so the results 

become simpler.

With Dr. Hsu, we hive finished the paper "Violation of Unitarity in 

a Finite Quantum Electrodynamics", CPT preprint 224, to be published in Phys. Rev.

D. In this paper we study a proposed theory that claims to be finite. This 

is achieved by introducing extra fields in the Lagrangian. We prove that the

theory violates unitarity so it is not a viable theory.
\

With Dr. Hsu, "Symmetry and Exact Dyon Solutions for Classical

Yang-Mills Field Equations'1, CPT preprint OBD-227 to appear in J. of Math. Phys. 

Here we solve the classical pure Yang-Mills equations and find that this theory 

not only admits monopole solutions, but also dyon solutions (particles with 

electric and magnetic charge).

With Dr. Hsu, "Ccrment on Gauge Conditions in Ncn-Abelian Gauge 

Theories", CPT preprint OBD-258. Several linear gauge oanditicns are studied, 

the propagators for the fields are calculated in the most general form (with 

arbitrary gauge parameters). It is found that for a pertain gauge the uni

tarity of the theory is violated. This implies that the Fadeev-Pcpov 

formalism of constructing fictitious Lagrangians not always restores uni

tarity.
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R. B. Tease's research interests are spectrum generating groups 

and the theory of hypercn semileptonic decays. During 1974-75, he and Prof.

A. Bohir. developed a formulation of hypercn decay theory in terras of the algebraic 

method. In 1975-76, they studied the interpretation of SU (3) as a spectrum 

generating group within this algebraic framework. In collaboration with A. 

Garcia, a preliminary version of this theory was ccnpared with the available 

data, and the fit obtained was significantly better than fits of conventional 

hyperan decay theories. Tteese has also collaborated in a study of SU(4) as a 

spectrum generating group in vector meson electromagnetic decays, and in an 

analysis of the spectrum generating group of the quantum machanical symmetric 

top.
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Past efforts have in part been directed toward the obstruction of 

a renormal i zable model of the massive Yang-Mills field, using the method of 

Lagrange multipliers. This construction does not rely cn the mechanism of 

spontaneous symmetry breakdown. Conventional Feyraten rules have been derived 

with the aid of a pair of auxiliary fields introduced in the Lagrangian for 

this purpose. Calculations at the 1- and 2-loop level indicate the model is 

unitary and gauge independent. This work has been reported in ORO-3992-197, 

"Renormalizable Massive Yang-Mills Theory with Intrinsic Syimetry Breakdown"

(J. P. Hsu and J. A. Underwood, 1974), and will appear in Phys. Rev. D15.

In addition, explicit calculations at the 1-loop level were under

taken with the aim of testing a general formal proof of gauge independence 

and unitarity of the quantized Einstein Theory of Gravitation in the class 

of linearized harmonic gauge conditions. The motivation for this calculation 

was the apparent failure of a similar general formal proof for the case of 

the massless Yang-Mills field. The results of this calculation support the 

conclusions of the formal proof, and have been reported under the title "Test 

of Gauge Invarianace and Unitarity of the Quantized Einstein Theory of 

Gravity" (J. P. Hsu and J. A. Underwood, ORD-3992-210).

Recently we have carried out the renormalization of the massive 

Yang-Mills model mentioned in the first paragraph. This involved the construc

tion of the renormalized Lagrangian and the derivation of the Ward-Takahashi 

identities, as well as 1-loop verifications of these identities. The relation 

of the "distorted" gauge syrmnetry inherent in this theory to the usual 

concept of gauge synmetry was investigated as well as the connection between 

the fictitious Lagrangians in the usual gauge and the Abelian invariant gauges.

This latter work has been reported in ORO-3992-246, "Renormalization of a 

Distorted Gauge-Invariant Theory" (with J. P. Hsu).
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John A. Underwood - Research Assistant
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RESEARCH HISTORY 

Prashant M. Valanju - Research Assistant

Mr. Valanju joined the Center for Particle Theory, Physics Department, 

the University of Texas in mid-January 1976, as a research assistant, to work 

under the supervision of Professor Sudarshan.

Currently he is reviewing experimental data on possible CP-violaticn 

in K-decay to check for alternative explanations. This problem is also con

nected with the general prcblan of description of decaying particles in field 

theory.


