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ABSTRACT: In this work the correspondence between the semiclassical limit of the DOZZ
quantum Liouville theory on the torus and the Nekrasov-Shatashvili limit of the N' = 2*
(Q-deformed) U(2) super-Yang-Mills theory is used to propose new formulae for the acces-
sory parameter of the Lamé equation. This quantity is in particular crucial for solving the
problem of uniformization of the one-punctured torus. The computation of the accessory
parameters for torus and sphere is an open longstanding problem which can however be
solved if one succeeds to derive an expression for the so-called classical Liouville action.
The method of calculation of the latter has been proposed some time ago by Zamolod-
chikov brothers. Studying the semiclassical limit of the four-point function of the quantum
Liouville theory on the sphere they have derived the classical action for the Riemann sphere
with four punctures. In the present work Zamolodchikovs idea is exploited in the case of
the Liouville field theory on the torus. It is found that the Lamé accessory parameter is
determined by the classical Liouville action on the one-punctured torus or more concretely
by the torus classical block evaluated on the saddle point intermediate classical weight.
Secondly, as an implication of the aforementioned correspondence it is obtained that the
torus accessory parameter is related to the sum of all rescaled column lengths of the so-
called “critical” Young diagrams extremizing the instanton “free energy” for the N' = 2*
gauge theory. Finally, it is pointed out that thanks to the known relation the sum over
the “critical” column lengths can be expressed in terms of a contour integral in which the
integrand is built out of certain special functions.
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1 Introduction

The name “Lamé equation” denotes in fact a class of related ordinary second-order differen-
tial equations in the complex or real domain which contain (explicitly or implicitly) certain
elliptic functions [1]. One of the most suitable forms of the Lamé equation in practical
applications is the so-called Jacobian form:

d>v 5
i [kmsn®(ulm) + A] ¥ = 0. (1.1)
Eq. (1.1) can be looked at as a one-dimensional Schrodinger equation: —W”(u) +

V(u)¥(u) = EV(u) with a doubly periodic potential V(u) = xmsn?(u|m) and the energy



eigenvalue £ = —A. The potential is parameterized by the elliptic modular parameter' m
of the Jacobi sn-function sn(u|m) and the constant k. In order to classify the solutions it
is convenient to write k = £(¢ + 1). In particular, in the real domain if ¢ is a nonnegative
integer the energy spectrum consists of bands. There are 2¢4 1 eigenfunctions called Lamé
polynomials® associated with the boundaries of the energy gaps. For these solutions the
values of £ are the solutions of a certain algebraic equation [1, 2].3
Another important representation of the Lamé equation contains the Weierstrass -

function:

d*v

e [kp(z) + B] ¥ = 0. (1.2)
Eq. (1.2) is known as the Weierstrassian form of the Lamé equation and can be achieved
from eq. (1.1) by an appropriate change of the independent variable (see appendix A). The
accessory parameters A and B appearing in eqs. (1.1) and (1.2) are related to each other

in the following way*
B=A(e; —e3) —Kkes & A:L—lﬁ(m—i-l). (1.3)
e1—e3 3
The substitution 7 = p(z) converts eq. (1.2) to the third version of the Lamé equation,
commonly encountered in the literature, the so-called algebraic form:
v 1 1 1 1 1dv kn+ B
R e e i kil Clcry ey oy
Eq. (1.4) “lives” on the Riemann sphere CU {oco}. Its (regular) singular points are located

T =0. (14)

at 1 = ey, eg, e3,00. The algebraic form of the Lamé equation is the most appropriate form
for further generalizations, cf. [2].

Historically, the Lamé equation has first been obtained (by Lamé) by applying the
method of separation of variables to the Laplace equation in ellipsoidal coordinates [1].
More recently it has been noticed that the Lamé equation arises in various physical contexts.
First, the Lamé potential can be considered as a good candidate for a realistic model
of a one-dimensional crystal [13]. Other areas, where the Lamé equation is applicable,
are superconductivity [14], certain version of the Ginzburg-Landau theory [15], and the
cosmological models [16-20].> In mathematical physics applications the Lamé equation
occurs in the so-called Lie-algebraic approaches to the Schrodinger equation [22].

"We will use two notations of Jacobi elliptic functions, i.e. with m: sn(u|m), cn(u|m), dn(u|m) and
an alternative notation: sn(u, k), cn(u, k), dn(u, k) which uses a parameter k = /m. For definition and
properties of the Jacobi elliptic functions see appendix A.

2These are homogeneous polynomials of degree £ in the elliptic functions: sn, cn, dn.

3Note, that for £ € Z* the spectra of the Lamé and related finite-gap periodic systems are characterized
by a hidden bosonized nonlinear N/ = 2 supersymmetry, cf. [3-9]. It seems to be an interesting task to
study whether this observation has something to do with the so-called Bethe/gauge correspondence [10-12].

4Recall, that the Weierstrass p-function is doubly periodic on the complex plane with periods 2w1, 2ws
and points e1, ez, e3 are images e, = p(wy) of the points w1, we and w3 = —w1 — wa.

S5For instance, in the theory of preheating the Lamé equation has been recognized to determine quantum
fluctuations of the inflaton field [17-20]. Let us note, that in several listed above applications the Lamé
equation plays the same role. Indeed, regardless of the specific physical contexts one can observe that
the Lamé equation serves as the stability equation or the equation of small fluctuations around classical
configurations associated with a certain class of basic potentials, cf. [21].



In pure mathematics the Lamé equation arises in the uniformization theory of tori [23].
More concretely, let T denotes the Teichmiiller space for the one-punctured torus. It
is well known that T has at least two distinct models. The first one is the upper half
plane U = {7 € C|Im7 > 0}. The second model for T is a subset of R, namely F =
{(ac, y,2) € R®|z,y, z arepositiveand x? + y? + 22 = acyz} . The question arises what is a
relationship between U and F. It turns out that the mapping ¢ : U — F is determined by
the monodromy of the linearly independent solutions (¥, ¥y) of the equation:

v 1

ﬁ+1[{p(zlﬁ)+(}(£)]\ﬂ:0, (1.5)
where z € C — £ and L is a period lattice. However, an explicit construction of ¢ is
difficult and still an open problem since the accessory parameter C in the above equation
is an undetermined constant, cf. [23].

The Weierstrassian-form Lamé equation appears also in a two-dimensional conformal
field theory (2d CFT) as a classical limit of the null vector decoupling equation satisfied by
a torus two-point correlation function with a degenerate field.® Moreover, one can observe
that the accessory parameter B in this equation is expressed in terms of the so-called
classical Liouville action on the one-punctured torus. The latter quantity can be computed
by means of 2d CF'T technics and recently discovered dualities, in particular applying the
correspondence between the classical limit of the quantum DOZZ Liouville theory on the
torus and the Nekrasov-Shatasvili limit of the N' = 2* U(2) super-Yang-Mills theory.

The aim of the present work is to find an analytical expression of the Liouville classical
action on the one-punctured torus employing aforementioned technology and apply it to
compute the Lamé accessory parameter B (< A and/or C). The main motivation for this
line of research is the above mentioned monodromy problem for the Lamé equation. Its so-
lution is crucial not only for finding the correspondence between models of the Teichmiiller
space for punctured torus but also for constructing a solution of the Liouville equation on
such surface, cf. [29-32].

The organization of the paper is as follows. In section 2 we briefly review interrelation-
ships between Liouville theory and the problem of computation of the accessory parameters
of the Fuchsian uniformization of the punctured Riemann sphere. The principal purpose
of this section is to recall the concept of the classical Liouville action and the classical
conformal block [33]. For a long time the motivations to study classical blocks were mainly
confined to applications in pure mathematics, in particular to the celebrated uniformiza-
tion problem, which roughly speaking is related to the construction of conformal mappings
between Riemann surfaces (RS) admitting a simply connected universal covering and the
three existing simply connected RS, the sphere, the complex plane and the upper half plane.
The uniformization problem is well illustrated by the example of the uniformization of the
Riemann sphere with n punctures. Its uniformization may be associated to a Fuchsian

Surprisingly, it seems to be possible to obtain the Lamé system (Hamiltonian and eigenfunctions) from
a certain matrix model. Indeed, as has been observed in [24], in a suitable limit the so-called loop equation
of certain generalized matrix model yields the equation closely related to the KZB equation [25-27] (see
also [28]). The latter is known to reduces to Lamé equation in some cases.



equation whose form is known up to some constants that are called accessory parameters.
Their computation is an open longstanding problem, which can however be solved if we
succeed to derive an analytical expression of the classical block obtained by performing
the classical limit of the n-point correlation function of the quantum Liouville field theory.
The importance of the classical blocks is not only limited to the uniformization theorem,
but gives also information about the solution of the Liouville equation on surfaces with
punctures. Recently, an interesting mathematical application of classical blocks emerged
in the context of Painlevé VI equation [34]. Due to the recent discoveries the classical
blocks are also relevant for physics, since they are related to integrable models and to the
instantonic sector of certain N/ = 2 supersymmetric gauge field theories [35-38]. Moreover,
lately classical conformal blocks have been of use to studies of holographic principle and
AdS/CFT correspondence [39].

In section 3 we exploit the idea of brothers Zamolodchikov (see [33]) in order to propose
the form of the Liouville classical action S{°™ on the one-punctured torus. Our conjecture
is that (i) Sf°™ decomposes into a sum of the three-point Liouville action on the sphere
and the torus classical block; (i7) factorization holds on the saddle point intermediate
classical conformal weight. Next, we consider the classical limit of the null vector decoupling
equation satisfied by the torus two-point function with a degenerate field and find an
expression for the Lamé accessory parameter. As has been already mentioned the latter is
determined by the (one-punctured) torus classical action.

In section 4 we employ the AGT correspondence and express the toroidal classical block
and then the eigenvalue/accessory parameter of the Lamé equation in terms of the so-called
effective twisted superpotential of the N = 2* U(2) supersymmetric gauge theory. In order
to compute the latter quantity, i.e. the twisted superpotential, we use a straight-forward
generalization of the calculation performed by Poghossian in [40]. We check that on the
“classical level” the eigenvalue computed by means of the WKB method exactly coincides
with that obtained from the classical torus block. Finally, using a relation between the
instantonic sector of the twisted superpotential of the N = 2* U(2) SYM theory and the
classical toroidal block we find that the Lamé accessory parameter is related to the sum of
column lengths of the so-called “critical” Young diagrams. It is shown that such sum can
be rewritten in terms of a contour integral in which the integrand is built out of certain
special functions.

In section 5 we present our conclusions. The problems that are still open and the
possible extensions of the present work are discussed.

2 Liouville theory and accessory parameters

2.1 Quantum and classical conformal blocks

Let Cy, denotes the Riemann surface with genus g and n punctures. The basic objects
of any two-dimensional conformal field theory living on C, [41, 42] are the n-point corre-
lation functions of primary vertex operators defined on C,,. Given a marking’ o of the

" A marking of the Riemann surface Cy., (for definition see [43]) is a pants decomposition of Cy ,, together
with the corresponding trivalent graph.



Riemann surface Cy, any correlation function can be factorized according to the pattern
given by a pants decomposition of Cy, and written as a sum (or an integral for theories
with a continuous spectrum) which includes the terms consisting of holomorphic and anti-
holomorphic conformal blocks times the three-point functions of the model for each pair
of pants. The Virasoro conformal block .7-"6(‘2 [5](Z) on Cy,, where o = (a1, ..., 03g—34n),
B = (P1,...,0n) depends on the cross ratios of the vertex operators locations denoted
symbolically by Z and on the 3g — 3+ n intermediate conformal weights A, = a;(Q — ;).
Moreover, it depends on the n external conformal weights Ag, = (,(Q — B,) and on the
central charge ¢ which can be parameterized as follows ¢ = 1 + 6Q? with Q = b+ b~!.

Conformal blocks are fully determined by the underlying conformal symmetry. These
functions possess an interesting, although not yet completely understood analytic structure.
In general, they can be expressed only as a formal power series and no closed formula is
known for its coefficients. Let us write down two canonical examples which illustrate
this fact.

Let g = €™ be the elliptic variable on the torus with modular parameter 7 then the
conformal block on C1 1 is given by the following g-series:

Fialg) = ¢~ (1 + Zﬁiq”) , (2.1)
n=1

7 (2.2)

A
FoA = Y (vanVavas) [Geal
n=|I|=|J|
Let x be the modular parameter of the four-punctured sphere then the s-channel

conformal block on Cp 4 is defined as the following z-expansion:

Fea [ﬁj 23] (z) = aB ™ (1 +Y F [ﬁi ﬁﬂ a:") : (2.3)
n=1
n 1J
FalRR] = > wanVawan) [Geal” (vaus Va(vay) . (24)
n=|1|=|J]

In the above equations [GC,A}U is the inverse of the Gram matrix [GQA]U =
(va,1,vA,7) of the standard symmetric bilinear form in the Verma module VA = @, , VR,
VA = Span{l/z,[ =L_wn=0L_;, ...L_;,L_; v :
I = (i >...>141 > 1) an ordered set of positive integers
of the length |I| = i1 + ...+ iy = n}
The operator Va in the matrix elements is the normalized primary chiral vertex operator

acting between the Verma modules

<VA1'7 vAj (Z)VAk> — ZAi*AJ'*Ak.

In order to calculate the matrix elements in (2.2) and (2.4) it is enough to know the covari-

ance properties of the primary chiral vertex operator with respect to the Virasoro algebra:

(L, Va(2)] = 2" <zjz +(n+ 1)A> Va(z), nez.



As the dimension of VX grows rapidly with n, the calculations of conformal blocks coef-
ficients by inverting the Gram matrices become very laborious for higher orders. A more
efficient method based on recurrence relations for the coefficients can be used [44-48].

Among the issues concerning conformal blocks which are still not fully understood
there is the problem of their semiclassical limit. This is the limit in which all parameters
of the conformal blocks tend to infinity in such a way that their ratios are fixed. It is
commonly believed that such limit exists and the conformal blocks behave in this limit
exponentially with respect to Z. This last property can be heuristically justified in the case
of conformal blocks on Cp4 and Cf ;.

Indeed, the existence of the semiclassical limit of the Liouville four-point correlation
function with the projection on one intermediate conformal family implies a semiclassical
limit of the quantum conformal block with heavy weights A = b=26, A; = b~25;, with
9,9; = O(1) in the following form:

) b—0 1 )
f1+6Q2,A[ﬁiﬁJ($) ~ exp{mfa{gjgl](fc)}. (2.5)

The function fs [gz gﬂ (x) is called the classical conformal block [33] or with some abuse

of terms, the “classical action” [44, 49]. The existence of the semiclassical limit (2.5) has
been postulated first in [44, 49] where it has been pointed out that the classical block is
related to a certain monodromy problem of a null vector decoupling equation in a similar
way in which the classical Liouville action is related to the Fuchsian uniformization. This
relation has been further used to derive the A — oo limit of the four-point conformal block
and its expansion in powers of the so-called elliptic variable.

Analogously, the existence of the semiclassical limit of the projected Liouville torus
one-point function implies that the semiclassical limit of the torus one-point block with
heavy weights A = b=25, A = b=2§ with 6,6 = O(1) has the form:

~ s 1 ~
Foralo) 2 e { i)} (2:6)

The function fg(q) we shall call the classical torus (or toroidal) conformal block.

It should be stressed once again that the exponential behavior (2.5) and/or (2.6) is a
nontrivial statement concerning the quantum conformal blocks. Although there is no proof
of this property, it seems to be well confirmed together with its consequences by sample
numerical calculations [50] and recent discoveries.

The classical conformal blocks are in general again available only as power series with
coefficients calculated from the semiclassical asymptotics and the power expansions of the
quantum blocks. The question arises how to sum up these series. Surprisingly, one can
find closed formulae for at least the four-point spherical [38] and the one-point toroidal
classical blocks employing the AGT correspondence.

Indeed, a considerable progress in the theory of conformal blocks and their applications
has been achieved recently. This is mainly due to the discovery of the Liouville/N = 2
gauge theories correspondence by Alday, Gaiotto and Tachikawa in 2009 [51]. The AGT



conjecture states that the LF'T correlators on the Riemann surface Cy,, with genus g and n
punctures can be identified with the partition functions of a class T} ,, of four-dimensional
N = 2 supersymmetric SU(2) quiver gauge theories. A significant part of the AGT con-
jecture is an exact correspondence between the Virasoro blocks on Cj,, and the instanton
sectors of the Nekrasov partition functions of the gauge theories Ty ,. Very soon after its
discovery, the AGT hypothesis was extended to the SU(N)-gauge theories/conformal Toda
correspondence [52-54].%

Let us recall that originally the Nekrasov partition functions have been introduced
to calculate the low energy effective N/ = 2 SUSY gauge theories prepotentials [64, 65].
The Seiberg-Witten prepotentials [66, 67] determine the low energy effective dynamics
of the four-dimensional N' = 2 super-Yang-Mills theories and can be recovered from the
Nekrasov partition functions in the appropriate limit, i.e. when the so-called Q2-background
parameters: €1, €5 appearing in the Nekrasov functions tend to zero.

The Nekrasov functions lead also to an interesting application when one of the two
)-background parameters is non-zero. Such situation has been considered by Nekrasov
and Shatashvili in [10]. They observed that in the limit when one of the {2-background
parameters, say €z, is zero and the second one, i.e. €, is kept finite (Nekrasov-Shatashvili
limit) then one can extract from the Nekrasov functions in this limit the so-called effective
twisted superpotentials. These quantities determine the low energy effective dynamics of
the two-dimensional ({2-deformed) supersymmetric gauge theories. Twisted superpoten-
tials play also a prominent role in another context, namely in the so-called Bethe/gauge
correspondence [10-12] which maps supersymmetric vacua of the N’ = 2 two-dimensional
theories to Bethe states of quantum integrable systems (QIS’s). A result of that duality
is that twisted superpotentials are identified with Yang’s functionals [68] which describe a
spectrum of QIS’s.

Looking at the AGT relations it is not difficult to realize that the Nekrasov-Shatashvili
limit of the Nekrasov instanton partition functions corresponds to the classical limit of
conformal blocks. Let us note that by combining the AGT duality and the Bethe/gauge
correspondence it is possible to link classical blocks to Yang’s functionals, cf. [35-37].

Using correspondence identifying classical blocks and twisted superpotentials one can
find a closed formulae for at least spherical and toroidal classical blocks. As has been al-
ready mentioned, the relevant technical problem of this strategy consists in the summation
of the series defining the classical block. This problem can be tackled on the gauge theory
side by means of the saddle point method [40, 64, 65, 69].

2.2 Classical Liouville action

Let Cp, be the n-punctured Riemann sphere with complex coordinates chosen in such a
way that z = co. Consider the Liouville equation

0:0:9(z,7) = 5 ¥ (2.7)

80f course, there have been made attempts to prove the AGT conjecture and its generalizations soon
after its discovery. Active studies of this duality have first led to proofs of the AGT relations in certain
special cases [46, 55, 56]. For more recent and more general achievements in this field, see [57-63].



with one of the following asymptotic behaviors of the Liouville field ¢(z,z) near the
punctures:

1. case of elliptic singularities:

_ —2(1—=¢&)log|z — zi)| + O(1) as z — z;, i=1,...,n—1,
b(z,7) = (1—¢&;)log] il (1) g (2.8)
—2(14¢&,)log|z| +0O(1) as z — 00,
& eRyg forall i=1,...,n and Z£¢<n—2;
i=1
2. case of parabolic singularities (§; — 0):
i —2log|z — zj| — 2log |log |z — z;|| + O(1) as z — zj,
sis.2) — | ~21oE] — 5] — 208 o |z - 1] +0() i 2o
—2log|z| — 2log |log ||| + O(1) as z — 00.

It is known that it exists a unique solution of eq. (2.7) if one of the conditions (2.8) [70-72]
or (2.9) [73] is satisfied.

One can define the Liouville action Sy,[¢] on Cp,,. Because of the singular nature of
the Liouville field at the punctures such action has to be properly regularized:

Sulé] = —= lim S [4], (2.10)

47 e—0

Stlo) = a2 [Joof + oe?] +

n

-1
(1 —5])/d2’| K@ + (1+fn)/‘d2’ K2 ®

X. j=1 |2—z;|=e 2] =1
n—1

—2m Y (1 &) loge — 27 (1 +&,)* loge, (2.11)
j=1

Xe = C\{ (U;L:1 |z — 2| < e) U (l2] > %)} . The prescription given in egs. (2.10) and (2.11)
is valid for parabolic singularities (corresponding to &; = 0) as well.

It is well known mathematical fact that the critical value Sf'[¢] of the Liouville ac-
tion functional Si,[¢] on Cy, (the classical Liouville action) is the generating function
for the accessory parameters c; of the Fuchsian uniformization of the punctured Riemann
sphere, i.e.:

_ o519l
azj ’

Primarily, this formula has been derived within the so-called geometric path integral ap-

¢ = (2.12)

proach to the quantum Liouville theory by analyzing the quasi-classical limit of the confor-
mal Ward identity [74]. Then, for parabolic singularities formula (2.12) has been proved by
Takhtajan and Zograf. The details can be found in [75]. In ref. [76] the extension of [75] to
compact Riemann surfaces has been presented. For general elliptic singularities eq. (2.12)
has been proved in [77] and non rigorously derived in [78]. It is also possible to construct
the Liouville action functional satisfying (2.12) for the so-called hyperbolic singularities
(holes) on the Riemann sphere, see [79].



On the other hand one can observe that in the case of the four-punctured sphere with

singularities located at z4 = oo, z3 = 1, 29 = x, 21 = 0 the Fuchsian differential equation

é 09 03 01+ 9o + 03 — d4 z(1 — z)ca(x)
SR e DAL G S(1—2) 2 —2)(1—2)

with an accessory parameter ca(z) given by the derivative w.r.t.  of the four-point classical

02V (z) + [ U(z)=0

action can be obtained from the classical limit b — 0 of certain null vector decoupling
equation. Concretely, from the equation

0?2 /1 1 )
[azz"’ <z‘ 1_2) a} Glz2) =
A A, As A1+A2+A3+A_% —Ay w(l1—z) 0

27 (z—x)? * (1—2)2 - 2(1—2z) o 2(z—2)(1—2) Ox

G(z,x)

satisfied by the five-point function

Gz, z) = <V4(oo,oo)V3(1,1)V (Z,E)Vg(x,i)V1(0,0)>

b
2
with a degenerate field

1 3 1
A p=a@-a)=—5 -7V, Q=b+y

Vot A 2 b

_ _b
o= 2

and four heavy primary operators Va,, A; = b=26;, 6; = O(1).

Analogously, the Weierstrassian-form Lamé equation with the accessory parameter
determined by the torus classical one-point action can be recovered from the null vector
decoupling equation satisfied by the torus two-point correlation function with one degen-
erate field (see subsection 3.2).

2.3 Zamolodchikov’s conjecture

Hence, one can compute the accessory parameters once the classical action is known.
The latter can be derived by performing the classical limit of the DOZZ quantum LF'T
correlation functions. In particular, Zamolodchikov brothers [33] studying the classi-
cal limit of the four-point function of the quantum Liouville theory on the sphere ar-
gued that the classical Liouville action with four elliptic/parabolic singularities located at
zy = 00,23 = 1,29 = x,21 = 0 can be expressed as follows:

Sf (61,03, 0, 01; ) = (2.13)
cl cl 03 62 7 03 62| (=
S (01, 03, 0,()) + SE(05(2),02,01) — fiioy |2 52] (@) = oo [2232] (@).

Indeed, the four-point function of the DOZZ theory can be defined as an integral of s-
channel conformal blocks and DOZZ couplings over the continuous spectrum of the theory.
In the semiclassical limit b — 0 the integrand can be expressed in terms of three-point
classical Liouville actions and the classical block, and the integral itself is dominated by
the saddle point Ay = b% ds(x). One thus gets the factorization (2.13).

Concluding, in order to construct the four-point classical action via Zamolodchikov’s
prescription one needs the following data:



(a) the classical three-point Liouville action S¢(d3,d,81) for the classical weights
01,09, 03 at the locations 0, 1, co;

(b) the four-point classical conformal block on the sphere f; [gi gﬂ (x) ;

(c) the s-channel saddle point conformal weight ds(z) = % + p?(x) where the s-channel
saddle point momentum ps(x) is determined by the saddle point condition (p € R):

9 C 9 C 0 o3 &
(8}7 St (64,03, 5 +p°) + *pSLl(i + 9%, 62,01) — 2Re(97p f%+p2 [52 5?] ($)>

3 =0.

P=Ds

Let us stress that we will exploit the above idea in the present work in order to compute
the classical action on the one-punctured torus.

The semiclassical limit should be independent of the choice of the channel in the repre-
sentation of the DOZZ four-point function. Therefore, one gets the consistency conditions
known as the classical bootstrap equations [50]:

S (61,03, 0,(2)) + S50, (), 02,00) = Fi oy 52| (0) = T |3 22] @)
= £1(54751>5t(x)) +Sﬁl(5t($)752753) (214)
01 0 r 01 9 =
a8 U= 2) = T [B52] - 2)
= 205 log 2% + S5 (51, 03, 0u(x)) + SF (6u(), 62, 64)
50,] (1 o fesa] (1L
~ fouw |2 8] <x — Fouw |3 3] z)
The saddle weights 0;(z), d,(x) in the ¢- and u-channel are simply related to the s-channel
saddle point classical weight:

5(x) = 6,1 — ), 6u(x) = b4 <i> .

There is a nice geometric interpretation of the saddle point conformal weight 0;(z). Let
us recall that the classical solution describes a unique hyperbolic geometry with singularities
at the locations of conformal weights. For elliptic, parabolic and hyperbolic weights one gets
conical singularities, punctures and holes with geodesic boundaries respectively [79-81]. In
the latter case the classical conformal weight ¢ is related to the length £ of the corresponding

hole b

ole by Lol ,
=-4 == 2.1
0 4+4<27T>’ (2.15)

where the scale of the classical configuration is set by the condition R = —p/2 imposed on
the constant scalar curvature R.

In the case of four singularities at the standard locations 0, x, 1, oo there are three closed
geodesics T'g,I'y, Iy, separating the singular points into pairs (z,0|1,00), (z,1|0,00) and
(x,00|0, 1) respectively. Since the spectrum of DOZZ theory is hyperbolic the singularities
corresponding to the saddle point weights d;(x) are geodesic holes. One may expect that

,10,



these weights are related to the lengths ¢; of the closed geodesics I'; in corresponding
channels [50]:

L o (@)
51(1’)—44-4( o ) , 1=s,t,u. (2.16)

3 Lamé accessory parameter from Liouville theory

3.1 Semiclassical Liouville one-point function on the torus
it e~2™7T_ The Liouville one-point

Let 7 be the torus modular parameter and ¢ = ™7, § =

function on the torus (expressed in terms of 2d CFT quantities defined on the complex
plane) reads as follows

(Vs(1) >T = Try <qLofc/24qufc/24 Vg(Z,Z)) » (3.1)
_ / dP C(ap. 5, ap) |F2X, (0) : (3.2)
R+

where
ap:%—{—ip, dp:%—iP:Q—ap, P cRt; (3.3)
5=20+9, ceb) (3.4

and

Agp = ap(Q —ap) = Q: +P2 = A(P) = A, (3.5)
Apg = B(Q - B), (3.6)
c=1+6Q% Q=b+b". 3.7

The trace in (3.1) is taken over the basis of the Liouville Hilbert space [82]:

@
H = /dP VA(P) ® VA(P).
R+

The operator Vg in (3.1) is the primary Liouville vertex operator with the conformal weight
—0 b—0

Ag. It has been assumed that Vg is a heavy field (Ag *2% b2 . const. < [CAREN
const.). Moreover, the operator Vg corresponds to the so-called elliptic or parabolic (£ = 0)
singularity (cf. condition (3.4)). The integrand in (3.2) is built out of the DOZZ structure
constant [33, 83]:

Q—ai1—az—a3)/b
Clan, az, a3) = |muy (b*)0*" (@-en-az—es)/b
TOT(2@1)T(2O(2)T(20[3)
T ai — Q)Y (Q +ay — as — a3) (a1 + a2 — a3)T(a; — ag + az)’
_ I _dY(x)

and the torus one-point conformal block ng (q) defined in (2.1)—(2.2).
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Now, we want to find the limit b — 0 of the one-point function (3.1)—(3.2) in the case
when all the conformal weights A, Ag are heavy [33], i.e.:

1 1 - -
o~ EL e~ 50 85=0(1). (3.8)

As has been already assumed the external weight Ag is heavy,

Agp = A

b0 1

8 PG

+£). (3.9)

The corresponding classical conformal weight ¢ is defined as follows

1

- 1
6 = limb*As = =
11m g 4

2 ~
lim ;(1-€). el & 0<i<

(3.10)

In the case of the intermediate weight A, if we rescale the integration variable P=¥, then

ap = Q 42 0RO ! —(1+2ip) & §=Ilimb*A,, = E +p?, peRT (3.11)
2 b 2b b—0 4
Let us recall that the elliptic/parabolic (£ = 0) classical weights 0 < 6 < i are related
to the parabolic/elliptic singularities, i.e. conical singularities with an opening angle 27¢.
The hyperbolic weights § > % correspond to the hyperbolic singularities — holes with
geodesic boundary (as has been already mentioned the classical hyperbolic weight is related
to the length of the corresponding hole).
Let us turn to the problem of finding the b — 0 limit of the one-point func-
tion (3.19)—(3.20). First let us determine the asymptotical behavior of the integrand in (3.2)
when b — 0.

In [81] it has been found that for the hyperbolic spectrum:

Q

aj = 5 (1+i))) i~

2b(1+m) A ER, j=1,2,3 (3.12)

the DOZZ three-point function in the limit b — 0 behaves as follows

1 143X I\ A
C(Ozl,OéQ,Oég)NeXp{—bQ[ Z F( 22 1+017;+U2z;)’>

o1,00=%

+iﬂﬁ ) + ﬂH) H%WM%

7=1

3
ZZ)\J (1 —log |\j| + = log(wu62)> + const.] }, (3.13)
7j=1

where
X

F(x) = /dylog 1“(1;(2)3/)’ H(z) = /dylog FI(‘(_;;)
0

At this point, a few comments are in order. The expression in the square brackets should

N[

correspond to the known expression for the classical Liouville action S£3) [¢] on the sphere
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with three hyperbolic singularities (holes). Such classical action has been constructed in [81]
(see also [79]). The construction of S£3) [¢] relies on a solution of a certain monodromy
problem for the Fuchsian differential equation:

RL " Ok CL
— d=0
dz? +; [(z—zk)Q +z—zk

with hyperbolic singularities (dx’s are hyperbolic). In this way one can find the form of the
n-point classical action SIE") [¢] up to of at most n — 3 undetermined constants cg. Sﬁn) [¢]
satisfies Polyakov’s formula [79]:

9 o

-5 i 3.14
5501l =~ (3.14)
In the case when n = 3 the Fuchsian accessory parameters cp are known and the classical
action can be determined from eq. (3.14). For the standard locations of singularities z; = 0,

29 = 1, z3 = oo this yields [81]:

1+ i i i\
Q2S£3)[@]:Q2[ 3 F< 5 1—1—0122—1—0223>

o1,00=%

+ Z < )+ 7r|>\ |> = log(mpub?) + o const] (3.15)
where the constant on the r.h.s. is independent of zj, A; and 7ub®. Comparing (3.13)
and (3.15) we see that the classical limit of the DOZZ structure constant differs from
the classical three-point action by an additional imaginary term. As has been observed
in [81] this inconsistency occurs due to the fact that the classical Liouville action is by
construction symmetric with respect to the reflection @« — @ — «, (A — —\) whereas the
DOZZ three-point function is not. Under this reflection the DOZZ three-point function
changes according to the formula [33]:

C(Q— ay,a9,a3) = S(iag —iQ/2)C (a1, a9, a3) ,

where
—2iz/b I'(1 + 2ix/b)T'(1 + 2izb)

- _ b2
S(a) = = (rmr (%) T(1 — 2ix/b)T(1 — 2ixh)
is the so-called reflection amplitude [33]. The discrepancy between (3.13) and (3.15) can

(3.16)

be overcome if we consider the symmetric three-point function C (ay, ag,asz) [81]:

C’(al,ag,ag = H\/ (o —iQ/2) | C (o, a2, a3) (3.17)

instead of C'(aq, a9, as3). Indeed, taking into account the classical limit of the reflection
amplitude for A € R:

A 2i )
10g$<—2b> ~ 3 —A (1 —log|Al + = log(w,ub ))
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one can easily verify that the symmetric three-point function in the limit b6 — 0 behaves
as follows [81]

~ 1 1+ A A
Clay,ag,a3) ~ exp{ — bzl Z F( +2l 1 _,_01172 —1—0222?’)

o1,09=%

3
+ <H(z‘/\j) + ;ﬂ)\j|> + %log(ﬂ,ubQ) + const.] }
j=1
1 3
- exp{—l)QSIE)(Al,AQ,Ag)}, (3.18)

where o, j = 1,2,3 are given by (3.12).

Hence, in order to obtain consistent semiclassical one-point function from the quantum
one it is more convenient to take as a starting point the quantum one-point function with
the symmetric DOZZ structure constant:

<\/Z3(1) >iym = TI“H (qLo—c/24qE0—c/24 \//3(2, 5))

(3.19)

z=1

= /dP C(Q — ap, B, ap) }ffgap (q)f, (3.20)

R+

where ¢, Ag, A, are given by (3.5)-(3.7). The operator:

Vs = /S(B - iQ/2) Vs (3.21)

in (3.19) is the primary Liouville vertex operator Vg rescaled by the square root of the
reflection amplitude (3.16). Also the primary vertex operators V,,’s which generate inter-
mediate highest weight states are assumed to be rescaled by the square root of the reflection
amplitude, in accordance with (3.21).

Now, for heavy insertions (3.9)—(3.11) using (3.18) one gets

S = 1 o(3) .
C(Q — ap,B,ap) = C(ap, B, ap) b0 =z SL” (2p,—i€.2p)

It is reasonable to assume that the torus one-point block has the b — 0 asymptotic
similar to the DOZZ three-point function, i.e. given by the eq. (2.6).

Finally, in the limit b — 0 the integral (3.20) with heavy insertions is determined by
the saddle point approximation, i.e., by the critical value of the function:

S, pia) = S (2p, —i€,2p) — f2(q) - £
= S (2p, —i€, 2p) — 2Ref2(q), (3.22)

where § = i + p? and 5= i (1 — 52). Indeed, when b — 0 then the symmetric one-point
function behaves as follows

(V3(1))7™ ~ e i S (6D
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where S{oT(¢;q) = §(§,p*;q) and the saddle point momentum p, = p.«(&,q,q) is deter-
mined by the equation:

0 5 (3.22)
5 SEma)|
9 () : _onn 0 i
5, 55 @ lf,Qp)‘p:p* = 2Rep /1 (0] - (3.23)
One thus gets the factorization
Siers(&1q) = S(€,pesq) )
= S (2p,, i€, 2p.) — 2Re fg 2 (@) (3.24)

As a final remark in this paragraph let us note that the modular invariance of the torus
Liouville one-point function [84, 85] implies the classical modular bootstrap equation:

ngus(g;eQij ::fﬁ?nm (E;e—Qﬂi%> __2510g|TL

3.2 Accessory parameter from torus one-point classical action

Consider the null fields [41]

~ 3 ~
X+(2) = (L_Q(Z) 22A; 7 1) L21(2)> Vi(z) (3.25)
which correspond to the null vectors
3 2
Ix+)=(L-2— 23AL T 1) L7, ) |AL) (3.26)

appearing on the second level of the Verma module. The operators Vi in (3.25) are the
primary degenerate fields with the following conformal weights:

1 3 1 3
AL =—=—2p? A =——_ "
+ 510 2 4p?

The correlation functions with null fields must vanish. In particular, for the two-point

function on a torus? with the null field x; = x

__» one has
ap=—3

(e (2)Vp(w), = (Loal@V4 (2)Vs(w) )

+1712 (B2, (V4 (WVs(w)) =0, (3.27)

.
Using the torus Ward identities [42] one can convert the condition (3.27) to the second
order differential equation:

[ 1 9

0
et <2A+771 + 2771z> + Ag (p(z — w) + 2m) (3.28)

0z

75 5 (20 (Ve ]

(60 = )+ 2mw) 5| (V4 (V) =

9With periods 1 and 7.
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where Z(7) is a partition function and

((2]7) = 0:logb1(z[7) + 2mz,
p(z) = —0:C(z]7),
,)7(7_) 2171’7'/24 H 2171'7'71 qi H(l - qn)7

n>0 n>0

) 1 o ne27mm-
m = (2m)"( 5 — > T ozminr | = —2midr logn().

Let us introduce

Ge(2[7) = ((2]7) — 2mz = 0:log O1(z|T),
p«(2) = =0.C(2|7) = p(2) + 2m.

For w = 0 from (3.28) one gets

2
5 5+ 69 5 — Bapn(s) = 28 m] (Va(:V4(0),

= 27 ((987 log Z(T)) (Vi (2)Vs(0)) — 47T2q(;9q (Vi(2)Vp(0)). . (3.29)

Recall, that the primary vertex operators in the two-point function above are defined on

the cylinder V, = V(C,yl. These operators are related to the operators living on the plane

(used in the previous paragraph) in the standard way V' (z, 2) = e*20e*20VC (67 7).
One can think of (3.29) as the equation obeyed by the Liouville two-point function on

the torus where the “alpha” a4 or equivalently the conformal weight A, of the operator

o
located at z “has been continued” to the degenerate value.!? If so, let us multiply both

sides of the eq. (3.29) by [S(iap —iQ/2) S(if —iQ/2) S(iap — ’LQ/Q)]% =: R. Next, let us
assume that ap and 8 are heavy. On the other hand for b — 0 the operator V. remains
light (AL = O(1)) and its presence in the correlation function has no influence on the
classical dynamics. Also log Z(7) is of order O(1). Hence, one can expect that for b — 0,1

~ m(z)R<vgyl(0)>T - xp(z)n<vg(1)>
= \I/(z><‘(éc(1)>sym ~ W(z)e i ETED, (3.30)

After substituting (3.30) into the eq. (3.29) and taking the limit b — 0 one gets

R < vjyl<z)vgyl(0)>

T

T

2 ~
206+ (Bou(a) + 4 SE™(ea) ) W) =0

10The idea which makes use of the degenerate representation of the Virasoro algebra in the Liouville field
theory is not new. In particular, such trick has been used by Teschner in order to re-derive the DOZZ
formula [86] (for reviews, see [82, 87]).

HEq. (3.30) is justified by the well known semiclassical behavior of Liouville correlators with heavy and
light vertices on the sphere, see for instance [88]. It is reasonable to expect that the same holds on the
cylinder, cf. [89].

,16,



From egs. (3.23) and (3.24) we have
0

@SﬁOM(f?Q) = ag(f,p*(q);@
_ ﬁ q ap*(Q)
- ap S(S’pa Q) p—p*(q) 8(] + 8 (gvp*v )
0
= g faﬂ,z(Q)

Therefore,

0’ : 9 5 i _

5oz V) = | =00(e) 4t 1L u0) — 20m| W) =0,
Now, one can identify the parameters x and B appearing in the Lamé equation (1.2) as
follows

k= —0, B—47Tq f1+p (q) — 2071 . (3.31)

Then, for —k = § = (parabolic singularity) the accessory parameter C which occurs in
the version ( .5) of he Lamé equation exphc1tly reads as follows

C = —4B = — 167° e f1 ( )+ 211 . (3.32)
More in general, i.e. for the elliptic singularities —x = be (O, %) one gets

_B 2 5
Cop = — = —dm 5! 95, f+p()+2771~ (3.33)

Let us note that 77 depends on the modular parameter 7 according to the formula 7, =
% E5(1) where Fy(7) is the second Eisenstein series. Hence, finally one can express B
(and C, Cgp) in terms of functions depending on 7:

B(7) ) o

iz = 050 @) = 5 () (3:39)

4 Lamé accessory parameter from N = 2* gauge theory

4.1 Accessory parameter from twisted superpotential

In order to compute the torus classical block fg(q) entering the expressions for B and/or
C, Cgq one can exploit the “chiral” AGT relation on the torus and the correspondence
between the classical limit of the conformal blocks and the Nekrasov-Shatashvili limit of
the Nekrasov instanton partition functions.

The “chiral” AGT relation on the torus identifies the torus quantum block with the
Nekrasov instanton partition function [64, 65] of the N' = 2%, SU(2) gauge theory (which

equals to [Zﬁétl )]_ X ngt) as it is written in the second line of the equation below):
- N'=2* SU(2
“ AFC,K(Q) = Zinst ( )(q’ a, [, €1, 52)
(@ 1-2A4
maq N=2%U(2
- ( 1 ) Zinst ( )(Q7a7M>61762)- (41)
q24
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In eq. (4.1) n(q) = qi [[02,(1 —¢™) is the Dedekind n-function. The torus block pa-
rameters, namely the external conformal weight Ag, the intermediate weight A and the
Virasoro central charge ¢ can be expressed in terms of the N' = 2*, SU(2) super-Yang-Mills
theory parameters as follows

2
o146 a2 & b [ (4.2)
€162 €1
p(e1 + €2 + pu) [
A €1€9 \/€E1€2 ( )
2 4 2 .
A (€1 + €2) @  p__la (4.4)

deqeg NG

Above p is the mass of the adjoint hypermultiplet, a is the vacuum expectation value of
the complex scalar of the gauge multiplet and €1, €5 are 2-background parameters. The
relation (4.1) is understood as an equality between the coefficients of the expansions of both
sides in powers of ¢. For the torus conformal block such expansion has been introduced in
egs. (2.1)—(2.2). For the definition of the instanton partition function appearing in (4.1),
see subsection 4.3. The identity (4.1) has been proved by Fateev and Litvinov [46]. They
have shown that the coefficients of the expansions of both sides of (4.1) obey the same
recurrence relation.

Let us note that the relation (4.1) holds for the heavy conformal weights. Indeed,
from (4.2)—(4.4) we have

5= lmbA, = — lim 2Matetn  n <“+1>, (4.5)
b—0 e2—0 €1 €1€9 €1 \ €1
€ (€1 + €2)? — 4a? 1 2

§ = lim b®’A = lim
b—0

a
=-——=. 4.6
e2—0 €1 46162 4 6% ( )

Hence, one can consider the limit b — 0 of the AGT relation (4.1). The limit b — 0
corresponds to e — 0 (€1 = const.), in accordance with (4.2). As has been observed
by Nekrasov and Shatashvili [10] if e — O while €; is kept finite the Nekrasov instanton
partition function has the following asymptotical behavior:

ea—0 1
Zinst(‘7617€2) 2’:) exp{ez Winst('uel)}- (47)

Winst (-, €1) is the instanton contribution to the so-called effective twisted superpotential
of the corresponding two-dimensional gauge theory restricted to the two-dimensional -
background. Twisted superpotentials play also a prominent role in already mentioned
Bethe/gauge correspondence [10-12].

Therefore, taking into account the semiclassical asymptotic (2.6) of the torus quantum
block and (4.7) one can get from (4.1) the “classical version” of the torus AGT relation:

5 1 = 1 —or
i = (- ) s~ 2010g (”@) W ) (4

qﬂ
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Using (4.8) and 8; log (1) = “Z E»(7) one can rewrite the expression (3.34) for the param-
eter B to the following form:

B(r) 19 =2%,U(2)
Gz =ty 0280+ g W e a) (4.9)
where
. ia x B p 1 2
J(6,4.9) = —, — k=—L (2 1) =-(1-¢%. 4.1
p+(€,4,7) : o=—kK . (61 + ) 1 (1-¢) (4.10)

Let us stress that the twisted superpotential WN:T’U(Q)

inst
derivation of WQ/STQ U@ directly from the Nekrasov instanton partition function shall

is a computable quantity. The

be presented in the third subsection. In the next subsection we confront the calculation
method of the eigenvalue, which employs the idea of the classical block, with another
procedure based on the WKB analysis, cf. [46, 89-92].

4.2 WKB analysis

Taking into account (4.10) one can rewrite the eq. (1.2) to the following Schrodinger-like

form:
—EU"(2) + V(z,6)¥(2) = EV(2), (4.11)
where
V(z,e1) = p(p+er) p(2) = 1°p(2) + erpp(z) = Vo(z) + e1Vi(2)
and
E=—€B. (4.12)
Substituting

into the eq. (4.11) one finds
—P%(z,e1) + e1P'(2,e1) + V(2,61) = E.

Above equation can be solved iteratively by expansions in e;:

P(z,e1) = Ze’ka(z), V(z, er1) :Zelf Vi(2).
k=0 k=0

In particular, for lower orders this yields

—-Pj +V, = E,
—2POP1 + Pé +Vi = 0,
—2PyPy — P} + P| +V, = 0.

Note, that in our case Vp(z) = p?p(z), Vi(z) = pp(z) and Vi(z) = 0 for all k > 1.
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The quasiclassical approximation E = El,er0 order in ¢, 10 the energy eigenvalue is deter-
mined by the A-cycle integral [46, 90, 91]:

omia = %Podz = f VVo—Edz = 7{ Vii2p(z) — E dz. (4.13)
A A A

Physically, the equation above is nothing but the Bohr-Sommerfeld quantization condi-
tion [90]. It is convenient to introduce

E ©?
E— M 4.14
4m2a?’ YT e (4.14)
and rewrite the eq. (4.13) to the form
1= j([ VE —vp(z) dz. (4.15)
A

Let us recall that we are working on the torus with periods 1 and 7 parameterized by the
complex coordinate z = z + 1 = z 4+ 7. The A-cycle here is just the interval [0, 1].
Eq. (4.15) allows to compute E as an expansion in v with coefficients depending on
2miT
q=eT:

E=1+Ei(q)v+Ea(q)v?+Es(q)v® +Ea(q) v + ... . (4.16)

Indeed, after an expansion of the square root the eq. (4.15) becomes

- f.dz—i—]{;(El—p(z)) ydz+7§; (Eg—i(El—p(z))2> Va4, (417)
A A A

j{dz:l,

A
then, the higher terms on the r.h.s. of the eq. (4.17) must vanish. Therefore, up to v* one
finds [89]:

Since

E; = f{p(z)dz = —;EQ, (4.18)
A
1 1 1 mt
B = f | 300" - JEole) + 152 |ds = T2 (B - D). (1.19)
A
1 3
B3 = 7{ [8p(2)3 = gE1p(2)" + 2 (BT — 4Es) p(2) + o (—Ef + 41 ) ] dz
A
7T6 3
= 145 (2B + 3E2Eq — 5E3) (4.20)
By 7{ Do)t 2Erp(2)® + o (30E3 — 245 o(2)?
* 64 16" 64 \"
A
1 1
+674( ~ 20E} + 48K, — 32E3 ) p(2) + o (5B — 24B3E, + 1683 + 32E1E3)] dz
8
- ﬁ (—35E4 + TEZE, + 10E3 + 18, F) (4.21)
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where Fo,, n = 1,2,3 are the Kisenstein series. In above calculations appear integrals of
the form
%p(z)”dz = .
A
For their explicit computation see appendix B. Finally, using (4.14), (4.16), (4.18)—(4.21)
and the g-expansions of the Eisenstein series (A.4)-(A.6) one gets
1 s )

—_E =a
471'2 zero order in €1 12 20,2

2 6 4,2 2,4 6
1e (192a® + 96a” p* — 48a“ "™ + dHu
+ ( 3956 ) q2 + ... (4.22)

On the other hand from (3.34) and (4.12) we have

1 B d s 5
o =—lime— =—1limé |g—f2(q)— —F 4.23
472 zero order in €1 Ellgo “ 472 611310 “ [q 6q fé* (q) 12 2(q) ( )
The torus classical block fg (¢) appearing above has the following expansion
5 1 5 1 ¢ n
fila)=(0—7)loga+155(a) = {0~ logg+ > £"q (4.24)

n=1
with coeflicients fg’" determined by the semiclassical asymptotic (2.6) of the quantum block:

[oe]
Ag,n

n=1

oo ~
Z fg’”q" = lim b? log
i b—0

For instance,

62
%7

62[246% (46 + 1) + 6% (56 — 3) — 48667]

fS,z _
J 1603 (46 + 3)

£1 = (4.25)

Using (4.5)—(4.6), (A.4) and (4.25) one can check that (4.23) exactly agrees with (4.22).12

4.3 Nekrasov-Shatashvili limit

A goal of this subsection is to compute an instanton contribution to the so-called effective
twisted superpotential of the N' = 2* U(2) gauge theory. We closely follow here the method
of the calculation developed by Poghossian in ref. [40].

Consider the instanton part of the Nekrasov partition function of the N' = 2 super-
symmetric U(2) gauge theory with an adjoint hypermultiplet (the N' = 2* theory) [10, 64]:

oy S (),

inst

— k! €1€2
© L k
q" (€1 + e dén ?{ doy,
=1 — —— ... —Q 4.26
* ; k! ( €1€2 ) j{ 2mi 2mi (4.26)

12 1 2 2 2
Here 0. = 3 +py and p; = —‘:—%.
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where

O :ﬁp(¢1—M)P(¢I+u+61+62)
g fe] P(¢r)P(¢r + €1+ €2)

o ﬁ b1y (b1 + €1+ €2) (b7 +p+e1) (Prg + p+ €2)
(b7 +€1) (P15 + €2) (Prg + 1) (P15 + 1+ €1+ €2)’

1,J=1
I£J

or; = ¢r — ¢y and P(x) = (x — a1)(x — az). We will assume that p,a,,€1,e2 € R. The
poles which contribute to the integral (4.26) are at

¢[ = ¢uij = Uy + (Z — 1)61 + (] — 1)62, u=1,2. (4.27)

Recall, that these poles are in correspondence with pairs Y = (Y7,Y2) of Young diagrams
with total number of boxes |Y| = |Y1| + |Y2| = k. The index ¢ parameterizes the columns
whereas j runs over the rows of the diagram Y,,. The parameters €1, €2 describe a size of
a box (i,7) € Y, in horizontal, vertical direction respectively. The instanton sum over k
in (4.26) can be rewritten as a sum over a pairs of Young diagrams as follows:

Zr= ) Zy.
Y

[Y|=k

The contributions Zv to the instanton sum correspond to those obtained by performing
(in some specific order) the contour integrals in (4.26).

Now we want to calculate the Nekrasov-Shatashvili limit [10] e — 0 (e; is kept finite)
of the instanton partition function (4.26). Based on the arguments developed by Nekrasov
and Okounkov in ref. [65] it is reasonable to expect that for vanishingly small values of
€2 the dominant contribution to the instanton partition function (4.26) will occur when
k ~ é Unfortunately, we have found no proof of that mechanism in the general case. Let
us note only that this statement becomes evident in the trivial case in which Z; = 1 for
all k=1,2,.... Indeed, for e, = 0 and z = L € R>( we have then from eq. (4.26):

0o
o log x e” log z T

inst — k! - k! - - ez logz—x elog z! - 2
k=0 k=0

€2

This means that the whole sum is dominated by a single term with k& ~ x — oo.
N=2"U() 1ot us find first the lead-
ing behavior of log ‘quk‘ for large k (i.e. small values of €5 and finite €;). After simple
calculations, using log(z =+ €2) = log(z) £ 2 + O(€3), one gets

Hence, in order to compute the limit e — 0 of Z;

N=2*U(2)

inst ’

1
10g‘qk9k) ~ 57-[
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where

k
N=2*U(2) P(¢r — p)P(or + o+ €1)
Hine = exklog|q| + € lo ’
* ol 2; ° P(¢r)P(or +€1)
k
1 1 1 1
2
+ € _— 4 — . 4.28
QZ [<Z5IJ+€1 brg Gyt p ¢IJ+,U+€1:| (4.28)
1J=1
127

In eq. (4.28) it is implicitly understood that the poles ¢; are obtained from eq. (4.27) in
the limit e — 0. Note that in the limit e — 0 the poles form a continuous distribution
(cf. [69]):

¢1 = Gu;i € [:cﬂ,-,xm-} (4.29)

where
Ty = Gy + (1 — 1€y, u=1,2, 1=1,...,00,
Tyi = au—i-(i—l)el + Wy -

In terms of Young diagrams the situation can be explained heuristically as follows. When
€2 is very small then the number of boxes k,; in the vertical direction (the number of
rows) is very large, however this number multiplied by €3, i.e.: €2ky; = wy; is expected to
be finite. In other words we obtain a continuous distribution of rows in the limit under
consideration. Then, in order to evaluate (4.28) at the values (4.29) one can assume that

the summations “over instantons” in (4.28) become continuous in the row index:

QY — > / depu;. (4.30)
1

u,i 'y
Lui

0

The limits of integration z,,

;, and x,; are the bottom and the top ends of the i-th column
in Y, respectively. Applying eq. (4.30) to eq. (4.28) one gets

2 fe'e)
N=2%,
Hinstz v (Tui) = Z Z [_ F(2y — xpj +€1) + F (%z - x?}j + 61)

u,v=114,5=1
+ F (5622 — Ty + 61) - F (5521 — x(v)j + 61) + F($u1 - xvj) - F(xuz - x?)])
— F(acgZ — Zyj) + F(x?“ — xgj) — F(2yi — xoj + 1) + F(Tui — :L’gj + p)

FF(@Y — g+ ) — F(aly — 2 + 1) + Pl — 05+ i+ 1) (4.31)
—F (2w — 20 + p 4 €1) — F(2h; — u; + p+ €1) + F(ad; — zg; + 1+ €1)
2 o]
+ Z Z [F(mm-—,u—av)—F(x?“-—,u,—av) + F(yi +p—ay+€)
u,v=1 i=1

—F(l'gi‘F,U—CZU‘FEI)_F(wui_av)‘i‘
2 oo
_F(xm—aU+61)+F(ar?n-—av+61)] +ZZ(3?W—(1'—1)61—au)log|q],

where F(x) = z(log |z| — 1).
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Finally, the Nekrasov instanton partition function in the limit e — 0 can be repre-
sented as follows:

Z{I\lfstz U@ /[Hdwm] exp{ Hﬁ{;z*’U@)(aﬁui)}, (4.32)

where the “integral” is over the infinite set of variables {x,; :u=1,2;0=1,...,00}. Asa
consequence, the Nekrasov-Shatashvili limit of Zfr\lfst 200 44 nothing but the critical value
of V=2V,
inst
N=2%U(2 N 2*,U N=2*U
Wlnst ( ) = 6121310 €2 log inst ( ) - Hlnst ( )(:EUZ) (433)

where #,,; denotes the “critical configuration” extremizing the “free energy” (4.31).

4.4 Saddle point equation
N=2*U(2)

The extremality condition for the “action” H;

given by (4.31) reads as follows:

o (@ui = x5 — €1)(Tui — 1'1)] +e1) (Tui — 20 — 1) (Tui — Toj + p)

(xuz xvj +pu+e

Lyi — Loyj — €L )\ Lui — 37 €1) (Lui — Lvj — xm—x%
“J(H( ;( i) ( 1) ;1
(
(

;mm M_€1>><H(xui(_ﬂ_av)(wui+ﬂ+el_av)>’:1’

X
(xuz JJ + w+ € )( Ty — Lyj — W — 61) Lui — av)@fui + €1 — av)

v

where u,v = 1,2 and 7,5 = 1,...,00. This implies that either the following eq.:

_q(H (Twi — Toj — €1)(Tui — @“Sj + 1) (Tui — Toj — ) (Tui — xgj +H) (4.34)

o (@ui = 20— €)(Tus — Toj + €0) (Tus — 255 — 1) (Tui = Tuj + p)

(ﬂfuz‘—H?vj+M+61)($ui—ﬂ?gj—/~6—€1)><l—[ (Twi — o — ay)(Tyi + o+ €1 — ay) 4
)
v

X
(Tui — a:g- + 1+ €1)(Tyi — Ty — 0 — €1) (Twi — ap)(Tui + €1 — ay
J

or its analog in which —q is replaced by +¢ are holding.!® Eq. (4.34) can be regularized
assuming that there is an integer L such that the length of the column w,; is equal to zero
for i > L. Analyzing eq. (4.34) in such a case, i.e. when j = 1,..., L, one can observe
that the column lengths extremizing the “free energy” are of the order wyi ~ O(q").** For

3Tn eq. (4.34) and below ¢ = |q|.

MNote that the saddle point equation (or in fact a system of equations) must be solved subject to the
condition that the solution is consistent with the g-expansion of the twisted superpotential obtained from
the instanton partition function. This implies that the order of ¢ in the expansions of rescaled column
lengths must correlate with the index i. Indeed, first, we have Wingt = lime,—0 €2 l0g Zingt = Zi:l W; qi.

Then,
d

qd—qwinstzwlq+zwgq2+...:qu+17\72q2+.... (4.35)
On the other hand d
qd*q Winst :;;wuz :;wul +;Wu2+ s (436)

where wy;’s are the column lengths of the critical diagrams (see the calculation at the beginning of the next
subsection). Hence, in order to get from (4.36) the g-expansion consistent with (4.35) the expansions of
wyi’s must start from ¢°.
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example, at order ¢” one can write

L
i = Tyi = ay + (1 — 1)1 +wyi(q) = ay + (1 — 1)er + Zwum q". (4.37)
n=t
Here the symbols w,;, denote the contributions to the coefficients w,; at the n-th order in
g. Now it is possible to solve equation (4.34) starting from L = 1 and deriving recursively
the wyin’s step by step up to desired order. For instance,

o = M2a—p) (e +p) 2a+ e+ p)
i 2a¢€1 (2a + €1) ’

~w2a+p) (e +p) (“2a+e +p)
2ae1 (2a — €1) )

w211 =

In order to investigate the solution of the saddle point equation in the case when
L — oo it is helpful to convert it to other equivalent form. Indeed, as has been observed
in [69] (see also [40]) the eq. (4.34) can be rewritten in terms of certain “Y-system”:

Y (@i — €)Y (ui — )Y (i + p + €1)
- =1, 4.38
qY(a:m- +e)Y(xyi + )Y (2 — p—€1) ( )

ul_Ilexp { . <‘Z”> }ﬁl (1 - m’i) exp {;} (4.39)

and ¢(z) = 0,logI'(z). The product in (4.39) is convergent for arbitrary z € C provided
that the column lengths tend to zero for large enough ¢, which is equivalent to the as-

where

sumption that x,; — 33 . If wy; = 0 for all ¢, i.e. all column lengths are zero, then Y'(z)

f[e { (2)}@(1—;3)6@{&} (4.40)

The functions Y (z), Yp(2) have zeros located at z,; and 22, respectively.

becomes

4.5 Twisted superpotential, classical block, accessory parameter

Now we are ready to compute the critical value of the “free energy” (4.33), i.e. the

so-called twisted superpotential. It is convenient first to calculate the derivative of
W=270()

inst (q,a,m;; €1) with respect to ¢:

0 =2* U . o OHinst Oy OHinst
W;/I\‘I/St Q7auﬂ)61) - ( 0T aq + aq )

- Z wyi. (4.41)

2=, = 0. Hence, it is easy to realize that

LTui=Tui

Above we have used the fact that OHinst /0Ty,
the last term in (4.41) coincides with the sum over the column lengths of the “critical”

Young diagrams. More explicitly, the eq. (4.41) reads as follows

VVIQ[SZQ* Z (w1i(q) +w2i(q)) = Z [Z (Wiin + w2in) q”]
= [(wi11 + w211) ¢ + (w112 + w212) @+ .. ]
+ [(wi22 + waz2) ¢* + (w123 +wao3) ¢ + ... J+... (4.42)
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Then,

2
N=2%U(2 q
Winst @ = (Wit +w211) ¢ + (w112 + w212 + w122 + wWa22) 5 T (4.43)
Knowing the coefficients of the extremal lengths of the columns from a solution of the
system of equations (4.34) one gets
1 =2*,U(2)

1 1
a inst :a(w111+w211)q+...:a

(fg’l - 28) g+...,  (4.44)

where 8, 6 are given by (4.5)-(4.6) and fg’n, n = 1,... denote coefficients of the torus
classical block (see (4.24)—(4.25)). Concluding, the eq. (4.44) is nothing but the expansion
of both sides of the “classical” AGT relation:!?

~ 1 _o*
£}(q) = ~251og ("@) - W g ). (1.49)

q24
As a final conclusion of this subsection let us write down the main result of the present

work. Knowing the classical torus one-point block from (4.8) and applying eqgs. (4.9)
and (4.41), one arrives at the following expression of the Lamé accessory parameter:

B(T) = pi(f, q, Q) + i (1 — 2E2(T)) + 611 Zwui(Qa a, W, 61) (446)

472 12

U,

where

P*(57Qa5):i£, 52—/{:—’“(“4_1):411(1_52)‘

€1 €1 \ €1
Hence, we have found that the accessory parameter B is related to the sum of column

lengths of the “critical” Young diagrams. The latter can be rewritten using the contour

integral representation. Indeed, let v denotes the contour which encloses all the points Z;,
0

z,;, u=1,2,r=1,...,00. Then, as has been noticed by Poghossian in ref. [40], the sum

> u.iWui can be expressed as follows
b

. dz 0 Y (2)
D=3 (o —ati) = § 55w tew

U, U, 5

5 Concluding remarks and open problems

The main result of the present work is the expression of the Lamé accessory parameter
B (or equivalently A, C, Cg) in terms of the solution of the TBA-like eq. (4.34). This
equation has been solved by a power expansion in the parameter ¢q. It has been noticed
that obtained expression for B can be rewritten in terms of a contour integral in which
the integrand is built out of the functions Y and Y| introduced in egs. (4.39)—(4.40). As
has been observed in [40, 69] also the TBA-like eq. (4.34) can be rewritten in terms of the

150f course, eqs. (4.45) and (4.8) are exactly the same.
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function Y. Hence, one can relate the problem of finding the Lamé accessory parameter to
the problem of searching a solution of the functional equation (4.38).

Another result presented in this paper is a check that the classical limit of the torus
quantum conformal block exists and yields a consistent definition of the torus classical
block. Moreover, it has been verified that the torus classical block corresponds to the
twisted superpotential of the N' = 2* U(2) gauge theory.

Finally, in this paper has been proposed an expression for the Liouville classical action
Sforus on the one-punctured torus. It has been conjectured that Sf°™ can be calculated in
terms of the torus classical conformal block, classical three-point Liouville action and the
saddle point classical intermediate weight (the saddle point momentum). We leave as an
open question (to which we return very soon) a comparison of this result with the results
obtained by Menotti in [29-32].

Work is in progress in order to verify formulae (3.31)—(3.34) and (4.46). First of all let
us note that these formulae pave the way for numerical studies of the function B(7) and
the results of such investigation can be compared with that obtained by Keen, Rauch and
Vasquez in [23]. It is well known that in a certain limit the Lamé equation becomes the
Mathieu equation. Hence, other possible check beyond the WKB analysis performed in
subsection 4.2 is to verify whether our candidate for the Lamé eigenvalue correctly reduces
to the Mathieu eigenvalue, cf. [92].'6 As a final remark concerning possible combinatorial
tests of our main result let us note that it would be valuable to check whether one can
recover from eqgs. (3.34), (4.9) the expansions of the Lamé eigenvalue worked out by Miiller-
Kirsten [93] (see also [94]) and Longmann [95, 96].17

It is a well known fact [23] that the Lamé accessory parameter is a modular form of
weight 2. In order to answer the question whether proposed candidate for the Lamé acces-
sory parameter has correct modular transformation properties one has to put a heuristic
derivation of egs. (3.34), (4.9), (4.46) on a more rigorous mathematical level. First, it has to
be proved that in the classical limit the quantum conformal blocks behave exponentially.'®
Let us stress that there is still no rigorous proof of convergency of the expansions defining
generic quantum conformal blocks. Secondly, it seems to be possible to derive the “classi-
cal” torus AGT relation (4.8) more rigorously exploiting the Teichmiiller theory approach
to Liouville theory. Indeed, relations such as (4.8) implicitly appear as a byproduct in the
proof of the AGT correspondence recently proposed by Teschner and Vartanov [58].

16T et us stress that we have found an agreement between B(7) and the energy eigenvalue E computed by
means of the WKB method so far only for e; = 0. It remains still to calculate the “quantum corrections”
to E in the higher powers of ¢; and compare the result with B(7) obtained from the classical block.

"Note, that since the modular properties of the Lamé accessory parameter are known [23], then the
relation (4.9), if it is true, encodes some information about the modular transformation properties of the
N = 2% U(2) twisted superpotential. This observation fits in an interesting line of research which aims
to answer the question how the S-duality is realized in the Q-deformed A/ = 2 gauge theories, see for
instance [97, 98].

181t seems to be possible to prove the classical asymptotics of conformal blocks representing them
as the Coulomb gas/Dotsenko-Fateev/S-ensemble integrals [99-102] and applying matrix models tech-
nics [24, 103-112].
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A Special functions

Jacobi and Weierstrass elliptic functions. Let w; and wy be two complex numbers
whose ratio is not real. A function which satisfies f(z) = f(z + 2w;) = f(z + 2ws) for all
z € D(f(z)) is called a doubly periodic function of z with periods 2w; and 2wy. A doubly
periodic function that is analytic except at its poles and which has no singularities other
than these poles in a finite part of the complex plane is called an elliptic function.

Let Im (i—f) € R, then the points 0, 2w, 2wi + 2ws, 2wy when taken in order are the
vertices of a parallelogram, known as the fundamental parallelogram. The behaviour of an
elliptic function is completely determined by its values in fundamental parallelogram.

If we consider the points of the period lattice defined as £ = {2mw; + 2nws }, then the
four points 2mwy + 2nws, 2(m + 1)wy + 2nwe, 2(m + 1w + 2(n + 1)ws, 2mwy + 2(n + 1)we
are vertices of a similar parallelogram, obtained from the fundamental parallelogram by
a translation without rotations. This parallelogram is called a period parallelogram. The
complex plane is covered by a system of non-overlapping period parallelograms.

If we wish to count the number of poles or zeros of an elliptic function in a given
period parallelogram and it happens that certain poles or zeros lie on the boundaries of
this parallelogram, then one can translate the period parallelogram without rotation until
no pole or zero lies on its boundary. Such obtained parallelogram is called a cell.

In [1] one can find a list of general properties of elliptic functions. In particular, one
can prove, that (i) the number of poles of an elliptic function in any cell is finite; (ii) the
sum of the residues of an elliptic function at its poles in any cell is zero.

The number of poles of an elliptic function in any cell, counted with multiplicity, is
called the order of the function. The statements (i)-(ii) written down above imply, that the
order of an elliptic function is necessarily at least equal to 2. Indeed, an elliptic function of
order 1 would have a single irreducible pole. If this were actually a pole its residue would
not be zero. Hence, in terms of singularities, the simplest elliptic functions are those of
order 2. These can be divided into two classes: (I) those which have a single irreducible
double pole in each cell at which the residue is zero; (II) those which have two simple poles
in each cell at which the two residues are equal in absolute value, but of opposite sign.

The Jacobi elliptic functions are examples of the second class of elliptic functions of
order 2. The Jacobi function snwu is defined by means of the integral

_/x dt
T Va-en- ey

where k is a constant. By inversion of the integral we have = snwu. From definition
follows that sn 0 = 0.
The functions cnu and dnw are defined by the identities:

sn’u + cn’u =1, k*sn’u + dn’u = 1.

It follows that cn0 =dn0 = 1.
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Fach of the Jacobi elliptic functions depends on a parameter k, called the modulus. In
order to emphasize this dependence one can write the three functions as sn(u, k), cn(u, k),
dn(u, k). An alternative notation: sn(u|m), cn(u|m), dn(u|m) uses a parameter m = k2.

In accordance with the definition of an elliptic function the Jacobi elliptic functions
are doubly periodic:

snu = sn(u+ 4K) = sn(u + 4K + 4iK') = sn(u + 2iK’)
cnu = cn(u+ 4K) = en(u + 2K + 2iK') = cen(u + 4iK')
dnu = dn(u+ 2K) = dn(u + 4K + 4iK') = dn(u + 4iK') .

Periods are expressed in terms of the constants K and K’ defined as follows

1
_ . dt I ’
K = K(k)_o/\/(1t2)(1k2t2), K = KK,

where & is the so-called complementary modulus defined by the relation k? + k"> = 1. The
integral K (k) is the complete elliptic integral of the first kind.
The derivatives of the Jacobi elliptic functions are

—snu = cnudnu, —cnu = —snudnu, — dnu = —k?snucnu.
du du du
For practical reasons it is convenient to introduce a shortened notation to express
reciprocals and quotients of the Jacobi elliptic functions. The reciprocals are denoted by
reversing the orders of the letters of the function:
1 1 1

nsu = —, ncu = —, ndu=——.
SN U cnu dnwu

Quotients are denoted by writing in order the first letters of the numerator and denominator

functions:
SN U SN u cnu
scu = —, sdu = —, cdu=—,
cnu dn dnu
cnu dnwu dnwu
csu=—, dsu = , dcu =
SN U sSnu cnu

The Weierstrass elliptic function p(z) belongs to the first class of elliptic functions of
order 2, those with a single irreducible double pole in each cell with residue equal to zero.
The function p(z) is defined by the infinite sum

1 1
p(z) = 22 + (mmg(o’o) [(z —2mwy — 2nw9)?  (2mwy — 2nw9)?

where 2wy and 2ws are periods and the summation is taken over all (positive, negative and
zero) integer values of m and n, except for when m,n are both equal to zero.
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The function p(z) satisfies the differential equation (¢/(2))* = 4¢®(2) — g2p(2) — g3,
where the elliptic invariants go and g3 are given by

1 1
g2 = 60 , g3 = 140 .
m n)z#(o 0 (2mw; + 2nwo)* m n)z#(o 0 (2mwi + 2nws)8

Conversely, given (dy/ dz)2 = 49% — goyy — g3, and if numbers w; and wo can be deter-
mined such that

1 1
g2 = 60 , g3 = 140 .
m 7;75(0 0 (2mwy + 2nwo)* m T%;(O 0 (2mw1 + 2nws )0

then the general solution of the differential equation is y = (2 + const.).
Let e; = p(w1), e2 = p(w2), es = p(ws), where w3 = — (w1 + w2). The constants e, eo
and e are mutually distinct and are roots of the equation 4y — goy — g3 = 0. It follows that

1 1
er1t+ext+e3=0, ese3 + ese] +ejeg = —5 92 ere2e3 = 7 g3.

Let us write
€1 — €3

y=es+t sn2(\z, k)

Then, we have

d 2
<dZ) = 4)\%(e; — e3)? ns® Az cs? Az ds® Az
= 4)%(e1 — e3)? ns® Az (ns® Az — 1) (ns* Az — &?)

= 4X% (e —e3) Ny —e3)(y — 1) [y — k*(e] —e3) — 63] .

Hence, if A2 = e; —e3 and k? = (e3 —e3)/(e1 — e3), then y satisfies the equation (dy/dz)? =
4y3 — goy — g3. Therefore,

e3 + (e1 — e3) ns? <z(e1 - 63)%7 (62 — 63)2> = p(z + h),

€1 — €3

where h is a constant. When z — 0, it is seen that h is a period, and so finally one gets
the following relation between Weierstrass and Jacobi elliptic functions:

p(2) = e + (e1 — e3) ns? ( (e1 —e3)7, <62 — €3>2> . (A1)

€] — €3

The identity (A.1) allows to pass from the Jacobian form of the Lamé equation (1.1) to
the Weierstrassian form (1.2). Indeed, the change of independent variable is given by

z=(u—1iK') (e — 63>_%. Then, we have!”

msn®(ulm) = msn ( (e1 — 63)% K'|m>

+
= n? (st —ex)tim) = S
= 1S 61—63

61—63

Yk sn(a+iK' k) = ns(a, k), see [1] (pg. 503, §22-34).
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where m = k? = (e — e3)/(e1 — e3). Then, the transformed accessory parameter B in

eq. (1.2) is given by

B
€1 — €3

1
B=A(e;—e3) —Kkes & A= —gm(m+1).

Weierstrass (-function. The Weierstrass zeta function ((z) is defined by the equation

('(2) = —p(2), (A.2)

along with the condition lim, .. (C(z) — %) =0.
In terms of the theta function #;(z|7) and the constant 7; the Weierstrass zeta function
can be expressed as follows

0,01(z|T)
= ——— > 42z A3
() =Gty + 2me (43)
Eisenstein series. The first few Fisenstein series can be expressed as follows
o0
By(g) = 1-24) o1(n)g" =1 - 24q — 72¢> — 96¢° — 168¢* — ... , (A.4)
n=1
(0. ]
Ei(g) = 14240 ) o3(n)q" = 1+ 240q + 2160¢” + 6720¢° + ... , (A.5)
n=1
o
Es(g) = 1-504) o5(n)q" =1 —504¢ — 16632¢” — 122976¢°> — ..., (A.6)
n=1

2miT

where ¢ = e and oy (n) is the so-called divisor function defined as the sum of the k-th

powers of the divisors of n, ox(n) = Zd‘n dk.

Dedekind n-function.
1 > .
n(g) == [J(1—q"), q=e"".
n=1

B Integrals .7,

The integral
H = fp(z)dz
A

one can compute directly using (A.2) and (A.3). The result is # = —2n;. In order to
compute the integrals

Sy, = fp(z)”dz, n>1
A

one can employ the following relation between powers of o and its even derivatives (see [113]
and refs. therein):

w5~ B" (2n—2—2r)
o" = B +;(2n_2r_1)! . (B.1)
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Quantities B,(n) above — the so-called Halphen coefficients — are given by the recurrence
relation:

2n —2r —2)(2n —2r — 1) _ 2n —3 —2 n—2 (n—3)

" 2n—2)(2n - 1) r jan—) P2 2 g, ) Prs 98
withn >0, r=0,...,n; By(«n) =0forr <0orr>n; B(()n) =1 and B%n) = 0 for any n.
Bﬁn)’s are then polynomials in g, g3 with rational positive coefficients.

For n = 2,3,4 the eq. (B.1) yields

1 11
o = By + B0 1+ B o= a0,
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Now, in order to get the coefficients (4.18)—(4.21) of the expansion of the energy eigenvalue
one has to use the following relations:

472 47t 876

= —UF =—UF = — Fg.
m 24 2, g2 4, g3 6

C Coefficients of the torus quantum conformal block

gl (Ag—1)Ag
AT 2A +1,

Fol? = [4A (2¢A + ¢+ 16A% — 10A)]
[ (8¢A + 3¢+ 128A% 1 56A) A% + (~8¢A — 2¢ — 128A%) A

+(c+ 8A)AY + (=2¢ — 64A) A% 4 16¢A% + 8cA + 128A7 — 80A2] .
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