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Abstract

The AdS/CFT correspondence is a powerful tool that can help shed light on the relationship
between geometry and field theory.

The first part of this thesis will focus on the construction of theories dual to Type 11B
string theory on AdSs x Y, where Y is a toric Sasaki-Einstein manifold. This thesis
will introduce a consistency condition called “proper ordering” and demonstrate that it is
equivalent to several other previously known consistency conditions. It will then give an
efficient algorithm that produces a consistent field theory for any toric Sasaki-Einstein Y.

The second part of this thesis will examine the large-N limit of the Kapustin-Willett-
Yaakov matrix model. This model computes the S3 partition function for a CFT dual
to M-theory on AdS; x Y7. One of the main results will be a formula that relates the
distribution of eigenvalues in the matrix model to the distribution of holomorphic operators

on the cone over Y7. A variety of examples are given to support this formula.
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Chapter 1

Introduction

The figures in this chapter originally appeared in refs. [1,2], written in collaboration with

Christopher Herzog and Silviu Pufu.

1.1 AdS/CFT in string theory and M-theory

The AdS/CFT correspondence [3-5] is a conjectured duality that can help us to understand
the connections between geometry and field theory. It is an example of the holographic
principle, which proposes that in a quantum theory of gravity, all of the information about
a particular region is encoded in the boundary of that region. The original motivation for
the holographic principle is the observation that the entropy of a black hole is proportional
to its surface area rather than its volume. AdS/CFT uses string theory to give specific
examples of a gravity theory in an n + 1-dimensional negatively curved spacetime, and a
field theory on the n-dimensional boundary of the spacetime that is believed to be equivalent
to the gravity theory. In addition to string theory, AdS/CFT has found some applications
in the physics of superconductors and heavy ion collisions.

The AdS/CFT correspondence is so named because the original examples of the duality
were between n-dimensional conformal field theories (CFT) and n + 1-dimensional gravity
theories on anti de Sitter space (AdS). A conformal field theory is a field theory that is
invariant under the conformal group, i. e. the group of symmetries of n-dimensional space-

time that preserve angles but not necessarily lengths. Anti de sitter space is a homogeneous,



isotropic negatively curved spacetime. The group of isometries of (n + 1)-dimensional AdS
space (AdSy,+1) is the same as the group of conformal transformations of n-dimensional
Minkowski space.

The most commonly studied objects in string theory are strings and D-branes. Excita-
tions of a closed loop of string give rise to gravity, among other fields. Strings ending on
a D-brane give rise to gauge fields on the D-brane. Consider Type IIB string theory on
10-dimensional Minkowski space. Suppose that we add a stack of N D3-branes. The field
theory on the branes will be an SU(N) gauge theory with ' = 4 supersymmetry. This the-
ory is conformal. The D3-branes have mass and charge, so they will warp the surrounding
spacetime. For N large, the geometry of spacetime approaches AdSs x S°, where S° is the
five-sphere. Additionally, when N is large, quantum effects in the AdSs x S5 theory become
small, allowing us to treat the theory classically. This is the original example of AdS/CFT.

Chapter 2 of this thesis will explore some related constructions. Rather than starting
with 10-dimensional Minkowski space, we will start with R*! x CY?3, where CY? is a
Calabi-Yau manifold with a singularity. When we place N D3-branes at the singularity,
the geometry becomes AdSs x Y?°, where Y is a Sasaki-Einstein manifold. (That Y® is
Sasaki-Einstein essentially just means that AdSs x Y preserves some supersymmetry.)

Chapters 3-4 will focus on a similar construction in M-theory. We start with M-theory
on R*! x CY*?, and we can place N M2-branes at a singularity of CY*. For N large, the
geometry becomes AdS,; x Y7, where Y7 is Sasaki-Einstein.

Most of the CFTs that we study will be quiver gauge theories. A quiver gauge theory
is a 3— or 4—dimensional supersymmetric field theory consisting of gauge fields and mat-
ter fields in fundamental, antifundamental, or bifundamental representations of the gauge
groups. Many configurations in string theory and M-theory have low energy limits that
are described by quiver gauge theories. In this thesis, we will only consider quivers with
at least four supercharges; this ensures the existence of a U(1)r symmetry. We will also
avoid fundamental and antifundamental representations in four dimensions; these would
correspond to adding D7-branes to the Type IIB constructions. A Chern-Simons coupling
for the gauge fields is possible in three dimensions, but not in four dimensions. Figure 1.1

gives an example of a quiver gauge theory.
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Figure 1.1: This quiver has three unitary gauge fields By, Ba, B3 (depicted by black dots),
and nine matter fields Asz;;, A2, Agg; for i € {1,2,3} (depicted by arrows). The field
Ay, transforms in the fundamental of the gauge group B, and the antifundamental of the
gauge group B,,. Although it is not obvious from the diagram, there is a superpotential
EijkA31’1A12,jA237k. In three dimensions, we can add Chern-Simons terms %Bi AdB; to the
Lagrangian.

1.2 Dimer models and D3-branes

Chapter 2 will investigate the problem of constructing a quiver gauge theory dual to Type
IIB string theory on AdSs x Y for a given Y. It appears to be prohibitively difficult to
perform the construction for an arbitary Sasaki-Einstein manifold Y, so we will focus on
the case where Y is toric. A 2n — 1 dimensional Sasakian manifold is said to be toric if it
possesses a U(1)™ isometry group. This is the largest possible abelian isometry group for a
Sasakian manifold. When Y® is toric, we can use a diagram called a dimer model [6-12] or
brane tiling to describe the quiver gauge theory.

Not all dimer models describe Type IIB string theory on AdSs x Y. If a dimer defines
a field theory that does not describe any Y, then we call it inconsistent. There have been
several previously proposed criteria for determining that a dimer is inconsistent. If a field
theory is to describe some Y, then for N = 1, the Higgs branch of the moduli space should
be isomorphic to the cone over Y°. Once we have found the Y® that might be dual to
the CFT, there are some tests that we can perform. AdS/CFT tells us that the number
of gauge groups in the field theory should be equal to the number of even-dimensional
cycles of Y [13]. So we can reject any dimer that has the wrong number of gauge groups.
Some other indications of inconsistency are the existence of operators with R-charge less

than % [10, 14, 15], cubic anomalies in the CFT not matching Chern-Simons coefficients in
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Figure 1.2: A necklace quiver gauge theory. Necklace quivers will be studied in chapters
3—4. The gauge sector consists of d U(N) gauge groups with Chern-Simons coefficients k.
The matter content consists of the bifundamental fields A, and B,, as well as n, pairs of
fundamentals and anti-fundamentals transforming under the ath gauge group.

AdS [5,16], duplicate “corner perfect matchings” [10], and incorrect winding numbers of
“zigzag paths” [10].

However, it was not clear whether there could be inconsistent dimers that these criteria
fail to recognize. This thesis will propose a criterion called “proper ordering” and present
evidence that a dimer is consistent iff it is properly ordered. It will show that proper
ordering is equivalent to the criterion on the number of gauge groups, and is at least as
strong as the criteria for R-charges, cubic anomalies, corner perfect matchings, and zigzag
paths.

Given a toric Y?, we would like to know how to construct a dimer model for Y.
Previous attempts at an algorithm [10-12] suffered from being computationally inefficient,
not being proven to produce a construction, and not being proven to produce only consistent
constructions. This thesis will present an efficient algorithm that produces a properly

ordered dimer for any toric Y°.



1.3 Matrix models for M2-branes

Chapters 3—4 will use the matrix model of Kapustin, Willett, and Yaakov [17] to study
various field theories dual to M-theory on AdSyxY”. The matrix model uses the localization
procedure of Pestun [18] to compute the partition function Zgs of the field theory on S3.
One reason for studying the matrix model is that it can help us understand nonperturbative
dualities in three-dimensional field theories. In four dimensions, anomalies can be used to
test nonperturbative dualities. In three dimensions, these anomalies do not exist. We would
like to use the free energy F' = In|Zgs| as a replacement for the Weyl anomaly coefficient
a. Along renormalization group flows, both a and F' decrease monotonically [19-23]. In
four dimensions, one can compute the exact infrared R-symmetry by maximizing a with
respect to a set of trial R-charges [24]. In three dimensions, we can likewise find the infrared
R-symmetry by maximizing F' [25, 26].

Ref. [27] determined the large-N limit of the matrix model for certain quivers called
“necklace quivers”. These quivers have A’ = 3 supersymmetry. Figure 1.2 shows an example
of a necklace quiver. For such quivers, they find that the saddle point approximation
successfully determines the free energy to leading order. This thesis will use the matrix
model to test S-duality and Seiberg-like duality in necklace quivers. It will also analyze
the large-N matrix model for several other theories, including some that have just N' = 2
supersymmetry.

This thesis will also propose a relationship between the eigenvalues of the large- N matrix
model and the density of chiral operators in the field theory. In the theories that we will
consider, the saddle point eigenvalues of the matrix model can be described by the functions
p(x) and y4(z). The function p(z) gives the density of eigenvalues with real part N1/2z;
it is the same for each gauge group. The function y,(z) gives the imaginary parts of the
eigenvalues with real part N'/2z. Each gauge group has a different Ya(z). In the theory

described by figure 1.2, for example, the free energy functional is given by [27]

d

d
Flp,8y.] = nN*? / pla)dz [(Z n) 2]+ 223" udya(@) + p@) 3 F a1 (@) — val@))| |
a a=1 a=1
(1.1)
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where f is a periodic function of period one that satisfies f(z) = 7 — 2?2 for -1 <2 <

DN~
N[

We can determine p, y,(x), and the free energy by extremizing this functional.

All Sasaki-Einstein Y7 have a U(1)g symmetry, and those that can be described by
quiver gauge theories have an additional magnetic U(1). Let ¢(r,m) be the number of
gauge invariant chiral primary operators with R-charge < r and magnetic charge < m. If
X is a chiral operator that is charged only under the center of the gauge group, then let
¥x (r,m) count gauge invariant chiral operators modulo the relation X = 0. For large r, the
functions 1 and 1 x can be approximated by homogeneous, piecewise polynomial funtions.
When we write ¢ and ¢y, we will sometimes refer to these approximations. The proposed

relationship between matrix eigenvalues and operator counts is

0% r
oOr2om v/ = ;p(x) ) (1.2)
Py r

orom,,_., = @@ R+ Xl (13)

where the g, are the gauge charges of X. These formulas are useful because the left-hand
side can be computed directly from the geometry without needing to know anything about
the field theory. In particular, for theories such as chiral theories where we are not yet
sure how to analyze the matrix model, we can formulate a guess as to what the eigenvalue

densities should be.

1.4 Issues and possible future directions

We can now construct a CFT dual to Type IIB string theory on AdSs x Y for toric Y, but
many Y? of interest are not toric. It would be nice to know if there are efficient methods
of constructing a field theory for more general Y.

A related problem is to construct a CFT dual to M-theory on AdSy x Y7 for arbitrary
Y7. Refs. [28-33] have made some progress on this problem. We will see some examples of
these field theories in chapters 3—4, although we will not address the problem of constructing
them. In general, this problem seems to be significantly more difficult than the problem of

constructing a CFT dual to Type IIB string theory on AdS5 x Y?.
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One weakness of our methods for analyzing the matrix model is that they appear not to
work for theories with chiral bifundamentals. It is still unknown whether the matrix model
gives the expected N3/2 scaling for the free energy in chiral theories. Our operator counting
formulas offer a prediction of the saddle point eigenvalues, but in the case that we examined,
we were not able to find a free energy functional that had the predicted eigenvalues as a
saddle point. One promising result for chiral theories is the derivation of Seiberg duality
invariance of the matrix model in [34].

Marifio and Putrov [35,36] have had success in analyzing the matrix model using the
methods of many-body quantum mechanics. They observed that the matrix model can
be expressed as the partition function for a one-dimensional Fermi gas. Furthermore, for
necklace quivers, the fermions do not interact with each other. They were able to find an
estimate for the free energy with an error that decreases exponentially in N. In addition to
the necklace quivers, they analyzed some non-chiral N” = 2 theories with long-range forces.
These theories are quiver theories but are not believed to be dual to M-theory on AdSj.
For these theories, they were able to find the free energy to leading order. It is not obvious
how to generalize their methods to other theories, however.

All of the quivers studied in this thesis have only unitary gauge groups, and these
groups all have equal ranks. Ref. [37] examines the matrix model for N' = 3 theories with
unitary groups of different ranks, and ref. [38] considers N/ = 3 theories with orthogonal
and symplectic gauge groups.

There are also many Y7 that are described by something more exotic than a quiver
gauge theory. We will analyze a few of these in chapters 3 and 4 for necklace quivers with
T(U(N)) couplings. (T'(U(N)) is a theory that can couple to two U(N) gauge groups. It
causes operators that are magnetically charged under one of the gauge groups to acquire
electric charge in the other gauge group. Essentially, it causes the two gauge groups to
become S-dual versions of each other.) However, there are many more possibilities that
we haven’t considered. As long as Y7 has a U(1)r x U(1) isometry and the field theory is
non-chiral, we expect that the operator counting formulas (1.2) and (1.3) will allow us to

determine the correct matrix model eigenvalues. For Y7 without a U(1)g x U(1), we do



not know of a Lagrangian description for the theory, and so it is not clear if it is possible
to write down a matrix model.

We would like to understand better why the matrix model works from a geometric
perspective. Extremizing a free energy functional such as (1.1) gives us equations of motion.
We can use (1.2) and (1.3) to replace p and y, with operator counts and thereby rewrite
the equations of motion as purely geometric statements on Y7, without any reference to the
matrix model. For example, if we take the equation of motion that we obtain by extremizing
(1.1) with respect to p and use (1.2) and (1.3) to replace the matrix model quantities with

operator densities, we get

ng;l)wgail) — 2/(/}(171) (14)

where A, and B, are bifundamental fields. It is not obvious why such a relation should
be true. It would be interesting to know if there is a nice geometric explanation for this
and similar relations. It would also be interesting to know if there is any deeper connection
between the A = 3 theories whose quivers are Dynkin diagrams and the corresponding Lie

groups.



Chapter 2

Properly ordered dimers,
R-charges, and an efficient inverse

algorithm

This chapter is an edited version of ref. [39].

2.1 Introduction

Given a Sasaki-Einstein manifold X5, it is generally difficult to construct a field theory that
describes Type IIB string theory on AdSs x Xs5. If the cone over X5 is toric, then the
problem becomes more manageable. In the toric case. dimer models [6-12] are a convenient
way of encoding the field content and superpotential of the CFT. One can try to compute
the geometry from the dimer or vice versa. There are algorithms for solving the former
problem by taking the determinant of the Kasteleyn matrix [6-12] and by counting the
windings of zigzag paths [10-12]. The latter problem can be solved by the “Fast Inverse
Algorithm” [10-12], although the algorithm is computationally infeasible for all but very
simple toric varieties due to the large amount of trial and error required. We resolve this
problem by eliminating the need for trial and error. Our algorithm uses some ideas from the

Fast Inverse Algorithm and the method of partial resolution of the toric singularity [40-43].
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One difficulty in constructing dimers is that not every dimer describes a consistent field
theory. One way of determining that a dimer is not consistent is by counting faces. Each
face represents a gauge group, and a consistent theory should have as many gauge groups
as there are cycles for Type IIB D-branes to wrap in the AdS theory. Previously there was
not a simple, easy to check criterion for determining that a dimer is consistent. We propose
that any dimer that has the correct number of faces and that has no nodes of valence one
is consistent. We will present several pieces of evidence to support our proposal.

If the dimer is consistent, then the cubic anomalies of the CFT should be equal to the
Chern-Simons coefficients of the AdS dual [5,16]. We show that equality holds in dimers
that meet our two criteria.

In a four-dimensional SCF'T the unitarity bound says that each gauge invariant scalar
operator should have dimension at least one [14], and the R-charge of a chiral primary
operator is two-thirds of its dimension [15]. However, when we try to compute the R-charge
of a gauge invariant chiral primary operator in an inconsistent dimer theory, the answer is
sometimes less than two-thirds. We will show that in dimers that meet our two criteria, the
R-charges of chiral primary operators are always at least two-thirds if the number of colors
is sufficiently large.

We also show that dimers that meet our two criteria have the properties that corner
perfect matchings are unique, and that the zigzag path windings agree with the (p, ¢)-legs
of the toric diagram.

While studying R-charges, we prove that 2781\7% <a< LQK for toric theories, where a
is the cubic 't Hooft anomaly 3%(3 Tr R? — Tr R), N is the number of colors of each gauge

group, and K is the area of the toric diagram (which is half the number of gauge groups).

2.2 Definitions

A dimer model [6-12] consists of a graph whose vertices are colored black or white, and
every edge connects a white vertex to a black vertex, i. e. the graph is bipartite. We will

use dimer models embedded on the torus 7 to describe toric quiver gauge theories.
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A perfect matching of the dimer is a set of edges of the dimer such that each vertex is
an endpoint of exactly one of the edges. The difference of two perfect matchings is the set
of edges that belong to exactly one of the matchings.

The Kasteleyn matrixz is a weighted adjacency matrix of the dimer. There is one row
for each white vertex and one column for each black vertex. Let v, and v, be a pair of
curves whose winding numbers generate the homology group H'(7?). The weight of an
edge is cw®z® where ¢ is an arbitrary nonzero complex number!, w and z are variables, a is
the number of times ~,, crosses the edge with the white edge endpoint on its left minus the
number of times ~,, crosses the edge with the white endpoint on its right and b is defined
similarly with ~,, replaced by .. The determinant of this matrix tells us the geometry of
the field configuration.

The Newton polygon of a multivariate polynomial is the convex hull of the set of expo-
nents of monomials appearing in the polynomial. The Newton polygon of the determinant
is known as the toric diagram. If we choose a different basis for computing the Kasteleyn
matrix, then the toric diagram changes by an affine transformation.

A (p, q)-leg of a toric diagram is a line segment drawn perpendicular to and proportional
in length to a segment joining consecutive boundary lattice points of the diagram.

A zigzag path is a path of the dimer on which edges alternate between being clockwise
adjacent around a vertex and being counterclockwise adjacent around a vertex. A zigzag
path is uniquely determined by a choice of an edge and whether to turn clockwise or
counterclockwise to find the next edge. Therefore each edge belongs to two zigzag paths.
(These paths could turn out to be the same, although it will turn out that we want to work
with models in which they are always different.)

In [10] it is conjectured that in a consistent field theory, the toric diagram can also be
computed by looking at the windings of the zigzag paths: they are in one-to-one correspon-

dence with the (p, ¢)-legs. The conjecture was proved using mirror symmetry in [11].

!The original definition of the Kasteleyn matrix imposes constraints on ¢ for the purpose of counting
perfect matchings [7—10]. However, these constraints are not necessary for determining the Newton polygon.
We follow the convention of [11], which points out that it is useful for the purposes of mirror symmetry to
allow arbitrary nonzero coefficients.

12



The unsigned crossing number of a pair of closed paths on the torus is the number of
times they intersect. The signed crossing number of a pair of oriented closed paths on the
torus is the number of times they intersect with a positive orientation (the tangent vector to
the second path is counterclockwise from the tangent to the first at the point of intersection)
minus the number of times they intersect with a negative orientation. It is a basic fact from
homology theory that the signed crossing number of a path with winding (a,b) and a path
with winding (¢, d) is (a,b) A (¢, d) = ad — be.

We will work with the zigzag path diagrams of [10] (referred to there as rhombus loop
diagrams). We obtain a zigzag path diagram from a dimer as follows. For each edge of
the dimer we draw a vertex of the zigzag path diagram at a point on that edge. To avoid
confusion between the vertices of this diagram and the vertices of the dimer we will call the
latter nodes. We connect two vertices of the zigzag path diagram if the dimer edges they
represent are consecutive along a zigzag path. (This is equivalent to them being consecutive
around a node and also to them being consecutive around a face.) We orient the edges of
the zigzag path diagram as follows. If the endpoints lie on dimer edges that meet at a white
(resp. black) node, then the edge should go counterclockwise (resp. clockwise) as seen from
that node. With this definition, each node of the dimer becomes a face of the zigzag path
diagram, with all edges oriented counterclockwise for a white node, or clockwise for a black
node. The other faces of the zigzag path diagram correspond to faces of the dimer, and
the orientations of their edges alternate. Figure 2.17 shows an example of a dimer and its
corresponding zigzag path diagram.

Conversely, we can obtain a dimer from a zigzag path diagram provided that the orien-
tations of the intersections alternate along each path. Around each vertex of such a zigzag
path diagram, there is one face with all counterclockwise oriented edges, one face with all
clockwise oriented edges, and two faces whose edge orientations alternate. Draw a white
node at each counterclockwise oriented face and a black node at each clockwise oriented

face, and connect nodes whose faces share a corner.

13



2.3 Consistency of dimer field theories

2.3.1 Ciriteria for consistency and inconsistency

One difficulty in dealing with dimer models is that not all of them produce valid field
theories. While there are a number of ways of determining that a dimer produces an invalid
field theory there has not yet been a simple criterion for showing that a dimer theory is
valid.

One way of proving that a dimer produces an invalid field theory is by counting the
number of faces of the dimer, i. e. the number of gauge groups. If the dimer theory is
consistent, then the number of gauge groups should equal the number of 0, 2, and 4-cycles
in the Calabi-Yau around which D3, D5, and D7-branes, respectively, can wrap [13]. The
Fuler characteristic of the Calabi-Yau is the number of even dimensional cycles minus the
number of odd dimensional cycles. There are no odd dimensional cycles, so the number of
gauge groups should be equal to the Euler characteristic. The Euler characteristic of a toric
variety equals twice the area of the toric diagram [44].

We propose that a dimer will produce a valid field theory if the dimer has no nodes
of valence one and it has a number of faces equal to twice the area of the lattice polygon
whose (p, ¢)-legs are the winding numbers of the zigzag paths. (Recall that this polygon is
the same as the Newton polygon of the determinant of the Kasteleyn matrix for consistent
theories.) In this section, we will show that dimers satisfying our two criteria also have the
properties that their cubic anomalies agree with the Chern-Simons coefficients of the AdS
dual, the R-charges of gauge invariant chiral primary operators are greater than or equal
to two-thirds, the windings of the zigzag paths are in one-to-one correspondence with the
(p, q)-legs of the toric diagram, and the corner perfect matchings are unique.

It will be convenient to introduce a property that we call “proper ordering”, which will
turn out to be equivalent to the property of having the correct number of faces and no
valence one nodes. We call a node of the dimer properly ordered if the order of the zigzag
paths around that node is the same as the circular order of the directions of their windings.

(We do not allow two zigzag paths with the same winding to intersect, nor do we allow

14



zigzag paths of winding zero, since these scenarios make the ordering ambiguous.) We call

a dimer properly ordered if each of its nodes is properly ordered.

Theorem 2.3.1. A connected dimer is properly ordered iff it has no valence one nodes and
it has a number of faces equal to twice the area of the convex polygon whose (p,q)-legs are

the winding numbers of the zigzag paths of the dimer.

Proof. A properly ordered dimer cannot have a valence one node, since such a node would
be the endpoint of an edge that is an intersection of a zigzag path with itself. Therefore
it suffices to prove that a dimer with no valence one nodes is properly ordered iff it has
a number of faces equal to twice the area of the convex polygon whose (p, q)-legs are the
winding numbers of the zigzag paths of the dimer.

Define the “winding excess” of a node v of the dimer as follows. Let wq, wq, ..., w,_1
be the winding numbers of the zigzag paths passing through v (in the order that the paths
appear around v). Start at wg and turn counterclockwise to wy, then counterclockwise to
wo, etc., and finally counterclockwise back to wy. Then the winding excess is defined as
the number of revolutions that we have made minus one. (In the special case where w;
and w; 1 are equal or one of them is zero, we count one-half of a revolution.) A node is
properly ordered iff it has winding excess zero and none of the w; are zero and no two
consecutive windings are equal. A node with a w; = 0 or w; = w;31 can have winding
excess zero only if it has exactly two edges (and hence two zigzag paths passing through
it). There must be some other node that is an endpoint of one of the edges where the two
zigzag paths intersect, and that has more than two edges (since the graph is connected).
This node cannot have winding excess zero. So all nodes are properly ordered iff all nodes
have winding excess zero. A node has negative winding excess iff it has just one edge, and
we have assumed that the dimer has no such nodes. Therefore the dimer is properly ordered
iff the sum of all of the winding excesses is zero.

If we choose a node and draw all of the wedges between the consecutive winding numbers,
then the winding excess is the number of wedges containing any given ray minus one. (We
can think of the special case of consecutive winding numbers being the same as the average

of a full wedge and an empty wedge, and the case of a zero winding number as the average
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of wedges of all angles.) Now consider the sum of the winding excess over all vertices. A
pair of oppositely oriented intersections between two zigzag paths forms two full wedges
and therefore contributes two to the sum. The sum of the contributions from unpaired
intersections can be computed as follows. Label the winding numbers wq, wy, ..., W,_1,
ordered by counterclockwise angle from some ray R. (A zigzag path with zero winding
number has no unpaired intersections, so it is not included.) Then for i < j the unpaired
wedges formed by w; and w; will contain R iff w; Aw; < 0. There are 2|w; A w;| unpaired
wedges (|w; A w;| unpaired crossings of the zigzag paths, and each appears in two vertices).
So the number of unpaired wedges formed by w; and w; containing R equals max(—2w; A
w;,0) = [w; Aw;|—w; Aw;. Since },_; |[w;Aw;| is the number of unpaired edges, it follows
that the number of wedges containing R is the number of paired edges plus the number of
unpaired edges minus ) ,_.w; Awj, or £ — > .- w; Awj, where E is the total number

1<J 1<J

of edges of the dimer. The sum of the winding excesses is E—V — 3, w; Aw; = F —
Yic Wi AW, where V and F' are the number of nodes and faces of the dimer, respectively.

We have >, w; Aw; =3 w; A, w;. If we lay the winding vectors tip-to-tail, then

i<j
Wi j>i Wj 1s twice the area of the triangle formed by the tail of wg and the tip and tail

of w;. Hence ) ., w; A > .., w; is twice the area of the convex polygon formed by all the

j>1
winding vectors. If we rotate the polygon 90 degrees then we get a polygon whose (p, ¢)-legs
are the winding numbers. So the sum of the winding deficiencies of the nodes is zero iff F’

equals twice the area of the lattice polygon whose (p,q)-legs are the zigzag path winding

numbers. O

2.3.2 Some perfect matchings of properly ordered dimers

We will construct some perfect matchings that will turn out to correspond to the corners
of the toric diagram. Our construction of the perfect matchings is similar to Theorem 7.2
of [12]. Let R be any ray whose direction does not coincide with that of the winding number
of any zigzag path. For any node v, consider the zigzag paths passing through v whose
winding numbers make the smallest clockwise and smallest counterclockwise angles with
R. (These paths are unique because the proper ordering condition requires that all paths

through v have different winding numbers.) By proper ordering, these two zigzag paths
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Figure 2.1: A dimer, two of its corner perfect matchings, and their difference, which is a
zigzag path.

Figure 2.2: Left: The windings of the zigzag paths of the dimer in figure 2.3.2. The dotted
lines labeled UR and LL are rays that yield perfect matchings shown in the upper right
and lower left quadrants of figure 2.3.2, respectively. Right: The windings of the paths
passing through the bottom right black node. For any node and any edge ending at that
node, the proper ordering criterion implies that the two zigzag paths to which the edge
belongs have adjacent winding directions. Therefore in the right diagram, there is a natural
correspondence between edges passing through the node and wedges formed by consecutive
arrows. When constructing a perfect matching M (R), we choose the wedge containing R.
In the left diagram, there is a one-to-one correspondence between wedges and corners of
the toric diagram.
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must be consecutive around v. Therefore they share an edge that has v as an endpoint.
Call this edge e(v). Let v' be the other endpoint of e(v). The same two zigzag paths must
be consecutive about v" since they form the edge e. Since v’ is properly ordered it must
then be the case that those two paths make the smallest clockwise and counterclockwise
angles with R among all paths passing through v'. Hence e(v) = e(v’). So the pairing of v
with v’ is a perfect matching. We will call this matching M (R). Figure 2.3.2 depicts the
relationship between rays and perfect matchings.

The following characterization of the boundary perfect matchings containing a given

edge follows immediately from our definition and will be useful later.

Lemma 2.3.2. For any edge e of the dimer, let Z,. and Zs be the zigzag paths such that e
is a positively oriented intersection of Z, with Zs. (Equivalently, e is a negatively oriented
intersection of Zs with Z,..) Let w, and ws be the windings of Z, and Zs, respectively. Let
R be a ray. Then e is in M(R) iff R is in the wedge that goes counterclockwise from w, to
W

In particular each edge is in at least one corner perfect matching.

2.3.3 Zigzag paths and (p, q)-legs

As we mentioned in Section 2.2, it is known [10,11] that dimers that produce a consistent
field theory have the property that the (p,q)-legs of the toric diagram are in one-to-one

correspondence with the winding numbers of the zigzag paths.

Theorem 2.3.3. In a dimer with properly ordered nodes, the zigzag paths are in one-to-one

correspondence with the (p, q)-legs of the toric diagram.
Our proof of Theorem 2.3.3 resembles that of Theorem 9.3 of [12].

Lemma 2.3.4. For any zigzag path Z in any dimer, the number of intersections of a perfect

matching with Z is a degree one polynomial function of its coordinates.

Proof. In computing the Kasteleyn matrix we can choose the path ~, to follow Z, so that
the number of times -, intersects a perfect matching M is just the number of edges that M

and Z have in common. (See figure 2.3.3.) For this choice of ., the point corresponding
18



® 1. N

Figure 2.3: The path ~, intersects each edge of the zigzag path Z and no other edges. We
may choose any path ~,, that completes the basis.

to M has y-coordinate equal to |[M N Z|. For a different choice of ~,, the coordinates differ

by an affine transformation. O

Lemma 2.3.5. Let Z be a zigzag path of a properly ordered dimer, and let R1 and Ro be
rays such that the winding direction of Z lies between them and all of the other winding
directions do not. Then there exists a boundary line of the toric diagram passing through

M(R1) and M(R2) such that all perfect matchings on this line intersect Z exactly 2' times,

and all perfect matchings not on the line intersect Z fewer than | L times.

Proof. Since the winding number of Z is adjacent to Ry, M (R;) must choose one of the two
Z-edges of each node that has them. Hence |M(R1)NZ| = | | and similarly |M(R2)NZ| =
|Z| No perfect matching can contain more than half of the edges of the path. Therefore

the toric diagram lies in the half plane that, in the coordinate system of Lemma 2.3.4, is

given by the equation y < @ M(R1) and M(R32) are both on the boundary. O

Proposition 2.3.6. The matchings M(R) lie on the corners of the toric diagram. The

order of the corners around the boundary is the same as the order of the ray directions.

Proof. The intersection of all half planes described in the proof of Lemma 2.3.5 is the
convex hull of all of the M(R)’s. Conversely, each M(R) is in the toric diagram. So the

toric diagram must be the convex hull of the M(R)’s
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Each M(R) must be at a corner of the toric diagram since it is contained in two different
boundary lines (one for the first counterclockwise zigzag path direction from R and another
for the first clockwise zigzag path direction). Furthermore, if Ry and Ry have only one
winding direction between them, then they share a boundary line and hence M(R;) and

M (R2) lie on consecutive corners. O

Proof of Theorem 2.3.3. Let w be the winding number of a zigzag path, and let n be the
number of zigzag paths with that winding. Let R1 and R be rays such that w lies between
them and all other winding directions do not. By Proposition 2.3.6, M (R1) and M(R2) lie
on consecutive corners of the toric diagram. An edge belonging to one of the zigzag paths
of winding w will be in either M (R1) or M(R2) but not both, while all other edges are in
neither or both perfect matchings. Therefore the difference of the two perfect matchings
is just the union of the zigzag paths with winding w. Therefore the toric diagram points
corresponding to M(R1) and M (Rs) are separated by —nw, where —w= is the 90 degree

clockwise rotation of w. This proves the theorem. O

2.3.4 Unique corner perfect matchings

It is generally believed that dimers that have more than one perfect matching at a corner
of the toric diagram are inconsistent [7,10,45]. We show that properly ordered dimers have

unique corner perfect matchings.

Theorem 2.3.7. If a dimer is properly ordered, then each corner of the toric diagram has

just ome perfect matching.

Proof. Suppose there exists a perfect matching M’ that shares a toric diagram point with
M(R) but is not equal to M(R). Consider the set of zigzag paths that contain an edge
that is in M(R) or M’ but not both. Let Z be one with minimal counterclockwise angle
from R. Let v be a node of the dimer through which Z passes. If v includes a zigzag path
with winding between R and that of Z, then M(R) and M’ are the same at that vertex.
If not, then M (R) chooses one of the edges of Z at v. Recall that Lemma 2.3.4 says that
the number of intersections with Z depends only on the toric diagram point. Therefore M’

has the same number of edges in Z as M(R). Since M(R) chooses an edge of Z at every
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node where M(R) and M’ differ, equality can hold only if M’ chooses the other edge of Z
at every such node. If we start at an edge of Z that is in M (R) but not M’ and alternately
follow edges of the M (R) and M’, then we will traverse a cycle that lies entirely in Z. Since
zigzag paths in properly ordered dimers do not intersect themselves, the cycle must be Z.
Then both M(R) and M’ contain half the edges of Z. So the winding number of Z is either
the closest or farthest from R in the counterclockwise direction. If Z were the farthest,
then M(R) and M’ would have to be the same because every edge of the dimer would be
in at least one zigzag path whose winding is closer to R in the counterclockwise direction
than Z’s. So Z must be the closest in the counterclockwise direction.

Now let Z' be a zigzag path with minimal clockwise angle from R on which M(R) and
M’ differ. By the same reasoning as above, we find the winding direction of Z’ is the closest
to R in the clockwise direction and that M(R) and M’ have no edges of Z’ in common.
Since Z and Z' represent consecutive sides of the toric diagram, the crossing number of Z
and Z’ must be nonzero. A node can have two edges belonging to both Z and Z’ only if
they have opposite orientations, i. e. they contribute zero to the signed crossing number.
Therefore there must be a node with only one Z-Z’ intersection. M’ must include this edge
because it includes an edge of Z and Z’ at every node that has one, but it cannot include
this edge because it does not share any edges of Z with M(R). Therefore our assumption
that there existed a matching M’ differing from M (R) but sharing the same toric diagram

point must be false. O

Once we know that the corner matchings are unique, we can also classify all of the

boundary perfect matchings.

Corollary 2.3.8. Consider a point A on the boundary of the toric diagram such that the
nearest corner B in the counterclockwise direction is p segments away and the nearest corner
C in the clockwise direction is q segments away. Then each perfect matching at A may be
obtained from the perfect matching associated to B by flipping p zigzag paths and from the

perfect matching associated to C' by flipping q zigzag paths. The number of perfect matchings

at A is (p;rq).
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Proof. For any boundary perfect matching M there exists a winding w such that M contains
half the edges of each zigzag path of winding w. For any zigzag path Z of winding w, we can
delete the half of the Z-edges that are in M and add the other half. This operation moves
the perfect matching one segment along the boundary of the toric diagram. There can be at
most p zigzag paths for which the operation moves the toric diagram point counterclockwise
and at most g zigzag paths for which the operation moves the point clockwise. But there
are a total of p + ¢ zigzag paths of winding w, so there must be exactly p of the former
and ¢ of the latter. Consequently we see that M can be obtained from a corner perfect
matching by flipping p zigzag paths (or from a different corner perfect matching by flipping

q zigzag paths). The number of ways of choosing the paths to flip is (p ;q). O

2.3.5 R-charges and cubic anomalies

The R-charges of the fields may be determined by a-maximization [24]. First, we impose
the constraint that the R-charge of each superpotential term should be two. We also impose
the constraint that the beta function of each gauge group should be zero. These conditions

can be expressed as

Y R(e) = 2 (2.1)

ecv

Y l-R(e)] = 2 (2.2)

ecf

Among all U(1) symmetries satisfying these constraints, the R-symmetry is the one that

locally maximizes the cubic 't Hooft anomaly

ye 9N?
32

F+> (R(e) - 1)3] : (2.3)

Butti and Zaffaroni [45] have proposed some techniques for simplifying the computation
of the R-charge. For any perfect matching M we can define a function §j; that takes
the value 2 on all edges in the perfect matching and zero on all other edges. Any such
dpr automatically satisfies (2.1). Butti and Zaffaroni noted that in some cases the perfect

matchings on the boundary of the toric diagram yield functions that also satisfy (2.2),
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Figure 2.4: The contribution of the vertex to the equations (2.4) for the four surrounding
faces.
and these functions span the set of solutions to (2.1) and (2.2). We will show that their

observation is true for properly ordered dimers.

Theorem 2.3.9. In a dimer with properly oriented nodes, the solutions to (2.1) and (2.2)

are precisely the linear combinations of dps, for boundary perfect matchings M.

We first determine the dimension of the solution space of (2.1) and (2.2), so that we will

be able to show that there are not any more solutions beyond the boundary .

Lemma 2.3.10. For any dimer in which the zigzag paths have winding numbers that are
prime (i. e. their x and y components are relatively prime, or equivalently, they can each be
sent to (1,0) by an SLo(Z) transformation) and not all parallel and in which no zigzag path
intersects itself, the set of solutions to (2.1) and (2.2) has dimension equal to the number

of zigzag paths minus one.

Proof. First we will show that the number of solutions depends only on the winding numbers
of the zigzag paths. We will work with the zigzag path diagram. In this diagram, R is a
function on vertices. We can unify (2.1) and (2.2) into a single equation as follows. We
first define the function o, r(x), where v is a vertex of the zigzag path diagram and f is a
face of the zigzag path diagram having v as a corner. If the two zigzag paths containing v
are similarly oriented around f, then o, r(x) = x; if they are oppositely oriented around f

then o, ¢(x) =1 — 2. Then (2.1) and (2.2) can be expressed as

> ous(R(v) =2. (2.4)

vef
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Ci

Figure 2.5: Combinatorial changes in the zigzag path diagram as a result of deformations.

(See Figure 2.4).

We can deform any zigzag path diagram with non-self-intersecting zigzag paths to any
other zigzag path diagram with non-self-intersecting zigzag paths with the same winding
numbers. As the diagram is deformed, it can change combinatorially in several ways: a
pair of intersections between a pair of zigzag paths can be added or removed, or a zigzag
path can be moved past the crossing of two other zigzag paths. Figure 2.5 illustrates these
possibilities. Note that at intermediate steps, the zigzag path diagram may not correspond
to a dimer, but we can still consider the set of solutions to (2.4).

First consider the case where a pair of intersections between a pair of zigzag paths is
added or removed. If C] is not the same face as Cy, then the values of the two new crossings
are constrained by the equations for C; and C3 and the dimension of the set of solutions
to (2.1) and (2.2) remains unchanged. If the two zigzag paths have winding numbers that
are not parallel, then they must intersect somewhere else, which implies Cy # Cs. If the
winding numbers are parallel, then there must be some other zigzag path whose winding

number is not parallel to either and hence must intersect both. Again C; # Cs.
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Now consider the case where a zigzag path is moved past the crossing of two other zigzag
paths. We can check that any solution to (2.4) in the first diagram is also a solution to
(2.4) in the second diagram, and vice versa. So performing the move depicted in the second
diagram does not change the solution set. So we have shown that the dimension of the
solution space to (2.4) depends only on the winding numbers of the zigzag paths.

In Lemma 2.6.2 we will exhibit for any set of winding numbers a dimer for which the
number of independent solutions to (2.1) and (2.2) is the number of zigzag paths minus

one. O

Lemma 2.3.10 tells us how to solve (2.1) and (2.2) for a large class of dimers, many
of which are not properly ordered. It is interesting to note that the second move shown
in Figure 2.5 does not change either a or > (1 — R(e)). The first move also leaves a and
> .(1 — R(e)) invariant in the case where the two zigzag paths are oppositely oriented
(the charges of the introduced vertices sum to two and (R; — 1) + (R — 1)3 = (Ry + Ry —
2) [(R1 — 1)? = (R1 — 1)(R2 — 1) 4+ (R2 — 1)2]). When the zigzag path diagram corresponds

to a dimer, ) (1 — R(e)) is the number of faces in the dimer.

Proof of Theorem 2.3.9. First we will show that the d); are solutions to (2.2). Suppose a
face f with 2n sides had n of those sides in a boundary perfect matching M. (A side of
a face is an edge of the face along with a normal pointing into the face. If a face borders
itself then the bordering edge is part of two different sides of the face. If a self-border edge
is in a perfect matching, then we count two sides of f in that perfect matching.) From
Corollary 2.3.8, we know that we can get from M to any other boundary perfect matching
by flipping zigzag paths. Note that this operation leaves invariant the number of sides of
each face in the perfect matching. Therefore every boundary perfect matching has n sides
of f. So every node of f selects one of the two adjacent sides of f for all boundary perfect
matchings. By Lemma 2.3.2 we know that every edge is in some corner perfect matching.
So the only edges belonging to any node of f are the adjacent sides of f. Therefore, as we
move along the boundary of the face we are following a zigzag path. But then we have a
zigzag path with zero winding, which violates proper ordering. So the assumption that a
face with 2n sides can have n sides in a boundary perfect matching must be false. Therefore
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a face with 2n sides can have at most n — 1 sides in a boundary perfect matching. Sum this

inequality over all faces:

)IDREEED B) DEE (2.6)

seEM f3s s f3s
1

V < (2E) <2>—F (2.7)

V < E-F (2.8)

Since we know V = E — F, equality must have held in each case. So (2.2) is satisfied by
boundary perfect matchings.

The difference between any two boundary perfect matchings is a sum of functions dz,
where Z is a zigzag path and the value dz alternates between 2 and —2 on Z and is zero
outside of Z. The only relation obeyed by the §7 is that they sum to zero. So the dimension
of the space of solutions to (2.1) and (2.2) that we have found equals the number of zigzag

paths minus one. By Lemma 2.3.10, there can be no more solutions. O

When some of the boundary points of the toric diagram are not corners, there are
many sets of perfect matchings that form a basis for the solutions to (2.1) and (2.2). We
will construct a basis by associating each segment of the boundary of the toric diagram
with a zigzag path, and choosing one perfect matching at each boundary point so that the
difference between two consecutive perfect matchings is the zigzag path corresponding to
the segment between them. Write R = ). \jdns,, where M; are the perfect matchings in
the basis and the \; are real numbers.

Butti and Zaffaroni [45] also noted that in many cases each edge that is a positively
oriented intersection of a zigzag path Z, with another zigzag path Z, occurs in the perfect
matchings in cc(r, s), the counterclockwise segment from r to s, while a negatively oriented

intersection of Z, with Zs occurs in the perfect matchings not in cc(r, s). In this case, the
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value of R—1 for a positively oriented intersection of Z, with Z is 2 (Ziecc(m) )\i) —1. For
a negatively oriented intersection the value of R — 1 is 2 (EZ¢ co(r,s) )\i) — 1, which equals
— [2 (Ziecc(m) /\i) — 1} since >, A\; = 1. So then the total contribution to Y (R — 1)
from the intersections of Z, with Zs is (w, A wy) [2 <ZZECC(T75) )\Z-> - 1]3, Hence (2.3) can
be rewritten as

3
9N?
a=—"r |F+Y (weaw) |2 > M| -1] . (2.9)

32 r<s i€cc(r,s)

Proposition 2.3.11. If a dimer has properly oriented nodes, then it is the case that all
positively (resp. negatively) oriented intersections of Z, with Zs are in precisely the perfect

matchings that are in cc(r,s) (resp. cc(s,r)). Hence 2.9 holds for properly ordered dimers.

Proof. Assume that the dimer has properly ordered nodes. As we go around the toric
diagram, the perfect matching switches from containing an edge e to not containing it only
if we changed the perfect matching by a zigzag path containing e. So each intersection of
Z, with Zs occurs in either the perfect matchings in ce(r, s) or the perfect matchings in its
complement. From Lemma 2.3.2 we know that the positively oriented intersections are in

the corners of cc(r, s) and the negatively oriented intersections are not. O

A particularly nice rearrangement of (2.9) that we will find useful is [16, 46]

N2
a =" 3 area( PR POAMAK (2.10)

where P; is the point on the toric diagram corresponding to the ith perfect matching.

This formula tells us that the triangle anomaly of the three symmetries with respective

charges daz;, dnr;, and dpy, is NTQ area(P;P;jPy). AdS-CFT predicts that the U(1) symmetries

of the CFT correspond to gauge symmetries in the AdS theory, and that the triangle

anomalies of the CFT should equal the corresponding Chern-Simons coefficients in the AdS
2

theory [5]. The Chern-Simons coefficients are indeed found to be - area(P;P;P;) [16].

So the field theory produced by a properly ordered dimer will have precisely the cubic
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anomalies predicted by the AdS theory. This is strong evidence that properly ordered

dimers are consistent.

2.3.6 Unitarity bound

Gauge invariant scalar operators in a four-dimensional CFT must have dimension at least
one [14]. We also have the BPS bound A > 2|R|, where A is the dimension of an operator
and R is its R-charge. Equality is achieved in the case of chiral primary operators [15]. So
in order for the theory to be physically valid it is necessary that the gauge invariant chiral

primary operators have R-charge at least %

Theorem 2.3.12. If a can be expressed in the form (2.10), then there exists an N such
that in the dimer theory with N colors, each gauge invariant chiral primary operator has

R-charge at least % In particular properly ordered dimers have this property.

Lemma 2.3.13. At the point where a is locally mazimized, the weight of each corner perfect

matching is positive, and the weight of the other boundary perfect matchings is zero.
Proof. This follows immediately from equation (4.2) of [45]. O

Lemma 2.3.14 (A. Kato [47]). If a is given by (2.10), then at the point where a is locally

maximized,
da
o\

= 3a. (2.11)

Proof. We can use Lagrange multipliers to find the local maximum of a.

oa 0
On —Ma)\i;)\j =H (2.12)

for some constant p. Since a is homogeneous of degree three,

da
30 = ;Aimi (2.13)
= > i (2.14)
= (2.15)
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Lemma 2.3.15 (A. Kato [47]). At the point where a is locally mazimized, each \; is at

1
most 3-

Proof. By Lemma 2.3.14, 3\;a = Ai%‘ Since every term of a is degree zero or one in A;,
the right-hand side is simply the terms of a containing \;. We can see from (2.10) that
the coeflicient of each term of a is nonnegative and from Lemma 2.3.13 that each )\; is
nonnegative when «a is maximized. Hence the sum of the terms of a containing \; is at most

a. Therefore 3\;a < a, so \; < % ]

Proof of Theorem 2.3.12. First consider the mesonic operators, which arise as the trace of a
product of of operators corresponding to the edges around a loop of the quiver. The number
of signed crossings between a loop and a perfect matching of the dimer is an affine function
of the perfect matching’s position in the toric diagram. If the loop has nonzero winding,
then the function is not constant, and its zero locus is a line. This line can intersect the
corners of the toric diagram at most twice. Therefore each loop intersects all but at most
two of the corner perfect matchings. The sums of the weights of those two perfect matchings
is at most %, and from Lemma 2.3.13 we know that the non-corner matchings have weight
zero. The sum of the weights of the perfect matchings that do intersect the loop is then
at least % So the loop has R-charge at least % The R-charge of a loop with zero winding
is twice the number of intersections it has with any perfect matching. Every edge is in at
least one perfect matching so this number must be positive. So a loop with zero winding
has R-charge at least 2.

The theory also has baryonic operators. If the gauge groups are SU(N) then these
operators are the Nth exterior powers the bifundamental fields. Each edge of the dimer is
contained in at least one corner perfect matching by Lemma 2.3.2, and we know from Lemma
2.3.13 that each corner of the toric diagram has a positive contribution to the R-charge. So
each dimer edge has positive R-charge. For sufficiently large IV, the corresponding baryonic

operator will have R-charge at least % O
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2.4 Bounds on a

2.4.1 Bounds on «a for toric theories

We can use (2.10) to establish bounds for a. In this section we let the indices ijk of the
perfect matchings run over the corner perfect matchings only, since we know from Lemma

2.3.13 that the non-corner perfect matchings have weight zero.

Theorem 2.4.1. Let N be the number of colors of each gauge group, and let K be the area

of the toric diagram (which is half the number of gauge groups). Then

2TN?K N2K

The upper bound is achieved iff the toric diagram is a triangle, and the lower bound is

approached as the toric diagram approaches an ellipse.

Proof of the lower bound of Theorem 2.4.1. The polar body X7, of a convex polygon X with
respect to the point R is defined as the set of points ) satisfying ]@R? <lforall Pe X.
Recall that maximizing a is equivalent to minimizing the volume of a slice of the dual toric
cone [45,48]. More specifically, if 7 is the three-dimensional Reeb vector, then 98%2 is the
volume of the set of points & in the dual cone satisfying #- & < 3. The cross section of
the dual cone in the plane - Z = 3 is the polar body of the toric diagram with respect to
the Reeb vector (considered as a point in the plane of the toric diagram). If we call the
toric diagram X, then % = infgex area(Xy). Then the statement of the lower bound
is equivalent to area(X)infgex area(X}) < w2, The result area(X)infgex area(Xp) < 72

was proved by Blaschke [49,50]; equality occurs in the case of an ellipse. Since the toric

diagram is a polygon, it cannot be perfectly elliptical and hence equality does not hold. [
We will need to use the following results for the proof of the upper bound.

Proposition 2.4.2 (A. Kato [47]). The local mazimum of a is the overall mazimum of a

in the region A\; >0, . A = 1.
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Proposition 2.4.3 (A. Butti and A. Zaffaroni [45]). Let R be a point in the interior of the

toric diagram. Define

P 1P P;
fi = area(Pi1Fifi1) (2.17)

area(P;_1P;R) area(P;P;+1R)
S = > f (2.18)

Moo= f /S. (2.19)

Then the following results hold:

R = > AP (2.20)
27N?

o = g (2.21)

Furthermore, when R is the Reeb vector and the \; are given by (2.19), a is locally maximized

(over all choices of Ai, not just those of the form (2.19)).

Proof of the upper bound of Theorem 2.4.1. We use induction on the number of corners of
the toric diagram. If the toric diagram is a triangle, then a is maximized when each J\; is

2 3 2
%. So a = %K(Z’,!) (%) = N2K.

Assume the toric diagram has more than three corners. Let )\f-\/l be the values of \; for

which a is locally maximized. Choose a particular i and let AP = 0, )\31 =M+ )\%1, and

AP = X} for all other j. We will define a™ = afyn, a” = a|yp, and Aa = a” — . Since
a has degree one in each individual A,
aa aa 62CL
A= Gl TN Mt g | AN e
N ,\M( ) ONit1 | \u ONiONit1 /\M( JAT) (2.22)

Recall that since a is initially maximized, gTa| AM = %CLJ am and hence the first two terms

of (2.22) cancel. Now use (2.10) to expand the last term:

B 27N?2

Aa = 5

(A2 A area(P, 1 Py). (2.23)
j
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Since all of the P; are on the same side of the line P;FP; 1,

27N?2
2

Aa = —

(AM)2 area(P; P11 R) (2.24)

where R is the weighted center of mass of the P; with weights )\?/[ . Now apply Proposition

2.4.3. We can write

_/\M27N area(P;,_1P;P;y1)
2S area(P;—1 P;R)
)\M avarea(Pi_1PiPiy1)
area(P,_1 P,R)

(2.25)

(2.26)

M
Since >, AM =1 and ), area(P,—1 PiR) = K, there must be some i for which AP PR <
%. For such an 1,
Aa area(Pi_lPiP,-H)
=0 <
aM — K

(2.27)

Note that area(P;—1P;P;;+1) is the amount by which K would decrease if we removed P;
from the toric diagram. Since AP = 0, the /\]D are a valid choice of weights for the toric
diagram with P; removed. Then

—— < - (2.28)
Therefore #ZK > % By Proposition 2.4.2 the local maximum value of a for the new

D

toric diagram is at least as large as a”. We want to show that it is strictly larger, or

equivalently, that )\? do not locally maximize a for the new toric diagram. Recall from

Lemma 2.3.14 that a is locally maximized when aaa = 3a. Hence a will continue to be

maximized only if A 8§i1 = 3Aa. Once again we use the fact that a is degree one in each

individual A;:

Oa 0%a
A = —\M 2.2
ONiy1 ONiONis1 ,\M( A (2.29)
Aa

i
Hence a can continue to be maximized only if )\ZM = % But )\f\/l 1 is positive (since we chose

to let our indices enumerate corner perfect matchings only), so /\BH = /\M + )\2 > 3 By

32



Equation in [51] | (x,y,2) | (9 — n)(az? + By* + v2?)
) (1,1,1) 27
(1) (1,1,2) 54
(1) (1,2,5) 270
(2) (1,1,1) 32
(3) (1,1,1) 36
(4) (1,2,1) 50
(5) (1,1,1) 32

(6.1) (1,1,1) 27
(6.2) (2,1,1) 36
(7.1) (2,2,1) 32
(7.2) (2,1,1) 32
(7.3) (3,1,1) 36
(8.1) (3,3,1) o7
(8.2) (4,2,1) 32
(8.3) (3,2,1) 36
(8.4) (5,2,1) 50

Table 2.1: The values of W = (9 — n)(az? + By? + v2z?) for some of the quiver gauge
theories defined in [51]. Note that the equations in [51] have infinitely many solutions (which

can be seen by observing that if we fix one of z,y,z we get a form of Pell’s equation), so
54N?K

there exist theories with arbitrarily large 2=

Lemma 2.3.15, )\JD cannot be the local maximum point. By the induction hypothesis, the

new - is at most %, so the old & must be smaller than % O

2.4.2 Comparison to non-toric field theories

Let us consider how we might formulate a similar bound for non-toric CFTs. We need to
decide how to interpret K in the non-toric case. If seems natural to replace 2N?K with the

sum of the squares of the numbers of colors of each gauge group.

a

Let’s look at the values of NTR

for a cone over a del Pezzo surface. Reference [51] lists
some quiver gauge theories that are dual to these Calabi-Yaus. In their notation, the sum
of the squares of the number of colors is az? + By? + 722, We can compute a by looking

at the AdS dual theory. References [52,53] tell us that % is the volume of the horizon,

73(9—n)

_ o7
5 . Soa= . So

4(9—n)

and [54] tells us that the volume of the real cone over dP, is
then % = (9 — n)(az? + By* + v2z?), and the bound (2.16) for toric theories is then

equivalent to 27 < (9 — n)(ax?® + By? + v2?) < 4n%. From Table 2.4.2 we see that the

N2K

% is not true for all quiver gauge theories. In fact, == can be

toric upper bound on
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arbitrarily large. Equation (1) of [51] is 2% + y? + 22 = 3xyz. If we set 2 = 1 then we have
a Pell’s equation in  and y and there are infinitely many solutions. On the other hand,
27 < (9 — n)(ax?® + By? + v2?) still holds for all of the theories considered in [51]. It would

be interesting to know if the inequality holds more generally.

2.5 Merging zigzag paths

2.5.1 Deleting an edge of the dimer

Theorem 2.3.3 says that, if a dimer is properly ordered, then we can determine its toric
diagram from the windings of its zigzag paths. As we mentioned in section 2.3.3, Hanany
and Vegh [10] and Stienstra [12] have previously made proposals for drawing a dimer with
given zigzag winding numbers, but their procedures are impractical for large dimers because
of the large amount of trial and error required.

Partial resolution [40-43] has previously been suggested as a method of determining the
dimer from the quiver [7,42,55]. It involves starting with a toric diagram whose dimer
model is known and introducing Fayet-Iliopoulos terms that Higgs some of the fields and
remove part of the toric diagram to create a new diagram. However, as is the case with the
Fast Inverse Algorithm, the previous proposals involving partial resolution suffered from
being computationally infeasible.

In this section, we will explore how certain operations on the dimer affect its zigzag
paths. These operations can be interpreted as partial resolutions. We will later use these
operations to construct an algorithm for drawing a properly ordered dimer with given
winding numbers that requires no trial and error.

One operation that we can perform is to remove an intersection of two zigzag paths (or
equivalently, delete an edge of the dimer). The operation has the effect of merging the two
paths into a single path. An example is shown in figure 2.5.1. In physical terms, we are
Higgsing away the edge by turning on Fayet-Iliopoulos parameters for the adjacent faces.
This is an example of partial resolution of the toric singularity [40-43]. We will always
merge paths that intersect just once. In the following we will sometimes assume that the
windings of the paths are (1,0) and (0, 1); any other case is SL2(Z) equivalent to this one.

34



Figure 2.6: Top: Merging two zigzag paths by deleting the intersection between them.
Bottom: The effect on the dimer.

2.5.2 Making multiple deletions

Suppose we want to make n > 1 (1,1) edges from (1,0) and (0,1) edges. If we make them
one at a time, then we would violate the proper ordering of nodes because we would have
(1,1) paths intersecting each other. We should instead delete all n? edges between the n

(1,0) edges and the n (0,1) edges. We will refer to this procedure as Operation I.

2.5.3 Extra crossings

We mentioned in section 2.2 that the number of oriented crossings between a pair of paths
is a function only on their windings. The number of unoriented crossings is greater than
or equal to the absolute value of the number of oriented crossings. If equality does not
hold then we say that the pair of paths has “extra crossings” . We say that a diagram has
extra crossings if any pair of its paths does. There is nothing inherently wrong with extra
crossings, but we may find it desirable to produce diagrams without them.

The edge deletion procedure mentioned in the previous section sometimes introduces
extra crossings. An example of this is shown in Figure 2.5.3. We combine a (1,0) zigzag

path and a (0,1) to make a (1,1) zigzag path, and we also combine (—1,0) and (0,—1)
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Figure 2.7: Left: An incorrect way of making two (1,1) paths. They intersect each other,
which implies that the adjacent nodes are not properly ordered. Right: The correct way of
making two (1, 1) paths.

/7

/]

Figure 2.8: The top left diagram has no extra crossings. The top right diagram shows
what happens when some zigzag paths are merged. The two diagonal paths now have extra
crossings with each other. The bottom diagram shows what happens when we move the
two zigzag paths past each other; they no longer intersect.
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Figure 2.9: Pairs of paths that are positively and negatively oriented, respectively.

_J

~

e

Figure 2.10: Making (1,1) and (—1, 1) paths from horizontal and vertical paths in the zigzag
path picture and the dimer picture.

paths to make a (—1,—1) path. The (1,1) path and (—1,—1) path have a positively ori-
ented intersection coming from the (0,1) — (—1,0) intersection and a negatively oriented
intersection coming from the (1,0) — (0, —1) intersection. Note that we can get rid of these
crossings by moving the two paths past each other. In terms of the dimer, moving the paths
past each other merges the two vertices adjacent to a valence two node. Physically, we are
integrating out a mass term.

We define a pair of zigzag paths to be an “opposite pair” if they have opposite winding
numbers, they do not intersect, and they bound a region containing no crossings. Also, we
define the orientation of an opposite pair to be positive if the area containing no crossings
is to the left of an observer traveling along one of the paths, and negative if the area is

on the right. (See figure 2.5.3.) We have just seen how to take a pair negatively oriented
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Figure 2.11: Creating two (1, 1) and two (—1, —1) paths from horizontal and vertical paths.
We first merge horizontal and vertical paths to create diagonal paths, then move the diagonal
paths past each other.

horizontal paths and a pair of negatively oriented vertical paths and turn them into a pair
of negatively oriented diagonal paths. Similarly we can turn a pair of positively oriented
horizontal paths and a pair of positively oriented vertical paths into a pair of positively
oriented diagonal paths. In terms of dimers, this operation takes a node of valence four,
deletes two opposite edges, and merges the other endpoints of the two remaining edges.
Figure 2.5.3 shows the operation in terms of both zigzag paths and dimers.

More generally, we can make n (1,1) paths and n (—1,—1) paths and get rid of their
crossings. An example is given in figure 2.5.3. We have to untangle each (1,1) path from
each (—1,—1) path. Note that all 2n paths must have the same orientation. We will call
this procedure Operation II.

If we want to create differing numbers of (1,1) and (—1, —1) paths, then we run into the
problem that we cannot pair them all. We will need to do something more complicated. Let

m be the number of (1, 1) paths we want to make, and let n be the number of (—1, —1) paths
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) paths and one (—1,1) path without introducing extra

Figure 2.12: Creating three (1,1
1,1) paths and then add a (1,1) — (=1, —1) pair that follows

crossings. We first make two (1,
one of those two paths.

G -G

Figure 2.13: Left: a dimer with a pair of adjacent opposite zigzag paths. Right: the
dimer with the paths removed. In physical terms, we are introducing performing a partial
resolution by introducing Fayet-Iliopoulos parameters for the faces on either side of the
diamonds [40-43]. (In particular note that the resolution of the double conifold in [43] is
an example of this operation.) For each pair of faces that meet at one of the points in the
middle, their FI parameters should sum to zero. All parameters on the left should have the
same sign.
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Figure 2.14: Some tangent lines to a convex polygon.

we want to make. Assume m > n. We first make m — n (1,1) paths. Now we completely
remove n pairs of adjacent (1,0) and (—1,0) paths and n pairs of adjacent (0,1) and (0, —1)
paths. Because the pairs are adjacent, the condition that intersection orientations alternate
along a path is preserved. Now we want to insert n pairs of adjacent (1, 1) and (—1, 1) paths,
and we want to make sure that there are no extra crossings. This can be accomplished by
making them follow one of the m — n already existing (1,1) paths. An example is given in
figure 2.5.3. Figure 2.5.3 shows what removing or adding a pair of zigzag paths does to the

dimer. This procedure will be called Operation III.

2.6 An efficient inverse algorithm

2.6.1 Description of the algorithm

In describing the algorithm we find it useful to draw toric diagrams rotated 90 degrees
counterclockwise from their usual presentation. Our convention will make the algorithm
easier to visualize, because it makes the windings of the zigzag paths equal to, rather than
perpendicular to, the vectors of the toric diagram edges.

Let X be a toric diagram for which we would like to construct a dimer. Let Y be the
smallest rectangle with horizontal and vertical sides that contains X. Since Y represents
an orbifold of the conifold, we know a dimer for Y. We will modify this dimer until we get
a dimer for X.

Before we begin, we need to make the following definition. A tangent line to a convex
polygon P is a line £ such that N P C 9P and £N P # (). Note that a convex polygon has

exactly two tangent lines with a given slope.
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1/4 2/5 3/5 3/4 4/3 5/3 512 4/1

Figure 2.15: The Farey tree tells us the order in which to make zigzag paths. For example,
in order to make (3,4) zigzag paths we first make (1, 1) zigzag paths, then (1,2) paths, then
(2,3) paths.

We begin by finding the slope one tangent lines to X and cutting Y along these lines
to produce some (1,1) and (—1, —1) paths. We use Operation I if the number of (1,1) or
(—1,—1) paths desired is zero, Operation II if the numbers are equal, and Operation III
if the numbers are both nonzero and unequal. Next we want to cut along the slope 1/2
tangent lines to X to produce (2,1) and (—2,—1) paths. In fact we already know how to
do this, because SL2(Z) equivalence reduces the problem of making (2,1) and (—2,—1)
paths from (1,0), (—1,0), (1,1), and (—1,—1) paths to the problem of making (1,1) and
(—1,1) paths from (1,0), (—1,0), (0,1) and (0, —1) paths. Hence we can now cut Y along
the slope 1/2 tangent lines to X. Similarly, we can cut Y along the slope 2 tangent lines to
X. After this, we can make (3,1) paths by combining (1,0) and (2,1) paths, (3,2) paths
by combining (1,1) and (2, 1) paths, etc. We can eventually make paths of all slopes, with
the order in which we make the paths determined by the Farey tree. (See figure 2.6.1.) We
can then enumerate over all negative slopes, starting with —1. When we are finished, we
will have a dimer for X.

Figure 2.16 shows an example case of the algorithm.

2.6.2 Proof of the algorithm

We need to prove that we have the paths necessary to perform each step, and that the

finished dimer has properly ordered nodes and has no extra crossings.
Theorem 2.6.1. At each step of the algorithm, the following are true:

1. If there are m zigzag paths with winding (a,b) and n zigzag paths with winding

(—a,—b), then there are min(m,n) negatively oriented pairs of (a,b) and (—a,—b)
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Figure 2.16: An example of the algorithm. Note that the cut made in the second diagram
is the same as that of figure 2.5.3, although we have drawn it a little differently to make
the spacings more equal.

Figure 2.17: The dimer corresponding to the final zigzag path diagram in figure 2.16.
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0 0 z 0 0 0 0 0 —w O 0 wz
1 0 0 0 0 0 0 0 w —w 0 0
1 0 0 1 0 0 0 0 0 w —w 0
0 1 1 0 0 0 0 0 0 0 W —w
-1 0 z 0 0 0 z 0 0 0 0 0
0 1 -1 0 0 1 1 0 0 0 0 0
1 0 0 -1 0 0 z z 0 0 0 0
0O -1 0 1 1 0 0 0 0 0 0 0
0 0 0 0O -1 0 0 z 1 0 0 0
0 0 0 0 1 -1 0 0 1 1 0 0
0 0 0 0 0 1 -1 0 0 1 1 0
0 0 0 0 0 0 1 -1 0 0 1 1

W~

det = (w? — w)z* + (—w* — 37Tw? — 137w? — 35w — 1)23 + (3w?* — 175w? + 146w? — 2w) 2>

+(=3w* — 40w? — w?)z + wt

Figure 2.18: The dimer corresponding to the final zigzag path diagram in figure 2.16 and its
Kasteleyn matrix. The rows represent white nodes and the columns represent black nodes.

43



Figure 2.19: Left: We start out with two negatively oriented pairs of opposite paths. The
shaded regions are free of crossings. Right: The regions formed by the merged pairs are
still free of crossings.

paths.  (This condition ensures that we can always perform the next step of the

algorithm.)
2. There are no extra crossings.

3. All nodes are properly ordered.

Proof. 1t is clear that all of these conditions hold for the initial dimer. Now let’s look
at whether the first condition will be preserved. Operation I will preserve the condition
for the winding of the paths being merged provided that we merge unpaired paths when
possible. It will also satisfy the condition for the windings of the newly created paths since
there are no (—a, —b) paths. Operation II will preserve condition 1 for the windings of the
paths being merged since it only deletes negatively oriented pairs. Figure 2.6.2 illustrates
why Operation II creates negatively oriented pairs of opposite paths. For Operation III we
should again merge unpaired paths when possible. It is clear that the reinserted paths form
pairs, and we can make these pairs negatively oriented if we desire.

Now consider whether extra crossings are introduced. Let the windings of the paths
being merged be (a,b), (—a,—b), (¢,d), and (—¢, —d), where ad —bc = 1. A path of winding
(e, f) will have extra crossings with the new (a + ¢, b+ d) paths if af — be and cf — de have
opposite signs. Equivalently, there will be extra crossings if f/e is between b/a and d/c.
But because of the Farey fraction ordering, there are no windings (e, f) with this property.

So extra crossings are not introduced.
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Finally consider whether proper ordering is preserved. Again let the windings of the
paths being merged be (a,b), (—a,—b), (¢,d), and (—¢, —d), ad — bc = 1. In Operation I,
some nodes will see an (a, b) path or a (¢, d) path become an (a + ¢, b+ d) path. Therefore
proper ordering is preserved provided there are no windings between (a, b) and (¢, d). This
is always the case because of the Farey fraction ordering. In Operation II, in addition to
deletion we also need to move paths past each other. Some nodes are deleted and the others
remain unchanged, so proper ordering is preserved. In Operation III, the process of making
the lone paths is the same as Operation I, so it preserves proper ordering. Removing pairs
also preserves proper ordering. Inserting pairs of paths preserves proper ordering if each
intersection between a path in the pair and another path has the same sign as their crossing
number, i. e. the paths in the pair do not have extra crossings. Since we are inserting them
along an existing path, they will not have extra crossings if the existing path does not have

any. We have already showed that we never introduce extra crossings. O

2.6.3 Allowing extra crossings

If we want to produce diagrams with extra crossings, we can always just skip the steps for
removing the extra crossings. When we want to create (a,b) and (—a, —b) paths, we just
perform Operation I twice. There is one potential issue in that we have always assumed
that the zigzag paths that we join have just one crossing. We always join paths with
oriented crossing number 41, but now the unoriented crossing number can be larger than
the absolute value of the oriented number. But we recall that the only extra crossings we
create are between paths with windings of the form (a, b) and (—a, —b). We may later merge
these paths with some other paths, but the extra crossings will always be between paths
with oppositely signed z-coordinates and oppositely signed y-coordinates. We never merge

such pairs of paths.

2.6.4 The number of independent solutions to the R-charge equations

We now exhibit the dimers required by Lemma 2.3.10.
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Lemma 2.6.2. The algorithm described in section 2.6.3 produces dimers for which the set
of all solutions to equations (2.1) and (2.2) has dimension equal to the number of zigzag

paths minus one.

Proof. Our proof is by induction. Our algorithm starts with a dimer that is a diamond-
shaped grid. We denote the position of an edge in the grid by (,7). We can see (e. g. by
Fourier analysis) that the general solution to (2.1) and (2.2) is 3+ (—1)"f(j) + (—1)7g(i) for
arbitrary functions f, g. The number of independent solutions is the number of rows plus the
number of columns minus one (the minus one come from the fact that f(j) = (1), g(j) =
—(—1)* produces the same solution as f(j) = 0,g(j) = 0), which is the number of zigzag
paths minus one.

Now consider what happens when our algorithm deletes an edge of the toric diagram.
If we have a solution to the equations (2.1) and (2.2) in the new dimer, we can construct a
solution to the equations in the old dimer by assigning a value of zero to the deleted edge.
Conversely, if we have a solution in the old dimer in which the deleted edge has value zero,
then we have solution in the new dimer as well. We know that there exists a solution in the
old dimer where the deleted edge is nonzero, since the deleted edge is contained in some
boundary perfect matching. So deleting the edge reduces the dimension of the solution

space of (2.1) and (2.2) by one, and also reduces the number of zigzag paths by one.

2.7 Conclusions

We showed that dimers that have the number of faces predicted by the AdS dual theory
and that have valence one nodes will have many nice properties: they are “properly or-
dered”, their cubic anomalies are in agreement with the Chern-Simons coefficients of the
AdS dual, gauge-invariant chiral primary operators satisfy the unitarity bound, corner per-
fect matchings are unique, and zigzag path windings are in one-to-one correspondence with
the (p, q)-legs of the toric diagram.

We derived some simple bounds for the cubic anomaly a in terms of the area of the toric

diagram (and hence in terms of the number of gauge groups).

46



We provided a precise, computationally feasible algorithm for producing a dimer model
for a given toric diagram based on previous partial resolution techniques and the Fast Inverse
Algorithm.

Much of our work on dimer models is also applicable to the study of M2-branes. Given
a dimer and a four-dimensional CFT dual to Type IIB string theory AdSs x X5, we can
dimensionally reduce to three dimensions and add Chern-Simons terms to the gauge fields.
The resulting CFT is dual to M-theory on AdSy x X7, where X7 is a fibration over X5 [29-31].
It would be interesting to see if our results could also apply to the three-dimensional dimers
discussed in [56] and the orientifold dimers discussed in [57].

Since this chapter was originally published as ref. [39], Ishii and Ueda [58] devised a

more general version of the algorithm.
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Chapter 3

From Necklace Quivers to the
F-theorem, Operator Counting,

and T(U(N))

This chapter is an edited version of ref. [1], written in collaboration with Christoper Herzog

and Silviu Pufu.

3.1 Introduction

Exact results in strongly-interacting field theories are generally rare. In supersymmetric
field theories, supersymmetry places strong constraints on various properties of chiral op-
erators, and exact results pertaining to these operators might be possible even at strong
coupling. For three-dimensional superconformal theories, recent progress in finding such
exact results that hold at any coupling was made in [17,25,59], where the partition function
of superconformal theories on S? with A/ > 2 supersymmetry, as well as the expectation
values of certain BPS Wilson loops, were reduced from path integrals to finite-dimensional
multi-matrix integrals. This major simplification was achieved through the localization

technique developed in [18] for four-dimensional theories.
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A consequence of this work is the realization that the “free energy” F' defined as minus

the logarithm of the path integral on S3,

F =—log|Zgs| , (3.1)

with appropriate subtractions of power law divergences, might represent a good mea-
sure of the number of degrees of freedom in any field theory, supersymmetric or non-
supersymmetric. One way in which F can be thought of as a measure of the effective
number of degrees of freedom is the theorem first conjectured in [21] and proved in [23]
that F' decreases along renormalization group (RG) flows and is stationary at RG fixed
points. This assertion was called the “F-theorem” in [21]. It suggests that F' is be a 3-d
analog of the central charge ¢ from two-dimensional field theory, which is known to have the
same monotonicity property along RG flows [60], and it would resemble the Weyl anomaly
coefficient a from 4-d theories, which is also believed to decrease along RG trajectories [19].
Actually, the free energy F' also resembles a in another way: just like a, F' can be used to
find the exact R-symmetry in the infrared (IR) by computing F' as a function of a set of
trial R-charges and then maximizing it [25,26]. The analogous procedure in 4-d theories is
called “a-maximization” [24].

In the context of the AdS/CFT correspondence [3-5], the free energy F' can also be
computed holographically from the gravity side of the correspondence. In particular, for a
CFT dual to AdSy of radius L and effective four-dimensional Newton constant Gy, F' is

given by [61]

2
F= ;GLN . (3.2)

It was shown in [62] that in any CFT F' can also be interpreted as an entanglement entropy
between a disk and its complement in the R%! theory. In turn, this entanglement entropy
equals the holographic a, function defined in [63,64] that was shown to always decrease

along holographic RG flows.
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If the AdS4 background mentioned above arises as a Freund-Rubin compactification
AdSy x'Y of M-theory, where Y is a seven-dimensional Sasaki-Einstein space threaded by
N units of four-form flux, then the quantization of the AdS, radius in Planck units implies

that at large N eq. (3.2) becomes [27]

276

F=N32 ] ——
27 Vol(Y')

+ o(N3/?) (3.3)

Here, the volume of Y is computed with an Einstein metric that satisfies the normalization
condition R, = 6gmn. The Freund-Rubin solution AdSy x Y arises as the near-horizon
limit of a stack of N M2-branes placed at the tip of the Calabi-Yau cone X over Y. The N3/2
behavior of the number of degrees of freedom had been known for quite some time, as the
same large N dependence appears in other quantities such as the thermal free energy that
was computed in [65] more than ten years ago. A field theory explanation of this peculiar
large N dependence had been lacking until recently, mostly because explicit Lagrangian
descriptions of the field theories living on coincident M2-branes have been discovered only
in the past few years. Starting with ABJM theory [28] that describes N M2-branes sitting
at an orbifold singularity of C*, there are now many Chern-Simons matter U(N) gauge
theories that are proposed to describe the effective dynamics on N M2-branes placed at
the tip of various Calabi-Yau cones (see for example [31-33,66,67]). However, only few of
these dualities have been extensively tested. Extensive tests are difficult to perform because
supergravity on AdSy X Y is supposed to be a good approximation to the dynamics of the
CS-matter gauge theories only as one takes the gauge group ranks to infinity while keeping
the CS levels fixed. In this limit, the 't Hooft coupling N/k becomes large, and there are
no perturbative computations that one can perform.

That in N/ > 2 theories one can write F' exactly in terms of a matrix integral means
that by evaluating this integral one can test some of these AdS;/CFT3 dualities that have
been put forth in recent years. In particular, one can provide a field theory derivation of the
F o N3/2 large N dependence of the number of degrees of freedom (3.3) on N coincident
M2-branes. Moreover, one can compare the coefficient of N3/2 in (3.3) to the volume of the

internal space Y that one can compute independently by integrating the square root of the
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determinant of the Sasaki-Einstien metric on Y. Such comparisons were made in [68] in the
case of ABJM theory, in [27,69] for a large class of theories with N' = 3 supersymmetry, and
in [21,70,71] for many theories with A/ = 2 supersymmetry. In [68,69] F' was computed as a
function of the 't Hooft coupling, while the other works focused only on the strong coupling
regime and used the method developed in [27] to evaluate the multi-matrix integrals at
large N and fixed CS levels in a saddle point approximation.

In this chapter, we build upon the work in [21,27] in several ways. Our first main
result consists of an infinite class of RG flows whose IR and ultraviolet (UV) fixed points
preserve N’ = 3 SUSY. Via the AdS/CFT correspondence, at large N such a flow is dual
to a holographic RG flow between two AdS; x Y extrema of 11-d supergravity. That
the extrema preserve N' = 3 supersymmetry means that the cones over the spaces Y are
hyperkéhler and, because of that, the spaces Y are called tri-Sasakian. (We will provide
a more detailed exposition of hyperkéhler spaces at the beginning of section 3.2.1.) The
11-d SUGRA solutions that represent M2-branes sitting at the tip of a hyperkéhler cone
were constructed in [72], where they were also related through string duality to a brane
construction in type IIB string theory. The type IIB brane construction consists of N
D3-branes filling the 0126 directions, and a sequence of (p,,qs) five-branes,! 1 < a < d,
filling the 012 directions and sitting at fixed angles in the 37-, 48-, and 59-planes. The
(p,q) branes break the D3-brane stack into d segments, and the three-dimensional U (N )d
CS-matter gauge theories then live on the segments. The N = 3 RG flows we want to study
correspond to removing one of the (p,q) branes or to a (p1,q1) brane and a (p2,q2) brane
combining into a (p1 + p2,q1 + ¢2) brane. We find that the F-theorem is satisfied in these
examples.

Our results for the F-theorem follow most naturally from the gravity side of the
AdS/CFT correspondence which provides an SL(2,R) invariant result for F' as a function
of arbitrary (pg,q,). We provide field theory confirmation of the gravity result in the cases
where p, = 0 or p, = 1 for each a. While the 3-d field theory is simplest when p, = 0 or

1, for pg > 1, ref. [73] provides a more complicated field theory description involving an

'We adopt the convention where by a (p, ) five-brane we mean a brane with p units of NS5 charge and
g units of D5 charge.
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interpolating T'(U(N)) theory that implements a sort of local S duality. Instead of using
the T'(U(N)) theory, we derive the matrix model for p, > 1 by bootstrapping from our
large N results. We check that the matrix model yields the correct answer in the large
N limit, and also that it is invariant under SL(2,Z). As a bonus, we discover the matrix
model of the T'(U(N)) theory. This partition function has also been found independently
by [74,75]. The matrix model for arbitrary p, is our second main result.

Along the way we tie several loose ends left off from [27]. In [27] the matrix model
was solved explicitly only for theories on (1,q,) branes with a < 4. We provide a general
solution that holds for any number of (pq, ¢,) branes. In [27] it was checked numerically in a
few examples that the M-theory prediction for the volume of Y that can be extracted from
(3.3) agrees with the geometric computation performed by Yee [76]. We build on Yee’s work
and prove that in general the two computations of Vol(Y') agree. In [27] it was conjectured
that the volume Vol(Y') can be expressed in terms of a certain sum over trees. We provide
a proof of this tree formula.

Our third main result, contained in Section 3.3, is a relationship between the eigenvalues
in the matrix model and the number of chiral operators in the field theory. Define ) (r)
to be the number of chiral operators with R-charge smaller than r for the N = 1 gauge
theory. The authors of [54,77] demonstrated that there is a relationship between v (r) and
the volume of the Sasaki-Einstein space in the large r limit. Given (3.3), there must also be
a relationship between 1 (r) and F. In fact, as we show in this chapter for the necklace the-
ories, more precise relationships can be established between the matrix model and operator
counting problems. The operators in the necklace theories also have a monopole charge m
corresponding to m flux units in a diagonal subgroup of the gauge group. Thus, we may
consider ¥ (r,m) to be the number of operators with R-charge less than r and monopole
charge less than m. Let X, be a hypermultiplet transforming under the fundamental of
the bth gauge group and the antifundamental of the ath gauge group. We can consider
¥x,, (r,m) to be defined as above but now with the operator X, = 0. In the large N limit,
the matrix model is solved by a saddle point approximation for which the eigenvalues are
complex numbers A\, = N¥/22 + iy,. The eigenvalues can be parametrized by an eigenvalue

density p(z), which turns out to be the same for each gauge group, and an imaginary part
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Ya(x). Our two results are

o’y o

I AR (3.4)
82

&“%);;;m:m/u - %P(ﬂﬁ)[%(m)—ya(x)+R(Xab)], (3.5)

where y = 3F/4r N 3/2, (Here we take the liberty of replacing the operator counts, which
are discrete functions, with continuous approximations.) We believe these relations will

hold more generally.

3.2 Volumes of Toric tri-Sasaki Einstein Spaces

On the gravity side of the AdS/CFT duality, we have M-theory backgrounds generated
by placing a stack of N M2-branes at the tip of a hyperkédhler cone, with N large. In
this section our aim is to compute the free energy of the M2-brane theory purely from the
supergravity side of the correspondence. We start by introducing in section 3.2.1 the main
ingredients in constructing the 11-d supergravity solution, namely the toric hyperkahler
spaces. In section 3.2.2 we build upon the results of Yee [76] and express the volume of
these spaces in terms of the volume of a certain polygon for which we will provide a field
theory interpretation later on. In section 3.2.3 we comment on some field theory implications
of this formula, and show explicitly that the free energy decreases along certain RG flows,

in agreement with the F-theorem proposed in [21].

3.2.1 Toric Hyperkahler Cones from a Quotient Construction

We start by introducing the toric hyperkahler cones. The following discussion draws heavily
from [78] and [76].

A hyperkahler manifold possesses 4n real dimensions and has a Riemannian metric g
which is kahler with respect to 3 anti-commuting complex structures Jy, Jo, and J3. These
J; furthermore satisfy the quaternionic relations J? = J3 = JI = J1JoJ3 = —1. The
simplest example of a hyperkdhler manifold is the four-dimensional space of quaternions
H =2 R?*, endowed with the standard line element. A single quaternion ¢ € H = R* can be

93



represented as a two-by-two complex matrix

q= (3.6)

parametrized in terms of two complex variables u and v. In terms of u and v the metric is

ds?® = |du|* + |dv|* and the three kiihler forms are

W= —%(du/\dﬂerv/\dz‘)), (3.7)

1

(W' —iw?) = i(dundv). (3.8)

The w® transform as a triplet under the SU(2) symmetry that acts as left multiplication
on q.

The quaternions H can also be written as a U(1) bundle over R? where the U(1) fiber
shrinks to zero size at the origin of R3. This description comes from the uplift of the Hopf
fibration from S® to R* and makes explicit an SO(3) x U(1) subgroup of the O(4) rotational

symmetry of R*. More explicitly, if one writes
w = +/rcos (0/2) e /W 4 = /rsin (0/2) e I2TW (3.9)

then the standard line element on H becomes

) _ _ 1d®? 1 2
ds* = dudu + dvdv = i +r | dy — 5 cos(f)do | (3.10)
T
where 7 = (7sin 6 cos ¢, r sin sin ¢, r cos ) is the usual parameterization of R? in terms of
spherical coordinates. The coordinate ¢ € [0, 27) parameterizes the U(1) Hopf fiber. From
eq. (3.6) we see that rotations in the U(1) fiber correspond to phase rotations of g.
Another example of a hyperkdhler manifold is the Cartesian product of d-copies of the
quaternions H? 22 R*¢  also considered with the flat metric
3 lldfi

dSQZZ 4 r

a=1

e <d¢a - ;cos(ea)d¢a>2] . (3.11)
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Starting with H¢, one can construct construct a large number of further examples of toric
hyperkahler spaces using the hyperkahler quotient procedure of Hitchin, Karlhede, Lind-
strom, and Rocek [79]. A toric hyperkdhler manifold can be defined to be a hyperkéhler
quotient of H¢ for some integer d by a (d — n)-dimensional subtorus N € T%. The underly-
ing reason that the quotient continues to be hyperkahler is that the triplet of Kéhler forms
(3.7) is invariant under the U(1) action that sends u — ue'® and v — ve™™®,

The hyperkihler quotient procedure requires the data of how N = T% " sits inside T.

The inclusion N C T% can be described by the short exact sequence of tori

0— T Lyrd Ty 0, (3.12)

where we also introduced the quotient 7" = T / T as well as the inclusion map i and
the projection map 7. Bach torus 7% in this sequence can be identified with R /(27ZF), so
the data of how N sits inside 7% can be encoded in how the standard lattice Z4" c R4~
sits inside Z? C R¢, or equivalently how Z¢ c R? projects down to Z" C R™. Such a

construction can be described by a short exact sequence of vector spaces

0— R LRE LRn g, (3.13)
which restricts to a short exact sequence of free-Z modules (lattices):

0—zdm Lzd Lign . (3.14)
Since ) and f are linear maps, they can be represented by matrices: @ by a d x (d —n)
matrix and 8 by an n x d matrix. That the sequence (3.13) is exact means that precisely n
columns of § are linearly independent (i.e. /3 is surjective), that SQ = 0, and that the d—n
columns of @) are linearly independent (i.e. @ is injective). That (3.13) restricts to (3.14)
further implies that @ and 3 have integer entries. The torus N = R4™"/(27Z%") as we

defined it has volume (27)4~™.
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The hyperkihler quotient of H? by the torus N is defined to be the zero locus of a set
of moment maps in addition to a quotient by the torus action. The 3(d —n) moment maps

are compactly expressed using the matrix equation

d
Hi = ZQ? |:qa0—3Q2+)\a'5] (3.15)
a=1
d . .
Ta3 Tal — 1Tg2 /\3 )\1—7)\2
_ ZQ? a a a n a a a ,(3.16)
a=1 Tal + 1Ta2 —Ta3 Aa1 + A2 —Aa3

where o1, 09, and o3 are the Pauli spin matrices. The hyperkahler quotient X is then
X=H//N =~ (0)/N . (3.17)

We are particularly interested in the case where Xo = 0 and the corresponding hy-
perkahler manifold is a cone. The base of this cone is a 4n — 1 real dimensional Riemannian
manifold with positive scalar curvature and a locally free action of SU(2) that descends
from the SU(2) rotating the three complex structures. The base of such a cone is called
a tri-Sasaki manifold. Indeed, a Riemannian manifold (Y, g) is tri-Sasaki if and only if the
Riemannian cone X = (Rt x Y,dr? + 2 gijdyidyj ) is hyperkédhler. The induced metric
on X from H? is Ricci flat, which in turn implies that the induced metric on Y satisfies
Einstein’s equations with a positive cosmological constant. In other words, Y is also an

Einstein manifold.

3.2.2 The Volume of the tri-Sasaki Einstein Base

Given a toric hyperkahler cone X, we would like to compute the volume of the base Y with
respect to the induced metric from H. A brute force approach would be to introduce the

variables LT; such that

o= Bajly - (3.18)
j

These constrained 7, automatically satisfy the moment map conditions. Plugging this

expression into the line element (3.11) on H yields a metric on X x 79", Integrating the
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square root of the determinant of the metric up to a finite radial coordinate 1 =" _r, and
dividing by Vol(T9~") would yield Vol(Y)/4n.
The approach outlined above appears to be difficult. Instead, we will use a result due

to Yee [76], which was proven using an elegant localization argument:

Yee’s Formula. Consider a tri-Sasaki Einstein manifold Y defined via the short exact
sequence (3.14) and hyperkdhler quotient construction described above. If the metric is

normalized such that R;; = 2(2n — 1)g,;, then the volume is

_ d
2d n+1ﬂ.2n

d—n ; 1
wmyy_@n_lﬂwMN)/ ;1d¢ 111+(Ziﬁiwﬂ2' (3.19)

This volume formula has the forgiving property of being invariant under rescaling the
matrix @ — AQ. Under this rescaling the torus volume changes, Vol(N) — A"~ Vol(N).
The factor A"~ is then canceled by the Jacobian introduced upon rescaling ¢ — ¢/A. We
discussed above that the columns of ) can be chosen such they form a Z-basis of the kernel
of 8 and Vol(N) = (2m)4~". Note that if we were not so clever in our choice of Q, the
volume formula would still give us the correct answer because of this scaling invariance.

So far we have assumed that N is isomorphic to T, but we can also choose N to be
isomorphic to Ny x T? for some finite abelian group Np. In that case, the image of /3 is no
longer all of Z™. The cokernel of [ is dual to Np. The volume of N for our choice of @ is
therefore (27)4~" |Np| = (27)4~™ |Coker 3.

We now rewrite this volume integral in a more convenient fashion. Let us assume that
we chose the columns @ to form a Z basis of Ker(5). In this case, the volume formula

simplifies:
27r3n7d d

d—n ; 1
%mq_@n_m/alyw llLHZk%WV' (3.20)

A well-known result from Fourier analysis is

L _ L™ o loltiay (3.21)
1522 3/ ye . .
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Then Vol(Y') can be rewritten as

7.‘.3n— d
— —|Ya -ya 1k
Vol(Y) = M/ H d¢] (H el |dya) exp § 1Qu9"Ya | - (3.22)

a=1 k,a

We are allowed to switch the order of integration, integrating over the ¢’ first.2 We obtain

a2n d—n
Vol(Y) = n D2 / (H e 1alqy, ) kl;Ild (; sza> . (3.23)

To integrate over the delta functions, note that we can get a basis for Z¢ by taking the
basis for Ker(5) and pullbacks of the basis for Im(3). The Jacobian for transforming from
the standard basis of ZP” to this basis must be one, since both bases generate the same
lattice. In our new coordinates, we have two kinds of variables: s; corresponding to the
columns of @) and t; corresponding to the rows of 3. The product of delta functions is just
d(s1)0(s2) -+ (s4—n) and can be performed straightforwardly. If the rows of 3 span Z", the

t; can be written

n
Ya = Zﬁajtj . (3.24)
j=1
The integral reduces to the following useful form:

2n

d n

Note that if the rows of 8 do not span Z", then the Jacobian will have an extra factor of
| Coker(/3)|, which cancels the | Coker(/)| in Vol(IV). So (3.25) holds even if the rows of g

do not span Z". This integral form provides us with a corollary to Yee’s Formula:

Corollary 3.2.1. i) If a column B, is removed from (3, Vol(Y') increases. i) If two columns

Ba and By of B are combined to form the new column B, + By of a new ' with one fewer

®The integral (3.22) is not absolutely convergent. However, if we multiply the inte-
grand by exp [f Dok €k (¢k)2] , for some small ¢ > 0, then the integral does converge abso-
lutely. We can then take the limit ¢ — 0F. If we integrate out the gy, then we get

. opdn—d d—n exp[fz ek(qbk)Q] _ op3n—d d n
lim, 0+ Grmiy il (H] 1 drjﬂ) Ha S kak)Q = Gaomt f( i1 d¢7) Ha . 71%2 ) If we
2n

integrate out the ¢’ then we get lim,, o+ Wf( ¢ e lvaldy, )Hd ?exp (S Qhva)” /e =

2 /mer
e [ (T e laya) THZH 0 (32, Qtwe)-
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columns, Vol(Y') either increases or stays the same. The volume remains the same if and

only if the two columns are proportional, 3, = cfy for some ¢ € RT.

Proof. (i) is true because the integrand of (3.25) (which is positive definite) increases when
a column of /5 is removed. (ii) is true because the absolute value of a sum is less than or
equal to the sum of the absolute values. Equality occurs only when the expressions inside

the absolute values are proportional. O
The volume formula (3.25) leads to another useful corollary of Yee’s Formula:
Corollary 3.2.2. Let P € R" be the polytope
d | n
P=QteR": ) Y Batj| <1 (3.26)
a=1|j=1

Let S*=1 be a (4n — 1)-dimensional sphere with unit radius. The volume of the tri-Sasaki

Einstein manifold satisfies the relation

Vol(Y')

n!

Proof. Introduce the notation o = Zgzl ‘Z?:l Bajtj’ with a > 0 if at least one of the ?j, is
non-zero, and write ¢, = ab, for some new variables b,. The b, are constrained to live on

the boundary of P. Eq. (3.25) can be rewritten as

71-2 d n 00
VoY) = /(Hdbk> S [S ut| ~1) [Tdnaren. @

a=1 |j=1

The volume of P can be also written in terms of these variables:

d n
Vol(P /(H dbk> DD Bajby| — 1 /ldaa”_l. (3.29)
0

a=1 |j=1
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Performing the integrals in o and comparing the last two formulas, we obtain

an!
(2n —1)!. 271

Vol(Y) = Vol(P) , (3.30)
or, using the fact that the volume of the (4n — 1)-sphere is Vol(S**~1) = 2727 /(2n — 1)! the

desired result follows. O

A final corollary is an explicit result for the volume of the tri-Sasaki Einstein spaces

relevant for the gauge theories we discuss below:

Corollary 3.2.3. In the case n = 2, choose 8 such that the two-vectors B, lie in the upper
half plane and order them such that By A Bay1 > 0.2 The volume of the tri-Sasaki Einstein

space Y 1is
4

d
Vol(Y % Z

a=1

3.31
Ua—i—l ( )

where we have defined the quantities ~ap = |Ba A Bb|, 00 = 22:1 Yab, and Bgy1 = —P1.

Note that the volume of Y is independent of the sign of the £, and their order inside
. The order of the 3, in the corollary is their order around RP!. (Flipping the sign of any
given column of § does not change the hyperkahler quotient H///N because the torus N
defined by (3.14) is invariant under such a sign flip. Therefore it is natural to identify S,
with — 3, and consider the ordering of the 8, = (pa, q4)” to be the ordering of [p,, ¢.] € RP*
around RP!.)

Proof of Corollary 3.2.3. We split the integral into various regions according to whether
> y Bajtj is positive or negative. There are 2d such regions. Since the integral does not
change if we replace each t; with —tg, we only need to consider d regions. The ordering of
the [, guarantees that any two consecutive columns determine a region boundary.

Now we choose a and compute the integral in a region bounded by the lines u =

—Zj Bajt; = 0 and v = Zj Bla+1)jt; = 0. The prefactor in the integral is 74/12, but

3 a C _ N
We define (b> A (d) = ad — be.
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we need to multiply by two since there are two such regions. We get

P v+
du dv exp Z Yab Y(a+1)b
1 Ya(a+1)
ml Ya(a+1) (
= — 3.32)
6 (Zb Yab) (Zb Y(a+1 b)
Summing the regions yields the volume stated in the corollary. ]

Given Corollary 3.2.2, there exists an equivalent proof that involves computing the area
of P from the definition (3.26).

The authors of [27] conjectured a formula for the volume of these n = 2 tri-Sasaki
Einstein spaces. Their formula is interesting because it does not rely on an ordering of the
B, and makes the permutation symmetry of the columns of § manifest. We have been able
to promote this conjecture to a theorem. As the techniques for the proof are not typical of

the main arguments in the chapter, we include the proof as Appendix A.1.

Tree Formula. The area of the polytope P described in (3.26) in the case n = 2 can be

written
Z(V,E)ET H(a,b)eE Yab

ngl Oa
where T is the set of all trees (acyclic connected graphs) with nodes V.= {1,2,...,p} and

edges E = {(a1,b1), (a2,b2),...,(ap—1,bp—1)}.

Area(P) =2 (3.33)

3.2.3 Brane Constructions and an F-theorem

Consider the following brane construction in type IIB string theory. A stack of NV coincident
D3-branes spans the 01236 directions with the 6 direction periodically identified. Let there
be bound states of NS5- and Db5-branes. Denote the number of NS5- and D5-branes in
the bound state by p, and g, respectively. These (pq, ¢q)-branes intersect the D3-branes at
intervals around the circle and span the 012 directions. Each (p,, ¢q)-brane lies at an angle
0, in the 37, 48, and 59 planes where 0, = arg(p, + iq,). These brane constructions are

known to preserve 6 of the 32 supersymmetries of type IIB string theory [80,81].4

“Note that a brane with charges (—pa, —ga) is an anti-(p,, ¢4 )-brane rotated by 180 degrees, which is the
same as a (Pa, ¢a)-brane. The (pq,ga) charge is most naturally defined up to this overall sign.
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(p27q2) (p37Q3) (p4,(]4) (pdan>
(p1,q1) 5-brane
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$64/

N D3’s

Figure 3.1: A schematic picture of the brane construction. The N D3-branes span the 0126
direction, and the (pg, ¢,) 5-branes span the 012 directions as well as the lines in the 37, 48,
and 59 planes that make angles 6, = arg(p, + iq,) with the 3, 4, and 5 axes, respectively.
The three-dimensional N' = 3 theories considered in this chapter live on the 012 intersection
of these branes.

This brane construction cannot be described reliably within type IIB supergravity be-
cause the dilaton becomes large. A better description can be obtained after a T-duality
along the 6 direction and a lift to M-theory, where the resulting configuration can be de-
scribed within 11-d supergravity. The geometry depends on N. When N is small, the
geometry is R*! x X where X is the hyperkihler cone discussed above for n = 2 [72]. In
the large IV limit, the D3-branes produce a significant back-reaction, and close to them the
geometry is AdSy x Y where Y is a tri-Sasaki Einstein space [66]. In both cases, the charges
(Pa,qa) = BT are the columns of 3.

In the case where p, = 0 or 1, this brane construction admits a simple N’ = 3 supersym-
metric 2+1 dimensional field theory interpretation. The (1, ¢,)-branes, a = 1,...,d, break
the D3-branes up into d segments along the circle. For each segment, we have a U(N)
Chern-Simons theory at level kg = qa+1 — ¢o- The (0, ¢;)-branes, i = 1,...,np, also inter-
sect the D3-branes. At each intersection, we have massless strings that join the D3-branes
to the (0, g;)-brane that correspond to flavor fields in the fundamental representation. (See
figure 3.2.) These gauge theories are described in greater detail in [66, 82].

As described in the introduction, it has been conjectured that the logarithm F' of the
partition function of the Euclidean field theory on S serves as a measure of the number

of degrees of freedom in the theory, being an analog of the conformal anomaly coefficient a
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of a 3+1 dimensional field theory. While the a-theorem is a conjecture that the conformal
anomaly a decreases along RG flows, the conjectured F-theorem states that F' should de-
crease along RG flows [21]. As given in (3.3), the AdS/CFT correspondence predicts that
in the large N limit, F' ~ 1//Vol(Y). Thus, along RG flows, Vol(Y") should increase.

It is remarkable that for the class of theories we consider here, Corollary 3.2.1 confirms
this expectation that Vol(Y') should increase along RG flows. The UV of the field theory
should correspond to looking at our D3-brane construction from a great distance as only high
energy excitations will be able to get far from the branes, while the IR should correspond to
getting very close to the D3-branes. The simplest realization of such an RG flow is to add a
mass term for flavor fields corresponding to a (0, ¢;)-brane. Such a mass term corresponds
to introducing a small distance between the (0, g;)-brane and the stack of D3-branes. In the
UV, these flavor fields will contribute to F', while in the IR, the flavors and corresponding
(0, g;)-brane should be absent.

A slightly more complicated realization involves an intersecting (0, ¢)-brane and a (1, 0)-
brane. We have a U(N) vector multiplet on each side of the (1,0)-brane. The (0, ¢)-brane
produces ¢ fundamental flavor fields charged under one U(N) and ¢ anti-fundamentals
charged under the other. Adding real masses of the same sign for each flavor field corre-
sponds to a “web deformation” [81] where close to the D3-branes the (0, ¢)- and (1,0)-brane
form a (1, g)-brane bound state. Far from the D3-branes, because we have fixed boundary
conditions for the (0,¢)- and (1,0)-brane by specifying their angles, the two branes will
remain separate. From a large distance, we will not see that the two 5-branes have com-
bined. We will only see their asymptotic regions where they remain separated. Closer up,
we will see that the branes have made a bound state. From the point of view of our volume
formula, combining these two branes increases the volume and thus decreases F'.

In fact, Corollary 3.2.1 and our volume formula put no restriction on the type of (p, q)-
brane we remove or the type of (p, q)- and (p', ¢')-brane we combine to form a (p+p’,q+¢)
bound state. In all cases, the volume will increase, corresponding to a decrease in F.
Unfortunately, from the field theory perspective it is not clear in general to what these

more general types of RG flow correspond.
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Figure 3.2: A necklace quiver gauge theory where the gauge sector consists of d U(N) gauge
groups with Chern-Simons coefficients k,. The matter content consists of the bifundamental
fields A, and B,, as well as n, pairs of fundamentals and anti-fundamentals transforming
under the ath gauge group.

3.3 Field Theory Computation of the Free Energy

3.3.1 N =3 Matrix Model

Consider the N' = 3 supersymmetric 241 dimensional Chern-Simons theories corresponding
to the (p, q)-brane constructions described above where p = 0 or 1. Let there be d U(N)
gauge groups at level k; = qq+1 — qq, matter fields A, and B, in conjugate bifundamental
representations of the (a—1)st and ath gauge group and n,, pairs of flavor fields transforming
in fundamental and anti-fundamental representations of the ath gauge group, with a =
1,...,d (see figure 3.2). As explained in [17], the partition function for these necklace
quivers localizes on configurations where the scalars o, in the vector multiplets are constant
Hermitian matrices. Denoting the eigenvalues of o, by A,;, 1 < ¢ < N, the partition

function takes the form of the eigenvalue integral

7z / TT s | ZolfaiD Em(fash) (3.34)
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where the vector multiplets contribute

d

1 . )

L, = N H H 2sinh{m(Agi — Aaj)] | exp (m Z ka}\i,i) (3.35)
a=1 \i#j i

and the bifundamental and fundamental matter fields contribute

d s
1 1
Lm - ar:‘[l H 2COSh[7T()\a,Li - )\a,j)] (H 2COSh7T)\a’Z> . (336)

1,7 %

We follow the recipe suggested in [27] for analyzing this matrix model in the large N
limit. We write A = N'/2z 4 iy and assume that the density of eigenvalues p(z) is the same
for each vector multiplet. To leading order in N, the matrix model for the A/ = 3 necklace

theories involves extremizing a free energy functional of the type
d d
Flp,0ys] = mN3/? /p(:c)d:z: [np|x + QSCZ 7a0Ya(x) + p(z) Z f(oya(x)) |,  (3.37)

a=1 a=1

where 0y, = Ya—1 — Yo, NF = ), Na, and f is a periodic function with period one given by
— when —

(3.38)

This free energy should be extremized over the set

d
C= {(p, 0Yq) : /dm p(x) = 1;p(x) > 0 and Zp(m)éya(w) =0 a.e.} , (3.39)

a=1

where we think of p(z) and p(x)dy,(z) as functions defined almost everywhere (a.e.). To

enforce these constraints, we introduce the Lagrange multipliers p and v(x):

d
Flp, 6ya) = Fp, dya) — 2rN3/? lu (/ da p(z) — 1> +/df€ p(w)V(x)Z5ya(x)] . (3.40)
a=1
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The equations of motion that follow from this action are

d
Z (0ya(z))p(x) + (guz — v(x)) dyo(z)] = p — 1np|ac] , (3.41a)
2
a=1
%f’@ya(l’))p(x) + oz = (). (3.41D)

The solution of these equations and the constraint 22:1 0y, =0 is

1
p(z) = sp(z) —ss(z),  v(z) =—5sclz) +ss(2)]
3.42
 1}o0) + gyl Iss(a) + o (349
5ya(93) - 5 ’
2 sp(r) — ss(x)
where we denoted by sz (x) and sg(x) the two solutions of the equation

an\a:| + 5 Z |5(2) + qaz| = (3.43)

with sp(x) > sg(z). Note that the set of s and x satisfying (3.43) defines a polygon. In
fact, it defines the polygon P of (3.26) but rescaled by a factor of 2.
We show in Appendix A.2 quite generally that in the continuum limit the extremized

value of the free energy F' is proportional to the Lagrange multipler pu:

4w N3/2
-3

. (3.44)

Thus to determine F', it suffices to find u.

By definition, the density p(z) should integrate to one. The solution (3.42) demonstrates
that the density p(x) is proportional to the length of a slice through P at constant . Thus
integrating p(x) over x should yield a quantity proportional to the area of the polygon. We

obtain

= /dx p(x) = 4p® Vol(P). (3.45)
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Assembling (3.44) and (3.45) yields F = 27 N%/2/3,/Vol(P). From Corollary 3.2.2 and in

particular (3.30), we recover our AdS/CFT prediction (3.3).

3.3.2 Operator Counting and the Matrix Model

In this section, we relate the matrix model quantities p(x) and p(x)dy.(x) to numbers of
operators in the chiral ring that don’t vanish on the geometric branch of the moduli space
of the N’ = 3 necklace quiver in the abelian case N = 1. To that end, we first characterize
the chiral ring, defined to be gauge-invariant combinations of the bifundamental fields and
monopole operators modulo superpotential relations. At arbitrary N, the superpotential

for these A/ = 3 necklace quivers when np = 0 is
41
W =Y —Tr(Byt1Aer1 — AaBa)? , 3.46
> T(Bai1oia = AuB) (3.46)

where k;, = qqy1 — ¢o- When N = 1, this superpotential gives rise to d — 2 linearly

independent relations on the geometric branch of the moduli space
(ka + ka—l)AaBa = ka—lAa—i—lBa-‘rl + k;aAa—lBa—l . (347)

(As pointed out by [66], these relations are one set of moment map constraints in the
hyperkahler quotient discussed previously.) There also exists a monopole operator T" and
anti-monopole operator T' that create one and minus one units of flux, respectively, through
each gauge group. These monopole operators satisfy the quantum relation T7 = 1 (32,
33]. The A, and B, fields have R-charge 1/2, guaranteeing that the R-charge of the
superpotential is two. We will take the monopole operators to have zero R-charge. Gauge
invariance for this U (1) gauge theory means that the total U (1) charge of a gauge-invariant
operator constructed from A,, B,, and monopole fields will vanish. Let A, (B,) have charge
+1(—1) under gauge group a and charge —1(+1) under gauge group a — 1. The monopole

operators have gauge charges +k, under the ath gauge group. To write a gauge-invariant
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operator in a compact form, it is convenient to define the operators

AT g, +s >0 ™  ifz>0
CMiats = ; Um = : (3.48)

B, ifmg, +s5<0 T-™ ifz <0

The gauge-invariant operators are
O(m, s,i,7) = UTC T CYPeT .. O3 (A1 By) (A2 Ba) (3.49)

Note we have used the superpotential relations to eliminate all but two of the (A;B;) factors
that could potentially appear in a gauge-invariant operator.
Let us consider the set of operators of the form O(m, s, 0,0) with R-charge less than r.

The number of these operators is equal to the number of lattice points inside the polygon

d
_ 2 1
P, = {(m,s) eR .§Zys+qam| <ry . (3.50)

a=1

In the large r limit, the number of these lattice points is well approximated by Area(P;).
The polygon in Section 3.2.2 and this polygon are related via Py, = P. Corollary 3.2.2
established that Area(P) and Vol(Y') are proportional. As Area(P,)=4r? Area(P), we have
an additional relation between the number of a certain type of operator and Vol(Y).

The relation between Area(P) and an operator counting problem reveals an additional
relationship between the eigenvalue density p(x) and the chiral ring. We claim that in the
large r limit the number of operators O(m, s,0,0) of R-charge less than r and monopole

charge between m = xr/p and m + dm = (v + dzx)r/p is

,,,2

—p(z)dr . (3.51)
1
From (3.42), the quantity p(x)dx in the matrix model corresponds to the area of a constant
x strip of P, of height sr,(z) —sg(z) and width dz. Roughly speaking, the operator counting
gives p(x) a new interpretation as the number of operators O(z, s,0,0) of R-charge less than

1 and monopole charge bounded between = and x + dx. As p is of order one in the matrix
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model, we should be more careful and consider first P, for some large r, giving rise to the
factors of r/p in the claim.
There is a subtle relation between dy, and the chiral ring where A, or B, is set to zero.

In the large r limit, we claim that

r2 1

2 ((5ya(at) + 2> p(x)dx (3.52)
counts the number of operators of the form O(m, s,0,0) with R-charge less than r and with
monopole charge between m = zr/p and m+dm = (x+dz)r/p and with B, = 0. Flipping

the sign of dy,(x) yields an equivalent expression for operators with A, = 0. Note that

;

0 Q(lx < —SL(:I:),

p(z) <5ya(x) + ;) = \sn(x) + gz —sr(z) < gux < —sg(x), (3.53)

sp(z) —ss(x)  —ss(7) < qaz.

For simplicity, let us first assume that p is large and count the operators with R-charge
less than . We get the correct counting when g, < —sr(x) and when —sg(z) < gx
because the region g,z + sg(z) > 0 corresponds to a portion of the polygon where the
O(z,s,0,0) contain no B, while the region g,z + sp(x) < 0 corresponds to operators
that contain no A,. In the central region, the operators that contain no B, satisfy the
constraint sy (x) > s > —q,x. Because there is one operator per lattice point, the number
of operators that contain no B, is proportional to the difference sy (z) — (—gqz). Similarly
p(x)(—dyq(x) + 1/2) will count the number of operators with no A,. Again, since p is of
order one in the matrix model, we should rescale our results for a polygon P, in the large
r limit, yielding the extra factors of r/u in the claim (3.52) for dy,.

For a general supersymmetric gauge theory, we will not be able to make a clean separa-
tion between all operators in the chiral ring and operators of this special form O(m, s,0,0).
It is thus useful to reformulate these statements about p(x) and dy, in terms of all chiral

operators. Let us introduce the function v (r, m) which counts the number of operators with
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R-charge less than r and monopole charge less than m. We claim that

03 _

-
or2om merz/y

p(x) . (3.54)

Note that in the large r limit, (8%/0rOm)drdm can be interpreted as the number of
operators of R-charge between r and r 4+ dr and monopole charge between m and m + dm.
Given an operator O(m, s,0,0) of R-charge >, |s+gsm| = 1y < r, we can form an operator
of R-charge equal to r by multiplying O(m,s,0,0) by a factor of (A1B1)(AyBs) 077,
There are precisely r — g + 1 ways of forming such a factor (assuming r — r( is an integer).
This multiplicity » — ro + 1 associated to a lattice point (m,s) of the polygon can be
interpreted as the total number of operators of fixed m and s with R-charge equal to r.
The difference in the number of operators with R-charge r + 1 and r integrated over a strip
at constant m now has the dual interpretation as rp(um/r)/u or 831 /9r?0m (in the large
7 limit).

As for dy,(x), let us introduce ¥4, (r,m) and ¥p,(r,m) as the number of operators
with R-charge less than r and monopole charge less than m, with A, = 0 and B, = 0

respectively. We claim that

0P a, o 1

Sy~ 0 (o 3) 359
82¢Ba T 1

orom ‘mra}/u a ;p(x) <5ya(x) " 2) . (356)

Note that (0%yp, /Ordm)dr dm can be interpreted as the number of operators of R-charge
between r and r 4 dr, monopole charge between m and m+ dm, and no B, operators, in the
large r limit. Given an operator O(m, s, 0,0) of R-charge rop < r that does not involve the
field B,, we can form a unique operator of R-charge equal to r by multiplying O(m, s, 0,0)
by (ApBp) "~ where b # a (provided r — rg is an integer). Thus, eq. (3.52) is counting the
number of operators in the chiral ring with R-charge between r and r + dr, magnetic charge
between m = ra/u and m + dm = r(z + dx)/u, and no B, operators. There is a parallel

argument for 14, .
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3.3.3 Operator Counting and Volumes

Given the close relation between p(z) and Vol(Y), it is not surprising that there is also
a close connection between p(x) and numbers of operators in the chiral ring. Motivated
by Weyl’s Law for eigenfunctions of a Laplacian on a curved manifold, the authors of [54]
noticed that the number of holomorphic functions on a certain class of Calabi-Yau cones
could be related to the volume of the Sasaki-Einstein manifold base. Their result holds for
a Calabi-Yau cone which is a C*-fibration over a variety in weighted projective space with
a Kahler-Einstein metric. This special case was later generalized to any complex Kéhler
cone by Martelli, Sparks, and Yau [77]. Note that the set of holomorphic functions on the
cone is precisely the chiral ring of the NV = 1 gauge theory and that the ring has a natural
grading from the R-charge. The relation between the number of holomorphic functions and
the Vol(Y) is
m"'n 1

Vol(Y) = o1 lim — lim ¥(r,m) , (3.57)

n=1 o0 rd m—oo

where dim(Y) = 2n — 1. In fact the result (3.57) helps to explain not only the relation
(3.54) between p(x) and ¢ (r,m) but also the relations (3.55) and (3.56) between 0y, (z) and
restrictions of the chiral ring to rings where A, = 0 or B, = 0. The subspace A, = 0 of the
Calabi-Yau cone is also a complex cone with Kahler structure. The level surfaces of this
complex cone will be Sasaki manifolds which satisfy (3.57) with n = 3. The identifications

(3.54), (3.55), and (3.56) along with (3.57) imply that

/ pla)dr = ziff Vol(Y) | (3.58)
2

/ o) (—5ya(x)—|—;> do = %Vol(ma), (3.59)
2

/p(a:) <5ya(:v) + ;) de = %VOI(YBG) : (3.60)

The relation (3.58) we derived already, but the second two relations are seemingly new.
From the free energy functional (3.37), it is clear that dy,(x) is an odd function of x, and

thus for these necklace quivers the integral [ p(z)dy,(z)dz vanishes trivially. The remaining
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integral yields the result
3
Vol(Ya,) = Vol(Yp,) = - Vol(Y) , (3.61)

a result Yee found by other means [76].

A field theoretic interpretation of these five dimensional cycles was provided by [83,84].
In an AdS4 x Y solution of eleven-dimensional supergravity, an M5-brane wrapping such a
cycle in Y looks like a point particle in AdSy with a mass proportional to the volume of the
cycle times the tension of the five-brane. The AdS/CFT dictionary provides a relationship
between the mass of the particle and its conformal dimension. As the wrapped five-brane is
supersymmetric, the conformal dimension can be related to the R-charge of the correspond-
ing operator that creates the state. If in the geometry the five-cycle corresponds to setting
A, = 0, the corresponding baryonic-like operator should involve an anti-symmetric product
of N copies A,. For our purposes, the essential point is a relation between Vol(Yy,,) and
the R-charge of A,:

mVol(Ys,) 1

R(A,) = § Vol ~2° (3.62)

This point suggests a way of generalizing (3.55) and (3.56) to an arbitrary quiver gauge
theory. We should replace the 1/2 with the R-charge of the corresponding bifundamental

field X, with charge +1 under gauge group b and charge —1 under gauge group a:

Gkl ) (o) — gale) + RO (369

m=rz/pu

3.4 The Matrix Model for (p, q)-Branes

As discussed in section 3.2.3, the free energy for a system of d (pq,qq) five-branes can be
computed on the gravity side by combining the M-theory prediction (3.3) with the eq. (3.27),

where n = 2 and (pg, qa) = L. More explicitly, the polygon P takes the form

d
P = {(:U,s) eR?: Z\pas+qaw] < 1} , (3.64)

a=1
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and the volume of P is related to F' through F' = 27N 3/2 / 3\/W. In the previous
section we were able to reproduce this formula from the field theory side in the cases where
pqe = 0 or p, = 1 for each a, as these were the cases where a simple Lagrangian description
of the field theory led [17] to an expression for F' in terms of a matrix integral. For p, > 1,
as mentioned in the introduction, a Lagrangian description would involve the coupling to
the T(U(N)) theory described in [73]. We will now use our large N intuition to figure out
the matrix model at finite V.

As a first step towards obtaining such a matrix model, we note that at large N one can

obtain the correct value for F' by extremizing the free energy functional:

d d
Flp, 6ya] = 7N?/? / p(x)dw [2-’11 > %“5%(96) +p(2) Y paf(6ya(z)/pa)| - (3.65)
a=1417 a=1

The saddlepoint is a generalization of the earlier eigenvalue distribution (3.42) for the (1, ¢4 )-

branes:

(o) = spfa) = ss(@), vla) = —3 [spla) + ss()]

3.66
1 pusp(®) + gut] — [puss(@) + gus] (3.66)

Oa(T) = 2 sp(z) — sg(x)

)

where s,(z) > sg(z) are the two solutions of %Zzzl |Das + qaz| = p.

The equation (3.65) seems ill behaved in the limit p, — 0, but in fact it is not. What
happens is that dy,(x) will saturate very quickly to +p,/2 as we move away from = = 0.
Thus the function f(dy,/pa) will vanish, and 2x¢,0y,/p, can be replaced with g,|x|. Before,
we identified the number of flavors with the sum np = Zpa:(] qa, and in this way we see
how a term of the form ng|z| will appear in the free energy (3.65).

To give the reader a better sense of how SL(2,Z) acts on the polygon, we show P for
ABJM theory and some of its SL(2,7Z) transforms in figure 3.3. While all three polygons
have the same volume (as they must given Corollary 3.2.3), the eigenvalue distributions can
look quite different. In figure 3.3a, p(z) is a constant function for —1/k < z < 1/k. In
figure 3.3b, p(z) has two piecewise linear regions for —1 < x < 1. Finally, in figure 3.3c,

p(x) has one constant region and two linear regions in the interval —1+1/k <z < 1—1/k.
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Figure 3.3: a) The polygon for ABJM theory which can be built from a (1,0) and (1, k)
brane; b) the S-dual configuration involving a (0,1) and (—k,1) brane; c¢) an SL(2,7Z)
transform to a (1,1) and (1 — k, 1) brane.

3.4.1 (p,q)-branes at finite N

One can go a little further and conjecture a finite N analog of the matrix integral (3.34)
that reduces to (3.65) in the large N limit. If we move the sinh and N! factors from (3.35)

to (3.36), then the contribution from a (1, g,)-brane to the partition function is given by

% exp [m’qa (Z )\(21,1714 — Z A?IZ)]

. ) (3.67)
y [ic;2sinhm(Aa—1i — Aa—1,5) [[;<; 28inh m(Aai — Aq )
Hi,j 2coshm(Aa—1,i — Aaj) '
We argue that the generalization to (pq, q,) branes is given by
1 _ .q
Lipa,qa)(Aa—1; Aa) Eﬁ|pa| Vexp [ﬂ-Z}?a <Z )‘2—1,1‘ - Z Ag,i)]
* a . .
! ! (3.68)

X Hz‘<j 2 sinh pla()\a—l,i — Aa—1,5) Hz‘<j 2sinh pla()\a’i ~ Acd)
[T 2cosh I-(Aa—1,i — Aaj) 7

where this formula is correct only when (p,,q,) are relatively prime. An (npg,ng,) five-
brane, with (pg, ¢, ) relatively prime, should be thought of as n (pq, ¢,) five-branes. Eq. (3.68)
is based largely on the structure of (3.65). The term involving the hyperbolic cosine in (3.67)
gives rise to the second term in (3.65) in the case p, = 1. As the imaginary parts of the
eigenvalues appear with a factor of p, in (3.65), at finite IV, we should divide the eigenvalue
differences Aq—1,; — Aaj by pa. The exponential term in (3.67) gives rise to the first term in

(3.65) in the case p, = 1. As a result at finite N we should replace the coefficient g, with
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Ja/Pa in (3.67). This replacement suggests that the field theory on (pq, gq)-branes in some
sense can be thought of as having Chern-Simons couplings ﬁ(qaﬂ/ Pa+1 — 9a/Pa) f trAg A
dA,. (Such an observation was also made in [73,80].) Recall that the factor exp[mi(ga+1 —
Ga) 32; A2 ;] in the original matrix model comes from the classical contribution of the Chern-
Simons term %(qaﬂ —qq) [ tr Ay A dA, and its supersymmetric completion.

The remaining factors of p, are required for (3.68) to be invariant under S-duality as
we will now see. As an added bonus, by studying the action of S-duality, we will be able to
deduce the partition function for the T'(U(INV)) theory of [73].

Our (p, q)-brane construction exists in type IIB string theory which is well known to be
invariant under the action of SL(2,Z). One of the generators of SL(2,7Z) is S-duality which
we define to map a (p, ¢)-brane to a (—g,p)-brane. The work of Gaiotto and Witten [73]
suggests that we also should be able to realize S-duality locally, on one (p,q)-brane at a
time. The fact that S-duality squares to minus one suggests that we may be able to realize
it as a Fourier transform acting on (3.68).

For simplicity, we will restrict to the case where the ranks of the gauge groups are equal
to N. Before introducing the Fourier transform, we make use of the identity

Hi<j sinh(z; — ;) Hi<j sinh(y; — ;)
[1; j cosh(zi —y;)

sech(z; —y1) sech(xa —wy1) ... sech(z, —y1)
(3.69)
sech(x; —y2) sech(za —y2) ... sech(z, —y2)
=det
dots
sech(z; —yn) sech(zy —yny) ... sech(zy —yn)

previously considered in [85]. Given this identity, we can write (3.68) as a sum over permu-

tations

2 1
exp |mi—( » — . 3.70
H [ Toli ))} 2 cosh E(Aj — ap(j)) ( )

Lipg)(A,0) N. > (=

o Ipl
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We claim that a local S-duality is implemented by the following Fourier transform:

Li—gp(p,v) = / " A LN, 0)e 0 dN NN o (3.71)

To demonstrate this claim, we isolate the integrals over \; and o)

1
cosh Z(Aj — o,(5)) '

j |;/d}\jdap(j)em(f,(Af—ai(j)H?(um— L)) (3.72)

With the change of variables x4 = Aj & o), this integral is straightforward to perform:

b= 2‘1|/dx+ da_ em(%“L—F”(W_V’J(”HL(M"JFVP(”)) sech 2=
p p

1 / <q > o (40 TT_
= —fdr 6o 4 p;— v, ) ™ Hit6) goch T 3.73
| p Hi = ¥o) p (3.73)

1
1 = Vp(j)) ‘

Lo [
= |q|exp[ mq(ﬂj Vp(j))} coshg(

Taking the product over the eigenvalues and averaging over permutations yields (3.71).
This local S-duality composes in a nice way. Consider applying similar Fourier trans-

forms to neighboring (p, ¢)-branes:

/L(q,p)()‘aﬂ)L(q’,p’)(N7 V)dNN
_ /eZW“'XL(M)(:\,ul)eQ”i”'(“Q_“l)L(p/,q/)(ug, ﬂ)e‘WWdN;\ dN'ul dN'u dNM2 dVi

— / ™ALy N ) Ly gy (1, 7)e 277 dN N dN o dV i (3.74)

Thus if we apply a local S-duality to each (pg,qq)-brane in the necklace, the factors of
e2™#A cancel out and the resulting partition function is invariant under a global action of
S-duality.

We would like to give a better interpretation of this group action. Consider acting on a

single (p, ¢)-brane with this local S-duality:

/L(_%p)()\, 1) Ly ) (15 v)d = /627”)\')\[/(]3?(1)(5\, ﬂ)e_%i“'[‘L(p/’q/)(p, V) d¥XdN pdN
(3.75)
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One way of interpreting the e=2™## is to posit that some new object has been inserted
between the (p,q)-brane and the (p/,q’)-brane that implements a local S-duality. This

object contributes to the partition function an amount

Ls(p, i) = e 27 | (3.76)

Similarly, right before the (p,q) brane we introduced another object that undoes the local

S-duality:

Lg-1(\A) = 2™ (3.77)

Let us see how the T'(U(N)) theory arises. So far, we have been thinking of the (p, q)-
branes as the building blocks out of which we construct the partition function. Alternately,
we can decompose the partition function into the contributions from the D3-brane segments
and associated U(N) gauge groups. From the D3-brane point of view, the object Lg(pu, fi)
implementing S-duality splits a D3-brane segment into two regions, each characterized by
a U(N) gauge theory, one with eigenvalues p and one with eigenvalues ji. The L, 4 and
Ly ¢ factors do not have enough factors of hyperbolic sine to describe two U(N) gauge

theories. These factors are simple to recover if we say the new object has a partition function

1
pj) sinhm(fi; — i) -

Ls(p, i) = Nl e~ 2mini H Teinbr (i~ (3.78)
i<j
This object has a natural interpretation as the partition function of the T'(U(NN)) theory.®
This partition function has been found independently by [74].
At this point, it is clear that we should be able to realize any element of SL(2,Z) acting
locally on our necklace theories. The group SL(2,7Z) has two generators: S, which we
discussed above, and T'. We define T' to send ¢ — ¢ + p and leave p invariant. If we think

of (p,q) as a two-component column vector on which SL(2,7Z) acts in the fundamental

® Actually, the T(U(N)) partition function needs to be antisymmetrized with respect to permuting p.
But since Ly q) (14, A) is already antisymmetric in p, we can get away with not antisymmetrizing Ls.
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representation, then S and T are the two-by-two matrices
S = , T = . (3.79)

They satisfy S2 = —1 and (ST)? = 1. To find the action of T on the matrix model, one
can see from (3.70) that
L

p,q+p)()‘v U) — e7ri)\~>\—i0L(p7q)()\’ O.)e—m‘a-a-‘rie ’ (3'80)

where 0 is a phase to be determined. Similarly to Lg, one can therefore define

LT(O') = ¢~ Tio-o+if , Ly (/\) = TN A0 ’ (3.81)

so one can describe the contribution of a (p, ¢+ p) five-brane to the matrix model integrand
as Lp-1(A)L(p,q) (A, 0)Lr(0), where the factor of Lz (o) corresponds to the local action of a
T-transformation and Lp-1(\) corresponds to the local action of 7.

We have defined the effect of the S and T generators on the matrix model so that S
requires us to have two distinct sets of eigenvalues p and fi in the two regions separated
by an “S-boundary”, while T" doesn’t, acting just by multiplication of the eigenvalues ¢ in
the region containing the “I-boundary” by Lp(c). We could have said, however, that a
T-boundary also requires two distinct sets of eigenvalues o and ¢ around it, in which case we
should have described its contribution as Ly (0)d(o — ). By the same logic, it follows that
the identity element should be also viewed as a Dirac delta function Li(\, o) = §(\ — o).
The operator equal to minus the identity is L_1(\,0) = (A + o). We can verify by explicit

computation that

Lgs1 (1, \) = / 2T O Ny = §(— N) = Ly (. N) (3.82)

and similarly that Lpp-1 = Ly, Lg> = Ly and L(g7)s = Ly provided 36 = mN/4.
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We should mention that the expressions (3.76), (3.77), and (3.81) can also be justified
by analyzing the case N = 1, where the action of SL(2,Z) on Chern-Simons theories was
described in [73,86]. Indeed, as explained in [86], the T' generator just shifts the CS level
by one unit, so the action changes by —ﬁ J A A dA plus its supersymmetric completion.
The classical contribution to the partition function from the scalar )\ in the N' = 2 vector
multiplet then gives Ly(A). The action of S on a CS theory with some gauge field A consists
of introducing another dynamical gauge field A that couples to the topological current *dA.
This coupling takes the form of an off-diagonal Chern-Simons term —% JAN dA plus
its supersymmetric completion. If p and i are the scalars in the corresponding vector
multiplets, the classical contribution to the partition function from this off-diagonal Chern-

Simons term is precisely given by (3.76).

3.5 Discussion

Our main results are additional evidence presented in Section 3.2.3 for the F-theorem
conjecture, the relations (3.4) and (3.5) between numbers of chiral operators and eigenvalue
distributions, and a conjectured form (3.68) of the matrix model corresponding to a (pa, qq)-
brane construction in type IIB string theory. Each of these results requires some brief
discussion.

We would like to investigate further our proposed matrix model (3.68). In particular,
it would be interesting to see how (3.68) transforms under Seiberg duality. One statement
of the s-rule [87] is that a theory breaks supersymmetry for which there exists a Seiberg
duality that produces a gauge group with a negative rank. Given the matrix model’s status
as a type of supersymmetric index, one expects that the partition function should vanish
for theories that violate the s-rule [88]. Willett and Yaakov [89] have shown that the matrix
model is invariant under Seiberg duality in the case p, = 1.

Regarding the F-theorem, we have not constructed any explicit RG flows, either on the
gauge theory side or, via the AdS/CFT correspondence, on the gravity side. Instead, we
have posited the existence of reasonable seeming flows, and we have examined F' at the IR

and UV fixed points. For example, by adding a mass to fundamental flavors, one should
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be able to flow from a theory with a (0, ¢)-brane in the UV to one without it in the IR.
The corresponding volume of the tri-Sasaki Einstein manifold will increase, leading to a
decrease in F'. Similarly, we can consider an RG flow where a (p, ¢)-brane forms a bound

', q')-brane. Under such a flow, F' will also decrease. Given the result of

state with a (p
refs. [63,64] described in the introduction, it seems likely that any gravity dual of an RG
flow will obey the F-theorem. One way of interpreting our results, given that our flows
also obey the F-theorem, is that it may be possible to realize these flows as solutions of
eleven-dimensional supergravity.

Given that the operator counting relations (3.4) and (3.5) can be defined for essentially
any KWY matrix model and corresponding superconformal field theory, one wonders if they
hold more generally. In the next chapter, we will investigate the large N limit of the KWY
matrix models for a number of other superconformal field theories, and we will find that
indeed these relations are always satisfied. We will look at necklace quivers with additional
adjoint and fundamental fields. We will look at a couple of non-necklace quivers, for example
a Zo X Zsg orbifold theory. In order to look at theories with A/ = 2 supersymmetry, we have
to generalize the KWY matrix model to allow for arbitrary R-charges [25]. It turns out
that in the theories we study, relations (3.4) and (3.5) are valid not just for the correct
R-charges but for any R-charges compatible with the marginality of the superpotential.

One constraint in these investigations is that for chiral theories, the KWY matrix model
does not seem to have a large N limit that is compatible with a dual eleven-dimensional
supergravity description [21]. It will be interesting to see if the relations (3.4) and (3.5) can
give any insight into how the matrix model might be modified to allow for such a limit.

After this work appeared as [1], Marifio and Putrov [35] gave an interpretation of the
necklace quiver matrix model as a Fermi gas. It turns out that curves of constant energy

E in the phase space of this gas are approximated by the polygons (3.26) when E is large.
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Chapter 4

Operator Counting and Eigenvalue
Distributions for 3D

Supersymmetric Gauge Theories

This chapter is an edited version of ref. [2], written in collaboration with Christopher Herzog

and Silviu Pufu.

4.1 Introduction

For those interested in superconformal gauge theories in three dimensions, the matrix model
of Kapustin, Willett, and Yaakov [17] provides a powerful tool. Using this matrix model,
one can compute the partition function and the expectation values of supersymmetric Wil-
son loops on a three sphere, even when the gauge theory is strongly interacting. The matrix
model was derived through a localization procedure [18] that obscures the connection be-
tween matrix model quantities and microscopic degrees of freedom in the gauge theory.
Given the success of the matrix model in post-dicting the N3/2 large N scaling of the
free energy! of maximally supersymmetric SU(N) Yang-Mills theory at its infrared fixed

point [90], it is a worthwhile goal to try to figure out the map between matrix model and

!By “free energy” we mean minus the logarithm of the path integral on S3, with an appropriate subtrac-
tion of UV divergences.
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gauge theory quantities in greater detail. In the previous chapter, we made some progress
in understanding the relation between the eigenvalue distributions in the matrix model and
the chiral ring of the supersymmetric gauge theory for the so-called necklace quivers, and
we conjectured this relation would hold more generally. In this chapter, we work out further
examples of field theories that obey this conjecture.

Let us begin by recalling the relation noticed in the previous chapter between the eigen-
value distribution in the matrix model and the chiral ring for the necklace quiver gauge
theories. These field theories have N' = 3 supersymmetry (SUSY), gauge group U(N)4,
and associated Chern-Simons levels k., a = 1,...,d, such that > k, = 0. The matter
sector consists of the bifundamental fields X, 441 and X441, that connect the gauge groups
together into a circle (see figure 3.2). The localization procedure [17] reduces the partition
function to an integral over d constant N x N matrices o,, where o, is the real scalar that
belongs to the same N = 2 multiplet as the gauge connection. In the large N limit, the

matrix integral can be evaluated in the saddle point approximation. As was shown in [27],
(a)

at the saddle point, the real parts of the eigenvalues )\j of o, grow as N/2 while their
imaginary parts stay of order one as IV is taken to infinity. In addition, to leading order in
N the real parts of the eigenvalues are the same for each gauge group. Therefore, in order

to find the saddle point one can consider the large NV expansion

A = NYV22 iyas+ (4.1)

As one takes N — oo, the x; and y, ; become dense, and one can pass to a continuum

description by defining the distributions

N
pla) = Jim }ijlcxx—xj» p)gale) = Jim =S yasile—ay). (42)

The saddle point is then found by extremizing a free energy functional F[p,y,] under the
assumption that p is a density, namely that p(z) > 0 and [ dz p(x) = 1. It is convenient to
enforce the latter constraint with a Lagrange multiplier u that will appear in the formulae

presented below. In general, F[p,y,] may be a non-local functional because the eigenvalues
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could interact with one another through long-range forces, and if this is the case the saddle
point equations are usually hard to solve. The key insight in solving the saddle point
equations in [27] was that, luckily, in the continuum limit (4.2) the ansatz (4.1) leads to
a local expression for Fp,y,] due to the cancellation of long-range forces. By solving the
saddle point equations, it was shown in [27] that the distributions p(x) and p(z)[y.(z) —
yp(x)] can be identified for any a and b with piecewise linear functions with compact support.
While the free energy F' can be calculated by evaluating the functional F'[p, y,] on the saddle
point configuration, it is also possible to calculate F' by noticing that F[p, y,] satisfies a virial
theorem that gives F' = 4wuN3/2/3.

The chiral ring of the necklace quiver gauge theories consists of gauge invariant prod-
ucts of the X, 441 and X, 14 fields and monopole operators modulo superpotential and
monopole relations. While one can define monopole operators that turn on any number
of flux units through each U(N) gauge group, at large N the only relevant ones are the
so-called “diagonal monopole operators” that turn on the same number of units of flux
through the diagonal U(1) subgroup of each U(N) gauge group. Operators in the chiral
ring therefore have an associated R-charge r and a (diagonal) monopole charge m. We can
also introduce the the function ¢ x_, (r,m) that counts in the same way operators that don’t
vanish when the bifundamental field X, is set to zero.? In the previous chapter, we found

the following relation between the saddle point eigenvalue distribution and the chiral ring:

Py o
Ir2om| ) = ;p(x)v (4.3a)
82
% S = %ﬂ(w)[yb(x) — o) + R(Xwp)] - (4.3b)

In other words, the matrix model eigenvalue density p(x) and the quantity p(x)[yy(x) —
Ya(x) + R(X4p)], which as mentioned above are linear functions of x, should be interpreted
as derivatives of numbers of operators whose monopole charge to R-charge ratio is given by
x/ .

One of the goals of this chapter will be to provide further evidence for the conjectures

(4.3) in superconformal theories with gravity duals that preserve only ' = 2 supersymmetry

2In our conventions, X, transforms under the (Na, Ny ) representation of U(Ng) x U(Ns).
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as opposed to the N/ = 3 SUSY of the necklace quivers studied in chapter 3. In an N = 2
theory, the U(1) R-symmetry can mix with other Abelian flavor symmetries, so the matter
fields can have R-charges different from the canonical free-field value 1/2. The generalization
of the Kapustin-Willett-Yaakov matrix model to non-canonical R-charges was worked out
in [25,59]. Furthermore, since the U(1)r symmetry can now mix with other Abelian flavor
symmetries, it was conjectured in [25] and proved in [26] that the correct R-symmetry in
the IR can be found by extremizing the free energy F' as a function of all trial R-charges
that are consistent with the marginality of the superpotential.?

We find that eqs. (4.3) are satisfied for more general quiver gauge theories where the bi-
fundamental matter multiplets are non-chiral, meaning that they come in pairs of conjugate
representations of the gauge group. In the first half of section 4.4, we examine the necklace
quiver gauge theories, this time with an arbitrary R-charge assignment consistent with the
marginality of the superpotential. In the second half of section 4.4 and appendix B, we
examine theories where we add flavor (meaning N' = 2 matter multiplets that transform
in the fundamental or anti-fundamental representation of one of the gauge groups) to the
maximally SUSY N = 8 theory and to the N'= 6 ABJM theory of [28]. Lastly, in appendix
B.2, we consider a theory that shares the same quiver with its (3 4+ 1)-dimensional cousin
that has a C3/Zy x Zo moduli space (see figure B.1). In all of these examples, eqs. (4.3) are
satisfied for any choice of trial R-charges.

Another goal of this chapter is to relate the conjectures (4.3) to the observation made
in [21,70] that, as checked in a number of examples, the relation (3.3) between the free energy
and the volume of the internal space holds for any trial R-charges, and not just the ones
that extremize F. That this relation* holds for any trial R-charges is surprising because
only for the critical R-charges does there exist a known 11-d supergravity background
AdSy x Y. For non-critical R-charges, measured geometrically in terms of the volume of
some corresponding five-cycles of Y, one can still identify a class of Sasakian metrics on Y

and compute their volume. The volume Vol(Y) is a function of the Reeb vector of Y, which

3Tt was suggested in [21] that F' might be a good measure of the number of degrees of freedom even in
non-supersymmetric field theories. See also [91].

1A similar relation between the anomaly coefficient a computed with a set of trial R-charges and the
volume of a 5-d Sasakian space Y is known to hold in theories with AdSs duals [92,93].
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parameterizes the way the U(1)r symmetry sits within the isometry group of Y. We show
in section 4.3 that (4.3a) holds for some choice of trial R-charges if and only if eq. (3.3)
holds for the same choice of trial R-charges for the matter fields and a range of R-charges
for the monopole operators. We also show an analogous result that relates (3.5) to the
volumes of five-dimensional sub-manifolds of Y. For a gauge invariant operator constructed
from a closed loop of bifundamental fields X, it must be true that »_ X, (Yo — yp) = 0.
Given (4.3), there is a geometric version of this sum that must also vanish. The last part
of section 4.3 explains why.

There are previously recognized difficulties, involving cancellation of long-range forces,
in using the matrix model to study the large IV limit of theories with chiral bifundamental
fields [21]. We do not surmount these difficulties, but we investigate in section 4.5 what
(4.3a) and (4.3b) predict for a theory with a moduli space that is a fibration over C?/Z3 (see
figure 4.1). We also study a field theory that was conjectured to be dual to AdSy x Q%22 /Zy,
in appendix B.4 (see figure B.3).

Some additional material relevant to this chapter is collected in the appendices. Ap-
pendix A.3 proves that the critical R-charges maximize F for the necklace quivers. Appendix
B.3 reviews how to count gauge invariant operators for an Abelian gauge theory with a toric

branch of its moduli space.

4.2 Matrix models at non-critical R-charges

4.2.1 Review of the large N limit

To understand what it means to consider non-canonical (or non-critical) R-charges, let us
introduce some of the ideas developed recently in refs. [21,25,59]. Building on the work
of [17], refs. [25,59] used localization to reduce the path integral of any A/ = 2 Chern-Simons
matter on S to a matrix integral. By a Chern-Simons-matter theory we mean a theory
constructed from some number d of N' = 2 vector multiplets with gauge groups G, (a =
1,...,d) and Chern-Simons kinetic terms irk, [ tr A, A dA, + supersymmetric completion,
as well as any number of A/ = 2 chiral superfields transforming in representations R; of the

total gauge group G = Hi:l G,. As mentioned in the introduction, one difference between
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theories with N/ = 2 supersymmetry and theories with more supersymmetry is that the
R-charges A; of the chiral fields at the IR superconformal fixed point are not fixed at the
free field values A; = 1/2, so the free energy will generically depend on these R-charges.
In fact, it was proposed in [25] that a prescription for finding the correct R-charges in
the IR is to calculate the free energy F' as a function of all possible R-charge assignments
consistent with the marginality of the superpotential and to extremize F' over the set of all
such assignments.

Let us focus on the case where all gauge groups are U(/N) and index the gauge groups
by a = 1,...,d. Generalizing the techniques developed in [27], the authors of [21] used
the saddle point approximation to evaluate the path integral on S® for a class of N' = 2

Chern-Simons-matter theories at large N that satisfy the following five conditions:
1. The CS levels sum to zero: Zgzl kq = 0.

2. Any matter field X transforms either in the Ny, or Np, or (N,, N;) representation

for some a and b.

3. The total number of fundamental fields equals the total number of anti-fundamental

fields.

4. For any bifundamental field X transforming in (N, Np), there exists another bifun-

damental field X transforming in the conjugate representation (N, N,).

5. For each gauge group a we have

> ®XI-n+ Y (RIF-1)=-2. (4.4)

X in (Ng, Ny) X in (Ny,Ng)

This last condition is sufficient to guarantee the vanishing of the long-range forces on the
eigenvalues in the saddle point approximation. Interestingly, this condition has appeared
before in the context of superconformal (3 + 1)-dimensional gauge theories. The condition
(4.4) would imply that the NSVZ beta function of gauge group a vanishes [70]. For quiver

gauge theories with a toric moduli space, bifundamental fields appear in exactly two terms
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in the superpotential. Thus, if we sum (4.4) over a, we find the condition that

(# of gauge groups) — (# of bifundamentals) + (# of superpotential terms) =0 . (4.5)

In other words the quiver may give a triangulation of a torus where the faces of the trian-
gulation are superpotential terms [8].

If these five conditions are satisfied, one can take the N — oo limit as described in
egs. (4.1) and (4.2) in the introduction. The free energy is the extremum of the free energy

functional
d
Flp(x),yq(z)] = o N3/2 / dx xzp(x) (Z koya(z) + Am>
a=1

+27rN3/2/dx zlp(z) | > (1_5[}(] - ;ya(w)> + > (1_2Rm + ;yb($)>

X in N, X in N
7.[.J\[ZS/2

/drv p@)? Y (0ya(x) + RIX])(Syap(z) + RIX] — 1)(dyap(z) + R[X] - 2),
X in (Ng, Np)

(4.6)

where 6y.p(2) = yo(x) — yp(x). This formula was derived assuming the bifundamental fields
satisfy 0 < R[X] + dyap(x) < 2. Extra care must be taken when R[X] + dyu = 0 or 2
because in these cases the discrete nature of the eigenvalues becomes important, and the
equation of motion derived from varying (4.6) with respect to dy,s(x) need not hold.
Generically, the functional 4.6 has many flat directions. The following d of them play
an important role in this thesis because they correspond to changing the R-charges of the

matter fields by linear combinations of the gauge charges with respect to the diagonal
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U(1) € U(N),:

va(®):  Yal®) = yala) — 61,
chiral superfield X in Ng: R[X] — R[X] 4 0@,
chiral superfield X in Np: R[X] — R[X] —6®, (4.7)
chiral superfield X in (Ng, Np): R[X] — R[X] + 6@ —§®

Apm: A — Ay + Z ko6

See [21] for a more detailed discussion of these flat directions and their AdS/CFT interpre-
tation.

The A,, appearing in (4.6) is the bare R-charge of the “diagonal” monopole operator
7M. A monopole operator Téq’l) turns on ¢, units of tr F,, flux through a two-sphere
surrounding the insertion point. Diagonal monopole operators 7™ turn on the same
number m of tr F, flux units in each gauge group. At large IV, only the diagonal monopole
operators are important.

We will usually impose the constraint [ dz p(z) = 1 by introducing a Lagrange multiplier

u and defining the functional

Flpvtn il = Floa = 228 ( [ dopta) - 1) (48)
This functional should be extremized with respect to p(z), y.(x), and p.

4.2.2 Flavored theories

In all gauge theories that we examine in this chapter the fundamental and anti-fundamental

fields g, and ¢, appear in the superpotential as

oW = Ztr [anaga] ) (49)
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where O, are polynomials in the bifundamental fields. It was conjectured in [32,33] that if

this is case then the diagonal monopole operators 7™ satisfy the following OPE:

m|
pm)p(=m) _ <H Oa) , (4.10)

This OPE was conjectured in part because a parity anomaly argument shows that the

monopole operators have gauge charges

9a[T™] = mkq |2 > gal (4.11)

with respect to the diagonal U(1) C U(N),, and R-charges

R[T™)] = mA,, + M Z R[O (4.12)

Using the fact that each term in (4.9) must be gauge-invariant and have R-charge two, we
have R[qa] + R[Ga] + R[Os] = 2 and ¢4[qa] + 9alda] + 9a[Oa] = 0 for any a. One can use

these relations to eliminate the sum over the flavor fields in (4.6):

Flp(x), ya(w)] = 27 N*/2 / da \:v|p<x>< Tee) +Zya T<sgnw>]>

TIN3/2
# T [dep@? 3 (Gunla) + B Gyun(e) + RIX] = D(Guan(a) + BLX] = 2).
X in (Ng, Np)

(4.13)

4.3 An Equivalent form of our conjecture

4.3.1 Eigenvalue density and volumes of Sasakian spaces

We can relate the conjecture (4.3) to the observation that eq. (3.3) holds for any trial
R-charges. In particular, we prove the following result: In a CS-matter theory dual to
AdSy x Y fix a set of matter R-charges R[X] and a bare monopole charge A,, so that

the conformal dimensions of all gauge-invariant operators satisfy the unitarity bound. Let
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p(x), u, and ¥(r,m) be as defined in the introduction, and let’s assume p(z) has compact

support. The following two statements are equivalent:

1. The conjecture (4.3a) holds for the given R-charges R[X] and bare monopole charge
Ap.

2. For any ¢ in a small enough neighborhood of zero, we have

278 N3

2N 4.14
N S = VolY:0), (4.14)

where the free energy F' of the CS-matter theory and the volume Vol(Y,0) of the
internal space Y are both computed assuming that the matter R-charges are R[X]

and the bare monopole charge is A,, + 6.

For notational convenience, let’s denote the LHS of eq. (4.14) by Vol,,(Y,6) and let’s

introduce the rescaled matrix model quantities:

) P(Cﬁ) = ) ya(:%) = ya(a:) . (4‘15)

The equivalence between (1) and (2) follows from the following two equations:

m p(2)
Vol,,(Y,0) = — [ do ———, 4.16
olm¥,9) 24/)xa+£®3 (4.16)
4 . (2,1) -
Vol(Y, 8) = W/dﬁj lim, 00 ¥ (g, r)/r ’ (4.17)
24 (1+ 29)

which we prove in sections 4.3.2 and 4.3.3, respectively.

Assuming the eqs. (4.16) and (4.17) to be true, it is clear that the statement (1) implies
(2). That (2) implies (1) follows from the fact that knowing Vol,,(Y,d) for § in a small
neighborhood of zero, one can reconstruct p(z), and analogously, from Vol(Y,d) one can
reconstruct lim,_,o 93 (r,72)/r. Indeed, one can extend Vol,,(Y,d) to any complex §
as an analytic function with singularities. We assume that p is supported on [Z_,Z]

for some Z_ < 0 < 4. We see from eq. (4.16) that the integral converges absolutely if
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de(—1/2y,—1/2_) or § € R, so Vol,,,(Y, ) can only have singularities on (—oo, —1/&4] U
[—1/%_,00).
To relate the singularities of Vol,,, (Y, d) to p(Z) we can perform two integrations by parts
in (4.25)
7.‘.4 ﬁ”(ii’)

(4.18)

for any § € C\ ((—o0,—1/24]U[—1/Z_,00)). Generically, eq. (4.18) shows that Vol,,(Y,d)
has two branch cuts, one on (—oo, —1/#] and one on [—1/Z_, 00). From the discontinuities
of Vol,,, (Y, §) one can read off p”"(—1/6). Simple poles of Vol,, (Y, d) at 6 = —1/2" correspond
to contributions to p”(#) proportional to §(Z — 2'); second order poles of Vol,,(Y,d) at
d = —1/2' correspond to ¢'(Z — 2’), etc. From the singularities of the analytic continuation
of Vol,,,(Y,d) one can therefore reconstruct uniquely p”(Z), and hence p(z), and similarly
for Vol(Y,d) and lim, ;e >V (7, rd) /7. If Vol,,(Y, ) and Vol(Y,d) agree on an open set,
then (1) holds.

In our examples, Vol,,, (Y, d) is a rational function of 6 with poles of order at most three,
so p(Z) is piecewise linear and it may have delta-functions. From the location and residues
of the poles one can first reconstruct p”(#), and then p(z) by integrating p” (&) twice. To
perform this reconstruction starting with Vol,, (Y, d), one first decomposes Vol,,, (Y, d) into

A1

partial fractions, and then identifies the terms in p”(Z) that give those partial fractions: if,

for example,

Vol (V.0) = T3 4Ty b
)" 85 LT as 486 2 (T4 00)? (4.19)
for some Z;, then

§(&) = Z aib(& — &;) + Z bid' (& — &) . (4.20)
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4.3.2 Matrix model dependence on J

In this subsection we prove the result (4.16). As we have seen in the previous section, the

matrix model generally takes the form

Flpvortl = [ depte? 5@ ~ [ e @)V e u(e)

(4.21)
+ 27TN3/2/d:c |z| p(z) RITCE®)] — 2x N3/2, </ dx p(z) — 1> ,

for some functions f and V. While the explicit form of these function is given in (4.13),
their precise form doesn’t matter. The only property of V that we will use is that it is
homogeneous of degree one in z, namely V(Az,yq(x)) = AV (z,yq(z)) for any A > 0. With

the rescaling (4.15), one can write F' as

p(2)?

Flp,ga, ] = =27N*Ppu+ / ‘WQ[ 5/ (Ga(2)) — = :
z z z
N (4.22)
+27TN3/2@ <R[T(Sgn§3)] _ } >} )
2] 2]

The rescaling (4.15) is useful because now the equations of motion for p and g, do not
involve p. One can first solve these equations, and then p can be found by integrating p:

the normalization condition [ dz p(z) =1 becomes

(/d@ﬁ@):l;. (4.23)

We now see that if we extremized (4.22) in the case where the monople R-charges were

R[T™Y)], we could obtain the saddle point when they are R[TV] + 61 through the

transformation:
ﬁégiﬁ) _ /A)(;%) ’ Ai _ i + 5(Sgn50)’
o ’ Too (4.24)
Jas(®s) = 9a(@), RISV = RITED] 4 631

Indeed, the equations of motion for p and ¢, are obtained by extremizing the expression

in the square brackets in (4.22), and this expression is invariant under (4.24). Given that
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(£) are small

p has compact support, the transformations (4.24) make sense only when §
enough.

For simplicity, from now on let’s restrict ourselves to the case 6(t1) = §(=1) = §, even
though one can make similar arguments for the case where §(+1) and (-1 are arbitrary or
satisfy a different relation. In chapter 3, we showed that F' = 47N 3/ 211/3, which implies
that

)

m 7 m o(
\/ 1m &’ = — = — s 0s( 1 = — LA N —
oln(Y,9) 24p3 24 /d‘” Po(Es) 24 /dw (1+

il (4.25)

4.3.3 Operator counting dependence on §

We now prove the result (4.17). Let A be the chiral ring associated to the superconformal
field theory dual to AdSy x Y in the Abelian case N = 1. A is also a vector space over
C that is graded by the R-charge and monopole charge, meaning that one can define a
basis of operators with well-defined R-charge and monopole charge. Let A,, , be the vector
subspace of elements of A with monopole charge m and R-charge r. We introduce the

Hilbert-Poincaré series
ft,u) = Z dim( Ay, )t u™ . (4.26)
m,r

Since the Abelian moduli space of the gauge theory is the Calabi-Yau cone over Y one
can view the operators in the chiral ring as holomorphic functions on this cone. Martelli,

Sparks, and Yau [77] show that

Vol(Y,6) = Z; lim(1 — O f(t,10). (4.27)

One can compute the Hilbert-Poincaré series for Y in terms of ¢(r,m), the number of
operators with R-charge at most » and monopole charge at most m. Approximating ¢ by

a continuous function of homogeneous degree four, the definition (4.26) gives

flt,u) ~ /drdmw(l’l)(r, m)t"u™ . (4.28)
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Since 1 —t ~ —Int for t = 1, we can use (4.27) and (4.28) to write Vol(Y, ) as

4
Vol(Y, §) =~ ZS(lnt)‘l/dr dm Y (r, m)r+mo

4
=T e [ ar dm¢(2’1) r,m)t o
4
(4.29)
=—— lnt /dr dz rp >t (7‘ r:c)tr(l'm‘s)

B /dA (21 rmc)/r
DY 1+26)3 7

where in the second line we integrated by parts once, and in the third line we defined

m=rZ.

4.3.4 Matrix model and volumes of five-cycles

For any gauge invariant operator X, we should have [94] R[X] = 7 Vol(Xx)/6 Vol(Y),
where by X x we denoted the 5-d submanifold of Y defined by the equation X = 0. Using

Vol(Y) = (n1/24) [ d2 p(2), one can rewrite this equation as
3
Vol(Ex) = 7 / di p(#)R[X]. (4.30)

For an operator X that is not gauge invariant, such as a bifundamental field that transforms
in (N, Np), R[X] is not invariant under baryonic symmetries (4.7), but R[X]|+%9, () —9s(Z)

is. So we suspect that

3
Vol(£x) = 7 [ i p(@)(RIX) + (@) — 0(2)). (131)

We can think of this relation as a conjecture and prove the following result: If X is a chiral

operator transforming in (N,, Nj), then for § in a neighborhood of zero, let

Vol (Dx,0) = 7 [ d po(@s) (RIX) 4 fas(@s) ~ goslee). (432

The following two statements are equivalent:
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1. The conjecture (3.5) holds for the given R-charges R[X| and bare monopole charge
JAS

2. For any ¢ in a small enough neighborhood of zero, we have

Vol (Ex,8) = Vol(Zy, 8), (4.33)
where the volume Vol(Xx, d) is computed with the induced Sasakian metric on Y that
corresponds to the matter R-charges R[X| and the bare monopole charge A, + 6.

The proof of this result is similar to that of the equivalence between (1) and (2) we

discussed above, so we skip most of the details. Using (4.24), one can check that

Volo(,6) = £ [ ap PO ) = 56)) )

Defining fx(t,u) to be the Hilbert-Poincaré series for the ring of chiral operators obtained

from the chiral ring by setting X = 0, and using the Martelli, Sparks, and Yau result [77]

3
Vol(Ex,0) = g lim (1 - 63 fx(t,t0), (4.35)
one can show as in section 4.3.3 that
dimy oo 2;Z)X )(T T‘{f})/T
Vol(X = dz ! . 4.36
ol(Sy. 6 / TE (4.36)

Here, 1 x (7, m) denotes the number of chiral ring operators with X = 0, R-charge at most
r, and monopole charge at most m, and can be approximated by a smooth function of
homogeneous degree three. By an argument analogous to the one in section 4.3.1 it follows

that the statements (1) and (2) are equivalent.

4.3.5 A Consistency condition

Note that gauge invariant operators in the quiver that have no monopole charge are con-
structed from closed paths of bifundamental fields O,. A consequence of our conjecture
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(4.3Db) is then that for a gauge invariant operator X =[], O, with no monopole charge the

following sum vanishes:

o, Py ]
Za: [aram ~ ElO.] or2om| 0 (4:37)

Of course ), R[O,] = R[X], and we can simplify this expression:

(4.38)

We would like to show why (4.38) must hold from geometric considerations alone.®
The number of gauge invariant operators of fixed R-charge r and monopole charge m

that do not contain the operator X is approximately
Wi (r,m) = O (rm) — 9O (r = Rlal,m) ~ BIX]0 @D (r,m) (4.39)

when r > R[X] is large.

We can also use (4.35) to express the operator counts in terms of volumes. For coordi-
nates x and y on a compact space, the volume of the set of points xy = 0 is the union of
the set of points where x = 0 with the set of points where y = 0. That the volumes are

additive implies the identity
Vol(Ex,8) = > _Vol(Lo,,d) . (4.40)
From this identity at large r and the results in the earlier part of this section, we have
wgg’l)(r, m) = Zzﬂgj)(r, m) . (4.41)

Combining (4.39) with (4.41) yields (4.38).

For a Calabi-Yau four fold, at large r and m we approximate 1 (r, m) and Yo, (r,m) by homogeneous
polynomials of degree four and three respectively.
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4.4 Theories with non-chiral bifundamental fields

4.4.1 N = 2 deformations of the necklace quivers and matrix model

Our first field theory example consists of deformations of the necklace quiver gauge theories
whose (undeformed) matrix models were also studied in [27] and in chapter 3. In N' = 2
notation, the field content of the necklace quiver theories consists of d vector multiplets with
Chern-Simons kinetic terms and coefficients k,, and chiral multiplets A, and B, connecting

the gauge groups into a necklace (see figure 3.2). The superpotential

d
1
W = Z kf tr(Ba+1Aa+1 — AaBa)2 (442)

a=1"19

preserves N’ = 3 supersymmetry. For any given k, satisfying Zgzl kq = 0, the field theory
is dual to AdSy x Y where Y is a tri-Sasakian space, which is by definition the base of a
hyperkéhler cone [66].

While N' = 3 SUSY restricts the R-charges of A, and B, to be 1/2, in this section
we examine what happens if we make more general R-charge assignments for the A, and
B, fields that break N’ = 3 down to N' = 2. These R-charge assignments are required
to preserve the marginality of the superpotential (4.42). This condition implies that for
generic values of the CS levels k4, namely if there are no cancellations between the various
terms in (4.42), we must have R[B,] = 1 — R[A,]. The matrix model free energy functional

is in this case

d
F[p, Yas 1] = 2w N3/? /dac px Z GOy + 27N N3/? / dx px
o=l (4.43)

d
— wN3/2 / dzx p* Z (0Ya — R[Aq)]) (3ya + R[Ba]) — 2nN3/2p </ dxp — 1> ;
a=1

where 0%y = Ya—1—Ya, ka = Ga+1—qa- As per the discussion after eq. (4.6), the equations of
motion for oy, following from (4.43) hold only when —R[B,] < dy, < R[A,]. It is possible
to have dy, = R[A,] or dy, = —R[B,], but in that case we should not impose the equation

of motion for that particular §y,.
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Using the rescalings (4.15), one can write the solution of the equations of motion fol-

lowing from (4.43) as

R[A.] — R[B,] 1 IsL(2) + qa| — |55(2) + ¢a?|

() = sp(2) — ss(Z), 09.(2) = . ,
p(2) = sp(2) — ss(),  69a(2) 5 5 o2(5) —s5(5)
(4.44)
where sr,(%) > sg(Z) are the two solutions of the equation
Z)er + &ea + Z |s(z) + 2qa| = 2, (4.45)
with
d d
= Z Bal),  e2=20+ > qa (R[AJ — R[B)) . (4.46)

a=1

The constraint imposed by varying F with respect to p is [di p(&) = 1/p>.
We have encountered a solution of this type in chapter 3 in the case where R[A,] =
R[B,] = 1/2 and A,, = 0. As in chapter 3, one can think of eq. (4.45) as defining the

boundary of a polygon
d
P = {(i’,s)ER2:scl+@02+2]s+iqa\ §2} : (4.47)
a=1
The quantity p(Z) = s5(Z) — ss(&) can then be interpreted as the thickness of a constant &

slice P; through this polygon, p(#) = Length(P;). Consequently, [ dz p(Z) = Area(P) and

4 4
Vol,,(Y) = %}ﬂ 72%1 Area(P). (4.48)

See appendix A.3 for a proof that the N' = 3 R-charge assignments minimize Vol,,(Y")

or, equivalently, maximize F. Just like 5(z), the quantities p(Z)d7,(Z) can also be given
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geometrical interpretations:

p(2)(094(2) + R[Bg]) = Length (P; N {s + q,& > 0}) ,
(4.49)

p(#)(=09a(2) + R[Ad]) = Length (Pz N {s + ga® < 0}) .

The equations above were written in a way that makes manifest the invariance under the
flat directions exhibited in (4.7). Indeed, while in writing the free energy functional (4.43)
we assumed R[A,] and A,, to be independent, we see that the eigenvalue density p(Z)
and the quantities appearing on the LHS of (4.49) depend non-trivially only on the linear
combinations ¢; and c¢g that were defined in (4.46). These are the only linear combinations
of R[A,] and A,, that are invariant under all symmetries in (4.7). The reason why we were
able to find two such linear combinations at all is that the spaces Y have generically two

U(1) isometries that commute with U(1)xg.

4.4.2 Operator counting for necklace quivers

We now relate the matrix model quantities p(z) and p(Z)dy, from the previous section to
numbers of operators in the chiral ring of the gauge theory when N = 1. In the previous
chapter we provided such a relation in the case R[A,] = R[B,] = 1/2 and A,, = 0, and
the argument holds, with minor modifications, for the more general R-charge assignments
considered in this chapter. As explained in chapter 3, gauge invariant operators can be
constructed out of the bifundamental fields A, and B, and the diagonal monopole operators

T and they are

O(m, 5,1, ) = T(m)CqWQI"FSO;’u]Z"FS o C;nqd+s(AlBl)i(AQBQ)j ’

Alats if mg, +5>0 (4.50)
le]aJrS g
" i

B, if mgea +5 <0

The labels m and s run over all integers, while ¢ and j should be nonnegative integers.
Let 1(r,m) (¢o(r,m)) be the number of operators O(m,s,i,j) (O(m,s,0,0)) with R-
charge at most r and monopole charge at most m. In chapter 3, we showed that at large r

and m we have 99 (r,m) ~ vy(r,m). This relation holds for the more general R-charge
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assignments too because the only assumption needed to prove it was R[A1B1] = R[A2Bs] =
1, which we still assume. A simple computation yields
1 d
R[O(m, s,0,0)] = mA,, + ZR[Ck] |mqe + s| = = |sc1 +mea + Z |s +mqq|| , (4.51)

2
k a=1

where ¢; and ¢z are as defined in (4.46). Using this formula one can check, as in chapter
3, that D (r,1r2) /r ~ 1/}(()0’1)(7", r&)/r is indeed given by the length of the slice P; through
P. We have therefore verified explicitly eq. (4.3a) for the necklace quivers at non-critical
R-charges.

Let ¢ x, (r,m) be the number of chiral operators with R-charge at most r and monopole
charge at most m that are nonzero when X, = 0. As in chapter 3, we have that 7,/&;0) (r,m)
equals the number of operators of the form O(m,s,0,0) with R-charge at most r and
monopole charge at most m with the extra constraint that mq, + s < 0 if X, = A, and
mqq+ s > 0if X, = B,. As argued in chapter 3, these extra constraints imply that when r
is large wgal) (r,r&)/r is given by the length of the intersection between the slice P; and the
half-plane s+ q,& > 0 if X, = By or s+ ¢,& < 0 if X, = A,. Comparing with eq. (4.49) we

see that the necklace quivers at arbitrary R-charges also obey our second conjecture (3.5).

4.4.3 Flavored necklace quivers

The discussion in the previous two subsections can be generalized by including flavor fields

that interact with the existing matter fields through the superpotential

d Ngq Lz
oW~ St 36744 + 3 QB | (4.52)
a=1 =1 j=1

Given that the A, transform in (N,_1,N,) and the B, transform in the conjugate repre-
sentation (N,_1,N,), for eq. (4.52) to make sense we must take qj(-a), (j](-a), Qg-a), and an)
to transform in N,_;, N, N,_1, and N, respectively.

We discussed a superpotential of this form at the end of section 4.2, where we found that
the effect of including the flavor fields was that the CS levels k, and A,, of the unflavored
model were replaced by (sgnx)ge[T##)] and (sgnz)R[T®&"%)], respectively. Eqs. (4.11)
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and (4.12) applied to our flavored necklace quivers give

kq — (sgn x)ga[T(Sg”)] =k, + sg% (ng — Mg — Ngg1 + Mat1)
sgn z (4.53)
A, — (sgnz)R[TEED] = A, + > (naR[Ad] + maR[Bd)) .
From k, = qqt+1 — qo we further have
sgn x
G = o = 5 (g = ma) - (4.54)

We believe that all the formulas presented in the previous two subsections continue to
hold for the flavored theory if one makes the above three replacements. In particular,
the relation between the matrix model quantities and operator counting we conjectured in
eq. (4.3) continues to hold, and the volume of the 7-d space Y is still proportional to the

area of a polygon P of the type (4.47).

4.4.4 Flavored N = 8 theory and its matrix model

We broaden our scope of examples and verify (4.3) for maximally supersymmetric Yang-
Mills theory to which we add flavor. The theory has one gauge group and three adjoint fields

X;,1=1,2,3 coupled to ni +no + ng pairs of fundamental fields through the superpotential

W~ tr | X1[Xa2, Xs] + i ¢V x1q" + i P x5 + i ¢V X371 . (4.55)

j=1 j=1 j=1
The corresponding matrix model was solved in [21] in the large N limit. We review their
solution for p(x). In the next subsection, we will compare p(x) with the distribution of
operators in the chiral ring and show that (4.3a) holds. In this case, eq. (4.10) takes the
form TMTD = X7 X712 X723 [32,33]. To keep the notation concise, we define A; = R[X;],

A = R[TW], and A = R[T(-Y]. The matrix model free energy functional is then

Flp] = nN®/2 U drp (2129 25p + (A+ &) o] + (A — A)r) — 20 (/ dzp— 1)] .

(4.56)
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As before, we define the hatted quantities (4.15). The eigenvalue density p(Z) is

1—2A - A1
AlAzAS 1f0<1’<z,
p(2) = 1428 sp 1 _ s 4.57
p(E) R AsA; if A<$<0’ ( )
0 otherwise,

which agrees with (4.8) of [21].

4.4.5 Operator counting in flavored N/ = 8 theory

The gauge-invariant operators built out of diagonal monopole operators and adjoint fields

in this theory are tr[T(™ X{* X52 X$%]. The R-charges of these operators are

mA + Z?:l a; \; m >0,
R[T™M X1 X52X33] = (4.58)

—mA + Z?:l a;\; m<O0.

Let ¢(r,m) be the number of operators with R-charge smaller than r and monopole
charge smaller than m. To match with p(z), we want to calculate 93¢ /0r20m at large
r. It is easiest to start by calculating the derivative 9¢/dm which equals the number of
operators with R-charge smaller than » and monopole charge equal to m. For m > 0, at
large r the number of operators tr[T(m)X 11 X352 X35%] is approximately equal to the volume
of a tetrahedron with sides of length (r — mA)/A;; similarly, for m < 0, the number of
operators is equal to the volume of a tetrahedron with sides of length (r +mA)/A;. We

thus have

(r-mA)® .
62122A3 if0<m< %,

oY X

am % if —x <m <0, (4.59)
0 otherwise .

\

Taking two derivatives with respect to r, we find agreement with (4.57) and confirmation

of the conjecture (4.3a).
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4.4.6 Other examples

We presented flavored N/ = 8 in the main text because of its simplicity. One disadvantage
of this example is that it possesses a single U(N) factor and so we could not compute
a 0y and check (4.3b). To remedy this problem, in appendix B we consider two more
complicated examples. The first of these is ABJM Chern-Simons theory (a theory with
two gauge groups) [28] to which we add flavor. The second example has four gauge groups
(see figure B.1). When a four-dimensional gauge theory has the field content of this second
example, the Abelian moduli space is a Zy x Zy orbifold of C3. Thus, with some abuse of
notation, we refer to this second example as the Zo x Zs orbifold theory.

The verification of (4.3) requires on the one hand calculating p(z) and dy(z) using the
large N limit of the matrix model (4.6) and on the other counting operators in the chiral
ring. We have two methods at our disposal for this counting. One may count the operators
directly as we did above. Because the moduli space is toric for these last three examples,
the direct approach has some generic features which we review in appendix B.3. In section
4.3, we presented an indirect counting method that involved calculating Vol(Y, ¢) (4.29) and
Vol(Xx,9) (4.36) as a function of p(x) and dy(x).

4.5 Theories with chiral bifundamental fields

4.5.1 Noncancellation of long-range forces

As noted in [21], the functional (4.6) does not appear to describe the large N limit of gauge
theories with chiral bifundamental fields. To derive (4.6), it was assumed that the long-
range forces on the eigenvalues cancel. But for theories with chiral bifundamentals, there
is no such cancellation.

The long-range forces at issue come from the interactions between the eigenvalues, both

within a vector multiplet and between vector multiplets connected by a bifundamental field
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Xab [21]

Fi(,(slglf = Z coth (A" — Aﬁ-a)) )

J#i
[R[Xa) —1—i(A” = A)]
a,b 7 b a .
Fi(,intir = Z 9 ’ cothr <)‘§ - )‘5' ) - i1 - R[Xab])> v (4.60)
Vi L J
[R[Xpa] — 1+ i(AY = A))]
b,a ) b a .
Fbo — > 5 I | cothr (Ag P i - R[Xba])) .
Vi L J
If )\Ea) — /\S-b)’ > 1, then we may approximate cothx ~ sgn ®x. The long-range forces are

the forces (4.60) with coth replaced by sgnR. For theories with non-chiral bifundamentals
and equal ranks, the long-range forces cancel out when %Aga) = %Agb) for all 4,a,b and (4.4)

(a)

is satisfied. In general, the long-range forces on \; "’ cancel out only when

D (RIXah) = L4+ umg) + D (R[Xpa) = 1—yj) = 2. (4.61)
b b

Thus the free energy functional (4.6) is correct for theories with chiral bifundamentals only

if the y,(x) satisfy some constraints.

4.5.2 Operator counting for the C?/Z; theory

To investigate what the matrix model for a chiral theory should give in the large N limit, we
study the U(N)? Chern-Simons theory described by the quiver in figure 4.1. Let the Chern-
Simons coefficients be (k1, ko, k3) such that ky + ko + k3 = 0. We will assume k1 > 0, ko < 0,
ks < 0. The moduli space is a Kahler quotient of C° with weights (3 (k4 + k—), 5 (ks +
k-),3(k+ + k_),—ky,—k_), where we define k_ = ki — ko and ky = ky — ks.

There is a superpotential of the form
W ~ tr [6ijkA317kA237jA12’i] y (462)

and a monopole relation TMWT(Y = 1. We let R[A;;1] = Ay, R[Aij2] = Ay, R[Aij3] = A,
with Ay, +A,+A, = 2 as any other choice of R-charges may be transformed into this choice
by a transformation of the form (4.7). We denote R[T(V)] = —R[T"V] = A.
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The gauge invariant operators have the form

3 3

T T TT A6+ (4.63)

i=1j=1

To be gauge invariant, for m > 0 we must impose Z]- niz,j = mki + s, Zj ng3,; = mky +
mks + s and Zj na31,j = s and for m < 0 we must impose Zj ng3; = mka + s, Zj n3ij =
mko + mksg + s, and Zj ni2,; = s. Given the R-charge assignments, it is convenient to
introduce n; = ), nii+1),j- Bach gauge invariant operator corresponds to a quadruple
(n1,m2,n3,m) such that 3, n; = mkggn@m) + 3s and m is bounded between — . n;/k_
and . n;/ky.

Given the description of the gauge invariant operators, it is now a straightforward task
to count them by either the direct method described in appendix B.3 or the indirect method

described in section 4.3. For A, > A, > A, a piecewise expression for p(z) is:

A 1
0, TS A A
1+(k—A;—A)E 1 - 1
38 (Be—D.)(By—B2) “FA.—ASTS A SR
(B0=B8y=A)(1-AN-AAK G 1 a1
3B0—A,)(Ba—D VBN, 0 A A STS TEACA
5(5) = 1-Aé 1 X 1 .
p(z) 3A,A, AL AR STS LATA (4.64)
(Do—Dy—A)(1—AG)+ Ay AL ks & L cpe 1
3808, (Ba—D)ApA, 0 FibeiA =TS EAFA
1-(kL£ A+A)E 1 <4< 1
38 (BB, )(By—B2) ATA ST S ALTA
1 A
0, FiAGA ST

We note three odd things about (4.64): 1) If A, = A, = A, p has a delta function at

— Alzi ~ and i Alz TA- 2) In contrast to nonchiral examples, p(&) while still piecewise
linear is no longer a convex function of #. 3) The matrix model (4.6) gives the same result
for p in the central region despite the fact that the long range forces do not cancel. (In

other regions and for d¢p, the matrix model results are different.)
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k1

k3 Agz i ko

Figure 4.1: The quiver for the C3/Z3 theory. When the CS levels are (2k, —k, —k) this field

theory is believed to be dual to AdS; x M1t /7.

Now we set As3 ;1 to zero. The nonzero operators are those with no A;; 1y, fields. As

a piecewise function:

1 ~
Az, a.—a <& <

AyA: (4 (k- Dy—A)d) 1 A
Bo—By—A)(1-B2)—B,A 5 FAA TS

o o )
93(2) — 92(2) 0, s <4<

Ay AL (1—(ky At A)) 1 cac

(Bo Dy AR TA A G kpbA 48 =TS

Az, EAGA SO S

N S
k_Ay—A>

_ 1
k_Az—A"

1

kyAg+A D

1

ki Ay+A»

1
FiAAA

(4.65)

Finally, we set As1 1 to zero. The nonzero operators are those with no A;;1)1’s, and

those with m > 0,n,; +ny +n, = kxm. As a piecewise function:

1 N
_A27 T k_AL—A SxS
AyAs (14 (k_ Ay —A)2) ! )
(Br—Ay—A)(1-A2)—A, Ak 3 “F A, A STS
0 (7)) — Ga() = 1 - 1
91(2) — g3(2) 0, FAA ST S AA

9 AyAL(1—(ky Apt+A)7)

24,

IN

1 A
A, A ST

1
A, A

_ 1
k_Az—A>

1 A
BBy A )(I—Ai A, A s * FiBedd =TS A, 4A -

k+Az+A :

(4.66)

The result for y2(z) — 91(2) follows by taking the difference of (4.65) and (4.66). We have

checked that the operator counts where we set each of the remaining seven bifundamental

fields to zero in turn yield the same results for the differences in the 3’s.
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4.5.3 Particular case: the cone over M /7,

Consider the case where the internal space Y is M1 /Z,. It was proposed in [67,95,96]
that the dual field theory is the one in figure 4.1 with CS levels k1 = 2k and ko = k3 = —k,

so ky = k_ = 3k. As a function of the trial R-charges, the volume of Y is

337 (A% 4+ 9K2 (Ag Ay + AZA, + AYA,)

7T4 N
Vol(Y) = 51 / 42 p(@) = S oreaz — A7) (9K2A2 — A2) (9k2A2 — A2) (4.67)

Under the constraint A, + A, + A, = 2, this expression is maximized for A, = A, = A, =
2/3 and A = 0, and the maximum is 97%/(128k), which is the volume of M 111 /Z; [94].

For the critical R-charges, our predicted eigenvalue density is

9 (1 9 /. 1 9 [ 1
pE) = gb <2k N |$|> M <x+ 2k> ST <x 2k> ’

p(2) (35(4) — 2(8)) = — 170 <x ; 21k> -3 <x - 2;) | (4.68)
P(E) (12(#) — in(8) = 1o ( ; 21k) Y ( - 21k> |

The volumes of the five-cycles corresponding to the bifundamental fields are

m AN o (a L 2 373
Vol(Za5,0) = /dm pE) <y3($) — §2(2) + 3> = Ton

3 2 2173

Vol(Sa,) = 7 [ de @) (@) - n(@) + 3 ) = 51 (1.69)

m sy (oo o 2 2173
Vol(S0) = 7 [ do @) (3000 - nlo) + 5 ) =

=

Let us understand how these volumes are related to the volumes of the divisors com-
puted in [94]. The cone over M1t is a Kihler quotient of C® by a U(1) that acts with
weights (2,2,2, -3, —3) on the coordinates (u1,ug,us,v1,v2) parameterizing C°>. The Zy
orbifold used to produce the quiver in figure 4.1 acts by the identification (vi,ve) ~
(vle%i/ k yee=2mi/ k) leaving the u; coordinates untouched. It is natural to identify Adz g

with ug, A2, with u,v, and Asy, with u,ve. Using the explicit metric on MULL the

authors of [94] calculated the volumes of the five-cycles corresponding to either u, = 0 or
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v =01in ML to be

33 973

o (s, )= 2" 470
60 VelEw) = (4.70)

Vol(X,,) =

We see that these equations are consistent with (4.69): we have k Vol(X4,, ,) = Vol(X,,) as
well as k Vol(¥4,,,) = Vol(Xy,) + Vol(X,,) and &k Vol(X4,, ,) = Vol(Xy,) + Vol(X,,). The
factor of k in these formulas comes from the fact that the cycles whose volumes are given
in (4.69) belong to a Zj, orbifold of M1,

For those interested in another simple example of a theory with chiral bifundamental
fields, we describe our predictions for a theory with the cone over Q%22 as its Abelian

moduli space in appendix B.4.

4.5.4 Missing operators

There is a difference between the matrix model and operator counting that manifests itself
in chiral theories. The matrix model depends explicitly on the bifundamental fields, and a
0y saturates when it reaches minus the R-charge of a bifundamental field. In the absence
of flavors, the saturation of the dy is responsible for all of the corners in p and pdy. In the
C3/7Z3 example, p has a corner at & = m We might expect that there exists some
bifundamental field A;;  so that éy+ R[A;; ;] becomes zero at & = m, or equivalently

(1,1) A A 1 . .
that Aij,k(r7 rZ) becomes zero at & = T 5. 7a- Lhere is no such field. However, if we

1,1)

consider the density Q’Z)((Agl 1 Ast 9, As13)

of operators when we set Az; 1 = A312 = A313 =0,
then this density does become zero at & = m. So it appears to be important to allow
arbitrary sets of bifundamental fields to be set to zero. A more geometric way of saying this is
that the important objects in the operator counting formula are not the bifundamental fields
but rather five-cycles in the Sasaki-Einstein manifold. In the C3/Zj3 theory, there seems
to be no operator constructed from bifundamental fields that corresponds to a five-brane

wrapping the cycle As1 1 = Az12 = Az13 = 0.5 We might say that we are missing some

operators. We note that the problem could be resolved if we added an operator As; 1/A231,

SUnlike setting Asz1 = Asz2 = Aazz3 = 0 where there are no non-vanishing operators, when we set
Asz1,1 = Aszi2 = Az = 0, the number of non-zero operators ¥(a,, |, a3, 5,45, 5) Scales as r3, indicating the
presence of a 5-cycle in the geometry.
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since the cycle Az; 1 = 0 is the sum of the cycles Ag31 = 0 and A3y = A312 = A313 =0.
The problem never arises in non-chiral non-flavored theories because these theories do have
an operator for every cycle.

The flavored N/ = 8 and flavored ABJM model also have missing operators. At z = 0,
there is a corner in the solutions that does not correspond to any Jdy,p saturating at the R-
charge of some bifundamental field X . Instead, the corner comes from the ¢ fields. From the
operator counting perspective, this corner can be explained by the fact that 1/%}1 1 becomes

zero at £ = 0.
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Appendix A

Necklace Quivers

A.1 Proof of the tree formula

We prove the Tree Formula by assuming that the columns (5, are ordered in the way de-

scribed in Corollary 3.2.3. Thus, the proof reduces to showing that the following equation

holds
Z Ya(a+1) 2Z(V,E)6T H((ab)EE Yab (A1)
p— 0aq0a+1 ngl Oq
We have the “Ptolemy relations”
YabYed = YacVod T YadVoe ~ if  ab//cd. (A.2)
The notation // means a and b separate ¢ and d. We can use the relations to show
Y(a=1)(a+1)% + 2V(a—1)aVa(a+1) = V(a—1)aTat+1 + Ya(a+1)Ta—1- (A.3)

Our starting point is the Kirchhoff matrix-tree theorem which gives a relation between

the absolute value of a certain determinant and the sum over trees. In particular, consider
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the matrix Q* where

02  —723 —724 —72d
—7Y32 03  —734 —73d
Q= —y2 —ys o4 —4d
dots
—Yd2 —7Vd3 —7d4 04

The matrix-tree theorem states that

(V,E)ET (a,b)eE

(A.4)

(A.5)

We observe that if we take 7(,41), times the (a — 2)nd row minus Y(a—1)(a+1) times the

(a — 1)st row plus Ya(a—1) times the ath row, then most of the entries will cancel out. So

we have AQ* = B where

Y13+ 723 —712 +723 723 23
— 34 24 —Y23 .- 0
A = 0 —745 35 - 0
dots
Y(d—1)d Y(d-1)d  V(d-1)d Y(d-1)1 T V(d-1)d
Y1203 + Y2301 —71203 0 0
—73402 Y2304 + Y3402 —72304 0
B = 0 —7Y4503 V3405 + Y4503 0
dots
0 0 0

V(d—1)d01 + Yd10d—1

(Al

In constructing A we used the fact that the missing row of @) is minus the sum of all of the

other rows. We used (A.2) and (A.3) to simplify B. Tri-diagonal matrices satisfy a three
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term recurrence relation. If we let B, be the matrix consisting of the first a rows of B, then

det B, = (7a(a+1)0a+2 TY(a+1)(a+2) 0q)det By—1 — Y(a+1)(a+2)V(a—1)a%a%a+1 det B,—2. (A.8)

We can show by induction that

a a+2 a+ )
a5 = (I ) (1) (322 89
b=2

and in particular

d d
det(B) = det(By_;) = — (H TaVa(a +1>) (Z WH)) . (A.10)

T2%d1 \ ;5 = Oala+1

Therefore we want to show that det(A4) = 20, Hz;é Ya(a+1)-
We let A’ be A with the 93 in the top row and the Y(d—1)d in the bottom row removed.
Let A/, be the matrix containing the ath through bth rows and columns of A’. Write the

determinant of A as
det(A) = (A} +ya3u) NAGA .. A Ay o A (A ) + Ya—1)at)

where u = (1,1,...,1) and A/, are the rows of A’. Expanding out the anti-symmetric

product, we find that

det(A) = det(A") +ysunN Ay A ANAG |+ Ya-1)dAL A ANAY o AN

d a—1
= det(A") + Z Y23 (H ’Y(b+2)(b+3)> det A’(a+1)(d_1)
b=1

a=1
d
+Yd(d— 1)( H Vb >detA,(a 1)
b

=a+2

(A.11)
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Using the three term recurrence relation for the determinant of a tridiagonal matrix, we

can show by induction that

det A/m = Y1(a+2) H To(b+1) >

b=2
= (A.12)
det A;(d,n = MNa H Y(b+1)(b+2) > '
b=a
det A" =0,
where last equation follows from the second one by setting ¢ = 1 and using ~1; = 0.
Therefore
d—1
det(A) =2 (Z 'yla> (H 'Ya(a—&—l))
@ =2 (A.13)

d—1
=20, H Ya(a+1)
a=2

as expected.

A.2 A virial theorem for matrix models

To leading order in N, the matrix model for superconformal field theories with M-theory

duals involves extremizing a free energy functional of the type

Flo,ya] = / dz p(2)? f (ya(x)) — / 4z p(z)V (2, ya(z)) (A14)

for some functions f and V. In all examples, V' is homogeneous of degree 1 in x, namely it

satisfies

vV (A.15)
ox

The free energy functional (A.14) should be extremized under the constraint that p is a

density normalized so that [dz p(z) = 1. Such a constraint can be implemented with a
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Lagrange multiplier p by defining a new functional

Flp,ya] = Flp,ya] — 20N/ ( [ ot 1) (A.16)

and varying (A.16) instead of (A.14) with respect to p and y,. If we denote by F' the

on-shell value of F[p,y,] (or of F[p,y4]), we will now show that

e 4w N3/2

AT
a1 (A-17)

regardless of which particular matrix model we’re solving provided that eq. (A.15) is obeyed.

A.2.1 A slick proof

The equations of motion following from (A.16) are

20(2) f(ya(2)) = V(2,ya(x)) = 27N 11,

p(2)?0af (ya()) = p(2)0aV (2, ya(2)) = 0,

(A.18)

Differentiating the first equation with respect to z, multiplying it by p(x), and using the

second equation we get

p(2) |20 () f (ya()) + p(2)* > Baf(ya(x))y;(x)] = p(x)((i:V(x, Ya()) - (A.19)

To prove (A.17), consider the function

G(z) = zp(z)* f(ya(z)) . (A.20)
Let’s calculate the derivative of this function with respect to x:

G/ (w) = Pl T (a(w) + 20p(w)0 (@) () + 2()* 3 0 () ()
= ) F(a(w) + 2 () oV (2, a(x) (a.2)
= p(0) ) + pla)V ()
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where in the second line we used (A.19) and in the third line we used (A.15). The function

G(z) vanishes at £o0, so [ dz G'(z) = 0, which from (A.21) implies that on-shell we have

/ dz p(x)f (ya(z)) = — / d p(@)V (z, ya(2)) (A.22)

From (A.14) we have then that

F=2 / dz p(z)? f (ya(2)) . (A.23)

Multiplying the first equation in (A.18) by p(x) and integrating in = we get

2mNY2p =3 [ da @) (). (A.24)
Taking the ratio of the last two equations one obtains (A.17).

A.2.2 A more enlightening proof

The proof given above is really that of a virial theorem. To put the virial theorem in a
more familiar form, let’s define the cumulative distribution ¢(z) = [*__ da/p(2’) € [0,1] and

express (A.14) as the action

Sl (t), ya(t)] = /dtL, p=1W) vy, (A.25)

where z and y, should be thought of as functions of . To go to a Hamiltonian formulation,

we introduce the momentum conjugate to x:

oL f(Ya)
Pr =5 i? (4.26)
The Hamiltonian is
f(ya) _

—2f(Ya)*V=ps, PE=V(z,ya).
(A.27)

H=p,z—-L=KE+PE, KE = —2——=
€T

124



In deriving a virial theorem for this Hamiltonian, one can just ignore the dependence on y,
because the y, are non-dynamical. Since the kinetic energy KE is homogeneous of degree

1/2 in p, and the potential energy is homogeneous of degree 1 in z, we have

%(KE> = (PE), (A.28)

where (---) means fol dt (---). From (A.25) one sees that
1
F = Son-shell = _§<KE> — <PE> = —(KE> . (A29)

From the first equation in (A.18) we see that H = —2wN3/?y, so

N3/2
2w

5 (KE).. (A.30)

= —(H) = ~(KE) - (PE) = -

Taking the ratio of (A.29) and (A.30) one again obtains (A.17).

A.3 F-Maximization for the necklace quivers

We would like to show that to leading order in N the free energy of the necklace quivers
with arbitrary R-charges studied in section 4.4.1 is maximized when R[A,] = R[B,] = 1/2
and A, = 0. We can only show this if the gauge groups are SU(N). In the U(N)? case,
the symmetries (4.7) imply that the free energy has flat directions, but we can nevertheless
show that the free energy is maximized when the invariant combinations c¢; and ¢y defined
in eq. (4.46) are set to zero. The critical R-charges correspond to the case where there is
N = 3 supersymmetry as opposed to just N' = 2.

The essential ingredient of the proof is the observation that the polygon P, which
depends on ¢, is the polar dual of a polygon Q that does not depend on ¢ about the

unit circle centered at (—c/2). Let B, = (1,¢q) and @ = (c1,c2) be vectors in R2. The
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polygon Q is the Minkowski sum
d
Q= {Zuaﬁa € R?:u, € (—1/2, 1/2)} (A.31)
a=1
of the vectors 5_:; Indeed, one can rewrite P as the intersection of half-planes

. 1. i ..
P = {t eR:fc+ Y 1 @5) <1,Vu, € (—1/2,1/2)} . (A.32)

a=1

The boundaries of these half-planes are precisely the polar duals of the points in Q about
the unit circle centered at (—¢/2).

Let ¢; be the vertices of @ ordered so that the line segment between ¥; and ;41 is part
of the boundary of Q. The line passing through @; and ;11 is polar dual to a vertex w; ;41
of P. Polar duality implies W; ;11 - (U; + ¢/2) = Wi 541 - (Uig1 +¢/2) =1, so

*(Uig1 — Ui)
(Vi1 +¢/2)) - (T +¢/2)

lUi7i+1 = ( (A33)

where * denotes the Hodge dual in R2. By splitting P into triangles we can write the area

of P as

. - L .
Area(P) = ZArea(wi—l,i7 Wiit1,0) = Z B |Wim1,i - ($Wiiv1)] (A.34)
(2 (2
where we denoted the area of a triangle whose vertices are given by the vectors &, 5, and

¥ by Area(@@, 3,7). Using eq. (A.33), eq. (A.34) becomes

1 Area(ﬁ}_l, ’[)}, 172'4_1)
A _ - .
rea(P) = 4 Z Area(di, Bi_1,—7/2) Areal(tis1, 05, —/2) (A.35)

As long as —¢/2 belongs to the interior of Q, the Hessian matrix of each term in this
sum, seen as a function of ¢, is positive definite, so Area(P) is a convex function of ¢. (To
compute the Hessian it is easiest to work in a coordinate system where ¢ is parametrized

by the distance from two neighboring sides of the polygon to —&/2.)
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In our case Q is symmetric about the origin as can be easily seen from eq. (A.31).
Consequently, Area(P) is an even function of ¢ and we have just shown that it is also
convex. It follows that Area(P) is minimized for ¢ = 0. Equivalently, the free energy
is maximized when ¢ = 0. Using the F-maximization conjecture of [25], we have thus
shown that the correct R-charges in the necklace quivers with superpotential (4.42) satisfy
c1 = c3 = 0. That’s all one can say about the U(N)? theory. If the gauge groups are instead
SU(N), the tracelessness constraints | dz p(z)dyq(x) = 0 imply (when ¢ = 0)

R[Ba] - R[Aa]

/da; p(x)dyq(x) = — s = 0, (A.36)

so R[A,] = R[B,] = 1/2. From ¢y = 0 we also get A, = 0.
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Appendix B

Further examples of operator

counting

For notational convenience we set T(1) = T and 71 = T.

B.1 Flavored ABJM theory

We consider the flavored ABJM model with the superpotential

Nal Na2 b1 np2
W ~ tr e”eklAinAjBl + Z q§1)Alq§1) + Z qf)Azijj(-Q) + Z Q;l)Bng-l) + Z QEZ)BQQE-”
j=1 j=1 =1

J=1

(B.1)

When N = 1, the superpotential is supplemented by the relation (4.10) which in this case is
TT = A}e* A2 BJ"' BJ** [32,33]. The corresponding matrix model was solved in the large
N limit in [21]. Our strategy is the same as for the flavored N' = 8 theory. In this section,
we will review the solution for p(z) and dy = y1 — y2. In the next section, we will compare
these results with the distribution of operators in the chiral ring.

We define R[A;] = Ay, R[B;] = Ap,, A = R[T], and A = R[T]. Without loss of

generality, we will assume that Ag, < Ay, and Ap, < Ap,. To keep the notation concise,
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we also define

1
ke Eki§(na1+na2_nbl — nga) ,
Ay =Ayu Ay, —Ap Ap, , (B.2)

Az = AAIAAQ (AB1 + ABz) + ABIAB2 (AAI + AAQ) .

Taking the marginality constraints on the R-charges into account, in the large N limit,

the matrix model free energy functional is

Flp, oy = /dwp[;(’ﬁr +k_)xdy —p ((5y)2 + Az 0y — ;A?’) + E(A h A)m

2w IN3/2 2
1 .
—l—§|x] <A+A+(k+—k_)6y>] —,u(/dmp—l) .

The eigenvalue density has four regions:

(B.3)

1 ) 1 14 @R[TA;]
‘ C A3+ 204,00 —2A7
' 2+ 28A + 2k_Ay
R[T A ' A% +2A3 ’
k_iAs — (14 2A)Ay

0y =—Ay, ; (BA4)

%= 2+ 22A + 2k_Ay ; (B.5)
1 2 — 22A + ik, A
VST RmEE T oA
L ! 1 — ¢R[TBy"

As in (4.15), we have introduced the rescaled variables z = Zp and p(x) = p(Z) .

Operator counting

There are operators containing 7~™ for m < 0 and operators containing 7™ for m > 0.
They take the form TmAf“AgQBlﬁ ! Bgz and T_mA‘f‘lAQQBlﬁ ! 3262, where gauge invariance
demands a1 + as — 1 — B2 = —mk4. If we wanted to count operators that don’t vanish
when, for example, A1 = 0, then we just set a; = 0.
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We counted the operators using a slightly modified version of the method outlined in
appendix B.3. Having written the operators in terms of both 7" and T, it is simpler to use
two different coordinate systems on the cone C, one when m > 0 and one when m < 0.
The coordinate systems are related by (4.10). The operator counts reproduce (B.4), (B.5),
(B.6), and (B.7) via our conjecture (4.3).

Here are some of the details for the calculation of p(Z) when m > 0. The density of
operators is given by

0%
orom

= / day doo dBy dfBa 0(o + ag — B1 — o + mky)
(B.8)

X 5(T —mA — OélAAl — OKQAAQ — BlABl — ,BQABQ) .

This integral gives the area of a slice of a tetrahedron. The slice is either a triangle or a
quadrilateral (which may be regarded as a triangle with another triangle cut out). We find

for m >0

0% & (r—mR[TB*])20(r — mR[TBY*])
orom N Jz; 2(A3 — QABj AQ - 2A2Bj)

Taking a derivative of this expression with respect to r yields (B.6) and (B.7).

B.2 C3/(Zy x Zs) theory

Let’s examine the field theory in figure B.1. It has four gauge groups with CS levels k,,
a=1,...,4, and twelve bifundamental fields A, transforming in (N,, N}), one for every

ordered pair (a,b) with a # b. The superpotential is

4
W =tr [Z EabchdbAchbc (B.l())

a=1

The superpotential relations are supplemented by the monopole OPE (4.10) TT = 1. We
define R[Au] = Ry and R[T] = —R[T] = A.
The superpotential contains eight distinct terms that impose the relations R, + Rpe +

Req = 2 for any triplet (a,b,c) of pairwise distinct gauge groups. These eight equations
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Ay Asz2
Aszi Ay
Agy Az
A14 A23
L L
ke Asy Az ks

Figure B.1: The quiver for C3/(Zy x Zs). There are four U(N) gauge groups with Chern-
Simons coefficients k,. The matter content consists of the 12 bifundamental fields A, for
a # b, transforming under the fundamental of the bth gauge group and the antifundamental

of the ath gauge group.

imply the long-range force cancellation (4.4). Only seven of these equations are linearly

independent, leaving five independent R-charges out of the twelve Rgp.

Even though for given k, the matrix model depends on 6 R-charges (A and the five

linearly independent Rgp), the dependence on three of these parameters is trivial because of

the flat directions (4.7). We can use these symmetries to reduce the number of independent

R-charges to three: A;, A, and A where we pick

Ria = Ro1 = R34 = Ryz = A4,
Ro3 = R3o = Ry1 = Riy = Ay,

Riz=R31 =Ryu=Rpp=2-A; —Ay=A,.

The matrix model is then

d
Flp,y.) = 27TN3/2/dx prkaya + 27TAN3/2/dx pT

a=1
7.[.]\]3/2

M

(a,b,c)
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/dw P2 Z (yb — Yo + Rab) (yc — Y+ Rbc) (ya — Y+ Rca) .

(B.11)

(B.12)



For simplicity, let’s focus on the case k1 = —ko = k3 = —ks = k > 0 and take A, > A,.

The saddle point eigenvalue distribution splits into three regions where p is linear:

1 1 1 @A - 2kA,)

s ch<——— 0 pE)= -G = —Ag,
Aooka, St acam, . PO iA @, —ana, BT
L1 NP e N V. VI,
A — 2kA, A+2kn, PP T aaan NTRT T GA 0 W
1 A 1 A 1= 2(A + 2kA, o
: = ( ) U1 — 92 = Ay

Ar2kA, S S AT okA, p(E) = 1A (A, — MDA,

In all three regions, §; = g3 and g2 = 94.

Operator counting

Without the monopole operators, the ring of functions A,, modulo superpotential relations
is the ring of functions on C3/(Zg x Zz). This ring consists of polynomials in x, y, z with the
constraint that the numbers of x, y, z in each term must be either all even or all odd. We call
Aqo, Aoy, Asy, Ays “x fields”, Ay, Ag1, Aoz, Azs “y fields”, and Aiz, As1, Aoy, Ass “z fields”.
We can get a gauge invariant operator by taking a combination of two x fields (e.g. A12421),
two y fields (A13A4s1), two z fields (A14A41), or one of each type of field (Aj2A423A431). The
gauge invariant operators with m = 0 are those with an even number of each of z,y, z, or
an odd number of each of z,y, z.

Adding back the monopole operators yields a ring of functions on a four-dimensional
cone. An electric charge of (1,—1,1,—1) from T can be cancelled out by two z’s (Aj12A34)
or two y’s (A14As2), but not by 2’s. So, if we have an operator of the schematic form
T gy 2= for m > 0 and T~™a™y™ 2" for m < 0, then we have the constraint Ng+1ny >
2|m|. The operator density is then

%Y 1

5 om — 4 /dnm dny dn; 0(ng + ny — 2k|m|)o(r — Agng — Ayny — Aon, — Am) . (B.14)

The factor of % comes from the constraint that the numbers of x,y, z must be all even or
all odd.
Performing the integral over n, introduces an overall factor of 1/A,. The remaining

integral reduces to the area of a polygonal region satisfying the constraints n, > 0, n, > 0,
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<

a) A B nx b) B C n,

Figure B.2: The area of the polygonal regions ABC and ABCD is proportional to
0% /0rdm for the C3/Zy x Zs quiver: a) r — Am — 2k|m|A, < 0; b) r — Am —2k|m|A, > 0

ng + ny > 2kim|, and Agng + Ayny, < r — Am. For small |m|, the polygonal region is a
quadrilateral while for large |m/|, the region is a triangle (see figure B.2). Assuming that

Ay > A,, we find

r—Am—2k|lm|A;)? .
829 Siz ( AAw(A;@AZ'@ ) if r — Am — 2klm|A, <0,
orom

(B.15)

Biz (ZIAA?Q _ (2k|m|)2] if 7 — Am — 2k|m|A, >0 .

Taking an additional derivative with respect to r, we can easily check that this formula
agrees with (B.13).

Now, in order to compute 91 (%) — §4(Z), we count gauge invariant operators with Ay
set to zero. Because of the superpotential relations, all operators with a z are set to zero.
The factor of 1/4 remains the same because now we may only consider operators with even
numbers of z and y fields. The expression for Jiy4/0m is given by the area of the same
polygonal region that governs 921)/0rdm, but we lose the factor of A, because we drop the
integral over n:

814 &y

orom A or20m (B.16)

Therefore, we have p(2)(A, + 91(2) — 9a(2)) = p(2)A,, and hence g1 (&) = §4(Z). A similar
calculation shows 32(%) = y3().
Finally we count the operators with Aio set to zero. Most operators with an z will

become zero. However, fields containing only T', Aoy, Ays, Ass, A41, and the z fields are
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not set to zero by the superpotential relations. So the nonzero fields are those with n, =0
and an even number of y and z fields, or m > 0 and n; + n, = 2km with an even number

of z fields. After a little work, we find

)
0 if m/r < —(2kA, — A)7!
2
0012 _ ) roamishody ¢ (opA AL < m/r < (2KA, 4 A)-L (B.17)
orom 1AyA; ! Y mir Y
ANR RS i m/r > (2kA, + A)7

This result matches 91 (2) — y2(#) computed from (B.13).

B.3 Toric varieties in general

By toric moduli space we mean more specifically that the moduli space for the Abelian
gauge theory is an eight-dimensional toric Calabi-Yau cone V. That V is toric means it is
a T* torus fibration over a four-dimensional rational polyhedral cone C. This polyhedral

cone is the set of points satisfying

C={yeR':y-v, >0}, (B.18)
where v, € Z*, a = 1,...,n, are inward pointing vectors normal to the faces F, of the cone:
F,={yeC:y-v,=0}. (B.19)

The fact that V is Calabi-Yau implies that the end-points of the vectors v, lie in a common
hyperplane R3.

One convenient aspect of this construction is that lattice points in C correspond to
operators in the chiral ring of the Chern-Simons theory. The coordinates of a lattice point
are the U(1) global charges of the operator. The vector b that measures the R-charge is
often called the Reeb vector where the R-charge is then r = y-b. The vectors v, correspond

to other global charges, ¢, = y - v4, and we can introduce additional charges as well. In the
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gauge theories considered in this chapter, the monopole charge m played an important role.
Let us introduce ¢ as the vector that measures monopole charge.

We introduced previously the function ¢ (r, m) as the number of operators with R-charge
less than r and monopole charge less than m. From the toric perspective, this function in

the large r and m limit is the volume of a four-dimensional polytope:
Cr,mzcm{y'bgr}m{y'tgm}v (B20)

where ¢(r,m) = Vol(Cy. ).
We would like to understand geometrically how to compute derivatives of ¢(r,m). The

value of 1(r,m) is a four-dimensional integral we can write as

P(r,m) = /C dhy . (B.21)

rm

To take a derivative of ¥ with respect to r, we can rotate the coordinate system so that one
of the y’s points in the direction of b and replace d*y with d®y dr/|b| where |b| is the Jacobian
factor from the change of variables. The derivative is then related to the three-dimensional

volume of the polyhedron
Dy =Cn{y-b=r}n{y-t <m} (B.22)

where 9v/9r = Vol(D,.,,,)/|b|.1

Similarly, we can visualize 9%%)/0rdm as the area of a two-dimensional polygon P,

Pop=Cn{y-b=r}n{y-t=m}. (B.23)

!This last expression may seem strange because the right hand side seems to depend on a metric while
the left hand side depends only on a volume form on C'. Interpreting Vol(D; ) as a three form instead of a
number, we could rewrite this expression in a manifestly metric independent way: (9v¢/0r)t = % Vol(Dy. m).
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Now we rotate our coordinate system so that two of the g’s lie in the plane spanned by b

and t. The Jacobian factor is [t A b| = \/t?b? — (¢ - b)?. Geometrically, the second partial is

9% Area(Prp,)
orom — |[tAb|

(B.24)

The function ¢ x (r, m) has a toric interpretation as well. In the examples we considered,
X corresponds to an integer linear combination of the v,. Let us consider the simple case
where X, corresponds to a single v,. Operators with no X, are contained in the face
F, C C. This fact suggests a relation between ¢ x, (r,m) and a generalization of ¢ (r,m)

involving a third charge ¢4, ¥(r, m, q,). In particular, it is true that
b, (rym) = @0V (r,m, 0) . (B.25)
Operators with no X, and fixed m and r lie along a line Lq ., C Fy:
Limr=F,N{y-b=r}n{y-t=m}. (B.26)

Generalizing the argument used to derive (B.24) to one more charge, we find

81,/;%(&
orom

Length(Lg,m,r)

— (1,1,1) —
1/} (T,m,O) \t/\b/\va|

(B.27)

Eqgs. (B.24) and (B.27) provide a convenient starting point for counting chiral operators in

the examples in the text.

B.4 The Cone over Q*??/Z;

As another example with chiral bifundamental fields, we can examine the square quiver in
figure B.3 with CS levels (k, k, —k, —k) and matter fields A;, B;, C;, and D;, with i = 1, 2.

With the superpotential is
W~ tr |eYeM D0y B, Ay (B.28)
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—k C; —k

Figure B.3: Quiver gauge theory believed to be dual to AdSy x Q*%2 /7.

this quiver is thought to be dual to AdS; x Q*22%/Z;, [67,97]. The quiver has two flavor
SU(2) symmetries, one under which A; and C; transform as doublets, and one under which
B; and D; transform as doublets, so one expects the R-charges of the fields belonging to the
same edge of the quiver to be equal when F' is maximized. Using the flat directions (4.7)
and taking into account the marginality of the superpotential (B.28), one can then set the
R-charges of all the bifundamental fields equal to 1/2 and A,, = 0. With this choice one

can go through the operator counting exercise in the Abelian theory and predict that
Al A 1 . 1 1 . 1 1 R
p(x)—9<2k—|xl> +@5 <%+x> +@5 <2k—x> ,

(B.29)
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As a consistency check, one can compute the volumes

ﬂ.4 4
Vol(Y) = 2 [ di p() = 1

NS
(V)
—
2>
SN—
|
<
=
—~
2>
SN—
+

7.(.3
Vol(£a) = 7 [ i (o)

7r3
Vol(Ep,) = - / dz p(%) (B.30)

/\/\/@\/\
OD>
®
|
Ny
N
>
+
N~ N —= N~
N~ N N~
Il
W
?v:]

7T3 PN N A N A 7T3
Vol(Ze) = [ dip@) (@) ~ ia(@) + 5 ) = 57

73 ROV S . 1 3
Vol(Ep,) = e d p(z) | 91(2) — 9a(2) + 5) = ak

Since Vol(Q?%?) = w/16 [94], we see that Vol(Y) matches that of a Z, orbifold of Q*?2. As
for Mb11 ) we can relate the volumes of the five-cycles in (B.30) to those computed in [94].
The cone over Q*%?2 is a U(1)? Kihler quotient of C® with weights (1,1,—1,—1,0,0) and
(1,1,0,0,—1,—1), together with a Zo quotient that flips the sign of (aj,as). If we denote

the coordinates in C% by (ay,az, b1, ba, c1, c2), we have [94]

3

4
Vol(Q22?) = % Vol(2,,) = Vol(%,) = Vol(S,,) = % (B.31)

One can think of the Zj orbifold as acting on ¢; with opposite phases, so it is natural to
interpret A; and C; as correponding to a;, B; as corresponding to b;c1, and D; as correspond-
ing to bjca. Indeed k Vol(X4,) = Vol(X¢,) = Vol(X,,), kVol(Xp,) = Vol(X,) + Vol(X, ),
and k Vol(Xp,) = Vol(X,) + Vol(X,, ), the factor of k appearing because the volumes (B.30)

are computed in a Z; orbifold of Q%2%2.

138



