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Abstract: We describe a new correspondence between four-dimensional conformal
field theories with extended supersymmetry and two-dimensional chiral algebras. The
meromorphic correlators of the chiral algebra compute correlators in a protected sector
of the four-dimensional theory. Infinite chiral symmetry has far-reaching consequences
for the spectral data, correlation functions, and central charges of any four-dimensional
theory with A/ = 2 superconformal symmetry.
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1. Introduction

It has long been recognized that supersymmetric quantum field theories enjoy many spe-
cial 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 observ-
ables 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 semiclassical flavor to them. For example, in cases where supersym-
metric partition functions can be computed by localization, the calculation is generally
performed starting from a weakly coupled Lagrangian description of the theory.

A notable omission from the currently available techniques is a way to directly
access the interacting superconformal phases of theories that do not admit a Lagrangian
formulation. By now, there exists a veritable menagerie of models in various dimensions
that exhibit conformal phases with varying amounts of supersymmetry, but only in the
nicest cases do such models belong to families that include free theories as special points,
allowing for properties of the interacting theory to be studied semiclassically. Even for
those Lagrangian models, the standard supersymmetric toolkit does not seem to exploit
some of the most powerful structures of conformal field theory, such as the existence of a
state/operator map and of a well-controlled and convergent operator product expansion.

Meanwhile, recent years have witnessed a surprising resurgence of progress centering
around precisely these aspects of conformal field theory in the form of the conformal
bootstrap [1,2]. In large part, this progress has been inspired by the development of
numerical techniques for extracting constraints on the defining data of a CFT using
unitarity and crossing symmetry [3,4]. Generally speaking, these techniques are equally
applicable to theories with and without supersymmetry, and despite promising early
results [5—8], 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 CFTs is irresistible, and
we are led to ask the question:

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

Having formulated the question, it is worth pausing to consider in what sense the answer
could be “yes”. The most natural possibilities correspond to known situations in which
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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 paper is the realization of the first option in the context of N' > 2
superconformal field theories in four dimensions. The same option is in fact viable for
(2, 0) superconformal theories in six dimensions. That subject is elaborated upon in a
separate article [9]. 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 [7,10], building upon the work of [11-16]. In a remarkable series of papers [10—
16], the constraints of superconformal symmetry on four-point functions of half-BPS
operators in A" = 2 and N/ = 4 superconformal field theories were studied in detail. This
analysis revealed that the superconformal Ward identities obeyed by these correlators
can be conveniently solved in terms of a set of arbitrary real-analytic functions of the
two conformal cross ratios (z, z), along with a set of meromorphic functions of z alone.
In a decomposition of the four-point function as an infinite sum of conformal blocks,
these meromorphic functions capture the contribution to the double operator product
expansion of 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 [7, 10] that the meromorphic functions obey a decoupled set
of crossing equations, whose general solution can be parametrized in terms of a finite
number of coefficients. For example, in the important case of the four-point function
of stress-tensor multiplets in an A/ = 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 paper we establish a conceptual framework that explains and vastly generalizes
this observation. For a general ' = 2 superconformal field theory, we define a protected
subsector by passing to the cohomology of a certain nilpotent supercharge @. This is a
familiar strategy—for example, the definition of the chiral ring in an A/ = 1 theory fol-
lows 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 @Q, 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 vanishinan A" = 1
conformal theory due to R-charge conservation.

The meromorphic correlators identified by this cohomological construction are pre-
cisely the ingredients that define a two-dimensional chiral algebra." Our main result is
thus the definition of amap X from the space of four-dimensional N = 2 superconformal

1 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 A" = 1 chiral ring”, etc.
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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 [17] (see also [18]). These authors considered particular examples of correlators in
N = 4 super 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 [19-21], 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)R) 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
determination of the protected part of four-point function of stress-tensor multiplets in
the NV = 4 context [7]. Another canonical example is the four-point function of “moment
map” operators in a general A" = 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 §y,,, 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 [7]. We will present numerical bounds that arise
for various choices of G in a separate publication [22]. It is worth emphasizing that the
protected part of the four-point function receives contributions from an infinite tower
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of intermediate shortened multiplets, and without knowledge of its precise form the
numerical bootstrap program would never get off the ground. In theories that admit a
Lagrangian description, one could appeal to non-renormalization theorems and derive the
same protected information in the free field limit; the chiral algebra then just serves as a
powerful organizing principle to help obtain the same result. However, the abstract chiral
algebra approach seems 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 A/ = 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 kg = — %k4d, while the Virasoro central charge is

proportional to the four-dimensional conformal anomaly coefficient,? cog = —12¢ca4y. 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 SCFT. We also sketch the structure of the
chiral algebras associated to SCFTs of class S, which are generally non-Lagrangian. In
several concrete examples, we present evidence that the chiral algebra has an economical
presentation as a VV-algebra, i.e., as a chiral algebra with a finite set of generators [25].
We do not know whether all chiral algebras associated to SCFTs 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 A/ = 2 SCFTs.

2 There are two tensorial structures in the four-dimensional trace anomaly, whose coefficients are conven-
tionally denoted a and c. It is the ¢ anomaly that is relevant for us, in contrast to the better studied @ anomaly,
which decreases monotonically under RG flow [23,24].
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On a more formal note, four-dimensional intuition leads us to formulate a number
of new conjectures about chiral algebras that may be of interest in their own right. The
conjectures generally take the form of an ansatz for the cohomology of a BRST complex,
and include new free-field realizations of affine Lie algebras at special values of the level
and new examples of quantum Drinfeld—Sokolov reduction for nontrivial modules. We
present evidence for our conjectures obtained from a low-brow, level-by-level analysis,
but we suspect that more powerful algebraic tools may lead to rigorous proofs.

The organization of this paper is as follows. In Sect.2 we review the arguments
behind 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 dimen-
sions by studying observables 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 Sect. 3, we describe in greater detail the resulting correspon-
dence between N = 2 superconformal models in four dimensions and their associated
two-dimensional chiral algebras. We outline some of the universal features of the cor-
respondence. We further describe an algorithm that defines the chiral algebra for any
four-dimensional SCFT with a Lagrangian description in terms of a BRST complex. In
Sect. 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 coeffi-
cients 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 Sect. 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 WW-algebras. In Sect. 6 we provide a sketch of the class of chiral algebras that are asso-
ciated to four-dimensional theories of class S. We conclude in Sect. 7 by listing a number
of interesting lines of inquiry that are opened up by the results reported here. Several
appendices are included that review relevant material concerning the superconformal
algebras and representation theory used in our constructions.

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 N = 2 superconformal field
theory in four dimensions. This is accomplished in two steps. First, working purely
in terms of the relevant spacetime symmetry algebras, we identify a particular two-
dimensional conformal subalgebra of the four-dimensional superconformal algebra,’

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

3 In 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 Sect.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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with the property that the holomorphic factor s[(2) commutes with a nilpotent super-

charge, @, while the antiholomorphic factor sl(2) is exact with respect to the same super-
charge. We then characterize the local operators that represent nontrivial Q-cohomology
classes. The only local operators for which this is the case are restricted to lie in a plane
R?  R* that is singled out by the choice of conformal subalgebra. The correlation func-
tions 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 Sect.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.y =-9, Ly=—z0,, L4 =—z°0,,

5 I , @1
Ly =-0z Lo=-z0;, Ly =-270;

which obey the usual s51(2) x s[(2) commutation relations,
[L+1, L-11=2Lo, [Lo,L+1]=FLx, 2.2)

[Li1,L_11=2Lo, [Lo,Lt1]=FLxys.

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
representations of the global conformal group. Such representations are labelled by
holomorphic and anti-holomorphic scaling dimensions 4 and 4 of the highest weight
state,

Lol¥)hw. = M) hw,  Lol¥)nw. = ¥ )nw. (2.3)

and we further assume that 4 and / 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, 7)
which obeys a meromorphicity condition of the form

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

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

d
O, = f 2L =10 (2.5)
2mi

The operator product expansion of two meromorphic operators contains only mero-
morphic operators, and the singular terms determine the commutation relations among
the associated charges, cf. [25]. This is the power of meromorphy in two dimensions:
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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 CFT is conserved and trace-
less in flat space, 01T}, = TMM = 0, leading to two independent conservation equations

0:T:2(2,2) =0 = T2(z,2) ==T(2),
9. T2(2,0) =0 = Ti(z,2) :=T(2) .

The holomorphic stress tensor 7 (z) is a meromorphic operator with (%, h) = (2,0), and
its self-OPE is fixed by conformal symmetry to take the form

¢/2_ 2Tw)  3T(w)
z—w?* Z-w? (-w)’

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

(2.6)

T ()T (w) ~ 2.7)

L = dz n+lp o < 2
n = 7< (2), [Lm,Lyl=m —n)Lysn+ m(m 1)‘Sm+n,0 . (2.8)
27 12

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

A B - ksA? anc I W)
I ~ T +%‘4;f r—— (2.9)

with the structure constants f48€ 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,

dz
A A A B . ~ABC ;C AB
J, = j{ i "IN, I )= EC if Jgin +mk 878,400, (2.10)

The algebra of all meromorphic operators, or alternatively the algebra of their corre-
sponding charges, constitutes the chiral algebra of a two-dimensional conformal field
theory.

In most physics applications, the spectrum of a CFT will include non-meromorphic
operators that reside in modules of the chiral algebra of the theory. In the generic case in
which the chiral algebra is the Virasoro algebra, this just means that there are Virasoro pri-
mary operators with 2 # 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

4Ina preview of later discussions, we mention that by VV-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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of crossing symmetry. In what follows, we show that any A/ = 2 superconformal field
theory in four dimensions possesses a class of observables that define a chiral algebra
in this sense.

2.2. Twisted conformal subalgebras. Chiral algebras are ordinarily thought to be a spe-
cial 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 variable then
produces the infinity of conserved charges in (2.5).

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,

s1(2) x 5l(2) C so(d +2) . (2.11)

These correlation functions will be largely indistinguishable from those of an authentic
two-dimensional CFT, and if one could locate operators that were chiral with respect
to this subalgebra, then the arguments of Sect.2.1 would go through unhindered and a
chiral symmetry 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 “meromorphic” operator on the plane in a higher dimensional theory is the
identity operator, and no chiral symmetry algebra can be constructed. This is ultimately
a consequence of the simple fact that the higher dimensional conformal algebras do not
factorize into a holomorphic and anti-holomorphic part: any two 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.

2.2.1. Intermezzo: translation invariance from cohomology. In a quantum field theory
with A/ = 1 supersymmetry in four dimensions, there exists a special class of opera-
tors known as chiral operators (not to be confused with the meromorphic operators of
Sect. 2.1, which are chiral in a different sense) that lie in short representations of the

5 From 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., [26,27] 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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supersymmetry algebra and satisfy a shortening condition in terms of a chiral half of the
supercharges,
{Q0, O0)] =0, a==+. (2.12)

The translation generators in R* are exact with respect to the chiral supercharges,

Pai = {Qu- Qal, (2.13)
and consequently, via the Jacobi identity, the derivative of a chiral operator is also exact,
[Puis O(0)] = {Qq, O'(x)] . (2.14)

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

[O0i()]g, == 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(x))O2(x2) ... O (xp)) = ([O1(xD][O2(x2)] . .. [On(x)]) = (0102 ... Op) y

(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 transla-
tion 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 sym-
metry algebra, in this case rendering them trivial.

2.2.2. 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
50(2) x 5/I(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 Sect.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:

e The supercharge is nilpotent: @ = 0.

e sl(2) and 5/1(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.
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In searching for such a subalgebra, we can first restrict our attention to subalgebras
of s1(4/|2) that keep the plane fixed set-wise. There are two inequivalent maximal subal-
gebras of this kind: 5[(2|1) x s[(2]1), which is the symmetry algebra of an A = (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 A/ = 2 superconformal algebra and the two-dimensional ' =
(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

L. i
M=M= M (2.17)
The generator of rotations acting within the fixed plane is the orthogonal combination,
M= M+ MF, . (2.18)

In more conventional terms, we are picking out the plane with x; = x> = 0. Introducing
complex coordinates z := x3 + ix4, Z := X3 — ix4, the two-dimensional conformal
symmetry generators in s[(2) x s[(2|2) can be expressed in terms of the four-dimensional
ones as

Loy =Py, Lyg=K" 2Lo=H+M,

_ _ . _ (2.19)
Ly=P_ -, Lyh=K ", 2Lo=H—-M.

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

of =of, O0r=07:, Sr=8;, =5, (2.20)

where Z = 1, 2is an 5[(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 r is the generator of U (1),.

Amongst the supercharges listed in (2.20), one finds a variety of nilpotent opera-
tors. Any such operator will necessarily commute with the generators Ly and Lg in
(2.19) since all of the supercharges do so. The requirement of @-exact anti-holomorphic
Mobius transformations is harder to satisfy. In fact, up to similarity transformation using
generators of the bosonic symmetry algebra, there are only two possible choices:

0 :=0'+8%, mp:i=S -9y,
0 =8+0, o):=0Q" -§%.

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

(2.22)

@, O1)=1{m, -Q%= L1 +R™ = L_y,
0.8} ={®.8"Y = La-R" = Ly, (2.23)
.0} = {m.0f} = 2(Lo—R) = 2L,.

) )
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In addition, the central element of s[(2]2) is exact with respect to both supercharges,
@, @} =-Z. (2.24)

Note that while @ does act on the plane by anti-holomorphic conformal transforma-
tions, it is not simply a subalgebra of the original global conformal algebra. Rather, it is
an sl(2) g twist of m.ﬁ Because the relevant real forms of the M conformal algebra
and s[(2) g are different, the generators of s[(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 ZL # Z;l. This would complicate matters considerably
if our intention was to study operators that transform in nontrivial representations of
this twisted algebra. Fortunately, our plan is precisely the opposite: chiral algebras can
appear after passing to Q-cohomology, at which point all of the objects of interest will

effectively be invariant under the action of s[(2). Consequently, reality/hermiticity con-
ditions will play no role in the structure of the “physical” operators/observables defined
at the level of cohomology.

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
paper, we are restricting our attention to local operators in four dimensions; the inclusion
of non-local operators, such as line or surface operators, is an interesting extension that
will be addressed in future work.

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

{0, 00)1=0, 00 # {@;, O"(0)], (2.25)

fori = 1 ori = 2. Because both @; commute with L and Z, we lose no generality in
restricting to definite eigenspaces of these charges. A standard cohomological argument
then implies that since Ly and Z are actually Q;-exact, an operator satisfying (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’

S(E—(i+j2)—R=0, r+(ji—j)=0, (2.26)

where E is the conformal dimension/eigenvalue of H, ji z}nd jo are sl(2); and
5((2)2 Lorentz quantum numbers/eigenvalues of M,* and M* ;» and R is the sl(2)g
charge/eigenvalue of R. As long as the four-dimensional SCFT is unitary, the last line
of (2.23) implies that any operator with zero eigenvalue under Ly must be annihilated

by Q; and (Dl‘ for both i = 1 and i = 2. The relations in (2.26) therefore characterize
the harmonic representatives of @Q;-cohomology classes of operators at the origin, and
we see that the two supercharges actually define the same cohomology. Notably, these

6 In light of this, we may understand the absence of a similar construction using the sl(2]1) x s[(2|1)
algebra as a consequence of there being no sl(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.

7 In fact, the second relation in (2.26) follows from the first as a consequence of unitarity and the four-
dimensional superconformal algebra (see Sect.3.1). We list it separately here since it is an algebraically
independent constraint at the level of the quantum numbers.
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relations are known to characterize the operators that contribute to the Schur (and Mac-
donald) limits of the superconformal index in four dimensions [21], 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 Sect. 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 Q;. Indeed, there
is no way to define the translation of a Schur operator from the origin to a point outside of
the (z, z) plane so that it continues to represent a Q;-cohomology class. Within the plane,

though, we can accomplish this task using the @;-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 translation generator L_; is Q;-closed, we
can define the twisted-translated operators

Oz, 7) = eL-1# -1 () g=2L-1=7L1 2.27)

where O(0) is a Schur operator. One way of thinking about this prescription for the
translation of local operators is as the consequence of introducing a constant, complex
background gauge field for the s[(2) g symmetry that is proportional to the s[(2) raising
operator. By construction, the twisted-translated operator is @; closed for bothi =1, 2,
and the cohomology class of this operator is well-defined and depends on the insertion
point holomorphically,

[O(z, Dlg = O() . (2.28)

What does such an operator look like in terms of a more standard basis of local operators
at the point (z, 7)? 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 Sect. 3). If we denote the whole spin k representation of
s1(2)g as 0T T2 Tk with 7; = 1, 2, then the Schur operator at the origin is O'1""1(0),
and the twisted-translated operator at any other point is defined as

O(z,2) = uzg,(2) -~ ugy (2) OF 1% (z,2), ur(@) :=(1,72). (2.29)

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

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

8 For N = 4 SYM, asimilar contraction of the SU (4) g indices with position-dependent vectors was studied
in [17]. The twists considered in that paper are different, and do not give rise to meromorphic operators and
chiral algebras.
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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 O,(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 should take the form

ZRH—RZ_Rk

ho—hy Zﬁ1+flzfﬁk

01z D)020) = D ko~ Ox(0), (2.30)
k i

where the 7R1*R2=Rk in the numerator comes from the explicit factors of 7 appearing
in (2.29), and Ry is the R-charge of the operator O. 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 / and
h, which are expressible in terms of four-dimensional quantum numbers as

_E+(i+)2) W E—(ji+)2)
= 5 , = > .
Though the OPE does not look meromorphic yet, we are already well on our way. The
left hand side of (2.30) is @;-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 @Q;-closed, and the sum
should be reorganized into two groups. The first group will consist of the terms in which
the operator O (0) is a Schur operator, while the second will consist of the remaining
terms, for which the operator O (0) is Q;-exact. Recalling that the quantum numbers of
Schur operators obey 2 = 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:

h

2.31)

) A
O1(z,7) 02(0,0) = M—iim Ou0) +10,...]. (2.32)

kschur

From the four-dimensional construction, we expect this OPE to be single-valued, which
implies that 41 + hy — hj should be an integer. Indeed, this integrality follows from
the fact that / is a sum of SU (2) Cartans after applying SU (2) selection rules. Clearly,
in passing to Q;-cohomology classes the OPE stays well-defined and the 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 Sect. 3, is that of free hypermul-
tiplets 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) =10z ) +70%@z, Do, §(2) :=[0(z,2) —20%(z, D (2.33)

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

q(z)q(w) ~ regular, g(z)g(w) ~ regular,
- 1 N 1 (2.34)
q(g(w) ~ ——, G@qw) ~ ———.
Z—w Z—w
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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
amore conventional cohomological subalgebra. The chiral ring in the free hypermultiplet
theory is generated by the operators ¢ (x) and g(x). 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) g quantum
numbers of opposite sign relative to the leading term.

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

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 sym-
metry algebra to a full fledged Virasoro algebra. In other words, for any SCFT 7, we find
that X[ 7 ] contains a meromorphic stress tensor. The two-dimensional central charge
turns out to have a simple relationship to the four-dimensional conformal anomaly coef-
ficient,

cg = —12¢4q .

In particular, this implies that when 7 is unitary (which we always take to be the case),
X[ 7 1is 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
kog = ——kag .
2d ) 4d

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 N' = 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
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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 Sect.5.4.

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

Finally, we describe the two-dimensional counterpart of gauging a flavor symmetry G
in some general SCFT 7. Assuming that the chiral algebra 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.

3.1. Schur operators. As a first order of business, we pursue a more concrete character-
ization of the four-dimensional operators whose correlation functions are captured by
the chiral algebra. Let us first reiterate the basic facts about these operators that were
derived in Sect.2. The chiral algebra 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

(Lo, 0] =0 & S(E-(Gi+hp)—R=0, 3.1)
[Z,0]=0 <= r+j1—j=0. (3.2)

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, 00)]=10,:,00)] = [S], 00)] =[5>, 0(0)] =0. (3.3)

This follows from the hermiticity conditions Qlj =&, and Q;; =82 in conjunction
with the relevant anticommutators from Appendix A,

-~ 1 ~ ~ ~ 1
QL. oM =Lo-52 1%:-.Ql-)=Lo+;Z. (3.4)

It follows immediately that the state ((0)|0) is annihilated by all four supercharges if and
only if its quantum numbers obey (3.1) and (3.2). Actually, (3.4) implies the additional
inequality

~ _ 12|

Lo > 7, (3.5)

from which we may conclude that imposing only (3.1) is a necessary and sufficient
condition to define a Schur operator. We further note that Schur operators are necessarily
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Table 1. This table summarizes the manner in which Schur operators fit into short multiplets of the N = 2
superconformal algebra

Multiplet Oschur h r Lagrangian “letters”

Br wlt-1 R 0 0.0

DR(0.j) olw}l! R+jp+1 2ty 0.0.1}

Dripoy Q! R+ji+1 -h—-3 0.0

Crupjp  UOWILL L Reji+p+2 i DLODYO DY DAL

For each supermultiplet, we denote by W the superconformal primary. There is then a single conformal primary
Schur operator Ogchyr, Which in general is obtained by the action of some Poincaré supercharges on V. We
list the holomorphic dimension 4 and U (1), charge r of Ogcpyy in terms of the quantum numbers (R, ji, j2)
that label the shortened multiplet (left-most column). We also indicate the schematic form that Ogcpyr can
take in a Lagrangian theory by enumerating the elementary “letters” from which the operator may be built.
We denote by Q and Q the complex scalar fields of a hypermultiplet, by AaI and }:g the left- and right-moving
fermions of a vector multiplet, and by D, the gauge-covariant derivatives

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 L eigenvalues, in contradiction with unitarity. Similarly,
Schur operators are necessarily the highest weight states of their SU(2); x SU(2);
Lorentz symmetry representation, carrying the largest eigenvalues for j; and j,. The
index structure of a Schur operator is therefore of the form (’) i

From the definition of Lg in (2.19) and (3.1) we find that the holomorph1c dimension
h of a Schur operator is non-zero and fixed in terms of its quantum numbers,

h=3(E+ji+p)=R+ji+j. (3.6)

This is always a half integer, since R, j; and j, are all SU(2) Cartans. It follows from
(3.2) and (3.6), in conjunction with the non-negativity of j; and js, that the holomorphic
dimension of a Schur operator is bounded from below in terms of its four-dimensional
R-charges,

h=R+ji+j22R+|ji—jpl=R+]|r|. (3.7

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

3.1.1. Supermultiplets of schur type. Schur operators belong to shortened representa-
tions of the AV = 2 superconformal algebra. The complete list of possible shortening
conditions is reviewed in Appendix B. In the notations of [28], the superconformal
multiplets that contain Schur operators are the following,

Br. Dro.j». DrGro) CrGi - (3.8)

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 (3.8) contains exactly one conformal
primary Schur operator. In the case of B, 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 1, where we also provide
the schematic form taken by each type of operator in a Lagrangian theory.

The shortening conditions obeyed by the Schur operators make crucial use of the
extended N' = 2 supersymmetry. Indeed, the hallmark of a Schur operator is that it is
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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 inan A/ = 1 supersymmetric theory, because the anticommu-
tator of opposite-chirality supercharges necessarily yields a momentum operator, which
annihilates only the identity.

Although the most general Schur operators, which are those belonging to ¢ R(j1,j2)
multiplets, may seem somewhat exotic, the Schur operators of type Bg. Dk, j») and
DRg(j,.0) are relatively familiar. Indeed, they can be understood as special cases of con-
ventional A/ = 1 chiral or anti-chiral operators. Let us focus for the moment on the
N = 1 Poincaré subalgebra that contains the supercharges

Q% Q. (3.9)

We then ask what subset of Schur operators are also elements of the chiral ring for this
N = 1 subalgebra. In particular, such operators will be annihilated by borh spinorial
components of the anti-chiral supercharge Q»4, & = =. These operators have j, = 0, and
a quick glance at Table 1 tells us that they are Schur operators of types Bg and D R(j1,0)-
These operators saturate the inequality (3.7), with r = —j; < 0 for D RGi,00and r =0

for the B R. 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 A" = 1 chiral ring.

InaLagrangian 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
DR( j1,0) are obtained by further allowing as possible letters the gauginos Al +» which are
the bottom components of the field strength chiral superfield W,. In the full NV = 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 Bg and D R(0, j»)- These operators are annihilated
by chiral supercharges QJ, & = %, and are thus A/ = 1 anti-chiral with respect to the

N = 1 subalgebra that is orthogonal to (3.9). Schur operators of type Br belong to both
HL rings—these are half-BPS operators that are annihilated by both Ql and Q. They
form a further truncation of the A/ = 1 chiral ring to the Higgs chiral ring, and their
vacuum expectation values parametrize the Higgs branch of the theory. We note that in
Lagrangian theories that are represented by acyclic quiver diagrams, all D-type multiplets
recombine and are lifted from the A" = 1 chiral ring at one-loop order [21]. In such
cases, the HL chiral ring will coincide with the more restricted Higgs branch chiral ring.

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

° CAo(o,o): Stress-tensor multiplet. The superconformal primary is a scalar operator of
dimension two that is a singlet under the SU(2)g x U(1),. The SU(2)g and U(1),
conserved currents, the supercurrents, and the stress tensor all lie in this multiplet.
The Schur operator is the highest weight component of the SU(2) g current: J J: l of
the SU(2)r.
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° éo( j1,j»): 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 [29]. Requiring the absence
of these higher spin multiplets will lead to interesting unitarity bounds for the central
charge of interacting SCFTs in Sect.4.

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

A

e 3;: Flavor-current multiplet. The superconformal primary is the “moment map”
operator M L7 which is a scalar operator of dimension two thatis an SU (2) g triplet,
is U (1), neutral, and transforms in the adjoint representation of the flavor group G r.
The highest weight state of the moment map—M ' ' —is the Schur operator. The claim
to fame of B 1 multiplets is that they harbor the conserved currents J Of‘:x that generate
the continuous “flavor” symmetry group G of the SCFT, that is, the symmetry
group that commutes with the superconformal group. Because B multiplets do not
appear in any of the recombination rules for short multiplets listed in Appendix B, it
is absolutely protected: J, 02 remains conserved on the entire conformal manifold of
the SCFT.”.

e Dy0,0) D Do(0,0): This is the superconformal multiplet of free " = 2 vector multi-
plets.

e D 10,0) ® D 10.0)° “Extra” supercurrent multiplets. The top components of these

multiplets are spin 3/2 conserved currents of dimension A = 7/2 (J,44 and Jogs ).
They generate additional supersymmetry transformations beyond the N/ = 2 super-
algebra in question. In particular, in the A = 2 description of an A" = 4 SCFT, one
finds two copies of each of these multiplets transforming as a doublet of the “flavor”
SUQR)r C SU(4)g that commutes with SUQ)g x U(1), C SU(4)g. The Schur
operators have A = 5/2, and have index structure O}rl and Oll. In N' = 4 super-

symmetric Yang-Mills theory, these are the operators Tr ql.l):i and Tr ql.l

i =1,2isthe SU(2)r index.

1
A4, where

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 Sect.2.3 the process by which a mero-
morphic 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:

Oi:‘i%_#(m) Schur operator
8
O(z,2) Zuz, (2) - ug,, (2) 0T T2R) (2 7) Twisted-translated Schur operator
8
[O(z,2)]g Chiral cohomology class
XS
O(z) Two-dimensional chiral operator

9 The only other supermultiplet that contains a global flavor symmetry current is ¢ However, that

0(3.3)"
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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In general we will refer to this associated chiral operator via the following notation:

Ox) = x[OL, 1,

ootk

ERTE

. Our first task
2
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.

where sometimes we will be lax about the argument of the X map and allow O
VARRAN

to be replaced by the more generic form of the operator O ot Gy ey
1

3.2.1. Virasoro enhancement of the s((2) symmetry The holomorphic s[(2) algebra gen-
erated 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 alge-
bra is generated by the modes L,, n € Z, of a holomorphic stress tensor of dimension
two T (z). Surveying Table 1, we find a suitable candidate that is present in any theory
T the Schur operator belonging to stress tensor multiplet (?0(0,0). One should note that
the Schur operator in this multiplet is not the four-dimensional stress tensor, but rather
the component J +1 i of the SU(2) g current J Oﬂj.
The corresponding twisted-translated operator is defined as follows,

Tr(z.2) = uz(D ug@ JE (2. 2). (3.10)

Per the discussion of Sect.2, we identify the cohomology class [Jr(z, 2)]g, with a
dimension two meromorphic operator in the chiral algebra x[7 ],

T7(z) =« [JTr(z, D]y, - (3.11)

We provisionally include the subscript 7 as a reminder of the definition (3.11); we still
need to establish that the OPEs of 77 (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 «, to be fixed momentarily in
order to recover the canonical 77 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 ¢4y, which is one
of the two conformal anomaly coefficients (the other being a4,). Starting from the OPE
of two SU (2) g currents [30],

2 ; KZ_ L
JZT () IKE () ~ 3C4d€K(I€J)£x v — 2x, %y N 20 xpuxox - JKZ DL
123 v 44

x8 2 x© T
(3.12)
we find the following OPE of twisted-translated Schur operators,
. 3c¢4a 1 Jr(0,0)
i 0,0) ~ — S
Jr(z,2)Ir(0,0) A T2 2
J . 21 . 21
1 _uzugJ”<(0) JZ 0 JZ2(0)
_ T FeO LT G

—2Z
72 23 222 72 23
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Because the last three terms have non-zero Zo eigenvalue, they are guaranteed to be
@;-exact. Upon setting k = —272, we find the following meromorphic OPE for Tj,lo

—6 2T7(@0 T 7(0
Cad j()+ j().

T7() T70) ~ — / (3.14)

Z Z

Happily, we recognize in (3.14) the familiar two-dimensional 77 OPE with central
charge ¢4 given by

Ccog = —12c¢44 . (3.15)

This is the first major entry in our dictionary. Note that unitarity of the four-dimensional
theory requires cag > 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 T 7 acts as the stress tensor of the chiral algebra means that the “geometric” s[(2)
generators {L_1, Lo, L+1} defined by the embedding (2.19) of the two-dimensional
conformal algebra into the four-dimensional one should coincide in cohomology with
the generators {L‘Zl, Loj , Lﬁ} defined by the mode expansion of 7.7(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

[L+1,0(0)]=0. (3.16)

In our construction, such an O(z) arises as the cohomology class of a twisted-translated
primary Schur operator. The assertion is then that in the chiral algebra (i.e., up to Q;-exact
terms), the 77 OPEs take the form

T2 (OO ~ - - + Z% L1100, GOZ(O)’ (3.17)

Z

where & 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
(3.17) to be a universal consequence of superconformal Ward identities. It is thanks to
the relation for the conformal dimension 2 = 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 supercon-
formal 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 (3.17) will be shown to hold in full generality in the theories of free
hypermultiplets and free vector multiplets. The abstract claim would follow if the most
general solution of the requisite Ward identity is expressible as a linear combination
of structures corresponding to free field models, which is empirically the case in all
analogous situations with which the authors are familiar.

10 The term corresponding to the simple pole does not immediately follow from the OPE given in (3.13). In
particular, though the presence of 97 7 (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 # = 3 and have nonzero three point function (7.7 T 7 O). This
is forbidden by Bose symmetry.
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3.2.2. 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 7 enjoys a flavor symmetry
G F, the corresponding conserved current Jyg is an element of a B 1 supermultiplet, which
additionally contains as its Schur primary the moment map operator M'! described in
the list at the end of Sect.3.1.1. We expect the presence of G r symmetry to make itself
known via the chiral operator associated to the moment map. Following the now-familiar
procedure, we define a @Q;-closed operator M (z, z) via twisted translations of the Schur
moment-map operator from the origin, and identify the corresponding cohomology class
as a meromorphic operator in the chiral algebra,

M(z,2) = uz@Quz @) M™ (z,2), J(G) =kIME Dy, - (3.18)

The normalization constant x will be determined momentarily. The meromorphic oper-
ator J(z) has holomorphic dimension 2z = 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 G r dimension one currents J4(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 k44 of the flavor symmetry is defined in terms of the self-OPE of
the conserved flavor symmetry current as follows,

3k 2gun —2 2 ABCx . €0
JA) JE ) ~ =4 5A3x Buwo — v —zx“x"f X ©, (3.19)
X s X
Here A, B, C = 1, ...,dim G are adjoint flavor indices, and we are using normal-

izations such that long roots of a Lie algebra have length +/2 as in [30]. In the same
conventions, the OPE of two moment maps reads

3k4d GIC(IGJ)CSAB f fABCMC (I(’C LYT)

MAIJ MBICLO"’— +ooe
(x) © 4874 x4 42 x?2
(3.20)
The OPE for the corresponding twisted-translated operators follows directly,
_ 3ksq 878 V2 | fABCMC(0,0)
MA(z, )MB0,0) ~ ——5 — + =i L ——— 7
(& 2470, 0) 4374 2 " am2 ! z
3 _
W2 pancyeng i, (3.21)
472 z

where the last term is Q;-exact. Setting ¥ = 2+/272, we recognize the canonical current
algebra OPE, !

AB

TA@) T (w) ~ e — ° S+ Z ifABc i _(IZ)) (3.22)

where the two-dimensional affine level k»; is related to the four-dimensional flavor
central charge k44 by

kaq
ko = =" (3.23)
This is the second important entry in the dictionary.
' n two dimensions it is standard to define a convention-independent affine level koy as kog = 22%,

where ko4 is the level when the length of the long roots are normalized to be 6. In our conventions 62 =2
and so kpg = kpq.
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3.2.3. The Hall-Littlewood chiral ring and chiral algebra generators. An interesting
problem that will be of particular concern in Sect. 5 is that of giving a simple description
of the chiral algebra x[7 ] associated to a given 7 in terms of a set of generating
currents. Generators of a chiral algebra are by definition those s[(2) primary operators
{O;} for which the normal ordered products of their descendants, i.e., operators of the

form 81 019”20, . .. 3" 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 JV-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 7', 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 Sect. 3.1.1 that
the HL chiral and anti-chiral rings are consistent truncations of the A" = 1 chiral and
anti-chiral rings of 7, 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 47 = 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, 7) and
01 (z, z) be two generic twisted-translated Schur operators, and let us assume that their
OPE contains an HL. operator (’)gn‘,

O 0,0) + ... (3.25)

01(z,2) 02(0,0) ~ Tntha T

By assumption, 73 = R3 + |r3|, while (3.7) implies that iy > Ry + |r1], ha = Ry + |r2].
The U (1), charge is conserved, so r3 = r; + rp and |r3| < |r1] + |rz|. Furthermore,
SU (2)r selection rules imply the triangular inequality R3 < Rj + Ry. Combining these
(in)equalities, we find that h3 < k1 + hp, which implies that an HL operator may only
appear on the right hand side as a singular term (if 43 < h; + hj) or as the leading
non-singular term (if A3 = h; + hy). The latter possibility requires that O and O,
saturate the respective bounds (3.7) for i1 and k>, which is to say that they themselves
must be HL operators. This argument establishes that HL. operators cannot be generated
as normal ordered products of non-HL operators, and so the generators of the HL chiral
and antichiral rings must necessarily be generators of the chiral algebra.

3.2.4. 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 Sect. 5.

The statement follows from a relatively straightforward analysis of the OPE of the
meromorphic stress tensor with an arbitrary HL operator. In particular, let O} (z) be the

12 Weare adopting the normal ordering conventions of [31], in which a sequence of chiral operators represents
left-nesting of conformally normal-ordered products:

0107010y := (01(O2(- - - (0,1 On)))) . (3.24)

The algebra of operators so-defined is non-commutative and non-associative.
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meromorphic operator associated to an HL operator in four dimensions. The quantum
numbers of O obey the HL relation

hi =R + 1] . (3.26)

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 com-
bination of operators with r = 0 and R = 0, 1. Consequently, in the OPE of the
meromorphic stress tensor with O1(0), the only operators that may appear will have
R = Ry £ 1or R = Ry and r = r;. With what power of z can such an operator appear
in the OPE? A Schur operator Oy, (0) with R = Ry + y and M = |r{| + 2min(j, j2)
will appear in the OPE as

0,(0) 0, (0)
I'()01(0) > 2R+ [-R—M — 2—y=2minGi.j2) (3.27)
This is at most a pole of order three (when y = —1 and j; = Oor j» = 0), butsuch a pole

cannot appear because HL operators are always s[(2) primaries—thus the most singular
term possible is a pole of order two. This is precisely the property that characterizes
Virasoro primary operators, and so we have our result.

3.3. The chiral algebras of free theories. The simplest /' = 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 Sect.4. We describe in turn the cases of hypermultiplets and vector multiplets.

3.3.1. Free hypermultiplets. Let us consider the field theory of a single free hypermul-
tiplet. The hypermultiplet itself lies in the short supermultiplet B 1 in which the primary

Schur operators are the scalars Q and Q. These are the highest weight states in a pair of

SU (2) g doublets, }
sz(g*), sz(_QQ*). (3.28)

The single free hypermultiplet enjoys an SU (2) flavor symmetry, under which QI
and QZ transform as a doublet. To work covariantly in terms of this SU (2) r, we can
introduce the following tensor,

0l = (QQ _QQ) (3.29)

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

The Schur operators in this free theory are all the “words” that can be constructed
out of the “letters” {Q, O, d,;}. As there are no singularities in the products of (9,;
derivatives of) Q and Q, the operator associated to any given word is well-defined and
the Schur operators in this theory form a commutative ring. The set of all meromorphic
operators in the free hypermultiplet chiral algebra are therefore precisely the @; coho-
mology 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.
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The twisted-translated operators and the associated meromorphic operators for the
hypermultiplet scalars themselves are defined as follows,

07(.2) = uz® 0529 4;() =105 Dy, - (3.30)

The relation to the operators defined in Sect.2.4 is ¢5(z) = (¢(2), ¢(z)). This is an
SU(2) r doublet of dimension 1/2 meromorphic fields, the OPE of which can be com-
puted using the free-field OPE in four dimensions and the definition of the twisted
translated operators in (3.30),

&
7
3 s(w) ~ —=— . 3.31
472 47w ~ (3.31)
It is reasonably easy to see that the entire spectrum of the chiral algebra of four-
dimensional hypermultiplets is obtained by taking normal ordered products of the ¢ (z)
and their descendants. In particular, one can show that the following diagram com-
mutes,]3

{Ol ,Oj} % OLOJ

ml l@ (3.32)

{[0i] . [0;]} =+ [04][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 opera-
tors, 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 (3, derivatives of) Q and Q is simply the corresponding
creation/annihilation normal ordered product of (holomorphic derivatives of) g and g.

The chiral algebra of the free hypermultiplet is thus none other than the free symplectic
boson algebra (cf. [32]). This simple example serves to illustrate some of the general
points made in the previous subsections. The symplectic boson theory has a canonical
stress tensor,

1 A A
T = 5677394 7). (3.33)

and it is easy to check that the modes {L+, Lo, L_1} appearing in Laurent expansion
of (3.33) reproduce the action of the holomorphic s[(2) symmetry inherited from four
dimensions. Thus the holomorphic sl(2) is indeed enhanced to Virasoro symmetry.
Moreover, we observe that given the form of the SU (2) g current in four dimensions

IT ¢\~ 2T 0Ty )
T~ () ~ e77 0270, 0% (%), (3.34)
The corresponding meromorphic operator 7'7(z) will be equivalent to the canonical

stress tensor,
T(2)=T7(2). (3.35)

13 We will see when we come to consider interacting theories in Sect.5 that product structures on Schur
operators do not always translate so simply into those of the chiral algebra.
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From the T T OPE we read off the central charge co; = —1. Recalling that the conformal
anomaly coefficient of a free hypermultiplet is cag = 1/12, this result is in agreement
the universal relation coy = —12c44. The symplectic boson theory is like the theory of a

complex free fermion (which of course has cy4 = 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 A/ = 2 supersymmetry are often described in terms of half-
hypermultiplets instead of whole hypermultiplets. The generalization of the chiral alge-
bra to the half-hypermultiplet conventions is straightforward. Let us consider half-
hypermultiplets transforming in a pseudo-real representation R of some symmetry group
G (atthe 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,

qi, i=1,...,dimR, (3.36)
and the singular OPE of these operators will be given by
qi(2)qj(w) ~ . (3.37)
I—w

Here ;; 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 (3.31) actually
fits into this framework with G = SU(2)F.

3.3.2. Free vector multiplet. The other key ingredient in Lagrangian SCFTSs is the the-
ory of free vector multiplets. Free vectors lie in the short supermultiplet Dy o) and its
conjugate Dy(o,0), whose superconformal primaries are the complex scalar ¢ and its con-
jugate ¢, respectively. The primary Schur operators in these multiplets are the fermions
AL and X Jl.r, 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 )‘L 5‘};’ and d,;.

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

Mz, 2) = ur@ Az, 2), Az D) = ur @Az, 2), (3.38)

and the @;-cohomology classes of these operators are Grassmann—odd, holomorphic
fields of dimension & =1,

A2 =z Dy, AR) = [Az Dy, - (3.39)

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

N 1 - 1
M(2)A(0) ~ 2 AM2)A(0) ~ 2 (3.40)

Indeed, the free-field form of these OPEs leads to an analogous commutative diagram
to (3.32), 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, c) ghost system of weight (1, 0),14

*=0b(2), AMz):=dc(z). (3.41)

14 Recall that the derivative of a dimension zero conformal primary field—c(z) in this case—is again a
conformal primary.
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In making this identification, we have introduced an extra spurious mode—the zero
mode cg of ¢(z)—which is of absent in the algebra generated by A(z) and 1(2). Thus,
the more precise statement is that the chiral algebra associated to the vector multiplet
is the so-called “small algebra” of the (b, c) system, which is by definition the algebra
generated by b(z) and dc(z) (cf. [33,34]). In other words, the Fock space of the small
algebra is the subspace of the (b, ¢) Fock space that does not contain cg, or equivalently,
the subspace annihilated by by,

Fsmall = (¥ € Fpe | boy =0} . (3.42)

The small algebra enjoys a global SL(2, R) symmetry under which (z) and A(z) trans-
form as a doublet. We can make this symmetry manifest by introducing the notation
o with &« = =+, where p* := X 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,
gp

p%(2) pP(0) ~ — (3.43)
As in the hypermultiplet case, the action of the {L1, Lo, L_1} modes of the canonical
ghost stress tensor can easily be seen to match the action of the geometric s[(2) action

inherited from the four-dimensional conformal algebra. Furthermore, given the SU (2) g
current of the free vector theory,

TET @) ~ 2 F3D ), (3.44)

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,

|
T(z) = _Egozﬁpapﬁ @) =Ts@). (3.45)

The central charge of the (b, ¢) ghost system/small algebra is coy = —2, which can
be seen to agree with the relation (3.15) upon recalling that c4y = % for a free vector
multiplet.

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 [35] for a recent classification of all possibilities). In
particular, such an SCFT consists of vector multiplets transforming in the adjoint repre-
sentation of a semisimple gauge group G = G| 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 {g, ¢} in the repre-
sentation R, and a collection of (b, ¢) 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, i.e., by restricting to the gauge-invariant opera-
tors 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.
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In fact, as Lagrangian theories are a small subset of all possible A" = 2 SCFTs, it is
worthwhile to put the discussion in a more general context. Given a general supercon-
formal field theory 7 with G flavor symmetry, a new SCFT is obtained by gauging
a subgroup G C GF provided the gauge coupling beta function vanishes. We will
denote the gauged theory with a nonzero gauge coupling g as 7g."> Though 7 may
be strongly coupled, the gauging procedure can be described in semi-Lagrangian lan-
guage. By assumption, 7 possesses a conserved flavor symmetry current Jofd, where
A =1,...dim G, whichby N = 2 supersymmetry is the top component of the moment
map supermultiplet By. The gauged theory 7 is described by minimally coupling an
N = 2 vector multiplet to By. Of particular importance is the addition to the action, in
N = 1 notation, of the superpotential coupling

g/d29 A M A+ hec., (3.46)

where @ is the A = 1 chiral superfield in the A’ = 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 J4(z)
atlevel kg = —5k4q (cf. Sect. 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[7] 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 bg‘w = 0 for any state .

The affine current associated to the G symmetry in the ghost sector is

Th = —i fAPC(PpC) (3.47)

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

Jo(@) = T4 @) + J4 @) - (3.48)

Symbolically, we can therefore define the chiral algebra at zero gauge coupling as fol-
lows:
XTI = (v e X[T1® b4, M) |bfv = I ov =0} (3.49)

We are now ready to address the problem of identifying the chiral algebra for 7g with
g #0.

3.4.1. BRST reduction of the chiral algebra. On general grounds, we expect that the
chiral algebra of the interacting gauge theory will contain fewer operators than the non-
interacting version, because some of the short multiplets containing Schur operators that
are present at zero coupling will recombine into long multiplets and acquire anomalous
dimensions. Ideally, we would like to describe this phenomenon using only the general
algebraic ingredients that we have introduced so far. A crucial hint comes from phrasing

15 More 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 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

kag = 40", (3.50)

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

kog = —2h"" . (3.51)

The affine level of the ghost-sector flavor currents Jgy, is easily calculated to be 24",
so the requirement of conformal invariance translates into the condition that the level
of the total affine current J/4 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 [36], we define

dz ) 1
OBRST ‘= j{ 3577 JBRST(2). JBRST := CA [JA + ng?l} : (3.52)

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 bg‘,lf‘

X761 = Higstl¥ € X[T1® (%, ™) | by = 0]. (3.53)

Apart from its elegance, there are compelling physical arguments behind this claim. We
will show that states of the chiral algebra that define nontrivial cohomology classes of
Oprst correspond to the four-dimensional Schur states that survive in the interacting
theory. By construction, all states of x [TG(O) ] are annihilated by the four supercharges in
(3.3). As we turn on the gauge coupling, those supercharges receive quantum corrections,
and only a subset of states remains supersymmetric. We will see that OgrsT 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

{b, OBrsT) = Ji 0> (3.54)

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

X761 = HirstIXITET - (3.55)
We can rewrite Qprst and separate out the ghost zero modes,
OBRrsT = ¢ Jio + Do XA+ 07, (3.56)

16 1n other terms, the BRST cohomology is being defined entirely in the small algebra: two QgrsT-closed
states belong to the same cohomology class if and only if they differ by an exact state QgrsTA, Where A is
also in the small algebra.



1388 C. Beem, M. Lemos, P. Liendo, W. Peelaers, L. Rastelli, B. C. van Rees

where we have defined

i
4= —EfABC Z e e el I (3.57)
n#0

while O~ anticommutes with both c(‘;‘ and b(’)“ and can thus be expressed purely in terms

of (™4, p=™),
- |
= Z; A AL 2 fABC Z - cp i p BprC (3.58)
0 0
" o
m#n

The operator Q~ fails to be nilpotent by a term proportional to J [ , 0» SO it is nilpotent
when acting on gauge-invariant states. It follows that (3.54) can be equivalently written
as

X761 = Hy [¥ € XIT1® (™, p~*), with J 0% =0]. (3.59)

This is the form of our conjecture that makes more immediate contact with four-
dimensional physics. We will show that the action of O~ preasely matches to the

action of Q(l) the O (g) term in the expansion of the supercharge QZ,,

Q- =0 +g Q)+ 0(gh. (3.60)

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

1 i 1
QF = Z o prA A :+§fABC Z i prAptBpC (3.61)
n#0 n#0
0
s

In complete analogy, the action of Q* will be shown to be isomorphic to that of o!™,

the O(g) term in the expansion of Q! . The two Poincaré supercharges Q! and Qz, play
a completely symmetric role in the definition of Schur operators. The fact that OrsT
contains Q~ rather than Q% is a consequence of our choice (3.41), 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 7,
the gauge-covariant derivative D, and the gauginos A Jlr and kl. The supersymmetry
variation of a gauge-invariant “word” is found by using the Leibniz rule to act on each
elementary “letter”.!” It is then sufficient to specify the SUSY variations of the letters:

1. Q! and @2; (anti)commute with the conformal primary operators in the matter
sector 7.

17 For the special case of A/ = 2 superconformal QCD, a very explicit description of the action of Ql(l)

the subsector of tree-level Schur operators can be found in Section 5 of [37].
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2. For the gauge-covariant derivative D, ; 1= d,; + gA 44,
[Q. Dyl =gi}, [Qp-, Dusl =g}, (3.62)

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

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

supermultiplet 51,

10,- 3y ={Ql ALy = P11 = gm"! (3.63)
{Q,-. Ay =(Ql iy =0,

where F'! is the highest-weight of the SU(2) triplet of auxiliary fields in the
N = 2 vector multiplet.'8

If a Schur operator in the free theory is to retain its Schur status at O(g), then when
inserted at the origin it must be annihilated by the one-loop corrections to the four

relevant supercharges, {@gl;), (QEQ)T, Ql_(l), (Ql_(l))T}. Equivalently, it must define a

nontrivial cohomology class with respect to @él_) and Ql_(l). Conveniently, the recombi-
nation 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:

N,

R+1(j1—1%.42)

) CRi1(j1—1,5a—1) (3.64)

CR(jl’jz

CRJr%(thé*%)

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 Ql_(l) exact then it is
either at the right or at the top of the diagram and it follows that it is either Q(lg exact or

not @gl_) closed, respectively. The other cases can be treated analogously.
Under the 4d /2d identifications

o - 07, W0t Du—a, Ao p, it (365)

B Inan N =1 description of the N = 2 vector multiplet, F 11— F, where F is the top component of
chiral superfield ¢, whose superpotential coupling with the moment map is given in (3.46).
1

19 To include all possible recombinations, we must formally allow jj and j, to take the value — 5 as well,

and re-interpret a é multiplet with negative spins as a B, DorD multiplet, according to the rules:

Crij1—=H = Pretinor Cre= 1) = Pret.n Cr-4— 1) 7= Bret-
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one easily checks that (3.58) and (3.61) 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 (3.53) is just the right thing to project out states whose corre-
sponding 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 ki. The operators that are lifted from the spectrum at one-loop
will be those that are related by the corrected supercharge égﬁ, whose action in this
sector is completely determined by (3.63). 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 Sect.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.

3.4.2. 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 correspond-
ing non-renormalization statement to hold in four dimensions. Indeed, such a non-
renormalization theorem directly follows from the methods and results of [38]. 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,

(O (x1) O (x2) OF (x3) 01 (xa) ), (3.66)

where Z = (ZW ... 70 with Z® = 1, 2 are SU (2) g multi-indices and we have sup-
pressed 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 func-
tion vanishes for any x4 when x1 2 3 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 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 & multiplet of SU (2, 2|2), is of the form O, = {Ql, [Q2, ... 1}
where Q7 := Q7 are supercharges of SU(1, 1]2).2° All the properties exploited in
[38] to show the vanishing of the four-point function (3.66) are satisfied. The authors of
[38] interpreted this result as a non-renormalization theorem for three-point functions

20 Similarly, the conjugate operator O is the top component of an £ and can be written as {él , [@2, IS
An entirely analogous argument holds for the four-point function containing Or.
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of chiral primaries of two-dimensional (0, 4) theories, but exactly the same argument
applies to our case as well.

We close this section by pointing out a curious aspect of the gauging prescription
given here. Given a chiral CFT x[7] with affine G symmetry, one can introduce a two-
dimensional vector field Az and gauge G. Following standard arguments (for example,
see [36,39]), a change of variables in the path integral eliminates the gauge field in favor
of an extra G current algebra at level —(22" + kp4) 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, 24" + kpy = 0 so the extra current algebra is trivial,
and the BRST operator associated to the two-dimensional gauging takes precisely the
form of (3.52). In some sense, we have found that “4d gauging = 2d gauging”. We find
it plausible that a localization-style argument may shed light on this correspondence.

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 A/ = 2 SCFT. To give a simple example,

Virasoro symmetry implies that any Higgs branch half-BPS supermultiplet B is accom-

panied by an entire module of semi-short C/(; j) 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 iden-
tities for four-point functions of Br operators [15,16] 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 [11,15,16] 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 alge-
bra. By exploiting the relationship between the two-dimensional and four-dimensional
perspectives we are able to derive new unitarity bounds that must be satisfied by the
conformal and flavor anomalies of a general interacting N' = 2 SCFT. Finally, we
delineate the relationship between the torus partition function of the chiral algebra and
the superconformal index of the parent four-dimensional theory.

4.1. Conformal twisting and superconformal Ward identities. By construction, for a
given SCFT 7, 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
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to be coplanar. We denote the untwisted operators as ot (z,7), with SU(2) g multi-
indices Z = (ZW, ..., 70 where Z() = 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'1(z, 7). We represent the four-point function of such operators as

FOBDT (g 2y = (0F(21,721) 0P (22, 5) 0F (23, 23) 0P (24, 20) ) . (4.1)

This is actually a collection of four-point functions labelled by the different possible
assignments for the R-symmetry indices. The full collection of four-point functions
can be conveniently packaged by introducing two-component SU (2) g vectors u(y;) =
(1, y;) and defining contracted operators that depend on the auxiliary variable y as
follows [15,16]

_ &I, _
Oizis zis yi) = un (i) - -ug,, ) O; TR P 4.2)

A single function of x; and y; can be defined that encodes the full content of the collection
of correlation functions in (4.1),

F(ziyzis yi) = { O1(z1, 213 y1) O2(22, 225 ¥2) 03(23, 235 ¥3) O4(24,24; y4) ) . (4.3)

Charge conservation ensures that this function is homogeneous in the auxiliary y; with
weight % > ki, 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 func-
tions of X[7]. The twisted chiral operators defined in Sect.2.2 are the specialization
of the repackaged operators in (4.2) to y; = z;. So if the related four-point function of
meromorphic operators O; (z) = X[O;(z, 7)] is defined as

f(z1, 22, 23, 24) = (01(21)02(22) 03(23) O4(24)) 4.4)

then the correlation functions are related according to

(@) =F (i, 2 9| 4.5)

yi—>Zi °

The fact that the left-hand side of this equation is a meromorphic function of the oper-
ator 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 [11-16].

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 Sect.2.2. It is worth noting that while the Ward identities of
[15] 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.
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4.2. Four-dimensional unitarity and central charge bounds. The natural inner product
on the Hilbert space of the radially quantized four-dimensional theory 7 does not sur-
vive 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 alge-
bra x[7] with negative central charge, which is necessarily non-unitary. Nevertheless,
there is an interesting interplay between the structure of the chiral algebra and four-
dimensional unitarity. This leads to new unitarity bounds for the anomaly coefficients
of any four-dimensional SCFT. In this section, we explore an elementary example that
provides us with such bounds. It is possible that more extensive analysis could lead to
further constraints; we leave such an analysis for future study.

The origin of nontrivial consistency conditions can be found in the fact that, as
summarized in (4.5), the meromorphic correlator f(z;) can be computed in two different
ways that must agree. The first computation is the two-dimensional one: once the singular
OPEs of the meromorphic operators appearing in the correlator are known, the full
correlation function is completely fixed by meromorphy. The meromorphic correlator
further admits a unique decomposition into s[(2) conformal blocks,?' leading to an
expression of the form

24\ (s 1 < ¢
f@i) = (—) (—) WZ(—D ag g(2),

4 S RAEAT RS ¥ R
ge(2) = (=30 2  Fi (e, 65205 ), (4.6)

where we have adopted the standard notation z;; := z; —z; and z := 222 Additionally,
h; is the holomorphic scaling dimension of the i ’th operator, and we have defined ; =
hi —hj.

The second computation is the four-dimensional one. The correlator in (4.1) admits 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 (4.5) is
fixed up to the three-point coefficients. Thus for a given theory 7, the spectrum and
three-point coefficients of BPS operators appearing in the conformal block expansion of
a given correlation function can be determined directly from the correlation functions
of x[7]. Non-trivial constraints arise when we require that the three-point coefficients
determined in this manner be consistent with 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
Sect. 3, these multiplets contain the spin one conserved currents that generate the global
(non-R) symmetry of the theory, and the superconformal primaries are scalar moment
map operators M. 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 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

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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conformal block expansion may transform,

(M (z1, 715 yOMB (22, 223 y2)MC (23, 235 y3) M P (24, 743 ya))

> PRPPFRGL T v 4.7)
Re®?adj

where PféB €D ig the projector onto the irreducible representation denoted by R. The
projectors for the various groups can be obtained following the procedures described in
[401].

Per the discussion of Sect. 3.2, the chiral operators J A = x[M*] are affine currents,
and the mermorphic correlators that emerge in the limit y; — z; are equal to the four-
point functions in the corresponding chiral algebra,

23 (I @) TP @) T (23) TP (za)) = PP () = Z PRPPfr(x).  (4.8)

Each such function can be examined independently as a potential source of nontrivial
consistency conditions. In Sect. 3 we found that the level of the affine Lie algebra symme-
try generated by these currents is kg = — %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 ABoCD | 2cAC<BD < AD(CB X L.ACE ;BDE
7)) =68778"" +z°67+6 [ _ =
f (2) 1_22 kde S
< ADE ;BCE
S . 4.9
koa(z — 1) / (49)

This correlator can be decomposed into G r channels, each of which can be expanded
in 51(2) conformal blocks as in (4.6). For example, for the singlet channel R = 1, the
above correlator gives

f dim G + 2(1+ ! )+ 42
—1 = dim Z
et i (1-22) " k=1

266+ 1)(EH? (2(£ + 1)(L +2)kog — 8 1Y)

= d' G _ |
e e—ozzl... kog(2€ 4+ 1)! 8e+2(2)

(4.10)

where 1V 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 [13]. In particular, operators that can potentially
appear in the intermediate channel must belong to one of the following superconformal
multiplets:

o A, j): Long multiplets that are SU (2) g singlets with j; = j» = j.
° éo( j,j): Semishort multiplets with j; = j, = j that contain conserved currents of
spin 2j + 2.

22 Here we have rescaled the currents in such a way that the identity operator appears with unit normalization
in the current-current OPE.
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° CAl(j,j): Semishort multiplets with j; = jo = j.

e [3;: Half-BPS multiplets containing Higgs branch moment map operators.

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

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 fr (z) appearing in the superconformal Ward identities has
also been determined in [13]. The results are summarized as follows:

AA(%,%) : 0,

(fo(g,g) : Kéﬂ(%)gm(z),

G —Zkél(%é)gew(@, @i
B LA 81),

B, L2 (),

Id : Ay

The coefficient A2 of each contribution is required by unitarity to be non-negative.

Some of the coefficients appearing in (4.11) can be completely fixed by symmetry.
For example, the identity operator can only appear in the singlet channel fr—_1(z), where
the corresponding coefficient is necessarily given by

A3 = dim Gp. (4.12)

The multiplet CAO(O,O) contains a spin two conserved current, i.e., the stress tensor. There
can only be one such multiplet, and it contributes to the meromorphic part of the four
point function only in the singlet channel. The three-point coupling is fixed in terms of
the four-dimensional central charge. In particular, one finds that in fr—1(2),

2 _dimGF

A = 4.13
Co(0,0) 3c44 ( )

Finally, multiplets of type By can contributes only to the adjoint channel, and the corre-
sponding three-point coupling in fa4j(z) is fixed to be

AL = an’ ) (4.14)
Bi kag
As far as we know, these are the only contributions to this four-point function that are
fixed by symmetry in terms of anomaly coefficients. Additionally, the multiplets éo(% 4
for £ # 0 necessarily contain conserved currents of spin greater than two, and so are
expected to be absent in interacting theories [29]. We will take this to be the case in the
following analysis.
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Table 2. Dual Coxeter number and dimensions for simple Lie groups

GF Y dimGF GF hY dimGF
SU(N) N N2 -1 Eg 12 78
SO(N) N-2 N-1) E; 18 133
USp(2N) N+1 NGN +1) Eg 30 248
Gy 4 14 Fy 9 52

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 (4.10). In particular, we find

2y =dimGr,

A _ 7232 :%_4
Co0.0) By kag ’ (4.15)
210+ 2)((L + 1)1)?
I L) ((€+2)(€ +3)kag —4h")
CLe kaq (20 + 3)!
2°2

where in the last line only odd £ may appear. The second line of (4.15), after substituting
the contribution of the stress tensor multiplet from (4.13), implies a nontrivial bound
that must be satisfied in order for the contribution of the l§2 multiplet to be consistent
with unitarity,

dimGFr < 24hY

cas kaa

For reference, the dimensions and dual Coxeter numbers of the semi-simple Lie algebras
are displayed in Table 2. Similarly, the positivity of the lastline in (4.15) for £ = 1 implies
the bound

—12. (4.16)

h\/
kaa > < 4.17)

The same analysis can be performed for the functions fr1(z;). In these channels
there will be no contribution from the stress tensor multiplet, so the resulting bounds
make reference only to the anomaly coefficient k44, as in (4.17). A priori, an independent
bound may be obtained for each representation R appearing in the tensor product of two
copies of the adjoint. For example, in the adjoint channel itself, there can be contributions
from Bl and C 14, multiplets with even £. Unitarity then imposes a bound on k44 that

turns out to be equivalent to that of (4.17). Stronger bounds can be found by considering
other choices of R, the possible values of which will depend on the particular choice of
simple Lie algebra we consider. In general, we find that for a given choice of G, the
strongest bound comes from requiring positivity of the contributions of 5’2 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 3, where
we also indicate the representation R € ®Zadj that leads to the bound in question.
It should be noted that for the special case Gy = SO(8), the same strongest bound
is obtained from multiple channels. The representation appearing in the third line of
Table 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 (4.16) and in (4.17). Finally, we can see that the

bound (4.17) arising from positivity of the él( 1 multiplet in the singlet channel is
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Table 3. Unitarity bounds for the anomaly coefficient k4, arising from positivity of the l§2 three-point function
in non-singlet channels

GF Bound Representation

SU(N) N >3 ksq =N N? = lyymm

SO(N) N=4,...38 kag =>4 LN(N = DN = 2)(N - 3)
SO(N) N>8 kag >N —4 FIN+2)(N — 1)

USp(2N) N >3 kag = N +2 TN+ DN -2)

G kag > 12 27

Fy kag =5 324

Eg kag =6 650

E kag > 8 1,539

Eg kag > 12 3,875

made obsolete by bounds arising from other channels for all choices of G f listed in the
table.

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 (4.16) or Table 3 are saturated, it
means precisely that there is no By multiplet in the 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 N = 2 supersymmetry
in four dimensions. Recalling that the Schur operators in the Bz 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, (4.18)

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 [41—
46]. There are seven such singularities, labelled Hy, H, H», D4, E¢, 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 G . 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 [47] for a nice discussion),

M&M)|, =0, Sym?(adj) = (2adj) & Z» , (4.19)

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

This leads to an interesting set of conclusions. For one, these theories must saturate
some of the B’z-type bounds listed above. In particular, this allows us to predict the
value of c4q and k4y4 for these theories as a direct consequence of the Higgs branch
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Table 4. Central charges for ' = 2 SCFTs with Higgs branches given by one-instanton moduli spaces for
G F instantons

GF A Ap Dy Eq Eq Eg 0.9 Fy 0.9 G»
nY 2 3 6 12 18 30 099 094
kag § 3 4 6 8 12 095 091
1 2 7 13 19 31 5 5
c4d 2 3 5 3 3 I3 093 09%

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

relations. These predictions are listed in Table 4. Indeed, these anomaly coefficients
have been computed by other means and the results agree [48]. On the other hand, an
N = 2 superconformal theory with G p symmetry can have as its Higgs branch the one-
instanton moduli space of G r instantons only if the B> bound for all representations in
71> 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 G = F4
and Gr = G». Theories with Higgs branches isomorphic to the one-instanton Fy4 and
G, 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 4.

Finally, it is interesting to rephrase the above discussion purely in the language of
the chiral algebra x[7]. From this perspective, there is a marked difference between
the bound (4.16) for the singlet sector and those of Table 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 4.6. 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 1 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 3.

The bound (4.16), on the other hand, does not imply the presence of a null state in
the chiral algebra. Instead, a theory x[7] that saturates the singlet bound should have
the property that the only s[(2) primary of dimension two that appears in the OPE of
two affine currents is identically equal to the chiral vertex operator that arises from the
(30(0,0) 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
Ty =———(J*J%. 4.20
2= +hv( ) (4.20)

Sure enough, if the bound (4.16) is saturated, then we can rewrite the bound as an
equation for the central charge

. k2d dim GF

= 4.21
€24 kog £ 17 (4.21)

This is precisely the central charge associated with the Sugawara construction for the
stress tensor of an affine Lie algebra.
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Finally, we mention a number of additional theories that saturate some of the unitarity
bounds derived here. In particular, though the rank one theory corresponding to the Hy
singularity has no flavor symmetry, it will have an extra SU (2) symmetry for rank larger
than one (as will all the other rank > 1 theories). In particular, for the case of rank two
the flavor central charge corresponding to this extra SU (2) is % and the central charge

1S c4q = % [48]. This theory therefore saturates the bound (4.16). Additionally, we have
found a number of theories that saturate bounds appearing in Table 3. In particular, the
new rank one SCFTs found in [49] with flavor symmetry U Sp(10)7 and U Sp(6)s x
SU (2)g, where k44 is indicated as a subscript for each group, saturate the bounds on
kaq for the U Sp factors. However for these theories the central charge bound is not
saturated. The following theories described in [50] also saturate bounds on k44: S5 with
flavor symmetry SU (10) 0 (but not the rest of the Sy series), the Ro » series with flavor
symmetry SU (2)¢ x SU(2N)2n, and the Ry y series with SO (2N +4),n x U (1) flavor
symmetry.

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 chi-
ral algebra operators. Of the various Cartan generators of the four-dimensional supercon-
formal algebra, only the holomorphic dimension L and the transverse spin M- = ji — 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?3

Z(x,q) i=TrxM" glo . (4.22)

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)71=72 = (=1)F, where F is the fermion number, we find a
weighted Witten index,

I(q) = Z(—1,q) = Tr (=D g0 =Tr (=) ¢E R . (4.23)

We recognize this as the trace formula that defines the Schur limit of the superconformal
index [21], ¢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

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

24 Tt was observed in [51] that the Schur index has interesting modular properties under the action of SL(2, Z)
on the superconformal and flavor fugacities. The identification of the Schur index with a two-dimensional index
may serve to shed some light on these observations.
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one-to-one correspondence with Schur states, the chiral algebra index (4.23) is indeed
equivalent to the Schur index.

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
evaluate 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 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
“letters” obeying the tree-level Schur condition are nothing but the states of the sym-
plectic 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 O, which defines the states of the
chiral algebra of the interacting gauge theory, cf. (3.59). 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 (4.22) must be taken over only the states of the chiral algebra for the interacting
theory, which are the cohomology classes of Q.

At the risk of being overly formal, we may point out that the physical state space of
the chiral algebra (which for gauge theories is defined by the cohomological problem
(3.59)), 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 (4.22).
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 ¢ /g associated to the charge r + R (for
t = g 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 L 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 of operators with different R eigenvalues. In particular r + R is
not preserved by the OPE.

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 descrip-
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tion. In such cases, the chiral algebra x[7] can be defined via the BRST procedure
of Sect.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 VV-algebra.
The results of Sect. 3.2 suggest a very general ansatz for a possible WW-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 VW-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 AV = 2 superconformal
gauge theory.

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 algebra have been analyzed in, e.g., [52]. 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 S O (8), with the four fundamental hypermultiplets being reinterpreted as
eight half-hypermultiplets. In A/ = 1 notation we then have an adjoint-valued ' = 1
field strength superfield WO‘;‘, an adjoint-valued chiral multiplet ®#, and fundamental
chiral multiplets QZ 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, andi = 1, ..., 8 are SO (8) vector indices. By a common abuse of
notation, we use the same symbol for the scalar squarks in the matter chiral multiplets
as for the superfields, whereas the gauginos in the vector multiplet are denoted A2 and

*ag- In terms of the N = 1 superfields listed above, the Lagrangian density takes the
form

£=Im [r/dzedzé T (q>*eV<1>+ QfeVQ") +t/d29 (%Trwaw‘uszi,@ZQ”’)], 5.1

Where 7 = 0/2m +4mi/ g%M is the complexified gauge coupling. The central charge of

the SU (2) color symmetry acting on the hypermultiplets is kfg(z) = §, which satisfies

condition (3.50) for t to be an exactly marginal coupling. The central charge for the
SO (8) flavor symmetry and the conformal anomaly c44 can also be read off directly

from the field content,
8 7

KO® =4, ey = < (5.2)
Although this description is sufficient to set up a BRST cohomology problem that defines
the chiral algebra in the manner of Sect. 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 3 and D-type multiplets. In this
example, these are the lowest components of V' = 1 chiral superfields that are gauge-
invariant polynomials in Q!, and Wof*. As this theory is represented by an acyclic quiver
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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),

MUl = Qi Q. (5.3)

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
attree-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@M|y, =0, M®M|; =0. (5.4)

On the other hand, there are F'-term relations as a consequence of the superpotential in
(5.1). 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 S O (8) representation,
are as follows,

MMy, =0, MeM| =0. (5.5)

One immediately recognizes the complete set of relations in (5.4) and (5.5) as defining the
SO (8) Joseph ideal described in Sect. 4. Indeed, for the particular case of Gr = SO(8)
we have 7o = 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 (5.2) do
in fact saturate the appropriate unitarity bounds outlined in Sect.4.

As a final comment, let us recall that the gauge coupling appearing in the Lagrangian
(5.1) is exactly marginal and parameterizes a one-complex-dimensional conformal man-
ifold. S-duality acts by SL(2, Z) transformations on t, and the conformal manifold is
identified 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 transfor-
mations 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 par-
ticular the chiral algebra, should be triality invariant.

5.1.1. BRST construction of the associated chiral algebra. The chiral algebra can now
be constructed using the procedure of Sect. 3. We first define the chiral algebra X [ Zfree ]
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

S eqp

gl =x101,  4¢\(2)q]w) ~ (5.6)

I—w

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

AB

bz = x[24],  acP@) =x[AP]., b @) Fw) ~ (5.7)

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 Sect. 3,

JATN, =qiq"” . Th =—if*PC 0. (5.8)

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

X[ Tivee]l = (¥ € F(q}, o1, 02) | o0 = O} . (5.9)

at has level k2S 5 @ — _4 = —2hY, whichensures
the existence of a nilpotent BRST differential. The BRST current and differential are
then constructed in terms of these currents,

The current algebra generated by the J 4

1 dz
Jprst = c* (I + —Jg/ﬁ . OBRST = j{ ~— JBRST(2) - (5.10)
2 2mi
The chiral algebra of the interacting theory is now the BRST cohomology

xX[T1= HERST [X[Zreel] - (5.11)

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.

5.1.2. Enumerating physical states. 1t 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 [31]. 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
originate in Dy,0) and l’;’l multiplets (cf. Table 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 B multiplets. Sure enough, the complete list
dimension-one operators in X[ Zgee ] is the following,

JUIT = gi gJa, (5.12)
and these operators are the chiral counterparts of the SO (8) moment maps, i.e.,

JU = x Ml (5.13)
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Direct computation further verifies that these operators exhaust the nontrivial BRST
cohomology at dimension one. It is also straightforward to determine the singular terms
in the OPEs of these currents,

2087 = 8154 ifjyn) "O)

][ij](z)J[kl](O) ~ 5 (5.14)
<

Z

This is just an so(8) affine Lie algebra at level kp; = —2, which confirms the general
prediction of Sect. 3 that flavor symmetries are affinized in the chiral algebra, subject to
the relation kpy = — lk4d

Moving on, the four-dlmensmnal multlplets that can give rise to two-dimensional
quasi-primary currents of dimension two are CO(o 0 Bz, Doo,1), and D Lo.h) 1, multiplets

(along with the conjugates of the last two). In addition, conformal descendants of dimen-
sion two can arise from holomorphic derivatives of the dimension one operators. Since
no D-type multiplets 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
bilinear in the free fields of the noninteracting theory, the corresponding two-dimensional
operator can be obtained by simply replacing the four-dimensional fields with their chiral
counterparts and conformally normal ordering,

Tog = 2qL3q™ — b*dcy. (5.15)

Alternatively, this is just the canonical stress tensor for the combined system of free
symplectic bosons and ghosts. Given the multiplicities of matter and ghost fields, the
two-dimensional central charge is easily determined to be ¢y = —14.
The remaining BRST-invariant currents of dimension two can be constructed as
normal ordered products and derivatives of the s0(8) affine currents,
9 Jliil |

(J ® )} 35.35.35.300° (5.16)

The singlet term in the tensor product above, once appropriately normalized, is the
Sugawara stress tensor of the s0(8) affine Lie algebra,
T20® = LUyl (5.17)

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

Csug = kzddl—mGF = —14. (5.18)
kog + hY
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 (4.16), which implies that
the canonical stress tensor should be equivalent to the Sugawara stress tensor. Indeed,
(5.15) and (5.16) constitute an overcomplete list, and we in fact have the following
relations,

J®J|; = Ta+{QObrsT. 44q'""b}}. (5.19a)
J® J|35, = {Qsrst, ¢ b}, (5.19b)
J® |35 =0, (5.19¢)

J® J|35S =0, (5.19d)



Infinite Chiral Symmetry in Four Dimensions 1405

The relations appearing here can be traced back to different aspects of the four-
dimensional physics. Relations (5.19a) and (5.19b) are the two-dimensional avatars
of the F-term relations in (5.5). 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 (5.19¢) and (5.19d) 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.

5.1.3. A W-algebra conjecture. Although the cohomological description of the chiral
algebra is sufficient to compute the physical operators to any given level, it would be
ideal to have a characterization entirely in terms of physical operators—for example, we
may hope for a description as a YV algebra. We have seen that the physical dimension
two currents are all generated by the affine currents of dimension one, i.e., the physical
states enumerated so far all lie in the vacuum module of the so(8) affine Lie algebra
at level k = —2. What’s more, these operators exhaust the list of operators that are
guaranteed to be generators of the chiral algebra according to Sect. 3. We are thus led to
a natural conjecture:

Conjecture 1. When T is N' = 2 SU(2) SOQCD with four fundamental flavors, then
X[ 7 ]is isomorphic to the s0(8) affine Lie algebra at level kyy = —2.

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

5.1.4. 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

Tsehur (¢; @) = Try T, (=D g™ [ [ @l = Treo) , (=D g™ [ ]l . (5.20)
i=1 i=1

The shorthand @ = (a1, az, a3, as4) denotes the SO (8) fugacities. Of course, the affine
Lie algebra has only bosonic states, so the factor of (—1)7 is immaterial. In particular
this observation 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,

-2
Tsehur (¢ @) = f [db]PE. [(%) 1o @xlya®) + (ﬁ) e (b)} :

- (5.21)

and expanding the exponential. Here §[db] denotes integration over the fugacity for the
gauge group with the Haar measure.
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Table 5. The operator content of the chiral algebra up to level 5

level S O(8) representations and their multiplicities

0 1

1 28

2 1, 28, 300

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

4 2 x 1, 3 x28, 35y, 355, 35¢, 3 x300, 350, 1925, 4096, 8918

5 2 x 1, 6 x 28, 35y, 355, 35, 4 x 300, 3 x 350, 567y, 567, 567, 3 x 1,925,

2 x 4,096, 8,918, 25,725, 32,928’

On the other hand, the vacuum character of the s0(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. Ultimately, both the character and the index are expanded in the form

1+ Z q (Z deR(a))

i=1

where the d are positive integer multiplicities. At a given power of g, there are only
a finite number of non-zero di. Up to O(g°), the resulting degeneracies have been
computed in both manners and agree. They are displayed in Table 5.

5.2. SU(N) superconformal QCD with N > 3. We next consider the generalization
of the previous example to the case of SU(N) superconformal QCD with N > 3. In
these theories, the Higgs branch has generators of dimension greater than two, thus
guaranteeing the existence of nonlinear JV-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

A B i =b
Wy, @, 0,, 07, (5.22)
wherea,b =1, ..., N are vector color indices, A, B =1, ..., N2 —1are adjoint color
indices, and i, j = 1,..., Ny with Ny = 2N are vector flavor indices. The central
2N2—1

charge is fixed by the field content to c4g =

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 G = SU(Ny) x U(1). The moment

map operators for the global symmetry reside in mesonic B 1 multiplets, which can be
separated into SU (N ) and U (1) parts,

: ~ : : : 1
Mj’ = Q?Q; = wi=M,", ,uj’ :=Mj’—N—fu8’ (5.23)
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The level of the non-Abelian part of the global symmetry is k4 d YN _ )N The baryons

are of dimension N and no longer generate any additional global symmetries. Rather, they
transform in the N-fold antisymmetric tensor representations of the flavor symmetry:

i1...0iN ._ i1 i ai...a
BN = Qg - Qg €, 5.24
E, L A AN (5.24)
i..iy = Qi1 ce QiN €aj..ay-

The mesons and baryons satisfy a set of polynomial relations. Following [52], we intro-
duce 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 = x(M"), M-xB = M-xB=0,

-~ (5.25)

M-B=B-M =0, M-M =0,
where (M’ )ij = Ml.j — % ,u(Sl.j = /,Ll-] - ﬁmﬁij . Additionally, all quantities antisym-
metrized in more than N flavor indices must vanish.

This completes the description of the Hall-Littlewood chiral ring, since again this
theory admits a linear quiver description, so there are no D-type multiplets after turning
on interactions. The final representation of canonical interest is the 60(0,0) multiplet,
which again contributes an important Schur operator in the form of the R = 1 component
of the SU(2) g current:

B 1, . -
TE ~ 5 (Quds0f - 070,20, ) + 2l (5.26)

Like the SU (2) theory, these models all have one-complex-dimensional conformal
manifolds with interesting behaviors at the boundary points, where S-dual descriptions
become appropriate. In contrast to the SU (2) theory, these S-dual descriptions are not the
same as the original description, and rather involve intrinsically strongly-coupled non-
Lagrangian sectors. While such dualities imply interesting structures for the associated
chiral algebras, their dependence on non-Lagrangian theories takes us outside the scope
of the current examples. This is discussed in much greater detail in [53].

5.2.1. 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,

. . 1 . .
Jj. ~ J g 5ok J

i = qaiq" — N_f(sl' qakq™ = X[p;1, (5.27)
J = qakqak = X[u]. (5.28)

The singular OPEs of these currents are given by

N((Sf(S,{ — trace) . Skaj(Z) - 31{Jil(1)
- .
4

T (2)7}0) ~ -
< (5.29)

2N?

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

1 o .
7= 3 (qaiq" = 3 9qu) = bhach = X174 (5.30)

whose self-OPE fixes the two-dimensional central charge,
Cog =2 —4N? . (5.31)

Additionally, the algebra generated by the affine su(N ¢) x u(1) currents (5.27) contains
a dimension two singlet that is the Sugawara stress tensor of the current algebra,

1 P 1
. J

The corresponding Sugawara central charge is also equal to 2 — 4N2, which suggests
that the two stress tensors 7 and 75"¢ 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 (4.16). A short computation verifies that their
difference is BRST exact,

1 e
T — Tyg = N—f{QBRST, qaiG" DY} . (5.33)

A complete basis for the physical flavor singlets of dimension two is given by T', J J,
and d9J.
The remaining physical operators of dimension two are charged under U (Ny). An

overcomplete basis of such operators is given by flavored current bilinears Ji] J ,ﬁ and Ji] J,

in addition to derivatives of the currents E)Jl./ . These operators are not all independent.
For example, the usual rules of conformal normal ordering imply that

Jalb—aly) =slag] —slagl, (5.34)

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

1 S (1 e
E(J/‘J,j +Jl Ik =8/ (N—]%JJ + T) — {OBRST: 40i G b} . (5.35)

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 (5.24):

.. . e QUO2..ON, . . . — .. .
blllz.‘.l}vc =€ “Goyiqoris - - - Gay,iy, = X[Blllz~--l/\]] s

BNy . ~oyi] 5o ~OUN.IN. _ Bilin-in
b ¢ = 80{10[2...0!1\&.6] q ce.qtOTe = X[B ] .

(5.36)
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These are Virasoro primaries of dimension Ny /4. The only non-trivial OPE that is not
entirely fixed by symmetry is the b x b OPE. For N, = 3, for example, it is given by

L1 ¢ J2 oJ3] [j1gJ2 773l
36 5[“ (Siz 81-3] 3 36 8[1'1 81-2 ‘Ii3] 0)
2

biyiyiy (2)b71 127 (0) ~ :

Z <
ko) — 186 2005 0)

[iy Y iy [iy i3]

185
+ . (537
Z

where square brackets denote antisymmetrization with weight one.

5.2.2. 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 Sect.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
w and ,u{ subject to the final relation in (5.25). 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', J J, Jl.j J,

the symmetrized combination Jl.J J,i + J,ﬁ Ji] modulo relation (5.35), and derivatives of
level one currents—we find exactly three Virasoro primary operators:

N2
Xi=JJ - 1T
NZ -2
X =l (5.38)

i _ Yo g Ny lJ Ui
X = E(Jika+Jk]l.]) - Vo2 stsl — N—f5f5k T,

which are subject to the additional constraints,

i1 /i " i 1 .
X=X, X{=0 Xx= N—}SiX+{QBRST,...}. (5.39)

We see that we should identify X = x[ up 1, Xi/ = X[,uu{ ]and lekl = X[M,{Mi ]. The
first two relations in (5.39) then reflect the natural symmetry properties of the original
Schur operator, whilst the last equation precisely reproduces the final equation in (5.25).
We note that the definitions (5.38) somewhat obscure the relationship to four-
dimensional physics because of the conformal normal ordering used to define the prod-
ucts 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 =: qaié“iqﬂj(jﬁj :

X = 90iq™ apd" (5.40)
i i =

Xy = 4aid® qped” .

and this description also nicely illustrates the commutative diagram of Sect. 3.3.
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Finally, at the level of Virasoro representations, the OPEs of the dimension one
currents can now be summarized by the following fusion rules,
I x Il = N@ls] — wace)l + 8L —slah+ &) + ...

l
Fxi— x/+..., (5.41)
J xJ—>—2N*1+X+...,

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

5.2.3. 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 V-symmetry
generators rather than simple affine currents. Nevertheless, there is a natural guess as to
how to describe this more involved theory as a W algebra. It is useful to think of the
operator content of the algebra in terms of representations of the affine u(Ny) current
algebra. From the analysis of levels one and two, we know that there is the vacuum
representation—which in particular contains the affine currents and the stress tensor—
and the “baryonic” representations, for which the highest weight state is given by the
baryon or anti-baryon of (5.36). 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 corre-
sponding two-dimensional operators generate the entire }V-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 YV algebra generated by affine u(N ¢) currents
at level keyn ;) = —N along with baryonic generators b and b with the OPE (5.37) (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 V) 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.

5.2.4. 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,

Va

Tsehur(g; ¢, @) = /[db]P-E- [1 (e %8850 @ x50y ®)
-1 N 1y ,N -1
+c XS[f](Nf)(a )XSU(N)(b ))

)
+ (ﬁ) XSN;(NI)@] , (5.42)

26 we 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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where c is the U (1) fugacity and @ = (a;, as, ..., aqu) denotes SU (N y) fugacities.
For N = 3, the first few orders are given by ‘

Tsenur(g: e.@) = 1+ (14 135 @) g + (4 )l o @a!
35
(0™ @ - x5 0 @) + 2135 6 @ +2) 4
+ (@ +7) (20 @+ (G5 @ - 1o @

70 70 5/2
—Xsue) (@) — XSU(G)(a))) "
+..., (5.43)
where we have explicitly indicated the presence of relations by listing them with a

minus sign. The dimension two relations in the chiral algebra were elaborated upon in
the previous subsection. At level 5/2, we can similarly determine the Virasoro primaries

Yijx = Jbiji + Obijr, Yk = Jpik — gplik (5.44)
. 1 .
Yij,klm = 3 (J bim + brim J; I_ gélfabk,m +8[jk3b|i|[m]) (5.45)
sikim _ V0 jmim  mwam i L iam ka7lj
v/ = (g Bk Bk g 4 6] bk — sl gplalim] (5.46)
i 2 i i 6! i ’ :

subject to the constraints

1
~Yitm = {OBRST, - - -} (5.47)

giklmnp (Y] + = 5 Ymnp) =0, Yl]]lm 6

i,mnp 6 i
sikli 1
€ jkimnp (Y”"””+68’Y"”1’) 0, v/ ’—ng"l:{QBRST,...}, (5.48)

which again encode precisely the Higgs branch relations.

Atlevel three, we have checked agreement between the Schur index and the cohomol-
ogy generated by the SU(6) x U(1) currents and the baryons by explicitly computing
the null states.

5.3. N' = 4 supersymmetric Yang—Mills theory. The theories considered in the previ-
ous 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 analy-
sis. We now turn to a case where this simplification no longer holds, and so there will
necessarily be generators outside of the Higgs chiral ring. The theory in question is
N = 4 supersymmetric Yang-Mills theory with gauge group SU (N). For our purposes,
this is an A/ = 2 theory with an SU(N) vector multiplet and a single adjoint-valued
hypermultiplet. In AV = 1 notation, we have the following chiral superfields,

wa et of, (5.49)

where A = 1,...N2 — 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,
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and so is an R-symmetry with respect to the full superalgebra. The central charges of
the theory are given by

(N> -1

YR
The Higgs branch chiral ring has N — 1 generators. In terms of the N x N matrices
Q; = QiAtA, these are given by

TI‘Q(,‘1~-~Q,‘k), k=1,...,N—1, (551)

kYD = N2 1, ey = (5.50)

subject to trace relations. In this theory, the Hall-Littlewood chiral ring contains addi-
tional 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

Tr Qg - Qipht, k=1,...,N—1. (5.52)

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

1 y -
JR=~ ETr 0i0,:0;6" —Triphse . (5.53)

5.3.1. Cohomological description of the associated chiral algebra. The free chiral alge-
bra follows the same pattern as the previous examples. The two dimensional counterparts
of the hypermultiplet scalars and gauginos can be introduced as usual,

@@= x10M, b)) :=xRA, et (@) = x M ] (5.54)

The free chiral algebra has the free OPEs,

A B 8ij3AB A B 548
q; (Z)C]j 0) ~ T b"(2)c” (0) ~ T

The stress tensor is given by the usual canonical expression

1 .
T = zinaqu e — pAach, (5.55)

which has a central charge of coy = —3(N 2 _1). The SU(2)F currents are given by

L4 a
Jij=—34iq5 (5.56)
and satisfy a current algebra at level kyy = —#. The current algebra contains a

Sugawara stress tensor of the usual form,

1 o
Tsug(z) = NZ_5 Jij Ik g'kell, (5.57)
with central charge equal to 3(]\/]\/22__51). Note that precisely for N = 2 and for no other

value of N, the Sugawara central charge matches with the true central charge. As we
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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

i
2

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

JA — fABquBqJC gl Jﬁl — _ifABCBC (5.58)

1
Jerst = ¢ (J?U(N) + EJg?,), (5.59)
and its zero mode defines the nilpotent BRST operator QpRrsT-

5.3.2. 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 — Toug ~ {Qnrst. f*7Cq{qPbC &'} (5.60)

Based on the description of the HL chiral ring generators, we expect that amongst the
physical states should be an SU (2) r 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=—5Glq}) =xTr 001,
Gi =23 = x[Tr Qil], (5-61)
Gi = —V2(g'oc") = x[Tr Qids] .

The OPEs of these generators can be computed directly,

N? =1 sigejr, 26

Jij (@) I (w) ~ — 7wy —w (5.62)
Lo 6. G

Jij(2)Gr(w) ~ 2w G‘/(Z))_+ljk'/Gl (w))’ (5.63)
Lo G .

Jij (2)Gr(w) ~ 2 (6 G‘/(:))_+ljkj Gi (w))’ (5.64)

Gi(2)Gj(w) ~ 0, (5.65)

Gi(2)Gj(w) ~ 0, (5.66)

2 _ . . . .
Gi(z)éj(w) N _2(N 1)38,./ N 4J;; (w)2 N 2e;;iT(w) + 28],(,(11))’ (5.67)
(z—w) (z —w) Z—w

where N = 2 and the symmetrization in the indices i, j and k, [ has weight one. The
value of N has been left unspecified in (5.62) because the OPEs will continue to hold
for higher rank gauge groups. For the same reason, 7' (z) has been included separately,
though for N = 2 it not a distinct generator, but rather is identified with the Sugawara
stress tensor.
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The operator product algebra in (5.62) can be immediately recognized to be the
“small” A/ = 4 superconformal algebra with central charge c;g = —3(N? — 1) [54]. It
is natural that there should be supersymmetry acting in the chiral algebra, since the holo-
morphic s[(2) that commutes with the supercharges Q; is in enhanced to a holomorphic
5[(2]2) when the four-dimensional theory is A = 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)r current, here the enhanced
supersymmetry in the chiral algebra is generated not by the four-dimensional super-
currents, but by the Schur operators that lie in the same D 10.0) and D 10.0) multiplets
with them. Those are the Schur operators that are transmuted into the two-dimensional
supercurrents G; and G;.

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

Bijr == Trqiqiqr = X[TrQ;Q;0«l,

Bij = Trqiq;b = X[TrQiQ;i:l.

Y o P (5.68)
Bij = Trgq;dc = X[TrQ; 0;Ari],

B; = 3Trqibdc+Trdqiq’qi = x[3Tr Qirsri +Tro 1 Q;070i1.

Precisely for the SU (3) case, the operator B; is in fact equivalent to a composite operator,
B; ~ gli’ k¥’ JjkBijii (5.69)

This is a consequence of a chiral ring relation for this value of N which sets
e/ e"'Tr 0 ; Q4 Tr 0; Q j» Oy to zero. This will not be the case for higher rank gauge
groups, and B; will be an authentic generator of the algebra.

5.3.3. 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 L; descendants, but also
Gi,_l and Gi,_l descendants.

The last three generators in (5.68) are superdescendants of B jx, so we have really
only found one additional super-generator in the SU (3) theory. In general, HL operators
will be grouped by N = 4 supersymmetry into multiplets comprised of a single B—type
operator, an SU (2)r doublet of D-type operators, and an SU(2)r doublet worth of
D-type operators.

For a general simple gauge group, the natural guess is that the chiral algebra is
generated by the small AV = 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 N' = 4 super W-algebra with rank (G) generators given by chiral primaries
of dimensions %, 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.
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5.3.4. 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 supercon-
formal index of ' = 4 SYM in the Schur limit. For gauge group SU(N), the Schur
index is given by a contour integral,

Tschur (g3 @) = f [db]PE. [(%) 2@ b + (%) XNZ_I(b)} ,
(5.70)

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(g*), where we have
collected terms into SU (2) ¢ characters XR(a),

Tsenur(g: @) = 1+ @g = 22@a* + (X' @ + @ + @) ¢
=2 (@ + @) ¢+ ('@ + 3@+ @+ @) o
- (9P @+ 4@ +2x°@) g
+(3' @+ TR @+ 4@+ @+ @) gt (5T

We can compare this result with the index of the V-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
0(g>) is given by

Tsenar(: @) = 1+ @3 + (1@ = 22@) ¢ + (21 @ + 5@ = (@) ¢

+ (@ =322@) ¢+ (5x' @ + @+ 2@ =35 @) ¢+ ..
(5.72)

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.

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 [55,56]. The theory admits two inequivalent weak-coupling limits, or
S-duality frames, corresponding to the two generalized quiver constructions illustrated
in Fig. 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
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Fig. 1. Weak coupling limits of the genus two class S theory

transforming in the trifundamental representation of SU (2)? and three SU(2) vector
multiplets. In N = 1 notation, we denote these by

Qubrar:  Saspsar WA @Y (5.73)

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 Qu b,a, and Sgsp54, in terms of irreducible representations of the gauge groups.
In particular, we can define

1
. . b . b
Aray ~— arbyap\1J “ ’ ay +— 4 arbyaz s
0 i Qabay (T, QO " Qapp

V2

| (5.74)
SA3a2 = _iSa3b3a2(TJ)a3b3v Saz = ﬁg%m Sa3b3az~
Finally, we introduce the fields
1 . - 1 .
ba, = E(Qaz +iSa),  Gay = E(Qaz —iS84). (5.75)

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 superconformal algebra along with a decoupled SU(2) doublet of
symplectic bosons. The genus two theory is obtained by gauging the diagonal subgroup
of the SU(2) flavor symmetries for each side. Nevertheless, the resulting cohomology
problem is 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 C 1(0,0) multiplets in four dimensions.
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The Higgs branch chiral ring for this theory has been analyzed in [57]. It has three
generators: a U (1) r neutral operator of dimension two, which is actually the moment
map for U(1)F,

M = =g, (5.76)

and two operators of dimension four,
01 = 2¢az¢aé Eazbzéaéb/2 QAleQBlb/Z SAIBI. (577)
01 =2 bur by €726 Q a1, Q1 817, (5.78)

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

010, = M*. (5.79)

It will be helpful for us to write down the Hilbert series [57] for this theory, refined by
the U (1) r flavor symmetry:
1

(1 =01 —a2t2)(1 —a2t2)

= 1+t+(a2+a_2+1)t2+(a2+a_2+1)t3+. -

(5.80)
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

g(tr,a) =

Tuu(t;a) = 1+t+@+a?=2a—2a""+1)i?
+@+a?=2a—2a"+2)r +.... (5.81)

By subtracting off the contributions of the Higgs chiral ring operators (obtained from
(5.80)), we can find the contributions of just the D-type multiplets. In turn, we can extract
the structure of the D-type generators.”’ All told, at dimension two there are two D1 (0,0
multiplets with U (1) charge +1 and two with charge —1, and at dimension three there
is a single D 30.) multiplet that is U (1) r neutral. The two-dimensional counterparts of

these operators can be defined in an explicit calculation of the BRST cohomology.

Up to dimension three, we have now determined all of the generators of the HL chiral
ring. The question is whether these operators (along with the conjugates of the D-type
operators), in addition to the two-dimensional stress tensor, are sufficient to explain the
full spectrum of the chiral algebra (up to dimension three). The generators are listed in
the three blocks of Table 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
following contour integral,

Tu(q. @) =  ldbilldballdba] P.E. [% (@0t + P wax* o)

q) (P +xeo) + x3(b3))} :
q

(5.82)

Ha+a 2o+ (_lt__

27 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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Table 6. Chiral algebra generators for the genus two theory with 7 < 3

Multiplet Index contribution h U()g Ul
B 11—% 1 0 0
. 2
By t]_aq 2 0 +2
o 2/a?
By T=¢ 2 0 -2
2
2 x D1 (0.0) -2{4 2 % +1
2 XD](0,0) —21“1‘; 2 —% +1
2/a 1
2 x Dl (0,0) -2 l—q 2 b —1
2 x ﬁl (0,0) —Zth_/;l 2 —% -1
3
e
CENORS T—¢ 3 ! 0
D3 1 12 3 -1 0
2 (3.0 lt_q
C0(0,0) = 2 0 0
3 x Cr0.0) 314 3 0 0

The first columns lists the name and multiplicity of the four dimensional multiplets giving rise to the generators.
The second column lists the contribution of each multiplet to the Macdonald superconformal 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

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

Ivp(g.t:a) = 1+t+ @ +a > —2a—2a"" + D)i> + (=2a — 2a~" +2)qt
+@+a?=2(a+a H+2+ 3 =2a+a )¢t
+@+al—4a+a H+5)2qg+. ... (5.83)

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 #2¢ to the index (with no
flavor fugacity) are the normal-ordered product of a B 1 and a CAo(o,o) and the derivative

of the normal-ordered product of two B operators. This leaves a contribution of 3¢2¢
remains to be explained. We can thus conclude that there are at least three new operators,
and they must all must correspond to CA],((),O) multiplets that are uncharged under the
flavor symmetry. We have included these as the last entry in Table 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.

6. Beyond Lagrangian Theories

Although the discussion of the previous section focused on theories admitting Lagrangian
descriptions, the correspondence between ' = 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
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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 [53]. To begin, we offer a quick reminder
of the salient features of A/ = 2 SCFTs of class S.

6.1. A review of class S in four dimensions. Class S theories [55,56] are those that
arise from compactification of any of the A" = (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.” We will be interested in the case
of superconformal theories of class S, 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 [55]. Such a theory can be denoted T.”"***'*3 where g is the lie algebra of the
underlying 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 Ty
for the case that g = Ay _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 Sect. 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 = Ay _1. The maximal building block
(that is, the one with the largest flavor symmetry group) is then the 7 theory mentioned
above. We begin by reviewing its properties.

Generically, Ty has SU(N); x SU(N)2 x SU(N)3 flavor symmetry, and central
charges [58,59]

N N2 N 1 SUN) y
Cad = G 2 12+6’ ky, =2N =2h". 6.1)

When N = 2, this is just the theory of free trifundamental half-hypermultiplets that
appeared in the example of Sect. 5.4, so the associated chiral algebra is already known.
In the special case of the 73 theory, the global symmetry is enhanced to E¢ and this is
the classic theory of [44]. In that case, the four-dimensional level for the E¢ symmetry
is kg = 6.

The generators of the Higgs branch chiral ring are known for these theories. There are
always dimension two moment maps f;—1 2,3 that transform in the adjoint of SU (N);
and obey the relation

Truk =Trub =Truk, k=2,...,N. 6.2)

These are supplemented by generators Q ) of dimension k(N —k) fork =1,..., N—1,
which transform in the (AX, A%, AK) representation of SU(N); x SU(N)» x SU(N)3,
28 We 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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where A¥ denotes the k-fold antisymmetric tensor representation. For N = 2 the only
operator of this type is (1), which is the free hypermultiplet itself. The moment maps
are actually composites of this basic operator. For the N = 3 case the operators are Qj)
and Q(2), which are the additional moment maps of E¢. 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 [60], though we do not list them here. In the case of the E¢ theory,
the full set of Higgs branch relations are precisely those that define the Joseph ideal for
the E¢ 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 expec-
tation values [61,62]. Though we do not write down the explicit formulae, the central
charges for these theories can be computed for any choice of defining representations
[50]. Important special cases are the trinions for which the theory that results from reduc-
ing the punctures of the non-Lagrangian Ty theory is described in terms of free fields.
A canonical example is the theory where p; and p, are trivial, but p3 is the subregu-
lar embedding of su(2) into su(N). 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 mul-
tiplets for these theories, in which case the HL chiral ring is just the Higgs chiral ring
[21,60].

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 S SCFTs under the map x. In parallel with the full
four-dimensional story, there will be a set of basic building block chiral algebras corre-
sponding to the sphere with three maximal punctures. These will be the chiral algebras
X[ Ty 1. General aspects of the chiral algebra correspondence allow us to predict a num-
ber of properties of these theories. The two-dimensional central charge is fixed by the
usual proportionality with the four-dimensional conformal anomaly,

c2g = —2N3> +3N?+ N — 2. (6.3)
Additionally, these chiral algebras have ﬁt(n)z affine symmetry with
kog = —h". (6.4)

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., [63]). In addition to the generating currents of the affine flavor symmetry, the
chiral algebra will have additional generators X[ Q )] of holomorphic dimension 7 =
%k(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 Eg moment
maps. The relations are generated by the Eg Joseph ideal, and correspondingly the central
charges of this theory saturate the appropriate unitarity bounds of Sect.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 Eg current algebra (see Sect.4.3). Given our prior
experience in Sect.5.1, it is natural to make a preliminary conjecture concerning the
description of the 73 chiral algebra:

Conjecture 4. The chiral algebra for the rank one Eg theory, also known as Tz, is
isomorphic to the Eg affine Lie algebra at level koy = —3.
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It is difficult to directly address this conjecture, since we do not have the free-field
realization of this chiral algebra that was present for Lagrangian theories. Nevertheless,
a variety of indirect checks have been performed and are presented in [53].

The chiral algebras associated to more general punctured Riemann surfaces can be
realized in a procedure that parallels the gluing construction in four dimensions. In
particular, for a given generalized quiver construction we start with a number of copies
of x[7Tn] 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 chiral 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 [64,65],
where the superconformal index and the symplectic holomorphic variety of the Higgs
branch, respectively, were used to define a generalized TQFT viaclass S. Associativity of
the gluing imposes highly nontrivial requirements on the chiral algebra of the elementary
Ty building block. There are three a priori inequivalent gauging procedures of two Ty
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 7>, 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 [Tlf,p 1P2:P 3)] associated to the non-maximal theories. The task of reduc-

ing 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,p 1P2:03) g

determined by quantum Drinfeld-Sokolov (DS) reduction of the T 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 VV-algebra
as the cohomology of an appropriate BRST operator. In the present setting, the reduc-
tion 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 straight-
forward, 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[7x] to a minimal punctures must lead
to the free hypermultiplet chiral algebra. A detailed discussion will be presented in [53].

The connection between reducing the rank of a puncture and quantum DS reduction
has made previous appearances in the context of the AGT correspondence [66,67], 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.

7. Open Questions

We have outlined the main features of a new surprising correspondence between the
four-dimensional ' = 2 superconformal field theories and chiral algebras. It should
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be apparent that there is a great deal more to learn about this rich structure. There are
many aspects that should be clarified further, and many natural directions in which
the construction could be generalized. We will simply provide a concise list of what
we consider to be the most salient open questions, some of which are currently under
investigation.

e For the Lagrangian examples considered in Sect. 5, as well as the class S examples
sketched in Sect.6, we have made specific conjectures for the description of the
resulting chiral algebras as VV-algebras. We hope that some of these conjectures can
be proved by more advanced homological-algebraic techniques.

e A detailed analysis of the B 1 four-point function that compared 4d and 2d perspec-
tives led to powerful new unitarity bounds that must be obeyed in any interacting
N = 2 SCFT with flavor symmetry. It is likely that applying the same methods to
more general correlators will lead to further unitarity constraints.

e A better understanding of the implications of four-dimensional 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 ' = 2 SCFTs.

e 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 Sect.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 [68].

e It seems inevitable that extended operators will ultimately find a place in our con-
struction. 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.

e 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.

e A related question is whether some aspects of our construction for Lagrangian theo-
ries may be accessible to the techniques of supersymmetric localization. The chiral
algebra itself may emerge after an appropriate localization of the four-dimensional
path integral.

e 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.

e The structure that we have utilized in this article does not admit a direct general-
ization to odd space-time dimensions. However, a philosophically similar approach
leads to a correspondence between three-dimensional A = 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.
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e 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 N = (2, 0) superconformal
symmetry [9]. 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.

e Combining the extension of this story to six dimensions with the inclusion of defect
operators has the potential to provide a direct explanation for the AGT relation
between conformal field theory in two-dimensions and ' = 2 supersymmetric field
theories in four dimensions.

Acknowledgements. The authors have benefited from discussions with N. Arkani-Hamed, N. Bobeyv,
T. Dimofte, N. Mekareeya, J. Maldacena, S. Minwalla, G. Moore, H. Ooguri, S. Razamat, N. Seiberg,
D. Simmons-Duffin, E. Sokatchev, Y. Tachikawa, A.J. Tolland, E. Witten, and A. Zhiboedov. C.B. grate-
fully acknowledges the Aspen Center for Physics and NSF Grant #1066293 for a stimulating environment
during early stages of this work. L.R. is grateful to the IAS for providing a wonderful scientific home during
his sabbatical leave. C.B., L.R., and B.v.R. would also like to thank the Kavli IPMU for warm hospitality and a
stimulating environment during the workshop on Gauge and String Theory, supported in part by the EU under
the Marie Curie UNIFY agreement. The work of C.B. is supported in part by NSF Grant PHY-1314311. L.R.
gratefully acknowledges the generous support of the Simons Foundation and of the Solomon Guggenheim
Foundation. The work of M.L. is supported in part by FCT—Portugal through Grant SFRH/BD/70614/2010.
The work of P.L. is supported in part by SFB 647 “Raum-Zeit-Materie. Analytische und Geometrische Struk-
turen”. The work of M.L., PL., W.P,, and L.R. is supported in part by NSF Grant PHY-0969919.

A. Superconformal Algebras

This appendix lists useful superconformal algebras that are used in the body of this paper.
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 this paper 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.l. The four-dimensional superconformal algebra. The spacetime symmetry algebra
for N' = 2 superconformal field theories in four dimensions is the superalgebra s((4 | 2).
The maximal bosonic subalgebra is s0(6, C) x sl(2)g x C*. The s0(6, C) conformal
algebra, in a spinorial basis with o, & = 1, 2, is given by

M MP1=8 M —8Mm P,
& V1 _s¢ Aq” _ sV aqd
(Mg M1 =85 M0y — 8, M,
[Motﬂv PV}}] =5yﬁ73a}; - %Saﬂ'PV};,
MO, Pyl =857, 5 — 38%Py 5
IME K7 = — 87 K7P + L5, PKC7Y, (A.D)
& vV — — gV 8y 4 Lgd vy
M K] = = 8T K% + L%, K77,
[H, Pag] =Paa»
[H, ’Cdux] - _ ]Co'(oz’
Qo 1 s Qo oy i & o
[ ,Pﬁﬁ] —8ﬁ 1) BH+8/3 M /.‘3+8 BMﬁ .
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The s((2) g algebra has a Chevalley basis of generators R* and R, where
[RY,R"1=2R, [R,R¥]=+R*. (A.2)

In Lorentz signature where the appropriate real form of this algebra is su(2) g, these
generators will obey hermiticity conditions (R*)" = R, R" = R. The generator of
the Abelian factor C* is denoted by r and is central in the bosonic part of the algebra. It
is also convenient to introduce the basis RE 7 with

1

1
RL,=R", R}» =R, R]1=§r+R, R22=§r—R, (A3)

where we follow the conventions of [28] for r, and which obey the commutation relations
(R, RN 1=65 R, — 8T, RN, (A4)

There are sixteen fermionic generators in this superconformal algebra—eight Poincaré
supercharges and eight conformal supercharges—denoted {Qg , 974, S“}, SJ “1. The
nonvanishing commutators amongst them are as follows,

{QF. Qga) =87 ;Pus .

(8%, S5y =" K,

(QL. 8 fy =167 8,PH+ 6T oM —5,PRY
(S, Qzp) = 79 j(S“BH+8 jM“B+6“BR 7

(A5)

Finally, the commutators of the supercharges with the bosonic symmetry generators are
the following:

MS, Q71 = 8/ o — 38",
[M%. Q751 = 8%Q75 — 38, Oz .
ML 871 = =8 S + 1878,
(M, 7] = —o7 8T 4 15 577,
[H, QL1 = ;0L
[H, Q4] = %@I@ ,
[H,8,°] = —38,%,
(M, 879 = —187a
[RE ;. QF1 =85 Qf —3820F,
[R” ;. Okl = =88 Q74+ $8% Qs -
[/Cd”", Q%] — 8ﬁa§1d’
Ko, Ozgl = 8,°S;*
[Pois S;°1 = =8, Oz,
[P 8701 = 5,7 0L .

(A.6)
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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 ' = (0, 4) SCFTs in two dimensions. The maximal bosonic subgroup is
s1(2) x sl(2)g, with generators {Lg, L+1} for s[(2) and {R*, R} for s[(2)g. The non-
vanishing bosonic commutation relations are given by

[R,R¥]=+R*, [R",R7]1=2R,

(Lo, L+1] = FL+1, [L1,L_1]=2Lyo.
There are additionally right-moving Poincaré supercharges Q7 o) 7 and right-moving

superconformal charges Sz, ST. The commutation relations amongst the fermionic
generators are given by

10T, Qg = 650,
(87.87) = 65 L.
~ 1
7 T 7z
(QF, 87} = 85L0 = Ry — 5652,
~ ~ ~ 1
(97,87} = 5§L0+R§+§a§z,

where RZ 7 are defined as in (A.3), but with r set to zero. Here Z is a central element,

the removal of which gives the algebra psl(2|2). The additional commutators of bosonic
symmetry generators with the supercharges are given by

(L_y,8T1=-07,

[L_1,S71=-97,
[L+1, O7] = S7,
[i‘+1 ) QI] = SI,

- - ~ (A.7)
(Lo .87 =-38,

[Lo .S7]=—3S1.
(Lo ,O7] = %QI,
(Lo, Q%1=10%

B. Shortening Conditions and Indices of su(2, 2 | 2)

The classification of short representations of the four-dimensional A = 2 superconfor-
mal algebra [19,28,69] plays a major role in the structure of the chiral algebras described
in this paper. This appendix provides a review of the classification, as well as of the var-
ious indices that can be defined on any representation of the algebra that are insensitive
to the recombination of collections of short multiplets into generic long multiplets.

Short representations occur when the norm of a superconformal descendant state
in what would otherwise be a long representation is rendered null by a conspiracy of
quantum numbers. The unitarity bounds for a superconformal primary operator are given
by

EZ>E;, Ji #0,

B.1
E:E,-—Z or E}El’, j,':O, ( )
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Table 7. Unitary irreducible representations of the A/ = 2 superconformal algebra

Shortening Quantum number relations DO KMMR

%} E > max(Eq, Ep) Al%,r(jl,jz) aap jy. iR
B! E=2R+r 1=0 Brr©,j) a0 jp.rr

B> E=2R—r =0 BRr.r(j1,00  abj 0.rnR

Bl n B2 E=r R=0 Er0, ) bag, j, r,0

By N By E=—r R=0 Er(j1,0) abjy 0.r,0

Bl nB, E =2R fi=jp=r=0 Bg bb0,0,0,R

c! E=2+2ji+2R+r CRr(j1.j)  CAji.jrrR

Cz E=2+2j2 +2R —r CRJ‘(jl,jz) ale,jzyr’R
Clﬂcz E=2+2j1+r R=0 CO,r(jl,jz) caj, j>.r,0
CinG E=2+2j—r R=0 Coria)  ACj1.j2.r0
cné E=2+2R+ji+j2 r=j—j CRG1L.7D)  CCitina—i1.R
[2’1 Nney E=1+2R+ jp r=j+1 Z?R(O,jz) bco, jy. jo+1.R
Byncl E=1+2R+j —r=j1+1 DRr(j,.0) cbjy 0,—ji—1,R
B! ﬂBzﬂéz E=r=1+jp r=j+1 R=0 DO(O,jz) bCO,jz,j2+l,0
C'nBiNB, E=-r=1+j —r=j+1 R=0  Dyj.0 bl 0,—ji-1,0

where we have defined
E1=2+2j1+2R+r, Er»=2+2jp+2R —r, (B.2)

and short representations occur when one or more of these bounds are saturated. The dif-
ferent 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 cor-
responding to an SU (2) g doublet’s worth of conditions for each supercharge chirality:

BT:  Qhy)=0, a=1,.2 (B.3)
Br: Oraly)=0, ¢=12 (B.4)
aB 0L _ .
T e’y [W)g=0, j1#0 B
i} &b O — ;
r €“P Oz W)g =0, jo#0 (B.6)

€$Q7,07; W) =0, =0

The different admissible combinations of shortening conditions that can be simultane-
ously realized by a single unitary representation are summarized in Table 7, where the
reader can also find the precise relations that must be satisfied by the quantum numbers
(E, j1, j2, 1, R) of the superconformal primary operator, as well as the notations used
to designate the different representations in [28] (DO) and [19] (KMMR).?

At the level of group theory, it is possible for a collection of short representations
to recombine into a generic long representation whose dimension is equal to one of the
unitarity bounds of (B.1). In the DO notation, the generic recombinations are as follows:

29 We follow the R-charge conventions of DO.
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2R+r+2+2 ) ~
‘AR r(J1.J2) Cr.r(ji ) @ CR+2 reyGi—%.0) (B.7)
2R—r+2+2j> o
Ariinin = CRrGri ® Cred r- 11 jo- by (B.8)
2R+j1+p+2 a R
A it = Crai ® Creti-1 i @ Crad - ® Crrigi-d -y B9

There are special cases when the quantum numbers of the long multiplet at threshold are
such that some Lorentz quantum numbers in (B.7) would be negative and unphysical:

A%R:(&zz) = CRr(0,2) ® Bryy el 20, j2)° (B.10)
A?el,er_(;ﬁ)) =~ Cr (1,0) @ BR+1 r=50j1,0) (B.11)
AR ) = Cr0.j2) @ Dret(0.) ® Cpot L0~ D Prez -ty (B12)
AR = Cr(10 @ Cryt - 1oy ® Drat(1.0) @ Dpyy 100 (Bi13)
A%QRJ(O 0) = ~ Cr(0.0) ® Dr+10.0) ® Dr+1(0.0) ® Braa. (B.14)

The last three recombinations involve multiplets that make an appearance in the associ-
ated chiral algebra described in this work. Note that the &, £, B1, By, B3, Dy, Do, D1
2 2 2

and D multiplets can never recombine, along with B1 (0, )) and B (1.0
2 2>" 2>" U1,

There exist a variety of trace formulas [19,21] that can be defined on the Hilbert space
of an A/ = 2 SCFT such that the result receives contributions only from states that lie in
short representations of the superconformal algebra, with the contributions being such
that the indices are insensitive to recombinations. The indices are defined and named as
follows:

Superconformal Index : TrH(—l)Fp%(EJ'zj‘_2R_r)q%(E_2j]_2R_’)IR” (B.15)
Macdonald : Ty, (—1)F g2 (E-21=2R=r) Rer (B.16)

Schur :  Try(—D)fgE=k, (B.17)
Hall-Littlewood :  Tryy, (—D)fz?E~ ZR, (B.18)
Coulomb :  Try (—1)F o2 (E¥201—2R=n) 53 (E=2ji=2R=r) (B ]9)

The specialized Hilbert spaces appearing in the trace formulas above are defined as
follows,

Hwm ={y e H|E+2j; —2R—r =0}, (B.20)
HuL :={y e H|E-2R—r=0,j; =0}, (B.21)
He:={y e H| E+2ji+r =0}. (B.22)

The different indices are sensitive to different superconformal multiplets. In particular,
the Coulomb index counts only £ and Dy 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 B and Dg multiplets, which can be thought of as the consistent
truncation of the A/ = 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 this paper: B R, 14 R, D, and D multiplets. The full index receives contributions from
all of the multiplets appearing in Table 7.



1428 C. Beem, M. Lemos, P. Liendo, W. Peelaers, L. Rastelli, B. C. van Rees

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 characters, based on the work of Kazhdan and Lusztig [70], 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., [71,72]
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 v, ,,., and
then to subtract away all the null states in this module with the correct multiplicities.
Let us recall that according to the Poincaré—Birkhoff—Witt theorem, the Verma module
is spanned by all the states of the form

(E*a],l)"l,l (E*Uflsz)"l,z o (E*Ul],ml)nl.ml o (E*‘YL])”Z.] o (E*OlemN)”N,mN Vhw.s

(C.1)
with nonnegative integer coefficients n; ;. Here the E ~%ka are the negative roots with
weight —o, and the auxiliary index k, € {1, ..., mq} is only necessary when the multi-

plicity 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 x then the
state defined as above has weight

w—oai(ni+nia+---+n,) —axmyr+-)— - —ay(G--+nymy), (C2)

and with a moment’s thought one sees that the character M, of the Verma module is
given by
charM,, = e [ [ (1 — e7®)~m® (C.3)

a>0

This is the Kostant partition function. The product is taken over the set of all the positive
roots, which is infinite for an affine Lie algebra.

For a given affine Lie algebra there are special values of the highest weights for
which the Verma module becomes reducible due to the existence of null states. We need
to subtract all these null states to recover the irreducible module. Since any descendant
of a null state is also null, the null states are themselves organized into Verma modules
and we can subtract away entire modules at a time. This procedure is further complicated
by the existence of “nulls of nulls”, i.e., null states inside the Verma module that we are
subtracting. In general, this leads to a rather intricate pattern of subtractions. It follows
that the character of the irreducible module with highest weight A, which we denote as
L, can be obtained from a possibly infinite sum of the form

charL; = z my,_ ,charM,, , (C4)
HEA

where the integers m,,_ ,, are not of definite sign and reflect the aforementioned pattern
of null states. Of course m, ; = 1. The vectors labeled by w 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 m;_,. The first task is accomplished by noting that
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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 4 as multiplication by |+ p|?,
where p is the Weyl vector with unit Dynkin labels. On the other hand, the eigenvalue
should be an invariant of the full representation, which means that the only states p that
can appear in (C.4) have to satisfy

i+ pl> =1 +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. [71]),

w(e P HcharM,) = 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 multiplicities m;,_,, therefore necessarily satisfy

my, = sign(w)m;, w.u, (C.7)

where w - u := w( + 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,

D wew sign(w)ewP+H—p
Ha>0(1 _ efoz)mult(oz)

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 so(8) _, the vacuum representation has Dynkin labels [-2 000 0]
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

charlL; =

: (C.8)

30 Recall that the zeroth Dynkin label for a weight vector in an affine Lie algebra g is given by k — (&, 0)
with X the part of the weight vector corresponding to the original Lie algebra g and 6 the highest root of g.
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find qualitative differences depending on the sign of k + 4", 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+4" > 0 there
is still a unique dominant weight A on the same orbit such that A + p has nonnegative
Dynkin labels. For example, for the vacuum module of s0(8)_, the dominant weight
has Dynkin labels [0 0 —1 0 0] which happens to be related to [-20000] by a single
elementary reflection. All the weights in (C.4), including X itself, can thus be written as
u = 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 . We will see
that such a relabeling has great benefits, but first we need to mention two important
subtleties.

The first subtlety concerns the fact that we may restrict ourselves to elementary
reflections of the Weyl group for which the corresponding Dynkin label in A is integral,
since it is only in those cases that null states can possibly appear. These reflections
generate a subgroup of the Weyl group that we will denote as W . In the case of s0(8)_2
the weights are all integral and W, = W. The second subtlety is the possibility of the
existence of a subgroup WX of W, 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 1 can then at best be uniquely labeled by elements of the coset
Wa/WY.

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 / W[O\. We
may therefore replace

My, —> My ' s (C.9)

where A = w- A, u = w’ - A and w and w’ are elements of the coset. The celebrated
Kazhdan—Lusztig conjecture tells us that the precise form of these multiplicities is given
by

My w = Qw,w’(l) . (C.10)

where the Kazhdan—Lusztig polynomial waw/(q) is a single-variable polynomial
depending on two elements w and w’ of the coset W,/ WR. These polynomials are
determined via rather intricate recursion relations that are explained in detail in [72]. For
k +h" > 0 and integral weights, which is the case that interests us here, the Kazhdan—
Lusztig conjecture was proven in [73,74].

For the computations mentioned in the main text, we have implemented the
recursive definitions of the Kazhdan-Lusztig polynomials on cosets given in [72] 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)_» up to level five. The results are
shown in Table 5.
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