IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Complex curve of the two-matrix model and its tau-function

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2003 J. Phys. A: Math. Gen. 36 3107
(http://iopscience.iop.org/0305-4470/36/12/315)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.96
The article was downloaded on 02/06/2010 at 11:30

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0305-4470/36/12
http://iopscience.iop.org/0305-4470
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS A: MATHEMATICAL AND GENERAL

J. Phys. A: Math. Gen. 36 (2003) 3107-3136 PII: S0305-4470(03)56742-7

Complex curve of the two-matrix model and its
tau-function

Vladimir A Kazakov' and Andrei Marshakov'?>

! Laboratoire de Physique Théorique de I’Ecole Normale Supérieure*, 24 rue Lhomond,

75231 Paris Cedex, France

2 Institut des Hautes Etudes Scientifiques, 35 route de Chartres, 91440 Bures-sur-Yvette, France
3 Theory Department, P N Lebedev Physics Institute and Institute of Theoretical and
Experimental Physics, Moscow, Russia

E-mail: kazakov@Ipt.ens.fr, mars @lpi.ru, mars @gate.itep.ru and andrei@ihes.fr

Received 26 November 2002
Published 12 March 2003
Online at stacks.iop.org/JPhysA/36/3107

Abstract

We study the Hermitian and normal two-matrix models in planar approximation
for an arbitrary number of eigenvalue supports. Its planar graph interpretation
is given. The study reveals a general structure of the underlying analytic
complex curve, different from the hyperelliptic curve of the one-matrix model.
The matrix model quantities are expressed through the periods of meromorphic
generating differential on this curve and the partition function of the multiple
support solution, as a function of filling numbers and coefficients of the matrix
potential, is shown to be a quasiclassical tau-function. The relation to N = 1
supersymmetric Yang—Mills theories is discussed. A general class of solvable
multi-matrix models with tree-like interactions is considered.

PACS numbers: 02.10.Yn, 02.30.1k, 05.50.+q, 11.15.—q, 11.30.Pb

1. Introduction

Among the vast scope of matrix ensembles a distinguished role together with the integrals
over a single matrix is played by two-matrix models—the ensemble of two matrices, usually
with the simplest possible interaction between them [1]. Being still simple integrable systems
(as in the one-matrix case their partition function is a tau-function of Toda lattice hierarchy
[2]), these models already possess a richer mathematical structure than one-matrix models and
thus give rise to more applications. The two-matrix model was proposed and studied in [3] as
an important solvable example of a new class of statistical-mechanical systems: spins with

4 Unité mixte de Recherche 8549 du Centre National de la Recherche Scientifique et de 1'Ecole Normale Supérieure
et a I’Université de Paris-Sud.
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nearest-neighbour interaction on planar graphs (Ising spins in this case). Its multi-critical
generalization, in the spirit of one-matrix multi-critical points [4], leads to a complete picture
of (p, q)-critical points in two-dimensional gravity [5, 6]°. It also appears in the context of
two-dimensional Laplacian growth [8—10] demonstrating some hidden parallels between all
these problems.

Matrix models were the first physical example when the partition functions were directly
related to tau-functions of integrable systems [2]. The relation between the (quantum) partition
functions and tau-functions of (classical) integrable systems is still rather intriguing, it appears
to be much more universal than one could have expected. The same sort of integrable
structure as in the matrix models and/or the topological string theories has been found [11] in
the context of Seiberg—Witten theories [12] or A" = 2 supersymmetric gauge theories in four
dimensions.

The similarity between matrix models and supersymmetric gauge theories based on the
similarity of their integrable structures was noted long ago [13]. However, in multidimensional
supersymmetric gauge theories, apart from a recent example [14], one mostly observed the
quasiclassical limit of integrable hierarchies (see [15] for details and references). It means
that the prepotentials of gauge theories are described rather in terms of the quasiclassical
tau-functions or tau-functions of the universal Whitham hierarchy [16], than the tau-functions
of dispersionful hierarchies.

The overwhelming part of the work on the matrix models in the planar (large N) limit
concerned the so-called one-cut case, when the eigenvalues form a single-support distribution,
though a few interesting papers on multi-support distributions have been written in the past,
especially [17] (see also [18, 19]), where the relation with the hyperelliptic curves was revealed.
All these papers were devoted to the one-matrix model (1MM).

Recently, new interest in the multi-cut solutions was born, due to the papers [20], where
the effective superpotentials in the A" = 1 supersymmetric gauge theories were related to the
matrix models. The multi-cut solution corresponds there to the breaking of the gauge group
into a few subgroups. It was also proposed in [20] to ‘fill” with the eigenvalues not only the
minima of the matrix potential, but also the maxima, the situation missed in the matrix model
literature, due to the obvious absence of stability of such configurations. However, from the
mathematical point of view, especially from the point of view of the analytic curve description,
such filling appears to be admissible and even has some nice physical applications. These
aspects of the multi-cut solution were further developed in recent papers [21-23].

In this paper we are going to study the multi-support solutions in the two-matrix model.
As in the one-matrix model case, these solutions can be formulated in terms of the geometry
of the underlying complex curve endowed with a generating differential and a quasiclassical
tau-function, of the type proposed in [16]. We will write explicitly the equation for the
complex curve in the two-matrix model and define the partition function in the planar limit
as a quasiclassical tau-function. We will also study an important degenerate case of real
potentials and demonstrate the consistency of the tau-function approach with the planar graph
expansion (in terms of a multi-phase Ising system on the graphs) for the multi-support solution
in the two-matrix model. Our method of construction of the algebraic curve of the two-matrix
model is powerful enough to be generalizable to the more general multi-matrix models with
so-called tree-like interactions of matrices.

The two-matrix model with the simplest interaction between matrices is known in the
literature in two, superficially different, forms. The partition function of the normal matrix

5 A similar picture arises in the generalized one-matrix model in an external field [7], and it is not surprising that the
multi-support solutions in these models are also related.
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model (NMM)® of two commuting complex conjugated N x N matrices P, of: [®, P11 =0
is defined as follows:

Zy[t, f] = /DCD Dot e—Trd>d>f+2ReTrW(d>) (1.1
where the harmonic part of the potential V (&, &) = —dd' + 2Re W(®) is parametrized as
W(®) = Z,le 7 ®*. Going to the eigenvalues ® = diag(z;, ..., zy) we obtain’

N
ZI(VNMM)[I, lT] — / l_[ (dZZm e—z,,,Zm+2ReW(zm)) |A(Z)|2 (12)

m=1

the normalization by the unitary group volume Vy(y) being hidden in the definition of
integration measure in (1.1). The last integral has a natural interpretation in terms of the
partition function of a Coulomb gas of particles with coordinates z;, confined by the potential
in the exponent.

Almost the same eigenvalue integral can be presented as the partition function of the
model of two Hermitian non-commuting matrices X, ¥ (H2ZMM)

Z[(VHZMM) (1. 7] = /DX DY o TrXY+Tr WCO+TrW(Y) (1.3)

where W(X) = Zle twX* and W(Y) = Zle 7 Y* or, in terms of eigenvalues (using, as
usual, the Harish—Chandra—Itzykson—Zuber (HCIZ) formula):

N
Z(PMM 7 = / [ ] (o dyyy et WOmsWOmY A () A (). (1.4)
m=1

Now the Jacobian gives A (x)?>A(y)? in contrast to NMM, but the extra powers of Vandermonde
determinants are cancelled by the HCIZ integral.

Indeed, it is not difficult to note that the H2MM is very similar to NMM if we take in the
former K = K,7, = 4,k = 1,2,...and compare the eigenvalue representations (1.2) and
(1.4). We see that the difference is only in the fact that in (1.2) the eigenvalues of two matrices
are complex conjugate, whereas in (1.3) they form two independent real sets. The number of
integration variables is the same, only the contours of integration are different. It suggests that
for a large class of potentials W with good convergence properties at infinity (in particular,
for many polynomial potentials) the partition functions should be equal, and the correlators
of the quantities Tr ®”, Tr @1 should be the same as the correlators of Tr X”, Tr Y. In what
follows we will mostly consider the symmetric case K = K and in particular examples even
restrict ourselves to the case of real coefficients 7, = 7.

In the large-N limit the models will also be equivalent for most of the potentials W. The
solution to the saddle-point equation for H2MM gives rise, in general, to two sets of complex
conjugated eigenvalues: x,, = Zy, Ym = Zm,m = 1, ..., N, since it is the only way to make
the result for the partition function real for a general set of complex couplings 7. Hence
they will form the same spots of the two-dimensional Coulomb charges with uniform density
p(z,7) = —00V(z,Z) = 1 as in the case of NMM [25, 9].

The simplest demonstration of this equivalence comes from the direct calculation of the
Gaussian H2MM integral

® Which is a particular case of the models defined in [24].
7 After taking into account the Jacobian of the angular part of commuting matrices.
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Gauss __ Tr(—=X Y+t X+, Y+ X247, Y?)
ZyN = / DX DY e

ar \V72 ity + 120 + 237
= — exp]\]2 111—2_12 (15)
1 — 461, 1 — 461,

which, of course, coincides with the partition function of NMM with the same quadratic
potential W (z). The latter has in the large-N approximation the distribution of the eigenvalues
in the shape of an ellipse [25, 26], and the coincidence of results confirms our statement that
in the saddle-point approximation the eigenvalues x;, y; will be complex conjugate and will
also form the same ellipse. Both NMM [9] and H2MM [10] were proposed as matrix models
describing the two-dimensional Laplacian growth processes.

In the next section, we will demonstrate the planar diagram technique for the one- and two-
cut H2MM, relating it to the Ising model and to the two-phase Ising model on planar graphs,
respectively. In section 3, we will reproduce (by an unusual method) the solution of the two-
matrix model in the planar approximation. Using this solution we will build in section 4 the
general algebraic curve (in general not hyperelliptic) describing the multi-support two-matrix
model. We will describe the topology of its Riemann surface and its possible degenerations
into lower genera. In section 5, the free energy of the model will be presented as a tau-function
in terms of the variables corresponding to the periods of holomorphic differentials of the curve.
The cubic case with two-cut degeneration will be considered in detail and a rather explicit
solution for its free energy will be given. In section 6, we will describe the connection of
the model (and of some of its generalizations) to the calculation of effective superpotentials
of N’ = 4 super Yang-Mills theory softly broken by an appropriate tree superpotential, in
relation to the conjecture of [20]. In section 7, we will sketch out the construction of the
algebraic curves for a very general class of solvable matrix models with tree-like interactions
of the matrices.

2. Combinatorics of planar graphs of the multi-support two-matrix model

The equivalence of NMM and H2MM is useful to give a combinatorial interpretation to the
NMM in terms of planar graph counting. The NMM does not have such a direct interpretation
but the H2MM does. Indeed, the equivalence between (1.1) and (1.3) suggests the following
recipe: if we want to calculate the partition function or the correlators of traces of normal
matrices (without mixture of two matrices inside each trace!) we simply have to calculate the
corresponding quantities in the corresponding H2MM, taking arbitrary Hermitian matrices
X, Y instead of the commuting complex matrices P, ®f, and the same set of complex
conjugate couplings #,,7,. We can do it by all available methods in the H2MM: saddle-
point approximation, orthogonal polynomials or loop equations, or even perturbatively in the
couplings, by the direct planar graph expansion.

2.1. One-support case: Ising spins on planar Feynman graphs

Let us recall that the H2MM was used in [3] to define and solve exactly the Ising model
on dynamical planar lattices. The role of these lattices is played by planar Feynman graphs
and the positions of each spin correspond to two types of interaction vertices (X-vertex and
Y-vertex as spin-up and spin-down). In this respect, we can say that the NMM also describes
the Ising model on planar graphs. The phases of the complex couplings correspond here
to some generalized (imaginary) magnetic fields, whose values depend on the phases of
couplings.
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For example, the two-matrix model with cubic interactions describes the statistics of
Ising spins on ®3-type planar graphs (or, due to the Kramers—Wannier duality, on planar
triangulations):

zﬁ%«hxk=fD¢D¢w“~@mﬂﬁ@%%@%@V @1

It corresponds to the following choice of couplings in (1.1): #;, = f; = 0,0 = I, =
y/2.t3 = A/3,f3 = A/3. Note that this choice of couplings does not lead to loss of
generality: any cubic potential can be brought to that used in (2.1) by constant shifts of
matrices X — X + const, Y — Y + const and the phase rotations X — !X, Y —> ey,

Let us denote A = ge'”. The planar ®3-graphs are generated in the large-N limit by
the expansion of (2.1) in powers of g, and the corresponding Feynman rules can be given
a statistical-mechanical interpretation in terms of the Ising model on ®3-type planar graphs
with the temperature @ and the imaginary constant magnetic field iH [3].

The solution of the two-matrix model describing the Ising spins on planar graphs
corresponds to the situation when the eigenvalues for both matrices form one connected
support around the classical minimum of the potential corresponding to ® = ®f = 0.

2.2. Multi-support case: multi-Ising phases

Both NMM and H2MM admit in the large-N limit the multi-support solutions, in analogy
with the Hermitian one-matrix model, where they were studied from the point of view of their
relation to the hyperelliptic curves in the works [17-19], and recently in [20, 21]. In the case
of NMM the eigenvalues zj, Z; are distributed with constant density in a set of disconnected
spots on the complex plane z. Our main purpose in this paper is to describe and classify such
solutions from the point of view of the underlying algebraic curves.

We will work in the notation corresponding to the complex conjugated zy, Z; of the NMM.
However, all results will be true for the independent z;, Zx, as in the H2MM.

The eigenvalue supports appear around the extrema of the potentials. Note that in the
sense of analytic continuation one can also formally ‘fill up’ all extrema of the potential and
not only the minima. This leads to more general solutions [20] leading to important physical

applications. The extrema of the potential V (z,7) = —zZ + W(z) + W(Z) are at the points
defined by the system of equations
=Wk =WaQ. 22)

In general, for potentials of degree (n + 1) we have n”> extrema.
To be more concrete let us study the case of a cubic polynomial potential (related to the
one in (2.1) by a simple shift of variables):

V(7)) = —22+T(z+2) + g(z3+23) 2.3)

with real couplings T and g, and fill out only the two extrema obeying the reality condition
z = Z. The classical equations (2.2) for the extrema of (2.3) can be written in the form of a
‘classical’ curve®

1 ) >
?(z—gz —-T)(z—gz"—T)

1 T 1 2
=227 - — P+ + =P+ + —Z— 5@+ +—
8 g 8 8 8

=0 24

8 Compare it to the curve for the one-support solution in [27].
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and the solution has n?> = 4 extrema, two extrema for z = Z and another two for z+z = —1/g.
The potential can be expanded around the extrema z = 7 as follows:
_ A Ns= A mg A N2 N
V0 =~ 2)E@— 2+ (@ = 2)"+ @ = 2)7)
8 5\3 4 (5533
+ 5((Z —24)” +(Z — 24)”) £ const (2.5)

wherea =1, 2,

1
21, = i(1 +/1—4Tg) (2.6)

andm; , = 2gZ; 2. We will not consider the filling of the spots corresponding to other extrema,
with z + 7 = —1/g (later we will discuss this fact in a more general context).
Let us regroup the eigenvalues into two groups and denote

(z1 =21 .oo2m — 21) = (a1, ..., aw,)

(21 — 220 av — 22) = (b1s ... by) Ni+N»=N
and the same for the conjugated variables’, corresponding to their positions in the first or
second spot, respectively. Now we can use the eigenvalue representation (1.2) and rewrite this

integral in terms of Hermitian matrices A, A, of size Ny x N; and B, B of size N, x N, and a
pair of complex rectangular anticommuting ghost matrices C, C of size N; x N, as follows:

2.7

Zylt, 7] = / DADADBDEDC DC eNTSAABBCO) (2.8)

where
S(A,A,B,B,C,C) = —AA+ %(fﬁ + A+ %(A3 + A% — BB+ %(32 + B
+§(B3+B3) —mC'C —mC'¢ — gC'CA+¢CCIB — gCICA+gCCB
(2.9)

and m = /1 —4Tg. To rewrite the eigenvalue integrals as matrix ones, we used the HCIZ
formula for the U (N, 2) group integral

/[dQ]U(NI) eTI‘(SfXQ)?) x

and similarly for b,5. The matrices C,C served to exponentiate the cross-products
]_[k’m (ax — bp)(@; — b,,) in the Vandermonde determinants in (1.2) (see the similar method
for the one-matrix model in [17, 21]).

Now we can give the model (2.9) a combinatorial interpretation in terms of the planar
graph expansion. Namely, we expand (2.8) in the cubic coupling g, for the fixed m, m,, m.
The diagram technique consists of the following elements:

det,-j e”"a-/
A(a)A(a)

~ ~ 2m1 ~ 2
propagators:  (AA)g = (AA)o = ——— (AA)o = —
my—1 my—1
~ ~ 2m2 ~ 2
(BB)o = (BB)o = — (BB)o = — (2.10)
m5 — 1 m5 — 1

(CTC)y = (CTC)o = 1/m

% In the case of the H2MM one can imagine the situation when the filling numbers of the variables Z; are not the
same as for z;: N{ # Ny, Nz’ # N3; we do not consider this situation here.
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Figure 1. A planar graph of the two-matrix model with two eigenvalue supports. There are two
phases here: a thin line phase (inside the circles) and a thick line phase (outside the circles).
Each phase corresponds to two different kinds of Ising spins having different temperatures: the
spins looking ‘up’ are located in the triple vertices made of solid double lines, and the spins
looking ‘down’ are located in the triple vertices made of dotted double lines. The three types of
propagators inside each phase (solid, dotted and mixed) describe the interactions depending on the
mutual orientation of the neighbouring spins. Along the interphase (ghost) lines drawn by circles,
the spins have the same orientation.

vertices: (AAA)) = (AAA)y = (BBB)y = (BBB)

= —(CTCA)y = (CC'B)y = —(C'CA)y = (CC'B)y = g. (2.11)
Each type of propagator (CTC)y and (CTC)y forms closed loops on Feynman graphs, each
loop entering with the factor (—1).

A typical planar graph for the two-support model is presented in figure 1. Let us classify
the index loops of each planar graph (or a graph of a fixed topology) as carrying the index
i =1,..., Nj(solid line), or the index i’ = 1, ..., N, (dotted line). The ghost loops (drawn
by a double line formed by a thick and a thin line) will separate two phases on the planar graph:
one described by the matrices A, A (thick line phase) and another described by the matrices
B, B (thin line phase). Each of these phases corresponds to the dynamic Ising spins of first
and second kinds, as described in the previous subsection for the single-support case. At the
phase boundaries formed by the ghost loops, the spins have the same orientation (two types
of ghosts C and € correspond to two possible orientations). Each solid index loop contributes
a factor N, and each dotted index loop a factor N,.

Let us note at this point that for g7° < 1/4 we always have real m; > 0, m, > 0, but the
determinants of second derivatives of the action at two different extrema are m? — 1 > 0 and
m3 — 1 < 0 respectively, which means that the first extremum is the true minimum, and the
second is a saddle point of the potential.

One last comment about this diagram technique: as was done in [21] for the two-cut one-
matrix model, we can do the following formal operation with each graph, without changing
its contribution: we can change the contribution of each ghost loop from (—1) to 1, change
the sign of each BB, BB and B B propagator, and the sign of N.'°

10 We will see in the next sections that g Ni/N and gN»/N can be viewed as independent variables in the planar limit,
as in the one-matrix model case [21].
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All this means that we can consider instead of the matrix model (2.8), (2.9), the matrix
model with the action

S(A,A,B,B,C,C) = —AA+ %(fﬁ + A+ %(A3 + A+ BB — %(32 + B

+ %(33 + B —mC'C —mbiC +gCICA+gCCTB+gCICA +gCCTB.
2.12)

Here C and C are already the usual commuting complex N; x N, rectangular matrices (the sign
of N5 is again normal here). We also changed the variables as follows: A — —A, A — —A.

In this new representation of the same model, the perturbative g-expansion goes around
the true minima of the potential, and the contributions of planar graphs are positive. The
planar expansion of this matrix model defines the statistical-mechanical model on random
dynamical graphs describing a two-phase system, each phase corresponding to the system of
Ising spins with the ferromagnetic boundary condition on the phase boundary. Note that since
we have two independent ‘cosmological constants’: the coupling g and N,/N, but only one
parameter 7 related to the (different) temperatures of two kinds of Ising spins, hence we cannot
make both types of Ising spins critical at the same time. We need for that higher powers of the
potential. In a sense, our multi-cut solution generalizes the ADE models proposed in [28, 29].

Let us conclude this section by noting that much of what we did here on the two-support
case can be carried over to the four-support case of this model and to the multiple supports for
the potentials of higher degree. However, unlike the cubic case with real couplings, the details
are difficult to work out. Below we will return to the cubic potential and discuss in detail the
generic four-support structure. We will also see that the generic four-support solution has a
very natural two-support ‘degeneration’, corresponding precisely to the perturbation theory
considered in this section.

3. Solution of the model in the planar limit

Let us now turn to the solution of the two-matrix model in the planar or large-N limit. As is
well known in this case, the computation of matrix integrals (1.1) or (1.3) can be reduced to
the solution of the saddle-point equation.

The saddle-point equation for the model (1.2) with the eigenvalues zj,...,zy (or
analytically continued saddle-point equation for (1.4)) reads
Z=WE)+ Yy —— 3.1)
jG kT

together with the complex conjugated equation. For the resolvents of distributions of the
eigenvalues

G(2) =h<TrZ_1<D> G®) =h<TrZ_CDT> 3.2)
it can be written as

I=W@+G@)  z=W@D+GQ (3.3)
where the resolvent has the usual asymptotic at large z or Z for the finite supports:

G(2) — to/z+0(1/2%) G(2) — 1/z2+0(1/2). (3.4)

To fix the resolvents in (3.3) we have to impose the condition that the functions Z(z) and z(Z)
are mutually inverse:

Z(z(x)) = x. 3.5)
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To justify this condition we recall once again that the solutions of these equations describe the
spots of Coulomb charges with the uniform distribution of the eigenvalues with coordinates
(z1,Z1), - -, (2n, Zn) with the density p(z, Z) = 1. The boundaries of the spots are in general
smooth curves in the complex plane z depending on the couplings of the potential. To fix the
form of these boundaries it is enough to consider the equations (3.3) at the boundary. Then both
equations should define the same curve z(z). It means that the solutions of these equations,
Z(z) and z(Z) respectively, should be mutually inverse, i.e. obey equation (3.5)!'. Note that
in general Z should be treated as an independent function on the complex manifold (with
involution) and it becomes literally complex conjugated to the function z only on some real
section—the real analytic curve in the sense of [9], which is just a boundary of the eigenvalue
distribution. To avoid further misunderstanding in what follows we will denote this function
as Z(z), so that Z(z) = Z (i.e. is literally complex conjugated only on the boundaries of the
spots).

In the quasiclassical, or dispersionless, limit one considers the free energy of the matrix
ensembles to be defined as a ‘planar’ limit

t
F(t,S) = lim <h2 log Z <£)) (3.6)
implying N — oo,h — 0 with Nh = Iy being fixed. In (3.6) t denote the parameters of
the potential V(z,7) = —zz + W(z) + W(Z) while § are the new variables directly related to

the ‘filling numbers’ of various eigenvalue supports. More strictly, by the planar limit (3.6)
one usually understands the solution to the variational problem

foc/V(z,Z)p(z,Z) dzz—/dzz;dZZzp(m,Zl)p(zz,Zz) log|z1 — 22|

Yo ([oed-s) 37)

which is the ‘stationary phase’ condition for corresponding matrix integrals (1.2), (1.4).
Note that the normalization of the density at different supports is achieved by the Lagrange
multipliers v,. The dispersionless tau-function can be obtained from (3.7) by the substitution
of the saddle-point solution p = p, of the saddle-point equation

SF _
op(z,2)

or
Vo = /dzz/,o(z/, Z)10g|za — 2’| = V(2Zas Za) (3.8)

for any point P, = (z4, Zy) belonging to one of the supports, labelled by «.

In the next two sections we will first discuss the structure of the complex curve (3.3)
for two-matrix model and then define the free energy (3.7) as a (logarithm) of quasiclassical
tau-function.

4. Complex curve for the two-matrix model
The reality condition suggests the following ansatz for the solution to (3.3):

Fz.2) =) fij7'e =0 (4.1
ij

" A more rigorous derivation of these equations from the method of orthogonal polynomials can be found in [5, 6].
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N

Figure 2. The Newton polygon for the curve (4.2). The highest degree terms in (4.2) determine the
shape of the polygon and the integer dots inside it count the number of holomorphic differentials,
or genus of the curve. Clearly, this number is equal to the area of the ‘dual’ square except for one
(black) point, so that g = n?—1.

with the coefficients obeying the symmetry: f;; = f j,~.12 Due to this symmetry the
equation (3.5) will be automatically satisfied.
The coefficients f;; can be partially fixed by the asymptotic:

~ , o 1
@D 2W(@)+—+0 | >
z 72

following from (3.3) and (3.4), but the number of parameters of the potential grows linearly
with its degree while the number of coefficients of (4.1) grows quadratically. The rest of the
parameters will correspond to the eigenvalue filling numbers for various spots (supports of the
eigenvalues on the z plane). Altogether they will play the role of moduli of complex structure
of the algebraic curve defined by equation (4.1).

One may also think of the analytic curve (4.1) as of the algebraic form of the large-N
loop equations in H2ZMM (but not in NMM!) for the resolvent G (z) [30, 27], or for the matrix
model in external field [31], where it was first proposed.

4.1. Structure of the curve

We can give precisely the algebraic equation of the curve (4.1) for the mutually complex
conjugated potentials of degree K = n + 1 (with a few explicitly given highest degree terms)

F(z.2) =2"2"+az"" +az"™' + ) f;7'E =0 4.2)
i,Je(NP),

where the first three terms correspond to the three points on the boundary lines of the Newton
polygon (square in this case) in figure 2, and the sum over (N P), in the last term means the
sum over the points inside the Newton polygon (including the points on both axes not marked
in figure 2). For example, there are eight terms in this sum for n = 2.

12 Since any such curve should be consistent with its real section, the equation F(x +iy, x —iy) = P(x, y) = 0 with
real coefficients.
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One may compare this equation with (2.4) and see that the higher degree terms are always
fixed by the ‘classical’ equations on extrema of the matrix model potential. The properties of
the curve (4.2) can always be easily established via the Newton polygon in figure 2.

Counting the number of integer points inside the polygon one finds that the number of
holomorphic differentials, or genus of the curve, is equal to

g=n’>—1. 4.3)
A simple basis for the holomorphic differentials can be chosen as
._.dz _.dz
dU,‘j = ZlZJ —_— = —lej— (44)
Fz b4

with the degreesi =i’ — 1 and j = j’ — 1, where (i’, j’) € N P are coordinates of the points
strictly inside the Newton polygon, without the boundary points (see figure 2)'3.

Finally let us point out here that for the models with non-symmetric potentials W and
W one may write the spectral curve equation in a similar way, but it would not obey such
symmetric properties. For the potentials W and W of degrees n + 1 and 7 + 1, respectively,
the highest terms will always be of a particular form

F(x,y) = x"y" + Ax"*' + By™! 4+ Z ﬁ_ixiy-i 4.5)
(i,j)e(NP),
and the genus of the curve (4.5) is nii — 1. It means that the (n+ 1) x (n + 1) square in figure 2
should be replaced by the rectangle of the size (n + 1) x (7 + 1) with all other elements of the
construction remaining intact. Of course, for 77 = 1, integrating over the matrix with Gaussian
potential one returns to the IMM with the (hyperelliptic) curve of genusn — 1.

4.2. The cubic example

To understand better the structure of the curve let us first discuss in detail the cubic example.
Writing equation (4.2) first with arbitrary coefficients

F(z.2) =22 +az’ +az> + bz? 2 + b7 + c2* + 3% + f2Z+qz+Gi+h =0 (4.6)

one finds that its structure is in fact very similar to the equation of the ‘classical’ curve (2.4).
Indeed, equation (4.6) should be consistent with the asymptotic

3
F=W()+Gi) = Zktkzk_l +0 <1> =22 +yz+n+0 (1) . @
Z Z

k=1

Substituting (4.7) into equation (4.6) and collecting the coefficients in front of the terms z°, z°
and z* one obtains
1 % i > T
g=—c=-—— b=L=0 c=2_-Liol _ - (4.8)
A g A A AL A
and their complex conjugated counterparts, i.e. the coefficients at higher degree terms are
indeed completely fixed by parameters of the potential (2.3). Four lower degree coefficients
f. ¢, g and h correspond to the bipole differential and three holomorphic differentials'4. Their
classical ‘expectation values’ are presented in equation (2.4).

13 For example, for n = 2 there are three points inside the polygon: i/, j* > 0 and i’ + j’ < 2, then the holomorphic
differentials are labelled by 7, j > Oand i+ j < 1.

14 Note that the curve (4.2), (4.6) is written implying some reality condition on the coefficients, but as usual, the
deformations of these coefficients should be considered as independent complex variables.
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n

Figure 4. Generic curve of the two-matrix model as a cover of the z-plane.

Let us now present the curve (4.6) as a Riemann surface of a multi-valued function
Z(z). Then it can be thought of as a three-sheet cover of the complex z-plane. On the first,
physical sheet, there are no branch cuts at z — 00, as follows from the asymptotic (4.7). This
asymptotics should be supplemented by the ‘complex-conjugated’ asymptotics

=W@®+0 G) (4.9)
on ‘unphysical’ sheets. Then itis clear from (4.7) and (4.9) that on the physical sheet at infinity
Z o« z2, while on two unphysical sheets 7 o /z and two infinities on unphysical sheets are
‘glued’ by a cut.

The branch points at z-plane are determined by zeros of the differential dz, or by Fz = 0.
Considering the simplest non-degenerate case of the curve (4.6)

22 var+ar+h=0 (4.10)

it is easy to see that there are nine branch points in the z-plane (of course, one comes to the
same conclusion looking at the Cardano formula).

The structure of the curve can then be presented as in figure 3. It is clear from this
picture that the curve can be presented as two copies of P' ‘glued’ by four cuts, i.e. in general
position it has the genus g = 3. There are two ‘infinities’ z = 0o, Z = 00, one of them is a
branch point. We have shown schematically the possible cuts and the corresponding choice
of canonical A-cycles.

To conclude the picture, let us make a few comments about the curve (4.2) for a potential
of a generic degree n, i.e. when W’(z) ~ z" +.... This curve (see figure 4) can again be
presented as two P! glued by # stacks of cuts. One of these P! corresponds to the ‘physical
sheet’, the other one is glued at co_ from n copies of ‘unphysical’ z-sheets. Each stack consists
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P]

z

Figure 5. Generic curve of the two-matrix model as a double of z and Z planes. One takes
the Riemann surface of the function Z(z), as in figure 4, and its ‘mirror’ Riemann surface of the
function z(Z) which possesses the same structure. Cutting the physical sheets one may glue them
together along the (real) curves Z = Z(z).

of n cuts, so their total number is n2 among which one can choose n? — 1 independent, whose
number is equal to the genus of this Riemann surface.

The differential dz always has a pole of the second order at co,. on the upper, or ‘physical’
sheet, and a pole of the order n + 1 at co_ since z|,, o Z" +....It gives altogether n + 3 poles
and from the Riemann—Roch theorem one concludes that the number of branching points, or
zeros of dz, is equal to

#(dz=0)=n+3+2(n* - 1) —2=2n"+n—1 (4.11)

reproducing nine for n = 2. In general this gives exactly 2n? branch points, producing simple
cuts and (n — 1) ramification points, connected by cuts with co_.

Finally, let us point out that the structure of the curve (4.2) and figure 4 is consistent with
the structure of the ‘double’ in z and Z variables, explicitly seen in the one-support solution
[9] and proposed to be a feature of the multi-support solutions by Krichever [32]. Indeed,
equation (4.2) is ‘symmetric’ with respect to z and 7 variables, so instead of the picture in
figure 4, one can draw a ‘dual’ picture of a (n + 1)-sheet cover of the Z-plane. These dual
pictures can be combined together as in figure 5. Cutting ‘physical’ sheets from both pictures
one may glue them together, forming a double with involution z <> Z. The only delicate point
is that these z and Z sheets should be glued together along the boundaries of the spots where
Z(z) = 7 and vice versa, in contrast to the picture of figure 4, where the sheets are glued along
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Figure 6. The boundary of the spot y and a cut of a multi-valued function Z(z) inside the spot. On
y one has an equality Z = Z(z) but this is not true on the cut.

the cuts on the Riemann surface of the multi-valued function Z(z) defined by the solution to
equation (4.2). Both sheets of the double (the lower picture in figure 5) generally have n’
spots.

The difference between the boundary of a spot and a cut of a multi-valued function is
demonstrated in figure 6. One obviously gets the following relations for the two-dimensional
and contour integrals

/ dz A d2=%2dz=%2dz=% Zdz 4.12)
spot y y cut

which clarify the equivalence of the two pictures in figure 5. Relations (4.12) allow us to endow
the complex curve (4.2) with a meromorphic generating differential 7 dz (or the generating
differential of the form dS = y dx = —x dy in the asymmetric case (4.5)).

4.3. Degenerate curves

Let us now discuss how the curve (4.2) can be degenerated. The (smooth) genus g = n?—1
of the curve (4.2) decreases if there exists a nontrivial solution to the system of equations

F(z,2) =0 dF =0. (4.13)

It imposes certain constraints on the coefficients of f;; of equation (4.2), which can be found,
say by computing the resultant of the equations (4.13). However, these constraints cannot be
really resolved for a general position.

To get an idea of how the curve (4.2) can be degenerated, consider first the cubic case
(4.6) and let us make all coefficients of this equation real. Then, it is easy to see that it can be
rewritten in the form

Y +aX’ +cX*+gX+h—2Ba—-b)X+2c— )’ =Y*+P(X) =0 (4.14)
where
X=z+z% Y =2z — 1((Ba —b)X +2c — f). (4.15)

One may ‘tune’ for simplicity the coefficients of the potential (4.8) to get 3¢ = b and 2¢ = f.
The formulae (4.15) show that our curve (4.2) can be presented as a double cover of the torus
(4.14) with four branch points which are solutions to equation (4.6) under the substitution
7 = z, where the transformation (4.15) becomes singular. Hence, the curve (4.6) can also be
presented (in addition to figure 3) as two tori glued by two cuts (see figure 7).

Now it becomes clear how this picture can be degenerated. Rewriting equations (4.13) as

F: = zFy + P'(X) F: = 3Fy + P'(X) (4.16)

one immediately finds that they lead either to z = Z or to Fy = 0 and P'(X) = 0. In the
second case the torus (4.14) degenerates, while z = 7 leads to degeneration of the cover of
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Figure 7. Curve (4.6) as double cover of the torus. When the torus (4.14) degenerates, the genus
g = n? —1 =3 curve (4.6) degenerates into the curve greqq =n — 1 = 1.

Y

n

. ag o, — =D
Figure 8. The Newton polygon for the curve (4.17) gives the genus g, = %

this torus. We will be more interested in the degeneration of the torus since, for example,
it corresponds to filling of the ‘correct’ vacua (real eigenvalues) in the perturbative picture
considered in section 2.

When the torus degenerates into a rational curve, one gets the Riemann surface (4.6)
presented as a double cover of this rational curve with two cuts, i.e. as a Riemann surface
of genus g = 1 with smooth handles of tori degenerated into (a pair of) singular points (see
figure 7).

The equations of degeneration of the torus (4.14) can easily be written using the conditions
for the double root of the polynomial P(X). Explicitly, these conditions acquire the form of
the discriminant of P(X) or the resultant of the two polynomials P(X) and P’(X).

Now, in the general case (4.2) with real coefficients a substitution analogous to (4.15)
brings it to the form

Yre X"y =0 4.17)

where by dots we denote monomials of lower degrees in X and Y, and there are no ‘mixed’

terms in equation (4.17). The genus of the curve (4.17) can easily be computed again by the

Newton polygon (figure 8), which gives
nin—1)

5 (4.18)
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n(n-1)/2

n(n-1)/2

! 2 3 n(n-1)2

Figure 9. The general curve (4.2) as a double cover of the curve (4.17) with a genus g, =
Similarly to figure 7, when the curve (4.17) completely degenerates into a rational curve the curve
of two-matrix model (4.2) degenerates into the curve of genus greg = n — 1.

n(n—l)
2

In the same way one may present the generic curve of the two-matrix model (4.2) as a double
cover of (4.17) with 2n branch points. Indeed, the Riemann—Hurwitz formula

2—2g =#5-(2—2gy) — #BP (4.19)

where #S is the number of sheets and #BP is the number of branch points, gives for g = n* — 1
and go = g, exactly #BP = 2n. It means that the generic curve of the two-matrix model (4.2)
can be presented as a double cover of the curve (4.17) with n cuts, and when the curve (4.17)
degenerates into a rational one, the curve (4.2) has the genus (figure 9)

8red =N — 1. (420)

4.4. Rational degenerations

Let us finally say a few words about the rational degenerations of (4.2), i.e. when its (smooth)
genus vanishes. A particular example of such a totally degenerate curve is given by the
‘classical’ curve (2.4), but the rational case can easily be studied for the generic values of
coefficients in (4.2), i.e. without any reality restriction.

In such a situation equation (4.2) can be resolved via the (generalized) conformal map

n n
U ~ r -
z=rw+ E — I=—+ E aw* (4.21)
w w
k=0 k=0

and the substitution of (4.21) into (4.2) gives a system of equations, expressing all coefficients
fij in terms of parameters of the conformal map (4.21).

Indeed, substituting (4.21) into (4.2) and computing the residues one finds that the
expressions

RI[F] = res (%"wa(z(w), z(w))> -0 (4.22)



Complex curve of the two-matrix model and its tau-function 3123

for] = —n(n+1),...,n(n+ 1) form a triangular system of equations onto the coefficients
fij. It means that each of the equations (4.22) is linear in one of the coefficients, and can be
resolved step by step, starting from the ends of the chain.

For the cubic potential (n = 2) the solution is

72
a=——
Uz
ur _
b=——2i
Uz
uiriig  _, B r2u0 r3121
c=— +ilg — 2rit; +3 — =
Uz uz U
4 i 2=
B _ _ r _ rujug r-uuy ruou
f=l’ —2u2u2+4u0u0+_ —u1u1—2 — + — -2
7527 %) Uz Uzt Uz
rzu(z) o 5 rzﬁ% r4120 _ B _ _ _n
q = —3—— +2usiiritg — Uit} —2—— — — — 3ritouy +souyity + 4uoricy — 2iigug
U us U
rﬁ1u12 0 ru ol r3u1 rﬁlﬁ% r2ﬁ0u1ﬁ1 u0r3121
—— —rTilg+2 +3 +— — — +2—
uz Uz uz uz 175175 1751 7%)
7o rzﬁg __ 9 uorﬁlﬁ% 2 r3ﬁ0121 ﬁzu?r
h=—— + —— +ihilou] — ———— + Uslgit] — 3— -
Usur Uz Uz Uz Uz
I/lzr‘l/_l? 1’214(3) r4ﬁ1u1 uoﬁob_ll}"zul 7'314]126 7'31711146 u%ﬁ%rz
-+ +2— + — - — - — - —=
Uz Uz U Usur U U U
2~ 2.2- =2 =
4 2 2 uiuiuor 2 U1 r-up upuirugo 2
+3r* +ilgug + ——— — 2iguir +2 + — + gl
Uz Uz Uz
_ _ u0ﬁ0r4 22 ulrﬁou% _ uorzﬁ% r3u0u1
— uq i upity + — +usiy — ——— — 2rijuy +2—— -3
Uy U Uz Uz

— U U U Uy — 3?’21/_{2142 + 3usritying — 2uourilgly — ﬁ1r2u1 + 3ugriauy

together with the ‘complex conjugated’ expressions for @, b, ¢ and 7, where one should replace
uy by iy and vice versa. Resolving (4.22) one gets the explicit description of the rational
degeneration of the curve (4.2) in terms of the coefficients of conformal map (4.21). However,
in a general situation they are only implicitly defined through the parameters of the potential
V(z, 2).

5. Quasiclassical tau-function

Let us now define the partition function for the two-matrix model (3.7) in terms of the
quasiclassical tau-function introduced in [16]. First, we discuss the simpler example of
the one-matrix model and then turn to the particular features of the two-matrix case. The
hyperelliptic curve of the one-matrix model was first discussed in [17], and recently, in the
most general form including all the extrema of the potential, in [20] (see also [21, 33]).

5.1. One-matrix model

The complex curve of the one-matrix model

Z = /dcbeTan(“’) (5.1)
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with the model potential
Wy(®) = kit (5.2)
k=1

comes from the very simple loop equation G2 + 2W, (MG — f(x) = 0 (see, for example, [34]
or [4]). It is always hyperelliptic, i.e. can be rewritten in the form

V=W + £ () (5.3)
with y = G + W, and the moduli hidden in the coefficients of the polynomial

n—1

fO) =" firk. (5.4)
k=0

The generating differential is chosen as
ds™MM — y dx (5.5)

and additional variables, corresponding to the eigenvalue filling numbers, can be introduced
through its periods

S = f dsm (5.6)
A;
directly related to the integrals of density over the eigenvalue supports. Then
9 ds™M
= d(,(),' f da)j = 8,’] (57)
9, A;

where the derivatives are taken at fixed coefficients {#;} of the potential W, (1) (5.2). As usual,
the periods dual to (5.6) are given by the integrals over dual cycles

™ — y§ dstMM, (5.8)
B,

To complete the set of parameters of the model, we have to add to the filling numbers (5.6)
and coefficients of the potential (5.2) the variable

resos, (AS™M) = _res,, (dS"™M) = J;—;‘ = 1 (5.9)
so that
ddsS™MM  pn=ldn 1296 akda
_ Iy i 7 A% (5.10)
810 y 2 = 8t0 y

The dependence of { fi} withk =0, 1,...,n — 2 upon tj is fixed by

Al 15297 Ak da
f f =) U —0 (5.11)
A — 0y

N

y

which gives fori = 1,...,n — 1 exactly n — 1 relations on fy, fi, ..., fu—2. The bipole
differential (5.10) can also be rewritten as

9 dsMM —dlo (E(P, oo+))

dQ. =
= E(P,00_)

” (5.12)
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where E(P, P’) is the prime form on (5.3). Obviously, the differentials (5.12) obey the
properties

IeSoe, dQ24 = —TeSo, d24 = 1
) (5.13)
dQL =0 i=1,....,n—1.
A;
To complete the setup one should also add to (5.8) the following formula
04
My = / ds'm (5.14)

which can be regularized in the usual way presenting the puncture at infinity as a degenerate
handle. The partition function of the multi-cut solution of the 1MM is defined now in terms

of the quasiclassical tau-function 7'M obeying the equations
8Jplkml 8Jp]kml
—— = MM = TI,. (5.15)
0S; aty

n—1

In the papers [20], instead of 7y the parameter S=1- Zi:, S; = S, was used. This is a non-
standard definition of the homology basis on (5.3) and it gives rise to the divergences at infinity.
However, the basis of [20] is related to the canonical one by a linear change of variables, where
no divergences appear (except for the trivial one in (5.14)) and the integrability of (5.15) (the
symmetry of second derivatives) follows from the Riemann bilinear relations, including the
symmetry of the period matrix of (5.3).

5.2. Two-matrix model (general symmetric potential)

In the same way, the filling numbers can be defined for the two-matrix model

1 1
P = dz A dz=— zu:f ds*M (5.16)
271 Jith spot 27 Ja, A
i.e. as periods of the generating differential
1
ds*M = —zdz (5.17)
2mi

under the appropriate choice {A;} for the basis of A-cycles on the Riemann surface (4.2).
This is illustrated by figure 4 (or by its particular cubic case figure 3), taking into account
figure 6 and equation (4.12). From (5.16) one still gets in the same way the analogues of the

formulae (5.7)

a(js2hml

= d(,(),' f da)j = 8,’] (518)
9, A;

where the canonical holomorphic differentials (now on the curve (4.2)) are certain linear
combinations (with moduli-dependent coefficients) of g = n*> — 1 ‘lower degree’ holomorphic
differentials (4.4).

The derivatives of (5.17) with respect to the coefficients of equation (4.2) can be

computed in the standard way. Choosing z as a covariantly constant function one writes
for (4.2)

F:83+8F =0 (5.19)

where 6 F = Zi,.i 8f; jziZf is a variation of only the coefficients of (4.2). Then the variation
of (5.17) gives rise to

4

dz ._.dz
67dz = —6F — = — 8f:i7'7 —. 5.20
Zdz 7 ,X]: fijz'z E (5.20)
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Expression (5.20) contains a decomposition of the variation of the meromorphic differential
(5.17) over some basis of meromorphic and holomorphic differentials on the curve (4.2). It is
easy to check that the coefficients f;; corresponding to the meromorphic Abelian differentials
of the second kind can be expressed through the parameters of the potential V(z, z) of
the two-matrix model, namely, through the coefficients of its harmonic part W (z) + W (Z). The
corresponding relations follow from the fact that the complex curve (4.2) should satisfy the
asymptotic expansion of the branch

n+1
z=W(@)+0 <1) = Zktkzk* +0 (3> (5.21)
< k=1

Z

which gives rise, e.g., to @~ = —(n + 1)t,41, etc.

The rest of the coefficients fi; consist of the coefficient corresponding to the third
kind Abelian differential (with the first-order pole) and the holomorphic differentials (4.4).
Fixing the coefficients expressed through the parameters of the potential in (5.20) and taking
appropriate linear combinations, one arrives at (5.18).

As will be shown below, the dependence of the free energy (3.7) upon the filling numbers
(5.16) is defined by

oF 1
=@ dS$PMM — f zdz (5.22)
aS; B; 2mi Jp,

where {B;} are the canonical dual cycles A; o B; = §;;. The integrability of (5.22) follows
from the symmetry of the period matrix of the curve (4.2).
Now, as in the one-matrix case, one should also introduce

reSeo, (AS*MM) = —res,, (dS?MM) = ¢, (5.23)
adding the bipole differential
9 ds*MM E(P, d afi;
4Qs = _ dlog (BP0 ) _ nciznr fi dvy; (5.24)
a1 E(P,00_) F;

holomorphic

where coefficients %’ are fixed, as in (5.11), by 35 . 42+ = 0. The variables (5.16) should

be directly identified with those introduced in (3.7) for « = 1,...,n> — 1 while S,» =
o — Z?-—] S;.
The formulae (5.16), (5.22) and (5.23), together with the (regularized) equation
oF o0 1 o0+
- = dszm _ —/ zdz (5.25)
dto o 271 Joo

define the quasiclassical tau-function [16].
It is clear that this definition coincides in fact with the definition of free energy of NMM
or H2MM (3.7). Indeed, using formula (3.7) one can easily check that

oF 1
— = [ Zp(z,2) d’z = —res(z¥z dz) (5.26)
oty 2mi
and
oF
35, = Ug. (5.27)

The quantities (5.27) are in fact nothing but linear combinations of (5.22) and (5.25), as
in the case of the IMM. It can be derived by carefully treating the logarithmic integral
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Figure 10. The integral in (5.29) can be transformed to (the linear combinations of) the integrals
over the cuts of logarithms, which turn into the B-periods of dS?"M = %mz dz.

[ dz Adzlog|z — zel, with z, belonging to one of the eigenvalue supports. Indeed from (3.8)
one can get for vy — V(24 Zo)

/dz/\dzloglz—zalzzZ/dz/\dilog(z—za)+c.c.

spots

= Y Plogz—za)Zdz+ce.= »  ¢Plogz—z.)idz+cc. (5.28)
boundaries boundaries

The integral in the rhs of (5.29) is an integral of the multi-valued differential defined on a
Riemann surface with two sorts of cuts: the cuts of the function Z(z) and the cuts of the
logarithms. The integral over the spots can be transformed into boundary integrals, where
the boundaries should now include the integrals along the branches of the logarithmic cuts
(see figure 10), the corresponding contributions to the two-dimensional integrals over spots
vanish. The latter are combined into the integrals around all spots which can be deformed
to infinity, modulo the integrals along the logarithmic cuts. Altogether these contributions
give rise to the canonical B-periods of dS*™ = -Lzdz. Finally, the situation appears to be
quite similar to MM since applying the procedure of ‘transfer’ of an eigenvalue from one
support to another [20] one should leave intact the boundary of the spot (since adding an
eigenvalue directly to the boundary not only changes the filling numbers, but also the shape
of the domain, related to the parameters of the potential [26]). Instead, as in the one-matrix
case (where one may neglect this problem due to vanishing of the density of eigenvalues at
the ‘boundaries’ of a cut) one should put the points z, to the branching points of the complex
curve where dz = 0. After that, using (5.29) and

aV(z,2) O‘f 7(z)) d7’
9z =0 ar 2—72
one gets the formula (5.22).
Indeed, let us calculate, for example, the difference g—g - % using the ‘eigenvalue

transfer’ procedure from an endpoint zg = z” of the Sth cut to an endpoint z, = z’ of the ath
cut in z-plane. It will be given by difference of the corresponding eigenvalue effective actions
(see (1.2), (1.4)) at the saddle point:

oF OF

___:_/—/+ //~//+W /_W //+W~/_W~//
95 95, 77 +7'7 €] " ) z"

+§:/ log @ = z2)E = Zm) (5.29)
2O @ =2 |
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where 7' = 7(z'), 7" = 7(Z"), with the function 7(z) defined by the algebraic curve (4.2) (or
(4.5)) of the two-matrix model.

Passing to the continuum limit and introducing the resolvents G (z) and G (%), as in (3.2),
we rewrite the last term in (5.29) as follows

dz @ —2) d . G —3)
?gc it log(z” - z)) +ﬁ 2 G @) log <(2“ - z))

where the contours C and C encircle all the eigenvalue supports—the cuts in the z and 7
planes, respectively (these cuts or their stacks are depicted in figure 5). It is important that,
according to the definition of the sums in the last term of (5.29), the contours do not encircle
the logarithmic cuts along (z/, z”) and (Z’, ") intervals.

Blowing up the contours C, C we will encircle only the logarithmic cuts (note that there
are no poles at infinity). Calculating discontinuity along these cuts we reduce the contour
integrals to the ordinary ones:

oF  OF
a8, 0S;
the potentials being absorbed into the functions Z(z) = W’'(z)+G (z) and z(Z) = W' (2)+G(3),
according to the saddle point equations of the two-matrix model.
Integrating by parts in the last term of (5.30) (note that the last integral after the change
of variables goes along the unphysical sheets of the curve figure 4) we finally get the integral
over the dual B;; cycle

oF  OF zd
_ g & (5.31)
as; S, B, 2mi

ij

x Z
=77+ +/ dzz(z) +/ dz z(%) (5.30)
b4 Z

q 1

which is equivalent to the equation (5.22) defining the geometry of the planar limit in
two-matrix model.

5.3. Explicit form of the two-support solution for the real cubic potential

In the rest of this section we will study in detail the degenerate case of a cubic potential with
real coefficients, having only two eigenvalue supports (on the real axis), instead of four. The
degeneration greatly simplifies the calculations. The period integrals can even be rewritten in
terms of elliptic integrals.

Indeed, the degenerate torus (4.14) can be presented as

Y2+ P(X)=Y?>— é(X—X])Z(X—Xz) =0 (5.32)

and the new parameters X and X, are defined by the discriminant equations

1, (T 9\, 3T 3f 1 /2T :
PX)=—X"+|—-—-—=5 X +|g+———)X+h—-(——-Ff) =0

g g 4 g g 4\¢

3 2T 9 37 3
P/(X)z——xz+(———2>X+(q+—2__f> =0

g g 2 g g
where we used (4.14) and (4.8). This system of equations fixes, for example, 2 which is now
not independent and can be expressed through ¢ and f.

Note that we have the expansions

1 1
X =——+8X] :——+0((3f,(3q)
8 8

(5.33)

1 1 (5.34)
Xo=——+T+8Xs=——+T + O(8f,8q)
4g 48
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where
1 T
5f=f——2 (Sq=q+—2 (5.35)
8 8

are deviations of moduli from their classical values in equation (2.4). The ‘classical’ value of
X in (5.34) precisely corresponds to the classical solution of (2.4), of course different from
the diagonal z = Z.

Substituting z = Z into equation (4.6) one gets the fourth-order equation

3T 2 3T 2
<zz+—z——+£> +P(21)=<z2+—z——+£) +-2z-X)*Q2z—X2) =0

g g 2 g g 2 g
(5.36)

corresponding to the four branch points of the two remaining cuts. These cuts can be interpreted
as ‘splitting’ the double zeros of the ‘classical limit” of this equation given by (2.6). Let us
denote the splitting as Z;, — 21#2, so that 2;: and 22i are four solutions to (5.36). Then the
only non-degenerate A- and B-periods on the torus are given by the integrals of the differential
dS?MM = -1z dz between these points

1 2t 8]_-2MM 1 2 1 2
S=—.ff Zdz =M=— Zdz = — zdz (5.37)
2mi [ a5 2mi F i Jz
where 7 is related to z via
3 T A\ 1 .
22+ —@+)——+= ) +—(z+Z2—X)D)(z+z— X)) =0.
2g g 2 g

These relations for the only nontrivial period S (5.37) on this degenerate g.q = 1 curve should
be supplemented by the relations (5.23) and (5.25), defining the dependence on 7. As usual,
one may choose instead their linear combinations §; = S and S, = ) — S, corresponding to
the filling numbers of the two cuts.

In this way we formulated the explicit solution of the two-support two-matrix model with
real cubic potential. We point here out again that the integrals (5.37) can be in principle
calculated in terms of elliptic functions.

6. Connection with SUSY gauge theories

Recently, it was proposed in [20] to build the geometries of underlying string theories for
certain N' = 1 SUSY gauge theories by effectively reducing them to the complex curves (5.3)
of IMM. The curves of the IMM belong to the same class as the Seiberg—Witten curves [12]
of the SU(n) N' = 2 SUSY gauge theories with n — | fundamental matter multiplets. The
attempts to understand this proposal directly from the field theory were considerably advanced
in [35], and later in [36]. Though the parallels between matrix models and four-dimensional
supersymmetric gauge theories based on the similarity of their integrable structures were
noted much earlier [13], the recent observation of [20] contains a direct conjecture relating the
superpotentials in " = 1 four-dimensional theories to the partition functions of the multi-cut
solutions, such as the ones considered in our paper.

According to the proposal of [20], the effective potentials of gaugino condensates
Si = (TrW{PWg) in a large class of four-dimensional N' = 1 gauge theories can be
calculated in terms of the planar limit of matrix integrals. For the A/ = 1 theory
with one adjoint matter multiplet (broken ' = 2 supersymmetric theory) the calculation
reduces to the large-N solution of the one-matrix integral (5.1), in general having multiple
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cuts, as described in the previous section. When the U(N) gauge group is broken to
U(Np) x U(N,) x --- x U(Ny), with the classical VEV of different subgroups located at
the different extrema of the tree superpotential, the matrix model predicts the values of k
gaugino condensates §; = (Tr W? W) corresponding to the vector multiplets W of the
gauge subgroups. The effective potential Weg(S;, T) as a function of these condensates and
the complexified gauge coupling 7 can be related to the free energy of the multi-cut solution

AF(Si,.... S
Werr(S:, 1) = > N; (ZnirS,- - %)

the logarithmic term being hidden in the second term representing the derivative of the matrix
model free energy, according to the proposal of [20]. The variables i, . .., Sy appear, strictly
speaking, only in the planar limit of this matrix model and correspond to the eigenvalue filling
numbers S; = iN; « N;/N of various classical extrema of the matrix action, giving rise to
the dependence of multi-support solutions upon the variables (5.6), (5.16) discussed in our
paper.

In the one-matrix case the situation looks to be relatively simple since the key observation
comes from the fact that from the coincidence of the matrix model and Seiberg—Witten curves
it trivially follows that

82 ]:IMM 82 _7:S w

95,05,  da;da;
due to coincidence (after fixing the homology basis) of the period matrices. The Seiberg—
Witten prepotential 75" [12] as a function of a different set of variables

6.1)

dw/ w/d
A y y2f
is defined as
dFSW dw! w'd
7 :7{ A( ”——"—f) (6.3)
da; B; y y 2f

and it is also a quasiclassical tau-function [11]. Note that equation (6.1) states only that the
second derivatives of different functions in different variables coincide, but these functions
themselves are certainly different quasiclassical tau-functions. Such identification became
possible first of all since the number of multi-cut variables for the IMMisn—1 = rank SU (n),
what is precisely the dimension of the moduli space of (the Coulomb phase of) the SU (n)
gauge theory.

For the softly broken N' = 4 theory, according to the proposal of [20], F(S, ..., Sx) =
log Z should be calculated as the planar limit of the matrix integral

Z = /Dq)l Db, DD eTr(i(I>|[<I>|,<I>2]+V(<I>|,<D2,<I>3))

with &, ®,, @3 considered as simple Hermitian N x N matrices. Of course not all matrix
integrals of this kind are calculable. An important case corresponding to the NV = 1*
perturbation V (&, ®,, ®3) = m Z?zl <I>l-2 is considered in [20] and based on the planar
solution of this matrix model given in [37].

If only two out of three masses are nonzero and equal, the theory possesses N = 2
supersymmetry and its non-perturbative solution is formulated in terms of the elliptic
Calogero—Moser system [38, 39, 13], whose spectral curve [40] covers n times the elliptic
curve. There seems yet to be no naive and direct relations between the corresponding Seiberg—
Witten theory and the quasiclassical tau-function of the two-matrix model, considered in this
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paper. However, the structure of its complex curve suggests that certain geometric parallels
between these two theories are quite possible.

Let us discuss a possible place for the two matrix models in the context of the proposal
in [19]. An obvious and interesting generalization of the N' = 1 SYM theory with one
adjoint chiral multiplet is the case of a few multiplets with direct interactions among the fields.
If one takes, in the case of two adjoint chiral multiplets X and Y, the tree superpotential
Wiree = —Tr XY +Tr W(X) +Tr W(Y) then the function F(S;, S,, . ..) in the general formula
(6.1) should be chosen as the planar free energy of the two-matrix model with (in general)
multiple supports, being calculated according to equations (5.16) and (5.22).

In this way we establish the relation between the algebraic curve of the two-matrix model
and geometry of the supersymmetric theory with the described class of tree potentials.

The two-matrix model obeys a rich phase structure in the space of its couplings. Its
critical points correspond to collisions of various singularities on the algebraic curve, like
the collapse of the B-period of the Seiberg—Witten curve corresponding to the appearence of
massless monopoles. These critical points were used for the complete classification (within
the H2MM) of the models of (p, ¢) rational matter field interacting with 2D gravity (see
for example [6]). It would be interesting to study the consequences of this well established
picture for the phase structure of the underlying N' = 1 SYM theory with two adjoint chiral
multiplets.

Let us note here that an interesting generalization of the standard H2MM considered in
this paper is the model describing the perturbed quantum mechanics of the inverted oscillator,
proposed in [41]. This model corresponds to the potential V(z,%) = —(Z2)® + ), tz* +
>, 7xZ* and is related to the dynamics of windings in the compactified 2D string theory. For
rational R this model also can be described by an algebraic curve.

In contrast to the one-matrix model, in the two-matrix model the number of multicut
parameters (4.3) grows exactly as the dimension of the SU (n) group n? —1 = dimSU(n).
Naively, this would correspond to the total breaking of the SU (n) gauge group, including even
the breaking of the corresponding global symmetry, or to a theory with a more complicated
gauge/matter structure.

However, an important particular case of the multicut solution of the two-matrix model
corresponding to the case of real couplings in the potential and only n — 1 real eigenvalue
supports, giving the curve with genus (4.20). In this case we have the number of extra
parameters exactly equal to the genus gq = n — 1 = rank SU(n), which might be
more appropriate for the study of the symmetry breaking in the corresponding N' = 1
supersymmetric Yang—Mills theory.

7. Possible generalizations

A large class of solvable matrix models'> can be classified by ‘tree diagrams’, where each
edge of the tree connects two matrices sitting at the vertices. The corresponding matrix model
potential can be written as

0
V(@) =Tr| - Z Cij®; @, +ZW,-(<I>,-) (7.1)
i>j=I i
where C;; = 1, if i, j are the neighbouring vertices of the tree, and C;; = 0 otherwise. A
particular kind of such a solvable model with tree-like interaction, the Potts model on planar
graphs, was first considered in [42].

15 Where by ‘solvability’ we mean a possibility of reducing the number of degrees of freedom from the order of N2
to the order of N, by integrating over the angular variables of the matrices.
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It is easy to integrate out the ‘angular’ parts of Hermitian matrices ®;,i = 1,..., O,
since they are independent in the case of a tree interaction, taking the corresponding HCIZ
integrals and to rewrite the partition function of the model in terms of their eigenvalues
D, = diag(zii), o zg\",)) (see, for example, [43])

N . o\ e
7z = / 1_[ (1_[ (dZ]((l) eWi(ZJ(J’))e_ i CijZL”dﬂ) H[A(Z(i))]z—mi (72)
k=1 i

i=l1

where m; = Z?Zl C;; is the coordination number of the ith vertex.

Introducing the resolvents of matrices G;(z) (having, as usual, the asymptotic G;(z) —
to/z at z — 00) we can write the following saddle-point equations, generalizing the
equations (3.3) of the H2MM:

Q
D€z = WD) = (m = G, (1.3)
j=1

As in the case of the two-matrix model, this system of equations should be degenerate, and
this degeneracy is the condition of its solution in terms of an algebraic hyper-surface relating

all Q variables'®. Namely, it should exist as a polynomial function of F depending on all
zDi=1,..., Q,such that
F(Z(D, e Z(Q)) =0 (74)

in analogy with (4.1). If the system (7.3) was not degenerate it would give only pointlike
distributions, leading to the collapse of eigenvalues into one or a few points. Such a collapse
might also be a possible situation, known for example from the analysis of the g-state Potts
models of [42] for g > 4.

To build the function (7.4), and to analyse the structure of the corresponding algebraic
surface we should start as usual, from the ‘classical’ equations (cf with (2.2)) corresponding
to putting all the rhs of (7.3) to zero. The ‘classical’ limit of the function (7.4) corresponds to
the product of all these ‘classical” equations (in analogy with (2.4) for the two-matrix model).
Then one can write

0 0
FizV, ..., 79) = l_[ Z Cijz — W/ (z") | + deformations
i=1 | j=1

where by the deformations we mean adding a polynomial in all variables of lower degree,
governed by the corresponding multidimensional Newton polyhedron. The coefficients in front
of the monomials of higher degrees are determined by the asymptotic at infinities following
from (7.3) and coincide with their values in the classical part. The rest of the deformation
coefficients will provide the new moduli of the complex structure of this algebraic manifold.

The algebraic equation (7.4) has the degree deg = H,Q: 1 (K; — 1), where K; is the highest
power of the potential W;(z). This corresponds to the number of extrema in the classical
multi-matrix potential and to the number of moduli parameters of the curve contained in the
deformation.

The fact that this algebraic surface is in general not a curve does not contradict the
existence of the resolvents G;(z). It might be related to the existence of higher-dimensional
holomorphic differential forms, such as the well-known 3-form d€2; on Calabi—Yau 3-folds.
On particular 3-cycles, after the integration over two variables it turns into a meromorphic

16 An important particular case of such a surface will be considered in [44].
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one-differential. This differential is related to the resolvent with respect to the third
variable [45].

Of course, it is only a sketch of the construction of the algebraic surface of the treelike
multi-matrix model. It would be interesting to precise the details and the structure of this
algebraic surface, although it might be difficult to do it to the same extent of explicitness as
we have done in this paper for the two-matrix model.

Some further generalizations are possible if we substitute the potential (7.1) by

0
V@ =Tr[— ) Cj(@i0))+ ) Wi(P) (1.5)

i>j=1 i

where C;;(M) are arbitrary polynomial functions (nonzero only on a tree). In this case we
can achieve the reduction to the eigenvalues by the method of character expansion (see [43],
and references therein). Namely, we can expand the exponent of each interaction term into
the GL(N) characters xg (M)

e CTEE) = N f D xr (@)
R

and then use the orthogonality property of the matrix elements to integrate out the relative
angle of two matrices. An example of such a calculation was done in [46] for the Tr(®; ® j)2
interaction. The corresponding system of polynomial equations will include, along with the
eigenvalue variables, the dual variables corresponding to the highest weights of the Young
tableaux of the SL(N) irreducible representations. Here the construction of the algebraic
surface looks even more difficult, but certainly not impossible. Note that the model still
stays ‘solvable’ by the character expansion method if we change the arguments of products
Cij(®;®;) by C;; (@f’jQZ’j) with arbitrary integers k;;, n;; for each ij-link.

These models (and those which can be reduced to them by introducing some Gaussian
matrix integrations, as in the case of the Potts model on planar graphs [42]) exhaust the list of
‘solvable’ (i.e., reducible to the eigenvalues) multi-matrix models.

8. Conclusion

In this paper we studied the multi-support solutions of two-matrix models and found that
they lead to the appearance of a new nontrivial one-dimensional complex geometry. The
corresponding quasiclassical tau-function can still be defined in a standard way and even
rather explicit formulae defining the tau-function can be written down.

The main problem for the multi-support solutions is nevertheless to write explicitly the
system of integrable equations which is solved by the corresponding free energy. For the
one-support solutions such a system necessarily includes the dispersionless Hirota equations
which have a nice and well-known dispersionful analogue.

The only known analogues of the dispersionless Hirota equations for the multi-support
case are the associativity or WDVV equations [47], and a wide class of their solutions is
constructed on the base of quasiclassical tau-functions. Formula (4.11) in particular suggests
that the quasiclassical partition function of the cubic two-matrix model in the ‘symmetric
ansatz’, say with 7o = 0, satisfies the WDVV equations [47, 48]. This follows from simple
counting of the number of variables (six coefficients of the potential and three filling numbers
altogether give the same number of free parameters as the number of critical points (4.11)
for n = 2) and the structure of the residue formula for this case. We mention this fact
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since it seems to be the only explicitly known solution to WDVV equations coming from the
nonhyperelliptic curves (see [49] for a general description of this issue).

In this paper, we presented a two-support solution of the two-matrix model for the cubic
potential in a rather explicit form. Nevertheless, in principle it can be given more precisely. In
particular, the period integrals (5.37) are elliptic (according to the structure of the underlying
curve having the genus g = 1) and can be in principle calculated explicitly. It might be
instructive to do so and to write explicitly their asymptotic expansion.

The multi-solutions we found are quite interesting from the point of view of statistical—
mechanical models on planar graphs. An example of such a model (a double-phase Ising
model) is described in section 2. It would be interesting to classify all such possible models
emerging from the multi-support two-matrix model.

From the point of view of the underlying N' = | supersymmetric Yang—-Mills theory
it is very desirable to study the degenerations of a higher genus (with more than two cuts
filled) algebraic curve of the two-matrix model considered above and classify the emerging
physical excitations (monopoles, dyons, etc), by analogy to the hyperelliptic solution in the
(generalized) Seiberg—Witten picture.

Finally, the models described in section 7 should contain a much richer variety of possible
algebraic surfaces describing their planar limit. They certainly deserve considerable attention.
The matrix models, due to their natural integrability properties, could give an insight into the
structure of algebraic surfaces possessing interesting physical applications.

Acknowledgments

We are indebted to M Aganagic, S Alexandrov, E Brezin, A Gorsky, S Gukov, H Itoyama,
I Kostov, A Levin, A Mironov, A Morozov, N Nekrasov, V Rubtsov and P Wiegmann for
interesting discussions and especially to R Dijkgraaf, I Krichever, P Pushkar and A Zabrodin for
very helpful conversations. The work of VK was partially supported by the EU under the RTN
contracts HPRN-CT-2000-00122 and -00131. The work of AM was also partially supported
by RFBR grant 00-02-16496, INTAS grant 00-00334 and grant of support of scientific schools
no 00-15-96566. AM would like to thank Laboratoire de Physique Théorique de 1’Ecole
Normale Supérieure and Institut des Hautes Etudes Scientifiques for their warm hospitality.

References

[1] Itzykson C and Zuber J-B 1980 The planar approximation II J. Math. Phys. 21 411
Mehta M-L 1981 A method of integration over matrix variables Commun. Math. Phys. 79 327
[2] Gerasimov A, Marshakov A, Mironov A, Morozov A and Orlov A 1991 Matrix models of 2D gravity and Toda
theory Nucl. Phys. B 357 565
[3] Kazakov V A 1986 Ising model on dynamical planar random lattice: exact solution Phys. Lett. A 119 140
Boulatov D V and Kazakov V A 1987 The Ising model on a random planar lattice: the structure of phase
transition and the exact critical exponents Phys. Lett. B 186 379
[4] Kazakov V A 1989 The appearance of matter fields from quantum fluctuations of 2D-gravity Mod. Phys. Lett.
A 42125
[5] Douglas M R 1990 The two-matrix model Cargese 1990, Proc. Random Surfaces and Quantum Gravity
pp 77-83
[6] Daul J-M, Kazakov V A and Kostov I K 1993 Rational theories of 2D gravity from the two-matrix model Nucl.
Phys. B 409 311
[7] Kharchev S and Marshakov A 1995 On p—g duality and explicit solutions in ¢ < 12-d gravity models Int. J.
Mod. Phys. A 10 1219 (Preprint hep-th/9303100)
[8] Mineev-Weinstein M, Wiegmann P B and Zabrodin A 2000 Integrable structure of interface dynamics Phys.
Rev. Lett. 84 5106 (Preprint nlin.si/0001007)



Complex curve of the two-matrix model and its tau-function 3135

[9]

[10]
(1]

[12]
[13]

[14]
[15]

[16]

(17]

[18]

[19]
[20]

[21]
[22]

(23]
[24]

[25]
[26]

[27]
(28]

[29]

[30]
[31]
[32]
[33]

[34]
[35]

[36]

(371

Kostov I K, Krichever I, Mineev-Weinstein M, Wiegmann P B and Zabrodin A 2000 t-function for analytic
curves Preprint hep-th/0005259

Kazakov V A Unpublished; as cited in a footnote of [9]

Gorsky A, Krichever I, Marshakov A, Mironov A and Morozov A 1995 Integrability and Seiberg—Witten exact
solution Phys. Lett. B 355 466 (Preprint hep-th/9505035)

Seiberg N and Witten E 1994 Monopole condensation and confinement in N = 2 supersymmetric Yang—-Mills
theory Nucl. Phys. B 426 19 (Preprint hep-th/9407087)

Gorsky A and Marshakov A 1996 Towards effective topological gauge theories on spectral curves Phys. Lett. B
375 127 (Preprint hep-th/9510224)

Nekrasov N A 2002 Seiberg—Witten prepotential from instanton counting Preprint hep-th/0206161

Marshakov A 1999 Seiberg—Witten Theory and Integrable Systems (Singapore: World Scientific)
p 253

Krichever I M 1992 The tau function of the universal Whitham hierarchy, matrix models and topological field
theories Commun. Pure. Appl. Math. 47 437 (Preprint hep-th/9205110)

David F 1993 Non-perturbative effects in matrix models and vacua of two dimensional gravity Phys. Lett. B
302 403-10 (Preprint hep-th/9212106)

David F, Bonnet G, David F and Eynard B 2000 Breakdown of universality in multi-cut matrix models J. Phys.
A: Math. Gen. 33 6739

Akemann G 1996 Higher genus correlators for the Hermitian matrix models with multiple cuts Nucl. Phys. 482
403 (Preprint hep-th/9606004)

Kostov I K 1999 Conformal field theory techniques in random matrix models Preprint hep-th/9907060

Dijkgraaf R and Vafa C 2002 Matrix models, topological strings, and supersymmetric gauge theories Preprint
hep-th/0206255

Dijkgraaf R and Vafa C 2002 On geometry and matrix models Preprint hep-th/0207106

Dijkgraaf R and Vafa C 2002 A perturbative window into non-perturbative physics Preprint hep-th/0208048

Dijkgraaf R, Gukov S, Kazakov V A and Vafa C 2002 Perturbative analysis of gauged matrix models Preprint
hep-th/0210238

Dorey N, Hollowood T J, Kumar S P and Sinkovics A 2002 Massive vacua of N = 1" theory and S-duality from
matrix models Preprint hep-th/0209099

Chekhov L and Mironov A 2002 Matrix models vs. Seiberg—Witten/Whitham theories Preprint hep-th/0209085

Chau Ling-Lie and Zaboronsky O 1998 On the structure of normal matrix model Commun. Math. Phys. 196
203-47 (Preprint hep-th/9711091)

Wiegmann P B and Zabrodin A 2000 Conformal maps and dispersionless integrable hierarchies Commun. Math.
Phys. 213 523 (Preprint hep-th/9909147)

Marshakov A, Wiegmann P and Zabrodin A 2002 Integrable structure of the Dirichlet boundary problem in two
dimensions Commun. Math. Phys. 227 131 (Preprint hep-th/0109048)

Eynard B 2002 Large N expansion of the 2-matrix model Preprint hep-th/0210047

Kostov I K 1992 Gauge invariant matrix model for the A-D-E closed strings Phys. Lett. B 297 74 (Preprint
hep-th/9208053)

Marshakov A, Mironov A and Morozov A 1991 Generalized matrix models as conformal field theories: discrete
case Phys. Lett. B 265 99

Kharchev S, Marshakov A, Mironov A, Morozov A and Pakuliak S 1993 Conformal matrix models as an
alternative to conventional multimatrix models Nucl. Phys. B 404 717 (Preprint hep-th/9208044)

Staudacher M 1993 Combinatorial solution of the two-matrix model Phys. Lett. B 305 332 (Preprint hep-
th/9301038)

Boulatov D V 1993 Infinite tension strings at d > 1 Mod. Phys. Lett. A 8 557 (Preprint hep-th/9211064)

Krichever I 2000 unpublished

Ferrari F 2002 Quantum parameter space and double scaling limits in N = 1 super Yang—Mills theory Preprint
hep-th/0211069

Migdal A A 1983 Loop equations and 1/N expansion Phys. Rep. 102 199

Dijkgraaf R, Grisaru M T, Lam C S, Vafa C and Zanon D 2002 Perturbative computation of glueball
superpotentials Preprint hep-th/0211017

Cachazo F, Douglas M R, Seiberg N and Witten E 2002 Chiral rings and anomalies in supersymmetric gauge
theory Preprint hep-th/0211170

Kazakov V A, Kostov I K and Nekrasov N A 1999 D-particles, matrix integrals and KP hierarchy Nucl. Phys.
B 557 413 (Preprint hep-th/9810035)

Goldstone J unpublished

Hoppe J 1982 PhD Thesis MIT



3136 V A Kazakov and A Marshakov

[38] Donagi R and Witten E 1996 Supersymmetric Yang—Mills theory and integrable systems Nucl. Phys. B 460 299
(Preprint hep-th/9510101)

[39] Martinec E J 1996 Integrable structures in supersymmetric gauge and string theory Phys. Lett. B 367 91 (Preprint
hep-th/9510204)

[40] Krichever I 1980 Func. Anal. Appl. 14 282

[41] Aleksandrov S Yu, Kazakov V A and Kostov I K 2002 Time-dependent backgrounds of 2D string theory Nucl.
Phys. B 640 119-44 (Preprint hep-th/0205079)

[42] Kazakov V A 1988 Exactly solvable Potts models, bond and tree-like percolation on dynamical (random) planar
lattice Nucl. Phys. B 4 (Proc. Suppl.) 93

[43] Kazakov V A 2001 Solvable matrix models Random Matrices and Their Applications vol 40 MSRI publications
(Preprint hep-th/0003064)

[44] Cachazo F, Dijkgraaf R, Gukov S, Kazakov V A and Vafa C work in progress

[45] Gopakumar R and Vafa C 1999 On the gauge theory/geometry correspondence Adv. Theor. Math. Phys. 3
141543 (Preprint hep-th/9811131)

[46] Kazakov V A and Zinn-Justin P 1998 Two-matrix model with BABA interaction Preprint hep-th/9808043

Kazakov V A and Zinn-Justin P 1999 Nucl. Phys. B 546 647-68
[47] Witten E 1990 On the structure of the topological phase of two-dimensional gravity Nucl. Phys. B 340 281
Dijkgraaf R, Verlinde H and Verlinde E 1991 Topological strings in D < 1 Nucl. Phys. B 352 59

[48] Marshakov A, Mironov A and Morozov A 1996 WDV V-like equations in N =2 SUSY Yang-Mills theory Phys.
Lett. B 389 43 (Preprint hep-th/9607109)

[49] Marshakov A 2002 On associativity equations Theor. Math. Phys. 132 895 (Teor. Mat. Fiz. 132 3) (Preprint
hep-th/0201267)



