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4d/2d — 3d/1d
A song of protected operator algebras

MyYKOLA DEDUSHENKO AND YIFAN WANG

Superconformal field theories (SCFT) are known to possess solv-
able yet nontrivial sectors in their full operator algebras. Two prime
examples are the chiral algebra sector on a two dimensional plane in
four dimensional A" = 2 SCFTs, and the topological quantum me-
chanics (TQM) sector on a line in three dimensional A" = 4 SCFTs.
Under Weyl transformation, they respectively map to operator al-
gebras on a great torus in S* x S3 and a great circle in S3, and are
naturally related by reduction along the S' factor, which amounts
to taking the Cardy (high-temperature) limit of the four dimen-
sional theory on S' x $3. We elaborate on this relation by explicit
examples that involve both Lagrangian and non-Lagrangian the-
ories in four dimensions, where the chiral algebra sector is gener-
ally described by a certain W-algebra, while the three dimensional
descendant SCFT always has a (mirror) Lagrangian description.
By taking into account a subtle R-symmetry mixing, we provide
explicit dictionaries between selected operator product expansion
(OPE) data in the four and three dimensional SCFTs, which we
verify in the examples using recent localization results in four and
three dimensions. Our methods thus provide nontrivial support for
various chiral algebra proposals in the literature. Along the way,
we also identify three dimensional mirrors for Argyres-Douglas the-
ories of type (A1, Da,y1) reduced on S!, and find more evidence
for earlier proposals in the case of (A1, A2,—2), which both real-
ize certain superconformal boundary conditions for the four di-
mensional N = 4 super-Yang-Mills. This is a companion paper to
arXiv:1911.05741.
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1. Introduction

This paper reports on a recent progress in understanding two similar con-
structions in supersymmetric field theories with eight supercharges via ex-
ploring examples and applications. Our focus is on the relation between
vertex algebras in 4d A" = 2 superconformal field theories (SCFTs) [I] and
1d TQFTs, or topological quantum mechanics (TQM), in 3d N =4 field
theories [2H4]. These algebraic structures are two most studied examples in
the family of constructions that identify lower-dimensional field theories in
the cohomology of higher-dimensional field theories with extended super-

symmetry [1H§].

Recent months have seen exciting new developments on the three-
dimensional side: [9] initiate the mathematical study of “short” star products
that appear in 3d, and describe certain classification results; [10] propose and
test in a large set of examples an intriguing IR formula for the twisted trace
capturing the TQM, which is a direct analog of the IR formula for the Schur
index of 4d N = 2 theories [11} [12]; in [I3] the authors study TQM in cases
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when it describes quantization of the minimal nilpotent orbit of a complex
simple Lie algebra and carry out the bootstrap analysis for 3d SCFTs realiz-
ing the TQM. In a companion paper [14], a connection between the VOA in
4d and the TQM in 3d was explained on general grounds, and in particular
relation to the non-commutative Zhu algebra [15] of a VOA was spelled out.

The goal of this paper is threefold: first, we expand [14] by numerous
examples and applications, verifying and providing alternative arguments
for the statements made there; second, we apply it to propose and test
previously unknown 3d mirror duals for a class of Argyres-Douglas theories
[16, [I7]; finally, the computations we do serve as consistency checks for the
statements previously made in the literature that aims to identify VOAs
of certain 4d N =2 SCFTs [I}, 11}, [18-28], though we do not consider all
examples proposed there. Some other recent literature on the subject also
includes [29-45].

We consider the high temperature limits of 4d N' = 2 SCFTs placed on
S3 x ST, which is the proper choice of background to address the question of
dimensional reduction of the VOA construction [14]E|We always assume the
divergent behavior to be controlled by the Cardy-Di Pietro-Komargodski for-
mula [54H58], and that after subtraction of the appropriate 3d supergravity
counter—termsﬂ [60-62], we are left with the unambiguous finite piece inter-
preted as the S3 partition functionﬁ of the 3d N =4 theory [14]ﬁ which
works well when the 4d Weyl anomalies obey c4q > aqq [67, [69].

First we study theories whose chiral algebra is the affine VOA for a
simple Lie algebra g, in which case the corresponding TQM is described by
a short star product on the filtered quantization of the minimal nilpotent
orbit of g. The quantum algebra in this case is the quotient of U(g), the
universal enveloping algebra of g, by the Joseph ideal. Then we consider
more involved examples of VOAs given by W-algebras. Due to the relation
to the Zhu algebra [15] found in [14], it is clear that the corresponding TQM
should be described by (a quotient of) the finite W-algebra [70], though we

Tt is conceivable that the version of Q-background [461-48] constructed in [49} 50]
can also be used, at least for answering some questions. The Omega background
was used to quantize Higgs and Coulomb branches in [51H53], however the relation
to TQM discussed here must involve some highly non-trivial change of basis.

2See also related classification of counter-terms in 4d new minimal supergravity
[59].

3Reduction of indices to sphere partition functions were previously considered in
[63H67T] .

4There can be scheme dependence at the subleading order O() (where 3 is the
size of S1), as explained in the recent paper [68].
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do not probe this structure in full generality and mostly focus on various
subalgebras. In this case, we first consider a Lagrangian example of SU(N)
SQCD, mostly for N = 3, and then move to the (Aj, Agp+1) and (A1, Day)
Argyres-Douglas theoriesﬂ In all these examples, various mixing phenomena
between abelian symmetries play central roles. One of them is the mixing
between the U(1), conformal R-symmetry in 4d and the Coulomb branch
(or topological) global symmetries that emerge in 3d [67], which is expected
to happen in 4d N =2 SCFTs reduced on the circle generically, and in
particular plays an important role for Argyres-Douglas theories, as we also
mention in the next paragraph.

We also use our framework to propose and test previously unknown
3d mirrors for (A1, Dap41) Argyres-Douglas theories (as well as test closely
related (Aj, Ag,—2) theories, whose free mirrors were proposed in [76]). In
the process, we also employ a few other, non-VOA, techniques to verify
our claims, such as the Coulomb branch index on lens spaces [35], and the
constructions of these theories using the 4d A/ = 4, or maximal, super Yang-
Mills (MSYM) dimensionally reduced on the interval, relying on [77H80]. As
mentioned in the previous paragraph, for S! reductions of generic 4d N =
2 SCFTs, the relation between 4d conformal U(1), and the 3d conformal
SU(2)¢ R-symmetries involves mixing with the Coulomb branch symmetries
noticed in [67]. For (A1, Dap+1) theories, in particular, this is crucial for
proper identification of their 3d reductions, since mixing generates imaginary
Fayet-Iliopoulos (FI) parameters in 3d [81] that deform the TQM relations.

In the end, we find plenty of evidence that the 3d mirror of a (A1, Day+1)
theory can be described by n decoupled sectors, one of which is the SQEDo,
also known as the T[SU(2)] SCFT, and the others are simply free 3d hy-
permultiplets. Correspondingly, the direct dimensional reduction is given by
the T[SU(2)] theory (which is self-mirror) and n — 1 decoupled free twisted
hypermultiplets. Each twisted hypermultiplet is of course well-known to be
dual to SQED;. A closely related claim, which we also verify (and explain
its relation to (A1, Dap41)) is that the (A1, Ag,—2) theory simply reduces to
n — 1 free twisted hypermultiplets, i.e. its 3d mirror is a set of n — 1 free
hypermultiplets. This latter example is slightly outside the main scope of
this paper, as the VOA of this theory is Cy-cofinite and is completely lifted
in the 3d limit. Nonetheless, the 3d limit of the Schur index still carries
non-trivial information that allows to check our claim.

5See also [TTH73] where the S! reduction is studied using the A" = 1 Lagrangian
of the Argyres-Douglas theories [74] [75].
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The structure of this paper is as follows. We start in Section [2] with
the sample analysis of the torus correlation functions for the affine VOA,
and their high-temperature (or small complex structure 7 — +0i) limit. We
call it the sample analysis because its basic features keep showing up in
later examples when we either study particular affine VOAs, or look at the
affine subalgebras of more complicated VOAs. In Section [3] we focus on
the Deligne-Cvitanovi¢ (DC) exceptional series of SCFTs [22], as well as
(A1, Doy 1) Argyres-Douglas theories, as these possess affine VOAs as their
chiral algebras, minimal nilpotent orbits as their Higgs branches, and the
TQM gives quantization of the latter. In Section [] we perform an exten-
sive analysis of (A1, Da,+1) and (Aj, Ag,—2) theories, proposing and testing
their 3d mirrors. We continue in section [5| with Lagrangian examples, of-
ten focusing on technical details. In Section |§| we focus on (Aj, A2,—1) and
(A1, Doy 42) theories, which are related by Higgsing like the (A;, Doy41) and
(Aq, Agy,—2) in earlier Sections. Some of the more cumbersome computations
are described in Appendices.

Note added: during the final stage of preparation of this article, the
paper [82] appeared, which has some overlap with our results.

2. Sample analysis: affine VOA

Let us start with the high-temperature limit of vacuum torus correlators
for affine VOAs at the non-critical level. This class of examples is both
tractable and relatively rich, and serves as a sample case for all applications
that follow. Torus correlators for current algebras were of course considered
before, see [83] [84], and we focus on the 7 — 0 limit. We use dimensionless
coordinate z on the torus,

(2.1) z e~ 2421w~ 2+ 27T
It is convenient to introduce a length scale ¢, so the OPE is written as

k%z(SAB ifap®Jo(zo)
EQ(Zl — 2’2)2 5(2’1 — 22)

(2.2) Ja(21)Ja(z2) ~

where 645 is the invariant metric on g, and 1?2 is the squared long root
of a simple Lie algebra g. The case of abelian g is slightly special because
there is no 1?2, nor canonical normalization for abelian currents, but it can
be formally included in this analysis by picking some normalization.



2016 M. Dedushenko and Y. Wang

We now determine the two- and three-point functions following [83]. By
symmetry, (J4) = 0 and the two-point function is proportional to § 45, while
the OPE implies it only has the second order pole, which is easily matched
by the Weierstrass function:

2 Z1 — R
(2.3) (Ja(z1)JB(22)) = ];7?2 0AB ((2711-)2p < 127T 277> —|—€(T>) .

The remainder term e(7) is holomorphic and thus a constant, depending
only on the complex structure of the torus. Because p(z) has no constant
term in its Laurent expansion, e(7) is determined through the Sugawara
construction,

2
(2.4) gZK%z }:fQZ (Tale +w)Ta(2) = 620k + B) (Tug(2).

The stress tensor one point function is

1dlogZ 1 dlogZz

9. Tow) = —— _ 7
(2.5) (Tug) 2 dloggq omil?  dr

where Z is the torus partition function.

In terms of the genus-1 Szegd kernels [83],

01(0;7)0i(2; 7)

(2.6) Si(z\T):W, 1=2,3,4,
which obey

(217))% = p(z;7) — es(T e(1) =— d ) 0:07)
@D [SEE = pEn) e, () = —amig D,

where 7(7) is the standard Dedekind function, the two-point function can
be written as

]ﬂZJ (o ' Zl_z2‘7’ 2
@9 ) ale) = o 3 W )5 (2520)]

where

(2.9) > Wilr) =

%

Zﬁ%ﬁﬁmﬁ:—dﬂ.
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The three-point function has a simple expression in terms of these as WGHE
(2.10)  (Ja(z1)JB(22)Jc(23))
W kfapc 212 223 231
- 5:(5e) 5 (50) 5 (57)
4w Z Wi 2 2
The 7 — 0 limit. Let us now study the 7 — 0 limit of torus correlators.
The 7 — 0 asymptotic behavior of p(z;7) follows from:

T 2
(2.11) /0 dw p(z + w, ) = —%Gz(—l) =——+40(e” )

T 31
where (G5 is the first Eisenstein series, which implies that
2
3 9.2

Using expressions (2.6) and the 7 — 0 behavior of theta-functions, it is
straightforward to obtain

(2.12) o(z;7) = + exponentially small corrections.

Sa(z;7) =04 0(e™"7),
(2.13) Ss(2:7) = 0+ 0(e” ),

Sa(z7) = 7Sgn (Re(2)) + O(e 7).

-I‘#t -|Ht

To fully describe the 7 — 0 asymptotics of the two- and three-point func-
tions, it remains to determine that of e(7), which, unlike S;’s, depends on
the precise choice of the module we use to define torus correlators. Since we
are studying the vacuum torus correlators, e(7) is determined via ,,
with Z the vacuum character.

The vacuum character equals the Schur index of the parent 4d SCFT,
and at least for cyq > aygq, the 7 — 0 behavior of the latter is given by [22]
50, 57, 58]

4i —
(2.14) log Z ~ M7

T

implying the following behavior of e(7):

n _ Ak + ") (caa — aaa)
(2.15) e(r) ~ 2 where n = Fdim g :

SEquations (2.9) leave a one-parameter freedom in W;’s, which does not affect
the current two- and three-point functions [83].
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Using this to solve (2.9)), we obtain

1+ 6n 1-12n
6w2 © ' 12w

(2.16) Wy + W3 =

resulting in the following 7 — 0 behavior of correlators:

2 v C —a
(Ja(a1)Jp(z2)) ~ _Q;iTz‘SAB (17?2 Ak + hdi)r(nzlgd 4d)> ’
2 v C — a
(Ja(21)J5(22)Jc(23)) ~ % (f; Ak A hdzr(nzd 4d)>
(2.17) x Sgn(Re(z12))Sgn(Re(z23))Sgn(Re(213)).

To have finite 7 — 0 limits, we ought to renormalize currents by 7,
(2.18) ja = —itJa.

The correlators of j4 we obtain are topological, depending only on the order-
ing of operators, as expected. The two-point function determines the metric,
and the three-point function encodes the non-commutative associative star-
productm

) ) o ih oy h? 2
JA*JjB =:jAjB : +5fAB Jo + Z/ﬂﬁ 0AB,
k 8(k+hY)(caa — asa)

(2.19) where p = 5 dim g

We have introduced two new notations here. One is & = ¢~!, and the other
is : jajp :, which is simply defined as the dimension-two operator appearing
in ja % jp that is orthogonal to all lower-dimension operators. This : j4jp :
can be thought of as the normal ordering in 1d (related to normal ordering
in 3d), and it differs from the VOA normal ordering (j4jp) via mixing with
the lower-dimension operators j4 and the identity 1. In the 3d CFT, u is

related to the flavor central charge C'; of the global symmetry g by
Cy

2.20 - =L

(2.20) p=

Let us compare this to the formula obtained in [I4]. There, the same
star-product was derived from modularity, with the scalar parameter given

"Note that we assume fACP fBp = hV1)2548 | therefore 1)? determines the nor-
malization of generators.
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by
Ak 4 1Y) A
(2.21) — M
dim g
The derivation we presented here is more explicit but uses the asymptotic
behavior of the Schur index. The two answers agree if

kdimg C2d

(222) Amjn = m - 2(C4d - (l4d) = ﬂ

— 2(c4q — @4aq),

where caq = cgyg is the 2d Sugawara central charge. This ﬁmin agrees with
%min from [22].

The algebra describes quantization of the minimal nilpotent orbit
of g, and is expected to apply to theories whose Higgs branch is the latter.
Such theories provide the simplest non-trivial examples of our construction,
and at the same time serve as a base for more involved applications to

theories with the W-algebra chiral symmetry.

3. Minimal nilpotent orbits

In this section, we consider theories whose chiral algebra is the affine VOA of
some simple g. Examples include the Deligne-Cvitanovi¢ (DC) exceptional
series of rank-1 theories and the (A1, Da,41) Argyres-Douglas theories (of
which (A;, D3) also belongs to the DC series), which share the common
feature that the Higgs branch is described by the minimal nilpotent orbit
of g.

All the DC theories except the (A1, D3) have a simplifying property that
their UV and IR R-charges match. Namely, a charge (R, r) of the SU(2)g X
U(1), representation in the UV coincides with the charge of representation
of the enhanced IR R-symmetry SU(2)g x SU(2)¢

(3.1) RR = RH, T = RC

where we adopt the convention that the SU(2) spins R, Ry, Rr € 7Z/2 and
r = +1/2 for the 4d supercharges.

We refer to this case as “no mixing”. On the contrary, for the (A1, Da,11)
theories, the U(1), R-charges are fractional and cannot match the SU(2)¢c
R-charges: the latter are given by mixing of the former with the Coulomb
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branch symmetries [67]. We refer to this as the “mixing” case, which is
expected to be generic in the space of 4d N'= 2 SCFTs.

3.1. Without R-symmetry mixing

Minimal 3d A =4 theories with g flavor symmetry (acting on the Higgs
branch given by the minimal nilpotent orbit of g) were recently considered
n [I3]. In particular, they determine quantizations of the minimal nilpotent
orbits, which describe the 1d protected sectors of these theories, from the
bootstrap approach. The corresponding quantum algebra is a quotient of
the universal enveloping algebra U(g) over the Joseph ideal, — see also the
discussion in [9]. For algebras different from A,, this ideal is unique, and
so is the quantization; for A,, m > 2, there is a one-parameter family of
quantizations, only one of which is even; finally, for the spacial case of g =
Ay, there is a one-parameter family of even quantizations (see [85H87]). We
focus on the value of the quadratic Casimir, which is proportional to u
as in the previous section. For g = Ay, this p parametrizes the family of
quantizationﬁ The value of u that follows from the bootstrap approach is
read off from the Table 6 in [I3] (it is twice their \y):

g|An—1,n>3| B, |G, D, Es | Ex | Es | Fy | G
__n _2n=3 [ L[ _2=2) [ _12 [ _24 [ _60 [ _3[ _4
H 2(n+1) 2n 1 2n—1 13 19 31 1 9

Table 1. p from the 3d bootstrap.

3.1.1. DC theories excluding the A; case. We expect all theories
from the Table [1] to exist as 3d N' =4 SCFTs. Indeed, the ABCDE type
3d theories all have quiver gauge theory descriptions in the UV [88]. While
for the G2 and Fy the explicit constructions are missing, there are no known
obstructions to their existence as well.

Their 4d lifts, however, do not always exist. Perturbative anomaly con-
siderations restrict g to the DC exceptional series (apart from the free hyper
case). Global anomaly matching further rules out the Fj, and the fate of
G+ is not clear yet [89]. Therefore we are left with the following list of 4d

8The corresponding star product is non-degenerate as long as u stays away from
the values corresponding to finite-dimensional representations of A1, which in our
normalization are u = n(n+2)/6,n € Z>o [9).
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“minimal” theories with g symmetry (we also do not consider the Ag case
which corresponds to the empty Higgs branch): Ay, As, Dy, Eg, E7, Es. The
Aj theory exhibits mixing and thus will be considered later. Here we look
at the remaining five cases.

The Ay theory has as chiral algebra the affine VOA V_3/5(Az2), the
Dy theory has the chiral algebra V_(Ds), and the Eg7g Minahan-
Nemeschansky (MN) theories have the chiral algebras V_3(Fg), V_4(E7)
and V_g(Eg), respectively. We summarize the relevant parameters and the
resulting u, computed using , in the following table:

g | dimg | AV k Cad | Gag |
Ay 8 3 | —3/2 % % _%
Dy| 28 | 6| —2 | I |2]|-4
Eg| 78 |12 -3 |1 | 4| 1
E;| 133 | 18| —4 %9 % _%
By | 248 [30| —6 | 3| & |_®

Table 2. u for DC theories from the VOA.

This perfectly matches the 3d results from Table|1}”| Below, we give a slightly
more detailed treatment of the D4 and Ay cases.

3.1.2. SU(2) SQCD, or more on the Dy DC theory. The Dy DC
theory has a simple Lagrangian description as the 4d N/ =2 SU(2) gauge
theory with Ny =4 fundamental hypermultiplets, whose chiral algebra is
indeed V_s(s0(8)) = V_o(Dy4) [1]. Dimensional reductions of this theory is
the 3d gauge theory with the same gauge group SU(2) and the same number
of fundamental hypermultiplets. One can then apply the techniques of [4]

9Note that the conformal and flavor central charges for the candidate Fy and Go
theories were determined in [I} 22], which after using do give the expected
answers for the 3d theories as in Table [I} Even though the 4d Fj theory is ruled
out in [89] and the existence of the 4d G5 theory is unclear, we see that at the level
of the 2d chiral algebra, the S reduction does give the expected TQM as predicted
by the general argument in [T4].
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to determine the value of u from localization, which can be compared to
W= —% given above, testing both the 3d bootstrap and the VOA answers.

In this particular case, it is convenient to think of the 4d theory in terms
of half-hypers, and the result of [4] — the matrix model coupled to quantum
mechanics that captures the 1d sector — can be presented in the following
form,

1
(3.2) Z=5 / do 4sinh? (7o) / DXe 51,

Here the 1d action is written in terms of fields X (p), i =1...8, a =1,2
on the circle as

1 T 7_3
(33) S1d=—=— d(p&aﬁXig <8<sz + O'XZ) ,
2h J_. 2 o
where 7¢ denotes Pauli matrix acting on the gauge indices a, f3,..., h is
related to the radius of the sphere via h = 1/(87/), and we use the convention
€12 = g91 = +1. The correlators of gauge-invariant operators are topological
(depend only on the order of operator insertions), so it is enough to know

the Green’s function (for a given value of o) at e — 0 only,

h To
(3.4) <Xia(€)Xj5(0)>a ~ _idij Sgn(e)sga + tanh 7(7'1)&5 .
The s0(8) generators are defined by

e—+0 2

Using (3.4]) and Wick contractions, it is straightforward to find the following

correlators,
2 2
(Jij(€) Jkm(0)) = — < > (9ikdjm — Oim0ji) <cosh“2"> ’

(3.6) <Jij(€+ﬂ)<]km(€)']pq( )>6,u>0

ih\ >
= <2> <5ik(5jp5mq - 5jq5mp) - 5im(5jp5kq - 5jq5kp)

o | St

a)

2
= 01 (0ipOmg — digOmp) + Gjm (ipliq — 5z‘q5kp)> : <Coshz7m> 7
2
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where
sinh? ro ) 2
(3 7) < 2 > _ de' (cosh®(wo/2))* ~ cosh?(wa/2) _ §
. 2mo sinh? ro .
cosh® &5 J do S Ty 7

These results imply the following star-product of currents,

ih
(3.8) Jij * Jpm =: Jijjkm : —l—L((Siijm — 5¢mij -+ 5jmJik — 5jk<]im)

2
h? 8
X (—7> (Gik0jm — dimOjk),

where : J;;Jpy, 1 by definition is a dimension-2 operator that appears in this
product and is orthogonal to all lower-dimension operators. This product is
of the form (2.19): the O(k) term contains the s0(8) structure constants in
the /2 = 2 normalization, and the O(h?) term implies

4
3.9 S
(3.9) j =

matching the value in the Table

3.1.3. (A1,D4) AD, or more on the A2 DC theory. The Ay DC
theory coincides with the (A1, Dy) Argyres-Douglas (AD) theory. Though
non-Lagrangian in 4d, its 3d reduction is known to admit a Lagrangian
description [] as an SQEDs3, whose 3d mirror is also Lagrangian and given
by a U(1) x U(1) gauge theory with hypers of charges (1,0), (1,1) and (0, 1)
(this is also equivalent to a 3-node necklace quiver).

We may use either of the available 3d descriptions to find the protected
algebra. In particular, the SQEDy for general N was studied in details in
[4], and the N = 3 specialization is described by the algebra

th
(3.10) Tl * Tkt = T’ + (151071 — 61Tk

h? 3
+ % (—4) <5IL5{< — 35;’5@) :

where 777 should be thought of as traceless complex 3 x 3 matrices (i.e., the
generators of sl3). Again being careful about the normalization, we conclude
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that ¢? = 2 and

3

3.11 __3
(3.11) 1 1

in agreement with the corresponding entry in Table 2] One can also ob-
tain the same answer from the Coulomb branch computation in the mirror
dual U(1) x U(1) gauge theory using the technique developed in [7], see

Appendix [A]
3.2. With R-symmetry mixing

In general, when a 4d N = 2 SCFT is reduced on S, the Higgs branch is
unrenormalized, whereas the Coulomb branch gets enhanced by extra fiber
coordinates [90] from 4d BPS line operators wrapping the S' factor. In
the 3d limit, this is often accompanied by the appearance of accidental U(1)
symmetries associated to the topological currents on the 3d Coulomb branch,
which we refer to as Coulomb branch symmetries. The Coulomb branch
symmetries can enter mixing relations that identify the 4d U(1), current as
the combination of 3d currents that involve the Cartan of SU(2)c and the
Coulomb branch symmetries. As explained in [67], this happens when the
4d theory contains Coulomb branch chiral primaries with r ¢ %Z.

The supersymmetric S' x S background couples to the 4d U(1), sym-
metry. Therefore, in the 3d limit, we obtain the S3 background coupled to
U(1),, which is not the right R-symmetry due to mixing. This background
differs from the supersymmetric S% coupled to the conformal R-symmetry
only by the presence of imaginary masses for symmetries that participate
in mixing [81]. Such imaginary masses for the Coulomb branch (or topo-
logical) symmetries are equivalent to imaginary FI parameters for abelian
gauge symmetries. They can deform the Higgs branch TQM in 3d, and must
be taken into account in relation to the VOA. If the generator r of U(1),
and the Cartan element Rc of SU(2)¢ are related through mixing with the
topological charges T1,..., 7™,

(3.12) r=Ro+Y cT"

a=1

then the FI parameters for the corresponding U(1), gauge factors in 3d are
simply given by [67]

(3.13) Ca = ~Ca.
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Each of the (A, Dapy1) Argyres-Douglas theories has a different
Coulomb branch of complex dimension n, but all share the same Higgs
branch C?/Zsy (the minimal nilpotent orbit for g = Ay). The correspond-
ing chiral algebras are V__an_(sly). These theories have fractional Coulomb

2n+1

branch spectrum given by 2311 witht=n+4+1,n+2,...,2n, which is why
they exhibit mixing.

3.2.1. (A1,D3) AD, or the A; DC theory. In the special case of
n =1, the 4d SCFT belongs to the DC series. The corresponding chiral
algebra is V_a (slz). This reduces to a 3d TQM via (2.19)) which is a universal

enveloping angebra U(A1) (with central quotient) with

8

3.14 -2
(3.14) 1 57

On the other hand, the 3d SCFT from S! reduction is described by N =
4 SQED with 2 unit-charge hypermultiplets, usually called T[SU(2)]. The
TQM of this theory was solved in [4], and

(3.15) Pl = —=

As we have mentioned, the discrepancy between (3.14]) and (3.15) comes
from the nontrivial R-symmetry mixing, which in this case is given in [67]
by

1

where T denotes the accidental U(1) symmetry (enhanced to SU(2)) on the
3d Coulomb branch. The corresponding FI deformation is given by ; times
the coefficient in the mixing relation ({3.16)),

(3.17) (= 30
Recall the 3d TQM from the 3d SQEDs with a general FI parameter ¢ from
4,

1

(3.18) T’ Tt = Tt - 27(5}1071]: — Tk’ 1)

2% +1 1
- W(@%‘é - 55}151%),
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where % = h puts algebra into the canonical form. With the FI parameter

value in (3.17)),

1+ 8
3 o7

in agreement with the answer (3.14) from reducing the chiral algebra.

(3.19) =

3.2.2. General (A1, D2,+1) AD and free twisted hypers. For gen-
eral n, the (A1, Dap+1) SCFT has conformal central charges

n(8n + 3) 3n
2 = 7 -2
(3.20) U= oy 4T g
In particular,
3n
3.21 24 _ —
( ) (Cad — aaq) 1’

which signals mixed branches. Applying ([2.19)), the chiral algebra V_ . (sl3)
2n+41

reduced on S! also produces a TQM given by the central quotient of U (sls),
but with a different value of p,

(3.22) u——ix:fg

The 3d theory from the S! reduction (or its mirror dual, the so-called 3d
mirror) is not known for the (A1, Day+1) theories. A natural proposal that
we make and test below is that

(A1, Dopy1) = h®---®h ®SQED,,
n—1 times

(3.23) where h = {free twisted hyper},

and SQED, appears with an FI deformation that generalizes (3.17)),
3.24 (= !
(3.24)  (2n+ 1)

In other words, we propose that the (Ay, Day41) theory reduces to n
decoupled sectors, one of which is the interacting theory SQEDy = T[SU(2)],
while the others are free twisted hypers. We will give more evidence below.
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Only the SQEDs contributes to the Higgs sector, and ensures that the FI
deformed TQM is given by the central quotient of U(sly) with

_1—1—(262 __4n(n+1)
3 3@2n+1)%

(3.25) =

matching the prediction (3.22) from the chiral algebra. In Section {4] we will
elaborate more on (3.23)), provide further checks, and comment on a related
issue of reducing the (Aj, Aa,) theories.

4. From interacting 4d SCFT to free fields in 3d

In this section, we provide further evidence for the proposal on the S!
reduction of the (A1, Da,41) theory. Furthermore, we explain why A in
is precisely the twisted hyper, not its discrete gauging. It proves helpful to
study this problem in conjunction with the reduction of the (A, Ag,—2)
theory on the circle, as their class S constructions are related by Higgsing,
and the S! reductions have very similar features, despite (A1, As, o) the-
ories having no Higgs branch. Furthermore, while the 3d reduction and 3d
mirrors of the (A1, Aa,—1) and (A, Day,) theories have received attention in
the literature [67, 9T, 92], we cannot say the same about (Aj, As,—2) and
(Aq, D2n+1)m This makes the question interesting on its own, even outside
the present context.

In Class S construction [93], the (A1, Day,+1) theory is realized by twisted
compactification of the A; (2,0) theory on a sphere with one regular punc-
ture and one irregular puncture [92) [94H96]. With z a complex coordinate on
the sphere, the irregular puncture is described by a singularity of the Higgs
field at z = 0 of the following form,

T
(4.1) O(z2) = ey + regular,
where T is a regular semisimple element of su(2). The Seiberg-Witten (SW)
curve is given by

n — n _
22n+1 + m2 4 Zazl ’LLaZn+1 a 4 Zazl ,Uazn—‘ra 1

(42) a4 i

=0,
z

with the SW differential A = xdz. Here m denotes the mass parameter for
the su(2) flavor symmetry, and u, is (the vev of) the Coulomb branch chiral

10See, however, [76] on (A1, Asy,_2).
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primary of dimension A, =1+ gzﬁ,

2(n—a+1)
2n+1

A closely related Class S setup that only involves the above irregular
singularity (4.1) on the sphere describes the (Aj, A2,—2) theory. The SW

curve becomes

while v, is the corresponding chiral

coupling with dimension

n—1 n—1
(4.3) 22+ 22 4 Z gz 4 Z 02" 3t = 0,
a=1 a=1

with the same SW differential A = zdz. We have labeled the parameters in
the SW curve purposefully so that it is obvious that the Coulomb branch
spectrum of the (A, Agy,—2) theory is identical to that of (A1, Day+1), apart
from the additional operator vev wu, with A, =2 — 2n2+1, and coupling v,
that (A, Dany1) has. The latter pair comes from Hitchin moduli of the
regular puncture in the Class S setup.

At the physical level, the two theories are related by Higgsing, namely
by giving a vev to the moment map operator associated to the su(2) flavor
symmetry of (Aj, Danp41). In the class S setup, it is known that Higgsing
corresponds to closing (reducing) regular punctures [79]. When we reduce
these theories on S!, since moment map operators (or any Higgs branch
chiral primary) are unambiguously identified between 4d and 3d, we expect
the resulting 3d theories to be related by the same Higgsing as well. Together
with our proposal for the S? reduction of (A1, Do, 1), we are lead to
the prediction that

(4.4) (A1, Aop2) 2 h@ - ®h,
————

n—1 times

where h is the same twisted hypermultiplet as in . Moreover, as we shall
show below, the relevant R-symmetry mixing is captured by the masses (, for
the ®Z;11U (1)q Coulomb branch (topological) symmetries, under which the
free twisted hypers are charged. We always refer to masses for the Coulomb
branch symmetries as FI parametersﬂ They are given by

12a—1

4.5 =-— 1<a<n-1
( ) Ca (on+ 1’ saxn ,

A twisted hyper is dual to SQED1, in which case the mass literally corresponds
to the FI term across duality.
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which holds for both the reduction of (A;, Ag,—2) and (A1, Dap+1) theories.
Recall that the reduction of (A, Day41) theory has one more topological
symmetry with the FI term given in (3.24)).

4.1. The reduction of (A1, Aan_2).

The (A1, Agn—2) reduces to a 3d N =4 SCFT that has no Higgs branch,
while the Coulomb branch acquires quaternionic dimension n — 1. Cor-
respondingly, the 3d mirror has no Coulomb branch and an (n—1)-
dimensional Higgs branch. An obvious way to realize this scenario for the
3d mirror is by taking n — 1 free hypermultiplets, or equivalently, n — 1 free
twisted hypermultiplets to describe the direct 3d reduction, which is pre-
cisely what happens, as we argue below (thus confirming the proposal of
[76]). We could also contemplate the possibility of discrete gaugings in this
free system, but as we will see from the Coulomb branch index, this does
not happen.

An a-th twisted hyper contributes two operators to the Coulomb branch
chiral ring in 3d, which we denote as ¢, and g,. They both have dimension
A= %, SU(2)c R-charge Ro = %, and they form a doublet with respect to
yet anther SU(2). The topological symmetry is the maximal torus of the
latter SU(2), so the corresponding charges are i%. We claim that these
operators are emergent in the IR. The operator that directly flows from the
corresponding 4d Coulomb branch chiral primary u, is, in fact, a composite
operator ¢,q, in 3d. This operator has A = Ro =1, and the topological
charge 7% = 1. Recall that u, has the 4d dimension and r-charge A, = r, =

1+ ggﬁ This shows that the predicted mixing relation,

20 — 1

4.6
( ) +2n—i—1

— 10 = Ro + T,

indeed holds if the mixing coeflicient is

_2a—1

4 = —,
(4.7) S |

which is consistent with the imaginary FI parameter value stated in (4.5)).

We now proceed to provide more evidence for these claims. The FI cou-
plings (4.5) can be verified by studying directly the S! reduction of the 4d
Schur index and comparing to (FI-deformed) S partition of the proposed
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3d SCFT. The Schur index of the (A, Ag,_2) theory is given by

2
q —dq
4.8 Z = PE .
( ) (A1,A2,_2) |:(1 _ Q)(l _ q2n+1):|

We would like to take the 7 — 0 limit. A useful trick is to rewrite the plethys-
tic exponential (PE) in terms of an ordinary exponential of a sum of Lambert

series,

& k,squ

(49) Eq(Sa l‘) = 1— qka
k=1

which have simple behavior as 7 — 0. The particular limit formula we need
here is

(4.10)  Ly(-1,2) = _1C<)(§2] + logr\}% + loglogclj (1: — ;) + O(logq),

which describes the ¢ — 1 behavior. By writing

2 3 2n—1
C+ o ta
(411) I(A1,A2n—2) = PE |: 1 _ q2n+1 :|

2n—1 ]
= exp Z L gont1 (—1, >
= 2n +1

and using (4.10)), we obtain

(n—1) 2mi
412 log T =) m
(4.12) O S AAna) T 1000+ 1) 7
2n—1

+ Z log W + O(log q).

The first term above diverges as 7 — 0 and captures the Cardy limit of the
index, whose coefficient is determined in terms of the 4d conformal central
charges as

(4.13) hm(_iT) log TSchur = 47T<C4d - CL4d),
T—0
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according to the general arguments of [22] 55], [57), [58]. This is clearly consis-
tent with the central charges of the (A, Ag,—_2) theory [97],

(A1,A20—2) (n - 1)(2477“ - 5) (A1,A2n—2) (n - 1)(671 - 1)
(414)  ay T u@nt+1) 0 - 6(2n+1)

We are interested in the finite piece, which determines the partition
function of the 3d SCFT in the IR, and which we compare to the partition
function of twisted hypers,

(4.15) Zaq = H w

This indeed naturally factorizes into a product of n — 1 twisted hypermul-
tiplet partition functions with the FI deformations (that give masses to the
twisted hypers) as

n—1
(4.16) Zsa = ] Z4(Ca),
a=1
with
D(1/2 4 il /2)T(1/2 — il /2 1
(4.17) Zn(C) = (1/2+ b/ ;W( /27 it/2) Pyl
2

where % in %C originates from the topological charges of elementary fields,

and the FI parameter is

120 —1
4.18 = -
(115) =i,

which confirms (4.5 for the (Aj, Aa,—2) theories.

We see that our computations agree with the hypothesis that (A1, A2,—2)
flows to the collection of n — 1 free twisted hypers in 3d, and furthermore,
that the 4d Coulomb branch operators u, flow to the dimension-1 composites
Gaqq, which is illustrated in Figure However, we have not identified the
elementary fields g, and ¢, therefore have not excluded the possibility that
the 3d theory actually consists of the Zs-gauged twisted hypers. Such a
3d theory would have the same S partition function, would also contain
operators like ¢,qq, but not g, or g, individually.
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A
D
A
2.2
2n+1
2n-3
1+2n-3 1Jr2n+1
2n+1 .
1
] e
e e — T[ov IR RG
1[0V IR RG

(b) (A1,D2n41): one operator flows to
(a) (A1, A2n—2): dimensions A flow to 1. A = 2.

Figure 1. Schematic RG flow of Coulomb branch chiral operators in
(A1, Agp—o) and (Ay, Dopt1) theories. The plot for (Aj, Da,y1) contains
(A1, Agj—2) as a subplot, and has one more special operator correspond-
ing to the T[SU(2)] in 3d.

To distinguish free twisted hypers from their Zs-gauged version, it is
useful to consider quantities other than the Schur index, and backgrounds
other than the round sphere. In particular, the lens spaces L(p,1) = S3/Z,
give a useful family of backgrounds. For even p, the Zs gauge theory can have
a nontrivial holonomy around the 1-cycle of L(p, 1), thus introducing twisted
sectors for the hypers. Therefore, partition functions on such backgrounds
would differ for ordinary and Zs-gauged hypers by a factor of 2. We could
then use known results on the lens space indices (see, e.g., [08H102]) to study
the high-temperature limits thereof.

Instead, we will do something even simpler, namely look at the 4d
Coulomb branch index on lens spaces. On a round sphere, such an index
simply counts Coulomb branch chiral operators u,. Its lens space gener-
alizations are known and have been computed in [35] (see also [103] for
generalizations). Furthermore, it is known that in the p — oo limit, the lens
space reduces to S? (the Hopf fiber shrinks to a point), and the S' x L(p, 1)
index reduces to the S x S?, i.e. the usual 3d index [98]. In particular, if we
start with the Coulomb branch index in 4d, we expect to obtain its analog
in 3d, that is simply a generating function of the Coulomb branch chiral
spectrum in the 3d N' = 4 theory we flow to. Here we implicitly assume that
shrinking the thermal circle and shrinking the Hopf circle lead to the same
3d theory, which seems reasonable in local QFT.

We also have to be careful and remember that in 4d, the Coulomb branch
index counts states according to their conformal r-charge, and can be written
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(4.19) Z(t) = Tre(—1)F¢,

where Tro denotes trace over the subspace of Coulomb branch statesE As
we take the p — oo limit, we will have to account for the r-symmetry mixing
to get the correct answer in 3d. Thus we will not obtain the Coulomb index
in 3d on the nose, but rather its close cousin,
(4.20) lim Z(t) = Troaq(—1)FtRet2acT”,

p—o0
where the trace goes over the space of 3d Coulomb branch operators, but
the counting is affected by our familiar mixing. For the (A;, Aa,,—2) theories,
the lens space index was obtained in [35],

_ k(k+1)
n—1 t2@2n+1)

2(n+a) a— a 2(n—a)\ ?
k:() Hs:l (1 — t 2n+1 ) (1 — t7ﬁ> Hz;é+1 <1 —_ tinii) <1 — t 2n+1 )

where different terms in the sum correspond to fixed points of the Hitchin
action on the wild Hitchin moduli space that arises from the class S con-
struction of these theories. Taking the p — oo limit, assuming that |¢| < 1,
kills all the terms with k£ > 0, and the only remaining term has k& = 0,

2n—1

1 1
(4.22)  lim Z,,(t) = | B S N

A simple computation gives the values of Rc + >, ¢, T for the elementary
hypermultiplet chirals,

j=2

1 n+a
Forqa: RC+CaTa:§(1+Ca):m7 a:1...n—1,
~ 1 n—a+1
(423) For qa : RC+CaTa:§(1_Ca):TH7 a:1...n—1,

which are just #ﬂ with j ranging from 2 to 2n — 1, in perfect agreement
with (4.22). This computation gives us confidence that the operators ¢4, qq

120ne can find other expressions in the literature, including the ones with ¢"—%
or "+, Since we view this simply as a counting function here, and since all the
Coulomb branch operators have R = 0, t" is enough for our purposes.
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® X |R3 ° ® X |R3
¢ ° X [R3 ° ¢ ® X IR3
N ¢ X TI[SU(2)]+N ¢ X
3 3
Free hypers on R T[SU(2)]+free hypers on R
(a) (A1, A2n—_2) setup. (b) (A1, D2n+1) setup.

Figure 2. Constructions of 3d mirrors for (a) (Aj, A2,—2) and (b)
(A1, Dopy1) from the 5d MSYM compactified on a cigar with one or two
punctures, and the corresponding 4d MSYM on the interval.

do belong to the 3d Coulomb branch spectrum, implying that we indeed
obtain ordinary, not Zs-gauged, free twisted hypers. Notice that ¢, and g,
emerge in the 3d limit, perhaps from line operators wrapping the shrinking
1-cycle.

4.2. On 4d N = 4 SYM with boundary conditions.

Recall that class S theories are described by holomorphic compactifications
of the 6d theory on a Riemann surface with punctures [92] [94-H97, 104, [105].
Since we further reduce to 3d on a circle, we can consider reversing the order
of compactifications: this will first produce the 5d maximal super Yang-Mills
(5d MSYM), which we then compactify on a Riemann surface. Due to pe-
culiar properties of the 6d theory, this will actually result in the 3d mirror
description of the same theory. Degenerating the Riemann surface, one can
equivalently look at this as a 4d MSYM compactified on a certain graph, as
was done in [80], which builds up on the study of supersymmetric bound-
ary conditions in 4d MSYM [77, [7§]. Since for Argyres-Douglas theories
the Riemann surface is just a sphere with one or two punctures, the cor-
responding graph becomes very simple, — it is just an interval. Punctures
determine what boundary conditions one has to impose at the endpoints of
the interval. Therefore, one considers 4d MSYM reduced on an interval with
specific boundary conditions, which flows to the 3d N'=4 SCFT in the IR,
see Figure

For the (A1, Ag,—2) case that we considered so far, one starts with the
A theory in 6d, and there is only one irregular (or wild) puncture on the
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sphere. Therefore, we have the SU(2) MSYM in 5d, and the reduction to
4d involves degenerating the cigar as depicted on Figure One end of the
cigar is completely empty, which is known to lead to the Neumann boundary
condition (call it N) in the 4d degeneration limit 78 [79]. Another end
involves the wild puncture, and the corresponding 4d boundary condition, —
denote it X, — is not known. Nevertheless, our previous conjecture imposes
constraints on this boundary condition.

Indeed, the 3d mirror of (A, A2,—2) has no Coulomb branch, and we
argued that it is given by a collection of free hypermultiplets. There cannot
exist any 3d A = 4 gauge-theoretic description of this theory, simply because
the mere presence of 3d A/ = 4 vector multiplets implies that the Coulomb
branch is non-empty. If we look at the construction involving the 4d MSYM
on an interval, however, we notice that the N boundary condition leaves 3d
N = 4 vector multiplet worth of unfixed field components at the boundary.
If we, for example, were to impose the same boundary condition N at the
other end of the interval, then in the 3d limit, the low-energy modes of
the 4d fields would be effectively described by the true 3d N =4 vector
multiplet. In other words, we would obtain a gauge theory, which as we
said is undesirable. Therefore, whatever boundary condition X is, it should,
in cooperation with N, completely freeze the bulk, leaving no “trapped”
degrees of freedom in the IR. Such pairs of boundary conditions, like N and
X here, were called complimentary or transversal in [106] [107] (see also [108]
for examples of trapped degrees of freedom).

The standard half-BPS Neumann and Dirichlet boundary conditions
form such a transversal pair (with the proper choice of splitting for the vec-
tor multiplet scalars [77]). Therefore, a reasonable conjecture would be to
guess that X is simply given by the Dirichlet boundary condition, with addi-
tional n — 1 free hypermultiplets living at the boundary. Precise description
of the boundary condition following from the irregular puncture might be
more complicated, but it should be equivalent to this in the IR. The reader
might assume that X is precisely such a boundary condition, however what
we are going to say now does not depend on its precise choice. All we need
to know is that in the 3d limit, all the 4d SYM fields freeze, and there are
n — 1 free hypers somehow originating from the boundary.

Now, let us move to the (Aj, Da,41) case, which we will analyze using
similar methods below. In the class S construction, one obtains (Aj, Doy, 1)
from (A, Ao,—2) by adding a regular puncture at the opposite tip of the
cigar, see Figure The corresponding boundary condition in the 4d limit
is known [78, [79], — it is simply given by the Neumann boundary condition
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coupled to the T[SU(2)] at the boundary. This immediately tells us what
happens in the 3d limit. Indeed, the T[SU(2)] at the boundary interacts
with the bulk through the N boundary conditions, and then the bulk further
mediates its interaction with the other boundary. Because the (N, X) pair
of boundary conditions completely freezes the bulk fields in the 3d limit,
it implies that the T[SU(2)] simply decouples, and the rest of the system
is identical to what we studied above for (A, Ag,—2). In other words, the
3d mirror of (A1, Dap+1) should be given by the T'[SU(2)] and a decoupled
sector given by the 3d mirror of (Aj, Ag,—2), which, as we know now, is
simply a collection of n — 1 free hypers. This is our main proposal, which
we are going to test now.

4.3. The reduction of (A1, D2ny1).

As suggested above, the 3d limit of (Aj, Da,,41) contains a decoupled sector
described by T'[SU(2)], and the rest is identical to the 3d limit of (A1, A2;,—2)-
For the (Aj, Ag,—2) part, we expect the same exact behavior: the Coulomb
branch operators uq,...,u,_1 flow to composites q,q,, and the values of FI
parameters are precisely the same as in the pure (A, Ag,—2) case. The re-
maining Coulomb branch operator u, has dimension A, =2 — TQH, and we
expect it to flow to the dimension 2 monopole operator in the T[SU(2)] (see
Figure [1b|for an expected RG flow of the Coulomb branch chiral spectrum).
Indeed, since the VOA reduction implies the FI parameter ¢ = %ﬁ, as

given in (3.24)), the mixing relation in the T[SU(2)] sector becomes

2 1

(4.24) 2 —
2n + 1 2n + 1

T,

which suggests Rc = 2 and 7 = —2 as the minimal universal way to satisfy
it for all n. We therefore propose that u, flows to the dimension 2, charge
—2 monopole operator in T[SU(2)]. Recall that the minimal operators in
the chiral ring of T[SU(2)] have dimension 1, therefore we again propose
that they are emergent in the IR

13 Also note that our analysis cannot determine the sign of ¢, so we could take
¢ — —(, and claim that u,, flows to the charge 42 monopole operator in 3d. Dis-
tinguishing these two cases requires a more refined analysis.
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To test these claims, we similarly carry out the reduction of the flavored
Schur index of the (A1, Day+1) theory,

(¢ —¢*"xa(2)
(1—q)(1—g>t) ]’
where x; denotes the adjoint character for the SU(2) flavor symmetry, and

z is a flavor fugacity related to the 3d mass m via z = ¢"™. Taking the Cardy
limit in this case, we find

(4.25) Zia,,Dypir) = PE

(4.26) 1084, pyy1) = 4(27;11)277”
2n T((j +im)/(2n + 1))
+ lo
;( © Vor
T log IN(V z%% +1))
+ log F((j)/\(/;:+ 1))> + O(logq).

Once again, the leading term is consistent with the Cardy formula (4.13])
using

(A1,Dani1) _ (A1Dansn) _ S
(4.27) Cad ®4d 24(2n + 1)

The finite piece determines the S? partition function of the 3d SCFT from
S1 reduction

v T (o) T (55) T (54)
n n n
4.28 Zsq =
(1.29 =110 -

. _ J
gy T (1)
~ 2sin QHTEH sinh mm =3 2

This agrees with the factorization

n—1
Zsa = Zsqep, (¢, m) [ [ Za(a),
a=1
1 sin mm(

4.29 here Z B
(4.29) where Zsqgp, (¢,m) 2sinh 7 sinh wm’
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where the FI parameters ¢, are given in , and Zsqgp, (¢, m) denotes the
S3 partition function for SQED, [109] with an arbitrary mass parameter m
and the FI parameter ¢ from . To avoid clutter in the final expression,
we put £ = 1, which can be easily restored by dimensional analysis.

We see a complete agreement with the proposal that the 3d limit is
given by the T'[SU(2)] and n — 1 decoupled twisted hypers. To complete the
story, we also test the 3d limit in the Coulomb branch lens space index, just
like we did in the (A1, Ag,—2) case. The lens space Coulomb index for the
(A1, Dayy1) theories was computed in [35] as well,

1
Iﬂ,p(tv )\) 2n+2—2k
Hk: 1 (1 _ t2n+1> (1 — ¢ 2nyt >

(
E tPHi tp,u
i — 5.1 n 2k—1 2nt2—2k \ ?
i=1 Hk 1<]—_t2n+1> (1—t 2"’+1>Hk:i+1 (1—t2n+1) (1—t i1 )

where

(4.30)

(1) i(i+1) 7 A (2) (1—1)i 7 A
431) M= _ A .
43D =5 ) Tty M 3@ Tamtl

and X € {0,1,...,p} denotes the holonomy around the 1-cycle of the lens
space for the flavor SU(2) symmetry of (A1, Dap+1). In order to take the
3d limit, we ought to turn off this holonomy, A = 0, and send p — oo, again
assuming that |[t| < 1. Only two terms survive this limit,

1
plggol-"p(t 0)= 1, <1 _ t%) (1 — t%ﬁszl%)

1

+

(1 _ t%:if) (1 _ fr;l> T, (1 _ t%’;;i) (1 _ tz";;i:%)
2n—1
1+t 1
(4.32) = + 11 —

“on_ 2n+2 i
(1 — t2n+1) (1 — t2n+1) j=2 1 — tant1

where we have massaged the last expression into a very suggestive form. The
product part coincides with (4.22f), and thus counts the chiral spectrum of
free twisted hypermultiplets. The factor

1+t

(1 _ tT) (1 _ tizii) ’

(4.33)
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therefore, must be counting the Coulomb branch spectrum of T[SU(2)],
if our proposal is correct. The Coulomb branch chiral ring of T[SU(2)] is
generated by three operators X, Y, Z, whose dimensions and Rc-charges are
all 1, and the topological charges are +1, —1, and 0, respectively. To account
for the mixing , we compute their r-charges,

1 o + 2
(4.34) rX) =1t T =
1 9
r(Y)=1 T o2 =1

T o+l st

Observe that these are precisely the powers that appear in . Also,
the generators satisfy XY = Z2, so general chiral operators can be written
as Po(X,Y)+ ZP(X,Y), where Py are arbitrary polynomials. Counting
such operators weighted by ¢" indeed gives , which is thus the Coulomb
branch index™| of T[SU(2)] with the unusual weight factor ", where the r
charges are given by . This confirms our proposal again. Notice that
the operators X,Y,Z do not come directly from the 4d Coulomb branch
operators, so they must emerge in the 3d limit from line operators wrapping
the shrinking 1-cycle.

5. Lagrangian theories

Let us now focus on the class of examples coming from Lagrangian 4d N' = 2
theories. The sort of mixing discussed before does not occur in such cases,
which slightly simplifies the story, as we do not have to worry about the FI
terms. More importantly, a large set of Lagrangian tools makes them more
amenable to explicit analysis.

5.1. Matrix model reduction

The flavored 2 x S! partition function has a matrix model description that
follows from the localization (see, e.g., [66, ITI0HIT2]), — we will use the
form of the answer employed in [IT3] [114]. For concreteness, let us focus on
theories built from vectormultiplets and full hypermultiplets, and write the

1Of course it is also the Higgs branch index, since T[SU(2)] is self-mirror.
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answer in terms of Jacobi theta functions,

_ q—i2<wf7af>2
W

" [da]” Ly3r—IGI+IR| [Tacayo i ({a, a)/2m;7)
X/O [2”] ") [ ww)er 04(({w, a) + (wy,ar))/2m; )’

(5.1) Z

where w and wy denote gauge and flavor weights of the matter multiplets
respectively. The 3d, or high-temperature, limit of this partition function
has been analyzed in great details and in full generality in [57], and the
readers should consult that reference for more details. In the simplest case
of theories obeying c4q > a4q, it is enough to perform a somewhat more
simplistic analysis to get the correct result. First, it is necessary to write
the integration region as a € (—m, )", rather than (0,27)", — this change
does not affect the exact answer due to periodicity of the integrand, yet is
important for proper asymptotic analysis, as the leading contribution comes
from the region close to a = 0. Next, we rescale the integration variable a
and the flavor fugacity ay according to

(5.2) a=fo, ay=pPmy.

The integration now ranges over o € <—%, %) Now we take the 5 — 0 limit

and approximate the integrand by its 5 — 0 asymptotics. While for the eta-
function it is enough to write 7(7) ~ iiT 52*14, with § = e 27/7 = ¢=47*/8,
for theta function it is useful to perform the modular S transform and use
the product formula, which gives:

01(z;7) = i ‘ e T2 9 in (Wé) q’% [(1 _ e2wif§) (1 . 6_2’”%2]‘)]

—1T

(1= (1—e?™23)] ...

i”e—tim cos (7%) 3 (14 e¥52g) (14 272 g)]
[(1+e¥5g%) (L+e 2™ 2)] ...

X

(5.3)

O4(z;7) =

X

When 2z is small, the factors in square brackets can be neglected in the
7 — +0¢ limit, but they start contribute one by one as we increase z up
to 1, 2 etc. In general, as we take the 7 — +0¢ limit, one might encounter
several saddle points in the integral as was found in [57]. Again, the
simplest situation is when only the saddle near a = 0 contributes, in which
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case we approximate theta functions near z = 0, and all factors in the square
brackets can be dropped:

01(z;7) ~ ! _ e~ 7" 25in <7r3> (ﬁ,

—iT T
(54) 1 T2 z 1
04(z;7) =~ —e~ 7% 2cos <7r—> gs.

—iT T

With these approximations, one finds the 7 — 407 asymptotics:

1 . . 1
5.5) Z r gis(dim(G)—dime(R))_—_
(5.5) W

v [as [Taen\o 2sinh ((o, o))
t H(w,wf)G'R2COSh (7T (<w70> + <wf7mf>))’

which is the well-known Kapustin-Willett-Yaakov matrix model in 3d [115],
with the divergent factor implying ciq — a4q = 5 (dimc(R) — dim(G)). In
particular, theories with enough matter satisfy cq4q > a4q.

One can also repeat this exercise and reduce the matrix model coupled
to symplectic bosons on the two-torus, as derived in [113] [114], to a matrix
model coupled to quantum mechanics on the circle found in [4]. In doing
this, we integrate out all non-zero Kaluza-Klein modes on the torus, while
only keeping the zero modes of symplectic bosons unintegrated. We then
take the 7 — +0¢ limit, similar to the above discussion. For theories ad-
mitting the standard high-temperature behavior governed by the Di Pietro-
Komargodski formula, this works straightforwardly: the Cardy-like term is
precisely as in , and the correlators behave well in the 7 — 40i limit.

5.2. Testing the W-algebra reduction: SU(3) SQCD

Since the SU(2) SQCD has already been analyzed, here we turn to the next
simplest example — the SU(3) SQCD, which is much more involved because
the corresponding VOA is a W-algebra [I]. In fact, for SU(N), Ny = 2N
gauge theory with arbitrary N > 3, the W-algebra has been conjectured in
[1] to be generated by the su(Ny)_n @ u(1)_y affine currents,

N (85} — 015} L 0 (0) = 801 (0)

J9(2) 6 (0) ~ — 5 ,

z z

(5.6) J(2)J(0) ~ — 2
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together with an additional pair of strong generators at level Ly = g These
are Virasoro primaries corresponding to the baryonic chiral ring genera-
tors given by the antisymmetric SU(Ny)-tensors with % = N flavor indices
each,

— 60&10[2...0&1\{

blllzl]\j QQlil qaz’iz AR an’LN’

(5.7) BN = enaneand G Y

where we adopt the notations of [I]. In particular, ¢, ¢ are symplectic bosons,
¢ is the SU (N )-invariant tensor, and «a; are gauge indices. In these notations,
the affine currents are

1 .
—

Ny ?
(58) J = Q(xkauk7

Jij = qmauj Q()ck?]uka

and the only non-obvious OPE one should specify is between b and b. For
N =3, it is given in [1]:

o 36007207 368072774 (0)
(5:9)  biyigiy (2)077272(0) ~ —— 57— — —

23 22
| 1800 (B ) ) - 18016:00,,1(0)
Z .

The stress-energy tensor coincides with the one provided by the Sugawara
construction,

1 o 1
5.10 T=—\(J'J") — —(JJ
(5.10) 3 (950 - 5-00).
with the two-dimensional central charge
(5.11) Coq = 2 — 4ANZ.

We now want to study the dimensional reduction for this model from various
points of view, verifying our general results and exemplifying various further
subtleties that appear in this problem.

5.2.1. Analysis in 3d. The 3d reduction is the SU(N) gauge theory with
Ny = 2N fundamental hypers, and as usual, we apply the techniques of [4].
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Now it is convenient to work with full hypers, and their 1d relatives Q; and
Q“" have the following propagator at the fixed Coulomb parameter o,

<Qai(§01)@6j(¢2)>a = 5?(G0)aﬂ(@1 - @2)7
G () = _sgn(p) + tanh(ﬂa)e_w

8l ’
(5.12) Gs(0) = —

tanh (7o)
8l

The generators J;/, J, b, and b have the same expressions in 1d as their

2d counterparts (5.8) and (5.7)), with ¢, ¢ replaced by @, @. Using the
propagator (b.12f), we find for general N:

(J] (0)J1(0)0 = ~ D)y <5§5i - Nf5352> Trr [coshQ(mr)] )
Ny b
(5.13) () (0))o = = (870)2 Trr Loshz(wa)}
2
+ (87T£)2 [Trr tanh(ﬂa)]2 )

We next have to compute integrals over sigma, and in particular the partition
function is

2sinh(m{o, 0V
(514) Z—/ a'G HaGA\O ( < >?N ’
R? (ITeper 2cosh(m(w,av))) ™!
where & = (01,02,...,0,) and 0¥ = ). 0;¢, with a the coroots (this is

simply a convenient choice of normalization of o). For general N, such inte-
grals are complicated and can be studied using the techniques developed in
[116H120]. Focusing on the case N = 3, we obtain

T 1 46848 — 472572
T —_— =
® | cosh®(no) 35 (448 — 4572)

8 (157572 — 15544)
35 (448 — 4572)

(5.15) ([Teg tanh(ro)]?) =
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thus giving

, 1 .1 46848 — 472572
7 l _ lsi _ —s94!
(@0 = — gz <5z5k 60 5k> 35 (448 — 4572)

1 18(7552 — 76572)

(5.16) (J(9)J(0)) = - (8370)2 448 — 4572

It is also straightforward to compute for 1 > @2 > @3,

) 1 , .
(o) I pa) T o)) = (s (018,07 — 6161, — traces)

(e ) )

(5.17) (J(p1)J(2)J (3)) = 0,

and thus identify star products in the subalgebra of currents as

J s Jb = J L —%(@Uﬁ — a7
+ e (40— 5000 .
1
(5.18) JxJ=:JJ: G
where for N = 3,
46848 — 472572 18 (7552 — 76572)

(519) = o = —

35 (448 — 4572) 448 — 4572

Here, as usual, : AB : is defined as the highest-dimension operator appear-
ing in A x B, made orthogonal to all the lower-dimension operators via the
Gram-Schmidt procedure. In the above expression, this means that : J;7 J;' :
and : JJ : are necessarily orthogonal to the identity and the dimension-1 op-
erators (currents), but they might not be orthogonal to each other, i.e. there
is still some residual mixing between : J;/ Ji! - and s JJ Also notice that in
our case there exist dimension—% operators b and b, but : J;7Ji! - and : JJ :

obviously cannot mix with them.

5.2.2. Analysis in 4d. Let us now verify that the same answers follow
from the high-temperature limit of torus correlators. Like in section [2] it is
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straightforward to write the currents two-point functions by matching the
pole structure in the OPE,

() b)) =~ (08 = -1

(e (M3 77) o).

520 (e =T (e () +aaln))

with the only difference that now we have two z-independent functions
e1,2(7), since the underlying Lie algebra is not simple and has precisely
two direct summands. They are of course given by the one-point functions
of the normal products of currents,

(1) = =35 (38 - 000 ) r (o),
2N?

(5.21) (1) = =5

62(7' )

We know that the Weierstrass function behaves as p ~ —3422 in the 7 — 0

limit, so it only remains to find the high-temperature asymptotics of ej 2(7).

The natural expectation, which we will confirm below, is that the behave as
A B

(5.22) er(r) ~ =, er)~ =

7_2 9 T2 )
Implying the following limits

_ . 1 1
lim 72(J7 (21)J}(22)) = h*4N <5Zl-5i - Nfdféi) <—12 + A>

T—0

1
(5.23) lim 72(J (21)J (22)) = W*8N? ( — + B>
T—0 12
which result in the same 1d algebra as given in (5.18]), with the relation
between A, B and p1, o as follows,
(5.24) A= i + 2L B= S+
4N’ 8N N2
These values of A, B also agree with the Cardy behavior, as one can easily
check. Indeed, the one-point function of the stress tensor ((5.10)) follows from
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the one point functions (5.21)), and is given by

(N]% —De1(r)  ey(r)
202 202

(5.25) (T) = —

Using the asymptotics (5.22)), with A, B given in (5.24]), and p1, uo taking
values (5.19), we find

5/6

(5.26) (1) ~ 5.

On the other hand, the torus partition function Z behaves in accordance

with (2.14),

__dim(G) =Ny dimg(R)

(5.27) Z~Gg = D,
indeed implying the same behavior of (T),

1 d N?2+1 5/6

(5:28) 0= smE 3 8~ e = e

We also confirm the behavior (5.22)) of e;(7) and ex(7), with A, B given in
(5.24), from the chiral algebra computation in Appendix

5.2.3. Star products from the flavored Schur index. Another
method to extract the 7 — 0 limits of correlators of currents is by look-
ing at the 7 — 0 limit of the flavored Schur index. It is somewhat redundant
in the present case since it obviously gives the same results, but will be the
only technique available to us in later sections. The flavored Schur index
gives the flavored vacuum character of the VOA,

cagq f
(5.29) I(r,a¢) = Try qLO_zTu;O,

where uf = €' is the flavor fugacity, and J({ = fg—;Jf(z) is the charge
of the affine current Jf(z), with the integral going over the spacial S* C
S3. In the high-temperature limit, as was previously mentioned, we scale
ay = fmy = —2mitmy, and my becomes the 3d mass. By taking derivatives
with respect to my, we can compute integrated correlators of currents in
1d. Because the 1d limit of the two-point function of currents is a constant
(which is simply the constant term of J s gf ), this allows to compute the



4d/2d — 3d/1d 2047

1d two-point function of two arbitrary currents. Namely,

1o dz [ d
(5.30) Ta— _(2n)? 27{ Zlf 2278 (1) (29)).

8m} myg —0

Taking the 7 — 0 limit, the z-dependence of the two-point function drops
out, the integrals become trivial, and we can simply write,

1 0?I(1,m)
31 =— i ’
(5 3 ) <J1 * J2> T—1>r—&I-102 (27‘(’)2](7', ) Om10msy ’m207

where we generalized to the case of several currents J; with the associated
masses denoted m;. In the next Section, this will help to extract star prod-
ucts directly from the flavored Schur index.

6. More on Argyres-Douglas theories

The general construction of Argyres-Douglas theories from twisted compact-
ification of (2,0) theory of ADE type j on a Riemann surface C with irregular
and regular punctures were carried out in [95, [96] extending previous results
for the A-type case [92] [04] 97, [104] T05]. The requirement of superconformal
symmetry fixes C to be a sphere (with holomorphic coordinate z) and the
irregular puncture at z = 0 to be described by a singularity (Hitchin pole)
of the Higgs field

T

(6.1) @:ZQT%JF...

where T is an element in the Cartan subalgebra of j, b is selected from a set
of positive integers fixed by j, and k € Z satisfies kK > —b. The construction
allows another regular puncture at z = oo labeled by Y, which is a Young-
tableau that captures the Hitchin partition for the classical Lie algebras j,
and more generally given by Bala-Carter labels for the exceptional cases.
The SCFT constructed by such a pair of irregular and regular punctures in
the 6d (2,0) theory is denoted (J?[x],Y), and the one that is produced by
the irregular puncture alone is named J°[x] [95]@

5Note that it is common for a given 4d A" = 2 SCFT to have multiple class S
constructions and this gives rise to identifications among the labels (J°[x],Y).
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The 2d chiral algebra for the (J?[k],Y") theory is a W-algebra [23] of the

typ@

(6.2) WhGLY), k=-—hY 4+

K+b

where hY denotes the dual Coxeter number of j (see also Table 5 in [43]).
Such W-algebra arises from the quantum-Drinfeld-Sokolov (qDS) reduction
of the affine Kac-Moody (AKM) algebra Vj(j), which corresponds to the
special case of when Y = F labels a full (principal) regular puncture.

The Higgs branch of the SCFT (J%[x],Y) is identified with the associated
variety of the W-algebra, and given by the intersection of the Slodowy slice

Sy transverse to the coadjoint nilpotent orbit Oy with another nilpotent
orbit,

(6.3) Mug = {Nj NS ite=0,

Xy NSy ifr<D0,

where N denotes the nilpotent cone and Xy is the closure of certain nilpo-
tent orbits of j that depends on k [22] 23].

We focus on the case j = sl,, in this paper. In previous sections (sec-
tion and , we have studied the special cases where the 2d chiral
algebra is either a Virasoro algebra (for (Aj, Ag,—2) theories which corre-
spond to A}[2n — 1] above) or an AKM algebra (for (A1, Da,+1) theories
correspond to (A2[2n — 1],[1,1])). Below we extend the analysis to more
general Argyres-Douglas SCFTs that realize nontrivial W-algebras.

6.1. (A1, A2,-1) AD theories

The (A1, Ag,—1) SCEFT has an n — 1 complex dimensional Coulomb branch
and a two complex dimensional Higgs branch, with U(1) global symmetry
(enhanced to SU(2) for the n = 2 case). The conformal central charges are

12n2 —5n—5 3n2—n-—1

(6.4) Q4d 24n+1) Cad 6(n + 1)

This is a special case of the (J°[],Y) theories in [95] as (A" _4[1],[n — 1, 1]).
Their Higgs branch is described by the intersection of the Slodowy slice of

16Tn general there are certain constraints on (j, b, k) for this statement to be true
[23]. Such (j, b, k) exist for all the cases we consider in this paper.
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sl,, transverse to the subregular nilpotent orbit [1,n — 1], with the nilpotent
cone Ny, ,

(6.5) Mup = Noi, NSjp_11) = C?/Zn,
which is equivalent to the A,,_; singularity. The chiral algebra here is [23]
(6.6) Wit (A1, [n — 1,1)),

which contains a U(1) current subalgebra that descends from the flavor
symmetry multiplet in the 4d SCFT.

The 3d SCFT from S* reduction has the following quiver description,

(6.7) U(1)

U() U()

q1,01 q2,G2 Gn—1,Gn—1 Gnqn

U],
with n — 1 U(1) gauge nodes. The mirror quiver is simply that of SQED,,,

(6.8) SU(n)

U(1).

PasPa

In the first description, we denote the n hypermultiplets by (qq,q,) with
a=1,2,...,n, which are subjected to the D-term relations

(6.9) dada = qb0b

for all @ and b. The Higgs branch chiral ring is generated by
(6.10) J=qq, X=qq0. . -qn, Y =q0G .. n,
subject to the ring relation

(6.11) Xy =J"

In particular J is the moment map operator associated with the U(1) flavor
symmetry.

The spectrum of Coulomb branch chiral primaries in the (A, Ag,—1)
SCF'T is given by

(6.12) A=r=1+—"2

fora=1,2,...,n—1.

n+1

The fractional U(1), charge indicates that upon S! reduction, the 3d SU(2)¢
R-symmetry Cartan R¢ must be given by a combination of the 4d U (1), gen-
erator and emergent Coulomb branch topological U(1) symmetries. The 4d
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Coulomb branch chiral primaries map to monopole operators in the quiver
gauge theory , while in the mirror SQED,, description with the hyper-
muliplets denoted by p,, p® for a = 1,2,...,n, the relevant 3d operators are
simply built from gauge invariant combinations of p,, p®.

The precise R-symmetry mixing was worked out in [67], which we rewrite
in a different way as

(6.13) r=R,—Y ——"h,,

where h, are Cartan generators of the the enhanced SU(n) symmetry (man-
ifest in the SQED,, description) such that the charges of the hypermultiplets
in SQED,, are normalized as

(6.14) ha(py) = abPbs  ha(Pb) = —0abDo-

Consequently, the 3d chiral primaries corresponding to the 4d Coulomb
branch operators (6.12)) are pi1pg+1 (up to mixing with operators with the
same U(1), quantum number).
The FI parameters in the quiver (6.7) that capture the R-symmetry
mixing are
i1
6.15 = ———
( ) Cll é n + 1 9
or equivalently in the mirror description (see Appendix |C| for the mirror-
map) the masses are
tn+1—2a
6.16 Mg =-——7"+.
(6.16) Y0 2(n+1)
In the following sections, we verify that with these FI (mass) parameters, the
reduction of the 4d flavored Schur index gives directly the 3d sphere partition
function. Consequently, the subsector of the full TQM involving the U(1)
moment map operator J agrees with the Cardy limit of the corresponding
sector of the W-algebra.

6.1.1. Analysis in 4d. The flavored Schur index for the (A1, Ag,—1) the-
ory is given by

1+q)(1—¢" D+ (a+aV)gz(1-¢°
617) T,y = P LED (Clj—q))(l(_qnm)q e
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For n = 2, we have further simplification,

q(1 = ¢*)x1(a)
(I—=q)(1 =g ]’

(6.18) T(a,.1,) = PE

with enhanced SU(2) flavor symmetry.

Using the ¢ — 1 limit of the Lambert series, the Cardy limit can be
easily obtained:

(6.19) }13%(—17) log Tschur = 5

Furthermore, taking into account the flavor fugacities a = ¢™, we obtain
the 3d mass-deformed partition function:

o = 11 () ()

se{+1,—1}
()
e n+1 n+1
1 sin (%)
S 2(n+1) gy (W(T:flim)> sin (ﬂ(?;—flz‘m)> :

By taking derivatives with respect to m, we obtain correlators of J in the 1d
TQM from the reduction of the 2d chiral algebra. In particular, two point
function of the U(1) moment map operator J is

1

(n +1)2 cos (%)2

(J*J)=— 02, log Zzq(m)|

(2m)2

m=0 —

(6.21)

6.1.2. Analysis in 3d. Here we derive the deformed sphere partition
function directly from the 3d quiver gauge theory. For this purpose, we find
it convenient to use the mirror description, in which case the FI parame-
ters translate into the mass parameters for the SU(n) flavor
symmetry of SQED, and the U(1) mass parameter translates into the FI
parameter of SQED,

(6.22) m=n.



2052 M. Dedushenko and Y. Wang

In this case, using the identity (C.17)), we obtain:

(A1, Azn1) _ 1
(6'23) Z3d (maa 77) - (_i)n—l(ewn _ (_1)ne—7rn)
n 6727riman
X .
= [1p4q 2sinh(mmap)
1 sin 74
2T i S s S

in agreement with (6.20). Correspondingly, the correlators of J in the TQM
(which can be obtained from taking derivatives with respect to n = m) agree
with the ones from reduction of the 4d Schur index.

6.2. (Al, D2n+2) AD theories

The 4d SCFT has an n complex dimensional Coulomb branch and a four
complex dimensional Higgs branch, with SU(2) x U(1) global symmetry.
The conformal central charges are

12n + 2 n+1

24 y  Cad = .

This theory corresponds to (AZI%[—H, [n,1,1]) in [95]. The Higgs branch
of theory is given by the Slodowy slice of sl, o transverse to the sub-sub-
regular nilpotent orbit [n, 1, 1], and intersected with the subregular nilpotent

orbit [n + 1, 1],

(6.25) Mug = Opp1,1) O S,y

The chiral algebra is the qDS reduction of V_ nw+i2 (80,42) at the subregular
nilpotent element [23], .

n(n+2)

(626) W™ 1 (5[n+27 [n7 1, 1])7

which contains the AKM subalgebra V_2.+1(sly) responsible for the SU(2)
n+1
flavor symmetry of the 4d SCFT.
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The 3d SCFT from S' reduction has the following quiver description,

<627) SU(Q) Q.07 U(l) q1,41 . ‘C.]n—lvqn—l ! qnsGn U(l) ’
with n U(1) gauge nodes. The mirror quiver is
(6'28) SU(n) pa7ﬁa U(l) S7§ U(l) ti U(l) Y

which makes manifest the enhanced SU(n) x U(1) symmetry on the 3d
Coulomb branch.

The quiver gauge theory has hypermultiplets (Q7, @”) in the fundamen-
tal representation of SU(2) (here I, J = 1,2), and bifundamental hypermul-
tiplets (g, §o) with @ = 1,2, ..., n, which are subject to the D-term relations

(6.29) QrQ" = qada

for all a. The Higgs branch chiral ring is generated by gauge invariant holo-
morphic combinations of hypermultiplets,

(6.30) M’ =Q1Q”, P = tnin. Wr=Qra162-- .40, W' =Q't12.. . dn,
subject to the ring relations:

M' + My* = P, My'My* = MMy,

6.31 . 5 5
(6.31) Wiw? = M7PY, MWy = Mg/ Wy, MpWE = MEw.

The (A1, Day+2) theory and the (Aj, Agy,—1) theory are related by Hig-
gsing (as in the case of (A1, Day41) and (A1, Agy,—2)). This is obvious from
the 3d perspective in which case the Higgsing is implemented by giving a
vev to the moment map operator M;”. This is also easy to see in the class
S setup using the A; (2,0) theory. In this case, the (A1, Dayy2) is realized
as Al[n], and the (Ay, Ag,—1) is realized as (Ai[n], F), which involve the
same irregular puncture [92] 05]. The two are obviously related by closing
the regular A; puncture. The Coulomb branch chiral primary spectrum of
the (A1, Dan42) contains, in additional to those in (Aj, Aan—2) (see (6.12),
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an operator of dimension

2n+1

(6.32) A=r=—,
n+1

which arises from local Hitchin moduli of the regular puncture and gets
lifted upon Higgsing to (A1, Ag,—2).

Not surprisingly, the R-symmetry mixing relation that involves the 3d
SU(2)c R-symmetry and emergent Coulomb branch topological symme-
tries is similar to that of (A1, Aa,—1) [67]. In fact, in the mirror description
, the mixing is captured by the same mass deformations for the en-
hanced SU(n) symmetry as in for SQED,,, which is the 3d mirror for
the (A1, Ag,—1) theory. Labeling the hypermultiplets in the mirror quiver as
in , which makes manifest the SQED,, subsector with hypermuliplets
Da, Pa, the identification between 4d Coulomb branch primaries and Higgs
branch operators in the 3d mirror proceeds as before, with the exception
of the operator which is identified to the dimension % 3d chiral pri-
mary p15t (again up to mixing with operators of the same U(1), quantum
number).

Using the mirror-map (C.10)), the corresponding FI parameters in the
quiver (6.27)) are

1 (n—1 1 1
(6:33) Ca_ﬁ<2n+2’_n+1"”’_n+1>'

In the following sections, we verify that with these FI deformations, the
reduction of the 4d flavored Schur index gives directly the 3d sphere partition
function. Consequently, the subsector of the full TQM generated by the U(1)
moment map operator .J and the SU(2) moment map operator J;” agrees
with the Cardy limit of the corresponding sector in the W-algebra.

6.2.1. Analysis in 4d. The flavored Schur index for the (A;, Daj42) the-
ory is given by

(14 x1(2))a(l — ¢") + (a+a)xa(2)g" (1 - Q)]

6.34 =
(6.34) Z(A),Day2) PE[ (1—¢q)(1—gntl)

For n = 1, we have further simplification,

(1+x1(2))g+ (a+ a‘l)x;(Z)q] B

SU(3)
axs  (y)
(1-¢?) B PE[ ] ’

(6.35) 7, = PE[
(b0 (1-4¢?)
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with SU(3) fugacities 4, = z'/2a and yp = 2'/2a™", due to the enhanced
SU(3) flavor symmetry.

From the ¢ — 1 limit, on easily recovers the Cardy formula that accounts
for the divergent pieces in logZ(4, p,..,),

. . ™
(6.36) 71_1{}%(—17') IOgI(A1,D2n+2) = 47T(C4d - a4d) = g

Next defining z = ¢"* and a = ¢", using the asymptotic behavior of the Lam-
bert series, we extract the finite piece in the Cardy limit,

1 n—+1+2sju+ 2s9m
6.37 Z = — r
(6.37) 3d(m) PRGN 5261{11 . ( 2(n + 1) )

Al () 7 (TET)F(";‘ET)

1 1

n+2 (u+m)
(n+1)2 cosﬂ;fﬁn

::]:

(j+2m) *
n+1 j: n+1

COS

By taking derivatives with respect to m and w respectively, we compute
the correlators in the 1d TQM from the S* reduction of the 2d chiral algebra,

1
TIr? « Tt = Tt - 27(6%# — Ji’6F)

ot Les _ Loycr
(6.38) 1272 <(n+1)2 +2> (670% 25151()»
1
—. 72, _
JxJ=:J": At 122

Here Jrx”% denotes the normal ordered product in the OPE of SU(2)
moment-map operators, which is orthogonal to lower dimensional opera-

tors but has non-vanishing overlap with : J? : (similar to the case of SU(3)
SQCD discussed in Section [f]).

6.2.2. Analysis in 3d. Here we directly compute the 3d sphere partition
function with the FI parameters and mass deformations taken into account.

Again, we find it convenient to work with the mirror description, in
which case the mass and FI parameters are given by (see (C.10]) for the
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mirror-map)

n+1-—2a.

(6.39) Mg = ml,

N =m-—u, N2 =72m.

In this case, the matrix model for the sphere partition function is given by

(6.40) Z4P ) ({niy, {ma})

e2mi(mo1+n202)

= [ doid
/ 714025 cosh(mwoa)2 cosh(m(o1 — 02)) [[,_1 2 cosh(m(o1 + myq)

e27r7,17202
- d 72 ) ) .
/ 2 2 COSh(’]TO'Q) SQEDn+1 (771 {ma 0'2})

After some algebra (for details see Appendix , we obtain:

(6.41)  Z5H"P ) (I}, {ma))

2
_ 1 sinh = +"11
4(n +1) cosh ﬂ(m u) cosh (;:fl") sinh (27rm)

This agrees with the answer (6.37) from reducing the 4d index after using
the identity (C.17). Consequently, all correlators of the U(1) and SU(2)
moment map operators J, J;’ agree with the Cardy limit of the W-algebra

7. Conclusions and discussions

In this paper we have explored relations between protected operator al-
gebras in four and three dimensional superconformal field theories (SCFT).
They are respectively described by the 2d chiral algebra in 4d N' = 2 SCFTs
and the 1d topological quantum mechanics (TQM) in 3d N’ =4 SCFTs. In
particular, by taking the supersymmetric Cardy (high-temperature) limit
of the 4d theory on S x S3 in a number of examples, we deduced explicit
dictionaries between the 3d and 4d SCFTs for a subset of the operator prod-
uct expansion (OPE) data, that includes central charges for global symme-
tries and (twisted) correlation functions of Higgs branch BPS operators.
We tested these relations by studying a variety of 4d SCFTs of both La-
grangian and non-Lagrangian type. In the former case, we saw explicitly
from supersymmetric localization that the 4d matrix model which captures
observables in the corresponding chiral algebra sector becomes the 3d matrix
model governing the TQM. In the latter non-Lagrangian case, despite the
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lack of localization formulae in 4d, we took proposals from the literature for
the chiral algebra and in particular its torus partition function (the flavored
Schur index of the 4d SCFT), and determined a subset of the OPE data of
the would-be 3d N = 4 theory from the S! reduction. For some of these non-
Lagrangian theories in 4d, such as the Deligne-Cvitanovi¢ (DC) exceptional
series of SCFTs, and the (A1, Ag,—1) and (A1, Da,12) type Argyres-Douglas
theories, the corresponding 3d (mirror) Lagrangians were known, and we
used them to explicitly verify predictions from the 2d chiral algebra, there-
fore providing concrete support for these chiral algebra proposals. In other
cases, such as the (A1, Ag,—2) and (A1, Da,y1) type Argyres-Douglas the-
ories, where the 3d (mirror) Lagrangians were missing, we gave a proposal
based on the Cardy limit of the 2d chiral algebra, that passes various non-
trivial checks beyond the chiral algebra/TQM subsector. Below we outline
a number of interesting future directions:

e For 4d non-Lagrangian SCFTs, a Higgs branch free field realization of
the 2d chiral algebra sector was proposed in [27], which provides a sys-
tematic way to extract OPE data (similar in spirit to the localization
formulae of [113] [114]). It would be interesting to explore the Cardy
limit in this free field realization in relation to the TQM sector of the
corresponding 3d SCFT.

e A related question is about the uplift of matrix models describing the
TQM sector of 3d N = 4 SCFTs. Certainly, we do not expect all TQMs
to be realized as reductions of 2d chiral algebras that arise in 4d N = 2
SCFTs, due to the physical conditions such as superconformal sym-
metry and unitarity constraints in 4d. But it would be interesting to
understand these obstructions of uplifting from the 3d/1d perspective.

e We have mostly focused on local operator algebras in this paper.
However, extended operators must be taken into account to estab-
lish a more complete dictionary between operator algebras across dif-
ferent spacetime dimensions. In particular, as we saw in the case of
(A1, Aap—2) and (Ay, Dayy1) theories, the Cardy limit generates emer-
gent monopole operators of dimension 1/2 and 1 respectively, which
do not originates from 4d local operators. They must come from line
operators wrapping the vanishing S*. It would be interesting to under-
stand this phenomena by studying the line operator spectrum of the
4d theory. More generally, the chiral algebra sector can be enriched
by including surface defects, which leads to new observables in the 3d
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theory that may involve line and surface defects that are worth explor-
ing. The TQM setup in 3d can independently be enriched by extended
objects (e.g., a variety of line operators that 3d A/ = 4 theories admit
[121]), which also remains mostly unexplored.

e In all examples we considered in this paper, the 3d N'= 4 SCFT that
arises in the Cardy limit of the 4d N'=2 SCFT has a (mirror) La-
grangian description. It would be interesting to see if our general pre-
scription can give predictions for the OPE data in non-Lagrangian 3d
SCFTs using the input from the 2d chiral algebra sectors of 4d N = 2
SCFTs.

e For families of SCFTs with a large N limit, via AdS/CFT, the pro-
tected operator algebras are dual to subsectors of string/M-theory in
the bulk [8, 33} [40] 122]. In particular, it was proposed in [33] that the
2d chiral algebra (a super W-algebra) sector of the 4d N'=4 SU(N)
super-Yang-Mills in the large N limit is described by a Chern-Simons
theory on an AdSs slice, and the gauge algebra is given by the wedge
algebra of the large N super W-algebra. Later in [122], the 1d TQM
sector of the large N U(N); x U(N)_1; ABJM theory was shown to be
dual to a 2d Yang-Mills theory on an AdSs slice in AdS4. In this case
the gauge algebra (in a Zs even sector) is given by Sdiff(5?), the area-
preserving diffeomorphisms on an emergent S2, and the interactions
involve, in addition to the Yang-Mills action, certain higher-derivative
terms from the higher Casimir invariants of Sdiff(S?). It is plausible
that the bulk dual 3d Chern-Simons and 2d Yang-Mills theories are
related by an S! reduction (see for example [123]), and it would be in-
teresting to explore this connection in more detail, especially since the
Chern-Simons dual of the large N super W-algebra is not completely
settled.
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Appendix A. Computation using the 3d mirror of (A;, Dy)

The 3d mirror of the (A1, Dy) theory is a U(1) x U(1) gauge theory with
hypers of charges (1,0), (1,1) and (0, 1). The Coulomb branch TQM of this is
equivalentto the Higgs branch TQM of the direct dimensional reduction from
4d. We compute the Coulomb TQM here using the shift operator techniques
from [6], [7].

Since we deal with the abelian rank-2 theory, all quantities of the type
X will mean two-dimensional vectors. We use the North pole picture for the
shift operators. We have the scalar fields,

and the monopoles,
; 3 (_1)(61.E)+ 1 - _B(i0,10,)
(AQ) _/\/l e H_M<2+Z€ql(b> . & 279 B’
-1 flar

where b is the magnetic charge, and g7 is the gauge charge of the I'th hyper-
multiplet. These operators are the basic building blocks, and the algebra is
simply generated by them, with all the relations following from the structure
of shift operators.

We expect to obtain the quantization of the minimal nilpotent orbit of
Ag, hence we use the typical Lie algebra notations below. We identify the
following linear combinations of scalars with the Cartan subalgebra genera-
tors,

1
Hy =V2®, + —
' SRVG)

(A.3) Hy = \/3@2,

(1)27
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and the following monopoles with the As root system,

M(ilvo) — Eial
(A.4) M(07:|:1) — Ei(a1+a2)’

where a7 and s are the simple roots of As.

These operators generate the whole algebra of shift operators, and in
particular we can easily check that commutators indeed reproduce the A,
algebra,

i

[H;, E%] = Eaian
(B, B0 = %a H,
[E%, EY] = %Eaﬁaz,
(A.5) etc.

The normalization of the Killing form is
(A.6) K(E“ E~*) = K(H;,H;) =6,

which implies that 1? = 2 in our conventions. We then compute the Casimir
element,

[e3 — 6

To bring the algebra into our canonical form, we identify

(A.8) A=,

which then implies the same value of p as the Higgs computation in the
main text,

(A.9) = —=.
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Appendix B. One point functions of current bilinears

Here we compute the 7 — 0 asymptotics of the torus one point functions of
current bilinears (.J7J!) and (J.J). This can be done using the explicit rep-
resentation of the chiral algebra of Lagrangian theories on S3 x S! by sym-
plectic bosons coupled to the matrix model, as derived in [I13] [114]. There,
one first computes correlators at the fixed value of a — the S' holonomy
which is the matrix model variable appearing in . Then one integrates
over a. Using the torus propagator for symplectic bosons (see eqn. (4.49)
n [I13]), and the expressions of currents in terms of symplectic bosons, it
straightforward to find the following,

01 (27rz’

X Tr 04 (2fm 27r’ )94 2m 27r’
04( 271'7 ) 271'7

1 19" 2
(5153—515k> v [27” 9 <0’T Z.—i-O(zS)]

2
RO = (38~ 3-08L) G [ 01(0:7) ]

@2m)82 | = 66,(0;7) 2
O(ei7)  (0aG5eiT)?
S B (2m) <94(z‘;;7) <9i(z“ ;T)) ) +O(Z4)]

1
lJ_i J
<55 N, 0; 6k> 2n)i e

107(0;7)  0)(5%:7) 04 (5=:7) 2
XTrR{‘s oo e <9i<};m>> }

(B.1) + singular + O(2?),

where the final expression gives <(sz J!))q. In the similar computation for .J,
N2 0 (L. ) 2
f 4 \ 21>
J(2)J(0)y = —= | Trg | ——%
< (Z) ( )> (27r)6€2 ( [94 (2i )
_ Nf 9’1 (0 7')
(2m)00% | 61 (£5;7)

2me)

94(2fm 27r’)94( 77 2aw37)]

94( 27r’7_) 94( 2(;;7')

[\

<B2) X TI'R
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the first term comes from self-contractions in J. Subtracting the pole, this

give:
N? o
e Sl 23

LN o) G (0GT) 2
(B.3) (27T)6£2TR{ 3 67(0;7) +94(21.T) <94(2a;7)) }

7

It is easier to first compute the 7 — 0 behavior, and then perform the matrix
model integration, which also simplifies in this limit, as we saw in (5.5). We
use the following,

07 (0;7) w7 6mi

0,(0;7) 2 +0(2),
T 2T T /) +0(0).
00 G- () ¢ B e -5 -2 o,
and find that
iy (U I00) = gy (31 5500
x Trr {; — (:()s1112m7} ,
N2
lim (7%((J.]))a) = (87%) (Trg tanh 7o)
N 1 1
(B.5) —WQ(S;E)QTW{S—M}.

These expressions completely agree with the ones that previously entered
the computation of py, po in 3d (c.f. ), once we take the linear relation
between A, B and p1, o into account. Therefore, we see a complete
agreement between the purely 3d computation and the 4d—3d reduction of
the VOA sector.
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Appendix C. 3d sphere partition functions and identities

The sphere partition function of a general 3d N = 4 quiver gauge theory
T with gauge group G = ®],(G;) and Higgs branch flavor symmetry Gg
reduces to a matrix model over the real Coulomb branch scalar vevs, by
performing a supersymmetric localization computationm

For notational simplicity, we define
(C.1) ch(z) = 2cosh(nz), sh(z) = 2sinh(mz).

We also set £ = 1 in this appendix.
The matrix model for the quiver gauge theory 7 then takes the form E

detaq sh(o)
detrgs ch(o +m)’

1 i SOk tr; o
(©2) Zr(m} {ma}) = / T] doc>istane

cartan

where R ® S labels the (reducible) representation of the hypermultiplets un-
der G ® Ggy. We have included the FI parameters 7; and mass parameters
mg that are compatible with the localization procedure. The mirror symme-
try for 3d A = 4 gauge theories amounts to the relation

(C.3) Zr({mi} {ma}) = 27" ({€a} {ui}),

with certain identification (or the mirror-map) between the mass and FI
parameters ({n;},{mq}) and ({&a}, {u;}) of the mirror-dual pair.

For example, the sphere partition function for SQED,, with FI and mass
deformations is
627rior]
Z Ame}) = | do
SQED,, (77 { a}) szl ch(a—l—ma)

1 n e—27rimav7

(C.4) - (—i)n(e™ 4 (—1)ne—") ; Hb;éa sh(mgp)’

where the integral was evaluated explicitly in [109)].

"For a comprehensive review on the sphere partition functions of 3d supersym-
metric gauge theories see [124].

181t is possible to include Chern-Simons levels for the gauge group, but we will
not need them here.
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On the other hand, the mirror description involves a linear quiver (6.7))
with n — 1 U(1) gauge group nodes,
27Ti 22711 £a0a
h(o1)ch(op, + ) []'Z2 ch(og — 0at1)

a=1

(C.5) ZE ({€a). / H doa—
Using the Fourier transformation repeatedly,

1 627riacy
(C.6) i / oS

it is straightforward to derive the identification:

Zsqep, (1, {ma}) = Z&5wD. ({€a},w),
ga = Mg — Mg—1,

u=1.

(C.7) , {
Mirror map :

For the quiver ([6.27) that arises from the S* reduction of the (A1, Doy, 12)
theory, the matrix model is given by

(C.8) Z(Al,D2n+2 ({&a}s {ur, u2})

/ H ClO' 627rw'a§a 1
ch(o1 + u1)ch(oy + uz) [[121 ch(0 — ga41)
and similarly for the mirror quiver (6.28)),

(C.9) ZiAD,, .y {msm2} {ma})

62771'(:717]1+02172)
= [ doido .
/ Y% h(oy — oa)ch(o2) [, ch(or + mq)

Once again, using Fourier transform, we derive the identification

20 By ({2}, A0 }) = Z(a, Dy ({€a}s {un, u2}),

(ClO) . (§17£27' "7571)
Mirror map : = (my,ma —mq,...,My — Mp_1),
(w1, ug) = (B2 22,
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We determine the explicit form of Z(4, p,. ,)({n1,m2},{ma}) below for
the special case,

n+1-2a.
(C.11) Mg = W%

relevant for the reduction of the 4d SCFT on S'. We start by rewriting the
two dimensional Coulomb branch integral as

(C.12) 20, (A me}, {ma})

27rzn202
doyS—— 7, as .
/ o9 (o) SQED,, ., (M, {Ma, 02})

Using (C.4]), we have

(Cl?)) ZSQEDnJrl (777 {ma702})
1
() e+ (1))

n

e—27riman

% <; 2sinh(m(mq — 02)) [ 154, 2 sinh(mmay)

—2mioam
T T, 2simh(n(oz — mb))>'
Therefore,

<C14) n}‘lfrg‘gn+2 {T’l 772} {ma})

(=) (e™n +( 1)ne—mm)
—2mimem
Z, /2 — m,
<Z Hb;& QSlnh 7'rma ) SQED2(7]2, {O,Z/ m })
+i" 230 (121, {0,4/2 — mb}))

1
(i) (e + (1))

(Il + IQ)
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Using (C.4]) again, we obtain

1

I =
! 2(n + 1) sinh 7
sin Tt (1 + ifi) sin 73 (1 + 421'(2;1772))
X — e ,
(015) COSh ;:7_11 COSh 71'(21_:{72)
n nﬂ(ni—m)
) e n+l
I =

(n2—m) *
2(n+1) cosh %

Putting together the two terms above and simplifying, we obtain

(C.16) 20D,y {2}, {ma})
2mm
_ 1 sinh 7% oy
4(n +1) cosh n(::lu) cosh (n ++1u) sinh (27m)

We find useful the following product and sum identities involving trigono-
metric functions,

s m(a+2im)  sinh(27wm)
H sin

20+D) g (22

(C.17) .
I W /1 coshsin i

Z e sin— T )

a=1 SIS0
The first equality above implies in particular

n n
(n + 1—2a) n+1

(C.18) al:II sin 1:[ e = o
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