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Abstract

The ODE/IM correspondence provides the relation between the spectral analysis of
ordinary differential equations (ODE) and the approach of functional relations of two di-
mensional integrable models (IM). The Stokes multipliers which appear in the asymptotic
analysis of the second order ODE are identified to the Y-functions in IM. The Y-functions
are the analytic functions satisfying a system of integral equations describing the mod-
els in a thermodynamic setting. These integral equations are useful to compute the free
energies of the equilibrium states of integrable models and are called the thermodynamic
Bethe ansatz (TBA) equations. By using the asymptotic analysis i.e. the WKB method,
we can relate the Stokes multipliers to the WKB periods. The main purpose of this thesis
is the generalization of the correspondence between the WKB periods and Y-functions
to the higher order ODE with the polynomial potential. The ODE we study can be re-
garded as the Seiberg-Witten curve of the Argyres-Douglas theory, which is a class of the
simplest four dimensional N = 2 superconformal field theory, in the Nekrasov-Shatashvili
limit of the (2-background. The classical parts of the WKB periods compute the central
charges of the BPS states of the four dimensional theory. In four dimensional N/ = 2 the-
ories, there have been studied the wall-crossing phenomenon of the BPS spectrum. The
TBA equations also capture the wall-crossing of the four dimensional theory. Continuous
deformations of the potential in the ODE induce the analytic continuation of the TBA
equations satisfied by the corresponding Y-functions, which we also call the wall-crossing.
After establishing the formula which relates the WKB periods to the Y-functions, we
study the wall-crossing of the TBA equations for the third order ODE with cubic and
quartic potentials in detail. From the detailed analysis of the wall-crossing of TBA equa-
tions for the third order ODE, we find the connections between the different types of the

TBA equations, which are associated with the dualities of the four dimensional theories.
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Chapter 1

Introduction

The ODE/IM correspondence relates the spectral analysis of the ordinary differential
equation (ODE) and the approach of the functional relations in the two dimensional
quantum integrable models (IM), which was first discovered by Dorey and Tateo in [1].
In this thesis, we will study the ODE/IM correspondence focusing on the relation between
the WKB periods, which are defined in the WKB analysis of ODE, and the Y-functions,
logarithm of which satisfy the thermodynamic Bethe ansatz (TBA) equations in IM. This
chapter explains a brief introduction of the ODE/IM correspondence, its relation to the
four dimensional supersymmetric field theory, as well as the motivation and the brief

summary of this thesis.

1.1 Backgrounds and motivations

Quantum field theory (QFT) is the fundamental framework of theoretical physics, which
has many applications in vast areas: particle physics, nuclear physics, cosmology, sta-
tistical mechanics, condensed matter physics, and so on. In some cases of these usages,
one of the useful tools could be the perturbative expansion. This method enables us to
calculate physical quantities as formal sums with respect to the coupling constant if the
system is weakly interacting. However, if the system is strongly coupled, the formal sum
breaks down and does not provide us with any meaningful quantities. In such a situation,
the non-perturbative effects are important to understand the theory, with which we could

compute the exact values regardless of the strength of the interaction.



Both in two dimensional theories and in supersymmetric theories, there have been
discovered many models which we can, at least in principle, analyze exactly. In two
dimensions, the conformal theory has an infinite number of conserved charges, and one
can study it in non-perturbative ways. Among the two dimensional massive theory, there
are also models which have an infinite number of conserved charges and can also be
studied exactly. These are known as the (quantum) integrable models. On the other
hand, in supersymmetric theories, the four dimensions might be particularly fascinating
if one thinks of them as toy models of the elementary particles. The four dimensional
theories with extended N = 2 supersymmetry have been well studied, and some strongly
coupled models have been analyzed non-perturbatively. Interestingly, there have been
known non-trivial relations between the four dimensional N = 2 theory and the two
dimensional integrable models, which we will mention in the latter section of this chapter.

The perturbative effects and the non-perturbative effects are not mutually indepen-
dent. Their relations have also been studied and used in physics, which is called resur-
gence. Although, the resurgence was originally born in a field of mathematics, which is
the theory of differential equations. Applying the resurgence to the WKB approximations
of ordinary differential equations, one can recover the exact solution. This technique is
called the exact WKB analysis. The ODE/IM correspondence, which is the topic of this
thesis, relates the exact WKB analysis of ODE to the TBA equations of integrable models.
The TBA equations are integral equations that can be used to compute the free energies
of the systems in thermodynamic equilibrium. Some kinds of ODE are also related to
the four dimensional A’ = 2 theory. There are 4d theories on a particular background
metric, whose strongly coupled low-energy regions are, in some sense, governed by the
ODE. The exact WKB analysis is expected to be related to the theory of wall-crossings
in 4d models, which deals with particular states which are important in the low-energy
regions of supersymmetric theories.

Motivated from the relation between the above three i.e. the exact WKB analysis of
ODE, two dimensional integrable models, and the four dimensional N’ = 2 theory, our
big goal is to understand these in a uniform perspective. This would bring the following

impacts on each field. In the exact WKB analysis, we could establish the theory for the



ODE with higher order differential terms, which has not been studied well even in the
context of mathematics. This might be guided by the relation to the theory of wall-
crossings in 4d models since it is well formulated. In integrable models, one could find
a new classification of the theories since one ODE is associated with many integrable
models in the ODE/IM correspondence. Furthermore, this classification might help us to
discover new theories. In 4d theory, we could understand the non-perturbative effects and
dynamics in the strongly coupled phases exactly in more detail from the 2d integrable
models. This might provide us with hints to understand the non-supersymmetric strongly
coupled theory in the real world, like quantum chromodynamics.

In the following sections, let us introduce each topic explained above in detail.

1.2 Integrability

Since Newton solved the Kepler problem in the seventeenth century, there had been
discovered many exactly solvable classical models by ad hoc methods. About two hundred
later, the notion of integrability in classical mechanics was established by Liouville in the
nineteenth century for general Hamiltonian systems. The integrability is ensured by the
existence of the conserved charges of number not less than the degrees of freedom and
provides the possibility to be solvable with the system. The extension of the notion of
integrability to the systems with infinite numbers of degrees of freedom was accomplished
in the 1960s. It was devised in the application of the so-called inverse scattering method
to the Korteweg-de Vries equation which appears in fluid mechanics [2].

In one dimensional quantum many-body systems, the method to obtain the exact
solutions was first invented by Bethe, which is called the Bethe ansatz [3]. In two dimen-
sional statistical mechanics, the solvable models have been known since Onsager solved
the Ising model in the mid-40s. In 1967, it was shown the exact solution to the six-vertex
model by Lieb and Sutherland in [4,5]. For the study of the eight-vertex model, Baxter
applied the method of Bethe ansatz and obtained the exact solution [6]. Also, he showed
that the eigenvalues of the transfer matrix of the eight-vertex model were also that of the

Hamiltonian of the X X Z spin chain [7,8]. The critical point of the work was that he



showed that the S-matrices of the integrable models satisfy the Yang-Baxter equations
(the star-triangle relation) which indicate integrability i.e. the existence of an infinite
number of conserved charges. Many functional relations associated with integrability can
be driven from the Yang-Baxter equations. This functional approach was elaborated by
Faddeev et al. as the quantum version of the inverse scattering method. Their systematic
approach connects to the quantum group [9] and furnishes an algebraic reformulation
called the algebraic Bethe ansatz. The classification of the algebraic Bethe ansatz can
be found in [10-13]. There have also been attempts to apply the Bethe ansatz in the
thermodynamic setting by Yang and Yang. They studied the one dimensional Bose gas
with repulsive interactions expressed by delta function, and derived an integral equation,
which is called the thermodynamic Bethe ansatz (TBA) equations, which were used to
compute the free energy of the equilibrium state in the thermodynamic setting of the
system [14]. This TBA approach was also adapted to lattice models. In relativistic field
theories, it was also used the TBA formalism to compute the ground state energy in a
finite volume by Al. B. Zamolodchikov [15]. The integral equations in this formalism, the
TBA equations, can be converted into a functional relation called the Y-system [16]. The
Y-system is the universal concept among different integrable models, and its classification

can be found in [17,18].

1.3 ODE/IM correspondence

In the asymptotic analysis of the second order differential equations, it was shown by
Sibuya that the Stokes multipliers satisfied a system of functional relations which is equiv-
alent to the so-called T-/Y-system in the integrable models. See [19]. For the monomial
potential, Dorey and Tateo pointed out the connection to the A,-type TBA system, which
was supported by the spectral analysis of the ODE [[L]. Other than T-/Y-system, there was
also derived the functional relation of integrable models from the ODE, which is Baxter’s
TQ-relation [20,21]. The Q-functions were defined, in the context of ODE, as the spec-
tral determinants of the differential operator, while the T-functions were defined as the

Stokes multipliers. This correspondence was also studied for the higher order cases with



the monomial potentials [22-25]. The zeros of the Q-functions were shown to satisfy the
Bethe ansatz equations (BAEs) of A,-type vertex models, which are the algebraic equa-
tion satisfied by the spectral parameters in integrable models. This was also tested by the
numerical calculations in which the non-linear integral equationsﬁl (NLIEs) [26-28] were
used to compute the Bethe roots since solving the BAEs is a highly non-trivial algebraic
problem. For BAEs of other types of classical Lie algebras, the corresponding (pseudo)
differential equations were proposed [29]. (Also, see the review [30].) The term pseudo
means that the ODE contains the pseudo-differential operator which is a formally defined
inverse differential operator. The BAEs were derived from the functional relations of the
Wronskians of the solutions, which is called the -system. The pseudo-ODE includes
the formal inverse differential operator, so the treatment is often subtle. Furthermore,
unlike the Schrédinger equations, the physical origin of the pseudo ODE is not clear.
In [B1], a clearer reformulation of these pseudo ODE was accomplished by Sun, in which
she introduced the matrix-valued differential equations, say linear problems, associated
with the Langlands dual of the classical Lie algebras. Motivated by these and massive
ODE/IM correspondence [32,83], it was shown that the linear problem is nothing but the
modified affine Toda field equations [34,35]. The -system turned out to be a functional
relation of solutions to the linear problem. Taking the conformal limit, one can derive the
BAEs of any semisimple Lie algebra g from the linear problem of g"-type, where gV is
the Langlands dual of g. These developments are correspondences for the ground states
eigenvalues, but the ODE/IM for the excited states also have been studied [36]. See also
the recent works [37,38].

In [B9], we performed a further study of the ODE/IM correspondence, including the
establishment of a new method to compute the zeros of Q-functions associated with
arbitrary representations as well as the BAEs of folded types which are related to the
linear problems based on non-simply affine Lie algebras. The numerical matching between
the spectrum of the linear problems and the Bethe roots is another non-trivial test of the
correspondence, especially for the exceptional type Lie algebras, which had not been able

to study. We will discuss these topics in chapter H

INLIEs are often called the DDV equations.



1.4 WKB analysis and wall-crossing phenomena

The WKB approximation played an important role in the discovery of the connection
between the Stokes multipliers and T-functions by Dorey and Tateo. The WKB expansion
is a kind of formal sum of asymptotic series. Thus, one can consider the Borel resummation
of the WKB expansion, which is the method to obtain analytic functions from asymptotic
series used in the exact WKB analysis [40,41]. In the WKB analysis, it is natural to
consider the cycle integrals of the differentials on the WKB curve, which are called the
WKB periods. Note that the WKB periods are defined as the formal power series of the
expansion parameter, which is interpreted as the Plank constant but is complex, and then
they can be Borel resumed converting into the analytic function. The Borel resummation
can be performed in two steps. First, one defines a formal sum of an auxiliary complex
variable from the WKB expanded quantity, which is called the Borel transformation.
After that, the Borel resummation is defined from an integral of the Borel transformation
with respect to the auxiliary variable along some direction in the complex plane. It is
known that the Borel resumed quantity jumps in some directions in the integration. Such
directions are called the Borel nonsummable directions. The gaps of the quantity along
the Borel nonsummable directions are expressed as the so-called discontinuity formula.
In [42], it was shown that the discontinuity formula for the WKB periods leads the TBA
equations. The WKB periods were interpreted as the logarithm of Y-functions. This
connects the exact WKB analysis to the TBA equations directly, which is the alternative
approach for the study of the ODE/IM correspondence.

The authors of [42] also generalized the correspondence for the second order ODE
with the polynomial potentials. For such a potential, essentially new phenomena occur,
which we call the wall-crossing of the TBA equations. The notion of the wall-crossing or
the analytic continuation of the TBA equations was first discussed in [43]. It is caused by
the poles of the kernel functions of the TBA equations. In the context of the ODE/IM
correspondence, as we deform the polynomial potential continuously, the phases of the
WKB periods change, and then we pick up the contributions of the poles. The Borel

nonsummable directions are related to the locations of the poles of the kernel functions.



Through the wall-crossing phenomena, one obtains the different Y-systems and TBA
equations in each process. The systematic way to obtain the TBA equations in each
process was established by Toledo in [44] (See also [45].), which we will introduce in
chapter @ The interesting point in the view of the ODE/IM correspondence is that
different integrable models are related to a common ODE through the wall-crossing. In
this sense, the ODE uniforms some kinds of integrable models. One of the main purposes
of this thesis is the establishment of the correspondence between the WKB periods and
the Y-functions and the investigation of the wall-crossing phenomena for the higher-order

ODE with polynomial potentials.

1.5 Four dimensional N = 2 theories

Physics in four dimensions may be the most interesting subject for us. The gauge theory in
four dimensions is particularly important since it describes the dynamics of fundamental
particles. Even though it has been past the decades of years since the gauge theory was
started to be studied, there remain many unsolved problems. Among these problems, one
of the hardest things is the study of the gauge theory at the strong coupling confined phase
since one cannot use the perturbative analysis anymore. Supersymmetry might shed light
on the analysis of these strongly coupled physics, which is a symmetry relating bosons
with fermions. It has been adopted in different areas of physics because of its controllable
features. One of the significant consequences of supersymmetry is the nonrenormalization
theorem which restricts the quantum effects of physical quantities. For example, in the
four dimensional supersymmetric gauge theories, the perturbative corrections of a kind of
quantities become exact at one-loop order. However, it is still hard to analyze the gauge
theory in the strongly coupled phase with the least number of supersymmetric charges i.e.
N =1 theory. The extended supersymmetry sometimes enables us to obtain the exact
results. In this section, let us discuss the exact analysis of the four dimensional N = 2

theory as well as the relation to the ODE/IM correspondence.



The Seiberg-Witten solution and the Argyres-Douglas theory

The N = 2 supersymmetry imposes a lot of constraints on the gauge theory. As the
representation of the N' = 2 supersymmetry, there are two types of fundamental fields
which are vector multiplet and hyper multiplet. Analogous to the non-supersymmetric
case, the UV Lagrangian of N/ = 2 supersymmetric pure Yang-Mills theories are composed
of N' = 2 vector multiplet. The N' = 2 vector multiplet contains one vector field, two
Weyl fermions, and one complex scalar. The classical vacuum of the pure Yang-Mills
theory is parameterized by the vacuum expectation values (vevs) of the scalar in the UV
Lagrangian. Since the theory is asymptotic freedom, the low energy effective theory is
strongly coupled. However, fortunately, the form of the low energy effective Lagrangian
is strongly restricted by the extended supersymmetry and expressed by a holomorphic
function of the multiplet, which is called the prepotential [46]. The prepotential includes
the contributions from the classical part, one-loop part, and the instanton part which is the
non-perturbative effect. Resolution to obtain the prepotential including all the instanton
part was provided to the SU(2) theory by Seiberg and Witten in 1994 [47, 48], which is
an example of the exact results of the strongly coupled gauge theory. They considered
the theories with different scalar vevs simultaneously and uncovered the structures of the
moduli space of vacua. Here we mean by the moduli space of vacua that the space of
the parameters which determine the scalar vevs. A point in the moduli space represents
one vacuum. The structure of the moduli space was turned out to be expressed by an
elliptic curve called the Seiberg-Witten (SW) curve. The scalar vevs and the prepotential
are computed from the cycle integrals of a one-form on the SW curve, which is called
the SW periods. Hence, the SW curve and the periods give us whole information of the
moduli space of the supersymmetric Yang-Mills theory. The application of this analysis
to other gauge groups (without matter) fields can be found in [49-52]. The connection
of the N' = 2 theories to the classical integrable models was also studied and used to

compute these SW curves [63-b5].

In the moduli space of vacua in pure SU(3) theory, a special point was discovered,

where the SW curve degenerates and strongly coupled interacting superconformal theory



appears, which is called the Argyres-Douglas (AD) theory [56]. At the AD point, mutually
non-local monopole and dyon become massless; hence the theory has no Lorentz covariant
Lagrangian. Here the locality means the proportionality of the electric-magnetic charges.
The AD theory is also known as the simplest theory since its central charge as a conformal
theory saturates the unitarity bound. The same theory was obtained from SU(2) theory
with matter fields [57]. This is because the conformal theory defines the universality
class, and these two theories belong to the same universality class. The AD theories
obtained from the degeneration of the SW curves were studied, and the curves were
classified in ADE-types [68]. There is also a more general class of AD theory which
was obtained from the geometric engineering of type IIB string theory or Hitchin system
[69-61]. A remarkable property of the AD theory is its duality. If two theories describe
the same Hilbert space, we say these two are dual. Some AD theories are mutually
dual at the superconformal point. These can be observed through the study of the wall-
crossing phenomena of the TBA equations which correspond to the third order ODE with

polynomial potential.

BPS spectra and wall-crossing in four dimensions

The four dimensional NV = 2 algebra has the center in the anti-commutation relation of the
supercharges [62,63]. In each representation, the center takes a constant complex value
which we call the central charge. The mass of any state preserving the supersymmetry is
bounded by the central charge [64,65]. The state/particle saturating the bound is called
the BPS state/particle. The BPS particles are important because they are not affected by
quantum corrections and control the low energy behaviors of the supersymmetric theory.
If we consider the theory described by the SW curve, the central charge of the BPS particle
is given by its electric and magnetic charges as well as the scalar vevs of the components in
the vector multiplets of the theory both in electric and magnetic descriptions. The central
charges change continuously in the moduli space of vacua. The spectrum of the BPS state
suddenly changes if any two central charges have the same arguments in the complex
plane. Since the mass of the BPS particle is the absolute value of the central charge,

at the point where two central charges align, BPS particles could decay, or new BPS
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particles could emerge. This phenomenon is also called wall-crossing. The wall-crossing
phenomena are conjectured to be governed and classified by the Kontsevich-Soibelman
wall-crossing formula (KSWCF') [66]. Using the KSWCF and the relations to the Hitchin
system, it was proposed the systematic way to obtain the BPS spectrum of a certain class
of NV = 2 theories in [67,68]. In these papers, It was also discovered that a quantity
associated with BPS charges, which is called the spectral coordinate, satisfies TBA-like
integral equations. The interesting point is that since the spectral coordinates enjoy the
wall-crossing phenomena, the TBA-like equations also wall-cross. The wall-crossing of
the TBA equations in the context of the ODE/IM correspondence is related to that in
the four dimensional N' = 2 theory. However, there is no convincing explanation of this

relation. This is one of the motivations of our study.

Nekrasov-Shatashvili limit of the ()-background

The prepotential in the weak coupling region is also computed by directly path integrat-
ing around all the instanton configurations. For SU(N) theory, it was carried out using
the localization method by Nekrasov et al. [69,[70]. In the calculation, they used the
dimensional reduction of a six dimensional theory on the so-called {2-background. Then,
the resulting partition function, which is called the Nekrasov partition function, includes
two deformation parameters. The prepotential is obtained from the Nekrasov partition
function by taking the logarithm in the limit where the deformation parameters are taken
to zero. It is also possible to consider the limit where one of the parameters remains finite,
where the prepotential in the limit is defined from the Nekrasov partition function. This
limit is called the Nekrasov-Shatashvili (NS) limit [71]. The SW curve, which reproduces
the prepotential in the NS limit, becomes the quantized one which is no longer the Rie-
mann surface but the ordinary differential equation [72,73]. The SW periods also become
the quantized ones, say the quantum SW periods. The SW curve and the quantum SW
periods are, in the ODE language, identified with the WKB curve and the WKB period,
respectively.

If we consider the (A;, Ay)-type AD theory in the NS limit, the quantum curve is
nothing but the one studied in [42], which is the second order ODE with the polynomial
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potential of degree N + 1. We interpret the remaining deformation parameter of the
)-background as the expansion parameter of the WKB analysis in the ODE. The quanti-
zation of the SW curves of other types of AD theories was studied in [74-76]. The leading
part of the WKB period is found to be the SW period. Furthermore, the coefficients of
the potential in the ODE correspond to the parameters of the moduli space of vacua in 4d
theory. Then, the wall-crossing condition of the TBA equations, derived in the context of
the ODE/IM correspondence, is exactly the same as that of the four-dimensional theory,
i.e., the condition of the alignment of any two SW periods.

As we mentioned, one can consider the TBA-like equations for the spectral coordinate
of a four dimensional ' = 2 theory. In [7], it was pointed out that there are TBA-like
equations whose conformal limit reproduces the solutions to the quantum SW curve of
the (A;, Ag)-type AD theory. Inspired by this, it was studied for the (As, Ay) case [[78,[79].
The ODE/IM correspondence may provide some insight into these non-trivial phenomena
since the TBA equations for the quantum curve of AD theory also gives the solutions to
the ODE and enjoy the same wall-crossing phenomena. This is another motivation for

this thesis.

4d/2d correspondence and the ODE/IM correspondence

There is also a non-trivial connection of the ODE/IM correspondence to the four and two
dimensional field theories. In [80], it was conjectured that any four dimensional N' = 2
superconformal theory has a special sector whose Hilbert space is isomorphic to that of a
certain two dimensional CFT. This is called the 4d/2d correspondence. For AD theories,
see [81-83]. There is also a conjecture of the generalization of this relation [84]. In
these studies, the important quantity was the trace of the operator which is also used to
construct the KSWCF'. In this sense, the wall-crossing phenomena are considered to play
an important role in the 4d/2d correspondence.

The relation to the ODE/IM correspondence was observed in [74] that the central
charges computed from the TBA equations, which corresponds to the quantum curve
of the (A,, A;)-type AD theory, become the same as that of the two dimensional CFT
in [84]. As discussed in [p9,81,84], the 4d/2d correspondence is related to the wall-
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crossing phenomena of four dimensional theory. Hence we consider that the relation to
the ODE/IM would shed light on some aspects of this non-trivial relation. This is also
one of the motivations to study the ODE/IM correspondence.

1.6 The brief summary of this thesis

The ODE/IM correspondence for the polynomial potential relates one ODE with several
integrable models, which can be studied from the wall-crossing phenomena of the TBA
equations. The exact WKB analysis played an important role in the understanding of this
correspondence for the second order ODE. For the higher ODE, however, the exact WKB
analysis has not yet been studied well. On the other hand, there are relations between
4d N = 2 theories and 2d integrable models, including conformal theories. This relation
is considered to be deeply connected with the wall-crossing phenomena of 4d theory. The
connection of the 4d N' = 2 theory to the ODE can be understood from the SW analysis
in the NS limit of the Q-background. In contrast, the wall-crossing of the TBA equations
and that in the 4d theory have not been well understood. We believe that after uncovering
these relations above, one could understand the (exact) WKB analysis, the structure of
the BPS spectrum of 4d N' = 2 theories, the relations between 2d integrable models in
a unified perspective. As mentioned in the first section, this is the ultimate goal of our
study.

In this thesis, we will study the ODE/IM correspondence for higher order ODE with
the polynomial potential, which is also considered as the quantum SW curve of the AD
theory. This is the higher order generalization of the correspondence for the second
order ODE with polynomial potential, studied in [42]. In our study, we will apply the
WKB analysis to the ODE and establish the relation between the WKB periods and
the Y-functions. The TBA equations satisfied by the Y-functions enjoy the wall-crossing
phenomenon as we deform the potential continuously, which is more complicated than
that for the second order case. As discussed in the previous section, the classical parts of
the WKB periods for this ODE provide the mass of the BPS particles of the corresponding

AD theory. The Y-functions are related to the spectral coordinates. We will also discuss
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the relation to the wall crossing of the AD theory.

Generalizing the arguments in [74] and [42], we will first discuss the identification
of the cross ratios of the Stokes multipliers with the Y-functions through the ODE/IM
correspondence for the higher ODE with the general polynomial potential based on our
work [85]. From the asymptotic analysis, the cross ratios of the Stokes multipliers will
be turned out to be the WKB periods. The asymptotic behaviors of the WKB periods
can be discussed by using the Stokes graphs and the abelianization trees, which are the
techniques used in [78] and [79]. We will also show the evidence of the correspondence
between the WKB periods and the Y-functions in several aspects, which includes the
numerical comparisons in the formal expansion, analytic relations, and the relation of the
discontinuity structure of the WKB periods to the pole structures of the kernel functions
of the TBA. The last one may provide some hints to the exact WKB analysis for higher
order ODE.

(AD theory)
SW curve Higher. ODE w/ . , Y—systen.l/
Classical = polynomial potential ODE/IM TBA equations
limit correspondence

SW periods ¢=———————= WKB periods < > Y-functions

Wall-crossing N Wall-crossing
= changes of the deformations = analytic continuation

BPS spectrum of the potential of TBA equations

Figure 1.6.1: The relations of the ODE, integrable models, and the 4d N' = 2 theory.

Once we have established the correspondence, we will study the wall-crossing phe-
nomena. Concretely, we will investigate the wall-crossing of the TBA equations for the
third order, which we studied in [86]. Unlike the second order case, there has no known
systematic method of wall-crossing. Thus, we compute the TBA equations in each process
step-by-step algebraically. We will also check that the wall-crossing condition becomes

the same as that of the four dimensional one. The remarkably interesting results are
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obtained at the point in the moduli space, where the potential becomes the monomial
one. This point is the AD point in the four-dimensional language, where the theory be-
comes superconformal. The TBA equations will reduce to the simplified ones, and then
we will observe that different types of TBA equations are connected associated with the
dualities of the AD theories. The relations of the ODE, integrable models, and the four
dimensional NV = 2 theory are summarized in figure .

1.7 Outline

This thesis is based on our works [39], [85], and [86]. We will introduce the ODE/IM
correspondence and discuss the non-trivial test of the correspondence for the modified
affine Toda field equations associated with any affine Lie algebras based on [39]. After
some reviews of former works and relation to the four dimensional theory, we will dis-
cuss the higher order generalization of the correspondence and the wall-crossings of TBA

equations based on [85,86]. This thesis is organized as follows.

Chapter We introduce the notion of integrability in two dimensions. We will see that
the functional relations characteristic to the integrable models are also derived through
the analysis of the six-vertex models. The integral equations, i.e. the NLIEs and the TBA

equations, are also derived from the BAEs and Y-system, respectively.

Chapter We discuss the ODE/IM correspondence for modified affine Toda field equa-
tions. The method to calculate the zeros of the Q-functions is also introduced, which is

applicable to the linear problem for any representations of affine Lie algebras.

Chapter @ This chapter is devoted to the review of the ODE/IM correspondence of
the second order ODE with the polynomial potential. The relation of the WKB periods
and the Y-functions, as well as the wall-crossing of the TBA equations, will be discussed

in detail.
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Chapter H The four dimensional ' = 2 theory and the relations to the ODE/IM corre-
spondence will be argued. The AD theory, its quantum SW curve, and the wall-crossing
of the four dimensional theory will be introduced in this chapter. These arguments are

the background and one of the motivations of our study of higher order ODE.

Chapter E We will generalize the ODE/IM correspondence to the higher order ODE
with the polynomial potential. Through the analysis by using the abelianization tree and
the Stoked graphs, we identify the WKB periods with the Y-functions. We will also test
the identification in several ways, including the numerical computation, PNP relations,

and the discontinuity structure.

Chapter B The wall-crossing phenomena of TBA equations will be investigated for
the third order ODE in great detail. We especially focus on the cubic and the quartic
potentials. In each process of wall-crossings, we compute the TBA equations and extend
the relation between the WKB periods and Y-functions. At the point in the moduli
space of (As, As) and (A, As), where the potential becomes the monomial one, we will
observe the TBA equations reduce to the Dy-type and Eg-type, respectively. This is the
consequence related to the duality of the AD theories.

Chap. 2

[Chap. 3 sec.1

[Chap. 3 sec.2-|

Chap.7

Figure 1.7.1: The connections of the topics in chapter from 2 to 7.

The connections of the topics in each chapter are shown in figure . Chapter H is
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based on both the former works and our work in [39]. Chapter B and B are based on our

works in [85,86]. Lastly, we should note that other chapters are the review part and are

based on many former papers and reviews.
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Chapter 2

Integrability in two dimensions

In this chapter, we briefly review the property of the two dimensional integrable systems.
We first review the integrability following [87], and then, as a simple example of the quan-
tum integrable model in two dimensions, we consider the six vertex model and introduce
the functional relations based on the review paper [30]. We also introduce the integral
equations, the TBA equations, which are useful to compute the free energy of the system

or the effective central charge of the underlying conformal theory.

2.1 Classical and quantum integrability

In classical mechanics, the model which has sufficiently many conserved charges are said
to be integrable. The most famous example of the classical integrable system may be
the Kepler problem which is also solvable. However, integrability does not guarantee
solvability in general. The notion of integrability of classical models with finite degrees
of freedom is based on the Liouville theorem. The theorem claims that in the Hamilton
system of 2d-dimensional phase space, if there exist more than d conserved charges Fj

(k=1,2,...,d) which are involutive:
(FFY=0, kl=12...,d (2.1.1)

the system is integrable. Here the symbol {-, -} implies the Poisson braket. The Hamil-
tonian itself is included in the conserved charges or constructed by the charges. In the

formulation of the classical integrable models, it is often used the Lax formalism, in which
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the equation of motion in Hamiltonian formalism is recast by two matrices L and M called
the Lax pair into
dL

< =M,1) (2.1.2)

Here the right hand side is the commutator of the pair. The conserved charges are obtained
by
F, =trLF, (2.1.3)

where one can easily show the conservation by differentiating and using the Lax equation
() Suppose the Lax pair is the element of a matrix algebra g. To the charges be

involution, there exists a so-called classical R-matrix 75 € ®2?g such that
{Ly1, Lo} = [r12, L] — [ra1, La]. (2.1.4)

Here Ly and Ly are defined by L; = L ® 1 and Ly, = 1 ® L, respectively. The classical

R-matrix satisfy 1o = —ry; and the classical Yang-Baxter equation:
[r12, 18] + [112, 23] + [113,723] = 0, (2.1.5)

which follows from the Jacobi identity on the tensor product ®3g. Here 793 and 73 are
defined in a same way as 7.

There are also the classical integrable field theories, for example, the Korteweg de
Vries (KdV) equation in fluid mechanics. In classical field theories, we have an infinite
number of degrees of freedom. Instead of the Liouville theorem which does not provide
a sufficient definition of integrability in this case, we define the integrable field theory
by the Lax formalism. In the following, let us restrict ourselves to the two dimensional
theory, where the coordinate of the space is x while that of time is t. We call the field
theory whose Euler-Lagrange equation can be reformulated by the Lax pair (L, M) as

oL OM

To construct the conserved charges, we introduce the monodromy matrix 7 by

T(v) = Pexp [ / f Lix.t, w}, (2.1.7)
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where P denotes the path-ordered product, and we also introduced an auxiliary parameter
v called the spectral parameter. If we move x; and ¢ to the endpoints of the space and
impose the periodic boundary condition, the integral is performed over a cycle. The

differential of the monodromy matrix by ¢ becomes
o,T =[M(0,t,v), T]. (2.1.8)

This implies that the trace of the monodromy matrix, which we denote T := trT and
call the transfer matrix, conserves. Thus, the coefficients of the expansion of the transfer

matrix in the spectral parameter are also conserved:

0F, =0, T(v)=>» F* (2.1.9)
k

The infinite tower {F}}x is nothing but the conserved charges. As in the case of the
integrable model with finite degrees of freedom, we assume the Poisson structure of the

matrix of the Lax pair. Suppose there exist the classical R-matrix which satisfies

{Li(z,t,v), La(y, t, ")} = [ria(v = V'), Li(z, t,v) + La(y, t, )]0 (x — v), (2.1.10)
rip(v—v') = —ry (V' —v). (2.1.11)

The Poisson structure in which the derivative terms of the delta function are absent is

called the ultralocal. For general cases, there are also non-ultralocal Poisson structures
which we do not discuss here. The equation () leads the Sklyanin exchange relation:

{Ti(v), T2(v)} = [ra(v =), L) T2(V)], (2.1.12)

where T; (i = 1,2) is defined in the same sense as the definition of L;. Taking the trace

over the space on g ® g, the transfer matrix is turned out to satisfy
{T(v), T(V)}=0. (2.1.13)

This guarantees the involution property of the conserved charges: {Fy, F;} = 0. Again,

from the Jacobi identity, one obtains the classical Yang-Baxter equation of form

[T’lg(Vl, VQ), T13(l/1, 1/3)] + [Tlg(Vl, 1/2), 7”23(1/2, Vg)] + [7”13(V1, V3), T23(7/2, 1/3)] = 0 (2114)
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The classical R-matrix, in this case, satisfies 7;;(v;,v;) = 7;(v; — v;), but one can also
consider the case this does not hold.

The classical R-matrices for simple Lie algebras are reformulated and classified, for
example, see [88]. Once the classical integrable structures are obtained, one can perform
the quantization which leads to the possible quantum groups as well as integrable struc-
tures of quantum integrable models. The quantization of the integrability structure leads

to the (quantum) Yang-Baxter equation
RiaRi3Ro3 = RozRizRao, (2.1.15)

where R;; plays the role of the R-matrix in corresponding quantum integrable models
and is related to the classical R-matrix by R;; ~ 1 ® 1 + thry; + ---. The canonical
quantization scheme, i.e. we replace as {-,-} — —ih[, ], leads the commutation property

of the transfer matrices at different spectral parameters:
[T(v), T(v)] = 0. (2.1.16)

Here we denote the quantum transfer matrix as T. The Sklyanin exchange relation under

the quantization procedure becomes the so-called RTT relation:
R(v— (W) Ti(v) = i) T:(V)R(v — V), (2.1.17)

where the quantum transfer matrix is related to the classical one by 7 (v) = T (v) + O(h).
These structures are also derived from the analysis of the integrable lattice models. In
such a context, the monodromy matrix and the transfer matrix are naturally introduced
as in the usual approach of the study. In the next section, we will see the derivation of
the integrable structure of the six-vertex model as well as many functional relations which
are essential to discuss the ODE/IM correspondence in the next chapter. We will also
discuss the algebraic way to obtain the eigenvalues of the transfer matrix, which leads to

the Bethe ansatz equations.

2.2 An example of IM: the six-vertex model

Let us consider the six-vertex model [4,5] as the simplest example of the integrable models,

which is suitable to explain the properties of integrability. Arguments in this section are
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followed from the review [30]. To define the model, consider the N x N lattice with
periodic boundary conditions. To avoid the unimportant problem in the analysis below,
we set N/2 to be even. Each vertex of the lattice is linked to both horizontal and vertical
neighbors. We assign one of the two spin states on each link, which is depicted by the
arrows in fig. . Also we impose a rule to the assignation: only the configuration, in

which the flux of the arrows through the vertices are preserved, is permitted. For each

Figure 2.2.1: six vertex model

vertex, one can introduce the Boltzmann weight L which is determined from the spin
states of the links connecting to the vertex. If we further impose the invariance of the
Boltzmann weight under the simultaneous reversal of the directions of the arrows, there

can be three types of weights:

L_—>¥—>_:L_<—je_:a,

RN S D O

L_—>$—>_ —L_<—T%_ = b, (2.2.1)
L_—>I<—_:L_<—*—>_:c

Normalizing the overall factor, we parameterize a,b and c ash

a(v,n) = sin (n + iv), b(v,n) = sin (n — iv), c(v,n) = sin(2n), (2.2.2)

where v is called the spectral parameter while 7 is zaunisotropy.B For the later convenience,
we set n/m irrational. We consider the models for different spectral parameters vs si-

multaneously. As the usual technique of the statistical mechanics, one can introduce the

1One can find other two parameterization regimes in [100].
2For the relation to the X X Z spin chain, see [7].
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transfer matrix T:

N /
a (N Qg —
TS (v) =Y _[] L [@aiﬁm} (v), B =0, (2.2.3)
{8} i=1
where @ = (ay,qq,...,an), @ = (o, dd, ..., dy), and the sum over {5} represent the

summation of all the sets of the horizontal configurations. With the boundary condition

set to be periodic, the partition function Z is calculated by
Z =Tr [TV]. (2.2.4)

Then the calculation of the partition function Z reduces to the diagonalization of the

transfer matrix T.

Bethe ansatz equations and Baxter’s TQ-relation

To solve the eigenvalue problem, we introduce the monodromy matrix 7

ORI T | G2 R EA L A R L

{8} =2
Of course, if we take the trace over a, b, the transfer matrix is recovered. The monodromy

matrix has four components which we denote A, B, C', and D:

Ton=(700" 7o) = (6w bw) 229

The key property of the Boltzmann weight is that if we define R-matrix whose component

R%(v) is defined by
R (v) =L {a 2 c} (v —1n), (2.2.7)
where the R-matrix and the Boltzmann weight satisfy the so-called RLL relation:

/
)y

R (v — /)L [cib] (W)L [c' ‘;b] W) =1L [ai 01 (W)L [a ° c} (R (v — o). (2.2.8)

() is also represented in figure . Here the Boltzmann weight and the component of
the R-matrix are denoted by the diagram shown in figure . The non-zero components
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/

b c
e ot 3¢
14
a d

a
(a) (b)
/
Figure 2.2.3: (a) The Boltzmann weight L [ﬁiﬁ’} (v) and (b) the R-matrix R%(v).

of the R-matrix are
RZS(v) = RCCZ(v)
RZZ(v) = RIS (v)

RZ5(v) = RS2 (V)

a(v —in,n) = sin(2n + iv),

b(v —in,n) = —sin(iv), (2.2.9)

c(v —in,m) = sin(2n).
Once the relation () for the Boltzmann weight is obtained, it is not hard to generalize

the relation to that for the product of the weights i.e. the monodromy matrix:

-

RES (v — V) T2 (y')cb@d’(y)db, - 7;5 (y)acg@’(yf)a,c/z%g’gz(y — ). (2.2.10)

This is the RTT relation, from which we can obtain an important and characteristic
property of integrable models. Multiply both sides of () by R (V' — v), taking the

sum over b and b, and taking the trace on a,d as well as a,d’ with using the identity
R ()RS (—v) = sin(2n + iv) sin(2n — iv)d50L, (2.2.11)
one obtains the commutativity property of the transfer matrices:

[T(v), T(v)] = 0. (2.2.12)



24

() indicates that we can diagonalize the transfer matrices evaluated at different
values of the spectral parameters simultaneously. That is the reason we did not fix the

spectral parameter v. () shows other relations for the components of the monodromy

matrix:
[B(v), B(v)] =0, (2.2.13)
A(w)B(V) = g(v' —v)B(V)A(v) — h(v' — v)B(v)A(V), (2.2.14)
DW)B(V') = g(v —V)B(V)D(v) — h(v —V)B(v)D(V), (2.2.15)
where g(v) and h(v) are given by
sy BEEW) i) RS20) 2216

N R - Rzo(v) b(v—in,m)
The problem of the diagonalization of the transfer matrix can be rephrased by taking
the so-called Bethe ansatz. Regarding @ and @ as the labels of states in a one dimensional
spin chain, the component of the monodromy matrix 7;&/ is considered as the operator
acting on the 2V dimensional vector space, which changes the state |@’) to another state
|@). In this interpretation, A(rv) and D(v) preserve the number which is the number of
the up spins minus that of down spins, while B(v) and C(v) play the role of the creation
and the annihilation operators. Defining the highest weight state |Q2) = @"| 1) where

AW)IQ) =a"(v,n)|Q),  DW)IQ) =" (r,n)|Q),  CW)Q) =0, (2.2.17)

one might expect the state |¥) defined by

n

U (11,0, vn)) = [[ B) 1) (2.2.18)

i=1
also becomes the eigenstate of the transfer matrix T with some conditions for the spectral
parameters vy, ..., v,. Note that the commutativity () ensures that we don’t have
to take care of the ordering of B(v;). Acting A(v) and D(v) on |V) respectively and using

the exchange relations (5212,\]) and (E.Z.la), we obtain

AW)[W) = AT) + Y CAL[W), D)WY = A7) + ) ATy, (2.2.19)

k=1 k=1
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where A*, A; and |¥}) are given by

AT = a"(v,n) Hg(l/i —v), A = —aV (v, n)h(ve — v) H g(vi — ), (2.2.20)
i=1 i=1,i#k
A =N [[ow —w), Ay =N wmb —n) [ gn—n). (2:221)
i=1 i=1,i#k
Uy) = B) [[ Bw)). (2.2.22)
i=1,i#k

The state |¥) becomes the eigenvector of the transfer matrix T(v) = A(v) + D(v) if and
only if A + A, =0 (k=1,2,...,n) which is written in the following form:

_ N(V/M?)

(—1)" ﬁ sinh(2in —v+ 1) a
L sinh(2dn — v + ) bN (v, m)’

k=1,2,...,n. (2.2.23)

() is the Bethe ansatz equation (BAE) for roots {v1,...,v,}. The corresponding
eigenvalue t(v) is

n n

tw)=AT+ A =d"(v,n) Hg(l/i —v)+ 0V (v,7) Hg(u — ). (2.2.24)

i=1 =1

Introducing the function ¢(v) by
= Hsinh(v —v), (2.2.25)

() is also written as
t()q(v) = a™ (v, n)q(v + 2in) + 0" (v, n)q(v — 2in). (2.2.26)

This is called the TQ-relation. Associated to the eigenfunction ¢(v), a matrix Q(v) exists,
which we call the Q-operator.
One can adapt this analysis to the model with a twisted boundary condition in which

the BAE (2.2.23) is modified:

n

H sinh(2in — v + 1) —2ip a™ (vg, m)
= —¢ —_,
sinh(2in — v; + 1) ON (v, )

k=1,2,....n, (2.2.27)
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where ¢ is the twist parameter. With the twist, the operator T(v, ¢) enjoys
N
T(v,¢) =UT(v,—¢)U, U = @0y, (2.2.28)

where o, represents the Pauli matrix. Let us discuss the ground state which is the Bethe
state with n = N/2. Note that there are many solutions to the BAE, which differ by
the periodicity, however, these configurations provide a unique ground state. The ground
state eigenvalue ty(v, ¢) is an even function with respect to the twist parameter ¢ since t
is continuous at ¢ = 0 and the ground state is singlet under the transformation (2.2.2§),
which obeys from the Perron-Frobenius theorem. Then the TQ-relation for the ground

state eigenvalues with the twisted boundary condition becomes

to(v, |9])ao(v, £¢) = a” (v, n)@o(v + 2in, £¢) + b" (v, n)Go (v — 2in, £¢), (2.2.29)

~ _vo . .
where qo(v, ¢) = e Zqo(v, ) and qo(v, @) is the ground state eigenvalue of Q operator.
We assume that g is entire and ¢m-periodic as it was in the untwisted case ()

The fusion hierarchy

The TQ-relation leads to other functional relations which are characteristic and useful
in the study of the integrable models. In this subsection, we derive the so-called fusion

hierarchy [89-93]. Let us introduce a function W defined by

W(v) = sin_‘iN y [qo(v + i1, —¢)qo(v — in, ¢) — qo(v + in, §)qo(v — in, —¢)],  (2.2.30)

which we call the quantum Wronskian. Multiplying both sides of the TQ-relation ()
by qo(v, F¢)a N (v,n)b=(v,n) and subtracting the terms, one obtains

W(v +in) = W(v —in), (2.2.31)

where we used that N is even. From the periodicity of ¢y and (), the quantum
Wronskian W is 2in-periodic as well as 2im-periodic. Then, VW becomes constant since we

have set n/m irrational. The constant term is dependent on the twist parameter as [89]:

W = 2isin ¢. (2.2.32)
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Again, Multiplying the TQ-relation by go(v — 2in, F¢) and subtracting, the ground state

eigenvalue t, is written as

to(v 161) = s (o + 20, ~ )T (v — 20, 6) — Bl + 2im, O)plw — 20, ~0)]. (2:2.33)

Introducing the generalized quantum Wronskian
Wolk, —k](v) == det(gk, ¢-), (2.2.34)

where a two dimensional vector ¢ is defined by

— 1 — L1~ i L1 o~ T ~ ™
Gk = ——=(e"" (v — ik, ¢), e q(v — ik, —¢))", =5 -n (2235

NS 2
one finds ty = W,[2, —2]. The generalized quantum Wronskians W, [k, —k] (k =0,1,...)

satisfy functional relations. Defining
tm2D () =W, [k + 1, —k — 1)(v), (2.2.36)

the Pliicker type relation for the 2 x 2 matrix:

det [6, 5] det [c%q — det [a,ci] det [5 5] + det [55} det [5, ﬂ, (2.2.37)
where da, g, ¢ and d are 2-vectors, leads to a set of functional relations called the fusion
hierarchy:

t0 (v — i)t (v + in)
= tO@w —i2m + D))t +i(2m + 1)) + M=V ()2 (),

(2.2.38)
t2D )™ (v —i(2m + 1)7)
= tO (v — i)t ™D (1 —i2ma) + 1O (v + i)t VD (w —i(2m + 2)7),
where m takes the value of half-integer %, 1, %, .... If we consider the case where n/7 is

rational or the twist parameter ¢ is zero, one needs to more arguments in the derivation
of (2.2.38), see [94-96], which we do not discuss here. An important consequence of the
rational case is that the fusion hierarchy is truncated to a set of the finite number of

functional equations. For the case where

3
L2, 2.2.39
Y 727 Y ( )
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the periodicity of the ground state eigenvalue gg and leads

M) =tO®w), M) =0, (2.2.40)

1
tM () =t™M=m(),  m =0, I (2.2.41)
Also, for the generic value of the twist parameter ¢, this truncation occurs [89].

Conformal limit

In the study of statistical mechanics, one of the main subjects of study is the phase
transition. At the critical point where the transition occurs, the length of interaction
diverges, and then it is believed that the system becomes conformal. From the point
of view of the lattice model, we can study the model at the critical point by taking
the continuum limit N — oo. For the 2-dimensional models, the system at the critical
point would have the infinite-dimensional Virasoro symmetry and be characterized by the
(effective) Virasoro central charge c.g. The effective central charge of the six-vertex model
in the limit is [97-99]
2

ceﬁzl—w(f;in):pm(g) , 52:1—2?”, p:%. (2.2.42)
In the continuum limit, only the ground state is in our interest. The ground state is
the state |¥(vq,va,...,1,)) where n = N/2 and the distinct roots v; (i = 1,2,...,n),
satisfying the BAE in the limit, are real numbers [14,100]. Since the roots behave as

v~ —2log N at N — oo [101], we set the alternative roots E; as
E, =N+ e, =12, ..., (2.2.43)

so that E; remains finite in this limit. Then, the BAE () becomes

T i Er — W2E;
2ip k vt P
JIE B —oiE, 1, i=12..., (2.2.44)
k=1
where we defined w = —e~2". Taking the continuum limit to the ground state eigenvalues

to and qp, TQ-relation () results in

to(E)qo(E) = qo(w*E) + e “go(w 2 E). (2.2.45)
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We can also take the limit of the fusion hierarchy (R.2.3§):
tM (W LE) M (WE) = 1 4t V(B D(R),

2.2.46

t(1/2)(E)t(m) (meHE) _ t(m+1/2) (w2mE) + t(m_l/Q)(w2m+2E), ( )

If we set n/M = ¢ = Ty with 2M € Z-q, these relations would be truncated. Intro-

ducing the T-functions by
Tn(E) =t™(E), m=12..,r (2.2.47)

where 7 = 2M — 1, the fusion hierarchy () is uniformly written as

T

T(w ' B)T,(wE) =1+ [[ITW(E)]“, a=12,...r (2.2.48)
b=1

Here we defined G, as the incidence matrix of A,-type Lie algebra. We call () the
T-system. One can write the T-system as another functional relation called Y-system [16]:

T

Yo(wE)Y,(w'E) =[]+ Y(E), a=12...r (2.2.49)

b=1
where we defined the Y-function by

Y, (E) = : [T, (E)]S. (2.2.50)
b=1

It may be more convenient to write () by introducing a canonical variable 0 =

2l log E where h =1 + 1 is the Coxeter number of A,:
T T LT G _
Yo(0 + i3 )Ya(0 — i) bHI(HYb(H)) . a=1,2,...,1 (2.2.51)

The BAEs for other lattice models

In this section, we have seen that there are functional relations which is characteristic to
the integrable models from the analysis of the six-vertex models. We also saw that the
ground state energy of the six-vertex model is controlled by the algebraic equations of

the spectral parameters, which is the Bethe ansatz equation. The lattice models in two
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dimensions have been classified for any semi-simple Lie algebras g. The BAEs for the
models in the conformal limit are given by [10-13]

rank g

Q*Cab/QE(a) =
H - Carn/2 @ Y 4 iZ12.... a=1.. rankg (2252)
Qw2 B, 7)

Here Q@ (E,7) is the Q-function, the ground state eigenvalue of the Q-operator, which
has zeros at EZ-(b) (1=1,2,...):

Q(E,7) = Q“I(0, H < > (2.2.53)

¥ = (M1, Yrank g) is the twist parameter, Cy; is the Cartan matrixf of g, and Q =

2mi

exp( ) with the dual Coxeter number hY and anisotropy p. The six-vertex model

corresponds to g = A; case. If we choose g = Ay, 71 = —2¢, and 1 = -, we recover the

BAE of the six-vertex model in the conformal limit ()

2.3 NLIE for simply-laced Lie algebras

In the previous subsection, we introduced the BAEs for any semi-simple Lie algebras g.
The spectrum of the theory in the thermodynamic limit is calculated by solving the BAEs,
which is hard in algebraic methods. There is an alternative way to solve it, in which we
convert the BAE into a system of non-linear integral equations (NLIE). In the following,
we see the NLIE for the simply-laced Lie algebras [26-28], for which the Bethe roots E;

are real and positive. Let us introduce a function a(®(E) defined by

rank g (b) Q_Cab/QE —
(E) = H Q—Cab%/QQ ( 7) a=1,...,g9. (2.3.1)

QO (OCa 2B, 7)

Clearly, the BAE () is equivalent to a@(E™)+1=0fori € Nanda =1,...,g.

Taking the logarithm of the counting function, one obtains

log a'®)( anm + ZZ fab< ) (2.3.2)

b k=1

3For the notation of Lie algebras, see appendix @
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where f,(E) is defined by

1 - Q G2
) (2.3.3)

ful) = o8 (TG

Since the logarithmic derivative Og log(l + a(“)(E)) has simple poles at E,ga), the sum of
k in () can be replaced by an integral:

log a(® ZCabfyb+Z/dE ( )8];/ log( —|—a(b)(E/)), (2.3.4)

where the contour C runs from oo to the origin above the real axis and return to oo below

the real axis. It is convenient to regard al®(E) as a function of § = ulog E rather than

E. Integrating by parts, () becomes

log a(® anb% Z/ d0' Oy Ry (0 — 9)log(1 + al (0’))

(2.3.5)

+) / A0/ Op Rap (0 — 0') log (1 + a®)(8")),
b V02

where we defined R,;(60) by
i o
Rup(0) = %aefab(e“)a (2.3.6)

and the contour C; runs from —oo to oo above the real axis while the contour Cy runs

from oo to —oo below the real axis. The Bethe roots and the integration contours on the

f-plane are illustrated in figure .

L0

Ci

Y

N

Ca

Figure 2.3.1: The Bethe roots (cross points) and the contours C; and Cy on the 6-plane.
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Using the property al®(#)* = a(6*)~!, which obeys from the BAE, and applying the
Fourier transformation, () leads
> (0w — F[Ra] (k) F [log a®] ()

b

2.3.7)
2 (
i Z Carnd(k) — 20> F[Rap] (k) Im F[log (1 + a®)] (k),
b

where the (inverse) Fourier transformation is

Fly= [ et g, F =g [ dke o). (238)
Multiplying both sides by the inverse matrix (I — F[R](k))™! and taking the inverse
Fourier transformation, one obtains

loga () = —% > F A - FIR) ., (0)Cheve — iboMae’
e (2.3.9)

—2iy /_ m? d¢'F ' [(I - F[R) "' FIR]] (0 — ') Imlog(1 + a®(8)),

where the second term in the right hand side is real constant and arises from the zero

modes, which is determined from the asymptotic behavior of log a'® with M, satisfying

rank g

2M, cos Z GaM,, (2.3.10)

where Gy is the incidence matrix of g. The vector (M, Ma, ..., Miankg) is called the

Perron-Frobenius eigenvector. Normalizing M; = 1, each component of the Perron-
Frobenius eigenvector takes the value as in Table . Simplifying the equation

(), we obtain the NLIE:
rank g

In o (6) = imdy — ibyM,e” + Z / A0’ pap(0 — 0') In (1 + o (0))
(2.3.11)

rankg 1
— ! In{1
Z/Cde Car(0 —0) n( + G (9,))

where the kernel function ¢,,(0) is defined by

[T dE sinh(umk) .
ear(f) = /_OO ¢ (5“”  Sinb((h = 1)k ) cosh(mh 7)o ““))' (2:3.12)
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g Ma
A (h=r+1) Mazssiir;(?;//}g), (a=1,...,7)
D, (h=2r—2) - siil(::/hh)) (a=1,....,r—2), M,_1=M, = m
Es (h=12) My=Ms=1, Mp=M,= “f((%/ h)) My = b:?n(f’:/}g) Mg = 2282/ Z;
Er (h=18) My =1, M,= S;fn(( /:)) M; = S;El((?’://}g), My = S;?n(?:// ,S)
_sinm/h) _sin(dn/h) o sin(Gr/h) _sin(n/h) o sin(dn/h)
sin(r/h) bln( B 0 Sin(a/h)  sin(x/h) sin(2r /1)
N i R = U
= ) iz S~ i) o

Table 2.3.1: The Perron-Frobenius vectors for simply-laced Lie algebras

Cuy(k) is the deformed Cartan matrix:

2, a=Db,
Cab<k) = CYab (2313)
cosh(mk/h)’

and the constant ¢, is defined from 7, by
= (1= )™ Yo (2.3.14)

The effective central charge of the conformal theory characterized by the BAE () of

simply-laced Lie algebra is computed from the counting function as [22, 27, 28]
3 rank g 1
Coff = 2><F Z ibo M, [/c do e’ log(1 + a(6)) — /c df e’ log (1 + @ X@))} . (2.3.15)

The factor 2 comes from the kink and anti-kink configuration of the counting function.

Evaluating the counting function at the § — —oo limit:

rank g
ilna®(—oc0) = (— — 1) Z Cpip, (2.3.16)
we find .
hi — 1 rank g
Co = Tank g — S(lli—,u) Z 0aClapOip. (2.3.17)
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2.4 Thermodynamic Bethe ansatz equations

The free energies of the equilibrium states of integrable models in thermodynamic settings,
whose spectrum obeys the Bethe ansatz, are computed from a system of integral equations
called the Thermodynamic Bethe ansatz (TBA) equations [15]. The TBA equations are
converted to a functional relation which is the Y-system. In this section, we introduce
the TBA equations from the T-/Y-systems. Another derivation for the TBA equations is
shown in appendix B, in which the physical meanings of quantities in the TBA may be

clear.

The G-type TBA equations

As we saw in section @, the G-type Y-system where GG is the simply-laced Lie algebra
is [16]

Yoy g) = H (1+Y,(0)°, (2.4.1)

a
b=1

where we have introduced the notation YF* by

YER(9) =Y (0 + iL:). (2.4.2)

Here G, is the incidence matrix, r is the rank, and h is the Coxeter number of G. The
TBA equation is a system of integral equations with respect to the logarithm of the

Y-functions. Then we introduce €(6) by
€a(0) =log Y,(0), (2.4.3)

which is called the pseudoenergy. Taking the logarithm of the Y-system (), one

obtains

e U() + -1 (g) — Z Gaper(0) = Z Ly(6), (2.4.4)

where we defined L,(6) by
L,(0) =1log (1+Y,'(0)). (2.4.5)
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As we saw for the G = A, case, the Y-function is the product of the T-function. Then,

the asymptotic behavior of the pseudo-energy is assumed to hell
€a(0) = mgae’, 0 — 0. (2.4.6)

We call m, the mass. Evaluating the equation () at the large 6, since the right hand
side vanishes, one finds that m, satisfies the equation () and is then proportional to
the Perron-Frobenius eigenvector. Taking the Fourier transform of (), one obtains

i (25ab cosh (W—hk> - Gab) folk) = bzl GarLy(F), (2.4.7)

b=1
where f,(0) = log Y,(0) — mue’, and f and L, are defined according to () Solving
() with respect to ﬂ and applying the inverse Fourier transform, one obtains the
TBA equation of G-type:

€a(0) =mge” — — Ny (K x Ly)(0), a=1,2,...,r (2.4.8)

where we denote the convolution of functions by

(e e}

(g% h)(0) = / (0 — 0"k (0)do, (2.4.9)

[e.o]

and the kernel function K, is defined by

Ko(0) = — /_ : [E <2éac cosh(”—:) - Gac)_led,

c=1

e dk . (2.4.10)

The kernel function is also represented by the S-matrix S, of integrable models [30]:

Ko(0) = —i% log Su(9). (2.4.11)

The S-matrix for the simply-laced Lie algebra G is studied in [102]. For G = A,, the

S-matrix is
a+b—1

Sw®) =[] {=} ab=12..r (2.4.12)

x=|a—b|+1
step2

4We are considering only the kink contribution. Together with the anti-kink contribution, the deriving
term is proportional to cosh .
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where {z} is defined by

{z} =(x = 1)(x+ 1), () = (2.4.13)

Together with the symmetry m, = my_, (a = 1,2,...,7) and the explicit form of the
kernel function, we obtain the Zy symmetry of the Y-functions:

Y, =Y a=12,...m (2.4.14)

For G = D,, we need to distinguish the r even and r odd cases. For the even r, the

S-matrix becomes

atb—1
Sab = H {z}{h — x}, a,b=1,2,...,1r =2,
o=la—bl+1
step2
2a—2
Sa,rfl :Sa,r = H{T—CL—FJZ’}, a=1,2...,r—2, (2.4.15)
o)

h—1 h—3
Sr—l,r—l = Sr,r = H {x}v Sr—l,r = H {ZE},
=1 =3

step4 step4
where h = 2r — 2 is the Coxeter number of D, and {z} is defined in () For the odd

r, the differences of the S-matrix for the even r case are

h—3 h—1
Sr_1p-1=Spy = H {z}, Sr1r = H {z}. (2.4.16)
o=1 z=3
step4 step4
For E-type S-matrix, we do not have the uniform formula. Here we only write down that
for Fs:
Su= {17}, Su={4H{6}{10},  Sw = {1H{3HEHT}*{9},
S51=35,  Sp=246,  S33 =135
Si={2H6}{8}, Si = (3B {THIHIL}, Siz=2476,
Sas = {LHBHEHTI*{9}, (2.4.17)
Ss1= {611},  Ss2 = {2H{6}{8}, Ss3 =35, S5 = {4}{6}{10},
Sss = {1H{7},
Se1 =4, Sea =35, Se3=246, Ses=35, Ses=4, Ses=15,
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where we defined z .= {z}{12 — x}.

The (A,, Ay)-type TBA equations

The generalization of the Y-system and TBA equations can be found in [17,[18]. The
(G,G")-type Y-system [17], where G and G’ are the simply-laced Lie algebra, is

T Gab
Yui(®+ i E)Vas(0 — iy = Lozt (15 Y5u6))

" NI (et

(2.4.18)

where G, (G7;) is the incidence matrix, r (r') is the rank, and h is the Coxeter number

of G (G').E In this thesis, we especially focus on the case G = A, and G’ = Ay. The
(A, Ay)-type Y-system becomes

w1 oot Ly (14 Y5(0))°
Yoi (0)Y,; ' (0) = 1Y, @)+, 50) (2.4.19)

Note that this system follows from the (A,, Ay)-type T-system:
THNTEY = T iy + T Ty (2.4.20)

with the relations between the T-functions and the Y-functions:

Tafl,iTcH»l,i

Yoi= 77—
o T Taia

(2.4.21)

In a similar way for the G-type TBA equation, we can derive (A,, Ay)-type TBA equa-

tions. Defining the pseudoenergy by €,; = log Yo, foi = €4i — Mq,; Where €,,; ~ Mg i€’

(0 = o0), and L,; = log (1+Y,'), one obtains

fcgj;l] + fi;l] - Z Gabfoi = Z GavLi — Lajit1 — Laji-1. (2.4.22)
b=1 b=1
Here we used the fact that the vector (my;, ma,,...,m.;) (i =1,2,...,N) is proportional

to the Perron-Frobenius eigenvector. Solving this in terms of f, ;, the (A4,, Ay)-type TBA

equations are obtained as:

r T

1 1
(0) = maie” — — > (K Lu; — > (Kpy* (Lyiy + Lo, 2.4.2
€ai(0) = mae” — b:l( ab* L) (0) + 2”;< wox (Lyioy + Lyin)(0),  (2.4.23)

>Our notation is different from [17]. The (G,G’)-type Y-system in our notation is (G’, G)-type in [17].
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where K, is the same as the one defined in (), while K, is given by

-1
L= —F 1 [(2(5ab cosh (%) — Gab) ] : (2.4.24)

One can compute the effective central charges of the conformal theory by the formula:

r N
6 oo
Coff = FE > / My Lai(0)e’ db . (2.4.25)

a=1 k=1""

This can be evaluated by the UV limit of the Y-function log Y (—oc) which takes the

constant value [93,103):
_ rN(N+1)

oF = ) 2.4.26
Cofl r+ N-+2 ( )

Summary

In this chapter, we reviewed the properties of the integrable models. The two dimensional
(quantum) integrable model is ensured its integrability by the Yang-Baxter equation. We
also derived the functional relations which are characteristic of the integrable models.
As an example of the two dimensional integrable lattice model, we reviewed the analysis
of the six-vertex model. The spectrum of the model was governed by the Bethe ansatz
equations. In the conformal limit, the roots of the BAEs are obtained by the non-linear
integral equations (NLIEs). In the thermodynamic setting, we converted the Y-system
into a system of integral equations, the thermodynamic Bethe ansatz (TBA) equations.
From the TBA equation, one can compute the effective central charge which is the leading

term of the free energy of the equilibrium state.
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Chapter 3

ODE/IM correspondence and
numerical tests for affine Lie algabras

The functional relations which we found in the integrable model in the previous section
also emerge in the context of the ordinary differential equation (ODE). This implies
the non-trivial connection between the theory of the ordinary differential equation and
2-dimensional integrable models, which we call the ODE/IM correspondence. In this
chapter, we will first discuss the ODE/IM correspondence for the Schrédinger equation
with monomial potential as well as the angular momentum term. Then, we will introduce
the generalization of the correspondence for any semi-simple Lie algebras following [34,
35,89]. We will also discuss the method to compute the zeros of the Q-functions from the

ODE, which is useful to test the correspondence numerically.

3.1 The ODE/IM for the Schrédinger equation

It was first uncovered that there exists the ODE/IM correspondence for the Schrodinger
equation with monomial potential [l]. The corresponding integrable model was the six-
vertex model which we reviewed in section @ Soon after that, the generalization to
the potential with the angular momentum was discussed in [20,21]. The ODE considered

there has the form:

d? I(1+1)
-3 +x2M+T Y(x, E,1) = Ey(x, E, ). (3.1.1)
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Here we denote the angular momentum as [ and the eigenenergy as E, and we suppose
the real value [ satisfies [ > —%, and the variables x and F could take the complex values.
The physically natural solution y(z, E,1) to this problem has the asymptotic behaviors
y — 0 as x — oco. The WKB approximation leads that such a solution, on the real axis,
y(z, E,l) behaves as

M
T2 1

exX ——X
V2i p{ M+1

() implies that the solution y decays not only along the real axis but also in the

y(x, B l) ~ M“] : |z| = o0. (3.1.2)

complex domain:

m
; . 1.
{:vE(C,argx<2M+2} (3.1.3)

Since the order of the differential equation is second, there is another solution that expo-
nentially grows in the domain. We call the exponentially growing solution the dominant
solution, while we call the exponentially decaying solution y the subdominant solution.
Note that the subdominant solution is unique up to the constant multiplier. The solution
y is subdominant in the domain but no longer subdominant in other regions. To find the
subdominant solutions in other regions, we use the invariance of the differential equation

with respect to the simultaneous rescaling of the coordinate x and the energy E':

27i

T — w iz, E — W’E, W = e2M+2 (3.1.4)

which is called the Symanzik (Sibuya) rotation [19,[104]. Then, the Symanzik rotated
solution y(w™'z,w™2F,1) also solves the differential equation () Let us introduce
the k-rotated solution yy(x, F, 1) for k € Z by

yp(z, E) = wgy(w’kx,w%E, l), keZ, (3.1.5)

which is subdominant in the domain Sy:

Sy = {xE(C;

2mik g)
argx—2M+2’<2M+2}, ke Z. (3.1.6)

We call the domain Sy the Stokes sector. Figure illustrates the Stokes sectors.
For any k, the set of the linearly independent solutions {yx, yx.1} forms the basis of the
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Figure 3.1.1: The Stokes sectors.

solution to the differential equation () Consider k = 0 case, and expand the solution
y_1 by the basis:

y_1(z,E, 1) = C(E,D)yo(z, E, 1) + C(E, )y (z, E, 1), (3.1.7)

where the coefficients C/(E, 1) and C(E, 1) are the Stokes multipliers. It is casy to find the

Stokes multipliers are given by

C(B,l) = V;/_Oil’ C(E,l) = —VVVV‘;;O. (3.1.8)
Here Wy, j, are defined by the Wronskian W-, -|:
Wiyke = WlYky, Uka) = Yr1 OcYhy — OuYty Y- (3.1.9)
Using the property
WYk +1, Yo+ 1) (B, 1) = Wlyn,, i) (02 B, 1), (3.1.10)

and Wy, = 1, which is led from the linear independence of the basis and the normalization,
we reach

C(E,Dyo(z, E,l) =y_1(z, E,l) +y1(z, E, D). (3.1.11)

where C(E,l) = W_; 1. The above arguments are all about the solution of which we set
the asymptotic behaviors at |z| — oo. To see the correspondence to the six-vertex model,

we also have to consider the solutions whose asymptotic behaviors near the origin are
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defined. Let xy*(x, E,l) be the solutions that behave near the origin as

X+<CC,E,Z) ~ xl—l—l 4+
z — 0. (3.1.12)
X_(l',E,l) Ngj_l+... ,
x* and x~ are linearly independent. Analogous to (), we introduce the Symanzik

rotation of y*:

Xz, B 1) = xF (w2, w* B D), (3.1.13)

which, from the consideration of the behavior near the origin, is found to be proportional
to the original one:

Xi(z, B,1) = wTH2E\E( B, (3.1.14)

Combining with a similar relation to () W yk, X (E, 1) = Wyo, x| (W* E, 1), one
obtains

W[yk, X:I:]<E" l) — ij(l+1/2)kW[yO, Xi]@)%E, l) (3115)

Taking the Wronskian with x* on both sides of (), we finally reach
C(E,)D+(E,l) = w* VY D_(W?E, 1) + wF Y2 D_(w2E, 1), (3.1.16)
where we defined D.(FE,[) by
Dy(E, 1) = Wlyo, xT]. (3.1.17)

The equation () for D_(FE,1) is nothing but the TQ-relation in the continuum limit
() under the identification ¢y <» C' and ¢ <+ D_, and the parameter setting:

M 20+ )7

= = ) 1.1
2M + 2’ ¢ 2M + 2 (3.1.18)

n

We also find that the roots of the Bethe ansatz equation are interpreted as the eigenvalues
in the spectral problem of the ODE.

One can also see the mapping of the functional relation onto the context of the
ODE/IM correspondence. As we have seen, the ground state eigenvalue ¢, was mapped

to the Stokes multiplier. Then it is natural to assume that the fusion hierarchy and the
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T-system are obtained by considering the other Stokes multipliers. Let us define the
Stokes multipliers C’,gn) and agn) by

i1 = O Yrnr + CLYiin: (3.1.19)
Using the Wronskian, they are also written as

O = Wiciprn, O = Wit ignt. (3.1.20)

We can also put together the multipliers to form the 2 x 2 monodromy matrix C,(C") :

. o Em
(Y1, Yk) = (yk+nflayk+n)tC§g ), C; ) — (T’j_l) ~(r]f—1) ) (3.1.21)
Cr1’ Crpa
The Wronskian property () leads
CV(E,1) = C{" (W™ E, 1). (3.1.22)

Since the linear transformation from the basis (Yk+n; +ny—15 Yk+tni+ns) t0 (Ye—1, Yx) is equiva-
lent to the successive transformation from the basis (Yx1n,+ns—1, Yktngtns) 10 (Yktng -1, Yktn, )
followed by the transform from (Yxin,—1, Yktn,) t0 (Yx—1,Yx), one finds the identity of the

monodromy matrix:
crer) =it (3.1.23)
Evaluating this at ny = 1 and ny = n — 1 as well as n; = ny = n, we obtain
CNWE) O (WE) =1+ Cc"Y(E)C"Y(E),
CO(E)CTM (W E) = C (W E) 4+ C D (WP E),
where we defined O (E) == C™(w"*+E). () is exactly the same relation of the
fusion hierarchy () with the identification ¢("/? < C™.

If the order of the potential M is rational and the angular momentum term (I + 1) /2>

(3.1.24)

is absent, the solutions become single-valued. Then from the asymptotic behavior, one
can show that yp = —yriom12. This means that the fusion hierarchy is truncated since

we have C®M™ =1 and C®*M+1) = (. The fusion relation of the Stokes multipliers ()

is uniformly written as

2M—1

COWE)CW (W 'E) =1+ [] (COE)™, a=12...2M~-1,  (3.1.25)
b=1
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where G, is the incident matrix of Agps—;. This is the T-system we saw in () The

T-function mapped onto the context of the differential equation is
T.(E) =Wly_1,9) (w T E), a=1,2,...,2M — 1. (3.1.26)

To summarise the ODE/IM correspondence between the Schrodinger equation and

the six-vertex model, we show the dictionary of the mappings in table (B.1.1]).

Schrodinger equation ‘ six-vertex model
Eigenvalue energy E Spectral parameter E; (root of BAE)
The order of the potential M Anisotropy 7
Angular momentum [ Twist parameter ¢
The coefficients in the expansion of WKB Ground state eigenvalue g
solution y by the basis near the origin y* (Q-function)
Stokes multiplier C'™ Ground state eigenvalue t, and /2
T-function 7,, (truncated case)

Table 3.1.1: The dictionary of the correspondence between the Schrodinger equation and
the six-vertex model.

3.2 Generalization to affine Lie algebras

Since the first discovery of the correspondence between the ordinary differential equation
and 2-dimensional integrable model [[], which we saw in section @, many other examples
of the correspondence were found. For the Schrodinger equation with other potentials,
see [25,[105-107] for example. There is also another direction of study, in which the
correspondence was extended to not only the ground state energy but also the excited
states [36,B8]. In this section, we introduce the generalization to any semi-simple Lie

algebras.

3.2.1 The pseudo-differential equations

The correspondence for the Schrodinger type ODE was generalized to the ODE with
higher order differential terms, which corresponds to A,-type integrable models [22-24].

Then the correspondence has been extended to classical Lie algebras [29], in which the
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pseudo-differential equation was introduced. The pseudo-differential equations are the
higher order differential equations. To write down them, it is convenient to introduce the

n-th order differential operator:

—TI Dl i—(n—1), Dlg)=—_-2 3.2.1
(i (0 =), Dlg) = < (3.2.1)
k=1
where g = {¢n_1,9n-2,---,90} is an ordered set of parameters that correspond to the

angular momentum in the Schrédinger equation. The A,-type (pseudo) ODE is written

as

[(=1)""'D,11(g) — Px(z, E; M)]¢(x, E;g) = 0, (3.2.2)

where the potential term is Py (z, E; M) = (2" M/K — £)K and g satisfies >7_, g; = T(TH)
This equation is actually not the pseudo ODE, but ODE for other types of classical Lie
algebras contains the pseudo-differential operator (d/dz)~! which is defined by the formal

d -1 anrl
— = . 2.
(dx) v n+1 (3:2:3)

The pseudo-ODEs of B,, C, and D, type Lie algebras are as follows

B, D, ( g) + VP \/PK] W(z, E;g) =0, (3.2.4)

action on the monomial:

c m@%mg) - @(%) VEeur g =0 @29

D, m@)(%) VRt ¢P_Kw<x7E;g>:o. (3.2.6)

Here we omitted the arguments of the potential Px. The authors of [29] showed that
the BAEs for the g-type vertex models in the conformal limit could be derived from the
identities of the Wronskians, which are called the 1-system, of the solutions to the g-type
pseudo-ODEs. Let us demonstrate this for the A, case. Denote the subdominant solution
along the real axis as ¥ and its Symanzik rotation as ¢/, which is defined by

K 2
Ur(z, B) = ¢(w "z, OFE), w = NQr =exp (ZWW"‘D> (3.2.7)
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Here h" is the dual Coxeter number of A,. The 1-system for A, is
Pla=Dylatl) — W[¢(a)7¢(a)]7 PO =+l = 1 (3.2.8)
where 1@ (a =1,2,...,r) is defined by

@ = W [V

a1l (3.2.9)

The Wronskian W@[fy, fo, ..., f.] == det|f, 0, f, ..., 051 *} (F =t(f1, far ... fa)) is the
generalization of the Wronskian of two solutions. We also define the Symanzik rotation of
1@ by the same definition for the subdominant solution () The -system (B.2.§) is
proved from the Jacobi identity for the sub-determinants [29]. The BAEs are the algebraic
equations for the zeros of the Q-functions which are defined from the coefficients in the
expansions of the functions ¥* by the basis around the origin. Letting the basis y;

(1=0,1,...,r) whose asymptotic behavior around the origin is
Xi(x, B;g) ~ a9 4 - (3.2.10)

where the ordering of g; satisfies g; < g; (i < j), we expand the subdominant solution

by the basis as

U(z, By g) = ZQM ;g)x(, E; g). (3.2.11)

The function ¢,(€a) can be expanded as

wlia) — kY5 giQ(a)<E )W(a) [X05 -5 Xa—1]

) (3.2.12)
+w kZL 0 gz+k‘gaQ (E’ g)W(a)[X()a vy Xa—2, XG] +oe

Note that the expansion coefficients Q,(f) and @,(:) can be expressed by (). Substituting

this expansion to the i-system, one obtains

QD Q=D — (3(9a—ga- ”Q ©Q (@ _ = 5(0a—ga QY @ (3.2.13)
2 2

M\HV

@ je. E = Q*3E@ this relation leads the A,-type

Evaluating this at the zeros of @) L1

BAEs:

Ql/QE(a) i
HQ Cap1s/2 QU i 7) =1, i=1,2,..., a=1,...,rm (3.2.14)
i QU@Q2E", )
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Here we identified the twist parameters ~, as

b—1
2K n—1
= Vi, (E gi —a 5 ) (3.2.15)
0

The BAEs for B,,C, and D, can be derived from the ¢-system similarly.

The unclear point so far is the physical origin of these pseudo ODEs. The answer
to this question is that these are the equations for the highest weight component of the
solution to the modified affine Toda equations in the conformal limit [31,384,85]. This
is a system of differential equations of order one, so we do not need to use the pseudo-
differential operator. Furthermore, the ODE/IM correspondence was extended for the

BAE of any semi-simple Lie algebras.

3.2.2 The modified affine Toda equation and its conformal limit

In this subsection, we introduce the modified affine Toda equation. Consider the two
dimensional Euclidean space (z°, ') and r-component scalar field ¢. For a rank r Lie

algebra g, the affine Toda field equation is derived from the Lagrangian
£=Ltorgae— (T 2in-[e (Bai - &) — 1] (3.2.16)
=3 . 3 2 i|exp i . 2.

Here «; is the simple roots, «q is the lowest root, and n; is the label for g. For the
detailed notation of the Lie algebra, see appendix @ The affine Toda field theory is the
generalization of the Liouville theory. The physical meaning of the [ is the coupling
parameter, and m is the mass of the scalar field, but we do not discuss the dynamics of
the affine Toda field theory. The affine Toda field equation is also written in the Lax

formalism. We Define the curvature F' by

F=0A—-0A+[A A, (3.2.17)
where
A= éacﬁ‘H—me’\i\/nVE - exp éowqb (3.2.18)
2 p 7 (67 2 1 Y

A —g(’?d) - H —me™ ; VY E_q, exp <§a : ¢)_ (3.2.19)



48

Here ) is the spectral parameter, H' is the Cartan generator and E,, is the generator for
the simple root a;, and n) is the co-label of g. The affine Toda field equation is written as
the zero curvature condition: F' = 0 or [0+ A]¥ = [0+ A]¥ = 0. Introducing the complex

0

coordinate (z,%) = (2% + iz', 2° — iz!) and performing the conformal transformation

v

s =f(2), b—d =¢— % log(3f), (3.2.20)
one obtains the modified affine Toda field equation. In the Lax formalism, in which the
equation is expressed by the zero curvature condition, the connections A and A become

A/ = gaqb -H — m6>\ (Z WEaiegai.qb + (_1)h(8f)hanegao~¢> ) (3221)
i=1

s

A==
2

O¢ - H —me™> <Z \/nivE,aiegai'd’ + (—1)h(W)hanega0'¢> : (3.2.22)
i=0

For the discussion of the conformal limit, it is convenient to use the gauge transformed
connections A” = UA'U + UdU " and A” = UA'U + UdU~!'. Choosing U = €—§¢-H7 the

explicit forms are

A" = B0¢- H+me* | /1Y Ea, + (0f)"\/n) Eay |, (3.2.23)
i=1
AT =me™ [Z VY e E_ .+ (Of)"\/ny e’ E,, |. (3.2.24)
i=1
Defining (0f)" = zhM — shM (9 f)h = MM — shM and
T = z(me)‘)ﬁrl, T = Z(me_’\)ﬁ, (3.2.25)
E = s"™(met) Wi, B = shM(me_)‘)f\%l, (3.2.26)

we take the conformal limit: first taking the limit Z — 0, A\ — oo, and then take z — 0
with keeping x and F finite. The resulting equation is derived from the holomorphic one

[0+ A”]¥ = 0 and becomes

Lo(z, B 1:C) U(x,E,l) = {d% + A@] U(x, B,1) =0, (3.2.27)
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where the g-valued matrix Ay is defined by

1 ' T
Ay = — 2 lo(a) - H) + 2; /1Y Eo, +\/nip(x, E) CE,,. (3.2.28)
The parameter ¢ takes the value +1 or —1 depending on the representation V', and
l=(ly,la,...,l,) are the monodromy parameters given by
lo = —wq - g, a=1,2,...,r, (3.2.29)

where r-dimensional vector g satisfies the condition:
14+ a,-9>0, a=0,...,7. (3.2.30)

This condition follows from the logarithmic behavior of the solutions of the modified affine

Toda field equation [34,35]. The potential term p(z, F') becomes the monomial one:
p(z, E) =" — E. (3.2.31)

() is the equation we will consider in the ODE/IM correspondence which we will
discuss in the next subsection.

Before closing this subsection, we argue the relation to the pseudo-ODE. As an ex-
ample, let us consider the linear problem for the first fundamental V() representation of

AW Let e; (i=1,2,...,dim V(V) be the weight vector which satisfies
H%; = (h;)ej, a=1,2,...,m (3.2.32)
Denoting the matrix representation of A, in V) as p(!), the generators are given by
p(l)(an) = €111, p(l)(Eaa) =e€gat1, @=1,...,1 (3.2.33)

where e, denotes the matrix whose (7, ) element is 6;,65;. Then the linear problem for
U = Zzg ;€; in the representation V1) leads
il 0o 1 W

dzx T d I
a4 2 . .
dx T . . ¢2

=0, (3.2.34)

%_ﬁ p([L‘7E) 0 ¢7"+1

T
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where the monodromy parameters satisfy the condition:

r+1

> l=0. (3.2.35)
a=1

Rearranging the linear problem, one obtains the differential equation for the component

(U
(=1 D) D(L) ... D(l) — ple, B)] e (, E) = 0, (3.2.36)
where D(I) is given by
d 1
D(l) = ———. (3.2.37)

(B.2.3G) is the pseudo-differential equation of A,-type () Especially for r = 1, we
recover the Schrodinger equation which we dealt with in section @, in which the mon-

odromy parameter [y is the angular momentum. Similarly, for the first fundamental repre-

sentation of classical Lie algebra, this linear system () reduces to the pseudo-ODEs
(), (), and () by considering the equation for the component corresponding

to the highest weight vector e;.

3.2.3 ODE/IM correspondence

Now, let us discuss the ODE/IM correspondence for the linear problem () As we
consider in the Schrodinger case, the Symanzik rotation of the linear problem is also

defined by the rotation:

27 2niM

T — w k, E—Q*E, W = ehM+T) Q= eM+1, (3.2.38)

Under this rotation, the linear differential operator £; transforms as
wLy(w ™2, QB () = w’kpv'Hﬁg(:v, E.l; Ce’zmk)wkpv'H. (3.2.39)

Defining the k-Symanzik rotation of the subdominant solution along the real axis: Wy (x, E, 1)
by
(e, B, 1) = (w2, QFE, 1), (3.2.40)
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the linear problem becomes invariant under the rotation (B.2.38) except for the replace-

ment E,, — e 2"FE,
Ly(z, E,; Ce‘zmk)\ll[k](x, El)=0. (3.2.41)

If k is an integer, we recover the original linear problem. Associated with the rotated
solution Wy, let us define the representation Vi in which the generator E,, acts on V'
as e 2MFE, . Then VUi becomes the solution of the linear problem in the representation
Vik-

The asymptotic behavior of the subdominant solutions is similar to that of the Schrodinger
case. To apply the WKB approximation to the solution of the linear problem, consider

the gauge transformation:
Ly — Ly =U(z)LU (), U(x) = V'(z) =U(z)¥(x), (3.2.42)

where
U(z) = exp <log (p(z, E))%pv : H). (3.2.43)

Here p" represents the co-Wyle vector and h is the Coxeter number. Under this transfor-

mation, the linear differential operator transforms as

d 1< 1 dlogp(x, F)
4:———§ lyog - H— ——2222"2pY  H I RAIN 2.44
£g dr T g « h dr P —|—p<l‘, ) +> (3 )
where the constant matrix Ay is given by

r

A+ = Z \/”_t\z/ EOéa + \/n_(\)/ Can' (3245)

a=1
In the asymptotic region z — oo, the second and the third term of Eé can be ignored

since their orders are O(z~!). Then, the asymptotic behavior of the WKB solution ¥’ is

V(e B)~ 3 Crep (—yi / ' (p(x’,E))l/hdx’) v (3.2.46)

where C} is constant and v; is the eigenvector of A, with the eigenvalue v; for ¢ =

1,2,...,dim V. Let us denote the subdominant solution along the real axis by ¥(z, E, ).
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From the WKB approximation () and the inverse gauge transformation, one finds

U(x,E,l) ~ Cexp (—1// (p(2, E))l/hdx’> exp (—%logp(x, E) p" - H)I/

(3.2.47)
v v
~ Cz™MPH oxp <_M ] [BM+1)I/, T — 00,
where v is the largest eigenvalue among v; (1 = 1,2,...,dim V') and v is the associated

eigenvector. One can define the Symanzik rotation of solution Wy (x, E, 1) (k € Z), which

is subdominant in the Stokes sector Si:
1
Sk = {ce C;largx — argw| < éargw}. (3.2.48)

The Q-function was, in the Schrodinger case, defined as the Wronskian of the subdominant
solution and the basis y* which bahaves near origin as () In the analogy to this
argument, we consider the basis of the solution near the origin, which we denote X;(x, E, 1)

(1=1,2,...,dim V). We set the asymptotic behavior of the basis as
X(z,E,1) =z "% 4 - - | x — 0. (3.2.49)
From this asymptotics, the Symanzik rotation of the basis X; becomes
X (z, B, 1) = 09 x, (2, B,1). (3.2.50)

The subdominant solution V¥ is expanded by this basis as

dimV

U(z, B, 1) ZQzEl Wz, EL D), (3.2.51)

where we defined the expansion coefficients as Q;. To identify the coefficients Q;(F,1)
with the Q-functions of the integrable model characterized by the BAEs (), we focus
on coefficient Q;(F, 1) and define the Q-function by

Q(E,1) = O:(E,1). (3.2.52)

As we will see, the zeros of the Q-function, i.e. E satisfying Q(F,[) = 0, are the roots of
the BAEs. This equation corresponds to the spectral problem with the special boundary
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condition for the solution: the solution ¥ decays fastest along the positive real axis and
does not depend on the basis A near the origin. For the Schrodinger case, this corresponds
to the physical condition where the wave function does not diverge both at the origin and
infinity.
Let us consider the linear problem () for the fundamental representations V(@)
(a = 1,...,7) with the highest weight w,. We denote the subdominant solution as ¥(® and
the basis around the origin as Xi(a). We also denote the Q-function Q(F, 1) as Q¥ (E,1).
For the fundamental representations V(® of semi-simple Lie algebra, we have the inclusion
map )
L VWAV o QO (3.2.53)

b=1
where G, is the incident matrix. Associated with this relation, the subdominant solutions

(@ satisfy a type of relations which is called the 1-system [31,35,108]. For the classical
Lie algebra, this 1-system is the same one for the pseudo-ODE. The v-system for affine
Lie algebra g takes the form:

(a) (a) S/ (5 Gt
(\I’[ 1/2]A‘I’[1/2]> &) ()7 (3.2.54)

b=1

Substituting the expansion () into the 1-system () and comparing the coeffi-
cient of the highest weight state, one finds the relations:

()\(a) )\(ﬂ))

i

a a b Gab
Q@ =TI Q"] B25y)

b=1

_1 )\g@_)\g“)
i >Q1[ 12 it — @

where A\ is defined by

AN =V (we =AY = n D g, a=1,2,.. (3.2.56)
For affine Lie algebra g¥ which is the Langlands dual of semi-simple Lie algebra g, evalu-
ating the 1/2- and —1/2-Symanzik rotations of () at the zeros EZ-(G) (1=0,1,...) of
the Q-functions Q@ and taking the ratio of them, we arrive at the Bethe ansatz equations
of g-type:

o
H QCas/2 [cab/z] =1, i=0,1,..., (3.2.57)
Q[ Cab/Q} E(“)
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which we saw in section . Here the twist parameter is defined by

2

m(la—wa~pv), a=1,2,...,7. (3.2.58)

Ya =

For the simply—laced Lie algebras g, the Langlands dual is the original one of untwisted
affine-types gi). On the other hand, the Langlands dual of non-simply-laced Lie algebra
becomes the twisted one. If we consider the linear problem for untwisted affine non-simply-
laced algebras, the resulting BAEs are the folded ones of simply-laced types associated
with the folding of the simply-laced Lie algebras. Here we summarize the BAEs for folded

types:

g = B case (Dy11/Zo-type BAES):

cham/z Q[Cab/m
Q[ ab/2] E(a)

2
r—2) r—1) (r)
QL mQL [Q[fl/m}
2 p—
r—2) ~(r—1) (r)
Qi @y [QH/QJ i

=1, for a=1,...,r—2,r,

(3.2.59)

Q_%’Y’V‘72+’Y’!‘71_7T

g= O case (Agr—1/Zy-type BAEs):
(b)
H Qcab’yb/2 [Cab/Q]
E(‘l)
(r=1) (r)
[Q[ 1/21} Qpj

Al
Qe
b e
(1/2] (—1] E"

(3.2.60)

Q'YT*’erl — _1

= -1, for a=1,24,

)
b1 Qi=Cus2 | g
2
@) () @)
QL 1/21} Q@11

[Q[m]} QL)

(3.2.61)

Q—’Yz-i-%—%’m |: = _1.

B®
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g= Ggl) case (Dy/Zs-type BAEs):
3

1)) [ (1) ] (2)

oot Q| L g O] Qo

_ — 1. (3.2.62)
0 o) 3
@z | g Q] e,

E®

Here C,; is the Cartan matrix of the corresponding Lie algebra g.

3.3 Study for searching the zeros of Q-functions

We saw, in section @, that the ODE/IM correspondence was generalized to the relation
between the linear problem associated to affine Lie algebra g¥ and the Bethe ansatz
equation of g-type, in which the Bethe roots are mapped to the eigenvalues of the spectral
problem of the linear system with the certain boundary condition. These eigenvalues are
zeros of the Q-function defined in () Then, we expect that if we calculate the roots
of the BAEs as well as the zeros of the Q-function from the linear problem, these two
agree. And this could be the non-trivial test of the ODE/IM correspondence. In the
integrable model side, the BAEs can be converted into the Non-linear integral equation
which we introduced in @, so that we can compute the roots numerically. Then in
this section, we discuss the method to obtain the zeros of the Q-function from the linear
problem.

Instead of only considering the zeros of the Q-function, we deal with the expansion
coefficients Q; in (), which is given by

- det[XhXQ) ) Xi—l) \Iiji—f—lv ) Xn—la Xn]

o det[X), Xs, ..., X, ’

(3.3.1)

where X, is the basis which behaves near origin as in (), ¥ is the subdominant
solution along the real axis, and n is the dimension of the representation on which the
linear problem is defined. Since &; (i = 1,2,...,n) form the basis of the linear problem,

the denominator of (8.3.1)) is z-independent:

8$ det[/'\,’l, XQ, ceey Xn] =0. (332)
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Hence one can ignore the constant denominator for the study of the zeros of Q;. In the
numerical calculation, we express the basis and the subdominant solution by the formal
series expansion of x. For large x, the formal series expression of the basis diverges, while
for small z, that of the subdominant solution diverges. Using (), one obtain the
x-dependent determinant. Evaluating this at the appropriate xg, where both expressions
converge, one can estimate the E-dependence of Q;. This method works well for the
linear problem in the representation with small dimensions, and the agreements to the
Bethe roots can be confirmed. However, for the large dimensional representation, one
would fail to estimate because of the size of the determinant. This occurs to the linear
problem of higher rank Lie algebras. In [29], this was resolved for the first fundamental
representation of the classical Lie algebras by introducing the adjoint ODE. Let us explain
the A, case in which the form of the linear problem is in (), hence the components
of the solution satisfy ¢ ,1 = 0,1; for i = 1,2,...,7. As a result, the Q-function Q™) is
written by the Wronskian:

Q(l) = le) = W1, x21, X315 - -+ Xrt1,1], (3.3.3)
where the Wronskian of n functions f; (i = 1,2,...,n) is given by
fi Lo

Wi, fo, ., fu] = det : (3.3.4)

o O e e O
and ¢; and x;1 (¢ = 1,2,...,7 + 1) are the highest components of the subdominant

solution and the basis, respectively. The co-factor expansion of the Wronskian reads

Q(l) = (—1)T+23;?/11W[X2,1;X3,1, e Xrpa] He (3.3.5)

Here in (), we only show the leading contribution of the expansion at sufficiently
large x, which follows from the asymptotic behavior of the subdominant solution ).
Therefore it is enough to calculate the co-factor Wxa1, X31, - - -, Xr+1,1] and evaluate it at
sufficiently large z for the leading order estimation of the Q-function. Short calculation

shows the co-factor becomes the solution of the A,-type adjoint ODE [29]:

[D(1)D(Ls) ... D(ly+1) — pla. E))d =0, (3.3.6)



o7

where D(I) is defined in () Note that though () only differs from the A,-type
ODE () by the sign of the potential, for other types of algebras, the adjoint ODE

has more differences from the pseudo ODE. In conclusion, solving the adjoint ODE (B.3.6)
with the boundary condition J ~ !+ one obtains the co-factor which contributes the
most to the Q-function, so one could estimate the Q-function by evaluating the solution
{ﬁv at the large x:

QU(E) = V(Txeas E),  Tpixea > 1. (3.3.7)

This method is efficient to the first fundamental representation of classical algebras. How-
ever, it is hard to apply this to other representations or exceptional Lie algebras since the
adjoint ODE will be complicated and difficult to derive.

In [B9], we established the method to calculate the zeros of the Q-functions for any
representation of semi-simple Lie algebras, in which we introduced the dual linear problem
which is the matrix version of the adjoint ODE. Let V any representation of semi-simple
Lie algebra g and (-, ) the g-invariant inner product (-,-) : V* x V — C where V* is the

dual space of V. From the inner product, the g-action on the dual space is defined by
(X*y" x) = (", Xx), xeV, ¢ eV, Xeg. (3.3.8)

If we define the g-invariant quadratic-form by ‘o Jx (¢, x € V'), where J is an invertible
symmetric matrix, one finds the dual representation becomes —J X .J. Identifying the
dual space V* with V, we map 1/* € V* to the vector 1) € V. The matrix J exchanges the
basis, which corresponds to an automorphism of the Lie algebra. The dual linear problem
is defined as the linear problem () in the dual representation:

L3 (2, B, 1) = [% + Ag} U(x,E,1) =0, Ay =—J A (3.3.9)
Note that considering the ODE of the lowest weight component ¢, for the first funda-
mental representation of AW and D7(~1), one can recover the adjoint ODE. Since we defined
the inner product to be the g-invariant, the inner product of the solutions to the original
and the dual ODE are independent of z:
0, (U™, W) = (0, ¥*, U) + (V*, 0,¥)

(3.3.10)
— (AU, ) — (U, A,T) = 0.
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We define the subdominant solution and the basis, which we refer the dual basis, in the
same way as the original linear problem and denote ¥ and X; (i = 1,2,...,dim V),

respectively. We define the asymptotic behavior of the dual basis near the origin by
Xi(z, B, l)=a"9] e;+---, 10, (3.3.11)
so that the basis and the dual basis satisfy the orthonormal condition:
(X5, X)) ="XJX; = ;5. (3.3.12)
Then we arrive at the simple expression of the expansion coefficients Q; in (B.3.1)):
Qi(E,l) = (X, V), (3.3.13)

where U is the subdominant solution to the original linear problem. The zeros of Q; are
evaluated in a similar way which we discussed in the argument of the adjoint ODE. Let n
be the dimension of the representation V' and expand the subdominant solution and the
basis by the weight vector: ¥ =377 ¥;e;, X; =37 xije;. The coefficient is expanded
as

Qi(E,1) = (X", 0) =) Xij ¥ (3.3.14)
Jj=1

As discussed before, we need to find the dominant contribution in this summation at
large but finite x. We have already derived the asymptotic behavior of the subdominant
solution W in () Then it is easy to find such a term is the component of the lowest
weight vector. Therefore the F-dependence of the coefficient Q; is evaluated by

QZ(E7 l) ~ )_(i,n('rﬁxedv E7 l) wn('rﬁxed) for Thixed > 17 (3315)

so that zeros of Q; are calculated by equating the s.olutionm and zero: X;n(Taxed, £,1) = 0.
Considering the dual linear problem for all the fundamental representations of rank r
affine Lie algebra g, one could obtain all Q-functions Q@ (a = 1,2,...,r). Although,
this is not still efficient in the practical calculation because of the large dimension of the

linear problem for higher rank affine Lie algebras.

!The algorithm to calculate_the power series of the solution to the (dual) linear problem near the
origin is described in appendix (.
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To calculate all the Q-functions efficiently, we focus on a relation between Q-functions.
Let us start with the A" case. Same as the argument of the 1y-system, remind the relation
between the fundamental representations, which is an isomorphism between the a-th fun-
damental representation and the anti-symmetric tensor product of the first fundamental
representation: V(@ ~ AV (D Associated with this relation, the solution to the linear

problem for the a-th and the first fundamental representations are related by

p@) — /\qﬂ{?_a+1 a=1,2,...,r. (3.3.16)

Here we applied the Symanzik rotation to the solution W) so that the right hand side
of this equation satisfies the linear problem for a-th fundamental representation. Substi-

tuting the expansion in terms of the basis () into (), one obtains the relation

between the coefficient QEI) and the Q-function Q@:

a a—1
_a®
QUEDN= S ey [Jo /hMQi)[a;l_k] (E,l), a=1,...,r, (3.3.17)
J0sersda—1=1 k=0 :
where €j,..;,_, is the totally anti-symmetric tensor normalized as €. 1 = 1, A is

defined in (), h is the Coxeter number:h = r + 1, and we used the identification
between the basis Xl(a) and Xl(l) A X2(1) A A XY Then we can calculate the a-th
Q-function from the linear problem for the first fundamental representation. A similar

relation holds for the representation V(":

r+l—a r—a
@ = € QA M () E). a=2...r 3.3.18
Q 7o ..;azl s ]EO jk[rga 7]@]( ) ( )

In the same way, one can find the relation for any affine Lie algebras. As a few
examples, we summarize the relation for the DY and Eél) cases. The Dynkin diagram
of D, algebra has partially the same form as the A-type one, which implies the relation:
V@ = AV (g =1,...,7 —2). Then we obtain

a

a—1
@ (g = . kA /M (1) - _
QUE) =Y e, O Qe y(B)y a=2.r =2 (3319)

Joy--sJa—1=1 k=0
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Here h is the Coxeter number of D,: h = 2r — 2 The Similar argument for Fj leads to the
relation: V& = A2V VI = A2V0) and A2V = V) @ VO which can be converted

to
2
(D)
QUE) = 37 e Q0 (RO (),
Jo,j1=1
2 (5)
Q(4)(E) _ Z 6]0]19—%1 /IQMQEE’)[%](E)QS[_%](E), (3320)
Jo,j2=1
2 (6)
QB = Y e (E)Q) ()
Jo,j2=1

For other types of untwisted affine algebras, see appendix C of [39].

From the above arguments, we can calculate the zeros of the Q-functions for any
fundamental representation of affine Lie algebras, which can be compared to the Bethe
roots. To this end, there is one thing left: the determination of the constant v in the
non-linear integral equation () One can set by from the asymptotic behavior of the

Bethe root at |E| — oo. Note that the subdominant solution has the asymptotic behavior

M+1
> ¢~ V/hlogp(@.E)p?-Hy, (3 3 97)

\j E) ~ /El/h_ /Md/_ T

(z, E) exp(V/x (p(a', B —2"™)da' —v
where v is the eigenvector of A, defined in () with eigenvalue v whose real part is
the largest among other eigenvalues of A, . Consider the simply-laced affine Lie algebra g

of rank r. For the fundamental representation V(* we denote the eigenvalue as (@, It

can be proven that the vector (v, v . . v satisfies
2@ cos% = bz; (Gap) ™, a=1,2,...,r, (3.3.22)

which is the same as the relation (), so it is proportional to the Perron-Frobenius
vector. v is calculated from the matrix AS:), which we summarize in table One
is able to analytically continue the WKB solution ¥ to the region where x < z, around

the turning point x, = EY/hM.

o 1
U@ ~ exp (V(“) cos % / Ip(x)|" dz — 7 log |p(x)|p" - H)

o _ (3.3.23)
X COS (V(“) sin E/ ()" do — Epv : H> @
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D,

g | A Eg Er Eg

1| V2 | y/2v6cos (5) | 2v2cos (5) | /512v/3sin () sin (%) cos? () cost (%)

yo

Table 3.3.1: The first component of the Perron-Frobenius vector () for simply-laced Lie
algebras.

Here we denote the (co-)Wyle vector as p (p¥). If we impose the boundary condition
VU =0 at x = 0, from the dominant term, which is the first component hga) = w, where

w, is the fundamental weight, one obtains the quantization condition:

x0 2
V(“)sin%/ |p(x)|1/hdx:g(ﬁpv-wa—FQn—l—l), n=0,1,2.... (3.3.24)
0

Changing the integration variable = EY/"¢ the integral in the left hand side of ()

is evaluated as

o 1/h a1 hMA\1/h s sin (r 55
/ ip(2)| V" dz = B / (1= gy — pt ) o ny (3.3.25)
0 0 sin(h)

where k(a, b) is given by

oo '1+1/a)'(14+1/b)sin T
k(a,b) = / ((=* + Y — xa/b)dx = ( [ _ [b)sin g : (3.3.26)
0 (14 1/a+1/b)sin (X + F)
Then, one finds the WKB approximation of the energy:
M1 W pton 1
R T(Wa-pt+2n+1) n=0,1,..., (3.3.27)

v(@sin (7(M +1)/hM)x(hM, h)’
which is valid for large n. On the other hand, at the large F limit, the driving term

boM_ e’ becomes dominant so that the Bethe roots are approximately evaluated as

E® ~ (bog@ (wa - p+ 20+ 1)) W, n=01,..., (3.3.28)
Comparing the equations () and (), one finds the identification p = 252 and
by = 2sin(mp)k(hM, h)vD. (3.3.29)

Together with the relation

Gg = (1 —hp) ™' 7., a=1,2,...,m (3.3.30)
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one can compute the Bethe roots from the NLIE. In table , we show both the zeros
of the Q-functions, which were not able to compute from the adjoint ODE method, and
the Bethe roots which is calculated from NLIE for the g = Eél) case.

zeros of Q-functions
26.16492 | 19.04286 | 16.95324 | 19.98072 | 29.04567 | 21.54848
76.14709 | 37.06396 | 28.48668 | 38.50821 | 80.49209 | 52.00437
146.8766 | 64.52501 | 44.61201 | 66.15524 | 152.5322 | 93.90413
236.0037 | 95.98720 | 63.83908 | 97.97408 | 242.8648 | 145.7213
Bethe roots
B EY EY B B EY
26.16452 | 19.04232 | 16.95299 | 19.98020 | 29.04519 | 21.54807
76.14715 | 37.06297 | 28.48688 | 38.50782 | 80.49126 | 52.00351
146.8773 | 64.52390 | 44.61186 | 66.15433 | 152.5313 | 93.90137
236.0021 | 95.98496 | 63.83727 | 97.97372 | 242.8597 | 145.7216

W N = O .

W N~ O .

Table 3.3.2: Spectra of Eél)—type linear problem with the quadratic potential p(x) = 2*—F
and the monodromy parameter [ = (5/12,1/3,0,—1/3,—5/12,1/10). We set the reference
point Zaxeq = 58 for VD, V) as well as zgxeq = 46 for V6.

The Q-functions QM, Q® and Q) are computed by using the dual linear problem for the
fundamental representations V), V) and VO respectively, while Q. Q® and Q® are
evaluated from () One can confirm the agreements of these two in about 5-digits,

which is a non-trivial test of the ODE/IM correspondence.

Summary

In this section, we first introduced the ODE/IM correspondence for the second order
ODE with the monomial potential as the simplex example. The correspondence was
generalized for the linear problem, the conformal limit of the modified affine Toda field
equation. From the radial spectral problem, we defined the Q-functions from the linear
problem. The BAEs were derived from the -system which is the functional relation
between the solutions and is associated with the relation in the representation theory of
the Lie algebras. The zeros of the Q-functions were computed from the solutions to the
dual linear problems. From the numerical computations of them and the Bethe roots

from the NLIEs, we tested the ODE/IM correspondence numerically.
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Chapter 4

TBA equations and its wall-crossing
for the Schrodinder equation

In this chapter, we discuss the ODE/IM correspondence for the Schrodinger equation
with polynomial potential [42]. One can derive the T-/Y-system of the integrable model
from the Schrodinger equation, and then maps of the T-functions and Y-functions onto
the context of the ODE are obtained. The logarithm of the Y-functions satisfy the TBA
equations which we introduced in section @ If we vary the parameters in the polynomial
potential of the Schréodinger equation, the form of the TBA equations changes. This
phenomenon is called the wall-crossing of the TBA equations [42,44,45]. Since different
TBA equations may describe different integrable models, the ODE/IM correspondence for
the polynomial potential is not the one-to-one correspondence. It is not easy to identify
each corresponding model from the form of the TBA equations. However, at least, we can
discuss the wall-crossing of the TBA equations in a systematic way which may provide
some hints to the deeper understanding of the correspondence. The arguments in chapter

B and H are basically the higher order generalization of that in this chapter.

4.1 T-/Y-Syetem from the Schrodinger equation

Let us begin with the ODE/IM correspondence for the Schrodinger equation with any
polynomial potential, which is the generalization of the monomial case in section El]

We also introduce the parameter ¢ which plays the role of the plank constant but is set
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complex. Setting the order of the potential N + 1 (N € N), the ODE is given by

d2 N+1 .
—62@ + p(z, Uz)] Y(x,uise) =0, p(x, ;) = ; uN (4.1.1)
Here the parameters u; (i = 0,1,..., N 4+ 1) of the potential are complex. In relation to

the connection to the Y-system and the Argyres-Douglas theory [66-58,60], which we will
discuss the latter one in the next chapter, we call the ODE () the (Ay, Ax)-type ODE.
Suppose ¥(z,u;; €) is the solution of (), since it is invariant under the k-Symanzik
rotation

T — w ke, U —)w‘jkuj, j=0,1,....,N+1, (4.1.2)
where w = e~+3, then the Symanzik rotation of the solution ¢y (z, {u;};€):

k
2

U (2, i €) = w2(w "z, w Fuy; €) (4.1.3)

solves the ODE () for k € Z. Note that 1y is also expressed by the solution ¢ as
V(, us €) = w2ib(z, ui e™*e). Let ¢ be the subdominant solution along the real axis

whose asymptotic behavior is

1 -3 1
1 2ug :
o(z,ui;€) ~ 62\;% 2 exp (—EN:L??)xjvjj), |z| — o0, (4.1.4)

Define ¢, from () ¢r. becomes the subdominant solution in the Stokes sector Sy:

argz — —1F | o _T (4.1.5)
BTN 3| SN 3 -

Sk:{$€C;

As we saw in section @, the T-function is the Stokes multiplier which is the Wronskian
of the subdominant solutions. The set of the solutions {¢x, ¢r+1} forms the basis of the

solution. Then, we define the T-function by

Ti(uss €) == Wgo, dpsa] 51, (4.1.6)

Here we defined

wik

g¥(uis€) = glug; e e). (4.1.7)
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Since the ODE () does not have the pole at the origin, solutions ¢, and ¢r4n+3,
which are both subdominant in sector &g, have the relation: ¢, o ¢rini+3. Then the

T-function has the boundary conditions:
T,l == TN+2 == 0, T1 - TN+1 - 1 (418)

Using the Pliicker type relation of the Wronskians:

W[fku sz]HQ]W[fkl’sz] = W{flirl’ fk2+1]W[fk17 fk2]

(4.1.9)
=14+ W{feis1, fra) W fers frotls

where we used the property: W/[fe,, fi) 2% = W[ fe, 41, frpst], one can show that the
T-functions satisfy the T-system:

T =1+ T Ty, a=1,2,... ,N+1. (4.1.10)
The Y-function is defined as the product of the T-function:
Vit =TTy, k=0,1,...,N +1, (4.1.11)

which satisfy the (A;, Ax)-type Y-system

y iy - (1+ Yk_—ll)_l(l + Yk111)_17 (4.1.12)
with the boundary condition: Y; ' = Y]\Llrl = 0. For the convenience of discussing the
relation between the Y-function and the WKB periods in the next section, we explicitly
write down the Y-function by the Wronskian:

W[Qb, i—1, (ﬁ* ]W[¢ j ) ¢ 1]
e (N E)
[0—j. 05 IW D1, Djt1]
Wig—j—2,0—j-1]W¢;, j+1]

Yajn({uik;e) = W[qﬁ_j_l,qﬁj]W[aS_j_g,¢j+1]<{ui};676)'

Here all the Wronskians in the numerator are equal to one, and the right hand side of the

second equation of () is the cross-ratio of the Wronskian evaluated at the shifted e,
which follows from the definitions (llla) and (lé_l.l.l I ).

Yo ({ui}s€)
(4.1.13)
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4.2 WKB periods and Y-functions

In this section, we apply the WKB analysis to the ODE () Without losing the
generality, one can set uyg = 1. We define the WKB ansatz of the solution which has the

¥(z) = exp (i% / ' P(x’)dx’)  P(x) = ni;oe”pn(x), (4.2.1)

where P(x) satisfy the Riccati equation:

form

P?(x) £+ €0, P(z) — p(z) = 0. (4.2.2)
Decomposing the expansion into the even part Peye,(z) and the odd part Pugq(z):
P(.Z‘) = Peven(x) + Podd(x)a (423>

where

Peven(x) = Z EQmPZm(ZL‘), odd Z €2m+ p2m+1 (424)

m=0

it is straightforward to show that the odd part can be written by the even part:
POdd(l') = nga:c 1Og Peven($)- (425)

Substituting the e-expansion of P(z) into the Riccati equation (), one can obtain the

relations between p,,:

Z Papme™™ + € Z Oupn€” = 0. (4.2.6)

n,m=0
prn is calculated from this equation recursively. Here we show the first several terms up

to the total derivative terms

po—ip( ) (4-2-7)
1 82}?0
4.9.
P2 = ].6 p ) ( 8)
5 (0,p0)* 3 o4
py= > Gal) fo (4.2.9)

226 pp 1024 po
371 (apo)” | 1 (O3p0)° 105 ipodipe 5 9w
16384  pd 2048 pj] 16384  pf] 32768 pS

(4.2.10)

Pe =
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To proceed with the WKB analysis, let us introduce the WKB curve >:
Y oy? =p(a), (4.2.11)

which define the hyper-elliptic curve of genus g = [%| [109]. The Riemann surface
Y. is represented by the two sheets of the complex plane with N 4 1 branch points xy
(k=0,1,...,N). We suppose these branch points are all distinct, and set the branch
cuts such that all of them start from a branch point and end to one of the other branch
points for the odd N case, while one of them extends to infinity for the even N case. For

the 1-cycle v on the WKB curve ¥, we define the WKB period 11, which is given by

I, = j[P(x’)dx (4.2.12)
v
Expanding P(z) in terms of €, the WKB periods are written in the form:
I, = Z E"Hg"), Hg") = %pn(x')dx, (4.2.13)
n=0 v

where all the odd terms vanish since the integrand of H(Vn) for odd n is the total derivative.
We call the leading term HS” the classical period while Hﬁ,n) for n # 0 is called the
quantum correction. Although one can calculate the quantum corrections directly from
the definition ()7 there is a useful trick that enables us to compute them more easily.

Recall that on the Riemann surface, we can take the basis of the meromorphic basis:

dv, i=1,2,...,N, (4.2.14)

where the first | 22| differentials are holomorphic. Defining the meromorphic differential
A := ydx which we call the Seiberg-Witten (SW) differential due to the connection to the
SW theory [47,48], these bases are expressed by
w; = 2L)\. (4.2.15)
auN+2—i
Since the integrands of the quantum corrections of the WKB period are written by the

linear combination of the meromorphic basis {wy,ws, ...,wx} up to the total derivatives:

N N
Pn =2 Buwi+d(x) =2 Buibuy,, A+ d(x), (4.2.16)

i=1 =1
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where d(x) represents the total derivative term, one finds that they can be calculated

from the classical period:

N
I =2 " By, OV (4.2.17)
=1

Here the differential operator OE") which is defined by
N
i=1

is called the Picard-Fuchs operator. Therefore we can compute the formal e-series of the

WKB period from the classical period
O = f{ podz (4.2.19)
v

and the Picard-Fuchs operators Og") (1=1,2,...,N,n=2,4,...).
Now we relate the Y-functions () to the WKB periods. The subdominant solu-
tion ¢y, is evaluated by the WKB approximation as

on(, {ui}s ) = (—1)¥e(e) exp (5— /q:P(x’)dx), (4.2.20)

where ¢ is the initial point of the integration, c(e€) = ﬁe% and 6, = £(—1)¥ is the
sign factor which depends on the sheet the end point x of the integral lives: for the sheet
on which y = p(z), the plus sign is chosen, while for the sheet where y = —p(z), we choose
the minus sign. Then, one finds that the Wronskian W ¢y, , ¢x,] is evaluated by the WKB

analysis as

. kitko (Sk k2 ' 1
W[Qbku gka] = Z(—l) 2 51€1 exp ?/ Peven(x )dflf + 5 Z log Peven(Qki) . (4221)

4k i=1,2

Here we chose the sign factor as 0y, = —0k, so that the Wronskian does not have the
explicit dependence of x. To define the 1-cycle on the WKB curve, let us suppose the
distribution of the branch points. We set the all the branch points are aligned on the real
axis and label them such that xy_y > z (k = 1,2,...,N). The branch cuts stars from

Zor and end on xoxy 1 for £k =0,1,..., while for even N, one of them starts from zy and
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extends to —oo. Define cycle 72511 (j = 0,1,...) which encircles the branch points x;
and z9j41 anticlockwise on the sheet where y = p(z), and cycle v,; (j = 1,...) which
encircles the branch points x9;_; and x; anticlockwise intersecting the cycles v,;_1 and

Y2j+1 in the region {z € C;Imx > 0}. The cycles are shown in figure . For these

Y2j+1 V25 Y25—1

Figure 4.2.1: The cycle 72j_1, 72; and 7y2;41. The solid lines are on the sheet where y = p(z)
while the dashed line is on the sheet where y = —p(z). The dotted lines represent the
branch cuts.

cycles, one can consider the WKB periods and find that they correspond to the logarithm
of the Y-functions:

1 1 ,
log Y2j({ui}7€) = ZHVQj({Ui}v 6)7 log }/2j+1<{ui}76) = EH’Ysz({ui}a“)? (4222)
where, by the equality, we mean that the l.h.s. and the r.h.s. are equal in terms of
the formal e-expansions. Note that the Y-functions are analytic functions of u; while we

defined the WKB periods as the formal expansions of €. This relation can be understood

by substituting () into the logarithm of () and linking the integration paths
together:

1 q—j q—j qj+1 qj+1

log Yo ({ui};€) o< — / —/ +/ —/ Pryen(2'; €)da’ (4.2.23)
€ q—j—1 q5 qj q—j5—1
1 ,

= _% Peven<x/; E)dilf )
Y25

€
1 q—j—1 q—j—1 qj+1 qj+1

log Yaj11({u;};€) oc — / —/ +/ —/ Poyen(2';i€)dz’  (4.2.24)
e\Jqg qj j q—j—2

1
E— Pryen(2';i€)d’.

te Y2541

In figure , we draw the integration paths for Y5; and Y5;41. From the relation (),

we can calculate the masses my (k= 1,2,...,N) i.e. the leading term of the logarithm
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qj+1 q; qj+1 q;

° B @ =
T2j+1 “562]' T2j—1 T25-2 T2j+2 Toj—1
) N
\ \
\___>__ _— e
q—j-1 q—; q—j—2 q—j-1
(a) (b)

Figure 4.2.2: The integration paths for Y5; (a) and Yz;41 (b).

of the Y-functions:

k1]
log Vi ({u;};€) ~ i 1—]{ po(a)de =% k=1,2,...,N. (4.2.25)
€ Tk

If the potential is negative in the interval [xy 1, 2x] = {2 € R;zp1 <z < x4}, we call it
the classically allowed region, and if the neighbor interval [z, z_;] where the potential
is positive, we call it the classically forbidden region. Then all the masses are real or
pure imaginary. In the next section, we consider the more general situation in which the

branch points are not aligned in the real axis, and then the phases of the masses changes.

4.3 Wall-crossing phenomenon of TBA equations

In this section, we consider the (A;, Ay)-type TBA equations which can be obtained
from the (A;, Ay)-type Y-system () We adopt the canonical variable 6 := —loge
for the TBA equations, and suppose that all mass terms are real and positive. The TBA

equations lead
= 1 — 1 —
log Yk(g) = |mk|€0 — %Kk,k—l * Lk:—l — %K]ﬁ]ﬁ_l * Lk+1, k= 1, 2, ceey N, (431)

where log Y1 (0) = log Y3(0 — i), Li(6) :== L(0 — i), and the kernel function is given
by

1
Ky 1y (0) = 2cosh(0 — i(dn, — )

For k = 1 and N, we defined Ly = Lyy; = 0. Since we have set all the mass terms

real and positive, ¢p = 0 for £k = 1,2,..., N, and the TBA equations () are valid.

(4.3.2)
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However, there is a situation in which the TBA equation is no longer valid. When we
vary the parameters u; in the potential, the phases become non-zero. The kernel function
has the poles at § = Z(2n + 1) 4 i(¢r, — ¢x,) (n € Z). Then we have to pick up the
residues of the kernel so that the form of the TBA equations change if the absolute
values of the differences of the phases are greater than 7. Let us consider the case where

2 < i1 — & < Z and |dpp1 — dm| < 5 (m #1), and focus on the convolution term

) Tena(#)
_ /
K1 % Ly (0) = /Rdé) 2 cosh(0 — (¢ — Ppi1) —0')

(4.3.3)
If |¢r41 — ¢x| < 5, there is no contribution from poles, but for § < ¢p11—¢p < 37”, we have
to pick up the pole at 6’ = —%i + 0 + i(¢prr1 — ¢p) for the analytical continuation, whose
residue is 27 Ly 11 (0 + i(¢ps1 — %) — Z) = 27 L1 (0 — iy — Z). Figure represents

the poles of the kernels and the contribution of the residue for K = m and k = [. A similar

X —Z+0+i(dmt1 — dm)

Figure 4.3.1: The pole of the kernel of K, ,,+1 (a), and that of K,y (b). The arrows
represent the integration paths. In (b), there is the contribution from the pole at ¢’ =

— 5+ 0+ i(dr1 — ).

argument holds for the term Ky 54 *Lj,_1, in which pole at %i+6—i(<;5k —¢r_1) contributes
when 7 < ¢pp1 — ¢ < 37” The residue at the pole is 27 Li_1(0 — i(¢p — Pp_1) + %) =
2 Lg—1(0 — iy + %Z) As a result, the TBA equations () are analytically continued



72

to the form:

— 1 —
lOng(9> = |mk|€9—% Z Kk,j*Lja k#l,l"’l,

j=k—1k+1

_ 1 — , i
log Y(0) = |myle — o Z Kij*Lj— Lga <9 — i — 5); (4.3.4)

j=l—1,1+1

108 V1:2(6) = lmiale’ = = Y Kiyiy+ I - Li (e g + %)
J=1l+2
This system would not close unless we consider the additional equations for log Y;(6 —
1141 + %) and log Y;1(0 —i¢, — %) Therefore the resulting TBA system will be formed
by N + 2 equations.
There is another way to obtain the closed TBA system, in which we define the new

Y-functions by

)

W) o=@ (e ),

Y;g(@):=1+)ﬁ(0)+Yl+1(0—%Z), Yr =Yy, k£LL+L

V0) = i(0) (14 V0 -
(4.3.5)

Here we defined Y}" and Y}}, so that the contributions from the poles in (4.3.4) are ab-
sorbed in the new Y-functions. The additional Y-function Y} is defined so that, together
with Y} and Y1 ,, it satisfies

(1+Y,710)) = (1 + Ylnl(e)) <1 + Y;;(O))’ (4.3.6)
1

(1+Y,;1(0) = (1 + Yzil(@))> (1 + m) (4.3.7)

O 0 - 5) =50 (14 5o ) (135)

The asymptotic behaviors for the new Y-functions Y* (k = 1,2,...,N) at § — oo are
the same as the original ones: log Y;» ~ mye?, while from (), that of the additional

Y-functions Y2 is log Y% ~ m,qe’ where

Mad = |mad|6i¢ad =my + e_%iml-s-l, (4.3.9)



73

which is expressed by the classical WKB period as

i IS , i
(=»'-1 NES DS . T =1 (0)

- 0
Maqg =1 2 H’(Yl) + : e 2 H'YI-H =1 YMFVi41”

(4.3.10)

The introduction of the additional Y-function Y corresponds to the emergence of the

new cycle v;4+7v;11 on the WKB curve, which is depicted in figure . Using the relations

Figure 4.3.2: The black and blue lines represent 1-cycles v; and 7,1, respectively, in both
(a) and (b), while the red line represents the cycle v, + ;11 in (b) for I =25+ 1 (j € N).

() and (), and shifting the variable # so that the integration path is on the real

axis without crossing the poles, one finds the TBA equations for the new Y-functions

become
—n 1 —n
logyk:|mk|ee_2_ Z Kk,j*Lja k%l7l+1vl+2v
m j=k—1,k+1
-1 0 ]- —-n 1 + —-n
log V7' = |mle” — —— > KLy - 5K * Lo,
_ 9 i:l‘”“ o _ (4.3.11)
logY = [miple” — o Z Kijx Ly = 5 Kirraa * Lag,
7=Ll+2
= 1 — 1 —
n 2] n n
log Yy = [muizle” — o Z Kipojx Lj — %Kl—:lad * Log-
J=l+1,14+3

Here we defined L, (0) = L (0 —idaq) = log(1 + (Y(0 — i¢aq)) ") and the shifted kernel
K*(0) := K(6 £ %). The additional equation for log Y2 is obtained by summing the new
TBA equation for Y,* evaluated at 6 — i¢y1 + Z and that for Y}, evaluated at 6 — igy:

-1 ]- —-n 1 _ N
logYad:|mad]ee—§ > KaaiLj — 5 > KL (4.3.12)

j=1—1,1+1 J=1,1+2
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Together with (), these N + 1 integral equations form the TBA system for the new
Y-functions ()

The phenomenon explained in this section is called the wall-crossing of the TBA
equations [43]. As we will discuss in chapter B, the classical WKB periods are interpreted
as the central charges of the BPS particles in 4-dimensional N/ = 2 theories. Furthermore,
the condition in which wall-crossing of the TBA equations occurs is the same as the wall-
crossing condition in the context of 4d N = 2 theories [67, 68], which is that any two
of the classical periods associated with 1-cycles v and +/ align: Im (HE,O) / H(ﬁ)) = 0. The
emergence of the additional Y-function or cycle implies the creation of the new BPS

particle, which is governed by the Kontsevich-Soibelmen wall-crossing formula [66].

4.4 Diagrammatic procedure of wall-crossing

The procedure of the wall-crossing of the TBA equations can be applied to more general
settings. Starting with the case that all the mass terms are real or pure imaginary, one
has to add a new equation for the additional Y-function to the TBA system by each wall-
crossing process. As we have seen in the previous section, the additional Y-function is
associated with the new cycle on the WKB curve. Let us Consider the configuration space
of the coefficients of the polynomial potential i.e. the space of u;. This space is expressed
by a disjoint union of domains in which the form of the TBA equations is unique. We
call cach domain the chamberl There are two special chambers in which the numbers
of the TBA equations are minimum or maximum, respectively. Such chambers are called
the minimal or maximal chambers. For the N-th polynomial potential, the number of
the equations of the TBA in the minimal chamber is N while it is N(N + 1)/2 in the
maximal chamber. So, there are, at least, N (NN —1)/2 wall-crossings when we continuously
deform the potential from the minimal to the maximal chamber. Between the minimal
and the maximal chambers, there are N(N — 1)/2 — 1 intermediate chambers in which

the TBA system is composed of n (N < n < N(N +1)/2) equations. To obtain the TBA

'We regard the all regions in which the TBA are common as a same chamber. Thus, the chamber
itself can be a disjoint union of several domains.
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equations in the maximal chamber from that of the minimal chamber, one has to apply
the wall-crossing procedure N(N — 1)/2 times, which is hard to carry on by the algebraic
computation for the large N. In [44], it was introduced that the diagrammatic method
to obtain the TBA equations in any chamber, which is much easier than the algebraic
way. In this section, we explain this diagrammatic way of the wall-crossing following the

notation in [45] and derive the (A;, Ax)-type TBA system in the maximal chamber.

Let us denote the cycle which encircles the branch points z; and x; as 7 ), and

the classical period and the Y-function associated with this cycle as Hgg)j

respectively. In the minimal chamber, the phase of the classical period ¢, = argll

) and Yv(iyj)7
&
(a = (a—1,a)) is 0 or m/2, depending on whether the cycle 7, is on the classically allowed
or forbidden region. One can write the leading terms of the Y-functions by using the
classical periods instead of the masses, which leads the TBA equations in the minimal

chamber in the period representation:

- 1 -~
R s (O (0)
log Y,(0) = [T ]’ + 5 E Kap* Ly(0), a € sy, (4.4.1)

bESS\(,))

where we defined Y,(0) := Y, (0 — ia), La(#) = Lo (6 — i), the set 558) ={(i—1,1);i=
1,2,..., N}, and the kernel function [?a,b by

s [ab
Ka - . .
b sinh(60 + i(¢q — b))

(4.4.2)

Here each entry of the anti-symmetric matrix I,,, which we call the intersection matrix,
is determined from the intersection number of the cycles v, and ;' I(a—1,4),0-1 =
(—=1)*"16, -1, otherwise I, = 0. The poles of the kernel are shifted to 6 +i(p, — ¢p) = 0.
The advantage of the period representation is that even after the wall-crossings, we do
not need to introduce the shifted kernels which we used in the previous section. Let us
consider the wall-crossing where ©41,192) — @(41) crosses the zero. Performing similar

calculations in the previous section, one finds the TBA equations after the wall crossing
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become

~ 1 -~
n _ 0)|,0 n (0)
log Y(0) = [TI”|e” + 9 5 Ka.p* L3y(0), a€ sy,

s<1>
PN (4.4.3)
~ .
log Y(j149)(0) = ‘ng )z+2) et Z K% Ly (9),
bEsl

where s; = {(l + k,l + k+ 1);k = —1,0,1,2}, 55\1,) = 853) U (I,1 + 2), and the new
non-zero entries of the intersection matrix is I o) 14k ith+1) = —Lsrirhr1),0i42) = 1
(k=—1,0,1,2). Then, the TBA equation () is uniformly written as

v 1 7 Tn 1
log Y(6) = [T |e? + 5 S Kapx L2(0),  a€sy, (4.4.4)

b€s§$>

which is the same as () with the change of the set 5(0) — 55\, and the intersection
matrix I,,. If we define Sy = {(i,7);7 # j,i < j} and replace sg\, and sN to Sy in ()
and (), respectively, only the difference between the TBA equations before and after
the wall-crossing is the intersection matrix. Therefore the wall-crossing phenomena of
the TBA equations are encoded in the intersection matrix. The diagrammatic method of

wall-crossing provides the intersection matrix in each chamber.

— P(N-1,N) — P(N—-2,N-1)
1
N

A |: (4,5) T P(3,4) \GO(N 2,N—1) — P(N—3,N—2)

N -2

@(2»3) - @(1»2) : ‘P(d 4) — Lp(Q 3)
5\ \

<\Wl 2) — ¥(0,1)

0

Figure 4.4.1: The diagram representing the TBA equations in the minimal chamber.

First, we define the diagram which represents the TBA equations in the minimal
chamber, in which the Y-function associated with the cycle (7, j) corresponds to the vector

(Re HE?) ImHE?)])). We also set the endpoint of vector (Rell 1)11),1 HE?)U)) as the



77

starting point of vector (Re HE?)iH)’ Im Hg?)iJrl)). Since ¢, = 0, 5 in the minimal chamber,
this construction provides a kind of stair diagram depicted in figure . The difference

of the phase p, — ¢, is encoded into the relative angle of the vectors (Re HEP), Im HSP))
and (Re HI()O), Im HI()O)). We label the starting and the endpoints of the vector by i (i =
0,1,...,N) associated with the labels of branch points, and call them the vertex i. We
also call the line connecting the vertex i and j the edge (7, ). For the purpose of follow
the changes of the intersection matrix in each chamber, only the relative angles of the

vectors are relevant, and then we do not have to care about the length of the vector. The

intersection matrix is real off from the diagram by the rule:

e Rule 1: I, = £1 for the edges a and b which has the common vertex. The sign is the
same as that of the relative angle of the vectors of the classical periods associated

with the cycles v, and 7.

One finds this rule recovers the TBA equations ({.4.1)). Next, consider the wall crossing
where ©(41,42) — ©@41) crosses the zero. After this wall-crossing, we have to add the
edge (I,1 + 2) to the diagram associated with the additional Y-function Y 142), which is
illustrated in figure . From rule 1, one finds that the diagram provides the correct

(a) (b)

Figure 4.4.2: The diagram representing the TBA equations (a) before / (b) after the
wall-crossing at the wall where p(41,42) — ©@,41) crosses zero.

intersection matrix. Let us rephrase this process in the following rule:

« Rule 2: When the relative angle ¢(; ;) — @) crosses zero, add the new edge (i, k)
to the diagram.
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Successively applying this rule, one obtains the graph which contains the edges intersecting
with other ones. This would happen for the N > 3 case. By the strait forward calculation
of wall-crossings, one can see that in addition to the rule 1 and 2, we have to add one

more rule:
o Rule 3: I, = £2 for the edges a and b which intersect each other.

Again, the sign is determined from that of the relative angle. These three rules provide
the whole procedure to obtain the TBA equations in any chamber. One has to draw
first the stair diagram which corresponds to the TBA in the minimal chamber, and then
morph it according to the rule 2 until one reaches the desired chamber. The intersection
matrix can be read off from the diagram through the rule 1 and 3.

Using the above rules, let us consider the TBA equations in the maximal chamber.
The diagram in the maximal chamber is the complete graph with N + 1 vertices. Then
the intersection matrix is N (N +1)/2 dimensional. As an example, figure shows the

diagram for the N = 4 case. The intersection matrix is then

o o0 -1 0 -1 -1 0 -1 -1 -1
1 o 1 o0 1 1 1 2 1 2
o-1060 -1 -1 -1 -1 -1 -2 =2
o o0 1 o0 o0 1 1 1 1 1
1 -r 1 0 O O 1 1 0 1
I= 1 -1r 1 -1 0 O O 1 -1 0} (4.4.5)
o-11 -1 -1 0 0 0 -1 -1
1 -2 1 -1 -1 -1 0 O -2 -1
1 -1 2 -1 0 1 1 2 0 1
1 -2 2 -1 -1 0 1 1 -1 0

where the entries are ordered from top to bottom as (i—1,i+k) (i = 1,2,...,4—k) for k =
0,1,2,31e. (0,1),(1,2),(2,3),(3,4),(0,2), (1,3), (2,4), (0,3), (1,4), (0,4). In the maximal
chamber, there is a particular point where the potential becomes the monomial one. The
TBA equations for this potential are obtained from the diagram in the maximal chamber
with identifying the edges under the dihedral symmetry Zy ;. The TBA equations reduce
to the 5] equations. We assign the label [k] (k = 1,2,..., [3]) to the Y-functions, where

the labels become the same if the Y-functions are identified under the symmetry. Then
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2
1 3

Figure 4.4.3: The complete graph with five vertices which represents the TBA equations
in the maximal chamber for the quintic potential.

the TBA equations for the monomial potential are

~ N
log ¥iu(6) = |11 e” +—ZKW p+Lu®),  k=12...05]  (446)

where the kernel is given by

Ky = Z Ky, (4.4.7)
be(l]

From the explicit form for small N, one can find that these TBA equations (4.4.6) are
the (Ay, A1)-type TBA equations. The classical periods ‘HE}S])’ are calculated for p(z) =

oV +unyy as [45)

o F(l + ﬁ) . km
‘H[k]’ V =8munt1(—unt1) VT F(%%—ﬁ) sin <N+1> , (4.4.8)

which is proportional to the Perron-Frobenius eigenvector. The TBA equations (4.4.0)
together with these driving terms are the same as one in [}, in which the TBA equations
are obtained directly from the ODE/IM correspondence for the Schrodinger equation with

the monomial potential.

Summary

In this chapter, we reviewed the ODE/IM correspondence for the second order ODE with
the polynomial potential in which the WKB periods were connected with the Y-functions.
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The classical periods give the driving term of the corresponding TBA equations. Deform-
ing the potential continuously, the driving terms obtain the phases, and then the poles of
the kernel functions change the TBA equations, i.e. the wall-crossing phenomenon occurs.
Through the wall-crossing, one finds chambers in which the numbers of the equations in
the TBA are the minimal and the maximal, respectively. Such chambers are called the
minimal and the maximal chamber, respectively. By using the diagrammatic method,
one can obtain the TBA equations in each chamber which appear in the continuous de-

formation from the minimal to the maximal chamber.
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Chapter 5

Four dimensional N =2 theory and
the quantum Seiberg-Witten curve

The relation between the ODE/IM correspondence and the 4-dimensional N' = 2 su-
persymmetric field theory is also the subject of this thesis. The 4d N/ = 2 theory has
been studied for decades, and there is known that a class of gauge theories is solvable
which means one can obtain the low energy effective actions in the Coulomb branch of
them. The effective action is described by a complex one dimensional curve which is
called the Seiberg-Witten (SW) curve [47,48]. There is also another method to calculate
the partition function of the theory, which is the Nekrasov partition function [69,[70]. In
the calculation of it, one has to introduce the 2-background which has two deformation
parameters €; and €5. The partition function is obtained by taking the limit £;,e9 — 0.
One can also consider the limit where one of the deformation parameters is left to be
finite, which is called the Nekrasov-Shatashvili (NS) limit [71]. In the NS limit, the SW
curve, which reproduces the partition function, turns out to be a quantized one [[72, 73]
which can be regarded as the ODE.

The states contributing to the effective action in supersymmetric theories satisfy the
BPS condition, and such states are called the BPS states. Then, the study of the spectra
of BPS states is one of the subjects in supersymmetric field theories. The Coulomb branch
is parameterized by the expectation values of the scalar fields, and the BPS spectra are
dependent on the point in the moduli space of the vacuum. More precisely, the spectra

suddenly change at certain values of the moduli parameters, which is called the wall-
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crossing phenomenon and governed by the Kontsevich-Soibelman wall-crossing formula
[66]. In [67,68], the BPS spectrum of a certain class of 4d N/ = 2 theories was studied
by using the Hitchin system. Furthermore, in [77], it was pointed out that the conformal
limit of the TBA-like equations describing the Hitchen system provides the solutions of the
Schrodinger equation with the rational potential, which is also considered as the quantum
SW curve of the Argyres-Douglas (AD) theory, which is the 4d N' = 2 conformal field
theory. The higher rank case is also studied in [[7§,[79].

In this chapter, we first explain the Seiberg-Witten theory in section lS:ll and then,
introduce briefly the BPS spectral problem and the wall-crossing phenomenon of 4d N' = 2
theory in section @ The AD theories are reviewed in section @, which emerges at the
superconformal point of the moduli space of 4d N' = 2 gauge theories. The ODEs, which
we used in the previous chapter and will use in the subsequent chapters, are the quantum

SW curves of the AD theories, which we discuss in section @

5.1 Seiberg-Witten theory

In this section, we explain the Seiberg-Witten theory of the N/ = 2 supersymmetric Yang-
Mills theory. We, first, review the case where the gauge group is the simplest i.e. SU(2),

and then discuss the case of other gauge groups.

5.1.1 The N = 2 supersymmetric algebra, the BPS bound, and
the multiplets

Let us start with the basics of the supersymmetric theory. The N = 2 supersymmetric

(o, & = 1,2, 1,5 = 1,2), which are

algebra in four dimensions with supercharges Q?,, Qe

the generators of the algebra, has the following anti-commutators:
{Qf;w@d,j} = ZUZQPM(S;’;
{QL. QL) = V2ea3e7 Z, (5.1.1)
{@a,zaag,j} = \/ﬁeaﬂeijZT-
Here a, § (¢, ) are the (anti-)spinor indices, P, generates the translation, and Z is the

center of the algebra. The translation generators also satisfy the (four dimensional)
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Poincaré algebra with the Lorentz generators. For each representation, the complex
eigenvalue of Z takes a constant value which is called the central charge. To consider
the representations of the algebra, it is convenient to take the linear combinations of the

supercharges:

1 1
— by = — [
V2 V2

If we consider the massive representation whose mass is M and set the phases of the

[Q4 + €as(@2)T], Q4 — €ap(Q3)'], (5.1.2)

(o =

supercharges so that the central charge becomes real, the non-zero anti-commutation

relations of the generators become
{aa,al} = 00s(M +v22),  {ba,bl} = 6as(M — V22). (5.1.3)

One can construct the representations by acting the creation operators af, and b}, on the
Clifford vacuum |€2) which is defined by a,|Q2) = b,|2) = 0. The unitarity constraints the
mass of the representation as

M >2Z, (5.1.4)

which is called the BPS bound [64, 65].

The multiplets of the N/ = 2 supersymmetric algebra, which is relevant in the argument
in this section, is the vector multiplet. The A/ = 2 vector multiplet is composed of the
N =1 vector multiplet V' and the chiral multiplet ®. V' is composed of a spin one vector
field A, and a spin half Weyl fermion A, while the chiral multiplet ® is composed of
another Weyl fermion 1 and a complex scalar ¢. In the following, we consider the N = 2
supersymmetric Yang-Mills theory. The Lagrangian of the theory can be written by these
N = 1 multiplets.

5.1.2 The SW analysis of the /' =2 SU(2) Yang-Mills theory

Let us consider the SU(2) N = 2 supersymmetric Yang-Mills theory. One can write the
Lagrangian of this theory by the N = 1 multiplets as

L= LTy {Td (2/d49 dle VP + /d29 WQW‘“H, (5.1.5)

47
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where V' is the AN/ = 1 vector multiplet, W, is the field strength defined from V', ® is the
chiral multiplet, 7 is the complex coupling constant which is defined by

Tq = % + %. (5.1.6)
Here © is the theta angle, and ¢ is the gauge coupling. The Grassmannian variable 6
is the coordinate of the N' = 1 superspace. Each component fields obey the adjoint
representation of the gauge group. The scalar potential of this theory is defined from the
adjoint scalar field ¢ which is the component of the N' = 1 chiral multiplet. The potential

has the form:
V(¢) = 2ng Tr [¢, ¢1]”. (5.1.7)
In the vacuum V = 0, which we call the Coulomb branch vacuum, the scalar potential
takes the vacuum expectation value (¢) = aos, where o3 = diag (1,—1). Then, the
Coulomb branch vacuum has continuous degeneracy and is parameterised by the gauge
invariant quantity:
u = (Tr ¢?) = 2a*. (5.1.8)
For u # 0, the gauge group breaks to U(1). The low energy effective Lagrangian is
obtained by integrating out all massive states. From the constraint of the N/ = 2 super-

symmetry, the effective Lagrangian takes the form
1 — 1
Log = - Im U d*0 op® + 3 /d20 TWQWO‘], (5.1.9)
T

where the dual chiral field ®p and the effective coupling constant 7 are defined by

_0F@®) _0PF(@)
e T e

Here F (W) is a holomorphic function of ¥ and is called the prepotential. The classical

(5.1.10)

part of the prepotential is given by

1
Fa(®) = 57a®”. (5.1.11)

The mass M of the particle in N' = 2 theory is bounded by the central charge Z of the
N = 2 supersymmetric algebra [62,63]:

M > 2|Z| = V2|n.a + mpap|, (5.1.12)
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where the central charges are written by the vacuum expectation values of the scalar
components of the chiral multiplets ® and ®p, which we denoted as a and ap, and the
integers n. and n,, are the electric and magnetic charge of the particle, respectively. Then,
the states contributing to the low energy effective Lagrangian saturate the inequality
() Such states are called the BPS states [64,65]. In [46], it was found that the
quantum corrections to the prepotential are composed of the perturbative part, the one-
loop effect, and the non-perturbative part which is the effect of the instantons. For the
energy scale u > |a|, the complex coupling 7 has the logarithmic behavior, while for
i < |a|, it remains the constant as a result of the Higgs mechanism. Defining the cut-off

scale as A, the one-loop effect of the coupling constant for the low energy limit is

8% a
~ _1 5.1.13
T 0g - ( )
The instanton effects are factorized by the 4k power of A/a for k € Z-o. The power
4k is determined by the broken R-symmetry, which breaks to the Z,; symmetry by the

anomaly. The prepotential containing the quantum effects are given by
F() = L I log @ + —<1>2 ka (5.1.14)
5Te o ) 1.

The problem to determine the instanton effects Fj, is solved in [47,48]. In their analysis,
the property of the moduli space of the Coulomb vacuum plays the important role, which
is the electric-magnetic duality. Here we mean by the moduli space of vacua the u-plane
in which each point represents the vacua of the theory. This electric-magnetic duality is

considered by adding the Bianchi identity as the Lagrangian multiplier:
1
ﬁeff — Leff + 4— IHl/d4(9VDDW, (5115)
s

where Vp is a vector multiplet and D represents the covariant derivative on the N =1
superspace. Integrating by parts and integrating out the field-strength W, the kinetic

term of the vector field becomes

1 1 [,/ 1 .
EIHI |:§/d 9<_;>WD,(1WD:|- (5116)
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Here W is the field-strength of V. Note that Vp is the dual gauge field that couples to
the magnetic charges. The coupling of the magnetic field is inverse of the original one.
Thus the weakly coupled theory expressed by the magnetic fields describes the strongly
coupled theory of electric fields. The transformation of the coupling i.e. 7 — —1/7
is interpreted as the strong-weak duality. Together with the shift of the coupling i.e.
T — 7+ 1 which does not affect the Lagrangian, we define the duality transformation of

the coupling:
ar +0b

cr+d’
This SL(2,Z) transformation acts on the fields as

(@5,) — M(q)q?’). (5.1.18)

If we set the matrix M as the generator of the T-transformation:

M= ((1] D (5.1.19)

the coupling transforms as 7 — 7+ 1. On the other hand, choosing the matrix to be the

M= (_01 é) (5.1.20)

the coupling transforms as 7 — —1/7. Under this transformation, one finds that from
(), the charge (n.,n,,) is mapped to the charge (—n,,,n.). Therefore, by the S-

transformation, we again find that this translates the electric description of the theory

T — ad —bc=1, a,bc,déeZ. (5.1.17)

generator of the S-transformation:

into the magnetic one. In the weakly coupling region in the moduli space of vacua, the
theory is described by the electric field, whereas in the strongly coupled region, the theory
is described by the magnetic field. This is the electric-magnetic duality of the N = 2
SU(2) theory. The structure of the moduli space of the Coulomb vacua differs from the
classical one, and is studied in the following way. From the prepotential (), the vev
of the scalar component in the chiral field coupling to the magnetic field is evaluated in
the u — oo limit as

21a a Q
~ 2 (—) “ 121
ap - og A + = (5 )
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Let us consider the transformation v — e*u, under which a and ap transforms to —a

and —ap + 2a, respectively, since a = y/u and ap is approximately () This is the

SL(2,7Z) transformation whose matrix is

M., = (‘01 _21) (5.1.22)

where we call M., the monodromy matrix at u = co. The non-trivial monodromy indicates
the existence of the singularity at © = oco. Furthermore the existence of the monodromy
at u = oo implies the other singularities on the moduli space. Note that the singular
point must not be unique and the origin u = 0 because of the positivity of the kinetic
energy, which is equal to the constraint that the prepotential is holomorphic. From the
Zo symmetry u — —u, one can assume the number of the singular points is three and
they exist at w = A and woo. This is the assumption in [47,48] and proven in [110].
The singularity arises when some BPS particle becomes massless, hence the assumption
indicates at u© = +A, some non-perturbative become massless and contribute to the
effective Lagrangian. The charges of the particles are read off from the monodromies. Let
the charge of the particle which becomes massless at u = u, be (n.,n,,). By applying
the SL(2,Z) transformation, one can move onto the good coordinate (a(Dq), a'?) where the
transformed gauge field couples to the particle in the same way as the usual gauge field
couples to the unit electric charge. From the one-loop beta function, the vevs of the scalar

in this region are expanded as

; (@) ;
aD ~ cq(u — uy), ag) ~ —%a@ log (CLT) + %a(q). (5.1.23)

Around the singular point, we consider the transformation u — u, — €*™(u — u,), which

(q) 1 2 (9)
ap ap
() (¢ 2)(5). oo

Defining that the transformed coordinate (a%), a'?) and the original one (ap, a) is related

(6)=( 5 (51.25)

leads to the monodromy

as



88

where ad — v = 1, the constraint that the central charge stay unchanged leads the charge

0-(5 )

Inverting (), one obtain ap = 5&%) — Ba'? and a = —'ya%) + aa'?. Then, from the
monodromy (), one finds the monodromy matrix at u = ug:

(=B+25 S\(-B S\ ' (1+2nm, = 2n2
Muf‘_(oH—Zv y)\a —v) =2n2 1 -=2nmn,) (5.1.27)

If we consider the particle with charge (n., n,,) = (0, 1), which becomes massless at u = A,

transformation rule:

and another one with charge (—1, 1), which becomes massless at © = —A, the monodromy
of the moduli space turns out to be consistent:

1 0 1 2
MAM_, = M., MA_(_2 1), M_A_(_2 3). (5.1.28)

Then one concludes that at the point © = A, a monopole becomes massless and one has
ap = 0, while at the point u = —A, a dyon becomes massless and one has a — ap = 0.
At this point, we have seen that the moduli space is the complex wu-plane with three
punctures at u = +A, oo and has the Z,-symmetry, and the vev of the scalar fields can be
regarded as the section of the SL(2,Z) bundle over the moduli space. Together with the
constraint the gauge coupling should be real, the moduli space is the upper half-plane H
but with quotient by the monodromy group I'(2) which is the subgroup of SL(2,Z):

(2) = {(‘CL Z) € 5SL(2,Z); a,d=1 mod?2, bec=0 mod 2}. (5.1.29)

The moduli space H/T'(2) parameterize the elliptic curve
y? = (z — A)(z+ A)(z —u), (5.1.30)

which is called the Seiberg-Witten curve. With the appropriate coordinate transforma-

tion, the SW curve can also be expressed as

)2 = ;L(a: _u)?— A (5.1.31)
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Let us choose the branch cuts to be placed so that one of which starts from x3 =

—y/u+2A3 and ends on xy = —\/u — 2A2, and the other starts from z; = \/u — 2A3

and ends on xy = \/u+ 2A2. The vevs of the scalar potential is identified with the

integrals of the holomorphic differential along one-cycles on the SW curve:

1 22d
a= Y{d)\, ap = jfdA, A= 1 (5.1.32)
o 3 2y

Here, as shown in figure , the cycle « encircles the branch points x5 and x3, while the

cycle 3 encircles xg and xq, respectively. We call the differential d\ the SW differential.

Figure 5.1.1: The cycle a and g on the x-plane.

The coupling constant 7 is then

dap  Oap/du
da  da/ou’

(5.1.33)

T =

and identified with the moduki of the torus defined by the SW curve () Finally,
calculating a and ap from (), the prepotential is obtained from 0F /da = ap.

5.1.3 Generalization to other gauge groups

Soon after the work of [47,48], the analysis of the NV = 2 suspersymmetric SU(2) Yang-
Mills theory was generalized to the N' = 2 suspersymmetric gauge theories with other
gauge groups [49-52]. In this subsection, we discuss the generalization to the N' = 2
gauge theory without matter fields. Let the gauge group G of rank r. In the Coulomb
vacuum, the vev of the scalar component of the N’ = 2 vector multiplet is decomposed as
(@) =i, a;H', where H' (i =1,2,...,r) is the Cartan generator of G. It is convenient

for the parameterization of the moduli space of vacua to use the vev := (¢"), where n
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is the order of the Casimir invariants of G. One can generalize the low energy effective

Lagrangian of the SU(2) to this case, which becomes

1 iF 1 i a
Eeff = E Im |:/ d49 ®D(bl + 5 /d29 T]W(Z)QW(J)], (5134)
where the dual chiral field ®%, (i = 1,2,...,r) and the effective coupling constant 7% is
defined by
, OF . OP*F
Y = — Y= ) 5.1.35
DT, T T 09,00 (5.1.35)

Here the prepotential F is again composed of the perturbative one-loop part and the non-
perturbative instanton part. The central charge of the BPS particle with electric charge
Me = (Neg, - -, Neyr) and with magnetic charge 7, = (M1, ..., Nm,r) s given by the vevs

of the scalar components:

Z =iy @+ dp. (5.1.36)

The Seiberg-Witten curve which gives the prepotential of the theory with gauge group G
is given by

5 <z - “;) = We(a; u;), (5.1.37)

where for G = A, and G = D, the Wg(z,u;) is given by

Wy, (z,u;) = 2" Fugae™ t +uga™ 2 4 - 4 Upp, (5.1.38)

W, (z,u;) = 2272 + upx® * +use® 0 4+ -+ w1 2% 4 Upyy + % (5.1.39)

Here w; (i = 2,3,...,r + 1) parameterize the moduli space of the Coulomb vacua. The
SW differential is given by

1

A=—uxdl . 5.1.40

omi 87 (5.1.40)

Changing the coordinate y = z — WGT@), one recovers the SW curve of SU(2) introduced

in () in the previous section. For other gauge group G, one can compute the SW
curve from the spectral curve of the GV-type affine Toda field theory, where GV is the
Langlands dual of G [563-55].
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5.2 BPS spectra and wall-crossings in A/ = 2 theories

In this section, we review the BPS spectral problem and the wall-crossing phenomenon in
the 4d A = 2 supersymmetric field theory following [111]. Let us consider the 4d N = 2
gauge theory with gauge group G of rank r. In the Coulomb branch, the states preserving
the N = 2 supersymmetry have the r electric charges e = (ne1, neg, - - ., e, ), r Magnetic
charges M, = (Mm 1, Mm2, - - -, Nmr), and f flavor charges iy = (ny1,nyso,...,ny,), which
are quantized by the Dirac quantization condition. Thus, we can define the charge lattice
I' ~ ZP, where D := 2r 4+ f. Each lattice point on I' denotes the charge q = (7ic, i, 7iy).
The CPT-symmetry ensures that if there is the state with the chargeq € I', so does the
state with the charge —q. Since the gauge group breaks to U(1)" in the Coulomb branch,
one can define the inner product (-,-): I' — Z, which we call the Dirac paring and define
by

=/ =/ =/

(q,4) = (T, T, Tig), (T, Ty 1)) = T, Ty — The * Ty, (5.2.1)
As mentioned in the previous section, in the four dimensional N/ = 2 supersymmetric
algebra, there exists the center, say the central charge, in the anti-commutation relation

of the supercharges [62,63]. Denoting the mass of the state with charge ¢ as M(q), it is
bounded by the central charge Z(q):

M(q) > V2|Z(q)|, (5.2.2)

which is called the BPS bound [64,65]. The states saturating this inequality is the BPS
states, which play the important roles in supersymmetric field theory. The BPS states
corresponds to the short multiplets of the N' = 2 algebra, which can be expressed as the
representation of SU(2)gpin X SU(2)g by

(21012 e (5.23)

where 2 represents the Clifford vacuum. Though €2 is the representation of SU(2)pi X
SU(2)g, it is conjectured that € is the singlet of SU(2)g in the generic point in Coulomb
branch [112]. Then, we denote the spin of the representation of SU(2)s,:, as the spin of
the Clifford vacuum 2.
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The BPS spectral problem and Kontsevich-Soibelman wall-crossing formula

Let us consider the charge lattice I' of the BPS particles. The spectrum of the BPS states
in the Coulomb branch is encoded in the charge lattice. If two charges ¢; and ¢, are
mutually non-local, these are not in parallel in the charge lattice. The central charge of

these charges and that of the charge q; + ¢, satisfy the triangle inequality:

1Z(q1 + a2)| < Z(q1)| + [Z(g2)]- (5.2.4)

Note that the mass of the BPS state is equal to the central charge. At the value of the
Coulomb moduli parameters where this inequality saturates i.e. Z(q;) and Z(go) align,
the BPS state with the charge ¢; + g2 may be unstable and decays. In general, the decay
could occur if any two of the central charges of mutually non-local charges align. The
condition that the central charges of mutually non-local states align divide the space of
the possible central charges CP into several domains {D,} by real-codimension one loci.
This loci is called the marginally stability wall. In each domain D,, the BPS spectrum
differs, and the theory is in different phase. The BPS spectrum %, € I' in the domain D,
is called the chamber. Mapping the marginal stability walls on the moduli space, they
also cut it into several domains which we also call the chamber. If we varying the moduli
parameters and crossing the wall, the decays occur and the BPS spectrum changes, which
we call the wall-crossing phenomenon. The problem to obtain the chamber in any domain
together with the Clifford vacuum is said to the BPS spectral problem. This problem is
solved by using the invariant quantity under the wall-crossing, which we define by the
quantum torus algebra Tr(p) and quantum dilogarithm function W(x;p). For the charge
lattice I', we define a element X, say the spectral coordinate, corresponding to a charge
q € I'. The spectral coordinates and the Dirac paring define the quantum torus algebra

Tr(p). The exchange relation of two coordinates X, and X is
X, X, =p 97X, X, (5.2.5)

The algebra has the commutative and associative product N : Tr(p) x Tr(p) — Tr(p)
which is defined by
Xogrg = N[Xq, Xg] = p_%<q’q/>Xqu" (5.2.6)



93

One finds a group homomorphism between (I, (-,-)) and (Tr(p), N[-,-]). The quantum

dilogarithm function is characterized by the property and the normalization:
U(prip) = (1 —pra) ' U(x;p),  T(0;p) =1. (5.2.7)

For |p| < 1, the quantum dilogarithm function can be expressed by the infinite product:

U(w;p) = [[(1—p™Fia). (5.2.8)

n=0
The inner automorphism of the algebra Tr(p) encodes the solution to the BPS spectral
problem, which is described by the adjoint action of co called the Kontsevich-Soibelman

(KS) operator M(p) [66]:

~ g
M@p) =[] TI ¥@Xg:p) V" (5.2.9)
qE€ECa 5=—Jq

Here j, denotes the spin of the Clifford vacuum, and the product of the dilogarithm
function is taken over the chamber %, so that the function corresponding the charge with
the smaller argument 0 < arg Z, < 27 is arrayed in the left. The remarkable property
of the operator, conjectured in [66], is that the conjugacy class of it and all powers does
not depend on the chamber %,. Therefore the KS operator is the wall-crossing invariant.
From the KS operators in different chambers, one can obtain the Kontsevich-Soibelman
wall-crossing formula (KSWCF) which describe the transition of the BPS spectrum at
the marginal stability walls. The KSWCF is classified by the absolute values of the Dirac
parings of charges whose central charges align at the wall, and expressed as the identities
of the quantum dilogarithm functions. The cases where the absolute value of the paring

is one and two are

« Pentagon wall-crossing |{q1, ¢2)| = 1:

\I[(Xm)\P(XQQ) = \II(XQ2)\I[(XQ1+Q2)\P(XQ1)7 (5'2'1())
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» Kronecker wall-crossing |{q1, ¢2)| = 2:

U (X)) (Xy,) = H \P(anﬁ(nﬂ)qa)(\l’(p_% q1+qz)>_1
netzo . (5.2.11)
< (0 X)) TT Xt mas)
meZo
For the case where the absolute value of the paring is greater than two, see [113] for
example. Once the BPS spectrum is solved in a certain chamber, one can obtain the
spectrum in other chambers through the successive application of KSWCF.

It may helpful to illustrate the simplest wall-crossing i.e. the pentagon wall-crossing.
Suppose that in the chamber % there are charges ¢; and ¢y where (g;,¢2) = 1 and
arg Z(q1) < arg Z(qz). If we vary the moduli parameters from the chamber % to the
chamber %, where arg Z(q;) > arg Z(q2), the pentagon wall-crossing occurs. At the wall,
the central charges align arg Z(q;) = arg Z(q2) and the new BPS particle with charge
q1 + g2 emerges. Then, in the chamber %5, the BPS spectrum is composed of the states
included in the chamber %, and the new BPS state with charge ¢; + ¢», where the central

charges obey arg Z(q2) < arg Z(q1 +q2) < arg Z(q1). The figure depicts this process.

7 Z(q1 + q2) z z
|_ I— Z(q1 + q2) I_
Z(q2) Z(q2)
Z(q1) Z(q1) Z(q1) Z(g2)
1 ! I
(a) (b) (c)

Figure 5.2.1: The central charges Z(q;) and Z(qz) in chamber %) (a), Z(q1), Z(q2) and
Z(q1 + q2) at the wall (b), and Z(¢1), Z(q2) and Z(q1 + g2) in the chamber %, (c).

The BPS quiver and mutations

If the charge lattice I' has the basis {e;}2, such that any charge ¢ € T'is in [, =
®L Zsoe; or —q € T'y, the BPS spectrum is said to having the quiver property. Without
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loss of generality, we set the argument of the central charges of the basis so that 0 <
arg Z(e;) < m (i = 1,2,...,D). When the BPS spectrum has the quiver property, one
can express the spectrum by a diagram which is called the BPS quiver. Generally, the
quiver diagram consists of a finite number of nodes and arrows connecting the nodes. In
the BPS quiver, nodes represent the basis e; while the arrows represent the Dirac parings.
Concretely, for the Dirac paring D;; = (e;, e;), we assign D;; arrows which start from
the node corresponding to the basis e; to the node of e;. As an example, we show the
BPS quiver for the basis {eq, e, e3,e4} = {q1, ¢2, q3, @2} with the non-zero Dirac parings
D15 =1,Dy3 = —2 and D9y = 1 in figure . One can recover the BPS spectrum from

q4

q1 q2 q3

Figure 5.2.2: An example of the BPS quiver

the BPS quiver by the mutation algorithm. There are the left and the right mutations.
Let us explain the right mutation first. As we defined, the central charges of the basis are
in the upper half plane H. Among the basis e; (i = 1,2, ..., D), we denote the basis whose
argument of the central charge is the largest as e;. Consider the rotation of the upper half
plane with respect to the origin clockwise of angle § where m — arg Z(ex) < 6 < w. The
tilting of the plane Hy contains the central charge of the state with charge —e; but no
longer contain that of the charge e;. We also set the angle 6 such that the central charges
of rest of the basis e; (i # k) are contained in Hy. On the rotated plane, we defined the

new basis {€/}2 | which is related to the original basis {e;}Z, by

/] _ek7 Z = k’
€; Mk(e ) {ei 4 [Dkz']ek, i+ k. ( )

Here [z] = max(z,0). This operation is called the basic quiver right mutation at the node

k. The mutated BPS quiver is constructed from the Dirac parings between the new basis,
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which are related to that between the original basis as

_Dija i:korj:k:,

- . (5.2.13)
Dyj + sign(Dix)[Dix, Dyj], otherwise.

DY = pux(Dij) = {
Performing the right mutation successively until one reach the plane whose tilting angle
is m, the obtained basis with removing redundant ones recover the all charges in I',. In
particular, if the BPS spectrum contains a finite number of charges, this operation finishes
in finite times of application. Thus, one can obtain the all charges in the spectrum. If we
choose the tilting angle to be the minus one i.e. anticlockwise rotation, the operation is
called the left mutation. Denoting the left mutation at the node k as ji;, the basis after

the operation is

0 ~ _ek, Z:k,
) _ 7 (e;) = 5.2.14

The Dirac paring of the mutated quiver is the same one as the right mutation: px(D;;) =
fi(D;;). In the same way as the right mutation, one can obtain the BPS spectrum through

the successive application of the left mutation.

5.3 Argyres-Douglas theory

The Argyres-Douglas theory is the simplest N' = 2 superconformal field theory (SCFT),
which was realized in the particular degeneration point, say AD point, of the SW curve
in the Coulomb moduli space of N' = 2 SU(3) Yang-Mills theory [66]. In fact, the
central charge of the theory saturates the unitarity bound of the A/ = 2 SCFT. At the
AD point, the theory is strongly coupled and particles whose charges are mutually non-
local become massless simultaneously. Thus, there have not known the Lorentz invariant
Lagrangian of AD theory, but still we can study it by use of the SW curve and SW
differential. Searching the AD points of SW curves of other gauge groups with and without
matter fields, AD theory was generalized and classified in ADE-types [58]. Moreover, by
using the geometric engineering of the type IIB string theory or Hitchen system, the
AD theories were generalized and classified as the (G,G’)-type, where the labels are
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G,G"' = A,D,FE [59-61]. In this section, we briefly review the SW curves of AD theories
of ADE-types in section , and the generalized AD theories in section .

5.3.1 SW curves at the AD points

Let us consider the N’ =2 SU(3) Y-ang-Mill theory, whose SW curve is given by

P = Q) = QuQ-(),  Qule) = S +ur s £ A (5:31)

If any two the branch points collide, the SW curve becomes singular. Denote the discrim-
inant of Q(z) as A(Q). At the point where the discriminant is zero, a cycle shrinks and

the corresponding BPS particle becomes massless. Since the discriminants of ()4 are
Qi (7) = —4u} — 27(uy F A*)?, (5.3.2)

at the point u$ = (3A%)3 and uy = 0, where Q+ = 0, two cycle shrink and two dyon become

massless. However, these two dyons are mutually local. Here two charges ¢ = (7., 7i,,) and
q¢ = (n,,7,) are said to be (non-)local if the Dirac paring (¢, ¢’) defined in () is (non-
Jzero. At The AD point, mutually non-local dyons become massless. Such a point is at
up = 0 and uy = £2A3, at which OA(Q4)/0u; = OA(Q~+)/dus = 0 also holds. On the AD
point, the theory becomes superconformal, and one can consider the deformation of SW
curve around this point. Setting the moduli parameters as u; = du;, and uy = 2A3 + Juy
(0uy, dus < A), three of six branch points are distributed around origin while others are

roughly on the circle of radius (4A%)!/3

, which means the curve is composed of two torus
connected by a cylinder. Focusing on the branch points around the origin, the SW curve
becomes

y® = 2° + Suyx + Suy. (5.3.3)

Corresponding SW differential is, up to the total derivative, given by

1
A= — ydz. 5.3.4
271 yar ( )

Since the SW differential has the mass dimension one, the moduli parameters have the

fractional dimensions, which is the characteristic property of AD theory.
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From the SW curves of other gauge theories, we can obtain that of AD theories of

ADE-types. Here we argue the A-type and the D-type curves. For the SW curve (),
there exist the AD points at [58]

Uy = U3 = +++ = U, = 0, Uy = FA. (5.3.5)

Around this point, we can consider the scaling limits of the curves. For A,-type, we define

the limit by

1

= 6g :5Ti1KT+1~ :K+(52K~
z=e, T T, Uy Upi1,
L o ! (5.3.6)
UZ‘:(STJFlAHLlal‘, 1=2,3,...,1.
The 1.h.s. of the curve becomes
A 1 — A, ~
— — ) =A+=5%2A &2 5.3.7
5 (z + Z) + 5 £, (5.3.7)
while the r.h.s. of the curve is
Wa, (z;u;) = A+ 6% A Wy, (T; ;). (5.3.8)

Equating these two and rewriting the variables as % — &, ¥ — x and u; — u;, one obtains

the SW curve for A,-type AD theory:
E =W (o,w) =2 +upr™  +usa™ 2+ Uy (5.3.9)
The SW differential, up to the total derivative terms, becomes
i
A= —&dux. 5.3.10
5-&de ( )

For D,-type SW curve, the scaling limit is defined as

g 2 =L — - ~
z = e%, r=02N*""?1, Ups1 = N+ 62N\ Upyq,
. i (5.3.11)
ar 21 4i—4) __2i=2) )
U = 0272 N"?u,, u; =0272AN*"?u;, 1=23,....,r— 1.

In this limit, the r.h.s. of the curve is the same as that of A,-type (n), while the r.h.s.
of the curve is
Whp, (z;u;) = A+ 6% A Wp,(7;U;). (5.3.12)
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Again, equating these and rewriting the variables in the same way as the A, case, we

obtain the SW curve of D,-type AD theory:
2 =Wp, (z,u;) = 72 +ugx™ 4+ usx” O + -+ up 127 4+ Upyy + u_; (5.3.13)
x

The SW differential takes the same form as in () For the completeness, we mention
only that The SW curve of E,-type AD theories were studied in [114], which we do not

write down because of its complexity.

5.3.2 Generalized AD theories

By using the string theoretic constructions, the AD theory has been generalized and
classified by the label (G,G’), where G and G’ are A,, D, or E, [59-61]. The geometric
engineering method provides a large number of 4d N/ = 2 SCFT, in which one consider

the type 1IB string theory on hypersurface in C* defined by
{(l’l,$2,$3,$4) cCY Wi(xy, 2o, 23,14) = O}. (5.3.14)
Here W satisfies the following condition:
o There exist positive numbers {¢;} such that W (A%z;) = AW (z;) (A € C*).

+ The numbers {¢;} satisfy > .q; > 1.

The deformation around the superconformal point can be realized by adding the mini-

versal deformation terms as
F(ziu) = W)+ ) wiy, (5.3.15)
i=1

where the Milnor number n is associated with the rank of the BPS lattice and ¢; is the

monomial basis of the algebra
C[xb Z2,T3, :U4]
(20 W W Gy
Ox1 Oxo’ Ox3’ Ox4

The (G,G')-type AD theory is constructed by considering the type IIB theory on the

(5.3.16)

hypersurface W (zy, g, 23, 24) = 0 where [59]

W(C(Zl, To, T3, :L'4) = fg(l‘l, ZEQ) + fG/(l’g, I4). (5317)
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Here the polynomial fg(x,y) is given by

fa(x,y) = 2> +y

fo.(x,y) =2y +y 1,

fee(x,y) = 2> + 4, (5.3.18)
fe (2, y) = 2° + a2y,

fes(z,y) = 2° +9°

Note that G-type AD theory is, in this classification, denoted as (A;, G)-type theory. The
remarkable property of these types of theories is the duality. The most obvious one is the
level-rank duality which is

(G7 G/) ~ (le G), (5319)

and one can also recognize that there are other dualities, for example
(A27 AQ) ~ (Ah D4)7 (A27 A3) ~ (Ala E6)7 (A27 A4) ~ (A17 E8) (532())

The BPS spectrum of these AD theories were studied in [59,112,115-118]. It was discov-
ered that there is a chamber in which the BPS quiver of (G, G’)-type AD theory becomes
the the direct product of the Dynkin diagrams of G and G’ algebras. In this thesis, we
particularly focus on (A,, Ay)-type AD theory, whose SW curve at the superconformal
point is

y 42N = 0. (5.3.21)
The BPS quiver of (A,, Ay)-type theory in the minimal chamber is illustrated in figure

. The every node is connected by a single arrow, hence we could expect that the wall

crossing phenomenon of this theory will be the pentagon type.

5.4 Quantum SW curves and ODE/IM

The SW curves provide the exact solution to 4d N' = 2 theories both in the strong
coupling and weak coupling region in the moduli space. In the weak coupling region,

there is another method to calculate the partition function of the SU(N) theory by using
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N N _/

dr,1 dr,2 4dr,3 dr,N—1 4dr,N

Figure 5.3.1: The BPS quiver of (A,, Ay)-type AD theory

the localization technique, which is called the Nekrasov partition function [69,[70]. In the
calculation of the Nekrasov partition function, one construct the four dimensional theory
from the dimensional reduction of the six dimensional theory on the {2-background. The
()-background includes the two deformation parameter which we denote €; and €5, so does
the obtained partition function. The prepotential F(a) of the 4d theory is then given from
the partition function Z(a; €, €2) by

Fla) = lim —ereglog Z(as e, €2), (5.4.1)

61,62~)0

which reproduce the result from the SW curve. Then, the SW prepotential is justified by
the result of the field theoretical calculation. One can also consider the limit, where one of
the deformation parameters remains finite. This type of the limit is called the Nekrasov-
Shatashvili (NS) limit [71]. We denote the prepotential in the NS limit as Fyg(a; €), where
€ is the remaining parameter. Even in this limit, one can consider the corresponding SW
curve, which is no longer the hyperelliptic curve rather the differential equation called the
quantum SW curve [[72,73]. Note that the SW differential d\ = dz A dlog z provides the
symplectic structure on (log z, z)-space. The quantum SW curve is obtained by applying

the canonical quantization scheme to the (log z, x)-space, in which we replace log z by the
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differential operatorﬂ:

0
1 —le—. 5.4.2
0gz = —iem ( )

The SW curve () for Ay gauge theory is then quantized as
A

{5 ("% + e 0) — Wy (z,u;) | (2, uis €) = 0. (5.4.3)

As usual WKB analysis for differential equations, we use the ansatz of the solution ¥(x) =
exp(L [* P(2')dz’) and define the WKB period IL,(e) := ¢, P(z')dz’ where 7 is the one-
cycle on the SW curve. For the canonical o and -cycle of the curve, the classical period
is nothing but the SW period itself. Then we define the quantized SW period as a; := 11,
and ap; = Ilz,. The prepotential in the NS limit is then reproduced by the relations
0FnNs .

~— = Qp;
aai 3]

i=1,2,...,N, (5.4.4)

which is the analogy of the relations between the SW periods and the prepotential. For
the theories with other gauge groups, one can consider the quantum SW curves. However,
the Nekrasov partition functions for other gauge groups have not been studied yet.

For AD theory, the quantization of the SW curve is studied in [74-76]. Since the
Lagrangians of the AD theories are not known, we cannot calculate the prepotentials in
the NS limit from the Nekrasov partition functions. Although, By taking the scaling limit
of the SW curve, one can define the quantum SW curves of AD theories. In general, the
quantization of the SW curve and the operation of the scaling limit are not mutually
commutative. Thus, there is ambiguity in the definition of the quantum SW curve of the
AD theory. This has to be taken into account for example in the D-type AD theory, while
for A-type AD theory, we can, fortunately, define the quantum curve without ambiguity
[75,76]. Related to the symplectic form of the SW differential dA = d§ A dz, we replace
¢ — —€0,, which leads the quantum SW curve of A-type AD theoryE

[—€202 + Wa, (2, 1) U(z, us €) = 0. (5.4.5)

'We used the quantization scheme in [119], which is different from one in [72,73].
2We use the notation omitting the imaginary unit .
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Adding the term w2, this ODE is the same as we condier in chapter @ The WKB curve
is nothing but the SW curve and WKB period is the quantum SW curve of AD theory.

From the same quantization scheme, one obtains the quantum SW curve of (A,, Ay)-type

AD theory [74]:

N+1
(D)ot + p(a, u) ] U(z, us €) = 0, p(x,u;) = Z wgr™N T (5.4.6)

i=0
Here we added the deformation terms u;z¥ "'~ (i = 1,2,..., N + 1) to the curve. This

is also the adjoint ODE of A algebra if the potential is the monomial one. Related
to this fact, for G = A, D, E, the quantum curves of the (G, A;)-type AD theories are
conjectured to be the adjoint ODE of GV algebras [[74].

The quantum SW curve of AD theory has another aspect. The logarithm of the
spectral coordinates of 4d N' = 2 theory satisfy the TBA like equations [67,68]. In the
conformal limit, the TBA like equations provides the solution of a class of the differential
equation [[77]. It was also discussed that there is TBA like equations which gives the
solution to the quantum SW curve of the (A, Ay)-type AD theory. After the work of [77],
there was studied for the quantum SW curve of the (As, As)-type AD theory [78,79)].
Since the spectral coordinates are defined associated with BPS particles and then enjoy
the wall-crossing phenomena, the TBA like equations wall-cross at the marginal stability
walls. In chapter @, we discussed the wall-crossing of the TBA equations for the quantum
SW curves of the (A;, Ay)-type AD theories, which are satisfied by the logarithm of the
Y-functions. The wall of the TBA equations located at the point where two classical
periods, which are now turned out to be the SW periods, align in the complex plane.
This condition of the wall is the same as that of the 4d theory. There may be relations
between the Y-functions and the spectral coordinates, and then through the wall-crossing
of the TBA equations, we could study the higher rank AD theory. This is the one of the
motivation in chapter B and chapter H
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Summary

In this chapter, we reviewed the four dimensional N' = 2 supersymmetric field theory and
discussed the relation to the ODE/IM correspondence. Thanks to the Seiberg-Witten
analysis, we can compute the low-energy effective action of the N = 2 supersymmetric
gauge theory in which the SW curve and the SW periods were the central elements. Using
the SW periods, one can compute the masses/central charges of the BPS particles in the
theory. The moduli space of vacua is parameterized by the vevs of the scalar fields, and
the changes of the vevs causes the phase transitions of the BPS spectra, which is called
the wall-crossing phenomena. In the moduli space of the gauge theory, there exist the
superconformal point at which the theory becomes the non-Lagrangian, i.e. the Argyres-
Douglas theory appears. If we consider the theory in the Nekrasov-Shatashvili limit of the
-background, the SW curve becomes the quantized one which is a differential equation.
The ODE we considered in chapter @ was interpreted as the quantum SW curve of the
(A1, Ay)-type AD theory. The WKB periods correspond to the quantum SW periods.
The wall-crossing condition of the TBA equations is associated with that of the four

dimensional theory.
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Chapter 6

WKB periods and Y-functions for
the higher order ODE

We reviewed the ODE/IM correspondence of the WKB periods and Y-functions for the
second order ODE with the polynomial potential in chapter @ The ODE is regarded as
the quantum SW curve of the (A, Ay)-type AD theory. Furthermore, the wall-crossing
of the TBA equations was related to that of the corresponding AD theory. In particular,
the marginal stability walls of the TBA were the same as the ones in 4d theory. It is
natural to generalize the relation of the WKB periods and Y-functions to the higher
order ODE which is the quantum SW curve of more general (A,, Ay)-type AD theory.
This would help us to find a deeper understanding of the connections to the 2d and 4d
theories. In this chapter, we investigate and establish the correspondence in the minimal
chamber. To deal with the higher order ODE, we will use the Stokes graphs and the
so-called abelianization trees, which are useful in the WKB analysis. Using these tools,
we establish the relation between the Y-functions and the one cycles on the WKB curves

graphically. The argument is based on our works of [85,86].
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6.1 WKB periods for the higher order ODE

Let us start with the discussion of the WKB periods or the quantum SW periods of the
ODE. The ODE is the quantum SW curve of the (A,, Ax)-type AD theory, which is

N+1

(=)ot + p(a, wy) | (z, wi;€) = 0, p(x, u;) Z w1 (6.1.1)

Here the complex parameter € is the plank constant as well as the deformation parameter
of the Q-background, and u; € C is the moduli parameter of the Coulomb vacuum. We
consider the ODE in the complex plane, i.e. x € C, same as in other chapters. We refer
the ODE () as the (A,, Ay)-type ODE. To perform the WKB analysis, we consider
the WKB ansatz
W(x,u;€) = exp (% /93 P2 ug; e)dx’), P(z,u;;e ie"pn (2, u;). (6.1.2)
n=0

Substituting into the ODE (), one obtains the Riccati-equations
(—1)"(e0y + P(x,u;;€)) P(x,us; €) + p(x,u;) = 0. (6.1.3)

From the recursive calculation, the e-expansion of P(z,u;;€) is given. The first few terms

up to the total derivative are

po = (—p(z, u))*,

_ h2 —1 02p0
P 48 po ’
_ (0290 ) @ (2 9)( = 1) 'y (6.1.4)
b 768 e 5120 o
82 3 83 2 82 84 a
Pe = CLG( ZO) + b6< ]970) + ¢ p07 Po + dg 6 ,
Do Do Do Do

where h := r + 1 is the Coxeter number of A, and the coefficients ag, bg, cg and dg are

given by
(h? — 52)(h% — 1)(401h% — 2081) ; (h? — 52)(h% — 1)?
Qe = —
6 1327104 ’ 6 387072 ’ (6.1.5)
(B =) (R~ 1)(11h2 - 59) L (2 =5 (k= 1(11hE - 59) ‘
= 147456 : 6= 6193152 ‘
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Though we have not found the proof, the odd term p, (n € Nyqq) would become the
total derivative. We checked this up to n < 20 for r < 7. We also found that Sy 41)x4r2
(k=0,1,...) also becomes the total derivative, which is the feature of higher order ODE.
The WKB periods are defined associated with the one-cycle on the WKB curve, which is

the quantum SW curve and given by
Nyt = (=) p(w, u). (6.1.6)

This defines the superelliptic curve on which there are meromorphic differentials of the

form [109]

w;ldg;, i=1,2,... . N—1,a=1,2,...r (6.1.7)
In the same way as the Schrodinger case, the WKB periods are defined by
IL, (u;; €) = fP(x,ui;e)dx, (6.1.8)
2l
and its e-expansion are given by
IL, (u;; €) = i e”l’[g”), Hg”) = fpn(a:, w;; €)da. (6.1.9)
n=0 0

Here 7 is a one-cycle on ¥, and the odd correction terms and I TF ) (p = 0,1, )

vanish since the related coefficients p,, are total derivative.

6.1.1 The quantum corrections and PF operators

For the Schrodinger case, the quantum corrections were calculated by acting the Picard-
Fuchs operators on the classical period. However, for the higher order case, the situation
is slightly changed. In general, the differential p,dz is written as the linear combination

of the basis of the one-form:

r N-—1

i—1
pude =3 ST BUT—de + d(»), (6.1.10)

a=1 i=1 y
where d(x) stands for the total derivative terms. The WKB periods are then expressed as

r N-1

() = > Baile)(Iui)y,  Baule) = > Biem, (6.1.11)

a=1 i=1
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where we defined the integral of the basis (Il,;), by

i—1

(Lo )y =]{m adx. (6.1.12)
Y

We introduce the SW differential y%dz (a = 1,2,...,7) and the classical SW period (II,)

by

(I1,), = ]{yad:c, (6.1.13)

which is the higher order generalization of the classical period. The the cycle integral

(II, ;) is obtained from the classical SW period with the differentiation in terms of w;:

L By (M1a)s. (6.1.14)

(Ha,i)’y = (_1)T+1r 1 UN 24

Thus, the quantum corrections are calculated by differentiating the classical SW periods:
i =Y " oM(1L,),, (6.1.15)
where we defined the Picard-Fuchs operator (’)((In) b

O = (=)™ Y B s i Ouia (6.1.16)

i=1
The PF operators for the higher order ODE with the quadratic potential, which is
(A, A1)-type ODE, are in appendix @ In this section, we show the PF operators of
(Ag, Az)-type ODE up to the twelve order. For the third order ODE, the corrections of

order n = 6k +4 (k=1,2,...) vanish. The non-zero corrections are given by

2 = OF(IL), ZB‘“”““ as(112),,

k=0,1,.... (6.1.17)
6k+6) /13 6k+6)
Hg6k+6)) _ 0§ + )(Hl)7 = _Biﬁ 30, (11 1)s
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The coefficients in the PF operators up to the twelve order are simplified as

9y 1 Dguy 2y 1Dy
B§1) = 6 A 3’ 52) = EKUOa
BO _ _ 1 &ulf(G)(DQ UQA)
11 349920 A4 00T
11 Dyu
BE _ _ Do 1) p2 2A 6.1.18
21 = “igmago Ao 31 (D00l (6:1.18)
11 D
B® _ _ 0 F® (D2 w2A
22 = ~rgraese ae 0/ (Do tol):
12 19 Dy

B = (12) D2 2A
11 = “53gmszemig Ao (Do ted);

where the function f™(a,b) (n = 6,8,12) in (.1.18) are polynomials in a and b, whose
explicit forms are
) (a,b) = 21983a2 — 823446ab + 6633171b°,
F®(a,b) = 23925294 — 124372017ab 4 1908955755ab? — T756381395b%,
32 (a,b) = 746077731259a° — 60630791851665ab (6.1.19)
+ 1819452520503702ab* — 24379786291304106a°b*
+ 137161534405430655ab* — 2252144902647848850°.
The discriminant of the WKB curve A is given by

A = —ufuj + duzu’ + dugui — 18ugugusuy + 27ugus. (6.1.20)

We also defined Dy by

Dy = 2u‘;’ — Yuougu; + 27u3u3
(6.1.21)
= up(xo + 1 — 2x9) (21 + 29 — 220) (22 + o — 227).

Here xg,z; and x are the branch points of the WKB curve: p(z) = 0. Note that the
coefficients in the PF operator has the common numerator Dy. Hence, if one set Dy, which
implies the branch points xg, z; and x5 array on a single line, all corrections vanish and
the classical periods becomes the exact results. This situation is similar to the harmonic
oscillator for the second order ODE. This phenomenon is also observed from the TBA
equations. The quantum corrections for other types of ODEs are calculated in a similar

way.
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6.1.2 Classical periods

We next discuss the classical SW periods. Let us define the branch points zp (k =
0,1,...,N): p(xx) = 0, which are all distinct. The WKB curve represents the Riemann
surface of r + 1-fold cover of the complex plane with these branch points. To define the
one-cycles on the WKB curve, we set the branch cuts such that they extend from the each
branch points to infinity on the lower half plane. Label of the branch points are defined
so that Re(xg_1) > Re(zg) (k= 1,2,...,N). We introduce the basis of the one-cycle on
the WKB curve v, (I =1,2,...,7, k =1,2,...,N) which encircle z;_; anticlockwise as
well as zj, clockwise on the [-th and [ + 1-th sheet. Here we defined the [-th sheet so that
on the sheet, y =y, = e%p(x)ﬁ. We illustrate the distributions of the branch points
and cuts, and the cycle 7, in figure . The classical SW periods for the one cycle v,

ik

AT X
ZL‘N TN_1 Tht1 k—2

TSV

Figure 6.1.1: The distribution of the branch points and cuts as well as the definition of
the cycle 7, ;. The solid lives on the [-th sheet while the dotted line lives on the [ + 1-th
sheet of the WKB curve.

is then defined by

(1) = (77 = eF0D) f @) ide
i,k

TaQ /”E’“1 ﬁ< ) a
T —x;)+1de.
L N e

The equation () is the generalized version of the hypergeometric integral. In this

(6.1.22)

= —2jerr1(®Hlay 6“ sin

subsection, we show the evaluation of the integral for N = 2 and N = 3 case. For this

purpose, it is convenient to define xp,,,,n by

ThymN = Tk, m € Z. (6.1.23)
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First, let us consider the N = 2 case. The three branch points are xg, xry and x,. To

perform the integral, we change the integration variable from z to ¢ which is related by

x(t) = g’fﬁsk so that

by

b
Tk = x(o) = T Tr—1 = a’;(l) — ag + k’
dk Cr + dk
1 (6.1.24)
apdy, — brep, =1, dy, = ( Lr+1 — Th—1 )
(g — 1) (Tp — Tps1)

By this fractional linear transformation, one obtains the closed form of the hypergeometric
integral. The classical period is evaluated as

~ . 2w a a —2——=_aqa m™a
(Ha)’Yl,k = — 2ie’s (HHR)atslk, )dkz

T (Tpgr — e 1)”1%+1 sin

+1
a 2 (6.1.25)
-B 1+— 1+ o1 (24a, 1+ ——2+ iz,
r+1’ —|—1 r+

1 r+1
where we defined z,(:) (k=1,2) by

1) . Tk 7Tkl (6.1.26)
Lht+1 — Th—1

The phase factor §(k,a) ensures the hypergeometric integral to be the principal value

The beta function B(a,b) and the Gauss hypergeometric function o F(a, b; ¢; z) is given
by

B(a,b) = /Olt“‘l(l — ) ldt = ['(a)l'(b)

m, RG(CL), Re(b) > 0,
(6.1.27)
Fi(a,b;c;2) = ! /1 U t)c_b_ldt 2] <1
R B, c—b) )y (1—zt)e ’ =

We next consider N = 3 case. The basis of the one-cycles is v (I = 1,2

k =1,2,3). With the fractional linear transformation same as the one in the N = 2 case

we can evaluate the integral. The classical SW periods becomes

] X3 da
(Ha)’n,k = - 22@23 (I+k)a+d(k a)d ,

Ta
o ($k+1 — Tg— 1)

r—+1
a a a 4a —a 2a 1 (2

-Bl1 1 Fi(1 2 2 :
<+r—l—1’ +r+1) 1( +7~+1’ +r+1’7~+1’ +7"—{—1’Zk S
(6.1.28)

(.Tk — $k+2)T+1 sin
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where z'? (k = 1,2,3) is defined by

2@ (T 7 Te1) @~ Thya) (6.1.29)
($k+1 - Ik—1)($k - $k+2)

Fi(a,b, b, z,21, 2?)) represents the Appell hypergeometric function given by

Fi(a,b, ¥, c; 20, 2) = —— / LA s (6.1.30)
y Uy G ) B(G,C _ (l) 0 (1 _ Z(l)t>b(1 _ Z(2)t>b/

Here again by the phase factor d(k,a), the hypergeometric integral is ensured to be the

principal value.

The quadratic potential case

Specializing to the quadratic potential, the classical SW periods become simpler. In
this case, the branch points are only zy and z; and the basis of the one-cycles are 7,
(I =1,2,...,7). There is no wall in the moduli space and we can fix the phase factor.
The classical SW period is evaluated as

A~ Tia 1+3 . ma
(Ha)'n,l = 26T+1(2 " )Sln (7‘ + 1>

a 1

Lo 1 (1
u§+”1u023(§,1+ril>, (6.1.31)

where B(a,b) is the beta function.

Cycle integrals of the meromorphic differentials for the monomial case

The monomial potential is the most symmetric potential, and the associated TBA would
in the maximal chamber like the second order case. For the monomial potential, it is
easier to calculate the quantum periods from the direct integration of the basis of the
meromorphic differentials. The potential is expressed as

NHL_ ), = - (6.1.32)
Ug

p(r) = ugr™ ! + un 1 = up(w

There are many branch points with the equal values of the real parts. We label them so

that

(6.1.33)
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The cycle integrals of the meromorphic differentials are then takes the form

k—1 a,i a,i a,t
{(Ha,i)’n,zk 1 Z] 1 (I + Il N+2—j) + Il’k’ k= I{ J (6.1.34)

(Ha,i)'n,% = Zj:l (I(” [la]:i—f—Z ]) k=

vl m‘z

where I“’? (j =1,2,...,N) is the cycle integral of the basis 2*~!/y71dx along the cycle
mi(j—1)
which encircles the branch point WNF e N anti—clockwise as well as the branch point

1 2mij

uN+TeN+1 clockwise on the [-th and [ + 1-th sheet. ] is given by

A . uNFle NFI i1
Ila}.z = (e_ rral e r+1(l+1)a> / 1 2mijg dr
) uNFIeNFI (UOJ}N+1 — U) T+l
1 omi(dhi- e+ h)+o9) ¥ 8 oW g T4 g T : -
= e T\ N1t e D)t Py Y osin sin 1-
N1 N+1 Yo r+1  N+1 \N+1’ r+1
(6.1.35)

where (I, j) represents the phase factor which ensures the integral to be the principal

value.

6.2 Identification of Y-functions with WKB periods

Now we discuss the ODE/IM correspondence of the higher ODE () In the second
order case, the WKB periods are related to the Y-function satisfying the (A, Ax)-type
TBA equations. It is straightforward to generalize this relation to the higher ODE, which
leads to the (A,, Ay)-type Y-system. After the relation between the Y-functions and the
solutions to the higher ODE is obtained, we will discuss the WKB approximation of the
leading term of the logarithm of the Y-functions. From this analysis, we will find the
dictionary of the cycle integral on the WKB curve and the Y-functions in the minimal
chamber. The extension of the identification to other chambers is the topic of the next

chapter.

6.2.1 The ODE/IM correspondence for the higher ODE

First, let us define the Symanzik rotation of the higher ODE () The generalization

of the rotation in the second order case describes the invariant property of the higher

)
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case, which is the simultaneous change of the variables

27i

r—w w — w g, w = eN+triz, (6.2.1)

From the similar argument for the second order case, it is more convenient to regard this
transformation as the rotational symmetry of € i.e. € — ertie. Next, we consider the
subdominant solutions. The subdominant solution along the real axis, which we denote

¢, has the asymptotic behavior

__r 1
éguo 2 (Nt 1 ué“ (7“ + 1) Ngri2
T, Ui €) ~ ————=o 2r+2 exXp |———————x v+ [ |T| — O0. 6.2.2
a ) iz\/r+1 PITEN +r+2 21 ( )

Recall that the rotational symmetry enable us define the subdominant solutions in other

regions. We define the k-Symanzik rotated solution ¢ by

2mik

Or(x,us;€) = oz, us; eriie). (6.2.3)

One finds ¢ is subdominant in the sector Sy which is defined by

Sk:{xe(C;

2k s
- . 6.2.4
arg () N—l—r+2’<N—|—r+2} (6.2.4)

Since the ODE () has the trivial monodromy around the origin, ¢y (e* 'z, u;; €) is pro-
portional to ¢ (x,u;; €). Together with the fact that ¢p(e?™x, u;;€) and dpy nyrio(T, us; €)
is subdominant in the same sector, one finds the periodicity ¢xinir12 X @r. Then, the

Wronskian of the subdominant solutions ¢yy; (k € Z), i =0,1,...,7) is equal to one:

Wik, drs1s- - Grir] = 1. (6.2.5)

Note that the normalization factor in () is set so that this Wronskians becomes one.
The Wronskian of the solutions has the property

Wi, - - - >¢z‘r][2k} = Wibig+k,---» bip+k], k€EZ, (6.2.6)

where we defined

ik

¥ (us; €) = g(us; erie). (6.2.7)
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Since the Wronskian is constant, the set {¢g1;}i_, forms the basis of the solutions. The
T-functions were associated with the Stokes multiplier in the second order case. For

the higher ODE, we can define the T-functions T, (1 < a < r, k € Z) as the Stokes

multiplier:
Ta,k’
[—k—1] .
W[¢—r+1+g, ¢—r+2+%7 cee ;¢1—g7 ¢l+2—g7 ¢k+3—g, cee ¢k+1+g} ) a. evell,
- [—F]
W|:¢*7'+1+a771’¢77‘+2+agl7"'7¢7ET717¢]€+170‘7717¢I€+27G§17"'7¢k+1+a771:| 5 a: Odd

(6.2.8)

From this definition, it is easy to find Ty = 1,41 = 0 and the boundary conditions:
Ta7,1 = TaJVJrQ = 0, Ta,O = Ta,N+l = 1, a = 1, 2, e, T (629)

Thus, the nontrivial T-functions are only 7, (1 < k < N). The functional relation

between the T-functions obeys from the Pliicker identity of the Wronnskian

W[an s 7fr—17fr]W[f0a cee 7fr—2>fr+17fr+2]
= W[f(b toe vfr—lv fr-l—l]W[fm s 7f7°—27 frafr—&-z] (6-2-10)
+ W[f()? B f?”—la f?”-i—?]W[an ceey fr—2a fr—i—la fr]7

which, with the boundary condition (), leads the (A,, Ay)-type T-system:

Tgcl]T[jkl] =Tyrr1Top—1+ Tog16T0 1k (6.2.11)

a

This T-system can be converted into the (A,, Ay)-type TBA equations, which we reviewed
in chapter . The driving term is then computed from the solutions to the higher ODE
through the WKB approximation.

6.2.2 Cycle integrals from the abelianization trees

In this subsection, we first discuss the asymptotic behavior of the Y-functions through
the WKB approximation. Then, we identify the cycle integrals corresponding to each Y-
functions in the minimal chamber. As we saw in the previous subsection, the Y-functions

are defined, in the ODE/IM correspondence, as the cross ratios of the Wronskians of
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the subdominant solutions. The argument will be similar to that of the second order
case in chapter @, however, we have to refine it by using the Stokes graphs. Here, we
consider the third order case as the simplest example of the higher order ODE. The
relation between the WKB periods and Y-function for the higher order case is obtained
by generalizing the result of the third order. For the third order case, the WKB curve is
Y :q(z,y) = y3>+p(x) = 0, on which there are three sheets. We label them by a € {1,2,3}
on which y =y, = e p(:c)%. The definition of the Stokes curve which extends from the

turning point x, is [120]
Im em/ (Ya(z) — yp(x)) da = 0, a,b=1,2,3, a#b. (6.2.12)

Here ¥ = arge. At the turning point z., y.(z.) = yp(z.) holds. The Stokes curve could
end on the other turning point or extend to infinity. It is convenient to label the curve

(a,b) on which

Ree ™ /ﬂf (Ya(z) — yp(x))dx < 0 (6.2.13)

holds. The Stokes curve may intersect each other. For the third order case, there are two
possible intersection angles which are % and 2?“ In the latter case, the intersection point
is the so-called virtual turning point [120]. From the virtual turning point, a new Stokes
curve stretches [78,79).

Let us, first, discuss the Stokes curve around the turning points. For general higher
order ODE whose WKB curve is ¢(y,x) = 0, the turning point z, is said to be simple if

and only if

Ya(2:) = yo(2:), W #0 (6.2.14)

T=Ts,y=Ya (Tx)
are satisfied. From the simple turning point, three Stokes curve stretch [121,[122]. How-
ever, the ODE we are considering has no simple turning points. There are eight curves
extend from the turning points of our case. Focus on the region around the branch point

x,. Substituting the expansion x = x, + re’ into y,, one obtains

—2;” 2mi a+3 arg p/ ()

“p(x, +re¥) =e3 p'(m)ﬁrée%w 4o (6.2.15)

Yo = €
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Since the turning point z, satisfies the condition (), the argument ¢ is restricted to
the angle

3 ((@2n+ )7 (a+ b argp'(z.)
= 4( 5 ; 3 ., nez (6.2.16)

Fixing ¢}, one finds eight directions to which the curve extends. Since we label the curve
satisfying () as (a,b), if we suppose a < b, the label of the curve is (a,b) for odd n
while the label becomes (b, a) for even n. The curves stretching to the to the neighboring
angles has the common number in the labels i.e. the set of the labels are (i,j), (k,7),
or (j,7), (j,k). Furthermore, one finds the label of the curve extending to the angle
%19 — % arg p'(x,) is (1,3). Thus, going around anticlockwise from the ray labeled by (1, 3),
the labels of the successive rays becomes (1, 3), (1,2), (3,2), (3,1), ....

Next, we discuss the Stokes curve in the asymptotic region. Each Stokes curve gener-
ated by equation () approaches one of the 2(N +4) directions if the curve does not

end on other turning points. For the simplicity, we consider ¥ = 0 case. The Stokes curves

extend to the infinity of angle m&k + 1) (k € Z). Let us introduce the asymptotic

directions ¢4 and by

2mik 7i(2k+3)

lp = eN+iR, (=€ Ni1 Ry, keZ. (6.2.17)

The direction ¢}, and ¢} array on the middle of the two asymptotic directions of the Stoke
curves. The line £, is also the mid of the Stokes sector S, while ¢, is the mid of Syy3 /2-
Then, along the line ¢, the subdominant solution ¢, decays the fastest among other
solutions. One finds that the solution ¢y, is dominant along the line ¢). Parallel to this,

we introduce the solution ¢, which decays the fastest along the line ¢, by

o, {ui}; €)= o, {ui}; —e), keZ, (6.2.18)

which is nothing but the solution to the dual (or adjoint) ODE which we introduced in
chapter B Note that on the real axis, the dual solution ¢, behaves asymptotically as

1 1
— us€e Ni1 1 3uj  nia

Ty Uifi€) ~ —=T 3 € - 3, | — 00, 6.2.19
oz, {ui}se) V3 Xp(€N+4 || ( )
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which is then dominant solution in the sector Sy. Similarly, the dual solution ¢, is
dominant in the sector S;. The labels of the Stokes curves are read off from the asymptotic
behaviors of the subdominant solutions. From the WKB approximation, one finds that
the (dual) solutions have the asymptotic behaviors

o [* — or [*
b =~ exp {—?k / oo Yan dx’] , b, = exp [?k/ rizess Yan dx’] . (6.2.20)

ocoe N+2 occe N+2

Here ay, @ € {1,2,3} and the phases &, 05, € {1, ei%} ensure the subdominant property
of the solutions. We set dx,0x = 1 before we take into account the effects of the branch
cuts. We define the label of the sheet the solution ¢ (¢,) lives as a; (ay). Consider
the situation that there are two solutions ¢, and g_ka which is subdominant along the
neighboring directions ¢, and f;,. In other words, there are Stokes curves stretching the
direction between ¢;, and f;,. These curves divides the asymptotic region into the two
areas in which one of the solutions is subdominant. Thus, these curves are characterized
by Imy,, = Imyg, . Furthermore, since the powers of the exponents of ¢ and ¢in ()
have the opposite sign, subdominance of the solutions implies that Re Yay,, > Reyg,, holds
on the curves. As the conclusion, the curves are labeled by (ay,,ax,). As an example,
consider k = 1 case. Around this curve ¢y and ¢_, is subdominant. Since the labels of
the sheets these solutions live are 3 and 1, respectively, one finds the label (1, 3). Together
with the analysis around the turning points, we can define all the labels of the Stokes
curves. We call the complex plane, on which all the Stokes curves with the labels are

drawn, the Stokes graph.

WKB approximation and identification of the cycles

Now let us apply the WKB approximation to the Y-functions () and associate the
one-cycles on the WKB curve. For this purpose, we introduce the notion of the abelian-
ization tree [123]. The abelianization tree is a junction which made up with appropriate
numbers of lines. In our case, each lines end on the infinity points of the directions ¢; and
lr. The abelianization tree associated with the Wronskian W[y, , ¢r,, Ok, is constructed
from the three lines which end on /¢, ¢y, and ¢,. The path from the infinity point to

the intersection point of the junction along each line is the integration path in the WKB
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approximation of each solution. Then, we assign the label to each line, which is the sheet
label of the corresponding solution. Since the line represents the integration path, the
line with the label a cannot cross the Stokes curve with label (a, *), otherwise, the WKB
approximation becomes invalid.

Let us denote the intersection point of the junction as x. At the leading order approx-

imation, the Wronskian W ¢y, , ¢k,, ¢, becomes

5 T x x
Wk, , iy Os] = exp [_E(/ Yay,, A +/ Yay,, A +/ Ya, dx)} +--o. (6.2.21)

Here § represents some phase and we omit the initial point of the integration. Differenti-
ating the Wronskian with respect to x, one obtains

0 <yakl () + Yar, () + Yay, (:c)) expl...]+ . (6.2.22)

axW[(bklu ¢k27 (bkg,] = _E
Since the Wronskian is independent of x, the 1/¢ term should vanish. This will happen if
the set of the labels of the sheets exhaust all the labels i.e. {ay,, ax,,ar, } = {1,2,3}. Thus,
the abelianization tree is made of the lines with the label 1,2 and 3. Let us summarize

the definition and the rules of the abelianization tree in the following:

(i) An abelianization tree associate with the Wronskian Wy, , ¢k, , dr,] is a junction

that has three endpoints at the infinity of [, (i = 1,2, 3).
(ii) A line which end at the infinity point of [} has the label ay.
(iii) A line with label a; cannot cross a the Stokes curve with label (ay, *).
(iv) The labels of three lines which make up a junction exhaust all the sheet’s labels.

By using the Stokes graph and the abelianization tree satisfying above rules, we associate
the Y-functions with cycle integrals.

The Y-function is the cross-ratio of the Wronskians, hence we draw the four abelian-
ization trees for each Y-functions. Combining these four trees and regarding the trees as
the integration paths, one can construct a closed cycle. To demonstrate this procedure,

let us consider the Y-function Y;; of the (As, As)-type ODE. We are considering in the
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(b)

Figure 6.2.1: The stokes graph and the abelianization tree for Y; ; in the minimal chamber
(a) and the corresponding one-cycle v11 (b). In (b), the solid and the dashed lines are on
the sheet 1 and 2, respectively.

minimal chamber, and set all the branch points real. Fixing the argument v = 0, we show

the Stokes graph as the black lines in figure . Writing in the form of the cross ratio

of the Wronskian, the Y-function is

_ Wlo1,¢1,62]Wio-2, -1, o]
Wlp-2,¢-1, 92l W[o_1, o, 1]

The abelianization trees of the Wronskians W o_1, @1, o], W(d_a, d_1, dol, W[d_2, d_1, (2]

and Wp_1, ¢o, ¢1] are represented in figure as the red, green, blue, and pink junc-

tions, respectively. On each line, we added the arrow corresponding to the direction of the

Yia (6.2.23)

integration path. More precisely, we assigned the arrow pointing to the intersection point
to the lines of the tree associated with the Wronskian in the numerator in (), while
the arrows of the junctions for the denominators are pointing to the infinity points. Let
us explain the red and the blue dotted point in the figure. For the line corresponding to
the integration path of ¢_;, which has the label 3, we added the red dotted point. Going

from the infinity point of /_;, the solution ¢_; is subdominant along the line before the
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red dotted point. However, in the region after the point, the dual solution 50, which lives
on the sheet 3, becomes subdominant. Then, we regard the exponential of the integration
of ys(z) along the line from the red dotted point to the intersection point as not the
solution ¢_; but the dual solution 50 with flipping the arrow. Correspondingly, we assign
the label 3 to the segment of the line. The line with the label 3 cannot cross the Stokes
curve with label (x,3). In the same way, we added the blue dotted point to the line with
the label 1 in the junction associated with the Wronskian W{¢_o, ¢_1, ¢o].

As the Wronskians are independent of the arguments of the solutions in them, one
can move the intersection points of the trees freely. Moving the intersection points of the
red and pink trees, as well as that of the blue and green trees, to the common points, we
find that the combined path of these trees coincides with the one-cycle v;;. Thus, the

leading order approximation of 1/e term of the Y-function becomes

log Y, ~ ¢ IV € — 0. (6.2.24)

Y1,17

Similarly, one can draw the Stokes graph and the abelianization trees for the shifted

Y-function Yl[gl] rather than Y o, which is given by

— W[¢717 ¢27 ¢3]W[¢727 ¢717 (bO]
W[¢—17 ¢0a ¢2]W[¢—27 ¢—17 ¢3] ‘

The phase of the € is ¥ = —Z, hence the asymptotic directions are shifted such that
by = eﬂﬁﬁl)}l&r and 0, = eZWIléEUR+. However, the Stokes graph without the label
is, in fact, the same as the one for Y; ;. Figure shows the Stokes graph and the
trees, in which the red, green, blue, and pink junctions are the trees for the Wronskians
Wid_1, g2, o3],W o2, 01, d0],W[p_1, b0, p2] and W[p_o,é 1, ¢3]. Combining the trees,

one finds the corresponding one-cycle is 73 9. Thus, we conclude the the leading term of

Y1,2 is

Y {uidse) = Yia({uidie Fe) (6.2.25)

log Y1z ~ e 5 e I, (6.2.26)
Repeating the same procedure for Yz[f] and Y55, one obtains log Y5 ; ~ e 6_11_[(_0%3’1 and

Yoo ~ 11 Note that —7v31 =711 + 72,1 and —v22 = Y32 + Y1,2. As we will discuss

—72,2°

and test numerically in the next section, the relations of the periods and Y-functions are



122

(b)

Figure 6.2.2: The stokes graph and the abelianization tree for Yfg” in the minimal cham-
ber (a) and the corresponding one-cycle 35 (b). In (b), the solid and the dashed lines
are on the sheet 3 and 1, respectively.

able to extend to the quantum level. For (Aj, As)-type ODE, the relation in the minimal

chamber then becomes

lOg 1/1,1 = 6711_['?1,17 10% }/1,2 = [6711_[ ][_1]

] [+1]

73,2 )

(6.2.27)

_ —1 _ -1
10g§/271 - [6 H71,1+’)/2,1 ) 10g )/272 =€ HW3,2+71,27

Analysis of the higher order polynomial potentials leads to the general formula of the
relation for the third order ODE. Furthermore, the relation can be extended to the higher
(A, Ay)-type ODE, which is given by

1 [a—FK] ) a
log Yo = {En%,k} s Yak = Vo—kk T T Yat1—kks k

1,2
1,2

Zv (6.2.28)

Y

We will test this formula from the several analyses in the next section, but here we
check the consistency for the (A,, A;) case. For the quadratic potential, there is only
one chamber, and the corresponding TBA equations are the (A, A;)-type. The formula
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() shows the relation

eTTl (1704) (0)
logYaJ:—H& Lt a=1,2,...,r. (6.2.29)
€ a
Since the classical periods are calculated as
0 _ I (4+a) a -3 hHts 1 1
H’Ya,l = —26 +1 Sin (m)uo 2U2+1 2B 5, 1 + 7°—|——1 5 (6230)
one finds the relation between them:
T (1_q T J mi(q_
20, o T1) <SG, @2
b=1

which is the Perron-Frobenius relation. Here GG, is the incidence matrix of A,. Then, from
the WKB analysis, one finds that the driving terms of the (A,, A;)-type TBA equations are
proportional to the PF eigenvector. This is consistent with the result from the asymptotic

analysis of the Y-functions from the (A,, A;)-type Y-system.

6.3 TBA equations and the tests of the formula

In this section, we discuss the consistency checks of the formula () by using the TBA
equations. In the minimal chamber, the TBA equations are obtained from the Y-system
and become the (A,, Ay)-type ones, which we argued in chapter E The TBA equations
provide not only the numerical results but also the non-perturbative information and exact
relations between the quantum corrections, which we call the PNP relation [124,125]. We
first compare the e-expansion of the WKB periods and the Y-functions in section .
And then, we derive the relations between the quantum corrections in section . We
finally discuss that the discontinuity of the WKB periods is also obtained from the pole
structure of the kernel in the TBA equations in section . All of these arguments

support the formula (5.2.28).
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6.3.1 Numerical tests in the minimal chamber

In this subsection, we compare the e-expansion of the WKB periods and the Y-functions

numerically. The logarithm of the Y-function can be expanded in the form:
log Y, 1(0) = ma,kee + Z mgillze_"e, (6.3.1)

so we will check the matching

T S S (632)

(=1) ._ 0
Here we set My g = Mak and m,

The quadratic potential

In the quadratic potential case, the chamber is unique and the corresponding TBA equa-

tions are (A,, A;)-type, which is given by
log Y 1(0) = mg e’ — — Z / Kan(0 — 0Ly, (0") A6 . (6.3.3)

Here L, = log(1+ Yafll) and the kernel is defined by

o r k -1
Kap(0) = —/ [Z (2&1C cosh(rz_ 1) — Gac> G

c=1

e*0 dk (6.3.4)

where (G, is the incidence matrix of A,. The definition of the kernel together with
the relations of the classical periods () implies that the the Y-functions have the
Zo-symmetry:

Yor1 =Y 1101, a=1,2,....r. (6.3.5)

Using the explicit form of the kernel function, we can write the correction terms in terms
of Lg 1. The corrections m of order n(r+1) (n € Z) vanish and the non-zero corrections

(n# 0 mod r+ 1) are Calculated as

2 ™ ™ma - mnb *
n) . né
Myq = ;COt(r—l— 1) (T+ 1) bgl sm< ) /Oo Ly1(0)e™ db. (6.3.6)
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n H(&?)l , e%i(n_l)n’(g)l m(ltll_l)’ mgffl)
2 0.12447236671 0.12447236661
4 0 0
6 —0.057215606997 | —0.05721561024:
8 —0.20896620877 —0.20896622507
10 0 0
12 14.976964607 14.976964197
14 234.17651441 234.1761561%

Table 6.3.1: The coefficients of the e-expansions of WKB periods and Y-functions for
(As, Ay)-type ODE with ug = up = 1 and u; = 0.

o R T I it vl I s ) g
2 —0.2118032712 | —0.2118032752 —0.29953505687 —0.2995350643
4 0.05311151419 | 0.05311151743 || —0.07511102369 | —0.07511102827
6 —0.12953645375 | —0.1295364668 0.1831922097 0.1831922283
8 0.7882359521 0.7882360637 1.1147339738 1.114734131
10 —7.184548229 —7.184549472 —10.160485545 —10.16048730
12 102.58179442 102.5818017 —145.0725649+ —145.0725752
14 —2251.106503 —2251.103294 3183.545348 3183.540809

Table 6.3.2: The coefficients of the e-expansions of WKB periods and Y-functions for
(Ag, Ay)-type ODE with uyg = us = 1 and u; = 0.

In table and table , we show the e-expansions of the WKB periods and the Y-
functions for (As, A;) and (A3, A1) case, respectively. We set the potential p(x) = 2 + 1.

One can see the coincidences of the numerical results in high precision. In (A, A;) case,
one finds that the corrections of order n = 6k + 4 (k € Z) vanishes. This is an A, case
example of the vanishing of the term n = 2(r + 1)k +r +2 for A, case. We can also check
this from () In the same way, we can see the matching of the results from the two
computations for the higher ODE.

The cubic and the quartic potentials for the third order

As the simplest examples, here, we discuss the third order case. For the higher order

polynomial potential, we have chambers of a number greater than one. In the minimal
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chamber, the TBA equations read

log Ya,k(9 - Z¢k> = \ma,kfee + K *za,k - Kk,kfl *za,kq - Kk,k+1 *za,kJrlu (6-3~7)

where qb&k = argMek, LQV;C(Q) = La,k(H — Zgbk), Kkl,k2 (0) = K(Q — z(gzﬁkl — gka)) and the
kernel function K(6) is given by

1 4+/3 cosh 0
271+ 2cosh?26

K(0) (6.3.8)

We also used the Zy-symmetry m; , = mgj which implies sz = ngk. Since Y1, = Yoy,

we only consider the TBA equations for Y; ;. The correction term mgn,z is obtained as

mgtl,z = k‘n/ (Zl7k(e>€n(0_i¢k) - Zl,k_l(e)e"w—wk*l) - Zl,lﬁ-l (8)€n(9_i¢k+1)> d@, (639)

—00

where we defined
170 . /m (27
ky, = = (sm<§n> + sm(;n)). (6.3.10)

The cubic potential Let us consider the cubic potential case. As an example, we set
the potential as

p(x)=—(2z-3)(z+1)(z+2) =2+ Tz +6, (6.3.11)

where all the zeros are real. For this potential, the masses calculated from the classical

periods are
myy =110 ~ 13.14579499;,

1,1

myp =TI, ~ 1.514970717i.

Obviously, since arg(mq 2/my 1) = 0, choosing the potential (), we are in the minimal
chamber. The TBA equations read

(6.3.12)

logVy1(0 —igy) = \m1,1|€9 + K*zl,l — Ko *31,2,

9 . - (6.3.13)
IOg }/i72(0 — Z¢2) = |m1,2|e — K271 *L171 + K*LLQ.

Table shows the quantum corrections of the WKB period for the cycle 4;; and

m§”1) of this case. One can find the agreements of the numerical results. Notice that the

corrections for k = 2 are same as that of £ = 1 up to sign i.e. m§”2> = —m§”1) It is not
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n Hg?)l mg?l_l)

2 || 0.21721574367 | 0.21721574361
6 —1.519567945: | —1.519567945:
8 —20.486617777 | —20.4866177617
12 20065.209702 20065.206057
14 1160395.6767 1160393.4221¢

Table 6.3.3: The corrections of WKB periods and Y-functions for the (As, As)-type ODE
with potential p(z) = —2% + Tz + 6.

hard to see this property from the TBA equations () However, from the viewpoint
of the WKB analysis, it is a highly non-trivial result.

There is another interesting property of (As, As) case. As we discussed in section @,
if the three zeros are aligned in a common line and point-symmetric with respect to the
middle zero, the Picard-Fuchs operators vanish since they are proportional to Dy. This
phenomenon can be seen from the TBA equations, which from m, ; = m; 2, become

log Y1 1(0 —ig1) = |m1’1|e‘9 + K % (fu — ELQ>, (63.14)
log Y12(0 — ighs) = |masle’ + K % (Lyg — Lyy). -

The deriving term is equivalent and the TBA equations are symmetric, hence one can
conclude ZM = ELQ. The vanishing of the correction terms in both sides is also non-trivial

text of the relations of the periods and Y-functions.

The quartic potential The TBA equations for the third order ODE with quartic

potential in the minimal chamber read
log Y1,1(0 — i¢1) :’m1,1|€9 + K *Zl,l — K *31,27
log Yi2(0 — igo) =|mysle’ — Koy x Lyy + K % Liy — Koz % L3, (6.3.15)
log Y1 3(0 — i3) =|masle’ + K« Li3 — K32 % L1

Again, we set the zeros of the potential real. One of the choice of the potential is
p(z) = —(z —4)(z - D(z+1)(x+2) = —2* +22° + 92 — 20 — 8. (6.3.16)

We show the numerical results of the corrections of the WKB periods and Y-functions in

table . One sees the coincidence in high precision.
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n H(An) e%i(l_”)H(An) e%(l_”)ﬂ(@
V1,1 1,2 1,3
0 14.29120679i 5.748396528i 2.197175863i
2 0.06210586398: 0.13524358827 | —0.097115858354%
6 || —0.0023440985737 | —0.2410756322¢ 0.2410502603:
8 || —0.0021152153187 | —1.5448583961 1.5448547314
12 0.0094954087001 339.91722914 —339.9172287¢
14 0.037543446821 9328.1471391 —9328.1471391¢
n gnl Y §n2 Y mgn:s Y
0 14.29120679i 5.7483965284 2.1971758631
2 0.06210586398: 0.13524358827 | —0.097115858357%
6 || —0.002344098573i | —0.24107563227 0.2410502602:
8 || —0.0021152153177 | —1.5448583961 1.5448547314
12 0.0094954074531 339.91717794 —339.91717744
14 0.037543389974 9328.1314934 —9328.131493:

Table 6.3.4: The corrections of WKB periods and Y-functions for the (As, As)-type ODE
with potential p(z) = —z* + 223 + 922 — 22 — 8.

6.3.2 PNP relation

Next, we discuss the relations between the quantum corrections. For the (A,, A;)-type

TBA equations, the leading correction is computed by

1 2 s . Ta U b o
= Z cot
il == o (T+1>SIH<T+1)§1H(H1> /_w

Multiplying the mass m,; to both sides and using the relation of masses: sin (ﬁ)mml =

Ly (0)e™ df .

(6.3.17)

./ ra .
sin (m)mm, one obtains

n 2 T\ L. ma \ — [~ n
ma,lma& = ;Cot e sin? ] ; . mp1 L1 (0)e 946 .

The right hand side of this equation is proportional to the effective central charge whose

(6.3.18)

definition and the exact value is

R 0 2r
Ceff = F ; /_OO mmlLa’l(@)e do = — 3 (6319)
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Using the identification (), we reach the relation between the classical period and the

second order correction:

2r r T Ta
O m? = Zeot[ —— ) sin?( —— ) cr = — ¢ in’
e = 3N ) T ) T B e ) )
(6.3.20)
which is regarded as the PNP relation [124,[125]. This relation is also derived from the

analytic calculation of the WKB periods. The classical periods and the second order

corrections are given by

) _ T (44a) Ta Loyl o1 1 1
H'A}’a,l - _26 + Sln(r+1)u0+1 2u22B 5,1+r_+1 s

@) 47,.2 _ (7" + 1)2 ) ( ) Ta " 3 1 1 r (6321)
It A S e *% 4+a) L3 r+l 2 EB -1
Yo 24(r+1) Sm(rﬂ)uo 12 (2’ +7‘+1>
Multiplying these two, one obtains
1\2 1 r
® 1@ ~r+1l o, ma P(3) T+ 75)T (1 + )
Ya,17 Ya,1 _TSI r+1 F(§+L)F(_1+L)
2 r+1 2 r+1
1 e Tl 2 sinTr7r
_ T‘g sin2( ml) ) (6.3.22)
T+ 2(r+1) cos 2=

r+1

2T r ™ . of Ta
= — cot <—) sin .

3r+3 h r+1
Here we used the reflection formula I'(2)['(1 — 2) = 7/sin(7z). The PNP relations for
higher order corrections have not still obtained, but we expect that one could obtain them
in a similar way.

For the higher potential, we only discuss the third order ODE. The leading order

correction mgl,)c for (A, Ay)-type TBA equations is obtained by

(1) V3 al / * _ oid
My = > (Grw — Gkk/)/ Ly ()"~ * %1+ df, (6.3.23)

k'=1 &

where GG’ is the incidence matrix of the algebra Ay, and § represents the Kronecker delta.
For N # 3m + 2, m € Z-o, we have the inverse matrix of (§ — G’)j . Similar to the
(A, A;) case, we multiply m, 4 to the both sides of () The effective central charge
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is

IN(N +1
ceﬁ_zx—Z/ Imy x| Ly i(0)e? dO = ]§+4 ), (6.3.24)

where the factor 2 is caused by the summation of a = 1, 2. Using the identification of the

corrections (), we reach the PNP relation:

N
B (5 — G )" TIO IO = T 6.3.25
e s kk! kk’) Yty Ceff - ( .O. )
kk'=1 EoTE 4\/§

Unlike the quadratic potential case, it is hard to derive this relation from the analytic
form of the WKB periods since they are expressed by the generalized hypergeometric

functions.

6.3.3 Discontinuity and the pole structure of the kernel

We have discussed the validity of the identification in e-expansion, which is the perturba-
tive analysis. Although we have defined the WKB periods as the formal power series of €,
in the exact WKB analysis, one defines it as the Voros symbol [40] which is the analytic
function of € by applying the Borel resummation to the formal sum. On the other hand,
the Y-function is also an analytic function on the e-plane. Thus the formula (f.2.28)

should be precisely refined as

la—k]
1
log YQV;C(Q) =S ( [gﬂ@a7k:| ) s (6326)

where the symbol s(-) represents the Borel resummation at real and positive . The Borel

resummation of the WKB period along the the direction ¢ is defined by

1 ooe'? -
o)) =7 [ B (e (6.3.27)
Here B[IL,|(§) is the Borel transform of the WKB period, which is given by
1 n n
BIL](&) = ml‘[g Jen. (6.3.28)
n>0

For small ¢, if the Borel resummation s,(IL,)(e) converges, the period II, is said to be

Borrel summable, other wise non- summable. In the non-summable directions, there
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are singularities which arises the discontinuity of the Borel resummation of the periods.

Denoting the direction of angle ¢ &0 as (4, the discontinuity is written as

disc, 1L, (€) = s+ (11,)(€) — (Hv)(e))
= Jim (s(IL) (e %) = (IL)(e'%)). (0:3:29)

The singularities of B[IL,|({) are estimated from the Padé approximation numerically. In
figure , we show the singularity structures of B[IL;, ,|(§) and B[IL;, ,|(§) for (Ag, As)-
type ODE with the potential () in blue and orange dotted points, respectively.

2L

Figure 6.3.1: The singularities of the Borel transforms B[Ils, ](£) (blue) and B[lly, ,](&)
(orange), obtained from the Borel-Padé technique. We calculated up to order €' terms
of the e-expansions of the WKB periods and set the potential p(x) = —2® + Tz + 6.

The discontinuity of the Y-functions is obtained from the pole structures of the kernels

in the TBA equations. The (Asg, As)-type TBA equations in the minimal chamber are
given in () Since the formula says that log Yy 1(0) = s(Il5, ,)(0) and log Y7 »(0) =
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s(I15,,)(0 + &), we shift the TBA equations as

log Yi1(6) = myse® + / QKO — 0 +id1)L1(0)

—0o0

—/ QK0 — 0 + i) Tro(0) + - -- |
o (6.3.30)

1%ﬁﬂ@_mmﬁﬁ+/ w%w—mm@—%ﬁmw)

- / dO'K (0 — 0 +idy — %)ZM(Q') NP
where - - - represents the residues which arise from the shift of the argument of the kernels
and are not relevant to the discontinuity. The kernel functions in the equation for Y;
have the poles at

f— i(% Yam)— ¢, i=1,2, nez, (6.3.31)

while that for Yl[;l} have the poles at

0 = nr — s, —(%err) ¢y, i=12 necl (6.3.32)

Then, these angles provide the Borel non-summable directions. The phases of the masses
for the potential () are argm;; = argm,; = 5, hence (M) and (M) repro-
duce the angles of the non-summable directions of the Borel transforms of the WKB pe-
riods shown in the figure . Therefore, the discontinuity structures of the Y-functions
Y11 and Yl[;” coincide with that of the WKB periods Il;, , and Iy, ,.

1,1
Summary

In this chapter, we studied the ODE/IM correspondence for the higher order ODE which
is interpreted as the quantum SW curve of the (A,, Ay)-type AD theory. From the WKB
analysis, we proposed the formula which relates the WKB periods and the Y-functions
in the minimal chamber. We tested the formula by the numerical comparisons of the
coefficients in the formal e-expansions, the analytic relation i.e. the PNP relation, and the
identification of the discontinuity structure of the WKB periods with the pole distribution

of the TBA equations in the minimal chamber.
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Chapter 7

Wall-crossing phenomena for the
third order ODE

We established the relation between the WKB periods and the Y-functions in the minimal
chamber for (A,, Ay)-type ODE in the previous chapter. For N > 3, the wall-crossing
occurs to the TBA equations. In this chapter, we study the wall-crossing of the TBA
equations for the third order ODE with cubic and the quartic potential in detail. As
discussed in chapter @, in the processes of the wall-crossings, we introduce the new Y-
functions. For the third and higher ODE, it is straightforward to generalize wall-crossing
procedures. Associated with the new Y-functions, we will introduce the corresponding
WKB periods. We will also test the relations of the new Y-functions and the periods nu-
merically. The relation to the N” = 2 theory implies the duality between the (A, As)-type
and (Dy, A1)-type quantum curves as well as (As, Az)-type and (Eg, A;)-type quantum
curves, which we argued in chapter H We will observe this through the TBA equations

for the monomial potential.

7.1 Marginal stability walls and the TBA equations

In this section, we first discuss the wall-crossing of the TBA equations for the third order

ODE, which is the higher order generalization of the second order case. The (As, Ay)-type
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TBA equations for Yi, (k=1,2,...,N) in the minimal chamber takes the form

log Yix(0 — igw) = [migle’ + K« Lip(0) = > Kiix Li(6). (7.1.1)

i=k—1,k+1

Here the kernel function K given by

1 1 1
Ko)=——mrn— -+ ——n 7.1.2
() 2m cosh(9 + %) 2 cosh(9 — %) ( )
and has the poles at .
Hzi%z+n7ri, n € 7. (7.1.3)

This TBA equations are valid if |¢pr — ¢r41| < 7/3, otherwise the residues of the poles
contribute and deform them, which is the wall-crossing of the TBA equations. Let us
consider the case where 7/3 < |p2 — ¢1| < 27/3 and |pr — Pr—1| < 7/3 for (k # 2). The
residues of the poles deform the equations for Y; ; and Y; 5 to
. — — .
log Y1,1(9 — i) :‘m1,1|€9 + KLy — KigoxLip— L1,2(9 T3 i¢1),
. _ — — .
IOg )/172(0 — qug) :|m1’2|€9 — KQ’l * L171 + K % LLQ — K2,3 * Ll,g — L1’1<9 + g — Zgbg).
(7.1.4)
In a similar way to the second order case, we introduce the new Y-functions such that the

TBA equations for them do not include the residue terms explicitly. We define them by

V(0) = Yia(0) (14 ﬁ) V(0) = Via(0)(1+ %)

1 1 7.1.5
L oo " wm (7:1.5)

n . > > n —
Y12(9> - 1 ) Yl,k>2 - Yl,k>2'
Y1,1(0)Y1,2(6— %)

These new Y-functions and the original ones satisfy the relation

<1 " 5/1,11(9)) - (1 * Yf‘ll(ﬁ)) <1 + er;(g))
<1 i 5/1,21(9)) ( Y 9)) ( Y0 + m>) (7.1.6)

YrO)Yi 6 — ) = Yo ( )
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. . . : _mi
We also introduce the mass term for log Y% which is mys == \mlg\e“m =mii+e 3mys.

The TBA equations () for k > 2, deformed ones (), and the relations () lead

the equations for Y7
log Y7 (6 — i¢n)
log Y’y (60 — i)
log Y/'5(0 — i)
log Y7, (0 — i¢x)

9 —1n -1 _ 1N
=[my[e” + K * Ly = Kip* Lo+ Ky o % Ly,

9 —1n -1 —-1n _ -1
[miale” + K x Lyg— Ko1x Ly — Koz x Ly g — Ky 9% Ly,

imagle® + K« Ly 5 — Kyox Lyy — Ki 1o % Lyy — Kaax Ly 4, (7.1.7)

magle’ + K« Ly (0)— > K L,(0), k>3
i=k—1,k+1

Here we defined the shifted kernel K*(6) := KF(0) = K(0 + Z'). Note that the phases

are |p12 — @1, |p2 — § — ¢12| < 7/3. From the relation for Y75 in () and summing the
equations of () evaluated at the appropriate values, one obtains the equation for the

new Y-function Y}5:
lOg Yfi(@ — i¢12) = |m12‘€0 + K % Z/1112 — K;273 *3173 -+ Ki;,l * irllyl — K1+2’2 * ZN_’?Q' (718)

() and () form the N + 1 closed system which is the TBA equations in this
chamber. The effective central charge is defined from that of the minimal TBA and the

relation () by
6 [ /w—
=2 / (3 Imasle T + oL ) o, (7.1.9)
T k=1

The exact value of the effective central charge is calculated from the asymptotic values of
the Y-functions, and turn out to be equal to that of the minimal chamber.

Associated with the new Y-function Y}, we introduce the new WKB period. Note
that from the relation (), the Y-functions Y, and Y7, are still related to the cycles

11 = 711 and A1 9 = 739, respectively:

n n T
10g )/1,1(0) =e€ H’Yl 19 10g )/1,2(9) =e€ 3 € H% 2(6) +

) (7.1.10)

Thus the mass mq, is related to the classical period as

(7.1.11)

_mi (0)
= 3
Mg =myy+e Smygp =157 o .
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Taking into account the quantum corrections, one finds that Y} is related to the cycle
Y1+

log Y/5(0) = €’IL;, , (0) + €°T15,,(0) = €’IL5, 15, ,. (7.1.12)

As we discussed in chapter B, the WKB periods are regarded as the quantum SW

periods in N' = 2 theories. And the wall crossing of TBA equations is related with that

of N = 2 theories. At the marginal stability wall, mutually non-local charges of two BPS

particles align. In our basis of the charges, there exist the wall when

H(O) H(O)
1,k Y1,k . T
m|—— = |50 Sm<¢k — Qpr1 §> =0, (7.1.13)
H’A}’l,k:tl H’Ay1,ki1

which results in the condition ¢y41 —¢p = F+nm. Here we used Hg?k = |H,(£)k \eid”f’ﬂ?i(k’l).

The other half of the condition of the wall is obtained from the condition

1 1 -
Im ( (O)’Yl,k ) — (0)’)’1,k sin(gf)k — ¢k+1 — 5) = 0’ (7'1'14)
H727k,k+1 H'Y2—k,k+1
which leads the condition ¢y1 — ¢ = —%i + n7w. Here we used H'(Yg)fk,kJrl = e%iﬂgkﬂ =

|Hgg)_k’k+l]ewkﬂ‘%i(k_m. In the context of the (Ay, Ay)-type AD theory, if the charges
of the BPS particles are expressed by the classical periods as in figure , where the
central charge of the electric and magnetic charge g, , is Hg?l%k, the wall-crossing con-
ditions (in the minimal chamber) becomes the same as that of the (As, Ay)-type TBA

equations. Crossing the walls, the new charges associated with the BPS particles emerge.

Q’Y1,1 qu,z qV2,3 q’Yl—N,N—1 q’Yz—N,N
q“/1,2 q’Y3,3 q72,1 q"/fN,N q’Yl—N,l

Figure 7.1.1: The charges of the (Ay, Ay)-type AD theory in the minimal chamber.

Since the BPS quiver of the AD theory is simply-laced, the wall-crossing from the mini-

mal to the next chamber would be the pentagon type. For the first wall-crossing where



137

© o

©) /700
arg(IL5,, /T15;,) crosses zero, the new charge IL, |, 14412

would emerges. This
corresponds to the new Y-function Y% in the wall-crossing of the TBA equations. The
wall-crossings of the higher rank A = 2 theories have not been studied well. Tn the
rest of this chapter, we study the wall-crossing of the TBA equations for the third order
ODE with the cubic and the quartic potentials, which would correspond to that of the
(Ag, Ay)-type and the (Ag, As)-type AD theories. We also study the relations between
the WKB/quantum SW periods and the Y-functions in other chambers. In the chamber

after the i-th wall, we denote the Y-functions as Y® which is expanded as

log Y@ = |m|e? + Z m () gm0 (7.1.15)

n=1
In the following sections, we omit the superscript (i) of m®( to avoid confusion. Fur-
thermore, at the maximally symmetric point i.e. the monomial potential/AD point, we

will see the duality of the AD theories.

7.2 Wall-crossing for the (Ay, Ay)-type ODE

In this section, we study the wall-crossing of the (As, As) case from the minimal to the
maximal chamber, which is the simplest higher order example. We also study the relation

of the WKB periods and Y-functions in each chamber numerically.

7.2.1 From the minimal to the maximal chamber

Let us set the potential p(z) = (z —3)(x+1)(z+2) = 2° — T2 — 6 in the minimal chamber
and p(x) = z°—8 in the maximal chamber, respectively. As in the case of the second order
ODE, the moduli parameters of the monomial potential are in the maximal chamber. To
study the wall-crossing, we interpolate these two potentials by introducing the auxiliary

variable t as

zo(t) =3 —1t, x(t) = —1+V3it, x(t)=—-2+t—3it, 0<t<1, (7.2.1)

!The relation between the TBA like equations of (A, As)-type AD theory and the (As, As)-type ODE
was studied in [[79].
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where the potential at any point in this path is p(x;t) = (v — zo(t))(z — 21(t)) (z — x2(t)).

In the minimal chamber, there are four classical periods/masses of which the independent

phases are ¢; and ¢,. Thus, when the difference of the phase ¢ — ¢; crosses % and %,

the wall-crossings occur. We plot the phase difference for 0 <t < 1 in figure . Then,

T
G2-01
2n

0 t
0.2 04 0.6 0.8 1.0

Figure 7.2.1: t-dependence of the phase difference ¢ — ¢y for 0 < ¢ < 1.

one finds the walls are located at

t =0.162117 _ T I LA 0 7.2.9
— Y. ceey ¢2 - ¢1 - 57 m Hg??l — Y ( . )
(0)
2T II
t = 0.397459... — = — Im [ —22 | =0. 7.2.3
) ¢2 ¢1 3 ) m (HEV?%) ( )

The first wall-crossing

The first wall-crossing condition is () After the wall-crossing, we introduce the new

Y-functions YV in the same way as we discussed in the previous section:

1

— ), YWl =Y. (1l + ——

va0—5) V2=t 5 )

1+ T — (7.2.4)
Yi2(0—=) ' Y1,1(0)

YH(0) = ——=——.
Y1,1(0)Y1,2(0—7%)

VY (0) = via(0)(1+

The TBA equations for these new Y-functions read
: —(1 —(1 _ =
log }/1(,11)(9 — i) :|m1,1|60 + K * Lgi — K% Lg; + Ky * ng)a
. —(1 —(1 _ =
log Yl(é)(g —iga) =|muole’ + K * Lg; — Ky % Lgi — Ky19% L§2)7 (7.2.5)

. —(1 —(1 —(1
log Vi3 (6 — iha) =|musle’ + K x Ly + Ky, x L) — Kiho % L\,
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The new Y-functions are related to the WKB periods as log Yl(’ll) (0) = €’ll5, ,, log Yl(;) (0) =
% eIl;,,(0+ %) and log 1/'1(21)(9) = L5, , 44, ,(0). To test this relation, one can calculate
and compare the e-expansions. As an example, we show the result at the value t =

1/5 = 0.2 in table . One can see the agreements in every order in the high digits.

The effective central charge is ceg = 2 which is the same value as that in the minimal

chamber.

: ) i
0 —9.747530080 4+ 6.7017166667 —9.747530080 + 6.7017166662
2 0.1568931454 — 0.1561575487: 0.1568931454 — 0.1561575487:
6 1.037931258 — 0.1841377709¢ 1.037931259 — 0.1841377696¢
8 —0.7530182822 + 12.316395551 —0.7530183059 + 12.316395561
12 —4657.014593 + 7803.136493i —4657.014191 + 7803.135760:
n e%iu*”)ﬂgfl m&?{l)
0 —1.280370055 — 1.06496198” —1.280370055 — 1.004961987:
2 —0.1568931454 + 0.1561575487+¢ —0.1568931454 + 0.1561575487+¢
6 —1.037931258 + 0.1841377709: —1.037931259 4 0.18413776961
8 0.7530182822 — 12.316395557 0.7530183059 — 12.316395561
12 4657.014593 — 7803.1364931 4657.014191 — 7803.1357601
- QO D

A1,1+91,2 12
0 —11.25803772 + 7.3080686667 —11.25803772 + 7.308068666%
2 —0.05678983152 — 0.2139522239:7 | —0.05678983147 — 0.21395222401
6 0.6784336165 + 0.80680595141 0.6784336157 4 0.80680595271
8 10.28980229 + 6.810330737: 10.28980228 + 6.8103307607
12 —9086.221728 — 131.5246971: —9086.220893 — 131.52471561

Table 7.2.1: The e-expansions of the WKB periods I, ,, e%il_[[%lj and II5,,, and that of
the Y-functions 1/'1(711), Y1(12) and Y1(21 ) for t = 1=0.2
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Cc

(a) t = 0.0810585... (b) t = 0.162117... (c) t = 0.279788...

Figure 7.2.2: The classical periods in the process of the first wall-crossing. The vectors
represents the classical periods on the complex plane (a) before, (b) at and (c) after
the Wall-crossing The arrows labeled by a, b, c,d and e represent the classical periods
I, 105, 05, and TI5

To see the relation to the AV = 2 theory, we illustrate the classical periods/charges of

71 L+ys.00 TESPeEctively.

the BPS particles in the complex plane in figure . Before the wall-crossing, there are
three chargesE HE,(RI, HS@?Q and HS,%, two of which align at the wall: Im(Hg??l / H(QL) =0.
After the wall, the new charge Hﬁ,??l + H(1 , emerges. This is the wall crossing of the

pentagon type.

The second wall-crossing

The condition of the second wall-crossing is () In a similar way to the first wall-

crossing, we introduce the new Y-functions Y® as

1
) N2 0) =Y O+ ),
vye-%)" | Y6+ %)
1+ — 1 = + (11) (7.2.6)
net B vRe) = viPe),
Yl(,ll) (9)Y1(,12) (6— % )

Vi) =y 0)(1+

2 py —
y2(9) =

The TBA equation for these Y-functions are given by

logYﬁ)(@ — i) =[maale’ + K*Lgi Ko * ng + Ko *L§2 + (K + K ) * L§2)>
log Yl(?(@ — i) =|muole’ — Ky, *L( ! p+ Kox L( ) — Ky *L(Q) - (K2 5T Kom) *LE;’
long(;)(H — i) =|masle’ + K12 1 *Lgi K1+22 L§2 + K*Lw + (Km 2T Km 12) ij,
log Vi2 (0 — i) =|mple’ + (K, + K5 )% IV — (K, + Koz )+ Ly

+ (Kpppo + K )*Lﬁz’ + 3K« L2 (7.2.7)

12,12

2We do not plot the charge H(ﬁ?g since it’s not relevant to the wall-crossing.
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. _2mi 0
where the new mass mg; is defined by mgz = my+e” 3 myo = Hgl)l_% ,- Then, the new

Y-functions are related to the WKB periods as

which are tested by the numerical comparisons. We perform at the value ¢t = 3/7 ~

log V2(0) = ¢’ILs, ,,  log V{2(8) = €5 "I, , (0 + =

v

3 ) (7.2.8)

IOg 3/1(22) ('9) = eenﬁl,l-i-%,z (9)7 log Yig;) (‘9> = 691_[71,1—’71,2 (9)7

~

0.428571... in table in which we can see the agreements again.

" ) i

0 —8.308190190 + 7.0436271887 —8.308190190 + 7.043627188:

2 —0.009010340904 — 0.1441424592¢ —0.009010340904 — 0.14414245923
6 —0.01783306296 + 0.035463525611 —0.01783306296 + 0.03546352561%
8 —0.07558676701 + 0.10185279641 —0.07558676698 + 0.10185279641
12 5.797603169 — 3.7829685141 5.797602298 — 3.782967938¢

0 —0.2795945545 — 3.11129352% —0.2795945545 — 3.111293527:
2 0.009010340904 + 0.14414245921 0.009010340904 + 0.14414245923
6 0.01783306296 — 0.035463525611 0.01783306296 — 0.035463525611
8 0.07558676701 — 0.10185279641 0.07558676698 — 0.10185279641
12 —5.797603169 + 3.7829685141 —5.797602298 + 3.782967938:
n n—1

" H(%)H-% 2 52 )

0 —11.14244670 4 5.7301164127¢ —11.14244670 4 5.730116412:

2 —0.1293362019 — 0.064268045477 —0.1293362019 — 0.064268045471
6 —0.03962884557 + 0.0022878772517 | —0.03962884557 + 0.002287877251%
8 0.05041372566 + 0.11638645861 0.05041372564 4 0.11638645861
12 6.174948420 + 3.1293873681 6.174947485 + 3.129386902:¢

n HEYT?l —71,2 %_1)

0 —10.86285215 + 8.841409938: —10.86285215 + 8.841409938:

2 —0.1383465428 — 0.2084105046% —0.1383465428 — 0.2084105046%
6 —0.05746190853 + 0.037751402861¢ —0.05746190853 + 0.037751402861
8 —0.02517304135 + 0.21823925514 —0.02517304134 + 0.2182392550:
12 11.97255159 — 0.6535811464: 11.97254978 — 0.65358103561

Table 7.2.2: The coefficients of the e-expansions of the WKB periods I15, |, e%il_ﬂy:lj, IL;,,
and IL,, ,_,, ,, and that of the Y-functions Yl(i), Yl(é), Y1(22) and YT(;) fort = % ~ (0.428571....

To illustrate this wall-crossing process, we plot the charges in figure . Before

the wall, we have the charges HS,??I,HS(;?Q, H,(Y??Q, H(V??l s

At the wall, two charges align
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(a) t = 0.279788... (b) ¢ = 0.397459...

Figure 7.2.3: The classical periods in the process of the second wall-crossing. The vectors
represents the classical periods on the complex plane (a) before, (b) at and (c) after
the wall-crossing. The arrows labeled by a,b,c,d and e represent the classical periods
Y, i, Y, i, and 11

Y1,1+73,2 71,1—71,20 reSpeCthGlY’

Im(HS,(Rl / HS,%) = 0 and the new BPS particle of charge H(v(fl_,ym emerges.

The TBA equations in this chamber have the kernels whose poles are shifted by the
phase differences other than ¢, — ¢1. The poles of these kernels could arise the new walls,
hence we have to investigate whether the new walls emerge or not. In figure , we
plot the phase differences associated with the phases of the new mass terms i.e. ¢ and

¢73. For the kernel K,i?ky we plot ¢, — ¢, Fng(+mm) (m € Z). One can see that these

’ a: ¢12 — g1 — %
b: 12 — ¢ + 3
c o5 —¢1— 3§
. d: o5 — 1
e ¢ — P2+ 3
f: g5 — g2 + 5
g o3 — b2+ 3
n h: @5 — P12

Figure 7.2.4: The phase differences associated with ¢ and ¢g.

phase differences do not cross &%, hence conclude that no new walls emerge. The TBA
equations () is valid for 0.397459... < t < 1, so after the second wall, we are in the

maximal chamber.



143

7.2.2 The monomial potential and the D,-type TBA

The TBA equations () is valid even at the maximally symmetric/AD point ¢ = 1, at

which the potential becomes the monomial one:
p(z) = 2° - 8. (7.2.9)
At this symmetric point, the mass terms have the following relations
maa| = [musl = [maal, [yl = V3Jmal, (7.2.10)

and
T
G2— 1 =7, 12— 1= O3 — ¢1 = G (7.2.11)
This leads, together with the TBA equations ( - the equivalence of the Y-functions:

w|>1

log Y2 (6 — id1) = log V. (0 — i — mi) = log ;2(6 — ich — %i). (7.2.12)
Thus, the TBA equations for the monomial potential become the reduced one
log V(6 — i) =|male’ + 3K (6 — 6') x L)
+ KO0+ IOy K00 - - LAY A0

12

7.2.13
log Y.2(0 —ml——) =V3lmyale’ + 3K (0 — ')« T (72.13)

F3K(0— 60 + 6)*L§i+3K(9 ef_g)*zi

This is the Dy-type TBA equations folded by the Zs-symmetry of the Dynkin diagram
of Dy, which we introduced in chapter E Then, the (A, Ay)-type TBA equation at

2)
1

the monomial point in the maximal chamber is equivalent to the (D4/Z3, A;)-type TBA
equations. This is related to the fact that the SW curve of the AD theory of (A, As)-type
at the AD point is y* +2® = 0, and equal to the one for the (Dy, A;)-type. Therefore, we
see the duality of the AD theories through the wall-crossing of the TBA equations.

For completeness, we perform the numerical test of the identification of the WKB
periods with the Y-functions for the monomial potential. Table shows the numerical
comparison of the coefficients in the e-expansions, from which one can see the agreements
in high precision. The effective central charge is c.g = 2, which is the same value as that

in the minimal chamber.
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n H’(?rll)l mgill_l)

0 —9.299916251 + 9.1797242224 —9.299916251 + 9.1797242224¢

2 —0.04277896287 — 0.07409533719: —0.04277896287 — 0.074095337193

6 0.0001166129817 — 0.0002019796092: 0.0001166129817 — 0.00020197960921
8 || —0.00003383735446 — 0.000058608017127 | —0.00003383735445 — 0.00005860801710¢
12 0.00001446736332 — 0.00002505820832¢ 0.00001446736106 — 0.00002505820443¢
" Hglll —71,2 m%—l)

0 —15.89974875 4 9.179724222; —15.89974875 + 9.179724222¢

2 —0.1283368886 — 0.074095337191 —0.1283368886 — 0.074095337191

6 0.0003498389452 — 0.00020197960921 0.0003498389452 — 0.00020197960921
8 —0.0001015120634 — 0.000058608017123 —0.0001015120633 — 0.000058608017107
12 0.00004340208996 — 0.00002505820832¢ 0.00004340208323 — 0.00002505820443¢

Table 7.2.3: The coefficients in the e-expansions of the WKB periods Il5, , and IL,, , _,, ,,
and the Y-functions Y} ; and Y3 for ¢t = 1.

7.3 Wall-crossing for the (A,, A3)-type ODE

Next, let us perform a similar analysis for the (Ay, A3)-type ODE. We set the zeros in
the minimal chamber {zg,z1, 22,23} = {2,1,—1,—4} and that in the maximal chamber
{zo, 1,29, 23} = {3, 3i, —3i, —3}. Choosing uy = 1, the potential in the minimal and the
maximal chambers become p(z) = 2%+ 22% — 922 —2x+ 8 and p(x) = ! — 81, respectively.

The path interpolating the zeros of these two potentials is given by

where the potential at any point ¢ is p(x;t) = (x — zo(t))(z — x1(t))(x — 22(1)) (z — x3(t)).
To find the walls, we compute the phase differences of the masses for 0 < ¢ < 1. Unlike the
cubic potential case, the phase differences associated with the masses of the additionally
introduced Y-functions through the wall-crossing processes arise other walls. Then, the
procedure of the wall-crossing is as follows. First, we compute all the phase differences
of the masses in the minimal chamber and find the first wall. After obtaining the TBA
equations in the chamber after the first wall, we compute all the phase differences in the
kernels in the TBA equations and find the second wall. Repeating this sequentially, we
reach the maximal chamber. In figure , we plot the relevant phase differences to
the walls which emerge in the path from the minimal to the maximal chamber ()
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Here ¢; (i = 1,2,3) are the phases of the mass terms of Y; 1, Y7 0, Y] 5 while ¢12, a3, 312

T

an| T e

; T T a: ¢z — ¢

. e e b: 2 — ¢3

s~ AT e c: g2 — 3+ 5
R I & ma— 61+ §

e: ¢312 — P2
f: o5 — 03— 3

Figure 7.3.1: The phase differences of the masses relevant to the walls in the path.

and ¢p5 are that for the Y-functions Yis, Ya3, Y312 and Y73 which we will introduce after
the 1,2, 3-th and the 4-th wall-crossing, respectively. For the kernel K ,;tl”kQ in the TBA
equations, the wall arises when ¢, — ¢, F n% crosses +7/3,+27/3. From figure ,
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one finds nine walls located at

t=0.123142...
t = 0.163685...
t = 0.202635...
t = 0.290017...
t = 0.366924...
t = 0.434148...
t = 0.449568...
t = 0.608205...
t = 0.65489...,

Y

G2 — 61 = 3,
G2 — 0= 3.
Grz — 03 =0,
b=
b= by =3
¢z — ¢3 =0,
bz = br =~
b2 — 61 = .
G2 =03 = .

(0)
H’Yl,1+'¥3,2+73,3 )
0

sy,

=

)

I

+

=

w
N—

I
=

7.3.1 Symmetric potential and numerical test

=0,

(7.3.2)

(7.3.3)

(7.3.4)

(7.3.5)

(7.3.6)

(7.3.7)

(7.3.8)

(7.3.9)

(7.3.10)

Since there are many walls throughout the wall-crossing path, in this section, we only show

the TBA equations for the symmetric potentials. The TBA equations and the plots of the

classical periods in the complex plane are presented in appendix @ The TBA equations

in each chamber have a more complicated form compared to the cubic potential case. In

the following, we express the TBA equations by using the intersection matrix which we

introduced in chapter @ For the third order case, we need not only the matrix I but also

the matrix for the shifted kernels /*. The TBA equations have the following universal
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form:

log V(0 — iy) = [mele” =Y (f{k,l + K+ f(,;,) «I(0), (7.3.11)
l

where the kernel matrices K, kil K Ij , and K~ are expressed by the intersection matrices as

1 4v/3 cosh(0 — i(¢r — &)
" 2w 1+ 2cosh(2(0 — i(d, — B1)))
1 4\/§cosh(0 — (g — 1) £ %) +
T oml+ 2 cosh(2(0 — i(¢, — &) £ Z)) w

Kr.(0)

Ik,la
(7.3.12)

()

To avoid confusion, we will denote the Y-functions Y;; as Y; (i = 1,2, 3). Note that since
K=K"+K ~, the intersection matrices I, I* are not uniquely determined. In each
wall-crossing process, we will show the intersection matrices I, It and I~ instead of the
TBA equations. The definitions of the Y-functions are in appendix E

In the chambers after the third and the sixth wall, there are the points in the moduli
space, where the potentials become the symmetric ones. At the points, some Y-functions
with the appropriate phase shifts become equal to each other, and then the TBA equations
are reduced to the simplified ones. In the following, we show the intersection matrices
of the reduced TBA and perform the numerical tests of the relations of the Y-functions
and the WKB periods, which provide evidence supporting the identification outside the

minimal chamber.

The symmetric case in the fourth chamber

After the third wall, there is the point in the moduli space, where the masses have the
symmetry m; = mg and mis = mg3. The TBA equations reduce to the four equations,

whose intersection matrices are given by

~1 1 0 1 0 -1 -1
2 = 1 L 0 _ | 0o 2 1
L= PPl T 0

1 -1 -2 1 0 2 0

(7.3.13)
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The entries are ordered as 1,2,12,312. The corresponding potential is p(z) = z* —
2(8 + i)z 4 32¢. In table , we show the e-expansions of the WKB periods and the

Y-functions, from which one can see the good agreement.

The symmetric case in the seventh chamber

There is also the point in the chamber after the sixth wall, at which the TBA equations
reduce. The masses have the relation: m; = ms, m12 = me3 and myz; = mgz. The potential
becomes p(z) = z* — 2(11 + 2)iz? + 25(—3 + 44), whose distribution of the zeros are closer
to that of the monomial potential than that in the fourth chamber. The intersection

matrices are given by

1 1 -1 -1 0 1
2 -1 1 2 2 0
B ~1 ~1 ot 10 a1 2
=1 4 —1 —4 =2 = 10 —1|
-1 1 -1 -2 -5 -3 -2 1 0 -1
—2 2 —2 —6 -5 —2 1 1
0 -1 -1 -2 -1
02 1 2 2
~ | 0
I~ = o . (7.3.14)
—2 0
—4 -1 -2 0

Here the entries are ordered as 1,2,12, 312, 1N2, 312. In table , we show the numerical
comparisons in the e-expansions of the WKB periods and the Y-functions. Because of the
computational difficulty, we only computed the WKB periods Iy, |, II5, ;, IL,, , ++,, and

IL,, ,1~s5- In this case, one can also see the good agreement.
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H(”) e%(l—n)n(”)

(n—1) (n—1)

n 411 1.3 Mmi1 >3
0 —11.39881594 + 14.23487415i —11.39881594 + 14.23487415i
2 0.01642381444 — 0.03753315426i 0.01642381444 — 0.03753315426i
6 0.00002288822247 — 0.00002208917405: 0.00002288822247 — 0.00002208917405i
8 2.625484666 x 1076 4+ 4.618462473 x 107 | 2.625484666 x 106 + 4.618462473 x 10~;
12 || 5.362388326 x 107 4 8.038711226 x 10~7i | 5.362387829 x 10~7 + 8.038710559 x 10~ 74
n 6%(1_n)ﬂ,(£)2 mgfl;l)
0 —9.359933633 — 9.1498568674 —9.359933633 — 9.1498568674
2 0.004980601291 + 0.056644155361 0.004980601291 + 0.056644155364
6 —0.00002031318068 + 0.000027742203667 —0.00002031318068 + 0.00002774220366
8 || —2.074149509 x 106 — 4.697564517 x 10~% | —2.074149509 x 10~6 — 4.697564517 x 10~%
12 || —5.119551461 x 1077 — 7.947194982 x 10~ 77 | —5.119550997 x 10~7 — 7.947194331 x 10~ 74
n H’(lel)l +73,2° H’(YZ,)2+73 3 mgg 1)’ mgg Y
0 —24.00279124 + 17.76588602i —24.00279124 + 17.76588602i
2 —0.03014116243 — 0.004897749341¢ —0.03014116243 — 0.004897749341¢
6 0.00003675708525 + 9.373658279 x 10764 0.00003675708525 + 9.373658279 x 1075
8 5.656620120 x 1076 + 4.734140485 x 10~ 7 | 5.656620119 x 1076 4 4.734140483 x 10~ 74
12 || —4.079860148 x 1077 + 8.498775356 x 10773 | —4.079859849 x 10~7 + 8.498774613 x 10~ 7;
" ™ D)

Y1,1+73,2+73.3 312
0 —35.40160718 + 32.000760164 —35.40160718 + 32.00076016¢
2 —0.01371734800 — 0.04243090360: —0.01371734800 — 0.04243090360:
6 5.964530772 x 107° — 1.271551577 x 1075 5.964530772 x 107° — 1.271551577 x 10724
8 || 8.282104786 x 1076 + 5.091876522 x 1076 | 8.282104785 x 10~% 4+ 5.091876521 x 10~ %
12 || 1.282528178 x 1077 4 1.653748658 x 1076 | 1.282527980 x 10~7 + 1.653748517 x 10~%;

Table 7.3.1: The coefficients of the e-expansions of the WKB periods and the Y-functions
for p(x) = z* — 2(8 +4)x? + 32i.
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i Hgﬁ)l ) e%(l_n)n(&?)g miy omiy

0 —19.47567027 + 32.97271875i —19.4756703 + 32.97271875¢

2 0.002626192340 — 0.02247707343i 0.002626192340 — 0.02247707343;

6 —2.036305586 x 10~7 — 7.372588250 x 10~% | —2.036305586 x 10~7 — 7.372588250 x 10~ 8;
8 —9.420730448 x 1079 — 4.804141676 x 10~% —9.420730444 x 1079 — 4.804141675 x 10~%
12 || 9.580579434 x 10712 + 2.914660951 x 10114 9.580577595 x 10712 4 2.914660471 x 10~ 115
n HS?)1+V3,2’H£Z)2+733 mgg 1),mg§ Y

0 —51.30966982 + 24.48178658i —51.30966982 + 24.48178658i

2 —0.02139033112 + 0.00020045178714 —0.02139033112 + 0.00020045178713

6 4.635097673 x 1078 — 1.248192815 x 10~ 74 4.635097673 x 1078 — 1.248192815 x 1074
8 —9.995973325 x 1079 + 8.348657318 x 1079 —9.995973321 x 1079 + 8.348657314 x 10~ %
12 || —1.583498058 x 10~ + 2.849646253 x 10~ 114 | —1.583497796 x 1011 + 2.849645771 x 10~ 14

Table 7.3.2: The coefficients of the e-expansions of the WKB periods and the Y-functions
for p(z) = x* — 2(11 + 2)iz? + 25(—3 + 44)

7.3.2 The monomial potential and the Es-type TBA

The tenth chamber is the maximal chamber in which there is the maximally symmetric

point where the potential is monomial one. At this point, the mass terms have the relation

Ima| = [ms] = [maz] = [mas], [ma| = [m31a],
Imgs| = |magg| = [masi| = [ms, Imgps| = [mai], (7.3.15)
|| _ sin(m/4) |ms| _ sin(m/6) |mags| _ sin(m/4)
|my|  sin(7/6)’ |my|  sin(r/12)’ lmy|  sin(w/12)’
and
51
o1 = @3, P12 = P23, P12 — ¢1 = T2’
s
b13 = P33 P231 = P1a3; O3 — P21 = 5 (7.3.16)

T T
G312 — P2 = F7 $3122 — ¢3/1\2 = g

Note that the vector (|mq], |mgz|, |msgl, , Imgsl, , [mal, , [me|) is the Perron-Frobenius eigen-
vector for the incidence matrix of Eg algebra. Furthermore, the relations () and
() together with the form of the TBA equation give the identifications among the
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Y-functions:
10gY1(9 - Z'¢1) = log Y?s(@ - Z¢3) = log Yl2(9 - i¢12) = log Y23(9 - i¢23),
log Y15(0 — i) = log Y35(0 — i¢g3) = log Yaz1 (0 — ighaz1) = log Yiu3(0 — id1a3),

log Y5 (0 —ips) = log Ya12(0 — igg12), 1og Ya3(0 — idss) = log Ys102(0 — ih3122),
(7.3.17)

which leads the reduction of the TBA equations to the four equations. We write down

the TBA equations explicitly rather than the incidence matrices, which become

. - +(9) - 709
1OgY1(9)(Q —i¢n) =[male’ + (K + Ky — Kfrw) * Ly + (K1 312 — K12) * Ly

+ (K 5+ 2K, 35 + 2Kaam + K, 231) « I

+ (K1 55+ K + 2K 5199) * Y

1 312 312’

. _ —(9 _ —(9
log Yy (6 — ighy) =|male” — (2K + 2K55) % Li) + (K — Ko gis — K1) % L\ o

+(9)
— (2K2,’1‘§ + 2K2 5 + 4K2 231) * L

— (2K2,3/1\2 + K + KQ 13122 + 2K2_3122) * L( )

2,312 3127
log Yi%))(e —igrz) =|myle’ + (K12 1+ 2K12 T 2R, K12 12 K;; 12) *zﬂ
— (K, + K12 y — 2K75300) * L( ; + (5K + 3K 55 + 3K 231) L%)
+ (K12 sm T 3Kizam + K s122 T 3K15 3122) o L:(’)1)27
log Y2(0 — i) =|mpyle” + (2Km, + 2K | + 4K )« 1Y)
+ (2K, + K a2~ 2lGme — KL 2) ngg
+ (6K 515 + 2Ky 15+ 6 0 + 2K ) % Ly
+ (5K + 3K 3190 + 3K 41,) * < I
(7.3.18)

Simplifying the kernel functions, one finds the TBA equations () is same as that of
Es-type (folded by Zy) which we introduced in chapter E under the identification:

lOgYi(& — Z(bl) S 61(6), lOg Yé(@ — Z(bz) S 66(¢9>,
log Yﬁ(e — Zgbﬁ) <~ 62(9), log Ygﬁ(ﬁ — 19253/1\2) e 63(9).

This can be interpreted as the the realization of duality of the quantum SW curve which

would follow from the fact that the (As, A3)-type and the (Fg, A;)-type AD theories at

(7.3.19)
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the AD point is described by the SW curve y? + 2* = 0. Thus we conclude that the
(Ag, A3)-type ODE with monomial potential is the quantum SW curve of (Fg, A;)-type
AD theory. Note that in [22], the relation between the third order ODE with the monomial

potential and the NLIE of D, and Ejg-types have already been studied by comparing the

spectrum numerically. In our work of this section, we provided the direct check of this

duality by use of the TBA equations. Before closing this section, we show the numerical
comparison of the e-expansions of the WKB periods and Y-functions in table , which

again present a good agreement and support the validity of the identification even in the

maximal chamber.

(n—1) (n—1)

n H(&?)p 6%(1%)H(&?3 Mmip Mg

0 —7.469227532 + 27.87553664 —7.469227532 + 27.87553664i

2 —0.009523311889 — 0.03554148383 —0.009523311889 — 0.03554148383

6 —3.287667860 x 10~7 — 8.809279480 x 10~%; —3.287667860 x 107 — 8.809279480~%;

8 —1.483370697 x 108 4 3.974679804 x 1079 | —1.483370697 x 108 + 3.974679803 x 10~ %
12 || —1.084025230 x 10710 ++ 4.045637237 x 10105 | —1.084025095 x 10710 4+ 4.045636732 x 10~19%;
n e%i(l_")l'[gz m%_l)

0 20.40630911 — 35.34476417: 20.40630911 — 35.34476417:

2 0.02601817194 + 0.04506479572i 0.02601817194 + 0.04506479572i

6 —2.406739912 x 10~ 7 4 4.168595808 x 10~ 7 | —2.406739912 x 10~7 + 4.168595808 x 10~ 74
8 —1.085902717 x 108 — 1.880838678 x 10~ 8; —1.085902716 x 1078 — 1.880838677 x84
12 || 2.961612006 x 10719 — 5.129662467 x 10719 | 2.961611637 x 10710 — 5.129661827 x 10~19;
n H’(YT,)l—’n,z’H’(YZ,):s—’h,z % 1)’ é% :

0 —15.89974875 + 9.179724222i —15.89974875 + 9.179724222i

2 —0.06155965576 — 0.03554148383: —0.06155965576 — 0.03554148383i

6 1.525811964 x 10~7 — 8.809279480 x 10~%; 1.525811964 x 10~7 — 8.809279480 x 10~%;
8 6.884347364 x 102 + 3.974679804 x 10~ % 6.884347362 x 1079 4 3.974679803 x 10~
12 || —7.007249243 x 10710 4 4.045637237 x 10719 | —7.007248369 x 10710 + 4.045636732 x 10104
n H’(YT1L?1 —71,2+73,3 m;% Y

0 —23.36897628 + 37.055260874 —23.36897628 + 37.055260874

2 —0.07108296765 — 0.07108296765: —0.07108296765 — 0.07108296765i

6 —1.761855896 x 107 — 1.761855896 x 10~73 | —1.761855896 x 10~ — 1.761855896 x 10~ 73
8 —7.949359608 x 1079 4 7.949359608 x 107 | —7.949359605 x 102 + 7.949359605 x 10~%
12 || —8.091274473 x 10710 4+ 8.091274473 x 10719 | —8.091273464 x 10710 4+ 8.091273464 x 10104

Table 7.3.3: The coefficients of the e-expansions of the WKB periods and the Y-functions
for the monomial potential p(z) = z* — 81.
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Summary

In this section, we studied the wall-crossing of the TBA equations for the third order
ODE with the cubic and the quartic potentials in detail. The formula that relates the
WKB periods and the Y-functions was extended to the one in other chambers, which
was supported by the numerical tests. The structures of the walls were different from the
second order case. The wall-crossing conditions were related to that of the AD theory. In
the minimal chamber, the TBA equations were the (A, Ay)-type (IV = 2,3) while at the
monomial point in the maximal chamber, that became the (Dy4, A;)-type and the (FEs, A;)-
type, respectively. The monomial point is the superconformal point in the context of the
four dimensional theory, so this can be understood as the associated phenomenon with

the duality of the AD theories.
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Chapter 8

Conclusion and discussions

In this thesis, we studied the ODE/IM correspondence for the higher order ODE with the
polynomial potential, especially focusing on the relation between the WKB periods and
the Y-functions as well as the wall-crossing phenomena of the TBA equations. First, we
summarize what we did in each chapter.

In chapter E, we first discussed the ODE/IM correspondence for the conformal limit of
the modified affine Toda field theory. The correspondence was derived from the relation
between the Bethe ansatz equations and the functional relations of the solutions to the
linear problem, which were the analogy of the relations the fundamental representations.
For BAE of type g, the ODE associated with the Langlands dual algebra g¥ corresponds.
We also discussed the numerical test of this correspondence based on our work [39]. We
established the method to calculate the zeros of the Q-functions from the spectral problem
of the linear problems for any affine Lie algebras. Using this method, we observed the
good agreements of the zeros and the Bethe roots calculated from the NLIE.

In chapter @, we reviewed the relations between the WKB periods and Y-functions for
the second order case i.e. the Schréodinger equations. The notion of the wall-crossing of the
TBA equations was also introduced, and we argued both the algebraic and diagrammatic
way of its calculations based on [42, 144, 15].

In chapter E, the relation between the ODE/IM correspondence discussed in chapter
@ and the four dimensional N' = 2 theory was discussed. This relation was one of our

motivations for the studies in chapters H and B We introduced the Seiberg-Witten analysis
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of the low energy physics of the N/ = 2 gauge theory [47,48]. In the analysis, the Riemann
surface called the SW curve, and the cycle integrals of the meromorphic differentials
on it, the SW periods, played the essential roles. It was also introduced the Argyres-
Douglas theory which was first discovered in [56,57] and generalized to (G, G’)-type where
G,G' = A,D,E in [59,60]. In the NS limit of the Q-background, the SW curves are
quantized and become the ODE. The second order ODE with the polynomial potential is
regarded as the quantum SW curve of the (A, Ay)-type AD theory. The WKB periods
were interpreted as the quantum SW periods. We also argued about the BPS spectral
problem and the wall-crossing phenomenon in the 4d N' = 2 theory. The wall-crossing of
the TBA equations in chapter @ was related to that of the (A;, Ay)-type AD theory.

Motivated by the works of the second order case, we generalized the identification
of the WKB periods with the Y-functions for the higher order ODE which is, in the
context of the N' = 2 theory, the quantum SW curve of the (A,, Ay)-type AD theory.
In chapter B, we proposed the formula in the minimal chamber, which was derived by
the WKB analysis of the asymptotic behaviors of the Y-functions. In the analysis, we
used the Stokes graphs and abelianization trees. The formula was tested by the numerical
calculations of the formal expansions, the analytic relation which is the PNP relation, and
the discontinuity structures.

The extension of the relation between the WKB periods and the Y-functions outside
the minimal chambers and the wall-crossing phenomena were studied in chapter B for the
third order case in detail. We performed the wall-crossing from the minimal chamber
to the maximal chamber both in the cubic and the quartic potentials. As expected, the
moduli spaces included richer wall structures than the second order case. At the AD
points where the potential becomes the monomial one, we have observed that the TBA
equations of (A, As)-type became the Dy-type while that of the (As, A3)-type became
the Eg-type one. These are associated with the dualities of the AD theories.

Remaining problems toward the unified understanding

Next, let us discuss the role of the study in this thesis and the remaining problems for

the unified understanding of the (exact) WKB analysis of ODE, 2d integrable models,
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and BPS spectra of 4d N' = 2 theories, which we mentioned in the introduction as the
ultimate goal of our study.

In this thesis, we studied the relation between the higher order ODE with the poly-
nomial potential, the (A,, Ay)-type of TBA equations and their wall-crossings, and the
(A, Ay)-type AD theory. The ODE is the simple generalization of the second order ODE
with the polynomial potential, but whose exact WKB analysis is not well formulated. The
AD theories are the kind of simplest strongly interacting 4d N = 2 theories. Further-
more, their wall-crossings of the BPS spectra are also the simplest one i.e. the pentagon
type wall-crossing. In these senses, we have studied the relation for the simplest class of
examples. So far, we have not achieved the establishment of the exact WKB analysis for
the higher order ODE yet, but at least, we obtained the evidence that it is connected to
the theory of wall-crossings in 4d theory for some examples. As for the classification of
integrable models, our result suggests that the duality of the 4d theory is helpful. In the
following, we discuss the remaining problem concretely.

We computed the wall-crossing of the TBA equations algebraically. However, it would
be hard to calculate for the higher rank ODE with higher order polynomial potential, so
the diagrammatic way of the wall-crossing like the second order case in [44, 45| would
be needed to establish. We are expecting that the (Ay, Ay)-type TBA equations will
become the Eg-type one at the AD point, and it may be possible to study by using the
diagrammatic way of the wall-crossing for the higher order case. In relation to the 4d
theory, the Y-functions may be connected to the spectral coordinates which are defined for
each BPS particles. The Kontsevich-Soibelman wall-crossing formula (KSWCF) provides
a uniform expression of the wall-crossing for the spectral coordinates. So once we could
establish the systematic way of the wall-crossing for the higher order ODE with polynomial
potential, the connection to the formula of Kontsevich-Soibelman may become clearer. In
the study of the wall-crossings, it may be helpful to consider the relation to the cluster
algebras, which appear both in the context of the wall-crossing of 4d theory and exact
WKB analysis [126,[127]. If one could relate the wall-crossing of the TBA equations to
that of the four dimensional theories in a more refined way, the cluster algebras might

provide a hint to the systematic study of the discontinuity formula for higher order ODE.
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It would also be worthwhile to study the discontinuity formula of the WKB periods for
the higher order case and how the TBA equations, which we derived in each chamber,
will be obtained.

The ODE we studied in this thesis is relatively simple to study the ODE/IM correspon-
dence. It would be interesting to consider more general ODE, including other derivative
terms, so that one could study the level-rank duality of the ODE or AD theories through
the wall-crossings. This may support the relation between the 4d theory and the 2d the-
ory. As discussed in chapter H, there were the TBA-like equations that were satisfied by
the spectral coordinates of N' = 2 theories [68]. They also wall-cross at the marginal sta-
bility wall of the four dimensional theory. Indeed, some spectral coordinates are exactly
the same as the Y-functions. Especially for the third order ODE with lower derivative
terms, the spectral coordinates were constructed in [128], but still, the relation to the
Y-functions is not clear. The study of the relations between the TBA equations we dealt
with in this thesis and the TBA-like equations is necessary to the uniform understanding
of these two. There are other generalizations of study of the ODE/IM correspondence for
the quantum AD theory. In this thesis, we only deal with the AD theory of the A,-type,
but quantum curves of other types of AD theories have already been conjectured to be ob-
tained from the conformal limit of the modified affine Toda equations [[74]. Thus, studying
the application of the WKB analysis to the linear problem is worthwhile to investigate
the ODE/IM correspondence for other types. We expect that one can obtain the D,-type
and E,-type TBA equations directly from the (D,, A;)-type and the (E,, A;)-type linear
problems, respectively. Furthermore, the wall-crossing of the AD theory is the pentagon
type which is the simplest one. If we want to study a deeper connection to the KSWCF,
we should investigate the wall-crossings of TBA corresponding to the quantum SW curve
of 4d theory, which enjoys more complicated wall-crossing phenomena, for example, the
SU(2) supersymmetric gauge theory.

Lastly, let us mention the relation to the 4d/2d correspondence. As mentioned, the
ODE with the polynomial potential corresponds to many integrable models, but we only
studied the form of the TBA equations in each chamber. Identifying the integrable models
and understanding the connection between them may help us in the study of the 4d/2d
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correspondence. In the study of the ODE/IM correspondence for the second order ODE
with the monomial potential, there have been pointed out the relation to the 4d/2d
correspondence. The two dimensional theory in the context of the 4d/2d correspondence
by Beem et. al. [80] appears in the maximal chamber [74]. It may be worthwhile to study
the relation to the higher order or more general ODE which is interpreted as the quantum

SW curve of more complicated 4d theory than the AD theory.
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Appendix A

The notation and the data of Lie
algebras

In this appendix, we summarise the notations and data of the Lie algebras, which we used
in the main text. For a rank r semi-simple Lie algebra g, we denote the root as o and the
set of roots as A. The linear combinations of the simple roots o, € A (a = 1,2,...,7)
with positive integer coefficients generate the all the positive roots. The Cartan matrix
Cop is defined by Cyp, == o, - o where the co-root o is given by «a = 2a/a?. Setting the

length of long roots 04120ng = 2, the Cartan matrices are

2 -1 2 -1
-1 2 -1 2
Apsy | , B,>s SO :
-1 2 -1 ~1 2 -2
-1 2 -1 2
9 1 2 -1
-1 9 . -1 2
Crss : S Dy o |
o9 -1 _21 —21 -1
-2 2
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2 -1 2
-1 2 -1
-1 2 -1
-1 2 -1 -1 S
EGZ y E7 —1 2 —1 —]_7
-1 2 -1
-1 2 -1
-1 2
—1 2 -2
-1 2
2 -1
-1 2 -1
-1 2 -1 2 -1
-1 2 -1 -1 2 -1
Es - -1 2 -1 —1|’ Fy -2 2 -1l
-1 2 -1 -1 2
~-1 2
-1 2

Gy : (_23 _21) (A.0.1)

Instead of using the Cartan matrices, the connections of the simple roots are also expressed
by the Dynkin diagrams listed in figure . Expanding the (co-)highest weight 6 (0)
as 0 = Y I n.a, (0¥ =>_ nla)), the (dual) Coxeter number h (h") is defined by
h=3%_yn. (b =>_,n/), where we set ng .= 1 (ny := 1) and call the coefficient
na (nY) the (co-)label. The fundamental weight w, (@ = 1,2,...,r) is defined as the
dual basis to the simple roots i.e. w, - o = dqp. The co-fundamental weight is also
defined by w) = 2w,/a?. We also define the (co-)Wyle vector p (p¥) as the sum of
the (co-)fundamental weights: p = >""_ w, (p¥ = Y., _,w)). Denoting the generator
associated with the root o as E,, the generators E, (o € A) and the Cartan generators

H® (a=1,2,...,r) satisfy the g-type Lie algebra:

[H*, E,] = a"E,, [H*, H®] =0,
Na,ﬁEaJrBa a+ 5 € A, A

.0.2
[E., Es] =< a"-H, a+B3=0, ( )

0, otherwise.
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A.: O—0-:+ -0—0 B.: O—0---0—C®
a1 Qg Qp_1 Qp ap Qg Qp_2Qr_1 Qp

. Oy

C.: @—e - —0—e&—O D.: O—O—- =1

a1 Q2 Qp 201 Qp a1 Qo Qr_2

Qy
Eg - O—O—i—O—O E; ()—()—()—:—O—()
Qa1 Qo Q3 Qg Qs a1 Qo a3 Qg Q5 Qg

as

Fy o—e 10— O
Es : Q1 Qg Q3 Oy

Qp Gz Q3 Q4 Q5 Qg Of

Gy : [ =6
a1 Q9

Figure A.0.1: The Dynkin diagrams of semi-simple Lie algebras

Here N, g is the structure constantl and we used the notation o" - H = > oV H®
The untwisted affine Lie algebra g is obtained by the g-type Dynkin diagram with adding
the root ap := —6 [132]. Then it can be generated by the generators E,, (a =1,2,...,7)
and (E,, (¢ € C).

A.1 The folding procedures

The non-simply-lace algebras are obtained from simply-laced algebras by folding proce-
dures. Associated with the symmetry of the Dynkin diagram of the simply-laced algebra,
which induces the automorphism of the Lie algebra, we relate the roots and the generators
of the algebra to that of the non-simply-lace one.

First, let us explain this folding procedure which relates As,._; and C,. The roots of

IFor the structure constants of the exceptional groups, see [129], and the algorithm to obtain them is
in [130,131].
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Ao,_q are aq, o, ..., ao._1. The symmetry of the Dynkin diagram induces automorphism
which interchanges the simple roots as a, <> as9,_,. Associated with this symmetry, we

relate the simple roots a, of As._1 to that of C,., which we denote 3,, as

1
ﬁazﬁ(aa+a2r—a)7 (121,...,7’—17 67":057" (A]‘]‘)

We denote the generator associated with the simple roots of As,._; and C, as E&“j"—l and

Eg:, respectively. They are related as
Egr =By + By, a=1,...,r =1, Ej =B (A.1.2)
This procedure is illustrated in figure .

a;p oo Q220021 B1 B2 Br—2 Br-1 Br

N
Figure A.1.1: The folding of A, 1 to C,

Next, we discuss the relation between D,.; and B,. The simple roots of D, ; are
a1, ..., apq1. The Zy-symmetry of the Dynkin diagram of D, induces the automor-
phism interchanging the simple roots as «,. <> ;1. Thus, the simple roots 3, of B, are

related by «, as

1
Ba=0,, a=1...,7r—1, 67-:§(OZT+OZT+1). (A.1.3)
The generators of D, ; and B, are identified as
Efr=EJ+, a=1,...,r—1, Ef =EI+ 4 EPL (A.1.4)

This folding is depicted in figure .

(073
ar as fo T Br B Br—2 Br—1 Br

Qpry1

Figure A.1.2: The folding of D, to B,
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The Fj algebra is obtained by folding Es. Denoting the simple roots of Eg as ayq, . . ., ag,
since the Zy-symmetry of the Dynkin diagram of Fg induces the automorphism exchanging
them as a, <> ag_, (a = 1,2), the root 3, of Fy and the generators are related as

1

By = §(a1 +a;), [3= %(042 +ay), fr=az, [ =as, (A.1.5)

and
Ef*=EJ+EY, E'=EP’+EP

a4
which is visualized in figure .

Ef*=EX  Ej'=E", (A.1.6)

o7

Taﬁ
0O O O O O — e—@—— O—O
a1 az a3 a4 Qs B1 B2 Bz s

Figure A.1.3: The folding of Fg to F}

The algebra D, is folded to G5 by the Zs-symmetry of the Dynkin diagram of Dy. Let
the simple roots of Dy be aq,...,ay. The automorphism associated the the symmetry

interchanges the roots ay, as and a4, which leads the relation to the roots 3, of G5 as
1
b1 = g(al +as+az), fr=as. (A.L.7)

The identification of the generators is given by

ES? = ED' + B + ER:, E§? = ED:. (A.1.8)
Figure illustrate this folding procedure.
.y
> ﬁ
oo pr P2
o
4

Figure A.1.4: The folding of Dy to G
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A.2 The representations

For each weight, we can define the representation of the algebras. Let us denote the
fundamental representation on the vector space V (@), whose highest weight is the funda-
mental weight w,, as p(*. The vector space V() has the basis e; (i = 1,2,...,dim V(@)
which has the weight h;: H%; = (h;)’e;. In this section, we summarize the generators
of the representations of the simply-laced Lie algebras. The representations of the non-
simply-laced algebras are constructed from that of the simply-laced ones by the folding
procedures. We show the generators associated with the simple roots a, and the lowest
root ag. The generators of the negative roots are obtained by transposing that of the

positive ones except for the adjoint representation. The Cartan generators are defined
from () In the following, we use the matrix e,; whose (i, j) element is d, ;0 ;.

The representations of A, The first fundamental representation (p*), V(1)) of A, is

r 4+ 1 dimensional. The generators are given by

p(l)(an) = €111, p(l)(Eaa) = €gat1, @=1,... 7. (A.2.1)

The other fundamental representations are constructed from the anti symmetric product
of the first fundamental representations i.e. V() = AV The r-th representation

(p™, V")) is dual to the first fundamental one. Then, the generators are

p(’")(an) = €111, p(r)(Eaa) = €rtl-art2—a; Q@ =1,...,7 (A.2.2)

The representations of D, The first fundamental representation of D, is 2r dimen-

sional, whose generators are given by

p(l)(EOéo) = €211 + €92r,2, :0(1) (Ear) = €r—1,r+1 + €rr42,
(A.2.3)

p(l)(Eaa) = €ga+1 + €2r—a2r41-a, a=1,...,7r—1
The representation V(@ (a = 1,2,...,7 — 2) is the anti symmetric product of V() in
the same way as the A, case. The representation V=1 and V) are 2"~! dimensional,
which are the spinor and the anti spinor representation, respectively. The generator of

the representation V("~Y is the same as that of V(") with the swap E,,_, <+ E.,,.
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The representations of F3; The first fundamental representation is 27 dimensional.

The generators are

p(l)(Ea1) = €12+ €12,15 + €1417 + €16,19 T €18,21 T €20,22,

P(l)(Eag) = €23+ €10,12 + €11,14 + €13,16 1+ €21,23 + €22 24,

P(l)(Ead) = €34 t €810+ €911 T €16,18 T €19,21 + €24 25,

P(l)(Ea4) = €45+ €68+ €11,13 T €14,16 + €17,19 + €25 26, (A.2.4)
P(l)(Ea5) =e57 1+ €g9 + €10,11 T €12,14 + €15,17 + €26 27,

p(l)(Ea(S) = €46 T €58 T €79 + €1820 T €21,22 1 €23 24,

P(l)(an) = €90,1 T €222 + €243 + €254 + €265 + €277

The fifth fundamental representation V® is given by swapping E,, <+ E,, and E,, < E,,
of the first fundamental representation. The sixth fundamental representation V(© is the

adjoint one, whose dimension is 78. The generators are given by

6
P( )(Eal) =e47 + €69 + €10,12 + €11,13 + €14,17 + €15,19 + €18,22 + €20,24
+ €25,29 + €30.35 — €36,37 T 2€37,43 — €3843 — €44,49 — €50,54 — €55,59
— €57,61 — €60,64 — €62,65 — €66,68 — €67,69 — €70,73 — €72,75,
ON(E,,) =es4 + €56+ €s11 + 12,16 + €17.21 + 10,23 + €22.96 + €
p o 3,4 5,6 8,11 12,16 17,21 19,23 22,26 24,28
+ €29.314 — €30,36 — €35,38 — €37,44 T 2€38 44 — €39,44 T €4349 — €45,50
— €51,55 — €53,57 — €56,60 — €58,62 — €63,67 — €68,71 — €73,74 — €75,76,
O)N(E,;) =23 + €610 + €012 + €11.14 + €1317 + €az07 — €25.30 + €26,31 + €
p os 2,3 6,10 9,12 11,14 13,17 23,27 25,30 26,31 28,33
— €29.35 — €34,39 — €3845 T 2639,45 — €40,45 — €42.45 T €44.50 — €46,51
— €48,53 T €49,54 — €52,56 — €62,66 — €65,68 — €67,70 — €69,73 — €76,77
6
P( )<Ea4) =e€35 + €16 + €79+ €1418 + €17,22 — €20,25 + €21.96 — €24.29
+ €27,32 — 28,34 — €3340 — €39,46 + 2€4046 — €41,46 + €a551 — €a752  (A.2.5)
+ €50,55 — €53,58 1 €54,50 — €57,62 — €61,65 — €70,72 — €73,75 — €74,765
©)(E,;) =ess + €611 + €913 + €104 + €1217 — €15.20 + 1621 — €
p as 5,8 6,11 9,13 10,14 12,17 15,20 16,21 19,24

— €398 — €27,33 — €32.41 — €40,47 + 2€41.47 + €4652 + €5156 T €5560
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— €58,63 T €59,64 — €62,67 — €65,690 — €66,70 — €68,73 — €71,74,
6
/)( )(Eag) =e1,2 — €10,15 — €12,19 T €14,20 — €16,23 T €17,24 — €18,25 T €21,28
— €220 — €2634 — €31,42 — €39.48 + 2€42.48 + €4553 + €50,57 — €51,58
+ €54,61 — €55,62 T €56,63 — €59,65 T €60,67 T €64,60 — €77,78,
O (Eqy) = + €421 + €482 — €503 + €604 + €625 — €636 — €617 + Coas + €
P oo 42,1 + €482 — €593 + €604 + €62,5 — €636 — €61,7 T €64,8 T €659
— €66,10 T €67,11 — €68,12 T €69,13 — €70,14 — €71,15 T €73,16 + €659 — €66,10
+ €67,11 — €68,12 T €69,13 — €70,14 — €71,15 T €73,16 — €74,17 + €72,18 — €75,19

+ €7620 — €77,31 — €78,37 — 2€78.38 — 3€78,39 — 2€78 40 — €78 41 — 2€78.42-
The generators associated with the negative roots are given by
pPNE_,,)=S1"pOE,,) S, (A.2.6)
where the matrix S is defined by

S =135 ® Cpy ® 136. (A.2.7)
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Appendix B

The TBA equations from the
relativistic many-body system

In this appendix, we derive the TBA equations following [133,[134]. The TBA equation
is useful to compute the free energy by which we calculated the effective central charge
in the main text. Before deriving the TBA, let us explain the relation of the free energy

and the effective central charge.

Consider a quantum system on a two dimensional Euclidean space with periodic
lengths L and R. If we regard the direction with periodic length L as the space di-
rection, the partition function Z is expressed by the Hamiltonian along the L direction
H; as Z = tre ®HL_ Here the trace is taken over the Hilbert space of the quantum one
dimensional system along the L direction. In the same sense, the partition function is also
written as Z = tre Y& where Hp is the Hamiltonian along the R direction. If we take
the limit L — oo, the ground state energy Ey(R) of Hgr becomes dominant: Z ~ e~ FFo(R),
On the other hand, the limit L — oo corresponds to the thermodynamic limit when we
think of the L direction as the space direction, and the theory becomes a one dimensional
model with the inverse temperature 1/R. Denoting f(R) as the free energy per unit

~LEf(R)  Thus, the ground state energy of

length, the partition function becomes Z ~ e
a finite volume system FEy(R) and the free energy of a system with inverse temperature

1/R are related as

Eo(R) = R(R). (B.1)
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In the limit R — oo, the ground state energy becomes
im Fjy 5 Ceffs .

where c.sy is the effective central charge of the conformal theory which emerges in the
UV limit. To see this, consider a conformal field theory with central charge ¢ on the
complex plane with coordinate (z,z). Under the conformal transformation w = g(z) from
the complex plane to the torus with circumferences R and L:

o) = 5 log (B.3)

the holomorphic and the anti-holomorphic parts of the stress-energy tensor 7'(z) and T(%)

transform to 7"(w) and T (w), respectively as

T (w) = (%)2<Z2T(2) ~2), Tm)= (%)2(22:%) -3 (B.4)

The stress-energy tensor has the mode expansion T'(z) = > | Lpe 7 (T(z) = > Loe™ 77)
where L, (L,) generates the Virasoro algebra with central charge c¢. Regarding the R
direction as the space and integrating ;= (T'(w) +T(w)) over the R direction, one obtains

the Hamiltonian H:

2m — s
H=—(Lo+ Ly) — —c. B.5
A (Lo + Lo) R’ (B.5)
The partition function of this theory is written as
2mL — c
Z=twexp |- (Lo+ To— =) |. B.
I exp [ 7 (Lo + 73 ] (B.6)

Thus, the ground state energy Ey(R) in the UV limit is related to the energy of this

conformal theory as

. 2m —

C

73) = (e~ 240m). (B.7)

6R

Here A,,;n and A, represent the minimum conformal dimensions of the operators in this
theory. In the last equation, we identified the holomorphic part and the anti-holomorphic
part. ¢ — 24A,,;, is nothing but the effective central charge c.;s. For the unitary theory,

Apin = 0 and then c.;y becomes the central charge.
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Now let us derive the TBA equations which compute the free energy f(R) in the
above argument. Thus we consider a one dimensional quantum system on a circle with
length L. The system is composed of r types of particles, and the number of each type
of particle is N, (@ = 1,2,...,r) with the total number N = > N,. We set the masses
of the particles m, (a =1,2,...,r), so the correlation length is about & ~ 1/m,,;, where
Mmin 1S the smallest mass. Suppose the coordinates of the particles x; (i = 1,2,..., N)
are sufficiently separated, i.e. |z; — ;| > £, and ordered as z; < z; (i < j). This ensures

that we can ignore the off-shell effects. The wave function of this system is then

U(zy,29,...,2N) = Heipm, (B.8)

where we denote the momentum of the particle at x; by p;. In the following, we impose
the integrability of this system. Concretely, we assume that the numbers of the particles
conserve and the scattering is purely elastic. Introducing the rapidity 6;, the relativistic

energy and the momentum of the particle at x; are written as
Ei =m,; cosh 81 pPi = My sinh 91 (Bg)

Here m; € {m,},. Consider the scattering which exchanges the ordering of x; and x;,.
This changes the wave function and we denote the effect of the scattering by S-matrix
S(6; — 0;). If we move the particle at z; along the circle with scattering all the other

particles once, the wave function becomes
eipiLHS(Hi—Qj)\I/(xl,xg,...,mN). (BlO)
J#
Imposing the periodic boundary condition, we obtain
et T[S0 - 0;) =1, i=1,2,...,N, (B.11)
J#
which is the Bethe ansatz equation. Taking the suitable amplitude, one recovers the

BAE in chapter E From here, we consider the system in the thermodynamic limit.

In the thermodynamic limit . — oo, the numbers of the particles also go to infinity
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N, — oo. Thus it is convenient to introduce the occupied density of the particles pl,(6)

(a=1,2,...,7r). The total energy per unit is then calculated by

E = Z/ d® m, cosh 0y, (6). (B.12)
a=1Y >

Denoting the S-matrix associated with the scattering of a and b particles with rapidity 6
and 0’ by S.(0 — ¢'), the logarithm of the condition (B.11)) is written as

d 2n () ()
inh ' p x| = —". B.1
Mg sinh 6 + 4 bzz; pp * log Sap(6) 7 (B.13)

Here n(“)(H) is an integer, and x represents the convolution. Differentiating this equation

with respect to the rapidity #, we obtain

mg cosh 6 + Z Py * Kap(0) = 2mp,(0). (B.14)

b=1

pa(0) is the allowed density in the rapidity space, and Ky, = —i% log Sup(6), which we
called the kernel in the main text. To construct the free energy, let us consider the entropy
S. If the particles are fermions, introducing the hole density p := p—p’ and using Stirling’s

formula, the entropy is

S=255= Z/de [pa10g pa — P, 10g pfy — Py l0g py]. (B.15)
a=1

For the bosonic case, the entropy becomes

S=8=>Y_ / d0 [(pa + p,) log(pa + ;) — palog pa — pq log py]- (B.16)
a=1

Since the temperature is R, The free energy is f = E — RS. In the thermodynamic
equilibrium, we have to minimize this function. Varying the free energy with respect to
the density p but with the constraint (|B.14), one obtains the conditions for the densities.
To write down these, it is convenient to introduce the pseudo-energy €, (6) which is defined

from the densities by

— for fermionic case,
R @ , (Bl?)
for bosonic case.
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Note that these are equivalently written as

—€q

(&

/ T o for fermionic case,
Pa _flte (B.18)
a e .
P —  for bosonic case,
1 —e ¢

which are nothing but the distribution functions. In this sense, we call ¢, the pseudo-

energy. The minimum conditions show the pseudo-energies satisfy the TBA equations
€a(0) = myRcosh F iZT:K,IZ,*log(l +e ) (0). (B.19)
27 —

Here we take the upper or lower sign depending on the fermions or bosons, respectively.

The free energy (multiplied by R) is then
Rf(R) = Ey(R) = :Fi zr:/oo df m, cosh flog(1 +e™). (B.20)
2m a=1"Y 7~

In the main text, we used the TBA equations in the kink limit in which the driving
term m, R cosh § becomes m,Re’. The TBA equations can be converted into Y-systems
from which we derived TBA in the main text. From the asymptotic Y-system, one obtains
the condition for the mass of the particles m, which is the proportionality to the Perron-
Frobenius vector. Furthermore, from the asymptotic behaviors of the Y-functions in the

UV limit, one can calculate the effective central charge of the underlying conformal theory.
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Appendix C

The Cheng’s algorithm for the linear
problems

In this appendix, we discuss the numerical method to obtain the solutions to the linear
problems which we argued in chapter a as the formal series expansion around the origin.
For the Schrodinger equation, the solution around the origin is obtained by an iterative
method which we call the Cheng’s algorithm [[135]. This method is generalized and used
to solve the adjoint ODE in [29], and then we applied it to the (dual) linear problems

in [39]. The linear problem we consider in chapter E of dimension n has the form
LY(z) =0, L=Dlql+P, (C.1)

where the differential operator D[q] is defined by

d g

Here Y ", ¢; = 0 and P is the off-diagonal matrix where the elements are the polynomials
in . To obtain the solutions to the linear problem as the formal power series, we introduce

the inverse differential operator L[g] in terms of the action on the vector with monomial

elements. Denoting the vector as v := *(2P*,... zPr), the action of L[g] on v is given by
p1+1 pn+1
L[q]v—t(x—,...,x—). (C.3)
mt+l—-q m+l—q

One can easily show that L[q] is the inverse operator of D[q]:

Llq] Dlq] v =Dlq] L[q] v = v. (C.4)
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Using the inverse operator, we define the function X/ (m =0,1,...) iteratively:
where the initial condition is defined by

X (x) :="40,..., 2% ,...,0). :
) o i-thjc?n/;:)’nent ) o
Taking the limit m — oo, the function X;(z) = lim,, . A" (x) become the solution X;
to the linear problem. This can be proven as follows:
L X;(x) = (Dla] + P)(X(z) — Llg|(PXi(z)))
= P(Xi()(l') — X(z) — L[Q](P)(i(x))) = 0.

Here we used D[q]X’(z) = 0. One can also easily show that {X;(z),...,X,(z)} are

(C.7)

linearly independent from the asymptotic behavior around the origin.

As an example, let us explain the Eél) case. The linear problem for V) of Eél) is

d 6
D[q] =lo7— — 27 q = Zla ,0(1)<Ofa : H), <08>
a=1

dr =z —
P = p(l)(EOq) + ﬁp(l)(E(m) + \/gp(l) (Ea:s) + \/ﬁp(l)(Eoux)
+ PV (Eay) + V20 (Eag) + pla, E) p (Eay). (C.9)

For the case in chapter B, where the potential is p(z) = 2* — E with the monodromy

parameter [ = (5/12,1/3,0,—1/3,—-5/12,1/10), the highest component of &} is

51 160451840000E 14015 437678816000 17312
137931559732275309+/3 30622269497100148413+/3
4927641304141824 E?
. 54927641304141824000000000 W2y (C10)

12325053095061152120611792093400953456769103
The dual linear problem is obtained by replacing F,, = —F_,, in (@) The lowest
component of X'; becomes

18712 9697109248000 331/12

X =x
X127 5766433072467466952630259+/3
5142734920000000 3551

+
12093036229962779542892824383+/3

Evaluating this at the appropriate xg.q and equating to zero, one obtains the zeros of
the Q-function QW (E).

(C.11)
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Appendix D

Picard-Fuchs operators and quantum
corrections for the higher order ODE

In this appendix, we summarize the Picard-Fuchs operators and the quantum corrections

for the (A,, A;)-type ODE with the quadratic potential p(x) = ugx?® + us for r < 6 up to

€'% order. Since the absence of u; i.e. u; = 0, we use the other expression rather than

that we explained in the main text. The corrections are written as

1) = 0% g, 15, 00) (M ). (1L, = f y7d (D.1)
vy

where a, = 0,1,...,7 and the WKB curve is defined by ¥ : y"*' = p(z). For the odd
r=2k+1(k=0,1,...), a, is given by

{lzn}nzl’gw. == {2]{5 + 1, 2/{3 - 1, ey 1, 2/{3 + 1, cee } (D2)
For the even r =2k (k=0,1,...), a, is

{lan¥neto.. = {2k, 2k —2,...,0,2k — 1,2k — 3, ..., 1,2k, ... }. (D.3)

The third order: (Ay, A;) The PF operators O™ (ug, us, d,,) for the third order ODE

are given by

PF __ 89“385 PF _2111‘% 7

PF _ U0 2 _ _
Oy = 4 O 6 5040 42’ 8 40320 42’ (D.4)
pp 2160997u§ 1o pr  897629u] 12

127 73632428800 “27 M T 4151347200 “*
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The quantum corrections divided by the classical SW periods are given by

HS/Q) o 7U0
(Tly),  144u3’
n®  26317819u}

(IL),  322486272uj’

m® 2198308
(L),  1119744u}’
0 70877384469605u 0
(Tl,),  13792092880896u1"" :

I 429318166799748793u]

(ﬂ2)7

The fourth order: (As, A;)

4694326886006784u}? -

The PF operators for the fourth order ODE are given by

2 3
pr_ 353uf pr _ 11099u5 ¢ oPF _  49707277uf (D.6)
8 8064 "2’ 107 362880 "2’ 12 2075673600 2’
OFF — 4828591 u] ol OFF ~ 4477909193uf 2
230630400 2 219967488000
The quantum corrections divided by the classical SW periods are
Y su TN S U7
(), 483" (L), 5120}
Y 46974 Y 1170195u)
(I15), 7372803’ (I1,), 3670016uS’ )
" 266764465u 1? 1225284378058 ‘
(Ty),  75497472uf ’ (1), 29527900161
Y 61815211551765u]  T1®  15168742752828973us
(I15), 55834574848ut " (IT;), 5497558138881

The fifth order: (A4, A)

Su

PF 0 52 PF

02 - 12 8“2’ 04 -
PF _ 8177“8 7 PF _
1007 98512 w2 T2

The PF operators for the fifth order ODE are given by

13u? OFF _ ~ 3889uy .6

72 8 18144 42’
5801857ul pp  06172661uf 910
13837824 vz’ T T 8491392 U2’

83

ug’?

(D.8)
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The quantum corrections divided by the classical SW periods are

The sixth order: (As, A)

P 13u Y 14302

(),  80u3’ (), 80003

P 306425977u mf”  39003856619u] D.9)
(),  672000000us’ (), 28800000004} ’ '
I 1965108059811387uf 1Y 57186073300864563u]

(IL,),  5632000000000u§  (IL,), 16640000000000u1°

The PF operators for the sixth order ODE are given by

3 4
S O
O{)ZF _ _50444678155u8 S ’ iF _ 271675168801%%0.
11955879936 ™2 23911759872 ?
(D.10)
The quantum corrections divided by the classical SW periods are
P 2u P 51350
(), 9’ (L),  17496u3’
m  4163995u 4% 4792244424725u8 (D.11)
(I15), 1102248u§’ (1), 3367210176u§ '
"™ 2655624775029775u]
(I;),  35814871872uf

Note that for the quadratic potential, the quantum corrections of order n
(k=0,1,..

The seventh order: (Ag, A;)

by

.) vanish while they do not vanish for

6k + 4

the general potential.

The PF operators for the seventh order ODE are given

pp _ (U0 o PF 11943
02 = Eauw 4 = _W@JW
o — 2238 9 OFF — 76955208490ug o
(D.12)
OPF:_MES OPF:%WQ
. 5702400 2’ 14 = T 3706560 O
orr — ~ 3131950604279u} o

5930496000



180

The quantum corrections divided by the classical SW periods are

P 95u ) 22102

(Ilg),  336u3’ (L),  6272u}’

) 168113u3 (' 4289832955851

(),  384160u}’ (),  2891341824u] ’ D13)
{"»  63908958440313493uS ™ 5422964705164303925u] '
(),  37402397835264u5 ' (),  17189990924288u3

1Y 50642618652822320762759u
(g),  1692552952545280us!
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Appendix E

Wall-crossings for (Ay, A3) from the
minimal to the maximal chamber

In this appendix, we write down the TBA equations in each chamber from the minimal
to the maximal for the (Ay, Az)-type ODE. The path and the walls of the wall-crossing
are in chapter H Same as in chapter H, we express the TBA equations by the intersection

+

matrices together with the definitions of the Y-functions. Since I~ = ‘I*, we only show

the matrices I and I*T. We also illustrate the charges on the complex plane, which may

be helpful to see the relation to the wall-crossing of the N' = 2 theory.

The first wall-crossing

After the first wall whose condition is (), the new Y-functions are defined by

1 1

vy =v: () (1+ ——)., YY) =01+ —"
1 () 1( )( _'_}/2(«9—%))7 2 () 2( )( +Y'1(9+%))’
I L 45 (E.1)
2(9*§) Y1(0)
Y (0) = :  YiV(0) = vi(0),

Y1(0)Y2(0—-7)

which satisfy the relation () The intersection matrices of the TBA equation in this

chamber read

(E.2)
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Here the entries are ordered from the top to the bottom as 1,2,3,12. The new mass is

given by mqy = |m12|ei¢)12 = my + e 3my. The Y-functions and the WKB periods are
related by
log¥,(9) = €'IL,,,(6),  log¥;"'(6) = ¥ ML (6), )
log Vi (0) = ¢ T'TL2(0),  1og Vi) (6) = 'TL, 11y, (6). |

We depict the charges H§?>1,H$?2,H$§’3,H‘m and T1° in figure @ At the wall,

the classical periods Hgl . and Hgs , align and the new BPS particle with charge Hgn)1 3

V1, 1+’73 2

emerges, which is illustrated by the arrow label by e in the figure. We also show the

vector of 1_[(72)1 tyg = €3 Hgl)l 434> Which is labeled by f for the illustration of the later

wall-crossings.

(a) t = 0.061571... (b) ¢ = 0.123142... (c) t = 0.143414...

Figure D.1: The classical periods in the process of the first wall-crossing. The vectors

represents the classical periods on the complex plane (a) before, (b) at and (c) after

the wall-crossing. The arrows labeled by a, b, c,d, e and f represent the classical periods
0 0 0

HSYI?I? ]'_‘['(YS 29 Hf(YS)37 HSYI)2’ H( ) and H )

VL1432 2147100 TESPectively.

The second wall-crossing

For the second wall-crossing, we define the new Y-functions by

Ly y@e) =vO00+

B0 -%) 00+ %)

14 —— + - (E.4)
2 Y (0-%F) 0 Y3 (0) 2 1
}/2(3)(9) = : 13 ° ’ Y;)(th)ers(e) = Y:)(th)ers(e)7

v o)y (0-%)

Y20) =3 (0) (1 +
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which satisfy the relation

1 1 1
oo - e U vee)
14— = (1 =) (1 + ————) (£.5)
v,V (0) v, 2 (0) Y20+ )
@) gy (2) Ty (2) 1
LEOYT0 - ) =V O+ o )

From this relation, one obtain the TBA equations in this chamber, whose intersection

madtrices are

-1 1 0 1
1 -1 1 0
I= 1 -1 R - o1 | (E.6)
-1 -1 1 0
-1 1 -1 0
Here the entries are ordered as 1,2,3,12,23. The new mass is mo3 = |mas|e® =

ms + e’%img. The identification between the WKB periods and the Y-functions are the
same one in (@) with replacing Y — Y® and that for }/2(32):

log Va3 () = €Tl g5 (6).- (E.7)

The charge vector in this wall-crossing process is illustrated in figure @ At the wall,

HSQ?Q (b) and Hggg (c) align and the new charge n” (g9) emerges. In the figure, we

¥3,2+73,3
0 2mi 0
©) =e€e 3 H( )

ot = ~aatnss (1) for the later wall-crossing.

also draw the charge II

The third wall-crossing

The new Y-functions for this chamber is given by

1 3) 2) 1
Y90 =30 (1+ ——) Y50 =Y5 )1+ —5—)
Y5 (6) Y2 (9)
1+ —o—+ —3 (E.8)
Y23(132) (9> - Y113 (ei le (9) Y Y;)(tgh)er = Y;)(tQh)eN
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(a) t = 0.143414... (b) t = 0.163685... (c) t = 0.18316...

Figure D.2: The classical periods in the process of the second wall-crossing. The vectors
represents the classical periods on the complex plane (a) before, (b) at and (c) after the
wall-crossing. The arrows labeled by a,b, ¢, d, e, f,g and h represent the classical periods

0 0 0 0 0 0 0 0 .
H’(Yl?ﬂ H'(YS?W H’(73?37 H’(Yl?% H’(Y1?1 +73,27 H’(YQ?1+71,27 H’(YS?2+’YS,3 and HEY1?2+’Y1,3’ respectlvely.
which satisfy the relation
1 1 1 1 1 1
1+ =1+ —)14+—7) +——=(1+ )(1 )
2 3 3 ’ 2 3 3
37 (6) P07 Yih) 0 Vi (6) Yih(0)

Y20 5(0) = vin (1 + ). (E.9)

Vi (6)

The intersection matrices of the TBA equations are obtained as

-1 1 0 1
1 -1 1 1 0
B 1 -1 . 0 1
I= i L= 0 (E.10)
~1 1 -1 0 -1
1 ~1 -1 1 -1 0

Here the entries are ordered as 1,2,3,12,23,312. The new mass is defined by mgzis =
|M312|€i¢312 ‘= ms + my2. The identification with the new Y-function with the WKB
period is

3
1Og }/3(12) = 66H71,1+73,2+73,3(0)' (E'll)

The process of this wall-crossing is visualized in figure @, in which at the wall, Hgg?:,) (¢)
and 11

yia4s0 (€) align, then the new charge n” (i) emerges.

71,1+73,2173,3
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(a) t = 0.18316... (b) ¢ = 0.202635... (c) t = 0.246326...

Figure D.3: The classical periods in the process of the third wall-crossing. The vectors
represents the classical periods on the complex plane (a) before, (b) at and (c) after the
wall-crossing. The arrows labeled by a,b,c,d, e, f,g,h and i represent the classical pe-

: ©0) 0 70 (0 (0 (0) (0) (0) (0)
riods HVlal’ H7372’ H73*37 HVL?’ H”/1,1+73,2’ H’Yz,1+71,27 H73,2+“/3,3’ HW1,2+’YL3 and H71,1+73,2+”/3,3’ re-
spectively.
The fourth wall-crossing
The new Y-functions are
1
e =vPO0+ m—0r) %O=%"00+ 5 —-)
V320 - &) Y0+ %)
1+ 3) L Dy + (31) <E12>
4 Y7 (0-23)  Y17(0) 4 3
Y’l%)(e) - 13 ’ }/;)(th)er(e) = }/:J(th)er(8)7
YOy (0-24)
which satisfy
1 1 1 1 1 1
1+ =(1+—7F—)1+——), 1+ =1+—)(1+ :
3 4 4 ’ 3 4 4 i)
Y{7(0) e v {3 (0) i) v+ s
@y @ g _ 2T _ @ 1
Yig (9)}/1,2 (0 — ?) = Y’ﬁ (9)(1 + YLTW)) (E.13)
12
The intersection matrices read
-1 1 -1 0 1
1 -1 1 1 1 0
1 -1 0 1
1= -1 -1, It=]-11 0 -1 -1
-1 1 -1 0 -1 -1
1 -1 2 -1 1 -1 0
-1 1 -1 2 -3 -1 1 -1 0

(E.14)
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Here the entries are arrayed in the order 1,2,3,12,23,312, 12. The new mass is My =

Imyslez = my + e~ %" my, and the identification of Yfl(v;) with the periods becomes

log v = egn'n,r%,z (6). (E.15)

4
12

Figure @ shows the plots of the charge in this wall-crossing process. At the wall, the

two charges Hg??l (a) and Hg% (d) align, and the new charge n” (7) emerges.

Y1,1—71,2

(a) t = 0.246326... (b) ¢ = 0.290017... (c) t = 0.328471...

Figure D.4: The classical periods in the process of the fourth wall-crossing. The vec-
tors represents the classical periods on the complex plane (a) before, (b) at and (c) after
the wall-crossing. The arrows labeled by a,b,c,d, e, f,g,h,i and j represent the clas-

: : (0) (0) (0) (0) (0) (0) (0) (0) (0)
sical perlOdS H’YLU H’Y3,27 H’Y3,37 H’Yl,27 H71,1+’V3,27 H72,1+71,27 H"/3,2+W3,3’ H71,2+71,37 H71,1+“/3,2+73,3
0 .
and Hgl?l_ﬂm, respectively.

The fifth wall-crossing

The Y-function in this chamber is defined by

1

IERCEED v+ 5)

1_'_ @) 1_@ + (41) <E16>
YE)(Q) _ Y, (6 3 ) Y1,3 (9)’ Y(5) (9) _ }/;)(él)er(e)7

1 other
vi 0y, (0-2)

Y32 (0) = vV (0)(1+
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The intersection matrices are given by

-1 1 ~1 0 1
1 -1 1 11 1 0
1 -1 ~1 0 1
B ~1 ~1 L= 0 -1 -1 -1
= ~1 b= 1 -1 0 -1 -1 —1
1 -1 2 =2 -1 1 -1 0
~1 1 ~1 2 -3 -2 -1 1 -1 0
1 -1 -1 -2 -2 -3 -1 1 —1 0
(E.17)

whose entries are ordered as 1,2, 3,12, 23,312, 1~2, 23. The new mass is defined by mg; =

|mag5]e¥ == ms + e~ 5 my. The identification of Yz with periods is
5
log sz(B) = €9H73,3—’Yl,2 (0). (E.18)

The charges are plotted in figure @ In the process, the classical periods Hgg?g (¢) and

H(v% (d) align, and then the new period o (k) emerges.

73,3771,2

(a) t = 0.328471... (b) ¢ = 0.366924... (c) t = 0.400536...

Figure D.5: The classical periods in the process of the fifth wall-crossing. The vectors rep-
resents the classical periods on the complex plane (a) before, (b) at and (c) after the wall-
crossing. The arrows labeled by a, b, ¢, d, e, f, g, h,7,7 and k represent the classical periods
sy, sy, ne,, o, n® oon? oon©@ o on? ' ., and

Y1,1+73,27 ~ 2,1 +71,27 T y3,2+Y3,37 T oyL,2 1,30 Ty, +y3,2+Y3,37 T UYL,1— V1,2
0 .
o respectively.

V3,3=71,2”
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The sixth wall-crossing

In this chamber, we introduce the Y-functions by

©) gy _y ) 1 ©) gy — 1O 1
5(0) Y701+ Y§)(9))= Y 0) =Y O)(1+ Yﬁ’(e))
1 1
6) 1+ v{P(0) + yg’)(e) (6) (5) (E.19)
3/1\2(6) 1 1 Yother = Yotner:
Y2 (0) v (0)
The intersection matrices of the TBA equations in this chamber are
-1 1 —1 -1 0 1
1 -1 1 1 1 1 2 0
1 -1 -1 -1 0 1
—1 -1 -1 1 0 -1 -1 -1 =2
—1 —1 It = 1 -1 0 -1 —1 —1 -2
1 -1 2 -2 =2 -1 1 -1 0 -1
-1 1 —1 2 -3 -2 -3 -1 1 -1 0 —1
1 -1 -1 -2 -2 -3 -3 -1 1 -1 0 -1
-1 2 -1 -2 -3 =3 -5 -1 1 -1

(E.20)
whose entries are arrayed as 1,2, 3, 12,23,312,13,53,3/1\2. The new mass is msy =

|mags|€¥s2 == mg3 + my. The identification for the new Y-function Y3/(16\2) is given by

log Yg(%) = 60H71,1*71,2+’73,3 (0) (E'Ql)

We plot the charges in this process in figure @ At the wall, HS;?S (¢) and n” (7)

Y1,1—71,2

align and new charge nt

Y1,1—71,2+73,3 (l) €Imerges.

The seventh wall-crossing

We define the Y-functions in this chamber by

1 7) (6) 1
Y, 000) =Y;0(0) (1 + —g———).  Yaia(0) = Yo (0)(1+ —)
Vi (6 + %) ;7 (6 - %)
1+ s + 50 (E.22)
7 Y, (0—-251) Y315(0) 7 6
}%(12)2(9) = 1 . 1 : ) Y()&h)er(@) = Y:)(th)er(e)'

Y0025 ¥{73)(0)
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(a) t = 0.400536...

(b) t = 0.434148...

(c) t = 0.441858...

Figure D.6: The classical periods in the process of the sixth wall-crossing. The vectors
represents the classical periods on the complex plane (a) before, (b) at and (c) after the
wall-crossing. The arrows labeled by a,b,c,d, e, f, g, h,,7,k and [ represent the classical

: (0) (0) (0) (0) (0) (0) (0) (0) (0)
periods H'Ylal’ H'Y&?’ H'Y3a3’ H’Ylv?’ H71,1+’Y3,2’ HW2,1+’YL27 H73,2+73,37 H71,2+71,37 H”/1,1+73,2+’Y3,3’
0 0 0 .
H’(Yl?l_'Yl,Q’ Hg’rgs—’h,z and Hg1?1—71,2+’73,3’ respectlvely.
The intersection matrices are
-1 1 -1 —1
1 -1 1 1 1 1 2 1
1 -1 -1 -1
—1 -1 -1
-1 -1 -1
I= 1 -1 2 -2 -2 -3\
-1 1 —1 -3 -2 -3 -4
1 -1 -1 -2 -2 -3 -3 —4
-1 2 -1 -2 -3 -3 -5 -6
1 -1 -3 -4 -4 —6 -5
0 1
0
0
-1 1 -1 -1 -1 -2 -1
1 -1 o -1 -1 -1 -2 -1
+ _
I = -1 1 -1 0 -1 1V (E'23)
-1 1 -1 0 -1 1
-1 1 -1 0 -1 1
-1 1 -1 0 3
-2 2 =2 0
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Here the entries are arrayed in the order as 1,2, 3,12,23, 312, 12, 2~3,3/1\2, 3122. The new

27

. ; _ . 7 .
mass is defined by msgi99 == |m3122|el¢3122 ‘= M3z + e~ 3 my. The new Y-function }/3(12)2 is

identified with the WKB period by

log 1/;5(/17212 - eGHV1,1*71,2+’Y3,2+’73,3 (9> <E24)

The plot of the charges in this wall-crossing process is illustrated in figure @ The

two charges Hg% (d) and Hg?l Fvsat1s.3
©

Y1,1—71,2+73,2+73,3

(7) align at the wall, and then the new charge

(m) emerges.

(a) t = 0.441858... (b) ¢ = 0.449568... (c) t = 0.528887...

Figure D.7: The classical periods in the process of the seventh wall-crossing. The vectors
represents the classical periods on the complex plane (a) before, (b) at and (c) after the
wall-crossing. The arrows labeled by a, b, ¢, d, e, f, g, h, i, j, k,l and m represent the classi-

: (0) (0) (0) (0) (0) (0) (0) (0) (0)
cal perlOdS HWl,l’ H73,27 HV3,37 H71,27 H71,1+73,2’ H72,1+71,27 H’Ys,2+73,37 H’71,2+W1,3’ H”/1,1+73,2+’Y3,3’
(0) (0) (0) (0) ,
H’Yl,l—Vm’ H’)/3,3—’Yl,2’ H’Y1,1—’71,2+73,3’ and H71,1—71,2+73,2+’Y3,3’ respectlvely.

The eighth wall-crossing

Th Y-functions in this chamber is defined by

1
v+ %)

1
7 g
Y3 (0 - 3)
1+ o+ =
Y-2(381) ((9) _ Y3 (9*1?) Yy (0) 7 Y(S) _ Y(7)

other other?’
7 7 s’
Y70y (0-%)

Y®0) = v7(0) (1 + ), Y5(0) =Yy (0)(1 +

)

(E.25)
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where the intersection matrices of the TBA equations for them are

-1 1 ~1 -1 -1
1 -1 1 1 1 1 2 1 2
1 -1 -1 -1 ~1
~1 ~1 ~1
~1 -1 -1 1
I= 1 -1 2 -2 -2 -3 —1],
-1 1 ~1 2 -3 -2 -3 —4 -2
1 -1 -1 -2 -2 -3 -3 -4 -1
-1 2 -1 —2 -3 -3 -5 —6 —3
1 1 -1 -3 -4 —4 —6 -5 -1
-1 2 -1 1 -1 -2 -1 -3 —1 -3
(E.26)
0 1
0
0 1
~1 1 0 -1 -1 -1 -2 -1 -1
1 -1 0 -1 -1 -1 =2 -1 -2
If=|-11 -1 0 -1 1 -1
11 -1 0 -1 1 -1
-1 1 -1 0 -1 1 -2
-1 1 -1 0 3 -1
—2 2 -2 0 -3
~1 0

Here the entries are aligned in the order of 1,2,3,12,23,312,12,23,312,3122,231. The
new mass term is moz; = |mag; €1 = my + e_%imgg. We identify the Y-function Y2(381)
with the WKB period as

8
log Yay! = €"TL, gy (6)- (E.27)

The charges in this wall-crossing process is depicted in figure @ The two periods Hg??l
(a) and n”

vs2+7ss () align and the new period n” (n) emerges.

Y1,1773,2773,3
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(a) t = 0.528887... (b) ¢ = 0.608205... (c) t = 0.631547...

Figure D.8: The classical periods in the process of the eighth wall-crossing. The vec-
tors represents the classical periods on the complex plane (a) before, (b) at and (c) after
the wall-crossing. The arrows labeled by a,b,c,d,e, f,g,h,t,7,k,[,m and n represent

: : (0) (0) (0) (0) (0) (0) (0) (0)
the classical periods 115, Iy, sy, 50, T 0o T o0 s T s T s
(0) (0) (0) (0) (0) (0)
H71,1+V3,2+’Y3,37 H’Y1,1—’Y1,2’ H’Y3,3—“f1,2’ H“/1,1—'}'1,2+’Y3,3’ H’Y1,1—71,2+’73,2+“13,3’ and H’Y1,1—73,2—’Y3,3’ re-
spectively.

The ninth wall-crossing

After the ninth wall-crossing, we reach the maximal chamber, in which we defined the

Y-function by

1 1
Y 20) = v (0) (1 + —5 ), VS0 =Y 0)(1+ — )
V0 -5 20+ )
14+ ——+ —= (E.28)
9 Y, (0-%) Y37 (0) 9 8
yO@) = — 2 B0y —y®

The intersection matrices of the TBA equations in the maximal chamber read

-1 1 -1 -1 -1 -1

1 -1 1 11 1 2 1 2 2

1 -1 -1 -1 -1 -1

-1 -1 -1 1

—1 -1 -1 1

j 1 -1 2 -2 -2 -3 -1 -1
-1 1 -1 2 -3 -2 -3 -4 -2 —-1}[’

1 -1 -1 -2 -2 -3 -3 -4 -1 =2

-1 2 -1 -2 -3 -3 -5 -6 -3 -3

1 -1 -1 -3 4 4 -6 -5 -1 -1

-1 2 -1 1 -1 -2 -1 -3 -1 -3 -2

-1 2 -1 1 -1 -1 -2 -3 -1 -2 -3
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0 1
0
0 1
-1 1 0 -1 -1 -1 -2 -1 -1 -2
1 -1 o -1 -1 -1 -2 -1 -2 -1
+ |-1 1 -1 0 -1 1 -1 -1
= -1 1 -1 0 -1 1 -1 =2V (E.29)
-1 1 -1 0O -1 1 -2 -1
-1 1 -1 0o 3 -1 -1
-2 2 =2 0 -3 -3
-1 0
-1 0

where the entries are arrayed in the order as 1,2, 3,12, 23,312, 12, 23,312, 3122, 231, 123.
The new mass is defined by migg == |migs|e™®™ = ms + ¢35 my,. The relation between

the Y-function Y. and the WKB period is

123

9
log Y% = 60H73,3771,2772,1 (0) <E3O)

We visualize this process inn figure @ At the wall, the two charges H({Q?, (c) and
7@ (0)

Ma2t72,1 Yos—712-1s. (0) EINETZES.

(f) align and the new charge II

(a) t = 0.631547... (b) ¢ = 0.65489...

Figure D.9: The classical periods in the process of the ninth wall-crossing. The vectors rep-
resents the classical periods on the complex plane (a) before, (b) at and (c) after the wall-
crossing. The arrows labeled by a,b,c,d, e, f, g, h,t,7,k,1,m,n and o represent the classi-

: (0) (0) (0) (0) (0) (0) (0) (0) (0)
cal peI“IOdS H’YLU HVS,% H’Y&S’ H’YL2’ H71,1+’73,27 H’Y2,1+’y1$27 HV3,2+’Y3,37 H71,2+'yl,3’ H71,1+73,2+“/3,3’
(0) (0) (0) (0) (0) (0)
H“ﬂ,rw,z’ H’YS,B*’Yl,z’ Hv1,1771,2+73,37 H’Yl,1*71,2+73,2+’}’3,37 H'n,rv:a,r'ys,g? and HVS,an,rw,l’ re-

spectively.
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