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Abstract of the Dissertation
Exact Results in Supersymmetric and Superconformal Quantum Field Theories
by
Wolfger Peelaers

Doctor of Philosophy

in
Physics
Stony Brook University

2015

In this dissertation we perform exact, non-perturbative computations in
supersymmetric and superconformal quantum field theories.

In the first part, we show that the conformal bootstrap equations, which
implement the requirement that in a conformal quantum field theory any
four-point function should be crossing symmetric, have an exactly solvable
truncation in theories with extended supersymmetry. As a result, we in-
troduce a new 4d/2d correspondence that assigns to any four-dimensional
N = 2 superconformal quantum field theory, Lagrangian or non-Lagrangian,
a two-dimensional chiral algebra, and subsequently explore its structure in
the context of theories of class S.

In the second part, we extend the application of the so-called Higgs branch
localization technique to evaluate exactly the path integral of Lagrangian
supersymmetric quantum field theories, placed on compact three- and four-
dimensional Euclidean manifolds.
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Chapter 1

Introduction

Quantum field theory has proved itself to be a versatile and powerful frame-
work to describe nature at the shortest length scales. If a Lagrangian descrip-
tion is available, a quantum field theory can be defined in terms of the path
integral over the infinite-dimensional space of fields. The phenomenologi-
cally most successful instance of this kind, the Standard Model, adequately
captures all elementary particles and their non-gravitational interactions dis-
covered thus far. However, various experimental observations and theoretical
considerations indicate that it is only an effective theory with new physics
entering at higher energies. One of the theoretically most appealing exten-
sions of the Standard Model arises by enlarging its Poincaré symmetry to
(Poincaré) supersymmetry, which is often lauded for providing an elegant
solution to the hierarchy problem [l]

Computations in the Lagrangian subspace of quantum field theories are
typically performed in a weakly coupled regime of the theory where standard
perturbation theory can be applied. However, our aim should be to obtain
exact, non-perturbative results. It is clear then that perturbative expansions
around a (possibly non-perturbative) saddle-point are not the correct tool,
since they are asymptotic series with zero radius of convergence and, by
their very nature, do not include any non-perturbative corrections. The
situation can be exemplified as follows: perturbative predictions made within
the Standard Model are in remarkable agreement with experimental data,
but we stand empty-handed to address problems such as the generation of

'The simple observation that the pairing of bosonic degrees of freedom to fermionic
ones leads to dramatic cancellations, in this case in the radiative corrections to the Higgs
boson mass, will be a recurring feature in Part E] of this dissertation.



a mass gap in pure Yang-Mills theories, quark confinement and spontaneous
chiral symmetry breaking in quantum chromodynamics,. .., since they are
well outside the regime of validity of perturbation theory.

In combination with the aforementioned supersymmetry, the situation
improves dramatically. Indeed, apart from potential phenomenological ap-
plications, supersymmetric quantum field theories have long been recognized
as appealing theoretical laboratories to test more general ideas in quantum
field theories — perhaps their most attractive feature being our ability to
obtain exact, non-perturbative results. For example, the exact low energy
effective action of four-dimensional N’ = 2 super Yang-Mills theory, deter-
mined in [7] by leveraging holomorphy and electric-magnetic duality, when
further perturbed by a superpotential term that breaks N' = 2 supersym-
metry to N = 1, exhibits quark confinement via condensation of magnetic
monopoles in a concrete way.

Another theoretically interesting class of quantum field theories are those
that feature conformal symmetry. In fact, their distinct character among
quantum field theories becomes clear when adapting the alternative way of
thinking about quantum field theory as the study of renormalization group
flows, whose fixed points are precisely conformal field theories.

The purpose of this dissertation now is to develop and apply general tools
that enable us to study in detail and in an exact fashion certain (classes of)
observables in theories endowed with additional symmetries — the aforemen-
tioned supersymmetry, conformal symmetry or a combination thereof — that
constrain their dynamics and thereby make them more tractable.

Infinite Chiral Symmetry in Four Dimensions

In recent years, the importance and abundance of superconformal quantum
field theories has become increasingly clear. Generically, they do not admit a
Lagrangian description and are strongly interacting. Techniques to access the
strongly coupled phases of these theories directly are scarce: for example, the
localization techniques of the next paragraph crucially rely on a Lagrangian
formulation. On the other hand, as conformal field theories, they possess a
convergent operator product expansion and are completely specified by their
conformal data, i.e., their spectrum of operators and the collection of three-
point couplings. The latter must satisfy the stringent consistency conditions
arising from the requirement that any four-point function should be crossing
symmetric or equivalently, that the operator algebra is associative, commonly



referred to as the conformal bootstrap equations. The conformal bootstrap
program [§, 9] then embodies the hope that given a few spectral assumptions,
crossing symmetry (and unitarity) will completely fix the conformal data of
the theory irrespective of the existence of a Lagrangian. Such an approach
was successfully carried out for certain classes of two-dimensional conformal
field theories, e.g., rational conformal field theories, but seemed to fall short
in more general (higher dimensional) CFTs. In combination with extended
supersymmetry, however, we will show in Part [l that the crossing symmetry
equations admit an exactly solvable truncation.

More in detail, in chapter [2] we will show that in any four-dimensional
N = 2 superconformal field theory one can identify a subsector of protected
operators, restricted to be coplanar and treated at the level of cohomology
with respect to a particular nilpotent supercharge, whose operator prod-
uct expansions and correlation functions are meromorphic functions of their
position on the plane and thus define a chiral algebra. The resulting chi-
ral algebra has some remarkable properties: it features an enhancement of
global s[(2) conformal symmetry on the chiral algebra plane to full-fledged
Virasoro symmetry, and of possible flavor symmetries present in the four-
dimensional theory to affine symmetries. The two-dimensional translation of
exactly marginal gauging in the four-dimensional theory is elegantly given
by a BRST procedure. Interestingly, the spectrum and structure constants
of the chiral algebra are subject to a non-renormalization theorem and are
therefore independent of marginal couplings.

The chiral algebras associated to free theories are easily constructed and
are in principle sufficient ingredients to construct the chiral algebra for any
interacting Lagrangian theory via the gauging procedure. In practice, the
BRST cohomology problem is hard to solve, but we will formulate conjec-
tures and present various checks for the full chiral algebra associated to a
variety of Lagrangian theories. However, the 4d/2d correspondence does not
rely on the existence of a Lagrangian description in any way. In chapter [3]
we initiate the study of chiral algebras associated to N/ = 2 superconformal
theories of class S, which are obtained by a partially twisted compactifica-
tion of the six-dimensional (2,0) theory on a punctured Riemann surface
[10, 11]. Thanks to their independence of exactly marginal couplings, chiral
algebras of class § are described by a generalized topological quantum field
theory (TQFT) on the Riemann surface. We conjecture the full set of gen-
erators of the chiral algebras corresponding to three-punctured spheres, i.e.,
associated to the trinion theories 7;,, which are the natural basic building
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blocks of said TQFT. Subsequently imposing associativity on the operator
algebra of these generators is expected to completely and uniquely fix the
chiral algebra. For the T3 theory we verify this expectation and checked the
conjecture in a variety of ways in chapter |3 and for the T} theory in chap-
ter[d It should be emphasized that such complete characterization implicitly
determines an infinite amount of protected conformal field theory data (spec-
tral data and three-point couplings) of the parent four-dimensional theory.
Through gluing, an arbitrary (maximal) punctured Riemann surface can be
obtained. The action of S-duality in the four-dimensional theory implies that
the TQFT should be associative. The final salient feature of class S theories
is the reduction of flavor symmetry by partial Higgsing: we find convinc-
ing evidence that the chiral algebra analogue is implemented by quantum
Drinfeld-Sokolov reduction.

Higgs Branch Localization

Recently, the exploration of exactly calculable quantities in supersymmet-
ric quantum field theories has focused on observables in the rich variety of
Lagrangian supersymmetric theories on compact Euclidean manifolds: the
application of supersymmetric localization techniques [12), [13] allows one to
compute exactly their partition function and to evaluate vacuum expectation
values of operators — local or non-local, order or disorder — preserving some
supersymmetry. In fact, the localization procedure supports (at least) two
alternative methods to perform the infinite-dimensional integrals over field
space, resulting in very different looking, but ultimately equal, expressions
for the partition function. In Part [[T] of this dissertation, we will focus on
developing the second alternative method.

Technically, supersymmetric localization techniques guarantee that a one-
loop computation around the zeros of a positive definite deformation term
satisfying certain properties, gives the exact result for the path integral and
thus allow one to dramatically reduce it, in many examples to a finite-
dimensional problem. Since the seminal work in [I4], a large number of
exact results have been obtained using what one may call Coulomb branch
localization, in which the path integral is reduced to an ordinary integral
over a classical Coulomb branch, i.e., the zeros of the canonically chosen
deformation term are arbitrary constant values for vector multiplet scalars
or holonomies around circles. It was first shown in the localization compu-
tation of N' = (2,2) theories on the two-dimensional sphere [15], [16] that

4



upon choosing a particular additional deformation term (or equivalently, by
changing the integration contour of the auxiliary fields in complexified field
space) and if certain conditions on the parameters of the theory hold, the
localization locus instead consists of a finite number of discrete Higgs vacua,
where chiral multiplet scalars can acquire a vacuum expectation value solving
the D-term equations, accompanied by an infinite tower of point-like vortex
and anti-vortex solutions located at special points in the geometry. This
localization method is called Higgs branch localization. By closing the con-
tours of the integrals of the Coulomb branch localized result and summing
over the residues of the encircled poles, one can find a precise match with the
Higgs branch localized result. In chapter [6] we will show that Higgs branch
localization can be applied to three-dimensional N/ = 2 supersymmetric the-
ories on the squashed three-sphere S and on S? x S, which computes the
three-dimensional supersymmetric index, thus providing a concrete deriva-
tion (alternative to the holomorphic blocks point of view in [I7] and the
deformation argument in [I8]) of the vortex anti-vortex factorized results ob-
tained by manipulating the Coulomb branch matrix integrals initiated in [19].
In chapter [7, we extend the Higgs branch localization results further to the
four-dimensional N = 1 superconformal index. In chapters[0][7, we also show
in detail that Coulomb branch localization and Higgs branch localization can
be viewed as limiting cases of an intermediate situation involving a deformed
Coulomb branch and a finite number of finite size vortices supported on the
compact geometry.

The contents of part [I] of this dissertation have appeared in the papers
[5, 2, 1], while those of part [II| have been published in [4, [3].
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Chapter 2

Infinite Chiral Symmetry in
Four Dimensions

2.1 Introduction

It has long been recognized that supersymmetric quantum field theories enjoy
many special properties that make them particularly useful testing grounds
for more general ideas about quantum field theory. This is largely a conse-
quence of the fact that many observables in such theories are “protected”,
in the sense of being determined by a semiclassical calculation with a finite
number of corrections taken into account, or alternatively by some related
“finite-dimensional” problem that admits the type of closed-form solution
that is uncharacteristic of interacting quantum field theories. In most cir-
cumstances, these techniques have a semiclassical flavor to them. For exam-
ple, in cases where supersymmetric partition functions can be computed by
localization, the calculation is generally performed starting from a weakly
coupled Lagrangian description of the theory.

A notable omission from the currently available techniques is a way to
directly access the interacting superconformal phases of theories that do not
admit a Lagrangian formulation. By now, there exists a veritable menagerie
of models in various dimensions that exhibit conformal phases with varying
amounts of supersymmetry, but only in the nicest cases do such models
belong to families that include free theories as special points, allowing for
properties of the interacting theory to be studied semiclassically. Even for
those Lagrangian models, the standard supersymmetric toolkit does not seem



to exploit some of the most powerful structures of conformal field theory,
such as the existence of a state/operator map and of a well-controlled and
convergent operator product expansion.

Meanwhile, recent years have witnessed a surprising resurgence of prog-
ress centering around precisely these aspects of conformal field theory in
the form of the conformal bootstrap [8, [9]. In large part, this progress has
been inspired by the development of numerical techniques for extracting con-
straints on the defining data of a CFT using unitarity and crossing symmetry
[20, 21]. Generally speaking, these techniques are equally applicable to the-
ories with and without supersymmetry, and despite promising early results
[22, 23, 241, 25], it has not been entirely clear the extent to which supersymme-
try improves the situation. Nevertheless, the possibility that supersymmetry
may act as a crucible in which exact results can be forged even for strongly
interacting CF'T's is irresistible, and we are led to ask the question:

Do the conformal bootstrap equations in dimension d > 2 admit a
solvable truncation in the case of superconformal field theories?

Having formulated the question, it is worth pausing to consider in what
sense the answer could be “yes”. The most natural possibilities correspond
to known situations in which bootstrap-type equations are rendered solv-
able. There are two primary scenarios in which the constraints of crossing
symmetry are nontrivial, yet solvable:

(I) Meromorphic (and rational) conformal field theories in two
dimensions.

(IT) Topological quantum field theories.

The subject of this chapter is the realization of the first option in the context
of N' > 2 superconformal field theories in four dimensions. The same option
is in fact viable for (2,0) superconformal theories in six dimensions and was
worked out in [26]. Although we will not discuss the subject at any length
in the present chapter, the second option can also be realized using similar
techniques to those discussed herein.

The primary hint that such an embedding should be possible was already
observed in [27), 24], building upon the work of [28, 29, 30, 31, 32, B33]. In
a remarkable series of papers [28] 29, 30, B}, B2], B3] 27], the constraints of
superconformal symmetry on four-point functions of half-BPS operators in



N =2 and N = 4 superconformal field theories were studied in detail. This
analysis revealed that the superconformal Ward identities obeyed by these
correlators can be conveniently solved in terms of a set of arbitrary real-
analytic functions of the two conformal cross ratios (z, z), along with a set
of meromorphic functions of z alone. In a decomposition of the four-point
function as an infinite sum of conformal blocks, these meromorphic functions
capture the contribution to the double operator product expansion of inter-
mediate “protected” operators belonging to shortened representations. The
real surprise arises when these results are combined with the constraints of
crossing symmetry. One then finds [24] 27] that the meromorphic functions
obey a decoupled set of crossing equations, whose general solution can be
parametrized in terms of a finite number of coefficients. For example, in
the important case of the four-point function of stress-tensor multiplets in
an N = 4 theory, there is a one-parameter family of solutions, where the
parameter has a direct physical interpretation as the central charge (confor-
mal anomaly) of the theory. The upshot is that the protected part of this
correlator is entirely determined by abstract symmetry considerations, with
no reference to a free-field description of the theory.

In this chapter we establish a conceptual framework that explains and
vastly generalizes this observation. For a general N = 2 superconformal field
theory, we define a protected subsector by passing to the cohomology of a
certain nilpotent supercharge Q. This is a familiar strategy — for example,
the definition of the chiral ring in an A/ = 1 theory follows the same pattern
— but our version of this maneuver will be slightly unconventional, in that
we take Q = Q + S to be a linear combination of a Poincaré and a conformal
supercharge. In order to be in the cohomology of @, local operators must
lie in a fixed plane R? C R*. Crucially, their correlators can be shown to
be non-trivial meromorphic functions of their positions. This is in contrast
to correlators of A/ = 1 chiral operators, which are purely topological in a
general N' = 1 model, and strictly vanish in an N' = 1 conformal theory due
to R-charge conservation.

The meromorphic correlators identified by this cohomological construc-
tion are precisely the ingredients that define a two-dimensional chiral alge-
brall] Our main result is thus the definition of a map X from the space of

'We have settled on the expression “chiral algebra” as it is the most common in the
physics literature. We consider it to be synonymous with “vertex operator algebra”,
though in the mathematical literature some authors make a distinction between the two



four-dimensional N/ = 2 superconformal field theories to the space of two-
dimensional chiral algebras,

X : 4d N =2 SCFT — 2d Chiral Algebra.

In concrete terms, the chiral algebra computes correlation functions of certain
operators in the four-dimensional theory, which are restricted to be coplanar
and further given an ezplicit space-time dependence correlating their SU(2) g
orientation with their positions, see . For the case of four-point func-
tions of half-BPS operators, assigning the external operators this “twisted”
space-time dependence accomplishes precisely the task of projecting the full
correlator onto the meromorphic functions appearing in the solution to the
superconformal Ward identities. To recapitulate, those mysterious meromor-
phic functions are given a direct interpretation as correlators in the associated
chiral algebra, and turn out to be special instances of a much more general
structure.

The explicit space-time dependence of the four-dimensional operators is
instrumental in making sure that they are annihilated by a common su-
percharge @ for any insertion point on the plane. From this viewpoint, our
construction is in the same general spirit as [34] (see also [35]). These authors
considered particular examples of correlators in N' = 4 super Yang-Mills the-
ory that are invariant under supercharges of the same schematic form Q+S.
Their choices of supercharges are inequivalent to ours, and do not lead to
meromorphic correlators.

The operators captured by the chiral algebra are precisely the operators
that contribute to the Schur limit of the superconformal index [36, 37, [38],
and we will refer to them as Schur operators. Important examples are the
half-BPS operators that are charged under SU(2)g but neutral under U(1),,
whose vacuum expectation values parameterize the Higgs branch of the the-
ory, and the SU(2)r Noether current. The class of Schur operators is much
larger, though, and encompasses a variety of supermultiplets obeying less
familiar semi-shortening conditions. Operators associated to the Coulomb
branch of the theory (such as the half-BPS operators charged under U(1),
but neutral under SU(2)g) are not of Schur type. In a pithy summary,
the cohomology of @ provides a “categorification” of the Schur index. It is

notions. We trust no confusion will arise with the overloading of the word “chiral” due
to its unavoidable use in the four-dimensional context, e.g., “chiral and anti-chiral 4d
supercharges”, “the N’ =1 chiral ring”, etc.
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a surprising and useful fact that this vector space naturally possesses the
additional structure of a chiral algebra.

Chiral algebras are rigid structures. Associativity of their operator alge-
bra translates into strong constraints on the spectrum and OPE coefficients
of Schur operators in the parent four-dimensional theory. We have already
pointed out that this leads to a unique determination of the protected part
of four-point function of stress-tensor multiplets in the N' = 4 context [24].
Another canonical example is the four-point function of “moment map” oper-
ators in a general N/ = 2 superconformal field theory. The moment map M is
the lowest component of the supermultiplet that contains the conserved flavor
current of the theory, and as such it transforms in the adjoint representation
of the flavor group G. We find that the associated two-dimensional meromor-
phic operator J(z) := X[M] is the dimension-one generating current of an
affine Lie algebra gg,,, with level ko4 fixed in terms of the four-dimensional
flavor central charge. As the four-point function of affine currents is uniquely
fixed, this relation completely determines the protected part of the moment
map four-point function. In turn, this information serves as essential input
to the full-fledged bootstrap equations that govern the contributions from
generic long multiplets in the conformal block decomposition of these four-
point functions. These equations can be studied numerically to derive in-
teresting bounds on non-protected quantities, following the approach of [24].
Numerical bounds that arise for various choices of G were indeed obtained
in [39]. It is worth emphasizing that the protected part of the four-point
function receives contributions from an infinite tower of intermediate short-
ened multiplets, and without knowledge of its precise form the numerical
bootstrap program would never get off the ground. In theories that admit
a Lagrangian description, one could appeal to non-renormalization theorems
and derive the same protected information in the free field limit; the chiral
algebra then just serves as a powerful organizing principle to help obtain the
same result. However, the abstract chiral algebra approach seems indispens-
able for the analysis of non-Lagrangian theories — for example, when G is an
exceptional group.

As a byproduct of a detailed study of the moment map four-point func-
tion, we are able to derive new unitarity bounds that must be obeyed by the
central charges of any interacting N/ = 2 superconformal field theory. By
exploiting the relation between the two- and four-dimensional perspectives,
we are able to express certain coefficients of the four-dimensional conformal
block decomposition of the four-point function in terms of central charges;

11



the new bounds arise because those coefficients must be non-negative in a
unitary theory. Saturation of the bounds signals special properties of the
Higgs branch chiral ring. This is a particular instance of a more general en-
coding of four-dimensional physics in the chiral algebra, the surface of which
we have only barely scratched. One notable aspect of this correspondence is
the interplay between the geometry of the Higgs branch and the represen-
tation theory of the chiral algebra; for example, null vectors that appear at
special values of the affine level imply Higgs branch relations.

We describe several structural properties of the map X. Two universal
features are the affine enhancement of the global flavor symmetry, and the
Virasoro enhancement of the global conformal symmetry. The affine level
in the chiral algebra is related to the flavor central charge in four dimen-
sions as kog = —%k4d, while the Virasoro central charge is proportional to
the four-dimensional conformal anomaly coefﬁcientE] Coqg = —12¢4q9. A per-
haps surprising feature of these relations is that the two-dimensional central
charges and affine levels must be negative. Another universal aspect of the
correspondence is a general prescription to derive the chiral algebra associ-
ated to a gauge theory whenever the chiral algebra of the original theory
whose global symmetry is being gauged is known.

Turning to concrete examples, we start with the SCFTs of free hyper-
multiplets and free vector multiplets, which are associated to free chiral
algebras. With the help of the general gauging prescription, we can com-
bine these ingredients to find the chiral algebra associated to an arbitrary
Lagrangian SCFT. We also sketch the structure of the chiral algebras asso-
ciated to SCFTs of class S, which are generally non-Lagrangian. In several
concrete examples, we present evidence that the chiral algebra has an eco-
nomical presentation as a Wh-algebra, i.e., as a chiral algebra with a finite
set of generators [42]. We do not know whether all chiral algebras associated
to SCF'Ts are finitely generated, or how to identify the complete set of gen-
erators in the general case. Indeed, an important open problem is to give
a more precise characterization of the class of chiral algebras that can arise
from physical four-dimensional theories. Ideally the distinguishing features
of this class could be codified in a set of additional axioms. Since chiral al-
gebras are on sounder mathematical footing than four-dimensional quantum

2There are two tensorial structures in the four-dimensional trace anomaly, whose coef-
ficients are conventionally denoted a and c. It is the ¢ anomaly that is relevant for us, in
contrast to the better studied a anomaly, which decreases monotonically under RG flow
[40, [41].
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field theories, it is imaginable that this could lead to a well-defined algebraic
classification problem. If successful, this approach would represent concrete
progress towards the loftier goal of classifying all possible N'= 2 SCFTs.
On a more formal note, four-dimensional intuition leads us to formulate
a number of new conjectures about chiral algebras that may be of interest
in their own right. The conjectures generally take the form of an ansatz for
the cohomology of a BRST complex, and include new free-field realizations of
affine Lie algebras at special values of the level and new examples of quantum
Drinfeld-Sokolov reduction for nontrivial modules. We present evidence for
our conjectures obtained from a low-brow, level-by-level analysis, but we
suspect that more powerful algebraic tools may lead to rigorous proofs.

The organization of this chapter is as follows. In we review the argu-
ments behind the appearance of infinite-dimensional chiral symmetry alge-
bras in the context of two-dimensional conformal field theories. We explain
how the same structure can be recovered in the context of A/ = 2 super-
conformal field theories in four dimensions by studying observables that are
well-defined after passing to the cohomology of a particular nilpotent super-
charge in the superconformal algebra. This leads to the immediate conclusion
that chiral symmetry algebras will control the structure of this subclass of
observables. In §2.3] we describe in greater detail the resulting correspon-
dence between N/ = 2 superconformal models in four dimensions and their
associated two-dimensional chiral algebras. We outline some of the univer-
sal features of the correspondence. We further describe an algorithm that
defines the chiral algebra for any four-dimensional SCFT with a Lagrangian
description in terms of a BRST complex. In §2.4] we describe the immedi-
ate consequences of this structure for more conventional observables of the
original theory. It turns out that superconformal Ward identities that have
previously derived for four-point functions of BPS operators are a natural
outcome from our point of view. We further derive new unitarity bounds for
the anomaly coefficients of conformal and global symmetries, many of which
are saturated by interesting superconformal models. We point out that the
state space of the chiral algebra provides a categorification of the Schur limit
of the superconformal index. In we detail the construction and analysis
of the chiral algebras associated to some simple Lagrangian SCFTs. We also
make a number of conjectures as to how to describe these chiral algebras as
W-algebras. In §2.6| we provide a sketch of the class of chiral algebras that
are associated to four-dimensional theories of class S. Appendix [A] reviews
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relevant material concerning the superconformal algebras and representation
theory used in our constructions.

2.2 Chiral symmetry algebras in four dimen-
sions

The purpose of this section is to establish the existence of infinite chiral
symmetry algebras acting on a restricted class of observables in any N = 2
superconformal field theory in four dimensions. This is accomplished in two
steps. First, working purely in terms of the relevant spacetime symmetry
algebras, we identify a particular two-dimensional conformal subalgebra of
the four-dimensional superconformal algebra [’

s1(2) x s1(2) C sl(4]2) ,

with the property that the holomorphic factor sl(2) commutes with a nilpo-

tent supercharge, @, while the antiholomorphic factor 5/[(2\) is exact with
respect to the same supercharge. We then characterize the local operators
that represent nontrivial Q-cohomology classes. The only local operators for
which this is the case are restricted to lie in a plane R? C R* that is singled
out by the choice of conformal subalgebra. The correlation functions of these
operators are meromorphic functions of the insertion points, and thereby de-
fine a chiral algebra. As a preliminary aside, we first recall the basic story
of infinite chiral symmetry in two dimensions in order to distill the essential
ingredients that need to be reproduced in four dimensions. The reader who is
familiar with chiral algebras in two-dimensional conformal field theory may
safely proceed directly to §2.2.2

3In this section, we adopt the convention of specifying the complexified versions of
symmetry algebras. This will turn out to be particularly natural in the discussion of
We generally attempt to select bases for the complexified algebras that are appropriate
for a convenient real form. Our basic constructions are insensitive to the signature of
spacetime, though in places we explicitly impose constraints that follow from unitarity in
Lorentzian signature.
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2.2.1 A brief review of chiral symmetry in two dimen-
sions

Let us take as our starting point a two-dimensional quantum field theory that
is invariant under the global conformal group SL(2,C). The complexification
of the Lie algebra of infinitesimal transformations factorizes into holomorphic
and anti-holomorphic generators,

L—:_a,z’ L:_aza L :_2827
o = o (2.2.1)
L*l = —32 s LO = —Zag L+1 = — 35 s
which obey the usual sl(2) X sl(2) commutation relations,
[L+17 L*l] = 2LO ) [L07 Lil] = :FLil ) (2 9 2)
L1, L] =2Ly , [Lo, Ly1] = FLy1 - o

We need not assume that the theory is unitary, but for simplicity we will
assume that the space of local operators decomposes into a direct sum of ir-
reducible highest weight representations of the global conformal group. Such
representations are labelled by holomorphic and anti-holomorphic scaling di-
mensions h and h of the highest weight state,

Lol hw. = M) how. Lol hw. = At how. (2.2.3)

and we further assume that h and h are not equal to negative half-integers

(in which case one would find finite-dimensional representations of s[(2)).
Chiral symmetry arises as a consequence of the existence of any local

operator O(z, z) which obeys a meromorphicity condition of the form

0:0(2,2) =0 = O(z,2) :=0(2) . (2.2.4)

Under the present assumptions, such an operator will transform in the trivial
representation of the anti-holomorphic part of the symmetry algebra and by
locality will have h equal to an integer or half-integer. Meromorphicity im-
plies the existence of infinitely many conserved charges (and their associated
Ward identities) defined by integrating the meromorphic operator against an
arbitrary monomial in z,

0, = 7{ 42 nna O(z) . (2.2.5)

271
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The operator product expansion of two meromorphic operators contains only
meromorphic operators, and the singular terms determine the commutation
relations among the associated charges, cf. [42]. This is the power of mero-
morphy in two dimensions: an infinite dimensional symmetry algebra orga-
nizes the space of local operators into much larger representations, and the
associated Ward identities strongly constrain the correlation functions of the
theory.

Some examples of this structure are ubiquitous in two-dimensional confor-
mal field theory. The energy-momentum tensor in a two-dimensional CF'T
is conserved and traceless in flat space, 0"T),, = T,/ = 0, leading to two
independent conservation equations

0:T..(2,2) =0 = T..(2,2) =T(2) ,

0.T5:(2,2) =0 = Tis(2,2) =T(2) . (2.2.6)

The holomorphic stress tensor T'(z) is a meromorphic operator with (h, h) =
(2,0), and its self-OPE is fixed by conformal symmetry to take the form

c/2 2T (w) N T (w)
(2wt (z-w)?  (z-w)
which implies that the associated conserved charges obey the commutation
relations of the Virasoro algebra with central charge c,

T()T(w) ~ , (2.2.7)

d
L = 7{ B2 0D (L Dl = (M = 1) Lt A+ ~—1m(m® — D)omsno -

211 12
(2.2.8)
Similarly, global symmetries can give rise to conserved holomorphic currents
JA(z,2) = JA(2) with (h,h) = (1,0). The self-OPEs of such currents are
fixed to take the form

(2 (z —w)

with the structure constants f42¢ those of the Lie algebra of the global sym-
metry. The conserved charges in this case obey the commutation relations
of an affine Lie algebra at level k,

JA(2) T (w) ~ % + ZifABCJ—(q“”) : (2.2.9)

" 270 meen

d
JA = f gz, A TP = > ifABCIC , +mk 6460

(2.2.10)
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The algebra of all meromorphic operators, or alternatively the algebra of their
corresponding charges, constitutes the chiral algebra of a two-dimensional
conformal field theory.

In most physics applications, the spectrum of a CFT will include non-
meromorphic operators that reside in modules of the chiral algebra of the
theory. In the generic case in which the chiral algebra is the Virasoro alge-
bra, this just means that there are Virasoro primary operators with h # 0.
Nevertheless, the correlation functions of the meromorphic operators can be
taken in and of themselves to define a certain meromorphic theory. Such
theories are referred to by various authors as chiral algebras, vertex operator
algebras, or meromorphic conformal field theories. Though some of these
names are occasionally assigned to structures that possess some extra nice
properties, such as modular invariant partition functions, we will be dis-
cussing the most basic version. Henceforth, by chiral algebra we will mean
the operator product algebra of a set of meromorphic operators in the planeﬁ
So defined, a chiral algebra is strongly constrained by the requirements of
crossing symmetry. In what follows, we show that any N/ = 2 superconformal
field theory in four dimensions possesses a class of observables that define a
chiral algebra in this sense.

2.2.2 Twisted conformal subalgebras

Chiral algebras are ordinarily thought to be a special feature of conformal-
invariant models in two dimensions. Indeed, the appearance of an infinite
number of conserved charges as defined in follows from the interaction
of two different ingredients that are special to two dimensions. Firstly, the
operators that give rise to the chiral symmetry charges are invariant under
(say) the anti-holomorphic factor of the two-dimensional conformal algebra,
while transforming in a nontrivial representation of the holomorphic factor,
so they are nontrivial holomorphic operators on the plane. The powerful
machinery of complex analysis in a single variable then produces the infinity

of conserved charges in (2:2.5) ]

4In a preview of later discussions, we mention that by W-algebra we will mean a chiral
algebra for which the space of local operators is generated by a finite number of operators
via the operations of taking derivatives and normal-ordered multiplication.

5From another point of view, one can hardly hope to find a meromorphic sector in a
higher dimensional CFT due to Hartogs’ theorem, which implies the absence of singulari-
ties of codimension greater than one in a meromorphic function of several variables. This
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In dimension d > 2, it is the first of these conditions that fails the most
dramatically, while the latter seems more superficial. Indeed, correlation
functions in a conformal field theory in higher dimensions can be restricted
so that all operators lie on a plane R? C R%, and the resulting observables will
transform covariantly under the subalgebra of the d-dimensional conformal
algebra that leaves the R? in question fixed,

sl(2) x sl(2) C so(d+2) . (2.2.11)

These correlation functions will be largely indistinguishable from those of an
authentic two-dimensional CFT, and if one could locate operators that were
chiral with respect to this subalgebra, then the arguments of would go
through unhindered and a chiral symmetry algebra could be constructed that
would act on RZ-restricted correlation functions. However, a local operator
that transforms in the trivial representation of either copy of s[(2) in (2.2.11)
will necessarily be trivial with respect to all of so(d + 2). As such, the only
“meromorphic” operator on the plane in a higher dimensional theory is the
identity operator, and no chiral symmetry algebra can be constructed. This
is ultimately a consequence of the simple fact that the higher dimensional
conformal algebras do not factorize into a holomorphic and anti-holomorphic
part: any two sl(2) subalgebras will be related by conjugation.

The brief arguments given above are common knowledge, and essentially
spell the end to any hopes of recovering chiral symmetry algebras in a general
higher-dimensional conformal field theory. We have reproduced them here to
clarify the mechanism by which they will be evaded in the coming discussion.
In particular, we will see that the additional tools at our disposal in the case
of superconformal field theories are sufficient to give life to chiral algebras
in four dimensions. Before describing the construction, let us recall a simple
example which illustrates the mechanism that will be used.

Intermezzo: translation invariance from cohomology

In a quantum field theory with A/ = 1 supersymmetry in four dimensions,
there exists a special class of operators known as chiral operators (not to
be confused with the meromorphic operators of §2.2.1] which are chiral in a

has been overcome in, e.g., [43 [44] by considering extended operators that intersect in
codimension one. The problem, then, is that the meromorphic structure does not impose
constraints on the natural objects in the original theory — the local operators.
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different sense) that lie in short representations of the supersymmetry algebra
and satisfy a shortening condition in terms of a chiral half of the supercharges,

{Qs,0(x)] =0, a==. (2.2.12)

The translation generators in R* are exact with respect to the chiral super-
charges,

Pad = {Qom @d} ’ (2213)

and consequently, via the Jacobi identity, the derivative of a chiral operator
is also exact,

[Pac, O(x)] = {Qa, O'()] - (2.2.14)

Because the chiral supercharges are nilpotent and anti-commute, the coho-
mology classes of chiral operators with respect to the supercharges @), are
well-defined and independent of the insertion point of the operator. Schemat-
ically, one can write

[0i(2)]q. = O; . (2.2.15)

Products of chiral operators are then free of short distance singularities and
form a ring at the level of cohomology. Correlation functions of chiral opera-
tors have the excellent property of being independent of the positions of the
operators,

(O1(21)O2(2) . .. Op(x0)) = ([O1(21)][O2(x2)] - - . [On(x0)])
—(0,0,...0,) . (2.2.16)

A suggestive way of phrasing this well-known feature of the chiral ring is
that although chiral operators transform in a nontrivial representation of the
four-dimensional translation group, their cohomology classes with respect to
the chiral supercharges transform in the trivial representation. The passage
from local operators to their cohomology classes modifies the transformation
properties of these local operators under the spacetime symmetry algebra, in
this case rendering them trivial.

Holomorphy from cohomology

To recover chiral algebras in four dimensions, we adopt the same philosophy
just illustrated in the example of the chiral ring. We will find a nilpotent
supercharge with the property that cohomology classes of local operators with
respect to said supercharge transform in a chiral representation of an sl(2) x
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5/[(?) subalgebra of the full superconformal algebra, and as such behave as
meromorphic operators. Such local operators will then necessarily constitute
a chiral algebra as described in §2.2.1]

The first task that presents itself is an algebraic one. To realize chiral
symmetry at the level of cohomology classes, we identify a two-dimensional
conformal subalgebra of the four-dimensional superconformal algebra,

—

sl(2) x sl(2) Csl(4]2) ,

along with a privileged supercharge @ for which the following criteria are
satisfied:

e The supercharge is nilpotent: Q2 = 0.

e 5l(2) and sl(2) act as the generators of holomorphic and anti-holomor-
phic Mébius transformations on a complex plane C C R*.

e The holomorphic generators spanning sl(2) commute with Q.

—

e The anti-holomorphic generators spanning s((2) are @ commutators.

In searching for such a subalgebra, we can first restrict our attention
to subalgebras of s[(4]|2) that keep the plane fixed set-wise. There are two
inequivalent maximal subalgebras of this kind: sl(2|1) x s[(2|1), which is
the symmetry algebra of an N' = (2,2) SCFT in two dimensions, and
s[(2) x sl(2]2), which is the symmetry algebra of an N' = (0,4) SCFT in
two dimensions. One easily determines that the first subalgebra cannot pro-
duce the desired structure; we proceed directly to consider the second case.

The four-dimensional N' = 2 superconformal algebra and the two-dimen-
sional A" = (0,4) superconformal algebra are summarized in Appendix [A.1]
In embedding the latter into the former, we take the fixed two-dimensional
subspace to be the one that is fixed pointwise by the rotation generator

ME =M - M (2.2.17)

The generator of rotations acting within the fixed plane is the orthogonal
combination,

M=M "+ M (2.2.18)

20



In more conventional terms, we are picking out the plane with xy = x5 = 0.
Introducing complex coordinates z := x3 + ixy, Z = x3 — i1y, the two-
dimensional conformal symmetry generators in s((2) x s[(2]|2) can be ex-
pressed in terms of the four-dimensional ones as

Ly=Py, La=K", 2Lj=H+M,

_ _ . _ (2.2.19)
L_IZP_;, L+1:K__, 2L0:H—M

The fermionic generators of s[(2) x sl(2|2) are obviously all anti-holomorphic,
and upon embedding are identified with four-dimensional supercharges ac-
cording to

QT=0%, Q=0 , &=8&, &=8", (2220

where Z = 1,2 is an sl(2) g index. Finally, the s[(2|2) superalgebra has a cen-
tral element Z, which upon embedding is given in terms of four-dimensional
symmetry generators as

Z=r+M", (2.2.21)

where 7 is the generator of U(1),.

Amongst the supercharges listed in (2.2.20)), one finds a variety of nilpo-
tent operators. Any such operator will necessarily commute with the gen-
erators Ly; and Lo in (2.2.19) since all of the supercharges do so. The
requirement of Q-exact anti-holomorphic Mobius transformations is harder
to satisfy. In fact, up to similarity transformation using generators of the
bosonic symmetry algebra, there are only two possible choices:

R =0"+8%, Q=8 -0,
@1 =8+ Qs , @;3291—32.

Interestingly, @; and Q4 give rise to the same Q-exact generators of an anti-

(2.2.22)

holomorphic sl(2) algebra,

~

{@1,@1} = {Qza—Qz} = L,4+R = L.,
Q:,8}) = {8,,8'} = Ly—-R" = L., (2.2.23)
(@,.0}} = {@,.0} = 2L—-R) = 2L,.

In addition, the central element of s[(2]2) is exact with respect to both su-
percharges,

{Q:,Q}=—-2. (2.2.24)
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Note that while sl(2) does act on the plane by anti-holomorphic conformal
transformations, it is not simply a subalgebra of the original global conformal
algebra. Rather, it is an s[(2) g twist of 5[(2)@ Because the relevant real forms
of the s[(2) conformal algebra and sl(2) are different, the generators of sl(2)
do not enjoy any reasonable hermiticity properties when acting on the Hilbert
space of the four-dimensional theory. In particular, we can immediately
see that LL # Lz;. This would complicate matters considerably if our
intention was to study operators that transform in nontrivial representations
of this twisted algebra. Fortunately, our plan is precisely the opposite: chiral

algebras can appear after passing to Q-cohomology, at which point all of

—

the objects of interest will effectively be invariant under the action of sl(2).
Consequently, reality /hermiticity conditions will play no role in the structure
of the “physical” operators/observables defined at the level of cohomology.

2.2.3 The cohomology classes of local operators

Our next task is to study the properties of operators that define non-trivial
Q,;-cohomology classes. For the purposes of the present chapter, we are re-
stricting our attention to local operators in four dimensions; the inclusion
of non-local operators, such as line or surface operators, is an interesting
extension that will be addressed in future work.

We begin by identifying the requirements for an operator inserted at the
origin to define a nontrivial Q;-cohomology class. In particular, we will derive
the conditions under which an operator O(z) obeys

{@;,0(0)] =0, 0(0) # {Q;,0'(0)] , (2.2.25)

for i = 1 or ¢ = 2. Because both §,; commute with ZO and Z, we lose no
generality in restricting to definite eigenspaces of these charges. A standard
cohomological argument then implies that since Ly and Z are actually Q;-
exact, an operator satisfying must lie in the zero eigenspace of both
charges. In terms of four-dimensional quantum numbers, this means that

6In light of this, we may understand the absence of a similar construction using the
5[(2[1) x sl(2]1) algebra as a consequence of there being no sl(2)r with which to twist.
Similarly, our construction does not extend to AN/ = 1 superconformal theories since they
only have an abelian R-symmetry.
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such an operator must obeyf]
s(E—(1i+7)—R=0, r+(j1—7j2)=0, (2.2.26)

where E is the conformal dimension/eigenvalue of H, j; and jp are sl(2);
and sl(2), Lorentz quantum numbers/eigenvalues of M, * and M™ ., and
R is the sl(2)g charge/eigenvalue of R As long as the four-dimensional
SCFT is unitary, the last line of (2.2.23) implies that any operator with
zero eigenvalue under LO must be annlhllated by @; and EQT for both 1 =1
and ¢ = 2. The relations in m ) therefore characterize the harmonic
representatives of @;-cohomology classes of operators at the origin, and we
see that the two supercharges actually define the same cohomology. Notably,
these relations are known to characterize the operators that contribute to the
Schur (and Macdonald) limits of the superconformal index in four dimensions
[38], suggesting that the cohomology will be non-empty in any nontrivial
N = 2 SCFT. We will refer to the class of local operators obeying
as the Schur operators of the SCFT. We will have more to say about the
features of these operators in §2.3|

Note that in contrast to the case of ordinary chiral operators in a su-
persymmetric theory, which are annihilated by a given Poincaré supercharge
regardless of the insertion point, for operators to be annihilated by the Q;
when inserted away from the origin requires that they acquire a more intri-
cate dependence on their position in R*. This is a consequence of the fact
that the translation generators do not commute with the superconformal
charges S§; and S2 appearing in the definitions of the Q;. Indeed, there is
no way to define the translation of a Schur operator from the origin to a point
outside of the (z, z) plane so that it continues to represent a Q;-cohomology
class. Within tge\plane, though, we can accomplish this task using the Q;-
exact, twisted s[(2) of the previous subsection. In particular, because the
twisted anti-holomorphic translation generator E_l is a ®; anti-commutator
and the holomorphic translation generator L_; is @;-closed, we can define
the twisted-translated operators

O(z,2) = #1221 O(0) ¢~#F-1 7701 (2.2.27)

In fact, the second relation in ([2.2.26)) follows from the first as a consequence of unitar-
ity and the four-dimensional superconformal algebra (see §2.3.1). We list it separately here
since it is an algebraically independent constraint at the level of the quantum numbers.
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where O(0) is a Schur operator. One way of thinking about this prescription
for the translation of local operators is as the consequence of introducing
a constant, complex background gauge field for the s[(2)g symmetry that
is proportional to the sl(2) raising operator. By construction, the twisted-
translated operator is Q; closed for both ¢ = 1,2, and the cohomology class
of this operator is well-defined and depends on the insertion point holomor-
phically,

0(z,2)]lg = O(z2). (2.2.28)

What does such an operator look like in terms of a more standard basis
of local operators at the point (z,2)? To answer this, we must first note
that Schur operators at the origin occupy the highest-weight states of their
respective sl(2) g representation (this fact will be explained in greater detail
in §2.3). If we denote the whole spin k representation of sl(2)g as Q72" T2
with Z; = 1,2, then the Schur operator at the origin is O1(0), and the
twisted-translated operator at any other point is defined as

O(z,2) = ug, (%) --- ug,, (2) O (2, 7) ur(z) = (1,2). (2.2.29)

At any given point (z,z), this is a particular complex-linear combination
of the different elements of the s[(2)g representation of the corresponding
Schur operator. The precise combination depends on the insertion point as
indicated. What we have discovered is that the correlation functions of these
operators are determined at the level of their @;-cohomology classes, and are
therefore meromorphic functions of the insertion points.ﬁ

2.2.4 A chiral operator product expansion

The most efficient language for describing chiral algebras is that of the oper-
ator product expansion. Let us therefore study the structure of the operator
product expansion of the twisted-translated Schur operators in order to see
the emergence of meromorphic OPEs befitting a chiral algebra.

Consider two operators: O;(z, %) is the twisted translation of a Schur
operator from the origin to (z,z), and O5(0,0) is a Schur operator inserted
at the origin. Given the general expression for the twisted-translated operator

8For N' = 4 SYM, a similar contraction of the SU(4)x indices with position-dependent
vectors was studied in [34]. The twists considered in that paper are different, and do not
give rise to meromorphic operators and chiral algebras.
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given in ([2.2.29), the OPE of these two operators should take the form

2R1+R2_Rk

O1(2,2)02(0) = > Mz T O0) (2.2.30)
k

where the zf1+f2=R% in the numerator comes from the explicit factors of z

appearing in , and Ry is the R-charge of the operator Q. This form
of the OPE is so far a consequence of two-dimensional conformal invariance
and conservation of R-charge under multiplication. We have introduced the
two-dimensional quantum numbers b and h, which are expressible in terms
of four-dimensional quantum numbers as

:E+(j1+j2) B:E—(jl-i‘b)

h
2 ’ 2

(2.2.31)

Though the OPE does not look meromorphic yet, we are already well on our
way. The left hand side of is Q;-closed for any (z,Z), with the 2z
dependence being @Q;-exact. As a result, each individual term on the right
hand side must be ®;-closed, and the sum should be reorganized into two
groups. The first group will consist of the terms in which the operator O (0)
is a Schur operator, while the second will consist of the remaining terms, for
which the operator O (0) is Q;-exact. Recalling that the quantum numbers of
Schur operators obey h = R, we immediately see that for those terms in the
OPE the Z dependence cancels between the denominator and the numerator,

thus providing the desired meromorphicity result:

zhi+ha—hy
kSchur

From the four-dimensional construction, we expect this OPE to be single-
valued, which implies that h; + hy — hi should be an integer. Indeed, this
integrality follows from the fact that h is a sum of SU(2) Cartans after
applying SU(2) selection rules. Clearly, in passing to Q;-cohomology classes
the OPE stays well-defined and the ®;-exact piece can be set to zero. Thus at
the level of cohomology, the twisted-translated operators can be reinterpreted
as two-dimensional meromorphic operators with interesting singular OPEs.

It may be instructive to see how this meromorphic OPE plays out in
a simple example. An extremely simple case, to which we shall return in
2.3 is that of free hypermultiplets in four dimensions. The scalar squarks
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@ and Q of the hypermultiplet are Schur operators, and the corresponding
twisted-translated operators take the form

1(2) = Q2 + 20 (=, (=) = [Q(z7) —2Q"(z. D) - (22.33)

The singular OPE of these twisted operators can be easily worked out using
the free OPE in four dimensions; we have

q(2)q(w) ~ regular , G(2)q(w) ~ regular ,
1 1 (2.2.34)

(i)~ —— . dEew) ~ -

This is example is in some respects deceptively simple, in that the terms
appearing in the singular part of the OPE are meromorphic on the nose.
In more complicated theories, there will be cohomologically trivial terms
appearing in the singular part of the OPE, and meromorphicity will depend
on a more detailed knowledge of the action of the nilpotent supercharges.

Let us briefly point out one difference between the structure observed
here and that of a more conventional cohomological subalgebra. The chiral
ring in the free hypermultiplet theory is generated by the operators ¢(z) and
G(z). Because these operators both have R = 1/2, there can be no nonzero
correlation functions in the chiral ring. The existence of nontrivial corre-
lation functions in the chiral algebra described here follows precisely from
the presence of subleading terms in the Z expansion (2.2.33) with SU(2)g
quantum numbers of opposite sign relative to the leading term.

Having established existence of nontrivial @-cohomology classes with me-
romorphic OPEs and correlators, we now take some time to develop the
dictionary between four-dimensional SCFT structures and their two-dimen-
sional counterparts.

2.3 The SCFT /chiral algebra correspondence

For any four-dimensional N’ = 2 superconformal field theory, we have iden-
tified a subsector of operators whose correlation functions are meromorphic
when they are restricted to be coplanar. This sector thus defines a map from
four-dimensional SCFTs to two-dimensional chiral algebras:

X : 4d SCFT — 2d Chiral Algebra.
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The aim of this section is to elaborate on the structure of this correspondence,
focusing primarily on its more universal aspects. We begin with a short
preview of some of the more prominent features of the correspondence.

Our first main result is the generic enhancement of the global sl(2) con-
formal symmetry algebra to a full fledged Virasoro algebra. In other words,
for any SCFT T, we find that x[7 | contains a meromorphic stress tensor.
The two-dimensional central charge turns out to have a simple relationship
to the four-dimensional conformal anomaly coefficient,

Coq = —12C4d .

In particular, this implies that when 7 is unitary (which we always take to
be the case), X[ 7T | is necessarily non-unitary. In a similar vein, we find that
global symmetries of 7 are always enhanced into affine symmetries of x[ 7 |,
and the respective central charges of these flavor symmetries enjoy another

simple relationship,
1

koa = _§k4d :

It is often helpful to think of a chiral algebra in terms of its generators. In
the chiral algebra sense of the word, generators are those operators that can-
not be expressed as the conformally normal-ordered products of derivatives
of other operators. While we do not find a complete characterization of the
generators of our chiral algebras, we do identify certain operators in four di-
mensions whose corresponding chiral operator will necessarily be generators.
In particular, operators that are AV = 1 chiral and satisfy the Schur shorten-
ing condition form a ring which is a consistent truncation of the A/ = 1 chiral
ring, to which we refer as the Hall-Littlewood (HL) chiral ring. We find that
every generator of the HL chiral ring necessarily leads to a generator of the
associated chiral algebra. There may be additional generators of the chiral
algebra beyond the stress tensor and the operators associated to generators
of the HL chiral ring. We will find such additional generators in the example
of §2.5.4

For the special case of free SCFTs we completely characterize the asso-
ciated chiral algebras. Unsurprisingly, free SCFTs give rise to free chiral
algebras. In particular, free hypermultiplets correspond to the chiral algebra
of dimension 1/2 symplectic bosons, while free vector multiplets correspond
to the small algebra of a (b, ¢) ghost system of dimension (1,0).

Finally, we describe the two-dimensional counterpart of gauging a flavor
symmetry G in some general SCFT 7. Assuming that the chiral algebra
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associated to the ungauged SCFT is known, the prescription to find the
chiral algebra of the new theory is as follows. The direct product of the
original chiral algebra X[ 7¢ | with a (b, ¢) system in the adjoint representation
of G admits a nilpotent BRST operator precisely when the beta function
for the four-dimensional gauge coupling vanishes. The chiral algebra of the
gauged theory is then obtained by restricting to the BRST coholomogy. We
find that this BRST operator precisely captures the one-loop correction to a
certain four-dimensional supercharge, so that restricting to its cohomology is
equivalent to the requirement that one should only retain those states that
remain in their original short representations once one-loop corrections are
taken into account.

2.3.1 Schur operators

As a first order of business, we pursue a more concrete characterization of
the four-dimensional operators whose correlation functions are captured by
the chiral algebra. Let us first reiterate the basic facts about these operators
that were derived in §2.2] The chiral algebra computes correlation functions
of operators that define nontrivial cohomology classes of the nilpotent super-
charges @Q;. Such operators are obtained by twisted translations of
Schur operators from the origin to an arbitrary point (z, Z) on the plane. A
Schur operator is any operator that satisfies

(Lo, 0] =0 = s(E—(i+j2)—R=0,
[Z,0]=0 <~ r+751—72=0.
If 7 is unitary, then these conditions can be equivalently formulated as the
requirement that when inserted at the origin, an operator is annihilated by

the two Poincaré and the two conformal supercharges that enter in the defi-
nition of the @;, i.e.,

[QL.0(0)] = [Q,-, 0(0)] = [5;.0(0)] = [§*,0(0)] =0.  (2.3.3)

This follows from the hermiticity conditions ol = S; and Q; — 82" in
conjunction with the relevant anticommutators from Appendix [A.T]

- ~ =~ ~ 1
{Ql,Ql_T}:LO—%Z, {QQ;,Q;;}:LO+§Z. (2.3.4)

28



It follows immediately that the state O(0)|0) is annihilated by all four super-
charges if and only if its quantum numbers obey ([2.3.1)) and (2.3.2)). Actually,

(2.3.4]) implies the additional inequality

~ Z
N

WV

(2.3.5)

from which we may conclude that imposing only is a necessary and
sufficient condition to define a Schur operator. We further note that Schur
operators are necessarily the highest-weight states of their respective SU(2) g
representations, and so carry the maximum eigenvalue R of the Cartan gen-
erator. If this were not the case, states with greater R would have negative
Ly eigenvalues, in contradiction with unitarity. Similarly, Schur operators
are necessarily the highest weight states of their SU(2); x SU(2), Lorentz
symmetry representation, carrying the largest eigenvalues for j; and j5. The
index structure of a Schur operator is therefore of the form O}r 1 L.

From the definition of Lg in and (| - we find that the holo-
morphic dimension h of a Schur operator is non-zero and fixed in terms of
its quantum numbers,

h=3(E+j+j)=R+j+j. (2.3.6)

This is always a half integer, since R, j; and jy are all SU(2) Cartans. It
follows from ((2.3.2)) and ([2.3.6)), in conjunction with the non-negativity of j;
and j, that the holomorphic dimension of a Schur operator is bounded from
below in terms of its four-dimensional R-charges,

h=R+ji+j2=2 R+ |j1—jo| = R+ |r|. (2.3.7)

The inequality is saturated if and only if j; or js is zero.

Supermultiplets of Schur type

Schur operators belong to shortened representations of the N = 2 super-
conformal algebra. The complete list of possible shortening conditions is
reviewed in Appendix In the notations of [45], the superconformal mul-
tiplets that contain Schur operators are the following,

A — A

Br . Droj) s Driioys Cris) - (2.3.8)
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Multiplet | Oschur h r Lagrangian
“letters”

BR pll..1 R 0 Q; Q

Dro.; Q! gll-1 R+jo+1 h+1 1 Q QN

Driyo) | QL R+j1+1 —j1—-11Q,Q, A\,

Crirjy | Q4 UMl | R4ji+ja+2 | ja—ii | D?,Q, D", Q,

1 31

DY A DAL

Table 2.1: This table summarizes the manner in which Schur operators
fit into short multiplets of the N/ = 2 superconformal algebra. For each
supermultiplet, we denote by ¥ the superconformal primary. There is then a
single conformal primary Schur operator Osuyr, Which in general is obtained
by the action of some Poincaré supercharges on W. We list the holomorphic
dimension h and U(1), charge r of Ogcpyr in terms of the quantum numbers
(R, j1,j2) that label the shortened multiplet (left-most column). We also
indicate the schematic form that Ogu,.: can take in a Lagrangian theory by
enumerating the elementary “letters” from which the operator may be built.
We denote by Q and ) the complex scalar fields of a hypermultiplet, by A\
and 5\5 the left- and right-moving fermions of a vector multiplet, and by D,
the gauge-covariant derivatives.
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For the purpose of enumeration, it is sufficient to focus on those Schur op-
erators that are conformal primaries. Given such a primary Schur operator,
there is a tower of descendant Schur operators that are obtained by the action
Ly =P, =—-0,;. Itturns out that each of the supermultiplets listed in
(2.3.8) contains exactly one conformal primary Schur operator. In the case of
Bg, this is also the superconformal primary of the multiplet, whereas in the
other cases it is a superconformal descendant. This representation-theoretic
information is summarized in Table [2.1, where we also provide the schematic
form taken by each type of operator in a Lagrangian theory.

The shortening conditions obeyed by the Schur operators make crucial
use of the extended N = 2 supersymmetry. Indeed, the hallmark of a Schur
operator is that it is annihilated by two Poincaré supercharges of opposite
chiralities (Q{ and Q,- in our conventions). This defines a consistent short-
ening condition because the supercharges have the same SU(2)r weight, and
thus anticommute with each other. No analogous shortening condition exists
in an A = 1 supersymmetric theory, because the anticommutator of opposite-
chirality supercharges necessarily yields a momentum operator, which anni-
hilates only the identity.

Although the most general Schur operators, which are those belonging to
C R(j1.j») Multiplets, may seem somewhat exotic, the Schur operators of type
[S’R, Dgo,j») and Z_)R(j1,0) are relatively familiar. Indeed, they can be under-
stood as special cases of conventional N’ = 1 chiral or anti-chiral operators.
Let us focus for the moment on the N = 1 Poincaré subalgebra that contains
the supercharges B

2 Gy (2.3.9)

We then ask what subset of Schur operators are also elements of the chiral
ring for this N/ = 1 subalgebra. In particular, such operators will be annihi-
lated by both spinorial components of the anti-chiral supercharge Qag, @ = =+.
These operators have j, = 0, and a quick glance at Table tells us that
they are Schur operators of types By and 1_93(]-170). These operators saturate
the inequality , with r = —j; < 0 for @R(jl,o) and r = 0 for the Bg. As
these are precisely the operators that contribute to the Hall-Littlewood (HL)
limit of the superconformal index, we refer to them as Hall-Littlewood opera-
tors. They form a ring, the Hall-Littlewood chiral ring, which is a consistent
truncation of the full N/ = 1 chiral ring.

In a Lagrangian theory, the Br type Schur operators are gauge-invariant
combinations of Q and Q, the complex hypermultiplet scalars that are bottom
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components of N' = 1 chiral superfields (we are suppressing color and flavor
indices). Schur operators of type @R(jl,o) are obtained by further allowing
as possible letters the gauginos A}F, which are the bottom components of the
field strength chiral superfield W,.. In the full AV = 1 chiral ring, one also has
the other Lorentz component W_ of the field strength, as well as the N' =1
chiral superfield belonging to the N' = 2 vector multiplet. Operators that
contain those letters are, however, not a part of the HL: chiral ring.

In complete analogy, we may also define a Hall-Littlewood anti-chiral ring,
which contains the Schur operators of type By and Dp(o,j,)- These operators
are annihilated by chiral supercharges Q), o = +, and are thus A’ = 1 anti-
chiral with respect to the N/ = 1 subalgebra that is orthogonal to .
Schur operators of type Br belong to both HL rings — these are half-BPS
operators that are annihilated by both Q! and Q4. They form a further
truncation of the N' = 1 chiral ring to the Higgs chiral ring, and their vacuum
expectation values parametrize the Higgs branch of the theory. We note that
in Lagrangian theories that are represented by acyclic quiver diagrams, all
D-type multiplets recombine and are lifted from the NV = 1 chiral ring at
one-loop order [38]. In such cases, the HL chiral ring will coincide with the
more restricted Higgs branch chiral ring.

Let us now look in greater detail at some Schur-type shortened multiplets
of particular physical interest:

° CAO(()’O): Stress-tensor multiplet. The superconformal primary is a scalar
operator of dimension two that is a singlet under the SU(2)g x U(1),.
The SU(2)g and U(1), conserved currents, the supercurrents, and the
stress tensor all lie in this multiplet. The Schur operator is the highest
weight component of the SU(2)g current: J}' of the SU(2)g.

° CAO(]-IJQ): Higher-spin currents multiplets. These generalize the stress-
tensor multiplet and contain conserved currents of spin higher than two.
If any such multiplets are present, the SCF'T must contain a decoupled
free sector [46]. Requiring the absence of these higher spin multiplets
will lead to interesting unitarity bounds for the central charge of inter-
acting SCFTs in §2.4]

~

° B%: This is the superconformal multiplet of free hypermultiplets.

~

e J3;: Flavor-current multiplet. The superconformal primary is the “mo-
ment map” operator MZ7, which is a scalar operator of dimension two

32



that is an SU(2)g triplet, is U(1), neutral, and transforms in the ad-
joint representation of the flavor group Gr. The highest weight state of
the moment map — M'! — is the Schur operator. The claim to fame of
B, multiplets is that they harbor the conserved currents JE. that gen-
erate the continuous “flavor” symmetry group G of the SCFT, that
is, the symmetry group that commutes with the superconformal group.
Because B; multiplets do not appear in any of the recombination rules
for short multiplets listed in Appendix [A.2] it is absolutely protected:

JI'. remains conserved on the entire conformal manifold of the SCFTE]

® Dy,0) © 150(0,0): This is the superconformal multiplet of free N' = 2
vector multiplets.

® Digg) @ 1_)%(070): “Extra” supercurrent multiplets. The top compo-
nents of these multiplets are spin 3/2 conserved currents of dimension
A =1T7/2 (J,45 and Japa). They generate additional supersymmetry
transformations beyond the N' = 2 superalgebra in question. In partic-
ular, in the V' = 2 description of an N' = 4 SCFT, one finds two copies
of each of these multiplets transforming as a doublet of the “flavor”
SU((2)r C SU(4)g that commutes with SU(2)g x U(1), C SU(4)g.
The Schur operators have A = 5/2; and have index structure 0-1%1 and
O}, In N = 4 supersymmetric Yang-Mills theory, these are the oper-
ators Tr q}j\}r and Trg; AL, where ¢ = 1,2 is the SU(2)p index.

2.3.2 Notable elements of the chiral algebra

Armed with a working knowledge of the relevant four-dimensional operators,
we now proceed to derive some universal entries in the 4d/2d dictionary.
We first recall from the process by which a meromorphic operator in
two dimensions is obtained from an appropriate protected operator in four
dimensions. Starting with a Schur operator in four dimensions, we obtain a

. 9The only other supermultiplet that contains a global flavor symmetry current is
CO( 11 However, that multiplet also contains higher-spin currents, thus showing that
the only points on a conformal manifold at which the flavor symmetry enhances are the

points where the SCFT develops a free decoupled subsector.
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two-dimensional chiral operator via the following series of specializations:

O}r'."'_lJrJ-r__ﬁ-L(x) Schur operator
8
O(2,2) 2 ug, (2) - ug,, (2) 0T T28) (2, %) Twisted-translated Schur operator
i
[O(z, 2)]q Chiral cohomology class
I
O(2) Two-dimensional chiral operator

In general we will refer to this associated chiral operator via the following
notation:

O(z) =x[OLh 1,

where sometimes we will be lax about the argument of the X map and
allow O1"' . . to be replaced by the more generic form of the operator
(’)&:Z’; i Our first task will be to understand the chiral operators that
are related to certain characteristic Schur operators of a four-dimensional the-
ory. In doing so we will discover some interesting and generic features of this

COI”I”GSpODdeHCG.

Virasoro enhancement of the sl(2) symmetry

The holomorphic s[(2) algebra generated by {L_1, Lo, L1 } is a manifest sym-
metry of the chiral algebra. Remarkably, this global conformal symmetry
is enhanced to the full Virasoro algebra. The Virasoro algebra is gener-
ated by the modes L,, n € Z, of a holomorphic stress tensor of dimension
two T'(z). Surveying Table we find a suitable candidate that is present
in any theory 7: the Schur operator belonging to stress tensor multiplet
CAO(()’O). One should note that the Schur operator in this multiplet is not the
four-dimensional stress tensor, but rather the component J}r1+ of the SU(2)g
current JZJ.
The corresponding twisted-translated operator is defined as follows,

Jr(z,2) = uz(2) uzs(2) Jf{(z,i) ) (2.3.10)

Per the discussion of §2.2] we identify the cohomology class [Jr(z, 2)]q, With
a dimension two meromorphic operator in the chiral algebra X[ 7 |,

T7(2) =k [Tr(2 2)]a, - (2.3.11)
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We provisionally include the subscript J as a reminder of the definition
(2-3.11); we still need to establish that the OPEs of T'7(z) with itself and
with other operators in the chiral algebra take the standard forms appropriate
to a two-dimensional stress tensor. With this in mind, we have also included
a normalization factor x, to be fixed momentarily in order to recover the
canonical 7T OPE.

The two- and three-point functions of the R-symmetry current with itself
are fixed by A/ = 2 superconformal invariance in terms of a single parameter
44, which is one of the two conformal anomaly coefficients (the other being
asq). Starting from the OPE of two SU(2)g currents [47],

T () JEE(0) o S K 1o TG = 20y 2 SR
1 v v 28 2 26 ’
(2.3.12)
we find the following OPE of twisted-translated Schur operators,
_ 3C4q 1 Jr(0,0)
Tz DTa00) ~ —5ma=m e
1 _uzugJ7(0) J3L(0)
T2t 23 - 2
21
1 ) _;(O)
=3 (2.3.13)

Because the last three terms have non-zero EO eigenvalue, they are guaranteed
to be Q;-exact. Upon setting x = —272, we find the following meromorphic
OPE for T[]

—6 2T7(0 dT7(0
C4d+ J()+ J()

24 22 z

T7(2) Ti7(0) ~ (2.3.14)

Happily, we recognize in (2.3.14]) the familiar two-dimensional 77" OPE with
central charge cyy given by

Coq = —12 Cad - (2315)

10The term corresponding to the simple pole does not immediately follow from the
OPE given in (2.3.13). In particular, though the presence of 077(0) is guaranteed as a
consequence of the double pole, we may worry that an additional quasiprimary (in the
two-dimensional sense) may also appear. Such a quasiprimary O would have to be a boson
of holomorphic dimension h = 3 and have nonzero three point function (I777O). This is
forbidden by Bose symmetry.
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This is the first major entry in our dictionary. Note that unitarity of the four-
dimensional theory requires c4q > 0, so the chiral algebra will have negative
central charge and will therefore necessarily be non-unitary.

It is not immediately clear from the arguments presented thus far that
T7(z) will have the correct OPE with operators of the chiral algebra. In
other words, the assertion that 77 acts as the stress tensor of the chiral
algebra means that the “geometric” sl(2) generators {L_1, Lo, L 11} defined
by the embedding of the two-dimensional conformal algebra into
the four-dimensional one should coincide in cohomology with the generators
{L7,, Ly, LY.} defined by the mode expansion of T'7(z). It would be suffi-
cient to verify that this is the case for quasiprimary operators, by which we
mean operators O(z) that, when inserted at the origin, are annihilated by
the holomorphic special conformal generator

L1, 000)]=0. (2.3.16)

In our construction, such an O(z) arises as the cohomology class of a twisted-

translated primary Schur operator. The assertion is then that in the chiral
algebra (i.e., up to Q;-exact terms), the 7'y OPEs take the form

0 hOO) 000

T7(2)00) ~ -+ — + <)+ ©

23 22 z

, (2.3.17)

where h is the holomorphic dimension of O and the dots indicate possible
poles of order four or higher. Though we have not been able to find a general
proof, we believe to be a universal consequence of superconformal
Ward identities. It is thanks to the relation for the conformal dimension
h = R+ ji + js that the SU(2)g current can reproduce the appropriate scal-
ing dimension, and the absence of additional operators should be excluded by
selection rules for three-point functions of Schur-type superconformal mul-
tiplets. In practice, we have been able to give an abstract argument that
this OPE holds only for the case where O is a scalar operator. For non-
scalar operators in the abstract setting, we leave the structure of these OPEs
as a conjecture. Later in this section, the OPE (2.3.17) will be shown to
hold in full generality in the theories of free hypermultiplets and free vector
multiplets. The abstract claim would follow if the most general solution of
the requisite Ward identity is expressible as a linear combination of struc-
tures corresponding to free field models, which is empirically the case in all
analogous situations with which the authors are familiar.
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Affine enhancement of the flavor symmetry

We next turn to the role played by the flavor symmetries of 7 in the associ-
ated chiral algebra. When 7T enjoys a flavor symmetry Gz, the corresponding
conserved current J,4 is an element of a B; supermultiplet, which addition-
ally contains as its Schur primary the moment map operator M!! described
in the list at the end of §2.3.1 We expect the presence of Gp symmetry
to make itself known via the chiral operator associated to the moment map.
Following the now-familiar procedure, we define a Q;-closed operator M(z, z)
via twisted translations of the Schur moment-map operator from the origin,
and identify the corresponding cohomology class as a meromorphic operator
in the chiral algebra,

M(z,2) = uz(Z)us(z2) M* (2, 2) , J(2) = k[M(z,2)|q (2.3.18)

R

The normalization constant x will be determined momentarily. The mero-
morphic operator J(z) has holomorphic dimension h = 1. We have sup-
pressed flavor indices up to this point, but these operators all transform in
the adjoint representation of the flavor symmetry group, and so we actually
find dim G dimension one currents J4(2) in the chiral algebra. It is natural
to suspect that these operators will behave as affine currents for the flavor
symmetry. Indeed, a little calculation bears out this expectation. First, re-
call that the central charge k44 of the flavor symmetry is defined in terms of
the self-OPE of the conserved flavor symmetry current as follows,

3k4d5ABx29W — 2z, N ExufoABCx - J9(0)

2

Tt (@) J}7(0) ~

47 8 T 26

(2.3.19)
Here A,B,C' = 1,...,dim G are adjoint flavor indices, and we are using
normalizations such that long roots of a Lie algebra have length v/2 as in
[47]. In the same conventions, the OPE of two moment maps reads
3kyg CTTEGAB  \f3 FABC N[O (LK L))

4874 74 472 72

MATI () MBRE(Q) ~ ‘
(2.3.20)
The OPE for the corresponding twisted-translated operators follows directly,

3k §AB \/5 . fABCMC(070)

M*A(z,2)MP?(0,0) ~

48mh 2 472 z
V2 z
+ 13 fABCMCﬂ(O); S (2.3.21)
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where the last term is Q;-exact. Setting k = 2\/§7r2, we recognize the canon-
ical current algebra OPEE
5AB JC
TA2) TP (w) ~ kyg——— + > i fABCﬂ , (2.3.22)
C

(z —w)? zZ—w

where the two-dimensional affine level ko4 is related to the four-dimensional
flavor central charge ky4q by

k
fing = —%d . (2.3.23)

This is the second important entry in the dictionary.

The Hall-Littlewood chiral ring and chiral algebra generators

An interesting problem that will be of particular concern in §2.5| is that
of giving a simple description of the chiral algebra Xx[7 ] associated to a
given T in terms of a set of generating currents. Generators of a chiral
algebra are by definition those sl(2) primary operators {O;} for which the
normal ordered products of their descendants, i.e., operators of the form
0" 0100,y ...0"O,, span the whole algebram When the chiral algebra
has only a finite number of generators, it is customary to refer to it as a
W-algebra.

While we have given a clear set of rules that identifies the spectrum of
the chiral algebra given the spectrum of the four-dimensional theory 7T, these
rules have little to say about the question of what operators are generators of
X[T]. There turns out to be a subset of generators that is always relatively
easy to identify. Recall from that the HL chiral and anti-chiral rings
are consistent truncations of the N’ = 1 chiral and anti-chiral rings of 7T,
respectively. As such, they are commutative rings, and it is often possible

Tn two dimensions it is standard to define a convention-independent affine level kog as

kog := 2§§d, where kog is the level when the length of the long roots are normalized to be

6. In our conventions 62 = 2 and so kog = kag.
12We are adopting the normal ordering conventions of [48], in which a sequence of chiral
operators represents left-nesting of conformally normal-ordered products:

010y 010, = (O1(Os(- - (On_10,)))) . (2.3.24)

The algebra of operators so-defined is non-commutative and non-associative.
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to give them presentations in terms of generators and relations. What we
show now is that the meromorphic operators associated to the generators of
the HL chiral and antichiral rings are in fact generators of x[7 | in the chiral
algebra sense.

Given the shortening conditions they obey, one finds that the chiral al-
gebra operators associated to HL operators have holomorphic dimension
h = R+ |r|]. In order to establish the claim made above, we will show
that an HL operator can never arise as a normal ordered product of other
operators that are not themselves of HL type. Let O;(z, z) and Os(z, z) be
two generic twisted-translated Schur operators, and let us assume that their
OPE contains an HL operator O

O1(z,2) 05(0,0) ~ O(0,0) + . .. (2.3.25)

Shitha—hs
By assumption, hy = R3+ |r3|, while implies that hy > Ry +|ry|, ho >
Ry +|ra|. The U(1), charge is conserved, so rg = r1+719 and |r3| < |rq| + |r2|.
Furthermore, SU(2)g selection rules imply the triangular inequality Rs <
Ry + Ry. Combining these (in)equalities, we find that hg < hy + hg, which
implies that an HL operator may only appear on the right hand side as
a singular term (if hy < hy + hg) or as the leading non-singular term (if
hs = hy + hy). The latter possibility requires that O; and O, saturate the
respective bounds for hy and hy, which is to say that they themselves
must be HL operators. This argument establishes that HL operators cannot
be generated as normal ordered products of non-HL operators, and so the
generators of the HL chiral and antichiral rings must necessarily be generators
of the chiral algebra.

The Hall-Littlewood chiral ring and Virasoro primaries

A further interesting feature of the HL chiral ring operators is that their
corresponding meromorphic operators are always Virasoro primaries. For
the generators of the HL chiral ring, this is already clear since the generators
of any chiral algebra that includes a stress tensor are necessarily primaries
of the Virasoro subalgebra. For other HL operators, though, this is a useful
result that will help organize our thinking about some of the examples studied
in §2.5

The statement follows from a relatively straightforward analysis of the
OPE of the meromorphic stress tensor with an arbitrary HL operator. In
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particular, let O;(z) be the meromorphic operator associated to an HL oper-
ator in four dimensions. The quantum numbers of O; obey the HL relation

]’Ll = R1 + |7’1| . (2326)

Now the crucial observation from which our result follows is this: from a
four-dimensional perspective, the meromorphic stress tensor is a z-dependent
linear combination of operators with » = 0 and R = 0,+£1. Consequently,
in the OPE of the meromorphic stress tensor with O;(0), the only operators
that may appear will have R = Ry =1 or R = Ry and r = r;. With what
power of z can such an operator appear in the OPE? A Schur operator O.,,(0)
with R = Ry + v and M = |r1| + 2min(jy, j2) will appear in the OPE as

0,(0) _ 0,(9)

~2+Ri+[r1|[-R—-M — ,2—y—2min(j1,j2)

T(2)0,(0) D (2.3.27)

This is at most a pole of order three (when v = —1 and j; = 0 or j, = 0), but
such a pole cannot appear because HL operators are always s[(2) primaries —
thus the most singular term possible is a pole of order two. This is precisely
the property that characterizes Virasoro primary operators, and so we have
our result.

2.3.3 The chiral algebras of free theories

The simplest N' = 2 SCFTs are the theories of a free hypermultiplet and
that of a free vector multiplet. For these special cases, we give a complete
description of the associated chiral algebras. These chiral algebras are useful
as the building blocks of interacting Lagrangian theories, some of which are
discussed in §2.4 We describe in turn the cases of hypermultiplets and vector
multiplets.

Free hypermultiplets

Let us consider the field theory of a single free hypermultiplet. The hy-
permultiplet itself lies in the short supermultiplet B 1 in which the primary

Schur operators are the scalars Q and (). These are the highest weight states
in a pair of SU(2)g doublets,

o= %), o= (2.3.28)
Q" -Q"
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The single free hypermultiplet enjoys an SU(2)r flavor symmetry, under
which Q% and Q7 transform as a doublet. To work covariantly in terms of
this SU(2)r, we can introduce the following tensor,

OFf — Q @ , (2.3.29)
Q —Q"

where 7 = 1,2 is the newly minted SU(2) index.

The Schur operators in this free theory are all the “words” that can be
constructed out of the “letters” {Q,Q, 0 .1 }. As there are no singularities
in the products of (0, derivatives of) @) and Q, the operator associated to
any given word is well-defined and the Schur operators in this theory form a
commutative ring. The set of all meromorphic operators in the free hyper-
multiplet chiral algebra are therefore precisely the @; cohomology classes of
the twisted-translated versions of these words. This chiral algebra is itself a
free chiral theory in two dimensions. Let us see how this works.

The twisted-translated operators and the associated meromorphic oper-
ators for the hypermultiplet scalars themselves are defined as follows,

Qs(57) = ur(2) QX=2) ,  ax(2) = [Qs(5 s, - (23.30)
The relation to the operators defined in §2.2.4]is ¢5(2) = (¢(2), G(#)). This is
an SU(2)p doublet of dimension 1/2 meromorphic fields, the OPE of which
can be computed using the free-field OPE in four dimensions and the defini-

tion of the twisted translated operators in ,
Ea A
42(2) gz (w) ~ 22 (2.3.31)
It is reasonably easy to see that the entire spectrum of the chiral algebra
of four-dimensional hypermultiplets is obtained by taking normal ordered
products of the g;(z) and their descendants. In particular, one can show
that the following diagram commutes

{Ol ,Oj} % OZO]

m{ lm : (2.3.32)

{[01] ,10;]} —= : [O]][0;] :

13We will see when we come to consider interacting theories in that product struc-
tures on Schur operators do not always translate so simply into those of the chiral algebra.
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where the top row represents multiplication in the ring of Schur operators,
the bottom row represents creation/annihilation normal ordered products
of chiral vertex operators, and the vertical arrows represent the identifi-
cation of a Schur operator with its meromorphic counterpart in the chi-
ral algebra. It follows that the meromorphic operator associated to any
given word in (0, jderivatives of) ) and Q is simply the corresponding cre-
ation/annihilation normal ordered product of (holomorphic derivatives of) ¢
and q.

The chiral algebra of the free hypermultiplet is thus none other than
the free symplectic boson algebra (cf. [49]). This simple example serves to
illustrate some of the general points made in the previous subsections. The
symplectic boson theory has a canonical stress tensor,

1 ~oa
§6Ijqiaqj(z) : (2.3.33)

T(z) =
and it is easy to check that the modes {L.1, Lo, L_1} appearing in Laurent
expansion of reproduce the action of the holomorphic sl(2) symme-
try inherited from four dimensions. Thus the holomorphic s[(2) is indeed
enhanced to Virasoro symmetry. Moreover, we observe that given the form
of the SU(2)g current in four dimensions

T (z) ~ QY 0,Q7 (@) (2.3.34)

The corresponding meromorphic operator 7T7(z) will be equivalent to the
canonical stress tensor,
T(z)=T7(z) . (2.3.35)

From the TT" OPE we read off the central charge coy = —1. Recalling that
the conformal anomaly coefficient of a free hypermultiplet is c4q = 1/12, this
result is in agreement the universal relation cyy = —12c4g. The symplectic
boson theory is like the theory of a complex free fermion (which of course
has coq = 1), but with opposite statistics, hence the opposite value of the
central charge.

Finally we mention a minor generalization of the above story for hyper-
multiplets. Gauge theories with N' = 2 supersymmetry are often described in
terms of half-hypermultiplets instead of whole hypermultiplets. The general-
ization of the chiral algebra to the half-hypermultiplet conventions is straight-
forward. Let us consider half-hypermultiplets transforming in a pseudo-real
representation R of some symmetry group G (at the moment we are working
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at zero coupling, so G is just a global symmetry group). The corresponding
chiral algebra will be generated by dim R meromorphic fields,

¢, i=1,... dimR, (2.3.36)

and the singular OPE of these operators will be given by

Z—w

qi(2)gj(w) ~ (2.3.37)
Here €2;; is the anti-linear involution that maps the representation R to its

conjugate and squares to minus one. The description of the single full hy-
permultiplet in (2.3.31)) actually fits into this framework with G = SU(2)p.

Free vector multiplet

The other key ingredient in Lagrangian SCF'Ts is the theory of free vector
multiplets. Free vectors lie in the short supermultiplet 2_30(070) and its conju-
gate Dy(o,0), whose superconformal primaries are the complex scalar ¢ and its
conjugate ¢, respectively. The primary Schur operators in these multiplets
are the fermions A} and ;\i, and as in the case of hypermultiplets, the entire
set of Schur operators in this theory is comprised of the words built out of
the letters AL, A!, and 0, ;.

The twisted-translated operators associated to the vector multiplet fermi-
ons are defined as follows,

Mz, 2) = ur(2) Mo(2,2), Az, 2) = uI(Z)S\i(z,E) , (2.3.38)

and the @;-cohomology classes of these operators are Grassmann-odd, holo-
morphic fields of dimension h = 1,

Az) =Mz, 2)q, » Az) = [X(z,é)]@i ) (2.3.39)

Using the four-dimensional free field OPEs, it is easy to derive the OPEs of
these holomorphic fields. They are again the OPEs of a free chiral algebra:

AA0) ~ = ADA0) ~ -~ | (2.3.40)

~2

Indeed, the free-field form of these OPEs leads to an analogous commutative
diagram to (2.3.32]), which ensures that all the meromorphic operators in this
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theory are generated by A(z) and A(z) in the chiral algebra sense. We can
recognize this chiral algebra as the (b, c) ghost system of weight (1, 0)[M]

Ai=b(2), Az):=0c(z) . (2.3.41)

In making this identification, we have introduced an extra spurious mode —
the zero mode ¢y of ¢(z) — which is of absent in the algebra generated by
A(z) and A(z). Thus, the more precise statement is that the chiral algebra
associated to the vector multiplet is the so-called “small algebra” of the (b, ¢)
system, which is by definition the algebra generated by b(z) and dec(z) (cf.
[50, 51]). In other words, the Fock space of the small algebra is the subspace
of the (b, ¢) Fock space that does not contain ¢, or equivalently, the subspace
annihilated by bg,

fsmall = {w S -/—:bc ’ b(ﬂ/} = 0} . (2342)

The small algebra enjoys a global SL(2,R) symmetry under which A(z) and
A(z) transform as a doublet. We can make this symmetry manifest by in-
troducing the notation p* with o = =+, where p* = A and p~ = A. Note
that the Cartan generator of this symmetry acts as the U(1), charge. In the
language of the small algebra, the OPE can be put in a covariant form,
g
p*(2) p°(0) ~ — (2.3.43)
As in the hypermultiplet case, the action of the {L,1, Lo, L_1} modes
of the canonical ghost stress tensor can easily be seen to match the action
of the geometric s[(2) action inherited from the four-dimensional conformal
algebra. Furthermore, given the SU(2)g current of the free vector theory,

T (x) ~ NN (2) (2.3.44)

we see that the canonical stress tensor coincides precisely with the dimension
two current 7’7 obtained from the R-symmetry current by the usual map,

1 (e}
T(2) = ~g2asp™0’(2) = Ty (2) (2.3.45)
The central charge of the (b, ¢) ghost system /small algebra is ¢oq = —2, which
can be seen to agree with the relation ([2.3.15)) upon recalling that c;y = %
for a free vector multiplet.

14Recall that the derivative of a dimension zero conformal primary field — ¢(z) in this
case — is again a conformal primary.
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2.3.4 Gauging prescription

The natural next step is to consider interacting SCFTs. Lagrangian N = 2
SCFTs can be described using hypermultiplets and vector multiplets as ele-
mentary building blocks (see [52] for a recent classification of all possibilities).
In particular, such an SCF'T consists of vector multiplets transforming in the
adjoint representation of a semisimple gauge group G = G; X Gy - -+ X Gy,
along with a collection of (half)hypermultiplets transforming in some rep-
resentation R of the gauge group such that the one-loop beta functions for
all gauge couplings vanish. Supersymmetry ensures that the theory remains
conformal at the full quantum level. The building blocks of the corresponding
chiral algebra are a collection of symplectic bosons {¢, ¢} in the representa-
tion R, and a collection of (b, ¢) ghost small algebras in the adjoint represen-
tation of G. When the gauge couplings are strictly zero, the chiral algebra is
simply obtained by imposing the Gauss law constraint, i.e., by restricting to
the gauge-invariant operators of the free chiral algebra of symplectic bosons
and ghosts. Our next step will be to determine what happens as we turn on
the gauge couplings.

In fact, as Lagrangian theories are a small subset of all possible N' = 2
SCFTs, it is worthwhile to put the discussion in a more general context.
Given a general superconformal field theory 7 with G flavor symmetry, a
new SCFT is obtained by gauging a subgroup G C G provided the gauge
coupling beta function vanishes. We will denote the gauged theory with
a nonzero gauge coupling ¢ as T¢[®| Though 7 may be strongly coupled,
the gauging procedure can be described in semi-Lagrangian language. By
assumption, 7 possesses a conserved flavor symmetry current JZ,, where
A =1,...dim G, which by N' = 2 supersymmetry is the top component of
the moment map supermultiplet Bi. The gauged theory 7T is described by
minimally coupling an N' = 2 vector multiplet to B;. Of particular impor-
tance is the addition to the action, in A/ = 1 notation, of the superpotential
coupling

g / 20 o4 MM 4 he. (2.3.46)

where ® is the N' = 1 chiral superfield in the A/ = 2 vector multiplet, and
MUY is the N/ = 1 chiral superfield whose bottom component is the complex

5More precisely, there is one independent gauge coupling for each simple factor of the
gauge group. To avoid clutter we focus on the procedure for gauging one simple factor at
the time, so G will taken to be a simple group in what follows.
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moment map M*'!; both transform in the adjoint representation of G.

Let us assume that the chiral algebra Xx[7] is known. It will suffice to work
abstractly, in the sense that the only features of x[7] that we will use follow
directly from the existence of the global G symmetry. In particular, there will
be an affine current J4(2) at level koy = —3kuq (cf. §2.3.2). As we mentioned
above, at zero gauge coupling the chiral algebra of the gauged theory is
obtained by imposing the Gauss law constraint on the tensor product algebra
of X[T] with the G-ghost small algebra (p*,p™). In fact, it will be more
useful to introduce the full (b, ¢) system and restrict to the small algebra by
imposing the auxiliary condition by = 0 for any state 1.

The affine current associated to the GG symmetry in the ghost sector is
J4 = —i fABC (B | (2.3.47)

g

The Gauss law, or gauge-invariance, constraint requires that all physical
states should have vanishing total gauge charge, which is measured by the
zero mode of the total gauge symmetry current,

Jau(2) == J4(2) + T4 (2) (2.3.48)

Symbolically, we can therefore define the chiral algebra at zero gauge coupling
as follows:

X[ITE) = {v € X[T] @ (b4, ) | b = Jik gt = 0} (2.3.49)

We are now ready to address the problem of identifying the chiral algebra
for T with g # 0.

BRST reduction of the chiral algebra

On general grounds, we expect that the chiral algebra of the interacting gauge
theory will contain fewer operators than the non-interacting version, because
some of the short multiplets containing Schur operators that are present
at zero coupling will recombine into long multiplets and acquire anomalous
dimensions. Ideally, we would like to describe this phenomenon using only
the general algebraic ingredients that we have introduced so far. A crucial
hint comes from phrasing the condition of conformal invariance of the gauge
theory more abstractly. The vanishing of the one-loop beta function amounts
to the requirement that in the ungauged theory, the flavor symmetry central
charge is given by

kg = 4h" (2.3.50)
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where h" is the dual Coxeter number of the gauge group. This means that in
two-dimensional language, the corresponding symmetry in X[7] must have
its affine level given by

kog = —2h" . (2.3.51)

The affine level of the ghost-sector flavor currents Jy, is easily calculated
to be 2hY, so the requirement of conformal invariance translates into the
condition that the level of the total affine current J2, be zero. Precisely in
this case, it is possible to construct a nilpotent BRST operator in the chiral
algebra. Imitating a construction familiar from coset conformal field theory
[53], we define

@BRST = %jERST(z) , JBRST ‘= C4 {JA + lJﬁl} : (2.3.52)

i 2

Our contention is that the chiral algebra corresponding to the gauged theory
at finite coupling is obtained by passing to the cohomology of Qgrst Telative
to the ghost zero modes bg‘

X[Ta] = Higsr[t € X[T]® (b, ) | by = 0] (2.3.53)

Apart from its elegance, there are compelling physical arguments behind this
claim. We will show that states of the chiral algebra that define nontrivial
cohomology classes of grst correspond to the four-dimensional Schur states
that survive in the interacting theory. By construction, all states of X[’Téo)]
are annihilated by the four supercharges in . As we turn on the gauge
coupling, those supercharges receive quantum corrections, and only a subset
of states remains supersymmetric. We will see that Q)prgT precisely imple-
ments the O(g) correction to one of the Poincaré supercharges, which will
justify our conjecture under the assumption that higher order corrections do
not remove any additional states.

A preliminary remark is that the Gauss law constraint is imposed auto-
matically. Because

{5 Qrst} = Jiro - (2.3.54)

states in the small algebra that are Q)grsr-closed are automatically gauge
invariant. Consequently, we have the simpler expression,

X[7e] = Hirsr XITE"]] - (2.3.55)

16Tn other terms, the BRST cohomology is being defined entirely in the small algebra:
two QprsT-closed states belong to the same cohomology class if and only if they differ by
an exact state QprstA, where A is also in the small algebra.
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We can rewrite QQgrst and separate out the ghost zero modes,

QprsT = ¢f Jideo + o X+ Q7 (2.3.56)
where we have defined

= —%fABC (; P O —c{fcg> : (2.3.57)

while Q= anticommutes with both ¢ and b5 and can thus be expressed
purely in terms of (p™4, p=4),

-\ pATA ABC .
Q= E - ST0 4= f E cpAp Bptc (2.3.58)
n#0 n;é(]
m;éO

The operator Q™ fails to be nilpotent by a term proportional to J7,,, so it
is nilpotent when acting on gauge-invariant states. It follows that (2.3.54))
can be equivalently written as

X[Te] = Ho-[v € X[T] @ (p™, p~) , with Jib, 1 = 0]. (2.3.59)

This is the form of our conjecture that makes more immediate contact with
four-dimensional physics. We will show that the action of Q= precisely
matches to the action of Q;l;), the O(g) term in the expansion of the su-
percharge @2;,

Q,: =9 + 40 +0(g?). (2.3.60)

In fact, Q~ is the lowest component of an SL(2,R) doublet of operators Q,
with

1
Q=) - - AT 4 fABC§ mn. praptBpC (2.3.61)
n#0 n#0
m;éo

In complete analogy, the action of Q* will be shown to be isomorphic to
that of Q_ , the O(g) term in the expansion of Q'. The two Poincaré

supercharges Ql_ and QQ; play a completely symmetric role in the definition
of Schur operators. The fact that Qgrst contains @~ rather than Q7 is
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a consequence of our choice , which treated A and X in a slightly
asymmetric fashion.

Fortunately, to leading order in the gauge coupling the action of the
relevant supercharges takes a universal form in the subspace of operators that
obey the tree-level Schur condition. Such operators are obtained by forming
gauge-invariant combinations of more elementary building blocks, namely the
conformal primaries of the “matter” SCFT 7T, the gauge-covariant derivative
D, ;, and the gauginos 5\1 and AL. The supersymmetry variation of a gauge-
invariant “word” is found by using the Leibniz rule to act on each elementary
“letter” E It is then sufficient to specify the SUSY variations of the letters:

1. Q! and ég; (anti)commute with the conformal primary operators in
the matter sector T .

2. For the gauge-covariant derivative D, := 0, + gA_,
Q' D] =gA, [Q-,Dig]=gA}, (2.3.62)

where we have just used the tree-level variation of the gauge field, times
the explicit factor of g.

3. Finally the variations of the gauginos can be deduced from the non-
linear classical equations of motions of the vector multiplet, minimally
coupled to the moment map supermultiplet B,

{Qo, AL} = {QL A} =F" = gM! (2.3.63)
{éza)\i} = {91_75&;}:0,

where F'!! is the highest-weight of the SU(2)p triplet of auxiliary fields
in the A = 2 vector multiplet[™

If a Schur operator in the free theory is to retain its Schur status at O(g),
then when inserted at the origin it must be annihilated by the one-loop
corrections to the four relevant supercharges, {Q;l;), (Q;lz)*, Q'™ (@'},

1"For the special case of N/ = 2 superconformal QCD, a very explicit description of the
action of Ql_(l) in the subsector of tree-level Schur operators can be found in Section 5 of
[54).

18In an NV = 1 description of the N' = 2 vector multiplet, F'!! = F, where F is the top
component of chiral superfield ¢, whose superpotential coupling with the moment map is

given in (2.3.46)).

49



Equivalently, it must define a nontrivial cohomology class with respect to @g_)

and Ql_(l). Conveniently, the recombination rules for shortened multiplets of
Schur type (c¢f. Appendix are such that in any such recombination, the
Schur operators of 7 are lifted in quartets that are related by the action
of these two supercharges in the manner indicated in the following diagram:

R+% (j1—%.42)

w

CAR(]LJQ CR—',—l 2_%) (2364)

CR+%(j1,jr§)

In the diagram, we are labeling Schur operators by the name of the super-
multiplet to which they belong.ﬂ Consequently, if an operator remains in the
cohomology of either supercharge, it necessarily remains in the cohomology
of both, and so stays a Schur operator at one-loop order. For example, if
an operator becomes 0'™ exact then it is either at the right or at the top

of the diagram and it follows that it is either é;l_) exact or not é;l_) closed,
respectively. The other cases can be treated analogously.
Under the 4d/2d identifications

@;12—>Q‘, o' ot D,y =0, M. —p, 5\1—>p+,(2.3.65)

one easily checks that and have precisely the right form to
reproduce the action of the O(g) correction to the four-dimensional super-
charges. Thus, the BRST cohomology specified in is just the right
thing to project out states whose corresponding Schur operators are lifted at
one-loop order.

It is of some interest to note that this story of one-loop corrections to
the spectrum of Schur operators admits a simple truncation to the case of
HL chiral ring operators. The tree-level HL operators will be gauge-invariant

19To 1nclude all possible recombinations, we must formally allow j; and j» to take the

value —5 as well, and re-interpret a ¢ multiplet with negative spins as a B, D or D
multiplet, according to the rules: R
Criis—3) = Prr 1107 Cr(=4.i2) = Dr+ 30420 Cri-1.-) = Bri
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combinations of the HL operators of 7 and the gaugino )\}r. The operators
that are lifted from the spectrum at one-loop will be those that are related
by the corrected supercharge Q;l;), whose action in this sector is completely
determined by (2.3.63)). The problem of finding the HL operators in the spec-
trum of the interacting theory thus becomes a miniature “HL-cohomology”
problem. In examples, it is sometimes useful to solve this problem as a first
step in order to determine some important operators that will necessarily
make an appearance in the chiral algebra.

Finally, a caveat is in order. We have assumed that the Schur operators
that persist at infinitesimal coupling will remain protected at any finite value
of the coupling. In some concrete cases, it can be demonstrated that no
further recombination of shortened multiplets is possible. Moreover, in the
examples of we will propose simple economical descriptions for the chiral
algebras defined by this cohomological recipe, and demonstrate that they
have the symmetries expected at finite coupling from S-duality, giving strong
evidence for our proposal, at least in those examples.

Non-renormalization of three-point couplings

So far, we have studied how the spectrum of operators is modified when
the coupling is turned on, but we have said nothing about the OPE coeffi-
cients of the remaining physical operators in the gauged theory. Our implicit
assumption has been that the OPE coefficients of operators that remain pro-
tected at finite coupling are actually independent of the coupling. From
a two-dimensional perspective, it seems unlikely that the OPE coefficients
could change due to the extremely rigid structure of chiral algebras, and we
expect a corresponding non-renormalization statement to hold in four dimen-
sions. Indeed, such a non-renormalization theorem directly follows from the
methods and results of [55]. Let us consider the four-point function of three
Schur-type operators and of the exactly marginal operator O, responsible for
changing the complexified gauge coupling,

(O1 (1) Og*(22) O3 (x3) Oy (24) ) (2.3.66)

where Z = (ZW ... Z®) with T = 1,2 are SU(2)z multi-indices and we
have suppressed Lorentz indices. Non-renormalization of the appropriate
three-point function of Schur-type operators will follow at once if we can
argue that the above four-point function vanishes for any x4 when ;53 all
lie on the plane. By a conformal transformation, we can always take the
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fourth operator to lie on the same plane, and then focus on the SU(1,1|2)
subalgebra of SU(2,2|2) defined by the embedding (2.2.20). The Schur-type
operators are chiral primaries of this subalgebra. The marginal operator
O,, being the top component of an & multiplet of SU(2,2|2), is of the
form O, = {Q',[Q?,...]} where QF := QF are supercharges of SU(1, 1|2).@
All the properties exploited in [55] to show the vanishing of the four-point
function are satisfied. The authors of [55] interpreted this result as
a non-renormalization theorem for three-point functions of chiral primaries
of two-dimensional (0,4) theories, but exactly the same argument applies to
our case as well.

We close this section by pointing out a curious aspect of the gauging
prescription given here. Given a chiral CFT x[7] with affine G symmetry,
one can introduce a two-dimensional vector field A; and gauge G. Following
standard arguments (for example, see [56, 53]), a change of variables in the
path integral eliminates the gauge field in favor of an extra GG current algebra
at level —(2h" + koq) and an adjoint-valued (b, c) ghost system. One must
also impose invariance under the standard BRST operator associated to the
gauge symmetry. In our case, 2h" + koy = 0 so the extra current algebra is
trivial, and the BRST operator associated to the two-dimensional gauging
takes precisely the form of (2.3.52). In some sense, we have found that
“4d gauging = 2d gauging”. We find it plausible that a localization-style
argument may shed light on this correspondence.

2.4 Consequences for four-dimensional
physics

The chiral symmetry algebras that we have uncovered have extensive con-
sequences for the spectrum and structure constants of any NV = 2 SCFT.
To give a simple example, Virasoro symmetry implies that any Higgs branch
half-BPS supermultiplet By is accompanied by an entire module of semi-
short C r(j,j) multiplets with R = R — 1, R, R+ 1. In the four-dimensional
theory, the descendant operators arise by taking repeated normal ordered

2OSimil~arly,~ the conjugate operator O, is the top component of an & and can be writ-
ten as {Q1,[Qa,...]}. An entirely analogous argument holds for the four-point function

containing O,.
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products with certain components of the SU(2)r current, but the chiral al-
gebra perspective makes this structure much more transparent.

In this section we elaborate on the relationship between the observables
associated to the chiral algebra (i.e., its correlation functions and torus par-
tition function) and those of the parent four-dimensional theory. We first
point out that the superconformal Ward identities for four-point functions
of Bg operators [32], B3] are a simple consequence of our cohomological con-
struction. This new perspective makes it clear that analogous Ward iden-
tities must hold for four-point functions of general Schur operators. The
presence of meromorphic functions in the solution of the Ward identities of
[28, 132, [33] was one of the initial clues that led to our work. We now have
a neat conceptual interpretation for them: they are nothing but the correla-
tion functions of the associated chiral algebra. By exploiting the relationship
between the two-dimensional and four-dimensional perspectives we are able
to derive new unitarity bounds that must be satisfied by the conformal and
flavor anomalies of a general interacting N' = 2 SCFT. Finally, we delineate
the relationship between the torus partition function of the chiral algebra
and the superconformal index of the parent four-dimensional theory.

2.4.1 Conformal twisting and superconformal Ward
identities

By construction, for a given SCFT T, the correlation functions of x[7] are
equal to certain correlation functions of physical operators in 7 restricted to
lie on the plane. From the four-dimensional point of view these are somewhat
unnatural correlators to study, as they have explicit space-time dependence
built into the operators. On the other hand, each correlation function of x[7]
is canonically associated to a family of more natural correlation functions of
T that are obtained by replacing the twisted-translated operators with the
corresponding untwisted operators at the same points in R2.

Let us consider such a correlator now. For simplicity, we specialize to a
four-point function, in which case there is actually no loss of generality in
restricting the operators to be coplanar. We denote the untwisted operators
as 0% (z, ), with SU(2)z multi-indices Z = (Z1, ..., Z®)) where Z0) = 1, 2.
The components of the multi-index are symmetrized; the operator trans-
forms in the spin k/2 representation of SU(2)g. Recall that in our conven-
tions, the Schur operator in this SU(2)z multiplet is the highest-weight state
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O'1(z,z). We represent the four-point function of such operators as
FZIIQI314(Z,5, EZ) = < Olzl<21, 21) Og2 (ZQ, 22) O§5 (23, 23) 01{4(24, 24) > . (241)

This is actually a collection of four-point functions labelled by the different
possible assignments for the R-symmetry indices. The full collection of four-
point functions can be conveniently packaged by introducing two-component
SU(2)g vectors u(y;) = (1,y;) and defining contracted operators that depend
on the auxiliary variable y as follows [32] [33]

_ T1 T, _

Oi(2i, i3 i) = wr, (i) -~ Uz, (Z/z)oz( ' kl)(Zi,Zz') - (2.4.2)
A single function of x; and y; can be defined that encodes the full content of
the collection of correlation functions in (2.4.1)),

F(zi, Zi3yi) = ( Or1(21, 21591) Oa(22, Z2;y2) O3(23, 233 y3) Ou(24, 245 ya) ) -
(2.4.3)
Charge conservation ensures that this function is homogeneous in the aux-
iliary y; with weight %Z k;, and the correlation function for a given choice
of external R-symmetry indices can be read off by selecting the coefficient of
the appropriate monomial in the y; variables.

This repackaging makes it simple to state the relationship with correlation
functions of x[7]. The twisted chiral operators defined in are the
specialization of the repackaged operators in to y; = Z;. So if the
related four-point function of meromorphic operators O;(z) = x[O;(z, 2)] is
defined as

f(Zl, 29423, 24) = <Ol(21>02(2’2)03(23)O4(24>> s (244)

then the correlation functions are related according to
f(z) = Fz, 2 yz)|

The fact that the left-hand side of this equation is a meromorphic function of
the operator insertion points is a consequence of the cohomological arguments
of the previous sections, but it is also precisely the final form of the supercon-
formal Ward identities for such a correlation function [28], 29] (30} 31, 32} [33].
This is a rather wonderful result: the entirety of the constraints imposed

by superconformal Ward identities on the four-point function of half-BPS
operators are captured by the existence of the twist of §2.2.2] It is worth
noting that while the Ward identities of [32] were derived specifically for

half-BPS operators in Br multiplets, here we see that the same type of Ward
identities holds more generally for any Schur-type operators.

(2.4.5)

Yi—Zi
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2.4.2 Four-dimensional unitarity and central charge
bounds

The natural inner product on the Hilbert space of the radially quantized four-
dimensional theory 7 does not survive the passage to @ cohomology. This
is an immediate consequence of the fact that @ is not hermitian. Hence,
unitarity in four dimensions does not imply unitarity in the chiral algebra.
In fact, we have seen that a unitary theory 7 always gives rise to a chiral
algebra x[7] with negative central charge, which is necessarily non-unitary.
Nevertheless, there is an interesting interplay between the structure of the
chiral algebra and four-dimensional unitarity. This leads to new unitarity
bounds for the anomaly coefficients of any four-dimensional SCFT. In this
section, we explore an elementary example that provides us with such bounds.
It is possible that more extensive analysis could lead to further constraints;
we leave such an analysis for future study.

The origin of nontrivial consistency conditions can be found in the fact
that, as summarized in (2.4.5)), the meromorphic correlator f(z;) can be
computed in two different ways that must agree. The first computation
is the two-dimensional one: once the singular OPEs of the meromorphic
operators appearing in the correlator are known, the full correlation function
is completely fixed by meromorphy. The meromorphic correlator further
admits a unique decomposition into s[2 conformal blocksF_T] leading to an
expression of the form

12 h3a 00
214 1 ,
(_> WZ(—U ag ge(2) , (2.4.6)

<13 234 =0
where
90(2) = (—%2)" 2 o F1 (0, 6;20; 2) (2.4.7)
and we have adopted the standard notation z;; := z; — 2; and z = 23—2’;‘

Additionally, h; is the holomorphic scaling dimension of the i’th operator,
and we have defined h;; = h; — h;.

The second computation is the four-dimensional one. The correlator in
admits a decomposition into su(2,2|2) superconformal blocks that
each represent the contribution of a given superconformal multiplet to the

21The result could also be expanded in Virasoro conformal blocks, but this is less natural
for comparison to four-dimensional quantities.
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four-point function. The contribution of each superconformal block to the
meromorphic part of the amplitude defined by is fixed up to the three-
point coefficients. Thus for a given theory T, the spectrum and three-point
coefficients of BPS operators appearing in the conformal block expansion of
a given correlation function can be determined directly from the correlation
functions of x[7]. Non-trivial constraints arise when we require that the
three-point coefficients determined in this manner be consistent with unitar-
ity.

Let us now turn to a specific example to study in detail. We consider the
four-point function of superconformal primary operators in B, multiplets.
As was explained in §2.3] these multiplets contain the spin one conserved
currents that generate the global (non-R) symmetry of the theory, and the
superconformal primaries are scalar moment map operators M“4. Conse-
quently the results derived from this example will be relevant to any theory
with non-trivial flavor symmetry. The moment map operators have dimen-
sion two and transform in the adjoint representations of both the flavor group
Gr and SU(2)g. The four-point function of such operators can be expanded
in channels corresponding to each irreducible representation R of G in which
the exchanged operators in the conformal block expansion may transform,

(M (21, 205 y1) M P (2, Zo; y2) M© (23, 235 y3) M P (24, Z4; ya) )

= Z PRPP Fr(zi, Ziyi) , (24.8)
Re®?adj

where PZBCD is the projector onto the irreducible representation denoted

by R. The projectors for the various groups can be obtained following the
procedures described in [57].

Per the discussion of , the chiral operators J4 = Xx[M“] are affine
currents, and the mermorphic correlators that emerge in the limit y; — Z;
are equal to the four-point functions in the corresponding chiral algebra,

a2 (2) TP (22) T (25) TP (z0)) = fAPOP(2) = Y PRPP fr(2).
" (2.4.9)

Each such function can be examined independently as a potential source
of nontrivial consistency conditions. In §2.3| we found that the level of the
affine Lie algebra symmetry generated by these currents is koy = —%k:4d,
so this meromorphic four-point function is completely fixed in terms of the

o6



structure constants of the associated non-affine Lie algebra and the flavor
central chargeﬂ

FABCD () —gABGCD | ,25AC§BD 4 q 222)25AD(503 _ kifACEfBDE
- 2d
< ADE ¢BCE
- . 241
Foa(z = 1) o (2.4.10)

This correlator can be decomposed into G channels, each of which can be
expanded in s[(2) conformal blocks as in (2.4.6]). For example, for the singlet
channel R = 1, the above correlator gives

e ) 1 422hY
fr=1=dimGr + 2 (1+ e +k:2d(z—1)
L 2600+ 1) ()2 (2(6 + 1) (£ + 2)kgg — 8 hY)
=dimGp — Z Foa(20 + 1]

g€+2(Z) )
£=0,2,--
(2.4.11)

where hY is the dual Coxeter number.

This operator product expansion can be compared with that of the full
four-point function in four dimensions. The superconformal block decompo-
sition of such a four-point function has been worked out in [30]. In particular,
operators that can potentially appear in the intermediate channel must be-
long to one of the following superconformal multiplets:

o Ax ) Long multiplets that are SU(2)g singlets with j; = jo = j.

° CAO(M): Semishort multiplets with j; = jo = 7 that contain conserved
currents of spin 27 + 2.

. CAl(j,j): Semishort multiplets with j; = jo, = 7.

e B;: Half-BPS multiplets containing Higgs branch moment map opera-
tors.

e B,: Half-BPS multiplets containing Higgs branch chiral ring operators
of dimension four.

22Here we have rescaled the currents in such a way that the identity operator appears
with unit normalization in the current-current OPE.
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e 7: The identity operator.

The contribution of each such multiplet to the full four-point function is fixed
up to a single coefficient corresponding to the three-point coupling (squared),
and unitarity requires that this coefficient be real and positive. The contri-
bution of each multiplet to the meromorphic functions fr(z) appearing in
the superconformal Ward identities has also been determined in [30]. The
results are summarized as follows:

Ass.p) 0.

(fo(%) A?go(%)gew(z) )

Ciis.) _2%1(%,5)9”3(2) ’ (2.4.12)
B, /\%191(2> )

B —2)\%2g2(z) ,

Id PEA

The coefficient A? of each contribution is required by unitarity to be non-
negative.

Some of the coefficients appearing in (2.4.12)) can be completely fixed by
symmetry. For example, the identity operator can only appear in the singlet
channel fzr—_1(2), where the corresponding coefficient is necessarily given by

Ay = dim G . (2.4.13)

The multiplet CAO(U,O) contains a spin two conserved current, i.e., the stress
tensor. There can only be one such multiplet, and it contributes to the
meromorphic part of the four point function only in the singlet channel. The
three-point coupling is fixed in terms of the four-dimensional central charge.
In particular, one finds that in fr—q(z2),

Co(0,0) 3Caq )

(2.4.14)

Finally, multiplets of type B, can contributes only to the adjoint channel,
and the corresponding three-point coupling in faq;(2) is fixed to be
4hY
2 _
BT G (2.4.15)
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Gr hY dim Gp Gr hY dim Gp
SU(N) N NZ—1 Eg 12 78
SO(N) N-2 ALE E; 18 133
USp(2N) N +1 N@2N +1) || Es 30 248

Gy 4 14 F 9 52

Table 2.2: Dual Coxeter number and dimensions for simple Lie groups.

As far as we know, these are the only contributions to this four-point function
that are fixed by symmetry in terms of anomaly coefficients. Additionally,
the multiplets éo( ¢ for ¢ # 0 necessarily contain conserved currents of spin
greater than two, and so are expected to be absent in interacting theories
[46]. We will take this to be the case in the following analysis.

We can determine the three-point coefficients in, say, the R = 1 channel
by comparing with the expansion of the x[7] four-point function in (2.4.11).
In particular, we find

Ay =dim Gp
8hY
2 2 _ -
Agony ~ 28 = Ky 4 (2.4.16)
210+ 2)((£ + 1))
A2 = 0+ 2)(0 + 3)kyy — 4R
Cl(%é> k4d<2€+3)' (( + )( + ) 4d ) )

where in the last line only odd ¢ may appear. The second line of (2.4.16]),
after substituting the contribution of the stress tensor multiplet from ([2.4.14]),
implies a nontrivial bound that must be satisfied in order for the contribution
of the B, multiplet to be consistent with unitarity,
dimGp _ 24hY
2 _
Cad kaa

12 (2.4.17)

For reference, the dimensions and dual Coxeter numbers of the semi-simple
Lie algebras are displayed in Table 2.2 Similarly, the positivity of the last

line in ([2.4.16)) for ¢ = 1 implies the bound

bia > - (2.4.18)
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Gr Bound Representation
SU(N) N=>3 kia > N N2 — 1ymm

SO(N) N=4,...,8 kyg=4 3 N(N - 1)(N - 2)(N - 3)
SO(N) N >38 kyg>N—4 iN+2)(N-1)
USp(2N) N >3 kig > N + 2 2(2N +1)(2N - 2)

G kia =% 27

Fy kig > 5 324

Eg kg > 6 650

Er kiqg > 8 1539

Eg kgqg > 12 3875

Table 2.3: Unitarity bounds for the anomaly coefficient kyq arising from
positivity of the By three-point function in non-singlet channels.

The same analysis can be performed for the functions fr.1(2;). In these
channels there will be no contribution from the stress tensor multiplet, so
the resulting bounds make reference only to the anomaly coefficient k44,
as in (2.4.18). A priori, an independent bound may be obtained for each
representation R appearing in the tensor product of two copies of the adjoint.
For example, in the adjoint channel itself, there can be contributions from
Bl and é1( ¢ 1y multiplets with even ¢. Unitarity then imposes a bound on
kiq that turns out to be equivalent to that of (2.4.18). Stronger bounds
can be found by considering other choices of ‘R, the possible values of which
will depend on the particular choice of simple Lie algebra we consider. In
general, we find that for a given choice of G, the strongest bound comes
from requiring positivity of the contributions of Bs multiplets in a single
channel. The bounds from other channels are then automatically satisfied
when the strongest bound is imposed. These strongest bounds are displayed
in Table[2.3] where we also indicate the representation R € ®2?adj that leads
to the bound in question. It should be noted that for the special case Gp =
SO(8), the same strongest bound is obtained from multiple channels. The
representation appearing in the third line of Table[2.3|is in fact decomposable
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GF Al A2 D4 E6 E7 Eg F4 G2
hY 2 3 6 12 | 18 | 30 9 4
kg || S 1346 |8 ]12] 5| 2
c 1 2 7 13 | 19 | 31 5 5
4d 2 3 6 6 6 6 3 6

Table 2.4: Central charges for N' = 2 SCFTs with Higgs branches given
by one-instanton moduli spaces for G instantons. Models corresponding to
the right-most two columns are not known to exist, but must satisfy these
conditions for their central charges if they do.

as 70 = 35, @ 35., and the degeneracy in the bounds can be understood as
a consequence of SO(8) triality For Grp = SU ( ) one finds no additional
bounds to the ones given in and in Finally, we can see
that the bound ({2.4.18)) arising from positivity of the C (L1 multiplet in the
singlet channel is made obsolete by bounds arising from other channels for
all choices of G listed in the table.

2.4.3 Saturation of unitarity bounds

Given the existence of these unitarity bounds, it is incumbent upon us to
consider the question of whether the bounds are saturated in any known
superconformal models. To understand what sort of theory might saturate
the bounds, it helps to identify any physical properties that a theory will
necessarily possess if it saturates a bound. When the inequalities in ([2.4.17))
or Table are saturated, it means precisely that there is no B multiplet
in the corresponding representation of Gy contributing to the four-point
function in question. The absence of such an operator is intimately connected
with a well-known feature of theories with N' = 2 supersymmetry in four
dimensions. Recalling that the Schur operators in the Bg multiplets are
Higgs branch chiral ring operators, the absence of a B, multiplet contributing
to the four-point function of B, multiplets in the R channel amounts to a
relation in the Higgs branch chiral ring of the form

(M&M)|,=0, (2.4.19)

where M is the moment map operator and the tensor product is taken in the
chiral ring.
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There exists an interesting set of theories for which precisely such relations
are known to hold. These are the superconformal field theories that arise on a
single D3 brane probing a codimension one singularity in /-theory on which
the dilaton is constant [58], [59] 60, 611, 62 [63]. There are seven such singular-
ities, labelled Hy, H1, Hy, Dy, Fg, E7, Eg, for which the corresponding SCFT
has global symmetry given by the corresponding group (with H; — A;). The
Higgs branch of each such theory is isomorphic to the minimal nilpotent or-
bit of the flavor group Gr. These minimal nilpotent orbits admit a simple
description: they are generated by a complex, adjoint-valued moment map
M, subject to a set of relations that defined the so-called “Joseph ideal” (see
[64] for a nice discussion),

(M@ M)|, =0, Sym?(adj) = (2adj) & I, , (2.4.20)

where (2adj) is the representation with Dynkin indices twice those of the
adjoint representation.

This leads to an interesting set of conclusions. For one, these theories
must saturate some of the Bg-type bounds listed above. In particular, this
allows us to predict the value of c4q and kyy for these theories as a direct con-
sequence of the Higgs branch relations. These predictions are listed in Table
2.4 Indeed, these anomaly coefficients have been computed by other means
and the results agree [65]. On the other hand, an N' = 2 superconformal
theory with Gr symmetry can have as its Higgs branch the one-instanton
moduli space of G instantons only if the Bs bound for all representations
in Zy can be simultaneously saturated. It is not hard to verify that the list
of cases for which this can be true includes the cases described above in F-
theory, along with Gp = F; and Gp = G,. Theories with Higgs branches
isomorphic to the one-instanton Fy and G5 moduli spaces appear to be ab-
sent from the literature, and it is tempting to speculate that such theories
should nonetheless exist and have as their central charges the values listed
in the right-most two columns of Table [2.4]

Finally, it is interesting to rephrase the above discussion purely in the
language of the chiral algebra x[7]. From this perspective, there is a marked
difference between the bound for the singlet sector and those of
Table for non-singlets. In a theory saturating the non-singlet bounds,
the coefficient of a conformal block is actually set to zero in the OPE of
2.4.6l This should be considered in contrast to a theory that saturates the
singlet bound, in which case all of the s[(2) conformal blocks are present
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with nonzero coefficients. It follows that saturation of a non-singlet bound is
equivalent to the presence of a null state in the chiral algebra. In particular,
because the bounds in question appear in the B; four-point function, such
null states can be understood entirely in terms of the affine Lie subalgebra
of the chiral algebra. This interpretation can be verified directly by studying
an affine Lie algebra with the level listed in Table 2.3

The bound , on the other hand, does not imply the presence of
a null state in the chiral algebra. Instead, a theory Xx[7] that saturates
the singlet bound should have the property that the only sl(2) primary of
dimension two that appears in the OPE of two affine currents is identically
equal to the chiral vertex operator that arises from the (30(070) multiplet in
four dimensions, i.e., it should be the two-dimensional stress tensor. We thus
identify saturation of the singlet bound with the property that the Sugawara
construction gives the true stress tensor of the chiral algebra,

1
koq + hY

Sure enough, if the bound (2.4.17)) is saturated, then we can rewrite the
bound as an equation for the central charge

Thy = (J°J?) . (2.4.21)

. k’gd dim GF

= 2.4.22
C2d Feoq + 1Y ( )

This is precisely the central charge associated with the Sugawara construction
for the stress tensor of an affine Lie algebra.

Finally, we mention a number of additional theories that saturate some of
the unitarity bounds derived here. In particular, though the rank one theory
corresponding to the Hy singularity has no flavor symmetry, it will have an
extra SU(2) symmetry for rank larger than one (as will all the other rank
> 1 theories). In particular, for the case of rank two the flavor central charge

17 17

corresponding to this extra SU(2) is 3* and the central charge is cyg = 3

[65]. This theory therefore saturates the bound (2.4.17). Additionally, we
have found a number of theories that saturate bounds appearing in Table[2.3]
In particular, the new rank one SCFTs found in [66] with flavor symmetry
USp(10)7 and USp(6)5 x SU(2)s, where kyq is indicated as a subscript for
each group, saturate the bounds on k4 for the USp factors. However for
these theories the central charge bound is not saturated. The following the-
ories described in [67] also saturate bounds on ksq: S5 with flavor symmetry
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SU(10)10 (but not the rest of the Sy series), the Ry y series with flavor sym-
metry SU(2)g x SU(2N )an, and the Ry y series with SO(2N + 4)ony x U(1)
flavor symmetry.

2.4.4 Torus partition function and the superconformal
index

Just as correlators of the chiral algebra are related to certain supersymmet-
ric correlators of the parent four-dimensional theory, it will not come as a
surprise that the torus partition function of the chiral algebra is related to a
certain four-dimensional supersymmetric index — indeed, to the Schur limit
of the superconformal index, as foreshadowed in our terminology.

We should first identify which quantum numbers can be meaningfully
assigned to chiral algebra operators. Of the various Cartan generators of the
four-dimensional superconformal algebra, only the holomorphic dimension
Lo and the transverse spin M+ = j; — jo (which is equal to —r for Schur
operators) survive as independent conserved charges of the chiral algebra.
The torus partition function therefore takes the form?]

Z(x,q) == Tra™ gl . (2.4.23)

As usual, the trace is over the Hilbert space in radial quantization, or equiv-
alently over the local operators of the chiral algebra.

Specializing to x = —1, and noting that by the four-dimensional spin-
statistics connection implies (—1)7172 = (=1)F) where F is the fermion
number, we find a weighted Witten index,

I(q) == Z(—1,q) = Tr (=1)" g"o = Tr (—=1)F¢¥ " . (2.4.24)

We recognize this as the trace formula that defines the Schur limit of the
superconformal index [38], ¢f. Appendix E We should check that in
the two-dimensional and four-dimensional interpretations of this formula the

23To avoid clutter, we have omitted the obvious refinement by flavor fugacities. If the
theory is invariant under some global symmetry group Gz, we may refine the trace formula
by 1, alf *  where the f; are Cartan generators of Gr and a; the associated fugacities.

24Tt was observed in [68] that the Schur index has interesting modular properties under
the action of SL(2,Z) on the superconformal and flavor fugacities. The identification
of the Schur index with a two-dimensional index may serve to shed some light on these
observations.
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trace can be taken over the same space of states. Strictly speaking, in the
four-dimensional interpretation the trace is over the entire Hilbert space of
the radially quantized theory. However, the point of the Schur index is that
only states obeying the Schur condition can conceivably contribute — the
contributions of all other states cancel pairwise. As the states of the chiral
algebra are in one-to-one correspondence with Schur states, the chiral algebra
index (12.4.24)) is indeed equivalent to the Schur index.

The index is a cruder observable than the partition function, but be-
cause it is invariant under exactly marginal deformations, it is generally
easier to evaluate. In practice, to evaluate the index of a Lagrangian SCF'T,
one enumerates all gauge-invariant states that can be formed by combining
the elementary “letters” that obey the Schur condition, see Table 2.1} This
combinatorial exercise is efficiently solved with the help of a matrix inte-
gral, where the integration over the gauge group enforces the projection onto
gauge singlets. Examples of this prescription will be seen in the following
section. By this procedure, one enumerates all gauge-invariant states that
obey the tree-level Schur condition; there will be cancellations in the index
corresponding to the recombinations of Schur multiplets into long multiplets
that are a priori allowed by representation theory.

There is an entirely isomorphic computation in the associated chiral al-
gebra. The “letters” obeying the tree-level Schur condition are nothing but
the states of the symplectic bosons and the ghost small algebra (in the ap-
propriate representations), and one is again instructed to project onto gauge
singlets. To reiterate, to evaluate the index we do not really need to compute
the cohomology of )—, which defines the states of the chiral algebra of the
interacting gauge theory, cf. . We can simply let the trace run over
the redundant set of states of the free theory. By contrast, the trace in the
partition function must be taken over only the states of the chiral
algebra for the interacting theory, which are the cohomology classes of Q).

At the risk of being overly formal, we may point out that the physical
state space of the chiral algebra (which for gauge theories is defined by the
cohomological problem (2.3.59))), acts as a categorification of the Schur in-
dex. Once this vector space and the action of the charges are known, we
can perform the more refined counting . In physical terms, the cat-
egorification contains extra information relative to the Schur index in that
it knows about sets of short multiplets that are kinematically allowed to
recombine but do not. In addition, there may be multiplets that cannot
recombine but nonetheless make accidentally cancelling contributions to the
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index, and these are also seen in the categorification. Of course, the chiral
algebra structure goes well beyond categorification — it is a rich algebraic
system that also encodes the OPE coefficients of the Schur operators, and is
subject to non-trivial associativity constraints.

It should be noted that as a graded vector space, we also have a categori-
fication of the Macdonald limit of the superconformal index. Recall that the
states contributing to the Macdonald index are really the same as the states
that contribute to the Schur index, but their counting is refined by an extra
fugacity t/q associated to the charge r + R (for t = ¢ we recover the Schur
index). Since each state in the vector space defined by the chiral algebra
corresponds to a Schur operator, the additional grading by r + R is perfectly
well-defined. However, there is no obvious chiral algebra interpretation of the
Macdonald limit of the superconformal index, because the additional grad-
ing is incompatible with the chiral algebra structure. More precisely, while
Lo and r are conserved charges for the twisted-translated operators ,
r—+ R is not, since away from the origin the operators are linear combinations
of operators with different R eigenvalues. In particular r+ R is not preserved
by the OPE.

2.5 Examples and conjectures

In this section we consider a number of illustrative examples in which the
four-dimensional superconformal field theory 7 admits a weakly coupled La-
grangian description. In such cases, the chiral algebra x[7| can be defined via
the BRST procedure of which at the very least allows for a level-by-level
analysis of the physical states/operators in the algebra.

We can also consider the problem of giving an economical description of
the chiral algebra in terms of a set of generators and their singular OPEs.
A natural question is whether this set is finite, or in other words whether
the chiral algebra is a W-algebra. The results of suggest a very gen-
eral ansatz for a possible W-algebra structure: the generators should be the
operators associated to HL chiral ring generators in four dimensions, and
possibly in addition the stress tensor. In each of the first three examples, our
results are compatible with this guess, and we formulate concrete conjectures
for the precise definition of each chiral algebra as a W-algebra. In the final
example, we find a counterexample to this simplistic picture. Namely, we
find a theory for which the chiral algebra contains at least one additional
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generator beyond those included in our basic ansatz.
For the first example, we turn to perhaps the most familiar N' = 2 super-
conformal gauge theory.

2.5.1 SU(2) superconformal QCD

The theory of interest is the SU(2) gauge theory with four fundamental hy-
permultiplets. Many aspects of this theory that are relevant to the structure
of the associated chiral algebra have been analyzed in, e.g., [69]. The field
content is an SU(2) vector multiplet and four fundamental hypermultiplets.
Because the fundamental representation of SU(2) is pseudo-real, the obvi-
ous U(4) global symmetry is enhanced to SO(8), with the four fundamental
hypermultiplets being reinterpreted as eight half-hypermultiplets. In N' =1
notation we then have an adjoint-valued V' = 1 field strength superfield W2,
an adjoint-valued chiral multiplet ®”, and fundamental chiral multiplets Q¢
transforming in the 8, of SO(8). Here a,b = 1,2 are vector color indices that
can be raised and lowered with epsilon tensors, A, B = 1,2, 3 are adjoint color
indices, and i = 1,...,8 are SO(8) vector indices. By a common abuse of
notation, we use the same symbol for the scalar squarks in the matter chiral
multiplets as for the superfields, whereas the gauginos in the vector multiplet
are denoted \4 and M. In terms of the N =1 superfields listed above, the
Lagrangian density takes the form

£ =1Im [r / d?0d*0 Tr <<I>Tevq> +Q! eVQi)
+7/d29 (%TrWaWa—l—\/iszCI)gQib)} . (2.5.1)

Where 7 = /27 + 471/ g%, is the complexified gauge coupling. The central
charge of the SU(2) color symmetry acting on the hypermultiplets is kfg @
8, which satisfies condition for 7 to be an exactly marginal coupling.
The central charge for the SO(8) flavor symmetry and the conformal anomaly

c4q can also be read off directly from the field content,

7
KO® =4 = x (2.5.2)

Although this description is sufficient to set up a BRST cohomology prob-
lem that defines the chiral algebra in the manner of §2.3] it is useful to first
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review some of the features of this theory that we expect to see reflected
in the two-dimensional analysis. We have seen that a special role is played
in the chiral algebra by the HL chiral ring, the elements of which are the
superconformal primary operators in B and D-type multiplets. In this ex-
ample, these are the lowest components of N' = 1 chiral superfields that are
gauge-invariant polynomials in Q% and WZ'. As this theory is represented
by an acyclic quiver diagram, all D-type multiplets recombine and the HL
chiral ring is identically the Higgs chiral ring.

In purely gauge invariant terms, the Higgs branch chiral ring is generated
by a single dimension two operator in the adjoint of SO(8),

MU = Qi Q. (2.5.3)

This is the moment map for the action of SO(8) on the Higgs branchﬂ There
are additional relations that make the structure of the Higgs branch more
interesting. Already at tree-level, there are relations that follow automati-
cally from the underlying description in terms of squarks. When organized in
representations of SO(8), the of generators of these relations are as follows,

MeM[, =0, MM, =0. (2.5.4)

On the other hand, there are F-term relations as a consequence of the super-
potential in . They are absent in the theory with strictly zero gauge
coupling, and encode the fact that certain operators that are present in the
chiral ring of the free theory recombine and are lifted from the protected part
of the spectrum when the coupling is turned on. The generators of F-term
relations, again organized according to SO(8) representation, are as follows,

MeM, =0, MeM| =0. (2.5.5)

One immediately recognizes the complete set of relations in and
as defining the SO(8) Joseph ideal described in §2.4] Indeed, for the particu-
lar case of Gp = SO(8) we have Z, = 1® 35, & 35, 35.. The Higgs branch
of this theory is known to be isomorphic to the SO(8) one-instanton moduli
space, and the central charges EI) do in fact saturate the appropriate
unitarity bounds outlined in §2.4]

251t is a special feature of this theory (in contrast to, say, the Ny = 2N, theories with
N, > 2 that will be considered next) that the generators of the Higgs branch chiral ring
all have dimension two. In general, there will be higher-dimensional baryonic generators
that are not directly related to the global symmetry currents of the theory.
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As a final comment, let us recall that the gauge coupling appearing in
the Lagrangian is exactly marginal and parameterizes a one-complex-
dimensional conformal manifold. S-duality acts by SL(2,7Z) transformations
on 7, and the conformal manifold is identified with the familiar fundamental
domain of SL(2,7Z) in the upper half plane. In the various weak-coupling
limits the theory can always be described using the same SU(2) gauge theory,
but in comparing one such limit to another, the duality transformations act
by triality on the SO(8) flavor symmetry. Consequently, though a given
Lagrangian description of this theory (and of the chiral algebra in the next
subsection) singles out a certain triality frame, the protected spectrum of the
theory, and so in particular the chiral algebra, should be triality invariant.

BRST construction of the associated chiral algebra

The chiral algebra can now be constructed using the procedure of §2.3
We first define the chiral algebra X[ Tgee] of the free theory. Each half-
hypermultiplet gives rise to a pair of commuting, dimension 1/2 currents,
whose OPE is that of symplectic bosons

(5“ €ad

z—w

0.(2) = X[Q] . au(2)g(w) ~ (2.5.6)

Meanwhile, the vector multiplet contributes a set of adjoint-valued (b, c)

ghosts of dimension (1,0) with the standard OPE,

_ 5AB
b (2) = X[/\A] , ocB(2) == x[\P] , b (2)cP (w) ~

(2.5.7)

Z—Ww

The generators of the SU(2) gauge symmetry in the matter sector arise from
the moment maps in the free theory, while in the ghost system they take the
canonical form described in §2.3]

JNTN =gl JS1 = —ifABC(BpY) | (2.5.8)

The chiral algebra of the free theory is then given by the gauge-invariant
part of the tensor product of the symplectic boson and small algebra Fock
spaces,

X[ﬁree] = {w € f(fli,pi pé) ‘ J{?)t,ow = O} . (2-5-9>
The current algebra generated by the J- . has level k;; f o —2hVY,
which ensures the existence of a nilpotent BRST differential. The BRST
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current and differential are then constructed in terms of these currents,

JBRST = CA (JA + 2Jgh> , QBRST = % — JBRST . (2.5.10)
The chiral algebra of the interacting theory is now the BRST cohomology

X[T] = Hersr [X[Tiree] - (2.5.11)

We now perform a basic analysis of this cohomology. Already at this rudi-
mentary level, we will find that a substantial amount of four-dimensional
physics is packaged elegantly into the chiral algebra framework.

Enumerating physical states

It is a straightforward exercise to enumerate the physical operators up to
any given dimension and to compute the singular terms in their OPEs. This
is made easier with computer assistance — we have made extensive use of
K. Thielemans’ Mathematica package [48]. We now describe this enumera-
tion in detail for operators of dimension one and two in the chiral algebra. In
this example, the material we have reviewed above is already enough to pre-
dict the results of this enumeration. We will nevertheless find it instructive
to explore in some detail how the inevitable spectrum comes about.

We begin at dimension one. Dimension one currents in the chiral algebra
can only originate in Dy(g,0) and [;’1 multiplets (cf. Table . The former
contain free vector multiplets, and so are not gauge invariant. Thus the
physical spectrum at dimension one should be isomorphic to the spectrum
of B, multiplets. Sure enough, the complete list dimension-one operators in
X[ Tree ] 1s the following,

JU = gi o (2.5.12)

and these operators are the chiral counterparts of the SO(8) moment maps,
1.€.,
JU = x M) (2.5.13)

Direct computation further verifies that these operators exhaust the non-
trivial BRST cohomology at dimension one. It is also straightforward to
determine the singular terms in the OPEs of these currents,

_2<5z‘k6jl N 5z‘l(5jk) . f[;JL] (k1] J[mn (O)

22 z

JE () 7R (0) ~ (2.5.14)
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This is just an s0(8) affine Lie algebra at level koy = —2, which confirms the
general prediction of that flavor symmetries are affinized in the chiral
algebra, subject to the relation koy = —%k4d.

Moving on, the four-dimensional multiplets that can give rise to two-
dimensional quasi-primary currents of dimension two are 60(070), [5’2, Doo,1),
and D% 0.1) multiplets (along with the conjugates of the last two). In ad-
dition, conformal descendants of dimension two can arise from holomorphic
derivatives of the dimension one operators. Since no D-type multiplets ap-
pear in this theory, the only quasi-primaries at dimension two will correspond
to Higgs branch operators and the two-dimensional stress tensor.

The latter descends from the four-dimensional SU(2)r current. That
current being bilinear in the free fields of the noninteracting theory, the
corresponding two-dimensional operator can be obtained by simply replacing
the four-dimensional fields with their chiral counterparts and conformally

normal ordering, o
Tog = 14.0¢" — b0cy . (2.5.15)

Alternatively, this is just the canonical stress tensor for the combined system
of free symplectic bosons and ghosts. Given the multiplicities of matter and
ghost fields, the two-dimensional central charge is easily determined to be
Coqg = —14.

The remaining BRST-invariant currents of dimension two can be con-
structed as normal ordered products and derivatives of the so0(8) affine cur-
rents,

oJ (T J (2.5.16)

)|1,35,35,35,300 ’

The singlet term in the tensor product above, once appropriately normalized,
is the Sugawara stress tensor of the s0(8) affine Lie algebra,

T2o®) = (gl gty (2.5.17)
The Sugawara central charge is determined by the usual formula,

. kigd dlmGp .

e = —14 . 2.5.18
8 T g 1Y (25.18)

This matches the value for the canonical stress-tensor. This comes as no
surprise, since the central charges of this theory saturate the unitarity bound
(2.4.17)), which implies that the canonical stress tensor should be equivalent
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to the Sugawara stress tensor. Indeed, (2.5.15) and (2.5.16|) constitute an

overcomplete list, and we in fact have the following relations,

J® ‘]‘1 = Ty + {@srst; QZqibbg} ) (2.5.19a)
J® J‘35v = {QBRST7ngj)bbg} ; (2.5.19b)
J® J‘35 = 0, (2.5.19¢)
J@ g = 0, (2.5.19d)

The relations appearing here can be traced back to different aspects of the
four-dimensional physics. Relations and are the two-
dimensional avatars of the F-term relations in (2.5.5)). Note that the first
relation appears differently in this two-dimensional context due to the pres-
ence of the two-dimensional stress tensor on the right hand side. This is a
remnant of the more complicated structure of normal ordering in the chiral
algebra as compared to the chiral ring. Relations and
are the tree-level relations. In the context of the chiral algebra, they can be
seen as a simple consequence of Bose symmetry and normal ordering without
making any reference to the BRST differential. This perfectly mirrors of the
nature of tree-level relations in four dimensions.

A W-algebra conjecture

Although the cohomological description of the chiral algebra is sufficient to
compute the physical operators to any given level, it would be ideal to have
a characterization entirely in terms of physical operators — for example, we
may hope for a description as a YV algebra. We have seen that the physical
dimension two currents are all generated by the affine currents of dimension
one, i.e., the physical states enumerated so far all lie in the vacuum module
of the s0(8) affine Lie algebra at level £ = —2. What’s more, these operators
exhaust the list of operators that are guaranteed to be generators of the chiral
algebra according to We are thus led to a natural conjecture:

Conjecture 1 When T is N = 2 SU(2) SQCD with four fundamental
flavors, then x[T| is isomorphic to the s0(8) affine Lie algebra at level
kog = —2.

This is a mathematically well-posed conjecture, since the cohomological
characterization of the chiral algebra is entirely concrete. It seems plausible
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that a more sophisticated approach to the cohomological problem could lead
to a proof of the conjecture. We will be satisfied in the present work to test
it indirectly.

The superconformal index and affine characters

Conjecture [I] can be tested at the level of the indices of these theories. In
particular, we have the following conjectural relationship

4
Tsenur(q; @) = Trypr (—1) g™ H 1= Trees) ,(—1) g™ Haé” . (2.5.20)

i=1

The shorthand @ = (a1, as, as, as) denotes the SO(8) fugacities. Of course,
the affine Lie algebra has only bosonic states, so the factor of (—1)" is imma-
terial. In particular this observation implies that if Conjecture [l is correct,
then all possible recombinations of tree-level Schur operators occur already
at one loop.

On the one hand, the Schur limit of the superconformal index for this
theory can be computed directly to fairly high orders in the ¢ expansion by
starting with the defining matrix integral,

Tsenu(g; @) = f[db]P-E- [(1—\1&(]) XgO(s)(a)XgU(z)(b) + (1__2(1(]) ng(z)(b)} ,

(2.5.21)
and expanding the exponential. Here §[db] denotes integration over the fu-
gacity for the gauge group with the Haar measure.

On the other hand, the vacuum character of the so(8) affine Lie algebra
at level kK = —2 can be computed once the spectrum of null primaries is
known. Said spectrum can be determined with the aid of the Kazhdan-
Lusztig polynomials, as we review in Appendix [A.3] Ultimately, both the
character and the index are expanded in the form

1+ " (Z dnxn(ﬁ)) ,

where the dr are positive integer multiplicities. At a given power of ¢,
there are only a finite number of non-zero dr. Up to O(q°), the resulting

degeneracies have been computed in both manners and agree. They are
displayed in Table 2.5
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level SO(8) representations and their multiplicities

0 1

1 28

2 1, 28, 300

3 1, 2 x 28, 300, 350, 1925

4 2x1,3x28, 35, 35,, 35, 3 x 300, 350, 1925, 4096, 8918
5 2x1, 6x28, 35,, 35,, 35., 4 x 300, 3 x 350, 567,, 567.,

567., 3 x 1925, 2 x 4096, 8918, 25725, 32928’

Table 2.5: The operator content of the chiral algebra up to level 5.

2.5.2 SU(N) superconformal QCD with N > 3

We next consider the generalization of the previous example to the case
of SU(N) superconformal QCD with N > 3. In these theories, the Higgs
branch has generators of dimension greater than two, thus guaranteeing the
existence of nonlinear YW-symmetry generators in the chiral algebra. The
cohomological construction of the corresponding chiral algebra is analogous
to the SU(2) case, mutatis mutandi. We will not repeat the description
here in any detail. We first provide a brief outline of the relevant four-
dimensional physics of these models, and then perform a systematic analysis
of the physical operators of low dimension in the associated chiral algebra.

As in the SU(2) theory, there is a Lagrangian description of these models
in terms of the A" = 1 chiral superfields

A B i b
wo ., o7, . I (2.5.22)
where a,b = 1,..., N are vector color indices, A,B = 1,...,N? — 1 are

adjoint color indices, and 7,5 = 1,..., Ny with Ny = 2N are vector flavor
indices. The central charge is fixed by the field content to c4yy = %2_1.

For our purposes, the principal difference between the N > 3 theories
and the N = 2 case is in the structure of the Higgs branch chiral ring. In the
higher rank theories, the hypermultiplets transform in a complex representa-

tion of the gauge group, so the global symmetry is not enhanced and we have
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Gr = SU(Ny) x U(1). The moment map operators for the global symmetry
reside in mesonic B; multiplets, which can be separated into SU(Ny) and
U(1) parts,
i Aa i . i i. i 1 i

M;" = Q5Q, = pi= M, pti= M, —Euéj ) (2.5.23)
The level of the non-Abelian part of the global symmetry is kfg N5 _ 9N,
The baryons are of dimension N and no longer generate any additional global
symmetries. Rather, they transform in the N-fold antisymmetric tensor rep-
resentations of the flavor symmetry:

Bil...iN — i1 . IN €a1...aN
: ai an ’

Bil...iN = Q;‘lll tee Q?]yGal...aN .
The mesons and baryons satisfy a set of polynomial relations. Following [69],
we introduce notation where “.” denotes contraction of an upper and a lower

index and “x” denotes the contraction of flavor indices with the completely
antisymmetric tensor in Ny indices. The relations are then given by

(2.5.24)

(*xB)B =  «(M"), M-+*B = M-+B =0,

- (2.5.25)
M-B=B-M =0, M-M =0,

where (M'),” = M7 — %,uég =’ — ﬁuég. Additionally, all quantities
antisymmetrized in more than N flavor indices must vanish.

This completes the description of the Hall-Littlewood chiral ring, since
again this theory admits a linear quiver description, so there are no D-type
multiplets after turning on interactions. The final representation of canonical
interest is the é\O(Q,O) multiplet, which again contributes an important Schur

operator in the form of the R = 1 component of the SU(2)g current:

T (@01 G8 — 10 QL) + MR (25.26)

Like the SU(2) theory, these models all have one-complex-dimensional
conformal manifolds with interesting behaviors at the boundary points, where
S-dual descriptions become appropriate. In contrast to the SU(2) theory,
these S-dual descriptions are not the same as the original description, and
rather involve intrinsically strongly-coupled non-Lagrangian sectors. While
such dualities imply interesting structures for the associated chiral algebras,
their dependence on non-Lagrangian theories takes us outside the scope of
the current examples. This is discussed in much greater detail in chapter [3]
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Physical operators of low dimension

The nontrivial BRST cohomology classes of the chiral algebra can be com-
puted by hand for small values of the dimension. The physical operators of
dimension one again correspond to the moment map operators of the global
symmetry, which in this case includes only the mesonic chiral ring operators,

~aj

: 1 . A
I = gl — 0l qad™ = X[u]) (2.5.27)
Ny
J = qud™ = X[y . (2.5.28)
The singular OPEs of these currents are given by

' N(846] — LTi(s) — 87 gt
R~ - M) OE SRR
(2.5.29)

J()J0) ~ -

This is an su(Ny) x u(1) affine Lie algebra at level koy = —N.
At dimension two, we first consider the operators that are invariant under
the flavor symmetry. As expected, there is a canonical stress tensor,

1 ~ai ~ai a
T .= 5 (qmaq —q 3Qai) - bbaCZ - X[ji_t,_] ) (253())

whose self-OPE fixes the two-dimensional central charge,
Coa =2 — 4N? . (2.5.31)

Additionally, the algebra generated by the affine su(/Ny) x u(1) currents
(2.5.27) contains a dimension two singlet that is the Sugawara stress tensor
of the current algebra,

_ Y (a1
Toug = Ff (Ji J; EJJ) . (2.5.32)
The corresponding Sugawara central charge is also equal to 2 — 4N?, which
suggests that the two stress tensors T and 7°"¢ may be equivalent operators
as they were in the N = 2 theory. Indeed, we expect this to be the case
since the central charges in this theory again saturate the unitarity bound
. A short computation verifies that their difference is BRST exact,

1 e
T =T = E{QBRSTa q(u'qb]bb} . (2.5.33)
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A complete basis for the physical flavor singlets of dimension two is given by
T, JJ, and 0J.

The remaining physical operators of dimension two are charged under
U(Ny). An overcomplete basis of such operators is given by flavored current
bilinears J/ J. and J7.J, in addition to derivatives of the currents 9.J7. These
operators are not all independent. For example, the usual rules of conformal
normal ordering imply that

JIIL— JLT = log] — slodl (2.5.34)

so the antisymmetric normal ordered product of two SU(Ny) currents is a
combination of descendants. For the symmetrized normal ordered product
there exists another relation:

(DI (1 |
§(Jz'kjig + JLJF) = (WJJWLT) - {QBRST,QaigBJbg}' (2.5.35)
f

In group-theoretic terms, the relations amount to the statement that the
parts of the symmetric product of two currents that transform in the singlet
and adjoint representations do not correspond to independent operators.

It is worth jumping ahead to the case of dimension N/2, where we find
operators that correspond to the baryonic chiral ring generators ([2.5.24):

. soraz..op . . — L
biwz---ZNC =& “QayiiQagig - - - qOéNclNC — X[Bl122~-11v] )

Bhig...iNc - qalilqa2i2 anciNc _ X[B”ZQZN] (2536)

. a1a2...aN, cee .
These are Virasoro primaries of dimension Ny/4. The only non-trivial OPE
that is not entirely fixed by symmetry is the b x b OPE. For N. = 3, for
example, it is given by

360l 360k o (0)
bi1i2i3 (Z)b] (O) ~ 53 52
180 T2 753 (0) — 18 6716720772 (0)
+ L% % ] 2 : (2.5.37)

z

where square brackets denote antisymmetrization with weight one.
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Relation to the Higgs branch chiral ring

Again, certain features of the Higgs branch chiral ring arise organically from
the chiral algebra. According to the general discussion in §2.3.2] the di-
mension two operators in the chiral algebra should in particular contain the
image of the Schur operators in B, multiplets, which in the theories under
consideration simply correspond to the product of two of the mesonic oper-
ators u and ,ug subject to the final relation in . Furthermore, these
Schur operators necessarily become Virasoro primary operators in the chiral
algebra.

From amongst the BRST cohomology classes at level two — spanned by T,
JJ, Jij J, the symmetrized combination Jij JL+J! Jij modulo relation ,
and derivatives of level one currents — we find exactly three Virasoro primary
operators:

2

Ximg)— g
T NI -2
X = JlJ, (2.5.38)

; 1, . N , 1 .
Xy = S (I + L) = 2 (5%53 = —5§5l> T,

which are subject to the additional constraints,

, . A » 1
X;Jkl = X]g , szl: = 0, Xjk - _5kX + {QBRST7 . } .

g NJ% [
A A ‘ (2.5.39)
We see that we should identify X = x[ ], X7 = x[ppd | and X% = x| pd pil. ].
The first two relations in then reflect the natural symmetry proper-
ties of the original Schur operator, whilst the last equation precisely repro-
duces the final equation in (2.5.25)).

We note that the definitions somewhat obscure the relationship
to four-dimensional physics because of the conformal normal ordering used
to define the products of interacting fields. The same dimension two opera-
tors take a completely natural form in terms of creation/annihilation normal
ordered products of symplectic bosons,

X = qudqsd”

X = 1 quiq™amd™ ¢, (2.5.40)
g o

XY = i@ amd™
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and this description also nicely illustrates the commutative diagram of §2.3.3|
Finally, at the level of Virasoro representations, the OPEs of the dimen-
sion one currents can now be summarized by the following fusion rules,

Jx Jb = = N(0W] — trace)l + (0] — 81JH + &+,
JIxJ = X 4., (2.5.41)
J xJ — —2N*1+X+...,

where we have omitted operators of dimension higher than two. We see that
the product structure of the Higgs branch chiral ring is reproduced precisely
by the O(1) terms in these fusion rules/|

A W-algebra conjecture

The chiral algebra is not as simple in this case as it was for the SU(2) theory,
since the generators b and b are higher-spin VWW-symmetry generators rather
than simple affine currents. Nevertheless, there is a natural guess as to how
to describe this more involved theory as a W algebra. It is useful to think of
the operator content of the algebra in terms of representations of the affine
u(Ny) current algebra. From the analysis of levels one and two, we know
that there is the vacuum representation — which in particular contains the
affine currents and the stress tensor — and the “baryonic” representations,
for which the highest weight state is given by the baryon or anti-baryon of
. Other representations of the affine Lie algebra can only come from
multi-baryon states or from new generators of dimension greater than two,
where we have not performed a detailed analysis of the cohomology.

In four dimensions the mesons and the baryons are the complete set of
generators for the Hall-Littlewood chiral ring. The most obvious conjecture

is then that the corresponding two-dimensional operators generate the entire
W-algebra:

Conjecture 2 When T is N =2 SU(N) superconformal QCD for with 2N
flavors for N > 2, then X[T| is isomorphic to the W algebra generated by
affine u(Ny) currents at level koyn,) = —N along with baryonic generators b

and b with the OPE ([2.5.37) (or its generalizations to N > 4).

26We may similarly speculate that the Poisson bracket is encoded in the terms of the
OPE that correspond to simple poles, but we have not checked this in detail.
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Because no additional generators make an appearance in the singular OPEs
of the affine currents and baryons, it is guaranteed to be the case that the
W algebra we have just described forms a chiral subalgebra of x[7]. Our
conjecture is that this is in fact the whole thing. If true, this conjecture
would imply that the Schur index for the Ny = 2N theories decomposes into
characters of affine u(2/V)_y with highest weights given by the vacuum or
by one or more baryons.

Superconformal Index

We can provide support for this conjecture by comparing with the supercon-
formal index. The Schur index of the theory is given by the following contour
integral,

ISchur(q; C, 6) - (2542)
/[daP-E' [1\1561 (C XSU(Nf)(a)XSU (ﬁ) - XSU(Nf)( )X?U(N)(g_l))
—2(] N2_1 /7
+ (1—_q) Xsu(n )} , (2.5.43)

where ¢ is the U(1) fugacity and @ = (ay,aq,...,an,—1) denotes SU(Ny)
fugacities. For N = 3, the first few orders are given by

Tsenun(q; ¢, @) =1+ (1+ ngU(a)(a)) g+ (@ + C_3>X§(()]( )(5)613/2
sym?2(85) / — R
+ (e @ - xSU(G)m)) + 2% (@) +2) ¢
(¢ + ) (2% @ + (2@ — B @) ) 2
+..., (2.5.44)

where we have explicitly indicated the presence of relations by listing them
with a minus sign. The dimension two relations in the chiral algebra were
elaborated upon in the previous subsection. At level 5/2; we can similarly
determine the Virasoro primaries

Yijk = Jbiji. + Obiji, Yk = J5Ik — ob (2.5.45)

. 1 . 1 )
Yikim = 3 (Ji]bklm + brimJ;” — 6553%771 + 5fkab|ilm]> (2.5.46)
. 1 . - 1~ o
}/iﬁklm _ 5 (Ji]bklm + bklmjij + a(sljabklm _ 5Z[k8bﬂlm}) ’ (2547)
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subject to the constraints

szlmnp <}/z?mnp + é(szjymnp> - 07 )/i?jlm - gmlm - {QBRST7 .. }
(2.5.48)
~. 1 .~ ~ 1~.
€ikimnp (Y;jm"mp + ééiymnp) = Oa Y;]7kll - éyjkl = {QBRSTa .. } 5
(2.5.49)

which again encode precisely the Higgs branch relations.

At level three, we have checked agreement between the Schur index and
the cohomology generated by the SU(6) x U(1) currents and the baryons by
explicitly computing the null states.

2.5.3 N =4 supersymmetric Yang-Mills theory

The theories considered in the previous two subsections all shared the special
quality of admitting descriptions as linear quiver gauge theories, which meant
that D-type multiplets played no role in the analysis. We now turn to a
case where this simplification no longer holds, and so there will necessarily
be generators outside of the Higgs chiral ring. The theory in question is
N = 4 supersymmetric Yang-Mills theory with gauge group SU(N). For
our purposes, this is an N' = 2 theory with an SU(N) vector multiplet and
a single adjoint-valued hypermultiplet. In N = 1 notation, we have the
following chiral superfields,

wa, et 4, (2.5.50)
where A =1,...N? — 1 an SU(N) adjoint index and i = 1,2 is an SU(2)r
vector index. The flavor symmetry SU(2)r is the commutant of SU(2)p X
U(1), C SU(4)g, and so is an R-symmetry with respect to the full superal-
gebra. The central charges of the theory are given by

(N2 —1)

kfg(Q):NQ—l, C4d = 1

(2.5.51)

The Higgs branch chiral ring has N —1 generators. In terms of the N x N
matrices Q; := QAt4, these are given by
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subject to trace relations. In this theory, the Hall-Littlewood chiral ring
contains additional D-type multiplets that are not described by the Higgs
chiral ring. More specifically, for SU(N) gauge group there are an additional
N — 1 HL generators given by

TrQu - Qip\i . k=1...,N—1. (2.5.53)

There are corresponding generators of the HL anti-chiral ring that lie in D
multiplets and take the same form with 5\1 replaced by AL. Finally, the Schur
component of the SU(2)g current, which will give rise to the stress tensor in
two-dimensions, is given in terms of four-dimensional fields by

_ 1 y -
T~ 5TrQi0 Qe = Tr A, (2.5.54)

Cohomological description of the associated chiral algebra

The free chiral algebra follows the same pattern as the previous examples.
The two dimensional counterparts of the hypermultiplet scalars and gauginos
can be introduced as usual,

¢'(z) =xQf, V() =x],  9ct(z) =X\ (2.5.55)
The free chiral algebra has the free OPEs,

;048 SAB
@ ()g] (0) ~ =— . b (2)(0) ~ —

The stress tensor is given by the usual canonical expression
1 y
T = §q;-4(9qf g9 —p1oct (2.5.56)

which has a central charge of cog = —3(N? — 1). The SU(2)r currents are
given by
1
and satisfy a current algebra at level kyy = —& 2:2’1.
contains a Sugawara stress tensor of the usual form,
1
N2 -5

The current algebra

Tsue(2) = Jij g el (2.5.58)
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with central charge equal to 3(]\[]\[22__51). Note that precisely for N = 2 and

for no other value of N, the Sugawara central charge matches with the true
central charge. As we will see, this is again a consequence of the two stress
tensors being equivalent in BRST cohomology.

The SU(N) currents for the matter and ghost sectors are given by

JA = %fABququC g ng = —ifABCBC (2.5.59)

The levels for the corresponding current algebras are —2N and 2N, respec-
tively. The BRST current is constructed as usual,

1
Jprst = ¢! (J?U(N) + §J§1) , (2.5.60)
and its zero mode defines the nilpotent BRST operator ()grst.

Low-lying physical states

Let us first consider the case of SU(2) gauge group. In this case the difference
between the Sugawara stress tensor and the canonical stress tensor is BRST
exact,

T —Tsyy ~ {Qsrsr . [P q]b" €7} . (2.5.61)

Based on the description of the HL chiral ring generators, we expect that
amongst the physical states should be an SU(2) triplet of affine currents and
an SU(2)r doublet of dimension 3/2 fermionic generators. Up to dimension
two, the cohomology is generated by precisely these operators,

= st =X Q.Q,
Gii= V2(g'v") = X[TrQi\] (2.5.62)

Gi i =—V2(¢0c?) = X[Tr Qid,] .
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The OPEs of these generators can be computed directly,

N —1 awepe | 2eadin

Jij(2) I (w) T GwP T iow (2.5.63)
Jij(2)Gr(w) ~ E(SkiGj(t)_+£iji(w)) : (2.5.64)
Jij(2)Gr(w) ~ 5<8kiGj(?_+;iji<w)) : (2.5.65)
Gi(2)Gj(w) ~ 0, (2.5.66)
Gi(2)Gj(w) ~ 0, (2.5.67)
Gl(Z)éj (w) -~ _2(‘2\2[2__13));” 4 (tji(;l))é 4 28”T(U)Z>;|—j]8JZ] (w) ’
(2.5.68)

where N = 2 and the symmetrization in the indices ¢, 7 and k,[ has weight
one. The value of N has been left unspecified in because the OPEs
will continue to hold for higher rank gauge groups. For the same reason, 7'(2)
has been included separately, though for N = 2 it not a distinct generator,
but rather is identified with the Sugawara stress tensor.

The operator product algebra in (2.5.63)) can be immediately recognized
to be the “small” N' = 4 superconformal algebra with central charge cyq =
—3(N? — 1) [70]. Tt is natural that there should be supersymmetry acting
in the chiral algebra, since the holomorphic s[(2) that commutes with the
supercharges @Q; is in enhanced to a holomorphic s[(2|2) when the four-
dimensional theory is N' = 4 supersymmetric. However, like the case of the
global conformal algebra being generated not by the four-dimensional stress
tensor but by the chiral operator associated to the SU(2)g current, here the
enhanced supersymmetry in the chiral algebra is generated not by the four-
dimensional supercurrents, but by the Schur operators that lie in the same
D1 and D 1(0,0) multiplets with them. Those are the Schur operators that

are transmuted into the two-dimensional supercurrents G; and G’Z
In SU(3) theory there are additional generators arising from the addi-
tional HL. generators. Sure enough, direct computation produces the follow-
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ing list of new generators of dimension less than or equal to 5/2:

Bijr = Trqq;q = X[TrQ:Q;Q4] ,

B, = Trg; b = x|TrQ); 5\ s

Vi 4qiq; [ QQJ +] (2.5.69)
Bi; = Trgq;0c = X[TrQ:Q; ;] ,

B; = 3Trgbdc+ Trogiigr X[BTr QA A + Trd, 1 Q;Q7Qy] -

Precisely for the SU(3) case, the operator B; is in fact equivalent to a com-
posite operator,
BZ' ~ gl €kk ijBz'j’k’ . (2570)

This is a consequence of a chiral ring relation for this value of N which sets
97’ hK Ty Q;QiTr Q;QQy to zero. This will not be the case for higher rank
gauge groups, and B; will be an authentic generator of the algebra.

A super W-algebra conjecture

Because the chiral algebras of N' =4 SYM theories are supersymmetric, we
can introduce a more restrictive notion of generators for these algebras. More
precisely, we would like to identify those operators that generate the chiral al-
gebra under the operations of normal ordered products and superderivatives,
or the action of s[(2|2). In other words, we allow not just L; descendants,
but also Giﬁ% and éiﬁ% descendants.

The last three generators in (2.5.69)) are superdescendants of Bk, so we
have really only found one additional super-generator in the SU(3) theory.
In general, HL operators will be grouped by N' = 4 supersymmetry into
multiplets comprised of a single B’—type operator, an SU(2)r doublet of D-
type operators, and an SU(2)r doublet worth of D-type operators.

For a general simple gauge group, the natural guess is that the chiral
algebra is generated by the small N' = 4 superconformal algebra along with
additional chiral primary operators arising from the Higgs chiral ring gener-
ators. Our conjecture is then the following:

Conjecture 3 The chiral algebra for N = 4 SYM theory with gauge group
G is isomorphic to an N = 4 super W-algebra with rank(G) generators given
by chiral primaries of dimensions %, where d; are the degrees of the Casimir
wnvariants of G.

We now perform some tests of this conjecture at the level of the supercon-
formal index.
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The superconformal index

Conjecture [3] can be tested up to any given level by comparing the index of
the chiral algebra defined in the conjecture with the superconformal index of
N =4 SYM in the Schur limit. For gauge group SU(N), the Schur index is

given by a contour integral,

Taane(ii0) = FaPE. | (221 ) a0+ (722 ) 0@

1—g¢q 1—g¢q
(2.5.71)

where a is an SU(2)p flavor fugacity. For SU(2) gauge group, expanding
the integrand in powers of ¢ and integrating gives the following result up to
O(q*), where we have collected terms into SU(2)r characters x®(a),

Tsanr(@30) = 1+ x*(a)g — 2 (a)q®* + (x*(a) + x*(a) + x*(a)) ¢*
—2(x*(a) + x*(a)) @ + (x*(a) + 3x*(a) + X*(a) + x"(a)) ¢*
— (4x%(a) + 4x*(a) + 2x%(a)) ¢

+ (3xHa) + T P(a) + 4x°(a) + x"(a) + X°(a)) ¢ + . .. .
(2.5.72)

We can compare this result with the index of the W-algebra appearing in
the conjecture (in this case, just the small superconformal algebra with the
appropriate value of the central charge) by enumerating the states of the
chiral algebra and then finding and subtracting the null states at each level.
We have checked up to level four, and the results match exactly.

The same comparison can be done for the SU(3) case, where the Schur
index to O(¢?) is given by

ISchur(Q; a) -

1+ x*(a)g + (x*(a) — 2x%(a)) ¢** + (2x*(a) + x°(a) — x*(a)) ¢*

+ (x%(a) = 3x%(a)) ° + (5x™(a) + x*(a) + 2x7(a) — 3x*(a)) " + ... .
(2.5.73)

Up to level three the nulls were computed and they agree with the index.
Note that in this case there are cancellations in the index of the chiral algebra,
since there are bosonic and fermionic states appearing at the same level.
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Figure 2.1: Weak coupling limits of the genus two class S theory.

2.5.4 Class S at genus two

At this point, the reader may be starting to get the impression that the
chiral algebra of any four-dimensional theory be entirely determined by the
structure of its various chiral rings. The purpose of this next example is to
show that such a simplistic picture is untenable.

Our example is the rank one class S theory associated to an unpunctured
genus two Riemann surface [I0, 11]. The theory admits two inequivalent
weak-coupling limits, or S-duality frames, corresponding to the two general-
ized quiver constructions illustrated in Fig. 2.1l We will focus on the first
case, which is sometimes called the dumbbell quiver. The gauge groups are
denoted SU(2), for the left loop, SU(2)s for central line, and SU(2); for
the right loop. The fields of the theory are two sets of half-hypermultiplets
transforming in the trifundamental representation of SU(2)? and three SU(2)
vector multiplets. In A/ = 1 notation, we denote these by

Qa1b1a2 ) Sa3b3a2 ’ W(VZLL, ) (Ij(gy) ) (2574)

«

where v = 1,2,3 indexes the three SU(2) gauge groups, a,,b, are funda-
mental indices of SU(2),, and A,, B, are adjoint indices of SU(2),. It is
convenient to rearrange the fields Q4,p,0, a0d Sggpga, In terms of irreducible
representations of the gauge groups. In particular, we can define

QAmz ::_iQa1b1a2(TA1)alb1 ) QGQ = _gallealbuu ’

HgH
[\}

(2.5.75)
SA3a2 = _iSa3b3a2 (TA3)a3b3 ) Slm = _2€a3b33a3b3a2 .
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Finally, we introduce the fields

1 | I
¢a2 = E(Qm + Zsaz) ) gbaz = \/§(Qa2 ZS@) . (2576>

The theory has a U(1)r flavor symmetry that is not completely obvious given
the usual structure of flavor symmetries in class § theories. The fields ¢ and
¢ have charges +1 and —1 respectively under the flavor symmetry, and the
remaining fields are neutral.

The BRST cohomology problem for this theory can be set up as in the
previous sections. In fact, the analysis may be somewhat simplified by lever-
aging the N = 4 analysis of the previous section. In particular, each loop in
the quiver corresponds to a small N' = 4 superconformal algebra along with
a decoupled SU(2) doublet of symplectic bosons. The genus two theory is
obtained by gauging the diagonal subgroup of the SU(2) flavor symmetries
for each side. Nevertheless, the resulting cohomology problem is substan-
tially more intricate than those of the previous examples, and we will not
describe the level-by-level analysis.

Instead, we will take an indirect approach to understand the spectrum
of generators of this chiral algebra at low levels. In particular, by analyz-
ing various superconformal indices of this theory and comparing with the
structure of the HL chiral ring, we will be able to prove that the full chiral
algebra must have generators in addition to those related to HL chiral ring
generators and the stress tensor. More precisely, by studying the spectrum
up to dimension three, we find that there must be additional generators that
arise from CAI(O,O) multiplets in four dimensions.

The Higgs branch chiral ring for this theory has been analyzed in [71]. It
has three generators: a U(1)r neutral operator of dimension two, which is
actually the moment map for U(1)p,

M = €20, 0, (2.5.77)

and two operators of dimension four,
O1 = 2 ¢uybuy, €€ Q a1, Qpypy, 17 (2.5.78)
Oy = 2 ¢y buy, €€ Qa1 Qpypy, 517 (2.5.79)

that have charges +2 and —2 under the flavor symmetry. These generators
satisfy a flavor neutral relation of dimension eight:

0,05 = M* . (2.5.80)
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It will be helpful for us to write down the Hilbert series [71] for this theory,
refined by the U(1)r flavor symmetry:

(r.a) = 1t
KLU = 091 — 21— a22)
=l4+t+(®+a?+1) P+ (®+a?+1)+..., (2581)

where a is the U(1)r fugacity, and ¢ is the fugacity for the dimension of the
operator.

The generalized quiver for this theory has closed loops, so there will be
additional elements of the HL chiral ring coming from D-type multiplets.
The HL index for this theory can be computed by standard methods, and is
given by

T (t;a) =1+t+ (> +a?—2a—2a"" + 1)
+(@*+a?—2a—2a" +2)P ... . (2.5.82)

By subtracting off the contributions of the Higgs chiral ring operators (ob-
tained from ), we can find the contributions of just the D-type mul-
tiplets. In turn, we can extract the structure of the D-type generatorsﬂ All
told, at dimension two there are two D) multiplets with U(1)r charge
+1 and two with charge —1, and at dimension three there is a single D% 0.1
multiplet that is U(1)p neutral. The two-dimensional counterparts of these
operators can be defined in an explicit calculation of the BRST cohomology.

Up to dimension three, we have now determined all of the generators
of the HL chiral ring. The question is whether these operators (along with
the conjugates of the D-type operators), in addition to the two-dimensional
stress tensor, are sufficient to explain the full spectrum of the chiral algebra
(up to dimension three). The generators are listed in the three blocks of
Table together with their contribution to the Macdonald index and the
quantum numbers of the corresponding Schur operators.

The Macdonald limit of the superconformal index of this theory is ob-

2"We have checked by a computation of the HL cohomology that the HL index captures
faithfully the complete spectrum of D-type multiplets up to dimension three.

39



tained from the following contour integral,

Ivp(g, t;a) =
%[dbl][dbz][dbg] P.E. L{iq [(X3(b1)X2(b3) 4 X3(52)X2(b3)) + (a+a_1)x2(b3)]
+ (Et__qq> (A1) + X3 (b2) +X3(b3)) | (2.5.83)

and the expansion including all operators up to dimension three is as follows,

Tup(q, t;a) =1 +t+ (a®>+a 2 —2a —2a " + 1)t* + (—2a — 2a " + 2)qt+
+(@®+a?=2a+a ) +2)2 + (3 —2(a+ah))Gt+
+(@®+a?—4(a+a ) +5)Pq+... .

We find that not all of the terms in this expansion can be accounted for by
enumerating normal ordered products of generators and their descendants.
In particular, from the list of known generators, the only operators that
could contribute as #*q to the index (with no flavor fugacity) are the normal-
ordered product of a Bl and a CAO(OVO) and the derivative of the normal-ordered
product of two B, operators. This leaves a contribution of 3t?q remains to be
explained. We can thus conclude that there are at least three new operators,
and they must all must correspond to CAI,(O’O) multiplets that are uncharged
under the flavor symmetry. We have included these as the last entry in
Table 2.6, The argument presented above shows that at least these three
multiplets must be present, however it does not take into account possible
cancellations in the index, which could hide even more additional generators.

2.6 Beyond Lagrangian theories

Although the discussion of the previous section focused on theories admitting
Lagrangian descriptions, the correspondence between N/ = 2 SCFTs and chi-
ral algebras is of course much more general. In particular, the vast landscape
of superconformal theories of class S, most of which are non-Lagrangian in
nature, will be mapped to an intricate and interesting class of chiral alge-
bras. A detailed study of the class of chiral algebras defined by this map is
the content of chapter
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Multiplet | Index contribution | h U(l)r U(l)r
B, = 1 0 0
B, Lo 2 0 +2
B, Lo 2 0 —2
2 x Dy (00) —2% 2 1 +1
2 XDy (0,0 —2% 2 -1 +1
2 X D (0.0) —ole 2 1 -1
2 x D (0.0) i 2 -1 ~1
Psod) = 3 L 0
Ds (10 e 3 | i 0
Co.0) T 2 0 0
3 x Cr(0.0) 3L 3 0 0

Table 2.6: Chiral algebra generators for the genus two theory with h < 3.
The first columns lists the name and multiplicity of the four dimensional
multiplets giving rise to the generators. The second column lists the contri-
bution of each multiplet to the Macdonald superconformal index, including
the flavor fugacity. The last columns list the two-dimensional quantum num-
bers of the generators. The first block of the table consists of Higgs chiral
ring generators, the second the remaining HL chiral and anti-chiral ring gen-
erators, the third the two-dimensional stress tensor, and the last block the
extra generators deduced from the superconformal index.
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Chapter 3

Chiral Algebras of class S

3.1 Introduction

A large and interesting class of interacting quantum field theories are the
theories of class S [10, [11]. These are superconformal field theories (SCFTs)
with half-maximal (i.e., N' = 2) supersymmetry in four dimensions. The
most striking feature of this class of theories is that they assemble into vast
duality webs that are neatly describable in the language of two-dimensional
conformal geometry. This structure follows from the defining property of
theories of class S: they can be realized as the low energy limits of (partially
twisted) compactifications of six-dimensional CFTs with (2,0) supersymme-
try on punctured Riemann surfaces.

Generic theories of class S are strongly interacting. (In many cases they
possess generalized weak-coupling limits wherein the neighborhood of a cer-
tain limit point on their conformal manifold can be described by a collection
of isolated strongly coupled SCFTs with weakly gauged flavor symmetries.)
It is remarkable, then, that one can say much of anything about these the-
ories in the general case. One classic and successful approach has been to
restrict attention to the weakly coupled phases of these theories by, for ex-
ample, studying the physics of Coulomb branch vacua at the level of the low
energy effective Lagrangian and the spectrum of BPS states. Relatedly, one
may utilize brane constructions of these theories to extract some features of
the Coulomb branch physics [72], [73].

An alternative — and perhaps more modern — tactic is to try to constrain
or solve for various aspects of these theories using consistency conditions
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that follow from duality. This approach was successfully carried out in [74]
(building on the work of [75] 76, 37, 38]) to compute the superconformal index
of a very general set of class S fixed points (see also [0, [77] for extensions to
even more general cases). Subsequently, the framework for implementing this
approach to study the (maximal) Higgs branch was established in [78]. The
general aspiration in this sort of program is that the consistency conditions
imposed by generalized S-duality and the (known) behavior of these theories
under certain partial Higgsing and weak gauging operations may be sufficient
to completely determine certain nice observables. In this sense the approach
might be thought of as a sort of “theory space bootstrap”. One expects
that this approach has the greatest probability of success when applied to
observables of class S theories that are protected against corrections when
changing exactly marginal couplings, thus leading to objects that are labelled
by topological data and have no dependence on continuous parametersﬂ

A new class of protected observables for four-dimensional N' = 2 SCFTs
was introduced in chapter 2] There it was shown that certain carefully se-
lected local operators, restricted to be coplanar and treated at the level of
cohomology with respect to a particular nilpotent supercharge, form a closed
subalgebra of the operator algebra. Moreover their operator product expan-
sions and correlation functions are meromorphic functions of the operator
insertion points on the plane. This subalgebra consequently acquires the
structure of a two-dimensional chiral algebra. The spectrum and structure
constants of this chiral algebra are subject to a non-renormalization theo-
rem that renders them independent of marginal couplings. The existence of
this sector can formally be summarized by defining a map that associates to
any N = 2 SCFT in four dimensions the chiral algebra that computes the
appropriate protected correlation functions,

X {N =2 SCFTs / Marginal deformations} - {Chiral algebras} -

Chiral algebras with the potential to appear on the right hand side of this
map are not generic — they must possess a number of interesting properties
that reflect the physics of their four-dimensional ancestors.

In this chapter we initiate the investigation of chiral algebras that are
associated in this manner with four-dimensional theories of class S. For lack

4

LObservables with a manageable dependence on the marginal couplings, such as Re,

and S* partition functions, also provide natural settings for this type of argument.

93



of imagination, we refer to the chiral algebras appearing in this fashion as
chiral algebras of class S. For a general strongly interacting SCFT, there
is at present no straightforward method for identifying the associated chiral
algebra. Success in this task would implicitly fix an infinite amount of pro-
tected CFT data (spectral data and three-point couplings) that is generally
difficult to determine. However, given the rigid nature of chiral algebras, one
may be optimistic that chiral algebras of class S can be understood in some
detail by leveraging the constraints of generalized S-duality and the wealth
of information already available about the protected spectrum of these theo-
ries. In the present work, we set up the abstract framework of this bootstrap
problem in the language of generalized topological quantum field theory, and
put into place as many ingredients as possible to define the problem con-
cretely. We perform some explicit calculations in the case of theories of rank
one and rank two, and formulate a number of conjectures for the higher rank
case. One of our main results is a general prescription to obtain the chiral
algebra of a theory with sub-maximal punctures given that of the related
theory with all maximal punctures. We demonstrate that the reduction in
the rank of a puncture is accomplished in the chiral algebra by quantum
Drinfeld-Sokolov reduction, with the chiral algebra procedure mirroring the
corresponding four-dimensional procedure involving a particular Higgsing of
flavor symmetries.

Ultimately we believe that the bootstrap problem for chiral algebras of
class S may prove solvable, and we hope that the existence of this remark-
able structure will pique the interest of readers with a passion for vertex
operator algebras. Characterizing these algebras should prove to be both
mathematically and physically rewarding.

The organization of this chapter is as follows. Section is a two-part
review: first of the protected chiral algebra of N' = 2 SCFTs, and then of
N =2SCFTs of class S. In Section [3.3] we outline the structure of the chiral
algebras of class S, using the A; and A, cases as examples. We also take some
steps to formalize the TQFT structure of the chiral algebras of class § so
as to emphasize that the structures outlined here are susceptible to rigorous
mathematical analysis. In Section [3.4] we describe the generalization of our
story to the case of theories with sub-maximal punctures. In the process,
we are led to consider the problem of quantum Drinfeld-Sokolov reduction
for modules of affine Lie algebras. In Section [3.5, we offer some comments
on unphysical chiral algebras that are expected to exist at a formal level in
order to complete the TQFT structure. A number of technical details having
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to do with rank two theories are included in Appendix Details having
to do with unphysical cylinder and cap chiral algebras appear in Appendix
B.2| Finally, in Appendix we review the methods for computing the
cohomology of a double complex using spectral sequences. These methods
are instrumental to the analysis of Section

3.2 Background

We begin with a review of the two main topics being synthesized in this
chapter: the protected chiral algebras of N' =2 SCFTs and superconformal
theories of class S. Readers who have studied chapter [2] should be fine
skipping Section [3.2.1] while those familiar with the class S literature (for
example, [10, 75, [74] [67]) may safely skip Section [3.2.2]

3.2.1 Review of protected chiral algebras

The observables we aim to study for class S fixed points are those described
by the protected chiral algebras introduced in chapter [2| (see also [26] for
the extension to six dimensions). The purpose of this section is to provide a
short overview of how those chiral algebras come about and the properties
that were deduced for them in the original papers. We simply state the facts
in this section; the interested reader is encouraged to consult the previous
chapter for explanations.

The starting point is the N' = 2 superconformal algebra su(2,2|2). The
fermionic generators of the algebra are Poincaré supercharges { O, Q47 } and
special conformal supercharges {S%,S‘U }. From these, one can form two
interesting nilpotent supercharges that are mixtures of Poincaré and special
conformal supercharges,

Q=0  +877, Qi=0,+S8. (3.2.1)

These supercharges have the following interesting property. Let us define the
subalgebra of the four-dimensional conformal symmetry algebra that acts on
a plane R? C R* as 5[(2) x s[(2). Let us further denote the complexification
of the su(2)gp R-symmetry as s[(2)z. These subalgebras have the following
nice relationship to the supercharges Q;,

@;,sl(2)] =0, {Q;,-} = diag |sl(2) x sl(2)r]| . (3.2.2)
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It follows from these relations that operators that are @-closed must behave
as meromorphic operators in the plane. They have meromorphic operator
product expansions (modulo Q-exact terms) and their correlation functions
are meromorphic functions of the positions. Restricting from the full N' = 2
SCFT to Q-cohomology therefore defines a two-dimensional chiral algebra.
For a pedagogical discussion of chiral algebras, see [42].

The conditions for a local operator to define a nontrivial Q-cohomology
element were worked out in chapter [2} It turns out that such operators are
restricted to lie in the chiral algebra plane: {x3 = x4 = 0}. When inserted
at the origin, an operator belongs to a well-defined cohomology class if and
only if it obeys the conditions

) B (i .
]’L::#—R:O7 Z::jl—j2+’]":O. (323)
Unitarity of the superconformal representation requires h > %‘, so the first

condition actually implies the second. We refer to operators obeying h=0as
Schur operators. All Schur operators are necessarily su(2)r highest weight
states. Indeed, if the su(2)g raising generator did not annihilate a Schur
operator, it would generate an operator with h < 0, which would violate
unitarity.

As sm does not commute with ®, ordinary translations of Schur op-
erators in the chiral algebra plane fail to be Q-closed away from the ori-
gin. Rather, we translate operators using the twisted translation generator
Ly :=L_;+R_, where R_ is the lowering operator of su(2)z. As shown
in Eqn. , this is a Q-exact operation. We find that local operators

defining nontrivial @-cohomology classes can be written in the form
1

O(z,2) == ug, (2) - - - ug, (2) O T} (2, 7) | where ur(z) = _
z

(3.2.4)
Here O'1(0) is a Schur operator, and we are suppressing Lorentz indices. It
is these twisted-translated Schur operators, taken at the level of cohomology,
that behave as meromorphic operators in two dimensions,

O(z) :=10(z, 2)]a, - (3.2.5)

We now turn to a recap of the various types of four-dimensional operators
that may satisfy the Schur condition, and thus participate in the protected
chiral algebra.
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Multiplet | Oschur h r Lagrangian
“letters”

BR pll..1 R 0 Q; Q

Dro.; Q! gll-1 R+jo+1 h+1 1 Q QN

Driyo) | QL R+j1+1 —j1—-11Q,Q, A\,

Crirjy | Q4 UMl | R4ji+ja+2 | ja—ii | D?,Q, D", Q,

1 31

DY A DAL

Table 3.1: This table summarizes the manner in which Schur operators
fit into short multiplets of the N/ = 2 superconformal algebra. For each
supermultiplet, we denote by ¥ the superconformal primary. There is then a
single conformal primary Schur operator Osuyr, Which in general is obtained
by the action of some Poincaré supercharges on W. We list the holomorphic
dimension h and U(1), charge r of Ogcpyr in terms of the quantum numbers
(R, j1,j2) that label the shortened multiplet (left-most column). We also
indicate the schematic form that Ogu,.: can take in a Lagrangian theory by
enumerating the elementary “letters” from which the operator may be built.
We denote by Q and ) the complex scalar fields of a hypermultiplet, by A\
and 5\5 the left- and right-moving fermions of a vector multiplet, and by D,
the gauge-covariant derivatives.
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Taxonomy of Schur operators

A Schur operator is annihilated by two Poincaré supercharges of opposite
chiralities (Ql_ and Q,- in our conventions). A summary of the different
classes of Schur operators, organized according to how they fit in shortened
multiplets of the superconformal algebra, is given in Table (reproduced
from chapter . Let us briefly discuss each row in turn.

The first row describes half-BPS operators that are a part of the Higgs
branch chiral ring. These have £ = 2R and j; = j» = 0. In a Lagrangian
theory, operators of this type schematically take the form QQ---QQ. A
special case is when R = 1, in which case a conserved current is amongst
the super-descendants of the primary. The half-BPS primary is then the
“moment map” operator ps which has dimension two and transforms in the
adjoint representation of the flavor symmetry. The su(2)g highest weight
state of the moment map is a Schur operator.

The operators in the second row are more general N = 1 chiral oper-
ators, obeying £ = 2R + |r| and r = —j; — % Together with the Higgs
branch chiral ring operators (which can be regarded as the special case with
r = 0), they make up the so-called Hall-Littlewood chiral ring. These are
precisely the operators that are counted by the Hall-Littlewood limit of the
superconformal index [3§]. In a Lagrangian theory, these operators are ob-
tained by constructing gauge-invariant words out of @, Q, and the gaugino
field A} (the bottom component of the field strength chiral superfield W,
with @« = +). In complete analogy, the third line describes N' = 1 anti-
chiral operators obeying E = 2R + |r|, 7 = j, + 3, which belong to the
Hall-Littlewood anti-chiral ring. The second and third lines are CPT conju-
gate to each other. It is believed that D and D type operators are absent
in any theory arising from a (generalized) quiver description with no loops
(i.e., an acyclic quiver). These are theories for which the Hall-Littlewood
superconformal index matches [38] the “Hilbert series” for the Higgs branch
[79]. Equivalently, these are the theories for which the maximal Higgs branch
is an honest Higgs branch, with no low-energy abelian gauge field degrees of
freedom surviving.

The fourth line describes the most general type of Schur operators, which
belong to supermultiplets that obey less familiar semi-shortening conditions.
An important operator in this class is the conserved current for su(2) g, which
belongs to the CAO(QO) supermultiplet which also contains the stress-energy
tensor and is therefore universally present in any N’ = 2 SCFT. This current
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has one component with £ =3, R=1, j; = jo = % which is a Schur operator.

Finally, let us point out the conspicuous absence of half-BPS operators
that belong to the Coulomb branch chiral ring (these take the form Tr ¢* in
a Lagrangian theory, where ¢ is the complex scalar of the N' = 2 vector
multiplet). These operators are in many ways more familiar than those
appearing above due to their connection with Coulomb branch physics. The
protected chiral algebra is thus complementary, rather than overlapping, with
a Coulomb branch based analysis of class S physics.

The 4d/2d dictionary

There is a rich dictionary relating properties of a four-dimensional SCF'T
with properties of its associated chiral algebra. Let us briefly review some
of the universal entries in this dictionary that were worked out in chapter [2|
Interested readers should consult that chapter for more detailed explanations.

Virasoro symmetry

The stress tensor in a four-dimensional N/ = 2 SCFT lives in the CAO(O,O) super-
multiplet, which contains as a Schur operator a component of the su(2)g con-
served current jgj). The corresponding twisted-translated operator gives
rise in cohomology to a two-dimensional meromorphic operator of dimension
two, which acts as a two-dimensional stress tensor, T'(z) := [J, (%, Z)]q. As
a result, the global s[(2) symmetry that is inherited from four dimensions is
always enhanced to a local Virasoro symmetry acting on the chiral algebra.
From the current-current OPE, which is governed by superconformal Ward
identities, one finds a universal expression for the Virasoro central charge,

Coqg = —12 Cad » (326)

where cy4 is the conformal anomaly coefficients of the four-dimensional theory
associated to the square of the Weyl tensor. Note that the chiral algebra is
necessarily non-unitary due to the negative sign in Eqn. (3.2.6)).

Affine symmetry

Similarly, continuous global symmetries of the four-dimensional SCFT (when
present) are enhanced to local affine symmetries at the level of the associ-
ated chiral algebra. This comes about because the conserved flavor sym-
metry current sits in the B, supermultiplet, whose bottom component is
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the moment-map operator discussed above. The su(2)g highest weight com-
ponent of the moment map operator then gives rise to an affine current,
Ja(2) == [pa(z, 2)]g- The level of the affine current algebra is related to the
four-dimensional flavor central charge by another universal relation,

1
koa = _§k4d - (3.2.7)

Hall-Littlewood ring generators as chiral algebra generators

Identifying chiral algebra generators is of crucial importance if one is to find
an intrinsic characterization of any particular chiral algebra without reference
to its four-dimensional parent. A very useful fact is that generators of the
Hall-Littlewood chiral ring (and in particular those of the Higgs branch chiral
ring) necessarily give rise to generators of the protected chiral algebra after
passing to Q-cohomology. This follows from su(2)z and u(1), selection rules,
which forbid such an operator from appearing in any non-singular OPEs.
A special case is the aforementioned affine currents, which arise from Higgs
branch moment map operators with £ = 2R = 2. With the exception of
theories with free hypermultiplets, these are always generators.

Exactly marginal gauging

Given an SCFT T with a flavor symmetry G that has flavor central charge
kig = 4hY, one may form a new family of SCFTs 75 by introducing an
N = 2 vector multiplet in the adjoint representation of G and gauging the
symmetry. This specific value of the flavor central charge ensures that the
gauge coupling beta function vanishes, so the procedure preserves conformal
invariance.

There exists a corresponding procedure at the level of chiral algebras that
produces the chiral algebra x[7¢] given that of the original theory x[7]. In
parallel with the introduction of a G-valued vector multiplet, one introduces
a dimension (1, 0) ghost system (b4, c?) with A =1,...,dim G. In the tensor
product of this ghost system and the chiral algebra Xx[7], one may form a
canonical nilpotent BRST operator given by

BRsT = ﬁjBRST(Z) : JBRsT(2) = (CA {JA - %fABCCB bc}) (2) ,

27
(3.2.8)
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where the affine currents J4(z) are those associated with the G symmetry
of X[T], and f,5° are the structure constants for G. Nilpotency of this
BRST operator depends on the precise value of the affine level kog = —2hY,
and so the self-consistency of this procedure is intimately connected with the
preservation of conformal invariance in four dimensions. The gauged chiral
algebra is then obtained as the cohomology of the BRST operator relative to
the b-ghost zero modes,

X[T6] = Higsr [ € X[T] ® X0y | b5 = 0] (3.2.9)

Superconformal index

The superconformal index of a superconformal field theory is the Witten
index of the radially quantized theory, refined by a set of fugacities that keep
track of the maximal set of charges commuting with each other and with a
chosen supercharge. For our purposes, we consider the specialization of the
index of an N/ = 2 SCFT known as the Schur index [37, [38]. The trace
formula for the Schur index reads

I(Schur)(q; X) — TI'H[SS](_1>FQE7R Hq;ifi , (3210)

where F' denotes the fermion number and { f;} the Cartan generators of the
flavor group. The Schur index counts (with signs) precisely the operators
obeying the condition (3.2.3)). Moreover, for Schur operators £ — R coincides

with the left-moving conformal weight h (the eigenvalue of Ly),

E+ 51+ j2

E— =
h 2

=: h. (3.2.11)
It follows that the graded character of the chiral algebra is identical to the
Schur index,

T (g;x) == Try, (-1)"¢" = 5™ (¢;x) , (3.2.12)

where H, denotes the state space of the chiral algebra. Note that this object
is not interpreted as an index when taken as a partition function of the
chiral algebra, because (with the exception of chiral algebras associated to
N = 4 theories in four dimensions) the protected chiral algebra itself is not
supersymmetric.
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3.2.2 Review of theories of class S

Four-dimensional superconformal field theories of class S may be realized as
the low-energy limit of twisted compactifications of an N = (2,0) super-
conformal field theory in six dimensions on a Riemann surface, possibly in
the presence of half-BPS codimension-two defect operators. The resulting
four-dimensional theory is specified by the following dataf]

e A simply-laced Lie algebra g = {A,,, D,,, Es, E7, Es}. This specifies the
choice of six-dimensional (2,0) theory.

e A (punctured) Riemann surface C, ; known as the UV curve, where g
indicates the genus and s the number of punctures. In the low energy
limit, only the complex structure of C,, plays a role. The complex
structure moduli of the curve are identified with exactly marginal cou-
plings in the SCF'T.

e A choice of embedding A; : su(2) — g (up to conjugacy) for each punc-
ture ¢ = 1,...,s. These choices reflect the choice of codimension-two
defect that is present at each puncture in the six-dimensional construc-
tion. The centralizer h,, C g of the embedding is the global symmetry
associated to the defect. The theory enjoys a global flavor symmetry
algebra given by at least @5_;hy,

When necessary, we will label the corresponding four-dimensional SCF'T as
T1g:Cys; {Ai}]. Because we are ultimately only interested in theories modulo
their exactly marginal couplings, we will not keep track of a point in the
complex structure moduli space of the UV curve.

For the sake of simplicity, we will restrict our attention to theories where
g is in the A series. The generalization to D and E series theories (at least
in the abstract discussion) should be possible to carry out without a great
deal of additional difficulty. In the A,_; case — i.e., g = su(n) — the data

at punctures can be reformulated as a partition of n: [nf'n% ... ni*] with

2We restrict our attention in this note to regular theories. A larger class of theories can
be obtained by additionally allowing for irregular punctures [80]. Still more possibilities
appear when the UV curve is decorated with outer automorphisms twist lines [81], [82].

3In some exceptional cases the global symmetry of the theory is enhanced due to
the existence of additional symmetry generators that are not naturally associated to an
individual puncture.
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> tin; = n and n; > n;41. Such a partition indicates how the fundamental
representation f of su(n) decomposes into irreps of A(su(2)),

k
F= D Vig (3.2.13)
=1

where V; denotes the spin j representation of su(2). An equivalent description
comes from specifying a nilpotent element e in su(n), i.e., an element for
which (ad.)” = 0 for some positive integer 7. The Jordan normal form of
such a nilpotent element is given by

£; times

k
—_——~
e=PT, o (3.2.14)
=1

where J,,, is the elementary Jordan block of size m, i.e., a sparse m X m
matrix with only ones along the superdiagonal. Thus every nilpotent element
specifies a partition of n and vice versa. The su(2) embedding comes from
defining su(2) generators o, ¢+ and demanding that A(t_) = e.

The trivial embedding is identified with the partition [1"] and leads to a
defect with maximal flavor symmetry h = su(n). A puncture labelled by this
embedding is called full or maximal. The opposite extreme is the principal
embedding, which has partition [n']. This embedding leads to h = &, and
the puncture is effectively absent. Another important case is the subregular
embedding, with partition [n — 1,1], which leads to h = u(1) (as long as
n > 2). Punctures labelled by the subregular embedding are called minimal
or simple.

The basic entities of class S are the theories associated to thrice-punc-
tured spheres, or trinions. The designations of these theories are convention-
ally shortened as

T8 = Tlsu(n); Cos; {A1 Ag Az} (3.2.15)
For the special case of all maximal punctures, the convention is to further
define T,, := ,[Ll I A1l of the trinion theories are isolated SCFTs —

they have no marginal couplings. For most of these theories, no Lagrangian
description is known. An important class of exceptions are the theories with
two maximal punctures and one minimal puncture: T, =L Thege
are theories of n? free hypermultiplets, which in this context are naturally
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thought of as transforming in the bifundamental representation of su(n) x
su(n). In the case n = 2, the minimal and maximal punctures are the
same and the theory of four free hypermultiplets (equivalently, eight free
half-hypermultiplets) is the 75 theory. In this case the global symmetry
associated to the punctures is su(2) x su(2) x su(2) which is a subgroup of
the full global symmetry usp(8).

At the level of two-dimensional topology, an arbitrary surface Cy s can be
assembled by taking 2g — 2+ s copies of the three-punctured sphere, or “pairs
of pants”, and gluing legs together pairwise 3g — 3 + s times. Each gluing
introduces a complex plumbing parameter and for a given construction of this
type the plumbing parameters form a set of coordinates for a patch of the
Teichmuller space of Riemann surfaces of genus g with s punctures. A parallel
procedure is used to construct the class S theory associated to an arbitrary
UV curve using the basic trinion theories. Starting with 2g—2+s copies of the
trinion theory 7T;,, one glues along maximal punctures by gauging the diagonal
subgroup of the su(n) x su(n) flavor symmetry associated to the punctures.
This introduces an su(n) gauge group in the four-dimensional SCFT, and
the marginal gauge coupling is related to the plumbing parameter. If one
wants, the remaining maximal punctures can then be reduced to sub-maximal
punctures using the Higgsing procedure described belowﬁ To a given pants
decomposition of a UV curve, one associates a “weakly coupled” frame of
the corresponding SCFT in which the flavor symmetries of a collection of
trinion theories are being weakly gauged. The equivalence of different pants
decompositions amounts to S-duality. It is only in very special cases that
a weakly coupled duality frame of this type will actually be described by a
Lagrangian field theory.

By now, quite a few general facts are known about theories of class S.
Here we simply review some relevant ones while providing pointers to the
original literature. The list is not meant to be comprehensive in any sense.

4In terms of the low energy SCFT, the operations of Higgsing at external punctures
and gauging of internal ones commute, so one may equally well think of gluing together
trinions some of whose punctures are not maximal. Our presentation here is not meant to
convey the full depth of what is possible in class S.
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Central charges

The a and ¢ conformal anomalies have been determined for all of the regular
A-type theories in [67), 83]. The answer takes the following form,

2nv + ny 5”1} + np
= = = 3.2.16
C4d 19 ) a o4 ) ( )
where
n, = va(Ai) + (9 —1) (31" dimg + rank g) ,
. (3.2.17)
ny = Znh(Ai) +(g—-1) (%hv dimg) ,
i=1
and
no(A) = 8(p-p—p-Alty)) + % (rank g — dim ,
(A) (p-p—p-Alto)) + 3(rank g go) (32.18)

na(A) = 8(p-p—p-Alt)) + 5 dimg; .

In these equations, p is the Weyl vector of su(n) and h" is the dual coxeter
number, which is equal to n for g = su(n). The Freudenthal-de Vries strange
formula states that |p|? = % dim g, which is useful in evaluating these ex-
pressions. Additionally, the embedded Cartan generator A(%y) has been used
to define a grading on the Lie-algebra,

0= P on. = {tea|adrgyt =mt} . (3.2.19)

mG%Z

This grading will make another appearance in Sec. (3.4}

The su(n) flavor symmetry associated to a full puncture comes with flavor
central charge kg, = 2n. This is a specialization of the general formula
kape = 2hY. For a non-maximal puncture, the flavor central charge for a
given simple factor hgmp C b is given by [83],

Kby 0B = 2 Z Trp@anTaTp (3.2.20)
J

where T4, Tp are generators of hgimp satisfying the normalization Try, TaTp =
p(S ap and we have introduced the decomposition of the adjoint represen-

hsim

tation of su(n) into representations of hy ® A(su(2)),

adj; = (PR @V . (3.2.21)
J
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In cases where there are global symmetries that extend the symmetries as-
sociated to punctures, the central charge can be deduced in terms of the
embedding index.

Higgs branch chiral ring and their relations

Operators in an N = 2 SCFT whose conformal dimension is equal to twice
their su(2)g spin (E = 2R) form a ring called the Higgs branch chiral ring.
This ring is generally believed to be the ring of holomorphic functions (in
a particular complex structure) on the Higgs branch of the moduli space
of vacua of the theory. It is expected to be finitely generated, with the
generators generally obeying nontrivial algebraic relations. For theories of
class § the most general such relations have not been worked out explicitly
to the best of our knowledge. However, certain cases of the relations can be
understood.

For any puncture there is an associated global symmetry b, and the con-
served currents for that global symmetry will lie in superconformal represen-
tations that include moment map operators u4, A =1,...,dim b that belong
to the Higgs branch chiral ring. Of primary interest to us are the relations
that involve solely these moment map operators. Let us specialize to the
case where all punctures are maximal, so h; = g for all = 1,...,s. There
are then chiral ring relations given by

Trplt = Teph = -+ = Trpk k=1,2.... (3.2.22)

There are additional Higgs branch chiral ring generators for a general class
S theory of the form

707

Q(é) )
of dimension Ej, = 2R, = $k(n—k)(2g — 2+ s). The multi-indices Z*) index
the k-fold antisymmetric tensor representation of su(n). There are generally
additional chiral ring relations involving these Q) operators, some of which
mix them with the moment maps [84]. The complete form of these extra
relations has not been worked out — a knowledge of such relations would
characterize the Higgs branch of that theory as a complex algebraic variety,
and such a characterization is presently lacking for all but a small number
of special cases. We will not make explicit use of such additional relations in
what follows.

k=1,....n—1, (3.2.23)
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Higgsing and reduction of punctures: generalities

Theories with non-maximal punctures can be obtained by starting with a
theory with maximal punctures and going to a particular locus on the Higgs
branch [73, [85], 83, 86]. The flavor symmetry associated to a puncture is re-
flected in the existence of the above-mentioned half-BPS moment map opera-
tors, pa, that transform in the adjoint representation of the flavor symmetry
with corresponding index A = 1,...,n?—1. In reducing the flavor symmetry
via Higgsing, one aims to give an expectation value to one of the u;’s, say
1, while keeping (i1;1) = 0. Consistency with Eqn. then requires
that (Trut) = 0 for any k, or put differently, (111) is a nilpotent su(n) matrix.
Since any nilpotent element can be realized as the image of t_ € su(2) with
respect to some embedding A : su(2) < su(n), the relevant loci on the Higgs
branch are characterized by such an embedding, where we have

(1) =vA(t) . (3.2.24)

The expectation value breaks the su(n) flavor symmetry associated with
the puncture to b, the centralizer of the embedded su(2), as well as the
su(2) g symmetry (and also conformal symmetry). It will be important in the
following that a linear combination of the flavor and su(2) z Cartan generators
remains unbroken ’| namely

R=R+Jy, Jo:=Alt). (3.2.25)

In such a vacuum, the low energy limit of the theory is described by the
interacting class & SCFT with the same UV curve as the original theory,
but with the first puncture replaced by a puncture of type A. Additionally
there will be decoupled free fields arising from the Nambu-Goldstone fields
associated to the symmetry breaking [86, 85]. We identify R as the Cartan
generator of the su(2); symmetry of the infrared fixed point.

It will prove useful to introduce notation to describe the breaking of
su(n) symmetry in greater detail. The generators of su(n) can be relabeled

according to the decomposition of Eqn. (3.2.21)),
T, — Tyj,m;W(Rj) s (3226)

SWe suspect not only this Cartan generator, but the full diagonal subalgebra of su(2)r
and the embedded su(2) is preserved on the sublocus of the Higgs branch in question.
It should be possible to prove such a thing using the hyperkahler structure on nilpotent
cones described in [87]. We thank D. Gaiotto, A. Neitzke, and Y. Tachikawa for helpful
conversations on this point.
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where m = —j, —j7+1,..., 4+ is the eigenvalue of the generator with respect
to A(to), and W(R;) runs over the various weights of the representation R;
of hx. Expanding pq around its expectation value, we have

f +Z Z Z D iimw R ) Ljmwry) - (3.2.27)

J m=—jW(R

The operators (fi1)j;mw(r;) With m < j become the field operators of the
Nambu-Goldstone modes. Their number is given by dimg¢ O?\(t,) — the com-
plex dimension of the nilpotent orbit of A(t_). They are ultimately organized
into 1 dime Of\(t_) free hypermultiplets.

Superconformal index

The superconformal index of an SCF'T is an invariant on its conformal man-
ifold. For theories of class S, this means that the index does not depend
on the complex structure moduli of the UV curve. On general grounds, one
then expects the class S index to be computed by a topological quantum
field theory living on the UV curve [75]. This expectation is borne out in
detail, with a complete characterization of the requisite TQFT achieved in a
series of papers [37, 38, [74]. Our interest is in the Schur specialization of the
index, which is identical to the graded character of the protected chiral al-
gebra, see Eqn . In [37], the corresponding TQFT was recognized as
a g-deformed version of two-dimensional Yang-Mills theory in the zero-area
limit. Here we will summarize this result and introduce appropriate notation
that will be useful in Sec. B.4.3
For the class S theory Tg; C,.; {A;}], the Schur index takes the formf]

ISChur(q; X) _ Z Cm(q>2g*2+s H wé\%z (XAi; q) . (3228)
R i=1

The sum runs over the set of finite-dimensional irreducible representations R
of the Lie algebra g. Each puncture contributes a “wavefunction” @bé\( (xA,59),

6Not every possible choice of Riemann surface decorated by a choice of {A;} at the
punctures corresponds to a physical SCFT. An indication that a choice of decorated surface
may be unphysical is if the sum in diverges, which happens when the flavor
symmetry is “too small”. There are subtle borderline cases where the sum diverges, but
the theory is perfectly physical. These cases have to be treated with more care [88].
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while the Euler character of the UV curve determines the power of the “struc-
ture constants” Cyi(q) that appear. Each wavefunction depends on fugacities
x, conjugate to the Cartan generators of the flavor group h, associated to
the puncture in question. Note that by definition, the structure constants
are related to wave functions for the principal embedding, which corresponds
to having no puncture at all, i.e.,

Conl(q)™" = ¥i(a) (3.2.29)

where p denotes the principal embeddingm

To write down the general wavefunction we need to discuss some group
theory preliminaries. Under the embedding A : su(2) < g, a generic repre-
sentation R of g decomposes into hy ® A(su(2)) representations,

R=PRV 2V, (3.2.30)
J

where R;m) is some (generically reducible) representation of hy. We define
the fugacity assignment fug,(x,;q) as the solution (for x) of the following
character decomposition equation

1 _1
Z Xain (% NECAUCEN e (3.2.31)

where x{(x) is the character of g in the fundamental representation (denoted
by f), and the right hand side is determined by the decomposition of Eqn.
(3.2.30) with 98 = . Note that x = fug,(xx;¢) also solves the more general
character equation

Z x () X3P (g2, q77) (3.2.32)

for any other representation $R. A couple of simple examples help to clarify
these definitions. Taking g = su(2) and A : su(2) — su(2) the principal
embedding — in this case is just the identity map — the centralizer is trivial

and Eqn. (3.2.31)) becomes
atat=qrtq?, (3.2.33)

"The discussion so far applies to a general simply-laced Lie algebra g. Recall that when
g = su(n), the principal embedding corresponds to the partition [n!].
8For g = su(n) the solution is unique up to the action of the Weyl group.
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which has the two solutions a = q% and a = q’%, which are related to
each other by the action of the Weyl group a <+ a'. A more complicated
example is g = su(3) and A the subregular embedding, which corresponds
to the partition [2!,1']. The centralizer is hy = u(1). Given su(3) fugacities
(a1, a9, a3) with ajasaz = 1, we denote the u(1) fugacity by b and then Eqn.

(3.2.31)) takes the form
aq + Qo —+ as = b_2 + b(q% + q_%) . (3234)

Up to the action of the Weyl group, which permutes the a;, the unique
solution is given by (ai, as,as) = (q2b, ¢~ 2b, b72).

The wavefunction for a general choice of embedding and representation
now takes the following form,

Y (xa;q) == Ka(xa; ) X5 (fugy (x4 q)) - (3.2.35)
The K-factors admit a compact expression as a plethystic exponential [77],

qj+1

Ka(xx;q) := PE [Z — qx‘“ (xA)] : (3.2.36)

(adj)
j "

where the summation is over the terms appearing in the decomposition of
Eqn. (3.2.30) applied to the adjoint representation,

adj, = PR @ V; . (3.2.37)
J

Note that R(()adj) = adj;, @singlets. For the maximal puncture, corresponding
to the trivial embedding A,.« = 0, the wavefunction reads

wij)\%max (X, q) - Kmax(x; Q) XSR(X) y KmaX(X; q) = PE |:LX§C1J (X):|

l—q
(3.2.38)
At the other extreme, for the principal embedding A = p, the decomposition

of Eqn. (3.2.37)) reads

rank g

adj, = @ Va1 (3.2.39)
=1
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where {d;} are the degrees of invariants of g, so in particular d; =i + 1 for
su(n). We then find

rank g d;

Un(q) = PE [Z 1q_ q] X (fug,(q)) - (3.2.40)

%

For g = su(n), the fugacity assignment associated to the principal embedding
takes a particularly simple form,

n—3 n—1

fug,(q) = (¢"% .q"7 ... 7). (3.2.41)

Together, Eqns. (3.2.29)), (3.2.40), and provide an explicit expression
for the structure constants Cx(q).

Finally, let us recall the procedure for gluing two theories along maximal
punctures at the level of the index. Consider two theories Ty = T[g;Cy, ;3 {Ai}]
and T2 = T1[9;Cy,.5,; {Ai}], each of which are assumed to have at least one
maximal puncture. We denote their Schur indices as I%hur(q;a, ...) and
I%hur(q; b,...), where we have singled out the dependence on flavor fugaci-
ties a and b of the two maximal punctures that are going to be glued. As
usual, gluing corresponds to gauging the diagonal subgroup of the flavor sym-
metry G x G associated to the two maximal punctures. The index of the
glued theory is then given by

?{ dajA(a) Iy (¢;2) T (gia, ) T (gra,...) | (3.2.42)

where [da] := [}_, Qi‘;gj, A(a) is the Haar measure, and Iy (g; a) is the index

of an N = 2 vector multiplet in the Schur limit,

Iy(q;a) = PE {%Xadj(a)} = Kmax(a;9) ™ . (3.2.43)

If we write the indices of 7; and 75 in the form dictated by Eqn. ,
then the contour integral is rendered trivial because the K-factors in the
wave functions that are being glued cancel against the index of the vector
multiplet and the characters x§ are orthonormal with respect to the Haar
measure. The result is that we obtain an expression that takes the form of

Eqn. (3.2.28)), but with ¢ = g; + go and s = s1 + 59 — 2.

111



Higgsing and reduction of punctures: superconformal index

We will now argue that the expression given in Eqn. for the general
wavefunction of type A is dictated by the Higgsing procedure if one takes for
granted the formula given in Eqn. for the maximal wavefunction. In
fact, the argument we are about to present should be applicable outside of the
narrow context under consideration here, so for some parts of the argument
we will use a fairly general language.

We are interested in the relationship between the Schur limit of the su-
perconformal index of an N' = 2 SCFT and that of the low energy theory
at a point on the Higgs branch. It is a familiar feature of supersymmetric
indices that in some sense the only difference between the indices of UV
and IR fixed points is a possible redefinition of fugacities. In particular, if
a renormalization group flow is triggered by a vev that breaks some global
symmetry, then the fugacities dual to the broken generators must be set to
zero. Furthermore, if the index is to be interpreted as a superconformal in-
dex of the IR fixed point, then the appropriate R-symmetries that appear
in the superconformal algebra of that fixed point must be identified and the
fugacities redefined appropriately.

There are two related obstacles to applying this simple reasoning in many
cases. One is the appearance of accidental symmetries at the IR fixed point.
Fugacities dual to the generators of accidental symmetries cannot be intro-
duced in the UV description of the index, and so in particular if the su-
perconformal R-symmetry in the IR mixes with accidental symmetries, then
the superconformal index is inaccessible. The second obstacle is the possi-
ble presence of decoupled free fields in addition to the degrees of freedom
of interest at low energies. These two issues are related because whenever
decoupled free fields emerge at low energies, there will necessarily be an ac-
cidental global symmetry that acts just on those fields, and this symmetry
will generally contribute to the superconformal R-symmetry.

In nice cases it is possible to overcome these obstacles and write the
superconformal index of the IR theory in terms of that of the UV fixed point
in a fairly simple way. Sufficient conditions for us to be able to do this are:

e The only accidental symmetries at the IR fixed point are those associ-
ated to the decoupled Nambu-Goldstone bosons of spontaneous sym-
metry breaking.

e The Cartan generator of the su(2)r symmetry of the IR fixed point,
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when restricted to act on operators in the interacting sector, can be
identified and written as a linear combination of UV symmetries.

e The Higgs branch chiral ring operators that become the field operators
for Nambu-Goldstone bosons in the infrared are identifiable, and their
quantum numbers with respect to UV symmetries known.

When these conditions are met, the prescription for computing the index of
the IR fixed point is simple, and amounts to subtracting out the contributions
of the decoupled free fields to the index,

7, .
Tir(g;xmk) = lim Zuv(g:Xuv)

: 3.2.44
XUV —XIR INGB (q; XUV) ( )

Here xyv are the fugacities dual to the UV global symmetries, while xig are
those dual to the IR global symmetries. The two sets of fugacities are related
to one another by a specialization. The denominator on the right hand side
is the index of %NNGB free hypermultiplets, where Nygg is the number of
complex Nambu-Goldstone bosons at the chosen locus of the Higgs branch.
The only subtlety is that the contributions of these free hypermultiplets are
graded according to the charges of the Higgs branch chiral ring operator that
becomes the field operator for the Nambu-Goldstone boson in the IR, so we
have

Ro,x fo;
INGB<XUV; q) = PE (Z q—) . (3245)

The reason that Eqn. (3.2.44)) involves a limit is that the index will have a
pole at the specialized values of the fugacities. It is easy to see that this will
be the case because operators that acquire expectation values in the Higgs
branch vacuum of interest will always be uncharged under all of the fugacities
appearing in the specialized index. This invariably leads to a divergence in
the index.

Now let us return to the specific case of interest: the reduction of punc-
tures in class S theories. All of the conditions listed above are met. The
only accidental symmetries are those that act only on the decoupled Nambu-
Goldstone bosons arising from the spontaneous breaking of global and scale
symmetries. The Cartan generator of the low energy su(2)r (when restricted
to act in the interacting sector) was identified in Eqn. (3.2.25)). Finally, we
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know precisely which operators in the UV theory will become the field oper-
ators for the Nambu-Goldstone bosons (c¢f. Eqn. (3.2.27))). Consequently we
know how these decoupling operators are acted upon by the UV symmetries.

Describing the index of the (interacting part) of the IR theory resulting
from the Higgsing associated to an embedding A in terms of the theory with
maximal punctures is now a simple exercise. The relevant specialization
is accomplished by redefining the su(2)r Cartan in the index according to
Eqn. (3.2.25)), which leads to the replacement rule x — fug,(xs;q). The
character xg, is regular under this specialization. To check that we obtain the
expected wavefunction for the reduced puncture given in Eqns. and
(3.2.36)) it only remains to verify that the K-factors behave in the expected
manner. The fugacity replacement in the K-factor of the maximal puncture
leads to the following rewriting,

=

q q 2), 1 _
Kmax(a;q) = PE [HXadjg(a)} — PE iqZngadn(aA) X?};( Yg2,q77)] |
j J

(3.2.46)

(2)( 2 ’%) =S g™ we find

and upon expanding out the character X?/L; =D me—j

the expression
+1 il

¢’ q
Kmax(a; Q) — PE Z 1 _ qX:zA(_adj) (aA) PE 17_(] Z Xgé\(adj)(aA) Z qm
J ’ J ’

m=—j

(3.2.47)
The first factor here reproduces the K-factor of the reduced flavor puncture
given in Eqn. (3.2.36)). The second factor is strictly divergent because there
are constant terms in the plethystic exponent. However it is precisely this
second factor that is cancelled by the denominator in Eqn. (3.2.44). We
have been a little careless in this treatment by making a formal fugacity
replacement and then cancelling an infinite factor. A more rigorous treatment
proceeds via the limiting procedure described above, and produces the same
result.

3.3 Chiral algebras of class §

The organization of class S theories in terms of two-dimensional conformal
geometry has important implications for observables of these theories. In
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particular, any observable that is independent of exactly marginal couplings
should give rise to a (generalized) topological quantum field theory upon
identifying a given theory with its UV curve. As reviewed above, this insight
was originally exploited in the study of the superconformal index [74 [75), [76,
37]. Subsequently the strategy was formalized and extended to the case of the
(maximal) Higgs branch in [78]. There it was emphasized that this approach
has the additional benefit of providing a way to study the superstructure of
class § with some degree of mathematical rigor, evading problems associated
with the definition of interacting quantum field theories. The basic idea is
summarized in the following commutative diagram.

T [Cysi 05 {N\i}]

% X (3.3.1)

Po Ty

{Cosi {Ni}} » PIT [Cys; 0:{Ai}]]

For some protected observable P that can be defined for an N' = 2 SCFT,
one defines the composition IP o 7 that associates the observable in question
directly to a UV curve. When the observable is something relatively simple
— like the holomorphic symplectic manifolds studied in [78] — one should be
able to define this composition in a rigorous fashion without having to define
the more complicated 7g-functor at all.

In the present work we take as our “observable” the protected chiral
algebra, which is indeed independent of marginal couplings. The composition
X o 7Ty has as its image the chiral algebras of class S, which are labelled by
Riemann surfaces whose punctures are decorated by embeddings A : s[(2) —
sl(n). This class of chiral algebras has the form of a generalized topological
quantum field theory.

The aim of this section is to develop a basic picture of the structure of
this TQFT and to characterize it to the extent possible. In the first subsec-
tion, we make some general statements about the implications of the TQFT
structure from a physicist’s point of view. We also make a modest attempt
to formalize the predicted structure in a language closer to that employed in
the mathematics literature. In the second subsection, we discuss the basic
building blocks of the TQFT for the su(2) and su(3) cases. We also make
a conjecture about the general case. In the last subsection we make some
comments about the constraints of associativity and possible approaches to
solving for the class S chiral algebras at various levels of generality.
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(b) Cylinder
(c) Trinion

Figure 3.1: Elementary building blocks of a two-dimensional TQFT.

3.3.1 A TQFT valued in chiral algebras

In a physicist’s language, the type of generalized TQFT we have in mind
is specified by associating a chiral algebra with each of a small number of
(topological) Riemann surfaces with boundary, namely the genus zero sur-
face with one, two, or three boundary circles (see Fig.ﬂ We must further
give a meaning to the procedure of gluing Riemann surfaces along common
boundaries at the level of the chiral algebra. Self-consistency of the general-
ized TQFT then requires that the resulting structure be associative in that
it reflects the equivalence of Fig.[3.3]

The full class S structure is more complicated than can be captured by
this basic version of a generalized TQFT due to the possibility of choosing
nontrivial embeddings to decorate the punctures. We can partially intro-
duce this additional structure by allowing the decorated objects illustrated
in Fig.[3.2] For our purposes these will be thought of as decorated versions of
the cap and cylinder. In choosing this interpretation, we are ignoring the fact
that in class S one can in certain cases glue along a non-maximal puncture.
This fact plays an important role already in the basic example of Argyres-
Seiberg duality interpreted as a class S duality. These decorated fixtures will
also be required to satisfy certain obvious associativity conditions.

We can define the gluing operation for chiral algebras associated to these
elementary surfaces by knowing a few of the general features of these chiral

9Strictly speaking, this is a redundant amount of information because composing a
trinion with a cap produces a cylinder. In anticipating the fact that the chiral algebra for
the cap is somewhat difficult to understand, we are considering them independently.

116



algebras. Namely, it is guaranteed that the chiral algebras associated to these
surfaces will include affine current subalgebras associated to their boundary
circles. Indeed, to every full puncture in a class S theory of type su(n)
there is associated an su(n) global symmetry with central chaig_e\ kyq = 2n.

Correspondingly, the associated chiral algebra will have an su(n)_, affine
current subalgebra. Knowing this, the composition rule for chiral algebras
follows more or less immediately from the rules for gauging reviewed in Sec.
. Two legs with maximal punctures can be glued by introducing (b, ¢)
ghosts transforming in the adjoint of su(n) and passing to the cohomology
of a BRST operator formed with the diagonal combination of the two affine
current algebras.

0> i A]

(a) Decorated cap

(b) Decorated cylinder

Figure 3.2: Additional building blocks of a class S TQFT.

Given the fairly involved nature of this gluing operation, associativity
for the TQFT as illustrated in Fig. is an extremely nontrivial property.
Indeed, it is the reflection of generalized S-duality of the four-dimensional
SCFTs of class § at the level of chiral algebras. It is not a priori obvious
that it should even be possible to find chiral algebras for which this gluing
will satisfy the associativity conditions, and the existence of such a family of
chiral algebras is an interesting prediction that follows from the existence of
the class S landscape.

For the sake of the mathematically inclined reader, we can now formalize
this structure a bit more to bring the definition of this generalized TQFT into
line with the standard mathematical description. This type of a formalization
has also been presented by Yuji Tachikawa [89]. The structure in question
is a strict symmetric monoidal functor between two symmetric monoidal
categories that we outline now.
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Figure 3.3: Associativity of composition of T}, chiral algebras.

The source category

The source category is a decorated version of the usual bordism category
Bog. It has previously appeared in [78] for the same purpose. In fact, there
is a separate such category for each simply laced Lie algebra g (which for us

will always be su(n) for some n), and we will denote it as Bogg). The category
has the following structure:

The objects of Bogg) are the same as for the Boy — they are closed
oriented one-manifolds (i.e., disjoint unions of circles).

A morphism in Boy between two objects By and Bs is a two-dimensional
oriented manifold B that is a bordism from By to Bs. A morphism in
Boég) is a morphism from Boy that is additionally decorated by an
arbitrary finite number of marked points {s;}, each of which is labelled
by an embedding A; : su(2) — g.

Composition is the usual composition of bordisms by gluing along
boundaries.

The symmetric monoidal structure is given by taking disjoint unions.

This category has duality, which follows from the existence of left-
and right-facing cylinders for which the S-bordisms of Fig. are
equivalent to the identity.

The target category

The target category is a certain category of chiral algebras that we will call

CA,.

We define it as follows
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e The objects are finite tensor powers of the g affine current algebra at
the critical level. This includes the case where the power is zero, which
corresponds to the trivial chiral algebra for which only the identity
operator is present.

[e.9]

Obj(CA,) = [[ (®@"g-n) -

n=0

e Given two objects 07 = ®™g_,v and 05 = ®"g_pv, the morphisms
Hom(o4, 02) are conformal chiral algebras containing 01 ® 0y as a sub-
algebra. Note that this precludes a morphism which is just equal to
several copies of the critical affine Lie algebra, since there would be no
stress tensor.

e For x; € Hom(o1,05) and X2 € Hom(o0,, 03), the composition xs0x; €
Homy(o0,, 03) is obtained by the BRST construction of Sec. [3.2.1] That
is, one first introduces dim g copies of the (1,0) ghost system and then
passes to the cohomology of the nilpotent BRST operator relative to
the b-ghost zero modes,

X2 0 X1 = Hgrsr (¥ € X1 @ X2 ® X(b,0), } botp = 0) .
It is straightforward to show that this composition rule is associative.

e The symmetric monoidal structure is given by taking tensor products
of chiral algebras.

e The duality structure in this category is somewhat complicated and
involves the precise form of the chiral algebra that is the image of the
cylinder in Hom(S* U S*, &). We delay discussion of this chiral alge-
bra until Sec. For now, we define a weaker version of duality
— namely that there exists a certain action of (Zs)" on the collection
1,4 Hom((g-5v), (§-1v)?) that corresponds to the action of chang-
ing external legs of a bordism from ingoing to outgoing and vice versa.
This action is simple to describe. Note that a chiral algebra belonging
to the above collection of Hom spaces can be described as r copies of
the critical g current algebra along with (possibly infinitely many) addi-
tional generators transforming as modules. The primary states of each
such module with respect to the affine current algebras will transform
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Figure 3.4: Duality and the S-diagram.

in some representation R; ® --- ® R, of the global su(n)” symmetry.
The duality action associated to flipping the 7’th leg of a bordism then
acts as R; — R, and this action lifts to the full chiral algebra in the
obvious way.

The functor

A chiral algebra-valued TQFT of type g can now be defined as a functor that
realizes the horizontal arrow in diagram (3.3.1)),

XOTZBO(QQ)—>CAQ.

The image of such a functor in CA; defines a very interesting set of chiral
algebras. The necessary ingredients to define this functor are those outlined
in the previous discussion. Namely, we need to specify the images of the
basic topological Riemann surfaces in Fig. and the decorated versions
in Fig. In order for this to be a functor, the composition of Riemann
surfaces with three boundary components must be associative in the sense
of Fig. 3.3 A similar associativity condition is obtained by replacing any of
the boundary components in Fig. with a general decoration A.

The problem of including decorations can be self-consistently ignored in
order to focus on the subproblem in which the source category is the more
traditional bordism category Bo,. In the remainder of this section we will
address the problem of understanding this more basic version of the TQFT,
sometimes with the addition of simple punctures, but not the most general
case. The addition of arbitrary decorations will be discussed in Sec. [3.4]
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3.3.2 Lagrangian class S building blocks

The basic building blocks of class & SCFTs are the theories associated to
spheres with three punctures. Of these, the simplest case is the theory with
two maximal punctures and one minimal puncture. This is the only regular
configuration which gives rise to a Lagrangian theory for arbitrary choice of
ADE algebra. For the su(n) theory, it is the theory of n? free hypermultiplets,
so the associated chiral algebra is the theory of n? symplectic boson pairs,
see chapter 2] Though this chiral algebra has a full usp(2n?) symmetry, it
is natural to use a basis which makes manifest the su(n); x su(n)s x u(1)
symmetry associated to the punctures,
6;-52

q.(2)3(0) ~ ., di=1,....,n a=1,...,n. (3.3.2)
z

The currents generating the puncture symmetries are the chiral algebra rel-
atives of the moment map operators in the free hypermultiplet theory,

(Jsu(n)l)é‘(z) = - (QZLQ?)(Z) + %55(615@3)(2) )
(Jaum)o(2) = = (00@)(2) + 200(qe5)(2) (3.3.3)
Jun) (2) = = (q,G7)(2) -

The su(n) current algebras are each at level kg () = —n. Additionally, the

canonical stress tensor for this chiral algebra descends from the su(2) g current
of the free hypermultiplet theory

T(2) = (¢{0G)(2) — (Ga04])(2) - (3.34)

The central charge of the Virasoro symmetry generated by this operator is
given by ¢ = —n?.

These Lagrangian building blocks can be used to build up the chiral
algebras associated to any of the Lagrangian class S theories, i.e., to those
theories constructed from linear or circular quivers. For example, the chiral
algebras for /' = 2 superconformal QCD were studied in chapter 2], and these
theories are constructed from a pair of these free field trinions by gauging a
single su(n) symmetry. The TQFT structure associated to these Lagrangian
theories is already quite interesting, but we will not dwell on the subject
here since these Lagrangian constructions are only the tip of the iceberg for

class §. Indeed, from an abstract point of view there is a different set of
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theories that are the most natural starting point for an investigation of class
S chiral algebras. These are the chiral algebras associated to spheres with
three maximal punctures.

3.3.3 Trinion chiral algebras

Our first order of business should then be to understand the elementary
building blocks for class S chiral algebras of type g = su(n), which are the
trinion chiral algebras x[7T},]. In this section we will try to outline the general
properties of these chiral algebras. It is possible that these properties will
actually make it possible to fix the chiral algebras completely. It is a hard
problem to characterize these algebras for arbitrary n. Doing so implicitly
involves fixing an infinite amount of CFT data (i.e., operator dimensions and
OPE coefficients) for the T,, SCFTs, and this data is apparently inaccessible
to the usual techniques used to study these theories. Nevertheless, many
properties for these chiral algebras can be deduced from the structure of the
X map and from generalized S-duality.

Central charge

From the general results reviewed in Section [3.2.1] we know that the chiral
algebra of any T,, theory should include a Virasoro subalgebra, the central
charge of which is determined by the c-type Weyl anomaly coefficient of the
parent theory according to the relation coy = —12c4q. The central charges
of the T,, theories have been computed in [90], and from those results we
conclude that the corresponding chiral algebras will have Virasoro central
charges given by

coa(X[To]) = —2n® +3n* +n — 2. (3.3.5)

For any value of n the Virasoro central charge predicted by this equation is an
even negative integer. These chiral algebras will necessarily be non-unitary,
as is always the case for the protected chiral algebras of four-dimensional
theories. For reference, we display the Virasoro central charges for x[71,,] for
low values of n in Table 3.2
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n ‘ 2 3 4 b} 6 7
cm‘ -4 =26 -78 =172 =320 534

Table 3.2: Central charges of the chiral algebras x[7,,] for small values of n.

Affine current subalgebras

Global symmetries of the T}, theories imply the presence of chiral subalgebras
that are isomorphic to the affine current algebras for the same symmetry
algebra. The levels kog of these affine current algebras are fixed in terms of
the four-dimensional flavor central charges k44 according to kogy = —%k4d. The
T,, theories have su(n)? global symmetry with each su(n) factor associated
to one of the punctures on the UV curve. The flavor central charge for each
su(n) is given by kyq = 2n. Consequently, the chiral algebras x[7,,] will have
affine current subalgebras of the form

su(n)_, x su(n)_, x su(n)_, € X[T,] (3.3.6)
Note that koy = —n is the critical level for an w/(n\) current algebra, which

means that the Sugawara construction of a stress tensor fails to be normal-
izable. The chiral algebras x[T,,] will still have perfectly good stress tensors,
but they will not be given by the Sugawara construction. Precisely the crit-
ical affine current algebra su(n)_, has been argued in [26] to describe the
protected chiral algebra that lives on maximal codimension two defects of
the six-dimensional (2,0) theory in flat six dimensional space. Its reappear-
ance as a subalgebra of the class § chiral algebra is then quite natural. It
would be interesting to develop a better first-principles understanding of the
relationship between BPS local operators supported on codimension two de-
fects in six dimensions and local operators in the class S theories obtained
by compactification in the presence of said defects.

Chiral algebra generators from the Higgs branch

A definitive characterization of the generators of the protected chiral al-
gebra in terms of the operator spectrum of the parent theory is presently
lacking. However, as we reviewed in Section any generator of the Hall-
Littlewood chiral ring is guaranteed to a generator of the chiral algebra. For
the T,, theories, the Hall-Littlewood chiral ring is actually the same thing as
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the Higgs branch chiral ring due to the absence of D and D multiplets in
genus zero class S theories. The list of generators of the Higgs branch chiral
ring is known for the T, theories, so we have a natural first guess for the list
of generators of these chiral algebras.

In the interacting theories (all but the T case), the moment map op-
erators for the flavor symmetry acting on the Higgs branch are chiral ring
generators. The corresponding chiral algebra generators are the affine cur-
rents described above. There are additional generators of the form [84]

Q{;)Iﬂ?» , (=1,---,n—1. (3.3.7)
These operators are scalars of dimension A = ¢(n — ¢) that transform in
the A’ representation (the /-fold antisymmetric tensor) of each of the su(n)
flavor symmetries. There must therefore be at least this many additional
chiral algebra generators. We may denote these chiral algebra generators as

These operators will have dimension h, = 3¢(n — (), so for n > 3 we are
guaranteed to have non-linear chiral algebras.

For n > 3 the stress tensor must be an independent generator of the
chiral algebra. This is because the stress tensor can only be a composite
of other chiral algebra operators with dimension h < 1. For an interacting
theory there can be no chiral algebra operators of dimension h = 1/2, so the
only possibility is that the stress tensor is a Sugawara stress tensor built as
a composite of affine currents. This can only happen if the su(n)? symmetry
is enhanced, since as we have seen above the affine currents associated to
the su(n) symmetries are at the critical level and therefore do not admit
a normalizable Sugawara stress tensor. Such an enhancement of the flavor
symmetry only happens for the n = 3 case, as will be discussed in greater
detail below.

Let us now consider the two simplest cases of trinion chiral algebras:
n = 2 and n = 3. These are both exceptional in some sense compared to our
expectations for generic n, which will ultimately makes them easier to work
with in our examples.

The x[T5] chiral algebra

In the rank one case, the trinion SCF'T is a theory of free hypermultiplets.
This case is exceptional compared to the general free hypermultiplets dis-
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cussed in Section because for su(2) the maximal puncture and minimal
puncture are the same, so the minimal puncture also carries an su(2) flavor
symmetry, and instead of n? hypermultiplets transforming in the bifunda-
mental of su(n) x su(n), one instead describes the free fields as 23 = 8 half
hypermultiplets transforming in the trifundamental representation of su(2)3.
Consequently the symplectic bosons describing this theory are organized into
a trifundamental field gup.(z) with a,b,c = 1,2, with OPE given by

€aa’ bt/ Ecc!
z—w

qabc(z)Qa’b’c’<w> ~ (339)

Each of the three su(2) subalgebras has a corresponding 511/(3)72 affine current

algebra in the chiral algebra. For example, the currents associated to the first
puncture are given by

1 / /
Ji(2) = =€ e (qeqve)(2)

2
1 / /

Jl_(z) = §6bb € (QQbCQQb’c’)(Z) 5 (3310)
]. / /

Jlo(z) = ZEbb € 1 (qbeqave ) (2) + (qaveqive ) (2)

The currents associated to the second and third punctures are constructed
analogously. The stress tensor is now given by

T(Z) = eaalﬁbeECC/(qabcaqwb’c’)('z> 5 (3311)

with corresponding Virasoro central charge given by coq = —4.

In this simple case it is easy to explicitly compare the Schur superconfor-
mal index for the T; theory with the vacuum character of the chiral algebra.
The Schur index has appeared explicitly in, e.g., [75]. It is given by a single
plethystic exponential,
q2

Z(¢;a,b,c) = PE Xo(a)xo(b)xo(c)| . (3.3.12)

This is easily recognized as the vacuum character of the symplectic boson
system defined here. The only comment that needs to be made is that there
are no null states that have to be removed from the freely generated char-
acter of the symplectic boson algebra. In the next example this simplifying
characteristic will be absent.
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Crossing symmetry, or associativity of gluing, was investigated for this
chiral algebra in chapter [2l There it was proposed that the complete chiral

algebra obtained when gluing two copies of x[T5] is the 50/@ affine current
algebra at level k;,3) = —2, and this proposal was checked up to level h = 5.
If the chiral algebra of the four-punctured sphere is precisely this current
algebra, then the crossing symmetry relation is implied immediately. This is
because the s0(8) current algebra has an automorphism as a consequence of
triality that exchanges the su(2) subalgebras in accordance with Figure [3.3]
If one/@uld prove that the solution to the BRST problem for this gluing is

the s0(8) current algebra, one would therefore have a proof of generalized
S-duality at the level of the chiral algebra for all rank one theories of class
S. We hope that such a proof will turn out to be attainable in the future.

The x[73] chiral algebra

The T3 theory is the rank-one eg theory of Minahan and Nemeschanksky [61].
Before describing its chiral algebra, let us list a number of known properties
of this theory.

e The a and ¢4y anomaly coefficients are known to be given by a = 2L

24

and ¢y = %3.

e The global symmetry is g, for which the flavor central charge is k., = 6.
This is an enhancement of the su(3)® symmetry associated with the
punctures. It can be understood as a consequence of the fact that the
extra Higgs branch generators have dimension two in this case, which
means that they behave as moment maps for additional symmetry gen-
erators.

e The Higgs branch of this theory is the ¢g one-instanton moduli space,
which is the same thing as the minimal nilpotent orbit of eg. This
property follows immediately from the realization of this theory as a
single D3 brane probing an e¢g singularity in F-theory.

e A corollary of this characterization of the Higgs branch is that the Higgs
branch chiral ring is finitely generated by the moment map operators
pa for A=1,...,78, subject to the Joseph relations (see e.g. [64]),

(h® “”1@650 =0.
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e The superconformal index of the T3 theory was computed in [76]. This
leads to a formula for the Schur limit of the index given by

Ir,(q) =1 + ¢X[0,0,0,0,0,1]
+ QQ(X[0,0,0,0,0,2] + X[0,00001] + 1)
+ qg(X[o,o,o,o,o,s] + X[0,0,0,0,0,2] + X[0,0,1,0,0,0] T 2 X[0,0,0,0,0,1] + 1)
+ q4(X[0,0,0,0,0,4] + X[0,0,0,0,0,3] T X[0,0,1,0,0,1] T 3 X[0,0,0,0,0,2]
+ X[0,0,1,0,0,0] T X[1,0,0,0,1,0] T 3 X[0,0,0,0,0,1] 1 2)
+...

where we denoted the e¢g representations by their Dynkin labels and
suppressed the fugacity-dependence.

The only chiral algebra generators that are guaranteed to be present on
general grounds are the seventy-eight affine currents that descend from the
four-dimensional moment map operators. The level of the affine current
algebra generated by these operators will be £ = —3. Note that this is not
the critical level for ¢g. The su(3)® symmetry associated to the punctures
is enhanced, and criticality of the subalgebras does not imply criticality of
the enhanced symmetry algebra. For this reason, it is possible to construct
a Sugawara stress tensor for the current algebra that is properly normalized,
and indeed the correct value of the central charge is given by

-3 dlm(eﬁ)

= CSugawara -
-3+ hy, s

Cog = —26 = (3.3.13)

One then suspects that the chiral algebra does not have an independent

stress tensor as a generator, but instead the Sugawara construction yields the

true stress tensor. Indeed, this was proven in chapter 2| to follow from the

saturation of certain unitarity bounds by the central charges of this theory.
This leads to a natural proposal for the x[T3] chiral algebra:

Conjecture 4 The chiral algebra for the rank one Eg theory, also known as
T3, 1s i.somorphic to the Eg affine Lie algebra at level kog = —3.

The singular OPEs of the seventy-eight affine currents are fixed to the canon-
ical formm
—~30an , fan Jo(0)

22 z

Ja(2)Jp(0) ~

(3.3.14)

00ur conventions are that the roots of eg have squared length equal to two.
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It is natural to consider the subalgebra su(3)® C ¢g associated to the three
punctures on the UV curve and to decompose the currents accordingly. The
adjoint representation of e decomposes as

78 — (8,1,1)+(1,8,1)+(1,1,8)+(3,3,3)+(3,3,3) .  (3.3.15)

The affine currents are therefore rearranged into three sets of su(3) affine
currents along with one tri-fundamental and one tri-antifundamental set of
dimension one currents,

Ja(z) — {NEE) L I E) L NG Walz) , W(2) }
(3.3.16)
The singular OPEs for this basis of generators are listed in Appendix [B.1]
It is perhaps interesting to note that given this list of generators and the
requirement that the su(3) current algebras are all at the critical level, the
only solution to crossing symmetry for the chiral algebra that includes no
additional generators is the ¢¢ current algebra with k& = —3. So the chi-
ral algebra is completely inflexible once the generators and their symmetry
properties are specified.
A nice check of the whole story is that the Joseph relations are reproduced
automatically by the chiral algebra. For the non-singlet relation, this follows
in a simple way from the presence of a set of null states in the chiral algebra.

| Pata(Jads) ()| =0 <= (1@ p)|g =0, (3.3.17)

where P4E is a projector onto the 650 representation. These states are only
null at this particular value of the level, so we see a close relationship between
the flavor central charge and the geometry of the Higgs branch. Similarly, the
singlet relation follows from the identification of the Sugawara stress tensor
with the true stress tensor of the chiral algebra,

1

T(z) = S

(Jada)(z) <= (u®p)|,=0. (3.3.18)
So in this relation we see that the geometry of the Higgs branch is further
tied in with the value of the c-type central charge in four dimensions.

Note that these successes at the level of reproducing the Higgs branch
chiral ring relations follow entirely from the existence of an ¢g current algebra
at level £ = —3 in the chiral algebra. However what is not necessarily
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implied is the absence of additional chiral algebra generators transforming as
some module of the affine Lie algebra. We can test the claim that there are
no additional generators by comparing the partition function of the current
algebra to the Schur limit of the superconformal index for T3 (cf. [76]) [[] This
comparison is made somewhat difficult by the fact that affine Lie algebras
at negative integer dimension have complicated sets of null states in their
vacuum module, and these must be subtracted to produce the correct index.
The upshot is that up to level four, the vacuum character does indeed match
the superconformal index. In order for this match to work, it is crucial that
the ¢ current algebra has certain null states at the special value k = —3.
In Table (3.3 we show the operator content up to level four of a generic
‘¢s current algebra along with the subtractions that occur at this particular
value of the level. It is only after making these subtractions that the vacuum
character matches the Schur index. Thus we conclude that if there are any
additional generators of the x[T3] chiral algebra, they must have dimension
greater than or equal to five.

A more refined test of our identification of the x[7T3] chiral algebra comes
from the requirement of compatibility with Argyres-Seiberg duality [47]. The
meaning of Argyres-Seiberg duality at the level of the chiral algebra is as fol-
lows. Introduce a pair of symplectic bosons transforming in the fundamental
representation of an su(2) flavor symmetry,

5B

1a(2)3?(0) ~ % , a,f=1,2. (3.3.19)
In this symplectic boson algebra one can construct an su(2) current algebra
at level £ = —1. Now take the e¢s current algebra and consider an su(2) x
su(6) C eg maximal subalgebra. The su(2) current algebra coming from this
subalgebra has level & = —3. Thus the combined level of the symplectic-
boson-plus-x[73] system is kyy = —4, and consequently this current algebra
can be gauged in the manner described in Section by introducing a
(b,c) ghost system in the adjoint of su(2) and passing to the cohomology
of the appropriate BRST operator. The resulting chiral algebra should be
identical to the chiral algebra obtained by taking two copies of the n = 3 free

HBecause the current algebra is entirely bosonic, the Zy graded vacuum character is the
same as the ungraded vacuum character. Indeed, it is a prediction of our identification
of the x[T3] chiral algebra that there are no cancellations in the Schur index between
operators that individually contribute.
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dimension eg representations with multiplicities mgeneric/mME=—3

[ ] [ ]
2/1 % [0,0,1,0,0,1], 1/0 x [ ], 3/0 x| ]
2/0 x [0,0,0,1,1,0], 5/3 x[0,0,0,0,0,2], 3/1x [0,0,1,0,0,0],
6/3 x [0,0,0,0,0,1], 3/2x[0,0,0,0,0,0], 1 x[0,0,0,0,0,3],

0,1,0,1,0,0 1,0,0,0,1,1

9

0 1 x[0,0,0,0,0,0]
1 1 x[0,0,0,0,0,1]
2 1 x[0,0,0,0,0,2], 1/0x[1,0,0,0,1,0], 1 x[0,0,0,0,0,1],
1 x[0,0,0,0,0,0]
3 1 x[0,0,0,0,0,3], 1/0x[1,0,0,0,1,1], 1 x[0,0,0,0,0,2],
2/0 x [1,0,0,0,1,0], 3/2x[0,0,0,0,0,1], 1 x [0,0,0,0,0,0]
2/1 % [0,0,1,0,0,0],
4 1 x[0,0,0,0,0,4], 1/0x [1,0,0,0,1,2], 1/0 x [2,0,0,0,2,0],
[ ]
[ ]
[ ]
[ ]

2/0 % [1,1,0,0,0,0], 6/1 x [1,0,0,0,1,0]

Table 3.3: The operator content of the ¢s current algebra up to dimension
four. The first multiplicity is valid for generic values of the level, i.e., any
value of k where null states are completely absent. The second multiplicity
is valid for k£ = —3, and if no second multiplicity is given then the original
multiplicity is also the correct one for £ = —3. These latter multiplicities
precisely reproduce the coefficients appearing in the Schur superconformal
index for the T3 theory.

130



hypermultiplet chiral algebra of Section and gauging a diagonal su(3)
current algebra. This comparison is detailed in Appendix [B.1]

Although we have not been able to completely prove the equivalence of
these two chiral algebras (the BRST problem for this type of gauging is not
easy to solve), we do find the following. On each side of the duality, we are
able to deterrgige the generators of dimensions h = 1 and h = 3/2 which

amount to a u(6) 4 current algebra in addition to a pair of dimension h =
% generators transforming in the tri-fundamental and tri-antifundamental
representations of u(6), with singular OPEs given by

bi1i2i3 (Z)b] (0) ~ 3 — 2
18 0 T2 723 (0) — 18 6716720772 (0) ( |
. 3.3.20

_|_

z

Thus these operators in addition to the u(6) currents form a closed W-algebra
which is common to both sides of the duality. We expect that these W-
algebras are in fact the entire chiral algebras in question. However, it should
be noted that the existence of this W-algebra actually follows from what
we have established about the X[T3] chiral algebra without any additional
assumptions. That is to say, the possible addition of generators of dimension
greater than four could not disrupt the presence of this W-algebra. In this
sense, common appearance of this algebra can be taken as a check of Argyres-
Seiberg duality that goes well beyond the check of [64] at the level of the
Higgs branch chiral ring. It not only implies a match of a much larger set of
operators than just those appearing in the chiral ring, but it also amounts to
a match of the three-point functions for those operators, which include the
Higgs branch chiral ring operators.

Finally, let us mention one last consistency check on the identification of
X|[T3] to which we will return in Section[3.4.4f When one of the three maximal
punctures of the T3 theory is reduced to a minimal puncture by Higgsing,
the resulting theory is simply that of nine free hypermultiplets transforming
in the bifundamental representation of the remaining su(3) x su(3) flavor
symmetry (along with a u(1) baryon number symmetry associated to the
minimal puncture). Therefore if we have correctly identified the Xx[T3] chi-
ral algebra, then it should have the property that when the corresponding
reduction procedure is carried out, the result is the symplectic boson chiral
algebra of Section |3.3.2l The proposal we have given will indeed pass this
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check, but we postpone the discussion until after we present the reduction
procedure in Section |3.4

A proposal for x[T,]

We have seen above that for ranks one and two, the trinion chiral algebras
are finitely generated (in the chiral algebra sense) by currents that descend
from four-dimensional generators of the Higgs branch chiral ring. We know
from the results of chapter [2] that this cannot be a characterization that
holds true for the chiral algebra of an arbitrary N = 2 SCFT. Moreover,
in an interacting theory where the su(n)® symmetry is not enhanced to a
larger global symmetry algebra, the chiral algebra stress tensor cannot be the
Sugawara stress tensor of the dimension one currents. This follows from the
fact that the su(n) current algebras are at the critical level, so the Sugawara
construction fails to produce an appropriate stress tensor. Therefore there
must be at least an additional generator corresponding to the stress tensor.
Aside from that, the analysis of the index performed in chapter {4] indicates
that there are more higher dimensional singlet generators, leading to the
conjecture

Conjecture 5 (7, chiral algebra) The T,, chiral algebra x(T,) is gener-
ated by

o The set of operators, H, arising from the Higgs branch chiral ring:

— Three su(n) affine currents J',J?, J3, at the critical level kog =
—n, one for each factor in the flavor symmetry group of the theory,

— Generators W® k=1, ... n—1in the (A*, N*, A¥) representa-
tion of ®§:1 su(n);, where A¥ denotes the k—index antisymmetric

k(n—k)

representation of su(n). These generators have dimensions =5,

e Operators O;, 1 = 1,...n — 1, of dimension h; = 1 + 1 and singlets
under ®?:1 su(n);, with the dimension 2 operator corresponding to the
stress tensor T of central charge cog = —2n® +3n% +n — 2,

modulo possible relations which set some of the operators listed above equal
to composites of the remaining generators.
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At any n > 4, the very existence of such a W algebra is quite nontrivial,
since for a randomly chosen set of generators one doesn’t expect to be able
to solve the associated Jacobi identities. In fact if the singular OPEs of
such a W algebra can be chosen so that the algebra is associative, it seems
likely that the requirements of associativity will completely fix the structure
constants, rendering the chiral algebra unique. It is worth observing that
precisely such uniqueness occurs in the case of the T3 chiral algebra. The
characterization given by the conjecture above for n = 3 doesn’t explicitly
imply ¢g symmetry enhancement, but the unique chiral algebra satisfying
the requirements listed is precisely the eg current algebra at the appropriate
level. A similar uniqueness result for the Ty chiral algebra will be presented
in chapter

Before moving on, let us extrapolation a bit from Conjecture |5 to make
a further conjecture that, while not extremely well-supported, is consistent
with everything we know at this time.

Conjecture 6 (Genus zero chiral algebras) The protected chiral algebra
of any class S SCFT whose UV curve has genus zero is a VV algebra whose
only generators are a stress tensor and the additional currents associated
to Higgs branch chiral ring generators of the four-dimensional theory. In
the special case when the central charge is equal to its Sugawara value with
respect to the affine currents, then the stress tensor is a composite.

The modest evidence in favor of this proposal is that genus zero theories have
honest Higgs branches with no residual U(1) gauge fields in the IR, so they
don’t have any of the additional N' = 1 chiral ring generators discussed in
Section [3.2.1] Additionally the examples of chapter [2| for which there were
chiral algebra generators unrelated to four-dimensional chiral ring generators
was a genus one and two theories. It would be interesting to explore this
conjecture further; even in the Lagrangian case.

3.3.4 A theory space bootstrap?

Chiral algebras of general theories with maximal punctures can be con-
structed from the T, chiral algebra by means of the BRST procedure re-
viewed in Sec. Namely, let us suppose that we are handed the chiral
algebra T associated to some (possibly disconnected) UV curve with at least
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Figure 3.5: Gluing together maximal punctures.

two maximal punctures, that we will label L and R. The chiral algebra asso-
ciated to the UV curve where these two punctures are glued together, which
we will call Tgueq is obtained in two steps. We first introduce a system of
n? —1 (b, c) ghost pairs of dimensions (1,0),

5,8

m@yﬁwywz_w, AB=1,....,n* 1. (3.3.21)

These are taken to transform in the adjoint representation of su(n), and we
can construct the su(n) affine currents for that symmetry accordingly,

JU(2) = —f15°(cPbe)(2) . (3.3.22)

The ghost current algebra has level k;z’c) = 2hY = 2n. The chiral algebra
of the glued configuration is now defined in terms of the ghosts and the
chiral algebra of the original system by the BRST procedure of Sec.[3.2.1]
In addition to su(n) currents coming from the ghost sector, there will be
two more su(n) currents J4(z) and JE(z) associated to the two punctures
being glued. A nilpotent BRST operator is defined using these various su(n)
currents,

dz

Q)BRST ‘= TjBRST(Z) , (3.3.23)
)

jersT(2) 1= (TN (2) + (T (2) + %(CAJZC)(,Z) : (3.3.24)

The nilpotency of QprsT requires that the sum of the levels of the two matter
sector affine currents be given by k; + kr = —2hY. As usual, this is a
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reflection of the requirement that the beta function for the newly introduced
four-dimensional gauge coupling vanishes. The new chiral algebra is given
by

X[Tanea] = Hipsr [¥ € X[T] @ X(pe) | botb = 0] . (3.3.25)

Using this gluing procedure, one may start with a collection of disconnected
X[T,] chiral algebras and build up the chiral algebra for an arbitrary gener-
alized quiver diagram with maximal punctures.

The deepest property of the chiral algebras obtained in this manner, which
is also the principal condition that must be imposed in order for the map
described in the previous section to be a functor, is that they depend only
on the topology of the generalized quiver. Of course this is the chiral algebra
reflection of generalized S-duality in four dimensions, and follows from the
more elementary requirement that the gluing described here is associative
(alternatively, crossing-symmetric) in the manner represented pictorially in
Fig.[3.3] This is a very strict requirement, and it is conceivable that the
X[T,] chiral algebras might be the unique possible choices for the image of
the trinion in CAgy,) that satisfy this condition. Indeed, this requirement of
theory-space crossing symmetry imposes a strong constraint on any proposal
for the x[T},] chiral algebras. For the x[T3] theory, where we have a proposal
for the chiral algebra, it would be interesting to investigate this associativity
condition. For the general case, it is interesting to ask whether this constraint
might help to determine the appropriate trinion chiral algebras. At present,
we see no obvious strategies that would utilize this direct approach.

Although we will have more to say about reduced punctures in Sec.[3.4]
we should point out that the associativity conditions described here apply
equally well to the case when not all punctures are maximal. A particularly
interesting case that we can consider immediately is when one puncture is
minimal. In this case, the requirement of associativity is the one illustrated
in Fig.|3.6] This relation is interesting because the theory with two maximal
punctures and one minimal puncture is a known quantity — the free hyper-
multiplet chiral algebra of Sec. — and so the relation amounts to probing
the unknown trinion chiral algebra by coupling it to a known theory. One
may hope that this is a sufficient condition in place of the full 7;, associativity
from which to try to bootstrap the class S chiral algebras. In fact, as we
will see in the next section, this condition does follow directly from the full
puncture condition, though the converse is not obvious.

Leaving direct approaches to the theory space bootstrap as an open prob-
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Figure 3.6: Associativity with respect to gluing in free hypermultiplets.

lem, let us note that associativity combined with the conjectures of the pre-
vious subsection provide a very constraining framework within which we can
attempt to characterize various class & chiral algebras. Namely, Conjecture
[6] suggests a list of generators for an arbitrary genus zero chiral algebra, and
the requirement of associativity implies the presence of an automorphism
that acts as permutations on the su(n) subalgebras associated to the various
punctures. This permutation symmetry vastly constrains the possible OPE
coefficients of the aforementioned generators, which leads to a straightfor-
ward problem of solving the Jacobi identities for such a chiral algebra.

As a simple example of this approach, let us consider the rank one chiral
algebra associated to the sphere with five punctures. In this case, the chiral
algebra generators associated to Higgs branch chiral ring generators are five
sets of su(2) affine currents at level £ = —2 along with a single additional
generator of dimension h = 3/2 with a fundamental index with respect to
each su(2) symmetry. Since this is a generic case, the stress tensor will be an
independent generator. If Conjecture[6]is correct, then there should be a W-
algebra with precisely these generators that, due to associativity, has an Sj
automorphism group that acts as permutations on the five su(2) subalgebras.
Consequently, the number of independent parameters in the singular OPE
of the Wh-algebra generators is quite small. The only singular OPE not fixed
by flavor symmetries and Virasoro symmetry is that of two copies of the
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quinfundamental field,

€aa €EbY Ecc’ €dd’ Ece!
Qabede(2)Quyerare (W) ~ 2 G _ch)3 =4 (3.3.26)
n S aar €ply €cer €dd Ece —|—2permutations) (3.3.27)
(z —w)

N (BT + fy(efflegg’ Jngf’g’ +4 more))eaa,ebb/eccleddleeel
(2 —w)

(3.3.28)

n C(OJ g €y €cer €dar €cer + PErmMutations) n N(Jaa Job €ccr €4 €eer + Permutations)

zZ—w (z —w)
(3.3.29)

The parameters «, § and ( are constrained in terms of the central charges
¢ = —24 and k = —2 by comparing with the (QQT) and (QQ.J) three-point
functions:

1 1
8f+Wy=1, (=, a=g. (3.3.30)

This leaves a total of two adjustable parameters, which we may take to be
{v,n}. Tt is a highly nontrivial fact then that the Jacobi identities for this
W-algebra can indeed be solved for a unique choice of these parameters,

L ! 3.3.31
Interestingly, this solution of crossing symmetry is special to the su(2) level
taking the critical value £ = —2 and the Virasoro central charge taking the
expected value coy = —24. Had we not fixed them by hand, we could have
derived them from crossing symmetry here.

We consider the existence and uniqueness of this solution as strong evi-
dence in favor of the validity of Conjecture [6] in this instance, seeing as the
existence of such a W-algebra would otherwise be somewhat unexpected.
Indeed, this characterization of the class S chiral algebras becomes all the
more invaluable for non-Lagrangian theories. See chapter [4] for a discussion
of the case of x[T}].

V=

3.4 Reduced punctures

The T,, building blocks outlined in Sec. only allow us to construct class
S chiral algebras associated to undecorated UV curves, while the inclusion
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of the free hypermultiplet chiral algebras of Sec. [3.3.2] allow for decoration by
minimal punctures only. The purpose of this section is to develop the tools
necessary to describe theories that correspond to UV curves with general
non-trivial embeddings decorating some of their punctures.

From the TQFT perspective, the most natural way to introduce the nec-
essary additional ingredients is to find a chiral algebra associated to the
decorated cap of Fig. [3.2a] This turns out not to be the most obvious ap-
proach from a physical perspective since the cap doesn’t correspond to any
four-dimensional SCFTB Rather, it is more natural to develop a procedure
for reducing a maximal puncture to a non-maximal that mimics the Higgs-
ing procedure reviewed in Sec.[3.2.2] Naively, the four-dimensional Higgsing
prescription need not lead to a simple recipe for producing the chiral algebra
of the Higgsed theory in terms of that of the original theory. This is be-
cause the Higgsing spontaneously breaks the superconformal symmetry that
is used to argue for the very existence of a chiral algebra, with the theory only
recovering superconformal invariance in the low energy limit. Consequently
one could imagine that the Higgsing procedure irrecoverably requires that
we abandon the chiral algebraic language until reaching the far infrared.

Nevertheless, it turns out that the chiral algebra does admit its own Hig-
gsing procedure that has the desired result. Such a procedure cannot literally
amount to Higgsing in the chiral algebra, because quantum mechanically in
two dimensions there are no continuous moduli spaces of vacua. The best
that we can do is to try to impose a quantum-mechanical constraint on the
chiral algebra. A natural expectation for the constraint is that it should
fix to a non-zero value the chiral algebra operator that corresponds to the
Higgs branch chiral ring operator that gets an expectation value. This means
imposing the constraint

Jo_(2)=A, (3.4.1)

where T,,_ = A(t_). Here A is a dimensionful constant that will be irrelevant
to the final answer as long as it is nonzero. We might also expect that we
should constrain some of the remaining currents to vanish. A motivation for
such additional constraints is that when expanded around the new vacuum on
the Higgs branch, many of the moment map operators become field operators
for the Nambu-Goldstone bosons of spontaneously broken flavor symmetry,
and we want to ignore those and focus on the chiral algebra associated to

121t does however correspond to a true compactification of the six-dimensional (2,0)
theory [91]. We will return to the notion of such a decorated cap in Sec.
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just the interacting part of the reduced theory.
There happens to be a natural conjecture for the full set of constraints
that should be imposed. This conjecture is as follows:

Conjecture 7 The chiral algebra associated to a class S theory with a punc-
ture of type A is obtained by performing quantum Drinfeld-Sokolov (¢DS)
reduction with respect to the embedding A on the chiral algebra for the theory
where the same puncture is mazimal.

Quantum Drinfeld-Sokolov in its most basic form is a procedure by which one
obtains a new chiral algebra by imposing constraints on an affine Lie algebra
g, with the constraints being specified by an embedding A : su(2) — g. In
the case of interest to us, the chiral algebra on which we will impose these
constraints is generally larger than just an affine Lie algebra. Nevertheless,
these constraints can still be consistently imposed in the same manner. This
conjecture therefore amounts to a choice of the additional constraints beyond
that should be imposed in order to reduce a puncture. It is interesting
to note that the right set of constraints will turn out to fix only half of the
currents that are expected to become Nambu-Goldstone bosons. We will see
that the removal of the remaining Nambu-Goldstone bosons occurs in a more
subtle manner.

Before delving into the details, we should make the observation that this
answer is not unexpected in light of the pre-existing connections between non-
maximal defects in the (2,0) theory and DS reduction [92, 83]. Though a
sharp connection between the AGT story and the protected chiral algebra
construction is still lacking, we take this as a positive indication that such
a connection is there and remains to be clarified. We now turn to a more
precise description of qDS reduction for chiral algebras with affine symmetry.
We will first develop the general machinery for performing such a reduction
in the cases of interest, whereafter we will perform a number of tests of the
claim that this is the correct procedure for reducing the ranks of punctures
in class S chiral algebras.

3.4.1 Quantum Drinfeld-Sokolov for modules

Quantum Drinfeld-Sokolov reduction is a procedure for imposing a set of
constraints given below in Eqn. (3.4.3) at the quantum level for an affine Lie
algebra g at any level. In the following discussion, we will closely follow the
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analysis of [93] (see also [94] for a similar discussion for finite dimensional
algebras). Although traditionally the starting point for this procedure is a
pure affine Lie algebra, our interest is in the case of a more general chiral
algebra with an affine Lie subalgebra at the critical level. Said differently,
we are interested in performing qDS reduction for nontrivial g_,v modules.
We will utilize essentially the same spectral sequence argument as was used
in [93]. Some basic facts about spectral sequences are collected in Appendix
[B.3] for the convenience of the reader.

The general setup with which we are concerned is the following. We begin
Witlf\chiral algebra (for simplicity we take it to be finitely generated) with

an su(n), affine subalgebra. We denote the generating currents of the affine
subalgebra as J4(z), while the additional generators of the chiral algebra will
be denoted as {¢(2)}, each of which transforms in some representation R;
of su(n).

We now choose some embedding A : su(2) < su(N), for which the images
of the su(2) generators {to,¢;,¢_} will be denoted by {A(to), A(ty), A(t_}.
The embedded Cartan then defines a grading on the Lie-algebra,

0= P on.  gn={Tucg|adig)Ta=mTu} . (3.4.2)

mE%Z

When the embedded Cartan is chosen such that some of the currents have
half-integral grading, then some of the associated constraints are second-class
and cannot be enforced by a straightforward BRST procedure. Fortunately,
it has been shown that one may circumvent this problem by selecting an
alternative Cartan generator ¢ which exhibits integer grading and imposing
the corresponding first class constraints [95], [94] 93]. We will adopt the con-
vention that an index « (&) runs over all roots with negative (non-negative)
grading with respect to d, while Latin indices run over all roots. The first-
class constraints to be imposed are then as follows,

Jo = Abaa_ (3.4.3)

where A(t_) = T,_. These constraints are imposed a la BRST by introducing
dimension (1,0) ghost pairs (¢, b,) in one-to-one correspondence with the
generators T,. These ghosts have the usual singular OPE
0%
c*(2)bs(0) ~ — | (3.4.4)
z
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and allow us to define a BRST current

1
d(2) = (Jo(2) = Aboa) €*(2) = 5 fu " (b3(c""))(2) - (3.4.5)
The reduced chiral algebra is defined to be the BRST-cohomology of the
combined ghost/matter system. Note that this definition is perfectly reason-
able for the case where we are reducing not just the affine current algebra,
but a module thereof. The presence of the module doesn’t modify the system
of constraints of the BRST differential, but as we shall see, the operators in
the modules will be modified in a nontrivial way in the constrained theory.
This cohomological problem can be solved via a modest generalization of
the approach of [96, [93]. We first split the BRST current into a sum of two
terms,

do(2) = (=Adaa_) c*(2) .
1

di(2) = Ja(2)e™(2) = 5 fus (b3 (")) () -

(3.4.6)

We now introduce a bi-grading for the currents and ghosts so that the dif-
ferentials (dy, d1) have bi-grades (1,0) and (0, 1), respectively,

deg (JA(Z>> = (m7 _m> ) Ty € Om
deg (¢*(2)) = (—m,1+m), To € gm , (3.4.7)
deg (ba(z)) = (m,—m —1), T, € gm -

This bi-grading can also be extended to the additional generators ¢'. We
decompose each such generator into weight vectors of su(n) according to

o=t I=1,... dm%R, (3.4.8)

where the tff’*i) form a weight basis for the representation R; with weights

defined according to
Hy -0 = AP 4% (3.4.9)

where H, is an element of the Cartan subalgebra of su(n). Given the ele-
ment J in terms of which our grading is defined, the bi-grading of the extra
generators can be defined according to

deg (¢}) = (67, =0 - 7). (3.4.10)
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The differentials (dy, dy) are each differentials in their own right, that is, they
satisfy

Therefore they define a double complex on the Hilbert space of the ghost/
matter chiral algebra, which is the starting point for a spectral sequence
computation of the cohomology.

It turns out that a simplification occurs if instead of trying to compute
the cohomology of the double complex straight off, we first introduce “hatted
currents” [96], 03],

A

Ja(z) = Ja(2) + fa' (b,c7)(2) . (3.4.12)

Let us denote by A; the subalgebra generated by b,(z) and ja(z), and by
A, the subalgebra produced by the remaining generators c¢*(z), j@(z), and
¢'(2). One then finds that d(A;) C A; and d(A,) C A,, with the generators
of A, additionally obeying

d(bo(2)) = Ju(2) — Abpe_ . d(Ju(2)) =0 (3.4.13)

It follows that the BRST cohomology of A, is trivial: H*(A;,d) = C. From
the Kiinneth formula (see Appendix [B.3)), it follows that the BRST coho-
mology of the chiral algebra is isomorphic to the cohomology of the smaller

algebra A,
H*(A,d) = H*(As,d) . (3.4.14)

Our task then simplifies: we need only compute the cohomology of A,. We
will address this smaller problem by means of a spectral sequence for the
double complex (Ay, dg, dy).

The first step in the spectral sequence computation is to compute the
cohomology H*(As,dy). The only nontrivial part of this computation is
the same as in the case without modules. This is because the additional
generators ¢%(z) have vanishing singular OPE with the c-ghosts, rendering
them dyp-closed. Moreover, they can never be dy-exact because the b-ghosts
are absent from A,. For the currents and ghosts, one first computes

A

do( C_V(z)) = _Afaéﬁrydyaicﬂ(z) = —Tr (adA(t+)T@ . Tﬁ) C'B(Z) . (3415)

A

It follows that do(Js(2)) = 0 if and only if T5 € ker(adae,)). The same
equation implies that the ¢*(z) ghosts are dy-exact for any «. Because the
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dy-cohomology thus computed is supported entirely at ghost number zero,
the spectral sequence terminates at the first step. At the level of vector
spaces we find

H*(A, d) = H* (A, do) | (3.4.16)

with H*(As, dy) being generated by the ¢’ (z) and by J5(z) for Ts € ker(ada,)).

In order to improve this result to produce the vertex operator algebra
structure on this vector space, we can construct representatives of these with
the correct OPEs using the tic-tac-toe procedure. Letting ¢)(z) be a generator
satisfying do(¢(z)) = 0, the corresponding chiral algebra generator ¥(z) is
given by

U(z) =) (—=1)"(2), (3.4.17)

I
where 1;(z) is fixed by the condition

Uo(2) == P(2),  di(ti(2)) = do(Yira(2)) - (3.4.18)

At the end, this procedure will give a collection of generators of the qDS
reduced theory along with their singular OPEs and it would seem that we
are finished. However, it is important to realize that this may not be a
minimal set of generators, in that some of the generators may be expressible
as composites of lower dimension generators due to null states. The existence
of null relations of this type is very sensitive to the detailed structure of the
original chiral algebra. For example, the level of the current algebra being
reduced plays an important role. In practice, we will find for the class S chiral
algebras, most of the generators W(z) produced by the above construction
do in fact participate in such null relations.

Some null states of the reduced theory can be deduced from the presence
of null states in the starting chiral algebra. This can be an efficient way
to generate redundancies amongst the naive generators of the qDS reduced
theory like the ones described above. Abstractly, we can understand this
phenomenon as follows. Consider a null operator N¥(z) that is present in
the original W-algebra, and that transforms in some representation ‘R of
the symmetry algebra that is being reduced. Given an embedding A, the
representation SR decomposes as in under gy @ A(su(2)). We can
thus split the index K accordingly and obtain { N*"™i(2)} -0, where k; is an
index labeling the representation Rgm) and m; labels the Cartan of the spin
J representation V;. For fixed values of the index m; we find an operator that
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will have proper dimension with respect to the new stress tensor .
Moreover, since introducing a set of free ghost pairs naturally preserves the
null property of the original operator and restricting oneself to the BRST
cohomology does not spoil it either, we find that this operator is null in
the gDS reduced theory. In practice, for each value of m; one chooses a
representative of the BRST class N*™i(2) + d(...) that only involves the
generators of the qDS reduced theory.

There are a couple of features of the qDS reduced theory that can be
deduced without studying the full procedure in specific examples. These
features provide us with the most general test of the conjecture that qDS
reduction is the correct way to reduce the ranks of punctures in the chiral
algebra. The first of these features is the Virasoro central charge of the
reduced theory, a subject to which we turn presently.

3.4.2 Virasoro central charge and the reduced stress
tensor
A useful feature of DS reduction is that the stress tensor of a qDS reduced

chiral algebra takes a canonical form (up to BRST-exact terms) in which it
is written as a shift of the stress tensor of the unreduced theory,

T =T, — 8Jo+ 0bac® — (14 Aa)O(bac®) . (3.4.19)

Here T, is the stress tensor of the unreduced theory, J; is the affine current
of the U(1) symmetry corresponding to A(tp), and A, is the weight for T,
with respect to A(tg) as defined by Eqn. (3.4.9)[ The dimensions of the

ghosts measured by this new stress tensor are hy, = 1+ A, and hea = —A,.
Meanwhile the dimensions of all remaining fields are simply shifted by their
Jo charge.

The central charge of the reduced theory can be read off from the most
singular term in the self~-OPE of the reduced stress tensor. The result is given

13Note that in the case of half-integral gradings, the weights A, are defined with respect
to A(tp) and not with respect to the alternate Cartan element .
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by [95]

e 1 o P kdim g
c—cp = (dnngo—lemgé —12 \/m/\(to)_\/ﬁ ) - <k;—|—h\/> ’

1
= dimgy — 3 dim g; — 12(k + 1Y) |A(to)|> + 24A(to) - p — dim g .
(3.4.20)

Here p is the Weyl vector of su(n), and in passing to the second line, we have
used the Freudenthal-de Vries strange formula |p|> = % dim g. In the cases
of interest the level of the current algebra is always given by k = —h" and
there is a further simplification,

1
c=c,+dimgy — 3 dim g1 + 24A(ty) - p—dimg . (3.4.21)

This shift of two-dimensional central charge can be compared to our ex-
pectations based on the four-dimensional results in Eqns. (3.2.16])-(3.2.18).
The change of the four-dimensional central charge that occurs upon reducing
a maximal puncture down to a smaller puncture labelled by the embedding
A is given by

—12(c4q — Cagorig.) = 2(ny(max.) — n,(A)) + (np(max.) — ny(A)) ,

1
= dimg — 5 dimg; + 24A(tg) - p— dimg .
(3.4.22)

Thus we see precise agreement with the change in two-dimensional central
charge induced by DS reduction and that of the four-dimensional charge
induced by Higgsing after accounting for the relation coy = —12¢49. We
take this as a strong indication the the qDS prescription for reducing chiral
algebras is indeed the correct one.

3.4.3 Reduction of the superconformal index

We can now check that the qDS reduction procedure has an effect on the

(graded) partition function of the chiral algebra that mimics the prescription
for reducing the Schur superconformal index described in Sec.[3.2.2] As was
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reviewed above, the Schur limit of the superconformal index is equivalent to
a graded partition function of the corresponding chiral algebra,

Z(q;x) = Try, (-1)Fg" = ™ (¢;x) . (3.4.23)

Computing this graded partition function is straightforward for the qDS re-
duced theory owing to the fact that the BRST differential commutes with all
of the fugacities x that may appear in the index and has odd fermion number.
This means that we can ignore the cohomological aspect of the reduction and
simply compute the partition function of the larger Hilbert space obtained by
tensoring the unreduced chiral algebra with the appropriate ghosts system.|E|

This simpler problem of computing the partition function of the larger
Hilbert space parallels the index computation described in Sec.[3.2.2] There
are again two steps — the inclusion of the ghosts, and the specialization
of fugacities to reflect the symmetries preserved by the BRST differential.
Including the ghosts in the partition function before specializing the fugacities
requires us to assign them charges with respect to the UV symmetries. This
can be done in a canonical fashion so that upon specializing the fugacities
the BRST current will be neutral with respect to IR symmetries and have
conformal dimension one.

Recall that the ghost sector involves one pair of ghosts (b, c®) for each
generator T, that is negatively graded with respect to . The charge assign-
ments are then the obvious ones — namely the charges of b, are the same as
those of T, (let us call them f,), while those of ¢* are minus those of b,.
With these charge assignments, the graded partition function of the reduced
chiral algebra can be obtained as a specialization that mimics that which led
to the superconformal index,

Toa(gxa) = lim T, (¢:%) Zipepa (¢:%) (3.4.24)
T4, = PE |3 axle | x (3.4.25)
(bvc)A T e 1_q 1_q . = N

@ <0

As in the discussion of the index in Sec.[3.4.3] we can formally perform the
specialization ignoring divergences that occur in both the numerator and the

4 There is a caveat to this argument, which is that if there are null states in the reduced
theory that do not originate as null states in the parent theory, then their subtraction will
not necessarily be accomplished by this procedure. We operate under the assumption that
such spurious null states do not appear. This assumption appears to be confirmed by the
coherence between this procedure and that discussed in Sec.
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denominator as a consequence of constant terms in the plethystic exponent.
In doing this, the flavor fugacities are replaced by fugacities for the Cartan
generators of h,, while the g-grading is shifted by the Cartan element of
the embedded su(2). This leads to the following formal expression for the
contribution of the ghosts[”]

J
Z XR(““) Z ¢ —— Z XR(adJ) axl) Z q
i—1

i=—j =

(3.4.26)
After a small amount of rearrangement and the recognition that the repre-
sentations Rgadj) are pseudoreal, one finds that this exactly reproduces the
formal denominator in Eqn. . Again, when the limit in Eqn. (3.4.24])
is taken carefully, the divergences in this formal denominator cancel against
equivalent terms in the K-factors of the numerator to produce a finite result.
It is interesting that in spite of the asymmetry between b and ¢ ghosts in
this procedure, they ultimately play the same role from the point of view of
four-dimensional physics — each ghost is responsible for cancelling the effect
of a single Nambu-Goldstone boson from the index.

Before moving on to examples, we recall that in [20] it was observed that
the K-factor for a maximal puncture matches the character of the corre-
sponding affine Lie algebra at the critical level, and it was conjectured that
a similar statement would be true for reduced punctures. That is to say, the
K-factor associated to the reduction of type A should be the character of the
qDS reduction of type A of the critical affine Lie algebra. Given the analysis
to this point, this statement becomes almost a triviality. The qDS reduction
of the affine current algebra proceeds by introducing the same collection of
ghosts as we have used here, and so the effect on the graded partition function
is the introduction of the same ghost term given in Eqn. and the same
specialization of fugacities. Thus, the identification of the K-factors given in
Eqn. with the character of the qDS reduction of the critical affine Lie
algebra depends only on our ability to equate the index (i.e., the partition
function graded by (—1)f) with the ungraded vacuum character. This is a
simple consequence of the fact that the starting current algebra consists of
all bosonic operators and the spectral sequence calculation of Sec.[3.4.1| only

I(b7C)A « — 2 PE 1 — q

5For simplicity, we write the expression here for the case where A(to) provides an
integral grading so there is no auxiliary . The case of half-interal grading can be treated
with modest modifications.
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found BRST cohomology elements at ghost number zero.

3.4.4 Simple examples

In light of the analysis in Section the reduction problem admits an
algorithmic solution subject to two conditions. (A) the starting chiral alge-
bra should be finitely generated, i.e., it admits a description as a W-algebra.
(B) the Lo operator of the reduced theory should have a positive definite
spectrum. The latter condition must hold for any reductions where the end-
point corresponds to a physical class S theory, while the former conditions
is conjectured to be true for general class S theories but is more certainly
true in some simple examples. Given these conditions, the procedure is as
follows:

e List the (possibly redundant) generators of the qDS reduced chiral
algebra at the level of vector spaces. These are given by the hatted
currents .J, for which Ty € ker(ada,)), along with all of the additional
generators {¢;}.

e Apply the tic-tac-toe algorithm to construct genuine generators of the
chiral algebra. The OPEs of these reduced chiral algebra generators
can be computed directly using the OPEs of the original, unreduced
fields.

e Compute the null states at each level up to that of the highest-di-
mensional generator in order to check for redundancy. Remove any
redundant generators. What remains is a description of the reduced
chiral algebra as a VW-algebra.

This procedure is still morally a correct one when the two conditions listed
above fail to be met, but in those cases the algorithm will not necessarily
terminate in finite time. In the examples discussed in this subsection, both
conditions above will indeed be satisfied, so this algorithm will be sufficient
to determine the answer entirely.

We now consider a pair of simple cases in which the reduction can be
performed quite explicitly. Our first example will be the complete closure of
a single puncture in the rank one theory of a four-punctured sphge,\ which as

we reviewed above has as its chiral algebra the affine Lie algebra so(8) ,. The
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result of this closure is expected to be the T3 theory (see Figure. The sec-
ond example will be the partial reduction (corresponding to the semi-regular
embedding) of one puncture in the T3 theory to produce a theory of free
bifundamental hypermultiplets, which should correspond to free symplectic
bosons at the level of the chiral algebra. Details of the second calculation

beyond what is included in this summary can be found in Appendix [B.1.2

—

Reducing so(8) , to x[1}]

The starting point for our first reduction is the affine Lie algebra 50/(8\)72.
We first introduce a basis for the affine currents that is appropriate for class
S and for the reduction we aim to perform. The adjoint of s0(8) decomposes
into irreps of the su(2)™ x su(2)® x su(2)® x su(2)® symmetries associated
to punctures according to

28508y — (3,1,1,1)®(1,3,1,1) $ (1,1,3,1) & (1,1,1,3) ® (2,2,2,2) .
(3.4.27)
Accordingly, we assemble the twenty-eight affine currents into these irreps,

Ja(z) = LI, @) T2 ) I =) TR s Taasesa(2))
(3.4.28)
where a;,b; are fundamental indices of su(2)(?). In this basis, the OPEs of
the affine Lie algebra are given by

_k(ea(ﬁbd + 6aclfbc)(SIJ fcfl{;cd‘]e(? 51]
2(z —w)? L——
6(JL(:Jbalef + 6choLdef
2(z — w) '
keaefbf‘fcgfdh
(z —w)?

Jabcd(z)Jefgh(w) ~

1 2 3 4
n the)ﬁbfecgedh + 6a,eJle)Q:gfalh + eae€bft](gg)€dh + 6aeebfecgt]c(lh)

zZ—Ww
(3.4.29)

and similarly for the other JU). Here the su(2) structure constants are given
by f;licd = %(eac5§5§ + ebc5§5£ + €0a05 07 + €,90¢07), and for our case of interest
level is fixed to k = —2.
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N\ (/

Figure 3.7: Reduction from the s0(8) theory to T5.

We will choose the first puncture to close, meaning we will perform qDS
reduction on the current algebra generated by J((ig) with respect to the prin-
cipal embedding,

A(t+) == _Tll 5 A(t,) = T22 5 A(to) == _T(12) . (3430)

The grading provided by A(t) is integral, so we can proceed without in-
troducin any auxiliary grading. The only constraint to be imposed in this
case is J22 z) = 1. This is accomplished with the help of a single ghost pair
(c*2,bys), in terms of which the BRST operator is given by

d(z) = c**(Jy — 1)(2) . (3.4.31)

The remaining three sets of su(2) affine currents can be thought of as trivial
modules of the reduced currents, while the quadrilinear currents provide a
nontrivial module. In the language of the previous subsection we haveﬁ

7 4)
{6} = {72, T T Tuasasar) - (3.4.32)

The reduced generators of step one are simply the hatted current JAS) =
Jl(}) along with the additional generators in (3.4.32)). Applying the tic-tac-toe

16We should note that there is something slightly unconventional about the reduction
procedure here. In this example the entire starting chiral algebra is an affine current
algebra, so one could in principle perform qDS reduction in the entirely standard manner.
This is not what our prescription tells us to do. Instead, we treat a single su(2) subalgebra
as the target of the reduction, and the rest as modules. The two procedures are naively
inequivalent, although we have not checked in detail to make sure that the results don’t
turn out the same.
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procedure produces true generators of the reduced chiral algebra,

(1 7(1 7(1) (1 2(1
L = gy =55 - (k+ o)
F(1
<*71)02a3a4 = J1a2a3a4 - J1(2)J2a2a3a4 ) (3 4 33>
(‘-72)02(13(14 = J2a2a3a4 )
([:{27374}) R (I:{27374})
jalbl T ‘]aIbI )

where J3) := J&) + byyc?2.

The stress tensor of the reduced algebra takes the form given in Eqn.
(3.4.19), where the original stress tensor was the Sugawara stress tensor of
s0(8)_, and the generator of the embedded Cartan is Jy = —J3). We can
then compute the conformal dimensions of the new generators and we find

TP =2, 7 1=1,

1b1

[(jl)a2a3a4] = 3/2 ) [(%)a2a3a4] — 1/2 . (3434>

The currents jggl persist as affine currents of su(2) subalgebras, so all of

their singular OPEs with other generators are determined by the symmetry
properties of the latter. Explicit calculation determines the OPEs that are
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not fixed by symmetry to take the following form,

L 1R+R(+2K)E+3k) 22+ kI (0)

~(1 (1
I (2T 0) ~ 3 p o
_2+R3TH0)
z
A 1(2+k)(1+2k aza304 1 2k a2a3aq
jl(ll)(z)(jl)azasa4(0) ~ _5( i )( i ;2,(]2) (0) - 7(7+ )(j;) (O)
z 4 z
_ (U (Pazasa)(0)
z
) s 0) 3 EE N s0s0 0y () rasea©)
1(1 Qk a202*+a303~a404
(jl)a2a3a4(Z)(j2)b2b3b4(0) ~ _5( - )6 Zl; Lttt
+ _%((j2)a2asa4(\72)172173174)(0) +3a2a3a4;bgb3b4 (0)
z
(T2 asasas (2)(To)batypy (0) v —E22estaots
3(1 Qk a202*+a303~a404
(s () (T (0) 5 LH N tCastuCan
+ %(3 + Qk)((j2)a2a3a4(\72)b2b3b4)(0) - 3112113@4;172173174 (0)
22
+ %((jQ)a2a3a4a(j2)bzb3b4)(0)
z
+ %(1 + k) (a(jQ)amlstM (\72)172173174)(0)
z
. 183a2a3a4;b2b3b4 (O)
2 z ’

(3.4.35)

where
3a2a3a4;b2b3b4 (Z) = ja(i (Z>€a363€a4b4 + ja(jlzg (z)€a2b2€a4b4 + ja(flll (Z>€a2b2€a3b3 )
(3.4.36)
and we have removed d-exact terms.

We expect the result of this reduction procedure to be the trifundamental
symplectic boson algebra x[Ts], and (J2)ayasas(2) has the correct dimension
and OPE to be identified with the trifundamental generator ¢,,44q,. In order
to complete the argument, we need all of the remaining reduced generators
to be expressible as composites of this basic generator. Indeed it turns out
to be a straightforward exercise to compute the null states in the reduced
algebra at dimensions h = 1, %, 2 and to verify that null relations allow all the
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other generators to be written as normal ordered products of (derivatives of)
(J2)azasas (2). For example, we should expect that the su(2) affine currents
should be equivalent to the bilinears currents of Eqn. (3.3.10)), and indeed

there are null relations (only for & = —2) that allow us to declare such an
equivalence,
1 by e (2)
2(j2)abc(\72)a’b’c’€ € - jaa’ )
%(jZ)abc(jQ)a’b’c’eaaIECC/ = \7b(b?;) 5 (3437>
%(j2)abc(s72)a’b’c’€aa/Ebb/ = \7,3((;%) )

At dimensions h = 3/2 and h = 2 there are additional null states for our
special value of the level,

(J)oea = — 20(T2)bed + 2(TF2) b (er(dr (T2)br)en)de) (T2)osesas € 22 €2 P e
(3.4.38)
jl(ll) = _%(*ﬁ)blcldla(j2>b202d26b1b266182€d1d2
1 b1ba cice .dida b3bs c3cq d3dy
— 5(T2)brerar (T2) (baeatdn (T2)bs)es)s) (T2 bacady € 2 €12 €M R0 ecscelads
(3.4.39)

Thus all of the additional generators are realized as composites of the basic
field (J2)abe(2), and we have reproduced the X[T3] chiral algebra from qDS
reduction of the so(8) affine current algebra at level & = —2. We should
re-emphasize that the redundancy amongst generators due to null states
depends crucially on the precise value of the level. This is another instance
of a general lesson that we have learned: the protected chiral algebras of
N = 2 SCFTs realize very special values of their central charges and levels
at which nontrivial cancellations tend to take place. We will see more of this
phenomenon in the next example.

Reducing (¢ )_3 to symplectic bosons

In this case, our starting point is again an affine Lie algebra, this time (eg)_3.
Also we are again led to decompose the adjoint representation of eg under
the maximal su(3); x su(3), x su(3)s subalgebra associated to the punctures
on the UV curve as was done in , leading to a basis of currents given

by (3.3.16]) subject to singular OPEs given by Eqn. (B.1.1)). Our aim is now
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Figure 3.8: Reduction from the eg theory to free hypermultiplets.

to perform a partial reduction of the first puncture. Accordingly, we divide
the generating currents as usual,

’

(‘]1) “ {¢1} = {(JQ)bbl >(J3)c6l s Wabe 7Wabc} ) (3'4'4())

a

where now a, b, ¢ are fundamental indices of s1(3); 3, and the adjoint repre-
sentation is represented by a fundamental and antifundamental index subject
to a tracelessness condition.

The partial closing down to a minimal puncture is accomplished by means
of the subregular embedding,

Alty) = %(T; ST A =Ty, Al =T,  (34.41)
The grading induced by the embedded Cartan turns out to be half-integral in
this case and must therefore be supplanted by the integral § grading. Under
this grading the generators A(t_) = T,' and T;? are negative and of grade
minus one. The relevant constraints are thus (.J 1)31 =1land (J 1)32 = 0. The
implementation of these constraints via the BRST procedure introduces two
ghost pairs b, ¢;® and by?, ¢,

In the reduction of x[T3], one finds that the currents (j D)4 such that Ty €
ker(ad(A(t,))), are given by (J') 2, (J1)3, (J'),?, and the current generating
the reduced u(1) symmetry

Ty = ()" = 200152 + (JN . (3.4.42)

Together with the additional generators in , these constitute the gen-
erators of the cohomology at the level of vector spaces. The tic-tac-toe pro-
cedure produces honest chiral algebra generators, which we denote by the
calligraphic version of the same letter as the vector space generator. The

quantum numbers of these redundant generators are summarized in Table
[3.4] Their precise expressions can be found in Appendix

154



Generator | Dimension | U(1) | SU(3)y | SU(3)3
Ju) 1 0 1 1
Vak 3 3 1 1
(Y2 2 0 1 1
(Jh,° g -3 1 1
Wige 3 1 3 3
Wape 1 -2 3 3
Wipe i 1 3 3
Wtee : ~1 3 3
Wb 1 2 3 3
Wbe E ~1 3 3
(7)Y 1 0 8 1
(7). 1 0 1 8

Table 3.4: The quantum numbers of redundant generators of the reduced Tj
chiral algebra.

Again, we see that there are dimension one half generators (Wjs),. =
Wipe and W) = W1 that one naturally expects should be identified as
the symplectic bosons of the reduced theory. Indeed, up to d-exact terms,
the OPE for these generators is exactly what we expect from the desired
symplectic bosons,

e
~ 5b 60

z

(Ws)ae(2) V)P (0) (3.4.43)
These generators thus have the correct dimension, charges and OPE to be
identified with the expected hypermultiplet generators. Again, by studying
the null relations of the reduced chiral algebra at levels h = 1, %, 2 one finds
that precisely when the level £ = —3, all of the higher dimensional generators
in Table are related to composites of (Ws)p. and (W')* (see Appendix
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B.1.2). In particular, one can verify that the u(1) @ su(3)s @ su(3)s currents
are equal to their usual free field expression modulo null states.

3.5 Cylinders and Caps

The procedure we have introduced for reducing punctures is sufficiently gen-
eral that there is no obstacle to formally defining chiral algebras associated
to unphysical curves such as the cylinder and (decorated) cap. These are
unphysical curves from the point of view of class S SCFTs, although they
have a physical interpretation in terms of theories perturbed by irrelevant
operators that correspond to assigning a finite area to the UV curve [91].
It would be interesting to interpret the chiral algebras associated with these
curves in terms of those constructions, although naively extrapolating away
from conformal fixed points seems impossible. (There are other unphysical
curves, such as a thrice-punctured sphere with two minimal punctures and
one maximal puncture, and the chiral algebras for these can also be defined.
We focus on cylinders and caps in this section as they are particularly natural
objects in the TQFT.)

The chiral algebra associated to a cylinder is a particularly natural object
to consider from the TQFT perspective because it corresponds to the iden-
tity morphism (when taken with one ingoing and one outgoing leg). When
taken with two ingoing or two outgoing legs, it is the chiral algebra avatar
of the evaluation and coevaluation maps, respectively, of an ordinary two-
dimensional TQFT. Similarly, the chiral algebra of the undecorated cap is
the chiral algebra version of the trace map.

On the whole, we have not been able to systematically solve the BRST
problem for these theories in the general case. This is because, as we shall see,
the chiral algebras involve dimension zero (or negative dimension) operators,
which prevent us from applying the simple algorithm set forth in Sec. [3.4]
Nevertheless, we are able to develop a compelling picture of the mechanics
of the cylinder chiral algebra. It would be interesting from a purely vertex
operator algebra point of view to construct these algebras rigorously.
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Figure 3.9: Characteristic property of the identity morphism.

3.5.1 The cylinder chiral algebra

The chiral algebra associated to a cylinder should be obtained by performing
a complete qDS reduction on one puncture of the trinion chiral algebra x[T,].
In the generalized TQFT, the cylinder chiral algebra plays the role of the

identity morphism for a single copy of the affine Lie algebra, Id : su(n)__ +

511/(;)_”. The essential property associated with an identity morphism is
illustrated in Figure As a statement about chiral algebras, the identity
property is quite interesting. It means that the chiral algebra should have the
property that when tensored with another class S chiral algebra x[7] along
with the usual (b, ¢) ghosts, restriction to the appropriate BRST cohomology
produces a chiral algebra that is isomorphic to the original class S chiral
algebra,

Hipsr (¥ € Xta @ X[T] @ Xee | botp = 0) = X([T] . (3.5.1)

As stated above, the qDS reduction problem in this case is substantially
complicated by the fact that amongst the list of naive generators of the
reduced chiral algebra, there will always be dimension zero currents. Con-
sequently, a systematic solution of the BRST problem that removes redun-
dancies from the list of generators is difficult even in the case of the x[T3]
and X|[T3] theories, for which the starting point of the reduction is known. A
somewhat detailed analysis of the su(3) case can be found in Appendix [B.2]

Although we don’t have a general first principles solution, the general
structure of the reduction and our intuition gained from other examples sug-
gests a simple characterization of the cylinder chiral algebra. We state this
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here as a conjecture.

Conjecture 8 (Cylinder chiral algebra) The chiral algebra associated to

a cylinder of type su(n) is finitely generated by an su(n) . affine current
algebra {(Jp)a(z), A = 1,...,n? — 1}, along with dimension zero currents
{9a(2), a,b=1,... ,n} that are acted upon on the left by the affine currents.
These dimension zero currents further obey a determinant condition det g =
1, i.e., they form a matriz that belongs to SL(n,C).

This turns out to be a surprisingly interesting chiral algebra. Let us mention
a few of its properties.
The first key property — one which is not completely obvious from the

—

description — is that this chiral algebra actually has two commuting su(n)_
current algebras. The second set of affine currents are defined as follows

n

/ ’0 , ]_ ,
(Jf)R@%—(%ﬂLgmfc+n(%AM“—;ﬁmw8fﬁ, (3.5.2)

where we have traded the adjoint index for a fundamental and antifunda-
mental index satisfying a tracelessness condition, and we’ve also introduced
the shorthand

a 1 aa a
9" (2) = e e (ggpy - gan,) (2) (3.5.3)

n!
Because of the determinant condition, this can be thought of as the inverse
of gap(2). The currents (Jr)a(z) act on the dimension zero currents on the
right. The Jr currents and the [J; currents have nonsingular OPE with
one another, so they generate commuting affine symmetries. These are the
symmetries associated with the two full punctures of the cylinder.

The key feature of this chiral algebra should be its behavior as the iden-
tity under gluing to other class S chiral algebras. Let us thus consider a
chiral algebra associated to a UV curve C,>1 with at least one maximal
puncture. Let us consider a general operator in this theory which will take
the form Xgigil;i, with p fundamental indices and ¢ antifundamental indices
(possibly subject to (anti)symmetrizations and tracelessness conditions) of
the flavor symmetry associated to the maximal puncture and with its trans-
formation properties under other flavor symmetries suppressed. Then our
expectations is that after gluing in the cylinder, there will be a new operator
of the same dimension of the same form, but where its transformation under
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the symmetry of the original maximal puncture has been replaced with a
transformation under the symmetry at the unglued end of the cylinder.

We can see how this might come about. Gluing a cylinder to the maximal
puncture means tensoring the original chiral algebra with the chiral algebra
of conjecture [§ in addition to the usual adjoint (b, c) system of dimensions
(1,0). We then restrict ourselves to the BRST cohomology (relative to the
b-ghost zero modes) of the nilpotent operator

1
(BRST = fdz CA((jL)A + JZ + §J§h) , (3.5.4)

where J] is the current for the symmetry associated to the puncture on
Cy.s>1 that is being glued. Our original operator, which was charged under
the su(n) that is being gauged and therefore does not survive the passage to
BRST cohomology, has a related transferred operator of the following form

(7C1C2...Cp __ vrb1by...b aic1 ,a2c2 apC
Xdld%dq = Xala%a‘; g g o 9P Gordy Gbads - - - Gbgdy - (3.5.5)

This operator is gauge invariant, since the gauged symmetry acts on gg, g%

on the left. In this sense the g, fields effectively transfer and conjugate the
symmetry from one end of the cylinder to the other. Notice that the trans-
ferred operators have the same dimension as before, because the gq(z) have
dimension zero. What’s more, by virtue of the unit determinant condition
on gu, we see that the OPE of the transferred fields ends up being exactly
the conjugate of the OPE of the original fields. It therefore seems likely that
we recover precisely the same chiral algebra on the other end of the cylinder
(up to conjugation of su(n) representations). Of course, for this construction
to work we have to assume that the spectrum of physical operators will con-
sist only of the transferred operators. It would be interesting to prove this
conjecture.

Finally, one can’t help but notice the similarities between this description
of the cylinder chiral algebra and the discussions of [78] regarding the holo-
morphic symplectic manifold associated with the cylinder in the Higgs branch
TQFT. In that work, the hyperkahler manifold T*G¢ was associated to the
cylinder. It is interesting to note that the chiral algebra we have described in
Conjecture [§ seems to be precisely what one obtains from studying the half-
twisted (0,2) supersymmetric sigma model on G¢ [97, 98]. Alternatively, it
describes the global sections of the sheaf of chiral differential operators on
Gc as defined in [99] [100L [10T] 102], 103]. This connection is exciting, but
remains mostly mysterious to the authors at present.
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3.5.2 The (decorated) cap chiral algebra

The chiral algebra associated to a decorated cap can be defined by partially
reducing one puncture of the cylinder chiral algebra. The resulting chiral
algebra should have the interesting property that if you glue it to another
class S chiral algebra using the standard gauging BRST construction, it
effectively performs the appropriate qDS reduction on the original chiral
algebra.

In trying to characterize this chiral algebra, one immediately encoun-
ters the problem that it includes operators of negative dimension. Namely,
consider the first steps of the general reduction procedure as applied to the
cylinder chiral algebra. The (potentially redundant) generators for the dec-
orated cap labeled by an embedding A include the usual currents J; for
T € ker(ady,)), the dimensions of which are shifted by their A(ty) weight.
However, there are additional generators coming from the dimension zero
bifundamental fields g, of the cylinder theory. In terms of the reduced sym-
metry associated with the decoration, these fields are reorganized as follows:
for each irrep of su(2) in the decomposition of the fundamental rep-
resentation there are 2j+ 1 generators transforming in representation f®72§-f)
with dimensions —j,—j + 1,...,j. The dimension zero null relation corre-
sponding to the determinant condition in the cylinder theory of the cylinder
theory is expected to descend to the cap theory. The superconformal index
(see App. supports this expectation, and further suggests that there
may be no additional redundancies.

The existence of negative dimension operators makes this a rather exotic
chiral algebra, and we will not explore it much further. Nevertheless, let us
offer a couple of brief comments. In the description of the cap chiral algebra
given in the previous paragraph, it is not immediately clear that an affine
current algebra associated to the maximal puncture survives. However, one
finds that the necessary dimension one currents can be constructed using
the above fields in a manner similar to (3.5.2), using only those elements of
the left current algebra that survive in the cap chiral algebra. When gluing
the cap to another theory 7, this current algebra will enter in the BRST
current ([3.5.4). As in the case of the cylinder, the Gauss law constraint
can be solved by constructing transferred fields, which thanks to nonzero
conformal dimension of the various components of g,, end up with their
dimensions shifted correctly. It remains to verify that restricting to the
BRST cohomology removes the transferred versions of the currents JJ for
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Chapter 4

Chiral Algebras for Trinion
Theories

4.1 Introduction

In chapter [2| and reference [26] it was shown that even-dimensional extended
superconformal field theories (SCFTs)| contain a protected subsector that is
isomorphic to a two-dimensional chiral algebra. This subsector is obtained
by restricting operators to be coplanar and treating them at the level of
cohomology with respect to a particular nilpotent supercharge, obtained as
a combination of a supercharge and a superconformal charge of the theory. In
showing the existence of the chiral algebra one relies only on the symmetries
of the theory and there is no need to have a Lagrangian description — a fact
that was used to study the chiral algebras associated with the six-dimensional
(2,0)-theory in [26] and with those obtained from four-dimensional theories
of class S in chapter [3] In this note we will focus on the chiral algebras
associated with the so-called trinion or 7,, theories of class S.

Chiral algebras of class S, i.e., the collection of chiral algebras associated
with four-dimensional theories of class S [10, [I1], were argued to take the
form of a generalized topological quantum field theory (TQFT) in chapter .
Within this TQFT, gluing, the operation associated to four-dimensional ex-
actly marginal gauging, is achieved by solving a BRST cohomology problem,
and partially closing a puncture is implemented via a quantum Drinfeld-

More precisely N’ = (2,0) in d = 6, N' > 2 in d = 4, and “small” N' = (0,4) and
N=(44) ind=2

162



Sokolov reduction. Furthermore, just as the isolated, strongly interacting 7,
theories, i.e., the theories whose UV-curve is a sphere with three punctures
of maximal type, are the basic building blocks of class S theories, so are their
associated chiral algebras the basic building blocks of said TQFT. Character-
izing the T,, chiral algebras is thus a prerequisite for an in principle complete
understanding of chiral algebras of class S.

However, while the existence of a chiral algebra inside a generic N = 2
SCFT can be argued in general terms, a complete characterization of its
generators is currently lackingﬂ As for a partial characterization, it was
argued in chapter [2] that one is guaranteed to have at least generators in
one-to-one correspondence with the Higgs branch chiral ring generators.ﬁ
In particular, the 7,, Higgs branch chiral ring contains as generators three
moment map operators, one for each factor in the 7,, flavor symmetry algebra
®?>_, su(n);, and it was shown in chapter [2 that their corresponding chiral
algebra generators are three affine currents with affine levels kyy; determined
in terms of the four-dimensional flavor central charges ksq; as koq; = —k“Td
These central charges are equal for the three factors, k4q; = 2n, and thus

—

the affine current algebras su(n) have critical level kyg = kog; = —n. The
remaining generators of the 7;, Higgs branch chiral ring give rise to additional
generators of the chiral algebra, which must be primaries of the affine Kac-
Moody (AKM) algebras.

It was also shown in chapter [2] that the existence of a four-dimensional
stress tensor implies that the chiral algebra must contain a meromorphic
stress tensor. Therefore the global s[(2) conformal algebra enhances to a Vi-
rasoro algebra, with the central charge fixed in terms of the four-dimensional
c-anomaly coefficient by coy = —12¢49. However, the stress tensor is not
necessarily a new generator of the chiral algebra, as it could be a compos-
ite operator (i.e., obtained from normal-ordered products of the generators
and of their derivatives). Since the AKM current algebras are at the critical
level, they do not admit a normalizable Sugawara stress tensor, and therefore
the stress tensor can only be a composite if additional dimension two singlet
composites can be constructed. This is only possible (and in fact happens)

2For Lagrangian theories, this problem can (in principle) be circumvented by explicitly
constructing the full chiral algebra from the basic known chiral algebras associated with
the free hypermultiplet and vector multiplet.

3More generally, all generators of the so-called Hall-Littlewood chiral ring give rise to
generators of the chiral algebra. For class S theories with acyclic generalized quivers, such
as the T), theories, the Hall-Littlewood chiral ring equals the Higgs branch chiral ring.
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for n = 2 and 3.

In section 4.2| we perform a detailed study of the graded partition function
of the T,, chiral algebra, which can be computed thanks to its equality to
the so-called Schur limit of the N' = 2 superconformal index [37, 38|, and
which shows that the collection of generators listed so far is not complete
for n > 4 (see section . Motivated by this analysis, we conjectured the
complete set of generators to be as in conjecture [5 which we reproduce here
for convenience:

Conjecture 9 (7, chiral algebra) The T,, chiral algebra x(T,) is gener-
ated by

e The set of operators, H, arising from the Higgs branch chiral ring:

— Three su(n) affine currents J*, J?, J3, at the critical level kog =
—n, one for each factor in the flavor symmetry group of the theory,

— Generators W k=1, ... n—1in the (A, N*, A¥) representa-
tion of ®?:1 su(n);, where AF denotes the k—index antisymmetric

k(n—k)

representation of su(n). These generators have dimensions =5,

e Operators O;, 1 = 1,...n — 1, of dimension h; = 1 + 1 and singlets
under ®?:1 su(n);, with the dimension 2 operator corresponding to the
stress tensor T' of central charge coq = —2n> + 3n? +n — 2,

modulo possible relations which set some of the operators listed above equal
to composites of the remaining generators.

In other words, if one were to start with all generators of the above conjec-
ture, one would find that some of them could be involved in null relations with
composite operators, thereby being redundant. For example, in the chiral al-
gebra associated with T5, i.e., the theory of eight free half-hypermultiplets,
the affine currents and the stress tensor can be written as composites of the
dimension % generator W, For the case of Ty, which corresponds to the
Es theory of [61], convincing evidence was provided in chapter |3 that its chi-
ral algebra x(7T3) is fully generated by operators originating from the Higgs
branch chiral ring. The stress tensor can be written as a composite and also,
although not explicitly constructed in chapter [3], the dimension three singlet
operator is accounted for as a composite. For n > 3, as argued above, the
stress tensor cannot be a composite of generators in H, but the remaining
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dimension 3, ..., n singlet generators could still be. In the case of the T} chi-
ral algebra the dimensions three and four singlet generators are redundant,
as will be shown in section [4.3]

Our aim in section [4.3]is to verify Conjecture [9 for 7y, in which case the
chiral algebra is generated by the operators in H and the stress tensor, by
explicitly constructing an associative algebra with these generators. Our ap-
proach to bootstrap this problem is to write down the most general operator
product expansions (OPEs) between the generators, and to demand asso-
ciativity of the operator product algebra by imposing the Jacobi-identities.
Since chiral algebras are very rigid, one can hope that these constraints are
sufficiently stringent to completely fix the operator algebra, as was famously
shown to be the case for the first time for the W5 algebra in [104] (see for
example [42] for a review of other cases). We indeed find that the OPEs are
completely and uniquely fixed. The analysis of the Jacobi-identities becomes
technically involved in several instances, and as a result we can only claim
that the conditions analyzed are necessary for an associative operator prod-
uct algebra. However we believe that the remaining Jacobi-identities provide
redundant constraints. As an interesting by-product of the explicit T} chiral
algebra, we can compute four-dimensional Higgs branch chiral ring relations,
which appear as null relations in the chiral algebra setting. Some of these
relations are already known in the literature, (e.g., [105] [86]), and recovering
them here provides a further check of the chiral algebra, while others are new.

As mentioned, four-dimensional Higgs branch chiral ring relations can be
obtained from null relations in the chiral algebra. The explicit construction
of x(T,) we present here thus provides a new, conceptually clear method
to obtain all Higgs branch chiral ring relations for the T); theory. It seems
plausible that once their structure is understood, they can be generalized to
arbitrary T,,. In this chapter we obtain all x(7}) null relations of dimension
smaller than four, already uncovering new Higgs branch chiral ring relations,
but the procedure can be taken further. For example, it would be possible to
verify the recently proposed null relation of [106], as well as uncover further
unknown ones. Furthermore, as will be elaborated upon in the next sec-
tions, our interpretation of the x(7,,) chiral algebra partition function also
predicts the existence of certain types of null relations, facilitating the task
of explicitly computing them in the chiral algebra setting.

Further checks of the yx(7}) chiral algebra could be performed by par-
tially closing punctures (via a quantum Drinfeld-Sokolov (qDS) reduction
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(see chapter [3))) to obtain the free hypermultiplet, the E; theory of [62], or
more generally the other fixtures of [67]. For example, the chiral algebra
associated with the FE; theory is conjectured to be described by an affine
¢; current algebra at level kyy = —4 and it is easy to convince oneself that
the qDS procedure associated with the relevant su(2) embedding will indeed
result in dimension one currents corresponding to the decomposition of the
¢7 adjoint representation. As shown in chapter [3 to complete the reduction
argument, certain null relations need to exist in order to remove redundant
generators in the reduced algebra. Such null relations are expected to descend
from those of x(T}).

The construction of x(7}) in this chapter makes use of the constraints
arising from associativity of the operator algebra. It would also be interest-
ing to study if the theory space bootstrap, as introduced in chapter [3| which
imposes instead associativity of the TQFT structure, might result in a com-
plementary route to construct the chiral algebra. In particular with an eye
towards a construction of x(7,,), for n > 4, an alternative (or a combined)
approach might prove useful.

The organization of this chapter is as follows. In section [4.2] we analyze
the partition function of x(7,,) employing its equality to the superconformal
index of T), theories, and show how it motivates Conjecture [0 as well as
some other expectations about the chiral algebra. In section |4.3| we present
the explicit construction of the T} chiral algebra and give explicit expressions
for various null relations. We also show how our expectations deduced from
the superconformal index are realized for Ty. The readers interested only in
the explicit construction of x(7}) can safely skip section as section is
mostly independent from it. Appendix [C.I]contains some technical details on
the relation between critical affine characters and the superconformal index,
and in appendix we collect all singular OPEs defining the chiral algebra

X(Th).

4.2 T, indexology

In this section we analyze the partition function of the T,, chiral algebra,
which gives insights into its generators and relations. By writing the partition

function in a suggestive way we can justify Conjecture [9 and infer some
properties of the structure of the chiral algebra, such as its null relations.
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As shown in chapter [2, the graded partition function of the chiral algebra
x(T,,) equals the so-called Schur limit of the superconformal index of the 7,
theory [37,38]. We work under the assumption that all generators are bosonic
and thus the grading is immaterial. In appendix we show that the index
can be written in a way suggestive of its interpretation as a two-dimensional
partition function as

3
Z o (45 %:) qucm q) [T chor, (4. x:) - (4.2.1)
=1

Here x; denote flavor fugacities conjugate to the Cartan generators of the
su(n); flavor symmetry associated with each of the three punctures, and the
sum runs over all irreducible su(n) representations 9, of highest weight .
The summand contains the product of three copies — one for each punc-
ture — of chwy, (¢, x), the character of the critical irreducible highest weight
representation of the affine current algebra 511/(;)_” with highest weight 5\,
whose restriction to su(n) is the highest weight A [I07][] Furthermore, p
is the Weyl vector and (-, -) denotes the Killing inner product. Finally, the
structure constants Cw, (¢) can be written as

Li—Li+j—i
C%A - [ J ] )
71=2 1<i<y

(4.2.2)
where f;—; _, denote the lengths of rows of the Young tableau describing
representation Ry with £, = 0, d; are the degrees of invariants, i.e. d; = j+1
for su(n), and finally P.E. denotes the standard plethystic exponential

P.E.[f(z)] = exp (Z %) . (4.2.3)

Let us provide some preliminary interpretative comments:

HMH

e We have obtained an expression for the partition function (4.2.1)) that
is manifestly organized in terms of modules of the direct product of the

three critical affine current algebras @7, (fj(n\)z)fn Indeed, the fac-
tor ¢ H?:l che, (¢,%x;) in (4.2.1) captures threefold AKM primaries

4Our notation here and in appendix follows that of [10§].
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of dimension (), p), transforming in representations (Ry, Ry, R,), in-
cluding for example all the W®*) and all of their AKM descendants.

The role of the structure constants is to encode additional operators
beyond those captured by the threefold AKM modules. In particu-
lar, in the term PR,—¢ in the sum over representations, the structure

constant Cyw,_,(q) = P.E. [2 Z;:ll fijq] encodes two sets of additional
operators of dimensions d; = j+1, for j = 1,...,n—1, (and their s((2)
descendants) acting on the vacuum module. These operators can either
be new generators, or obtained as singlet composites of the generators
captured by the AKM modules, which themselves are not present in

the modules. Let us now describe these two sets:

1. The fact that the three AKM current algebras are at the criti-
cal level implies that all the Casimir operators Tr(J1)*, Tr(J?)*,
Tr(J3)* with k = 2,3, ..., n are null within their respective AKM
algebra, and therefore that their action is not included in the affine
modules. However, these operators do not remain null in the full
chiral algebra, as it contains a stress tensor as well. In fact, null
relations set all Casimirs equal Tr(J!)* = Tr(J?)* = Tr(J%)*J]
These n — 1 Casimirs correspond to the first set of operators re-
instated by the structure constants.

2. The second set of operators motivates our conjecture that there
can be extra generators (J; with precisely dimensions h; = d; =
v+ 1.

A more detailed discussion of these statements, and the interpretation of
the two remaining factors in (4.2.2) is given in the remainder of this section.
Readers not interested in this technical analysis can safely skip the remainder
of this section.

The AKM modules
Ignoring for a moment the structure constants, each term in the sum over
representations Ry of (4.2.1)) captures the states in the direct product of

5The existence of these null relations follows directly from the existence of relations on
the Higgs branch chiral ring setting the Casimir operators formed out of the moment map
operators of the three flavor symmetries equal [86]. The corresponding chiral algebra null
relations will be recovered in the next section.
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three critical affine modules with primary transforming in representation
(R, Ry, Ry). The dimension of the threefold AKM primary is implemented
by the factor ¢, yielding

n — 2@ — 1
haanay = N p) =3 ——5—i. (4.2.4)

These pairings of dimension and representations include all the threefold
AKM primary generators W®_ k =1,...,n—1 in Conjecture @ (Note that
the currents themselves are AKM descendants of the identity operator and
appear in the vacuum module.) We expect that the remaining threefold AKM
primaries in the sum over R, all arise from combinations of normal-ordered
products of generators in H (the set of generators originating from the Higgs
branch chiral ring generators), and do not give rise to additional generators.
It is clear that for each representation (Ry,R,,2R,) one can write down a
composite operator of the W®*)  transforming in such representation, and
with the appropriate dimension. Then, it seems plausible that such operator
can always be made into a threefold AKM primary by — if necessary —
adding composites of the remaining operators in H. We have checked this
statement in a few low-dimensional examples for Ty (see equation for
an explicit example). All in all, the AKM modules capture the generators
W®)  as well as other threefold AKM primaries obtained as their normal-
ordered product, and all of their AKM descendants.

The structure constants
The structure constants (4.2.2)) encode additional operators on top of those
captured by the AKM modules already described. Let us start by analyzing

the factor X
q]
PE. |2 ) 4.2.5
[ > . ] (4.2.5)

When inserted in , it encodes two sets of operators of dimensions d;
and their s[(2) descendants (taken into account by the denominator ),
normal-ordered with all operators in any given AKM module (R, %A, )
As described before, one set adds back the Casimir operators Tr(J)* =
Tr(J?)* = Tr(J%)* of the AKM algebrasf]] and the second set motivates

6Both the Casimirs and the Casimirs normal-ordered with threefold AKM primaries
are new threefold AKM primaries, since they were null if one were to consider each AKM
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the claim that there can be additional generators O;—; _ ,—1 of dimensions
h; =d;, = z'+1[| However, one should bear in mind that in some cases one can
construct (non-null) non-AKM-descendant singlet operators as composites
of the W®) of dimensions h equal to one of these dimensions. Since the
only singlet operator in the sum over AKM modules, which is not an AKM
descendant, corresponds to the identity operator, such operators must be
accounted for by . This leaves two possibilities: it is either equal
(or set equal by a null relation) to a composite of smaller dimensional O;
operators and/or of Casimirs, and consequently taken into account by the
plethystic exponentiation in . Or it must take the place of the would-
be generator O of dimension h. In other words, if one were to include O, one
would find a null relation between this would-be generator and the composite
of W) As was mentioned before, the simplest example is the stress tensor
T = 04, which for T, and T3 is a composite, but for 7},>, must be a new
generator. In the next section we will show that for T; the generators of
dimension three and four are absent, as the type of composites described
above exist. However for n > 5 it is not possible to write such a composite
of dimension three, and O, must be a generator.
We now turn to the next factor in the structure constants

[y

n—

P.E. [2 (n — k) qk] : (4.2.6)

i

1

Recalling that at the critical level the stress tensor is not obtained from the
Sugawara construction, the critical modules do not contain derivativesﬂ of the
threefold AKM primaries, although the full chiral algebra must. Similarly,
the action of the modes (0;) ,,i=2,...,n—1,(0;) ,, i =2,...,n—1,
(0i)_5,1=3,...,n—1, ... of the remaining singlet operators of the chiral
algebra are not yet included. The number of modes we have to take into
account at grade k is precisely given by n — k, and these modes are added by
one of the factors in . The other factor adds back similar modes of the
Casimir operators of the AKM current algebras, an explicit example of which

current algebra in isolation.
“For readers familiar with the classification of four-dimensional superconformal multi-
plets of [45], these generators arise from four-dimensional operators in the C multiplets.
84.e., the action of the mode L_;. As is common practice we use the mode expansion
Okz)=>, % of an operator O of dimension h, and L,, denotes the modes of the stress
tensor 7.
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will be given in the next section (see (4.3.7))). It is clear that these modes
cannot be added for all representations: for example, they cannot be added
when considering the vacuum, since it is killed by all of them. Similarly, (and
here we restrict to n > 2) the only grade one modes acting on any of the W *)
that do not kill it must be the ones which correspond to either acting on it
with a derivative, or normal-ordering it with a current, since these are the
only ways one can write a dimension k(” LR composite in representation
(AR AR NE ﬂ These facts are taken into account by the factor

_an: S gt (4.2.7)

=2 1<i<j

which must subtract such relations, as well as other possible relations spe-
ciﬁc of each representation. Indeed, it is for example easy to verify that
and @ cancel each other for the vacuum module. For represen-
tatlons (NE AECA ) only two ¢ terms survive in the plethystic exponential in
the product of and - which means that we are left with two
grade one modes One might have expected four grade one modes: one cor-
responding to acting with a derivative and three to normal-ordering with the
three currents, but, as we will see in the next section, normal-ordering the
three currents with W®*) (making an operator in representation (A*, AF, AF))
results in equal operators up to nulls (see equations (4.3.4)) and (4.3.7)).

As a final observation we note that the sum in (4.2.1) only runs over
flavor symmetry representations of the type (JRy, Ry, R,), and the structure
constants cannot alter flavor symmetry information. Therefore the
partition function predicts that any operator transforming in a representa-
tion (My,, Ry,, Ry,) with not all equal A\; cannot be a threefold AKM pri-
mary. More precisely, if we encounter an operator in unequal representations
(R, Ray, R, ) it must either be an AKM descendant, or obtained from one
via the operators taken into account by the structure constants (namely by
the action of any operators contributing to and (4.2.6)). We will get
back to this point in the next section (around example 4.3.5)).

9Note that the normal-ordered product (JW *)) in representation (A*, AF, AF) is absent
in the critical module.
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4.3 The T} chiral algebra

For the chiral algebra associated with the T theory, Conjecture [9] states that

the collection of generators G contains three su(4) affine currents at the crit-

ical level koy = —4, which we denote by (Jl)zll, (JZ)Z, (J3)I;‘Z, two dimension

% generators, W and W® in the tri-fundamental and tri-antifundamental
representations of the flavor symmetry group respectively, which we rename
Wayagas and WP28s - and one dimension two generator, W2 in the 6 x
6 x 6 representation which we denote explicitly as Vi p,]jasbo]jasbs]- Here
a;,bi,ciy... = 1,2,3,4 are (anti)fundamental indices corresponding to the
flavor symmetry factor su(4);—; 2 3. Moreover, we must add the stress tensor
T as an independent generator, with central charge coq = —78, but we claim
that the dimension three and four singlets operators can be obtained as com-
posites. As will be shown later the dimension three operator is argued to
be a Virasoro primary involving W W g,e, where |sn, means we take the sin-
glet combination, while the dimension four generator is a Virasoro primary
combination involving VV|sn.. We summarize the conjectured generators in

Table .11

generator G hg Rg

(Jhe 1 | (15,1,1)
(JQ)‘;; 1 (1,15,1)
(%), 1 | (1,1,15)

T 2 | (1,1,1)
Voo | 2| (44.)
W arazas 3 (4,4,4)

2 | (6,6,6)

V[albl] [a2b2][azb3]

Table 4.1: T, generators G, their dimension hg and their su(4)? representation
NRg.

As mentioned before, our strategy for finding the T} chiral algebra is a
concrete implementation of the conformal bootstrap program. We start by
writing down the most general OPEs for this set of generators consistent with
the symmetries of the theory, and in particular we impose that the three dif-
ferent flavor symmetry groups appear on equal footing. This of course implies

172



that the three flavor currents have the same affine level, simply denoted by
kaq. The OPEs of all the generators with the stress tensor are naturally fixed
to be those of Virasoro primaries with the respective dimensions. Moreover,
all generators listed in Table , with the exception of the stress tensoﬂ,
are affine Kac-Moody primaries of the three current algebras, transforming
in the indicated representation. Therefore their OPEs with the currents are
also completely fixed. In the self-OPEs of the AKM currents and the stress
tensor, we could fix the affine level and the central charge to the values cor-
responding to the y(7y) chiral algebra, koy = —4 and ¢y = —78. Instead
we leave them as free parameters and try to fix them the same way as any
other OPE coefficient. For the remaining OPEs we write all possible op-
erators allowed by the symmetries of the theory with arbitrary coefficients.
Our expectation is that this chiral algebra is unique, and that by imposing
associativity one can fix all the OPE coefficients, including koy and co4. This
indeed turns out to be true. Some of the resulting OPEs are quite long so

we collect them all in appendix H

The next step is to fix all the arbitrary coefficients by imposing Jacobi-
identities, implementing in this way the requirement that the operator al-
gebra is associative. Concretely, we impose on any combination of three
generators A, B, C' the Jacobi-identities (see, e.g., [109])

[A(2) [B(w)C(u)]] = [B(w) [A(2)C(w)] = [[A(2) B(w))] C(w)] =0, (4.3.1)

for |w — u| < |z — u|, where [A(z)B(w)]| denotes taking the singular part of
the OPE of A(z) and B(w), and where we already took into account that our
generators are bosonic and no extra signs are needed. It is important to note
that the Jacobi-identities do not need to be exactly zero, but they can be
proportional to null operators. Since null operators decouple, associativity
of the algebra is not spoiled. For analyzing the Jacobi-identities we make
use of the Mathematica package described in [48]. Even so, the analysis is
quite cumbersome due to the large number of fields appearing in the OPEs

101t is clear that the stress tensor cannot be an AKM primary, as the OPE between
a dimension one operator (the current) and the stress tensor must have necessarily a Z%
pole. It is also not an AKM descendant, since at the critical level it cannot be given by
the Sugawara construction.

1Tn there and in what follows we adopt the standard conventions for the normal-ordering

of operators such that 0105 ...0;_10p = (01 (O2...(0p—10y) ...)).
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and the necessity of removing null relations, especially so for the Jacobi-
identities involving the generator V. These null relations are not known a
priori, therefore part of the task consists of obtaining all null operators at
each dimension and in a given representation of the flavor symmetry. Due
to these technical limitations we have only found necessary conditions for
the Jacobi-identities to be satisfied, not sufficient ones. Nevertheless these
conditions turn out to fix completely all the OPE coefficients, including the
level and the central charge of the theory, meaning the chiral algebra with
this particular set of generators is unique. After all coefficients are fixed, the
remaining Jacobi-identities analyzed serve as a test on the consistency of our
chiral algebra. We have checked a large enough set of Jacobi-identities to be
convinced that the remaining ones will not give any additional constraints. If
that is the case we have found an associative operator algebra with the same
set of generators and the same central charges as conjectured for the T} chiral
algebra. A further check that the chiral algebra we constructed corresponds
indeed to the T} chiral algebra can be performed by comparing the partition
function of the former to the one of the latter (which is nothing else than the
superconformal index of Ty). Whereas in section we have exploited the
index to motivate our claim about the full set of generators of the T} chiral
algebra, in what follows we perform a partial check of the equality of the
actual partition function of the constructed chiral algebra with the index by
comparing the null states of the chiral algebra to the ones predicted by the
superconformal index up to dimension % Even if there were generators that
we have missed in this analysis, the facts that the generators in our chiral
algebra must be present, and that the chiral algebra we constructed is closed
(assuming we have solved all constraints from the Jacobi-identities), imply
that we have found a closed subalgebra of the full Tj chiral algebra.

For practical purposes it is useful to rewrite the partition function of the
T, chiral algebra (4.2.1]) alternatively as

1 h n)3 h
Zyr)(g;x;) = P.E. 1 4 Z q QX%Q) (xi) Z q NXRN “(xi),

generators G nulls N
(4.3.2)
in terms of a piece that describes the generators G of dimensions hg trans-
forming in representations Rg of the su(n)? flavor symmetry and their s((2)
descendants, and a term that subtracts off explicitly the null operators N,
of dimension hys and in representation R . By comparing the expansion in
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ho | mult. | R
2| 2 (@11
2| o | ae ain
3 4 | (111
2 | (6,6,6)
1 (6,6,10), and perms.
3 (15,1,1), and perms.
1 (15,15,1), and perms.
1 10 | (444), (444)
2 (36,44), (36,4,4) , and perms.
(20,20,4), (20,20,4) , and perms.
3 |(20,4,4),(20,4,4) , and perms.

Table 4.2: Quantum numbers and multiplicities of T} null operators up to

dimension %

powers of g of with that of (and under the assumption that
the full list of generators is as in Table we can predict how many nulls
to expect in each representation and at each dimension. In Table we
summarize the resulting quantum numbers of the low-lying null operators
N. We have explicitly constructed the null operators corresponding to the
entries in Table [4.2} the full list is given in Tables[4.3 - and [4.4] where we have
defined S’ to be the quadratic Casimir S* = (J*)% (J%)".
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9.1

1% R Null relations

2 | (LY (I (T = (T () = (J)a (T

ai

b

b _ 2\b _ 3\b.
1Wb1a2a3 - (J )aiWalbzas - (‘] )a?;Walfmb:S
b

al

)
5/2 | (4,4,4) | (JY
)

31 (L,1,1) | (IR (It = ()R (J2)(TP)e = (J°)e ()i (%)

O (T (T)5r) = (IR (1)2) = 0 ((F*)(T°)i2)

3| (6,6,6) | (J)i, Vibielasballasts] = (J2)35, Viarsupaleatlasta] = (J°)5, Viasbillasbal bale
3 | (10,6,6) | Wia(astas Wonpeappal = — 1700, Viies lb1)llaabalfasts)

31 (15,1,1) | (JNar (JOE (TG = (Ta (T2 (T2 = (T (T2)a (T°)5s

(W V0505 — trace) = (1 (P ()5 + (7T
+ [(JH2a(JH)o — trace) + ((JH2r9(Jh)e — trace)]

— (T (JHE(TY)g, — trace)

3 | (15,15,1) | (W aza, W29 — traces) = 1 [(J1)210(J2)%2 + (J2)220(J4)0 ]

=3 [P (7)) — trace) + ()2 () (7)1 — trace)]

Table 4.3: Explicit null relations up to dimension three, which can be uplifted to four-dimensional Higgs
branch chiral ring relations. Representations which are not real give rise to a similar null in the complex
conjugate representation, and representations which are not equal in the three flavor groups give rise to
similar null relations with permutations of the flavor group indices. Note that these, together with Table
are in one-to-one correspondence to the null relations subtracted from the index given in Table



Null relations in the two-dimensional chiral algebra can be uplifted to
four-dimensional Higgs branch chiral ring relations, a partial list of which
is given in [86], by setting to zero all derivatives and generators not coming
from the Higgs branch chiral ring (in particular the stress tensor and the
other singlet generators, if present as independent generators). The nulls of
Tables and allow one to recover the low-dimensional Higgs branch
chiral ring relations in [86], and to find additional ones. Let us give a few
illustrative examples.
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8LT

has R Null relations

/2| (20,4,4) | SWAN Vg, (o isbiagts] €afarines
= ()L (I Wierlasas €ayensiar — 20711 (T2)% Wiesjabs €71 Jar)bies
+30(I)] Wierlasas €11 laryprer + 60 ((J 1){31W(e11a2a3> €|f1]ar)brcy

(IO (T2 Wierbsas €patanie = (T (T3 Wieilashy €llanbre
= (I (I Wigslaas €afonsores

7/2 (2072()’4) Wf1f2b3V[dl(ell[d2(e2][azb3] €l f1lar)bict €| falaz)baca

= =3I (I Wierl(eales Epilaniner Elsalazibacs

7/2 (36’474) (Jl)l()}“(‘]Q)ﬁQQquzag €d1)b1e1f1 = (Jl>b1 (J3)Z§W61a2b3 6d1)b1e1f1 -

(a1
(Jl)l(jclbl (Jl)gllmhﬂ(ma?, €dy)brer f1

7/2 (474a 4) Sleazag = S2Wa1a2a3 = 53Wa1a2a3

8Wb1b2b3‘/[bml][bgm][bga:a] = 2(‘]1)211 (‘]3)23 Wbla2b3 + 9TWC‘1“2“3

3
+158 ((‘]3)Z§WG1G253) - %agwalazw - %SlWa1a2a3
-9 ((Jl)gllawbmza:s + (‘]2)2228Wa1b2a3 + (Jg)gzawmwbs)
(Jl)gll(‘]Q)ZZWblbzas = (Jl)gll(‘]:g)Zszlazbs = (JQ)ZZ(JS)Z:;WM@%

- (‘]1)211(‘]1>1671W61a2a3 - (‘]2)222(‘]2)251/‘/&182&3 - (J3>22(J3)§§W¢11¢12C3

0 [(J1>b1 Wb1a2a3] =0 [(‘]2)222Wa16203} =0 [(‘]3)2?;,Wa1azb3}

al

Table 4.4: Explicit null relations at dimension 7/2, which can be uplifted to four-dimensional Higgs branch
chiral ring relations. Similar comments as for Table [£.3|apply.



A simple calculation shows that the null relations
Tr(JY)? = Tr(J?)? = Tr(J*)?, (4.3.3)

hold true. Each of these operators separately is null within its respective
critical current algebra, but thanks to the presence of the stress tensor 7" in
the full chiral algebra, one finds that only their differences are null. Similarly,
we have explicitly recovered the analogous relation for the third order Casimir
operators. These null relations are just two instances of the general null
relations setting equal the Casimir operators of the three current algebras,
which are similarly valid for general T),. The corresponding Higgs branch
chiral ring relations on the moment map operators are well-known (see for
example [86]).

Another nice set of null relations is obtained by acting with a current on
the generators W®*):

(Jl)zllwblazas = (JQ)ZQQWa1b2a3 = (JS)Z:;Wamzbs?

(Jl)?;vablagag — (JQ)Z;W&lbgag _ (JS)ngW/alazb?) 7

(Jl)([:él Vibilen)lazba)fasbs] = (J2)[C;2V[albl][62102}[113173} - (‘]3)[ngV[albl][azbﬂ[b?s]cs] :
(4.3.4)

Null relations of this type are expected to be valid in general T}, as well, and
extend the ones listed in [86] for WM W1 Some of the null relations
presented in Tables and are direct consequences of these nulls, ob-
tained by either acting with derivatives or normal-ordering them with other
operators, but others are new. For example, the last two nulls given in Table
are not obtained from previous nulls, and they give rise to known Higgs
branch chiral ring relations (they precisely turn into the relations given in
equation (2.7) of [86] after setting all derivatives and the stress tensor to
zero, and taking into account the different normalizations of the two- and
four-dimensional operators). All null relations involving the generator V' in
Tables and [4.4] give rise to new Higgs branch chiral ring relations.

As mentioned, when computing Jacobi-identities one might find that some
of them are not zero on the nose, but end up being proportional to null
states. In practice this happens quite often, and we find that consistency of
the Jacobi-identities relies precisely on the existence of some of these nulls.
For example, when examining the Jacobi-identities involving W, W and V,
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one encounters the following null relation:

1 c
W(a1[a2[a3Wb1)b2}b3} = —ZJ(;I ‘/Hcl\bl)}[azbz}[agb;;} s (435)

which only exists at koy = —4.

We can now check a prediction made in section [4.2| namely that any
operator transforming in a representation (R,,,MR,,,R,,) for not all equal
R,, must be an AKM descendant (or be obtained from an AKM descen-
dant by acting on it with the operators which contribute to the structure
constants). The operator W(a, jasas Wi )bolbs) Would seem to contradict this
statement, since it transforms in the representation (10, 6,6), and it clearly
cannot be obtained from an AKM descendant. Fortunately, there is no con-
tradiction with the superconformal index as this operator is set equal to an
AKM descendant by the null relation . More generally, we have verified
in several cases that threefold AKM primaries either appear in representa-
tions of the type (Ry, Ry, R,), or are null. Moreover we have checked that
all operators in representations which are not of the type (M), Ry, R,) are
either AKM descendants or obtained from them by acting with the operators
which contribute to the structure constants, such as a derivative, or normal-
ordering it with the stress tensor. A direct consequence of this interpretation
of the partition function is that we can predict the existence of certain types
of relations: whenever we can write an operator in a representation not of the
type (R, Ry, Ry) which is neither a descendant nor obtained from one in the
manner described above, there has to be a null relation involving it. Since
null operators are threefold AKM primary, obtaining AKM primaries in said
representation provides a faster way to write down the null combinations
than to diagonalize norm matrices.

Finally we must point out that there exist operators that are not AKM
descendants and can never take part in an AKM primary combination. We
already encountered such an example, namely the stress tensor: since it is
not of Sugawara type it cannot be an AKM descendant, and the requirement
that the AKM currents are Virasoro primaries implies that it also is not an
AKM primary. Since the only other dimension two singlets are given by
the quadratic Casimir operators, which have zero OPEs with the currents,
one concludes that it is impossible to make an AKM primary combination
involving the stress tensor. Another example of an operator which cannot be
involved in any AKM primary combination is (WW)|gne. We expect that
the existence of this operator, as well as (V'V)|sing. is precisely the reason why
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the T} chiral algebra does not require (Virasoro primary) singlet generators of
dimension three and four to close. Although these operators are not Virasoro
primaries on their own, they take part in Virasoro primary combinations, of
dimensions three and four respectively, which are not AKM primaries. Note
that by being neither AKM primaries nor descendants, their contribution
to the partition function is necessarily encrypted in the structure constant.
As explained in section [4.2] their contribution is indeed captured by the

P.E. [qiff} factor in the T} structure constant (see (4.2.2)).

Looking at these operators it is natural to ask if the stress tensor and the
Virasoro primary singlet operators obtained from (WW)|sing. and (VV')|ging.
form a closed subalgebra. If such an algebra closes, it must correspond to
the W, algebra, which is the unique (up to the choice of central charge)
closed algebra with such a set of generators [110, I11]. In principle this
could be checked using our explicit construction; however, it is computa-
tionally challenging and we have not pursued it. More generally, one could
wonder whether the set of operators O; in Conjecture [9] could form a closed
subalgebra, which then should be a W,, = W(2,3,...,n) algebra with central
charge copq = —2n3 + 3n? +n — 2. In particular, one should also be able to
test this statement for x(73) using the explicit construction of chapter , in
which case one would obtain the Wj algebra of [104].

In section we argued that the structure constant factor of
would add negative modes of the current algebra Casimir operators. Now we
can give an explicit example: the operator (J*)% Wy, q,q,, which precisely at
the critical level becomes an AKM primary, and thus is not included in the
critical module of W,, 4,45 Taking the OPE of S* with W, 4,4, we find

15 Wy, ava J leaar
S (2)Woasana (0) ~ =252 Lol 1)alz hoans

15(m +1
— [(Sl)ﬂ”w (Wa1a2a3)n] = %(WGIGQGB)WJFTL +2 ((Jl)gllwblw%)ern )
(4.3.6)

where (O),, denote the modes of operator O, which in the case of ((J;)2
Whiasas)m ., correspond to the modes of the normal-ordered product. Acting
with the (S7)_1 mode of S; on the AKM primary yields

(51)71|Wa1a2a3> = (Sl)*l(Walazas)fg‘()) =2 ((Jl)ZﬁWblazas),g |0>7 (437>
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which exactly adds (J') Wb1a2a3

When analyzing the superconformal index we also argued that threefold
AKM primaries in the sum over AKM modules, that do not correspond to
generators W) must be obtained by normal-ordered products of generators
of Higgs branch chiral ring origin. We can now give explicit examples. Let us
start by considering representation (15,15, 15), for which the corresponding
primary must have dimension three. As described in the previous section
we can always write down a_composite operator with the right quantum
numbers, in this case it is WW|(15715715). Even though this operator is not a
threefold AKM primary, the following combination is:

—~ 1
WW/|a1s.15,15) + 6—4(J1)(J2)(J3) , (4.3.8)

and it is precisely this combination that is accounted for by the R = 15 term
in (4.2.1). Other examples at dimension three correspond to (10,10,10)
(and its conjugate), in which case the threefold AKM primary is simply

WWl (10,10,10) (and WW| (10,10,10) ) .

?Recalling that the first null relation in (£.3.4), sets equal (J')5 Wy 000, =
(J2)22 Warbgay = (J)5 Wayasbs, this term and L_1|Wa,ayq,) (Which produces 0Wa,aya,)
account for all the powers of ¢ in the structure constants, since for the fundamental repre-
sentation only 2¢ survives in the plethystic exponential after combining (4.2.6]) and (4.2.7)).
It can be shown that the OPEs of higher dimensional Casimirs with W, do not pro-
duce anything new.

1a2a3
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Chapter 5

Conclusions

We have outlined the main features of a new surprising correspondence be-
tween the four-dimensional N/ = 2 superconformal field theories and chiral
algebras. It should be apparent that there is a great deal more to learn about
this rich structure. There are many aspects that should be clarified further,
and many natural directions in which the construction could be generalized.
We will simply provide a concise list of what we consider to be the most
salient open questions, some of which are currently under investigation.

e For the Lagrangian examples considered in §2.5) as well as the class
S examples of chapter [3] we have made specific conjectures for the
description of the resulting chiral algebras as W-algebras. We hope that
some of these conjectures can be proved by more advanced homological-
algebraic techniques.

e A detailed analysis of the B, four-point function that compared 4d
and 2d perspectives led to powerful new unitarity bounds that must
be obeyed in any interacting N' = 2 SCFT with flavor symmetry. It is
likely that applying the same methods to more general correlators will
lead to further unitarity constraints.

e A better understanding of the implications of four-dimensional unitar-
ity may help clarify what sort of chiral algebra can be associated to a
four-dimensional theory. A sharp characterization of the class of chiral
algebras that descend from four-dimensional SCFTs could prove in-
valuable, both as a source of structural insights and as a possible first
step towards a classification program for N' = 2 SCFTs.
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We have seen that the four-dimensional operators that play a role in
the chiral algebra are closely related to the ones that contribute to
the Schur and Macdonald limits of the superconformal index. While
the Schur limit has been interpreted in as an index of the chiral
algebra, the additional grading that appears in the Macdonald index
is not natural in the framework that we have developed. It would be
interesting if the additional refinement of the Macdonald index could
be captured by a deformation of the chiral algebra structure, perhaps
along the lines of [I12].

It seems inevitable that extended operators will ultimately find a place
in our construction. We expect that codimension-two defects orthog-
onal to the chiral algebra plane will play the role of vertex operators
transforming as non-trivial modules of the chiral algebra. One could
also apply the tools developed here to study protected operators that
live on conformal defects that fill the chiral algebra plane.

As it was presented here, the definition of a protected chiral algebra
appears to use extended superconformal symmetry in an essential way.
Nevertheless, one wonders whether some aspects of this structure may
survive away from conformality, perhaps after putting the theory on a
nontrivial geometry.

A related question is whether some aspects of our construction for
Lagrangian theories may be accessible to the techniques of supersym-
metric localization. The chiral algebra itself may emerge after an ap-
propriate localization of the four-dimensional path integral.

In many examples, the structure of the 4d Higgs branch appears to play
a dominant role in determining the structure of the associated chiral
algebra. It is an interesting question whether there is a sense in which
the chiral algebra is an intrinsic property of the Higgs branch, possibly
with some additional structure added as decoration.

The structure that we have utilized in this part does not admit a di-
rect generalization to odd space-time dimensions. However, a philo-
sophically similar approach leads to a correspondence between three-
dimensional N' = 4 superconformal field theories and one-dimensional
topological field theories. The topological field theory captures twisted
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correlators of three-dimensional BPS operators whose positions are con-
strained to a line.

The cohomological approach to chiral algebras that was successfully
pursued in this part can be repeated in two-dimensional theories with at
least /' = (0, 4) superconformal symmetry and six-dimensional theories
with A/ = (2,0) superconformal symmetry [26]. As it was in the four-
dimensional case, correlation functions of the six-dimensional chiral
algebra should provide the jumping off point for a numerical bootstrap
analysis of the elusive (2,0) theories.

Combining the extension of this story to six dimensions with the inclu-
sion of defect operators has the potential to provide a direct explanation
for the AGT relation between conformal field theory in two-dimensions
and N = 2 supersymmetric field theories in four dimensions.
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Part 11

Higgs Branch Localization
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Chapter 6

Higgs Branch Localization in
Three Dimensions

6.1 Introduction

In the last few years there has been a huge development in the study of
supersymmetric quantum field theories on compact manifolds, without topo-
logical twist. A stunning feature is that, in many cases, we are able to
compute eractly the path integral and the expectation values of (local and
non-local) operators that preserve some supersymmetry, with localization
techniques [12, [13]. The path integral can be reduced to something much
simpler, like a matrix integral or a counting problem, and explicitly evalu-
ated. After the seminal work of Pestun on S* [14], the techniques have been
developed in many different contexts, essentially from two to five dimensions
(see [15] (16l 113, 114) 115 116, 117, 118, 119, 120, 18|, 1211, 122, [14], [123], 124!
125], [126], 127, [128] for a non-exhaustive list).

Most of the work on supersymmetric theories with no twisting has been
within the so-called Coulomb branch localization: the path integral is reduced
to an ordinary integral over a “classical Coulomb branch” [l parametrized ei-
ther by scalars in the vector multiplets, or by holonomies around circles.
The integrand can contain non-perturbative contributions (e.g. if the ge-
ometry contains an S* or S°), or not. For instance, in three dimensions
[116], 117, 118, 119, 120, 121, 122] the integrand is simply the one-loop de-

'We used quotation marks because that would be the classical Coulomb branch on flat
space, while the theories we consider are on compact Euclidean curved manifolds.
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terminant of all fields around the Coulomb branch configurations. It was
observed in [19] (inspired by [129]), though, that the S® partition function
can be rewritten as a sum over a finite set of points on the Coulomb branch,
of the vortex times the antivortex partition functions [130] ] which do have
a non-perturbative origin. In this chapter we would like to gain a better
understanding of this phenomenon, from the point of view of localization.

A mechanism responsible for such a “factorization” was first understood
in [15, 16], in the analogous context of 2d N = (2,2) theories on S%. Tt is
possible to perform localization in an alternative way (that can be thought
of either as adding a different deformation term, or as choosing a different
path integration contour in complexified field space), dubbed Higgs branch
localization, such that the BPS configurations contributing to the path inte-
gral are vortices at the north pole and antivortices at the south pole of S2.
Notice that such 2d factorization for supersymmetric non-twisted theories is
tightly related to the more general tt* setup [132].

In three dimensions quite some work has been done to understand factor-
ization. Building on [129], the authors of [I7] gave very general arguments
why factorization should take place in terms of “holomorphic blocks”. Factor-
ization has been explicitly checked for U (V) theories with (anti)fundamentals
on 53 [133] and S? x S' [134, 135] F] manipulating the Coulomb branch in-
tegrals. General continuous deformations of the geometry have been studied
in [18, 136]. Finally, the more general ¢* setup has been developed in three
and four dimensions [137]. Our approach is different.

In this chapter we are after a Higgs branch localization mechanism in
three-dimensional N' = 2 R-symmetric Chern-Simons-matter theories, sim-
ilar to the two-dimensional one [15]. We focus on the squashed sphere S}
and on S? x S!, knowing that more general backgrounds could be analyzed
with the tools of [138 139, 136]. We show that both on S} and S? x S, as
in [I5], an alternative localization (based on a different deformation term) is
possible which directly yields an expression

Z =" Za Ziroop Lo Zav

1-loop
vacua

whenever the flat-space theory could be completely Higgsed by a Fayet-
[liopoulos term, and with some bounds on the Chern-Simons levels which

2The vortex partition function counts vortices in the -background on R2, in the same
way as the instanton partition function of [I3I] counts instantons on R*.
3We slightly revisit some manipulations in [133} [135].
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apparently have been overlooked before. The sum is over a finite set of
points on the would-be “Coulomb branch”, where some chiral multiplets get
a VEV solving the D-term equations and completely Higgsing the gauge
group. What is summed is a classical and one-loop contribution, evaluated
on the vacua, times a vortex and an antivortex contributions, coming from
BPS vortex-strings at the northern and southern circles of S; or S? x S!.
Both can be expressed in terms of the vortex partition function (VPF) on the
twisted R? x S (a version of the VPF on the Q-deformed R? [130] dressed
by the KK modes on S!, much like the 5d instanton partition function of
[140] on R, , x S*). The precise identification of parameters depends on the
geometry.

We expect the same method to work on other three-manifolds, for instance
for the lens space index on S} /Z, [141), 142], and also in four dimensions on
manifolds like §3 x S [143, [75], S¥/Z, x S' [141], 144] and S x T2 [124].
The case of S® x S will be studied in chapter 7]

The chapter is organized as follows. In section 6.2 we study the case of S}:
we analyze the BPS equations and their solutions, we study the effect of the
new deformation term responsible for Higgs branch localization, and write
the general form of the partition function. We conclude with the example of
a U(N) gauge theory with (anti)fundamentals [I33]. In section (6.3 we do the
same in the case of 5% x S*. We also consider the example of U(N) [135], and
show that S; and S? x S' are controlled by the very same vortex partition
function.

6.2 Higgs branch localization on S}

We start by studying the path integral of three-dimensional NV = 2 R-
symmetric Yang-Mills-Chern-Simons-matter theories on the squashed three-
sphere S, where b is a squashing parameter, and its supersymmetric localiza-
tion. Such a path integral has been computed, with localization techniques,
in [119], building on the works [116] 117, [118] (see also [120]). In their frame-
work the path integral is dominated by BPS configurations that look like a
classical Coulomb branch: the only non-vanishing field is an adjoint-valued
real scalar in the vector multiplet (together with an auxiliary scalar), which
can be diagonalized to the maximal torus. We thus dub this “Coulomb
branch localization”: the resulting expression in [I119] is a matrix-model-like
partition function, that we review in section [6.2.4]
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Our goal is to perform localization in a different way, by including an
extra Q-exact term in the deformation actionﬁ so that the path integral is
dominated by BPS configurations that look like vortex strings at a northern
circle and antivortex strings at a southern circle. Vortices exist on the Higgs
branch, therefore we dub this Higgs branch localization, as in [15].

We will focus on a special class of backgrounds with three-sphere topology,
the squashed three-sphere S} of [119] as we said, because our goal is to spell
out how Higgs branch localization works. Much more general backgrounds
are possible on S? [I38, [139], and we expect Higgs branch localization to be
extendable to all those backgrounds easily. Moreover it has been shown in
[136] that the supersymmetric partition function depends on the background
through a single continuous parameter b (there might be multiple connected
components, though), therefore the computation on S; produces the full set
of possible functions one can obtain in this way from the field theory.

6.2.1 Killing spinors on S}

We consider a squashed three-sphere S with metric [119]

ds® = f(0)d0* + (*sin® 0 d* + > cos? 0 d? (6.2.1)

where f(0) = V 028in% 0 + 2 cos? 6 and the squashing parameter b is defined

as b = 1//£/{. The ranges of coordinates are 6 € [0, 5] and x, ¢ € [0,27). In
fact, as apparent in [119] and remarked in [145] (see also [I§]), any function
f(0) which asymptotes to (.0 at 0 = 0,5 respectively and which gives a
smooth metric, would lead to the same results. We choose the vielbein one-

forms as

et =LlcosOdyp , 2= —lsinfdy , e = f(6)do , (6.2.2)
yielding the non-zero components of the spin connection w3 = —§ sinf dp
and w2 = —% cos @dy. We underline the flat coordinates in this frame. We

also turn on a background gauge field that couples to the U(1)z R-symmetry
current:

v:%<1—§>dgp+%(1—§>d><. (6.2.3)

4Q is a supercharge, and the path integral is not affected by the insertion of Q-exact
terms [12] [13].
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The twisted Killing spinor equationﬂ D, e = ,€ (where v, are Pauli matrices)
is then solved by the two spinors [119]

1 e~ 5 (Px—0) 1 [ezetxto)

e=— = — (6.2.4)

V2 \ _p-sletxto) | V2 \ piletx—0)

by assigning R-charges Rle] = —1 and R[é] = 1. In fact they satisfy
i _
D,e= ﬁvﬂe : D, = ﬁ%ﬁ : (6.2.5)

We also define the charge conjugate spinor € = —e® = 7¢. For spinor conven-

tions see appendix [D.1]
Two bilinears that we will need are:

a

£2 = jEy%e = —elyle = ( —1cosf,isinb, O) , ée =icle =1i. (6.2.6)

Using the coordinate frame (g, x, ) we have
11
5” = Z'E"}/NE = (Z, Z, O) . (627)

There are also two useful scalar bilinears, p and « defined in (D.2.9)), which
take values p = 0 and a = — 1 —¢#V, = —1 (%—F%) Therefore the commutator

2
of SUSY transformations (D.2.6) is

(60,6 = L& — o — % (% + %) R. (6.2.8)

It will be useful to perform a frame rotation such that the Killing vector
field £ = &9, becomes one of the frame vectors. We then define the non-
underlined frame and its dual basis of vectors:

e! = —f(0)do er = —f(0)"'9
¢* = cos fsin g ({ dip — ( dx) er =0 tan 09, — [ cot B, (6.2.9)
e = Ceos? Odp+ Isin 0y e5 =710, + 170, .

°In our conventions D, = d,, + iwzb'yab —1V),. Charge conjugation is €¢ = C¢" = ¢,
having chosen C = ;.
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In particular £ = e3. In this basis the spin connection reads

0 7§Sin29d(p7§C0829dX %(fﬂdgoJrgdx)
w® = § sin? 0 dy + % cos? 0 dy 0 —do
2 (bdp — (dy) do 0
(6.2.10)

and the Killing spinors become

0 e3(P+x)
€ — i ’ E= (6.2.11)
—e3(ptX) 0
as (\)Nell Oas € = —é¢ = te. The relation between the two bases is €% =

sinf cosf 0 €2 where the matrix has determinant one. In the rest of
cost —sin® 0 /gq

this section we will use the non-underlined frame.

To conclude let us describe the metric of the squashed three-sphere using
Hopf coordinates ¢y = ¢ — x and ¥y = ¢ + X, in which the Killing vector
§= (% + %)&m + (% — %)(%H. On the round sphere of radius 1, £ = 20y,
generates pure motion around the Hopf fiber, whilst the squashing introduces
an additional rotation of the base space S? with fixed points at § = 0 and
¢ = 7. The metric reads in these coordinates:

0202 sin? 20
ds® = 1(0)%d6* + - 2
1) 4(02 cos? 0 + (% sin” 0) "
1 ~ 02 cos? ) — (?sin?0 2
+ —(Pcos’ O+ Psin? ) (dyy + : d . (6.2.12
4( ) ( Y 02 cos? 0 + 2 sin® 0 ¢H> ( )

In fact one could instead take 0y, as the Hopf vector field, and rewrite the
metric in the same form as above but with ¢y < ¢g.

6.2.2 The BPS equations

We will now consider the BPS equations for vector and chiral multiplets, and
how they can be obtained as the zero-locus of the bosonic part of a Q-exact
deformation action. See appendix for the SUSY transformations.

First we define

1
W" = Esrm”an , Er = €W, (6.2.13)
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so that %anFm” = W,,W™. Then, from (D.2.14)), the BPS equations for
the vector multiplet are

0=0\= i(WM + D,p)'y“e — <D + %)e

0= oA = —iely" (W, — Do) + & (D + %) :
Recall that in Euclidean signature we regard A and AT as independent fields.
It is convenient to use the non-underlined frame and the Killing spinors in
(6.2.11)); after taking sums and differences of the components, we get the
BPS equations:

(6.2.14)

0=W,—iDyo, 0=WytiDio, O—Wg—i(D+§), 0= Do .

(6.2.15)

In fact—as it is standard—the equations (6.2.15)) can be derived as the

zero-locus of the bosonic part of a Q-exact deformation action, whose La-
grangian is

NPT UTPE:
Lo = QTr[(Q ) +4 (QN) ] . (6.2.16)
Here the action of the formal adjoint operator I on QX and QAT is:
T
(QNF = €[ = iy (W, + Do) — (D + 07)]
(6.2.17)
(QN)F = [i(W, — Do)y + (D + U—Tﬂ
= [i(W, L)y 7 €,

where we treat o as a complex field. The operator } reduces to § when A,
and D are taken real. Decomposing 0 = oi +t0; into its real and imaginary
parts, we find that the bosonic part of £ is a positive sum of squares:

iTr [(ovfor + ooy = T]f{%(w1 4 Dyor)? + %(W2 _ Dior)?

31 2 JDw S Do+ (04 %))

(6.2.18)

If we restrict to real fields, o; = 0, from the zero locus of this action we
recover the localization locus F),, = 0 and ¢ = — fD = const, as in [I16]. On

193



a three-sphere, F),, = 0 allows us to set A, = 0, then D,0 = 9,0 and finally
o can be diagonalized. On the other hand the equations allow for
more general solutions with complex o.

As in [15], Higgs branch localization can be achieved by adding another
OQ-exact term to the deformation action. Consider

. T o -i-~
Lt = QTI"[Z(G A ;6) H(‘b)] : (6.2.19)
whose bosonic part is
Lyl = Tr[(Wg —i(D+ §))H(¢)] . (6.2.20)

The action S = [ L3 is both Q-exact and Q-closed [| H(¢) is a generic real
function of the complex scalar fields ¢, ¢' in chiral multipletsﬂ taking values
in the adjoint representation. Actually one could even consider more gen-
eral functions H (¢, o)—and we mention the interesting fact that H(¢, o) =
H(¢) + kor would lead to Yang-Mills-Chern-Simons vortex equations—but
we will not do so in this chapter.

The bosonic part of the new deformation term L£{' is not positive def-
inite. However if we consider the sum £ + £ the auxiliary field D
appears quadratically without derivatives and can be integrated out exactly
by performing the Gaussian path integral. This corresponds to imposing

D+ UTR — iH(¢) (6.2.21)

in other words D + og/f is formally taken out of the real contour. The
bosonic part of what we are left with is a positive sum of squares:

1

L8 4 oot L= Tr {2 (W1 + D201)2 + 1(W2 — D101)2

[\

5 (Wi =+ H()) +5(Dsor) + %a;gwaaﬁ] (6.2.22)

6While exactness is manifest in , closeness follows from an argument in [126]. If
€', € were fields, the integral of the trace in would be invariant under Q2 because
it is a neutral scalar. Therefore if € is invariant under the bosonic operator Q?, then Sgef
is O-closed. It is easy to check that Q% = Lee+ %(ﬁ_l + 57_1)6 =0.

"If we want to be sure that E%ef does not change the vacuum structure of the theory,
we should limit ourselves to functions H that do not modify the behavior of the action at
infinity in field space [146]. This is the case if H(¢) is quadratic.
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The BPS equations describing its zero-locus are then

0=Wi+ Doy, 0=Wy— Doy, 0:W3+2+H(¢)7
f (6.2.23)
0:D30'], OIDCLO'R.

These equations differ from ((6.2.15)) only by the fact that the “D-term equa-
tion” has been imposed.

Let us now consider the chiral multiplets, transforming in some (possi-
bly reducible) representation of the gauge and flavor symmetry group. At
this point it is useful to introduce some notation. We call R the (possi-
bly reducible) representation of the gauge and flavor symmetry group under
which all chiral multiplets transform. Accordingly, we consider a vector mul-
tiplet for the full gauge and flavor symmetry, the components for the gauge
group being dynamical and those for the flavor group being external, and
whose real scalar we call &. On a supersymmetric background, external vec-
tor multiplets should satisfy the same BPS equations , but of course
they do not have a kinetic action. Real expectation values of the external
components of & are the so-called real masses, so coupling a chiral multi-
plet in representation R to & includes real masses as Wellﬁ On the other
hand, we decompose fR into irreducible representations of the gauge group:
R = @, R:. In this notation, each chiral multiplet in representation R;
couples to o and to its real mass term m;. The projection of & on the
representation R; is 6|Ri =0+ m,.

For each irreducible gauge representation R, the BPS equations Oy =
oyt =0 give

0= D3¢ — (a +m + z%)qﬁ 0= e 20F(D) — iDy)g +ie? XTI R
0= D3’ + ¢! (0 +m + z%) 0= e%(X“")(Dl +iDy)o" + ezt gt

(6.2.24)

8In our discussion we are not completely general. In three dimensions, the flavor
symmetry group usually includes topological (or magnetic) symmetries which do not act
on the microscopic chiral multiplets in the Lagrangian, but rather on monopole operators,
and real mass parameters can be included for those symmetries as well. For instance, a
U(1) gauge theory has a U(1)r topological symmetry and a real mass for it is the Fayet-
Tliopoulos term. However in our formalism FI terms have to be included by hand, rather
than turning on the corresponding component of &.
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where m is the mass and ¢ is the R-charge (all fields in R must have the same
mass and R-charge). Imposing the reality conditions ¢ = (¢"), FF = (FT)!
and decomposing ¢ into real and imaginary parts as before, the equations
simplify to

(or+mo=0, Dyp—i(or+L)o=0, (Di—iD)o=0, F=0.

f
(6.2.25)
In passing we note that, since £ = ez and using the first equation Re & |R¢ =
0, the second one is

0= 5“(8#—iA#—quu)¢—i<al—|—g)gb - [,cg‘—iq (1+ 1) —6|RZ}¢ — Q% .

f 2\
(6.2.26)
As before, these equations can also be obtained from the canonical defor-
mation action (Q0)1 + ¥ (Ot
o +
L3 =9 7 : (6.2.27)

Up to total derivatives, its bosonic part reads

Edef

mat

1 . q 2 1 k 2 1 2 1 2
:i‘ngﬁ—Z(O’[-ﬁ-?)Qﬁ‘ +§‘(D1_1D2>¢‘ +§‘<0R+m)¢‘ +§’F| )
(6.2.28)

bos

where we recognize once again the BPS equations.
To conclude this section, let us rewrite the BPS equations in components
since it will be useful later on. For the vector multiplet we find

E_lg_lF%,X = ( — ¢ sin?0 D, + ' cos? 0 DX)O'[
E_IFQSQ + E_IFQX = _DQU[

(~tan0Fy, — ("' cot O Fy, = f(0) H(¢) + oy (6.2.29)
0= (t"'D,+07'Dy)o;
0= DMO—R

and for the chiral multiplet we get 0 = (ogr + m)¢ = F as well as

(7D, + 071D, = z'(af n g>¢

f (6.2.30)

(f(0)"'Dy+ it~ tan6 D, — il cot 0 Dy)¢=0.
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6.2.3 BPS solutions: Coulomb, Higgs and vortices

We will now analyze the solutions to (6.2.15)), (6.2.23) and (6.2.25). First,
let us recall the solutions for the standard choice H(¢) = 0.

Coulomb-like solutions. Consider (6.2.15)) and ([6.2.25). We solve them

along a “real” contour where A,, o, D are real, in particular o; = 0, and
(¢, @), (F, FT) are conjugate pairs. Moreover we assume that all chiral mul-
tiplets have positive R-charge. As mentioned before, the solutions are [116]

A, =0, o =—fD = const , p=F=0. (6.2.31)

Let us check that there are no solutions with non-trivial ¢. We can Fourier
expand along the compact directions ¢, x:

$(0,0,X) = Y Cn(B) €™ (6.2.32)

m,n €7

The first equation in imposes the constraint ¢ = 2(ml+nf)/((+7) for
m,n € Z. In particular for incommensurable values of ¢, ¢, either ¢ is one of
the special values above and in this case there is only one Fourier mode (m, n),
or ¢ = 0 is the only solution. Assuming that ¢, { are incommensurable and
that m,n are fixed and solve the constraint, the second equation in (6.2.30)
reduces to (sin20dy + gcos20 + Lf(0))¢ = 0 with L = 2(m —n)/({ + ¢).
The solution is

1—s(ONT /1—50)\-5
= _ 4 _ 4 —q/2 jing jimx
o0, ¢, x) (1 +s(0)> <1 +§(9)) (sin20) 7= e"e (6.2.33)
with
B (2 402 — (2 — 12) cos 20 o 02+ 02 — (02 — 12) cos 20
s(0) = \/ 57 , 5(0) = \/ 7 :

(6.2.34)
The functions s, § are monotonic and positive, with s(0) = §(5)~' = (/¢ and
5(3) = 5(0) = 1. For ¢ > 0 there are no smooth solutions. For ¢ = 0 (then
m = n = 0) there is the constant Higgs-like solution ¢ = ¢, that we will
re-encounter below (in this case, og is constrained by (og + m)¢ = 0), but

we will not consider it here since we assumed that R-charges are positive.
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Now let us study the new solutions with non-trivial H(¢$). We integrate

D out first, i.e. we solve (|6.2.23)) and (6.2.25)) and impose a “real” contour

for all fields but D (in particular o; = 0 again). We also take vanishing R~
charges, ¢ = 0: arbitrary R-charges can be recovered by analytic continuation
of the final result in the real masses, as in [I5]. We make the following choice
for H(¢):

H(p)=C¢ = T &\ Th o (6.2.35)

where the sum is over the representations R; and the gauge symmetry gen-
erators T in representation R;. The adjoint-valued parameter ( is defined
as

CZ Z Caha > (6236)
a:U(1)

i.e. a sum over the Cartan generators h, of the Abelian factors in the gauge
group, in terms of the real parameters (,. We find the following classes of
solutions.

Deformed Coulomb branch. It is characterized by ¢ = 0, therefore from

622 N
F = (sinfcosf f(0)dd N (Ldp — Ldx) . (6.2.37)

Since S has trivial second cohomology, any line bundle is trivial and we can
find a globally defined and smooth potential:

A= C[(G(G) — G(r/2))tdg + (G(0) — G(6))i dx} (6.2.38)
where G'(0) = sinf cosf f(6). We find

(2 + 2 — (2 — ) cos 29)3/2
6v/2 (02 — 2)
U0+ 2 vol(S)

¢(3) -0 3(0+ 1) Am20

G(0) =

+ const (6.2.39)

(6.2.40)

The scalar ¢ is constant and it commutes with F', in particular we can choose
a gauge where it is along the Cartan subalgebra.
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Higgs-like solutions. They are characterized by H(¢) = 0 (we will relax
this condition momentarily). This implies F),, = 0 and, choosing A4, = 0,
also 0 = 0,0 = 0,¢ (one has to exclude non-constant solutions for ¢ with
the same argument as above). Therefore o can be diagonalized, and one is
left with the algebraic equations

H(¢)=0, (c+m) =0 Vi. (6.2.41)

The last equation can be more compactly written as G¢ = 0. These are
the standard D-term equations, and their solutions strongly depend on the
gauge group and matter content of the theory.

We will be interested in gauge groups and matter representations for
which generic parameters (, and generic masses m; lead to solutions to
that completely break the gauge group. More specifically, we will
be focusing on theories for which the Coulomb branch parameters o,, for
a=1,...,rank G, are fixed (depending on the Higgs-like solution) in terms
of the masses m;, and for generic masses they are different breaking the gauge
group to U(1)"*k%  Each U(1) is then Higgsed by one component of ¢, along
a weight w € R, getting VEV. One gets a discrete set of Higgs vacua. If the
gauge group is not completely broken (including the case of an unbroken dis-
crete gauge group), or if some continuous Higgs branch is left, the situation
is more involved and we will not study it here.

Vortices. FEach Higgs-like solution is accompanied by a tower of other solu-
tions with arbitrary numbers of vortices at the north and at the south circles
(the Higgs-like solution should be thought of as the one with zero vortex
numbers). To see this, expand the BPS equations around 6 = 0 at first order
in 0. Defining the coordinate r = ¢6, the metric reads

ds® ~ dr® + r?dx® + (*dp* around 6 =0 (6.2.42)
which is R? x S*. The BPS equations (6.2.29) and (6.2.30)) reduce to
_ l
1 Fr = —H(¢) Fw:_ZFrx Fox =0
? l
0= (D~ ;DX>¢ Dyo=—7Dy6.
(6.2.43)
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The two equations on the left are the usual vortex equationsﬂ on R?, while
the other equations complete the solutions to vortices on R? x S! once the
solutions on R? are found. The equations cannot be solved analytically,
therefore let us qualitatively describe the solutions in the U(1) case with a
single chiral of charge 1, since—up to a rescaling of the charge—this is the
generic situation once the gauge group has been broken to U(1)**%¢ by the
VEV of 0. We take ¢ > 0, in order to have solutions. Far from the core of
the vortex, for r > y/m/( (the integer m will be defined momentarily), we
have 0 = H(¢) = F,,, = F,, therefore

¢~ \fCe meTimx A~ —ndp—mdy . (6.2.44)

Stokes’ theorem on R? implies 5= [ F' = —m, i.e. m is the vortex number at
the north circle (while n will be interpreted below). At the core of the vortex
¢ has to vanish in order to be smooth (if m # 0), therefore close to the core

¢ ~ Bre X)me=m¢ F ~ (rdrA (%dgp —dx

for r < /m/(

(6.2.45)
where B is some constant. In particular, smoothness of ¢ requires m € Zs,.
Note that ¢ vanishes only at r = 0, therefore

7,2

A (—n—§m+<%—yw—<§dx

12

2

(A, +(A, = —ln—{tm (6.2.46)

holds exactly. If we approximate r~'F,, by a step function on a disk times
—(, we get that the size of the vortex is of order y/m/( justifying the limits
we took. In the limit ( — oo the vortices squeeze to zero-size, therefore the
first-order approximation of the equations around 6 = 0 is consistent.

We can similarly study the BPS equations expanded around 6 = 7 at first
order in § — 0, defining a coordinate 7 = ¢ (7—2r — 9). As before, the equations
reduce to the 2d antivortex equations (as the orientation induced from S}
is opposite) besides some other equations that complete the solutions to 3d.
For a U(1) gauge theory with a single chiral, the analysis above goes through
mutatis mutandis. Far from the core of the vortex, for 7 > /n/(, we have

9They are more conventionally antivortex equations, the difference being only the ori-
entation.
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the same asymptotic behavior as in . Stokes’ theorem on R? implies
% [ F = —n, i.e. nis the antivortex number at the south circle, and the
analysis of the solution for 7 < /n/( reveals that n € Z>q. The behavior of
the fields in the intermediate region, far from both cores, provides a
link of parameters between the two cores and it is indeed a solution of the
full BPS equations.

For finite values of (, both curvature and finite size effects play a role.
From the second and third equations on the left in (6.2.29)), integrating over
the sphere one can obtain

—4r% / Fy, df = 4n*l / Fy,df = / H(¢)dvolgs < (vol(Sy), (6.2.47)

where we used that H(¢) is bounded by 0 < H(¢) < ( on vortex solutions,
and vortex solutions have only # dependence. Still working in a gauge with
smooth and globally defined connection A, we can define the vortex numbers
m,n at the north and south circle as the winding numbers of ¢ around Yy, ¢
respectively. The analyses at the cores are still valid, therefore m,n € Z=0
and
A0 _ AG) _n om
l ‘ to7

Then the bound above implies a bound on the vortex and antivortex numbers:

(6.2.48)

vol(S3)

47T2\/€_g .

We conclude that for finite values of ( there is a finite number of vor-
tex/antivortex solutions on the squashed three-sphere; when the bound is
saturated, the chiral field ¢ actually vanishes and the gauge field is as in
the deformed Coulomb branch described before. We thus get a nice picture
of the structure of solutions as we continuously increase ¢ from 0 to +oo.
The Coulomb branch solution is continuously deformed into the deformed
Coulomb branch solution; as ( crosses one of the thresholds, proportional
to bn + b~'m, a new (anti)vortex solution branches out, in which the value
of the matter field is infinitesimal at the threshold and increases further on.
This picture will be useful in the next section to understand how localization
changes as we change ( continuously.

bn+b'm < ¢ (6.2.49)
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For gauge groups of rank larger than one, there can be mixed Coulomb-
Higgs branches where part of the gauge group is broken to a diagonal torus
(along those components BPS solutions describe a deformed Coulomb branch)
and part is completely broken (admitting vortex solutions).

6.2.4 Computation of the partition function

Given the various classes of solutions to the BPS equations found in the
previous section, the computation of the partition function requires two
more steps: the evaluation of the classical action and of the one-loop de-
terminant of quadratic fluctuations around the BPS configurations, and the
sum/integration over the space of BPS configurations.

One-loop determinants from an index theorem

For the computation of the one-loop determinants around non-constant con-
figurations, one most conveniently makes use of an equivariant index theorem
for transversally elliptic operators [147], as in [148]. A similar technique has
been used on S* [14, 149] and S? [I5]. One can give a cohomological form to
the Q-exact localizing action (this point is well explained in [14], 149]), and,
with the equivariant index theorem, the one-loop determinants of quadratic
fluctuations only get contributions from the fixed points of the equivariant
rotations on the worldvolume. Recall that the localizing supercharge squares
v (1 1
2 A L

Q" =L, -6 2(€+E)R' (6.2.50)
The vector field £ = %890 + %@( does not have fixed points on S, on the
other hand its orbits do not close for generic values of b (£ generates a non-
compact isometry group R) and since the index theorem requires a compact
group action, we cannot use it directly.m The idea of [I48] is to write £ =
(1 + %)%H + (3 - %)&m in Hopf coordinates: it generates a free rotation of
the Hopf fiber and a rotation of the base space. We can reduce the operator
for quadratic fluctuations (i.e. the operator resulting from the quadratic
expansion of the localizing action around the background) along the Hopf

10For special values of b, e.g. the round sphere b = 1, the group action is a compact
U(1). Still the index theorem determines the index up to torsion, and in fact in those
cases the index turns out to be pure torsion. We thank Takuya Okuda for correspondence
on this issue.
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fiber, obtaining a transversally elliptic operator on the base S?. We thus
reduce the problem to the computation of a one-loop determinant on the
base 52, dressed by the KK modes on the Hopf fiber. The projection of &
to S? gives a rotation with fixed points at § = 0 (which we call North) and
0 = % (which we call South). This is exactly the setup in [15]. Identlfymg
the equivariant parameters of the U(1)p, x U(1)r X G action as € = P— z’
€ =7+ %and a = —i(3A, + %AX) — &, following [148] we obtain (see
appendix the one-loop determinant for a chiral multiplet of R-charge ¢
in gauge representation R:

chiral « ” m—i_lg +TL€ 1——8—2’11](&5)
i =" 11 1] H . (6.2.51)

1 1_9x_
ER neZ m>D nl=1 — mi- 1 iw(ay)

In all BPS configurations that we consider in this section, ay = ag = a and
some further simplifications take place. It is also convenient to introduce the

rescaled variable a = \/ﬁ_ga, as well as b = \/57/6 and Q = b+b~!. Rescaling

numerator and denominator of (6.2.51)) by \/ﬁ_g and neglecting overall signs,
we are led to

b+nb~! + (1 - 4)Q — iw(a)
Zch1ral «w__» m 2 2.52
1-loop H H mb —+ nb-1 + %Q + Zw(d) <6 ° )

wER m,n>0

= 11 sb( (1—q) +wa )) . (6.2.53)

weER
The last one is the regulated expression found in [I19], in terms of the double
sine function s,. The one-loop determinant for the vector multiplet is simply

% HQsmh mha(a)) 2sinh (76~ af(a)) (6.2.54)

1-loop —
a>0

where the product is over the positive roots « of the gauge group.

Coulomb branch

Let us first quickly review the Coulomb branch localization formula, obtained
by choosing ¢ = 0 in H(¢), or taking positive R-charges. The matrix model
was derived in [I19]. The only Q-closed but not Q-exact pieces of classical ac-
tion are the CS and FI terms (that we report in appendix . Evaluation
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on the Coulomb branch configurations gives

Sa = inTres6? — 2niTrp;6 (6.2.55)

in terms of the rescaled adjoint scalar ¢ = \/E_g 0. The weighted traces Trog
and Trp; are spelled out in appendix , and for U(N) at level k they
reduce to Sy = irkTro? — 2migTr6.

Since the equivariant parameters for gauge transformations are equal at

the two fixed circles, ay = ag = —ad, the one-loop determinants (6.2.52)) and
(16.2.54]) are

2y = T (50~ 0 - w@) (6.2.56)

wER
Zy5 o = [ [ 2sinh (rba(6)) 2sinh (7" a(6)) . (6.2.57)
a>0

This leads to the matrix integral of [119]:

rank G

1 ~ —ir T &242mi' T & rzvec chira
Zgs = Wi / ( 11 daa) e M lesomtamillig e - Zihma o (6.2.58)
a=1

where |W]| is the dimension of the Weyl group. Notice that the Vandermonde
determinant for integration over the gauge algebra g cancels against the one-
loop determinant for gauge-fixing ghosts.

Deformed Coulomb branch

Let us now study the contributions for ¢ # 0. The classical CS and FT actions
evaluated on the deformed Coulomb branch configurations give

S§5 = inTres (6 — z'gn)z , SAT = —2miTrp (6 —iCk) , (6.2.59)
and we defined the constant
vol(SP) 2 N TP
= == = 6.2.60
k 47T2T 3 (Q Q ) 3 f + E ? ( )

where r = \/E_g In both cases the effect of the deformation parameter ( is
effectively to shift the integration variable ¢ in the imaginary direction. The
same shift occurs in the equivariant gauge parameters

ay = ds = -6 +iCk



defined above (|6.2.51]), as it follows from (|6.2.38]), and so also the one-loop

determinants simply suffer an effective imaginary shift of 6. Therefore the
whole deformed Coulomb branch contribution is simply obtained from the
undeformed Coulomb branch expression by shifting the integration
contours in the imaginary directions.

Since the parameter ¢ was introduced via a Q-exact term in the action,
the partition function should not depend on it. For ( = 0 we have the original
Coulomb branch integral . Upon turning on ¢ we effectively deform
the contours, shifting them in the imaginary directions, and the integral
remains constant until we cross some pole of the chiral one-loop determinant.
One can anticipate what happens when crossing a pole based on the bound
: the imaginary coordinates of the poles precisely correspond to values
of ¢ for which new vortices appear on S} as solutions to the vortex equations,
and the contribution from the vortices precisely accounts for the jumps in
the deformed Coulomb branch integral.

Suppression. Our goal is to derive a localization procedure that reduces
the partition function to a pure sum over vortices, with no spurious contribu-
tions from deformed Coulomb branches. In order to do that, we can take a
suitable limit ¢, — +oo: in favorable situations, there exists (for a choice of
signs) a limit in which the deformed Coulomb branch contribution vanishes.

Let us define the U(1) charges of a gauge representation R ;: qg.a) = w(h,),
where h, are the Cartan generators of the Abelian factors in the gauge group,
as in , while w is any one weight of Rjﬂ We also decompose ¢ =
0r — 1(k into its real and imaginary parts. Using the asymptotic behavior
of the double-sine function (see e.g. the appendix of [150]):

otis (2452 +6-2)) 2| =00, Jargz| < g
() (6.2.61)
—iE (B2 2| =00, |argz|> g ;

one finds that the absolute value of the integrand in the partition function
matrix model has the following suppression factor, for {, — +oo:

. . 1 (a) .
’mtegrand’ ~ exp [QWHZCQ <TrCSJRhaTrF1ha+2Rqu EZR |w(oR)+mj| ,
a J w J

UThere is no dependence on the particular weight w chosen, since the U(1) generators
commute with all roots of the simple factors.
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where the first two terms in parenthesis originate from the classical action
while the last term comes from the chiral multiplets in those representations
R; with qg-a) # 0. The one-loop determinants of chiral multiplets with qg.a) =
0 and that of vector multiplets are unaffected by (. One can achieve a
suppression of the deformed Coulomb branch contribution if there exists a
choice of signs in the limit {, — £oo such that the factor above goes to zero
for all values of all components of 5.

As a concrete example, consider a U(N) theory with Ny fundamentals,
N, antifundamentals and some adjoint chiral multiplets (there is a single
Abelian factor in the gauge group, and q equals 1, —1 and 0 respectively).
Setting the real masses to zero for simplicity, the factor above provides a
suppression of the deformed Coulomb branch for

N; — N, N;— N,
¢ — 400 and - fT <k< fT . (6.2.62)
in particular Ny > N,, where the two constraints come from positive and

negative gg. Similarly, we have suppression for

Ny — N, Ny — N,

<k<-—
2 b

¢ — —o0 and (6.2.63)
In particular N, > N;. These two cases, |k| < |N; — N,|/2, are the “max-
imally chiral” theories of [I51]. In case one or both bounds are saturated,
then the true FI term & needs to have the correct sign.

We stress that if the “maximally chiral” condition (including saturations
of the bounds) is not met, i.e. if |k| < |N; — N,|/2 is not met, the deformed
Coulomb branch contribution is not suppressed. As we will see in the next
section, this translates to the fact that the Coulomb branch integral cannot
be closed neither in the upper nor lower half-plane, and reduction to a sum
over residues (as in [19]) requires some more clever procedure (if possible at

all).

Higgs branch and vortex partition function

For finite values of the deformation parameters (,, among the BPS configu-
rations of section [6.2.3] we find Higgs vacua and vortex solutions, where the
(anti)vortex numbers (m,n) are bounded by (or its multi-dimen-
sional version). These BPS configurations contribute to the path integral,
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besides the deformed Coulomb branch discussed before. Let us determine
their contribution.

The classical actions can be integrated exactly (even though the vortex
solutions cannot be written explicitly) using D = —o/f + iH(¢), the BPS
equations and the knowledge of A,(f) at 6 = 0,7 in a globally
defined gauge with Ay = 0, as discussed around . One finds

SC5 = inTreg (6 —ib"'m— ibn)2 , SEL = —27iTrpy (6 —ib"'m—ibn) .
(6.2.64)
Here the vortex numbers m, n should really be thought of as GNO quantized
[152] elements of the gauge algebra, i.e. belonging to the coweight lattice.
The evaluation of the one-loop determinants for the off-diagonal W-
bosons and all chiral multiplets not getting a VEV is straightforward: one
identifies the equivariant gauge transformation parameters in the vortex
background from the expression of Q2 at the poles:

an = as = —(6 —ib~'m —ibn) . (6.2.65)

These values have to be plugged into (6.2.52)) and (6.2.54]). For the rank GG
chiral multiplets that get a VEV and, by Higgs mechanism, pair with the vec-

tor multiplets along the maximal torus of the gauge group becoming massive,
one has to be more careful. As pointed out in [16], the one-loop determinant
for the combined system is just the residue of the chiral one—loopH Therefore
the total contribution from the chiral multiplets is

~

chiral __ ZQ . —1 .
Z1oop = GP—{F@SH I;Im Sb (7 —w(S —imb~ " — mb)) , (6.2.66)

where & denotes & evaluated on the particular Higgs vacuum, and the R-
charges have been set to zero. Finally, since each BPS solution is a smooth
configuration with no moduli, we simply sum over them with weight 1.

From (6.2.66)) it is clear that the sum of the contributions from the fi-
nite number of vortices satisfying the bound exactly accounts for the
jumps in the deformed Coulomb branch contribution every time the integra-
tion contour—which is shifted in the imaginary directions by (,—crosses a
pole of the chiral one-loop determinant. This of course is expected, since the
path integral should not depend on (.

12The chiral one-loop diverges because it is evaluated at a point on the Coulomb branch
where the chiral multiplet, before pairing with the vector multiplet, is massless. Taking
the residue corresponds to removing the zero-mode.
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Vortex partition function. We obtain a more interesting result if we
take a suitable (, — Z4oo limit in which the deformed Coulomb branch
contribution vanishes, and there is no bound on the (anti)vortex numbers.
Conditions for the existence of such a limit were discussed in section [6.2.4]

In this limit the path integral is completely dominated by (anti)vortex-
string configurations wrapping the northern and southern circles, and whose
size shrinks to zero. The resummed contribution of all vortex strings is
accounted by the K-theoretic vortex partition function, Zopex, which can be
computed on the twisted R? x S': R? is rotated by the equivariant parameter
€ as we go around S*, and this effectively compactifies the space. In fact one
associates equivariant parameters to flavor symmetries as well. In a suitable
scaling limit in which S* shrinks (together with the equivariant parameters),
one recovers the vortex partition function in Q-background of [I30]. This all
is the 2d analog of the 4d and 5d instanton partition functions constructed
in [I37], 140].

Let us compute the partition function in this limit. First, we have a finite
number of Higgs vacua. In each vacuum, &, are fixed to some specific (real)
values that are functions of the real masses. The classical actions
provide a weighting factor to Z,oex for the vortex configurations, times an
overall classical contribution:

S = inTres6? — 2miTrp;6 . (6.2.67)

The weighting factors for (anti)vortices have a term quadratic in the vortex
number and a linear term:

e~ = exp [iﬂb’QTrogm2 + 27rb*1( — Trggo - +T1"F1)m]

e v = exp [i?TbQTrcan + 27rb( — Trego - ‘I’TI'F[)TL} ) (6.2.68)
The actions (6.2.64) also give rise to a term e271esmn: in the absence of
parity anomaly in the matter sector, Trcgmn is integer and the term equals
1; otherwise Treg is semi-integer and such that the term is a sign precisely
canceling the parity anomalyH
Second, the one-loop determinants for the vector multiplet and the chiral
multiplets not acquiring a VEV are as in (6.2.56). The rank G chiral mul-
tiplets acquiring VEV bring a residue factor, which in this case is just 1.

BConcretely, for U (N)r with Ny fundamentals and N, antifundamentals, cancelation
of the parity anomaly requires 2k + Ny — N, € Z. The general case is discussed in [I53].
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Finally, the vortex partition function Z,tex depends on equivariant param-
eters for rotations of R? (¢) and flavor rotations (g): they are identified—at
0 =0 (N) and 0 = 7 (S)—from the SU(1|1) complex of the supercharge Q
at the poles, i.e. from Q2 in (6.2.50). We find

2 27 4 -
b_72r ) gN = —%6 ) £ = 2mb? , gs = —2mbS .

(6.2.69)
Eventually, Higgs branch localization gives the following expression of the
sphere partition function:

EN =

ng _ Z efiﬂ’TI'cS&2+27riTI'F1& 7! Zo T . (6270)

1-loop “v
Higgs vacua

The sum is over solutions to (6.2.41)). The one-loop determinant Z{_loop
does not contain the rank G chiral multiplets getting VEV in (6.2.41)). The
(anti)vortex-string contributions are expressed in terms of the 3d vortex par-
tition function:

2 27 4

— S

» A b ) (6.2.71)
Zav = Zoortex (eZﬂ'b TrCS' ’ 627rb(—TrCSo'~ +TI'F[-) 7 27Tb2 7 _271'66) )

imb2Treg 2mb=1(=Tregs +Trp;-
Zy = Zyortex (eur @ e b ose Fr)

The first two arguments in the vortex partition function are exponentiated
linear functions on the gauge algebra, corresponding to the quadratic and
linear weights for the vortex numbers; the third is the rotational equivariant
parameter and the last one includes all flavor equivariant parameters. Notice
that the expression is very much in the spirit of the “holomorphic
blocks” of [17].

We shall give a concrete example in the next section.

6.2.5 Matching with the Coulomb branch integral

We would like to briefly show, in the simple example of a U(N) gauge the-
ory with Ny fundamentals and N, antifundamentals, that Higgs branch and
Coulomb branch localization produce in fact the same partition function,
written in a completely different way. This computation has already been
done in the case of U(1) in [19], and in the case of U(N) in [133], there-
fore we will just review it in our conventions. We stress, however, that this
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computation is only valid for

< X2 el

(6.2.72)
where k is the Chern-Simons level; these theories have been dubbed “maxi-
mally chiral” in [151] 1]

The theory has SU(Ny) x SU(N,) x U(1) 4 flavor symmetry. We will use
a “quiver” notation, in which the fundamentals are in the antifundamental
representation of the flavor group SU(Ny), and viceversa. Then we can
introduce real masses m, for fundamentals and s for antifundamentals,
defined up to a common shift (which corresponds to a shift of the adjoint
scalar o). Generic positive R-charges are encoded as imaginary parts of the
masses.

The matrix integral (6.2.58) is given by (we removed hat from &):

Zgg(N)vayNa —
b

N
% /dNO' e~ ik ot +2mig Yo H 4sinh (7b~"(0; — o)) sinh (7b(0; — ;)
’ i<j
N Na iQ -
2 sb(——l—ai—mg)
y H N/j: 1 2

i=1 1la=15b (_§ +oi — ma)

. (6.2.73)

where we used sy(—z) = s;'(x). Our goal is to rewrite it as a sum over
residues, as done in [19, [133]. First, one can employ twice the Cauchy deter-
minant formula that we use in the following form:

N N N
1

HQSIHh([L‘l—QZ’]) = N ' E (—1)51_[ H QCOSh(a:i_Xj) )

i< HKJ, 2sinh(x; — X;) ses™ i=1 ji£s(0)

(6.2.74)

14 The computation in this section leads to an expression for the S® partition func-
tion which identically vanish for max(N¢, N,) < N, signaling supersymmetry breaking.
The fact that the maximally chiral theories (|k| < L;NJ) break supersymmetry for
max(Nyf, N,) < N has been noticed in [I5I]. On the other hand, the minimally chiral
theories (|k| > leQ;N"‘) generically do not break supersymmetry for max(Ny, N,) < N;
the simplest example is pure Chern-Simons theory. In fact the manipulations carried out
here are not valid in the latter case. A similar reasoning applies to the index Zg2yg1. We
thank Ofer Aharony for this observation.
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where the auxiliary variables x; must satisfy x; # x; (mod i), to separate
the interacting matrix-model into a product of simple integrals. The simple
integrals will contain two sets of auxiliary variables x;, x;. Assuming that
k| < M (or |k| < M and & < 0), these integrals can be computed by
closing the Contour in the lower-half plane and then picking up the residues.
The regime |k| < %M can be studied in a similar way, closing the contours
in the upper-half plane One gets contributions from the simple poles of
the one-loop determinants of fundamentals, located at the zeros of s, in the
denominator: ¢; = m,, — iu;b — b~ = Ti(m,, py,v;) for vy € Zsg

and 7; = 1,..., Ny. Applying the Cauchy determinant formula backwards,
to re-absorb the auxiliary variables, one obtains

(_QWi)N —ink Y T242mie ST
I =Ny~ 2. 2, <7

Ye@n )N prezl
N

><H4smh 7b(T; —TJ))Smh(Wb (7: _T]))

1<j

0 L .
XU( /318b(2i+n mﬂii) §§§5b<§+lulb+lylb 1_3:)).

#y: Sb ( TQ T
(6.2.75)

Of course, one could have just collected the residues of the multi-dimensional
integral with no need of the Cauchy formula. The residue can be computed
with the identity

iQ . )
sb<x+7+z,ub+wb >— |
(—1) sz + ?)
A, 2isinhwb(z + iXb) [/, 2isinh b= (z + irb~!)

(6.2.76)

and Res,_.o sp (x—l—z'Q / 2) = 1/2mi. At this point one can factorize the summa-
tion into a factor independent of i and 7/, a summation over ji and a summa-
tion over 7. To achieve that one uses 2k+ Ny — N, = 0 (mod 2), which is the
condition for parity anomaly cancelation, so that (—1)WNs=Nat2k) 2 mvi — 1,
Finally one observes that each of the two summations over ji and v vanishes
if we choose 7; = ~; for some ¢, j, and on the other hand it is symmetric under
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permutations of the +;’s. Therefore we can restrict the sum over unordered
combinations 7 € C(N, Ny) of N out of the N flavors, and cancel the N! in
the denominator.

We can also use the following identity (see e.g. appendix B of [135]), valid
when the ~;’s are distinct:

Hjik sinh (X,ch — X%. + (g — ,Ltj)Y)
[T Hgil T4, sinh (X, — X5 +iAY)
i TTY si N . ] -1
(—1)>t [ I sinh (X, — X)) [Hﬂé{%} sinh (X, — X5 + MY)]

Hszl u [vazl sinh (X, — X, —i(p; — A+ 1)Y>]

_ (6.2.77)

and the observation Hf\ij(—l)’“_”j = (—=1)N=DXiti 10 eventually write:

Zg= > 20270 72070 (6.2.78)

1-loop “v av
Y€ C(N,Ny)

which exactly matches with the general result of Higgs branch localization
(6.2.70). The summation is over classical Higgs vacua, i.e. over solutions
to the algebraic D-term equations . Then we have a simple classical
piece, the one-loop determinant of all fields except the N chiral multiplets
(specified by 7) getting a VEV and Higgsing the gauge group, the vortex and
the anti-vortex contributions; all these functions are evaluated at the point
(%) on the Coulomb branch solving the D-term equations. Using a notation
in which a € 4 denotes the flavor indices in the combination v, we can write
the classical and one-loop contributions as

. 2 )
ZC(iY) — H e imkmg, +2milma
aEy

1) _H Hgilsb (% + mi — 1)

1-loop — e Hg{#) Sh (_g +m; — ma) (6279)
X H 4sinh (wb(m; — my)) sinh (b~ (m; — m;)) ,
1,jE€Y
i
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the (anti)vortex contributions as

70 — 7

vortex

o _ 27 27 27
imb—2k 2wb— 1 (—km;+€ ~
)
70) = 7 ()

imh2k _27wb(—km;+€)
vortex (6 ) € ’ ’

2, —2xbm,, —2wbmﬂ) ,

JEY
(6.2.80)
and the vortex-string partition function turns out to be (for Ny > N,):

2
vortex(QJ, iy €, Qo s bﬂ> = Z H Q;‘j L;” (_1)(Nf—Na)uj

pezy, j€7

Nag b A
Nlj_—f HB QZSIDh#
A — N o — a; +ie(A— ;)
A=0 HZzsmh — +225( ) H ;ﬁ?isinha 4 +2ZE( MJ)
agq
leqy

(6.2.81)

The map of parameters in Z, and Z,, precisely agrees with our general
expression . As we will see in section , precisely the same function
Zeortex controls the partition function on S? x S'. Such an expression for
Zvortex Can be compared with [154]@

6.2.6 Comparison with the two-dimensional vortex par-
tition function

Let us check that by taking the limit of small equivariant parameter and
scaling at the same time all other parameters in the same way, the 3d vortex
partition function ([6.2.81]) reduces to the 2d vortex partition function. After
a redefinition ¢ — —¢, we take a limit £ — 0 in keeping the ratios
aq /e and bg/e finite; we also send the CS level & —
Q; — land L; — 2. We get

0, that corresponds to

Z("/) -

vortex

Zlul pB=1 IS u
Z ( (Nf Na)lil H —za,l
ezl Jeq H

leqy

15See also [155].
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Here |fi| = >, pj and we used the Pochhammer symbol (a), = " o(atk).
This expression is precisely the standard two-dimensional vortex partition
function in Q-background, see e.g. [15].

6.3 Higgs branch localization on S? x S!

We will now move to the similar study of Higgs branch localization for N = 2
theories on S? x S, whose path integral computes the three-dimensional su-
persymmetric index [I56]. Localization on the Coulomb branch for N = 6
Chern-Simons-matter theories was first performed in [I121], and later gener-
alized to N' = 2 theories in [122] (see also [I57] for a further generalization
in which magnetic fluxes for global symmetries are introduced). It was later
pointed out in [129] (see also [I58]) that in the presence of non-trivial mag-
netic fluxes, the angular momentum of fields can be shifted by half-integer
amounts, thus correcting the naive fermion number: such a different weighing
of the magnetic sectors helps to verify various expected dualities.

The expression that results from Coulomb branch localization is a matrix
integral over the holonomy of the gauge field. As in the previous section, we
will perform an alternative Higgs branch localization, in which the relevant
BPS configurations are discrete Higgs branches accompanied by towers of
vortex strings at the north and south poles of the two-sphere.

6.3.1 Killing spinors on S? x S', supersymmetric index
and deformed background

Supersymmetric theories on three-manifolds, among which S? x S!, have
been studied in [I38, 139] considering the rigid limit of supergravity. In
this approach, the auxiliary fields of the supergravity multiplet are treated
as arbitrary background fields and SUSY backgrounds are found by setting
to zero the gravitino variations; in the presence of flavor symmetries, one
similarly sets to zero the external gaugino variations.

Here we will take a different approach: we will first recall the Killing
spinor solutions on S? x R, and then compactify R to S with some twisted
boundary conditions: the supersymmetric index with respect to the super-
charges described by the Killing spinors indeed imposes twisted boundary
conditions. In a path integral computation, however, the twisted boundary
conditions are most conveniently described by turning on background fields
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for the charges appearing in the index formula, which finally leads to the
desired theory on a deformed background.
We take the metric

ds® = r*(d6? + sin® O dp?) + dr* | (6.3.1)

with vielbein e! = rdf, e* = rsinfdy, e = dr, and set the background
U(1)g field V,, to zero. The spin connection is w'? = — cosfdyp. Consider
the Killing spinor equation

Dye = 7,é (6.3.2)
where D, = 0, + ;wi’va. Following [122] we consider the factorized ansatz

ex = f(1) €3 (0, ), where the 2d spinor satisfies Dy = :l:%%w?’ef with

i =0, p. Plugging in (6.3.2)) gives
2 1
ex =70, ) D,er = :I:gfyufy?’ei : (6.3.3)

Notice that the spinors are not periodic on S* and twisted boundary condi-
tions will be needed. On the sphere S? there are four Killing spinors; then
we can write the S? x R spinors in a compact form as

16 1
ep = et/ exp <:F 5 ’}/2) exp (%p 73> €0 (6.3.4)

where ¢y = (gg) is constant.

Killing spinors for supersymmetric index. We will choose the spinor ¢
1

to be “positive” and with €y = (0) (so that 3¢9 = €) and € to be “negative”
and with & = () (so that v360 = —&):

cosf/2 o [sinf/2

e=e/els : E=e /i3 . (6.3.5)
sin /2 cos /2
Another useful spinor is
o [ cosB/2
E=—e=ie /et / (6.3.6)
—sinf/2
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which is also a “negative” Killing spinor. We choose them of opposite posi-
tivity so that bilinears be independent of 7; this also guarantees that there
are no dilations in the algebra (p = 0). With these choices, the Killing vector
and the functions appearing in the algebra are

v = &y = —&y% = (0,sin0,4) , ée = —ée=1icosh, a=—éye=

We also have
§=i(ev"€)0, = L0, — 0, . (6.3.8)

On the other hand efe = ¢™/" and €€ = e~7/", as required by the dimension
A (see below). The quantum numbers of the spinors are:

Spinor A J3 R
€ -1/2 1/2 -1
€ /2 -1/2 1

obtained by acting with the operators A and j3 as defined below; the R-
charge follows from the supersymmetry variations. We also have

[0¢, 0] = 1(( —rLy ) — (—iLlh +rcosbo) — R) : (6.3.9)
T \,—/ (. b ~ v
=A =J3

Supersymmetric index and deformed background. The spinors are
preserved by the mutually commuting operators

A-j3s—R, R+ 275 .
The first one is the commutator [d,, dz]. We will compute the index

with z = e7%, (; = €%. Here F; are the Cartan generators of the flavor
symmetries and the circumference of S! is Br. To correctly describe the
fermion number in the presence of magnetic fluxes, we have used 2j3 [129]
158]. Notice that convergence of the trace requires |z| < 1. For each Cartan
generator of the flavor symmetry, besides the chemical potential (; one could
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also turn on a fixed background flux on S? [I57]: the only example we will
consider in this chapter is a flux for the topological symmetry U(1);.

In the path integral formulation on S? x S1, the index is described by the
twisted periodicity conditions

(1 + Br) = P iR &(R+20s) =355 @ (1) (6.3.11)

These are also the boundary conditions satisfied by the spinors (with F; = 0).
By the field redefinition ® = ¢ B (B(-is=R)+E(R+275) =i %, 3ij)<I>, one can make
the fields periodic again; such a redefinition is in fact a gauge transformation,
indeed one can alternatively turn on background flat connections on S*:

S 3
V, = (0 0,— Br) Vo = (0 0.5 ) (6.3.12)
for the R~ and flavor symmetries respectively. The twist by the rotational
symmetry imposes the identification (7, p) ~ (7 + pr, ¢ —i(8 — 2£)). Intro-
ducing coordinates 7 = 7 and ¢ = p + G 2£)7' the 1dent1ﬁcat10n becomes

(7,¢) ~ (T + Br,¢). In hatted coordinates the metric is

2 2
ds® = 12d6% + r* sin? 0 [d@ (1 . g) dﬂ +dr? (6.3.13)
which is complex. This metric can also be rewritten as
2 12 Ja
ds? = r2dg? + — dg?
1 (1— %) sin*0

z"r’(l — %) sin’ @

— (1-%)*sin0

2
+ (1 — (1—%)"sin? e) (d% - d@) , (6.3.14)
which is a circle-fibration over a squashed two-sphere.

The index is thus computed by the partition function on a deformed
background. A vielbein for is el = rdf,e* = rsinf(dp — (1 —
%)d%), e? = d7, and the frame vectors are e; = %89, €y = ﬁ(%, €3 =
0 + %( — %)%. The non-vanishing component of the spin connection is
w'? = —cos Q(dgb— 7% (1 — %)d%). The Killing spinors corresponding to (/6.3.5))
are

Y s : e = oo 072 (6.3.15)
sinf/2 cos /2
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They satisfy Dl‘g - 2_17~7M73€ and Dué = _21_7”7/1735’ where Du - au‘i‘%wzb%zb—
iV,—i), i f/;fj ), and € = —€°. The Killing vector and the functions appearing
in the algebra are

_ . . 2i€ . i€
a __ a _ 2 _ — = —
vt =€y 6—(0781n9,z):>§ —(O, s 1>, ée =1cosf, « B
(6.3.16)
We thus find
2i¢ ¢ 3
J=—L4 + =18 — - = LR 3.1
(e, O] Ly, + Brﬁ% cosf o BT’R+Z g i (6.3.17)

From standard arguments, it is known that the index is independent of
the parameter 5. A significant simplification takes place by setting 5 = 2¢,
since the rotational symmetry charge disappears from the trace , and
the complex metric becomes the real metric on the product space
S? x S'. Henceforth, we make this choice for the immaterial parameter
and we further omit the hats.

6.3.2 The BPS equations

We will now proceed to derive the BPS equations. We define the quantities
o

Y, =Wy 4+ a3 — (6.3.18)
r

where W, was defined in (6.2.13)). Using the explicit expressions for the
Killing spinors (6.3.15]), the BPS equations from the gaugino variations (D.2.14))

can be written as

, 0 , .0
0= (Yé + ZD) coS 3 + (Dla — ng) sm§

0 0

0 = Dso cos — + (Yl — iDQJ) sin —
2 ; 2 ; (6.3.19)
0= (—Yg—i-iD)sin§+ (Dla—i-iYg)cos§

0 0
0 = —Dsosin 3 + (Y1 + iDga) cos 3

The localization locus can also be obtained from the positive definite
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deformation action (6.2.16]), where now the action of i is defined to be

1 .
(Q)\)i — 6T< _ §'YWF;W — D —iy"Dyo — %J,}/s>
=¢' (=i (Y, + Do) — D)

1 .
(QAN)F = (EVWFW +D —iv"D,o + 3073)6 = (i(Y, — D,o)y" + D)e.
r
(6.3.20)
One then obtains L85 = $Tr[(Y,)? + (D,0)? + D?]. Imposing the reality
conditions, the Coulomb branch localization locus immediately follows:

Y, =0, Do =0, D=0. (6.3.21)

Note that the string-like vortices are excluded by these equations since they
imply D, Fis = 0.

Higgs branch localization can be achieved by adding another Q-exact
term to the deformation action. We use the same term as in (6.2.19):

e\ — A& H (o)
ok

L& = QTr [Z(
whose bosonic piece is

Lol = —Tr[(sin 6(Dyo) + cos Y3 + iD) H(¢)} . (6.3.22)

bos

The Gaussian path integral over D imposes
D =1iH(9) . (6.3.23)

Then one is left with

def def

1
L= 5Tr|:(}/é)2 + (D20)* + (V)" + (Dso)’+

(D10 cosf — Yssin 9)2 + (H(¢) — Dyosinf — Yscos «9)2 , (6.3.24)

which is a sum of squares. The BPS equations are then

O:D100089—<F12+z> sin@ | 0= Dyo = D30

T

O:H(¢)—D1081H9—<F12+%>COS@, 0:F13:F23.
(6.3.25)
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Consider now the chiral multiplets, transforming in some representation
R=6 ;R of the gauge and flavor group, Wher_e R; are irreducible gauge
representations. Imposing the reality conditions ¢! = ¢, F't = F and o = o,
one finds the BPS equations

0 0 /Ds+ D}

Ozsin§D+¢+cos§< st s, 4 ¢+a¢) 0= (Ds— DD)o
0 .0 D3+D

O—COSED_¢—SIH§< S+ gzﬁ—agb) 0=F,

(6.3.26)
where Do = Dy FiDy and D3¢ = D, ¢ = (0r — gy — 5.0 — i55) ¢-
As before, these equations can be obtained from the canonical deforma-
tion action Edef Its bosonic part reads

mat -

Ldef

mat

1 1
S+ | Dsg - D]

1 . 6 0 /Ds+Di ¢ 2
+g[sing Diotcos s (5204 164 00)
1 0 /D3 + D} 2
+§ cosﬁD,¢—sin§( 3;— 3¢+q¢—a¢>' (6.3.27)

6.3.3 BPS solutions: Coulomb, Higgs and vortices

We will now present the BPS solutions to the equations (6.3.21)), (6.3.25) and
(6.3.26)). First, let us recall the solutions for the standard choice H(¢) = 0.

Coulomb-like solutions. Consider ((6.3.21]) and (6.3.26)). They allow for
a field strength

F= g sinfdf A dy (6.3.28)

where m can be diagonalized to lie in the Cartan subalgebra and it takes
values in the coweight lattice of the gauge group G (it is GNO quantized).
The gauge field can be written as

A= by (/{ — cosf) dy + f dr , (6.3.29)

where in this section kK = 1 (k = —1) on the patch excluding the south
(north) pole. We have also included a holonomy a, with [a, m] = 0, around
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the temporal circle. The BPS equations fix 0 = —m/2r and D = 0, which is
the localization locus of [122].

Let us now analyze the BPS equations for a chiral multiplet in gauge
representation R, assuming that its R-charge ¢ is positive, and show that
the only smooth solution is ¢ = 0. First, we decompose ¢ in Fourier modes
recalling that, in the presence of non-trivial flux on S?, ¢ is a section of a
non-trivial bundle and should be expanded in monopole harmonics [I59]:

.
A7.0,0) =D Cpim exp( ;T;m) Yo im (6.3.30)

p,l,m

where the range of parametersisp € Z, [ € %jLN andm = —[, —l+1,...,+l.
The third component of the angular momentum is given by the eigenvalue

of!

js = —i0, — m%, (6.3.33)

and on the monopole harmonics: 7j3 Y%Lm =m Y%,Lm. Imposing a Hermitic-

ity condition on the holonomy a, the equation (D3 — D§)¢ = 0 corresponds
to

a
(aT s %) 6 = (6.3.34)
This implies that only those modes for which (a — 27Tp+3) ¢ = 0 can survive.
Since the time dependence is completely fixed, we can reabsorb p by a large
gauge transformation and set p = 0. From the equations in the first column
of (6.3.26)), the expressions for ¢ and the gauge field found above, we find
(j3 + %)¢ = 0 and j;¢ = 0. The first one imposes m = —q/2, whereas

16 From [159], the gauge invariant angular momentum operator on R? in a monopole
background m is given by L = 7 x (—iD) — #m/2, where # is a unit vector along the 7
direction. In particular the third component is

%z—ﬂ%—mﬂam%:%%—ng. (6.3.31)

This result is directly applicable to S2. For later reference, we also write the operators j
and j_:

) 1
ji:eiw<:|:89+icot9D¢ Esm@) i“"(:I:Bg—i—zcot&@ + /icotQ—E )
2 2 2 sin 6
(6.3.32)
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the second one imposes that the angular momentum eigenvalue m take its
maximal value +[. For positive R-charge ¢ > 0, there are no solutions. For
zero R-charge (then [ = m = 0) one finds the constant Higgs-like solution

¢ = o, if (a+3)9=0.

Now let us see the new solutions with non-trivial H(¢). We integrate D
out first, i.e. we set D = iH(¢), solve and (6.3.26), and take all
vanishing R-~charges ¢ = 0 (arbitrary R-charges can be recovered by analytic
continuation of the result by complexifying flavor fugacities). We take exactly
the same deformation function H(¢) as in (6.2.35). We find the following
classes of solutions.

Deformed Coulomb branch. It is characterized by ¢ = 0, and (in com-
plete analogy with [15]) can be completed to

Fis =Fy3 =0, F12:2Ccosl9+£, U:—’I“CCOSQ—E. (6.3.35)
2r2 2r

We thus have Fp, = r?sin 6 (2¢ cos §+m/2r?). The corresponding gauge field
can be written as

A= (r2§sin2 0+ %(/{ — COS «9)) dp + %dT : (6.3.36)

Higgs-like solutions. They are characterized by F,, = 0, 0 = 0 and a
constant profile ¢ for the matter fields that solves the D-term equations

H(¢) =0, (a+3)0=0. (6.3.37)

The solutions to these algebraic equations are analogous to the Higgs-like
solutions of section [6.2.3] We will be mainly interested in gauge groups
and matter representations such that, for (, in a suitable range, all VEVs ¢
completely break the gauge group.

Vortices. Each Higgs-like solution is accompanied by a tower of vortex-
string solutions with arbitrary numbers of vortices at the north and at the

south circles. To see this, we expand the BPS equations around 6 = 0 and
0=m.
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The S? x S! metric (6.3.1) in the # — 0 limit becomes ds* = dR? +
R2dp? 4 d7?, where R = 76, which is the metric of R? x S!. The equations

(6.3.25)) become, to linear order in R:

1
0= Dgro — —Fgy, , 0=D,o=D,o
r
1 oR (6.3.38)
O:H(gb)_EFR@_DR(T)a OZFcpT:FRTa
whereas the equations for the chiral fields (6.3.26]) become
i R
0:<DR+ED@+?U>¢, 0= (Ds— Di)¢
, Det DI (6.3.39)
0= (=D, +0+=2"2)0, 0=F.
r

Let us qualitatively describe the solutions for a U(1) theory with a single
chiral field of charge 1. Working in the gauge Ay = 0, implies
that Oy (ra cosf — ASO) = 0 exactly. We write rocos = A, — n, for some
integration constant n, so it is sufficient to specify the behavior of ¢ and A,.
Far from the core (the length scale is set by \/¢~1) one finds

¢ ~ \/Cem? A, ~n, (6.3.40)

and Stokes’ theorem implies that % f ' = n, which is the vortex number.
Close to the core:

6 ~ B(Re*)" A, ~ o+(9(e§22) , (6.3.41)

and in particular n > 0. A similar analysis can be performed around the
south pole in the coordinate R = r(w — ). This time we write ro cosf =
A, —m. Then A, — 0 near the core and A, — m, which we identify
with the vortex number, far from the core. We also find |¢| — B’R™ near
the core, while it sits in the vacuum far from it: |¢|*> — (. The vortex
configurations we wrote around the north and south poles are connected by a
gauge transformation on the equator: ¢ = e!(*~"¢¢5 and Ag —Ag =n—m.

For finite values of (, we can derive a bound on the allowed vortex num-
bers. From ([6.3.25) one deduces H(¢)rsind = 0yo, which results in the
inequality

vol(S?)

or

ro(r) — ro(0) % / H()dvol(S2) < ¢ (6.3.42)
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which upon plugging in the values of ¢ found above leads to the bound
vol(S?)
2
As in section [6.2.3] we conclude that for finite values of ( there is a finite
number of vortex/antivortex solutions on S?. When the bound is saturated,
the chiral field ¢ actually vanishes and the gauge field is as in the deformed

Coulomb branch described above. We thus get a similar picture of the struc-
ture of solutions as in section [6.2.3]

m+n < ¢ (6.3.43)

6.3.4 Computation of the index

We will now evaluate the classical action and the one-loop determinants
of quadratic fluctuations, and then sum/integrate over the space of BPS
configurations.

One-loop determinants from the index theorem

As in section [6.2.4] we compute the one-loop determinants on non-trivial
backgrounds with the equivariant index theorem, following [148]. The local-
izing supercharge squares to

) 1 _ 3
Q> =L + ;[,gp —cosbo — 2_rR +1 Z %FJ . (6.3.44)
j

The action of Q2 on the worldvolume consists of a free rotation along S*
generated by L. and a rotation of S? generated by Ly, with fixed points
at the north and south poles. The equivariant parameters for the U(1)a, %
U)r x UD)fper X G are given by ¢ = £, & = —5- &; = zf and a =
1A, + %ASD —cosfo. In appendix we compute the one-loop determinants
in our conventions. For a chiral multiplet in gauge representation R we have

Chlral “__» H H H”Tn_ k+1)€+€q grw(&s)_%zﬁjﬂ
T R R —Grwlan) =S X uE
(6.3.45)

which requires regularization. For the gauge multiplet one has

Lloop = H 2sinh (§r a(ay)) 2sinh ( — &ra(as)) (6.3.46)

a>0
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Coulomb branch

Coulomb branch localization for the 3d index was first performed in [121]
for N' = 6 Chern-Simons-matter theories, and later generalized to N =
2 theories in [122]. A subtlety involving the fermion number was pointed
out in [129] (see also [158]), and was later confirmed in [I48] by computing
the one-loop determinants with the index theorem. Let us quickly review
these results. The Chern-Simons action evaluated on the Coulomb branch
configurations gived”|

595 = —4i / TrosAA F = —iTrogam . (6.3.47)
T

Due to the modified fermion number, an extra phase (_1)Trcsm needs to be
taken into account [I5§].

To each Abelian factor (with field strength F') in the gauge group is as-
sociated a topological symmetry U(1);, whose current is J = *F. Coupling
U(1), to an external vector multiplet with bosonic components (Aga, 0pa, Dpa)
is equivalent to introducing a mixed supersymmetric Chern-Simons term,
whose bosonic part is
=5 [ Tr(Apg A F +0Dpg + 0p6D) . (6.3.48)

Sy

An expectation value for o g would correspond to an FI term. In this section,
though, we will be interested in turning on a holonomy b and a flux n. Notice
that this is indeed an example of an external flux for a flavor symmetry, in
the spirit of [I57]. Evaluation on the Coulomb branch BPS configurations
yields

Sy=iTr(an+bm). (6.3.49)

We will introduce the topological fugacity w = e~®. Also in this case extra
signs are required: this can be done by taking the index not to be a function

of w, but rather of (—1)"w. Such dependence will always be understood.

ia K
The gauge equivariant parameter is a = — + 2™ where k = 1 (—1)
r r

5%
on the northern (southern) patch, as in (6.3.29). The chiral one-loop deter-

1TWe recall that in order to correctly evaluate the CS action | AAF, one should construct

an extension F of the gauge bundle to S2 x Dy (where the second factor is a disk) and
integrate [ F'A F.
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minant then simplifies and, after regularization, becomes

2—q— —iw(a) ~—F. .2
chiral _ H <$1_q (i) C_F>—w<m)/2 (g2-wlm) gmin(@) (=F 42)
1-loop — ($q7w(m) etw(a) CF7 1'2) )

weER
(6.3.50)
where (a;¢)os = [[1=o(1 — ag®) is the g-Pochhammer symbol, we defined
z = e ¢ and (; = €%, we used the short-hand notation ¢¥ = [[,¢[", and ¢
is the R-charge. The regularization is similar to [121] (see also [148]). The
expression above includes all the correct extra signs. The vector one-loop
determinant becomes

1 1

Z5oap = [ ] 4sinh (5a(ia + gm) ) sinh (= Sa(ia—m))  (63.51)
a>0

= [ 3l <1 . x\a(mnem(a)) _ (6.3.52)

aeG

The index is thus computed by the matrix integral:
(JT CJ? (_ )
rankG dz
Z / ( J ) (_1>Tl'csm ele”CSam—iTI'(an+bm) Zl—loop 7

m ¢ Zrank G

(6.3.53)

where |[W| is the order of the Weyl group, z; = € is the gauge fugacity and
the integration contour is counterclockwise along the unit circle.

Deformed Coulomb branch

The full Chern Simons action (D.2.16)) and the mixed CS term (6.3.48]) eval-

uated on the deformed Coulomb branch read

Sgs = —iTrCS((a - 2@'7“25(’) m) , S; = Tr((a - 22'7"25() n+ bm) ,
(6.3.54)
where, in this subsection, ( refers to the deformation parameter (6.2.36]).
We also need to include the phase ( —1)Tr05m. The equivariant parameter is
given by ,
. a—2r*¢C K
a=1i 2% + 5 M (6.3.55)
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As in section [6.2.4] we observe that the net effect of the deformation pa-
rameter ¢ is an imaginary shift of the integration variable a — a — 2ir2£(,
or equivalently z = e — x2°Cz. Effectively it modifies the radius of the
integration contour; since |z| < 1, the contour grows for ¢ > 0 and shrinks
for ¢ < 0. The effect on the integral is the same as in section[6.2.4} it remains
constant, until the contour crosses some pole and the integral jumps. In view
of the bound , this happens precisely when new vortex configuration
become allowed, providing the missing residue.

In order to obtain an expression of Zg2,41 purely in terms of vortices,
we need to suppress the contribution from the deformed Coulomb branch.
Heuristically, this can be achieved if there is no pole at the origin or infinity.
As we show in appendix following [160], for a U(N) theory with Ny
fundamentals, N, antifundamentals and Chern-Simons level k, there is no
pole at infinity if Ny > N, and |k| < i gN“, thus suppression is obtained by
sending ¢ — +oo; for Ny < N, and |k| < @ there is no pole at the origin,
thus suppression is obtained by sending ( — —oo. For Ny — N, = k =0
there are poles both at the origin and infinity, however the residues vanish.

Higgs branch and vortices

For finite values of the deformation parameters (,, additional BPS con-
figurations are present, namely Higgs vacua and vortex solutions, whose
(anti)vortex numbers (m,n) are bounded by (or its multi-dimen-
sional generalization). We determine here their additional contribution to
the path integral, besides the deformed Coulomb branch. The discussion is
similar to section [6.2.4] so we will be brief.

The classical actions can be evaluated exactly using D = iH (¢), the BPS
equations , the knowledge of the flux carried by the vortices and of
the corresponding values of A,(6) at = 0,7, in a gauge Ag = 0. Recall that
the equations determine o exactly in terms of A, see around . One
finds

SY5 = —iTreg ((n —m)a +ié(m* — n2)> (6.3.56)
Sy = iTr [n(a —it(m +n)) + b(n — m)} , (6.3.57)

where a is evaluated on the Higgs branch, a = —j3. Again we need to include

the extra phase (—1)Tr05("_m). The one-loop determinants are evaluated
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with (6.3.45]) and (6.3.46|), using the equivariant parameters

_ia+28n
o 2%r

_ia+28m
2%y

~

(6.3.58)

at the north and south poles, where in both cases a is evaluated on its
Higgs branch location ay. The one-loop determinants for the rank G chi-
ral multiplets Higgsing the gauge group should be computed with a residue
prescription. Therefore, after a regularization similar to [I4§], the one-loop
determinant for chiral multiplets is

Zihay =
w(m—n)/2 24+2w(m) ,—iw(a) F—F($). .2
Res H glrwim+n) g—iw(a) (~F(¢) (x (m) g=iw(a) (=F(@); g )oo
a—ag (x—2w(n) eiw(a) CF(qﬁ) 1‘2)
wE€NR ) 0o

(6.3.59)

Here F(¢) refers to the chiral multiplets, ¢ = T[], CiF “ and we set the R-
charges to zero. For the vector one-loop determinant we have

787180 — H 2 sinh ( (ia —ig_ 2§n)> 2 sinh ( - M)

1-loop — 9

>0 (6.3.60)

_ H a(n m)\( . x|a(n7m)|—a(n+m) eia(a)) 7

acyg

evaluated on the Higgs branch location. These expressions, for the vortices
that satisfy the bound , precisely reproduce the residues of the in-
tegrand in (6.3.53]), which are the jumps of the deformed Coulomb branch
contribution as the contour crosses the poles.

Vortex partition function. We will now take a suitable limit {, — Fo00,
in which the deformed Coulomb branch contribution is suppressed. Then the
resummed contribution of all vortex strings is described by the same vortex
partition function that we used on Sj.

Let us compute the partition function in the limit. First, we have a finite
number of Higgs vacua. In each vacuum, the components of the holonomy a,,
are fixed to some specific (real) values that are functions of the real masses.
The classical actions provide an overall classical contribution:

Sy =iTr(na), (6.3.61)
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as well as the weighting factors for vortices and anti-vortices:

e~V = exp [— fTI"Csz + ( — iTrega - +Tr( —én+ Zb) ) >m} 2
™% = exp [5Tl"csn2 + (iTrCSa. +Tr(— €n — ib) )n} . (6.3.62)

Second, the one-loop determinants for the vector multiplet and the chiral
multiplets not acquiring a VEV are as in the Coulomb branch. The rank G
chiral multiplets acquiring VEV bring a residue factor, which in this case is
some phase. Finally, the vortex partition function Z,...x depends on equiv-
ariant parameters for rotations of R? (¢) and flavor rotations (g): they are
identified—at § = 0 (N) and 6 = 7 (S)—from the SU(1|1) complex of the
supercharge Q at the poles, i.e. from Q% in . We find

eEN = —2i§, gn :i<a—|—2j5ij> :

(6.3.63)
€s = 2Z€a gS:_Z<a+Z]3]FJ> )
where the minus sign in the south pole parameters with respect to the north
pole ones is due to the opposite orientation.
Eventually, Higgs branch localization gives the following expression for
the index:
= Y etheozg, 72, (6.3.64)
Higgs vacua

The (anti)vortex-string contributions are expressed in terms of the 3d vortex
partition function:

Zv = Zvortex <e_£TrCS' ) e—iTI‘gga-—l—Tl"(—ﬁﬂ—i—ib)- ) _225 ) l(a + Zj 3J‘FJ>>

Zav — ZLvortex <€£Trcs. ) eiTl"csa- +T1"(—§n—ib)- ) 27’&’ —1 (a + Zj 5J‘FJ)>

(6.3.65)
As in section [6.2.4], the first two arguments in the vortex partition function
are exponentiated linear functions on the gauge algebra, corresponding to
the quadratic and linear weights for the vortex numbers. We shall give a
concrete example in the next section.
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6.3.5 Matching with the Coulomb branch integral

We wish to shortly review, in our conventions, that the superconformal index
of a U(N) gauge theory with N fundamentals, N, antifundamentals and CS
level

[Ny — Nal
2 )

(see footnote can be rewritten in a form that matches with the result

of Higgs branch localization, as done in [135]@ and moreover that the very

same Zyortex as in (6.2.81]) emerges.

k| < (6.3.66)

Concretely,
JUWN),NpNa Z w m%H( d'zj . kmjz )
27rzz
mGZN
N
X H x_lmi_m”ﬂ(l 22 ~Lgplmi— mf')
ij=1
1#]
Xy (TG )
AT =)™ =y,
Na pit2. 2
[T (z=GH)™" (zlgﬁl ) , (6.3.67)
P (a7 Cams 22)

where z; = ¢% and w = e, The flavor fugacities ¢, = e, (3 = €% are
defined up to a common rescaling, since the flavor symmetry is SU(Ny) x
SU (No) x U(1)4. The integration contour is along the unit circle for (5] <

< |Ca|. We also introduced the extra sign (—1)*2™ as explained in section
6 3 4 Note that k- YiNe + “ is integer if we impose parity anomaly cancelation:
this guarantees that the integrand is a single-valued function of z;.

For Ny > N, there is no pole at infinity (see appendix |D.4] m Moreover,
since |(s] < 1 < |G| and |z| < 1, only the one-loop determinants of fun-
damentals have poles outside the unit circle. More precisely, the numerator
of the one-loop determinants of fundamentals has zeros at z; = Cajx_mj+27"f,
for all r; > 1 and j = 1,..., N, while the denominator has zeros at z; =

18See also [134], where the factorized form of the index was first observed in the U(1)
case.
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Ca, 2™ 2" for all r; > 0. For m; < 0 there is no superposition of zeros, while
for m; > 0 there is superposition and some of them cancel. The net result is
that the poles outside the unit circle are located at

ijcij7|mj‘i2”, TjEZZOJ ’}/J:17,Nf, j:].,,N
(6.3.68)
Summing the residues, one obtains:

N!
’_y‘G(ZNf)N ﬁ,ﬁEZgo

N
I = 1 Z Z (71)7k2j(:u‘j71’]‘) weihi—vs) H (C’;lmuﬁw)*k(“i*’/iH“
i=1

N Lkt N o pitvip1) T (i vi) /2
X Hx*%“ﬂifyi)*(#j*l’j)‘ (1 _ % x|(#iw)(ﬂjuj)|) H (.Z‘ )
it Cyi rhitvi bl (x—Q;x—z)Hi (3525552)14

2vit2 . xz)oo

N adi —1_ i1\ —(Ri—vi)/2 (Ca v_lx
XH H (Ca%‘xl ' )

(G Guam2m s a?)

=1 a(An)
N No L (571C a2t g2)

X (C_1C iziuiiw+1)(#z_yi)/2 ,8" ’YI_ = )
11;[1[31;[1 o (Cﬂc"/il'rQHi ; $2)oo

(6.3.69)
where we decomposed the summation over p; = r; + %""' and v; = p; —m,.
The ¢-Pochhammer symbol is (a; q), = Z;é(l — q¢*a).
At this point one can factorize the summation into a factor independent of
ii and 7, a summation over /i and a summation over Z. One observes that each
of the two summations over [i and ¥ vanishes if we choose ~; = 7; for some
1,7, and on the other hand it is symmetric under permutations of the ~;’s.
Therefore we can restrict the sum over unordered combinations ¥ € C(NV, Ny)
of N out of the Ny flavors, and cancel the N! in the denominator. Finally,
rewriting the g-Pochhammer symbols in terms of sinh and using the identity
(6.2.77) one obtains

= Y zZDz0 29720 (6.3.70)

1-loop “v av
y€C(N,Ny)
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The classical and one-loop contributions are

¥ _ H Cj_n

JEY
/(7 C Coz ; 2)00 N (nggle; x2)oo
lloop JI;[Y ag) C]Calﬂ )oo g (CJIC,B7 :L,Q)OO (6371)
[ 2sinh (Zz’i Z5J>
i,j €N
7]

The vortex and antivortex contribution can be written as

Z\(j) = Z\(/zztex (eigka w;le(iiéjkign)be,y7 _225 23047 Zﬁﬂ)
(6.3.72)

73 — 7

av vortex

k - : .
(65 , Way el én)|1€’7, 2i€ , —13a , —23/5> ;

and the vortex-string partition function turns out to be exactly the same
(6.2.81)) as for the computation on S, namely:

2
vortex <QJ7 iy €, Qa, bﬁ) = Z H Q?]Léj‘] (—1)(Nf*Na)l‘j

pezl, jev

Na —b EA
I ﬁ ;
R ; )\_ N o — @ e(\ — )
A=0 H2z’ sinh 2 — 2 +2Z€( ) H ;422' sinh 20— +2Z€< 14)
&y
ley

The fugacity w for the topological charge is rotated by a phase: w, =
(=) Ns=Na ()M V=L w,, = iV ~Ne(—1)kN=1y) The parameters that de-
termine Z, and Z,, in terms of Z,.cx are exactly as prescribed by our general
discussion in section [6.3.4
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Chapter 7

Higgs branch localization of
N =1 theories on S x S!

7.1 Introduction

Given the results in chapter [] it is now a natural question to ask if Higgs
branch localization can be applied to four-dimensional theories as well. This
would imply that the partition function can be factorized. In this chapter, we
address this question — and answer it positively — for N' = 1 supersymmetric
gauge theories on S3 x S 1E] At an RG fixed point, the partition function
on this geometry is known to describe the superconformal index [36], which
encodes information about the protected spectrum of the corresponding flat
space theory. A prescription to write down the Coulomb branch expression
computing the index of the IR fixed point to which a given Lagrangian UV
theory flows, was first given by Romelsberger in [143, [162] and it takes the
form of a matrix integral over the holonomy along the temporal circle S*
of the one-loop determinants, which are typically expressed in terms of the
plethystic exponential of the single letter partition functions of the fields in
the UV theory, but can also be written in terms of elliptic hypergeometric
functions [163]. Our main result shows that the index can alternatively be
written as

I= > Za Zisey Ze Zav s (7.1.1)

Higgs vacua

'Recently the gravity dual of these theories has been studied in [161].
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which has the typical form of a Higgs branch localized result. Here Z, and
Za are the contributions from vortex-membranes wrapping a torus at two
distinct points in the geometry. As such they are given in terms of the elliptic
uplift of the usual vortex partition function in the Q background [130].

The superconformal index is a powerful tool in checking various dualities,
see for example [163], 164 [165]. It would be very interesting to study the ef-
fects of such dualities on the vortex-membrane partition function. Moreover,
the elliptic vortex partition functions we encounter are naturally expected to
have nice modular properties. It would be interesting to study these along-
side the modular properties of the index itself [68]. The factorization results
obtained in this chapter are expected to be just one instance of a rich struc-
ture involving the four-dimensional uplift of the holomorphic blocks of [17].
Unraveling this structure is an outstanding problem. Finally, the NV = 1
index can be further decorated with surface operators. Three possible ap-
proaches can be used to introduce them, namely to construct them as the IR
limit of vortex configurations as in [74], to perform a localization computa-
tion as in [I4§] for vortex-loops, or to consider a coupled 2d-4d system as in
[T13]. Their connections among each other and with the vortex factorization
should be study-worthy.

On the other hand, we expect the techniques used in this chapter to be
applicable to N/ = 1 supersymmetric theories on different geometries as well,
most obviously L(r,1) x S[141], 144], but also more generally in theories
with more supersymmetry. For example, the N = 2 superconformal index
for theories of class S is computed by a TQFT correlator [75], [38] and it would
be very interesting to study its interplay with a possible vortex anti-vortex
factorization.

The outline of this chapter is as follows. In section we introduce
the index we want to compute and construct the deformed background on
which the computation of the partition function achieves that goal. Next, we
derive the BPS equations in section and find various classes of solutions
to them in section [7.4, We compute the index on the various solutions in
section In section we match our Higgs branch expression with the
Coulomb branch expression in some examples by manipulating the matrix
integral. Here we also explain how our results apply in the absence of an
abelian factor in the gauge group. Finally, the appendices contain the spinor
conventions we use, the A/ = 1 algebra and some useful identities satisfied
by the elliptic gamma function.
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7.2 Killing spinors on S%x S!, supersymmetric
index and deformed background

N = 1 supersymmetric theories on S% x R were explicitly constructed in
[166] and later also in [I43]. A systematic study of supersymmetric theories
on Euclidean four-manifolds, among which S® x S!, with four or less super-
charges was performed in [167, 168, 169] by considering the rigid limit of
supergravity. Their method constructs supersymmetric backgrounds as solu-
tions to the Killing spinor equation, which in turn is obtained by setting to
zero the gravitino variations, as well as — in the presence of flavor symmetries
— to the equations that set to zero the gaugino variations, while treating the
bosonic auxiliary fields as arbitrary background fields. [

For the particular case of the index, it is illustrative to construct the
sought-after supersymmetric background differently, namely by turning on
background gauge fields associated to the charges appearing in the supersym-
metric index such that in a path integral formulation they have the effect of
precisely implementing the twisted boundary conditions along the temporal
circle imposed by the index. As a preliminary step, we first construct the
solutions to the conformal Killing spinor equations on S® x R and select the
Killing spinor associated to the supercharge with respect to which we will
compute the index. Its lack of periodicity along R is remedied by the twisted
boundary conditions imposed by the associated index.

Killing spinors on S3 xR We would like to solve the Killing spinor equa-
tion’)

1 , -
D,e = (8M + Zwumn%m — ZVM’}%) € = Yu€ (7.2.1)

on S3 x R with metric
ds® = dsgs + dr* = 0* (d6* + cos® 0 dp® +sin® 0 dx*) +dr* . (7.2.2)

Upon choosing the vielbeins e! = fcos dp, e = {sinf dy, e = (db,

e? = dr, one finds the non-zero components of the spin connection to be

w? = —sinf dp and w?® = cosfdy. At this point we also set the U(1)g

background field V), to zero.

2The parameter dependence of partition functions on these four-dimensional back-
grounds was studied in [I30].
30ur spinor conventions are summarized in appendix
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Our first step in solving (7.2.1)) is to write £ = v*¢ and decompose ¢ and
¢ into their right and left-handed components, which we denote as € = (Z)

and similarly € = (Z) . The equation ([7.2.1]) then splits as

(00 +

(a bt 9 5mn>(:i6ué. (7.2.4)

M namn> n= _iouﬁ (723)

r—t,.z;l}—t

Next, making a factorized Ansatz n = f(7) ngs and 1) = f(7) ngs, where ngs
and ngs only depend on the coordinates on the three-sphere, one immediately
recognizes that the spatial part of the Killing spinor equation simplifies to
the Killing spinor equation on S®

]' S S

where i = ¢, x, 0. Its solutions are given by [119]

e%(slx-HW s1t10)

(s15t1)
i o Bh== 7.2.6
Tgs -5 62(81x+t1go+51t19) ( 1,01 ) ( )
if 70 (s1.01) _ st 77(5831’“ The time dependence is then determined by 9, f(7) =
=4+ f(7) which implies that f(7) = 577, In total one thus finds that
e R Sé_?nwo | (7.2.7)

Similarly, one finds that

(6ata) = o 3r et Gloatn) — 5282 r(aata) (7.2.8)

and the most general four-component solution is thus

(817151

Z sy ity 0 + Z 52,t2 (7.2.9)

so,t
s1,t1= S2,t2= C 2:t2)

We found eight independent supercharges as expected for a superconformal
N =1 theory. Note that the Killing spinors are not periodic along the time
circle which signals the need of twisted boundary conditions.
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Killing spinors for supersymmetric index We choose the combination
of supercharges described by the four-component spinor ¢ in ((7.2.9) with as
only non-zero coefficients a,, =1 and b__ =1,

n++)
£ = : (7.2.10)
C(fvf)

It satisfies D, e = %7“747551 . The bilinears appearing in the algebra (see

formula (E.2.12) in appendix [E.2|) are then given by

2 31
WO =5 (-0, +0) +00) . =0,  ar= 72 . (1.2.11)
which upon plugging in (E.2.9) result in
2 2 A | :pA 3
(551 = —Z —gﬁa_r + Z£8w+8x + §R . (7212)
Introducing the operators
A= —E[,g_r s h = _§£8Ax+8<p y J2 = —559)(_6@ s (7213)
one can also write
2 3
2 =-"(A-2j+=R) . (7.2.14)
! l 2
The action of the operators A, j1, jo, and R on £ is given by
1 , 1 .
Aey = —55E1 Jier = 57581, J2e1 =10, Rey = 7yse1 . (7.2.15)

Note that as expected (A — 251 + %R) g1 = 0. We can find two more linearly
independent charges that vanish on the Killing spinor, namely 2j; — R and
J2.

Alternatively, we could choose the combination of supercharges described
by the four-component spinor with as only non-zero coefficients a_, = 1 and
b+7 - 1

7’](774’)

= (7.2.16)
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which satisfies D,es = —Qiﬂ“’ng)ez . Then we find

2 A | ipA 3 2 .3
0z, = 7 (_Eﬁaf +iLly o, — §R> =7 <A —2j2 — QR) . (7.2.17)

Now one has Aey = %7562, 7162 = 0, jJoeg = —%7552, and Rey = 7565. We
find three linearly independent charges that vanish on the Killing spinor,
A — 2]2 — %R, 2]2 + R and jl-

Supersymmetric index and deformed background One can introduce
two inequivalent superconformal indices in A/ = 1 theories, a left-handed one
and a right-handed one, namely

Lty ¢) = Tr(—)F e—ﬁ(A—2j1+%R) {32 —R) 4272 Hj ij

o (7.2.18)
Ig(t,y, Cg) _ Tr(—)F G*ﬁ(A*2J2*§R) $3(272+R) y2j1 Hj Cfﬂ

where t = e7¢, y = €™, and (; = €% . Moreover, (3¢ is the circumference of
the temporal circle and F; are the Cartan generators of the flavor symmetry
group. Convergence requires that [t| < 1. These indices are precisely com-
puted with respect to the charges described by the Killing spinors €; and e,
respectively. It is very important to remark that all charges appearing in
the index need to be non-anomalous — we will always assume this to be the
case. From here onward, we will focus on the index [y, knowing that I, can
be dealt with completely similarly.

In the path integral formulation, the insertion of the chemical potentials
in the trace leads to twisted boundary conditions on all fields

(7 + Be) = P (2HER) =8B =2 TT ¢ a(r) | (7.2.19)
J

which are indeed also the boundary conditions satisfied by the Killing spinor
1. Alternatively, one can turn on flat background gauge connections along
the temporal circle

V, = (0,0,0,i (352&65» L Vo= (0,0,0, %) , (7.2.20)

for the R-symmetry and the flavor symmetry respectively. The twists by the
rotational charges j; and j, furthermore impose the identification

(o, x,0,7) ~ (go + %(—25 + 6£ + 2in), x + %(—25 +6& — 2in), 0,7 + 65) )
(7.2.21)
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Introducing the coordinates

. X = X——( 20+6&— 2277) 9:9,%27

2 Bl
(7.2.22)
the identification simplifies to (¢, X, 0, 7) ~ (P, X, 6,7 + p¢) . The metric in
these hatted coordinates reads

¢ = 90—5( 2@+6§+2m)5€

2
ds? = (* cos® 0 (dg0—|—2B£( 23 4 6£ + 2in) d%) +

2
+ 2sin*0 (dx + 2_6€( 28 + 6¢ — 2in) d%) + 2d6? +dr?, (7.2.23)

and is complexified. Its vielbeins are

e' = lcosd (dgo + 2_54( 28 + 6¢ + 2in) d%) : e =1df, (7.2.24)

¢? = lsind (dx + 2_66( 20 + 6§ — 2in) d%) , et =dr, (7.2.25)

while the dual frame vectors are given by
o —1 N —1
e = (Ecos 0) 0s ey = <€ sin 6’) oy , e3 = E‘laé . (7.2.26)

ey = 0r — (=20 + 6§ + 2in) 9, —

2ﬁ£ —(—2B+6£ —2in) Oy, (7.2.27)

256

and the non-zero components of the spin connection read
w' = —sinf <d<p + 266( 20 + 6€ + 2in) d%) (7.2.28)

23 _ 4 K i\ gn
w* = cosd (dx+ 256( 26 + 6¢ — 2in) dT) : (7.2.29)

The solution to the Killing spinor equation D,e = 7, on the deformed
background, corresponding to e; in ([7.2.10)), is given by

o)
=" , (7.2.30)

¢&
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and satisfies D,e; = QLZ"}/N"}/4")/5€1 . The square of the supersymmetry variation
equals

2 6:& n 3¢ i
2 A A A
j
(7.2.31)
Thanks to pairwise cancellation, the index only receives contributions
from states satistying 5521 = 0. It is thus independent of the parameter (3, and
it will be convenient to choose it such that the metric ([7.2.23) is real, namely

B = 3¢. From now on, we make this choice for 8 and further omit the hats.

Fayet-Iliopoulos term It is well known that both the gauge and the mat-
ter Lagrangian are Q—exactﬁ However, if the gauge group contains an abelian
factorﬂ, we can write down a Fayet-Iliopoulos term [143]. Indeed, if the
Killing spinor satisfies D,e; = %ﬂ,{yﬂ;ﬁl, then it is easy to convince one-
self that &., (D + 2A4,) = D,(61757*)) . When integrated over the compact
space, the variation of D + %A4 vanishes and thus results in an invariant
action. Note however, that in order for the action to be invariant under
large gauge transformations along the 4-direction the properly normalized
FI parameter needs to be an integer. Due to its discrete nature it avoids the
common lore that the index does not depend on continuous parameters.

7.3 The BPS equations

The BPS equations for the vectormultiplet of gauge group G are obtained
by setting to zero the gaugino variation

1
0= (551>\ = _QVM/FMV E1— 5 D g1 . (731)
Upon solving the resulting four equations for Fiy, Fo4, F34, D one obtains
F14 =4sind F12 s F34 = —1 (COSG F13 -+ sin 6 Fgg) s (732)
F24:—iCOSQ Flg s D =icost Fgg—iSine F13 . (733)

4We use de, and Q interchangeably.

5In the presence of an abelian factor, the theory develops a Landau pole. However,
as was also argued in [74], one can exploit the independence of the index on the gauge
coupling to suppress the Landau pole arbitrarily by making the gauge coupling smaller
and smaller.
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Declaring that all fields are real, immediately leads to the localization locus
F,, = D = 0. Flat connections on S* x S are given by A = sepdr , for
arbitrary holonomy a. Alternatively, we can obtain the localization equations

as the zero-locus of the bosonic part of the deformation action

L3 = iQ Tr (QN)¥A, (7.3.4)

where the action of the formal hermitian conjugate I operator on QA is
1
(QN)! = 5el ¥ Fu el 3 D (7.3.5)

One then obtains for the bosonic piece
L (QN)F O\ = Iy (p2el > (Fon)? (7.3.6)
4 2 2 p— mn ) i

whose zero-locus is indeed D = F,,,,, = 0.
Higgs branch localization requires the addition of an extra Q—exact de-
formation term

£of = %Q Tr elysh H() (7.3.7)

whose bosonic part is

Lt L —Tr (iD + cos@ Fys —sin€ Fi3) H(¢) . (7.3.8)
Upon adding £, and £ the auxiliary field D can be integrated out exactly
by performing the Gaussian path integral. Correspondingly, one imposes its
field equation D = iH (¢). The auxiliary field D is thus taken out of its real
contour. The bosonic part of the total deformation Lagrangian can then be
written as a sum of squares once again:

1
LI L L = 5Tr ((Fi2)® 4+ (Fia)? + (F2a)® + (Fa)*+

+(—H(¢) —sinf Fiz + cosd Fy3)?> + (cos0 Fiz +sin6 Fp3)?) |

from which we read off the BPS equations

0= F12 = F14 = F24 = F34 = —H(¢) —sin 6 F13 -+ cos F23 (739)
=cosf Fi3+sinf Fys . (7.3.10)
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Note that these equations could have been obtained equivalently from ([7.3.2])-
(7.3.3) by imposing the D-term equation. More explicitly, these equations
read in the coordinate frame

0=Fpy = For = Ir

2n 2n
For = ggptor = =3¢t (7.3.11)
Fo Floo
—0PH(¢) = d =— X .
(4) siné cos® sinf cosf

Let us next turn our attention to chiral multiplets. We take them to
transform under some generic representation R of the flavor and gauge group.
Let us denote its decomposition in irreducible gauge representations as R =
> Ri. The BPS equations for a single chiral multiplet transforming in rep-
resentation R are found by setting to zero each component of the variation of
the fermion x under the supersymmetry transformation by ;. Subsequently
imposing the reality property ¢ = ¢ and F' = F and taking appropriate
linear combinations, one obtains

0= (Ds— D¢  0=cosd Dyp—sinf Dy +iDso

0=F 0=3r¢+0 (22’(0089 D1+ sin6 Dyg) — (Dy + Dl)gz))
(7.3.12)
Using that
_(p._ "p _ T
Dio= (D = gDy~ D)+ 35— ) 0. (73.13)

these equations can be written explicitly as (assuming the gauge field is real)

0= (DT . %(DX —D,) - @;,) & (7.3.14)
0=F, (7.3.15)
0=r¢+i(Dyp+ Dyo) (7.3.16)
0= cot® Dy — tan Dy + iDgh . (7.3.17)
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7.4 BPS solutions: Coulomb, Higgs and vor-
tices

In this section we set out to solve the BPS equations. Let us first recall the
Coulomb branch solutions.

Coulomb branch The Coulomb branch solution was already mentioned
above:

a
= = —dr. 4.1
D=0, A 3¢ T (7.4.1)

As usual a can be taken to lie in the Cartan algebra. Let us verify that

there are no solutions to the chiral multiplet equations for positive R-charges.
Fourier expanding the chiral field as

o= Z 2T/ ping gimx ¢ (6) (7.4.2)

p7m7n

one finds from ([7.3.14]) that only modes for which
(a+3)¢ =2mp—n(m —n) (7.4.3)

can exist. Via a large gauge transformation, we can set p = 0 . Next, equation
(7.3.16|) further imposes that » = n + m. Finally, equation ([7.3.17) reduces

to the differential equation
OgCpmn = —(mcot @ — ntan)cymy, , (7.4.4)

which solves to cpmn(0) = ¢o(cosd)™"(sind)™™ , for some constant ¢q .
Smoothness at § = 0 and 6 = 7 demands that m < 0 and n < 0 respectively.
Therefore, for positive R-charges, no solutions exist. For zero R-charge (then
m =n = 0), we find the constant Higgs like solution ¢ = ¢y, if (a + 3)¢ = 0.

Next, we study the new solutions which become available upon choosing
a non-trivial H(¢), i.e. we want to solve and (7.3.12)). We set the R-
charges to zero, r = 0: the exact non-anomalous R-charge should be restored
by giving an imaginary part to the flavor fugacities. We make the standard
choice for H(¢):

H(¢)=(— ZT;dj @TT’/%Z-@ ; (7.4.5)
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where the sum runs over the matter representations R; and its generators
T%, Here, ( is adjoint-valued and defined as a real linear combination of the
Cartan generators h, of the Abelian factors in the gauge group

(=) Caha- (7.4.6)

a: U(1)

We find the following classes of solutions.

Deformed Coulomb branch The deformed Coulomb branch is charac-
terized by ¢ = 0. A solution to the vector multiplet BPS equations (7.3.9) is
then given by

2
F = (*sin® cosf di A (dgo —dx — 3—£_7ng) : (7.4.7)

which can be integrated to

1 dr 1 dr a
= (| = cos? —N— —sin?0 ( d — —dr .
A €4 (2c0s Q(dcp n3§€)+281n (x+n3§€>)+3567

(7.4.8)

Higgs-like solutions Higgs-like solutions are defined by setting H(¢) = 0.
Then it follows that also F,,, = 0. From above, we know that ¢ = ¢q is a
constant constrained by the condition (a + 3)¢o =0 .

Solutions to the D-term equations

H(@)=0, (a+3)6=0, (7.4.9)

depend both on the gauge group and on the matter representations. Here
we will restrict ourselves to cases where the vacuum expectation values of ¢
completely break the gauge group.

Vortices FEach Higgs-like solution is the root of a tower of vortex solutions
at the north and south torus. Indeed, using the other BPS equations, the

BPS equations ([7.3.17)) and the last equation in ([7.3.11]) become for 6§ — 0,
and introducing R = (0,

1

0= (DR - }%DX) 0. H(®)=—5Fn. (7.4.10)
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which we recognize as the standard (anti)vortex equations on R?. Once the
solutions to these equations are found, the other BPS equations will complete
it to solutions on R? x 7. The vortex equations cannot be solved analytically,
so we shall content ourselves with qualitatively analyzing the behavior of the
solutions. We consider the case of a U(1) theory with a single chiral multiplet
of (gauge) charge +1. Up to rescalings of the latter, this is the generic case
once the gauge group is broken to its maximal torus. Let us start by making
the Ansatz

¢ = e ™™gy (R) , A=A (R)dr + A,(R)dp + A (R)dx , (7.4.11)

where we didn’t include a time dependence since it can be removed by the
same large gauge transformation we employed earlier. When ¢g # 0 one finds

from ([7.3.14]) and ([7.3.17]) the exact relations

1
A= (1At m) = (Ao 4m) =) Agt Ay=—(n+m).
(7.4.12)
Given these exact relations, all BPS equations are satisfied except for the

vortex equations ([7.4.10)) themselves:

1 1
Opdo = H(m+ Ax)do =0, c—%:—ﬁ@@ﬁ (7.4.13)

and moreover it is sufficient to outline the behavior of A, and ¢. When
R — 0 (more precisely, for R < \/%), in order to have a smooth connection,

one necessarily has A, — 0 . The first equation then further implies that
¢o = BR™ . In particular we deduce that m > 0. From the second equation

to leading order in R we deduce that drA, = —R( and thus A, = —%.

For R — oo (R > \/%), ¢ sits in its Higgs vacuum ¢y — ¢. Then one finds

that A, — —m. Integrating the field strength over R?, one finds that m can
be interpreted as the vortex number % J F = —m. When approximating
R~ Fg, by a step function of height —(, we immediately find a measure for

m
¢
shrinks to zero size and the first order approximations we took are justified.

Momentarily, we will give an interpretation to n as well.
It is noteworthy that A, only asymptotically sits in its Higgs vacuum: for

R — 0 one finds A, = 55 (2mn —5) — 5C R

the size of the vortex to be . For sufficiently large values of ( the vortex
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One can similarly analyze the behavior for § — 7. Introducing p =

14 (g — 9) , one again finds the vortex equations among the BPS equations

; 1
0= (Dp . %D@) 6, H(O)= (7.4.14)

Let us also here analyze the qualitative behavior for the case of a U(1) theory
with a single chiral of charge +1. Starting by making the Ansatz

¢ =e ™ Xpy(p) , A=A (p)dr + Ay(p)de + Ay (p)dx . (7.4.15)

we rediscover the exact relations ([7.4.12)) which solve all BPS equations but
1 1
Dpo — ;(n +A)p0=0, (—d¢f= —;ap@ . (7.4.16)

For p < \/% , smoothness demands that A, — 0 . In this region we then find

from the first equation that ¢g = B’p", implying that n > 0. To leadingzorder
in p the second equations teaches that 9,4, = —p( and thus A, = —%. For

g )
% | F = —n, we interpret n as the vortex number at the south torus.
Also here A, sits only asymptotically in its Higgs vacuum. Note also that
in the intermediate region both solutions glue together appropriately.
For smaller values of ( both the presence of curvature in and the finite
volume of space will start affecting the solutions. However, we can derive
an exact bound by integrating H(¢) over spacetime and using the last BPS

equation in ((7.3.11])
Cvol(S% x S1) > / H(®) dvol(S® x §1)

S3xS1

p > \/g we have ¢ — ¢ and A, — —n. Since integrating over R? gives

— 4720vol(SY) / " 90, A, = —dntvol(SY) / " 09, A,
0 0
(7.4.17)

Here we used that on vortex solutions 0 < H(¢) < ¢ and that vortex solutions
don’t have 6 dependence. Defining the vorticities as the winding numbers
of ¢ around Yy, ¢ respectively and employing the analysis at the core of the
vortex, we then find that

2
47%0(n +m) < (vol(S?) = n+m < CE . (7.4.18)
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One observes that for finite values of ¢ only a finite number of vortices are
supported on S3 x S1. The bound is saturated precisely when ¢ vanishes; the
solution is then described by the deformed Coulomb branch solution.

We thus find essentially the same interpretation as in chapter [6f Upon
increasing ¢ from 0 to 400 the original Coulomb branch solution is deformed
into the deformed Coulomb branch and each time ( crosses a bound ,

a collection of new vortices branches out.

7.5 Computation of the index

In the previous section, we found various classes of BPS solutions. The final
steps in the computation of the index using localization, are then to first
evaluate the classical action on and the one-loop determinants of quadratic
fluctuations around these solutions, and next integrate and/or sum over the
space of BPS configurations.

7.5.1 Omne-loop determinants from an index theorem

Although the computation of the one-loop determinants can be straightfor-
wardly performed on the Coulomb branch (in a Lagrangian theory like the
ones at hand) by enumerating letters, constructing the single letter parti-
tion function, subsequently plethystically exponentiating these and finally
imposing the Gauss law constraint by projecting onto gauge singlets, the
computation on non-constant configurations is most easily performed using
an equivariant index theorem for transversally elliptic operators [147]. The
idea is to bring the problem in cohomological form, and make use of the fact
that, via the equivariant index theorem, only the fixed points of the equiv-
ariant spatial rotations contribute to the one-loop determinants. A detailed
discussion can be found in [14].
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Recall from ([7.2.31]) that the supercharge squares to

2 | | | ]
62 = ~3e7 | 3¢ Lo, 680 L35 o) T20 L1 o)+ 3R+ Z;,jpj
L J .
(7.5.1)
2 [ | | | '
= 3 =380 L5+ (36 —n) Ly, + (36 +n) Lj +3ER+1i Y 3;F;
L J

(7.5.2)

where we used the value § = 3¢. An important observation is that §2 pre-
cisely equals (upon properly identifying the equivariant parameter@ the
square of the supercharge used in the localization on S; in [148] (see also
@ with an additional free motion along the temporal circle generated by
-3¢l Eg. Thus, taking into account the Kaluza-Klein modes along the tem-
poral circle, the computation of the equivariant index on S® x S! can be
effectively reduced to that on a squashed three-sphere. This latter compu-
tation was performed in [148] (see also appendix [D) and involves a further
reduction along the Hopf fiber. The base space of the double reduction,
which is topologically a two-sphere, has two fixed points (one at § = 0 which
we call North and one at § = 7 (South)) under the reduction of the spatial
rotations appearing in (521. The equivariant index only receives contributions
from these two points.
Introducing the equivariant parameter for gauge transformations

i = —3¢60(—iA,) + 3¢i(—i(Ay + A)) + n(—i(A, — A,)) (7.5.3)

we can now immediately write the one-loop determinant for the vector mul-
tiplet

vector « __ »
Zl—loop -

11 (m'n - %(35@ e — ;a(&N)> v <m'n - %(3@' +ym — ;a(ds)> s

n,me”Z
acg

where o € g denotes the roots of the gauge algebra g. Compared to the

unregularized vector multiplet one-loop determinant on the squashed three-
sphere an extra product over the integer n appears, which precisely captures

6The precise identifications between the equivariant parameters here and those on the
squashed three-sphere (see for example expression (D.3.3) in@ areb = 3¢i—n, b~ = 3&i+n
up to a constant rescaling.
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the contribution of the Kaluza-Klein modes along the temporal circle. Reg-
ularizing the infinite products results in

zys =
[0 2y (Pys 09) J T (1= @) (1= )
a#0
X H (tPy =t elolan) 753y_1)OO (tPy e*s) ; t3y)oo ; (7.5.5)
a#0

in terms of the infinite g-Pochhammer symbol (2, ¢)o, = H;io(l —z¢’). Using
the standard plethystic exponential, it can be written as

L 1/2 N 1/2
Zﬁ?&g - H (1 _ ewt(azv)> (1 _ em(as)>
a#0
thy =t o 3 o
x P.E. —$ rankg —+ Z eZO&(aN) _ - ZZB rankg + Z ela(as) ,
— 13y 20 Y =

(7.5.6)

For all BPS configurations we will consider ay = ag = a. The vector
multiplet one-loop determinant simplifies then further to

Zie =

o t3y71 t3y o

ia(a) . ia(a)
H(l—e @) P.E. (1—t3 =t rankg—i—Ze :
a#0 Y Yy a#0

(7.5.7)

Observing that — (1 37T T T t3 ) = (fti; t3(%y7t? . one recognizes the sin-

gle letter partition function of the vector multiplet [162]. Using that

3y N t3y _ 1—1¢6
11—yt 1—ty) (1 =ty 1)(1 —t3y)
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it can be written alternatively as [163]

vector __
Zl-loop -

) an 1— eia(d) (t3y)n(t3y—1)m
— (Py ; Py)ae(y™ s 3y o)™ —
(( Y Yty 5 YY) ) H (1_eza(a)(t3y)n+1(t3y71)m+1)

n,m>0
a#0
1
— (3 t Byl Py ) 7.5.8
(( y ) y) ( y y ) H 610[ a) tgy t3y ) ) ( )
a#0
in terms of the standard elliptic gamma function
Lt

7,k=0

For the one-loop determinant of a chiral multiplet of R-charge r trans-
forming in gauge representation R we find the unregularized expression

chiral « __ »
Zl loop

18 —min + 53¢ +m)m + 53¢ — n)(p+ 1) + 5¢r + jw(as) + 33
—min + 5(3¢i —n)m — $(3&i 4+ n)p + 3&r + fw(an) + 3

)

WER n,MEZ
p=>0

(7.5.10)

where w € R denotes the weights of the representation R. Also here the
extra contribution of the Kaluza-Klein modes along the temporal circle is
given by the infinite product over the integer n.

When ay = ag = a, it can be regularized to

fhllcfg;l) _ H r t37’ —iw(@)—i3 , t3y , tgyfl) (7511)
wER
£33 g—iw(@) _ 43(2—7) g3 piw(a)
_ H PE. { € mro—— t:f € , (7.5.12)
wWER y >( B y)

where again one recognizes the correct single letter partition function [162].

7.5.2 Coulomb branch

Let us first briefly recall the Coulomb branch expression [162] [163]. As was
mentioned before, both the gauge and matter Lagrangians are Q-exact, and
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we only have to evaluate the Fayet-Iliopoulos term:

—il 2
Spr=——==T D+ ZA, ) dvol($?xS") = —iTrpra . (7.5.13
FI 2vol(S9) rFI/S3X51( +£ ) vol(S*x S7) iTrpra . ( )
The equivariant parameter for the gauge transformation ia = 3&ilA, +

(A, + Ay) —in(A, — A,) simply gives ay = ag = a. The one-loop de-

terminants ((7.5.8]) and (7.5.11)) are thus

_ _ rank
Zvector _ ((tBya tgy)oo(tgy ! ; tS?/ 1)00) g

cctor _ A , (7.5.14)
1-loop Ha7£0 F(eza(a)7t3y7t3y—l)
ngggé _ H T (t3re—iw(a)—i3 : t3y : tSy—l) ’ (7515)
wER

and the index can be computed by

rank G

1 dz. T
I=— — ) ettrre 7o, 7.5.16
W] % ( ]1_[1 27Tizj) c oo ( )

where |W| denotes the dimension of the Weyl group of the gauge group G,
z; = €% and the integration contour is along the unit circle. Note that
the quantized nature of the FI parameter can now be seen to ensure that
the integrand remains meromorphic. We should also mention that the usual
Vandermonde determinant cancels against the contribution of the gauge-
fixing ghosts.

7.5.3 Deformed Coulomb branch

Next, we study the situation on the deformed Coulomb branch. Using D =
iH (¢) which equals i¢ on this solution, we obtain for the classical action

SF[ = —iTI‘FI (CL + ngﬁ%:) s (7517)

where we also used that A, = 3%@ (a + 7%2( coS 20). For the equivariant

parameter a we find
N . 30
a:aN:aS:a+z§§€ C. (7.5.18)
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Both in the classical action and the one-loop determinants, the effect of
the deformation is seen to be given by an imaginary shift of the holonomy
variable a — a + i3£(%C or thus z = ¢'* — z ¢3¢, When used in the matrix
integral , one effectively changes the radius of the integration contour.
Indeed, since t < 1, one finds that the contour shrinks (grows) for { — +oo
(( - —o0). When turning on the deformation parameter ¢, the integral
remains constant as long as no poles of the integrand are crossed. Moreover,
one can understand by looking at the bound , that the jumps in the
integral, which are equal to the residues of the crossed poles, are precisely the
contributions of the newly available vortex configurations. We thus recover
the same picture as was found in chapter [6] in three dimensions.

Of particular interest is the situation where the index is expressed only in
terms of vortices. This can be achieved if there exists a certain limit for the
parameters (* — +oo such that the deformed Coulomb branch is suppressed.
In view of the shrinking/growing contour, such suppression can be obtained
heuristically if the residue at the origin or infinity vanishes.

7.5.4 Higgs branch and vortices

For finite values of the deformation parameters (“, the deformed Coulomb
branch contribution of the previous subsection is complemented by finite size
vortex configurations satisfying the bound (7.4.18)). Evaluation of their clas-
sical action can be done exactly in a gauge Ay = 0, using the BPS equation
7.3.11)), the behavior of the vortices in their core and the exact relations
7.4.12)). We then find

Spr = —iTrp; (3&i(n+m) —3+n(m—n)) , (7.5.19)

where the vortex numbers m, n are GNO quantized elements of the coweight
lattice. For the evaluation of the one-loop determinants, we first consider the
contribution from the off-diagonal W-bosons and those chiral multiplets that
do not acquire a vacuum expectation value. Their one-loop determinant is
simply found by inserting the equivariant parameter evaluated on the vortex
background

a=ay=as=—3+3(m+n)+nm-—n), (7.5.20)
in the expressions for the one-loop determinants ([7.5.8), with the contribution
of the diagonal vector multiplets, i.e. (£3y ; t3y)oo (31 ; By~1)o) ™™ 2, re-

moved, and ([7.5.11). The rank g chiral multiplets that do get a VEV are
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eaten by the diagonal vector multiplets, which in turn become massive, via
the Higgs mechanism. As was explained in [16], the one-loop determinant of
this paired system is found as the residue of the product of their one-loop
determinants. In total one thus finds

1
T <eia(aH) (t:sy)a(m) (t3y71)a(n) ,t3y,t3y*1)

vector __
Zl-loop -

. (7.5.21)
ITa0

and

chira — _ rank
Zihel = (% )y 1 Py )ee) ™"
3r_—iw(a)—iz (43, \~wm) (3 —1\-w(n) 3 3 —1>
xa§%2HF<te (ty) (ty ) , Uy, Ty ,
wER
(7.5.22)

where apy is the holonomy evaluated in its Higgs vacuum.

It is clear from (7.5.19), (7.5.21) and in particular (7.5.22), that when
adding the contribution of the vortices satisfying the bound to the
deformed Coulomb branch integral, we precisely recover the original Coulomb
branch expression, since they precisely contribute the residues of the crossed
poles. Since the deformation parameters enter our analysis via a Q-exact
piece, such picture was expected.

Elliptic vortex partition function Let us now send the deformation
parameters (* to infinity in such a way that the contribution of the deformed
Coulomb branch vanishes. The index is then described purely in terms of
point-like vortices which wrap the torus and have arbitrary vortex numbers.
The elliptic uplift of the standard vortex partition function [130] describes
their total contribution and can be independently computed by considering
the theory on R? x T? in the Q-background. The plane R? is effectively
compactified, since it is rotated as we go around either cycle of the torus.
The resulting elliptic vortex partition function Z,oex can depend on the
rotational parameter €, the complex structure of the torus 7, flavor fugacities
g and a fugacity coupling to leftmoving fermion number. This is all the two
dimensional analog of the elliptic instanton partition function obtained by
studying the theory on R  x T?, see for example [170].

In the computation of the partition function in this limit, there are three
contributions to be considered. First, there is the classical action evaluated
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on the vortex configuration (7.5.19) which splits into an overall classical
action

SF[ = —iTI‘FI (CLH) s (7523)
and a weighting factor for the vortex partition functions
675\, — (t3y)Tl"F1m’ e*Sav — <t3y71)TI'F1n ) (7524)

Second, the contribution of the off-diagonal vectormultiplets and the chiral
multiplets not taking on a vacuum expectation value is as in the Coulomb
branch , but evaluated on the Higgs branch location, i.e. a — ag,
and with the contribution of the diagonal vector multiplets removed. The
contributions of the rank g chiral multiplets acquiring a vacuum expectation
value and the diagonal vector multiplets cancel each other. Third, there

is the vortex partition function itself. Its parameters can be read off from
(7.5.1):

, 381 — o
EN:3£Z+7], ™ = 6271_ n—i-Z(—Z), gN:aH_'_Zﬁija (7525)
j
, 3&1 + o
es =3 —n, Ts = 527T d +i(—1) , gs = ay +Zngj . (7.5.26)
j

The extra factor of ¢ in the modular parameter is explained by the fact that
in our setup A ~ 0. while the momenta are P,, P, ~ i0,,10,. The final
expression for the index as obtained by Higgs branch localization is thus

1= Y ez 7 7., (7.5.27)

1-loop
Higgs vacua
where the sum runs over solutions to the D-term equations ([7.4.9)) and the
one-loop determinant excludes the chiral multiplets acquiring a VEV and the
diagonal vector multiplets. Finally,

Zy = Zortex ((t?’y)Tr” Dty oy el il j)) (7.5.28)
Zay = Zyortex ((t3y*1)Tr”' ; t3y*1,t3y,e"(GH+ZmFﬁ) : (7.5.29)

Here the first argument encodes the weight of the vortex sum and is given
as an exponentiated linear function on the gauge algebra, the second and
third argument are the exponentiated rotational parameter, e, and complex
structure, ¢ = *™7, respectively, and the last argument is the exponentiated
flavor equivariant parameter.
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7.6 Matching the Coulomb branch expression

In this section we give some examples of how manipulating the Coulomb
branch integral gives rise to our Higgs branch result ([7.5.27)).

Free chiral multiplet For completeness, let us first mention the factor-
ization of the simplest theory, namely the free chiral. Its index was given in

(7.5.11)) and can be factorized as [144]

I=T ¢, t’y, ’y") =T (¢ Py " tO) T (£ Py, Py, 1°) (7.6.1)
=T (£ P3y~ 1Py ) T (8¢ Py, 1) . (7.6.2)

U(1) gauge theory Next, we consider the example of a U(1) gauge theory
with an equal number N of fundamental and antifundamental chiral multi-
plets, which is necessary to cancel the U(1)gauge U(1)gauge U(1)gauge anomaly.
The U(1)gr U(1)r U(1)gauge anomaly then also cancels. The non-anomalous
R-charge assignment is determined by requiring the U(1)g U(1)gauge U(1)gauge
anomaly to vanish. This anomaly is obviously proportional to the R-charge
of the chiral fermion, namely r — 1, which implies that one should take r = 1.
Note that these are not the superconformal R-charges of the free IR theory,
which equal r = %

The matrix integral reads explicitly

I'=(p,p)eo (¢ Q)0 X

dz
j{ EF’HFZ "Ca(p9)"?,p, q) H (265" (p0)*,p,q) , (7.6.3)

2

2miz

where we introduced the notation that p = t3y and ¢ = t3y~. We intro-
duced fugacities (, and Cﬂ for the SU(N) x SU(N) flavor symmetry. For
notational simplicity, let us absorb the R-charges in the flavor fugacities as
Zo = Calpq)™? and Z5" = (5 (pg)™/>.

The fundamentals contribute zeros at z = p~*'¢~*'Z, and poles at
z = p”q)‘Z,y . The antifundamentals have zeros at z = p*1¢**!Zs and poles
at z = p~Fq~*Zs. Picking up the poles inside the unit circl, i.e. the poles

"Here and in the next examples we are not careful about the pole at the origin. If it has
a non-zero residue, it would give rise to a not completely suppressed deformed Coulomb
branch contribution.

255



arising from the fundamentals, we obtain using the formulas in appendix

=

N N
1=> 2 [[ (27" Za.pia) H Spa) Y R (pg)™
r=1 =

=1 KA>0
aFEy

x ﬁ(Z*lZ o T T2 06 2,257 p) T1y 0024257, q)
= Ha:lnjzl (7725 Za,p) [T= 0(p lZ’Y1Za7Q)

The intertwining factor vanishes as expected when reinstating the non-anoma-
lous R-charges,

(7.6.4)

00" [[(Z7'2)7" = (pa)' ™) =1, (7.6.5)

where we used that [], o =[], {x = 1. We then find

I= Z z Z) 20 2, (7.6.6)

where the classical and one-loop contribution are given by

75 = & (7.6.7)
N ~
lloop HF 1Za7p7 ) HF(Zyzgl,p,Q) . (768)
B=1
a#v

The vortex contributions can be written as

Z\(//Y) = Z\Ezztex <p£FI y Dy G, Com 55) ) ZéW) Z\(fzztex <q§FI Oy gon 55) ’
(7.6.9)

in terms of the vortex membrane partition function

Z(W)

vortex

(L : eie,q — 627”'7,61&,[75) —
S TGS ILL () 4,53 )
S T 0 7 @) T 6((e) 7 A" Aava)

, (7.6.10)

=

where A, = a, (e“q)% and Bg = bg (e"q) 2.
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U(N) gauge theory For a U(N.) = U(1) x SU(N,) gauge theory with
Ny = N, = N fundamentals and antifundamentals, we should check can-
cellation of two potential anomalies, namely the U(1)gauge U(1)gauge U(1)r
anomaly and the SU(N,) SU(N,) U(1)g anomaly. The U(1)gr U(1)r U(1)gauge
anomaly cancels thanks to Ny = N,. While the first anomaly is again pro-
portional to » — 1, and thus imposes that » = 1, the second one leads to the
usual R-charge assignment r = NfN;fNC These are not compatible for N, # 0.

One should thus not hope to achieve factorization in a U(N,) theory with
only fundamentals and antifundamentals. One resolution, also used in two
dimensions [113], [115], might be to add extra matter to cancel the anomaly.
We will not pursue this resolution here.

Associated Cartan theory At first sight, Higgs branch localization breaks
down in the absence of an abelian factor in the gauge group since one cannot
introduce the Fayet-Iliopoulos parameter { of , which played such an
essential role. However, we will now argue that one can associate to any
theory with gauge group G a theory with gauge group U(1)"2k¢ with equal
index up to numerical and other holonomy independent factors. A similar
observation was made in [I71] for the two-sphere partition function. This
associated Cartan theory can be subjected to Higgs branch localization.

First, one remarks that the integration measure of the matrix integral
for gauge group G is naturally equal to that of U(1)***%9 up to the
numerical prefactor [W|~!. Next, the one-loop determinant of a chiral field in
gauge representation R of G can be equivalently thought of as the product of
one-loop determinants of chiral fields with U(1)***k¢ charges determined by
the weights w € R. Finally, using the simple observation that the one-loop
determinant of the vector multiplet can be rewritten as

_ _ rank
vector __ ((tgy ; tgy)oo(tgy ! ; tgy 1)00) g

Z = — 7.6.11
1-loop Ha;éo F(ewé(a)7 t3y7 t3y—1) ( )
—_ _ rank —iala _
_ ((t3y : tgy)oo(t3y L. g3y 1)00) gHF(t66 ( ),t3y,t3y 1) :
a#0
(7.6.12)

where we used the elliptic gamma function identity I'(z, p, q) I'(pg/z,p,q) =
1, one can equivalently think of the vector one-loop determinant (up to a
holonomy independent prefactor) as the product of one-loop determinants
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of chiral fields with U(1)g charge equal to two and with U(1)™"® charges
determined by the non-zero roots a # 0.

SU(2) gauge theory Let us finally then consider the simplest physically
relevant example, namely an SU(2) gauge theory with Ny = N, = N fun-
damental and antifundamental chiral multiplets. The argument presented
above, indicates that factorization can be achieved provided that the R-
symmetry is not anomalous, i.e. if we use the well-known non-anomalous
R-charge assignment r = % = %

The index is computed by

1

I= §(p,p)oo (q,Q)oo]{ dz !

2miz (2%, p, )T (272, p, q)

N
% TT PG Culpa) "2, p,0) T(Ga(pa) "2, p, )

a=1

N
< [T (¢ (p0)".p.q) T(=7"C5 " (pa)" ">, p. @)
p=1

= o) (@.0) ]{dz 1
— oW Pleo Moo P o T(22, p, )L (22, p, q)

2N
X H F(Z_1YA,p, Q) F(ZYAvp’ q) )
A=1

where we introduced fugacities (g, g for the SU(N) x SU(N) flavor sym-
metry. Since the fundamental representation of SU(2) is pseudoreal, we get
an enhanced flavor symmetry, with fugacities Z4 = (Ca,fg ) . Finally, we
introduced Y, = Za(pq)"/>.

The poles from the one factor of the vectormultiplet cancel against the
zeros of the other factor and vice versa. The integrand further has zeros
at z = p" g7 Yp and 2z = p*tigMYS ! and poles at 2 = pf¢*Yp and
z=p g Y, !, Picking up the poles inside the unit circle, i.e. the poles at
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2 = p"¢*Yp, we obtain using the formulas in appendix

1 2 TS TOBYas p @) TS DO Y s paa)

I=5 T(YZ: p,q)T(V;2;
B=1 (B77)(B7p7q)
2N
% Z (pq)72n)\(2fN) H(YA)72/{)\
H’AZO Azl

[12,6(a77Y52 p) [ 60V, )
[ 0@ YR p) T1 0 YE, q)
y ﬁ p;‘é 9<qfY_AYB,p> I 9<pi§/Ax_/B, Q)
Hj:l 0(q~7Y5 'Y, p) [T, 0~ Yp Ya,q)

A=1

Note now that the intertwining factor as expected disappears for the cor-
rect non-anomalous R-charges: (pq) 22N ] ,(Ya)™2 = (pq) 2@ N+EN) =1
where we used that [[, Z4 = 1. We thus find complete factorization

Z Zl loop V ;v)a (7613)

where the one-loop contribution is

Hzﬁl];%é F(YBYA7P7 q)F(YB_IYA7p7 Q)

7B _ 7.6.14
loop T'(Y5%p.q) ( )

and the vortex partition functions are given by

Z\(/B) = Z(B) (p7 q, ZA) ) Za(vf) = Z(B) (qapa ZA) . <7615>

vortex vortex

Here the vortex membrane partition function is given by

Z\(/i")tex(pv q, ZA) =
Z HQH H p Z'YB_z, Q) H p YAYB, ) (7 6 16)
25 1 2 K —; 1 y .0.
k>0 z K 9( ZY ) Hl 1 4 Hz 1 Y YA; )
A;éB

N-2

where Y4 = Z4(pq) =~ .
The generalization of this result to SU(N) gauge group is technically
more involved, but is expected to take on a factorized form as well.
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Chapter 8

Conclusions

In this part we have extended the Higgs branch localization framework of
[15] to three-dimensional N' = 2 R-symmetric theories on S; and S? x S*,
and to four-dimensional N' = 1 theories on S% x S'. We expect the method
to work on much more general 3d backgrounds. We also expect to be able
to perform Higgs branch localization on four-dimensional N' = 1 theories on
manifolds like S? x T2. Even more generally, the method should work for
theories with 8 supercharges, for instance in 4 and 5 dimensions.

Higgs branch localization expresses the partition function in terms of
the K-theoretic/elliptic vortex partition function (VPF), which could also be
computed in the Q-background [I31], 140, 130]. In fact, the partition function
on different three-dimensional geometries—like Sj and S? x S'—is controlled
by the very same VPF, with different identifications of the parameters. This
has been extensively elaborated upon in [I7]. A similar feature is expected
to hold for four-dimensional N' = 1 theories.

In the special case of three-dimensional QCD-like theories, i.e. U(N)g
gauge theories with Ny fundamentals and N, antifundamentals, we have
noticed that the S% and S? x S! partition functions factorize into VPFs only
for |k| < w, a fact that apparently has been overlooked before. It is a
natural question to understand factorization beyond such bound.

It might be worth studying more in detail aspects of the 3d VPF. For
instance, 3d mirror symmetry maps particles to vortices [I53] and it would
be interesting to understand its action on the VPF. Through the mirror map
[172] between star-shaped quivers and the 3d reduction of class-S theories
[10, [11], this might shed more light on the latter. Similarly, the study of the
modular properties of the 4d VPF is of natural interest.
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The 3d VPF encodes (equivariant) geometrical information about the
Higgs branch of the theory. It might be interesting to investigate how the
VPF captures the quantum moduli space [173, 174, 175, I76] of Chern-
Simons-matter quiver theories arising from M2-branes at Calabi-Yau fourfold
singularities.
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Appendix A

Infinite Chiral Symmetry in
Four Dimensions

A.1 Superconformal algebras

This appendix lists useful superconformal algebras that are used in chapter
2l We adopt the convention of working in terms of the complexified version
of symmetry algebras. We adopt bases for the complexified algebras such
that the restriction to the real form that is relevant for physics in Lorentzian
signature is the most natural. In general, the structures described in chapter
are insensitive to the spacetime signature of the four-dimensional theory,
with the caveat that we will assume that the theories in question, when Wick
rotated to Lorentzian signature, are unitary.

A.1.1 The four-dimensional superconformal algebra

The spacetime symmetry algebra for N’ = 2 superconformal field theories in
four dimensions is the superalgebra s((4 | 2). The maximal bosonic subalgebra
is 50(6, C) x s1(2) g x C*. The s0(6, C) conformal algebra, in a spinorial basis
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with o, & = 1,2, is given by

IMSE M) = 6°PMS -5 M,

[Mo}ﬁ_,M’?&} _ d{SM"YB _ 5’9.Md. :

[Maﬂ’Pw} =0 57)&# 15 BPW ’

MO, P] = 55P, — 160 P,

IMSP KT = — 60K + 15, Pk (A.1.1)
MO K] = = 8797+ L6, K0

[Hapad] - Pad )

[H”Cda] - _ ,Cdoz ’

(3, Pag] = 8,°0%H + 5,5 M, + 5% M,°

The sl(2)p algebra has a Chevalley basis of generators R* and R, where
Rt R ]=2R, [R,R*]==+R*. (A.1.2)

In Lorentz signature where the appropriate real form of this algebra is su(2)g,
these generators will obey hermiticity conditions (R*)T = R~, RT = R. The
generator of the Abelian factor C* is denoted by r and is central in the
bosonic part of the algebra. It is also convenient to introduce the basis R,
with
1 + 2 - 1 1 2 1

Ry=R", Ry =R, R1=§T+R, R2:§T—R,(A.1.3)
where we follow the conventions of [45] for r, and which obey the commuta-
tion relations

[R*;, R*,] =6, R, — 65, R", (A.1.4)

There are sixteen fermionic generators in this superconformal algebra
— eight Poincaré supercharges and eight conformal supercharges — denoted
{OF) Oz4, 8% 7 ST “}. The nonvanishing commutators amongst them are as
follows,

{an éjd} = 5ijad )

{(Sl'a7 Sja} — 5Ijlcaa ’

(0L, 8y = 16%,6,°H+ " M) —6,RY,,
{870, Q 4} = 30778 H+ 6 MO +64RY;

(A.15)
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Finally, the commutators of the supercharges with the bosonic symmetry
generators are the following:

Maﬂa QI] = 575Q§ - %5046@5 )

[ )

[-Mdg‘a ézé] - 5d5 QIB - %5dg QIS J
MPE. S = —6.08, 7 +15.58,7
[MO'CB"’STI&] _ WBSVM + %50'45"571& :
7, Q) = 39

H,Qzs] = %éza ,

"8 = —38",

M, 8% = — 18T, (A.1.6)
R7,, Q8] = 0f Q- 105k,
[RZJ, é/ca] = — 5;cIéja + }f%é&a ;
[,Cda7 Qg] _ %a gza :

[Kda> QIB] = 5BdSIa )

[PainS7°) = —6,"Qra

[Pac: 8] = —5,70% .

A.1.2 The two-dimensional superconformal algebra

The second superalgebra of interest is s[(2|2), which corresponds to the right-
moving part of the global superconformal algebra in NV = (0,4) SCFTs in
two dimensions. The maximal bosonic subgroup is s((2) x s[(2) g, with gener-
ators {Lg, L1} for sI(2) and {R*, R} for sl(2)g. The non-vanishing bosonic
commutation relations are given by

[R, R*] = +R*, [R",R7]=2R,
[Lo, Ls1] = FLa (L1, L] =2L, .

There are additionally right-moving Poincaré supercharges or, Q 7 and
right-moving superconformal charges S7, ST. The commutation relations
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amongst the fermionic generators are given by
{Qza QJ} = 5§l-’—1 )
{§1,87} = 5§L+1 ,
{sz Sj}

~ 1
6Ly —RY — §5§z :
- . 1
{Q7. 8T} = 05Lo+ Ry + 5052 ,
where R” ; are defined as in (A.1.3), but with r set to zero. Here Z is a central
element, the removal of which gives the algebra psl(2]2). The additional

commutators of bosonic symmetry generators with the supercharges are given

by

[Lfl 731] = _QI )

[L—l 782] - _QI )

[f/—l—l ) QI] = SI )

[f“rl ) QI] = SI )

SNy (A17)
) 2 )

[LO 781] = _%SI ;

[EO aQI] = ;QZ )

(Lo , Q] =30".

A.2 Shortening conditions and indices of
su(2,212)

The classification of short representations of the four-dimensional N = 2
superconformal algebra [177, 45, 36] plays a major role in the structure of
the chiral algebras described in chapter [2] This appendix provides a review
of the classification, as well as of the various indices that can be defined on
any representation of the algebra that are insensitive to the recombination
of collections of short multiplets into generic long multiplets.

Short representations occur when the norm of a superconformal descen-
dant state in what would otherwise be a long representation is rendered null
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by a conspiracy of quantum numbers. The unitarity bounds for a supercon-
formal primary operator are given by

Ji# (A.2.1)
E:E,—Q or E)EZ7 ]1207
where we have defined
E1=242j;+2R+r, Ey=242j+2R—1, (A.2.2)

and short representations occur when one or more of these bounds are satu-
rated. The different ways in which this can happen correspond to different
combinations of Poincaré supercharges that will annihilate the superconfor-
mal primary state in the representation. There are two types of shortening
conditions, each of which has four incarnations corresponding to an SU(2)g
doublet’s worth of conditions for each supercharge chirality:

Bt ALy =0, a=1,2 (A.2.3)
B; Orel)) =0, a=1,2 (A.2.4)
aﬂQI |,l/]> =0 3 jl 7£ 0

T . ¢ *a 8 , A25
{eawg@g 9)=0, j=0 (8.23)

. €90z, W) =0, j2#0
Cr : h o~ , A.2.6
* {EaﬁQzaQIB W) =0, Jo2 = 0 ( )

The different admissible combinations of shortening conditions that can be
simultaneously realized by a single unitary representation are summarized
in Table [A 1] where the reader can also find the precise relations that must
be satisfied by the quantum numbers (E, ji, jo, 7, R) of the superconformal
primary operator, as well as the notations used to designate the different
representations in [45] (DO) and [36] (KMMR)[]

"'We follow the R-charge conventions of DO.
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89¢

Shortening | Quantum Number Relations DO KMMR

o E>2R+r AR (1) | B3A 1R
B! E=2R+r J1=0 Brr0.42) | Paogsrr

B, E=2R—r ja =0 Brriio) | abjorn

B! N B2 E=r R=0 Er0,j2) bag j, r.0

B, N B, =7 R=0 Eriin0) abj, 0.0
BN B,y FE =2R ji1=J2=1r=20 Br bbg 0,7

ct E=2+2j;+2R+r CRr(jrg2) | CAjijarR

C, E=2+2j,+2R—r CRr(j1.j>) | 3Cj1 jor
clnc? E=242j+r R=0 Corjrg) | Cjrjar0
CiNGy E=2+2j—r R=0 Corra) | BCj a0
C'n e, E=242R+j1+jor=j2—J éR(jl,jg) CCjy jo,ja—j1,R
B'NC, E=1+2R+j, r=jo+1 Drj.) | bCojojot1,r
B, N E=1+2R+j5  —r=ji+1 Drijro) | €Djio—ji-1r
B'NB*NC, | E=r=1+j, r=jo+1 R=0 Do(0,j) bcg jy jo+1,0
C'NBiNBy, | E=—r=1+}j —r=5+4+1 R=0 | Dyj.o cbjy, 0,—j1-1,0

Table A.1: Unitary irreducible representations of the N' = 2 superconformal algebra.




At the level of group theory, it is possible for a collection of short repre-
sentations to recombine into a generic long representation whose dimension
is equal to one of the unitarity bounds of (A.2.1)). In the DO notation, the

generic recombinations are as follows:

QR+T+242j1 o
R,r(j1,42) >~ CRr(j1.j2) @CR—l-%,r—&-%(jl—%,jg) ) (A.2.7)
2R—r4242js . & _

R,r(j1,52) >~ CRpr(j1.j2) @CR-i-%,r—%(jl,jQ_%) )

2R+51+j2+2 o P 5 g 5
Roji—jolirnje) = CR(jr.ja) @ CR+%(]'1*%,]'2) S CRJF%(leé*%) D CR+1(j1*%7j2*%) )

There are special cases when the quantum numbers of the long multiplet at
threshold are such that some Lorentz quantum numbers in (A.2.7)) would be

negative and unphysical:

2R+r+2
ARJJ(FOIQ) =~ Crr(0.2) @ Britri (0 o (A.2.8)
2R—14+2 , [ 5
AR:T(]ITO) - CR,T(jl,O) @ BR+1,T‘*%(]'170) Y
2R+ja+2 4 K
An—5 (0. Cr2) © Pri1ws) © Crit0io-3) © Prigos-) -

2R+j1+2 o o ] B ) B
Rj1(j1,0) — CR(JhO)@CR%(m—;,O)@DRH(JLO)@DR%(ﬁ—%,O)»

A?OJE&O) - éR(0,0) ® Dry1(0,0) © 25R+1(0,0) D BR+2 .

The last three recombinations involve multiplets that make an appearance
in the associated chiral algebra described in this work. Note that the &, &,
[;’%, B, B%, Dy, Do, D% and @% multiplets can never recombine, along with
B (0,4, and By, 0)-

There exist a variety of trace formulas [306], B8] that can be defined on the
Hilbert space of an A/ = 2 SCFT such that the result receives contributions
only from states that lie in short representations of the superconformal al-
gebra, with the contributions being such that the indices are insensitive to
recombinations. The indices are defined and named as follows:

Superconformal Index —: Trgy(—1)F p3 (B2 —2R=1) 3 (B=2j1—2R=1)pfer
Macdonald Tryg,, (— 1)Fq%(E—2j1—2R—r)tR+r ’
Schur : Try(—1)F¢E 1
Hall-Littlewood Tryy,,, (—1)F 72280
Coulomb Tray,, (_1)F0-%(E+2j1—2R—r)p%(E—2j1—2R—r) ‘
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The specialized Hilbert spaces appearing in the trace formulas above are
defined as follows,

Hy = {YeH|E+2j;—2R—r=0}, (A.2.9)
Hu, = {WeH|E—-2R—r=0,j, =0}, (A.2.10)
He = {(eH|E+2j+r=0}. (A.2.11)

The different indices are sensitive to different superconformal multiplets. In
particular, the Coulomb index counts only £ and D, type multiplets. These
can be thought of as N’ = 1 chiral ring operators that are SU(2)y singlets.
Similarly, the Hall-Littlewood index counts only Bg and Dg multiplets, which
can be thought of as the consistent truncation of the N' = 1 chiral ring to
operators that are neutral under U(1),. The Schur and Macdonald indices
count only the operators that are involved in the chiral algebras of chapter
BR, CR, D, and D multiplets. The full mdex receives contributions from
all of the multiplets appearing in Table [A.1]

A.3 Kazhdan-Lusztig polynomials and affine
characters

Computing the characters of irreducible modules of an affine Lie algebra at
a negative integer level is a nontrivial task. For low levels, the multiplicity
and norms of states can be found by hand using the mode expansion of the
affine currents J4(z), but this computation quickly becomes rather involved.
Fortunately there exists another method to compute these characters, based
on the work of Kazhdan and Lusztig [I78], which (with the aid of a computer)
can produce results to very high order. In this appendix we give a brief
introduction to this method. The interested reader is referred to, e.g., [179,

180] for more details.

A generic method to obtain an irreducible representation of any (affine)
Lie algebra is to start with the Verma module M built on a certain highest
weight state 1, ,,., and then to subtract away all the null states in this module
with the correct multiplicities. Let us recall that according to the Poincaré-
Birkhoff-Witt theorem, the Verma module is spanned by all the states of the
form

(E*ahl)m@ (E*a172)n1,2 o (E*Oél,ml)nl,ml o (E*a271)n2,1 o (E*OéN,mN)nN,mN ¢h‘w. ,
(A.3.1)
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with nonnegative integer coefficients n; ;. Here the E~* are the negative
roots with weight —a, and the auxiliary index k, € {1,...,m,} is only
necessary when the multiplicity m, of the given weight is greater than one.
The ordering of the roots in the above equation is arbitrary but fixed. If the
highest weight state v, has weight p then the state defined as above has
weight

u—al(n171+n172+. . .+n1,ml)—a2(n271—|—. . )— . .—OJN(. . -+nN,mN) s (A32>

and with a moment’s thought one sees that the character M, of the Verma
module is given by

charM, = e* H(l — o) Tmultl@) (A.3.3)

a>0

This is the Kostant partition function. The product is taken over the set of
all the positive roots, which is infinite for an affine Lie algebra.

For a given affine Lie algebra there are special values of the highest weights
for which the Verma module becomes reducible due to the existence of null
states. We need to subtract all these null states to recover the irreducible
module. Since any descendant of a null state is also null, the null states
are themselves organized into Verma modules and we can subtract away
entire modules at a time. This procedure is further complicated by the
existence of “nulls of nulls”, i.e., null states inside the Verma module that
we are subtracting. In general, this leads to a rather intricate pattern of
subtractions. It follows that the character of the irreducible module with
highest weight A, which we denote as L), can be obtained from a possibly
infinite sum of the form

charLy = Zm,wcharMu , (A.3.4)

<A

where the integers m, , are not of definite sign and reflect the aforementioned
pattern of null states. Of course my = 1. The vectors labeled by p in the
above sum are called the primitive null vectors of the Verma module M,.
This leaves us with the task of determining the weights p that appear
in along with their associated multiplicities my ,. The first task is
accomplished by noting that these weights are necessarily annihilated by all
raising operators, and therefore must be highest weight states in themselves.
The quadratic Casimir operator of an affine Lie algebra acts simply on highest
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weight states with weight p as multiplication by |+ p|?, where p is the Weyl
vector with unit Dynkin labels. On the other hand, the eigenvalue should be
an invariant of the full representation, which means that the only states pu

that can appear in ((A.3.4)) have to satisfy
lu+pl* =[N+l (A.3.5)

Notice that so far we have made no distinction between unitary representa-
tions, where the highest weight X is dominant integral (i.e., its Dynkin labels
are nonnegative integers), and non-unitary representations like the ones in
which we are interested. This distinction becomes crucial in the computation
of the multiplicities my ,.

For the irreducible representations associated to dominant integral weights,
the weight multiplicities are invariant under the action of the Weyl group,
and correspondingly charl, is invariant under the action of the Weyl group
on the fugacities. On the other hand, the Kostant partition function is es-
sentially odd under this action (c¢f. [179]),

w(e P #charM,,) = sign(w)e ?#charM,, , (A.3.6)

where the sign of an element w in the Weyl group is simply given by —1
raised to the power of the number of generators used to express w. One
can easily convince oneself that the multiplicities m, , therefore necessarily
satisfy

My, = sign(w)my ., (A.3.7)

where w -y := w(p + p) — p is the shifted action of the Weyl group on the
weight p. All the multiplicities m, , for weights 1 on the same shifted Weyl
orbit are therefore related by factors of sign(w), and it suffices to know only
one multiplicity on each orbit. Happily, if the highest weight A is dominant
integral, then it lies on the shifted Weyl orbit of any primitive null vector.
This essentially follows from the fact that there is a unique dominant integral
weight on every shifted Weyl orbit, and from (|A.3.5)) it can be shown that this
has to be A. So, using that m, y = 1, we find that all the weights appearing
in (A.3.4) are given by the shifted Weyl orbit of A and have multiplicities
equal to sign(w). In summary, then,

> wew Sign(w)ew Pt =r
Ha>0(1 _ e—a)mult(a) ’

charLy = (A.3.8)
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which is the famous Weyl-Kac character formula.

Let us return to the case where the A is not dominant integral. This
is the case that interests us: indeed, for s0(8)_5 the vacuum representation
has Dynkin labels [-20000] and the zeroth Dynkin label is not positivef]
For non-dominant integral weights the above derivation already fails at the
very first step: the weight multiplicities in the irreducible representation
are not invariant under the action of the Weyl group. This is most easily
seen by taking the infinite irreducible representation of su(2) whose highest
weight is negative. In this case the single Weyl reflection maps the highest
weight, which of course has multiplicity one, to a positive weight, which
has multiplicity zero. The derivation of the coefficients m) , now becomes
considerably more involved. Since we find qualitative differences depending
on the sign of k + h"Y, we will in the remainder of this appendix focus on the
relevant case k + hY > 0.

For the non-unitary representations considered here it is still true that all
the primitive null vectors lie on the shifted Weyl orbit of the highest weight
A, and for k + hY > 0 there is still a unique dominant weight A on the same
orbit such that A + p has nonnegative Dynkin labels. For example, for the
vacuum module of s0(8)_» the dominant weight has Dynkin labels [00—100]
which happens to be related to [-20000] by a single elementary reflection.
All the weights in , including A itself, can thus be written as y = w- A
for some Weyl element w. We can therefore alternatively try to label these
weights with the corresponding element of the Weyl group w instead of pu.
We will see that such a relabeling has great benefits, but first we need to
mention two important subtleties.

The first subtlety concerns the fact that we may restrict ourselves to
elementary reflections of the Weyl group for which the corresponding Dynkin
label in A is integral, since it is only in those cases that null states can possibly
appear. These reflections generate a subgroup of the Weyl group that we will
denote as Wj. In the case of 50(8)_5 the weights are all integral and W, = W.
The second subtlety is the possibility of the existence of a subgroup W} of
W that leaves A invariant. This happens precisely when some of the Dynkin
labels of A 4 p are zero - in our case there is a single such zero. It is clear
that the weights i can then at best be uniquely labeled by elements of the

2Recall that the zeroth Dynkin label for a weight vector in an affine Lie algebra g is
given by k — (), 6) with X the part of the weight vector corresponding to the original Lie
algebra g and 0 the highest root of g.
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coset Wy /WYy.

It is now a deep result that the multiplicities m, , depend on the dominant
integral weight A only through the corresponding elements w and w’ of the
coset Wy /WJ. We may therefore replace

My — My ! (A39)

where A = w- A, p = w' - A and w and w' are elements of the coset. The
celebrated Kazhdan-Lusztig conjecture tells us that the precise form of these
multiplicities is given by

My w = Qw,w/(l) . (A310)

where the Kazhdan-Lusztig polynomial Qmw/ (q) is a single-variable poly-
nomial depending on two elements w and w' of the coset W, /WJ. These
polynomials are determined via rather intricate recursion relations that are
explained in detail in [I80]. For & + hY > 0 and integral weights, which is
the case that interests us here, the Kazhdan-Lusztig conjecture was proven
in [181], 182].

For the computations mentioned in the main text, we have implemented
the recursive definitions of the Kazhdan-Lusztig polynomials on cosets given
in [I80] in Mathematica. Equations (A.3.3)), (A.3.4), and then allow
us to compute all the states in the irreducible vacuum character of s0(8)_o
up to level five. The results are shown in Table [2.5]
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Appendix B

Chiral algebras of class &

B.1 Details for rank two theories

This appendix includes details regarding a number of calculations having to
do with operations on the x[T3] chiral algebra described in Sec. For
all of these calculations, it is useful to have the realization of the x[7%] chiral
algebra, which coincides with the affine eg current algebra at level k = —3,
in the basis relevant for class S given in Eqn. (3.3.16)). In this basis, the
singular OPEs are as follows,
W (T kOO — 50008) | 0 (NS — 6 (I
()2 () (T)7(0) ~ N +
z z
(J1) & (2)Warne(0) ~

a

I

ISI

! 1 /
(5;”Wabc - 56; Wa”bc) )

/ = 1 "=/ 1 1= 1
VT ~ T (0T )

1 /A NI BN
Wabc<z)Wa’b’c’(0) ~ - zeaa’a”ebb’b”ecc’c”Wa b )

i [ NV, ]_ 1 1 N /I
Wabc(Z)Wa b'c (0) ~ —eua Ebb b gcc’e Wa“b”c” ’
z

k

22

a ¢b cc
6a 5b (Sc

1 / / / / / / / / /
- (088 + o (P SE + o s ()

: (B.1.1)

Woape(2) WV (0) ~

and similarly for (J?) and (J?).
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We saw illustrated in Table[3.3]that there exists for £ = —3 a null relation
in the 650-dimensional representation of es. This is in agreement with the
Higgs branch relation of Eqn. (3.3.17). It will prove useful to have the explicit
expression for the components of this null vector upon decomposition in
terms of &?_,su(3); representations. Group theoretically, the decomposition
in question is given by

650 — 2x (1,1,1)+(8,1,1)+(1,8,1)+ (1,1, 8)
+2x(3,3,3)+2x(3,3,3) +(8,8,1) +(1,8,8) + (8,1,8)
+(6,3,3)+ (6,3,3)+ (3,6,3) + (3,6,3) + (3,3,6) + (3,3.,6) .

The corresponding null vectors arise from the relations summarized in Table

B.1
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LLT

Representation

Null relation

(1,1,1)

(Jl)ailz(‘]1>a(;1 = (J2)b11)2(‘]2>b12)1 = (J3)C;:2(J3)C§1

(8,1,1)+(1,8,1)+(1,1,8)

% (WaleWach . %d?fwabcwabc)
+ ((Jl)atj(Jl)aaQ - 150&(‘]1)04(1(‘]1)(1&) - 38(']1) 2=

37 a1 ai

(8,8,1)+(1,8,8) + (8,1,8)

Walblcwa2b2c - %5(61?I/I/vablcvﬁvabQC - %523 (WaleWasz> +
5022002 (WaaeT W) 4 (1), 22(72), = 0

(TN Wase = (2, Wage = (J2) W,y
(J!

)aaWabc — (JZ)/BbWa,Bc — (JS)chabc

al T T
2(JN W, eecrazlan) i @biatfrabecag, (o)

D W bbyb B
2(<] )(a1|1Wa2 C€a1a2|a2) + W(albIC1Wa2)b202€ 1b2 cecicz — ()

Table B.1: Null state relations at level two in the x[73] chiral algebra.




B.1.1 Argyres-Seiberg duality

First we describe in detail the check of Argyres-Seiberg duality at the level
of chiral algebras described in Section [3.3.3] The first duality frame is that
of SQCD, the chiral algebra of which was described in chapter 2] There

the generators of the chiral algebra were found to include a su(6) 5 x u(1)

affine current algebra with currents Jij and J, along with baryonic and anti-
baryonic operators {b;x, 6%} of dimension A = 2. The singular OPEs for

2
these generators are as follows,

3(0L6] — trace) §1JN(z) — 84T (2)

J(2)JL0) ~ —
z(z) k( ) »2 + e )
18
. 307 Diltges] (0) — 267D, iy (0
Jiy(z)blﬂkzks(O) ~ ] ¢ k3}( )Z 2 5( ) ;
3b 0
J(z)bk1k2k3 (O) ~ %3() )
3bkrkks ()
J(2)bFRks ()~ - 2
()4k(0) 2,
S 3607107200 36616727 (0)
biyigis (2)0" 722 (0)  ~ >3 - 52
1807 T2 75 (0) — 18611672077 (0)
. )
(B.1.2)
Antisymmetrizations are performed with weight one, and lower (upper) in-
dices i, j, ... transform in the fundamental (antifundamental) representation

of su(6). In the last line we have introduced the u(6) current Ji := Ji+ 15%.J.
It was conjectured in chapter [2 that the SQCD chiral algebra is a VW algebra
with just these generators. This proposal passed a few simple checks. All the
generators of the Hall-Littlewood chiral ring have been accounted for and the
OPE closes. There is no additional stress tensor as a generator because the
Sugawara stress tensor of the u(6) current algebra turns out to do the job
(this again implies a relation in the Higgs branch chiral ring of SQCD). The
spectrum of the chiral algebra generated by these operators also correctly
reproduces the low-order expansion of the superconformal index.

Our aim in the remainder of this appendix is to reproduce this chiral
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algebra from the ‘exceptional side’ of the duality using our proposal that the
chiral algebra X[T3] is the current algebra (s)_3. The two free hypermul-
tiplets contribute symplectic bosons ¢, and ¢* with a = 1,2 with singular
OPE given by
o8
4a(2)G%(0) ~ =2 . (B.1.3)

z

The x[T3] chiral algebra should be re-expressed in terms of an su(6) x su(2)
maximal subalgebra, in terms of which the affine currents split as

{Jacr,.sp = {X}, YIH Z0. (B.1.4)

The operators X7 and Z are the affine currents of su(6) and su(2), respec-
tively, with X! = Z% = 0. The additional operators Y,* transform in the
(20,2) of su(6) x su(2). The nonvanishing OPEs amongst these operators
are simply a rewriting of the ¢ current algebra,

i 1§57 _ J vl _ Sy
Xf(Z)Xzi(O) N _3(525k trace)_'_éle(O) 51 X7(0)

22 z
3(0068 — trace)  6°Z2(0) — 62 Z8(0)
B 4 a’y 7" a™y
Za (Z)Z'y(o) ~ - 22 + >
: 36 yami (o
X/ (2)YFm0)  ~ (30 Ye T(0) trace (B.1.5)
z
g SPY k(0
Zg(z)Y;Jk(O) ~ LU — trace
z
B ijklmn eijklmnea ZW 0) — 3604 e[ijklm|pX|n} 0
Yoz{]k(z)yémn((n ~ €apt - + Y 5( ) B p ( )
z z

Gluing introduces a dimension (1,0) ghost system in the adjoint of su(2) and
restricting to the appropriate cohomology of the following BRST operator,

a1 a3 T as [ehge et e R Y ingeTily

1
JBRST — Cg(zg _ qaqﬁ) _ 5(5&660&25&4 _ 60445&65042)Ca1ba3ca5 (B16)

The cohomology can be constructed level by level using the OPEdefs pack-
age for Mathematica [48]. Up to dimension h = 2, we find the following
operators,
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Up to normalizations, these can naturally be identified with the generators
of the SQCD chiral algebra,

Xij ~ Jij , 3¢aq" >~ J éeijklmnanoim” ~ biji eaﬁangjk ~ piIk

(B.1.8)
The equations relating chiral algebra generators in the two duality frames
are the same as the ones obtained in [64], with the operators being viewed as
generators of the Higgs branch chiral ring. In that work, establishing them
at the level of the Higgs branch required a detailed understanding of the
chiral ring relations on both sides. By contrast, to establish equivalence of
the chiral algebras we need to check that the above operators have the same
singular OPEs. Relations in the chiral ring will then show up automatically
as null states.

With the OPEdefs package we have also computed the OPEs of the com-
posite operators in and found perfect agreement with . Most
of the OPEs are reproduced in a fairly trivial fashion. However, the simple
pole in the baryon-antibaryon OPE can only be matched by realizing that
there is a null state at level two in the (¢ )_3 algebra given by

iy 1 icj
XD 0M 4 =528 256,60,00 . (B.1.9)

ijky abc o ligi skl
Ya] Y,B € Beabclmn—l—108aX 5] 5 }+108X[l m n] 72

[¥m~n
Thus we have shown that using our proposal for the x[T3] chiral algebra in
the Argyres-Seiberg duality problem, one at least produces a self-contained
Wh-algebra that matches between the two sides of the duality. It would be nice
to prove that this W algebra is the full chiral algebra. Indeed, if one could
demonstrate this fact for the SQCD side of the duality, it seems likely that
it wouldn’t be too hard to prove that there can be no additional generators
in the X[T3] chiral algebra beyond the affine currents.

B.1.2 Reduction of 75 to free hypermultiplets

In this appendix we provide some details about the reduction of the x[T3]
chiral algebra to free symplectic bosons. This corresponds to the subregular
embedding su(2) — su(3), which is given by

Alto) = %(Tll —T5*), At)=Ty", Aty)=T,*. (B.1.10)
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The grading on the Lie algebra by the Cartan element A(%y) is half-integral.
In order to arrive at first-class constraints, we introduce a different Cartan
element ¢ that gives an integral grading. More specifically, we have § =
3(Ty' + T,* — 2T®). With respect to the d-grading there are two positively
graded currents and we consequently impose the constraints (J 1)31 =1 and
(J 1)32 = 0. These are implemented via a BRST procedure with differential
given by

d(z) = (((JNs' = 1) & + (J")5e) (2) (B.1.11)

where the ghost pairs by!, ¢;* and b5, ¢,® have the usual singular OPEs.

Implementing the first step of the qDS procedure, one obtains the (redun-
dant) generators of the chiral algebra at the level of vector spaces. Applying
the tic-tac-toe procedure to produce genuine chiral algebra generators, we
obtain the set of generators that were listed in Table 3.4 The explicit forms
of these generators are given as follows,

Tuy = (J7)
(j1)12 = (j1)12
(j1)13 = (J)
(M = (JY)
Wipe = Wlbc_W3bC<j1)11

Wch = W2bc - W3bc(j1>21 (B112>
WSbc = W3bc
Wlbc = Wlbc
W2bc — W2bc

(e = ()

The generators Way, and W' have the correct charges and mutual OPE
to be identified as the expected symplectic bosons. It follows that the reduc-
tion argument will be complete if we can show that at the specific value of
the level of interest k£ = —3, all the other generators listed in Eqn. (B.1.12)
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participate in a null state condition that allows them to be equated with
composites of Wy, and W

Indeed, we do find such relations to account for all additional generators.
At level h = 1, we find

Tuy = — Wac V", (B.1.13)
(jQ)be = - <W3b1cV~V1bQC - %523W3bcwlbc> ; (B.1.14)
(7.2 = - (ngclwlb” — %555W3bcwlbc> : (B.1.15)
Wape = %ebblbgecclcQV”\/lblClVvlbm, (B.1.16)
whe = %ebblb%wlc?nglclngm . (B.1.17)

At dimension h = 3/2, one can find the null relations
(JhH? = éw?»blclW3b2czW3b3C3€b1b2b366162(:3 , (B.1.18)
GHE = — éwlbmWlbzc?Wlbm6b1b2b36c1m3 ’ (B.1.19)
Wibe = 20Wape + %W3blclw3b202wlb303€ﬁ PLb2 Y126 g1y €y (B.1.20)
- %Wg(b(cwgbl)cl)wlblcl , (B.1.21)
wibe —  _ gyplee 4 %WlblclWlbgcznggcgﬁﬁbleGWCICQGﬂbbge'ycc;g (B.1.22)
B %Wl(b(chbl)cl)nglq _ (B.1.23)

Finally, at dimension h = 2, we find

14 ~ 8 ~ 2 ~ -
(\71)13 _ §W3bcawlbc _ §8W3bcwlbc + §W3(b1 (@ W3b2)c2)W1(bl (c1 W1b2)02)

7 - ~
— %nglclW3b202WleCSWw‘*c“eb1b2b601026653b4b663c4c . (B.1.24)
It is interesting to see these null relations as a consequence of the nulls
in the original chiral algebra. To that effect, let us re-derive the dimension
one nulls in this manner. Starting with the (8,1, 1) null states in Table

and specializing the indices to (a1, a2) = (3,1), we find the null relation

0 = W W 4 (JD)2(JW) L 4+39(TD),t = DWWy W + L 70y +d(. ) |
(B.1.25)
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thus reproducing Eqn. . Alternatively, starting with the null states
in the (8,8,1) and Spe(nahzmg the indices to (aj,as) = (3,1), we obtain the
null relation

1
— =B (JW) (TP,

- 1 -
0= (ngwwl’m - gészgbcwlb‘?) ;

- 1 - .
= (wgblcwlbzc - gészgbcwle) + (), +d(...), (B.1.26)

which precisely matches the null relation of Eqn. . Similarly, one
can reproduce . It is straightforward to check that the null relations
in Equs. (B.1.16)-(B.1.17) can be obtained from the relations in the (6, 3, 3)
and (6,3, 3) and specializing the indices appropriately.

B.2 Cylinder and cap details

This appendix describes the quantum Drinfeld-Sokolov reduction that pro-
duces the chiral algebra for cylinder and cap geometries when g = su(3). We
first introduce some general formulas for the Schur superconformal index as-
sociated to these geometries. These formulas prove useful for getting a basic
intuition for how these chiral algebras may be described.

B.2.1 Schur indices

Although they are only formally defined (there is no true four-dimensional
SCFT associated to the cylinder and cap geometries), the reduction rules for
the Schur index allow us to define an index for these geometries that must
behave appropriately under gluing. Let us determine these indices.

Cylinder Using the general results given in Eqns. (3.2.28) and (3.2.38)),
the index of the two-punctured sphere theory can be determined immediately

Icylinder <Q; a, b) - Kmax.( max Z XER XD‘%

= PE 1 q (Xadj( + Xadj :| ZX% XE)%

(B.2.1)
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Upon using the relation > g xm(a)xs(b) = d(a,b™!), where the delta func-
tion is defined with respect to the Haar measure, we can rewrite this index
as

2
Leytinder (¢; 2, b) = PE [1—_qqxadj(a)] o(a,b™) = Iy (a;q) 6(a,b7")

(B.2.2)
where [y is the vector multiplet index (3.2.43). This makes it clear that
when the gluing prescription for the index given in Eqn. is applied,
the index Z7(q; a, . ..) of a generic theory 7 containing a maximal puncture
with fugacities a remains the same after gluing a cylinder to that maximal
puncture

/[da]A(a)]v(q; a) Ir(q;a, . ..) Leyinder (;2~ " b) = Z7(g;b,...) . (B.2.3)

Here [da] = H;aflk g 2’::2]_ and A(a) is the Haar measure.
Returning to expression (B.2.1f), we wish to rewrite the sum over repre-

sentations. Let us therefore consider the regularized sum

S uym(@)xn(b) = PE[u xja)y(b) —u"] . (B2.4)

where |9R| denotes the number of boxes in the Young diagram corresponding
to the representation R of g = su(n). For g = su(2) we have checked this
equality exactly by performing the geometric sums and for su(3), su(4) and
su(5) in a series expansion in u. In the limit u — 1 one can verify that the
right hand side behaves as a d-function with respect to the Haar measure,
as expected. Consequently, the cylinder index can then be rewritten in a
particularly useful form,

e (:2,5) = PE [ (@) + xas(0) + (@ (b) ~ 1

-9
(B.2.5)
By using xaqj(a) = xj(@)x;(a™!) — 1 and the §-function constraint, one can
finally rewrite the index as

e (652 ) = PE | 7 () + (@nib) = D) + (@) ~ 1
= PE | ab) + - @b) - 1)
(B.2.6)
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Note that this looks like the partition function of a finitely generated chi-
ral algebra satisfying a single relation. Namely, it appears that the chiral
algebra has one set of dimension one currents transforming in the adjoint
of su(n), in addition to a bifundamental field g,, of dimension zero subject
to a dimension zero constraint in the singlet representation. Going further,
using this interpretation of the index and reintroducing the fugacity u as in
(B.2.4), we see that u counts the power of the bifundamental generators in
an operator, and the constraint should then involve n bifundamental fields.
A natural form for such a relation (after proper rescaling of the generators)
is the following,

_ealag...an bi1bs...by,

n € Gai1b1Y9a2bs - - - Ganb, — 1. (B27>

Interpreting g,, as a matrix, this is a unit determinant condition. This pic-
ture, guessed on the basis of the superconformal index, will be borne out in
the qDS analysis below.

Cap A similarly heuristic analysis is possible for the theory associated to
a decorated cap, which is obtained by further partially closing a puncture in
the cylinder theory. The index of the decorated cap theory takes the form

ZLeap(n) (g;a,by) = Kpax (a;9)Ka(by, q) Z xn(a)xs(fugy (bas q))
"%

1= qTrR(.adj)(bA) > xm(a)xa(fug, (bas q))
R

— PE %Xadj(awz (

’ (B.2.8)
= I;"(aiq) Ka(ba.q) 8(a™ fugy(baiq)) -

Again it is clear how gluing this index reduces the flavor symmetry of the

puncture. Using and the general expression for a class S index

(3.2.28) for some theory 7 of genus g and containing s punctures, of which
the first is maximal with corresponding flavor fugacities a, one obtains by
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gluing the cap to this maximal puncture

/ (dalA(a) ]y (a3 q) Toapia) (52" ba)

X Z Cor(q)* > Knax. (a5 ¢) X (a) Hwé\{' (xa,5q)  (B.2.9)

R =2

= Cxn(q)* > Ka(bx, q)xm(fugy(ba; ) me Xa,;q) (B.2.10)
R

where we have again used that K. (a;q) = 1;1/2(21; q).
As in the previous paragraph we can rewrite the index in a suggestive
fashion,

Icap(A) (qa a, bA) =

PE Z 1qj+1qTI' <ddj>(bA)+1Lq(Xf( )xi(fuga(basq)) —1)| . (B.2.11)

J

A natural interpretation of this index is as that of a chiral algebra with
generators given by currents J5 for T € ker(ad(,)) with dimensions shifted
by their A(ty) weight. Moreover, for each su(2) irrep in the decomposition
(3.2.30) of the fundamental representation § there are an additional 25 + 1
generators transforming in representation § ® Rg-f) with dimensions —j, —j +
1,...,7. The latter generators satisfy a singlet relation of dimension zero.

B.2.2 QDS argument

Now that we have some intuition for the kinds of chiral algebras to expect,
let us study the cylinder theory for g = su(2) by fully closing a puncture
in the X[T3] theory. Full closure is achieved via the principal embedding
p 1 su(2) — g, which is can be specified explicitly in components as

plt-) =2(T,' +T37%) plto) =T1' =17, plty) =T +T,° .
(B.2.12)
The grading by p(to) is integral, with the negatively graded generators being
T, with grade minus two and 7,', T;? with grade minus one. We should
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dimension | generators
0 Wipe, Wlbc
1 Wi, W, (T%)02, (T°)2
2 Tsums Wipe, W3
3 (I’

Table B.2: (Redundant) generators of the cylinder theory for g = su(3).

then impose the constraints

W), =0,  (JM), =0,

(B.2.13)
Upon introducing three (b, ¢)-ghost systems — (by!, ¢;?), (b2, ¢,®), and (b3', ¢;?)
— these first-class constraints are implemented by a BRST procedure via the
current

d(z) =

(TN ey®(2) + (JW) P (2) + (JW)5' e (2) - %(012 +¢°)(2) —bs'e, %y’ (2) -
(B.2.14)

This cohomological problem is partly solved by following the same ap-
proach as that advocated in Subsec. [3.4.1] The redundant generators of the
reduced algebra are the tic-tac-toed versions of the currents (J'),? and Jyum =
(JY)2 + (J),?, as well as of the generators {(J2)bi’2, (J?).22, Wae, Wabey,
These currents can be seen arranged according to their dimensions in Table

B.2

The explicit form of the tic-tac-toed generators if dimensions zero and
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one are fairly simple,

Wape 1= Wipe (B.2.15)
W = W (B.2.16)
W2bc = W2b0+2W3bc(j(l))33, (B217>
W?bc — W2bc+2W1bc(j(l))117 (B218)
(T2 = (S22, (B.2.19)
(7)== ()2 (B.2.20)

On the other hand, the higher dimensional generators are quite complicated,

Tsum

Wlbc .

(T2 + (s

— (—22+ RO - 42+ KA (B.2.21)
= (2 (I + 20 IS+ 20NN

Wise = (2Wane(J),! = 2Wae(J1)y)

+ (—4 ((jl)ll + (j1)22> Wape(J1)5® — %(—20 — 12k)W3b08(j1)33)

] .
- §3W3bc(=]1)33 ;
(B.2.22)

W?}bc _ <2W2b0(j1)33 + 2W1b0(j1)23) + 4(j1)33W1b0(j1)22
= 1be 4 . A
— 0 (<5 8+ a0 (B.2.93)

-t (<20 - SN
(2 = (206 + 200072 = 205 (I + (1))
+ 2072 (T + (T1)2) + 4(4 + 4k + K021,
— 42+ R + 42+ R ),
—4 (I + NS (N2 + DG (U + (D) -
(B.2.24)

Our next task should be to check for redundancies by computing null
relations. This analysis is substantially complicated by the presence of di-
mension zero fields in the cohomology. This means that we don’t have an
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algorithm for finding such redundancies that must terminate in principle.
Instead, we use the nulls of T3 to predict some of the nulls in the cylinder
theory.

Dimension zero nulls Starting with the (8,1,1) nulls and specializing
the indices to (a1, az) = (3,1) we obtain the null relation

1 . 11 _
0= §W3b6W1b0+(J1)3“(J1)a1—38(J1)31 = Z+§vvgbcvv”w+d(. ). (B.2.25)

Similarly, starting with the (8,8,1) nulls and specializing the indices to
(a1,a2) = (3,1) we obtain the null relation

| _—
0 = (nglcwle - gfsngzachlb) + (J(l))gl(J(Q))bf2 ;

1 (B.2.26)

3

Similar nulls can be found by interchanging the second and third puncture.
In summary, we have the relations

1
4

This shows that, up to a rescaling, Way.(2) and W'"(z) can be thought of
as inverses of one another.

Next, we look at the (6, 3, 3) nulls and specialize a; = as = 1, which gives
us

= (nglcwlb2c — 52?W3bcwlbc> + d( . ) .

_ . 1
Wi NV = —=502 Wy W = —10% - (B.2.27)

1\ 1 aiasl T/1b1c1 11/ 1bac
0 = 2(J )a1Wa2bcE 12 L WA W 22 e b €ccren

. . B.2.28
= ngc + WlblclwleCQbeleECCICQ + d( .. ) . ( )
Similarly from the nulls in the (6,3, 3) we find
~ 1
0 = <J1)3 [e%1 Wazbceala23 + §W3b151W35202€bb1b2606162 ’
1. 1 (B.2.29)
= — §W1bc -+ §W3blclW3b202€bb1b2666102 -+ d( . ) .
Combining these with the previous relations, we find that
1.+ CYA C1\A c 1.~ c 1 Aslbe 1
QWH’ Wibierptez % €bbyby Eccroy = _EWH) Wape = —§W3ch1b -3
(B.2.30)
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and
1 1

1 ~
§W3bcw3blclW3b202€bb1b2606162 — §W3bcwlbc == _g . (B231)

These are conditions on the determinants of Ws,. and Wibe ~thought of
as th{ee—by—three matrices. Note that we used the relation W'Y*Wsy,, =
Wape W' which is true in cohomology:

WHWap, = Wap W — d(90bs1) . (B.2.32)

If we now introduce rescaled operators gy, := —2Wsj. and §* := 2We then
g and g have unit determinant and are inverses of one another. Because of
the determinant condition, this also means that we can rewrite g in terms
of positive powers of g, so only one needs to be considered as an honest
generator of the chiral algebra.

Dimension one nulls We can continue the same analysis at dimension
one. The second relation in the (3,3, 3) representation gives us

(T2, Wage, = (T?) Wy, - (B.2.33)

By taking the normal ordered product of both sides with W and re-
ordering (ignoring BRST exact terms), we can make a sequence of replace-
ments using the dimension zero relations of the previous paragraph and end
up with the following implication,

Wlbcz (\7(2))[)6W3561 — W1b02 (j(g))CYW3b’y

— (\7(2))1,69601.61)62 = (u7(3))cf2 -3 <95018§502 - %529678§ﬁ7> '
(B.2.34)

At last, we see that the current J® is not an independent generator.
Other dimension one nulls can be obtained from the first equality in the
(3,3,3). Here we find
1 2
()5 Wane = (J9) Wage == SWane + 20Wspe = (T%), Wape , (B.2.35)

which implies that the generator Way,. is not independent. Similarly, from
the (3,3, 3) relations one finds

- ~ 1.~ 2 .~ 5
(Jl)alwabc _ (JQ)BbWLBC —_— §W2bc — gawlbc = (jQ)BbWLBc’ (B236)
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which implies that W2 is not an independent generator.

Based on the analysis of the index in we expect that all higher
dimensional generators can be similarly related via null relations to com-
posites of J% and gy = —2Wsa.. It would be interesting if this could be
proven as a consequence of only the null states that are guaranteed to exist
based on nulls of the unreduced theory, although such a simplification is not
a necessary condition for the existence of the desired nulls.

B.3 Spectral sequences for double complexes

In this appendix we review some of the basics of spectral sequences. Standard
references are [I83],[184]. One can also consult Section 5.3 of [94] for a concise
summary of some of the most useful statements.

One of the simplest spectral sequences makes an appearance when one
considers a single cochain complex (M*, d), where d : M? — MP* is a
differential of degree one satisfying d od = 0. A decreasing filtration of
M* is a family of subspaces {FPM; p € Z} such that FP*'M C FPM and
UpFPM = M. We restrict our attention to bounded differential filtrations,
which satisfy two additional properties:

e There exist s,t € Z such that FPM = M for p < t and FPM = 0 for
D= S.

e The filtration is compatible with the differential, i.e., d(FPM) C FPM.

We further introduce the spaces FPM" := FPM N M". One then says that
the filtration is bounded in each dimension if it is bounded for each r. The
associated graded vector space is defined as

EPY(M* F) := FPMPTY/FPH pPte (B.3.1)
Note that at the level of vector spaces one has M" = @&, ,—. E{?.
If F'is a bounded differential filtration of (M*,d), then also (F?M,d) is
a complex. The inclusion map F?M < M descends to a map in cohomol-
ogy H(FPM,d) — H(M,d) which is however not necessarily injective. We
denote the image of H(F?M,d) under this map as FPH(M,d). This defines
a bounded filtration on H (M, d).
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A spectral sequence is defined as a collection of bigraded spaces (E*, d,.)
where r = 1,2,..., the differentials d, have degrees (r,1 — r), and for all
p,q,r one has EVf, = HPY(E** d,). A spectral sequence is said to converge
to N* if there exists a filtration F' on N* such that E2? = EF(N* F). The
main theorem of concern is then for any complex (M, d) with a differential
filtration F' bounded in each dimension, one can find a spectral sequence
with EPY = HPY(FPM/FPYIM) that converges to H*(M,d). In favorable
situations, one may have d,, = 0 for r > r( in which case the spectral sequence
terminates: KDY = EB.1.

Let us consider the case of a double complex (M**;dy,d;), where M is
bigraded and dy, d; are maps of degree (1,0) and (0, 1) respectively, satisfying
dyody=dyody =dyody +dyody. Diagrammatically, a double complex is
represented as:

d1 dl

_do o opqpatt oo ppprlgrr o

d1 dl

Mpa Y ppptla G

dy dy

The associated total complex is defined as Tot" M := @, =, M4, with total
differential d := dy+d;. A double complex allows for two filtrations, namely,

FP(Tot" M) = @,5,M™™ " | FI(Tot" M) = @,5,M" " . (B.3.2)

These filtrations are bounded in each dimension if for each n only a finite
number of MP¢ with n = p 4+ ¢ are non-zero.

Correspondingly, we can consider two spectral sequences converging to
H*(Tot M,d) with as first terms

1B = HP(M, dy) | BP9 = HPY(H** (M, dy),dy)  (B.3.3)
nky? = HP(M, dy) nES? = HPY(H>" (M, dy),dy) . (B.3.4)

Note that here one can show that the first term of the spectral sequence
is equal to the one mentioned in the more general case above. Higher dif-
ferentials d,y; for r > 1 are defined by d, 1z = dyy where y is defined by
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doy = d,x. Such a y can be proven to always exist, so that the higher
differentials are always well-defined.

Example As a simple example of the utility of spectral sequences, let us
reproduce a proof of the Kiinneth formula [94]. Consider a differential graded
algebra (A, d), i.e., a graded algebra endowed with a differential d of degree
one satisfying the Leibniz rule. Let it have two graded subalgebras A; and
A, which are respected by the differential, i.e., dA; C A;. Let us assume the
multiplication map m : A; ® Ay — A is an isomorphism of vector spaces.
Then one can define the double complex (M??;dy, d;) by

MP = m(AP®AY) ,  do(aras) = d(ar)ay , di(aras) = (=1)%aid(ay) .

(B.3.5)
Assume that this double complex is bounded in each dimension; then one
can make use of the spectral sequence for the double complex as described
above. One finds for the first couple of levels

EPT=m(AY @ H'(Ay,d)) ,  E3* = m(H"(Ay,d) © H (A, d)) . (B.3.6)

Higher differentials all manifestly vanish, so the spectral sequence termi-
nates. At the level of vector spaces, the above-stated theorem implies that
H*(A,d) =2 m(H*(A1,d) ® H*(Ag,d)). This statement can be extended to
an isomorphism of algebras because aias is a representative of an element in

H*(A, d).
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Appendix C

Chiral Algebras for Trinion
Theories

C.1 Affine critical characters and the Schur
index

We show how to re-write the superconformal index [36] in the so-called Schur
limit [37, B8] in terms of characters of affine Kac-Moody modules at the
critical level. The superconformal index of class § theories was computed
in [75, 137, 38, [74], and the characters of affine Kac-Moody algebras at the
critical level in [I07]. Here we just collect the final expressions and refer the
readers to the original work for details.

Our conventions for affine Lie algebras follow those of [108], and here
we simply review some notation needed to write the characters. We denote
the affine Lie algebra obtained by adding an imaginary root ¢ to a finite Lie
algebra g (of rank r) by g. The Cartan subalgebra of g (g) is denoted by f (h),
and the positive roots of g (g) by Ay (A,). We also denote the real positive
roots of the affine Lie algebra, that is positive roots not of the form nd, by
Af The character of a critical irreducible highest weight representation Ry

with highest weight 5\, whose restriction to the finite Lie algebra A is by
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definition an integral dominant weight is given in [L07]. It reads|]]

D wew €(w)e e
Moca, (L= 07 [Toar (1= )
where W is the Weyl group of g, e(w) is the signature of w, ¢ = e~°, p denotes

the Weyl vector, (-,-) denotes the Killing inner product and «" is the coroot
associated to a.

The Schur limit of the superconformal index of a T}, theory is given by [37, 38]

[T KCon (5 4) o, (1)
Ir, (¢;%:) Z KCalg) Doty (C.1.2)
with
n—1 d; .
Kat(q) = P.E. [ 1q_ q] , Ka(g;x) = P.E. [%JEIX)} . (C.1.3)
j=1

Here x; denotes flavor fugacities conjugate to the Cartan generators of the
su(n); flavor group associated with each of the three punctures, A and A’
are respectively the trivial and principal embeddings of su(2) < su(n), and
d; are the degrees of invariants. Furthermore, dim,R, is the g-deformed
dimension of the representation fR,, i.e.,

dimqfﬁ,\ =

H [<)‘+p7a>]q 7% — (C14)

q
: where [x], =
OCEA+ [<p7 a>]q 1 q

As shown in [26], if A = 0 is the highest weight of the vacuum module
Kalg;xi)
Kt (q)

The expectation is that the full index for 7,, can be re-written as a sum
of characters of critical modulef’] Re-writing (C.1.1) to make manifest the

Chﬁ‘b\:o = (C15>

'Here we used that for a critical highest weight A+ p = A+ p, and normalized the
character to match the standard conventions for a partition function.
2 Along similar lines, one can rewrite the Schur limit of the superconformal index of the

—

Tso(2n) theory [T7, [6] in terms of critical affine so(2n) characters.
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vacuum module we find

chyy, = chor, , [] (C.1.6)

aEA L

(ot ) Zea et

1— q (Atp,¥) Z cw 6( )@w(P)—P ’

where we recognize the last term as the character of the representation with
highest weight A of g,

> pew €(w)e )
xa(x) = = w(p)
ZwEW e(w)e P

(C.1.7)

After factoring out a ¢~*#), the middle factor can be written in terms of the
g-deformed dimension (C.1.4) of the same representation:

H 1 — glre?) _ H avy/2 H —(pa¥)/2 _ glpa¥)/2
1= gira?) A+p N2 Z qtra)2

aceA4 aceAL aceAL
(C.1.8)
1

— 7<)‘7P>— Clg
T (C.1.9)

where we used that oY = «, for su(n), to identify p in the last step. In total
we thus find

PE |:QXadJ (x)] X)\( )

g P.E. [Z’tl ﬂ} dim, Ry '

Jj=1 1—¢

chyy, = (C.1.10)

Using this result in the expression for the superconformal index ((C.1.2)) we ob-

tain (4.2.1). To obtain (4.2.2)) we also note that the denominator of (C.1.10)

can be rewritten as

n—1 d.
¢ P.E. [Z 1‘1 " | dim%, = (C.1.11)
, -9
7=1
-n 1 q
o o (Ap,a)
S =R SRCED S
_]= a€A+ aEAL
—PE. Zlq +Z n—jq—Zqu “ti-i| L (C.1.12)
Lj=1 71=2 1<i<y
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C.2 The OPEs

In this appendix we give all the OPEs between the generators of the T} chiral
algebra. Here all OPE coefficients (including the central charges) are already
set to the values required by the Jacobi-identities, as described in Section [4.3]
Since all generators are both Virasoro and AKM primaries, with the excep-
tion of the stress tensor which is neither and the AKM currents which are not
AKM primaries, all singular OPEs involving the affine currents and the stress
tensor are completely fixed by flavor symmetries and Virasoro symmetry, up
to the flavor central charges (kaq)i—123 = —4 and the Virasoro central charge
Coq = —T78 appearing in the most singular term in their respective self-OPEs.
Different AKM currents are taken to have zero singular OPE. As discussed in
Section we consistently treat the three flavor symmetries on equal foot-
ing, in particular we require kog = (k2g)1 = (koa)2 = (k2q)s . We recall that
also the precise values of coy and ko4 central charges are a result of imposing
the Jacobi-identities. N

The singular OPEs of the W, W generators among themselves were found
to be

1
2z
11

I1/a1a2a T1/b1bab airbicid abcd abcd
W123(Z)W123(0) Nﬂgelll 1 agbacadr 3333‘/[cld1][02d2}[03d3]a

Wa1a2a3(z) Wb1b2b3 (0) ~ V[a1b1][azb2}[asb3}?

and

Wa1a2a3( )Wblb2b3(0> ~

(5b1 622 §bs — 801622 (%)% + perms.)

301(12@3 42(@1(12

— (5b1 §20(J)% + perms.) + 16_2 (821 (J*)22 (J?)% + perms.)

ay-az

1 1
+ 5211532533 <_ET — 55 (U5 (T +2 more))

16 (822082 (J)32 (%)%, + perms.)

where we have fixed the normalization of W and W to convenient values.

In all these OPEs “+2 more” means we must add the same term for the
remaining two currents, and “+perms.” that all independent permutations
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of the previous term must be added. We also found the OPEs between the
W, W and V generators to be

Wa1a2a3 (Z) V[b101][b262][b303] (O) ~

1 3~ 1 _—~
didad: didad
S €arbicidr €asbacada Casbzcsds __2W 19248 _ _ g/ 919293
8 z z
1 1 Jl d1 qudzdg
— 5 €aibicidi Cazbacada Casbsesds ( ) + perms.
8 3z
1

1\d a1dad
S <€a1b101d1€a2b262d2€a3b303d3(J ) 1W 1T 4 perms) ’

T/ @ra2a3 (Z) ‘/[blcl][bgcﬂ[bSCS] (O) ~

a a a, 3 1

110162 Ot (;Wcl}q]%] + ;aWcﬂcm])
1 a

+ 3 [bll [b2 [b3 <(J1)01]Wa162]cs + permS>

1
* ; ( [b3(J1> WC1 Jea]es) -+ perms. ) .

Finally, the singular V'V OPE reads
V[albl][a2b2][a3b3] (z)V[Cldl [°2d2][63d3]( )

¢y gd co od ca od 6
~ 51[1115b11]6l[1225b22]6¢[1335b:] (24

: ! ! Tyar 71y61
S 2220 4z T_24z2 ((']) () e +2m0re)
19 37 -
~ 25072 (D8 + 2 more) = oW W27

1 1\B1 1 1yaq
+407z <(J Jon (J )gi ( )(vxl +2 more)

4 5[025‘12]5 c35d3 (_5[d1(J1)L’y11](J1)[31 (Jl)m + 7(‘]1)[111(‘] )[d1 (Jl)

161
43 Wl el _ 3 g1y len sl N
8022 ((J )[ (J )bil) 223(‘] )[ 151711] 40 s1(J )[all‘sbll]
11 a 1 [er ¢di] [er ¢di]
_1202 (<J i (T )y +2 more) (T G — Ta(Jl)[alﬁbe

ay c1 iy c1 ¢dy
+472(J1)[ ( )\[a |6b1]} + 78(J1)[a1(‘]1)|[(¥1|6b1]]
o]~ g N

+7(J1) laa %1 ] [a1%b1] @(Jl) Ul)iﬂ)

40 z
+ permutations]1, 2, 3

(a1
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L ([da, y2\02] / 713[d 1] 3 [ es] (1 cdi]
1200 O R+ 200 U e S

c5 cds]
+§([1335b33 (42 b

13 [d 2\ c2] 1y [e1 ¢di] 3 d avea] ; 71yon el cdy
o0 (IO = o (I (TN
+ permutations|[1, 2, 3
19 e §d cs 5 d e c3 d cq cd d 117 81¢
+) (5‘[1226622}6([1335%3]5[[1)11Wal] g WP - glea gl len 5] 5[[bfW51a2173Wﬁ1 2a

+olo 533]5([522 55221 5[[35 Wﬁwzag]wﬁlm]>

4 cs sda] ¢[d1 ¢[d Telle o od Ao Td —
-2 (5([13351,; 5[[1,1 5[[b22W‘11] Weilezlrs + (5([1115{)11]($[[b22(5[[b:V[/',Y ]W% 2]cs]

az]vys3 Las]as

co cd2] ¢[d3 ¢[d1
+(5¢[12 5b2]5[[b3 5[[171 Walhwa]

Wcl]wcs])

1 [dy ¢[d2 ¢ld: 1ye1] 1 72ye2] 1 73y e3] 16 [d1 ¢[d2 <[d: 1i7cileales
— oAl el (T () ) = Ol 0 0 Wy g W 112150
where the norm of V' was also fixed, and for convenience we defined V/[e1dille2d2]lesds]
through ‘/[a1b1}[a2b2][a3b3] — %ealblcldlEazbgcgdg€a3b303d3V[Cldl][CQdQHCSdS]- Here “per—
mutations(1,2,3]” means we must repeat the previous term with all possible
permutations of the flavor groups indices.
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Appendix D

Higgs Branch Localization in
Three Dimensions

D.1 Spinor conventions

We use essentially the same conventions as in [I18, 119, I5]. In vielbein
space we take the gamma matrices v* = ({4), (95°), (§ %) which do not
have definite symmetry: [y!,72,¥%]T = [v}, —7%,7%]. We take the charge
conjugation matrix C, defined by Cy*C™! = —#T as C' = —ic,s = 7
(where £15 = €'? = 1) so that

CA*C = —yHT | C*=1. (D.1.1)

Indeed C = C~! = CT = —CT = —C*. Since Dirac spinors are in the 2
of SU(2), there are two products we can consider: n'Ce = —in®e,se’ and
nte = nte®. When we use the first product, we omit TC' (that is we write
ne = n'Ce). The two products are related by charge conjugation: € = Ce*
and €T = €T C, so that nTCe = nTe. Notice that (¢¢)¢ = —e and there are no
Majorana spinors.

Barred spinors will simply be independent spinors. Products are con-
structed as spelled out before: €\ = e*C,p\?, ey*\ = e(Cy*) o\, ete. .. The
charge conjugation matrix C' is antisymmetric, while C'y* are symmetric and
so Cy*. Since v* equals a single gamma matrix or zero, also Cy*” are
symmetric. For anticommuting fermions we get:

X = Aé, YN = —\yHe ey N = — A\ y"E . (D.1.2)
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Some useful relations among gamma matrices are:

[7;“ ’VV] = QQ/W ) YV = Guv + Yuv
A = Z'guuﬂ% ’ ’VWEWp = 2i7,
VY =1 guo + (86,06 — 007" . Y = =7 V= 27
o v v , (D.1.3)
VYN == ™Y =
V=3, Y =-200—7"
Y% = =20, VY =27, -

The antisymmetric tensor with flat indices is €'** = £553 = 1, and the covari-
: el — L wop — L pop
ant forms with curved indices are €,,, = /g€ and e*? = N
The Fierz identity for anticommuting 3d Dirac fermions is

- 1 - 1 <
(/\1)\2))\3 = —5()\1)\3))\2 — 5(/\1”)/p)\3) 'YpAQ . (D14)
Since v* and v* are dual, one finds
(Vup ) (0 D = (7 D (Vs ) =2 (V) ex (7 )wx = (W) (V) s
(D.1.5)

where indices are not contracted. It might also be useful:
—ié’y”’y““e YoV OpA = —%Ee YO+ %E’y“e O\ + iéfy“pe Y0, (D.1.6)

where O, is any operator, acting on any field.

D.2 Supersymmetric theories on three-man-
ifolds

Following [I18, 119], we write the superconformal transformation rules on
the gauge and matter multiplets on a three-dimensional manifold. The man-
ifold is restricted by the requirement that it admits solutions to the usual
Killing spinor equations, and that the superalgebra closes. After presenting
the supersymmetry variations, in section we present the anticommut-
ing supercharges by replacing the anticommuting Killing spinors in d. and
0z with their commuting counterparts. Lagrangians invariant under the su-
persymmetry transformations were studied in [I18], [119]. Most of them are
exact and therefore will not contribute in a localization computation. No-
table exceptions are the Chern-Simons and Fayet-Iliopoulos actions. A more
systematic analysis of SUSY on three-manifolds has been done in [138] [139].
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D.2.1 The superconformal algebra

We define the field strength as F),, = 9, A, —0, A, —i[A,, A,], and the gauge
and metric covariant derivative as D, = V, — 1A, where V, is the metric-
covariant derivative. It follows, for instance, that for an adjoint scalar o:
D, D,Jo = —i[F},,o]. We will also turn on a background gauge field V,, for
U(1)g, therefore

D, =V, —iA,—iV,. (D.2.1)
The superconformal transformations of the vector multiplet are
. ) 1 )
JA, = —%(%A ) 60 = S(eA = Ae)

1 27
o\ = éyﬂ”eFW — De +ivteD,o + éav“D#e

- 1 27
o\ = 57’“’EFW + De — iy"eD,0 — éav“DHE

oD = —%ey‘“DW\ — %D,}w“e + %[6)\, o]+ %[/_\e, ol
7 3 _
— E(Duevu/\ + M De)
(D.2.2)
and those of the chiral multiplet are
9

5o = e 0 =ivte D, + ieop + %7“Due ¢+ €F

_ _ _ _ _ 2 _ _
56 — e 5 = V" Dy + icpo + %WDMEQS teF

§F = e(in'Dyap — iorp — irg) + %(2q — 1)Dper™y

- - - Ty { —
oF = e(z”y"Dlﬂ/} — o + zcﬁ)\) + §(2q —1)D,ev*y .
(D.2.3)
Here € and € are independent spinors satisfying the Killing spinor equations

D, =,€, D,E=,€, (D.2.4)

in terms of some other spinors ¢, €. Closure of the algebra requires the addi-
tional constraints:

3 3
V9 DuDve = =g (R=2iVuy"") €, 77" DuDye = —2(R+2iV,") €
(D.2.5)
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with the same functions R and V,, [118| [119]. Consistency implies that R
is the scalar curvature of the three-manifold and V,, = 9,V, — 9,V,, is the
background gauge field strength. Then the algebra reads

[0c, 6] = L& + i\ + pA + iR, 6,0, = 0, [0:,0] =0,
(D.2.6)
where E? is the gauge-covariant Lie derivative (independent of the metric,
see below) along the vector field &, iA denotes a gauge transformation with
parameter iA, R is the R-symmetry Chargeﬂ and A the scaling Weightﬂ The
parameters themselves are given by

) 1
M = ieyte p= E(Du@“e +eév'D,e) = =D, &
5 3 (D.2.9)
A = éeo o= —g(DME'y“e — ey Dye) — 'V, .

The Lie derivative Lx with respect to a vector field X is a derivation
independent of the metric. On forms it is easily defined as Lx = {d,tx} in
terms of the contraction ¢x; using the normalization o = %Ozm...ﬂndaj“'”“”,
in components we have

[Lxayspn = X Ou0pepp + 10 (0 X¥) Qo] - (D.2.10)

The Lie derivative of spinors [I85] (see [I86] for explanations) is

1
ﬁx’(ﬁ = X“Vul/J + ZV#X,, 7“”1/1 y (D.2.11)

!The R-charges are:

R(A#,J,)\,S\,D) = (0,0,71,1,0) ) R(d),g%,q/},q/;,F,F) = (qa —q,q9 — 1717q7q7 2727(])7
R(e,e) = (~1,+1) .. (D.2.7)

2The dilation weights are:

A(Au,0,\AD)=(1,1,3,3,2), A(¢, 0,9, ¢, F,F)=(¢.¢,9+ 5,q+ 3.9+ 1,q+1),
Ale,d) = (L, 1) (D.2.8)

[SI[9N)

Note that whereas the 1-form A has weight zero, its components have weight 1. The
commutator on A, gives the y-component of the Lie derivative on the 1-form A, without
further action of the dilation group.
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where the covariant derivative is V,, = d, + }lwzb’yab. Although this def-
inition seems to depend on the metric (through the spin connection and
the vielbein), the dependence in fact cancels out. Finally, we can define a
“gauge-covariant” Lie derivative that acts on sections of some (gauge) vector
bundle. On tensors it is simply obtained by substituting the flat derivative
0, with the covariant derivative, d,, — 8,? = 0, — 1A, while on spinors it is
obtained by substituting V,, — Vﬁ in the first term. The gauge-covariant
Lie derivative of the connection (which does not transform as a section of
the adjoint bundle) is defined as

LAA=LxA—d*(1xA), (L5A), = XPF,, = X" (20,A, —i[A,, A]) .
(D.2.12)

D.2.2 Commuting Killing spinors

For given anticommuting spinors €, €, let us construct the corresponding su-
percharges @, in terms of commuting spinors € and € = —C€" (so that
€ = €°). They are constructed as follows:

0 = 0c+0e = EaQa"'gaQa ) Q=€"Qa, Q = gca@a = _(gTC)OéQa .

) (D.2.13)
We also need the charge conjugate A = C'(A\T)T. On the vector multiplet we
get:

1 1 21
QA, = 5)\77#6 , QN = 57‘“’6]7#,, — De + iv*e Dyo + gav“Due :

~ 1 ~ 1. - . 20
QA, = 55%)\ , QN = —§eT7“”FW +&'D + iy Do + gDHET’)/MO' :

QD = —EDW\TV“E + 5[/\%, o] — EAW“DME ,

QD:%JWQA+%M§M+%DﬁHM, (D.2.14)
QA=0, Qaz—%)ﬁe,
Q)\T:07 QO—:_%~T)‘7
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On the chiral multiplet we get:

Qo =0, Q¢ = —&'

Qo' =vle,  Qot =0

QY = (i7" D¢ +iod)e + %¢ Y Dye Qy = CEF
Qul =& (—iy"D,o" +iglo) — %D,ﬁy%* . QYt = —"OF!
QF = "C(ir" Dyt — iowp — iAg) + @DMCTC’}/“@/J :

. (2q — 1
QF' = (—iDpiy* —iplo +igTAT)Ce — %WWCJDE )

QF =0 QFf=0.
) (D.2.15)
Finally we define Q@ = Q + Q.

D.2.3 Supersymmetric actions

Let us write down the Q-closed but not Q-exact actions we consider in chap-
ter [6f they are the Chern-Simons (CS) action and the Fayet-Iliopoulos (FI)
action. Since they are non-trivial in Q-cohomology, their evaluation on the
BPS configurations is non-trivial. The CS action is

| N )
Ses = —41/Tr05 [AAF - ng/\AAA+ <2Da - M)dvol] . (D.2.16)
T

both on S} and S? x S'. The symbol Treg (as in [116]) means a trace
where each Abelian and simple factor in the gauge group is weighed by its
own (quantized) CS level k. For instance, for SU(N) this would just be
TrCS = kTr.

The FI action on S} is

SFI

TYF[ dVOl(Sb) (D217>

27r\/_

where again Trp; is a trace where each Abelian factor is weighed by its own
FI term £. For U(N), this would just be Trp; = £Tr.
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D.3 One-loop determinants from an index the-
orem

The one-loop determinants of quadratic fluctuations around a non-trivial
background, in particular around our general vortex backgrounds, are most
easily evaluated with the help of an equivariant index theorem for transver-
sally elliptic operators [147]. Such a technique was used on S* [14] [149] and
S? [15], while the computations on S§ and S? x S have been done in [14§].
We will summarize the latter computation here, adapted to our conventions,
referring to [14], [149, [15] 148] for details.

After the cancelations between bosons and fermions, the one-loop deter-
minant equals the ratio deteoker p,, Q%/ detyer p,, ©%, where D, is the projec-
tion, from a subset {y.} to a subset {¢,} of fields, of the expansion of Q at
linear order around the background. The ratio of weights of the group action
of Q2% on respective spaces can be computed by first evaluating the index

ind Doe(€) = tryer DoeeQQ(E) — tTeoker DoeeQ2(€) , (D.3.1)

where € summarizes the equivariant parameters, and then extracting the
determinant with the map

Za ceeVe® Ha W (€)% . (D.3.2)

As explained in the main text, ind D, (¢€) is computed with the help of the
index theorem, and it only gets contributions from the fixed points on the
worldvolume of the action of Q2. However the theorem can be applied if the
action is compact, which is not the case on S§ and S? x S! in general. Then
[T148] propose to reduce along an S* fiber, and be left with the computation
on 52 as in [I5]. It turns out that for the chiral multiplet the operator D,
is the Dolbeault operator D; with inverted grading acting on Q9 whose

1

index is —;—, while for the vector multiplet it is the real operator d* @ d

acting on Q', whose index is 3.
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The sphere Sg. We write the metric in Hopf coordinates as in (6.2.12)),
in terms of ¢ = ¢ — x and Yy = ¢ + x. The square of the supercharge is
11 b b1
Q2:.cg‘—a—3(—+z)z-z=—cg L‘A—T—U——(b+b YR
oY r

2 2r
b+t
N T

b—bt 4 ro z'

A -1
L H+T£¢H—7——(b+b )R

(D.3.3)

where we used 7 = V00 and b = N

At the northern circle, § = 0, the Hopf fiber is parametrized by ¢ (see
(6.2.1)) and Q? acts freely on it with equivariant parameter b; the KK modes
thus contribute Y, _, €™ to the index. On the S?, parametrized by # and
¢n, resulting from the reduction along the Hopf fiber, Q2 has a fixed point
at @ = 0. There the SUSY variation of a chiral multiplet (see (/6.2.30]))
is schematically Dy + %D¢H ~ D; if we identify z = fe#. In fact the
one-loop determinant of the chiral multiplet is the index of the Dolbeault
operator with inverted grading (as noticed in [14} 149, 15]), which is —.
Now we expand in ¢t = €% and use the equivariant parameter (b — b= 1),
getting — >, eilb—b=Hm. Putting everything together, and recalling that
the multiplet transforms in a gauge representation R, the contribution to the
index of a chiral multiplet from the northern circle is:

ind chiraly = — Z Z e Z ei(b=b"m =3 QR pu(an) (D.3.4)

wWER NEZ m>0

where @ =b+b7! and a = —i(bA, + b1 Ax) — r6.

At the southern circle, ¢ = 7, the Hopf fiber is parametrized by x and
Q? acts freely on it with equlvarlant parameter b~ !, therefore the KK modes
yield >, ., ™' The SUSY variation around 6 = % is schematically —Dj+

%de ~ D; (where 6 = 5 —0) if we identify z = Ge~idn Agaln we expand in
t and use equivariant parameter (b —b~"), getting » -, ei®=b"Dm - Putting
together:

ind chiralg = Z Z i~ tn Z ib=b"1ym = 5QRgw(as) (D.3.5)

wWER NEZ m>1

The one-loop determinant is extracted with (D.3.2)). We get the non-regulated
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expression

s = T I (m+ )b+ nb! — $R— iw(as) (D.3.6)

1-loop 1 Q . ~
WER NEZ m>0 —mb~ R ’ZU)(CLN)

This is the expression in (6.2.51)), after a rescaling by \/6_57 of both numerator
and denominator. If ay # ag, this expression cannot be further simplified;
the regulated expression could be written in terms of infinite g-Pochhammer
factors. In our case ay = as = a, thus we can simplify coincident factors
and, neglecting overall signs, we get

b b_l 1 . E o ~
f}iggl “_» H H mo+n - ( 7 2 )Q qu(a) (D37)
P mb +nb~! + $Q + iw(a)

wWER m,n>0

= 11 sb< R) + w(a )) . (D.3.8)

wER

This is the expression in ((6.2.52)), and the last regulated expression was found
in [IT9] in terms of the double sine function.

The one-loop determinant of the vector multiplet is computed in a sim-
ilar way, observing that the relevant complex is the de Rham complex: the
index of its complexification is just 1, therefore we get 1. At the northern
and southern circles the indices are 5 Z 7 etbntalan) and L 5 D e g™ nta(as)
respectively, summed over the roots a of the gauge group. Extracting the
eigenvalues and regularizing, we get

Ve = H 2sinh (7rb_1 a(dN)) 2sinh (7Tb a(&g)) , (D.3.9)

1-loop
a>0

where the product is over the positive roots and the normalization is some-
what arbitrary.

The space S? x S'. The square of the supercharge reads in this case

Q* =L + L'A —COSQU—iR-i-ZQé (D.3.10)

It generates a free rotation along S (of radius 2£r) with equivariant param-
eter —1, thus resulting in the KK contribution ) _, e~"™/¢ and a rotation
of the base S? with fixed points at § = 0 and 0 = 7.
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At 6 = 0 the SUSY variation of a chiral multiplet is of the form Dy +
LD, ~ Dy if we identify z = fe'?. As above, the one-loop determinant of the
chiral multiplet is then obtained from the index of the Dolbeault operator
with inverted grading, which is —ﬁ. We expand in t = ¢ and use the
equivariant parameter };, getting — >, <, e */7. The total index at the north

pole is thus:
ind chiraly = Z Ze’”m/& Ze e~ 3 Reiats Iy gu(an) (D.3.11)
WER ne k>0
where a = 1A, + %A@ — cosf o. Similarly, at § = 7 the SUSY variation is of
the form Dj + £D, ~ D (where 6 = 7w — 0) if we identify z = fe. Now we
expand the index of the Dolbeault operator in ¢! (since the orientation is

opposite) and use the equivariant parameter %, getting >, ., e*/". The total
index at the south pole is thus:

ind chiralg = Z Ze*m"/&Zek/Te 3 Reiadi Figu(as) | (D.3.12)
wWER n€EZ k>1

The one-loop determinant is extracted with (D.3.2), obtaining the non-reg-
ulated expression:

ch1ral w_»
1 loop

wWER nEZ k>0

—min+ (k+1)§ — R+ %Z]’Zﬁij + &rw(ag)
—min —k{ — SR+ 4.5, F + rwlay)
(D.3.13)
For the vector multiplet, a computation exactly parallel to the one for Sg’

gives
o 2min\Y2 o 2miny\1/2
oo =" TTIT (i) + 5g7) (o) + 57)
g nel (D.3.14)
=[] 2sinh (¢r aay)) 2sinh (- &rafas)) |

a>0

where the product runs over the positive roots.

D.4 One-loop deteminants on S? x S!: poles
at zero or infinity

In this appendix we study under what conditions the one-loop determinants
on S? x S do not have poles at zero or infinity, and therefore the deformed
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Coulomb branch contribution can be suppressed in a suitable ( — +oo
limit—C( being the coefficient in and —or equivalently the
Coulomb branch contribution can be reduced to a sum of residues as in sec-
tion [6.3.5] For simplicity we consider the case of a U(1) gauge theory with
N; fundamentals, N, antifundamentals and CS level k; the case of U(N)
gauge group is a straightforward generalization. We follow an argument in

[160], correcting a small imprecision.
First, we remind that the chiral one-loop determinant on the Coulomb
branch can be written in two ways:

—w(m)/2 (IQ*Q*W(m) e—iw(a) (= F. 172)00

Zchlral _ (xlfq efiw(a) 7F> : )
1-loop — wga C (xq—w(m) etw(a) CF m2)oo

= [Jen= (m)‘( 1= g—iw(a) (F>Iw(m)|/2 (a2l el ¢ Fia?)
(o lw(m)] i@ (F; 5 )

(D.4.1)
The first line is as in (6.3.50), where ¢ = []; gff =[], %% are the flavor
fugacities; the equality with the second line can be proven easily.

The index of the U(1) theory is then computed by

wER

I, = Z( 1)km+N pimbim  y, Imlm W™ 7 f+ NytNa o |H Ca |m\/2H(CB )|m|/2
a=1

mez B=1

dZ k 1 ind
m-n—g(Ny=Na)lm| 4 (N, N ; D.4.2
%271’2'2 z 2 oo( fs a,%C,C»Z;m) ) ( )

where we introduced

Ny ( -1¢,, x|m|+2. 3:2)00 Na (ZC x|m|+27 T )OO

I S CE N | NN

(D.4.3)
This is exactly the same integral as in (6.3.67)), in the special case N = 1.
In particular z = €', the integration contour is along the unit circle |z| = 1
for |5 < 1 < |Cal, and convergence of the Pochhammer symbols requires
|z| < 1. For fixed (., Cg, =, the product A, is uniformly convergent on the
unit circle |z| = 1 and the convergence is faster the larger is |m|, therefore
one can argue as in [160] that for every € there is an n such that

Aoo(Nf7Naax7C7§>Z;m) =

‘Aoo(NfameaCa572;m)_An(vaNaax7C757Z;m)‘ <eE v |Z| =1, vma
(D.4.4)
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where A, is the same quantity as in (D.4.3) with co replaced by n in the
Pochhammer symbols. Then one can argue that

Ny N,
I AT i | (S 1 (s
B=1

meZ a=1

[m[/2
w|™ | (D.4.5)

where the right-hand-side is finite and O(e) for small enough x. We can thus
approximate I, arbitrarily well by I,, by choosing a large enough n.

To compute I,, we can deform its integration contour either towards
infinity or zero and pick up residues. We can rewrite

1N . s ,
n—1 Ny 2 — Cuulmi+2i+2 Na 1_2% 1e|m|+2j+2

_ ,—n(Ng—Ng)
An =2 ’ H H 1 — 2 1glml+2i H . gﬁx|m|+2j - (D-46)

]:0 a=1 6:1

The only factor that can contribute poles either at zero or infinity is z~"(Ns—Ne),

For Ny > N,, A,(z) does not provide poles at infinity for any arbitrarily
large n and we can deform the integration contour towards infinity. How-

Ng—N
km—%\nﬂ—n

ever the integrand also contains z ; we have absence of poles at

infinity for all m € Z if
Ny — N,
—
Here it is important to note that, when evaluating I,,, n is held fixed while
m is summed over Z. Theories with |k| within the bound have been dubbed
“maximally chiral” in [I5I]. If |k| is larger than the bound, I, receives
contributions from poles at infinity for infinitely many values of m, and such
contributions do not disappear in the n — oo limit; therefore the mere sum
of the residues not at infinity does not reproduce the correct result. We will
not attempt to perform the complete computation here.

For Ny < N,, A,(z) does not have poles at zero and we can deform
the integration contour towards zero. Because of the extra factor in the
integrand, there are no poles at z = 0 for all m € Z if

k| < (D.A.7)

N, — N;

k| <
2

(D.4.8)

The case Ny = N, is a bit special, because A, (z) has a finite non-zero
value both at 2z = 0 and 2z = 0o. Consider k¥ = 0. For n > 1 there are no
poles at infinity, while for n < —1 there are no poles at z = 0. For n =0
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there are poles both at z = 0 and z = oo, controlled by A,(z = 0;m) and
A, (z = oo;m). However the series ) ., of such residues is convergent and
can be resummed; moreover lim, .., A,(z = 0,00;m) = 0. Therefore the
contribution of the poles at z = 0,00 to I, is smaller and smaller as n is
taken larger and larger, and can be neglected. In this case the integration
contour can be deformed both towards zero or infinity.

Summarizing, we have shown that for

[Ny — Na|

<
bl <

(D.4.9)
I, can be computed by deforming the integration contour towards z = 0
and/or z = oo and picking up the residues outside z = 0,00, since the
essential singularity at z = 0 and/or z = oo does not contribute to the
integral. For |k| larger than the bound, the contributions from the essential
singularities should be taken into account, although we will not try to do
that here. Notice that exactly the same bound appeared in section [6.2.5
when computing the S? partition function.
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Appendix E

Higgs branch localization of
N =1 theories on S x S!

E.1 Spinor conventions

We choose to use four-component spinors. Bars on spinors are taken to be
the Majorana conjugate, i.e. 1) = ¥!C where C' is the antisymmetric charge
conjugation matrix satisfying (v,)'C = —C",. Since we are in Euclidean
signature, it is impossible to impose the Majorana conjugate to be equal to
the Dirac conjugate, but rather we work ‘holomorphically’, i.e. the hermitian
conjugate spinor does not make an appearance.

We take the Euclidean gamma matrices to be

™= : (E.1.1)

where 0™ = (7,ily) and 6™ = (7, —ily), where & are the three Pauli matri-
ces. We also introduce v5 = y'9?y3y* = (¢ _9, ) which squares to one. The
charge conjugation matrix is given explicitly by C' = 42 = (i‘(’f 0.,

We also introduce ™" = 1 (6™5" — ¢"6™) and ™" =  (6™0™ — g"0™),
in terms of which one can write

1 ogmn 0

Ynn = 5 (YmYn — YnYm) = : (E.1.2)
O mn

Qi
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Finally, for any four-component spinor ¢, we denote its right and left-

handed piece as ¥p = %w and vy, = 145”%# respectively.

E.2 N = 1 supersymmetry algebra on Eu-
clidean four-manifolds

In this section we present the N' = 1 supersymmetry transformation rules
on any four-dimensional Euclidean manifold allowing for a solution to the
conformal Killing spinor equation D,e = 7,¢. A more general and systematic
analysis of supersymmetry on four-dimensional Euclidean backgrounds has
been performed in [167, 168, [169].

The transformation rules on the vectormultiplet are

0A, = ey (E.2.1)
1

oA = —57’“’FW e—v De (E.2.2)

0D = &P, (E.2.3)

and those on the chiral multiplet are

0A = ¢&x (E.2.4)
OB = giysx (E.2.5)

3
ox = (VD (A+ivsB))e — i(F +iv:G)e + ZT(A —ivsB)Pe  (E.2.6)

1
OF =iEPx+i (37{ — 5) XPe + E(A+ivsB)A (E.2.7)
3 1
0G = =y Dx + (ZT — 5) XVsPe + givs(A +iysB)A (E.2.8)

for commuting €. Here D,, is the covariant derivative D, = 0, — 14, — iV,
where A, is the gauge connection and V), is a background field for the R-
symmetry. In the chiral multiplet we decomposed ¢ = A’ZiB, b = AJrTiB
and F = FL;G, F = % The spinor € needs to satisfy the Killing spinor
equation D, e = v,€. One can check that the supersymmetry variations then

square to

6 = LIV + pA +iaR, (E.2.9)
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where LAV is the gauge and background R-symmetry covariant Lie deriva-
tive along the vector field v, A is the scaling weightl] and R is the U(1)g
generatmﬂ The parameters themselves are given by

1 _
Uy = EVuE, p= ZDMUM, o = 3iévyse . (E.2.12)

E.3 Elliptic gamma function

The elliptic gamma function is defined as

1— j+1  k+1
[(z,p,q) = H P q /2 . (E.3.1)

— mipk
o LTPOE

It satisfies the shift formulas

D(pz,p,q) = 0(z, )0 (2,p,q) ,  T(qz,p,q) = 0(z,p)l'(2,p,q) , (E.3.2)

where 0(z, q)

(2,9)00(q/ %, @)oo In terms of the infinite g-Pochhammer sym-
bol (2, ¢)s (

[1,50(1 — 2¢’) . Furthermore, one has

I'(z,p,q9) T'(pg/2,p,0) = 1. (E.3.3)

The O-function satisfies

0(z,q) = 0(q/z,q) = =2 0(z",q) , (E.3.4)

IThe scaling weights are

3 3 11
A(A - = —
( ,LH)‘R7)\L5 ( 1990 > ER?‘EL <272) ;
3r 3r 3r+1 3r+1 3r+2 3r+2
(¢ ¢7XR;XL7~F F) = (2 ? 5 y B s 5 s B) ) . (E210)
2The R-charge assignments are
R(ALMARaAlmD) = (Oa 1) _170) ) R(€R7€L) = (17_1) )
R(¢, 6, Xrs XL, F> F) = (r,—r,r — 1,1 —r,r —2,2 —71) . (E.2.11)
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which when iterated gives for positive x

0(¢°2,9) = 0 (2,q) (=2¢" V)", (g "2,9) = 0(2,q) (—=z'q"H)2)™
(E.3.5)
Given the above formulae, we can derive for positive k, A
N A—1 k—1
L(p*q z,p,q) = (—2¢* V2" T(z,p.q) []02p) [[00'2q) .
§=0 i=0
(E.3.6)
and
L(p™"qz,p.q) =
r
— (Z’f’ 9 _ . (E3.7)
(=27 tgW I 2pst )22 T2 0(g~72,p) TTi, 00772, )
Finally, in order to compute residues, we have the following limit
lim(1 — 2)0(z.p.9) 1 (£38)
im(1 —2)I'(z,p,q) = : 3.
21 (P, D)oo (4, @)oo

316



Bibliography

1]

2]

3]

[7]

M. Lemos and W. Peelaers, Chiral Algebras for Trinion Theories,
JHEP 1502 (2015) 113, |arXiv:1411.3252].

C. Beem, W. Peelaers, L. Rastelli, and B. C. van Rees, Chiral
algebras of class S, JHEP 1505 (2015) 020, [arXiv:1408.6522].

W. Peelaers, Higgs branch localization of N = 1 theories on S* z S,
JHEP 1408 (2014) 060, [arXiv:1403.2711].

F. Benini and W. Peelaers, Higgs branch localization in three
dimensions, JHEP 1405 (2014) 030, [arXiv:1312.6078].

C. Beem, M. Lemos, P. Liendo, W. Peelaers, L. Rastelli, et al.,
Infinite Chiral Symmetry in Four Dimensions, Commun.Math.Phys.
336 (2015), no. 3 1359-1433, |arXiv:1312.5344].

M. Lemos, W. Peelaers, and L. Rastelli, The superconformal index of
class S theories of type D, JHEP 1405 (2014) 120,
[arXiv:1212.1271].

N. Seiberg and E. Witten, Electric - magnetic duality, monopole
condensation, and confinement in N=2 supersymmetric Yang-Mills
theory, Nucl.Phys. B426 (1994) 19-52, [hep-th/9407087].

[8] A. Polyakov, Nonhamiltonian approach to conformal quantum field

theory, Zh.Eksp. Teor.Fiz. 66 (1974) 23-42.

[9] S. Ferrara, A. Grillo, and R. Gatto, Tensor representations of

conformal algebra and conformally covariant operator product
expansion, Annals Phys. 76 (1973) 161-188.

317


http://arxiv.org/abs/1411.3252
http://arxiv.org/abs/1408.6522
http://arxiv.org/abs/1403.2711
http://arxiv.org/abs/1312.6078
http://arxiv.org/abs/1312.5344
http://arxiv.org/abs/1212.1271
http://arxiv.org/abs/hep-th/9407087

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

D. Gaiotto, N=2 dualities, JHEP 1208 (2012) 034,
[arXiv:0904.2715].

D. Gaiotto, G. W. Moore, and A. Neitzke, Wall-crossing, Hitchin
Systems, and the WKB Approzimation, arXiv:0907 .3987.

E. Witten, Topological Quantum Field Theory, Commun.Math. Phys.
117 (1988) 353.

E. Witten, Mirror manifolds and topological field theory, in Mirror
Symmetry, pp. 121-160. S. T. Yau, 1991. hep-th/9112056.

V. Pestun, Localization of gauge theory on a four-sphere and
supersymmetric Wilson loops, Commun.Math. Phys. 313 (2012)
71-129, [arXiv:0712.2824].

F. Benini and S. Cremonesi, Partition functions of N' = (2,2) gauge
theories on S? and vortices, arXiv:1206.2356.

N. Doroud, J. Gomis, B. Le Floch, and S. Lee, EFzact Results in D=2
Supersymmetric Gauge Theories, JHEP 1305 (2013) 093,
[arXiv:1206.2606].

C. Beem, T. Dimofte, and S. Pasquetti, Holomorphic Blocks in Three
Dimensions, arXiv:1211.1986.

L. F. Alday, D. Martelli, P. Richmond, and J. Sparks, Localization on
Three-Manifolds, arXiv:1307.6848.

S. Pasquetti, Factorisation of N' = 2 Theories on the Squashed
3-Sphere, JHEP 1204 (2012) 120, [arXiv:1111.6905].

R. Rattazzi, V. S. Rychkov, E. Tonni, and A. Vichi, Bounding scalar
operator dimensions in 4D CFT, JHEP 0812 (2008) 031,
[arXiv:0807.0004].

S. El-Showk, M. F. Paulos, D. Poland, S. Rychkov,

D. Simmons-Dulffin, et al., Solving the 3D Ising Model with the
Conformal Bootstrap, Phys.Rev. D86 (2012) 025022,
[arXiv:1203.6064].

318


http://arxiv.org/abs/0904.2715
http://arxiv.org/abs/0907.3987
http://arxiv.org/abs/hep-th/9112056
http://arxiv.org/abs/0712.2824
http://arxiv.org/abs/1206.2356
http://arxiv.org/abs/1206.2606
http://arxiv.org/abs/1211.1986
http://arxiv.org/abs/1307.6848
http://arxiv.org/abs/1111.6905
http://arxiv.org/abs/0807.0004
http://arxiv.org/abs/1203.6064

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

D. Poland and D. Simmons-Duffin, Bounds on 4D Conformal and
Superconformal Field Theories, JHEP 1105 (2011) 017,
[arXiv:1009.2087].

D. Poland, D. Simmons-Duffin, and A. Vichi, Carving Out the Space
of 4D CFTs, JHEP 1205 (2012) 110, [arXiv:1109.5176].

C. Beem, L. Rastelli, and B. C. van Rees, The N=4 Superconformal
Bootstrap, Phys.Rev.Lett. 111 (2013) 071601, [arXiv:1304.1803].

L. F. Alday and A. Bissi, The superconformal bootstrap for structure
constants, JHEP 1409 (2014) 144, |arXiv:1310.3757].

C. Beem, L. Rastelli, and B. C. van Rees, W Symmetry in six
dimensions, arXiv:1404.1079.

F. Dolan, M. Nirschl, and H. Osborn, Conjectures for large N
superconformal N=4 chiral primary four point functions, Nucl. Phys.
B749 (2006) 109-152, [hep-th/0601148].

B. Eden, A. C. Petkou, C. Schubert, and E. Sokatchev, Partial
nonrenormalization of the stress tensor four point function in N=4
SYM and AdS / CFT, Nucl.Phys. B607 (2001) 191212,
[hep-th/0009106].

B. Eden and E. Sokatchev, On the OPE of 1/2 BPS short operators in
=4 SCFT(4), Nucl.Phys. B618 (2001) 259276, |hep-th/0106249].

F. Dolan and H. Osborn, Superconformal symmetry, correlation
functions and the operator product expansion, Nucl. Phys. B629
(2002) 3-73, [hep-th/0112251].

P. Heslop and P. Howe, Four point functions in N=4 SYM, JHEP
0301 (2003) 043, [hep-th/0211252].

F. A. Dolan, L. Gallot, and E. Sokatchev, On four-point functions of
1/2-BPS operators in general dimensions, JHEP 0409 (2004) 056,
lhep-th/0405180).

M. Nirschl and H. Osborn, Superconformal Ward identities and their
solution, Nucl.Phys. BT11 (2005) 409-479, [hep-th/0407060].

319


http://arxiv.org/abs/1009.2087
http://arxiv.org/abs/1109.5176
http://arxiv.org/abs/1304.1803
http://arxiv.org/abs/1310.3757
http://arxiv.org/abs/1404.1079
http://arxiv.org/abs/hep-th/0601148
http://arxiv.org/abs/hep-th/0009106
http://arxiv.org/abs/hep-th/0106249
http://arxiv.org/abs/hep-th/0112251
http://arxiv.org/abs/hep-th/0211252
http://arxiv.org/abs/hep-th/0405180
http://arxiv.org/abs/hep-th/0407060

[34]

[35]

[36]

[37]

[40]

[41]

[42]

[43]

[44]

N. Drukker and J. Plefka, Superprotected n-point correlation functions
of local operators in N=4 super Yang-Mills, JHEP 0904 (2009) 052,
[arXiv:0901.3653].

P. de Medeiros, C. M. Hull, B. J. Spence, and J. M.
Figueroa-O’Farrill, Conformal topological Yang-Mills theory and de
Sitter holography, JHEP 0208 (2002) 055, [hep-th/0111190].

J. Kinney, J. M. Maldacena, S. Minwalla, and S. Raju, An Index for 4
dimensional super conformal theories, Commun.Math. Phys. 275
(2007) 209-254, [hep-th/0510251].

A. Gadde, L. Rastelli, S. S. Razamat, and W. Yan, The 4d
Superconformal Index from q-deformed 2d Yang-Mills, Phys.Rev. Lett.
106 (2011) 241602, [arXiv:1104.3850].

A. Gadde, L. Rastelli, S. S. Razamat, and W. Yan, Gauge Theories
and Macdonald Polynomials, Commun.Math.Phys. 319 (2013)
147-193, [arXiv:1110.3740].

C. Beem, M. Lemos, P. Liendo, L. Rastelli, and B. C. van Rees, The
N = 2 superconformal bootstrap, arXiv:1412.7541]

J. L. Cardy, Is There a ¢ Theorem in Four-Dimensions?, Phys.Lett.
B215 (1988) 749-752.

7. Komargodski and A. Schwimmer, On Renormalization Group
Flows in Four Dimensions, JHEP 1112 (2011) 099,
[arXiv:1107.3987].

P. Bouwknegt and K. Schoutens, W symmetry in conformal field
theory, Phys.Rept. 223 (1993) 183-276, |hep-th/9210010].

A. Johansen, Infinite conformal algebras in supersymmetric theories
on four manifolds, Nucl. Phys. B436 (1995) 291-341,
[hep-th/9407109)].

A. Kapustin, Holomorphic reduction of N=2 gauge theories, Wilson-"t
Hooft operators, and S-duality, hep-th/0612119.

320


http://arxiv.org/abs/0901.3653
http://arxiv.org/abs/hep-th/0111190
http://arxiv.org/abs/hep-th/0510251
http://arxiv.org/abs/1104.3850
http://arxiv.org/abs/1110.3740
http://arxiv.org/abs/1412.7541
http://arxiv.org/abs/1107.3987
http://arxiv.org/abs/hep-th/9210010
http://arxiv.org/abs/hep-th/9407109
http://arxiv.org/abs/hep-th/0612119

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]

[53]

[54]

[55]

[56]

F. Dolan and H. Osborn, On short and semi-short representations for
four-dimensional superconformal symmetry, Annals Phys. 307 (2003)
41-89, [hep-th/0209056].

J. Maldacena and A. Zhiboedov, Constraining Conformal Field
Theories with A Higher Spin Symmetry, J.Phys. A46 (2013) 214011,
[arXiv:1112.1016].

P. C. Argyres and N. Seiberg, S-duality in N=2 supersymmetric gauge
theories, JHEP 0712 (2007) 088, [arXiv:0711.0054].

K. Thielemans, A Mathematica package for computing operator
product expansions, Int.J.Mod.Phys. C2 (1991) 787-798.

P. Goddard, D. I. Olive, and G. Waterson, Superalgebras, Symplectic
Bosons and the Sugawara Construction, Commun.Math. Phys. 112
(1987) 591.

D. Friedan, E. J. Martinec, and S. H. Shenker, Conformal Invariance,
Supersymmetry and String Theory, Nucl. Phys. B271 (1986) 93.

H. G. Kausch, Curiosities at ¢ = -2, hep-th/9510149.

L. Bhardwaj and Y. Tachikawa, Classification of 4d N=2 gauge
theories, JHEP 1312 (2013) 100, |arXiv:1309.5160].

D. Karabali and H. J. Schnitzer, BRST Quantization of the Gauged
WZW Action and Coset Conformal Field Theories, Nucl. Phys. B329
(1990) 649.

P. Liendo, E. Pomoni, and L. Rastelli, The Complete One-Loop
Dilation Operator of N=2 SuperConformal QCD, JHEP 1207 (2012)
003, [arXiv: 1105.3972].

M. Baggio, J. de Boer, and K. Papadodimas, A non-renormalization
theorem for chiral primary 3-point functions, JHEP 1207 (2012) 137,
[arXiv:1203.1036].

K. Gawedzki and A. Kupiainen, Coset Construction from Functional
Integrals, Nucl. Phys. B320 (1989) 625.

321


http://arxiv.org/abs/hep-th/0209056
http://arxiv.org/abs/1112.1016
http://arxiv.org/abs/0711.0054
http://arxiv.org/abs/hep-th/9510149
http://arxiv.org/abs/1309.5160
http://arxiv.org/abs/1105.3972
http://arxiv.org/abs/1203.1036

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

P. Cvitanovic, Group theory: Birdtracks, Lie’s and exceptional groups,

A. Sen, F theory and orientifolds, Nucl. Phys. B475 (1996) 562578,
[hep-th/9605150].

T. Banks, M. R. Douglas, and N. Seiberg, Probing F' theory with
branes, Phys.Lett. B387 (1996) 278281, [hep-th/9605199.

K. Dasgupta and S. Mukhi, F' theory at constant coupling, Phys.Lett.
B385 (1996) 125-131, [hep-th/9606044].

J. A. Minahan and D. Nemeschansky, An N=2 superconformal fized
point with E(6) global symmetry, Nucl. Phys. B482 (1996) 142-152,
[hep-th/9608047].

J. A. Minahan and D. Nemeschansky, Superconformal fized points
with E(n) global symmetry, Nucl. Phys. B489 (1997) 24-46,
[hep-th/9610076].

O. Aharony, A. Fayyazuddin, and J. M. Maldacena, The Large N
limit of N=2, N=1 field theories from three-branes in F theory, JHEP
9807 (1998) 013, [hep-th/9806159].

D. Gaiotto, A. Neitzke, and Y. Tachikawa, Argyres-Seiberg duality
and the Higgs branch, Commun.Math.Phys. 294 (2010) 389-410,
[arXiv:0810.4541].

O. Aharony and Y. Tachikawa, A Holographic computation of the
central charges of d=4, N=2 SCFTs, JHEP 0801 (2008) 037,
[arXiv:0711.4532].

P. C. Argyres and J. R. Wittig, Infinite coupling duals of N=2 gauge
theories and new rank 1 superconformal field theories, JHEP 0801
(2008) 074, [arXiv:0712.2028|.

O. Chacaltana and J. Distler, Tinkertoys for Gaiotto Duality, JHEP
1011 (2010) 099, [arXiv:1008.5203).

S. S. Razamat, On a modular property of N=2 superconformal theories
in four dimensions, JHEP 1210 (2012) 191, [arXiv:1208.5056].

322


http://arxiv.org/abs/hep-th/9605150
http://arxiv.org/abs/hep-th/9605199
http://arxiv.org/abs/hep-th/9606044
http://arxiv.org/abs/hep-th/9608047
http://arxiv.org/abs/hep-th/9610076
http://arxiv.org/abs/hep-th/9806159
http://arxiv.org/abs/0810.4541
http://arxiv.org/abs/0711.4532
http://arxiv.org/abs/0712.2028
http://arxiv.org/abs/1008.5203
http://arxiv.org/abs/1208.5056

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

P. C. Argyres, M. R. Plesser, and N. Seiberg, The Moduli space of
vacua of N=2 SUSY QCD and duality in N=1 SUSY QCD,
Nucl. Phys. B471 (1996) 159-194, [hep-th/9603042].

M. Ademollo, L. Brink, A. D’Adda, R. D’Auria, E. Napolitano, et al.,
Dual String with U(1) Color Symmetry, Nucl. Phys. B111 (1976)
77-110.

A. Hanany and N. Mekareeya, Tri-vertices and SU(2)’s, JHEP 1102
(2011) 069, [arXiv:1012.2119].

E. Witten, Solutions of four-dimensional field theories via M theory,
Nucl. Phys. B500 (1997) 3-42, [hep-th/9703166].

F. Benini, S. Benvenuti, and Y. Tachikawa, Webs of five-branes and
N=2 superconformal field theories, JHEP 0909 (2009) 052,
[arXiv:0906.0359).

D. Gaiotto, L. Rastelli, and S. S. Razamat, Bootstrapping the
superconformal index with surface defects, JHEP 1301 (2013) 022,
[arXiv:1207.3577].

A. Gadde, E. Pomoni, L. Rastelli, and S. S. Razamat, S-duality and
2d Topological QFT, JHEP 1003 (2010) 032, [arXiv:0910.2225].

A. Gadde, L. Rastelli, S. S. Razamat, and W. Yan, The
Superconformal Index of the Eg SCFT, JHEP 1008 (2010) 107,
[arXiv:1003.4244].

N. Mekareeya, J. Song, and Y. Tachikawa, 2d TQFT structure of the
superconformal indices with outer-automorphism twists, JHEP 1303
(2013) 171, [arXiv:1212.0545|.

G. W. Moore and Y. Tachikawa, On 2d TQFTs whose values are
holomorphic symplectic varieties, arXiv:1106.5698.

S. Benvenuti, A. Hanany, and N. Mekareeya, The Hilbert Series of the
One Instanton Moduli Space, JHEP 1006 (2010) 100,
[arXiv:1005.3026].

E. Witten, Gauge theory and wild ramification, arXiv:0710.0631.

323


http://arxiv.org/abs/hep-th/9603042
http://arxiv.org/abs/1012.2119
http://arxiv.org/abs/hep-th/9703166
http://arxiv.org/abs/0906.0359
http://arxiv.org/abs/1207.3577
http://arxiv.org/abs/0910.2225
http://arxiv.org/abs/1003.4244
http://arxiv.org/abs/1212.0545
http://arxiv.org/abs/1106.5698
http://arxiv.org/abs/1005.3026
http://arxiv.org/abs/0710.0631

[81]

[82]

[83]

[84]

[85]

[36]

[87]

[33]

[39]

[90]

[91]

[92]

Y. Tachikawa, N=2 S-duality via Outer-automorphism Twists,
J.Phys. A44 (2011) 182001, [arXiv:1009.0339].

O. Chacaltana, J. Distler, and Y. Tachikawa, Gaiotto Duality for the
Twisted Asn_1 Series, arXiv:1212.3952.

O. Chacaltana, J. Distler, and Y. Tachikawa, Nilpotent orbits and
codimension-two defects of 6d N=(2,0) theories, Int.J.Mod.Phys. A28
(2013) 1340006, [arXiv:1203.2930].

A. Gadde, K. Maruyoshi, Y. Tachikawa, and W. Yan, New N=1
Dualities, JHEP 1306 (2013) 056, |[arXiv:1303.0836].

Y. Tachikawa, N=2 supersymmetric dynamics for pedestrians,
Lect.Notes Phys. 890 (2013) 2014, |arXiv:1312.2684].

K. Maruyoshi, Y. Tachikawa, W. Yan, and K. Yonekura, N=1
dynamics with Ty theory, JHEP 1310 (2013) 010,
l[arXiv:1305.5250].

A. Dancer, F. Kirwan, and A. Swann, Twistor spaces for hyperkaehler
implosions, arXiv:1308.3196.

D. Gaiotto and S. S. Razamat, Ezxceptional Indices, JHEP 1205
(2012) 145, [arXiv:1203.5517].

Y. Tachikawa, “Some conjectures on VOAs.”
http://member.ipmu. jp/yuji.tachikawa/transp/voaconj2.pdf.

D. Gaiotto and J. Maldacena, The Gravity duals of N=2
superconformal field theories, JHEP 1210 (2012) 189,
[arXiv:0904.4466|.

D. Gaiotto, G. W. Moore, and Y. Tachikawa, On 6d N=(2,0) theory
compactified on a Riemann surface with finite area, Prog. Theor. Exp.
Phys. 2013 (2013) 013B03, [arXiv:1110.2657].

L. F. Alday and Y. Tachikawa, Affine SL(2) conformal blocks from 4d
gauge theories, Lett. Math. Phys. 94 (2010) 87-114,
[arXiv:1005.4469).

324


http://arxiv.org/abs/1009.0339
http://arxiv.org/abs/1212.3952
http://arxiv.org/abs/1203.2930
http://arxiv.org/abs/1303.0836
http://arxiv.org/abs/1312.2684
http://arxiv.org/abs/1305.5250
http://arxiv.org/abs/1308.3196
http://arxiv.org/abs/1203.5517
http://member.ipmu.jp/yuji.tachikawa/transp/voaconj2.pdf
http://arxiv.org/abs/0904.4466
http://arxiv.org/abs/1110.2657
http://arxiv.org/abs/1005.4469

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

J. de Boer and T. Tjin, The Relation between quantum W algebras
and Lie algebras, Commun.Math.Phys. 160 (1994) 317-332,
[hep-th/9302006].

J. de Boer and T. Tjin, Quantization and representation theory of
finite W algebras, Commun.Math.Phys. 158 (1993) 485-516,
[hep-th/9211109)].

L. Feher, L. O’Raifeartaigh, P. Ruelle, I. Tsutsui, and A. Wipf, On
the general structure of Hamiltonian reductions of the WZNW theory,
hep-th/9112068.

B. Feigin and E. Frenkel, Quantization of the Drinfeld-Sokolov
reduction, Phys.Lett. B246 (1990) 75-81.

E. Witten, Two-dimensional models with (0,2) supersymmetry:
Perturbative aspects, Adv. Theor.Math.Phys. 11 (2007)
[hep-th/0504078].

A. Kapustin, Chiral de Rham complex and the half-twisted
sigma-model, hep—th/0504074.

F. Malikov, V. Schechtman, and A. Vaintrob, Chiral de Rham
complex, Comm. Math. Phys. 204 (1999), no. 2 439-473.

F. Malikov and V. Schechtman, Chiral de Rham complez. II, in
Differential topology, infinite-dimensional Lie algebras, and
applications, vol. 194 of Amer. Math. Soc. Transl. Ser. 2,

pp. 149-188. Amer. Math. Soc., Providence, RI, 1999.

V. Gorbounov, F. Malikov, and V. Schechtman, Gerbes of chiral
differential operators, Math. Res. Lett. 7 (2000), no. 1 55-66.

V. Gorbounov, F. Malikov, and V. Schechtman, Gerbes of chiral
differential operators. II. Vertex algebroids, Invent. Math. 155 (2004),
no. 3 605-680.

V. Gorbounov, F. Malikov, and V. Schechtman, Gerbes of chiral
differential operators. III, in The orbit method in geometry and
physics (Marseille, 2000), vol. 213 of Progr. Math., pp. 73-100.
Birkhauser Boston, Boston, MA, 2003.

325


http://arxiv.org/abs/hep-th/9302006
http://arxiv.org/abs/hep-th/9211109
http://arxiv.org/abs/hep-th/9112068
http://arxiv.org/abs/hep-th/0504078
http://arxiv.org/abs/hep-th/0504074

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

A. Zamolodchikov, Infinite Additional Symmetries in
Two-Dimensional Conformal Quantum Field Theory,
Theor.Math. Phys. 65 (1985) 1205-1213.

F. Benini, Y. Tachikawa, and B. Wecht, Sicilian gauge theories and
N=1 dualities, JHEP 1001 (2010) 088, [arXiv:0909.1327].

H. Hayashi, Y. Tachikawa, and K. Yonekura, Mass-deformed T as a
linear quiver, arXiv:1410.6868.

T. Arakawa, Characters of representations of affine Kac-Moody Lie
algebras at the critical level, ArXiv e-prints (June, 2007)
[arXiV:O706.1817L

P. Di Francesco, P. Mathieu, and D. Senechal, Conformal field theory,

K. Thielemans, An Algorithmic approach to operator product
expansions, W algebras and W strings, hep-th/9506159.

H. Kausch and G. Watts, A Study of W algebras using Jacobi
identities, Nucl. Phys. B354 (1991) 740-768.

R. Blumenhagen, M. Flohr, A. Kliem, W. Nahm, A. Recknagel, et al.,
W algebras with two and three generators, Nucl.Phys. B361 (1991)
255-289.

E. Frenkel and N. Reshetikhin, Towards Deformed Chiral Algebras, in
eprint arXiv:q-alg/9706023, p. 6023, 1997.

A. Gadde and S. Gukov, 2d Index and Surface operators,
arXiv:1305.0266.

F. Benini, R. Eager, K. Hori, and Y. Tachikawa, Elliptic genera of
two-dimensional N=2 gauge theories with rank-one gauge groups,
arXiv:1305.0533.

F. Benini, R. Eager, K. Hori, and Y. Tachikawa, Elliptic genera of 2d
N=2 gauge theories, |arXiv:1308.4896.

326


http://arxiv.org/abs/0909.1327
http://arxiv.org/abs/1410.6868
http://arxiv.org/abs/0706.1817
http://arxiv.org/abs/hep-th/9506159
http://arxiv.org/abs/1305.0266
http://arxiv.org/abs/1305.0533
http://arxiv.org/abs/1308.4896

[116] A. Kapustin, B. Willett, and 1. Yaakov, Ezact Results for Wilson
Loops in Superconformal Chern-Simons Theories with Matter, JHEP
1003 (2010) 089, [arXiv:0909.4559|.

[117] D. L. Jafferis, The Exact Superconformal R-Symmetry Extremizes Z,
JHEP 1205 (2012) 159, |[arXiv:1012.3210].

[118] N. Hama, K. Hosomichi, and S. Lee, Notes on SUSY Gauge Theories
on Three-Sphere, JHEP 1103 (2011) 127, [arXiv:1012.3512].

[119] N. Hama, K. Hosomichi, and S. Lee, SUSY Gauge Theories on
Squashed Three-Spheres, JHEP 1105 (2011) 014, [arXiv:1102.4716].

[120] Y. Imamura and D. Yokoyama, N=2 supersymmetric theories on
squashed three-sphere, Phys.Rev. D85 (2012) 025015,
[arXiV:1109.4734L

[121] S. Kim, The Complete superconformal index for N=6 Chern-Simons
theory, Nucl. Phys. B821 (2009) 241-284, [arXiv:0903.4172].

[122] Y. Imamura and S. Yokoyama, Indez for three dimensional

superconformal field theories with general R-charge assignments,
JHEP 1104 (2011) 007, [arXiv:1101.0557].

[123] N. Hama and K. Hosomichi, Seiberg- Witten Theories on Ellipsoids,
JHEP 1209 (2012) 033, |[arXiv:1206.6359).

[124] C. Closset and I. Shamir, The N' = 1 Chiral Multiplet on T* x S* and
Supersymmetric Localization, arXiv:1311.2430.

[125] J. Kéllén and M. Zabzine, Twisted supersymmetric 5D Yang-Mills
theory and contact geometry, JHEP 1205 (2012) 125,
[arXiv:1202.1956].

[126] K. Hosomichi, R.-K. Seong, and S. Terashima, Supersymmetric Gauge
Theories on the Five-Sphere, Nucl. Phys. B865 (2012) 376-396,
[arXiv:1203.0371].

[127] H.-C. Kim and S. Kim, M5-branes from gauge theories on the
5-sphere, JHEP 1305 (2013) 144, [arXiv:1206.6339].

327


http://arxiv.org/abs/0909.4559
http://arxiv.org/abs/1012.3210
http://arxiv.org/abs/1012.3512
http://arxiv.org/abs/1102.4716
http://arxiv.org/abs/1109.4734
http://arxiv.org/abs/0903.4172
http://arxiv.org/abs/1101.0557
http://arxiv.org/abs/1206.6359
http://arxiv.org/abs/1311.2430
http://arxiv.org/abs/1202.1956
http://arxiv.org/abs/1203.0371
http://arxiv.org/abs/1206.6339

[128]

[129]

[130]

[131]

[132]

[133]

134]

[135]

[136]

[137]

138]

[139]

[140]

Y. Imamura, Supersymmetric theories on squashed five-sphere, PTEP
2013 (2013) 013B04, [arXiv:1209.0561].

T. Dimofte, D. Gaiotto, and S. Gukov, Gauge Theories Labelled by
Three-Manifolds, larXiv:1108.4389.

S. Shadchin, On F-term contribution to effective action, JHEP 0708
(2007) 052, [hep-th/0611278].

N. A. Nekrasov, Seiberg- Witten prepotential from instanton counting,
Adv. Theor.Math. Phys. 7 (2004) 831-864, [hep-th/0206161].

S. Cecotti and C. Vafa, Topological antitopological fusion, Nucl. Phys.
B367 (1991) 359-461.

M. Taki, Holomorphic Blocks for 3d Non-abelian Partition Functions,
arXiv:1303.5915.

C. Krattenthaler, V. Spiridonov, and G. Vartanov, Superconformal
indices of three-dimensional theories related by mirror symmetry,
JHEP 1106 (2011) 008, |[arXiv:1103.4075].

C. Hwang, H.-C. Kim, and J. Park, Factorization of the 3d
superconformal index, arXiv:1211.6023.

C. Closset, T. T. Dumitrescu, G. Festuccia, and Z. Komargodski, The
Geometry of Supersymmetric Partition Functions, JHEP 1401 (2014)
124, [arXiv:1309.5876].

S. Cecotti, D. Gaiotto, and C. Vafa, tt* Geometry in 3 and 4
Dimensions, arXiv:1312.1008|

C. Klare, A. Tomasiello, and A. Zaffaroni, Supersymmetry on Curved
Spaces and Holography, JHEP 1208 (2012) 061, [arXiv:1205.1062].

C. Closset, T. T. Dumitrescu, G. Festuccia, and Z. Komargodski,
Supersymmetric Field Theories on Three-Manifolds, JHEP 1305
(2013) 017, [arXiv:1212.3388|.

N. Nekrasov and A. Okounkov, Seiberg- Witten theory and random
partitions, hep-th/0306238.

328


http://arxiv.org/abs/1209.0561
http://arxiv.org/abs/1108.4389
http://arxiv.org/abs/hep-th/0611278
http://arxiv.org/abs/hep-th/0206161
http://arxiv.org/abs/1303.5915
http://arxiv.org/abs/1103.4075
http://arxiv.org/abs/1211.6023
http://arxiv.org/abs/1309.5876
http://arxiv.org/abs/1312.1008
http://arxiv.org/abs/1205.1062
http://arxiv.org/abs/1212.3388
http://arxiv.org/abs/hep-th/0306238

[141] F. Benini, T. Nishioka, and M. Yamazaki, 4d Indez to 3d Index and
2d TQFT, Phys.Rev. D86 (2012) 065015, [arXiv:1109.0283).

[142] L. F. Alday, M. Fluder, and J. Sparks, The Large N limit of
M2-branes on Lens spaces, JHEP 1210 (2012) 057,
[arXiV: 1204. 1280].

[143] C. Romelsberger, Counting chiral primaries in N = 1, d=/
superconformal field theories, Nucl. Phys. B747 (2006) 329-353,
[hep-th/0510060].

[144] S. S. Razamat and B. Willett, Global Properties of Supersymmetric
Theories and the Lens Space, arXiv:1307.4381.

[145] D. Martelli, A. Passias, and J. Sparks, The gravity dual of
supersymmetric gauge theories on a squashed three-sphere, Nucl. Phys.
B864 (2012) 840868, [arXiv:1110.6400].

[146] E. Witten, Two-dimensional gauge theories revisited, J. Geom.Phys. 9
(1992) 303-368, [hep-th/9204083].

[147) M. F. Atiyah, Elliptic operators and compact groups, in Lecture Notes
in Mathematics, vol. 401. Springer-Verlag, Berlin, 1974.

[148] N. Drukker, T. Okuda, and F. Passerini, Ezact results for vortex loop
operators in 3d supersymmetric theories, arXiv:1211.3409.

[149] J. Gomis, T. Okuda, and V. Pestun, Exact Results for 't Hooft Loops
in Gauge Theories on S4, JHEP 1205 (2012) 141,
[arXiv:1105.2568|.

[150] A. G. Bytsko and J. Teschner, Quantization of models with
non-compact quantum group symmetry: Modular XXZ magnet and
lattice sinh-Gordon model, J.Phys. A39 (2006) 12927-12981,
[hep-th/0602093].

[151] F. Benini, C. Closset, and S. Cremonesi, Comments on 3d Seiberg-like
dualities, JHEP 1110 (2011) 075, [arXiv:1108.5373].

[152] P. Goddard, J. Nuyts, and D. L. Olive, Gauge Theories and Magnetic
Charge, Nucl. Phys. B125 (1977) 1.

329


http://arxiv.org/abs/1109.0283
http://arxiv.org/abs/1204.1280
http://arxiv.org/abs/hep-th/0510060
http://arxiv.org/abs/1307.4381
http://arxiv.org/abs/1110.6400
http://arxiv.org/abs/hep-th/9204083
http://arxiv.org/abs/1211.3409
http://arxiv.org/abs/1105.2568
http://arxiv.org/abs/hep-th/0602093
http://arxiv.org/abs/1108.5373

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

163]

[164]

O. Aharony, A. Hanany, K. A. Intriligator, N. Seiberg, and
M. Strassler, Aspects of N=2 supersymmetric gauge theories in
three-dimensions, Nucl. Phys. B499 (1997) 67-99, [hep-th/9703110].

H.-C. Kim, J. Kim, S. Kim, and K. Lee, Vortices and 3 dimensional
dualities, arXiv:1204.3895.

H.-Y. Chen, H.-Y. Chen, and J.-K. Ho, Connecting Mirror Symmetry
i 3d and 2d via Localization, arXiv:1312.2361.

J. Bhattacharya, S. Bhattacharyya, S. Minwalla, and S. Raju, Indices
for Superconformal Field Theories in 3,5 and 6 Dimensions, JHEP
0802 (2008) 064, [arXiv:0801.1435].

A. Kapustin and B. Willett, Generalized Superconformal Index for
Three Dimensional Field Theories, arXiv:1106.2484.

O. Aharony, S. S. Razamat, N. Seiberg, and B. Willett, 8d dualities
from 4d dualities, JHEP 1307 (2013) 149, [arXiv:1305.3924].

T. T. Wu and C. N. Yang, Dirac Monopole Without Strings:
Monopole Harmonics, Nucl. Phys. B107 (1976) 365.

C. Hwang, H.-C. Kim, and J. Park, Factorization of the 3d
superconformal index, JHEP 1408 (2014) 018.

D. Cassani and D. Martelli, The gravity dual of supersymmetric gauge
theories on a squashed S' x S3, arXiv:1402.2278.

C. Romelsberger, Calculating the Superconformal Index and Seiberg
Duality, larXiv:0707.3702.

F. Dolan and H. Osborn, Applications of the Superconformal Index
for Protected Operators and q-Hypergeometric Identities to N=1 Dual
Theories, Nucl. Phys. B818 (2009) 137-178, |[arXiv:0801.4947].

V. Spiridonov and G. Vartanov, Elliptic Hypergeometry of
Supersymmetric Dualities, Commun. Math. Phys. 304 (2011) 797-874,
[arXiv:0910.5944].

330


http://arxiv.org/abs/hep-th/9703110
http://arxiv.org/abs/1204.3895
http://arxiv.org/abs/1312.2361
http://arxiv.org/abs/0801.1435
http://arxiv.org/abs/1106.2484
http://arxiv.org/abs/1305.3924
http://arxiv.org/abs/1402.2278
http://arxiv.org/abs/0707.3702
http://arxiv.org/abs/0801.4947
http://arxiv.org/abs/0910.5944

[165]

[166]

[167]

[168]

[169]

[170]

171]

[172]

173]

[174]

[175]

[176]

V. Spiridonov and G. Vartanov, FElliptic hypergeometry of
supersymmetric dualities II. Orthogonal groups, knots, and vortices,
Commun. Math. Phys. 325 (2014) 421-486, |[arXiv:1107.5788].

D. Sen, Supersymmetry in the Space-time R X S**3 Nucl. Phys.
B284 (1987) 201.

G. Festuccia and N. Seiberg, Rigid Supersymmetric Theories in
Curved Superspace, JHEP 1106 (2011) 114, [arXiv:1105.0689].

T. T. Dumitrescu, G. Festuccia, and N. Seiberg, Fxploring Curved
Superspace, JHEP 1208 (2012) 141, [arXiv:1205.1115].

T. T. Dumitrescu and G. Festuccia, Fxploring Curved Superspace
(II), JHEP 1301 (2013) 072, [arXiv:1209.5408].

T. J. Hollowood, A. Igbal, and C. Vafa, Matriz models, geometric
engineering and elliptic genera, JHEP 0803 (2008) 069,
[hep-th/0310272].

J. Halverson, V. Kumar, and D. R. Morrison, New Methods for
Characterizing Phases of 2D Supersymmetric Gauge Theories, JHEP
1309 (2013) 143, [arXiv:1305.3278|.

F. Benini, Y. Tachikawa, and D. Xie, Mirrors of 3d Sicilian theories,
JHEP 1009 (2010) 063, [arXiv:1007.0992).

D. Gaiotto and D. L. Jafferis, Notes on adding D6 branes wrapping
RP? in AdS, x CP?, JHEP 1211 (2012) 015, |arXiv:0903.2175].

F. Benini, C. Closset, and S. Cremonesi, Chiral flavors and M2-branes
at toric C'Y4 singularities, JHEP 1002 (2010) 036,
[arXiv:0911.4127).

D. L. Jafferis, Quantum corrections to N' = 2 Chern-Simons theories
with flavor and their AdSy duals, JHEP 1308 (2013) 046,
[arXiV :0911. 4324].

F. Benini, C. Closset, and S. Cremonesi, Quantum moduli space of
Chern-Simons quivers, wrapped D6-branes and AdS4/CFTS3, JHEP
1109 (2011) 005, [arXiv:1105.2299|.

331


http://arxiv.org/abs/1107.5788
http://arxiv.org/abs/1105.0689
http://arxiv.org/abs/1205.1115
http://arxiv.org/abs/1209.5408
http://arxiv.org/abs/hep-th/0310272
http://arxiv.org/abs/1305.3278
http://arxiv.org/abs/1007.0992
http://arxiv.org/abs/0903.2175
http://arxiv.org/abs/0911.4127
http://arxiv.org/abs/0911.4324
http://arxiv.org/abs/1105.2299

[177] V. Dobrev and V. Petkova, All Positive Energy Unitary Irreducible

[178]

[179]

[180]

[181]

[182]

183]

[184]

[185]

[186]

Representations of Extended Conformal Supersymmetry, Phys.Lett.
B162 (1985) 127-132.

D. Kazhdan and G. Lusztig, Representations of cozeter groups and
hecke algebras, Inventiones mathematicae 53 (1979), no. 2 165-184.

J. Fuchs and C. Schweigert, Symmetries, Lie algebras and
representations: a graduate course for physicists. Cambridge
University Press, 1997.

K. De Vos and P. Van Driel, The Kazhdan-Lusztig conjecture for W
algebras, hep—th/9508020.

Kashiwara, Masaki and Tanisaki, Toshiyuki, Kazhdan-Lusztig
conjecture for symmetrizable Kac-Moody Lie algebras 11, Operator
algebras, unitary representations, enveloping algebras, and invariant
theory 2 (1990) 159-195.

Casian, Luis, Kazhdan-Lusztig multiplicity formulas for Kac-Moody
algebras, Comptes Rendus de I’Academie des Sciences Serie
I-Mathematique 310 (1990), no. 6 333-337.

R. Bott and L. Tu, Differential Forms in Algebraic Topology.
Graduate texts in Mathematics 82. Springer Verlag, New York, 1982.

J. McCleary, A User’s Guide to Spectral Sequences. Cambridge
Studies in Advanced Mathematics 58. Cambridge University Press,
2001.

Y. Kosmann, Dérivées de Lie des spineurs, Ann.Mat. Pura Appl. 91
(1971) 317.

M. Godina and P. Matteucci, Reductive G structures and Lie
deriwatives, J.Geom.Phys. 47 (2003) 66-86, [math/0201235].

332


http://arxiv.org/abs/hep-th/9508020
http://arxiv.org/abs/math/0201235

	Introduction
	I Infinite Chiral Symmetry in Four Dimensions
	Infinite Chiral Symmetry in Four Dimensions
	Introduction
	Chiral symmetry algebras in four dimensions
	A brief review of chiral symmetry in two dimensions
	Twisted conformal subalgebras
	The cohomology classes of local operators
	A chiral operator product expansion

	The SCFT/chiral algebra correspondence
	Schur operators
	Notable elements of the chiral algebra
	The chiral algebras of free theories
	Gauging prescription

	Consequences for four-dimensional physics
	Conformal twisting and superconformal Ward identities
	Four-dimensional unitarity and central charge bounds
	Saturation of unitarity bounds
	Torus partition function and the superconformal index

	Examples and conjectures
	SU(2) superconformal QCD
	SU(N) superconformal QCD with N>=3
	N=4 supersymmetric Yang-Mills theory
	Class S at genus two

	Beyond Lagrangian theories

	Chiral Algebras of class S
	Introduction
	Background
	Review of protected chiral algebras
	Review of theories of class S

	Chiral algebras of class S
	A TQFT valued in chiral algebras
	Lagrangian class S building blocks
	Trinion chiral algebras
	A theory space bootstrap?

	Reduced punctures
	Quantum Drinfeld-Sokolov for modules
	Virasoro central charge and the reduced stress tensor
	Reduction of the superconformal index
	Simple examples

	Cylinders and Caps
	The cylinder chiral algebra
	The (decorated) cap chiral algebra


	Chiral Algebras for Trinion Theories
	Introduction
	Tn indexology
	The T4 chiral algebra

	Conclusions

	II Higgs Branch Localization
	Higgs Branch Localization in Three Dimensions
	Introduction
	Higgs branch localization on S3b
	Killing spinors on S3b
	The BPS equations
	BPS solutions: Coulomb, Higgs and vortices
	Computation of the partition function
	Matching with the Coulomb branch integral
	Comparison with the two-dimensional vortex partition function

	Higgs branch localization on S2S1
	Killing spinors on S2 S1, supersymmetric index and deformed background
	The BPS equations
	BPS solutions: Coulomb, Higgs and vortices
	Computation of the index
	Matching with the Coulomb branch integral


	Higgs branch localization of N = 1 theories on S3 S1
	Introduction
	Killing spinors on S3S1, supersymmetric index and deformed background
	The BPS equations
	BPS solutions: Coulomb, Higgs and vortices
	Computation of the index
	One-loop determinants from an index theorem
	Coulomb branch
	Deformed Coulomb branch
	Higgs branch and vortices

	Matching the Coulomb branch expression

	Conclusions

	III Appendices
	Infinite Chiral Symmetry in Four Dimensions
	Superconformal algebras
	The four-dimensional superconformal algebra
	The two-dimensional superconformal algebra

	Shortening conditions and indices of su(2,2|2)
	Kazhdan-Lusztig polynomials and affine characters

	Chiral algebras of class S
	Details for rank two theories
	Argyres-Seiberg duality
	Reduction of T3 to free hypermultiplets

	Cylinder and cap details
	Schur indices
	QDS argument

	Spectral sequences for double complexes

	Chiral Algebras for Trinion Theories
	Affine critical characters and the Schur index
	The OPEs

	Higgs Branch Localization in Three Dimensions
	Spinor conventions
	Supersymmetric theories on three-manifolds
	The superconformal algebra
	Commuting Killing spinors
	Supersymmetric actions

	One-loop determinants from an index theorem
	One-loop deteminants on S2 S1: poles at zero or infinity

	Higgs branch localization of N = 1 theories on S3 S1
	Spinor conventions
	N=1 supersymmetry algebra on Euclidean four-manifolds
	Elliptic gamma function



