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I. HSrrRDDUCTION

This is the eighth year of operation of the Center for Particle Theory 
at The University of Texas at Austin. For the past six years of operation 
the Center has enjoyed the support of both the University and the Atonic 
Energy Commission * The recent reorganization of the A.E.C. has shifted our 
sponsoring agency to the newly organized Energy Research and Development 
Agency. This final progress report to the A.E.C. which describes activities 
of the past year should be considered in the context of the earlier five 
reports which show a history of active and significant research in the struc
ture of matter. The breadth and significance of this research is possible 
because of the senior scientific leadership of the Center. This program 
has been under the joint direction of the co-principal investigators, 
Professors E. C. G. Sudarshan and Y. Ne'eman, and has enccnpassed the entire 
operation of the Center for Particle Theory of the Physics Department of 
The University of Texas at Austin. Recently, the University contribution 
has been formalized and the Center is now a ccnponent part of the Organized 
Research Budget of The University of Texas.

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 vrell as encouragement and counsel. Vfe vrould like to men
tion in particular the encouragement for our work frcm Ex-President Stephen
H. Spurr, President Ad Interim Lorene Rogers, Dean Paul Olurt 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 centers in this country. The Computation Center, 
besides housing a CDC 6600, has a staff of expert programmers and support 
personnel to assist in scientific oanputation.

The staff of the Center have benefited from a rich atmosphere for re
search provided by other mesrfoers of the Department of Physics. Professors 
A. Schild, B. DeWitt, L. Shepley and R. Matzner and the staff of the Centex* 
for Relativity have always been a ready source of expert advice and critical



but supportive analysis. Professor F. A. Matsen of the Atonic 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 research in statis
tical methods. Professors T. Tamura and T. Udagawa of the Center for Nuclear 
Studies have become interested in lew energy pion physics and have begun to 
interact more steadily with our group.

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 Jan Nilsson of the Chalmers 
University of Technology, Gfiteborg, Professor Y. Dothan of Tel Aviv University, 
Professor V. Gorini of Milan University, Professor A. Kossakowski of Nicolas 
Copernicus University, Toruri, and Professor G. Bhamathi of Madras University, 
who spent part of the year in Austin. We have had oolloquia on topics re
lated to our research 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 Texas A. & M. Staff 
merrbers, Professor R. A. Bryan and Professor R. Bowers, spent a signigicant. 
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 (Professor’s 
E. C. G. Sudarshan and Y. Ne'eman), five full time faculty mentoers (Professor 
T. A. Griffy; Associate Professors A. Btihm, C. B. Chiu and A. M. Gleeson; and 
Assistant Professor D. Dicus). Hie full tine research staff is composed of 
three research associates (Drs. K. H. Wang, J. P. Hsu and W. Hurley). The 
staff also consisted of Professor P. Narayanaswanty on leave from Southern 
Illinois University. The Center supports in its research activities the devel
opment of students; we have at present eight graduate students working 
towards a degree in physics with specialization in elementary particle theory.

This research report provides a detailed sunmary of the activities 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 vqp 
into seven subsections which describe the particular fields of research dis
cussed. 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.
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II. Research Report for the Academic Year 1974-1975
A. Introduction

This past year has been one of extreme excitement and acccnplish- 
ment in elementary particle physics. The discovery of the new particles 
at SLAC and Brookhaven covpled with the results of the neutrino scatter
ing experiments at NAL and CERN have provided a stimulus to theory build
ing unlike any that we have seen in recent years. Theoretical developments 
on field theories with confinement have progressed to the point of possible 
predictive tests. High energy experiments are already indicating that 
fluid or oorrposite models of matter are a natural phenomenology for these 
data. The unified theories of weak and electromagnetic interactions, depen
dent on the neutrino experiments for their verification, have stimulated 
new research in methods of field theory.

The mearbers 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 sane cases clearly 
anticipating these trends. The development of new approaches to unified the
ories with a more flexible basis was initiated here at Texas and is continu
ing. Preliminary studies of an SU(4) synretry of particles was developed 
in Texas and applied to the analysis of new particles. The analysis of 
high energy scattering with constituent models is a major ccnponent of the 
phenomenological analysis carried out here.

Even more inportantly 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 con
stituents of matter and their interactions. In order to approach this goal, 
they must research the methods of particle physics along several paths be
cause we cannot predict which of the many possible approaches and techniques 
will be most successful in understanding the nature of matter. We continue 
to emphasize the mathematical methods underlying our understanding. In ad
dition, 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 expertise
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necessary for a roany-pranged approach to these problems and, as in previous 
years, significant progress has been made along many paths.

We are also always aware of the need to clarify the relationship 
of particle physics to those subjects in the broad field of physics in 
which it can be of service. We have initiated a new program of study 
of the properties of matter at super densities. This research has led 
to a new realistic picture of the structure of neutron stars.

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 
nemerrber that whatever the approach, the goal rerains the same.



B. Field Theory Models
The only complete, consistent, and successful method available 

for the formulation of the fundamental interactions is the method of local 
quantum field theory. The theory of quantun electrodynamics has produced 
experimental results of nuch precision and significance that no one can 
question the merits of this approach. This does not imply that the diffi
culties both conceptually and corputatianally with this method have been 
completely solved, but does inply that regardless of these difficulties, 
this method provides the basis for our approach to the specification of the 
fundamental processes. 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 methods has been we leaned 
and to a large extent anticipated by the staff of the Center for Particle 
Theory. Professor E. C. G. Sudarshan has long been identified with the 
use of indefinite metric in field theories and the development of methods 
for their explication to a consistent particle theory of matter. The re
cent development of renormal izable and asynptotically free gauge theories 
are theories which cmtain intrinsically indefinite metric carponents. 
Professor Sudarshan and Dr. J. P. Hsu at The University of Texas, have 
developed the Lagrange multiplier technique for use in these theories. This 
approach provides a more general and more easily extendable technique for 
handling these field theories than was previously available. These investi
gations which were initiated last year were extended to include the more 
observational consequences of the theory.

In ORD-168 Professor Sudarshan and Dr. J. P. Hsu have reported on 
a theory of leptons with intrinsic synmetry breakdown. They have verified 
the uni tarity and gauge invariance up to and including the two loop level.
Dr. Hsu has extended the method to show hew the Lagrange multiplier field 
can be used to construct a unified gauge theory with a massive changed meson. 
This theory satisfies all the usual constraints and has no quartic potential.

Dr. Deshpcinde, with a colleague in Poland, P. Kielanowski, 
verified that the method of Hsu and Sudarshan includes the popular version 
of unified theories, the Weinberg model. This proof is contained in ORD-205.



With two students, Mr. E. Mac and Mr. A. Underwood, Dr. Hsu and 
Professor Sudarshan are new investigating the extensive possibilities that 
this approach has opened up. In OK)-197 Underwood and Hsu construct a 
massive Yang-Mills Theory with intrinsic symmetry breakdown. They also 
test gauge invariance and unitarity in a quantized Einstein Theory of grav
ity (OHD-210).

As an outgrwth of these investigations with Lagrange multipliers,
Drs. Hsu and Sudarshan have developed the method of fictitious Lagrangians.
Dr. Hsu and Mr. Mac report on an example of a massive vector boson theory 
without spontaneous synmetry breakdown (ORD-192). The mass M of the vector bosons 
is introduced in the Lagrangian without spontaneously broken gauge sym
metry. The Lagrangian involves both vector and scalar particles and is not 
invariant under the usual local gauge transformation. Using the equation 
for the Lagrange multiplier field, the fictitious Lagrangian is constructed. 
According to the general formalism, the physical S-matrix is unitary and 
it is different from the corresponding usual theory (in a certain limit) 
which is not unitary for the gauge conditions used. A possible generaliza
tion of local gauge symretry is the locally distorted gauge syimetry. In 
OPO-193 Dr. Hsu establishes the foundations of a Yang-Mills type theory 
with a "distorted" syirmetry. In the general theories the Lagrangians 
are invariant under the distorted local gauge transformation. The usual 
massive vector-boscn theories with spontaneously broken gauge symmetry are 
a special class of these general theories.

The general question of the kinematic nature of wave fields is 
one with which the Center for Particle Theory has long been identified.
The attempts to analyze the possible structures of these theories have 
led to the question of what is the most general extension of a given wave 
equation such that the nature of its solutions will be unchanged? This 
question has been answered and leads to the following structural analysis:



Wave equations

Normal type 
(no SL(2,C) components 
which are = 0)

Sons SL(2,C) ;oanps

e.g. Rarita-Schwinger, 
Glass; not reducible to 
a lesser oonpanent 
theory

Eqns. vdiich may be 
truncated to lower 
number of carponents 
"B&RNACLED"

3̂  reducible but
indecomposable - 
no effect via standard 
interactions

3̂  irreducible
standard interactions 
affected by added com
ponents - possible 
only under certain 
conditions

This past year Professor Sudarshan, Dr. Hurley and Mr. Khalil have 
completed the first part of their program investigating the barnacled wave 
equations (EWE). 3hey have formulated the general notion of equivalence 
classes of BWE's.

In other words, given an invariant wave equation: 
(3 .p + im)t|> = 0

If 3q can be written as:
^o =

Go Ho
KP

where G , H , K , J are SL (2,C) invariant blocks, then for =o o' o o
|jQ + l| 1 0 implies that (1) can be written as:

(G*p + m)i|>(1) = 0
= -(J*p + m)_1(K*p)t|;(1)

(1)

M D  
ty(2 )'

(2a)
(2b)

(K*p) =0, a necessary and sufficient criter-

(3)

if and only if (H*p) (J*p + m)  ̂
ia for this to hold is: 1

Ho <Jo + 1 ) " \ = 0
equations (1) and (2a) are "equivalent". BWE's satisfy this criteria as
a special case; where either H or K = 0 in some basis and J is in r 0 0  o
upper triangular block form or lower triangular block form respectively.
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Hence BWE are seen to be a special subclass of a general notion of equiva
lent equations. This work has been reported in ORO-217.

A ccnplete classification scheme for BWE was also constructed. A 
general method was given for constructing a unique prototype BWE belonging 
to a given class. These classes are mutually disjoint.

One very inportant question about BWE was the specification of the 
conditions under which (1) is forced to be barnacled. The most general 
conditions which require barnacles to occur were found. The situation based 
on the multiplicities of the irreducible representations (in T(A), under 
which (1) is invariant) given previously was a special case of the new 
conditions.

A consequence of the generalized notion of equivalence led to new 
equations which are not barnacled and yet satisfy (3). The exanple of a 
spin 0 field has been investigated and will be reported.

A very general approach to solving the divergence difficulties 
was developed by Professor Sudarshan several years back: this method of 
shadcw states is periodically rediscovered by other researchers. The 
difficulties and the methods of solution using shadows have all been 
investigated at Texas and in ORO-197 Professor Sudarshan reports on the 
status of this method. He presents an informal exposition of sane 
recent developments. Starting with an examination of the universality of 
electromagnetic and weak interactions he outlines the sttempts at their 
unification. The theory of unitary renormalizable self-coupled vector 
mesons with dynamical sources is formulated for a general group. With 
masses introduced as variable parameters it is shown that the theory so 
defined is indeed unitary. Diagrammatic rules are developed in terms 
of a chosen set of fictitious particles. A nutter of special exattples 
are outlined including a theory with strongly interacting vector and 
axialvector mesons and weak vector mesons. Applications to weak interac
tions of strange particles are briefly outlined.

The most difficult problem encountered in shadow theories is 
associated with problems of causality. The staff of the Center had the 
special opportunity this year to consult with Professor N. G. Van Kampen
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whose research on this subject is well-known. Professor Van Kartpen 
delivered a series of lectures and prepared a set of lecture notes on 
causality in scattering which constitute ORQ-191.

One of the great conceptual successes of the quantum field 
theory of matter has been the celebrated relationship between spin and 
statistics. The theorem of Pauli on spin and statistics takes on a new 
relevanoe in a time of quark models with wrong statistics, fermion spin 
zero ghosts in gauge theories, and the recurring misunderstanding associ
ated with the axiomatic basis of the theory. Professor Sudarshan reviews 
these questions and the development of the spin-statistics theorem 
010-194 prepared for the Bose Memorial Symposium in Delhi.

Besides extending the methods of field theory to cover new classes 
of interactions, the existing theories must be investigated completely.
The only existing relativistic field theory model of a bound system 
arises from the Bethe-Salpeter equation. Professor P. Narayanaswamy has 
investigated solutions of the weak binding limit of the Bethe-Salpeter 
equation. His careful treatment of the problem reveals that in the limit 
of vanishingly small binding energy, the eigenvalues for the coupling 
constant are uniquely determined and the "abnormal" solutions do not occur. 
The bound state wave functions which are odd in relative time do not ex
hibit the branch point behavior characteristic of the two particle contin
uum.
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C. Phenomenological Applications of Field Theory
The methods of field theory, since they naturally incorporate many 

fundamental requiranents of any theory, are often used to provide a pheno
menological 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 _̂ id a 
powerful method of analysis is available. An interesting exartple is associ
ated with the excitement surrounding the recent discovery of resonances 
with large mass at Brookhaven and SUC. Most of the theoretical work 
has centered around the idea that the spectrum of particles should fall 
into SU(4) rather than SU(3) multiplets. Dr. Dicus had anticipated this.
Two years ago, reasoning that the unified gauge theories with neutral 
currents would eventually require SU (4), he started a program (with 
Vishnu Mathur at Rochester) of studying the symmetry group chiral 
SU(4) Q SU(4) and how it is broken. This program was continued here at 
Texas with Dr. Deshpande. Early attempts involved generalizing the (3*,3) 
symmetry breaking model of Gell-Mann, Oakes, and Renner- for SU(3) 8 (SU(3) 
to a syimetry breaking which transformed like (4*,4) for SU(4) Q SU(4). 
However, this was shewn by very general arguments to be inconsistent with 
the experimental situation in which SU (2) is a better symmetry than 
SU (2) a SU (2) which is in turn a better symmetry than SU (3) and 
SU (4) a SU (4). This pattern of symmetry breaking is necessary if the pian 
is to have a small (almost zero) mass, the kaons are to have an intermed
iate mass and the charmed mesons are to have a very large mass.

It turns out that it is not easy to find a syitmetry breaking that 
will give the correct order of breaking for the various subgroups. However, 
in ORO-l*? U Dr. Deshpande and Dr. Dicus solve this problem with a symmetry 
breaking which transforms like (15,15). They show that this gives the 
correct breaking for the subgroups and that no simpler symmetry breaking 
will work. They were led to this by their observation that (15,15) reduces 
to a SU(3) S SU(3) content of (3,3*) © (3*,3) © (8,8) and they had previ
ously shown that the (3,3*) model of Gell-Mann, Oakes, and Renner for 
SU (3) a SU (3) needed modification by a piece of the Hamiltonian which
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transformed as (8,8). Taking the Hamiltonian to be (15,15) fixed the 
relative amounts of (3*/3) and (8,8) and they shewed this gave better values 
for pion pion scattering and also a better value for the decay rate of 
X. mm.

Another problem with extending the spectrum of particle states 
from SU(3) to SU(4) was the decay rates of the vector mesens into lepton 
pairs. Using SU(3) it was easy to relate these widths as

j  mpr (p -> eS) = itîr (co eS) + m^T (<(> -»■ eS)
and this was extremely well satisfied by experiment. SU(4) however re
quired that the 1̂ on the iefthand side be replaced by a nuirber greater 

3than, or equal to, one and the relation was then badly violated by ejqperi- 
ment. The new ̂  particle with its mass of 3100 GeV and its decay width 
into lepton pairs of a few keV is just the right thing to correct this 
relation since it adds a term m^T (i|t -> eS) to the righthand side. This 
was first shown by Dr. Dicus in ORD-201 and published in the Physical 
Review Letters.

There is always considerable interest in rare decay moctes of hadrons. 
Often rare decays provide sensitive tests of theoretical models. Dr. Dicus 
has estimated the decay rate for ir° -> 38. This process violates charge 
conjugation invariance and therefore will only proceed through a weak 
interaction. By simply writing the most general amplitude restricted by 
gauge invariance and Bose symmetry and then using dimensional arguments
to estimate the value of the matrix elements, Dr. Dicus finds the lifetime

9+6for this decay must be M.0 " years in any gauge theory with neutral 
currents. Thus, if current theoretical ideas are correct, there seems 
little hope of ever seeing this decay and it makes no sense to look for 
it experimentally. This work is in ORD-214.

The phencnvsnological treatment of the weak and electromagnetic 
interactions although usually expressed in terms of a theory of fields 
sometimes benefits fron the direct application of ideas which have been 
very fruitful in the theory of strong interactions.

The strong interaction principles of analyticity and unitarity 
have been used to limit the weak interactions at high energy. Another



manifestation of analyticity and unitarity is duality which has proven 
to be an important tool for understanding the strong interactions. Dr. 
Dicus, together with Dr. Teplitz of Virginia Polytechnic Institute and 
Dr. Young of M. I. T., applied duality to the weak interaction by 
insisting that the four particle scattering amplitude satisfy a Veneziano 
representation. This gives equalities among the total cross sections 
for lepton leptan scattering at asymptotic energies as was shown in ORD-167. 
This paper has been published in Physics Letters.

Duality requires resonances be exchanged in at least two of the 
three channels of a four particle amplitude. To avoid resonances with 
lepton number two (dileptons) they choose the Veneziano airplitude to be 
symmetric in the other two channels. This leads in a natural way to a 
SU (2) a SU (2) symmetry where one SU(2) is the result of invariance under 
isotopic rotations of the doublets and while the second SU(2) 
is the result of invariance under isospin rotations of the doublets

The two isospins were called W - spin and F - spin and duality 
forces the vector mesons to transform in terms of (W,F) as (1,0,(0,1), and 
(0,0). Hie fact that these seven vector mesons fall into the regular 
representation of SU (2) S SU (2) a U (1) means that the synmetry content 
can be realized in a spontaneously broken gauge theory. Such a gauge 
theory is the low energy limit of the dual theory, the requirement of 
duality at high energies is used to fix the parameters (coupling constants, 
etc.) and the theory is then used to calculate low energy scattering pro
cesses by losing perturbation theory.

This spontaneously broken gauge theory is given in OR0208. Perhaps 
the most interesting feature of this model is that it provides a mechanism 
for the suppression of v e + v e scattering within a model that has neutraly ycurrents. Thus far the data froti CERN indicates that the cross section 
for this process is considerably smaller than the popular unified theories 
(e.g. the Weinberg model) predict. If this continues to be true, then it 
will make the Dicus, Teplitz, Young theory look very attractive. It also em
phasizes the need for more data on this process and such data will be 
forthcoming fran the bubble chamber at NfiL.



Other critical tests of this theory are better measurements of
the reaction v e -> v e and measurements of asymmetries in the cross —. e | _ 6section e e -> y U . So far the vge -> vge process has been measured by 
Reines, et al, in the experiment at the Oak Ridge reactor. The asymmetry 
measurements on e e -* y y will presumably be done at SLAC in the near 
future. All of these tests are discussed in the paper by Dicus, et al.

Still another check on the gauge model is a calculation of the 
weak correction to the muon magnetic moment. This is done by Dr. Dicus 
in ORO-213. He finds the correction is well within the experimental 
bounds.

A principal means introducing the hadron properties of the strongly 
interacting particles into the weak and electromagnetic interactions is 
by means of the identification of the pion field or its symmetric partners 
with the divergence of the weak axial current. These results are coupled 
to electrcmagnetism through the algebra of currents. Last year Professor 
A. Golestaneh, visiting from Mount Union College, reviewed his proposal 
that the divergence of the weak current was proportional to the pion 
source current not the pion field. This year he reports on work carried 
out at Texas ORQ-209. In this case, he studies the ir° ■+ 2y decay rate.
This rate is related to the prcblan of the Adler anomaly. This new 
method consists of expressing the reduction formula in terms of the above 
current and evaluating it directly on the mass-shell. In the process, he 
has a set of intermediate states fron which to choose the one and two-mesons 
states. The 3tt continuum is taken into account effectively by a pion 
isobar. Hence the t t °  anplitude is expressed in terms of the parameters 
of the p, w, <j> and ir" and a coefficient 3 which represents the momentum 
dependence of the coupling constants of chese mesons, at the iry vertex.
A feature of this method is that it does not explicitly depend on the 
anomaly operator. However, by writing our current in terms of the modi
fied PCAC- operator, the ir° lifetime is linked with the anomaly, via these 
meson data and two unknown parameters, in addition the 3, which repre
sent the tt1 contributions in the lifetime and the chiral symmetry break
ing terms underlying the PCAC relation. He gives the most economical 
oorbinations of these parameters for obtaining the observed ir° lifetime
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in acoord with the ananaly given by either of the existing quark tlieoreti- 
cal models. He finds that, unlike in the PCAC application, we can reach 
this objective by our current approach without the need for the tt* field 
in the chiral symmetry breaking terms.

The usual methods of PCAC can be used in conjunction with the strong 
interaction corrections to analyze the non-leptonic hypercn decays. A 
recent work by Reid and Trofimenkoff seemed to indicate that a satisfac
tory model using current algebra, PCAC and soft pion limit can be formu
lated for obtaining the s and p wave amplitudes of the ncn-leptonic 
decays of A and E, as well as the AI = Jg rule if final state interactions 
are included. Dr. Bhamathi demonstrates in this paper that by including 
inelastic effects in the final state interactions (that is, without the 
usual approximation of elastic unitarity) the results bring us back a 
full circle. The disagreement between theory and experiment for the 
p wave amplitudes still persists and no significant suppression of the
I = 3/2 state for the final particles can be predicted.

The recent development of high electron and neutrino beams have 
opened up new methods of analysis of the weak and electranagnetic inter
actions.

A few years ago Dr. Dicus, together with Dr. Jackiw and Dr. Teplitz, 
shewed that light-cone current commutation relations are the natural com
mutators to use to derive fixed mass sun rules for the structure functions 
which describe lepfcon hadron scattering. The advantage over equal time 
carnmitators is that no infinite momentum limit (or alternately an assunp- 
tion about the convergence of a dispersion relation) is necessary.

Since then many sum rules have been derived by using the light-cone 
oomnutators which folio* frcm abstracting the free quark or quark-vector- 
gluon canonical oomnutators. These sum rules are roughly of two types.
The first are sum rules which had previously been derived from equal time 
ocmnutation relations and are known to be well satisfied experimentally. 
These sum rules follow from the ++ light-cone cornutator. Examples are 
the Dashen-Fubim-Gell-Marm sum rule, and the Drell-Heam sum rule. One 
such sum rule, derived frcm light-cone oomtutators by Dicus and Teplitz,
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has recently been shown by Goldberg to be in excellent agreement with 
experiment. The second type of sum rules are those which cannot be 
derived fran equal time commutators or have ambiguities in that type of 
derivation because of the infinite momentum limit required and which re
quire a more model dependent light-cone canmutator (usually + -). Many 
exarrples of these have been given but none have been carefully checked 
experimentally. This is because they usually involve spin dependent 
amplitudes or off-forward direction amplitudes or both. Unfortunately, 
this means that we really do not knew if the form of the model dependent 
light-cone canmutaticn relations has any validity.

This year, in an attenpt to find sum rules which can be more 
readily catpared with experiment, Dr. Dicus derived sum rules on the 
amplitudes for electroproduction of pions. These are derived by using the 
techniques first used to get sum rules an pion nucleon scattering from 
equal time commutation relations which involves finding sum rules on the 
invariant amplitudes which represent the ccmnutator of axial currents 
and then using PCAC to convert these sum rules to sun rules on the in
variant anplitudes for the pion process.

Sate of these sum rules follow fran the ++ camtutators and have 
been previously derived fran equal time commutation relations. For 
example, the Fubini, Furlan, Rossetti sum rule which relates the nuclecn 
magnetic moments to photoproduction anplitudes is reproduced. But most 
of the sum rules follow from the more model dependent + - canmutaticn 
relations and hopefully can be used to check these oaimutators. This 
is all given in ORD-202.

Dr. Dicus with a student, S. R. Gautam, has produced a study of
light-cone commutators (LOC) of the electromagnetic current operators
which is model independent. Making use of the Bjorken-Johnson-Lcw theorem
dictating the behavior of structure-funotions F., of deep inelastic
electron-proton scattering process and Deser-Gilbert-Sudarshan causal
representation for the same, a connection between values of proton
matrix elements of various LCC's and the scaling behavior of structure
functions is established. Results obtained seem to forbid the vanishing 

0of [3+ Jy (x), Ĵ ty) ], for Z > 1. Investigation was then extended to the 
study of spin dependent case yielding a set of results in agreement with 
the earlier one. This work is reported in ORD-220.
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D. Strong Interaction Phenomenology
The recent advances in high energy experimental phy/ics associated 

with the new machines and beam handling facilities have provided an unmatched 
stimulus for the formulation of models of the strongly interacting particles. 
The thrust of much of the recent efforts among theoreticians have followed 
two general paths. The success of the well-kncwn quark model which accounts 
so completely for the observed spectrum of the hadron states must new be 
considered an embarrassment. In spite of the high energies and carefully 
arranged detection devices, no free quarks have been detected. Models 
developed on a quark basis have been hard put to account for this anomaly.
The other thrust has been to take advantage of the scaling phenomena ob
served in the high energy experiments to formulate constituent models of 
hadron matter. The primary aim of this effort has been to provide a 
satisfactory framework for a phenomenology of the high energy interactions 
of hadrons. The staff of the Center for Particle Theory have been active 
in the development of both of these concepts.

In ORD-199 Professors C. B. Chiu, E. C. G. Sudarshan and Dr. K. H. 
Wang reported a new hydrodynamical model for hadron multiparticle produc
tion. It is a solution to the hydrodynamical equation with a frame inde
pendence symmetry —  a property suggested by the observed plateau of the 
longitudinal rapidity distribution. According to this proposed scheme, 
the condensed hadrcnic matter formed by high energy hadron collisions, first 
undergoes a sudden acceleration. After the acceleration ceases, the matter 
system further expands following hydrodynamical equations of motion. In 
addition to the plateau structure in the rapidity distribution, this 
solution also admits a sharp cutoff in the transverse momentum distribution 
independent of energy. These features are to be contrasted with Landau's 
model, which predicts a gaussian shape for the rapidity distribution and 
an energy-dependent cutoff of transverse momentum. The transverse momentum 
data in particular favor our frame independent description over that 
of the Landau model.

Chiu and Wang also investigated the hydrodynamical model based 
on the microscopic description of the hadrcnic matter system. Within a 
constituent hydrodynamic model recently studied by Hwa, they have shown



that the total number of constituents of the system is conserved if all 
constituents are massless and satisfy Fermi-Dirac distribution. They sug
gested a sinple scheme for the transition fran the constituent phase to 
the hadronic phase. The model considered is compatible with the data.
This work is reported in QRD-207.

Chiu and Wang also investigated the constraints inposed cn the 
matter system, when it undergoes a conical expansion. They have shown 
that all hydrodynamical quantities such as proper energy density, proper 
entropy density, proper tenperature cannot admit any angular dependence. 
This is reported in ORD-198. The implications of these constraints on 
our frame independence symmetry model and Landau's model are in progress.

The success of the hydrodynamic approach to hadron physics and 
the success of the classification schemes based cn quarks with no quarks 
cannot be viewed as satisfactory as long as they are distinct. The in
vestigation of models of hadrcns based cn dense systems of quark anti 
quark in a fluid is reported by Professor Gleeson. Professor Gleeson 
with his collaborator from Texas A. & M., Professor R. Bowers, has been 
developing a model of superdense matter for application to astrophysics. 
These results are reported elsewhere in this report. These formal devel
opments have matured to the point of application where they can tenta
tively be used as a model of hadrons.

The system under consideration consists of three fundamental 
quark fields which satisfy Fermi or parafarmi statistics. The many body 
theory described above to treat superdanse fermions has been taken over 
to describe the quarks. This required sinply replacing baryons by quarks 
when the latter were assumed to satisfy Fermi statistics. The vector 
and scalar exchanges fitted to nuclear matter were retained to describe 
the interactions between the quarks. This simplified preliminary model 
has many features qualitatively similar to those found for superdense 
fermion matter. In particular, we found that at T - 0 only a liquid 
phase was predicted. Further investigations indicate that refinements 
of the model may lead to a system consisting of two phases, one of which 
would correspond to hypercns forming as volume bound quark dioplets.
The preliminary results of this investigation strongly suggest that
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research be continued along these lines. This is reported in QRD-207.
Besides the apparent ananaly of no quarks, the recent experiments 

have features which require modifications to the accepted quark model. 
Rising cross sections and the energy dependence of the hadron to leptcn 
ratio in the electron positron annihilation have led to the suggestion 
that quarks have a non-minitnal electromagnetic interaction. Professor 
Gleeson with a student, Mr. S. R. Gautam, has. investigated the conse
quences of this new interaction of quarks. Current algebra sum rules 
for the moments of e.m. current, e.g., those of Cabibbo-Radicati and 
Drell-Hearn-Gerasimov, were studied under this modification. These 
modified sum rules, which new explicitly depend on the value of the 
quark anomalous magnetic moment were saturated using experimental data.
Attempts to itrprove the agreement of these sum rules with experiment

2force the value of k (quark anomalous magnetic moment) to be negative
or, in other words, the experimental data is consistent only with vanish- 2ing value of k . In view of this result that the quarks cannot have 
nan-minimal e.m. coupling seems to put a strong constraint on recent in
vestigations of several authors who vise such a "structured" quark model

4. _ + —• + —to explain the rise in the ratio o(e e -*■ hadrons) /a (e e +p|i ) and 
makes the other predictions of such a model doubtful. This work is re
ported in ORO-216 .
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E. Algebraic Approaches to Weak Interactions
In a continuing program at The University of Texas, Professor 

A. Btthm has developed an algebraic method for the description of the 
particle states. This approach is a straightforward extension of the gen
eral ideas of non-relativistic quantum mechanics, wherein the mathematical 
image of a physical system is taken to be an algebra*j?/of linear operators 
in a linear space ae- The assumptions made about the algebra of observ
ables for one-hadron systems are based on the following three principles:
1) Relativistic description; 2) SU(3) classification; and 3) V and 
A transitions. The problem of forming a description of the structure of 
hadrons by this method has been approached from two different angles: I. 
Specific algebras have been constructed and used to calculate mass levels 
and other properties, such as decay rates, of one-hadrcn states. II. Only 
very general assumptions about the properties of such algebras were made 
(essentially a mathematical formulation of the three principles above and 
other well-accepted principles of quantum mechanics) and applied to speci
fic processes in order to see whether they already have observable conse
quences. The latest work under approach "I" was the calculation of lep- 
tonic decay rates of vector mesons and the leptonic and semi-leptonic 
decay rates of the K meson. Approach "II" has recently been applied to

decay; in particular, the form factor ration 5 - f_/f+ in has been 
calculated to be £ - -0.57, which is of special interest since tw3 recent 
high-statistics experiments give conflicting results, and give a Cabibbo 
suppression of tau 0^ = 0.14.

The application of these assumptions to barycn semileptonic decays 
is presently in progress in cooperation with R. B. Teese and A. Garcia 
(Mexico) and with the assistance of J. S. Nilsson (Gtiteborg). Prelimin
ary calculations have been made using several sets of very simple assump
tions about the relationship between the spectrum generating SU(3) and the 
vector and axialvector operators. In this preliminary version, a Cabibbo 
angle was used as a free parameter (it is hoped that this free parameter 
will be eliminated in the final version). These calculations give particu
lar parameterization^ of the form factors in terms of SU (3)-invariant func
tions. In particular, they lead to the possibility of large pseudotensor
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form factors. In cooperation with A. Garcia, these parameterizations have 2been tested in a x “fit to all currently available experimental data on
2hyperon decays (rates, asynrcetries, etc.). An improvement (x =14.7 1̂ =14) 

was found with respect to the Cabihbo fit (x2=27.5, 1 =̂16).
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F. Superdense Matter
Until very recently the most dense forms of condensed matter were

considered to occur inside the atonic nucleus. Nuclear matter, because of
the dominant long range attractive and short range repulsive forces, exists
in a stable configuration with a relatively uniform density. This stable

14 3density of 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 phenanena 
have indicated that matter at much higher density may be a relatively ocm- 
irai constituent of our universe. Pulsars with neutron star cores seem to

ic ic 3require matter densities in their cores of the order of 10 to 10 gw/an . 
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 nonrelati- 
vistic.

Research activities for the past year have centered on the proper
ties of supardense matter in low tenperature fermi systems. Applications 
of the formal approach developed during the previous year have led to a 
better understanding of and an inprovement in approximation schemes at 
supemuclear densities. Using these approximation schores, a nunfoer of 
problems in astrophysics have been studied.

Detailed calculations of the properties of fully relativistic 
strongly interacting matter at supemuclear densities as initially reported 
by Glee son, Pedigo, Zinrnerman and Bcwers (ORD-185 ) were carried out. As 
a preliminary model of superdense matter all eight baryons from the first 
SU(3) synmetric octet were coupled via Yuhawa couplings to the pseudoscalar, 
scalar and vector mesons needed to fit nuclecn-nuclecn scattering data.
Hie model was limited to Bom approximation. As expected, this approxi
mation was found to be inadequate on several counts. The most serious in
volved the development of anomalous states in the physical spectrum, as 
reported by Gleeson, Pedigo and Bowers (0R0-211). A careful analysis 
of the results led to the development of a more nearly adequate approxima
tion scheme based on an expansion in density which is expected to incor
porate aspects of the strong interactions which are most important in the 
supemuclear density regime.



The improved model which resulted was fitted to nuclear matter 
and then applied in a calculation of the equation of state for matter in
side neutron stars. The results were then used to calculate neutron 
star models (OFD-206 and OFD-207). Several interesting and highly sig
nificant features emerge fran this analysis. First, by carefully insur
ing self-consistency of the baryon proper number density within the 
model, it was found that the system's collective modes as described by
the speed of sound were causal, even for asynptotic densities. The equa-

15 3tion of state Which was obtained for all densities p ^ 3 X 10 g/an 
predicts a phase transition which extends fran near neutron drip up to 
about twice nuclear density. The phase transition has significant impli
cation for the structural properties and dynamics of neutron stars. The 
maximum stable mass of cold neutron stars obtained fran the equation of 
state was M = 2.39 which represents an increase of as much as 60% 
over limits currently in use, which are based on nonrelativistic descrip
tions of the interactions. In view of present estimates of ccnpact 
rermant mass formation fran theories of stellar evolution, the increased 
maximum stable mass which is obtained in this model has far reaching 
iirplications for black hole astrophysics. Since detailed analyses indi
cate that supernova remnant masses may be confined to a narrow range 
about 1.41 , we would conclude that the direct evolutionary formation 
of black holes seems unlikely. Furthermore, in view of our increased mass 
limit it is likely that many oorpact x-ray sources in close binary systems 
which were considered to be possible candidates for black holes are prob
ably neutron stars. Finally, the moments of inertia for all model neutron

. 45 2stars having masses M K, UYL were found to exceed 10 g-an . This is
45 2particularly significant since most published models have I < 10 g-an ,

•s 45 2while observational data on pulsars implies that values £ 10 g-an 
appears to be required.
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G. Related Areas
Any attempt to formulate a model of matter must rely cn expertise 

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 hydro- 
dynamic models so popular in current particle phenantnology were developed 
fran an experience with many body fluid physics. Conversely, the develop
ment 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 fortun
ate 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. 
Our colleagues in the Physics Department are well-known and respected re
searchers with interests in the full range of physical phenomena. The stim
ulating nature of this environment manifests itself through the activities 
of the staff in areas that are related to elementary particle physics. Be
sides the usual consultations that we have with our colleagues in statis
tical mechanics or in relativity or in the theory of condensed matter, 
occasionally the staff merrfoers will become sufficiently involved in a 
problan of related interest that they will produce an independent piece of 
research in a related field.

A few years ago Professor Sudarshan developed a theory of strong 
interactions based on universal meson couplings. This theory implied 
small T violations whose effect might be observed in high precision 
medium energy neutron proton scattering data. This theory led R. Bryan 
of Texas A. & M. to develop models based on this type of theory which 
would allow small T violations and to begin a systematic study of recent 
data for these effects. He examines current intermediate-energy nucleon- 
nucleon data sensitive to T-asymmetry and concludes that some np polar
ization (P) and asyirmetxy (a) measurements constitute the best test of T, 
even though these data have the largest errors of any of the considered 
data. The several experiments are related to one another by means of a 
T-asynmetric one-boson-exchange NN potential model developed by Bryan and 
Gersten. This model's predictions for the np P-a data exceed experiment
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by a factor of 4 or so, but we shew how the model can be easily amended 
to agree with the data. As such, the modified model still predicts that 
T-invariance is violated in the strong interaction. On the basis of this 
model, we suggest the accuracy to which new intermediate-energy NN 
measurements should be made, in order not to miss detecting possible T-asyitt- 
metry in the strong interaction. These studies are reported in 050-169 and 
OFQ-165.

Professor Sudarshan with Professor V. Gorini and Dr. A. Kossakowski 
have investigated the general set of transforms on a completely positive 
form for an N-level system. This very general approach to the problem of 
the evolution of a statistical system extends oar understanding of the nature 
of the underlying structures which control the evolution of these systsns.
As a specific example, they derive explicit inequalities among the 
physical parameters characteris ing the Markoffian evoluti.cn of a two-level 
system. This work is reported in ORQ-200.

Dr. BOhm, well-kncwn for his work on the higher symmetries of
elementary particles, has analyzed (with a student, Mr. R. Teese) the
spectrum generating group of the molecule. Using the synmetric top as
their model, they derive the spectrum, energy values and selection rules.
All the well-known results are reproduced as a consequence of the group
property except for the Coriolis splitting which is derived to be propor-

2tional to k  .

For Professor T. A. Griffy the primary research interest during this 
period continues to be theoretical investigations of problems in medium- 
energy physics, particularly those relevant to the experimental programs 
of the Los Alamos Meson Physics Facility. In collaboration with W. R. Gibbs 
and B. F. Gibson of Los Alamos, he has investigated the effects of the 
Coulomb interaction of the extraction of scattering phase shifts in the 
pi-nucleon problem. The corresponding problem in the nucleon-nucleon 
system is one of long-standing interest and the theoretical analysis of 
low-energy nucleon-nucleon scattering, particulary the s-wave scattering 
lengths, is still not fully understood.

Using an expression for the phase shift arising in the scattering 
of two ncn-relativistic charged particles which interact through a separable 
potential, a relation between the charged and neutral scattering lengths



is derived. In the nucleon-nucleon case Dr. Griffy and his collaborators 
named above verify the well-kncwn result that the Coulomb corrections are 
both large and model-dependent. They find, however, that in the pion-nucleon 
case the corrections are relatively small arid model independent, allowing 
one to extract the corrected s-wave phase shifts.

The details of the calculation are contained in the Los Alamos 
report LA-5729-MS, September 1974.

The fundamental treatise on classical mechanics by Professors 
Sudarshan and Mukunda has now been published by John Wiley & Sens, Inc..
This book is the result of dedicated study of classical mechanics end 
is published under the title of CLASSICAL DYNAMICS: A MODERN PERSPECTIVE.
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ORO-3992-147
CPT 192

UNITARY UNIFIED FIELD THEORIES
E. C. G. Sudarshan

ABSTRACT

This is an informal exposition of some recent developments. Starting 
with an examination of the universality of electromagnetic and weak interactions 
we outline the attempts at their unification. The theory of unitary renormaliz- 
able self-coupled vector mesons with dynamical sources is .formulated for a gen
eral group. With masses introduced as variable parameters it is shown that the 
theory so defined is indeed unitary. Diagrammatic rules are developed in terms 
of a chosen set of fictitious particles. A number of special examples are out
lined including a theory with strongly interacting vector and axialvector mesons 
and weak vector mesons. Applications to weak interactions of strange particles 
is briefly outlined.

The Renoval of the Quartic Potential 
in the Unified Gauge Theory

J. P. H*u

ABSTRACT

The quartic potential in the unified gauge theory can be 
removed without losing renoraalizability and unitarity. We 
employ the Lagrange aultiplier fielC? to construct the nassive 
charged theory which is covariant, renoraalizable, unitary and 
gauge independent. Unitarity and gauge independence have been 
verified up to two-loop diagrams.

RELEVANCE OF SOME RECENT NEUTRON-PROTON POLARIZATION DATA 

TO T-VIOLATION AT INTERMEDIATE ENERGIES

R. A. bryan 

ABSTRACT

We comment on some neutron-proton polarization 

data taken by Leung, Kerth, and Surko at 520 and 

600 KeV, and compare these data with n-p asymmetry 

measurements taken by Cheng, MacDonald, Helland, 

and Ogden at S00 and 600 MeV. The two sets of data 

agree within experimental error,.thus ruling out any

ORO-3992--S •• 
CPT 208

ORO-3992-149 
CPT 194
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D. A. Dicus, V. L. Teplitz and J. E. Young A3

ABSTRACT

We investigate the possibility that weak lepton-lepton scattering satis
fies duality. In particular, we exhibit a Veneziano model with reasonable 
coupling, plausible cross sections, and sensible group structure. Within the 
model neutral currents observable in V-hadron scattering are suppressed in 
v^-e scattering.

ORO-3992-167 STRONG DUALITY AND WEAK INTERACTIONS
CPT 211

h Renorealizable Theory of Leptons 
Mich Intrinsic Symmetry Breakdown

J. P. Hau and E.C.G. Sudarshan 

Abstract

he con>truct a manifestly "renormalivable” unified 

theory of mrnk and electromagnetic interactions for leptons 

with intrinsic symmetry breakdown. Unitarity and gauge-inde

pendence of the physical S-matrix are verified up to and 

including the two-loop level. The theoretical and experimental 

implications of the theory are discussed.

ORO-3992-169 PINAL STATE INTERACTIONS WITH INELASTIC
CPT 213 EFFECTS IN NON-LEPTONIC HYPERON DECAYS

G. Bhamathi and S. Raghavan 

ABSTRACT

A recent work by Reid and Trofimenkoff seemed to indicate that a satis
factory model using current algebra, PCAC and soft pion limit can be formulated 
for obtaining the s and p wave amplitudes of the non-leptonic decays of A 
and £, as well as the Al = % rule if final state interactions are included. We 
demonstrate in this paper that by including inelastic effects in the final state 
interactions (that is, without the usual approximation of elastic unitarity) the 
results bring us back a full circle. The disagreement between theory and exper
iment for the p wave amplitudes still persists and no significant suppression 
of the I = 3/2 state for the final particles can be predicted.

ORO-599? • 168
cpt :w



ORO-3992-191 
t'PT 235 CAUSALITY IN SCATTERING 

N. G. van Kaapan

Abstract

Tho flrat lecture alns at obtaining the aajclaua Information about 

the S-tsritrix with e minimum of assumption about the interaction, The 

•xwples of a vibrating viaco-elaetic rod and the scattering of the 

electroeiagnetic field by a spherically synsetrlc fixed center are taken.

The dispersion relations connecting the roal and laaginary parts of Green's 

function are derived. It follows rigorously that S-matrix has a one-valued 

analytic continuation whose only singularities are poles in the lower left 

half ?lane and whose behaviour at Infinity can be specified.

The second lccture considers the S-matrix for non-relstivlstic 

particles. The causality condition is foraulated as followst At any tine 

the total probability of finding the particle outside the scattering center 

shall not be greater than 1, for every forn of incident wave-packet. Proa 

this it follows that for spherical waves, S, as a function of the aoaentua 

p, as analytic and holomorphic in the first quadrant and that S(p)

(where a is the radius of the scattering center) has an inagiuary part < 1. 

That suffices to give an explicit integral representation and a product 

expansion for S. The properties of Migner R-aatrix can also be deduced.

0R0-J9‘i:-192 a RENORMAL I ZABLE MASSIVE CHARGED VECTOR-BOSON THEORY
CPT 2 3b WITHOUT SPONTANEOUS SYMMETRY BREAKDOWN 

J. P. Hsu and E. Mac

Abstract
\

A new renormalizable and unitary theory of massive 

charged vector bosons is proposed. The mass M of the vector 
bosons is introduced in the Lagrangian without spontaneously 

broken gauge symmetry. The Lagrangian involves both vector 
and scalar particles and is not invariant under the usual 
local gauge transformation. Using the equation for the La
grange multiplier field, the fictitious Lagrangian is con

structed. According to the general formalism, the physical
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S »houU b« unitary and ln«l*p«nd*nt of both the « U e ‘

troaagiicttv <{3U£c ;t.*r.ieeter o and the »as> M * Ml ** af ihc 
unphysical »<»!« particles. This is verified by explicit 
calculation at the iloop level. The theory is unitary and 
it is different from the corresponding usual theory Cin a 
certain limit) which is not unitary for the gnuoe conditions 

we use.

ORO-3992-193 RENORMALIZABLE MASSIVE VECTOR-BOSON THEORIES 
CPT 237 WITH DISTORTED LOCAL GAUGE SYMMETRY

J. P. HSU 

ABSTRACT

We give a formal foundation for general renormalizable massive vector- 
boson theories with "distorted" local gauge symmetry. In the general theories 
the Lagrangians are invariant under the distorted local gauge transformation.
The usual massive vector-boson theories with spontaneously broken gauge symmetry 
are a special class of the general theories.

ORO-3992-194 RELATION BETWEEN SPIN AND STATISTICS
CPT 238 „ „ „ _ - .E. C. G. Sudarshan

ABSTRACT

In a talk presented at the Bose Memorial Symposium in Delhi, Professor 
Sudarshan reviews the current status of the relation between spin and statistics. 
The contribution of Bose in emphasizing the differences between identity and 
distinguishability are emphasized. The basis of the spin statistics theorem is 
discussed and alternatives to the present choice between Bose and Fermi systems 
reviewed. The relation between relativity and spin statistics and the CPT 
theorem are reviewed.
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SOLUTIONS OF TOE BETHE-SALPETER LADDER EQUATIONS 
IN THE WEAK BINDING LIMIT

P. Narayanaswaray

ABSTRACT

The scalar bound state problem described by the Bethe- 
Salpeter equation Ir the ladder approximation is studied in 
the limit of vanishingly snail binding energy. The eigen
values for the coupling constant are uniquely determined and 
the 'abnormal' solutions do not occur. The bound state wave 
functions which are odd in relative time do not exhibit the 
branch point behavior characteristic of the two particle 
continuun.

He investigate (15,15) breaking for SU{4) © S U M )  

symmetry breaking as an alternative to the (4*.4) model. The 

form for the Hamiltonian is so chosen that pions obey the 

PCAC equation, and the parameters in the Hamiltonian are then 

determined by meson dominance. The Hamiltonian is found to 

be SU(3) ®  SU(3) invariant to a very good approximation, per

mitting charmed mesons to be massive and thus escape detec

tion. ' He also evaluate pi-pi scattering lengths and the 

decay X -* nnn in tliis model". Other choices of Hamiltonians 

within (15,IS) breaking are also considered, but shovfn to 

be unsatisfactory.

ORO-3992-196 . 
CPT 240

A Model for Chiral SU{«) «  su(4) Breaking Based 

on the (15,15) Representation*

tlilendra G. Deshpande and Duane A. Dicus

Abstract
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ORO-.V>92- U>7 
CPT 241

ABSTRACT

Wc use the method of the Lagrange multiplier field 
to construct, within the framework of indefinite-metric 

field theory, a model of a massive Yang-Mills field, the 
mass of which derives fro.a an intrinsic symmetry break
down, rather than a spontaneous symmetry breakdown. The 
rules for the Feynman diagrams are given. The dynamical 
structure of the interacting fieids is intrinsically re
lated to a local non-Abelian gauge symmetry which renders 
the theory rcnormalizable by standard power counting. The 
part of the amplitude due to the interaction of unphysical 
particles in the intermediate states, which violates uni
tarity and gauge symmetry, is isolated and removed, leaving 
the unitary physical S-matrix. The unitarity of the re
sulting theory, together with its independence with 
respect to the parameter 5 , is demonstrated in calculations 
at the one-loop and the two-loop levels.

KhNORMAI. IZABLr. MASSIVF. YANG-MILLS THEORY WITH 
INTRINSIC SYMMETRY BREAKDOWN 
J. P. Hsu and J. A. Underwood

l!>K CONSTRAINTS ON THE CONICAL EXPANSIONS IN HYDRODYNAMICAL MODELS 
,,, Charles B. Chiu and Kuo-Hsiang Wang

Abstract

It is shown that for a conical expansion of ideal 

fluiri, all hydrodynamical quantities such as proper 

energy density, proper entropy density, proper tempera

ture, etc., .-annot admit any angular dependence. In 

his hydroUynamical model, Landau's treatment on the 

conical expansion does not satisfy this constraint.
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HYDRODYNAMICAL EXPANSION WITH FRAME INDEPENDENCE SYMMETRY 
IN HIGH KNCRGY MULTIPARTICLE PRODUCTION

Charles B. Chiu, E.C.G. Sudarshan and Kuo-hsiang Hang 

Abstract

We describe the space-time development of the hadronic 
system formed immediately after the high energy hadron col
lision with the following picture. Initially the system is 
highly compresced along the longitudinal direction. The 
si>i relaxation of this compression leads to a violent ac- 
cei wjtion ?long this direction and perhaps a weak accelera
tion along the transverse direction. When these accelera
tions ceaset we propose that the system acquires & frame in
dependence symmetry with its further expansion governed by 
the hydrodynamic equation of motion. Within our scheme, 
this symmetry provides a natural mechanism which eventually 
leads to a flat inclusive longitudinal rapidity distribution 
and it also admits a sharp cutoff in the inclusive trans
verse momentum distribution. The latter is to be contrasted 
with the prediction of Landau’s model, where the average 
transverse momentum increases with c.m. energy W, <pT )
Finally effects of clustering can also be easily incorporated 
within our framework.

J - 200 Completely Positive Dynamical Semigroups of n-Level Systems
M 4

Vittorio Gorini and Andrzej KossakowsM 

Abstract

Under general assumptions,a proof is given of complete 

positivity of the dynamical evolution of a quantum open system 

and a theorem established which characterizes all completely 

positive dynamical semigroups of an n-level system.The result 

is applied to derive explicit inequalitips among the physical 

parameters characterizing the Markoffian evolution of a 2-level 

system.



ORQ-3992-201 LEPTONIC DECAYS OF VECTOR MESONS IN SU(4)
CPT 245 D. A. Dicus

ABSTRACT

The sum rule on the decay of vector mesons into lepton pairs 
be brought into good agreement with experiment by assuming the new 
particle is a member of a basic SU(4) multiplet of vector mesons.

0R0•3992•202 Sum Rules for Single Pion Electroproduction Fro* Light Cone
tpt 246 CoBmutati.on Relations 

Duane A. Dicus

Abstract

Light-cone current commutation relations are used to de

rive fixed mass sum rules on the amplitudes for the electro

production of single pions. These sum rules should provide 

a more direct test of the structure of the commutation rela

tions than the sum rules previously derived.

C/RO-3992-203 llydrodynamical Model with Massless Constituents
CPT 247

Charles B. Chiu and Kuo-Hsiang Wang 

Abstract

Within the constituent hydrodynamical model, we 
show that the total number of constituents is conserved, if 
these constituents are massless and satisfy the Fermi-Dirac 
distribution. We suggest a simple scheme for the transition 
from the constituent-phase to the hadron-phase and present 
the hadron inclusive momentum spectra for this case. This 
phase transition scheme predicts the average transverse 
momentum of meson resonances which is compatible with the 
data.

A9

is shown to 
\j) (3105)



AlO

ORO-5992-204 On-Mass-Shell Current Algebra
... and the i°+2y Decay and Partial ConservationCPT 24B of Axlal-vector Current Anomaly 

A. A. Golestaneh

AiiSTKACT

Using tne algebra of the axial vector current which is
0

defined as a source for the pion field, we study theff-» decay 
rate and the Adler anomaly. Our treatment is identical with the 
one previously applied to the other interactions which are men
tioned in the text. It conaists of expressing the reduction 
formula in terms of the above current and evaluating it directly 
on the mass-shell. In the process, we have a set of intermediate 

states from which we choose the one and two-mesons states. The 3ft 
continuum is taken into account,effectively by a pion isobar 
Hence the 1t° amplitude is expressei in terms of the parameters of 
thef,w j 4> and ft’and a coefficient fi which represents the momentum 
dependence of the coupling constants of these mesons, at the )J y 
vertex. A feature of our method is that it does not explicitly 
depend on the anomaly operator. However, by writing our current 
in terms of the modified PCAC operator, the TC'lifetirau is linked 
with the anomaly, via these meson data and two unknown parameters, 
m  addition the ft , which represent the K contributions in U:e 
lifetime and the chiral symmetry breaking terms umlerlyin<; tne 
PCAJ relation. ..'e t;i-ve the most economical combinations of these 
parameters for obtaining the observed Tt° lifetime in accord with 
the anomaly t:iven by either of the existing nuark theoreticnl 
models. We find tnat, unlike in the PCAC apylication, we can 
reach this objective by our current approach without the need for 
the V field in the chiral symmetry breaking terms.

ORD-3992-205 A NOTE ON QUANTIZATION OF WEINBERG
CPT 249 UNIFIED FIELD THEORY

N. G. Deshpande and P. Kielanowski 

ABSTRACT

Equivalence of the Lagrangian formulation of Hsu and Sudarshan to the 
conventional Fujikawa, Lee and Sanda formulation of Weinberg Model is demon
strated.
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OR.0- 3992-206
CPT 250

A HIGHER STABILITY LIMIT FOR NEUTRON STARS 
R. L. Bowers, A. M. Gleeson and R. D. Pedigo

ABSTRACT

A fully relativistic equation of state for hyperons based on strong inter
actions fitted to nuclear matter has been used to construct neutron stars. The 
model yields a maximum stable mass of 2.39M and a maximum moment of inertia

45 2of 3.13 x 10 g cm . Tha significance of these results and their relation to 
observations are discussed.

ORO-J992-207
CPT ZS1

Relativistic Superdense Matter in Cold Systems

Richard L. Bowers, a . M. Gleeson and R. Daryl Pedigo

Abstract

A fully relativistic model of the strong interactions 
between hyperons, fitted to nuclear matter, is used to investi
gate the properties of superdense natter. This model can be 
solved exactly, and the low temperature limit applied directly 
to construct neutron star models. Our results predict a 
significantly higher mass stability limit (Mmax = 2 .39Mg) which 
has far-reaching implications for black hole astrophysics. It 
also predicts moments of inertia well above the observational 
lower bounds for pulsars. The model predicts a phase transi
tion which includes nuclear densities, and has significant 
implications for the detailed structure of neutron stars. De
spite the low central densities found for stable masses 
(ec < 2 * 1015g /c m J ) all members of the first SU(3) symmetric 
octet except the = enter as stable constituents.

In addition, quarks may be used as fundamental consti
tuents for a species of superdsnse matter applicable to models 
of the hyperons. Our results indicate that this approach may 
he fruitful in explaining such phenomena as precocious scaling 
and quark confinement.
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LEPTON-LEPTON SCATTERING I» A SPONTANEOUSLY BROXEN 

GAUGE THEORY SATISFYING STRONG INTERACTION DUALITY

Duane A. Dicus Vigdor L. Teplttz Voung

ABSTRACT

Aspontaneously broken gauge theory of 
leptons (e, u» ve, v^) is constructed in vhich the two-body 

•cattering amplitudes are dual. The resultant model lead* to 
suppression of + e ♦ + e and predictions for \>e + e v#+ 
e and e + e ■» u+u that are distinctly different from those of both the 
conventional V - a  theory and the Weinberg-Salam model.

ORO-3992-209 RELATIVISTIC SUPEEDEUSE MATTER
CPT 253 IN COLD SYSTEMS: APPLICATIONS

Richard L. Bowers, A. M. Gleeson, and R. Daryl Pedigo

ABSTRACT
The fully relativistic model of the strong interactions between hyperons 

described in the previous paper is used to investigate the properties of super- 
dense matter. This model can be solved exactly, and the low temperature limit 
applied directly to construct neutron star models. Our results lead to a signi
ficantly higher ma33 stability limit (Mmax = 2.39MQ) which has far-reaching im
plications for black hole astrophysics. It also yields moments of inertia well 
above the observational lower bounds for pulsars. The model predicts a phase 
transition which includes nuclear densities, and which has significant implica
tions for the detailed, structure of neutron stars. Despite the low central den-

15 3sities found for stable masses (e < 2 X 10 g/cm ) all members of the first 
SU(3) symmetric octet except the E enter as stable constituents.

In addition, quarks may be used as fundamental constituents for a species 
of superdense matter applicable to models of the hyperons. Our results indicate 
that this approach may be fruitful in explaining such phenomena as precocious 
scaling and quark confinement.

ORO-3992-208
CPT 252
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J. P. Hsu and J. A. Underwood 
ABSTRACT

Explicit calculations at the 1-loop level verify that the usual quantized 
Einstein theory of gravity is indeed gauge independent and unitary for all values 
of the gauge parameter a. This lends non-trivial support to a general formal 
proof.

ORO-3992-210 TEST OF GAUGE INVARIANCE AND UNITARITY OF THE
CPT 254 QUANTIZED EINSTEIN THEORY OF GRAVITY

ORO-3992-211 VALIDITY OF SECOND ORDER ANALYSES
CPT 255 OF SUPERDENSE MATTER

R. Bowers, A. Gleeson and D. Pedigo 

ABSTRACT

The limitations of relativistic calculations of the properties of super- 
dense matter obtained from strictly second order terms is discussed. Extension 
of the model to overcome these limitations leads to serious complications which 
can only be overcome by a fully self-consistent treatment.

ORO-3992-212 SPECTRUM GENERATING GROUP OF THE MOLECULE
CPT 256 A. BOhm and R. Teese 

ABSTRACT

The spectrum generating group for the symmetric top is found and applied
to derive spectrum, energy values and selection rules. All the well-known results
are reproduced as a consequence of the group property except for the Coriolis

2splitting which is derived to be proportional to K .
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Lepton g-2 in a Dual Gauge Model 

Duane A. Dicus

Abstract

The weak correction to the lepton's magnetic moment is cal
culated in a gauge model which exhibits a form of duality.

ORC - j992 - 214 An Estimate of the Rate of the Rare Decay n° •* 3y
CPT 25 8

Duane A. Dicus 

Abstract

An estimate is given for the decay rate of the neutral 
pion into three photons by using a single quark loop in a 
model with parity violation.

ORO-3992-215 PION INCLUSIVE MOMENTUM DISTRIBUTION AT 90°
CPT 259 IN HYDRODYNAMICAL MODEL

C. B. Chiu ernd K. H. Wang 
ABSTRACT

We show that pion inclusive momentum distributions in pp-collisions at 
90° up to FNAL and ISR energies can be accounted for by a hydrodynamical model, 
which has frame independence symmetry and incorporates the evaporation phenomena. 
Within our solution during its space-time development, the matter system only 
possesses a local thermal equilibrium but not a global equilibrium. The proper 
time interval needed to achieve this equilibrium comes out to be comparable 
to (with c = 1) the longitudinal dimension estimated previously based on con
siderations of quantum statistical fluctuation.

O R O -3 9 9 2 -2 13
CPT 257
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S.R. Gautam and A.M. Gleeson
ABSTRACT

We consider quark model where quarks are allowed anomalous magnetic 
moment. The usual e.m. current then modifies to i|j(y ^+k3 ô JV)4r'l' where

cl V  Ct

k=U^/2Mq is the anomalous magnetic moment and M^ is the mass of the quark).
We reconstruct Cabibbo-Radicati and Drell-Heam-Gerasimov sum-rules in this 
model. It was hoped that the small discrepance between these sum-rules and the 
experimental data would be compensated by such a modification. The results,
however, show that such a modification spoils the agreement even further or

2 2 allows only k <0. Hence for best agreement k is forced to be zero. Recently
several attempts have been made to explain the rise in the ratio a(e+e -*hadrons)/

+ — + — 1 2  (e e -y\i p ) based on various models '“ having nonminimal quark interactions. In
view of our results, a doubt is cast on the general applicability of this as
sumption .

ORO-3992-216 IMPLICATIONS OF NONMINIMAL ELECTROMAGNETIC
CPT 260 INTERACTIONS OF QUARKS

ORO-3992-217 THE STRUCTURE OF BARNACLED
CPT 261 RELATIVISTIC WAVE EQUATIONS

M.A.K. Khalil 
Abstract

We consider manifestly Lorentz covariant wave equations of the form 
+ im)ijj(x) =0. It is shown that there are classes of such equations that 

reduce to simpler wave equations, derived from the original equation, in the 
free case. A subclass of these equations with reducible axe called bar
nacled wave equations. Barnacled wave equations maintain their equivalence to 
the simpler equations in all interactions that are coupled through 0^ or its 
powers; as for example in a minimally coupled external electromagnetic field. 
Alternatively these equations introduce a new freedom in writing covariant wave 
equations that describe the same free physical system (and the same interacting 
system if interactions are coupled through the f5̂ ) .

The structural properties of barnacled wave equations are considered 
in several contexts: (i) A theorem is proven that allows both for the construc
tion of all possible barnacled wave equations covariant under a given representa
tion of SL(2 ,<jt) , as well as whether or not a given equation can be brought to a
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barnacled form. (ii) It is shown that under certain conditions once a repre
sentation of SL(2,0) is specified, all equations covariant under the given re
presentation must necessarily be barnacled, (iii) A complete classification 
scheme for barnacled wave equations is constructed, (iv) The necessary and 
sufficient conditions for a non-singular hermitizing matrix, n* to exist for 
these wave equations are also found, (v) Some formalism is also advanced, 
which makes it convenient to study general wave equations.

0R0-3992-220 A MODEL-INDEPENDENT STUDY OF LIGHT CONE
CURRENT COMMUTATORS

S.R. Gautam and D.A. Dicus 
Abstract

An attempt is made to extract information on the nature of light cone 
current commutators (L.C.C.) in a model independent manner. Using simple as
sumptions on the validity of the DGS representation for the structure functions 
of deep inelastic scattering and using the Bjorken-Johnson-Low theorem we show 
that in principle the L.C.C. may be constructed knowing the experimental elec
tron proton scattering data. On the other hand, the scaling behaviour of the 
structure functions is utilized to study the consistency of a vanishing value 
for various L.C.C. under mild assumptions on the behaviour of the DGS spectral 
moments.



APPENDIX B 

RESEARCH HISTORIES



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 Coularb 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 Septenfoer 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 fran nuclear magnetic moments and electron scattering 
from He3 and H3.

In Septenrber 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 electrcproducticn of picns 
from nuclei and e-p and e-y coincidence experiments on nuclear targets. 
Motivated by the joint program between OT and LftMPF, 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 Coulcnto effects in tt+ ,  tv scattering from nuclei.

In addition to the continuing work in medium energy nuclear phy
sics, some 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 Hie 
University of Texas, having taken over these duties in 1974.
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Yuval Ne'eman is a part-time scientist and a part-time university 

president. During one seirester, he spends three days a week presiding 

over 14,000 students at Tel Aviv University and three dayg a week he spends 

with his first love, theoretical physics. During the other semester, he 

is oo-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 com

mander in the Givati Brigade, and later served as deputy director of in

telligence. 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 cn his theory of unitary sym

metry. This work has transformed thinking about elementary particles.

Later Yuval Ne'eman was deputy scientific director of the Defense Mini

stry's Industrial Development Department and director of the Atomic Energy 

Cownission Laboratories. 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 synmetry proved when scientists at Brook- 

haven observed the omega-minus particle as he had predicted.

In 1965 Dr. Ne'eman returned to Tel Aviv as a full time Professor 

of Physics. During this period, his research interests continued to 

include problems related to the symmetry structure of elementary particle 

physics. In addition, at the same time, he began his work cn 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 par

ticles just discovered. In 1966 Professor Ne'eman extended his interest 

in synmetry groups applied to particle spectra to include the larger non- 

ocnpact groups and began an investigation of the nature of transition 

generating algebras and their role in particle physics.

RESEARCH HISTORY

Yuval Ne'eman - Professor of Physics
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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 oonnutators and possible quark algebras of the Regge residues.

More recently, Professor Ne'eman's interests have extended to include 

possible inplications 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 became President of Tel Aviv University. 

In January 1975 he requested a leave of absence from his scientific 

academic responsibilities in order to assume the role of Assistant Mini

ster of Defense for Israel.
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During the period 1952 through 1955, Dr. Sudarshan was a meirfoer 

of the Tata Institute of Fundamental Research in India doing experimental 

work on elementary particles, using nuclear emulsions. During this tine, 

with S. Biswas and B. Peters, he developed the variable oe.ll length con

stant sagitta method of determining the masses of charged particles under

going multiple scattering in nuclear emulsions. He also developed the use 

of higher order differences to deal with distorted emulsions. Fran 1955 

through 1957, at the University of Rochester, he began his research in the 

theory of elementary particles. It was his thesis research under the 

direction of Professor R. E. Marshak that led to the development of the 

chiral V-A theory of weak interactions.

Fran 1957 through 1959 Dr. Sudarshan was a research fellow at 

Harvard University, during which time he continued his work on the theory 

of weak interactions, though his main research and study was guided by 

Professor Julian Schwinger. While there, he collaborated with K. Johnson 

on the inconsistency in quantization of high spin fields and on the 

development of what have new core to be called the Deser-Gilbert-Sudarshan 

representation of the vertex functions and other field theoretic amplitudes. 

In 1959 Dr. Sudarshan returned to Rochester to join the faculty of the 

University. Here he inmersed himself in a study of foundations, especially 

of classical dynamics; he also continued the study of Hamiltonian dynamics 

of interacting particles and of the Lie algebra formulation of classical 

dynamics.

For the period through 1963 Dr. Sudarshan remained on the faculty of 

the University of Rochester. During that tine, his interests expanded to 

cover several areas of physics research. Most important has been the work 

on quantum theories with indefinite metric as a tool in constructing finite 

quantum field theories and their physical interpretation. A  particular 

model was finite quantum electrodynamics, which has since been rediscovered 

and modified by other authors. He studied the problems of stochastic pro

cesses in quantum theory and the structure of axiomatic field theories

RESEARCH HISTORY

E. C. G. Sudarshan - Professor of Physics
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and began investigations of the use of symmetries in particle classifica

tions and dynamics.

With Okubo and Marshak he had made the first application of 

broken symmetries in particle physics already in 1956, analyzing the 

isotopic spin structure of electromagnetic masses and moments. He now 

followed this with work on unitary symmetry. His interest in quantum 

optics flowered during this period. At this time, he undertook a 

study of the Poincare and the Galilei groups and of the physical inter

pretation of their "unphysical" representations, including the nature of 

faster-than-light particles, new called tachycns. 1962 was the year of 

the original paper on faster-than-light particles.

The academic year 1963-1964 was spent as a Guest Professor at 

the University of Bern and at Brandeis University. Hie studies of the 

origin of syitmetries and of the problem of ccubining internal symmetries 

and the Lorentz group were begun during this period.

He was named a Fellow of the American Physical Society and a Fel

low of the Indian Academy of Sciences. More recently he was named a 

Fellow of the Indian National Science Acaden^.

On June 1, 1964, Dr. Sudarshan became Professor of Physics at 

Syracuse University. At Syracuse he began the work of establishing and 

directing a younger group of particle physicists in their research. His 

own research continued and many projects initiated at Rochester reached 

their completion during this time. Interests in quantum optics and 

syimetries were extended. A finite theory of quantun electrodynamics 

was developed which utilized an indefinite iretric and particles of finite 

mass. The origins of the use of non-invariance groups and dynamical 

symmetries can be traced to early 1965 and was developed for both classi

cal and particle physics by 1967. With N. Mukunda and J. G. Kuryian he 

invented the master analytic representation method for constructing all 

the unitary representations of many nonconpact groups. In late 1967 the 

theory of primary interactions was developed and several studies prepared. 

Vfork on the geometric structure of the Dirac bracket in classical mechanics 

is an indication of Professor Sudarshan*s range of interests.



During 1968, Professor Sudarshan continued as the leader of the 

Particle Theory group at Syracuse University; he spent part of this year 

as Visiting Professor at the University of Delhi. In this year there was 

renewed interest in the possibility of particles that travel faster than 

light. A theory of interacting tachyons was developed. He made a system

atic study of several problems related to the structure of the spin- 

statistics theorems in quantum field theories and found the necessary 

and sufficient condition under which a quantum field theory, relativistic 

or nonrelativistic, exhibited the connection between spin and statistics.

His research interest in tachyons continues and new developments in the 

use of indefinite metric field theories have been corpleted.

In the Spring of 1969 Professor Sudarshan received an honorary 

Doctor of Science degree fran the University of Wisconsin at Milwaukee.

From 1969 to the present Professor Sudarshan has been at the Center for 

Particle Theory at The University of Texas at Austin. He is presently 

the oo-director of the Center with Professor Y. Ne'eman. Besides direct

ing the research of several younger physicists, Professor Sudarshan was 

able to continue M s  research in field theories with an indefinite metric; 

in action-at-a-distance theories and in stochastic mappings in quantum 

theory. With A. M. Gleeson and others, principally H. Recheriberg and 

C. C. Chiang, he was able to show the weaknesses of the popular theories 

with an indefinite metric. In 1970 the work with indefinite metric field 

theories and the theory of action-at-a-distance led to the formulation of 

the theory of shadcw states. This radically new approach to the field 

theory of particle phenomena could possibly lead to a realizable finite 

formalism for particle phenomena. More recently he has worked extensively 

on unified gauge theories, mostly in collaboration with J. P. Hsu.

In June 1972 he was appointed Professor of Theoretical Studies, 

Indian Institute of Science, Bangalore. From that time, he has been 

non-resident Director of the Centre for Theoretical Studies at the Indian 

Institute of Science.

Professor Sudarshan has written three books: the first one is titled 

Introduction to Elementary Particle Physics, written jointly with Professor 

R. E. Marshak (Interscience - John Wiley), begun when he was Professor
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Marshak's student. The second one is written with Dr. J. R. Klauder 

on Quantum Optics (W. A. Benjamin), an outgrowth of work done at 

Rochester and Bern. The most recent one is Classical Dynamics; A Modem 

Perspective, written together with Professor N. Mukunda, an outcome of 

the work over the past decade.

He has travelled and lectured extensively. He is the author 

of more than a hundred articles and technical reports on a variety of 

topics. His present interests cover various fields of physics, philosophy, 

mathematics and scienoe fiction.
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As a student at the Freie UniversitSt Berlin in 1962, A m o  Btihm 

worked on axiomatic quantum field theory. He applied the axiomatic field 

theory of Bogoljubov, Medvedev and Polivanov to quantum electroctynamics 

and showed that the asynptotic form of the currents agrees with the expres

sions of the renormalized theory. This was later published in a paper with 

Polivanov. (Nuov. Cim. 40, 1110 (1965)).

During the period 1963-1964, A m o  Btthm was an instructor at the 

Institute of Technology in Karlsruhe, where he worked on problems of ele

mentary particle phenomenology (calculation of pion-nucleon scattering 

phase shifts).

In 1964, as a Research Associate at the University of Marburg,

A m o  Btthm started work an group theoretical methods in particle physics 

and continued this work with A. 0. Barut at the International Centre for 

Theoretical Physics in Trieste, where A. Bflhm was an IAEA Research Fellow, 

1964-1966.

During this time, he suggested (together with A. O. Barut, Phys.

Rev. 139, B 1107) using groups not only as symmetry groups but to describe 

all states of a physical system by an irreducible representation of a 

group ("dynamical group"). The same suggestion was later made by Mukunda,

0 1 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 quantum mechanics. He made the suggestion to formulate quantun mechanics 

in the Rigged Hilbert Space with algebras of continuous operators and thus 

give a mathematically rigorous presentation of the Dirac formalism in quan

tum mechanics. (A similar suggestion was made independently by J. E. Roberts).

While A. Btihm 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 differ

entiable vectors for semi-simple Lie groups is a nuclear space. This

RESEARCH HISTORY

A m o  Btthm - Associate Professor of Physics
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major effort there was devoted to working on his suggestion to use the con

nection between the deSitbar group and Poincare group for the problem of

the mass spectrum of elementary particles. In this connection he intro-
-13

duced an elementary length of approximately 1/3 X 10 an and thus pic

tured an elementary particle as a miniature deSitter space of infinite
-13time and finite (1/3 X 10 an) space extension.

A. Bfihm continued this work when he came in 1968 as an Associate 

Professor to the University of Texas. In 1969 a representation of the 

full relativistic symmetry (a ocnbination of the Poincare algebra, C,

P, T and an infinite dimensional generalization of the Dirac y-matrioes) 

was introduced, which was called Generalized Dirac Representation, be

cause it describes baryons and mesons in the same way as the space 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 

hadron spectrum (Phys. Rev. D3, 377; Phys. Rev. Letters 23, 436). Though 

the present experimental situation does not fully agree with the predic

tions of the Generalized Dirac Representation, this is probably his most 

beautiful contribution.

In 1970-1971 A. Btihm 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 dene previously together with E. C. G. Sudarshan in 

the semileptonic and leptcnic decay of hadrons. In the spring of 1971, 

while A. Bfihm was visiting scientist at the Max-Planck-Institute in 

Munich, it was shown that the resulting algebraic model has many struc

tures in cannon with the algebra of currents. During 1971-1972, this 

algebra of transition operators was applied to a unified description of 

the radiative and leptcnic decay of vector mesons, partially in collabor

ation with J. Nilsson at the Institute for Theoretical Physics in Gfiteborg.

As a continuation of this program A. Bfihm suggested in 1974 to use 

a minimal set of assumptions: 1) Poincare invariance and C,P,T properties; 

2) SU(3) as a spectrum generating group; 3) V-A for the operators that
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describe the transitions and calculate weak leptonic and electromagnetic 

decay rates frcan various alternative oanobinations of these assumptions; 

ccnpariscn with the experimental data should then give clues which 

coirbination of these three well-accepted ingredients is favored by nature.
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Charles B. Chiu - Associate Professor of Physics

Dr. Chiu completed 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." This 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-wrcng-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- 

nucleon scattering.

For the period 1967 through 1968 f Dr. Chiu worked in the theory 

division at CERN as a visiting scientist. During this period, he and 

Dr. J. Firikelstein proposed and developed the "hybrid model" for hadron 

two-body scattering at small as well as large momentum transfer regions.

This model is similar to the "Weak cut model". He and Dr. J. Firikelstein 

also derived the <f)-co ideal mixing fran the exchange degeneracy condition. 

During this period, he and Dr. A. Kbtanski 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 Deoeirtoer, 1968. An extended version of this 

vrark 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



B12

for the description of the phase of hadron amplitude satisfying the general 

properties: crossing, analyticity, unitarity and Regge asymptotic behavior, 

etc.

From 1969 to 1971, Dr. Chiu worked at Caltech. From 1969 to 1970, 

he was a research fel lew, and from 1970 to 1971, the Richard Case Tolman 

Senior Research Fellow 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 summary of this 

survey was presented at the American Physical Society meeting, Noventoer,

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 oo-organizer of the Caltech conference on high energy phenom

enology, and a co-editor of the conference proceedings, in which the need 

for a phenomenological approach to the strong 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-body scattering phenomena at high energy. 

Based on the statistical bootstrap model, he proposed a "strong central 

absorption prescription" for two-body scattering, which qualitatively 

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 anplitudes. 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 his 

modified statistical bootstrap model.

During 1973-1974, with his general interest in multiparticle 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 multiparticle production and achieved to demonstrate 

that the "absorbed independent cluster snissian 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 "fixed-pc^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 example of the dual resonance model. With 

this fragmentation distribution within the framework of the Regge-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 temporary 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 an 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 multiparticles, which are 

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

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

independence symmetry model for imaltiparticle production. In contrast 

to Landau's model, vtfiere 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 mcanentun distribution at 90° in pp collision based on this new 

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

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

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

shew 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 iiDdsl with massless 

constituents and the constraints inposed on a hydrodynamical system when 

it undergoes a conical expansion.
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In the period fran 1963 to 1965, Dr. Gleeson was a research assis

tant at the University of Pennsylvania, working under the direction of 

Professor K. T. Mahan thappa. During this tune, he investigated the pro

perties of single pion production processes losing various S-matrix node Is. 

This work was included in his Ph.D. thesis of 1965. From 1965 to 1967 

Dr. Gleeson was a research associate in the High Energy Theory Group at 

Syracuse University. At that time he investigated a broad range of 

phenomenological models of elementary particle processes. These included 

investigations of weak axial currents and their relationships to the bary- 

ons, possible composite models of hadrons based on the quark hypotheses, 

and several papers treating possible kinematic explanations for observed 

resonances. It was during this time that he produced, in collaboration 

with R. Musto, one of the first papers using finite energy sum rules.

During the summer of 1968, Dr. Gleeson served as a visiting 

scientist at the International Center for Theoretical Physics in Trieste, 

Italy. It was there that investigations in duality led him to independent

ly formulate a Veneziano-type model for the particle spectrum. Since 

Septenber, 1968, on returning to Syracuse, he was made an Assistant Profes

sor of Physics and there with the assistance of William J. Meggs, con

tinued his investigations of kinematic effects and of the phenomenology 

of duality. In 1969 Dr. Gleeson moved to the University of Texas Center 

for Particle Theory. There he continued his investigations on particle 

phenomenology, but also initiated studies on problems of field theory. 

Working closely with Professor Sudarshan, he assisted in the development 

of a consistent theory of field with an indefinite metric, conncnly known 

by the name of shadow state. In addition, he has studied the phenaneno- 

ology vising tachyans and Regge concepts.

Recently Dr. Gleeson has initiated an active program on the proper

ties of matter at superdensities. He and his collaborators have already 

produced a new lover limit to the maximum stable neutron star mass.

For the year 1973 Dr. Gleeson assumed the duties of Associate 

Dean in charge of Research in the Graduate School of the University of 

Texas at Austin.

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

Dr. Ernest Abers aud 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 muon and the hadron weak decay 

constants. These authors shewed 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 Coulatib correc

tions was instrumental in bringing the various coupling constants closer
26together and removing the so-called "AI anomaly”.

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

While there, he. Professor Roman Jackiw, and Professor Vigdor Teplitz 

shewed that light cone commutators were the natural oomutators to use to 

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

scattering. This method of deriving sum rules removed anbiguities that 

existed when equal time oamrutators were used and some 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 can the Beggeization of field theories. 

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

to Reggeize unified gauge theories.

Fran 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 syrmetry group chiral SU(4) fit SU(4) and how it is broken. 

Later in 1973 Dr. Dicus joined the University of Texas as an Assistant 

Professor and he and Dr. N. G. Deshpande continued the work on SU (4) a SU (4). 

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

by the discovery of the \p(J) particles.

In addition to his work cn finding tests of unified gauge theories 

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

theories. In particular, Dr. Dicus, Dr. Teplitz of Virginia Polytechnic 

Institute, and Dr. J. E. Young of M.I.T. have their cwn unified gauge 

theory which uses the strong interaction technique of duality to incor

porate the electron-irtuon universality in a natural way.
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Prior to 1969, when he was awarded his Ph.D., Dr. Hsu, a student 

at Rochester 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. The K„ form factors, the
3decay width of some vector mesons and the picn mass 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 anplitudes which have both lew energy resonant behavior 

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

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

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

cones.

Fran 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 the2
Doppler frequency to order (v/c) is critical and absolutely necessary 

in order to establish the currently accepted oonoepts. Such experiments 

will be done by D. Halford 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 ocranutator 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 GeH-Mann-Okubo mass formula in quadratic form for both

RESEARCH HISTORY
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mesons and baryons is derived without the tro\±>le due to momentum dependence.

During 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.

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 noninvariance 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

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

synmetry 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 

Sudarshan, Mr. Mac and Mr. Underwood.

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

new formalism has more general validity than the usual formalism of 

Faddeev, Popov and 't Hooft, because the usual formalism leads to violation 

of unitarity when a class of bilinear gauge conditions is chosen. A  new 

technique of renormalization with the help of a counter-Lagrangian (which 

cannot be reduoed to the usual counter-terms in general) is investigated. 

This provides a new basis to construct a simple unified theory of weak 

and electromagnetic interactions, which is free of divergence after renorm

alization.
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The principal research interests of Dr. Hurley have been in the 

area of wave equations and field theory with emphasis on those mathematical 

problems associated with the description of particles with arbitrary spin.

As a research assistant with the High Energy Theory Group at the University 

of Rochester from June, 1968, through September, 1970, he studied with 

Professor C. R. Hagen the nonrelativistic (Galilean invariant) description 

of such particles both in quantum mechanics and in field theory. In his 

Ph.D. thesis in 1970, Dr. Hurley formulated wave equations for such par

ticles and used them to study their properties. A consistent quantum 

mechanical and field theoretic description resulted. One ^plication was 

the determination of the electromagnetic properties of such particles and 

a resultant proof that the g-factor for an arbitrary spin particle is 

g(-6) =  1/6.

As a research associate with the Quantum Field Theory Group at 

Syracuse University from Septenfcery 1970, to September, 1972, Dr. Hurley 

worked on the generalization of the above equations to the relativistic 

domain. The resultant formalism led to the first known higher spin equa

tions which have the property that they remain causal in the presence of a 

minimally coupled external electromagnetic field.

Since coming to the University of Texas in Septerrber, 1972,

Dr. Hurley has continued the above studies and has constructed a consistent 

field theory for his formalism. This entailed the introduction of a new 

scalar product in the first quantized description and a new way of creating 

bilinear densities in the xnany-particle version. Tests of the consistency 

and studies of the applicability of this formalism are presently being 

carried out.

In addition to this work, Dr. Hurley has also undertaken with 

Professor Sudarshan a systematic study of relativistic equations in gener

al. This vrork has entailed a classification of causal wave equations and 

a study of all possible wave equations associated with a given representa

tion of the Lorentz group. He has also (with Professor Sudarshan and 

Mr. Khalil) studied a new class of relativistic wave equations, the so-called 

Barnacled Wave Equations.

RESEARCH HISTORY

William J. Hurley - Research Associate



B21

During 1966-1969, Dr. Wang was working on his Ph.D. dissertation 

on the rotation and the Iorentz syxoretries of scattering amplitudes, under 

the direction of Professor Stanley Mandelstam, on the Berkeley carrpus of 

the University of California. During this period, he also derived the 

Clebsch-Gordon series and coefficients of 0(2,1) and SU(2) groups, and 

the unitary representations of 0(2,2) groups. From 1969 to 1972, Dr. Wang 

was a Research Associate at the Pennsylvania State University at Univer

sity Park. At Penn State, he developed a general framework cn production 

processes with which models for high energy collisions can be introduced.

He also investigated the variables needed to describe production processes 

and the consistency among the generalized optical theorem, multi-Regge 

expansions and the unitarity bound. Besides, he proposed a simple model 

for high energy collisions which has been further studied along the 

phenomenological analysis of high energy data.

During 1972-1973, Dr. Wang was interested in constructing multi- 

particle production models which can describe elastic and imiltiparticle 

data with the collaboration of Dr. C. B. Chiu. Beginning with multiplicity 

distributions in high energy pp collisions, he proposed the independent 

cluster emission model which takes into account the conservation of charge.

As extrapolations to high energy region, he derived KNO-scaling curve in 

pp collisions with the model. In addition, collaborating with Dr. C.C.Chiang, 

he proposed the shadow state field theory of weak interactions.

During 1973-1974, continuing to develop the multiparticle particle 

model, he and Dr. C. B. Chiu (at early stage with Dr. R. Gleiser) worked 

on the application of absorption to the cluster model, so that the rise 

of total cross section is explained in addition to other elastic data.

Further, with simple parameterization for production anplitudes, he pro

posed general absorption formalism and developed the absorbed multiperi

pheral-like model viiich provides a unified description to the elastic data, 

the inclusive data and the multiplicity distributions.

During 1974-1975, Dr. Wang, Dr. Chiu and Dr. E. C. G. Sudarshan 

developed the hydrodynamical model with frame independence symmetry, which
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is cne of the realizations in classical theories of the phenomenological 

independent emission model. Based an this general model, Dr. Wang and 

Dr. Chiu showed that this can be interpreted as a hydrodynamical model 

with constituents such as quarks, partons, etc., and discussed the phase 

transition from, the constituents into hadrons. In order to explain the 

large transverse mcmentum distribution of high energy hadron-hadron 

collisions, Dr. Chiu and Dr. Wang incorporated evaporation phenomena into 

the model. They obtained a con elusion that within the framework of the 

model considered, thermal equilibrium is not reached during the overlap 

of the two initial hadrons. Dr. Wang and Dr. Chiu studied the constraints 

on the conical expansion in general hydrodynamical models.


