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Abstract

A 3-dimensional supersymmetric gauge theory has attracted great interests and
has been explored extensively since M-theory was proposed. The M-theory is the
non-perturbative realization of the string theory, and it is believed to be the most
fundamental theory. The M-theory consists of two kinds of fundamental objects,
called an M2-brane and an Mb5-brane. The M2-branes are described by the gauge
theory in the low energy limit. There also exist another expression to describe the
M2-branes in the low energy limit, which is a supergravity. These different theories
are believed to be equivalent to each other. In general, a correspondence between
outwardly different but physically equivalent theories is called a duality. The duality
between the two theories that illustrate the M2-branes is called a gauge/gravity cor-
respondence, or an AdS/CFT. The benefit of the duality is that the strong coupling
region of one of the theories corresponds to the weak coupling region of the other
theory. Although perturbative methods are not applicable to explore the strong cou-
pling region the duality enables us to study such a region through the dual theory.
Therefore, the duality is an important tool.

Since the duality is so non-trivial it is difficult to show it. One way to check
the duality is to compare partition functions calculated from the theories. The
coincidence of the partition functions is an evidence of the duality. The problem
is that we have to treat the non-perturbative effects on the one side of the duality.
Though it is usually difficult to include the non-perturbative effects into a partition
function a localization method enables us to exactly calculate a partition function for
a supersymmetric gauge theory. We assume a classical gravity with a weak coupling
for the gravity side, and calculate the partition function for the gauge theory, exactly.
It is shown that the partition functions of the dual pair indeed coincide.

In this thesis we basically consider general 3-dimensional N/ = 2 supersymmetric
gauge theories rather than the specific model of M2-branes, and discuss a formula
to derive their exact partition functions so that we can apply the formula to check
dualities among the gauge theories and AdS/CFT.

When we calculate a partition function we have to choose the background space
on which the theory is defined. If we select a curved space for the background space
the geometric parameters are translated into parameters of the partition function.
The more parameters sophisticate the partition function as an index for checking
dualities. Our goal is to calculate the “correct” partition function on the orbifold
S3/7,. The “correct” means that the partition functions calculated for a dual pair
coincide. A gauge theory on the orbifold has degenerate vacua due to the Aharonov-
Bohm effect. These vacua are specified by so called holonomies and the partition
function is expressed by the sum of each contribution. The known formula of the
partition function on the orbifold gives different values for a pair of dual theories,
which means that the formula is incorrect. Numerical results indicate that extra
phase factors in the holonomy sum are needed to match the partition functions.
Using the fact that there is no ambiguity in the partition function of a non-gauge
theory we can determine the phase factors for a gauge theory that is dual to a
non-gauge theory. We propose a formula of the extra phase factors.
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Summary of symbols

AT

the set of all real numbers.

the set of all integers.

the set whose elements are {0,1,2,--- ,n — 1}.
a manifold (naively say, a smooth curved space).
n-dimensional sphere : " (z;)* = R”.

n-dimensional torus : T = ®7_, S



Chapter 1

Introduction

The goal of this thesis is to derive the correct formula of a partition function on an
orbifold (we call this by an orbifolded partition function) of 3-dimensional N' = 2
supersymmetric gauge theories. Especially, we point out that the known formula for
the orbifolded partition function does not work for checking dualities, and some mod-
ifications are needed. In this introduction we explain why we consider 3-dimensional
supersymmetric gauge theories and why the partition function is important to study.

1.1 String theory and M-theory

The standard model and general relativity have been extensively tested in experi-
ments, and are thought as the most plausible and established theories that describe
our world. Nonetheless, there are still lots of problems and unsatisfactory points.

One big problem is that a quantum theory of the gravity is not included in them.
General relativity is a powerful tool to describe dynamics of objects, especially for
large scale, like stars, galaxies, and even our universe itself. However, as it is a
classical theory it cannot explain what happens inside black holes, nor what happens
at the extremely early time of the universe, where the quantum effects of the gravity
become important. We need the quantum theory of the gravity.

Although we believe our world is described by a simple and unified theory, the
standard model is so complicated. It consists of a number of varieties of particles
and forces with lots of parameters. Therefore, we somehow want to unify them into
a simple theory. We dare to say that one of such attempts is to use supersymmetry.
Supersymmetry is symmetry that connects bosonic and fermionic fields (particles)
and ties them up. Namely, it associates gauge fields and fermions, and/or fermions
and scalar fields. We call one of paired fermion and boson a superpartner against
the other. A parameter of the transformation of the supersymmetry is a spinor e
due to the difference of spin statistics of fermions and bosons:

00 = el (1.1)

where ¢ is the transformation, and ® and U are a field and its superpartner, re-
spectively. Furthermore, one can define the number of supersymmetries A'. It is
the number of parameters of the transformation. The collection of the fermions
and the bosons that are connected by the transformation is called a multiplet. The



examples of N' = 2 multiplets are shown in Fig. 1.1), which are extensively used in
this thesis. We, unfortunately, cannot say that it really unifies particles and gauge

Figure 1.1: A = 2 multiplets. The left one consists of two pairs of real scalars
¢12 and Majorana fermions 1), 9, and it is called a chiral multiplet. The right one
consists of a gauge field A,, and Majorana fermions A1, Ay and a real scalar o, and
it is called a gauge multiplet. The blue circles designate N = 1 multiplets.

fields in our world and makes the standard model simple since the particles in our
world are not connected to each other by the supersymmetry. Nonetheless, it is a
natural unification of matters and gauge fields.

Superstring theory is one of theories that includes quantum gravity. Moreover,
it is extremely simple; it has only two parameters. It is defined in 10 dimensions
and it consists of spatially one-dimensional extended objects, called fundamental
superstrings or simply strings (sometimes denoted by F1). Quantization of the
string gives the discrete spectrum of a variety of multi-spin fields including scalars,
fermions, gauge fields, and spin-2 objects, one of which is nothing but the graviton.
Therefore, the string theory is a quantum theory of the gravity. Furthermore, there
are solitonic objects called D-branes on which the string can end [1]. There are
various dimensional D-branes from point-like ones in the spacetime up to ones filling
the 10-dimensional space. It is customary to denote them by Dp-branes, where p
specify the spacial dimension of D-branes; e.g. D2-branes are 3-dimensional objects
and D(-1)-branes are 0-dimensional, point-like objects in the spacetime. One of
important features of the branes is to give us gauge theories in the low energy limit
(IR limit). The number of D-branes N corresponds to the rank of the unitary gauge
group U(N). The scalar fields parameterize the position of the branes. Therefore,
various supersymmetric gauge theories can be engineered from the branes in the IR
limit.

Though the superstring theory is a fascinating theory there is a crucial gap
between the superstring theory and the real world; the real world is 4-dimensional,
on the other hand the superstring is defined in 10 dimensions. One way to resolve
this gap is to compactify the spacetime. Let us image a paper (2-dimensional object)
and role it up to a cylinder. If the radius R is small enough it is regarded as a 1-
dimensional object, effectively (see Fig. 1.2). The same manipulation can be done
for the spacetime, and it is called S compactification, where S™ is an n-dimensional
sphere (e.g. S is a circle, S§? is a sphere etc.). One can repeat the compactification
until the dimension reduces to 4, and the standard model maybe realized in the IR

10



];>:>—

Figure 1.2: Compactification

limit of the string theory.

Perturbative analysis on the superstring theory shows that the superstring theory
consists of 5 varieties. These are called type I, type ITA, type IIB, hetero SO(32), and
hetero Fg x Eg superstring theory. Although we had tried to unify all the theories we
arrived at the fact that there are actually five theories. In 1995 E. Witten proposed
that these varieties can be unified by M-theory. Inversely, those varieties are realized
as a certain limit of this M-theory [2].

ITA

118 I

Hetero EF's < E's Hetero SO (32)
Figure 1.3: M-theory and 5 varieties of superstring theories as a limit

Since then, the M-theory has been being extensively investigated. However, no
one knows even its definition that provides the way of quantization and calculating
S-matrix. We only know that

e it is defined in 11 dimensions,
e it consists of two fundamental objects, called M2-branes and M5-branes,
e it reduces to 11-dimensional supergravity (SUGRA) in the IR limit,

e and it reduces to type ITA superstring theory when it compactified on a circle
St

Note that 11 is the highest dimension in which the supersymmetry is realized, and
the number of parameters in the M-theory is only one, which is the tension of
M2-branes. These are the reasons why we believe that the M-theory is the most
fundamental and simple theory.

1.2 M2-branes

The first step of looking into the M-theory is probably to study the fundamental
objects. As M2-branes are simpler and easier to investigate than M5-branes we focus

11



on M2-branes. An M2-brane is a spatially 2-dimensional (spacetimely 3d) object.
So far what we know about M2-branes is that :

e An M2-brane becomes a D2-brane or a fundamental string when the space is
compactified on S'. When an M2-brane wraps the compactified direction S*
it becomes a fundamental string (see Table 1.1 and Figure 1.4). On the other
hand, when an M2-brane does not wrap the S! it becomes a D2-brane (see
Table 1.1 and Figure 1.5).

Table 1.1: The directions that are filled with M2-branes. 0 is the time direction
and 1 to 9 are the space directions of the string theory. The 11th direction that
newly appears in M-theory is customary written as 11, which is compactified so as
to derive the string theory. The M2 becomes a fundamental string and the M2’
becomes a D2-brane.

01 2 3 4 5 6 7 8 9|11
M2 | o o
M2’ | o o
M2-brane

O > :{> String

Figure 1.4: An M2-brane wrapping around S* reduces to the fundamental string.

ﬂ M2-brane D2-brane
) o 0 o

Figure 1.5: An M2-brane that does not wrap S* becomes a D2-brane.

e M2-branes are effectively described by the solution of the 11-dimensional
SUGRA in the IR limit.

e Three years ago, the effective field theory of M2-branes was found in [3]. It
is a 3-dimensional N' = 6 supersymmetric gauge theory, which describe the
dynamical degrees of freedom of N coincident M2-branes in the IR limit. This
effective theory is called an ABJM model.

As a N = 6 multiplet can be decomposed into N/ = 2 multiples, a N' = 6 super-
symmetric theory is a subgroup of a N' = 2 supersymmetric theory. In this thesis
we study 3-dimensional N' = 2 supersymmetric theories. As the ABJM model can
be described by N' = 2 multiplets the ABJM model is, of course, in our range.

12



1.3 Duality

We stated that the M-theory leads to superstring theories in a certain limit. In-
versely say, the M-theory is a generalization of superstring theories, and actually,
it is a non-perturbative realization of superstring theories. Hence, we need some
non-perturbative tool to explore the M-theory. Duality is a significant and powerful
tool to analyze the non-perturbative aspects of a theory. A duality connects out-
wardly different but physically equivalent theories. Physically equivalent means that
observables like a spectrum in the dual theories are the same. As global symmetries
are a kind of observables those of dual theories should coincide. On the other hand,
gauge symmetries are not the observables and do not have to be the same for dual
theories. In order to check dualities quantitatively, following observables are useful.
As the information of a spectrum is translated into a partition function it can be
used to check dualities. A correlation function is related to the physical degrees of
freedom of the operators, and hence, we can use it to measure the equivalence of
theories. Let us look into a few examples of a duality.

Mirror symmetry

Mirror symmetry connects gauge theories of different gauge groups with different
matter contents. As we will use the simplest example of the mirror symmetry let us
see it here briefly.

e The first theory is N' = 2 supersymmetric quantum electrodynamics (SQED)
with a fundamental and an anti-fundamental chiral multiplet ¢, q.

e The other theory is a XYZ model, which consists of three chiral multiplets
with a potential. Though the three multiples are equivalent we put different
names ), Q, S on them.

These theories have common global symmetries summarized in Table 1.2 From Ta-

Table 1.2: Global symmetries of the A" = 2 SQED and the XYZ model, named U(1)y
and U(1)4. The numbers are the charges of each operator under the symmetries.
m and m are the monopole operators appear in SQED.

q ¢ m m Q Q S
U1y 0 0 1 -1 1 —1 0
U(1)4 1 1.0 0 1 -1 2

ble 1.2 one can notice that ¢¢ and S have the same charges. Actually, they are
the corresponding operators to each other under the duality. If we calculate the
correlation functions of those operators (and other corresponding operators) they
coincide, and we can convince ourselves that those theories are dual. One can also
compare the partition functions of the theories to check the duality.
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AdS/CFT correspondence

AdS/CFT is a duality between a gravity theory on Anti-de Sitter (AdS) space and
a conformal field theory (CFT) [4]. As we often consider a gauge theory for the
CFT it is also called a gauge/gravity correspondence. They are completely different
formalism but their physical degrees of freedom and the global symmetries are the
same. In order to see the benefit of this duality we firstly summarize the parameters
of the gauge theory and the gravity theory. The parameters of our interest in a
gauge theory are the rank of the gauge group N and the coupling constant gyy.
On the other hand, those of a gravity theory are the length of the string [, and
the Newton constant Gy in terms of the string coupling and the string length.
The gravity theory with the small Newton constant and small string length reduces
to the general relativity. The outstanding feature of the AdS/CFT is that the
strong coupling region of the gauge theory where the perturbative method cannot
be applicable corresponds to a gravity theory with small string length. Inversely,
the weak coupling region of the gauge theory corresponds to the general relativity
with some stringy effects (I # 0). The quantum effect of the gravity corresponds
to the inverse of the rank of the gauge symmetry. Hence, the large number of N
corresponds to the classical gravity. We assume that the gravity side is described
by the general relativity and we consider the large N limit and the strong coupling
region on the gauge theory side.

The effective theories of the M2-branes are the examples of the AdS/CFT.
Namely, the ABJM model and the classical solution to 11d SUGRA are related
by the AdS/CFT. The classical solution for the M2-branes is AdS; with a certain
7-dimensional manifold M7 (A manifold is a smooth and generally curved space).
When the manifold My is 7-dimensional sphere 87 it corresponds to the ABJM
model. This relation gives the information about the gauge theory from gravity

Uv [ M2—brane]

Classmal solution
to 11d SUGRA

J
@W

ABJM model

Figure 1.6: A pair of low energy effective theory of M2-brane: one is the gauge field
and the other is classical background geometry distorted by the M2-brane.

side. For example, the isometry of the My corresponds to the global symmetry of
the dual field theory. The correspondence of the global symmetry of the mirror dual
is quite obvious. However, in the ABJM model the manifest global symmetry (sym-
metry of the Lagrangian) is SO(6) though the isometry of S7 is SO(8). The SO(8)

14



symmetry on the gauge theory side is realized non-perturbatively. Another example
is the free energy of the M2-branes, which can be calculated from the gravity side
and it tells us that the free energy is proportional to N3/2 [5]. This strange exponent
is the clue to seek the effective world volume theory of the N coincident M2-branes.
Even though this calculation was performed in 1996 the calculation from the gauge
theory side was done recently in [6]. We will explicitly see this calculation in Chapter
3.

1.4 Partition function

A partition function Z is usually defined by the state sum :

Z=tr(e M) = Z<n|6_ﬁH|n> = Ze_BE", (1.2)

n

where H is the Hamiltonian of a theory, |n) is the energy eigenstate vector, § = kBLT
is the inverse temperature. The Boltzmann factor e ## is reminiscent of the time
evolution operator e~*#  If one identifies the imaginary time it with the inverse
temperature § the Boltzmann factor and the time evolution operator are equivalent.
In this sense (nle ?|n) is interpreted as the transition amplitude of a periodic
evolution with the period —if. Indeed, the inverse temperature is defined as the
length of the compactified and Wick rotated time direction in a field theory.

Let us see another expression for the partition function, which is called a path
integral. We firstly consider quantum mechanics and extend the result to a field

theory case. We start with the state sum in terms of the eigenstates of the position
lq) :

z= [ dalale o). (13)
We can insert the complete sets and the partition function becomes
Z = /dqdql dan-1{gle” P |gv ) av-a] -l ale ), (1.4)

where A = 3/N. If we take the limit N — oo it becomes

7 = /qufdﬁH = /qus[q], (1.5)

where Dg = [[;—, dqx, S[q] is the action (functional of the path [g]). Since the
Hamiltonian is equivalent to the Wick rotated (Euclideanized) action: [dSH =
Sg[q], we rewrote it by the action and omitted the subscript E above. So far we
have considered quantum mechanics. In a field theory ¢ is replaced by a field & and

the integration in the action is performed over the manifold M on which a theory
is defined;

Z:/Mche—S[‘N, (1.6)

15



where note that customarily M is written as above though it is not the range of the
field ® but the space of the integration inside the action S.

The manifold M is, for example in quantum mechanics, the circle ! with radius
R = (3/2m. In the case of photon system one usually considers the periodic boundary
conditions on the walls facing each other of the box in which the photons exist. This
box is called 3-dimensional torus T® = §! x S x S!. In addition, we have to consider
the time direction S, and finally the manifold M is 4-dimensional torus T* = (S1)*.

As we only consider 3-dimensional theories, M is a Euclidean 3-dimensional
manifold in the remaining part of this thesis. Moreover, in order to avoid the IR
divergence associated with infinite volume the manifold is limited to be a compact
one.

Note that the partition function of the Minkowski space is positive definite be-
cause of the unitarity of the Hamiltonian. However, that of the Euclidean space
is generally complex. We are only interested in the absolute value of the partition
function, which describe the effective physical degrees of freedom of a theory, and
hence, we usually ignore the phase factor. Nonetheless, the phase factor becomes
very important when we consider an orbifold, which will be discussed in Section 1.8.

We also use a free energy, whose definition is a bit different from a usual one.
The definition of our free energy is as follows.

F=—log|Z| (1.7)

1.5 Localization

Since the dualities are so non-trivial the check of the dualities themselves is im-
portant. One way to check the dualities is, as discussed, to calculate the partition
functions for a pair of dual theories and see if they match or not. In case of the
AdS/CFT correspondence we assume that the gravity side is described by the gen-
eral relativity and we treat the non-perturbative effects on the gauge theory side.
In this case we need an exact formula to derive the partition function for the gauge
theory.

Localization method enables us to calculate the partition function exactly. If a
theory has a fermionic symmetry (e.g. supersymmetry) one can deform the theory
without changing the partition function as

:/DQQ_SO[(I)]_H;V[CD] (18)

where ® symbolically denotes all the fields in the theory, § is the fermionic trans-
formation and it is assumed to be nilpotent: 6% = 0, the action is invariant under
the transformation: §Sy = 0, and V is a certain functional of the fields. It is easily
shown that the partition function does not depend on t;

aZ / DO (§V) e 5071V = / Dd§ (Ve 0 1V) = 0. (1.9)

We can now take the limit ¢ — oo without any change, and the action is dominated
by the deformation term tdV rather than the original action Sy. Therefore, the

16



path integral is dominated by the saddle points of §V rather than those of Sj.
Furthermore, we consider fluctuations around these saddle points:

1
O = Dy 0 1.10
0 \/I_f ( )

where @ is a saddle point and @’ is the fluctuation. Only the quadratic terms of &’
in toV[@] survive and higher terms will vanish after taking the limit ¢ — co. As we
will see we can perform the path integral of &' explicitly and the partition function
becomes

Z = e 0@ 7 1oop(P0) (1.11)

0]

where Z;_jo0p is the result of the path integral of the fluctuations, and Sy(Pg) =
So[®]|o=a, is called a classical contribution and will be denoted by S.. Note that
the saddle points may not be isolated but they may have flat directions. In such
a case we have to integrate them along the flat directions. Finally, we stress again
that this partition function is exact and can be used to check the dualities.

1.6 Background geometries

The more parameters sophisticate the partition function as an index for checking
dualities. Hence, we want to introduce more parameters into the partition function
as many as possible. One such a way is to deform the background geometry. We
have several simple choices for 3-dimensional manifold M;

e M =8 — Z:anumber
This is the simplest 3-dimensional compact space. One may wander that the
radius of the §3 would be the parameter of the partition function. As we will
see this in Chapter 3 the radius is absorbed by the redefinition of the field as
well as the mass parameters.

e M=8?>%x8" — Z:afunction of 8= R;/R,

where R; and R, are the radii of ' and S?, respectively. This maybe more
familiar one than S case because the S! direction can be identified with the
time direction. In this sense this background manifold gives a usual partition
function. Furthermore, if we introduce an appropriate chemical potentials the
partition function with this manifold has special name superconformal indez.
The superconformal index can be written by using trace like in (1.2) because
there is S', and the state |n) can be expressed by a spherical harmonics. In
the same as S® case one of the two radii can be absorbed and only the ratio
becomes the parameter.

e M=S5}) — Z:afunction of b
S} is a one-parameter deformation of the three-sphere S®  which is called
squashed three-sphere. b is the deformation (squashing) parameter. The geo-
metrical parameter b is translated into that of the partition function.
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o M =837, — Z:afunction of n and h
This quotient geometry is called an orbifold. n is the order of the orbifolding
(number of dividing) and k is a holonomy, which will be explained later. The
partition function on the orbifold is the main topic of this thesis.

For each background, the partition function is exactly calculated using the lo-
calization method. Historically, the partition function on S§* is firstly calculated
by Pestun in [7]. Kapustin et al. applied the method to N' > 3 supersymmetric
theory and calculate the partition function on S® [8]. It is generalized to N = 2
case [9, 10]. The partition function has been used to study non-perturbative aspects
of three-dimensional field theories, such as dualities among three-dimensional field
theories [11, 12, 13, 14, 15, 16, 17] and relation to M-theory via the AdS/CFT cor-
respondence [6, 18, 19, 20, 21, 22, 23, 24]. The superconformal index is computed
exactly in [25, 26], and specialized to the large N case [27, 28, 29, 30]. The super-
conformal index is also used to point out the relation between different dimensions.
The squashed partition function can be derived from 4-dimensional superconformal
index [31, 32, 33].

1.7 Squashed S°

Although we express the squashed three-sphere simply by S} there are actually
two kinds of squashed three-spheres. One is called a biaxially squashed sphere
in [34] and the other is called an ellipsoid. Though they are both one-parameter
deformation of S their isometries are different. The isometry of the S? is SO(4) ~
SU(2),xSU(2)g. That of the biaxially squashed three-sphere is SU(2), xU(1),; the
deformation breaks one of two SU(2)’s of S%. On the other hand, the ellipsoid has
only U(1) x U(1) isometry. Since the supersymmetry is connected to the isometry
and since the supersymmetry is used for the localization method, the difference of the
isometry affects the partition function on them. The non-trivial partition function
on the ellipsoid was derived in [35], which is written in terms of a special function
called a double sine function. The authors of [35] also calculated the partition
function on the biaxially squashed three-sphere, and found that the result is trivial,
the partition function is the same as that on the round three-sphere S§3. On the other
hand, the partition function on the biaxially squashed three-sphere derived from the
reduction of the 4d superconformal index is actually the same as that on ellipsoid
[31, 32, 33]. This contradiction was solved in [36]. The origin of the contradiction was
the confusion about the supersymmetry that is used for the localization. Though
the SU(2). singlet supersymmetry leads to the trivial result the SU(2), doublet
supersymmetry gives the non-trivial result. In this thesis we only look into the
biaxially squashed three-sphere and simply call it a squashed sphere.

1.8 Orbifold

An orbifolded manifold or simply an orbifold is realized by an identification of two or
more different points in the original manifold. For example, §?/7Z, is an orbifolded
S? that the facing two points are identified (see Fig. 1.7), where Zo = 7/27 = {0,1}
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and Z is a set of all integers. Z,, denotes the n-point identification. The non-trivial

Figure 1.7: 8?/7, geometry. Every pair of points faced each other on the original
manifold 82 are identified. For example, if we choose the North hemisphere as the
fundamental region the South hemisphere is a copy of the North hemisphere and
vice versa.

feature of the orbifolding is to create a cycle on the orbifolded manifold. In the
S?%/7, case, for example, a curve on the S?/7Z, that joints two identified points is a
cycle. Note that the circle along the cycle cannot shrink continuously into a point.
However, the union of two such curves are equivalent to a great circle, which can
shrink (see Fig. 1.8). A cycle on a manifold is characterized by the fundamental

i

Figure 1.8: Oriented curves on the S?/7Z, geometry. Since the crosses are identified
one of curves in the left picture is a non-trivial cycle of S?/Z, and cannot shrink
into a point. However, the union of the two curves are equivalent to a great circle
as in the right picture and it can now shrink into a point.

group m;(M). The circles on S' never be able to shrink and such a cycle is denoted
as m(St) = Z; the integer illustrate the number of the wrapping along the cycle.
In S?/7, case the circle wrapping twice the cycle can shrink, and it is denoted as
71 (8%/7,) = Zy; 75 = {0, 1} means the number of the wrapping. The fundamental
group of 83/7,, is m, (83/Z,) = Z,,. The existence of these non-trivial cycle affects
the structure of the vacua of a theory through the Aharonov-Bohm (AB) effect.

AB effect and Holonomy

The AB effect tells us that even if the field strength is zero the gauge potential
(the gauge field A,) affects charged fields. We assume U(1) gauge group here. The
typical example is a charged particle traveling around a solenoid. The solenoid
creates magnetic flux ® that is confined to its inside. Namely, the field strength
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is trivial outside the solenoid. Nevertheless, the wave function of the particle is
affected by the non-trivial gauge potential:

Jq{Agde:/ B-ds= 0, (1.12)
C M

Ay = 2 (1.13)

onr’

where C'is the path of the particle, which is a circle around the solenoid, 6 parametrizes
the circle and the period is 27r, r is the radius of the circle, and M is a disk whose
boundary is the circle C. The AB effect is characterized by a holonomy defined as
follows.

h = j{ A,dz"  mod 2. (1.14)
c

The effect on the phase of the wave function is expressed by e, which is called
Wilson line. In the example above the holonomy is nothing but the flux A = .

Next, let us consider a cylinder ' x R parametrized by (6, z). Note that there
is no space inside the cylinder. We assume the field strength is trivial everywhere.
However, a constant gauge potential Ay can exist. Since the space is periodic 6 ~
0 4+ 27 a wave function 1 of a particle living on it should satisfy the boundary
condition:

»(0 4 2m) = (0). (1.15)
The AB effect due to the constant gauge potential is given by

eifc Agd@ — 627riA9. (].].6)

Now let us consider a gauge transformation:
Ay — A=A, +0,a(v),
) = =@y, (1.17)

Using the gauge transformation we can choose a gauge so that the gauge potential
vanish:

ALZA@‘F&@O&ZO,
a(f) = —0A,. (1.18)

In this gauge the AB effect is expressed by the boundary condition as follows.

¢(9 + 27_(_) _ ei(a(@)—a(9+2ﬂ')),¢(0) — e27riAg+2m'k¢(9) (k’ c Z)
= "M 0(0) = e 9), (1.19)

where note that Ay and h are ones before the gauge transformation, and k£ appears
because the gauge transformation parameter «(f) is not single-valued:

() ~ a(f) +2rk (k€ 7). (1.20)
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Although this multivalent does not affect in this case it does affect in the next
example.

Finally, we consider the AB effect on the orbifold. In this case due to the non-
trivial fundamental group m;, (S%/Z,,) = Z,,, the circle wrapping the cycle n times can
shrink into a point. The Stokes theorem tells us that the corresponding holonomy
should be trivial:

hyn = 7{ Aydrt =n x2rAy =0 mod 27 (1.21)
nC
k
Ag=— (ke2), (1.22)
n

where the period of the cycle C' is chosen to be 27w, and the subscript n of h,
means that the holonomy is of the path wrapping n times. This result gives discrete
holonomies:

k
h=2r~  (k€Z). (1.23)
n

If we rescale the definition of the holonomy as

h = % A,dx"  mod n, (1.24)
the holonomy for S%/7,, takes the value h = 0,1,--- ., n — 1 € Z,. These values
specify the vacua of the theory.

The partition function on the orbifold §3/7,, is, therefore, expressed by the sum
of each contribution:

Ziotal = Zp=0 + Zp=1 + ** + Zph=pn—1. (1.25)

Each contribution is calculated by the formula derived in [37, 38]. We call this a
(naive) orbifolded partition function.

1.9 Phase problem

We usually focus only on the absolute value of the partition function and the phase is
disregarded. This is, however, not allowed when we compute the partition functions
of different sectors which are summed up. Even when we are interested only in the
absolute value of the total partition function, we need to care about the relative
phase of each contribution. The important fact is that the formula (1.25) derived in
[37, 38] does not give the same values for a dual pair. This maybe the signal that
the duality is not really a duality. We rather assume that the duality is correct and
the formula needs some modifications. Let us see an concrete example: the simplest
mirror symmetry discussed in Section 1.3. In the n = 3 case where there are three
sectors specified by the holonomy h = 0,1,2. The numerical results for the naive
orbifolded partition function are summarized in Table 1.3. We can see that the total
numerical values are different from each other. However, notice that if one introduce
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Table 1.3: Numerical results for the naive orbifolded partition function of the N’ = 2
SQED and the XYZ model show that their total values do not coincide.

Holonomy A | SQED || XYZ model
0 +0.394

1 —0.298

2 —0.125

Total —0.031 || 0.817

Table 1.4: Numerical results for the modified orbifolded partition function of the
SQED and the XYZ model show that their total values coincide.

Holonomy A | Phase factor | SQED | XYZ model
0 + +0.394

1 — —0.298

2 — —0.125

Total 0.817 0.817

minus signs to appropriate sectors the results coincide as in Table 1.4. In this case
and all the other cases we have checked the phase factors are actually plus or minus
signs for this duality. We calculated the partition function numerically up to n = 10
and we are succeeded in finding out the correct signs and their patterns, which are
discussed in detail in Chapter 5. Hereafter, the correct means that the partition
function coincides for a dual pair, and we call the correct partition function on the
orbifold a orbifolded partition function.

Our proposal is that the orbifolded partition function is not (1.25) but is ex-
pressed as follows.

Ziotal = € Zpeg + € Zpoy 4+ 4 €7 L1, (1.26)

where the e?» is the appropriate phase.

We will consider the mirror symmetry and another duality proposed by Jafferis
and Yin [15] to derive the correct phases. The reason why we use these dualities is
because they are known to have dual field theories without vector multiplet. When
there is no gauge field there is no holonomy, and hence, no holonomy sum. The
orbifolded partition function is calculated without the phase problem on the non-
gauge theory side, and we can focus on the problem only on the other side.

Since the proposal for the phase factors is derived from a few specific dualities we
have to check whether our formula gives correct values for other dual pairs. In this
thesis we will explore the duality between the ABJM model and N = 4 supersym-
metric Yang-Mills theory (SYM) with a fundamental and an adjoint hypermultiplets.
Our proposal passes this test, fortunately.

Finally, we also study the large N behavior of the orbifolded partition function
for the ABJM model so as to check the AdS/CFT. Our result shows good coincidence
with that on the gravity side.
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The thesis is organized as follows. We firstly review the 3-dimensional N' = 2
supersymmetric theories in Chapter 2. Their derivation is summarized in Appendix
B. We also review briefly the ABJM model. In chapter 3, we extend the SUSY
transformation to conformally flat space and calculate the S2 partition function
using the localization method. In Chapter 4 we extend the formula of the partition
function to the squashed three-sphere S} case. In Chapter 5 we firstly review the
formula of the orbifolded partition function derived in [37, 38]. Then, we derive the
formula to fix the phase factor so that the numerical values coincide for the dual
theories. Chapter 7 is devoted to the conclusions and discussions. Useful formulae
and the basic facts are summarized in Appendices.

Note that we adopt the natural units through this thesis. Namely, we set ¢ =1
and A = 1, and the length has a mass dimension —1. We also set the electric charge
to unity: e = 1.

We use subscripts for coordinates like i in different meanings for each chapter.
For example, p, v, - - - used as 4d indices in chapter 2, though they are used as global
coordinate of 3d in chapter 3. We always give the explanation when the conventions
are changed.
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Chapter 2

3d supersymmetric gauge theory

We review 3-dimensional (3d) supersymmetric gauge theories with great attention
to NV = 2 supersymmetry (SUSY). Though we briefly explained what is the su-
persymmetry, what A/ means, and what are the multiples in Introduction, we will
restart from defining and explaining them. Our final goal of this chapter is to list
the N/ = 2 supersymmetric actions and the SUSY transformations of fields, and
finally, write down the action of the ABJM model. If one is familiar with the 4d
SUSY one may prefer to derive the 3D SUSY by dimensional reduction, which is
summarized in Section B.2. (See also Appendix B and nice reviews [39, 40].)

In this chapter we use m,n,p,--- as vector indices and they run from 0 to 2,
and «, (8,7, -+ as spinor indices and they take the value 1 or 2.

2.1 Supersymmetry in 3d

Firstly, let us discuss the 3d spinor since the spinor in 3d is quite different from that
of 4d. In 3d the Lorentz group is SO(1, 2) and the spin group is SL(2,R) ~ Sp(2,R).
Hence, a Majorana spinor can be defined in 3d, which is a real two-component spinor.
Our spinor conventions are summarized in Appendix A.

Before the supersymmetry was found there had been Coleman-Mandula theo-
rem, which tells us that only symmetries that the S-matrix can have are the direct
products of the Poincare group and a group of internal symmetries. In terms of the
algebra it is the direct sum of the Poincare algebra and that of internal symmetries.
Therefore, it is concluded that the symmetry like the supersymmetry that is related
to the symmetry of spacetime cannot be the symmetry of S-matrix.

However, Haag, Sohnius, and Lopuszanski extended the algebra to a graded
algebra and show that the supersymmetry algebra is the unique graded algebra of the
symmetry of the S-matrix. A graded algebra is an algebra with anti-commutators.
Let us start with admitting the simplest super-Poincare algebra:

[Monns Mpg| = Dinp Mg — Nnp Mg — Mimg Mg + 1Moy (2.1)

[an7 Pp] = 77man - 77inm (22)
1

{Qaa Qﬁ} =2 (Vm)alg P, (24)
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where P,, are the momentum operators, M,,, are the Lorentz rotation generators,
and @, are the generators of the supersymmetry (often called supercharges) and
they are the Majorana spinor. Note that we use anti-Hermite representation.

We can actually extend the supersymmetry by putting another index i to the
supercharge Q: Q°, where i runs from 1 to A/. (2.4) is slightly modified as

{QL, Q%Y =267 (™) Prn- (2.5)

There is a global symmetry that rotates the Q°. Since the @ are Majorana, and
hence, real the symmetry is SO(N):

[RY, RM] = 6% R — R — 5" RI* 4+ 51 R™, (2.6)
[Rij’Qk} = 5 Q7 — 7R Q"

This is called R-symmetry.
Now we focus on N' = 2 case. We combine the N/ = 2 SUSY generators as

_ Yooy o5 L
Qa_ \/§(QQ+ZQQ)7 Qa_ \/5

Then, the N' = 2 super Poincare algebra is written as follows.

(Qo — Q7). (2.8)

[Mmm Mpq] = nmpan - Uanmq - nqunq + 77Mmp

[Man Pp] = nman - ninm
1

(M, Qo] = B (’anQ)a (2.9)
[anv@a] = % (’an@)a

{Qm@ﬁ} =2 ('Vm)aﬁ Py,

Now let us consider differential operators that satisfy (2.9). Such operators are given
as follows.

P = 0,

Qo = 0o+ (7"0), O,

Q. = 0u + (170), O, (2.10)
M,y = TnOpn — Ty + %9%%8 + %g%m('_)

One can actually confirm that these operators satisfy the algebra with opposite
sign of those of (2.9). It is not a mistake but a consequence of using anti-Hermite
representation.
Let us define following differential operators.
D, =0, — (7”@) Om

(e

Do =04 — (v"0),, O (2.11)
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These are called covariant derivatives and satisfy the anti-commutation relations:
{DOUEB} =2(Y")apOm, {Da,Dp} = {Emﬁﬂ} = 0. (2.12)

The supercharges Q,Q anti-commute with the covariant derivatives. If you are
familiar with 4d SUSY note that in 3d these operators can be contracted each
other;

DD = D“D, = D"D, = DD. (2.13)

Q,Q and 6,0 are also contracted as well, where 6 and 6 are constant spinors and
they are used as fermionic coordinates. Following notation is understood,

0> =00 = 0*0,, D?= DD = D"D,, etc. (2.14)

The integral with regard to Grassmann number is defined as follows.

/d20(02) =1, /d40(9252) = 1. (2.15)

Now we are ready to define a superfield, which is the function of the superspace
coordinates x, 6, 6.

2.2 N =2 Multiplets

2.2.1 Chiral multiplets

Let us first explore the building blocks of N' = 2 SUSY theory. We define a chiral
multiplet ® as a superfield satisfying

D,® = 0. (2.16)

Under this condition the multiplet can be expanded as

_ 1 . - 1 o=
D = ¢+ V20 + 0*F — (09"0) Oy p — %92(97’” ) + 192928m8m¢. (2.17)
Note that since 0,0 are Grassmann two-component Majorana spinors products of
more than three of these spinors vanish automatically. The kinetic term of this
multiplet is given as follows.

/ d0DD = —0,,p0™ ¢ + YA + FF (2.18)

where we omit the total derivatives. Note that F'F term has no derivatives, which
means that the equation of motion gives a constraint condition. Such a field is called
auxiliary field.

We can consider not only single superfield but also many superfields ®¢. Products
of superfields are also superfield and its highest components are SUSY invariant. In
component fields it is written by

ow . 10*°W
/ d*OW (@) = angjb)FZ X 8(2)

where W (®) is a polynomial of the superfields, and it is called superpotential.

URES (2.19)
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2.2.2 Vector multiplets

We consider the “gauge transformation” of the chiral multiplets, namely,
P =ed, P =, (2.20)

where A is a supercoordinate dependent chiral superparameter. When we think
Yang-Mills theory the A is an element of Lie algebra, and the superfield ® is a
representation of the gauge group GG. In order to make the chiral multiple action
invariant under the gauge transformation we introduce the “gauge field” V.

/d‘*(@ewq) (2.21)
where V' is of course not a field but a superfield, and we call V' a vector multiplet.

Since the usual gauge field is real V' should also satisfy a reality condition V = V*.
Under this condition the vector multiplet can be expand as

V = C+9X+§y+%92(M+z‘N) +%§2(M—z‘N)
080+ i(0y™B) Ay, — 670 (X o mx) 7% ()\ o my)
- %9252 (D ~ %amam0> . (2.22)

In order to make the action (2.21) invariant under the gauge transformation 2.20 V'
should transform as

2V = RV it — oyp { <V + = (A A)+ Q[K, V] — %[V, Al +-- )] . (2.23)
Using this gauge freedom we can fix some fields in the vector multiplet. When the
group is Abelian all the commutators in (2.23) vanish and the gauge transformation
is simply expressed by

VoV =V+- 5 (A A). (2.24)

We focus on the Abelian case for a while. We use linear terms of A and A, and
erase the first three terms of (2.22). The linear terms are

7 — 7 9
—O — —O0U+ -0 F — 492F
VAV

(97’”9) Om(p+ ) — SN 0 (0q) + 79 (08)

+ §6252amam(a —9), (2.25)

— 1
(G- 0)+ .

MI@

where although we used the same notation as the chiral multiplet, the components
are not fields but gauge transformation parameters. As a result each component of
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the vector multiplet transforms as

c%c+%@—@

7
_> P
X — X \/51/)
M+ iN —- M+ 1N —iF
o —0
1
A, — A, + §8m(qz5 + )
A=A
D — D. (2.26)

Therefore, we can set C = x = M = N = 0, and (¢ + ¢)/2 becomes an usual
gauge transformation parameter. This gauge is called Wess-Zumino gauge, and V'
is written as

_ —_ — 1 —
Vivz = 000 + i(09™0) Ay, — 0%0X — 070X — 5929213. (2.27)

From now on we use V' in Wess-Zumino gauge and omit the index WZ. The nice
feature of this gauge is that the cubic term of V' vanish, the exponential is just a
quadratic polynomial;

2 Y1 oV + 212 (2.28)
In the non-Abelian case the commutators in (2.23) become non-trivial. Still, there
exist the linear terms and we can set some terms. Finally, V' can be expanded as in
(2.27). The important difference compared to the Abelian case is that o, A and D
do transform under the gauge transformation due to the commutators.
We can now write down the components of the gauge invariant action of the
chiral multiplet;

/ d*0®e?V®d = —D,, D™ ¢ + YR + FF
+V26(M) + V2(XD)¢ — D¢ — oo + (Poi)) (2.29)

where we omitted the total derivative terms, and the covariant derivatives are defined
as

In order to derive the kinetic term for the vector multiplet we define following
quantity;

1—p— 1—p—
W, = gDﬁDge’QVDaeQV Wz Z—lpﬁDﬁ (DoV + [DaV, V]). (2.31)
This is gauge covariant and transforms as
15— /. — - . . ,
W! = gDBDg (eme’we”ADa <e”\62ve*m)) = MWoe™ ™ (2.32)
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where note that the gauge transformation of e=2" is

not e 2V = e e Ve but e — efem?Ve (2.33)

To get the correct transformation law one has to pay attention to the R.H.S of
(2.23). In the Wess-Zumino gauge W, is written as

Wo = Ao + eozD + %(,ymne)aan - (7me)aDmU + (QX)QHQ — [O, XQ]QZ + -
(2.34)
where - - - represent terms including 6. The reason why the € terms appear is because
we adopted V' such that D,V # 0 in (2.27). In order to erase those terms we need

to shift D appropriately. Here we just ignore such terms and using above expression
the kinetic term of the vector multiplet is

%/dQGtrWaWa = tr <—;1anan + (ARN) — %DmaDmo + %Dz — (Ao, )\])) :
(2.35)

When the gauge group is Abelian one can introduce Fayet-Iliopoulos (FI) term
into the action.

—2¢ / d*0V =(D (2.36)

On the other hand, this term cannot show up in a non-Abelian sector, because the
component D is not gauge invariant as discussed before.

2.2.3 N =2 SUSY transformation law

We are now able to extract the N’ = 2 SUSY transformation law of component fields
from the multiplets. Let us first look into the vector multiplet (the reason will be
clear soon).

SV = i(ey™) A + (B)a — 07 (e\) — 2(e0)(ON) — (¢6)0°D
(™" 0)0n A~ %52(67me)ama + %e@%&X)

+ terms including € (2.37)

As you may notice the first three terms break the WZ gauge. Since we started from
the WZ gauge we have to restore the WZ gauge by the gauge transformation. The
required parameter A is given by the following replacement;

¢ =0, V2= —2i(0c+iy"An)E, F — 2i(eN). (2.38)
Then, the A becomes
A = —2i(0€)0 + 2(07™€) A,, + 2i62(EN) + i6%(07"€) Do — 0% (07 V") O A
(2.39)
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After the gauge transformation with the parameter derived above we have

5V Y2 _2(e0)(ON) — (6)8°D
- ) L -
= S0 (07" €) Fn + 067" €) D + 56°9° (eRA = (el X))
+ terms including €

_ _ _ 1 —
= 0060 + i(07™0)5 Ay, — 0205N — O 05\ — 5929250, (2.40)

where D,,\ = O\ — i[Am,_]. We can now extract the transformation law for the
components.

0A;, = 1eYmA — 1€ A
50 = e\ + EX
o\ = %ym”ean —"eD,,0 4+ De
6D = —eRX — €N + €[o, \] + €[o, \] (2.41)

Next, we derive the transformation law for the chiral multiplet.

5 = V2eth + 20cF — 2(07™€) I — /2607 (e§1))
+ terms including 6. (2.42)

In the case of neutral chiral multiplet we can extract the transformation law from
this result. On the other hand, in the charged chiral multiplet case we have to
restore the WZ gauge of the vector multiplet, and hence, need to do the gauge
transformation with the parameter (2.39). The variation is

iAND = 2(0€)0p — V/20% (o)) + 2i0%(eXup) — 26 (EN)
+ terms including 6. (2.43)

The transformation of the charged chiral multiplet is

00 X \/2(er)) + 2(0€) F + 2(6€)5¢p — 2(07"€) Dyh
— V202 (RY) — V26%(eo)) — 20%(eN)
+ terms including 6. (2.44)

Therefore, the transformation law for the component of the chiral multiplet is

3¢ = V2et)
0 = V2eF + /20 — \/29y™ED,, b (2.45)
OF = —V2(eRy) — V2(€01h) — 2(EN) 6.
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2.2.4 N =2 supersymmetric Chern-Simons term

Here we discuss the N' = 2 supersymmetric version of Chern-Simons term. There
are a couple of ways to derive it. One is to start with the pure Chern-Simons
term (B.26), and modify it so as to make it invariant under the transformation (see
Subsection B.2.1). The supersymmetric Chern-Simons term is given by

k — 2 -
Scs = 7 /d3a: tr {e p§ (AmanAp - gAmAnAp> + A\ — JD} . (2.46)
One can check that this action is invariant under the SUSY transformation (2.41).

2.3 ABJM model

So far we discussed a general N' = 2 supersymmetric gauge theory. In this section
we treat the specific model, which describe the low energy effective action of flat
M2-branes as in Fig. 2.1, and it is called the ABJM model [3].

=z

A

SO(8)

—> L3~9,11

I~

Figure 2.1: Global symmetry of M2-brane

X1,2

An M2-brane is, as the name express, a 3d spacetime object in 11-dimensional
spacetime. The position of the branes is expressed by 8 scalar fields; these scalars
express the directions normal to the M2-branes, and this is why 8 scalars are needed.
The M2-branes are invariant under rotations of 8 transverse directions. Therefore,
the theory should have a global SO(8) symmetry for the scalar fields. Since the
theory is supersymmetric the 8 superpartners are also required corresponding to the
scalars.

As we consider the IR limit the theory should be conformal. The conformal
symmetry mixes up with the supersymmetry and the SO(8) symmetry and becomes
the superconformal symmetry OSp(8[4).

Since there are many M2-branes and they are degenerate, we need another index
denoting the branes. If the analog to D2-brane in the string theory can be applied the
number of the branes corresponds to the rank of the gauge group U(N). However, in
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the 3d case the Yang-Mills term is dimensionful and it could not be conformal. So the
only choice is the Chern-Simons term. One may suppose we are almost reaching the
low energy effective theory of M2-branes but we still have a big problem. In order to
realize bigger supersymmetry the theory should have appropriate interaction terms.
AdS/CFT tells us that the free energy of M2-branes is proportional to N3/2; this
strange exponent is the effect of the interaction. Therefore, we ought to find the
appropriate interaction terms. This had not been achieved for a long time.

Three years ago, a low energy effective theory of M2-branes was found by Aharony,
Bergman, Jafferis, and Maldacena [3]. The key point was that they gave up the man-
ifest N/ = 8 SUSY but kept only the A/ = 6 SUSY manifestly (manifest means the
symmetry of the Lagrangian). It is known that the expected N' = 8 SUSY is realized
for & = 1,2 non-perturbatively [3]. We do not look into the details of the SUSY
enhancement but simply give the action and the SUSY transformation. The ABJM
model is U(N)y x U(N)_x Chern-Simons matter theory whose matter contents and
the representations of the symmetries are summarized in Table 2.1. The Lagrangian

Table 2.1: Gauge symmetries and global symmetries of the ABJM model. SU(4) ~
SO(6) is the R-symmetry.

A A YA Yy

U(N), adj 1 N N
U(N)_y, 1 adj N N
SU(4)p 1 1 4 4
Ul)p o 0 1 1

of the ABJM model is as follows.

Ses = % / B Pty KAmanAp - %AmAnAp) - (Aman/ip _x AmAnAp)}

1 o
Skin = 5 / & tr [—DmYADmYA n ¢Ame¢A}
T

1 — — — — — —
Spot = —— | o tr [YAVAYPY YV o+ YaVAY Y PY Y
P 6mk?
HY Y YV AYPY o — 6Y Y Y PY YOV 0] (2.49)
1 — AT B - | —B - | —B .o p—A
Svitawa =~ | &z 10 [TV 5 vp = YAV as0” + 2V poats” — 27 2Y 7

L ABEDY Y by — EABCDYA@BYCED} (2.50)
where Y4 are complex scalar fields; A runs from 1 to 4, ¥ are Dirac fermions. We

already used the equations of motion for the auxiliary fields and erased them. Note
that the covariant derivative is

D,YA=09,YA —iA, YA +iYAA,. (2.51)
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Note that Y4 belongs to a fundamental representation of the first gauge group
U(N)y and an anti-fundamental representation of the second gauge group U(N)_y,
and this representation is called a bi-fundamental. From the Lagrangian we can see
that it has SU(4) global symmetry. The matter fields belong to the 6 representation
of SU(4), and hence, the theory has N' = 6 SUSY. The N' = 6 SUSY transformation

is given as follows.
4= V2t

04 = —V2y"Eap D YE +

Ay = 2 [ (1T )+5A3vm (64Y 5)]

22\/_7r [SAB

2\/_7r 4\/_7r

€ap (YOYYP —YPY YY) —

& (YEY 4Y©)

§A, Y (Y a¥B) + €4BVm <@AYB>} (2.52)

Where {45 is the SUSY parameter and it belongs to 6 representation of SU(4) as
we mentioned, and satisfying following relations:

fap = —€pa,  (6ap) = —%eABCDSCD. (2.53)

So far we write down the Lagrangian in terms of component fields. We can write
down the same Lagrangian by the A/ = 2 multiplet.

Scs = Z / d*z € tr (DV;DV; + - -)

1712
= /d?’x €™ tr { orDr + <A] O, AI AanfLAf,) + (AX)}
1 12
(2.54)
1 . .
Satter = o /ded49 tr [AjeQVlA’e’QVQ + Ble’QVIBJeQVQ] (2.55)
T
1
Spot = ok /d3xd 0 €ijeptr [AlBkAJB} + c.c. (2.56)

where Afn:l = A, A{ﬂ:z = A\m, ki—1 = k, and k;—» = —k. At the first line we
expressed the Chern-Simons terms in terms of vector multiplets. --- express the
higher terms and they give only a tertiary term of A,, (see Subsection B.2.1 for the
details). We can see that the Lagrangian has some global symmetries listed in Table
2.2. These symmetries play an important role in the latter chapters. If we integrate
out all the auxiliary field in the multiplets we obtain the Lagrangian in terms of the
component fields (2.52).
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Table 2.2: Global symmetries of ABJM model

Al AQ Bl B2
Ula +1 -1 0 0
U(1)p 0 0 41 -1
Ul +1 +1 -1 -1
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Chapter 3

Partition function on S°

In the previous chapter we discussed N = 2 supersymmetric gauge theories: their
construction and their transformation laws in 3d Minkowski space. In this chapter
we calculate the partition function of those theories using the localization on 3d
Euclidean space, rather than on the Minkowski space. The partition function is
defined by

Z:/MDCDe_S[‘I’]. (3.1)

where M is a manifold on which the theory is defined. The reason why we use Eu-
clidean space is purely because of the technical reason; if the space is not compact the
volume integration diverges. For simplicity, we consider the most symmetric com-
pact space in 3d as the first example, which is three-sphere S§2. The Euclideanization
makes no change on the Lagrangians nor the SUSY transformation laws as we have
not used any explicit representation for the metric nor the ~-matrices. When the
explicit expression for the y-matrices are needed we use Y™ = ¢,,, where o,, are the
Pauli’s matrices

(0 e (V) e (30) e

Note that in a 3d Euclidean space a vector index runs from 1 to 3 rather than 0 to 2
for making sure that we treat Euclidean space. These Euclidean notations are used
through the remaining part of this thesis.

3.1 SUSY on conformally flat space

We extend the SUSY transformation law we derived in the previous chapter to the
one on a conformally flat space. Conformally flat means that the geometry is de-
formed from the flat space by Weyl transformation, which is defined below. Since S3
is conformally flat (see Section C.5) we can use the extended SUSY transformation
law for our purpose.

Firstly, we remind ourselves of the N/ = 2 SUSY transformation law of vector
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multiplet.

do A, = iey\ — ey, A
800 = €\ + €A
So\ = %WGFW — AMeD,o + De

So\ = —%’y“”EF w — Y'eD o + De

SoD = —ey" D\ — ey D\ + €lo, \] + €lo, A]. (3.3)
where the subscripts 0 mean the transformation is applied for the flat space. Note
that the indices pu,v,--- are not for 4d indices but 3d world space indices and run
from 1 to 3.

Weyl transformation is defined as a local scaling of the vielbein (or metric):
m 'm __ _—ax), m
e, —e =e €y
G = G = e 2@y . (3.4)

Under this transformation a field ® with Weyl weight n transforms as follows.
Q' = "D, (3.5)
Weyl weights of the components of a vector multiplet and the SUSY transformation

parameters are given in Table 3.1. Note that the weight of A, is zero, on the other

Table 3.1: Weyl weights of fields of vector multiplet

Fields € e A, o
Weyl weights —% —% 0 1

D | v,
2 | —1

il | >

ol | >

hand, the weight of A,, = ek A, is one. Furthermore, the position of the index is
important; e.g.

P A = g, = g e My, = g, (3.6)

The assignment of the weights in the table shows that the weights of both side of the
transformations (3.3) are the same. Hence, the transformation is invariant under
the Weyl transformation if the parameter «(z) is independent of the coordinate .

Let us consider the case that the parameter depends on the coordinates. We
denote fields and the vielbein on the flat space M without prime e.g. @, e, and
those on conformally flat space M’ with prime e.g. @', €. We define the SUSY
transformation of the fields ®" with conformal weight n on M’ as

5P = "5y, (3.7)

where ® = e~ "*d’ is the pull-back of the fields to the flat space M. In the case that
the SUSY transformation of the field ® includes no derivative terms the « depen-
dence of the RHS of (3.7) does not remain. However, if the transformation includes
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derivative terms, extra terms containing da come up. In order to keep the transfor-
mation covariant one usually introduces a covariant derivative with corresponding
gauge field. Here, we show that the; derivative of the SUSY parameter D,e can be
used as the gauge field.

Using the behavior of the spin connection (C.12) under the Weyl transformation:

Wymn(€) = Wumn(€) — (eumef; — elmeﬁl) o, (3.8)

we can see that the Weyl transformation of the D, e becomes
1
D, = e~ /? (Due — 5%7’\6@\@) . (3.9)

This transformation looks similar to that of gauge transformation of a gauge field
in the sense that it is shifted by da. Using this fact we can construct the SUSY
transformation that transforms covariantly under the Weyl transformation. For
instance, we replace the terms with the derivatives as following.

(Dyo)yte = (Dyo)y! e + %a’y“Due,
(ev"Dy\) — (ey*D,\) + % (Dyey'A) . (3.10)
One can check that these terms covariantly transform;
(D,o")y™" e + ga"y’“D;e' e |:(D“O')"}/“€ + %O”}/MDHG] ,
("D, N) + % (D @y N) = e {(wDuA) + % (Dmu)} : (3.11)

Note that newly added terms vanish when the space is flat, and hence, do not cause
any problem. The SUSY transformation law with this replacement is

0A, = iey N\ — iEy, A
50 = €\ + €A

' 2
= %”}/'LWGF#V —"eD, 0 + De — gay”Due

_ j 2
o\ = —%WWEFW —y"eD,o + De — gUVMDME
— — 1— 1

0D = —ey* D\ —ey* D, A+ €[o, \| + €0, ] + g)"YMDuG + gkfy”D#E, (3.12)
where we omit the primes. This transformation is applicable for any conformally

flat space. Note that € is now not a constant. Rather, it should satisfy the following
equation:

D€ = .k, (3.13)

where £ is an arbitrary spinor. This condition is called a Killing spinor equation, and
it has the same form after the Weyl transformation with an appropriate redefinition
of k:

D e =K. (3.14)
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Similarly, we can construct the SUSY transformation on conformally flat space
of a chiral multiplet. Let us consider a chiral multiplet with conformal weight A.
Namely, its components have weights as in Table 3.2. The transformation for the

Table 3.2: Weyl weights of the fields of chiral multiplet

Fields 0] (0 F
Weyl weights | A A+ % A+1

flat space is

Sod = V2et)
Soth = —V2y"eD ¢ 4+ V2e0p + v 2eF
6oF = —V/2ey™ Dyth + V2e) — 2eNg. (3.15)

The terms including derivatives should be replaced as

_ _ 2 _
(Dub) € = (Dud) 1€ + A" D,

@ D) = @ D) + 5 (& - 3) (D). (3.16)

Then, the transformation for a conformally flat space is derived as follows.

66 =\ 2e
61 = —V/29"€D, ¢ + V2Eop + V/2eF — &Amwuz
= —V2ey" Dy,tp + V2eot) — 2eng — M (A - 1) (Dev" ). (3.17)

3.2 Calculation of S° partition function

3.2.1 Vector multiplet

In order to use the localization technique we need supersymmetry on S3. On S3
with radius r we use a Killing spinor satisfying

D,e = —,e€. 3.18
W€ = 5 (3.18)
There are two linearly independent solutions to this equation, and we denote them
as €1 and ey. The corresponding SUSY transformations are §; and d,. In this section
we derive the deformation term §V used in the localization (??) and calculate the
partition function exactly.
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The transformation laws of vector multiplet on 82 are given as follows.

0A, =iey, A
50 = el
o\ = %W“VGFW —"eD,o + De — %O‘E
SA=0
6D = —ey" DA + €lo, A] + QLTXE (3.19)

Using these we consider 65V = 20,7 with T = —%)\)\. After some calculation we
have

1 1\?
0201 T [ea€1 = §FWFW + D,oD"o — iy"PF,,D,0 + (iD + ;a)
— 2ARA + 20, AJA — —AA. (3.20)
r

Hence, the deformation term is
3 1 v H P~ VP ; 1 ’
oV =t [ d’z\/g QFWF + D,oD"o —iy"PF,,D,o+ | tD + i

—2ARA + 2[0, A\ — %XA) : (3.21)

Since the auxiliary field D is pure imaginary the boson part is positive definite.
Localization method tells us that the only following saddle points contribute to the
partition function;

1
F.=0, D,o=0, iD+-0=0. (3.22)
r

The general solution to these conditions is
A, =0, o=09, D= 300, (3.23)
r

where we took the Lorentz gauge 9, A" = 0. The path integral split into the integra-
tion of oy that parametrizes the saddle points and that of fluctuations around them.
Though o( takes value in the Lie algebra of the gauge group, we can diagonalize it
by the gauge transformation: 6o = U 'ogU. Then, the integration can be written
by that of the Cartan part.

/ doy — / 45, (H o (%@) , (3.24)

aeG

where Vandermonde determinant appear as Jacobian, and « is a root of the gauge
group and it is defined as follows.

lo,A,] = al0)A, (3.25)
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The product is over all the roots of the gauge group G. For example, for U(N),

dim G
[[e)= ]I (00i—00). (3.26)
aeG i,j=1,i#j

where and from now on we omit the tilde on oy, and oy takes value in the Cartan
part. In order to integrate the fluctuations out we expand all the fields as

1
® =Py —b, (3.27)

Vi

where the classical part ® is nonzero only for o (and D). Taking the weak coupling
limit ¢ — oo all the higher order terms vanish and only the quadratic terms of @’
survive.. Finally, the action becomes

S = /d3x\/§ {(—A;D#D“A”’) + T%A;LA'“ + Al [oo, [00, A¥]] = o' D, D" o’
2 <X'7“Du/\’> —9 (X'[ao, X]) - ; (X’A)} . (3.28)

Note that the gauge field in the covariant derivative is replaced by its classical value
A, = 0. What we only need to do is to expand each field by harmonic functions on
S3 and perform the path integral. The harmonic functions on S? are summarized
in chapter E.

The differential operator acting on the scalar field ¢’ is the Laplacian, and its
eigenvalues are given by

—r?D, D" =1 (1 +2) 1=0,1,2,---, degeneracy (I 4 1)% (3.29)

Nonetheless, the integration only gives the constant, and hence, we can ignore it.
A divergenceless vector field is expanded by harmonics in ({,14 1) and (I + 1,1)
representations of the isometry SO(4) ~ SU(2) x SU(2) of S3.
The eigenvalues of the Laplacian of each representation are

—r*’D, D' =(1+2)*—-2, 1=0,1,2,---, degeneracy (I +1)(I +3). (3.30)
Hence, the eigenvalue of the differential operator
2
Dyee = =D, D" + s + a(rog)? (3.31)
is given as follows.

7 Dyec = (I +2)* + a(rog)® = (1 + 2 +ia(rog)) (I + 2 —ia(rag)), 1=0,1,2,---.
(3.32)

Using the eigenvalues of the Dirac operator

ry*D, = +i <l + ;) , 1=0,1,2,--- degeneracy (I +1)(l +2), (3.33)
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the differential operator for the fermion
ngermi = —ry"D, — a(rog) — %7 (3.34)
gives the eigenvalues
i(l+1+4+ia(rog)) and —i(l+2—ia(rog)), (=0,1,2,--- . (3.35)
Summarizing the results we obtained the 1-loop partition function as follows.

H?Oo (l+1+ ia(rao))(l+1)(l+2) H?oo (I+2— ia(rao))(l+1)(l+2)
[[Z,(+2+ ia(roy)) O Hl o (l+2— ia(rog)) T
IR (0 + 1+ ia(roy)" ™
[12, (142 —ia(rog D

Furthermore, using the fact that we always take the product of all the roots (positive
and negative v appear as a pair) we can write the partition function as

(3.36)

7 = H (I +ia(rog)) H (I —ia(royg)) (3.37)
=1 =1
Ignoring the divergent constant factor we have

;. H( 7"00 > _ sinh(ra(ro)) (3.38)

mwa(rog)

Note that the term in the denominator cancel with the Vandermonde determinant
(3.24).

So far we have not taken the contribution of original action into account. Indeed,
almost all terms vanish at the saddle points. However, if the original action has
Chern-Simons term or Fayet Iliopoulos term, they have classical contributions. From
(B.40) we can derive the Euclideanized Chern-Simons term :

k 1 21 —
Sgscs = —— /d3x tr [em”p— (AmﬁnAp — —ZAmAnAp> + A\ — (TD:| . (3.39)
4dm 2 3
Substituting (3.27) and taking t — oo limit the action becomes
2 :
Sescs = —/d3x tr [303} = ink tr (rog)”. (3.40)
4m r

where we used the S volume 27213
Similarly, for the Fayet Iliopoulos term we have

SgF1 = C/d?’x D = C/d?’x 306](1) = 4im?r CJU( ) (3.41)
r
To sum up we obtained the partition function as
Z — /do_oe—i’ﬂktr(TUO)2_27TiCTUOU(1) H Sinh (ﬂ'a(ro‘o)> , (3‘42)
aclG

where we rescaled ( — £/(27r) so that the expression becomes simple.
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3.2.2 Chiral multiplet

What we do here is almost parallel with that of vector multiplet. The SUSY trans-
formation laws with € parameter are

66 = V2e,
61 = V/2¢F,
OF =0,
5¢ =0,

55 = —VBy"eD, 5 + V/3ca — V2 A

OF = —\2ey™ D) 4+ V2etpo — 2pe) + %5 (A — %) (). (3.43)
Using these we can derive the following action
1—
T - —§F¢,
S = t/d3$\/§§251T/6261
_ — — 2A -1
= t/d%\/g |:—DMD“¢¢ + (D ") — FF + ———— ( )%

—VA(TR) ~ VIBO) — Ty — 2B )¢a¢ + oo+ ¢D¢] (3.44)

The boson part is again positive definite and all the fields localize at zero in this
case. Then, we rescale all the fields as ® — ®/+/t and take the ¢ — oo limit:

- / dx\/g [5 <—D,LD/~L B %@7,_ Yoy + a%) ¢

r2

W( D +$_00)¢_7F} (3.45)

As we did for vector multiplet we can perform the path integral by harmonic
function expansion. It is useful to denote the eigenvalue of oy corresponding to the
representation of the chiral multiplet by p(op). Namely,

00® = p(op)® for a fundamental field ¢ |
[00, ] = p(0p)® for an adjoint field & . (3.46)

The integration for the auxiliary field F' becomes a constant and we can ignore it.
The differential operator for the scalar field ¢ can be written as

12 Dios = —12D, D" +1 — (A — 1 +ip(ray))”. (3.47)
The eigenvalues of the operator are derived using (3.29):

P Dyos = (14 1) = (A = 1+ ip(roe))* = (I + A+ ip(rog)) (1 +2 — A — ip(ray)).
(3.48)



The operator for the fermion ) is

i(2A — 1)

TDfermi = —r’V”Du + 9

— p(rog). (3.49)
The eigenvalues for the Dirac operator (3.33) belongs to two series:

erermi =1 (l + 1 + A + Z.p(TO'Q))
TDfermi = —1 (l +2— A — ip(TUo)) . (350)

Finally, the 1-loop partition function for chiral multiplet becomes following form.

71 H [I2,(+1+A+ip(rog ))rn2) 2 (l+2—-A— ip(rag)) D)
P . 2
won R U+ A+ip(rag) ™V I, (1 + 2 = A —ip(rag))

[+1— ip(rog) :
B HH(Z—l—l—A—l—zp(rao)) ' (3.51)

pER I=1

In order to make the expression simple we set
=1(1 —A)+ p(rog) (3.52)

and define following function

logH (k J_r Z) . (3.53)

A similar function is used in [9], though the definition is bit different. We call this
function [-function. The derivative of this function is expressed by an elementary
function;

dl(z)
dz

= imz coth(mz), (3.54)

where we used the zeta function regularization (see F.1).
The final formula for the partition function is given as follows.

Z = /dae_”ktr<‘72)_2mc(’l](1> H sinh (ra(0)) H el i1=8)+p(@) (3.55)

aceG PER

where we renamed as rog — 0. The constant factor is again ignored.

3.3 Partition function of ABJM model

Having derived the formula of the 82 partition function let us use it for the ABJM
model. The required information to use the formula is

e the gauge group GG

e the representations and the Weyl weights
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e the levels of the Chern-Simons terms and the coefficients ( of Fayet-Iliopoulos
terms

Note that we especially do not need the explicit form of the interaction terms. As
we saw in the derivation of the formula interaction terms do not contribute to the
partition function. Nonetheless, in some case the interaction terms fix the Weyl
weight of chiral multiplets.

In the ABJM model we have

e Two vector multiplets with U(N) gauge group with Chern-Simons level & and
—k. Their saddle points are parametrized by the Cartan part

)\1 >\1
o1 = , 09 = . (356)

The trace in the Chern-Simons term is

N
ktr(o?) — ktr(03) =k > (A? - X?) . (3.57)
i=1
The roots of U(IV) are given by
aij(o1) = N — Ny, (o) = Xz — Xj; (3.58)
and the product [, .. becomes HQ[J:L it

e Four chiral multiples with the Weyl weight % belonging to a bi-fundamental
representation. The weight vector for the bi-fundamental is expressed as

Substituting these to the formula (3.55) We have

w5 isicisn [sinh2 7(\ — A;)sinh? r(%; — X))

7 = / AV NIV e~ L (¥ - -
Hszl cosh? 7(\; — \;)

(N1)?2
(3.60)

There are several ways to calculate this integral. Analytic continuation of Lens
space matrix model is used in [41]. In the large N limit the integral is exactly
evaluated in [6], Fermi gas approach is applied in [20, 21], and numerical method
is first explored in [42]. Here we use the method explored in [18], which is easy to
apply and applicable not only to the ABJM model but also many other theories.
According to [18] we do not need to evaluate the integral in (3.60) to obtain
the leading order of a large N expansion. The integral is actually evaluated by the
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stationary point of o for the leading order. Let us see the free energy F' = —log 7 :
FO\LX) =imk Y (A7 =)

— 2 “logsinhm(A; — A;) =2 logsinhw(X; — ;)
i<j 1<J
+ ZZlog cosh (N — \;). (3.61)
1,J
What we want is the stationary point of the free energy. It is given by the following
simultaneous equations.

1 OF

TN —ikX; + ]éél coth (A E tanh T(\; — \; ;) =0,
1 8F ~
s

J#i J

These are numerically solved for finite V; the eigenvalue distribution is as in Fig.
3.1 and Fig. 3.2. What we can learn from the distribution is

Ima

Figure 3.1: The eigenvalue distribution of the ABJM model. The blue and red
circles are \; and \;, respectively. IV is set to be 30.

e ), and Xz are complex

e In N — oo limit the imaginary part is

1 1
On the other hand, the real part is
Re Apax ~ O(N), (3.64)

where Re A\, is the maximum of Re \;, and « is a certain constant 0 < o < 1.
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Re A

Figure 3.2: The eigenvalue distribution of the ABJM model with N = 100.

Therefore, we assume following form for A and A

)‘j = Nal'j + iyj, )‘j = Nal'j — ’Ly] (365)
We also introduce the eigenvalue density p(x):

o(z) = % DOLICERY (3.66)

By definition it is normalized as follows.

/p(a:)da: = %Z 1=1 (3.67)

In what follows, we replace the sum by the integration with the density:
> N / dzp(z). (3.68)
Using these we rewrite the free energy. Firstly, the Chern-Simons term becomes
me (/\22 - Xf) = mk;N/dx p(z) (Nz +iy)? — (N°z — iy)?)
= —47rk:N1+a/dx,0 (x) xy. (3.69)

The other terms in (3.61) are expressed with the following function:

f(z) =log cosh(rz) (3.70)
as follows.
23" <)\i — )\ +%) 2% ¢ (Xi N+ %) +23f ()\Z- —Xj) . (371)
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The real part of z is proportional to N® and the function f(z) rapidly approaches
to the form

fo(z) =sign (Rez) (mz — log2) . (3.72)

Let us consider terms in (3.71) with f(z) are replaced by fy(2):

—2Zfo(/\i—)\j-Fé)—2Zfo<xi—xj+%)

zi>x; x>
23 fo(h=X) 23 h(M-X)

T >a; @ <w;
- zwx;j {— <)\i — A+ %) - (Xi — i+ %) + (Ai - Xj> + (XZ- - Aj)] . (3.73)

The terms including A; or XZ cancel out and the constant terms will be ignored
because they are negligible in the large N limit; hence, we do not have to consider
fo. Still, we have the remaining part f(z) — fo(z), which has non-zero value near
the Rez = 0. Especially, in the large N limit the remaining part proportional to
delta function;

f(2) = fol2) = 9(y)o(2), (3.74)

where & = N®x. In order to derive the expression for the ¢g(y) we integrate (3.74)
over —00 < I < 00.

9(y) = /dlﬁf(Z) — folz) = /_ dz log (1 4 627FZSign(j))

0 0o
:/ dilog (1 + €*™) +/ dilog (1 — ™)
—oo 0
1 0 e27riny + e—?ﬂiny
- 1" 3.75
e D (3.75)
The infinite sum can be done, and the expression for —1/2 <y <1/2is
4l 2
= — — Ty 3.76
9y) = 35—y (3.76)

Note that g(y) has a period 1.

Using these results let us derive the free energy. As we discussed f; can be
ignored. This means that we can replace f(z) by g(y)d(z) = N~*g(y)d(z). This
replacement leads to

— Zlog sinh 7w (A, — Aj) = —Nz/dxdajlp(x)p(:c’)f ()\ N+ %)

i _ N2 / dep(z)’g (%) (3.77)
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for the term including A; — A; in (3.61), and the similar term as (3.77) for the term
including A; — A;. For the terms including A; — A\; become

Z log cosh 7 </\Z- — XJ> =2N? / dxdx' p(z)p(x') f ()\ - X)

—oN2e / dep(2)2g (2y) . (3.78)

From those results the free energy becomes

F = / dx (—477N1+0‘kp(x)xy + 2N+« (g(2y) —q (%)) p(x)2) (3.79)

The dependence on N in the free energy is N and N27%. In order for the free
energy to have a stationary point these two terms should balance in large N limit.
Therefore, a = 1, and hence, F oc N*/2.

We assume the numerical result |y| < 1/4 is correct and use the explicit form for
g(y) to rewrite the free energy:

F = 1N3/? / da (—4kp(x)my + (% — 8y2) p(:c)2) . (3.80)

What we need to do now is to fix the p(x) and y(z) so that the free energy has
the minimum. As p(x) satisfies the normalization condition (3.67) we introduce the
Lagrange multiplier p;

1
F= 7rN3/2/dx <—4kp(x)xy + <§ — 8y2) o ,up) + p. (3.81)
Stationary condition for p(x) is
—4kxy + (1 —16y*)p — pu = 0. (3.82)
That for y(z) is
—4kp(z)r — 16yp(x)* = 0. (3.83)
These equations give
kx
yw)=-3 @) =up (3.84)

Note that the eigenvalue density does not depend on x. This means that the range

of the integration is limited, and from the normalization condition the range should
be

1
< —. 3.85
<5, (385)
Substituting all these results back to the free energy (3.80) we have
1@w /2 j242 L2
F= WN3/2/ (“— + —I) dz = TN3/2 (H + 3) . (3.86)
—1/(2u) 2 2 2 24/1,
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This should be the minimum of a function of x4, and this condition gives

Lastly, we reach the final form of the free energy:

F = L%N3/2_
3

(3.87)

(3.88)

This is exactly the same as the free energy of M2-branes calculated from the gravity
side [6]. Therefore, this is a non-trivial evidence of the AdS/CFT correspondence. In
the following chapters, we repeat similar calculations for the squashed three-sphere
and the orbifold. Although there are technical difficulties and new problems in each
case the strategy to check the AdS/CFT using the partition functions is the same.
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Chapter 4

Squashed partition function

The goal of this chapter is to derive the formula for the partition function similar
to (3.55) but on the squashed three-sphere.

The squashing parameter was first introduced in [35]. They consider two kinds
of squashed S?. The first one is the squashed sphere with the metric

45" = | () + (2 + 5 (2] (4.1)

p® (a = 1,2,3) are the left-invariant differentials summarized in Section C.2. We
define symmetries SU(2),, and SU(2)g as left and right SU(2) actions, respectively.

9 — 9199r, 91 € SU2)r, gr € SU(2)r, (4.2)

where g is an element of SU(2). The parameter v in the metric (4.1) is the squashing
parameter. For later convenience we also define u by

v =1+’ (4.3)

The round sphere corresponds to v = 1 and u = 0. The differentials u* are invariant
under SU(2)r, while they are transformed as a triplet under SU(2)g. Therefore,
when v # 1, the metric (4.1) breaks SU(2)g to its U(1) subgroup, which is denoted
by U(1),.

N = 2 superconformal theories on round S* have eight supersymmetries, and
the squashing breaks some of them. [35] shows that it is possible to recover 1/4 of
them (two supersymmetries) by turning on a Wilson line for the R-symmetry. It is
important that the recovered supersymmetries are SU(2), singlets. They computed
the S? partition function for such theories with the expectation that they may obtain
a result depending on the squashing parameter in a non-trivial way. The result was
rather disappointing. It was turned out that the partition function is identical to
that on the round sphere up to some variable changes.

Having obtained this result, the authors of [35] moved on to study another model
in which both SU(2);, and SU(2)g are broken. This squashed sphere is often called
“ellipsoid.” They again turn on an R-symmetry Wilson line to recover 1/4 super-
symmetry, and compute the partition function. This time they obtained the 1-loop
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partition function

HaGA Sb <¢)
HI Sh <P1(>\)—i(1—A1)> ’

with the parameter b depending on the squashing parameter of the ellipsoid in a
certain way. The numerator is the contribution of vector multiplets, and « runs
over all roots of the gauge algebra. The denominator contains the contribution of
chiral multiplets. I labels chiral multiplets, and p; and A; are the weight vectors of
the representation and the Weyl weight, respectively, of a chiral multiplet I. s,(z)
is the double sine function defined by

Z1oop — (4.4)

o

Ty b(a+d) b () -
Kl § S ey ey e

p,g=0

(4.5)

The features of the double sine function s,(z) is summarized in chapter F.

To understand the independence of the partition function on the squashing pa-
rameter of the SU(2); x U(1), symmetric squashing in [35], let us consider which
modes of fields contribute to the partition function. Let us focus on a chiral multi-
plet. Its contribution to the 1-loop partition function is given by

Det DF
Det DB ’

Zl—loop —

(4.6)

where Dp and Dp are certain differential operators appearing in the scalar and
fermion actions. Their determinants are the products of eigenvalues of the differ-
ential operators. A complex scalar field on S? can be expanded by scalar spherical
harmonics, which belong to the SU(2);, x SU(2)g representation

(@(j’j>3) © (@(%i)B) : (4.7)

We use subscripts ‘B’ and ‘F” to indicate the statistics of modes. Roughly speaking,
the two summations correspond to particles and anti-particles. Similarly, a spinor
field is expanded as

(@(] + 1/2,j)F> S (@(jJ + 1/2)F) . (4.8)

Because of supersymmetry, the majority of these modes are paired between bosons
and fermions, and their contribution to the partition function (4.6) cancel each
other. If there exists an SU(2) singlet supercharge, which is actually the case in
the SU(2), x U(1), symmetric squashing in [35], the cancellation occurs between
modes with the same SU(2), quantum numbers:

In the first pair in (4.9) the number of bosonic modes in (7, j) is larger than that of the
fermionic modes in (j,j — 1/2). After the cancellation, only the bosonic modes with
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the highest or lowest SU(2)g weight survive and contribute to the 1-loop partition
function (4.6). Similarly, in the second pair in (4.9), only the fermionic modes with
the highest or lowest SU(2) g weight contribute to the partition function (4.6). Thus,
even if the SU(2) g symmetry is broken and the degeneracy in each SU(2) g multiplet
is lost, it does not affect the structure of the partition function. This is also the case
for vector multiplets.

From the arguments above, we notice that if we can realize squashing without
SU(2), singlet supercharges we may obtain the partition function depending on
the squashing parameter in a non-trivial way even if the S* is SU(2); x U(1),-
symmetric. To study such theories is a main purpose of this chapter. One way
to construct such theories is to compactify 4d theories by S!. Let us consider a
4d N = 1 superconformal theory on S* x R. The isometry of this background is
SU(2)r x SU(2)r x R. The theory has eight supersymmetries, and it is possible
to compactify R to S' with preserving four supersymmetries belonging to SU(2),
doublets[33]. Through this compactification, we can relate the S* partition function
to the 4d superconformal index[31, 32, 33]. It is pointed out in [32] that if we turn on
the SU(2)r Wilson line, we can reproduce 1-loop partition function (4.4) with b # 1
from 4d superconformal index. The 3d theory obtained by such a compactification
is a theory in squashed S* with SU(2); x U(1), isometry, and is different from
the theories studied in [35]. We give the supersymmetry transformation laws and
Lagrangians on the squashed sphere, and compute the partition function.

This chapter is organized as follows. In Section 4.1, we give the supersymme-
try transformation laws and supersymmetric Lagrangians without derivations. In
Section 4.2 we compute the 1-loop partition function and obtain (4.4) with the
parameter
1 +u

o

b:

(4.10)

In Section 4.3, we explain how we can derive the transformation laws and La-
grangians given in Section 4.1 by the dimensional reduction from 4d theory. In
Section 4.4 we study the free energy of large N quiver gauge theories which are
expected to have M-theory duals.

Before ending the introduction, we summarize our conventions and notations.
We use the SU(2)-invariant local frame on the squashed sphere with the vielbein

=t E=r2 F=T40 (4.11)
v
We use Roman characters k, [, m, =1, 2,3 for 3d tangent indices, and hatted
characters k, l, m,n,...,=1,2,3 for local 1ndlces

4.1 N =2 supersymmetry on the squashed sphere

4.1.1 Transformation laws

N = 2 superconformal theories on round S*® have eight supercharges. If we turn
on real mass parameters, half of the supersymmetries are broken, and we call the
unbroken part N = 2 supersymmetry. It is possible to squash the S? in such a way
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that the N = 2 supersymmetry is preserved. Killing spinors € and € for the four
supersymmetries satisfy the Killing equations

l

Dm6 - TYm€ + ifn’Yan
2ur ur
Dyfe -z Ly 2 (4.12)
m€ = Ty TmE T el e '
where we define the vector field
J"=ed (4.13)

This vector field generates U(1), isometry. Each of the differential equations in
(4.12) has two linearly independent solutions which form an SU(2);, doublet. An
explicit form of the solutions are

e=e 3¢ €, €=¢€"°g €, (4.14)

where €y and €, are arbitrary constant spinors, ,d is the angle defined by e =
(1 +4u)/v and g is the element of SU(2) (see Section C.3).

Supersymmetry transformation laws for component fields of vector multiplets
are

5 A = i(eYmA) — i(EYmA) + Ufim(eX) + wfim(EN),
S = v(e\) +v(EN),
o\ = —]—"7({)%%6 + De,
oA = Fo)yme + D,

R e
0D = —(ey" Dy \) + Q—W(e)\) + ;(6(1 —iuX)[o, A])
1 1

— (ev™D —(eX) — —(e(1 + ¢ 4.1

DN + g ()~ (E(1 + o, X)), (415)
where X = f™~,, and ]_-7(;) are defined by
J_.,(i) . 1 F u ) 1

= 56@@7 g+ ;f GmﬁﬁDﬁU + ;Dm()’. (4.16)

Transformation laws for component fields in a chiral multiplet with Weyl weight A
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5 = V2(et)),
5! = V2(ey),

VIRL (| e

V2Ai

ur

6t = —/2y"€D, ) + \/75(1 — iu))eop + V2eF +

01 = V29" eD,p b + ?(1 +iuY)eplo + V2eFT 4

V2(A - 2)i
or

_ g(g(l +iuX)o) — 2(eN) e,

V2B =2l g

- (el - iuY))o — 207 (eN). (4.17)

V2
The commutation relation of the two transformations (e, €) and 0(¢’,€) is

(1 + iuf)eq’,

§F = —/2D,,(ey™) — (€(1 + iu)))

SF" = —V2D,,(ey™)) —

[6(€,€),d(¢',€)] = 2Ly + 2a (—ia + g) : (4.18)

R is the R charge, and o should be understood as the gauge transformation with
parameter o. I’ and « are bilinear of the transformation parameters

I = (") + (ey™E), o= —e(1+iuf)e — Le(1 — iu¥)e, (4.19)
v v

and L, is the Lie derivative associated with a vector field v. It is easily shown
by the Killing equations (4.12) that " is a Killing vector and « is a constant on
the squashed sphere. "™ can be divided into a SU(2); part {"™ and U(1), part
proportional to f™:

= %a i (4.20)

The right hand side in (4.18) contains generators of SU(2)r, U(1),, and U(1)g.
U(1), does not rotate the supercharges, and thus is the center of the algebra. There-
fore, the supersymmetry algebra on the squashed sphere is SU(2|1) x U (1), a central
extension of SU(2|1). If we regard the 3d theory as an S' compactification of a 4d
theory, a can be regarded as the parameter of a shift along the 4-th direction. If we
substitute (4.20) into (4.18), we have U(1), transformation with « in the coefficient.
This implies the existence of non-vanishing graviphoton background field. From the
4d perspective, a graviphoton field is, roughly speaking, identified with the non-
diagonal components g,,4 of the metric. When the background graviphoton field is
non-vanishing, the compactified direction z* is tilted, and shift along z* generates a
shift in 3d proportional to the graviphoton potential field when it is projected onto
3d. (4.20) implies that the graviphoton field in our background is given by

m_g m
V _Uf. (4.21)

We will see in Section 4.3 that the graviphoton field (4.21) is indeed arises in the
compactification.
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4.1.2 Actions

The supersymmetric kinetic Lagrangian for vector multiplet is
Lyv = Lg+ Ly — %trD2, (4.22)
where £ 4 and L, are bosonic and fermionic terms given by
L= %tr(fg)f;,;)),
Ly =tr |[=M" Dy + ﬁx/\ — %X(l +auX)[o, A]| - (4.23)

tr is a positive definite gauge invariant inner product of the gauge algebra.
The supersymmetric kinetic Lagrangian for chiral multiplet with Weyl weight A
is
Lepirat = Lo+ Ly — F'F, (4.24)
where L, and L, are given by

2 . B
Ly=—¢'DpyD"¢+ ¢'ood + ¢'Dep — AT—22A¢T¢ n 2i(A-1)

+ 2 <idloDyo — 6Dy (o0) + 25 =D, 0).

i(A —iro)
or

¢log

L=~ Do) + 5= (00) - (7 (Lt in)o )
= V26 () = V2(P)e. (4.25)

Let € and € be two independent solutions of the second equation in (4.12). The
kinetic Lagrangians (4.22) and (4.24) can be obtained from
1 —

(@F) Lvu = —70(@)IEIEON),  (E1%) Lo = —%5(@1)5(52)(¢TF). (4.26)

Because 6(€;) and 0(€;) commute with each other the right hand side of these equa-
tions contains the parameters €; and €; only through the scalar product (€,€,), and
these equations consistently define the Lagrangians Lyy and Leyra. These La-
grangians do not depend on the choice of two independent Killing spinors €; and €,
and they are exact with respect to §(€) for any € satisfying (4.12).

The supersymmetric completion of the Chern-Simons term and the FI term are

. Y
Lcg = tres [%Emnp (AmanAp - ngmAnAp>

B ] . .
+ (AN — ;DO’ + %0'2 — %aem”pfanp] ,

21 2ui

‘CFI = —tI‘FI |:D — —0 + —fmAm:| y (427)
r ur

where trgg is a gauge invariant inner product of Lie algebra, which does not have to

be positive definite, and trgy is a gauge invariant linear map from the gauge algebra
to R.
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4.2 Partition function

In this section we compute the partition function of a theory on the squashed S3.
Because of the d(€)-exactness of the kinetic Lagrangians Lyy and Lepira, We can
send the coefficients of these Lagrangians to infinity without changing the partition
function. The theory becomes free in this limit, and we can perform the path integral
to obtain the expression (1.11) of the partition function.

4.2.1 Mode expansion on squashed S?

Let ®(g) be a spin s field on the squashed sphere. We expand it by the spin basis
|s,s.) (s, =—s,—s+1,...,5)

Z ®, (g)|s, s.). (4.28)

Sz=—38

Because we are using the SU(2)-invariant frame, [s,s.) are transformed as the
(0, s) representation of SU(2), x SU(2)r. ®s,(g) for each s, is a scalar function on
S?%, and can be expanded by the scalar spherical harmonics Y/, (g) as

Z Y (). (4.29)

7,m’m

The harmonics Yé,m belong to the (j, ) representation of SU(2), x SU(2)g. j is
the common azimuthal quantum number for both SU(2), and SU(2)g, and m' and
m are magnetic quantum numbers for SU(2), and SU(2)g, respectively. They take
values

=0 L 1
j - Y 27 [
m = _97_j+177]_17j7
m=—j—j+1,...,5—1,34. (4.30)
In the following, we use the ket notation for the harmonics erl,,m(g)
|7, m',m) = Ygl,’m(g). (4.31)

The expansion of the field ®(g) is expressed as

= Y P lim m)®]s,s.). (4.32)

j,m/ m,s,

The covariant derivative on round S*® with the left-invariant frame acts on the
field ®(g) as
DY = u*(2La + Sa), (4.33)

where L, and S, are SU(2) generators. L, are the SU(2)g orbital angular momenta
acting on the SU(2)g index m of |j,m',;m), and S, are the spin operators acting
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on |s, s,). These operators are normalized so as to satisfy the commutation relation
(C.25).

The covariant derivative on the squashed sphere is obtained from D© by re-
placing the spin connection on the round sphere, w@”)ﬁ = emapt’, by W™ the spin

connection on the squashed sphere. w™" and wg)ﬁ are related by

5 1 %5 1
12 3 __, .12 3
1
(%
1
(%

= = (1
B = pt =B+ (; — 1) ul
- = /1
W= —p? = wf’ol) + (; - 1) 2 (4.34)

Combining (4.33) and (4.34), we obtain the following algebraic expression for the
covariant derivative on the squashed sphere.

V2

1 1 1

The non-vanishing components of the spin j representation matrices for genera-
tors L, are

<ja m/a m|L3|J7 mla m> = im7

) 1 ) 1 . o1
(7,m',m+ =|Lyiyialg,m',m — =) = @\/(] + =)2 —m2,
2 2 2
) 1 ) 1 . o1
<j7m/7m - §|L1—i2|jam/7m + §> = Z\/(] + 5)2 - mQa (436)

where Ly, = LitiLy. We also introduce SU(2) [, generators L/. The non-vanishing
components of L} are
(4, m',m|Ly|j,m',m) = im/. (4.37)

In the following subsections we compute the determinant of certain differential
operators appearing in the Lagrangians. Because the squashed background preserves
SU(2)r and U(1),, the differential operators commute with operators L/ L, L%, and

L3 + S3. Therefore, we can compute the determinant in each eigenspace defined by
LL =—j(+1), Ly=1im', L3+ S3=1im. (4.38)

Because L, and L/ act on scalar spherical harmonics, L, L) = L,L, holds. This
restriction generically defines 2s + 1 dimensional vector space spanned by

{|]7 mla m— SZ) ® |Sv SZ>}§ZZ—S7 (439)

and the differential operator reduces to a (2s+1) x (2s+ 1) matrix on this subspace.
If m is close to +j and some m — s, are out of the allowed range in (4.30), special
treatment is needed.
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4.2.2 Bosons in vector multiplets

Because of the 0(€)-exactness of Ly, we can add Lyy to the Lagrangian of the
theory with an arbitrary coefficient without changing the partition function. In the
limit in which the coefficient goes to infinity, the path integral for vector multiplet
reduces to the Gaussian integral around the saddle points. Let us start with the
bosonic part. Saddle points are given by F; = D = 0. This is the case iff

An=D=0, o=o, (4.40)

up to gauge transformations. oy is a constant expectation value of o, and we assume
that it is diagonalized by gauge transformations. At saddle points, the classical
values of the Chern-Simons term and FI term in (4.27) are

. . 2m2ir?
Seslon) = [ daygL(on) = “tros(a}),
. 4m2ir?
S%ll(oo) = /dd$\/§£%}1(00> = tI'FI(O'(]). (441)
We define the fluctuation part of the scalar field
p=0—o00 (4.42)

The path integral of the auxiliary field D gives constant, and we ignore its contri-
bution.

All component fields in the vector multiplet belong to the adjoint representation
of the gauge group G, and have dim G components. In the following, we focus
on one component in each field that satisfies [0g, ®| = a(0og)®. To obtain the
final expression, we need to take the product over all weights o in the adjoint
representation.

To fix the gauge we introduce the gauge fixing function

f = DaAsm, (4.43)

and add the gauge fixing term
1
Lar = St 2 (4.44)

to the Lagrangian. We still have residual gauge symmetry with constant transfor-
mation parameters. This residual symmetry is fixed by requiring the constant mode
of the scalar field oy to be diagonal. The Jacobian factor associated with this gauge
fixing is the Vandermonde determinant

I e(o0). (4.45)

We should include this factor to the result of the path integral below.

Let us define four-component field A = (Az, A5, A5, ¢)". In the following we
ignore higher order terms with respect to the fluctuation fields. The quadratic part
of L4+ Lgr with respect to A is

1
La+ Lor = ﬁ('DA.A)T('DA.A), (4.46)
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where the differential operator D4 is defined by

Ag %H
D4 Aty — - 2 | . (4.47)
A Fo
1—22
14 f

By using (4.35) with spin 1 representation matrix (S, )z = €ape; We can rewrite the
definition of }"75{) in (4.16) in the algebraic form

_ 2 —ara(o . . 1
rfé ) = %Ag —iLi_ppAj 5 +iliypdy_5 — ;27’1’3907

U, 1 —1u
27"04(00)] Ai s — TQLHZ-QQO,

_ . ) 1+ u. 1+
7’]-}(725 =2iL1_A5 + [21}(1 —il3) — zra(ao)} Ay 5 — TQL1—2‘280-
(4.48)
We also rewrite the gauge fixing function (4.43) as
Tf = 2UL3A§ + Ll—iQAT+i§ + L1+i2AT_i§' (449)
The algebraic form of D4 is
%Q(UO) =1Ly 1Ly 440 —2L3
p,— | 2l 20(1+iLs) — =ira(o) 0 — 12 in
A 2iL1 i 0 20(1 —iLs) — Era(ag) —EM2L, 4
2vLs Lyiz Lyt 0
(4.50)

By restriction to the subspace defined by (4.38), the operator (4.50) becomes 4 x 4
matrix with each component being a complex number. Its determinant is

dot Dy = WA +uim]

(27 +2imu+ira(og)) (25 +2—2imu—ira(og)). (4.51)

(We use “det” for the determinant of the matrix defined in the subspace (4.38), and
“Det” for the functional determinant of differential operators.) We need to divide
this by the Jacobian factor associated with the gauge fixing. The algebraic form of
the gauge transformation of A is

2UL3
_( 0Az=Dax \ _1 2Ly 4o
oA = < o = i[A, o] ) o 201142 A (452)
—ira(og)

Substituting this into (4.49), we obtain the Jacobian

of _

re =~ + 1) +utm?] (4.53)
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Therefore, the path integral of physical modes in the restricted vector space with
the quantum numbers in (4.38) gives'

det DA

detDA = W

= (2§ + 2imu + ira(og)) (2] + 2 — 2imu — ira(oy)) (4.54)

The two factors in (4.54) correspond to the first two irreducible representation in
the decomposition

(1)@ 01)=0Gi-DeUi+1) &) (4.55)

The last representation corresponds to the gauge degrees of freedom. By taking the
product over quantum numbers j, m, and m’, we obtain

Det' Dy = H H (24 + 2imu + ira(og)) ™ H (25 +2 — 2imu —ira(og))* .
o Im|<j—1 Im|<j+1

(4.56)
Because the four supersymmetries are SU(2)g singlets, the cancellation between
bosons and fermions occurs among the modes with the same SU(2)g quantum
numbers. For this reason, we shift the quantum number j so that the SU(2)g
spins become j. Namely, in the first factor in (4.56) we replace 7 by j + 1, and in
the second factor by 7 — 1. Correspondingly, the first two representations in (4.55)
become

After this shift we obtain

Det' Dy = H H (25 4+ 2 + 2imu + ira(oy)) 2 3(25 — 2imu — ira(og))¥ 1. (4.58)

J o |ml<j

Up to now, we have not specified the region of the spin j. The product with
respect to j should be taken over the region for which the spins in (4.57) are non-
negative. This means that for the first factor in (4.58) we take j = 0,1/2,... and
for the second factor j = 1,3/2,.... By taking account of this, we obtain

Det' Dy = (—ira(oo)) [ [ T] (27+2+2imu-tira(oy))”**(2j—2imu—ira(s,))™ .
J=01m|<j
(4.59)
The factor —ira(op) is inserted to remove the unwanted contribution of the second
factor with 57 = 0.

4.2.3 Fermions in vector multiplets

The action for the fermion field A at the saddle point (4.40) is

1—
Ly= ;ADAA, (4.60)

1We ignore constant factor (—1/v).
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where the differential operator D, is given by

' 1
Dy=—ry"Dy, + % - 5(1 + iuyg)ra(op)

1
= —2v;Ly — 2750y — 2v3L5 — iv — ;(1 + tuyg)ra(op)

B ( —20L5 — v — 1““7’04(00) —2L1_io

—2L1440 2uL3 —iv — 1= Z“roz(ao) ) : (4.61)

In the subspace with the quantum numbers (4.38), this becomes 2 X 2 matrix with
the determinant

det D) = (25 + 1 + ira(og) + 2imu) (25 + 1 — ira(og) — 2imu). (4.62)
The first and the second factor correspond to the two irreducible representations in
1 1 1
. 0.1 1 iy
(7,7) @ (0,3) 5) @0 +3)
By taking the product over all possible quantum numbers and ignoring a constant
factor, we obtain

DetDy=[[ [ @i+1+ira(oo)+2imw)* [ (2j+1—ira(oo)—2imu)¥**.

J Im|<j-1/2 Im|<j+1/2

— (j,j— (4.63)

(4.64)
Let us shift j by £1/2 so that the SU(2)g spin of the two representations become

the same ) )

After the shift, the determinant becomes

Det Dy = [ ] (24 + 2+ ira(oo) + 2imu)>**(2j — ira(o,) — 2imu)”.  (4.66)

J=0|m|<j

Combining (4.59), (4.66), and the Vandermonde determinant (4.45), we obtain

Z\{eclt%(;p(a(J) = H Det D)\ H Q UO

DetDA
2 — — 21
:HHH . ]2@ra00) Z;TLU (4.67)
MR T i< J+ 2+ ira(og) + 2imu
If we set n
. bPT4q b—q
£ 1 - 7 4.
j 5 M=o (4.68)
we obtain
71 iOOp H lo—o[ (1 —iuw)p+ (1 +iu)g+ 1 —i(ra(og) — i)
bty et 1+zup—|— (1 —iu)g+ 1+ i(ra(og) —1)
=1 = ( Z). (4.69)
acA

This is the same as the numerator in (4.4) with b in (4.10).
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4.2.4 Bosons in chiral multiplets

We can reduce the path integral with respect to chiral multiplets to Gaussian inte-
grals by sending the coefficient of L1 to infinity.

Let us compute the contribution of bosonic fields in a chiral multiplet with Weyl
weight A belonging to a gauge representation R. The path integral of the auxiliary
field F' gives constant, and we can neglect it.

Let us assume that ¢ is eigenmode of o¢ and og¢p = p(0p)p, where p is a weight
in the representation R. At the saddle point (4.40), the scalar Lagrangian is

1
L= ﬁng Dy, (4.70)

where the differential operator D, is given by

Dy = —1r2Dy, D™ — (irp(00) — A+2) (irp(o9) — A) — %u(i?”p(ao) —A+1)rDs. (4.71)

We expand the scalar field with S? spherical harmonics |7, m’, m). These harmonics
are eigenfunctions of the Laplacian D,, D™ and Dj.
2D, D™ |5, m',m) = (—45(j + 1) — 4u*m?) |5, m’, m),
rDs|j,m',m) = 2ivm|j,m',m). (4.72)
The eigenvalue of the differential operator D, in the subspace defined by (4.38) is
Dy = (2j +irp(og) — A+ 2+ 2ium)(2j — irp(og) + A — 2ium). (4.73)

By taking the product over all possible quantum numbers, we obtain the determinant
of the differential operator

Det D, = H H (25 +irp(og) — A + 2+ 2ium)® (25 — irp(og) + A — 2ium)@

J=01]m|<j
(4.74)
4.2.5 Fermions in chiral multiplets
The linearized action of fermion fields » and 1 at the saddle point (4.40) is
1 —
Ly = —(WDy¥), (4.75)
where the differential operator Dy, is given by
. (A ~
Dy = —1y" Dy + o — LAZIPlO0) (g g0y (4.76)
20 v
By using (4.35), we can rewrite this operator in the algebraic form
, (A —iro ,
Dy = —mppli-io — Y_plivic — 2vy3Ls — v — %(1 + iuyz)
. —2UL3 — 0 — —i(Aiizp(UD)) (1 + Z’U,) _2L17i2
B ~2L144 2uLy — v — MBI (1 _jy) |
(4.77)
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In the vector space with quantum numbers (4.38), this becomes 2 x 2 matrix with
the determinant

det Dy = (2j + 1+ A —irp(op) — 2imu)(2j + 1 — A +irp(og) + 2imu).  (4.78)

The two factors correspond to the two representations in the irreducible decompo-
sition .

G.9)©0.5) =G+ 5) G~ 5) (4.79)

The first and the second factor in (4.78) correspond to the first and the second irre-

ducible representations in (4.79). By taking the product over all possible quantum
numbers, we obtain

Det Dy = [ [T (2i+2a—irp(o0)—2ium)* (2j— A+tirp(oo)+2+2ium)> 2, (4.80)
3=0 m|<j

where we shifted the quantum number j so that SU(2)g spins become j.
Combining (4.74) and (4.80) we obtain

1 —loop Det IDw
chlral H Det D¢>

_ H H H 2j — A+2+1irp(og) + Qium‘ (4.81)

PER j=0,1/2,... |m|<j 2j + A —irp(oy) — 2ium

After the variable change (4.68) we obtain

Z1-loop _ Hﬁ (1+iw)p + (1 —iu)g + 1 +i(rp(oo) +iA — i)

chiral R , (L= du)p+ ( (14 iu)g+ 1 —i(rp(og) +iA — i)
rp(og) —i(1 — A)
[T (7 o
PER

This is the contribution of one chiral multiplet belonging to R with Weyl weight A.
By multiplying the contributions of all chiral multiplets we obtain the denominator
n (4.4) with b in (4.10).

4.3 4d to 3d

4.3.1 4d theory

As we mentioned in Introduction, the 3d theory we investigated can be derived from
a 4d theory by dimensional reduction. In this section, we summarize the derivation
of the action and the transformation laws.

We first summarize the 4d conventions and notation. We use Greek characters
,...,= 1,234 for 4d tangent indices, and hatted ones K, \, ii,7,...,=
for 4d local indices. We use the Dirac matrices

0 o (0 -

o Ay s ¥
1,2,3,4



We call upper half of a Dirac spinor left components and lower half right components.
We use unbarred and barred spinors for left-handed and right-handed spinors.

We start from a 4d theory defined in the background S* x R, where S? is a round
sphere with radius 7. We use gy € SU(2) and z* € R to parametrize S® and R,
respectively. The metric is

ds® = 1% [(pio))” + (1) + (uoy)*] + (da*)?, (4.84)
where (i) is the left-invariant 1-form defined by
24160y T = 90y 29(0)- (4.85)

For later convenience, we define vector fields h and t, (a = 1,2, 3) by
h = 7 t = 29T, (4.86)
“\oat), ag(0) = 290 La- :

h is the translation along R, and t, are the dual basis to u®. By definition (,, u*) =
5.

This manifold admits four left-handed Killing spinors ¢; and four right-handed
Killing spinors €; (i = 1,2,3,4). They have the quantum numbers shown in Table
4.1, and satisfy the Killing equations

Table 4.1: Quantum numbers of eight Killing spinors in S3 x R

€1 €9 €3 €4 €1 €9 Eg €4
R 1 1 1 1 -1 -1 -1 -1
55 003 =5 000
TSR (1] (1) _é %1 01 O1 % _1%
D = —rd, 2 2 "2 "3 —95 9 2 2
1 1
Du€1/2 = —§7u7%€1/27 Du€3/4 = +2_7“%h63/4’
1 1
Dyéys = "’57#7?51/27 D€y = _5%7‘@3/4' (4.87)

where k = h#vy,,.

Because the background (4.84) is conformally flat, we can easily obtain the su-
persymmetry transformation laws from those in the flat spacetime by Weyl trans-
formation. The transformation laws for vector multiplets are

54, = i(e7,X) — i(E ).

1
6X = 57" eF,, + De,

S =~ LyeE,, + D
6D = —(ey*D,\) — (Ey" D, ). (4.88)
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Transformation laws for chiral multiplets are

06 = V2(ew),

06" = V2(e)),

51 = —\/29"€D ¢ + V/2eF — %wD@?

5% = —V2y"eD, ! + V2eF! - %’Y“Du€¢Ta

OF = —V2(e"D,ah) — 2(eN)¢p — %D,ﬁv"%
OF = VA D,T) ~ 26(eN) — S DT, (4.89)

The kinetic Lagrangians for vector and chiral multiplets can be obtained in the
same way as in 3d

(E1E) £ = —0EN0E) (), (BE) Loty = 0@ @) F). (490

The explicit form of these kinetic Lagrangians is

L] =50 + £ - %trDz, chio =i+ i — FF, (4.91)
where
Ly = tr%]—"%)]-",%),
LY = —tr ("D,
LY = —¢'D, D"+ ¢t D — #W) - Mh%*l?m
L9 = ~ @y D) = SR ) — VES () — VARG, (492
Ffﬁi) are defined by
FE = %emﬁqu:I: Fo. (4.93)

4.3.2 Killing spinors and twisted compactification

To obtain 3d theory, we need to compactify the R direction. This is realized by
imposing the condition
Od =9, (4.94)

on all fields @ in the theory, where O is an operator containing shift along x* and
additional twists. To keep some of supersymmetries unbroken, we should choose O
which keep the corresponding Killing spinors invariant. Our choice is

O = Pl 2T g — P (4.95)
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where D = —7rd, is the z*-translation, and /3 is the period of the S! compactification
divided by the S3 radius r. Ry is an R-symmetry. This is not the R-symmetry
in the superconformal algebra, but one that does not rotate the dynamical scalar
components of chiral multiplets.

Ro(¢) = Ro(¢") =0, Ro(€) = Ro(¢)) = =1, Ro(A) = +1. (4.96)

This twist preserves four supersymmetries out of eight corresponding to €, €3, €,
and €. Note that when u # 0 this compactification breaks SU(2)g to U(1),.
The constraint (4.94) with the operator O in (4.95) implies the following identi-
fication of the points ,
(g(g)eTufBTSR7 ! + ﬂ) ~ (9(0)7 $4). (497)

(Figure 4.1.) We take the small radius limit 8 — 0, and get rid of all Kaluza-Klein

Figure 4.1: Twisted compactification of S* x R is shown. Points A and B are
identified.

modes except the lowest one for each field to obtain 3d theory. This reduction is
realized by imposing the constraint

1
(D —2uTH - §R0) d=0 (4.98)

on all fields. By using the vector fields in (4.86), we can rewrite this as the differential
equation

1
(_£Th+ut3 - §R0> (I) == 0 (499)

The constraint (4.99) determines the z* dependence of fields from their values on
the 2* = 0 slice.

It is convenient to perform the coordinate transformation
4 —p(@")TE 4 4 2u 4
(g,I ) = (9(0)6 v .o )7 90(1‘ ) = T:E . (4100)

In the new coordinate system, the identification (4.97) is simplified as

(g, 2"+ B) ~ (g,2"). (4.101)
The metric in the new coordinate system is

1

ﬁ(/ﬁf + 02 (dx* + V)2, (4.102)

as? =% | (') + (52 +
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where p® are defined in (C.28), and the 1-form V' is

v="0ps (4.103)
v

After dimensional reduction, we obtain squashed sphere (4.1) with the background
graviphoton field V. Note that this V' is the same as (4.21).
We use the 4d vielbein

E'=ru', E*=rp? E°= Cu?’, E = v(dz* + V). (4.104)
v

In general, the components of the 4d spin connection €2 of the 4d manifold with the
metric

ds? = EPEF = ™™ 02 (dat + V)2, (4.105)
are
v v
Qprp = wi-ap, Yipa = —5(dV)an, Q5 gz = —5(dV)an, Q.35 =0,
(4.106)

where w is the spin connection of the 3d manifold with the metric ds* = e™e™. By
using the explicit form of the graviphoton field V', we obtain

U= =" 5=—. (4.107)
The components of the vielbein are

B B\ ( en ud En" Ea'\ _ [ ea™ —03
ES EBA) V0 v )0 BT B ) o L)

(4.108)
In the new coordinate system, the vector field appearing in the constraint (4.99)
is

0

h ts =r—-0!. 4.109
rh+uty =r B ( )
By using this and the spin connection in (4.107), the constraint (4.99) is simplified

as
0 Ry

—r— = — | & =0. 4.11

( "ort T 2 ) 0 (4.110)

4.3.3 Dimensional reduction

We define 3d fields as the restriction of the corresponding 4d fields on the slice
2 = 0. For a 4d left-handed (right-handed) spinor field, we take two components
of the left-handed (right-handed) part of the 4d field as the 3d field. For example,
for the left-handed spinor field A9 we define the corresponding 3d field by

(3d)
AGD |y = ( Ao ) : (4.111)
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A 4d gauge field AGD = AU a1 is decomposed into 3d gauge field AG) = AGY ggm
and 3d adjoint scalar field o by

AGD | a_odat = ABD + gda?. (4.112)

To obtain 3d Lagrangians and transformation laws, we need to rewrite the 4d
covariant derivatives in terms of 3d ones. By using the explicit form of the vielbein
and spin connection, we obtain

1 L. u
§E§LQ“_E;5HA = fm‘%i?skl T or €an3Oin,
1 U
I ~ = ——
§EZQ/L*@\S’“ = waa (4.113)

where S, are 4d spin operators. With these relations and the constraint (4.110),
we can easily obtain

R
ng) = ng) — ifmgﬁ nd + i(smﬁ (_O + z'ra) ’
ur ur 2

1 (R
Dgxd) == (70 + m,) _ %512. (4.114)

By using these relations, it is straightforward to obtain 3d supersymmetry transfor-
mation laws and 3d Lagrangians from 4d ones. (The Chern-Simons term cannot be
obtained from 4d Lagrangian, and we need to construct it by, for example, Noether
procedure.) We will not explain them in detail. We only demonstrate the deriva-
tion of the 3d Killing equations (4.12). Our compactification preserves the Killing
spinors €1, €9, €1, and €. They satisfy the 4d Killing equations

1 R S
Dge = —gvﬁhe, Dye= gfyﬁhe. (4.115)

For i = m, the left hand side of these equations are rewritten by (4.114) as

4d 3d U U 3d U
Df% e = Df% e — Jor €manVaa€ T Sur 036 = Dfﬁ e + Jor V3 Vm€s
ad)— 3d)— U _ U _ 3d)— Uu _
Df% e = Dfﬁ e — oy 3R %57%56 = Dﬁﬁ Ve — Sop 3 VRE: (4.116)

The right hand side of the equations in (4.115) are rewritten as

1 7% 1 ( ) 7 n U

——YaRe = —— Yl —Uy)e = ——7m — Vw36,
27’7 ¢ 21}7”7 7 13)€ 21)7:y ¢ 2117"’y 3¢
L ke = e = — o — o (4.117)
— YR RE = — Y Vg — UV )E = ——Vmn€ — —— V7 Y€ .
27’7 21}er " 3 22}7“7 2vr7 3

where we used the fact that the vector field A has the components

_ 1
A = (o,o,—ﬁ, —> . (4.118)

v v

Combining (4.116) and (4.117), we obtain the 3d Killing equations (4.12).
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4.4 Large N limit

In this section we investigate the free energy F' = —log Z of large N gauge theories
which are expected to have M-theory dual. We consider a quiver gauge theory with
gauge group

G = ﬁ U(N)a. (4.119)

In this case the traces in (4.27) are expressed as linear combinations of the traces
for U(N), gauge groups,

nag ng

ka .
tres = ) o otre, e =) g—rtra, (4.120)

a=1 a=1

where tr, is the trace over the U(N), fundamental representation. The coefficients
k, and (, are Chern-Simons levels and FI parameters, respectively. The Chern-
Simons parameters k, must be integers. The normalization of the FI parameters (,
is chosen for later convenience.

It is pointed out in [18] that in order to obtain the leading term of the free energy
in the 1/N expansion, we do not have to perform the integral over oy in (1.11). We
only need to determine the minimum value of the integrand of (1.11). Namely, we
obtain the free energy by minimizing

F(ao) = S%00) — log Z' 7P (ay). (4.121)

It is convenient to decompose this into three parts: the classical action F} = S¢,

the 1-loop contribution of vector and bi-fundamental chiral multiplets F5, and the

1-loop contribution of fundamental and anti-fundamental chiral multiplets F3.
From (4.41), the classical action Fj is

nag N 2 -
¥/ 44y
F = E E ( k, )\2 = ga)\w-) , (4.122)

a=1 =1

where \,; are diagonal components of the expectation value of the U(XN), adjoint
scalar field rescaled by r
r(00)q = diag{ A} (4.123)

F5 is the 1-loop contribution of vector multiplets and bi-fundamental chiral mul-
tiplets. It is given by

_ f: S o (% Ay — Aa — i))

a=1 j#k

T Z Zfb ( (Mg = Ay — (1 = A[))) ; (4.124)

Iebi—fund j,k

where f,(2) = logs,(z) and b is the parameter related to the squashing param-
eter by (4.10). The first line and the second line are contribution of vector and
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bi-fundamental chiral multiplets, respectively. I runs over all bi-fundamental chi-
ral multiplets. We use h(I) and ¢(I) to represent the U(N) factors at the head
and the tail of the arrow corresponding to the chiral multiplet I in the quiver di-
agram. Namely, a chiral multiplet I belongs to the bi-fundamental representation
(N I),Nt([)). Adjoint chiral multiplets are treated as bi-fundamental chiral multi-
plets with h(I) = t(I), and their contribution is also included in F5.

The contribution of fundamental and anti-fundamental chiral multiplets is de-
noted by F3, and given by

Fs=>" >"f (% (Aneryy — (1= AI)))

Iefund j

o 2k (% (—/\h(n,j—i(l—Az))), (4.125)

Icanti—fund j

where I €fund and I €anti-fund mean that the index I runs over fundamental and
anti-fundamental chiral multiplets, respectively.

In [18] the minimum points are determined numerically in some models, and the
eigenvalue distribution is found to behave in the large N limit as

)\a,j = Na$j + Z'yad‘, (4126)

where z; and y, ; are real numbers, and « is a certain constant in the region 0 < o <
1. Note that z; are common for all U(N), factors. In [43], the analysis is extended
to a large class of quiver gauge theories, and it is shown that we can consistently
determine the free energy proportional to N3/? based on the ansatz (4.126) if the
theory satisfies the following conditions.

(A) The theory is non-chiral. This means that the number of bi-fundamental chiral
multiplets transforming in (N, N) of the gauge group U(N), x U(N), is the
same as that in (N, V).

(B) The Weyl weights of chiral multiplets satisfy

> (1-A)-2=0, Va, (4.127)
Ica
where A; is the Weyl weight of the bi-fundamental field I. The sum is taken
over all bi-fundamental fields coupled by U(N),. A U(N), adjoint chiral

multiplet should be included twice. Fundamental and anti-fundamental fields
should not be included.

(C) The total number of fundamental fields and anti-fundamental fields should be
the same. Note that this condition is not imposed for each U(N), factor. The
numbers of fundamental and anti-fundamental fields for each U(N), factor
may be different. Only the total numbers matter.

(D) Chern-Simons levels sum up to zero:

ng

> k=0 (4.128)

a=1
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In [43], it is shown that the free energy of theories satisfying these condition
defined on round S® is proportional to N3/2. We generalize it to theories in the
squashed S®. We follow the prescription proposed in [43].

The first step to determine the free energy in the large N limit is to rewrite
the summations in (4.122), (4.124), and (4.125) by integrals. We define the density
function p(z) by

L
p(x) = NZ(F(x—xj). (4.129)

J=1

By definition, p satisfies the normalization condition

/ p(x)dx = 1. (4.130)

In the large N limit, we can treat p as a continuous function of x. Similarly, we
replace y,,; by functions y,(z). The classical action contribution Fj is rewritten in
the continuous form as

nag Tmax . 4 2 -
FR=NY" / dap (Z—;mi + %an/\a) . (4.131)
a=1 Tmin

We substitute the continuous form of (4.126)
Ao(z) = N + dy,(x) (4.132)

into (4.131). Thanks to the condition (D), N'*2* terms cancel, and the leading
terms are proportional to N'T¢. If we ignore sub-leading terms, we obtain

7TN1+a "G Tmax .
=07 Zl / - dxpr(—2kaya + 4miC,). (4.133)

F5 in (4.124) is rewritten as

Tmax Tmax 1
— N? d dx'pp’ ~(Aa = A, —1
[ n (G i)

N2/ d;p/ dx'pp’ Z fb( (An(ry — ()—Z(I—AI)), (4.134)

Icadj

where p' = p(2’) and X, = A,(2/). The key idea to rewrite these double integrals
to tractable form is that if x # 2’ we can replace the function f; by its asymptotic

form 2 2
o) =in (5 + 555 ) o) (1135)

because the real part of eigenvalues \ scales as N in the large N limit. We call this
“long range potential.” The contribution from z = 2’ should be taken separately
as a “short range potential” proportional to é(x — 2’). In the large N limit, we can
replace the function f,(z) by the sum of long range and short range potentials

folx +iy) = £, (x +iy) + 6(2)gu(v), (4.136)
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where the function g,(y) is given by

T 3 T 9 _9
= -y’ — —=(b"+ b ")y. 4.1

See Appendix F.3 for a derivation of (4.135) and (4.137).

Let us consider the contribution of the long-range potential in (4.134). " () is
a quadratic function of z, and after substitution of (4.132), (4.134) contains terms of
order N?t2e N2te and N2. To obtain the free energy of order N3/2, all these terms
should cancel. This is indeed the case. We can easily show that the contribution
of long range potential in I, cancel due to the conditions (A) and (B). As a result,
only the short range potential contributes to F5. Because the short range potential
contains J-function, we can perform one of integrals. After the 2’ integral, F5 is
given by

Tmax 1 nG ]_
Iy = UN2O‘/ dxp* [ Z gb (— (yr — (1 — A]))) - Zgb (_—)] )
Lmin Iebi—fund v a=1 v
(4.138)

where we defined

Y1 = Yn(1) — Ye(1)- (4.139)
By using (4.127), we can rewrite the second term in the brackets in (4.138) as the
summation over bi-fundamental chiral multiplets

Fy = uN>@ / " 3 [gb <% (yr — (1— AI))) —(1=A)g (—%)]

Zmin Iebi—fund
WNQ*Q Tmax 1
= 2 / dxp2 Z g(yl—l—A[)(y[—1+A1)(y[—2+A[>. (4140)
Pmin Iebi—fund

To obtain the second line we used ), y; = 0 following from the condition (A).
The continuous form of the contribution of fundamental and anti-fundamental
fields, (4.125), is

P Ancty — (1 — A
B =N dzp Z fb( h(I) qu I))

Zmin Iefund

D —i(1— A
+N dep Y fb( i — U I)). (4.141)

) v
Zmin Ic€anti—fund

Order N'*2@ terms in the long range potential contribution cancel by the condition
(C), and the leading non-vanishing terms in Fj are of order N'*®. The contribution
of the short range potential is of order N'~“, and we can neglect them. The leading
terms in F3 are

,H_N1+C|{ Tmax
P = / dzp 3 Jl(1 = A — gr)

02

Tmin Iefund
7.‘.N].+O! Tmax
+—03 / drp > |z|(1= A+ yun). (4.142)
Zmin Ie€anti—fund
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Now we have succeeded in writing all the contributions to the free energy as one-
dimensional integral. F; and Fy are proportional to N**®, and F, is proportional to
N2~ To obtain minimum point, these should balance, and this require a = 1/2.
In this case, the free energy is proportional to N3/2, as is expected from the analysis
on the gravity side of AdS/CFT.

Let us focus on the dependence on the squashing parameter v. We find that in
all terms of order N*?2 the v dependence is factored out as the factor 1/v2. (For
the contribution of FI terms, this is the case when we adopt the normalization of
FI parameters in (4.120).) Therefore, the free energy obtained by minimizing the
z-integral is always 1/v? times as that for round S3:

1
quuashed = ﬁFround- (4143)

This fact guarantees that the R charge at the IR fixed point obtained by extremizing
Z does not depend on the squashing parameter.

We investigated N' = 2 supersymmetric theories on squashed sphere with SU(2)f, x
U(1), isometry. The theories have four supercharges,which are transformed by
SU(2)r, isometry as a pair of doublets. We constructed supersymmetry transfor-
mation laws and Lagrangians by using S! compactification of 4d theory. Although
the metric of the squashed sphere is the same as that of the SU(2), x U(1), sym-
metric squashing in [35], the supersymmetry group is different. We computed the
partition function by using localization, and showed that it depends on the squashing
parameter in a non-trivial way.

We also computed the free energy of large N quiver gauge theories on the
squashed S3. We considered a class of quiver gauge theories studied in [43], whose
partition function on round S? scales as N3/2. We confirmed that the free energy on
squashed S? is proportional to N3/2 as well, and the v dependence is factored out
as the additional factor 1/v? regardless of the detailed structure of the theory. It
would be interesting problem to look for holographic dual of the gauge theories on
the squashed sphere, and confirm that the same result is reproduced by the analysis
on the gravity side.

Summary

We derive the squashed partition function in this chapter; we summarize the results
here:

7 — /[da]e_SCl(U)Zl_IOOp(O'>,

[loea s (2(Y) = 3)
Lo (pr(0) = 520)

S o) = inktr(c?) + 2miCtr(o),

Zl—loop(o_) _

[do] = L I de. (4.144)



where we omitted the subscript 0 and rescaled the fields so that the expression
becomes simple. So far we never mind the normalization constant, however, it
is really important to check the duality numerically. We determined the measure
(4.144) so that the squashed partition functions calculated for a pair of dual theories
coincide numerically.
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Chapter 5

Orbifolded partition function

In this chapter, we investigate the partition function of three-dimensional N' = 2
supersymmetric field theories on the orbifold S3/7,,. First of all, as an orbifolding
usually breaks the supersymmetry we have to care about which direction is orb-
ifolded. We choose the S*' fiber direction of the squashed 82 for the orbifolding,
whose direction corresponds to U(1), of SU(2), x U(1),. Since the supersymmetry
we constructed in the previous chapter is doublet of the SU(2);, and U(1), singlet
the supersymmetry is not affected by this orbifolding.

Due to the non-trivial homotopy of the orbifold, 71(S%/Z,) = Z,, (see Section
C.4), a gauge theory defined in it has degenerate vacua specified by the holonomy A
associated with the gauge symmetry. Their contributions are summed up to obtain
the total partition function:

Ziotal = Zp=0 + Zp=1 + ** + Zph=p—1. (5.1)

In general, the partition function of a Euclidean theory is complex. We usually
focus only on its absolute value and the phase is disregarded. This is, however,
not allowed when we compute the partition functions of different sectors which are
summed up. Even when we are interested only in the absolute value of the total
partition function, we need to care about the relative phase of each contribution.
The purpose of this chapter is to determine appropriate phase factors e~ in the
holonomy sum in some gauge theories and look for a general rule for these phases.

Liotal = GWOZ}L:() + e’ Ip—=1+ -+ 6i0"71Zh:n_1 (52)

We consider two gauge theories which are known to have dual field theories without
vector multiplet. On one side of the dualities, in the non-gauge theories, we can
compute the absolute value of the partition function up to overall constant factor
independent of parameters. By comparing the partition functions of gauge and non-
gauge theories in each dual pair, we infer the relative phases in the holonomy sum
in the gauge theories.

5.1 The S?/7, partition function

The basic parts of the §3/Z,, partition function is easily derived from the squashed
partition function by dropping off the modes that do not satisfy the boundary con-
dition specified by the holonomy. We start from the explanation of the holonomy
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and give the results. Note that the results in the following section are already known
in the literatures [37, 38].

5.1.1 Z, orbifolding

We consider the left-invariant orbifold 83/7,, with Z, C U(1), C SU(2)g. The
partition function on the orbifold is obtained in [37] for theories without matter
fields in a general Lens space L(p,q) without squashing. It is extended to theories
with chiral multiplets in background with nontrivial squashing parameter in [38].
Our orbifold corresponds to L(n, —1).

Because supercharges are U(1), neutral, the orbifolding by Z, C U(1), does not
break any supersymmetry, and we can define N' = 2 supersymmetric theories on
the orbifold. A gauge theory in this orbifold has degenerate vacua specified by the

holonomy
n

h (5.3)

21 Jo o
where C' is a non-trivial cycle corresponding to the fundamental group 7,(S%/Z,,) =
Z,, in the orbifold (see C.4). The consistency to nC' = 0 requires e>™" = 1. (Note
that we define h with the factor n in (5.3).) The holonomy can be turned on for
both global and gauge symmetries. The holonomy for gauge symmetries should be
summed up in the path integral because it consists of a dynamical gauge field. The
partition function is given by

Z(hglobal) _ Z /v[d>\]6—50()\,h)Zl—loop(/\7 h)) (54)

Nocal

where Sy(\, h) and Z171°°P(\ h) are the classical action and the one-loop determi-
nant. The summation is taken over the holonomy associated with gauge symmetry,
which is denoted by hjgcar inn (5.4). The holonomy for global symmetry hgiobar is n0t
summed, and the partition function Z depends on Agopal-

The integration measure [d)] is defined by

rankG

T
Wi 25 n

=1

[dA] =

(5.5)

We introduce the factor 1/n for each integration variable for later convenience.

One may think that the classical action for §%/7,, is obtained by dividing that
for S? by n. This naive expectation is not correct. The classical action Sy(A, h)
consists of two parts;

S5Y/2n () by = %SOS"’(A) i (h). (5.6)

One is 1/n of the classical action for S3, and has the same origin as the S case.
The other part comes from the Chern-Simons term. Due to the non-trivial topology
of 8§3/7,, the Chern-Simons term gives non-vanishing contribution even for a flat
gauge connection [37, 44, 45] (see Section D.2);

k
o= %trfund(hQ). (5.7)
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This phase plays an important role in dualities in §%/Z,. The factor ¢/® may
be ill-defined depending on the coefficient. If nk is odd, the holonomies h =
diag(--- ,h;,---) and h = diag(--- ,h; + n,---), which are identified in Z,, give
different phases. We will meet such an ambiguity in the example in §5.2.2, and
there we will give an additional rule to fix the ambiguity.

The one-loop partition function for the orbifold can be obtained by projecting
out the factors in (4.5) which originate from Z,-variant modes. Let ¢ be a field with
a weight vector p. On 8?2 it is Fourier expanded as

= ) one™, (5.8)
meZ/2

where 0 < 1 < 47 is the coordinate along the Hopf fiber of §2, and m is the
SU(2)r magnetic quantum number. After Z,, orbifolding, the field must satisfy the
boundary condition

47 i)
o (04 2) = o), (5.9)
and only modes ¢, with the index m satisfying
2m=p—q=p-h modn (5.10)

survive after the orbifold projection. We define s;;(z) as the function obtained
from (4.5) by restricting the product over (p,q) by (5.10). This restricted product
is realized by substituting

p=np' +[k+hl,, q=nq+k, (5.11)

o (4.5), and perform the product with respect to non-negative integers p’ and ¢/,
and k =0,1,...,n — 1. [h], represents the remainder when h is divided by n. It is
convenient to introduce notation (- - -}, defined by

(= (B 3) - 5 5.1

n

This satisfies the relations
(h+an), = (h), (a€Z), (=1—=h),=—(h),. (5.13)

We rewrite the numerator in (4.5) as

1 1
b(p+§) + bt (q+§> — iz
z

=n [b (p’ + (k + h)n, + %) + bt (q’ + (kYn + %) - i—] . (5.14)

n

The denominator in (4.5) is also rewritten in a similar way, and we obtain

7
L

son(2) = 1"—"[ Z(qi+§)+b_1(p:+%)+ b(k)n + <kTh>n i
20 om0 0+ 3) F 07U + 5) F 0k A h)y + 07 H k) + 07

T ﬁ bd +5) + 07 (0 4 5) + b{k)n + b7k + B — 7 (5.15)
0 yomo PP+ 3) H 07U + 5) = bR} — b7k + B + i

oo
—



In the second line we replaced k in the denominator by —1 — £ — h and used the
second relation in (5.13). In the final expression the product with respect to p’ and
¢’ has the same form as that in the definition (4.5) of the double sine function s;(z),
and we obtain

sun(z Hsb( +iblk +z’b‘1<k+h>n). (5.16)

By definition, the product of s;,(2) over all h reproduces the original double sine

function;
n—1

su(2) = [ sem(2)- (5.17)

h=0

The function s, ,(z) satisfies the following formulae, which are analogs of (F.17) and
(F.18).

e Self-duality and reflection property

1 1
spn(2) = Sp-1,_p(2) = 5 n (7] = P (5.18)

e Functional equations

sone1(z +2) _ 1
Spn(z — @) 2 cosh (22 + 7i(h))’
3b,h—1(2+ D) ) _ 1
sp.n(z — ib;) 2 cosh (%AZ + mi(—h))’
Sb,h(z + %) B 1

AN ' - 5.19
Sb:h(z - %) [2 sinh (@)][2 sinh (Wb‘lfl—mh)] ( )

The one-loop determinant for §3/Z, is obtained simply by replacing s,(z) in (4.4)
by sp.n(2). |
[Laca sham (@) = 7)

17 sb.pi () <,01(A) - @)

The 1-loop determinant of vector multiplets can be rewritten in terms of elementary
functions.

00 i
Z\}eciorp(/\ h) H Sb@(h) <Oé()‘) - ;)

aEA

Z17loop(\ ) = (5.20)

= H [2 sinhg (ba(N) + iax( } QSmh Ya(N) — Z'Oz(h))} . (5.21)

aEA L

When b = 1, this agree with the partition function in the lens space L(n, —1) given
in [37].
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5.2 Dualities in S%/Z,

A gauge theory in S%/7Z,, has degenerate vacua labeled by holonomies associated
with the gauge symmetry. The contributions of these vacua should be summed up
to obtain the total partition function. In this section we consider two dual pairs
and confirm that the partition functions of theories dual to each other agree if
appropriate phase factors are inserted in the holonomy sum.

5.2.1 N =2 SQED and XYZ model

We first consider the mirror symmetry between an N = 2 SQED and the XYZ
model [46]. On one side of the duality, we consider N' = 2 SQED with two chiral
multiplets ¢ and ¢ with U(1) charge +1 and —1, respectively. We assume that ¢
and ¢ have the Weyl weight A. The mirror theory, the XYZ model, consists of three
chiral multiplets @, () and S interacting through the superpotential

W =QSQ. (5.22)

Note that these three fields are symmetric, though we describe the S looks special.
By the operator relation S = gq and the marginality of the superpotential (5.22),
we can determine the Weyl weights of the fields in this theory as

As =20, Ag=A05=1-A. (5.23)

Although the correct value of A at the infra-red fixed point is A = 1/3, the equality
of partition functions holds regardless of A [14], and we leave A unfixed.

The global symmetry which is the same for these two theories is U(1)y x U(1) 4.
The charge assignments are shown in Table 5.1. We introduce real mass parameters

Table 5.1: The charge assignment of the global symmetry U(1)y x U(1)4 of SQED
and XYZ model which are mirror to each other. m and m are the monopole and
anti-monopole operators.

qg ¢ m m Q Q S
U1y 0 0 1 -1 I —1 0
U(1)4 1 1.0 0 1 -1 2

¢ and p for U(1)y and U(1) 4, respectively. U(1)4 symmetry in SQED is the topo-
logical U(1) symmetry acting on monopole operators, and the corresponding mass
parameter ¢ is the Fayet-Iliopoulos parameter. The S partition functions of these
theories are

ZSQED _ / i i
1
ZXYE = (5.24)

sp(C — 1 — %)Sb(—g — i — %)Sb@,u B i(1—1}2A)>-
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Because two theories are mirror to each other, the partition functions should
agree. This agreement is confirmed by using the pentagon relation of the double
sine function [47]':

/ & HT) aritn g _ it 255+ ) h (5.25)
Sb(x—{—s) sb(t—i—g—%——

By substituting
r=\N r=—pu+— s=p——— t=¢(, (5.26)
v

to the pentagon relation (5.25), we obtain ZXY% = Z5QED_ Note that for the agree-
ment of the two partition functions, the integration measure should be chosen as in
(4.144).

Let us generalize this to the theories on the orbifold §3/Z,. On the SQED side,
we need to sum up the contribution of n saddle points specified by the holonomy
h of the U(1) gauge symmetry. We can also introduce holonomies hy and h, for
U(1)y and U(1) 4 global symmetries as non-dynamical background gauge potentials.
Because U(1)y current in SQED is the field strength of the dynamical gauge field
A, the U(1)y holonomy is realized by the Chern-Simons term

A, 2
S = zw vd (5.27)

where V is the non-dynamical U(1)y background gauge field. In the orbifold S3/Z,,
this term gives rise to the non-trivial phase factor

o — ol (5.28)
n

Taking account of this phase factor, the partition function for each holonomy is

Z5EP (b, by, ha)

oo —27riC/\/n 2mwihy h/n d\
- / z(l A) i(1-A)\ (5.29)
—o0 Sphath(p+ A — )Sbha—n(ft — A — 5—=2) 1
On the other hand, the partition function of the XYZ model is
ZXYZ(hV7 hA)
1
= . (5.30)
. TGN
Sb—hathy (—p0 + ¢ — —)Sb by (—p— ¢ — %)Sb,%A(QM — %)
Naive expectation is that these are related by
n—1
ZX%(hy ha) =Y Z5¥P(h, by, ha). (5.31)

~ 'The pentagon relation usually refers to the operator equation o (P)op(X) = op(X)pp(X +
P)y(P), where X and P are operators satisfying [P, X| = 1/2m apb( ) is the quantum dilogarithm

related to the double sine function by s;(2) = exp[—mi( 22 +2 e )]gob( ). This operator equation
is equivalent to (5.25) [48, 49], which we refer to as the pentagon relation.
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This is actually the case only when hy = 0. We confirmed this relation numerically
up to n = 10. Again, the choice of the integration measure (5.5) is essential for the
equality in (5.31).

The relation (5.31), however, does not hold if we turn on the holonomy hy4 for
U(1)4 symmetry. Instead, we found that the relation

ZX% by hy) = Za (h, hy, ha) Z59EP (b, by, hoa) (5.32)

hold if we choose an appropriate sign function o(h, hy,hs) = £1. The analysis for
ha = 0 implies
o(h,hy,0) = 1. (5.33)

We can determine o(h, hy,ha) for general hy by the numerical analysis. For n =
2,3,4, we obtained

11 -1 1 1
0§2) = ( 1 1 ) , 0%3) zaég) = 1 -1 -1 1,
1 -1 -1
-1 1 1 1 1 -1 1 -1
“4) _ 4 _ 1 -1 -1 -1 @w | -1 1 -1 1
Nk Rl I T S L E T T A I R
1 -1 -1 -1 -1 1 -1 1
where we express the function in the matrix form
(04 = (b by, ha). (5.35)
We determined the signs up to n = 10, and found the general form
o(h,hy, hy) = (_1)]“(hA)+9(hAJL)Jrg(imJ“Lv)7 (5.36)
where
f(h) = min(|h +nZl), g(h, k') =min(f(h), f(I)). (5.37)

5.2.2 SU(2) gauge theory and a chiral multiplet

As the second example, we consider the duality proposed by Jafferis and Yin in [15].
The theory on one side is SU(2) Chern-Simons theory with level £ = 1 coupling to
one adjoint chiral multiplet ®. It is dual to the theory consisting of a single chiral
multiplet X. These theories have global symmetry U(1)4 rotating ® and X with
charges 1 and 2, respectively.

Let us first compute the S partition function of the SU(2) theory. We param-
eterize the SU(2) Cartan algebra by

1
2
and we adopt the integration measure
dz

(5.39)
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where the factor 1/2 comes from the order of the Weyl group of SU(2), and 1/v/2
from the normalization of the SU(2) generators tr7,T, = (1/2)d4. The classical
value of the Chern-Simons term with level £ =1 is

Sp = mitr(\2) = %%2. (5.40)

The partition function of the SU(2) theory is

T2 . .
e 2% s (x — L)sp(—x — % d
7% :/ 1-A) ! ~(1U_)A)b( . A . (5.41)
sy — =B yg, (—M=B)y g (g — 1122y 2/2

v v

where we denote the Weyl weight of the adjoint chiral multiplet by A. If we turn
on the real mass parameter u for U(1)4 the weight A is replaced by A — ivpu.

The dual theory contains a single chiral multiplet X. This corresponds to the
gauge invariant operator tr®? in the SU(2) gauge theory, and has Weyl weight 2A.
The 82 partition function is

1
X

We can easily check numerically that these two partition functions coincide up to a
phase factor.

1 2A+ A2
L) (5.43)

ZSU(?) _ €Z¢ZX — _ -
S Vi
This relation is confirmed in [15] for the round sphere. The coincidence of the
absolute value is due to our choice of the integration measure. In [15] different
measure is used and extra numerical factor arises. We do not argue about this

point, and focus only on the phases. For the round sphere, the phase factor

. 1 14+ A)2 , ,

is interpreted in [15] as the contribution of a decoupled topological sector. For
squashed S2, there seems no such a simple explanation for this factor.

We would like to extend this relation to the orbifolds. In the introduction of
holonomy, we should note that the gauge group is, precisely speaking, not SU(2)
but SU(2)/Zy = SO(3). The allowed holonomies are

h
exp (QWi—Tg) , h=0,...,n—1. (5.45)
n

(If the gauge group were SU(2), 27 in the exponent in (5.45) should be replaced by
47.) For the flat connection specified by the holonomy h, the classical Chern-Simons
action gives the phase factor _
e'® = el (5.46)

This is not well defined as a map from Z,, to C. This gives different phases for h and
h + n, which are identical in Z,,. We will fix this ambiguity later by an additional
rule.

The orbifold partition function of the SU(2) theory is obtained from the S3
partition function (5.41) by
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e replacing each s,(z) by sp4(2) with an appropriate holonomy,
e replacing the measure dx by dx/n,

e replacing the classical action Sy in (5.40) by So/n,

e and introducing the phase factor e™*/2n.
We obtain
e”§6_ﬁimzsb p(@— sy _p(—x — L) dx
277 (h, ha) = / i(1—A) LA - A :
sonain(® — S5 ) sy, (=5 ) s, (-2 — 152 2v20
(5.47)
The partition function of the chiral multiplet X is
X 1
Z% (hy) = FIECTNIR (5.48)
5b,2hA<_T)

We consider two cases with even n and odd n separately. Let us first consider
the case with odd n. In this case, (5.46) defines double-valued map from Z, to C.
For h and h + n, which are identified in Z,,, the phase factor takes different values
whose phases always differ by 7/2. We denote these two phase factors by (e%}ﬂ)i.
The subscript + is chosen so that the two phases satisfy (e2:"’), = i(e3:h")_.
Corresponding to these two choices of the phase factor, we define two partition
functions ZiU(z)(h, ha).

We take the ansatz

i
L

o (b, ha)eT T Z5VP (b hy) = €2 2% (hy), (5.49)
0

>
Il

between the partition functions of the dual theories. o(h,hy) is an unknown phase
function depending on the SU(2) holonomy h and U(1)4 holonomy h4, and €% is a
phase factor independent of holonomies. The double signs on the left hand side are

in the same order. The factor e¥% is inserted to cancel the difference of ZfU(Q) and

750 Although we can choose one of signs as a convention and absorb this factor
by o(h,ha) or €, we separate this factor for later convenience. We carried out the
numerical analysis up to n = 29, and we found

O'(h, hA) = (_1)9(h,4,h) exp Zﬂ_f(hA)(];(:LlA) + n) 7
A? 4+ 2A
O(ha) = —T——5—, (5.50)

make the equation (5.49) hold, where f and g are the functions defined in (5.37).
Let us turn to the case with even n. In this case we divide n possible holonomies
to the n/2 satisfying

h— g € 27,, (5.51)
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and the others. The phase factor (5.46) is well-defined for holonomies satisfying
(5.51), while (5.46) has the sign ambiguity for the other holonomies. With the
numerical analysis up to n = 30, we found that Z*(h4) can be given as a linear
combination of only Z5V®)(h, h,) with h satisfying (5.51),

> o(hha)V2ZVO (b ha) = €0 Z% (ha), (5.52)
h—n/2€2Z,

where o(h, ha) and ¢(ha) are functions defined in (5.50). Comparing this to (5.49),
we notice that the phase factor e*7 is replaced by v2 = €% 4+ e~ 7. Although
this factor depends on the choice of the integration measure and this may not have
physical significance, it may be interesting to discuss what this factor implies under
the assumption that our choice of the integration measure is an appropriate one.
One possible interpretation is as follows. In the theory of the chiral multiplet X,
the U(1)4 holonomy appear only through 2h,. When n is even, there are two
holonomies which gives the same 2h4. Let hs be one of them, and b’y = ha +n/2
the other. It is natural to sum up the contribution of these two holonomies on the
SU(2) theory side. If we introduce different phase factors et and e~ for hy and
’, in this summation, we obtain the following relation similar to (5.49).

07N (ha) = e Z¥(My) = Y ol ha)eT Z5V A (h, )
h—n/2€2Z,,
+ > o(h, Wy)e T Z5VD (b, 1), (5.53)

h—n/2€2Z,,

5.2.3 S3/Zs141

In the previous subsections, we found that we need non-trivial phase factors to
match the partitions functions of dual theories in two examples. For odd n, in fact,
we can express these phase factors in a unified way. Let us define o}, by

op = <_1)[h}n([h}n—(—l)("*””)/?. (5.54)

When 7 is odd, this takes values +1 depending on h € Z,,. We can represent (—1)7("
and (—1)9"") with this function by

() =, (™) = 0y (5.55)

Therefore, the sign function (5.36) in the first example can be given as the product
of five oy;

O'(h, hv, hA) = Oh—haOh+haOhy+haOhy—haO02hy- (556)
The indices of five g, coincide up to sign with the holonomy indices of the functions
sp.n(2) appearing in the mirror relation (5.32). Because o, = o_j and the sign of
the index of o), does not matter, the phases can be absorbed into the definition of
the function sy ;(2). Namely, if we define Z5FP and ZXYZ from Z5QFP and ZXYZ,

respectively, by replacing s, ,(2) in these partition functions by s, (z) defined by
Son(2) = onspn(2), (5.57)
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the relation

n—1
ZX%(hy  ha) = > Z5¥P(h, by ha) (5.58)
h=0
holds without the extra sign factors. This is actually the case in the second example.
Because the phase function can be written as

. f(h ha)+n
0 (o hs) = Oy nOrn 5D {mf ) k) + )] (5.59)
Z5U@ and ZX defined with 3, (2) satisfy the relation
—1
Z Z39O (h, hg) = w(ha)e® Z¥ (ha), (5.60)

h=0

where w(h,) is a certain factor depending only on h 4.

In the two examples, we found that if we replace s;5(2) by Sp4(2) the duality
relations hold without introducing non-trivial relative phase factors in the holonomy
sums. This is simple enough for us to expect that this rule is universal. It would be
interesting to check whether this rule really holds for other examples of dual pairs.

Summary

We investigated relative phases in the holonomy sum, which is necessary to obtain
the partition functions of gauge theories in S§%/7,,. We used a few dualities between
gauge theories and non-gauge theories to determine the phases.

We first considered mirror symmetry between N' = 2 SQED with one flavor
and the XYZ model containing three chiral multiplets. We showed that with the
appropriate choice of the phases in the holonomy sum the partition functions of these
theories coincides. Furthermore, we found that when n is odd, the phase factor is
absorbed by the redefinition of the single function s,;(z2), the orbifold extension
of the double sine function. We also considered the duality between SU(2) gauge
theory and a chiral multiplet proposed by Jafferis and Yin. We could again find
phase factors which makes the duality relation hold. When n is odd the phases are
absorbed by redefining the function s, (z) in the same way as in the first example.

When n is odd, in all these examples, the phase factors can be absorbed by
the definition of the function s;,(2). This fact strongly suggests that the modified
function s, in (5.57) always gives a “correct” partition function in some sense.

Lastly, we mention the remaining problems. So far we do not have a general
formula to derive the correct phases when n is even. In order to have the correct
partition functions for every theory the general formula is desired.

When nk is odd the Chern-Simons term is actually ill-defined:

N JTE(htn)? _ ER 4 2mikhtimnk (5.61)
Though the shift h — h + n should not make any change, it actually does give a
different phase. As we saw in Section 5.2.2 if we choose h or h 4+ n appropriately it
works for checking the duality. We have not had any rule which sector h or h+n we
should choose. We will face this problem in next chapter again, and give a heuristic
rule to select them.
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Chapter 6

Orbifolded partition function for
the AdS/CFT

When we assume the gravity side is described by the general relativity we need
to evaluate the partition function in the large N limit as we did in the previous
chapters. In this chapter we firstly review the result of [50], where the orbifolded
partition function in the large N limit is evaluated, and the coincidence of the
partition functions for the ABJM model and the gravity dual is confirmed. In the
case of the orbifolded partition function the large N means the large number of
holonomies, which leads to diverging number of terms. Naively, we seem not to deal
with these terms. However, in the large N limit only limited terms contribute to the
leading order of the 1/N expansion of the partition function and we can evaluate it.

Having checked the coincidence of the partition functions in the large N limit
our next step maybe to explore next leading order of 1/N expansion. It should
contain the information of the quantum effect of the gravity. If we use the orb-
ifolded partition function to study the next leading order we have to treat all the
contributions, therefore, the phase factor plays a significant role there. The Monte
Carlo method, which is first applied to evaluate the ABJM partition function in [42]
enable us to calculate the orbifolded partition function up to some number N. For
the large number of N it takes an unrealistic time so the practical maximum value
is about N = 20 or so. Still, the numerical result gives us rich information about
the finite N effects.

In order to use the Monte Carlo method we have to prepare an equivalent ex-
pression for the partition function of the ABJM model. This is because a numerical
analysis is not compatible with the violently oscillating integration; the partition
function with the Chern-Simons term is the typical example. It is known that the
S3 partition function of the ABJM model can be rewritten as a certain integration
without the Chern-Simons term [11]. This replacement is equivalent to consider the
partition function of the mirror theory of the ABJM model with unit Chern-Simons
level £ = 1. (the rewriting itself is valid for any k£ but the mirror symmetry is
only valid for £ = 1). Since we have no formula to rewrite the orbifolded partition
function so far let us consider the orbifolded partition function of the mirror theory.
However, note that our formula to fix the phase factor is not confirmed for this mir-
ror symmetry, we firstly have to check whether the orbifolded partition functions
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coincide or not. We perform this consistency check numerically, and the result shows
that they coincide in high accuracy for some cases (see Subsection 6.3.2). This is
one of our non-trivial result that our proposal for the formula to fix the phase factor
is valid for the duality between the ABJM model and its mirror theory.

Finally, we show the free energy of the ABJM model with N up to 9. The result
shows a characteristic behavior of the free energy, which is not seen in the S case.
This is our second result of this chapter.

6.1 Phase factors for the ABJM model and its
mirror

Since the formula to fix the phase factors we have derived is only applicable for the
specific dualities for even n we need an extended version of the formula, which should
at least be applicable to the ABJM model and its mirror theory. The important
fact discussed in the previous chapter is that generally the sign factor cannot be
absorbed into a single double sine function for general n. Therefore, the extended
formula should be related to a pair of double sine functions. Our proposals to fix
the relative phases for arbitrary n is that when there is a pair of chiral multiplets
with the holonomy h + A/ and h — k' we introduce the factor (—1)9"");

1-A 1-A /
Sb,h+h’ <Z + Z/ - Z( v )) Sb,h—h’ <Z - Z/ - Z< >> — (_1)g(h,h). (61)

()

We also introduce the factor (—1)/® when there is a chiral multiplet with the
holonomy —2h:

()

Sb,—2n (—22 - ¢M> — (=1)/™, (6.2)

Since these rules are just proposals they should be tested numerically, and we will
do the test for the ABJM model and its mirror theory, later.

6.2 Analytical approach to large N limit

Let us evaluate the orbifolded partition function of the ABJM model in the large N
limit. The gauge groups, Chern-Simons levels, the matter contents and the global
symmetry for the ABJM model are already discussed in Section (2.3). Using those

information the general formula (5.4) gives us the orbifolded partition function for
the ABJM model as follows.

ZAM(hy b he) = o(h by ha,hp, hy) Zagsa(hy hoha, hg, hr). (6.3)
h,h
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where h and h are the holononiies for the gauge symmetry U(N)? and each of them
has N components. Zagjm(h, h, ha, hp, hr) is given as

~ 1 ~ im 5% im 7
Zapo (b, by ha, hig, hy) = N /dN/\dN)\e— w5, (A2 itk 5 (h2-72)

2sinh = (b(A\; — A;) + (hy — hy)) 2sinh T (671 (A, — A;) — i (B; — hy))
I (ngmhg (0 (=3} 1 (5o 1)) 25wz (571 (- 3) i (7 _;;j)))

~ ). i
Sb,ha+hr+hi—h; (ma+mr+ X=X —35;)

_(_ R U
Xsb,th+hT+hi—hj( ma+mr+XN— A —5)

N _ S U U
XSy h—hp—hi s (mp —mp — A\ + )\j~ 5 )
i

><sb7_hB_hT_hi+}~lj(—mB —mr — A+ A — 5)

Hi, j

(6.4)

Using our proposal (6.1) and (6.2) the sign factor is given as follows.
o(h, T, ha, h, hy) = (—1) 20 (oahrthimhy)tolh—hr —hi+h;)) (6.5)

In order to derive the leading order of the free energy F' = —log Z in large N limit
we only need the information of the stationary point of the integrand; we do not
need the integration in the partition function. Furthermore, we assume the leading

contribution comes from the one with a certain holonomy h = hand h = h. Even
if the leading contributions are degenerate for different h the effect of degeneracy is
only logarithmic;

F o~ —log (kzﬁ) — —log (Zﬁ> —logk (6.6)

where k is the degree of the degeneracy. Therefore, we can ignore the degeneracy;

the information we need is what is the value of A and h.
For simplicity, we set b = 1 and my = mp = mgy = 0 from now on. The
stationary point of the free energy satisfies following equations.

OF 2imk s T ‘ s ,
= =N+ ) T (coth = (= +ilhi = hy)) 4 coth = (n = X — i - hj)))

n—1 4
=) DO (—1)%re sy coth (i) (6.7)
j k=0 I=1
where
1/1 ~ 7 ] ] _
zij—lzg E /\2_)\j_§ +Z<k>n+l<k+hA+hT—f—hZ—h]>n
1/1 ~ 7 ] ] ~
G2 =~ Ai — Aj — 2 +i{k)n +i(k — ha + hr + hi — hj)n
1/1 ~ 7 ) ) ~
Zij_g = E 5 —/\i—i—)\j —5 +2<k’>n+2<k’—|—h3—h’f—hi+hj>n
1 /1 ~ ) ~
Zij-a = (ﬁ (—Ai + A= %) +i(k), +i(k — hg — hy — h; + hj>n) . (6.8)
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We used following formula to derive the expression above.

. n—1 .
~ 1 ~
a)\i log S1,h <)\Z - /\j - %) = a)\i 10g H S1 (ﬁ ()\z - )\j - %) + l</€>n + l</€ + h>n>
k=0
ir /1 ~
. o
% coth (E ()\i - %) ik + il + h)n) |

(6.9)
The derivation of this formula is given in F.1. ag are similar:

oF  2imk~ T T [~ o~~~ T~ o~ o~ o~

O_L - Ai + ; - <cothﬁ <)\¢ —Aj +i(h; — hj)) + cothﬁ ()\Z- — A —i(h; — hj)>>
n—1 4
+ Z Z Z(—1)51’3+6I’4 iWZji_[ coth (7'('2]‘1'_[) . (610)
j k=0 I=1
Numerical results tell us that h = h = diag(c,c,---,c) for a certain integer

0 < ¢ < n—1 give us the leading contribution. The stationary point of the integrand
of the leading contribution is given by the configurations of A; and \; shown in Figure
6.1 and 6.2. Therefore, at least for (ha, hp,hr) = (0,0,0) and (1,1,1) case the

ImA

Figure 6.1: Numerical result for (ha, hp, hr) = (0,0,0) and (1,1, 1)

same ansatz (4.126) should work for the orbifolded partition function as well, though
the calculation is not so easy. We here just show the result of the v =1 case [50]:
™2k
F==—"""N% 6.11
3n ( )

The difference compared to the round three-sphere case (3.88) is just 1/n factor.
This is again exactly the same result as that of gravity side.
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Figure 6.2: Numerical results for (ha,hp,hr) = (0,0,1) and (1,1,0), (0,1,0) and
(1,0,1), and (1,0,0) and (0,1, 1) from the left to right.

6.3 Numerical approach to finite N

In this section we use Monte Carlo method to approach the finite N effects, which
is explored in [42]. Basic idea of this method is to evaluate the integrals in the
partition function numerically. The way of the evaluation is to use a Hybrid Monte
Carlo simulation method polished in the lattice theory. The benefit of this method
is that one can evaluate the partition function for N up to 20 or so. This number 20
is big enough to study the finite N effects. By the way, recently analytical approach
to finite N effect is dramatically developed [6, 19, 20, 21, 22, 23, 24], though these
methods seem not to be applicable to our orbifold background case.

In order to use the Monte Carlo method we have to prepare the mirror theory as
discussed. On the round three-sphere we can analytically show the equivalence of
the partition function of those dual theories [11]. However, on the squashed or the
orbifolded three-sphere it is difficult to show the equivalence analytically for finite
N. Hence firstly, we need to check the duality in some cases.

6.3.1 Mirror theory of the ABJM model

The ABJM model with unit Chern-Simons level is known to be mirror to the N' = 4
U(N) gauge theory with a fundamental hypermultiplet (¢,¢) and an adjoint hy-
permultiplet (®1,®,) [11, 51]. In terms of N/ = 2 language this theory has the
superpotential

W = tl"(I)g (qZ]V—l— [(I)l, CDQ]) > (612)

where @3 is the chiral multiplet which form the N = 4 vector multiplet together
with the N' = 2 vector multiplet. The Weyl weights of the chiral multiplets are

1
Ay=8g=0p =Agy =3, Agy =1 (6.13)

These theories are expected to have SO(8) global symmetry, which are not manifest
in the Lagrangians. We only focus on the Cartan subalgebra

U)a x U(L)g x U(1)r x U(1)x C SO(8), (6.14)

where U(1)g is the R-symmetry acting on the N' = 2 supercharges. The charge
assignments in the two theories are listed in Table 2.2 and 6.1.

U(1)p in the mirror theory is a topological U(1) symmetry coupling to monopole
operators, and the corresponding mass parameter is the Fayet-Iliopoulos parameter.
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Table 6.1: Charge assignments in the mirror theory of the ABJM model. m and m
are monopole and anti-monopole fields.

(I)l (1)2 (1)3 m T?L q EJV
U(l)a + -1 0 0 0 0 O
U(l)p o o0 0 41 -1 0 O
U(l)r +1 41 -2 0 0 41 +1
The partition function of the mirror theory is
Z" (hy hg, hr) = (b, b, g, hr) Zuiveor (s ha, b, ). (6.15)

h

1 2mwim i
Zuinon (s has g, hr) = ——— /dN)\ B S A5 S i

I, 2sinh 2 (b(\ — A) -+ (s — hy)) 2sib T (5 (o = Ap) — i (hy — )
Shha+hr+hi—h; (MA + My + X — Aj — &

Hi,j Sb,—ha+hp+hi— h]( ma+mp + N\ — )\j —
8b,~2hp-thi—hy; (—2mp + A = Aj — 57)

Hi Sb,hT—‘rhi(mT + A — 2%>Sb,hT—hi (mT —Ai— %>

%)
30

(6.16)

where we introduce mass parameters (ma, mpg, mr) and holonomies (ha, hg, hr)
corresponding to the flavor symmetry U(1)4 x U(1l)g x U(1)7. h stands for h;’s,
which are the holonomies for the gauge symmetry. The phase factor is derived using
(6.1) and (6.2) as follows,

o(h,ha, hg, hr) = (_1)21'7‘7'g(hA7hT+hi7hj)+Nf(hT)+Zi<j 9(=2h7 hi=h;)+3_; g(hr.hi)
(6.17)

It is difficult to show the equivalence of the partition functions (6.15) and (6.4)
in general N. However, in Abelian case we can show the equivalence through other
dualities. As a preparation we consider another mirror dual theories: N = 4 SQED
and hypermultiplet.

It is known that the N’ = 4 SQED with one flavor is mirror to a hypermultiplet
[52]. This mirror pair is obtained from the N' = 2 mirror pair in §5.2.1 by adding
a chiral multiplet S on the both sides of the duality. On the SQED side, the new
chiral multiplet S couples to the system through the superpotential W = ¢Sq. This
corresponds to the mass term W =SS on the other side of the duality, and we can
integrate out S and S to obtain the system with a hypermultiplet (@, Q) The global
symmetry of the resulting mirror pair is U(1)y x U(1)4 with the charge assignment
summarized in Table 6.2. We again introduce the mass parameters ¢ and u for
U(1)y and U(1) 4, respectively. We denote the Weyl weights of ¢ and ¢ by A. Then
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Table 6.2: Global symmetries for N’ = 4 SQED and the hypermultiplets. m and m
are again (anti-)monopole operators.

S m m Q Q
0 1 -1 1 -1
0 0 -1 -1

=

=

<

ol
=1~}

—2

the Weyl weight of S is 1—2A. The introduction of S changes the partition functions
by the factor

1 .
i(1-24)
e = Spon, (20 — 7). (6.18)
Sh—2n4 (=20 + sl Um)) !

The partition function of two theories are given by

ZN=AC, s by by ha)

B /OO e 2miCA/n 2mihy h/n d\ (6.19)
—00 Sphatn(pt+ A — i(1.+A)) n
Xsppa-n(p — A — 152
X Sp,—2h, (=24 — w)
Zhyper(C7 i by, ha)
1
i . (6.20)

 Sphathy (R C = )80y ny (= (= )
Because the factor (6.18) does not depend on h, it is rather trivial that the partition
functions match if we use the same sign function (5.36) as in the N/ = 2 case.

Namely, the following relation holds.

i
L

ZM(Copshy ha) = ) o(h by ha) ZN=HC by by ha). (6.21)
0

Now we are ready to show the equivalence of the ABJM partition function and
that of the mirror theory in Abelian case. The partition function of the mirror
theory in Abelian gauge group becomes following relatively simple from.

Zmirror(hA7 hBa hT) = Z O'(h, hBa hT)Zmirror(h7 hAa hB7 hT) (622)
h

>
Il

with the contribution of each holonomy sector

Zmirror(ha hA7 h37 hT)

1
Sb hs+hy (mA +myr — ﬁ) Sb,—ha+hr (_mA +mr — ﬁ) Sp—ony (—2mr)
omiMB _on;mBY
d:lj (& n @€ n
x| j i
N Sphihe (T + M1 — 52)8b —hihp (T +mp — 5)
= Zhyper(mA, —mr; hA, —hT)|A:%ZN:4(mB, mr; h, hB, hT)’A:%- (623)
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With the relation (6.21), we can rewrite the partition function (6.22) as the product
of two Zbvper:

ZM (ha, b, hr) = ZWP (ma, —ms ha, —he) | a2 2P (mp, mps b, by ) - -
(6.24)
On the ABJM side, we need to sum up n? contributions parameterized by a pair
of holonomies (hq, hs) for the gauge group U(1); x U(1)s. The partition function of
the sector specified by (hy, hy) is

ZABJM(h17 h27 hAJ hB7 hT)

_ ) / @d;{ exp - ()\ )\2)]
NN Sy bty —he (A + M+ A — X — 3)
XSb,—ha+hr+hi— h2( mA—I—mT+)\ A — ZU)
X by —hp— h1+h2(m3—mT+)\ )\—%)
X Sb,—hp—hy—hi+hs (—MB —Mp + X — X — )

(6.25)

A question is if it is possible to choose an appropriate phases in the holonomy sum.
The answer is rather simple. We do not need any non-trivial phases in this sum.
Let us confirm this by summing up (6.25) over holonomies hy and he. If we define
h1a = hy — ho and replace hy by his + ho, he appears only in the phase factor

@ = = (1 = h3) = ~ (W + 2hahrc). (6.26)

The summation with respect to ho gives non-vanishing result only when A5 = 0,
and we obtain

n—1

ZAM (hg b, hr) = Y Z2PM(hy, by, ha, hig, hr)

h1,h2=0

3
,_.

" 2, b B sy ) = nZ8(0,0, B, s )

h=0
~ N2
dX d\ exp [ TAT=A )]
:n/— (6.27)
n-n sbhA+hT(mA+mT—i—/\ )\— v)
X S, hA+hT( mA+mT+/\ )\——)
X Sp,hp— hT(mB—mT+)\ /\__v)
XSp,—hpg— hT( mB—mT+/\ )\—21})
We can easily perform the integral and have
ZABJM(hA7h37 hT)
B 1
Sb,hA+hT(mA +mr — %)lsb,*hA‘i’hT(_mA +mr — ﬁ)
XSb,hB—hT(mB —mr — ﬁ)Sb,—hB—hT(—mB —mr — Z—ZU)
= Zhyper(mA’ —mr; hA, _hT>|A:%Zhyper<mB’ mr, hB, hT)’A:%~ (628)

This result precisely agrees with the partition function of the mirror theory (6.24).
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6.3.2 Numerical check of the mirror symmetry on S%/7,

Let us move on the non-Abelian case. We set mass parameters to zero for simplicity
from now on. Though we have given the rules for the phase factors (6.1) and (6.2)
they are just proposals so we need to check the equivalence of the orbifolded partition
functions of the ABJM model and the mirror theory. Here, we check the equivalence
for N = 2, n = 2,3 cases numerically.

For the ABJM model it is technically difficult to evaluate the integral of the
partition function because of the Chern-Simons factor, which oscillates violently.
Therefore, we rotate the phases of A\, A in Chern-Simons factor in (6.4) so that the
integration converge:

—@AQ TR mimay )2 @v TR iR )2, (6.29)
n n
and try to find the asymptotic value of the a dependent partition function Z(«) at
a = 0 by plotting it as a function of . We adopt an extrapolated value of a quadratic
function fitted from the five points of Z(«) at o« = 0.001,0.002,0.003,0.004, 0.005.
On the other hand, the mirror side is easily calculated numerically by Mathematica
ete.

n = 2 case

Since the ABJM model and the Mirror dual have three global symmetries we can
introduce the holonomies for them. The holonomies take the integer h € 7, and
hence, we have n? different combinations of the holonomies and the values for the
partition functions. As the integrations of the partition functions take long time we
firstly compare the integrand of the partition function. Fortunately, many of them
have the same function form. For example let us consider (ha, hp, hr) = (1,1,1) in
n = 2 case. The integrand of the partition function (6.25) becomes

exp [ TN — —22)

Shn-ta A = A = ) Sy ny (A — A — )
X bty (N = A= 55)86 pyiny (A — A = )

€Z¢(h1,h2)

, (6.30)

and this is exactly the same as that of (ha,hp,hr) = (0,0,0). Similarly the in-
tegrand of the partition function of (ha,hp,hr) = (0,0,1) is equivalent to that
of (ha,hp,hr) = (1,1,0), the one of (ha,hpg,hr) = (1,0,0). is the same as
(ha,hp,hr) = (0,1,1). Therefore, the integrands of the partition functions of the
ABJM model are divided into 3. One can also those of the mirror theory are divided
into 4 (in the mirror case the equivalences are checked numerically). Therefore, we
only need to perform the integration for these 7 out 16. The final results are actually
categorized into three for n = 2 case. 2 out of 4 different integrand in the mirror
side give the same value after the integration. We distinguish the difference of the
integrands in the mirror theory side by putting different numbers of sector. The re-
sults for v = 1 are listed in Table 6.3. Quantitatively, some of them are identified in
reasonable accuracy but other coincidences are not so accuracy. These mismatches
mainly come from the technical difficulties in the ABJM model side. One may say
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Table 6.3: The results for n = 2, v = 1 case. They are categorized by the values of
results. The sector distinguish the difference of the integrand.

Category Sector (ha,hp,hr) Mirror theory ABJM model

(0,0,0)
1 011) 1.11906 1.13290
(0,0,1) - -
2 01.0) 0.10861 0.10861
3-1 E? é’ (1); 0.176777
3 (10°0) 0.176577
2 o) 0.176777

that those coincidence between the ABJM model and its mirror might be accident,
but we believe that this is the consequence of the mirror symmetry. In order to
convince ourselves we show v = 1.2 case in Table 6.4. This also indicate that the

Table 6.4: The results for n = 2,v = 1.2.

Category Sector (ha,hp,hr) Mirror theory ABJM model

(0,0,0)
1 011 3.28043 3.26610
(0,0,1) B -
2 (1.0) 0.257084 0.257269
3-1 Eg (1)’ (1)3 0.439046
3 (10°0) 0.438456
2 ) 0.439046

partition functions for the ABJM model and the mirror theory are the same.

n = 3 case

In this case and, generally say, in odd n case (k = 1) we need special treatment for
the holonomies from the Chern-Simons term because of their sign ambiguity for A
and h + n;
et eRm = (6.31)
We thought the Chern-Simons terms for h and h + n would be identified in Z,.
Actually, they are not identified as in (6.31); they are the same only up to the sign.
Therefore, we need to choose “correct signs” somehow for each holonomy, and check
its validity by numerical analysis.
For the U(2) gauge group case we checked all the possibility of the sign ambiguity
for each holonomy and found that if we choose the plus for even h and the minus for
odd h the partition functions of the ABJM model and the mirror theory coincide
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in some accuracy (the other combination of the signs and even/odd also works).
Namely, the correct Chern-Simons term for the holonomy is

(—1)teh. (6.32)

The other choices of the sign give a quite big gap for the most accurate Category
(Category 2 in the Table 6.5).

Let us see the numerical results for n = 3 and v = 1 case, which is summarized
in Table 6.5. The number of sectors increases compare to n = 2 case and the

Table 6.5: The results for n = 3, v = 1 case. The results falls into 4 categories and
11 sectors for the mirror theory.

Category Sector  (ha,hp,hy)  Mirror theory ABJM model
21 28 8’ ;g ~0.0596831
: by (CLON(LZO) oo ~00596810
7 (2,1,0) (2,2,0) -
3-1 58 ; 8; 0.57735
32 g 8 8; 0.57735
’ o5 (L1 1) (1,2,2) pys— 0.576233
(2,1,1) (2,2,2) :
(]'7 17 2) (]'7 27 1)
919 2e1) 05T
41 58’ ; ;3 0.00000
4-2 28’ ; ;3 0.00000
! (0,1,2) —0.00010
4-3 (0.2.1) 0.00000
(1’ 07 1’) ’(17 07 2)
4 0o (202 000000

coincidence of the partition functions in different Sectors and Categories improves
the reliability of the mirror symmetry on S3/7Z,,.

From these results we conclude that the ABJM partition functions on S%/Z,, can
be calculated from that of the mirror theory.

We show the values of the free energy of the mirror theory up to N =9 for n = 2
in Fig. 6.3. Even at this level we can see that the extrapolated values of the free
energy at 1/N = 0 give almost the same result of as (6.11), which is about 0.74.

The interesting features of this result are that :

e The large N values for each category are almost the same.

e The ways of approaches to the large NV value are completely different, depend-
ing on the Category.
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Figure 6.3: Numerical results for the free energy of the ABJM model on S3/7Z,.
The different categories correspond to the different values of hy4, hp, hr (see Table
6.4). Fg)ﬁs is the free energy for the ABJM model with n = 2 in the large N limit.
We plot the difference from that on S%.

At the moment we are not sure what the difference of the way of the approaches
to the large N value means. The difference of the holonomies for global symmetry
should correspond to a difference of some parameters on the gravity side. Since
the holonomies are related to the global symmetries the corresponding parameters
should be related to the isometry of the background geometry S” of AdS,/Z, x S".
We have to calculate the orbifolded partition function for a different order of the
orbifold n as well as to look into the gravity side to point out what is the origin of
the gap of the way of the approach.
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Chapter 7

Conclusions and Discussions

We started from the basics of the 3d supersymmetries and calculated a partition
function of N/ = 2 supersymmetric gauge theories on various backgrounds using
the localization method. We also evaluate the large N value of free energies of the
theories. Finally, we calculated the free energies of the ABJM model in the large N
limit and checked the AdS/CFT correspondence between the low energy effective
theories of the M2-branes throught the coincidences of the free energies.

In chapter 2 N' = 2 chiral and vector supermultiplets are defined and the trans-
formation laws are derived from the supermultiplets. We also reviewed Lagrangians
of the ABJM model in terms of A/ = 2 supermultiplets as well as the component
fields, which show the manifest N' = 6 supersymmetry.

In chapter 3 we extended the SUSY transformation laws on the flat space to
those on conformally flat spaces, which include the three-sphere S3. Then, using
the localization method we calculated the exact partition function for A" = 2 super-
symmetric gauge theories on the round three-sphere §%. We evaluated the partition
function for large N limit in order to compare the result with that of gravity dual,
they coincide each other.

In chapter 4 we investigated A/ = 2 supersymmetric theories on squashed sphere
with SU(2), xU(1), isometry. The theories have four supercharges, which are trans-
formed by SU(2), isometry as a pair of doublets. We constructed supersymmetry
transformation laws and Lagrangians by using S! compactification of 4d theory. Al-
though the metric of the squashed sphere is the same as that of the SU(2), x U(1),
symmetric squashing in [35], the supersymmetry group is different. We computed
the partition function by using localization, and showed that it depends on the
squashing parameter in a non-trivial way.

We also computed the free energy of large N quiver gauge theories on the
squashed three-sphere S§. We considered a class of quiver gauge theories stud-
ied in [43], whose partition function on round S® scales as N3/2. We confirmed that
the free energy on squashed S? is proportional to N%/? as well, and the v dependence
is factored out as the additional factor 1/v? regardless of the detailed structure of
the theory.

We investigated relative phases in the holonomy sum, which is necessary to
obtain the partition functions of gauge theories in S%/Z, in chapter 5. We used
dualities between gauge theories and non-gauge theories to determine the phases.
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We first considered mirror symmetry between N' = 2 SQED with one flavor
and the XYZ model containing three chiral multiplets. We showed that with the
appropriate choice of the phases in the holonomy sum the partition functions of
these theories coincide. Furthermore, we found that when n is odd, the phase
factor is absorbed by the redefinition of the single function s;5(2), the orbifold
extension of the double sine function. We also considered the duality between a
certain SU(2) gauge theory and a chiral multiplet proposed by Jafferis and Yin. We
could again find phase factors which makes the duality relation hold. When n is odd
the phases are absorbed by redefining the function s, (2) in the same way as in the
first example. This fact strongly suggests that the modified function s, in (5.57)
always gives a “correct” partition function in some sense. However, there still two
remaining problems.

e We need the formulae to fix the phase factor for even n case.

e Though we could fix the ambiguity of the holonomy for the Chern-Simons term
in some cases as in (6.32) we need to check whether the formula is applicable
to other dualties.

We need further exploration on those subjects as well as to seek the origin or the
reason of these sign ambiguities.

In chapter 6 we tried to evaluate the orbifolded partition function for the ABJM
model with finite N effects. Since we believe that the finite NV effects include the
information of the quantum effects of the gravity research on this direction is im-
portant and exciting.

The large N limit of the partition function of the ABJM model on the orbifold
is considered in [50]. Though the partition function consists of the contributions of
different sectors specified by the holonomies, it is found that the partition function in
the large N limit is dominated by the specific contribution with a certain holonomy
configuration. However, when one consider the next leading order of 1/N the other
contributions become important, and hence, the phase factor plays a significant role
there.
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Appendix A

Spinor convention

We summarize the 3-dimensional spinor conventions. We use mostly + metric.
Nmn = diag(—1,+1,+1) (A.1)

We use m,n,p,q as 3-dimensional space indices and they run as m = 0,1,2. We
define the gamma matrices as follows.

where 7™ is the anti-symmetrized gamma matrix;

mn; 1 m.n n m m . n n.m n.m m n
Y p_gl o e Gl e e e e e e e e e it e e At (e G T IR V2 V)
Similarly,
mn 1 m . n n.m
7 21'[7 =" (A.4)

Lorentz group in 3-dimension is SO(1, 2) and its spinor representation is 2-dimensional
representation and it can be chosen to be real;

SO(1,2) ~ SL(2,R) = Sp(2, R). (A.5)

For a while, we use following expressions for the y-matrices.

o .. (0 1 L, (01 , s (10
7—@0—(_10,7—0—10,7—0—0_1. (A.6)

We choose a standard spinor index position for the gamma matrices and spinors as
follows.

(Yo’ Y (A7)

where «, 3, (v, will be appeared later) are used for spinor indices and run as
a = 1,2. Note that in 3-dimension we do not have dotted spinor indices as in 4-
dimension since there is no chirality in 3d. Spinor indices are raised and lowered by
an anti-symmetric tensor € as follows.

U =ePPg Yo = Ve (A.8)
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where € is defined as

€’ =€np, €ap = —€pa, €° =1 (A9)

Hence,
€ape’l = =07, (A.10)

We use North-West and South-East convention. Namely, we omit the spinor indices
when left-upper and right-lower indices are contracted. The order is important and
when it is reversed the minus sign is needed;

YA = PNy = — P = A\ = A, (A.11)

where note that ¢ and A are Grassmann odd spinors and when they are exchanged
they give minus sign as like the third equal above.
From those definition we can derive following formulae for the y-matrices.

Ecry(,ym)’y B _ (,ym)aﬂ _ (,ym)ﬁa (A.12)
(/yml,ymz . ’}/mk)aﬂ — (_1)k_1(rymk R rymzfyml)ﬂa (A].?))
(py™ ™2 o EA) = (1) (A ) (A.14)

When the v-matrices are put between the same spinor § we have following expres-
sions;

090 =0,  07mYnl = 0*0pn, Y Y Ypl = 02emnp. (A.15)
We define the complex conjugate * for Grassmann number A and B.
(AB)* = A*B* (A.16)

This leads the complex conjugate for spinors as follows.

(wA)* =N\ (A.17)
We denote a derivative of the Grassmann number as follows.
0
Oy = — A.18
06« ( )

In order to see the power of this conventions, let us compare it to a vector
(matrix) like one. We stop omitting the spinor indices for a while and when the
spinors appear without spinor index we think it as a vector. In this vector like
notation (A.11) is rewritten as

VN = €PPghg = ()T A = T el N, (A.19)

b = Cﬁ;) , €= <_01 (1)) . (A.20)
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In 3-dimension the Majorana spinor can be defined. We define a charge conjugate
spinor as follows.

Yo =CO" (A.21)

where ¢ is the Dirac conjugate of ¢ and written as ¢ = ¥4, C is a charge
conjugation matrix and it satisfies

ct =-C, (A.22)
CTC = 1,, (A.23)
CTymC = —(y™7T. (A.24)

We choose the charge conjugate matrix as
C =4 (A.25)
The Majorana condition show that
V=t =" =y (A.26)

Therefore, the Majorana condition for this case is just a reality condition.
When the spinor is real the Dirac conjugate of ) becomes

Y=yl =yl =y (A.27)

Therefore, we do not need Dirac conjugate of 1 in our notation. For example,
Lagrangian for a spinor can be written as

L= (7)o O — md) s (A.28)
= (YO — m) 1, (A.29)

where we omit the spinor indices in the last line. We never use overlines as the Dirac
conjugate nor epsilons as the charge conjugate matrix in the body of this thesis.

A.1 Fierz transformation

Fierz transformation is to expand the product of two spinors by the complete set of
the v-matrix. The results in 3d can be described as follows.

(AD)(XB) = 5 (W)AB) — 5(7"¥)(A3B), (4.30)

where 1, y are the spinors we expanded and A, B are arbitrary spinors. Typically
useful expression is

1
(A6)(6B) = —502(AB). (A.31)
This is because of the anti-symmetry of ™60 = —0~y™0 = 0.
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The rest of this section is devoted how to derive the formula. If you are not
interested in you can skip this section now.
In 3d the complete set of the y-matrix is

1, ™ (A.32)

Note that in odd-dimension we cannot define Weyl spinors, and hence, we do not
have an analogy of 75 in 4d. Also, ™" and y™" are not independent in 3d;

mn mnp

AT = €M Pry,, AP = o™, (A.33)

Thus we expand the product of two spinors ¥ and x by those v-matrices;
Yax” = a(2)) + 0u(y™)S, (A.34)

where a and 0™ are a certain scalar and vector, which we derive now. The trace of

(A.34) is

tr (Yax?) = YaX® = —X"a = —x¥
=a tr(1s) = 2a. (A.35)

After applying the 4™ from the right to (A.34) its trace is
tr (YaXx’(7")5) = YaX’ (V)5 = X" (1) 5 Ve = —(x7"Y)
= D tr (7™") = byt (7" + Lon™™) = 2b™. (A.36)

Hence,

a= —%w? by = —%(xvmw), (A.37)

and we have (A.30). Of course one can do the similar calculation in any dimension.
The general formula for the Fierz transformation depends on whether the dimension
is even or odd. In even case

D \k(k—1)/2
(A)(cB) = 5 S T () (A B) . (A9)

k=0

In odd case one just need to replace 2°/2 by 2P/2l in front and the upper limit of
the sum D by [D/2], where | | means the integer part of the number inside.
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Appendix B

Construction of N =2
supersymmetric theories

We construct 3-dimensional supersymmetric gauge theories through two different
approaches. We firstly construct A/ = 1 supersymmetric theories and derive the
SUSY transformation in a brute force way as an exercise. Then, we move onto the
N = 2 case. One way is to use the super Poincare algebra to drive the transformation
laws. One may notice that this approach is reminiscent of Wess and Bagger’s great
book [53]. Especially, 3d N' = 2 case is almost the same as 4d N' = 1 SUSY. So
one may suppose whether there are any relation between them. Indeed, we can
derive the 3d N' = 2 SUSY Lagrangian and the transformation from that of 4d
using dimensional reduction, and this is our final approach.

B.1 Brute force approach to N’ = 1 supersymmet-
ric theories

In this section we construct the supersymmetric transformation laws for fields. This
section is based on the nice review of 3d SUSY [39]. SUSY connects bosons and
fermions, and naively say, the transformation changes the bosons to fermions, and
vice versa. The mass dimensions of fields are good indicators to determine the form
of the transformation. In 3d scalars have mass dimension 1/2 and fermions have
mass dimension 1. This means that the transformation is controlled by a certain
constant € which has mass dimension 1/2. Now the transformation ¢ is naively
expressed as follows.

db(z) ~ ef (x), df(z) ~ €db(x) (B.1)

where 0 is a space-time derivative, which is introduced to fill the mass dimension gap.
Notice that from the statistics the € have to be a fermionic constant, and it is find
that actually € is a spinor. Let us consider the commutator of the transformation.

51(52b) i 51(62f) ~ €2<€1ab) ~ 6261(% (BQ)
51((52f) ~ (51(628()) ~ Ega(Elf) ~ €2€1af (B3)
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The commutator (equations above are not really ones of commutator though) of
SUSY transformation leads to translation. When the commutator leads to symme-
tries of the theory we say that the transformation closes.

Although discussion above looks clear and good, the naive transformation law
discussed above generally does not close. We now have to seriously consider what is
the real meaning of SUSY. It means that degrees of freedom (D.O.F.) of bosons and
fermions in a supersymmetric theory are the same. However, the D.O.F. depends
on whether the fields are on shell or off shell. We listed the D.O.F. of fields in Table
B.1. From the Table B.1 when we consider scalars and its superpartners the D.O.F.

Table B.1: Degrees of freedom of fields counted in real degree

Fields On shell  Off shell
Real scalar ¢ 1 1

Majorana fermion 1)
Real auxiliary field F'
Gauge field A,
Gaugino A

—_— = O =
DN DO = DO

of those match in on shell but does not match in off shell. Therefore, in order to
close the SUSY transformation we need either equations of motion for the fermions
or auxiliary field F. F" has one D.O.F. in off shell but when the E.O.M. is considered
F' should vanish or give regularizations to other fields. Typically,

Ly~ FF (B.4)

gives E.O.M. F' = 0. Notice that F' has mass dimension 3/2.

Note that D.O.F. of gauge fields and its superpartners in 3d match in both on
shell and off shell, and hence, auxiliary field is not needed. From now on we consider
off shell SUSY and let us derive the off shell SUSY transformation laws.

B.1.1 Wess-Zumino model

We begin with a real scalar field ¢ and its superpartner v, which is the Majorana
spinor, with auxiliary fields. This is called Wess-Zumino model, which is the simplest
supersymmetric theory. The action can be written as follows.

Swz = / da® [—%a%amgb + %1/1&1/) + gFF (B.5)

where a is an undetermined constant. Slash means a contraction with a y-matrix
(e.g. § =~™0,,) through this thesis. From the analysis on the mass dimension we
are motivated to consider following transformation laws.

0p =€) (B.6)
0 = —bQoe + ceF (B.7)
OF = —eQu (B.8)
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where we rescaled € and F' so that the coefficients become simple, b and ¢ are to
be determined. After the SUSY transformation of the action (B.5) you will find
that ¢ = ¢ and b = 1 make the variation vanish 6S = 0, meaning the theory is
supersymmetric.

Next, we discuss some interaction terms of those fields. Firstly, the mass term
in general set up is

S = /d% m (F(;S — gw) (B.9)

where m is mass parameter that has mass dimension 1, and d is a certain constant.
This is supersymmetric when bd = 1 and c¢d = 1. Therefore, kinetic term + mass
term is supersymmetric provided that a =b=c=d = 1.

The cubic term can be

Sy = /d?’x g (F¢* — eppg), (B.10)

where ¢ is a coupling constant that has mass dimension 1/2, and e is again an unfixed
constant. This is supersymmetric when be = 1 and ce = 1. These conditions with
that of kinetic term give a =b=c=¢e¢ = 1.

Finally, we check the commutators of the transformations. The commutator of
the transformation for the scalar is

[02,01]¢p = 2b (e97™€1) O (B.11)

This is exactly the translation as discussed, and the parameter is given by ™ =
2beay™eq.
For the fermion

[(52, 51]¢ =2b (62’7m€1) 0mq5 (B12)

where we used the Fierz transformation A.1, and we set b = ¢ otherwise the com-
mutator does not become translation.
For the auxiliary field

[(52, 51]F = 2c (Eg’ym€1> 8m¢ (B].S)

When b = ¢ all the commutators become translations with the same parameter.
Let us summarize the results. The consistent and beautiful choice of those con-
stants isa =b=c=d =e = 1. Then ,the SUSY transformations are

0¢ = €,
0 = —Qoe + €F, (B.14)
OF = —ef),

and the commutator of those become the same translation. The general action is
S = Sk + Sp + Sy + (other interaction terms). (B.15)

Other interaction terms can be derived in a similar way order by order. We call this
set of fields ¢,v9 and F' as a scalar multiplet. There is actually such a formalism
which tie up those fields in one superfield, though we will not discuss it here.
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B.1.2 Supersymmetric Yang-Mills theory

Let us consider a non-Abelian gauge field A,, = A% T*. We use a as the Lie algebra
index and T* as generators of the Lie algebra. T satisfies the commutation relation
[T, T"] = if*T°. We use the normalization such that tr(7*T%) = 1§%. The
corresponding superpartner is A = A*T"*, and no auxiliary field as discussed. The
action is

1 1
where F,,, = O A, — 0p A — i[Anm, Ay, the field strength and D,,, = 0, — i[Ap, *,
the covariant derivative. The gauge transformations are
0gA = Dy A, (B.17)
IgA = —i[A, Al (B.18)

which leads to the invariance of the action (B.16). Note that the gauge coupling
¢ has the mass dimension 1/2, so we can construct the SUSY transformation laws
using it to fill the mass gap. The most general form of the transformation with
Lorentz covariance is

6A, = aeymA,  6X = bF,, Y™ e + cO™ A,e + dg* e, (B.19)

where a, b, ¢, and d are some constants. From the invariance of the action (B.16)
under this transformation laws it is shown that ¢ = d = 0 and a —2b = 0. Therefore,

0A,, = aeyu\, O\ = gan’ym"e. (B.20)
Let us see the SUSY commutation of the gauge field.
[(52, 51]Am = —2G2an€2’7n61 (B21)

This expression is further deconstructed into the covariant derivative and the gauge
transformation.

[69, 61] A, = 202 €9Y" €10, Ay — 20° Dy Apeay™ ey (B.22)

The first term in the right-hand side is the translation with parameter, 2a%e57"ey,

and the second term is the gauge transformation with parameter, A = —2a? A, e27"€;.
The SUSY commutation of gaugino gives covariant translation.

[627 51]/\ = 2a2€g’yp€1Dp/\ (B23)

= 2a”eayPey (A — i[A,, \]) (B.24)

Again, these are the translation and the gauge transformation with the same pa-
rameter as the gauge field.

In order to have the same translation as those of Wess-Zumino model a? should
be set to 1. Since the sign of a can be absorbed into the definition of the gaugino A
we set a = 1. The final form of the gauge transformations is

0A;, = €VmA,
1
oA = §an’ym"e. (B.25)
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B.1.3 Chern-Simons term

In three dimension we can consider a following action without any dimensionful
constant.

Sos — g / By ey ( Anbn A, — %AmAnAp> (B.26)

where £ is a dimensionless constant. This action is called pure Chern-Simons action
and has trivial field equation;

E,,, =0. (B.27)

Therefore, the Chern-Simons action does not have any physical D.O.F, and it is
called a topological action. The action is invariant under the infinitesimal gauge
transformation (B.17). However, the invariance of a finite gauge transformation (or
sometimes called large gauge transformation)

Ay — AL =UAU +iU'0,U, U = e, (B.28)

requires a restriction on x:

K (k € 2). (B.29)

S o7
See Section D.1 for the derivation of this constraint.

Let us consider the fermionic part of the Chern-Simons action. As we discussed
the Chern-Simons action has no D.O.F., hence, the corresponding fermionic action
should not have any D.O.F. In addition the dimensional analysis tells us that the
mass dimension should be 3. Summarizing all we conclude that the supersymmetric
Chern-Simons action is given as follows.

S = ﬁ / P tr {e“”" (AMaVAp = %AMAVAP) + M] (B.30)

This is invariant under the same supersymmetric transformation as that of Super-
Yang-Mills (B.25).

B.2 Dimensional reduction method

It is well known that 3d A/ = 2 SUSY can be derived from 4d N' = 1 SUSY by
dimensional reduction. We will see how to get the transformation law and the action
from 4d in this subsection. Here, we denote Greek letters u, v, --- as 4d spacetime
indices (e.g. p =0,1,2,3) and m,n,--- as 3d spacetime indices (m = 0, 1,2). We
distinguish 4d gamma-matrix and that of 3d by I'* and 4™, respectively, where the
4d I and 3d v are related as follows.

o B (B B2
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Firstly, we list the action and the transformation law in 4d. The action is
_ _ _ 1 _
S = /d4x tr {—D,@D“qﬁ + YRy + FF — §FWFW + AR+ D?| . (B.32)

And the transformation is

3¢ = V2er)

01 = —V/20"eD, ¢ + V2 F
§F = —V/2eT" D, ) — 2exg

6p = \/2e)

61p = —\/§F”6D“$ + V2eF
OF = —\/§EF“DHE — 2N

§A, =il A — iel A
A = %F‘“’GFW + De

O\ = —%F“”EFWL + De
6D = —el"D,\ — e["D,\, (B.33)

where the 4d spinors are Majorana spinors.
The dimensional reduction, or often called compactification, is naively illustrated
in Fig. B.1. We roll up a flatspace to a cylinder and introduce a boundary condition

= Q 7”

) _r(]’ ? ) x07172

1‘3

Figure B.1: Dimensional reduction

to fields on it. The fields are expanded as
PUD (zm 23) = ZeikIB/TCIDk(a:m), (B.34)
k
where 7 is the radius of the cylinder, ®“?9 is any field in a theory, and ®;, is the
coefficients of the Fourier expansion. In case of the scalar field ¢ the field equation
becomes

(049, —m?) ¢ = (00 + 05 —m?) &
= (amam - <§)2 — m2> ¢ (kez). (B.35)
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This is an infinite tower of the massive scalar field; its effective mass is m%; =
m? + k?/r* . When the radius is extremely small the fields & # 0 becomes very
massive and decouple from the theory. In other word, it is possible to ignore the
dependence on the x? direction, or equivalently we can set 95 = 0. Other than that,
we need to decompose the 4d Majorana spinor to 3d complex spinor due to the
difference of the representation;

AU (8) R U (g) . (B.36)

Also, we need to decompose the gauge field into two part;
A, = (Ay,0). (B.37)

The fourth direction (z?® direction) is no longer the component of the vector, albeit
the adjoint scalar.
Along these strategy we can decompose the action as well as the transformation.

—D,¢D"¢ — —D,,¢dD™$ — poo e
VRY = YR + Yo
FF - FF
—%F“”FW — —%Fm”an — D,,0D"o
AR = AR + AoA
D? — D? (B.38)

The transformations become

06 =V 2et)
6 = —V/29"eDyd + V2o d + V/2eF
6F = —\/2ey" Dy, b + V2e01h — 2eg
56 = V/2e)
60 = —V/29"€eDy ¢ + V2e0p + V/2eF
OF = —ﬁevamE +V2e0) — 2eNd

0A,, = 1€V — 1€V A

50 = e\ + X

o\ = %vmnean —y"eD,,0 4+ De

o\ = —%”ym"Ean — y"eD,,0 + De

6D = —ey™" Dy X — &Y™ D\ + €lo, N +€lo, A (B.39)

These are exactly the same as ones we derived in different ways.
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B.2.1 N =2 supersymmetric Chern-Simons term

Here we discuss the N/ = 2 supersymmetric version of Chern-Simons term. There
are a couple of ways to derive it. One is to start with the pure Chern-Simons term
(B.26), and modify it so as to make it invariant under the transformation. The
other way is to use the vector multiplet and covariant derivative to construct a
SUSY invariant Lagrangian. Point is that the Chern-Simons term does not exist
in 4d. Hence, we cannot use the dimensional reduction method. This fact gives a
clue to derive the superfield expression for the Chern-Simons term; the expression
should be the combination that cannot be constructed in 4d.

Firstly, we attack the first way, which is a brute-force approach. Here as we
cannot show our effort we just show the result. The supersymmetric Chern-Simons
term is given by

k 1 2i _
Sscs = 5 / & tr {emnpg (AmanAp - glAmAnAp) N — UD] . (BA40)
m

Next, we use the superfield and the covariant derivatives to construct (B.40).
This formalism was given in [54]. Notice that in 4d the covariant derivatives D,
and D, cannot contract each other due to the chirality. However, in 3d there is no
chirality, and hence, we can contract them. Let us consider the Abelian case first.

Scs = % / d>xd*6 (Eav) (D,V)

= — —e"PA,,0,A —oD B.41
o d’x (26 mOnAp + AN — 0 ) ( )

The SUSY invariance is obvious because we used the superfields. The gauge invari-
ance is easily checked by using the partial integration and the fact that

DD = DD
D,A = Dg\ =0. (B.42)

In the non-Abelian case, though the derivation is non-trivial, the action is given as
follows.

1
Scs = —% / dPzd*0 / dt tr [VD" (e 7V D,e*V)]
0

1 . 2 L L
= QE d*zd*6 / dt tr [DVDV -3 (VDVDV — VDVDV)]

u 0
_k d*x tr 1emm” A0, A, — %A A A, ) + A\ —0oD (B.43)
L 2 e T ‘

Though in order to show the gauge invariance we need some calculation (see Section
D.3) one can show that this is gauge invariant.
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Appendix C

S3 geometry

C.1 Curved geometry

Since we treat curved geometry we have to prepare some tools. On the curved space
a spin is defined locally. Namely, the spin is define on the tangent space rather than
the curved space. We need to introduce so called vielbein €' (typically, it is called
dreibein in 3d) as a map from curved space to the tangent space;

€ ()€ () Gy () = Thn (C.1)
where 7,,, = diag(—,+,+). Here we use m,n,--- as local Lorentz indices and
W, v, -+ as world indices. The vielbein satisfies

e, €y =0, epne, =0y, (C.2)

€4 and €, are an inverse matrix each other. Using the inverse matrix we can
express the metric by vielbein

g/“’ = e,umeunnmn' (C3>
An index of a gauge field can be changed by the vielbein;
Ap =ellA,, Ap=e" An. (C4)

e “m transform under the local Lorentz transformation as

ore," = —=A"e (C.5)
where \,,,, = — A, is the parameter of the infinitesimal Lorentz transformation. In

order to make the covariant derivative we need a gauge field. We call the gauge field
to the local Lorentz by spin connection, and it is written as

w, " (x). (C.6)

un

The spin connection is anti-symmetric for the local Lorentz index

w, ™= —w /" (C.7)



The spin connection transforms under the local Lorentz as

81, = DA™ = G 4 1, TN 4,1 AP, (C.8)

m

Using the spin connection the covariant derivative is defined e.g. for a vector V'™ as

DV™=09,V"+w,/ V", (C.9)
and for a spinor:
1 mn
D,=0,+ T Ymn . (C.10)

The covariant derivative for a scalar is usual derivative D,¢ = 0,¢.

The vielbein and the spin connection is not isolated each other. We can actually
write down the spin connection in terms of the vielbein using so called torsionless
condition:

e, =0. (C.11)
Then, we have

1
_ v 2 L pP,O0_,D
Wymn = ( o S — € Qpum — €,e) e, ngp)

2
;u/m a,ueym - 8ueum- (012)
From the spin connection we can construct the Riemann tensor as follows.

R," =0w — 0w, +w/ wr —w wr,. (C.13)

C.2 Differential form

So far we have seen the explicit form of the vielbein, spin connection and Riemann
tensor. There is actually simpler way to express them; it is a differential form. In
general, for the rank n anti-symmetric tensor we define n-form as follows.

A, = EAM...Hndx“l A Ndatm, (C.14)

where dz* is the basis and A is a wedge product (exterior product). The wedge
product is anti-symmetric:

dzt N dx” = —dz¥ N\ dat. (C.15)

Ay, 1s called the component of the form A,. When it is obvious we omit the
subscript n and simply denote A, as A. For example, for a gauge field A, we write
it in the differential form as

A= A,dat. (C.16)
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Similarly the field strength is expressed as
1
F = §Fuyd:c“ A dz”

=dNA=0,Adx" Ndz" = - (0,4, — 0,A,) dx" N\ dz", (C.17)

1
2
where d = 0,dz" is an exterior derivative. We also abbreviate the wedge product
e.g. dNA— dA.

Using the differential form the vielbein is

e" = e, "da", (C.18)
and the torsionless condition becomes

De™ = D,e,"dx" dx”

= (od+wTh) e = (670, +w,) e, datdx” =0 (C.19)

Moreover, when we think e as vector and w”} as matrix, we can also omit the local
Lorentz indices as well;

De = (d+ w)e. (C.20)
Hence, the torsionless condition can be written by
De = 0. (C.21)
In this manner the Riemann tensor can be written by
R = D?=dw + w? (C.22)

where we used the fact that d?> = 0. Note that w is a matrix, and hence, w? # 0.

C.3 S’ geometry
S3 is usually described by Cartesian coordinate as
o2+ 4 22w =t (C.23)

Here we illustrate the S% as a group manifold S ~ SU(2) with Euler angles (0, ¢, 1).
Their periods are (m,2m,47). SU(2) element g can be expressed as follows.

g = /T3t Ts (C.24)
where 7% = i0%/2 is an anti-Hermite representation of SU(2) algebra

[Ta, Tb] = _EabcTc- (025)

()-+()

The coordinate is expressed as



¢ %

Figure C.1: Arrow with rotation angle on S?. Equivalently, U(1) fiber over S?,
which is called Hopf fibration.

with a complex coordinate zq, z9;

21 + [2f* = (7 25) <2> = (r 0)g'g (6) =7’ (C.27)

Graphically this can be show as U(1) fiber over S?; see Fig. C.1.
Let us define so called left-invariant 1-form p® through the following equation.

2T, = g 'dg (C.28)
Using the Euler formula
1
T :1+0Ta+§(0Ta)2+---
0 .0
= 10055 + 27, sin o (C.29)

the left-invariant 1-form is explicitly given as follows.

pt = % (— sindf + cos ¢ sin 6de) (C.30)
u? = % (cos 1df + sin v sin Ode) (C.31)
p = % (dp + cos Bd) (C.32)

The metric of S? is
ds® =17 ((n')* + ()" + (1*)?)

= %2 [d6® + sin® 0dg® + (dip + cos Odg)°] . (C.33)

This means that the vielbein is

e =ru’. (C.34)
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The volume is also calculated using the 1-form.
2
/7"3 ul/\uz/\u?’:—/%SmG d9 A do A dip = —27°r? (C.35)
Vol = /7’3 ‘,ul T ,u3| = 27?3 (C.36)
Let us calculate the spin connection of §3. One can calculate the spin connection
from the torsionless condition (C.21). We take a derivative of (C.28):
d (g 'dg = 2u°T,)
1
= =g ldggldg =24y T, =~ Ap' [T, T = 2dpT,

= ua A /LbECLbCTC — dNCTC
dua — e“bc,ub A Iuc = d,ua + 6aLbcluc /\Mb =0 (037)

This is nothing but the torsionless condition (C.21):

De*=0 = Du*=0
dp® +w™u’ =0 (C.38)

Therefore, the spin connection is

w = eeye, (C.39)

C.4 Fundamental group of S° and S§%/7Z,

The fundamental group of S is trivial: 7 (%) = 1. , the orbifold §3/7,, has non-
trivial fundamental group: 7 (S*/Z,) = Z,. This is very significant feature of the
orbifold because this is the origin of the holonomy. Let us see this explicitly. Since

the Euler angle is not adequate for global coordinate of §?; it has singular points at
the north and south pole. We consider two patches of §% as in Fig. C.2. However,

YN ' North part

s South part

Figure C.2: Separated S?; the circle put on §? parametrize the fiber direction.

¢ and 1) themselves are already ill-defined for S2. We get rid of the singularity by
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tuning the third coordinate ¢ patch by patch. Let us see the region around the
North pole § ~ € (e << 1).

; : 1 €/2
_ _io2€/2 _
Ty(o) =e ~ 1+ ieoy/2 = (6/2 1 ) (C.40)
. i9/2 )
_ io3¢/2 __ €
T3(¢) = €' = < 0 ei¢>/2> (C.41)
G2 € i(6-b)/2
T3(9)To(e)T3(¢Y) = (_gei(—qb—i-w)ﬂ 2—i(¢+w)/z (C.42)
Taking € — 0 and utilize (1 0)7 from the right we have
2 = elPH¥)/2 (C.43)

As there should not be ¢ dependence at the point we set ¥y = ¢ + 1. At the South
pole = m — € we repeat the same thing and get s = —¢ + ¢. Therefore, we need
the junction condition when change the patch:

Un = s + 2¢. (C.44)

Let us consider the circle around the North pole

0=R<<1
p=2mt (0<t<l)
1) = const = 0, (C.45)

and move it to the South pole (see Fig C.3). Then, after the change of the patch

Figure C.3: Circle created from the point can lap the S*.

the circle wind the S! once.

0=m
¢ = 2mt
Vg =Yy — 20 = —4Ant (C.46)

Of course one can repeat the same thing to wind the circle any times. Therefore,
inversely, a circle winding many times can shrink into a point, which is expressed as

7T1(S3) =1.
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S3/7, case is similar but gives a non-trivial result. The orbifolding affect the
U(1) fiber part and it reduces the period from 47 to 47/n. Then, the junction
condition becomes

YN = s+ 2n¢ (C.47)

Thus, a circle winding 8! n times can shrink into a point. Inversely, a circle winding
less than n times can not shrink into a point, which is expressed as m(S*/Z,,) = Z,.

C.5 Weyl transformation and S°

Let us firstly derive the S§' from R'. The S* is parametrized by 70 with 6 ~ 6 + 27
from the north pole to clockwise direction. The R! is parametrized by x; see Fig.
C.4. From the geometric calculation we have the following relation between two;

A

Y

Figure C.4: Circle with radius r and its stereographic projection from the north
pole

0 r

Note that # = 0 corresponds to x = oo; there we have to use another patch to
parametrize the point e.g. use the stereographic projection from the south pole.
From (C.48) we can also have the relation of the lengths.

2 2
The square of those gives the metric
ds? = r2d? = — g2 (z)dz? (C.50)
s =r —(T2+x2)2x—ga: x. )

This means that S is conformally flat. Similarly, we can create 82 from R* by Weyl
transformation. In the case we only need to replace z? by 2™z, in g(z);

At

e 9 = G
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Appendix D

Chern-Simons term

D.1 Chern-Simons level quantization

Let us see the quantization of Chern-Simons level explicitly. We use differential
form here; we summarized it in Section C.2. The finite gauge transformation of the
Chern-Simons action (B.26) with ignoring the surface term becomes

§4Scs = g/d% tr (U~1dU)’ (D.1)

where we omitted the wedge products. Since non-Abelian gauge groups always
include SU(2) subgroup let us consider the SU(2) gauge group. Due to the non-
trivial fundamental group w5 (SU(2)) = Z (D.1) is not zero. As one may notice the
integrand of (D.1) is the left-invariant 1-form. We can explicitly write down the
left-invariant 1-form by the generators of SU(2). Then, the integration gives the
volume of §3:

045cs = g / &r tr (UNdU)° = %ﬁ / dPx tr (T*TT°) papuppte

:—25/ ut A A P
= 47K, (D.2)

Though we used anti-Hermite representation one can do the same thing in a Hermite
one and reach the same result. The result means that the action is not invariant
under the large gauge transformation (B.28). However, the partition function is
invariant;

Z/ — /D(beiScs+i5gScs — /D@ei505+2ﬂ'i(27ﬂi) (DB)

if one impose the constraint
2nk =k € Z. (D.4)

We call this integer &k Chern-Simons level. The final form of the action is then,

k 2
Ses = = /dsx VPt (AuayAp — gZAMAVAp> ) (D.5)
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D.2 Holonomy for Chern-Simons term

We firstly reconsider the quantization of the Chern-Simons term in a different
method. Then, we discuss the holonomy for the Chern-Simons term. In this section
we extensively use the differential form, which is summarized in Section C.2.

We consider the two gauge fields A and B on S? and their cross term in Chern-
Simons term:

S=k / AdB (D.6)

The gauge transformations of these gauge fields are given as follows.
0A =dAy (D.7)
0B = d\p (D.8)

We describe the S? as in Appendix C The coordinate is the Euler angle (6, ¢, ).
As the coordinate is not well-defined we separate it into two patches and introduce
local coordinates for them; we distinguish them by putting subscripts N and S for
upper-half and lower-half.

The junction condition for the fields are given as follows.

AN —|— dOé = AS
By +dS = Bg (D.9)

These conditions should not depend on the gauge choice. We denote the fields after
the gauge transformation with prime (e.g. A’ = A+d\,4), and the conditions become

Ay + da’ = Al (D.10)
— AN—Fd)\AN—i-dO/:AS—Fd)\AS. (D.ll)

In order to make these be the same as (D.9) we have to set
O.//:OZ—AAN—F)\AS. (D12)

We fix the coefficient x of the Chern-Simons action so that the action is gauge
invariant. The gauge transformation of the action (D.6) is

5S =k ( / d\a,dBy + / d)\ASdBS) . (D.13)
N S

We use the Stokes theorem but note that A\ has period 27 and multi-valued. However,
its derivative d\ is well-defined. Thus, the Stokes theorem should be used so that
those derivatives remain:

55’ = —K (/ d(d)\ANBN) + / d(d/\ASBS)) = —K (/ d)\ANBN +/ d)\ASBS)
N S ON oS

= —K (/3]\/ d)\ANBN — /aN d)\AS(BN + dﬁ))
_ </8N(d>\AS —d\a,)By + /aN dAASdﬁ) , (D.14)
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We used the fact the direction of the boundary 0NN and 0S are opposite each other
between the first and second line. Generally, the remaining terms have non-zero
values, and hence, we introduce a term that erase them. The possible candidates
are A, B, a, 5. We use the derivative of «, and its gauge transformation

(5(da) = —d)\AN + d)\AS. (D.15)

As this is the same as the first term of (D.14), We add the following term to the
action.

S) = —/4:/ daBy (D.16)
ON

The gauge transformation of the modified action is

5(S+51):,<¢/

A\ dB — K / dadAp, (D.17)
ON

ON

We explicitly integrate the action on the torus. The path of the integration is taken
as in Fig. D.1.

ON

S —> <

0 —— & 1

Figure D.1: Integration path along the boundary of torus 72

/ d)\ASdﬂ = %)\AS(I,y)dﬁ

ON
://\As(x,O)axﬂda:—l—/)\As(l,y)ayﬁdy—//\As(x,l)ﬁxﬁdx—//\AS(O,y)ay,de
— [ Poasl.0) = a0 + [ (1) = Ay (09010, 5y

= _Ay,\AS/amﬁdmAm)\As/@yﬁdy

= —A M ALB+ A A B
=21k (me€Z) (D.18)

Therefore, if we set k = k/2m (k € Z) the action is well-defined.
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Now we are ready to consider the orbifold case. Due to the non-trivial funda-
mental group m,(S%/Z,) = Z, the vacua is specified by holonomies ha,hg. The
holonomies are related to the gauge fields as follows.

2mha _ %A, 2mhs _ 7{3 (D.19)

n n

We explicitly introduce the coordinates 8, ¢, 1¥n g. As discussed in Section C.4, the
junction condition is

s =N + 2noy (D.20)
From (D.19) the gauge fields are written in terms of the coordinate:
h h
Ay = 2—Ad1pN, Ag = —2di)s, (D.21)
n 2n

where note that the period of ¥’s are 4w. The junction for the fields (D.9) tells us
that

ha

2n

(dvps — dipn) = da

The same for B. Substitute this to the action (D.16) with xk = k/27 we have

k k hp k 9
= —— daBy = —— [ haddoy—diby = ———hh
S 21 Jon aPN 27?/ AdoN 2n N 4mn ahi(877)
27k
- —%hAhB. (D.23)

This is the distinctive feature for the Chern-Simons term on the orbifold. Note that
we considered the cross term of A and B, hence, it is multiplied by 2. For the
Chern-Simons term with single gauge field leads to wkh? /n.

D.3 Gauge invariance of the Chern-Simons term
in superspace

We introduce useful expression
g =", (D.24)

and rewrite the action;

1
Scg = —% /d3wd49/ dt tr [(g‘lﬁtg)b(g_ng)L (D.25)
0 -

/

~
1

where we denote I as the integrand. This is topological and is written by the total
derivative. In order to see this we introduce a symbol;

[d] = g~ 'dg. (D.26)
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From the definition the following formula is easily derived.
o[d] = [od] — [0][d] (D.27)
The gauge transformation is then given as follows.

5I =6 tr ([0, D[D))

= tr ([60,]D[D)) — tr (8@ DID]) + tr ([0 D[6D)) — tr ([BJD[S)[D])  (D.28)

After the partial integration of x, 0, ¢ these terms become zero. Note that the total
derivative of & and 6 is set to zero as usual. However, we still have to pay attention
to the surface term of ¢. It is

k ! — k _
0Scs = ~ % /d?’xd40/0 dt otr ([6]D[D]) = ~ % d*zd*0 tr ([6]D[D]) ‘t:l'
(D.29)
The explicit infinitesimal gauge transformation for [0]:
10]],—, g_lég‘tzl = e Wehe e 1 = je VA —iA (D.30)

shows that (D.29) is zero, and therefore, the action is invariant under the gauge
transformation.
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Appendix E

Spherical harmonic function

Our goal in this chapter is to construct the formula to derive the eigenvalues of the
Laplacian on a symmetric space M. This chapter is base on [55].

E.1 Frame bundle

We describe the spin R field ¢ on a d dimensional manifold M using the bra-ket
representation |i):

dim R

) = [ de Y feijuia (E)

where x is a point on the manifold M, i is the index of spin basis of SO(d), and ;(x)
is the wave function. The basis |z, ) is defined by the following tensor product.

) @ i) (E-2)

The basis for the spin is usually defined on each point @, hence it should be written
li)ey € Vz. But they are not isolated and we can actually define the map from
non-trivial basis |i)o to the basis on every points @ as |i).

f@) o — li)e (E.3)

We can now construct the spin basis at any point from |i)g and f(z). f(z) is the
section of SO(d) fiber bundle over M. This fiber bundle is called frame bundle
FM.
Benefit of the frame bundle is that we can set frame without a specific spin.
According to this change we rewrite the basis as follows.

[z, f(x)) ®]i)o (E.4)
Using this the field v is rewritten as follows.

dim R

)= [ do 3 o @) i) (£:5)
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the section f always acts on the element of spin space V,, henceforth we identify
the action leads to the same result. Namely,

|z, f(®)h) @i)o ~ |2, f(®)) @ hli)o, h e H=S50(d). (E.6)

The tensor product with the identification above is written as ®p. Using this
product we can derive the relation between the wave functions with different section

f'=1rh

/da:2|w ) @i li)or)(@)
dim R
= [t 3 o f@h(o) @ i@

dim R
_ /M de Y~ o, f(2)) @i h(@)li)ov(x)

dim R

/ dw2|m ) @ [)oh(a);t(x) (E7)
where we defined
By = olilh(@)])o (E8)

, which is the representation matrix of representation R of h(x). Comparison be-
tween (E.5) and (E.8) give us following relation:

dim R

Z h(z)i)(x (E.9)

This is the local rotation of the spin R field.

In order to relate the field |¢)) and its component (or wave function) v;(x) the
section f(x) of frame bundle has to be chosen. As the section is locally chosen when
we consider the translation the section also changes. To keep the parallelism of the
spin we need to cancel the change of the section caused by the translation.

Let us consider the explicit translation that bring a particle located at a point

' = x+etox (see Fig. E.1). The translation determine the unitary transformation
U. that change V. to V,;

U. : Vy—V,. (E.10)
We denote this translation P, and its action to the basis is
Pla', f(a')) = |@, Ucf ('), (E.11)
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S N W
LHEE

k*E

lz, U f(z')) = Pl f

Figure E.1: Translation, the change of section and pullback of the basis
which changes the frame. Since the new section U, f(x') is different from the original
section f(x) we have to modify it to compare the two. The translated field P|) is

dim R

P) =P [ a > I#. 1) @ ot (@)

dim R

- [ do 3 s @) ©n liovita)
.
/ dx Z |z, f ) @m |1)ots(z)
dim R
_ /M dz > |, f()) @ Qeliyon(a)
d’i:llR
/ dx Z |z, f(2)) @u [1)oQei;0;(x") (E.12)
2,j=1
where we defined
Qe = fﬁl(w)Uef(wl) Vo = Vi = Ve — o, (El?))

and its representation matrix {¢;;. As )¢ is isomorphic mapping on Vj it is the
element of SO(d). Hence, we can compare the two spinors healthily with the wave
functions ¢;(x) and

dim R

= Z Qe.i;0; (). (E.14)

Using the infinitesimal translation parameter ¢ we can denote €2 = 1 4 e/w,, with
the element of Lie algebra so(d), w,, Then, the covariant derivative is defined as
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follows.

¢ Dyhi(x) = ¥y () — i)

dim R

== uwz Z wu ZJ'QD] ’ (E15)

where w, is the spin connection.

This complexity comes from choosing the section. Hence, let us define the field
as a function on the frame bundle FM without the choice of the section. Namely,
we define the map f : Vp — V, that is independent of the point & as an isolated
coordinate. In this notation the basis is

1z, /). (E.16)
This pair gives a point of the frame bundle FM, and hence, it is the basis of the
function on the frame bundle. You can suppose that the pair (x, f) put the spin

space Vy with the direction specified by f on the manifold M. Using this basis we
can rewrite the general state as follows.

dim R

/dmZ\m ) @ |i)®i(z, f) (E.17)

The difference compared to (E.5) is that the wave function W;(x, f) is defined over
the whole frame bundle, and the integration is performed over the section f. In order
to make the integrand be independent of the choice of the section, the integrand
should not depend on the section. Especially, the state is unchanged under the
replacement f — fh (local rotation) the integrand should satisfy following relation:
dim R dim R
Z|w ) @u i)o®i(x, [) = D |2, fh) ©n [i)o®i(x, fh)
=1
dim R

= 3 fo. ) @ur bl o 1)

dim R

= > le. ) @ lihohi;®; (@, [h) (F.18)

1,7=1
Namely, the wave function should satisfy the relation
dim R

=) hy®(w, fh). (E.19)

If the wave function satisfy this relation the state vector |1) does not depend on the
choice of the section.

The translation of the state in this notation is written as follows.
dim R

Ply) = /de!wUf O liYoi(, )

dim R

/dmch ) @p [)o®i(2', U f) (E.20)
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The translated wave function is simply illustrated by
U (w, f) = Wi(a!, U f). (E.21)

We do not have to consider the spin connection and so on. What we have to do is
that specify the wave function satisfying the condition (E.19), and the translation
U.. This is easily done in the case of symmetric space as we will see coming sections.

E.2 Frame bundle of G/H

Let us consider a group G transitively act on a manifold M. This means that the
manifold M is a homogeneous space. We choose the origin O of the manifold. We
call a subgroup that do not move the origin by H:

H={g€G|lgO=0}. (E.22)

We consider the element g inG moves the origin to a point z, namely, we set x = gO.
Then, gH also moves the origin to the point . Hence, we have the manifold M by
the identification g ~ gh :

M = G/H. (E.23)

This means that G is the H-bundle over M. We define a projection 7 that project
G to M.

We describe the Lie algebra of G and H by G and H, respectively. Also, we define
the orthogonal complement K. These satisfy the following commutation relations:

H,H CcH, [HKCK, [KKCH (E.24)

The first two relations are just the definition of subgroup. The last relation is quite
non-trivial. We regard K as the translation, H as local rotation, and as we will see
the last relation means the torsionless condition.

In previous section we saw that the field on the manifold M can be denoted
by that on the frame bundle FM. A point on the frame bundle FM gives both a
point of the manifold M and the local orthogonal set. In the case here M = G/H
this is realized by choosing the element of G. Namely, if we denote the basis on the
origin by |i)¢ and the basis moved by ¢ from the origin by [i),, we can define the
homeomorphism of G and FM. As like this we can unify the coordinates « of the
manifold and f fixing the section into g € G. We reexpress the configuration of the

spin R field on M (E.17) by

W) = /dg\g> ®m |1)o¥s(g), (E.25)
where the product ®p is defined by the identification:

lgh) @5 |i)o = |g) @ hli)o. (E.26)
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The condition (E.19) becomes

Vi(g) = Z hij¥;(gh). (E.27)

In case of M = GG/H we can have the complete set of the wave function. We
denote the representation R of G including the branch point into the spin repre-
sentation R. We express the representation matrix for R by pfg, and the space
that the matrix acts by V3. The basis indices of the space V3 are written by

AB =1,---,dim R R branching into R means that there exist the subspace
Vr € Vg that transform as the representation R. The basis indices of this subspace
are written by 7,7 =1,--- ,dim R. _

In our case this means that there exist the representation R € R that is invariant
under the H action. We define the function for every representation R of G that
branches into R:

Y2 (9) = p™(g ™ ia. (E.28)

This function satisfy the condition (E.27), and it makes the complete system. Namely,
the function W;(g) satisfy the condition is expressed by the linear combination of
(E.28):

dim R

Uilg) =Y Y pR(g v, (E.29)

B A=l

where \DE are constant coefficient. If R includes more than two branches the sum

over the R is taken over each subgroup R. It is easily checked that (E.29) satisfy
(E.27).

E.3 Isometry and Lie derivative
From the relation G and FM we can define an isometry for M by the right action:
iso(g)|g) = 19'9)- (£.30)
The isometry action on (E.25) gives the transformation of the wave function:
ol ) = [dg 3 19'9) S )00~ )ia ¥
i,R,A

= /dg > 1) @m D)o (97" g)ia ¥
i,R,A
— [ds 3 W) on lior™(o uan"g)anE (E3D)

i,R,A,B
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The isometry is expressed as a rotation of the constant vector \Ifﬁz
Uh— U =" pR(g)an V- (E.32)
B
Lie derivative corresponding to the generator X of the isometry is defined by an
infinitesimal transformation of a field under the isometry:
Lx =iso(l+ X) — 1. (E.33)
In terms of (E.31)
Lx¥i(g) =V, ((1 + X)flg) —Ui(g) = ¥i(—Xg). (E.34)

Though action of the isometry on g is the left one, we rewrite it as the right action
as follows.

(1—|—X)g:gg_1(1+X)g:g(1—|—vm m+w'Hy,) (E.35)

In this notation v™ is the Killing vector for X, and w®H, is the rotation attached
to the isometry.

E.4 Covariant derivative

We fix the section f, and define a orthogonal coordinate £™ near an arbitrary point
x (m=1,--- dimM). This is give by the projection from ™ to the neighbor of
the point a.

o(&) =7 (9(1 + " Knm)) (E.36)

We abbreviate the sum symbol from now on. The metric around the origin is given

by

ds? = £mem, (E.37)
The normalization of the K, includes the information of the size of the manifold
M.

When we determine the orthogonal set the translation of from £™ to €™ — €
given as follows.

™ is

g—g(1—€"K,)e. (E.38)
We denote this translation as P.:

Plg) =lg(1—"Kpy)). (E.39)
P. acting on (E.25) gives

RIW) = [ dglg (1= €"K,) @ 009

:/@@@M%%@@HW%» (E.40)
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Using this P, we can define the covariant derivative as follows.
"D, W) = P 0) — )
— [ dglg) @u 0o [Wsly (14 €K )) = Wilg) . (BAD
For the wave function ; it is given as follows.
DV, =V, (gK,,) (E.42)
The right hand side is defined by
€"Wi(gKm) = Wi(g (1 + €"Ky)) — Wilg) (E43)
Using the expansion of the wave function (E.29):
U(g) = p(g7)ia ] (E.44)
In this notation (E.43) is written as follows.
Uilg (1+€"Kon)) = Uilg) = |p"((1 = " Ko) g™ )ia = (g )ia] U
= (=" Kon))ian" (g7 a U
= (=" Kon))ia ¥ 9). (E.45)
where we defined the wave function extended to the R by U%(g):
Wi(g) = p™ (g apTE- (E.46)
Using these the covariant derivative is expressed as follows.
Da¥f(g) = U(gKn) = —p"(Kn)ia¥h(9). (E.47)
Note that the covariant derivative satisfy the condition (E.27):

Dy ¥(gh) = Wi(ghKy) =V (g(hKnh™")h) = hophi Ui (9K,) = by hi DaP5(g),
(E.48)

where note that the index of the covariant derivative m also transform as the spin
index. The state vector for the covariant derivative can be defined as follows.

D%) = [ dglg) o (m)o @ o) Do) (B49)
The identifying product ®y is defined as follows.

lgh) @1 (Im)o @ li)o) ~ g) ®u (hlm)o ® hli)o) (E.50)

To take the derivative twice we just repeat the (E.47) twice:

DD, VE(g) = D, WE(gK,) = VE(¢K,,K,). (E.51)
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Then, the Laplacian is given as follows.

AU (g) = Wi (gKnKon) = |Cal(B) = Ca(R)| Wily), (E:52)

where Cy(R) is the Casimir operator that created from K4 Kp contracted by the G
invariant metric g2, and Cy(R) is that of limited region inside the representation

R:
Co(R) = —g*PTuTs,  Cy(R) = —g" H;H;. (E.53)

Since we use anti-Hermite generators we defined the Casimir operators to be positive.
The eigenvalue of the Laplacian is completely determined algebraically.
The commutator of the covariant derivative

[Din, Du] Ui (9) = W (g[Kom, K]) = p (= [Kom, Ka])y; U5 (9) (E.54)
gives the Riemann tensor:

R = [Dpm, D] = =Ko, K. (E.55)

E.5 Spin connection and vielbein

We can extract the information of the spin connection and the vielbein by comparing
to the covariant derivative, which is given by

GmDm\I/i = d\Ijz + wij\llj. (E56)
We rewrite the derivative in RHS:
d¥;(g) = Vi(dg), (E.57)

where we regard the RHS expanded as in (E.29) and d acts on the p R(g~!). The
spin connection is rewritten as wW¥(g) = W(—gw). Using these expressions and the
algebraic form of the covariant gives

e"Wi(gKn) = Vi(dg) + Vi(—gw). (E.58)
This should be satisfied for any field, and hence,
w=-e+uw, =g 'dg, (E.59)
where e = €™ K,,. i, by the definition, satisfy following equation.
dp+p? =0 (E.60)

Substitute the expression for the y and divide the result into H component and C
component, and we have

de +we +ew =0
dw + w? +e* = 0. (E.61)

The first equation illustrates the torsionless condition. The last one gives the Rie-
mann tensor.

139



E.6 S° case

Any dimensional sphere is given as a group manifold SO(n+1)/SO(n) We especially
look into the S% case. Since SO(4) ~ SU(2);, x SU(2)g we construct the S* using
SU(2) group.

We use the anti-Hermite SU(2) generator

[Taa Tb] = _EabcTc- (E62)

Spinor and vector representation of the spin operator is given as follows.

T = o0 (1), = e (E.63)

Rasing and lowering operators are defined by
T, =T, +iT5. (E.64)
The matrix element of the general spin representation is as follows.

(m|T3lm) = im
(m+1|T4m) = i/(j —m)(j +m+1)
(m —1T_|m) =i/ (j +m)(j —m+1) (E.65)

Using the Dirac matrix generator for SO(N) against spinor representation is
chosen as

1

For vector representation we choose the generator so that the action to the basis
|M) becomes

1) = Tyaf2). (E.67)

When we define the S® = SO(4)/SO(3) we use Tia, Thz, T31 for the subgroup H =
SO(3). These generator satisfy the same commutation relation as that of (77, 75, T3).
Therefore,

Ty =Ty + Ty (E.68)

The remaining generators like 7},4 is chosen so that

1 1 1
Tyy = 5734 _ 575,yl2 =3 (PL’712 _ PR712) ’ (E.69)
Hence,
Tsy = TE — TE. (E.70)
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We denote the element of SO(4) by (g1, g-) as a pair of SU(2). H is its diagonal
subgroup. The general field is expressed as follows.

) = |gu, 90)|3) Vg1, gr)- (B.71)

Spin and local rotation act on the field as

spin(h)|U) = |gi, g-)h|1)V;i(g1, g-) Jocal(h)|¥) = |gih, g-R)|))Vi(gi, 9-).  (E.72)

Therefore, following relation holds.

|gl7 gr>h|l>\llz (glv g’r‘) - |glh7 gTh> |Z>\IJ’L (gla g’r‘) (E73)

Or, we can abbreviate the wave function and simply consider that there is following
gauge symmetry:

|91, 9, )hl2) ~ gih-grh) i) (E.74)

The infinitesimal transformation is expressed as

’ngmvgr>‘i> + |glangm>|Z> ~ |glagr>Tm’Z> (E75)

Scalar function on S? has trivial spin basis |0), and this leads to

|9:h, 9:7)10) ~ |g1, 9+)10) (E.76)

The general form of the scalar field satisfying the relation above is

1) = |9, )P (019, 1) aB Y a, (E.77)

where p/ is representation matrix of spin j, and this function transform under the
isometry as (j,7)). Hence, we use the following basis instead of |g;, g.) to treat the
scalar function.

99, ")) = {lgr. 90} (E.78)

where the RHS is equivalence class define by the (E.76). Since the scalar field does
not need to introduce the frame, the equivalence class is enough.

1) = 119)p" (9) aBY 4B, (E.79)

General spin field can be define by the basis ||g)), we need to introduce the gauge
fixing condition so as to determine the frame. For example, the left-invariant frame
is given as follows.

lg))er = lg,€). (E.80)

Lie derivative and the covariant derivative generally do not respect this gauge.
Hence, we need the gauge transformation regaining the gauge.
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For example, using the left-invariant frame the Lie derivative and the covariant
derivative is

Lo, 0llg))cili) = Tmg, e)li) = ||Tng)) L1]i)
Lozmllg))cili) = g, Tm)li) ~ 1gTm)) L1li) + [19)) rTom i)

rDl|9)) 1]ty = —9Tm, ) L1lt) + |g, Ton) 11li) ~ =2[lgTn)) Lrld) + 1g)) LrToml).
(E.81)

Generator K is define as

Kn==-(T,-Ty). (E.82)

S| =

llg))r is regarded as scalar function. Then, we regard this part as orbit part and
i) part as spin part, and isometry action on the ||g))s is identified with L! and
L7 . and action on |é) is identified with spin operator S,, . Hence, the total orbital
angular momentum and covariant derivative is given as follows.

Jl ng

JoErr 48,
rDy 2217 + 8,

(E.83)
For the right invariant frame we have
JLELL+ S
Jr I;I I
rD,, ¥ —2L" — 5,
(E.84)
Using these we can rewrite the Laplacian:
72Dy Dy = (217, + S,,)
=2(L" )+ 2(L, + S,)* — S (E.85)
Furthermore, using (L7,)* = (L )? we have
72Dy Dy = 2(JL ) +2(J7)% — S2. (E.86)
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Appendix F

Double sine function

F.1 Jafferis’ [-function

We introduce how to derive the derivative of [-function using the zeta-function reg-
ularization. The definition of the [-function is

(e 9]

1) _ n—iz\" F1
‘ H(n—l—@z) (F-1)

n=1

This is from the 1-loop determinant of the chiral multiplet. Taking log and deriva-
tive:

. > n -+ > n n
o102 _ZnaZIOg (”—2) _; (n+z Jrn—z)

n=1
= z z = 222
;( n+z+ +n—z> ;( +n2—z2>
= 222 = 222
= 2¢(0) — =—-1- F.2
0= (F5) =12 () (F.2)
where we used the zeta-function regularization ((0) = —1/2 in the last equality.

Then, the partial fraction expansion of the trigonometric function

= 1 1 — 2z
trz = = - = F.3
meot Tz nz_:ooz"‘n z+;z2—n2 (F.3)
tells us that (F.2) becomes
0.l(iz) = —mzcot mz. (F.4)

Integration of this function (maybe by Mathematica) gives the explicit and regular-
ized function;

I(z) = —zlog(1 — ™) + % <7rz2 + %(LiQ(eQ’Tiz))) — % (F.5)
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We show the relation between the [-function and the double sine function here.

@ =T w:ﬁ(”_m)n (F.6)

p?q:0p+q+1+ix vl n—+1ix
s1(z) = el=® (F.7)

Actually, [.(z) = I(—iz) is more useful to be used for numerical calculation. In this
definition some formulae become simpler.

l(—2) =—l(2) (F.8)

elz=9)-U=+3)) — 2 cosh(mz) (F.9)

! EmD=IEHD) — 4ginh?(nz) (F.10)

These formulae can be derived from the double sine function, or directly from the

infinite products (F.1).
For a numerical calculation the integral form of the polylog function is useful:

) 1 o k?

F.2 Double sine function

Double sine function looks very complicated, though it is a simple building block
of the squashed partition function. It has several definition. The infinite product
form is directly connected to the partition function and actually it is a regularized
form. However, in order to explore asymptotic form the integration form is the
best, and when one calculate the squashed partition function the expression using
the g-Pochhammer symbol is a nice because Mathematica knows them.

S bp+blg+ B

3b<x> = H b b_l b_Hzfl R (F12>
.40 p + q+——t+w

22 (VP +07?) dt e~ itz
= =i ot — F.13
P [ o ( 2 * 24 ) * /[R—l—io 4t sinh bt sinh b—1¢ ( )
‘ SL’Q 2772 -1 (_q€27rba:; q2>oo )
= exp [—m (5 + 13 )1 (Cae2 e 22) for Im b* >0 (F.14)
where
b+bt 1 . _ o
’)7 = +2 = ; , q — elﬂ'b2 , q — 627‘(‘1) 27 (F15)

(;9)00 = H(l —¢*x) called g-deformed Pochhammer function. (F.16)
k=9

In order to show the duality explicitly following relations are important.
e Self-duality and reflection property
1

sp(—2)

sp(z) = sp-1(2) = (F.17)
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e Functional equations

Sb(Z + %) . 1
sp(z —2)  2cosh(mbz)’
Sb(Z + zb;l) . 1
sp(z — =) 2cosh(mb1z)’
wEdy) L . (F.18)
sp(z— 1) [2sinh(7bz)][2sinh(7b12)]

Relation to other functions like double gamma function is nicely summarized in

[56].

F.3 Separation of long-range and short-range po-
tentials

In this appendix we determine the explicit form of the long-range and the short-range
potentials.
Let z and y be the real and imaginary parts of z. Namely,

z =z +1y. (F.19)

In the region |y| < 1/v, the function f,(2) is given by[57, 58]

fo(2) =logsp(z) =im (Z—2 + oS b_2> +/ F(z,t)dt
c-

2 24
22 b 4+b2
= — — F F.2
m(2+ o )Jr/c+ (z,t)dt, (F.20)

where the function F(z,t) is

—2itz

(&
F(z,t) =
(%) 4t sinh bt sinh £
1 iz 1(22 b 4b2 i 5 iz
- = _ (= - B+ H+0(). (F21
ITERTE t<2+ 24 )+3Z+12( T o). (F21)

The function F(z,t) has poles at ¢t = nmib and t = nmib™! (n € Z). C. are the
contours shown in Fig F.1. The first and the second expressions in (F.20) are useful
for x > 0 and = < 0, respectively, because when © — +o0o the integral in (F.20)
along C_ vanishes, and when x — 400 the integral along C'; vanishes. From this
fact, we obtain the asymptotic form

2

asym . b2 + b_2 .
ZYM(2) =im (% +— ) sign(z). (F.22)

The difference of fy(z) from the asymptotic form is
) = ) = [ Pede= [ Py (F.23)
c c
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¢ > Re t

x X

Figure F.1: Integration contours Cy and Cj on the ¢-plane are shown. The crosses
are poles of function F(z,t).

where C' = C"_ for z > 0 and C' = C for x < 0. Because this almost vanishes when
|z| is large, we can approximately express this difference by using §(z) as

fo(2) = 1,77 (2) ~ 6(2)gs(y) (F.24)

We can determine the function g,(y) by integrating the right hand side over x.

alw) = [ T (hl2) — F) )

_ /0 h < / _ F(z’y,t)e_%mdt) dz + / (; ( /C + F(iy,t)e—mdt) dr. (F.25)

Thanks to small imaginary part of ¢ along the contours CL, these = integrals con-
verge, and we obtain

1 [ F(iy,t) 1 [ F(iy,t)

= — dt — — dt

90(y) 2@'/ t 2 Jo,

1 F(q

= = (Zy’t) dt
22 Co t
m 3 T 9 -2
Sy R by (F.26)
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