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1 Introduction

1.1 Aim of the paper

In [1] a program was started to create a reference-book on matrix-model 7-functions — the new gener-
ation of special functions, which are going to play an important role in string theory calculations. The
goal is to extract and considerably extend spectacular results obtained during the golden era of matrix
model studies in late 80’s and during sporadic moments of emerging new interest afterwards (see, e.g.,
reviews [2, 3| and references therein). In [4]-[6] a number of steps was made towards realization of this
program for the most fundamental partition function of Hermitian matrix model. Integrable aspects
of that theory were earlier considered in [7, 3]. Additional progress is made in the QFT-like approach,
which is being developed in a complementary series of papers [8]. While we are still far from having
a concise and exhaustive presentation in case of the Hermitian matrix model, time is also coming
to extend analysis to other matrix-model 7-functions. The present paper being a sequel of [1] is a
direct counterpart of [1] for the Kontsevich [9] and Generalized Kontsevich Model (GKM) [10, 11]
7-functions. For parallel consideration see [12]. Again, integrable and QFT aspects of the theory
are mainly not included: we concentrate mostly on Virasoro-like constraints, perturbative resolvents
(multi-densities) and duality properties, which are still insufficiently represented in the literature. In
fact, the situation with the Kontsevich 7-function per se is a little better than with the Hermitian
model, because its direct relation to the topological field theory [13] stimulated a relatively systematic
consideration in the past, see [14]-[16] and references therein. Still, the most interesting part of the
story — that of (p, ¢)-(¢,p) duality — remained almost untouched after preliminary papers [17, 18, 19].

As soon as the topic can be hardly exhausted within one paper, here we concentrate only on a few
basic examples leaving further developments for future publications. In particular, we mostly focus
on calculating resolvents (=loop operator averages) in the Kontsevich model, with a special emphasis
on its simplest (Gaussian) phase, where exists a surprising integral formula [16], and the expressions
for the resolvents in genera zero and one are especially simple (in particular, we generalize the known
genus zero result [20] to genus one). Thus, the program of [1] is realized for the Kontsevich model
with several important simplifications: in variance with [1], there are very simple formulas for the
n-point resolvent for lower genera; there is an integral formula for the Laplace transform of the n-
point resolvent (summed over all genera!); and the (integral) equation for the generating function of
all resolvents looks especially simple. In the paper, we give a review of these simplifications in sect.3,
while before that, in sect.2, we discuss various features of generic phases of the Kontsevich model.
Note that in a generic phase the main method to calculate resolvents is to solve the loop equations
[21, 22, 23], which generally have many solutions, the Gaussian Kontsevich model being the only one
that has the unique solution. However, there is a counterpart of this unambiguous Gaussian solution in
the generic case, the solution called Dijkgraaf-Vafa (DV) solution [24]-[26]. Among other features, this
solution has specific integrable properties. We discuss the DV solution in sect.4. The generalization
of results to the Generalized Kontsevich model is contained in sect.5-6, where we also discuss the p-¢q
duality in terms of resolvents and corresponding Riemann surfaces in the example of dualities between
(2,3) and (3,2) models.

1.2 Correlators in matrix models

By essence, the main problem of matrix models one may address to is constructing a quantum field
theory (QFT) presentation of matrix models. Solving this problem would allow one to resolve imme-
diately all the just mentioned problems.

The main purpose of QFT study of any model is to evaluate arbitrary correlation functions in an
arbitrary phase and, after that, to study possible relations (“dualities”) between these correlators in
different phases. In the context of matrix models certain subsets of correlation functions are naturally
collected into generating functions which will be called resolvents (or multi-densities). They possess,
at least, three different representations.

La raison d’etre for (multi-)resolvents is a transparent group-theoretical structure of the Schwinger-



Dyson equations (which is obscure in a generic QFT but is immediately obvious in the simple matrix
models): these are W- (Virasoro in the simplest cases) constraints with a loop-algebra structure. Ac-
cordingly, correlation functions satisfy the loop-equations, and the loop parameter becomes a natural
expansion parameter of the generating functions.

It is still difficult to solve the genuine loop equation and obtain the full generating function, but
an additional “genus expansion” converts the loop equation into a chain of simpler loop equations
for partial generating functions, multi-resolvents which can be evaluated straightforwardly one after
another. Ambiguities arising in this recursive process lead to different sets of multi-resolvents and
are interpreted as associated with different phases of the theory. This will be our first approach to
multi-resolvents.

Multi-resolvents emerge as non-trivial functions of the loop parameter z with singularities of various
types, both poles and branchings. The second approach deals with them as poly-differentials on an
auxiliary Riemann surface ¥y (“spectral” complex curve), and different phases correspond to different
choices of the spectral surface and, in addition, to different conditions on the periods of multi-resolvent
poly-differentials (e.g., if all the periods but the periods of the first multi-resolvent are vanishing, one
gets to the so called Dijkgraaf-Vafa phase). As usual, poly-differentials on Riemann surfaces are most
immediately represented as correlators of free fields, hence, this approach is often called conformal
field theory (CFT) representation. An adequate reformulation of the loop equations suitable for the
CFT representation is partly worked out in [8, 6].

The third approach represents correlation functions via (functional or matrix) integrals. The
problem, however, is that the multi-resolvents are generating functions of matrix model correlators,
i.e. derivatives of the matrix model partition function, and, therefore, their representation by integral
formulas is not a priori obvious. In the Hermitian model this representation is rather straightforward:
the spectral (or loop) parameter z is introduced through the average of the loop operator

T dz :i dz Trqbk—>i dz 0 (11)
z2—¢ Zk+1 2k Oty '
k=0 k=0

where ¢ is the Hermitian matrix that is integrated over. However, a counterpart representation for
the Kontsevich model remains unclear (see [18] for a very tedious approach to evaluating a few first
% for the generalized Kontsevich integral). Worse than that, even integral formulas for the partition
function are also unknown for most of non-trivial phases of the Kontsevich model. Still, spectacular
results for correlators of the Gaussian Kontsevich model, due to [16] (discussed in sect.3), imply that
the third approach should also be fruitful. Somewhat surprisingly the integral formulas in the Gaussian
case are most simple not for the multi-resolvents themselves (i.e. not for the quantities subjected to
the loop equations), but for their Laplace transforms.

1.3 IZK integral

Now we specify our general discussion to the case of the Kontsevich model, the main object of the
present paper.

The story about the Kontsevich model begins from the Itzykson-Zuber-Kontsevich (IZK) integral
over n X n Hermitian matrices X

IAlV) = A[%A)/dXexp (i AX — 0 V(X)), (1.2)

depending on the choice of the potential V(x),
V(z) = Zskxk (1.3)
k=0

and on the background matrix-valued field A. AN(A) here is a normalization factor. This matrix
model is actually of the eigenvalue type [7, 3]: as was first demonstrated by Itzykson and Zuber [27],



the integration over angular variables U in X = U +degU can be done explicitly, leaving the n-fold

integral over eigenvalues x; of X in Xgiqq = diag(x1,.-.,Xn),
- Vi AX) A
I(A ~ dy; V(xi) det eXiti )
(AlV) }:[1/ Xie AN et e (1.4)

where \; are eigenvalues of A and A denotes the Van-der-Monde determinant,

n

Al) = det X7 =[x —x5)

i,j=1,...,n L4
J 1<]

Transition from (1.2) to (1.4) is typical for the Harish-Chandra-style character calculus in group
theory [28, 29]. A particular expansion of the particular IZK integral with pure cubic potential
V(z) = 23 was related by M.Kontsevich [9] to cohomologies of the moduli space of Riemann surfaces
and, finally [30], to partition function of topological gravity [13]. Moreover, this particular cubic
potential case turns out to be related to more general Hodge integrals over the moduli space that
include \-classes [31], these latter being related to the Hurwitz numbers [32]. Many properties of the
integral are, however, independent on particular choice of V() and can be addressed in the theory of
Generalized Kontsevich Model (GKM) [10, 33].

e The first split between different directions of study of the GKM concerns the type of A-dependence
n (1.2). One option is to consider tr AX as a perturbation and represent I(A) as a series in powers of
tr A* with k£ > 0 — this is the character phase of the model [29, 33]. Instead one can expand around
a classical solution X = L to the equation of motion V'(L) = A of the full action, then the expansion
will be in powers of t;, = %trL*]f with k& > 0 provided the normalization factor A in (1.2) is chosen
equal to the quasiclassical value of the integral — this is the Kontsevich phase of the same model. In

the GKM with monomial potential®

Vle) = T

L is just one of the p-th roots of A: LP = A, moreover, in this case the integral does not depend on
T}, with k divisible by p [10]. For non-monomial potentials V' (z) there are essentially different choices
of L and essentially different Kontsevich phases (in their simplest phase, non-monomial potentials are
reduced to the monomial ones, see [18]).

e As usual for matrix models, the original integral (1.2) is not an adequate definition of the partition
function: as it is, it describes reasonably only some of the phases. At the next step, it should be
substituted with a set of differential equations w.r.t. the time variables ¢; and sj so that the partition
function is defined to be a generic multi-branch solution to this system, with (1.2) providing integral
representations for some of the branches. These equations have a simple form of continuous Virasoro
constraints for the simplest case of V(z) = 223 [22, 23, 34, 30], i.e. for the original Kontsevich model [9],
become more sophisticated W@+ _constraints for the GKM with monomial potential [17, 23, 35, 36]
and turn into even more sophisticated relations for a generic V(z), especially when s-dependence
is also taken into account. For fixed V(x) the different branches in Kontsevich phase possess loop
expansions and are further associated with shifts ¢, — T3 + tx, so that expansions are in positive
powers of t-variables with 7" appearing in denominators — just like in the case of the Hermitian matrix
model. The (p, ¢)-model is the GKM with V,(z) = % in the phase with T}, # 0 for k = 1, p+ ¢ only
[22].

e One of the most remarkable properties of GKM is the p-q duality [17, 18, 19]: the relation
between partition functions Z,, and Z, . It is not a literal coincidence between the two branches of
the partition function, instead they are associated with two different coverings of one and the same
spectral curve and should coincide after an appropriate change of time-variables.

Note that p here can be negative equally well, the anti-polynomial Kontsevich case, [33].



e Since partition functions of all models, associated with the Itzykson-Zuber integral (1.2) possess
the determinant representations (1.4), it is natural that they are 7-functions of the KP and Toda
families in ¢-variables [10, 11, 7, 3]. They also possess certain integrability properties w.r.t. the s-
variables [18, 11, 29]. Thus, the entire theory of Itzykson-Zuber-Kontsevich models is indeed a piece
of theory of stringy 7-functions. These T-functions are, in fact, closely related to the Hermitian model
7-functions: both classes belong to the same matrix model M-theory [5].

e The main questions to be addressed in the course of study of every particular phase of every
particular model are listed in the following table:

1ZK integral =
partition function I = exp (Zp ggp_QF(p)>
!

Ward identities in the form

of Virasoro and W constraints L(z)l =0

/ N\
genus-zero part F(O) of partition function multi-resolvents p(p|m)(z1, ey Zm)
! !
bare spectral curve Yy — poly-differentials on X l
! !
full spectral curve X, Laplace transforms n®™) (T1,...,Tm)

describing the matrix-model 7-function

The bare spectral curve Y is an important characteristic of the branch of the partition function:
different phases of the same model differ by the shape of ¥y. In fact, in order to describe higher
multi-resolvents in generic phases [1, 4], the spectral curve should be made dependent on the genus
expansion parameter g, thus breaking the simple association between Xy and F(©). The study of this
phenomenon can be one of the clues to the construction of the last vertical arrow in the left column,
relating X with the full spectral curve X. As every KP/Toda 7-function, the partition function is
formally associated with a point of the Grassmannian [37] and, thus, formally with some infinite
genus Riemann surface: this is exactly what we call ¥. The horizontal line in the center of the
table is a functorial map from complex curves to a hierarchical family of poly-differentials, which can
be described and studied independently of other parts of the table. A big step in this direction is
described in [12], but representation in terms of free fields on ¥ is still lacking, even in the simplest
phases. Moreover, this map depends on additional conditions imposed on the poly-differentials, which
are actually related to the choice between different branches of partition function, made also beyond
the genus zero approximation. Also lacking is a description of the vertical arrow from poly-differentials
to their Laplace transforms, which should be very interesting, because the Laplace transforms possess
a very simple m-fold integral representation, at least, in some phases [16].

2 Kontsevich model

2.1 Solving loop equations
2.1.1 Kontsevich model: definitions

We start with defining the Kontsevich model. As explained in the Introduction, we define any matrix
model partition function as a solution to an infinite set of equations. In particular, the Kontsevich



partition function is defined to satisfy the continuous Virasoro constraints:

A

L_(2)Z(t) =0,
L (z)= (: J%(2) :) =
2 Foo 2 2 2 2
g (dz) 0 g 0 Ono = Op—1t7
== 2k+ 1)t —_— + = et — +
8 nz_l Zv2 <kz>0( )tz Mokanyrr 2 o= Ot2ar10topy1 8 2¢*
A 1 — dz 0
IS S [C ) L
el = 3 ;}{ 1)t O
(2.1)
In order to define the branch of the partition function, we shift the times,
toky1 = Topy1 + Tog1 0 <k <N, (2.2)

and consider the partition function to be a formal power series in the shifted times 79511 that satisfies
(2.1).

Now we shall follow the line of paper [1] and rewrite (2.1) in the form of loop equations that admit
recursion solving. To this end, we introduce

e the loop operator

0
VE =) Sm e (2.3)

n>=0
e the generating function for T} (a polynomial of degree N)

N
W(z) = Z(% +1)2M 2Ty (2.4)
k=0

e the generating function for 7 (a power series)

v(z) i(Zk + 1)zk_1/272k+1 (2.5)

k=0
e the projector onto the negative part of series
+oo
Pz_{ Z zkak} = Z ZFay, Pf=1-pP; (2.6)
k=—00 k<-—1

e the free energy and its topological expansion w.r.t. to the genus p

1
Z(r) = e’ F=) g"F? Flr—o = FIT] 2.7)
p=0

e the generating resolvent

G(z|7) = V(2)F(7) (2.8)

e and the multi-resolvents
P (21, zm) = V(1) - V(zm) Flr=o (2.9)
PP (21 zm) = V(21) - V(zm) FP =g (2.10)



e the set of f-functions generated by the R-check operator

P (W(2)G(z|7)) = W(2)G(z|T) — f(z|T) (2.11)
f(2l7) = PF(W(2)G(z|7)) = R(2)F (1) (2.12)
N—-2 N
R(z) =Y ) 2" 22+ 1)T2,,C+18TL (2.13)
m=0 k=m-+2 2m+1

O (a1, ) = V(1) V) REFO (D)l = R (21, ) (214)

2.1.2 The loop equation and recursion relations on the multi-resolvents

Now rewrite the Virasoro constraints (2.1) in the form of the loop equation for the resolvent

2 2 T 2
P7(v(2)G(2)) + W(2)G(z) — f(z) + %GQ(Z) + %V(Z)G(z) + ;’? + (”;ZT” —0 (2.15)

Applying the operator V to this equation k times, using the identity

(2)2 h(z) — h(z)

zZ—X

V(z)P, {v(z)h(z)} = 20, + P, {v(2)V(z)h(2)} (2.16)

and ultimately putting all 7, = 0, one comes to the set of recursion relations for the multi-resolvents,

— f‘k+1)(z]zl,...,zk)+

k z)z k) (2, 2 Z; 21) — plF) (2 z
QZazz (Z) p (7 17"'717"'7k‘) p (h"'ak)
i=1

z — Z;

1
+W(z)p|k+1)(z, Z1y.ey2k) F 5 Z p‘klﬂ)(z, Zigye - zikl)p|k2+1)(z, Zjry- - ,zjk,2)+

ki1+ko=k
+fp"“+2)(z 2,21, %K) + 9 o+ — L _g2h_g (2.17)
2 P CI Y :

i=1"1
These recursive relations are invariant with respect to two different scaling transformations with the
following scaling exponents:

deg o1 =n—1 degg? = deg F = -3 degTopnti1 =n—1
. . (2.18)
degz=—1 degV:§ degp(p|k):—3+§k+3p
and
deg' g =deg't; =1 deg’ F =2
(2.19)
deg’ 2 =0 deg’ V= -1 deg’ pPF) =2 _ | —2p

Making the genus expansion of the recursive equations (2.17), one obtains for the g?’-term

— f(p‘kﬂ)(z]zl, e 2E)+

k 1 )
= (%)2 PP (2 21, E ) — pPR (2, )
.30,
i=1 Z_Zz‘

1< _
AW (p P (2 zn,a) 5D D ATz )PP (522 )
q=0 k1+ka=k



1 1

1 1
= ) (p—1lk+2) 2—k _
+5p (2,2,21,. .., 2k) + 826k’06 S R E k)!Tl dp,0 =0 (2.20)

i=1%;
These double recursion relations (in p and k) can be used to determine all the multi-resolvents p®lk+1)
recursively. E.g., for p(o‘l) we have a quadratic equation

(PO (2))? +2W (2) - pO (2) = 2R(2) FOT] + 17/ 2 (2.21)
its solution being?
P (2) = —W (=) + y(=) (2.22)
where y(z) is a multi-valued function of z
¢ 5
y? = (W(z))% - 71 +2R(2)FO[T] (2.23)

Making further iterations, the multi-density p®**1) enters (2.20) linearly with the factor y(z), and
one can make iterations, e.g., using some computer algebra system in the following order: (0[1) —
(110) — (0]2) — (1]1) — (2]0) — (0|3) — (1]2) — ---

Note that the recursion relations contain a lot of ambiguity encoded in the functions f (’"1)(2) =
R(z)F®)[T]. Indeed, F[T] can be an arbitrary function that satisfies the two constraints (these are
L_;- and Ly-constraints with all 7, = 0):

N

> 2k + DT
k=1

N
oF T2

— =0 2k + 1)T:
Ty, T 2 kzzo( + )Tk 41

oF g°
8

+ =0 2.24
0141 (2.24)

Therefore, the space of solutions to the loop equations (Virasoro constraints) is parameterized by such
functions F[T.

2.2 Solving the reduced Virasoro constraints

The general solution of the second equation of (2.24), i.e. of the Ly-constraint, is

2
g N
FIT)| = —————logT: F 2.25
[ ] 8(2N+1) og 2N+1+ (X17 7XN) ( )
where

(2N — 2k + 1! —2T5N —ok+1 (2.26)

Xk = : - .

CN DN (Coppy )

and F is an arbitrary function. Then the L_;-constraint reads as

N-1 ~

oF 2N + )12
D Xk U < M (2:27)
5—0 Xk+1

where xo = 1 is not an independent variable. Its general solution is

[(2N + 1)1

. m -
F = 8/ X?V(ﬁl,ﬁg...,n]\/)dﬁl+F(7]2,...,77N) (228)
0

where F is a new arbitrary function, and we made the triangle change of variables® generated by the
following relations between the generating functions

N N (=)
x(z) = E szk n(z) = E nkzk = E ——xP(2) (2.29)
k=1 k=1

p=1 p

2Note that the non-meromorphic term W (z)dz in p©

infinity.
3Since this change of variables is triangle, the variables x. can be equally well expressed through 7.

just cancels the singular part of the z-expansion of ydz at

10



In other words, ny, for k < N + 1 are defined from the equation () = 1+x( y + O(ZF1) with all yy

and 7 equal to zero if £ > N.
In order to prove that (2.28), indeed, solves (2.27), one suffices to note that, since

Zz-‘,—l

the L_j-constraint (2.27) reads as

= oF on; OF — Ox(2) '~
R RO R “-222 v

= 8><k+1 OXk+1 On; ==
I+ x()] OF
zwz P ZMMZ:%

Note that this choice of 7-variables is in no way unique: e.g., one can equally well transform
N2,...,NN to any new N — 2 variables without changing the formulas above. For instance, one can
request that the transformation is linear in all x; with [ > 3,

(2.30)

k

M = Qr(x1:x2) + Y xiPea(x1, x2) (2.31)
1>3

and check what are the polynomials @y and Pj; that preserve relation (2.30). Inserting (2.31) into
(2.30), one immediately obtains that these polynomials satisfy only the equations

0Qw 0P,
P l__p 2.32
a6, X2P% 3 6 e 141 (2.32)

where we changed x12 for new variables &1 2

S=x1 &S=x2-— % (2.33)

Equations (2.32) also have a lot of solutions. In particular, one can add to @y an arbitrary function
of 3. Choosing, e.g., this function to be zero and Py j = 1, one immediately obtains

Pt = (V8 Qe (| Sy 8 (2.3
ol Il b k—27" 2k(k — 3)! ‘

2.3 Example of transition: N=2 - N =1

Let us consider the limit of 75 — 0 and see how the space of solutions to the loops equations, which
is parameterized by a function of one variable in the case of N = 2, reduces to the only solution in
the case of N = 1.

For N = 2 one has

—2T3 1 —2Ty

= S 2T B (2 (2:35)
1 2
m=-xi 2= X1~ Xz (2.36)
g° 1 1 =
F[T) = -~ logTs —15° <60 - g+ 8X1X2> + F(n2) (2.37)

11



In order to have a smooth transition as 75 goes to zero, one has to cancel the singularity, i.e. F(ng)
must have an asymptotics

= 2
F) = 15v2- )" — Tologm +0(1), m — oo (2.38)

and, therefore, one obtains

PITIY=D — tim P2 =~ 107y - LI congt (2.39)
o 24 °71 18Ty

which coincides with (3.2) below.

One may use the scaling symmetry (2.18) in order to further restrict the function F. Indeed, using
that the scaling dimension of 7, is —6/5, one immediately comes to the expansion

B 00
F =Y g?Cy/* " 1 Clg*logmy (2.40)

p=0
if assuming that the symmetry (2.18) does not change the solution, or, putting this differently, that

F does not contain any additional dimensional parameters changing under this symmetry transforma-
tion. Cp and C] can be obtained by comparing (2.40) with (2.38). Therefore, the asymptotic (2.38)
corresponds actually to the semiclassical limit of g — 0.

Geometrically this transition corresponds to degeneration of the torus into the sphere. Indeed,
formula (2.23) describes the torus in the case of N = 2. As it follows from (2.37) and (2.38),
2R(2)FO(T] = 10T50F O[T /0Ty — 0 as Ts — 0. Therefore, (2.23) transforms under this tran-
sition exactly into the sphere corresponding to N = 1.

2.4 Resolvents
As as explained above, starting from the one-point resolvent
PO () = —W(2) + y(2) (2.41)

one recursively calculates further resolvents:

1

(2)F 500 (20) — o0 a2)

T
(0]2) _ _ ¢(0]2) e S 2.42
P (acl, xg) y($1) o Il — 29 f ($1|$2) + $1xg/2 ( )
s () = 1 (Lo 0y pamgy 4 L (2.43)

y(x) \2 ’ 8z

ete.

These resolvents can be given a geometric meaning. Indeed, the r.h.s. of (2.23) is actually a
polynomial of degree 2N — 1. Thus, equation (2.23) defines a hyperelliptic curve ¥y = C of genus
N — 1 in a generic case. (This genus should not be confused with the genus corresponding to the
expansion of the free energy in powers of g, usually labeled by p.) This bare spectral curve is actually
essential for constructing all the multi-resolvents because these are meromorphic multi-differentials
pPIm) = pIm) (5 .. 2 Vdzy - - dz, on this curve with specified singularities (p°!Y) and p(°) are
distinguished differentials playing a specific role). Typically this leaves some room for adding holo-
morphic differentials which exactly corresponds to the ambiguity in solutions to the loop equations.

Indeed, because of equations (2.24), one has an arbitrary function F' of (N +1) -2 = N —1

variables, and, at each step of recursive computation of the multi-resolvents, one finds in p(p|m) some
om F(p)
OTon,+10T2ny 41"

ambiguous terms ~ 0 < n; < N — 2. Fixing these terms is equivalent to fixing the

12



periods of p(PI™) Al these terms are certainly fully determined by 8‘9T§ :::1,

of p®M(2).
As an example, consider the two-point resolvent. It can be rewritten in the form

i.e. by fixing the periods

pO2) = ol 4 o0 — piol? (2.44)

(\)

where p, ' is a holomorphic bi-differential on the curve C,

K(l‘l, l‘g)F(O) [T] dl’ldl‘g
y(z1)y(w2)

pO2) (1, 20) =

(2.45)

(012)

Pglob is a meromorphic bi-differential on the curve C that has the singularity at x1 = zo at the both
sheets of the curve of the following type:

(0]2) 2dx1dxo

pglob m + 0(1) (246)

At last, pl(0|2) = pgl]ﬁ) (=3 has the same behaviour as pgl)ﬁ) at infinity and cancels the singularity
y(z)=+vz
(2.46) of p;l[')b) at one of the sheets of the curve.
Manifestly,
o2 _ [r1+ xo]dwidas
Ploc = 247
T A 240
(0]2) _ 1 B 20 A F(O)
Pglob (.%'1,.%'2> - y(21)y () (z1 — $2)2 ((5(}1 + 1‘2) (1'1,56'2) + (21— .%'2) (.’L'1,1'2) + (xth) [T])
(2.48)
where

B(x1,22) = w+ [951 T ] T2

\V/T1T2
W (z2) +W($1)

VT2 VL
N—2N'—

9 K/ 0 0
K(z1,22) Z Z Z Z y "y 2(2k+1)(2k/+1)T2k+1T2k’+18

T oT:
m=0m'=0 k=m+2 k'=m’'+2 2m+1 2m/+1

C(z1,m2) = (T1 [ } +3T1T3> [(z122)

N k—4
0
331,1’2 Z Z { k—m— 3 3$2 — 5IE1 + 2n($2 — 331)] + ((172 “— Il)} (Zk + 1)T2k+1m+
k=4 n=0
0 0 7 0
+4 |:5T58T + 7T78T + 2(331 + :L‘Q)T78T1:|

(012)

Note that the numerator of p glob is actually a polynomial in 1, o.

Since pgooll) is a holomorphic bi-differential, the second derivatives ﬁ
(0[2)

ferential) control the periods of p and do not affect its singularities. Note that the number of
independent variables in F[T] is equal to the genus of C: N — 1.

Similarly one can deal with other resolvents in order to check that the multi-resolvents pI™) =
pPI"™) (21, z)dz - - - dzy, are meromorphic multi-differentials (except for the cases (0|1) and (0]2))
on the curve C and generically have poles of order 6p+2m —4 in points (and only in these point) where
y = 0. These multi-resolvents can be further restricted with using symmetries (2.18) and (2.19).

We discuss these general properties of multi-resolvents and its applications in more details in the
next section in the simplest example of the Gaussian Kontsevich model.

(entering this dif-

13



2.5 CFT representation
(012)

As already mentioned in the Introduction, the two-point function p glob CAN be represented as a prop-
agator in a certain CFT:

P (21, 22) = (90X (21)0X (22)) (2.49)

where X is some local field defined on CP! parameterized by z. This is because there is a singularity at
21 = 2, i.e. when the arguments of the fields coincide. The CFT is defined by the covering C — CP!.

One way is to consider the scalar field living on the C as a collection of two fields X7, X» living on the

X1,X
corresponding sheets of the covering: C (%1, X2) C . Then there will be a monodromy X; < X2 when

z goes around a branch point y = 0. Then the field X is a linear combination of fields X7, Xo that
diagonalizes this monodromy: X = X; — X5, X <« —X.

To put this differently, let z parameterize the whole world-sheet now (i.e. topologically it would
be a sphere), but the target space is now an orbifold: C/Zg ~ cpt X ¢ /Zo. The branching points
y = 0 are now just points where string wraps around the Zo-fixed point.

Both of these approaches can be actually described in the same way via the branching point
operators of [38, 39]. To this end, one needs to introduce the twist field oy jo(w,w) with the following
operator product expansion (OPE):

OX (2)a ja(w, @) ~ (2 — w) 27y jp(w, @) + . .. (2.50)

where 7y /5 is sometimes called excited twist field. Then, one can write

H 01/2 Wi, W; > (2.51)

<8X(z1)8X(z2)> <8X Zl aX ZQ
0

y(w

By (), we denote the correlator in the ordinary CFT on CP!. This would provide us with the necessary
structure of singularities

2

(0X(21)0X (22)) ~ i)

+ 0(1), 21 — 29 (2.52)
(0X(21)0X (22)) ~ (2 — wj)*l/Q, zi = wj, y(w;) =0 (2.53)

from which one can deduce (2.49).

One can also include p( 12) i this correlator. It would control the global monodromy properties of
the filed X, i.e. how it changes when z goes around the cycles on C.

At last,

P (21, 22) = (0X (21)0X (22)01/2(0,0)), (2.54)

(0[2)

since p;,. (21, z2) knows nothing about the branching points w;, see (2.47).

3 Gaussian branch of Kontsevich model

3.1 Specific of the Gaussian branch

In this section we consider the special, simplest case with only the first two times non-perturbatively
turned on (N = 1). Then, the R-check operator (2.13) identically vanishes

R(z)=0= ¥ =0, vpk (3.1)
Therefore, there are no ambiguities in resolvents in this case. This key feature suggests a separate study

of this distinguished case. This case is also a counterpart of the Gaussian branch of the Hermitian
matrix model, hence, we call it the Gaussian branch.

14



Given T = a and T3 = — M, the solution of (2.24) is

I H VY Rt VA
M\ 24 1
Z(M,a)|r=0 = (%) ettt ( |t2k+1=*%M05k 1 ) @ 3)
and the curve is 9
2 a2 _ 4
Y (z =) s M (3-4)
M(z—s/2
W) = arys= ME—s/2) (3.5)

Therefore, the resolvents non-trivially depend only on one parameter s (M can be effectively removed
by rescalings). To simplify formulas, we consider from now on the redefined curve

Y()=yi)/M=+Vz-:s (3.6)

In the Gaussian case, the recurrent relation (2.20) can be simplified. More concretely, for suffi-
ciently large indices it can be written in the form

(plk+1) & PR (2, )
y(z)/) (zazla"'azk‘):_2zazi 5 +
i=1 v
1 1 .
+§ Z pg)clrml—i_l)( Ry Ziys e - )pg?rlb—i_l)( Zjry e 7ij-2) + ip(p 1|k+2)(z,z,zl,, "7Zk)

k1+ko=k
pP1+p2=p
ki+pi >0

(3.7)
where the subscript (-)... means that one has to replace p(0|2) with ,0( 12) leaving all other p’s unchanged.
Indeed, for large enough indices (2.20) contains, in the Gau551an case, only four terms. The only

0[1) (012)

term containing p®/") combines with that containing W (z) to produce y(z), while Ploe  in the sum

1
quadratic in p’s cancels the non-meromorphic (~ (%) 2) part of the first term.
Recurrent relations (3.7) celebrate an important property that leads to drastic simplifications in
the Gaussian case, which allows one to get rid of the only parameter s:

Important formula: All the s-dependence of the resolvents (except for p =0, m =1 and p = 0,
m = 2 cases) is actually encoded only in the differences z; — s:

PPI™) (21, zmls) = pPI™ (2 — s, ... 2m — s|0) (3.8)

In order to prove this formula, let us denote though l 1 the first-order part of the differential

o0
operator L_1: I3 = > (2k + )t2k+16t . , L1 =14 —|— . Then, the L_q-constraint on F is

k=1
2
I F = —5 (3.9)
To prove (3.8), one suffices to note that
0 0 0
[l_l, V(Z)] = 2*V(2) and I 1‘7— 0= 3T3 =—2— (310)

0z o1y s
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and, using these formulae, to show immediately that —% and % acting on
/i T

PP (1, zm) V(1) -V (20) FP) g (3.11)

are equal to each other whenever (p,m) # (0,1) or (0,2) (so that one can ignore the r.h.s. of (3.9)).
Formula (3.8) can be also proved by induction using the recursive relations (3.7). Indeed, the
claim is correct for p(®l2) by an immediate check. Further, if all the p’s in the r.h.s. of (3.7) enjoy
the property (3.8) (by the induction assumption), this is also true for z — z; and y(z) and, thus, for
p®R+1) in the Lh.s.
We can use Y as a standard coordinate on our CP', since z = Y2 + 5. Then (3.8) says that the
densities can be written in terms of Y’s only. Thus, the case of arbitrary s is, in a sense, equivalent

to the s = 0 case.

3.2 Resolvents

In the next subsection, we present for a reference manifest expressions for several first densities. They
all can be obtained recursively using (3.7), by hands or with the help of computer (using, e.g., MAPLE).

3.2.1 First resolvents

The one-point resolvents:

e Genus p=10
PO (z]s) = M <ﬁ - ﬁ - Y(Z)> =M ; ST (nrﬂ;rrl(/f /)2) (3.12)

e Genus p=1
S (2)s) = glgj\14y51(z) (3.13)

e Genus p =2
PP (z]s) = 1(2)2]&[3)/111(2) (3.14)

e Genus p =3
PG (z]s) = 215002245]\;51/1&@) (3.15)

e Genus p =4
I (4]) = 56581525 1 1 (3.16)

32768 M7 Y?23(z2)

The list of resolvents grouped by the genus p (we put s = 0 in all resolvents but p) and pO12);
the s-dependence can be easily restored using formula (3.8)):

e Genus p=0

PO (z|s) = M (—\/E—i— 2\% - Y(z)) (3.17)

21+ 20 —2s 21+ 29

PO (21, 2ls) = (z1 — 22)2Y (21)Y (22) z%/QZ;/Q(Zj )2 (3.18)
(p(op)(z’ 2|s) = (Z_;é?igs/m) (3.19)
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1 1

M Y3(21)Y3(22)Y (2) (3.20)

PO (21, 29, z3s) =

p(0|4)(zl z9, 23, 24| = 0) = 3 1 (212023 + 21 2224 + 21 23 24 + 22 23 24)
) 225 235 M2 5/2_5/2 5/2_5/2
1 R9 k3 2y

(3.21)

3

(0[5) _ 2 2,2 2,222
PN (21, 29, 23, 24, 25(0) = 6 21°2524°23°20 + 5 21729 25% 23
22,23, 24, 25 0) M3 2,7/2257/2557/2 72, 7/2 (

+5 Z12222232242 +6 2122222522’423 + 6 2122225224223 + 6 2’12252Z4Z3222 +5 212252242232
+6 2122222322425 +6 2122222524223 +95 212222252242 + 6 2122225242232 +6 2122252242232

22 2 22 2 2,2_2_2
+62122 Z5 2423 —|—6le5 Z4" 2329 +522 2523 24 )

(3.22)
e Genus p=1
11 1
(11 -

prels) = ¢ a0 (3.23)

1 5212+ 32120 + 522

1)2 _ 1 122 2
P( | )(Zla 2|0) = SM2 L7/2.7/2 (3.24)

1 ~2

1 1

,0(1‘3)(21, z9, 23|0) = TVERTERTERTE (35212 223 + 30 21 202 23 + 30 21 29 23% + 35 213 233
1 %2 23

+30 Z12 223 z3+ 18 2’12 Z22 Z32 + 30 212 29 Z33 + 30 z1 223 232 + 30 z1 Z22 233 + 35 223 2:33)

(3.25)

3
(114) — 4 4 3
P (21, 29, 23, 24]0) S 2111/22211/22311/22411/2(10521 29" 2324

+100 214,222234242 + 105 214244234 + 90 213222234,243 + 105 23422324214 + 54 23322324321

+100 212222234Z44 + 90 232223243214 + 90 Z33223Z42214 + 100 214222232244 + 90 223,232244213

+105 2342’2424213 + 90 2242’33242213 + 105 Z332’24Z42’14 + 90 2342’232432’12 + 90 Z342’232422’13

+90 2’132222’33244 + 105 2142’4423223 + 90 2142’22233243 + 90 224233243212 + 105 2’242332442’1

+90 224232243,213 + 100 224232,2442:12 + 100 2242342542212 + 100 2247:32242214 + 105 z13z4423422

+105 2142432’3422 + 105 2242’3424321 + 105 2242’14234 + 105 2232’3424421 + 90 2:232332:44212
+105 2’24234244 + 105 2’142442’332’2 + 105 2’242142’44 + 105 2’24232442’13)

(3.26)
e Genus p =2
105 1 1

(2/1) _ e b
P (z]s) 128 37 Y11(2) (3.27)
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35 1
128 M4 13/2 13/2
2

P2 (21, 25]0) = (33215 + 2721 29

429212 292 4+ 29 212 293 + 27 21 25% + 33 225)

35
128 M5 2,15/2515/2,,15/2

p(2‘3)(21, 29, 23]|0) = (396 21729235

+396 226235,21 + 396 z12z2 23 + 406 22 21 233 + 396 2o 214232 + 396 22621523
+396 2252'1623 + 348 z14225z33 + 324 z15225z32 + 396 z36225z1 + 324 2352'25212
348 231255213 + 396 250297212 + 429 255255 + 348 25720721 + 396 215 2925° (3.28)
+396 222214236 + 324 222215235 + 406 213223236 + 348 214223235 + 429 216236
+348 2152’34223 + 396 222z16234 + 360 224z14234 + 406 216223233
+ 396 297210252 + 348 29%21% 233 + 429 z16z26)

e Genus p =3

25025 1 1
3|1
(1) = Tos M5YT(2) (3.29)

35

(312) =
p 7 (21, 22|0) 1024 M6 ,19/2,,19/2

(12155 215 4 10725 2, 29 + 11011 22221° + 11066 2,° 2>

+10926 211 20% + 11066 25° 213 + 11011 22 25% 4 10725 25721 + 12155 2,°)
(3.30)
3.2.2 Resolvents: general formulae and relations

For generic p and m, (p, m) # (0,1) or (0,2), in the Gaussian case all the resolvents are of the following

form:
(plm) L 1 @pm{zi})
pP™ (21 ml|0) = <Hi ) (3.31)

M 2p+m—2 ”il Y6p+2m73(zi)

where @}, ,, are homogeneous symmetric polynomials in {z;} of degree deg Q. = (m—1)(m+3p—3).
For m =1 degQp,m = 0, and Qp,, is just a constant

PP (2]s) = 3yl ATV 1) (3.32)

so that the formal power series pl!)(z) = > o g*?pPIV)(2) can be converted into the hypergeometric
function. Its z-expansion is

0 g™
prE) = 2303pp!  M2p—1 ZSP 1/2 Z P n'F (3p —1/2) (3.33)
which gives the general formula for the ((09)"03p—24n) intersection numbers [9].
There is also a general formula for the genus zero (p = 0) multi-resolvents:
1
PO ({2} ) = —s (20,4 (3.34)

Mk 2 Y3(Zl)...y3(zk)

18



A general formula for the p = 1 multi-resolvents is less explicit. It can be written with the help of the
generating resolvent (2.8) treated as a functional of ¢(z) such that d¢(z)/dz = ”(z) , (2.5):

GO[g] = Mk 'H 7§ () - (20,)F—— T - (3.35)

-1 Y7 (Z])

where p(z) = (22 — 2t)73/2 and the contour C' encircles co. Then, the logarithm of the generating
resolvent generates the p = 1 multi-resolvents

— logG = 1' H (7{ dziqﬁ(zi)) p(l‘k)(zl, ey 2k)s (3.36)

i.e. the genus one multi-resolvents are connected parts (up to the factor of 24) of the k-point function
generated by the generating resolvent,

” dt dt
- e o(2)dz - 1
I Ay B A ATErErE

(z2—5)3/2

i 1 5log GO {¢}
p (Zl,---azk) - 245¢(21)5¢(zk)

$=0

For example,

1 6GO {qﬁ} 1
() — __ 1
PE) = S ek 24M% 24M M@0 = ga1572

b 5¢(21)5¢(22) 6p(z1)  09(z2) =0

_ 24}\42 (2% M(Zl)?g(zz)dt i fé M(Ztg)dt % M(ifé)dt> _

1 (2(u( z1)p(22) + 20(21)i(22) + p(21)fi(22))

527 + 32120 + 523
8M221/2227/2

= S 5 - ﬂ(zl)/l(z2)>

t=0

3.2.3 Proofs and comments

In the forthcoming considerations, we use the symmetries (2.18)% and (2.19) which should be sup-
plemented with weights of genus-expanded multi-resolvents under the first transformation, (2.18):
deg p®Plk) = —3 + 5k + 3p, and under the second transformation, (2.19): deg’ pPIR) =9 _ | —2p.

All the proofs in this subsection are done by induction. Note that we often omit as trivial checking
the induction base. An equivalent way to obtain multi-resolvents is described in s.4.3.

“For M = 1, s = 0 this symmetry requirements are equivalent to the standard claim that the free energy has an
expansion in 7 such that

k

F(r) = Z 9 Tany 41 Tt - O Z(m -1)=3p-3 (3.37)

i=1

C’s being some numerical constants. This is usually derived [9] from the fact that the intersection number of a collection
of forms is non-zero only when the sum of theirs degrees is equal to the dimension of the manifold.

19



Proof of (3.31):  Using (3.7) it is easy to show by induction that pI™ ({2;}) is meromorphic on
the CP! in each z; and can have poles only at Y = 0. Then, in order to prove (3.31), it is enough to
show (due to the symmetricity in {z;}) that for some z; the order of pole in Y = 0 is (6p + 2m — 3).
This also can be done straightforwardly by induction. Then the degree of the polynomial @), is
completely fixed by symmetry (2.18): deg Qpm = (m —1)(m+3p—3), while the power of M in (3.31)
can be determined by symmetry (2.19). O

In fact, the second symmetry (2.19) allows us to put hereafter M = 1, while the first symmetry
(2.18) does not affect M at all.

Proof of (3.34):  Without any loss of generality one can put s = 0 (i.e. y(z) = z/?) using formula
(3.8) and identify 05 = — Zf:o 0;,. From the definition of p’s and using symmetry (2.18), one obtains

PO ()= S Cmem (3.38)

E 3/2
S ni=k—3 [[i, 232t

In each term of the sum at the r.h.s. of this expression there exists ¢ such that n; = 0. Let us denote
through the subscript A the coefficient in front of zg% in the asymptotic expansion at z — 0o. Since
p is symmetric in z;’s,

k _
PO ({23

Z CTL1 Mg 10
s i T 22 1239

contains the same information as p(0|k) itself. Thus, p can be in principle restored from p4. However,
we do not need to do this explicitly. Just assume (3.34) is correct for k < K (it is trivially correct for
K =2). To prove it for k = (K + 1), it is enough to show that

K K-2 1
i=1

=171

One can easily do it by considering ~ % term of the asymptotic of the recursive relation (3.7):

P ({2 = (2}36) OF) ({235 ) (3.41)

Then, (3.34) is correct by induction. O

Proof of (3.36):  Similarly to the genus zero case, put s = 0 and write
C
1|k k ni...n
Pzt = Y % (3.42)
S ni=k H'L 1%

Now either there exists such ¢ that n; = 0 or Vi n; = 1. Therefore, in contrast with the genus zero

case, all the information about p(1/*) is contained both in
(1|k’)({ ) k—l) _ Z Chy.ng 10
Pa Zifi=1) = 1 3/2+nz (3.43)
> ni=k H

andin ¢, = 37%Cy. 1 . First, we deal with this ¢;. One can easily construct such ¢ that 550 alx%g?/2 =

3
function in (3.35). Then, (3.35) reads as

%0n0. Now, we are interested only in the terms where each 0, acts once on each ( MESE in the k-point

ok 1
’;k l=— (3.44)
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and

log G[¢p] = —log(1l — a) = Z % (3.45)

i.e., (3.36) is equivalent to the statement

(k—1)!

- (3.46)

Cl —

Now, as usual, we prove it by induction. Assume that, indeed, ¢, = (k—1)!/24 for k < K. Computing
the term %/2 of the asymptotic of (3.7), one obtains (again only the first term at the r.h.s.

K
2211, 1%

survives)

i=

3 e = —2K (3% er) + 5K (3%cr) = 35 K ek (3.47)

where the two terms come from differentiating the denominator (z—z;) and the numerator respectively

=10, + 12 2i0;, + ...). Therefore, cx = (KQZI)! :

(one then expand

As the second step, we study p( ‘k) The %—asymptotic of the (3.7) gives us

P () = ( 228) AR ({235 ). (3.48)

Introduce the notation p(*) ({z;}¥_,) = (285)’“% and pt) ({z;}F_,) for its connected part. Now
J

H?:l ys
we again apply the induction and assume that, for k < K, p(*) () = iﬁgfr)m() To prove it for
k = K + 1 it is enough to show that

1
UKDy ﬂpgiiz(.) (3.49)

Due to (3.48) and to the induction assumption, it is equivalent to
K
ARG = 20,58 () (3.50)

For the complete functions such a relation is obvious from the definition: p(KH)(-) =20,p) () . Let
I'=1...kand zy = z. The complete (K + 1)-point function is expressed through the connected ones
as follows

ﬁ(KJrl)({Zi}iEIU{O}) — Z Hch{m‘) {257, i€l ) —

) f=rufoy’ ="
j=1
S S
H C‘o{1n| {Z zEI ) CL{)ZI|I+1 ({ZZ}lGILU{O}) (3 51)
s I=1j=1 :
|:| IJ =I j#l
The %—asymptotic of this equation is
S S
~(K+1) ~(|I;]4+1)
A eden = 30 30 T Al Weidier,) - 200 (aidien) 4o
s =1 ij=1 ( ° )
U =1 J#l
Jj=1
Now, using the induction assumption,
S S
20,0 ({zi}icr) = Peonn, A({zi}ier) + 1T 285D Geiticr ) - 2068080 ({ziYien,)
- J (3.53)
s>1 =1 3ji=1
U =1 i#l

j=1



<~ H ul){m| { }’LEI) pCOnn, ({21}161 +2a Z Hpgl){qn‘) { Z}Zeij)

s =1 . (3.54)
U =1 |i|11j=1] '
Jj=1 j=1

= B zien) = 2008 ((zidie) = AV TV (zibier) = Cfijia{zz}@ (3.55)

g

3.3 DMatrix integral representation

This partition function Zx can be presented as the Hermitian matrix integral depending on the
external matrix A,

DX exp (~4Tex? - £ TrAX?)

Ty = V3 (3.56)
| DX exp (—%TrAX2>
32k+1
where the integral is understood as a perturbative power series in Top1 = Sy 1TI“A_2k_1. Note

that this integral does not depend on the size of matrices X and A provided it is being considered as
a function of ¢ [10]. By the shift of the integration variable, it can be also reduced to the form

2\ S DX exp (~4TrX? + TrAX)
ZK = exp ( Tr 2) (3.57)
DX exp(—%LTrAX?
V3
where 3A = A2 ie. Topy = g2k ) TrA=F=3 5
3.4 Okounkov’s representation of the Laplace transformed resolvents
Further on in this section we put M =2, g =1 and s = 0.
3.4.1 Laplace transform of the resolvents
Let us introduce the Laplace-transformed resolvents 7:
Tk — > xiz
P (21, z) = 2F /Hdm e T U (e, ay) (3.58)
o =1
) 1 TseE " |
n* (g, ... xp) = (4ﬂi)k?{Hd'Z€1 ) (21, ..., 21) (3.59)
i=1

where the contour C encircles 0, beginning and ending at the negative infinity with respect to the
branch cut along the negative real ray.
The manifest expressions for a few first n are

1/2 /2, 1/2

1
77(0|3) (;[,'1’;(}2,1}3) o 3/2 Ty

(3.60)

5Tn order to introduce an arbitrary shifted first time, torp+1 = Tok+1 — %5;“1, where M is a parameter, one should
consider instead of (3.56) the integral

3M?2 3M2

Ik =

[ DX exp( 169% Ty 3 _ QngTrA)@) M s\ DX exp( 16g TrX3+TrAX)
7 = exp ( —Tr 5) 7

J DX exp (- Z2TrAX?) DX exp (- 228TrAx?)
3kt3

k+

which is a function of the same T2r+1 = g TrA= 2! = ki T TrA k-2,

1 1
2 2



n(0‘4)(x1,1:2,x3,x4) =~ (:5?23:;/2 L2 3/2 1/21:;/2%/21:}1/2
27 (3.61)
—i—xi/ng/gxé/gxi/Q + m?ﬂx;/?my%ip)
1
(1) — 3/2
" (xy) = YPSYE x (3.62)
1P (@1,22) = 5o (@723 + 2}y 4 2P ?) (3.63)
1 1/2,1/2,7/2 | 1/2 7/2 1/2 7/21/2 1/2 1/2,3/2,5/2
U3 (21, 29, 3) = e (5U1/ $2/ ol 24 / / / +5U1/ 2/ $3/ + 22! / / /
+2$}/2$g/2$§/2+2w:i/2w;/2wg/2 5/2 1/2 3/2—1—2953/2 5/2,, 1/2 (3.64)
+2x?/2x3/2x§/2 + QI?QCL‘%/QJ:;/Q)
1
(2I1) - 9/2
N () = 5109173 © (3.65)
1
02 (21, 29) = - (521 1/2 11/2+5 11/2 1/2+15 3/2 9/2
26 45 (3.66)
+15339/2 3/2+29335/2 7/2+29 7/2 5/2)
EDDE T
One can easily turn on nonzero s using n®"™ (z1,...,zy,ls) = e 7 7P™ (2, ..., 2,|0) (except for

p=0m=1and p=0,m =2 cases).
The general formula for the genus zero n-resolvents can be easily obtained from (3.34):

k—3
0|k _ o i I § JE e —
77( | )(gjl,...,l’k) = W%Hdzze 9 ( , 823) 23/2--'23/2 =
i= 1 k

(Zk 1wz>k_3 L 1 (& T
- 2 (4 i)k %Hdzz 12,32 T 2qk2 (2@) 1—[%1/2
l k =

C

(3.67)

3.4.2 One point function

One can easily verify that the one-point n-resolvent is as follows

23

1 e12

27

~—

W (x) = (3.68)

The r.h.s. of (3.58) is then equal to

— _ 3p—3/2 — _
Q/dx”(’”)e C = ﬁzp!m/dmp ¢ =
0 0

p=0

(3.69)

o

B Li 1 T(3p—1/2) -y 6p—3)" 1
VT g pl12e Bl o pl 120 251 ,3p-1/2

Exactly the same expression is obtained from (3.33)

[e.9]

— p=
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3.4.3 Okounkov’s result

In [16] Okounkov obtained a representation for the resolvents in terms of finite-dimensional integrals
which can be thought of as a discrete version of a special functional integral. He introduced the
functions

n n

1 e (1) (si — si+1)? 8+ Sit1
E(xl,...,xn)—Qnﬂn/Q v /Si>0ds exp —ZT—ZT% (3.71)

i=1 =1

and their symmetrized versions

go(.%') = g(xg(l), ce ,1’0(5)) s (3.72)
ceS(n)/(12..n)

where the summation is over coset representatives modulo the cyclic group generated by the permu-
tation (12...n).

Then the resolvent is a generating function for intersection numbers on moduli spaces of curves
with n fixed points (genus is arbitrary) and is equal (up to some renormalisation and rescaling) to the
sum®

(@, an) = > (D) E (a,), (3.73)
aGHn
where II,, is the set of all partitions « of the set {1,...,n} into disjoint union of subsets. For any

partition a € II,, with ¢ = ¢(«) blocks, z, is the vector of size ¢ formed by sums of z; over the blocks
of .

For n = 1 formula (3.73) is very simple: 5!V (z) = £°(z) = &(z)
we obtained in section 3.4.2.

Note that Okounkov used the time variables that differ from those typically used in KdV by the
factor of (2k+1)!! for the (2k+1)th time variable”. In order to reproduce these factors in the definition
of the resolvent, one has to use here the Laplace-transformed resolvent 7 instead of p (since ..).

13
= ﬁ ;;22 and it is exactly what

3.4.4 L_; Virasoro constraint and genus-zero resolvents

In this section we show explicitly that Okounkov’s functions (i.e. the r.h.s. of (3.73)) satisfy the
lowest L_; Virasoro constraint. Note that, when proving (3.34) in sect.3.2.3, we used only the leading
asymptotics of the recursive relations in z, which is equivalent to the L_;-constraint. In fact, the L_1-
constraint is sufficient to determine the genus zero resolvents in the case when only T3 # 0. Hence
by demonstrating the function satisfies the L_q-constraint one is automatically guaranteed the genus
zero result is correct (therefore, it is possible just to apply the same arguments as in proof of (3.34)).

The L_;-constraint imposed on the partition function is equivalent to the following constraint on
the asymptotics of the p-resolvents (compare with (3.41)):

9 n—1 - B
P'n)(Zb ceyZp) = ~ 3 (Z 81) p'" 1)(21, ceeyZp—1) + o(zn3/2), Zp — 00 (3.74)
Zn i=1
Under the Laplace transform, (3.59) it leads to

77‘”)(9?17 o 7xn) = \/ 3;771 (xl +-+ xn—l)nmil)(wl? "’xn—l) + O(\/xn)v Tn — 0 (3'75)

i.e. the n-resolvents given by formula (3.73) satisfy the L_; constraint.

®In [16] Okounkov used notation G instead of 7.
"We do not care here about some k-independent factor, because it can be easily eliminated by rescaling.
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In order to prove this formula, one needs to use the following identity

0 00 (a—b)?

/da/dbf(a,b) c

{

- (3.76)
dcfcc £(0,0)+0(e) = [ de 1/ 0uf(e,e) b +O(e)
[Zonso= Jof o Foses)
It follows from the decomposition
f(a,b) = [f(a,b) = O(A = (a+ b)) f(0,0)] + f(0,0) O(A — (a+1)) (3.77)

where © is the Heaviside step function. The difference in the brackets can be proved not to contain
the O(y/€) term, while the remaining integral can be computed exactly.

Now, one can apply to the Laplace transform, (3.59) of the p-resolvents (3.74) formula (3.76) with
€ = 21’]{

L exp(f0a))

@, an) = 2"77"/2 I1v=:
' n (Skfl_sk)2 (k=sk41)?  (hp1—shp2)? TptTE_1 Ttk
/ Hd dwp_y 4z;:r - +4a:k+1+ —ms g sk — g } oh — 0 (3.78)
0 =1
1
1 €xp < 12 z;c > { B (skil—s)Qi(s—sk+2)2 7---7Szk+1+1k71---}
4z, 4x 2
~ on—1p(n-1)/2 / [[ dsidsAe o o (3.79)
z;ék i#k,k+1
where
Tk Tk | S —Sk+2  Sk—1—5 | Tk—1+ Tkl
A=1 — 0 =1—4/— — 3.80
+ty/ O + o(\/xy) - { T ST + 5 } +o(v/zr)  (3.80)

In go some terms cancels

EO(xy,- - xp) = [(n -1)— \/ftn(zl +-- +xn_1)] E9x1, -, xn1) + o(v/Tn) (3.81)

Note that if «v is a partition (see [16]), then there are two possibilities: 1) it does not contain the block
{zy,}, then

E9(xa) = E9(Talz,=0) + o(v/Tn) (3.82)
2) it contains this block, then

EO(zo) = [(f(a) -1) - ﬁ(xl +-- 4 xnl)] EX(Ta\ (any) + 0(v/Tn) (3.83)

In 7 further cancelations take place so that finally one arrives at formula (3.76).
As it was already discussed in the beginning of this subsubsection, one can easily derive using

(3.75) that
k—3 k

k
1
W(O‘k)(lvla e Tk) = k2 (Zl xz) .ljlx;ﬂ (3.84)

Verification of the Lg-constraint needs much enhanced version of (3.76) and much more involved
computations.
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4 Simplest DV type solution to Kontsevich model: KdV hierarchy

As we already discussed in sect. 2, there are many solutions to the generic Kontsevich model pa-
rameterized by an arbitrary function F[T] that satisfies two constraints (2.24), in variance with the
Gaussian case of the previous section, when the solution is unique. However, among all these many
solutions there is a special family of the so-called Dijkgraaf-Vafa solutions. They are associated with
a Riemann surface which genus is generically equal to N — 1, the number of non-zero times T} being
equal to N + 1. These solutions are non-generic, and, being extended to depend on higher times T},
k > 2N + 1, are required to be associated with the same Riemann surface and to have a smooth limit
upon bringing these excessive times to zero in order [40]. Moreover, one typically considers infinitely
many excessive times (still keeping the genus N — 1 of the curve fixed). Then, FO[T7] is logarithm
of the 7-function of a Whitham hierarchy w.r.t. these infinitely many times T} [25, 41], while the
complete matrix model partition function as a function of T} corresponds to a dispersionful integrable
hierarchy.

In this section we consider the simplest DV solution, that is, the solution associated with a sphere.
The partition function Zk (t) (as well as Zx [T| = Zk (t)|r=0) of this system is nothing but a 7-function
of the KAV hierarchy, while its planar limit, F(O)[T] is logarithm of the 7-function of the dispersionless
KdV hierarchy (i.e. Whitham hierarchy in the case of spherical Riemann surface). This is exactly the
solution that was previously considered as relevant to 2d gravity [42, 22, 23, 10, 11].

Throughout this section we denote

O*F
U=— 4.1
o7 1)
and its dispersionless counterpart
0?F©
= 4.2
The Lax operator is
L =g¢%0? +2U (4.3)
The evolution is given by the flows
OL i
— =g|[L2,L 4.4

Here [-]; denotes the differential part of the pseudo-differential operator (i.e. the "non-negative part”
in the formal operator 9). The appropriate solution of the Virasoro constraints is fixed by the string
equation

[L,M] = 2¢g (4.5)

where

N
M = 3" (2k + 1) Ty L (4.6)
k=1

4.1 An example: N = 2 case

Let us assume that Z[T] = ef'[7)/9° which we ”found“ (up to some arbitrary function) in subsection
2.2 solving the first Virasoro constraints, is, in addition, a 7-function of the KdV (or the 2-reduced
KP) hierarchy. The 3rd and the 5th equations of the hierarchy are

10U 0 <U2 U”>
+

30Ty oI 12
10U B U3 2UU” U/2 U//// (4'7)
15075 8T1( AR TR A VI 240)
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Picking up F' from (2.37) and inserting it into these equations leads to the Painlevé-I equation on

G(m2) = " (1p):
3°5¢
QZG// - _6- G2 I ~m (48)
Solving it perturbatively w.r.t. g2, one obtains series (2.40) with the coefficients being recursively
determined®. The first two coefficients coincide with those in (2.38). From that equation it follows

that ' may also have an extra term C’ny. However, one can check that actually C’ = 0 using e.g. the
equation

O*F
L5/2 4.9
e OTy0T5 (49)
where the residue is defined by
[e.e]
res Z ar(gd)F = a_y (4.10)
k=—00

Thus, we have fixed all F(®) [T'] completely, there is no more ambiguity and the curve and the
densities are fixed. As we mentioned, F(O[T7] is such that the elliptic curve actually degenerates:

2
2 10 2 10
L A/T2 - 07Ty 4 omy o \/T2 — O T — Ty
= (5T3)" | =+ ¢ A VS 8 (4.11)

T5 ’ 5 T5

\/ T2170T1T5+2T3

T . Thus the curve is equivalent to
5

i.e. the torus is pinched at the point y =0, x = —

. 29775
the rational one Y2 =z — 2 \/—5 .

A few first (multi)-densities are (here we consider the critical point? case Ty = 0, T5 = 2 2 t0 make
formulae more compact):

y(z) = —;( T +2)Y(2), Y%2)=z-2JT (4.12)
_ — z1+22
PO () o) — _4\ﬁ 21— %2+ WY(ZH)Y( 2) B p( 12) (21, 22) (4.13)
7 Y (21)Y (22) (21 — 22)? ] PN Y
1 1
pO3) (21, 29, 23) = (4.14)

2T Y3(21)Y3(22)Y?(23)

1
AT2Y5(21)Y5(20) Y5 (23) Y5 (24

04 1/2
PO (21, 20, 23, 24) = — (21222324 — DTy " (212223 + 212224 + 212324 + 222324)+

HI6 Ty (122 + 217 + 2120 + 227 + 2+ zam) — MT (@ b 22 bz b)) + 12TF) (415)
1 2—-5yTy
e = - 4.16
(2/1) 7 613T2 — 5037222 + 204T 22 — 44T)/%23 + 424
()=~ 11 (4.17)
g.910. T7/2 Y1L(z)

8Note that, strictly speaking, there are two solutions to (4.8) corresponding to the two branches of 7]5/2 (2.40)

(or, equivalently, to the two branches of /T2 — §T1T5 in the expressions below). But only one of these branches has a

smooth limit 75 — 0, i.e. permits the transition N = 2 — N = 1 considered in subsection 2.3. Therefore, only one of
them is associated with the DV solution.
9By critical point we mean the case when Ton4+1 = const and other T; = 0, ¢ > 1. T} is as usual a variable.
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1
32T TEYT(2)Y (2)

p(1|2) (21,22) =
(4.18)

| 22725 — 1(21%22 + 2521) + 1(2] +25) + 12122 — 21+ 22) +
22222 — 14\/T1 (22 221) + 35T (22 + 22) + 89T 18277/ 28472

Thus, we checked that if Z = e7/9 satisfies the Virasoro constraints (for N = 2), then the following
statements are equivalent:

e 7 is a 7-function of the KdV-hierarchy

e The elliptic curve y(z) degenerates into the rational one and the multi-densities p®I™) have no
poles at the two marked points on the sphere which come from the double point singularity on the
torus.

Equivalently, one can say that the poles are only at Y = 0 points. Thus, the condition imposed
on the curve determines F(O[T] and then the condition of canceling the singularities determines

72-V7 15401
FW®IT], p> 0 (for general F®)[T] the poles at 2 = -1 \/ 58 10T do exist). We will specify this

15
statement for general case below.

4.2 Quasiclassical limit of the KdV hierarchy as Whitham hierarchy

In this subsection we review some features of the quasiclassical (or dispersionless) limit of the KdV
hierarchy and its representation in terms of the generalized Whitham hierarchy [43, 44]. We work
only quasiclassically and suppress the corresponding (0) superscript. In the quasiclassical limit of the
KdV hierarchy, the momentum is just a commuting variable: g0 ~» P, because one can neglect all the
commutators [P, -] ~ g. Then, the Lax operator is just a function

L=P?+2u (4.19)
which satisfy an additional constraint — the string equation:
{L,M} =2 (4.20)
where {-, -} is the Poisson brackets ({P,71} = 1) and
N N—-1
M =32k + DTy L7 = Y M PoHL (4.21)
=1 §=0

By [-]+ we denote the positive part of expansion at the vicinity of P = co. T} and g—ﬂ can be
represented as follows (see proof in Appendix A):

1
Tj = —resp—os {P ML—’f/QdP}

gg = —resp_o {P MLk/QdP}

(4.22)

This defines our system as generalized Whitham hierarchy for the sphere parameterized by P.

For generic N, the curve (2.23) also degenerates to the rational one, when one imposes on Z an
additional condition to be the 7-function of the KdV hierarchy. This is actually an obvious con-
sequence of the equivalence of the curve (2.23) and the one appearing in the Whitham hierarchy,
since the dispersionless limit of KAV (which describes F(O[T] in (2.23)) corresponds to the Whitham
hierarchy on the sphere. Hence, imposing on the solution of KdV hierarchy additional Vira-
soro constraints quasiclassically is equivalent to total degeneration of the corresponding
curve Cyon—1 given by (2.23). This degenerated curve has the global parametrization
z=L(P), y= M(P).
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Indeed, let us denote

t=P*4+2u=1L; §=) MP*! (4.23)

Then ,
7 (z) = (z — 2u) (Z Mi(x — 2u) ) (4.24)

The curve Cy2n—1 defined earlier reads explicitly as

1 N 2 N-2 N OF
2 k 2 k—m—2
= - 2 HT: - .
yo= (Zz (2k + 1) 2k+1> TP +2> > 2 (2k + 1)T2k+1at -~ (4.25)
k=0 m=0 k=m-+2
To show that y?(x) = %(x), one can use formulae (4.22)
1 —k/2
- 4.26
T 2kre8p_ [ dS} ( )
F 1
ng — —respn [xk/zdS} (4.27)
where dS = gdx. Then, expression (4.25) can be combined into the sum
1 a - —a— —b—
=7 > 2 lrespog [:c 1/2d8] resp—oo [x ’ WdS} = [vR(2)]+ (4.28)

a+b>0

where

1 . dz N
yr(z) = =5 > 2" Presp_og {m_“_mds} ==Y 2" res,— [wmy(x)xaﬂ} =7(2)  (4.29)

Therefore
v (2) = [ (2)]+ = 7(2) (4.30)

The inverse is also true. The condition of curve degeneration into sphere gives us N —1 independent
linear PDEs on F' (pinching of all N — 1 handles, or coinciding of the corresponding N — 1 pairs of
roots) which fix completely the ambiguity, the function FO of N — 1 variables.

When all T}’s are fixed, one can completely determine all My’s and u. That is, u is defined by the
equation

N
(2k +
Z TQkH ub =0 (4.31)
k=0

which has only N solutions. Thus, in generic case one obtains!®

N-1
y(z) = P(z)y,(x) (P('T) =V —2u, y(zr)= Z M(x — 2u)s> (4'32)
s=0

10y (z) of subsection 4.1 is just P(z).

29



4.3 An alternative way to obtain multi-resolvents

When T1, ..., Ton+1 times are turned on, there are IV solutions to the equations of the KdV hierarchy
that satisfy the Virasoro constraints. The choice of solution corresponds to the choice of a root in
equation (4.31). N — 1 of these solutions have a smooth limit when Toy11 — 0, and one of them
(corresponding to the root of (4.31) which goes to infinity) diverges. However, only one solution
survives when all the times T, — 0, £ > 3 reducing in this limit to the Gaussian model. Putting this
differently, one may associate T}’s with 7;’s of the Gaussian model in this case. Partition functions
for different choices of T}’s are actually given by the same function in the sense that

Z(T',7')=Z(T,7) = Zk(t) if Topyy+ Topr1 = Toks1 + Tokr1 = tory1 - (4.33)
However, different solutions, i.e. different functions F[T1,...,Ton+1], can be obtained from this one
by analytic continuation with respect to variables!! Ty, ..., Ts N1

In this subsection we explain how to derive formulae analogous to (3.34) and (3.36) for multi-
resolvents in more general case considered in this section. This derivation is closer to the original
way of getting (3.34) in [20]. The crucial point for the derivation is to use specific moment variables
[14]. The partition function in these variables can be easily obtained within the realization of the
Kontsevich partition function as the highest weight of the Virasoro algebra given on the spectral curve
(3.6), [6]. Within this approach, one makes a change of the local parameter on the spectral curve!?
2z — G2?/3(z — 2u) (where G and u are some functions of times to be fixed yet) '3 that generates the
change of times to the moment variables,

_— | (v(2) + W (2))d2
t2m+1 - (2m o+ 1)G2ng+1 7{ (Z _ 2u) +% (4.34)

Then, the partition functions in old and new variables are related by the formula (see [6, sect.3] for
the detailed definitions and derivations):

Zie(t) = G210 740 (4.35)
This formula is correct for any functions G and u. We specify them so that
~ - - 1 -
T1=73=0, (Topy1— §5k,1 = tok+1) (4.36)

Then,

7{ 7{ PO (21, 22]2u) (d(21) + (21))(p(22) + B(22))dz1dzo

| =

4.37
FO = —ilog(G) -
24

where p(©1?) (21, 25|2u) is given by formula (3.18) and ¢(z) = 3. 72FY/2, ®(2) = Y. Tp2F 12, 29/ (2) =
v(2), 20'(2) = W(z2)
Introduce now, after [20], the function

o0

S(a) = % (U(Z)\/—% % (2k + 2k topr1 a” (4.38)

"'We use it implicitly in what follows. E.g., formulae (4.35)-(4.37) are known for the Gaussian branch. We derive from
them explicit formulas for p®*)’s, e.g., (4.52). They are rational functions in u and Mj’s (which in turn are polynomials
in u and linear functions in T}’s). Once one have obtained these formulae for the specific solution to the KdV equations,
one can make analytic continuation in 71,...,Ton+1 to prove that they hold on over the branches.

!2Note that the spectral curve considered in [6] is double covering of curve (3.6) considered here. Hence, the local
parameter & of [6] is related to the parameter z here as £2 = z.

13 As it will be seen later u = ulr—o coincides with u appeared earlier in section 4.
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Then, from (4.34) it follows that

S(u) =0
4.39)
05(a) (
/ L _
S'(u) := e G
and, for k > 1,
. S()
Tok+1 = TS (4.40)

(2k + 1)N1(=9") 5

where S*) = S (y). Now one can represent the operator V(z) in terms of the derivative with respect
tou

0

= Q-+ — 4.41
V(@) = f(@)Q+ 5 () (441)
1
f@) = ———
(v = 2u)2 (4.42)
- _+ 4
- S'du
where operator a%(:v) acts only on explicit dependence of S*) on 7’s. Then,
V@)FO = § O w2120 (0(2) + @)z — g —— g oL FO (4.43)
’ S (z — 2u)% du '
The derivative of the two-point function splits
0 1
=~ ,(012) _
P (21, z9|2u) = 4.44
Ou (21 — 2u)3 (25 — 2u)? (4.44)
and )
o
9 o o 7{ (9@) + @@z 22 (4.45)
du (x —2u)2

In this way one gets the well-known result, which is general for matrix models: the second derivative
of the planar free energy depends only on ramification points (parameter u in our case)

V(21)V(22) FO = pO2) (2, 25|2u) (4.46)

Acting again with the operator V(z3), one gets

1 1
V(1) V(2)V(23) FO = — 4.47
S’ (21 — 2u) (22 — 2u) (23 — 2u))? (4.47)
From the observation that [Q2, V(z)] = 0 with help of the relation
k
V(z1) - V() (S =) ] (=) (4.48)
i=1
one derives
© 1o\ 1 &
where, if one wants to get the expression for zero times 7, one should substitute
N
2k + 1)!!
SO o = ket b = M,_ 4.50
l7=0 kz::s (k— s)! 2k+1U 1 ( )
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N

2k + !
u|‘r=0 =1u, Z (ki') Topt1 uF =0 (4.51)
k=0 ’

which coincides with the string equation, (4.31). Thus, we obtain the following generalization of (3.34):
1 o\ 1 1

OF) (5, ... N . — | | R 4.52

P (21, , 2k) < M, au) Mo P (2 — 2u)3/2 ( )

Let us note that 8(%5 = (254 3)Ms 41 and My, u have a nice description in terms of the curve (see e.g.
(4.32)). From (4.37), (4.39) and (4.47) one gets

FO = —ilog S = —ilog 873}_(0) (4.53)

24 24 ors '
For higher genera it is probably too naive to expect expressions for multi-resolvents to be same simple
as for genera 0 and 1, but one can get (less simple) explicit expressions. If the variables u and
Jj := S® for k > 0 are considered as independent, then

k=1
(4.54)
d 0 0
Y + kz JkHTJk
with f¥)(z) = g—;f(x). Thus
__f@) 9o ®) () — Jk+1f(fﬂ)> 9
v =L g X (10 - ) (455)

This operator is rather easy to apply to low genera, because in terms of the variables Jj, expressions
for free energies are simple, for instance,

@ _ L (i 290y T3
9216 \ J} Jt 5J7

(4.56)

1 Jof(@)\ (1 Ji 29 Jods T Jp
@ _ L, _ 2 1 Ji 29 T
M (f @) == > (192 1720 g5 1 g0) "

2
@) () Jﬁ(gﬁ)) ( 20 J T J22> 29J ( 3) () J4f(f”)> _
* (f (z) 2880 1~ 240 J;5) T smeour (@) ==, (4.57)

L (w _J5f(~’ﬂ)>
115277 <f @) =7

For the Gaussian branch Mj, = Mdg j, 2u = s, this gives

(4)
() 105 _ (4.58)

@ (z) = V() F@| = =
p@) =V@)F®| = E1ss 128 M3 (xz — s)2

One can easily see that, in the generic DV case, p®I™) (x1,...,Tm) can be expressed through the
coefficients My, ..., My_; and P(z) only. From formula (4.55) it follows that the singularities in x;
can only be of the form f*)(x;)|,—, i.e. 1/PZ¥3(z;).

Here we list several first densities (for general N) (using variables z¢ = 2u, My, ..., My_1 instead
of Tl, e ,TQN_H):

PO (@) = —W(2)/Vz — Plx) - yr(2) (4.59)
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012) (31 2) = 1 P?(x1) 4+ P?(x2) T+
P (21, 22) o =12 { Plan)P(na) \/M} (4.60)
-1 1
p O3 (21, 29, 23) = Mo P3(1) PP (aa) P () (4.61)
(0]4) _ 3 1
P 2 23, 04) = s B BB ) PO () P ()
‘ (4.62)
N PRSI Ml)
<P2($1) P%(x3) © P2%(x3)  P2*(zs) Mo
P () = —L Mo M, P2(x) (4.63)

o 8ME P5(z)

Note that the dependence on = and g enters only through the difference x — g = P?(x) (analogously
to what we had in the N =1 case (see formula (3.8)), again except for the non-meromorphic parts in
pOM and p(012)). This type of solutions to the Virasoro constraints is sometimes referred to as one-cut
solutions (for the obvious reason).

4.4 KdV/DV solution and absence of poles

Taking into account what was said at the end of the previous subsection, one can state that if Z(T")
satisfies the reduced Virasoro constraints f}_l, EO, then Z[T] = 7xp <= the curve Caan_1
degenerates to a sphere and p(p|m) for all p,m have no poles at marked points on the
sphere which came from degenerated handles, i.e. at the zeroes of y,(z).

Proof of the genus-zero (regarding degeneration of the curve) part of this conjecture is presented in
s.4.2. It is actually enough to check the condition for higher p only for the one-point functions p(p“) (x),
because when performing iterations (2.20) the singularities just can not arise in the multi-densities
p(p|m) (z1,..,Tym) due to the symmetry between x1,..,2,,. Then, for each p we have the following
condition: the numerator of p!V)(z) obtained through (2.20), which is a polynomial in z, should be
divisible by y,(x) in the denominator. In the general case, the remainder is a polynomial of degree
N — 2, and thus one has N — 1 equations, which are the first order linear PDEs on F?). Hence, the
function F of N — 1 variables is completely determined.

The absence of the poles in all p(PI!) is equivalent to vanishing of the integrals

7{ PV (z)dz =0, Vi=1...N -1 (4.64)
A;

where the A-cycles encircle handles (which are actually pinched):

and plt) = Z;io g% p®) is the total one-point function. Therefore, one can actually forget about this
points and the initial curve, and work in terms of the reduced curve P(x) = \/z — xy.
4.5 A particular case: Chebyshev spectral curves

There is a special choice of values of T} which is usually referred to as conformal background [45].
This choice leads to the Chebyshev curves'4. Indeed, if values of times T}, = Ti(\) are given by

N % +1)1 2N —1 -
kZ:()TQk+1£k+1/2( 22k—1) = \/ﬂ (_)\)N 1/2 [KN—I/Q(_A/g)g]_i_ (465)

B ) [46] it was shown how the Chebyshev curves emerge in Liouville theory.
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then there exists a solution u = —% of the string equation (4.31) such that

1 A
x=P?— =3 To(P/VA) (4.66)
y=AV"12Ton 1 (P/VN) (4.67)
or, equivalently
N-1/2 2z

We denote here by T, the Chebyshev polynomials. The choice of times (4.65) defines the conformal
background.

In order to prove this claim, one can set A = 1 without loss of generality. According to what is
said at the end of s.4.2, the space of curves of type (4.23)-(4.24) covers N times the space of T}’s.
Then, it is enough to prove that the times given by the Chebyshev curve y = Tx_;/2(27) are such

that (4.65) satisfies. Taking into account that Thy; = _Tl-s-lresﬂ«“:% [:U_k_l/Qy(x)d:U], it is correct if
N
S (T T(k+1/2)2" 2 = (~1)"v K, (-1/z) (v=N-1/2) (4.69)
k=—00

is correct. We denote here by K, the modified Bessel functions of the second kind and T,(z) =
> oe(Ty) wxF~1/2. Using the integral representation for the I'-function and deforming the contour, one
can rewrite this equation as

/+OO T,(r)e "dr = (-1)"vK,(-1) (I=1/z>0) (4.70)
-1

Then, integrating by parts in the l.h.s. and using the integral representation for the Bessel function
in the r.h.s., one comes to

oo 1 1 ! 1 1
/ T, (t)e ™ dr = / e 2D gt (4.71)
-1 2 Je

where contour C' goes from 0+ to 400 encircling 0 one time. Omne can check this equality just by
changing the variables t + 1/t =7, t =ty =7+ V72 — 1 and using T, (1) = (¢ +t“)/2.
Note that in the general case if one has a curve

Tp(z) = Tq(y) (4.72)

then due to the composition property of the Chebyshev polynomials, T}, o T, = T}, the curve can be
parameterized in the obvious way

z =Ty(P) y =Ty(P) (4.73)

5 Generalized Kontsevich Model and duality

In this section we review some basic aspects of GKM. The next section contains some more detailed
analysis of the p = 3 case and includes finding the curve, the first densities and action of the p — ¢
duality on them.
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5.1 Generalized Kontsevich Model
Partition function of GKM is given by the following matrix integral ([10]):

1 iTr{—&H-&-APX}
Z(t) = —— [ dXes? ptl 5.1
0 = w77 [ axe (5.1)
It is a function of the Miwa variables
1
Ty + 1 =t = L(serl’k + “TrA~F (52)

p+1 k

Actually it depends only on times tx, k # 0 (modp). The Ward identities in this case are the W-
constraints ([22, 10])

WRZ =0 k=2..p, n>—k+1 (5.3)
For k = 2 these are the Virasoro constraints W,(LQ) = L,. One can define the densities analogously to
the p = 2 case
PP (21 ) =V(z1) - V() FP oy, V(2) = i A (5.4)
R =0 ar 2k/p+1 Oy,
In particular,
pte )
PO (@) = -W(2) +y(x), W(w)=> kar T (5.5)
k=1

and one expects y(z) to satisfy an algebraic equation
Pogly,z) =0 (5.6)

defining the spectral curve. The polynomial P, ,(y, ) is of degree p in y and of degree ¢ in z. The
GKM is known to be relevant for describing the (p, g)-model of 2d gravity when the first p + ¢ times
are turned on (7,, = 0, n > p+ ¢). The well known solution to (5.3) is given by the 7-function of
the p-reduced KP-hierarchy ([42, 22]). The spectral curve in this case degenerates to the rational one.
When one further specifies to the conformal background the curve has the form of [46]

Tp(y) = To(w). (5.7)

5.2 p-q duality

The p — ¢ duality is obvious when one formulates theory in terms of the Douglas equation [42] gener-
alizing (4.5)

[L,M] = 2¢g (5.8)
where L and M are differential operators of orders p and g respectively. However, when one formulates
the theory in terms of p-reduced KP-hierarchy (where L plays role of the Lax operator) or in terms
of the matrix model, the duality becomes implicit. In [17] an explicit change of time variables T' « T
of the hierarchy which connects (p,q) and (gq,p) models was found. In [19] the p — ¢ duality was
considered from the point of view of the GKM. ) 3

Within our approach, one first of all expects that the duality relates the functions F®9 and F(@»)
(generalizing those considered in s.2.2) which describe ambiguities in the solutions of the W-constrains
(so that fixing them is equivalent to fixing the solution'®). They both depend on a certain number
(equal to the genus of the spectral curve) of combinations of times T', consequently the change of times
should map the set of these combinations for the (p,q) model to that of the (¢, p) model. Then (after

identification of F®9 and F(@») one expects that the curves for the two models should coincide, that
. . . % ,
is, there is an isomorphism C, ;) — Cqp):

pp’q(qu)’ :L,(p,q)) ~ Pq’p(qy*y(q,p)7 ¢*x(q7p)) (5'9)

In simple cases, this is just the interchange x < y: ¢*y@P) = ™9 p*gpar) = ¢@a),

158till, fixing the solution is equivalent to fixing periods of all the multi-densities.
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6 Generalized Kontsevich matrix model (p = 3)

6.1 Some general formulae and definitions

Most of what comes up below is quite analogous to the p = 2 case, hence, we present it very briefly.

11
WP =Lu=5 55 D ittt Y. itin- %Z tat] S0 (6.1)

i+j=—3n i—j=—3n +j=

1 1 0
W) = oo | 32 § pariptet, + § Patplezg-

9 g —_ o T
p+q+r=—3n p+q—r=—3n

) 82 g4 83
t Zz -
) vy ot 00, 3 2 B, 0t,0t,

p—q—r=—3n pt+q+r=3n
WOZ =0, n>-2 (6.3)
tr =0, k=0 (mod3) (6.4)

The shift of times: ¢t = 7+ T, Ty # 0 for k = 1...(¢+3). Thus, it can be referred to as (3,q) model.

=1 9
@)= Tt g (6:3)
00 1+[45*]
Z 3k + Z $ T3k+i Wl(.’L‘) = (3]€ + i)ka3k+i 1= 1, 2 (6'6)
k=0 k=0
pz(SU) = Vl(it)f i=1,2 (6 7)
The loop equations are
21 S W 2= 2+ T+ T + L i (@) + L (Vi (@pata) + V(o) (@)
g oL n =211 1)\72 2 3z P1\T)p2(T B 1(x)p2(T 2(Z)p1(x
n=—1
+P, {(u1(z) + Wi(z))p1(x) + (ua(z) + Wa(z))p2(2)} =0
u; + Wy
9g° ZQ n+2 §V‘5+ 3 V {( : " )V§+(UQ+W2)V%}+
Wh)?2 8 )3
+g*P; {(uﬁ—xl)vz + (u2 + W2)2V1} + 5(7'2 + T)3 + 4(my 4+ T1)2 (14 + Ty) + (Tl—;xl)
1 2 3
= §P{$—n|nez+} {l‘ (g°V = (u+ W) :}
N
. 1 0
Vile) =D o g (6.8)
k=0
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V(z) = Vi(2)z™? + Va(2)z™? p(x) = pr(a)z™3 + po(x)a™23 = V(2)F (6.9)

W(z) = Wi (x)x™3 + Wy(z)z™/3 (6.10)
FlTi,...,T54q] = Flr=0 (6.11)
PPz, zm) = V(1) -V (22) FP) g (6.12)
6.2 Some first densities
Let
P = W + gt P = Wy gy a? (6.13)
PO (@) = — W (2) + y(a) (6.14)
where
yi+y=y (6.15)
From the definition of p®Y) one has
1 oF©

Tapri = _mresxzw {x_k_i/gy(a:)dx} , = —TeSp—oo {xk+i/3y($)da:} (6.16)

0T34

T=

Substituting!'® (6.13) into the loop equations for genus zero one obtain the following equation for
y defining the C,_; ) curve:

y® 4+ 3A(x)y + B(x) =0 (6.17)

where A and B are the following polynomials:

A(z) = =P W @)Wa(@) + [W1(@) (Vi(@) FO) + Wa(@) (Va(2) FO)] } /a (6.18)
B(w) = =P {Wi /e + W3 +3 [Wi(VaF )2 /o + Wy(Vy FOP2] +
(6.19)
+3 [WE(VQF(O)) Jz+ W§<v1F<O>>} } Jx
There is also the following identity:
Y1y2 = —A (6.20)

which, together with y; + y2 = y, allows one to express y; through y and A analytically.
Some formulae which are useful for computing the higher densities are

x) —xP; h(z)

Z—X

V(@) Py {uwi(2)h(z)} = ~323 0,05 {sz il } + P {ui(=)Vi@)h(z)}  (6.21)

, 1B +3Ay

= — 6.22
3 Y24+ A (6:22)

(012)

An explicit expression for p in a certain special case can be found in s.6.5.

16What follows is actually true only for g < 7.
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6.3 Solving reduced constraints and (3,2)«<(2,3) duality

. . . : 3 .
Now consider reduced Virasoro constraints for ¢ = 2 coming from W(_Q), L_1, Lo-constraints accord-

ingly:

4 OF OF 5% ,0F
—T3 4 2T2Ty + 10T Ty —— + 8T? — + —T2— = 6.23
gle telifat l0hlson +8lign + 545 57 (6.23)
OF oF
O Ty + ATy — + 5Ts— =0 6.24
1142 + 46T1 + 58T2 ( )
2
g OF OF OF OF
L T + 2Ty + 4Ty —— + 51— =0 6.25
3+ 18T1+ 2(9T2+ 48T4+ 58T5 ( )
The general solution is as follows
2 1Ty 4 1T 2 .27y 16 T T T 32 Ty*Ty2
F[T17T2,T4,T5]:—g*10gT5—* 2 — =2 24—* : 21 +747§,2—7 4 42
15 5 T 75 Ty 25 T 125 Ty 625 T

128 T46T1+ 512 17,7 T, 4096 T,10  ~ (12571 T5% — 100 T, Ty T2 + 16 Ty*
9375 Ty® 46875 T35 5859375 T;® 54.34/5 . 9-5/5 . (_3)(16/5)

where F is an arbitrary function. This is the (3,2) model. The (2,3) model corresponds to the N® =2 =
2 case considered in subsections 2.2 and 2.3. Let us denote T} = T{NZQ), T3 = T§N22), Ts = T5<N:2).
Using the transformations!” (the same as in [17]):

AT, 9 T3 187372 4 Tit

=T —--22 -5 , 27374 = 6.26
A PR R TR TR e e T ek (6.26)

_ 4 Ty?
Toh =Th — = = 6.27
s=T—z 1 (6.27)

_ 2
Ty = -3 Ts (6.28)
one can see that
o~ TWTs — 3713 1257y Ts® — 100 T, Ty Ts2 + 16 T,* (6.29)
T56/5 T5(16/5) :

and, thus, the arbitrary functions in the two models can be identified: 1?’(2,3) = 15(3,2). Moreover, one
gets the same relation as in [17]:

o 2 T2 3T
U, [T1, T2, Ty, T5) = ugas [T1, T3, T5] + % % 10 ?i (6.30)
5
62F(3 2) aQF(Q 3)
= — = — 6.31
Us,2) an U(2,3) 8T12 ( )

Note that we used so far the W constraints only and did not assume that Z is a 7-function of the
KP-hierarchy. Therefore, this is an ”off-KP” duality.

17"The variable T can be considered as auxiliary. All (3,2) quantities are actually independent on it. For instance, one

2
can choose T3 = %% so that the last two terms in the r.h.s. of (6.30) cancel each other.
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6.4 Duality between (2,3) and (3,2) curves
For N®=% =1 (i.e. the (3,2)-model) we have the curve

y3 +3A(z)y + B(z) =0 (6.32)

A(r) = =20TyT5 - x — (51115 + 812Ty) (6.33)
aF(O)

B(z) = —125T3 - 2® — (1501512 + 64T5) - & — (60T2Ts + 48T\ T} + 75172 852*”) (6.34)
1

This is an elliptic curve. For N®=2 = 2 (i.e. the (2, 3)-model) we had the following elliptic curve:

_ - I _ _or)
y? — 2572 - a® — 301575 - 2% — (10TyTs + 9T3) -« — (61115 + 101%%) =0 (6.35)
1

After the change of variables T — T and the identification ﬁ(m) = ﬁ@,,z) described in s.6.3, one
can check that the j-invariants of the curves coincide with each other:

(23) _

je = j6 (6.36)

i.e. the curves are isomorphic. At the critical points, the isomorphism is given just by
COBVIRC RS PPMCE) (6.37)

Further details on equivalence of these Riemann surfaces can be found in Appendix B.
Note that this is again the off-KP duality.

6.5 Duality between p(°)’s

The isomorphism between the elliptic curves C; N C(23) looks at the level of coordinate functions
as follows

P*y*? = §T5 L@ 4 g;}; Yy 42 <T2 + i’i%‘i) (6.38)
52D = +;z{5 e ;’2 (6.39)

Using this, one can see that
o* [pg)"gl))] = [pgglg))] (mod exact form) (6.40)

where we regard p(0l1) = p(o‘l)(x)da: as a 1-form, and [p(ou)]mer is its meromorphic part (without the
W (z)-term, which simply cancels the singular part of the expansion of y w.r.t. = nearby x = oo and
thus, given the local coordinate z, can be recovered easily). Therefore, the meromorphic differentials
yGDdz®? and y*»dx®? differ by a meromorphic differential with zero periods. This can be also

expressed as
(0[1) _ (0[1) (0[1) _ (0[1)
/P<3,2) = / P23 /p<3,2> - / P23 (6.41)
A; #(As) B #(B;)

where A;, B; are the cycles on the C(3 4, (we assume that the contours do not encircle the ramification
points z = 0 and = = oo produced by W (z)-terms in p©") in both cases).
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6.6 On p? in (2,3) and (3,2) models

The isomorphism ¢, of course, connects the holomorphic differentials on the curves:
dz?? dz®?

Y (yea)? 4 A

For the sake of simplicity, in what follows we work at the critical point (only 77 and 7% are switched
on). Then one has

(6.42)

72 0F

A=-5T\Ts B=125T3x + 75T2 T (6.43)
1
, dx®? dz®?
NEON —-2-5-1T5 7( w01 A (6.44)
In the p = 2 case, there is a decomposition of p(0\2)
02 0]2 0]2
§ = o ¢ 42 645
(0]2) e 0’F dxdz
=5"T; 6.46
Pomtot =255 12 (2(w) + A=) + A) (040
p(0|2) ddz [2-3-5% - TPT2 +2-3-5-TWT5 - y(x)y(2)+
020100 = 4z =222 () + AR + A)
—y(z) {223252T52§ 7t 53T3(22 + 2xz)} —y(2) {223252T523 7t 5373 (2% 4 2x2) H (6.47)
o) [21/3(22 + 2) + 21/3(22 + 2)] dz d= (6.48)
P(3,2),l0c — 4223 2213 (z — 2)2 '
Note that p(3 |22 ) glob® pgg l;) hol> pfgg)’l o have the same defining properties as pEQ |3>) discussed in s.2.4. One

can also try to formulate it in terms of the correlators (see s.2.5), however, here this is more difficult

to find an appropriate local CF'T. The scheme of cuts of the covering C; ., G2 Cpl s

Here [a] and [b] are the standard homology basis on the torus. If one considers, say, the collection
of fields (X1, X2, X3) on the sheets, there is no linear combination of them which diagonalizes the
monodromies around all points simultaneously.

For the (2,3) model one has

o = 22 2 ZQT?% (6.49)
P = T yme |7 (P TRes + 10TV T} (a4 2) + 5Th o (6.50)
0, = 4961[72251;(1;«“ {22)2 (6.51)
The singularity at = z:
Ao~ P~ 5 oo (6:52)
ng laz))glob Eg,‘zsz)),loc ~ % (jfcf)g (6.53)

Both pfg}?,z)) and pEQL)) can be constructed in terms of the coverings C, 5 "3 P! and Cao 62 opt.

The curves are isomorphic C; 2, C2,3) but, of course, .y # T23)0.
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A Derivation of (4.22)

Lemma A.1 There exist the following formulae for Ty, and 85722) :
1
T = —resp—os {P ML*’f/QdP} (1.54)
oF©) L
— —resp_ /2 }
ST = ~TeP=e {P MLF2qp (1.55)
Proof: Let us denote
N
2k + 1)
H = <:') Topr1 (1.56)
k=0 '

Then, one can rewrite (4.20) as g—g = 0. From (4.2) and the dispersionless counterpart of (4.4) it

follows that

9?F©) . (2k + 1)!!

— pesphH/2 = BRIk 1.57
OO k+r " (1.57)

ou 2k + D!, Ou

_ ou 1.
7 9T o oT (1.58)
Then
oOH oH

=0 =0 (1.59)

0= —
oIy OTop41

thus H = 0 (note that we have also checked in the way that this equation respects all the KdV-flows).
One can see explicitly that the equation H = 0 can be represented as follows

T) = —res {P ML—WdP} (1.60)

For k& > 0 the equations

Thpepr = =g es {P ML_(2k+1)/2dP} (1.61)

follow straightforwardly from formula (4.21) for M. Thus, it remains to verify that

N
= —res {P MLkH/QdP} = Z(—I)SMS_

s=1

OF(0)

okt (2R - (25 — DN
0Tok 11 1

(s+k+1) (1.62)
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Differentiating it w.r.t. 77 (note that, doing this, we lose nothing, because in the KdV hierarchy only
the quantities containing, at least, first derivatives of F' in 77 make any sense) and taking into account
that, from the string equation (4.20), one obtains

OM,_1 ou ou
= 25+ D)Mo My =
o, st DMoan o

~1 (1.63)

one finally arrives at
oF© 2k + D! 1y

= 1.64
0o 01 (k+ 1) (1.64)

which is the same as (1.57). O
For reference, we also write down explicit formulae for T}, M, and %F—T(,:):

N

_ 1 s—k s—k (23 B 1)”
g T ;f DT Mgu (2k — DI~ (s — k)! (1.65)
N
(2k 4 1)!! P
M,=S"T 1.
; s T Dk —s— 1)1 (1.66)
or©® X (2k+ DI+ (25 — I
= (=1)’M,_justr1 1.67
0ok 41 5:1( ) 1 (s+k-+1)! (1.67)

B On equivalence of Riemann surfaces

B.1 4% =2? — 1 and other hyperelliptic curves

The complex curve y? = z?—1 is an ordinary Riemann sphere with coordinate z, where z = 1 (2+1/z)
and y = 1(z — 1/2). There are no holomorphic differentials on it, and the kernel, the bi-differential
with a double pole on the diagonal can be represented in a variety of ways:

dz1d 1 dzxid -1 1 dyd 1
B(ay, ) = - 222:7 T x22<1+:ﬁ1x2 >: Y1 y22(1+y1y2+ ) (2.68)
(21 —22)* 2 (21— a2) Y1y2 2 (y1 — y2) T129
For the generic hyperelliptic curve, y? = P, (z) = a,2™ + ... + ag
1 dryd P,
B—_ T14x2 . 1+ n(Il,l‘Q) (269)
2 (21 — x2) Y1y2

where the new polynomial P, is defined by the three conditions: P,(x,x) = Py,(z), symmetricity

Py (x1,29) = Py(2, 1) and restricted growth at infinity, P, (x1,x2) ~ a?[l(n+1)/2]

even n = 2m

. This means that for

m ..m—1 m m
7' Ty + a7 Ty

Pop (21, 22) = agma'xh + agm—1

(2.70)

e e o W
2

+aom—2 <a2m—2

while for odd n =2m — 1

Por_1(z1,22) = agm_1

Extra m(@_l) a-parameters describe possible bilinear combinations of holomorphic differentials which
can be added to B, for example, ag,,_o is actually a coefficient in front of x’ln_ngn_Q(xl — x9)%. This
ambiguity can be fixed by specifying A-periods of the kernel B. In particular, the Bergmann kernel

corresponds to the trivial A-periods
% B=0 (2.71)
A;
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B.2 ¢P=22-1

This curve is an ordinary torus with extended discrete Zs x Zs symmetry. In the dual coordinates
X =y, Y = x it acquires the usual hyperelliptic form Y? = X3 4 1, and the (un-normalized)
holomorphic differential and the Bergmann kernel are

(2.72)

v =

dX _ 1 dXidX, () X2Xo+ X1X2 +2
Y’ C2(X) — X))? 2Y1Ys

In coordinates z,y one has instead a representation as a triple covering with the three ramification
points at z = +1 and « = co. The local coordinates in the vicinities of these points are

r=21+8, yn~&de~EdE |

1 1 . dé (2.73)
= -3, Yy~ 5a0r ~ o
& &2 ¢t
Accordingly, the holomorphic differential and the Bergmann kernel acquire the form
2 2\ 2
Y Ed%? B dridxs i <y1 + y1y2 + y2> B 1(3/1 + yg);l:cldm (2.74)
3y (x1 — x2) 3y1y2 9 Y1Yys

In the first term in B the numerator vanishes when y, = +e2™/3y; and cancels the unwanted poles at
the points x1 = x2 with y; # yo. The second term serves to cancel poles at infinity.
The modified Begrmann kernel, with the pole at o = —x7 is

B*

. 1 dX1dXo X%X2+X1X22+2 .
C2(X] — Xy)? 2Y1Ys B

2
dzydxy (y% +y1y2 + y§> L L+ yp)darda
(w1 + 22)? 3y1y2

(2.75)

- 9 wiv
B.3  ¢* = Ai(2)y + Cy(z) from Y? = P3(X)

Here Aj(z) = anz + a0, Ca(x) = c222” + co1% + o0 and P3(X) = p33 X® + pza X + p31 X + pao-
The equation y3 = Ay (x)y + Ca(z) is quadratic in z, and the function x(y) has the four order-two
ramification points at y = oo and at the three roots of discriminant in the expression

- —(c21 + an1y) £ \/(021 + a11y)? — 4deaa(coo + a0y — y3) (2.76)
2co0
At infinity
1 1
and
1 1
Therefore,
Y=ur+vy+w, X=py+gq (2.79)

The holomorphic differential d7X ~ Mﬁ)% does not have poles at zeroes of the denominator, provided

these zeroes are located exactly at the ramification points, where y has double zeroes. This means
that actually

Y =ux 4+ vy +w ~ 2co0x + a11y + c21 (2.80)

Substituting this expression into Y2 = P3(X) one obtains

(p33p®) y* + (3pssp®q + ps2p® — afy) y° + (3p33pa® + 2ps2pq + p31p — 2a11c21) y — daricoszy =

43



= 40323:2 + 4egocorx + c%l — P3(q)

which coincides with y3 = A;(z)y + Ca(z) provided

2a}, = p*Pj(q)
p3sp® = 4eao
P3(q) = 3y — 4cg0022

2a11¢91 — 46110022 = pPé(Q)

These equations can be used to define p,q and Aj(z) for given P3(z). The remaining freedom is
x — ax + ( and it can be used to fix two coefficients in Ca(x).
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