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SCOPE OF WORK 

The proposed research is concerned with problems occupying the common ground between 
quantum field theory and statistical mechanics. 

The topics under investigation include: superconformal field theory in two dimensions, its 
relationship to two dimensional critical phenomena and its applications in string theory; the 
covariant formulation of the superstring theory; formation of large scale structures and spatial 
chaos in dynamical systems; fermion-boson mass relations in BCS type theories; and properties of 
quantum Beld theories defined over gdois fields. - .  7--- 
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PROGRESS REPORT 

DANIEL FRIEDAN, ZONGAN QIU, and STEPHEN SHENKER 
, Superconformal Invariance 

We have explored' the ramifications of N=l supersymmetry in conformally invariant two 
dimensional field theories. We have classified the possible unitary representations of the N= 1 
superconformal algebras, the Ramond2 and Neveu-Schwarz3 algebras. In analogy to our previous 
result for the ordinary conformal algebra, the Virasoro algebra, we find a discrete series of possible 
unitary representations. The possibly unitary values of the central charge are the same for the 
Ramond and Neveu-Schwarz algebras but the values of scaling dimension are different. 

We then described the general structure of superconformal field theories. The Hilbert space 
splits into Ramond and Neveu-Schwarz sectors. There are operators that act within sectors 
(superfiefds) and operators that intertwine sectors (spin fie&). These latter operators are general- 
izations of the order and disorder operators in the Ising model. 

The first nontrivial member of the discrete superconformal series turns out to  describe a 
well-known statistical mechanical model-the tricritical Ising model (Le., an Ising model with 
annealed dilution at its tricritical point). The Ramond and Neveu-Schwan sectom are just the 
odd and even sectors under spin reversal. Experimental realizations of this system (e.g. Helium 
adsorbed on Krypton-plated graphite') provide the first observable instances of true supersym- 
metric field theories. 

Superstrings5 are be described by superconformal field theories on the world sheet. The 
structure of such theories is crucial in understanding the string theories. In particular, the spin 
fields must play a crucial role in any construction of the fermion vertex operator. 

JOANNE COHN, DANIEL FRIEDAN, ZONGAN QIU, and STEPHEN SHENKER 
Spinor Fields 

We have developed techniques for computing correlation functions of the spin fields 
transforming as space-time (dimension D) spinors in free superconformal field theorys. These 
fields form part of the fermion emission vertex in the covariant formulation of the superstring. 
We have explored three approaches: (1) We have used the fact that these fields are ancestor fields 
in the SO(D) Kac-Moody algebra and so obey the differential equations discussed by Khnizick and 
Zamolodchik~v~. (2) We have used the spinorial extension of the Frenkel-Kac-Segal* construction 
to represent these operators as exponentials of scalar fields (3) We observed that the Luther- 
Peschele doubling construction of Ising correlation functions applies here. 

1 

. 

DANIEL FRIEDAN and STEPHEN SHENKER 
Superstring Com pac t ification 

pactification, a phenomenon necessary to 
make these ten dimensional theories,relevant dimensional world. We have focussed on 
type I1 superstringsll and compactifications t uce massless gauge bosons. We have shown 
that in any such compactification there will assless fermions. Space-time supersymmetry 
will always be broken. These tlieories are unacceptable phenomenologically. The two dimen- 
sional field theories involved are supersymmetric generalizations of the sigma models with Wese 
Zumino term Wit ted2 first discussed. He pointed out the possibility of using such a theory to 
compactify the bosonic string. Our result is equivalent to showing that sheet supersymmetry is 
always broken in such sigma models. It comes from a study of the supersymmetric extension of 
the Kac-Moody algebra that acts in these systems. We also briefly discussed compactifications on 
Ricci-flat manifolds that are appropriate to type I strings. These compactifications have indepen- 
dently been extensively pursued , especially in the interesting heterotic easel3, by Candelas, 
Horwitz, Strominger and Witten". 

We have explored10 some issues in superstring 
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BORIS SCHRAIMAN and LEO KADANOFF 
Ordered and Disordered Spatial Structure in Dynamical Systems 

We have been looking at  the problems related to the formation of large scale ordered and 
disordered spatial structures in dynamical systems. Such "pattern formation" phenomena are 
common in physical systems. We have concentrated primarily on two examples, both dealing 
with instabilities of interfaces in two dimensions: the Sdman-Taylor problem (flow of two viscous 
fluids) and directional solidification. Both phenomena are currently being studied experimentally 
a t  the University of Chicago. 

In directional solidification one of the interesting theoretical questions concerns the existence 
of cellular steady state solutions. In particular one would like to  describe the shape of the cells 
and find the dependence of the wavelength on the control parameter. This represents a so called 
"pattern selection" problem. It can be solved in the regime corresponding to large values of the 
control parameter with a help of a WKElike asymptotic approximation16. Together with David 
Bensimon we have studied the dynamics of the two fluid interfaces (the Saffman-Taylor problem) 
and developed an approach based on the conformal mapping technique which allowed to solve the 
problem analytically in the limit of zero surface tension and predict the appearence of finite time 
singulari tie@. 

We have also studied the velocity selection problem on the example of a 1+1 dimensional 

L 

.C exactly solvable model" . 
Y. NAMBU 
Fermion-Boson Mass Relations in BCS type Theories 

Particle theorists have been speculating that supersymmetryf8, a mathematical concept 
which relates fermions and bosons in a precise manner, may be relevant to the actual spectrum of 
particles in nature, but so far no evidence of it has been found. on the other hand, an empirical 
relation of this kind is known to exist in nuclear? physics, albeit without a theoretical founda- 
tionl9. I have been aware that in theories of the BCS type, such as are relevant to superconduc- 
tivity, helium 3, and nuclear pairing phenomenon, there exist simple relations among the mases 
(gap parameters) of the fermions and the masses of the bosons (collective modes)20. In supercon- 
ductors, for example, the fermion (quasi-electron) and the two collective modes (analogs of 71 and 
u mesons in particle physics) have their masses in the ratio n:~% = 01:2 , a fact which has 
recently been experimentally observed2' and theoretically understood22. The situation in helium 
3 is similar, although a little more complicated 23. In view of this, I have explored the possibility 
that the observed relations in nuclear physics between even-even and neighboring even-odd nuclei 
in the platinum-osmium region is due to the same basic cause when nuciear pairing is described in 
terms of the BSC mechanism24. I also speculate that similar considerations may apply to the gen- 
eration of quark and lepton masses. 
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. 1  PROPOSED RESEARCH 

DANIEL FRIEDAN, EM& MARTINEC and STEPHEN SHE= 
Covariant Formulation of the Superstring 

We are attempting to complete the Lorentz covariant formulation of the superstring using 
the Ramond-Neveu-Schwarz fermionic string as a starting point25. The key question concerns the 
construction of the fermion vertex operator. This construction in turn depends on understanding 
the behavior of the Faddeev-Popov ghost system for this model, in particular the behavior of cer- 
tain spin fields (see reference 25 for details). Such a construction would lead to a covariant 
understanding of space-time supersymmetry and would provide a consistent prescription for calcu- 
lating superstring properties to all orders in perturbation theory. I t  might also suggest the 
appropriate framework to understand the second quantization of the superstring. 

JOANNE COHN, DANIEL FRIEDAN, ZONGAN QIU and STEPHEN SHE"KJ3R 
Topics in Superconformal Field Theory 

We are pursuing a number of problems in superconformal field theory in two dimensions. 
Operator product coefficients in the superconformal theories representing string compactifications 
are the Yukawa couplings of the low energy field theory. These can be computed to lowest order 
in perturbation theory2s but this may not be adequate if the compact manifold is not very large. 
The numerous miracles of supersymmetric perturbation theory in two dimension, like the vanish- 
ing of the B function to all orders on Ricci-flat manifolds27, suggests that there might be impor- 
tant simplifications for operator product coefficients as well. Perhaps they only have contribu- 
tions to lowest order, as the anomalous dimensions do. We are studying this using operator pro- 
duct expansion techniques. 

We are also exploring realizations of N=2 supersymmetry2*. We plan to classify the possi- 
ble unitary representations using the techniques we have previously developed along with deter- 
minant evaluation techniques described by Curtright and Thorn2Q. We know of one non-trivial 
realization of N=2 supersymmetry. It is at -1 and is a subset of the gaussian model. The 
supersymmetry hidden in this model should allow an elegant description of its phase diagram. 
Witten's supersymmetric index30 implies unchanging values of certain critical exponents along 
supersymmetric critical lines. 

BORIS SCHRAIMAN and LEO KADANOFF 
Ordered and Disordered Spatial Structure in Dynamical.Systems 

One of the interesting problems in classical7 phenomenology is understanding the dynamics 
of extended patterns (large aspect ratio). Unlike the small aspect ratio systems, which may be 
adequately understood as dynamical systems,-with a few degrees of freedom,31 the large aspect 
ratio systems32 pose many questions concerning the onset of order or chaos. We are specifically 
interested in "phase turbulence" - the chaotic behavior of a pattern. It may be conviniently stu- 
died with the help of the model equation 

Uf + u, +v u, + uu, = 0 

which was derived by Kuramotos3 in the-context of, chemical reaction diffusion systems and by 
Sivashinsky in connection with ,propagation of flames3'. This equation is known to posess steady 
periodic solutions. It is also known to exibit turbulent behavior (intrinsic s tochas t i~ i ty)~~.  

We have preliminary numerical results' suggesting that the the turbulent state is metastable, 
it decays into an ordered steady state, however its lifetime increases at least exponentially with 
the size of the system. We would like to understand the origin of this anomalous relaxation and 
develop a theory to describe the statistical properties of the chaotic state (e.g. spatial and tem- 
poral fluctuation spectra). 
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The problem can be attacked by the combination of analytic and numerical techniques. 
The basic idea is that chaos can be thought of as disorder of the primary periodic structure. It 
suggests a discription of phase turbulence in terms of "slow modes" and defects as well as a 
scenario of a turbulent state as a dynamical equilibrium of such exitations. We are currently 
investigating these ideas. 

Y. N M U  
Field theory over Galois Belds. 

Recently I have been exploring the properties of classical and quantum field theories defined 
over Galois fields (finite fields with characteristic p, a prime number) on a periodic lattice. In a 
way it is the usual 2, lattice theory carried to its logical extreme. There are three basic parame- 
ters 1, p and 4 ; the characteristic of the lattice, of the field, and of the partition function. I have 
considered solutions of various partial difference equations like heat equations and wave equations. 
one of the interesting theorems that has been derived concerns the recurrence time (period) of the 
spatial data, which depends critically on the relation between 1 and p . My motives for this work 
are 1) possible discrete space-like structure at the Planck length scale, and 2) its relevance to 
automata and computer theories. 
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