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Abstract

In this thesis we study through the Ordinary Differential Equation/Integrable Model
(ODE/IM) correspondence the deformed Seiberg-Witten curve of four flavour N' = 2
SU(2) supersymmetric Yang-Mills theory. This theory, compared with the ones with
fewer flavours of quarks, is very different as there is no dinamically generated scale and
thus the theory is asymptotically conformal. At the ODE level this is manifested in the
absence of irregular singular points in the equation and thus no Stokes phenomenon is
present. While in the eyes of the AGT correspondence this is the most natural setting,
for the ODE/IM correspondence this leads to the absence of the transfer matrices of
integrability. However we introduce the monodromy group of the ODE into the problem
and show its equivalence with the system of Q-functions. We stress how the gauge the-
ory prepotential should be seen as the generating function of a canonical transformation
on the space of monodromy data which is endowed with a symplectic structure. Using
this fact we achieve a definition of the prepotential directly from the differential equa-
tion, using the Matone relation, without requiring, in principle, the usage, but only the
matching with gauge theory. The same differential equation shows up as the equation
describing a scalar perturbation in the five-dimensional AdS-Schwarzschild background.
The applications of this is two-fold: first integrability could be used to derive Bethe
ansatz equation for the quasi-normal modes of AdS black holes. Second this gravity
theory is the holographic dual of four-dimensional A’ = 4 SYM and the connection co-
efficients for the ODE can then be connected to an exact expression for the two-point
function at finite temperature in this theory.
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Introduction

N = 2 Supersymmetric Yang-Mills theory (SYM) can be regarded as the perfect sandbox
to study non-perturbative effects in Quantum Field Theory. Unlike in N' =4 SYM, N =
2 SUSY is not as constraining and the theory is not necessarily conformal. However the
symmetry is still constraining enough to make the exact determination of the low energy
effective action possible, as first done in the celebrated paper [41] by Seiberg and Witten
in 1994. This allows the study of many non-perturbative effects such as confinement and
chiral symmetry breaking, potentially giving information on how this phenomena are
realized in the physical world. Further, the study of Seiberg-Witten theory on the so-
called €2-background, which was first introduced as a regulator for the ADHM procedure
to compute instanton contributions, opened up connections between supersymmetric
gauge theories, black hole perturbation theory, integrability and conformal field theory.

In particular in the Nekrasov-Shatashvili (NS) limit of the Q-background the the-
ory becomes a deformation/quantization [38] of the ordinary theory and an ordinary
differential equation (ODE) called the quantum Seiberg-Witten curve appears. It was
recently realized that these ODE appearing in Seiberg-Witten theory are nothing else
but the differential equations describing perturbations of different spin in the background
of a black hole/brane or other compact objects and, depending on the matter content of
the theory, it is possible to reproduce different spacetime geometries [2]. In this setting
the frequency of the quasi-normal modes of the perturbation are given by quantization
conditions expressible through the instanton dual period of the gauge theory.

Yet another correspondence is fundamental to our work: the ODE/IM correspon-
dence. This first appeared in [17] as a correspondence between the spectral determinant
of a certain Schroedinger equation and the eigenvalues of the Q)-operators of conformal
field theory. Since then it has been generalized to many other ODE and integrable model
pairs. Of particular relevance are the correspondences for SU(2) NS-deformed Seiberg-
Witten theory in the cases with 0, 1, 2 fundamental hypermultiplets treated in [20, 21]
or the case with 3 fundamental hypermultiplets treated in [22].

Combining the ODE/IM correspondence and the connection with black holes it has
been shown that the quasi-normal modes are essentially the Bethe roots of the associated
integrable model [19]. This paves the way to applying integrability techniques such as the
Bethe equations and the Thermodynamic Bethe Ansatz (TBA) to astrophysical problems
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involving also realistic black holes such as the Schwarzschild or Kerr geometries.

This thesis works focuses on the SU(2) ' = 2 SYM with four hypermultiplets in the
fundamental representation of the gauge group. In this case the quantum Seiberg-Witten
curve is known as Heun’s equation. This theory is very different from the other theories
with less hypermultiplets as there is no dinamically generated scale and the theory is
conformal at high energy. This is reflected in the ODE with the absence or irregular sin-
gular points and thus no Stokes phenomenon. Usually in the ODE/IM correspondence
the Stokes phenomenon is fundamental to the definition of the integrability T-functions,
in fact we find no T-functions or T'Q-systems. However we take into account the mon-
odromy problem and connect it with the connection problem and the Q@Q-systems, deriv-
ing a more powerful and constraining functional equation for the connection coefficients.
We then proceed to find the general solution to this functional equation and verify and
prove that the remaining part constitutes a zero-mode. Also, we study the space of mon-
odromy data which is endowed with a symplectic structure due to Aitiyah and Bott. We
use this to define the prepotential directly from the ODE, independently of any gauge
theory, as the generating function of the canonical transformation relating the so-called
accessory parameter of Heun'’s equation and its Floquet exponents. In this picture the
Matone relation of gauge theory emerges as the usual equation for the generating func-
tion and it is used to define the prepotential. We then check this definition agrees with
the usual gauge theory definition up to 3 instanton order. Using this new definition we
prove some exact symmetry relations of the prepotential, which are key to showing that
a certain exponential of its derivatives with respect to the masses of the hypermultiplets
are a zero-mode for the QQQ-system.

In addition Heun’s equation is also the differential equation describing a scalar per-
turbation in the five-dimensional AdS-Schwarzschild bacckground, holographic dual to
four-dimensional N = 4 SYM at finite temperature. We use this to show how the two-
point correlator of N' = 4 SYM at finite temperature can be written in terms of the
Q-functions.

The thesis is structured in the following way:

e Chapter (1| is an introduction to SU(2) Seiberg-Witten theory. First we review the
pure gauge theory and find its spectrum, then we move to studying the theory
with hypermultiplets and finally we turn to the 2-background, mentioning also the
AGT correspondence.

e Chapter 2| is dedicated to various aspects of the gauge/gravity dualities. First
the problem of quasi-normal modes is introduced, then we turn to the AdS/CFT
correspondence.

e Chapter |3| starts with a review of integrability in classical mechanics and classical
field theory. Then we turn to quantum studying integrability in conformal field
theory and finally introduce the ODE/IM correspondence in its first incarnation.
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e Chapter (4| is devoted to the ODE/IM correspondence for Heun’s equation. We
derive the the fundamental functional relation satisfied by the connection coeffi-
cients: the QQ-system. Then we introduce the monodromy problem and connect
it with the connection problem to find further functional equations in which also
the Floquet exponents appear. We show how the holographic two-point function
can be written in terms of the Q)-functions and finally give the necessary identifica-
tion with gauge theory, reviewing different form in which the equation sometimes
appear as well as giving the dictionaries between these different forms.

e Appendix [A]is a review of the exact WKB method and Borel resummations.

e Appendix [Bis an overview of the method used to compute the prepotential from
the differential equation.

e Appendix [C]is about the four-flavour Nekrasov-Shatashvili prepotential, its classi-
cal limit and its scaling limit to the theory with three flavours.

e Appendix D] has details about the theory with three flavours and on how to derive
some of its quantities and its symmetries from the four-flavour theory.
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Chapter 1

Seiberg-Witten Theory

In this chapter we review N = 2 gauge theory with N; fundamental hypermultiplets and
the work of Seiberg and Witten [41] to find the exact form of the low energy Wilsonian
effective action. First, in Section we review the theory in the Ny = 0 case and
in Section we find its spectrum. Then, in Section we extend it to the case of
Ny > 0. Finally in Section we introduce the (2-background, then study the so-called
Nekrasov-Shatashvili limit in which the theory becomes a deformation/quantization of
ordinary Seiberg-Witten theory.

1.1 N =2 Pure SU(2) Gauge Theory

In this section we study pure, i.e. with no additional matter, SU(2) gauge theory with
N = 2 SUSY. We consider a N = 2 vector superfield] A in the adjoint representation
of SU(2). In minimal SUSY language this is composed by a chiral superfield A and a
vector superfield V. We denote the field strength of the vector superfield by W<. The
action in minimal superspace can be written as

S = ImTr%/d“x {/ d20 WaWa+/d29d29ATe—2HVA : (1.1)
T

having 7 := % + i‘;—g be the complexified coupling, which contains the instanton angle
© and the gauge coupling g. Here the trace is taken over the gauge group Lie algebra.
Notice that a non-trivial superpotential W (A) is not allowed by N' = 2 SUSY. N/ = 2
SUSY theories have a SU(2)r R-symmetry group, whose indices of the % representation
we denote by A, B,C,.... The fields of the vector multiplet are a vector boson A,, a

this is sometimes called the A" = 2 chiral superfield in the literature, however it is not chiral since
it contains Weyl spinors of opposite chirality. We will reserve the name chiral superfield for the N’ =1
case.



scalar ¢ and two Weyl spinors ¢2 for A = 1,2. This two Weyl spinors transform in the
doublet of SU(2)g, while the scalar and vector boson transform in the singlet.

It is useful to recast the action of in the N/ = 2 superspace language. Here we
have the coordinates (:v“, 0%, 0, A) and the N' = 2 vector superfield can be written as

A=A, 01) + V205 Wa(i, 61) + 026,G (3, 601), (1.2)
having y# := x* + 1010101 + 16500y and
- 1 = SO ~ - = ~
G(y, 91> = —5 /d201 [A(y - 2010'01, 61, 91)]T exp{—QQV(y — 1010'91, 017 01)} . (13)

In N = 2 superspace the action can be cast in terms of a single holomorphic function of
A called the N' = 2 prepotential F(A) as

1
167
Moreover, by expanding the prepotential around A = A we find the action in the minimal
superspace (integrating out 6, and setting 6 = 6;)

. OF

o P C)

_ 1 4 2 aQ”F aoyysb /2 20 Tt ,—2g9V
5_167r1m dx[/d@aAaaAbW W, + [ d°0d°0 (Afe=")

Hereon a,b, ... will be Lie algebra indices. The choice of F(A) = 37 Tr{A?} gives back
the action (|1.1)).

1.1.1 The Moduli Space
In the action ((1.1)), after eliminating the D and F' auxiliary fields we find a scalar potential

V(e) = 5 Te{ [0 ']} (1.6

Clearly since [gb, ng] is real the potential is non-negative. We require thus V(¢) = 0 to
find the global minima of the potential that do not break SUSY. However this does not
imply that ¢ = 0. We call the space of gauge inequivalent vacua the moduli space of the
theory and denote it as M. Let ¢y denote a solution to V(¢) = 0, in general we have
Og = % Z?Zl(ai + ib;)o;. Here o; denote the Pauli matrices.

Now via a SU(2) gauge transformation we can always achieve a; = ay = (] We

thus have to impose that [¢0,¢$] = 0. This further constrains b; and by to vanish.

Zthere is a simple intuitive way to see this. The adjoint representation of SU(2) is the vector repre-
sentation of SO(3). For a vector in R® we can always choose a reference frame such that the vector is
aligned to the z-axis via a rotation.



Letting a := ag +ibs, the Zy Weyl subgroup of SU(2) further have us identify a ~ —a. A
gauge invariant quantity is thus a?. Semiclassically we have that u := (Tr{¢?}) = 1a?,
however quantum correction will change the relation between u and a. Further when
a # 0 the gauge symmetry is broken down to a U(1) of the third component of su(2), and
the moduli space, classically, has a singularity for u = 0 where the full gauge symmetry
is restored. Even in the quantum theory, we will find out that the moduli space is
the complex wu-plane, up to singularities. However in the quantum moduli space the
singularity corresponding to the full gauge symmetry being restored will not be part of
the connected component to u = 0.

1.1.2 The Wilsonian Effective Action for the Light Fields

We now want to find the low-energy Wilsonian effective action for the light (massless)
fields. Since SUSY is unbroken and we have a leftover U(1) gauge symmetry after
spontaneous symmetry breaking (SSB) we can write the Wilsonian effective action as the
action for a U(1) theory, i.e. with no Lie algebra indicesﬂ and no self-interactions:

2
Sw = ——TIm [ d' [/d20 i W@Wﬁ/dQﬁdQ&ATg—ﬂ : (1.7)
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Using the form of the prepotential in a U(1) gauge theory, which we found in the
previous section, i.e. F(A) = 17 Tr{A?}, we interpret 7(a) := F"(a) as the effective
complexified coupling. Since F is holomorphic, the function 7(a) is harmonic. Also,
expanding the action one finds that Im F”(¢) plays the role of a metric in field space
in a sigma model for the scalar fields. By taking the expectation value this induces a
metric in the moduli space by

ds* = Im F"’(a) dada = Im 7(a) dada . (1.8)

Since 7(a) is harmonic it has no minimum unless it is constant, which is not. This means
that the description of the metric in terms of the coordinates a and @ on the moduli space
given by can only be local, since otherwise the metric would not be positive definite.

As computed by Seiberg in [43] the prepotential gets perturbative corrections only at
one-loop because of non-renormalization theorems. The perturbative expression of the

prepotential is
2

1 A
Fo(A) = —A%log —
in terms of the dynamically generated scale A. Since the microscopic SU(2) theory
is asymptotically free, the perturbative expression becomes a good approximation as

(1.9)

3technically there is the su(2) index 3 everywhere, but it will just be suppressed



a — oo since the theory is weakly coupled and the semiclassical relation v ~ %a2 is
correct in this limit. We thus find

(a) ~ 3(1ogi—22+3), (1.10)

™

In this weak coupling regime of the theory the coordinates a and a are good coordinates.

1.1.3 Duality Transformations

We now show the theory has a strong-weak electromagnetic duality. This means that
we can find a dual description where electric and magnetic degrees of freedom as well as
strong and weak coupling are exchanged. We define the dual to the chiral field A via a
Legendre transformation

Ap = F'(A) (1.11)
and a dual prepotential as
Using this definitions the second term in the action ([1.5)) can be rewritten as
1 _
§5 - diz %0 d%0 AL F (Ap) . (1.13)
T

Defining the dual for the N' = 1 vector superfield V' is a bit more involved. We notice
that when performing the path integral we can either integrate over V', or integrate over
W, imposing the superspace Bianchi identity

Im(D°W,) = 0 (1.14)

using a Lagrange multiplier Vp, which we will show to be the dual to V. Let us call the
first term in the action (1.5) Si, this is the term we are now concerned with since we
already found the dual description of the second term. In formulas what we just said
meansg’]

/DV exp(iSy) = /DWQDVD exp (iSl +%Im/d4x d%o dgéVD) . (1.15)
Notice that
/d29 d*0Vp D*W,, = —/d29 d*0 D*VpW,, = /d29 D*(D*VpW,)

= /d29 (D*D*Vp)Wp = —4/d29 WaAW,. (1.16)

4the equal signs between path integrals in this whole thesis will always be understood up to possibly
infinite constants



Now we can do the path integral in W, since it is Gaussian and find

/DVexp(iSl) - /DVD exp[m%lm/d‘lxdzﬁ (—ﬁWSWDO)} . (117)

Thus the dual form of the action (1.5]) is

_ b 4 o 1 o 0p 127 At
Sw = o Im [ d°z {/d «9( ]:”(A>WDWDQ> +/d 0d*0 A, Fp(Ap) (1.18)

= 16% Im [ d*z U d?0 FL(AWRAWpa + /d20 d%AEfb(AD)} : (1.19)
As we claimed the action inverts the strong and weak coupling since we see that the
effective coupling 7(a) is replaced by —1/7(a) in the dual action. Furthermore we also
want to show that this is indeed an EM duality. It is easy to see this when we think of
what we did in ordinary spacetime. When we imposed the Bianchi identity via Vp, in
spacetime the vector boson of Vp which we call A%, would couple to the magnetic current
J# = 0, (xF)"*. This means the dual vector field Vp couples to the magnetic degrees of
freedom rather than the electric.
The action can be cast as
dAp

1 1
Sy = — 1 d*z d?0 =——=W°W,,
"= T6n m{/ Y] " 39in

/ iz d20 d%0 (ATAD - AEA)} . (1.20)

In this form it contains both the fields and their duals. In this form we notice the duality

transformation A )
D 0 1 D
()~ (5 o) (%) 121

leaves the action unchanged. There is also another transformation which have no effect

on the physics. It is
Ap 1 b\ [(Ap
(A>H(O 1)(A). (1.22)

Under this transformation the action varies as

68 = Ot [t aze Wew,, = LA iy ANF = —27bk, (1.23)
167 167

k being the instanton number. Since the action appears in the path integral as exp(i.S), as
long as b € Z the transformation has no effect on the physics. This two transformations
generate the group SL(2,Z) which we call the duality group of the theory.



1.1.4 Singularities and Monodromies of the Moduli Space

We now go on to focus on the singularities of the moduli space. In the weak coupling
region, i.e. for u — oo the perturbative expression for the prepotential (1.9) is exact.
In this limit we can calculate ap: the vacuum expectation value (VEV) of the dual field
Ap
oOF ' 2
ap(u) = 22 L (log ) | 1) . (1.24)

Oa T A2

urther in this regime u ~ sa*, when a roun wi round co w %
Furthe this regime ;2, he oes around a clockwise path around e have

that a and ap get mapped to
ap —1 2 ap
(7)= (0 23)(0) 129

M, = <_01 _21) . (1.26)

Now the question is: how many more singularities does the moduli space have? We
know that oo is a branch point and we must have at least another branch point since the
branch cut must end somewhere. Now in discussing further the number of singularities
we must take into consideration a classical U(1)z R-symmetry. Under this R-symmetry
64 have R-charge —1. Clearly, from the action we find that the prepotential must
have R-charge 4 in order for this to be a symmetry. In the classical theory where we
have Fo(A) = 17 Tr{A}?, thus A has to have R-charge 2. However the perturbative
correction given by break the U(1)r symmetry to a Zg symmetry. Similarly the
non-perturbative correction to the prepotential are also anomalous, however they are
also symmetric under the Zg symmetry. The full form of the prepotential, including the
non-pertubative part is given by

via the monodromy matrix

Fup(A) = Fo(A) + > Fi (%) A% (1.27)

Here the k-th term in the series is due to k instantons. Under this Zg symmetry we have
that ¢ — exp(imn/2)¢. This, for odd n means that ¢? — —@?, which means, on the
moduli space, u — —u. Because of the Zg symmetry on the moduli space which maps
u +— —u, if ug is singular then so is —ug. Since the only fixed points of the Zg action
on the moduli space are 0 and oo and we know oo is singular, if we want to have only
two singularities the other one must be at 0. After all in the classical theory there was
a singularity in u = 0, where the full gauge symmetry was restored, so one might think
the same applies here. However we show that in the quantum theory the point u = 0
will not be singular any longer.



-

u=0ao

Figure 1.1: The moduli space with only two singularities. The red path can be contin-
uously deformed, avoiding singularities, to the blue path. The orientation is however
reversed.

As shown in Figure [I.1] the path enclosing co clockwise can be deformed to a path
which encloses the origin anticlockwise. This means that the monodromy matrix around
the origin M, = MOOE] However this is not possible. In fact it would mean the full
monodromy group is generated by M, but a? is invariant under M.,. This would imply
that a? is a good global coordinate, but, as we saw, this is not possible if the metric is
positive definite.

Since it is not possible to have 2 singularities, we should try with 3 singularities.
This will mean that the singularities are at some finite +uy and at infinity. However
another question is spontaneous now: what do this singularities correspond to? It is
tempting again to assume that at least one of them could be because of the full gauge
symmetry being restored. However, again this is not the case, let us show this. When
the full SU(2) symmetry is restored the gauge bosons are massless. Thus, the IR theory
will have SU(2) gauge symmetry and conformal invariance. Recall u = (Tr ¢?), but this
vanishes in a unitary CFT for all operators, except the identity. Thus u = 0 which
implies that at finite u the singularities will not be caused by the SU(2) symmetry being
restored. However the theory has solitonic excitations such as magnetic monopoles and
dyons. These are BPS states and their mass is expressed in terms of the central charge
of the N' = 2 SUSY algebra Z = n,,ap + n.a. Here n,, and n. are integers expressing
the magnetic and electric charge of the state respectively. We have that a BPS state
satisfies

m? = 2|Z|° (1.28)

We label the states by the couples (7, n.). Then for example a magnetic monopole will

notice that we understand the monodromy matrix at finite u anticlockwise and the monodromy
matrix around infinity clockwise, this is the reason no matrix inversion appears



be denoted as (1,0). Further the mass of a state has the nice expression in vector form

(M ne) (62:)) .

In this notation it is clear that the monodromy matrices acting on (aD a)T from the
left can be considered as well as acting on (nm ne) from the right. Let us consider what
happens when magnetic monopoles become massless. This corresponds to ap = 0. The
theory describing the monopoles is just N' = 2 super QED (if you will ?QMD” since it
is the magnetic dual) with massless monopoles in the A’ = 2 hypermultiplets. This has
the beta function

m =2 (1.29)

dgp 9133
L _JD 1.
A=t (1.30)

but the renormalization scale p is proportional to ap. Further considering that 7p = —;42”
D
since in QED the instanton angle vanishes, we find

d 1
—_— = ——. 1.31
GDdaDTD - ( )

After integrating this equation we obtain

D = —EIOgCLD. (132)
™

Now recall 7p = déa;g) thus

CL:CLO—FiaDlOgCLD. (133)
T

Since in the vicinity of uy we have that ap must be a good coordinate we have that
ap ~ ¢(u — ug). Then using

ap ~ c(u — ug), a~ ag+ ic(u — up) log ¢(u — up) , (1.34)
7r

we can already find the monodromy matrix turning around the point ug in an anticlock-

wise sense
1 0
M, = (_2 1> . (1.35)

Here the index 1 is because of the fact that we can renormalize the finite ug to 1. We
obtained this monodromy matrix by assuming the monopoles becoming massless. We can
see this also in another way. Recall expression and the fact that the monodromy
matrix acting from the left on the vector of VEV can be seen equivalently as acting from
the right on the vector of magnetic and electric charges. Then going around the point



1, the BPS state that is massless must invariant under the monodromy, thus be a unit
eigenvector of the matrix M; acting from the right, i.e.
(nm ne)Ml = (nm ne) ) (1.36)

Now let us consider what happens when turning around —1. Notice that turning around
infinity is the same as turning around both 1 and —1, thus

Mo = MyM_,. (1.37)

In this expression the ordering of the monodromy matrices seems thus far to not be
dictated by anything: one could as well consider

My =M_ 1M . (1.38)
Let us proceed with the ordering ((1.37) and go back to the ordering issue later. From

the equation we find
-1 2
M, = (_2 3) (1.39)

and using the eigenvector condition again we find that the singularity is due to the
(1, —1) dyon becoming massless.

Let us now tackle the ordering ambiguity. Much like homotopy groups the definition
of the monodromy group is dependent on the choice of a base point P in the moduli
space. Suppose the choice of P gives us the ordering , then choosing —P as the
base point will yield ordering . The figure Figure should help making this

argument clearer.

P
~1 1
_=P

Figure 1.2: The red loop, based at P can be deformed closing around —1 first and 1 after
giving ordering ([1.37)) for the matrices. The green loop, based at —P, can be deformed
to give the other ordering.

Since the moduli space has the symmetry u — —u, under this symmetry the ordering
of the monodromy matrices is exchanged. The second ordering gives

M, = ( > _21> (1.40)
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which corresponds to the (1,1) dyon becoming massless. This means the Zy symmetry
maps the (1,—1) dyon to the (1,1) dyon. At this point we introduce what we will
call democracy transformations. So far, it looks like the magnetic monopole and the
(1,—1) (or (1,1)) dyon play a privileged role in the theory. However let us consider the
monodromy matrix obtained by conjugating My, by MP . When conjugating M; we
get the matrices corresponding to the (1, —2p) dyons, while when conjugating M_; we
obtain the (1,—2p — 1) dyons. This means that there is a complete democracy among
the dyons.

Mathematically we notice that the monodromy matrices all belong the the duality
group SL(2,Z), meaning the monodromy group is represented as duality transformations.
Further there is a matrix A acting by conjugation which implements the Zy symmetry of
the moduli space on the SL(2,Z) representation of the monodromy group. This is such
that

M_; = AM;A™? (1.41)

A= (:; 1) : (1.42)

Note that A? = —1 is equivalent to the identity automorphism acting on SL(2,Z) by
conjugation.

Finally for this subsection let us go back to the question of how many singularities
the moduli space has. We know we have a perturbative singularity at « = co. Let us
suppose we have p strong coupling singularities at uy, ..., u,. Then

and A is given by

My = M,, ... M,,. (1.43)

In general the matrix corresponding to the (n,,,n.) dyon becoming massless is given by

M (i, me) = (1 tgzg‘ . _227§mn6) (1.44)

and thus each M, is given by
M,, = M(n n®) (1.45)
for some n' and ngi) integers for any ¢ = 1,...,p. Whether solutions to this problem

exist for generic p is a number theory problem. It has been checked for small values of
p that solutions exist only for p = 2 [28].

1.1.5 The Determination of the Low Energy Effective Action

Here we follow the approach of Bilal in [13] called the differential equation approach. We
will comment later on the original approach used by Seiberg and Witten. We start by

10



considering a general differential equation of the Schroedinger form

P£;+vuﬂm@:o (1.46)

for a meromorphic V(z) which has poles at zy,..., 2, and possibly at infinity. The solu-
tions lie in a two dimensional vector space spanned by a basis of two linear independent
solutions ¢, and 1,. We know V'(2) is single-valued thus, when taking z in a closed path
around a singularity z;, the differential equation remains unchanged. However the two
solutions 1, and vy can still pick up a monodromy:

iz + e (z —2))\ _ 2, (Yr(2)

(o) = () 47

The strategy to determine the low-energy effective action exactly is as follows: first

we want to find a differential equation which produces the correct monodromy matrices
we found previously. Thus we think 1, and vy as ap and a respectively and z as wu.
Second, by solving the differential equation, we can find the solution for ap(u) and a(u),
which in turn can be used to recover the full non-perturbative prepotential of the low
energy effective action. It is known that non-trivial constant monodromies correspond

to poles that are at most second order. Thus the most general form of the potential that
can produce these monodromies at z = +1, 00 is

11— 22 1—A§_1—A?—£—Aﬂ

V(Z):_Z (z + 1)2 T (z—1)2 (z+1)(z—1)

The differential equation which we obtain by the choice of the potential is well-known and
can be cast in the form of a hypergeometric differential equation via the transformation

(1.48)

W(z) = (z+ 1202 (5 — 1)%(1A2>f<%1) (1.49)
which gives us the hypergeometric equation for f (here we define x := Z;Fl)
z(1—2)f"(z) +[c— (a+ b+ 1)x]f'(x) —abf(xz) =0 (1.50)
for
1 1
CLI§(1—)\1—)\2+)\3), 525(1—/\1—/\2—/\3), c=1-X. (151)

There are multiple ways in which the solutions to ((1.50) can be written. A convenient
choice is given in terms of the hypergeometric functions o Fi(a, b, ¢; z) by

1
filz) = (—x) % F (a,a +1—ca+1-b —) :
T

folx) =1 —2) "% F(c—a,c—bc+l—a—b1l—2z).

(1.52)
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This choice is motivated by the fact that f; has simple monodromy properties around
x = 00 (z = o0) and fo has simple monodromy properties around = = 1 (z = 1), so
they are good candidates to be identified with a(u) and ap(u) respectively. Now we

will use the asymptotic forms of ap(u) and a(u) to further constrain the form of V(z).

For z = oo the potential behaves as V(2) 1 lz’\ This means the solutions behave

asymptotically as either 221%%) if \; # 0 or as /z and /Zlogz if A3 = 0. From
the asymptotics of ap(u) and a(u) we conclude thus A3 = 0. Similarly we consider
1| 1-x2 1-XA2-)2

1| =12~ 2(z-1)
Again using the asymptotic forms of ap(u) and a(u) we find Ay = 1. Finally by the Zj
symmetry also A\; = 1, thus

the asymptotic form of the potential at z = 1 which is V(z) ~ —

1 1
Viz)=———7——. 1.53
(2) 4(z+1)(2—1) (1.53)
We can thus solve the differential equation and it turns out that the functions f;
and fy do indeed satisfy the correct monodromy properties (up to some multiplicative
constants, details about this can be read in [13]), thus we find

ol =5 (17202255,

5 (1.54)
= V2(u+1):F (—1/27 1/2,1; u—+1> :
Using the integral representation of the hypergeometric functions [39] we find
\/_ / x — U
(1.55)

S0

We can thus, in principle, invert the second of these equations to find u in terms of a
and then use the first to have ap in terms of a. Then use the equation ap = %—]; to
solve for the prepotential and thus the exact low-energy effective action. This gives only
a locally valid expression of F(a) and different analytic continuations must be used to

address different parts of the moduli space.

A Note on the Elliptic Curve Approach of Seiberg and Witten

In the original paper [41] Seiberg and Witten did not use the differential equation ap-
proach. They used a different approach based on elliptic curves which we will now
justify a posteriori. Consider the integral representation given in (|1.55)). The integrand
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has square root branch cuts with branch points +1, u and co. We can take the branch
cuts to run between —1 and 1 and between u and co. The Riemann surface of the inte-
grand has two sheets which are connected through the branch cuts. Adding the point at
infinity the Riemann surface has the topology of two 2-spheres connected by two tubes:
the cuts. This is just the topology of a torus, which is the elliptic curve considered by
Seiberg and Witten which we will call the Seiberg- Witten curve.

It is well-known that a torus has two independent cycles: one of them, call it v, can
be taken to run around the cut which goes from —1 to 1. The other, v, goes from 1 to
u on one sheet and goes back from u to 1 on the second sheet. Refer to Figure for a
visual representation.

Im z

AN

Figure 1.3: The two independent cycles on the complex z-plane.

The solutions a and ap correspond precisely to the integration of a suitable differential
A, which we call the Seiberg- Witten differential, on these cycles. The differential is given

by
2 _
_V2Ve—u (1.56)
2m /2?2 — 1

and the integrals, which give ap and a, are called the periods of the differential:

CLD:% )\,

71

a:% A
V2

We will thus refer to ap and a as the Seiberg- Witten periods. It is known that these
periods satisfy a second-order differential equation called the Picard-Fuchs equation,
which is precisely the equation we found in the differential equation approach.

A

(1.57)
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1.2 The Spectrum of the Pure Gauge Theory

In this section we want to find the spectrum of N/ = 2 SU(2) pure gauge theory both at
strong coupling and weak coupling. The discussion will follow the paper by Ferrari and
Bilal [1§]. In particular we will see that there is a curve in the moduli space of particular
importance called the curve of marginal stability (CMS) across which the spectrum of
the stable particles changes and which defines in the moduli space a strong coupling
regions and a weak coupling region.

We already mentioned BPS states in Section [I.1], however it is worth reviewing them
again using a different notation. Let us call Q := (ap, a) (this should be seen as a column
vector, but for typographical purpose is denoted as a row in this context). Then we
notice that this is a section of bundle with fibre C? associated to a SL(2,Z)-bundle over
the moduli space M via the fundamental representation of SL(2,Z). We also consider
the associated bundle with fibre Z? via the dual representation of SL(2,Z): the locally
constant sections p = (n,, n.) (this should be seen as a row vector since it lives in the
dual representation) of this bundle correspond to BPS states and their mass is given by
the SL(2, Z)-invariant expression

m = V2|pQ| (1.58)

in terms of the product pf) := n,,ap + n.a. In simpler terms under a duality transfor-
mation M € SL(2,Z) we have
Q— MSQ,

1.59
p'—>pM_1 ( )

and thus pQ) — pQ. Here again we see {2 as a column vector and p as a row vector (which
corresponds to saying 2 is in the fundamental representation and p in the dual). We
found the exact form of © in the previous section. This is given by (1.54). We notice
that ap has a branch cut on the real line from —oo to —1 while a has two branch cuts
on the real line from —oo to —1 and from —1 to 1.

Consider now that Im{ap/a} # 0, then for a given Q the BPS states live in a two
dimensional lattice in the complex Z-plane. Let us analyze a possible decay process of a
BPS state p = (n,,, ne) with mass m = v/2|Z| into other states (which are not necessarily

BPS) p; = (nfﬁ), ng’)) with masses m; > v/2|Z;|. Since the charges are conserved we have
Z=> 7 (1.60)

and from the triangular inequality

Z1< > 12 (1.61)
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which in turn implies

m < Z mi . (1.62)
Of course the decay is only possible if m > . m;, thus, if the decay is possible we have

m = Zmi. (1.63)

This equality can be achieved only if the states p; are also BPS saturated (i.e. m; =
V2|Z;]) and Z and Z; are all aligned on the complex plane. Assuming Im{ap/a} # 0
this can be achieved only when the initial vector of charges (n,,,n.) and those of the
final particles (n%), ngl)) are proportional, which in turn means that the initial vector of
charges can be written as (¢gm, gn) for integers m,n and ¢. This state is in fact unstable
under the decay to ¢ (m,n) dyons. All the states for which n,, and n. are relatively
prime are stable for Im{ap/a} # 0.

The curve Im{ap/a} = 0 is of special importance when studying the spectrum of
stable BPS states and is called the curve of marginal stability (CMS) and denote it as
C. When ap/a is real the two dimensional lattice of BPS states in the complex Z-plane
collapses to a one dimensional lattice. This in turn simplify greatly the conditions for
the decay to be possible (in particular it is easier that the triangle inequality holds with
the equals sign) and states that where before stable may become unstable. The CMS
can be determined from the Picard-Fuchs equation. It is known that the ratio of the
Seiberg-Witten periods w(u) := ap(u)/a(u) satisfy the equation

{w,u} = -2V (u). (1.64)

Here {w,u} denotes the Schwartzian derivative and V' (u) is the potential of the Picard-
Fuchs equation. Then the curve C is given by

C:={ue M|Imw(u)=0}. (1.65)

It can be found numerically, however its precise form does not matter in what follows.
What matters is that it is made of a single connected component which resembles an
ellipse (however it is not an ellipse) which splits the moduli space in two connected
components. The component which is connected to u = 0 is called the strong coupling
region and denoted as Rg, the other component, connected to oo is called the weak
coupling region and denoted as Ry,. In Figure [1.4] a visual representation is available.
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Imw

Figure 1.4: The CMS C (in red) divides the moduli space in a strong coupling region
Rs (shaded green) and a weak coupling region Ry, (shaded blue). The exact form of
the CMS is not important and it has been plotted as an ellipse even though it is not.
The singular points of the moduli space have been denoted by empty circles (the point
at infinity however is not displayed). The two branch cuts are shown in orange with
different thickness.

An interesting fact about the CMS is that massless BPS states can only exist on it.
The reason is that for a massless BPS state we have ap/a = —n./n,, which is rational and
thus real. Another important fact is that ap/a can take any value in [—1,0] for u € C*
and any value in [0,1] for u € C~'. This can be shown from the explicit expressions of
the Seiberg-Witten periods as explained in [18]. All of this means that a BPS state such
that n./n., € [—1,1] will become massless somewhere on the CMS. But when a charged
particle becomes massless there will be a singularity in the effective gauge coupling and
thus a singularity in the Wilsonian effective action. Since there are precisely two of these
singularities at u = +1 which correspond to the magnetic monopole (1,0) and the dyon
described either by (1,—1) or (1, 1), we know that both of these particles belong both to
the strong coupling and the weak coupling spectrum since they are the only particles able
to yield these singularities. Further from the absence of other singularities we conclude
there are no other particles which become massless on the CMS.

We call the spectrum of stable BPS states in the strong coupling region Sg and the
spectrum in the weak coupling region Sy,. These spectra are independent of which point
of the moduli space we pick in each region. However in the strong coupling region the
same BPS state might correspond in different points to two different local sections of
the SL(2,Z)-bundle. This is caused by the fact that the bundle is not trivial because
of the singularities and branch cuts of the moduli space. To see this let us consider a
local and constant section in the open set RE := Rg N {u € M|Imu > 0} which we call
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p = (N, ne). The mass of the BPS state is given then by
m(u) = V2[pQ(u)]. (1.66)

This changes smoothly as we move u in the strong coupling region, even when we cross
the branch cut between —1 and 1. However after crossing the branch cut the mass
will no longer be expressed in terms of Q(u), but in terms of the analytic continuation
Q(u) = MyQ(u). Then since the mass does not change the new description of the BPS
state in the lower half of the strong coupling region is given by the section p = pM; .
Thus even though there is a unique spectrum of BPS states Sg in the strong coupling
region, we have to introduce two different set of local sections which we call S¢ and Sg
respectively for the regions R and Ryg.

In the weak coupling region a BPS state can be represented by a single pair of
integer charges since any two points u, ' € Ry can be joined by a path which does not
go through any cut. We already saw that the moduli space has a Z, symmetry mapping
u > u' = —u. We want to see how this acts on the BPS states. We want the mass to be

invariant under this Zs,, thus we find the general transformation
Q) = e“GQ(u) ,

e o 167)

p=pG,

for some G € SL(2,Z). The appearance of the phase ¢ means that the transformation
between Q(u') and Q(u) is not in general a duality transformation. However it is obvious
that the mass of a BPS state does not change under this transformation and further it
can be shown that the Lagrangian is symmetric under this U(1). In the weak coupling
region as shown in [18] the transformation is given by

Q(—u) = —ieGw,Q(u) ,

1 (1.68)
GW,E = <O i) s
for € := sgn(Imu).

In the strong coupling region the situation is different because to go from u to —u
one has either pass through C twice or go through the branch cut. Since the spectrum
changes across C, we have to go through the cut and thus be careful which analytic
continuation we choose for Q. Again we refer to [18] for details. The result is

1
Gse = M{Gw, = (_26 _61) . (1.69)

1.2.1 Determination of the Spectrum

Now we discuss the spectrum in the weak coupling and strong coupling regions. When
talking about both spectra we leave implicit the fact that both contain an everywhere
massless N/ = 2 abelian gauge field (photon).
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The Weak Coupling Spectrum

We will show that the spectrum in the weak coupling region is composed of the massive
W+ bosons (0, 1)f| and the dyons (n, 1) for n € Z. The W bosons belong to the pertur-
bative spectrum, thus they trivially belong to Sy,. Moreover the monopole (1,0) also
belongs to Sy since this becomes massless on the CMS. Now we apply the Z, symmetry.
The Zy symmetry transforms the monopole (1,0) into the dyon (1,—e¢), which
thus must also belong to Sy. Iterating this we find all the dyons (n,1) for n € Z. The
spectrum is thus invariant under the Z, symmetry.

We already shown that the particles we claimed were in the spectrum are indeed in
the spectrum. The only thing left to show is that they are the only particles in the
spectrum. Suppose the state (n,,,n.) is in Sy. If n,, = 0 this is either the W boson or
an unstable particle. So consider n, # 0. Then a am using the Zy symmetry we find all
the states of the form (n,,,n. + knm) :: nm,ne ) for k € Z are in the spectrum. Of
course there exists a kg such that n / Ny, = Ne / N + ko € [—1,1], which means that
this state will become massless somewhere on the CMS. Since we know the only states
that become massless on the CMS are the monopole and the (1,—1) or (1,1) dyon we
have n,, = 1 and thus ngk) = n, + k, which are all the dyons we already found to be in
the spectrum.

The Strong Coupling Spectrum

On the other hand the strong coupling spectrum is made only of the magnetic monopole
(1,0) and the dyon which is either represented as (1,—1) on R¢ or (1,1) on Rg. The
proof is similar to the one for the weak coupling spectrum and can be read in detail in
[18]. The only thing that makes this proof slightly more involved is the fact that the
same dyons are represented by locally different sections on Rg.

1.3 The Theory with Fundamental Matter

In this section we will see how the result of Section is modified by adding Ny N = 2
hypermultiplets in the fundamental representatio SU(2). When adding this hyper-
multiplets we want to preserve asymptotic freedom: the beta function is negative for
N; < 3. Further in the case Ny = 4 the beta function vanishes. The A/ = 2 hypermul-
tiplets are composed of two N = 1 chiral multiplets, which we call Q7 and Q #, each in
the fundamental representation of SU(2) (for generic gauge groups one would be in the
fundamental while the other in the antifundamental representation however for SU(2)

6when using this pair notation we denote collectively the particle (n,,,n.) and its antiparticle

(_nm; _ne)
"by fundamental matter we mean it is in the fundamental representation of SU(2)
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they are isomorphic). Here the index f is the flavour index ranging from 1 to Ny, also
we will call the scalars in each chiral multiplet ¢/ and ¢r and the Weyl spinors x/ and ¥ ¥
respectively. To the action ([1.1)) we have to add the canonical kinetic terms and minimal
gauge coupling for the hypermultiplet and the superpotential

W = \/ééfAQf + meQfo ) (170)
f

which makes the hypermultiplets massive, each with a mass of my. The first term of
the superpotential is required to preserve N = 2 SUSY and it is related to the minimal
gauge coupling terms for the hypermultiplets.

The classical global symmetry of the theory with massless hypermultiplets is a certain
quotient of O(2Ny) x SU(2)g x U(1)g. The O(2Ny) is the flavour symmetry, in the case
of the SU(2) gauge group it is enhanced from O(Ny) since the fundamental and anti-
fundamental representations of SU(2) are isomorphic, thus under the flavour symmetry
Q7 and Q s can mix. The SU(2)p symmetry is the one we mentioned in Section : the
scalars of each chiral multiplet Q/ and Q 7 are in the doublet of this SU(2)g. Finally
the U(1)g is also the same symmetry we mentioned in Section : the hypermultiplet
scalars have R-charge 0 under this U(1)g. Another important fact is that the flavour
symmetry group, being O(2Ny) and not just SO(2Ny), includes a ”parity’ﬂ which we
call p that acts on the scalars ¢; and ¢; as

piq =G, G g (1.71)

and leaves all the other scalars invariant. For precision’s sake we mention that, globally,
the symmetry group is not just the product of the super-Poincaré group with O(2Ny) x
SU(2)r x U(1)g. This is because, for example, the Zy subgroup of U(1) is isomorphic to
the subgroup of the super-Poincaré generated by (—1). Thus the direct product would
"over count” the symmetries.

To determine the classical moduli space it is sufficient, by definition, to find all the
minima of the potential appearing in the action and quotient out the gauge transfor-
mations. For any Ny there is always a flat direction in the potentia]ﬂ with non-zero ¢.
Along this direction the gauge symmetry is spontaneously broken to U(1) and thus this
is called the Coulomb branch. In the Ny = 0 case the moduli space consisted only of
the Coulomb branch, this is similar in the Ny = 1 case. However for Ny > 2, when
my = 0, more flat directions in the potential appear. Along these the gauge symmetry is
completely broken and together they form the Higgs branch of the moduli space. On the
Higgs branch A vanishes. The flat directions in the ¢/ and G; space are found by setting

8the quotes are because of the fact that this is not a parity transformation in spacetime. It is called
a parity because it has determinant —1

9a flat direction in the potential is just a continuous line of minima, thus they correspond to the
classical moduli space when gauge transformations are modded out
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to zero the corresponding D-terms, imposing the superpotential is stationary and then
dividing out the gauge group SU(2). As in [42] the combined operation of dividing the
gauge group and setting the D-terms to vanish is equivalent to divide out by SL(2,C).
It is useful to introduce O(2Ny) vector indices r,s = 1,...,2N; and denote collectively
both ¢/ and G; as ¢" (say the first N; are the ones with no tilde, the remaining the ones
with tilde). Then one can define the SL(2,C)-invariant functions (i is a fundamental
representation index, recall the complexification of su(2) is isomorphic to s((2,C))

V' =gl (1.72)

Clearly V™ = —V*". Moreover they also satisfy some quadratic constraint, for example in
the Ny = 2 case this is €,5,qV"*V?? = 0. Now we still have to impose the superpotential
be stationary. Since the superpotential is linear in A and A = 0 the only non-trivial
condition is %—VX = 0 which is equivalent to

2N

d Vvt =o. (1.73)

t=1

An example of the determination of the classical moduli space for Ny = 2 can be found
in [42].

Now let us consider the quantum modification of the classical picture of the moduli
space. As in the Ny = 0 case the global U(1)g is anomalous. Also, the parity trans-
formation p € O(2Ny) and the Zy group it generates is anomalous. However a discrete
Zya—ny)y subgroup of this U(1)g X Zy is anomaly free for Ny > qﬂ This anomaly free
subgroup is generated by

W, s 2N, <e‘2<4—Nf>9> ,

A 64‘NfA<e_2(4‘Nf)9> ,
1 - (N
q — q1 (6 2 Nf)9> )

G — q' (6_2(41—7%9> )

(1.74)

Let us only consider the Coulomb branch, the discussion regarding the Higgs branch
can be found for example in [42] and will not be as important for us. Let us parametrize,
as in the Ny = 0 case, the Coulomb branch by the gauge invariant modulus u := (Tr ¢?).
As for the Ny = 0 case the masses of the dyons and the metric are determined by Seiberg-
Witten periods. The objective now is finding the exact expression of the Seiberg-Witten
periods in the Ny = 1,2, 3,4 cases as we found them in the N; = 0 case.

19Tn the Ny = 0 case this subgroup is Zg as we saw already
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1.3.1 The Seiberg-Witten Curve for any Ny

In general the Seiberg-Witten curve can be cast in as [24]

| >

K(p) — 5 (K (p)e'” + K_(p)e™) =0, (1.75)

for

A ANfT foer:0,1,2,3’
V4 for Ny =4

(pQ—Q] fOI'Nf:Ovl
2

K(p) := Pt g AV
PP A (p o ) for Ny =3
\(14_%)])2—ﬁ—i-%(zimi)‘i‘%Zijimj for Ny =4 (1.76)
(1 for Ny =0

K =% ’

+(p) [ +m) for Ny=1,234
\ ;=1
(1 for Ny =0

K-)=1 17

Y I w4 me) for Np=1,2,34°
L i=N1++1

Here N is any integer between 1 and Ny included, m; are the masses of the hypermul-
tiplets, Ay, are the dynamically generated scales in the theory with Ny multiplets, @
is the Coulomb branch modulus u for Ny < 2 for Ny = 3 @ is related to the Coulomb
branch modulus u in the way described in [16] 3]. For Ny = 4 [16], which is our main
interest, we have that ¢ = e*™ for 7 the coupling of the microscopic SU(2) theory. Also
the relation between @ and w is, in terms of the effective U(1) coupling 7eg,

i (G, (1.77)
- \dr ' '

Then by integrating pdx over the two non-contractible cycles we obtain the Seiberg-

Witten periods
ap = f p('I) dx )
it

a:jip@)dx.
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Further, one can introduce y = AK, (p)e® — K(p) and obtain the Seiberg-Witten
curve in the form which is found in [42]:

y' = K*(p) = MK (p)K_(p). (1.79)

1.4 The ()-deformation and AGT Correspondence

To introduce the Nekrasov-Shatashvili deformed Seiberg-Witten theory we first need to
introduce the so-called Q-background. One can find a 6 dimensional N = 1 theory whose
dimensional reduction gives Seiberg-Witten in 4 dimensiond'] Then the 6 dimensional
theory is studied on a R* vector bundle over the torus 7% with a flat Spin(4) = SU(2), x
SU(2), connection, whose holonomies around the two non-contractible cycles of the torus
are (r here is the radius of both cycles of the torus)

(ei% Re(61+62)0'3, ei% Re(€17€2)0'3) , (ez% In’l(61+62)0'3, ei% Im(elfeg)ag) ) (180)

Finally the right-handed part of Spin(4) is embedded in the SU(2)g R-symmetry group
and the limit » — 0 is taken while keeping €¢; and e, finite and obtaining the (-
background, which is used to compute the instanton contributions to the prepotential
[35].

In more modern terms we can look at this through the Alday-Gaiotto-Tachikawa
(AGT) correspondence [1]. For what concerns us the AGT correspondence relates Liou-
ville field theory on the Riemann sphere with four punctures to the Q-deformed SU(2)
Seiberg-Witten theory in four dimensions with Ny = 4. The AGT dictionary states that
the Liouville coupling b is related to the deformation parameters via

b= \/ij (1.81)

As usual in Liouville field theory the background charge is given by @Q = b+ b~! and
the central charge is ¢ = 1 + 6Q?. In this picture the object of interest is the five point
function

\D(Z’ t) = <(I)2,1(Z)Vao (O)Vat (t>va1 (1)Vaoo (OO)> (1'82)

with an insertion of the degenerate operator ®,;. The Liouville momenta « are related
the the conformal dimension of each field via

A=ao(@—a) (1.83)

13 check on the number of supercharges: Seiberg-Witten in d = 4 dimensions with A" = 2 has a total
of N2[4/2] = 8 supercharges. A V' =1 theory in d = 6 has, by the same formula, the same number of
supercharges
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and the conformal dimension of the degenerate field is
Ng1=—o———. (1.84)

The field ®5; has a null-vector at level 2 whose null vector condition becomes the BPZ
equation |11} 4]

aF A1t 9 210
€022 (z—1)2 z(z—t)(z—t) Ot =z2(z—1)0z
Ay AN Ao +Ag+ A+ A1 — Ay

Tt e =1

U(z,t)=0. (1.85)
The conformal dimensions are related to the masses of the hypermultiplets in the gauge
theory by

(€1 + €)% — (M3 — my)? (€1 + €)% — (m3 + my)?

AO = ) At = )
46162 46162 (186)
(1 + €2)* — (my +my)? (€1 4 €)% — (my —my)?
A, = AL = .
46162 46162

The Nekrasov-Shatashvili limit (NS limit) of the Q-background is the limit e; — 0
while €; remains finite. In the AGT approach, which we only carry on for the case of
Ny = 4, in this limit, the primary insertions V, are heavy while the insertion of the
degenerate operator ®,; is light. This suggest the semiclassical ansatz

€1€2

U(z,t) = exp| — W(z1). (1.87)
()

Then taking the limit of ((1.85)), keeping d; := esA; finite (for [ = 0,¢,1,00), one gets

2 02 N 0y n % n 5
€] 022 (Z _ t)2 52 (Z — 1)2
50+5t+(51—(500 (1_t)5 B
a Z(Z—l) N Z(Z—t)(z—t) ¢(th) =0 (188)
for -
£ = ta (1.89)

the so-called accessory parameter |30] of Heun’s equation.
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In the NS limit the theory becomes a deformation/quantization of Seiberg-Witten
theory and €; can be interpreted as h in the Schroedinger-like equation . This
same equation can be seen as a quantization of the Seiberg-Witten curve via the cor-
respondence principle a la Bohr: one substitutes p in the expression (|1.75) with the
differential operator —z'ha% which realizes the Heisenberg algebra [x,p|] = ih and then
applies the resulting operators to a wavefunction W¥(x). This approach has been used for
example in [24]. The resulting equation, for any Ny, is

[K (—zh%) 5 <e K, (—271%)6 +e "2 K_ (—zh%)e

Here the choice of N, will be made so that the equation has the form

[d_2 + f(;p)i + g(q})} \Il(x) =0. (1-91)

INIE]

)}\I/(x) =0. (1.90)

dz? dz

Then by the definition ¥(z) =: exp(—3 [* f(y) dy)¥(z) the equation assumes the form
of a Schroedinger equation

2
[—h2% + Q(:@} P(x) =0 (1.92)
for a potential Q(z) = —1(—34L — 1424 g).

We found that in the NS limit of the Q2-background Seiberg-Witten theory becomes
deformed /quantized and a Schroedinger-like equation arises. Techniques used to
solve the Schroedinger equation become thus viable in determining the NS prepotential.
Further using the ODE/IM correspondence, which we will introduce in the next chapter,
it has been possible to link gauge theories and integrable models as for example in [20],
21]. Also it is known that the Schroedinger-like equations obtained from the Nekrasov-
Shatashvili limit of Seiberg-Witten theory can be mapped into the equations arising in
black hole perturbation theory [2]. Here different Ny correspond to different kind of
black hole/brane geometries. Combining this triple correspondence between black hole
perturbation theory, gauge theory and integrable models it is possible to study the three
theories from a different and novel point of view [19].
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Chapter 2

Gauge Theory and Gravity

This chapter will be devoted to the interplay between gauge theories and gravity. First,
on the gravity side, we introduce the problem of finding quasi-normal modes (QNM) in
various black hole geometries in Section Then from Section we introduce the
AdS/CFT correspondence, which is an equivalence of two theories: one is a quantum
field theory in d dimensions, the other is a theory of gravity in a (d + 1)-dimensional
space whose asymptotic boundary is d-dimensional. This correspondence is sometimes
referred to as holography since a theory in d + 1 dimensions is described in terms of a
lower dimensional theory. Finally in Section we give a quick review of the thermal
correlators in Minkowski space then in Section we introduce the AdS/CFT corre-
spondence in spacetimes with Minkowskian signature. Finally, in Section we find the
holographic two-point function in the finite temperature N' =4 SYM theory in 4d dual
to the AdS-Schwarzschild black hole in 5 dimensions.

2.1 Black Hole Quasi-Normal Modes

The coalescence of two astrophysical objects can be divided in three phases:

e the inspiral phase: when the two objects are well separated and orbit around each
other,

e the merger phase: when the two objects merge,

e the ringdown phase: when the resulting remnant object relaxes emitting gravita-
tional waves of very characteristic frequencies .

The inspiral and ringdown phases can be studied using spacetime perturbation theory,
while it is generally difficult to tackle the merger phase analitically. For example the tidal
response of a neutron star can be traced from the gravitational waves emitted in the late
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inspiral stage and expressed in terms of Love numbers. On the other hand quasi-normal
modes (QNM) dominate the ringdown phase.

To introduce quasi-normal modes (see |36} [12] for more detail) let us consider an
example first: an asymptotically AdS Schwarzschild black hole geometry in d dimensions:

2

ds* = —f(r)dt® + % +r2dQy s (2.1)

for dQ24_o the line element of the (d — 2)-sphere and
flr)y:=1+ i - <Q>d_3. (2.2)

L? r

Here L is the AdS radius and ry the Schwarzschild radius. Then in this spacetime we
consider a conformally coupled (with coupling 7)E| massless scalar field ® which has action

d—2
Sscalar = /ddx vV —g _glwauqﬂayq) — —fqu)Tq) (23)
4(d—1)
and the equation of motion for this for the field is
V, Vi = ifyR@. (2.4)
: 4(d —1)

This has to be solved coupled to Einstein equations. The black hole perturbation the-
ory approach now consists in considering small perturbations of the metric (h,,) and
of the scalar (¢) around a fixed black hole background which in our example is AdS-
Schwarzschild. Then the equations for the perturbations decouple and, for example, we
obtain the equation for the scalar

1
vV —YBG

for gpg the determinant of the background metric. Similarly we obtain some wave equa-
tion for the metric perturbation h,, which will describe gravitational waves propagating
in the black hole spacetime. In this particular example case we have spherical symmetry
thus we use the expansion in spherical harmonics

o) = Y e ¥ 0). 26)

l,m

0, (vV=gpc0"¢) = %@ (2.5)

!when v = 1 the action is invariant under the Weyl transformation g, (z) — Q2?(x)g,,(z) and
() — Q192 (2)® ()
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Then using the tortoise coordinate r, defined by dr, := dr /f(r) we obtain the radial
equation in a Schroedinger-like form

2

2
dr?

F+ (w*=V(r)F=0, (2.7)

for

(l+d—3) d-2 ((d—4>f<r> L2 dv)} (2.8)

v = )| 1 (1 2

The catch from the previous example is that for a perturbation ¢(t,z) we obtain a
wave equation of the form

o? o?
(5 — 352 + U@ )tt2) =0, 29)
which by the Laplace transform of ¢
b(s, ) = / dt e "' ¢(t, ) (2.10)
0
becomes the non-homogeneous equation
82 2 i _ a¢(ta :L‘)
{—@ + 5%+ U(I)}¢(s,x) = — s¢(t,x) . -~ . (2.11)

The corresponding homogeneous equation has the subdominant asymptotic solutions

b4 (s, 1) ~ e for © — 00, (2.12)
d_(s,x) ~ e for & — —00, '

for Res > 0. The Green’s function for the operator in the non-homogeneous differential

equation is given in terms of the Wronskian W [QAS_, qb:r] of the asymptotic solutions by

1

G(s,x, ') = —————=¢_(s,min {z,2'})d4 (s, max {z,z'}) . (2.13)
wlé, ]
Let us call Z(s,z) := — sgzﬁ(t,x)‘t_o — % Then the solution to the full non-
= t=0
homogeneous equation is
d(s,t) = /dx'G(s,x,x’)Z(s,x’). (2.14)
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Then we take the anti-Laplace transform

1 e+100 -

¢(t,$) = % / ' dse’ qb(S,ZL’)
1 €+100

= —— ds eSt/dx’G(s,x,x’)I(s,x’)

Comi

/ da' Z(s, 2')p_ (sp, min {z, 2'}) b (s, max {z, 2'}) .

=2 e Res ()
(2.15)

Here W (s) denotes the Wronskian W [gzg_, gb; which is independent of  and the sum is
|-

over the poles of the Wronskian. Equation (2.15)) shows that the perturbation is just a
sum over modes with frequencies w, = —is; determined by the condition

S=SL

Wi(sp)=0. (2.16)

The frequencies wy, are not necessarily real, thus this modes are in general decaying with
time. These are the quasi-normal modes. This approach of defining quasi-normal modes
was used in [19] to show that quasi-normal modes are nothing else than the Bethe roots
of an associated integrable model.

2.2 Introduction to the AdS/CFT Correspondence

In this section we will go over the basics of the AdS/CFT correspondence [32]. First
we introduce the (d 4 1)-dimensional AdS;;, space, which is the (d + 1)-dimensional
spacetime whose metric is

d 2
dsias,,, = L [—(r2 +1)dt* + ﬁ +r? dell] . (2.17)

Here L is called the AdS radius and d3_, is the metric of the unit-radius d — 1 dimen-
sional sphere. The surface at r = oo is called the border of AdS. The full isometry group
of AdS is SO(d, 2), which is manifest from another definition of AdS: take the space R%?
with coordinates Y_1, Yy, ..., Y; and metric

d
dsfa = —dY_,” —dYe” + ) dY;?, (2.18)
=1

then AdS is the submanifold of R%? defined as the level set

d
AdS, = {(Yl, YY) ERM YR VP4 Y= —LQ} : (2.19)
=1
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Now clearly this level set has a SO(d, 2) symmetry, however in these coordinates the time
direction is compact since it is the angle in the Y_;Yj-plane, thus in physical application,
where we want the time direction to be non-compact we will use other parametrizations

of AdS.
There is another choice of coordinates in which the metric has the form

,—dt? +dx5_, +dz
22

dsids@r1 =L (2.20)
in which the border is at z = 0. In these coordinate we can see explicitly the symmetry
(t,x,2) — (At,Ax,Az). Although this coordinates cover only a portion of AdS space
they are interesting because in them it appears the d-dimensional Minkowski metric.

Now the AdS/CFT conjecture postulates that all the physics in an asymptotically
AdS spacetime can be described in terms of a quantum field theory that lives on the
boundary. The boundary, which is given by R x S9! is mapped onto itself by the
SO(d, 2) isometries of AdS. Since SO(d,2) is a symmetry of the theory in the bulk of
AdS and it acts mapping the boundary on the boundary itself, it is also a symmetry of
the boundary QFT, but SO(d, 2) is nothing other than the conformal group in (d—1,1)-
space, thus the QFT is in fact a conformal field theory.

How is it possible though, that a (d + 1)-dimensional theory is equivalent to a d-
dimensional theory? Let us try to count the degrees of freedom of each theory. It seems
like the bulk, having an extra dimension, would have additional degrees of freedom. Con-
sider the number of degrees of freedom at large energy in the micro-canonical ensemble: in
a theory with no scale we expect that the entropy behaves as Shoundary ~ Vi—1T' d=1_ Then
for large temperatures compared to the radius of S9! we have Shoundary X T4 for c
the central charge of the CFT. In the bulk let us only consider gravitons which are also
massless particles, then the entropy of the gravitons scales as Sgravitons > T¢. This seems
to be a contradiction, since clearly, for large enough 7', we have Sgravitons > Sboundary-
However it is crucial to notice that the bulk theory contains gravity and gravity gives
raise to black holes. A metric for a asymptotically AdS Schwarzschild black hole is

ds? = .2

2 dr?
— <1 + T’2 — gm) dt2 + ﬁ + 7’2 dQZ?l y (221)

d—2
r rd—2

for m proportional the the mass of the black hole and ¢ proportional to the Newton
constant in units of the AdS radius

d
GN-H
[d-1°

g x (2.22)

At high energies, T" > 1/g, the entropy we should consider is then the Bekenstein-
Hawking entropy which does scale in the same way as the boundary entropy: Spy ~
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éTd_l. Comparing we see that the central charge c is proportional to the inverse gravi-
tational coupling 1/g.

This has an important consequence: a weakly coupled bulk gravitational theory
corresponds to a boundary field theory with a large central charge. One important
characteristic of a weakly coupled theory is that its Hilbert space has the structure of
a Fock space and the energy of a multi-particle state is approximately the sum of the
energies of the single particles states. The dual CFT needs to have a similar structure:
this emerges naturally in large N (as in U(NV), the gauge group) gauge theories with fields
in the adjoint representation. Gauge invariant operators can be formed by taking the
traces of the fundamental fields, e.g. Tr[F),, F*] or Tr[F), DD, F""]. Operators where
a single trace appears are called single-trace operators while products of single trace
operators are called double-trace (when there are two traces) or multi-trace operators.
When we act with one of such operators on the vacuum we create a state in the field
theory. In the context of AdS/CFT single-trace operators in the boundary correspond to
single-particle states in the bulk and so on. An example is the stress-energy-momentum
tensor 7, which corresponds to a graviton in the bulk.

Thus AdS/CFT connects the entropy of a black hole to the ordinary thermal entropy
of field theory: this gives a statistical interpretation the the Bekenstein-Hawking entropy.
In addition, since we see the black hole as an ordinary thermal state of a unitary field
theory, the AdS/CFT correspondence resolves the information paradox, making the black
hole time evolution unitary.

2.2.1 The Stringy Perspective on AdS/CFT

There is a general argument, based on the Feynman diagram perturbative expansion of
large N gauge theories, which shows that the dimension of multi-trace operators are the
sum of the dimensions of the single-trace components up to O(1/N?). This same analysis
also shows that the perturbative series of large N gauge theories can be arranged into the
perturbative series of string theory with string coupling gs ~ 1/N: that is the Feynman
diagrams of large N gauge theories arrange themselves in diagrams that can be drawn
on a sphere, torus and higher genus Riemann surfaces and when the genus of the surface
increases we get an additional power of 1/N2.

From this argument we have that a large N limit is necessary to have a weakly-
coupled gravity theory in the bulk. However we have another condition for the validity
of the gravity approximation: in order for the graviton to be treated as a point-like
object and in order for the massive string modes to be negligible we must have

L
o> (2.23)

for L the AdS radius and ¢, the string length. If this condition is not met then we
should consider the full string theory in the bulk and the gravity approximation does not
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hold. An important feature of string theory is the existence of massive higher-spin states
(s >2). In a large N gauge theory we can easily write higher spin single-trace operators
such as Tr [F wDLF “”} for D, a derivative along a null direction. These operator have
relatively small scaling dimension at weak coupling, in the example A = 4 + s. This in
the bulk corresponds to particles of spin s whose mass is relatively small: these states
make the gravity approximation invalid. Thus in order for the gravity approximation to
hold we have to consider a strongly coupled boundary theory.

2.2.2 Scalar Field in AdS

We will now devote to an example: we consider a scalar field ¢ in Euclidean AdS with
action

S = /dd“x V=9[(V¢)* +m?*¢?] . (2.24)

Let us quantize this theory in the coordinates (2.17). We expect the ground state to
have vanishing angular momentum, so we make the ansatz ¢(t,r) = e “!F(r) with the
boundary condition lim F(r) = 0. We obtain that

r—00

1

Go(t,r) = e"’“—(1 Y (2.25)
for
d [d
A=+ +(ml) (2.26)

is a solution of the equations of motion with the appropriate boundary conditions. The
energy of the solution is wy = A and the energies of the other states differ by an integer
w, = A + n since we can get all of the other states from the action of the conformal
generators and their energies are determined by the conformal algebra. The wavefunction
¢o(t,7) is localized near the center of AdS and in the limit mZL > 1 it becomes sharply
localized at » = 0. A massless particle has integer energies w, = d + n. The case of the
graviton in AdS gives a similar result since the equations are similar.

Going the the Poincaré coordinates let us consider the problem of computing
the path integral of this scalar field theory with fixed boundary conditions. Working
semiclassically, if we set zero boundary conditions then the field is zero and action is
zero. If we have non-zero boundary conditions the situation is more interesting. Given
the translation symmetry along the ¢ and x (denoting them collectively as x = (¢,x))
directions we go to Fourier space and use the ansatz ¢(x,z) = e*®f(k, z). The wave

equation is
d2f 1df 5 (mL)?
@jL(l_d);a_(k +7)f_0' (2:27)
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Near the boundary, i.e. for small z, there are two independent solutions f ~ z2 and
f ~ 2472, We will put a boundary condition at z = e:

o(r,2)] = olx)e’™ 2, (2.28)
then the solution that decays as z — oo is
f(k,2) = e* 242K, (k2) (2.29)
for K a Bessel K-function and
2
v=ia\l7 + (mL)?. (2.30)
Then the field is given by
k,z)
k. 2) = go(k)er=d L2 2.31
(b( 7Z> ¢0< )E f(k,e) ( 3 )
Inserting this into the action and computing we get the on-shell classical action
d?k z df(k,z)
L= s L) ed—2A ’ 2.39
Su= [ Rtz A 232
Transformed back into position space we get
2vI'(A) d—l/ i a Po(z)do(y)
0= ——m——=L d%z d%y ————+=. 2.33
! e ) Y o — g2 (2.33)

The AdS/CFT dictionary states that this computation with fixed boundary condi-
tions is related to the generating functional of correlation functions for the corresponding
operator in the field theory. In other words for a bulk field ¢ related to the single-trace
boundary operator O we have

Zunlon()] = (o [ ato a0 > , (234)

Zpuik[Po()] = / D¢ exp(—S[¢]) . (2.35)

{(i)(x,e):qbo(x)ed—A}
The path integral taken only over the functions which satisfy the boundary condition
(2.28]). In the semiclassical approximation then we have Zy[¢o(x)] = exp(—Sq) and

we get the correct expression for the two-point function of dimension A operators in a
CFT. In practice we can consider the semiclassical (saddle-point) approximation to the

path integral and write (2.34)) as

exp(—S[@]) = <eXp ( / dly gbg(x)(’)(x))> | (2.36)
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2.3 Minkowski Space Thermal Correlators

This section will be devoted to a review of the various thermal Green functions that
appear in quantum field theory in Minkowski space. Consider thus a QFT at finite
temperature and let O(z) be a local bosonic operator in such QFT. In Minkowski space
the retarded propagator is defined as

Gr(k) == —z’/d4x e (1) ([O(z), O(0)]) (2.37)
while the advanced propagator is
Galk) =i / diz e=9(—1) ([O(x), O(0)]) - (2.38)

From the definitions we immediately see Gr(k)* = Gr(—k) = Ga(k). Another correlator
we can consider is the Wightman function

G(k) = % / diz e (O(2)O(0) + O(0)O(z)) . (2.39)

All other correlators can be expressed in terms of G4, Gg and G. For example the
Feynman correlator is given by

G(k) = —i / diz e~ * (T{O(2)O0(0)}) = %[GR(k:) b Ga(R)] —iGR). (2.40)

From the spectral representation of G and G one can relate G(k) with the imaginary
part of the retarded correlator:

G(k) = —coth%lm Gr(k). (2.41)
Therefore, if G is known, all of the correlators are known. For example
Gr(k) = Re Gr(k) + icoth%lm Gr(k). (2.42)

This multitude of Minkowski space correlators is in contrast with the situation in
Euclidean QFT, where usually one only deals with the Matsubara propagator

which is only defined at discrete values of wg, which for bosonic operators are multiples
of 2nT". The Euclidean and Minkowski correlators are obviously related. The retarded
correlator G can be analytically continued to the whole upper half w-plane and, at
complex values 2w T'n it reduces to the Euclidean propagator

Gr(2miTn, k) = —Gg(2nTn, k) . (2.44)
Similarly the advanced propagator can be continued to the lower half w-plane and
Ga(—2miTn, k) = —Gg(—27Tn, k). (2.45)
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2.4 Minkowski AdS/CFT Prescription

In this section we review how the Euclidean AdS/CFT prescription is generalized to the
Minkowski case as in [44]. In the Euclidean formulation, the classical solution is uniquely
determined by the boundary value ¢o(x) and the requirement of regularity at the horizon
z = zg. Correspondingly the Euclidean correlator obtained using the correspondence is
unique. In contrast, in Minkowski space, the requirement of regularity at the horizon is
not sufficient to select a solution and a more refined boundary condition is required. This
problem is thought to reflect the multitude of Minkowski space correlators and different
boundary conditions at the boundary lead to different correlators.

One boundary conditions stands out physically: the incoming wave boundary condi-
tion. This simply states that at the horizon waves can only travel from the region outside
the horizon to the region inside the horizon. We may suspect this condition corresponds
to the retarded propagator, while the outgoing wave boundary condition corresponds to
the advanced correlator.

However even after fixing the boundary conditions, it is still difficult to get the
prescription to work (after adapting it to Minkowski space, that is). Let us
consider the AdS metric of the form

ds® = g, dz* + G (2) dat da” (2.46)

and a scalar field with action
ZH
Scl = K/d4x/ dz V—3g [gzz(ang)Q + g/w u¢au¢ + m2¢2} ) (247)
ZB

for K some normalization constant, m the mass of the scalar, zp the value of the z
coordinate at the boundary of AdS and zy at the black hole horizon. The linearized
field equation for ¢ is
1
V=9

which has to be solved with fixed boundary condition at z = zg. The solution is

0:(V=9970:0) + ¢" 0,0, — m*¢* =0, (2.48)

d4k ik-x

o) = [ e k2o (2.49)
Here ¢y(k) is determined by the boundary condition
dk |

ozm ) = [ e nlh) (250)

and f(k,z) is the solution to the mode equation

1

——0.(v/=9970.f(k, 2)) — (¢"kuk, + m*) f(k,z) = 0 (2.51)

v—9
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with unit boundary value at the boundary f(k, zg) = 1 and satisfying the incoming wave
boundary condition at z = zy. The on-shell classical action then is the boundary term

d*k H
Sa = / (2ﬁ)4gbo(—k)§(k’, 2) o (k) N (2.52)
for
S(k,2) = K\/—gg* f(—k,2)0.f(k, 2). (2.53)

Then guessing the Minkowski space AdS/CFT prescription as

exp(iSq) = <exp (z / d*z ¢0(x)0(x)>> : (2.54)

the Green function obtained is

ZH ZH

GR(k> - - %(sz) - S(_ka Z) (255>

2B ZB

However this quantity is real while the retarded Green’s function is in general complex
and the guess (2.54]) turns out to be wrong. To circumvent the problem in [44] they
conjectured that the correct expression for the retarded Green’s function in Minkowski
space is

Grk) = =2 F(k, 2) (2.56)

ZB

2.5 Holographic Two-Point Function at Finite Tem-
perature

In this section, following closely |15], we consider a holographic conformal field theory
at finite temperature dual to a black hole in AdSs space. The black hole metric is

dr?

ds* = —f(r)dt* + 7 +r?dQ; (2.57)
for (setting the AdS radius to 1)
fr)=1+12— 7% . (2.58)
The Schwarzschild radius is given by
R, = VIitdp—1 (2.59)

2
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and the dimensionless parameter p is related the the mass of the black hole M by

 8GyM

. 2.60
0 o (2.60)

We consider a scalar in the bulk with mass m dual to an operator O on the boundary
with dimension A. The relation between m and A is

m=/A(A—4). (2.61)

To solve the wave equation in the black hole background we expand the field as
o6, = [ do 3 e Y, n@)ualr), (262)
0

here € denotes collectively the coordinates on S? and Yy 7 are the spherical harmonics
on S3. The wave equation becomes

l%% <r3f(r)%> + f“(’r) - f(gg 2 _ A(A —4) |1 e(r) = 0. (2.63)

Since we want to compute the retarded two point function we impose the incoming wave
boundary conditions at the horizon

2

@ R;+
Vou(r) = (r—Ry) ** forr— Ry, (2.64)
then on the AdS boundary we have

Voo t(1) = Alw, O)r>* + B(w, £)r~>  for r — co. (2.65)

Then using the prescription ([2.56]) we get

B(w, )

G l) = . 2.66
R(wv ) .A(w, €> ( )

This has holographic two-point function has been calculated in [15]. The differential
equation (2.63)) can be mapped to the Heun equation: via the map

7,2

T Ier R

a2\ ~ /2
Yy = (Tgf(r)d—i) Xew,e(2)

(2.67)
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L b AT P A Sl T Sl R A
dZ2 (Z - 1)2 (Z — t)Z 22 Z(z — 1)
1-t)¢&
- z(z(— t)(z) —1) Xwe(2) =0. (2.68)

This equation appear in gauge theory as the quantum Seiberg-Witten curve with Ny = 4
: the parameters Ao, A1, A\¢, Ao are related to the masses of the fundamental matter,
£ is the accessory parameter and ¢ is the instanton counting parameter. The dictionary
between the black hole and the gauge theory parameters is

t= Ri
S 2RZ 417
A0:07
1w R+
A= S omy
2 2R% +1
A—2

>\1:T7

NIES
© T 22RT 41
0(0+2)+2(2R% +1)+ R2ZA(A —4)
4(R2 +1)
R%r w
1+ R2 4(2R% + 1)

(2.69)

E=—

+

In [15] they use the connection coefficients computed through the conformal side of the
AGT correspondence in [14] to find the holographic correlator Gr(w, ) in the boundary
finite temperature CFT.
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Chapter 3

Integrability and the ODE/IM
Correspondence

In this chapter we give first a brief review of integrability in classical mechanics in Section
and classical field theory in Section 3.2 following [45]. Then in Section |3.3| we go over
the integrability structure of conformal field theory following [10, [9]. Finally, in Section
3.4, we are in the position of giving a somewhat historical introduction to the ODE/IM
correspondence following its first incarnation [17, [8] as a correspondence between the
spectral determinants of a certain Schroedinger equation and the eigenvalues of the Q-
operators introduced in conformal field theory.

3.1 Lightning-fast Review of Integrability in Classi-
cal Mechanics

Let M be a 2N-dimensional phase space with canonical coordinates (q',p;) for i =
1,..., N with Hamiltonian H : M — R and Poisson structure

The Hamiltonian system is Liouville integrable if there are N independent conserved
quantities F; : M — R called the integrals of motion which are in involution, i.e.

{F.F} =0. (3.2)

Then consider N constants f; and define the submanifold of the phase space M as the
level set

My ={xe M| F(x)=fifori=1,...,N}. (3.3)

Now consider a open non-intersecting smooth path C' in M; and construct the function

q .
S(q, F) :—/Coz—/ pidq' (3.4)
%
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here « is the canonical 1-form « := p; d¢®. This is only a function of the F; and the final
point (after fixing the initial point to a convenient one) of the path C' because of Stokes’
theorem and the fact that on M, the symplectic form w = da vanishes. Then we define
the coordinates

i oS
Y= oF (3.5)
so that A }
dS =p;d¢' + ' dF; (3.6)
and from the fact that d2S = 0 we obtain
w=dF, Ady° . (3.7)

This shows that the coordinate transformation (¢, p;) — (¥, F}) is canonical and S is
its generating function. Also all the new momenta F; are integrals of motion and their
conservation implies that { H, F;} = 0 thus H does not depend on 1. Since the equations
of motion are ,
dyt  OH
dt — OF

and g—g is just a constant depending on the f;, we can straightforwardly solve for ).

The manifold My can display non-trivial cycles, corresponding to a non-trivial topol-
ogy and thus the coordinates v are in general multi-valued. Let us consider a situation
in which the manifold M; has exactly /N non-trivial cycles C;. Then we define the action
variables as

(3.8)

1

Ii =
27 c;

(3.9)

which depend on the F;. Therefore we can regard the function S(q, F') as a function
S(q,I). Then the angle variables are defined as the canonical conjugate to the action

. 0S
0" = : 3.10
o7 (3.10)
Then it is a simple calculation to show
f{ d¢? = 2767 (3.11)
C;

thus the coordinates #° are the angle variables which parameterize the N dimensional
torus T,

Now let L and M be matrices such that the Hamilton equations of motion can be
written as

% _ ML) (3.12)
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The two matrices are then said to form a Lax pair. Then a set of conserved quantities is
given by (for natural n)

O, =Tr{L"} =) (\)" (3.13)

and in particular the eigenvalues \; of the matrix L are conserved: the operators L()
are isospectral as t varies. It is important to notice that the Lax pair is not unique, but
there is a gauge freedom

d
L gLg™' M gMg™ + Zg7 (3.14)

for g an invertible matrix depending on the phase space variables. We will regard L
and M as matrices in some Lie algebra g. Now if we find a Lax pair we found already
N conserved quantities, however we still have to show involutivity. We introduce the
notation, for any X € g

X1 :X®1€g®g,

3.15
Xo =10 X eg®yg, ( )

then it can be shown that [6] the eigenvalues of L are in involution if and only if there
exists a phase space function valued in g ® g 12 such that

{L1, Lo} = [r12, Ln] = [ra1, L], (3.16)

for r9; = Il o 15 and II being the permutation operator on g ® g. Imposing the Jacobi
identity on the Poisson brackets ([3.16)) we obtain that when 75 is constant the sufﬁcientﬂ
condition on g ® g ® ¢

(112, T13) + [r12, 23] + [r13,723] = 0. (3.17)

This last equation is called the classical Yang-Baxter equation (CYBE) and the matrix
r a constant classical r-matriz. An interesting situation is when we can find a family of
Lax pairs parametrized by a complex number u called the spectral parameter.

3.2 Integrability in Classical Field Theory

To tackle integrability in classical field theory we will generalize the Lax pairs. Let us
consider field theory in (1 + 1)-dimensional space-time and suppose we can find two

'a more general form of this condition has the name of classical modified Yang-Baxter equation and

has a Casimir element in place of zero in the right-hand side
2the notation (3.15)) extends in the one logical way, also for the r-matrix
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spectral-parameter-dependent matrices L and M such that the field equations can be
written as

oL o0M
T M, L 1
o — 5o = ML), (3.13)

then we call the field theory classically integrable. Equation (3.18)) is often called the zero-
curvature representation of the field equations, in fact consider the g-valued connection
1-form called the Laz connection

L= Ldz+ M dt (3.19)

then equation ({3.18)) is precisely the condition for the vanishing of the curvatureﬂ
1
dL =dL + 5[5, L£]=0. (3.20)

The condition (3.18)) can also be seen as the compatibility condition of the auziliary

problem
(%—L)\P:O (%—M)\II:O. (3.21)

Now we introduce the path-ordered exponential which implements the parallel trans-
port of the Lax connection along a segment {to} % [s_, s;] of constant time

st

T(t,s_,s4,u) :=Pexp (/ L(t,x,u) dm) . (3.22)

Then we have or
En = M(s )T —TM(s_). (3.23)

We consider now the field theory on the cylinder R x S and define the monodromy
matriz as the holonomy of the Lax connection around the constant time cycle of the
cylinder

2T
T(t,u) :=Pexp (/ L(t,z,u) d:c> , (3.24)
0
then
or _
ot

This means that the trace of the monodromy matrix, called the transfer matrix

[M(t,0,u),T] (3.25)

t(u) == Te{T(¢t,u)} (3.26)

3d£ denotes the covariant exterior derivative with respect to the connection £
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is conserved for all the values of the spectral parameter u. Then by the expansion (for
example if ¢(u) is analytic near the origin)

t(u) = i tpuf (3.27)

we obtain the conserved quantities tj.
Now let us consider whether the conserved quantities are in involution. Suppose that
the Lax matrix L satisfies the following relation

{L1(t,x,u), Ly(t,y,u")} = [ria(u — u'), Li(t, z,u) + Lo(t,y,u")]0(x — y) (3.28)
for some r-matrix which is only a function of the spectral parameter u and which satisfies
rio(u —u') = —ro (u' — u). (3.29)
Then it can be shown that the monodromy matrix satisfies the Poisson bracket relation
{T3(u), Ta()} = [raau — o), T4 (u) Ta(u)] (3.30)

from which we obtain, by taking the trace, the Poisson bracket
{t(u),t(u")} =0. (3.31)

This states that the conserved quantities t; are all in involution. With the conditions we
assumed we can again find a sufficient condition for the Jacobi identity of the Poisson
brackets to be satisfies which is again called the classical Yang-Bazxter equation (CYBE)
with spectral parameter

[r12(u1r — uz), r13(ur — uz)] + [ri2(ur — ug), rag(uz — us)]
+ [ri3(ur — uz), mo3(ug —uz)] = 0. (CYBE)

The Poisson brackets (3.28) are called wultra-local because in them it appears the delta
function, but not its derivatives. When derivatives appear (3.30) has to be modified.

3.3 Integrable Structure of Conformal Field Theory

In this section we move to quantum integrability. In particular we review the work |10,
9] and the integrability structures of 2D CFT. Recall that the conformal symmetry is
generated by the energy-momentum tensor which has the mode expansion

T(u)=——+ Z L_e™, (3.32)



expressed in terms of the operators L, which generate the Virasoro algebra Vir

(13 — 1)Bnsmo - (3.33)

LnaLm: - an T
L L) = (1= ) L+

As usual the chiral space of states .7, is built up as the direct sum of irreducible highest
weight Verma modules Va

Hon = Va, (3.34)

A

whose highest weight vector |A) € V, satisfies
L,|AYy=0forn >0, Ly|A)=A|A). (3.35)

It is known that the the universal enveloping algebra U(Vir) contains an infinite
dimensional abelian subalgebra generated by the local integrals of motion (LIM) Ig_4
that have the form

2

for Ty, appropriately regularized polynomials in 7" and its derivatives. The first few of
them are [40]

2w du
]2k_1 = / —Tgk(u), (336)
0

c+ 2

To(u) = T(u), Ty(uw)=:T*u):, Ts(u)=:T3u):+ TEE (T (u))” : . (3.37)
The T5;, are uniquely determined by the requirement of
[Iog—1, lorr—1] =0 (3.38)
and the spin assignment]]
dw
74 N )DL () Tk ()} = 24T (1) (3.39)

The operators Io._1 : VA — Va can be written in terms of the L,. For example

C
=L,
1 0 247 ( )
> c+2 (5¢ + 22) 3.40
L—oS L, 12 Step et
3 ; T T Tt Tggg

4here T is the time-ordering operator

A(w)B(u) if Im{u} > Im{w}

T{A(w)B(u)} = {B(u)A(w) if Im{u} < Im{w}



The objective now is simultaneously diagonalize the LIM. This problem can be though
as the quantum version of the Korteweg-de Vries (KdV) problem as in the classical limit
¢ — —oo using the substitution

T(w) > —£UG), [} i—:{,} (3.41)

for periodic U(u + 27) = U(u) we get the Poisson structure
{Uw),U(w)} =2(U(u) + U(v))d"(u—v) + 8" (u—0), (3.42)

which is known to describe the second Hamiltonian structure of KdV, provided we take
one of the infinite Iz(zlll, classical limits of the I5;_1, as Hamiltonian. These are clearly
the classical version of the operators .

Here we will directly go over the integrable structure of the quantum theory, however
in [10] the integrability structure of KdV is studied and it is shown how the classical
and quantum cases show some analogy. We start by using the Feigin-Fuchs free-field
representation of T'(u)

2
—BT(u) =: ¢ (u) : +(1 — " (u) + % , (3.43)
in terms of the free-field operator
o(u) =1iQ + iPu + Z don ginu : (3.44)
nezv(o}
and the mode operators (), P and a, satisfy the Heisenberg algebra
P n 9

[Qa P] = 5/8 y [anyam] = 5/8 5n+m,0 . (345)

The parameter (3 is related to the central charge by

1—c 25 — ¢
5:\/ 24 _\/ 2 (3.46)

Let .%, be the highest weight module of the Heisenberg algebra ([3.45) whose highest
weight vector |p) is defined by

Plpy=plp), an|p)=0forn>0. (3.47)

and (3.43)) defines the action of Vir in .%,. In particular .%#, is isomorphic to Va for

A—(£)2+6_1 (3.48)
A\ B 24 '




The space %, splits in the level [ subspaces J;S) €.

7= @,

par (3.49)
Lo |y = (A+1)|¢) for any [¢) € Z.

The normal ordering in the Feigin-Fuchs free-field representation is the clear one of

the creatlon and annihilation operators a,. The operators act invariantly on the level

subspace fp thus the problem of diagonalizing them is a finite algebraic problem.
Consider now the following operator-valued matrices

L\ =, {e”PHP exp (/\ /O " (v_ (W)q® E + V+(u)q—%F> )} (3.50)

for the vertex operators

Vi(u) :=: 27" = exp (ﬂz . mu) exp(£2i(Q + Pu)) exp <3F2 Z " mu)

(3.51)
and E, ' and H the generators of the quantum universal enveloping algebra U, (sl(2, C))
B B " —q
qa—dq

having ¢ = €. Finally 7; is the spin j representation of U,(sl(2,C)) and thus ﬁj(A)
is a matrix acting on the spin j representation space which we will label V.

The operators (3.50)) are designed in such a way that they satisfy the quantum Yang-
Bazter equation (QYBE)

Ry O™ (LN @ (1@ Ly () = (1© Ly () (L;(N) @ D) Ryyr(A™) (3.53)

for a quantum R-matriz which acts on the space V; ® V.. Equation (3.53) can be checked
explicitly order by order using the expansion of the path ordered exponential of (3.50)).
The quantum transfer matrices are defined then by

Ty(\) = Try, {e”PHij(A)} (3.54)
and they satisfy
[T5(0), Ty ()] = 0 (3.55)

as a consequence of (3.53). For shortness we define T'(\) := (). The transfer matrices
satisfy the T-system
T (¢T3 (a70) = 1+ T, (VT3 () (3.56)

1
2 JT3
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and the fusion relations

T(\T; (qﬂ%A) ~T

i3

(@ N T (7)) - (3.57)

Using the fusion relations and the fact that Ty(A) = 1 one can express recursively higher
spin operators in terms of the basic one T'(\). This has the expansion

T(\) = 2cos(27P) + f: NG, (3.58)

n=1

and the coefficients G,, define an infinite set of commuting non-local integrals of motion.
It would be worth stopping for a second now to check whether the integrals we have been
writing are convergent, this is done with some interesting considerations in [10, [9]. Here
for what concerns us, we are interested mainly on the Q-operators and we will avoid any
discussion about convergence.

The power series defines T'(\) as an entire function of A\? with an essential
singularity at A = co. The asymptotic expansion of T'(\) at the essential singularity
determines the local IM

log T(\) ~ mAT# ZC JA= (3.59)

this is proved in [10] where also the constants m and C,, are defined.
We know move to our main interest: the Q-operators. Let £+ and H be the generators
of the g-oscillator algebra

1

g’

qurg, — qflging =

(1, €] = +2€, . (3.60)

Let p be any representation of this algebra such that the trace
Z(p) == Tr, {e*™"} (3.61)

exists for complex p belonging to the half-plane Im{p} > 0. The we can define the two
operators

A

2w
AL(N) == Z71(£P) Tx, {eﬂ’”m{? exp <)\/ du V,(u)qigé'i + V+(u)q¥7;5;) }
0

(3.62)
The @Q-operators are then defined

Qr(N) := AE2PIP A (\) (3.63)

and they satisfy the following important relations [9]
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they commute among themselves and with the T-operators,

they satisfy the T'Q-system

A N

TANQ+(N) = Qx(g)) + Q=(g'N), (3.64)

they satisfy the Q@Q-system

Q+(¢"”NQ-(¢7X) — Q(q7*N)Q_(¢"/*\) = 2isin(2r P), (3.65)

the transfer matrices can be expressed as
2isin(27P)T;(\) = Qo (¢ 2NQ-(¢77720) — Qu(g 7 ENQ-(¢"2)) . (3.66)

It is clear that the Q)-operators are somewhat more fundamental than the transfer ma-
trices, as they can be used to express the latter. Also the T'Q-system can be derived
from the Q@Q-system expressing the transfer matrices in terms of the Q-operators. The
derivation of these functional equations is sketched in [9)].

3.4 The ODE/IM Correspondence

The ODE/IM correspondence is a correspondence between certain Schroedinger-like or-
dinary differential equations (ODE) and some integrable models (IM). In its first in-
carnation [17] the correspondence related the vacuum eigenvalues of the Q-operators of
conformal field theory to the spectral determinant of the Schroedinger equation

[—d—; + \:cr?"}w(x) = (). (3.67)

In particular, for some special values of the conformal momentum p, namely p = 5%/4,
the vacuum eigenvalues of the (Q-operators Q+ and Q, essentially commde with the
spectral determinants associated with the odd and even sectors of (3.67)) respectively.
The parameter a of the Schroedinger equation is related to the parameter B of the CFT
via

a=— —1. (3.68)
A key part of the identification is that both the spectral determinants and the -
operators of conformal field theory satisfy the same functional relation: the QQ-system.

This was shown for the spectral determinants to hold by the pioneering work 49| |48,
47].
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In [§] the correspondence was generalized to hold for generic values of p. The
Schroedinger equation was modified, adding an angular momentum term
d2

da?

+ 2% + W%) Y(z) = Ey(x). (3.69)

2

This is considered on the half-line x > 0. Here the relation (3.68) continues to hold and
for ¢ we have the identification

(=2 _1. (3.70)

Crucially the differential equation (3.69) has a regular singular point at z = 0 and a
irregular singularity at infinity, also it enjoys the A-symmetry

ANix—zx, EnFE, (——(—1 (3.71)
and the Q-symmetry for ¢ = e™/(1+e)
Qizw—qr, E~q*E, (. (3.72)

Then we consider the unique solution ¢_(z) specified by the asymptotic condition at
z=0

2 _ 1 l+1
V() ) (24 20) T for z — 0. (3.73)
1+« 1+ 2
2(14+c)

The solution t_(x) is not invariant under the A-symmetry. This can be though as
some sort of spontaneous symmetry breaking: even though the differential equation is
invariant, its solutions (the ”vacuum”) are in general not. Thus another solution is
defined by

Yi(z) = Ap_(). (3.74)
Their Wronskian
Wiy, v_] = 2i(¢"? — g 1/?) (3.75)

is generically different then zero and thus these solutions are linearly independent and
form a basis of the space of solutions to (3.69). Similarly for the irregular singular point
x = oo we define the solution y(x) by the asymptotic condition

1+a
X4 () >~ 7% exp (—f 04) for v — o0 (3.76)

and again we define another solution using this time the Q-symmetry by

X () :=ig” Qi (x) (3.77)
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It can be checked that Wx,, x_] = 2 and thus x_(x) and x(x) form a basis. Using the
various symmetries| it is possible to express the basis ¢4 () in terms of the basis x4 ()
using a single function D(E, /) as

(1) = —ig" "2 D(q72E, O)x4(x) + D(E, O)x_(=). (3.78)
Then using the A-symmetry it is easy to get
Y_(z) = —ig" "2 D(¢ 2B, — — 1)x(x) + D(E, — — 1)x_(x). (3.79)

In particular the function D(F,¢) is given by the Wronskian

D(E, ) = 5 W] (3.80)

and satisfies the QQ-system
@ D(E)D(E,~( = 1) — " FD(E,O)D(¢*E,~( = 1) = ¢*} — g}, (381)

In [8] they then use the asymptotics of the function D(F,¢) as well as its analicity
properties and, crucially, the Q@Q-system to prove the identification with the vacuum
eigenvalues of the (Q-operators of conformal field theory.

Since the times of [17] the correspondence has been realized also for the excited states
[7] and many more examples of correspondences between ODE and IM have been found.
A relevant example to this work is the correspondences for the quantum Seiberg-Witten
curves [20, 19, 22].

Swe will do this in Chapter [4| for Heun’s equation in detail, the steps are analogous
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Chapter 4

Heun’s Equation ODE/IM
Correspondence

In this chapter we construct the ODE/IM correspondence for Heun’s equation. We write
2
the equation in the form ([1.88)) (with the identification d; := 1 — %’
LN VIS e YIS o O S R I I LB
dz2 22 (z—1)2 (z2—1)2 z2(z—1) z2(z—=1t)(z—1)
(Normal HE)

x(z) =0.

For convenience we define
i—A%JF L\ N A AN NN (1-E

22 (z—1)? (z—1)2 2(z—1) 2(z—=1)(z—1)
Notice that the equation has four regular singular points at z = 0,¢,1,00. Also notice
the following discrete symmetries

V(z) = . (4.1)

A] : )\[ — —)\] . (42)

First in Section we will derive fundamental integrability structure: the QQ-systems.
In Section [4.2| we describe the monodromies of the ODE and then in the following section
we show how the monodromy and connection problem are related: we give a formula for
the monodromy matrices and Floquet exponents in terms of the ()-functions. Using this
formula we are able to derive a novel functional equation satisfied by the Q-function (cf.

@51).

4.1 Connections and (Q()-systems

In this section we construct specific bases of solutions to (Normal HEJ|) which we will call
the ODE/IM bases. Then we will find the linear relations between the ODE/IM bases in

'here we have introduced indices I, J, ... to label the singular points 0, ¢, 1 and oo
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terms of matrices which we will call connection matrices. We will be able to express each
of these connection matrices in terms of a single function of the moduli of the equation
(Normal HE)) and we will finally find this function satisfies a form of QQ-system.

We want to define the ODE/IM bases, as usual in the ODE/IM prescription, using
some asymptotic condition at the regular singular points. It is worth spending some
words on this problem: in order to determine a unique solution it is important that the
asymptotic behaviours are decaying as otherwise a unique solution is not determinedﬂ.
We therefore suppose A; > —% for I # oo and A\ > % and define x7o to be the unique
solutions to determined by the asymptotics:

Xo0,0(%) i ~ 3t for z — 0,
2) i~ H2 T for 2 st
Xto(2) 1= (2 — 1) (4.3)
X1.0(2) i~ (2 —1)2“1 for z — 1,
Xoo,0(2) 23 hoo for z = 0.

Then we define x;; using the symmetries (4.2)) via x71(2) := Arxro(z). Clearly their
asymptotic behaviour can be obtained applying the A-symmetries to the asymptotics.
Notice that if the asymptotics of are not decaying we could always define uniquely
the functions x;; first and then apply the A-symmetries to define x; .

We now can compute the Wronskians Wy := W{xr1, xr,0] using the asymptotics. We
have W; = 2\; for I # oo and W, = —2\,. Under the additional condition A; # 0 for
I # oo (recall Ay, > %) we have that (x7,0, xr1) form four bases of the space of solutions

to (Normal HE]) which we will call the ODE/IM bases: if we further define

xi1(2) == (xr0(2) x11(2)), (4.4)
then any solution x(z) of (Normal HE|) can be written as

()
X(2) = () <g<>) (4.5

for some coordinates <C'(()I),C’§I)> € C2. It is also important to note the invariance

2for example take the simple equation

2
ddi(j) - W;;l)f(z)zo, (eN.

This has solution f(z) = Cy2*! + Coz7¢. Specifying the behaviour f(z) ~ Cz**! for z — 0 determines
a unique solution to the equation C; = C' and Cy = 0. On the other hand specifying f(z) ~ Cz~* we

can only say Co = C as 2! is subdominant and f will satisfy the asymptotic condition for any value
of 01

51



properties for I # J
Arxs0 = X0,
AIXJ,l = XJ1-

It is now natural to wonder what are the linear relations between these four different
bases. We can indeed express all these relations in terms of the functions (denoting A;

(4.6)

collectively as X)
Qlj(ta 87 A) = W[XI,O?XJ,O] ) I 7é J. (47)

Clearly from the definition Q' = —Q’7, so that already we know that no more than six
of these functions are independent. Also, crucially, using the invariance properties (4.6]),

we have y
Wixra, xs0] = AMQ",
W[XI,(L XJ,l] = AJQIJ , (4.8)
Wixi1, xs1) = AA, Q.

Since the expressions A;Q!7 and such will happen often we introduce the notation
Yo=QY, QY= AQY, QY =007, QY = MAQY. (4.9)

Then we can write, using Wronskians

QY. QY
Xro(2) = — W, Xz0(2) + W, X71(2) (4.10)
and applying the A; symmetry
2 Q"
XI,I(Z) = — WJ XJ’(](Z) + W; XJ’l(Z) . (4.11)

These relations between the bases are called connection relations and the functions Q!
are called the connection coefficients or in the integrability language Q-functions. Using
(4.10) we immediately find
1J . xro(?)
=W, lim ———. 4.12
t d z—J XJ1 (Z) ( )

We can write the connection relations introducing the connections matrices

1J 1 (= —-QY
Q- _( - ) 7 413
o\ Q@ )
then using these the connection relations become

x1(2) = xs(2)Q". (4.14)

we are not explicitly writing that all of these are functions of the moduli (¢,&, A;) for convenience

3
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To derive the Q@Q-system, which is the functional relation satisfied by the @-functions,
the usual approach is taking the Wronskian of (4.10) with (4.11). Since we are here

using a matrix form it is convenient to introduce the fundamental matrices of solutions

W of (Normal HE):
Uy (2) = ( Xr.0(2) xr,1(2) > (4.15)

%XI,O(Z) %XIJ(Z)
whose determinant is precisely the Wronskian Wx; ¢, x1.1] = —W;. We have, by linearity
of the derivative

() = U (2)Q". (4.16)
Then taking the determinant, we obtain the QQ-system
Wi
det Q" = — 4.17
Q= it (.17
which written in terms of the Q-functions reads
MY —QY QY. =wiw;. (4.18)

Finally notice that not all the Q-functions Q' are independent. The following rela-
tions

QIJ:QIKQKJ (419)

relate them to one another and only three are independent. This is clear because we can
choose one basis and express the remaining three using three Q)-functions. In particular

at the @-function level (4.19)) reads

IK ©hWKJ _ NHIK NHKJ
1J __ —+Y++ ++ v +— 420)
++ : ( .
Wi

4.2 Monodromies

In this section we study the monodromies of (Normal HE). We already introduced
the monodromy group in Chapter [1| when speaking about Seiberg-Witten theory, but
it is worth giving the definition again in this specific context. In particular we are

studying (Normal HE) on the Riemann sphere with four punctures CP' \ {0,¢,1,00}.
The differential equation generates the monodromy group which is an homomorphism of

the fundamental group
M. : m (CP"\ {0,¢,1,00}) — SL(2,C) (4.21)

To give a precise definition of this a base point z* € CP'\ {0,¢,1, 00} has to be chosen.
Then if (x1(z), x2(2)) is a solution specified by local data at z*, the analytic continuation
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along a closed path depends only on the homotopy class v € 7 (CP'\ {0,¢,1,00}) and it
defines the monodromy matrix (x1(z), x2(z))M.«(7). However changing the base point
from 2* to 2z’ the monodromies also change by conjugation of the holonomy h € SL(2, C)
from z* to 2’

Now label v; € 71 (CP' \ {0,¢,1,00}) the paths which wrap around the singularity
at I in anticlockwise sense and M; = M. (7). We define the monodromy data of the
differential equation as the conjugacy classes

Mo (Mo, My, My, M, € SL(2,C) | MoM MMy, = I and Tr M; = —2cos(2mA;))
X (M ~ hMh=" for h € SL(2,C)) ‘
(4.22)
Here we are working at fixed \;, then this space is generically 2-dimensional and by
the Riemann-Hilbert correspondence (&,t) are a set of local coordinates on it [30]. To
explicitly write the matrices M; we need to pick a basis. The easiest job is writing M,

in the basis 7, we denote this by My) and we have

2T
I —e 0
Mg) = ( 0 _62m')\1) ) (423)
then clearly
Tr Mgl) =Tr M; = —2cos(2w)\;) =: 0 (4.24)

as in the definition (4.22). Using the connection matrices we can write M; in any basis

X1 as
MY = Q)M QY. (4.25)

Any other coordinate ¢ in M can be viewed as a function of (€,¢). In particular
inverting the relations we can see £ as a function of (¢,£). A standard choice for £ is one
of the three traces

oot -— TI'(MOMt) , Ot = TI'(MtM1> , 001 ‘= TI'(MoMl) s (426)
or one of the three Floguet exponents [30]
oo =: —2cos(2mvyy), oy =: —2cos(2mvy), oo1 =: —2cos(2mrp) (4.27)

These variables are not of course all independent, they are related by the cubic Fricke-
Jimbo relation [37, 34, |27, 25, 26|

R 2 2 2
W(O’Ot, O¢1, 0'01) = 00t0+1001 -+ UOt + O'tl —+ 0'01 — O'Ot(O'lO'oo + 0'00}) — O'ﬂ(O'(]O'oo -+ 0'10't>

— 001(0400 + 0001) + 0p + 07 + 07 + 02 + 000101060 —4=0. (4.28)

o4



The space My is essentially isomorphic to the moduli space of flat SL(2,C) connec-
tions on CP* \ {0,¢, 1,00} with fixed conjugacy classes of the monodromies around the
punctures. This space admits a symplectic form due to Atiyah and Bott [5] which readsﬁ

Q= / Tr(5A A GA). (4.29)

In this picture the traces of monodromies correspond to the Wilson loops

Wiy = Tr{Pexp ( 7{ A) } | (4.30)

More over one has the so-called skein-relations [46], |37, [34] which state that for any
two loops v; and 7; in CP' \ {0,¢,1,00} the Poisson bracket defined in terms of the
Atiyah-Bott form satisfies

LBl =5 X s - 7). (4.31)

rEYNI

Here %i]x are the loops obtained by removing a small neighbourhood of the intersection
point x and replacing it with two arcs making a single loop. The positive or negative
sign indexes the two possible ways of doing this, a descriptive figure of the process is
contained in [34} fig. 2]. Using the skein relations (see figure it is possible to compute
the Poisson bracketP]

{oor, o1e} = Tr(M; ' Mo M, M) — 00, - (4.32)

Using the relation valid for A, B € SL(2,C)

Tr(A) Tr(B) = Tr(AB) + Tr(AB™) (4.33)
we can show that
TI'(Mt_lMoMtMl) = —001 — 00t0¢1 + 0100 + 0001 s (434)
thus oW
{UOty Utl} = —20'01 — 00t0¢1 + 010 + 0901 = —a . (435)
001

Similarly, one can compute the other Poisson brackets and show that the variables oy,
oy and og; are not canonically conjugate.

“note that the tangent bundle to A 4 is just the space of s(2, C)-valued one forms on CP'\ {0, ,1, 00}
which transform in the adjoint representation
Sthis is the Poisson bracket defined using the Atiyah-Bott form (4.29))
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Y1t

Yot .

Figure 4.1: Graphical representation of the Poisson bracket {oq, 041}

We will choose to use vy, =: v as a coordinate on M. The direct monodromy
problem for the Heun’s equation is finding v in terms of (€,¢). It can be solved using
Hill determinants. The inverse monodromy problem is finding £ in terms of (¢, v) (€ will
also depend parametrically on the A7, kept fixed in My). We can write the accessory
parameter as a series in ¢

Etv. N) =D Ev Nt (4.36)
n=0

and the coefficients &, (v, X) then can be found recursively using continued fractions. The
method is described in the appendix [Bf and in [30]. One important remark is that by
definition of A; we have A;€ = £. This implies in turn that

A&, =&, (4.37)

for all n > 0.
In terms of the coordinates H := £/t and t the Atiyah-Bott form reads [37, 31]:

Q =2ridH Adt . (4.38)

The canonically conjugate variable vp to v with respect to the Atiyah-Bott form can
be constructed in the following way. We want to first define the generating function of
the canonical transformation: this will be a function F(t,v, X) which we will call the
prepotentialﬂ The prepotential must satisfy the Matone relation [33, [23]

oOF
H = 4.
or in terms of £ 9F
=f{—. 4.4
E=t BT (4.40)

Sfor the moment we are defining all of these quantities just from the ODE. Their names clearly reflect
the identification which we will later do with the gauge theory quantities
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Now we can determine &, (v, X) in (4.36)) using the recursive method of appendix , then
we integrate the Matone relation to find

b
Ft,v,X) = E(v, X) logt + Fo(v, X) +Z ”)

n=1

(4.41)

in terms of some function F; that does not depend on ¢t. The conjugate variable vp is
then given by

OF 4 & (v, /\
vp =5 =&, X logt 4+ Fj(v +Z (4.42)

denoting &, (v, X) = 8,E,(v, X) and F}(v,X) = 8,F(v, X). Note that we have not fully

fixed vp yet: in fact there is a whole family of vp coordinates conjugate to v, one for
each choice of the function Fy(v, A) which remains to be fixed to fix one specific vp. We

will refer to -
1nst Z

as the instanton part of the prepotential, to Fo(v, A) as the one-loop part and to

—»

(4.43)

Falt,v,X) = E (v, X) logt (4.44)

as the classical part. Also since the transformation is canonical in the new Darboux
coordinates (v, vp) the symplectic Atiyah-Bott form reads

Q=2midv Advp . (4.45)

Notice also how the expansion (4.36) and the method of appendix [B|is valid only for
small ¢: in particular the calculation in appendix (Blis valid only if |¢| < 1 and the results
we found are in terms of a series in ¢. For large ¢ it should be possible to use a similar
approach using the different coordinate vg;. Then expanding &£ as

t V()l, ZE 01 V()l, - (446)

one would use the same method in the appendix [B], but for [¢| > 11

Tusing a similar expansion as (B.3)), but valid for in the annulus 1 < z < [t|. This is done for example

in 29

57



Finally for this section we introduce a parametrization of oy, 041 and o¢; as in [34]|§|

oot = —2cos(2mv),
—2cosh(vp)+/CotCioo + 2€08(271) (0001 + 0c0t) + 2(010¢ + 000 )
on = 4 sin2(27rl/) ’ (4.47)
—25sinh(vp)/CotCioo + 2isin(271v) (0001 + 00t — 00:041)
oot = 4i sin(27v) ’
for
Cry =0 + 0% + 05 — 0010y — 4. (4.48)

It is simple to verify that this is a parametrization of the surface W (oo, 041, 001) = 0
and that the Poisson bracket {og, 041} is correctly reproduced. This parametrization in
particular fixes one vp and thus one specific Fo(v, \).

4.3 Combining Monodromies and Connections

In this section we show how the monodromy and connection problem are deeply re-
lated. In particular using (4.25) we can write the monodromy matrices in terms of the
connection coefficients

M — L GZWiAjQI_{”L. i = 6727?;\‘]@1%162[_{ 2miA 2i§}ﬂ(2}7§AJ}Q£§+Q/\2£{1J |-
T WWw,y, —2isin(2mA ;) QY QY —eMNVQYL QY + e VR QY
(4.49)
Using this we compute the Floquet exponent taking the trace in the basis x Iﬂ

1
cos(2mvyy) = cos(2m(Ar + A))QM. QI — cos(2m(Ar — A)QL. QY| . (4.50)
WiW;,
This can be further simplified using the QQ-system ([£.18) to write Q' Q1 = Q7. Q17 —
W]WJ, then

cos(m(Ar + Ar + vrg)) cos(m(Ar + A\ — vrg))

1J nlJ _ _
Q= -W W, sin(2w ;) sin(27w\ ;)

(4.51)

8in particular we have in terms of the coordinates («, 3) of Nekrasov, Rosly and Shatashvili: v =
5 + % and vp =

9notice that we consider ([4.50]) for I.J = 0t,¢1,01. However one could think of defining more Floquet
exponents

—2 COS(27TV]J) =075 = TI"(M]MJ)
which would be related to the exponents we already defined in (|4.27))
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The functional equation (4.51)) in particular is a stronger condition than the Q@Q-system
itself, since it clearly implies the latter. In fact applying the A; symmetry we obtain

cos(m(Ar — Ay +vrg)) cos(m(Ar — Ay — vpy))
sin(27 A7) sin(2w\ ) ’

then using these two relations, we can check that the QQ@Q-system is indeed satisfied.
Notice that the Floquet exponents we are considering are vy, 14 and 14;, which are
related by to Q%, Q" and Q' respectively. These three Q-functions are not
independent: they are related by . Also recalling that o;; = —2cos(2mvry) we
have

I—{‘r +— = —Wilv;

(4.52)

Org = —

W (005(27?(/\1 + A ))QM.QN — cos(2m(Ar — A\))QLL I_‘]_> . (4.53)

then we use this, together with the Q@Q-system, to find an equivalent form of (4.51)) in

terms of the oy
W[WJ orj — 2COS(27T()\1 + )\J))

o
Q QT = 4 sin(27 A7) sin(27A ;)

(4.54)

4.4 Solving the Functional Equations

In this section we focus on the functional equations (4.51]) and find their general solutions.
We start by the general functional equation for a function )

Q(Z,0)Q(—7,¢) = F(Z,¢). (4.55)

Here ¢ are a set of moduli and F' must be an even function of ¥ by consistency. We

proceed by using the ansatz

Q(,8) = /F(Z,0)Q(Z,7) (4.56)
and we find that Q(z, ¢) has to satisfy

Q(Z,6)Q(—z,¢) =1, (4.57)

which tells us that Q(Z, ¢) is a zero-mode of (4.55)). Then (4.56) is a general solution of
(4.55) for any zero-mode Q(&,€). Further, let us suppose that we can write F(Z,¢) as

then, a general solution to (4.55) is given bym
Q.3 = 1(7,39(F, ). (4.59)

0¢clearly also
Q(Z,¢) = f(—Z,0)Q(7,¢)

is a general solution. The two are related by the zero-mode EL%
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We focus now on Q% for which (4.51)) reads explicitly

cos(m( g + Ap + 1)) cos(m(Ag + Ay — v)) .

0ty ot/ Y - _
Q" (Xot, ©)Q™ (= Aot €) AroAs sin(2m\g) sin(27w)\;)

(4.60)

Here we have denoted XU := (A7, \s) and put the dependence of Q% on ¢, v, A\; and
Ao into €. This is the same case as the general functional equation we treated above for
f: )\0t7 52 (t7 v, )‘17 )‘00)7 Q = QOt and

cos(m(Ao + At + v)) cos(m(Xo + A — 1))
sin(2m\g) sin(27w\;)
L(142X0)I(1 +2))

F(Xor, @) = —4AoNs

= — X
T(E+ ho+ Mt )0+ Ao+ A — 1) (461)
[(1—2X)T(1 = 2))
X TV
F(3—Xdo—M+)0(3—X— A —v)
Clearly F(th, ¢) can be written as F(Xot, Q) = f(XOt, B)f(—XOt, c) for
- , L(1 4 2X)0(1 + 2A
Fo, &) = i=7 ( 0) (1 2 . (4.62)
T+ X+N+0)TE+ X+ N —v)
We thus get for the )-function the formula
- [(142X0)0(1 42X >
Q1w ) =i PN e ), (e
F(§+)\0+)\t+u)f‘(§+)\o+)\t—y)
in terms of the zero-mode Q. The expression
1/ 0 0
| =— 4+ = | (Fu + Fins 4.64
epr (6A0+8>\t)( o t)] (464

constitutes a zero-mode because of the relations (4.37)). It turns out that this is indeed
the correct zero-mode (up to some unimportant phases possibly) and it suggests a way
to fix the one-loop part of the prepotential so that

o1 o, 9o
Q ocexp[2 0)\o+8/\t Fl. (4.65)

The zero-mode however would need to be univoquely fixed by computing some asymp-
totic form of the ()-function as done in the lower Ny cases.
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4.5 Holographic Two-Point Function

In this section we comment how the holographic two-point function of N' = 4 SYM at
finite temperature is related to the @)-functions. In particular notice is just the
ratio of two connection coefficients. In particular making reference to [15, eq. (16), (17)]
their x[1, is related to x;1 by

Xis(2) = £ieT ™ x 1 (2) (4.66)

the sign depending on the choice of a branch and we will choose the upper sign. The
coefficients A and B in (17) of [15] can then be written in terms of Q! as

, 1+ R%)s™
— m(A1—A¢) ( + tl
./4 e I 2)\1 Q-—i— ) (4 67)
B — _e’iﬂ'(*)\lf/\t) (1 + Ri)ng/\l Qtl )
201 o

Clearly B = A1 A. Then the holographic two-point function is expressed in terms of the
Q-functions by

Qtl
2 ——

QU
The poles of the correlators are the quasi-normal modes of the black hole. Since the
@-functions are entire functions, the poles of the correlator can only be at the zeros of
the Q-function Q" , i.e. the Bethe roots of the associated integrable model. However it
could also be that for some of those zeros also the numerator vanishes and the two-point
function ends up being well defined.

Gr=—e?"M(1+R%) (4.68)

4.6 Identification with Gauge Theory

In this section we identify the ODE quantities with their gauge theory counterparts. In
particular the Floquet exponent v should be identified with the gauge theory period a,
while its dual vp with the instanton dual period Ap. The accessory parameter £ should
be identified with the Coulomb branch modulus u and the Matone relation emerges as
the usual canonical transformation definitions, while ¢ is identified with the instanton
parameter of the gauge theory. The prepotential is identified with the gauge theory
Nekrasov-Shatashvili prepotential of appendix [C], in particular we checked the usual
instanton expansion done with Young diagrams matches precisely the terms obtained
using the method of appendix [B| up to 3 instanton order. In the context of the ODE
we notice the appearence of multiple periods which seem to have no analogue in gauge
theory, these are the remaining Floquet exponents. We think these are associated with
different expansions of the prepotential at different points in the t-plane, for example
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see (|4.46)) which shows that 1; is a good coordinate for ¢ — oo. This could in principle
have application for further studying the prepotential, its singularity structure and the
convergence of the instantonic series.

We also write here the connection between and the quantum Seiberg-
Witten curve of the SU(2) theory with four flavours in its various forms which appear
in the literature. Using equation for Ny =2 and Ny = 4 we get

d2
{—52@ + Q(éf)} () =0, (4.69)
for
1 A .
0 i Gess g+ 0P —dge™ (my — my)® — dge™ " (mz — ma)”

+ 44/ (qm3i + gm3 — (q + 8)myma — gmamy + 81)
+ 4\/qe " (qm§ + qm3 — (¢ + 8)mamy — qmymy + 8&)

— (¢*(m} +m3 + mj +m3) — 24¢(mimo + mamy) + 16(q + 4)a)

(valg+4)e™ + /q(q + 4)e™™ — 8q)
2(—4y/qcosx + q + 4)? '
This is the form that appears in [24]. We can change variable to y := iz so that

+ B2

(4.70)

1
= —4qe? — 2 fge~2 2
Q(y) 4(—4\/§COShy+q+4)2 qge (ml mg) ge (m3 m4)
+4v/ge? (qm% +qm3 — (q + 8)mymy — gmgmy + 8@)

+4y/qe™? (qm% + qm3 — (q + 8)msgmy — gmyms + 812)

— (¢*(m3 + m3 4+ mj +m3) — 24g(mimy + mamy) + 16(q + 4)@)

R (\/c_](q +4)eY + /q(q+4)e™V — 8q)
2(—4,/qcoshy + q +4)?

(4.71)

and the equation becomes
d2
s Q)| =0, (4.72)
We define the integrability variables:

q; ‘= ml/h,
p’=a/n?, (4.73)

.0
q=:-€,
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so that we get, dividing by A

2
{(f_g/? + 4(2ev — 69/2)1 (e0/2+y — 2)? {_469((13 — @)
e (869/2 + 2627 + 427 — 32¢"2q1qy — 4eq1gy + 4e2°g3 — deqsqy + 3269/2192)
e’ (869/2 +2e2% 4 4e3%3 — 322 g3, — 4e20qaqy + 4e20q} — de20qig0 + 32e9/2P2)
—eX [P+ @+ @+ 2) — 246 (ugz + gsqa) + 16(¢” + 4)p® + 16¢']

— 4ete? gy — qﬁ}}w(y) —0. (4.74)

These variables are the Ny = 4 analogue of the variables used in [20| 21, [22]. The
equation has regular singular points at y = +oo0 and y = +yp := i(logZ — g) and the
symmetries (4.2)) become in these variables:

Notgs—=>qu,  qur— s,
Aeigz—= —qu, q+— —qs,
AN:iqi—= =@, @ —q,
Ao i1 = G2y @ q1-

(4.75)

Now we want to map (4.74]) to the normal form of the Heun equation: this can be
done via the change of variables z := ev™/2 ¢ (y) =: 27/2x(z). Then the equation
becomes

d? N 1 2,
dz?  422(z —t)%(z — 1)? %
+ z (4p2t + 2q§1§2 + 2431 — 2q1qot? — 2q3q4t? — 4q3qat — ¥ — t)
+ 22 (—4pt — 4p” — G1° — 51% — g5 — ¢t* + 6qugat + Bgsqat + 12 + 1)
+2° (4p” + 247t + 251 — 2q1qat — 2g3qat — dqrge — 1 — 1)

— qitQ + 2(]3(]4t2 + t2

+ 2 (=g + 200 — G5 + 1)] }X(Z) =0. (4.76)

The singular points at y = 400, —0o are mapped to z = oo, 0 respectively, while yq is
mapped to 1 and —yq is mapped to t = €’ /4. Introducing now the parameters

)\0::613—614’ )\t::CI3+Q4’
2 2 (4.77)
1t 41—
A\ = . Ao 1=
2 2
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and
_AP® + 2¢5t 4 2¢5t + 2q1qat + 2q3qat — 2q5 — 2q; —t + 1

4t —1)
the equation takes the form (Normal HE)).

£ (4.78)
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Conclusions and Outlook

In this work we presented the ODE/IM for Heun’s equation and showed its connection
with N' = 2 supersymmetric gauge theory and AdS black holes. Crucially we found a
way to define the prepotential directly from the differential equation and used this to
show some important symmetry properties of its classical and instanton part (cf. )
We also showed how the monodromy problem is related to the ODE/IM constructions
and used this to derive a new kind of functional equation for the Q-functions (cf. (4.51))).
We also found the general solution of this functional equation and proposed a possible
expression in terms of the prepotential which constitutes a possible zero-mode, fixing the
exact solution of the connection problem. We also show how the holographic two-point
function of finite temperature N' = 4 SYM can be written in terms of the Q-functions
of Heun’s equation.

There are a number of reseach lines which could follow this thesis. For example in
the theories with a lower number of flavours the role of the Floquet exponents is still
not clear. The Floquet exponents is known to be related to the T-function in the pure
gauge theory, however in the cases of 1, 2 and 3 flavours these relations still need to be
investigated. In particular it is interesting to wonder if functional relations like
can exist in these theories as well and if they exists what are their implications. It should
for example be possible to find such relation in the Ny = 3 theory for the @)-function
connecting the ODE/IM bases at the two regular singular points. In fact this sector of
the Ny = 3 theory is completely analogous to the theory with four flavours here studied.
Moreover we would expect the Stokes phenomenon to play a prominent role.

Another interesting question is what exactly happens at the integrability structures
in the decoupling limit in which we reach the Ny = 3 theory. We already did some
work in this direction which has been partly written in appenix [C] and [D] It seems like
the appearence of anti-Stokes sectors should be related to the presence of T-functions,
however a definition of the 7" functions in the Ny = 3 thery has still to be found, perhaps
involving the Floquet exponents like in the pure gauge theory case.

It should also be possible to use the procedure here used to define the prepotential
in the theories with fewer hypermultiples, obtaining analogue functional constraints on
the instanton series.

Finally it is also of most interest to find the Y-system and its TBA which can be

65



used to obtain exact numerical results. It is actually possible to define Y-functions from
the @-functions, but it is not clear how to invert the obtained Y-system into a TBA.
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Appendix A

Exact WKB Method and Borel
Resummations

In quantum theories one often finds a number of perturbative series which are the building
blocks of many computations, but are often divergent. The series can be converted
into meaningful objects by their Borel resummation in the perturbation parameter. In
quantum mechanics the series of interest will be given by the exact WKB method.

Let us consider the time independent Schroedinger equation

2d2

U da?

() + (V(z) — E)¢(z) =0 (A1)
and consider the ansatz o
¥(z) = exp [% / P(') dx'] | (A.2)

Then, when this is plugged back into the Schroedinger equation we obtain the Riccati
equation for the quantum momentum P(z):

P(z) — m%f) —E-V(x). (A.3)

Now we expand P(x) in a power series in &
P(z) = h'palq) (A.4)
n=0

and from (A.3) we find that the functions p,(x) can be computed recursively via the
equation

puls) = 5 (z’dpgf) - mempn_m(as)) (45)

m=1
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and the initial condition
po(z) = E—V(x). (A.6)

It is also convenient to split the even and odd powers in the series

P(x> - 73even(x) + 7Dodd(x) (A.7)
and we find that
Poia(®) = 2L 1og P () (A3)
odd\T) = 2 dx 08 Feven\T) - .

We can regard Peyen () dz as a meromorphic differential on the WKB curve Lwkp defined
by
pPP=E-V(x). (A.9)

Now we define the quantum periods as the integrals along the one-cycles v € H;(Xwks)

I, (h) == 7{ Peven(r) dz = 7{ P(x)dx (A.10)

here the second equality is due to the fact that the odd powers of h are total derivatives
and we are integrating over a cycle. We can also expand the quantum periods as

H’Y(h) = Z hQTLHgn) )
n=0 (A.11)

Hg”) = j{pn(x) dex .
gl

We should also note that the coefficients HS”) depend on the moduli of the WKB curve.

Now in the exact WKB method, the quantum periods, which as far as now are a
formal power series in A, are promoted to actual functions by Borel resummation. The
Borel transform of the quantum periods is defined as

. 01
I, (¢) = ZO WHS;%Q” (A12)

and it is analytic in a neighbourhood of the origin of the complex £-plane. Moreover it
can be analytically continued to a meromorphic function in the whole complex &-plane
and the singularities are usually poles and branch cuts. The Borel resummation of the
quantum periods is then defined as the Laplace transform

s(IL,)(h) = % /0 N e ML (E)dé heRy. (A.13)
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If this integral is convergent for small enough A then the periods are said to be Borel
summable. A more general definition, in an arbitrary direction in the complex plane is
also important. We define then the Borel resummation along a direction ¢ as

o)) =5 [ e (A14)

Again a series is Borel summable along the direction ¢ if the integral converges for small
enough h. However note that by the substitution & — e~%¢ we obtain

s,(IL)(H) = s(IL)(e*k) T € Rup, (A.15)

thus IL,(h) is Borel summable along the direction ¢ if and only if II,(e*#h) is Borel
summable. Thus if we allow A to be complex then considering different rays in the com-
plex hA-plane is equivalent to considering different directions in the Borel resummation.

Now recall the Borel transform might have singularities in the complex &-plane, this
might lead to obstructions in the integrations in (A.13]) and . These singularities
will lead to discontinuities in the Borel resummation. To study these the lateral Borel
resummations along the direction @ is defined

so(IL,)(e"h) == lim s(IL,)(e"?*p) i€ Ryg. (A.16)

6—0+

Then the discontinuity along the direction ¢ is defined as

disc,(I1,) :== s (IL,) (e’ h) — s_(IL,)(e"?h) heRy. (A.17)
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Appendix B

Heun Accessory Parameter using
Continued Fractions

In this chapter we go over the method explained in the appendix of [30] to compute the

terms of the series (4.36)). It is convenient to cast (Normal HE)) in the canonical form

using the change of dependent variables

(=) Nz = 1)), (B.1)

NI

x(z) =z

the resulting equation for ¢ is the canonical form of Heun’s equation

d? ol ) € d aBz —q B
[@jL<;+z—1+z—t>&+z(2—1)(z—t) 9(2) =0 (HE)

and we have the dictionary

Oéizl—)\o—)\t—)\l—)\oo, ﬁ:zl_)\o_)\t_Al—i_)\oo,
7::1—2)\0, 6::1—2>\1, (BQ)
ve~+ 20t — (v + §)et

e:=1-—2\, g=01-tE+ 5

These parameters are clearly subject to the relation a+5+1 = y+d+e¢. Then we choose
a basis in the space of solutions of (HE]) that diagonalizes the composite monodromy
MyM,;. Assuming |t| < 1 the elements of this basis have the Floquet form

Gul(2) =Y cn2™t (B.3)

ne”Z

in the annulus || < |z| < 1. These functions under the action of MyM; pick up a factor
e?™_ Substituting ¢, (z) in the equation one gets the three term recursion relation

Ancn1 — Bpey + Crtey1 =0 (B.4)
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for
=(w+n—1+a)(lw+n—1+p0),

A, :
B, :=q¢+ (w+n)e+dt+ (w+n—1+7)(1-1)], (B.5)
Cpi=w+n+1)(w+n+7).

We make the small ¢ series expansion of the accessory parameter ¢
g(t) = qut" (B.6)
n=0

and the use the recursion relation to determine ¢,. For n > 0 define u,, := % so that

(B.4) becomes

A
—l = ——— B.7
tn—1 B, —tCLu, (B7)
then we can express ug as the continued fraction
A
Uy = — (B.8)
Bl - tCl Bo—tCs...
For n < 0 define d_,, := ¢,t" and rewrite (B.4) as
tA_,dp1 — B_pd, +C_pdy 1 =0, (B.9)
then we define v,, := % and thus we obtain
A
1= . , B.10
Un-t B, —tC_,v, ( )
so that we have the continued fraction expression for v,
A
vy = — (B.11)
Bil - thl B_o—tC_s...
Now we use (B.4)) for n = 0 to obtain
BO = t(CQUO + A()’UD) . (Bl?)

This and the continued fraction solutions for ug and vy can be used to determine, order
by order in t, ¢ as a function of ¢, w and the other parameters of the Heun’s equation.
For example it is very easy to compute ¢q as from (B.12)) we have that By has to be of
order O(t). Thus all the O(1) terms must cancel each other in By and

Go=-ww+y+e—1). (B.13)
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Similarly other terms can be computing cutting the continued fraction expressions at the
right order. We have for example

watw-D(B+w—1(y+w-1)
Y+2w+e—2

+(w+1)(a+w)(5+w)(7+w)
v+ 2w+ €

_w(a+w—1)(5+w—1)(’y+w—1)((w—1)(a+w—2)(5+w—2)(’y+w—2)

G =-wy+d+w—1)—

Y

= (v+2w+e€e—2)2 2(v 42w + € —3)

_wletw- DB +w-Diyt+w-1  (WtDlet+w)(B+w)(y+w)
v 42w+ €e—2 Y+ 2w e

—l—(w—1)(7+5+w—2)—w(7+5+w—1)>

_jw+Dw+wmﬂva+m(_Ma+w—ww+w—ww+w—n

(v + 2w +¢€)? v+ 2w+ e—2
N W+ De+w)(B+w)v+w) WH+2)(a+tw+D)B+w+)(y+w+1)
v+ 2w+e 2(y+2w+e€e+1)

—w(7+5—|—w—1)+(w+1)(7+5+w)>.

(B.14)
In order to use these results for (Normal HE)) it is important to relate w and v. First

thing is that we notice the symmetry of the ¢, terms
W —w—7v—€e+1. (B.15)

Thus at fixed g, if ¢, is a solution so is ¢_,_,—.;1 and this two solutions form a basis.
The composite monodromy MyM; in this basis is

e27m'w 0 e27riw 0
< 0 e—2mi(7+e) g—2miw = 0 e2mi(200+2M) o —2miw | (B-16)
mapping back to xy we obtain using the monodromies of the factors in front of ¢

e27ri()\0+)\t7w) 0 _627ri()\0+)\t7w71/2) 0
( 0 6727m'()\0+)\t7w) = 0 _6727ri(/\0+)\t7w71/2) <B17)

and taking the trace the result is that

1
V:w—)\o—/\t+§. (B].g)
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Then using the relation between ¢ and £ we can compute

1
g()(V,)\]) = _Z — V2+/\g +/\?7

(402 — 402+ 402 — 1) (42 + 402 — 4X2 — 1)
8 — 3212 ’

(B.19)
81 (l/, /\]) =

While the gy and ¢; terms can be computed with bare hands and a bit of patience, the
following WOLFRAM MATHEMATICA code can be used to compute higher order terms

CoeffA[n_] := (\[Omegal] + n - 1 + \[Alpha]) (\[Omegal + n - 1 + \[
— Betal)

CoeffB[n_] := q + (\[Omega] + n) (\[Epsilon] + \[Delta] t + (\[Omega]
< +n -1+ \[Gamma]) (1 + t))

CoeffCln_] := (\[Omegal] + n + 1) (\[Omegal + n + \[Gamma])

MakeUO[1, next_] := CoeffA[1]/(CoeffB[1] - t CoeffC[1] next)

MakeUO[N_, next_] := MakeUO[N - 1, CoeffA[N]/(CoeffB[N] - t CoeffC[N]
<~ next)]

UO[N_] := MakeUO[N, 0]

MakeVO[1, next_] := CoeffC[-1]/(CoeffB[-1] - t CoeffA[-1] next)

MakeVO[N_, next_] := MakeVO[N - 1, CoeffC[-N]/(CoeffB[-N] - t CoeffA
< [-N] next)]

VO[N_] := MakeVO[N, O]

ruleQToOrder[N_] := {q -> Sum[q[n] t°n, {n, 0, N}]}
ruleQ[-1] := {3}
ruleQ[n_] := ruleQ[n] = Join[First@Solve[SeriesCoefficient[
Series[t (CoeffC[0] UO[n + 1] + CoeffA[0O] VO[n + 1]) -
CoeffB[0] /. ruleQToOrder[n], {t, O, n}], n] == 0, qln]]
/. ruleQ[n - 1] // Simplify, ruleQ[n - 1]]

The function ruleQ can be used to find the terms ¢, to any finite order. This was used
successfully to compute ¢, up to n = 3. Already evaluating ¢3 though takes about 18
minutes so this method does not seem viable to obtain much higher orders.
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Appendix C

The Nekrasov Prepotential

In the Nekrasov-Shatashvili limit of Ny = 4 deformed Seiberg-Witten theory the Nekrasov
prepotential readﬂ

F(t7 my, Mo, M3, My, a) = Fpert(ta my, Mo, M3, My, a) + Enst(t7m17 Mo, 3, My, CL) . (C]-)

Here

2 2
Foert(t, m1, ma, ms, my, a) == —a? logt + th(_z) (1 + Ea) + hQ@D(_Q) (1 — %)

4
-y [¢<—2> (% + a) + 2 (% + mi; a)} (C.2)

i=1

is the perturbative part and Fig(t, mq, mo, m3, my,a) is the instanton part, which is
given as a series in the instanton parameter ¢
oo
Fiust (t,m1, ma, m3, myg, a) = ch(ml,mZ, mg, Mg, a)t" (C.3)

n=1

and the coefficients c,(my, mg, m3, my,a) have a combinatorial definition in terms of
Young diagrams. For example the coefficient ¢; is given by

h2

U2 — 1) [—h? + 4% + dmyms) [—h% + 4a® + 4mamy) .

(C4)
The dual period Ap, which is the a-derivative of the Nekrasov prepotential, then reads

r(1

Cl(m17 ma, M3, My, CL) -

m;— a)

_|_
+Z hlog [ 1y mﬂ)

+8 -Fmst
(C.5)

Ap(t,my, mg, mg, my,a) = —2alog t+2hlog 2a

the order —2 polygamma function is given by ¢(=2)(z) := foz logT'(t) dt
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We conjecture that the instanton part of the prepotential satisfies
AOEnst = -Finst7 AtEnst = -Finst7 AlEnst = -Finstv Aoo-Finst = Enst . (CG)

This is clearly satisfied by ¢; as given by (C.4)) and has been verified up to 3 instantons.
In particular this conjecture allows us to compute some functional relations satisfied by
the dual period Ap, we have

AD t7m27m17m37m47a) - AD<t7m17m27m37m47 CL) )

AD tam17m27m47m3aa’) = AD(t7m17m27m3am47 CL) )

s

(
(

D(ta —Ma, =M1, M3, My, CL) - AD(ta my, Mo, M3, My, a) + h(mh a) + h(m27 CL) )
(

AD ta my, Mo, =My, —MN3, a) = AD(ta my, Mo, M3, My, CL) + h(m37 a’) + h(m47 a’)

for

h(m,a) = hl - /
R =y | ey

We also write here the mass derivatives of the prepotential

1 o 1 :
O F = —hlog [F<—+ml “)r(-ﬁ"ﬁa)} +,F. (C.9)

2 h 2 h

Further we can use our conjecture on the prepotential to find some properties of
the mass derivatives of the instanton part of the prepotential.

It is also useful to study the classical limit A~ — 0 of the instanton dual period Ap.
This has the A expansion

(2a(0))8 m; — a®
Ap =249 | —logt + 2mi + = log T (m? — (a 0y +Z m; log< 4 > +O(h) .
(C.10)

We call the term of order iY, that is the Seiberg-Witten order, with a superscript (0) as
it is usually conventional.

C.1 The Ny = 3 Prepotential from the Decoupling
Limit

In the so-called decoupling limit in which we decouple one of the quarks by sending
its mass to infinity the asymptotically conformal theory with four flavors flows into the
asymptotically free theory with three flavours. Precisely this decoupling limit is the limit

t—0, my — 00, A3:4m4t. (Cll)

I6)



In this section we want to show how the Nekrasov prepotential for N; = 3 can be obtained
by decoupling ¢4 from the prepotential with four flavours. We denote the full Nekrasov
prepotential with three flavours as Flggs) and its perturbative and instanton parts as Fézzt
and F'® respectively. Note how the perturbative part of the Nekrasov prepotential of
Ny =4 can be split into a classical part

Fy= —a*logt (C.12)

and a one-loop part

2 2
Fuam =260 (1 20) s (1 2)

4

-y [w”) <% + a> + (2 G + mi; “)1 . (C.13)

=1

Then when taking the decoupling limit, intuitively, the loops of the quark that gets de-
coupled will enter the tree-level of Ny = 3. The one-loop part of the Ny = 3 prepotential
will be

2 2
Py =0 (1420 4 eyn (12 2)
3

-2y [w“” (% + m"'h_ a) + 2 G + mi; “)} . (C.14)

=1

while the tree-level will be given by the limit

(3) 5 Ay
F = — l i
ol a”log ( 4h)

1 - 1
+ lim {a2 log% e [¢<—2> (— + m“h a) +p? (5 + m“;a)} } . (C.15)

mM4g—r00 2

Let us define the function

1 — 1
f(a,my) := a*log % — K2 {@p(—?) (5 + m4h a) + (=2 (5 + m4h+ a)] (C.16)

which has the m4, — oo expansion

2 My

my 3 I
fla,my) = —m? (log ?4 — 5) — himy log(2m) + T log -

2

— 2h?log(A) — %log@ﬂ) + O(%) for my — o0 (C.17)
my
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for A the Glaisher—Kinkelin constant. Thus f(a,my4) diverges for my — oo. We can

however use the subtraction by differentiation scheme [50} p. 505] to regularise the limit:
define
C(a) :== lim f(a,my) (C.18)

q4—>00

then we take the derivative with respect to a and assume it commutes with the limit (of
course it does not in reality)

dCla) = lim 0,f(a,my)

da qq4—00

lim {2alog ™4 4 hflogD (2 + M=) _joep( L Mt 0, (C.19)
= lim {2alog— 0 = —lo = = :
mia 350 & ST 2T T ’

thus C'(a) =: C' does not depend on a and it is just an infinite constant. In other words

As
F(flS) =—a 10g<4h> +C. (C.20)

Notice that this somewhat heuristic reasoning can be verified to be correct using the
asymptotic expression for f(a,m4) in which the divergent and constant pieces are clearly
independent of a. This procedure to take this decoupling limit is equivalent to taking
the limit of the instanton dual period Ap, which is a physical quantity and has a finite
limit and then integrating in a to obtain the prepotential. The integration constant is
precisely this infinite constant we are getting, which has no importance for the physics
and can be set to zero.

To sum up we arrived in this way to the expression for the perturbative part of the
three flavor Nekrasov prepotential, which is

7

A; 2 (=2) 2a : 2a
pert = alog(4h)+h¢ <1+E>+h¢ 1 +

3
-y {w”) (% i+ m"h_ a) + 2 (% + m"; a)} (C.21)

=1

and similarly one can take the limit of the instanton part.
Now we also want to see how the functional properties (C.7]) get modified for the
Ny = 3 instanton dual period

2a 3 1 m;—a

(3) _ Ay r+3%) LG +™)
AY = —2alog(4h> +2hlog [W + hlog H m+a) + 0, Finst - (C.22)
Since we are sending my to infinity in the Ny = 4 period, we should not consider

transformations which exchange mg and my like in (C.7]). However we can consider the
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transformation mgs — —ms and my4 — —my, which in the new Ny = 3 gauge variables
reads Az — e*™ A3 and ms — —ms. The functional relations satisfied by Ag’) are then

A(D3)(A37 mo,Mmy,Mms, (l) = A(D3)(A37 miy, Mo, Mms, (l) ,
AS (Ag, my, my, ms, a) + h(my, a) + h(mg,a), (C.23)

A(DS) (A37 —Mg, =My, M3, (I) D
Ag)(A3a my,mg,Mms, a) + 2ima + h(m3, (l) .

(3)( *i
AD (6 M—A3)m17m27_m37a>

Notice that the single Z, transformation mg — —ms, my — —my becomes, in the limit,
a 7 transformation A3z — €™@A3, ms — —msg. This is because on the ODE side we
have the appearance of an irregular singularity and hence anti-Stokes sectors. The term
+2imwa should come from the my — oo limit of A(my4,a). This limit depends on the
direction we send m, to infinity and it is

(C.24)

lim  h(my,a) =
my—eifoo

ma fo<l0<nm
—2ima ifm<@<2r

Note however that sending my4 to infinity along the real axis (i.e. for § = 0 or § = )
does not give a well-defined limit.
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Appendix D
The Ny =3 Theory

This appendix is devoted to the different forms of the Ny = 3 ordinary differential
equation and some details of how it is derived as the renormalization limit of the Ny = 4
differential equation. For a complete treatment of Ny = 3, including the derivation and
solution of the QQ-systems see [22]. The N; = 3 equation in integrability variables is

d? 1 1
d—y2w(y3) — 162%((]1 — o) e (—5 + 2q1q2 + P qs — 2p2) + (6293 — 6e%qs + 4p2)
3
1
+ e % (8eM gy — 4e”™) + 46_2?’3@293} (e —2)2 2>2@/)(y3) =0 (D.1)
and it can be checked it enjoys the Ny = 3 symmetries:
O_ 193|—>93+i7T, g3 — —qs3,
Qprqi = —qi, 42 — —qz2, (D.2)

E:q— q, Q2 — q1 .

First in this appendix we want to obtain (D.1l) as the decoupling limit of (4.74]). In
integrability variables the form of the limit is

0 63 __ €0q4
— —00, qs — +00, et =" (D.3)

Considering the relation

0
y3:y+§, (D.4)

it can be easily checked that in the limit (D.3)) we obtain (D.1]) from (4.74). On the other
hand (D.1]) can also be mapped via the map

23 = 2e7%, D(ys) = 2 xa(23) (D.5)
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to the confluent Heun equation (CHE) in normal form

a2 1 ,
ot s [ (@1 — @2)? — 1+ 2 (2e% g5 + dqugs — 4pP + 1
{dz§ + 425(23 _ 1>2 [(Q1 qQ) + 23 ( €7°q3 + 44142 D+ )

+ 23 (6293 — 6e%qs + 4p? — 1) + 25 (4693(]3 — 26293) + 236293] }X3<Z3) =0

(Normal CHE)

which now has regular singular points at z3 = 0,1 and an irregular singular point at
z3 = 00. We now show how the equation (4.76]) flows into in the decoupling limit.

From the definition of 23 and that of z we have that these variables are related by
1

S D.6
%= (D.6)
and the functions x and ys are related by [
Z3

Then it is easy to verify the limit of (4.76]) is precisely (Normal CHEJ). In particular the
(Normal CHE)) in the variable z and the function y reads

d? 1
{@ JRTIEEE [_ T2 (267 —dePqy) + 2 (L= — dp 4 6 g)

+ 23 (4p2 —2e%qs — 4qi1qo — 1) + 24 (1 —(q1 — q2)2)] }X(z) =0 (D.g)

which we notice has a 1/z* singularity in z = 0 arising from the confluence of the two
1/2? singularities in 2 =0 and z =t in Ny = 4.
Now let us consider what happens to the solutions in the decoupling limit, in partic-
ular let us consider the asymptotic expressionﬂ
Xo0,0(%) 1= z2(+ai—a) for z = 0,
Xto0(z) i~ (2 — t)%(1+q3+q‘1) for z —t

for the subdominant solutions of (4.76)). While the asymptotic solution at z = 0 of
is given by

(D.9)

03
Xoo(2) i 21 exp (—62—z> (D.10)

Lthis can be inferred from the fact that 1 stays the same in the decoupling limit
Znote that these have changed from (4.3)) since the conditions for which (4.3) are decaying is not
compatible with ¢4 — oo
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and can be obtained as the WKB solution of the asymptotic form of the equation

2 6293
{% — il e P+ 0(z )]}X(Z) =0. (D.11)

To obtain the solution we set f(z) := ez:f [1+4e %g3z + O(2?)]. Then we have

f(z) = 26—232 [1+2e ®g2+0(2%)]. (D.12)

The WKB approximated solution is then given by
X60(2) ~ 7 /4 exp( / VI dZ) 7 (D.13)

which gives exactly (D.10). Crucially we notice that the solution xé‘?g(z) can also be
obtained as
Xoo(z) ~ %1_1)1(1) X0.1(2)Xt0(2) for 2 — 0 (D.14)

qa—00

which gives us a recipe to compute the asymptotics of in terms of the asymptotics
of .

Let us now turn to the symmetries: one can notice how from four symmetries of
Ny = 4 we went to three symmetries in Ny = 3. The reason for this is the
following: notice how the symmetries A; and A, can be used to write the symmetries
E and Q. of Ny = 3 and thus remain unbroken. However the symmetries A; and Ay
are broken by the decoupling limit. In fact both symmetries exchange g3 and q4, but
the decoupling limit tells us g4 is "special” as it enters the instanton parameter of the
Ny = 3 theory. However the composition A; o A; remains unbroken and it is precisely
the Q_ symmetry of Ny = 3.
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