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. . -  . . . ... 

The following progress reports, through that of Callan et al., describe a variety of work con- 
cerned with two dimensional critical phenomena and in particular supersymmetric critical phenomena, 
string theory and infinite dimensional algebra theory. As our work has shown, these are essentially the 
same subjects. The projects described below are highly interrelated and have had material influences 
on each other. 

DANIEL FRIEDAN and STEPHEN SHE= 

A New Formulation of Two Dimensional Critical Phenomena and String Theory 

geometry on the space of all Riemann surfaces1v2. This initiates a completely new approach to both 
subjects, connecting them to basic mas of mathematics: Riemann surface theory, algebraic geometry 
and number theory. We expect the classification of all two dimensional critical phenomena as well as 
the determination of the m e  vacuum of string theory to become a purely algebraic problem. Our 
future work on critical phenomena and string theory will be based on this reformulation. 

We reformulated the theory of two dimensional critical phenomena and string theory as integrable 

[l] D. Friedan and S. H. Shenker, EFI preprint 86-18A (May 1986), Phys. Lett. B. (to appear). 

[2] D. Friedan and S. H. Shenker, EFI preprint 86-18B (May 1986) Nucl. Phys. €3. (to appear). 

WAYNE BOUCHER, DANIEL FRIEDAN and ADRIAN KENT 

Supersymmetric Critical Phenomena and String Compactification 

with N=2 extended supersymmetry by studying the mathematical structure of the N=2 extended super- 
conformal algebra in two dimensions1. The world surface of strings is also described by a two dimen- 
sional superconformal field theory. We used the same mathematical results to how, essentially, that if 
the string world surface in a background has N=2 superconfomal symmetry then the background has 
spacetime supersymmetry. 

We obtained a classification of possible critical indices of two dimensional critical phenomena 

[l] W. Boucher, D. Friedan, and A. Kent, Phys. Lett. 1728 (1986) 316. 

LANCE DIXON, DANIEL FRIEDAN, EMIL MARTINEC and STEPHEN SHENKER 

Conformal Field Theory on Orbifolds: Gaussian Models with Twisted Boundary Conditions 

gaussian models. This has applications in the study of supersymmetric critical phenomena described 
by gaussian models (see Proposed Research below). This enables us to compute exact tree level 

We developed methods for calculating correlation functions of twist operators in generalized 
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couplings for strings moving in orbifolds, which are special, exactly solvable, compactifications of 
spacetimel. These exact calculations allowed us to confirm some results on compactification which 
were previously known only in a semiclassical approximation 

[ l ]  L. Dixon, D. Friedan, E. Martinec and S. H. Shenker, EFI-preprint 8642 (June 1986), Nucl. 
Phys. B. (submitted). 

DANIEL FRIEDAN 

Two Dimensional Critical Phenomena and String Field Theory 

general covariance, background independence of the theory and the relation to two dimensional confor- 
mal field theory and critical phenomena1q2. These ideas have had some influence on the development 
of string field theory, and played a role, in a different context, in the reformulation of string theory by 
Friedan and Shenker (see above). 

language for supersymmetric critical phenomena and supersymmetric string theory. 

I investigated, in the context of string field theory, some of the basic problems of string theory: 

I also defined the supersymmetric generalization of Riemann surfaces? which is the mathematical 

[ l ]  D. Friedan, Nucl. Phys. B271 (1986) 540. 

[2] D. Friedan, Phys. Lett. 162B (1985) 102. 

[3] D. Friedan, in Proceedings ofthe Workshop on Unified String Theories, M.B. Green and D. 
Gross (eds.), World Scientific (1986). 

DAVID KASTOR 
Modular Invariance and Supersymmetric Critical Phenomena 

I found the condition of modular invariance on the partition function of supersymmetric critical 
phenomena on rectangles,* using the discrete series of supersymmetric critical exponents discovered by 
Friedan, Qiu and Shenker. The modular invariance condition determines the multiplicities of super- 
symmetric critical exponents. 

[l] D. Kastor, EFI preprint 86-20 (May 1986). Nucl. Phys. B (submitted). 

ADRIAN KENT 

Critical Indices, Conformal Invariance and Current Algebra 

I studied the use of current algebra to construct representations of the two dimensional conformal 
in the discrete series of unitary representations (critical indices) discovered by Friedan, Qiu 

and Shenker. I showed that every representation in the discrete series occurs in the current algebra 
construction. 
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[l] 

[2] 

P. Goddard, A. Kent and D. Olive, Comm. Math Phys. 103 (1986) 105. 

A. Kent, Phys. Lett. B173 (1986) 413. 

ZONGAN QIU 

Supersymmetxic Critical Phenomena 

to construct correlation functions of the hicritical Ising model,' finishing the demonstration of the 
supersymmetry which was discovered by Friedan, Qiu and Shenker. 

I generalized techniques of conformal field theory to superconformal field theory and used them 

[l]  Z. Qiu, Nucl. Phys. B270FS161 (1986) 205. 

CURTIS CALLAN, DANIEL FRIEDAN, EMIL MARTINEC and MALCOLM PERRY 

Renormalization Group Fixed Points and the String Equation of Motion 

the world surface of (super) strings in a backgmund is equivalent to the equation of motion on the 
background'. This supports the abstract argument connecting conformal invariance and the string 
equation of motion, which is the basis for the equivalence between two dimensional critical phenomena 
and string theory. 

We confirmed that the renormalization group fixed point condition, i.e. conformal invariance, on 

[l] C. Callan, D. Friedan, E. Martinec and M. Perry, Nucl. Phys. B262 (1985) 593. 

TOM BANKS, DANIEL FRIEDAN, EMIL MARTINEC, MICHAEL PESKIN and CHRISTIAN 
PREITSCHOPF 

Fermionic String Field Theory 

superconformal ghost theory of [2,3]. This is a step towards constructing a gauge invariant interacting 
theory, which would show that string theory can be derived from an action principle and which would 
provide one possible scheme for doing nonperturbative calculations in string theory and thus under- 
standing compactification of spacetime in string theory. 

We constructed the gauge invariant free field theory for all known fermionic strings' using the 

[l] T. Banks, D. Friedan, E. Martinec, M. Peskin, and C. FMtschopf, SLAC preprint LAC-PUB- 
3853 (December 1985), Nucl. Phys. B. (submitted). 

D. Friedan, E. Martinec and S. H. Shenker, Phys. Lett. 160B (1985) 55. 

D. Friedan, E. Martinec and S. H. Shenker, Nucl. Phys. B271 (1986) 93. 
[2] 

[3] 
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JOANNE COHN 
N =2 Super Riemann Surfaces 

I described the N=2 extension of super Riemann surfaces,' generalizing Friedan's description of 
N=l  super Riemann surfaces (see above). This provides the basic mathematical language for studying 
N=2 supersymmetric critical phenomena and strings in backgrounds with spacetime supersymmetry. 

[l] J. Cohn, EFI preprint 86-32 (July 1986), Nucl. Phys. B (submitted). 

JOANNE COHN, DANIEL FRIEDAN, ZONGAN QIU and STEPHEN SHENKER 

The Spinor Field in Covariant Superstring Theory 

theory'. This work generalized and combined two constructions: from critical phenomena, the Luther- 
Peschel construction of the spin field of the eight vertex model, and from two dimensional current 
algebra, the group theoretic vertex operator. This was a key step in the covariant quantization of 
supersymmetric strings, which was carried out by Friedan, Martinec and Shenker (see below). 

We consmcted the matter contribution to the fermion emission vertex of supersymmetric string 

[l] J. Cohn, D. Friedan, 2. Qiu and S. H. Shenker, EFI preprint 85-90 (February 1986), Nucl. Phys. 
B. (to appear). 

DANIEL FRIEDAN, EMIL MARTINEC and STEPHEN SHENKER 

Covariant Quantization of Superstrings 

We constructed the covariant quantization of supersymmetric strings, using the techniques of 
superconfonnal field theory1V2. Previous quantizations were not manifestly Lorentz invariant. This 
was a key step towards a gauge invariant formulation of supersymmeuic string theory, which is needed 
in order to investigate basic processes such as spacetime compactification. 

[l] D. Friedan, E. Maxtinec and S. H. Shenker, Phys. Lett. 160B (1985) 55. 

[2] D. Friedan, E. Martha and S. H. Shenker, Nucl. Phys. B271 (1986) 93. 

DAVID BENSIMON, SHOUDAN LIANG, BORIS SHRAIMAN and LEO KADANOFF 

Models of Aggregation 

work involves understanding the time dependence of an interface between two regions of the plane. 
Of course the behavior of this boundary bears some exciting analogies with the behavior of strings. 

The major methods used for the studies were simulations'** and analytic ~alculations~*~ which 
used complex variable techniques. 

We have worked on models of aggregation and their applications to viscous flow problems. This 
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[ l ]  D. Bensimon, B. Shraiman, L. Kadanoff, in Kinetics of Aggregation and Gelation, North Holland 
(1985). 

S. Liang and L. Kadanoff, Phys. Rev. A31 (1985) 2628. 

D. Bensimon, I;. Kadanoff, S. Liang, B. Shraiman and C. Tang, Rev. Mod. Phys. (to appear). 
[2] 

[3] 

[4] D. Bensimon, L. Kadanoff, S. Liang, B. Shraiman and C. Tang, in Memorial Volume for S .  Ma, 
World Scientific (to appear). 

YOICHIRO NAMBU 

Quasi-supersymmetry in the BCS mechanism 

Following up on the idea' that the approximate supersymmetry obselved in nuclear physics is due 
to a BCS mechanism, I have indeed been able to show that the effective Hamiltonian for the fermionic 
and bosonic modes in a BCS-type theory can be factorized in a way similar to supersymmetric 
theories, and have identified the spectrum generating superalgebras2. The physical origin of this pro- 
perty, however, remains unclear. The practical problem of understanding and analyzing the excitation 
spectra in nuclear physics from this point of view is being camed out by my student M. Mukerjee. 

[l] 

[2] 

Y. Nambu, Physica 15D (1985) 147. 

Y. Nambu, in RationuIe of Beings, Festschrift in honor of Gyo Takeda, World Scientific (1986); 
also EFI 85-86. 
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1. T. Banks, D. Friedan, E. Martinec, M. Peskin, and C. Preitschopf, All Free String Theories are 
Theories of Fonns, SLAC preprint LAC-PUB-3853 (December 1985), Nucl. Phys. B. (submit- 
ted). 

D. Bensimon, B. Shraiman, L. Kadanoff, Mean Field Theory for a Ballistic Model of Aggrega- 
tion, in Kinetics of Aggregation and Gelation, North Holland (1985). 

D. Bensimon, L. Kadanoff, S. Liang, B. Shraiman and C. Tang, Viscous Flows in Two Dimen- 
sions, Rev. Mod. Phys. (to appear). 

D. Bensimon, L. Kadanoff, S. Liang, B. Shraiman and C. Tang, Complex Analytic Methoh for 
Viscous Flows in Two Dimensions, in Memorial Volume for S. Ma, World Scientific (to appear). 
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conformal Algebras in Two Dimensions or Exact Results on String Compactification, Phys. Lett. 
172B (1986) 316. 

C. Callan, D. Friedan, E. Martinec and M. Peny, Strings in Background Fields, Nucl. Phys. 
B262 (1985) 593. 

J. Cohn, N=2 Super Riemann Suvkces, EFI preprint 86-32 (July 1986), Nucl. Phys. B (submit- 
ted). 

J. Cohn, D. Friedan, Z. Qiu and S. H. Shenker, Covariant Quantization of Supersymmmenic String 
Theories: the Spinor Field of the Ramond-Neveu-Schwarz Model, EFI preprint 85-90 (February 
1986), Nucl. Phys. B. (to appear). 

L. Dixon, D. Friedan, E. Martinec and S. H. Shenker, The Conformal Field Theory of Orbifolds, 
EFI preprint 8642 (June 1986), Nucl. Phys. B. (submitted). 

10. D. Friedan, String Field Theory, Nucl. Phys. B271 (1986) 540. 

11. D. Friedan, On Two Dimensional Conformal Invariance and The Field Theory of String, Phys. 
Lett. 162B (1985) 102. 

12. D. Friedan, Notes on Sm'ng Theory and Two Dimensional Conformal Field Theory, Lectures at 
ITP Santa Barbara, July 29 - August 16, 1985, in Proceedings of the Workshop on Unified String 
Theories, M.B. Green and D. Gross (eds.), World Scientific (1986). 

D. Friedan, A New Approach to String Theory, Lecture at the Second Nobel Symposium on Ele- 
mentary Particle Physics, Marstrand, Sweden, June 2 - 7, 1986, in Unijication of Fundamental 
Interactions, Physica Scripta (to appear). 

D. Friedan, E. Martinec and S. H. Shenker, Covariant Quantization of Superstrings, Phys. Lett. 
160B (1985) 55. 

15. D. Friedan, E. Martinec and S. H. Shenker, Confonnal Invariance, Supersymmetry and String 
Theory, Nucl. Phys. B271 (1986) 93. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

13. 

14. 
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16. D. Friedan, Z. Qiu and S. H. Shenker, Details of the Non-unitarity Proof for Highest Weight 
Representations of the Virasoro Algebra, EFI preprint 86-29 (May 1986) Comm. Math. Phys. 
(submitted). 

17. D. Friedan and S. H. Shenker, The Analytic Geometry of Two Dimensional CoMormal Field 
Theory, EFI preprint 86-18A (May 1986), Nucl. Phys. B. (to appear). 

D. Friedan and S. H. Shenker, The Integrable Analytic Geometry of Quantum String, Phys. Lett. 
175B (1986) 287. 

19. D. Friedan and P. Windey, Supersymmetry and Index Theorems, Physica 15D (1985) 71. 

20. P. Goddard, A. Kent and D. Olive, Unitary Representations of the Virasoro and Super Virasoro 
Algebras, Comm. Math. Phys. 103 (1986) 105. 

D. Kastor, Modular Invariance in Superconformal Models, EFI preprint 86-20 (May 1986), Nucl. 
Phys. B (submitted). 

22. A. Kent, Conformal Invariance and Current Algebra, Phys. Lett. B173 (1986) 413. 

23. S. Liang and L. Kadanoff, Scaling in a Ballistic Aggregation Model, Phys. Rev. A31 (1985) 
2628. 

Y. Nambu, Fermion-Boson Relations in BCS Type Theories, Physica 15D (1985), 147. 

Y. Nambu, Supersymmetry and Superconductivity, in Rationale of Beings, Festschrift in honor of 
Gyo Takeda. World Scientific (1986); also EFI preprint 85-86. 

26. Z. Qiu. Supersymmetry, Two Dimensional Critical Phenomena and the Tricritical Ising Model, 
Nucl. Phys. B270FS161 (1986) 205. 

27. S. H. Shenker, Introduction to Two Dimensional Conformal and Superconformal Field Theory, 
Lectures at ITP Santa Barbara, July 29 - August 16, 1985, in Proceedings ofthe Workshop on 
Unified String Theories, M.B. Green and D. Gross (eds.), World Scientific (1986). 

18. 

21. 

24. 

25. 

Citations for Publications of Previous Years 

1. D. Fisher, D. Friedan, Z. Qiu, S. H. Shenker and S. Shenker, Random Walks in Two Dimensional 
Random Environments with Constrained Drift Forces, Phys. Rev. A31 (1985) 3841. 

D. Friedan, Z. Qiu and S. H. Shenker, Conformal Invariance and Critical Exponents in Two 
Dimensions, Journal of Magnetism and Magnetic Materials 54-57 (1986) 655. 

2. 
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and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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PROPOSED RESEARCH 

JOANNE COHN, DANIEL FRIEDAN, DAVID KASTOR, ADRIAN KENT, HAL RIGGS, and 
STEPHEN SHENKER 

Two Dimensional Critical Phenomena, Two Dimensional Conformal Field Theory and String Theory 

as two aspects of the same subject. Some of the specific topics we plan to work on are 
We plan to continue our investigations of two dimensional critical phenomena and string theory, 

1. Analytic Geometry of Two Dimensional Critical Phenomena and String Theory 

phenomena and string theory as analytic geometry on the space of Riemann surfaces1v2. 
We will be writing several papers on details of [1,2]. We plan to extend our reformulation 
to supersymmetric critical phenomena and supersymmetric string theory, using our theory of 
super Riemann surfaces. We plan to demonstrate the finiteness of string perturbation theory 
and the perturbative vanishing of the cosmological constant using our theory of N=2 super 
Riemann surfaces. We will attempt to use this formalism to classify all two dimensional 
critical phenomena. We will continue our efforts to extend this reformulation to nonpertur- 
bative string theory, to determine the nature of the true string ground state. 

[l] D. Friedan and S. H. Shenker, The Analytic Geometry of Two Dimensional Conformal 
Field Theory, EFI preprint 86-18A (May 1986). Nucl. Phys. B. (to appear). 

D. Friedan and S .  H. Shenker, The Integrable Analytic Geometry of Quantum String, 
EFI preprint 86-18B (May 1986) Phys. Lett. B. (to appear). 

We plan to pursue in many directions the reformulation of two dimensional critical 

[2] 

2. N = 2  Partition Functions and Modular Invariance 

We will calculate the partition functions of the representations of the N=2 superconfor- 
mal algebra and apply the condition of modular invariance to determine the multiplicity of 
critical indices in N=2 supersymmetric critical phenomena. 

Flow of Weights for the N=2 Superconformal Algebra 

We plan to use new techniques, related to the mathematical phenomenon called spec- 
tral flow, involving the imposition of twisted boundary conditions in models with continu- 
ous symmetries, to show that certain combinations of irreducible N=2 superconformal 
representations always must occur together in an N = 2  superconformal field theory. This 
will show that critical exponents must occur in certain combinations in N = 2  supersymmetric 
critical phenomena, and will complete the proof in string theory that N = 2  superconformal 
invariance of the world surface implies spacetime supersymmetry of the string background. 

Supersymmetry in the two dimensional gaussian model 

two dimensional gaussian model at a special value of the coupling becomes supersymmetric, 
and that the supersymmetry is not spontaneously broken away from the critical point. We 
plan to describe this supersymmetric model in detail, since it presents the simplest 

3. 

4. 

We pointed out in our original work on supersymmetric critical phenomena that the 
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experimentally accessible model of unbroken supersymmetry. 

The Physics of Computation 

using ideas developed in our work on two dimensional critical phenomena. 
We plan to open a new area of research into the physical constraints on large scale computation, 

LEO KADANOFF 

Models of Aggregation 

introduce spatial inhomogeneity into the interface to see its effect. 
I plan to continue the research described in the progress report above. The next step will be to 

YOICHIRO NAMBU 

Many Vortex Ahmnov-Bohm Problem. 

This has been a long standing challenge to me, The problem is to find an explicit solution for the 
motion of charged particles when many unquantized magnetic fluxes are present. The physical interest 
lies, for example, in the electron energy spectrum in an “Aharonov-Bohm medium”. There is also 
great mathematical interest in that it deals with quantum mechanics and difksion processes on a 
Riemann surface, a topic which is related to the cumnt activity in string/superstring theories. Recently 
I have been able to make progress on this problem. A paper is in preparation. 

Field Theory over Finite Fields 

Last year I proposed a field theory built on finite (Galois) fields’. Among the problems that were 
discussed there is the modular invariance related to discrete Lorentz transformations, but now modular 
invariance has become an interesting subject again in string/superstring theories. I would like to pursue 
my ideas further. 

[ l ]  Y. Nambu, in Quantum Field Theory and Q u a m  Statistics, Festschrift dedicated to E.S. Frad- 
kin, to be published; EFI preprint 85-52. 




