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Abstract

We solve the loop equations of the g-ensemble model analogously to the
solution found for the Hermitian matrices § = 1. For 8 = 1, the solution was
expressed using the algebraic spectral curve of equation y? = U(z). For arbitrary
3, the spectral curve converts into a Schrédinger equation ((70)2—U(x))¢(z) = 0
with i o< (v/8—1/+/B)/N. This paper is similar to the sister paper I, in particular,
all the main ingredients specific for the algebraic solution of the problem remain
the same, but here we present the second approach to finding a solution of
loop equations using sectorwise definition of resolvents. Being technically more
involved, it allows to define consistently the B-cycle structure of the obtained
quantum algebraic curve (a D-module of the form 32 —U (z), where [y, z] = h) and
to construct explicitly the correlation functions and the corresponding symplectic
invariants FJ,, or the terms of the free energy, in 1/N2-expansion at arbitrary h.
The set of “flat” coordinates comprises the potential times ¢; and the occupation
numbers €,. We define and investigate the properties of the A- and B-cycles,
forms of 1st, 2nd and 3rd kind, and the Riemann bilinear identities. We use
these identities to find explicitly the singular part of Fy that depends exclusively
on €,.
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1 Introduction

In the contemporary mathematical physics, one can often meet the notion of quantum
surfaces, which appears in many different aspects. Having no intension to describe
all problems in which quantization of the very space—time coordinates takes place
(which pertains mainly to string or brane models) we however stress that the main
feature of most, if not all, these models is that the consideration is commonly restricted
to simple geometries of sphere or torus. Observables in these theories are not the
coordinates, which cease to commute with each other and satisfy some postulated
quantum algebras, but objects related to representations of these algebras, because
only these objects admit classical interpretation. In this paper, we propose a new
approach to the description of these so-called “quantum surfaces,” namely we begin
with solutions of the standard one-dimensional Schrodinger equation with a polynomial
potential and construct a higher genus quantum surface (which is the analogue of a
classical hyperelliptic Riemann surface) for which we can define analogues of all the
main notions of algebraic geometry.

This paper is an “alternative version” of our paper [5] in which the notion of the

quantum algebraic geometry was introduced and which we refer to as paper I in what



follows. In the both versions, the origin of quantum algebraic geometry is the same,
the Schrodinger equation ((hd)? — U(x))y(x) = 0. The principal difference is that in
this, second version, we use the sectorwise definition of all the quantities starting from
the one-point resolvents, i.e., we use different solutions of the Schrédinger equation
to construct these resolvents in different Stokes sectors of the complex plane. This
enables us to define in a rigorous way the integrations over A- and B-cycles as well
as to present a self-consistent procedure for constructing the correlation functions and
the symplectic invariants.

The correlation functions W™ (x1,...,x,) and the symplectic invariants F}, for any

algebraic plane curve given by a polynomial equation
E(x,y) =) &Eja'y =0
i7j

were defined in [9, [12]. The invariants F,(€) are defined in terms of algebraic geometry
quantities related to the Riemann surface of equation £(z,y) = 0. On the matrix model
side, these invariants are terms of the 1/N?%- (the genus) expansion of the free energy
calculated in [4] for the one-matrix model and in [6] for the two-matrix model.

We introduce the notion of a “quantum curve” for which £(z,y) is a non-

commutative polynomial of z and y:
Ex,y) =) &'y, [y2]=h (1.1)
i,J

The notion of quantum curve is also known as D-modules, i.e., a quotient of the space
of functions by Ker £(x,y), where y = hd/0z.

Our construction is based on the functions (x) such that
E(x,hoy) - Y(xz) =0 (1.2)

and we show that one can consistently define all the basic notion of algebraic geometry
within this construction. Whereas some objects, like branch points, become obsolete,
we can define cycles, forms, Bergman kernel, period matrix and the corresponding Abel
maps as well as other objects in a consistent way.

But, otherwise, it is striking to find that almost all relationships of classical algebraic
geometry remain unchanged when h # 0, for instance, the Riemann bilinear identity,
the modified Rauch variational formula, and the topological recursion defining the
correlation functions and the symplectic invariants.

The symplectic invariants J, were first introduced for the solution of loop equations
arising in the 1-hermitian random matrix model [9, 4]. They were later generalized to

other hermitian multi-matrix models [6} [13].
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The models that correspond to the quantum surface are the S-ensembles classified
by the exponent 5. The three Wigner ensembles (see [I7], and we changed 5 — (3/2)
correspond to f = 1 (hermitian case), § = 1/2 (real symmetric case), § = 2 (real
self-dual quaternion case), but we can easily define a S-ensemble eigenvalue model for

any real value of 5 as the N-fold integral of the form
/d)\l...d>\N|A()\)|2ﬁe—N\/EZ§V—1V(Aj)

(A is the Vandermonde determinant).

In [3], the solution of [9] was generalized to the S-ensembles, but the solution was

presented as a double half-infinite sum for 5 = O(1) at large IV,

F= N7 (/B=1/VB) Fu. (1.3)

h,k=0

The coefficients Fj, , were computed in [3].

In this paper, as in paper I, we assume that h = (v/3—1/+/B)/N, so we perform an
(infinite) resummation in the above formula; the free-energy expansion then acquires
the standard form, N

F =Y N*7"Fy(h). (1.4)
h=0
The Fpx's of [3] can be recovered by computing the semi-classical small ii-expansion
of Fr(h). We demonstrate that Fj,(h) is the natural generalization of the symplectic
invariants of [I2] for a “quantum spectral curve” &(z,y) with [y, z] = A.

We define also analogues of the multi-point resolvents

Wy(x1,...,2,) =N" <Z<SL’1 — )\j)—l .. Z(gjn — )\j)—1> ’

J=1 J=1 conn

where we let angular brackets denote the averaging with the weight
IA(N)|?Pe™™ VEELVA)  These resolvents in turn admit the 1 /N?%-expansion,
W@, .. yzn) = >0 N2-2h=nyp/h) (x1,...,1,), and we calculate all the terms i

using the modified diagrammatic technique.

The main tool applied for studying the [-eigenvalue model is the loop equation
method. We obtain loop equations from the invariance of an integral under the special
change of variables. Loop equations for the S-eigenvalue model can be found in [7], [10],

and here we solve them order by order in 1/N?, at fixed h.

Recently, models of this type got a new vim due to the conjecture by Alday, Gaiotto,

and Tachikawa (AGT) [I] relating Nekrasov’s instanton function [18] to conformal
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blocks of the Liouville theory; these conformal blocks in turn can be described by
the matrix-like model (see [16], [§]); the relation to the Nekrasov’s €; o parameters is
explicit: €6, ~ 1/N? and €;/e; ~ f3, so using the approach in this paper, we can
construct nonperturbative solutions of Nekrasov’s formulas in €;/€;. In this paper, we
investigate only the case of polynomial potentials, the generalization to the realistic

logarithmic potentials appearing in the AGT conjecture will follows.

The structure of the paper is as follows: we collect the generalities on the Stokes
phenomenon pertaining to solutions of the Schrodinger equation in Sec. 2l We describe
our quantum Riemann surface in Sec. [8] where we introduce A- and B-cycles, filling
fractions €, and the first-kind functions (analogues of holomorphic and Krichever—
Whitham meromorphic differentials) as well as the system of flat coordinates and the
Riemann period matrix. In Sec. [l we introduce the recursion kernels and the second-
and third-kind (bi-)differentials. In Sec. [ we go beyond the leading approximation
in 1/N? and construct correlation functions of all orders using the Feynman-like dia-
grammatic technique. We reveal the origin of our recursion procedure in Sec. [0l where
we develop in details the variations w.r.t. the set of flat coordinates; the summary
is in Sec. [[l In the next two (completely new as compared to paper I) sections, we
investigate the link to the [-ensemble models (Sec. §)) and construct on the base of
this analysis the free-energy terms (Sec.[d). In the first three appendixes to the paper,
we present proofs of the three main theorems of Sec. [l concerning properties of the
correlation functions whereas the fourth appendix contains the new formula expressing
Fo through the filling fractions €; in the matrix model approach, the singular term
has the structure %Ef log €; whereas in the quantum geometry this term is proportional
to [logT'(), which is the first actual example of calculations in the case of quantum

Riemann surfaces.

2 Schrodinger equation and resolvents

2.1 Solutions of the Schrodinger equation

We begin with the Schrodinger equation
R (z) = U(z) ¥ (=) (2.1)

with U(z) being a polynomial of even degree 2d for which we define the polynomial
“potential” V' (z) of degree d + 1 to be

V/(z) =2(VU); = Ztk-i-l at (2.2)
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We also define the polynomial of degree d — 1,

2 "
Play = L@ _pay - W0 (2.3)
4 2
Eventually, we define:
. zP(x)
to = wll_g)lo V() (2.4)
In the matrix model language (see section[§)), ¢1, ..., t41 are called the times associated

to the potential V(x), to is the normalized total number of eigenvalues (particles), or
the temperature, whereas the remaining coefficients of P are defined by introducing

fixed “filling fractions” ¢; below.

2.1.1 Stokes Sectors

A function ¥ (x) that is a solution of the Schrédinger equation exhibits the Stokes
phenomenon, i.e., although ¢ (z) is an entire function, its asymptotics are discon-
tinuous near oo where it has an essential singularity. Let 6, = Arg(tqy1) be the
argument of the leading coefficient of the potential V(x). We define the Stokes
half-lines the asymptotic directions along which ReV'(z) vanishes asymptotically,
L, = {x / Arg(z) = —de—fl Tpas }, together with the corresponding Stokes sectors:

d+1

B 0o k=1 g, k4l
Sk_{Arg(m)E}_d+1+ﬁd+1’_d+1+ﬂd+1 (25)

i.e., Si is the sector between L;_; and Ly.
Notice that in even sectors we have asymptotically ReV (z) > 0 and in odd sectors
we have ReV(x) < 0.

2.1.2 The Stokes phenomenon. Decreasing solution

From the study of the Schrédinger equation it is known that ¢ (x) is an entire function

having a large = expansion in each sector Sy,

1 B
(x) ~ e V@ g0 (A 4 25 4 ) (2.6)
Sk xr

and the sign £, may jump discontinuously from one sector to another as well as the
numbers Ay, By, Ck, ... (and in general, all the coefficients of the series in x% at infin-
ity)

In every sector Sy there exists a unique solution that decreases exponentially along

each direction inside the sector. We now separate solutions in the even and odd sectors

!The corresponding series is asymptotic, so we cannot continue it analytically to other sectors.



\ no zero concentration

7
y .
.1solated

Figure 1: Example of the Stokes sector partition and structure of zeros for the
Schrodinger equation solution (x) that decreases in the light-colored sector and in-
creases in all other sectors (the degree of the potential V(z) is four).

and consider the set {1, ()} of solutions each of which decreases in the corresponding
even sector. We therefore introduce a sectorwise system of solutions to the Schrodinger
equation.

An important and useful result is the Stokes theorem, which claims that if the
asymptotics of ¢ (x) is exponentially small in some sector, then the same asymptotic
series expansion (2.6]) is valid in the two adjacent sectors (and therefore i (z) is expo-
nentially large in those two sectors).

In the general case, (i.e., for a generic potential U(x)), the solution 1, (z) de-
creases only in the sector S,, and is exponentially large in all other sectors. But if the
Schrodinger potential U(x) is non-generic, then there may exist several sectors in which
o () is exponentially small (which means that ¢, (x) = 14, (z) for some oy # as).

In what follows, we mainly consider the general case, so in what follows we assume
all the functions ¢, to be different if not stating the opposite.

The case studied in [I1] was the most degenerate case in which one and the same

solution v is exponentially small in d + 1 sectors.

2.1.3 Zeroes of ¢

Every 1,(z) is an entire function with an essential singularity at oo, and with isolated
zeroes sga), wa(sga)) = 0. The number of these zeros can be finite or infinite. In the
latter case, zeroes may only accumulate near co, and only along the Stokes half-lines
L; bordering the sectors (see figl2.1.T]). This accumulation of zeroes along the half-line

L; occurs if and only if 1, (x) is exponentially large on both sides of the half-line. So,



no accumulation of zeros of the function 1, (z) occurs along the lines that border the
a’s sector, and this function can therefore have only a finite number of zeros inside
the “bigger” sector when we join the a’s sector with the adjacent parts of the two
neighboring sectors.

If U(x) is generic, then each of 1, (z) has an infinite number of zeroes, the zeroes
accumulate at oo along all half-lines L; with j # o, oo — 1.

In paper I, we define the genus of the Schrodinger equation to be related to the
number of half-lines of zeros accumulation of a selected function v,. However, this
definition is scheme-dependent, and we can in principle obtain different genera for the
very same function U(x). The clear understanding of this is still lacking; a possible
explanation is that we actually deal with different sections of an ambient infinite-genus

quantum surface.

2.1.4 Sheets

In sector S, we have the asymptotic behavior

B,
Yo (z) ~ eV @2 gto/h( A 4 — T D), (2.7)

and the function 1, has the same asymptotic behavior in the two adjacent sectors.
We consider an «’s sheet of the quantum Riemann surface to be the union of these
three sectors with possible analytic continuation into a finite domain of the complex
plane. We consider only the sheets enumerated by even « and, in contrast to paper I,
introduce democracy of sheets: all of them will be equivalent in the approach of this

paper. Sheets obviously overlap; we have to choose boundaries (cuts) between them.

2.2 Resolvent

The first ingredient of our strategy is to define a resolvent similar to the one in matrix

models.

Definition 2.1 We define the resolvent sectorwise:

o () | V(@)
w( )_h¢a(x)+ 5

For a quantity defined sectorwise we indicate it by setting the sector index above
the variable, as shown in (2.8]).

It follows from this definition that w(x) has simple poles at zeros of v, in the

, forxz € 8,. (2.8)

corresponding sector. The boundaries between sectors overlap, but in what follows we

fix them in a more explicit form (see the partition of the complex plane by A-cycles).



A straightforward computation then gives

w() ~ — +O( /%), (2.9)

T—0a,;Pa+1 L
that is, in each sheet the resolvent possesses asymptotic properties of a standard matrix-

model resolvent.

An important property of any solution 1, is that

1
R @@~ ° (210)

The main property of w(%) is that it satisfies the Ricatti equation. We obtain

Vieo(d) - (@) - ) = T -t a0
B V,($)2 U V”(SL’)
= —U(x)—h
_ p(), 2 (2.11)

with P(x) being a polynomial of degree d — 1 in x and this polynomial is one and the

same for all sheets of the quantum Riemann surface introduced below.

3 Quantum Riemann Surface

In this section we define the notions of A- and B-cycles and the first kind differentials
dual to them.

3.1 The contour Cp and the set of A- and B-cycles

In papers on matrix models (on an early stage, before coming to residues at the branch
points), we have the special contour of integration, Cp, that encircles all the singularities
of resolvents leaving apart all other possible singular points. The analogue of such a
contour in our case is the union of d + 1 contours, one per each sheet, that pairwise
coincide in far asymptotic domains of odd Stokes sectors and separate all the zeros of
the function v, from the infinity oo, (which is always possible because we have a finite
number of zeros in each sheet). We have (see Fig. B.])

Ooa+1

f dx—Z/ (3.1)

Oa—1

for any function f (%) that has no asymptotic zero concentration along the boundary
lines of the sector S,. Here and hereafter, we assume that f (%) may depend on a finite
number of derivatives of the function 1, (z), the symbol f(Z) then indicates that we

substitute the solution 1, (x) as an argument.
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Figure 2: The original integration contour Cp.

3.1.1 A- and B-cycles

We now deform the integration contour Cp pushing through the “middle” part of the
complex plane and taking the residues at the zeros sl(-a) of the corresponding functions
1o as shown in Fig. B.T.Jl On the way we might break some contours presenting them
as the unions of newly introduced contours all of which are stretched between different
asymptotic directions. As a result, we obtain a system of exactly 2d contours in which
(o)

(leaving aside the residues at zeros s; ) all the contours are pairwise identified and
represent edges of d “cuts”. As the result, we obtain a complete system of d cuts
.Zi, 1 = 1,...,d, that separate all the odd-numbered infinitiedq and determining the
corresponding sheets of the quantum Riemann surface. If the functions v, (z) coincide
for some sheets, then we can identify these sheets. Note that we definitely have an
arbitrariness in constructing this system of cuts; we can also arbitrarily assign the
residues inside the sheet to belong to one of several contours bounding this sheet.

We call the cut separating two sheets a cycle A, and it is characterized by four
indices: «, and «_ are indices of the sheets separated by this cut (they are even
numbered in our classification); a and a_ are indices of infinities that are asymptotic
for this cut (they are odd numbered).

To each complete set {J(Q}g:l of z—cycles we uniquely set into the correspondence

the set {ga}izl of B-cycles that go pairwise between the even-numbered infinities (00a,

2In what follows, we identify an infinity “point” with the corresponding number with the related
asymptotic direction.



and o0o,_) such that the intersection index ja o gg = 0,8

Definition 3.1 We define the integrals over the cycles A, and the conjugate cycle B,
to be (see Fig. [311)

o f(x)dz /OO (f( ;) — da:—i-z res f (5.2)

(ai

and

b ey < f T - 1)) de (3.3)

where the residues in the first expression are taken at those zeros of V.. that are

assigned to the corresponding contour.

Because the prescription for the sheet assignment follows from the definitions (B.2)

and ([B3) of the cycle integrals, we omit the sheet labels in the corresponding integrands.

Figure 3: Example of pushing the contour Cp from infinities to the set of A-cycles.

Remark 3.1 Assignment of residues in the ath sheet to the contours bounding this sheet
is arbitrary; we have therefore a (discrete) ambiguity in the definition ([32) of the A-cycle
integrals. However, the notion of the integral over Cp is well defined and does not depend on
the choice of A-cycles.

Obviously, fc r)de =3¢ ¢ 4, f()dz
We now 1ntroduce the “genuine” A- and B-cycles, which are straightforward ana-

logues of the set of A- and B-cycles on a standard Riemann surface. For this, we
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select one among the Z—cycles, say, the cycle Zd and the conjugate cycle gd. Then, we
identify A; = A; and B, = B; — By for i = 1,...,d — 1 in the sense of Definition 311
that is

def

fle)de = ¢ f(x)d,

A; i
f f(z)dx o 7{ f(r)dr — ¢ f(z)dr for i=1,...,d—1, (3.4)
B; B; Ba

and we call the number d — 1 = g of independent A- and B- cycles the genus of the
quantum Riemann surface.
The newly introduced A- and B-cycles again satisfy the standard intersection for-

mula,

Ao N Bs = 6,5, (3.5)

and most of our construction features depend only on the homology class of the paths
A., B, at the asymptotic infinities, but in the intermediate considerations it is useful

to choose a representant, the intersection point P,,

Aa N By = {P.}. (3.6)

Figure 4: The pattern of A- (dashed lines) and B- (dotted lines) cycles for the example
in Fig. B.1.11

11



3.2 Filling fractions

In random matrices, the notion of filling fractions is just the A-cycle integrals of the
resolvent. Then, if the A-cycles are chosen to lie in the physical sheet (which is possible,
say, in the hyperelliptic case), the discontinuity of the resolvent along the corresponding
cuts determines the eigenvalue density and the A-cycle integrals determine the portions
of eigenvalues lying on the corresponding interval of eigenvalue distribution. They are
called therefore the filling fractions.

In the case of quantum surface, we define the “filling fractions” €, to be

fm o w()de /%(w(‘f{) —w(®))dr, a=1,....d. (3.7

2im Jz, son
Note that this definition depends on where we place the contours and (in the case
where a sheet is bounded by more than one .Z—cycle) we also have a freedom to assign
residues inside the sheet to different .Z—cycles, so the filling fractions are defined up to
integers times h.

For the difference, we have

a4 a— wa o
w(r)—w(r)=——H~""—r°,
Vo, (2)Ya_ (@)
where wa, o, = ;Jﬂa, — 9, 1, is the Wronskian of the two solutions. Therefore,

this difference decreases exponentially in sectors where the both solutions v, and v, _
increase, and this is why we identify the asymptotic domains of the A-cycle integrals
with “branch points.”

We have .

> e =to, (3.8)

a=1
which just follows from that the sum of integrals over ﬂ-cycles is equivalent to evaluat-
ing the integral over Cp. This also means that we should take as independent variables
only d — 1 = g of the variables €, if we consider t; to be an independent variable, and
we naturally choose these g variables €, to be filling fractions corresponding to the

cycles A, of the quantum Riemann surface.

Remark 3.2 In the case ¢ = —1 in [5], the only filling fraction is €; = t¢, and it is given
by the (finite) sum of residues of the function w at the zeros s;:

€a=to=) Resw=h#{s;},

so tg is discrete in this case. For g > 0, the variables €,, a = 1,...,g, and ty may take
arbitrary, not necessarily integer, values.

12



3.3 First kind functions

After defining the cycles, another important step is to define the equivalent of the
first, second and third kind differentials. We begin with the definition of the first-kind

differentials.

Let hy, k =1,...,d — 1, be a basis in the complex vector space of polynomials of
degree < d — 2.
We introduce the functions
o 1 * 5
wl) = 5o L ) VA (3.9)

We use the same polynomial hg(z’) for all the sheets of the Riemann surface.

Note that because every v, (z) is a solution to the Schrodinger equation, vy () has
double poles with no residue at the s§a) (at the zeroes of 1, ), and behaves like O(1/2?)
in the sector S, and inside all the sectors in which 1), is exponentially large (if the
polynomial hy(z') has power less than d — 2). Therefore, the following integrals are

well defined in the general case:
Ilw:% w(r)de a=1,...,9,k=1,...,d—1. (3.10)

If the matrix I, with k£, =1,...,d — 1 has the full rank (which we assume in what

follows), then it is possible to choose the canonically normalized basis of hy such that
Ik,a = 6k,a- (311)

The functions vg(z) k = 1,..., g are therefore the natural analogues of canonically
normalized holomorphic forms (1st kind differentials).

We now extend this notion to the meromorphic (Whitham-Krichever) [15] differ-
entials. For this, let us consider the following basis hg, & = 1,..., in the space of
polynomials of arbitrary order: the first d — 1 elements of this basis are the original
polynomials hj each of which has degree not higher than d — 2, each polynomial hy
with k£ > d — 1 has degree exactly £k — 1 and must be chosen on the following grounds.

Define the functions vg(7) with k > d — 1 exactly as in (3.9) with hj, being now a
polynomial of arbitrary (but fixed) degree k — 1. The coefficients of hy, with k > d — 1

are unambiguously fixed by the normalization conditions:

e (the residue condition)

]{ e op(z)dr =0y p_g, 1=0,1,..., k>d—1. (3.12)
Cp
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e (the normalizing condition)

7{ vp(x)de =0, a=1,....,d—1, k=d,.... (3.13)

Remark 3.3 Although the functions vk(:%) generally increase as 2"~ as  — oo, the in-

tegral (B.12]) as well as the normalizing condition (B.I3]) are well defined for any finite [ and

k. This is because the difference vk(af ) — vk(af ) is exponentially small as x — ocos, for any
k, and we can integrate it along Cp weighted by any polynomially growing function. The
integral ([8.12]) is therefore a natural analogue of the residue at infinity of order [ + 1.

3.4 Riemann matrix of periods

An interesting quantity in standard algebraic geometry is the Riemann matrix of pe-

riods provided by integrals of the holomorphic differentials over B-cycles. So, an anal-

4

ogous “quantum” Riemann period matrix 7;;, 7,7 = 1,...,¢g is
Tai & % vi(x)da. (3.14)

Note that this definition makes sense since v;(z) (i = 1,...,g) behaves as O(1/x?)

in the sectors asymptotic for the B-cycles. And because the residues of v;(2) vanish at
(a
J

Like for the classical Riemann matrix of periods we have the following property:

all zeros s ), these integrals depend only on the homology class of B-cycles.

Theorem 3.1 The period matriz T is symmetric: 7, j = Tj;.

proof:
This result follows from Theorem [4.8 below, since:

% dx% B(z,z)dz = 2i7r% dxv, () = 2imTs 4
B,ﬁ‘ [ Bﬁ
B

and from the symmetry theorem B9 for the Bergman kernel, B(7, g) = B(z,7). O

4 Recursion kernels

One of the key geometric objects in [I1] and in [12], is the “recursion kernel” K(z, z).
It was used in the context of matrix models [6] for constructing a solution of loop equa-

tions. We use its analogue below for constructing the 3rd and 2nd kind differentials.
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4.1 The recursion kernel K

First we define the kernel

R = [ ) 5 (4.1)

and for each o =1, ..., g, we define

Wooz) = & Rleoy= [ (K2 — K(% =), (4.2)

Aa O _

In these expressions, we must also specify the contours of integration w.r.t. the variable
«’ from the infinities 0o,, to the point = lying on the cycle A,. We assume that these
contours go first from the corresponding infinity along the part of the adjoint cycle B,
that lies in the sheet a4 until it reaches the intersection point P,; after this point, we

integrate along the cycle A, towards the final point x (see Fig. [L.1])

Ray
Figure 5: The path of integration w.r.t. the variable 2’ in the expression for the
recursion kernel K (I, ).

To obtain the domain of the function K (2, 2), we slightly deform the contours of
integration over edges of the j—cycles as shown in Fig.[4.T} then, for the variable z lying
in the domain that is “inner” w.r.t. integrations from infinities for all the functions ¢, ,
that is, for the domain that is separated from all the infinities co,, by the drawn apart
edges of the A-cycles, the kernel K (i, z) is well defined (and it develops logarithmic
cuts if we push the variable z through the boundary of the sheet S,).

We now need to describe analytic properties of these functions.

For a fixed z, the kernel K (Z, z) is defined for z in the cross-hatched domain in
Fig. B1.11

Taking an integration path between oo, and x we obtain that K (:%, z) is defined

for z outside this path. Across the path Joos, 2], K (T, z) has a discontinuity w.r.t. the

15



Figure 6: The domain of variable z (crosshatched) in (1)) (we slightly deform the
A-cycle integrals).

argument z:
=« 20w 1/)2 (Z)
0.K(x,z) = — —=—. 4.
A AT )
The similar statement is true for C,,(2): when z cross the line of the cycle Ag, we have
1T 1#% (z2) [*B: dz”
0,C == —. 4.4
)= [ (4.4

We now define the recursion kernel K (%, z), which is the main ingredient of our

construction.

Definition 4.1 The recursion kernel K (T, z) reads

K(7,2) = K(7,2) = > 0;(2)C5(2). (4.5)

It is defined for z in the cross-hatched domain in Fig. [{.1].

Theorem 4.1 The kernel K has the following properties:

e For a given z,

K(z,2)~ O(z?) (4.6)

when x — oo in all sectors (if the function 1, (z) increases in all the sectors

except Sy).
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e The normalization condition reads

K(z,2)dr =0, j=1,...,d—1.

Aj

o K(Z,2) has double poles with zero residues at the zeros sg-a) of V.

Theorem 4.2 We have in all sectors at infinity :

«

K(z,2) ~ O(z7%.

More precisely we have:

o > Ky(T)
K(z,2) ~ — Z Sk+1
k=d—1
with . N
(3 a2 (2 da’
@) = [ v
and .
Ky(2) = Ki(2) =Y (1) ¢ Ki(a)da
j=1 Aj
proof:

We can expand [A((%, z) as

Jas]

k=0

where . N
[/g 2y k2 N da’
@) = oy [ i

and therefore

Ki(2) = Ki(2) = Y va(t) ¢ Ki(a)da'.

Aa

a=1

For k < d—2, («/)" can be presented as a linear combinations of h;(z’),

d—1
l’/k = Z bk,g hﬁ(l’/),
B=1

and from the normalization condition, we immediately obtain that

IA(k(:E/) da’ = by,
Aa

and therefore Ky(z) = 0 for k < d — 2, which implies that

K(z,2) = 0(z7%).
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. . . . p
4.2 Third kind differential: the kernel G(z, ?)
The second important kernel to define is the equivalent of the third kind differential.
Definition 4.2 The kernel G(z, g) is

8 8 puai g KE2) o vh()

K(z,2) — hd. K(z, 2) (4.18)

Integration by parts gives

ap 1 2 [T dat s () YR
e Yt TR@ /oo 7= Yal ><¢a(x’) w5<z>)
_thj(:aL’) V2(2)0, 528 (4.19)

In what follows we often are in the situation when we take two integration contours,
Cp, and Cp_, and must interchange the order of integration (or the order in which
these two contours intersect the B-cycles). From the definition of the A-cycles, it is
then obvious that we must interchange the variables x and z within the same sector,
so we need permutation relations for G(%, g) with @« = 3. Then, as r — z, we find

that G(%, %) ~ ﬁ, i.e., there is a simple pole with the unit residue at z = z. Because
Ya() _ Ya(z)
Ya(z')  Yalz)
integration over Cp, and Cp, then just gives the residue at z = x; no logarithmic cut

the combination m,l_z ( ) is regular at 2’ = z, interchanging the order of

takes place.

Theorem 4.3 G(%, g) s an analytical function of x with a simple pole at x = z with
residue —1 for a = B and with double poles at the sg-a) s (zeros of 1a(x) ) with vanishing
residues, and possibly an essential singularity at oo.

Gz, g) is an analytical function of z, with a simple pole at z = x with residue +1
)]
J

v=1,...,g (this discontinuity has opposite signs depending on which line of the cycle

for a = B, with simple poles at z = s, and with a discontinuity across A,-cycles with

A, v+ or y_, we cross; no discontinuity takes place when crossing the last cycle /Tn)

5.G(%, ) = F2im va(3). (4.20)

We also have

7{ G(x,2)de = 0. (4.21)

proof:
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All the discontinuities of K(Z, z) except the one for Cj(z) ([@4) are proportional
to ¥2(z) and vanish in (LI8). The discontinuity of C;(z) gives F2mi, and thus, the

a B+

discontinuity of G(z, g’) is 6.G(, 2) = F2imvs(T).
Since K (,z) is regular when z = sgﬁ
at z = s§6), with residue —2AK (z, s§6)).

In the variable z, K (%, z) has double poles at z = s

), then it is clear that G(%, fg) has simple poles

§a) without residue, and this
property holds for G (%, g) as well.

The vanishing A-integral property follows immediately from (47). O

Theorem 4.4

G+, %) = 0(1/2?) (4.22)

when x — 00, for any o.
At large z in the sector S, we have

. a B a a
lim G(E, %) = G(E, 005) = s tass Kar(5) (4.29)

2—004

where 1, g = £1 depending on the asymptotic behavior of 15 ~ e*V/?" in the sheet S, .

proof:
The large x behavior follows from theorem (4.1l The large z behavior is given by
theorem 2, i.e. G(x, g) ~ +V'(2)K(Z,2) ~ 41K, 1(T). The sign depends on the

behavior of the solution in this sector. O

4.3 The Bergman kernel B(z, g)

In classical algebraic geometry, the Bergman kernel is the fundamental second kind
bi-differential, it is the derivative of the 3rd kind differential. Using the same definition

as in [I1], we define:

B(#,%) = —% 0, G(%,9). (4.24)

We call the kernel B the “quantum” Bergman kernel.

Theorem 4.5 B(%,g) s an analytical function of x. When o = (3, it has a double

pole at x = z in the both variables x and z with no residue, and it has double poles in
()
J

essential singularity at oo. The discontinuity across A-cycles that was present in the

x and in z at the respective zeros s~ and sg-ﬁ ) with vanishing residues, and possibly an

kernel G disappears upon differentiation, so B(%, g’) is defined analytically in the whole

complex plane.
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proof:
These properties follow from those of G(%,g) of theorem 4.3l In particular, the
only discontinuity of G (%, g) is along the A-cycles, and it is independent of z, therefore

B(z, g) has no discontinuity there. [J

4.3.1 Properties of the Bergman kernel

Theorem 4.6

B(#,2) = 0(1/4%) (4.25)
when x — oo in all sectors, and

B(#,%) = 0(1/#) (4.26)

when z — 00 in all sectors.

proof:

Follows from the large  and z behaviors of G(z, g) O

Theorem 4.7 The kernel B satisfies the loop equations:

A 8 1 Yalt] zbEZ; 5
(2reiy o) (38— gmap) #0020 = B0 h
where P( (x, z) is a polynomial in x of degree at most d — 2, and
va(@) _ ¥p(2)
2 =)\ B T 5y — )2 , ——————= =P, (x, :
(wma*a @2 =g ) TR G G)

where P( )(x z) 1s a polynomial in z of degree at most d — 2.

proof:
We begin with proving the first loop equation for B (x z) We define:
/
B2 = %az (2328 - az) R, 2) (4.29)
that is, we have
d—1
B(#,2) = B2 -5 v(®) f B(", 2)da". (4.30)

=1

<.

Since (2% +8,) v;(T) = hj(z) is itself a polynomial of degree < d — 2, it suffices
to prove Eq. (IEZI) for B(x, g’)
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We have

N

(228 +0,) B

_ 1 Yel) o) 1
N ) = 3% <2¢5<z> 02) Tz

(4.31)

and therefore:

o . 1 v )
(2 o +ax) (B(:%, z)—f) +o, [ LB g (4.32)

o () T — z)? T — 2z

This proves Eq. (4.27) with

PO = = hy(a) 7{ Bl Dda". (4.33)

We now prove the second loop equation for B (%, g) We have

(2%@ +az> B(#,%) = % (z%(z) +az) d. <2%(Z) —az) K(z,2), (4.34)

Vs(2) Ys(2) Vs(2)
where the operator ﬁ(z) = % (2?;8 + 8Z) 0, (2%8 — 82) reads
U(z) = . 3U( )0, + iU’( ) (4.35)
2)=—50; +33U(2)0: + 5 U= .

and is therefore independent on the solution ¢5(z) we started with. This is the Gelfand—
Dikii operator [14]. We then have
(2 ~ a x /
(g o) B = [ v (-t 205+ 22
(4.36)
We integrate the first term by parts three times introducing Y, (x) = ¢/, (x) /¢ (z) (and
exploiting that Y 4+ Y? = U). The result reads

(2%(2) +az) BE Y=t 0N,

V5(2) { (x — 2)3 ;(8:;; :L'(;(Z e U
; 2 x/ l’l Z) — [1}/ / z) + / LU,
+¢§(x) . Ya(a')d (2 = 2) + = ) (4.37)

This implies that

(2%@ va) (BEY - gt ) ¢ 2 N0

Ps(2) T —2z)? oz r—z
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x / /! / /
_ wil(:v) /OO R df (2U((Z), _g;ﬁ + ¢ (Z:)Cf_i @ >), (4.38)
and the obtained expression is obviously a polynomial in z. The expression in the
brackets in (£38) is a skew-symmetric polynomial in 2’ and z of degree not higher than
2d — 2. Moreover, all the terms with (2/)* with k& < d — 2 become upon integration
linear combinations of v; (%) and vanish identically when we apply the projection to the
subspace of zero A-cycle integrals. So, the minimal power of 2’ that contributes to the

d=1,d=1 ij) the brackets because it contradicts

answer is (z/)%"!. But there is no term (z)
the skew-symmetricity. The first nonzero term that might contribute is proportional
to (2')4712972 which obviously means that the obtained polynomial Pz(o)(:ac, z) has the

maximum degree at most d — 2 in z. [

Theorem 4.8 We have for everya=1,...,g:
f B(x, %) dz = 0, f B(%,2)dz =0 (4.39)
A; Aj

and

f B(,z) dz = 2imv;(7). (4.40)
B;
proof:

The vanishing of A-cycle integrals in the x variable is by construction. For the z

variable, we have

7{ B(%,2)d> = / T (BE,% - B, %)
Ag 5
1 a B a  fB- a f a  B-
= -3 (G(:c, oo%+) — G(r,005,) — G(, oo;gi) + G(x, ooE))él,.éll)

and the asymptotic conditions in all four cases for the function G in the second line
are the same, so from theorem [4.4] we conclude that the result is zero.
We begin with the integral over a cycle gﬁ:

j{B(%,y)dy = jump of G(z,y) on Ag
Bg

1 e} e} — (e} « —
-3 <G(:):, o0, ) — G, 00,) — G(f, 005 ) + G, &%))

= 2mi(1 — 85.4)vs(T) + 2K 41 (2), (4.42)

where we have used again the asymptotic conditions from Theorem .4l This formula

implies that if we perform the integration LSEB]» forj =1,...,d—1, which is the difference
of integrals over the cycles gj and By, we obtain the formula @40). O

The key property of the Bergman kernel is provided by the following theorem.
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Theorem 4.9 B(%,g) is symmetric,

B(#,%) = B(%, 1) (4.43)
proof:
The proof uses that B (%, g) satisfies the loop equation in the two variables. We
have:
¥s(2) ) (zp'(@ ) ( o 8 1 )
2 + 0, 2~ 4+ 0, B(z,2) — ——
(200 Jala) O ey
e 5o 0~ w
(wg(z)+ ) ( 2 (7,2) T —z )
v (@) e - o
— [9la POG ) _ g Y@ wsl2) 4.44
(228 4 0,) (P52 - 0, 2 —2) (4.44)

We then have

%(z) o, B o(T) p(0) &
2210, ) PO 2) - (25 0, ) PR 2)
< Z,BEZ; ) Ulz) %g el ) ) vu(z) _ ¥p(2)
_ <2¢5( N az) o, Yol _ UG _ <QZQESE§ N 896) o, Yo _ ¥sC)
5(2 r—z ol T—2z
_ QU((”?__Z(;Z) _v (327:3(2), (4.45)
so that
r—2)? Vb(2) O (5,2 2 r—2)U'(2
(22 <2$?EZ>)+8Z)P2 (0.9 +20() + (@ - U (2)
= (z—2)* o\? PO(E, 2 x z—x)U'(z
= (o2 (22200 0 ) B+ 200) + (2 - )0 (e)
o R(z, z). (4.46)

Here, the first line is a polynomial in x, whereas the second line is in turn a polynomial
in z. Therefore, R(z, z) is a polynomial in the both variables, of degree at most d in

each variable. Moreover, we must have:
R(z,x) = 2U(x) (4.47)
Therefore we must have:
R(z,2) = o (% Vi) - n SO VE iy P(z)) T (2= 2Bz, 2)
(4.48)

where ﬁ(m, z) is a polynomial in the both variables of degree at most d — 2 in each

variable.
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Putting this back into (A.46]) and using the symmetry z <> z, we obtain

V5(2) O 5y = POE 2)) = Rz, 2) — R(z. 2
(225 +0.) (AP By - BPG o) = Rwo) - Riw) a9

Then, we can decompose the r.h.s into the basis h;(z)h;(2),

R(z,2) — R(z,x) = i (R;.; — Rj)hi(x)h;(2) (4.50)

Applying the integral operator

1 z
f(z)— / 32 f(2)dY 4.51
(2) wg(z)mﬁﬁ()() (4.51)
to the differential equation (£.49]), we obtain
By 3 s = 8
POz,2) = P2, 2) = > (Rij — Rio)hi(z) v;(2) + Ay () (4.52)
ij=1

where A;(z) is some integration constant.

Then using the loop equations (A7) we find by substraction that:

<2%(%) + ax) <B(é‘é, 5 -~ BE, %)) — POz, %) -~ POG, 2) (4.53)

and applying the integral operator (A5I]) w.r.t. the variable z in the sheet S,, we

obtain
B2 - BEH = Y (R - Bon@ o)+ A@) + (), (454)

with A(z) and A(z) the integration constants.
Next, the large z and large z behavior of B imply that A(z) = A(z) = 0, and
therefore
B(#,5) = BET) = S (Riy — Rys) vi(@)y(2). (4.55)
]

Then, using theorem .8

f B(x, %)dz = f B, 2)dz =0V i, j, (4.56)
Ai A

we obtain that
Ri; = R;; Vi, j, (4.57)

which completes the proof of the symmetricity of the Bergman kernel. [

24



We see therefore that our “quantum Bergman kernel” enjoys all the features of
the standard Bergman kernel associated with a Riemann surface: it is symmetric, has
no discontinuities, and possesses the double pole with no residue at the coinciding
arguments (which corresponds in our case to the coinciding arguments on the same
sheet Si). Using all these kernels we can then generalize the recursion of [9) 6] [1T]

defining the correlation functions (see the next section).

4.4 Meromorphic forms and the Riemann bilinear identity

Definition 4.3 A meromorphic form R(T) reads

/OO ") da! (4.58)

Fup?
where r(x) is a rational function of x, which behaves at most like O(x%~2) at large
and whose poles r; are such that

Res ¢2(z)r(x) = 0. (4.59)

T—rr;

The holomorphic forms v; (), the kernels G(z, g) and B (%,g) are meromorphic

forms of z.

A meromorphic form R(Z) defined by [@58) has poles at = = r;, the poles of 7(x),
with degree one less than that of r(x), it has double poles at the sga) with vanishing
residues, and it behaves like O(x™2) in all sectors (having also an accumulation of
poles along the half-lines L; of accumulations of zeroes of 1,). Note that the integrals
$4. R(z)dzr are well defined.

We then have the following theorem.

Theorem 4.10 Riemann bilinear identity
Consider a meromorphic form R(Z). For z in the sector S, (outside the

crosshatched domain in Fig. [{.1]), we obtain the representation formula

:—ZZResty ZZResty ()d

8 ri€S B Pesy sy
g

=Y 56§ Ry (4.60)
i=1 i

proof:
We begin with the integral over Cp (Fig. B) of G(Z,y)R(y)dy:

°°6+1 5

G(2,y)R(y)dy = Z/ Z, YR (5)dy. (4.61)

CD Oog 1
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a B
This integral is identically zero because of asymptotic conditions G(2,Y) — 1/y as
B
y — oog and R(Y) ~ 1/y* as y — oog and by the fact that no accumulation of zeros

occurs for the function R(?ﬁ) on the boundaries between the sectors Sg and Sgi;. We
then push the integration contours through the complex plane towards the .Z—cycles
as in Fig. BT} the residues at the points r; and s,(f ) give the first line of (L60), the
residue at the point z = y in the sector S, gives the left-hand side because we have
from Theorem A3 that G(Z, ?Cj) = 1/(z — y) + reg.; it remains to consider the integrals
along the .Z—cycles. For this, note that our integrations over y are outer w.r.t. the
integrations over the variable = along A-cycles in the formula (£2) for the factors C},
and when we push the integration over y through that for x, we have the discontinuity
of G(Z, o

All these discontinuities are independent of y, so the contour integral of the product

), which is equal to 27rz'vj(g); no such discontinuity occurs for the cycle A,.

factorizes for each cycle A; and gives the second line of (Z.60).

To evaluate the remaining integrals inside the crosshatched domain in Fig. 4. I recall

(6% B (6%
that G(z,¥) = ¥3(y) 9, (K(:B, y)/qﬁ%(y)), so integrating by parts we obtain

/OOE+ (G("%a Bg)R(Bg)—G(%a Bfg)R(Bfg))dz =- /OO[§+ (K(%, z)r(z)—K(%, 2)r(z))dz =0,

0057 0057

and these contributions vanish for all the cycles Ag. [

5 Correlation functions. Diagrammatic represen-
tation

In this section, we define the sectorwise defined versions of the quantum correlation
functions from paper I (deformations of “classical” correlation functions introduced in
[9, 16, 12]). Our definitions are inspired from (non-Hermitian) eigenvalue models (see
section [{), but they are valid as well in a general setting of an arbitrary Schrodinger

equation.

5.1 Definition and properties of correlation functions

Definition 5.1 We define the functions Wi (05311, . ,Ofr"n) called the n-point correla-

tion function of “genus” h by the recursion

1 a2 «aq a2

W) = w(@), W%, %) = B(T1, %) (5.1)
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Wn+l($07J> :é de(%)o,x)<Wn+2 x,,.J) +ZZVV\1\+1 \1\+1($ J/D)
Dy r=
01cy 5.
where J and I are the collective notation for the variables (J = {x1,...,2,}), the
symbol S 5"" means that we exclude the terms (r = 0,1 = (), (r = 0,1 = {x;}),
(r = h,I = J/{x;}), and (r = h,I = J), the integration over the contour Cp, is
defined in (31), and where

—=(h) a1 an (R) (91 Qn 5n725h,05a1,a2
WG, ) = W, %) - 2000 5.3
n ( 1 ) ( 1 ) 2(1,1 — 113'2)2 ( )

Here the point xy is outside the integration contour Cp, for the variable x and all the

x; are outside the A-cycles of the projection integrals.

To shorten equations we introduce the notation

a —(h—1)
U () = W5 (2, 2,.0) +ZZW|I|+1 Wi J/0). (5.4)

r=0 ICJ

The main property of B.1] is that these quantities solve the loop equations in the

1/N?-expansion. We also prove the following properties:

Theorem 5.1 Each W (O:?l, e ,%n) with 2 — 2h — n < 0 is an analytical functions
of all its arguments with poles only when x; — sg-ai). It vanishes at least as O (1/x?)

when x; = 004, and has no discontinuities across A-cycles.

Corollary 5.1 We have that

Wr(L}—T—)l (l’, J)dl’ = to(smo(sh,().

Co,
proof:

We proceed by recursion on 2h +n. The analyticity is obvious; the theorem is true
for Wz(o). Assume it is true up to 2¢g + n, we shall prove it for W,E‘_’Bl (o, T1y ooy Tp).
To prove the asymptotic behavior, note that the deﬁnition [4.1] implies, first, that the
term fc K (&, y)UM (y, J)dy is of order of 1/(¢2(x ) [ Wi(ah)da! [(a')? ~ x792, s0

the leadmg contribution comes from the terms proportional to vj(x) ~ 272 which
completes the proof. [
We also have the following simple lemma that follows from the corollary 5.1l and

from the normalization conditions for the kernel K (, ).

Lemma 5.1 For all (n,h) # (0,0) we have

ﬁ W (x, J)dz = 0. (5.5)
Ao
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Now comes first of the main theorems.

Theorem 5.2 For2—2h—n <0, the W, satisfy the loop equation. This means that
the quantity

o an ,:L' —(h a o Qn
PO (5%, %) = h( z Ex;Jr&)Wf(uZl(i”vflv-“’z")

+ZZW\I\+1 m+1( )+ WD (@7 )

r=0 ICJ h )
+Z ). ( (t, J/{xm&ai xgv <xj,J/{xj}>>5. )

s a polynomial in the variable x, which is of degree at most d — 2 and is independent

on the choice of the sector S,.

proof:
in appendix [Al (]

Theorem 5.3 Each W is a symmetric function of all its arguments.

proof:
in appendix [C] with the special case of Wg(o) in appendix [Bl O

Theorem 5.4 For 2 —2h —n < 0, W (xl, e axln) 1s homogeneous of degree 2 —
2h —n:

o 5 B 0 o o
(h) 1 n
( +E tjgt —l—E elael—l—togtO)Wn (T1,...,2,)
:(2—2h— )Wgh(xl,...,%n). (5.7)

proof:

Under a change t, — Mg, h — A\h, ¢, — A¢;, and tg — Aty the Schrédinger equation
remains unchanged, and thus v is unchanged. The kernel K is changed to K/\ and
nothing else is changed. By recursion, WM is then changed by A\2~2—" O

5.2 Diagrammatic representation

The diagrammatic representation for the correlation functions structurally coincides
with the one for the correlation functions in one- and two-matrix models [9] 4] 6]. We

introduce the three kinds of propagators



and assume the partial ordering from “infinity” to “A-cycles” to be from left to the
right in graphical expressions. We represent the terms W,Sg)(J ) via the graphs with
three-valent vertices; we assign its own variable £ to every inner vertex and assume the
integration w.r.t. this variable along the contour Cp, the order of integration depends
on which vertex is closer to the “A-cycles”: we begin with integrating at the innermost
vertex. We also have n outer legs (one-valent vertices) corresponding to the points O:)lsii,
1 =1,...,n. They are assumed to lie outside all the inner integrations. For example,

the term W?,(O)(xl, T, x3) then has the form

J,’l\
Q) e
;(;3/

whereas the recurrent relation (5.2)) takes the form

xrq xq
I
s % S— — wiLen

+Z;J Lo :

M

z+u
(1—-y)

——— W€ /)

((\["9‘9)

J/1

Tn Tn

We now formulate the diagrammatic technique for constructing the functions
WM (J) for n > 0 and 2g — 2+ n > 0. Formally it is the same as the one in [9] 6.

We comprise all the diagrams with the corresponding automorphism multipliers
such that

e for W,gh)(J ) a diagram contains exactly n external legs and h loops;

e we segregate one variable, say, x1, and take all the maximum connected rooted

subtrees starting at the vertex z; and not going to any other external leg;

e we associate the directed propagators K (x,y) with all the edges of the rooted

subtree; the direction is always from the root to branches;

e all other propagators that comprise exactly h inner propagators and n — 1 re-
maining external legs are B(z,y) if the vertices x and y are distinct and B(x, z)

for the loop composed from the single propagator;
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e each rooted subtree establishes the partial ordering on the set of three-valent
vertices of the diagram; we allow the inner propagators B(x,y) to connect only

the comparable vertices (a vertex is comparable to itself).

6 Deformations

In this section, we consider the variations of correlation functions W,? under infinites-
imal variations of the Schrédinger potential U(z) or A. Infinitesimal variations of
the resolvent w(z) can be decomposed on the basis of “meromorphic forms” vy, (Z),
k=1,...; we set these forms to be dual to special cycles with the duality kernel being

the Bergman kernel. It turns out that the classical A = 0 formulas retain their form
for h # 0.
6.1 Variation of the resolvent
We consider an infinitesimal polynomial variation:
U— U+ U, h — h+ 6h.

Since U = V"?/4 — hV" /2 — P, we have
V! h oh

_ r n__ = n__ P. 1
oUu 5 oV 25V 5 oVt —4 (6.1)
We can consider variations of V'(z) w.r.t. the higher times t;, k=1,..., as well:
oV'(z) = Z Sty L (6.2)
k=1

Then, for £ < d+1, 6P is of degree at most d — 1 whereas for k£ > d-+ 1 the polynomial
0P has the degree at most k£ — 2.
Computing 6 (¢, (x)/1a(z)), we obtain
1 v oh

S nle) = s [ v (30t) -2 5 U@ ) a0

and for w(z) = V'(x)/2 + ", () /¢ () We have
Sh

Sw(T) = W;(‘T) + 6h Zzg 3 + o wé @ Oo V2(z') <5U(:c’) -2 U(:c’)) d’. (6.4)

6.2 Variations w.r.t. “flat” coordinates

We choose a system of “flat” coordinates on our genus-(d — 1) manifold:

61,...,€d_1,t0,t1,... . (65)
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6.2.1 Variations w.r.t. the filling fractions

For the filling fraction de, we have V' = 0 and thus
U(x) = —0P(x) (6.6)
where deg 0P < d — 2, so we can decompose it in the basis of h,:

SP(z) = Cor har. (6.7)

So, from (6.4)), we have
dw(x) = — Z Cor Vo (), (6.8)

and because 2ime, = ¢, w, we obtain
«

2T 5(170/ = % ow = — Z% Cqtt Ugtt = —Cqt (69)
A o’ ol

Therefore U (x) /6., = 2imh,(x) and

a/

g

5o w(B) = 2imva (3 = ]{ B 2) d=. (6.10)

[e3

The flat coordinate €, is dual to the holomorphic form v,, which is itself dual to

the cycle B,:

1
€f = — w, Oe W = 20T Vq = % B. (6.11)
2T Ja, Ba

6.2.2 Variation w.r.t. t,

We have
SU(x) = —0P(z) = —tg 27 + Q(), (6.12)

where deg @ < d — 2. Using Eq. (6.4) we obtain

T

) = s [ (Ctaa 4 QU E) d (6.13)

and the polynomial ) must be chosen such that ¢ A, dw = 0 We therefore have

Sw(T) = —tgp Ka1(2) .
= —td+1 (I?d—l(%)_ UB(L%) [?d_l(ﬁl) dl’l)
B=1 As
= wvy(2), (6.14)
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where

o 1
K — kb2 (2" da’ 6.15
k(x> wg(x) /ooa z wa(x) z, ( )
and Kk(%) is the kth term in the large z expansion of K(:ac, Z) == o Kkkflz com-

puted in theorem [.2] From theorem [£.4] we have G(z,004) = Natar1 Kd_l(x). This
shows that

(G(x,004,) — G(T,005 ) = / o B(z,z)dz. (6.16)

4

«

1
Orow(T) = B

The integral is taken here over the last, dth é-cycle.
The flat coordinate t, is then dual to the 3rd kind meromorphic form —2G(7, cc.),

which is itself dual to the cycle [oo; , 004, |:

by = ]éDw(z)dz, S (3) = / T B ) de (6.17)

g_

6.2.3 Variations w.r.t. ¢,k =1.... The two-point correlation function.

Because

t :f B (2) ) (2)2z " dz, k=0,1,...,
Cp

the conditions 0t /0t, = i, and Oty /0ez = 0 imply

72 (‘i (hqu(f)) ) 2y = 6y, %4 B (‘i (hqu(f))) dz =0, (6.18)

and from the general form (6.3)) of variation, we conclude that (cf. (3.12) and (313))

ai (ﬁm;) = Vg (T). (6.19)

In turn, we have the following lemma.

Lemma 6.1

20T

o 1 «
Vg (8) = —i B(%,2)dz, r=1,.... (6.20)
D>

proof:
That the expression in (6.20) has the desired structure follows from the explicit
form of the kernel B; we need only to verify the normalization conditions. Vanishing

of A-cycle integrals is obvious; we must verify

1 1 2
Say = — g (2)dr = —— d de=-B(z,z)z~". 6.21
o 2im Cp oot (I) ! (2i7‘(‘)2 7€D>m : fép ! r (Z x)I ( )



Interchanging the order of integration contours and using that z7'B(z,7) ~ 2772 as

x — 00, we observe that the only nonzero contribution comes from the double pole at

x = z, which gives

1 " 1
drz™! <gz ) ‘ = — dea" "t = Opy. O

% Cp 827 m—zlﬂ' Cp
0

We now define the operator of the loop insertion

8 . - —r—li
vV (y) =2 ot,

r=1

applying which to Ay’ /1), we obtain

and since fCD B (%, z)dz = 0, we add the term with » = 0 into the sum obtaining

a 1
7{ B(z, z) dz
y>CD y -z

in the right-hand side. Note that the point y lies between some infinity, say, coz and

the integration contour Cp. Pulling the contour of integration through the point y
to infinity we obtain zero due to the asymptotic conditions for B(%, g), so the only

nonvanishing contribution comes from the residue at y = 2, which eventually gives

0 < ! (:)3)) 1 _ a8

R ) 2 p(E ). 6.23

v ")) ~ 270 (0:23)

Correspondingly, since ava(y) V'(z) = ﬁ, we obtain for the two-point correlation
function W2(0) (x,y):

0),a B 0 a 1B a B 1
. _ ! - 24
W2 ([L’,y) 8V(y)w(x) 2 (l’,y) + 2(y _ :z:)2 (6 )

6.3 Variation of higher correlation functions

Note that for all the above variations w.r.t. the flat coordinates, we have a cycle dw*

and a (sector-independent) function A}  such that
Sw() = / B(z, 2) A% (2) dz. (6.25)
dw*

The theorem below allows computing infinitesimal variations of any W™ under a

variation of the Schrodinger equation.
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Theorem 6.1 Under an infinitesimal deformation U — U + 06U, we have:
SO (H, . / WO (S, %) A () o (6.26)
Sw*
where (dw*, A} ) is the dual cycle to the deformation of the resolvent w — w + dw.

proof:
We prove this theorem by induction. We begin with the loop equation for
W\ (&, J):

(2hza8 + hax) W (@ J) + U (2,25 J) = P (x, ). (6.27)

Taking a variation ¢ w.r.t. any of the flat coordinate, we have

V() (h) (& Wl (z) (h) (@ o
(2h¢a(:c) + haﬂ”) Wy (x, J) + (25711%(@) Wi (v, J) 4+ oUM (z, x5 J)
=R J) (6.28)

where 6P\ (, J) is a polynomial in = of degree at most d — 2. Here both §U\" (2, T; J)
and 2571%8) = f&u* 2B(x, x')A*(z")dx’ can be expressed by the induction assumption

in the dual-cycle-integration form; meanwhile

UM (z, 3 J) = / UP (2, ; J, 2" )N (2 )da! — / 2B(x, ')A (2 )da' - WP (z, ),
W " (6.29)
because no term containing the two-point correlation function Wz(o)(%,x’) enters
sUM (2, ).
Using the loop equation of form (6.27) relating W, +1(£E J,x') and U(H(z z; J,a'),
we observe that the second term in the r.h.s. of (629) cancels the contribution of
2571% , and we obtain that

T

= 6PM(z,.J) - / P () J, ')A (! )da!

with the r.h.s. being a polynomial in x of degree not higher than d — 2 expressed in

the basis of the polynomials h;(z). Using [6.4], we have
/ W (&, J, 2" YA (2 )da! — SW M (T, ) Zal il (6.31)
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but since both W, (x,J) and w a1 (@, J, ") have vanishing A-cycle integrals, we have
that a; = 0, i.e.

«

SWW(Z, J) = / W (@, J, 2" )N (! )da! (6.32)

n

O

Corollary 6.1

oW ()

5 = % W (J,2")da'  for any n>0,h> 0.
€a

o

7 Classical and quantum geometry: summary

In the table below we summarize the comparison between items in classical algebraic

geometry and their quantum counterparts.

| classical A =0 quantum
plane curve: E(x,y) =, Eijr'y’ E(z,y) =), By, [y,2]=h
E(z,y)=0 E(z,ho,)Y =0
hyperelliptical y*=U(x) y?—U(x), |y,x]=h,
plane curve: deg U = 2d 2" = U
Potential:
resolvent: w(z)=V'(z)/2+y. w(@) =V'(x )/2 + hi Ei

[0 o —1V7(@), w0 ~ fo]a

%
sectors where W~ e

half-lines of accumulations
of zeroes of ¢
Li,i=1,...,2d+ 2

simple zeroes of U(x)
U(a;) =0, U'(a;) #0
i=1,....2d+2

branchpoints:

half-lines Wlthout accumulations
of zeroes of ¥ (7)

double zeroes of U(z)
U(a;)) =0,U'(a;) =0

double points:

|
|
|
{
V'(x) = 2(/U(x))+
|
|
|
|
|
|
|
|
|

|
|
|
|
|
|
physical sheet(s): | y ~o —3V'(2), w ~ to/x
|
|
|
|
|
|
|

genus g = —1 degenerate surface 1 eV/?" =polynomial
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classical A =10

quantum

A,-cycles

a=1,...,¢9

surround pairs of
branchpoints

surround pairs of half-lines

extra A4-cycle

surrounds last pair of

surrounds last pair of half-lines

|
|
| of accumulating zeroes
|
|

|
|
|
|
a=d | branchpoints of accumulating zeroes
B-cycles | AN Bj =9,
: _ _—hi(@) O‘
Holomorphic | vi(z) = NGO | vi(x) TW fooa W2 (2) hy(2) da’
forms, 1st kind | h; =polynomials, deg h; < d — 2
differentials | normalized: §, vi(z)de =045, a=1,...,d—1
Period matrix | Tij = fBj v, ,i,j=1,...,9, Tij = Tji
Filling fractions | NTe, = an w(x)dr ,a=1,...,g, €q =1y — Zizl €a
3rd kind form | G(z,2) ~peye 1/(2 — )
| G(1,2) = (w(?) = V'(2) — hD)K(T, 2)
Recursion kernel | K(z,z)
| K(§,2) = B(3,2) - 5,00 G()
| Ci(z) = §, K(2', z)da’
s -~ « * T 2 1,/ :C/
| K(z,2) = & 5 ;](x) | K(z,z2) = ﬁwé(x) 2 %:g’—)zd
Bergman kernel | B(z, g’) =—10. G(z, g’)
2nd kind differential | B(z,2) ~ 1/2(z — 2)?
Symmetry: | B(%, g) = B(g, %)
| $, Blx,?)dv =
| $5 Bz, g)dm = 2im ’Ul(g)
Meromorphic | R(z)dz = = [)JCZ‘) | R(z) = ) f;a r(x') wa*(z') da’
forms | r(x) =rational with poles r;, r(z) = O(z%?)
| | ReSr r(z )102( )20
Higher | WL, ) = Xy o, K (3, 2) dz (Wi (2, 2,0)
correlators | + EHS,:h’MI,:J W1(+\1\(Z ])Wl(iu’ (z, ]’))
| where C; surrounds the branchpoint L;, Uiz fc fCD
Symmetry | W) (x1, 22, ..., 2,) = W) (To(1)s To(@)s - - - Talm)) 5 oesS,
Variations and | U(x) = U(x) + U x)
dual cycle | U™ 5w(a) Jsur- B(z,2') Asy(2) da’
= > 0ty at ! | 5£c %’ ') % da’
variation 0t | 5t0 ( ) [ B (%, x') dz’
d_
variation de; | fB x')da’
Variations of | NGR (21, .. ng n+1 (X1, xn, @) Asp(2') da

higher correlators
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8 Application: Matrix models

The main reason for introducing W™ is that they satisfy the loop equations for the
random [-eigenvalue ensembles. We can therefore identify them with the correlation
functions (resolvents) of these ensembles.

Consider a (possibly formal) matrix integral:

Z = / AM o il V)
EN,B

where V(x) is some polynomial, and where Ey; = Hy is the set of hermitian matrices

(8.1)

of size N, Ey 1/ is the set of real symmetric matrices of size N and Ey is the set of
quaternion self dual matrices of size N (see [17]).
Alternatively, we can integrate over the angular part and get an integral over eigen-

values only [17]:

N
VB v (a,
7 = /d)\l ey JA)PP T e VO, (8.2)
i=1
where A(A) = [[,_;(A; — Ai) is the Vandermonde determinant.

We can then generalize the matrix model to arbitrary values of 3 taking the integral
([B2) as a definition of the -model integral. For this, we take

h:tﬁo (ﬂ—%) (8.3)

Notice that A = 0 correspond to the Hermitian case § = 1, and h — —h corresponds

to 8 — 1/5.

8.1 Correlation functions and loop equations

We define the correlation functions (the resolvents)

and
Wy =F =log Z. (8.5)

When considering variations in the potential V' (x), we again assume these resolvents
to satisfy the asymptotic conditions sectorwise, which means that they are defined also
sectorwise.

And we assume (this is automatically true if we are considering formal matrix

integrals), that there is a large N expansion of the type (where we assume h = O(1)):

Wi, %) =Y (N/t) 2w (3, T (8.6)
h=0
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W, = F = Z(N/to)z—zhwo(h) = Z(N/to)2_2hfh- (8.7)
h=0 h=0

The loop equations are obtained by integration by parts, for example:

O—Z/ - C“Nm ( IMHe to”“) (8.8)

gives:

J to

B 1 11 NVB V'(\)
- 1_5 11 NVB V(N

_ 1 11 NVBV(W
V- Z<m+2ﬁ;x—mi—x_ x—Ai>

(8.9)

We define the polynomial

0 =VE X (=T v .10)

We thus have the loop equation of [3]

W2(z) + h% W!(z) + Walz, ) = % (V' (2)Wi () — Pi(2)) (8.11)

Using the expansion (8.6]) we come to the Ricatti equation
W(2)? + h o, W (z) = V' (2)W (z) — PV (x) (8.12)

satisfied by w(x):
W) = w(z). (8.13)

The correlation functions of §-eigenvalue models obey therefore the topological recur-
sion of definition 5.1}
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8.2 Variation w.r.t. A

In this subsection, we use the analogy with the (-eigenvalue ensemble to hint the
possible form of the last remaining building block of our construction, which is the
variation w.r.t. A, the exponent of the Vandermonde determinant in (82). Up to

irrelevant multipliers, we can consider 5(9/0f) instead of h(0/0h), for which we have

58% logZN% dhi...ddy AN)Plog |A(N) |He VoD, (8.14)

so the logarithm of the Vandermonde determinant appears.
It seems impossible to construct such a term from W, (%), but we can use the two-

point correlation function Wg(.%, ?}) instead. Adopting a S-model inspired definition of

B
Wg(%, Y) as a two-resolvent correlation function (not necessarily connected),

/DN)\Z _Azy A

we then introduce the regularization (both IR and UV, if speaking in the physical

)

terms). At this point, we also split all the eigenvalues )\; into clusters each of which
corresponds to some sector S,; for each term 1/(y — A;) we then integrate w.r.t. y
from A, to x + ¢, along the straight lines all of which are parallel; the regularization
parameters depend only on the sector number v, and the limit of removed regularization
corresponds to A, — 0o, and d, — 0. We then obtain

25
Z Jy,

N/d)\l...dAN 252
T — A i

_ 28
_/d)\l...dAN AV ;:C_A x
€y N
3% [1og @+ 6, — Aj | — log |A,] + 0(1//\7)] [[c ™ "™ 515

v Jy=1 1=1

5y Y
di?(xv 5) ~

NVB
et V)

SO M

v Jy=1 =1

We now want to perform the integration over the variable x to obtain the expression
([BI4). Obviously, we need to choose the integration contour in a rather specific way:
we want it to encircle all the poles in ); in the variable = leaving outside all the
logarithmic cuts from oo, to A; + d, in the corresponding sector (see Fig. B.2). Given
such a contour, we can then perform the integration w.r.t. x by residues at the points \;

(recall that in the eigenvalue model pattern we do not have boundaries between sectors
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inside the complex plane as yet; they appear because of the collective effect of taking
into account the A poles and due to sectorwise regularization chosen). Evaluating the
integral over x in (8.15]) by residues at \;, we obtain

25 N €y
gfd)\l D AP I D og A0, = Ay | -

i=1 v jy=1

(3

NVB v (x
0

N
~NY e, log|Ay| + 0(1/A7)} [
v i=1

log [T\ = A +65)
i#]
—28N > ey log Ay + 28> e, log|d,, (8.16)
Y ol

2
- g/d)\l...d)w AN

where the first term in the r.h.s. gives the desired integral (8I4) as §, — 0, and the
last two terms are divergent in the limit of regularization removed. These two terms
depend however only on the occupation numbers therefore contributing to potential-

independent part of Fy only and we can remove them by the proper normalization.

Figure 7: The origin of the integration contour Cp in the matrix-model concept. The
inner dots are \; and the outer dots are A\; + 6, (v = 0,2,4,6); thin arrowed lines are
the logarithmic cuts.

9 The free energy
We use the variations and theorem [5.4] to define the Fj,.
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9.1 The operator H

Theorem [5.4] gives:

d+1
(2—2}1,—71—77,8;‘,/) Wfl (to 8t0 +Z tk &gk —|—Z€Z 61) W(h (91)

k=1 i=1

In section [6] we expressed the derivatives of WM as integrals of wih +1 up to the action

of haah,

2—2h—n—ho) WM =HW" = H. a?/ W (9.2)

where H is the linear operator acting as follows:

d+1

_tojff+z/ f+2627{f 9.3)
We define Wo(h) =F,forn=0and h > 2 as
Definition 9.1 The free energy F,, for h > 2 is the functions for which
(2—2h—hoy) Fp=H w (9.4)

9.2 The derivative h.2

The matrix-model considerations in preceding section imply that constructing the
derivative in h of the correlation function Wr(bh)(J ) would involve resolvents of order
n + 2. That is,

0wy — S - :
+ ZZ/ VV|(17+1 5 I) d§ W(h|lﬁ+1(f J/[)] (9.5)

r=0 ICJ

where € must be taken to be an “innermost” variable in the sense that taking into

account that fﬁ B(¢',y) = G(&,y), we replace all the appearances

fk_» . _»45’
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and

with no additional factors.

Note that the sum in (@.35]) ranges all cases, not necessarily stable ones, so we begin
with studying nonstable contributions to stable cases (2h — 2 4+ n > 0). Note that all
these contributions then come from the second term in (9.5]).

9.21 Caser=0,I=0andr=nh,I=J

We consider the situation when n > 1. We can then fix z; to be the root of all the
subtrees composed from the K-propagators and £ can then be the variable of any of

external B-legs. Then, the contribution in Wygh)(J ) comprises all the insertions

D L
+ - and >77 +

n

Let us consider the first case; the second one can be treated analogously. We push the
integration over ¢ through the one over 7 in the second diagram and as the result we

obtain
JUER o

;_»+_\,,_»

zkeﬁ

Here the sum of the first two terms contains the integral of the total derivative of
the function [* W 2(¢)d€'G(n,€), and since G(n,€) ~ O(E~Y) and [* W (€)de' ~
i ¢ tod&' /€ ~ tolog [€], this contribution vanishes. Only the third contribution coming
from the residue at & = 7 survives, and this contribution is nothing but minus the
action of the [ operator on the external leg B(n, &), so

>,*

—>—> = ().

3 @|€

So, the total contribution of the two cases r = 0,1 = @ and r = h, I = J exactly
cancels the action of the H operator.

42



9.2.2 Caser=0,1={n}

We begin with the identity
| cEorEy =K@y, (96)
x>CD5>y

(Here and hereafter inequalities of the type x > Cp, > y indicates the mutual positions

of points and integration contours.) Indeed, representing G(%,g) Y2(€)0, [fbgif and

integrating by parts, we obtain

ZK 5 OKE | / K(z,¢) L% +> h()Ci(y)
Oow m>CD£>y Y j

the substitution apparently gives zero, and in the second term only the residue at

¢ = y contributes thus producing (9.6]). An obvious corollary is the second convolution

formula

/>C _GELOBL 9) = —B(.4). (0.7)

In the case r = 0, I = {x;}, we have the diagram

e W (€, T L) | = — W ()

9.2.3 Caser=h, [ =J/{z,}

Here, we need another identity

/ C G(%.6)B(,Y) = 0. (9.8)

to obtain it, we represent the functions G and B through the kernel K, that is, we

have

/ Gl \B(E. 1) =
é (

/ (0275 ) w09 (a2
©

R SR NG  RPY

Here the substitution gives zero, and the third-order differential operator acting on the

B
kernel K (¥,£) is again the Gelfand-Dikii operator (£.35]) that does not depend on the
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sector . The integrand is also obviously regular at all zeros of y-functions, so the total
integration over .Z—cycles just gives zero.

Therefore, the contribution of the case r = h, I = J/{x,} is zero, and the total
contribution of all the unstable cases together with the action of the H -operator just

gives minus one times the original contribution W,Sh)(J ).

9.3 Examples of application of h(%
9.3.1 Reconstructing W,go)(J)

We now apply formula ([9.5]) to reconstruct the correlation function AR (J). In the zero
genus case, we must take into account only the nonconnected contributions (the second
term in (@.5)) into account; we choose the root of the first term, ffo W'|§,7”|>+1(E’, I)de¢',
to be x4, the point ¢ is then the end of some other (nonrooted) leg G(n,€) of the
first diagram; for the second diagram we choose the root to be at the end & of leg
with the corresponding propagator K (&, p). As the result of the integration over &,
we obtain using (@.0) that these two diagrams are sewed along the propagator K (1, p)
thus producing the connected diagram with the maximum subtree of propagators K
rooted at the external point x7;. We may now ask the question how many times the
given diagram can be obtained as a composition of two diagrams in the formula (9.5)?
We obtain this diagram by first breaking it into two parts by cutting some of internal
arrowed lines (including also the external line K(xy, k) if we take into account the
nonstable contributions) and then sewing again along the same line; obviously, we
obtain this diagram as many times as the total number of arrowed lines (with the
minus sign from (©.6)), which is 2 — n for W,SO)(J). So, we see that adopting the

definition (@) for the action of the operator A2, we obtain

(ﬁ% + ﬁ.%) WO () = (2= n)WO (), (9.9)

which is a particular case of formula (@.2]).

9.3.2 Acting on W;O) (21, x2)

. . . . 757(0)
Here, we consider the action on a nonstable correlation function Wy ' (z1,29) =
ap o2 day,an

B(.flfl, x2) - (x1—12)2"
that the action of h% gives
/ A€ G(74,€) (3(5, 52)—72) —/ d§ B(¥2,&) + 1 > 2
m1>CD€>ac2 (5 - LUQ) $1,$2>CD§ T — 5
— —2B(7,75) + B(71,75) + B(Ws,71) =0, (9.10)

Excluding the terms that compensate the action of H , we have

which again is in accordance with formula (@.2)).
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9.3.3 Acting on F;

Here we demonstrate the first case of “reconstructing” the free energy term (although
this is not true, to obtain the genuine term F; we need other methods, which are still
missing; we must however demonstrate that applying formula (9.2]) we get zero perhaps
up to some irrelevant regularizing factors). In this case, no nonstable terms contribute;

the only contribution comes from the first term in ([@.5]), which gives

(15 + g ) 72= [ (e §>—§—1§)
[ R L e ()

Integrating by parts in the second term, we obtain (up to terms of order O(d,))

Jey, A€ N5(6)C

5(€), and the integrand is sector-independent and nonsingular at zeros of

Va thus giving zero upon integration. In the first term, integrating by parts in the vari-

able &’ the term with 1/(£ — £)?) and taking into account that lime ¢ g,l (

¥a ()

)_

zjgg we obtain "
/ K [ 2l [ de%(i%i)/i%(z%@)@]
:/CDE e [l [ (g2 e+ 8 () )]
Lo L (e - So o)
el et [ e e e ]
:/CDE i[5S+ [ e ne et

o o,

- [ | el
- / * (a o).

and the result is a constant, which is divergent in the limit of regularization removed
but is otherwise independent on all the variables (the same phenomenon occurs when
calculating the corresponding action of the H operator on JFj in the standard matrix
models, see [4], 3]).
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9.3.4 Acting on Wl(l)(x)

In this case, we have two possible contributions: the one from nonstable graphs gives
Wl(l) () with the (desired) factor —1 whereas the second one would come from the first
term in (@.5]) originated from W?EO) term, that is,

/C & [ dnK 0GB, (9.11)
Dg¢ Dy

where the contour of integration over 1 goes between the points £ and £&. We set
integrals of this type to be zero, which provides the last required prescription for the

diagrammatic technique describing the free energy terms Fj,.

9.4 The term Fj

For the stable cases (h # 0, 1), we can now formulate the diagrammatic technique for
the term Fj. We need the diagrams describing the stable terms Wl(T) (€) and Wl(h_r) (€)
with 1 <7 < h—1 and W'V (£,6).

f&
h \7.7 = ( \ h
(2h — 2)./—"h = Nobe (h—1) — Z e W(T) );]WI( =)

Here in the first term the sum ranges all the diagrams contributing to Wéh_l) that

have distinct vertices to which the external legs are attached; we then amputate both
these legs and joint the vertices n and p (the p vertex is always the first three-valent
vertex in the rooted tree) by the propagator K(n,p). We took into account already
the integration over ¢ thus obtaining an extra minus sign. We cannot perform this
integration that easily in the second term in which the integration over £ is such that

p > Cp, > n and the symbol i ¢ indicates that we must insert the integration

O

§+5a « 6%
| [ ek ok
p>Cp,>n
between the integrations over the variables p and 7.

10 Conclusion

We have defined quantum version of algebraic geometry notions, which allows us to

solve the loop equations in the arbitrary S-ensemble case.
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The notion of branchpoints become “blurred”, a branchpoint is no longer a point,
but an asymptotic accumulation line along which we integrate instead of taking the
residue at the branch point.

Another surprising property pertains to the cohomology theory, which makes sense
only if the cycle integral of any form depends only on the homology class of the cycle,
i.e., we need all forms to have vanishing residues at the zeros s;. This “no-monodromy”
condition is automatically satisfied for our forms coming from the Schrodinger equation
and it is equivalent to the set of Bethe ansatz equations satisfied by s;, similar to what

takes place in the Gaudin model [2].

In contrast to paper I, there is no explicit dependence on the chosen sector; however,
even the total number of A-cycles and rank of the period matrix may vary depend-
ing on the choice of cuts in the complex plane. This might pertain to that we do
not have actual finite-genus (classical) Riemann surface: analytical continuation may
never result in sewing the corresponding solutions to the Schrodinger equation, and we
therefore deal with different (finite-genus) sections of an ambient infinite-genus surface.

So, indeed, the genus is no longer deterministic.

Using the sectorwise approach, we can define the symplectic invariants; in Ap-
pendix [D] below we present the first nontrivial calculation of this sort: the dependence

of the leading term on the occupation numbers.

In this paper, we restricted ourselves to the case of hyperelliptic curves, i.e. second
order differential equations, that corresponds to 1-matrix model. The first straightfor-
ward generalization pertains to including the logarithmic potentials into consideration,
which would produce the Nekrasov functions nonperturbatively in the parameter €5 /€;.
A more challenging problem is to generalize this approach to linear differential equa-
tions of any order, which would correspond to a 2-matrix [-ensemble model. In this
case, we are also presumably able to define the notions of sheets, branchpoints, forms,
and correlation functions. We expect also the preservation of the Bethe ansatz prop-
erty ensuring a no-monodromy condition claiming that all cycle integrals depend only
on the homology classes of cycles. The difference between the hyperelliptic case and
the general case is comparable to the difference between the patterns of papers [9] and
[6], i.e., the definition of the kernel K must be more involved and less explicit, but we

postpone this discussion for further publications.

It would be also interesting to see whether the quantities JFj, possess a symplectic
invariance, or more precisely a “canonical invariance”, i.e., whether they are invariant

under any change (z,y) — (Z,%) such that [y, 7] = [y, ] = A.
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A Appendix: Proof of theorem (5.2

We now prove theorem (.2 that all WM s satisfy the loop equation, i.e.,

h [e3] Qn w, (:L’) h) a i an
P,E+>1(x;x1,..., T, = h( %(x) + 0, ) Wo(x, @y, .., Ty)
_'_ZZW\I\-H m+1( J/I>+Wn+2 (55 z,.J)
r=0 ICJ
h 7 (h)
(@, J/{w;})8u0;, = W

(2 J/{xy—})) AL

+Z&xj<

is a polynomial in z of degree at most d — 2.
From the definition, we have (with U from (5.4]))

(x — )

@ 1 «a — Q;
Wi, ) = 5 74 dz K (%, 2) (Uéiﬁ(z, 2 )+ ) Bl WP, J/{xm) .

J
(A.2)
Acting by h (2 Zjagz + 0:0) on K(Z, z) gives 1/(z—2)+>2%_, hj(x)Cj(2), and the second
part is obviously polynomial satisfying assertions of the theorem. Pulling the contour

of integration w.r.t. z to infinity (with z originally outside the integration contour)
and taking into account that the integral at infinity vanishes thanks to the asymptotic
conditions, we find that only the residue at z = x and the residue at z = z; in the

second term in the brackets give nonzero contributions; the result of integration reads

o W)
ox; ©—ua;’

UYL (@, ,.J) +ZB:,;], W (2, J/{x;}) +Z

so taking into account (5.3), we obtain the assertion of the theorem. [
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B Appendix: The symmetricity of WB(O)

Theorem B.1 The three-point function Wg(o) 18 symmetric
proof:

Introducing Y := —2h)’ /4, ngo) is by definition

(0),@0 a1 a2
W3 (1’071’1,2172)

1 (e} (07 o
_ __]{ do K(59, 2) B 2)B(E, 2)

1T Cp
1 ,
= — ¢ drK,G, G
4Z7T Cp o 12
1
= I dr Ko (hK] + YK +Y'K)(hK) + YK, + Y'K3))
1T Cp
1
= ! dx Ko (RPK]KY + hY (K Ky + K/ K}) + Y (KK, + KJK))
D
+Y? KK, + YY' (K K+ K KQ) + YK K

(B.1)

where we have introduced a shorthand notation K, = K(z,,z), G, = G(xp, x), all the
derivatives are w.r.t. x, and we omit indices indicating the sectors.

The combinations KoK1Ksf(x), where f(z) is sector-independent (f =
1,U,U’,...), vanish upon integration w.r.t. x because each of K; is also sector-
independent w.r.t. z. We can then use the Ricatti equation Y;? = 2hY/ + 4U to
replace Y2 by 2hY/ and Y;Y/ by AY/, which gives

W3(0) (x(]v X1, 'r2)

1
- = 7{ dw Ko(hY (K| K} + KK, + hY' (KU Ky + KU K))
Cp

+2hY KK} + hY" (K1 Ky + K1 K,) + YK K>)

S e (Y (LY YUK Y ) + YRR

- b dw ¥R K\Ky + (Y KoK\ o) = (VKoY KiKG = (V' EKo) (K1 Ko) )
B ﬁ e YKo F1 Ky — B((Y Ko) K{ Ky + YK (K1 K>))

- ﬁ 4 de Y KoK\ Ky — hY K\ KK} — hY' (KoK K} + KK K + KK KS)

This expression is readily symmetric in xg, z1, x2 as claimed in theorem 5.3l [
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C Appendix: Proof of theorem

Theorem 5.3 Each W9 is a symmetric function of all its arguments.

proof:

The special case of ngo) was proved in appendix [Blabove. The symmetricity of the
two-point correlation function Wéo) was proved in Theorem

For technical reason, it is easier to proceed with the proof for nonconnected corre-

lation functions. We introduce two types of them:

e the correlation function

/@(1) — > Hw<h (C.1)

partitions ~ J=1
{L,..., Iy} of I

that comprises partitions of only stable (2h; +n; —2 > 0) type with I; # 0;

e the correlation function

—~—

(1) = 3 H W( (C.2)

partitions  J=1
{L,..., Iy} of I

that admits also two-point correlation functions Wéo) in the sums, 2h;+n;—2 > 0,
with [ j 7A (Z);

The symmetricity of all Ws(h/)(l ) with s + 2k < n + 2h obviously implies the
symmetricity of W(h)(l )

It is obvious from the definition that W, +1(%%, Ti,...,2p) is symmetric in
T1,Ta, ..., Ty, and therefore we need to show that (for n > 1):
W (@0, 21, J) = W (@1, 5, J) =0, (C:3)

where J = {Z3,..., 2}
The proof is by recursion on —y = 2h — 2 + n.
Assume that all W,gh/) and W,gh/) with 20/ +k —2 < 2h+n are symmetric. We have:

—_—
ap o

W(f_:_)l (2170, Ty, J)

n

1 a _ a1
= — de(x%,x)(W(izl)(:c,x,:cl,J)+2B(:c1,:c)K( n+1 y, J(}g?

n
2T Jop, >y
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We first consider the product of functions K BK in the second term: recalling that
ar B 1/’2;(1’)

aq

B(zy,%) = 0,(0, — 2W)K(x x) and integrating by parts, we obtain
1 Q aq
— dr K B K
27 Cp. >y Z (ZL’(],LU) (Il,l’) (I,y)
1 «Q (0%
= —— dr K (x0, 2) K (21, ) K (z,y)
2T Jep, >y
1 o (g
e k@ oK@ 022 D K ey)
2T Jep, >y ¥(z)
1 ap [e%1
—— der K K’ K!
oi Cp. >y & (anx) x(!lfl, ) m(Iay)
1 ap [o%1 (l’) /
+— dx K (xg, 2) K (1, 7) K (z,y). (C.5)
C'Dz>y w(x)

The first and the last terms in the right-hand side are already symmetric w.r.t. the
replacement z( <+ x; and we disregard them. Integrating by parts in the third term in
the right-hand side we obtain one more symmetric term with K (4, z) K (21, )K" (z,)
(which we can disregard as well) plus the term with K’ (70, 2)K (21, z) K’ (x,y). Com-

bining the result with the second term, we obtain

1 ag ?//(I)
= 2% CWyde;(%%,x)K(%i,x) (x C y)>, (C.6)

where the integrand is sector-independent w.r.t. the variable x, so only the residue at
x =y (with the minus sign) contributes in the second term in (C4), which therefore
becomes

1 o o —
~ 5 b 2K K EL W 4.y, ). (c7)
T C’Dy

For the first term in (C.4)), we use the induction assumption writing it in the form

1 1 ao a1
o - dr —— dyK(xo,l')K(l'l,y)X
271, Cpy >y 271 Cp,

% (2B(2,y) 0=tz + 4B, y) W @y, T + W (@2, ) JC8)

where the prime indicates that no propagators of B(x,y) type enter the expression,
and no singularity occurs in the corresponding terms upon interchanging the order of
contour integration w.r.t. x and y. The last term is again obviously symmetric w.r.t.
the replacement xg <> ;.

The skew-symmetric part in the middle term is one-half of the residue coming from

the double-pole —1/(x — y)? in the expression for B(z,y) (it comes again with the
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minus sign due to the choice of contour ordering), so we obtain

1 o o _
— dy 2K, (o, y) K (21, y)Wﬁll)(y, y, J)' 4+ symmetric term, (C.9)

2mi Cp,

which exactly cancel the term in (C.7)) except the only case g = 1, n = 2 in which we
use that B(z,y) = —1/(z — y)? +Wéo)(:c,y) as T — Yy, SO

2B(z,y)* = 2(x — y) ™t — 4(x — y) W, (,y) + regular,
the most singular first term results in the integrand K" K that is sector-independent
and vanishes, whereas the second term produces

1 e} @ —(0 .
2 P 2K WK, y)W5 (y,y) + symmetric term,
Dy

which kills the last remaining possible term in the expression (C.7). The theorem is

proved. [
L3 . 3 L3 L3
D Appendix: Calculating % in the Gaussian
0
case

In this appendix, we calculate the singular part of the third derivative of F; and
integrate the answer to obtain the singular part of Fy itself. Although we explicitly
calculate only the Gaussian model case, we propose the answer for the general model
free energy singular part.

In the Gaussian model case with the potential V(z) = 2%, we have four sectors of
solutions with the asymptotic directions oo, +ico. As the basic solutions we take
¥y (z) and ¥_(z) that decrease at the corresponding imaginary infinities +ioco and
—i00. The real axis then plays the role of the .Z—cycle whereas the imaginary axis is
the g—cycle.

We are interested in evaluating the singular part of the third-order derivative 270

ot -
Let us first find out about the origin of this singular behavior. Apparently, local

singularities at finite ¢y appear when the solutions ¢, and v _ coincide, which happens

when ¢y =1, = Hn(ix)emz/ 2t where H, are the Hermite polynomials, and
B2 020, (z) = 2%, (2) + (2n + 1), (z).

From Corollary [6.1] we have

PPFo 1 ()
i = @ri)? f;;f;;ji dzy dzo dzs Wy 7 (21, 29, 23), (D.1)
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a] az Qs

and using that Wéo)(zl,zg,z;g) = fCD deK (21, €)B(23,€)B(23,€) and that no singular-
ities appear when integrating over z, and z3 we obtain that each integral gives, by
Theorem [1.8], just vo(£) with @ = 4+ and

C L 5
’ 7~p:2|: (5) +ioco

with the normalization constant Cy such that

w(€) = U2 (p)dp (D:2)

[ GG

o

+
Note that even in the case where 1, = 1_ the functions vy(&) and vo(§ ) differ because

of different lower limits of integrations, their difference is just Cy-—5— W ® f oo V2 (p)dp,

and the normalization constant Cy at ¥, = 1 =1}, is
+o00 1 -1 +i00 -1
Co = d V2 (p)d ) . D.3
= ([ m@e) ([ v )

The remaining mtegral w.r.t. z; in (D)) develops smgularlty when ¢+ — 1, because
the function K (zl, ¢) develops a logarithmic cut on the B- cycle, and using the explicit
form (EI) for the K-kernel (in this simplest case, K = K), we obtain

o7 Z/Ci el q[ioodz%wil(z) /. dpzﬁi—(g)m)’ P

+ioco +ioco

where the contour Cgt goes between +oo and Finfty encircling the point p. The
singularity occurs when p (and, correspondingly, z) tends to —ioo for ¢, and to +ico

for ¢_; this singular part comes from the residue at & = p, and we obtain that the
expression in (D.4]) is

Fio 1]
L) i ), o) e
+

and using the explicit expressions (D.2) and (D.3)) for vy, we obtain

. 03 Fo
e ()
Fico 2 1 P 2
— de=—— | dp——— 2(s)ds| C? D.
;/0 wai(z)/o ”wi@)[ﬂﬁi“) S} o (D)

where the singularity occurs at the upper integration limit for z and p when ¢, v —
1, and the term in the square brackets is nonsingular in this limit, so we can replace it

by its limiting value, which cancel exactly the corresponding term in the normalization
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constant Cj (see (D.3)); the integral w.r.t. z and p can be separated, and we obtain the

final expression

s (S2) =S [ [ ] o0

We now calculate ¢y when ¢, ¢_ — tb,. Choosing v_(z) = ¢ (z) [* wgl—ff) and
+

taking into account that the number of poles of solutions outside the .Z—cycle is n, we

L +o00 ¢_/—_¢_Q-)__ +00 1
ty = hn—irh/_oo (¢— 0. )= hn + h Tl

too dz 1

o Vi(2) f_ioo w?jf) + fO wi%&)

The first integral in the denominator diverges as ¢, — 1, and denoting this integral

have

= —hn+h (D.7)

as A, we have

1T
to = —hn + h;“;wj;) + O(A7?). (D.8)
e S 720
Comparing this expression with (D.6)), we obtain
P F 1
ing. = 7 D.9
e < o3 ) B+ to/hy 1 E (D)

that is, this derivative has double poles with the coefficient 1/h at all points tg = —hn,
n =0,1,.... A function that exhibits such a behavior is obviously I'-function, so we

have that, up to an entire function,

, PF 1 "
sing. ( ot ) o~ ﬁ[logf] (to/h), (D.10)
and, in turn,
sing. o ~ B*[ [ log I'](to/h). (D.11)

Turning to the asymptotic behavior of [logI'(z) at large positive  we observe that
the leading term is %xz log x, which is exactly what we might expect from the matrix-
model-like arguments: we must be able to apply semiclassical approximation at large
positive ty/h, and in this regime we have the leading asymptotic behavior of Gaussian
matrix model, i.e., sing.Fy ~ 2t2log(to) modulo polynomial terms (of order not higher
than two).

We may therefore put forward the following conjecture.

Conjecture D.1 The singular part of Fo for any potential Vyi1(x) has the form

RS L[ logT](&/h) where & are the occupation numbers on the cycles A;.
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