<

2 bl = Universiteit Utrecht

N
INSTITUTE FOR THEORETICAL PHYSICS

MASTER THESIS

A Pedagogical Introduction to
the AGT Conjecture

Author Advisor
Robert J. RODGER Prof. dr. G.E. ARUTYUNOV

July 29, 2013



Abstract

The AGT conjecture is a natural identification between certain information-rich ob-
jects in 4d N = 2 supersymmetric gauge theories and Liouville conformal field theory.
Though relatively easy to state, it rests upon a host of concepts and computational
techniques developed over the span of 25 years, many of which were only recently un-
covered. This thesis consists of two parts. The first half is written for the seasoned
researcher who wishes to review the essential concepts, understand the statement of the
conjecture, and observe how a proof of a simple but non-trivial subcase is performed.
The second half is written for the curious student: it consists of a number of appendices
dedicated to explaining in greater detail the topological objects appearing the history
and statement of the conjecture, to proving many group- and representation-theoretic
statements whose conclusions are frequently used in the literature but whose proofs
appear rarely, and to introducing a rarely-studied but critically important matter rep-
resentation: the trifundamental.
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Introduction

The primary thrust of modern high-energy theoretical physics research is two-fold.

On the one hand, though the weakly-coupled microscopic limit of quantum chromodynamics is well-
understood, many strongly-coupled macroscopic properties, such as quark confinement and vacuum
chromoelectric flux repulsion, have only phenomenological explanations, if any. In an attempt to
mitigate a number of computational difficulties, physicists have added additional symmetries to
models of the strong force, symmetries not experimentally observed but which have the benefit
of constraining the dynamics of the theory and thus making calculations tractable. The hope,
of course, is that even should future generations of particle accelerators discover no evidence of
these additional symmetries at higher energy scales than those currently accessible, the tools
developed through the study of these supersymmetric theories will one day supply answers in the
non-supersymmetric regime.

On the other hand, there is strong aesthetic motivation to assimilate the gravitational force with
the electroweak and strong forces in a Grand Unified Theory. However, attempts to do so within
the standard gauge theory framework have failed. New physical frameworks have been proposed
to circumvent the circumstances which led to those failures; one such framework reinterprets point
particles as one-dimensional closed extended objects, whose interactions through spacetime mani-
fest themselves as closed two-dimensional surfaces dotted with punctures representing incoming and
outgoing “strings”. Attempting to sum over these surfaces as the field theorist sums over Feynman
diagrams leads the physicist inexorably to consider two-dimensional conformally-invariant theories
living on these punctured surfaces.

The AGT conjecture [3] is a bridge between these two areas of research. Building upon recent
work suggesting a phenomenological connection between four-dimensional superconformal SU(2)
gauge theories and two-dimensional Liouville conformal field theory on closed punctured Riemann
surfaces, it proposes an equality between two mathematical objects, one each defined in the 4d and
2d theories, given a very natural map of free parameters. This thesis aspires to be a pedagogical
introduction to this conjecture. Indeed, the subject matter which underlies the proposal is a
vexatious combination of knowledge so long taken for granted that proofs of certain claims are
difficult to come by, and of material so contemporary that it is not yet well understood. In
response to this situation, this thesis has been composed in roughly two halves.

The first half of this thesis consists more or less of a straightforward explanation of the AGT
conjecture. In chapter 1, we introduce the concepts and language of N' = 2 supersymmetry.
Armed with this machinery, we spend the next two chapters becoming acquainted with two modern
breakthroughs in A/ = 2 gauge theory. In chapter 2, we review the discovery of N. Seiberg and E.
Witten of a certain strong-weak coupling duality in these theories and the recent generalization of
this discovery by D. Gaiotto, bringing to light a mysterious relationship between the parameter
space of gauge couplings of these theories and the decomposition of punctured Riemann surfaces
into sets of three-holed spheres. It is this relationship which forms the basis of the AGT conjecture.
Chapter 3 is focused on introducing the Nekrasov partition function, which is the mathematical
object of study on the four-dimensional side of the AGT conjecture. Chapters 4 and 5 are devoted to
the two-dimensional side: in chapter 4 we introduce certain generalities of conformal field theories,
while in chapter 5 we delve more deeply into the particular conformal field theory utilized by the
AGT conjecture, the Liouville conformal field theory; it is the correlator of the Liouville theory
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which serves as the mathematical object on the two-dimensional side. Chapter 6 introduces the
statement of the conjecture via a toy equivalence, while chapter 7 proves a simple but non-trivial
subcase in order to motivate the veracity of the conjecture, and also to illustrate how the techniques
of Nekrasov and Liouville are put to use. Chapter 8 concludes with a survey of the current state
of proving the conjecture and a brief introduction to its generalization to SU(N).

The second half of this thesis consists of a series of appendices written to supplement the first half by
providing proofs and explanations which would interrupt the flow of the exposition but which nev-
ertheless are critical to fully understanding the conjecture. Appendix A concerns non-perturbative
phenomena found in gauge theories: instantons, which are crucial for understanding the topologi-
cal term in super Yang-Mills Lagrangians (chapter 1) and the chiral anomaly (chapters 1 and 2);
and magnetic monopoles and dyons, instrumental in our search for strong-weak coupling dualities
(chapter 2). Appendix B is a compilation of explanations of group- and representation-theoretical
issues which arise in this thesis. First, we introduce the various matter representations discussed
throughout the thesis. Second, we derive certain relationships amongst the SU(2) subgroups of
SO(8) needed for chapter 2. Third, we prove statements regarding how the flavor symmetry group
of various matter representations can, under special circumstances present in chapter 2, be en-
larged. Lastly, we demonstrate how the mass parameters associated with flavor symmetry groups
change under flavor symmetry enhancement; this will be of use in the proof of the AGT subcase
in chapter seven. Appendix C is devoted to an introduction of the exotic trifundamental matter
representation, little-studied but doubtless the linchpin of Gaiotto’s argument in chapter 2. Fi-
nally, in appendix D we briefly review and explain the seemingly contradictory parameterizations
of Liouville conformal field theory, one of which will be used in the exposition of chapter 5 and the
other in the proof in chapter 7.

The appendices are self-contained and the reader is encouraged to read them in their entirety.
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1
SUSY

We begin with a general introduction to the aspects of globally-supersymmetric gauge theories
relevant to this thesis. We first familiarize ourselves with the supersymmetry algebra and the
structure it imposes on our theories. We then introduce the superfield language in which we
will discuss those theories. Lastly, we derive an anomaly present in the supersymmetric theories
theories we consider, as it will be of use in chapter 3.

1.1 Historical Context

In the mid-20th century, the prevailing worldview was that the only possible S-matrix symmetry
groups were those locally isomorphic to a direct product of the Poincaré group! and a compact
internal Lie symmetry group (for example, SU(6) in the context of the hadron spectrum). This was
codified in a “no-go” theorem proposed by S. Coleman and J. Mandula [18], which claims that such
a symmetry group is the only one permissible if we wish to preserve certain very reasonable physical
assumptions (for instance, that scattering amplitudes depend analytically on the scattering angle).
However, implicit in Coleman and Mandula’s analysis was the assumption that the symmetry
generators carry bosonic statistics. The extension of the Poincaré group to include a graded Lie
algebra structure (that is, to include anti-commuting spinorial symmetry generators) by Golfand
and Likhtman [30] and the ensuing discovery [70] by J. Wess and B. Zumino of field-theoretical
models including this new “supersymmetry” led R. Haag, J. Lopuszanski, and M. Sohnius to
propose an extension [32] of the Coleman-Mandula result which claimed that SUSY is the only
possible extension of the Poincaré group which will still lead to a symmetry group of the S-
matrix.

1.2 SUSY Conventions

We use in this thesis the supersymmetry conventions of [8]. We consider only global supersym-
metry, i.e. without coupling to gravity, and thus use a flat metric whose signature is 74, =
diag(1,—1,—1,—1). The two-component Weyl spinors of the Lorentz group SL(2,C) = SU(2) x
SU(2) R are written with dotted and undotted indices. Under SL(2,C), they transform as

W= MPys, P = MY, (1.1)
Since the e-tensor
i 0 1
P = &8 — (_1 O) = (io3) (1.2)

IThe Poincaré group is the group of all isometries of Minkowski spacetime, including translations and Lorentz
boosts and rotations. Mathematically, it is the semidirect product R*3 x O(1, 3).



1.3. THE ALGEBRA 2

is invariant under an SL(2,C) transformation, we can use it to raise and lower spinor indices. We
also define

(0")aa = (1,0) (1.3)
so that, for instance,
PO —p3 —plyip?
P, = , o (1.4)
—pPt —ip? po 4 p3

using the usual Pauli matrices

S I L R R

(5)‘m = —(0“)“‘5‘ = edBeaB(U“)ﬁB (1.6)

We can then define

so that
(0") = (io2) (") (io2) T = (1,-5) (1.7)

1.3 The Algebra

Good introductions to supersymmetry can be found in [67] and [8]. The relevant relations of the
SUSY algebra generators are -
{Qq: Qas} = 200,Pyd)
{QL,Q3} = {Qar, Qz,} =0 (1.8)
[P;L,Q(Il] = [PdeI] =0

Here, Q and Q = Q' are the supersymmetry generators and transform as spin one-half operators
under the angular momentum algebra (i.e. o, & = 1,2). The indices I, J run from 1,..., ', where
N is the total number of supersymmetries. We assume that Q and @Q act in a Hilbert space with
positive-definite metric, i.e. our theory is unitary.

We can immediately deduce some interesting properties of supersymmetric field theory from these
relations. First, there is a global U(A') symmetry which rotates the Q amongst themselves; this
is called R-symmetry and the corresponding symmetry group is denoted U (N )z. We will return
to this concept at the end of the chapter.

Next, let us call an irreducible representation of the SUSY algebra a supermultiplet. Since Q
is a spinor, when it acts on a boson it produces a fermion, and vice versa; hence, supermultiplets
contain both bosonic and fermionic states. We can go a step further and show that a supermultiplet
contains an equal number of each. To do so, we introduce the operator F which counts the fermion

number of a state, that is
(=1)F |boson) = +1 |boson)

(—1)F |fermion) = —1 |fermion) (1.9)
Thus,
{1, Q} =0 1.10)
so that we can calculate
Tr [(-1)7{QL, Qas}] = Tr [(-1)FQLQas + (—1)7Qus QL]
= Tr [-QL(~1)"Qas + QL(~1)"Qay] (1.11)

=0
using the cyclicity of the trace. Inserting relation (1.8), we find

T [(-1)F{QL Q)] = Tr2etty} [(-1)7P,] =0 (112)
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so that for non-zero momentum, Tr(—1)F = 0, which implies that there are an equal number of
bosonic and fermionic states in each supermultiplet.

Lastly, note that it follows from (1.8) that the energy (Hamiltonian) operator satisfies

N
H=P" = =" (1Q] @D} + {Qh (@D))) (113)
I=1

and thus is positive: H > 0 since we assumed that our generators act in a positive-definite Hilbert
space. Now, if we demand that our vacuum |0) is supersymmetric (which is to say, that supersym-
metry remains unbroken), then we have that |0) is annihilated by any supersymmetry generator.
In particular,

0=(H|0)=E(0|0)=FE (1.14)

so that the energy of the vacuum is zero.

Also, since Q and Q commute with P., they also commute with P?, and hence all states in a
supermultiplet have the same mass. (As we will find, the same cannot be said for the spins of these
states.)

1.3.1 Massless Irreducible Representations

To study massless states, we can always boost to a reference frame where P* = (F,0,0, F), in
which case

= 0 0
Q4 Qus} = (O 4E> o (1.15)

As {Q1,Q:} = 0, Q = (Q)T, and because our theory is unitary (i.e. our states live in a vector
space with a Hermitian positive-definite norm), we have that for our state |E,\) with energy E
and helicity A,

(B, AH{Q1, QuHE ) = QBN + Qi [B, N =0 (1.16)
so that QT |E,\) = Q17 |E,\) = 0 for all I, J. The other generators can be rescaled as
Y ()t = L (1.17)
WE 2E

and so obey the following algebra:
(@) =6, {af,a"} ={E@"H", ")} =0 (1.18)

Therefore, in the massless case the SUSY algebra reduces to the Clifford algebra with 2\ generators
and hence has a 2V-dimensional representation (which follows from the anticommutivity of two
identical generators). We can choose our lowest weight state, or Clifford vacuum, |Q2,) with fixed
helicity A such that it is annihilated by the a’’s. Thus the a’’s are lowering (annihilation) operators
and the (al)? are raising (creation) operators for the helicity of massless states. In particular, for
N =1 we have

state ‘ helicity
1) | A
al |Qy) | A+1/2

and for AV = 2 we have
state ‘ helicity
100 | A
@HTI), @) ) | A+1/2
@)@y | A+1




1.3. THE ALGEBRA 4

These representations are not in general CPT-invariant, since for such a representation, for every
state of helicity A\ there would also be a parity-reflected state of helicity —A. If we want our
supermultiplets to represent physical states, we have to supplement the above representations with
their CPT conjugates. Additionally, if we want to restrict our attention to renormalizable and
non-gravitational theories, then we need to be sure to exclude states of spin greater than 1 [61].
Since we are ultimately interested in A/ = 2 theories, we will only consider vacuum states of helicity
A equal to 0 or %

Let us return to our N' = 1 states. We define the massless chiral multiplet as the representation
whose Clifford vacuum has helicity A equal to zero:

state ‘ helicity
€2) | O
al Qo) | 1/2

Including the CPT-partner states, we have

state ‘ helicity

1Q_1/2) | —1/2
aT|Q—1/2> 0

and hence we find that the massless chiral multiplet consists of a Weyl fermion and a complex
scalar boson. If we instead begin with the state whose Clifford vacuum has helicity A\ equal to %,
we arrive at the massless vector multiplet:

state ‘ helicity
[Q1/2) | 1/2
al|Q0) | 1

and including the CPT-partner states, we have
state ‘ helicity

1) | -1

aT ‘Q_1> —1/2

Hence, the massless vector multiplet consists of a Weyl fermion and a massless spin-1 particle, i.e.
a gauge boson.

As for our N' = 2 theory, if we start with a Clifford vacuum with helicity A = —1 and add the
CPT-conjugate states, we wind up with a massless vector multiplet:

state | helicity
)| —1
)| —1/2
@)@ Q=) | 0
)
)
)

0
1/2
1

which is nothing other than a combination of an N’ = 1 massless chiral multiplet and an N = 1
massless vector multiplet. Starting instead with a helicity A = % Clifford vacuum, we find the
massless hypermultiplet:

state ‘ helicity
1Q_1/2) | —1/2
@)TQ2-1/2), @*)TQ-1/2) | 0
@) @) Q) | 1/2
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The massless hypermultiplet appears to be CPT self-conjugate, but this is not true generically;
we will see that in gauge-interacting theories, the fermions must be in a representation R of the
gauge group of the spin-1 boson in a vector multiplet, and unless this representation is real, the
hypermultiplet is not CPT self-conjugate and extra states in the complex conjugate representation
R must be added. See appendix B.1 for an introduction to the reality conditions for representations,
and appendix C.1 for an example of how these issues have come to the fore in contemporary gauge
theory literature.

1.3.2 Massive Irreducible Representations

Boosting to the rest frame where P# = (M, 0,0,0) and defining

I _ 1 I It _ 1 A .
a, = 7WQQ, (aq) —WQM (1.19)

we find that the SUSY algebra reduces to
{al, @)} =¢",  {a} (ag)"} =" (1.20)

with all other anticommutators vanishing. Thus, our SUSY algebra is now a Clifford algebra with
4N generators and a 22V -dimensional representation. Note that this generally is much larger than
in the massless case.

1.3.3 Adding a Central Charge

The SUSY algebra (1.8) admits a central extension
{Qh, Qas} = 2054Pud)
{QL. Q%) =2v2e,52" (1.21)
{Qar, QBJ} = QﬁeaBZ?J

where Z and Z* are the antisymmetric central charge matrices (and hence equal zero in the case
N =1). These can be skew-diagonalized [61]; hence for N = 2,

{Q}.Qas} = 20%,PL0%
{QL,Q3} = 2v2eape Z (1.22)
{Qd[?QﬁJ} = 2\/56(1561.]2

If we then define

1 1
Ao =5 QL +eap(Q3)T], Ba= 5 [QL — €ap(Q3)'] (1.23)
then our algebra (1.21) reduces to
{Aa, AL} = 00s(M +2Z),  {Ba,BL} = das(M — V22) (1.24)

(where M and Z are respectively the mass and central charge of the supermultiplet) and all other
anticommutators vanish. If we then apply the second of these relations to a state |M, Z) with unit
norm, we find

IBI, (M, 2)|° + |Bo |M, Z) 2 = (M — V/22) (1.25)

which, because all states have positive-definite norm by assumption, implies that?

M > 2|Z| (1.26)

2The absolute values arises because Z4, Z7; could have been chiraly rotated in such a way as to have real
eigenvalues.



1.4. SUSY LAGRANGIANS 6

This bound tells us two things. One, for massless states the central charge must be trivially realized,
i.e. Z =0. Secondly, for states which saturate the bound, i.e. M = \/§\Z|, the operator B, creates
states with zero norm. In other words, such a state is annihilated by half of the supercharges and
the dimension of our representation is reduced to that of the massless case. These states which
saturate the bound are called BPS states and are said to belong to short multiplets. The
corresponding multiplets with non-BPS-saturating masses are called long multiplets; in NV = 2,
short multiplets have 4 states while long multiplets have 16 [61].

1.4 SUSY Lagrangians

The derivation of the SUSY equivalent to super Yang-Mills and super QCD Lagrangians from first
principles is a laborious process. The interested reader can consult, for instance, [61] [8] [67]. For
purposes of this thesis, the process is not relevant, though the results most certainly are. There
exists a compact notation used to describe these results which will facilitate many parts of the
discussion in this thesis. The remainder of this chapter will be devoted to an introduction of this
notation.

1.4.1 Superspace

Global supersymmetry constrains our theories such that bosonic and fermionic fields appear in
pairs. Moreover, these pairs share several common characteristics, such as mass and gauge group
representation. Hence, oftentimes we find in general SUSY gauge theory discussions that what is
most relevant is not the individual fields themselves, but rather the pairs they form. Superspace
notation is a means by which we can lift these discussions to the desired level of generality.

We proceed as follows. Introduce four Grassmann (i.e. anticommuting) variables 6, and 64 and
use them to extend our Minkowski space, such that a generic point in superspace is labeled by
z = (2,0,0). A superfield is a function of superspace and should be understood as a power series
expansion in 6%, 4. For instance, a generic superfield F(x,#,6) can be expanded as

F(x,0,0) = f(x) 4+ 0A(z) + Ox(z) + 00m(zx) + 00n(x)+
+ 00,00, () + 0000(x) + 000w (x) + 0000d(x) (1.27)

Products such as OA(z) are to be interpreted as §%\,(z) and Oo*f = 6%c* . 0%. Higher-order

terms in either 6 or 6 would clearly vanish due to their anticommuting nature; indeed, already
many of the terms in the above expansion will vanish, such as in

00 = 0°0, = 0%.50° = —016 + 0%0' = —20'9> (1.28)

Linear combinations of superfields are superfields, as are products of superfields, so that, in par-
ticular, holomorphic functions of superfields are again superfields. In what follows, we will use the
following useful abbreviations:

y* =" + 00”0, 6% =00, etc. (1.29)
Additionally, we will need the following superspace derivatives

S Y T o
Da_60a+w el Bt Ds = 555 P, e (1.30)

and will use the following trick from Grassmann-variable integration theory. Setting our conven-
tions to be
/d29 0? = /d2§é2 =1 (1.31)

we can isolate the 62, 62, or #26° component of a superfield via integration if they happen to be
the highest-dimensional component in the superfield.
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Lastly, in order to describe physical systems, we will generally not need all the components of
a superfield. Instead, we impose different constraints on our superfield according the desired
properties we want to preserve. This process will be illustrated in the following section.

142 N=1

We recall from section 1.3.1 that we have two types of multiplets, the chiral multiplet and the
vector multiplet. The superfield corresponding to the chiral multiplet is the chiral superfield &,
defined by

Ds® =0 (1.32)

We note that

_ P 9 _ _

Day" = <_W — 10" 050" 8x”> (z" +i00"0) = —io", 0% — (—io“ad9a) =0, Ds0’=0
(1.33)

so that a sufficient condition for a superfield to be chiral is that it is any function of (y,6). This

condition is also necessary [4], and it turns out that any chiral superfield can be expanded as

®(y,0) = d(y) + V20¢(y) + 06F (y) (1.34)

In particular, we can use ® to represent a chiral multiplet consisting of the scalar field ¢ and the
fermion field v,. F' is an auxiliary field and is necessary so that off-shell the SUSY algebra has
a sufficient number of degrees of freedom and can be closed; later, we will eliminate it from our
field-component (on-shell) Lagrangians using its equation of motion.

When we form Lagrangians using ®, we will also have need for the anti-chiral superfield ®,
defined by the partner constraint
D@’ =0 (1.35)

and expanded as - - o
e (y".0) = o' (") + V209 (y") + 00F" (y") (1.36)
where yf = z# — ifo"6. Additionally, we will need generic functions of chiral superfields, which

can themselves be chiral superfields because of the product rule for superspace derivatives. Such
a function is called a superpotential and we denote it as

W(®;) = W(; + V201; + 00F,)

oW ow 1 8w (1.37)
=W(ei) + aﬁm\/ﬁﬂwi + 00 (3@ - 3 06,00, wﬂ/h’)

The above functions take coordinates in y, but remember that because of the Grassmann nature
of the #-coordinates, every superfield has a finite series expansion in terms of fermionic coordinates
and fields on z. For instance,

i

ﬁ905‘u1/10“0_ +00FT(z) (1.38)

®(z,0,0) = ¢(z) + i05"00,,¢(x) — io2é2m¢(x) +V20¢ ()

The vector multiplet, on the other hand, can be represented by the vector superfield, a real
superfield V satisfying V' = V1. It turns out that the reality condition does not reduce the number
of components of our general superfield (1.27), but by choosing the so-called Wess-Zumino gauge
we can eliminate half of our parameters, leaving us

_ __ _ 1 .-
V = —00"0A, +i0*0\ — i0°0\ + 5929217 (1.39)

Here, D is another auxiliary field. To form the superspace equivalent of the field strength, we

define 1
W, = —ZD%QV (1.40)
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which is again gauge-invariant and so can be expanded in the Wess-Zumino gauge:
W = —ida(y) + 0aD — %(a"&”@)aFW +0%(0"9,\)a (1.41)

The above covers the abelian case. In non-abelian theories, V', because it contains A, is in the
adjoint representation of the gauge group, and hence takes values in the Lie algebra {74} of the
gauge group, where T4 are hermitian matrices. Our non-abelian field strength is then

Wa — éﬁQeQVDae—QV
: . (1.42)
=74 (—N +0aD% — 5 (04570 Fo + 620“DH)\A>

where
A A A A YA YA A By
Fh, = 0,A) — 0,45 + fAPCAT AT, DA =0, " + fAPCATNC (1.43)

(Here, fAP¢ is an antisymmetric tensor of real numbers called the structure constants; for a
more thorough introduction, see appendix B.1.) If we normalize® the generators of our gauge group
as TrTATE = §4B | the trace of the 62 component of WW,, is

« A _p A AnNnA A,uv A A A v
Tr (W*Wa,y) = —2iA*0" D, A" + DD 2F e +2FWF : (1.44)

where FA#r = %e‘“”’UFp“}, is the dual field strength, so that the supersymmetric equivalent to
the pure Yang-Mills Lagrangian is

1 _ -
L= yve </d29TrW“Wa + /dQGTrWdW"> (1.45)

The above formulation excludes the FF topological term which introduces non-perturbative con-
tributions to the action (see Appendix A.1). To add such a term, coupled via the vacuum angle
O, we introduce the complexified coupling constant

© 471'
=5 iy (1.46)

Then we can write down the desired Lagrangian:

1
L= 5 om </ dQGT‘rTW“Wa> (1.47)
Y3

Lastly, we can couple our Yang-Mills vector superfield theory to a scalar superfield theory; the
resultant full ' = 1 super Yang-Mills-scalar Lagrangian is:

L= —ﬁm </d20TrTW“ ) /d20d2 6 dfe *2V¢>+/d29w+/d29w (1.48)

Though at first glance the exponential may seem odd, in the Wess-Zumino gauge one calculates
that V3 = 0, so that a series expansion of the exponential terminates after a finite number of
terms.

1.43 N =2

N = 2 supersymmetry imposes further restrictions on our theories than does N' = 1 supersymme-
try; however, all that is possible in the N/ = 2 regime is possible in the N' = 1 regime, so to build

3Note that in the group theory appendix B.1 we normalize the trace of the fundamental genearators differently;
the only consistency issue is that we make sure we use the appendix normalizations only with the NSVZ formula
(2.36).
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our full A/ = 2 Lagrangian, we can start with (1.48) and impose the additional constraints. First,
we examine the pure super Yang-Mills theory consisting of an A/ = 2 supermultiplet comprised of
a N =1 chiral multiplet (A4,) and vector multiplet (A,, ). We eliminate the superpotential W
since it couples only to ¥*(i.e. not A*) and because the fermions must appear on the same footing
due to R-symmetry. Additionally, since the kinetic terms for both fermions must have the same
normalization in the AV = 2 supermultiplet, we scale ® — ®/g in (1.48). Lastly, since the N' =1
chiral and vector multiplets must be in the same representation of the gauge group, and because
the vector multiplet must be in the adjoint representation Ad, we must also put the chiral superfield
in the Ad representation. These conditions are enough to satisfy A = 2 supersymmetry.

Our auxiliary fields now appear as

1

1
V=5l (2DD+D (6", ¢] +FTF> (1.49)

F vanishes on-shell, and solving the equation of motion for D gives us

D= — [¢T’ (b] (1.50)
so that our pure super Yang-Mills on-shell scalar potential is
V=Lt g (1.51)
- 22 r W ’¢] :

This Lagrangian can then be written out in component fields as*

1 _

L zsfjm {r (/ 20T WoW,, + 2/d29d20 Trqﬁe?"@ﬂ
v
S}

= ~MV
s TFu 7+
: 1 1 L (1.52)
+ gQTI[ EF;LUFHV + (D#¢) Du(bi §[¢ ?¢] -

—iAT* DA — ipa Dy — ivV2[\, )oT — iv2]A, w]aﬂ

( The above formulation is specific to Yang-Mills-Higgs theories, which will occupy most of our
discussion. However, we will also be interested in most general N’ = 2 Lagrangian possibilities,
and to discuss them it will be of use to extend our superspace notation to this case.

We can extend our superspace formalism to the N = 2 case. We introduce four additional anti-

commuting superspace coordinates 6, 6. Then, to obtain an A’ = 2 superfield with the same field
content as an N' = 2 vector multiplet, we impose the conditions of chirality and reality [31], where
by “chirality” we mean that an A' = 2 chiral superfield ¥ obeys the constraints

Dal =0, Da¥ =0 (1.53)

where Dy is the same as Dy but with 6 replaced by . For details see [4]; the result is that (1.52)
is given by

1 ~1
L= Ejm/d% d*0 57\1/2 (1.54)

Again, since general functions of chiral superfields are themselves chiral superfields, the most
general N' = 2 Lagrangian for a theory consisting solely of N' = 2 supermultiplets is

L= 4i3m /d29 d%0 F (o) (1.55)
7

4Note: the coupling constants g2, © are the “bare” coupling constants, representing their values at some UV
energy scale cut-off. In this thesis we will also consider this theory in the IR regime and will need to account for
the dependence (or lack thereof) of these parameters on the energy scale.
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where the function F is called the prepotential. That this function depends only on ¥ and not
Ut is referred to as holomorphy. In terms of N’ = 1 superfields, we can write this as

2
L= 73 Ud%qﬂaf /d2 ;88@2 WewW, (1.56)

where d*0 = d20 d26. We will need only the above abelian version in this thesis, and so will refrain
from expanding on the issues which arise in the non-abelian case.

1.4.4 N =2 with Matter

We have yet to speak about adding hypermultiplets to our N' = 2 super Yang-Mills-Higgs theory.
We recall that a hypermultiplet consists of two complex scalar fields and two Weyl spinors in the
representation R @ R of the gauge group which, unlike the Higgs chiral superfield, does not have to
be in the adjoint. In terms of N' = 1 superfields, the hypermultiplet consists of a chiral superfield
Q = (g, %q, Fy) in the representation R and an anti-chiral superfield Q= (G, ¥g, Fy) transforming
in the representation R. We can infer from (1.48) the terms which must be added to (1.52) due to
the additional hypermultiplets:

Lmatter = %f:/d% (Q;'refw@i + Qz’GWQD + /d29 (ﬂQiCDQi + miQiQi) +he  (1.57)
i=1

Here, we have suppressed color indices, so that technically we have N. - N; hypermultiplets; in
spite of this, unless we are discussing a topic sensitive to this face, we will refer to them simply
as Ny hypermultiplets. We see that, though we are a priori interested in coupling our matter
fields to the gauge field, N' = 2 supersymmetry requires us to couple the matter fields to the Higgs
field as well, which leads to the inclusion of the v2Q®Q Yukawa term above. Supersymmetry
additionally controls the mass of the hypermultiplet: if the mass is nonzero, then it must equal the
central charge of our supersymmetry algebra, else we would need a hypermultiplet with a greater
number of states than are at hand (see section 1.3.3). The author cautions the reader to note
that m; in (1.57) and the mass of the hypermultiplet are not one and the same; more on this in
section 2.2.2.

1.5 R-Symmetry

At the beginning of section 1.3, we introduced the concept of R-symmetry, or the idea that there is
a U(N') symmetry which rotates the supercharges amongst themselves. In A/ = 2 supersymmetry,
we can decompose U(2)g = SU(2)g x U(1)r, where the U(1)g symmetry subgroup acts on the
anticommuting superspace coordinates as

0 — e !, 0 — e70; (1.58)

for I = 1,2, and the SU(2)g symmetry subgroup rotates the index I of the supercharges. We
can describe this rotation in terms of our fields as follows. Write the components of our N' = 2
supermultiplet and hypermultiplet as

Ay Vg
Supermultiplet A P q ¢ Hypermultiplet
¢ o
SU(2)r then acts on the elements of the rows: the supermultiplet fermions and the hypermultiplet

bosons transform as a doublet, while the supermultiplet bosons and the hypermultiplet fermions
transform trivially. As for the U(1)g symmetry subgroup, it acts on the superfields ®(¢, ),

V(A/M >‘)7 Q(%d’q) and Q( wq) as follows:
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O — 2P (e7h) V — V(e ')
Q — Q(e™*0) Q = Q(e'0)

Classically, U(1)% is a continuous symmetry; however, due to quantum effects, this continuous
symmetry is broken to a discrete subgroup. This effect can be seen as follows (following [67]).

In an instanton background (see appendix A.2.3 for an introduction to this topic), every Weyl
fermion in the fund representation has a zero mode and every Weyl fermion in the Ad has two.
Expand a Weyl fermion ¢ and the corresponding 1) in the fund representation in terms of the
eigenmodes ;, 1; of the Dirac operator

b=aofo+ Y aifs =) big (1.59)

with a;, b; Grassmann variables, f;, g; complex spinor eigenfunctions such that ); is the eigenvalue
associated with f;, and the zero index referring to the zero mode. (The partner ¢ does not
have a zero mode when 1 does; see [37].) The path integral of the fermion kinetic term then

becomes

/waexp {i/iwa“Duw}) = /dao/gdai db; exp{ —zn:bn/\nan}
= /dao/lz;[dai db; ];[(1 — Anbpan) (1.60)
= /dao [I[»=0

since the Berezin integral over a non-Grassmann constant is zero. (The product in the last line is
over the non-zero eigenvalues, since the zero mode was eliminated in the first line, and thus is not
trivially zero.) However, if we were to insert a fermion into the integrand of the path integral, the
result would be non-zero:

W) = [Dupiutaexn{i [ida D} = o T (161)

Hence, for every fund Weyl fermion in our theory in an instanton background, we must insert a
Weyl fermion into the correlator to “soak” the zero mode. Now consider a system with N¢ flavors,
and hence 2Ny Weyl fermions in the fund and 4Nz Weyl fermions in the Ad of SU(N¢); the first
non-zero correlator C' equals

C = (A@1) - Mzane (1) - P (Yan. ) g (21) - g (2, ) g (wr) - - g (Wi, )) (1.62)

Since A, ¢ are multiplied by e’® under a U(1)gr transformation while 1, 1;,1 are multiplied by e~
we find that C transforms as ‘

C — e WN=2N) & (1.63)

under U(1)r. Hence the continuous U(1)r is broken to the discrete Zg 4n.—2n, at the quantum
level. This is called the chiral anomaly, and we will need this information in section 3.1.



2
S-Duality

It is well-known that in electrodynamics the sourceless Maxwell’s equations are invariant under
the exchange E — B and B — —E. Even in the presence of electric and magnetic sources, we
have a duality [4] under the combined exchange

F—>F, F— —F, Ly Ty T (2.1)

where k* = {0, E} is Dirac’s magnetic four-current. We study A/ = 2 four-dimensional gauge theory
in search of a similar electric-magnetic correspondence, both with and without matter. We find
that a generalization of standard gauge theory containing exotic gauge and matter content leads
to strong evidence supporting the hypothesis that not only is there a duality relating electric and
magnetic degrees of freedom, but four-dimensional gauge theories and two-dimensional conformal
field theories as well.

2.1 Vacuum Moduli Spaces

First, a note about the scalar potential. One might suspect that the elimination of the auxiliary
component fields in our hypermultiplets might lead to contributions to the scalar potential and
thus affect our search for vacuum states. This is true: to our scalar potential (1.51) we add the
so-called D terms:

Ny

mattcr = = ZDAD DA = Z (ququ - (iiTA(jj) (22)
i=1

Here, T4 are the gauge group generators in the representation R (again, color indices are sup-
pressed). To minimize the potential, we consider the combination of (1.51), (2.2), and the m;Q;Q;
term of (1.57). If m; = 0, then there are flat directions in the classical moduli space of the theory
where the D terms vanish [57], called the Higgs branch; this forces ® to vanish and we will not
explore this regime of the theory in this thesis. If however m; is non-zero, then a minimum is only
attained if ¢ = ¢ = 0, and so only the Higgs scalar ¢ can have a non-zero vacuum expectation
value. This is known as the Coulomb branch of the theory, as generally the gauge group breaks
down to a product of U(1)’s, and hence a theory reminiscent of QED. It is this regime of the theory
that will occupy our attention in the present work.

We wish to spontaneously break our gauge symmetry in such a way as to preserve supersymmetry;
thus, we look for configurations of fields in which the potential V' equals zero (c.f. (1.14)). In
this chapter and in most of this thesis, the relevant gauge group will be G = SU(2). Hence, the
condition V oc Tr [¢f, ]2 = 0 is satisfied when ¢ is in the Cartan sub-algebra of SU(2), which we

write as
1 4 1 1 0
= — = — 2'3
6= a0 2a<0 1) (23)

12
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where a is a complex parameter. (We exclude the case a = 0, as this restores SU(2) symmetry.)
We see that there is a continuous degeneracy of inequivalent ground states. However, there is a
remaining gauge symmetry in the expression for u, the Weyl group, which swaps a for —a; as we
are interested in using a gauge-invariant parameter, we define the Weyl-invariant coordinate

u=—a’=Tr¢? (2.4)
This parameterization will be valid classically; if we were instead interested in exploring the strong-
coupling regime where quantum effects dominate, we would use u = (Tr ¢?).

Having spontaneously broken our SU(2) gauge symmetry down to U(1) via a choice of vacuum
state, two massive W-bosons and their ' = 2 supermultiplet partners emerge through the Higgs
mechanism along with the U(1) photon supermultiplet. Additionally, any hypermultiplets from
the microscopic theory gain mass through their Yukawa interaction with ®. Instead of studying
this complicated theory, we can choose some energy scale A smaller than any mass and integrate
out the modes of our fields in the path integral whose momentum is above this scale, leaving a
so-called Wilsonian effective action:

iSert _ / DX etSmicro[X] (2.5)
|| >A

We can use the remaining supersymmetry to learn the form of this effective action in terms of
N = 2 superfields via (1.55):

Seft = 4i /d‘*x d%0 d%0 F(v) (2.6)
T
which, in terms of N =1 superfields, is [56]
1 1 1pq1 OF (®) / 2y L °F(®) o
4W3m/dx{/d 0d 5% + d92 552 W W (2.7)

as we saw via (1.56)

2.2 Duality in Pure Super Yang-Mills

We first search for evidence of electric-magnetic duality in the perturbative spectrum of pure super
Yang-Mills (SYM) theory. Afterwards, we search for evidence in the spectrum of non-perturbative
phenomena such as magnetic monopoles and dyons.

2.2.1 Perturbative Spectrum

Examining our low energy effective action (2.7), we read off a low-energy effective coupling 7(®) =
*F(®)

557 and look for a form of duality for these fields.

We treat the vector superpotential W, as an independent chiral field. We introduce a real vector
superfield Vp as a Lagrange multiplier to implement a superspace version of the Bianchi identity
dF = 0, namely Jm DW = 0. That is, instead of integrating over V in the path integral, we instead
integrate over W, and impose the constraint Jm DW = 0:

. 2 (D
/DVeXp [Szjm/d‘*xd% %W‘IWQ] ~
us

j 2F(® 1 -
~ /DWDVD exp [;Jm/d“x (/ dQHGa];(Q Jywew, + 2/d29d29VDDW)] (2.8)
Y8
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Now, first notice that
/ d20d%0 Vp DW = — / d204%0DV,, W

= +/d29232 (Do VpW®)

(2.9)
= /d29 (D*DoVp) W™
_ _4/(129 (Wp), W
where the third equality follows from DsW* = 0 and, in analogy with (1.40), we define
1 -
(Wp),, = —EDQDQVD (2.10)
Inserting the result of (2.9) into (2.8), we find
. 2 @
/DWDVD exp ijm/d‘*dee OF(®) gy 2 (Wp) W) | =
8 02 @
. 1 2
:/DWDVD exp {S;Jm/d‘ixdzﬂ <\/J’-"”(<I>)V[/'CY @ )(WD) > -
i 1 N
- —fim/d4a:d29 ) (Wp)a(Wb) ]
v fom e (g
(2.11)

Thus we find that the low energy effective action has a dual description in which 7(®) = F”(®) is
replaced by }.%@). This has the interpretation that the gauge field coupled to electric charges is
replaced by a dual gauge field coupled to magnetic charges, while at the same time 7 is replaced
by —=. (We did not prove that the dual superfields couple to magnetic charges, but one can show
[56] that an equivalent but messier proof of the dual picture can be performed via coupling the
dual gauge field A, p to the field equation for a magnetic monopole.)

However, the dual coupling constant —}.%(@ is still written in terms of the original (non-dual)

chiral superfield ®. To continue, we need to re-express 7(®) in terms of some ®p. We define the
dual field

OF(®)
= 2.12
=2 (212)
and a function Fp(®p) dual to F(P) via the relationship
0Fp(®p)
— =9 2.13
9%, (2.13)
Notice that (2.12) and (2.13) together constitute a Legendre transformation [12]
Fp(®p) = F(®) — 2@p (2.14)

with (2.13) the standard inverse Legendre transform relation. We can then write the scalar portion
of the low energy effective action as

OF (®) OFp(®p)\'
49pt —5 49 ( 9/ D\"D)
:im/d o' = Jm/d@( e ®p

0Fp(Pp)
_ 4(I)T D D
=TJm /dﬁ 90,

(2.15)

where the last line follows from taking the hermitian conjugate. Thus, using that F'(®) = 7(P)

and that
Fp(F (@) = FHF (@) F(@) = -1 > Fh(#p) =~ (2.16)
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we find 1 1
— = - = FpH(®p) = o 2.1
T(A) ]_—//(A) ‘FD( D) TD( D) ( 7)
Thus, we find that the low energy effective action for pure Yang-Mills in N' = 2 has a dual
weakly-coupled description:

—CI Ud‘*aqﬂaf /d2 o)W, W‘l} =

= Lo [ at0w, TEE0L [ g Loty ov). 0]

(2.18)

Thus, there are two weakly-coupled descriptions of the same physical theory, related via 7 —
1

=
We can show that there is an additional symmetry generator under which the low energy effective
action is invariant. To demonstrate this, we re-write (2.7) as

Sijm/d% Vd2 49D ppagy, —i/d29d2§ (@T@D - <1>TDq>)] (2.19)
Y

We have seen that the above action is invariant under the duality transformation

(o)) (%)

Call this transformation S. To demonstrate the other symmetry transformation, note that (using
an abelian version of (1.44))
b ~
—fl'm / d*z 2O WoW, = = Tom d*z F,, F" = 2rbk (2.21)
where k € Z is the instanton number corresponding to gauge field arrangement. Since the action
appears in the path integral as e’® and since e?™ = 1, so long as b € Z the addition of such a term
leads to an equivalent action. In particular, for b = 1 we have that

(-0 ) (%)

is also a symmetry transformation. Call this transformation T, so that T® gives the desired trans-
lation by b; together, S and T generate the group SL(2,Z) [9], and this is the full duality group of
the low-energy perturbative theory.

2.2.2 Non-Perturbative Spectrum

For large a, the prepotential is dominated by the following term®:

i 2
F = —a21n— (2.23)

so that aF 9 )
a, a ia
~ —In—+ — 2.24
“b = da r A + T ( )
Thus, because of the presence of the natural logarithm, it follows that ap is not a single-valued
function of a in this regime. In fact, in making a loop in the u-plane, because v = a? in the

2
weakly-coupled regime, we have that

() (o ) ()= (7) -

1We shall prove this in section 3.1.
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where M, encodes the monodromy of our parameters in the large-a limit. Notice that a mon-
odromy at infinity is equivalent to a monodromy around the origin with the opposite orientation;
the question is, how many singularity points do we need in order to reproduce this monodromy?
Seiberg and Witten’s answer [56] is two, at two points wg, —ug in the u-plane related by Weyl
symmetry. We are free to choose the point ug; for simplicity, we choose ug = 1, and the resultant

monodromy matrices are [4]
-1 0 -1 2
M, = . M., = 2.26
I B (220)

Notice that M., = M1M_, as expected. However, these monodromies eliminate the possibility
of the non-perturbative spectrum of our theory being invariant under SL(2,Z). We see this as
follows.

Say we want to couple our abelian low-energy effective theory (2.7) to a massless hypermulti-
plet (M, M) with electric charge ne; the only way A/ = 2 supersymmetry permits this is via a

superpotential term .
W = V2n MM (2.27)

(This is a charged generalization of (1.57).) For non-zero a, the fields M, M are massive, and
because a hypermultiplet is a short representation of the SUSY algebra, their mass is determined
by the central charge of the theory via (1.26): Z = | an.|. Likewise, using the duality relationship
determined in section 2.2.1 the corresponding mass formula for magnetic monopoles of magnetic

charge n.,, is Z = |apn;,|, and hence for dyons (i.e. generically) it is Z = | an. + apn,|, which
we can write as
ap
Z = (nwmne) : ( a ) (228)

Now, since the central charge Z of the theory is fixed by supersymmetry (i.e. receives no quantum
corrections), if (ap,a) " undergoes an SL(2,Z) transformation M, the charge vector (,,, n.) must
experience a transformation

(Nms e) = (Mg, )M ™1 (2.29)

so that (2.28) remains invariant.

Now, in the large-a regime, our BPS particle spectrum consists of electrons and W-bosons with
(nm,mne) = (0,£1) and dyons with (n,,n.) = (£1,n) for n € Z. Say we take a W-boson with
(nm,ne) = (0,1) and take it around the monodromy at v = 1 and bring it back to the large-a
regime. By (2.28), its charge must change to

1 0

(n'lmané) = (n'fn7n€)M1_1 = (nm7n€) (_2 1

) = (M + 20, ) (2:30)

which in this case is (2, 1); that is to say, the W-boson transforms into a particle which does not exist
in the large-a spectrum. Thus, the BPS particle spectrum must be non-invariant under SL(2,Z)
duality. Besides, the fact that W-bosons live in supermultiplets and dyons in hypermultiplets
precluded this possibility from the beginning. We shall see that in order to have a full SL(2,7Z)-
invariant spectrum, we must add matter hypermultiplets to our microscopic theory.

2.3 Adding Matter

Introducing Ny matter hypermultiplets into our theory introduces the superpotential

Ny

w=%" (\TQQ@QZ‘ + miQiQi) (2.31)

i=1
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where we leave color indices suppressed (so that in actuality, we’re introducing N. - Ny hypermul-
tiplets, and really what we mean to do is introduce Ny matter representations).

The Ad representation of SU(2) is equivalent to the fund representation of SO(3); additionally,
because SO(3) = SU(2)/{+1, -1}, i.e. SU(2) is the double cover of SO(3), a U(1) rotation by =
inside SU(2) is equivalent to a rotation by 27 inside SO(3). What this entails for us is that electric
charge, which is determined by U(1) gauge rotations, has different normalizations depending on
whether we are discussing the vector fields (in the Ad representation) or the matter fields (in the
fund representation). Recall our discussion from appendix A.2.1: there, our normalization conven-
tion was such that W bosons had electric charge e, and hence Weyl fermions in the fundamental
representation had electric charge e/2. Consequently, a unit of magnetic charge equaled 47 /e so
that ;=M = n,,, the number of multiples of magnetic charge of our state, and we can write

e2miN — exp{?m’ (iQ + 8(97762'\/') } =emmO(—1)" (2.32)

where (—1)H = 41 on vector multiplets and -1 on hypermultiplets. We want to change normaliza-
tions so that W bosons have U(1) charge +2 and hypermultiplets have U(1) charge &1. Suitably
renormalized, we define N = 2N so that

e'™ = einm®(_1)H (2.33)

This cleans matters up notationally in the following way: if we write the charge operator N =
Ne + N © /7 With ne,n,, € Z, states of even n, have (—1)" and vice versa.

Additionally, we can use (—1)" as a chirality operator on our dyon states as follows. Recall
from appendix A.2.3 that the zero modes of fermions form, after quantization, a 2Vf-dimensional
spinorial representation of SO(2Ny). However, these representations are reducible and can be
projected onto two 2™/ ~!-dimensional irreducible spinorial representations [54], called the spinor
and cospinor representations. Seiberg and Witten claimed [57] that there is a correlation between
electric charge and SO(2Ny) chirality; specifically, the (—1)" operator acts on dyons such that
states in the spinor and cospinor representations are opposite eigenstates of (—1)". The motivation
for this claim is the following consistency argument. If M is a dyon with charge (n,,n.) = (g, q)
and M’ is a dyon with charge (g,q + 1), the state formed in M’M annihilation has charge (0, 1)
and hence has (—1)" = —1, while the product of the individual charges is —1; if (—1)" was the
same for both dyons, because their U(1) charges are identical, their charge product would be +1,
a contradiction. More generally, this assignment of electric charge chirality ensures a consistency
which a lack of charge-chirality correlation could not provide.

Notice that the vector representation of SO(2Ny) is 2Ny-dimensional; 2Ny = 2¥7~1 if and only
if Ny = 4. As we are looking for duality relations, and we suspect that they can be found in
this triality of representations, we will restrict our attention henceforth to this case, as a necessary
condition for duality is that the representations all have the same dimension. Thus we are interested
in the flavor symmetry group? SO(8).

Note that SO(8) has two spinorial representations, D® and D*, and there exists an ambiguity in
determining which should be assigned the monopole (1,0) and which the dyon (1,1). Seiberg and
Witten in [57] do not specify an assignment; to remain consistent with the conventions of Gaiotto
in [28], we assign D? to the monopole and D* to the elementary dyon.

It is in principle possible that magnetically-charged states exist in the spectrum with magnetic
charge n,, > 2. Seiberg and Witten interpreted these as bound states of unit-magnetic-charge
magnetic monopoles and dyons, such that their quantum numbers are determined by (n,, mod 2,
ne mod 2). This way, states with quantum numbers (0, 1) correspond to elementary quarks, (1,0) to
magnetic monopoles, and (1, 1) to the first excited dyon with magnetic charge n,,, = 1. (Elementary
gauge fields are assigned quantum numbers (0,0).) In this way, particle-antiparticle annihilation
gives consistent results.

2 Although, since spinorial representations are involved, we technically are interested in the universal cover of
SO(8), namely Spin(8).
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Now, as such we are lacking an SL(2,Z) invariance in our BPS particle spectrum. However, if we
allow for a more general invariance under both SL(2,Z) and the group responsible for permuting
the vector, spinor, and cospinor representations, then our SU(2), Ny = 4 theory is invariant under
this larger group. (The gauge fields retain their SL(2, Z)-invariance because their representation is
acted upon trivially by the triality group.) The group which exchanges the three representations of
SO(8) is called its outer automorphism group, and in our case it is isomorphic to Ss, the group
of permutations of three objects. If we represent S3 with the set of 2 x 2 matrices of determinant
one with elements which are integers mod 2, then there exists a natural homomorphism from
SL(2,7Z) — S3 (by modding all elements of g € SL(2,Z) by 2). We find that SL(2,Z) acts on
SO(8) by first mapping to Ss, which then acts on SO(8). This is, by definition, the semidirect
product® SO(8) x SL(2,Z).

Thus, the SU(2) theory with four matter representations exhibits a triality relationship: simply
performing SL(2,7Z) transformations will not keep our spectrum invariant, though we can sidestep
this by transforming the matter representation at the same time between the vector,spinor, and
cospinor representations. This is the first example of a phenomenon called S-duality. In general, in
moving from the weakly-coupled to strongly-coupled regime for a particular gauge coupling, new
degrees of freedom emerge such that the original Lagrangian description of the physical theory
becomes replaced by one which is weakly-coupled in terms of these new degrees of freedom. In the
next section, we shall explore this phenomenon in the case of multiple gauge couplings.

2.4 Gaiotto’s Generalization

In the previous section, we saw that the A/ = 2 supersymmetric theory with gauge group SU(2)
and Ny = 4 flavors of matter in the fundamental representation of the gauge group experiences
an S-duality which simultaneously acts on the complexified gauge coupling 7 by SL(2,Z) and
by triality on the flavor symmetry group SO(8). In this section, we extend this result to other
conformal theories, following [28].

2.4.1 Returning to Ny =4

First we re-examine our results from the case SU(2), Ny = 4. There, we noticed that as 7 was
transformed via the generators of SL(2,Z), the 8-dimensional representation of the global SO(8)
symmetry was shifted between the vector, spinor, and cospinor representations. Gaiotto’s insight
in [28] was to note that

SO(8) > SO(4) x SO(4) ~ SU(2) x SU(2) x SU(2) x SU(2) (2.34)

and that one should follow how these individual SU(2) subgroups transform from one represen-
tation to another. Let one SO(4) be denoted as SU(2)4 x SU(2)p and the other SO(4) as
SU(2)c x SU(2)p. As one can show (see appendix B.2 for details), the vector 8,, spinor 8, and
cospinor 8, representations decompose as

8, =(24®2p)® (2¢ ®2p)
8, = (24 ®20) @ (25 © 2p) (2.35)
8. =(24®2p)® (2 ®2¢)

This means that each representation decomposes into a sum of two representations in which two
of the SU(2)’s are expressed in the fundamental representation and two are trivially represented.
We represent this data in terms of generalized quiver diagrams or skeleton diagrams as in
figure 2.1. Here, the circle in the middle of each diagram represents the SU(2) gauge symmetry,
the four boxes represent the SU(2) flavor symmetries, and the branching of the lines reminds us

3Given two groups H, N, and a group homomorphism ¢ : H — Aut(N), the semidirect product N X H is the
group with multiplication law (n, h) * (m, g) = (npr(m), hg).
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B| g |[D c| & |[D pD| 5 |C

Figure 2.1: Generalized quiver diagrams for the three eight-dimensional representations

of which flavor symmetries are expressed together, as in (2.35). We see that an S transformation
swaps the positions of the B and C symmetries while a T transformation swaps the positions of the
C and D symmetries. From this, we conclude that, for instance, a T transformations performed
at 7 — i0o changes the symmetries as in figure 2.2 ; note that this diagram differs from the one
labeled 8, in figure 2.1.

—

B D B C

Figure 2.2: The effect of a T transformation at 7 = ico

2.4.2 Adding a Gauge Group

What, then, is the next-simplest superconformal theory? To answer this question, we use the so-
called exact NSVZ formula [48] [49] for the A/ = 1 supersymmetric gauge coupling S-function,
which tells us how the value of the gauge coupling g changes as a function of the energy cut-off
scale A\.* The formula is

dg(A) g> 3T(Ad) =2, T(R;)(1—1;)

P9 =dmh ~ TT6m2 1T (Ad)g? 32

(2.36)

where 7, is the anomalous dimension of matter field Q; and T'(Ad), T'(R) are representation indices
(see the Appendix B.1). (The interested reader can review [67] for a discussion of the original
derivation or [5] for a more modern approach.) The formula essentially counts fermionic zero
modes, and hence N' = 1 chiral superfields; thus, to convert this formula for use in N' = 2
supersymmetry, we remember that our sum over j should include the chiral superfield in the Ad
representation from our vector multiplet and two chiral superfields in the representation R for every
matter representation. The result is the following, specialized to the case G = SU(2):

3
Blo) = ~153 (41— 22 TR,) (2.37)

For our theory to be superconformal, it must be scale-invariant. Hence, using (2.37), we must
determine wo what possible matter content our SU(2) gauge group can couple such that 8(g) = 0.
From appendix B.1 we note the relevant representation indices:
| fund | Ad | bifund
TR): | 1/2 [ 2| 1

4Actually, this result is “exact” only in a very limited sense. For some A = 1 theories, the formula holds to
all orders of perturbation theory and also non-perturbatively; however, for generic N' = 1 theories, it is exact only
perturbatively. In A/ = 2 theories it is again generically exact only perturbatively, though Seiberg and Witten’s
work in [57] suggested that in the G = SU(2), Ny = 4 case we again obtain a non-perturbatively exact result.
Fortunately, that is all we will need in this thesis.
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We find that we have the following possibilities. One, we can couple our gauge group to four
fundamental matter representations; this was the approach of the previous subsection. Two, we
can couple our gauge group to one adjoint matter representation; we will return to this possibility
later. Instead, we take the third approach: we couple two fundamental and one bifundamental
matter representations to our gauge group. However, the bifundamental must couple to a second
gauge group, and so we mirror what we have just done and add an extra SU(2) gauge group
coupled to two fundamental flavors. Our total gauge group, then, is SU(2); x SU(2)2. (Lest
the reader become confused, flavor symmetry groups will be labeled by Latin letters and gauge
symmetry groups by numbers.) This theory will remain conformal so long as each gauge group
is coupled to two flavor symmetry groups in the fundamental representation. Each fundamental
representation has flavor symmetry SU(2), and the bifundamental, because it is a product of two
pseudoreal representations and hence real, has USp(2) = SU(2) flavor symmetry”®. Hence we now
have a total of five SU(2) flavor symmetry groups, two in the 21, two in the 22, and one in the
21 ® 25. We label these as

SU(2)a x SU(2)p x SU(2)c x SU(2)p x SU(2)k (2.38)

as indicated in figure 2.3. The question becomes: does this theory exhibit S-duality? To explore

E

B D

Figure 2.3: Conformal SU(2); x SU(2)2 generalized quiver diagram

this possibility, we adopt the following strategy. If we were to completely “turn off” (or “de-
gauge”) one of the gauge symmetry groups, say SU(2)q, then the theory of the SU(2); gauge
group would coincide with the SU(2) gauge theory of the previous subsection, this time coupled
to four fundamental flavors in the

(24 ®2p) ® (2E ® 22) (2.39)

representation. (Here, 25 denotes the flavor symmetry of the SU(2); gauge group in the zero
coupling limit.) If instead we keep the SU(2)y gauge coupling arbitrarily weak, we expect that
our S-duality analysis from the previous subsection would remain valid, and could have, say,
an S transformation act on 71, the SU(2); coupling, moving the theory to a different weakly-
coupled description with a new arrangement of flavor symmetry groups. We could then treat
71 as arbitrarily weak (though in a different S-dual frame) and repeat the process with SU(2)s.
Naively, then, we expect this theory to exihibit S-duality, and that in particular this S-duality
group is the direct product of the S-duality groups of the single-gauge group theories, namely
SL(2,7Z) x SL(2,Z) (coupled appropriately with some representation-exchange group). We will
show that this assumption leads to a contradiction.

Let us perform the following sequence of transformations:
S®Id—-1d®S—-S®Id—=-1d®S (2.40)

The progression of flavor symmetry exchanges via the individual triality groups are displayed in
figure 2.4, where the green gauge group is made asymptotically weak in the transition to the next
diagram in the cycle. What is important to note, is that because of our assumption on the structure
of the S-duality group, that is, the independence of the individual SL(2,7Z)’s, each of the above
transformations acts on the flavor groups that it sees, and not what it remembers. In particular, in
going from the third diagram to the fourth, it is not the E and B symmetries which are exchanged,
but rather the E and 2 symmetries, as the B and 2 were swapped via the intervening S-duality
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Figure 2.4: Bifundamental transformations

move of SU(2)2. What one immediately notices is, though S?> = Id and thus the sequence of
transformations (2.40) should be equal to the identity, we have not returned to our original flavor
symmetry arrangement. Hence, our assumption about the structure of the S-duality group was
wrong. On the other hand, we have permuted the flavor symmetries in all possible ways over the
generalized quiver diagram (modulo fundamental representation pairings), and, in particular, for
every flavor symmetry there is a diagram in which that symmetry becomes a bifundamental matter
representation. Additionally, if we were to continue with our S and T transformations, we would
be able to reach all possible rearrangements of the flavor symmetries, and hence all weakly-coupled
cusps of the moduli space of the gauge parameters. Thus, there is a completeness to this approach
which hints at the possibility that the underlying structure of the S-duality transformations is not
a group, but a groupoid®.

5See appendix B.3 for details of the flavor symmetry enhancement of real representations.

6A groupoid is a generalization of the concept of a group. It has all of the same properties as a group, except
that the binary multiplication operation is replaced by a partial function so that the product of two elements is not
always defined. In the context of S-duality transformations, this implies that the result of an S or T transformation
is dependent on the arrangement of flavor symmetries prior to the operation.



2.4. GAIOTTO’S GENERALIZATION 22

2.4.3 Something Completely Different

Now we add a third gauge group SU(2)3 and an extra bifundamental matter representation as in
figure 2.5. (Such a diagram, as well as the diagram in figure 2.3, is called a linear generalized

D

C

Figure 2.5: Conformal SU(2); x SU(2)2 x SU(2)s generalized quiver diagram

quiver diagram because of the linear arrangement of gauge group symmetries.) Again, this theory
is superconformal because the S-function of each gauge group’s coupling parameter equals zero.
If we were to weakly couple SU(2)2, we would expect to again retain the S-duality of the gauge
groups SU(2); and SU(2)s; such transformations permute SU(2) 4, 5,c and SU(2)p g r amongst
themselves, each transformation returning us to a linear generalized quiver. However, if we weakly
couple both SU(2); and SU(2)3, we encounter a new phenomenon: an S transformation followed
by a T transformation produces the theory seen in figure 2.6.

D

D

Figure 2.6: Introducing trifundamental matter

Evidently, something new has occurred: though the gauge group remains SU(2)1 x SU(2)2xSU(2)3
and though we retain six SU(2) flavor symmetries, we no longer have matter in a bifundamental
representation and no longer is our generalized quiver diagram linear. (Such generalized quiver
diagrams have recently become known as Sicilian quiver diagrams, due to their resemblance to
the Sicilian coat of arms [36].) Moreover, counting our hypermultiplets, we find that we started



2.4. GAIOTTO’S GENERALIZATION 23

with 16 (two for each fundamental SU(2) representation and four for each bifundamental), but
now only 12 are manifest. The remaining four must be represented by the node in the center of the
generalized quiver diagram, in some trifundamental matter representation that has three flavor
symmetries that have been gauged, one to each of the gauge SU(2)’s. This is a fundamentally new
object, a discussion of which can be found in appendix C; for now, the reader can think of it as a
bifundamental matter representation whose remaining flavor symmetry has been gauged.

One can continue to show that through S-duality transformations all permutations of the flavor
symmetry groups can be reached, though no further quiver types will be introduced. It can also be
shown (see section 2.5) that these transformations exhaust all possible weakly-coupled description
of our theory. A general pattern emerges: one starts with a linear generalized quiver with n SU(2)
gauge groups and n + 3 SU(2) flavor symmetry groups - four in an SU(2) fundamental matter
representation and n—1 in an SU(2) bifundamental matter representation. Having weakly-coupled
all but one of the gauge groups, S-duality remains a valid symmetry at the remaining gauge group.
Moving from one dual description to another, we find all possible permutations of the flavor
symmetries and a variety of, generically Sicilian, generalized quiver diagrams’, where blocks of
four hypermultiplets play either the role of two fundamental matter representation coupled to one
SU(2) gauge group, one bifundamental matter representation coupled to two SU(2) gauge groups,
or one trifundamental matter representation coupled to three SU(2) gauge groups. In each duality
frame, the number of gauge groups, flavor symmetry groups, and four-hypermultiplet sets remains
the same.

Generalizing still further, one sees that these theories can be constructed using a graphical system
consisting of the following two structures:

e a set of four-hypermultiplet blocks, each with an SU(2) 4 x SU(2) gp x SU(2) ¢ flavor symmetry,
an example of which is shown in figure 2.7

Figure 2.7: The Sicilian quiver theory building block

e a gluing rule, by which a diagonal subgroup® of two SU(2) flavor symmetries is gauged,
meaning they are treated as one and promoted from a global to a local symmetry; the two
possibilities are demonstrated in figures 2.8, where the remaining flavor symmetries describe
matter in the fund or antifund representations, and 2.9, where the remaining flavor symmetry
describes matter in the Ad representation.

—

Figure 2.8: Two SU(2) flavor symmetries from different building blocks being promoted to an SU(2)
gauge symmetry; the remaining flavor symmetries represent matter in the fund of SU(2)

Such a system will inevitably leave us with a superconformal theory. Further, one finds that this
system allows for generalized quiver diagrams which have loops in them. In fact, the simplest
theory we can derive using the gluing rule is formed by gauging a diagonal combination of two of

7Combinatorialists would refer to these as “trivalent graphs”, as three lines meet at every vertex.
8Given a group G, the diagonal subgroup of G? is defined as the set { (9,9) € G x G | g€ G }.
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<.=»

Figure 2.9: Two SU(2) flavor symmetries from the same building block being promoted to an SU(2)
gauge symmetry; the remaining flavor symmetry represents matter in the Ad of SU(2)

the flavor symmetry groups of a single four-hypermultiplet block, and this generalized quiver has
a loop in it (c.f. figure 2.9). (A generalized quiver diagram which consists of a single loop and
matter content only in the bifund is called a necklace quiver diagram; see figure 2.10.) What

Figure 2.10: A necklace quiver diagram, which has one loop and whose matter content appears only in
the bifund representation

is more, all theories with the same number of flavor symmetry groups n and loops g are related
to one another via S-duality transformations [28]. In particular, given (n,g) one can derive the
number of four-hypermultiplet blocks (n + 2g — 2) and the number of gauge groups (n + 3g — 3);
the proof goes as follows:

In terms of graph elements, we have g loops, n external legs, I internal legs (read:
gauge groups), and V vertices (read: sets of 4 hypermultiplets). We can derive two
relationships between these four variables. First, if we decompose our graph into triva-
lent nodes, we can count our edges two ways: 3V or 21 +n; thus, 3V = 27 +n. Second,
we claim that the following relationship is true: (V —1) — (I —g) = 0. As proof, notice
that if we sever an internal line to open a loop, the number of internal lines and loops
decreases by 1 while the number of vertices remains the same; thus the relationship
remains true. We can continue opening loops until we am left with a tree (i.e. a simple
connected graph such that g = 0), in which case V' = I + 1 holds (this can be shown
by induction). These two equations are sufficient to give us I,V in terms of n, g.

We thus postulate the existence of a global A/ = 2 superconformal theory, which we denote” as
Tn,q [A1], which has some intricate, as-yet unknown n-dimensional parameter space of gauge cou-
plings. In particular, we denote our four-hypermultiplet blocks as 73 o [A1]. All possible generalized
quiver diagrams with n flavor symmetry groups and g loops are merely different weakly-coupled

9“A1” is the Lie theorist’s name for su(2), the Lie algebra of SU(2). More generally, Ay_1 equals the Lie
algebra of SU(N).
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descriptions of this global theory and are related to one another via S-duality; for instance, all
three diagrams in figure 2.6 are descriptions of 7 ¢ [A1] theory.

One question remains: what is the structure of the parameter space /\/ln,g of gauge couplings?
(And, more to the point, what is the relationship between this line of discussion and the AGT
conjecture?) We make three observations:

e We can associate to every global theory 7, 4[A1] a closed Riemann surface (a two real-
dimensional surface equipped with a complex structure) C, , with n punctures and genus
g, such that each generalized quiver diagram corresponds to a different way in which C,, g
decomposes into a set of n 4+ 2g — 2 three-punctured spheres!'? connected by n + 3g — 3 thin
tubes. Call this surface C, 4, the Gaiotto curve of 7, ,[A:]. This relationship between
generalized quiver diagram and Gaiotto curve is demonstrated in figures 2.11 and 2.12.

e Having re-interpreted our generalized quiver diagrams as punctured Riemann surfaces and our
different S-dual frames as different pairs-of-pants decompositions of those Riemann surfaces,
and recalling our suspicion that the underlying structure of the S-duality transformations
is a groupoid, we are led to conjecture a relationship with the Seiberg-Moore groupoid
[44], which is the groupoid generated by elementary moves relating different pairs-of-pants
decompositions of a punctured Riemann surface.

e If we focus on a gauge group which joins two components of our generalized quiver diagram
and we perform the approximation by which we weakly gauge its coupling 7, our parameter
space M should decompose into approximately the product of the parameter spaces My,
My (because the two component theories are then independent) and the upper-half plane
(because the imaginary part of 7 is always positive, as it equals a positive constant times

1/¢%): M Tice, M1 x My x 7. Better still, we should have M Tovico, M1 x My X g,
where ¢ = €7 so that ¢ — 0 as 7 — ico. This reminds us of the Riemann surface sewing
technique, about which we will say more in chapter 4.

Figure 2.11: The generalized quiver diagram for a weakly-coupled description of the theory 7, 4[A:1]

Given the above observations, it becomes natural to conjecture that the parameter space of gauge
couplings of 7, 4[A1] coincides with the Teichmuller moduli space Mn,g of a genus-g Riemann sur-
face with n punctures, reduced by S-duality transformations to the moduli space M,, 4 [28]. That
is, that somehow the complex structure of the Riemann surface encodes the gauge couplings of the

10Known to topologists as a pair-of-pants or trinion decomposition; see [63].
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Figure 2.12: The Gaiotto curve Cp,4 corresponding to the generalized quiver diagram in figure 2.11

theory. What precisely a Teichmuller moduli space actually is is not crucial to the understanding
of this thesis. However, what s important is to understand that there exists an intimate relation-
ship between 4d N = 2 superconformal field theories and the structure of Riemann surfaces. The
AGT conjecture is a mathematically-precise manifestation of this relationship.

2.5 Advanced Correspondence

Though largely qualitative in nature, the above discussion is nevertheless logically cohesive. That
said, the reader with a more advanced physical background might appreciate the more quantitative
(i.e. mathematically rigorous) justification for Giaotto’s observations to be found in his original
paper [28]. There, he uses the tools of Seiberg-Witten theory, namely the Seiberg-Witten curve
C and Seiberg-Witten differential A\, which we now describe.

The idea is as follows [59]. To determine the precise form of the prepotential F, the data needed
are an algebraic curve C and a meromorphic differential A. Then, given a set of 1-cycles A;, By,
which live on C and satisfy the intersection number relationship A;#B,, = i, we can define two
holomorphic functions

alzf A, alDzai: A (2.41)

Ay Oy B,

which, as we saw in section 2.2, in turn define the mass spectrum for the theory’s BPS particles and
which can, in principle, lead to a calculation of the prepotential. However, this approach hinges on
our ability to determine C and A, neither of which is directly calculable and initially [56] [57] could
only be determined via first principles. Later, E. Witten developed [74] a method to determine C
and \ for arbitrary N' = 2 quiver gauge theories of either linear or necklace type by embedding his
quiver gauge theories in the language of Type Ila string theory p-brane diagrams. He then observed
that, when these diagrams are lifted to M-theory, the resultant M5 brane naturally decomposes
into 4-dimensional spacetime and a double covering of a Riemann surface with marked points.
The double-cover coincides with the Seiberg-Witten curve of the original gauge theory, and the
Riemann surface with marked points is exactly the Gaiotto curve qualitatively derived earlier in
the chapter. Gaiotto extended Witten’s technique to the case of quiver gauge theories of Sicilian

type.
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In particular, using the language of Seiberg-Witten theory, Gaiotto demonstrated that such am-
biguous statements as “gauging a diagonal subgroup of two flavor symmetries” or “weakly cou-
pling a gauge group so that it behaves as a flavor symmetry” become precise. For instance, using
Seiberg-Witten curves, one can demonstrate that at the weakly-coupled cusps of M,, ; where C, 4
either degenerates to a curve of lower genus C,,12 4—1 (in generalized quiver language: two flavor
symmetries are added where the gauge group decouples) or into the union of disconnected curves
Crni41,99 U Crnenry1,g—g, the Seiberg-Witten curve similarly degenerates into the Seiberg-Witten
curve for the theory Tny29-1[A1] or Tory1,g [A1] X Tneng1,9—g' [A1]-

Further, it was demonstrated that if one begins with 6d A; (2,0) theory and compactifies it on
C x R*, where C is a genus ¢ surface with n punctures, and one considers all of the ways in
which C' can be decomposed into pairs-of-pants, then all of the 4d theories corresponding to all of
the pair-of-pants decompositions of a particular C are related via S-duality. It is this remarkable
“coincidence” that lends serious credibility to the 4d-2d bridge Gaiotto unearthed via generalized
S-duality.



3
The Nekrasov Partition Function

In chapter 2 we discovered a phenomenological correspondence between 4d N = 2 gauge theories
and 2d conformal field theories. The AGT conjecture makes quantitative this correspondence by
proposing an equality between two mathematical objects, one each from the 4d gauge theory and 2d
conformal field theory related via the Gaiotto curve construction. In this chapter we introduce the
object from the 4d side of the conjecture: the Nekrasov partition function. An explicit derivation
is beyond the scope of this thesis; instead, we deliver a high-level description of the Nekrasov
partition function’s origin, of the techniques developed for its creation, and of the free parameters
it possesses and which are utilized by the AGT conjecture.

3.1 Prepotential

The N = 2 low energy effective action in N' = 1 superspace notation is [56] (up to terms containg
two derivatives or four fermions)

a.r 192 F(®
4 a
me [/d opT——— /d2 3 552 WW (3.1)

The holomorphic function F is called the prepotential. Our mission in this section is to discuss
its form (first derived in [55]) and how that form is controlled by supersymmetry.

First, we know that the most general form of an A = 2 pure Yang-Mills Lagrangian, at any energy
scale, is £ = 8%7'\112, where ¥ is an N = 2 chiral superfield (c.f. section 1.4.3). In particular, our
low-energy pure abelian theory must be described by such a Lagrangian. We call this contribution
to the prepotential Fejagsical; it represents the kinetic terms of the abelian theory and its interactions
with itself.

However, recall the definition (2.6) of Seg: though the theory it describes does not contain any
massive fields, it must contain the information from the interactions between the leftover massless
fields and the massive fields that were integrated out. Hence, Fejassical T€Ceives corrections, from
both perturbative and non-perturbative contributions.

Due to a non-renormalization theorem [55], the S-function for the coupling constant 7 is exact
at the 1-loop level, and recalling that 7(®) = % we find that such perturbative interactions
contribute to F only at the 1-loop order. We call these contributions to the prepotential Fi_jo0p
and determine them now. We learned in section 1.5 that the U(1)g symmetry of the microscopic
theory is broken by the chiral anomaly. This leads to the conclusion that the U(1)g current of the

theory is not conserved quantum-mechanically'. Instead, we find

N,
8 2

IFor a nice explanation of K. Fujikawa’s derivation of the chiral anomaly, see [26] or [67].

DIl = — = F, Frv (3.2)

28
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Thus, under a U(1)gr transformation whereby ® is multiplied by e?®, the effective Lagrangian

experiences the following variation:

alN,

OLeg = =3 FF (3.3)

2
(If the theory contains matter, we replace N, by N, — %N ¢ [4], in keeping with our chiral anomaly
result (1.63).) We use this behavior to determine Fj_io0p. Under a U(1)g transformation, Seg
must experience the correction (3.3). Additionally, this correction can only come from terms in Leg
which are quadratic in F),,,, which from (1.52) we can see are the kinetic term and the topological
term. This implies

1 . ~ 1 ~ aN, _ ~
——Im | F(¢¥°®)(~FF +iFF)| = —Im |F"(®)(~FF +iFF)| - S FF 3.4
I | (2O®)(—FF +iFF)| = —0m | F'(®)(=FF +iFF)| - £ (3.4)
Thus,
. 2aN,
F(e20®) = F'(®) - (3.5)
™
Taking the derivative with respect to o and then setting o = 0 gives us
PF _ Nei
PR (36)
which can be integrated (the reader can verify this via differentiation) to
] o2
Fictoan(®) = 5= (35 ) (37)

where A is the dynamically-generated energy scale.

In addition to the interactions with the massive modes, the massless modes of our theory had
interactions with the instantons of the original SU(2) theory prior to the effective-action integra-
tion. (Because m3(U(1)) = {0}, the SU(2) instantons do not survive the spontaneous symmetry
breaking and cannot be replicated by the U(1) theory; see appendix A.1). In [55], it was argued
that the contribution of these interactions to the prepotential has the following form:

00 ® —4k
-/_'.inst = Z]:k <A) (I)z (38)
k=1

That the sum includes no terms with negative k (corresponding to anti-instantons) has to do with
the holomorphic nature of the prepotential.

Seiberg was unable to determine the coefficients F, in [55] aside from F7j, or even how many were
non-zero. That was in 1988. In 1994, he and E. Witten devised the (now called) Seiberg-Witten
technique (c.f. section 2.5), a method by which, in principle, the coefficients could be calculated.
However, though the Seiberg-Witten curve technique is exceptionally useful for discovering phe-
nomenological properties of gauge theories, it is feckless for purposes of Fi,st calculations past the
2-instanton level. The state-of-the-art instanton calculus [21] could make no progress beyond k& = 5
until 2002, when N. Nekrasov and his collaborators devised a direct technique for calculating the
prepotential. The result of this technique is one of the two primary objects utilized by the AGT
conjecture, and we describe it now.

3.2 Nekrasov Partition Function

As our partition function is nothing other than the correlator of the identity operator, let us denote
the value of the partition at the particular vacuum expectation value a of our Higgs field as (1),.
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Thus, by (2.5) and (2.6), we have that

<1>a _ / / DX etSmicro .
|[k|<A J|k|>A

- / DX ¢iSet[Xal (3.9)
|[k|<A

:/ DXexp{Z/d4a:d2€d2§}'(\lf[X,a])}
k<A 4m

where the shorthand W[X,a] denotes the N’ = 2 vector superfield whose field content consists
of the low-momentum fields X and which depends on the VEV a. Nekrasov’s approach was to
translate the problem of calculating (1), into the language of topological field theory, where a
number of pre-existing techniques could be utilized to reduce the infinite-dimensional path integral
to a finite-dimensional volume integral over a parameter space describing instanton contributions
to the correlator. We first introduce this topological twisting and then discuss two additional
difficulties Nekrasov had to surmount in order to achieve meaningful results.

3.2.1 A Topological Twist

The topological twisting of supersymmetric gauge theory was introduced by Witten in [73] in the
2d context. In A/ = 2 SYM on R*, the global symmetries include the rotation group K, which is
locally SU(2)y, x SU(2)g, and the connected component of the R-symmetry group, SU(2)r. We
can write this global symmetry group as

H=SU2), x SU@2)r x SU2)x (3.10)

In particular, the supercharges QY (resp. Qar) transform in the (2,1,2) (resp. (1,2,2)) under
the action of H.

However, there exists a non-standard embedding of K in H leading to “twisted” SUSY. So long
as we only ask “physical” questions about the theory as formulated on (flat, Euclidean) R*, there
is no distinction to be made between the twisted and “untwisted” versions of A" = 2 SYM; such
discrepancies arise only in curved gravitational backgrounds [38]. Let SU(2)a be the diagonal
subgroup of SU(2)g x SU(2)r; then let

K' = SU(2)1 x SU(2)a (3.11)

Under K’, there are again three supercharges, though now they are bosonic, and they transform
as (2,2)® (1,3) ® (1,1) [59]:

7::1/ = &MydIQdda Qu = 5,“04162@]7 Q = edIQ('xI (312)

Notice that Q2 = 0 up to gauge transformations, since the only bosonic operator in the SUSY
algebra is the momentum operator, which transforms as (2, 2), while Q2 transforms as (1,1). The
fields of the theory will transform similarly, but before writing them out, we can already see that
all fields will have integer spin with respect to K’. In particular, the fermions become

@W = 5W(ﬂlﬁal7 Yy, = 5,Lal¢a1, Y =ehyr (3.13)

The operators Q, @, and QJ, all act on the fields, just as their non-twisted relatives did. In

particular (and what is the crucial observation for }15), our N = 2 action (1.52) is Q-exact up to
the topological term (which is ()-closed). That is, QSiopo = 0 and

Syat = Seopa + Jm{Q [m [t (E i — ivau D6t — il ¢J)} } (3.14)

Vym
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where
1

F;:u = 5 (F,uu - F;w) (3.15)
is the self-dual field strength. Additionally, @ obeys the Leibniz rule, and since Vy s is invariant
with respect to the gauge transformation generated by @2, the action is Q-invariant. A similar
statement holds once matter is added to the Lagrangian.

This observation allows us to simplify our calculations by reducing the infinite-dimensional path
integral to a finite-dimensional integral in the following way. The correlator of some -closed
observable O in our theory (3.14) after Wick rotation to R* equals

(0) = / DX O ¢ (StopatQVrar) (3.16)

where X stands for the fields of the theory. Notice that this correlator is insensitive to Q-exact
(gauge-invariant) additions to the action:

(0) = / DX Qe (STQV) — (0) 4 / DX e SQ6V = (0) + / DX Q (e%5V) = (0) (3.17)

where we use that the correlator of Q-exact terms vanishes?. Hence, we can add any Q-exact term
to the action that facilitates our calculation; in particular, we can modify the action so that it
becomes [58]

S = Stopo + /d4:xTr (—t*F F~ " +...) (3.18)

where the dots indicate terms of order ¢ or less. Since the path integral does not depend on the
value of ¢, we can take the ¢ — co limit, in which case the integral localizes onto solutions of the
self-dual equation (recall (A.11)): .

F.=F, (3.19)

Because the space of self-dual solutions is finite dimensional, the calculation of (1), becomes, in
principle, much easier to perform. In fact, in [7] M. Atiyah, V. Drinfeld, N. Hitchin, and Y. Manin
determined a method to characterize the moduli space M of all such solutions, using which we can
parameterize the localized path integral. We introduce this method now.

3.2.2 ADHM Construction

This subsection is based on the exposition of [35].

Notice that solutions to (3.19) are instantons. As such, we can divide the moduli space M into
pieces My, corresponding to the different topological instanton sectors (c.f. appendix A.1). Ad-
ditionally, the constuction which characterizes the moduli space of self-dual k-instantons depends
on a certain dual gauge group G, which for U (V) instantons (the case of relevance to this thesis)
is G = U(k). Hence, in this section we seek to determine M.

Let E be an N-dimensional complex vector bundle over R* with a connection A and a framing at
infinity, that is, a choice of basis for TooR* = CV. (Translated into physicist-friendly language, we
study a choice of gauge field over spacetime which has a particular choice of coordinate basis at
infinity; this choice of coordinate basis ensures that the only gauge transformation with fixed points
is the identity transformation.) For the gauge group G = U(N) consider the linear maps

(By, By, 1,J) € X € Hom(V, V) ® Hom(V, V) & Hom(W, V) & Hom(V, W) (3.20)

for some set X we will soon describe, where V' (resp. W) is a linear vector space of dimension k
(resp. N). Now consider the following three ADHM equations:

{iR = [Bl,BH + [BQ,B;} rIrt 4 gt
pc = [By, Ba] +1J

(3.21)

2This has to do with the similarity between Q and BRST operators. We do not want to dwell on this similarity
at great length; the interested reader can consult [58].
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(¢ is complex-valued and thus represents two real-valued functions). We now define X be the set
of all simultaneous solutions to the equations ur = pc = 0. The ADHM construction identifies
the moduli space MkG of G = U(k)-framed k-instantons with the hyperkéahler quotient of X by
G:

ME =X//G = i~ 0)/G (3.22)

The moduli space ./\/lkG effectively parameterizes the collective coordinates of all the instantons in
our theory (see appendix A.1 for an explanation of collective coordinates). Hence, in essence, what
we are interested in is the volume of the space MkG, which we can determine indirectly by solving
the ADHM equations above. Thus, the correlator can be formally stated as

(1) = S - 1 (3.23)

where f e 1 formally computes the volume of the moduli space of k-instantons. The parameter g
k

is a formal parameter used to count instantons, which in the case of asymptotically-free theories
equals A?, where A is the dynamically-generated scale and 3 is the gauge coupling constant’s /-
function. In the case of conformally-invariant theories (or those theories whose conformal invariance
is only broken by the presence of mass terms) for which 8 = 0, ¢ instead equals exp 2miTyy .

3.2.3 Curing Non-Compactness

Calculation of (3.23) is problematic because the k-instanton moduli space suffers from two dif-
ferent forms of non-compactness. One, the instanton collective coordinate describing the size of
the instanton can become arbitrarily small; this is known as UV non-compactness. (There
is no problem with infinitely-large instantons, as the finite-action requirement would then send
the instanton’s magnitude everywhere to zero.) Second, the instanton collective coordinates de-
scribing the center of the instanton can wander off to spacetime infinity; this is known as IR
non-compactness. Nekrasov’s approach to solving these two issues is as follows.

One possible means of constructing k-instanton configurations is to superimpose the solutions
of k 1-instanton configurations with well-separated centers [65]. (This is a linear operation while
instantons are solutions to non-linear equations, and so construction would need to be supplemented
with non-linear correction terms.) The subregion of the moduli space M$ where one of the 1-
instantons approaches zero size is singular: it looks like ./\/l,gi1 x R* C /\/lkc, i.e. the smooth
(k — 1)-instanton moduli space with a single point indicating the singular instanton’s position
added. This condition can be cured by using the so-called Uhlenbeck compactification, which
replaces M$ with

MG = MG U (M x RY) x (M, x Sym?(R*)) x - -+ x Sym*(R*) (3.24)
——
1 zero-size 2 zero-size k zero-size
instanton instantons instantons

Essentially what Uhlenbeck compactification allows us to do is consider zero-size instantons only
in the part of the compactified moduli space where they do not cause singularities, as we have
indicated above. (The reason Sym(R?*) is used is to faithfully represent the indistinguishability of
the point-like instantons.) This cures the UV non-compactness.

To understand the solution to IR non-compactness, consider the following related problem: what
is the volume of the non-compact space R*? The answer is simple: it is infinitely large.

/ d*z1 =00 (3.25)
]R4

To obtain a meaningful answer, we can introduce a regularization term. For instance, in the case
of R* = C?, we can write (up to some unimportant factors of )

1
/ d?z d%291 — A%z, %29 e~(almltell®) — 2 (3.26)
(C2

C2 €1€2
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where €1, €5 are real parameters. Notice that from the perspective of symplectic geometry, we have
the standard symplectic form w = dz; A dZ; + dzo A dZy and a Hamiltonian action T2 x C? — C?2
whose moment map p acting on the element & = (e1,€2) € Lie(T)? 2 R? is H = 3 (|21]? + [22]?).

2
The corresponding Hamiltonian flow is generated by
Vg = —21821 + 21621 — 528z2 + 2’2852 (327)

(since vy, w = —dH), which describes rotations in two non-intersecting planes about their axes,
both with angular velocity one. This perspective allows us to take advantage of a symplectic-
geometric technique called the Atiyah-Bott-Duistermaat-Heckman equivariant localization. The
technique is as follows?:

Let (X2" w) be a symplectic manifold with a Hamiltonian action of a torus T", u : X — t* the
corresponding moment map, { € t = Lie(T) the action generator, Ve € Vect(X) the vector field on
X corresponding to the T action generated by &, f € X a fixed point of the action, and w;[£](f)
the weights of the T action on Ty X. Then the following statement holds:

o—HlElD)

W e _ _ e
= 2 T wE® (3.28)

I:Ve(£)=0

In our situation, X = C2, 7 = 2 so that T? = U(1) x U(1) C SO(4), £ = (€1, €2), and the only fixed
point f is at the origin of C2, where u[¢] = 0. Hence the RHS of (3.28) equals 1/€1€2, as expected.
With regards to the IR non-compactness of the k-instanton moduli space, we set X = Mg (which
is always even-dimensional) and introduce the T? action* which, via insertion of a regularization
term, eliminates the contributions to the moduli space volume integral from instantons which run
off to infinity. Indeed, the result of equivariant localization technique is that only instantons at
the spacetime origin make contributions to the integral!

Combining the Uhlenbeck compactification and the equivariant localization, we arrive at a well-
defined volume integral:

fo 1 P exp {w — porz [(€1, €2)] } (3.29)

(Note that on the 2n-dimensional space X, the integral [ expw equals the integral of the Liouville
volume form [ w"/n! because the integral picks out the top form in the series expansion of the
exponential.) The above considerations address only the case of a theory consisting exclusively of
N = 2 vector multiplets. In the presence of matter, new structures need to be added to the volume
integral (3.23) and the action of the torus in the localization procedure is supplemented with the
action of the flavor symmetry group; see [47] [46] for details.

Let us label (3.29), the localized, compactified, and regularized version of the correlator (1),, as
Zinst- We have yet to mention which particular gauge-fixing procedure we have used to properly
compute the path integral. Such a procedure adds a term to the exponential under the path
integral, which in turn leads to an additional factor Zpert = Zclassical X Z1—loop that multiplies Ziygt.
The product of these three functions we call Zxex, the Nekrasov partition function.

3.2.4 Connection to the Prepotential
Nekrasov first conjectured [47] and with A. Okounkov then proved [46] that through the topological

twisting procedure and introduction of the Q2-background, we gain direct access to the low-energy
prepotential:

(1) :/ DXexp{;T/d‘*x d?0d%0 F(U[X, a})} = F = lim erenln Zyex (3.30)
|E|<A

€1 762—>0

3The following is based on an example from [50] but using the language of [47].

4The name for this in the literature is the Q-background. The name stems from how, to introduce the action, we
replace our operator Q with a new cohomological differential O =Q+E, Q4,27 Qu (see (3.12)), where Q% = Qf , x¥0y,
are the vector fields generating SO(4) rotations in our topologically-twisted spacetime and E € Lie(SO(4)) is a
formal parameter.
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Additionally, they verified that the product decomposition of the Nekrasov partition function
mirrored the summation decomposition of the low-energy prepotential:

lim ee2InZnec = lim €exln ( classical X Zpert X stt) Felassical +-7:1—100p + Finst (331)
61,62%0 61,62*)0

What remains is to actually compute the function Znex. In general, it is readily expressible in
terms of complicated contour integrals; for instance, the k-instanton partition function for an
SU(N) theory with Ny hypermultiplets in the fund is [47]

k do; M(¢1) ¢7,(07, — €1)
B (%) / HP ot @ s 0

1<I<J<k

where

N

Ny
:Hx—i—ui, P(x):Hx—ai, brg =¢r— ¢y, €r=€1+¢€ (3.33)

i=1

The real challenge lies in finding closed-form non-integral expressions for these partition functions.
For our purposes in discussing the AGT conjecture, we would like to have a closed-form expression
for Zxex in the case of quiver gauge theories built upon SU(2) gauge groups; unfortunately, we only
have available closed-form non-integral expressions for U(2)-based gauge groups®. In chapter 7 we
shall discuss a means by which we can modify these U(2) functions in order to perform calculations
involving SU (2)-based gauge groups.

3.2.5 Nekrasov Subfunctions

The utility in the Nekrasov technique lies in its modularity. Given a particular weakly-coupled
Lagrangian description of a physical theory, the Nekrasov partition function consists of a prod-
uct of subfunctions, one for each gauge group and matter representation. (In particular, different
weakly-coupled descriptions of the same Gaiotto theory 7, , generate different Nekrasov partition
functions.) We list these subfunctions [3] below for reference, as we will need them in chap-
ter 7.

Instanton Partition Function

Here we list the subfunctions needed for the calculation of the instanton factor of the Nekrasov
partition function for U(2) theories. All of them utilize Young diagrams, which are graphical
depictions of non-increasing natural number partitions. For instance, on the left side of figure 3.1
is a graphical depiction of the partition Y = {6,4,4,2,1}. Given a Young diagram Y, one can
then assign these boxes Cartesian coordinates (4,7), 4,7 > 1 in the natural way, or form the dual
Young diagram Y, whose columns k; are the rows of Y as displayed on the right side of figure 3.1.
Occasionally it is useful to consider a Young diagram whose last entries consist of a series of zeroes.
The length ¢ of a Young diagram is the number of columns of non-zero height. Additionally, the
size |Y| of a Young diagram Y is the total number of boxes of Y.

The Nekrasov subfunctions take as argument pairs of young diagrams Y = {Y1,Y2}, and then
perform products over the Cartesian coordinates s = (i, j) of those diagrams. Additionally, these
subfunctions depend on @ = (aj,as), where diag(aq,as) is the VEV of the Higgs scalar, and
possibly the mass parameter m of a matter representation.

5And even then, the method to produce these closed-form expressions required a generalization of Nekrasov’s
technique to theories in five dimensional spacetime, compactified on a circle. For an introduction to just how this
was accomplished, see [65].
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Y Y’

S —

Figure 3.1: The Young diagram Y = {6,4,4,2, 1}, its dual Y’ = {5,4,3,3,1,1}, and the box s, which
has coordinates (i,j) = (2, 3)

First, for matter content in the fund or antifund, we have:

2
un (_’a}_}am): (¢( (2] )7m+ )
Fonatd I 1] totee . (3.34)

Zantifund (@, Y, m) = 24nd (@, Y, €4 — m)
where ) )
¢(aaj+) - ‘:f;' (i—+e-(G—1) (3.35)
For matter content in the bifund, we have:

Zbifund(a;a?;ga Wam) =
2
= H H (E(a7 - bj?vajas) - m) H (€+ - E(b] - aiaWja}/ht) - m)) (336)

1,j=1s€Y; tew;
where
E(a,Y,W,s) =a—¢1 - Lw(s) + e (Ay(s)+1)
Ay (s)=Ai—j (3.37)
Ly(S) = )\; —1

where )\; is the height of the i*" column of Y and )\;- is the height of the j* column of Y. We can
then write matter content in the Ad as:

ZAd (d, }7, m) = Zbifund (CZ, ?; J, }7; m) (3.38)

VEV inputs d always refer to the VEV of the gauge field to which a matter representation is
coupled. In the case of matter in the bifund, because it couples to two gauge groups it accepts two
VEVs @, b as input. Lastly, the gauge field content is represented by

Zvector (@, Y) = 1/2a4(@, Y, 0) (3.39)

Using these subfunctions, we can perform a consistency check of Gaiotto’s 7y, 4-theory formalism.
Setting @ = (1, p2) = (u, —), we find that

= Zfun d’,?,er Zfun &’,37,7717
) = Zfund( R 1) Zfund( " QM) (3.40)
) = Zantifund(a7 Y> m—+ M)Zantifund (av Y7 m — ILL)

That is to say, when one of the gauge groups coupled to a bifundamental goes to zero cou-
pling, which we implement in the Nekrasov formalism by setting the pair of Young diagrams
Y to Y = (,0) and reinterpreting the VEV as a mass matrix, the bifundamental acts as either
two fundamental or two antifundamental matter representations with SU(2) flavor symmetry mass
parameter p. (The parameter m we interpret as a vestigial U(1) mass; more about this in sec-
tion 7.5.) This process is illustrated in figure 3.2. We add that the reason we treat here fund
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Figure 3.2: As one of the gauge groups coupled to bifund matter is made arbitrarily weakly-coupled, it
behaves as a fund or antifund matter representation in terms of Nekrasov functions

and antifund matter representations independently, as opposed to our treatment of fundamental
matter in section 2.4, is because of the difference between the properties of SU(2) and U(2) matter
representations. The fund of SU(2) is pseudoreal and thus isomorphic to the antifund (through the
transformation J); this allows us to treat the fund and antifund interchangeably. The fund of U(2),
on the other hand, is complex and thus must be distinguished from the antifund.

Perturbative Partition Function

Here we list the subfunctions needed for the classical and one-loop contributions to the Nekrasov
partition function. First, the U(2) subfunctions for Zi_isp are:

Z&e?ég?p(a) = HeXp{ — Ye1,e2 (ai — a5 = 61) — Yer,e2 (ai —a; — 62)}

i<j

-1 -
Zflundoop (aa M) = H exp{'yﬂ,ez (ai - M)}
[

1-1 (3.41)
zantiﬁjcr)\g(&” /u‘) = HGXP{%l,eg (_ai +u— €+)}
b @510 = [T o ol 0y~ 1)
2]
Here, e, e, () is based on Barnes’ double gamma function
Versez () =InDa(x + €4 €1, €2) (3.42)
which is defined via 9
In T (s|wy, w2) = g Cals, tlwr, wa),_,
—t (3.43)
<2(s,t|w1,wg) = Z (s+n1w1 +n2w2)
n1,n220

Finally, unlike any of the previous subfunctions, Z.jassical for SU(2) gauge theories has actually
been calculated. It is given by

1 .
chassical = exp{ — E Z (27‘(@)7%0%} (344)
k

where the sum is over the VEVs a and complexified gauge couplings 7 of each of the vector
multiplets in the theory.



4
Conformal Field Theory

Conformal field theories (CFT’s) are a particular class of field theories characterized by a type of
symmetry transformation whose net effect on the metric is to multiply it by a positive function and
thus preserves angles. In this chapter we discuss general properties of two-dimensional conformal
field theories, including the underlying infinite-dimensional symmetry algebra, the structure of its
representation in the fields, and a number of identifying quantities which define each particular
CFT. In the following chapter, we will discuss the specific CFT which is of relevance to the AGT
conjecture.

4.1 The Road to Conformal Blocks

The so-called bootstrap approach to calculating observables in 2d conformal field theory (CFT)
introduced by A. Belavin, A. Polyakov, and A. Zamolodchikov in [11] was founded upon the dual
assumptions of conformal invariance and of the completeness of the set local fields {V(z, Z)} under
the associative operator product expansion (OPE) algebra

Ck
k

where C’fj is a C-valued function. (In CFT, a “field” is generally any object traditionally thought
of as a field in QFT, plus objects obtained by operations upon those fields, e.g. via exponentia-
tion, taking the nth derivative, etc.) Note the dependence of the constants on the difference of
coordinates; this arises from the fact that translation invariance is a consequence of conformal
invariance.

In two dimensions, the group of conformal transformations is infinite-dimensional and decomposes
as the direct product B
I'(z) @ T'(2) (4.2)

of the groups of analytic substitutions of the variables
z—=C(2), zZ-—((2) (4.3)

where z = €' +i€2) 7 = &1 — €2, and £, €2 are the coordinates of our two-dimensional space.
In terms of these coordinates, the stress-energy tensor 7" decomposes into holomorphic and anti-

holomorphic components o
T=T(z), T=T(2) (4.4)

such that T'(z) (resp. T(2)) can be associated with the generators of the subgroup I'(z) (resp.
I'(z)) in the following way.

37
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The variations of local fields Vp(z, z) under infinitesimally small conformal transformations z —
z + €(z) are determined by the following formula:

(6.Vil22X) = § dCOT(OVilz,)X) (45)
where the integral is around a small contour surrounding the point z which excludes all of the local
coordinates in the product of local fields

X =V (21,21) - Viy (2n, 2N) (4.6)

In this way, the transformation properties of any local field follow from the OPE of T'(z) with that
field. (Analogous statements hold for T'(Z) and anti-holomorphic transformations z — €(Z).)

Those fields V;(z, z) which satisfy the following OPE

A 1
T(OVil(2,2) = 5 Va2, 2) + ——0Vy(2,2) + - -
(€—2) (-2
A ) (4.7)
T(OVil2,2) = =5 Vi(2,2) + =——0Va(2,2) + -+
(€—2) (-2
(where --- indicates less-singular terms) are called primary fields, and Ay, A, are numerical

parameters called the conformal dimensions of the primary field V;, which characterize how the
primary field transforms under a conformal transformation z — w(z), z — w(2):

Vilz, 2) — (C(?:)A" (CZ)A Vi(w,w) (4.8)

One can introduce an infinite set of operators L, (2), L, (Z)

Ln(2Vile ) = § d6(C = "M T Vids,2)

(4.9)
Ln(2Vilz2) = § dG(C — 2" T Vi, 2)
and, using the OPE of T'(z) (T(2)) with itself
1)) = L2 O T
5/ T(w T/ . (4.10)
T(z)T(w) = G C_/w)4 +2(2 _(“:3)2 + 2_(12 S

one can show through a careful contour analysis that these operators satisfy (for all n,m € Z) the
Virasoro algebra':

[Ln(2), Lin(2)] = (0= m) Lygon(2) + 131(0% = Do
(L (2), Ln(2)] = (0 = m) Ly (2) + %n(nQ — 1)nsmo (4.11)
Ly, Ly =0
We will leave the coordinate dependence of these operators implicit in the sequel.
Primary fields V; satisfy the following equations:
L,2Vi=L,V; =0, n>0 LoV = AyVy, LoVe = AV, (4.12)

It is possible that the symmetry algebra of one’s conformal field theory is larger than Virasoro. For instance,
CFT’s whose symmetry algebra is the Wy algebra have an additional N — 2 conserved currents whose generators
and the generators of the Virasoro algebra intermingle in such a way that the Virasoro generators still close as a
subalgebra. This particular property is universal: every CFT symmetry algebra has as subalgebra the Virasoro
algebra.
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Additionally, we can define descendant fields, formed via the action of the L,, and L,, operators
on primary fields: o B
LogLogy- Ly, LjL_j,--- L, Vo (4.13)

where the generators are ordered such that ¢, > ¢,y > --- > {1 and likewise for the j’s. We will
often collect the indices into an integer partition

Y = {vagnfla e agl}a ? = {jmvjmfla te ajl} (414)

such that . .
Y= b, Y= jn (4.15)
k=1 k=1

(Indeed, these Y’s are nothing other than the Young diagrams from section 3.2.5.) Then one can
show that the descendant fields have conformal dimensions

AY =A,+]Y|, AYI=A,+ 7| (4.16)

Every field V;(z, Z) in our theory can be written as a linear combination of primary and descendant
fields [11]. Moreover, our primaries and descendants are organized as a direct sum of conformal

families
P val (4.17)

n

each of which consists of a primary field V,, and its descendants. No field descends from more than
one primary. In this sense, each conformal family corresponds to a highest weight representation of
the conformal group, whose algebra is the tensor product of the two algebras { L}, {L;} and whose
highest weight vector is V,,. In light of this, the conformal family is a tensor product [V,,] = 7, @7
of two Verma modules over the Virasoro algebra [2].

Returning to our statement (4.5) about the variations of local fields, we can generalize and say
that a conformal field theory is fully characterized by the set of all vacuum expectation values of

the form R s
<HT(wT 117 (. HVa zz> (4.18)
r=1 s=1

where T(z), T(w) are the holomorphic, anti-holomorphic components of the energy-momentum
tensor and the V,, a € C are the primary fields. Additionally, these expectation values satisfy the
conformal Ward identities

R N
=> <T(w1) AT ()T (w)} - T(wr) [ T(w,) H Va, (2, z¢)>+

N R S
+3 <H T(w,) [ T(@)Vay (21, 21) - AT (W) Vi, (22, 20)} -+ Ve (2,4 zN)> (4.19)

i=1 s=1
with a corresponding identity for T'(w). Here, {-,-} is the usual OPE (4.1).

Lastly, and what will be of great utility in this thesis, the correlators of primaries are assumed to
exhibit global SL(2,C) invariance, also known as projective invariance:

N N
B _ —4A,, oz 4+
<i1:[1Vai(zi)> = <H|le+5| AT (B%+5>> (4.20)

=1

where «, 8, §, v € C and ad — By = 1. This invariance will allow us to choose coordinates
in multi-point correlators that simplify calculations for us. SL(2,C) invariance, along with the
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decomposition of T'(z) into its generators

_ L_, _
T(2)Va(w,w) = _Z ) Va(w, ©) (4.21)
n=—oo
implies the existence of [68]
(LoyL_yVa) (00)++) = lim 2288 2T (L y LV, (2,2) ) (4.22)

so that we have a well-defined notion of inserting an operator at infinity. Additionally, SL(2,C)
invariance fixes some of the dependence of the correlators on the variables z;. In particular,

(Viay (21) Viay (22) Vg (23)) = |212]222 213722 225> C (01, 02, av3) (4.23)

where 2 = 2 — 2z, Ny = A — Ay — A if i # 3, j # k, k # 1, and we have assumed for notational
convenience that A; = A; (otherwise, split each of the two types of 2A into A+ A). The constants
C(a1, @z, a3), known as the structure constants, are not determined by projective invariance.
In fact, one means of unambiguously defining a CFT is to state the symmetry algebra and a list
of all structure constants for all possible combinations of primary fields. Whether this defines a
self-consistent CFT is, of course, another matter. However, when a Lagrangian description of a
conformal field theory is available, it is sometimes possible to determine explicitly the set of self-
consistent structure constants. Liouville conformal field theory is such a CFT, and it is the one
we will study in the next chapter.

4.2 Generalizing to Riemann Surfaces of Non-Zero Genus

A number of the calculations in the next chapter will, to a greater or lesser degree, hinge upon
the implicit assumption that we are working in the context of the complex plane, or perhaps the
Riemann sphere. However, the AGT conjecture assumes that we are able to calculate correlators
on Riemann surfaces of arbitrary genus. We are in luck: in [62] [63] H. Sonoda demonstrated
how such calculations can be performed by “sewing together” the results from calculations on
spheres; hence, with an understanding of CFT on the sphere, we are able to understand CFT on
arbitrary closed 2d surfaces. In this section, we briefly illustrate how such a sewing procedure
operates.

4.2.1 Sewing Surfaces and Correlators

First we review the sewing procedure for joining two Riemann surfaces, each with one puncture.
Let M be a Riemann surface with puncture P and N be a Riemann surface with puncture @Q. (At
this stage, both M and N can have arbitrary genus.) On M, choose a local coordinate z such that
z =0 at P, and on N choose a local coordinate w such that w = 0 at ). Lastly, choose a sewing
parameter ¢ € C and a radius r € R such that |¢g| < r and such that both z and w are well-defined
in the discs {|z] < r}, {|Jw| < r}. Then, excise the discs {|z| < r}, {|w| < r} and sew together the
remaining surfaces such that the annuli {¢/r < |z| < r} and {¢/r < |w| < r} are identified via the
condition zw = ¢. The resulting surface is called

MooN (4.24)

Now consider a CFT defined on both M and N; we describe how one can extend the CFT to the
sewn surface MooN. For local fields V1, ..., Vi on M well-defined outside of the disc {|z| < ¢/r}
and local fields Vigy1, ..., V41 on N well-defined outside of the disc {Jw| < ¢/r}, we define

Vi ViV VL) moon =

= > (Vi Vi (LoyVa) (P) yy Moy (Loy V) (@ Vi1 ViyL)y  (4.25)
oY, Y/
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where the sum is over all primary fields V,, and all possible Young diagrams Y,Y’. The ma-
trix My, y,y- is defined by the two-point correlators on the Riemann sphere, such that for local
coordinates z,w = 1/z we have

(sa/jMa;y’y/ = <(L_yVa) (’LU = 0) (L_Y/Vg) (Z = 0))52 (4.26)

Clearly, (4.25) is only well-defined when M is invertible, but this is always the case in theories
considered by the AGT conjecture?.

Alternatively, we can consider a single Riemann surface M with two punctures P, () and can sew
these together to add a handle to M; we call this new Riemann surface M8. The corresponding
correlation function is defined as

Vi Vs = D Moy (Loy Vo) @Vi- - Vi (LoyVa) (P)) (4.27)
oYY’

(Note the ordering of Young digram indices.) In [62] it was rigorously shown that both MooN and
M8 are well-defined in the sense that they both have metrics and complex structures naturally
extended from those of their parent surfaces, and it was also shown that both the theory on MooN
and on M8 are conformal with stress-energy tensors smoothly extended from those of their parent
theories.

4.2.2 Decomposing Surfaces and Correlators

It seems intuitively clear that any Riemann surface can be decomposed into three-punctured
spheres. (The reader who is keen for a rigorous proof should refer to [63].) Additionally, fol-
lowing an argument akin to the one presented in section 2.4.3, we find that a genus-g Riemann
surface with n punctures can be sewn together using 2g — 2 4+ n three-holed spheres and 3g —3 +n
sewings. There is, in general, no unique way of performing this sewing procedure; for instance,
the sphere with four punctures labeled A, B, C, D can be sewn together from two sphere in three
ways: starting with two spheres with three punctures (A, B, P) and (Q,C, D), or (4,C, P) and
(Q,B,D), or (A,D,P) and (Q, B,C), where we sew together punctures P,Q. However, one can
show [63] that, if we assume that the values of the correlators for each of the three sewings for
the four-puncture sphere are equal and likewise the two sewings for the one-puncture torus are
equal, then for an arbitrary Riemann surface all correlators, no matter their decomposition into
three-punctured spheres, are equal.

2Specifically, M is invertible when there are no null vectors in our CFT, but this is one of the hypotheses of the
AGT conjecture.



5
Liouville Conformal Field Theory

In the previous chapter, we introduced, in general terms, the idea of conformal field theory. In
particular, we defined the notions of primary field, conformal dimension, stress-energy tensor, and
central charge. In this chapter, we calculate the particular values these quantities take in a the
conformal field theory utilized in the AGT conjecture: Liouville CFT. In addition, we discover
restrictions on the possible values on the index of primary fields and the form of the four-point
correlator of primary fields, which we will need to prove a subcase of the AGT conjecture in
chapter 7.

5.1 Lagrangian Derivations

Liouville theory was first introduced by A. Polyakov in his paper [53]. He was studying a string
theory equivalent to Feynman diagram summation, whereby instead of summing over line diagrams
with an ever-increasing number of loops, one sums over closed (two-dimensional) Riemann surfaces
with an ever-increasing genus. The Liouville theory originated with Polyakov’s attempt to discover
the proper path integral measure for such a sum arising through closed bosonic string interactions
in non-critical dimension string theories. As such, it has a Lagrangian description [75], which we
display in equation (5.1):

1
S=— / d%¢,\/g | g°0a 04+ QR + dmpe?® (5.1)
4 —— —— ——
free field curvature Liouville
coupling potential

We have indicated its three components: a kinetic term for the free scalar field, a curvature term
with couping constant ), and an exponential potential term. Rather than attempt to calculate
the stress tensor T' directly from the full Liouville Lagrangian, will instead begin with the free field
component and gradually add the remaining two parts, noting how this changes T" and explaining
the terms as we go along. In the process, we will also derive the form of the central charge and of
the conformal dimensions of primary fields.

5.1.1 Free Field Theory

The reference [19] is useful for understanding this section. Consider first the action of a system
composed solely of a free bosonic field

1

S 47

/ L€ /59" Dus 0y (5.2)

42
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This action is invariant under a constant translation ¢ +— ¢ + a. Correspondingly, the correlator

of n primary fields
<62"”¢ e 620‘”‘1)> (5.3)

should also be invariant under such a translation, as translation invariance is one of the conformal
symmetries. However, the translation causes a phase of exp{)_, a;} to appear, and so for the
symmetry to hold, we demand the following condition:

> ai=0 (5.4)

We can see this in a different way (which will be useful in the sequel) using the Ward Identity

_ %[d2faa <J“(£)HO:(£1)> = <5HOZ(&)> (55)

where J® is the current associated with a transformation, O; are a set of operators, € is an infinites-
imal transformation and the integral is over the region where € is supported. This is a general
QFT relation; to apply it to the CFT sector, we make two simplifications. First, we use the fact
that, for any vector J¢, we have

/eana = 72 Jan® = 72 (J1d€? — Jodg') = —i?{ (J.dz — J=d%) (5.6)

Oe

where J, = %(Jl —iJs) and Jz = %(Jl +iJ3). This gives us

% : dz <Jz(z,z) Hoi(fi)> - i 7{) dz <Jz(z,z)1:[01«(fi)> = <51:[0i(§i)> (5.7)

Second, we use the fact that we consider only conformal transformations; this has the effect of
making J, holomorphic and Jz anti-holomorphic, so that the contour integrals only pick up the
residues of the product of the J’s with the first operator. Thus, for the case at hand, noting that
a translation induces a variation in the vertex operator 0V = 2aaV, we have for infinitesmial
a

% b de <8¢];[Oi(§i)> - i f; dz <8¢]?[(%(&)> =2 <H o,»(gi)> (Z ai> (5.8)

Since the contours enclose all of space, and there are no operators inserted at infinity!, the LHS is
zero and we are left with
> ai=0 (5.9)
i

for non-zero correlators.

If we have available a Lagrangian description of our theory, then we can define our stress-energy

tensor as
R oS

Toge —— <
Ocﬁ \/g 5gaﬁ
that is, as a variation of the action with respect to the general metric in the flat-space limit [19].

In the case of the free field, we anticipate not losing any contributions to 7" through starting with
a flat-space metric, and so we calculate the stress-energy tensor in Euclidean spacetime:

(5.10)

Nap

_ 1 2 a __i 2 2
S_E/dgaaw b= 4W/d§¢8¢ (5.11)

IWe will actually place operators “at infinity” in this thesis, but this will be performed via a limiting procedure
where the finite radius of the operator’s position R is sent to infinity. The hand-waving argument goes like: we can
always close the contour of this integral at a radius R’ > R and increase R’ as necessary.
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We calculate the propagator using the following trick
)
0= / Dp——— [e (¢
S5 [ €]

1 (5.12)
_ / Doe—S {%a%(sww) +a(E—¢)

where we use the fact that the path integral of a total functional derivative is zero. The result
is

(0*¢(€)0(¢)) = —2md(€ — €) (5.13)

Using the standard result
(g — &) = 4d(€ — &) (5.14)

(which can be seen by setting ¢’ = 0, integrating the LHS, and using Stoke’s theorem), we find
that

(BEH(E)) = —gln(e ~ &) (5.15)

Let us now switch over to complex coordinates. The action is
1 _
S= —/dz dz 0¢p0¢ (5.16)
47

so that the equation of motion is 00¢ = 0. This allows us to split ¢ into left- and right-moving
pieces: ¢(z,2) = ¢(z) + ¢(z). We find

P(E)(E) = (¢(2) + 6(2)) (¢(w) + ¢(w)) = $(2)d(w) + ¢(w)d(w) (5.17)

where the mixed terms are killed by taking the vacuum expectation value. We also find that

(¢ - p)2 =In (€' = p")" + (€2 - 1))

I ((;(erZ) - ;(w+’@)>2 + (212.(22) —_ w)>2> (5.18)

—In[(z — w)( - @)
=In(z —w) + In(z — w)

We see that, in complex coordinates, our left-mover propagator is

1
(#(z)¢(w)) = —5In(z — w) (5.19)
We calculate the stress-energy tensor

4 68 1
0= goge, T 3708(06)* = 00t D¢ (5.20)

In flat space with complex coordinates we find (remembering that ds? = (d¢')? + (d¢?)? =
dzdz)

ng = 0
T,. =T(z) = —069¢ (5.21)
T:: = T(E) = *5@25521)

5.1.2 Coupling the Curvature

Now consider the same system but with the field coupled to the curvature:

S= % / 4*¢ /9 (9*°0.¢ 99 + QR9) (5.22)
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Here, R is the Ricci scalar and @ is a coupling parameter whose role we shall reveal shortly. First,
we look for a momentum conservation rule akin to (5.4). We note that the action no longer carries
the desired translation invariance; instead, the variation of the action equals

58S = %f / d*¢ \/gR (5.23)

The Gauss-Bonnet theorem states that (for 2d compact, boundaryless, orientable manifolds)

1
g / d%¢\/gR = (5.24)

where x is the Euler characteristic of the surface under consideration, and which equals 2 in the
case of the sphere. Hence, we have a variation of the action equal to 2a(), which for infinitesimal a
adds a term 2Q (I], O;(&;)) to the LHS of (5.8). This then changes our vanishing condition (5.9)

to
Y ai=Q (5.25)
i
We interpret this coupling of the field to the curvature as equivalent to putting a background
charge of —@Q “at infinity”.

We now calculate the contribution to the stress tensor of this new term, following [19]. Anticipating
that contributions might arise from the curvature term which we might miss were we to immediately
choose a flat metric as we did in the free field case, we instead leave the arbitrary (curved) metric.
This complicates the calculations, and so we will need the following formulas from differential
geometry. Using det M = exp{TrInM}, we have

0/g = —59
vI= 2V (5.26)
69 =g0Tr(Ingu,) = 99" 09,
and using g"’gg, = 6%, we have
0= (59"")gpv + ¢"°(3g5)
= 0g" = —g"g""5gap (5.27)
(59;“/ = _guaguﬂégaﬁ

and their equivalents using partial derivatives instead of variations. Additionally, we will need

1 T
g'y = §go¢ (aﬂg‘r'y + a'yg‘rﬂ - a‘rgﬁ"/)

Res, = 0375, — 0,0, + T3, — T4,T, (5.28)
R, —Rffm,
R:g R;w

where Rgﬁy is the Riemann tensor, R, is the Ricci tensor, and F%»Y are the Christoffel symbols.
Further, using these equations, one can show that in a general coordinate system

I7, = da (In )

1 (5.29)
g,uurau — —78-,— g(,vr g
== 50 9V)
We already know the variation of /g from (5.26):
1
0\G = 5—=09 = =—=99"" 09, = —5/990p09"" :
NG \f dg 2\[99 9; 5 V99599 (5.30)
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but because the term in 6S” proportional to ¢,/g is also proportional to R, it disappears in the
flat-metric limit. Next, we calculate the variation of R:

SR =06g" R, + g"0R,., (5.31)

To make progress, we use the following two simplifying devices. First, as we’re ultimately going to
take the flat-metric limit, we drop any term that will lead to a derivative of g, ; this eliminates the
first term in the above expression. Second, keeping this limit in mind, we evaluate the Christoffel
symbols in a Riemann normal coordiante system; this eliminates the last two terms in the definition
of the Ricci tensor. We are left with

9" Ry, = 0,{g*"oTh 5 — g**T}h, } (5.32)

where we have used that derivatives of the metric equal zero at our point of interest in Riemann
normal coordinates (and would have dropped out anyway in our limit). Now we are ready to
calculate the contribution to the variation of the action:

8S" = % / d*¢\/gpd R
= 2 [@evaogon,,
- 2 [@esmonusroy, - g, (5.33)

- £ [eeva. >6{\}§57 (6" V/G) + 70 (n )}

—- 2 [@c@.0.0)50"

where in the last line, we partially integrated and took the flat-metric limit. Thus, we find that
the stress-energy tensor gains a contribution of

Tl = Q%% (5.34)

and likewise for the antiholomorphic component. Summing (5.21) and (5.34), we find that the

total stress-energy tensor is
ng = O

T.. =T(z) = — (0¢)* + Q0*¢ (5.35)
Tz = T(g) == (5¢)2 + Q52¢

5.1.3 Computing the Central Charge

Armed with knowledge of the stress tensor, we can now calculate the central charge ¢. We
have:

(06(2)0(w)) = ——
(0%6(:)0(w)) = ~ = +
. (5.36)
(P0()00(w) = 5 +
(0P6(2)p(w)) = ——
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Recalling (4.10), we find we can determine the central charge ¢ by calculating the O ((z — w)_4>

term of the expansion:
T(:)T(w) = (= (96(2))° + Q0*6(2) ) (- (96(w))” + QPP6(w))

= (2(06(2)06(w))” + (Q)* (P*6(2)8%0(w)) ) + -~

5.37
:(;-FQZ(?)KQ)) (z—w) 4 (5.37)
1+60Q2%)/2
= ((z—i_flf)){l + P
Thus we find
c=1+6Q> (5.38)

5.1.4 Primary Fields and their Conformal Dimension

What are the primary fields in this theory? In complex coordinates z = &' + i¢? the action is
invariant up to a c-number anomaly [33] under conformal transformations

2 =w(z)
2 (5.39)

Because of this transformation property, the field ¢ is not a scalar in the Lorentz sense of the term.
Given the transformation law (5.39) for ¢, we can guess that it is the ezponential of our field which
is primary. We calculate

e (e[ (2) ()] )

—aQ _\ —aQ
_ (9w 9D 2a(z,2)
0z 0z

and, recalling our transformation law for primary field (4.8), we thus find that, classically, our
primaries are V,, = €2®? with conformal dimension (A, A) = (aQ, aQ). To compute the quantum
conformal dimension of our primaries V,,, we write our primary as

(5.40)

Va(z) =: e22¢(2) (5.41)
From the OPE between our stress tensor and primary field,
A 1
T(2)Vq = ——2_V, —— (L1 V, 5.42
(V) = 25 Valw) + =g (LoaVe) () + (5.42)

we can calculate

T(2)Valw) = (- (96(2))* + Q0*(2)) (Z 7 <<2a>¢<w>>f‘)
j=0""

= (0404 5 (20" 2001000 + G (20)° 32 @6()0(w) 6w + - )

+Q 0+ (20) (Q%6(0(0)) + 5 (20)" 2 Pole)o(w)) 6w+ ) + -

- [— 2 (~5 2 w) +Q(20) ((1_/3)))] (fj 3 <2a¢<w>>j) o

Jj=0

(5.43)
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and thus we have
Ay =0(Q — ) (5.44)

5.1.5 Adding the Liouville Exponential

We now add an exponential potential term so that our full Liouville action is

S= % / d%€\/g [9°"0a Dad + QR + Ampue®?] (5.45)

with, for now, an arbitrary parameter b. For this theory to remain conformal, the exponential
term must be what is called a marginal deformation, that is, as a field it must transform under
conformal transformations as a primary with conformal dimensions (A, A) = (1,1) [68]. Clearly
this is true if and only if 5(Q —b) = 1, or Q = b+ 1/b. Additionally, we find that our primary
conformal dimensions, stress-energy tensor, field transformation law, and central charge do not
change with the addition of this potential. The reason [33] for this is, because none of these
elements of our theory depend on the particular value of the field ¢, but rather only on the form
of the action, we can choose to perform the calculations determining these elements in a state of
our choice. Selecting a state such that ¢ < 0, the Liouville interaction term turns off, and we find
that our results are those from before the addition of the potential term.

We summarize the important parameters from Liouville conformal field theory in figure 5.1.

Background Charge Q=0b+1/b
Central Charge c=146Q>
Primary Field cexp2a¢(z, z) :
Conformal Dimension al@Q — )

Figure 5.1: Important elements from Liouville CFT

5.1.6 An Aside: Integral Form for the OPE

The vigilant reader will by now have questioned the traditional use of sums in defining the OPE
when the parameter which indexes the primaries in Liouville CFT is continuous. The proper OPE
should instead be

1 o Q4P Q72+p2_AA_AA
Vi) =5 [ dpeiTTE A vy )] (5.46)
—o0
(The reason for the particular form % + ¢P will be explained later in this chapter.) This will not

matter for our purposes, as we will only be interested in equations for a particular primary index
value and not those for an integral or sum over those indices.

5.1.7 Another Aside: On the Origin of the Moniker “Liouville”

In the semi-classical limit b — 0, we study the theory (5.1) on flat space (i.e. R = 0) with rescaled
field ¢

¢ = 2b¢
1 5.47
b’S = Tom /d2§ [(Datp)? + 16mpb?e?] + O(b°) (5.47)
T
where we recall that @ = b+ 1/b. The equation of motion for the field ¢ is then
00 = 2mub*e? (5.48)

(where we use the convention V2 = 49,0;) which is nothing but the classical Liouville equation,
which locally describes a surface with constant negative curvature K = —8mub?.
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5.2 DOZZ Formula

As we saw in section 4.1, conformal symmetry (and in particular, SL(2,C) invariance) fixes the
form of the three-point correlation function of a 2d CFT on S? to

0(0417 Qg, Oés)

(Vo (21, 21) Vs (22, 22) Vi (23, 23)) = 212 2B T A2 =55) | 55 281 FA5—52) [ 155 [2(B2 85— A1)

(5.49)

but not the values of the structure constants C(aq, @2, «3). In the case of Liouville CFT, the
numerical factor was argued [22] [76] (and later explicitly constructed [69]) to be the so-called
DOZZ formula:

b2—2b2

(Q—a1—az—as3)/b
Clan, g, a3) = [mpy(b?) }

Y/(0)Y(201) Y (202) Y (cv3)

x T(al —+ o + a3 — Q)T(*O&l —+ o + Oég)T(Ozl — a9 + Oég)T(Oél —+ g — 043)
(5.50)
where y(z) :=T'(2)/T'(1 — x) and Y(x) (sometimes written as Ty(z)) equals
- v
To(z) = T (@)T(Q =) (5.51)
where .
Ty(z) = —2@lbb7) (5.52)

I2(Q/2[b,671)
and T’y is defined in (3.43). (See appendix A.3 of [45] for properties and integral representations
of the above special functions. The definition of T differs by a constant from the definition given
in [3], but this difference cancels out in the DOZZ formula.) Note that

Tb(.%'> = Tb(Q - :L‘) (553)

This reflection symmetry will crop up frequently in the sequel.

5.3 Hilbert Space Reconstruction

In chapter 7 we will need the four-point correlator of Liouville primary fields. To derive an integral
form for this object, we use the fact that in Liouville CFT there is a 1-to-1 correspondence between
fields V,,(z) and Hilbert space operators V,(z) |0) [11]. We then translate the problem of finding
a 4-point correlator of fields into the problem of finding operator matrix elements, where in the
operator formalism we shall have additional tools available, e.g. a scalar product and the operation
of matrix multiplication. We will find that subtleties arise due to the continuous nature of the
primary field index parameter, and so as a warm-up we will begin with the example of a rational
CFT, or a CFT with a countable (or even finite) set of primary states. (CFT’s such as Liouville
CFT with an uncountable number of primary states are called irrational CFT’s.) As a bonus,
we will find that the possible values for this continuous parameter are constrained by reality
conditions.

For this section, we introduce the notation L_z = L_y L_y. The exposition loosely follows that
of [68].

5.3.1 In a Rational CFT

We want to identify

<(L*Z1va1) (Zl) T (L*ZN‘/LN) (ZN)> = <0| (L*ZIVLI) (Zl) U (L*ZNVLN) (ZN) |0> (554)
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This identification, along with the operator-state correspondence allows us to recover matrix ele-
ments of V, via

out<L*21VL1| (L*Z2VL2) (ZQ) |L*Z3VL3>1'TL =

ALV (1) (Lo Via) () (Do, Vi) () (5:55)

= lim lim 2z
z3—0 z1—00

Next, observe that the compatibility of

(out<L*21VL1‘ (szzvbz) (ZQ) IL*ZSVL3>Z'TL>* = in<L*ZBVb3| [(L,szm) (22)]T |L*Z1V01>Ou75 (556)

with (5.54) requires (via an analysis of the in- and out-states) that
(L_zV,) (2)F = 27287 =28 (D vy (1) (5.57)

This leads us to conclude that

in (L-zV.| = (IL-zV.))!
) T
= (lim (L-2V,) () |0))
= lim (0] [(L-2V.) (2)]" (5.58)
= lim (0 F2AY =28 (v (27
—out <LZVL|

Hence, our Hilbert space is given by
H=Prm e (5.59)

LEL

and our scalar product is given by
L 2AlYT 2AlY
n <L*21VL1 |L*22VL2>in = lim lim 21 ! Z ! <(L21VL1) (Zl) (L*Z2VL2) (22)> (560)

29—0 21 —00

Finally, we can recover the matrix elements of the operators (L_zV,) (z) using (5.55), bearing in
mind the restrictions imposed by (5.58).

5.3.2 In the Liouville Theory

The first question we must ask as we adapt the reconstruction procedure from that of rational CFT
is: what is the unit field? Equivalently, we can ask: how do we recover the two-point functions
from C(aq, g, a3)? As was the case in rational CFT, we expect the unit field to have vanishing
conformal dimension A, = a(Q — «). Ordinarily, we’d immediately say then that au,; = Q or 0,
but there’s a subtlety in Liouville CF'T to consider.

Note from (5.50) that the three-point function satisfies a reflection identity
C(ay,az,a3) = S(a1)C(Q — a1, as, a3) (5.61)
where the reflection amplitude is given by

—2a)/b
P 7100 s 7 S(2ba - 1)
b2 Y2 —=2b"ta+b72)

(5.62)

As C(a1,a9,as) is completely symmetric, similar equalities hold for the other two arguments.
Because of this reflection symmetry, when analyzing properties of the three-point function, we can
restrict our attention to values of «; which satisify the Seiberg bound

i)%(ai) S Q

5 i=1.23 (5.63)
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Additionally, one can show [68] that the DOZZ formula is analytic if and only if
iﬁe(al + oo + 043) >Q (564)

In light of (5.63), (5.64) can only be satisfied if

0<Re(ai) <2, i=1,2,3 (5.65)

Site

Thus, an interpretation of the three-point functions as a matrix element

(Vo (21)Var, (22)Vars (23)) = (0[Va (21)Vas (22) Vs (23)]0) (5.66)

will be most straightforward if we restrict our attention to the ranges (5.65). However, our proposed
values for ., fall outside of this range. Noting that they are related to one another by reflection
symmetry, we choose to consider a,;; = 0, which falls on the boundary of our reality region, and
examine the limit

liH(lJ Clag, e, az), MRe(e) >0 (5.67)
e—
We have
T (2€)
C ) ) %
(041 € 042) T(Oél —+ €+ Qo — Q)T(O&l +€— OZQ)T(E + Qo — Otl)T(OZQ —+ a1 — 6)
~ 25 (an)e n 2¢
(i —aste)ag—ar+e) (Q—a;—az+e)(azt+a;—Q+e) (5.68)
25 (ag)e 2¢

(-’ 2)  ((Q-az)—a) - )

where the second line follows from an analysis of the pole structure of T(z) and the difference in
numerators follows from making the a; = @ — s double-pole structure clearer via a reflection
as — Q — ag. We see that lim._,o C(aq, €, a2) vanishes unless a3 = ag or g = Q — ag, in which
case it is infinite. (Note that this is exactly the behavior expected in light of (4.23).) Thus, the
two-point function can only be defined as a distribution; clearly, it is proportional to the delta
function, but the precise prefactor depends on the direction in which the zero-limit is taken.

We now can ask ourselves: for which values of « is it possible to define a “reasonable” scalar product
from the two-point function? As we’d like our scalar product to exhibit conjugate symmetry, we’ll
need to understand the hermiticity properties of V.. As (T (2))* = T(z*) and using (5.53), we
have

(Clar,a2,a3))" = C(af, a3,a3) (5.69)

Thus we expect
(Va(2) = [z *4Vau (271 (5.70)

So, if we were to define states |a),,,, out (@] Vvia

_ . 4A,,
@) = I V() 10}, ot {a] = lim [2]4= (0] Va(2) (5.71)

= z
and we recall our analysis from the rational case (5.58), we should then obtain the scalar product
from the three-point function as

in (00 |a2),, = lim C(a], o, as) (5.72)
a—0

Additionally, as the RHS of (5.72) vanishes unless 1) of = ag or 2) of = Q) — ag, we must have
that either 1) a; € R or 2) o; € % +iR. Extending this analysis of the scalar product to the case
where our operator is a descendant, we would find the same two possibilities. Thus our Verma
modules V,, are unitary only if « € R or a € % +1R. We now examine these two possibilities more
closely.
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In the case o € R, in order to perform the limit of (5.68), we would have to choose an € such that
Jm(e) # 0 in order to get a delta function using the identity

€

This gives us
in <Oél | 042>,m = :l:27TiS(O&2)5(O[1 — Otg) (574)

that is to say, our scalar product would not be real, and thus not well-defined.

To analyze the case a € % +1iP, P € R, first we use the reflection property to restrict P to P > 0.
Then, to obtain a delta function from our limit (5.68), we choose € such that PRe(e) > 0 and we

calculate
mn <V% +iP

Clearly, this case allows us to obtain the desired properties of our scalar product. Let us now write

Vg +Z.P2> = 2m3(Pi — P) (5.75)

i
Vp,) = ‘V§+iP,;>' We can then generalize our scalar product to states |L_zVp,):

in<L*ZVP1 ‘L,Z/Vp2>in = 27T(5(P1 - PQ)(Z, Z/)WPl (576)

where (-, )y, denotes the scalar product in the Verma module Wp, = 7p, @ 7p, of Vp, that is
normalized such that (0, 0)w, = 1.

We conclude that conformal symmetry and the DOZZ formula imply that the Hilbert space in
Liouville theory takes the form

®qp
He [ Sowp (5.77)

R+ 2

For further discussion concerning, for instance, the fact that [Vp) ¢ H or the correct distributional
interpretation of the vacuum state |0), see [68].

5.3.3 Aside: Scattering off the Liouville Potential

Returning again to (5.58), we see that

IL2VP) gy = | L-2V-p),,, = S(=P)|L-2Vp),, (5.78)

out

where S(—P) = S (% - iP). This in turn implies that the scattering operator S which relates

in- and out-states is diagonal in the basis |L_zVp), P € RT and is given by S (—P). The unitarity
of S follows from

2

S(P)’2 —|s <§ +iP>

Q=2Q/24iP)  ~(2b(Q/2 +iP) — b%)

2

= |[mpy(b%)] 7(2=2b-1(Q/2 + iP) + b~2) (5.79)
B o1 =2 (14 2iP)|?
= |l i)

=1

One can show [68] that S has an interpretation as a scattering operator that describes the scattering
of wave-packets off the Liouville potential.
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5.3.4 Matrix Elements and the 4-Point Correlator

We may now recover the matrix elements of operators V,, 0 < Re(a) < % as follows:

<L—Z1VP1 | VOéz (22) |L—Z3VP3> =
SYNMUNPYNAEY

= lim lim z 7 57 (LogVay) (21) Vas(22) (D-2,Vao) (23))  (5.80)

z1—00 z3—0

where @ = Q — a = % — 4P. Since we know the matrix elements of the operators, we can find
the matrix elements of a product of operators by summing over intermediate states. Each Z has a
unique “dual” ZT which is the vector defined by (Z ", Z')yy, = dz 2 for all Z'. In particular, we

have

(Vi | Vary (22)Vaas (25) [Vi) = / e S VR Vau(a2) [ 2VR) (L7 Vil Ve (20) Vi) (5:81)
Z

As the Z factorize as Z =Y ® Y, we can factorize the matrix element (5.81) as

(VP |Vay (22)Vas(23) Vp,) =
da s ag TS ras a3 /= =
= gc(@hazva)c(@’a&a@fi[afa4](22a23)7a[a1a4](22a23) (5.82)
S

where the integral is over o € S = % +iR™T and the F* are the s-channel conformal blocks

oo n
z
Fala 32](z2,23>zfl‘AZ‘Aazﬁa‘As_A“Z(;) Bilar,aziag,0)  (5:83)
2

n=0

The coefficients B (aq, as; oz, aq) are given by sums over Young diagrams Y with fixed size n.
The series is convergent for |z3| < |z2]. Replacing z3, 20 — ¢, 1 gives us

g (Batas) Z g2 Bl (on, a; as, calq) (5.84)
n=0
where
Bg(on, az; as, aalq) = ¢"Bg(on, az; as, aa) (5.85)

We make this seemingly trivial notational change because in chapter 7 we will find an explicit
form for B™ where the factor ¢ will be decomposed as part of an internal sum over Young dia-
grams.



6
The AGT Conjecture

Having introduced the language of both N' = 2 gauge theory and Liouville conformal field the-
ory, we are now prepared to investigate possible 4d/2d correspondences of the kind predicted in
chapter 2. In this chapter, we first give a toy example which exhibits a duality similar to the
one conjectured by Alday, Gaiotto, and Tachikawa. Using the results of this investigation as a
framework, we then present the AGT conjecture.

6.1 A Toy Story

Before diving into the AGT conjecture in its full generality, relating the correlator of Liouville CFT
to the Nekrasov partition function of non-abelian gauge theory, we first propose to study a toy
identity relating the simpler free field CFT and the Nekrasov partition function of abelian U(1)
theory. This identity will share many of the features of the full AGT conjecture while its proof can
be presented without burdening ourselves with the heavy computational machinery we shall need
for the proof of the full AGT subcase in chapter 7.

6.1.1 The Free Field Correlator

We study the free massless scalar field theory with background charge ). This theory is equivalent
to Liouville CFT sans the exponential potential term in the action (c.f. (5.1)). As the form of
the primary fields in Liouville CFT do not depend on the exponential potential, it comes as no
surprise that the primary fields in the free theory are also of the form : €2*¢(#) : and have conformal
dimension A, = «(Q — «). Thus, the correlator of four primaries is

<620t1¢>(21 ) g202¢(22) 203 (23) p2ad(24) > (6'1)

54
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This quantity can be easily calculated as follows. Using the notation of [6], we have that, for
arbitrary operators X, Y:

e~ X" Y
:eX::eY::ZZ py -

n=0m=0
min(n,m) k k
X” ym- ! !
S > " XY
W Pkl n = E) R (m — k)!
> mm(an) S e < (62)
W (m—Fk)! " kK
B Z i n—k Ym—k .
— —~ (m—k)~
_. e(XY)+X+Y :
where (---) is the two-point correlator (i.e. propagator). Generalizing, we find that
H: eXi s = i<y (XiXa) o2 X (6.3)
so that, using (5.19) for the equation of the propagator, (6.1) equals
<62a1¢(21)62a2¢(22)62a3¢(23)620¢4¢(z4)> — <ezi<j daaj(p(2i)9(25)) . ezi 20 ¢(24) :>
— eEi<j aiajan;jZ <; eZi 20 ¢(24) :> (64)

_ H —2a i

i<j

where z;; = z; — z;. Using the SL(2,C) invariance of conformal theories, we send 21, 22, 23, 24 —
00, 1,4,0. Equation (6.4) then becomes

q—2a3a4(1 _ q)—202043 (65)

(Recall that the apparent infinities in the denominator are canceled via an appropriate definition
of an operator at infinity; see (4.22).) Now, the existence of a background charge in the free field
theory imposes the momentum conservation condition

apt+ast+az+as=0Q (66)
so that in the intermediate channel, a single primary operator appears with momentum
a=a1+as=0Q — a3 —ay (6.7)

along with its descendants. Using this, we find that the exponent of the ¢ term in (6.5) can be
rewritten as

—2ag3a4 = Qaz + Qay — a% — ai — 20304 — Qag — Qo + Ozg + 0‘421
=a(Q —a) —a3(Q —az) — as(Q — o) (6.8)

= Ay — Az — Ay

Thus the prefactor of the (1—¢) term has the same form as the prefactor of the s-channel conformal
block (5.83) when using values for the conformal dimensions from Liouville CFT; this leads us to
suspect that the (1 —¢) term corresponds to the Liouville conformal block. In an attempt to make
contact between this conformal block and a Nekrasov partition function, we look for a means to
expand the (1 — ¢) factor in terms of Young diagrams.
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6.1.2 Some Tricky Combinatorics

For our convenience, let us set m; = \@ag, me = V2as. We claim:

1—gq) ™™ =3 "¢ T] (my 45— i)(mg +J — ) (6.9)
Y

i Wir )2
where for s = (i,j) € Y, the hook length h(i, j) equals
h(i,j) = Ay (s)+ Ly(s) + 1 =X —j+\; —i+1 (6.10)

(See section 3.2.5 for function definitions.) To prove the claim in the case my,mg € N is reason-
ably straightforward. We shall do this first, and later motivate why it is valid when analytically
continued away from the natural numbers.

We use the Cauchy identity for the so-called Schur polynomials’

11 ﬁ =Y sy(Msy(N) (6.11)
i\j %

%,

Here, {\;}, {\}} are sequences of variables and the Schur polynomial sy () equals [39)]

det ()\?""'N_i)

det (AN 77)

1<4,j<N

sy(\) = (6.12)

1<4,j<N

For the Schur polynomial to be well-defined, the number N of A-variables must be greater than
or equal to the length ¢ of the partition Y, and thus the sum in (6.11) is over all possible Young
diagrams with length ¢ less than or equal to min(imaz, jmaz). If £ < N, append N — ¢ zeroes
to the end of Y. A more modern, equivalent formula for sy (A1,---,A;,) is based on the idea of
semistandard Young tableaux. A Young tableau is a Young diagram with a natural number
inserted in each of its boxes; it is semistandard if these numbers weakly increase along the rows
and strictly increase up the columns.

sy (A1, o, Am) = Z)\T (6.13)
T

where the sum is over all possible tableaux of shape YT and the notation A7 means H:n A7, where
n; is the number of times that i appears in the tableau T' [27]. As it turns out, there is a way to
calculate the number dyr of such tableaux (due to Stanley) [27]:

m+1i1—7
dyr = _ (6.14)
(i,};[yT hjy2)

Notice that if we replace our {\;} with a series of m ,/q’s, we obtain

m+t—j m+j—1
SY(\/(}) = q‘Yl/QdyT = qlYV2 H — Y = qIYVQ H — (6.15)
L1 h(j,1) A h(i, 5)
(1,7)€Y (i,7)€Y

Now we can complete our prove of the claim (in the case of my, mg € N). Choosing our {\;} to be

IThis subsection will require the use of a number of special functions from the field of representation theory.
Perhaps this comes as little surprise, as the relationship between Nekrasov’s partition function and the prepotential
was only rigorously demonstrated through a collaboration [46] between Nekrasov and the representation theorist
(and Fields Medal laureate) A. Okounkov.
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a series of m1 /¢’s and our {\}} to be a series of ma /q’s, we find

mi-ma 1

e |

1

Z Y (V)57 (V) (6.16)

S| T (m1+3j —d)(m2 +j — 1)
- h(i, j)?
(i,§)€Y
To motivate the validity of this formula in the case mi,ms ¢ N, we shall have to endure an
onslaught of new notation. Define the complete symmetric function h;(x) in N variables z; as the
coefficient of £ in

N 1 00 )
H e Z hi(a)k’ (6.17)
=1 i=0
Then the Jacobi-Trudi identity [25] gives us
Sy(.r) = det (hkj*jJri(x))lgi,jgN (618)

Next, introduce the one-column character polynomial y;(t), indexed by a one-column Young dia-

gram of height i:
exp (Z tik:i> = Z xi(t)E (6.19)
i=1 i=0

Then the character polynomial yy (t), indexed by a Young diagram Y with length ¢, { < N,
is
XY(t) = det (X)\jfj+i(t)>1gi1jSN (620)

The final concept to introduce are the Miwa variables

i (6.21)

k=1

w\H

which have the property that, if inserted into our formula for the one-column character polynomial,
send x;(t) = h;(A\) and hence xy (t) — sy (\). One can then show that

exp (Z kt,@@) = xv(®xr (t) (6.22)
k=1 Y

which is the equivalent to the earlier Cauchy identity (6.11) for the Schur functions. How-
ever,

mi M2

exp <i ktkt2> = exp i k% Z A

k=1 k=1 i=1 j=1

mi1 Mg o0
—om (355 (3 )
i=1j=1 \k=1

(6.23)

mi1 Mma

= exp fZZln )\)\’

=1 j5=1

1
_Hl—)\/\’

2¥)
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so that if we set all of our A’s to /g and analytically continue away from integer values m; so
that g ~ =2 qt/? (that they allow a nice non-integer continuation is the reason we switch to Miwa
variables), we arrive at

(1—gq) ™™ = zy:q‘y' (ig[g (m +7 ;(ZZ)(;?; ti—i) (6.24)

even in the non-N case.

The authors of [40] suggest that the RHS of (6.24) is >, q|1/"2,’gs(t1)7 as the components so closely
resemble Nekrasov’s instanton partition function for non-abelian gauge groups (this result was
also corroborated in [75] up to a factor of @, assumed to be due to a disparity in conventions).
Combining this result with the structure of our correlator, we find that the partial wave amplitude
of the 2d free field four-point correlator is equal to the 4d U(1) Nekrasov instanton partition

function with two masses proportional to two of the free field momenta.

6.2 The AGT Conjecture

In the previous section, we saw how it could be possible that the Nekrasov instanton partition
function and Liouville conformal blocks are intimately related. The AGT conjecture generalizes
this idea in the following way [3]:

Consider Liouville conformal field theory on a genus-g closed Riemann surface with n marked
points and a particular sewing of that surface from three-holed spheres. Next, consider the SU(2)
Sicilian quiver gauge theory naturally associated to this punctured Riemann surface via Gaiotto’s
considerations from chapter 2. Then, given the map of objects between the two theories given in
figure 6.1, the following relationships are true up to a constant that only depends on b:

e the modulus-squared of the Nekrasov instanton partition function is equal to the modulus-
squared of the holomorphic conformal block

e the modulus-squared of the Nekrasov perturbative partition function is equal to the modulus-
squared of the product of the DOZZ factors

e the integral of the modulus-squared of the full Nekrasov partition function over the appropri-
ate space of possible VEVs with the natural measure is equal to the full n-point correlation
function on this Riemann surface

H Sicilian Gauge Theory Liouville CFT H
Liouville parameters
Deformation parameters €1, € €1:e0=>b:1/b
c=1+6Q% Q=0b+1/b
Trifund matter representation Three-punctured sphere
Mass parameter m Insertion of

associated to an SU(2) flavor | a Liouville exponential : e?™¢ :

SU(2) gauge group Thin neck or channel

with UV coupling 7 with sewing parameter ¢ = ™"

Vacuum expectation value @ | Primary : €2®? : for the channel,

of an SU(2) gauge group a=Q/2+a

Figure 6.1: Dictionary for translating objects and free parameters between 4d and 2d theories

In the next chapter, we shall prove each of these claims in one of the simplest possible 4d theories
we can consider: a single SU(2) gauge group with four fund matter representations.



7
A Proof of a Non-Trivial Subcase

We supply evidence in favor of the veracity of the AGT conjecture by explicitly proving a simple
but decidedly non-trivial subcase: that of SU(2) gauge theory with four fundamental quark flavors,
whose corresponding 2d surface, as figure 7.1 indicates, is the sphere with four marked points. Our

[ ]
./—\

Figure 7.1: The SU(2) Ny = 4 generalized quiver diagram and its corresponding Gaiotto curve

proof consists of three sections. First, we massage the form of the Liouville 4-point correlator (5.82)
to make manifest the three components we are to compare. Second, we discuss our approach to
converting the available U(2) Nekrasov subfunctions to our task. Lastly, we compute and equate
the corresponding components of the Liouville correlator and Nekrasov partition function.

7.1 Set-Up

In chapter 5 we found the formula (5.82) for the Liouville 4-point correlator, namely

(1)Vin
/

where a, a;, m; € % + iR; in particular, the integral is over this line in the complex plane. Let us
massage this into another form using the following translation scheme o = Q/2+a, o; = Q/2+m;,
m; = Q/2 + m,; and using the DOZZ formula (5.50). We claim that (7.1) is equal to

(Voo (00) Vi H(@)Va, (0)) =

a1
d . . A — 2
TC(ao,mo,a)C(a ,M1, Q1) ’qA“ Amy A“1[3(040,7710,ml,al;oz)(q)’ (7.1)

2
flag) f(mo) f(ma) f(en) ‘QQ2/4_A””_A“1 /da a?|Z(ag, mo, m1, 013 0)(q) | (7.2)
up to a constant which only depends on b, where
21 —a/b
f(@) = [rur @)= 1(20) (7.3)
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and

Z(ag, mo, my, ar;a)(q) =

—a? Hrg(mo i’ﬁ’lo +a+ Q/Q) HFg(ml i?’hl +a+ Q/Q)
¢ T2(2a + b)T'2(2a + 1/b)

B(ao, mo, my, n;a)(q)  (7.4)
Let us prove this claim. First, examining the DOZZ formula for the structure constants

2
b2—2b %

(Q—a1—az—a3)/b
Clar,az,a) = [muy ()02 |

" T (0)Y(2a1) Y (202) Y (3)
T +as+az3— Q)Y (—ag + as+ a3)Y(ag —as + az)T(a; + az — as)

(7.5)

we quickly identify from where the factors f(«) come. Thus, what we instead need to show is that
what is left over after extracting these factors, namely

1 272Q
5= (T(0)° [y (8202 | g8 =2 T(2) T (207) ¢
7r
X [T(ag 4+ mo + a — Q)Y (—af + mo + )T (a —mo + )Y (e +mo — a)] ' x

X [Y(a* +my + o1 — Q)Y (—a* +my 4 a))Y(a* —my + o) T(a* +my —ay)]”" (7.6)
equals

2 | _2[[Ta(rho £ 100 £ a+ Q/2) [[Ta(rhy + 11 £ a+ Q/2)) |

qcz2/4—Am1 —Aqy

a2q

(7.7)

times a constant depending only on b (the products are over all choices of signs). Y’(0) depends
only on b, and thus we can safely ignore its square and the factors to its left and right. Next,
replacing

Ae=a(Q—a)=(Q/2+a)(Q~-Q/2~a)=Q*/4~d’ (7.8)
/4|2

we find our factors \qQQ and |q"‘2 2. Lastly, we calculate

T(20)Y(2a") = T(Q + 2a) YT (Q" + 2a™)

1
- FQ(Q + QG)FQ(—QG)FQ(Q* + 2a*)F2(Q —-Q* — 2@*)

_ 2aT'2(2a)

T 220 + 0220 + 1/b)T5(—2a)T2(Q + 2a)*T3(24) (7.9)

2a - 2a*T2(2a)*
I'2(2a)*T2(2a 4+ b)T'2(2a + 1/b6)T'2(2a + b)*T'2(2a + 1/b)*)
1 2

= —4a?®

where we use the properties of Y(x) (5.51); the parameterizations Q) = b+1/b, ¢; = b, and €2 = 1/b;
the fact that a is pure imaginary; and the following identities [45]:

Doz + e1)Ta(x + €2) = ala(x)Ta(x + €1 + €2)

Ia(a™) = Ta(z)" (7.10)

Discarding the factor —4, we find that all that remains to be shown is that the product of T’s in
(7.6) reduces to the product of I'y’s in (7.7). Converting the Y’s coming from the first C' into I'y
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form, we have

Fa(ag +mo+a— Q)2 (Q — (ag + mo + o — Q)2 (—ag + mo + o) x
x T'y(Q — (—ag + mo + a))Ta(ay — mo + a)T'2(Q — (af — mo + @) X
x Ta(ay +mo — a)T2(Q — (af +mo — )
= [a(—=mo + 1o + a + Q/2)T2 (1o — 1o — a + Q/2)T2 (1o + 110 + a + Q/2) x
x Ta(—=mg — 1o — a+ Q/2)Ta (=g — o + a + Q/2)Ta (g + 1g — a + Q/2) x
x Ta(—=mmo + mo — a + Q/2)Ta (o — 1o + a + Q/2)
=To(hg — mo + a+ Q/2)Ta (g + Mo + a+ Q/2)Ta(1hg + Mo — a + Q/2) X
x Lo(1g — mo — a + Q/2)['2 (1o — o + a + Q/2) Tz (1o + Mo + a + Q/2)" x
x Ta(rhg +mo — a+ Q/2) Ty (1hg — o —a + Q/2)*
= [Da(rig £ 170 £ a + Q/2)[
(7.11)
where we made the translations o = Q/2+a, o; = Q/2+m;, and m; = Q/2+m,; in order to make

the final line symmetric. We can calculate a similar result for the Y’s coming from the second C,
and the product of these two results gives us the numerator of (7.7). This proves the claim.

Therefore, what we must prove is that |Z'Nek|2 for the SU(2) gauge theory with four fund flavor
representations is equal to
2
|Z(c0, mo, m1, ar;a)(q)|” =

[1T2 (o + o + a+ Q/2) [[T2(thy £+ 11 +a + Q/2)|°

1—loop

2

2
‘q—a ‘B((XOymOaml)al;a)(Q)P

A inst
classical

(7.12)

with component functions Zciagsical, Z1-loop, and Zinst matching the underbraced terms as in
(7.12). Comparing equations (7.12) and (7.2), we see that, in so doing, we prove the final claim of
the AGT conjecture listed in section 6.2. We thus divide the proof into three pieces.

7.2 Classical Contribution

If we set
q= eXp{27riTuv} (7.13)
then using (3.44), we calculate
expy — i(27ria27'Uv) = exp L(?Wi’l’[]v)(*az) = (f“2 (7.14)
€1€2 b- 1/b

which is the leading term of (7.12).

7.3 Intermezzo: Converting U(2) to SU(2)

As stated in section 3.2.5, the closed-form non-integral manifestations of the SU(2) 1-loop and
instanton partition functions are unknown. However, we do have such functions for the theories
built out of U(2) gauge groups. We propose to manipulate them to suit our needs in the following
way.

Consider the mass term in our U(2) gauge group Lagrangian for one of the SO(4) ~ SU(2) x SU(2)
matter pairs on either side of our generalized quiver diagram: 25:1 1;Q;Q;. We can rewrite this as
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a matrix equation by writing the mass parameters as eigenvalues of the matrix M = diag (u1, u2)
and the half-hypermultiplets as elements of vectors Q = (Q1,Q2) ", Q= (Ql, Qg) Our Lagrangian
term then becomes QM Q. In analogy with the Yukawa term v/2Q®(Q, where ® is in the Ad of the
color symmetry group, we say that the mass matrix M is in the Ad of the flavor symmetry group,
and because it is diagonal, we claim it is in the Cartan subalgebra. We can then decompose M
into two components: one from the Cartan subalgebra of the two-dimensional representation of Ad
of U(1), and one from the Cartan subalgebra of SU(2). We do this as follows:

0 T 0 10 1 0
251 _ mo + My ) — mo T (7.15)
0 M2 0 mo — My 0 1 0 —1
—— ——
U(1) SU(2)

Next, because the VEV of the Higgs field in the Ad representation of SU(2) is traceless, we set
our U(2) @ = (ay,az2) to @ = (a,—a). AGT argue [3] that this leads to an incomplete decoupling
of the U(1) gauge group contributions from the U(2) Nekrasov instanton partition subfunctions!
and that an additional factor must be extracted by hand using the U(1) mass eigenvalue mg from
(7.15); more about this in section 7.5.3. However, this does not imply that mg should play no role
in the SU(2) Nekrasov partition subfunctions. Indeed, after changing our gauge group from U(2)
to SU(2), we expect our hypermultiplets to experience flavor symmetry enhancement from U(2)
to? SO(4), as is proven in appendix B.3. The mass eigenvalues of the two-hypermultiplet mass
matrix M remain the same during this transition, and using the result of appendix B.4, we find
that the two SU(2) flavor symmetry mass eigenvalues are then

+

7 [(mo + M) + (Mo — mg)] = my

(7.16)

o=

[(mo + 1) — (mo — 1h0)] = 10

N~ N~

7.4 1-Loop Contribution

Now we are prepared to compare the 1-loop contribution to the Nekrasov partition function and the
product of the Liouville structure constants. From (7.12), we observe that we need to show

[1T2(ri0 % o + a + Q/2) [T Ta (g + 1 £a+Q/2) |

‘Zl—loop‘2 =
FQ(QG + b)FQ(Q(l + 1/b)

(7.17)

We use the U(2) 1-loop subfunctions given in (3.41) but set the value of the VEV @ = (a1, az2) to
(a,—a) as discussed in section 7.3. We then compute

1-1 - _1-1 - 1-1 - 1-1 - 1-1 -
VeCt(())?p( ) anti?l(l)rlid (CL, Ml)zanti?l?rll)d (a’ Mg)qum;)Op(CL, M?’)qunc‘i)()p (CL, ,u4)

= exp{_'yq,ez (2a —€1) — Ver, ez (2a - 62) + 761,62(_65 +p — 6+) F Ver,ez (a +p1 = 6+)
+ Ver,ea (0 + p2 — €4) + Yeyen (@ + B2 — €4) + Veye(@ — 13) + Vey,en (0 — pi3)
+ Yer,ea (@ — pa) + 751752(7a — j1a)}
_ [ Ta(Fa+ p)Ta(a + po)la(da — ps + Q)T (fa — ps + Q)
T2(2a + 0)T2(2a + 1/b)

Z1 loop = 2

(7.18)
where the product over the sign choices in the numerator gives us eight terms. We then use the
redefinitions

p1=mo+ Mo, M2 =mg— Mo, U3 =M1+ My, Hg=m3— (7.19)

IWhy this is not the case for the 1-loop partition subfunctions remains unclear. Perhaps we can draw motivation
from the toy example of chapter 6, where we found only a U(1) instanton partition function, suggesting that the
U(1) 1-loop partition function is trivial.

2The reader is cautioned not to confuse this two-hypermultiplet U(2) flavor symmetry group with the U(2)
gauge symmetry group.
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which then become
= Q2410 + 1o, p2 = Q/2+ 10 —10, pz=Q/2+ M1 +m1, pa=Q/2+1m1—m (7.20)
after making the equation-symmetrizing translation m; — Q/2+1;, so that (7.18) becomes
Hrg(ﬁlo + Tho +a+ Q/2)F2(7Th1 + ’ﬁll +a-+ Q/2)
I'3(2a + b)T'3(2a + 1/b)
. Hrg(mo +mota+ Q/2)F2(m1 +m; +a+ Q/2)*

We observe that the modulus squared of (7.21) is precisely the component of (7.12) which has its
origins in the product of DOZZ factors.

(7.21)

7.5 Instanton Contribution

We approach the comparison of the Liouville conformal blocks and the Nekrasov instanton partition
function in four steps. First, because the Nekrasov partition function is expressed as an infinite sum
over all possible pairs of Young diagrams, we determine a means by which to express the conformal
blocks in an equivalent way; in so doing, we can demonstrate equality of the two functions by
comparing terms order-by-order in Young diagram size. Second, we organize the U(2) Nekrasov
instanton partition function by taking the product of the relevant subfunctions. Third, we motivate
the U(1) factor alluded to in section 7.3 that remains to be extracted from the U(2) instanton
partition function to complete the U(1) gauge group decoupling. Lastly, we perform a numerical
comparison in Mathematica; the code and the result are appended to the end of the chapter.

7.5.1 Conformal Blocks

In contrast with the free field case, the background charge selection rule is dropped because of the
addition of the Liouville potential [41], and thus the calculation of correlators is not as straightfor-
ward as it was in the toy example of the previous chapter. Additionally, because we are interested
in making a comparison with the Nekrasov instanton partition function, we must work to find a way
to express the conformal blocks in terms of a sum over Young diagrams. We do this now.

We recall the Laurent series for the stress tensor

o0

T()Va(w) = 3 (Zfﬁmu) (7.22)

By convention, a = {a, 0}, L,V, =0 for n > 0, and LoV, = A,.

The OPE, along with the constraints of conformal symmetry, gives us the following product rule?
on our space of operators:

P
Vi (Zl)V2(22) = ﬁj_%vﬁg(@) (7.23)

B “12

where z15 1= 21 — 29 and the sum is over all operators, multi-indexed by B . If we apply this in our
4-point correlator of primary fields, we obtain

(Vi(21)Va(22)Va(23)Va(2a)) = (Vi(21)Va(22) (Va(23)Va(z4)))
B
= Agffgjf% <V1(21)Vv2(22)VB(Z4)>

B %34

(7.24)

3Technically, because Liouville conformal field theory is a non-rational CFT, i.e. the set of primary fields is
indexed by a continuous parameter, the OPE should be expressed as an integral. However, because for us what is
important is not the sum but the intermediate state in the summing/integral channel, we will simplify our notation
and leave our expression in sum form.
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Using projective invariance, we can fix three of these points; to simplify appearances, we choose
z1 =00, 29 =1, z3 = ¢q, 24 = 0. This gives us

(Vi(oo)Va(D)Va(@)Va(0)) = g~ 2+724 3 25, (Vi(oo)Va(1)V5(0)) (7.25)
B

To simplify things further, we define

<0 = <V$(O°)V>?(1)V1;(0)> (7.26)

so that R
(Vi (00)Va(1)Va(q)Va(0)) = g~ (BT84 Y " g3 ,5C1, (7.27)
B

Next, we define a bilinear scalar product on the space of vertex operators, the Shapovalov
form

Hy;= <Va

[e3

Vg> (7.28)
We demand that the scalar product is consistent with the Virasoro symmetry as follows:
vs) = (Va
that is to say, that the inner product is hermitian. We know that such a scalar product exists
because we can define it as

<Va VB> = <Va(oo)V§(O)> (7.30)

which has our desired property because, using the integral definition of the Virasoro generators
(4.9), we find
(v

<L,nva

LnV3> (7.29)

L) = (Va(o<) (LaV3) )

- 555 § = (Ve V00)
1 dz

= 51 P e (T(2)Va(50)V5(0)) (7.31)

= ((L-¥a) (0)V5(0)) = (E-nVi | V)

We pause to explain the above calculations, as such manipulations arise frequently in this section.
Moving from the second line to the third requires a change in perspective: a positively-oriented
contour integral around the origin is equivalent to a negatively-oriented contour integral around
the rest of the complex plane. Moving to the fourth line involves several steps. First, we note
that a contour at infinity is oriented oppositely that of a contour at a finite distance (think of
pulling an oriented loop of string from one pole of a Riemann sphere over to the other side), and
so we drop the minus sign. Secondly, we must figure out a way to make sense of the expression:
lim,_, T(z); we can do this as follows. First, we note that a quasi-primary field is one that
transforms under an analytic transformation z — f(2) as follows:

Ag
o) 0 () 2 + 5i02) (7.32)

where {-,-} is the Schwartz derivative

Bf /d a2f /df\?
vea-(H/9) -3 (H/9) (7.9
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Then we note that T'(z) is a quasi-primary field and has conformal dimension 2. Therefore, we can
express lim,_, o T(z) through a limit where the argument of T" instead goes to zero: lim,_, T(é)
One can show that {1, 2} =0, so that

. . 1)° 1 )22 Li(1/2) ; 2 k—2
i 76 = i (<55 ) (1) = B0 B G = 0"

(7.34)
Inserting this into (7.31) gives us the desired expression.
In addition to the Shapovalov form, we define
fa;y;az = <V$ ‘ VQ(I)V$(0)> (7.35)
which, via the OPE, equals
. _ B v v\ = B
T = ZC%Z <v¢ ] vﬁ> - ZCWHW (7.36)
B B
so that we can express our structure constants as
b _ NCE
Cos= Z (H )" Tien (7.37)
(e}
and thus our four-point correlator can be written as
(Vi(00)Va()Va(q)Va(0)) = g~ Aa+A0 3" g8 5 (B T, (7.38)

a,p

Let us see if we can simplify the expressions for three-point vertices I' and T in any way. Before
proceeding further, we write for reference the general formula for calculating the residues of a
contour integral of a function f(z) around a point ¢ with a pole of degree n at c:

n—1
Res(f,¢,n) = (ni ol llinc (;zn—l ((z — c)"f(z))) (7.39)

Calculating T-type Vertices

From this point onwards, we suppress the factor (27i)~! in front of every contour integral. Using
the hermiticity of the scalar product, we calculate first

cV5(0)) = (Va | (LaVz()V;0))
= <Va fﬂ dzz"1T(2) V3 (1)V;5(0)
<va ?{ A=z (T(2) V(1)) V;(0)
+<Va %dzz"“Vg(l) (T(Z)V@(O))> (7.40)
0
3 <Va 7{ e fn;;H (LiVz) (1)V$(0)>
+ io <Va dzi:—:V;(l) (£4v3) (o)>
k=—oc0

k=—oc0
where, apart from the second line, the contours are such that they enclose only one inserted oper-

ator. We can, in principle, determine I" (V)% 1n terms of I' <0 Let’s see how this works.

<L—nVa
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Case: f{%y};xa
If X ={x,0}, ie. V, is a primary,

<L_nVa VX(l)V$(0)> io <Va

Zn+1
s W 0v;0)

oo e
+ k;oo <Va ]gdzﬁvx(l) (LkVi) (o)>
_ <va f/@ldz(zznf;m (LVy) (1)V$(0)> +(Va [ (2av5) )
= (n+ 1A, (Va | (V50 )
+ (Va | (V) (V5(0)) + (Va | V(1) (ZaV5) (0))
(7.41)

To see how the first sum becomes the first two terms of the last line, note that since V,, is a primary
field, Ly V) = 0 for all £ > 0. Also note that for £ < —2, the pole at z = 1 disappears. Hence, the
only contributions come from the cases k = 0, —1. We calculate the residue for general k:

Lmtl 1 ) dk+2)—1 fio omtl

N
= G an (WZ i )
D) -1 (1) = B+ 1) +1) ., (7.42)
N &+ 1) i
G e
S (k+D!(n—k)!  \k+1
Thus,

Zn+1

?{dz(z—l)’f+2 (LiVe) (1) = [(n+ DAy + L] V(1) (7.43)

as desired. (In the case that Vj is not primary, we must include the sum over positive k, i.e. add

1
an additional term Zk>0 (Z I 1) (LiVg)(1).)

Case: T{a,Y};xw
If both x and ¢ are primary fields, we can set n = 0 in (7.41) and calculate that

(Va [ (L-1Vy) MV (0)) = (Ag — Ay — Ay) (Va [ Vi (1)V4(0)) (7.44)
We can then use this result to show that, for n > 0 (so that (L, Vy) (0) = 0),

(Lo Va | Vi (DVi0)) = (n+ 1A (Va [V (DVi(0)) + (Va | (L1 Vi) (1)Vis(0))
= [(n+ DA+ (Ag — Ay — A)] (Va | Ve (1)V(0)) (7.45)
(Aa +nly — Ay) (Va | VR (1)V(0))

Since this holds for any Vg, we can use this equation recursively to reduce Vz to a primary, and
we obtain

7 7<i

(Loy Va [ VR(DV(0)) = (Va | Vi)V () TT (Aa thiA = Ay ) kj) (7.46)

where we have used that the dimension of L_j L_y, ,---L_j Vs is k; plus the dimension of
L*kz—l R L,k1V¢, etc.
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Calculating I'-type Vertices

In a similar fashion, we show that we can calculate I'+. in terms of '~ . First, note
b #x{v,Y'} PXY
that

(VatoVa0) (£-0V5) 00) = § 555 (Vo7 (0V5(0))
—— ¢ (eoTEv0)

+o0 %

T k_i}@?{ Zn—l(zdil)m <V$(OO) (LiVg) (1)v$(o)>

£ (1) o)
R

Setting Vg and V5 to primaries (the relevant case for our purposes), we find via our residue
formula

(Va(oo)Vi (1) (L-nV3) (0)) = =(1 = ) Ay (Vo) Vi (1)V5(0)) -

= (Vo(o0) (L-1V) (DV(0)) + (Vi) (00)V (WV5(0))

(7.47)

Setting n = 0 in (7.48), we get

(Va(00) (LaVe W) V5(0) = = (=8g + Ay +25) (Vo) (DV3(0))  (7.49)

and inserting (7.49) back into (7.48), we find for n > 0 (which eliminates the last term of (7.48),
since (L, Vy) (00) x L_,,Vy(c0), which is zero for n > 0):

(Va(o)a(1) (L-nV5) (0)) = (=2 + 0l + A7) (VO (DV5(0))  (7.50)

Using this identity recursively, we conclude that

(Vi (00) Vi (1) (L_y Vi) (0)) = (Vs (00) Vi (1)Vip (0)) T [ Ao + kidy = A+ " k; (7.51)

% 7<i

Equality of F@;xqﬁ and F¢x¢$

If we write B o
Py vying = Ve Y)Cuixes  Doxtw,yy = Yoxw (V) Coxy (7.52)

where éw;xqg = f{w}w = ZE CfchwE and Cyyy = Lyy (g0}, and if we normalize the Shapovalov

form to Hop = 8ap, then Cy.yp = C’;@7 (which in turn is usually set to Cyy4 [41]). Comparing equa-
tions (7.46) and (7.51), we observe that Jyys(Y) = Yoy (Y) are equal?; thus f@‘w =Ty

Putting it All Together
One last small calculation remains. Calculating an arbitrary entry in the Shapovalov matrix for
descendant fields Vi, y} and Vg yy, we find

Hyp=(LyValLy'Vg) = (Va|LyL_y'Vg) = 0y yQas(Y.Y') Hag (7.53)

[e3

4This is only true when the chiral algebra of the CFT is Virasoro. The relations derived in this section depend
on the existence of a unique definition of “primary”, which is not the case, say, when the chiral algebra is W,,. This
is of little relevance for this thesis, but it is extremely important for those attempting to prove generalizations of
the AGT conjecture. More on this in section 8.2.
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where the delta function arises because if |Y| > |Y”|, a positive generator will annihilate Vg and
if Y] < |Y'], a positive generator will annihilate V,. (Has is an orthonormalization constant
between primaries which we set equal to zero for a # 3.) This allows us to write (7.38) as

(Vi(00)Va(1)Va(q)Va(0)) = g~ BeF89 Y " g8 (CrzaHoa Casas) Ba, (A1, D2 Az, Aglg)  (7.54)

where

Ba, (A1, A9 Ag, Aglg) = Z Q‘Y|’712a(Y)/QZi(Y7Y/)’Va;34(Y) (7.55)
[Y]=]Y"|

is the conformal block. Since we have closed formulas for 4 and « and can teach a computer
algebra program to calculate the kernel of the Shapovalov form via Virasoro commutation relations,
we can, in principle, calculate B to arbitrary Young diagram size. We do so in section 7.5.4.

7.5.2 SU(2) Nekrasov Instanton Partition Function

For this comparison, we have available only the U(2) Nekrasov partition functions listed in sec-
tion 3.2.5. To make contact with the conjecture, which is about SU(2)-based theories, we propose
the following scheme. First, we consider the generalized quiver diagram consisting of a U(2) gauge
group with two U(2) anti-fundamental matter representations with mass parameters 1, sto on one
side and two U(2) fundamental matter representations with mass parameters ps, 4 on the other.
In terms of Nekrasov subfunctions, this means we want to calculate

_ Y1 |+]|Yx > 7
Zinst = § Q‘ 1+ 2lzvector(aa Y) X
Y1,Y>2

X Zantifund (5:, }7’ ,ul)zantifund (5:, Y, ,UQ)qund (a:, Y, MS)qund (67 ?, M4> (756)

We then use the techniques outlined in section 7.3: we set @ = (a, —a) and reformulate our U(2)
mass parameters as

M1 =mg+ Mg, H2=mg— "My (3 =M1+ M1, Mg =m1— TN (7.57)
We also translate three of our free parameters in order to symmetrize our formulas:
a=Q/2+a, a=Q/2+1my, «a=Q/2m (7.58)

After extraction of the U(1) factor, which we explain in the next section, we are left with a function
Z{ig(z)(ao,mo,mhal;a)(q) which AGT claims is equal to B(ag, mg, m1, a1;a)(q); that is, it is
equal to (7.55) after the general Virasoro conformal dimensions A, have been replaced with their
Liouville CFT values a(Q — «). This is the verification we perform through Mathematica in

section 7.5.4.

7.5.3 U(1) Factor

AGT argue that even setting (a1,a2) = (a, —a) and factorizing the mass parameters as we have
done in section 7.3, the U(1) gauge group contribution to the U(2) instanton partition function
remains incompletely decoupled. They claim that a factor

(1 — g)2moler—m) (7.59)

remains to be extracted. Indeed, our calculations will demonstrate the veracity of AGT’s claim, so
the question remains: why should this be? We make three observations. First, note that (7.59) has
no dependence on the VEV a; this is to be expected of an abelian U (1) gauge theory contribution.
Second, the exponent is dependent on both mg and mi, which appears reasonable because, as
we saw in (7.15), they are the U(1) subgroup mass parameters associated with each of the two
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U(2) flavor symmetry groups. Lastly, the two mass terms in the exponent take the form mg and
€4+ —my; since Nekrasov’s formulation treats hypermultiplets in representations R and R differently,
specifically:

zg(m) = zr(e4 —m) (7.60)

(as we observed in section 3.2.5) we might interpret (7.59) as a U(1) gauge field coupled to two
matter hypermultiplets, one in the antifund of U(1) with mass parameter mg and one in the fund
of U(1) with mass parameter my. This differs from the conclusion drawn in section 6.1 by a sign,

but the literature is rife with confusion over conventions, and in fact the form (7.59) for Zizs(,tl ) is
claimed to be correct in [75].

7.5.4 Comparison via Mathematica

See below for the relevant Mathematica code. It is divided into three sections; the first section
calculates the conformal blocks by encoding (7.55), the second calculates the Nekrasov instanton
partition function by encoding (7.56) and the parameter manipulations of section 7.5.2, and the
final section maps the Virasoro conformal block parameters to those of Liouville CF'T, the Nekrasov
parameters to those of Liouville CFT via the AGT map (see figure 6.1), concluding with the
subtraction of the Nekrasov side from the CFT side up to some order k. Note that verification is
carried out up only through instanton number 4; the number of Young diagrams of size k grows
exponentially and our our computing system was unble to process such calculations past k = 4. (In
[3] the conclusion is claimed to hold through k& = 10.) Also note that the parameterizations of the
conformal dimensions and central charge differ from those calculated in chapter 5; this was done to
simplify formulas for debugging purposes and is explained in appendix D. The majority of the code
is original; some subfunctions, especially those which provide a framework for performing sums over
Young diagrams, have their origins in a Mathematica notebook written by Y. Tachikawa.
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Combinatorica is loaded for its function Partitions, which we use to enumerate Young
diagrams

<< Combinatorica

Liouville CFT Conformal Blocks

Q Calculates the entries of the Shapovalov form

Q=1
Ql{n_,x—}]/sm < 0:=0
Ql{n-, x_}/m==0:=A Ql{z}]
Ql{x—n}]/sn > 0:=0
Ql{x—n.})/in==0:=A Q{a}]

Q{l—m_n_r_}|/;(m# —n &&m > 0 &&n < 0):=
(m - n)Q[{l’ m+mn, ’I‘}] + Q[{l7 n,m, ’I‘}]

Q{l—,m_,n_r__}]/;(m == —n &&m > 0 &&n < 0):=
(m - n)Q[{l, m+mn, T}] + Q[{l, n,m, T}] + an(m/\2 - 1)/12Q[{l, ’I‘}]

shapovalov Creates the Shapovalov form in matrix form up to size n Young diagrams

shapovalov|n_|:=shapovalov[n] = Module[{par = Partitions[n]},
Table[Q[Join[par[[i]], Reverse[—par{[j]]]]], {i, 1, Length[par]}, {5, 1, Length[par] }]]

gamma Calculates the entries of the v vector

gamma[{}]:=1
gamma[Y_]:=Product[D0 + Y [[i]|]D1 — D2 + Sum[Y[[5]], {5, 1,% — 1}], {i, 1, Length[Y]}]

gammaVector Creates the v vector up to size n Young diagrams

gammaVector[n_|:=gammaVector[n] = Module[{par = Partitions[n]},
Table[gammalpar([i]]], {7, 1, Length[par] }]]

morozovBlocks Calculates conformal blocks B(n) by taking the product of the v vectors
and the inverse of the Shapovalov form

morozovBlocks[n_|:=morozovBlocks[n] = (gammaVector[n]/.{D0 — A,D1 — Al,D2 — A2}).
(Inverse[shapovalov(n]]/.A — A).(gammaVector[n]/.{D0 — A,D1 — A3,D2 — A4})
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Nekrasov Instanton Partition Function

dualPartition takes as input a Young diagram and outputs its dual

DualPartition[l_|:=Module[{:}, Table[Length[Select[l, (#>=1)&]], {i, 1, {[[1]]}]]
DualPartition[{}] = {};

arm and leg calculate arm and leg lengths given a Young diagram and a coordinate
pair in that diagram

get[Y_,i]:=If[i > Length[Y],0, Y[[¢]]]

a‘rm[Y-a {i—7j-}]:=get [K Z] -J

leg[Y_, {i-, j-}]:=get[DualPartition[Y], j] — i

boxes takes in a Young diagram and outputs a list of its { i , j } coordinates (with
orientation such that the partition elements correspond to column heights)

boxes[Y_]:=Join@@Module([{, j}, Table[Table[{i, 5}, {7, 1, Y[[¢]]}], {7, 1, Length[Y]}]]

Nekrasov U(2) -> SU(2) vector multiplet subfunctions

ela, Y1, Y2_ s ]:=a — €l * leg[Y2, s] + €2 x (arm[Y1, 5] + 1)

fromWala_, bb_, Y1_, Y2 ]:=(Times@QQ
((ela —bb, Y1,Y2,#](el + €2 — e[a — bb, Y1,Y2, #]))&/@boxes[Y1]))

fromSU2V[a_, Y1_,Y2]:=
1/(fromWala, a, Y1, Y1]fromWa[a, —a, Y1, Y2]fromWa[—a, a, Y2, Y1]fromWa[—a, —a, Y2, Y2])

youngPairs[k_]:=youngPairs[k] = Join@Q
Module[{i}, Join@@Table[Outer[List, Partitions|[i], Partitions[k — ], 1], {z, 0, k}]]

Nekrasov U(2) -> SU(2) matter representation subfunctions

eigenfa_, Y_]:=(a + el#[[1]] + e2#[[2]])&/@boxes[Y]

eigenfa_, Y1_, Y2 ]:=eigen[a, Y1] ~ Join ~ eigen[—a, Y2

fund[a_, Y1_,Y2_, m_]:=(TimesQQ((# — m)&/Qeigen[a, Y1,Y2]))

antifundfa_, Y1, Y2_ m |:=(Times@QQ((# — (€1 + €2 — m))&/Q@eigen[a, Y1,Y2]))

nekrasov calculates the level-n SU(2) nekrasov instanton partition function; it uses
youngPairs[n], which creates a list of all Young diagram pairs Y1, Y2 such that |Y1]
+ |Y2| =n

nekrasov(n_]:=Module[{ A = youngPairs[n|}, Sum[Module[{A1 = A[[s]|[[1]], A2 = A[[s]][[2]]},
fromSU2V([a, A1, A2]antifund[a, A1, A2, pl]antifund[a, A1, A2, ;2]
fund[a, A1, A2, p3]fund(a, A1, A2, p4]], {s, 1, Length[A]}]]
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Comparison

CFT side comparison prep - appends the formal series parameter q

CBExpansion[n_]:=Sum[¢”"i morozovBlocks[i], {i,0,n}] + O[g]"(n + 1)

Nekrasov side comparison prep - appends the formal series parameter q

NekrasovExpansion[n_]:=Sum[¢"i nekrasovl[i], {¢,0,n}] + O[g]*(n + 1)

A useful constant

€= (el + €2);

Mapping general conformal block parameters to those of Liouville CFT

mapBlocks = {¢ — 1+ 6 * €2/(el * €2),
A — e"2/(4% el x €2) — a2/ (el x €2),
Al — m0(e — m0)/(el * €2),

A2 — a0(e — a0)/(el * €2),

A3 — ml(e — ml)/(el * €2),

A4 — al(e—ol)/(el xe2)};

Mapping hypermultiplet masses to LCFT data

mapNekData = {
pul->(—€/2) + m0 + a0,
pu2->(€/2) + m0 — a0,
3 — (—€/2) + ml + o,
pd->(e/2) + ml1 — al}l;

Ulfactor expands the “U(1)” factor in a series expansion with parameter q

Ulfactor[n_]:=Series[(1 — ¢)"(2m0(e — m1)/(el x €2)), {g, 0, n}]

k controls the Young diagram size to which you would like to check the conjec-
ture

k=4

(CBE = CBExpansion|k]/.mapBlocks);

Ul = Ulfactor[k];

(NekExp = NekrasovExpansion[k]/.mapNekData);

At level k, the following difference should vanish up to order O[q]"(k+1)

Ul CBE — NekExp//FullSimplify

Olq)®
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Summary and Outlook

In this thesis, we have introduced the AGT conjecture. We started by learning the necessary
vocabulary from N = 2 superconformal gauge theory and Liouville conformal field theory, then
stated the conjecture, and proved the Ty 0[A1] subcase. Along the way, we studied a number of con-
temporary gauge-theoretic structures, such as the Nekrasov partition function, Gaiotto curve, and
trifundamental matter representation, and also developed a number of computational techniques
for calculating Virasoro conformal blocks numerically.

8.1 State of Affairs

Using similar numerical techniques, the veracity of the AGT conjecture has been confirmed in
a small number of cases. The case 710 was checked explictly in [40] (as opposed to implicitly
as in [3]), and the cases 75, 76,0 were checked to third order in [1] using generalizations of the
techniques featured in [40]. These results were then extended in [1] to provide consistency checks
of the general linear 7, case at low instanton number due to the zifyng splitting relationship
(3.40), which reduces an n-point problem to the product of several 4-,5-, or 6-point problems.
These consistency checks confirm that the general pattern for the mass-to-primary-index maps is
the same at all orders. Note, however, that these proofs cover only weakly-coupled Lagrangian
descriptions which have linear quiver gauge group structure, i.e. do not incorporate trifundamental
matter, and only verify the instanton partition function-conformal block equality. Additionally,
the case 71,0 was proven explicitly in [24], and implicitly in [3].

The observant reader will have noticed that the list of proved subcases is limited to those where
the Gaiotto curve is either a sphere or torus, i.e. excludes cases of genus g > 2, and where the
generalized quiver diagram is, with the exception of the one-point torus, linear. The reason for
this is that, until recently, little work had been performed towards calculating the correct Nekrasov
partition subfunction for trifundamental matter. Additionally, it was not immediately obvious how
one should calculate the corresponding terms on the conformal block side: the sewing procedure
of section 4.2 derives a schematic means to construct correlators on sewn-together pairs-of-pants,
but as a practical matter, a number of ambiguities arise.

L. Hollands, C. Keller and J. Song recently addressed both of these issues in [36]. On the Nekrasov
side, the fundamental difficulty is that Sicilian quiver structures which appear in SU(2) theories
are not, in general, defined for U(2) gauge theories, while the AGT prescription for determining
SU(2) Nekrasov functions was to begin with the corresponding functions in U(2) theories. The
advantage of U(2) Nekrasov functions was that they have closed forms in terms of summations over
Young diagrams; the closed forms for SU(2) partition functions are not yet known for all instanton
numbers. However, they are known for Sp(N) and SO(N), and so one could, in principle, treat an
SU(2) trifundamental as either an Sp(1) trifundamental or an Sp(1) x SO(4) = Sp(1) x SU(2) x
SU(2) bifundamental and proceed from there. These two approaches lead to different results
in the UV regime and this disparity must be dealt with. On the conformal side, the challenge

73
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arises with choosing appropriate coordinates for our three-point vertices: with linear-type CFT’s,
we use z = 0,1,00 in our three-point functions, but with Sicilian-type CFT’s the choice is no
longer clear due to the presence of three descendant fields in the three-point correlators instead
of 1 or 2. However, closed-form expressions for the trifundamental Nekrasov subfunctions have
yet to be calculated, and thus comparison with the corresponding CFT expression remains to be
conducted.

8.2 AGT-W

Before concluding, we would like to report on a generalization of the AGT Conjecture due to N.
Wyllard [75], known as the AGT-W Conjecture.

Liouville CFT is but the simplest of the An_1 Toda field theories. The N — 1" Toda field
theory action is given by

S =1 [ @ova|59"0u6,00) + am I et 4 (Qu )R (.1)
— Ar g 29 a®, Ud M ya ) .

where the e; are the simple roots of the Ay_; Lie algebra, (-,-) denotes the scalar product on the
root space, and the (N — 1)-dimensional vector of fields ¢ can be expanded as ¢ = >, ¢;e;. Many
of its features are straightforward generalizations of the Liouville case (which in Toda theory is
denoted A;. For example, it is conformal provided

Q= (b + ll)) p (8.2)

where p is the Weyl vector (half the sum of all positive roots), and the central charge is

1 2
c=N-1+12(Q,Q)= (N —1) 1+N(N+1)<b+) (8.3)

b

When N > 2, the symmetry algebra of the Ax_; Toda theories contains, in addition to the stress
tensor T, N — 2 additional holomorphic symmetry currents W) (k = 3,4,--- N + 1, where
W® = T) such that
w
k _ J
W (z) =>" —i% (8.4)

J

These currents together generate the Wy-algebra, where W, is the Virasoro algebra. N. Wyllard
conjectured an extension of the AGT conjecture linking SU(N) generalized quivers with Ay _;
Toda theory. The complications increase as follows. Immediately, we see that there is a mismatch
of the number of parameters on either side of the conjecture. On the Nekrasov side, we have N —1
VEV’s, 2N masses and two € factors, minus 1 because of the dimensionless nature of Nekrasov
functions, for a total of (N — 1) + 2N + 2 — 1 = 3N parameters. On the CFT side, we have
that highest-weight states in Wy algebras are labeled by an N — 1-dimensional vector, so that the
number of free parameters for the sphere with four punctures case is (N — 1) - (4 + 1) (4 primaries
and 1 intermediate state) plus an extra free parameter for the central charge, for a total of 5N — 4.
For the SU(2)-Liouville case, 5N — 4 = 3N, but for N > 2 the equality does not hold [43].

Additionally, on the Nekrasov side, there arise multiple types of flavor symmetries in the generalized
quiver diagram, and these in turn lead to multiple types of marked points on the Gaiotto curve.
On the conformal side, it is no longer the case that we have an exact formula for all possible
three-point functions of primary fields. What is worse, it is no longer true that n-point functions of
W-primary fields are determined in terms of the 3-point functions; unlike the Virasoro symmetry,
the W symmetries are not powerful enough to give us these sorts of results.
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The solution to all of these problems is to focus attention on certain types of, if not null, then
semi-degenerate states where certain exact relationships are possible. However, even once this is
done, calculations can only be performed perturbatively - we do not have closed relationships like
(7.46) and (7.51). See [43] for an introduction to the types of calculations necessary in the Ws case
and [23] for an extension of these ideas to the case of mixed-gauge group quiver theories.

It may be that a proof of the original AGT conjecture can be found through its generalization.
Indeed, R. Dijkgraaf and C. Vafa, using large-N dualities, were able [20] to reinterpret the AGT-W
conjecture in terms of the matrix models of topological string theory and derive the same dictionary
(see figure 6.1) as AGT. While encouraging, it is by no means a proof. Clearly, innovational
computational methods are needed if ever a proof is to be produced.
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Non-Perturbative Phenomena

What is usually referred to as the “Lagrangian” is sometimes known as the “microscopic La-
grangian”, the reason being that the degrees of freedom which it expresses — gluons, electrons, etc.
— generically do not include certain phenomena (experimentally) visible at large distance scales.
In fact, sometimes (as in the case of quarks and color charge), even these microscopic degrees
of freedom are themselves not visible. This appendix describes two types of phenomena of the
former type which are relevant to this thesis: finite energy gauge field configurations, called in-
stantons, and non-dissapative configurations of gauge and scalar fields carrying magnetic charge,
called magnetic monopoles and (if they additionally carry electric charge) dyons.

A.1 Instantons and the Topological Term

Often, the most convenient formulation of the Feynman path integral is one where it has been
analytically continued (or “Wick rotated”) from Minkowski spacetime to Euclidean spacetime,
largely due to the fact that Euclidean space has a positive-definite norm, i.e.

”F#V” = /d4$ (F,uv)Q 2 O (Al)

Such statements cannot be made in Minkowski spacetime because of the mixed signature of its
metric. So suppose we are interested in pure non-supersymmetric Yang-Mills theory in Euclidean
space. Our path integral would then be

1

=i d*z Tr F,, F,, (A.2)

Z= /DAu eS8
where in Euclidean space the relative elevation of the Lorentz indices does not matter. Additionally,
assume that we are interested in the coupling regime where g2 < 1.

Let us approach this theory in the semi-classical approximation!. In particular, we are interested
in determining for which configurations of A, the action S[A,] is finite, since fields which lead
to infinite action have vanishing contributions to the path integral. Usually, one would only
consider the trivial minimum A, = 0 of S[A] and develop perturbation theory as small expansions
around this. However, in this approximation, the correlator over a distance R uses as perturbative
expansion parameter [52]

R
¢*1In - (A.3)

where a is the inverse cut-off, so that for very large R (i.e. in the infrared) this parameter becomes
inapplicable and we must search for another, non-trivial, minimum to the action. In fact, such

IS0 called because g2 appears in the path integral exactly where / would if we had not set its value to 1, so that
the g2 — 0 limit is identical to the i — 0 limit.

7
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non-trivial minima were demonstrated [52] to contribute a factor
e~ B/9" R (A.4)

to the correlation function, where E is the finite energy of this configuration, essentially dominating
its value in the deep IR. One complication with implementing this program is that,in general,
the coupling constant g2 runs as a function of the energy and becomes large in the IR, so that
the fluctuations in the fields again become large and these new non-trivial minima no longer
determine the physics. However, there are two cases in which we can still retain use of our
semiclassical approximation [21]. First are the theories for which the S-function, describing the
change in the coupling with respect to energy scale, is zero; in this case, we set g> < 1 and thus
can make use of the above techniques. The other are theories with negative S-function, the so-
called asymptotically-free theories, which also contain a scalar field which acquires a vacuum
expectation value via the Higgs mechanism, spontaneously breaking the gauge group; in this case,
the Higgs mechanism cuts off the running of the coupling in the IR. In this text we will deal
exclusively with these two types of theories.

In [10], the authors realized that for non-trivial minima of the Euclidean action, the Euclidean
field strength
Fu = 0,A, —0,A, +[A, Al (A.5)

must go to zero at infinity faster than |z|~2. This, in turn, requires the gauge field A4, to asymp-
totically approach “pure gauge”:

oU (x)
0z, g

Au(@)]g = U™ (@) (A.6)

where S? is some very large 3-sphere enclosing the origin of our 4-dimensional Euclidean space.
Mathematically, what we find is that at spacetime infinity, solutions U(z) € G of (A.6) map S*
onto our gauge group G. Topologists tell us that such maps fall into equivalence classes, where
equivalence is determined by a property called homotopy, that is, if one map can be continuously
deformed into another. These equivalence classes form 73(G), the third homotopy group. (“Third”
because we are interested in maps from the 3-sphere to G.) For the gauge group relevant to this
work, namely SU(2), one can show [17] that

73(SU(2)) = Z (A7)

so that our gauge fields can be labeled by the integers. One can show that, given A,,, the appropriate
integer label k can be calculated as follows:

1 4 ~
= 332 /d xTr F, F,, (A.8)
where F;w = %EWPUFPU. (One can show that the integrand of (A.8) is a total divergence

(c.f. (A.14)), and thus the only contributions to k come from infinity and thus depend only on
U(z).) In physical language, k is called the instanton number?, and gauge field configurations
A, satisfying both (A.6) and the Euclidean equations of motion D, F,,, = 0,F,, + [Au, Fu.] =0
are called instantons®.

One might wonder, given the difficulties in solving the second-order field equations, if such gauge
field configurations can be found (or even exist). Helpfully, a simple argument facilitates our search.
Note that 1 5

/d43: TrF,F, = §/d4x Tr (F/w + FW) F /d4z TYFWFW

> :F/d4:vTrFWFW (A.9)

= 321% (£ k)

2Mathematicians know it as the Pontryagin index or winding number.
31n the early literature, in particular [52] and [10], they were known as pseudoparticles.
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where the final equality follows from (A.8). Hence, our action must satisfy the inequality
872
S> :l:g—z|k'\ (A.10)

where equality is attained only if ~
F,, =%F, (A.11)

This is a first-order equation, and using this insight, the authors of [10] were able to derive an
explicit instanton solution:

2
o _1, \OU(z)
b= el W (A12)
where
Uz) = (x4 + & - &)|x| ! (A.13)

is an SU(2) matrix, & = (¢!,0%,03) are the Pauli matrices, and p controls the “size” of the

instanton. (p is an example of what are known as collective coordinates, or parameters which
define the qualities our instanton. Other examples include the spacetime coordinates of the center
of the instanton, should it be translated away from the origin, and its charge.)

What remains to be understood is the physical interpretation of instantons. This becomes clear
in the temporal gauge A4 = 0 and by requiring that the field strength F),, corresponding to our
instanton vanish outside a large, but finite volume V. The spatial components A; of the gauge
field remain dynamical, and they must assume a time-independent pure gauge vacuum state at
x4 = *00. The instanton number k is, in any gauge, a total divergence, since

/ d*zTr F,, F,, = % / d*2 T €4y po Frv F oo
=2 / A4 Tr € pr [0, AL Ay + 20, A, A Ay + AL ALA, A (A.14)
2
-9 / d*zTr ), {e,“,pg <AyapAU + 3AVA,)AU)]

and so we express it as a surface integral

1
kE=n(zy=~400) —n(ry = —00), n= 512 /d3x Tre; A Aj Ak (A.15)
Using our remaining time-independent gauge freedom, we choose n(xy = —o0) to be an integer.

But because k is an integer, we have that n(x4s = +00) must also be an integer. Thus, we have a
countably infinite number of topologically distinct vacuum states |n), n € Z, and we see that the
role of the k-instanton is that of a minimum-action tunneling solution between two topologically
distinct classical vacua whose winding numbers differ by & [14]:

<n ’ e_Ht ’ m> H—OO> [DAN](n—m) exp{ - /d4fL' EYanngills + Egaugeﬁxing} (AlG)

where the path integral is over all gauge fields A, in the homotopy class indexed by k = (n—m). We
also see that in the case k = 0 (i.e. in the absence of an instanton), the minimum action is attained
when A, = 0, so that in the WKB-approximation sense the amplitude of the vacuum transition
[n) — |n) is of order O(1). However, for non-zero k, say k = 1, the amplitude of the vacuum
transition |n) — |n + 1) is of order O(exp{—872/g?}). Thus, we see that the traditional attempts
to perform perturbation theory around A, = 0 vacua (pretending that the only vacuum is, say,
|n = 0)) is ignorant of these vacuum tunneling contributions. And even though these amplitudes
are vanishingly small at small-coupling, they are nonetheless qualitatively significant.

We label the generator of large gauge transformations, i.e. those which do not vanish at infinity,
as infinitesimally-generated gauge transformations do, which change this winding number as G so
that

Gln)=|n+1) (A.17)
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These Yang-Mills vacua |n) all appear on equal footing, and all have energy equal to zero. Thus,
we expect that the physical vacuum |Q?) is a linear combination of all of them. In particular, since
G acts via gauge transformations, and gauge transformations do not affect the Hamiltonian H, G
commutes with H and so maps the physical vacuum to itself:

G|Qe) = e @) (A.18)

with © some phase. (The eigenvalue is of the form e~*® because G is unitary.) This equation has

solution
oo

o) = Z e™® |n) (A.19)
n=—oo
However, one might find such a vacuum formulation impractical for calculation purposes. Instead,
it was demonstrated in [14] that one can equivalently work with the usual vacuum state |0) if one
adds to the Lagrangian
. © ~

ﬁ@ = ZWTI‘FMVF#V (AQO)
This is known as the topological term or the CP-violating term. The reason for the first name
should be clear from this discussion. The second name arises because, while the term conserves
charge conjugation symmetry C, it violates parity P and hence CP-symmetry.

Returning to Minkowski spacetime, we lose the i coefficient and are left with

©® -
L‘,@ = WTI‘FP‘DFMV (A21)
One might additionally worry that our definition of the instanton number might also change because
Minkowski and Euclidean space have different metrics. However, note that when we write F},, F*",
the indices on the dual field strength are “raised” not by the metric, but by the Levi-Civita tensor,
and by convention 6R/}i2n3kowski = eéii?fidcan =1

We can then add this term to our (Minkowski) Yang-Mills-Higgs Lagrangian, as we did in (1.47).
As the integrand is a total derivative, its contribution to the path integral is zero when the gauge
field is not in an instantonic configuration, i.e. its magnitude falls off sufficiently rapidly as it
approaches infinity and thus contributes no boundary terms to the action integral. However, it
will be non-zero when A, is in an instantonic configuration, and will contribute €'9% to the path
integral.

A.2 Monopoles and Dyons

In QCD, the confinement of quarks via the strong force is believed by gauge theorists to arise
as follows. Between pairs of static color charges (i.e. quarks) at large distances, a narrow tube
of chromoelectric flux forms with a constant string-like tension. The constant tension causes the
interaction energy of the two charges to grow linearly with distance, which in turn makes asymptotic
separation of the charges impossible (because it would require infinite energy). The question then
becomes, how does the chromoelectric flux become confined to narrow tubes; that is, what causes
the vacuum to repel chromoelectric fields? A similar phenomenon, with linearly increasing force
and field explusion occurs in the Meissner effect of superconductivity, where Bose condensation
of Bardeen-Cooper-Schrieffer electron pairs in the vacuum leads to a strong repulsion of magnetic
fields. It is believed [60] that color confinement in QCD is due to a Bose-like condensation of
magnetic monopoles, which would then lead to a strong repulsion of chromoelectric fields, a sort of
dual Meissner effect. Classical monopoles, defined as solutions to the field equations (first shown to
exist by 't Hooft [64] and Polyakov [51]), do not exist as physical objects in QCD, but do condense
in minimally supersymmetric extensions of QCD [56]. As such, they remain important objects of
study in the search for a genesis of the dual Meissner effect.
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A.2.1 A Discussion of Charges

We first discuss the restrictions on the magnetic charge of a monopole and on the electric charge of
a dyon (a magnetic monopole carrying electric charge). We loosely follow the exposition of [71];
for explicit proofs of the following statements, see [4].

In analogy with the electric field generated by an electric charge ¢, Dirac proposed the equation
describing the magnetic field generated by a magnetic monopole of magnetic charge g:

R gr
B =2 (A.22)

He then showed that quantum mechanics would remain consistent only if
qg =2mn, ne€’Z (A.23)

The above is known as the Dirac charge quantization condition, and it audaciously implies
that if there exists a single magnetic monopole anywhere in the universe, then all electric charges
must be quantized in units of 27/g (having set i = 1). A generalization of (A.23) to include the
possibility of dyons, proposed by Zwanziger and Schwinger, states, essentially following the same
reasoning as Dirac, that for two dyons of charges (g1, q1), (92, ¢2) quantum mechanics again only
remains consistent if

G192 — @291 = 27, n € Z (A.24)

Both (A.23) and (A.24) follow from the twin assumptions of conservation of angular momentum and
quantization of angular momentum. Using (A.24), one can show immediately that the difference
in electric charges of two dyons must be an integer multiple of the electron charge:

1 —q=en, neN (A.25)

that is, the difference is quantized, though the individual values remain arbitrary.

Nevertheless, if, in addition to the Dirac charge quantization condition, one further imposes CP
conservation, the permitted dyon electric charges become quantized. For example, given a dyon of
charge (27/e, q), CP invariance guarantees the existence of a dyon of charge (27 /e, —q); (A.24) is
then only satisfied if

g=ne or gq= <n + ;) (A.26)
for some integer n. However, in Nature CP symmetry is not conserved, and besides, as we have
seen in appendix A.1, the introduction of a CP-violating term into our field theory Lagrangian has
a certain utility. To address this possibility, in [71] Witten showed that, if the only source of CP
violation is a term (A.21) and if the electromagnetism of the theory arises as a result of spontaneous
symmetry breaking of a compact gauge group, the dyon electric charge condition becomes

Oe
g=ne— o, necN (A.27)
Remarkably, (A.27) implies that if © # 0, there will not exist anywhere in the universe an
electrically-neutral magnetic monopole. The proof of this statement is instructive and will be
of use in section 2.3. The result is general, but because of the central role played by SU(2) in this
thesis, we shall specialize this proof to that particular gauge group.

We define the operator N, which generates gauge transformations around the direction qg in field
space of our Higgs scalar field in the adjoint representation Ad, such that the gauge parameter is
|¢|/a. Let ¥ be any vector in this space and let a be the vacuum expectation value of ¢. Then,
under N we have that ¢ and ffﬂ transform as

-

¢xv, A, = ED,@ (A.28)
a

0 =

SH R
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As an operator statement, e2™*N = 1, since a rotation of 27 around gf; is equivalent to no rotation
at all*. Technically, e>™N only generates a 27 rotation when |¢| = a, i.e. at spatial infinity;
however, for gauge-invariant physical states, the action of a gauge transformation only depends on
the behavior of the transformation at infinity [71], and since this transformation equals the identity
at spatial infinity, the physical states will be left invariant.

Using Noether’s theorem, we can compute N:

N:/d3x< oL C0A; + Mq-ad}’)
500 A; Ao

900
) 1 S} ~ 1 -
= [d3 —(-=F, F* + —F, F" ). .=D;
/ xaaoAi< 2t T ) o Di?

1 1 - = © 1 - /1 -
- / dg.T *Di¢ . F()i + 26 /de *Diqb . (Giijjk> (A29)
ea e Tea e

8 2
_l/d?@ia((; ﬁ')+%/d3xi6- ¢ lﬁ
e ea 0i 872 ea 2€”k gk

1 Oe
- —M
eQ + 872

where in the first line we used that when v = d_;, 5gz_§ = év = 0, and in the penultimate line we used
the equations of motion. Thus we have that

eXp{27TiN} - exp{2m' (iQ + S;M> } =1 (A.30)

so that %Q + SGTEQM, as an operator, has integer eigenvalues. To obtain our earlier claim (A.27),
we use that for the ’t Hooft-Polyakov monopole M = 4Z (which is double the Dirac value (A.23)
because in this theory, as we shall see in section 2.3, we could have introduced particles in the fund
representation with the minimum-magnitude charge ), giving us immediately that the eigenvalues
q of Q are ¢ = ne — e® /2.

A.2.2 Appearance in Spontaneously Broken Gauge Theories

We consider monopoles in general Yang-Mills-Higgs systems and demonstrate that they can appear
in situations where the gauge symmetry is spontaneously broken. We have:

W, = T°W}!
D¢ = 0, + iW,6
G = W,y — 0, W, + i [W,, W, ]

X (A.31)
£=—15(G)" + [Dudl’ ~ V(9)

1 . 1 .
boo = 55 € + 55 BB + Doo' Dog + Di' Dig + V()

The Higgs potential is gauge-invariant V(g - ¢) = V(¢). For a general gauge group G, the Higgs
vacuum is defined by
V(¢) =0, Dup=0 (A.32)

where the first equation defines the vacuum manifold M = {¢ : V(¢) = 0} and the second tells
us that, because 0 = [D,,D,]|¢ = G, ¢, the field strength G, takes values in the invariant
subalgebra fh C g, where a basis of h generates the invariant subgroup H C G. We have seen that
V' is G-invariant, so that, in particular, if ¢ is a zero of V', then so is g - ¢g for any g € G. We

4In section 2.3 we will compare rotations in two different SU(2) representations, namely Ad and fund. Because
the Ad of SU(2) is equivalent to SO(3) and SU(2)/{+1, -1} = SO(3), a rotation of 27 does not always equal unity
and we will have to be more careful.
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further assume that all zeroes of V' are of the form g - ¢ for some g € G, that is, that the action of
G on M is transitive; although this has the effect of excluding the case of zeroes not forced on V
by any external symmetry, these would generally be excluded by quantum corrections anyway [16].
(This also excludes the possibility of internal non-gauge symmetry groups, but this case is beyond
our discussion.) Between this simplifying assumption and the nature of the invariant subgroup H,
we find that M is isomorphic to the right coset space G/H.

Considering our equation for the energy density 6y above, we see that finite-energy solutions to the
field equations must have the property that, sufficiently far from the core of the solution, the Higgs
field ¢ must return to the Higgs vacuum so that V(¢) = 0. Consider a two-dimensional surface ¥
surrounding the core such that at every point on X, ¢ has already taken some value in M. This
defines a map ¥ — M. Since ¥ is topologically S%, this map is characterized by its homotopy class
in mo(M) = mo(G/H); if, by making ¥ large enough, the core of the solution doesn’t cross the
surface of ¥ as it evolves in time (as would happen with a dissipative solution), this homotopy class
does not change and is a topological invariant. Further, there is a theorem [16] that states that
m2(G/H) is isomorphic to the kernel of the natural homomorphism embedding 71 (H) in m1(G).
This gives us information about the topological classes of solitons in our theory. For example,
let G = SU(2) and H = U(1): since m1(U(1)) = Z and m,(SU(2)) = {0}, we have that soliton
solutions can be labeled by the integers. (More generally, if G is simply connected, as is usually
the case, then m1(G) = {0} so that all of 7y (H) is in the kernel of the natural homomorphism and
thus mo(G/H) = m1(H).)

A.2.3 Quantization in the Presence of Fermions

In [37], R. Jackiw and C. Rebbi, through a lengthy calculation®, deduced the following: in the
presence of monopoles formed via spontaneous symmetry breaking of an SU(2) Yang-Mills-Higgs
theory, every Dirac fermion in the fundamental representation fund® of SU(2) has a single zero
mode, that is, a zero-energy solution to the Dirac equation”. We can then write the Dirac fermion
as

Y =ago+ ) (apwp+ + a,iwgf) (A.33)
p

Here, a,, resp. a; are fermionic annihilation, resp. creation operators of momentum p, ¥+
are positive-energy solutions to the Dirac equation, and ¥°_ are fermion-number conjugates of
negative-energy solutions. ag is the operator associated with the fermion-number self-conjugate
zero-energy solution 1y, and there is no requirement that it be either a creation or annihilation
operator. However, the anticommutation relations one imposes when quantizing i impose an
algebraic structure on ag:

{ao, a0} = {af,a} =0, {ap,a0} =1 (A34)
Following [34], we trade our (ag,a}) for a pair of self-conjugate operators (b}, b3) via
1 1
ap = — (b +ib?), af = — (b} — ib? A.35
0 V2 ( 0 0) 0= /5 ( 0 0) ( )

and using our relations (A.34) for (ao, af))
1 .
{a07a0} = 5 [{b(l)v bil)} - {bgv bg} + QZ{bév b(Z)}] =0

1
{af oo} = © [16h.05) + (83, 83)] =1

5Three years later, Jackiw’s student C. Callias determined [15] a much cleaner proof by developing a generaliza-
tion of the Atiyah-Singer index theorem to the case of non-compact spaces via the chiral anomaly (c.f. section 1.5).
Index theorems generally relate analytical data, such as the dimension of a space of solutions, to topological data,
which in our case is the magnetic charge of the monopole, and as such are much more natural tools for problems
involving solitons. For a brief non-technical introduction to how Callias’ index theorem was used, see [34].

6See appendix B.1 for notation.

"In section 1.5 we will need that every Dirac fermion in the adjoint representation Ad has two zero modes.

(A.36)
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we find that the {b}} obey o -
B0y =69, Q=12 (A.37)

This is precisely the Clifford algebra with two generators (c.f. (1.18)) and indicates that the quan-
tized zero modes carry a spinorial representation.® Generalizing to the case of Ny supersymmetric
hypermultiplets, we find Ny Dirac fermions (2N; Weyl fermions) in the fund of SU(2) and hence
Ny Dirac zero modes (2Ny Weyl zero modes) transforming in the 2N y-dimensional vector repre-
sentation of SO(2Ny) (see appendix B.3 for details on flavor symmetry enhancement). Through
a similar process as that which led us to (A.37), we end up with 2N operators b} furnishing a
22Ns/2 — 9Ns_dimensional representation of the Clifford algebra

(08,00} =69, i,j=1,..,2N; (A.38)

Thus, the quantized monopole ground state is in a spinor of SO(2Ny).

8String theorists will recognize this process as akin to that of quantization in the Ramond sector of superstring
theory.



B
Group Theory

The goal of this appendix is fourfold. First, we want to discuss the properties of the various matter
representations which appear in this thesis; in particular, we want to introduce the lesser-known
bifundamental representation, which can be used to construct superconformal quiver gauge theo-
ries. Second, we demonstrate how SU(2)* is embedded inside SO(8) and how the representation
of this subgroup changes as the representation of SO(8) changes. Third, we prove how the flavor
symmetry group of certain types of matter content can be enhanced, key to both E.Witten’s trial-
ity argument (section 2.3) and D. Gaiotto’s generalization of that argument (section 2.4). Lastly,
we demonstrate how the mass parameters associated with a flavor symmetry group change after
experiencing flavor symmetry enhancement, using an example of relevance to this thesis.

B.1 Group Representations

Let G denote an arbitrary closed subgroup of GL(n,C), and hence a Lie group; let g denote its Lie
algebra. Though eX € G for all X € g, it is not in general true that every g € G can be expressed
in such a fashion; however, under certain conditions this is possible. Let G denote the subgroup
of G generated by elements eX:

Go={eX X [k>1,X),.. X, €9} (B.1)

If G is connected, G, = G. Further, if G is simply-connected, then arbitrary g € G can be written
as g = eX for some X € g. In particular, for some basis X4 of g (which we call the generators
of G), one can write g = e™X” for some real parameters 74. (For proofs of these statements, see,
for example, [13].)

For the remainder of this discussion, set G = SU(N), the group of N x N unitary matrices with
unit determinant. Because SU(N) is simply connected, we can write its elements as g = ™% A,

and because it is unitary, we have
glg = ema XM emaX? (B.2)

Differentiating both sides with respect to some particular 74, say 74, and setting all 74 to zero,
we find

XTAgraX™ rax? 4 eraX ™ xAgrax? =0 = XxA-_x4 (B.3)

T7A=0 TA=0

and hence the generators of SU(N) are anti-hermitian. However, physicists prefer to work with
hermitian matrices, in no small part because of the utility of their properties in the context of
quantum mechanics, and so henceforth we shall use a basis {74} of hermitian matrices and write

85
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our group elements g as g = eimaT?, Additionally, because our matrices have det = 1, using the
identity det M = exp{Trln M} we find that for every generator X4,

1 =det (eiTZTZ) = exp [Z'TzTTXZ} — Tr X4 =0 (B.4)

That is, every generator is traceless.

More abstractly, the group SU(N) actually has nothing intrinsically to do with N x N unitary
matrices of determinant one; such matrices simply furnish an N-dimensional representation of
the group which acts on an N-dimensional vector space V' (which in our case happens to be N-
component vectors with, say, scalar fields for entries). It turns out that there are many possible
representations of the group SU(N). Generally, we say that a D(R)-dimensional representation R
of a group is generated by a set of D(R) x D(R) traceless, hermitian matrices whose basis {Tj5'}
obeys the following relationship:

(T8, 1% = if BT (B.5)

where fABC is are the real, antisymmetric structure constants of the theory. (one can show
they are representation-independent.) What one traditionally thinks of as the matrices comprising
the group SU(N) is what is called the fundamental representation fund, which has dimension
D(fund) = N.

Note that if the matrices {T'} are replaced by {—(7}')*}, where * denotes complex conjugation,
then the resulting set of matrices also obey the defining relationship (B.5). This representation is
called the complex conjugate representation R of the original representation R (that is, Tg‘ =

—(T,{‘)*), and in the case of the fundamental representation, its complex conjugate fund is called
the anti-fundamental representation antifund.

Representations fall into three classes, determined by their behavior under complex conjuga-
tion:

o If —(T3)* = T4, then R is a real representation.

e If R is not real but there exists a unitary transformation J such that —(73")* = J=1T¢'J and
JJ* =1, then R is a pseudoreal representation. (One should think of J as a complex
conjugation operator, like 7.)

e If it is neither real nor pseudoreal, then R is a complex representation.

For example, the fundamental representation of SU(2), whose generators are proportional to the
Pauli matrices 04, is pseudoreal, with J given by . An example of a real representation, which
works for any SU(N), is the adjoint representation Ad, the representation whose vector space
V is the Lie algebra su(N). In this representation, the components of the generators are furnished
by the structure constants themselves:

(Tha) e = —if 5 (B.6)

Its (representation) dimension equals the group dimension: D(Ad) = N? — 1.

We can define the index of a representation 7'(R) implicitly via:

Te(TRTF) = T(R)64 (B.7)
For instance, the index for fundamental or anti-fundamental SU(N) representations is % and for
adjoint SU(N) representations it is N [67].

We can also consider fields which carry two group indices, say ¢;;, where the indices i refer to
gauge group SU(Np) and the indices I refer to the gauge group SU(Nz2). Such a field is in a
direct product representation R = Ry ® Ry; in particular, if Ry ® Ry = antifund; ® funds, such
a field is in the bifundamental representation bifund. (We will have need of the bifundamental
representation of the gauge group SU(2); x SU(2)2 in section 2.4.) The corresponding generator
matrix is

(TRAI®R2)1‘I,]‘J = (Tré)ij(SIJ + ;5 (TE{‘Q)IJ (B.8)
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its dimension D(R; ® Ry) is clearly
D(R1 ® Ry) = D(Ry) - D(R2) (B.9)
and its index T(R; ® Ry) is

T(Ri @ Ra) = (Taygr, )it (TR ar, )i il

[(T8)i015 + 64 (Tay ) 1] [(TR))ji61 + 653 (T ) 11

= (T3)i(TR) 3011 + (TR i (T )11 + (T rr(Tr )is + 0Ty 15 (T, o1
=T(R1)D(Rz2) + D(R1)T(Rz2)

(B.10)

where we use that our generator matrices are traceless: (Tj');; = 0. We interpret this formula to
mean that the gauge group SU(N;) sees D(R2) copies of matter in the representation Ry, and that
SU(N)z sees D(Ry) copies of matter in the representation Ry. We will have need of the fact in
section 2.4.2 that the bifundamental representation of SU(2) has mdex 524+2-5=14+1=2,
such that, because T'(R1) = T'(R2) and D(R;) = D(R2), each gauge group sees an eﬁective index
of 1.

B.2 Derivations Relating to SO(8)

The goal of this section is study the SU(2)* subgroup of SO(8) and, in particular, to derive how
this subgroup is represented in each of the eight-dimensional representations of SO(8). Most of
this material is covered in [29]; what is not will be cited!.

B.2.1 Roots and Weights

We begin with a bit of Lie theory. The Cartan subalgebra t of a Lie algebra g is the largest subset
of mutually-commuting Hermitian algebraic elements; there may exist more than one, but they all
give equivalent results. For a given irreducible representation D, there will be a number of hermitian
generators H;, i = 1,...,m in the Cartan (called the Cartan generators) satisfying

H, =H!, [HyH;]=0 (B.11)
As these generators form a linear space, we can find a basis such that
Tl"(HzHJ) :kD(Sija i7j = L...,m (Bl?)

where kp is a constant that depends on both the representation and on the normalization of the
generators. The number of independent Cartan generators m is called the rank of the algebra.
The generators can be simultaneously diagonalized, after which the states of D can be written as
|, 2, D), where

The p; are called weights and are real because they are the eigenvalues of Hermitian operators.
Together they form p, the m-component weight vector.

Denote the states in the adjoint representation Ad corresponding to the generator X4 of g as ‘X A>.
Linear combinations of these states correspond to linear combinations of the generators:

a|X4) +8|XP) = |aX? + BXT) (B.14)

IThis material will be presented from the point of view of SU(2). The reader may be familiar with this material
from the vantage point of s((2, C); this is because in the finite-dimensional case, the representation theory of the two
are equivalent. This follows from su(2)¢ 2 sl(2, C), which leads to the fact that every irreducible finite dimensional
5[(2, C)-module is isomorphic to an SU(2) module.
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and a convenient scalar product on this space is
(XA XP) = A ITr(XATXP) (B.15)

where A here is the kp for D the adjoint representation. Thus, the action of a generator on a state

is
XAXP) = [X9) (X[ X4 XP)

= ’XC> (TA)CB
— _jfACB ‘Xc>
— [i4POXC) =[x, X))

(B.16)

The roots are the weights of the Ad representation. The states corresponding to the Cartan
generators have zero root vectors:

Hi[H;) = [[Hi,H;]) =0 (B.17)
It can be shown that the converse is also true. Note that Cartan states are orthonormal
(Hi |H;) = XY Tr(HIH;) = A~ Te(HiH;) = 6,5 (B.18)

The non-Cartan generator states E, in the Ad representation have non-zero root vectors a with
components a;

H; |Eoa) = oy [Eqa) (B.19)

implying
[Hi7 Ea] = OéiEa (B20)

One can prove that the non-zero roots uniquely identify the states, so we need no other additional
label like . The E,, cannot be Hermitian:

(Hi,Ea))' = [EL,H,] = — [Hi, EL] = —aE], (B.21)
However, we can take
El =E_, (B.22)

Thus, we have the freedom to choose a set of roots ®* such that only one of a, — is in ®*; we
call the set ®* the set of positive roots?. Elements of ®T which cannot be written as the sum
of two positive roots are called simple roots.

B.2.2 SO(2n)

We consider the simple Lie group G = SO(2n), where n € N. Its Lie algebra, so(2n), consists
of the set of 2n x 2n antisymmetric matrices with entries in ¢R. One choice of generators is the
following set of matrices:

[Mab];, = =1 (6a,500,k — Ob,50a,k) (B.23)

with a # b. One choice of Cartan subalgebra t C g is the set of n matrices
[Hmljp = =i (6j,2m—10k,2m — Ok,2m—105,2m) (B.24)

These the block-diagonal matrices consisting of (m — 1) 2 x 2 zero matrices and one copy of o2.
Since the eigenvectors of o2 are (1,44)" with corresponding eigenvalues 41, we find that the
eigenvalues of the H; are +1, so that the weights are given by

+el, +e?, +e3, +et (B.25)

Our roots, then, because they connect one weight subspace with another in all possible ways, are
+e’ £ e¥ for j # k. We establish a convention for positivity: a root is positive iff its first non-zero

2We must also impose the additional condition that o + 8 € ®* for all o, 8 € Phit such that a + 8 is a root.



B.2. DERIVATIONS RELATING TO SO(8) 89

component is positive, so that our positive roots are e’ 4 e*, and one can then show that a set of
simple roots is e/ — e/t for j =1,..n— 1 and e™ + "1, (In the case of the algebra Dy = SO(8),
which is what we’re ultimately concerned with, the two positive roots left excluded from the set of
simple roots can be constructed as

el re?=(e' —e?) +2(e® =)+ (3 —et) + (3 +e)

(B.26)
62+63 — (62 —63)+(e3 —64)+(€3—|—64)
and we find that our set of simple roots is complete.)
Given our positive roots a; € @, we define the weight vectors 1/ satisfying the equation
20t - Mj
T o = dij (B.27)

These are called the fundamental weights and it can be shown that the highest weight of any
representation takes the form

p=y L (B.28)
j=1

where the £; are non-negative integers. In particular, the m representations for which one of the
¢; is 1 and the rest are zero are called the fundamental representations (not to be confused
with fund) are are labeled D7. We will later be interested in the following fundamental weights for
SO(8):

pl =l

=
I

1 4
3 5(61 +e?+e* —et) (B.29)

=
I

1
4 5(61 +e2+ed+et)

B.2.3 Dynkin Diagrams, Extended [I-Systems, and Embeddings

The simple root systems of all simple Lie algebras satisfy the following three properties:
e as vectors, the roots are linearly independent
e if o, B are distinct simple roots, 2« - 3/a? is a non-positive integer

e the simple root system is indecomposable, i.e. cannot be split into two mutually-orthogonal
subsystems

A system of vectors satisfying these three properties is called a II-system and their relationships
are graphically depicted with a Dynkin diagram. For example, the Dynkin diagram for D,
displayed in figure B.1. The branching is due to the simple roots e — e™*! and e™ 4 e"*! sharing

Figure B.1: D,, Dynkin diagram

common factors.

A regular subalgebra R of a simple Lie algebra g is a subalgebra such that the roots of R are
a subset of the roots of g and the generators of the Cartan subalgebra are linear combinations of
the Cartan generators of g. A regular subalgebra is called maximal if the rank of R is the same
as the rank of g, in which case the Cartan subalgebras are identical.
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To find the semisimple maximal regular subalgebra, we can do the following. Add to the roots o/,
j=1,..,n, a lowest root a®. Because o’ is the lowest root, a® — a7 is not a root for any j, and

therefore ) _
200 - od 209 - o

(@) 7 (ad)?
are non-positive integers. Thus this system of vectors satisfies the requirements for a Il-system
except that there is one linear relation between the vectors. This is called an extended II-system
or extended Dynkin diagram. An extended II-system almost represents the data of a simple
Lie algebra in the following way: removing any vector from an extended Il-system leaves a set
of linearly independent vectors that are the simple roots of a regular, maximal subalgebra of the
original algebra (which might now be not indecomposable, hence semi-simple). There is a unique
extended II-system for any II-system, because given a Dynkin diagram, we can find the lowest root
explicitly. By way of example, the extended D,, Dynkin diagram is presented in figure B.2. Deleting

(B.30)

Figure B.2: Extended D,, Dynkin diagram

a circle from either end gives us back (topologically) D,,, so the only non-trivial deletion we can
perform is to remove a circle from the middle, leaving us Dy, X D,,_, that is, SO(2k) x SO(2n —2k).
In particular, if we start with D4, we find the maximal subalgebra

D4—>D2XD2%JA1XA1XA1XA1 (B31)
and hence the maximal subgroup
SU(2) x SU(2) x SU(2) x SU(2) (B.32)

This process is illustrated in figure B.3.

O O
D4 FExtended D4 A1 X Al X Al X Al
O O

Figure B.3: Determining the maximal D, subalgebra

B.2.4 The Action of Triality

Look again at the extended Dynkin diagram for SO(8) (that is, for Dy): here labeled with the
a a3
Figure B.4: Extended D4 Dynkin diagram with labeled simple roots

associated roots «;. If we remove the center node, we are left with 4 equivalent and disconnected
nodes, each of which must represent an SU(2). Their associated roots equal

ag=—e'—€%, ag=e' —€%, az=e€>—¢€t, as=¢e+¢et (B.33)

Note that they are mutually orthogonal. Now consider the (spinor) representation D3, with
weights

J
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(since the subtraction of any root flips two of the signs). There are 8 possible combinations of
n’s and e’s, corresponding to the four possibilities for just one root to be positive and the four
possibilities for just one root to be negative. They can be grouped into two sets. One,

1 - 1 . 1 . 1 .
5(61+62+e‘3—e4), 5(e1+€2763+e4)7 5(—61—62+63—e4), 5(7617627634“34)
(B.35)
contains elements orthogonal to both «a; and ay; thus these weights transform trivially (like sin-
glets) under the corresponding SU(2)’s. Additionally, these four weights transform like doublets
under the SU(2) associated with g and «a3. The second set,

%(61—62+63+e4), %(61762763764)7 %(—el+62+e3+e4), (—el+62—e3—e4)

(B.36)
contains elements orthogonal to both g and as; thus these weights transform trivially (like sin-
glets) under the corresponding SU(2)’s. Additionally, these four weights transform like doublets

under the SU(2) associated with oy and 4. Thus, one can say that, under the

SU(2)0 X SU(2)1 X SU(2)3 X SU(2>4 (B37)

DN | =

subgroup, the D3 representation transforms as
(20311323314)69 (10721713724) (B38)

where 2; is the two-dimensional fund representation of SU(2);, and 1 is its trivial representation.
Similarly, we can group the weights in the D! representation into two sets. The first,

+el,  +e? (B.39)

transforms trivially under the SU(2)’s associated with as and ay while transforming like doublets
under the SU(2)’s associated with ag and «;. For their complement,

+e3, et (B.40)
the opposite is true, and hence we see that D! representation transforms as
(2,2,1,1) @ (1,1,2,2) (B.41)
Finally, the fundamental weight of the D* representation is
pt = %(e1 +e?+ e et (B.42)
and the remainder of the weights satisfy

mie? /2, [[n=+1 (B.43)
J
The weights

(—e' — e+ % +et), %(_61_62_63_64)
(B.44)

transform trivially under the SU(2)’s associated with oy and a3 and as doublets under the SU(2)’s
associated with o and a4. For their complement,

DN | =

%(€1+62+63+€4), %(61+62—€3—64)7

1 1 1 1
5 (61—82+63—€4), B} (el —62—63—|—e4), 5(—61—1—62—634—64), 5(—61+€2+€3—64)
(B.45)
the opposite is true. Thus, the D* representation transforms as
(2.1,1,2) & (1,2,2,1) (B.46)

In section 2.4 we will drop the 1’s and write the above statements as
D' =(20®21) @ (23 ®24)
D® = (20 ©23) ® (21 ® 24) (B.47)
D* = (20 ®24) @ (21 ® 23)
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B.2.5 S-Duality and SO(8) Outer Automorphisms

There exists automorphisms of our Lie algebras, which graphically can be seen via exchange of
simple roots in the Dynkin Diagram. For instance, in the case of Dy, one can exchange ag <> ay;
this leads to an exchange of representations D® «+ D*. This is implemented via changing the
sign of e*; note that this leaves the set of weights of D! and D? intact. This is a rather simple
transformation, since it exchanges two real spinorial representations. More complex is the exchange
of representations D! and D?. One needs to change the simple roots a; < a3 while leaving the set
of weights of D? and D* intact; this can be accomplished via

1
e —>§(61+62+€3—64)

1
e —>§(61+62—€3+64)
1 (B.48)
e —>§( o2t ed+eh)

1
et — 5(—61 +e? el +et)

B.3 Flavor Symmetry Enhancement

N = 2 supersymmetry hypermultiplets transform in the R @ R representation of the gauge group

for some representation
R=EPr" (B.49)
i

consisting of irreducible representations r; with multiplicities n;. This structure then leads to the
conclusion that the global flavor symmetry is [[, U(n;); that is, that the various copies of r; can
essentially rotate amongst themselves. However, if r; is pseudoreal, then this symmetry can be
enhanced to SO(2n;), and if r; is real, then this symmetry can be enhanced to USp(2n;). In this
section, we shall prove these two statements. We follow a technique developed in [36], whereby
we rewrite the AV = 1 chiral multiplets as the vector (Q,JQ)T and show that the Lagrangian,
rewritten in this form, is invariant under the enhanced flavor symmetry group.

We start with (C.5), the N = 2 Lagrangian for the matter terms, and rewrite it in a more convenient
form by rescaling —2V' — V, swapping Q) <> Qf, and setting the mass parameter to zero. Then,
for the AV = 2 hypermultiplet Q* = (Q, Q*), the Lagrangian becomes

Lo = / 446 (QTeVQ + QTe—Vc}*) +2v2Re / 426 (Q%Q) (B.50)
We re-write the kinetic terms as

Q'e"Q+Q e VO =QTe"Q+QTe V' Q
=Q'e"Q+ Q" "V IQ

= (Qf.—iQlut) e (Z_j@

where we used the fact that the fund of SU(2) is pseudoreal so that, for the elements T" in the Lie
algebra su(2) which generate the fund of SU(2), we have J71TJ = —T* = —T'T (c.f. appendix B.1)
for some unitary map J. We do something similar for the Yukawa terms:
2072Q =Q'2'Q+Q"eQ
=-Q"J'®JQ+QT®Q

T AT (T e (01 Q
(Q QT )u @(1 o) (u@)

(B.51)

(B.52)
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where the final line follows from the unitarity of J.

Equation (B.51) is manifestly SU(2)-invariant, and thus SO(2)-invariant. To show that (B.52) is
SO(2)-invariant, we make a change of basis to QT = Q + JQ; (B.52) then becomes

T

- i [(Q+ +Q7) () (QT-QT)+(QF-Q7) (') (QF + Q*)} (B.53)

which is invariant under SO(2) transformations acting in the fundamental on this new basis.

For real representations, our map J instead satisfies J2 = 1. The only aspect of the argument which
changes is that the matrix in (B.52) becomes

0 1 01
(1 0>ﬁ<1 0) B.54)

Now (B.52) is manifestly USp(2)-invariant, since this matrix is the standard symplectic form.
Additionally, because every element of USp(2) = U(2) N Sp(2,C) is an element of U(2), equation
(B.51) is also manifestly USp(2)-invariant.

Both of the above statements generalize naturally to the case of Ny hypermultiplets in the same
gauge group representation. Of particular relevance to this thesis, four hypermultiplets in the fund
of SU(2), which manifestly exhibit only a U(4) flavor symmetry, actually exhibit an SO(8) flavor
symmetry because the fund of SU(2) is pseudoreal. Likewise, a hypermultiplet in the bifund of
SU(2), which is a real representation because it is the product of two pseudoreal representations,
exhibits USp(2) = SU(2) flavor symmetry.

B.4 Decomposition of Lie(SO(4))

In chapter 7 we will examine how to convert a U(2)-based function into one which is SU(2)-based.
In the previous section, we learned how, under certain conditions, physical systems exhibiting
manifest U(2) symmetry in fact are invariant under the much larger group SO(4). We also know
that SO(4) = SU(2) x SU(2). Hence, in chapter 7, we will be interested in understanding how
U(2) flavor symmetry parameters can be decomposed into two SU(2) flavor symmetry parameters
after flavor symmetry enhancement. We will demonstrate just how such a decomposition can be
accomplished in this section.

Recall from section B.2.2 that the generators of the Lie algebra of SO(2n) have the form
[Mab) 1, = =1 (6a,0b,k — Ob,j0a,k) (B.55)
We consider the case n = 2, where there are six independent generators. We relabel them as:
Ay = Moz, A= Mz, Az = M2 Bi1 = My, By =M, Bs= My (B.56)
The reader can check that these generators satisfy the following algebraic relationships:
[Ai,Aj] =ieijAr,  [Bi,Bj] = i€ Tr,  [Ti,B;] =i€;xBs (B.57)

Now we recombine our six generators. Define NfE = % (A; £ B;). The reader can verify that these
new generators satisfy

We recognize the first two relationships as being the defining Lie(SU(2)) relationship, and we
recognize that the third relationship expresses the fact that these two SU(2) Lie algebras do not
intersect. That is, we have demonstrated that

Lie(SO(4)) = Lie(SU(2)) @ Lie(SU(2)) (B.59)
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Let us now switch gears and discuss flavor symmetry. We typically associate mass parameters as
being eigenvalues of matrices in the Cartan subalgebra of our flavor symmetry group. For instance,
consider the mass term in our U(2) gauge group Lagrangian: 2?21 ,uiQiQi. We can rewrite this as
QMQ, where M = diag (1, p2) is our mass matrix and Q = (Q1,Q2) T, Q= (Ql, Qg) are vectors
composed of our N = 1 chiral matter multiplets. In analogy with the Yukawa term v2Q®Q, where
® is expressed in the Ad of our color symmetry group, we say that M takes values in the Ad of
our flavor symmetry group. In this thesis, we will be interested only in hermitian mass matrices,
which, because they are hermitian, can be diagonalized via flavor rotation, i.e. can be made to take
values in the Cartan subalgebra. So, let us pick a basis for the Cartan subalgebra of Lie(SO(4));
we choose {T3,Bs}. Hence, if we write our SO(4)-symmetric mass matrix as M = pu1 T3 + u2Bs,
we find that the eigenvalues in the Lie(SU(2)) & Lie(SU(2)) basis are u* = % (1 £ p2). These
two new eigenvalues are the mass parameters of our two enhanced SU(2) flavor symmetry groups.
We will have need of this identity in section 7.3.



C
Trifundamental Matter

A trifundamental matter representation trifund is a matter representation transforming in the fund
of the gauge group G; X G2 X (3, where the G; are themselves simple Lie groups. In this thesis,
we are concerned with the case G; = SU(2), i = 1,2,3. These were studied, albeit rarely and
implicitly, in the 20th century [66]; this changed with Gaiottos paper [28], where, as we demonstrate
in section 2.4, the use of trifundamentals became crucial to the study of the S-duality of N = 2
SYM theories. However, even in Gaiotto’s work, little was known (or at least explained) about
the trifund representation, only that four SUSY hypermultiplets are somehow involved. Crucially,
a Lagrangian description of trifundamental matter was left unknown, and thus the appropriate
component functions for the Nekrasov partition function could not be derived. In this appendix,
we relate the contemporary understanding of these matter representations, as described by the
work of L. Hollands, C. Keller, and J. Song in [36].

C.1 A New Symmetry Representation

The N = 2 supersymmetry hypermultiplet is a real representation of the A’ = 2 SUSY algebra.
As we saw in section 1.3.1, it is composed of two N = 1 chiral multiplets Q and QT, which we will
now call SUSY half-hypermultiplets. Unlike their complements in the A" = 2 vector multiplet,
SUSY half-hypermultipets contain a CPT-complete distribution of helicities. However, SUSY half-
hypermultipets are not themselves real representations of the N = 2 SUSY algebra; indeed, using
(1.18) and the techniques of section A.2.3, we see that they furnish a representation of the Clifford
algebra C'Ly o, whose four-dimensional representation, under which the SUSY half-hypermultipet
transforms, is pseudoreal. Thus, the generic SUSY half-hypermultipet is not CPT-invariant, as
was forewarned at the end of section 1.3.1.

Apart from joining together two SUSY half-hypermultiplets into a full SUSY hypermultiplet, it
would appear that there is no way to create a CPT-invariant A/ = 2 multiplet from a SUSY half-
hypermultiplet. However, if the multiplet were to transform under a real representation of the
product of the all of the theory’s symmetries: the SUSY algebra, the gauge group, and the flavor
symmetry groups, and contain a CPT-complete set of helicities, then it would be CPT-invariant
[36]. So, for instance, because the fund of SU(2) is pseudoreal, the fund of a product of three
SU(2)’s is also pseudoreal, and thus a SUSY half-hypermultiplet which transforms in the fund of
SU(2)? (and with no flavor symmetries) could well be CPT-invariant. The half-hypermuliplet in
the trifund of SU(2) would then carry three indices A, B,C = 1,2 so that we would need 23 = 8
SUSY half-hypermultiplets, or 4 full SUSY hypermultiplets, to carry the representation. This is
in agreement with Gaiotto’s conclusions (c.f. section 2.4.3). The only remaining check to perform
is to ascertain whether this object suffers from the Witten anomaly [72].

The statement of the Witten anomaly is the following. Consider the subgroup of all SU(2) gauge
transformations U(z) in Euclidean space such that U(z) — 1 as |x| — oo Since, from the point
of view of gauge transformations, all points at infinity are identified, we can consider instead
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U(z) defined on the one-point compactification of R*, namely S*, so that U(z) defines a map
S* — SU(2) = S3. We then note that m4(S®) = Za (c.f. appendix A.1 for an introduction to
homotopy groups), and thus deduce that there exists a U(z) which wraps around SU(2) in such a
way as to not be continuously deformable to the identity. This allows us to define for every gauge
field A, a field

AT =U"1A,U —iU'0,U (C.1)

which gives the same contribution to the Yang-Mills path integral

Z= /DAexp{ - %gQ/d‘*z F,WF“”} (C.2)

as A,. Now, when a Weyl fermion SU(2) doublet is introduced to the theory, the new path integral
becomes (after integrating out the fermions)

Z = /DA (det up)% exp{ — 4% /d% FWFW} (C.3)
g

where det i]) is, formally, the infinite product of all the eigenvalues of the Hermitian operator i) =

1
iv*D,,. Witten showed [72] that (deti/p)? is invariant under infinitesimal gauge transformations
(those continously deformable to the identity) but is odd under topologically non-trivial gauge
transformations like U(x). Hence,

(detilp(A,))? = — (detiPp(AV))? (C.4)

causing the equal actions of A, and Ag to cancel one another in the path integral, so that Z = 0.
Worse still, the path integral Zx with any gauge-invariant operator X inserted also vanishes, so
that correlation functions (X) = Zx/Z = 0/0 are undefined. The same reasoning holds true
for any theory with an odd number of Weyl fermion SU(2) doublets. Thus such theories are
mathematically inconsistent - anomalous - and they do not exist. However, as we shall see, from
the perspective of any of the three SU(2)’s under which our trifundamental matter transforms,
there are four Weyl fermion doublets, and so our half-hypermultiplet theory both exists and is
CPT-invariant.

C.2 Lagrangian Description

Let us determine the Lagrangian contributions coming from a trifundamental term. The easiest
way to do this is by starting with what we know to be true for full SUSY hypermultiplets, namely
(c.f. (1.57))

L= /d49 (QTe*WQ + Qew@) + ﬁ/ d%20 Q®Q + h.c. (C.5)

and then impose a constraint which leaves us with only one hypermultiplet. To determine this
constraint, let us recall that an N' = 2 hypermultiplet consists of an N' = 1 chiral multiplet Q which
transforms in the representation R of the gauge group and of an N' = 1 anti-chiral multiplet Q
which transforms in the complex conjugate representation R. From the discussion in the previous
section, we are interested in representations R which are pseudoreal, and hence (c.f. appendix B.1)
we have at our disposal an anti-linear involution J such that for T" a generator of the representation
R,J71TJ) = —(T)* = =TT (where the final equality follows from the hermiticity of T), and JJ* = 1.
To impose our constraint, we need a map 7 which relates Q to Q and vice versa. This map must
be anti-linear, because it relates two complex-conjugate representations, and it must involve J, to
ensure that the representation is preserved. We construct a full SUSY hypermultiplet Q* from Q,
Q via ~

Q'=Q @=¢ (C.6)

Q'Y (@
| (Q) i} (Q) 0

define an inversion map | as
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and define our anti-linear involution 7 via

Q' = 7(Q") = (o) (Q")

*

(C.8)

We can show that 72 = 1:

(@) Q) 0\ 1o\ (1@ _ (@
T (Q*) =(roJol) (Q > =Jol) <JQ*> =(Jol) <J*Q ) = (JJ*Q*) = (Q") (C.9)

Hence, we can describe a half-hypermultiplet as a hypermultiplet which is an eigenvector of 7 with
eigenvector £1. The reader can verify that such a hyper is given by (Q, £JQ*).

Now to find our Lagrangian. As we did in appendix B.3, we start with (C.5) and rewrite it in a
more convenient form by rescaling —2V — V, swapping @ « QT, and setting the mass parameter
to zero. Then, inserting our hypermultiplet Q" = (Q, Q*), we have

Lo = /d49 (QTeVQ n QTe*VQ*) n 2\@%/(129 (QT(DQ) (C.10)

Since our constraint states that Q* = +JQ*, we have that Q = +J*Q, and inserting this constraint
into (C.10) we find the Lagrangian for a single half-hypermultiplet:

Lhatt = /d40 (QTeQ + (£J°Q) eV (£J°Q)Y) +2\/§me/d29(iJ*Q)T¢>Q
- /d49 (QTeYQ +QTJe™VIQY) izx/ﬁiﬁe/d% Q'JeQ
= /d“@ (QTeVQ+ QI e VIQY) 12\@%/&9 QT oQ (C.11)
= /d40 (Qfe"Q+Q"e" Q") j:2\/§D%e/d29QTJ‘1<I>Q
= /d49 QeVQ + \/Eme/d% QI eQ

where we used that J is unitary and that J™17J = —T'T for T € su(2)?, and in the last line rescaled
Q — %Q. Writing this out with color indices explicit, we find:

Litund :/d49 (Q*ABCE(VUAA, QA/BC + Q*ABCE(Vz)BB, QAB’C + Q*ABCE(Vg)CC, QABC/>:|:
i\/ime/dze(eBB/eCC'QABC@AA’QA,B,C, 1+ M CC QL ®BB Qg+

AA' BB’ cc’
+ e e Qapc® QA’B’C’)

(C.12)
where we have introduced the notation Q to distinguish our half-hypermultiplet and the color
indices A, B,C = 1,2 which allow us to keep track of gauge transformations under SU(2); x

We now perform a consistency check. First, we Higgs one of the gauge symmetries of the trifund
half-hypermultiplet to show that we end up with the Lagrangian description of bifund matter; this
has the side benefit of reassuring ourselves that the bifund of SU(2) has, in fact, SU(2) flavor
symmetry once the mass terms are turned off, as was predicted in appendix B.3. We then Higgs
one of the remaining gauge SU(2)’s to find that we are left with the Lagrangian description of two
fund matter representations whose enhanced flavor symmetry is SO(4), again in agreement with
appendix B.3. Higgsing the remaining gauge symmetry, we find we have a Lagrangian description
of Gaiotto’s 7o 3 theory.
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We check only the Yukawa terms; the check of the kinetic terms is left as an exercise for the reader.
Starting with the trifundamental superpotential Yukawa term:

BB’ _cc’ AA’
WYukawa =€ € QABC(I)l QA’B'C’+

4 A QABC’CszB/ Qaprcr + AN BB QABC(I)gC, Quper (C13)

we Higgs the first gauge group by setting (<I>1)AA/ =my (Jg)AA,. We then have
Wrkawa = m1 (03)" 4 Q4P Qarprcr —eC Q4 p 8P Qapicr— PP QA0 Quprer (C.14)
where we have used that €24’ Qupc = —eA4Qupc = fQABC (c.f. the conventions in (1.1),

(1.1)). This is clearly not manifestly the Yukawa term for bifundamental matter, as there are three
gauge group indices. However, we can define

?BC = Qipc = —p¢ (C.15)
Opc = Qapc = Q'pe
and then re-write (C.14) as
Wrkawa = 2m1 Q% Qpicr — 2699 Qpe®FP Qpior — 2688 Qpe®§ Qpicr (C.16)
again using J~'TJ = —T 7. Now the Yukawa terms are manifestly those of a bifundamental

(the minus signs disappear once the indices in the Levi-Civita tensor are correctly oriented for
contraction) whose flavor symmetry, once the symmetry-breaking mass parameter is set to zero, is
SU(2). Continuing, we set (CI)Q)BB, =my (0'3)BB/ and write

Qe = ke (C.17)
Qe = Qko

so that the Yukawa terms become

W= <m1 (03)%; & 4+ mo 0% (U3)lk) QMCY e + efgeklQ(f)(k)cfbgcc/g(g)(l)c, (C.18)

once having identified Q@ = Q(y—1), 0= Q(y=2)- This superpotential describes two hypermultiplets
in the fund of SU(2), and once the masses are turned off, the resultant flavor symmetry is SU(2) x
SU(2) = SO(4). Higgsing the remaining gauge group, we get

W = (ml (03)7 ; 8 6"y + M2 67 (03)"), 67, + my 69, 8 (03)"m) QKM o (C.19)

This, finally, is the Yukawa term for Gaiotto’s trifundamental building block 73 ¢. Since mass terms
always appear in the adjoint representation of the flavor symmetry group, and because when the
mass terms are diagonalized they appear in the Cartan subalgebra of the adjoint representation,
the appearance of o3’s, the Cartan elements of hermitian formulations of su(2) indicates that Tz o
has flavor symmetry SU(2)? and mass parameters +m; 4 mq 4 ms.



D

Parameterizations

In this appendix, we examine the use of different parameterizations in CFT, with the end goal of
understanding the differing parameterizations used between the AGT paper [3] and the various
papers written to understand/expand it [41] [40] [42] [1] (including our calculations in section 7.5).
Most of this material is developed from the appendix to [43], though considerations are restricted
to the case of one bosonic field.

D.1 The Propagator

One can choose the normalization of the free field in the action S. Equivalently, we can choose the
coefficient in the propagator; call this parameter xo. This leads to an OPE for the derivatives of

the holomorphic fields
1
09(2)0p(w) = kg ——5 + -+ (D.1)

(z —w)?
where the dots stand for less-singular terms. This, in turn, leads to the following formulas, which
we shall need later:

(06(:)0(w)) = r2——
(%0(2)6(w)) = —wor—y +
. (D.2)
(0¢(2)0(w)) = "fzm +
(0%6(:)0°0(w) = —ra 7 +

D.2 The Stress Tensor

If we define the stress tensor 7' in the usual way (as a generator of conformal transformations), we
are led to the following normalization for the OPE of T" with a local field V:

1 0

V(w)+ - (D.3)

If we set the background charge @) to zero, then ko appears in the stress tensor as

1
_QKQ

T(z) (06(2))” (D.4)
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If instead we turn on our background charge, we have the additional freedom to choose the nor-
malization of our stress tensor deformation term 9%¢(z) (c.f. section 5.34); summing the two

contributions, we have
1
T(2) = 5, (06(2))" + mQO*6(2) (D.5)
We now have enough information to calculate the central charge of our theory in terms of the

parameters K1, k2, Q. With the definition (D.3) of T, we have

T(2)T(w) = E C_/i}y; + (fT_(Zgz + aTZ(w) S (D.6)

so we can pick off our central charge ¢ by calculating the O ((z — w)74> term of the expan-

TET(w) = (5 (00D + 11Q00(2) ) (51 @0(w))” + 1@ (w) )

- (12 -2(09(2)0¢(w))* + (#1Q)* <32¢(2)62¢(w)>) T

4Ili2 (D.7)
= (H%H% + KJ%QQ (—6%32)) (z — w)_4 + .-
(1 —12kTR2Q%)/2
B (z —w)* +

Thus we have
c=1-12k7K2Q? (D.8)

D.3 Primary Fields

We also have a normalization freedom with regards to the coefficient in front of ¢(z) in our primary
fields. Write our primary as
Va(z) =: e390G) (D.9)

We now have enough information to determine the conformal dimensions of our primaries in terms
of our parameters k1, k2, @, \. From the OPE between our stress tensor and primary field,

A, 1

T(2)Va(w) = G w)? Va(w) + o wL,lVa(w) +- (D.10)
we can calculate
1 2 9 1/« j
TEValw) = (5 06 +m@62)) [ 3 4 (Gotw)
j=07"

| —
~~
> 2
~—
w
[N}
S
PSS
Ny
=N
g
o
BN
&
+
N———

(0 +0+ % (%)2 2(06(:)8(w)” + ¢

:E

e <0 +(5) @) + 5 (5) -2 @0000) ofuw) + - ) o

[ ) (o) ) (225 (S oo ) -

§=0
(i; ca(a— ;)\mQ)> - _1w)

QVa(w) E
(D.11)

and thus we have ( 1)
Ro ol — K1
Ay = SU R E— (D.12)
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D.4 Summary

We can summarize the differences in parameterizations between the papers with the following
table:

K2 kK1Q | A Central Charge | Primary | Primary Dimension

-1/2 | Q |1/2 1+ 6Q? s e209(2) a(Q — a)
2 602 . adb(z) . a(Q-a)
21 Q2|1 14 o2& : e2?(2) o

Note that in this thesis’ discussion of Liouville CFT and the AGT conjecture, the first, cleaner
parameterization is used. In the calculations proving the AGT subcase 74, the second parame-
terization is used.
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