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Abstract

The subject of this thesis is exact results on N' = 2 supersymmetric quantum
field theories. We restrict our attention to a certain class of quantum field theo-
ries in the literature referred to as class S. For these theories, we study partition
functions on a deformed four-sphere in the presence of extra defect observables
called loop and surface operators. In a degeneration limit of the four-sphere, we
find that these partition functions are related to the eigenfunctions of the con-
served quantities in certain quantum integrable models. We establish a direct
correspondence between parameters classifying the eigenfunctions in the rele-
vant integrable models and the charge labels of the loop operators. Furthermore,
the problem to classify the eigenvalues is mapped to the mathematical problem
of classifying what are called projective structures with real monodromy. We
exhibit various points of contact between the mathematical description of these
projective structures and known as well as new exact results on class S theories.
Apart from providing new non-perturbative results on the theories of class S,
one may obtain further support of the S-duality conjectures from the results

presented here.



Zusammenfassung

In dieser Dissertation werden exakte Ergebnisse der N/ = 2 supersymmetrischen
Quantenfeldtheorien diskutiert. Wir fokussieren uns hierbei auf eine spezifische
Klasse der Quantenfeldtheorien, die in der Literatur als Klasse S-Feldtheorien
bezeichnet werden. Fiir diese Theorien wird die Zustandssumme auf einer de-
formierten Vier-Sphére in Anwesenheit von Loop- und Oberflachendefekten be-
trachtet. KEs wird gezeigt, dass in einem Degenerationslimit der Vier-Sphére
diese Zustandssummen mit den Eigenfunktionen der Erhaltungsgréfen in bes-
timmten quantenintegrierbaren Modellen verwandt sind. Es wird ein direkter
Zusammenhang hergestellt zwischen Parametern, die Eigenfunktionen in den
relevanten integrierbaren Modellen klassifizieren, und Ladungskennzeichnungen
der Loopdefekten. Zudem bilden wir die Problematik der Klassifizierung der
Eigenwerte auf das mathematische Problem der Klassifizierung von sogenan-
nten projektiven Strukturen mit reeller Monodromie ab. Wir zeigen zahlre-
iche Kontaktpunkte zwischen der mathematischen Beschreibung dieser projek-
tiven Strukturen und bekannten sowie neuen exakten Ergebnissen zu Klasse
S-Feldtheorien. Abgesehen von der Bereitstellung neuer, nicht perturbativer
Ergebnisse zu den Theorien der Klasse S kann man aus den hier vorgestellten
Ergebnissen weitere bekriftigende Indizien fiir die S-Dualitéts-Vermutungen er-
halten.
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Part I

Background and motivation

1 Introduction

1.1 Gauge theories at low energy scales

From the point of view of quantum field theory, we describe forces acting be-
tween particles by gauge theories. In theoretical particle physics, gauge theories

play an important role in describing the interactions between matter.

Due to an effect known as asymptotic freedom, the strength of these interactions
goes to zero for high energy scales. On the other hand, in the low energy region
these interactions become very strong and are much less understood. Although
phenomena such as confinement, describing the binding of quarks together to
form hadrons, have been experimentally observed, a mathematical description

remains elusive.

For high energy scales we may describe the physics of gauge theories using the
perturbative approach, however, for low energy scales the calculations quickly
get out of hand. Furthermore, perturbation theory cannot access all phenomena
observed at these energy scales. For example, instantons, which are non-trivial
solutions to the Euclidean equations of motion, may lead to exponentially sup-
pressed contributions. Describing the gauge theories for such strong coupling
would therefore require a complete understanding of both the perturbative ap-

proach as well as the non-perturbative effects.

There have been many different ways in which physicists have tried to make
progress, but we will focus on the introduction of what is known as supersym-
metry. This is an extension of the algebra containing the Poincaré symmetries
and the internal symmetries present in a gauge theory. The supersymmetry

algebra includes a symmetry mixing bosonic and fermionic degrees of freedom.

Although such a symmetry has not been observed experimentally, the intro-
duction of this type of extension makes certain calculations in quantum field
theories tractable. For example, it had been long believed that instantons play

a crucial role in gauge theories at strong coupling. This is precisely what is
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observed in the realm of supersymmetry. One may hope that the lessons learnt
by introducing supersymmetry, survive if we study gauge theories without su-

persymmetry.

1.2 Dualities and relations to N' = 2 gauge theories

If we consider gauge theories with eight real supersymmetry generators, which
we name N = 2 theories, there have been various advances in the exact calcula-
tion of partition functions. It turns out that theories with N' = 2 supersymmetry
are highly constrained at the low energy scale. In [1, 2] a method was devel-
oped which under certain assumptions allows one to calculate the prepotential,

a function uniquely defining the low energy effective action.

Later on, it has been shown that the partition function can be calculated by
taking into account all quantum corrections in a suitable regularization scheme
called the Q-background. The prepotential as defined by Seiberg and Witten,
can be recovered in a suitable limit [3, 4]. See also [5, 6] for alternative ap-

proaches.

Various profound relations between the partition function in the 2-background
and other physical models and systems have been observed. We refer to the
relevant work when discussing these relations and dualities, but should take
note of that fact that the history on N' = 2 supersymmetric gauge theories is
long and we can hardly refer to the entire body of work. For completeness we
refer to two reviews [7, 8] which contain a concise overview of the original work

and many of the corresponding references.

Relations to conformal field theories In [9] dualities of a class of four-
dimensional A/ = 2 supersymmetric field theories now known as theories of
class S, have been related to changes of pair of pants decompositions of the
Riemann surfaces labeling these theories. It had been observed later that the
partition function in the Q-background for these theories bears resemblance to
conformal blocks in the Liouville conformal field theory. This correspondence
has been set up in [10] and now goes by the name of the AGT-duality. Since
then much work has been done on this duality and many natural objects we can
introduce on the side of the gauge theories have found natural homes on the

conformal field theory side.
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Relations to integrable systems The ideas used by Seiberg and Witten in
the construction of the prepotential [1, 2], have led to the understanding that
we may describe the prepotential in terms of a classically integrable system.
This leads to an intimate relation between integrable systems and N = 2 gauge
theories [11, 12, 13]. Connections between the deformations of the prepotential
provided by the Q-backgrounds and the quantization of the integrable systems
related to Seiberg-Witten theory, have been discovered in [14]. If we consider
theories of class S, we find that the associated family of integrable systems is
known as the Hitchin integrable systems [15, 16]. The quantization of these

integrable systems plays a central role in this work.

How do our results fit in the larger picture? The combinations of the
above conjectures and proposals leads to highly non-trivial predictions. The
results we present in this thesis fit into the literature as a check of this con-
jectural picture. Combining the extension of the AGT-duality to include loop
operators and surface defects, we arrive at a statement relating single-valued
eigenfunctions of the quantum Hitchin Hamiltonians to loop operators. In this

thesis we provide the mathematical background to make this relation precise.

Originally used in the context of the Bethe ansatz in [17], a Yang-Yang function
describes a given set of quantization conditions for an integrable system. Al-
though it is not clear if such a function exists for any integrable system and set
of quantization conditions, through the discovery of Nekrasov and Shatashvili
[14] and additional work done in [18, 19], we may reexpress the single-valuedness
condition in terms of a Yang-Yang function. This has been proposed before in
[20]. We will name the quantum numbers introduced in this way the Bethe

quantum numbers.

Using the work done by Pestun in [21] and later by Hama and Hosomichi in
[22], we may consider what is now known as the Nekrasov-Shatashvili limit from
[14] in the context of partition functions on a compactified spacetime taking the
form of a squashed four-sphere. Upon introduction of loop operators in the
gauge theory, the expectation values of the loop operators precisely lead to the

Bethe quantum numbers in the Nekrasov-Shatashvili limit.

A priori, it is unclear how loop operators give rise to different sets of Bethe quan-
tum numbers except in some simple cases. By comparing with the description
of single-valued eigenfunctions of the quantum Hitchin Hamiltonians, we conjec-
ture a simple relation between a set of parameters known as the Dehn-Thurston

parameters, which turn out to classify the single-valued eigenfunctions, and
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the Bethe quantum numbers appearing from the Yang-Yang function. This
expresses a profound relation between various topics in integrable models, hy-

perbolic geometry and supersymmetric gauge theories.

1.3 Integrable systems from N = 2 gauge theories

Proposal by Nekrasov and Shatashvili The construction of Seiberg and
Witten [1, 2] recovers the prepotential using an auxiliary space now known as
the Seiberg-Witten curve. This curve realizes the structure of special geometry,
defining an integrable model with base space the Coulomb branch of the N = 2
theory. Although it is unknown whether an N = 2 gauge theory always has
an associated Seiberg-Witten curve, it is true that we can always associate a

classically integrable model to the gauge theory [23].

In [14] Nekrasov and Shatashvili found relations between a quantization of this

classically integrable system and the partition function of the corresponding

4
€1,€2°

N = 2 gauge theory in what is known as the {2-background, denoted by R
The Q2-background plays the role of regularizing the IR-divergences and comes
with two parameters ¢; and €5, each associated to a two-dimensional subspace
Rgl Cc R? and R?z C Rfl

€16 of the four-dimensional theory. The partition

€2

function Z (Rﬁlﬁeg) has been calculated through localization by Nekrasov in [3]
for quiver gauge theories and is shown to relate to the prepotential in the limit

€1,€3 — 0.

By only considering the limit e; — 0, the role of the prepotential is taken over
by a function known as the twisted effective superpotential. It was argued on
physical grounds by relating to an effective two-dimensional A" = (2,2) theory
in this limit, that the twisted effective superpotential plays the role of a Yang-
Yang function Y, (a, p,t). We will denote this function simply by Y(a, u,t)
omitting the dependence on €;. For our current discussion, it suffices to mention
that the Yang-Yang function depends on vectors of parameters a = (aq, ..., ap),
p= ({1, ..y i) and t = (7,..., 7). We will discuss these parameters in more

detail at various points of this thesis.

In general a Yang-Yang function encodes the quantization conditions of the
integrable model. The quantization conditions considered in [14], lead to the

following holomorphic equations

oY (a, p,t)

Go = 2min (1.1)
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for a set of integers n,.. If we denote by a = a, a solution to the above equation,

we recover the spectrum of the Hamiltonians by

ay(a*a K, t)

= ET,
or,

It should be noted that the models of our interest are variants of spin chains
associated to representations of non-compact groups. These are much more
complicated than the usual spin chain models including the usual Gaudin model.
In the absence of a reference state one can in particular not apply the Bethe

ansatz.

A striking aspect of the work of Nekrasov and Shatashvili is that it leads to the
proposal that the quantization conditions can be written in a form resembling
the Bethe ansatz equations even if the Bethe ansatz is not applicable. In order
to do this one just needs to replace the function introduced by Yang and Yang in
the Bethe ansatz framework by another function. However, the function taking
the role of the Yang-Yang function in our case has much more complicated
analytical properties than the functions occurring in models which can be solved
by the Bethe ansatz.

Although a powerful paradigm, it remains a question which quantization condi-
tions precisely appear through the Yang-Yang function, since there is no unique
way to impose quantization conditions on an integrable model. Different quan-
tization conditions for an integrable model can be physically interesting for

different reasons.

The quantization conditions from equation (1.1) are holomorphic in nature. We
will explore a different type of quantization condition which does not have this

holomorphic nature.

Hitchin systems appearing from theories of class S If we compactify
the theories of class S on S!, the associated integrable system is known as the
Hitchin integrable system [24]. This is a famous family of exactly integrable
systems associated to Riemann surfaces. Many known integrable models like
the Gaudin model or the Calogero-Moser models are contained in this family of
integrable systems [25, 26]. Furthermore, it has been found that the Seiberg-
Witten curve of these theories is precisely the spectral curve of the Hitchin

system.
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The quantization of the Hitchin system is interesting not only from the side of
gauge theories. First of all, many classically integrable systems are understood
as special cases of Hitchin systems. The quantization of the Hitchin system will
therefore lead to a better understanding of the quantization of these integrable
systems. Secondly, from a more mathematical point of view, the Hitchin system
plays a prominent role in the geometric Langlands conjecture as studied by
Beilinson and Drinfeld [27]. Finding the eigenfunctions to the quantized Hitchin

Hamiltonians provides a concrete realization of the conjecture.

This division of these different topics is not so strict as appears at first sight. For
example, conformal field theories appear both in the relation to AGT-duality
and the statement of the geometric Langlands conjecture by Beilinson and Drin-
feld in [27]. In [28] Kapustin and Witten have interpreted the geometric Lang-
lands program in terms of N/ = 4 super Yang-Mills theory. Some of these

relations have been explored in [29].

In this context, the proposal by Nekrasov and Shatashvili gives us a handle on
the quantization of the Hitchin system from the perspective of supersymmetric

gauge theories.

1.4 AGT-duality and relations to conformal field theory

AGT-duality and the introduction of defects in the gauge theory In
[10] Alday, Gaiotto and Tachikawa proposed a remarkable relation between
quantities in theories of class S and conformal field theories. This duality is
physically motivated by the proposed existence of a famous six-dimensional N =
(2,0) theory of type A; and relates SU(2)-gauge theories in the Q-background
R?, ., with Liouville conformal field theory on a Riemann surface X. The du-
ality is now known under the name AGT-duality and has since been extended
in various directions. For our purposes, we consider the generalizations by the

introduction of surface defects and loop operators in the theory of class S.

From the point of view of the six-dimensional theory living on the product
R? _ x X, we can set up the following table of defects (from [30]):

€1,€2

These defects do not exhaust all possible defects, but are the only ones we will

consider in this thesis.
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’ 6D theory H Rﬁl_eg H X H interpretation in 4D
co-dimension four defect 2D 0D surface defect
co-dimension four defect 1D 1D loop operators
co-dimension two defect 2D 2D surface defect

Table 1.1: Defects in the 6D theory

In table 1.1, there are two types of surface defects: We can either introduce
a co-dimension two surface operator or a co-dimension four surface operator.
The co-dimension two surface operator wraps the Riemann surface X, while the
co-dimension four surface operator is pointlike on X. From the side of the gauge
theory, we additionally require that the surface defects lie either completely in
R? L orin Ri, ensuring that these defects do not break too much supersymmetry.
In [30] the co-dimension two surface operator was studied. It was concluded that
the introduction of such a surface operator on the side of the gauge theory, has
the effect of changing the conformal field theory on X from the Liouville the-
ory to the Wess-Zumino-Novikov-Witten (WZNW) theory with s[(2,C)-affine
Kac-Moody symmetry. The extension of this proposal for arbitrary sl(V,C)

symmetry has been worked out in [31].

In [32] the co-dimension four surface operator was considered. This has the
effect of introducing degenerate fields in the conformal blocks and correlation
functions on the side of the Liouville theory. The proposal relating co-dimension
four operators to degenerate fields has been checked extensively and many of

the corresponding references may be found in [§].

Both the WZNW theory and the Liouville theory with the introduction of
denegerate fields, come with sets of differential equations that the conformal
blocks and correlation functions must satisfy. These differential equations come
from the Ward identities and lead to Knizhnik-Zamolodchikov-Bernard equa-
tions (KZB-equations, in [33, 34, 35]) on the side of the WZNW theory and to
Belavin-Polyakov-Zamolodchikov equations (BPZ-equations, in [36]) on the side
of Liouville theory with degenerate fields. A proof of the fact that the instanton
partition functions in the presence of co-dimension two surface operators satisfy

the KZ-equations was anounced in [37].

Using a version of the separation of variables method, it was shown in [38], using
the observation by Stoyanovsky in [39] (from unpublished work with Feigin and
Frenkel), that solutions of one set of equations can be mapped to solutions of the

other set of equations through an integral transform. In the context of N’ = 2
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gauge theories, this approach leads to a duality between the two types of surface
defects in the IR-limit as shown in [40].

The third type of defect, the loop operators, has been studied in [32, 41] among
others. On the side of the gauge theory, we can introduce the loop operators
in two configurations: Either contained completely in R?l or completely in Ré.
These loop operators take the form of Verlinde loop operators on the conformal
field theory side.

The loop operators in the gauge theory have been classified in terms of their
allowed electric and magnetic charges in [42], which precisely matches a famous
theorem by Dehn (theorem 10.1, see [43, 44]). This theorem classifies the space
of non-self-intersecting multicurves on X up to homotopy through a set of integer
parameters known as the Dehn-Thurston parameters (p,q), depending on a

pants decomposition of X.

Extending the results to S* Many of the results in the context of the

€1,€2

AGT-duality for gauge theories in the -background, have been adjusted in

a natural way when instead we regularize the four-dimensional N' = 2 gauge

4

c1.c2» & squashed version of the four-sphere with

theory by compactification on S

the following form

St o = {(0, .., x4) € R?|2f + € (2] + 23) + €5(25 + 27) = 1}

€1,€2

The partition function Z(S? ) was calculated using the localization formalism

by Pestun in [21] and has been shown to relate to the partition function Z(R? _ )

€1,€2

calculated by Nekrasov in [3] as follows

2(8,) = [ dalz(e, )P (12

The parameters a are parameters describing the Higgs breaking of the gauge
group SU(2) to U(1) in the infrared regime and give coordinates for the Coulomb
branch of the gauge theory. It is known that the partition function Z(R% _ )

€1,€2

depends holomorphically on the complexified gauge couplings of the theory.

Note that this is not the case for Z (531762), which has a mixed dependence on

the complexified gauge couplings.

This factorized form of the partition function Z(S? ) is suggestive of the

factorized form of correlation functions in conformal field theory in terms of



1.4 AGT-duality and relations to conformal field theory 17

conformal blocks. Indeed, it was already shown in [10] that the combination

[ dalZ(R?, .,)I* maps to the Liouville correlation function.

Defects have been included in this extended set-up in various different references.

Let us discuss some of the results from the literature.

The expectation value of some simple loop operators was already calculated by
Pestun in [21]. These calculations have been extended in [32, 41] by a pro-

posal through the AGT-duality including general types of loop operators in the

4

c1.c,- Lhere it has been shown that we may

context of partition functions on S|
calculate the expectation value (£) St . through a difference operator D, acting
on the parameters a by
Zma ) 4
©)sy,., = [ daZ®L JDc - 2R, ) (13)
where the precise form of the difference operator has been calculated. Through

the classification in [42], we may write these difference operators as Dy, q).

We assume that the loop operators in the gauge theory, can be inserted either on
the circle C1 = {(z1, z2)|e?(2? + 23) = 1} or on Co = {(v3,24)|€3(23 + 23) = 1}.
Exchanging the positions of the loop operators on the side of the gauge theory,
leads to a dual description in terms of the conformal field theory.

4
€1,€2)

tended AGT-duality tells us that the partition function Z(S2 _ ) is mapped to

€1,€2

Furthermore, if we insert co-dimension four surface operators in S, the ex-

a Liouville correlator with extra insertions of degenerate fields. See [32].

4
€1,€2

Nawata in [45]. One expects to find a relation between Z(S? ,) and the corre-

lation functions of the so-called Hy -WZNW model classically defined by evalu-

ating the WZNW action on maps from X to the space of hermitian metric with

The co-dimension two surface operators on S have been investigated by

unit determinant rather than on maps from X to SU(2).

Combining the AGT-duality with the Nekrasov-Shatashvili proposal
By combining the known relations between theories of class S and conformal field
theories through the AGT-duality on one side, and between theories of class S
and (quantum) integrable models on the other side, we can mathematically
characterize the Yang-Yang function of the quantum Hitchin system for some
quantization conditions in terms of the symplectic geometry of the moduli space

of flat connections on X. This was proposed independently in [18] and [19].
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By applying the limit e — 0, this result can be obtained by considering the

semiclassical nature of Liouville theory under the AGT-duality.

Remark 1.1. In the case of the Gaudin model the situation is easy to clarify: We
are led to consider a variant of the Gaudin model in which the representations of
SU(2) considered in the ordinary Gaudin model are replaced by principal series

representations of the group SL(2,C).

. . o 0 4
1.5 Quantization conditions from Z(S;, _,)

Introducing a different set of quantization conditions Although the
quantization conditions proposed originally in [14] are interesting in their own
right, we will consider a different set of quantization conditions proposed in [20],
which take the form

Re(a,) = mn,
Re (Wat)> — am,
oa,

where )(a,t) denotes the Yang-Yang function for these quantization condi-
tions with a = (aq,...,ap) playing the role of the auxiliary parameters and
t = (71, ..., 7) a set of complex moduli for the Riemann surface X. The integer

h depends on the topology of the surface X.

If we find a solution a = a(, m) to these equations, for n = (ny,...,ns) and m =
(mq,...,mp), we recover the eigenvalues of the quantum Hitchin Hamiltonians

by
d)(a,t)

AmiEy (nm) = —5
0

A=3a(n,m)

We will call the integers (n, m) Bethe quantum numbers.

These quantization conditions appeared in [20] in the context of finding single-
valued eigenfunctions Wg(x, %) of both the holomorphic and anti-holomorphic

quantum Hitchin Hamiltonians

H,Vg(x,%) = E,Vg(x,X) H,Ug(x,%) = E,Ug(x,X)

and it was noted that any single-valued eigenfunction ¥g(x,X) must give rise

to a set of integers (n, m).
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Quantization conditions in the presence of loop operators The pro-
posal by Nekrasov and Shatashvili implies that we may identify the partition
function Z(R% _ )

Z(RE, ) = exp (—éﬂa,t)) (1+ O(er))

in the limit e; — 0, where Y(a,t) is the Yang-Yang function from the point of
view of the Hitchin integrable system. By plugging in this expression into the

factorized form of Z (Sfl’ez)7 we can apply a saddlepoint approximation to solve

the integral. The integral will be dominated by the values a = a, such that

e <ay(a,t)> .y

oa,

a=ax

This gives rise to a similar type of quantization condition as above.

We will show that the introduction of loop operators can affect the Bethe quan-
tum numbers (n, m) appearing in the comparison with the quantization condi-
tions in [20].

We will ask ourselves the question

Which loop operators give rise to which sets of Bethe quantum numbers?

Loop operators and single-valued eigenfunctions of the Hitchin Hamil-
tonians The key player for us to compare the quantization condition in [20] to
the introduction of loop operators, is the co-dimension two surface operator. As
suggested in [30], we can use these surface operators to construct eigenfunctions

of the Hitchin Hamiltonians.

We will consider a set-up in which we only introduce a co-dimension two surface
operator in the e;-plane Rfl and use it as a probe to find the next-to-leading
order of the saddlepoint approximation in the limit of small ¢;. By carefully
doing the analysis, we find that this next-to-leading order term is a single-valued
eigenfunction of the quantum Hitchin Hamiltonians. We propose that in this
way we can also find and probe single-valued eigenfunctions in the next-to-

leading order term upon introduction of loop operators.
This suggest the following question

Does there exist a correspondence between loop operators and single-valued

eigenfunctions of the quantum Hitchin Hamiltonians?
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1.6 Approach to the problem and new results

In the previous section we raised two important questions. Let us first discuss

the second question.

Classification of single-valued eigenfunctions through non-self-intersecting
multicurves To make the proposed relation between loop operators in theo-
ries of class S and single-valued eigenfunctions to the quantum Hitchin Hamil-
tonians precise, we will use the fact that the single-valued eigenfunctions are
classified by the same parameters as used for the classification of loop operators

in class S theories, as was shown by Drukker et al. in [42].

It will be shown that single-valued eigenfunctions are in one-to-one correspon-
dence with differential operators of the form 92 + t(u) with real monodromy.
This claim was first proposed in [20]. A detailed proof which had not been given

in [20] will be presented in subsection 3.6.

It was proved by Goldman in [46] that opers with real monodromy have a
classification in terms of an operation known as grafting. This operation takes
as its input a non-self-intersecting multicurve together with a complex structure
X. However, there are various subtleties preventing us from directly applying

the results of [46] to our problem.

Introducing Dehn-Thurston coordinates classifying single-valued eigen-
functions Goldman’s theorem implies a classification of opers with real mon-
odromy in terms of multicurves. In order to get a concrete set of quantum num-
bers for single-valued eigenfunctions it turns out to be very convenient to use
the set of parameters (p, q) for multicurves introduced by Dehn and Thurston.
We denote the corresponding single-valued eigenfunctions by ¥, o)

Since both the loop operators in the theory of class S on the , and the single-
valued eigenfunctions to the quantum Hitchin Hamiltonians are parameterized
by Dehn-Thurston parameters and by the fact that every loop operator gives
rise to a single-valued eigenfunction, we propose there does indeed exist a direct

correspondence between these two different objects.

However, there is an important subtlety. In theorem 8.6 we show that the subset
of multicurves which have even intersection index with any other curve, classify

a subset of the single-valued eigenfunctions in a one-to-one correspondence. This
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is related to the fact that only a subset of the complex projective structures with

real monodromy have monodromy in PSL(2,R), as we discuss later in section §9.

It has been stressed by Aharony et al. in [47], on the other hand, that the set of
loop operators has to be mutually local. This leads to important corrections to
the classification proposed by Drukker et al. in [42]. We will find a one-to-one
correspondence between loop operators that are mutually local to any other loop
operator and single-valued eigenfunctions, as suggested by our considerations in

theorem 8.6. This provides some evidence for the proposal we stated above.

To clarify this relation further, we work out the restrictions on Dehn-Thurston
parameters describing single-valued eigenfunctions explicitly. Although this
gives a constructive way to determine the restrictions for any Riemann sur-
face, the calculations are based on Penner’s formulas [48, 49] which are highly

complex.

Nonetheless, for a closed Riemann surface of genus two we may explicitly deter-
mine the restrictions on the Dehn-Thurston parameters in theorem 11.5. This

is arguably the simplest, non-trivial example we can apply our algorithm to.

Relations to the Yang-Yang function and the Bethe quantum num-
bers The considerations in subsection 1.5 suggest an alternative classification
in terms of a function ) called the Yang-Yang function following [14], and inte-
ger parameters (n, m). Understanding the relation between the classification of
single-valued eigenfunctions in terms of (p,q) and (n, m) turns out to be quite
non-trivial. The main difficulty in relating the single-valued eigenfunctions and
the loop operators in the gauge theory on Sfl,e , to the Bethe quantum num-
bers (n,m), lies in the fact that we do not know precisely how the Yang-Yang

function must depend on the variables a.

Through the relation between the Yang-Yang function and the symplectic struc-
ture of the moduli space of flat connections from [18] and [19], the variables a
take the role of parameterizing the monodromy of the space of opers over a Rie-
mann surface X. On the other hand, the space of opers over a fixed Riemann
surface is itself parameterized by a set of coordinates E = (E1,...,E). We
use the same notation E as for the eigenvalues of the quantum Hitchin Hamil-
tonian, since these different sets of coordinates agree under the separation of
variables. We denote by E, o) the coordinates corresponding to opers with real

monodromy leading to the single-valued eigenfunctions ¥, o).
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It turns out we may analytically continue a as functions of E away from certain
loci where the dependence becomes non-analytical. If we analytically continue
a along a path starting at the oper with coordinates Eg o) to the oper with
coordinates E (g, o), the very definition of the parameters (n, m) is done by ana-
lytical continuation of the function Y(a,t). This raises subtle issues about the

existence of a path of analytical continuation relating (n,m) to (p,q).
We arrive at the following question:

Can we find a relation between the integers (p,q) and (n,m) by picking the

analytical continuation of a as a function of E ‘correctly’?
This question is stated loosely right now, but will be made more precise.

We use the example where X is a four-punctured sphere with real punctures
as a guide to explore the answer to this question. A subset of opers with real
monodromy over X had already been classified in 1918 by Smirnov in his thesis
(published later in [50]).

However, it turns out that the opers with real monodromy classified by Smirnov
do not exhaust all opers of real monodromy relevant for us. We are going to
demonstrate that all opers with real holonomy can be generated from the subset

classified by Smirnov by the natural mapping class group action.

The advantage of this analysis is that this example provides a much more direct
approach to the problem of classifying opers with real monodromy than the
grafting operation. Indeed, we only have a single parameter 7 and one variable
a and E. In this case, we can make the analytical depence of a(E) on E quite

explicit.

Let us denote by the Dehn-Thurston parameters (p,0) the multicurve which
corresponds to p 't Hooft loops with respect to the pants decomposition defining
the Dehn-Thurston coordinates. We show that we can construct a path between
E(0,0y and E(, ¢y such that the analytical continuation of a along this path leads

to

Re(a) = ap
Re <ayg;’T)) = 0

Using the results by McMullen in [51], we can also construct a path between
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Eo,0) and E(g q) leading to

Re(a) = 0
ne(P50) =

The Dehn-Thurston coordinates (0, ¢) correspond to ¢ Wilson loops. For these
type of loop operators, we do not necessarily need this formalism to determine
which integers (n,m) arise, since their effect can be described explicitly in the

language of the class S theory by introduction of the operator

2ma
Do,q) = 2cosh <€2>

Nonetheless, the matching of the results coming from the grafting procedure

and those coming from the gauge theory, is interesting in its own right.

We end the mathematical discussion with a conjecture giving an answer to the

question we posed above.

Conjecture. Let a possibly punctured Riemann surface X be given. Consider a
pants decomposition and specify Dehn-Thurston parameters (p,q). There exists
a path in the space of opers over X starting at g o) and ending at Ep o) for
any set of parameters (p,q) such that analytical continuation of a = a(E) as a

function of E leads to the equations

Re(a,) = 7,

Fe (Wat)> R
da,
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2 Physics and gauge theory background

2.1 Structure of gauge theories with N’ = 2 supersymme-

try

Quantum field theories with N/ = 2 supersymmetry In this thesis we
will consider quantum field theories with supersymmetry. More precisely, we
shall focus our attention on gauge theories with N' = 2 supersymmetry in four
dimensions. If we require the spin of our field content to not exceed one, we
can introduce two supersymmetric multiplets known as the vector multiplet and
hypermultiplet. The vector multiplet (A, A, A, @), contains a gauge field A, two
Weyl fermions A and A and a complex scalar field ¢. Since the gauge field
transforms in the adjoint of the gauge group, so must all the other fields in this
multiplet. The hypermultiplet (&T,QT,Q,#}) contains two complex scalars @
and Q' and two Weyl fermions t» and ¢'. These fields can transform in any
representation of the gauge group, but we shall only consider the fundamental
or adjoint representation for our purposes. Additionally, the gauge group we
choose will often be SU(2).

For a theory with A/ = 2 supersymmetry, there often exists an extra symmetry
of the theory which does not commute with the supercharges. This SU(2)g-
symmetry is known as the R-symmetry. The group SU(2)g rotates the two
Weyl fermions A and X into each other as well as the complex scalars QT and
Q. The U(1), part which classically combines with SU(2)r to form the full
U(2)-group rotating the supercharges into each other, breaks down to a discrete

symmetry in the quantum theory.

Due to asymptotic freedom, these gauge theories become strongly-coupled in the
low energy regime. It is here that non-perturbative effects play an important role
and bound states can arise. Nonetheless, the A/ = 2 supersymmetry constrains
the theory in such a way that the IR effective action is uniquely specified by a

function known as the prepotential.

When we calculate the IR effective action, the Higgs mechanism generically
breaks the gauge group SU(2) to U(1) and the complex scalar ¢ in the vector

multiplet obtains a vacuum expectation value

a 0
(2 0)
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If we consider several vector multiplets labeled by 7, the complex numbers
u) = (tr((¢)?))g = 2(a,)? parametrize the subspace of the moduli space
of vacua known as the Coulomb branch of the theory. This branch is speci-
fied by the vanishing of the vacuum expectation values of the complex scalars
in the hypermultiplets. The Higgs branch is defined by a non-trivial vacuum
expectation value of the scalars in the hypermultiplet and vanishing vacuum
expectation value of the scalar in the vector multiplet. From the point of view

of integrable systems, our interest will be in the Coulomb branch.

The prepotential specifying the theory in the IR is denoted by F = F(a, u,t),
which is a function of the expectation values a,, the masses uj of the hyper-
multiplets and the gauge couplings 7, = %i + g—;. The coupling constants g,
are the standard Yang-Mills couplings, while 6, are known as the theta-angles
describing a topological change to the theory. For example, for the pure Yang-
Mills theory we may set = 1 and a = a;. We recover the bosonic effective

action by

boson

1 1 1 ~
Sefr o / d%(:;m(r(a))aﬂaafta+§3m(r(a))FWFHV+§me(T(a))FWFHV)

where
(a) 0?F
T(a) = =
da?
is the coupling constant in the IR, dependent on a. The fermionic part of this

action is uniquely determined by requiring supersymmetry invariance.

Seiberg-Witten theory and integrable systems In [1, 2] Seiberg and Wit-

ten found the prepotential using an auxiliary Riemann surface ¥ gy which is now

called the Seiberg-Witten curve. If we pick a basis B = {a1,...,an, B1,..., fn}

of Hy(Xsw,Z) with h the genus of gy, we may normalize the basis such that

the intersection form 7 satisfies %(oz,., Bs) = s and %(ar, ) = %(Br, Bs) = 0. We
oOF

recover the coordinates a, and o, = 52 as

/)\SW
a’b = /)\SW

s

Qr

The one-form Agy is the canonical one-form obtained by realizing the curve

Ysw as an algebraic variety P(x,y) = 0. We may then set sy = ydzx.

Due to the Riemann bilinear relations, the functions a, may be locally inte-

grated with respect to the variables a, to recover the prepotential F. In doing
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so, we see that the data (Xgw, Asw, B) of the Seiberg-Witten curve, the canon-
ical one-form and the basis of Hy(Xsw,Z) is enough to recover F. Different
bases of Hy(Xsw,Z) are related by Sp(2h,Z) transformations. In the low en-
ergy physics, these lead to different prepotentials describing the same theory.

We may therefore consider this a form of an IR duality of the theory.

Once we have the set of coordinates (aq,...,a;) for the Coulomb branch, we
may introduce a torus fibration C"/(Z" @ 7Z") over the Coulomb branch and
consider coordinates for the torus fibres. Here 7 is defined precisely through the

prepotential as the matrix
0*F

me) = Oa,0a

This gives the space the structure of an integrable system. The data specifying

the integrable system is precisely what is needed to specify the prepotential.

The prepotential can be constructed from the data of special geometry [23].
Given these data, there is a canonical way to put torus fibers over the base as
above. Conversely, an integrable system is by definition a fibration by complex
tori, more precisely abelian varieties. One can prove that such abelian varieties
can always be represented in the form C9/(Z9 @ 7Z9), allowing one to recover

the special geometry structure on the base, and in particular the prepotential.

As we have seen, if we can find a Seiberg-Witten curve, we can construct the
prepotential explicitly by integrating along cycles of this curve. Nonetheless,
the statement in [23] is of a more general nature as its construction does not
involve Seiberg-Witten curves. In fact, it is unknown whether we can always

construct a Seiberg-Witten curve for a theory with A/ = 2 supersymmetry.

The relation between the Seiberg-Witten construction of the prepotential and
integrable systems had been understood only after the original work by Seiberg
and Witten [11, 12, 13].

Later on, we shall restrict our attention even further to theories of class S. See
[9]. For such theories, a Seiberg-Witten curve has been found and has a nice

interpretation in terms of the integrable structure of the Hitchin system [24].

Regularizing IR divergences To calculate the partition function of a gauge
theory, we first have to cure certain IR divergences by introducing a regulariza-
tion scheme. This can in principle be done in many different ways, but in this

thesis we will focus on two.
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First of all, we may introduce an Q-background [3], which depends on two IR
regulators €; and e, associated to the planes R? and R2, together making up R*.
Such a deformation introduces a Lorentz-symmetry breaking deformation of the
Lagrangian, but is such that we preserve a certain amount of supersymmetry.
Effectively, the IR regulators will mix the rotation in the physical spacetime

with the rotation of the supercharges generated by the R-symmetry.

A second way in which we may regularize our theories, is by compactifying the
spacetime. Since the IR divergences grow with the volume of our spacetime,
compactifying the spacetime makes these contributions finite. We will come

back to a special type of such a regularization scheme later.

Localization formalism Furthermore, when we have a certain amount of
supersymmetry in our theory, it becomes possible to apply the localization for-
malism in some interesting cases. This is a powerful tool to make the path
integral over the infinite-dimensional space of field configurations well-defined
by rewriting it as an integral over a finite-dimensional space. There are many
reviews clarifying the localization formalism [52]. For example, localization in
the context of A/ = 2 supersymmetric theories is covered in |7]. Many other

aspects of localization are covered in the special volume [53].

Consider the generator @) of a supersymmetry which squares to Q2 = P a
generator of a bosonic symmetry. If the action functional S is invariant under
the supersymmetry, we write QS = 0. Let us now introduce V a fermionic
functional satisfying PV = 0. We may consider deforming the action to S+tQV
with ¢ a real parameter. The expectation value of an observable now has an

explicit dependence on the parameter ¢, which we may write as
(0); = /[D@] exp(—=S —tQV)O

Here we assume the existence of a supersymmetry invariant measure [[D®](...)

of the path integral.

Let us now also assume O is invariant under the supersymmetry generator @

so that QO = 0. In this case, we may calculate

/\

Q

>
o~
Il

/ [D®] exp(—S — 1QV)(—Q(V)O)

- / [D®] exp(—S — 1QV)Q(VO)
= 0
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by the supersymmetry invariance of the measure. This shows that the expecta-

tion value of O actually does not depend on the parameter ¢!

If we furthermore assume QV has a positive semi-definite bosonic part, the limit
t — oo makes the saddlepoint approximation exact and localizes the integral
at the path configurations such that QV = 0. If the space of solutions M =
{®|QV(®) = 0} is finite-dimensional, the path-integral may be expressed as an

ordinary, finite-dimensional integral over M.

Derivation of the prepotential from the partition function in the Q-
background Pioneering work on the proposal by Seiberg and Witten was
done in [3, 4, 5, 6]. The proposal was derived by Nekrasov and others by
an honest calculation of the partition function in the Q-background using the
method of localization. There are many reviews on these topics such as [54] for
the work by Seiberg and Witten and [55] for subsequent works. The localization

formalism has been succesfully applied for quiver gauge theories in [56, 57].

Further important work on the study of these partition functions in the presence
of defects was performed in Nekrasov’s BPS/CFT-series [58, 59, 60, 61, 37].

If we denote the partition function by Z., ,(a, p,t), depending on the expec-
tation values a of the scalar fields, mass parameters p and the gauge couplings
t, the existence of A = 2 supersymmetry implies the partition function splits
as a product of three contributions

z _ Ztree Zlfloopzinst

€1,€2 €1,62°7€1,€2 €1,€2

where Z!7¢ is the tree-level contribution, Z171°°P the one-loop correction and

Z;sz the instanton corrections. This is a result of the fact that the partition
function must depend holomorphically on the gauge coupling parameters t,

which implies the higher-loop corrections have to vanish. Let us denote

Z(Rgh@) = Ze e (a, 22 t)

It turns out that there exists a functional V' with respect to which we can apply
the localization formalism. The instanton partition function Z (R‘éheg) localizes
to the self-dual instanton configurations. A direct expression of the moduli
space of such solutions was obtained through the ADHM construction [62]. This

formalism shows in particular that this moduli space is finite dimensional.



2.1 Structure of gauge theories with N' = 2 supersymmetry 29

By carefully taking the limit, we may show that

lim (—erezlog Zei e (a,p,t)) = F(a, pu, t)

€1,e2—0

recovering the prepotential.

Localization on the four-sphere Let us now regularize the IR-divergences

by compactifying our space time. Instead of R*, we now consider the squashed
4

€1,€2

four-sphere S defined by the coordinate parametrization

St = {(z0, -y xa) 7] + € (2% + 23) + 3 (23 + 27) = 1}

€1,€2

The space 531,62 admits a supersymmetry which squares to a combination of
a spacetime symmetry and an internal symmetry. The localization formalism
has been applied originally to quiver gauge theories on the unsquashed four-
sphere [21] for which €; = e3 = 1 and later for ellipsoids in [22], leading to the
calculation of the partition function on S? .
The path integral localizes to the field configurations for which the scalar fields
have constant values and the other fields vanish. The partition function Z(S?, )

turns out to have the following structure

2(8%,..) = [ dalz(Re, )P (2.)

We will denote by [ da(...) the integral over all scalar fields a1, ..., ap.

Furthermore, it turns out that certain loop observables on S4

c1,¢, Dreserve enough

supersymmetry to be calculated as well. We pick the support of our loop ob-
servables to either be given by C; := {(z1,29)|2z + 23 = %} or by Cy =
{(z3, 24)|23 + 23 = 57}

From the localization on S? _ it follows that the expectation value of a loop

operator (L) sS4 is given by

(©)ss,., = [ a2 e 2R )

where D, is a difference operator acting on the scalar zero mode variables a.

Wilson loops have already been studied in [21, 22]. On the squashed four-sphere
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these can be shown to correspond to pure multiplication operators

2 cosh (QWGT )
€j

where the parameter j in €; equals the parameter j of the support C; of the

loop operator. The action of 't Hooft loops has been studied in [63] on the
unsquashed four-sphere. Such loop operators act by difference operators on

Z(Re, ,) that are not pure multiplications.

2.2 Theories of class S

Quiver construction theories class S 1In the class of N’ = 2 SU(2) quiver
gauge theories, there is a family of theories known as theories of class S [9].
As quiver gauge theories, these theories may be represented by quivers built
up from vector multiplets and matter transforming either in the fundamental,
bifundamental, trifundamental or adjoint representation of the gauge fields it is
charged under. It turns out that these quivers are in one-to-one correspondence
with undirected, trivalent, planar graphs which are allowed to have multiple
edges between two vertices and edges connecting a vertex to itself. On the
other hand, the pants decompositions of a punctured Riemann surface X, i.e.
decompositions of X into three-holed spheres (possibly replacing some holes by
punctures), are also in one-to-one correspondence with such graphs. We refer to
theorem 16.5 for a statement of this kind. The tubes connecting different pants
in a decomposition are associated to the vector multiplets, while the punctures
define the matter of the theory.

Consider as an example the theory with four flavour groups transforming in the
fundamental representation of a single gauge group. This theory is known as the

Npg = 4 theory and can be defined by a quiver of the form shown in figure 2.1.

The blocks correspond to SU(2) flavour groups, while the circles define SU(2)
gauge groups. Under the one-to-one correspondence with pants decompositions
of punctured Riemann surfaces, this quiver defines a pants decomposition of the

four-punctured sphere.

It turns out that this correspondence is more than a curiosity: Each pair (P, T")
consisting of a pants decomposition P of a Riemann surface X and a gluing
pattern I" understood as a graph embedded in X, defines a different action

functional for the theory.
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Figure 2.1: Quiver describing the Ng = 4 theory

The exactly marginal gauge coupling parameters 7. for r = 1,...,3g — 3 + n are
related to the gluing parameters g, defining the complex structure of X by the
relation

_ e27ri7,.

dr

Although 7, — 7, +1 has a trivial effect on the complex structure X, it changes
the gluing pattern I' in a non-trivial way. The gluing pattern therefore contains
information about the branch of the equation 2wi7,. = log(g.) we are working
with. The moduli space 7Ty, of these theories is therefore in one-to-one corre-
spondence with the Teichmiiller space 7(S) classifying complex structures X
together with a marking given by the gluing pattern I' on a smooth surface S

of genus g and with n punctures.

The perturbative limit of these theories can be recovered by letting all 7. — oo.
In this region, the Yang-Mills coupling constants become small. From the point
of view of the Riemann surface, the tubes gluing together the different pants
become elongated. Depending on which pants decomposition and gluing pattern
we pick, we can find many different perturbative descriptions of the same theory.
This is an example of an S-duality of the theory. Indeed, it is believed that the
group of S-dualities for these theories is isomorphic to the mapping class group

MCG(S). See section §16 for a discussion of the mapping class group.

Sewing theories of class S together Since Riemann surfaces can be ob-
tained by gluing pairs of pants together, we may look for a similar construction
for theories of class S. We refer to [9] for this construction, but we will shortly

discuss it here as well.

Our starting point is the trinion theory for flavour group SU(2). The trinion
theory contains matter in the SU(2) trifundamental half-hypermultiplet, unlike
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any of the other theories containing matter in the fundamental, bifundamental
or adjoint representations. This theory will play the role of the three-punctured

sphere.

We can ‘glue’ two trinion theories together by gauging a diagonal combination
of two of the flavour groups that belong to different pairs of pants. This leads
to the moduli space of theories 7o 4 containing an SU(2) gauge group coupled
to four flavour groups in the fundamental representation. If the two flavour
groups belong to the same pair of pants, they combine to form an adjoint and a
singlet representation of SU(2). The singlet representation is not charged under
the gauge group and therefore is free. We may gauge the former representation
such that the remaining flavour group transforms in the adjoint of the gauge
group. The moduli space of theories 77 ; then consists of a gauge group and
a flavour group in the adjoint plus a free hypermultiplet. We can apply these

operations consecutively to find a theory in 7y .

Theories of class S from M-theory The theories of class S have a well-
known construction based on M-theory. This is discussed for example in [24] and
the reviews [7, 8]. Consider an M5-brane embedded in the eleven-dimensional
spacetime wrapped along the Riemann surface X. We assume the M5-brane
is embedded as R* x ¥, where ¥ — X is a double cover. This defines a six-
dimensional, strongly-interacting theory of type A; with /' = (2,0) supersym-
metry. To construct the theory of class S, we holomorphically twist along the

Riemann surface X. This preserves N' = 2 supersymmetry orthogonal to X.

The twisted compactification along X has the property that the Coulomb branch
geometry is independent of the area of X. At small areas, we recover the

description of a theory of class S.

The six-dimensional theory of type A; has a single Coulomb branch operator
which behaves upon twisting as a holomorphic quadratic differential ¢ on X.
The dimension of the Coulomb branch is therefore given by 3g — 3 +n for g the
genus of X and n the number of punctures. The positions of the branes from
the point of view of the surface X are determined by the roots of the polynomial
equation v? = p(u) defining the double cover ¥ = {(v,u) € T*X|v? = p(u)}.

Theories of class S are closely related to Hitchin systems. By compactifying on
S, the low energy effective action is described by a three-dimensional N' = 4
sigma model with target space the total space of a Hitchin integrable model
[24]. We also refer to [64] for a description.
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Relations to conformal field theory The sewing of these theories is remi-
niscent of the gluing of conformal blocks in conformal field theories. Indeed, in
[10] it has been conjectured that there exists a map between the partition func-
tions of the class S theories and objects known as conformal blocks in Liouville
theory. The developments initiated by this proposal have led to considerable
amounts of evidence and in some cases even proofs of profound relations be-
tween the partition functions introduced before and correlation functions of

certain conformal field theories.

Let us first state the duality before diving into the details of conformal field
theories. Some basic notions have to be known to understand this duality. We

refer to subsection 2.3 for whatever is unclear to the reader at this stage.

The parameters of the Nekrasov partition function Z(R?, ) have the following

interpretation in the context of conformal field theories

e The parameter b> = ¢; /e specifies the central charge ¢ of the Virasoro
algebra by ¢ =1+ 6(b+b~1)2.

e The variables t parameterize the complex structure of the Riemann surface
X on which the conformal field theory is studied.

e The variables p are parameters of vertex operator insertions.

e Finally, the variables a are the parameters of representations propagating

in intermediate channels.

The AGT-duality states that there exists a one-to-one correspondence between
partition functions of theories of class S and conformal blocks (solutions of the
conformal Ward identities) and correlators in Liouville theory. The correspon-

dence is as denoted in table 2.1.

It should be noted that conformal blocks do not form the physical correlators
of Liouville theory. Generically, the conformal blocks are not single-valued on
the Riemann surface X. To define a correlator, we have to integrate over the
intermediate momenta a. This is precisely how we arrive at the expression of
the partition function Z(S2 _ ).

€1,€2
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Gauge theory H Liouville theory ‘
Coupling constant b* = £
Q-background parameters €1, €5 Central charge ¢ =1+ 6@2
Background charge Q = b+ b1
Trinion theory Three-punctured sphere
Mass parameter Insertion of a
associated to an SU(2) flavour vertex operator V,,,
An SU(2) gauge group A cutting curve with
with UV coupling parameter 7, sewing parameter g, = e2™"r
Vacuum expectation value a,. Insertion of V,,
of scalar in vector multiplet for a, = Q/2 + a,
Zm (a, p,t) Liouville conformal blocks
Z(S2 o) = [dalZ., ,(a, p, t)]? Liouville correlator

Table 2.1: The correspondence of the duality discovered in [10]

2.3 A quick overview on conformal field theories

Before we discuss the precise relation between conformal field theories and su-
persymmetric field theories in the context of the AGT-duality and its extensions,
we will give a quick overview of two conformal field theories that will be im-
portant for us: the Liouville theory and the WZNW theory. An overview of
a mathematical approach on two-dimensional CFTs may be found in [65]. We
will follow these notes. We also refer to [40] for a discussion in the context of

surface defects.

It should be noted that we can define two-dimensional conformal field theories
over any Riemann surface, but for our purposes it suffices to clarify the main

points for the sphere.

State-operator correspondence and vertex operators To define a con-
formal field theory, we first have to introduce a Hilbert space H which is a

unitary representation of Vir, x Vir, with generators Lj and L.

The algebra Vir, is known as the Virasoro algebra with generators Lycy satis-
fying

[Li, L] = (k — m)Lism + — (k% — k)0ksm.0

c
12
and c the central charge of the algebra. We parametrize the central charge by
a number b as ¢ = 1 4+ 6Q? where Q = b+ b~ L.
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The Hilbert space will be constructed as

H= ® Mp g @ R' @ R"

R',R"

where R’ is a representation of Vir, and R” of Vir.. The factor Mg/ g~ describes
the multiplicity and transforms trivially under Vir, x Vir.. For a physical theory,
we require that R’ and R” are highest-weight representations. We will often
assume the existence of a vacuum vector |0) invariant under Ly and Ly, for k =
—1,0,1. These six generators should correspond to the translations, rotations,

dilatations and special conformal transformations.

Furthermore, a quantum field theory on X must contain a set of fields @, (w, @)
defined on X. We use v as a label for the set of all fields. Additionally, a
quantum field theory contains an inner product such that we can define single-

valued correlators
n

Zy(w,w) = ([] s, (wy.10,)

r=1
An important property of a conformal field theory is the state-operator corre-
spondence. This is an isomorphism v — ®,, between H and the space of fields.
This correspondence allows us to express the correlator Z as depending on the

positions of the insertions w and w and the vectors v = (vy, ..., vp).

If we consider X to be the complex plane, the state-operator correspondence is
described by
lim @,(w,w)|0) = v

w,w—0

The above discussion gives us some of the main ingredients that a physical

conformal field theory should possess.

Let us now introduce the stress-energy tensor. In a two-dimensional conformal
field theory, the stress-energy tensor splits into a holomorphic and an anti-

holomorphic part defined as

T(y) = > Ly "

kEZ

T(y) = Y Leg "2

kEZ

On the level of the correlation functions, the conformal symmetry expresses
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itself through the fact that the expectation value

n

((y) [ o (wr, @)

r=1

is holomorphic away from y = w, for r = 1,...,n. A similar identity holds for
the field T'(7).

Due to the split of these identities into a holomorphic and anti-holomorphic

component, we look for expansions of the correlators of the following form

Zv (W, W) = Z C[ﬂ/,ﬁ”,mfﬁ’,v’ (W)Fﬁ”,v” (W)
B’,8"

Here 3 and 3" label basis elements for a space of solutions to the conformal
Ward identities and the integers m label the multiplicities of the vectors v by

vy =m, @ v, @ v)/. The functions Fp (W) are known as conformal blocks.

Verma modules and Ward identities We look for representations of the
Virasoro algebra Vir, which have a highest-weight vector. Such representations
must come from a quotient of a Verma module for the Virasoro algebra, which
is a module V, constructed from a highest-weight vector v, on which the op-
erators L_j.q act as lowering operators, while L~ annihilate the vector v,.
Furthermore, we have (Lg — A, )ve = 0 with A, := a(Q — ).

Although these modules are freely generated by the operators L_j.(, for some
values of « it is possible that the Verma module contains null vectors, i.e.
vectors v which behave as highest-weight vectors themselves. These null vectors
generate a submodule which we quotient the Verma module by. For example,
we can show that (L_y — b"2L_1)v_p/2 in the Verma module V_j /5 defines a

highest-weight vector.

Let us consider X = CP*\{z1, ..., z,}. To each puncture z, we associate a rep-
resentation R, coming from the quotient of a Verma module by the submodule
generated by the null vectors. Using this notation, we will rephrase the Ward

identities:

We define an action of the Lie algebra Vect(X) on R = @._, R, by

Te = Zn: >oa'n”

r=1keZ
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where L(fz acts by L_; only on the component of the tensor product in V,, and

E= E(z)% is expanded as

() =Yz — z)"!

keZ

If we denote by fx € Lin(R,C) a linear functional, the Ward identities are
given by
fx(Tev) =0

for all £ € Vect(X) and v € R. If a functional fx satisfies these identities,
we call it a conformal block. Furthermore, if v = vy, ® ... ® v,, is the tensor

product of highest-weight vectors v,,., we denote

Zr (21,00, 20) == fx (V)

for fx a conformal block. This makes the dependence on the positions explicit.

Basis of solutions from pants decompositions To understand the appear-
ance of the intermediate labels a, we need to introduce a gluing construction
of conformal blocks. This construction takes as its input conformal blocks on
two Riemann surfaces with punctures and produces a conformal block on the
Riemann surface obtained by gluing these two surfaces together along a given
puncture. This creates large families of conformal blocks, which in some cases
are known to generate bases for the space (or some subspace) of the confor-
mal blocks. This requires that the punctures we glue together have the same
representation associated to them. Such a construction allows us to describe
conformal blocks by gluing together three-punctured spheres over which the
form of the conformal block is known. These gluing patterns come with labels a
denoting the the representations associated to the punctures we glue together,

i.e. the variables a label the intermediate representations.

Defining conformal blocks over the complex moduli space In our for-
mulation of conformal blocks so far, we have not yet put any restrictions on
Zi(#1,..., 2n) as a function of its parameters z := (21, ..., 2,). However, from
the point of view of physics it is natural to require some form of regularity of

Z¢.(z) in z. We therefore also impose the following axiom:

0

g Zre(2) = fx(L01) (2.2)
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We may physically understand this as stating that the operator L_; must behave

as the generator of translations in the holomorphic direction.

The action by L(f; defines an automorphism on the space of conformal blocks,
which allows us to interpret equation (2.2) as a connection on the configuration

space of punctures

Mo ={(21, ..., 2n)|2r # 25 if 7 # s} /PSL(2,C)

In good cases, we may integrate the connection from equation (2.2) and de-
fine bases for the horizontal sections over neighbourhoods in My ,. The cor-
responding functions Zy,, for fx being elements of such a basis, characterize
the conformal blocks fx uniquely through the Ward identities together with
equation (2.2).

For a higher genus surface it is also possible to define the space of conformal
blocks on which the generators of the Virasoro algebra act as differential opera-
tors. This implies that the stress-energy tensor on the one hand defines an auto-
morphism on the space of conformal blocks and on the other hand a differential
operator. However, the conformal symmetry and the Ward identities together
are usually not enough to describe the conformal blocks as a finite-dimensional
vector space over a given Riemann surface. To cut down the dimensionality of
this vector space, we need additional relations. One could think for example
of introducing null vectors leading to relations between Virasoro generators, or
extending the Virasoro algebra to a larger symmetry algebra. We will consider

both of these options.

Introducing degenerate representations If we assume some of the repre-
sentations associated to the punctures are degenerate, we can use the geometri-
cal description of conformal blocks over the complex moduli space to construct
differential equations the conformal blocks have to satisfy. Let us consider only
the case where the highest-weight vector is given by vy,,, = v_p/2 and we set

y = 2pq1 for X = CP'\{21,..., 2,41} A conformal block fx(v) defined on the

tensor product of highest-weight vectors, satisfies

" - A, r
fX(L(,;l)v) = Z (fo(v) + y_lzer(L(iU)>

r=1
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where A, = a,(Q — o). The relation (L_o — b"2L? )v_/» = 0 implies a

relation of the form

0? “ A 1 0
I — = r
y? Ix (Z7 y> Z ((y - ZT)Q Y — 2 Oz

r=1

) Zyy(2,y)

These types of equations are known as the BPZ-equations [36].

Remark that if we introduce a total of n — 3 variables y = (y1, ..., Yn—3), we find

a total of n — 3 BPZ-type equations.

Extending the symmetry to affine Kac-Moody symmetry Let us now
consider the case where we extend the Virasoro symmetry to an affine Kac-
Moody symmetry. The affine Kac-Moody algebra is a central extension of the
loop algebra of a semi-simple Lie algebra g. If we let J¢ be generators of the
affine Kac-Moody algebra with a the Lie algebra index and m the loop algebra
index, the algebra is defined by

dim(g)
[Ton o= > fTE + MK Sy 0™

c=1
where K is the central extension term,  the (non-degenerate) Killing form on g

and f2° the structure constants of g. We denote the affine Kac-Moody algebra
by gx-

A large class of representations for the affine Kac-Moody algebra can be con-
structed starting from a representation of g. The Lie algebra g naturally embeds
into gx as the zero mode subalgebra of the enveloping algebra of the Kac-Moody
algebra. Starting from a representation R of g, we may extend R to a represen-

tation R of §x by assuming

Jpsov = 0

Jgv R(t*)v

for all v € R. The element ¢t is a generator of g.

The Ward identities in the context of affine Kac-Moody algebras take a form
similar to the Ward identities of the Virasoso algebra. In this case we call the
linear functional fx, defined over the Riemann surface X, a conformal block for
the affine Kac-Moody algebra if the identity

fX(JnU) =0
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holds for all v € R := K, R, and all ) € g ® C[X], meromorphic, g-valued
functions on X. The action is defined by

dim(g)

B=Y 503 A

r=1k€eZ a=1

where 1 = n,(y)t* has the expansion

Z U(T) - zr

To show that a theory with affine Kac-Moody symmetry does define a conformal
field theory, we use the Sugawara construction [66]. This construction proves
that the Virasoro algebra is actually a subalgebra of the affine Kac-Moody
algebra. Indeed, if we define

dim(g)

Lk:zQ(K—l— )Z Z Rab * kam

meZ a,b=1

where A is the dual Coxeter number of g, it can be checked that Lj generates

the Virasoro algebra with central charge

B K dim(g)
- K+h

Moreover, the conformal blocks for the affine Kac-Moody algebra also define

conformal blocks for the Virasoro algebra.

The notation : J,?_mJﬁI : is called the normal-ordering, which means we place

all the raising operators to the right.

Let us consider a vector v = vg, @ ... ® vg, € R for vg. € R, coming from

vR, € R,. We denote a conformal block fx(v) of this type by

Zix(2v) == fx(v)

(

Using the Ward identities and replacing the action of L_Ti by the derivative %,

we find the KZ-equations

(K+B)i

5o Zax (2l0) + H Zpy (alo) = 0

where

H Z“abR N ( )

S#T
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and R, (t*) only acts on the vector vg.. It can be checked that the operators

H, are mutually commuting operators.

We restrict to g = s[(2,C) and assume the representations R, come from prin-
cipal series representations R, = P; with Casimir element j.(j, + 1). The

generators of the zero mode subalgebra are represented by differential operators

as follows:
_ 0
B(7) = Oz,
0
0 _ .
R.(t") = -z, pre +Jr
0
r t+ = 2 -2 'r T
R, (1) R

Elements in the principal series representation P;_ are non-holomorphic func-

tions of the variables x, and Z,. In this case, the operators H, take the form

. 1 s O .0 .0 .
Hr - s#zr 20— 2 (($7 - 33‘5) m + Q(xr - xs) (jsaxr - .77'axs> - 2.77']5)
(2.3)

and the conformal block Z;, (z|x) depends on the positions z = (z1, ..., z,,) and

the parameters x = (x1,...,2,). The parameters x define conformal blocks
twisted by a holomorphic bundle. We will not go into this construction in more
detail and refer instead to [19, 67].

2.4 Introducing defects in the gauge theory

We may define more general partition functions in the presence of certain su-
persymmetric defects. The type of defects that can occur in the context of AGT
and its generalizations, can be classified from an M-theoretical point of view.
We follow the discussion in [30]. For a classification of defects and the construc-
tion of theories of class S through an M-theoretical approach, we again refer to

the reviews [7, §].

From the M-theory point of view, we may introduce several different defects
in our theories. These will come from two different brane set-ups: Either we
introduce an M2-brane which has a boundary on the stack of Mb-branes or
we introduce another stack of Mb5-branes and intersect our original set-up with
those. Depending on where these branes live precisely, we can get different
defects.



42 2 PHYSICS AND GAUGE THEORY BACKGROUND

The former type of set-up gives rise to two-dimensional defects from the point of
view of the six-dimensional theory. The second set-up leads to a four dimensional
defect. There are three types of defects that will be important for us. We may

schematically describe these defects as in table 1.1.

If we intersect an M2-brane with the stack of M5-branes, we can either intersect
the M2-brane completely with the four-dimensional theory such that it lives at
a point with respect to the Riemann surface X, or we can intersect the M2-
brane with a one-dimensional subspace of both the four-dimensional space and
the Riemann surface X. The former set-up constructs a surface defect in the

four-dimensional theory, while the latter defines loop operators.

If we take another stack of M5-branes and intersect the original stack of M5-
branes, there is only one defect of interest for us, namely the one that defines a
surface defect in the four-dimensional theory.

Each of these surface defects in the Q-background R? _ and on S* . finds a

€1,€2 €1,€2

natural place in the context of generalizations of the AGT-duality.

Co-dimension four surface operators To preserve supersymmetry there
are two ways in which we can introduce co-dimension four operators as surface
operators in the four-dimensional theory, depending on whether we embed the
surface operator completely in the plane associated to the regulator €; or to the
regulator e5. The surface operator couples the four-dimensional theory to a two-
dimensional gauged linear sigma model supported on the surface operator. This
introduces a discrete label s = (sq, ..., s4) for the different types of surface oper-
ators, classified by the vacuum states of the sigma model, and Fayet-Iliopoulos
parameters y = (y1, ..., ya). The partition functions Z(R2 _ ) are generalized to

€1,€2

functions Z,, ,(a, u,s,t,y). The partition functions Z(S% _ ) generalize to

€1,€2

Z(S?hﬁz) = Z/da|zﬁl762(a7uvs7t7y)|2

including a sum over the vacua of the sigma model. Details of this construction

and an interpretation in terms of branes can be found in [68].

From the viewpoint of the AGT-duality, the partition functions Z, .,(a, p, s, t,y)
turn out to map to conformal blocks with extra insertions of degenerate fields
at the positions y. This was found in [69] using the method of topological re-

cursion, generalizing the results from [32] which only considered the case of a
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single insertion of a surface operator. An important check was performed in
[70].

The articles cited here form first steps in understanding this conjecture, but
many others followed that we have not mentioned here. We once again refer to

the review [8] for a more complete picture of the history.

The conformal blocks with extra insertions of degenerate fields satisfy BPZ-type
partial differential equations with respect to each of the positions y,.. Under
the duality the variables s, label elements in a basis of solutions to these BPZ-
equations on the conformal field theory side. The insertion of a surface operator
in the e;-plane corresponds to the insertion of a degenerate field V_; /5, while
inserting a surface operator in the es-plane leads to the insertion of a degenerate
field V_1(2p)-

If we consider X = CP'\{z,...,2,} to be the punctured sphere and describe
the complex moduli t in terms of the positions z = (21, ..., 2,), the insertion
of a co-dimension four surface operator with position y on the sphere induces
a BPZ-type equation on the partition function Z, .,(a, i, s,z,y) through the
extended AGT-duality. This differential equation takes the form

€2 1o - 1 A, _
(Qay + Z ( azr + )2)> Zel,EQ(avlJ/vs»zvy) - 0

— \¥ 2 (y— 2

The exchange €; <+ €, corresponds to the exchange b «+ b~ 1.

Co-dimension two surface operators The surface operators coming from
co-dimension two operators in the six-dimensional theory are introduced by im-
posing singular behaviour along the support of the defects in the gauge fields.
The possible types of singular behaviour are characterized by continuous param-
eters x = (x1,...,25,). The partition functions Z(R? ) generalize to functions

Ze, ep(a, pu,t,x). The four-sphere partition functions take the form

Z(Séll,eg) :/da|zel’€2(a7u7t7x)l2

On the side of the conformal field theory, the Liouville conformal block is up-
graded to a conformal block of the affine Kac-Moody algebra sly x [30]. The

extension of this proposal to arbitrary sI(N,C) was determined in [31].

The parameters x now parametrize the choice of a holomorphic bundle on the

Riemann surface X. The central charge term K can be recovered in terms of €;
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and e through the relation
€2

K+2=-—=
€1
Through the AGT-duality, the KZB-equation for conformal blocks leads to a
KZB-type equation for the partition functions Z, .,(a, p, t,x). Let us consider
X = CP*\{z1,...,2,} to be the punctured sphere once again and relate the
complex moduli t to the punctures z = (z1,...,2,). In this case, we find the
following relation on the partition function
€2 8

_gazel,eg (av I»L» Za X) = -Hrzm,ez (a7 P«» Za X)

if we insert the surface operator in the €;-plane. For a surface operator in the

€o-plane, the prefactor —E—f must be replaced by —E—;. This replaces K + 2
by (K +2)~!. In [37] it was stated that a proof of the fact that the partition
function satisfies the KZ-equation had been found for the four-punctured sphere

case.

The differential operators H, are the quantum Hitchin Hamiltonians on X tak-
ing the form of equation (2.3). The Hamiltonians can be generalized to other

Riemann surfaces as well.

Relations between co-dimension two and co-dimension four surface
operators Considerations from M-theory suggest an IR duality between sur-
face operators of co-dimension two and particular systems of surface operators
of co-dimension four [40]. The basic mechanism underlying this duality is a

variant of the Hanany-Witten effect.

In the context of the AGT-correspondence, such a duality would predict rela-
tions between the conformal blocks of the Virasoro algebra and of the affine
algebra 5A[2, k- It has been pointed out in [40] that the relations between confor-
mal blocks underlying the relations between correlation functions of Liouville
theory and of the H;-WZNW model fit very well to the relations between par-
tition functions expected to follow from the Hanany-Witten effect. The above-
mentioned relations between conformal blocks generalize the integral represen-
tation constructed using the separation of variables method of Sklyanin [71] for

the eigenfunctions of the Gaudin model.

Introducing loop operators The expectation value of Wilson loop operators

on S} ., was calculated in [21, 22, 63]. Let us recall from subsection 1.4 that

these calculations have been extended in [32, 41] and give rise to equation (1.3).
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The loop operators in the gauge theory can be inserted either on the circle
C1 = {(z1,22)|e3(2? + 23) = 1} or on Cy = {(w3,w4)|3(2% + 2%) = 1}. This
leads to the insertion of degenerate fields in the correlators of the conformal
field theory on the other side of the AGT-duality.

2.5 Relations to integrable models

Relations between field theories in the 2-background and integrable
models In [14] Nekrasov and Shatashvili have proposed a profound relation
between partition functions Z (Ré@) and integrable models deforming the re-
lations between Seiberg-Witten theory and (classically) integrable models to a
relation between a decompactification limit of supersymmetric gauge theories

in the -background.

The relation they discuss, appears in the limit e; — 0. It is argued that in this
decompactification limit, the four-dimensional N' = 2 theory gets effectively
represented by a two-dimensional N = (2,2) supersymmetric theory. The ef-
fective action of this theory appears on the plane R? C Ré,o with vanishing
Q-deformation by integrating out the fluctuations with masses determined by
the remaining parameter €;. The free energy of this AV = (2,2) theory defined

on R2, can be obtained as the limit

y(a’ M t) = lim (762 log Z€1-,€2 (aa H, t))
e2—0

Since the supersymmetric vacua are determined by the minimization of (a shifted
version of) the free energy, it follows that there exists a relation between the
extrema of Y(a,u,t) — 27 Ele nra, called the (shifted) twisted effective su-
perpotential and the vacua of the ' = (2,2) theory. Here d is the dimension of

the Coulomb branch and (ni,...,n4) a set of integers.

The space of vacua is acted upon by the twisted chiral ring generating a commu-
tative family of observables. Nekrasov and Shatashvili propose to identify the
generators of this chiral ring with the Hamiltonians of the quantum integrable
system obtained by quantizing the integrable system appearing on the Coulomb
branch through the relationship in [23]. The eigenstates of the generators of
the chiral ring are associated to states describing the spectrum of the quantum

integrable system.

All of these facts together amount to the prediction that the vacua of the effec-

tive two-dimensional theory, characterized by equation (1.1), are in one-to-one
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correspondence with the eigenstates in the spectrum of the quantum integrable

model.

The fact that we can characterize the eigenstates and spectrum of many quan-
tum integrable models in terms of conditions as in equation (1.1), is a highly
non-trivial prediction by the work of Nekrasov and Shatashvili. For theories
which allow for a solution by the Bethe ansatz, such descriptions have been
well-known following the work of Yang and Yang in [17]. The role of the pa-
rameters a, is played by the auxiliary variables in this case and extremization

with respect to this variable leads to the Bethe ansatz equations.

The integrable systems appearing in the context of supersymmetric field theo-
ries, cannot in general be solved by the Bethe ansatz. Famous examples include
the closed Toda chain and the Calogero-Moser model. For this class of integrable
systems, it had not been known that there exist functions as in equation (1.1)
allowing us to represent the quantization conditions of the quantum integrable
model. The parameters m and 7 take the role of parameters of the integrable
model, while €; becomes Planck’s constant. Functions Y(a, i, t) describing the

quantization conditions in this way, are often called Yang-Yang functions.

Through the relation to supersymmetric field theories, we furthermore have a
concrete mathematical description of the functions Y (a, u,t). By carefully ana-
lyzing the limit e; — 0 of the known series representations for Z, ., (a, i, t), it
was found in [14] that Y (a, p, t) may be calculated from the solutions to certain
nonlinear integral equations similar to the equations describing the thermody-
namic Bethe ansatz. For the case of the closed Toda chain, it was shown in
[72] that the quantization conditions derived previously by [73, 74, 75|, can be
rewritten in the form of equation (1.1) with Y(a, u, t) being exactly the function

defined using thermal Bethe ansatz type integral equations in [14].

Relations between the AGT-duality and quantum integrable mod-
els By interpreting the proposal by Nekrasov and Shatashvili through the
lens of the AGT-duality, we get an alternative mathematical characterization of
Y(a, p,t). By using the relations between partition functions Z(RZ ) in the
Q-background and conformal blocks, we may calculate the limit e — 0 from the
point of view of conformal field theory. This limit leads to the characterization
of Y(a, pu,t) in terms of the symplectic geometry of the moduli space of flat
connections on the Riemann surface X. For further discussions on this topic,

see [18, 19].
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From the point of view of integrable models one thereby gets a very interesting
alternative, more geometric picture of the Yang-Yang function characterizing
the quantization conditions of some quantum integrable systems. Of particular
interest in our context is the limit e — 0 of partition functions in the presence
of surface operators of co-dimension two. As already suggested in [30] we get
a physical realization of the eigenfunctions associated to the solutions of the

quantization conditions equation (1.1).

2.6 Open questions

Although these developments lead to profound relations between gauge theories,
conformal field theories and integrable systems, there are some basic questions
left unanswered. Let us consider two questions that will take precedent in our

context.

First of all, many algebraically integrable systems admit more than one possible
quantization condition. This comes from the fact that these integrable models
may admit more than one reality condition allowing us to define real phase
space coordinates from an algebraically integrable model with complex phase
space coordinates. Some simple examples where this happens are provided by
spin chains with representations of a complex semi-simple group attached to
each lattice site. The quantization condition will depend on the real form under
consideration, like SU(2) or SL(2,R) in SL(2,C), and the representations in
which we find eigenfunctions of the quantum Hamiltonians. For example, we
might consider discrete series representations, highest-weight representations or
principal continuous series representations, which in general leads to different

quantization conditions.

Even if an integrable model appears in relation to gauge theories as in the con-
text of [14], it is not a priori clear which quantization conditions can be expressed
in the form of equation (1.1) for a suitable Yang-Yang function Y(a, u,t). On
top of that, if some set of quantization conditions does appear, it is not clear
if other quantization conditions admit a similar representation ideally using the

same Yang-Yang function.

The relations discovered by Nekrasov and Shatashvili could initiate a new way
of looking for the solution of a spectral problem in quantum integrable systems,
but the effectiveness of this approach depends sensitively on whether the answers

to the above questions are known.
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Secondly, it seems natural to expect that the partition functions on 5?1,62 should
also have an interesting limit €3 — 0 from the point of view of quantum inte-
grable models. We have shown already in subsection 1.5 that we should expect
a change in Bethe quantum numbers if we introduce loop operators. Although
these equations resemble equation (1.1), it is a priori not clear whether they

have an interpretation in the quantization of the integrable model.

2.7 Loop operators and single-valued eigenfunctions

In this section we will expand on the questions posed in 1.5.

Bethe quantum numbers and loop operators Using the proposal by

Nekrasov and Shatashvili, we find

2@,.) = e (- L¥iav) 1+ Ofe)

in the limit e — 0. Here Y(a,t) is the Yang-Yang function for the Hitchin

integrable system.

By plugging in this expression into the factorized relation of equation (1.2) found

by Pestun, we obtain an integral expression

Z(theg) = /daexp <6229%e(y(a,t))> (14 0O(e2))

which may be calculated by the saddlepoint approximation, becoming exact in

the limit e; — 0. This implies that the partition function Z (S _ ) is dominated

€1,€2

by the values a = a, where

t
Re <8y(a7 )> =0
oay. a—a,
and the parameters a must satisfy
me(ar)‘a:a* =0

Comparing to the results in [20], we see that such a set-up leads to values

(n,m) = (0,0) for the Bethe quantum numbers (as defined in subsection 1.5).

Let us now introduce loop operators on Co in the decompactification limit e; —

0. These loop operators will modify the asymptotic behaviour of the integrand
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of the partition function Z(SZ _,). One of the simplest cases is given by the
insertion of a Wilson loop operator, which may be characterized by parameters
ps = 0 and g5 = 0,5 for a given value of r. An analysis along the lines of [21, 22]
shows that such loop operators lead to difference operators acting by a simple

multiplication by a factor of the form

2ra,
2cosh< e >
€

In the limit €5 — 0, it is clear that this changes the saddlepoint approximation

e <ay(a, t) )

da,

to

=T

a=a,

From this perspective, we see that the introduction of loop operators can af-
fect the Bethe quantum numbers (n, m) appearing in the comparison with the

quantization conditions in [20].

We can easily generalize this example to the case where we insert multiple Wilson
loops. Such a set-up defines a loop operator with Dehn-Thurston parameters

(0,q). The difference operator takes the form

2ra, r
Dio,q = H (2 cosh < o ))

T

Therefore, we find

= g,
a=a,

(252

showing that we may identify q and m. Hence, the Wilson loop operators have

a clear interpretation in terms of the Bethe quantum numbers.

A similar calculation for a general dyonic loop operator, however, is not so
simple, since a general dyonic loop can lead to shifts in the variables a. Although
a Wilson loop does not affect the integer n, a general dyonic loop operator

therefore could have such an effect.

The partition function Z (5211,62) and single-valued eigenfunctions We
will use the co-dimension two surface operator, inserted in the e;-plane, as a
probe to find single-valued eigenfunctions to the quantum Hitchin Hamiltonians

from the partition function Z(S? ).
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Let us first go back to the holomorphic story: If we introduce such a surface

4

¢, oo we must find an expression of the form

operator in R

Z(RY, ) = exp (—;y(a,t)> Bl o, ,) (14 O(e))

The partition function Z(R?, _,) develops a dependence on parameters x, which
are the twisting parameters defining a holomorphic bundle over the Riemann
surface X and coordinates for Bungy,(s c)(X). The generalization of the AGT-
duality proposed by Alday and Tachikawa relates the holomorphic functions
Ze, er(a, p,t,x) to conformal blocks of the affine Kac-Moody algebra ﬁlg’k [30,

37].

The relation to the WZNW model implies that Z, .,(a, p, t,x) satisfies the
KZB-equation

_62 0

77261,62 (aa B, t, X) = 'H-’I"Zél7§2 (a, /.L,t,X)
€1 8t7~

where H, is a differential operator acting on the variables x coming from the

quantization of the Hitchin Hamiltonians.

The partition function Z(S2 _ ) is mapped to

€1,€2

G(p,t,t,x,X) = exp (—iiﬁe()}(a*,t)o U(p,t,t,%,%) (1+ O(e2))

where the functions G(pu, t,t, x,X) are correlation functions for the H. 3+ WZNW

model. If we set

€1 O1 " e 07

B - 1 9Y(ayt) B 1 9Y(ayt)

the functions ¥ must satisfy the equations
H.U = E,U H.U = B0

and a, solving

e <ay(a, t)) L

Oa,

a=ax

It turns out that ¥ is single-valued as we shall see. Before we go into detail,
let us note that we only recover a single, special eigenfunction from Z (thez) in

this way. There is no hope to construct other single-valued eigenfunctions from

the partition function.
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The separation of variables for Gaudin models We will sketch the main
ideas very briefly, since the separation of variables for Gaudin models will be

discussed in greater detail in subsection 3.4.

Starting from the correlation function G, we may apply an integral transforma-

tion of the form
G(p, t,t,x,%X) = /dQuIC(x,i, u,u)H(u,t,t,u,a)

where K(x, X, u, @) is explicitly known for theories of class S associated to genus
zero surfaces [40]. The function H(u,t,t,u, @) is a correlation function of Li-
ouville theory in the presence of a certain number of degenerate fields. This
integral transformation relates the KZB-equations satisfied by G to the BPZ-
equations satisfied by H.

In the Nekrasov-Shatashvili limit e — 0, we obtain a relation of the form

\I/([,L,t,E,X,)_() :/dQUK(X’ivuvﬁ)HX(uk7’ak)
k

with x(ug, @) satisfying the relevant limit of the BPZ-equations
(9% + t(w)x(u,a) = 0 (9% + t(@)x(u,a) =0

where

t(u) = zn: ((u 6Tzr)2 + uETzr>

r=1
for the case of genus zero. In this case, the complex moduli t may be expressed
in terms of the positions of the punctures z = (21, ..., 2, ). The residues E, are

obtained by
1 9

€1 0z,

y(a#ﬂuaz) = ET

Single-valuedness of the eigenfunction ¥ now follows from single-valuedness of

the function y.

Introducing loop operators If we insert a loop operator £ in the es-plane,

we would expect a representation of the form

= / daZel,eg (au u,t, X)DL', . Zel,ez (au u,t, X)
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generalizing the factorized form that is known in the case without surface op-
erators. If we now take the e — 0 limit, we expect the same construction of
a single-valued eigenfunction ¥ to hold as for the case Z (531762), but possibly
leading to different eigenvalues E, and E, due to the adjustment of the Bethe
quantum numbers. In any case, we may conclude that the expectation of a loop
operator in the ez-plane in the presence of a surface operator of co-dimension
two living in the e;-plane, gives rise to a single-valued eigenfunction ¥ of the

quantum Hitchin Hamiltonians.
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3 Quantization of the Hitchin system

3.1 Classical and quantum integrable systems

The Liouville-Arnold theorem is a keystone in defining integrability for a Hamil-
tonian dynamical system in a classical sense. Given a Poisson bracket on a
smooth manifold (known as the phase space) P, the Liouville-Arnold theorem
states that if we find 3 dim(P) functions in involution, we can introduce action-
angle coordinates for our integrable system. If the fibres of the map fixing the
values of these functions are compact, they will be diffeomorphic to tori. The
motion of the integrable system becomes linearized on this torus fibre and can

be solved by integration.

When we quantize our integrable system, we replace the functions on the phase
space by self-adjoint operators on a Hilbert space and the Poisson bracket is
replaced by a commutator of operators. The problem we now address is finding
the spectrum of a self-adjoint operator for eigenvectors in the given Hilbert
space. The choice of a Hilbert space might restrict the spectrum of the operator,
often times ensuring the spectrum becomes discrete. Two examples of conditions

we might require are square-integrability and single-valuedness.

The notion of quantum integrability is less understood than in the classical
case due to the lack of the Arnold-Liouville theorem. Although we might con-
struct many operators in involution, integrability is not yet guaranteed. Two
well-known techniques that can be used to solve quantum integrable systems
which admit what is known as a Lax formulation, are the Bethe ansatz and the
separation of variables method. The Bethe ansatz requires the introduction of
a reference state in the Hilbert space from which we produce all other vectors
by applying lowering operators defined through the Lax matrix. Although this
technique can be applied widely, a reference state is needed. When such a state

cannot be found or does not exist, we cannot apply the Bethe ansatz.

The separation of variables describes a representation of the Hilbert space for
which the eigenfunctions can be represented as the product of one and the same
function evaluated at different values of the argument. The function appearing
in this product representation can be characterized as the solution of difference

or differential equations called Baxter equations.

Hitchin integrable system The focus of this thesis lies on the quantization

of the Hitchin system defined in [15, 16]. This is a family of complex integrable
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systems with input a Lie group and a Riemann surface on which the spectral
parameter lives that gives rise to many interesting examples. The Gaudin model
and the elliptic Calogero-Moser model can both be obtained from this construc-
tion if we assume the Riemann surface is a punctured sphere and once-punctured
torus respectively. To describe much of the machinery we discuss in more con-
crete terms, we will often look at the Gaudin model as a hands-on example.
The techniques that can be applied to this model, have a natural generalization

to Riemann surfaces of higher genus.

It was shown by Frenkel in [76] that for the SU(2)-Gaudin model the eigen-
functions of the Hamiltonians constructed from the Bethe ansatz, have triv-
ial monodromy as functions living on the punctured Riemann sphere. In this
case, the Hilbert space in which the solutions live is a tensor product over
finite-dimensional representations. More generally, we may replace these finite-
dimensional representations of SU(2) by principal series representations of SL(2, C).
We will consider this in more detail later, but note for now that the Bethe ansatz
is not applicable here due to the lack of a reference state. Therefore, we should

approach the quantization problem using separation of variables.

3.2 Introduction to the Hitchin system

We give a lightning review of the notions introduced in the definition of the

Hitchin system, realizing its structure as an algebraically integrable model.

Stable Higgs bundles Let us consider a rank two holomorphic bundle £

with trivial determinant over a possibly punctured Riemann surface X with

29 — 2+ n > 0. We introduce a global section § € H*(X, End(€) ® K x) which

we call a Higgs field. The bundle Kx is the canonical bundle over X. We

require that near a puncture z,, the Higgs field has an expansion of the form
0z = 2o =)

Z — Zx

The pair (£, 0) defines a Higgs bundle.

We will only consider pairs (£, 8) that are stable, i.e. pairs that satisfy 2deg(L£) <
deg(€) for every subline bundle £ C & such that (L) C L ® Kx. This is a
technical condition allowing us to find a harmonic metric compatible with the
Higgs pair. We call the set of stable Higgs bundles up to gauge transformation
the Higgs bundle moduli space M.
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Symplectic structure on moduli space Note that for the trivial Higgs
field § = 0, the stability condition reduces to the stability condition of the
underlying holomorphic bundle and that the stability of a holomorphic bundle
£ automatically implies the stability of the Higgs pair (£, 0) for any 6. The space
Bung,(2,c)(X) of stable bundles with parabolic structures at the punctures can
be embedded in M g as the slice of stable Higgs bundles (£, 0). Its tangent space
at a given £ € Bungy,(o,¢)(X) is identified with H'(X, End(€)), so that we may
identify its cotangent fibre with the space of Higgs fields H(X, End(€) ® Kx)
through the Serre duality. It turns out that T*Bungp(s,c) is dense in My and
we may induce a symplectic structure on My from the canonical symplectic

structure on T*Bungr,(2,c)-

Complex integrable structure We define a map h : My — H°(X, K%)
sending (€, 0) — tr(6?). By picking a basis a, with r = 1,...,3g — 3 + n for the
space of quadratic differentials with at most a double pole at the punctures and

with fixed behaviour of the double order pole, we may write

39—3+n

tr(?) = Z H,a,
r=1

The map h therefore induces 3g — 3 4+ n coordinate functions H,. on M. It has
been shown in [15] that these coordinate functions H, are mutually commuting
on My with respect to the symplectic structure induced by the canonical sym-
plectic structure on T*Bungy,2,c). Since dime(Bungy2,c)(X)) = 39 — 3+ n, we
find dim¢(Mp) = 69 — 6 + 2n.

This system has the structure of a complex integrable system, which can be

understood by identifying the fibres of h with complex tori.

Fixing the value of a global quadratic differential a(u) defines the equation
v? —a(u) = 0. A quadratic differential therefore defines a curve ¥ := {(u,v) €
T*X[v? — a(u) = 0}. We call the curve coming from the Higgs field 6 by
a(u) = 1tr(6(u)?) the spectral curve.

If we consider a pair (u,v) in the spectral curve for which tr(6(u)?) # 0, the
Higgs field can be diagonalized with eigenvalues :l:\/m . Since these eigen-
values are distinct, we may introduce the eigenvector bundle at each such point
(u,v). We may extend this construction to the definition of a line bundle over
the complete spectral curve. The moduli space of such line bundles is called the

Prym variety.
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Conversely, given a line bundle F over ¥, we may consider its direct image
along the two-to-one map 7 : ¥ — C sending (u,v) — u. The direct image
construction defines a rank two holomorphic bundle £ with Higgs field 6. This
turns out to be a stable Higgs pair and det(£) ~ O, hence inverting the map

we defined above.

We note that the Jacobian Jac(X), the moduli space of line bundles over X,
is known to be isomorphic to a complex torus. The fibres of the fibration
h : My — H°(X,K%) can be identified with the Prym variety, defining the
subset of line bundles in Jac(X) giving rise to bundles £ with det(€) ~ Oc.
This finally realizes the structure of the Hitchin system as a complex integrable

system.

3.3 Quantization of the Gaudin model

As an illustrative example, we will now realize the SL(2, C)-Gaudin model as
a special case of a Hitchin system. For a discussion on the appearance of the
Gaudin model from the Hitchin Hamiltonians, we refer to [76]. The Gaudin
model has also been considered in [19, 20]. More recently, the Gaudin model

has been discussed in the context of [77].

Classical Gaudin model from the Hitchin system Let us consider the
space X = CP'\{z1,...,2,}. The space Bung,(2,c)(X) is characterized com-
pletely by the parabolic structures at the punctures. A parabolic structure is
introduced by defining a flag 0 C F C C? at each puncture together with a set
of weights. Such a flag defines a Borel subgroup B C SL(2,C) by considering
all transformations keeping F' invariant. Without loss of generality, we may as-
sume B is the space of lower-diagonal matrices and describe £ € Bungr,(2,c)(X)
through a covering of CP! consisting of {CP\{z1, ..., z,}, D1, ..., D, } and tran-
sition functions, with the Dy, ..., D,, mutually non-intersecting small discs around

each puncture z1, ..., z,.

We may identify the space of flags 0 € F C C? with SL(2,C)/B ~ CP! and
introduce coordinates (z1,...,,) € (CP')" for Bungy,2,c)(X). The transition

functions between X and each of the discs D, then take the form

1 =z,
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Remark 3.1. Strictly speaking we only characterize the open dense subset of
Bung,2,c)(X) in this way coming from the trivial SL(2,C)-bundle over CP".

See also section 7 of [77].

The cotangent fibre may now be understood as the subspace in H(X, End(€) ®

K x) preserving the flag structure. Therefore, we can parametrize the cotangent

-1, 0
t, =
pr L

The numbers [, define the weight at each puncture.

fibre by the matrices

The space of Higgs fields may therefore be parametrized on CP*\{z1, ..., z,} by

o) =>

r=1 Yy—=2r
where
_ —1
97' - fr't'r'fr
_ TrPr — lr _x?”pr + 2lrxr
Dr — Ly Py + lr

The constraint that the point at infinity does not produce a pole in the Higgs
field, leads to the equation

n

> 6, =0

r=1
We may define a moment map 1 = Res,— () such that the physically relevant

space is defined by p~1(0). This is equivalent to the following three constraints

n

Zpr =0

r=1
Z(xrpr - lr) =0
r=1
Z(xfpr —2Lx.) = 0
r=1

The space x~1(0) has a residual sl(2,C)-action on the coordinates (1, ..., 2,)
generated by the constraints, which exponentiates to the Md&bius transforma-
tions. We have to quotient by this action to get the physical phase space
p=1(0) / PSL(2,C).

Effectively, we may set z1 =0, x,_1 = 1 and x,, = oo to pick a representative
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of the PSL(2, C)-orbits. Then the above equations allow us to express the coordi-
nates pi, pn—1 and p,, in terms of the other coordinates (x3, ..., Tpn—2, P2, ...; Dn—2),

reducing the system to a 2(n — 3)-complex dimensional system.

The Hamiltonians H,. of this system are defined as the residues at the punctures

of the quadratic differential

1
H, = — Z ((xr - ms)Qprps + Z(xr - l‘s)(prls - pslT) — erls)

Zr — Z
S;éT‘T s

Note that the lack of pole at infinity implies the constraints
n
S H = 0
r=1
n

Z(zTHT—HST) = 0

r=1
n

> (22H, +226,) = 0

r=1

Quantizing the Gaudin model The coordinates x, and p, are canonical
coordinates for T*Bungy,o,c)(X) satisfying {x,,ps} = 0,5 with respect to the
standard Poisson bracket on T*Bungy,2,c)(X). To quantize the Gaudin model,
we may apply canonical quantization by setting p, = —61% such that as oper-
ators [T, Ps] = €10,s. Although the parameter ¢; derives its meaning from the
gauge theoretical context of the Hitchin model, for the purpose of quantizating
the Gaudin model, we may simply interpret €; as a quantization parameter.

After quantization we find operators

. 0

; = —61 ax (3.1)

J = —e 9 4 (3.2)
r - 1Ty 3:1:T +.7r .

J+ = €1$2

r

B)
= %, 3.3
" o (3.3)

r
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representing the quantum analogues of 6, 6 and 0 respectively. Now the
Casimir )
TP+ ST+ 000 = e + 1)

The shift by €17, is a result of the quantization.

Before applying the constraints, the Hamiltonians can simply be canonically

quantized by taking

Ho=-Y : @mey +%mm@ﬁ9jfwm@
pord Zp — Zs 0x,0x ox, 0x
(3.4)
In the classical case, the constraints mix the coordinates x and p. We will
therefore need to carefully take these constraints into consideration. When
n = 4, the quantization of the Gaudin model corresponds to solving a single

ordinary differential equation.

Remark 3.2. The equation (3.4) is equal to equation (2.3). This indeed shows
that the quantum Gaudin Hamiltonians are equal to the operators H, in the

KZB-equation.

Gaudin model corresponding to the four-punctured sphere To quan-
tize the Gaudin model, we will need to look for holomorphic solutions ¥g(x)
satisfying

H,¢g(x) = E¢p(x)

with H, defined by equation (3.4). For simplicity we may set €1 = 1.

The constraints on the coordinates p translate to three constraints on the func-
tion ¥g(x) of the form

Z Joge(x) = 0

r=1

> e(x) = 0
3 Jg(x) = 0

In the case where X = CP'\{0,z,1,00} and j, = —3 for all r = 1,...,4, we

may set x4 = oo and completely remove 8%4 from the above Hamiltonian. This
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leaves us with two differential equations of the form

0 0 0
E— _ —_— = O
(63&‘1 + 85(12 + (9!1)3) ¢E(X)
0 0 0
— — —+1 =0
(331 P + zo 02g + 3 D25 + > YE(x)
Using these properties, we may remove 6%1 and 8%3 from the equation as well.

Assuming x = (0,2,1,00) such that ¢¥g(z) := ¢Yg(x) only depends on the

crossratio x, it can be shown that the Hamiltonian H, acts on Y(z) by

x(rx—z)(xz-1) , 322 — 2xz — 2w+ 2 r—3

Hyp(x) = O E(®)+ 21 wﬁ(l")‘*‘m?/}]a(x)

By reparametrizing F5 in terms of a parameter A, the differential equation
ﬂgwE(x) = EyYg(z) becomes a differential equation of Sturm-Liouville type

which we may write as

d

75 (@@ = 2)(z = Y3 () + (@ + N¢a(z) = 0 (3.5)

where the dependence on the parameter A is made explicit in the form ¥y (z) :=

VYE(T).

At this stage, we should note that the choice j,. = —% will become important
for us due to the relation between equation (3.5) and the geometry of the four-
punctured sphere (and more precisely the uniformization theorem). In section §4

we will discuss these statements in greater detail.

Remark 3.3. For the four-punctured sphere X = CP\{0, 2,1, 00}, the differ-
ential equation (3.5) has regular solutions on the subspace CP'\{0, z,1,00} C
Bungr,(2,c)(X). The fact that this subspace is isomorphic to X is unique to the

four-punctured sphere!

Setting up a quantization problem Solving a quantum problem requires
us to find elements in a Hilbert space which act as eigenfunctions of the op-
erators defined in equation (3.4). Usually a quantization of the Gaudin model
requires us to search for eigenfunctions to the Gaudin Hamiltonians which have
holomorphic dependence on the auxiliary variable on the punctured sphere. This
is not the type of quantization we will be looking at. Instead, we will look at

both holomorphic and anti-holomorphic eigenvalue equations.

To describe an interesting subset of functions, we will consider the Hilbert space

to be a direct product @,'_, P;_;, with P;

rsdr the principal series representation

mJr
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associated to s[(2, C)¢ =~ sl(2, C)Psl(2, C). We may realize these representations
as principal series representations of s[(2, C) on which the operators j,?, jf and
J act as holomorphic differential operators as in equation (3.1), equation (3.2)
and equation (3.3) respectively, while j,,_ ,jﬁ) and j;“ are realized as the anti-

holomorphic variants of these operators with j, replaced by j,.

From a quantum mechanical point of view, it is natural to require the existence

of a single-valued solution ¥Ug(x,X) of

H,Ug(x, %) = B, Ug(x,%) H,Ug(x,%) = B,Ug(x,%) (3.6)

with H, the complex conjugate of H,. This sets up a quantum problem that
cannot be solved for generic values of E, and E,. Square integrability of the

wave function implies that E, is the complex conjugate of E, [77].

We will show that this quantization problem picks out a discrete set of allowed

eigenvalues which we will consider to solve our quantum problem.

From the point of view of single-valuedness, it is clear why we have to give up
holomorphicity of the eigenfunctions. A single-valued holomorphic function on
the punctured sphere is necessarily a quotient of polynomials in the parameters

x. Such solutions have been constructed through the Bethe ansatz in [76].

If we consider any quantum mechanical problem, single-valuedness is one of the
conditions that a wavefunction has to satisfy from a physical point of view. Usu-
ally, single-valuedness is only one of the properties we require the wavefunction
to have, another being square-integrability with respect to a natural scalar prod-
uct. In principle, it could happen that only a subset of the set of all single-valued
wavefunctions is square-integrable. In [77] a scalar product is constructed and it
is shown for the four-punctured sphere that the single-valued wavefunctions are
precisely the square-integrable wavefunctions. This shows that the condition of

single-valuedness is strong enough to characterize the allowed wavefunctions.

3.4 Separation of variables for the Gaudin model

Although we obtain an ordinary second order differential equation for the eigen-
function g (z) when n = 4, in general the differential equations will mix differ-
ent coordinates x,.. We will describe the separation of variables for the Gaudin

model leading to a set of n — 3 ordinary differential equations in terms of a new
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set of variables u = (uq, ..., up—3). It turns out that such a transformation can

be found both on a classical level as well as a quantum level.

Bethe ansatz for the Gaudin model Before we apply the separation of
variables, we note that the Bethe ansatz does provide a way to quantize the
SU(2)-Gaudin model as we noted before. The Bethe ansatz allows us to find
solutions of our problem in finite-dimensional, highest-weight representations
®7;11 Vj,. In this case, the spins must satisfy j, € %Zza In particular, a
finite-dimensional space implies the space of solutions we are looking for are
polynomials in the variables z,. Such solutions can never develop non-trivial
monodromy in PSL(2,C).

The problem we set out to solve contains the uniformization problem as a so-
lution and always excludes trivial monodromy. The solutions obtained for the
SU(2)-Gaudin model through the Bethe ansatz therefore cannot be used in our

case.

Classical separation of variables for the Gaudin model For the sepa-
-1 N
::1 tfzr :

This function is defined as the lower-left element in the matrix-form of the Higgs

field
1) 6T
M(@(t) —e%))

In the context of the separation of variables we will use the notation ¢ instead

ration of variables, we will study the zeroes of the function 6~ (¢) = >_

of y for the parameter living on the punctured sphere.

Let us define new variables ug and u = (uq, ..., u,—3) by setting

-1 -3
«— P T — )

0 -1
r=1 t— 2z H:'L:I (t —2)

where we have sent 2z, — oo by using the invariance under complex Mobius
transformations of this system. The coordinates u form one half of the new set

of coordinates.

We can explicitly represent

n—3
pr(w) = Res;., <u0Hkn_11(t—wc)>

r=1 (t - ZT)
n—3

k=1 (Zr - Uk)

Hs;ér (2r — 25)

= UO



3.4 Separation of variables for the Gaudin model 63

The other half of our new coordinates is given by v = (v1, ..., v,,—3) defined by
VE = 790(71;@)
If we let
1 2
I(t) = itr(ﬁ(t) )
1
= (0°(®)) + 50700 () + 07 (1)07 (1))

we find v? = Y(uy). Therefore, the pair of coordinates (ug,vy) defines a point

on the spectral curve
¥ = {(u,v) € T*X|v* = 9(u)}

and the change of coordinates (x, p) — (u, v) defines a map T*Bungy,2,c)(X) —
(T*X)"=3. This map is symplectic as the following result shows. See for

example [40] for a discussion.

Proposition 3.4. The coordinates (u,v) are Darbouzx coordinates for the canon-

ical symplectic structure Z::ll dxz, A dp, on T*Bungy,,c)(X).

Proof. Consider the function

n—1 3 ( Zs)
x,1u) = klo xrkl— 1o Dlogrtir T %)
G(x,u) g (; s (2 — 20) ) Z & < "3z — m))

where k= —1,, + 3" 1

One easily checks that

G(x,u) = klog [(Z xrpr(u )] — Z_:lr log(p-(u)) + 15, log(uo)

This implies
ig (x,u) =k Pr

(93;,- Z?/;ll Tyt Pt
By using the constraint Zf,_:ll (Xprprr—lp) = —ly,, we may replace Z?,_:ll Ty Pt =
K to find
g(x,u) = p,

oz,
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On the other hand

8uk

n—1 n—1
ig(x, u) = klog [(Z xrpr(u)>] - Z I, log(pr(w)) + 1, log(uo)

n—1
_ 2 : TrPr — lr
U — 2
—1 k T

= 0%(ux)

= —’Uk

The function G(x,u) therefore describes a generating function for the change of

coordinates (x,p) to (u,v).

The existence of such a generating function implies that

n—1 n—3
dg(x,u) = Zprdx,. — Z vpduy
r=1 k=1

Therefore,
n—1 n—3
Z dx, N\dp, = Z duy N dvg
r=1 k=1

implying the canonical symplectic structure generated by x and p on T*Bungy,c2,¢(X)
coincides with the canonical symplectic structure generated on Sym™ *(T*X).
O

Quantum separation of variables for the Gaudin model Once we quan-

tize the Gaudin model, the functions 6%(¢) are replaced by operators

n—1

. Ja
Ja(t) — Z - _TZT

r=1

where a € {—,0,+} and j;’ are defined by equation (3.1), equation (3.2) and
equation (3.3). Our goal is to find single-valued functions Ug(x,X) simultane-

ously solving the holomorphic and anti-holomorphic equalities in equation (3.6).

It turns out that we can still apply the separation of variables to the quantum
Gaudin model. See [71, 76, 20]. To do so, we first we apply a (variant of the)

Fourier transformation of the form

| |2jr+2

n—1
\TIE(m, m) = H <T - /dzxre““”"‘_mw’") Ug(x,X)
r=1
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where m = (u1,..., in—1). We have to pick the minus-sign in front of the
conjugate variables to ensure that the conjugate operators J¢ are mapped to

the complex conjugate operators of j,’f

The operators J¢ transform to operators D% of the form

Dy = pr
- 0
DY = p—
p g
2 . .
R 1
bt = _MT( 5) 4 Inlr 1)
Opir Jo

In this basis, the Hamiltonians take the form

. 1 o 0N gt st
H, = — s | 5 — — s -
" Z Zr T Zs <IUT Hs (a,ur aﬂ'f‘) s My fr Hs

If we set D%(t) = 3. %, the operator

st = (D))" + a0 + D=(WD* (1)

may be expressed as

n—1 .o 7
SOEDY (@”;;j " ti)

r=1

We may apply the separation of variables in the same way as we did before by

considering the zeroes of D~ (t). Let us therefore write

—1 _3
[ Hr HZ:l (t - uk)

0 —1
ot [[2(t—2)

Once again, we may express

such that

o O, O
ouy, z_: Ouy, Oty
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As operators we find

<£Lf = o (D)

= (6tf70(t)> limu, + (8150(15)) lt=ur

8uk

The change of variables m — u transforms Ug(m,m) — ®g(u,@). It is easy
to check that

SOl e ) = | (20°0) s + (5 D°0)) s Dm0
= gjibe(u,u)

On the other hand, by definition

S(t)h_%%(u)u):i(jr(j7.+1) LB )@E(u,u)

o\ (=) we— 2

The change of variables m — u therefore leads to a set of equations of the form

672_”_1 Jr(jr +1) E. wa -
<5ui ;((ukzr)Z—i_ukzr))q)E( u) = 0 (3.7)
S (0G| B o
<aﬁi ;((ﬂkzr)Z—i_asz))@E( ;m) = 0 (3.8)

for k = 1,...,n — 3. Each of these equations defines an ordinary differential

operator in one variable.

We can pass back to the original functions Ug(x,X) using the integration kernel
n—1 I n—1 Jrtly,_3
ho (o — k) o (2 = )
T i YRR (u — wr)
we(S-fey) Dpe ) O

such that
U (x,%) = Ny / Py P3|k (x, 1) 2Pm(u, @)

for some constant N; only depending on the complex structure and the param-

eters j,. and j,.. The parameter J is the quantum analogue of x, defined as
J=—jn+ Zr 1 jr
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3.5 Quantization of the Hitchin system for higher genus

The quantization of the Hitchin system is closely related to the geometric Lang-
lands conjecture and conformal field theories, specifically those with an affine
Kac-Moody symmetry. The Ward identities in conformal field theories allow us
to express conformal blocks as vector bundles over moduli spaces. The stress-
energy tensor in the field theory defines a connection on the bundle of conformal

blocks over the moduli space of curves.

Upon a renormalization, we may define a limit known as the critical level limit
for theories with affine Kac-Moody symmetry. This realizes the renormalized

stress-energy tensor on X as a function that transforms as

t(u) = (w'(u))*t(w(w)) + %{w(U), u (3.9)

"t 1" 2
under coordinate transformations. The function {w(u),u} = 23 (w (“))

w'(u) 2 \ w'(u)

is called the Schwarzian derivative of w(u).

It turns out that in this limit, the stress-energy tensor generates the center of
the chiral algebra for s[(2, C)-affine Kac moody symmetry. For higher rank, the

center generalizes to the classical W-algebra.

In more generality, let us consider G to be a simple Lie group. The conformal
blocks of g-affine Kac Moody algebras are defined as sheaves over both the mod-
uli space of complex structures and the moduli space Bung(X) of holomorphic
bundles. The Ward identities for the affine algebra relate the variations of the
holomorphic bundle to the current algebra action on the spaces of conformal

blocks. This leads to a relation between the differential operators on the line

bundle K é{l 2nG( X) and the affine algebra action on conformal blocks. The bundle
K}é{ig(x) is defined by a choice of square root of the bundle Kpun,(x)- It is

shown in [27] that elements in the center map to global differential operators
represented diagonally on conformal blocks. In particular, the symbol of these

operators corresponds to the classical Hitchin Hamiltonians.

In this way, we have constructed a quantization of the Hitchin Hamiltonians,
realized as differential operators acting on the line bundle K];/J QnG (x)" Restrict-
ing to the case G = SL(2,C) again, we see that the space of such differential
operators is parameterized by the choice of a global function ¢(u) transforming

as in equation (3.9).

We may apply separation of variables in a similar way as for the Gaudin model.

It is known that generically a stable holomorphic bundle £ up to the tensor
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product by a line bundle, fits in a short exact sequence of the form
0—-0c—&—>L—0

with deg(L) > 2g — 2. The space of extension of the above form may be classi-
fied by HY(X, £~1). Since scaling an extension class by a constant preserves the
vector bundle &, it suffices to consider the space PH!(X, £71) for a classification
of vector bundles. Assuming deg(£) = 2g — 1, we find dim (IP’Hl(X,ﬁ’l)) =
3g — 3. We may therefore introduce a total of 3g — 3 coordinates xand rep-
resent the quantum Hitchin Hamiltonians in terms of these variables. We

will find solutions ¥g(x,X) as before, which are now sections of the bundle
1/2 Py E— ®(39—3)

( Bungy,(2,¢) (X) ® BunSL(Q,C)(X)) .

The function 6~ (¢) defines an element of H°(X, £ ® Kx) which has a total of

deg(L) + deg(Kx) = 4g — 3 zeroes. If we require det(£) ~ O¢, we find g

constraints on the positions of these zeroes, leaving us with a total of 3g — 3

free parameters. We may use these parameters to introduce coordinates u =

(u1, ..., uzg—3) in Sym*~3(X) and describe the generalization of the separation

of variables to equation (3.7) and equation (3.8) by a Whittaker model as in

[20], representing the eigenfunctions as

(02, +t(uy)) Pe(u,@) =0 (02 +t(u)) Pe(u,u) =0  (3.10)

The functions g (u, @) are sections of the bundle (K "/ ?® K /?)®69-3) If we
allow punctures, we require a simple pole in the Higgs field, leading to sections
of (Kyx'? @ Ky'/?)8@Be=3+n),

3.6 Opers with real monodromy and single-valued solu-

tions

After the application of the separation of variables, we may note that the
single-valuedness of the function ¥g(x,X) can be expressed through the single-
valuedness of ®g(u,u). Since equation (3.10) separates the dependence on the

variables, we may look for a solution of the form

3g9g—3+n

op(w )= [ olur )
k=1
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The single-valuedness of ®g(u,u) reduces to the single-valuedness of the solu-
tion ¢(u, ) to the differential equation (92 +¢(u))¢(u,u) = 0 and its conjugate.

In this context, these differential equations play the role of the Baxter equation.

We may express ¢(u, i) in a basis of solutions y(u) = (x1(u), x2(u)) and x' (@)
to the holomorphic differential equation

X (u) + t(u)x(u) =0 (3.11)

and its conjugate respectively.

We assume in doing so that E, is the complex conjugate of E,.. This is justified
by the results of [77].

The classification of single-valued solutions ®g(u, 1) may be obtained from a
classification of second order differential equations of the form of equation (3.11)

through the following theorem proposed in [20].

Theorem 3.5. A single-valued function ¢(u, @) solving

(02 +t(u)) p(u,a) =0 (02 + (1)) p(u,u) =0

exists if and only if there exists a vector of solutions x(u) to equation (3.11)

transforming as x (v - u) = x(u) - p(7y) for p € Hom(m1(X),SL(2,R)).

If we analytically continue the solution y(u) along a path v € 71 (X), we find
x(v - u) = x(u) - p(y) where p € Hom(my(X), GL(2,C)). Similarly, x'(y-a) =
p(7)T - xT(@). Let us assume p € Hom(m;(X),SL(2,R)). Then we construct a
function ¢(u, @) = x1(u)x2(@) — X1(@)x2(u) which solves the differential equa-
tions in the statement of the theorem. Furthermore, we have find p(y) = p(7)
and det(p(v)) = 1. This implies ¢(u,u) is invariant under the action of the
Deck transformations, i.e. ¢(y-u,v- @) = ¢(u,a) for v € 71(X), proving one

direction of this theorem.

For the converse, let us introduce the two-by-two matrix C' composed of complex

constants such that
d(u, 1) = x(u) - C - X' (1)

This is the most general form of a solution to the pair of holomorphic and

anti-holomorphic equations.
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Single-valuedness of ¢(u,u) implies the following property

p(7)-C-p(y)t =C vy € m(X) (3.12)

As we will show, by changing the basis of solutions x(u) appropriately, we may

simplify C' significantly.

Lemma 3.6. By a change of basis in the space of solutions x(u), we can always

bring C to diagonal form.

Proof. Consider a change of basis x(u) - N = x(u) for a two-by-two matrix N.
The new matrix C is defined by the equation X (u) - C - ¥t (@) = x(u) - C - xt(a)
which sets C = NCNT.

Let us consider this transformation component-wise

012 = N11(011N721 + 012N722) + N12(C21N721 + 022N722)
Cy1 = Ni11(C11Nay + Co1 Nag) + Niz(C1aNay + CozNoo)

We can set both to zero if we can find N1 and Ny, such that

Ni1(C11Nag + C12N23) = —Ni2(C21N21 + CoaNag)
N11(C11Nag + Co1Nog) = —Ni12(Cr2Nag + CaaNay)

Compatibility of these two equations implies

(N21)2(0721C'11 — C12C11) + (N22)2(@C21 — O2C12) +
4+ N1 Noo(|Ca1]? — |Cha)® + C11Cas — C92C11) = 0

For a given matrix C' we may always find Ny; and Nag satisfying this equation

and not simultaneously vanishing. O

We may always scale the matrix C' by a constant. This is equivalent to scaling
the solution ¢(u, ) by a constant and clearly does not change the monodromy
representation of ¢(u,@). After rescaling, the solution ¢(u,@) is still single-

valued. Without loss of generality, we may therefore set

o 1 0
0 Co
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Definition 3.7. The monodromy p of equation (3.11) is called exceptional if p
has a set of generators consisting of diagonal elements or elements with vanishing

diagonal.

Lemma 3.8. If the monodromy p of equation (3.11) is not exceptional, single-

valuedness of ¢(u,u) implies Cag € R.

Proof. Let us assume p is not exceptional and let us assume Jm(Cay) # 0. We

consider any element ( > in the image of p. Single-valuedness implies

Cc

|(l|2 + |b‘2022 ac + bgCQQ - 1 0
ac + Bd022 |C‘2 + ‘d‘2022 0 022

This can only be satisfied if
Jm(ng)(fc = TJm(C’gg)aB =0

Since ad —bc =1, a = ¢ =0 or b = d = 0 are both excluded. The options
b=c=0and a =d =0 lead to a diagonal and completely off-diagonal matrix
respectively. Since this has to be true for all elements in the image of p, the

monodromy is exceptional, which is a contradiction. O

We conclude that Jm(Cas) = 0. Finally, we may apply a transformation of the
form C = NCN' again, where now Ny, = 1. If we assume C' is diagonal with
Cy1 = 1, this equation is trivial for all components except Coy = |Nag|?Cho.
If Cyy # 0, we may pick Nao = (Ca2)~'/? and bring Coy to 4+1 or —1. This
proves that without loss of generality, C' is one of three cases where C1; = 1,
Cia = Co1 =0 and Cy € {—1,0,1}. We will now always assume C takes this

form.

Lemma 3.9. The following statements are true:

o If Cos = 1, the representation p is unitary, i.e. has image in SU(2) C
GL(2,C)

o [f Cay = 0, the representation p is reducible in GL(2,C)

o [f Cay = —1, the representation p has image in SU(1,1) C GL(2,C)

Proof. Assume Cyy = 1. Then equation (3.12) reduces to

p(v) - p(MT =1 vy € m(X)
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This implies the image of p lies in SU(2).
Let us now assume Cyy = 0. The equation (3.12) reduces to

(e 1P = 1
[ (p(1))a1 1> = 0

for all v € m1(X). This implies that the solution x;(u) transforms under a
representation of U(1), i.e. does not mix with xo(u). In other words, the

representation p is reducible.

Let us finally assume Csz = —1. The equation (3.12) reduces to

10 10
p(v)-<0 1>-p(v)*—<0 1) ¥y € mi(X)

This implies the image of p lies in SU(1,1). O

To finish the proof of the theorem, we will need to prove that we can never find
the cases Cyo = 1 and Cy3 = 0 for equation (3.11). To put the proofs of these

statements into context, we will first make a detour.

Oper differential equations A differential equation of the form of equa-
tion (3.11) is called an oper. The two solutions x1(u) and x2(u) define global
sections of K;(l/ ?, which under a coordinate transformation u — w(u) transform

X(u) = (@' ()72 x(w(u))

This is equivalent to a transformation of the function ¢(u) of the form of equa-
tion (3.9). We will also refer to a function #(u) transforming in this way as an
oper. It will be clear from the context which object we refer to. On Riemann
surfaces with punctures, we require that the oper has regular singularities at

the punctures. This means we can expand

)= — O w)?)

(u—us)?  u— us

near a puncture at u = u,. The value of the parameters J, at each puncture, is

an extra piece of data that comes with the definition of the oper.

To describe the space all opers, we note that for a given reference oper to(u),

the difference t(u) — tp(u) = a(u) must transform as a quadratic differential
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a € HY(X, K%) which has prescribed value at the poles. In other words, if we
denote by P(X) the space of opers over X, this space is an affine vector space
modeled over H?(X, K%). The dimensions of these spaces must be equal and can
be calculated by the Riemann-Roch formula to be dim¢(P(X)) = 3g — 3+ n.
Hence, if we pick a basis of H(X, K%), we may expand a(u) in 3g — 3 +n

complex numbers, which are also called accessory parameters.

Comparing to equation (3.7) and equation (3.8), we see that the role of the ac-
cessory parameters is played by the eigenvalues E in the context of the quantized

Hitchin Hamiltonians.

Lemma 3.10. The monodromy representation p € Hom(m (X),GL(2,C)) of
any vector of solutions x(u) must be reducible to SL(2,C). Furthermore, two

linearly independent solutions x1(u) and x2(u) can never vanish simultaneously.
Proof. Let us define the Wronskian

W (u) := x1(u)xa(u) = x1(u)x3(u)
We may show that this function satisfies the differential equation

Wiu) = x{(u)xa(u) = x1(u)xs(u)
- 0

Therefore the Wronskian W (u) = Wy is a constant on all of X. If xi(u) and
X2(u) both vanish at u = ug, we find W(ug) = 0 implying the Wronskian
vanishes everywhere. This implies x2(u) ~ x1(u) so that these solutions are not

linearly independent, leading to a contradiction. This proves the final statement.

For the first statement, we note that x(v-u) = x(u) - p(y). In matrix form, we

may write the Wronskian as

The matrix (

(x'm-u) xaw-u)):(xa(u) x'ﬂu))_pw)
x1(v-u) xa(v-w) x1(uw)  xa(u)

proving that W(y - u) = det(p(y))W(u). Since W(u) = Wy is a constant, we
find det(p(7y)) = 1, proving the lemma. O
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Since the two linearly independent solutions xi(w) and x2(u) do not vanish
simultaneously, we may construct a map A : X — CP! by A(u) = [x1(u) :
X2(u)]. We call the map A the developing map.

It is easily seen that the Deck transformations act on the developing map A by

p(V)11A(u) + p(7)12
p(7)21 A(u) + p(7)22

The action of the monodromy p on A(u) factors through to an element in
Hom(m (X), PSL(2,C)).

Ay -u) =

By changing the basis of solutions by an element M € SL(2,C), the matrix M

defines an action of the form

MllA(u) —+ M12
Mo A(u) + Mag
M-p(y) = Mp(y)M™*

M - A(u)

This action factors through to an action of PSL(2,C) on the pair (4, p). We
denote by [A, p] the equivalence class (A, p) ~ (M - A, M - p). It turns out that
we can invert this construction. See for example [78] for a proof of the following

proposition.

Proposition 3.11. An opert(z) over X is equivalent to the pair [A, p] of an im-
mersive map A : X — CP' and a monodromy representation p € Hom(m(S), PSL(2, C))
satisfying the property

p(V)11A W) + p(7)12
p(7)21A(u) + p(7)22

Aly-u) =

Proof. We have shown how to construct a developing map from an oper. It
remains to prove that the map A is immersive. The function A(u) is represented

as

in a chart defined by xa(u) # 0. Therefore,

/ _ WO
A= L

For x1(u) # 0, we pick the representation
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which shows that for both charts, the function A’(u) remains finite and non-zero.

Therefore, A defines an immersive map.

We now describe the inverse construction. Given a pair [A4, p] for which A is
immersive, we may define a function t(u) := ${A(u),u}. Since the Schwarzian is
invariant under Mdbius transformations, the Deck transformation ¢(vy-u) = t(u)
does not affect the function ¢(u). It therefore factors through to a function #(u)
on X. Furthermore, under a coordinate transformation v — w(u), we find

A(u) — A(w(u)). The Schwarzian has the following chain rule property

{A(w(w)), u} = (w'(u)*{A(w), w} + {w(u), u}

This implies the function ¢(u) transforms according to equation (3.9) and defines

an oper.

Finally, we have to check that these constructions are inverses. Let us start from
two solutions x1(u) and x2(u) to equation (3.11). The Schwarzian derivative

satisfies

x2(u)’ T xe(u)
2t(u)

{x1(u) u} _ _oxa(w)

This shows we recover t(u).

For the other direction, assume we start from a pair [A, p]. We construct a new
pair [A, p] from the differential equation equation (3.11) with ¢(u) = {A(u),u}.
By construction,

{A(w), u} = {A(u), u}

This implies A(u) and A(u) differ by a Mobius transformation A(u) = M - A(u).
By the intertwining property

_ p(V)11A(w) + p(7)12
Alyu) = p(7)21A(u) + p(7)22

the representations p and p must be related by p(y) = M - p().

This proves the two constructions are inverse to each other. O

Remark 3.12. The pair [A, p] is sometimes also called a development-holonomy
pair. The monodromy of such a pair is valued in PSL(2, C) while the monodromy

of an oper is valued in SL(2,C).
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Although a well-known result, we refer to lemma 4.1.7 in [79] for a proof of the

following lemma

Lemma 3.13. If p is the monodromy representation of an oper, it cannot have

image in SU(2).

Proof. Assume the monodromy representation is unitary. We may construct a
developing map A : X — CP! where A(u) = [x1(u) : x2(u)]. The map A allows
us to pull back the metric (1 + |z|?)"2dzdz on CP! with constant curvature
+1 to X. Since the isometries of this metric are precisely given by Mébius
transformations in PU(2) and the Deck transformations are realized by PU(2)
transformations acting on A, we can define a metric of constant curvature 41
on X. However, by assumption X has negative Euler characteristic, which is
in contradiction with the Gauss-Bonnet theorem. Therefore the monodromy

representation cannot be unitary. O

Lemma 3.14. If p is the monodromy representation of an oper, it cannot be

reducible.

Proof. Assume the monodromy representation is reducible. Without loss of
generality, we may assume y1(u) is the solution on which the representation
acts by U(1). To have monodromy in U(1), the function y;(u) must have an

u

expression of the form x1(u) = x1(uo) exp(— [, , 8(u")du’) for holomorphic s(u),

u
showing that x1(u) does not vanish anywhere. We may then construct a map
A: X — C by setting A(u) = xa(u)/x1(u). With this map, we can pull back the
metric dzdz on C with vanishing curvature to X. The isometries of this metric
are precisely the reducible M&bius transformations generated by scaling and
translations. Since the Deck transformations act by reducible transformations,
the metric dzdz defines a metric of vanishing curvature on X. By assumption X
has negative Euler characteristic, which again leads to a contradiction with the

Gauss-Bonnet theorem, showing that the monodromy cannot be reducible. [

The only possibility we are left with, is that the monodromy representation of
an oper has image in SU(1,1). Since this group is isomorphic to SL(2,R), we
conclude the proof of theorem 3.5.

Remark 3.15. Although the monodromy of an oper ¢(u) might not lie in SL(2, R),
the monodromy of the development-holonomy pair [A, p] can still be real! This
happens when the monodromy of ¢(u) projects to an action of PGL(2,R) on
A(u) not reducible to PSL(2,R). Classifying the pairs [A, p] with real mon-
odromy p € Hom(m;(X),PGL(2,R)) is therefore not enough: We need to know
which p are reducible to PSL(2,R).
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Part 11

Quantization on the four-punctured

sphere

If we assume our Riemann surface X is topologically a four-punctured sphere,
the single-valued solution Vg (x,X) to equation (3.6), is constructed from a
combination of solutions to equation (3.5) and its complex conjugate. These
functions only depend on a single variable x and the complex conjugate z. If
we furthermore assume that the crossratio z lies in the interval (0,1) and the
accessory parameter A is real, the differential equation reduces to a real ordinary

differential equation on the four real arcs connecting the punctures.

In this case, we can analyze the quantization of the Hitchin system directly.
Indeed, the reality condition becomes a condition on the existence of a solution
with certain regularity properties (see theorem 4.5). We will find the mon-
odromy matrices explicitly and draw the image of the four real arcs under the

developing map.

Recently the problem of finding accessory parameters, for which the oper on
X has real monodromy, was discussed by Takhtajan in [80]. However, the
problem itself already goes back to [81, 82, 83]. A complete solution was found
by Smirnov using the theory of real ordinary differential equations of Sturm-
Liouville type. This solution was originally published in 1918 (and much later
collected in [50]) and afterwards in [84, 85].

By assuming the reality of the accessory parameter, we have restricted to a
special series of parameters for which we find opers with real monodromy. An
example of holomorphicity conditions not corresponding to real accessory pa-
rameters was constructed in [77]. In section §6 we show that we can act by
the mapping class group to generate other series of accessory parameters lead-
ing to real monodromy. We show that all opers with real monodromy can be

constructed in this way, but defer the proof to section §9.
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4 Real monodromy and functional behaviour

4.1 Holomorphic solutions from real monodromy

The starting point of our analysis is equation (3.5). Two linearly independent

solutions wg\l) and 1#;2) can be combined into the function
_ 1 (2) )~ (1) oy (2
Vg2, 2) = o) ()97 @) - 5 @)w? (o)

on the space CP'\{0, 2,1, 00} satisfying

HyUg(z, %) = By Ug(z, 7) HyUg(2,7) = ByUg(, T)

Restricting to real punctures and accessory parameters Let us set
z € (0,1) and A € R. The Sturm-Liouville equation reduces to an ordinary
differential equation on the real axis z € R\{0,z,1}. The discussion mostly

follows [82, 83] from this point on, albeit in a slightly different form.

Around each puncture we can find a basis of two solutions: One solution is holo-
morphic at the puncture, while the other solution has a logarithmic singularity.
Since the differential equation is real, we can look for a basis of solutions which
is real on the real axis. For this purpose, we introduce branch cuts around each

puncture as in figure 4.1.

.

- —— = - - - = -

I
I
I
I
I
I
Figure 4.1: Branch cuts on X = CP*\{0, 2,1, 00}

For notational simplicity, we will forget about the accessory parameter for now.

We denote the two linearly independent real solutions in a neighbourhood of
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the puncture * € {0, z,1} by ¢i1)+ and Q/JSFQJ)F if they are defined to the right of
the branch cut and by wil)_ and 1/19)_ if they are defined to the left. We will also
assume that the solutions wili and w,(kl)_ are holomorphic at *. Therefore, we
will simply denote this solution by z/)il). The other solutions may be expressed
as wfi =M log(£(x — %)) + f«(x) for a function f, holomorphic at *.

Transfer matrices Let us write z@yi = £1)7wf)i). To calculate the mon-

odromy of ﬁ*,i around each puncture, we break up the problem in several
analytical continuations. In figure 4.2 we show which paths we analytically

continue along.

FYE N <
. . L
0 z 1

Figure 4.2: The paths along which we analytically continue in CP*\{0, 2,1, 00}

We define @Z;*i(B - (* + z)) to be obtained by analytically continuing the basis
of solutions along the curve B. We may then set B - (x + z) = x — 2 and write

for real values of x

1/1i23r(* —x) = L/Jil) log(x —x) + m’d),ﬁ”(* —z)+ fu(x — 1)
@) (5= a) + migt) (+ — 2)

The analytical continuation of our function therefore leads to a relation of the

form
Yo =ths,— - B
in the domain of definition x < *. We understand B as a path as well as a

1 mi
matrix ( 0 1 > depending on the context.

Similarly, we can relate 77[707_5_ and 1/727_ through a matrix G by
'(/Jz,— = ¢0,+ -G
for 0 <z < z and JZHF and 1/_;1,, by

7;1,7 = JZ,+ -H
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for z <z < 1.

The matrices G and H are not dependent on a choice of branch cut, since
the functions on the left- and right-hand side can be analytically extended to
the same domain along the real axis. Because the matrices G and H appear
through an analytical continuation of real functions, both of these matrices
are completely real and invertible. We call the matrices B, G and H transfer

matrices.

Through equation (3.5) the matrices G and H implicitly become functions of the
accessory parameter A\. Moreover, due to the real analyticity of the differential
equation both in z and in A, the solutions 1, + () are real analytical in z and
A and the transfer matrices G = G(\) and H = H(\) real analytical in .

Reality condition of monodromies The monodromy M, of the solution

J*,i around the puncture * is given by

- -

Vit (Ve @) = Yz (2) - B

with -, a small loop going counter-clockwise around the puncture *. Note that

for our choices Yoo y17:70 = 1.

The basis J*,i brings the monodromy to the form M, = B? of the form

M, — 1 2m
0 1

Since the traces of monodromies are invariant under the chosen basis, we may
choose any basis to calculate tr(M.My). For example, we may calculate this

trace using the equality

-

JZ,—((’YZ'YO) r) = 7/’27—@) - (Mo M)

as follows:

Vo (v (0-2)) = o _(0-z)- B>
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We therefore identify

tr(MoM,) = tr(G 'B*GB?)

We furthermore note that a left action by Deck transformations on the space
CP\{0,2,1,00} turns into a right action of the monodromy matrices on the

solutions 9, + as evidenced by our calculation above.

Fact 4.1. It is sufficient to calculate the seven values tr(My), tr(M.,), tr(My),
tr(MoM,), tr(M. M), tr(MoMy) and tr(MoM,M;) to uniquely determine the
set (Mo, M., M) € SL(2,C) up to conjugation. Since tr(My) = tr(M,) =
tr(My) = 2, the non-trivial information is found in the other four traces. A
proof can be found in [86], but we also briefly come back to this statement in
section §12.

We may calculate in a similar way as before

_ (Hx)?

tr(M,M,) = 2+47r2det(H)
_ o (((GH)21)? — 7°(G21)? (Ho1)? Gy Hy1 (GH )
tr(Mody) = 24 dn ( det(G) det () T2 et (@) det (H)
_ o ((G21)* | (H21)* | ((GH)21)* + 7%(Go1)*(Ha1)?
tr(MoMeM) - = 244w <det(G)+det(H)+ det(G) det(H) >

Only the trace tr(MyM7) has a non-trivial imaginary part. To ensure all traces
are real, we must set Goy Ho1(GH )21 = 0. Therefore, at least one of these three
factors must vanish. We will refer to these conditions as holomorphicity or

quantization conditions.

Lemma 4.2. If any two of the three components Go1, Ha1 and (GH )91 vanish,

all three must vanish.

Proof. We may write out (GH )21 = Go1Hi1 + GagHay. If both Goy = Hay = 0,
clearly (GH)21 = 0. On the other hand, if Go; = (GH)2; = 0, the combination
GaaHy = 0. Since det(G) = G11G22 is non-vanishing, Gas # 0. Therefore, also
Hy; = 0. Finally, Ho; = (GH)21 = 0 implies in the same way that Go; = 0. O

Lemma 4.3. There exists no value of A such that both Go1(\) = 0 and Hay (N\) =
0.

)
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Proof. Assume there exists such a value of A. The conditions Go; = 0 and
Hy; = 0 imply that 1/181) = gl)Gn = wgl)GnHll is a function holomorphic at
the punctures 0, z and 1. Therefore, it must be holomorphic at co. Since the
function is holomorphic everywhere on CP', it must be a constant and the only

(1)
0

constant solving equation (3.5) is ¢y’ = 0. Hence, we cannot find a non-trivial

solution for such a value of A leading to a contradiction. O

From these lemmas we conclude that at most one of the conditions Go; = 0,
Hy1 =0 or (GH)21 = 0 can hold. In fact, no where did we need to assume the
reality of A\. This result is therefore also valid for A € C.

Definition 4.4. The real analytical continuation of a function 1/7*7_ along a
puncture * is defined by J*7+. Similarly, we also call J*7_ the real analytical

continuation of 9, .

The vanishing of G321 and Hs; implies that 1/1,(31) is regular at = 0, respectively
x = 1. By noting that the real analytical continuation of ¢§1) to x = 0 along
T = z is given by wSZ)(GH)gl + wél)(GH)u, the condition (GH)2; = 0 is
equivalent to the regularity of 1/1%1) at x = 0 after real analytical continuation
along © = z. We conclude the above discussion with the following theorem
originally due to Klein and Hilbert [82, 83].

Theorem 4.5. An accessory parameter A € R leads to real monodromy of
equation (3.5) if and only if Ga1(A\) =0, Ha1(A) =0 or (GH)21(N\) = 0. Equiv-
alently, a solution ¥x(x) to the differential equation exists such that precisely

one of the three following conditions holds

1. The solution x(x) is reqular at both x =0 and x = z
2. The solution 1y (x) is regular at both x = z and x = 1

3. The solution ¥y (x) is reqular at x = 0 and at x = 1 after the real analytical

continuation along x = z

Hyperelliptic involutions on the four-punctured sphere There exist
biholomorphic maps on the four-punctured sphere exchanging the positions of
the punctures. These maps must be given by complex Mobius transformations.

Indeed, we have the following lemma
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Lemma 4.6. The only biholomorphic maps C — C are given by the identity
and three hyperelliptic involutions j1, jo and jz defined by

. zZ—X
jiz) = 1— 2

. z

ja(z) = z

. z—1
Bl =

Proof. Every biholomorphic map h : C' — C must take the form of a Mdbius

transformation.

Let us first assume h fixes one of the punctures. Without loss of generality, we
may assume this puncture is co. Then the map h is given by h(z) = az + 8
for real o and B. To ensure we map punctures to punctures, we need to set
h(z) = z. Hence § = (1 — z)z. However, now h(0) = (1 — z)z, which is not a

puncture. This leads to a contradiction.

Therefore, we assume oo is mapped to 0. Then h(z) = (yz + 6)~!. Now
h(0) = 6! so that 6! € {2,1,00}. The choices §~! € {z,1} lead to M&bius
transformations which do not map punctures to punctures. We must set § = 0

and find h(z) = v 'z~!. Noting that k(1) = v~! and using the fact that h

must switch the punctures a and 1, we find h(z) = 2o~ 1.

By assuming oo is mapped to a, we find the map h(z) = Zf”li;lfl and by assuming

Z2—x
l1—zx

oo is mapped to 1, we find the map h(z) = in a similar way.

Hence, ji1, jo and j3 are the only non-trivial biholomorphic maps C — C. O

Remark 4.7. These involutions form the group Zs x Zsg since jij2 = joji1 = J3

and j? = j3 = 1.

Since these involutions are Mobius transformations exchanging the punctures,
the oper t(ji(x)) = t(z) for k = 1,2,3. Therefore the functions ¥y (jr(x)) are

solutions of the same differential equation. Hence, we find

Theorem 4.8. The conditions from theorem 4.5 have the following alternate

formulations

e There exists a solution regular at = 0 and at = = z if and only if there

exists a solution regular at x = 1 and at z = oo.
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e There exists a solution regular at x = z and at x = 1 if and only if there

exists a solution regular at x = 0 and at x = co.

e The following four statements are equivalent:

— There exists a solution regular at * = 0 and at x = 1 after real

analytical continuation along x = z.

There exists a solution regular at x = z and at x = oo after real

analytical continuation along x = 1.

— There exists a solution regular at * = 1 and at x = 0 after real

analytical continuation along x = co.

— There exists a solution regular at * = oo and at = z after real

analytical continuation along x = 0.

Each of these different formulations involve the puncture x = co. We may there-
fore restrict our attention to the behaviour of the problem near the punctures

atx =0,z =zand x =1.

4.2 Finding the monodromy matrices

We will treat the three holomorphicity conditions separately. For each of these
conditions we will construct a developing map A(x) defined as the quotient of
two solutions to equation (3.5) and show that it has monodromy in PSL(2,R).
The existence of such a developing map is guaranteed by the holomorphicity

conditions.

To ensure the monodromy tr(Ms) = 2, we must constrain the values of Gay,
Hy and (GH)gp. This is equivalent to setting tr(MoM,M;) = 2, i.e. to the

equation
det(H)(G21)2 + det(G)(H21)2 + ((GH)21)2 + 7T2(G21)2(H21)2 =0 (41)

We show the following

Lemma 4.9. If we consider Go1 = 0, equation (4.1) reduces to tr(G) = 0.
Similarly, if Hay = 0, we find tr(H) = 0. Finally, for (GH)21 = 0, the equation
tr(GH) = n2Ga1 Hay must hold.

Proof. To obtain each of these cases, we only have to simplify equation (4.1).
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For Go1 = 0, we find det(G) = G11Ga22 and (GH)21 = GaooHoi. Therefore,
G111 + G = 0. Similarly, we find Hy1 + Hos = 0 for Hoy = 0.

If we set (GH)21 = 0, we find Go1 H11 + GaaHa1 = 0 and
~((GH)11 + (GH)29)Go1 Hay + m%(G21)*(Ha1)? =0
Since neither Go; nor Hy; can vanish, we may rewrite this as tr(GH) = 72G21 Ho; .

O

Let us now consider the case G3; = 0. We may construct a non-trivial developing
map by
S S wa o)

2miGoo Hoy z/)(()l)(x)

A(x)
We calculate the action of the monodromy by first calculating

Wo-2) = Y v (x) - (B)GBH);

7j=1,2
= S (@) (GBH) ;1 + 27 (2) - (GBH)a
j=1,2

W) () + 2miGlay Hay S ()

Then
(1)
1 (0 - )
A(v-z) = - 1
(,YO ) 2miGoo Hoq 1/)(()1)(70 . x)
_ 1 ;1)($) + 27TiG22H211/}(()1) (I’)
27TiGQQH21 (()1)($)
= A(z)+1

We may calculate the other monodromies in the same way and find the following

result

1 i ()
2mi(GBH)21 3V ()’

Theorem 4.10. If we consider the developing map A(x) =
we will always find A(yo - z) = A(x) + 1.

Let us for simplicity set

_ 5 (Gn)?
X = 2447w det(G)
_ o (Ho1)?
Y = 24+4rn det( )
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We find the following monodromy matrices:

o (Consider Go1 = 0. Then

Ay -x) = Alz) -1

A -z) =

e Consider Hy1 = 0. Then

_ A(x)
Alrz-2) = 1+ (X — 2)A(2)
A -a) = Alo)

1— (X - 2)A(2)

1 vM@)
2m1Gay (Z)((Jl)('l/)

For the case (GH )a1 = 0, we consider the developing map A(x) =
Then

Alv-z) = A(x)+1
_ A(z)
Ab=-2) = T X 240
(1-2452) Aw) -1+ 453
A - _ +2 X+2
o) (1+2332) + 52 4)

Proof. We may find these results by an explicit computation. Note also that
from A(yo - x), A(7y. - x) and A(v; - ) we may uniquely calculate A(yso - ).
Nonetheless, for the proof of this theorem we may reverse the situation: It
suffices to show that the trace coordinates have the correct values, since the
monodromy A(yo - ) = A(z) + 1 uniquely fixes the conjugacy class of the
monodromy representation. This is trivial for the cases Go; = 0 and Hy; = 0.

Let us do this in detail for the more complicated case (GH)2; = 0.

Clearly tr(My) = tr(M,) = tr(M;) = 2. Indeed, if we represent My, M, and

M; as matrices acting on A(x) by Mé&bius transformations, we find

My =

(
= (5l 1)
[
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These matrices define a monodromy representation of the four-punctured sphere
satisfying
tI‘(MoMZMl) =2

We can also easily check that

tr(MoM,) = X
B (X —2)?
e(MM) = 2 (X -2+ 52
(X —2)2
MoM,) = 242 —°F
tr(MoMi) X 2

The result tr(MoM,) = X is obviously correct. From equation (4.1) we find the
relation XY + 2X + 2Y = 12 implying

16
Y=-2+——
X2
This allows us to express
tr(M.M;) = 4—(X 2)+(X_2)2
r z 1 - X n 9
16
— 72 -
+ X +2
=Y
Finally, we may rewrite using equation (4.1)
Go1)?(Hz)?
tr(MoMy) = 2 and (G2 (H2)”
r(MoM) ™ 3et(G) det(H)

_ o ((Go1)®>  (Ha1)?
= 2o (det2(1G) +det2(}{))

= X+Y -2
Indeed, we find
(X —2)?
———=X+Y -4
X+2 o
which proves that tr(MyM;) also produces the correct result. O

4.3 Drawing fundamental domains

For each of these developing maps A, we may consider its image in CP'. By
continuity, it suffices to calculate the image of RP' under the map A to de-

scribe the image of this domain. We label each of the four arcs separately. See
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® ® °
0 z 1

Figure 4.3: Labeling of four arcs in RP*\{0, z, 1,00}

Figure 4.4: Example of a fundamental domain for CP*\{0, z, 1, 00}

figure 4.3.

This will define a polygon with four corners in the image, bounded by circles or
straight lines with fixed real part. The corners of this polygon are the images of
the four punctures. By gluing together two copies of such polygons, we define
a pillow case gluing of the four-punctured sphere, schematically drawn as in
figure 4.4.

We will only consider the cases G31 = 0 and (GH )91 = 0 in detail and comment
on Hy; = 0 at the end.

First, let us set Go; = 0. The fixed points of the isometries defined by the
monodromies along the paths v, for * € {0,z,1,00}, are the images of the
points * under the developing map. In this way, we find the fixed points A(0) =
A(z) = o0 and A(1) = A(o0) = 0.



4.3 Drawing fundamental domains 89

[N [
\_/ \_/

(a) A(RP') without zeroes of z[)él) (b) A(RP') with zeroes of 1/)((]1)

Figure 4.5: Image A(RP!) for the condition Ga; = 0

Let us assume 1/}61), which is regular at both x = 0 and x = z, has m zeroes on

the interval (0, z) and consider the combination

(1)
z) = 2o (z)
)= @)

It is clear that n(0) = n(z) = 0. Additionally, at each zero of ¢((Jl), 71 has a zero.
Since Im(n) C RP! and 7/(z) # 0, the image 7([0, 2]) must cover RP! a total
of m + 1 times. If we apply a Mdobius transformation, this covering behaviour

will still appear for the image of RP! under this M&bius transformation.

By the existence of the three involutions ji, jo and js3, we can show that the
existence of a solution wél) of this type is equivalent to the existence of a solution
%1) regular at © = 1 and = = co and with m zeroes on the interval (1, c0). The

image A([1, c0]) must therefore also cover itself a total of m + 1 times.

It turns out that G2; = 0 implies that the solution to equation (3.5) cannot

have zeroes on the intervals (—oo,0) and (z,1). This is proved in lemma 5.3.
If we assume w[()l) has no zeroes on the interval (0, z), the image A(RP!) takes

the form of figure 4.5a. If we do assume zeroes, we will find covering behaviour

as in figure 4.5b.

Let us now consider (GH)2; = 0. In this case, calculating the fixed points of
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A

Figure 4.6: A(RP!) for (GH)2; = 0 without zeroes of the solution wél)

the isometries leads to the results

2

We must necessarily find X < —2 to ensure 0 < 5% < %

The same result holds as before, relating the number of zeroes to the number
of covers when we consider the solution on the intervals (0, z) or (z,1). How-
ever, in this case we can have zeroes on either (0, z) or (z,1), but not in both

simultaneously. We refer to remark 5.4.

If we assume wél) has no zeroes on either (0,z) or (z,1), the image A(RP?!)

takes the form of figure 4.6.

This developing map realizes CP'\{0, z, 1,00} as a quotient of H by a Fuchsian
group.

If we consider the solution 1/)(()1) to have m > 0 zeroes on the interval (0, z), we

find figure 4.7a, while for m > 0 zeroes on (z,1), we find figure 4.7b.

The case Ha; = 0 leads to the same picture as in figure 4.7 with the difference
being the images of the punctures under the developing map A: While for
G21 = 0 we found A(0) = A(z) = oo and A(1) = A(co) = 0, for Hyy = 0 we will
find A(0) = A(co) = o0 and A(z) = A(1) =0.

4.4 Describing the single-valued solutions

We will now interpret the results from the previous subsections in terms of

the construction of the single-valued functions ¥g(z,z) from the solutions to
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A
Y \_/

(a) A(RP') with zeroes on (0, z) (b) A(RP') with zeroes on (z,1)

Figure 4.7: Image A(RP') for (GH)21 = 0 with zeroes of the solution wél)

equation (3.5). Since all of the monodromy matrices My, M., M; and M, lie in
SL(2,R), the monodromy of A(x) lies in PSL(2,R). From the developing map

Alz) = L 9@
(£C> = 2mi(GBH)21 (D (x)’ we may construct
. 20m(A(x))
\I]E(QL'71') = - 77
| A ()]

which is invariant under the action of real Mobius transformations on A(z)

The Wronskian is necessarily of the form

W(z) = @) e (@) - W (@) (z)
Wo
z(x —2)(x—1)

for a constant Wy # 0. Scaling the constant Wy scales the function Vg(z, T).

We may therefore set without loss of generality Wy = 1.
If Go1 = 0, this sets

(e, 7) = ~Ja(e - 2)(@ = )] (0P @ @) + 6 @0 (@)
Remark 4.11. Near each puncture *, the function has at most a singularity of

the form |z — *|log(x — *)log(Z — %). Therefore ¥g(z,Z) can be continuously
extended to all of CP', but it will not be differentiable at the punctures.

The function Ug(z, Z) vanishes precisely on the subvariety V' where Jm(A(z)) =
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(b) One zero of wgl) on (z,1)

Figure 4.8: Curves defined by Jm(A(x)) = 0 for m = 1 zero

0. This subvariety V' C CP\{0, 2z, 1,00} is given by the analytical equation
DT a7 oy (1
@98 @) + 91 @) (@) =0

Remark 4.12. Since the equation (3.5) is invariant under taking the complex con-
jugation, the curves defined by the variety V' must be invariant under complex
conjugation. This means V = V considered as a subset V' C CP'\{0, 2,1, 00}.
For A ¢ R or z ¢ RP'\{0,1,00}, we can also find developing maps with real
monodromy, but the variety V # V.

If the function 1/)(()1) has m zeroes on the interval (0, z), it can be clearly seen
from figure 4.5 that we find a total of 2m + 1 points in V' intersecting (0, z). We
also find another 2m + 1 points lying in both V" and (1, 00). The other intervals
do not intersect V. The shape of the real curves can be deduced from figure 4.7
as well, so that on the four-punctured sphere these real curves take the shape

as in figure 4.8a.

When we consider Hy; = 0, the story is completely analogous. This leads to the

real curves in figure 4.8b. The curves drawn in figure 4.8 are drawn for m = 1.

The analysis for the condition (GH)2; = 0 can be carried out as we did for
G291 = 0. However, it should be noted that now we can only produce an even
number of real curves, while for G3; = 0 and Hs; = 0 we could only find an

odd number of real curves!
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Finally, we may check that the sign of ¥g(z,z) € R changes every time we cross
the variety V. This is a consequence of the fact that for any solution v (z) such
that 95 (zo) = 0, we must find ¢} (zo) # 0. See lemma 5.2 for a proof.
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5 Holomorphicity and accessory parameters

We have described in general terms which holomorphicity conditions lead to
developing maps with real monodromy. The question that remains, is how to
relate these conditions to values of the accessory parameter A\. The matrices
G(A) and H()\) are analytic functions of the parameter \ and as such we are
looking for the discrete values such that one of the three conditions Go; = 0,
Hy1 =0or (GH)2; = 0 is satisfied. The important results can be formulated in
theorem 5.1 originally proved by Smirnov. The discussion in this section follows

the work done by Smirnov in [50].

Theorem 5.1. There exist values A\, of the accessory parameter for k € Z such
that

o Gor1(Mg) =01ifk €2Z>0+1
o Hoi(My) =0ifke€2Z<y—1

o (GH)Ql()\k) =0 ka € 27.

Furthermore, these values are ordered as
—0 4 . <A <A <A< A< <. >0
with A_1 < —z < Aq.

Finally,

o If A= A such that Go1(A;) = 0, the solution 1/}(()1)(I) reqular at © = 0 and

at x = z has a total of *51 zeroes on the interval (0, z).

o If A\ = A\ such that Ha1(Ag) = 0, the solution 1/)51)(33) reqular at x = z
and at x = 1 has a total of % zeroes on the interval (z,1).

o If A\ = \g such that (GH)a1(A;) = 0, the solution 1&6”(37) reqular at x = 0
and at x = 1 after real analytical continuation along x = z has a total of
k

& zeroes on the interval (0,2) if k > 0 and = zeroes on the interval (z,1)

if k<0,

These results may be compared to the search for suitable wavefunctions in quan-

tum mechanics. If we have a bounding potential, the energy eigenvalues for



95

which the wavefunctions can be normalized, form a discrete set. In particular,
if the quantum mechanics takes place in one dimension, these wavefunctions are
classified by the number of nodes. We will find a similar classification by the

number of nodes for our problem.

To prove the theorem, we will take a step away from the calculations in the
previous section and study the real equation (3.5) itself in more detail. In
particular we will study the number of zeroes of its solutions. Much of the
discussion in this section revolves around the comparison of the signs of different

real quantities to obtain contradictions. These proofs can be found in [50].

Lemma 5.2. If xg is a zero of a solution iy to equation (3.5), we must find
P\ (xo) # 0. Additionally, we must find Yx(x) # 0 for x € {0,2,1} and all

solutions 1y .

Proof. All of these statements follow from the same idea. Assume xg is a zero
of 1y and we have ¢, (z9) = 0. Any other solution ¢ (z) can be combined with
¥ (z) into the Wronskian

W (x) = ¢ (2)da(z) — P4 (@)ya(@)

which satisfies W (x) = % Under our assumption W(zy) = 0 which

implies W = 0. However, this implies that any other solution is linearly depen-

dent on 1, which is a clear contradiction.

Similarly, if we can find a solution such that (%) = 0, the Wronskian will
remain regular at x = * implying Wy = 0. This leads to a contradiction again.
O

We will now prove another important lemma which tells us we cannot have

zeroes in both the intervals (0, z) and (z,1) simultaneously. More precisely

Lemma 5.3. Denote by w£1) the solution to equation (3.5) regular at x = x.
Then

o If A\ < —z, the solutions wél) and wil) cannot have zeroes on (0, z)

o If A\ > —z, the solutions 1/)51) and ¢§1) cannot have zeroes on (z,1)

Proof. We first note that z(x — z)(x —1) > 0 on [0,z]. If A < —z and 1/)81) has

a zero xg on (0, z) such that (0,z() contains no other zeroes, it must satisfy

zo(x0 — 2)(z0 — 1)(45") (w0) = — / " @+ N (@)
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This follows directly from equation (3.5). If we assume a normalization such that
(()1)(0) =1, we find ( (()1))’(:170) < 0 so that the left-hand side of the equation is
negative, while the right-hand side is positive. This is a contradiction, proving

that the existence of a zero implies A > —z.

We prove the result for w?’ in a similar way. If A > —z and ¢§1) has a zero xg

on (z,1) such that (zg,1) contains no other zeroes, we find

1
o = (oo = DY o) = [ (@ Vo @)da
zo
Assuming a normalization such that 1/)9)(1) =1, we find (wél))’(:ﬂo) > 0. Then
the left-hand side is negative, while the right-hand side is positive, which is a

contradiction.

The statement for wt(ll) is completely analogous to these cases. O

Remark 5.4. If we tune A = A\ such that (GH)21(A\) = 0, the real analytical
continuation of wél) to (z,1) is proportional to w%l). Therefore, it can have
zeroes in (0, z) only if A > —z and zeroes in (z,1) only if A < —z. Clearly, these
cases mutually exclude each other proving that we cannot have zeroes on both

intervals simultaneously.

If we do have a zero x( of a solution, we wish to find out how this zero behaves
when changing the accessory parameter. The position of the zero zq is as an
analytical function of the accessory parameter A denoted by z¢ = zo(A). If N
is a value of A such that the zero xg exists in the first place, we can make the

following statements in a neighbourhood around \':

Lemma 5.5. If g is a zero 0f1/)(()1) on (0,2) or a zero ofwgl) on (z,1), it must
satisfy % < 0 in a neighbourhood of \'.

Proof. Let us start by assuming z is a zero of 7,[1(()1) on (0, 2).

The quantity w(()lg\(x) = (%1/1(()1)) (x) satisfies a modified form of equation (3.5)

of the form

d

. (x(m —z)(x — 1)(1#((]71/)\(95))/) - )\)1/}((),1;(@ -

Therefore
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where P(z) = 4§13 (2) (0" ) (@) —v§" (2) (¥ 1) (x). Now by assumption & ( g”(xo(x))) -
0. If we differentiate this result, we find

d
U5 o) + (45) (w0) G = 0

2
Plugging this into P(x0) = 5 (20) (115" (), the result isP(xo):f(( g”)'(xo)) dag.

We may finally integrate and obtain
xo
xo(xo — 2)(xo — 1) P(x0) = / (¢él)(x))2dx
0

Since zo(zo — 2)(zo — 1) > 0, [ (45" (2))2dz > 0 and (( gl>)'(xo))2 > 0, we

d,.
must find G2 < 0.

A similar proof can be applied to w%l) to find %\0 <0. O

This means that if a zero z¢ € (0, z) of wél) exists for a given \' > —z, increasing
the value of A > X will move the zero to the left. However, since we normalize

él)(O) =1, the zero cannot disappear from the interval. It must therefore exist
for all such A > )\ implying that the number of zeroes can only increase in this
way. Similarly, if 29 € (z,1) is a zero of w@ and exists for some N < —z,
decreasing the value A < )\ moves the zero to the right. Since we normalize

gl)(l) =1, it cannot disappear if we decrease .

The values )\ of the accessory parameter such that Ga1(Ag) = 0 define solutions
regular on the interval [0, z]. By standard results from Sturm-Liouville theory,
it is known that for each such A a solution exists with % zeroes on [0, z].
Additionally, both the series —z < A\; < A3 < A5 < ... and the number of zeroes

on any subinterval I C [0, z], are known to increase without bound.

Before we continue, let us first remark

Remark 5.6. The sign of det(G(\)) must always be negative. If A is such that
G21(A\;) = 0, we find det(G(Ax)) = G11(Ak)G22(Ag). By lemma 4.9 we have
G11(A\;) = —Gaz(Ag), implying det(G(Ar)) < 0. By analyticity in A and the
fact that G()\) is real for real A, we must have det(G(\)) < 0 for all A € R. A
similar argument can be applied to prove that det(H(\)) < 0 for all A € R.

We will now show that the values )\, for k € 2Z>¢ + 1 are precisely where the

function wél) develops an additional zero. More precisely,
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Lemma 5.7. The function wél) develops a new zero if and only if Ga1(\)
changes sign. Analogously, 51) can only develop a new zero if and only if

Hy1 (M) changes sign.

Proof. We will only prove the statement for w(()l). We may expand

Rl (et IR N (e !

The local behaviour of 1/)81) near x = z is determined by the 1/)9)_ component
as this has a divergence of the form log(z — x). The sign of (G~1)a; there-
fore determines whether ¢(()1) diverges to +00 or —oo. Writing out (G71)g; =
—Ga; det(G) 7! and noting that det(G (X)) < 0 by remark 5.6, we get sgn((G~1)2;1) =

sgn(Ggl).

By the fact that zeroes cannot disappear if we increase A by lemma 5.5, a change
in sign of G2; must produce a new zero. Conversely, assume 1/)(()1) develops a
zero xg by increasing A and Go; does not change sign. Then at this zero we find

él)(xo) = ( él))’(xo) = 0 which is in contradiction with lemma 5.2. Therefore

a new zero of wél) implies a change in sign of Go;. O

Lemma 5.8. If A is a value of the accessory parameter such that Ay, < A < Agya
fork € 2Z>¢+1, the solution wél) has a total of% zeroes in the interval (0, z).
Similarly, if Azp—2 < A < Ay for k € 2Z<o — 1, the solution w%l) has a total of
# zeroes in (z,1). If A1 < X\ < Ay, neither 1/}(()1) nor 1/151) develop zeroes in
(0,2) and (z,1) respectively.

Proof. Again, we will only prove the result for wél). We first note that for
A=A, and k € 2Z>¢ + 1, the solution 1/)(()1) has a total of 51 zeroes on (0, a).
By lemma 5.7, the only way wél) can develop a new zero by increasing A, is
when G2; changes sign. However, this is only possible if A increases past the
value ;. Therefore the solutions with A € (Ag, Agr2) must all have k—;l zeroes
on (0,z). In particular, for A < A; the solution wél) does not have zeroes on

(0, 2). O

Finally, we show that a unique value of A such that (GH )21 (\) = 0 exists in the
interval (Mg, Agt2) for k € 2Z>¢ + 1. We call this value A = Ag41.

Lemma 5.9. There exists a unique value Ay of X\ € (Ak—1, \p+1) such that
(GH)21(Agy1) =0, where k € 27.
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Proof. Let us consider 1/161) again. We extend this function by real analytical

continuation to the interval (z,1) so that its behaviour near x = 1 is given by
v =i (GH) ™ + 4L (GH) ™oy

We relate ((GH)Y)9y = —(GH)eydet(GH)™!. Note that det(G) < 0 and
det(H) < 0 for all A € R by 5.6. The divergent behaviour at « = 1 is regulated
by ((GH)™1)2; so that 1/1(()1) diverges to sgn((GH )a1)o0.

Let us now consider the special value A = A\ with k € 2Z>, + 1. The solution

(()1) now regular at = = a, must have 251 zeroes on (0, z). Since 7,/1(()1) is regular

2
at x = z, it must be proportional to 1/)21). By lemma 5.3 the function ¢§1)

cannot have a zero on the interval (z, 1), which means neither can wél).

Depending on the number of zeroes, either 1/)(()1)(2) > 0 or qpél)(z) < 0. If
we normalize 1/)(()1)(0) = 1, we find sgn( (()1)(2)) = (71)%. Since wél) does
not have zeroes on (z,1), sgn( él)(m)) =(-1)"z forall v € [2,1). Since the
leading divergent behaviour of ’(/J(()l) goes as —(GH)z;1 log(1 — ) near z = 1, we

k—1

find sgn((GH)21(Ax)) = (1) = .

Since (GH)2; is an analytical function of A which changes sign when we let A
run over the interval (Mg, Agt2), there must exist a value A\ < Agy1 < Apao
such that (GH)21(Ax) = 0. Using arguments similar to the ones above, we may
show that this value Ag41 is unique in the interval (A, Ag12). This finishes the

proof of the lemma. O

Putting all the results together, we conclude the proof of theorem 5.1 at the

beginning of this section.
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6 Generating solutions with real monodromy

We have given a complete description of the eigenvalues A € R for which we
find real monodromy on the surface X = CP\{0,2,1,00} with 0 < z < 1. We

may try to generalize this result by letting A become complex.

To prove the reality of the monodromy, it was essential for us to assume the
reality of the accessory parameter. Nonetheless, we are able to express the
solutions A = A as smooth functions of the crossratio z € CP'\{0,1,},
because the set of accessory parameters A for which the monodromy is real, is

discrete and does not bifurcate.

By moving the point z around a path such that the complex structure of the
surface at the starting point is the same as at the end point, we may construct
new series of accessory parameters leading to real monodromy. Generically, the
conditions Go; = 0, He; = 0 and (GH)2; = 0 are not preserved under such
transformations and will look quite different. The new accessory parameters
therefore need not be real, although the monodromy they describe remains real.

See section 10.5 of [77] for a discussion of such new quantization conditions.

An interesting question is whether we can describe all accessory parameters
leading to opers with real monodromy through transformations of this kind
on the series ... < A1 < Ay < A1 < .... Indeed, this turns out to be the
case, although highly non-trivially through the classification of opers with real

monodromy discussed in section §9.

6.1 Describing the mapping class group action

All transformations starting and ending at the same complex structure by mov-
ing z along a path, form what is known as the mapping class group of the
four-punctured sphere MCG(S), where S is the topological surface underlying

X. See section §16 for a short treatment of the mapping class group.

It is known that the mapping class group of the four-punctured sphere is gen-

erated by the braid group on four strands on the sphere. The group MCG(S)
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Figure 6.1: Action of braiding on the punctures of CP\{0, 2,1, 00}

has a presentation as follows

MCG(S) =~ < 01,029,073 010901 = 090109
0309203 = 020302

0103 = 0301

(0‘10‘20’3)4 = 1

-1 _—-1_—1
010203 0, 09 O3y >

The elements o1, 02 and o3 act on the punctures by braiding them as in fig-

ure 6.1.

By theorem 16.10 we may rewrite this presentation in terms of the two braid-
ing elements o7 and oy, braiding the punctures 0 and z, respectively z and
1, and the three hyperelliptic involutions j;, jo and j3 represented by Mobius

transformations.

If we let 0 < z < 1 denote the initial crossratio, the braiding by o, keeps the
crossratio invariant, but sends z to —z(1 — z)~!. In the same way, o2 sends

1

z to z7". Recall that the involutions ji, jo and js preserve the quantization

conditions. Therefore, we may restrict our attention to oy and os.

Mapping class group action on holomorphicity conditions If we act by
the mapping class group, we can easily check that the intervals [0, z] and [z, 1]

transform as in figure 6.2.
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0 z 1
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0 z 1
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0 z 1
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0 z 1
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o o < pY

b Ay - e
0 z 1

Figure 6.2: Action of braiding on the transfer matrices G and H

By the definition of the braidings, we may check that

01(G) = BG'B™!
oi(H) = GB™'H
o2(G) = GBH

o2(H) = BH 'B7!

and
01(B) = 02(B) = B

Additionally, it is easily seen that if we move along the intervals in the opposite

direction, we find

o1(G™') = BGB™!
o(H™Y) = H'BG!
oo(G™Y = H'BT'G!
oo(H™') = BHB™!

A general path P = P(G, H, B) is a product of transfer matrices G and H,
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braidings B and their inverses G~1', H~! and B~!. It transforms as

for p a word in ¢y and o. This defines an action of the group generated by o

and o9 on the set of paths of the form of P.

Furthermore, by restricting to the components P»;, we find an action of the

form
e (Po1) = (u(P))21

In this way, we can transform the holomorphicity conditions into other condi-

tions that do not appear for real \.

In this paragraph, we will prove the following theorem:

Theorem 6.1. The action by elements o1 and oy acting on Py as above,

generates the action of the mapping class group MCG(S).

To prove that this is an action of the mapping class group, we need to prove

the following two equalities:

(010201) : (P21) = (020102) : (P21)
(0102)° - (Po1) = Py

for all paths P.

Lemma 6.2. The transformations o1 and oo satisfy (010201)(P) = (020102)(P)
on a path P = P(G, H, B).

Proof. We only have to check these relations on the transfer matrices G and H.
By the transformation properties under the action of the group generated by o1

and o9, this proves the statement for any P.

We note that
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It now becomes straightforward to check,

(010201)(G) = (010’2)(BG71B71)
= BH'B™!
= oa(H)
= (020102)(G)

Similarly,

(0'20'10'2)(H) = (0'20'1)(BH_1B_1)
= BG'B7!
= Jl(G)
= (010201)(H)

This proves the result. O

Lemma 6.3. The transformation (c102) acts as (0102)3(P) = B?PB~2.
Therefore, P21 = ((010’2)3(P))21.

Proof. Using the fact that (o10201)(P) = (020102)(P) on any product P, we
may write
(0102)*(P) = (010201)*(P)

The results from the previous lemma show that

B2GB™2
B?HB™?

29
SRS,
S
zQ
T

Therefore, for a general P, we find
(0102)3(P) = B*>PB ™2
In particular, since By = 0, we find (B2PB~2)5; = Py;. This proves the result.

Indeed, as an element of the mapping class group, the word (oj02)® rotates
the punctures by an angle 27. This results in a conjugation by a full rotation

around the point at infinity, which is given by B2. O

This completes the proof of the fact that the mapping class group defines an
action on the components P, of a product P of transfer matrices and braiding

matrices.
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6.2 Surjectivity of the mapping class group action

Although we will prove the full classification theorem 8.2 later, currently it
suffices to extract from it the statement that opers with real monodromy are

classified precisely by the real curves they induce.

It is known that the action of the mapping class group on the space of simple
closed curves on CP'\{0, z, 1, 00} is transitive. We prove this fact in proposition
16.3. This implies that we can use the mapping class group to generate any oper
with real monodromy from the opers corresponding to the conditions G2; = 0,
Hy; =0 and (GH)2, = 0.

We may state the surjectivity of this action as follows

Theorem 6.4. All projective structures with real monodromy on X = CP*\{0, z,1,00}

can be constructed by acting with elements in the mapping class group on the
holomorphicity conditions Go1 =0, Hay =0 and (GH)2; =0

Remark 6.5. Tt actually suffices to only consider the series
A <A1 < Ay < ...

The element 010207 acts by

(0’10’20’1)(G) = BH 'B7!
(0'10'20'1)(H) = BGilBi1
(010201)(GH) = B(GH) 'B™!
This action exchanges the conditions Go; = 0 and Hs; = 0. The solution

(GH)21 = 0 is invariant under the action by this element. However, if we
consider the solution wél) regular at 0 and at 1 after real analytical continuation
along z, it will have a given number of zeroes on either the interval [0, z] or on
[2,1]. The action by o10207 exchanges the intervals on which this solution
has zeroes. Therefore, 010907 acts by exchanging A\, <> A_y for k € Z. The

uniformizing solution corresponding to Ag is invariant under this action.
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Part III

Classification of opers with real

monodromy

In this part we will extend the analysis done in Part II to other Riemann surfaces.
Although we do not perform a direct analysis on a general Riemann surface
X as was done for the four-punctured sphere, by following the discussion in
[80] and in [46] we show that the opers with real monodromy are in one-to-
one correspondence with the set of hyperbolic metrics which are allowed to be
singular along a finite union of circles on X. This finite union of circles is

precisely the set where the developing map of the oper becomes real.

It has been shown in [46] that we can construct all opers with real monodromy
from a special oper by an operation known as (half-integer) grafting. The input
of this procedure is a marked Riemann surface X together with a non-self-
intersecting multicurve g up to homotopy. This classification relies on theo-
rem 9.4 presented by Thurston [87] (see [88]).

Originally a theorem by Dehn from the 1920s and later reproved by Thurston
in the 1970s, there exist Dehn-Thurston parameters (p,q) in one-to-one cor-
respondence with the non-self-intersecting multicurves on a topological surface
up to homotopy. These results can be found in [43, 44]. If we fix the Riemann
surface, we may therefore use the Dehn-Thurston parameters as a first set of

quantum numbers for the single-valued solutions ¥g(x,X).

It turns out that grafting along certain multicurves does not lead to monodromy
valued in PSL(2,R), but more generally in PGL(2,R). Although not originally
found in [46], this statement is clarified in [89]. The parameters (p,q) corre-
sponding to these multicurves through Dehn’s theorem, do not lead to single-
valued solutions and we must therefore remove these parameters from the set
of allowed quantum numbers. We analyze this restriction explicitly in the case
of a closed surface of genus two and provide an algorithm based on formulas
by Penner [48, 49]. In principle, this leads to a complete classification of op-
ers with real monodromy through the Dehn-Thurston parameters, although the
conditions can be hard to calculate in practice due to the complexity of Penner’s

formulas.
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7 Constructing the uniformizing oper

The topics discussed in this section have been mathematically well-established

for a long time. A basic reference on much of this section is given by [90].

7.1 Hyperbolic geometry

Hyperbolic geometry plays an important role in the uniformization problem
and as a result in the classification of single-valued eigenfunctions of the quan-
tum Hitchin Hamiltonians. Let us therefore first recall some basic facts about

hyperbolic geometry.

We define the upper half plane H ¢ C by H := {z € C|Im(z) > 0}. This
space can be given a metric of constant curvature —4 of the form gny, =
%jm(z)*dedz. The metric gnyp is known as the hyperbolic metric and the
metric space (H, gnyp) as the hyperbolic plane. We will study this space in more
detail.

Geodesics of the hyperbolic metric In terms of coordinates z = x+ iy, we
may write the hyperbolic plane as H = {(x,y) € R?|y > 0} with the hyperbolic
metric - da? + dy2

Ihyp = T
It can be shown that geodesics with respect to this metric are defined by one of
two equations (z — xo)Q +19% = R? or x = 9. The variable zg € R and R > 0
are parameters specifying the geodesic. Therefore, the geodesics are either half-
circles with origin (xg,0) and radius R or straight lines defined by x = ¢ and

starting at (xo,0).

The boundary OH is given by the space RP! = {(x,y) € R%*|y = 0} U {cc}.
The hyperbolic metric blows up when we approach RP! so that each of these
geodesics has infinite length in the hyperbolic space.

Isometries of the hyperbolic plane It can easily be checked that the isome-
tries of the metric gy, are precisely given by the group of real M&bius trans-
formations. By identifying the real Mobius transformations with PGL(2,R),
the orientation-preserving isometries are given by Isom™ (H) ~ PSL(2,R). The
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constant curvature metric gnyp is the only metric up to scaling by a real number

that is invariant under all these isometries.

If we consider the real Mobius transformations as a subset of the complex Mobius
transformations, the set of isometries Isom™ (H) splits into three types, depend-

ing on which points are fixed by the isometry:

o Elliptic transformations fix one point in H
e Parabolic transformations fix one point on OH

e Hyperbolic transformations fix two points on OH

Assume a real Mobius transformations is of the form

M= ( @b ) € PSL(2,R)
d

C

acting on z by
az+b

cz+d

The matrix form M is only well-defined up to scaling by a real number. We may
use this freedom to set det(M) = 1 and consider M as an element in PSL(2, R) ~
SL(2,R)/Zs, where Zs = {—1,+1} is the center of SL(2,R). Therefore, M is a
matrix in SL(2, R) well-defined up to multiplication by —1.

az+b
cz+d*

ing, we find a quadratic polynomial cz? + (d — a)z — b = 0 which has solutions

Rewrit-

The fixed points of this transformation are found by solving z =

B aid:l: (a —d)? +4cb
=T 2c 2c
a—d:t V/(a+d)? —4(ad — be)

2c 2c

The type of transformation is specified by the discriminant tr(M)? — 4. Elliptic
transformations satisfy [tr(M)| < 2 so that the fixed points satisfy Z= = z_. One
fixed point lies in H while the other lies in the complex conjugate H. Parabolic
transformations satisfy [tr(M)| = 2 with 2, = 2_ € RP!. Finally, hyperbolic
transformations satisfy [tr(M)| > 2 with both zy,2_ € RP!.

Lemma 7.1. If an isometry is hyperbolic, it has a unique geodesic in H which

is tnvariant under the isometry.
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Proof. Without loss of generality, we may assume the isometry fixes the points
{0,00} C OH. We can arrange for this situation by conjugating by a Mobius
transformation preserving the metric structure of the hyperbolic plane. The
invariant geodesic is then given by the imaginary axis. An isometry M with
fixed points {0, co} must satisfy b = ¢ = 0. This means the transformation is a
dilatation z — a?z, which only keeps straight lines passing through the origin
fixed. The only geodesic in this set is the straight line lying along the imaginary

axis. Therefore, there exists a unique invariant geodesic. O

Hyperbolic length  Given a geodesic on a hyperbolic surface, we may as-
sociate a hyperbolic length to it. Let us assume the cover of the geodesic lies
along the imaginary axis. The point ¢ on this geodesic is identified with a2

under the action of the Mdbius transformation M. The hyperbolic distance is

then defined as )
a dy
— = 2log(a
/e (@)

We set 2log(a) = I where [ is the hyperbolic length of the geodesic so that we
find
tr(M) = 2 cosh(l/2)

7.2 Uniformization theorem

If we consider an orientable topological surface, it admits a unique compatible
smooth structure S. We define a conformal structure on S to be a metric de-
fined up to scaling by a non-vanishing function called the conformal factor. The
uniformization theorem states that any conformal structure on a simply con-
nected surface is conformally equivalent to one of the following three conformal

structures

e The Riemann sphere CP' with constant curvature metric of curvature 41
e The Euclidean plane C with constant curvature metric of curvature 0

e The hyperbolic plane H with constant curvature metric of curvature —1

Any conformal structure on a surface can therefore be obtained as a quotient
of one of these three surfaces by a free action of a discrete subgroup of the
isometry groups of these three conformal structures. This implies in particular

the existence of a constant curvature metric on any smooth surface. We call the
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pair of the smooth surface together with a constant curvature metric covered

by the hyperbolic plane a hyperbolic surface.

For a genus g closed surface we know that the Euler characteristic x(S) = 2—2g.
Therefore, the Gauss-Bonnet theorem implies a classification of closed surfaces

based on the sign of x(S) by
RVol(S) = 27x(S)

where R is the curvature of a constant curvature metric on S. Since Vol(S) > 0,
the sign of x(.5) must correspond to the sign of R. Therefore, all closed Riemann

surfaces except for g = 1 and g = 0 are covered by the hyperbolic plane.

We can introduce punctures or boundaries on S without drastically altering the
above story. If we have a total of n punctures and boundaries together, the
hyperbolic surfaces are classified by the set of tuples (g,n) of the genus g and

the number of boundary components n satisfying 2g —2 +n > 0.

Pants decomposition of hyperbolic surface The three-holed sphere sat-
isfies x(S) = —1 and is the simplest surface of negative Euler characteristic
we can consider, in the sense that we may glue three-holed spheres together to
obtain any other surface with negative Euler characteristic. In this context, we
call the three-holed sphere a pair of pants and a decomposition of a hyperbolic

surface in three-holed spheres a pants decomposition.

Unique geodesic representative If X is a hyperbolic surface, it admits
a set of geodesics coming from the hyperbolic plane realization. The metric
embeds the group 71 (X) as a subgroup of Isom™ (H). Each element in 7 (X)
is in this way represented by a hyperbolic isometry. It turns out that every
conjugacy class in 71 (X) has a realization by a unique oriented, closed geodesic
representative. Indeed, any curve representing the same element in 71 (X) must
lift to an arc in the universal cover H with the same fixed points as the fixed
points of the hyperbolic isometry. Between any two points on 0H, we can find
a unique geodesic connecting these points. This is precisely the unique geodesic
representative of an element in 71 (X). See proposition 1.3 in [91] for a proof of

these statements.
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7.3 Teichmiiller space

We have seen above that every smooth surface S with x(S) < 0 can be given a
hyperbolic metric such that the surface locally looks like the hyperbolic plane.
The moduli space of such metrics defined up to isometries is called M(S). If
instead we quotient the space of metrics by the action of isometries which can
be connected to the identity, we define what is known as the Teichmiiller space

T(S). More precisely, we give the following definition

Definition 7.2. Consider the space of pairs (X, f) where X is a fixed hyperbolic
surface modeled over the smooth surface S and f : S — X a diffeomorphism.
We will say that two such pairs (X, f) and (Y,g) are equivalent if and only
if go f~' : X — Y is isotopic to an isometry which can be connected to the
identity. Let us write such pairs up to equivalence by [X, f]. Teichmiiller space
T(S) is the space of all pairs [X, f]. We call such a pair a marked hyperbolic

surface where the diffeomorphism f is called the marking.

The moduli space M(S) is obtained from 7T (S) by taking the quotient by the
mapping class group MCG(S) = Isom(S)/Isomy(S) defined as the space of

isometries modulo the isometries connected to the identity.

Complex versus conformal structure It turns out that on a smooth
orientable surface, the choice of a complex structure and conformal structure
are equivalent. Through the complex structure, one has a canonical notion of
angle on the tangent bundle. If we are given a Riemann surface X with a local
coordinate z, we can choose our conformal structure to be given by the class of

metrics of the form ¢(z, Z)dzdz with ¢ : X — R a conformal factor.

The converse construction is more involved. Given any Riemannian metric on
a smooth surface S, we can show we can always locally bring it to the form

¢(z,Z)dzdz by solving the Beltrami equation

ow(z,z) _Ow(z,2)
2z Hz2) 0z

for |u(z,2)| < 1. We call the coordinates (w,w) isothermal coordinates and it
is easily shown that if we have two pairs of isothermal coordinates on an open
neighbourhood, the transition function must be biholomorphic. This defines a
complex structure X on our surface S, which is in bijection with the conformal

structure defined by ¢(z, z)dzdz.
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Since we will focus our attention to surfaces, we use these notions interchange-
ably. In particular, the Teichmiiller space can equivalently be understood as

classifying marked hyperbolic surfaces or marked Riemann surfaces.

Marking and fundamental domain It should be noted that equation (3.11)
we obtain from the conditiosingle-valuedness of ¥g(x,%X) does not have any
reference to a marking. This equation is defined over a fixed Riemann surface.
Nonetheless, to determine a monodromy representation, we need to introduce
a marking. Indeed, picking a marking for an element in Teichmiiller space is
equivalent to picking a set of generators for the fundamental group 71 (S). This
statement is known as the Dehn-Nielsen-Baer theorem in the literature. In

theorem 16.7 we give the precise statement.

The mapping class group has a natural action on the development-holonomy
pairs [A, p] by precomposing the developing map A : X — CP! and the mon-
odromy representation p : Hom(m(S), PSL(2,C)) by an element of the mapping

class group represented as an isometry.

In section §9 we classify the development-holonomy pairs with real monodromy.
To relate this classification to the classification of opers with real monodromy,

we need to take the quotient by the mapping class group.

7.4 Uniformizing oper

For each marked hyperbolic surface X modeled over the topological surface S,
the uniformization theorem defines an isometry A : X — H. This map em-
beds the action of the Deck transformations 71(S) in the group of orientation-
preserving isometries Isom™ (H) ~ PSL(2, R) defining a monodromy representa-
tion p € Hom(m(S), PSL(2,R)). The pair (A, p) has the intertwining property

p()11A(u) + p(7)12
p(7)21A(u) + p(7)22

Aly-u) =

Since the image I' of p is a discrete subgroup, it defines a Fuchsian group.
Two marked hyperbolic surfaces define the same point in 7(S) if and only
if the monodromy representations up to conjugation are the same Fuchsian
representation. This implies that the space of Fuchsian representations is also
isomorphic to T(S). See for example proposition 10.2 in [91] for a proof of this

statement.
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Let us denote the uniformizing developing map by Ag and the monodromy by
po for future convenience. By 3.11, the pair [Ag, pp] defines an oper to(z) =
3{Ao(z), z}. Since the monodromy py has image in PSL(2,R), it comes from
an oper with monodromy in SL(2,R). Therefore, the uniformizing oper defines

a single-valued eigenfunction of the Hitchin Hamiltonians by theorem 3.5.

Affine bundle structure of opers A dicussion of the following construction
can be found in [78]. Let us denote the space of all opers over the topological
surface S by P(S) = ||yer(s) P(X). Recall that we use the notation P(X)
for the space of opers over a fixed Riemann surface X. The fibres can be
patched together to define a smooth bundle P(S) — T(S) with fibres P(X).
It turns out that the uniformizing opers patch together to a smooth section
oo : T(S) — P(S). The bundle P(S) is an affine bundle with each section
o(X) — 0o(X) living in HO(X, K%).

It can be shown by Kodaira-Spencer deformation theory, that the tangent bundle
fibre of Tx 7 (S) is isomorphic to H (X, K x). Through the Serre duality, we can
identify the cotangent fibres of T% 7 (S) with H’(X, K%). The bundle P(S) —
7 (S) has the structure of an affine bundle modeled over T*7(S) — T(5).

The identification between T*7(S) and P(S) allows us to carry over the geo-
metrical structures from the former to the latter. Indeed, there exists a natural
complex structure on P(S) coming from the complex structure on T*7(S) in
terms of complex moduli t for the base 7(S) and complex coordinates E for
the fibres. Furthermore, the cotangent bundle admits a canonical symplectic

structure
3g—3+n

0= Z; dt, N dE,

which carries over to a symplectic structure 2 on P(S).
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8 Eigenfunctions and singular metrics

By the uniformization theorem, we know that H admits a unique metric gnyy, of
constant curvature —4. Since Isom(H) ~ PGL(2,R), the pair [Ag, pg] embeds
the Deck transformations into the isometries of H. We may therefore use Ay to

pull back gnyp to a metric on X. Locally, the induced metric takes the form

. _ AP _
Aj(gnyp) = mdzdz

Since Jm(Ag(z)) > 0 everywhere, this metric is well-defined on all of X.

Let us write the conformal factor as e2#°(*:) for g : X — R a globally defined

) 1 |Ay(2)|
(z.2) = log 5t

The function ¢g(z, Z) can be shown to satisfy the Liouville equation

function. Then

0.0:p0(z, 2) = e290(=2)

Furthermore, we can show by the definition of o that £{A¢(z),2} = 02¢¢ —
(0.¢0)?. This identifies the uniformizing oper by

to(2) = 920 — (9:¢0)°

Although a priori not obvious, the combination 9%¢q — (9.¢0)? is holomorphic
as a consequence of the Liouville equation. Finding a solution to the Liouville

equation is therefore equivalent to the construction of the uniformizing oper.

8.1 Singular hyperbolic metrics and real monodromy

Real decomposition of a surface To define the real decomposition of a
surface, we follow the discussion in [46]. We also refer to the notion of real

decompositions in [92].

If the pair [A, p] defines a development-holonomy pair over X € T(S) with
monodromy representation p valued in PSL(2,R), we may consider the decom-
position CP' = HURP! UH. Here we denote by H the space

H:= {z € C|Im(z) < 0}
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We can pull back this decomposition through the developing map and define
X, = AY(H), Xg := A"Y(RP') and X_ := A~'(H). Since each of the
subsets H, RP' and H is invariant under M&bius transformations valued in
PSL(2,R), we find A(y- X+) = A(Xy) and A(y - Xg) = A(Xg) for any v €
m1(X). The decomposition is therefore preserved under the action of the Deck
transformations as long as the monodromy of p is valued in PSL(2,R). This

allows us to define a decomposition of our surface X = X; U Xp U X_.

Remark 8.1. If the monodromy of p is valued in PGL(2,R), we still find A(y -
Xg) = A(XR). Although we cannot define a real decomposition X = X, UXpU
X_, the variety where A is real, is still invariant under the action of the Deck

transformations.

On the space H we have the constant curvature metric gnyp. Since the spaces
H and H are related by complex conjugation, we make H into a copy of the
hyperbolic plane by introducing gnyp,. We can pull back these metrics through
the developing map and define a metric A*(gnyp) on X\Xg. Each connected
component of X, or X_ has a natural structure of a complete hyperbolic surface
such that the ideal boundary, the boundary at infinite distance, is given by a

union of components in Xp.
Let us denote by €2#(*%) the conformal factor of this metric on X\ Xg, i.e.
A*(gnyp) = 27> dzdz

The conformal factor blows up when we approach Xg, since the metric diverges
as Jm(A(z))"2

Each connected component Y of X and X_ can be understood as consisting of
a convex core Yeoe C Y with boundaries of Y. consisting of closed geodesics
and a complement Y'\Y.,,e consisting of annuli of infinite area. In this way, the
annuli of infinite area are bounded by a geodesic and a component of the ideal

boundary.

Schwarz function of singular curves Let us describe in more detail how
©(z, Z) blows up when we approach Xg following [80]. By [92], it is known that
the space Xg is a finite union of circles. Let C' C Xy be such a circle. We pick
a simply-connected neighbourhood U O C' and a local coordinate z. Then we

may describe the intersection C' N U through the analytical equation




116 8 EIGENFUNCTIONS AND SINGULAR METRICS

We may rewrite this equation in terms of the Schwarz function S¢(z) := A=1(A(2))
as

zZ= Sc(z)
Applying the chain rule to the equation A(S¢(z)) = A(z) shows that A/(z) =

A'(Sc(2))St(2). Therefore, we may express the conformal factor in terms of

the developing map as

Q207 _

1 AP

4 (Jm(A(2)))?

_A'()A'(S0(2)S6(2)
(A(2) = A(Sc(2)))?

Since the developing map A is nowhere singular, the oper ¢(z) does not become

singular near the curve C. In terms of the conformal factor, we may show

t(z) = 02¢ — (0-9)*

If we locally identify the coordinate z with the coordinate obtained by pulling

back the standard coordinate on CP*, we may simplify

e2#(2:2) = ijm(z)_2

Singular solutions to the Liouville equation We may summarize the
above by stating that the problem of identifying development-holonomy pairs
with real monodromy can be expressed in terms of a variant of the Liouville

problem. This problem has been stated in section four of [80] before:

Theorem 8.2. A development-holonomy pair [A, p| over X € T(S) has real
monodromy representation p if and only if there exist simple closed analytic
curves C1, ..., Cy, such that | |, Cr, = Xr and a function ¢ such that 9,0:¢ =
e?? on X\Xg with singularities along Cy of the form

©(z,z) =log

Furthermore, we may clarify theorem 8.2 further and state

Theorem 8.3. Development-holonomy pairs over X with real monodromy are
in one-to-one correspondence to the choice of elements o1, ...,0m € m(X), not

necessarily distinct. Furthermore for each choice of elements o1, ...,0p,, there
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exist unique representative curves C1,...,Cp, such that Xg = ||}, Cx and a

solution ¢(z, z) exists with singular behaviour as in theorem 8.2.

We will prove this theorem in section §9. More precisely, proposition 9.7 gives

a direct proof of this result.

Remark 8.4. Any set of 3g—3+n mutually non-intersecting simple closed curves
on a surface X of genus ¢g and with n boundary components leads to a pants
decomposition. There exist no other curves not homotopic to the cutting curves
and not intersecting any of the cutting curves. Therefore, the number of distinct
elements in o1, ..., 0., is always bounded from above by the number of cutting

curves 3g — 3 + n.

Remark 8.5. The uniformizing oper is recovered by a solution of the Liouville

equation on all of X. This is the unique solution for which X = (.

8.2 Constructing single-valued functions

The conformal factor e2#(*%) of the metric A*(gnyp) on X\ Xg allows us to define

a single-valued and real function ¢(z, z) := e~ #(*»*) on X\ Xg which behaves as

et = jE;A é(:?)();)c = o= (0 (146 - 4G

along each curve Cy. Since the behaviour of ¢(z,z) along Cj is regular, the

function ¢(z, z) can be extended to all of X and satisfies

29(z,2) +t(2)6(2,2) = 0
a§¢(zvz)+@¢(zvz) = 0

where t(z) = (0%¢) — (0.¢)?. By construction, it is a symmetric global section
of the bundle K;{lm ® K7X_1/2

Although ¢(z, 2) is single-valued on X\ Xg, it need not be when we extend it
to X. The function ¢ can only vanish along the curves C%. By the chain rule
S¢, () # 0 on a neighbourhood U O Cj, so that we may always apply the

inverse function theorem to define a coordinate z for which S¢, (2) = z. Then
$(z,7) = 2|A'(2)| "' Im(A(2))

Since the curve Xp is defined by Jm(A(z)) = 0 and Jm(A(z)) is positive and
negative on X and X_ respectively, we find ¢(z,z) > 0 on X and ¢(z,z) <0
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on X_. The function ¢(z,z) therefore changes sign when we cross Xg. If we

analytically continue ¢(z, Z) along any simple closed geodesic, we find

Gy 2,7 2) = (1) g(z, 2)

where i(y, Xg) is the number of intersections between v and the variety Xg.
Comparing with theorem 3.5, we conclude

Theorem 8.6. If p is a real monodromy representation of a pair [A, p], it is
valued in PSL(2,R) if and only if

i(7,Xg) =0 mod 2

for any simple closed geodesic 7.

A similar statement has been made by Goldman in the context of closed surfaces
in [89]. See remark 11.3.

Remark 8.7. For an explicit example of the construction in this section on the

four-punctured sphere, we refer back to subsection 4.4.
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9 Grafting complex projective structures

Before we describe the grafting surgery, we will change our point of view slightly.
To keep mathematical expressions more concise, we introduce the following no-
tation

Cg(S) = HOIH(7T1(S), G)/G

for future notational simplicity. An oper ¢(z) on a Riemann surface X € 7(5) is
equivalent to a development-holonomy pair, which is a pair [4, p] of a developing
map A : X — CP! and a monodromy representation p € Cpsr(2,0)(5) satisfying
the intertwining property

Aly-2) =
p
for v € m1(S). See 3.11 for a proof of this equivalence.

Starting from a pair [4, p], we do not actually need to specify the complex
structure X € 7(S). Instead, we may define A : S — CP' to simply be
an immersion without reference to the complex structure. We may recover a
complex structure on S by pulling back the complex structure on CP!, i.e. we

introduce a complex structure on S such that A becomes holomorphic.

Complex projective structures A complex projective structure is a maxi-
mal atlas of charts on a smooth surface S valued in CP! such that the transi-
tion functions are Mdbius transformations on CP!. It is clear how we can map
a development-holonomy pair [A, p] to a complex projective structure. Con-
versely, we can also construct a development-holonomy pair from a maximal

atlas of charts. We follow the explanation in [78].

Given a chart on an open neighbourhood U C S, we may analytically continue
the map U — CP! to a map S — CP'. This can be done uniquely, since S is
simply-connected. Since the transition functions are Mobius transformations,
an analytical continuation in this way defines a monodromy representation in
Cpsr(2,0)(S). This defines a pair (A, p) from the complex projective structure.
Composing by a Mobius transformation M has the effect of sending a pair (4, p)
to (M- A, M - p). In this way, we have associated a development-holonomy pair

[A, p] to the complex projective structure.

We will switch freely between these two notions when we discuss the grafting

surgery.
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9.1 Defining the grafting surgery

Standard form of simple closed geodesic in uniformizing projective
structure Let us consider the uniformizing development-holonomy pair [Ag, po]
with Ag : § — H an isomorphism and I' = im(pg) a Fuchsian group. We recover
a hyperbolic structure X € T(S) on S through the quotient X ~ H/T".

Let us consider a simple closed geodesic v with monodromy realized by a hy-
perbolic isometry po(y). By lemma 7.1 we can find an invariant geodesic of this
isometry in H with fixed points {z1,22} and z2 > z; on RP!. By conjugating
the monodromy py with a Mdbius transformation valued in PSL(2,R) of the
form

zZ — 29
Z

zZ—z1
we may map the fixed points of this isometry to {0, c0}. This brings the action

of the Deck transformation of v on X to the form
Ao(y - 2) = el Ag(2)

where [, is the geodesic length of .

Let us consider a tubular neighbourhood U O ~ defined by
U :={z € X|dnyp(7,2) < €}

We denote by dnyp (7, 2) the hyperbolic distance between the point x and the
geodesic . If we pick € small enough, the neighbourhood U does not contain

any other simple closed geodesic and we may realize U as the domain
U~{e” € C*|—e< Re(w) < e}
for a coordinate w = w(z) of the universal cover U of U

U~ {weC|—e<Re(w) < e}

such that w(y - z) = w(z) + 2mi.

The projective structure on U induced by the pair (A, po) is recovered by the
exponential map Ag(z) = iel®/ (™) for which indeed Ag(y - 2) = e Ag(2).

The developing map Ay maps the universal cover U to the set

Ao(T) = {s € C* c CPY| - 1€

7r lye
o +§<arg(s)<—+§}

21
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(a) Fundamental domain (b) Copy of U with geodesic

Figure 9.1: Standard form of a projective structure around a hyperbolic isometry

A fundamental domain for the action of the Deck transformation Agy(y - z) =
el Ag(z) on the space Ag(U) is sketched in figure 9.1. We call this form the

standard form of the projective structure around the geodesic ~.

Remark 9.1. For the uniformizing projective structure all simple closed geodesics
have hyperbolic isometries as their monodromy. We may therefore bring a

neighbourhood around any simple closed geodesic to the standard form.

Constructing a projective structure on the annulus Let us consider an
annulus A = R x v with v diffeomorphic to a circle. We may put a complex
structure on A through the diffeomorphism A ~ C* and let z be the correspond-
ing complex coordinate. Let w be a coordinate of the universal cover A such
that w(y - z) = w(z) + 2mi once again. We may define a projective structure on
A through the map w +— A(z) = iel»/(279) At this point, the number ly € Ryo

is simply a parameter suggestively denoted by ..

This is the same situation as for the uniformizing projective structure. In the
open neighbourhood (—¢, €) x «, this projective structure is clearly isomorphic
to the uniformizing projective structure if we let [, be the length of the geodesic

5.

Grafting the uniformizing projective structure If we cut open the uni-
formizing projective structure along a geodesic v with tubular neighbourhood
U, the neighbourhood U splits into two neighbourhoods U; and Us around the
two new boundary components which are copies of 7. We may glue the annular
projective structure on [0,¢] X v C A in a neighbourhood of {0} x v to the

uniformizing projective structure in the neighbourhood Uj.

Since any other neighbourhood of the form (¢ — €,t + €) x 7 can be brought
back to the open neighbourhood (—¢, €) x v by mapping w — w —t, equivalently
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A(2) + (/2™ A(z), we can glue the projective structure in the neighbourhood
of {t} X v to the uniformizing projective structure in the neighbourhood Us.
This implies that if z is a local coordinate on Uj, crossing the annulus to the
neighbourhood Uy maps A(z) s e+ (t/2™ A(z).

It is important to note that for ¢ large enough, this projective structure covers
itself multiple times. The grafted projective structure is therefore not necessarily
injective! Indeed, if we graft with parameter ¢ € %Z, we introduce a copy of
C* ~ CP'"\{0,00} into the image. Furthermore, for these values of ¢, the

monodromy of the projective structure is preserved under the grafting.

Remark 9.2. Grafting does not necessarily preserve the underlying complex

structure of [A, p]. See lemma 9.8.

Extending grafting to the space of measured laminations It is easy to
see that we may extend the definition of grafting along a simple closed geodesic
to grafting along multiple non-intersecting geodesics. We may extend this def-
inition even further to the space of measured laminations ML(S). For our
purposes of classifying opers with real monodromy, we do not need to consider
this space in detail. The important properties of this space are that it can
be given a topological structure and that it is the completion of the space of

multiple non-intersecting geodesics.

Let us introduce the grafting angle 6 := l;—ﬂt We may pick a number of
non-intersecting simple closed geodesics {P1,..., P3g_34,} and graft with an-
gles 01, ...,035_34n. These parameters determine the Mobius transformations
A(2) — €% A(z) when we cross the annulus grafted along 7;. A measured
lamination A € ML(S) of this form, will be written as the formal sum A =

39—3+n
k=1 0, Py.

9.2 Action of grafting on monodromy representation

We have described how the developing map changes by grafting. Additionally,
we have seen that when we cross the annulus grafted along a simple closed

geodesic v, the developing map changes by A(z) — e? A(z).

An insertion of such a transformations implies that we must adjust the mon-

odromy of the uniformizing oper by
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or by its inverse whenever we cross . The matrix Dy for a given s is a repre-
sentative of the dilatation z — e®z in SL(2,C).

There are now two distinct cases to consider: Either cutting along v separates
the surface X into two subsurfaces X; and X, or cutting along v keeps the

surface connected.

If ~ separates the surface X into X7 and X5, we may describe 71 (X) in terms
of 7T1(X1) and 7T1(X2).

If 0 € m(X1) Um(X2), the grafted monodromy representation denoted by
pio,will take the form

p(o’) lf(f S ’/Tl(Xl)

pio~(0) = .
D,Z‘Qp(O')Dig ifoe 7T1(X2)

All other elements ¢ € 71(S) can be built from these elements.

If v is non-separating, we may assume it is embedded in a one-holed torus. A
representation p will reduce to a representation of this one-holed torus. If &
is the curve homotopic to the boundary and n a curve intersecting v once, we
may define a presentation of the fundamental group of the one-holed torus by

(vam, klymy ™t = k).

The grafted representation p;- is defined by

pioy(v) = p(7)
pioy(m) = p(n)Dis
Pio~ ("{) = p("{)

Since p(v)Dig = Digp(7y), we find pjg, (yny~tn~t) = pio~ (k) showing that pie~
is also a representation of the one-holed torus. It is straightforward to construct

the grafted representation p;s, on the entire surface X from these results.

Reality of the monodromy and real curves The way the monodromy
representation of the oper transforms if we apply the grafting surgery, implies

the following proposition:

Proposition 9.3. If we graft a projective structure along a simple closed geodesic
7, its monodromy representation is real, i.e. valued in PGL(2,R), up to conju-

gation if and only if 0 € nZ>o. Furthermore
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o [f v is non-separating, the cases 0 € 2nZ>q lead to representations valued
in PSL(2,R) while for 6 € 2nZ>¢+7 we find elements in PGL(2, R) which
do not lie in PSL(2,R).

o If~ is separating, all of the cases 0 € Z>o lead to representations valued
in PSL(2,R).

It therefore suffices to consider 6 € 7Zx if we require the reality of the mon-

odromy of the development-holonomy pair.

9.3 Classifying opers with real monodromy

Surjectivity of the grafting operation The key result encouraging us to
use the grafting procedure, is the following unpublished theorem by Thurston
[87]. See also [88].

Theorem 9.4. The grafting map Gr : T(S)x ML(S) — P(S) from the space of
marked hyperbolic structures and measured laminations to the space of complex

projective structures over S defines a homeomorphism.

In the statement of this theorem, we have identified 7(S) with the image of
the smooth section oo(7(S)) C P(S), which associates to each X € T(S) the

uniformizing projective structure.

By theorem 9.4, any element in P(S) may be constructed by grafting a uni-
formizing projective structure. The measured laminations describing projec-
tive structures with real monodromy, are precisely those of the form A =

ig:_13+n mym Py, for a pants decomposition {Py, ..., Psg_34,} and grafting an-
gles mpm where we allow my € Z>o. See proposition 9.3. Moreover, the con-
struction of opers with real monodromy through the grafting surgery shows
that the image of the monodromy map intersects the space Cpgr,(2,r)(S) of real

monodromy representations transversally.

We call such measured laminations half-integer measured laminations and de-
note the space of the half-integer measured laminations by ML 7(S ). Grafting
along the half-integer measured lamination A can be understood as simultane-
ously applying the grafting procedure for simple closed geodesics with angles
my7 to all the curves Py. See [46] for the classification of projective structures

with real monodromy.
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Quadratic differentials from measured laminations We will now discuss
the relation between measured laminations and quadratic differentials. This
discussion follows [78]. Our end goal is to classify the quadratic differentials
over a fixed marked Riemann surface X leading to opers with real monodromy.
Recall that by the uniformization theorem, we construct a smooth section oy :
T(S) — P(S) of the affine bundle 7 : P(S) — T(S) which associates to each
X € T(S) the corresponding uniformizing oper. This allows us to describe the
fibres of P(S) as quadratic differentials.

The key result allowing us to relate quadratic differentials and measured lami-

nations is given by the following theorem proved in [93]

Theorem 9.5. For each A\ € ML(S) the map gry : T(S) — T(S5), defined by

gry = 7o Gry, is a diffeomorphism.

Since gry is a diffeomorphism, we may invert it and define a smooth map
ox(X) := Gra(gry'(X)). By definition 7(05(X)) = X so that o, defines a
smooth section of 7 : P(S) — T (S) for each A € ML(S). There exists a unique
element 0 € ML(S) which leads to a section o( associating the uniformizing
projective structure o(X) to X. This is compatible with the previous definition
of og: The uniformizing oper corresponds to the zero element in the measured

laminations.

By theorem 9.4, there exists a unique pair (gry'(X),\) as the inverse image
of Gr), for every oper in the fibre P(X). Therefore, we find a homeomorphism
between the space of quadratic differentials H°(X, K%) and the space of mea-
sured laminations ML(S). Let us denote the accessory parameters of the opers
in P(X) obtained by grafting along \ by E,.

Corollary 9.6. For every \ € ME%Z(S), there exists a set of accessory param-
eters Ey defining an oper over X with real monodromy. This oper is obtained
from the projective structure Gry(gry ' (X)). Conversely, every oper with real

monodromy can be found in this way.

Grafting and real curves By corollary 9.6, the opers with real monodromy
are classified by half-integer measured laminations. To finish the proofs of the-
orem 8.2 and theorem 8.3, we want to clarify the relation between these mea-
sured laminations A € ML15(S5) and the space X in the real decomposition
of Gry(gry H(X)).

If we graft along a simple closed geodesic v by angle § = mmg for my € Z>,

the projective structure on A defined by A(z) = ie!*/™) becomes real along
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(a) Fundamental domain (b) Real curves on grafted tube

Figure 9.2: Real curves from grafting along a simple closed geodesic

a total of mg straight lines. Indeed, our domain is bounded by 0 < fRe(w) <

210

t = 5= so these lines are precisely those for which Re(w) = dn’m _ 2%
Y

I Iy
m = 1,...,mq. All of these lines map to copies of the curve «. Since the

developing map of the uniformizing projective structure has image contained in
H, it never becomes real. Therefore, the only real curves that are introduced
by grafting along a simple closed geodesic are the mg copies of . See figure 9.2

for an example where we graft along a simple closed geodesic.

By extending this analysis to A € ME%Z(S), we learn that for A = Zzg:—13+n mym Py,

the grafting procedure introduces a total of my, copies of the geodesic Py in Xp.
If p is the non-self-intersecting multicurve consisting of my copies of the curves
Py, we will write z as the formal sum g = 3377 %" m,, P,. This analysis shows
that Xp ~ p as submanifolds of X. Conversely, any set of non-self-intersecting
curves up to homotopy on X can be understood as defining the space Xy of

some projective structure with real monodromy.

We may write these observations as follows

Proposition 9.7. Let C(S) be the space of non-self-intersecting multicurves p
up to homotopy. Then the map C(S) — ME%Z(S) defined by p — wp is a
one-to-one correspondence between non-self-intersecting multicurves and opers
with real monodromy having the property that the space Xwr is homotopic to the

image of the multicurve pu.

If we fix the underlying complex structure X, there can exist only one projective
structure with Xgp homotopic to the multicurve p which is precisely the one
given by Grr,(gr;1(X)). Therefore, a unique choice of curves {C’,ii’“)} with
k=1,..,3g—3+mn and iy, = 1, ..., m;, exists such that er(gr;ﬁ(X)) satisfies

Xg = 29;13“’ Llisy C,(f’“). This proves theorem 8.3.
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Figure 9.3: Uniformizing domain of CP'\{0, z, 1, 00} in standard form

9.4 Comparison to the quantization on the four-punctured

sphere

It is illuminating to clarify the grafting surgery in terms of the example of the
four-punctured sphere we worked out explicitly in section §4. For the four-
punctured sphere, any non-self-intersecting multicurve must be a number of
parallel copies of a simple closed curve. Any other curve on the four-punctured
sphere either has to intersect this simple closed curve or is homotopic to this

curve or to the punctures.

Let us consider A € R for the four-punctured sphere. If we consider the condi-
tions Go1 = 0, Hyy = 0 and (GH)g1 = 0, the real curves we found, are shown in
figure 4.8. By the classification of opers with real monodromy, we may there-
fore construct the values A\, for k € Z by grafting the uniformizing projective
structure with accessory parameter \g along the curve surrounding the interval

(0, 2) or along the curve surrounding (z,1).

Indeed, we can see this explicitly by applying a Mobius transformation to fig-

ure 4.6 and bringing it to a more suggestive form. See figure 9.3

Applying the same Md&bius transformation to figure 4.5b and figure 4.7a leads
to the pictures in figure 9.4.

It is instructive to compare these pictures to figure 9.2 and conclude that we

have introduced grafting annuli in the developing map.
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(a) Transformation of figure 4.5b (b) Transformation of figure 4.7a

Figure 9.4: Domains of figure 4.5b and figure 4.7a in standard form

Changing the complex structure by grafting Although grafting by angles
which are multiples of 27 preserves the monodromy, we can prove that this
does not preserve the complex structure. More precisely, we will show that if
the monodromy of two opers is equal up to conjugation over the surface X =
CPYM\{0, z,1,0}, the accessory parameters of the opers must be equal. This is
a special case of the Riemann-Hilbert correspondence discussed in section §17.

A proof of the following lemma can be found in [50].

Lemma 9.8. Let z € CP'\{0,1,00} not necessarily real and consider two
opers over CP\{0,2,1,00}. If their monodromy representations are equal up

to conjugation, their accessory parameters must coincide.

Proof. Let k1 and k2 be two accessory parameters for opers over X = CP\{0, 2,1, 00}
with the same monodromy representation up to conjugation. By our assump-
tion, we may use a basis transformation to bring J0,+(m, k1) and JO,JF (x,K2) to
a form such that their monodromies are precisely equal, not just up to conju-

gation. Let us then consider the combination

V() = 98 (2, k)05 (@, ko) — 57 (2, ma) S (2, k1)

The function V(x) can at most blow up as log(z — *) or (log(z — *))? near each
puncture at x = . Furthermore, it is single-valued at each puncture. The
function V(z) must therefore have an expansion in terms of a Laurent series
around each puncture. However, we know that V' (x) can blow up with at most
log-type singularities implying that V(z) is a constant.

For large values of x, the equation (3.5) becomes

2L+ O™ ))(W)" (@) + 3e2(1+ Ol () (@) + 21 + 0@ )wa(x) = 0



9.4 Comparison to the quantization on the four-punctured sphere 129

This shows that both solutions of the differential equation have the behaviour
2711+ O(z71)) for large x. Therefore

lim V(z) =0

T—r00

Since lim, 0 V(z) = 0, we find V() = 0 everywhere. This implies the relation

) (@, k1) U7 (@, o)
G0 gy o) m
0 (mvﬁl) 7/’0 (vaQ)

for some constant ¢y depending on ki and k5. From this result, it is easily

checked that © ©
¢0,+($a K:l) o wo,-s-(% KQ)
) Ty M &
o (T, K1) o (@, k2)

Recall that the Wronskian satisfies

A
WA = — o)
z(zx—z)(xz—1)
for Wy(A) independent of z. Since
(2)
YoplwN) L1 1 1 z—x+1+2)
61)(337 A) 222 2w —2)2 2w —1)2  z(x—2z)(xr—1)

we conclude with the equality k1 = k. O
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10 Dehn-Thurston coordinates

10.1 Introducing Dehn-Thurston coordinates

We denote by C(S) the space of non-self-intersecting multicurves on the topo-
logical surface S up to homotopy. We allow these multicurves to start and end
at punctures or boundary components. It turns out there exists a bijection be-
tween the elements of this set and the so-called Dehn-Thurston parameters. In
this section, we will clarify this statement. We refer to [42] for a clear exposition

on the definition of the Dehn-Thurston coordinates.

To specify the Dehn-Thurston parameters, we first need to introduce a reference
pants decomposition. If our surface is of genus g and has n boundary compo-
nents, this pants decomposition consists of 3g—3+n cutting curves and 2g—2+n

pairs of pants. Let us denote the pants decomposition by {Pi, ..., Psg—34n}-

Let 4+ € C(S). Then one half of the set of parameters will be defined as
pr = i(u, Pr), where i : C(S) x C(S) — Z>¢ counts the minimal number of
intersections between representatives of the two elements in C(S). Before we
discuss the other half of the coordinates, we have to understand which multic-

urves can appear on pairs of pants.

Elementary multicurves on a pair of pants Without loss of generality,
we may assume P, P, and P3 bound a single pair of pants. We can build up
multicurves on a pair of pants from six simple curves. We call these six curves in
figure 10.1 elementary curves. An elementary curve satisfies the property that
each intersection with the boundary lies in the top half of the pair of pants, i.e.
above the red dotted line in figure 10.1. If a multicurve is built from elementary

curves, we call its form elementary.

The number of intersections between an elementary multicurve p and the bound-
ary components is enough to specify the elementary multicurve uniquely. The
intersection points must be connected in such a way that the multicurve does
not intersect itself. We may therefore use three parameters (p1, p2, p3) € (Z>0)3
to classify all elementary multicurves on the pair of pants. These numbers must
satisfy p1 +po+p3 € 2Z since the multicurve must start and end at the boundary

components.
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(a) Curve l12

(¢) Curve lag

(d) Curve l11 (e) Curve lag (f) Curve 33

Figure 10.1: Six elementary curves on the pair of pants

First consider the case p; > p; + p for given ¢, j, k all distinct from one another.
It is then impossible to find p; > p; 4+ py or pr > p; + p;, since this would imply
pr < 0 or p; < 0 respectively. We easily check that the multicurve p takes the

form )
m= 5(]91' — P — Pk)ln’ +pjlij + prlik
The other case is given by p; < p; + pi, for all 4, j, k different from each other.

The multicurve p now takes the form

1 1 1
W= §(P1 +p2 —p3)liz + 5(]91 +p3 —p2)liz + 5(1?2 + p3 — p1)las

Gluing pairs of pants The other half of the coordinates is introduced when
we glue together two different pairs of pants. Consider a four-holed sphere
obtained by gluing two pairs of pants along a cutting curve P. By cutting along
P, we obtain a boundary component isotopic to P for each pair of pants. Any
multicurve on the four-holed sphere defines a multicurve on each pair of pants.
Without loss of generality, we may assume that the multicurve on one pair of
pants has elementary form. The multicurve on the other pair of pants can be

brought back to elementary form by twisting the boundary curve P.

Consider two pairs of pants on which we have elementary multicurves. If the

multicurves have the same number of intersections along one of the boundary
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Figure 10.2: Twisting for (p, q) = (3,2)

components, we can glue the pairs of pants together and define a multicurve on
a four-holed sphere. However, before doing so, we may introduce an annulus
which contains a certain amount of twisting. Any multicurve on the four-holed

sphere can be described in this way.

More precisely, if we consider an annulus with p intersection points, we say we
twist by ¢ > 0 if we apply |¢/p] Dehn twists to the right and connect the
first intersection point from the left on the inner annulus to the (¢ mod p)-
th intersection point on the outer annulus, also counted from the left. See

figure 10.2 for an illustrative example.

If ¢ < 0, we apply |—¢/p] Dehn twists to the left and connect the first intersec-
tion point on the inner annulus to the (—¢ mod p)-th intersection point on the
outer annulus, both counted from the right this time! For p = 0, we will always

choose to set ¢ > 0.

Note that due to the canonical ordering requiring the multicurves to start and
end above the red dotted line, there is a unique way to connect these inter-
sections without crossing the red dotted line. We set ¢ = 0 for this untwisted

configuration.

We therefore introduce an additional coordinate g for each cutting curve Py
which takes into account the twisting. For our purposes, it suffices to describe
multicurves not intersecting the boundary components of S. By describing all
such multicurves in the way described above, we find the following theorem
originally due to Dehn in the 1920s and rediscovered by Thurston in the 1970s.
Both articles have been published much later in [43, 44].
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. 3g—3
Theorem 10.1. The set of integers (p1, ..., P3g—3+n: @15 -+, §3g—3+4n) € Zzgo i

Z3973 restricted by pi+p;+px € 2Z>¢ if P;UP;UP;, bounds a pair of pants and
Gm >0 ifpm =0 fori,j,k,m=1,....3g—3+n is in one to one correspondence

with the set C(S) of non-self-intersecting curves up to homotopy.

Remark 10.2. If our surface has boundary components, we may assume the mul-
ticurves have components intersecting the boundary. We can introduce twisting
along these boundary components in the same way as we twist along cutting

curves. This leads to the set of coordinates

(p3g—3+n+17 <oy P3g—3+2n543g—3+n+1y -5 Q3g—3+2n)

If we have a puncture on our surface, twisting along the puncture does not
change the multicurve. Therefore, if we wish to change a boundary component

into a puncture, we can simply remove the corresponding twist parameter.

Dehn-Thurston parameters as quantum numbers By theorem 10.1 we
get a classification of non-self-intersecting multicurves on S in terms of Dehn-
Thurston parameters. If we put a hyperbolic structure X € 7(.5) on the surface
S, we may combine this result with corollary 9.6 to find a classification of opers
on X with real monodromy in terms of the Dehn-Thurston parameters. The

accessory parameters of these opers will be denoted by

E(p,Q) = (EL(p,q)v "'7E3g—3+n7(p,q))

In this notation, the uniformizing oper is recovered from the set of accessory

parameters E(g ).
This leads to a first set of quantum numbers for the opers with real monodromy.

By theorem 3.5 and the fact that each ¢y (u, 4x) in the decomposition ®g(u, ) =
29;13+" or(ug, ur) satisfies the same oper differential equation, we find a set

of quantum numbers labeling the single-valued solutions W (g, q) := VE o

Remark 10.3. Although all single-valued solutions are labeled in this way, not
every function ¥ (;, o) is single-valued! To find the subset of single-valued func-

tions, we have to apply theorem 8.6. This will be done in section §11.
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(a) A-move

@)

(b) S-move
Figure 10.3: Depiction of elementary moves on pants decomposition
10.2 Changing the pants decomposition

The Dehn-Thurston parameters were defined by gluing different pairs of pants
together into the surface S and therefore depend on a pants decomposition of
S. Tt is natural to ask ourselves how the Dehn-Thurston parameters transform
under a change of pants decomposition. For this purpose, we will note the

following proposition originally proved in the appendix of [94].

Proposition 10.4. Any two pants decompositions of S are related by one an-

other by a finite number of elementary moves.

Although originally proved for closed surfaces, these results have been extended

for punctured surfaces as well. See for example [95].

Furthermore, in [94] it is noted that two elementary moves suffice to generate
all pants decompositions. These moves are named the A- and the S-move. See
figure 10.3.

These two moves only change the pants decomposition in the subsurfaces home-

omorphic to the four-holed sphere or one-holed torus inside S. Therefore, only
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the Dehn-Thurston coordinates associated to these subsurfaces are transformed.
These moves act by piecewise integral linear transformations on the Dehn-
Thurston parameters. Full formulas can be found in the original paper [48].

For a general overview, we also refer to [49].

We will finish this section by giving some examples of calculations we can per-

form using these S- and A-moves.

Example: Torus with one puncture Let us consider the example of the
S-move acting on a once-punctured torus. A pants decomposition is defined
by a single cutting curve so that we may introduce Dehn-Thurston parameters
(p,po,q) for the number of intersections with the cutting curve, the number
of intersections with the puncture and the number of twists along the cutting
curve respectively. After the S-move, we find a new set of coordinates (p', py, ¢').

We first note that pg = p € 2Z>¢. The new coordinates can be calculated as

follows
(%O_P‘Hfﬂ —q) if pg > 2p and p > |q
W) = (% —p+lql, —sen(g)p)  if po>2p and p < g
(“ﬂa*bgn ( *%OJr\qD) if pg < 2p and pgy > 2]q|
(Ig], —sgn(q)p) if pg < 2p and py < 2|q|

We refer to [42] for a proof of this statement.

From these transformations, we observe

Corollary 10.5. For the one-holed torus, the number of intersections p' after

the S-move between the new cutting curve and the multicurve, satisfies

y po/2—p+lql if po>2p
lq| if po <2p

Proof. By noting that the twist around the hole of the one-holed torus can be
localized in a neighbourhood of the boundary, this lemma is an obvious corollary
from the transformation of the Dehn-Thurston parameters under the action of

an S-move on the once-punctured torus. O
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Figure 10.4: Two different cutting curves on one-holed torus

Nonetheless, we do not need the full formulas to prove this corollary. Indeed,
we only need to know the expression for p’. We will now give a different proof
that we can easily apply in different cases. We describe a pants decomposition

of the one-holed torus as in figure 10.4.

Proof. On the pair of pants defined by cutting along the curve defining the

coordinate p, there are two possible configurations of multicurves possible.

Case 1. 1If we let P; be the boundary of the one-holed torus and identify P
and Pj in figure 10.4, we define a pants decomposition of the one-
holed torus. For py > 2p, we find the multicurve (£ — p)l11 + plia +
plis. See figure 10.1. Each copy of l1; intersects the orange curve
once. The curves [15 and [13 do not intersect this curve. Additionally,
if we insert an annular neighbourhood around the cutting curve with
a number of twists, we find a total of |¢| more intersection points.
We therefore find p’ = & — p + |q|.

Case 2. On the other hand, for pg < 2p, we find the multicurve %"llg +
B3+ (p— 5 )la3. None of the curves l12, [13 or Iy intersect the new
cutting curve. All of the intersections are therefore contained in an
annular neighbourhood in which the twisting defining ¢ takes place.
We therefore find p’ = |q|.

Example: Connected components of multicurves on the once-punctured

torus We may conclude the example of the S-move on the once-punctured
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torus by calculating the number of connected components of multicurves on the
once-punctured torus not intersecting the puncture. Such multicurves consist

of a number of parallel copies of a simple closed curve 7.

Let us pick any cutting curve to define a pants decomposition of the once-
punctured torus. Since we set pg = 0, we may classify the multicurves by two
parameters (p,q) corresponding to the number of intersections p between the
multicurve and the cutting curve, and the amount of twisting ¢ along the cutting

curve.

We first note that Dehn twisting does not change the number of parallel copies of
the multicurve (p, ¢). Therefore, by Dehn twisting the multicurve, we may bring
it to a multicurve with parameters (p, q1) with the same number of connected

components and 0 < ¢; < p.

After applying an S-move, we find a new set of coordinates (p},¢’) = (q1, —p).
Once again, we may Dehn twist to bring the curve (g1, —p) to the form (g1, p1)
where 0 < p1 < q1.

If we continue this procedure of S-moves and Dehn twists, we can bring the
curve back to the form (0, Q) for some @ > 0. The algorithm we have defined, is
the same as the Euclidean algorithm determining the greatest common divisor
ged(p, q) of the integers p and gq. We therefore identify @ = ged(p,q) and
conclude that the curve with Dehn-Thurston parameters (p,q) has a total of

ged(p, ¢) connected components.

We may note that any simple closed geodesic intersects the multicurve (0, Q)
a multiple of @) times. Conversely, we can always construct a simple closed
geodesic intersecting the multicurve (0, Q) a total of @) times. We must therefore

set @ =0 mod 2 according to theorem 8.6.

This is in agreement with 9.3 stating that we may only graft a simple closed
geodesic along angles 277 if we want the monodromy of the oper defined from

the grafting to remain valued in PSL(2,R).

Example: Four-punctured sphere Finally, to continue our analysis for the
four-punctured sphere, it will be useful to have the formula of the A-move at
hand. We will only consider multicurves not starting or ending at the punctures.
Such multicurves may be parameterized by two integers (p,q) where p is the

number of intersections with a cutting curve and ¢ the amount of twisting.
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After the A-move, new parameters (p,¢’) are given in a similar fashion as for

the once-punctured torus

(', q') = (2lq], —sgn(q)p/2)

The validity of this formula can easily be shown by an explicit calculation. For

example, see [42].
Together with the braiding along the cutting curve

WAU:@A+§

which squares to a Dehn twist, these transformations generate all of SL(2,7Z).
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11 Reducibility of monodromy to PSL(2,R)

11.1 Reducing to a finite number of calculations

We will describe how to produce restrictions on the allowed Dehn-Thurston

coordinates through theorem 8.6. We have introduced the intersection number

1:C(S) x C(S) = Z>¢o by

(A1, A2) = CI'Ill,ng #(C1NCY)

where C7 and C5 are representatives of A\; and Ao respectively. The notation
C1 N Cq should be understood as the set of points in the intersection im(Cj) N
im(Cs) of the images of the multicurves C; and C3. We minimize this number
over all representatives C; and Cy of the homotopy classes A\; and A;. By
assuming C7 and Cs intersect transversally, we see that i(A1, A2) must be finite.
Proposition 1.7 in [91] shows how to algorithmically pick two representatives C
and Cy minimizing the number #(C; N Cy).

Algebraic intersection number We define a new space C(,,.)(S) to denote
the space of elements in C(S) together with an orientation. We may extend the
notion of the intersection number to C(y,)(S). On the other hand, we may also

define the algebraic intersection 7 : Clor)(S) x Cory(S) — Z by

%(/\1,/\2): Z sgn(x)

zeC1NCy

for C7 and C5 representatives of A\; and A\o. We define sgn(z) by the right-hand
rule. See figure 11.1.

A priori, one might expect the number produced by i to depend on the repre-
sentatives Cy and Cy. By proposition 1.7 in [91], two curves minimize ¢ if and
only if they do not have an embedded bigon as in figure 11.2. However, when
calculating the number of intersections with sign, we see that a bigon does not

change the algebraic intersection number .

In general, the numbers produced by i and i are different from each other. For

example, consider a bigon as in figure 11.2. If we assume this bigon surrounds a
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T \ 4
(a) Intersection with sign +1 (b) Intersection with sign —1

Figure 11.1: Algebraic intersection numbers of different configurations

)

AGERY

Figure 11.2: Bigon with trivial algebraic intersection

boundary component, we cannot in general reduce the number of intersections.
Nonetheless, the algebraic intersection form does not pick up on this boundary
component as it only counts signed intersections. The number of intersections
counted by i must therefore be larger than the number of intersections counted

with sign by 1.
For our purposes, it suffices to note that

i(A1, A2) = (A1, A2) mod 2

as is easily seen from the definitions.

The algebraic intersection number 7 turns out to be easier to work with than i,

because of the following well-known result

Proposition 11.1. The algebraic intersection number %(—, —) which counts the
number of intersections of two multicurves with orientation, only depends on the

homology classes of the curves in Coy.)(S).

Proof. Let us consider two oriented multicurves A; and Az in Co,.y(S). We will
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check that the map %(/\1, —) defines a group homomorphism, i.e. %()\1, 1+ o) =
%()\1, 1) + %()\1, uo) for py + po the formal sum of the multicurves p; and po.

Let C; be a representative of \; and D; and D, representatives of p; and po

respectively. Then

> sen(x)

zEClﬂ(Dl UD2)

= Z sgn(x)

z€(C1ND1)U(C1ND3)

= Z sgn(zx) + Z sgn(x)

zeC1NDq zeC1NDy
= 5()\» ) + ’2()\, H2)

(A1 g1+ pz)

Since the fundamental group of a Riemann surface is free of torsion, i.e. has no
elements of finite order, this implies 7(\1, —) factors through to the homology
H,(S,Z). Applying the same argument to Ao shows that %()\1, A2) only depends
on the homology classes [\;] and [\z] and defines a bilinear map 7 : Hy (S, Z) x
H,(S,Z) — Z. O

Restrictions in terms of homology basis If S is closed, the homology
H, (S, Z) has a basis {[a1], ..., [ag], [1], ..., [bg] }. If S has n boundary components,
we can find a basis in terms of cycles {[a1], ..., [ag], [b1], ---s [bg], [B1), ---s [Bn—1]}-
These cycles come from simple closed geodesic curves which can be used as

generators of the presentation

g9
m1(S) = (a1, b1, ..., g, bg, By, ..o, Bu| [ [ axbray 'ty ' = Bi...By)
k=1

Note that for n > 0, mi(S) ~ Fygin—1 where Foyy,_1 is the free group in
2g +n — 1 generators. We can remove B, from the presentation by using the
relation [[{_, axbray 'b; ' = By...B,,. In homology this leads to >"_,[Bx] = 0.

For S closed, we find no such relation on the generators.

We can always choose the generators such that

i[ax], (b)) = e

holds and #([ax], [ai]) = #([bx], [br]) = 0. Furthermore, since the curves {a1, ..., ag, b, ..., by }
do not end on the boundary components, we must find i([ax], [B;] = i([bx], [Bi]) =
0 by the bigon relation. We can extend these relations to all elements of Hy (S, Z)
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Figure 11.3: Choice of cycles on genus two surface forming a basis of Hy(S,Z)

by linearity. For ¢ = 2 and n = 0, these generators can be chosen as in fig-
ure 11.3.

We can reduce the statement in theorem 8.6 to a finite number of calculations

by noting that

Proposition 11.2. A multicurve p intersects any other simple closed geodesic

an even number of times if and only if it intersects each element in
{al, ceey Qg b17 ceey bg, Bl, ceey Bn—l}
an even number of times.

Proof. By applying 11.1, we can reduce this to a question in homology classes.

Let 1 be a multicurve intersecting elements in

{Cl1, ceey Qg bl, ceey bg,Bl, cory Bn—l}

an even number of times. We expand as a homology class

:zg:(w)akﬂt ) Zﬂ(l)

k=1

We find

W) [a]) = —u”
(), [x]) = p®
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implying
/L((Lk) = 0 mod2
ugk) = 0 mod 2

Since any simple closed geodesic v projects to an element [y] in H; (S, Z), it can

also be written as a sum of elements

g9 n
k 1
=3 (P lan] + 4P oal) + - 25 1B
k=1 =1
We may now calculate

s S (k) (k)

i, ) = (ué’”% — 1 vé’“))

k=1

Since both pgk) = ul()k) =0 mod 2, we find the result

i([u], [v]) =0 mod 2

for any simple closed geodesic . Note that we did not need to assume = is a

simple closed geodesic. All of the above holds just as well for multicurves v. [

Remark 11.3. For a closed surface S, there exists a reformulation of the above
statements through the Poincaré duality. This duality states that %(—7 —) defines
an isomorphism H; (S, Z) ~ H'(S,Z). If x is an element such that i([u], —) = 0
mod 2, the Poincaré duality implies [u] = 0 € Hy(S,Z2). This is not true for
surfaces with boundary for which the Poincaré duality does not hold in this way.
See [89] for a statement of this kind.

11.2 Restrictions on the Dehn-Thurston coordinates

Invariance under mapping class group action The mapping class group
has a natural action on each multicurve u C S by restricting the action of an

element in m € MCG(S) to the multicurve p. This sends p — m(u).

If a multicurve p intersects any other element in C(S) an even number of times,

acting by m does not change this fact.

Remark 11.4. This can be made more precise by considering the linearization of
the action of the mapping class group. It turns out that the action of MCG(S)

on Cer.)(S) descends to an action on H;(S,Z) preserving i. The mapping class
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group acts by the group Sp(2g,Z) C GL(2g,Z) on {[a1],...[ag], [b1], ..., [bg]} and
trivially on {[B1], ..., [Bn-1]}. If [u] can be expanded in terms of ,u((lk), ;L,()k) € 27,
it must remain true that m(u)gk),m(u)ék) € 27. See for example chapter 6 in

[01].

In other words, if B(S) C C(S) denotes the elements p € C(S) which intersect
every other multicurve an even number of times, m(u) € B(S) for every m €
MCG(S).

Homeomorphism classes of pants decompositions Given a pants de-
composition and Dehn-Thurston parameters (p,q) with respect to this pants
decomposition, we want to find the subset of parameters corresponding to the
subset B(S). Since this subset is invariant under the mapping class group, the
restrictions on the Dehn-Thurston parameters must also be invariant. As such,
the restrictions will only depend on the homeomorphism classes of the pants

decompositions.

For each surface S, there exists a finite number of such homeomorphism classes
as shown in theorem 16.5. We may calculate the restrictions for each pants
decomposition by picking a single pants decomposition and repeatedly acting
by A- and S-moves. This defines an algorithm which terminates after a finite

number of steps.

Let us finish this section by applying the above discussion to two simple exam-
ples. We will discuss the more complicated example of the genus two surface in

the next section.

Example: Once-punctured torus Let S be the once-punctured torus. There
exists only a single pants decomposition for the once-punctured torus up to
homeomorphism. We have already calculated the space B(S) of multicurves
not intersecting the puncture before and found (p, q) € (2Z)? as the parameters
defining the subset B(S) C C(S). We can use the above machinery to reprove

this result, shining some light on the algorithm we use.

The homology H;(S,Z) ~ Z? is generated by two curves a and b defining cy-
cles [a] and [b] such that i([a], [b]) = 1. See figure 10.4. If we pick the pants
decomposition to be defined by a cutting curve homotopic to a, we find that p
describes the number of intersections between a given multicurve p € C(S) and

a. Therefore, we must set p € 27Z.
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(a) Separating curve P> (b) Non-separating curve P

Figure 11.4: Two distinct pants decompositions on S up to homeomorphism

If we apply an S-move, we can make b the cutting curve of the pants decom-
position. In the new parametrization (p’,q’), the number of intersections of
p € C(S) with b is given by p’. Hence, p’ € 27.

The S-move expresses the parameters (p’,¢’) in terms of (p, q) by

(',q") = (lql, —sgn(q)p)

proving q € 27Z. This result may be compared to corollary 10.5.

Example: Sphere with boundary components If we consider S to be a
sphere with n boundary components, the generators of the fundamental group
are given by the set curves {Bi,..., B,—1}. Therefore, we will find no addi-
tional restrictions on the allowed multicurves and can identify B(S) = C(S). In
this sense, the four-punctured sphere we discussed before is too simple to find

restrictions on the Dehn-Thurston parameters through theorem 8.6.

11.3 Restrictions for the closed surface of genus two

Let us set S to be the closed surface of genus two for the rest of this section.
It is known that up to homeomorphism, S has two pants decompositions. See
theorem 16.5 for a proof. For both we may introduce Dehn-Thurston parame-
ters (p1, p2, P3,q1,q2,q3). We have depicted these two pants decompositions in
figure 11.4. These pants decompositions distinguish themselves by whether the

curve P is separating, i.e. cuts S into two one-holed tori, or not.

Multicurves on S along which we may graft and keep the monodromy valued
in PSL(2,R), may be quite complicated. See figure 11.5 for two examples of

such multicurves on S. Both of these multicurves intersect the curves in the set
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= &

Figure 11.5: Two examples of multicurves on the genus two surface

{a1,b1,a2,b2} an even number of times and therefore by 11.2 intersect all other

curves an even number of times.

Let us first consider the pants decomposition in figure 11.4a.

The curves P; and P3 correspond to the curves a; and as in our chosen basis
from figure 11.3. Therefore, we have to set p1, ps € 2Z to ensure the multicurve
passes a1 and as an even number of times. Note that two copies of the curve
P, and one copy of P> bound a pair of paints. Therefore we also know that any

multicurve satisfies po € 27Z.

We now wish to classify the restrictions on the Dehn-Thurston parameters com-
ing from the fact that the multicurve must also intersect b; and by an even
number of times. To find the number of intersections of the multicurve with by
in terms of Dehn-Thurston parameters, we may restrict to the one-holed torus
containing a; and b; defined by cutting along P,. We may restrict our dis-
cussion to this one-holed torus with Dehn-Thurston parameters (p1,p2,q1,q2).
The parameters py and ¢z correspond to the number of intersections with the

boundary component and the amount of twisting of the boundary.

If we act by the S-move, we find p), = p. By 10.5, the S-move sets

,p2/2—p1+ ;| ifpa>2py
g if po < 2py

The number p} counts the number of intersections between the multicurve and
b1. We must therefore set pj € 2Z. This implies pa/2 + q1 € 27 if p; > 2p; and
q1 € 27 if po < 2p;. Therefore,

27 if po < 2py
Q1 € )
27+ B if py > 2py
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Figure 11.6: Pants decomposition including cycles in the homology basis
H1(S,2Z)

Applying the same argument to the one-holed torus containing as and by, we
find

2Z if p2 < 2p3
g3 € )
27 + B if py > 2p3

Let us now consider the other pair of pants decomposition figure 11.4b.

As before, we introduce Dehn-Thurston coordinates (p1, pa2, p3, g1, g2, q3) classi-
fying non-self-intersecting multicurves with respect to the pants decomposition
{P1, P>, P3s}. The curves P; and P coincide with a; and as again, implying
that py,ps € 2Z. Since the curves {P;, P>, P3} define the cutting curves of a
pair of pants, we immediately find p; + p2 + p3 € 2Z. This implies ps € 27Z as

well.

We now have to find restrictions on the Dehn-Thurston parameters following
from the even number of intersections of the multicurve with the curves b; and
bs. Let us cut along the curves P; and P3 to obtain a four-holed sphere. The
pair of pants decomposition then takes the form as in figure 11.6, where we

included the b; and by curves.

We will first calculate the number of intersections between our multicurve and

the curve b;. There are two distinct cases: Either p3 > p1 + ps or p3 < p1 + po.

Consider the first case. Comparing to the elementary curves in figure 10.1, we
find a total of %(pg —po — p1) curves intersecting by on the left pair of pants and
%(pg — pa — p1) on the right. In total, there are ps — ps — p; € 27Z intersections

with the b; curve.
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In the second case, there are no intersections between the b; curve and the

multicurve.

Gluing the pairs of pants together and twisting introduces the g» coordinate.
This leads to a total of |¢z| additional intersections between the multicurve and

b1. Twisting along P; introduces an additional |¢;| intersections.

Adding all of this together, the number of intersections between the multicurve
and by is given by p3 — pa — p1 + |q1| + |¢g2]- Therefore, an even number of

intersections between the multicurves and by, implies ¢1 + ¢q2 € 27Z.

Similarly, we can show that an even number of intersections with by implies
q2 + g3 € 2Z. We conclude q1,q3 € g2 + 27Z.

Putting everything together, we may state the following theorem

Theorem 11.5. If S is a closed surface of genus two, up to homeomorphism
there are two distinct pants decompositions as in figure 11.4. Consider Dehn-
Thurston parameters (p1,D2,D3,q1,42,q3) for these pants decompositions. The
elements in B(S) are in one-to-one correspondence to the sets of parameters

satisfying the following constraints:

e Consider the pants decomposition as in figure 11.4a. Then (p1,p2,ps3) €

(2Z)3 and
0 c 2Z if p2 < 2py
22+ B ifpy > 2py
and
0 c 2Z if p2 < 2p3

27 + p72 if po > 2p3

o Consider the pants decomposition as in figure 11.4b. Then (p1,p2,ps3) €
(2Z) and q1,q3 € q2 + 27

Remark 11.6. The multicurve on the left of figure 11.5 has Dehn-Thurston pa-
rameters (2,2,2,0,0,0) for both pants decompositions. On the other hand, the
multicurve on the right of figure 11.5 is specified by the parameters (0, 2,2, 1,0, 0)
and (0,2,2,1,1,1) with respect to the pants decompositions in figure 11.4a and
figure 11.4b respectively. Both of these multicurves satisfy the restrictions from
theorem 11.5, proving that grafting along them indeed leads to a projective

structure with monodromy in PSL(2, R).
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Extension to general surfaces The pants decomposition in figure 11.4a
can easily be generalized for a closed surface S of genus g > 2. With respect to
this pants decomposition {Pi, ..., Ps;—3}, we introduce Dehn-Thurston param-
eters (pi,...,P3g—3, 41, ---,G3g—3). Let us denote by {Py, ..., Py} the curves such
that cutting along them leads to a sphere with 2¢g boundary components and
by FPyt1,..., Pag the curves that bound Pi,..., P, in a one-holed torus respec-
tively. Since we only need to calculate the restrictions coming from the curves

{ai,...,aq4,b1,...,b4} as we did in the case of g = 2, we immediately find the

restrictions
(p1, ..., P3g—3) € (2Z)%973
and
2Z if prtg < 2py
U < Dk -
27+ =52 if pryg > 2p
fork=1,...,g.

Any set of parameters satisfying these restrictions, defines an element in B(.S).

Since the number of pants decompositions of a (not necessarily closed) surface
is finite, we may construct the restrictions with respect to any other pants

decompositions by repeatedly acting with the A- and S-moves.

We can introduce n boundary components by adding the parameters

(p3g—3+1, <y P3g—3+n543g—3+15 -+ q3g—3+n)

to the Dehn-Thurston parameters for a closed surface of genus g. If we assume
the multicurves do not start or and at boundary components, adding these
parameters does not affect the result. Therefore, the restrictions we found are
also valid if we introduce n boundary components in S and we may compute
the restrictions with respect to any pants decomposition once again by applying

a finite number of A- and S-moves.
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Part IV

Quantization from the Yang-Yang

functional

In this part our goal is to relate the Dehn-Thurston parameters (p,q), in-
terpreted as quantum numbers for the classification of single-valued solutions
¥ (p.q), to another set of parameters (n, m) called the Bethe quantum numbers
with n = (n1,...,n39-34n) and m = (mq, ..., M3g—34,). This will allow us to
express the quantization conditions in terms of a Yang-Yang function )(a,t),
resembling the way it was originally introduced by Yang and Yang in [17]. This
function depends on the complex moduli t and parameters a = (aq, ..., a3g—3+n)
parametrizing, up to conjugation, the monodromies associated to the cutting
curves of a pair of pants. The function Y(a,t) explicitly depends on a choice of

pants decomposition of our surface S.

The parameters a are defined through the complexification of a set of real coor-
dinates (1,k) on 7(S) known as Fenchel-Nielsen coordinates. On the character
variety Cpsr,(2,c)(S) which contains 77(S), we can introduce a set of coordinates
known as the trace coordinates. It turns out that the Fenchel-Nielsen coordi-
nates depend in a real analytical way on the trace coordinates restricted to the
Teichmiiller locus T(S). The discussion on trace coordinates and their relation

to Fenchel-Nielsen coordinates mostly follows [86].

The monodromy of opers in a fibre P(X) of the bundle P(S) — T(5) depends
on the accessory parameters E. Both spaces P(S) and Cpgy,2,c)(S) admit a
natural complex structure. It was originally shown in [96] that the monodromy
map P(S) — Cpgr2,c)(5) is locally homeomorphic and later in [97, 98| that this
map is in fact locally biholomorphic. We may therefore describe the complexified
Fenchel-Nielsen coordinates over a fixed Riemann surface (at least locally) by
analytically continuing with respect to the accessory parameters E. This was
also noted in [20].

On top of being locally biholomorphic, the map P(S) — Cpgr2,c)(S) relates
two different symplectic structures with Darboux coordinates (t, E) and (1, k)
[99, 100, 101]. Therefore, a generating function W(a,t) must exist for these
different sets of Darboux coordinates. The function W(a,t) can be understood

geometrically as the generating function for the Lagrangian variety of opers. It
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had been observed before in [18] using the AGT-duality and in parallel in [19]
that the Yang-Yang functional Y (a, t) must be closely related to the generating
function W(a, t).

The precise relation between the generating function W(a,t) and the quanti-
zation condition of single-valuedness of the solution Ug was clarified in [20].
Indeed, this shows that we may also realize the generating function as a Yang-
Yang function Y(a,t), but for a different quantization condition than originally
considered in [14] and used in [18].

We will consider the example of the four-punctured sphere in which we can
derive some results directly through the comparison with the results from [50]

and clarify the meaning of the integers (n, m) in this context.

Motivated by the example of the four-punctured sphere, we conjecture the fol-

lowing

Conjecture. Let a possibly punctured Riemann surface X € T(S) be given.
There exists a path 1p.q) : [0,1] = P(X) for each set of parameters (p,q) such
that

Npa)(0) = Eo,0) Np.a) (1) = E@pq)

and analytical continuation of (1,k) along these paths, implies

Re(ar(Np,q) (1) = 7pr
Y (a(np,q (1)) t)
Re ( (8ar ) Ty

Afterwards we return to the physical side of the story. We use the Dehn-
Thurston parametrization of the single-valued eigenfunctions ¥, o to give evi-
dence for a direct relation between single-valued eigenfunctions ¥y 4) and loop
operators L(p q)- The restrictions obtained through theorem 8.6 have an inter-
esting counterpart in physics relating to the mutual locality of the loop opera-

tors.

The above conjecture identifies the Dehn-Thurston parameters of the single-
valued eigenfunctions ¥, o) with the Bethe quantum numbers (n, m). We will

also discuss the interpretation of this result from a physical point of view.
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Finally, we discuss some possible future directions and interesting topics that

could be studied from the perspective we have set up in this thesis.
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12 Geometry of the character variety

12.1 Character variety and trace coordinates

For the topics discussed in this section, we will mainly follow the exposition in
[86].

There exists a natural set of coordinates on the character variety Cgy,2,c)(S5)
defined through the traces tr(p(v)) of the representations p € Cgr,(2,c)(S) acting
on an element v € 71 (.5). Using the isomorphism SL(2,C)/Zs ~ PSL(2,C), we
may relate the character varieties Cgr,(2,c)(S) and Cpgr2,c)(S) to each other.

Although a priori it might seem we need an infinite number of traces to describe
the character variety, it should be noted that for X,Y € SL(2,C) the following

trace relation holds
tr(XY) 4+ tr(XY ™) = tr(X)tr(Y)

By using this relation, we may reduce the trace of any word with multiple
occurrences of some elements to a polynomial in traces of words with only a

single occurrence of these elements.

Character variety of pair of pants Let S be a pair of pants. The fundamen-
tal group of the pair of pants has a presentation of the form (y1, 72, v3|717273 =
1), which is isomorphic to the free group in two generators. Using the trace
relation, we may describe Cgr(2,c)(S) =~ C[L1, Lo, L3] where Ly = tr(p(yx)),
k =1,2,3. By requiring the monodromies to be non-elliptic, we set |Ly| > 2.

To describe the real components of Cpgr,(2,c)(S), we may pick without loss of
generality a representation such that L; > 2 and Ly > 2. We now either find
Ls > 2 or Ly < —2. Only in the latter case do we find Fuchsian representations

of the pair of pants.

Character variety of four-holed sphere Let S be the four-holed sphere.
The fundamental group of the four-holed sphere has a presentation of the form
(71,72, 73, Va|¥172¥374 = 1). This group is isomorphic to the free group in three

generators. We find more relations than the trace relation alone. Let us set
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Figure 12.1: Curves 5 and 7; on a four-holed sphere

Ly =tr(p()), k=1,2,3,4 and 75 = 7172, 7 = 7173, Yu = 7273 such that

L, = tr(p(q/s ))
Ly = tr(p(n))
L, = tr(p(v))

See figure 12.1 for the configurations of the curves s and ; on the four-holed

sphere.

We find a relation of the form
P(LS7LtaLu) = O

where

P(Lg, Lty Ly) = LyLyLy+ L2+ L3+ L2 — (L1 Lo+ L3Ly)Ls— (L1 L3+ LaoLy) Ly
—(LyLy+ LoL3)Ly, + LiLyL3Ly + L3 + L2 + L2 + L3 (12.1)

This gives the character variety of the four-holed sphere the algebraic structure

Csi(2,0)(S) = C[L1, La, L3, Ly, Ls, Ly, L]/ P

Character variety of one-holed torus Let S be the one-holed torus. The
fundamental group of the one-holed torus has a presentation of the form (v, v, Vi |7x =
Ya V6V Vg 1>. The curves 7, and 7, go around the two cycles of the torus while

vk surrounds the boundary.
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C=>

Figure 12.2: Curves v, and 7, on a one-holed torus

We set
Ly, = tr(p(7a))
L, = tr(p(mw))
L, = tr(p(’Ya'Yb))
Lx = tr(p(k))

See figure 12.2 for the configuration of curves 7, and 7, on the one-holed torus.

As in the case of the four-holed sphere, we find a polynomial equation relating
the different trace coordinates. For the one-holed torus, this equation takes the
form

P(Lg,Ly,L.) = L2+ L. + L2 — LyL,L. —2 — Lg (12.2)

This gives Csp,2,c)(S) the algebraic structure

OSL(Q,(C)(S> =~ (C[Lw7 LyaLZ; LK]/P

12.2 Fenchel-Nielsen coordinates

Introducing Fenchel-Nielsen coordinates Given a surface S, the Teich-
miiller space is embedded in Cpgr,(2,r)(S) as the connected component contain-
ing the Fuchsian representations. There exists a set of coordinates on Teich-
miiller space called the Fenchel-Nielsen coordinates. For a full discussion we

refer to section 3.2 in [90].

To define the Fenchel-Nielsen coordinates, we need a pants decomposition of S.
A surface of genus g and with n boundary components has a pants decomposition

into 2g — 2 + n pairs of pants along a total of 3¢ — 3 + n cutting curves.
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Figure 12.3: Pair of pants with perpendicular curves between the boundaries

We define one part of the coordinates as the hyperbolic lengths of the geodesics
associated to the boundaries of the pairs of pants. If the traces of the boundary
monodromies are given by L, for r = 1,...,3g — 3 + n, the hyperbolic lengths
are defined as

L, = 2cosh(l,./2)

See for example subsection 7.1.

Since dimg(7(S)) = 6g — 6 + 2n, we need to add another 3g — 3 + n real

coordinates to complete the set of Fenchel-Nielsen coordinates.

For a pair of pants, fixing the lengths of boundary geodesics fixes the monodromy
representation up to conjugation uniquely. Between any two non-intersecting
geodesics, we can always find a unique geodesic intersecting both geodesics
perpendicularly. We define the distance between the non-intersecting geodesics
as the length of this unique geodesic between the intersection points. Fixing the

boundary lengths therefore fixes all of the geodesics as in figure 12.3.

By cutting open the pair of pants along the geodesics, we end up with two

hexagons. We have drawn one copy in figure 12.4.

We may summarize these statements as follows

Proposition 12.1. Let the geodesic lengths (la,lg,1,) € Rgzo of the boundary

geodesics a, B and v of a pair of pants be given. We can construct a hexagonal
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Figure 12.4: Copy of a hexagon obtained by cutting a pair of pants into simply-
connected domains

tiling of H by cutting along the perpendicular geodesics as above. Once we fix

the boundary lengths, the hexagon is specified uniquely.

For a proof, see theorem 3.4 in [90].

Remark 12.2. If the geodesic length goes to zero, the monodromy around the
boundary is parabolic and we replace the boundary component by a puncture.
When the geodesic length is strictly positive, the boundary components develop

to geodesics that do not intersect each other.

The perpendicular geodesics give a natural way to glue two pairs of pants to-
gether, namely in such a way that the perpendicular geodesics fit together pre-
cisely to form a geodesic on the four-holed sphere. Let us start from a cut-
ting curve v with geodesic length [,. We may always bring the developing
map to a form where analytical continuation along the cutting curve acts by
A(y - 2) = e A(z) for z a coordinate of X. This is the standard form we

introduced when discussing the grafting operation.

We cut open the surface along the geodesic, multiply the coordinate on one side
of the geodesic by e* and reglue. The coordinate k. defined in this way, is
called the twisting coordinate because one may imagine this surgery as cutting
open the surface, rotating one boundary component by an angle of 27k, /I,
and regluing. By attaching twist coordinates k, for r = 1,...,3g — 3 + n to
each of the 3g — 3 + n cutting curves, we find coordinates (1, k) on 7(S) with
1= (l1,...,03g-34n) and k = (k1, ..., k3g—3+4n) realizing Teichmiiller space as the
domain
T(S) ~ (R>0)3g73+n x R39—3tn

This set of coordinates is known as the set of Fenchel-Nielsen coordinates.



158 12 GEOMETRY OF THE CHARACTER VARIETY

Furthermore, these coordinates turn out to form a set of Darboux coordinates for
the Weil-Petersson symplectic structure on 7 (.S) as was shown in [102, 103, 104].
In particular, since the Weil-Petersson symplectic structure is defined without

any reference to a pants decomposition, we find that the equality

39—3+n

wwp= Y d,Ndk,

r=1

is actually independent of the choice of pants decomposition.

12.3 Analytically continuing Fenchel-Nielsen coordinates

Relating trace coordinates and Fenchel-Nielsen coordinates By the
definition of the Fenchel-Nielsen coordinates and the fact that the Teichmiiller
space T (S) defines a connected component of Cpgp,2,r)(S), We expect a relation
between trace coordinates and the Fenchel-Nielsen coordinates. For simplicity
we will only describe this relation explicitly for the one-holed torus. This ex-
position follows section 4.5 from [86]. formulas relating trace coordinates and

Fenchel-Nielsen coordinates can also be found in [105, 20].

Let us define a pants decomposition by cutting along the curve v,. See fig-
ure 12.2 for the configuration of curves. For the one-holed torus, we find one

length coordinate [ and one twist coordinate k.

By conjugation, we may always assume

el/? 0
p(rya) = ( 0 e_l/2

is diagonal. The length coordinate [ is the length of the geodesic v,.

Now
L, =2cosh(l/2) (12.3)

defines the trace coordinate L, in terms of the hyperbolic length .

The geodesic 7, maps to a geodesic in H running between the fixed points {0, oo}
in the upper-half plane. If we normalize the twist coordinate k& = 0 such that
the geodesic of p(vp) is orthogonal to p(vs), we must make sure v, lifts to a

geodesic in H with fixed points {—s, s} for some s € Rs(. By scaling, we may
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always assume s = 1. This implies we must set

[ cosh(p/2) sinh(u/2)
p(m) = ( sinh(p/2) cosh(u/2) )

Twisting defines a new representation py., such that py., (73) is related to p(7s)
by
Prva (Y6) = p(76) D

where Dy, is the dilatation operator representing z ++ ¥z in SL(2, C) as defined

in subsection 9.2.

In terms of the parameters p and k we find

tr(pry. (W) = Ly
= 2cosh(u/2)cosh(k/2)

Similarly,
L, =2cosh(p/2) cosh((l+ k)/2)

The relation P(L,, Ly, L.) = 0 with P(Lg, Ly, L.) defined by equation (12.2)
implies we can express cosh(u/2) in terms of the boundary trace Lx and the

hyperbolic length I. After substituting cosh(p/2), we end up with the equations

Ly\/L2—-4 = 24/L2— Lg+2cosh(k/2) (12.4)
L.\/IZ—4 = 2\I2 — Lg + 2cosh((l + k)/2) (12.5)

We assume L, > 0 and L, > 0 for these equations to hold. Changing the sign of

these quantities simply amounts to changing the above equations accordingly.

We can compute the Fenchel-Nielsen coordinates for the four-holed sphere in a
similar way. If we consider the curve 75 to be the cutting curve for our pants

decomposition, we find the following set of relations

Ly = 2cosh(l/2) (12.6)
Li(L2—4) = 2(LeLs+ LiLs)+ Ls(L1L3 + LaLy)
+2cosh(k)v/c12(Ls)csa(Ls) (12.7)
L (L?—-4) = Ly(LoLs+ L1Ly)+2(L1L3+ LoLy)
+2cosh(l/2 + k)v/c12(Ls)csa(Ls) (12.8)

where ¢;;(Ls) = L7 + L} + L2 + L;L;L, — 4. For these equations to hold, we
assume Ly, >0, L; > 0and L, > 0.
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Fenchel-Nielsen coordinates as functions of the accessory parameters
We may invert equation (12.3) and equation (12.4) to express the Fenchel-

Nielsen coordinates (I, k) as a function of the trace coordinates by

I = 2arccosh(L,/2)

L L2 —4
k = 2arccosh | =¥ 2=
2 /12— Ly +2

The Fenchel-Nielsen coordinates are analytical functions of L, everywhere out-
side of the points where | cosh(l/2)| =1 or | cosh(k/2)| = 1.

Similarly, for the four-holed sphere, the non-analytical behaviour appears for
|cosh(l/2)| = 1 and | cosh(k)| = 1.

Therefore, we can extend the definition of the Fenchel-Nielsen coordinates an-
alytically as a function of the trace coordinates away from these loci. We call

these coordinates the complexified Fenchel-Nielsen coordinates.

As we stated in the introduction to Part IV, the monodromy map P(S) —
Cpsr(2,c)(S) has been shown to be locally homeomorphic in [96] and later to be
locally biholomorphic in [97, 98]. This implies that we may describe the trace
coordinates themselves as analytical functions of the accesory parameters E and
the complex moduli t. The space of opers P(X) over a fixed point X € T(S) is
defined by fixing t, so that the complexified Fenchel-Nielsen coordinates depend
analytically on the accessory parameters E away from the non-analytical loci

described above.

Since the functions (1(E),k(E)) are not analytical everywhere, different paths
between the same points in the space of accessory parameters may lead to
different values of the complexified Fenchel-Nielsen coordinates. If we wish to
make sense of the complexified Fenchel-Nielsen coordinates, we must therefore

pick a path to analytically continue along.
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13 Quantization and Fenchel-Nielsen coordinates

13.1 Real representations in terms of Fenchel-Nielsen co-

ordinates

Let a monodromy representation p € Csp2,c)(S) of an oper be given. This
representation defines a representation in Cpgr,(2,c)(S) which is real if and only if
for each simple closed curve v € 71 (S), the image p(y) maps to an element which
is completely real or completely imaginary. The real and imaginary matrices

project to elements in PGL(2,R) with determinant +1 and —1 respectively.

We may describe this reality property more concretely in terms of Fenchel-
Nielsen coordinates. Let us therefore introduce a pair of pants decomposition
on the surface X with cutting curves {P, ..., P3g_34,} and associate Fenchel-
Nielsen coordinates (I, k) to each cutting curve P,. Using equation (12.3) to
equation (12.8), depending on whether P, bounds a four-holed sphere or one-
holed torus, we may express the trace coordinates away from the Teichmiiller

locus in terms of complexified Fenchel-Nielsen coordinates.

The reality of the monodromy p implies the following statement from [20].

Theorem 13.1. For each single-valued eigenfunction W (g, o) to the quantized
Hitchin Hamiltonians, there exist tuples of integers n = (ni,...,n3g—31,) and
m = (mi,...,M3g—34n) such that analytically continuing the Fenchel-Nielsen
coordinates away from the uniformizing projective structure to the oper with

accessory parameters Ep o implies

Jm((Ep,q)) = mn
Jm(k(E(p)q))) = 7mm

Remark 13.2. The integers (n,m) could in principle depend on the precise

analytical continuation of the complexified Fenchel-Nielsen coordinates in E.

Remark 13.3. We have chosen to normalize the integers (n, m) differently from
[20]. In this normalization, it is clear that some integers can never appear as
coming from single-valued eigenfunctions. For example, the integers n, must

always be even in our case.

It is important to mention that it could be possible for cosh(l,./2) to become
real even if Jm(l,) is not an integer multiple of . This could lead to an off-set of

the integers n. Although we would expect the same classification result to hold
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with this off-set, this situation does not appear for the case of the four-punctured

sphere with real punctures.

13.2 Quantization conditions and the generating function

From the discussion in the introduction to Part IV, we know that the mon-
odromy map P(S) — Cgr,2,c)(S) is locally biholomorphic and relates the holo-
morphic symplectic structures wyy p and €2, defined in subsections 7.4 and 12.2,
by

—4mi) = ww p

See [99, 100, 101]. The fact that (t, E) are Darboux coordinates for Q and (1, k)

for wy p, implies the existence of a generating function W(l, t) satisfying

0
GV = ki (LY)

17
Oty

—471

WLt = E.(Lt)

Remark 13.4. The space of opers P(X) over a fixed point X € T(S) is defined
by fixing t. Varying only 1 and defining k by the above equation, the generating
function W(1,t) generates the Lagrangian subspace P(X) in P(S5).

The quantization conditions may be rewritten as

Re(a,) = 7N,

Re (4m' 9

t = r
da. W(a, )> ™m

where we have set a = il. If we also set )V = 4wV, we can express these

relations as

Re(a,) = 7n, (13.1)
Re (3)3:,1;)) = m, (13.2)

The parameters a behave as the auxiliary parameters of the Yang-Yang function

V.

This relation between the Yang-Yang function for the quantization conditions
of the SL(2,C)-Gaudin model and the generating function of opers has been
observed before in [19]. In parallel, it was proposed in [18] that the quantization

conditions for the Hitchin system are naturally formulated in terms of W.
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If we denote by am) for fixed t a solution to equation (13.1) and equa-

tion (13.2), we can express

BW(a(n m); t)
Ermm=—"->-"""""— 13.3
7( ’ ) 8t,~ ( )
Remark 13.5. There is no guarantee that the solutions a(y, ) are unique. In
principle, it could be possible that multiple solutions ¥, o) lead to the same

set of quantum numbers (n, m).

In light of remark 13.5, we will look for a way to define the analytical contin-
uation of (1, k) such that the solutions are unique. In this case, we must find

E(nm) = E(p,q) by the definition of ¥ o).

If we find a unique solution a(, ) for each (n,m), we are able to describe all
quantization conditions in terms of equation (13.1) and equation (13.2), but it
remains a question which sets of integers (n,m) actually appear as quantum

numbers for single-valued eigenfunctions ¥, q).

Nonetheless, we remark that if a one-to-one-correspondence between the Dehn-
Thurston parameters (p, q) and a subset of the Bethe quantum numbers (n, m)
does indeed exist, we find restrictions on the allowed integers (n,m) through
theorem 10.1 and theorem 8.6.

13.3 Relation between grafting and the twist coordinate

We can already give a partial answer to the question of how to relate the param-
eters (p,q) and the integers (n,m). By comparing the description of grafting
to the twisting used to define the coordinates k, we see that grafting can be

understood as a twisting along the imaginary axis.

To make this more precise, let us denote by MLy (S) the space

ML (S) ={(s,\) € Hx ML(S)|(ts,A) ~ (s,t\) for t € Ryo}
for H = {z € C|Im(z) > 0} and by MLg(S) the space

MLR(S) = {(s,\) € R x ML(S)|(ts,\) ~ (s,tA) for t € Ruo}
We have the inclusions

ML(S) € MLx(S) € MLy(S)
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Recall the notation Gry(X) for the grafted projective structure constructed
from the pair (A, X) € ML(S) x T(S). If we denote by Twy(X) the twisted
projective structure, it is constructed from a pair (A, X) € MLg(S) x T(S),
since we may twist both clockwise and counter clockwise we have to pick a
measured lamination A valued in MLg(S) instead of ML(S). The twisting
map Tw) gives rise to a map twy : 7(S) — T(S) by concatenation with the
projection P(S) — T(S5).

We may define for A € MLy (S) the map Eqy(X) := Gromo) (tWaen) (X))-

Proposition 2.6 from [51] clarifies the interaction between grafting and twisting:

Theorem 13.6. The map Eq,,(X) varies holomorphically with respect to t €
H.

It is important to note that by holomorphicity, this result is independent of the
path we pick in H to arrive at the result. The imaginary component of the twist
coordinates k, may therefore be understood as the grafting angle, while the real

part of k, corresponds to the twisting angle.

Expression in terms of quantization conditions Let us pick a pants
decomposition and define Dehn-Thurston parameters (p,q) and the Fenchel-
Nielsen coordinates (1, k). Let us graft along a multicurve u with Dehn-Thurston
parameters (0,q). Then theorem 13.6 implies that any path 7 q : [0,1] —
P(X) starting at E(g o) and ending at Eg q) must satisfy

Im(k(n0,q)(1))) = mq

More concretely, we may pick the path path Grtw(gr;rlu(X)) for t € [0,1]
which goes from E (g ) to E(q,q) and satisfies Jm(k(E g, q))) = mq. Additionally,
we know that the grafting procedure Gry,(X) does not affect the hyperbolic
lengths of the components of the multi curve p. This means that changing the
underlying complex structure from X to gr;rlu(X ) can only change the real part

of the hyperbolic lengths 1. We may therefore conclude that
D’m(l(E(o,q))) =0

along this path and identify the parameter (0,q) with the integers (0,m) for

this special case.

It should be noted that Grtw(grgrlu (X)) is only a single path for which Im(1(E g, q))) =
0. Many other paths 7 q) With this property exist.
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14 Revisiting the four-punctured sphere

The four-punctured sphere provides a hands-on example for which we can put
the mathematical machinery developed in this thesis in practice. We will prove a
special, but non-trivial case of the conjecture formulated before, relating Dehn-

Thurston parameters to the set of Bethe quantum numbers.

14.1 Fenchel-Nielsen coordinates and the accessory pa-

rameter

Let us consider a monodromy representation p € Cpgy,2,c)(S) for S the four-
punctured sphere. If we require the boundary components to be punctures, we
have to set Ly = 2 for k = 1,...,4 in equation (12.6) to equation (12.8). This

simplifies the equations considerably to

L, = 2cosh(l/2)
Li(Ls—2) = 8+ 2cosh(k)(Ls+2)
L,Ls—2) = 8+2cosh(k+1/2)(Ls+2)

if Ly # —2.
We may rewrite this relation as

cosh(k) =

Ls+2 L;+2

LiLy—2 4
2

Let us now specialize to the four-punctured sphere with real punctures. In
this case, we may rewrite the above relations in terms of Ga1()), H21(A) and
(GH)21(A) introduced in section §4 and which are all analytical functions of the
accessory parameter A. Let us for simplicity set det(G) = det(H) = —1 as is
possible by remark 5.6. We may then note

Lemma 14.1. The Fenchel-Nielsen coordinates (I, k) with respect to a pants
decomposition defined by cutting along vs, may be expressed as a function of the

accessory parameter X in the form

cosh(1/2) = —1+27%(Ga1(N))?

_ (GH)n (V)
cosh(k) = 12<G21()\)>
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Proof. The expression for cosh(l/2) follows immediately by comparing with
equation (12.6) and the formulas for the trace coordinates in section §4. The

second equation follows from equation (12.7) and equation (4.1). Indeed,

I\ 2
cosh(k) = —1 4+ 2w%(Hy)? — 2 (21)
Ga

Using equation (4.1), we rewrite

((GH)21)* = (Go21)?

(H21)2 - 1 —72(G2)?

A simple calculation shows

Hyp \ 2 (GH)a1 \?
14 2r¥(Hy )2 —2( =22) =1-2
+2m(Hz) (G21 G

proving the result. O

The change of sign with respect to the equations in section §4 comes from the
fact that we assumed L and L; to be positive when defining the Fenchel-Nielsen

coordinates of the four-holed sphere.

The Fenchel-Nielsen coordinates are analytical away from the loci | cosh(l/2)| =
1 and |cosh(k)| = 1. From the first of these two equations, we extract that
I(A\) is analytical away from the accessory parameters A for which Ga1()\) €
{—771,0,771}. In combination with equation (4.1), we deduce from the second
equation that k(\) is analytical away from the values A for which (GH )21 (\) = 0,
Ga1(\) € {—=771,0,771} or Ha1(\) = 0.

14.2 Partial identification of Bethe and Dehn-Thurston

parameters

In this section, we will construct a path ng, ¢ : [0,1] — P(X) for X =
CPI\{0,2,1,00} and 0 < z < 1 satisfying the conditions in the conjecture
proposed in the introduction to Part IV.

Non-analytical loci If we assume A\ € R, we find from theorem 5.1 a series
of parameters ... < A1 < Ag < A1 < ... for which Ga1(Ax) =0, Ha1(A\x) =0 or
(GH)21(Ax) = 0. Let us consider k > 0. The other loci where the analyticity
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of the Fenchel-Nielsen coordinates breaks down, are given by \ = V](Cj ) for ] =
1,..., N with Ny > 0 satisfying

(G ()2 =72

The integer N counts the number of these solutions in the interval (Mg, Agy1).
Its precise value is unimportant for our calculations as it is only important for
us to know that (Ga;()))? is a decreasing respectively increasing function at
A= I/[()j ) for j odd respectively even.

Including these values V](Cj ), we find the series

(1) (No)

Xo < vy <<y (W)

<h << <M<

Since the monodromy of the oper is Fuchsian for A = Ay, all curves have positive
geodesic length for this value of the accessory parameter. In particular, we must
find (G21(X))? > =2, For A = \; we have Go1(\1) = 0. From this we conclude
that the integer Ny must be odd. For the same reason we find Ny odd for all
k> 0.

Defining the path We now consider a path 7, ) for p € 2Z>( starting at

Ao and ending at A, 2, behaving as follows:

1. The path 7, o) starts at A\g and increases its imaginary part until we reach
Ao + 46 for some infinitesimally small § < 1.

2. We continue on a half circle parametrized by A = \g—de?’ for 6 € [r/2, 7].

3. We analytically continue along the positive direction on the real axis until
A=\ =6 for

(No)

A€ {1/(51), s ,/\1,1/9) (Nl),)\g, 1/51) VéNz), o}

s U s e

and move along a half-circle parameterized by A = X — 6¢? for 6 € [0, 7).

4. We continue in this way until we reach the point \,/; + id. We then

decrease the imaginary component until we reach A, /5.

We may draw this path as in figure 14.1.



168 14 REVISITING THE FOUR-PUNCTURED SPHERE

Figure 14.1: Image of the path 7,

Since G and H are both real analytical and map real values to real values, we
know that the Fenchel-Nielsen coordinates cannot move away from the real axis
as long as we are on a segment of the path 7, ) which lies on the real axis.
Therefore, we may deduce the entire analytical behaviour of the Fenchel-Nielsen
coordinates [ and k as a function of the accessory parameter by studying its
analytical behaviour on the half-circles at distance § away from non-analytical
points

{Vél), e V(SNO), A1, 1/51), - I/%Nl), Ao, uél) yéNQ), o}

g eeey

We will only describe the behaviour of 7(p,0) for the values A\g < A < A5 to avoid

unnecessary complications.

Calculating values of the transfer matrix and derivative at non-analytical
points Before we describe the analytical continuation of the Fenchel-Nielsen
coordinates, we first calculate some of the values of Ga1, Gb;, (GH)2; and

(GH)Y; at the non-analytical points. We note several facts

e By definition we find

(GH)21(Mo) = (GH)21(A2) = G21(M) =0

e Normalizing 1/)(()1)(0) =1, we must find Ga1(N\) > 0 for A < A\y. If it were
the case that Ga1(\) < 0 for A < A1, we would find a zero of w(()l) in
the interval [0,z]. However, the first zero only appears for A > A; by

lemma 5.7. Therefore,
GQl(V(()j)) =gt G21(1/§j)) =711

1)))2 is decreasing at ué” and Ggl(Uéj)) =74
0

o Since the value of (Ggl(l/(()
we must find G'zl(yél)) < 0.
1/82), the value of (Ggl(l/(()2)))2 must be increasing so that G’Ql(y(()Q)) > 0.

(7) (4

0 1

If we pass through Gy, = 7! again for

Repeating this argument for v’ and v;”’, we find

sgn(Ghy (v))) = (~1)7 sgn(Gh, (117)) = (~1)7
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Value of A H Ao ‘ uéj) ‘ A1 ‘ V:Ej) ‘ A2
Value of G 1 0 [ —n 1
Sign of G, (—1)7 (1)

Value of (GH)z21 || 0 1 1 0
Sign of (GH)Y, (—1)7+1 (1)

Table 14.1: Values and signs of Ga1, (GH )21 and their derivatives

e Since wél) cannot have zeroes in the interval [z,1] at the value A = X\;
and the sign of (GH )21 is constant on the interval (A, A2), we must find
(GH)21 > 0 for all A € (Mg, A2). At the values I/(()j) and V{j), equation (4.1)
implies

(GH)1 (") = (GH)oa (V) = 71

e Finally, we determine the sign of (GH)él(ylgj)). Using equation (4.1), we
find

T(GH)o () (GH)a (")) = Gy ()1 = 7 Har (v”))?)
(GH)y ()G (") = =Gy ()1 = 7 Ha(v))?)

If A > Ao, grafting appears along the curve «;. This implies that the mon-
odromy along the curve v; must stay hyperbolic. This implies Hay()\)? >
72 for any A > )\g. Therefore, we find

sgn((GH), (v5)) = (—1)7+ sgn((GH)y, (1)) = (~1)!

Putting everything together we find table 14.1.

Analytically continuing the length coordinate along 7, Let us con-

sider the equation

cosh(I(N\)/2) = =1+ 27%(Ga1 (N))?

and A = V(gj) — 6e'. This sets

cosh(I(\)/2) = 1 — 4mde? Gy (v$)) + O(62)
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Figure 14.2: Tmage of cosh(l(\)/2) C C*

On the half-circle centered at A\; and parameterized by A = \; — de*?, we find
cosh(I(N)/2) = —1 + 212629 (Gh, (\1))? + O(6%)
Finally, for the half-circle A\ = z/fj ) — 5¢ centered at 1/§j ), we find

cosh(1(N)/2) = 1 + 4n6e® Gl (v + O(52)

Furthermore, the coordinate {(\) is analytic in A at the points Ay and As.

Putting all of this together and combining with the results in table 14.1, we see
that the image of cosh(l/2) along 7,,0) between Ao and A looks like figure 14.2.

Furthermore, we can deduce that at A\ = A;+id we must have cosh(I(\)/2) < —1.
This implies Jm(I(A;+id)) = 27. By following the path, we end up at A = Ao+id
for which cosh(I(A\)/2) = 4w + O(d). By continuing the argument for A > Ag,
we deduce

Jm(l(Ay/2 4 16)) = mp + O(0)

Closing the path, we find in full generality

Jm(l(Ap/2)) = mp

Analytically continuing the twist coordinate along 7,0 Let us now

expand

cosh(k(N)=1-2 <(GC§Q?1)\())\)>

near each of the non-analytical points in the interval [Ag, Ao].

On the half-circles at A = Ag — de’? and A = Ay — de??, we find

cosh(k(X)) = 1-28%¢°((GH)% (X))*(Ga1(Xo)) % + O(6°)
cosh(k(\)) = 1—2862%0((GH)h (X)) (Ga1 (X)) "2 + O(6%)
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A+ i

Figure 14.3: Image of cosh(k(\)) Cc C*

respectively. On the half-circle A = A\; — de’?, we find
cosh(k(\)) = =202 2 ((GH)21(M))* (G (M) 2 + 007

Finally, on the half-circles at A = Véj ) — 6t and A = V%j ) _ 61 obtain the

expressions

cosh(k(\)) —1 — 4m6e (—(GH)y (V) + G (v§)) + 0(6%)
cosh(k(\) = —1+4mde(GH)y () + Gy (n?)) + 0(62)

respectively. By using table 14.1, we determine

sgn(—(GH)y (") + G () = (~1)7
sgn((GH)b, (W) + Gy (7)) = (~1)

Once again combining these results with table 14.1, we see that the image of

cosh(k) along 7y 0) looks like figure 14.3.
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We determine that along the path 7, ¢y defined as before, we must find

k(M) =0

Relation to the conjecture We conclude by noting that we have found a

constructive proof of the following theorem:

Theorem 14.2. There exists a path 1, o) : [0,1] = P(X) for X = CP'\{0, 2,1, 00}
such that defining the Fenchel-Nielsen coordinates by analytically continuing

along this path sets

Il (1) = mp
Jn(k(npe (1)) = 0

We may write these relations in terms of the Yang-Yang function by

Re(a) = mp
Re (ayg;m) = 0

Since the oper with accessory parameter A, /5 has real curves with Dehn-Thurston
coordinates (p,0), we may identify the Dehn-Thurston coordinates of these real
curves with the integers (n,0). This provides a counterpart to the result ex-

tracted from [51], which identifies the integers (0, ¢) with (0,m) along a path
(0,9)-

14.3 Extending the result to arbitrary integers?

Although we have only proved the conjecture for the parameters (n,0) and
(0,m), it is suggestive to conjecture that real curves with Dehn-Thurston pa-
rameters (p, ¢) can be identified with integers (n, m) by analytically continuing

along a path 7, 4)-

One interesting consequence of this conjecture is that the parameters (p,q)
and (n,m) must transform in exactly the same way under changes of pants
decompositions. Indeed, we have seen before that under an A-move, we find the

relation
(', q") = (2lql, —sgn(q)p/2)
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If we would be able to identify the parameters (p, ¢) with the integers (n, m), the

integers must transform in the same way under a change of pants decomposition.

This identification between parameters would imply that the Fenchel-Nielsen
coordinates (which also depend on a choice of pants decomposition) must trans-

form under an A-move in such a way that the integers (n,m) change as
(n',m") = (2Jm], —sgn(m)n/2)

Whether this is the case in full generality is an open question, but with some
extra work we can indeed confirm from our calculations that this transformation

rule holds when either m =0 or n = 0.

One way we might prove the conjecture for the four-punctured sphere, is by
grafting projective structures that are not uniformizing. In principle this is
possible, as long as we graft along geodesics which have hyperbolic monodromy.
If we graft the opers coming from Dehn-Thurston parameters (p,0) along the
cutting curves of the pants decomposition, it might be possible to apply the
result from [51] to extend the identification of (p, q) with (n,m) to all integers.

Based on these results, we propose the following conjecture for a more general

punctured Riemann surface, as we stated in the introduction to Part IV.

Conjecture 14.3. Let a punctured Riemann surface X € T(S) be given. There
exists a path N q) ¢ [0,1] = P(X) for each set of Dehn-Thurston parameters
(p,q) such that

Np,a)(0) = Eo,0) Nip.a) (1) = E@pq)

and analytical continuation of (1,k) along these paths, implies

Re(ar(p,q (1) = 7,
ay(a(n(p}q)(l)), t)
Re ( da, ) TG,

Since our interest lies in Dehn-Thurston parameters which define single-valued

eigenfunctions ¥ one might consider weakening the conjecture by only

P.q)’
requiring this identification to hold between integers (n,m) and parameters
(p,q) for which we can construct such a single-valued eigenfunction ¥, o).

Whether this is necessary, is not clear at this point.
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15 Concluding remarks and open questions

Correspondence between loop operators and single-valued eigenfunc-
tions? We had shown at the beginning of this thesis in subsection 2.7 that any
loop operator in the presence of a co-dimension two surface defect, gives rise to
a single-valued eigenfunction. The classification of single-valued eigenfunctions

¥ (p,q)
find a direct relation between the two objects.

in terms of Dehn-Thurston parameters therefore suggests that we could

It should be noted that the Dehn-Thurston parameters (p,q) are not simply
remnants of the classification of the single-valued eigenfunctions: Applying the

separation of variables, we find an expression of the form

3g—3+n

‘P<p,q>(xai)=/dH|K(X7u)\2 I ¢eaa)
r=1

where ¢, q) is the single-valued eigenfunction constructed in subsection 8.2
coming from the oper with accesory parameters E, ). We have seen that the
vanishing locus Xg = {(u, @)|¢(p,q)(u, @) = 0} is precisely homeomorphic to the

multicurve defined by Dehn-Thurston parameters (p, q).

From this point of view, it seems natural to expect that the loop operator
L (p,q) With support homeomorphic to Xg on X from the perspective of the six-
dimensional N' = (2, 0) theory, maps to the single-valued eigenfunction ¥, 4.
Nevertheless, a subtle point remains, since not all parameters appear in the
classification of the single-valued eigenfunction according to theorem 8.6. Let

us clarify this point.

On the side of the gauge theory, the loop operators had been classified in terms
of Dehn-Thurston parameters in [42]. However, later work by Aharony, Seiberg
and Tachikawa [47] showed that this is not quite correct. The loop operators
must be mutually local in any physical theory. Mutual locality holds in theories
of class S if the curves labeling the loop operators always have even intersection
index. Picking a maximal subset of curves satisfying this constraint amounts to
choosing additional discrete data classifying theories of class S as discussed in
[106].

From this point of view, we may interpret the meaning of theorem 8.6 in the

following way:

The loop operators giving rise to single-valued eigenfunctions W (g, o), must exist
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in any theory of class S, independent of the choice of discrete data picking a

specific one according to [47].

Bethe quantum numbers and loop operators Let us now come back to
the physical interpretation of the Bethe quantum numbers. We had seen before
that the Bethe quantum numbers make an appearance when considering the
Nekrasov-Shatashvili limit e; — 0 of the expectation value of loop operators on
g4

c1.co- The question we raised was which Bethe quantum numbers appear for

which loop operators.

The effect of Wilson loops is easily calculated in the gauge theoretical picture
and leads to a shift in the parameters m. However, if we consider 't Hooft loops
or other dyonic loop operators, the question of classification becomes much
harder, because the difference operators shift the variables a so that we can
no longer read off from the saddlepoint approximation which Bethe quantum

numbers appear.

For the four-punctured sphere with real punctures, we have seen by theorem 14.2
that we can make sense of the Bethe quantum numbers (n,0) as coming from
the Dehn-Thurston parameters of the single-valued eigenfunctions ¥, o), where
n = p € 27Z. This identifies the Bethe quantum numbers with the Dehn-
Thurston parameters in this special case. Upon combination with the corre-
spondence between single-valued eigenfunctions and loop operators, this leads
to the statement that such a set-up would correspond to the insertion of n/2 ’t

Hooft loops.

Our observations for the four-punctured sphere lead us to consider conjecture
14.3, proposing that there exists a definition of the Yang-Yang function )(a,t)
realizing the Bethe quantum numbers as the Dehn-Thurston parameters of the
single-valued eigenfunctions. We may also relate this to the Dehn-Thurston

parameters of the loop operators under the above mentioned correspondence.

Assuming the validity of the conjecture, we may give a physical interpretation
of the following form:

In the Nekrasov-Shatashvili limit e; — 0, the expectation value (L(p q)) s 18

€1,€2
dominated by the values a = a, m) solving the equations

Re(a,) = mn,

Re <6y(a,t)) = 7m,
oa,
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which are, for a proper choice of Y(a,t), precisely the equations defining the
Bethe quantum numbers for the single-valued eigenfunctions ¥ (, m) of the quan-

tum Hitchin Hamiltonians.

Outlook and open questions Although we have given a clear indication
of the physical and mathematical relations between the Bethe quantum num-
bers and the Dehn-Thurston parameters, as well as between loop operators and
single-valued eigenfunctions, work still has to be done to make this more rigor-
ous. We could hope for a complete proof of conjecture 14.3, but should keep in

mind that a full problem of this form could prove difficult to solve.

Furthermore, there is still work to be done on the classification between loop
operators and single-valued eigenfunction to the quantum Hitchin Hamiltoni-
ans. It could prove interesting to deepen out this relation more than through
a matching of parameters as we have shown in this thesis. The construction of
the single-valued eigenfunctions shows in particular that we may use all sets of
Dehn-Thurston parameters (p,q) to define functions W, o) which can at most
have a sign change under analytical continuation. We might expect to extend the
correspondence between mutually local loop operators and single-valued eigen-
functions to a correspondence involving multi-valued functions ¥, ) which at
most change by a sign and a larger set of loop operators. It should be noted that
such multi-valued functions will still define single-valued probability densities

when we consider the quantum mechanical problem at hand.

Lastly, we might try to generalize the set-up of the defects. By introducing loop
operators on top of co-dimension four surface defects in the ez-plane, we might
give rise to more exotic and singular functions W. If these functions remain
single-valued, we may still use theorem 3.5 to prove that they must come from
an oper with real monodromy. However, this oper must now have singularities at
the positions of the surface operators on the side of the Riemann surface. Such
a set-up might prove meaningful in generalizing the notion of real geometric

Langlands which first appeared in [20].
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Part V

Appendices

16 Mapping class group

16.1 Action of the mapping class group on projective struc-

tures

Definition of the mapping class group Recall that Teichmdiiller space was
defined to be the space of pairs [X, f] where (X, f) ~ (Y,g) iff go f71: X —
Y defines a biholomorphism isotopic to the identity. We can recast this in
the conformal world by assuming X and Y are hyperbolic structures and g o
f~1 defines an isometry isotopic to the identity. We can therefore describe
Teichmiiller space of the surface S as the quotient 7(S) = Conf(S)/Diff{ (S)
of conformal structures on S modulo the action of diffeomorphisms isotopic to
the identity. We do not always write the marking f explicitly for notational

simplicity.

To obtain the moduli space M(S) of conformal structures on S, we have to
take the quotient by the full diffeomorphism group Diff*(S). This leads to the
description as a quotient M(S) = Conf(S)/Diff " (S). We can rewrite this as
M(S) = T(S)/MCG™(S) where

MCG™(S) := Diff (S) /Diff§ (S)
is known as the (oriented) mapping class group of the surface S.

We refer to [91] for a basic reference on mapping class groups and the rest of

section §16.
We may equivalently define the mapping class group
MCG™(S) := Homeo™ (S)/Homeog (S)

since every homeomorphism on a compact smooth surface is isotopic to a diffeo-
morphism and every topological surface has a unique smooth structure making

it into a smooth surface. We will switch between these two notions freely. For
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example, for the definition of Dehn twists as elements in the mapping class group

it is more practical to take the definition as a quotient of homeomorphisms

The mapping class group acts on elements [X, f] by [m] - [X, f] = [X, fom™}],
where [m] is the equivalence class of a diffeomorphism m : S — S. This defi-
nition is well-defined, as one can easily check: If m’ is another diffeomorphism
such that [m'] = [m], then [m/] - [X, f] = [X,f om/'~!]. Since [m'] = [m],

1

the diffeomorphism m~! om/ is isotopic to the identity and indeed, the function

fo(m~tom')o f~! defines a biholomorphism isotopic to the identity. Therefore,
(X, fom ] =[X,fom/™1].

Action on the space of measured laminations If we represent the map-
ping class group by the action of diffeomorphisms, we have a natural action on
a pair (X,\) € T(S) x ML(S). We have described above how the mapping
class group acts on a marked Riemann surface. On the other hand, if we are
given any simple closed geodesic v C X, the mapping class group acts naturally
by a diffeomorphism acting on 7y as a subset of X. This sends the geodesic v to
another curve in 71 (S) with a unique geodesic representative. By continuity, we
may extend this action to all of ML(S) and define an action of m € MCG™(S)

m-(X,\)=(m-X,m-}\)

Since a projective structure is nothing but a choice of charts and transition
functions on a marked Riemann surface such that the charts are given by M6bius
transformations, the mapping class group also acts naturally on a projective
structure. In fact, these two actions coincide and we may describe the action on

the space of projective structures by the action on the pairs in 7(5) x ML(S).

16.2 Change of coordinate principle

The classification of surfaces allows us to state some non-trivial facts about the

the mapping class group. Let us start from the famous classification result

Theorem 16.1. Let a compact connected surface S possibly with finite number
of boundary components and marked points be given. The surface S is defined
up to homeomorphism by the surface data (g,b,n) of its genus g, finite number

of boundary components b and finite number of marked points n.

Note that we can always find a homeomorphism of a connected surface switching

any two boundary components or any two marked points.
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Non-separating curves Let us assume 7 is a non-separating curve on S, i.e.
v does not cut S into two connected components. Let a surface S be given
specified by the data (g,b,n) of the genus, number of boundary components

and number of marked points on S.

Cutting along v produces a new surface S, with two more boundary compo-
nents and one less handle. It therefore has surface data (g — 1,0+ 2,n). We
can reproduce S by gluing together the two newly obtained boundary compo-
nents in S, leading to a continuous gluing map S, — S. Cutting along any
other non-separating curve 4" defines a surface S, with the same data and an-
other gluing map S, — S. By the classification of surfaces there must exist a
homeomorphism S, — S,/ which in particular sends the boundary components
obtained by cutting along v to the boundary components obtained by cutting
along +" while fixing the other boundary components.

We conclude by noting that there must exist a homeomorphism of S sending
~ to 4" showing that all non-separating curves can be mapped to one another

through homeomorphisms of S. More precisely

Proposition 16.2. Given a compact connected surface S possibly with boundary
and marked points. Let consider two non-separating curves a and  on S. We
can always find a homeomorphism ¢ : S — S such that ¢(a) = B.

Since a pants decomposition of the one-holed torus is defined by a single cutting
curve not isotopic to the boundary, this result tells us that up to homeomor-

phism, there is only one pants decomposition of the one-holed torus.

Separating curves If we consider v to be separating, the situation compli-
cates. Indeed, if we are given a disjoint union of surface S, _ and S, 4, we
can only find a homeomorphism to another disjoint union of surfaces S, _ and
S, 4 if the surface data match up of the different surfaces. Even if the data do
match up, it is still possible that we do not find a homeomorphism respecting
the choice of boundary components. To illuminate this last statement, let us

consider a simple example.

Proposition 16.3. Let a four-holed sphere be given. A closed curve always
separates the four-holed sphere into a pair of three-holed spheres. Up to homeo-
morphisms fizing the boundary, we have three distinct curves pairing the bound-
ary components in the three-holed spheres. If we do not require the boundaries

to be fixed, any closed curve can be mapped to any other closed curve.
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Proof. If a four-holed sphere S with boundary components By, ..., By is given,
any curve 7 cuts it into two three-holed spheres. Each of these three-holed
spheres has one boundary component coming from the cutting along v and two
boundary components in the set {By, Ba, Bs, B4}. Since each subsurface is a
three-holed sphere, we can always find a homeomorphism mapping the curve
~ to any other closed curve on S. However, it is important to note that this

homeomorphism might not fix the boundary components.

Requiring that the boundary components are fixed under the homeomorphism,
cuts down the image of the curve 7 in the space of all curves. The curve v will
separate the boundary components from each other pairwise after cutting along
it: Two boundary components will be part of one three-holed sphere and the
other two will belong to the other three-holed sphere. If cutting along +' leads
to different pairs of boundary components, it can never be homeomorphic to

if we require the boundary components to be fixed.

Conversely, if two curves « and 3 separate the same boundary components from
each other, the change of coordinate principle tells us that there must exist a
homeomorphism ¢ : S — S such that ¢(a) = 8. This follows from the fact
that both curves cut S into two three-holed spheres with the same boundary

components. O

This example illuminates the difference between what is known as the mapping
class group and the pure mapping class group. The pure mapping class group
consists of homeomorphisms keeping the boundary components and marked

points fixed, while the full mapping class group allows these to be exchanged.

For completeness we will also consider an example without boundary compo-
nents. This illuminates the first requirement we stated before: The curves have

to separate the surface into subsurfaces with the same surface data.

Proposition 16.4. Let a surface S of genus g without boundary components
nor marked points be given. A separating curve v will separate S into S, _
and Sy.4 which we may choose to have surface data (k,1,0) and (g — k,1,0)
respectively for 0 < k < g/2. The integer k is specified uniquely by the curve
v. Conversely, if two curves a and 3 specify the same integer k, there exists a
homeomorphism ¢ : S — S such that ¢(a) = S.

Proof. The idea is the same as before. The separating curve y separates S into
surfaces S, _ and S, 4 which are up to homeomorphism specified by the data

of their genus, number of boundary components and marked points. Since a
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separating curve introduces a boundary component on both S, _ and S, 4 and
does not change the genus, we find two triples of data (k,1,0) and (g — k,1,0)
corresponding to S, _ and S, 4 respectively, which specify these surfaces up to

homeomorphism. O

Application to pair of pants decompositions A pair of pants decom-
position consists of 3¢ — 3 + n cutting curves and 2g — 2 4+ n pairs of pants,
where we set n equal to the sum of the number of boundary components and
marked points. Since the pairs of pants are all three-holed spheres, the ques-
tion of which pants decompositions are homeomorphic to each other, becomes a
combinatorial problem relating cutting curves to the boundary components of
pairs of pants. We have a finite number of pairs of pants and a finite number of
cutting curves which must be the boundary components of the pairs of pants.
In particular, this implies that we find a finite number of pants decompositions

up to homeomorphism.

It is interesting to note that we can associate a trivalent graph to the combi-
natorial problem described above. For each pair of pants we introduce a vertex
and for each cutting curve an edge. For each boundary curve shared by two
pairs of pants, we introduce an edge running between the two corresponding
vertices. In particular, this means the graph can have multiple edges between

the same vertices.

We also allow for the possibility of a pair of pants sharing a boundary curve with
itself, meaning that in the graph an edge may start and end at the same vertex.

This happens when the pair of pants is introduced by cutting a one-holed torus.

Finally, when we consider surfaces with boundary, we assume that these bound-
ary components define vertices as well. If one of these boundary components
also is the boundary component of a given pair of pants, we introduce an edge
between the vertex of the correspoding pair of pants and the vertex of the

boundary component.

By defining the graph as above, we find a total of V = 2¢g — 2 4 2n vertices and
E =3g — 3+ 2n edges. The number of inscribed loops or faces F satisfies the
equation F' = g 4+ 1 (counting also the face bounded by the outer edges). The
Euler characteristic is found to be V' — E 4+ F' = 2. This implies we can embed
this graph on a sphere, i.e. it is a planar graph. This leads us to conclude the

following
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O—

(a) Graph for decomposition 11.4a (b) Graph for decomposition 11.4b

Figure 16.1: Two non-isomorphic, trivalent graphs

Theorem 16.5. There exists a one-to-one correspondence between trivalent,
planar graphs (possibly with multiple edges between the same vertices or edges
going from a vertex back to itself) up to isomorphism and pair of pants decom-

positions up to homeomorphism.

In the case of the genus two surface without boundary, we find the two graphs

in figure 16.1.

16.3 Different notions of marking

The Dehn-Nielsen-Baer theorem allows us to relate two different ways of defining
a marking on a Riemann surface. Let us work with closed Riemann surfaces,

which are specified precisely by their genus.

Let us introduce a different notion of marking on a Riemann surface than before:

Definition 16.6. A marking of a Riemann surface is a preferred set of gener-
ators of 1 (X). More precisely, if our surface X has genus g, a presentation of

m1(X) is of the following form:

g
7T1(X) = <Oél, "'7049761) ---7Bg| H[a]aﬁjp

J=1

The generators ay and f; for k,l = 1,..., g define a preferred set of generators
which we may denote by ¥ = {a1,...,aq, 51, ..., B4 }. We say that two markings
are equivalent if they differ by an inner automorphism. A diffeomorphism f
preserves the marking if we have two pairs (X, %) and (Y,X’) such that f :
X — Y defines a biholomorphism and f, (%) = 3.
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The Dehn-Nielsen-Baer theorem provides a link between these two ways of defin-

ing a marking:

Theorem 16.7. If we are given a closed surface S of genus g > 1, we have the

following isomorphism as groups
MCG™T(S) ~ Out™ (71(S))

where Out™ (71(S)) defines the orientation-preserving outer automorphisms of
the fundamental group. More generally without reference to the orientation, we

find
MCG(S) = Out(m(.9))

From a geometrical perspective, any diffeomorphism of the surface .S, defines an
automorphism of m1(.S). In particular, if the diffeomorphism is not isotopic to
the identity, this automorphism cannot be an inner automorphism. The non-
trivial statement is that any outer automorphism can be realized as coming from
a diffeomorphism of the surface not isotopic to the identity. In this way, we may
start with a marking defined by a diffeomorphism f : S — X and construct
a preferred set of generators by pulling back the generators of 71 (X) along f.
This gives a marking [X,X]. Any other marking [X, f’] is obtained from an
element in the mapping class group and in fact realizes a change in marking
[X,%’]. Conversely, any change in marking [X, '] also realizes an associated
diffeomorphism in the mapping class group so that we obtain a new marking

[X, f']. We may therefore freely exchange the two notions of marking.

16.4 Braid groups as mapping class groups

Some simple example of mapping class groups are given by the mapping class
groups of punctured spheres. If we let X = CP'\{zy,...,2,} and S the un-
derlying topological surface, it can be shown that the mapping class group has
a presentation in terms of braiding elements. The intuition behind this pre-
sentation is that the complex structure of X is completely determined by the
positions of the punctures. By moving the punctures around each other, we
can define a map from the Riemann surface X back to itself which changes the

marking. Such movements are generated by the braiding elements.
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The mapping class group has a presentation of the following form

MCG(S) =~ < Olyeey Op—1 | 0005 = 0005 if|i—jl=1
0;0; = 0;0; if |Z—]|>1

(0'1...O'n_1)n = 1

01...0p—-1 = 0'1_1.-~0';i1
For example, for n = 3, we recover
MCG(S) =~ < 01,02 | 010201 = 020102
(0’10’2)3 = 1
0102 = Jflagl >

253

where S3 is the symmetric group on the set of three elements. For a larger

amount of punctures, the groups become increasingly more complicated.

Mapping class group of the four-punctured sphere To compare with
the results in Part II, we will explicitly describe the mapping class group of
the four-punctured sphere. If we set X = CP'\{0,2,1,00} and let S denote
the underlying topological surface, we will prove that the mapping class group
MCG(S) is a semi-direct product

MCG(S) ~ PSL(2,7Z) x (Zy x Zs)

with PSL(2,Z) generated by braiding elements o7 and o9 and the group Zs x Zs

containing the elements j;, jo and j3 defined as
j1=os07" jo = (020103)? js = (010203)°

We will prove this result in several steps starting from the explicit description
of MCG(S) as the braiding group

MCG(S) =~ < 01,09,03 | 010901 = 090109
0309203 = 020302
0103 = 0301
(0'10'20'3)4 = 1
010903 = 01_102_103_1 >

We first note
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Lemma 16.8. The mapping class group MCG(S) can be presented as follows

MCG(S) =~ < 01,09,03 | 010901 = 020102
030203 = 020302
0103 = 0301
(010203)r = 1
o} = o3
(0102)° =
(0203)? 1 >

Proof. We have to show that the relation 0102050201 = 1 is equivalent to the
three relations 0? = 02, (0102)%® = 1 and (0203)® = 1. Proving that the latter

three relations imply the first relation, is easy to see:

0102050201 = ((710'20'1)(0;103%0;1)(010201)
= (010201)*
= (0102)°

=1

The converse is more intricate. Assume 01020§0201 = 1. Then we may write
-2 _ 2 2 _—2 _ 2 _ 3 - 2 -2 _
05 ° = 090702. Hence, o705* = (010201)° = (0102)°. Similarly, o507 =

(0’20‘3)3.

Let us now rewrite

(010'20'3)2 = (0'10'203)(0'10'20'3)
= (010201)(030203)
= (010201)(020302)
= 0%0'2030'10'2
Therefore,
(010203)4 = (0%02030102)2

— 2 2
= 01020103020102030102
= U%O‘QU%UZ

= (0102)°

This implies

(0102)3 = 0%052 = (0203)_3 =1
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proving the claim. O

The first interesting observation from this presentation, is that we find a sub-
group PSL(2,Z) < MCG(S) of the form

PSL(2,Z) =~ < 01,02 | 010201 = 030109
(0'10'2)3 = 1 >

Using this presentation, we easily check that j? = j2 = j2 = 1. Additionally,

we see that

Jijs = o30]  (020103)>
= 01_103020301020103
= 01_1(0302)2010203
= Uflaglogla;gozol
= (010203)
= 73
The elements ji, jo and j3 therefore generate the subgroup Zs X Zs. As noted

before in lemma 4.6, these elements have realizations as Mébius transformations
on X.

We continue by calculating the commutation relations for the elements ji, ja

and j3 with any of the braiding elements o1, o5 and o3.

Lemma 16.9. The elements ji, jo and js satisfy the following commutation

relations with the generators o1, oo and o3:

.1 51 =13
0iJ10; =
J3 =2
.1 Jz 1= 1,3
0;]20; =
Jo 1=2
.21 J2 = 1,3
04J30; =
il =2

Proof. We will only need to prove the first two sets of commutation relations,
since the third one follows from these through the relation jijo = j3. Let us

now consider the first two sets of relations:
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It is clear that Uljlafl = 0'3j10'§1 = j; as follows from o103 = 0301. Now

02j102_1 = 0201_10302_1
= 02010203030203051
— 090102030203
= (010203)2
= Js

This proves the first set of relations. Next

| 2 1
01J207 = o1(020103)%0;
= 010201030203
2
= (010203)
= Js3
and
| 1 . 1 ~1y—1
03J203 = o030] 01je0; (0307 ")

= j101j201_1j1

= J3
Finally we show

—1. -1 2
Oy 202 = 05 (020103)°09

= 010302010309

= 010203020109

= 010203010201

= 01020301020303_101
= (010203)*(o307 )"
= JiJ3

= J2

This proves all commutation relations. O

Theorem 16.10. The mapping class group MCG(S) is isomorphic to the semi-
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direct product PSL(2,7Z) x (Zs X Zs2) in the presentation

MCG(S) =~ (01,02,j1,]2| 010201 = 020102

(0’10’2)3 =1
ji=7s =1
J1J2 = J2J1

o1j1 = j101
02J1 = j1j202
01J2 = J1J201

O2j2 = j202)

where
PSL(27Z) ~ < g1,02 ‘ 010201 = 090102
(0'10'2)3 = 1 >
and
ZoxZy ~ { juj2 | 3 = 1
iBo= 1
Jij2 = Jej1 )

Proof. We already derived all of these relations in our previous lemmas. To
prove the equivalence of this presentation to our previous presentations, it is

enough to reintroduce o3 = 01j; and prove the relations

0103 = 0301
020302 = 030203
(010’20’3)4 = 1
2 _
01020509201 = 1

The first relation is trivial. The second relation follows from

020302 = 02j10102

= J1J2020102
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and

030203 = j10102J101
= 01J20201
= J1J2010201

= J1J2020102
The third relations follows from

010203 = 010201]1

= J2010201
Hence (010203)? = joj1 and (010203)* = jij3 = 1.
Finally, the fourth relation can be written as

2 .2
0102030201 = 010201)1010201
3
= (0102)

=1

189

We have therefore proved the equivalence of this presentation to the previous

presentations.

O

By an explicit calculation using the semi-direct product form of the mapping

class group, we find

Corollary 16.11. The only elements in MCG(S) of order two and not fixing

any of the punctures, must be equal to ji, jo or js.
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17 The Riemann-Hilbert correspondence

Hilbert’s twenty-first problem Historically, the Riemann-Hilbert corre-
spondence was first discussed from the point of view of Hilbert’s twenty-first
problem. This problem asked for the existence of a Fuchsian differential equa-
tion on the complex plane with punctures X = C\{z1, ..., 2, } realizing a given
representation (up to conjugation) of the free group F,, — GL(N,C). We will
set N = 2 and only consider representations that reduce to SL(2,C). The
Fuchsian differential equations we consider are assumed to have regular singu-
larities at the punctures. This means the differential equations take the form of

equation (3.11), where

-E (e )

r=1

Furthermore, we require > _; E, = 0 to ensure regularity of the solution when

we let z — oo.

It turns out that the space of regular Fuchsian differential equations is not large
enough to accommodate all monodromy representations in Cgy,2,c)(S) where
S is the topological surface underlying X. Indeed, a simple calculation shows
that we will need 3n — 3 complex parameters to describe the monodromy rep-
resentations, coming from three parameters per generator mapped to a matrix
in SL(2,C) and one constraint by the overall action of conjugation by SL(2, C).
On the other hand, regular Fuchsian differential equations have the freedom of
the parameters {J,, F,.} together with one constraint, leading to a total of 2n—1

complex parameters.

Introducing apparent singularities To find the missing n — 2 parameters,
we may note that any monodromy can be realized by integrating a holomorphic
connection of the form

V' =0, + A(2)

olz) B(2)
Alz) =
=) (wz) —a<z>>

If we furthermore assume the monodromy is irreducible, the lower-left element

where

~(2) is not identically zero.

By applying a gauge transformation A(z) — g(2)A(2)g(z) ! + g(2)0.(g(2)~1)
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with

we may bring this connection to the form

V’=8z+<0 _t(z)>
10

_ ( t2)x(2) )
—n(2)
This sets n(z) = —x'(z) and x"(z) + t(2)x(z) = 0.

The function ¢(z) has a number of singularities defined by the zeroes of v(z). If
we require t(z) to have regular singularities at the punctures, we must assume
A(z) only has simple poles at the punctures. Since v(z) is regular at infinity, it

generically has a total of n — 2 simple zeroes.

These simple zeroes lead to singularities in ¢(z), i.e. points ug for k =1,...,n—2

around which 5
Vk -
t = t

and f;(z) is defined as the regular part of ¢(z) at wuy.

By a simple calculation, we may check that the residue vy, satisfies the equation
v%—i—fk (ug) = 0. This is precisely the equation needed to have trivial monodromy
around the singularity z = ux. Indeed, the missing n—2 parameters are precisely

made up by the positions of the n — 2 parameters introduced in this way.

Solutions unique up to gauge transformation For a given holomorphic
connection V' on a Riemann surface X, we say that ¢(z) is a solution to the
Riemann-Hilbert problem if V¢ = 0. In a local frame, we may rewrite this
equation as ¢'(z) + A(z)¢(z) = 0.
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Let us now assume we have found a solution ¢(z) to the Riemann-Hilbert prob-
lem. We do not need to assume X is of genus g = 0! We find the following

proposition:

Proposition 17.1. If ¢1(z) and ¢2(z) have the same monodromy up to conju-
gation, the corresponding gauge connections A1(z) and A2(z) making ¢1(z) and

¢2(z) into solutions to a Riemann-Hilbert problem, must be gauge equivalent.

Proof. Let us assume we have solutions ¢4 (z) and ¢2(z) to the Riemann-Hilbert

problems

with conjugate monodromy on some Riemann surface X. We may assume ¢ (z)
and ¢2(z) have equal monodromy by applying a gauge transformation to one of

them. Let us now combine the solutions ¢1(2) and ¢3(z) into matrices

01(2) = (41(2),¢1(2))
Dy(2) = (¢2(2), ¢5(2))

If the monodromy acts on the right, the combination ®;(z)(®2(z))~! is single-

valued. As such, we may write
®1(2) = g(2)P2(2)
for some single-valued matrix-valued function g(z) on X. Therefore,
$2(2) = 9(2)1(2)
and we identify
Az(2) = g(2) A1 (2)g(2) " + 9(2)0:(9(2) ™)

Hence, As(z) is a gauge transformation of A;(z) by the function g(z). O

Apparent singularities on higher genus surfaces We can generalize the
set-up from above to other marked Riemann surfaces and ask ourselves how
many apparent singularities are needed to accommodate all the degrees of free-
dom of the monodromy representation. It turns out that we need at most

39 — 3 + n apparent singularities [107, 108] on a surface of genus g and with
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n punctures to describe a dense subset of the space of all representations in

Csr(2,0)(S). In particular, applying 17.1 to the holomorphic connections V7
and V4 of the form
0 —t
=0, + 6(z)
1 0

for k = 1,2, shows that two opers ¢1(z) and ¢2(z) without apparent singularities
and with different accessory parameters cannot have the same monodromy up
to conjugation. The monodromy map restricted to the fibre P(X) must be
injective. A special case of this statement was proved for the four-punctured

sphere in lemma 9.8.

Changing the complex structure of the surface Another way to intro-
duce more parameters is by allowing the underlying marked complex structure
of our surface to change. The space of opers on a fixed Riemann surface has
complex dimension 3g — 3 + n, which is precisely the complex dimension of
Teichmiiller space. By allowing ourselves to change the underlying complex
structure, we can describe a large set in the space of monodromy representa-

tions Cpgr,(2,0)(S5)-

To be more precise, assume n = 0 and note that the space Cpgr,(2,c)(S) consists
of two connected components. If we denote by (Cpgr,2,c)(S))? the connected
component to the identity, it was shown in [109] that the monodromy of P(.S)
lies in (CPSL(Q’(C)(S))O and the image of the monodromy map

P(S) = (Cpsriz,c)(9))°

is dense in (Cpsr(2,0)(9))°.
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