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Abstract of the Dissertation
Exploring the Space of Superconformal Field Theories
by

Madalena Duarte de Almeida Lemos

Doctor of Philosophy
in
Physics
Stony Brook University
2015

This dissertation focuses on the study of superconformal field theories (SCFTs)
through the so-called (super)conformal bootstrap program.

The goals of this program are twofold: to chart the space of allowed SCFTs and
to solve specific theories. The hope is that symmetries and a few simple physical
assumptions, combined with basic consistency requirements (crossing symmetry
and unitarity) are powerful enough to completely “solve” these theories. In doing
so we never have to provide a Lagrangian description for the theories in question,
and thus we can employ the bootstrap in studying SCFTs for which no such
description is known. This is the case of many of the theories considered in this
dissertation, making the bootstrap an ideal tool to explore them.

Most of this dissertation focuses on SCFTs in four-dimensions with N' = 2 su-
persymmetry. The large amount of symmetry of these theories makes them more
tractable, and we find that the crossing symmetry equations admit a solvable sub-
sector. This gives rise to the identification of a two-dimensional chiral algebra
inside the four-dimensional SCF'T, which allows for exact results to be obtained,
including new unitarity bounds, constraining the space of allowed SCFTs. How-
ever, if we want to study the full theory, we must analyze the full set of crossing
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equations by resorting to numerical techniques. In this work we begin such an
analysis, obtaining various bounds on central charges and operator dimensions
which are valid for any SCFT. In the last part of this dissertation we extend
the numerical bootstrap analysis for SCFTs in six-dimensions with N' = (2,0)
supersymmetry.

Chapters 2, 3 and 4 are essentially identical to Refs. [1-3], and the results of the
final chapter will appear in Ref. [4].
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Chapter 1

Introduction

The conformal bootstrap is an old dream in theoretical physics, that the symmetries and
a few simple physical assumptions, combined with basic consistency requirements (crossing
symmetry and unitarity) are powerful enough to completely “solve” conformal field theo-
ries (CFTs). By solving we mean obtaining the spectrum of operators and all three-point
functions, the CFT data, which is enough to compute any correlator.

Conformal field theories are of natural importance in theoretical physics. They arise
in many physical applications, from statistical mechanics, where they describe the critical
behavior of systems at second order phase transitions, to perturbative string theory in the
worldsheet formulation. Through the AdS/CFT correspondence conformal field theories in
the large N limit are dual to semiclassical quantum gravity in asymptotically anti- de Sitter
spacetimes. They also arise as fixed points of the renormalization group flow of quantum
field theories, therefore being of natural importance for the study of quantum field theories
in general.

The great amount of symmetry of these theories also makes them more tractable, espe-
cially in two-dimensions, where the conformal algebra is extended to a infinite-dimensional
one, the Virasoro algebra. There the bootstrap was very successful, leading to many exactly
solvable “rational” CFTs. The techniques used, however, do not apply to higher dimensions,
or even generically to non-rational CFTs in two-dimensions.

The recent revival of the bootstrap stemmed from the work of Rattazzi, Rychkov, Tonni
and Vichi [6], who were able to use these constraints, combined with numerical techniques,
to exclude the existence of theories in certain regions of the space of conformal dimensions
of operators. The statement that a given CFT spectrum is not consistent with crossing sym-
metry is translated into the existence of a solution to a linear or semidefinite programming
problem, which can be solved by resorting to known algorithms. Owing to the very general
assumptions that go into this program, these methods allow one to constrain the space of
conformal field theories by placing bounds on the operator dimensions and also on operator
product expansion (OPE) coefficients (such as the central charge of the theory). It was also
found that some physically interesting theories, such as the two and three-dimensional Ising



model, sit at special “kinks” of the exclusion curves separating the region in parameter space
for which there are solutions to crossing symmetry compatible with unitarity and the region
where there are none. In cases such as these there are even indications that there is an
actual theory living on the boundary of the allowed region, and this method has been used
to obtain operator dimensions and OPE coefficients with very good precision. It is worth
mentioning that this was accomplished by just studying one particular correlator, whereas
for there to be a consistent CFT one would have to study all possible correlators, and so
allowed theories are much more constrained.!

A big advantage of this method is that it does not rely on the existence of any Lagrangian,
contrasting most currently available methods, and as such it can be applied to theories for
which no such description is known. It is also non-perturbative in nature, and the dimensions
and OPE coefficients found this way are the complete answer, thus applying to any theory
irrespectively of whether a parameter exists in which one could do perturbation theory.
Therefore it is particularly useful for strongly coupled theories which have no marginal
deformations, as is the case of many of the theories considered in this dissertation.

The focus of this dissertation will be the bootstrap program for superconformal field
theories (SCFTs), and our goals are twofold: to chart the space of allowed theories, and to
use it to study specific models. In what follows we describe the outline of the thesis and
summarize our main results.

1.1 N =2 SCFTs in four dimensions

Most of this dissertation is devoted to the study of four dimensional A’ = 2 SCFTs. The
large amount of symmetry makes these theories more tractable than the lower or non-
supersymmetric theories, and has lead to many exact results (see, e.g., [10] for a recent
review). Nevertheless the space of N' = 2 SCFTs is vast, and much richer than the maxi-
mally supersymmetric case. There has been an explosion of results, with many new SCFTs
found, and there is still no complete classification of the landscape of such theories. While
theories that can be described by a Lagrangian can be classified [11], there is a large number
of theories for which no Lagrangian description is known. Yet the current landscape of the-
ories appears to have some structure, hinting that a classification might be possible, as will
be discussed in detail in section 4.2. We might also hope that some of the non-Lagrangian
theories also are uniquely specified by few discrete data. For example the eg theory of Mi-
nahan and Nemeschansky [12] discussed in subsection 4.6.2 could plausibly be the unique
theory with eg flavor symmetry, and with the appropriate central charges.

Altogether this makes the (superconformal) bootstrap program a natural tool to chart
out the space of theories, and to attempt to “solve” some of them. One could even expect

"'Work along these lines has been done recently in [7-9], where the authors considered multiple correlators
and found even stronger constraints from the bootstrap.



the bootstrap program to prove more constraining due to the large amount of supersym-
metry. This indeed turns out to be the case, and we found that the bootstrap equations
for a certain class of operators admit a solvable subsector, allowing for exact results to
be obtained, including new analytic bounds on the allowed central charges of the theory.
These results can then be complemented by numerical bounds obtained using the techniques
already mentioned.

In chapter 2 we describe a new correspondence between four-dimensional SCFT with
N > 2 and two-dimensional chiral algebras. We show that these four-dimensional theories
contain a protected subsector which is captured by a non-unitary two-dimensional chiral
algebra. The existence of a stress tensor in the four-dimensional theory implies the chiral
algebra will have a meromorphic stress tensor, although with a negative central charge,
fixed in terms of the four-dimensional ¢ central charge. Moreover, flavor symmetries of the
four-dimensional theory give rise to affine Kac-Moody currents at a negative level (fixed in
terms of the four-dimensional flavor central charge k) in the chiral algebra. The graded
partition function of the chiral algebra is exactly captured by a four-dimensional quantity —
the Schur limit of the superconformal index [13]. The superconformal index [14] counts (with
signs) the protected spectrum of the theory, setting to zero any combination of multiplets
which might recombine to form a long multiplet. Therefore it can be very useful in the study
of the protected spectrum of SCFTs, and a vast literature exists on it (see, e.g., [15] for a
recent review). Combining the information extracted from the index with the aforementioned
correspondence between four-dimensional SCFTs and two-dimensional chiral algebras can
prove valuable in studying the four-dimensional theory.

This is explored in chapter 3, where we focused on the chiral algebras associated with
the so-called Ty theories.? These theories, which are non-Lagrangian for N > 3,° are of
natural interest for being one of the building blocks of class S theories [17, 18]. As such
through well defined four-dimensional operations, which also have a clear meaning in the
two-dimensional chiral algebra, one can obtain many non-Lagrangian theories starting from
these ones. By analysing the Schur limit of the superconformal index and accentuating its
two-dimensional interpretation as a graded partition function by making manifest the critical
affine module structure, we were able to conjecture the full set of generators of the chiral
algebras associated with these theories. This allowed us to bootstrap the chiral algebra of
the T} theory, by imposing associativity of the operator product algebra of the conjectured
set of generators. Associativity turns out to be constraining enough to completely fix all
OPE coefficients, including the central charges. Armed with this explicit construction we
computed null relations on the chiral algebra, which correspond to Higgs branch chiral ring
relations on the four-dimensional side, some of which were previously unknown.

Another direct consequence of the existence of this protected subsector is that the cross-
ing symmetry equations split into two sets, one only involving the exchange of protected

2See [16] for a recent review of these theories.
3The T3 theory is nothing more than the ¢g theory of Minahan and Nemeschansky already mentioned.



operators (which is simply the crossing equation for the two-dimensional chiral algebra),
while the other involves both protected and unprotected operators. The bootstrap program
then becomes a two step process: in the first step we solve the crossing equation for this
protected sector analytically, serving as input for the second step, where the full-fledged
crossing equations, governing the unprotected part, are analyzed numerically. By studying
one particular scalar four-point function (of the moment map operators) the first step gave
us new analytic bounds, for theories with a given flavor symmetry, involving both central
charges k and ¢ . It also allowed us to fix completely (for interacting theories) the protected
contributions to the full four-dimensional correlator of this type of operators.

By also resorting to numerical techniques, further constraints can be obtained, yielding
information about the unprotected operators in the theory, such as their dimensions and
OPE coefficients. It also provides additional bounds on the central charges of the theory,
valid for any NV = 2 SCFT. In chapter 4 we initiate this numerical analysis. We take an
abstract operator-algebraic viewpoint in order to unify the description of Lagrangian and
non-Lagrangian theories. While there is much to explore by employing the superconformal
bootstrap program to study N = 2 SCFTs, we have taken a first step by approaching these
theories from two different angles. On one we study correlators of moment map operators
(which are related by supersymmetry to the flavor currents), focusing on theories with a given
flavor symmetry (in particular su(2) and eg), while on the other we study correlators of chiral
primaries (whose vacuum expectation values (vevs) parametrize the Coulomb branch). For
the former operators the bootstrap program is the two-step process described above, however
the latter are not captured by the chiral algebra, and as such we can only resort to numerical
methods to study them. From the first correlator we find numerical bounds involving the ¢
and k central charges, while from the latter we find central charge bounds for theories with
a Coulomb branch operator of a given dimension. It is also interesting to bound other OPE
coefficients. For example in the four-point function of chiral primaries some of these can tell
us about relations on the Coulomb branch chiral ring.

1.2 Six-dimensional N = (2,0) SCFTs

The final chapter 5 of this dissertation applies the bootstrap method for the maximally
supersymmetric theory in six dimensions, which will appear in [4].? This theory plays an
important role in theoretical physics, as many lower dimensional theories can be obtained
from its compactification. In particular a vast class of four-dimensional N' = 2 SCFTs, the
theories of class §, can be obtained as the low-energy limit of twisted compactifications of
N = (2,0) theories on a Riemann surface [17, 18]. Dualities among the four-dimensional
theories can then be understood from such compactifications. However, despite its central

4Six dimensions is also the largest in which one can have a superconformal field theory [19-21].



role, very little is known about A/ = (2, 0) theories beyond the free case. The main problem
starts with the fact that these theories have no Lagrangian description, and thus the usual
tools we have to study SCFTs are not available. These theories are isolated, having no
marginal deformations that preserve the superconformal algebra osp(8*[4), corresponding to
non-trivial fixed points of the renormalization group in six dimensions [22]. Nevertheless,
as we have been stressing throughout this dissertation, this is not an impediment from the
bootstrap point of view, therefore making the superconformal bootstrap the ideal tool to
tackle these theories.

Contrasting with the four-dimensional N = 2 SCFTs considered in the previous chapters,
maximally supersymmetric theories are much more constrained. Whereas before a large part
of our objectives was to constrain the space of allowed theories, for the A = (2,0) there is
a proposed classification arising from string theory. The symmetry group of these theories
does not allow for flavor symmetries, and the known SCFTs are classified by simply-laced
Lie algebras [23]. However we can still ask the question of whether there can exist “exotic”
theories, that do not find a realization in string or M-theory. For the theories of type A, and
D,, there is a dual description in the large n limit through the AdS/CFT correspondence in
terms of supergravity on AdS; x S* and AdS; x RP* respectively [24, 25]. As such, in this
limit, the numerical bootstrap results obtained in this dissertation should recover the known
results from supergravity on AdS; x S* [26, 27]. Beyond the large n limit, the only results
for correlation functions have been obtained in [28], where the authors found a protected
sector of operators and observables isomorphic to a two-dimensional chiral algebra, allowing
for the calculation of correlators in that subsector. Similarly to Chapters 2 and 4, to make
statements about operators not captured by this chiral algebra we must resort to numerical
techniques to analyze the full crossing symmetry equations.

As the starting point in the superconformal bootstrap program for N' = (2,0) SCFTs we
want to consider an operator any local conformal field theory must have — the stress tensor.
However we will not have to take the four-point function of the stress tensor itself, as we can
consider instead that of the superconformal primary of the super multiplet the stress tensor
belongs to. This has the advantage that the superconformal primary is a spin zero operator,
avoiding the technically challenging bootstrap of a spin two operator.

We start by asking the question of what the lowest possible central charge (for an inter-
acting theory) can be. Our results suggest that the lowest possible central charge corresponds
precisely to that of the A; theory, therefore ruling out any “exotic” theories with smaller
central charges. Moreover we find evidence that there is a unique N' = (2,0) SCFT with
this central charge, which must correspond exactly to the A; theory (in M-theory this corre-
sponds to the low-energy theory on two M5 branes [29, 30]). In addition we obtain bounds
on OPE coefficients of protected operators which were not captured by the chiral algebra of
28], as well as bounds on the low-lying spectrum of unprotected operators. We will argue
that, at least for the A; case, these bounds must be saturated by the physical theories,
paving the way for a possible bootstrap of this theory.



Chapter 2

Infinite Chiral Symmetry in Four
Dimensions

The contents of this chapter appear in [1]: “Infinite Chiral Symmetry in Four Dimensions”,
C. Beem, M. Lemos, P. Liendo, W. Peelaers, L. Rastelli and B. C. van Rees,
arXiv:1312.5344 [hep-th|, Commun. Math. Phys. 336, no. 3, 1359 (2015)

DOI: 10.1007/s00220-014-2272-x

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 consequence 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 circumstances, these techniques have a semi-
classical flavor to them. For example, 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
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and of a well-controlled and convergent operator product expansion.

Meanwhile, recent years have witnessed a surprising resurgence of progress centering
around precisely these aspects of conformal field theory in the form of the conformal boot-
strap [31, 32]. In large part, this progress has been inspired by the development of numerical
techniques for extracting constraints on the defining data of a CF'T using unitarity and cross-
ing symmetry [6, 33]. Generally speaking, these techniques are equally applicable to theories
with and without supersymmetry, and despite promising early results [34-37], it has not
been entirely clear the extent to which supersymmetry 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 trun-
cation 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 solvable. 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.

(II) Topological quantum field theories.

The subject of this chapter is the realization of the first option in the context of NV > 2
superconformal field theories in four dimensions. The same option is in fact viable for (2,0)
superconformal theories in six dimensions. That subject is elaborated upon in a separate
article [28]. Although we will not discuss the subject at any length in the present work, 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
(36, 38], building upon the work of [27, 39-43]. In a remarkable series of papers [27, 38-43],
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 conve-
niently 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 cap-
ture the contribution to the double operator product expansion of intermediate “protected”
operators belonging to shortened representations. The real surprise arises when these results
are combined with the constraints of crossing symmetry. One then finds [36, 38] 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 impor-
tant 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 (conformal 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 + 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 N/ = 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 construction are precisely
the ingredients that define a two-dimensional chiral algebra.! Our main result is thus the
definition of a map X from the space of 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 explicit
space-time dependence correlating their SU(2)g orientation with their positions, see (2.27).
For the case of four-point functions 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 meromorphic 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 supercharge @ for any insertion point
on the plane. From this viewpoint, our construction is in the same general spirit as [44]
(see also [45]). These authors considered particular examples of correlators in NV = 4 super

'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 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.



Yang-Mills theory 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 [13, 14, 46], 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 theory, and the SU(2)g 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 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 algebra 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 determi-
nation of the protected part of four-point function of stress-tensor multiplets in the N' = 4
context [36]. 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 meromorphic operator J(z) := x[M] is the dimension-one
generating current of an affine Lie algebra gy,,, 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 interesting bounds on non-protected quantities, following the approach of [36]. We
present numerical bounds that arise for various choices of G in chapter 4. It is worth em-
phasizing that the protected part of the four-point function receives contributions from an
infinite tower of intermediate shortened multiplets, and without knowledge of its precise
form the numerical bootstrap program would never get off the ground. In theories that ad-
mit 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 indispensable 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 function, we are



able to derive new unitarity bounds that must be obeyed by the central charges of any
interacting /' = 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; 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 encoding 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
representation 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 dimensions as kqy = —%k4d, while the Virasoro central charge is proportional
to the four-dimensional conformal anomaly coefficient,? ¢y = —12¢44. A perhaps 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 associated 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 hypermultiplets and free
vector multiplets, which are associated to free chiral algebras. With the help of the general
gauging prescription, we can combine these ingredients to find the chiral algebra associated to
an arbitrary Lagrangian SCF'T. We also sketch the structure of the chiral algebras associated
to SCFTs of class &, which are generally non-Lagrangian. In several concrete examples, we
present evidence that the chiral algebra has an economical presentation as a WW-algebra,
i.e., as a chiral algebra with a finite set of generators [49]. We do not know whether all
chiral algebras associated to SCF'Ts are finitely generated, or how to identify the complete
set of generators 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 algebras are on sounder mathematical footing
than four-dimensional quantum 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

2There are two tensorial structures in the four-dimensional trace anomaly, whose coefficients are con-
ventionally 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 [47, 48].
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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 §2.2 we review the arguments be-
hind the appearance of infinite-dimensional chiral symmetry algebras in the context of two-
dimensional conformal field theories. We explain how the same structure can be recovered
in the context of N/ = 2 superconformal field theories in four dimensions by studying ob-
servables that are well-defined after passing to the cohomology of a particular nilpotent
supercharge 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 correspondence between N = 2 superconformal
models in four dimensions and their associated two-dimensional chiral algebras. We outline
some of the universal features of the correspondence. We further describe an algorithm that
defines the chiral algebra for any four-dimensional SCF'T with a Lagrangian description in
terms of a BRST complex. In §2.4, we describe the immediate 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 §2.5, 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 associ-
ated to four-dimensional theories of class S. We conclude in §2.7 by listing a number of
interesting lines of inquiry that are opened up by the results reported here. Several appen-
dices are included that review relevant material concerning the superconformal algebras and
representation theory used in our constructions.

2.2 Chiral symmetry algebras in four dimensions

The purpose of this section is to establish the existence of infinite chiral symmetry algebras
acting on a restricted class of observables in any A/ = 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
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of the four-dimensional superconformal algebra,?
s1(2) x s1(2) C sl(4]2) |

with the property that the holomorphic factor s(2) commutes with a nilpotent supercharge,

@, while the antiholomorphic factor sl(2) is exact with respect to the same supercharge. We
then characterize the local operators that represent nontrivial @-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 define 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.

2.2.1 A brief review of chiral symmetry in two dimensions

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= _az ) LO = _Zaz ) L+1 = _2202' ) (2 1)
E*l = _af ) EO = _285 ) E+1 = __282 ) .
which obey the usual s[(2) x s[(2) commutation relations,
[Ly1, L] =2Lo [Lo, La] = FLa (2.2)
(L1, L1 = 2L, (Lo, L1 = FLuy '

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 irreducible highest weight repre-
sentations of the global conformal group. Such representations are labelled by holomorphic
and anti-holomorphic scaling dimensions h and h of the highest weight state,

LO’w>h.w. = h‘w>hw s EO’w>h.w. = B\th ) (23)

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 §2.2.2. 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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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, 2)
which obeys a meromorphicity condition of the form

0:0(2,2) =0 = O(z,2) :=0(2) . (2.4)

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

271

0, - f 42 wth10(y) | (2.5)

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. [49]. This is the power of meromorphy in two dimensions: an infinite dimensional
symmetry algebra organizes 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 conformal 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),

- o (2.6)
0.T::(2,2) =0 = Tis(2,2) :=T(2) .

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 OT (w)

T(2)T(w) ~ (z —w)? * (z—w)? (z—w)’

(2.7)

which implies that the associated conserved charges obey the commutation relations of the
Virasoro algebra with central charge c,

dz ¢
Ly, = %%Zﬂ+lT(z) ) [Lm7 Ln] = (m - n)Lern + Em(mZ o 1>5m+n,0 : (28>

Similarly, global symmetries can give rise to conserved holomorphic currents J2(z, z) =:
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JA(z) with (h,h) = (1,0). The self-OPEs of such currents are fixed to take the form

koAP ; $ABC Jc(w)
(z —w)? - ; / (z—w)’ (2:9)

JA2)JB (w) ~
with the structure constants f4Z¢ those of the Lie algebra of the global symmetry. The

conserved charges in this case obey the commutation relations of an affine Lie algebra at
level k,

271

d
JA = 7{ Lo JAR),  [JA TP = > ifABCIC  +mk 646 0 (2.10)

C

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 CF'T will include non-meromorphic oper-
ators that reside in modules of the chiral algebra of the theory. In the generic case in which
the chiral algebra is the Virasoro algebra, 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 discussing the most basic version. Henceforth, by chiral algebra we will mean the
operator product algebra of a set of meromorphic operators in the plane.* 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 (2.5) 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

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.
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variable then produces the infinity of conserved charges in (2.5).5

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,

s[(2) x sl(2) C so(d+2) . (2.11)

These correlation functions will be largely indistinguishable from those of an authentic two-
dimensional CF'T, and if one could locate operators that were chiral with respect to this
subalgebra, then the arguments of §2.2.1 would go through unhindered and a chiral sym-
metry algebra could be constructed that would act on R2-restricted correlation functions.
However, a local operator that transforms in the trivial representation of either copy of s[(2)
in (2.11) will necessarily be trivial with respect to all of so(d + 2). As such, the only “mero-
morphic” 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 sim-
ple fact that the higher dimensional conformal algebras do not factorize into a holomorphic
and anti-holomorphic part: any two s[(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 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,

{Qa,O(2)] =0, a==+. (2.12)

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 singularities of codimension greater than one in a
meromorphic function of several variables. This has been overcome in, e.g., [50, 51] 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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The translation generators in R* are exact with respect to the chiral supercharges,

Pao'z - {Qaa @d} ) (213>

and consequently, via the Jacobi identity, the derivative of a chiral operator is also exact,
[Pada O(x)] = {Qa; O,(‘r” . (214)

Because the chiral supercharges are nilpotent and anti-commute, the cohomology classes of
chiral operators with respect to the supercharges (), are well-defined and independent of the
insertion point of the operator. Schematically, one can write

[0i(2)]q. =0 . (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 operators have the excellent property
of being independent of the positions of the operators,

(O1(21)Os(3) . .. On () = ([O1(21)][O(22)] . . . [On(z0)]) = (O1O5...O.) . (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 s[(2) x s[(2) 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) C sl(4]2) ,

along with a privileged supercharge ® for which the following criteria are satisfied:
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e The supercharge is nilpotent: Q2 = 0.

e s[(2) and sl(2) act as the generators of holomorphic and anti-holomorphic Mdbius
transformations on a complex plane C C R%.

e The holomorphic generators spanning s[(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: s[(2|1) x s[(2|1), which is the symmetry algebra of an N' = (2,2) SCFT in two
dimensions, and s[(2) x s[(2|2), which is the symmetry algebra of an N' = (0,4) SCFT in
two dimensions. One easily determines that the first subalgebra cannot produce the desired
structure; we proceed directly to consider the second case.

The four-dimensional N' = 2 superconformal algebra and the two-dimensional N' = (0, 4)
superconformal algebra are summarized in Appendix A. 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

The generator of rotations acting within the fixed plane is the orthogonal combination,
M= M T M (2.18)

In more conventional terms, we are picking out the plane with 1 = zo = 0. Introducing
complex coordinates z 1= w3 + ixy, Z := x3 — i1y, the two-dimensional conformal symmetry
generators in s[(2) x s[(2|2) can be expressed in terms of the four-dimensional ones as

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

_ - . _ (2.19)
L_lzpf;, L+1:]C__, 2L0:H—M

The fermionic generators of sl(2) x sl(2]2) are obviously all anti-holomorphic, and upon
embedding are identified with four-dimensional supercharges according to

QT=0r, 0;=0Q;, &=8, &=85", (2.20)

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

Z=r+ M+, (2.21)

where 7 is the generator of U(1),.
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Amongst the supercharges listed in (2.20), one finds a variety of nilpotent operators. Any
such operator will necessarily commute with the generators Ly and Lo in (2.19) since all
of the supercharges do so. The requirement of Q-exact anti-holomorphic Mdébius transfor-
mations is harder to satisfy. In fact, up to similarity transformation using generators of the
bosonic symmetry algebra, there are only two possible choices:

@13:Q1+g2, @21251—é2,

- ~ (2.22)
Q=8 +Q, Byi=0Q -8

Interestingly, @; and Qs give rise to the same Q-exact generators of an anti-holomorphic
s[(2) algebra,

{@uél} = {@27—Q2} = L,+R = L_,
(@,,8) = {Q,,8%} = La-R" = L, (2.23)
(@,.0]} = {@,,ql} = 2L—-R) = 2L,.

In addition, the central element of s[(2|2) is exact with respect to both supercharges,

Note that while J(Q\) 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 sl(2)g
twist of s[(2)® Because the relevant real forms of the s[(2) conformal algebra and s[(2)g
are different, the generators of 5A[( 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 L1 Y F Lﬂ 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 @-cohomology,
at which point all of the objects of interest will effectively be invariant under the action of

—

s[(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 @;-cohomology
classes. For the purposes of the present work, we are restricting our attention to local
operators in four dimensions; the inclusion of non-local operators, such as line or surface

6In light of this, we may understand the absence of a similar construction using the s[(2]|1) x sl(2|1)
algebra as a consequence of there being no s[(2)g with which to twist. Similarly, our construction does not
extend to N' = 1 superconformal theories since they only have an abelian R-symmetry.
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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 @,;-cohomology class. In particular, we will derive the conditions under which
an operator O(z) obeys

{@;,000)] =0,  0O(0) #{Q;,0'(0)] , (2.25)

for + = 1 or i = 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;-ezact, an operator satisfying (2.25) must
lie in the zero eigenspace of both charges. In terms of four-dimensional quantum numbers,
this means that such an operator must obey”

sE=(i+5)-R=0, 7+(i—j)=0, (2.26)

where E is the conformal dimension/eigenvalue of #, j; and j, are s[(2); and s[(2), Lorentz
quantum numbers/eigenvalues of M, " and M +» and R is the sl(2)p charge/eigenvalue of
R. As long as the four-dimensional SCFT is unitary, the last line of (2.23) implies that
any operator with zero eigenvalue under EO must be annihilated by @; and @ZT» for both
i =1 and ¢ = 2. The relations in (2.26) 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 [13], suggesting that the cohomology will be non-empty in any nontrivial
N = 2 SCFT. We will refer to the class of local operators obeying (2.26) 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 supersymmetric theory;,
which are annihilated by a given Poincaré supercharge regardless of the insertion point, for
operators to be annihilated by the @; when inserted away from the origin requires that they
acquire a more intricate 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
S appearing in the definitions of the ®;. 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 (Di-cohomolog\class. Within the 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 L_; is a @; anti-commutator and the holomorphic

In fact, the second relation in (2.26) follows from the first as a consequence of unitarity and the four-
dimensional superconformal algebra (see §2.3.1). We list it separately here since it is an algebraically inde-
pendent constraint at the level of the quantum numbers.
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translation generator L_; is @Q;-closed, we can define the twisted-translated operators
O(z,2) = L1 +2L1 O(0) e b1 | (2.27)

where O(0) is a Schur operator. One way of thinking about this prescription for the transla-
tion 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 con-
struction, 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 holomorphically,

0z = O(). (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 s[(2)g representation (this fact will be explained
in greater detail in §2.3). If we denote the whole spin k representation of s[(2)p as Q%172 22k
with Z; = 1,2, then the Schur operator at the origin is O''1(0), and the twisted-translated
operator at any other point is defined as

O(2,2) := uzg,(2) --- ug, (2) OB (2, 7) ur(z) := (1, 2). (2.29)

At any given point (z,z), this is a particular complex-linear combination of the different
elements of the sl(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.®

2.2.4 A chiral operator product expansion

The most efficient language for describing chiral algebras is that of the operator 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, 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 given in (2.29), the OPE of these two operators

8For N' = 4 SYM, a similar contraction of the SU(4)g indices with position-dependent vectors was
studied in [44]. The twists considered in that paper are different, and do not give rise to meromorphic
operators and chiral algebras.
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should take the form

2R1+R2*Rk
O1(2,2)05(0) = zk: Mok T 0,(0) , (2.30)
where the 1+ 2= % in the numerator comes from the explicit factors of Z appearing in (2.29),

and Ry is the R-charge of the operator Ok. 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—(j1+j2)

h :
2 2

(2.31)
Though the OPE does not look meromorphic yet, we are already well on our way. The left
hand side of (2.30) is Q;-closed for any (z, z), with the z 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
Ok (0) is a Schur operator, while the second will consist of the remaining terms, for which
the operator Of(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:

O1(2,2) 05(0,0) = A0 0) 4 {a,. ] (2.32)

~hitha—hy
kschur
From the four-dimensional construction, we expect this OPE to be single-valued, which
implies that hy + 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 @;-cohomology classes the OPE stays well-defined and the Q;-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 Q and Q of the hypermultiplet are Schur operators,
and the corresponding twisted-translated operators take the form

q(2) =[Q(2,2) +2Q" (2. Da . 4(2) =[Q(2,2) —2Q" (2, 2)a - (2.33)

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

q(2)q(w) ~ regular , G(2)q(w) ~ regular ,
1 1 (2.34)

q(z)q(w) ~ T’ q(2)q(w) ~ -

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 §(z). Because these operators both have
R = 1/2, there can be no nonzero correlation functions in the chiral ring. The existence
of nontrivial correlation functions in the chiral algebra described here follows precisely from
the presence of subleading terms in the Z expansion (2.33) with SU(2)r quantum numbers
of opposite sign relative to the leading term.

Having established existence of nontrivial @-cohomology classes with meromorphic OPEs
and correlators, we now take some time to develop the dictionary between four-dimensional
SCF'T structures and their two-dimensional counterparts.

2.3 The SCFT /chiral algebra correspondence

For any four-dimensional N' = 2 superconformal field theory, we have identified 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.

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 s[(2) conformal symmetry
algebra to a full fledged Virasoro algebra. In other words, for any SCFT T, we find that
X[ T ] 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 = —1204d .

In particular, this implies that when 7 is unitary (which we always take to be the case),
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X[ T ] 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 cannot 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 dimensions whose corresponding chiral operator will necessarily be
generators. In particular, operators that are A’ = 1 chiral and satisfy the Schur shortening
condition form a ring which is a consistent truncation of the N/ = 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 associated chiral al-
gebras. 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 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[7g]| 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-dimen-
sional 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
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computes correlation functions of operators that define nontrivial cohomology classes of the
nilpotent supercharges Q;. Such operators are obtained by twisted translations (2.29) of
Schur operators from the origin to an arbitrary point (z, Z) on the plane. A Schur operator
is any operator that satisfies

L, 0] =0 <= LWE-(i+j)-R=0, (2.35)

Z2,0] =0 = r+ji—Jj2=0. (2.36)

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 definition of the @;, i.e.,

[Q1,0(0)] = [Q4:,0(0)] =[S, 0(0)] = [*,0(0)] = 0. (2.37)

This follows from the hermiticity conditions Q' := S; and Q;; =8 in conjunction with
the relevant anticommutators from Appendix A,

{Ql_,QlT}ZZO—%Z, {QQ-,Q;}=EO+%Z. (2.38)
It follows immediately that the state O(0)]0) is annihilated by all four supercharges if and
only if its quantum numbers obey (2.35) and (2.36). Actually, (2.38) implies the additional
inequality
Lo > |—‘§| : (2.39)

from which we may conclude that imposing only (2.35) is a necessary and sufficient condi-
tion 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 generator. 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)s Lorentz symmetry representa-
tion, carrying the largest eigenvalues for j; and jo. The index structure of a Schur operator
is therefore of the form O

From the definition of L in (2 19) and (2.35) we find that the holomorphic dimension A
of a Schur operator is non-zero and fixed in terms of its quantum numbers,

h=3i(E+h+j)=R+j+7j. (2.40)

This is always a half integer, since R, j; and j, are all SU(2) Cartans. It follows from
(2.36) and (2.40), in conjunction with the non-negativity of j; and js, that the holomor-
phic dimension of a Schur operator is bounded from below in terms of its four-dimensional
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Multiplet | Oschur h r Lagrangian “letters”

Br pitt R 0 Q. Q

Drwj,y | QL1 R+jy+1 i |Q.Q N

Drjr.0) QL wit- R+j1+1 —j1—3|Q, Q, AL

Crings) | QLQYUYl o | Rt jitjo+2 | ja—hi | D},Q, D1,Q, DAL,
Dy

Table 2.1: This table summarizes the manner in which Schur operators fit into short mul-
tiplets of the N' = 2 superconformal algebra. For each supermultiplet, we denote by ¥ the
superconformal primary. There is then a single conformal primary Schur operator Oscnur,
which in general is obtained by the action of some Poincaré supercharges on ¥. We list
the holomorphic dimension h and U(1), charge r of Ogepye in terms of the quantum num-
bers (R, ji1,j2) that label the shortened multiplet (left-most column). We also indicate the
schematic form that Ogqy,, can take in a Lagrangian theory by enumerating the elementary
“letters” from which the operator may be built. We denote by () and Q the complex scalar
fields of a hypermultiplet, by AZ and Xg the left- and right-moving fermions of a vector
multiplet, and by D, the gauge-covariant derivatives.

R-charges,
h=R+ji+j22R+j1—j|=R+]|r|. (2.41)

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 superconformal algebra.
The complete list of possible shortening conditions is reviewed in Appendix B. In the nota-
tions of [52], the superconformal multiplets that contain Schur operators are the following,

A

Br, Droj)s Driioy> Cri) - (2.42)

For the purpose of enumeration, it is sufficient to focus on those Schur operators that are
conformal primaries. Given such a primary Schur operator, there is a tower of descendant
Schur operators that are obtained by the action L_; = P, = —0, ;. It turns out that each
of the supermultiplets listed in (2.42) contains exactly one conformal primary Schur operator.
In the case of BR, 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
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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 shortening condition because the supercharges have the same SU(2)g
weight, and thus anticommute with each other. No analogous shortening condition exists in
an N = 1 supersymmetric theory, because the anticommutator of opposite-chirality super-
charges necessarily yields a momentum operator, which annihilates only the identity.

Although the most general Schur operators, which are those belongmg to C R(j1.j») mul-
tiplets, may seem somewhat exotic, the Schur operators of type BR, Dro,j,) and DR (j1,0)
are relatively familiar. Indeed, they can be understood as special cases of conventional
N =1 chiral or anti-chiral operators. Let us focus for the moment on the A = 1 Poincaré
subalgebra that contains the supercharges

2. Qui. (2.43)

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 annihilated by both spinorial components
of the anti-chiral supercharge Q,4, & = &. These operators have j, = 0, and a quick glance
at Table 2.1 tells us that they are Schur operators of types Bg and @R(jho). These operators
saturate the inequality (2.41), with r = —j; < 0 for Dp(j,0) and r = 0 for the Br. 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 operators. 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 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 \! +, which are the bottom
components of the field strength chiral superfield W,. In the full N = 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 A/ = 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 Br and Drgo,j,)- These operators are annihilated by chiral
supercharges Q! o = 4, and are thus N' = 1 anti-chiral with respect to the N' =
subalgebra that is orthogonal to (2.43). Schur operators of type Br belong to both HL
rings — these are half-BPS operators that are annihilated by both Q! and égd. 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
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and are lifted from the A/ =1 chiral ring at one-loop order [13]. 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:

° 60(0’0): 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)x current: J}rl+ of

° (A,’O(jm): 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 SCFT must contain a decoupled free sector [53]. Requiring the absence
of these higher spin multiplets will lead to interesting unitarity bounds for the central
charge of interacting SCFTs in §2.4.

A

e BB 1 This is the superconformal multiplet of free hypermultiplets.

A

e 3;: Flavor-current multiplet. The superconformal primary is the “moment map” op-
erator M%7 which is a scalar operator of dimension two that is an SU(2)p triplet,
is U(1), neutral, and transforms in the adjoint representation of the flavor group G.
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 JZ, that gener-
ate the continuous “flavor” symmetry group Gg 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 B, it
is absolutely protected: JI, remains conserved on the entire conformal manifold of the
SCFT.?

e Dy,0) D 17)0(0,0): This is the superconformal multiplet of free N' = 2 vector multiplets.

® D1 ® 1_)% (0,00 ‘Extra” supercurrent multiplets. The top components of these mul-
tiplets are spin 3/2 conserved currents of dimension A = 7/2 (/43 and Japs). They
generate additional supersymmetry transformations beyond the AN = 2 superalge-
bra in question. In particular, in the N' = 2 description of an N' = 4 SCFT, one
finds two copies of each of these multiplets transforming as a doublet of the “Havor”
SU(2)r C SU(4)g that commutes with SU(2)g x U(1), C SU(4)g. The Schur opera-
tors have A = 5/2, and have index structure Of and OY'. In N = 4 supersymmetric

9The only other supermultiplet that contains a global flavor symmetry current is @0(%)%). 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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Yang-Mills theory, these are the operators Tr q}S\fr and Trg;f AL, where i = 1,2 is the
SU(2)F 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 §2.2.3 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 two-dimensional chiral operator via the following series of specializations:

(’)_1%‘:."1++m+(x) Schur operator
l
O(z,2) 2 uz, (2) - - ug,, (2) OB T2R) (7 %) Twisted-translated Schur operator
l
[O(z,2)]q Chiral cohomology class
l
O(z) Two-dimensional chiral operator

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

_ 11
O(Z) - X[O+-.-++...+] 9

where sometimes we will be lax about the argument of the x map and allow Oi.’.’.ﬂr 1. tobe

replaced by the more generic form of the operator Ogiﬁfi’; iy Our first task will be to

understand the chiral operators that are related to certain characteristic Schur operators of
a four-dimensional theory. In doing so we will discover some interesting and generic features
of this correspondence.

Virasoro enhancement of the s[(2) symmetry

The holomorphic sl(2) algebra generated by {L_1, Lo, L1} is a manifest symmetry of the
chiral algebra. Remarkably, this global conformal symmetry is enhanced to the full Virasoro
algebra. The Virasoro algebra is generated by the modes L,, n € Z, of a holomorphic
stress tensor of dimension two 7T'(z). Surveying Table 2.1, we find a suitable candidate that
is present in any theory 7: the Schur operator belonging to stress tensor multiplet (:’0(070).
One should note that the Schur operator in this multiplet is not the four-dimensional stress
tensor, but rather the component J3'; of the SU(2)g current JET
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The corresponding twisted-translated operator is defined as follows,
Jr(z,2) == uz(Z) uz(2) Jf{(z,z) . (2.44)

Per the discussion of §2.2, we identify the cohomology class [Jr(z, Z)]g, with a dimension
two meromorphic operator in the chiral algebra x[7T ],

Ty(2) =& [Tr(2 2. - (2.45)

We provisionally include the subscript J as a reminder of the definition (2.45); 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 TT OPE.

The two- and three-point functions of the R-symmetry current with itself are fixed by
N = 2 superconformal invariance in terms of a single parameter cyq, which is one of the two
conformal anomaly coefficients (the other being ayq). Starting from the OPE of two SU(2)g
currents [54],

N 3Cuq KT ) 2, — 22,7, N 2i 7, - JKET)E)

T2 () ) (0) 4o, (2.46)

47t a8 72 xb
we find the following OPE of twisted-translated Schur operators,

3C4d 1 jR(O, 0)

Comid p2 2
1 ugugJ*(0) 5 JA(0) 4 ,J*(0)

——E——— 4
2 23 2 22 2 23

Jr(2,2)Jr(0,0) ~

I

oL (247)

Because the last three terms have non-zero EO eigenvalue, they are guaranteed to be Q;-exact.
Upon setting k = —272, we find the following meromorphic OPE for T7,'°

—6 27170 oT 7(0
C4d+ J()+ J()

Tj(z) Tj<0) ~ A 52 e

(2.48)

Happily, we recognize in (2.48) the familiar two-dimensional 77" OPE with central charge
Coq given by
Cod — —12 Cad - (249)

10The term corresponding to the simple pole does not immediately follow from the OPE given in (2.47).
In particular, though the presence of 977 (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 (T.7770O).
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 ¢4y > 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 7'7(z) will have
the correct OPE with operators of the chiral algebra. In other words, the assertion that
T7 acts as the stress tensor of the chiral algebra means that the “geometric” sl(2) gen-
erators {L_1, Ly, L1} defined by the embedding (2.19) 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 T7(z). It would be sufficient 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, 0(0)] =0 . (2.50)

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 7’7 OPEs take the form

0 hO®©) , 90()

23 22 z

: (2.51)

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 (2.51) to be a
universal consequence of superconformal Ward identities. It is thanks to the relation for the
conformal dimension h = R+ j; + j» that the SU(2)g current can reproduce the appropriate
scaling dimension, and the absence of additional operators should be excluded by selection
rules for three-point functions of Schur-type superconformal multiplets. 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 (2.51) 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 structures corresponding to free field models, which is empirically
the case in all analogous situations with which the authors are familiar.

Affine enhancement of the flavor symmetry

We next turn to the role played by the flavor symmetries of 7 in the associated chiral
algebra. When T enjoys a flavor symmetry G, the corresponding conserved current J,g
is an element of a B supermultiplet, which additionally 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 Gr symmetry to make itself known via the chiral operator associated to the moment
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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)uz(Z2) M* (2,%) , J(2) == k[M(z,2)|q (2.52)

The normalization constant x will be determined momentarily. The meromorphic operator
J(z) has holomorphic dimension h = 1. We have suppressed 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 Gy dimension one currents J#(z) 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, recall that the central charge k4
of the flavor symmetry is defined in terms of the self-OPE of the conserved flavor symmetry
current as follows,

3k4d5AB g — 22,7, N 2 z,x, fAB% - JC(0)

474 8 72 20

A B
J (x) J(0) ~ +oeee (2.53)
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 [54]. In the same conventions, the
OPE of two moment maps reads

3k74d 6IC(IEJ)E&ZAB \/§ fABCMC (I(Keﬁ)j)

48h x4 e 22 T (2.54)

MAIJ(I,>MB /Cﬁ(o) ~
The OPE for the corresponding twisted-translated operators follows directly,

kit 647 V2 . fABCMC(O,O)jL V2 z

A, \1/B _ ABC 3 sC21 (% | .

where the last term is Q;-exact. Setting k = 2\/§7r2, we recognize the canonical current

algebra OPE,!!
A B o4 . cABC
J (Z)J (w) ~ k‘gdm + zczlf
where the two-dimensional affine level ko4 is related to the four-dimensional flavor central
charge kyq by

J¢ (w) |

Z—Ww

(2.56)

kaq
kog = —— . (2.57)
2
HTn two dimensions it is standard to define a convention-independent affine level kog as kog 1= %,

where l%gd is the level when the length of the long roots are normalized to be 6. In our conventions 2 = 2
and so kog = kog.
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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 x[7T | associated to a given T in terms of a set of generating
currents. Generators of a chiral algebra are by definition those s[(2) primary operators
{0, } for which the normal ordered products of their descendants, i.e., operators of the form
0" 0,0™0, . ..0" Oy, span the whole algebra!? 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[7 ]. There turns out to be a subset of
generators that is always relatively easy to identify. Recall from §2.3.1 that the HL chiral
and anti-chiral rings are consistent truncations of the A/ = 1 chiral and anti-chiral rings
of T, respectively. As such, they are commutative rings, and it is often possible 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 algebra 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, ) be
two generic twisted-translated Schur operators, and let us assume that their OPE contains
an HL operator O,

1 HL
T O3 0,00+ (2.59)

O1(z,2) O2(0,0) ~

By assumption, hy = R3 + |r3|, while (2.41) implies that hy > Ry + |r1|, he = Ry + |ra|. The
U(1), charge is conserved, so r3 = 1 +7rg and |r3| < |r1|+|r2|. Furthermore, SU(2)g selection
rules imply the triangular inequality R3 < R; + Ry. Combining these (in)equalities, we find
that hs < hy+ hs, which implies that an HL operator may only appear on the right hand side
as a singular term (if hg < hy+hs) or as the leading non-singular term (if hy = hy +hy). The
latter possibility requires that O; and O, saturate the respective bounds (2.41) for h; and
ho, which is to say that they themselves must be HL operators. This argument establishes

12We are adopting the normal ordering conventions of [55], in which a sequence of chiral operators
represents left-nesting of conformally normal-ordered products:

0103010, := (01(02(' o (Onflon)))) . (2'58)

The algebra of operators so-defined is non-commutative and non-associative.
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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 mero-
morphic stress tensor with an arbitrary HL operator. In particular, let O;(z) be the mero-
morphic operator associated to an HL operator in four dimensions. The quantum numbers
of O; obey the HL relation

hl = R1 + |T’1| . (260)

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 r = 0 and R = 0, 1. Consequently, in the OPE of the meromorphic stress tensor with
01(0), the only operators that may appear will have R = Ry £ 1 or R = Ry and r = ry.
With what power of z can such an operator appear in the OPE? A Schur operator O, (0)
with R = Ry + v and M = |r{| 4+ 2min(j, j») will appear in the OPE as

0,000 0,0

~2+Ri+[r1|[-R—M — ,2—y—2min(j1,j2)

T(2)0,(0) > (2.61)

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 sl(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.
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Free hypermultiplets

Let us consider the field theory of a single free hypermultiplet. The hypermultiplet itself lies
in the short supermultiplet B 1 in which the primary Schur operators are the scalars ) and

Q These are the highest weight states in a pair of SU(2)g doublets,

Qf = @ . QF = ¢ : (2.62)

o) -Q

The single free hypermultiplet enjoys an SU(2)p flavor symmetry, under which Q% and QF
transform as a doublet. To work covariantly in terms of this SU(2)r, we can introduce the
following tensor,
o= 9 9 ). (2.63)
Q" Q"

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

The Schur operators in this free theory are all the “words” that can be constructed
out of the “letters” {Q,Q,0 .. }. As there are no singularities in the products of (0,
derivatives of) @ and @, 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 hypermultiplet 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 operators for the hy-
permultiplet scalars themselves are defined as follows,

Qf('Z?z) = UI<2) Q%(Z, 2) ) Qf(z) = [Qf(z72>]fﬂi : (264)

The relation to the operators defined in §2.2.4 is ¢;(z) = (¢(2),¢(2)). 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 definition of the twisted translated operators in
(2.64),

q3(2) g5 (w) ~ ;ijw . (2.65)

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 de-
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scendants. In particular, one can show that the following diagram commutes,

{Oz ,Oj} % OZO]

m’l l@i , (2.66)

{{0],[0}]} ——:[0i][0)] :

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 identification of a Schur operator with its meromorphic
counterpart in the chiral algebra. It follows that the meromorphic operator associated to any
given word in (0, jderivatives of) () and @ is simply the corresponding creation /annihilation
normal ordered product of (holomorphic derivatives of) ¢ and §.

The chiral algebra of the free hypermultiplet is thus none other than the free symplectic
boson algebra (cf. [56]). 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,

T = 25, 5,

() = 5 4s045(2) (267)
and it is easy to check that the modes {L.1, Lo, L_1} appearing in Laurent expansion of
(2.67) reproduce the action of the holomorphic sl(2) symmetry inherited from four dimen-
sions. 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 (@) ~ QY 9,Q7 () (2.68)

The corresponding meromorphic operator T'7(z) will be equivalent to the canonical stress
tensor,

T(z)=T7(z) . (2.69)

From the T'T" OPE we read off the central charge ¢y = —1. Recalling that the conformal
anomaly coefficient of a free hypermultiplet is c4q = 1/12, this result is in agreement the
universal relation coq = —12c¢4g. 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 hypermultiplets. Gauge
theories with N' = 2 supersymmetry are often described in terms of half-hypermultiplets
instead of whole hypermultiplets. The generalization of the chiral algebra to the half-

13We will see when we come to consider interacting theories in §2.5 that product structures on Schur
operators do not always translate so simply into those of the chiral algebra.
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hypermultiplet conventions is straightforward. Let us consider half-hypermultiplets trans-
forming in a pseudo-real representation R of some symmetry group G (at the moment we
are working at zero coupling, so G is just a global symmetry group). The corresponding
chiral algebra will be generated by dim R meromorphic fields,

g, i=1,...,dimR (2.70)

and the singular OPE of these operators will be given by

z—w

¢i(2)g;(w) ~ (2.71)
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 hypermultiplet in (2.65) 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 1_)0(0,0) and its conjugate Dy(o,0), whose superconformal
primaries are the complex scalar ¢ and its conjugate ¢, respectively. The primary Schur op-
erators in these multiplets are the fermions )\1+ and S\L, 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 A1, ;\fr, and 0 ;.

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

Az, 2) = ur(2) M(2,2), Az, 2) = uI(Z)S&(z,Z) ) (2.72)
and the Q;-cohomology classes of these operators are Grassmann-odd, holomorphic fields of
dimension h =1,

AM2) =AMz AR) =Mz 2, - (2.73)

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:

- - 1

A)A0) ~ =, A()A0) ~ —— . (2.74)
z

Indeed, the free-field form of these OPEs leads to an analogous commutative diagram to

(2.66), which ensures that all the meromorphic operators in this theory are generated by

A(z) and A(z) in the chiral algebra sense. We can recognize this chiral algebra as the (b, ¢)
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ghost system of weight (1,0),'
Ai=b(2), Az):=0c(z) . (2.75)

In making this identification, we have introduced an extra spurious mode — the zero mode
¢o 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
Oc(z) (cf. [57, 58]). In other words, the Fock space of the small algebra is the subspace of
the (b, c¢) Fock space that does not contain ¢y, or equivalently, the subspace annihilated by
bo,

Fsmall = {w S Fbc | bo@/) = 0} . (276)

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 introducing the notation p® with
a = =+, where pt = 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,

P (2) p7(0) ~ — . (2.77)

As in the hypermultiplet case, the action of the {L,, Ly, 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 (x) | (2.78)

we see that the canonical stress tensor coincides precisely with the dimension two current
T'7 obtained from the R-symmetry current by the usual map,

1
T(2) = — 52000 (2) = Ty (2) (279)
The central charge of the (b, ¢) ghost system/small algebra is ¢y = —2, which can be seen

to agree with the relation (2.49) upon recalling that ¢y = % for a free vector multiplet.

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 elementary building blocks (see

1Recall that the derivative of a dimension zero conformal primary field — ¢(z) in this case — is again a
conformal primary.
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[11] for a recent classification of all possibilities). In particular, such an SCEFT consists of
vector multiplets transforming in the adjoint representation of a semisimple gauge group
G = Gy X G-+ x Gy, along with a collection of (half)hypermultiplets transforming in
some representation 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 {q, ¢} in the representation R, and a collection of (b,c) ghost small
algebras in the adjoint representation of G. When the gauge couplings are strictly zero, the
chiral algebra is simply obtained by imposing the Gauss law constraint, ¢.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 NV = 2 SCFTs, it is
worthwhile to put the discussion in a more general context. Given a general superconformal
field theory T 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 75.'> 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 J2, ) where A = 1,...dim G, which by N = 2
supersymmetry is the top component of the moment map supermultiplet Bi. The gauged
theory T is described by minimally coupling an N = 2 vector multiplet to B,. Of particular
importance is the addition to the action, in A = 1 notation, of the superpotential coupling

g / d*0 A M™MA + hc., (2.80)

where ® is the A/ = 1 chiral superfield in the ' = 2 vector multiplet, and M is the N' =1
chiral superfield whose bottom component is the complex moment map M*!!; both transform
in the adjoint representation of G.

Let us assume that the chiral algebra x[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 J#(z) at level
kog = —%kzld (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[7T] with the G-ghost small algebra (p*, p7). In fact, it will be more useful to
introduce the full (b, ¢) system and restrict to the small algebra by imposing the auxiliary
condition b5y = 0 for any state .

15More 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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The affine current associated to the G symmetry in the ghost sector is
Jo = —1 fAPC(PrC) (2.81)

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 sym-
metry current,

J2(2) = J42) + Jgﬁ‘l(z) . (2.82)

Symbolically, we can therefore define the chiral algebra at zero gauge coupling as follows:
0
X[TE") = {0 € X[T] @ (0", ) |60 = T3, ot = 0} (2:83)

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 multi-
plets 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 phe-
nomenon 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

fug = 4RY (2.84)

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

kiog = —2h" . (2.85)

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 JZ, 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 [59], we define

dz . ) 1
(BRsT = %JBRST(Z) ,  JBRST ‘= Ca [JA + 5@%} : (2.86)

39



Our contention is that the chiral algebra corresponding to the gauged theory at finite coupling
is obtained by passing to the cohomology of Qprsr relative to the ghost zero modes by ,'6

X[T6] = Hipsrl € X[T] @ (0%, ¢) | bw = 0]. (2.87)

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 Qgrst
correspond to the four-dimensional Schur states that survive in the interacting theory. By
construction, all states of X[’TCSO)] are annihilated by the four supercharges in (2.37). As
we turn on the gauge coupling, those supercharges receive quantum corrections, and only a
subset of states remains supersymmetric. We will see that ()grst precisely implements 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 automatically. Because

{08, Qersr} = J2. 0, (2.88)

states in the small algebra that are (Qgrsr-closed are automatically gauge invariant. Conse-
quently, we have the simpler expression,

X[7e] = Hipsr X761 - (2:89)
We can rewrite Qgrst and separate out the ghost zero modes,
QursT = € Sl o + U0 X+ Q7 (2.90)
where we have defined
XA .— _%fABC (Z B O —cOBCOC> : (2.91)
n#0

while Q~ anticommutes with both ¢ and b3 and can thus be expressed purely in terms of

(p™ 07, ' . :
- —A7A v rABC ~A_—B_+C
= - J 4= — D 2.92
Q n%éo" Pondn 5 f n%éo PP Prm (2.92)
m7#0
m#n

The operator Q~ fails to be nilpotent by a term proportional to J7, , so it is nilpotent when

16Tn other terms, the BRST cohomology is being defined entirely in the small algebra: two Qgrsr-closed
states belong to the same cohomology class if and only if they differ by an exact state QgrstA, where X is
also in the small algebra.
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acting on gauge-invariant states. It follows that (2.88) can be equivalently written as
X[Te] = Hy-lb € X[T] @ (0™, p~) , with Jig o0 = 0] . (2.93)

This is the form of our conjecture that makes more immediate contact with four-dimensional
physics. We will show that the action of ()~ precisely matches to the action of Qél;), the

O(g) term in the expansion of the supercharge Q- ,
Q- = QP + 90 +0(¢?) . (2.94)

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

1 1 1
+ . . +AJA 4 ABC - . +A +B —-C . 2.95
Qti=D = TIPS (2.95)
n#0 ni(())
z;én

In complete analogy, the action of Q1 will be shown to be isomorphic to that of Ql,(l),
the O(g) term in the expansion of Q. The two Poincaré supercharges Q! and QQ; play a
completely symmetric role in the definition of Schur operators. The fact that (JgrgT contains
Q™ rather than Q% is a consequence of our choice (2.75), which treated A and \in a slightly
asymmetric fashion.

Fortunately, to leading order in the gauge coupling the action of the relevant super-
charges 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 T, 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”.'” Tt is then sufficient to specify the SUSY variations of the letters:

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

T.
2. For the gauge-covariant derivative D, ; := 0, ; + gA_
QY. D, ] =g\, [Qy,D,]=g\ | (2.96)

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

17For 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 [60].
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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 By,

{0, ML) = {Q', ML) = FU = gMt (2.97)
{é2$a)‘}|-} = {Ql_,j\i_}:[),

where F'' is the highest-weight of the SU(2)g triplet of auxiliary fields in the N' = 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 super-
charges, {Q;l;), (Q;IJ)T, Ql,(l), (Ql,(l))T}. Equivalently, it must define a nontrivial cohomology
class with respect to éélj and Ql,(l). Conveniently, the recombination rules for shortened
multiplets of Schur type (c¢f. Appendix B) 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:

CR+%(J'1—%,J2) 50

CR(ji.j2) CR+1(J'17%,J'2,%) (2.98)
C

R+1(j1,52—1%)

In the diagram, we are labeling Schur operators by the name of the supermultiplet to which
they belong.!® 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;lj exact or not éélj closed, respectively.
The other cases can be treated analogously.

Under the 4d/2d identifications

Q) =@, Q=@ D=, No—p Mot (299)

18In an N = 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 (2.80).
19To include all possible recombinations, we must formally allow j; and j» to take the value —5 as well,

and re- mterpret aC multiplet with negative spins as a B, D or D multiplet, according to the rules:
Crijr~2) = Dre 1010 Cr(-1.52) = Pri 30,32 Cr(-3,-3) 7= By,
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one easily checks that (2.92) and (2.95) have precisely the right form to reproduce the action
of the O(g) correction to the four-dimensional supercharges. Thus, the BRST cohomology
specified in (2.87) 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 combinations of the HL operators of 7 and
the gaugino )‘1+' The operators that are lifted from the spectrum at one-loop will be those

that are related by the corrected supercharge é;lj, whose action in this sector is completely
determined by (2.97). The problem of finding the HL operators in the spectrum 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 §2.5 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 coefficients of the remaining physical
operators in the gauged theory. Our implicit assumption has been that the OPE coefficients
of operators that remain protected 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 dimensions. Indeed, such a non-renormalization
theorem directly follows from the methods and results of [61]. 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,

(07 (1) 03 (22) O3 (23) Or(24) ), (2.100)

where Z = (ZW ... ZW) with T = 1,2 are SU(2) 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 x; 23 all lie on the plane. By a conformal transformation, we can always take
the fourth operator to lie on the same plane, and then focus on the SU(1,1|2) subalgebra of
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SU(2,2|2) defined by the embedding (2.20). The Schur-type operators are chiral primaries
of this subalgebra. The marginal operator O., being the top component of an & multi-
plet of SU(2,2|2), is of the form O, = {Q',[Q?, ...]} where QF := QF are supercharges of
SU(1,1|2).2° All the properties exploited in [61] to show the vanishing of the four-point func-
tion (2.100) are satisfied. The authors of [61] 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[7T] with affine G symmetry, one can introduce a two-dimensional
vector field A; and gauge G. Following standard arguments (for example, see [59, 62]), a
change of variables in the path integral eliminates the gauge field in favor of an extra G
current algebra at level —(2hY 4 kqg) and an adjoint-valued (b, ¢) ghost system. One must
also impose invariance under the standard BRST operator associated to the gauge symmetry.
In our case, 2hY + kog = 0 so the extra current algebra is trivial, and the BRST operator
associated to the two-dimensional gauging takes precisely the form of (2.86). 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 consequences for the
spectrum and structure constants of any AN/ = 2 SCFT. To give a simple example, Vira-
soro symmetry implies that any Higgs branch half-BPS supermultiplet Bg is accompanied
by an entire module of semi-short éR/(M) multiplets with R = R — 1, R, R+ 1. In the
four-dimensional theory, the descendant operators arise by taking repeated normal ordered
products with certain components of the SU(2)g current, but the chiral algebra 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 partition function) and those of the
parent four-dimensional theory. We first point out that the superconformal Ward identities
for four-point functions of Br operators [42, 43] are a simple consequence of our cohomological
construction. This new perspective makes it clear that analogous Ward identities must hold
for four-point functions of general Schur operators. The presence of meromorphic functions
in the solution of the Ward identities of [39, 42, 43] 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
correlation 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

20Gimilarly, the conjugate operator O, is the top component of an £ and can be written as {@1, [ég, )
An entirely analogous argument holds for the four-point function containing O..
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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 7 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 O%(z, z), with SU(2)z multi-indices Z =
(ZW, ..., M) where T = 1,2. The components of the multi-index are symmetrized; the
operator transforms in the spin k/2 representation of SU(2)g. Recall that in our conventions,
the Schur operator in this SU(2)g multiplet is the highest-weight state O'-!(z,z). We
represent the four-point function of such operators as

FRRET (2, 2,) = ( O (21, 21) 032 (22, 22) O3 (23, 23) OF' (24, 7)) - (2.101)

This is actually a collection of four-point functions labelled by the different possible as-
signments for the R-symmetry indices. The full collection of four-point functions can be
conveniently packaged by introducing two-component SU(2)r vectors u(y;) = (1,;) and
defining contracted operators that depend on the auxiliary variable y as follows [42, 43]

_ T1--ZIy. _
Oilzi, 253 95) = un (y3) - - uzy ()0 59 (21, 2) (2.102)

A single function of z; and y; can be defined that encodes the full content of the collection
of correlation functions in (2.101),

F(ziyzi;yi) = ( (91(21,21;3/1) 02(22,52;.02) (93(23,53;3/3) (94(24,545194) > . (2-103)

Charge conservation ensures that this function is homogeneous in the auxiliary 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[T]. The twisted chiral operators defined in §2.2.2 are the specialization of the repackaged
operators in (2.102) to y; = Z;. So if the related four-point function of meromorphic operators
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Oi(2) = x[0i(z, 2)] is defined as
f(zla 22,23, 24) = <Ol(21)02(22)03(23)O4<Z4)> s (2104)

then the correlation functions are related according to

f(zi) = F(2i, Zi;yi)

. (2.105)
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 superconformal Ward identities for such a correlation
function [27, 39-43].

This is a rather wonderful result: the entirety of the constraints imposed by supercon-
formal 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 [42] 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.

2.4.2 Four-dimensional unitarity and central charge bounds

The natural inner product on the Hilbert space of the radially quantized four-dimensional
theory T 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 pro-
vides 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 summa-
rized in (2.105), 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
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unique decomposition into s[(2) conformal blocks,?! leading to an expression of the form

hi2 h34 oo
f(Zz) = (ﬁ) (j—ii) WZ(—DZ aggg(z) s (2.106)

<14 219 Z3q =0

ge(z) = (—%z)e_lngl(é,E;%;z),

where we have adopted the standard notation z;; 1= 2; — 2; and z := 2224 Additionally, h;
is the holomorphic scaling dimension of the i’th operator, and we have deﬁned hij = h; — h;.

The second computation is the four-dimensional one. The correlator in (2.101) admlts
a decomposition into su(2,2|2) superconformal blocks that each represent the contribution
of a given superconformal multiplet to the four-point function. The contribution of each
superconformal block to the meromorphic part of the amplitude defined by (2.105) 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 correla-
tion 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 unitarity.

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
M4, Consequently the results derived from this example will be relevant to any theory with
non-trivial flavor symmetry. The moment map operators have dimension two and transform
in the adjoint representations of both the flavor group G 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, 20551 ) M P (22, Z0; y2) M (23, 235 y3) M (24, 25 ) Z PRPP Fr(zi, 2 w1)
Re®?adj
(2.107)
where PAPCP is the projector onto the irreducible representation denoted by R. The pro-
jectors for the various groups can be obtained following the procedures described in [63].
Per the discussion of §2.3.2, the chiral operators J*4 = xX[M%] are affine currents, and the
mermorphic correlators that emerge in the limit y; — z; are equal to the four-point functions

21 The result could also be expanded in Virasoro conformal blocks, but this is less natural for comparison
to four-dimensional quantities.
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in the corresponding chiral algebra,

a5 (T (21) TP (22) I (23) TP (20)) = [APOP(2) = Y PRPOP fr(2) (2.108)

Each such function can be examined independently as a potential source of nontrivial consis-
tency conditions. In §2.3 we found that the level of the affine Lie algebra symmetry generated
by these currents is koy = —%k4d, so this meromorphic four-point function is completely fixed
in terms of the structure constants of the associated non-affine Lie algebra and the flavor
central charge,?

2

ABCD ABSCD | 2 5AC sBD < ADsCB __ ~ (ACE BDE < ADE yBCE
2) =07P0" T 25070 ——=07 0 — — - :

f (2) e kde f de(z_l)f f

(2.109)

This correlator can be decomposed into G channels, each of which can be expanded in

s[(2) conformal blocks as in (2.106). For example, for the singlet channel R = 1, the above
correlator gives

. 1 4 2hv
fr1 = dimGr + & (1 " (1—- Z)2> * k2d(zz -1) (2.110)
- 2L(0+ 1) ()2 (2(0 + 1)(£ + 2)kag — 8 1Y) -
—dimGr— ) Foa(20 + 1) - 9e+2(2)

0=0,2,

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 decomposition of such a four-point function
has been worked out in [41]. In particular, operators that can potentially appear in the
intermediate channel must belong to one of the following superconformal multiplets:

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

° éo(jyj): Semishort multiplets with j; = jo» = 7 that contain conserved currents of spin
25 + 2.

él(]"j): Semishort multiplets with j; = j, = j.

A

By: Half-BPS multiplets containing Higgs branch moment map operators.

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 normal-
ization 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 contribution of each multiplet to the meromorphic
functions fz(z) appearing in the superconformal Ward identities has also been determined
in [41]. The results are summarized as follows:

Axt.9) 0,

éO(%,%) )\%o(g,g)g€+2(Z) )

él(%é) _2%(%,5)9“3('2) ’ (2.111)
Bl )\fglgl(z) )

B, —2)\2292(2’) ;

Id : Ay

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

Some of the coefficients appearing in (2.111) can be completely fixed by symmetry. For
example, the identity operator can only appear in the singlet channel fr_;(z), where the
corresponding coefficient is necessarily given by

2y =dim Gy . (2.112)

The multiplet &0(070) 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—1(2),

Co(0,0) 3Caq ’

(2.113)

Finally, multiplets of type B, can contributes only to the adjoint channel, and the corre-
sponding three-point coupling in f,4;(z) is fixed to be

o 4hY

= —— . 2.114
B1 k4d ( )

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 Cy L1y for £ # 0
necessarily contain conserved currents of spin greater than two, and so are expected to be

absent in interacting theories [53]. We will take this to be the case in the following analysis.
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Gr hY dim Gp Gr hY dim G
SU(N) N N2 -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.

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 (2.110). In particular, we find

A2 = dim G |
ShY
2 2 .
)\éo(o,o) - 2)\32 o k4d 4 ’ (2.115)
2510+ 2)((£ + 1)!)?
22 = 0+ 2)(0 4 3)kyq — 4hY
61(%,%) k4d(2£+3)! (( + )( + ) 4d ) )

where in the last line only odd ¢ may appear. The second line of (2.115), after substituting

the contribution of the stress tensor multiplet from (2.113), implies a nontrivial bound that

must be satisfied in order for the contribution of the B, multiplet to be consistent with
unitarity,

dim G g S 24hY

caa kg

—12. (2.116)

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 (2.115) for £ = 1 implies
the bound

haa > 5 (2.117)

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 refer-
ence only to the anomaly coefficient kyq4, as in (2.117). 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 B; and
él( ¢ty multiplets with even ¢. Unitarity then imposes a bound on k4 that turns out to be

equivalent to that of (2.117). 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
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Gr Bound Representation

SU(N) N=>3 ksg > N N2 — 1ymm

SO(N) N=4,...,8 kyy=4 = N(N - 1)(N —2)(N - 3)
SO(N) N =>38 k>N —4 I(IN+2)(N—-1)
USp(2N) N >3 kg > N +2 1(2N +1)(2N — 2)

Gy kaa > % 27

F, kg > 5 324

Es kg > 6 650

E; kg > 8 1539

Es Kag > 12 3875

Table 2.3: Unitarity bounds for the anomaly coefficient k,4 arising from positivity of the B
three-point function in non-singlet channels.

consider. In general, we find that for a given choice of G, the strongest bound comes from
requiring positivity of the contributions of B 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 € ®%adj that leads to the bound in question. It should be noted that for the special case
Gr = SO(8), the same strongest bound is obtained from multiple channels. The represen-
tation appearing in the third line of Table 2.3 is in fact decomposable as 70 = 35, & 35,
and the degeneracy in the bounds can be understood as a consequence of SO(8) triality.
For Gr = SU(2) one finds no additional bounds to the ones given in (2.116) and in (2.117).
Finally, we can see that the bound (2.117) arising from positivity of the C (L1 multiplet in
the singlet channel is made obsolete by bounds arising from other channels tzor 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 (2.116) or Table 2.3 are saturated, it means precisely that there is no B, multiplet in the
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GF A1 AQ D4 E6 E7 Eg F4 Gz
Al 23] 6 |12[18[30| 9| 4
kaa || 51346812 5| 2
1 2 7 13 19 31 5 5
Cd ]l 3 | 516 |%6|% |6 | 3] %

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.

corresponding representation of G 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 A/ = 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, (2.118)

where M is the moment map operator and the tensor product is taken in the chiral ring.

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 F-theory on which the dilaton is constant [12, 64-68|. There
are seven such singularities, labelled Hy, Hy, Hy, Dy, Eg, 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 orbit 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 [69] for a nice discussion),

(Mo M)|, =0,  Sym*(adj) = (2adj) & L, , (2.119)

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

This leads to an interesting set of conclusions. For one, these theories must saturate
some of the BQ—type bounds listed above. In particular, this allows us to predict the value of
c4q and kyq for these theories as a direct consequence 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 [70]. On the other hand, an N/ = 2 superconformal
theory with Gr symmetry can have as its Higgs branch the one-instanton moduli space
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of G instantons only if the B, bound for all representations in Z, 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 Gr = GG5. Theories with Higgs
branches isomorphic to the one-instanton F; and GGy moduli spaces appear to be absent 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[T]. From this perspective, there is a marked difference between the bound
(2.116) for the singlet sector and those of Table 2.3 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 2.106. 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 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 (2.116), 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 60(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

- W(Jaja) . (2120)

T
Sure enough, if the bound (2.116) is saturated, then we can rewrite the bound as an equation
for the central charge
k)gd dim G F
kog + hY

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 H
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 corresponding to this extra SU(2) is 137 and the central charge is
c1ig = 1% [70]. This theory therefore saturates the bound (2.116). Additionally, we have

found a number of theories that saturate bounds appearing in Table 2.3. In particular, the

(2.121)

Cod =
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new rank one SCFTs found in [71] with flavor symmetry USp(10); and USp(6)s x SU(2)s,
where ky4 is indicated as a subscript for each group, saturate the bounds on ky4 for the USp
factors. However for these theories the central charge bound is not saturated. The following
theories described in [72] also saturate bounds on kyq: S5 with flavor symmetry SU(10);
(but not the rest of the Sy series), the Ry y series with flavor symmetry SU(2)g x SU (2N )an,
and the Ry y series with SO(2N + 4)an 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 supersymmetric 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 Ly 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 . (2.122)

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

Specializing to x = —1, and noting that by the four-dimensional spin-statistics connection
implies (—1)71772 = (—=1)¥ where F is the fermion number, we find a weighted Witten index,

I(q) == Z(—1,q) = Tr (=1)F ¢"o = Tr (—=1)F¢" 7. (2.123)

We recognize this as the trace formula that defines the Schur limit of the superconformal in-
dex [13], ¢f. Appendix B.?* We should check that in the two-dimensional and four-dimensional
interpretations of this formula the 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 (2.123) is indeed equivalent to the Schur index.

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

241t was observed in [73] that the Schur index has interesting modular properties under the action of
SL(2,7Z) 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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The index is a cruder observable than the partition function, but because it is invariant
under exactly marginal deformations, it is generally easier to evaluate. In practice, to evalu-
ate the index of a Lagrangian SCFT, 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 integral, 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 algebra. The “let-
ters” obeying the tree-level Schur condition are nothing but the states of the symplectic
bosons and the ghost small algebra (in the appropriate 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. (2.93). 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 (2.122) must
be taken over only the states of the chiral algebra for the interacting theory, which are the
cohomology classes of ().

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 (2.93)),
acts as a categorification of the Schur index. Once this vector space and the action of the
charges are known, we can perform the more refined counting (2.122). In physical terms,
the categorification 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 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 categorification 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 = q 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 grading is incompatible with the chiral algebra
structure. More precisely, while Ly and r are conserved charges for the twisted-translated
operators (2.29), r+ R is not, since away from the origin the operators are linear combinations
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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 Lagrangian description. In such
cases, the chiral algebra x[7] can be defined via the BRST procedure of §2.3, 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 §2.3.2
suggest a very general 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 Wh-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
generator beyond those included in our basic ansatz.

For the first example, we turn to perhaps the most familiar N' = 2 superconformal gauge
theory.

2.5.1 SU(2) superconformal QCD

The theory of interest is the SU(2) gauge theory with four fundamental hypermultiplets.
Many aspects of this theory that are relevant to the structure of the associated chiral alge-
bra have been analyzed in, e.g., [74]. The field content is an SU(2) vector multiplet and four
fundamental hypermultiplets. Because the fundamental representation of SU(2) is pseudo-
real, the obvious U(4) global symmetry is enhanced to SO(8), with the four fundamental
hypermultiplets being reinterpreted as eight half-hypermultiplets. In A/ = 1 notation we
then have an adjoint-valued N = 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 com-
mon 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
M and M. In terms of the N = 1 superfields listed above, the Lagrangian density takes
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the form

£=Tm [T / &2 020 Tr (qﬂevcb n Q}eVQl) Y7 / 420 (%Tr W, W + ﬁ@:’pg@ibﬂ ,
(2.124)
Where 7 = 0/27 + 4mi/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

(2.84) 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,

EO® — 4 = g . (2.125)
Although this description is sufficient to set up a BRST cohomology problem that defines
the chiral algebra in the manner of §2.3, it is useful to first 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 example, these are the
lowest components of N' = 1 chiral superfields that are gauge-invariant polynomials in Q?,
and W2, 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. (2.126)

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

M@Mly =0,  MeM, =0. (2.127)

On the other hand, there are F-term relations as a consequence of the superpotential in
(2.124). 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

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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follows,
Me@M|, =0, MeM| =0, (2.128)

One immediately recognizes the complete set of relations in (2.127) and (2.128) as defining
the SO(8) Joseph ideal described in §2.4. Indeed, for the particular case of G = 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 (2.125) do in fact saturate
the appropriate unitarity bounds outlined in §2.4.

As a final comment, let us recall that the gauge coupling appearing in the Lagrangian
(2.124) is exactly marginal and parameterizes a one-complex-dimensional conformal mani-
fold. S-duality acts by SL(2,7Z) transformations on 7, and the conformal manifold is identi-
fied with the familiar fundamental domain of SL(2,Z) 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

6ij €ab

Z—w

(2) =xX[Qu],  a(2)g(w) ~ (2.129)

Meanwhile, the vector multiplet contributes a set of adjoint-valued (b, ¢) ghosts of dimension
(1,0) with the standard OPE,

5AB

bA(2) == x[\1] | ocP(2) == x[\P] , b (2)cP (w) ~ (2.130)

z—w

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,

JNTY, =qlg®,  Jh=—if*P" ). (2.131)

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[Tiee] = {0 € F(qi, pit, p2) | Tt = 0} (2.132)
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The current algebra generated by the J4 . has level k: = —4 = —2h", which ensures

the existence of a nilpotent BRST differential. The BRST current and differential are then
constructed in terms of these currents,

1
JBRST = CA (JA + §J§1) , QBRST = f — JBRST . (2.133)
The chiral algebra of the interacting theory is now the BRST cohomology

X[T] = Hgrsr [X[Tieel] - (2.134)

We now perform a basic analysis of this cohomology. Already at this rudimentary 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 [55]. We
now describe this enumeration 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 predict
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 origi-
nate in Dy(o,0y and B, multiplets (¢f. Table 2.1). 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 By multiplets. Sure enough, the complete list dimension-one
operators in X[ Tgee | is the following,

JU = gt 7o | (2.135)
and these operators are the chiral counterparts of the SO(8) moment maps, i.e.,
JUl = x[MU] (2.136)

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

25— 5 if Lyt (0)

JU () JH(0) ~ . (2.137)

z z
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This is just an s0(8) affine Lie algebra at level kyy = —2, which confirms the general prediction
of §2.3 that flavor symmetries are affinized in the chiral algebra, subject to the relation
ksa = —3kaa-

Moving on, the four-dimensional multiplets that can give rise to two-dimensional quasi-
primary currents of dimension two are CO 0,0)5 Bs, Do(o,1), and Dy (g 1y multiplets (along with
the conjugates of the last two). In addition, conformal descendants of dimension two can
arise from holomorphic derivatives of the dimension one operators. Since no D-type mul-
tiplets appear 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) g current. That current being bilin-
ear 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,

Toqg = $¢.0¢"™ — by . (2.138)

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

The remaining BRST-invariant currents of dimension two can be constructed as normal
ordered products and derivatives of the so(8) affine currents,

0J , (J® J>‘1,35,35,35,300 : (2.139)

The singlet term in the tensor product above, once appropriately normalized, is the Sugawara
stress tensor of the so0(8) affine Lie algebra,

7o) — 1,70 jlly (2.140)

sug
The Sugawara central charge is determined by the usual formula,

kgd dim GF

. = - _14. 2.141
8 T g+ A (2.14)

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 (2.116), which implies that the
canonical stress tensor should be equivalent to the Sugawara stress tensor. Indeed, (2.138)
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and (2.139) constitute an overcomplete list, and we in fact have the following relations,

J@J|, = T+ {Qprst, 6" 0} (2.142a)
J@J|g = {Qorsr.ai'a"b} . (2.142D)
J® J‘350 = 0, (2.142c)
J@J|gs, = 0, (2.142d)

The relations appearing here can be traced back to different aspects of the four-dimensional
physics. Relations (2.142a) and (2.142b) are the two-dimensional avatars of the F-term
relations in (2.128). Note that the first relation appears differently in this two-dimensional
context due to the presence 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 (2.142c) and (2.142d) 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 VW 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 §2.3. 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 that a more sophisticated ap-
proach to the cohomological problem could lead to a proof of the conjecture. We will be
satisfied in the present work to test it indirectly.
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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.

The superconformal index and affine characters

Conjecture 1 can be tested at the level of the indices of these theories. In particular, we have
the following conjectural relationship

4 4
ISChur(q; 6) = Trx[ﬁree] <_1)FqLO H af;i = Tr50(8)72 (_1)FqLO H a“é” : (2143)
=1

i=1

The shorthand @ = (ay, as, az,as) denotes the SO(8) fugacities. Of course, the affine Lie
algebra has only bosonic states, so the factor of (—1)f is immaterial. In particular this ob-
servation implies that if Conjecture 1 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,

Tuane(:0) = aPE. | (L) oy @ ®) + (724 ) o] 2140

and expanding the exponential. Here §[db] denotes integration over the fugacity for the
gauge group with the Haar measure.

On the other hand, the vacuum character of the so(8) affine Lie algebra at level k = —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 C.
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Ultimately, both the character and the index are expanded in the form

1+ Zq” (Z dnxn(5)> :

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(¢°), the resulting degeneracies have been computed in both
manners and agree. They are displayed in Table 2.5.

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) supercon-
formal QCD with N > 3. In these theories, the Higgs branch has generators of dimension
greater than two, thus guaranteeing the existence of nonlinear WW-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
N =1 chiral superfields

wi, oef, Q.. Q, (2.145)
where a,b =1, ..., N are vector color indices, A, B = 1,..., N?—1 are adjoint color indices,

and 4,7 = 1,..., Ny with Ny = 2N are vector flavor indices. The central charge is fixed by
the field content to cyy = L;_l.

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 representation of the gauge group, so the global
symmetry is not enhanced and we have 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,

2

M =QQ, = pi=M, =M st (2.146)

The level of the non-Abelian part of the global symmetry is kfg N5 — oON. The baryons
are of dimension N and no longer generate any additional global symmetries. Rather, they
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transform in the N-fold antisymmetric tensor representations of the flavor symmetry:

Bil...iN — 21 . QQN 6al...a]\] 7
' Y (2.147)

54 . a1 AN
Bil...’iz\j T Qil T QiN €ai..an -

The mesons and baryons satisfy a set of polynomial relations. Following [74], 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

(+B)B = «(M") | M-«xB = M-*xB=0,
N (2.148)
M-B=B-M=0, M-M=0,

where (M"),7 == M,” — %uéf = — ﬁ,uc?f . 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 inter-
actions. The final representation of canonical interest is the @0(070) multiplet, which again
contributes an important Schur operator in the form of the R = 1 component of the SU(2)r

current: 1
T~ 5 (Qi0.:Q8 = 0,3Q1) + XA - (2.149)

Like the SU(2) theory, these models all have one-complex-dimensional conformal mani-
folds 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 ex-
amples. This is discussed in much greater detail in [75].

Physical operators of low dimension

The nontrivial BRST cohomology classes of the chiral algebra can be computed 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,

, U T .
J= 0 — -6qad™ = X[u]] (2.150)
Ny

J = qud™ =x[y] . (2.151)
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The singular OPEs of these currents are given by

_ N(65], — trace) N SLIL(2) — 61 J(2)

VIOVIONES S - 152

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,

T = = (407" — §"0qai) — bOch = X[T} ;] (2.153)

l\DI»—

whose self-OPE fixes the two-dimensional central charge,
Cog =2 —4AN? . (2.154)

Additionally, the algebra generated by the affine su(/Ny) x u(1) currents (2.150) contains
a dimension two singlet that is the Sugawara stress tensor of the current algebra,

1 1
Tang = N, (JJJ;— FfJJ) . (2.155)

The corresponding Sugawara central charge is also equal to 2 — 4N2, 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 (2.116). A short computation verifies that their difference is
BRST exact,

1 e
T —Tag = E{QBRSTy GaiG” b3} - (2.156)

A complete basis for the physical flavor singlets of dimension two is given by T', JJ, and 0.J.

The remaining physical operators of dimension two are charged under U (N 7). An over-
complete basis of such operators is given by flavored current bilinears Jj J! and J]J in
addition to derivatives of the currents anj. These operators are not all independent. For
example, the usual rules of conformal normal ordering imply that

JIIL— JLy = slogl — slogt (2.157)

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

1 . . 1 .
§(ij,§ + JIJR =6 (mJJ + T) — {QBRsT, G0iG b3} - (2.158)
f

In group-theoretic terms, the relations amount to the statement that the parts of the sym-
metric 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 (2.147):

. ~O1Q2...N, .
biyiy..in, "= € “QariiQagis - - - Qan iy, = X[Biig-in] 5

1102 IN, . ~Q11] 5012 ~QAN.IN, __ Di192++1 N
b = Earanean, @G G0N = x[B ].

(2.159)

These are Virasoro primaries of dimension N;/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

3600l s6afteR sk 0) 1sala R (0) — 18616200 (0)
biigis (2)077272(0) ~ = - + - 7

(2.160)
where square brackets denote antisymmetrization with weight one.

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 dimension 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 operators p and ug subject to the final relation in (2.148). 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 J7.J. 4+ JLJ? modulo relation (2.158), and derivatives of level one
currents — we find exactly three Virasoro primary operators:

N
X:=JJ WT,

X = JlJ, (2.161)

N 4 Ny
YU (7 l l J IBV] 7 5l
X = 2(J1 JL+ L)) — Ne- (55 — —Nf(s ) )
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which are subject to the additional constraints,

. . . ; 1
Xy =X, X =0, Xl = W&fx +{Qprst. -} - (2.162)
We see that we should identify X = x[pup], &7 = x[pp!] and X7 = x[pdpl]. The first

two relations in (2.162) then reflect the natural symmetry properties of the original Schur
operator, whilst the last equation precisely reproduces the final equation in (2.148).

We note that the definitions (2.161) somewhat obscure the relationship to four-dimen-
sional physics because of the conformal normal ordering used to define the products of
interacting fields. The same dimension two operators take a completely natural form in
terms of creation/annihilation normal ordered products of symplectic bosons,

X= qaidaiqﬁj(jﬁj .
X = quiq™aamd™ ¢, (2.163)
Xl = qud™amd”

and this description also nicely illustrates the commutative diagram of §2.3.3.
Finally, at the level of Virasoro representations, the OPEs of the dimension one currents
can now be summarized by the following fusion rules,

JIx Jb = = N(0L] — trace)1 + (0J] — 6LJ) + X + ...,
JxJ = X+, (2.164)
J xJ —= =2N*14+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 W-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

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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given by the baryon or anti-baryon of (2.159). 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 ko) = —N along with baryonic generators b and b with the OPE (2.160) (or its
generalizations to N > 4).

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(2N)_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 superconformal index.
The Schur index of the theory is given by the following contour integral,

- X q 5 . _ o o
Tt ) = [P | 2 (033 (@S0 )+ N, (@ 1 )

—2q 2_1 /7
N (1 2 ) L )} , (2.165)
where c is the U(1) fugacity and @ = (ai1,4as,...,an,-1) denotes SU(Ny) fugacities. For
N = 3, the first few orders are given by
Tsenur(¢; ¢, @) =1+ (14 X306 (@) ¢ + (¢ + X&) (@) g
sym?(85) / - — N

+ (@)~ B0 @ ) + 286 (@) +2) ¢

(¢ + ) (2% (@)

+ (2@ — B (@ — B (@ — (@) ¥+ .. (2166)

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
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subsection. At level 5/2, we can similarly determine the Virasoro primaries

Yije = Jbiji + Obyji, Y = Jhk — gp* (2.167)
) 1 : 1 .
Y im = 3 (Jijbklm + biim J;” — 65fabklm + 5fkab|ilm}) (2.168)
i}j,klm _ 1 <J j'l;klm +’5k:lmt]'j + léjagklm _ 5[kagjlm}) (2 169)
i 92 i i 6 ° z ’ )
subject to the constraints
iklmnp J 1 J J 1

€ }/'i,mnp + 6(51 Ymnp = 0, Y;,jlm - gxlem - {QBRST; .- } (2170)

. 1 .~ ]~
€jklmnyp (Yﬂ”””p + gagym”p) =0, YyIM_ éyﬂd = {Qprst, .-}, (2.171)

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 A/ = 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 AN = 1 notation, we have the following chiral superfields,

WA, et Qi (2.172)
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)g x U(1), C SU(4)g, and so is an
R-symmetry with respect to the full superalgebra. The central charges of the theory are
given by

1SU@)

N% -1
4d =N2—1, C4d:—( )

4
The Higgs branch chiral ring has N — 1 generators. In terms of the N x N matrices

(2.173)
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Qi = Q' these are given by
TrQu Qi k=1, . N—1, (2.174)

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 - QA .,  k=1,...,N—1. (2.175)

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)x
current, which will give rise to the stress tensor in two-dimensions, is given in terms of
four-dimensional fields by

1 N
T~ S TrQi0, 5 Qe = Tr AL\, (2.176)

Cohomological description of the associated chiral algebra

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

Q) =@, W) =X, e (=) = XA (2.177)
The free chiral algebra has the free OPEs,

¢ (2)a (0) ~ ==, v (2)cP(0) ~ — .

z z

The stress tensor is given by the usual canonical expression
1 i
T = §qf8qf e —pA9ct | (2.178)
which has a central charge of cog = —3(N? — 1). The SU(2)r currents are given by

1
Jij = —§Q£4QJA , (2.179)

N2—1
2

and satisfy a current algebra at level kyy = — . The current algebra contains a Sugawara

stress tensor of the usual form,

1

—N2 5 Jiijl €ik€jl ) (2'180)

TSug(z) =
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with central charge equal to 3(]\,]\;2__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 _ %fABCqujC cii ng = —i fABCBLC (2.181)

(2

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

1
Jprst = ¢! (ngU(N) + §J§1> , (2.182)

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 —Tsus ~ {Qprst, [P ¢P0° 7} . (2.183)

Based on the description of the HL chiral ring generators, we expect that amongst the
physical states should be an SU(2)p 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,

1

Jij = —5(61{461}4) = X[Tr Q:Q;] ,
Gii= V2(¢v") = X[TrQiry] (2.184)
Gy ==V2(q'0c") = X[Tr Q:A] .

71



The OPEs of these generators can be computed directly,

N? =1 g L Zewadin

sz(z)Jkl(w) ~ — B (Z — 'LU)2 —w s (2185)
Ty (2) G ) ~ 28 (?_Jrufkj Giw)), (2.186)
T (2) G (w) ~ 3 (kG (?_jkﬁi(w)) , (2.187)
Gi(2)Gj(w) ~ 0, (2.188)
Gi(2)Gj(w) ~ 0, (2.189)

(z —w)? (z — w)? z—w ’

where N = 2 and the symmetrization in the indices 7, 7 and k, [ has weight one. The value of
N has been left unspecified in (2.185) because the OPEs will continue to hold for higher rank
gauge groups. For the same reason, T(z) 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 (2.185) can be immediately recognized to be the “small”
N = 4 superconformal algebra with central charge cog = —3(N? — 1) [76]. It 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 sl(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 g ) and 5% (0,0) multiplets with them. Those are the Schur operators

that are transmuted into the two-dimensional supercurrents GG; and éz

In SU(3) theory there are additional generators arising from the additional HL generators.
Sure enough, direct computation produces the following list of new generators of dimension
less than or equal to 5/2:

Biji = Trqqiq = X[Tr Q:Q;Qx] ,

Bi: = Trqqb = X[TrQ:Q;)\.] ,

~] qq] [ Q Q] +] (2'191)
Bij = TI'quIjaC = X[TerQJ)\+] ,

B; = 3Trq;bdc+ Trdq;q’ ¢ X[BTrQZ-S\Jr)\JF—i—Tr@JFJFQijQi].

Precisely for the SU(3) case, the operator B; is in fact equivalent to a composite operator,

B; ~ €jj/8kkljjkBij/k/ . (2.192)
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This is a consequence of a chiral ring relation for this value of N which sets /7' e** Tr Q;Qk
Tr Q;QyQy 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 algebra under the operations of normal
ordered products and superderivatives, or the action of s[(2]2). In other words, we allow
not just Ly descendants, but also G; _1 and éi,— 1 descendants.

The last three generators in (2.191) are superdescendants of B, i, 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 f)’—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 generators. Our conjecture is then the following:

Conjecture 3. The chiral algebra for N = 4 SYM theory with gauge group G is isomor-
phic to an ./\/ = 4 super W-algebra with rank(G) generators given by chiral primaries of

dimensions % S, where d; are the degrees of the Casimir invariants of G.

We now perform some tests of this conjecture at the level of the superconformal index.

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 AV =4 SYM in the Schur limit.
For gauge group SU(N), the Schur index is given by a contour integral,

T ) = AP, | (L1) a0+ (722 ) 2 0)] . 1)

1—g¢q

where a is an SU(2)r 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 xy®(a),

Tsanur (4 0) =1 + x*(a)g — 2x*(a)¢* + (X (a) + x*(a) + x*(a)) ¢
—2(x%(a) + x*(a)) % + (x"(a) + 3x*(a) + x*(a) + X"(a)) ¢°
— (4% (a) + 4x*(a) + 2x%(a)) ¢
+ (3x1(a) +7 3(a) +4x®(a) + X" (a) + Xg(a)) 4. (2.194)
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Figure 2.1: Weak coupling limits of the genus two class & theory.

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(g?®) is
given by

Tsernar(q3@) =1+ X*(a)g + (x*(a) — 2x%(a)) ¢** + (2x*(a) + x*(a) — x*(a)) ¢*

+ (x%(a) = 3x*(a)) ¢ + (5x (@) + x*(a) + 2x7(a) = 3x°(@)) ¢* + . ...
(2.195)

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.

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 [17, 18]. The theory admits two inequivalent weak-coupling limits, or
S-duality frames, corresponding to the two generalized quiver constructions illustrated in
Fig. 2.1. 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), for central line, and SU(2)3 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 ' = 1
notation, we denote these by
Qa1b1a2 ) Sa3b3t12 ) chylx,, ) q)(é/) ) (2196>

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

. a 1 a
QAlag ::_ZQalbuIz(TJ) b1 3 Qag = \/58 1b1Qa1b1a2 )
(2.197)

1
R . asb, R asb.
SA3a2 = _ZSasb3a2(TJ> M Saz = g 38a3b3a2 .

V2

Finally, we introduce the fields

1 | 1
¢a2 = %(Q@ + ZSaz) ) ¢a2 = \/i(th ZS@) . (2'198)

The theory has a U(1)r flavor symmetry that is not completely obvious given the usual
structure of flavor symmetries in class S 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 leveraging the N’ = 4 analysis of the
previous section. In particular, each loop in the quiver corresponds to a small N’ = 4 super-
conformal 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 substantially 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 analyzing 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 él(o,o)
multiplets in four dimensions.

The Higgs branch chiral ring for this theory has been analyzed in [77]. It has three
generators: a U(1)r neutral operator of dimension two, which is actually the moment map
for U(1)p,

M = —€""¢,, ¢y (2.199)
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and two operators of dimension four,
O1 =2 Gayday €272 Qa,,Qpypy, 67" (2.200)
O = 2 Paybay €262 Qa,0,Qpry, 617 (2.201)

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

0,0, = M* . (2.202)

It will be helpful for us to write down the Hilbert series [77] for this theory, refined by the
U(1)r flavor symmetry:

1—¢t
1—t)(1—a?t?)(1 —a2t?)

g(T,a)Z( =1+t+ (@+a?+ )P+ (@ +a 2+ 1)+,

(2.203)
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

Tm(tia) =1+t+(@®+a > —2a—2a '+ 1)* + (> +a > —2a—2a" " +2)" +... .
(2.204)

By subtracting off the contributions of the Higgs chiral ring operators (obtained from (2.203)),
we can find the contributions of just the D-type multiplets. In turn, we can extract the struc-
ture of the D-type generators.?” All told, at dimension two there are two Dy (o) multiplets
with U(1)r charge +1 and two with charge —1, and at dimension three there is a single
Ds g,y multiplet that is U (1)r neutral. The two-dimensional counterparts of these opera-
tors 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 2.6, 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 obtained from the

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.
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Multiplet | Index contribution | A U(1), Ul
B, = 1 0 0
B, % 2 0 +2
B, L 2 0 —2
2 % Dy (0.0) —2% 2 1 +1
2 % D (0,0) 212 2 ~1 +1
2 X D (o) pLe 2 1 -1
2 x D (00) pal 2 -1 ~1
Ds 0.4) i 3 1 0
D3 40 % S 0
é0(0,0) quq 2 0 0
3 x Ci(0.0) 3L 3 0 0

Table 2.6: Chiral algebra generators for the genus two theory with A < 3. The first columns
lists the name and multiplicity of the four dimensional multiplets giving rise to the gener-
ators. The second column lists the contribution of each multiplet to the Macdonald super-
conformal index, including the flavor fugacity. The last columns list the two-dimensional
quantum numbers 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 generators, the third
the two-dimensional stress tensor, and the last block the extra generators deduced from the
superconformal index.

following contour integral,

Tun(g.tia) =  ldby ] dbs] P.E. [1_{2 (OB bs) + P (b)x2(5s))

Has a2+ (T50) (000 + 30 +x¥e)| - 209)

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

Tup(q, ta) =1+t + (a®>+a?—2a—2a "+ 1)t* + (—2a — 2a~ " + 2)qt+ (2.206)
+@*+a?=2a+a )+ 2P+ (3-2(a+a )Gt
+(@*+a?—4a+a ) +5)t2q+... .
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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 t?q to the index (with no
flavor fugacity) are the normal-ordered product of a B, and a 60(070) 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 (:’1,(0,0) 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 NV = 2 SCFTs and chiral 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 algebras. The purpose of this section is to draw a sketch of the class of chiral
algebras defined by this map. Most of the features discussed here follow from the general
structure of class S and the correspondence with chiral algebras. We do however include
a few specific claims that will be left unsubstantiated here, but which are explained in the
more complete analysis of [75]. To begin, we offer a quick reminder of the salient features of
N =2 SCFTs of class S.

2.6.1 A review of class S in four dimensions

Class S theories [17, 18] are those that arise from compactification of any of the N' = (2,0)
six-dimensional superconformal theories on a Riemann surface C, known as the UV curve,
possibly with the inclusion of real codimension two defect operators at points of C.2* We will
be interested in the case of superconformal theories of class &, which means that the mass
parameters associated to defect operators will all be set to zero. The conformal manifold of
a theory of class S is equal to the complex structure moduli space of the UV curve, with
boundaries at which the curve degenerates corresponding to physical limits in which a gauge
coupling goes to zero and a free vector multiplet decouples from the rest of the spectrum.
For our purposes, the most useful way to think about these theories is in terms of a set of
four-dimensional “building block” theories associated to three-punctured spheres, or trinions
[17]. Such a theory can be denoted Tg(p 1P203) where g is the lie algebra of the underlying

28We restrict to the case of regular defects in all that follows. These are defects that are specified by an
embedding p : su(2) — g, where g is the simply laced Lie algebra that labels the six-dimensional theory.
Such a defect supports a flavor symmetry equal to the centralizer of the embedded su(2) subalgebra of g.
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six-dimensional theory, and the p; label the defects at the three punctures. When all three
embeddings are trivial, the theory is sometimes simply denoted T, (or T for the case that
g = An_1). These building blocks can be assembled into more complex theories in a manner
that is represented by a generalized quiver diagram such as those displayed in §2.5.4. The
shape of the generalized quiver is necessarily a tropical limit of the corresponding UV curve,
with different tropical limits corresponding to different S-duality frames of the same theory.

A number of known features of the building block theories can be used to predict the
structure of the associated chiral algebras. In the interest of simplifying the discussion, we
shall henceforth restrict to the case where g = Ax_;. The maximal building block (that is,
the one with the largest flavor symmetry group) is then the Ty theory mentioned above. We
begin by reviewing its properties.

Generically, Ty has SU(N); x SU(N )y x SU(N)3 flavor symmetry, and central charges
(78, 79]

N3 N2 N 1

S S S ESUN) — 9N — opV 2.207
4= T4 T2 g 4d (2.207)

When N = 2, this is just the theory of free trifundamental half-hypermultiplets that appeared
in the example of §2.5.4, so the associated chiral algebra is already known. In the special
case of the T3 theory, the global symmetry is enhanced to Fg and this is the classic theory
of [12]. In that case, the four-dimensional level for the Fg symmetry is kfdﬁ = 6.

The generators of the Higgs branch chiral ring are known for these theories. There are
always dimension two moment maps p;—1 23 that transform in the adjoint of SU(N); and
obey the relation

Trph =Trps =Trpb, k=2,....N. (2.208)

These are supplemented by generators Q) of dimension k(N — k) for k = 1,...,N — 1,
which transform in the (A*, A¥, AF) representation of SU(N); x SU(N)y x SU(N)3, where
AF denotes the k-fold antisymmetric tensor representation. For N = 2 the only operator
of this type is @1y, which is the free hypermultiplet itself. The moment maps are actually
composites of this basic operator. For the N = 3 case the operators are Q) and @z,
which are the additional moment maps of Eg. For higher values of N, these are genuine new
generators of the Higgs branch chiral ring, all with dimension greater than two. Some of the
relations amongst these higher generators and the moment maps have been derived in [80],
though we do not list them here. In the case of the Eg theory, the full set of Higgs branch
relations are precisely those that define the Joseph ideal for the Eg one-instanton moduli
space.

The trinion theories with reduced punctures (i.e., with nontrivial defining embeddings
pi) can be thought of as arising by coupling the theory with a maximal puncture to a certain
superconformal tail and then turning on specific Higgs branch vacuum expectation values
[81, 82]. Though we do not write down the explicit formulae, the central charges for these
theories can be computed for any choice of defining representations [72]. Important special
cases are the trinions for which the theory that results from reducing the punctures of the
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non-Lagrangian Tl theory is described in terms of free fields. A canonical example is the
theory where p; and po are trivial, but ps is the subregular embedding of su(2) into su(V).
In this case puncture three is known as a minimal punctures, and the resulting trinion theory
is that of N free hypermultiplets.

Finally, we mention that index considerations suggest that there are no D-type multiplets
for these theories, in which case the HL chiral ring is just the Higgs chiral ring [13, 80].

2.6.2 An outline of class S chiral algebras

We now turn to the class of chiral algebras that form the image of the class & SCFTs under
the map x. In parallel with the full four-dimensional story, there will be a set of basic
building block chiral algebras corresponding to the sphere with three maximal punctures.
These will be the chiral algebras x| Ty |. General aspects of the chiral algebra correspondence
allow us to predict a number of properties of these theories. The two-dimensional central
charge is fixed by the usual proportionality with the four-dimensional conformal anomaly,

Cag = —2N®+3N*+ N —2 . (2.209)
Additionally, these chiral algebras have su(n)? affine symmetry with
kog = —h" . (2.210)

It is interesting to note that this is precisely the level that is relevant for the connection
between two-dimensional vertex algebras and the geometric Langlands program (see, e.g.,
[83]). In addition to the generating currents of the affine flavor symmetry, the chiral algebra
will have additional generators X[Qx)] of holomorphic dimension i = 1k(N —k) transforming
in the appropriate representations of the flavor symmetries.

For the case of the T3 theory, the Higgs chiral ring generators are just the Fg moment
maps. The relations are generated by the Fg Joseph ideal, and correspondingly the central
charges of this theory saturate the appropriate unitarity bounds of §2.4.2. In particular, this
means that the stress tensor is not an independent generator, but rather is equivalent to the
Sugawara stress tensor of the Fg current algebra (see §2.4.3). Given our prior experience in
§2.5.1, it is natural to make a preliminary conjecture concerning the description of the T3
chiral algebra:

Conjecture 4. The chiral algebra for the rank one Eg theory, also known asTj, is isomorphic
to the Eg affine Lie algebra at level kog = —3.

It is difficult to directly address this conjecture, since we do not have the free-field realiza-
tion of this chiral algebra that was present for Lagrangian theories. Nevertheless, a variety
of indirect checks have been performed and are presented in [75].

The chiral algebras associated to more general punctured Riemann surfaces can be real-
ized in a procedure that parallels the gluing construction in four dimensions. In particular,
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for a given generalized quiver construction we start with a number of copies of x[Ty] along
with SU(N) ghost small algebras, and then perform the BRST reduction associated to four-
dimensional gauging to define the chiral algebra. Because the chiral algebra that is associated
to a given four-dimensional theory is independent of the exactly marginal couplings, the chi-
ral algebras associated to a given UV curve will not depend on the complex structure moduli
of the curve, and in particular will not depend on the choice of generalized quiver within a
given topological class. Thus, there will be a generalized topological quantum field theory
that associates a chiral algebra to any appropriately decorated Riemann surface. This is
very much in the spirit of [84] and [85], where the superconformal index and the symplec-
tic holomorphic variety of the Higgs branch, respectively, were used to define a generalized
TQFT via class S. Associativity of the gluing imposes highly nontrivial requirements on the
chiral algebra of the elementary Ty building block. There are three a prior: inequivalent
gauging procedures of two T theories that must lead to the unique theory associated to
the four-punctured sphere. From the 2d perspective, the BRST complexes associated to the
different gaugings must give the same cohomology. In the simple case of T5, this follows at
once from Conjecture 1, as the §0(8) current algebra is manifestly independent of the choice
of gluing.

Having focused thus far on the case of maximal punctures, we should also consider chiral
algebras X[TV"**")] associated to the non-maximal theories. The task of reducing the
rank of a puncture can be accomplished directly within the two-dimensional chiral algebra
setting. We propose that the chiral algebra for the theory T](\f 1P2:03) s determined by quantum
Drinfeld-Sokolov (DS) reduction of the Ty theory with respect to the three embeddings. In
the canonical setting, quantum DS reduction is an operation that is performed on an affine
Lie algebra in order to produce a different VW-algebra as the cohomology of an appropriate
BRST operator. In the present setting, the reduction is performed on a theory with an
affine Lie subalgebra, so one may think of this as quantum DS reduction with modules.
The generalization is conceptually straightforward, but somewhat involved technically. This
proposal passes several checks, most notably that the central charges of the reduced theory
precisely reproduce the expected answers. The behavior of the class S chiral algebras under
the reduction of punctures imposes additional powerful constraints on the form of these
two-dimensional theories. In particular, complete reduction of a puncture (corresponding to
choosing a maximal embedding p) must lead to the chiral algebra for the theory with one
fewer puncture. Similarly, reducing one maximal puncture in x[T] to a minimal punctures
must lead to the free hypermultiplet chiral algebra. A detailed discussion will be presented
in [75].

The connection between reducing the rank of a puncture and quantum DS reduction
has made previous appearances in the context of the AGT correspondence [86, 87], and the
fact that the same procedure is used here suggests a deeper connection between the chiral
algebras defined here and those that appear in the AGT correspondence.
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2.7 Open questions

We have outlined the main features of a new surprising correspondence between 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.

For the Lagrangian examples considered in §2.5, as well as the class S examples
sketched in §2.6, 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.

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.

A better understanding of the implications of four-dimensional unitarity 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 invaluable, both as a source of structural insights and as a possible
first step towards a classification program for N'= 2 SCFTs.

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 §2.4.4 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 [88].

It seems inevitable that extended operators will ultimately find a place in our construc-
tion. We expect that codimension-two defects orthogonal 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.
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A related question is whether some aspects of our construction for Lagrangian theories
may be accessible to the techniques of supersymmetric localization. The chiral alge-
bra itself may emerge after an appropriate 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 article does not admit a direct generalization
to odd space-time dimensions. However, a philosophically 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
correlators of three-dimensional BPS operators whose positions are constrained to a
line. We hope to return to investigate this structure in the future.

The cohomological approach to chiral algebras that was successfully pursued in this
article can be repeated in two-dimensional theories with at least N' = (0,4) super-
conformal symmetry and six-dimensional theories with A/ = (2,0) superconformal
symmetry [28]. 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 inclusion of defect op-
erators 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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Chapter 3

Chiral Algebras for Trinion Theories

The contents of this chapter appear in [2]: “Chiral Algebras for Trinion Theories”,
M. Lemos and W. Peelaers,

arXiv:1411.3252 [hep-th], JHEP 1502, 113 (2015)

DOI: 10.1007/JHEP02(2015)113

3.1 Introduction and conclusions

In chapter 2 and Ref. [28] 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 [28] and with those obtained
from four-dimensional theories of class S in [75]. In this chapter 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 [17, 18], were argued to take the form of a generalized topo-
logical quantum field theory (TQFT) in [75]. Within this TQFT, gluing, the operation
associated to four-dimensional exactly marginal gauging, is achieved by solving a BRST co-
homology problem, and partially closing a puncture is implemented via a quantum Drinfeld-
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 § theories, so are their associated chiral algebras the basic building

'More precisely N = (2,0) ind =6, N' > 2 in d = 4, and “small” N'= (0,4) and N = (4,4) in d = 2.
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blocks of said TQFT. Characterizing 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 lacking.?
As for a partial characterization, it was argued in 2 that one is guaranteed to have at
least generators in one-to-one correspondence with the Higgs branch chiral ring generators.?
In particular, the 7, Higgs branch chiral ring contains as generators three moment map
operators, one for each factor in the 7T, flavor symmetry algebra ®§’:1 su(n);, and it was
shown in 2 that their corresponding chiral algebra generators are three affine currents with
affine levels kyq; determined in terms of the four-dimensional flavor central charges ka4, as

koqi = —]“% These central charges are equal for the three factors, k4q,; = 2n, and thus the
affine current algebras su(n) have critical level kyq = koq; = —n. The remaining generators

of the T,, 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 sl(2)
conformal algebra enhances to a Virasoro algebra, with the central charge fixed in terms of
the four-dimensional c-anomaly coefficient by coq = —12¢49. However, the stress tensor is not
necessarily a new generator of the chiral algebra, as it could be a composite 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) for
n =2 and 3.

In the first part of this chapter 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 [13, 46], and which shows that the
collection of generators listed so far is not complete for n > 4 (see section 3.2). Motivated
by this analysis, we conjecture the complete set of generators to be as follows:

Conjecture 5 (7, chiral algebra). The T,, chiral algebra x(T,,) is generated by

o The set of operators, H, arising from the Higgs branch chiral ring:

— Three su(n) affine currents J*, J*, J, at the critical level kog = —n, one for each
factor in the flavor symmetry group of the theory,

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, in the terminology of 2, 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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— Generators W® k=1, ..., n—1 in the (A\*, \¥, AF) representation of
®jf:1 su(n);, where A\¥ denotes the k—index antisymmetric representation of
k(n—k)

su(n). These generators have dimensions =5,

e Operators O;, i =1,...n—1, of dimension h; =i+ 1 and singlets under ®§:1 su(n);,
with the dimension 2 operator corresponding to the stress tensor T' of central charge
Cog = —2n2 +3n2+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 conjecture, one would
find that some of them could be involved in null relations with composite operators, thereby
being redundant. For example, in the chiral algebra 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 Ejg theory of [12], convincing evidence was provided in [75] that its chiral algebra
X(T3) 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
[75], 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
dimension 3,...,n singlet generators could still be. In the case of the T} chiral algebra the
dimensions three and four singlet generators are redundant, as will be shown in section 3.3.

Our aim in the second part of this chapter is to verify Conjecture 5 for T}, 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 approach to bootstrap this
problem is to write down the most general operator product expansions (OPEs) between the
generators, and to demand associativity 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 Ws algebra in [89] (see for example [49] 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
product 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 chi-
ral algebra setting. Some of these relations are already known in the literature, (e.g., [80, 90]),
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(7}) we present here thus
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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 gener-
alized to arbitrary 7,,. 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 [91], as well as uncover further unknown ones. Furthermore, as will be elaborated
upon in the next sections, 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 x(7}) chiral algebra could be performed by partially closing punc-
tures (via a quantum Drinfeld-Sokolov (qDS) reduction (see [75])) to obtain the free hyper-
multiplet, the E; theory of [67], or more generally the other fixtures of [72]. For example,
the chiral algebra associated with the F; theory is conjectured to be described by an affine
¢7 current algebra at level kyg = —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 e; adjoint representation. As shown in [75], 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 (7).

The construction of x(7}) here made use of the constraints arising from associativity of
the operator algebra. It would also be interesting to study if the theory space bootstrap, as
introduced in [75], which imposes instead associativity of the TQFT structure, might result
in a complementary 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 3.2 we analyze the partition
function of x(7,) employing its equality to the superconformal index of T,, theories, and
show how it motivates Conjecture 5, as well as some other expectations about the chiral
algebra. In section 3.3 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 Tj. The readers interested only in the explicit
construction of x(7}) can safely skip section 3.2 as section 3.3 is mostly independent from it.
Appendix D contains some technical details on the relation between critical affine characters
and the superconformal index, and in appendix E we collect all singular OPEs defining the
chiral algebra x(7}).

3.2 T, indexology

In this section we analyze the partition function of the 7T;, chiral algebra, which gives insights
into its generators and relations. By writing the partition function in a suggestive way we

87



can justify Conjecture 5 and infer some properties of the structure of the chiral algebra, such
as its null relations.

As shown in 2, the graded partition function of the chiral algebra x(7,) equals the
so-called Schur limit of the superconformal index of the T,, theory [13, 46]. We work under
the assumption that all generators are bosonic and thus the grading is immaterial. In
appendix D we show that the index can be written in a way suggestive of its interpretation
as a two-dimensional partition function as

ZX(Tn anz Zq Ap) 09'\3\ HChf)'\‘A (CI’Xi) . (31)

=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 R, of highest weight A. The summand contains the product of three
copies — one for each puncture — of chy,(¢,x), the character of the critical irreducible
highest weight representation of the affine current algebra £;(\n)_n with highest weight A,
whose restriction to su(n) is the highest weight A\ [92].? Furthermore, p is the Weyl vector
and (-,-) denotes the Killing inner product. Finally, the structure constants Cw, (¢) can be
written as

Cw, (g PE[2Z —i—QZn jq—QZZqE AR ] (3.2)

71=2 1<y

where /;—; _, 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 UG ) (3.3)

Let us provide some preliminary interpretative comments:

e We have obtained an expression for the partition function (3.1) that is manifestly
organized in terms of/ngdules of the direct product of the three critical affine cur-
rent algebras @, (su(n);)_,. Indeed, the factor ¢ T2, chy, (¢,%;) in (3.1) cap-
tures threefold AKM primaries of dimension (), p), transforming in representations
(R, Ry, Ry, including for example all the W) and all of their AKM descendants.

e The role of the structure constants is to encode additional operators beyond those
captured by the threefold AKM modules. In particular, in the term 9R,_q in the sum

40ur notation here and in appendix D follows that of [93].
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d.:
over representations, the structure constant Cw,_,(¢) = P.E. [2 Z;:ll %} 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 critical level implies
that all the Casimir operators Tr(J)*, Tr(J?)*, Tr(J?)* 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(JY)* = Tr(J?)* = Tr(J3)*.5 These n — 1 Casimirs
correspond to the first set of operators reinstated by the structure constants.

2. The second set of operators motivates our conjecture that there can be extra
generators O; with precisely dimensions h; = d; =1 + 1.

A more detailed discussion of these statements, and the interpretation of the two remaining
factors in (3.2) 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
MR, of (3.1) captures the states in the direct product of three critical affine modules with
primary transforming in representation (R, 2Ry, R,). The dimension of the threefold AKM
primary is implemented by the factor ¢, yielding

—n-—(2—1)
ho o = (Ap) =Y ——5—1. (3.4)

=1

These pairings of dimension and representations include all the threefold AKM primary
generators W*) k= 1,...,n — 1 in Conjecture 5. (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, Ry, R,) one can write down a composite operator 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 [80]. The corresponding chiral algebra null relations will be recovered in the next section.
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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 4. We have checked
this statement in a few low-dimensional examples for Ty (see equation (3.15) for an explicit
example). Allin 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 (3.2) encode additional operators on top of those captured by the
AKM modules already described. Let us start by analyzing the factor

2y ] . (35)

=1 1

P.E.

When inserted in (3.1), it encodes two sets of operators of dimensions d; and their sl(2)
descendants (taken into account by the denominator 1%(1), normal-ordered with all operators
in any given AKM module (R, Ry, R,). As described before, one set adds back the Casimir
operators Tr(J')F = Tr(J?)* = Tr(J3)* of the AKM algebras,® and the second set motivates
the claim that there can be additional generators O;—; . ,—1 of dimensions h; = d; = 7 +
1.7 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 (3.5). 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 (3.5). 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 = O, which
for 15 and T3 is a composite, but for 7;,>, must be a new generator. In the next section
we will show that for 7T); 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 Oy must be a generator.

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 current algebra in isolation.

"For readers familiar with the classification of four-dimensional superconformal multiplets of [52], these
generators arise from four-dimensional operators in the C multiplets.
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We now turn to the next factor in the structure constants (3.2)

P.E. [2 ni (n —k) qk] : (3.6)

k=1

Recalling that at the critical level the stress tensor is not obtained from the Sugawara
construction, the critical modules do not contain derivatives® of the threefold AKM primaries,
although the full chiral algebra must. Similarly, the action of the modes (0;)_;,i=2,...,n—
L (0;) 5,i=2,...,n—=1,(0;) _5,i=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
(3.6). The other factor adds back similar modes of the Casimir operators of the AKM current
algebras, an explicit example of which will be given in the next section (see (3.14)). 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, oz(nolf)mal—ordering it

with a current, since these are the only ways one can write a dimension =—— + 1 composite

in representation (A*, A¥ A*).9 These facts are taken into account by the factor

P.E. —226 gt (3.7)

j=2 1<i<j

which must subtract such relations, as well as other possible relations specific of each re-
presentation. Indeed, it is for example easy to verify that (3.6) and (3.7) cancel each other
for the vacuum module. For representations (A*, AF, AF) only two ¢ terms survive in the
plethystic exponential in the product of (3.6) and (3.7), which means that we are left with
two grade one modes. One might have expected four grade one modes: one corresponding
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 (/\k, NF, /\k)) results in equal operators up to nulls (see equations
(3.11) and (3.14)).

As a final observation we note that the sum in (3.1) only runs over flavor symmetry
representations of the type (Ry,R,,R,), and the structure constants (3.2) cannot alter
flavor symmetry information. Therefore the partition function predicts that any operator
transforming in a representation (R,,,MR,,,R,,) with not all equal \; cannot be a three-

8 Oy

i.e., the action of the mode L_;. As is common practice we use the mode expansion O(z) = > =
of an operator O of dimension h, and L,, denotes the modes of the stress tensor T'.
9Note that the normal-ordered product (JW®*)) in representation (A, AF, AF) is absent in the critical

module.
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fold AKM primary. More precisely, if we encounter an operator in unequal representations
(R, Ry, R, ) it must either be an AKM descendant, or obtained from one via the oper-
ators taken into account by the structure constants (namely by the action of any operators
contributing to (3.5) and (3.6)). We will get back to this point in the next section (around
example (3.12)).

3.3 The T, chiral algebra

For the chiral algebra associated lvi\th the T} theory, Conjecture 5 states that the collection
of generators G contains three su(4) affine currents at the critical level ko = —4, which
we denote by (Jl)zll, (Jz)zz, (J3)ZS3, two dimension 2 generators, W) and W®, in the
tri-fundamental and tri-antifundamental representations of the flavor symmetry group re-
spectively, which we rename W, 4,q, and W22 and one dimension two generator, W®), in
the 6 X 6 X 6 representation which we denote explicitly as Via,p,)(azbs)[asbs)- Here a;, bi, ci, ... =
1,2,3, 4 are (anti)fundamental indices corresponding to the flavor symmetry factor su(4);—1 o 3.
Moreover, we must add the stress tensor 1" as an independent generator, with central charge
coqg = —78, but we claim that the dimension three and four singlets operators can be ob-
tained as composites. As will be shown later the dimension three operator is argued to be
a Virasoro primary involving WW g, where |g,, means we take the singlet combination,
while the dimension four generator is a Virasoro primary combination involving V'V|gne. We
summarize the conjectured generators in Table 3.1.

generator G hg Rg

(J)i 1 | (15,1,1)
(%) 1 | (1,15,1)
(%) 1 |(1,1,15)

T 2 | (1,1,1)
Wayazas 31 (444

W arazas % (4—174—1’4—1)
Viaib)[azbo)lasbs] | 2 (6,6,6)

Table 3.1: Ty generators G, their dimension hg and their su(4)® representation Rg.

As mentioned before, our strategy for finding the T, chiral algebra is a concrete imple-
mentation of the conformal bootstrap program. We start by writing down the most general
OPE:s for this set of generators consistent with the symmetries of the theory, and in particu-
lar we impose that the three different flavor symmetry groups appear on equal footing. This
of course implies that the three flavor currents have the same affine level, simply denoted by
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kag. 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
3.1, with the exception of the stress tensor'’, 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 corresponding to the
X(T}) chiral algebra, kog = —4 and cog = —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 operators 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 cyy. This indeed turns out to be true.
Some of the resulting OPEs are quite long so we collect them all in appendix E.!!

The next step is to fix all the arbitrary coefficients by imposing Jacobi-identities, imple-
menting in this way the requirement that the operator algebra is associative. Concretely, we
impose on any combination of three generators A, B, C' the Jacobi-identities (see, e.g., [94])

[A(2) [B(w)C(w)]] = [B(w) [A(z)C(w)] = [[A(z) B(w))] C(w)] = 0, (3:8)

for |w —u| < |z — ul, 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 [55]. Even so, the analysis is quite cumbersome due
to the large number of fields appearing in the OPEs and the necessity of removing null rela-
tions, 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 co-
efficients, 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

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.

Tn there and in what follows we adopt the standard conventions for the normal-ordering of operators

such that O105...0,_10, = (01 (02 e (05_105) ))
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algebra with the same set of generators and the same central charges as conjectured for the
Ty 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 7). Whereas
in section 3.2 we have exploited the index to motivate our claim about the full set of gener-
ators 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 T} chiral algebra.

h | mult. R h | mult. R
2 2 (1,1,1) 1 10 (4,4,4), (4,4,4)
s 2 (4,4,4), (4,4,4) 2 (36,4,4), (36,4,4) , and perms.
3 4 (1,1,1) 1 (20,20,4), (20,20,4) , and perms.
2 (6,6.6) 3 (20,4,4), (20,4,4) , and perms.
1 (6,6,10), and perms.
3 (15,1,1), and perms.
1 (15,15,1), and perms.

Table 3.2: Quantum numbers and multiplicities of T null operators up to dimension %

For practical purposes, it is useful to rewrite the partition function of the T,, chiral algebra
(3.1) alternatively as

1 su(n sSu(n
Zyr(¢:x:) = P.E. | o— S G ) - Y T (x), (3.9)

generators G nulls N

in terms of a piece that describes the generators G of dimensions hg transforming in repre-
sentations Rg of the su(n)? flavor symmetry and their s[(2) descendants, and a term that
subtracts off explicitly the null operators NV, of dimension hy and in representation R,s. By
comparing the expansion in powers of ¢ of (3.1) with that of (3.9) (and under the assumption
that the full list of generators is as in Table 3.1) we can predict how many nulls to expect
in each representation and at each dimension. In Table 3.2 we summarize the resulting
quantum numbers of the low-lying null operators . We have explicitly constructed the null
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operators corresponding to the entries in Table 3.2; the full list is given in Tables 3.3 and
3.4, where we have defined S° to be the quadratic Casimir S* = (J*)% (J*);".

har R Null relations

2 | (L1 | (I (T = (T (T = (FP)a (75

5/2 (47 4, 4) (‘]1)211 Wb1a2a3 - (‘]2)222Wa1b2a3 = (JS)bS Wa1a2b3

as

31 (LL,1) | (IR (eIt = ()R (J2)(T?)e = (J°)e () T?)e

O (e (IM!) = 0 ((J)z(T2)2) = 0 ((J*)()e)

3 | (6,6,6) | (JY)i Vineraaballasts] = (J°) i, Viassilibaleallasss) = ()5, Viaabillazbalsles]
3 | (10,6,6) | Wialasias Worybalts) = —5J(0, Viierlon)lfasblasbl

31 (15,1,1) | (JNar (JDE (TG = (Ta (F2)a (T2 = (T1)a (T2)a (T7)5s

(Wa1a2a3wb1a2a3 — trace) = i(J1>bl (Jg)g?é(‘]?))Z; + 1_16(J1)1(2T

16 aj

+ [((Jl)glla(Jl)Z; — trace) + ((Jl)fg@(Jl)le — trace)]

=1 (I (D) )g — trace)

3 | (15,15,1) (Walawsl/ffblb?“?’ — traces) = 711 [(Jl)zlla(ﬁ)fg + (JQ)Z";@(JI)?J

—15 (/Yo (J)3 (%) — trace) + ()2 (J)a ()21 — trace)]

Table 3.3: 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 fla-
vor group indices. Note that these, together with Table 3.4, are in one-to-one correspondence
to the null relations subtracted from the index given in Table 3.2.

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 [80], 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 3.3 and 3.4 allow one to recover the low-dimensional Higgs branch chiral ring
relations in [80], and to find additional ones. Let us give a few illustrative examples.
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Null relations

7/2

(20,4, 4)

8NP Vig, (e asballasb) €lalorhnes
= () (T Wierasas €avrensiar — 2T (T3)% Wiertasbs €151 1ar)bies
+30(J") i, Wierlasas €sfanynes + 60 ((J i W<e11a2a3> €Ifila)bres
(I3 (T2 Wieribsas €patanbier = (T (T35 Wieilasbs €1ajan)er

= (J1)$1<J1)?;1]mg1\a2a3 €| f1lar)bica

7/2

(20,20, 4)

Wf1f2b3Wdl(e1][d2(e2}[a3b3} €lfilan)brcr €|f2laz)baco

= _%<J1){;1(J2>§2W(eﬂ(e2]f13 €| f1la1)bicr €|f2]az)baca

7/2

(36,4,4)

b b
(Jl)(;l(JQ)giWCIwa €dy)brerfr1 — (Jl)(clLl(J3)Z33Wc1a2b3 €d1)brerf1 —

(Jl)l(),lll (Jl)}clllvvlhﬂazaa €d1)brer fr

7/2

(4,4,4)

1 _ _ a3
S Warasas = S Waiasas = S Warasas

8Wb1b2b3‘/[bmﬂ[bzaz][bsas] = 2(‘]1)211(‘]3)23 Wb1a2b3 + QTWa1a2a3

3

+150 ((J?))g?éWGIaQbB) - ga2Wa1aza3 - %SIWamzas

-9 ((‘]1)21 aWblazas + (J2)228W01b2a3 + (‘]S)Ziawalazbs)

1

(‘]l)gll(J2)222Wb1b2a3 = (Jl)zll(‘jg)gsgwb1a263 = (J2)222(J3)Z§Wa1bzb3

= (J1>211<J1)21W01a2a3 = (JQ)ZQQ(J2>§§Wa162a3 = (J3)Z§(J3)E§Wa1a203

0 [(J1>211Wb1a2a3] =0 [(J2)222W01b2a3] =0 [(Jg)ZiWalmbz‘s}

Table 3.4: Explicit null relations at dimension 7/2, 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 3.3, are in one-to-one correspondence to the
null relations subtracted from the index given in Table 3.2.

A simple calculation shows that the null relations

Tr(JY)? = Tr(J?)? = Tr(J?)?, (3.10)
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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 7,,. The corresponding Higgs branch chiral ring relations
on the moment map operators are well-known (see for example [80]).

Another nice set of null relations is obtained by acting with a current on the generators
Wk

(Jl)gllwblaw?, = (J2>222Wa1b2a3 = (JB)bS Walazb?, )

as
(Jl)Z;Wblazag — (JZ)Z;Walbgag — (J3>Z§Wa1a2b3’
(‘]1)?«;1 Vibslerlazbalfasbs] = (J2>[CjzV[albﬂ[bz}c2][asb3] - (‘]3)([:23‘/[@1171][0262][173]03} : (3.11)

Null relations of this type are expected to be valid in general 7,, as well, and extend the
ones listed in [80] for W W™= Some of the null relations presented in Tables 3.3 and
3.4 are direct consequences of these nulls, obtained 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 3.3 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 [80] 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 3.3 and 3.4 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', one encounters the following null relation:

1 C
Wiarlaslas Wor)balbs) = =7 J(a, VilerIb)]lasballasbs] » (3.12)

4
which only exists at koy = —4.

We can now check a prediction made in section 3.2, namely that any operator transform-
ing in a representation (Ry,, Ry,, R,) for not all equal R, must be an AKM descendant (or
be obtained from an AKM descendant by acting on it with the operators which contribute to
the structure constants). The operator W(q, as[as W, )be]bs] WOuld seem to contradict this state-
ment, since it transforms in the representation (10,6, 6), and it clearly cannot be obtained
from an AKM descendant. Fortunately, there is no contradiction with the superconformal
index as this operator is set equal to an AKM descendant by the null relation (3.12). More
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generally, we have verified in several cases that threefold AKM primaries either appear in
representations of the type (R, Ry, MR,), or are null. Moreover we have checked that all
operators in representations which are not of the type (R, R\, Ry) are either AKM descen-
dants 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 con-
sequence 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 three-
fold 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)|sing.- We expect that the existence of this operator, as well as (V'V)|sne. is precisely
the reason why the 7T} 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 3.2, their contribution is indeed captured by the

P.E. [,13434} factor in the T} structure constant (see (3.2)).

1

Looking at these operators it is natural to ask if the stress tensor and the Virasoro pri-
mary singlet operators obtained from (WW)|gne and (V'V)|sing. 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 [95, 96]. In prin-
ciple this could be checked using our explicit construction; however, it is computationally
challenging and we have not pursued it. More generally, one could wonder whether the set
of operators O; in Conjecture 5 could form a closed subalgebra, which then should be a
W, = W(2,3,...,n) algebra with central charge coq = —2n3 + 3n? + n — 2. In particular,
one should also be able to test this statement for x(73) using the explicit construction of
[75], in which case one would obtain the Wj; algebra of [89].

In section 3.2 we argued that the structure constant factor of (3.6) would add negative
modes of the current algebra Casimir operators. Now we can give an explicit example: the
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operator (J 1)211 Wi, aas, Which precisely at the critical level becomes an AKM primary, and
thus is not included in the critical module of W,,4,4,. Taking the OPE of S* with W, 4yas
we find

1_5 Walazas +9 (Jl)gll Wb1a2a3

4 22 z ’

Ch (Z)Wamzas (0) ~

15(m+1)
— [(Sl)ma (Wawzas)n} = T(Wamzag)m-i-n +2 ((Jl)gllwbwzag)m_,_n ’ (3-13)
where (0),, denote the modes of operator O, which in the case of ((J1)5 Wh,asa;), . ., COTTE-

spond to the modes of the normal-ordered product. Acting with the (S7)_; mode of S} on
the AKM primary yields

(Sl)—l‘WalaztIs) - (Sl)—l(Walazas)—%|0> =2 ((Jl)gllwblw%),% ’0> ) (3'14)

which exactly adds (J')2 Wi, 490,

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/|(15,15,15). Even though this operator is not a threefold AKM primary, the following

combination is: )
WW|a1s,15,15) + @(Jl)UQ)(J?’) ; (3.15)

and it is precisely this combination that is accounted for by the R = 15 term in (3.1). Other
examples at dimension three correspond to (10,10,10) (and its conjugate), in which case

the threefold AKM primary is simply WW/|(10,10,10) (and WW/{ 15 1510))-

?Recalling that the first null relation in (3.11), sets equal (JM)% Wy a0, = (J2)2Waibsa,
(J3)%2 Wa, ayb, this term and L_1|Wq,q,q,) (which produces 0Wq, q,q,) account for all the powers of ¢ in the
structure constants, since for the fundamental representation only 2¢ survives in the plethystic exponential
after combining (3.6) and (3.7). It can be shown that the OPEs of higher dimensional Casimirs with W,
do not produce anything new.

1a2a3
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Chapter 4

The N = 2 superconformal bootstrap

The contents of this chapter appear in [3]: “The N = 2 superconformal bootstrap”
C. Beem, M. Lemos, P. Liendo, L. Rastelli and B. C. van Rees,
arXiv:1412.7541 [hep-th]

4.1 Introduction

In this work we initiate the conformal bootstrap program for four-dimensional conformal
field theories with A/ = 2 supersymmetry. These theories are extraordinarily rich, both
physically and mathematically, and have been studied intensively from many viewpoints.
Nevertheless, we feel that a coherent picture is still missing. We hope that the generality
of the conformal bootstrap framework will allow such a picture to be developed. We also
feel the time is ripe for such an investigation — the recent explosion of results for N' = 2
superconformal field theories (SCFTs) calls out for a more systematic approach, while the
methods first introduced in [6] have reinvigorated the conformal bootstrap [31, 32, 97-101]
with a powerful and flexible toolkit for studying conformal field theories with a great deal
of generality.

The first examples of N' = 2 superconformal field theories (SCFTs) were relatively simple
gauge theories with matter representations chosen so that the beta functions for all gauge
couplings would vanish. Since then, the library of known theories has grown in size, with the
new additions including many Lagrangian models [11], but remarkably also many theories
that appear to admit no such description. In particular, the class S construction of [17, 18]
gives rise to an enormous landscape of theories, most of which resist description by conven-
tional Lagrangian field theoretic techniques. Despite this abundance, the current catalogue
seems fairly structured, and one may reasonably suspect that a complete classification of
N = 2 superconformal field theories (SCFTs) will ultimately be possible. The development
of the N = 2 superconformal bootstrap seems an indispensable step towards this ambitious
goal.
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Our first task is to introduce an abstract operator-algebraic language for N' = 2 SCFTs.
In this reformulation, we retain only the vector space of local operators (organized into
representations of the superconformal algebra), and the algebraic structure on this vector
space defined by the operator product expansion. From this viewpoint, we can see that a
theory is free (or contains a free factor) if its operator spectrum includes higher spin currents;
we can see that a theory has a Higgs branch of vacua if its operator algebra includes an
appropriate chiral ring that is the coordinate ring of an affine algebraic variety; and so
on and so forth. Representation theory of the N' = 2 superconformal algebra proves an
invaluable tool, as its shortened representations neatly encode different facets of the physics.
This algebraic viewpoint is remarkably rich, and we have have dedicated the next section to
its extensive presentation.

Once equipped with the proper language, we can make an informed decision on where
and how to employ numerical bootstrap methods. We explain that there are three classes of
four-point functions that should be the starting point for any systematic exploration of this
type: the stress-tensor four-point function; the moment map four-point function; and the
four-point function of N' = 2 chiral operators. In the present work, we report on numerical
investigations into specific examples of the latter two classes. The requisite superconformal
block expansion for the first correlator, which is the most universal, is not yet available, so
this case is left for future work. The moment map four-point function is related to the flavor
symmetry of the theory, and we focus on the cases of su(2) and e¢s. The su(2) case is clearly
the simplest and is a natural starting point, while ¢g case is interesting because exceptional
flavor symmetries cannot appear in any Lagrangian field theory, and eg is (among others)
the simplest case after su(2). On the other hand, the four point function of N' = 2 chiral
operators gives us access to a very different aspect of the physics, namely the Coulomb
branch chiral ring.

There are two broad types of questions that we can hope to address by bootstrap meth-
ods. First of all, we can constrain the space of consistent N = 2 SCFTs. There are a
number of universal structures that appear throughout the N' = 2 catalogue that cannot be
satisfactorily explained in the abstract bootstrap language. Are Coulomb branch chiral rings
always freely generated? Are central charges bounded from below by those of free theories,
or are there exotic theories with even lower central charges? Is every N/ = 2 conformal
manifold parametrized by gauge couplings? As we will see, these questions can sometimes
be connected with the constraints of crossing symmetry, and then numerical analysis can
provide (partial) answers.

Our second motivation is to learn more about specific N' = 2 SCFTs. There are many
cases where supersymmetry can tell us a lot about an A/ = 2 SCFT even when we have
no Lagrangian description. In many examples we know, e.g., the central charges (including
flavor central charges), the spectrum of protected operators, and some OPE coefficients
associated with protected operators. This partial knowledge can be used as input for a
numerical bootstrap analysis. Optimistically, we may hope that this protected data and
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the constraints of crossing symmetry are enough to determine the theory uniquely. The
bootstrap may then allow us to effectively solve the theory along the lines of what has been
done for the three dimensional Ising CFT [7, 33, 102]. Because the bootstrap is completely
nonperturbative in nature, it is a natural tool for studying intrinsically strongly coupled
(non-Lagrangian) theories. In fact, when it comes to studying unprotected operators in a
non-Lagrangian theory, the bootstrap is really the only game in town.

The detailed organization of the chapter can be found in the table of contents. In the first
part (sections 2-4) we develop the algebraic viewpoint and the details of the superconformal
block expansion for the two classes of correlators that we consider, while in the second part
(sections 5-8) we present our numerical investigations. Several appendices complement the
main text with technical and reference material.

4.2 The N = 2 superconformal bootstrap program

In the bootstrap approach to conformal field theories, one adopts an abstract viewpoint
that takes the algebra of local operators as the primary object. On the other hand, the
majority of conventional wisdom and communal intuition about N = 2 field theories arises
from a Lagrangian — or at least quasi-Lagrangian — perspective. This leads to something
of a disconnect. The bootstrap perspective is likely to be unfamiliar to many experts in
supersymmetric field theory, while amongst readers with a background in the conformal
bootstrap the additional structure that follows from N = 2 supersymmetry may not be well
known. In this section we will try to bridge this divide.

4.2.1 The insufficiency of Lagrangians

Let us recall some aspects of Lagrangian N' = 2 field theories, which provide a historical
foundation of the subject and help to guide our thinking even for the non-Lagrangian theories
discussed below. The building blocks of an N' = 2 four-dimensional Lagrangian are vector
multiplets, transforming in the adjoint representation of a gauge group G, and hypermulti-
plets (the matter content), transforming in some representation R of G.! For the theory to
be microscopically well-defined, the gauge group should contain no abelian factors,? so we
can take G to be semi-simple,

G:G1XG2X"'Gn. (41)

'More generally, for appropriate choices of gauge group one can allow for “half-hypermultiplets”, i.e.,
N = 1 chiral multiplets, transforming in pseudo-real representations of G. See, e.g., [11] for a recent
discussion.

2An exception is when no hypermultiplet is charged under the abelian factors, in which case there are
decoupled copies of the free vector multiplet SCFT in the theory.
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To each simple factor G; is associated a complexified gauge coupling 7; € C, Im 7; > 0,
and for each choice of (G, R, {7;}) there is a unique, classically conformally invariant N = 2
Lagrangian. For the quantum theory to be conformally invariant, the matter content must
be chosen so that the one loop beta functions for the gauge couplings vanish. Thanks to
N = 2 supersymmetry, this is also a sufficient condition at the full quantum level.

The classification of the pairs (G, R) that lead to N/ = 2 SCFTs can therefore be reduced
to a purely combinatorial problem, whose complete solution has been described recently
in [11]. The simplest examples are N' = 2 superconformal QCD, which has gauge group
G = SU(N.) and Ny = 2N, hypermultiplets in the fundamental representation, and N = 4
super Yang-Mills theory (which can be regarded as an N' = 2 SCFT), for which G is any
simple group and the hypermultiplets transform in the adjoint representation.

The conformal manifold of a CFT is the space of theories that can be realized by de-
forming a given CF'T by exactly marginal operators. In a slight abuse of terminology we
often refer to the conformal manifold of an A/ = 2 SCFT as the (not necessarily proper)
submanifold of the full conformal manifold where in addition the full N' = 2 supersymmetry
is preserved. For a Lagrangian theory this submanifold coincides with the space of gauge
couplings {7;}, up to the discrete identifications induced by generalized S-dualities.®> The
conformal manifold comes endowed with a metric — the Zamolodchikov metric — which is
Kéhler and with respect to which the weak coupling points (where some 7; — 0o in some
S-duality frame) are at infinite distance as measured from the interior. Thus the conformal
manifold of any N = 2 Lagrangian SCFT is non-compact with boundaries where gauge
couplings are turned off.

Lagrangian theories also always possess nontrivial moduli spaces of supersymmetric
vacua. The simplest parts of the moduli space are the Coulomb branch and the Higgs
branch. The Coulomb branch consists of vacua where the complex scalar fields ¢; in the vec-
tor multiplets acquire nonzero vacuum expectation values (vevs), while the complex scalars
(¢,q) in the hypermultiplets are set to zero — this branch is characterized by the fact that
SU(2)g is unbroken, while U(1), is broken. Alternatively, on the Higgs branch only the hy-
permultiplet scalars get nonzero vevs, and this branch is characterized by SU(2)g breaking
with U(1), preserved. There can also be mized branches where the entire R-symmetry is
broken, though we will not have much to say about mixed branches in this work.

The best way to parametrize these moduli spaces is by the vevs of gauge-invariant com-
binations of the elementary fields. The Coulomb branch is parametrized by the vevs of
operators of the form {Tr*}. These operators form a freely generated ring, called the
Coulomb branch chiral ring, with generators in one-to-one correspondence with the Casimir
invariants of the gauge group. Similarly, the Higgs branch can be parametrized by the vevs of
gauge invariant composites of the hypermultiplet scalars. These operators also form a finitely
generated ring, the Higgs branch chiral ring. The Higgs branch chiral ring is generally not

3Because the action of S-duality can have fixed points in the space of gauge couplings, the conformal
manifold may have orbifold points, so it may not really be a manifold.
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freely related, but rather has relations so that the Higgs branch acquires a description as
an affine complex algebraic variety. Alternatively, the Higgs branch can be expressed as a
Hyperkahler quotient [103].

Isolated SCFTs and quasi-Lagrangian theories

Lagrangian SCFTs make up only small subset of all SCFTs. A wealth of strongly coupled
N = 2 SCFTs with no marginal deformations are known to exist — by virtue of being isolated,
they cannot have a conventional Lagrangian description. One particularly elegant way to
find such isolated theories is through generalized S-dualities of the kind discussed in [54]. By
taking a Lagrangian theory and dialing a marginal coupling all the way to infinite strength,
one may recover a weakly gauged dual description which involves one or more isolated SCFT's
and a set of vector multiplets to accomplish the gauging. In this dual description the gauging
procedure is described in what we may call a quasi-Lagrangian fashion: the isolated SCFT
is treated as a non-Lagrangian black box with a certain flavor symmetry, which is allowed to
talk to the vector multiplets through minimal coupling of the conserved flavor current of the
isolated SCFT to the gauge field. The one-loop beta function for each simple gauge group
factor is given by

B=—h"+4k, (4.2)

where h" is the dual Coxeter number of the group and k the flavor central charge, defined from
the two-point function of the conserved flavor current. This determines a simple condition
for when non-Lagrangian theories can be. (Of course, this expression for § applies also to the
Lagrangian case, where the flavor current is a composite operator made of the hypermultiplet
fields.)

The web of generalized S-dualities for large classes of theories can be elegantly described
through the class S constructions of [17, 18]. These theories arise from twisted compactifica-
tions of the six-dimensional (2,0) theories on a punctured Riemann surface, with additional
discrete data specified at each puncture. The marginal deformations of the four-dimensional
theory correspond to the moduli of the Riemann surface, and weakly gauged theories arise if
the Riemann surface degenerates. In this picture the isolated theories correspond to three-
punctured spheres which have no continuous moduli. They do, however, depend on the
discrete data at the three punctures as well as on a choice of g € {4, D,, E,} for the six-
dimensional ancestor theory. In this way several infinite classes of isolated theories can be
constructed. A few of these theories turn out to be equal to theories of free hypermultiplets,
but most cases do not admit a Lagrangian description.

Another large class of isolated theories are the Argyres-Douglas fixed points [104] which
describe the infrared physics at special points on the Coulomb branch of another N' = 2
theory. At these distinguished points several BPS particles with mutually non-local charges
become simultaneously massless, which precludes any Lagrangian description of the infrared
theory. Alternatively, many Argyres-Douglas fixed points can be constructed in class S by
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allowing for irregular singularities on the UV curve [105]. Argyres-Douglas theories have also
recently been used as building blocks in a quasi-Lagrangian set-up [106].

In order to describe the currently known landscape of N' = 2 SCFTs, then, it is clearly not
sufficient to only consider Lagrangians with hypermultiplets and vector multiplets. We can
certainly accommodate any theory in a framework which takes as fundamental the spectrum
and algebra of local operators. This is the basic starting point for the bootstrap approach
that we take in this chapter. The remainder of this section is dedicated to the development
of such a framework.

4.2.2 The bootstrap philosophy

In the bootstrap approach, we take a (super)conformal field theory to be characterized by its
local operator algebra.* The aim is then to understand the constraints imposed upon such
algebras by (super)conformal invariance, associativity, and unitarity. This approach dates
back to the foundational papers of [31, 32, 97-101]. See, e.g., [6, 107] for modern expositions.
We will briefly recall the general logic, while placing particular emphasis on the role played
by short representations of the conformal algebra. In the next subsection we describe the
special features that arise in the N/ = 2 superconformal case.

The local operators {O;(x)} of a CFT form a vector space that is endowed with a product
that gives it something like an associative algebra structure. The product for local operators
is known as the Operator Product Expansion (OPE), and takes the schematic form

O1(2)Oa(y) = Z crou(z — y)Ok(y) - (4.3)

k

Any correlation function of separated local operators in flat spacetime R? can be evaluated by
successive applications of the OPE, which is an absolutely convergent expansion. The OPE
follows as a straightforward consequence of the state/operator correspondence.” To each local
operator is associated a state, obtained by acting on the vacuum with the operator inserted
at the origin,

O(x) — |0) := 0(0)]0) , (4.4)
and conversely each state defines a unique local operator,
) = Oyl(2) . (4.5)

As customary, we will use the language of operators or states interchangeably.

4In adopting this perspective, we are therefore willfully ignoring the complications associated with in-
cluding non-local observables — such as Wilson line operators in conformal gauge theory — and non-trivial
spacetime geometries.

®See [108] for a recent discussion.
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To completely specify a CFT at the level of correlators of local operators, it is there-
fore sufficient to list the set of local operators (that is, the set of their quantum numbers)
and the structure constants appearing in their OPEs. Conformal invariance streamlines
the presentation of this information. First, it allows the local operators to be assembled
into conformal families, each of which transforms as a highest weight representation of the
conformal algebra so0(d,2). The highest weight state, known as the conformal primary, is
annihilated by all raising operators in the conformal algebra, notably the special conformal
generators K. Specializing to the four-dimensional case, a representation R[A, ji, jo] of
50(4,2) = su(2,2) is labelled by the quantum numbers of the primary, namely its confor-
mal dimension A and its Lorentz spins (ji,j2). If the theory enjoys an additional global
symmetry G, then the local operators can be further organized into G representations,
labelled by some flavor symmetry quantum numbers f, and the full representations are then
denoted as R[A, j1, jo; f]. Conformal symmetry also restricts the spacetime dependence of
the functions c¢;;(z) appearing in the OPE (4.3). In particular, the functions c¢;;,(z) are
uniquely determined in terms of the quantum numbers of the representations R;, R;, and
Ry and the coefficients \J;, that parametrize their three-point functions.® All told, the data
that fully specify the local theory amount to a countably infinite list

{ai7 )\zsjk} ) a; ‘= (A7j17j27f)i . (46)

These data are constrained by the requirements that the theory be unitary and that the OPE
be associative. The hypothesis underlying the conformal bootstrap is that these constraints
are so powerful that they can completely determine the local data given some minimal
physical input. In practice, one expects that the input will include the global symmetry of
the theory and some simple spectral assumptions such as the number of relevant operators.

Unitarity and shortening

We first recall the constraints imposed by unitarity. Non-trivial” unitary representations of
50(4,2) are required to satisfy the following unitarity bounds,

AZ=ji+j+2 for J1J2 # 0,
A>]2+1 for jlz(), (47)
A>j1+1 for ]220

In the simplest case of three spacetime scalars (with no additional flavor charges), the three-point
function is completely fixed up to a single overall coefficient A;;,. In general there are multiple parameters
Afjk» 8 = 1,...mult(ijk), where the (finite) multiplicity mult(ijk) is given by the number of independent
conformally covariant tensor structures that can be built from the three reps R; ; .

"We use the qualification “non-trivial” to exclude the vacuum representation, which consists of a single
state with A = j; = jo = 0.
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Generic representations are denoted as An j, j,. Non-generic, or short, representations occur
when the norm of a conformal descendant state in the Verma module built over some confor-
mal primary is rendered null by a conspiracy of quantum numbers. This happens precisely
when the unitarity bounds are saturated, leading the following list of short representations:

CijQi A:j1+j2—|—2,

Bt o A=g+1, j,=0,
; " ” (48)
Bj2 : A=js+1, 45 =0,
B : Azl, 3123220

All of these representations have null states at level one with the exception of B, which has
a null state at level two.

The presence of short representations in the spectrum of a CFT is connected to the
existence of free fields and symmetries in the theory. In particular, the primaries of B-type
representations are decoupled free fields, and as such are not of much interest when studying
interacting CFTs. For example, the primary of a B representation is a free scalar field ¢(z).
Modding out by the null state at level two imposes the operator constraint

P'P,¢ =0¢(x) =0, (4.9)

which is nothing but the free scalar equation of motion. Similarly, B} multiplets have as their
2
primaries free Weyl fermions; the null state level one imposes the free equation of motion

0o (x) =0,
8""11;@(1’) =0.

oy

o)
Sliies NI

(4.10)

On the other hand, C-type representations have various conserved currents as their pri-
maries; their level-one null state is the consequence of a conservation equation,

aaldljal...azjl Guy ez (ZL‘) =0. (411)

Conserved currents with spin j; + jo > 2 are higher-spin currents, which are a hallmark of
free CFTs [53, 109]. For the purposes of the bootstrap, we will usually impose by hand that
no such multiplets appear. Conserved currents with (ji,72) = (1,3) and (j1,52) = (5,1)
give rise to an enhancement of the conformal algebra to a superconformal algebra — when
these operators are present one should therefore be taking full advantage of the power of
superconformal symmetry.

Thus, amongst the short representations of so(4,2), those which may be present in an
interacting non-supersymmetric CF'T are C;; and C%’;. In the former case, the conformal
primary is the stress tensor 7. In the latter case, the conformal primary is a conserved
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current J,, so the presence of such multiplets portend the existence of continuous global
symmetries.

Locality in the operator algebra

An important remark is in order. When characterizing CFTs by their local operator algebra,
certain ingredients which are usually automatically present in a Lagrangian context are no
longer necessarily compulsory. For example, one need not assume that the local algebra
includes a stress tensor at all. Indeed, there are interesting local algebras, such as the
algebra of local operators supported on conformal defects in a higher-dimensional CFT, in
which the stress tensor is not present. The presence of a stress tensor is clearly connected
with the notion of locality in the CFT, and we will take the existence of a unique stress
tensor (that is, the existence of a unique conformal representation of type C; ;) as part of
the definition of a local CFT.

Similarly, in the Lagrangian context a continuous global symmetry implies the existence
of a conserved current in the operator spectrum. We will assume the validity of this claim
even in the non-Lagrangian context:

Conjecture 6 (CFT Noether “theorem”). In a local CFT, to any continuous global sym-
metry is associated a conserved current in the operator algebra that generates the symmetry.

Clarifying the conceptual status of this “theorem” is an important open problem. On
one hand, one may take it as part of the definition of what it means for a CFT to be local, in
which case this is a tautology. Alternatively, it is possible that the theorem may be derived
from general principles in a suitable axiomatic framework.® Whatever the case may be, the
proof of such a statement is of interest in part due to its reinterpretation via AdS/CFT,
which is the statement that there are no continuous global symmetries in AdS quantum
gravity.

Canonical data

The data associated to short representations of the conformal algebra carries particular phys-
ical significance. The three-point function of the stress tensor depends on three parameters,
two of which can be identified with the two coefficients appearing in the conformal anomaly,
conventionally denoted by a and c¢. The a coefficient gives a measure of the degrees of free-
dom of the theory and serves as a height function in theory space: for two CFTs connected
by RG flow, ayy > ar [47, 48]. However, since a can only be extracted from the stress

8Tt is unclear whether the axioms for the algebra of local operators should be sufficient for this purpose.
It is possible that the existence of a conserved current could follow from the assumptions that the operator
algebra is invariant under a continuous symmetry and that there is a stress tensor. Alternatively, the
framework may need to be enlarged, perhaps allowing for correlation functions in non-trivial geometries,
subject to suitable locality assumptions.
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tensor three-point function, it is rather difficult to access by bootstrap methods — one would
generally need to consider correlation functions involving external stress tensors, which are
very complicated [110]. By contrast, if one uses the canonical normalization for the stress
tensor, its two-point function is proportional to c¢. The ¢ coefficient will then appear in any
four-point function containing an intermediate stress tensor, making its presence ubiquitous
in the bootstrap literature. Using “conformal collider” observables, it was argued in [111]
that in a general unitarity CFT the ratio of conformal anomaly coefficients must obey the

bounds’ .
- < a < 31 . (4.12)
3 ¢ 18
The lower bound is saturated by the free scalar CFT, the upper bound by the free vector
CFT. There is strong evidence that these free CFTs are the only theories saturating the
bounds [113].
Similarly, the two-point function of canonically normalized currents depends on a param-
eter k often called the flavor central charge that can be identified with an 't Hooft anomaly
for the corresponding global symmetry [114, 115]. This parameter appears in the OPE of

conserved currents as follows,

FAIP(0) o 2K 5an T = 203, | 2 @ f - JO0)
12 v

44 8 2 26

o (4.13)

Like the ¢ central charge, the flavor central charge makes frequent appearances in the boot-
strap because it controls the contribution of the conserved current in a correlation function
of charged operators.

In a sense, the data associated to the spectrum of conserved currents and stress tensors
and their associated anomaly coefficients is the most basic data associated to a conformal
field theory. We designate this data as the canonical data for the CFT. It is natural to
organize an exploration of the space of conformal field theories in terms of these parameters,
and if one wants to study a particular theory in detail this data is an obvious starting point.
This has not always been the approach in the existing bootstrap literature thus far, but that
is at least in part because the natural observables through which to pursue such a strategy
would be the four point functions of conserved currents and stress tensors. At a technical
level, these are much more complex observables than the correlators of spacetime scalars.

The numerical bootstrap approach

Intuitively, associativity of the operator algebra is a tremendous constraint. However, aside
from the case of two-dimensional CFTs where the global conformal symmetry algebra en-

9The argument uses positivity of energy correlators in a unitarity theory, which is a reasonable physical
assumption (see also [112]). It would be interested to recover the HM bounds by conformal bootstrap
methods. This will likely have to await for the complete conformal block analysis of the stress tensor
four-point function, a challenging technical problem.
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hances to two copies of the infinite-dimensional Virasoro algebra, it seems very difficult to
extract useful information from these conditions. The way forward was shown in [6], where
the focus was shifted away from trying to solve the associativity problem and towards ob-
taining constraints for, e.g., the spectrum of local operators or their OPE coefficients in a
unitary CFT. The prototypical bounds that can be obtained in this way are uppers bound
for the dimension of lowest-lying operator of a given spin, or a lower bound on the ¢ central
charge of a theory, all given some input about the spectrum of scalar operators.

In order to test associativity it suffices to investigate four-point functions in a given CFT,
where the OPE can be taken in three essentially inequivalent ways by fusing different pairs of
operators together. For each choice one finds a representation of the four-point function as a
sum over conformal blocks [107], with one block for each conformal multiplet that appears in
both OPEs. The statement that these three decompositions have to sum to exactly the same
result is known as crossing symmetry. It was shown in [6] that useful bounds can be extracted
already from the requirement of crossing symmetry for a single four-point function involving
four identical scalar operators. Such an analysis is conspicuously tractable — as opposed to
trying to solve all of the infinitely many crossing symmetry constraints simultaneously, we
simply find the conditions that follow from a finite subset of those constraints. The structure
of four-point functions and their OPE decompositions are severely constrained by conformal
symmetry — see, e.g., [107] for an introductory exposition.

The work of [6] has been extended in numerous directions, and bounds have been ob-
tained in theories with and without supersymmetry and in various spacetime dimensions.
Further numerical bootstrap results can be found for example in [7, 33-37, 102, 116-136].
An essential ingredient in the numerical analysis is the (super)conformal block decomposi-
tion of a four-point functions. These structure have been investigated in various cases in,
e.g., [108, 110, 137-149]. In related work, [150-153] obtained nontrivial constraints for the
operator spectrum by considering in particular the OPE in the limit where operators become
lightlike separated.

4.2.3 Operator algebras of N =2 SCFTs

The superconformal case follows largely the same conceptual blueprint as the non-supersym-
metric case, where we replace the conformal algebra so(4, 2) with the superconformal algebra
is s11(2, 2|2). The maximal bosonic subalgebra is just the conformal algebra so(4, 2) = su(2, 2)
times the R-symmetry algebra SU(2)r x U(1),. Additionally there are sixteen fermionic
generators — eight Poincaré supercharges and eight conformal supercharges — denoted as
{QL, Q14, 8%, 879} where T = 1,2, a = +, and & = £ are SU(2)g, su(2);, and su(2),
indices, respectively.

The spectrum of local operators can be organized in highest weight representations of
su(2,2|2) whose highest weight states, known as superconformal primaries, are annihilated
by all lowering operators of the superconformal algebra — in particular, by all the conformal
supercharges S. These representations are labelled by the quantum numbers [A, ji, jo, R, 7]
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of the superconformal primary; the additional labels R and r that extend the ordinary
conformal case are the eigenvalues of the Cartan generators of SU(2)g and U(1),. We will
also consider theories that are invariant under additional flavor symmetry gr (a semi-simple
Lie algebra commuting with su(2, 2|2)), which introduces additional flavor quantum numbers
f. In summary, the local data for an N' = 2 SCFT are

{aia)\fjk} y Q= [Aajbj%Rar;f]i . (414)
In analogy with the conformal case, the coefficients Aj;; encode the information needed to
completely reconstruct the superspace three-point function' (R;(x1, 01) R;(22,602) Ri(x3,63)).
Unitarity and shortening

The unitary representation theory of the N/ = 2 superconformal algebra is more elaborate
than that of the ordinary conformal algebra. The unitarity bounds are now given by

A > Al y 'i O 9
Ji# (4.15)
A:AZ—2 or A}Al, ]1:(),
where we have defined
A1 =242 +2R+ 7, Ay =2+4+2jp+2R —1r. (4.16)

The unitary representations of su(2,2|2) have been classified in [14, 52, 154]. Short repre-
sentations occur when one or more of these bounds are saturated, and the different ways in
which this can happen correspond to different combinations of Poincaré supercharges that
can annihilate the highest weight state of the representation. There are again two types
of shortening conditions, the B type and the C type. Each type now has four incarnations
corresponding to the choice of chirality (left or right-moving) and the choice of SU(2)g
component:

Bt ALy =0, a=1,2, (4.17)
B Oral) =0, a=1,2, (4.18)

aB NI _ :
or { AL)s=0, j1#0, (4.19)

eaﬁ%%lw =0, 51 =0,

'%Tn the conformal case, the Af;; can be extracted from the three-point function of the conformal primaries,
because descendant operators are simply derivatives of the primaries and their three-point functions contain
no extra information. In general this is no longer the case with superconformal symmetry: knowledge of the
three-point functions of the superconformal primaries does not always suffice. But at an abstract level there
is no difference: what matters are superconformally covariant structures that can be built from the three

representations.
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C Lol
* e“ﬁQQOhM =0, j2=0.

Some authors refer to B-type conditions as shortening conditions, and to C-type conditions as
semi-shortening conditions, to highlight the fact that a B-type condition is twice as strong.
We refer to Appendix B for a tabulation of all allowed combinations of (semi-)shortening
conditions and for naming conventions for the resulting representations.

Because of the proliferation of short representations in the N' = 2 context, there is
potentially much more “canonical data” than in the non-supersymmetric case. Indeed, these
many short representations are closely related to various nice features theories with N =
2 supersymmetry. Here we focus primarily on three classes of short representations that
have particularly straightforward connections to familiar physical characteristics of N = 2
theories. These representations have the distinction of obeying the maximum number of
shortening or semi-shortening conditions that can simultaneously be imposed (two and four,
respectively). In the notations of [52], they are:

e &.: Half-BPS multiplets “of Coulomb type”. These obey two B-type shortening condi-
tions of the same chirality: B' N B2. In other terms, they are A/ = 2 chiral multiplets,
annihilated by the action of all left-handed supercharges.!

o Bg: Half-BPS multiplets “of Higgs type”. These obey two B-type shortening condi-
tions of opposite chirality: B! N B,. These types of operators are sometimes called
“Grassmann-analytic”.

° éO(jl,j2)5 The stress tensor multiplet (the special case j; = jo = 0) and its higher spin
generalizations. These obey the maximal set of semi-shortening conditions: C' N C? N
C1 N Cs.

The CFT data associated to these representations encodes some of the most basic physical
information about an N' = 2 SCFT. We now look at each in more detail, starting from the
third and most universal class, which contains the stress tensor multiplet.

Stress tensor data

The maximally semi-short multiplets éo(jl,jg) contain conserved tensors of spin 2 + 71 + Js.
For j; 4+ jo > 0, such multiplets are not allowed in an interacting CFT, and we will always
impose their absence from the double OPE of the four-point functions under consideration.

The 60(070) representation includes a conserved tensor of spin two, which we identify as
the stress tensor of the theory. By definition, a local N' = 2 SCFT will contain exactly one

1We are focusing on the scalar &, multiplets — &, := &r(0,0) in the notations of Table B.1. Representation
theory allows for A = 2 chiral multiplets &, (o j,) with ja # 0, but such exotic multiplets do not occur in any
known N =2 SCFT. See [155] for a recent discussion.
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éo(o,o) multiplet.'> We will usually assume that the theories that we study are local, but

we’ll also briefly explore non-local theories, which have no stress tensor and thus no éo(o,o)
multiplet.

The superconformal primary of éo(o,o) is a scalar operator of dimension two that is invari-
ant under all R-symmetry transformations. The other bosonic primaries in the multiplet are
the conserved currents for SU(2)r x U(1), and the stress tensor itself. An analysis in N' = 2
superspace [156] reveals that three-point function of éo(o,o) multiplets involves two indepen-
dent structures, whose coefficients can be parametrized in terms of the a and ¢ anomalies.
The N = 2 version of the Hofman-Maldacena bounds reads
1 _a 5

< —
c

<-< - 4.21
: (421)

4

The lower bound is saturated by the free hypermultiplet theory, and the upper bound by
the free vector multiplet theory. By a generalization of the analysis of [113], one should be
able to argue that these are the only N/ = 2 SCFTs saturating the bounds.

In this work we will not study the four-point function of the stress tensor multiplet,
because the requisite superconformal block expansion has not yet been worked out. We will,
however, have indirect access to the ¢ anomaly coefficient. As in the non-supersymmetric
case, if one chooses the canonical normalization for the stress tensor then two-point function
of (?0(070) multiplets will depend on ¢ only. The ¢ coefficient will make an appearance in all

four point functions that we study, since éo(o,o) appears in their double OPE.

Coulomb and Higgs branches

As indicated by our choice of terminology, the two types of half-BPS multiplets — &, and
Br — are closely related to the Coulomb and Higgs branches of the moduli space of vacua,
respectively. In Lagrangian theories, the superconformal primaries in the &. multiplets are
the gauge-invariant composites of vector multiplet scalars that parameterize the Coulomb
branch, and the superconformal primaries in the Br multiplets are the gauge-invariant com-
posites of hypermultiplet scalars that parameterize the Higgs branch.

We should call attention to the fact that a satisfactory understanding of the phenomenon
of spontaneous conformal symmetry breaking has not yet been developed in the language of
CF'T operator algebras. In principle, the local data should contain all necessary information
to describe the phases of the theory where conformal symmetry is spontaneously broken.
A method to extract this information is, however, presently not known. Even the basic
question of whether a given CFT possesses nontrivial vacua remains out of reach. Since all
known examples of vacuum manifolds in CFTs occur in supersymmetric theories, one might

12A caveat to this definition of locality is that in the tensor product of two local theories there will be
two stress tensor multiplets. For the purposes of the conceptual discussion here we restrict our attention to
theories that are not factorizable in this manner — we might call such theories simple.
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speculate that supersymmetry is a necessary condition for spontaneous conformal symmetry
breaking.

We are now ready to look in more detail at the CFT data encoded in the two classes of
BPS multiplets.

Coulomb branch data

We will refer to the data associated to &, multiplets as Coulomb branch data. By passing to
the cohomology of the left-handed Poincaré supercharges, one finds a commutative ring of
operators known as the Coulomb branch chiral ring, the elements of which can be identified
with the superconformal primaries of &, multiplets. In all known examples, this ring is
exceedingly simple, and it is natural to formulate a conjecture that the ring is always as
simple as it is in the examples:'3

Conjecture 7 (Free generation of the Coulomb chiral ring). In any N = 2 SCFT, the
Coulomb branch chiral ring is freely generated.

This conjecture can in principle be translated into a statement about the OPE coefficients
of the &£, multiplets. For instance, a simple consequence is that no &, superconformal primary
can square to zero in the chiral ring, so an &, operator must appear with nonzero coefficient
in the OPE of the &, with itself. Precisely this kind of statement can be tested by numerical
bootstrap methods, as we will describe in Section 4.7.

The number of generators of the Coulomb branch chiral ring is usually referred to as the
rank of the theory. The set {ri,... 7 wmnx} of U(1), charges of these chiral ring generators is
one of the most basic invariants of an A/ = 2 SCFT. Unitarity implies 7 > 1, with » = 1
only in the case of the free vector multiplet, so we will always assume r > 1. In Lagrangian
SCFTs, the r; are all integers, but there are several non-Lagrangian models that possess &,
multiplets with interesting fractional values of r. We are not aware of any examples where
U(1), charges take irrational values.

It is widely believed that the Coulomb branch of the moduli space of any N’ = 2 SCFT
is parameterized by assigning independent vevs to each of the Coulomb branch chiral ring
generators. We will generally operate under the assumption that this statement is true,
which amounts to assuming the validity of the following conjecture.

Conjecture 8 (Geometrization of the Coulomb chiral ring). The Coulomb chiral ring is
isomorphic to the holomorphic coordinate ring on the Coulomb branch.

We note that the union of Conjecture 7 and Conjecture 8 implies that the Coulomb
branch of any N' = 2 SCFT just C", with r the rank of the theory.

13To the best of our knowledge, this conjecture was first explicitly stated in the literature by Yuji
Tachikawa in [10].
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At present we are not sure how one might establish Conjecture 8 using bootstrap meth-
ods due to the obstacle of spontaneous conformal symmetry breaking discussed above. How-
ever, once one has found their way onto the Coulomb branch, the powerful technology of
Seiberg-Witten (SW) theory becomes applicable. The effective action for the low-energy
U(1)™k gauge theory on the Coulomb branch is characterized by geometric data (in the
simplest cases, this is the SW curve, more generally it is some abelian variety). There are
well-developed techniques to determine the SW geometry, which apply to most Lagrangian
examples and to several non-Lagrangian cases as well. In turn, the SW geometry determines
a wealth of physical information, such as the spectrum of massive BPS states. Unfortunately,
how to translate this information into CFT data remains an unsolved problem.!4

In [158], Shapere and Tachikawa (ST) proved a remarkable formula that relates the a
and ¢ central charges to the generating r-charges {ry, ... anx},

rank

20 — ¢ = EZ(% —-1). (4.22)

i=1

The ST sum rule holds in all known examples, and it is tempting to conjecture that it is
a general property of all N' = 2 SCFTs. The derivation of [158] requires that the SCFTs
in question be realized at a point on the moduli space a Lagrangian theory. The result can
then be extended to all SCFTs connected to that class of theories by generalized S-dualities.
In particular, this includes a large subset of theories of class S.

According to the ST sum rule, a theory with zero rank necessarily has a/c = 1/2, which
is the value saturating the lower HM bound. As remarked above, there are strong reasons to
believe that the only SCFT saturating this bound is the free hypermultiplet theory. However,
since the whole logic of [158] relies on the existence of a Coulomb branch, this reasoning is
circular. An interacting SCFT of zero rank would be rather exotic, but we do not know how
to rule it out with present methods.

The special case of the & multiplet is particularly significant. The top component of the
multiplet, obtained by acting with four right-moving supercharges on the superconformal
primary,’® Oy ~ Q%&, is a scalar operator of dimension four. This operator provides an
exactly marginal deformation of the SCFT that preserves the full N' = 2 supersymmetry.
(By CPT symmetry, there is also a complex conjugate operator Oy ~ Q*€_5). The converse
is also true: any N = 2 supersymmetric exactly marginal operator Q4 must be the top
component of an & multiplet. It follows that the number of & multiplets is equal to the
(complex) dimension of the conformal manifold of the theory. In a Lagrangian theory, there is
an & multiplet for each simple factor of the gauge group, and the exactly marginal operator

14Gee however [157] for a relation between the spectrum of BPS states on the Coulomb branch and a
certain partition function (evaluated at the conformal point), which appears to be closely related to the
superconformal index.

15Tn an abuse of notation, we are denoting the superconformal primary with the same symbol &£ that
represents the whole multiplet.
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Oy ~ Tr(F? + iF?) (where F is the Yang-Mills field strength) is dual to the complexified
gauge coupling.

Another true feature of all Lagrangian SCFTs (and many non-Lagrangian ones in class
S) is that they can be constructed by taking isolated building blocks with no marginal
deformations (such as hypermultiplets in the Lagrangian case, or Ty theories in the class
S case) and gauging global symmetry groups for which the beta function will vanish. A
natural conjecture is that this feature is indeed universal:

Conjecture 9 (Decomposability). Any N = 2 SCFT with an n-dimensional conformal
manifold can be constructed by gauging n simple factors in the global symmetry group of a
collection of isolated N' =2 SCFTs.

Of course such a decomposition need not be unique — the existence of inequivalent de-
compositions of the same theory is what is often called “generalized S-duality”. Note that

the validity of this conjecture would imply the absence of compact conformal manifolds for
N =2 SCFTs.16

Higgs branch data

In a similar vein, the Br multiplets are expected to encode the information about the Higgs
branch of the theory. The Br superconformal primaries, which are also SU(2)r highest
weights, form the Higgs branch chiral ring. In all known examples this ring describe by a
finite set of generators obeying polynomial relations. The algebraic variety defined by this
ring is then expected to coincide with the Higgs branch of vacua. This expectation can be
formalized as follows:

Conjecture 10 (Geometrization of the Higgs chiral ring). In any N =2 SCFT, the Higgs
branch chiral ring is isomorphic to the holomorphic coordinate ring on the Higgs branch of
vacua.

The Higgs branch of vacua is hyperkahler, so there are actually a CP! worth of holo-
morphic coordinate rings on it depending on the choice of complex structure. The choice of
complex structure corresponds to a choice of Cartan element in SU(2)g, so we have implicitly
made the choice already.

In this chapter we will focus on the simplest non-trivial'” case of these multiplets, the
B, multiplet. This multiplet plays a distinguished role, because it encodes the information
about the continuous global symmetries of the theory. Indeed, the multiplet contains a
conserved current,

Joa = Ejlcggéjadmc , (4.23)

16Tn the N = 1 case the existence of compact conformal manifolds has recently been established in [159].
The methods used there cannot easily be generalized to the N' = 2 case.
B 1 describes a free hypermultiplet.
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where ¢z 7 is the operator of lowest dimension in the B, multiplet. It is an SU(2)g triplet and
is often referred to as the moment map operator. (The superconformal primary is the highest
SU(2)g weight ¢1;.) The current J, generates a continuous symmetry global symmetry,
and is thus necessarily in the adjoint representation of some Lie group Gr. Vice versa, if
the theory enjoys a continuous global symmetry, it follows from Conjecture 6 that the CF'T
contains an associated conserved current J,4, and one can show that in an interacting N = 2
SCFT such a current must necessarily belong to a B; multiplet. Indeed, one can survey the
list of superconformal representations and identify all the ones that contain conserved spin
one currents that are also SU(2)z x U(1), singlets. The list is very short: B; and C0(2,2
The latter multiplet has a conserved current as its superconformal primary, but also contains
conserved spin three conserved current among its descendants, so by our usual criterion it is
not allowed in an interacting SCFT. What’s more, B, representations cannot combine with
other short representations to form long representations, so the B; content of a theory is
an invariant on the conformal manifold, except for possible enhancements in singular limits
where some free subsector decouples (such as the zero coupling limit of a gauge theory) and
éo(%,%) multiplets may split off from long multiplets hitting the unitarity bound.

As we have already mentioned in the context of exactly marginal gauging of SCFTs, to
each simple non-abelian factor of the global symmetry group is associated a flavor central
charge k, defined from the OPE coefficient of the conserved current with itself (4.13). Thus
the most basic data associated to the B, representations in an SCFT are the global symmetry
group Gr = G X ... Gy and the corresponding flavor central charges.

Chiral algebra data

It was recognized in chapter 2 (see also [75] and chapter 3) that the local operator algebra of
any N = 2 SCFT admits a closed subsector isomorphic to a two-dimensional chiral algebra.
The operators that play a role in the chiral algebra are the so-called Schur operators, which
(by definition) obey the conditions'®

Schur operators are found in the following short representations,

A A

Br, Droj): Drino)» Criigp) - (4.25)

One should in particular note the absence of the &, multiplets from this structure. Each
supermultiplet in this list contains precisely one Schur operator: for the Br multiplets, the
Schur operator is the superconformal primary itself, while for the other multiplets in (4.25) it

18In fact one can show that the first condition implies the second in a unitary theory.
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is a superconformal descendant.'* When inserted on a fixed plane R? C R*, parametrized by
the complex coordinate z and its conjugate z, and appropriately twisted (the twist identifies
the right-moving global conformal algebra sl(2) acting on z with the complexification of
su(2)r algebra), Schur operators have meromorphic correlation functions. The rationale
behind this construction is that twisted Schur operators are closed under the action of a
certain nilpotent supercharge, Q := Q' + &', and they have well-defined meromorphic OPEs
at the level of @ cohomology. This is precisely the structure that defines a two-dimensional
chiral algebra.

We refer the reader to 2 for a comprehensive explanation of this construction. Here we
mainly wish to emphasize that the chiral algebra data (i.e., the Schur operators and their
three-point functions) are a very natural generalization of the Higgs data. Since they are
subject to associativity conditions expressed by meromorphic equations, the chiral algebra
data can be often determined exactly given some minimum physical input.

The simplest example, and the one that will play a role in this chapter, is the case of
moment maps. Moment maps transform in the adjoint representation of the flavor symmetry
group, and in the associated chiral algebra they correspond to affine Kac-Moody currents,
where the level koy of the affine current algebra is related to the four-dimensional flavor
central charge k by the universal relation

kog = —E . (4.26)
2

The four-point function of affine currents completely determined by meromorphy and cross-
ing symmetry. In the present context, it admits a reinterpretation as a certain meromorphic
piece of the full moment map four-point function. Crucially, this meromorphic piece con-
tains the complete information about the contribution of short representations to the double
OPE of the four-point function.?’ All in all, combining the constraints of four-dimensional
unitarity with the ability to solve exactly for the contributions of short representations leads
to novel unitarity bounds for the level £ and the trace anomaly coefficient ¢ that are valid
in any interacting N' = 2 SCFT. These bounds will play a significant role in the analysis of
Section 4.6.

4.2.4 A first look at the landscape: theories of low rank

The ultimate triumph of the A/ = 2 bootstrap program would be the classification of N = 2
SCFTs. If the decomposability conjecture of Section 4.2.3 holds true, then this problem is

9For example, the Schur operator in a 60(070) multiplet is a single component of the SU(2)r conserved
current.

20To be able to uniquely reconstruct the contribution of the short representations from the meromorphic
function, one must make the now-familiar assumption that the theory does not contain higher-spin conserved
currents.
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reduced to the enumeration of elementary building block theories with no conformal manifold.
Still, this is completely out of reach at present, and any attempt at a direct attack on the
classification problem would be premature. We are still very much in an exploratory phase.

To organize our explorations we may characterize theories by their rank — i.e., the di-
mension of their Coulomb branch or the number of generators in the Coulomb branch chiral
ring. Theories with low rank by and large have smaller values for their central charges than
their higher-rank counterparts, so this may be a reasonable measure of the complexity of a
theory. From the bootstrap point of view, theories with small central charges are attractive
as targets for numerical study.

The rank zero case is probably trivial. The simplest conjecture is that the only N = 2
SCFT with no Coulomb branch is the free hypermultiplet theory. This would be compatible
with the universal validity of the Shapere-Tachikawa bound.

For rank one, we can start by reviewing the list of established theories. This survey
will prove useful in our efforts to interpret the numerical bootstrap results reported in later
sections. The classic rank one theories are the SCFT's that arise on a single D3 brane probing
an F-theory singularity with constant dilaton [12, 64-68]. There are seven such singularities,
denoted by Hy, Hy, Hy, D4, Fg, E7, Eg. With the exception of the theory associated to
the D4 singularity, which is an SU(2) gauge theory with Ny = 4 fundamental flavors, these
theories are all isolated non-Lagrangian SCFTs. They have an alternative realization is in
class S, where they are associated to punctured spheres with certain special punctures — see,
e.g., [17, 79, 105, 160, 161].

Basic properties of these rank one SCFTs are summarized in Table 4.1. Their flavor
symmetry algebra b is given by the Lie algebra of the same name (with H; — A;; the
Hy theory has no flavor symmetry). From the F-theory realization it is manifest that the
Higgs branch of each theory is the one-instanton moduli space for the corresponding flavor
symmetry group. As algebraic varieties, these Higgs branches are generated by the h moment
maps subject to a set of quadratic relations known as the Joseph relations. Relatedly, the
flavor central charge k and the ¢ anomaly saturate the unitarity bounds derived in 2. It was
argued in Section 4 of chapter 2 that this is strong evidence that the protected chiral algebra
is the affine Lie algebra by, at level koyg = k2

Another well-known rank one N/ = 2 SCFT is A/ = 4 super Yang-Mills theory with
gauge group SU(2). Regarded as an N/ = 2 theory, it has flavor symmetry h = su(2), the
commutant of SU(2)g x U(1), in the full SU(4) R-symmetry. There are three more recent
additions to the list of rank one theories. They were initially discovered in [71] by considering
the strong coupling limit of Lagrangian theories and then given a class S re-interpretation
in [162, 163]. In these theories the Coulomb branch is generated by an & multiplet with
r=3,4,6. These are the same values as in the Fg, E7 and Eg theories in Table 4.1, but the

21We mention in passing, as this will play a role later, that each of these theories admits a rank N
generalization, physically realized on the worldvolume of N parallel D3 branes probing the same F-theory
singularity. The Higgs branches of the higher rank theories are the moduli spaces of rank-N h-instantons,
with global symmetry h ® su(2) for N > 2.
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flavor symmetries for these new theories are smaller. Given the serendipitous discovery of
these “new” rank one theories, one may rightly view with suspicion the claim that the list
of known rank one theories is complete. How could we find out?

A systematic study of rank one A/ = 2 SCFTs has been undertaken by Argyres and
collaborators [164, 165] using Seiberg-Witten technology.?? Let us give a quick informal
summary of this approach. The Coulomb branch chiral ring of a rank one theory is by
definition generated by a single operator &,,. Assuming the validity of Conjecture 7, this
operator should not be nilpotent, and further assuming Conjecture 8, its vacuum expectation
value

wi= (&), (4.27)

parametrizes the Coulomb branch of vacua. For u # 0, the theory admits a low-energy
description in terms of an effective U(1) gauge theory, whose data are encoded in a family
of elliptic curves [168, 169],

y? =2+ f(u,mg)z + g(u,m;) , (4.28)

and in a meromorphic one form Agw(u,m;), subject to certain consistency conditions. The
complex parameters {m;} are mass parameters, dual to the Cartan generators of the flavor
symmetry algebra h of the theory. For zero masses, the curve must take a scale invariant
form, i.e., it must transform homogeneously if one rescales x, ¥y and u with the appropriate
weights. The scaling weight of w is nothing but the conformal dimension A = ry of &,,. The
possible scale-invariant curves are then given by a subset of Kodaira’s classification of stable
degenerations of elliptic curves depending holomorphically on a single complex parameter.
There turn out to be seven cases, and they are the same as the F-theory singularities with
constant dilaton. Starting from the scale-invariant curve, one can construct its mass defor-
mations (which must be compatible with the existence of the meromorphic one-form Agw),
and infer the flavor symmetry algebra . It turns out that for a given scale invariant curve
there can be numerous inequivalent mass deformations [164, 165]. The “canonical” rank one
theories of Table 4.1 correspond to the maximal mass deformation, but submaximal deforma-
tions with smaller flavor symmetry are also possible. An example of this phenomenon that
we have already implicitly encountered is the submaximal deformation of the D4 singularity,
with h = su(2) C s0(8), which corresponds to N' = 4 SYM with gauge group SU(2). The
“new” rank one theories of [71, 162] are recognized as submaximal deformations of the FEj,
E; and Eg Kodaira singularities, but several other possibilities also appear to be consistent??
[165]. In the absence of an independent physical construction (in class S or otherwise), it
is a priori unclear whether the mere existence of a Seiberg-Witten geometry guarantees the
existence of a full fledged SCF'T. The bootstrap approach should be able to shed light on this
question, at the very least by providing some consistency checks of the candidate models.

22The rank two case is considerably more involved [166, 167].
2We are grateful to P. Argyres for sharing some of the results of [165] with us prior to publication.
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G ||Hy| H | Hy | Dy | Es| Ey| Eg
b — | su(2) | su(3) | s0(8) | es | e7 | es
| - 2 3 6 12 | 18 | 30
k2] 8 3 4 |6 |8 |12

11 1 2 7 13 19 31
¢ 1 30 2 3 6 6 | 6 | 6

43 11 e 23 41 | 59 | 95
@ ) 120 | 24 12 24 24 | 24 | 24
ro| £ 3 3 2 | 3|46

Table 4.1: Properties of rank one SCF'Ts associated to maximal mass deformations of the
Kodaira singularities [54, 70, 170]. We list the name of the singularity, the flavor symmetry
algebra b and its dual Coxeter number h", the flavor central charge k, the ¢ and a anomaly
coefficients, and the U(1), charge ry of the Coulomb branch chiral ring generator.

In summary, even for rank one the situation is not completely settled. There are several
established theories and a growing list of possible additional models. A complete elucidation
of the rank one case should be a benchmark for our understanding of the N' = 2 landscape.

4.3 The moment map four-point function

As our first observable of interest we take the four-point function of moment map operators.
As explained in the previous section, these are the superconformal primaries for represen-
tations containing conserved currents for global symmetries (the B, multiplets). This is in
some sense the paradigmatic observable by means of which we can investigate SCFTs with
flavor symmetries. The moment map operators are spacetime scalars of conformal dimen-
sion two, and they transform in the adjoint representation of SU(2)r while being neutral
with respect to U(1),. Like the conserved currents in the same multiplet, they transform
in the adjoint representation of the flavor symmetry group Gr. We denote these operators

{‘Ij)(x), where Z, J = 1,2 are fundamental indices for SU(2)g and A = 1,...,dim GF is
an adjoint index for Gp.

The purpose of the present section is to describe the structure of this correlation function
and to formulate its (super)conformal block decomposition. Let us briefly outline the general
trajectory of this analysis. The four-point function of moment map operators can initially
be organized to reflect the constraints of conformal symmetry, SU(2)g symmetry, and G
flavor symmetry. In practice this means decomposing the general correlator into a number
of functions of conformal cross ratios that encode the contributions of operators with fixed
transformation properties under SU(2)g and G in the conformal block expansion. These
functions are further constrained by superconformal Ward identities [41] (see also [42, 43]).
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The ultimate result of these Ward identities is that the functions corresponding to different
SU(2)r channels are not independent, but rather the full four-point function is algebraically
determined in terms of a set of meromorphic functions f;(z) and unconstrained functions
Gi(z,z), where the index i runs over the irreps that appear in the tensor product of two
copies of the adjoint representation of G,

Adj(Gr) ® Adj(GF) = é%i(GF) : (4.29)

The meromorphic functions are identical to the four-point functions of affine currents in two
dimensions 2, and are completely determined by the flavor central charge. The unconstrained
functions G;(z, Z) are best considered in a superconformal partial wave expansion. They can
be split into two parts which we call G™t(z, z) and G1°*(z, ). The former functions encode
the contributions of protected operators appearing in the OPE of two moment maps, and
under mild assumptions®* they can be completely determined in terms of the central charges
k and ¢ by reading off the relevant CFT data from the (now fixed) meromorphic functions.
The latter functions encode the spectrum and OPE coefficients of unprotected operators,
about which we generally have scant knowledge. The point of the numerical analysis of
Section 4.6 will be to constrain the CFT data encoded in the functions G,""%(z, Z) using
crossing symmetry.

4.3.1 Structure of the four-point function

The appearance of the four-point function in question can be cleaned up a bit by introduc-
ing some auxiliary structure. Following [43], we eliminate the explicit SU(2)g indices on
qb(AI J)(xi) in favor of complex polarization vectors ¢Z in terms of which we define

A (t, @) = lr g (x)t"t7 . (4.30)

With these conventions, conformal symmetry and R-symmetry demand that the four-point
function of moment map operators be of the form

< A ¢ B C D o (tl : t2)2(t3 : t4)2GABC’D . 4.31
O (t1, w1) " (ta, T2) 0™ (t3,23) 0" (T4, 74)) = A (u,v;w) , (4.31)
1234

where u and v are (standard) conformally invariant cross-ratios,

2 .2 2 .2
XT3y L TyTas

=:2Z,

= (1-2)(1-7), (4.32)

T T2 .9 T T2 .9
LoyT13 LoyT73

24The assumption in question is that there are no higher spin conserved currents appearing in the con-
formal block decomposition. This is expected to hold true for any interacting theory.
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w is the unique SU(2)g—invariant “cross-ratio” of the auxiliary variables,

w = i t2) (ts - 1) (4.33)

(t1 - t3) (Lo - ta)

and we have defined the contraction t; - t; := €z jtftf )

The flavor symmetry of the correlator can be captured by introducing a complete basis
PABCD of invariant tensors. We can always choose this basis such that the label ¢ runs
over the various irreducible representations R; of Gr that appear in the tensor product
of two copies of the adjoint representation of G, with the PABCP projectors onto this

(2
representation. We may then write

GABED (y, v w) = Z Gi(u, v;w)PABEP (4.34)
ieAdjRAd]

and the projectors themselves satisfy
PiABCDPjDCE'F — 6ijIDZ’ABEF 7 PZ»ABBA — dlm(Rl) . (435)

For each representation fR; one can decompose the corresponding G;(u,v;w) into three
terms corresponding to the three SU(2)g channels. In terms of the auxiliary variable w we
find

Gi(u,v;w) = ZCLLR(U’ v)Pr(y) , (4.36)

where we have defined y = % — 1, and the Pg(y) are Legendre polynomials

P(y)=1, Py)=y, Ply= ! (3> —1) . (4.37)

2
Each of the a; g(u,v) has a conventional conformal block decomposition that encodes the
exchanged conformal families in the appropriate flavor and R-symmetry representations.
These conformal blocks are actually grouped together in superconformal blocks, as we will
explain further below.

The consequences of superconformal covariance for this four-point function have been
analyzed in detail in [41-43]. Because supersymmetry transformations commute with flavor
symmetries, the superconformal Ward identities apply to each G;(u, v; w) independently. The
end result of the analysis in those papers is neatly encapsulated in the following specialization
condition,

Gi(u,v;w)‘wzz = fi(2), Gi(u,v;w)‘wzz = fi(2), (4.38)

where it is the same meromorphic function f; appearing in both expressions. We note here
that this condition can also be seen to follow from the existence of the superconformal twist
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introduced in 2. In terms of these meromorphic functions, one then finds that the the
Gi(u, v; w) take the following form [43],

Gi(u,v;w) = 2w = 2)filz) = 2w = 2) [i(2) + <1 — i) <1 - 5) Gi(u,v) . (4.39)

w(z — 2)

Upon decomposing this expression in the basis of Legendre polynomials of y, one recovers
expressions for the various R-symmetry channels in terms of f; and G;,

a;o(u,v) = W , (4.40)
ey = WG HE) (=060
BT 2z — z) 2 ’
_ v+1 u u 2-2)fiz)  (2-=2)fi(2)
aio(t,v) = Gi(u,v) ( 2 6) B 2(z— %) ( z - z ) '

We see that (for a given flavor symmetry channel) the functions a; g(u, v) are not indepen-
dent; instead they are all determined in terms of the meromorphic function f;(z) and a single
unconstrained function G;(u, v).

Constraints of crossing symmetry

As a consequence of Bose symmetry, the four-point function must be invariant under ar-
bitrary permutations of the four inserted operators. For the functions G;(u,v;y), these
permutations lead to the following relations,

u 1 ,
(1, 1) < (22, 12) = Gi (;, i ) = (1) OGy(u, v;y) (4.41)
1—2y+y? y+3 v? i
1; ; ——G (v, u; —— | = < Gj(u,v;y)F . (4
(x1,t1) <— (23,13) = 1 G <v u . 5Gi(u,viy)FyY . (4.42)
y— u

The first of these is called the braiding relation, while we refer to the second as the crossing
symmetry equation. We have introduced the notation symm (i) which is equal to zero or one
if representation i appears in the symmetric or antisymmetric tensor product of two copies
of the adjoint, respectively. The matrix Fij relates the projectors in one channel with the
projectors in the crossed channel:

PZ-ABCD — PjCBADF;:j ’ (443)

and is related to “Wigner’s 6j-coefficients” (see, e.g., [63]). In the cases considered in the
present work this matrix satisfies F;” F;* = §,".
The corresponding constraints for the functions f;(2) and G;(u, v) are obtained from (4.41)
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and (4.42) by using the solution for G;(u,v;y) from (4.39) and reading off the constraints
term by term in a y-expansion. This exercise was already worked out without the flavor
symmetry structure in [43]. Upon including flavor symmetry indices we find two sets of
relations involving only the meromorphic functions,

z

fi(z) = (—1)Symm(i)fi < ) , 2fi(1—2)=(1- z)Qf](z)FZ] , (4.44)

z—1

one braiding equation involving only the two-variable functions,

Gi(u, v) = (—1)vmm(d g, <9 1) . (4.45)

v v
There is one additional non-trivial crossing symmetry relation for the unconstrained function,
(z—2)(1 —2)*(1 — E)ZFinj(u,v) + 222%(2 — 2)Gi(v, )
+22(2(2 = Vil = 2) = 5 = Dfi(1 - 2)) =0 (4.46)

This is the equation that we will investigate numerically. Before doing so we have to first
compute its superconformal block decomposition and solve the other crossing symmetry
equations, in particular the last equation in (4.44). We will discuss these two topics in the
next two subsections.

Fixing the meromorphic functions

By meromorphicity, the single-variable functions f;(z) are fixed completely by the structure
of their singularities. The only physically allowable singularities occur when two of the
inserted operators collide, i.e., at z =0, z = 1, and z — 0o. The equations in (4.44) relate
the singularities at these three points, so it suffices to specify the singular behavior of f;(z)
near, say, z = 0. This simple crossing symmetry problem is reminiscent of what arises in
the study of two-dimensional meromorphic conformal field theories. Indeed, a compelling
physical picture that explains the relationship between this crossing symmetry problem and
the two dimensional case has been presented in 2. There it was shown that the functions
fi(2) are precisely equal to the four-point functions of an extended chiral algebra that can be
isolated by working at the level of cohomology relative to a particular nilpotent supercharge.
Indeed, the equations (4.44) are exactly the crossing equations one encounters in studying
chiral algebra four-point functions.

In 2 it was found that the moment maps 425241 () are related to dimension one affine cur-
rents in the corresponding chiral algebra. These affine currents generate an affine Kac-Moody
(AKM) algebra Gr. The level koy of this AKM algebra is related to the four-dimensional
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flavor central charge k as

k

Many more details about these chiral algebras can be found in 2 (see also [28, 75]). For
our purposes here we need only know that the chiral algebra completely determines the
one-variable part of the four-point function fAP“P(z) to be the four-point function of affine
currents, which for any group G takes the form:

25AD(SCB
(1-2)2

Note that the normalization here is such that the current has a canonical two-point function,
so the level k appears in the denominator in this expression.

2z
JABOD (z) = §ABOD 4 2540 5BD 4 12 fACEfBDE+mf“‘DEfBCD- (4.48)

4.3.2 Superconformal partial wave expansion

So far we have understood the functional form of the four-point function as follows from
su(2,2|2) symmetry and an analysis of the associated chiral algebra. The next step is to
consider the superconformal partial wave expansion of the correlator.

The supersymmetric OPE of a B; representation with itself has been studied in [171].
The approach taken in that paper was to analyze all possible three-point functions of two
B, representations with a third a priori generic representation in harmonic superspace. The
result can be summarized in the following “fusion rule”,

This fusion rule can be further refined by taking into account flavor symmetry representa-
tions, which lead to some additional constraints. For example, long multiplets can appear in
all possible flavor symmetry representations but the stress tensor multiplet @0(070) can only
appear as a flavor singlet. The precise selection rules are summarized in Table F.2.

Each superconformal multiplet X in flavor representation ¢ that appears on the right-hand
side of (4.49) must contribute a finite number of conventional conformal blocks to each of
the three functions a; g(u,v) with 0 < R < 2. We denote these contributions as a:(u, v).
For this particular four-point function the coefficients of the conventional conformal blocks
are all related by the superconformal Ward identities [41], and we end up with just a single
undetermined OPE coefficient (squared) for each superconformal block. This leads to the
decomposition:

GABCD(u,U;y) = ZPABCD Z Symm 2 (Z Pr(y)a; s (u v)) (4.50)

X inrep ¢
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where the term in parentheses is the superconformal block. The factor of (—1)%™™® follows
from reflection positivity. In a unitary theory the \; y are real and their square is therefore
always positive.

The complete set of superconformal blocks for this four-point function was obtained in
[41]. It is most naturally given in terms of the functions G;(u, v) and f;(z) introduced above,
which is presented in Table 4.2, where ¢ = 2j; = 2j, = 275 since all the multiplets appearing
in this OPE have j; = j5. In the table Gg)(u, v) denotes the four-dimensional conformal

Multiplet | Contribution to G;*(u,v) | Contribution to f;*(z) | Restrictions
Id. 0 1

Ao 6u"s GY\y(u,v) 0 A>l+2
éO(j,j) 0 292j42(2) j=0

B, 0 291(2)

Ci(3) 6uGyys (u,0) —12g2j43(2) j=0

B, 6uG (u, v) —12¢s(2)

Table 4.2: Superconformal blocks for the &,, four point function in the 2 channel.

block which is given by (F.1) in our conventions, and

PN
ge = <—§> 29 F1(0,0;20; 2) (4.51)

is a two-dimensional conformal block in a chiral algebra, as we discuss in more detail be-
low. Through (4.40), the contribution of each superconformal multiplet to the a; r(u,v) is
obtained from the contribution of said multiplet to G;(u,v) and f;(z). This is worked out in
detail in Appendix F.1.

From inspection of Table 4.2 it follows that the decomposition into superconformal blocks
of a given four-point function can be ambiguous. For example, a long multiplet at the
unitarity bound A = ¢ + 2 contributes in exactly the same manner as a combination of
two short multiplets. These ambiguities can be understood from the fact that these two
multiplets can recombine to form a long multiplet according to?

A=2j42 5 5 5 5
Aoy = Co6a) @Cr1 ;) ®Cuiy ®Cy1 51y - (4.52)

25 Appendix B provides an overview of all the recombination rules for the unitary irreps of su(2,2|2).
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Only the first and last multiplet are allowed in the OPE of two scalars. For the case j = 0 we
can use Cl(] 11y = = B, and we get ~ Co(() 0) + B, on the right-hand side. These ambiguities
will be fixed below.

The braiding relations (4.45) together with Table 4.2 correlate the allowed spins of mul-
tiplet &; to symm(i): only even/odd spins appear in G;(u,v) for a representation appearing
in the symmetric/antisymmetric tensor product, respectively. This follows from the braid-
ing relations from the individual conformal blocks, Gg)(u, v) = (=1 ’7G (“ 1), As
an example, for flavor singlets the spin of these operators is always even and for the flavor
adjoint multiplets these spins are always odd.

While the meromorphic functions f;(z) receive contributions only from short multiplets,
the two-variable functions G;(u, v) include contributions from both long and short multiplets.
It is then useful to split the two-variable functions into the long and short contributions
appearing in a given channel,

gi<u7v) = giShort(ua U) + g;ong(u’ U) ) (453)
where we have
gshort(u V)= 6)\2 UG(O) Z /\261“) ) GZ::,I)( v)
‘= 0,1,
G (uv) = Y 6N as(=D)u 60, (u,v) - 51
A>042,0

In the next subsection we will show that the coefficients of the short superconformal blocks
— and therefore the complete functional form of G (u,v) — are completely fixed from the
chiral algebra correlator (4.48). All the undetermined information in the four-point function
is then contained in gbng (u,v). These are the functions that will be analyzed numerically
in Section 4.6.

Fixing the short multiplets

Because the meromorphic functions f;(z) are completely determined by crossing symmetry
(or alternatively by analyzing the associated chiral algebra), their decomposition in chiral
blocks of the form (4.51) is determined. We can thus write

z) = Z bio(—1) gesa(2) (4.55)

(>=2

with known coefficients b; ;. Upon examining the contributions of general supermultiplets
to fi(z) in Table 4.2, we see that the chiral OPE coefficients are related to four-dimensional
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OPE coefficients of the short multiplets as follows,

b1,72 = )‘i,lda

b1 = 2\ 5, (4.56)
bio = 2N a . 12N 4,

bie = 2N ¢ —12Afyél<ji%’ji%), (=2j>1.

Note that in the first line, the identity operator can only appear in the flavor singlet channel
i = 1. If we now further assume that the theory has (a) no higher spin currents, and (b) a
unique stress tensor, then one can actually fix the OPE coefficients of all short multiplets.
Indeed, the first assumption implies the absence of any Cy(; ;) multiplets with j > 1, so in
particular
2 _ o .

AL Corny = 0 for £=257>1. (4.57)
Our second assumption implies that there is a unique multiplet of type @0(070), which is a
flavor singlet, and whose OPE coefficient is fixed in terms of the ¢ central charge according
to

2 _ dim GF
%, Co(0,0) 6¢

di1, (4.58)

where dim G5 is the dimension of Gr. This numerical value follows from conformal Ward
identities upon imposing appropriate normalization conventions which we spell out below.
With these additional conditions, we see that (4.56) completely determines the OPE

coefficients A , , A? . ;and A\? , , in addition to the coefficient of the identity A3 ;; which
i, 517 " i, By 4 C1(j,9) ’

is merely an overall normalization. The remaining undetermined variables in the four-point
function are the spectrum of long multiplets A2 and the corresponding OPE coefficients
/\f’ " This demonstrates how the chiral algebra leads to a clear distinction between the
contributions of the short multiplets, which we can solve analytically, and the contribution
of the long multiplets, which we can determine only numerically.

The precise values of the coefficient b; , can be read off from (4.48) after decomposing it
in the different flavor symmetry channels, using the projectors PABCP. The form of these
projectors generally depends on G, see for example [63] for many examples. For the singlet
and adjoint representation the projectors always have the same universal form, so we can
discuss the corresponding decomposition in full generality.

The projector onto the singlet channel is always given by PAPCP = ﬁé’w 5P, where
the normalization is chosen such that the trace of the projector corresponds to the dimension
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of the representation. The projection of (4.48) in the singlet channel then yields:

~ dim 2 1 2¢%2%hY
o = dmGrs (1 g )+ (1.59
) 200+ 1)(N2 (20 + 1)(0 + 2)k — 4p% BV :

0=0,2,

where h" is the dual Coxeter number of G, and 92 the length squared of the longest root.

In a similar vein, the adjoint projector is fixed to be P{¢" = lehV FABE fEDC wwhich traces

to dim G, and so we find that for any flavor group:

(z—2)z <thwzz—Lk¢2+22>
(z—1)

fagi(2) = —

20+ 1)()? (206 +1)(¢ +2) - 2522 (4.60)

22hY
- 20+ 1)! ge2(2)

= 2 91(2) +

=13,

Equations (4.59) and (4.60) determine an infinite number of coefficients b; 4. It is worthwhile
to analyze the coefficients of the first few low-lying operators in more detail.

Let us begin with the identity operator, which only appears in the singlet channel. From
equations (4.56) and (4.59) we find

A} g =dimGp . (4.61)

The explicit factor dim G cancels against the same factor in the projector and therefore the
operator is unit normalized, so

(6 (1) (1, 2)) = (120077 (462)

B |21 — 2o|*

in our conventions. R
Next we consider the £ = —1 term in (4.55). This block corresponds to the B; multiplet
and therefore appears only in the adjoint flavor channel. From (4.56) and (4.60) we obtain

that 2
2
)\81 — k‘ .

(4.63)

In Table F.1 in Appendix F we expanded the superconformal block into a sum of conventional
conformal blocks, and with the given coefficient we find the correct contribution of the flavor
current conformal block for a four-point function of adjoint fields, see, e.g., [34, 35].

At the next order in (4.55) we find the coefficients b,y which according to (4.56) get
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contributions from @0(070) and Bg multiplets. As we mentioned above, the former multiplet
contains the stress tensor and we can fix its coefficient in terms of the central charge. In a
general CF'T, the contribution of the stress tensor conformal block to the four-point function
of a scalar of dimension 2 is, e.g., [34, 35]

4

(2) 4.64
9OCUG4 : (4.64)

215234 (D(21)P(22)P(23) $(4))
According to the third entry in Table F.1 this conformal block appears in the superconformal
block with a factor of %. After adding an additional factor dim G in order to cancel
the corresponding factor in the singlet projector we recover (4.58). Using this equation in
conjunction with (4.56) and the expression of by o that can be read off from (4.59), we find
that for any flavor group

1 (dimGp  49%hY
Aiéﬁﬁ( T T4 (4.65)

This coefficient must be positive for unitarity theories, and so we obtain a constraint on the
allowed values of k and ¢ for a given flavor group Gp:
dimGp _ 12¢%hY
2 —
c k

12 (4.66)

This is one of the unitary bounds obtained in 2. Its saturation corresponds to the absence of
the B, multiplet in the singlet representation, which implies a relation in the Higgs branch
chiral ring of these theories.

Finally, from the last line of (4.56) we see that for 7 > 1 the two multiplets contributing
to the meromorphic function are ég(jﬂ') and C’l(j_ 11y As we already mentioned before, the
C’O(M) multiplets contain conserved currents of spin higher than two and are not expected
to be present in an interacting theory and we can set the corresponding OPE coefficients to

zero. In the singlet channel this for example directly leads to

p V2RV
2 —_— - J—
/\1,é1<0,0) 5 (2 3k ) ’ (4-67)

whose positivity implies another bound of 2,

Zh\/
k> ¢6 : (4.68)

This bound can also be found by using similar arguments in the adjoint channel.
In what follows we will fix the normalization of the longest root to be ¢? = 2.
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4.3.3 su(2) global symmetry

The first special case of the above structure that we will investigate is the case of global
symmetry algebra su(2). This is quantitatively the simplest case because it is the unique
simple algebra for which only three irreducible representations appear in the tensor product
of two copies of the adjoint representation — in particular, we have

303=1®3®5. (4.69)

Interesting examples of A/ = 2 superconformal theories with su(2) flavor symmetry are the
theory of a single D3 brane probing an H; singularity in F-theory as well as the theories
of any number n > 1 of D3 branes probing any of the F-theory singularities listed above.
(Recall also that the theory of a single free hypermultiplet is invariant under an su(2)p flavor
symmetry.)

The projectors onto each of the representations in (4.69) are easy to compute, see,
e.g., [63],

PABCD _ 1 §AB§CD

3 )
1
pABCD — 5AD5CB . 5AC(SBD
3 2 ( ) ?
P5ABCD — % (6AD603 + 5AC5BD) _ Pi4BCD 7

where A =1...3 is an adjoint index. From [63] the F' matrix can be computed as

J 1 BDCA PABDC’
P dim(j)

, (4.70)

where dim(j) = PjABBA. We will arrange the rows and columns of F' such that i,7 =1,2,3
correspond to the 1, 3, 5 channels respectively. The F' matrix for su(2) is then,

111
3 3 3

F=|1 1 -1 (4.71)
5 _5 1
3 6 6
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We can now use equation (4.48) and compute the f;(z) functions,

PR L et il Chad St

(1-2) ’
falz) = 2T ?ZOJF_(;; We s (4.72)
P2+t
Js(z) = (1—2)2

We have chosen conventions in which the flavor central charge of the free hypermultiplet is
k=1.

As described in the previous subsection, we can use this expression to solve for the b; ,
coefficients in the expansion (4.55). By demanding that the stress tensor is unique and
that the theory does not contain higher spin currents we find the OPE coefficients of all the
semishort multiplets. After performing the infinite sums in the G"°™(u, v) we will be left with
a crossing equation involving only long operators. The final expressions for G5 (u, v) are
given in (F.9). The singlet and quintuplet channels are symmetric and so they involve only

even spins in the expansion of f;(z) and G;(u,v), while the triplet channel is antisymmetric
and contains only odd spins.

4.3.4 ¢ global symmetry

As a second case we consider theories with global symmetry ¢g. This flavor symmetry group
also arises in the F-theory singularities described above. From the point of view of the
crossing symmetry relations, this is actually the second simplest case because five irreducible
representations appear in the square of the adjoint representation,

78 ® 78 = 1@ 650 © 2430 @ 78 © 2925 (4.73)

whereas for all other simple groups (aside from su(2)) there are five or more representations.

The projection tensors for eg can be found in [63], in terms of which the F' matrix can be
computed using (4.70):

1 1 1 1 1
78 78 78 78 78
2 _ 7 5 25 _1
3 24 24 12 6
F = 405 8 29 136 _ 9 . (4.74)
13 104 104 52 26
1 1 1
1 4 T 12 2 0
7w _3 _5 1
2 4 12 0 2
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The indices of the above matrix Fij run over the ordered set of irreps i,j € {1,650, 2430,
78,2925}. R
Positivity of the coefficient of the By multiplet in the 650 representation requires

k>6, (4.75)

with saturation of the bound occurring when the coefficient of B, goes to zero. The absence
of this multiplet corresponds to a relation in the Higgs branch chiral ring 2. The only known
theory with k = 6 is the rank one Ejg theory.

As before we now compute the f;(z) functions, which are given in (F.10). Once again we
can use these expressions to solve for the coefficients of the short multiplets and to perform
the infinite sums in G5"*(u,v), the final results are given in (F.11). We note that the
channels 1, 650 and 2430 appear in the symmetric tensor product, while channels 78 and
2925 appear in the antisymmetric tensor product. As such the former will only include even
spins and the latter only odd spins.

4.4 The &, four-point function

Our second observable of interest is the four-point function of ' = 2 chiral operators, i.e.,
the superconformal primaries of &,, multiplets. These multiplets were introduced in Section
4.2 as being connected to the Coulomb data of a theory. We recall that these superconformal
primaries are spacetime scalars with non-zero U(1), charge ry that are neutral with respect
to SU(2)r and that have conformal dimension A = r,. We will denote the operator of
interest as ¢,,, with the conjugate anti-chiral operator being ¢_,,. Unitarity requires A > 1.
In principle, one would like to focus on generators of the Coulomb branch chiral ring. Our
methods are such that it is not easy to distinguish between generators and composites.
However, if we take ry < 2, then unitarity dictates that ¢,, must be a chiral ring generator.
We will be investigating the four-point function of a single chiral operator and its conju-

gate,
<¢T0 ($1)¢*T0 (x2)¢7“0(x3)¢*7“0<x4)> : (476)

The general procedure is now analogous to that of the previous section. We should determine
what operators can be exchanged in each channel and find the corresponding superconformal
blocks. In contrast to the previous section, here we are dealing with operators that are
invariant under any flavor symmetries in the theory but that are nontrivially charged under
U(1),. Although this is an R-symmetry, the role it plays in this correlator will be largely
that of a SO(2) flavor symmetry, with some minor differences that we discuss below. After
obtaining the superconformal blocks in all channels we have to work out the constraints
imposed by crossing symmetry. The &. multiplets are not involved with the chiral algebra
data of a theory. This means that unlike the previous section, we are not able to fix the
coefficients of all the short and semi-short multiplets being exchanged. Of all the short and
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brq by,

¢TO E—ro ¢’f’0 a—ro
(a) Chiral OPE channel. (b) Nonchiral OPE channel.

Figure 4.1: The two inequivalent OPE channels for the &, four-point function.

semi-short multiplets appearing in the partial wave expansion, the only coefficient we are
able to fix is that of the stress tensor, which must appear in the ¢,, x ¢_,, OPE. This gives
us a handle on the central charge ¢ of the theory, which together with the dimension of the
external operators A = ry are the two parameters we can tune. We can therefore in principle
derive bounds or other constraints as a function of the pair (rg,c), but we will sometimes
leave the central charge arbitrary in order to obtain bounds that are universally valid for all
central charges, or alternatively in order to bound c itself.

Another short operator of special interest is the superconformal primary ¢s,, of the &,
multiplet, which appears in the ¢,, x ¢,, OPE as part of the Coulomb branch chiral ring. The
corresponding conformal block appears with a nontrivial coefficient that is not protected by
supersymmetry. As we will see this multiplet is isolated and thus we will be able to bound
this coefficient both from below and from above. In this way we will also be able to probe
relations on the Coulomb branch chiral ring of the type ¢,,¢., ~ 0.

Finally, let us note that exactly marginal deformations of an N' = 2 SCFT that pre-
serve the full N' = 2 superconformal invariance lie in & multiplets. More specifically, the
deforming operators are obtained by acting with all four anti-chiral supercharges ()74 on the
superconformal primary of those multiplets. Theories with & multiplets in their spectrum
therefore necessarily lie on a conformal manifold of positive dimension. As we will review
below, the coefficient of the £, multiplet in the OPE of two & multiplets is related to the
curvature of the Zamolodchikov metric on this conformal manifold. This curvature is thus a
natural target for numerical investigation.

4.4.1 Structure of the four-point function

In contrast to the case of moment maps, there are now two qualitatively different OPE
channels to consider depending on whether we take the non-chiral OPE ¢,,(71) X ¢_,,(22)
or the chiral OPE ¢,,(z1) X ¢ (x2) (see Fig. 4.1). We now describe the various selection
rules for superconformal representations appearing in these two channels, as well as the
corresponding superconformal blocks.
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The ¢,, (1) X ¢_,,(z2) channel

We begin with the selection rules for the non-chiral OPE. The problem simplifies due to
the fact that an operator O(z3) can participate in a non-zero three-point function (¢, (1)
by (22)O(x3)) only if the superconformal primary of the multiplet to which it belongs also
participates in such a non-vanishing three-point function. A sketch of the derivation of this
result can be found in Appendix F.2.1.

Selection rules for the U(1), and SU(2)g require that any such operator O(z3) be an
SU(2)g singlet and have ro = 0. To appear in the OPE of two scalars they must also have
71 = j2 = j. Taken together, these conditions imply the following selection rule:

87“0 X (E.:_TO ~ 1+ é(),(j,j) + AOA,O( (477)

33)
Note that the structure of the OPE we present here is only for the superconformal primaries
of the &,, and &_,, multiplets, despite our abuse of notation in using the name of the full
multiplet on the left-hand side of the above equation. The superconformal blocks for these
multiplets have been computed in [146]. They are given by the general formula

G = T () em (farn. b @ s niaseinn) am

z—z 2

| — DO

2F1 (%(A_€_2)7 (A—€+2);A—€;z)> —z<—>z> ,

with A and ¢ = 25 denoting the dimension and spin of the superconformal primary of each
multiplet. The spin can be either even or odd. Note that the superconformal blocks for the
é()(j,j) representations are simply the specialization of (4.78) to the case A = ¢+ 2, while the
block for the identity operator is just a constant as usual. These superconformal blocks can
of course be written as a finite sum of conventional conformal blocks — we provide such a
decomposition in Appendix F.2.3.

The ¢T0($1> X ¢7’0 (ZL'Q) OPE

We now turn to the chiral OPE. In this case only SU(2)g singlets with ro = 2r and j; =
J2 = j are allowed, and the spin ¢ = 27 is required to be even because we are considering the
OPE of two identical scalars. The complete selection rules for this channel are worked out in
Appendix F.2.2, where it is shown that one conformal family per superconformal multiplet
can contribute, implying the superconformal blocks are then equal to the standard conformal
blocks corresponding to that family. The complete list of superconformal multiplets that can
appear in this OPE is derived in the aforementioned appendix. All told we find the following
selection rules, where for simplicity we momentarily assume that ro > 1,

Sro X gro ~ A0,2r0—2(j,j) + g2ro + CO,ZTo—l(j,j-l-l) =+ 81,27“0—1(0,0) + C%,Qr()f%(j,j+%) : (479)
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Once again we note that these selection rules only necessarily hold true for the superconformal
primaries of the &, multiplets. The corresponding superconformal blocks for these multiplets
are given in Table 4.3. The blocks for certain additional short multiplets that are allowed
when ry = 1, are presented in the second part of the table. Note that the C1 2r0-3(jj+1)

Multiplet Contribution to G;_s(u,v) | Restrictions
A f 27)
A0,2r0—2(j,j) Uu (U, U) A 2 2 + 27‘0 + 6
o (0
Earg u’® G, (u,v)
o (=212
Co,2r0—1(.j+1) 0 Gy () =2
B 2r0—1(0,0) urot! G(2?~l+2(u v)
rot1 ((E=2j+1)
C% 270 g(J7]+§) Uu o+l G2T0+‘7€+2 (u, U) g 2 2
é0(33j+1) GA —042 =2 1r9=1
D1(070) G (&= 0) Ty = 1

Table 4.3: Superconformal blocks for the &,, four point function in the chiral channel.

and B 2r,—1(0,0) classes of short representations lie at the unitarity bound for long multiplets,
and their superconformal blocks are simply the specializations of the long multiplet block
to appropriate values of A and ¢. The &, and Co,—1(j,j+1) Tepresentations, on the other
hand, are separated from the continuous spectrum of long multiplets by a gap. The two
short multiplets that are available only when ry = 1 contribute with the same blocks as
some of the other blocks appearing in Table 4.3.

4.4.2 Crossing symmetry

To formulate the crossing symmetry condition for this correlator we will treat U(1), as an
SO(2) global symmetry — this is similar to the approach used in [35] to study the four-point
function of chiral operators in ' = 1 SCFTs. In this approach, the fields ¢,, and ¢_,, are
combined in the fundamental representation of SO(2) with charge |ro|, which we denote as
2),,|. This representation has the following tensor product with itself,

21701 ® 2irof = (1 2paro1) e, & 1

symim.

(4.80)

antisymm.
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where the subscripts denote which representations appear in the symmetrized tensor product
and which appear in the antisymmetrized tensor product. The crossing symmetry discussion
of Section 4.3.1 is now directly applicable, with the crossing matrix F,’ given by

1
2

— N |
O N

-1 |, (4.81)

|
DO =

1
2

N | —

where the ordering of the rows and columns is the same as in (4.80). The crossing equation
then takes the form

(= 2)((1 = 2)(1 = 2)"F,'Gj(2,2) + (2 — 2)(22)°Gi(1 — 2,1 — 2) =0, (4.82)

where each G;(z,Z) can be expanded in the blocks relevant for the SO(2) channel i. As
usual, the braiding relation requires that only operators of even spin appear in the symmetric
channels while only operators of odd spin appear in the antisymmetric channel.

In more conventional terms, the symmetric traceless channel 2, encodes the operators
appearing in the ¢,, x ¢,, OPE. This channel can therefore be expanded entirely in terms
of the conformal blocks Gg) given in Table 4.3 with even spins. The singlet channels, on
the other hand, describe the ¢,, x ¢_,, OPE, with the symmetric channel getting all the
even spin conformal block contributions and the antisymmetric channel getting the odd spin
ones. The blocks in these latter two channels are related by supersymmetry because the
U(1), symmetry is part of the superconformal algebra, and conformal families from the
same superconformal multiplet appear in both channels. To wit, in the symmetric singlet
channel we have contributions from the superconformal primaries appearing in (4.77) with
even spin, together with their even spin superconformal descendants, and the even spin
superconformal descendants of odd spin superconformal primaries. For the antisymmetric
channel the opposite takes place. We have therefore broken the superconformal blocks (4.78)
apart, splitting them by the parity of the spin, with each channel enjoying a “partial”
superconformal block.

This splitting of superconformal blocks can be ameliorated by a change of basis. Let us
define

Gis =61 £33, Gs =0 . (4.83)

All conformal blocks arising from the same superconformal multiplet are now grouped to-
gether, with each superconformal multiplet from the singlet channels appearing twice: once
each in G; and G;. The channels 1 and 3 are almost identical — the only difference is an
extra minus sign for all the odd spin conformal blocks in G5 due to the extra minus sign in
(4.83). There are two ways to insert this minus sign. The first option is to decompose the
superconformal block (4.78) into ordinary conformal blocks and insert extra factors of (—1)*
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in front of every block. However the second option is more efficient. We recall that ordinary
conformal blocks satisfy the following braiding relation:

A—¢

F I )T a0 (e ) = () e . (asd)
z—1 z—-1

z—1z—-1

We can thus insert the necessary factors of (—1)¢ by substituting z — 7 and z7 — 251 in

the superconformal block (4.78). We thus find that a supermultiplet in the singlet channel
contributes to the four-point function as follows,

z z
s 7_ ~ gs¢ ’_ , 5 ’_ ~ Gs3°¢ e y 485
Gt (29) ~ 35 7) . Gyln9) ~ 05 (o) (1.85)
with the same OPE coefficient appearing in both channels. The operators contributing to
the doublet channel still contribute to Gs(z, z) as before.
The relevant crossing equation is now the same as in (4.82) but with 7 and j replacing i
and j, and with the flavor matrix F,’ replaced by

100
Fijf 00 2. (4.86)
0410

This is the same as the crossing equation that was previously derived for chiral operators
in A/ = 1 SCFTs [35]. This matrix squares to one, which is relevant to the numerical
implementation described in the next section.

When A = ¢ = 0 in the ¢ = 1,3 channels we get the contribution of the identity operator,
which we set equal to two. This fixes the normalization of the external operators to be one as
is conventional (the factor of two arises from the projector onto the singlet, similarly to the
discussion in the previous section). The contribution of the stress tensor is contained in the
superconformal block (4.78) with A =2 and ¢ = 0. When expanded in ordinary conformal
blocks, the contribution is given by

GO0 (2. 2) = uGY (u, v) — gag”(u, v) + 2—8@9 (u,v) . (4.87)
The coefficient of this block can be fixed in terms of the central charge ¢ as was done in the
previous section. Namely, fixing the coefficient of qu) (u,v) requires that this superconfor-

mal block should appear with coefficient g—(i (again, a factor of two comes from the projector
onto the singlet). The “braided” superconformal block appears with the same coefficient.
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Free theory expansion

A simple illustration of the superconformal block decomposition procedure is the explicit
analysis of free field theory. Namely we consider the theory of a free vector multiplet, and
we study the four-point function of the chiral scalar which has rq = 1. Decomposing the free
field correlator in terms of the superconformal blocks described above we find the following
channel expansions,

(04 2)(02(=2)!

gi:i('z?E) ; (2€+1)(2£)! gzer,é(ZvE)v
> _1\¢ 2(_ 9o\
a2 = 3 VIO 00,0,
£=0
L SRR, (=
500 = S A g () (4.58)

L

Il
=)

We can immediately verify that the only difference between channel 1 and 3 is the replace-
ment z — %5 and zZ — Z5. We can also ferret out the stress tensor block G5%(z, Z) and see
that it appears with coefficient two. This suggests a central charge of %, which is correct for
the theory of a free vector multiplet. For future reference, we also note that the & block,
which is the uGéO) term in the 2 channel, comes with coefficient two.

4.5 Operator bounds from crossing symmetry

The output from the previous two sections was a collection of crossing symmetry equations
and their (super)conformal block decompositions. In this section we describe the numerical
methods by which these equations can be used to extract useful information about A/ = 2
SCFTs. We follow the approach of [35], where the original numerical analysis of [6] was
recast as a semidefinite programming problem.

Each of the nontrivial crossing symmetry equations can be put into the general form

Hi(2,2) + F/H;(1—2,1-2)=0. (4.89)

Here and below, summation over repeated indices is always implied. The functions H;(z, 2)
can always be written as

Hi(z,2) = Gi(2,2) —ai(z,2) , (4.90)

where the a;(z, z) are some known functions that have been fixed analytically, and the G;(z, z)
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have a decomposition of the form

=Y MG () (4.91)
ki

The coefficients )\zi are real, positive numbers, and the ég)(z,é) are roughly the super-
conformal blocks, the precise form of which depends on the crossing symmetry equation in
question.?® The sum is over all operators that appear in the i’th channel, and the matrix F; J
is related to ngner s 67 symbol for the relevant global symmetry group and in particular is
involutory: F; ]F = §,%, for the cases considered here.

As in [6], we will analyze these equations by considering the action of certain linear
functionals upon them. We may introduce one linear functional ¢* for each channel 7. The
functionals that we consider are defined by taking linear combinations of various numbers
of derivatives of the function and evaluating at the symmetric point z = z = 1/2, i.e.,

P'[fi(2,2)] Zamn@”@"ﬁ z, z)| 1 (4.92)

2=3

The matrices %(5 I+ F, J ) are projectors onto the p081tlve and negatlve eigenspaces of

F,7, so we can split the coefficients into even and odd parts, o/, = of 4+l satisfying
josi i i Lojisi i
S (6, + F;') = ol §ai(6j FF)=0. (4.93)

Upon acting with our functionals on both sides of (4.89), we find the following equation,

ijm +ab, ) (67 + (=)™ FY) 0rorH(2,2)| ., =0. (4.94)

m,n

Ounly those terms with m + n even in ¢’ and those with m 4+ n odd in ¢* have a nontrivial
action on the crossing symmetry equation (4.89). Without loss of generality, we can therefore
set the other terms to zero. With this choice now implicit, the action of the functional on
the crossing symmetry equation can be succinctly written as

0=¢" [Hi(z,2) + F,/H;(1 — 2,1 - 2)]
=2 (g + Oy, ) O OEHi(2.2)] (4.95)

m,n

= 2(252 [HZ'(Z, 5)] .

26These (& functions are not exactly the superconformal blocks of the previous sections, but rather they
include simple prefactors that have been absorbed in their definition. This is not particularly important for
the discussion here.
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The nontrivial relations between the different global symmetry channels have been com-
pletely accounted for by the eigenvector constraints (4.93), which are simple algebraic con-
straints that are easily solved in any given case.

By construction, all the functions appearing in this relation are symmetric under the
exchange of z and Z, so we lose nothing by restricting the coefficients of the functionals
to obey m < n. We obtain a finite-dimensional functional space by introducing a cutoff
A € N, and demanding that m + n < A. For each i, we then find (1 + [5])(2 + [25))
independent derivative combinations. The total number of independent coefficients o, | is
then determined by multiplying the number of derivative combinations with m +n even by
the number of positive eigenvalues of F,” and the number of derivative combinations with
m + n odd by the number of negative eigenvalues and then taking the sum. Quantitatively,
if the total number of channels is ¢ and Fij has b positive eigenvalues, then the dimension
of the space of functionals is given by

dimy . = g (1 + {%J) (2 + {%D + g (1+ (=1)") (1 + {%D . (4.96)

This is the dimension of the space in which we will be performing a numerical search, and is
therefore an important measure of the complexity of the numerical problem. For large A the
dimension behaves approximately like ¢/2 times the total number of derivative combinations.

The numerical results presented in subsequent sections are the results of two different
strategies. The aim of the first strategy is to provide an upper bound for the lowest dimension
operator in a given channel and with a given spin that may appear in a solution of crossing
symmetry. For instance, we may want to find an upper bound Af for the dimension of the
first scalar operator in channel . Such a bound follows immediately from the existence of a
functional possessing the following properties:

i GX)(Z,Z) >0, V (A, 0) in channel j # 1 |,
¢% _ég)(z, 2)_ >0, V (A, ) in channel i with £ > 0,
T, , . (4.97)
o' |GA'(2,2)] 20, V' A > A} in channel i ,
<0.

AT

It is implicit in this description that the functional need not be positive for scaling dimensions
below the unitarity bound, since such operators cannot be present in the type of solution
of crossing symmetry that we are aiming to constrain. The optimal bound that can be
obtained by this method at a given cutoff will then be the minimal value of A} for which
such a functional exists.

The aim of the second strategy is to provide an upper bound for value of a particular
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OPE coefficient, say A? which multiplies the block corresponding to an operator with di-

mension Ay, and spin {. in channel i. Such a bound follows from performing the following
optimization over the space of functionals:

¢ [éz) (Z,Z>:| >0, V(A, /) in all channels j ,
i Ak,
o et =1, (4.98)

minimize Z ¢ [ai(z, 2)] .

If the minimum is positive and equal to, say, M, then we obtain an upper bound
A<M . (4.99)

If, on the other hand, the minimum turns out to be negative then we are effectively back
to the previous case and there can be no solution to crossing symmetry. In our analysis,
we often apply this minimization procedure to the block corresponding to the stress tensor
multiplet. The OPE coefficient for that block is inversely proportional to the ¢ central charge,
so an upper bound on the OPE coefficient translates to a lower bound for c.

Finally, there are some cases where the quantum numbers (Ak%,&gg) of an operator of
interest are isolated, in the sense that the corresponding conformal block is not continuously
connected to the set of blocks for which the functional is required to be positive in (4.98). This
is common in supersymmetric CFTs because of the various distinguished short multiplets
whose scaling dimensions lie strictly below the unitarity bound for generic representations
with the same Lorentz and R-symmetry quantum numbers. In such cases we can flip the
sign on the second line of (4.98) and instead require

gzﬁ%[ézif)(z,z)] - 1. (4.100)

In such a case, a negative value for M provides a lower bound on the corresponding OPE

coefficient,
N> —M . (4.101)

Here the result of the optimization is only meaningful if M < 0. because unitarity constrains
the coefficient is nonnegative.

In each of the cases just described, the search for functionals of appropriate type can be
reduced to a semidefinite programming problem [35]. We review this story in Appendices G
and H, where we also offer additional details about our particular numerical implementation.
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4.6 Results for the moment map four-point function

The four-point function of moment map operators depends on a choice of global symmetry
GF, the associated flavor central charge k, and the trace anomaly coefficient ¢. Under mild
assumptions, the contributions of all short multiplets that appear in the conformal block
decomposition are completely determined by those parameters. For each such triple (G, k, ¢)
there is then a corresponding crossing symmetry relation for the CF'T data associated to long
multiplets that can be subjected to numerical analysis.

We have restricted our attention to flavor symmetries su(2) and eg. From the perspective
of the bootstrap equations, these are the least complicated of all simple algebras because
the number of irreps appearing the tensor product of two copies of the adjoint is the lowest
(three for su(2) and five for eg). Moreover, since every non-abelian semi-simple Lie algebra
has su(2) as a subalgebra, the su(2) bounds are in a sense universal and must hold for any
N = 2 superconformal field theory with a non-abelian flavor symmetry.

Below we will first discuss how in certain regions of the (¢, k) plane the crossing symmetry
equations can never be satisfied by a unitary theory, irrespective of the precise spectrum of
long multiplets. Recall that certain combinations of ¢ and k are already excluded by the
unitarity bounds that follow from the chiral algebra 2. We will show that the numerical
analysis carves out an even smaller region. Within the allowed region in the (¢, k) plane we
then obtain bounds on operators in various Lorentz and flavor symmetry representations.
We finally focus on values of ¢ and k that correspond to known theories and compute more
detailed bounds for the scaling dimensions of unprotected operators.

4.6.1 su(2) global symmetry

Before presenting the results of the numerical analysis, it is useful to review our expectations
based on our present knowledge of AV = 2 theories with su(2) flavor symmetry. Let us
consider the projection of the landscape of such SCFTs to the plane spanned by the two
central charges ¢ and k. Every point on this plane then falls into one of three categories.
First, there are points where a solution to crossing symmetry cannot exist because it would
violate a known unitarity bound. Second, there are points where a solution to crossing
symmetry is guaranteed to exist because it can in principle be constructed from known
theories. All the other points then fall in the third category where we do not a priori know
if a solution exists. These three regions are charted in Fig. 4.2 and we discuss each of them
below.

Besides positivity of ¢ and k, there are additional unitarity bounds that originate from
the chiral algebra construction of 2. For G = su(2) these bounds are given by

16¢

k> )
14 4c

. k> (4.102)

Wl N
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Figure 4.2: The (c, k) plane for theories with an su(2) flavor symmetry. The red region on
the right is excluded by analytic unitarity bounds, whereas we are guaranteed to have valid
solutions to the crossing symmetry constraints in the blue region. The curves connect points
corresponding to theories related to F-theory singularities of different rank, which increases
with ¢. We show the (¢, k) values corresponding the su(2), flavor symmetry of all F-theory
singularities with rank N > 2, and also to su(2) flavor symmetry of the rank N > 1 H,
theory. The “new” rank one theory is one of the theories obtained in [71]. It has a product
flavor symmetry with one factor being su(2), which is the one whose value of k is shown
in the plot. The vertical dotted line corresponds to the value of k for the codimension two

0.6 0.8
1/k

1.4

defect of the six-dimensional (2,0) theory of type A;, which effectively has ¢ — oo.
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We refer to these bounds as the analytic bounds, and the regions that they exclude in the
(¢, k) plane are shaded in red in our plots.

Theories that saturate the analytic bounds have some special properties. For example, if
the second of the analytic bounds is saturated then there can be no B multiplet contributing
to the moment map four point function in the singlet channel, which implies a relation in
the Higgs branch chiral ring. Examples of theories with this feature are the theory of a
free hypermultiplet with (¢,k) = (55,1) and the rank one Argyres-Douglas theory with

(e, k) = (%, %), which is the rightmost point of type H; in Fig. 4.2. Notice that the two

bounds in (4.102) intersect at (¢, k) = (g5, 2). The equivalent intersection point for eg flavor
symmetry corresponds precisely to the Minahan-Nemeschansky theory [67]. It is natural to
ask if a theory might exist at the intersection point for su(2) flavor symmetry.

The second region contains all pairs (¢, k) that correspond to a known N'= 2 SCFT. The
region is however not limited to just those points, because we can take linear combinations
of known solutions as well: the sum of two solutions to crossing symmetry, with relative
weights that sum to one, is again a good solution to crossing symmetry (at the level of a
single four-point function). Since the central charges appear in four-point functions only
through OPE coefficients that are proportional to 1/c or 1/k, a solution constructed in this

way has effective central charges

1 o 11—« 1 a 11—«
= = — 4.103
Ceff C1 * C2 ’ kest ky * ko ’ ( )

in terms of central charges (¢;, k;) of the two original solutions and a weight factor 0 < a < 1.
In the (%, %) plane, the values of ¢ and k that can be realized as linear combinations in this
way span the convex hull of all points corresponding to known theories. This region is
shaded in blue in Fig. 4.2. It is effectively spanned by three points: the free hypermultiplet
at (c,k) = (55, 1), the generalized free field theory solution where ¢ and k are both infinity,
and the four-point function on a codimension two defect in the six-dimensional (2,0) theory
of type A; where c is infinite and k£ = 4. We will discuss these three points in more detail
below. We have computed the values of ¢ and k for many other known theories but were not
able to find any instance corresponding to a point outside the blue region in Fig. 4.2.

We should emphasize that taking linear combinations of solutions to crossing symmetry
is not the same thing as taking correlation functions of operators in the tensor product of
two theories. In particular, there is no guarantee that a linear combination of solutions can
be realized in a complete N' =2 SCFT. We can however be sure that our kind of numerical
analysis will not rule out any points corresponding to linear combinations of solutions. A
more sophisticated bootstrap analysis might exclude them, but we leave this direction for
future work.

Plotting the entire set of known N = 2 superconformal theories with at least su(2) flavor
symmetry is a daunting task, so we have opted to show only a subset. In Fig. 4.2 we show in
particular the location of the theories that describe the low-energy behavior of N D3 branes
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probing F-theory singularities. As we discussed in Section 4.2.4, there are seven types of
these singularities and they are denoted by the corresponding global symmetry group of the
SCFT: Hy, Hy, Hy, D4, Fg, Er, Eg (Wlth H;, — Az) The theories with N > 1 have an
additional su(2), flavor symmetry.

The full set of central charges of these theories was calculated in [70] as a function of N
using holography. Let us denote by k the flavor central charge of the global symmetry group
indicated by the name of the theory, and by kj the level of the additional su(2); for the
theories with rank greater than one. Then the relevant central charges are given by

1 3 1
= —N? “N(rog—1)— —

c 5 ro + 1 (ro ) TR

k =2Nry , (4.104)

kr= N?rg — N(rg—1) — 1, N>2,

where the vale of r( for each of the seven types is given in Table 4.1. The resulting values of
c and k for these theories are plotted in Fig. 4.2.

Our plan for the remainder of this subsection can now be formulated as follows. We will
first focus on the unshaded, third region in Fig. 4.2. Could there be theories hidden in this
region, or some of these points be excluded? We will see that the latter is true, and we
can numerically obtain a universal lower bound on ¢ for each value of k. For the remaining
allowed region, which includes the entire blue region in Fig. 4.2, we find upper bounds for the
dimension of several unprotected operators as a function of ¢ and k. The numerical analysis
necessary to generate these bounds was computationally rather demanding because of the
two-dimensional parameter space, which limited the value of A for which the computation
was feasible to a maximum of A = 18. For restricted values of ¢ and k that are of particular
interest, we generated superior bounds by going as high as A = 22. In particular, we chose to
study the Hy and H; curves shown in Fig. 4.2. We also studied the point at £ = 4 and ¢ = oo,
which corresponds to an interesting defect SCFT. Bounds for the ¢g curve are postponed
until the next subsection for the purposes of comparison to bounds extracted from the eg
moment map four-point function.

Constraints on ¢ and k

To constrain the (¢, k) plane we employed the second numerical method described in the
previous section. For a given value of & we normalize the functional by demanding that it
evaluate to one on the contribution of protected operators to (4.46) that are proportional
to the inverse central charge 1/c. We then minimize its value when acting on the remaining
protected contribution to crossing. The upper bound that we obtain in this way for 1/c then
corresponds to a lower bound on the central charge.?”

2"Bounds obtained in this way for the central charge, and more generally for OPE coefficients, have been
studied in the literature starting with [34, 118, 119].
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Figure 4.3: Bounds for the central charge ¢ of a theory with su(2) flavor symmetry as a
function of the flavor central charge k. These bounds are a consequence of crossing symmetry
for the B; four-point function. The red regions on the right are excluded by the analytic
bounds (4.102), and the gray region at the bottom is the numerically excluded region. The
gray and black lines correspond to the numerical bounds, shown for A = 10, 14, ..., 30, with
the strongest bound (black line) corresponding to A = 30. The curves are interpolations
through the data points shown in the figure. The red dot denotes the free hypermultiplet
theory.
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Figure 4.4: Minimum allowed value of ¢ for a theory with su(2) flavor symmetry and k = 1
as a function of the (inverse of) the maximum number of derivatives. The red dots are our
data points, and the blue curves are possible extrapolations to infinite A intended to guide

the eye. The dashed line corresponds to the central charge of the free hypermultiplet ¢ = %

The results of this program are shown in Fig. 4.3. The numerically excluded region is
shaded in gray. This result was obtained with A = 30, i.e., by taking at most 30 derivatives
in the z or z directions. Bounds for smaller A are indicated with gray curves. One interesting
and very general lesson to be drawn from Fig. 4.3 is that the analytic and the numerical
bounds complement each other, and the most stringent constraints can only be obtained
by using both methods. For example, the numerical analysis eliminates the possibility of a
unitary SCFT existing at the intersection point (¢, k) = (%, %) of the two analytic bounds
given in (4.102). We also find that for all values of k, there exists a universal lower bound
on the central charge,

c > 0.055 (4.105)

for any N = 2 SCFT with a non-abelian flavor symmetry. For comparison we may note that
for a free hypermultiplet ¢ = 1/12 = 0.0833... .. From Fig. 4.3 it seems that there may in fact
be a solution to crossing symmetry with roughly this minimum value of the central charge,
because the global minimum of the exclusion curve at 1/k ~ 0.68 seems rather stable against
increasing A. We are however not aware of any N'= 2 SCFT (with or without non-abelian
flavor symmetry) with such a low central charge.

A feature of these our numerical bounds that we will be repeated both here and in the next
section is that they are non-optimal, meaning that they display substantial dependence on
A for the values of the cutoff considered. This is in contrast with, e.g., the three-dimensional
investigations in [33]. In that paper the bounds converge much faster and on the scales that
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we consider here they are essentially constant at A = 22.2® Notice that with A = 30 and
three flavor symmetry channels we have a functional with 392 components, which surpasses
even the 231 components used in the precision work on the three-dimensional Ising model
[102]. Apparently this crossing symmetry problem is numerically more expensive. We cannot
currently offer a good explanation as to why this is the case.

A natural way to deal with the relatively poor convergence is to extrapolate our results
from finite to infinite A.?? In this way we can generate a rough guess of where the best possible
bound may lie. Fig. 4.4 shows an example of such an extrapolation. The minimum allowed
value of ¢ for k = 1 is plotted as a function of the cutoff A, and a possible extrapolation to
infinite cutoff is sketched. The dashed line in the figure corresponds to the central charge
which saturates the analytic bound at k = 1 (corresponding to the free hypermultiplet with
c= 1—12) It seems plausible that in the A — oo limit the numerical bounds will intersect the
analytic bound at this point.

Dimension bounds for su(2)

We now focus on the allowed region in the (¢, k) plane and generate bounds for the dimension
of the first unprotected operator appearing in the B; x B; OPE. In the tensor product of two
copies of the adjoint representation of su(2) one finds three irreps: the singlet, triplet, and
quintuplet. We will report on bounds for the dimension of the first unprotected operator of
lowest spin in each of these channels.

Singlet channel

In Fig. 4.5 we present the upper bound for the scaling dimension A of the first unprotected
scalar operator in the singlet channel, for all allowed values of the central charges. The values
shown are an interpolation through a total of 572 data points, distributed on a square grid
with finer resolution near the edges. The cutoff for this analysis is A = 18. The surface so
obtained appears smooth and monotonic, with the bound getting stronger when approaching
the wall that represents the analytic bound or and at large central charge.

The bounds shown in Fig. 4.5 are completely universal — any four-dimensional N' = 2
SCFT with at least su(2) flavor symmetry corresponds to a point somewhere inside the
allowed region. We will discuss several examples of such theories below, but as a zeroth-order
check we confirm that our bounds are consistent with some elementary solutions to crossing
symmetry.

At the infinite point (1/¢,1/k) = (0,0) the stress tensor and the flavor current decouple,
their OPE coefficients being Ay ~ % and \j ~ % respectively. A well-known solution to
crossing symmetry for which these operators are absent is generalized free field theory, for

28In [33] the cutoff is defined differently — A = 22 here corresponds to nyay = 11 there.
29We do not currently have theoretical control of the dependence of the numerical bounds on A, but we
hope the apparent smoothness of the numerical results is enough to justify such extrapolations.
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Figure 4.5: Upper bounds for the dimension of the first unprotected singlet scalar operator
in theories with su(2) flavor symmetry, as a function of 1/k and 1/c. The cutoff used for this
plot was A = 18. The two- and a three-dimensional plots are generated with the same data
set. The gray and light red surfaces in the figure are the excluded regions from Fig. 4.3, and
the vertical red wall is added help visualize the constraints imposed by the analytic bounds.
The black dot is the generalized field theory solution to crossing.

which the four-point function is a sum of disconnected pieces,

(D1(z1) ... Pals)) = (D1(x1)P2(22)) (P3(x3)Pa(x4)) + two permutations . (4.106)

Specializing this solution to the four-point function of moment map operators, we find that
the first operator in the conformal block decomposition has dimension four. As is indicated
in Fig. 4.5, the generalized free field solution is consistent with the numerical upper bound
which gives A < 4.47 at this point. The numerical bound is similarly consistent with the
theory of a free hypermultiplet with (¢, k) = (%, 1), since the first unprotected singlet scalar
in the corresponding four-point function again has dimension four and numerically we have
A < 4.38. Finally, we can take a linear combination of the two solution with positive weights
that sum to one. This results in a valid solution to crossing symmetry along the straight line
in Fig. 4.5 that runs from the origin to the free-field point, with a first unprotected singlet
scalar operator that always has dimension four. Again, this is consistent with the numerical
bound which is greater than four everywhere above this line. Much like the bound on ¢
sketched in Fig. 4.4, we expect these bounds to decrease substantially as A is increased, and
to converge to four along this line as A — oo. An extrapolation in A for (1/¢,1/k) = (0,0)
(not shown) bolsters this intuition. Similar extrapolation experiments suggest that the bound
should end up below 4 for all values in the (c, k) plane between the analytic bound and the
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Figure 4.6: Upper bounds for the dimension of the first unprotected spin one multiplet in
the triplet channel of a theory with su(2) flavor symmetry, for all allowed values of ¢ and
k, presented both as a three-dimensional plot and as a density plot. The gray and light red
surfaces in the figure are the excluded regions from Fig. 4.3. These bounds were obtained
with A = 18 and 547 data points in the (¢, k) plane.

interpolating solution of the previous paragraph.

Although we have presented the two results in Figs. 4.3 and 4.5 as independent results,
they are in fact related. Indeed, the bound on the first scalar operator drops sharply to the
unitarity bound when we venture inside the numerically excluded region of Fig. 4.3. Such
a drop indicates that there does not exist any spectrum that is simultaneously consistent
with unitarity and crossing, and delineating the region where this happens is another way
to obtain the numerically excluded region in Fig. 4.3. The c-minimization approach used
to generate Fig. 4.3 is much more efficient, and could consequently be performed at higher
values of A.

Triplet and quintuplet channels

We now present numerical results for the triplet and quintuplet channels. The triplet appears
in the antisymmetric combination of two adjoints, so only odd spins can be exchanged. In
this case we bound the dimension of the first unprotected spin one operator appearing in
the B; x By OPE. This bound is shown in Fig. 4.6 for the allowed range of ¢ and k. Note
that the unitarity bound for a spin one multiplet is A > 3. The numerical upper bound is
again represented by a smooth surface, with weaker bounds appearing at larger values of k.
In the limit where both ¢ and k go to infinity the bound is close to 5, which is the value for
generalized free field theory.
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Figure 4.7: Upper bounds for the dimension of the first unprotected scalar in the quintuplet
channel of a theory with su(2) flavor symmetry, for all allowed values of ¢ and k, presented
both as a three-dimensional plot and as a density plot. The gray and light red surfaces in
the figure are the excluded regions from Fig. 4.3. This plot was obtained with A = 18 and
398 data points in the (c, k) plane.

The quintuplet channel is again symmetric, so the exchanged operators will have even
spin as they did in the singlet channel. We have generated upper bounds for the dimension
of the first scalar operator. These are shown in Fig. 4.7 as a three-dimensional plot and a
density plot. The behavior of the bounds when approaching the minimum allowed values
of ¢ and k is different from the other two channels — in this case the bound drops smoothly
to the unitarity bound at A = 2. As either ¢ or k are increased the bound gets weaker,
and when they both go to infinity the bound is near A = 4, which is the correct value in
generalized free field theory.

We note that the triplet and quintuplet bounds approach the unitarity bound near the
minimum of the exclusion curve of Fig. 4.3 at 1/k ~ 0.68. This is a strong indication
that the solution to crossing symmetry at that point has higher spin currents, which we
would generally associate to a free theory. Because the central charge is not that of a free
hypermultiplet, one may suspect that this point is not related to a physical theory.

Bounds for theories of interest

In the previous subsections we discussed bounds on operator dimensions for the entire (¢, k)
plane that were obtained with a cutoff A = 18. We will now turn to a discussion of stronger
bounds, obtained with A = 22, which we computed only for specific values of ¢ and k that
correspond to theories of interest. In this subsection we present operator dimension bounds
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along the curves in the (¢, k) plane that correspond to the Hy and H; theories shown in
Fig. 4.2. In the next subsection we will discuss the defect theory at infinite ¢ and k = 4 that
corresponds to the dotted line in Fig. 4.2.

For the Hy theories with N > 2 the only flavor symmetry is su(2),. We can trace the
results shown in Fig. 4.5 along the Hy curve in Fig. 4.2 to recover upper bounds for the
dimension of the first unprotected scalar singlet in these theories. This slice is displayed in
Fig. 4.8. The H; theories with N > 2 have two independent su(2) symmetries with different
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Figure 4.8: Upper bounds for the first unprotected scalar in the theories of type Hy as a
function of the inverse rank. The bounds are extracted from the four-point function of the
su(2), flavor symmetry moment map and are valid only for N > 2. The different lines
correspond to cutoff values A = 10,14, ... ,22, with the strongest bound shown as the black
line.

flavor central charges. We derived bounds for the two different cases by following the two
different curved labelled H; in Fig. 4.2. Both of the singlet scalar bounds so obtained are
shown in Fig. 4.9.

In all of our plots corresponding to lines of interesting theories, we have shown the
progression of the bounds as a function of the cutoff. This gives a feeling for how close to the
optimal bound we have gotten — information that is absent from the plots of the previous
section where all the results came from analyses with A = 18 was shown. In general, there
seems to be some distance yet to go before the bounds will have effectively converged. In
particular, in the infinite-rank limit N — oo the stress tensor and flavor current decouple
from the OPE expansion and the bounds should reach the generalized free field theory value
A = 4. The difference between the A = 22 bounds at large N and the generalized free field
theory value offer a simple proxy for how far we have yet to go.

Despite slow convergence, we may naively extrapolate our bounds to generate estimates
for their optimal values. In particular, for the rank one H; theory there is a single su(2)
flavor factor and we might expect that the bound generated by studying the corresponding
four-point function of moment maps to be saturated by this theory. Extrapolation for this
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value of ¢ and k leads to a conjectural optimal bound in the range of 3.2 — 3.4. Moving on
to the rank two case, there are now two independent bounds extracted from the two su(2)
flavor symmetries. These two bounds could conceivably apply to the same operator. In other
words, the same unprotected scalar singlet has no particular reason not to appear in both
moment map four-point functions. However, the two bounds appear to be unrelated. The
su(2), bound dominates at low ranks, while the ordinary su(2) bound dominates for higher
ranks.

Similar bounds to those derived here can be obtained for the triplet and the quintuplet
channels by the same methods, though we have not done so here.

Bounds for defect SCFTs

An interesting aspect of the analytic bound (4.102) is that as ¢ — oo the bound on k stays
finite and we have k > 4 = 2hY. The limit where ¢ — oo and k remains finite should
correspond to a theory without a stress tensor but with conserved global symmetry current.
This kind of physics can be found on certain defects or interfaces in higher-dimensional
theories where the global symmetry is confined to the defect but energy can leak into the
bulk. There is in fact a natural set of defects that preserves N' = 2 superconformal invariance
in four dimensions, namely the codimension two defects in the six-dimensional (2,0) SCFTs
(see, e.g., [172] and references therein). For a (2,0) theory of type g € {A,, D,, E,}, the
possible defects are labelled by an embedding p : 5[(2) — g. The degrees of freedom localized
on the defect carry a flavor symmetry b which is the commutant of the image of p. When p
is trivial, the flavor symmetry is just g and the corresponding flavor central charge is then

5.0 ; ; ; ; T 5.0
4.5¢ ] 4.50
A4.0r ] A 4.0r
3.5 ] 357
3.0+ ; ; ; ; ; 3.0~ ; ; ; ; ;
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.1 0.2 0.3 0.4 0.5
I/N 1/N

Figure 4.9: Bounds for the dimension of the first unprotected spin zero multiplet in the singlet
channel for the H; theories, as a function of the inverse of the rank of the theories. The
left plot comes from studying the four-point function of the ordinary su(2) flavor symmetry
moment map and is valid for all N > 1. The right plot comes from the four-point function
of the su(2), flavor symmetry moment map and valid only for N > 2. The different lines
correspond to A = 10,14, ...,22, with the strongest bound shown as the black line.
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Figure 4.10: Bound on the first unprotected scalar in the singlet channel for a theory with
k = 4 and infinite central charge, as a function of the cutoff. The red dots correspond to
derivatives 10 to 22 in steps of four, and the black dots to the remaining values of A ranging
from 10 to 20.

given by k = 2hY. The bounds that we obtain at the point k& = 2hY with ¢ = oo therefore
constrain the spectrum of unprotected operators living on such a surface operator. Since we
consider su(2) flavor symmetry, this bound is valid for the defects of the (2,0) theory of type
Al.

In Fig. 4.10 we show the upper bound for scalar singlets in the defect theory as a function
of the inverse cutoff. The best bound is given by 2.99, and naive extrapolation suggests a
relatively low value for the optimal bound somewhere between 2.5 and 2.9. It is natural to
suspect that this is indeed the value of the first unprotected singlet scalar on the defect.

We notice that the bound in Fig. 4.10 displays a step-like behavior whenever A — 2 is a
multiple of four, corresponding to the red dots in the figure. Given our lack of theoretical
control over the behavior of the bound as a function of the cutoff, we cannot currently offer
any theoretical explanation for this quasi-periodicity. It however suggests an extrapolation
scheme based on a restricted data set where A increases in steps of four. This is what was
done in generating Fig. 4.4.

4.6.2 ¢4 global symmetry

Our second investigation focuses on theories with e¢g global symmetry. Let us again begin
by making a rough sketch of the landscape of such theories as seen by the moment map
four-point function. We show such a sketch in Fig. 4.11. There are analytic bounds for
the central charges of theories with ¢g global symmetry arising from the chiral algebra of 2.
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Figure 4.11: An overview of the of known theories with eg flavor symmetry, shown here as
points in the plane spanned by their ¢ and k central charges. The red region is excluded by
analytic central charge bounds. The vertical dotted line designates the value £ = 6 with is
the value of the central charge for the maximal defect SCFT in the six-dimensional (2,0)
theory of type e. The blue wedges with vertices at each of the e theories are the region of
the plane for which solutions of crossing symmetry can be realized as linear combinations of
the four-point function for the theory at the vertex and those of generalized free field theory
and the defect theory.

These are given by
48¢

T 13+2
The region excluded by these bounds is shown in red in Fig. 4.11. We have also plotted
several known families of theories whose flavor symmetry contains an eg factor, namely
the theories originating from F-theory singularities of type ¢, for n = 6,7,8 and for all
ranks. The existence of these theories gives a collection of solutions to crossing symmetry
with various values of ¢ and k. By taking linear combinations of these solutions, one can
find solutions of crossing symmetry with (¢, k) values anywhere inside the blue region in
Fig. 4.11. In particular, for each irreducible solution there is a wedge corresponding to linear
combinations of that solution with the generalized free field theory solution and the defect
solution at kK = 6 and ¢ — oco. These wedges are shown for the eg theories.

For the purposes of numerical analysis, the fact that there are now five irreps in the

k=6,

(4.107)
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Figure 4.12: Bound on the central charge c of a theory with e¢g flavor symmetry as a function
of the flavor central charge k, obtained from the B; four-point function. The shaded red
regions on the right are the analytic bounds given in (4.107), and the shaded gray region
at the bottom is the numerically excluded region. The gray and black lines correspond to
the numerical bounds, shown for 10 to 26 derivatives in steps of four, with the strongest
bound (black line) corresponding to 26 derivatives. The red dot at the intersection of the
two analytic bound corresponds to the rank one eg theory [12].

tensor product of two copies of the adjoint representations makes the search space larger
than the su(2) case for a given value of A. As such, the maximum value of A that we were
able to reach is lower and the su(2) case.

Constraints on ¢ and k

We have obtained numerical lower bounds on ¢ as a function of k following the same approach
as in the su(2) case. Here we considered a maximum cutoff of A = 26. The lower bound
is displayed in Fig. 4.12 as a function of the (inverse) flavor current central charge. The
regions shaded in red are again the ones ruled out by the analytic bounds (4.107). We see
that independent of k, any N’ = 2 SCFT with at least eg flavor symmetry has

¢>0.83. (4.108)
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In contrast to the case of su(2) global symmetry, for ¢g there is a theory living at the
intersection of the two analytic bounds. This is the rank one eg theory of Minahan and
Nemeschansky. One may wonder whether there is another theory with £ = 6 but with a
lower value of c¢. In Fig. 4.13 we show the lower bound on ¢ for £k = 6 derived from the
moment map four-point function as a function of A. Though the bounds still seem to be
improving, it appears unlikely that the optimal bound will reach the value ¢ = %3 (the value
of the rank one ¢g theory). Instead, our best estimate for the optimal value of the central
charge bound is somewhere between 1.1 and 1.2. We are not aware of a theory with such a
low central charge and (at least) eg flavor symmetry. It would be interesting to determine
whether the solution to crossing symmetry being approximated here contains higher spin
currents.

Dimension bounds in the singlet channel

Bounds for the first unprotected scalar in the singlet channel as a function of the (inverse)
central charges are shown in Fig. 4.14. The range of central charges allowed by unitarity
is limited by (4.107). Our plot therefore starts at k = 6, and the vertical red wall delimits
the region allowed by the second bound in (4.107). The gray region in Fig. 4.14 for low
values of the central charge represents central charges excluded by the numerical bounds of
the previous section. As both central charges go to infinity we expect the bound to go to
the generalized free field theory value of A = 4, which we denoted with a black dot in the
figure. This point is consistent with the numerical bounds, and naive extrapolation of the
numerical results (not shown) suggests convergence towards A = 4.
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Figure 4.13: Lower bounds on ¢ for a theory with e¢g flavor symmetry and k£ = 6 as a function
the inverse cutoff A. The red dots correspond to derivatives 10, 14,...,26, while the black
dots show the remaining even values of A ranging from 10 to 24. The dashed line at ¢ = 13

6
marks the central charge of the rank one ¢4 theory.
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Figure 4.14: Upper bounds for the dimension of the first unprotected scalar in the singlet
channel of a theory with e flavor symmetry as a function of the inverse of the central charges.
These bounds were generated with A = 16. The vertical red wall corresponds to the second
analytic unitarity bounds in (4.107), with the excluded region being the top right corner.
The plot starts at % = %, where the first analytic unitarity bound is saturated.

Bounds for theories of interest

We now specialize to the values in the (¢, k) plane that correspond to the theories of D3
branes probing F-theory singularities with ¢ flavor symmetry. The central charges for these
theories, shown in orange in Fig. 4.11, are given by [70]

3, 3. 1
— N1 2N - =

=T T (4.100)

k=6N

where N is the rank of the theory. All theories with rank N > 2 have an extra su(2),, flavor
symmetry, with k;, = 3N? — 2N — 1.

We derived upper bounds for the dimensions of the first unprotected operators of lowest
spin in each of the flavor symmetry channels appearing in the tensor product of two adjoints.
For the case of symmetric representations (singlet, 650, 2430) we therefore obtain a bound
for spin zero operators, and for antisymmetric representations (78, 2925) we bound spin
one operators. These bounds are displayed in Fig. 4.15. They are still far from optimal, but
serve to give us a feeling for the general shape of things. It would be interesting to improve
our numerical search power to the point where these bounds would converge.

We should compare the singlet bounds in Fig. 4.15a for rank N > 2 to the bounds obta-
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Figure 4.15: Bound for the dimension of the first unprotected spin zero multiplet in the
singlet, 78, 650, 2925 and 2430 channels for the theories with flavor symmetry ¢g arising
from F-theory singularities, as a function of the inverse of the rank of the theories. The
different cutoffs are A = 10,12, ..., 16, with the strongest bound given by the black line.
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Figure 4.16: Upper bounds for the dimension of the first unprotected scalar in the singlet
channel of the su(2);, moment map correlator for the e¢g theories, as a function of the inverse
of the rank of the theories. The cutoff is increased from 10 to 22 in steps of four, with the
strongest bound given by the black line.

ined from the su(2); flavor symmetry of those theories. In principle the same unprotected
operators may contribute to the four-point functions of both sets of moment maps, so if
the bounds recovered from both correlators are related to these rank N theories then they
should agree to some extent. These bounds are shown in Fig. 4.16. The two sets of bounds
appear to have nothing in common. It is hard to say whether this is a feature of the space
of solutions to crossing symmetry or a consequence of inadequate numerical power.

The rank one theory

We performed a higher precision analysis at the point £k = 6 and ¢ = %, which are the

central charges of the ¢ Minahan-Nemeschansky theory. It is plausible that this theory is
the unique theory with these central charges and eg flavor symmetry. What’s more, because
of the location of these central charges in a corner of the allowed region of the (¢, k) plane,
there can be no pollution at this point by solutions of crossing symmetry that are linear
combinations of other irreducible solutions. This gives us some room to be optimistic that
the numerical bounds at this point will converge to physical values that correspond to the
scaling dimensions of operators in this theory.

As a first example we may consider again the bound on the first unprotected singlet scalar.
We have plotted this bound as a function of the cutoff in Fig. 4.17. Naive extrapolation
suggests an optimal value in the neighborhood of A ~ 4.4 for the first scalar singlet.

We can also explore simultaneous bounds for various channels by searching for functionals
with Ag ~ greater than the unitarity bound for several choices of flavor symmetry channel
R;. We performed such an analysis for these central charges to derive simultaneous bounds
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Figure 4.17: Upper bounds for the first unprotected scalar singlet in the rank one ¢4 theory as
a function of the inverse cutoff. The points where A —2 is a multiple of four are shown in red.
For the best bound shown, the dimension of the search space in the associated semidefinite
program was 366.

for the first scalars in the 1, 650, and 2430 channels. The numerics were performed with
A = 12, and the results are shown in Fig. 4.18 in the from of an exclusion plot in the
three-dimensional space spanned by the scaling dimensions (A1, Agso, A2430) of the first
operator in those channels. The usual superconformal unitarity bounds constrain us to be
in the octant where all these three dimensions are greater than two, but within this octant
we have numerically carved out a further excluded region where one or more of the three
operator dimensions is too high to satisfy the crossing symmetry equations.

Figure 4.18: Three-dimensional exclusion plot in the octant spanned by the scaling dimen-
sions of the first unprotected scalar in the SR = 1,650, 2430 representations of ¢ with £ = 6
and ¢ = %. The cutoff used while generating these bounds was A = 12.
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Bounds for defect SCFTs

We can again consider the limit where we send ¢ — oo with £ at the analytic bound,
which gives kK = 24 in this case. In this limit we expect to recover information about the
theory living on the codimension two defect corresponding to the trivial embedding in the
six-dimensional (2,0) theory of type ¢s. A nontrivial bound for the first unprotected scalar
in the singlet channel is given in Fig. 4.19 as a function of the cutoff. Once again we observe
some quasi-periodic behavior where the bounds have a sharper jump at every fourth step
in the cutoff. By naive extrapolation of the bound we arrive at a rough estimate that the
optimal upper bound should be between A = 3 and A = 3.2.

2 L L L L L
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Figure 4.19: Bound on the first unprotected scalar in the singlet channel for a theory with
k = 24 and infinite central charge as a function of the cutoff. Red dots correspond to cutoft
values A = 10,14, ...,22, while black dots show the remaining cutoff values ranging from
A =10 to A = 20.

4.7 Results for the &, four-point function

We now turn to the numerical results obtained for the four-point function of the Coulomb
branch operators &,,. Unlike in the previous section we can vary the dimension of these
operators, which we recall is given in terms of their U(1), charge ry by Ay = ro. Unitar-
ity requires 7o > 1. We will consider four-point functions where all operators have equal
dimension. A second parameter is again the c¢ central charge which appears in front of the
conformal block of the stress tensor multiplet. We will therefore be able to obtain bounds
as a function of rg and c.
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4.7.1 Central charge bounds

Our first bound is again a lower bound for the ¢ central charge, now as a function of the
dimension 7y of the Coulomb branch operators. Assuming the moduli space/chiral ring
correspondence for the Coulomb branch, the Shapere-Tachikawa relation provides an analytic
lower bound for ¢. More precisely this bound is obtained combining the ST sum rule (4.22)
and the Hofman-Maldacena upper bound (4.21) on ¢. If the Coulomb branch, which is
assumed to be freely generated, has dimension N with generators of dimension {r,...,7x},
then we the following bound holds,

1 N
> =) (2r - 1) (4.110)
=1

D

The fact that only the dimensions of generators of the Coulomb branch chiral ring appear
in this expression is important. For example, Coulomb branch operators of dimension ry >
3c + = are certainly allowed by this bound, they just cannot be generators. On the other
hand a theory that has any Coulomb branch at all must have ¢ > = , since the dimension
of a Coulomb branch generator cannot be smaller than one. Moreover if ¢ = % then the
Coulomb branch must have a single generator of dimension ry = 1, so will necessarily be the
theory of a single free vector multiplet.

In setting up the bootstrap for this correlator, there is no straightforward way to insist
that the Coulomb branch operators be generators (or that they not be generators, for that
matter). Of course, any such operator with ry < 2 will necessarily a generator because it
cannot be a product of two operators with dimensions above the unitarity bound. For ry > 2
if we assume that we are dealing with a generator, in which case the following analytic bound
will be obeyed:

1
c> 6(27’0 —1). (4.111)

Notice that if we drop the generator assumption and consider four-point functions of oper-
ators that are not generators, then only the weaker bound ¢ > é applies for rq > 2. This
bound is in fact saturated at any ry € N by the operators of the Coulomb branch chiral ring
of the free vector multiplet.

In Fig. 4.20 we show the results of a numerical c-minimization procedure as a function
of rg. The analytic bound (4.111) is superimposed in red. For large values of rq the analytic
bound always dominates over the numerical one, but for ry < 1.4 the numerical bound is
dominant. Nevertheless, we would like to stress that the analytic bound is contingent upon
the validity of the Coulomb branch version of the moduli space/chiral ring correspondence.
If there are exceptions to this rule, then the analytic bounds will not hold, whereas the
numerical bounds will still necessarily hold true.

As rg approaches one the bound drops sharply towards ¢ = %, the central charge of the

free vector. Though it is not clear from the figure, ¢ = % is not ruled out for ry = 1, where
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Figure 4.20: Lower bounds for the central charge c of a theory with Coulomb branch operator
&, as a function of its dimension ry. The straight red line is the analytic bound for the case
when &, is a Coulomb branch generator, given in (4.111), with the excluded region lying
to the right of the line. The shaded gray region is the numerically excluded region, and the
gray and black lines correspond to bounds obtained with A = 10, 14, 18,22, with larger A
giving the stronger bounds. The red dot denotes the free vector multiplet, and the black dot
the rank one Hj theory.

convergence with A is very fast.’® Away from r, = 1, convergence as a function of A is
slower, and the bounds presented here are clearly still quite suboptimal. One interesting
question is whether the bound at ry = g might converge to the ¢ > %, with the rank one H,
theory lying at the boundary. Using our methods, this would require a substantial increase
in A. Similarly, at 7y = 2 it seems possible that the bound may converge to the free vector
value ¢ = %.

4.7.2 Dimension bounds for non-chiral channel

In the allowed region of the (rg, ¢) plane we can bound the dimension of the first unprotected,
R-symmetry singlet, scalar operator appearing in the &, £_,, OPE. Unitarity requires that
such an operator have A > 2. When A = 2 the long multiplet sits at the unitarity bound

30A similar phenomenon was observed in the context of central charge minimization in A/ = 1 SCFTs
[35].
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and decomposes into the stress tensor multiplet along with other short multiplets whose
OPE coefficients vanish. In order to study local theories we should therefore add the su-
perconformal block with A = 2 to the problem by hand and then impose a gap so that the
subsequent scalar operator has dimension strictly greater than two.

This situation presents two natural options. First, we can leave the coefficient of the
stress tensor block unfixed and simply require that the functional be positive when acting
upon it. This approach leads to upper bounds for Af that are valid for any value of c.
Alternatively, we can fix the coefficient of the stress tensor block by hand and in doing so
fix the value of the central charge. We can then extract bounds on Aj as a function of c.

Let us make a brief comment about the free vector theory. When ry = 1 we know
that there exists solution with ¢ = 1/6, and in this solution there is no other scalar singlet
block after the stress tensor multiplet at A = 2. Thus at this point in the (7o, ¢) plane our
numerical procedure will never produce a nontrivial bound for the next operator, since any
such bound arise from a functional that would rule out the free field solution.?! To avoid this
singular point in our searches we have studied regions of the (rg, ¢) plane with rq > 1.001.

Arbitrary central charge

The results of the first strategy are displayed in Fig. 4.21. We find an upper bound on the
dimension of the first scalar singlet as a function of ry > 1.001, with the bound at a given rq
being valid for arbitrary values of c. Note that because there is no restriction on the value of
¢ in this approach, there may be approximate solutions to crossing symmetry that influence
this plot for which the value of ¢ has been ruled out by (4.111). Indeed, we will find below
that excluded central charge values are responsible for the local maximum at rq slightly less
than two. For higher values of 7y, it seems plausible that the bounds will converge to the
generalized free field theory solution indicated in the figure with a dashed line. The results
for fixed values of the central charge will shed light on the features of this bound, so we
postpone further discussion its shape to the next subsection.

The analogous chiral/anti-chiral OPE for N' = 1 SCFTs was considered in [35]. They
exclusion curve obtained in that work for the dimension of the first unprotected scalar
operator exhibited an interesting “kink”. However, in that case a gap larger than two was
being imposed, so any theory associated to the kink could not come from an N = 2 theory
with a stress tensor multiplet.

Fixed central charge

We turn next to operator dimension bounds for fixed central charge. The results for fixed
A take the form of a function Af(r, ¢) that is well defined for all points in the (r, ¢) plane
that were not excluded by the numerical bounds of Section 4.7.1. This is displayed as a

311f for 7 = 1 we do not to include the stress tensor block by hand, then the resulting bound on the first
operator dimension would come be very close to two.
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Figure 4.21: Bound on the first scalar in the &,, x £_,, OPE as a function of rq for arbitrary
central charge. The lines correspond to A = 8,10,...,20, with the strongest bound being
the black line. The excluded region is shaded. The dashed line corresponds to generalized
free field theory solution, for which A = 2r.

three-dimensional exclusion plot in Fig. 4.22, which corresponds to A = 18. The red line
in Fig. 4.22 corresponds to the analytic bound (4.111), but since it may not hold in all
circumstances we have extracted bounds even for points in the plane that violate it.

This exclusion surface was determined in a slightly unconventional manner. Rather than
fixing ¢ and 7y and performing boolean searches to obtain a dimension bound, we fixed rg
and imposed a gap in the scalar singlet channel and searched for upper and lower bounds on
c consistent with that gap.*? In this way we were able to find bounds for the whole of the
plane with only a single numerical search required for each data point.

By taking constant central charge slices of this surface, a feature which is not apparent
in Fig. 4.22 comes into view. Several such slices are superimposed in Fig. 4.23, where we
the dimension bound is shown as a function of ry for various values of the central charge
(including infinity). The results that are shown correspond to A = 20. Together with these

320btaining a lower bound for an OPE coefficient is possible as long as there is a gap between the
superconformal block under consideration and the next operator, so this method can be used precisely for
bounding the first scalar operator.
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Figure 4.22: Bound on the first scalar in the &,, x £_,, OPE as a function of the central
charge ¢ and dimension of the external operators ry. These bounds are for A = 18, and
are obtained by imposing a gap and minimizing/maximizing the central charge value after
imposing a gap in the spectrum. The gray area in the figure is a copy of the excluded region
from Fig. 4.20. The red line corresponds to the bound (4.111), and the excluded region, if
&, 1s to be a generator, is the one with smaller central charge.

bounds there is a blue dashed straight line at A = 2ry corresponding to the generalized free
field theory solution, and a thick dashed black line showing to the A = 20 dimension bound
for arbitrary central charge. Since the latter line is the best possible bound without fixing
the central charge, it envelopes all the lines for fixed c.

Although Fig. 4.23 could have been obtained by interpolating between the data points
that define the three-dimensional plane in Fig. 4.22, we chose to revert to performing separate
boolean searches for each point as this yields more precise results. As in the results reported
in the previous sections, these boolean searches were performed by fixing the stress tensor
coefficient in terms of ¢, imposing a gap in the spectrum and finding whether a functional
exists as described in Section 4.5.

These bounds clearly have two qualitatively different regimes, depending on whether r is
greater or less than two. For ro > 2 the bound gets weaker (increases) as the central charge
is increased. The weakest bound is just the ¢ = oo line, and it coincides with the bound with
unspecified central charge. In this region convergence is relatively slow, and so it is hard
to guess where the bound will end up as the cutoff is lifted. Of course we cannot exclude
known solutions, so for ¢ = oo the bound will not be able to cross the generalized free field
theory line. More trivially, for ¢ = % the bound will have to allow the points rg = 2n, A =4
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Figure 4.23: Bound on the first unprotected scalar in the STOE_TO OPE as a function of ry for
several different values of the central charge, obtained with A = 20. The dashed blue line
corresponds to the generalized free field theory solution A = 2rg, the thick dashed black line
is the same as in Fig. 4.21, and the red line segment is the bound obtained for the central
charge which saturates (4.111). If the central charge of a theory is known then it must
correspond to a point below the curve corresponding to that central charge. If the central
charge is not known and the theory has a freely generated Coulomb branch, then equation
(4.111) together with our numerics dictate that the theory must lie below both the black
line and below the red line segment. If we do not know either ¢ or whether the Coulomb
branch is freely generated then the theory must still lie below the black curve.

for n € N.

The point rq = 2 is particularly interesting. Here the lines for all central charges converge
at a value that is close to, and seems to be approaching, A = 4. The absence of a stronger
bound can be explained by the existence of a one-parameter family of four-point functions
— constructed by taking a linear combination of the free field solution and the generalized
free field solution — which can realize any ¢ > 1/6 and for which the first scalar operator
always has dimension four. However, recall that theories with a chiral operator with ry = 2
necessarily have a conformal manifold. If these bounds converge to A = 4, then it would
follow that at any point on any conformal manifold there must be a relevant, unprotected
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operator with nonzero coefficient in the chiral/anti-chiral OPE. It would be interesting to
check this at low order(s) in perturbation theory.

For rq < 2 the picture is reversed. The bound for infinite central charge still appears to
be approaching the generalized free field theory value, but the bounds now grow stronger
(decrease) as a function of the central charges. The solution to crossing symmetry along
the black line corresponds to the lowest allowed value of the central charge consistent with
crossing, which is precisely the bound shown in Fig. 4.20. For example, the ¢ = 1/6 line ends
on the black curve at the same value of ry where 4.20 begins to exclude the value ¢ = 1/6,
and for even smaller ry and fixed ¢ there is no unitary solution anymore.

If €, is a Coulomb branch generator the central charge cannot be arbitrarily small, and in
particular must satisfy (4.111). This renders part of the black curve with 7y < 2 unphysical,
since it corresponds to solutions with a central charge that violates (4.111). We can correct
this by assuming the central charge to be at least %(27‘0 — 1). We then obtain a correction
to the black curve that is shown in Fig. 4.23 as a red dashed line. Any unitary N = 2
SCFT with a freely generated Coulomb branch must now lie below both the black curve
and, because of (4.111), also below the red line segment. This improvement removes the
local maximum from Fig. 4.21.

4.7.3 & OPE coefficient bounds

In the chiral OPE channel it is natural to look for constraints on the (squared) OPE coefficient
)\?527.0 of the &,, multiplet. The conformal block associated to the exchange of this multiplet is

given by Gg?% (z, Z), while the next multiplet appearing in the chiral channel has Gg?% 42(2,2)

as its conformal block. Thus the &, contribution is isolated, and we can look for both upper
and lower bounds on its coefficient. These bounds are displayed in Fig. 4.24 for A = 22.
Physical theories must lie between the two blue/red sheets. The vertical “wall” corresponds
to ¢ = ¢(2ro — 1).

As a sanity check, we can compare these numerical bounds to some known theories. The
free vector multiplet gives a solution to crossing symmetry with rp = 1 and ¢ = %, and from
the decomposition (4.88) we can see that )\éro = 2. This ends up being consistent with the
numerical bounds, since at this point both the lower and upper bound are very close to two.
Similarly, for infinite ¢ we find the generalized free field solution with an OPE coefficient
that is also equal to two - again consistent with the numerical bounds.

It is interesting to observe that the lower bound on this OPE coefficient is strictly positive
in a large region of the (rg,c) plane. In this region, these bounds rigorously exclude the
possibility of Coulomb branch chiral ring relations of the form &,,&,, ~ 0. The region of the
plane where the lower bound is positive is displayed in Fig. 4.25. It is clear that the bound
will improve substantially more at larger A.

In interpreting Figs. 4.24, 4.25 there is an important subtlety. In obtaining these bounds
we have fixed ¢ to a given value, which corresponds to inserting the superconformal stress
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Figure 4.24: Upper and lower bounds on the OPE coefficient squared of &, as a function
of ro and %, corresponding to a cutoff A = 22. The vertical red “wall” corresponds to the
bound (4.111), and the excluded region if &,, is a Coulomb branch generator is the one with
smaller central charge.

tensor block with a fixed coefficient in the appropriate channel. However we have also
allowed for arbitrary superconformal blocks for long multiplets in the same channel, both at
and above the unitarity bound. A long block at the unitarity bound however reduces exactly
to the stress tensor block and can therefore mimic the effect of the stress tensor. Since the
coefficient of the stress tensor block is proportional to 1/¢, the bounds obtained for a given
value of ¢ are also valid for all smaller central charges. In other words, when increasing ¢ the
bounds can never improve - instead they either worsen or stay constant. In future searches
this issue could be circumvented by imposing a gap in the scalar channel.
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Figure 4.25: Region where the lower bound on the OPE coefficient squared of &, is strictly
positive as a function of ry and %, for A varying from 10 to 22 in steps of four. The shading
indicates the OPE coefficient squared is positive in that region. The red line corresponds to
the unitarity bound (4.111), and the excluded region (if &, is a Coulomb branch generator)
is to the right of the line. Note that these results are approximate, as this plot is obtained
by an interpolation procedure from results like those shown in Fig. 4.24. The slight wiggles
in the lines are likely due to small errors introduced by this procedure.

OPE coeflicient bounds and the Zamolodchikov metric

The slice rg = 2 of Fig. 4.24 is of special interest because of its relation to the curvature of
the Zamolodchikov metric on the conformal manifold [173, 174]. Namely, consider an N = 2
SCFT with a moduli space M of exactly marginal deformations. The different marginal
deformations at a given point on M are the top components of & multiplets (and their com-
plex conjugates) whose superconformal primary we will denote as ¢,, a = 1,...,dim¢(M).
The Zamolodchikov metric g,; on M is determined by the two-point functions of these

primaries,*?

(6u()03(0)) = 75 . (4.112)

Unit normalizing these operators corresponds to choosing local holomorphic coordinates on
M such that g,; = d,; at the point of interest. In these coordinates, the only non-vanishing
four-point function involving the ¢, and their complex conjugates is given by

(Pa(T1)Pp(w2) Pe(3) Dg(4)) - (4.113)

33In [174] this is the “metric” written as g,;, which differs from the actual metric G,; studied in that by
a factor 192.
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The OPE of ¢,(x1) and ¢,(x2) is regular and correspondingly the first conformal block in the
chiral channel for this four-point function is a dimension four scalar that is the superconformal
primary of an & multiplet. According to Eqn. (3.13) of [173], the coefficient for this
superconformal block is given by

1e, aved = —Raavd + 0acOpq + Obc0ag - (4.114)

where R,;; is the Riemann curvature tensor (in the aforementioned distinguished coordi-
nates) of the Zamolodchikov metric on M. 3!

We have obtained upper and lower bounds for the OPE coefficient in the particular
four-point function with identical operators, a = b = ¢ = d. In that case we have

)‘34 = W&z aaaa = 2 — Raaad . (4115)
When dim¢ (M) = 1, this expression simplifies to

1
Mg, =2— 57 (4.116)
with R the Ricci scalar of g,;. The bounds for )%4 can therefore be interpreted as bounds
for the scalar curvature of one-dimensional conformal manifolds.

The ry = 2 slice of Fig. 4.24 is shown in Fig. 4.26, with the excluded regions shaded in
gray. The bounds for lower values of A are also shown to indicate the cutoff-dependence.
Inside the allowed region we highlighted several points and loci that correspond to known
theories. The computation of )%4 for these theories is reviewed in Appendix I.

Even at infinite A, the the upper and lower bounds will not be able to penetrate beyond
the dashed blue lines. The reason for this is as follows. In the theory of n free vector
multiplets one finds a chiral four-point function with ro = 2 for which

2 1

>\§4:2+§, - <6. (4.117)
This is the lower dashed line in Fig. 4.26. The upper horizontal dashed line, on the other
hand, is simply given by )\%4 = 6, which is the value for the solution corresponding to a single
free vector multiplet at ¢ = 1/6. The numerical upper bound cannot pass this line because

of the aforementioned fact that by design the bound is a non-increasing function of 1/c.
From the dependence of the bounds on A it seems natural to expect that they will
eventually converge to the dashed blue lines. If this were to happen, then the purely diagonal

34Recall that the Zamolodchikov metric is Kéhler and therefore R, is symmetric under exchange of a

and b (as well as exchange of ¢ and d). This is required by the braiding relation of the four-point function.
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Figure 4.26: Upper and lower bounds on )\?;4 as a function of the central charge c. Shaded
regions are excluded by our numerics, with A ranging from 10 to 22 in steps of four (the upper
bound for A = 10 is outside the plotted region). The dotted lines are the best possible value
of the bounds as dictated by the free vector multiplet solution, and it seems likely that our
bounds will converge to these values. We highlighted the known values of the coefficients
for N/ = 4 SYM theories (which are protected), the N' = 2 SCQCD theories with gauge
group SU(N,) and Ny = 2N, fundamental flavors (tree level values only), and finally the
special case of SU(2) SCQCD which we call the s0(8) theory. The line in the latter case
shows the range of values that A% , takes as a function of the exactly marginal coupling, cf.
the computation in Appendix I. The individual dots in the colored lines correspond to gauge

groups SU(N) (with N > 2), plus the U(1) theory at ¢ = 1/4 for N'=4 SYM.

components of the Riemann tensor would have to obey the following bound:

2

_4<Raﬁa&< -
3¢

(4.118)
In particular, for theories with one-dimensional conformal manifolds crossing symmetry ap-
pears to dictate that their scalar curvature is always negative. To see if this is also true for
higher-dimensional moduli spaces a bound for R,;;; will be necessary. We plan to investigate
the corresponding four-point function in the near future.
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4.8 Conclusions

The abstract operator viewpoint offers a unified language for the description of both La-
grangian and non-Lagrangian CFTs. It has also become the entry point for powerful nu-
merical studies in the style of [6]. In this chapter we have advocated for the utility of this
viewpoint in studying N’ = 2 superconformal field theories. We have highlighted the inter-
play between superconformal representation theory and interesting physics in these theories,
and we identified three types of distinguished representations of particular physical interest.
Our numerical investigations focused on the four-point functions of two types of multiplets,
[5’1 and &,. The result was a plethora of numerical unitarity bounds for N' = 2 SCFTs
involving central charges, operator dimensions, and OPE coefficients.

Our results reveal a number of interesting details about N = 2 superconformal field
theories, some of which are new numerical bounds for its observables and some of which
make contact with other known facts. For example, we have rigorously established that
Coulomb branch chiral operators &£, with sufficiently low values of r cannot satisfy a certain
type of chiral ring relations, and that theories with su(2) flavor symmetry must have at
least one flavor singlet multiplet of type (A,’ngl and one flavor triplet multiplet of type éLg:O.
The latter follows from our numerical exclusion of theories with k& = 2/3 for which these
multiples decouple from the B, x B; OPE. Similarly, if our extrapolations are on track
then we should be able to rule out one complex dimensional conformal manifolds like a
smooth two-sphere, for which the Euler characteristic is not compatible with the sign of the
curvature of the Zamolodchikov metric. In the future it would be very interesting to look for
analytic arguments for some of these statements and to understand if the connection with
associativity of the operator algebra can be made analytically tractable. More generally, the
combination of both analytic and numerical methods appears to be the most promising way
to constrain and explore the landscape of N = 2 superconformal field theories.

Throughout this work, we have observed a strong dependence on the cutoff A that de-
termines the size of the numerical problem being investigated. In other words, the bounds
derived here — though valid — do not appear to be close to their optimal value. This is not
for lack of trying: the strength of our numerical methods is completely on par with (and in
some cases exceeds) the state of the art in almost all of the present literature. The strong
cutoff dependence therefore appears to be an intrinsic property of bounds extracted from
our specific four-point functions. In the near future we are hopeful that better numerical
software tailored to the problem at hand will allow for searches with much greater reach and
higher precision. Even then, however, it is not clear that the bounds presented here should
be expected converge to some limiting value. For example, if the extrapolation shown in
Fig. 4.4 is more or less correct, then a cutoff A of order O(100) will be necessary to reach a
value of the lower bound that is within a few percent of the asymptotic value. The corre-
sponding search space dimension would have to be a factor ten higher than the ones used in
this work. Until such methods become computationally feasible, we are stuck with the sorts
of extrapolation presented in this work if we want a rough guess for the limiting value of a
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bound.
With additional work and the development of improved numerical methods, we see a
number attractive directions for future work.

Additional correlation functions

An obvious and interesting avenue is to analyze a more diverse collection of four-point
functions. The four-point functions of B; multiplets with a flavor symmetry algebra other
than su(2) or ¢(6) is a natural choice that would involve very little groundwork on top of
what we have reported here. Perhaps the most important extension will be to study the
four-point functions of operators in the stress-tensor multiplet. In this case there are several
natural candidates.

Recall that the superconformal primary of this multiplet is a dimension two scalar, and
among its descendants we find the R-symmetry currents and the stress tensor. The first step
towards bootstrapping any operators in this multiplet is to determine the corresponding se-
lection rules and superconformal blocks, and this prerequisite has not yet been fulfilled. This
analysis seems quite complicated for the four-point function of the stress tensor multiplet in
superspace, but should be tractable for just the four-point function of the superconformal
primary. An interesting case of intermediate complexity is the four-point function of SU(2)g
currents, for which the chiral algebra data fixes a large number of OPE coefficients. From ei-
ther of these four-point functions one may obtain bounds on the a anomaly coefficient, which
is a piece of data that was conspicuously absent from the four-point functions considered in
this chapter.

Multiple correlation functions

The bounds reported here are valid and must be obeyed by physical theories, but they were
derived as a consequence of crossing symmetry for individual correlators. In an honest CFT,
crossing symmetry must hold in all possible correlators. The simultaneous investigation of
multiple correlators in a single numerical program is then a natural next step. The pioneering
work of this type was [7], where three-dimensional non-supersymmetric CFTs were studied.
With minimal additional assumptions, the mixed correlator approach has the potential to
rule out spurious solutions to single-correlator crossing symmetry that have no place in a
consistent SCFT. In an optimistic scenario, this would also rule out (presumably spurious)
linear combinations of solutions that may saturate the single-correlator bounds for large A.
In the NV = 2 setting one should consider all mixed four-point functions containing a given
subset of Coulomb or Higgs branch chiral ring generators. For the Higgs branch chiral ring,
the structure of many relevant four-point functions and superconformal blocks have already
been worked out in [42, 43].
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Theory-specific analysis

In this exploratory work we have taken as general an approach as possible to the N = 2
superconformal bootstrap program. In particular, we have avoided making assumptions
that might not be shared by all theories. A complementary strategy is to try to specify
a particular theory of interest and “zoom in” on that theory in the space of SCFTs. By
including as much information as possible about a theory of interest, one hopes to effectively
isolate the corresponding solution to crossing symmetry at a boundary of the numerically
allowed region. On can then begin to solve that theory at the level of the spectrum of local
operators and OPE coefficients.

The numerical results obtained here do not offer much guidance in choosing between
known N = 2 theories, mostly because of the absence of “kinks” in the bounds. Some
natural candidates still present themselves upon further thought. A particularly elegant
theory that we think deserves further study is SU(2) SCQCD with N; = 4. For this theory
the exact OPE coefficients derived in [173] make it possible to use the exactly marginal
coupling constant 7 as an input variable, at least for the four-point function of &, multiplets.
This opens the way towards exploring the contours of a nontrivial conformal manifold by
deriving coupling constant-dependent bounds. This was not possible in the work of [36]
on N = 4 SYM because in that case the known OPE coefficients are constant on the
conformal manifold. The SU(2) SCQCD also enjoys an s0(8) flavor symmetry, and it would
be interesting to compare bounds for the corresponding B; multiplet with those of the &,
multiplets. More precisely, in [36] it was conjectured that for certain N' =4 SYM theories
the coupling-independent bounds were saturated at self-dual values of the coupling. If one
can achieve reasonable convergence, it may be possible to check the equivalent conjecture
for this theory.

Perhaps the most obvious candidate for targeted bootstrap analysis is the eg theory of
Minahan and Nemeschansky [12], which lies at the intersection of two lines where analytic
bounds derived from the two-dimensional chiral algebra are saturated. The current numerical
analysis does not appear to be extremely constraining, but we expect the more refined
strategies that we have mentioned to yield stronger results.
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Chapter 5

The (2,0) superconformal bootstrap

The contents of this chapter will appear in [4]: “The (2,0) superconformal bootstrap”
C. Beem, M. Lemos, L. Rastelli and B. C. van Rees.

5.1 Introduction and conclusions

In this chapter we present preliminary results on the superconformal bootstrap program for
the maximally supersymmetric theory in six dimensions. The analysis follows very similarly
to the one of the previous chapter.

In the spirit of section 4.2 we want to organize the operators in representations of the
six-dimensional superconformal algebra 0sp(8*|4), whose maximal bosonic subalgebra is the
conformal algebra times the R-symmetry algebra (so(5)r). The classification of these rep-
resentations has been done in [21, 154, 175, 176] and reviewed and summarized in [28].
Here we simply summarize the the multiplets relevant for our purposes, following their no-
tation for the series of multiplet names. We also denote between square brackets the Dynkin
labels, [dy, ds], of the s0(5)g representation' of the superconformal primary of the multi-
plet. Moreover since we are considering the OPE of scalar operators, only operators in the
symmetric-traceless representations can appear (with Dynkin labels [0, ¢, 0] of su*(4)) and
we refer to the spin ¢ of the operators. Short multiplets obey one of the following shortening
conditions, which fixes their dimensions in terms of the remaining quantum numbers:

A A=6+0+2d +dy), (>0,

B : A=44042(d +dy), (>0,

C : A=2+2(d +dy), (=0,

D . A =2(dy + dy), (=0. (5.1)

'We use s0(5)g conventions for the Dynkin labels, so the 5 has Dynkin labels [1,0]. We note that the
order of our Dynkin labels is reversed with respect to [42].
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The multiplets of the D series are 411 BPS, or % BPS if the second Dynkin labels of the super-
conformal primary is zero. All in all we specify the superconformal multiplets by their names
which encode which shortening condition the multiplets obey [28], together with the spin
and s0(5)g representation of the superconformal primary. Long multiplets, which obey no
shortening condition, are denoted by £, with the dimension, spin and so(5)r representation
of the superconformal primary being indicated. Unitarity requires their dimension to obey

The free theory in six dimensions and with N' = (2, 0) consists of the free tensor multiplet.
This is a short multiplet, D[1, 0], which has as the superconformal primary a dimension two
scalar ¢!, where I is a 5 index of s0(5)g. Its superconformal descendants consist of two
Weyl fermions, and a two-form with self-dual field strength. The stress tensor of the theory
belongs to a multiplet D[2,0] whose superconformal primary is a dimension four scalar in
the 14 of s0(5)k. In terms of free fields it is given by ®'/ = ¢U¢”) — 1517¢K oK This
expression is for the theory of a free abelian tensor multiplet, but if one wants an interacting
theory there is no such description. However that should not prevent us from applying the
bootstrap program.

We take the SCFT to be defined by its local operator algebra and consider an operator
which is guaranteed to be present in the theory: the stress tensor, or rather the supercon-
formal primary of the multiplet it belongs to, ®7.

We start by analysing in section 5.2 the four-point function of the superconformal primary
of the stress tensor multiplet, and its superconformal partial wave expansion in section 5.3.
As before superconformal Ward identities strongly constrain the form of this four-point
function, with all five channels corresponding to the various so(5) g representations appearing
in the OPE of these operators being determined simply by two functions h(z) and a(z, z).
The crossing equations then split into two sets, one only involving the former function,
which can be solved exactly, while the other involves both functions and must be approached
numerically. The crossing equation for the meromorphic function h(z) can be solved exactly
in terms of the central charge c.? Just as before, to obtain this solution we must assume
there are no higher spin currents (that is conserved currents of spin larger than two, which
in six dimensions have twist four). The situation is different here in respect to the previous
chapter because the multiplets containing higher spin currents (B8]0, 0],) are separated from
the rest of the multiplets by a gap. Therefore they cannot be mimicked by a long multiplet
at the unitarity bound, and the assumptions of the absence of higher spin currents implies we
are excluding by hand the free theory. Another major difference with respect to the previous
chapter is that this time not all OPE coefficients of protected operators can be fixed from
this meromorphic A(z) function. As such when setting up the numerical bootstrap we will
be looking not only for bounds on the dimensions of unprotected operators, but also on the

2In six dimensions there are four different anomaly coefficients. What we call the ¢ central charge
corresponds to the one appearing in the stress tensor two point function.
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OPE coefficients of protected operators, whose dimensions are fixed, but OPE coefficients
we do not know. All the numerical analysis is done in section 5.4, where we also obtain lower
bounds on the central charge c of interacting theories. We normalized the central charges
such that it is one for the free theory, and as such the theory of type g will have central
charges [28, 177, 178]

g = 4dghy + g, (5.3)

where d, hg and ry are respectively the dimension, dual Coxeter number and rank of g.

In the large ¢ limit the four-point we are studying has been computed, using supergravity
on AdS; x S* [26, 27], and our bounds appear to be saturated by this solution.

As announced in the introduction we find evidence that the A; theory is the unique
theory with central charge ¢ = 25, and that this is the lowest possible central charge for
an interacting theory. Taking this conjecture as a working assumption, we take a first step
towards the bootstrapping of the A; theory, obtaining bounds on its operator dimensions and
OPE coefficients that we expect to be saturated by the actual physical theory. A feature that
keeps plaguing our results is the slow convergence of the bounds obtained as the truncation
of the crossing equations is increased. However we will see that if the right assumptions are
made regarding the A; theory our bounds converge faster, providing hope that this theory
is within reach of the numerical bootstrap.

Throughout the numerical analysis we will make the case that our bounds are saturated
by the physical solutions both as ¢ — oo and at ¢ = 25. It is then plausible that for the
central charges corresponding to the remaining theories our bounds are also saturated by
physical theories, and not polluted by some spurious solution to this crossing equation.

If that is not the case then one might need to consider more than one correlator to
approach the remaining theories, and attempt to remove spurious solutions in this way. A
very natural set of correlators to take would be the generators of the %—BPS chiral ring,
to which the stress tensor multiplet belongs to. For the theory of type g these are in
correspondence with the Casimirs of g: they are D[n;, 0], with n; the degree of the i** Casimir
of g (see, e.g., [28, 179-181]). It might even be the case that by taking the appropriate set
of generators of the % BPS chiral ring one can find similar uniqueness statements for the
remaining theories.

5.2 The four-point function of stress tensor multiplets

As explained in the previous section, we are interested in studying the four-point function
of the stress tensor multiplet superconformal primary. These are %—BPS scalar operators of
dimension four, transforming in the 14 of the s0(5)z. We denote them as ®!/(z) = &/} ()
with 7, J fundamental s0(5)g indices, and the brackets meaning it is a symmetric traceless
representation. A convenient way to deal with the s0(5)g indices is to contract them with
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auxiliary vectors Y/ and define
®(z,Y) = o (2)Y1Y;. (5.4)
The symmetric tracelessness constraint then translates into
Y'Y, =0. (5.5)
For example, in this language the two-point function of ®(z,Y") takes the form

A(Y1 - Y5)?

8 b
Lo

(D(z1, Y1) P (29, Y2)) = (5.6)

where the normalization is useful later. Following [42] one can take the five-dimensional null
vector and solve the null constraint using

1 . 7 ,
Yi= (', 5(1=y'y), 51+ y'm), (5.7)
with 3/* a three-dimensional vector. We may then write
(@(z1,91)P(22,92)) = 5, (5.8)

where, as common for the purposes of the conformal bootstrap we normalize the two-point
function to one, which was the reason we added the factor of four in (5.6).

5.2.1 Structure of the four-point function

Let us now examine the four-point function of ®(z,y) in more detail. Using the conformal
Ward identities one finds that this correlator can be written as [42]

4,4
(D (1, 5) (w2, 92) B, y) (s, ) = LGz, 7 0,@), (5.9)
1234

where z and Z are related to the standard cross-ratios

2 2 .2

2
L19T34 _ L14T23 _

TRES =: 2% V= = (1-2)(1-2) (5.10)
x%3x§4 7 x%3x§4 7

and in a similar spirit o and & are related to “cross-ratios” in the auxiliary variables Y/
through
1 yhyi (—D(@—1) _ yiass

(5.11)

N I =9 9 ¢
aQ Y13Y24 aq Y13Y24
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Although it is not manifest in this notation, the dependence of the full correlator on the
Y7 is of course polynomial by construction. This polynomial dependence encodes, in an
index free way, the various s0(5)g representations appearing in the tensor product of two
14. The dependence of the function G(z,Zz;, @) on a @ is therefore very constrained,
as it must admit a decomposition in functions of u and v that capture the contributions
of operators in a fixed so(5)g representation. Furthermore, each of these channels is not
completely unconstrained, as the R-symmetry is part of the superconformal algebra, and
therefore constrained by superconformal invariance.

The constraints of superconformal invariance have been analyzed thoroughly in [42]. The
end result is conveniently summarized as

G(z, 7z a,a) = u*Ay(za — 1)(za — 1)(za — 1) (za — Da(z, 2) + 222HP (2, 2 a,a) . (5.12)

Let us explain the notation. First of all the operator A, is given by

8of(,2) = Dauf(2.9) = (oo~ = (2 D)) zpem), Gy
2,Z) == Douf(z,2z) = ——— === ) 2zf(z,z .
2 R 0207 z—z\0z 0z o

where we also defined an operator Dy. There are no further constraints on the function
a(z,z) from the superconformal Ward identities whereas the function ’H?)(z, Z; o, @) takes
the form [42]

(za—1)(za — 1)h(z) — (:oz —1)(za — 1)h(2)

#P (2, za,a) = D, : (5.14)
for some single-variable function h(-) whose form is not directly constrained by the super-
conformal Ward identities.

We note that in this language the twist that leads to the chiral algebra obtained in [2§]
corresponds to (up to a proportionality constant) setting y;o = Z12 where (z,z) are the
complex coordinates of the two-plane to which the operators are constrained. (Equivalently
in terms of the cross-ratios we set &« = & = 1/z). We then obtain

(D(21)D(20)) = Rk (5.15)

so the twisted operator <i>(z) has dimension two. Similarly the four-point function becomes

—221(2) '

4 4
212734

(D(21)P(20)D(23)D(24)) = (5.16)

As expected, the dependence on the two-variable function a(z, z) completely drops out and
we see that the chiral correlator is precisely defined in terms of the derivative h'(z) of the
single-variable function introduced above.
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5.2.2 Constraints from crossing symmetry

The full correlation function is invariant under permutations of the four operators. By
interchanging the first and the second operator in (5.9) we find the constraint

G(Z,Z;a,o_z):G( : L'1—0(,1—07), (5.17)

z2—1"z—-1’

whereas interchanging the first and the third operator gives

G(z,z;a,a) = z jl(f ;)i()l(fé ;)41) G <1 —2z,1—-1z %, 07? 1) ) (5.18)

Using equations (5.12) and (5.14) we want to re-write the crossing symmetry constraints
above in terms of a(z, Z) and h(z). We do so by analyzing the equation term by term in « and
a. Similarly to [3, 36] we find that each of the above equations gives rise to an independent
crossing symmetry constraints for the chiral part of the correlator, namely

/ o 1 / < o Zz / 5
K () = ot (2_1) = o2, (5.19)

With G(z) = —2%1/(z) this can be rewritten as

G(z):G(Zil) - (Zi1)4G(1—z). (5.20)

This is nothing more than the familiar two-dimensional crossing symmetry equations for
a four-point function of a chiral operator of dimension two, and the decoupling of these
equations is a direct consequence of the chiral algebra obtained in [28]. We will in addition
assume that G(z) is meromorphic in z and admits a regular Taylor series expansion around
z = 0 with integer powers. If we assume that, which we will see in the next section that
follows from the superconformal partial wave decomposition,

G(Z) = /31 + 522 + ﬂgZQ + 6423 + ... s (521)

then the crossing symmetry constraints determine that S, = 0, 54 = f3, and that
2 5 3 2 2

_c 5.22

o)t (e e rs) . e

G(z) = (1+z4+
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which implies that

23 1 1 1 1

hz) = =6 (§_z—1_ (z—1)2_3(z—1)3_2) —bs (Z_z—;Hog(l_z))Jrﬁ""
(5.23)

Here (5 is an integration constant which does not affect 7-[9(2,2; a, @), and thus we can
choose it to any convenient value.

The remaining crossing symmetry equations obtained from (5.17) give the following two
equations for the unprotected function:

alz %) - (z—1)51(z—1)5“<zi1’;1) =0

z2za(z,2) —(z—1)(z—=1)a(l—2,1—-2) =

1 (h(1—2)—h(1—2) h(z)—h(z)
(2—2)3( C_D)(=1) = =2z )
(5.24)

As we will see the constraint from the first equation is easily solved, while the latter is the
final crossing symmetry equation that we will analyze numerically in this chapter.

5.3 Superconformal block decomposition

To investigate the crossing equation (5.24) we must understand which operators appear in the
self-OPE of ®(z,Y’), and how each of them contributes to G(z, Z; a, &) (and through (5.12)
how each of them contributes to the unknown function a(z,z) and to h(z)). Furthermore,
since we have solved exactly for h(z), knowing how each operator contributes to it will
allow us to recover (under some assumptions) the OPE coefficients of an infinite series of
multiplets.

5.3.1 Superconformal partial wave expansion

In the OPE of ®(x,Y") with itself we may encounter the following irreducible R-symmetry
representations:

([2,0]®[2,0))s = [0,0] @ [2,0] & [4,0] & [0, 4], (5.25)

where the first /second line contain the representations appearing in the symmetric/antisym-
metric tensor product.

185



The conformal block decomposition of G(z, z; o, @) then takes the following form

G(zZa,a) =Y (Yr(a,a) Zxagfg;)(z,z)> , (5.26)

reR

with r € R = {[0,0], [2,0], [4,0],[0,4], [0, 2], [2,2]} the set of s0(5)r representations, k, label-
ing the different operators with representation r appearing in the OPE, and (\g., Ag,, lk,)
denote the OPE coefficient, scaling dimension and spin of the operator, respectively. Finally
Y"(a, ) are harmonic functions that encode the corresponding so(5)g tensor structure,
that is, they are obtained from projectors onto representation r, after contracting with (5.7).
The exact form of these functions is given in (J.2). The functions (](AE)(Z, Z) are the usual
conformal blocks in six dimensions for a correlation function of identical scalars given by
GO (AL, Ags;2,2) in (J.1) with Ayy = Agy = 0.

Because of (2,0) supersymmetry the blocks in (5.26) corresponding to operators in the
same supermultiplet are grouped together into what we may call superblocks. The super-
conformal block expansion then becomes

G(z, z;a,a) = Z/\?\g (Z Y%a,o‘z)Aff(z,Z)) , (5.27)

where the sum runs over superconformal multiplets X', with only one unknown OPE coef-
ficient squared A% per superconformal multiplet. The constraint on G(z,z;a, @) from the
superconformal Ward identities, whose solution is given in Eq. (5.12), translates into a con-
straint on the A¥(z,%). As such each A¥(z,%) is fixed in terms of the contributions of
multiplet X' to a(z, 2) and h(z). The explicit form of A,(z, Z) in terms of a(z, z) and h(z)
is given in Eq. (J.3), and can be obtained by decomposing (5.12) in the projectors Y7 («, &)
given in (J.2). Furthermore, each A:*(z, z) admits an expansion in six-dimensional confor-
mal blocks Q(A(::) corresponding to the different operators k,., in s0(5) g representation r, that
make up the X multiplet. The A¥(z,%) are what we call superconformal blocks. To fully
specify the superconformal blocks one then has to specify how each superconformal multiplet
contributes to the a(z, z) and h(z).

5.3.2 Superconformal blocks

Through analyzing the constraints of superconformal symmetry on three point functions it
was determined in [26, 182-184] that seven different types of superconformal multiplets, plus
the identity, can make an appearance in the OPE of stress tensor multiplets:

D[2,0]xD[2,0] ~ 14+D[2,0]+D4, 0]+D[0, 4]+ B[2, 0],+B[0, 2], +B]0, 0]+ L]0, 0] ¢ . (5.28)
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In here we have already imposed Bose symmetry, as we are considering the OPE of two
identical operators, thereby removing some of the multiplets listed in [26, 182-184] which
did not have the right spin parity to appear in this OPE. The superblocks corresponding to
all these multiplets can however all be obtained from two basic elements, which we call the
atomic contribution to a(z, z) or to h(z). These two functions take the form

at [ ooy 4 O (0 _o9. . >
B2 = TR A iy gy a0 TR
A1 (5.29)
h%t(z) = 1_5F[5_ 176;2ﬂ72]7

where Q(Ae)(Al — Ay, Az — Ay; 2, 2) is the conformal block in a correlation function of four
operators with unequal scaling dimensions A; given in (J.1). The functions A, (z, Z) (obtained
from (J.3)) corresponding to each of these building blocks admits a decomposition in a finite
number of conformal blocks and with positive coefficients. For aX ,(z, 2) this leads to the
following primary operator content®

[0 0] 0 2] [2 0] [0 4] 2 2] [4 0]
(A), A+1),, (A+2),, (A+2), (A+3), (A+4),
(A+2),, A+1)y (A+2), A+4,, (A+3),

(A+2), A+3),; (A+2),, (A+4), (A+5),,
A+2), (A+3),, (A+4),, (A+4),,, (A+5),.,
(A+4)y (A+3), (A+4), (A+0),

(A+4),, (A+3),5 (A+4),, (5.30)
(A+4), (A+5),5 (A+6),,

(A+4), (A+5),, (A+6),

(A+4)y (A+5) (A+06),,

(A+6),_, (A+5),.4

(A+6), (A+7),,

(A+6), (A+T7),

(A +3),

3This is the operator content for £ > 4 and A > 6 + £. For smaller values of £, or A = 6 4 ¢ several
entries disappear from the list.
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whilst for h%'(2) the same analysis yields

[0 0] [0 2] 2 0]
(C+4), (L+5),, (£L+6),,
(0 +6)py (£+ 7)),

(€ +8)p44

(5.31)

where = ¢ + 4. These tables justify our claim that these are indeed the smallest possible
(‘atomic’) contributions, since for each of the atomic cases there exists an R symmetry
channel with only one conformal block. The function Af'(z) also corresponds to a single
block in the chiral algebra correlator G(z), since

Gy (2) = —220.hi (2) = 2 F[B, 8; 2B 2], (5.32)

which is precisely the familiar form of a chiral sl(2) conformal block in two dimensions.

We now proceed to determine the contribution of all supermultiplets in (5.28) to a(z, 2)
and h(z), which are all linear combinations and/or specializations of a®(z, z) and h**(z). The
results are listed in table 5.1. We also see that the assumption made when obtaining (5.22),
namely that it admits a regular Taylor series expansion around z = 0 with integer powers,
simply follows from the behavior of G%'(2) and the contributions of the various multiplets
given in 5.1.

atomic type A 14 comments

aX (2, 2) L£[0,0] A ¢ generic long multiplet, A > £+ 6
ajige(2, %) Bl0,2] (+7 (-1 (>0

ago(z, 2) D[0,4] 8 0

R4 (2) B[0,0] ¢+4+4 ¢  higher spin currents, ¢ > 0

hs'(z) D[2,0] 4 0  stress tensor multiplet

h3t(z) =1 1 0 0  identity

a4 o(2,2) + 2703, (2) B2,0] (46 (-2 (>0

ai'o(z, 2) + hi'(2) D[4,0] 8 0

Table 5.1: Superconformal blocks contribution from all superconformal multiplets appearing
in the OPE of two stress tensor multiplets. The contributions are determined from the atomic
building blocks. Bose symmetry requires that ¢ is an even integer.
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We start by noticing that the list of conformal primaries given in (5.30) is nothing but
the set of conformal primaries that can appear in the OPE of two ®(x,Y") belonging to a
superconformal multiplet £[0,0] whose superconformal primary has dimension A > ¢ + 6
and spin ¢ > 0. When A = ¢+ 6 the list given in (5.30) is decreased, and in particular
the dimension A spin ¢ operator in channel [0, 0] which corresponds to the superconformal
primary of £[0, 0] disappears.? In this case for £ > 0 the list corresponds instead the multiplet
B0, 2],_1 with the superconformal primary appearing in channel [0, 2] and with dimension ¢+
7 and spin £ — 1. For £ = 0 there are even fewer entries in the table, and it corresponds to the
shorter multiplet D[0, 4] whose superconformal primary appears in [0, 4] and has dimension
eight and spin zero. Similarly the list of operators given in (5.31) corresponds precisely to
the conformal primaries belonging to the B[0, 0] (or D[2,0] if £ = —2). Naturally the
identity must contribute only in the R-symmetry singlet channel and its block is 1. Finally
demanding that the operator content of the A, (z, zZ) decomposition in conformal corresponds
to the two remaining multiplets of B[2,0], and D[4, 0] we find that they must contribute to
a(z, z) and h(z) in the manner listed in table 5.1.

It now follows from properties of the conformal block (J.1) and (5.29) that the first
crossing equation in (5.24) is trivially satisfied if one already imposed Bose symmetry in the
OPE, i.e., that only aX ,(z, Z) with £ an even integer make an appearance.

Finally we note that the multiplets B[0,0] contain twist four operators of spin larger
than two, which are conserved in six dimensions. These higher-spin conserved currents are
expected to be absent in interacting CFTs [53, 109]. From the last two rows in the table we
see that they can indeed be avoided by pairing up each h}},(2) with an ajl, ,(z, 2) for £ > 0.
The latter term corresponds to a long multiplet below the unitarity bound and consequently
the coefficients of the conformal blocks are not all positive. For the given value of the relative
coefficient these non-unitary contributions in a'z}h’g(z, z) are however precisely cancelled by
the higher spin currents in h}',(2) and we recover the given unitary multiplets with positive
coefficients.?

5.3.3 Solving for the short multiplet contributions

The function h(z) is explicitly known (Eq. (5.23)), and therefore so is its decomposition into
an infinite sum of blocks A% (z).

Let us start by fixing the two integration constants ; and fs in (5.23). One of them
corresponds to a normalization, which we will fix by demanding that the identity contributes
to the correlator as 1, and the other can be fixed in terms of the OPE coefficient of the D2, 0]
multiplet, which is related to the central charge of the theory. The three-point function of

4Unitarity requires A > ¢ + 6 for a long multiplet. A long multiplet hits the unitary bound A =
¢+ 6 it decomposes into two short multiplets (see, e.g., [176] for the decomposition rules). However, the
superconformal block for only one of these two appears, which is the one we recover here.

This is reminiscent of N = 4, see [36].
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two identical scalars O of dimension A and the stress tensor is given by [185]

(T () O()O () 18 b (s 2 ) 53
v\ L1 T ) == — v — SNuw 5 .
! Sa(d — 1)x‘f2x§3A d)xgl atyriy " a"
_ Ti3yu T12pu
Z, = — , (5.34)
g x%:& xé

where d = 6 is the number of dimensions and C7r is defined as the two point function of the
stress tensor by

Cr
<TMV(x)Taﬁ<O)> = ﬁl—uupa’(m) 5 (535)
1 1 T,T,
Lywpo () = B (Iup(xﬂw(x) + Lo (2) L p() — 85/“/5[)0) , L () = 0 — 2 ;2 )
in conventions where Cr = 25 for the free tensor multiplet [186]. We define a central charge
c such that a free tensor has ¢ = 1 by Cr =: %C. This choice for ¢ is the same as in [28]

where it was found the chiral algebra central charge is coy = ¢. In these conventions the
An_; theories have ¢ = 4N3 — 3N — 1.

Combining (5.33) and (5.35) we can fix the coefficient of the stress tensor conformal
block (in the conventions of (J.1)), and consequently that of the D[2,0] multiplet in terms
of ¢, by making use of the decomposition of the A,.(z, Z) in conformal blocks. All in all the
coefficients in (5.23) are fixed to be 5 =1 and 3 = 2.7

We can now expand h(z) in its atomic contributions (5.29) finding

o0

hz) = hi(2)+ D behiia(2), (5.36)

{=—2 leven
(C+ 1)(€+3)(€+2)2L1 (£ +2)11 (£ + 3)11(¢+ 5)!!
18(¢ 4 2)N1(2¢ + 5H)!!
8(T%4ww+nv+1nw+3ym(g+zn

e (201 5)1 !

by =

where b_5 can be obtained by taking the limit of the above expression which gives b_o = %.
For this decomposition we have to set the integration constant in (5.23) to be 5 = 31/3+ [,

6In six dimensions there are three c-type anomaly coefficients, appearing as the coefficients of the three
Weyl invariants in six dimensions, and one a-type one appearing as the coefficient of the Euler density. The
Cr central charge appearing in our correlation function is related to the cs anomaly coefficient of [187].

"Note that plugging this solution in (5.22) we find exactly the two-dimensional stress tensor four-point
function with coq = ¢, after multiplying G(z) by an overall prefactor which corresponds to normalizing the
twisted operator ®(z) to have the usual stress tensor normalization.
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but as discussed this does not affect the four-point function.

From table 5.1 we see that, if we demand the absence of higher-spin conserved currents
(the B[0, 0] multiplets), this decomposition fixes uniquely the OPE coefficients of the B[2, 0]
and D4, 0] multiplets (the OPE coefficient of D[2,0] was used to fix h(z)), in terms of the
central charge c. The coefficients of the B|0, 2] and D|0, 4] multiplets are however not fixed
in this way, as they do not contribute to h(z).3

From Tab. 5.1 we can work out the contribution of the B[2,0] and D[4, 0] multiplets to
a(z, z) to be

o0

a2, 2b) = Z 22hy o a6 040(2, Z) - (5.37)

{=—2 leven

This means that in the crossing equation (5.24) we can split
a(z, 2) = a™" (2, 2b) 4 a4 (2, 2) (5.38)

where we fix explicitly the contributions coming form the B[2, 0] and D[4, 0] multiplets. The

function a™f*¢d(z, z) will then have a block decomposition
a"mixed (4 Z MagaX (2, 2), (5.39)
A>0+6,
£>0 feven

which includes both the long multiplets and the B[0, 2] and D|0, 4] short multiplets, whose di-
mensions are protected but OPE coefficients unknown. The spectrum of long multiplets and
the OPE coefficients in the above equation will be the subject of our numerical investigations
in the following sections.

5.4 Numerics

The numerical investigation of the crossing equation (5.24) is performed as described in
section 4.5 of the previous chapter, and as such we do not repeat the procedure here, but
simply point out the two differences.

We take the same basis for functionals as before, given in Eq. (4.92), except this time to
obtain a finite dimensional subspace we truncate this space as

m,n<A

¢[f(za 2)] = Z amna;”agf('%zﬂzzgzé ) (540)

m,n

instead of taking m +n < A as before. Once again, from the symmetry of the problem we

8In other words, these multiplets do not contain any @Q-chiral operators, and are not captured by the
chiral algebra of [28].
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only need to take m < n. For practical reasons we multiply the crossing equation (5.24)
by (2 — z)3, and we see that only derivative combinations with m + n even give a non-zero
result.

Since this time we have a single crossing equation we do not resort to semidefinite pro-
gramming as in the previous chapter, and instead use simply linear programming. This is the
approach taken in the original paper [6] and in many papers that followed. A main difference
with respect to semi-definite programming is that the search of a functional cannot be done
with a continuous parameter (the dimensions A), and as such we discretize it. We have
checked that the specific discretization chosen here does not significantly affect the bounds.
As before we must truncate the number of spins considered, in the plots presented here we
have taken (.. = A + 20, and checked that this truncation does not affect significantly
the results. To find the functionals described in detail in section 4.5 we used the IBM ILOG
CPLEX optimizer, interfaced with Mathematica.

5.5 Results

£>0 £>0 >0 >0
£=0 £ odd £ even (=0 £ odd £ even
Ap T £[0,0]
. . _ T £[0,0]
, D[4,0] | : '
® ) o ° 8 Dl0,4
Bl * Bi2,0 ¢ D[0,4] * 502
< . . T+ L]0,0]
| T Ay T L£]0,0]
<4 6 o o o < 6 o o o
4 D20 o o 4 o 6 6

Figure 5.1: Schematic representation of the spectrum of operators appearing in the stress
tensor four-point function in a (2,0) theory without higher spin currents. The diagram
on the left displays the protected multiplets whose OPE coefficients are predetermined by
the chiral algebra. Displayed on the right are multiplets whose OPE coefficients are not
predetermined. These multiplets can be either short (D[0,4] and B[0,2]) or long (L£[0,0]),
and in the latter case their scaling dimensions are also not predetermined.

In Figure 5.1 we present a reminder of the superconformal multiplets that appear in
the stress tensor four-point function. The diagram does not include higher spin current
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multiplets which we will assume to be absent throughout this section. For the multiplets
appearing in the left diagram everything is fixed by the superconformal Ward identities and
the chiral algebra in terms of the ¢ central charge of the theory. For the multiplets in the
right diagram the following parameters are undetermined:

e the OPE coefficients >‘2D[0,4] and A%[sz] of the short multiplets;

e the scaling dimensions A,, A), ...and OPE coefficients Ay, A, ... of all the long (L]0, 0])
multiplets.

In subsections 5.5.2-5.5.4 we present numerical results which constrain a subset of these
parameters. These constraints will in all cases depend on the ¢ central charge of the theory,
which (as we explained previously) enters the crossing symmetry equation via the coeffi-
cients of the predetermined multiplets. We will however begin in subsection 5.5.1 with the
investigation of a more elementary question:

e are all values of ¢ consistent with crossing symmetry, unitarity, and the absence of
higher spin currents?

As we explain below, the negative answer to this question has profound implications for the
Aj theory.

5.5.1 Central charge bounds

Let us start by asking which values of the ¢ central charge are allowed in unitary theories.
The numerical methods explained in the preceding section allowed us to obtain a lower bound
for c. Our best numerical result can be summarized as the following

Fact. Fvery consistent, unitary and local siz-dimensional (2,0) superconformal theory with-
out higher spin currents has ¢ > 15.37.

This bound was obtained with A = 22 in the conventions of section 5.4. It is most
interesting to study the behavior of the bound as a function of A. This is shown in Fig. 5.2,
which contains in addition to the value quoted above also several data points with smaller
values of A. From the figure it is clear that the lower bound is most likely to improve
upon further increasing A, which would however require more numerical resources. We also
observe that the points obtained so far approximately follow a straight line, and an ordinary
least-squares fit would predict that the bound converges to ¢ ~ 25 as A — oo. This is our
first indication that the numerical analysis of crossing symmetry is more than a mathematical
exercise: the value ¢ = 25 is precisely the value corresponding to the A; theory, i.e. the
theory describing the physics of two M5 branes.

Our extrapolation is admittedly rather optimistic. There is currently no precise theory
that parametrizes how any of the bounds presented in this chapter depend on A, neither in
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Figure 5.2: Bound on the central charge ¢ as a function of the inverse of A, which is a
good proxy for the numerical cost of the result. Central charges below the data points are
excluded. The dotted line shows a linear extrapolation, which indicates that with infinite
numerical power the lower bound might converge to ¢ ~ 25. This is precisely the value for
the A; theory as indicated by the horizontal line.

the asymptotic regime nor for finite A. It is thus far from guaranteed that the behavior will
remain (approximately) linear for very large A as we assumed in the extrapolation shown in
Fig. 5.2. Nevertheless, we would like to venture the following

Speculation. The lower bound on ¢ converges exactly to 25 as A — oo.

Let us now explain that the validity of this speculation would have some important
physical consequences. The numerical problem of finding a lower bound on ¢ has a dual
formulation where one finds a solution to the truncated crossing symmetry equations rather
than a functional. Solving this dual problem is equivalent to proving that a functional does
not exist and vice versa. As mentioned in [34, 123] and used extensively in [102], at the
lowest possible value of ¢ this dual solution is unique, and in all known cases it appears to
converge to a complete crossing symmetric four-point function. In our case, this uniqueness
implies the following corollary of our speculation.

Corollary. There is a unique crossing symmetric four-point function of the stress tensor
multiplet in a unitary siz-dimensional (2,0) superconformal theory with ¢ = 25 and without
higher spin currents. Therefore, at the level of this correlation function, the Ay theory can
be completely bootstrapped.

Notice that the determination of a single correlation function is no small feat: it contains
information about infinitely many scaling dimension of unprotected operators (in this case
the R symmetry singlet operators of even spin) and OPE coefficients of all the multiplets
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appearing in the right diagram in Fig. 5.1. There would then be exceedingly little room
for the other crossing symmetry equations to exhibit any freedom whatsoever, and in this
scenario the full A; theory is likely to be nothing more than the unique solution of the crossing
symmetry equations at ¢ = 25. In subsection 5.5.4 we will investigate the possibilities for
bootstrapping the A; theory in more detail, and discuss what we can learn about this theory
with finite numerical precision.

5.5.2 Bounds on OPE coefficients

For the allowed values of the central charge we would like to further constrain the dynamical
information appearing in the four-point function. In this section we present bounds on the
OPE coefficients of the short multiplets (D[0,4] and B[0,2], with ¢ = 1,3,...) that were
not predetermined by the chiral algebra. We would in particular like to see whether these
multiplets are necessarily present in physical theories. The conjectured form of the %L—BPS
partition function of the A,, theories [181] implies that the D]0, 4] multiplet is present for
the theories with n > 1 but absent in the A; case. In the following we will see how these
expectations are consistent with the numerical bounds. In addition, it turns out that the
investigation of these OPE coefficients also answers the question of why the central charge
bounds of the previous subsection were possible, and we can pinpoint what goes wrong with
the crossing symmetry equations as we go below the minimum allowed value of c.

D[0,4] OPE coefficient bounds

In Fig. 5.3 we constrain the value of the (squared) OPE coefficient of the D[0, 4] multiplet
as a function of the central charge. Unitarity trivially requires )\%[07 g Z 0, and the upper
bound shown in the figure was obtained numerically. Altogether the OPE coefficient is thus
required to live in the unshaded region of Fig. 5.3, and we have added a few vertical lines
to indicate the allowed range in specific theories. The red and purple lines correspond to
the lowest central charge theories of type A,, and D,, respectively, where the central charges
are given in Eq. (5.3). The black dots are our strongest bounds, and the grey dots represent
bounds obtained with lower values of A.

Before proceeding with the interpretation of these results, we would like to point out that
the numerical bounds shown here and in the following subsections are not entirely smooth
for A > 18. Instead, we find several outlier points which we ascribe to the fact that machine
precision is barely sufficient to obtain bounds with these values of A. However these “failed
searches” occur rather infrequently and the tendency of the bounds as a function of c¢ is still
clearly distinguishable. We therefore decided to include all the values up to and including
A = 22 in our plots.

The most interesting regions in Fig. 5.3 are the two extremes, corresponding respectively
to very small and very large central charges. Let us start by analyzing the former. The
leftmost plot of Fig. 5.3 demonstrates that the upper bound crosses zero for small values of
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Figure 5.3: Upper bound on the OPE coefficient squared of the D[0, 4] multiplet as a function
of the inverse central charge ¢ for increasing number of derivatives A = 18, ...,22, with the
strongest bound shown in black. The shaded region is excluded by the numerics and unitarity
(AQD[O’ g Z 0). The red and purple lines correspond to the lowest central charge theories of
type A,, and D, respectively. The vertical dashed lines denote the minimum allowed central
charge ¢, obtained in Fig. 5.2 for the corresponding value of A. The smooth curves are
interpolations through the data points shown in the figure. The right plot shows a zoom
for large central charges, with the dashed green line corresponding to the prediction from
supergravity.

the central charge, and we added dashed vertical lines at the crossing points for different
values of A. To the right of these crossing points the upper bound is negative, effectively
forbidding a consistent solution to the crossing symmetry equations. These crossing points
therefore translate into a lower bounds for ¢, which by general consistency arguments are
necessarily equal to the bounds shown previously in Fig. 5.2. We therefore rediscover the
Cmin Tesults from the previous subsection, but the vanishing of )\%[0’4} at the bound is an
additional insight into why the values of ¢,,;, are special.

As discussed above, the conjectured structure of the i—BPS partition function implies
that the D[0, 4] multiplet is completely absent in the A; theory. It therefore most certainly
cannot appear in the four-point function, which corroborates nicely with both the vanishing
OPE coefficient at c¢,,;, as well as with the speculation that c¢,,;,, — 25 as A — oo. The
extrapolation in Fig. 5.2, the vanishing coefficient in Fig. 5.3, and the conjectured %L—BPS
partition function are therefore all consistent with the same physical picture. Notice that
without the extrapolation to A — oo we have a rigorous bound 0 < )\%[074] < 0.843 for the
A1 theory corresponding to the rightmost red interval in Fig. 5.3.

We now turn to the large central charge limit, focusing on the the right plot of Fig. 5.3
which shows a zoom for large central charges. In this plot we added a dashed green line
showing the OPE coefficient expected from supergravity at ¢ = oo and the first 1/c correc-
tion. These OPE coefficients were computed in [184] using the using the four-point function
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obtained from supergravity on AdS; x §* [26, 184]. For the D[0, 4] short multiplet, it should
be, in our conventions, 1796 — 6‘?;)‘]1\?3, with ¢ ~ 4N3 for the Ay series. From Fig. 5.3 we observe
that the supergravity solution lies below our upper bound, which is an important consistency
test of our numerics. It is in fact rather striking that the two results are so close, and for
infinite A the numerical result may well coincide with the supergravity result at very large c.
In our opinion this provides another strong indication that the numerical analysis can indeed
“mine” the crossing symmetry constraints and recover the physics of the (2,0) theories.”

For intermediate values of ¢ one expects the D|0, 4] multiplets to be present for all ¢ > 25.
This is consistent with our bounds, which we expect to remain strictly positive in this region.
More generally one may expect that the A — oo extrapolation of our bounds will again be
saturated by the known (2,0) theories, simply because these are the only known solutions
to crossing symmetry that would prevent the bounds from decreasing even further. Notice
that this would in particular imply that the deviations of our bound from the straight-line
behavior at large central charges, i.e. the order 1/c? corrections to the bound, should be
matched to M-theoretic corrections of eleven-dimensional supergravity.

B[0,2] OPE coefficient bounds

In this subsection we present upper bounds on the OPE coefficients of several B|0, 2] mul-
tiplets. As indicated in the diagram in Fig. 5.1 these appear for all odd spins ¢, and we
will investigate the lowest lying multiplets with ¢ = 1 and ¢ = 3. The results are shown in
Figs. 5.4 and 5.5. As before, we will discuss in succession the bounds at small and at large
central charge.

Let us begin with the bounds near ¢,,;,, which are shown in the left two plots in Figs. 5.4
and 5.5 . Overall consistency of the bounds implies that they have to be zero when ¢ <
Cmin, but the way they approach zero is rather different: the ¢ = 1 bound tends to zero
sharply but relatively smoothly, whereas the ¢ = 3 bound displays genuine step function
behavior. This is indicative of the following subtlety concerning the so-called “extremal”
solution to crossing symmetry at ¢,,;,. As we discussed above, this solution is unique but at
the same time only approximate given our finite numerical precision. For the case ¢ = 3, the
step function behavior indicates that the corresponding multiplet is actually present in the
extremal solution, with a coefficient that is given by its value at the kink. The current value
is therefore approximately 19.25, but it is expected to decrease somewhat as A increases.
The ¢ = 1 bound, on the other hand, is strictly speaking equal to zero at ¢,,;, and therefore
the corresponding multiplet does not appear in the extremal solution. The bound however
increases rather sharply as we move away from c¢,,;, until a value of around 10, and judging
from the left plot of Fig. 5.4 it may well develop the same step function behavior as observed
for ¢ = 3 upon further increasing A. In that case the absence of the ¢ = 1 multiplet is purely
a numerical artefact and it will appear, perhaps in an almost discontinuous fashion, with a

9A similar match between supergravity results and numerical bounds, including 1/c corrections, was
observed in [36] for the N' =4 SYM theories.
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Figure 5.4: Upper bound on the OPE coefficient squared of the B0, 2] multiplet with ¢ =1
as a function of the inverse central charge c. The different curves correspond to different
values of A = 18, ..., 22, with the black curve representing the strongest bound. The red and
purple lines correspond to the lowest central charge theories of type A,, and D,, respectively.
On the right we provide a zoomed in version for very large central charges. The dashed green
line corresponds to the supergravity limit.

coefficient of approximately 10 in the extremal solution as A — oo. The large central charge
behavior is shown in the plots on the right of Figs. 5.4 and 5.5. The dashed lines indicate the
supergravity results [184], which in our conventions are given by % — 113]%3 and %6 — 55(?5]%3
for / = 1 and ¢ = 3, respectively. The convergence of the numerical bounds towards the
supergravity results is excellent for these multiplets, confirming once more that at least for

very large central charges the bounds are sensitive to the physics of the actual (2,0) theories.

Summary

We end this subsection with a brief summary of the main conclusions related to the OPE
coefficient bounds. First of all, the vanishing of the upper bound on the DJ0, 4] multiplet at
Cmin Provides additional support for the speculation of subsection 5.5.1. The upper bounds
for the B[0, 2] multiplets with low spins are also consistent with this conjecture, although we
would have preferred to see an even sharper transition in the left of Fig. 5.4. This behavior
is however likely to improve as A increases. For large central charges we find excellent
agreement with supergravity, including the 1/c corrections. For intermediate central charges
it is natural to conjecture that the bounds are saturated by the actual (2,0) theories, so
the upper red dots in Figs. 5.3, 5.4 and 5.5 ought to be close to the physical values in the
corresponding theories. It would be very interesting if these results could be verified through
other means.
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Figure 5.5: Upper bound on the OPE coefficient squared of the B0, 2] multiplet with ¢ =3
(bottom) as a function of the inverse central charge c¢. The different curves correspond to
different values of A = 18,...,22, with the black curve representing the strongest bound.
The red and purple lines correspond to the lowest central charge theories of type A, and
D,, respectively. On the right we provide a zoomed in version for very large central charges.
The dashed green line corresponds to the supergravity limit.

5.5.3 Bounds on scaling dimensions

In the previous subsection we have discussed upper bounds on the OPE coefficients of the
short multiplets. In this subsection we turn our attention to the long multiplets. As indi-
cated on the right diagram of Fig. 5.1, for the four-point function under consideration these
multiplets are necessarily of type £]0,0] and their superconformal primary has even spin.
We will be solely concerned with the scaling dimensions A of these multiplets, and leave an
investigation of their OPE coefficients to a future study.

Scalar operators

In Fig. 5.6 we present upper bounds on the dimension A, of the first unprotected scalar
operator. We recall that unitarity of the corresponding representation of the superconformal
algebra requires that Ay > 6. As in the previous subsection, the plots on the left provide
an overview for a large range of central charges, and the plots on the right give a zoomed in
version of the same bound for very large central charge. The black dots again correspond to
the best possible bound, obtained with A = 22, and the shaded area is excluded. The grey
dots represent weaker bounds obtained with lower values of A. We inserted red, purple and
blue vertical lines at those values of ¢ corresponding to known (2,0) theories (the ones with
lowest central charge of type A,, D,, and E, respectively), and the dashed green line in the
plot on the right corresponds to the supergravity solution discussed in [184]. Notice that
below the value c¢,,;, discussed above there is no solution to crossing symmetry whatsoever.
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Figure 5.6: Upper bound for the dimension of the first unprotected scalar operator. The
different curves correspond to different values of A = 18, ..., 22, with the black curve repre-
senting the strongest bound, and the shaded region is excluded by the numerics. The vertical
red, purple and blue lines correspond to the lowest central charge theories of type A,, D,
and FE, respectively. The plot on the right displays is a zoomed in result for very large c,
with the green dashed line corresponding to the known supergravity solution.

It is then no longer meaningful to ask about upper bounds, and for this reason we find a
sharp cutoff on the left of Fig. 5.6.

With our current precision we see that the upper bound is approximately 7.08 for the
A; theory at ¢ = 25 and then increases monotonically until approximately 8.11 at infinite
central charge.!'® The latter value is very close to the mean field solution at Ay = 8, to
which it presumably would converge with higher A. The leading 1/¢ behavior obtained from
supergravity does not appear to very closely follow the bound. Although the supergravity
result is not excluded by our bound, and therefore at a technical level everything is consistent,
the mismatch is nevertheless a little surprising. Indeed, the large ¢ behavior shown in
Figs. 5.3, 5.4 and 5.5, and also in Figs. 5.7 and 5.8 below, appear to imply that the bounds
will in fact be saturated by the supergravity result. This is also the most natural option from
a physical perspective because we do not expect any other theories to exist at very large
central charge. It would be interesting to see if the agreement improves upon increasing A.

As we emphasized before, for intermediate values of ¢ we have upper bounds for A
that are valid for all the physical (2,0) theories. It is again natural to assume that these
bounds will be saturated by the actual theories and in this way the bounds actually offer
a (very rough) estimate of the actual scaling dimensions. In this way we may for example
say that the (As, A3, A;) theories have unprotected L0, 0] scalar multiplets with primaries
of dimensions Ay < (7.7,7.9,8.0), respectively. (For the A; theory we provide a more refined

10As discussed in 4 this monotonicity is a generic property of the kind of bounds studied here.
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estimate below.) We emphasize that these are the first estimates of unprotected operator
dimensions in the (2,0) theories, and it would be very interesting if they could be verified

through other means.

Spinning operators
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Figure 5.7: Upper bound for the dimension of the first unprotected spin two operator.
The different curves correspond to different values of A = 18,...,22, with the black curve
representing the strongest bound, and the shaded region is excluded by the numerics. The
vertical red, purple and blue lines correspond to the lowest central charge theories of type
A,, D, and FE, respectively. The plot on the right is a zoomed in result for very large c,
with the green dashed line corresponding to the known supergravity solution. The third plot
is a zoom for the small central charge region, where the red line marks the central charge

corresponding to the A; theory.

Figs. 5.7 and 5.8 present upper bound on the first unprotected spin 2 and spin 4 operators
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of type L£[0,0] in the (2, 0) theories. The structure of these plots is the same as before, and we
again would expect these bounds to be saturated by physical theories. This is exemplified at
very large ¢ where the bound agrees very well with mean field theory and the 1/c¢ correction
obtained from supergravity.

In Fig. 5.7 we also provide a zoomed in version of the spin 2 bound for relatively small
central charges. In constrast to the scalar and the spin 4 bounds we do not observe step
function behavior at c¢,,;,, but rather a more gradual decrease of the bound towards the
unitarity bound. We recall that the B[0,2] block of spin 1 masquerades itself as an L]0, 0]
block of spin 2 at the unitarity bound Ay = 8, so the non-step function behavior in Fig. 5.7
is presumably related to that in the left of Fig. 5.4.
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Figure 5.8: Upper bound for the dimension of the first unprotected spin four operator.
The different curves correspond to different values of A = 18,...,22, with the black curve
representing the strongest bound, and the shaded region is excluded by the numerics. The
vertical red, purple and blue lines correspond to the lowest central charge theories of type
A,, D, and FE, respectively. The plot on the right is a zoomed in result for very large c,
with the green dashed line corresponding to the known supergravity solution.

Although we have not performed a more detailed investigation, the following provides a
likely explanation of the behavior in the spin 2 channel.!! Suppose that the approximate
solution to crossing symmetry obtained at c¢,,;, with finite A has a small bias: instead of
a B0, 2] block it has an £[0, 0] block which sits just above the unitarity bound. As in the
scalar and spin 4 channel, the presence of such a block would technically imply step function
behavior of the bound at ¢,,;,, but since the block appears only slightly above the unitarity
bound the step can be quite small and we would not observe it in Fig. 5.7. This long block
is very similar to the BJ0, 2] short block of spin 1, and therefore effectively replaces it in the
approximate solution to crossing symmetry. In this way the upper bound on the B0, 2] OPE

1 This paragraph is rather technical. The noninitiated reader may wish to skip to its last sentence.
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coefficient at ¢,,;,, can consistently be zero, which is precisely what is observed in the left
figure of Fig. 5.4. Of course we expect the bias to disappear in the limit where A — oo. In the
current scenario this happens through a decrease of the dimension of the £[0, 0] block towards
the unitarity bound, where it degenerates into a B[0, 2] block. At this point we would find
a step function at ¢, in 5.7, and indeed the transition already appears to become sharper
for higher A. Similarly, the bound in Fig. 5.4 at ¢,,;, will have to transition towards the
dimension of the first unprotected operator, and therefore also become infinitely sharp in the
limit of large A. In summary, then, the relative smoothness of these particular transition at
Cmin 18 likely a numerical artefact and we expect to recover genuine step function behavior
as A — oo.

Combining spins

So far we have restricted to bounding the dimension of a single long multiplet of a given
spin at a time, and we have motivated that each of these bound individually is saturated
by a physical theory. In particular for ¢ — oo we have seen that the spin two and four
dimensions bounds agree very well with the expected dimensions from supergravity, while
the spin zero had a small mismatch. However if the bounds are in fact saturated by physical
theories then we should be able to impose all these gaps simultaneously in more two or
more spins. We begin by imposing bounds simultaneously on two spins as it makes the
features more apparent. This is shown in Figs. 5.9 for theories with ¢ = oo, and with
central charges corresponding to the A; and As theories and with A = 22. Unitarity of
the superconformal algebra representations requires (Ag, Ay, Ay) > (4,6,8), and the bounds
obtained from imposing a single gap at a time restrict the allowed dimensions to be inside
the squares delimited by the dashed lines (which simply correspond to the bounds obtained
in the previous section). As we impose gaps simultaneously in two channels we numerically
carve out part of this square, and the dimensions must now be below the dots shown in
Fig. 5.9 for the various central charges.

For ¢ = oo, the bounds on Ay and A4 show a very small dependence on the gap imposed
in the other channels, which were precisely the ones that agreed very well with the expect
result from generalized free field theory, shown by the green lines in the plots. On the other
hand the spin zero bound shows a slight dependence on the gap imposed Ay bringing it close
to the generalized free field theory value. It would be interesting to see if this is a feature
of working at finite A, and if with A — oo the allowed region would take the shape of a
rectangle. If that is the case, then even if we are limited to finite A we can get a better
estimate of the dimensions by imposing simultaneous bounds. Similarly we would expect
that it is the dimensions corresponding to the corner of the allowed regions shown in Fig. 5.9
that are saturated by the other known physical theories. We note that the bounds presented
here are obtained in the presence of the D|0, 4] short multiplet, which we expect to be present
in all theories with the exception of the A; theory. The A; results reveal a much stronger
strong dependence of Ag on Ay, and are the focus of our discussion in the next subsection.
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Figure 5.9: Bounds on the spin 0, 2,4 superconformal primary dimensions when a gap is
imposed in one of the other channels for a cutoff of A = 22. These bounds are for the central
charges corresponding to the A; and As theories and to the generalized free field theory limit
¢ = 00, and are obtained with the addition of the short multiplet D[0,4]. The dashed lines
show the bounds on (A, Ay, Ay) from imposing a single gap at a time, and the full green
lines the dimensions expected from the known generalized free field theory. The allowed
region corresponds to the inside of the “rectangles” delimited by the dots.

5.5.4 Bootstrapping the A; theory

We now turn to the A; theory. Picking up on the previous subsection we start by examining
what happens when imposing multiple gaps. In Fig. 5.9 we imposed simultaneous gaps
in two out of the three lowest spin operators, now we impose on all three of them. As
we have motivated we expect that the minimum allowed central charge with A = oo is
¢ = 25, implying that the theory corresponding to this central charge is unique. As such,
the maximum gap we can impose in all three channels simultaneously will correspond to
the (Ao, Az, Ay) values of the physical theory, and we expect the allowed region in the
space of these three dimensions should form a cube. Since we are working with a maximum
A = 22 and the bounds have not converged yet, the shape of the allowed region is cuboid,
but not a cube with completely straight faces, as can be anticipated from Figs. 5.9. The

204



A, 100 A 100

9.5

Figure 5.10: Simultaneous bounds on the spin 0, 2, 4 superconformal primary dimensions for
a cutoff of A = 22. These bounds are for the central charge corresponding to the A; theory
(¢ = 25), and are obtained with (left) and without (right) the addition of the short multiplet
D[0,4]. The allowed region is inside of the region delimited by the yellow surface.

allowed region obtained by imposing simultaneous gaps in (Ag, Ag, A4) (in the presence of
the D[0, 4] multiplet) is shown in the left side of Fig. 5.10. Indeed the shape of the allowed
region resembles a cube but with faces tilted and round edges.

However, as we have discussed in detail in subsection 5.5.2, although we expect the
D|0, 4] short multiplet to be absent for the A; theory, the numerical bootstrap allows for its
presence at finite A, as shown in Fig. 5.3. As such we should obtain bounds by imposing
by hand the absence of the D[0, 4] multiplet. The resulting bounds are shown in the right
side of Fig. 5.10. Naturally since we expect that with A — oo the numerical bootstrap will
show that this multiplet is absent at ¢ = 25, in the same limit the “cubes” on the left and
right side of 5.10 should be converging to the same final bound. Requiring the absence of
the D[0, 4] multiplet is then just a trick to overcome the slow convergence of our numerical
results, trying to obtain bounds closer to their A — oo values. As expected the bounds get
stronger once the D[0, 4] multiplet is removed, and the allowed region looks much more like
a cube indicating that indeed we might be obtaining results closer to the A — oo limit.

Slices of this cube, corresponding to imposing gaps on two channels at a time are shown
in Fig. 5.11 where we have also added bounds for increasing smaller values of the cutoff A
to provide an idea of how far our bounds are from convergence. The bound on the spin
¢ = 0 dimension is stronger and it no longer shows any dependence on the gap imposed for
¢ = 2 contrasting Fig. 5.9. We note that since no gap is imposed in Ay, the final plot in
5.11 is just the same as the final plot of Fig. 5.9. This is a consequence of allowing for scalar
operators of all dimensions starting at the unitary bound, because a scalar long multiplet
approaching the unitarity bound mimics precisely the D[0, 4] short operator. This bound on
Ay does show some dependence on Ay, and from the discussion above we are led to believe

205



6.6

12.5¢
6.5 Sz p
: = 12.0
6.4¢ 1
) 11.5¢
Ay 6.37 1 A4
6ol 11.0f
6.1 p 10.5¢
6.0 : : : - 10.0
8.0 8.5 9.0 9.5 10.0
Ay
12.5¢
12.0h——
11.5¢
Ay
11.07
10.5¢
10.0
8.0 8.5 9.0
Ay

Figure 5.11: Bounds on the spin 0, 2,4 superconformal primary dimensions when a gap is
imposed in one of the other channels for a cutoff of A = 14,...,22. These bounds are for
the central charge corresponding to the A; theory (¢ = 25), and are obtained without the
addition of the short multiplet DJ0, 4].

the corner position provides a better estimate for As.

Bounds on the lowest dimensional scalar operator

We can now go back and see what impact the removal of the D[0, 4] short multiplet will have
on the dimension bounds obtained in the previous subsections. Again, if we are imposing a
single gap at a time this will only affect the bounds on the scalar sector.

In Fig. 5.12 we show the bounds on the dimension of the first unprotected spin zero long
multiplet, without the D[0, 4] short. At ¢ = ¢, the bound coincides with the one shown in
Fig. 5.6, but for ¢ > ¢,;, the bound without D[0, 4] is stronger, and as ¢ increases it moves
closer to the unitarity bound A = 6. In fact extrapolation of these bounds for the central
charge corresponding to the Ay theory suggests that with A — oo the bound will be at
A = 6. This means that only for small enough central charges can we get away without the
D[0, 4] multiplet.
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Figure 5.12: Bound on the first spin 0 superconformal primary long dimension as a function
of the inverse central charge ¢, without adding the D[0,4] short multiplet, for increasing
number of derivatives A = 14,15,...22. The vertical red lines correspond to the lowest
central charge of type A,, (2,0) theories.

It is worth noticing however, that the bound in Fig. 5.12 appears to be converging much
better than the one in Fig. 5.6. This means that the trick of requiring the absence of the
D|0, 4] multiplet does indeed help overcome the slow convergence, and we can obtain bounds
on the operator dimensions of the A; theory which are close to the optimal values as A — oo.
Moreover if our claim that c,,;, — 25 as A — oo is correct, the theory at ¢ = 25 is indeed
unique, and the bounds we obtain are more than just bounds — they correspond to the actual
dimensions of operators of the A; theory.

An extrapolation of Aq is shown in blue in Fig. 5.13. Of course we expect that as A — oo
the absence of D|0, 4] will follow from the numerical results, just like it happens at ¢, for
finite A, and therefore the value of the bound at ¢ = 25 from 5.6 should also converge to the
same limit as the curve in blue. This extrapolation is shown in red in Fig. 5.13. Alternatively
we can analyze the bound at c¢,,;, as the number of derivatives is increased, which should
converge to the same value as the previous ones. This is shown in black in Fig. 5.13, and it
seems consistent with the limits obtained from the points in blue (without the D|0, 4] short
multiplet). In particular both bounds seem to converge to Ag ~ 6.4. The extrapolation from
the points with the short multiplet does not agree as well with the other two extrapolations,
which perhaps is not surprising since it seems to be the bound which is converging slower.
In light of the simultaneous bounds shown in Fig. 5.9 we see that a better estimate would
come from the corner position when imposing simultaneously gaps in spin zero and two. We
claim this is again just a consequence of working with a finite A, and that there is in fact a
unique solution to the crossing equations at ¢ = 25 which will be recovered numerically if we
can go to high enough A. Nevertheless at finite A the bounds we find are always valid and
are obeyed by any (2,0) SCFT with ¢ = 25: we can say that if no assumption is made about
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Figure 5.13: Bound on the first spin 0 superconformal primary long dimension as a function
of the inverse of the cutoff A for the minimum central charge allowed numerically, ¢,,in,
for that cutoff (black) and for ¢ = 25 both with (red) and without (blue) the DJ[0, 4] short
multiplet.

the presence of the D[0, 4] operator, there must exist an operator of dimension smaller or
equal to the bound one can read off from the red curve in Fig. 5.13.

Bounds on the second lowest dimensional scalar operator

We can then explore what happens if we have a theory with an operator whose dimension
does not saturate the bound (which as we have seen appears to overestimate by a lot the
dimension of the actual operator present in the A; theory) but lies somewhere below it.
Denoting the bound on spin zero operators at ¢ = 25, allowing for the presence of the short
multiplet DJ0, 4], by A*, we assume there exists an operator with dimension A, varying
between the unitarity bound and A*. Then we ask what is the upper bound on the second
smallest dimensional operator with spin zero Aj. This is shown in Fig. 5.14. We observe
that the bound starts from (A, Af) = (6, A*) and it increases sharply until a “kink”, after
which the increase is not as prominent, becoming approximately linear in Af. The position
of the “kink” precisely corresponds to Ay being equal to the dimension bound obtained in the
absence of D[0,4] shown in Fig. 5.12. As the number of derivatives is increased we observe
that the endpoint of the plot Ag = A* is moving towards the position of the kink, as we
should expect from Figs. 5.13, since the bound with and without the short multiplet D[0, 4]
appears to converge to similar values. Just as in the aforementioned plots convergence seems
to the faster for the bound in the absence of the short: the position of the “kink” seems to
be converging faster than the end-point A*. If the position of the “kink” gives indeed A
for the A; theory, then the bound on A{ at the “kink” gives a bound on the second scalar
in the theory, and seems to be converging reasonably well.
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Figure 5.14: Bound on the dimension of the second scalar superconformal primary dimension
Aj, as a function of the dimension of the dimension of the first scalar superconformal primary
Ag for ¢ = 25 (left) and ¢ = ¢pip (right). The dimension Ay is allowed to vary from the
unitarity bound to the bound obtained in in Fig. 5.6 allowing for the short operator D|0, 4].
The cutoff is increased from A = 14 to 22. The sharp step-like jump in the figure on the
right illustrates the uniqueness of solution to the truncated crossing symmetry equations at

Cmin-

It also seems that the increase in Af to the left of the “kink” is becoming more accen-
tuated, and it seems plausible that with infinitely many derivatives it will give rise to a
step-like behavior. This is exactly what would be expected if there were a unique solution
to crossing symmetry at ¢ = 25 — the one with an operator whose dimension is given by the
position of the “kink”. Our expectation is that the shape of the bound will converge to the
one obtained at finite A at ¢ = ¢, (A), which is shown on the right side of Fig. 5.14.1% There
since there is a unique solution to our truncated set of crossing equations the first operator
should have dimension exactly A*. This explains what is observed on the right side of 5.14:
if we assume there exists an operator of smaller Ag < A* then we find A, = A*, showing
that the operator of dimension A* must in fact be present.

To provide further evidence that we will in fact find uniqueness at ¢ = 25 let us now
bound the OPE coefficient of a long with dimension 6 < Ag < A*. This is shown on the left
side of Fig. 5.15, and the OPE coefficient peaks around the position of the kink. If there
were a unique solution to the crossing equations the upper bound on the OPE coefficient
squared should be zero, except when A, corresponds to the dimension of the operator in the
unique solution. We do not see such a sharp behavior, but once again it is plausible that
with A — oo that will be the case.

12The bound shown is actually at ¢ = ¢ + 0.01, since at ¢, a functional is always found, even if no
bound is imposed, whose zeros give us the dimensions of the operators present in the unique solution to the
truncated crossing equation. This therefore makes it hard to obtain bounds on operator dimensions.
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Figure 5.15: Left: Bound on the OPE coefficient (squared) of a scalar operator of dimension
Ay, varying from the unitarity bound to the dimension bound obtained in Fig. 5.6 (allowing
for the short operator D[0,4]) at ¢ = 25. Right: Lower and upper bound on the OPE
coefficient squared of the D[0, 4] multiplet as a function of the dimension of the dimension
of the first scalar superconformal primary A and for ¢ = 25. The cutoff is increased from
A =14 to 22. The excluded values of the OPE coefficient correspond to the shaded region.

The fact that the position of the “kink” coincides with the bound obtained in the absence
of D[0, 4] can be understood by bounding the OPE coefficient of this multiplet after imposing
different gaps Ag. The short multiplet D[0, 4] is exactly at the spin zero £[0,0] multiplet
unitarity bound, therefore if a gap is imposed in this channel, the short multiplet block
becomes isolated. If this is the case we can impose also a lower bound on its OPE coefficient
squared by requiring the functional to be —1 on agfo(z, Z). We can then ask the question
of what is the lower bound on this OPE coefficient as a function of the gap imposed in the
¢ = 0 channel, which can be combined with the upper bound for each gap. The resulting
bounds for central charge ¢ = 25 are shown on the right side of Fig. 5.15, where the excluded
values of the OPE coefficient squared are shaded. We see that the OPE coefficient is allowed
to be zero precisely for dimensions smaller or equal than that of the “kink” position. (Note
that for dimensions smaller than the “kink” the obtained numerical bound is negative, and
as such it is no longer relevant, as unitarity requires /\%[07 g 2 0.) Moreover as the number
of derivatives is increased it seems that the upper bound is converging to a small number,
which could plausibly be zero.

Bounds on the second lowest dimensional spinning operators

Finally let us explore the dimensions of the second operators of spin two and four. This
is shown in Fig. 5.16 where we assume there to exist an operator of dimension A4 in the
allowed range and bound the dimension of the second operator Aj ;. For spin two the bound
for Ay = 8 starts off at A, = A3, and increases for larger Ay. There is a “kink”-like feature
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for a small value of A; which is most likely an artefact of working at finite A, similarly to
what was observed in Fig. 5.7. The spin four bounds appear to be closer to the optimal
result with A — oo, as the bounds appear to have converged. We see that as long as Ay is
smaller than its maximum allowed value of A}, the second operator A/, takes a dimension
close to A}, then when A, approaches A} the value of A/} grows sharply, resembling the plot
on the right of Fig. 5.14. This provides further justification of the claim that the optimal
bound will resemble the one observed at ¢,,;,, providing further evidence to our uniqueness
claim.
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Figure 5.16: Bound on the dimension of the second spin ¢ = 2,4 superconformal primary
dimension Aj 4, as a function of the dimension of the dimension of the first spin £ = 2,4
superconformal primary A4 for ¢ = 25. The cutoff is increased from A = 14 to 22.

Summary

The results presented in this section are all consistent and seem to support the conjecture
that there is a unique solution to crossing symmetry at ¢ = 25. Moreover, while limited by
working at a finite A, by making the right assumptions about the theory we want to study,
namely that the is no D[0,4] operator in the A; theory, we seem to obtain bounds that
converge faster. In this way, we are able to obtain what should correspond to the physical
value of the dimension of the first spin zero operator in the A; theory. Another way to
overcome the fact that we are constrained to work at finite A is to impose simultaneous
bounds. In this spirit we have seen that even if the the D|0, 4] multiplet is allowed to be
present, the corner position of the cube shown on the left side of Fig. 5.10 provides with a
better estimate of the spin zero operator dimension. In a similar way the corner of the cube
shown in the right side of Fig. 5.10 should give a bound close to the actual dimensions of
the Ay theory. This could help overcome the slow convergence of the spin two dimension
bounds. Finally the spin four dimension bounds seem to be converging faster, hinting already

211



at features expected at A = oo coming as a consequence of uniqueness. In this way we expect
that the bound obtain for the spin four operator is close to the actual value of the A; theory.
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Appendix A

Superconformal algebras

This appendix lists useful superconformal algebras that are used in the body of chapter 2. 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 2 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 The four-dimensional superconformal algebra

The spacetime symmetry algebra for N' = 2 superconformal field theories in four dimensions
is the superalgebra sl(4|2). The maximal bosonic subalgebra is 50(6,C) x sl(2)g x C*. The
50(6, C) conformal algebra, in a spinorial basis with «, & = 1,2, is given by

FMI] = MM

MPM,
(M MO] = 855 M = 67 M

[MO‘B’ Pyl = 5757DM - %%BPW 5

[MQB’ PV"Y] = 50‘;,73,},5 - %50{67)77 s

(MSEP] = = K7 4 16,77 (A1)
[Maga K= - (SVBIC‘I’y + %5‘16]@7 :

[H7 Pad] - Pad ,

[H, Ko'ca] - _ ’Cda :

[/Cda,Pﬁg] = (5[30‘(56‘57{ + 55‘1/\4&6 + 5dBM6a .
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The s[(2)x algebra has a Chevalley basis of generators R* and R, where
[RT,R]=2R, [R,R¥] = £+R* . (A.2)

In Lorentz signature where the appropriate real form of this algebra is su(2)g, these gener-
ators will obey hermiticity conditions (R*)" = R~, Rt = R. The generator of the Abelian
factor C* is denoted by r and is central in the bosomc part of the algebra. It is also convenient
to introduce the basis RZJ, with

1 1
RL=R", RY=R ., RY=gr+R. Rh=;r-R, (A3

where we follow the conventions of [52] for r, and which obey the commutation relations
[R” ;, R*,| =", R, — ", R*, (A.4)

There are sixteen fermionic generators in this superconformal algebra — eight Poincaré
supercharges and eight conformal supercharges — denoted {QZ, Qz4, 8% 7, ST @}. The nonva-
nishing commutators amongst them are as follows,

{9, Q7s} = "5 Pas .

{Sl'a S } — 51 Ico'za

(05,8} = L%, MH+5 M~ PRY
(S, Qus) = 367,69 H + 6T M+ 6% RY ;

(A.5)

Finally, the commutators of the supercharges with the bosonic symmetry generators are the
following;:

e B

[Md57 Q] = 6d5QI/3 - %5dBQI$ ’

MPE. S = —6,78," + 16,58,

Mé, BT = - 55T 4 L5 5T "
M,Q =39,

[M.Qra] = 39 .

[H’SIQ] = - %SIQ )

[H7:§Io'¢] _ %EIQ 7
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1
[Rf7. Q3] = 0790 — 7059,

~ ~ 1 ~
[R?;,9xs) = — 6 Qza+ Z(%Qica ;
[cha7 Qg] — 5ﬂag1d ’
[’Cda7 QZ/j] — 518'1181'& ;
[Pao'u SIB] = - 5aﬁéId )
Poss 8] = —3,"0%.

A.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 N' = (0,4) SCFTs in two dimensions. The maximal
bosonic subgroup is s[(2) x 5[(2) g, with generators { Lo, L1} for s[(2) and {R*, R} for 5[(2)g.
The non-vanishing bosonic commutation relations are given by

[R,R*| = £R* | [RT,R7]|=2R,

[ffo, Eil] =FLyy , [Ely Z—Jfl] =2Lg .
There are additionally right-moving Poincaré supercharges of, 8) 7 and right-moving su-

perconformal charges S7, ST. The commutation relations amongst the fermionic generators
are given by

{sz é]} = 6§E—1 )
(87,85} = 6¢Lyy,
- 1
{QI,SJ} = 5§L0 - R@ - §§§Z )
~ ~ _ 1
{97, 8%} = §5Lo+ R+ 55}’72 ,

where RZ, are defined as in (A.3), but with 7 set to zero. Here Z is a central element,
the removal of which gives the algebra psl(2]2). The additional commutators of bosonic
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symmetry generators with the supercharges are given by

[L1,8] =~

[L_q, I]:_QI7
[Li1,Q7] =S,
[L41,Q ]:SI
Ly 87 =187
(Lo .Sz =— 1517
(Lo ,Q: =107,
Ly .QF =10 .
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Appendix B

Unitary representations of the N =2
superconformal algebra

The representation theory of the four-dimensional N/ = 2 superconformal algebra plays
a central role in this dissertation. The classification of short representations of the four-
dimensional N = 2 superconformal algebra [14, 52, 154] plays a major role in the structure
of the chiral algebras described in chapter 2.! It also plays a central role in our choice of
strategy and in the structure of the partial wave analysis of four-point functions of chapter
4. This appendix provides a review of the classification of unitary irreducible representations
of su(2,2[2) (c¢f. [14, 52, 154]), 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.

Unitary representations of su(2,2|2) are highest weight representations and are labelled
by quantum numbers (A, j1, j2, 7, R) of the highest weight state also called the superconformal
primary of the representation. A generic representation — also called a long representation —
is obtained by the action of the eight Poincaré supercharges as well as the momentum gen-
erators and SU(2)g lowering operators on the highest weight state. Short representations
occur when a superconformal descendant state in what would otherwise be a long represen-
tation is rendered null by a conspiracy of quantum numbers. The unitarity bounds for a
superconformal primary operator are given by

AZ>A;, Ji 70,

B.1
A=A-2 or AZA;, Ji=0, (B.1)

'Note that in this appendix we use A instead of the E used in chapter 2 to denote the conformal
dimension of operators.
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where we have defined
A =242 +2R+7r, Ag:=2+2jp+2R—r. (B.2)

Short representations occur when one or more of these bounds are saturated. The different
ways in which this can happen correspond to different combinations of Poincaré supercharges
that will annihilate the superconformal primary state in the representation.

There are two types of shortening conditions, each of which has four incarnations corre-
sponding to an SU(2)r doublet’s worth of conditions for each supercharge chirality:

Bt ALy =0, a=1,2, (B.3)

BI : éIc’vlqu)>:07 a=1,2,
OéﬁQI|f¢> =0 ) jl 7£ 0 )

cz € Zal¥ip B.5

{eaﬁgggg‘@@ =0 ) jl =0 ) ( )

aB O - ;

éI . 6. 9104@>[8 O ) ]‘2 3& O ) (BG)
€PQraQrsl) =0, jo=0.

The different admissible combinations of shortening conditions that can be simultaneously
realized by a single unitary representation are summarized in Table B.1, where we also list
the relations that must be satisfied by the quantum numbers of the superconformal primary
in such a representation. We also list two common notations used to designate the different
representations — one from [52] (DO) and the other from [14] (KMMR).?

In the limit where the dimension of a long representation approaches a unitarity bound,
it becomes decomposable into a collection of short representations. This fact is often referred
to as the existence of recombination rules for short representations into a long representation
at the unitarity bound. The generic recombination rules are as follows,

A—=2R+r+24+2j1 o

R,r(j1,42) - CR’T(sz)@CR+%,r+%(jr§,j2)’

A—=2R—T4+242j2 A 7

R,r(j1,42) - CR#"(M)@CR%W—%(JM—%)’ (B.7)
A—=2R+j1+52+2 o P 7 5 5

Riji—iaGrge) = CRGL) @ Crit(ii-1a) P Criliio-1) B Criagi-1 -1y -

In special cases the quantum numbers of the long multiplet at threshold are such that some
Lorentz quantum numbers in (B.7) would be negative and unphysical. In these cases the

2We are adopting the the R-charge conventions of [52].
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Shortening | Quantum Number Relations DO KMMR

%) A > max (A, Ay) Aﬁ,r(hm) AAA jy j2,r R
B A=2R+r =0 Brr0,42) | Paojrr

B, A=2R—r Jjo =10 Brriiro) | abjiomr

B' N B2 A=r R=0 Er(0,42) bag j, r.0
BN By =7 R=0 Eriir0) ab;, 0.0
BN B, A =2R j1=Jo=r=0 Br bbgo,0,r

Cl A=24+2j, +2R+r CRr(j1j2) | Cjy jorR

C, A=2+2j+2R—r CRr(j1.j>) | 8Cj1 o
Ctnc? A=2+25+r R=0 Cor(jige) | €y joir0

Ci NG A=2+42j—r R=0 Cortjrgn) | A1 a0

C' N, A=24+2R+j1+jr=J—h éR(jl,jg) CCjy jo,jo—j1, R
BN, A=1+2R+ j r=jy+1 Drojs) | PCojajot1.R
B, N (! A=14+2R+j  —r=j+1 Dr(ir0) | €Pjio—ji-1r
B'NnB*NCy | A=7r=1+j, r=7jy,+1 R=0 Do(0,52) bco j,. 5. +1,0
C'NBNBy |A=—r=1+j —r=ji+1 R=0 | Dy |cbjo_ji-10

Table B.1: Summary of unitary irreducible representations of the N' = 2 superconformal
algebra.

following exceptional recombination rules apply,

2R+7r+2 ~ )
"4 Rr(0,52)  — CR,T(O,Jz) ®BR+1,T+%(OJ2) )

2R 2 L P >
AR,r(jl,o) - CR,T(J’LO) = BR+1,r—é(j1,0) )
2R+jo+2 ; -
Ar in0s) = Crog2) @ Pr1(02) © Cryd0o-1) @ Pryz0go-1) » (B.8)

QR+j1+2 . A 5 = =
rniny = CrGo) ®Criigi—10) @ Drirgio) @ Drisg,—10) 5
A%}E&O) ~  Cpr(0,0) ® Dr4+1(0,0) ® Dr+1(0,0) ® Brya -

The last three recombinations involve multiplets that make an appearance in the associated
chiral algebra described in this work. The recombinations that play a role in the analyses
of chapter 4 are the last recombinations in (B.7) and (B.8). This is relevant for the partial
wave analysis of the moment map four-point function in Section 4.3.1. Note that the &, £,
B 1 Bl, Bs, Do, Do, D1 and D1 multiplets can never recombine, along with B 1r(0.2) and
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Bi,.i o
§7T(J170)

There exist a variety of trace formulas [13, 14] that can be defined on the Hilbert space
of an N' = 2 SCFT such that the result receives contributions only from states that lie in
short representations of the superconformal algebra, with the contributions being such that

the indices are insensitive to recombinations. The indices are defined and named as follows:

Superconformal Index TrH(—1)Fp%(A+2j1_2R_T)q%(E_2j1_QR_r)tR+T, (B.9)
Macdonald : Try,, (—1)F gz (82 -2R-r)yRer (B.10)

Schur Try(—1)F ¢~ R | (B.11)
Hall-Littlewood Tryg,, (—1)F 728720 (B.12)
Coulomb TrHc(—1)FU%(A”]'I’ZR’T)p%(A’QjI’QR”") . (B.13)

The specialized Hilbert spaces appearing in the trace formulas above are defined as follows,

Hy = {yeM|A+2j;—2R—r =0}, (B.14)
Hu, = {WeH|A-2R—r=0,j; =0}, (B.15)
He = {veH|A+2j+r=0}. (B.16)

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)g singlets. Similarly, the Hall-Littlewood index counts
only Br and Dp 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 2: BR,
éR, D, and D multiplets. The full index receives contributions from all of the multiplets
appearing in Table B.1.
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Appendix C

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 charac-
ters, based on the work of Kazhdan and Lusztig [188], 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., [189, 190] 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 ., , 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

(Eotym (Bmon2yme  (Frevmiymm | (Brealynn | (FToNmN)mNmy gy, (CL)

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 u then the state defined as
above has weight

o — Oél<n171 + nio + ...+ anl) - Oég(ﬂg}l + .. ) — ... OéN(. .ot nNmN) y (02)

and with a moment’s thought one sees that the character M, of the Verma module is given
by
charM, = " H(l — g7y Tmult(@) (C.3)

a>0
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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

charL), = Zm,\’ucharMu , (C4)

p<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 1 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 u that appear in (C.4) 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 weight states with weight u as multiplication by |u + 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 p that can appear in
(C.4) have to satisfy

o+ plP = A+ pl* (C.5)

Notice that so far we have made no distinction between unitary representations, where the
highest weight A 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 m .

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 essentially odd under this action (cf. [189]),

w(e P FcharM,,) = sign(w)e ? #charM,, , (C.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
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multiplicities m, , therefore necessarily satisfy
My, = sign(w)my wp (C.7)

where w - 1 := w(pu + p) — p is the shifted action of the Weyl group on the weight p. All
the multiplicities m, , for weights p 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 (C.5) it can be shown that this has to be A.
So, using that m, = 1, we find that all the weights appearing in (C.4) are given by the
shifted Weyl orbit of A\ and have multiplicities equal to sign(w). In summary, then,

> wew Sign(w)ev et =r
Ha>0(1 _ efa)mult(a) ’

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)_» the vacuum representation has Dynkin labels [-20000]
and the zeroth Dynkin label is not positive.! 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 + hY, we will in the remainder of this appendix focus on the relevant case
k+h' >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)_5 the dominant weight has
Dynkin labels [00 —100] which happens to be related to [-20000] by a single elementary
reflection. All the weights in (C.4), including A itself, can thus be written as p = 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 u. 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 reflec-
tions of the Weyl group for which the corresponding Dynkin label in A is integral, since it

(C.8)

charlL, =

'Recall that the zeroth Dynkin label for a weight vector in an affine Lie algebra g is given by k& — (), 0)
with A\ the part of the weight vector corresponding to the original Lie algebra g and 6 the highest root of g.
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is only in those cases that null states can possibly appear. These reflections generate a sub-
group of the Weyl group that we will denote as Wj. In the case of s0(8)_5 the weights are all
integral and W, = W. The second subtlety is the possibility of the existence of a subgroup
WY of Wy that leaves A invariant. This happens precisely when some of the Dynkin labels
of A + p are zero - in our case there is a single such zero. It is clear that the weights p can
then at best be uniquely labeled by elements of the coset W, /W3.

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 /WY. We may
therefore replace

My — My (Cg)

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

Myw = Qw,w’(l) . (ClO)

where the Kazhdan-Lusztig polynomial Qw,w/(q) is a single-variable polynomial depending
on two elements w and w’ of the coset Wy /WJ. These polynomials are determined via rather
intricate recursion relations that are explained in detail in [190]. For £+ hY > 0 and integral
weights, which is the case that interests us here, the Kazhdan-Lusztig conjecture was proven
in [191, 192].

For the computations mentioned in the main text, we have implemented the recursive
definitions of the Kazhdan-Lusztig polynomials on cosets given in [190] in Mathematica.
Equations (C.3), (C.4), and (C.10) 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 D

Affine critical characters and the
Schur index

We show how to re-write the superconformal index [14] in the so-called Schur limit [13, 46] in
terms of characters of affine Kac-Moody modules at the critical level. The superconformal
index of class S theories was computed in [13, 46, 82, 84|, and the characters of affine
Kac-Moody algebras at the critical level in [92]. 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 [93], and here we simply review
some notation needed to write the characters. We denote the affine Lie algebra obtained by
adding an imaginary root 0 to a finite Lie algebra g (of rank r) by g. The Cartan subalgebra
of § (g) is denoted by b (), and the positive roots of § (g) by A, (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
;\, whose restriction to the finite Lie algebra A is by definition an integral dominant weight
is given in [92]. Tt reads '

Pwew E(w)er e

- —, (D.1)
[loca, (1 - giitee) HaeAf (1—e)

Chm)\ =

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 a is the coroot associated to c.

'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.
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The Schur limit of the superconformal index of a T, theory is given by [13, 46]

H 1’CA q7xz) Xﬁ‘i)(xl)
Z i= D.2
Tn q7X’L Z ICAt )dlmq%)\ Y ( )
with )
n— d; i (X
Kai(q) = P.E. [Z - q] . Kalg;x)=PE. {q}(ld—:(q)} , (D.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 Ry, i.e.,

A+ p,« ~3 —q3
dim Ry = H M , where [z], = M . (D.4)
aeh, [(p, Oé>]q q 2 —qz2
As shown in [28], if A = 0 is the highest weight of the vacuum module
Ka(g; %)
chyw, , = ———F7+-. D.5
Rr=o K ae (q) ( )

The expectation is that the full index for T}, can be re-written as a sum of characters of
critical modules®. Re-writing (D.1) to make manifest the vacuum module we find

(ot ) Kea et

1— q<)‘+PvO<v> ZweW e(w)ew(P)*P ’

Chg{/\ = Chg{/\zo H (D6)

OCEA+

where we recognize the last term as the character of the representation with highest weight

A of g,
D wew €(w)e )
XA(X) - = w(p)
ZwEW 6(111)6 P

After factoring out a ¢~ *?), the middle factor can be written in terms of the g-deformed

(D.7)

2Along similar lines, one can rewrite the Schur limit of the superconformal index of the T 50(2n) theory

[5, 193] in terms of critical affine 50/(2\71) characters.
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dimension (D.4) of the same representation:

H (1—(1(”’ ) Hq (Ao /2H ( g~ (P2 — gleet)/2 ):q—<x,p> 1
Ap,aV) A+p,aV)/2 Ap, 2 ; ’
aEA L 1 g aEA L aEAL g / q< Pl dlmq m)\

(D.8)
where we used that o = «, for su(n), to identify p in the last step. In total we thus find

P E [QXaqu( )] X)\(X)

gAPP.E. [Z’.‘_l q—j] dim, Ry .

Jj=1 1—q

(D.9)

Chm)\ =

Using this result in the expression for the superconformal index (D.2) we obtain (3.1). To
obtain (3.2) we also note that the denominator of (D.9) can be rewritten as

n—1 . —1
g™ P.E. [Z 7" ] dim 9%, = P.E. Z ey — N gtee)
J=1 1= q ] 1 a€A+ aEAL
[n—1
—PE. Z que —tj i
j=1 7=2 1<i<y

(D.10)
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Appendix E
The T4 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 3.3. Since all generators are both Virasoro
and AKM primaries, with the exception 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 coy = —78 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 3.3 we consistently treat the three flavor
symmetries on equal footing, in particular we require koy = (k2g)1 = (k24)2 = (k2q)3 . We
recall that also the precise values of coq and kgy central charges are a result of imposing the
Jacobi-identities. -
The singular OPEs of the W, W generators among themselves were found to be

1

Wa1a2a3(z) Wb1b2b3 (0) ~ Z [a1b1][azb2][asbs] 5

11
228

Waazas (2) Wblb2b3(0) (5b1(5b25b3 - o602 (%)% + perms)

3a1a2a3 42(a1a2

alblcldl €a2b202d2 asbscsds V

Wmaza?, (Z) Wbﬂnbs (0) ~ (e1dr][cada][cads]

(5b1 §220(J°)% + perms.) + (6b1 (J%)22 (J%)% + perms.)

a1 a2 16 2
1 1
b1 cbo b «
5a115a35ag <—1—6T - 5% ((Jl)ﬁ;(Jl)ﬁ?1 +2 more)>
16 (822082 (J)32 (%)%, + perms.)

where we have fixed the normalization of W and W to convenient values. In all these OPEs
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“42 more” means we must add the same term for the remaining two currents, and “+perms.”

that all independent permutations of the previous term must be added. We also found the
OPEs between the W, W and V' generators to be

1 3~ 1 _—~
d1d2d3 d1d2d3
Walflz% (Z> v[b161][b262}[b363](0) ~ §€a1blc1d1€a2b202d25a3b3C3d3 _;W — zf)W
1 1 Jl dy Waldzds
_ gealblcldleazbgchQGagbgc?,dg3—2 ( )al + perms.

1 —~
1\d Wwe dad
]~ <€a1b101d1€a2b262d26a3b303d3(J )ai 160283 '{_perIIIS.) ,

T17a1az2a a1 sas sa 3 1
were B(Z) ‘/[blcl][bQCQHbSCZi](O) ~ 5[b115[b225[b2 ( WCl]CﬂCZi] + ;aWGI]CﬂCS})

22

1 a1 cas sa ai

+ 375[1915[1)25[12 ((Jl)CﬂWam]%] + perms.>
1 a a a

+ ; (5[1)22(5[()33(Jl)[bllwcl]cﬂcg] + perms.) .

Finally, the singular V'V OPE reads

V[albﬂ[wbﬂ[%bs} (Z)V[Cld1][02d2][03d3} (0)

e1 £d1] slea sda] sfes sds] [ O 1 1 1 R
~ O Naz g, 6l 5 (; — 5T = 20T — 5y (U5 (D +2 more)
19 o a7 _
_—48028 ((J1>51 (Jl)gll +2 more) — W, g WM

20 z
1 R
+ 505 (UDRERIDS +2 m>)

c g 3 o] . 33 .
+ 026,000, (—1—6{;?<J1>'”1<J1>§;'<J1>ﬁ? + (I D

6z ai] 80 z [a1 161 ]
- 43 P (Jl)[d1<J1)Cl] _ i(Jl)[Cl 5l 4 T(Jl)[cl sl
80 22 [a1 b1] 253 [a17b1] 40 23 [a1 7b1]
11 1\a 1\B1 1\ [e1 ¢di] 5 1\[e1 ¢da]
02 ((J ) (T +2 more) (J )[alébﬂ — 4—Z20(J )[alébl]
1 i/ glzler sdi] 17 a1 ¢ glyler cdi]
R ]+ O 5
23 2/ 71\[c1 ¢di] 1 1\[d1 / 71yea] 7 1\a1 1\[e1 ¢di]

+ permutations|1, 2, 3|
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o5 od I 4 ¢ d al 3 d ea] er odi]
+ a5, (E‘s[[bj(ﬂ)ai]](‘]l){aiUl)bh + 152% ()al () o) +

+E§[d2 J2 02}8 Jl [Cl 5d1] . ié[dQ J2 02] Jl)al (Jl)cl} 6d1
4z b2 az]

az] [a17b1] 4 5 b2 [a ot |~01]

+ permutations|1, 2, 3]

= c2 5l cs 5 d e c3 <d cy od d 11/ 81c
+ 5 (5‘[‘2251222]51[133517;]5[[511 Wal]ﬁﬂgw 1278 51[1335b33]5£¢11 5b11]6[[b22W5102}73 W hiezls
—F(S([lcll531]536225322}5[[351/1/5172%]%517203])

1

1 cs 5lsl gl sld Wetle c1 5d1] ¢ld2 ¢[d T1771c2]e
- ; <6([1336b§}5[[b11 5[[1722 Wal]@hﬁ*’w tezhs + 5c[z11 5b11]5[[b225[[b§W71a2]a3]W71 2]es]

ca sd2] ¢ld3 ¢ld 1i7¢1]yz2¢e
+5¢[1225b22]5[[b§(5[[b11 Wailyaas) W e 3])

L jdy ofdo o[d c1) c2] cs] 16[d [d2 ¢[d 1r7¢1]eale
= 29 B8y () TV () = 0008 0 Weoahn W71,

where the norm of V was also fixed, and for convenience we defined Vle1dillezdzllesds] thyough

Viaib][azba]fasbs] = %Emblcldl €anbcads Casbacsds V 124213 Here “permutations[1, 2, 3]” means
we must repeat the previous term with all possible permutations of the flavor groups indices.
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Appendix F

Superconformal block decompositions
for four-dimensional N = 2 theories

This appendix contains a number of technical details pertaining to the superconformal block
decompositions of correlators investigated in chapter 2. The conventional conformal blocks of
four-dimensional non-supersymmetric CF'T make repeated appearances here, and for those
we adopt the conventions of [41]. Namely, the conformal block associated to the exchange
of an s0(4,2) conformal family whose primary has dimension A and spin ¢ in the four-point

function of degenerate scalars is given by w229 G%) (u,v), where

GO (u,v) = L ((—E>€ZQF1 (% (A+€),%(A+€);A+£; z))

z—Z 2
<5 F) (%(A—K—Q),%(A—K—Q);A—E—Q;z)) z(—)z)(lz.‘.l)

Here, as in the main text, we will only ever need to consider operators with j; = j, =: 7, for
which the spin ¢ is defined as ¢ := 2j.

F.1 Superconformal blocks for the B; four-point func-
tion

The superconformal blocks relevant to the partial wave decomposition of the B, four-point

function were derived in the beautiful work of [41]. In this subsection we summarize those

results. As our starting point we take the selection rule for operators appearing in the OPE
of two moment map operators. These selection rules were determined in [171] via an analysis
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of three-point functions in harmonic superspace.! The results can be schematically presented
as follows ) ) R R ) R
By xBi ~ 1+ By + By + Cojj) + Ciy) + AOA,O(]-J-) : (F.2)

Below we outline the contribution of each of these multiplets in the superconformal partial
wave expansion of a moment map four-point function. We do so in two ways. First, we
describe the contribution of such a multiplet to the functions G;(z, z) and f;(z) that appear
in the solution of the superconformal Ward identities described in Section 4.3.1. This is the
form of the superconformal blocks for the numerical analysis of crossing symmetry described
in Section 4.6. In order to make the structure of these contributions more transparent, we
also list the contribution of each multiplet to the functions ap;(u,v) associated with a fixed
SU(2)r channel. Since these expressions are rather lengthy, we have collected them in Table
F.1.

We start with the case of long multiplets. For these multiplets only the two-variable
functions G;(u, v) are non-zero (the f;(z) is protected and only receives contributions from
short and semi-short multiplets). In the long multiplets listed in (F.2), there is a unique
conformal primary in the 5 of SU(2)g that can appear in the OPE. This determines the
contribution of a long multiplet to as;(u,v), which in turn via (4.40) fixes the contribution
of long multiplets as follows

A—¢

. Gi(u,v) = 6u's G\ y(u,v),
AGogyy i R {MZ) _ 0. a2 (F.3)

The full conformal block expansion in the three R-symmetry channels can now be determined
by inserting (F.3) back into (4.40) and making use of various identities for hypergeometric
functions [41]. The full expansion in terms of conventional conformal blocks is given in Table
F.1.

Next we turn to the éo(j,j) and B, multiplets. These multiplets do not include any
operators that can contribute in the R = 2 channel, from which it follows that for these
multiplets G;(u,v) = 0. In the R = 1 channel, each of these multiplets contributes exactly
one conformal primary of dimension £+ 3 and spin £+ 1 (dimension 2 and spin 0 in the B:
case). This allows the values of the single-variable functions for these multiplets to be fixed

!These selection rules can also be understood as following a few simple criteria. Namely, a conformal
primary can only have a non-zero three point function with two moment map operators if the superconformal
primary of the same multiplet does as well. Ordinary Lorentz symmetry and R-symmetry selection rules
then constrain the possible superconformal multiplets appearing in the OPE. A further constraint comes
from the fact that any R-symmetry quintuplet appearing in the OPE comes from the product of two Higgs
branch chiral ring operators, and so must itself be annihilated by the action of Qé and Q4.
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from (4.40), and we find

. ) Gi(u,v) = 0,

Co j,5) 1N 9{2 : F4
34 {ﬁ@ — 2ga(2) ()

A Gi(u,v) = 0,

B in fR;: F.5

Again, the contributions of these multiplets to the individual SU(2)x channels is determined
by (4.40), and the subsequent decomposition into conventional conformal blocks follows
from identities for hypergeometric functions. The result is displayed in Table F.1. (Another
operator that contributes only to f;(z) is the identity operator, which only arises in the
R = 0 channel and contributes to f;(z) as a constant.)

The superconformal blocks for the remaining two multiplets can be understood by study-
ing the behavior of a generic long multiplet as it approaches the unitarity bound A =2 4 /.
At the unitarity bound, the representation becomes reducible and decomposes according to
the relevant rules in (B.7) and (B.8) specialized to the case R = 0,

A=2j+2 5 2 Z %
Avoisy = G0 BCui-10) B Caii-5H BCig-14-1) »

. _ . (F.6)
AOAO(?)]SSQ ~  Co0,0) © D1(0,0) © D1(0,0) € B2 .

In each case, only the first and last multiplet are allowed in the four-point function by the
selection rules. This simplifies the task of finding superconformal blocks for C1 (j.j) and B
multiplets. Namely, by subtracting six copies of the CO (.j) block from the long superconformal

block with A = 2 + ¢ one obtains the superconformal block for a 61(]'7%,3'7%) with 7 > 3

Similarly, subtracting six copies of the 80(0,0) block from the long superconformal block with
A = 2 yields the superconformal block for the B representation. The result is that these
multiplets contribute both to f;(z) and to G;(u,v) as follows,

A . Gi (u7 U) = G%—?)( u, U) )

Ci(jj R F.7
1(j.5) M {fz(z) = —12¢9545(2) , (1)
P Gi(u,v) = 6u Gio)(u,v) :

B i 2 {ﬁ@ — 12g5(2) 9

The decomposition in the three SU(2)g channels of all these superconformal blocks are again
displayed in Table F.1.

Finally, there are a few extra selection rules having to do with the representation R; of
the flavor symmetry group in which the various multiplets can appear. For example, B:
multiplets are those containing the conserved flavor symmetry currents, so they necessarily
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Multiplet | Contribution to ag;(u,v)
in fR;
api(u,v) = %uGgI)(u,v)
B, ari(u,v) = uG;O)(u,v)
azi(u,v) = 0
api(u,v) = %u?’GéO)(u,v)
B, ari(u,v) = 2u2G(1)(u v)
azi(u,v) = G(O)( v)
ap,i(u,v) = uGHQ(u v)—i—%uGﬁf)(u,v}
Coyigy | ari(u,v) = uGy5 (u,v)
azi(u,v) = 0
ag.i(u,v) = 2u?GYED (u,0) + 1u3Ge+5 (u,v) + 8(%%;—)32)22“7) 3GV (u, v)
Cig) | maluv) = %uQGMm v) + Gl (u,v) + geisien wClis (1)
azi(u,v) = wGi5" (u,v)
aos(u,v) = u'z (GGAZ (u,v) + (Ai(@ﬁJlr)é(JfJ);JrS) Ggig)(u v)
+32(A—3Z(—Al_)(£)A2—K+1 GA+2 (u,v) + “GA+2( 0)
+128(A+£+§)((AAJ;€Z?§)((§ 5) D(A—011) uQGA+4(uv U))
Aoy | aatu ) = 3 (26877 (w0) + 36K (,0)
+ (Aﬁjﬁﬁlew)“GgiQ(“?“)+ 32(&%17)?24“) 2GS (u, >)
a2i(u,v) = uSE Gy (u,v)

Table F.1: Superconformal blocks for the different su(2,2|2) representations appearing in
the OPE of two moment map operators.

appear only in the adjoint representation R = Adj. In a theory with a unique stress tensor,
there will be only one 60(070) multiplet, so it will necessarily transform in the singlet represen-
tation R = 1. In general, one may take tensor products of multiple SCFTs and violate this
kind of selection rule. We will call a theory that is not decomposable as the tensor product
of several theories simple. The complete set of flavor symmetry selection rules for simple
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Multiplet | Possible fR; in simple theories
By R = Adj.
B, R € Sym?(Adj.)
ég(j,j) R =1 for £ =0.
None for ¢ > 1.
Ciisis) R € A2(Adj.) for ¢ even.
R € Sym*(Adj.) for £ odd.
Aéo(m) R € Sym*(Adj.) for ¢ even.
R € A?(Adj.) for £ odd.

Table F.2: Flavor symmetry selection rules for multiplets appearing in the B: x B; OPE in
simple theories.

theories are displayed in Table F.2.

Protected contributions to the crossing symmetry equation

Here we collect the contributions to the crossing symmetry equation (4.46) coming from
short multiplets and that are completely fixed following the discussion in Section 4.3.2.

su(2) global symmetry

For the global symmetry su(2) the single variable functions f;(z) are shown in (4.72). From
these single variable functions, the spectrum and OPE coefficients of short multiplets con-
tributing to the four-point function can be determined in the manner described in Section
4.3.2. The contributions of these short multiplets to the two-variable functions G;(z, z) are
then given by infinite sums of the type displayed on the second line in (4.54). Performing
the sums yields the following expressions,

log(1 — 2) (k(6 — z(2(c((z — 2)z + 2) — 6) + 12)) — 8¢(z — 1)z?)
ck(z —z)(z — 1)?
+10g(1 —2) (k(z2(2(c((2 — 2)2 +2) — 6) + 12) — 6) + 8¢(z — 1)z?)
ck(z—2z)(z—1)2

ihort (Z, 2)

_ 6log(l — z)log(1 — 2)
czZ

: (F.9)
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short (, ) _ (z—2)z(2(kz+4) —4)log(1l — 2) B (z—2)z(z2(kz+4) — 4) log(1 — 2)

3 ’ k(z—2)(z —1)2 k(z—2)(z —1)2 ’
short(, 7) = 2(k22 =22+ k)(2—1)log(l —2)  2*(kz* = 2(2+k)(2 — 1)) log(1 — 2) '
5 ’ k(z—1)2(z — 2) k(z—1)2(z — 2)

These expressions are part of the input to the “known” part of the amplitude denoted as
a;(z, z) in (4.90).
¢¢ global symmetry

For ¢s global symmetry, the single-variable functions f;(z), obtained by acting with the
appropriate projectors on (4.48), are given by

k(z(2((z —2)z +80) — 156) + 78) + 48(z — 1)22

e k(z —1)? :
faazo(2) = 22(k((= —;()jirf))z— 4z + 4) | .
) = SRR

The functions G5P't(z, 2) are again computed by fixing the OPE coefficients for all short
multiplets as described in Section 4.3.2 and performing the infinite sums like in (4.54). We
find:

short, - log(1 —2) (k(156 — z(z(c((z — 2)z + 2) — 156) + 312)) — 48c(z — 1)2?)
17 (22 = ck(z —z)(z — 1)2

N log(1 — 2) (k(z2(2(c((z — 2)z + 2) — 156) + 312) — 156) + 48¢(z — 1)z?%)
ck(z —z)(z —1)?

_ 1561log(1 — z)log(1 — z)

Y

oy _ 262+ 20k = 6)(1— 2)) log(1 = 2) _ (k2" +2(k — 6)(1 — 2)) log(1 — 7
650 1% Kz — 1)2(z — 2) k(= — 1)2(z — %) ’

short (5 _ Z2(k((z—2)2+2) — 4z +4)log(1 — 2)
2430 B k(Z—1)%(z — 2)
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2(k((z—2)z+2) — 4z +4) log(1 — 2)
k(z—1)2(z — 2) ’
(z—2)z(z(kz+24) —24)1log(1 — 2) (2 —2)z(2(kz +24) — 24) log(1 — 2)

short(z 2) —
)

78 k(z —2)(z — 1)? k(z—2)(z — 1) ’
short(, £\ _ (2 =2)2"log(1 —2) (2—2)2%log(l — 2)
202(202) = T L) G-GE-17 (F.11)

F.2 Superconformal blocks for the &, four-point func-
tion

In the case of the four-point function of N' = 2 chiral operators described in Section 4.4,
there are two qualitatively different sets of superconformal blocks corresponding to the chiral
channel and the non-chiral channel for the double OPE (see Fig. 4.1). In the first part of
this appendix, we sketch the arguments that lead to the superconformal selection rules for
these two OPE channels. It is explained in Section 4.4 that, for the purposes of crossing
symmetry, it is useful to change basis and introduce three channels 1, 2, and 3. In the second
part of this appendix, we present the superconformal blocks for these different channels.

F.2.1 Selection rules in the non-chiral channel

The set of representations that may appear in an &,, x £&_,, OPE can be determined by
means of a simple selection rule. Without loss of generality, we may focus on conformal
primary operators. Then let us consider an operator O(x) that is a conformal primary but a
descendant of a superconformal primary O'(z). The selection rule that we will derive below
can then be summarized as follows,

(D(21)(22)O(w3)) #0 = (d(x1)9(22)O'(5)) #0 . (F.12)

In other words, for any operator that is a super-descendant to have a nonvanishing three-point
function with an A/ = 2 chiral primary and its conjugate, the superconformal primary for
that operator must also have such a nonvanishing three-point function.

This selection rule follows from a direct application of superconformal Ward identities.
The relevant Ward identities have been derived in [61], and they take the following form,

07 (a5) (@lw1)6(x2) [QF, O} () ) + Oua® () 6(a1)(x2) [ 74,0 (a) ) = 0. (F.13)

As in [61], the commutators appearing in the above expression should be interpreted as
meaning that the relevant commutator has been computed at the origin and the resulting
operator has been translated to the appropriate insertion point. An analogous identity holds
with Oz, and SF. Now if O(x3) is a superconformal primary operator itself, then the
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second term in (F.13) vanishes, from which it follows that operators of the form [QZ, O(z)}

cannot appear in the ¢ x ¢ OPE. If instead we take O(z) = [éjﬂ, O'(z)}, with O’ being
a superconformal primary, then some algebraic manipulations lead to the following form of
the Ward identity,?

U0 @) (Ble)dlan) {QE [y OB, ] } (@) =
Outt® (ws) (05 (J{0(e)da) O | (@),

al.“agj[?(dlu-d%fl
(AT o) b O, (00))
b OB O (09)) (1

where  and A are the U(1), charge and dimension of ('. It follows from this identity that the
three-point function including the superconformal descendant {Qg, [é 7.5 O/KKn ] }

Q..o 61025,
is fixed in terms of the three point function of the superconformal primary. Similar results
can be derived for all higher descendants of O'(z) using (F.13) plus the corresponding relation
involving the conjugate supercharges. All told, we are left with the selection rule given above
in (F.12).

Given these selection rules, the possible superconformal representations that may appear
in the ¢ x ¢ OPE are severely restricted. Namely, only representations for which the su-
perconformal primary has R = r = 0 and j := j; = j» may appear. A brief survey of the
representations in Appendix B leads to the following list,

Ero00) X E-mo00) ~ 1 + Coggy + Al (F.15)

3.3) -
We should note that this selection rule has only been derived here for the superconformal
primaries of the &, ) and E_,(0,0) multiplets.

F.2.2 Selection rules in the chiral channel

The selection rules for the chiral OPE can be determined by a generalization of arguments of
[34], where the analogous problem for N/ = 1 SCFTs was considered. Suppose an operator
O(x) appears in the ¢,, X ¢,, OPE. Ordinary non-supersymmetric selection rules imply that
O must be an SU(2)g singlet with ro = 2rg and j := j; = jo € Z. There are then additional
constraints that come from the supersymmetry properties of the chiral operators that are
being multiplied. Namely, we observe that for any x, we have

[ i, 9257“0(]7)] =0, [gz’d7¢m<x>] =0. (F16)

2In this calculation we have assumed that O’(z3) is bosonic. A similar calculation leading to the same
conclusion holds in the fermionic case.
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The first condition is simply a part of the definition of the &, multiplet. The latter is
automatic when z = 0 because ¢,, is the superconformal primary in its representation. For
x # 0, we note the following relation from the N/ = 2 superconformal algebra,

[Pao'mgzﬁ] = 5§Q£ . (Fl?)

It follows that when ¢, is translated away from the origin, its variation under the action of
ST g proportional to its variation under the action of a chiral supercharge, which vanishes.
Thus we see that ¢, (z1) X ¢, (x2) itself is invariant under the action of QX and S*¢,
and so must be any operator appearing in the corresponding OPE,
QL O0@)]=0, [§70(x)]=0. (F.18)
The only superconformal primary operator that can appear in the chiral OPE is therefore
that of an &, multiplet, and its superconformal descendants are excluded from appearing.
Any other operator that appears must be a superconformal descendant obtained by acting
on a given superconformal primary with all possible supercharges QZ that do not annihilate
it. Thus only one conformal family per superconformal multiplet can contribute, and the
superconformal blocks in this channel will be equal to the conventional conformal blocks for
that family.

Upon consulting the catalogue of N/ = 2 superconformal multiplets reviewed in Ap-
pendix B, it is straightforward to identify the multiplets that fit the bill. (For simplicity,
we temporarily assume that ro > 1.) To illustrate the procedure, let us consider the case
of long multiplets. The above argument implies that a long multiplet may only contribute
to this OPE via a descendant of the schematic form O = Q*(O’, where O’ is a supercon-
formal primary. This descendant must be an SU(2)g singlet with ro = reo + 2 = 2ry and
spin £p = 2j = Lo. The relevant long multiplet is therefore of type Agary—2(;;)- Unitarity
requires that the dimension of the superconformal primary satisfies Apr > 2rg + £, so the
contributing descendant will have Ap > 2ro + £ + 2.

Similar reasoning leads to the complete list of short multiplets that may contribute to
the OPE, with the final selection rule taking the form

Er0(0,0) X Ero(0,0) ~ E2r0(0,0) +Co,2r0-1(3,j+1) T B1r2rg—1(0.0) TC1 20— 35+ 1) +Ao2ro—2(5) - (F.19)

We note that again, this derivation applies only to the OPE for superconformal primaries of
the &,(0,0) multiplets. For 1o = 1 we can find additional short multiplets of types

A

Dioo)  Cigjrty  Cogg+y) - (F.20)

The second of these multiplets contains higher spin conserved currents, as is to be expected
since the chiral operator with rg = 1 is a free scalar field.
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F.2.3 Superconformal blocks in the non-chiral channel

The superconformal blocks for the various representations appearing in the non-chiral chan-
nel have been determined in [146]. In the language of Section 4.4, these are the supercon-
formal blocks in the 1 channel. They are as follows,

Gli(z,2) = 1,
GE(z,2) = ZZ_ZE (—g)fngl(£+1,£+3;2e+4;z))—sz) , (F.21)
A—L

G2(2,2) = (22)°F ((=5) 2P (A +0, 5 (A+0+4) ;A +£+22))
X ol (L(A—0-2), L (A= (+2);A-62) —z62)

Note that the superconformal block for the (A,’O(M) representation is just the specialization
of the superconformal block for a long multiplet to the case A = ¢ 4 2. This is to be
expected based on the recombination rules of Appendix B. The superconformal block for a
long multiplet can be decomposed into ordinary conformal blocks, which makes manifest the
collection of conformal families from this multiplet that contribute to the four-point function:

G21(2.2) = u"T G (u,0) + (s — 1) w7 GA (wv) — e 6L (w )
b A GO, )y (oA S )

+ 64(((%;)22)—21)“#(;%;? (u,v) — 64@_;%1—;(—;_)25?1;2%”)U%Gg:}) (u,v)

- 16(A(—Az)_(i_+2é)ﬁ;zgie+3) utEs G%i? (u,v)

+ mE A A aEE Y ¢ Caka(t:v)

(F.22)

The same multiplets contributing to the non-chiral channel also contribute to the 3 channel

via the “braided” version of the above superconformal blocks. The braided version is obtained
by replacing each G%) by (—1)* G%) in (F.22).

F.2.4 Superconformal blocks in the chiral channel

Because the supermultiplets appearing in the chiral channel contribute a single conformal
family to the four point function, the superconformal blocks in the chiral channel (or 2
channel in the language of Section 4.4) are just the conventional conformal blocks appropriate
to those conformal families. Table F.3 displays the corresponding block for each allowed
supermultiplet.

The fourth and fifth lines in Table F.3 correspond to short representations that lie at

254



Multiplet Contribution to G;_s(u,v) | Restrictions

Ao 2rg—2(5,5) W K 29 (u,v) A>=242r0+/4
Enr, u™ Gy (u, )

Conro1ity) | 0" Gty (u,v) =2

B 2r0—1(0,0) urot! G(2?~l+2(u v)

Caon—3idy | W Gy (u:0) (>2

Chigep | W Gat (22 m=1
é0(]',J'+1) UGX):K+2 622 r0=1
Di(0,0) u? Ggi% ro =1

Table F.3: Superconformal blocks for the &,, four point function in the 2 channel.

the unitarity bound for long multiplets. Accordingly, their superconformal blocks are simply
the specializations of the long multiplet block to appropriate values of A and ¢. On the
other hand, the first two classes of short representations are separated from the continuous
spectrum of long multiplets by a gap. The last two representations are only present when
we relax our assumption that there are no higher spin conserved currents or free fields in the
theory.
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Appendix G

Semidefinite programming and
polynomial inequalities

This appendix is devoted to a review of the methods of [35], whereby the search for a linear
functional of the type described in Section 4.5 can be recast as a semidefinite program. The
principal observation that leads to this reformulation is that, up to a universal prefactor,
any derivative of a conformal block for fixed ¢ can be arbitrarily well approximated by a
polynomial in the conformal dimension A, that is

OrGY (2,7)] .oy~ X(AOPY,(A) (G.1)

Here x(A,{¢) may be complicated, but it is positive for all physical values of A and ¢ and
is independent of the choice of derivative. On the other hand, Pr(f?n(A) is a finite order
polynomial in A. For the superconformal blocks appearing in chapter 2, the details of this
polynomial approximation are explained below in Appendix H.

With the aid of this approximation, we consider the action of a linear functional on
smooth functions of z and z of the form

A

OF(z2)] = D amn0l02F(2,2)| _._

(G.2)

=

2
m,n=0

Up to the positive prefactor described above, the action of this functional on a conformal
block is now given by a finite order polynomial in the conformal dimension,

A
BGU (2, 2)] = X(A0) D amaPW(A) = X(A,0) PYA) . (G.3)

m,n=0

The numerical problem in question (see Section 4.5) is thus transformed into a search in the
space of a,,, € R such that the polynomial P*(A) > 0 for A > A} for each ¢. Note that
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the range of values of A for which the polynomial must be positive is always bounded from
below, either by the unitarity bound or by the chosen value Aj.
A polynomial in A that is positive for all A > A* can always be decomposed as follows,

P(A) = P(A)+ (A —-AHQA) , (G.4)

where P(A) and Q(A) are polynomials that are positive for all real A. Furthermore, in
terms of the monomial vector A := (1, A, A% ... AY), such non-negative polynomials can
always be written as

P(A)=A'PA . Q(A) = A'QA | (G.5)

where P and () are positive semidefinite matrices, which is notated as P, Q) > 0. We should
emphasize that the matrices P and ) are not completely fixed in terms of P(A) and Q(A).
There is a redundancy to which we will return shortly.

The action of the functional on conformal blocks will therefore be non-negative above
some dimension Aj in the spin ¢ channel if and only if there exist two positive semidefinite
matrices, P, Q® > 0 such that

@ PO (A) = ATPOA + (A — A)AQVA . (G.6)

In words, we are demanding that the left- and right-hand sides of (G.6) be the same polyno-
mial in A, which amounts to linear relations between the coefficients of P and Q¥ and the
Qpm,n- Such an equation must hold for each ¢ appearing in the crossing symmetry equation,
and if there are multiple flavor symmetry channels then there will be such an equation for
each channel. The problem is thus reduced to the search for a set of positive semidefinite
matrices whose entries satisfy certain linear constraints. This is a prototypical instance of a
semidefinite program, the basic theory of which we review next.

Semidefinite programming

A semidefinite program (SDP) is an optimization problem wherein the goal is to minimize
a linear objective function over the intersection of the cone of positive semidefinite matrices
with an affine space. Such a problem can be described in terms of a vector of real variables
x; as follows,
minimize (z;c")
i ‘ (G.7)
such that X := 2, F* — F° >0 ,

where ¢ is a fixed cost vector that defines the objective function, and F and F° are some
fixed square matrices.

This semidefinite program has a dual problem that is defined as the search for a positive
semi-definite matrix Y that maximizes an appropriate objective function and satisfies certain
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linear constraints,
maximize Tr(F°-Y)
Y

such that Y =0, (G.8)
Tr(F"-Y)=¢".

The original problem written in (G.7) — called the primal problem — and the dual problem
of (G.8) are not generally guaranteed to be equivalent. Indeed, given a solution z; to the
primal problem and a solution Y to the dual problem, a measure of the inequivalence of the
solutions is the duality gap:

it = Tr(FO YY) =, Te(F-Y) = Te(F° - Y)=Tr(X - Y) >0, (G.9)

where the last line holds because both matrices are positive semidefinite.

The absence of a duality gap, and the existence of an optimal solution to the primal
(dual) problem, is guaranteed if the dual (primal) problem is bounded from above (below)
and has a strictly feasible solution, i.e., there exists a matrix Y > 0 (X > 0) satisfying the
relevant constraints. This is called Slater’s condition.

G.1 A toy model for polynomial inequalities

To demonstrate the application of semidefinite programming techniques to the type of cross-
ing symmetry problem being considered in chapter 2, let us consider a simplified model in
which the notation is less burdensome. Namely, consider the problem of studying the space
of solutions to a “crossing symmetry” equation of the form

D NG (2) =c(2), (G.10)

where Ay are allowed to vary over the entire real line. We will assume that the functions
Ga(z) and their derivatives can be well approximated by polynomials in A, so we have

2N

™ > A= P(A) (G.11)

a=0

OLGa(z)

where we have assumed that for a given range of values of 7, each such polynomial has degree
less than or equal to some fixed even number 2N.!

'For the sake of comparison, we note that in the actual crossing symmetry equations encountered in
this work we have an additional Z coordinate, as well as sums over spins and possibly flavor symmetry
channels. Also the values of A are bounded below in a given channel by unitarity bounds. However, these
complications do not conceptually change this discussion.
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G.1.1 The primal problem: ruling out solutions

To constrain the space of solutions to such a problem, we consider acting with a linear
functional ¢ on both sides of the equality and check for contradictions. The problem can be
formalized as follows,
minimize  ¢[c(2)]
¢ (G.12)
such that ¢[Ga(z)] 20 VA

If the minimum turns out to be negative then our toy problem has no solution. Taking
Olf(2)] == yai0Lf(2) ‘221 Jp» W can reformulate the optimization problem as follows

minimize aq;c;
. N (G.13)
such that a;P'(A) >0  VA.

where we have defined

Ci = 820(2)!22% . (G.14)

In terms of the vector A = (1,A, A% ... AN) the second line of (G.13) requires the existence
of a symmetric, positive semidefinite matrix P such that

A

P(A)=A'PA  with P>0. (G.15)

This allows us to reformulate the polynomial inequalities as a semidefinite program.

We begin by introducing two sets of matrices in terms of which the problem is naturally
reformulated. For N > 1, the matrix P is not completely fixed by (G.15) because there are
only 2N +1 components in P(A) whereas P has (N +1)(N +2)/2 independent components.
This redundancy in P can be parametrized by matrices () satisfying

A'QA =0 VA . (G.16)

Examples of such matrices () are the 3 x 3 matrices with (—1,2, —1) on the cross-diagonal,
or the 4 x 4 matrix with (1,—1,—1,1) on the cross-diagonal. All other matrices @) take a
similar form, and the first set of matrices we must introduce is a complete basis for such Q.
We denote the elements of this basis as Q°.

The second set of matrices are in one-to-one correspondence with the polynomials PZ(A)
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They take the form:

Po %pzl 0 0
1,6 o0 1o

5sP1 P2 3DP3 0
P = 0 %pé pi %p% ce . (G17)

0 0 %pé Ps

By construction these matrices satisfy the condition
PI(A) = ATPIA . (G.18)

Armed with these matrices we can write down the most general matrix that, upon con-
traction from both sides with A, gives the requisite polynomial:

a; P(A) = At (aiPi v b;Qg> A, (G.19)

where the b; are arbitrary real parameters. The optimization (G.13) can now be rephrased
as . . .
minimize a;c;
@b ) (G.20)
such that a;P' +b;Q" = 0,

which we recognize to be precisely a semidefinite program of the form given in (G.7), with

v~ (ai,by), F'~(PLQY),  F'=0. (G.21)
The constraints in (G.20) are invariant under an overall rescaling of the (a;, b;), so the optimal
value is either zero or negative infinity. To render the primal formulation bounded we can
introduce an additional normalization constraint

Tr(P) = a;Te(P?) + b;Tr(Q") =1 . (G.22)

This condition is always enforceable because a nonzero, positive semidefinite matrix has
strictly positive trace. Although other normalization conditions are possible, we will see
that (G.22) is particularly natural from the perspective of the dual problem. In practice, we

can simply solve the additional constraint for, say, a; to end up with a bounded variation of
(G.20).
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G.1.2 The dual problem: constructing solutions

Let us now address the dual problem to (G.20) with the additional constraint (G.22). After
a little rewriting, the problem is as follows:

ma>§lr/nize —A

such that Y + A =0,
Tr(P-Y)=c Vi,
Tr(Q-Y)=0 Vi.

(G.23)

This is a well-known form of a feasibility problem, which is the search for a matrix Y > 0
subject to linear constraints. If the optimal value of A comes out non-positive then such
a matrix Y exists (i.e., there is a feasible solution), otherwise it does not. In standard
applications the reason for introducing a variable A multiplying the identity matrix [ is
to ensure that a strictly feasible solution will always exist, because for Ay0 the matrix
Y + Al > 0. Its appearance in (G.23) is a consequence of the trace constraint (G.22) in the
primal problem.

Whereas the primal problem amounted to the search for functionals that certify the
absence of solutions to crossing symmetry, dual problem is related to constructing solutions
to crossing symmetry [102]. Let us observe how this works for these semidefinite programs.
We first solve the constraints Tr(Q2 -Y) = 0. The most general solution is given by

Y =4, , a=0,...,2N, (G.24)

with arbitrary coefficients y* and with matrices Y, defined as

Y;

o o o =
o O o o
o O o o

0
1
0
0

e
I
o o o =
o O o o
o O o o
o o o o
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(G.25)

o B o o
o o oo
o o o =
o o o o

Now let us choose tuples (A2, Ay) so that y* = 37, A2(Ag)® We then have Y = 37, M2 A AL
and the additional constraints of the form Tr(P?-Y) = ¢’ become

S ONP(A) =¢ (G.26)

This is precisely the crossing symmetry equation (G.10) after truncating to a finite number
of derivatives.

Finally, let us comment on the duality gap and the interpretation of solutions to this
problem. The freedom to set A to a large positive number ensures that the above formulation
of the dual problem is strictly feasible. It is, however, not obviously bounded. From the
formulation of the problem it is clear that this is related to the existence of solutions to
crossing symmetry where ¢(z) = 0. More precisely, the problem is unbounded if there is a
positive semidefinite matrix Y that satisfies Tr(P*-Y) = 0 and Tr(Q*-Y) = 0 for all i and 1.
In the absence of such solutions the problem is bounded, Slater’s condition is satisfied, and
there is no duality gap, so for the optimal values we find that —\ = a’c;. This equation makes
intuitive sense. Indeed, suppose the dual formulation does not find a solution to crossing
symmetry. This happens when —\ = a’c; < 0 and therefore the primal formulation indeed
provides a functional that proves that such a solution cannot exist. Similarly, suppose we
do find a matrix Y > 0 satisfying all the above constraints. In that case —\ = a‘c; > 0, so
no functional can be found in the primal problem.

Extremal functionals

In the applications of this framework to study interesting physical theories, there are often
additional parameters in the problem such as assumed gaps in the spectrum for certain
spins. In such cases we are usually interested in finding the boundary in the space of such
parameters between regions where crossing symmetry can and cannot be satisfied. Precisely
at the boundary —\ = a’c; = 0. This turns out to imply that the corresponding solution
to crossing symmetry is completely determined by the zeroes of the extremal functional
[34, 123]. This is because the absence of a duality gap implies Tr(X -Y) = 0 which together
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with the above assumption on the form of Y leads to
a;P'(Ag) =0 . (G.27)

The solution to crossing symmetry encoded in Y therefore involves precisely those values
of A for which the extremal functional vanishes. This observation leads to the following
algorithm for finding the solution to crossing symmetry: one first lists the A for which the
&ZX&k = 0, and then finding the A7 reduces to solving the linear problem y* = >, A} (Ag)“.
Note that we require both the X and the Y matrix here.

G.2 Notes on implementation

In this work we have utilized the dual formulation of the semidefinite program associated to
crossing symmetry. We first solved all the linear constraints analogous to those appearing
in (G.23), leading to a smaller set of independent parameters that we denote 2% and corre-
sponding matrices Zs. The nonzero ¢; lead to an inhomogeneous term that we may call Z;.
The complete semidefinite program is then as above with

o= (%)),  Fi=(Z%1), F'=Z, (G.28)

and a cost vector such that only A is extremized. Since we were unable to rigorously show
that the dual problem was bounded in all cases, we added an additional constraint A > 0.
In the primal problem this additional constraint transforms the trace equality (G.22) into
the inequality Tr(P) < 1. With this condition the optimal value will be zero if a solution
exists and no functional is found, or strictly negative if the opposite happens.

We used SDPA and SDPA-GMP solvers [194, 195], which use an interior point method
that simultaneously optimizes both the primal and dual problems, and that terminates when
the duality gap is below a certain (small) threshold. This requires a strictly feasible solution
to both the primal and the dual problem, and our formulation of the problem ensures that
such strictly feasible solutions exist. Furthermore, we found that a normalization of the
form given in (G.22) improves numerical stability compared to other normalizations such
as, e.g., a‘c; = 1. We ascribe this difference to the fact that a’c; naturally tends to zero
in physically interesting regions, and so setting it to one as a normalization leads to large
numbers elsewhere.?

In order to achieve maximal numerical stability we ‘renormalized” many of the numbers
fed into the problem. For example, the polynomials P*(A) can be redefined by multiplying
with an overall (positive) constant, by affine redefinitions of A, and by choosing a different
basis for the space of derivatives. Altogether these reparametrizations give us the freedom

20Qur normalization is not suitable for obtaining bounds on OPE coefficients. In that case we need to
normalize the functional as described in Section 4.5.
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Parameter Value

maxlIteration 1000

epsilonStar 10712

lambdaStar 108
omegaStar 109
lowerBound | —10%°

upperBound 1030

betaStar 0.1
betaBar 0.3
gammaStar 0.9

epsilonDash | 10712

precision 200

Table G.1: Parameters used for the SDPA and SDPA-GMP solvers. The ‘precision’ variable
is only relevant for the SDPA-GMP solver.

to transform the problem according to
P'(A) = M;P’(aA +b), ¢ = M. (G.29)

We choose M j’f, a, and b so as to minimize the potential for numerical inaccuracies. Numerical
stability can be further improved by rescaling the normalization condition Tr(X) = 1 to
Tr(X) = p for a positive real p. (In the dual problem p becomes the cost vector, so this
parameter is introduced through the optimization of g\ instead of A.) In order to avoid
large numerical differences between the primal and the dual formulation, we choose u large
so that X, which is a matrix of size O(10%), can have O(1) entries on its diagonal.

In previous implementations of the numerical bootstrap as a semidefinite program [35],
it was necessary to employ the arbitrary precision solver SDPA-GMP to avoid numerical
instabilities. The setup described above, with Slater’s condition satisfied and coefficients
that are suitably renormalized, has allowed us to use the double precision SDPA program
for low and intermediate values of A. Since working at machine precision is significantly
faster than working at arbitrary precision, we were able to explore a much greater range of
the parameter space given our computational resources. We still found it necessary to switch
to SDPA-GMP for higher values of A, with the exact transition value somewhat dependent
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on the problem at hand. For example, we had to switch at A = 16 for the bounds on theories
with eg flavor symmetry shown in Section 4.6, but were able to obtain reliable results with
double precision numerics up to A = 22 for some of the bounds on theories with su(2) flavor

symmetry. Typical settings for the parameters of both the SDPA and SDPA-GMP solvers
can be found in Table G.1.
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Appendix H

Polynomial approximations and
four-dimensional conformal blocks

The semidefinite programming approach to the numerical bootstrap depends on our ability
to approximate conformal blocks of fixed spin ¢ and varying conformal dimension A by
polynomials in A [35, 125]. This appendix includes a brief review of these approximations
and some details relevant to the special cases of interest. The goal is to express the conformal
blocks and their derivatives in a factorized form, with one factor being a function that can
be well approximated by a polynomial in A, and the other a non-polynomial term that is
strictly positive and independent of the choice of derivative. We denote the polynomial in
A by P%?H(A) and the non-polynomial term by x(A,¢), so the approximation takes the
following form,

OriGY (2, 7))oy~ X(A,OPY,(A) (H.1)

z=z=

The starting point for this approximation scheme is a recursion relation for derivatives of
the hypergeometric functions appearing in conformal blocks,

d? l—a—bd pB?—p+abz

P2 s 22(z — 1) (=" 2F1 (8 —a,p—b,26,2)) =0. (H.2)

This recursion relation follows immediately from the fact that the o F; hypergeometric func-
tion is a solution to Euler’s differential equation. Using this relation, any derivative of the
above hypergeometric function at fixed z can be expressed as the sum of the zeroth and first
order derivatives of the same hypergeometric function, each with some polynomial in 3 as
a prefactor. Thus the only non-polynomial feature of any derivative of the hypergeometric
function can be expressed in terms of the value of the hypergeometric function itself and
that of its first derivative.

To approximate conventional conformal blocks we follow exactly the same steps as in
[35]. From (F.1) any derivative of a conformal block BQ”OQG%)(Z, Z) can be rewritten, by
recursive use of (H.2) with a = b = 0, in terms of the hypergeometric functions and their
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first derivatives. These functions encode all of the non-polynomial dependence on A. We
can then pull out factors out of the blocks such that the leftover expression can be well
approximated by polynomials. To start we factor out the following term

L(QZBZFl(ﬁ,B’Q@’, Z)) (H.3)

BB\ 0z

0z

=

9 -
(_ZBZFI (57 B7 267 Z))
-} :
Here we have § = %, B = %. This is positive for all 5 > —1, and so it is positive
for any conformal block appearing in a unitary theory. After factoring out this positive

non-polynomial term, the remaining non-polynomial dependence is isolated in the following
ratio (and a similar one for 8 — ),

_ B2P3Fy (B, B, 283, 2)
%Z’BQFI(ﬁuﬂa 2672)

L rr(B=1;) _ Nu(B)
a0 =00 1y

2

Kjs

zZ=

The coefficient r; is the j—th zero of 2 F1(8, 5,20, z) and the coefficient s; the j-th zero of
9 B, F\(B, 3,28, 2)." The rational function gﬁ Eg; is an approximation of Kz obtained by

0z
restricting to the first M zeroes of both the numerator and denominator. The approximation

becomes arbitrarily good as M is increased, and converges very quickly, as described in [35].

The last step is to multiply by D(3)D(3), which is strictly positive for the same range
of B and B. In this way we have factored out all of the nonpolynomial dependence of
8;"8;%?%)(2, Z), which defines x (A, ¢) in (H.1), and are left with a polynomial in A, Pr(f?n(A),
whose degree is controlled by the number of terms M kept in the approximation (H.4).
Exactly this approximation is used for the blocks in the 2 channel for the &, correlator, and
for all the blocks in the By correlator (with a shift A — A 4 4).

For superconformal blocks in the 1 channel given in (4.78) the procedure is analogous.
This time we use (H.2), where now a = 1 and b = —1, to write all of the block derivatives in
terms of the zeroth and second derivatives of the hypergeometric function. In this case we
define § = % and ff = %. The first step is again to factor out

1 0? 3
(m@z 2 F1(8, B, 257'2))

which is positive for all possible values of 8 and 3 occurring in the relevant OPE (3,3 >

,  (H.6)

1
2

1 0? s -~
(B(B— oz 20525 Z)>

1

Z:§ z=

'In practice we compute the zeros of the latter by making use of the following identity, which relates it
to another hypergeometric function

d’n

T TR (B, B 6,28,2)] = (B-a), 2 T LR (B-atn, f-,28,2) (H.5)

where in this case we want to use n = 1, and we have a = 0.
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1). The remaining nonpolynomial dependence is then encoded by ratios of hypergeometric
functions and their second derivatives. As it happens, an application of various identities
for hypergeometric functions (cf. [196]) allows us to express this nonpolynomial quantity in
terms of the same function K3, so we utilize the same approximation of (H.4) and find

21 (B+1,6+1,28,5) 4+8(8—-1)Ks  4Dy(B) +8(8 — Nm(B) -

(H.7)

Here we used (H.5) to relate the second derivative of the hypergeometric function to a dif-
ferent hypergeometric function. A similar ratio appears for the g dependent hypergeometric
functions, which we approximate in the same way. After approximating Kz by (H.4) we can

again factor out another strictly positive denominator (4D (8)+8(8—1)Nu(5))(4Dp(B) +
8(3 — 1) Ny (B)) for the same range of 3, 3.

The approximation for the braided superconformal block goes in the same way. (We will
now ignore the 3 dependence since it is simply obtained by 3 — /3 in the discussion below.)
We start by noting that braiding the block has the following effect on the hypergeometric

functions [196]

z —

2R (6—1,6+1,25, il) —(1-2" R (B-18-128,2) . (H8)

The next step is now to write all derivatives in terms of the zeroth and second derivatives of
the hypergeometric function by means of (H.2) with a = 1, b = 1. We can then again factor
out any nonnegative and nonpolynomial terms, beginning with 2%, F (8 —1,5—1,283, %)(5 —
1) which is strictly positive for 5 > 1. The residual non-polynomial dependence is then
given by

oIy (5 - 1,841,285, %) B 42F1 (5 —-1,8+1,285, %) ~4 Dy (B) +4(8 — )Ny (B)
H.9
where we have rewritten, through (H.5), the second derivative of the hypergeometric func-
tion as 2772, F) (B — 1,8+ 1,28,1/2), and used several hypergeometric identities. For the
relevant range of $ the denominator in the above equation is strictly positive, and it is the
final term to be factored out.

The ratio 7;/s; tends to one extremely fast, and we observed that truncating the product
in (H.4) at M = 4 was already accurate enough for all A < 22. For 22 < A < 30 we found
that M = 5 was sufficient. In a number of cases we repeated the numerical analysis with
M = 6 and verified that there was no change in the results.
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Appendix 1

Exact OPE coefficients for the N =2
chiral ring

The OPE coefficients of Coulomb branch chiral ring operators in four-dimensional N' = 2
SCFTs satisfy four-dimensional ¢t* equations [173, 174]. In this appendix we limit our
attention to the case of theories with a conformal manifold that has one complex dimension,
i.e., theories with just a single & multiplet. In such cases there is a close connection between
the chiral ring OPE coefficients and the Zamolodchikov metric on the conformal manifold.
After diagonalization of the fields, the OPE of the (unit normalized) chiral operators takes
the form

82(1')52(0) = )\54(‘:4(0) + ... s (Il)

and we are interested in the squared OPE coefficient AZ,. Precisely this coefficient is part of
a solvable subsector of the tt* equations and it takes the form

0-0zlog(gr=)

2
)‘54 =2+ Grr

=2— %R[gTT] , (1.2)
where g,- is the only nonvanishing component of the Zamolodchikov metric on the conformal
manifold.! On the right-hand side we recognize the expression for the scalar curvature of the
Zamolodchikov metric. The bounds reported in Section 4.7 for A2 . therefore provide lower
and upper bounds on this curvature.

Let us consider a few examples, starting with the theory of n free vector multiplets. The
superconformal primary of the flavor singlet £ multiplet in this theory is @,p. (), with ¢(z)
the scalar operator in the vector multiplet. We can compute A% , directly by performing Wick
contractions, whereupon we find

n free vector multiplets: A}, =2+ 2 =2+ 2 . (1.3)

'In the notations of [174], this is the metric written as g;;. This differs from the true Zamolodchikov
metric G5 by a factor of 192.
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In the last equality we have used the precise value of the central charge in this theory:
¢ =n/6. In any N' = 2 superconformal gauge theory with gauge group G, the tree-level
value for this OPE coefficient takes the same form,

tree level gauge theory: A\, =2+ ﬁ(c) >24+ 2 . (1.4)
The inequality is a consequence of the fact that the central charge of a superconformal gauge
theory is always greater than that of the vector multiplets alone.

In NV = 4 supersymmetric Yang-Mills theory, the central charge is ¢ = idim(G). In this
special case, extended supersymmetry prevents the OPE coefficient in question from being
renormalized. Consequently the exact value (for all values of the complex gauge coupling)
is given by the tree-level result,

N =4 super Yang-Mills: \} =2+ 2. (L5)

In many A = 2 SCFTs, this OPE coefficient is made accessible by the relation between
the Kéhler metric on the conformal manifold and the S* partition function [197],

9i7 = 00 1log(Zs4) . (16)

It is frequently the case that the partition function Zg« can be computed exactly using
supersymmetric localization [198]. As an example, consider N' = 2 SCQCD with Ny = 4
flavors (sometimes referred to in the text as the so(8) theory). The Nekrasov instanton
partition function that features in the localization result is related to four-point Virasoro
conformal blocks [86]. These in turn are efficiently computed using the recursion relations
developed in [199]. Altogether, one ultimately finds the following expression for the S*
partition function,

G(1 + 2ia)?|?

G(1 +ia)®

oo

log Zs1(q) = log (/Oo da a®|16¢[** H(G»Q)H(%Q)) + f(r)+ f(7), (L7)

where the functions f(7) are Kéhler transformations that drop out in the computation of
the curvature, and G(z) is Barnes’ G-function.? The function H(a,q) has been defined in
[199] by means of a somewhat intricate recursion relation that we will not review here. It
is a building block of the Virasoro four-point conformal block with ¢ = 25, all four external
dimensions equal to one, and internal dimension equal to 1 + a?. The first few terms in its
series expansion take the form

12(a® +2) ¢ 18(32a% + 308a* + 9554 + 940) ¢*
(4a2 +9) (402 + 9)” (4a2? + 25)

H(a,q) =1+ (L8)

2This function is implemented in Mathematica as BarnesG[z].
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Figure I.1: The value of A3, for N’ = 2 SQCD with N; = 4 flavors. The coupling is shown
as a function of the exactly marginal complexified gauge coupling 7 = % + %, and the

fundamental domain for the action of SL(2,7Z)-duality on the coupling plane is outlined in
red.

One should note that the parameter q is gig which is not the same parameter as the parameter
quv used in [198] and in [173, 174].> The relation between the two is given in [86], and also
in [199],
. K(1— CIUV))
gmr = exp(umTr) =exp| —T—7577— | - 1.9
( ) ( K(quv) (L9)
Here K (m) is the complete elliptic integral of the first kind.* The explicit form of this trans-
formation is in fact not particularly relevant for our purposes because the scalar curvature
is a diffeomorphism invariant. But it is 7ig that is valued in the fundamental domain for
the action of SL(2,7Z) on the upper half plane. Namely, under S- and T-transformations we
have

T: TR — —1/7R quv = 1 —quv , (I.10)

S TR = TR+ 1, quv — quv ) (I.11)
quv — 1

The transformations of quy describe the action of crossing symmetry on the Liouville four-
point function.

The value of the OPE coefficient )%4 (1) can be computed numerically to arbitrary accu-
racy at any value of the coupling. The free-field value is given by A (7 = co) = 10/3. The

3An early discussion of this point can be found in [200].
4This function is implemented in Mathematica as E1lipticK[m].
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OPE coefficient decreases monotonically as a function of the gauge coupling and becomes
stationary at the self-dual points. To get reasonable accuracy we need to expand H(q) to
order ¢®, resulting in the following stationary values:

N2, (T = i) = 2.8983769 . . A2 (r = /%) = 2.8040994 . .. (L.12)

This OPE coefficient is plotted in Fig. I.1. The stationary point at 7 = ¢ is a saddle point,
while the global minimum occurs at 7 = €/™/3 so the range for this OPE coefficient is given

by
10

5
This is the range of values that appear in Fig. 4.26 of Section 4.7.

2.8940994 ... < N3, (1) < (1.13)
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Appendix J

Superconformal blocks for
six-dimensional (2,0) theories

In this appendix we collect results relevant for the decomposition in superconformal blocks
of the stress tensor multiplet four-point function.
The six-dimensional conformal blocks for the decomposition of a four-point function of

scalar operators with conformal dimension A;, i = 1,....4, Q(AZ)(AH = Ay — Ay, A3y =
Az — Ay; 2z, Z), are given by [138, 201]:
_ (+3 (A —4)(¢+3)
(0 Avo. Aay: _ _
Ga (Bizy Basi2,2) = Foo = mg Pt F {A oy Ty (A = 0 — Agy = 4)

(A—0—Ap—D(A =04 A —4)(A =0+ Ay —4)
(A—0—5)(A—0—42(A—(-3)

A—4(A+ 0= Ap)(A+ L+ A)(A+ L+ As)(A+ L= Aw) -

O OA-2 16(A+0—1)(A+02(A+0+1) H

2(A —4)(0 + 3)A12A3

Foz

J.1
L [ ) [ A [N L ()
where
=\ (22)% z\*¢ n+3zm
fnm(zuz) - (Z—§>3 ( 5) < <
o F <A+€2_A12+n,A+€2+A34+n,A+€+2n,z)
— 0 — — A
2F1(#—3+m,#—3+m,A—€—6+2m,z>
—(z+—2)).
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The projectors onto the various s0(5) g symmetry irreducible representation appearing in
the decomposition of the four-point function (5.26) are given by [42, 43]

Y% a) = 0%+ 7% +4doT — S(UTW + :—3 ,

Y[Q’Q](oz, a) = o? — 712 — 4(0—7_7) ,

Yl0i(a,a) = o +7%— 207 — @ + é ;

v(a,a) = o—1,

Y2%a,a) = o4+7— % )

v a) = 1, (J.2)

where 0 = aa and 7 = (o — 1)(@ — 1).

The superconformal blocks for the D[2, 0] four-point function decomposition are obtained
n [42]. We quote here the results relevant for our purposes. As discussed before, for each
s0(5)r channel the superconformal blocks can be obtained from two functions a(z, z) and

h(z), through

A[470] (Z, 2)
A[27Q] (Z, 2)
A[OA] (Z, 2)

A[O,Q] (Z, 2)

A[270] (Z, 2)

A[(),()] (Z, 2)

2 (

e (s )
K(U +1)? = (v —1)>%— gu(v +1) + %zﬂ) a(z, z)}
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hz) = h(z)

+u? (222 +5(1 — 2) + 5(1 — 2)) TEEE

(J.3)
Each Ap;)(2,Z) admits a decomposition in a finite number of conformal blocks, given in
Eq. (J.1) with A; = 4, with positive coefficients. As explained in section 5.3, the relative
coefficients between conformal primaries belonging to the same superconformal multiplets
are fixed, and there is only one unfixed OPE coefficient per superconformal multiplet. This
is apparent from the form of (J.3), where we see we only need to specify how each supercon-
formal multiplet contributes to a(z, z) and h(z). This information is summarized in table
5.1. To go from the contribution of each superconformal multiplet to a(z,z) and h(z) to a
finite sum over conformal blocks, which includes acting with the differential operator As, one

can make use of the recurrence relations given in appendix D of [42], which were corrected
in [133).

275



	List of Figures
	List of Tables
	Acknowledgments
	Publication List
	Introduction
	N=2 SCFTs in four dimensions
	Six-dimensional N=(2,0) SCFTs

	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
	A review of class S in four dimensions
	An outline of class S chiral algebras

	Open questions

	Chiral Algebras for Trinion Theories
	Introduction and conclusions
	Tn indexology
	The T4 chiral algebra

	The N=2 superconformal bootstrap
	Introduction
	The N=2 superconformal bootstrap program
	The insufficiency of Lagrangians
	The bootstrap philosophy
	Operator algebras of N=2 SCFTs
	A first look at the landscape: theories of low rank

	The moment map four-point function
	Structure of the four-point function
	Superconformal partial wave expansion
	su(2) global symmetry
	e6 global symmetry

	The Er four-point function
	Structure of the four-point function
	Crossing symmetry

	Operator bounds from crossing symmetry
	Results for the moment map four-point function
	su(2) global symmetry
	e6 global symmetry

	Results for the E(r) four-point function
	Central charge bounds
	Dimension bounds for non-chiral channel
	E(2r) OPE coefficient bounds

	Conclusions

	The (2,0) superconformal bootstrap
	Introduction and conclusions
	The four-point function of stress tensor multiplets
	Structure of the four-point function
	Constraints from crossing symmetry

	Superconformal block decomposition
	Superconformal partial wave expansion 
	Superconformal blocks
	Solving for the short multiplet contributions

	Numerics
	Results
	Central charge bounds
	Bounds on OPE coefficients
	Bounds on scaling dimensions
	Bootstrapping the A1 theory


	Bibliography
	Superconformal algebras
	The four-dimensional superconformal algebra
	The two-dimensional superconformal algebra

	Unitary representations of the N=2 superconformal algebra
	Kazhdan-Lusztig polynomials and affine characters
	Affine critical characters and the Schur index
	The T4 OPEs
	Superconformal block decompositions for four-dimensional N=2 theories
	Superconformal blocks for the B-hat-1 four-point function
	Superconformal blocks for the Er four-point function
	Selection rules in the non-chiral channel
	Selection rules in the chiral channel
	Superconformal blocks in the non-chiral channel
	Superconformal blocks in the chiral channel


	Semidefinite programming and polynomial inequalities
	A toy model for polynomial inequalities
	The primal problem: ruling out solutions
	The dual problem: constructing solutions

	Notes on implementation

	Polynomial approximations and four-dimensional conformal blocks
	Exact OPE coefficients for the N=2 chiral ring
	Superconformal blocks for six-dimensional (2,0) theories

