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1 Introduction

A general formula for computing the generating function (Hilbert series) for the chiral ring
associated with the Coulomb branch of three dimensional N = 4 gauge theories has been
recently proposed [1]. The formula counts monopole operators dressed by classical opera-
tors and includes quantum corrections. It can be applied to any 3d N' = 4 supersymmetric
gauge theories that possess a Lagrangian description and that are good or ugly in the
sense of [2]. The formula has been successfully tested against mirror symmetry in many
cases [1, 3].

In a companion paper we developed a machinery for computing Coulomb branch
Hilbert series for wide classes of N' = 4 gauge theories by using gluing techniques. We
computed the Coulomb branch Hilbert series with background fluxes for the flavor sym-
metry of the three dimensional superconformal field theories known as T,,(G) [2], a class
of linear quiver theories with non-decreasing ranks associated with a partition p and a fla-
vor symmetry G. We found an intriguing connection with a class of symmetric functions,
the Hall-Littlewood polynomials, which have also appeared in the recent literature in the
context of the superconformal index of four dimensional ' = 2 theories [4]. We clarify the
meaning of this connection in the following. The T,(G) theories serve as basic building
blocks for constructing more complicated theories.

In this paper we consider the theories that arise from compactifying the 6d (2, 0) theory
with symmetry G = SU(N),SO(2N) on a circle times a Riemann surface with punctures.
These are known as three dimensional Sicilian theories. With the exception of the SU(2)
case, they have no Lagrangian description [5]. We are interested in their mirror which can
be obtained as follows. Starting from a set of building blocks {7}, (G), Tp,(G), ..., Ty, (G)},
one can construct a new theory by gauging the common centerless flavor symmetry G/Z(G),
where Z(G) is the center of G. We refer to this procedure as ‘gluing’ the building blocks
together. The resulting theory is the aforementioned mirror of the theory associated to a
sphere with punctures {p1, p2,...,pn} [6, 7].

The main purpose of this paper is to compute the Coulomb branch Hilbert series of
these mirrors. We do this by gluing together the Hilbert series of the theories T}, (G) as
explained in [3]. By mirror symmetry, our results should agree with the Higgs branch
Hilbert series of the Sicilian theories. The latter can be computed for the four dimensional
version of the theory, since the Higgs branch of a theory with eight supercharges is protected
against quantum corrections by a non-renormalization theorem [8] and therefore is the same
in all dimensions. Although the theory is non-Lagrangian, at genus zero the Higgs branch
Hilbert series can be written in terms of the Hall-Littlewood indices proposed in [4, 9]. We
find perfect agreement with the results in [4, 9, 10], as predicted by mirror symmetry.

Our result clarifies why the Hall-Littlewood polynomials appear in two different con-
texts, the Coulomb branch Hilbert series for the T,,(G) theories and a limit of the four
dimensional superconformal index of Sicilian theories. It is interesting to observe how
the structure of the superconformal index formula (see for example (3.31)), obtained in
a completely different manner, can be naturally reinterpreted in terms of gluing of three
dimensional building blocks.



Our gluing formula easily extends to punctured Riemann surfaces of higher genus, by
incorporating adjoint hypermultiplets in the mirror theory [6]. For such Riemann surfaces
the Hall-Littlewood index of the 4d non-Lagrangian theory differs from the Higgs branch
Hilbert series, as discussed in [4]. Our formula for the Coulomb branch Hilbert series of
the 3d Lagrangian mirror theory (3.30) provides the Higgs branch Hilbert series of the (3d
or 4d) non-Lagrangian Sicilian theory, for any genus g, as long as the theory is not bad in
the sense of [2]. In section 3.1, we successfully test our higher genus prediction for the case
of Ay Sicilian theories, also known as tri-vertex theories. These are 3d N/ = 4 Lagrangian
theories associated to a graph with tri-valent vertices, where a finite line denotes an SU(2)
gauge group, an infinite line denotes an SU(2) global symmetry, and a vertex denotes 8

half-hypermultiplets in the tri-fundamental representation of SU(2)3.

These graphs are
characterized by the genus g and the number of external legs e. The Higgs branch Hilbert
series of such theories were computed directly in [11]. In section 3.1.1 we reproduce that
result from the Coulomb branch of the mirror theory.

As an addition to the main line of this paper, which focusses on the Coulomb branch
of mirrors of three dimensional Sicilian theories, in section 5 we study the Coulomb branch
of tri-vertex theories themselves at genus zero using the monopole formula. We find that
the Coulomb branch Hilbert series depends only on e and not on the details of the graph,
as suggested in [6].

The paper is organized as follows. In section 2 we review the formula for the Coulomb
branch Hilbert series of N' = 4 theories, the gluing technique and the Hall-Littlewood for-
mula for the T,,(G) theories. In section 3 we compute the Coulomb branch Hilbert series
of the mirrors of three dimensional Sicilian theories with A-type punctures at arbitrary
genus g. We examine in particular the case of the T theory. We successfully compare the
result for genus zero with the superconformal index prediction for Higgs branch Hilbert
series of the Sicilian theories given in [4, 9]. We also give explicit examples for theories at
higher genus. In the SU(2) case, where the Sicilian theories are Lagrangian, we compare
our result with the Higgs branch Hilbert series computed in [11] finding perfect agreement.
In section 4 we extend the analysis to theories of type D. As a general check of our predic-
tions, we demonstrate the equivalence between D3 and As punctures and we compute the
Coulomb branch Hilbert series for a set of Dy punctures where the Higgs branch Hilbert
series can be explicitly evaluated, finding perfect agreement. In section 5 we compute the
Hilbert series of the tri-vertex theories at genus zero showing that they only depend on
the number of external legs. In section 5.3 we present generating functions and recursive
formulae, which are powerful tools for computing the Hilbert series of tri-vertex theories.
Finally, in appendix A we consider theories of type D with twisted punctures.

Note added. One might ask whether there is any relation between the Coulomb branch
Hilbert series that we study and the 3d superconformal index [12-14]. Indeed, a recent
work [15] appeared after the submission of this paper, showing that the superconformal
index of a 3d N' = 4 theory reduces to the Hilbert series in a particular limit.



2 Coulomb branch Hilbert series of a 3d N = 4 gauge theory

Our main aim is to study the Coulomb branch of three dimensional N = 4 gauge theories.
Classically, this branch is parameterized by the vacuum expectation values of the triplet
of scalars in the A/ = 4 vector multiplets and by the vacuum expectation value of the dual
photons, at a generic point where the gauge group is spontaneously broken to its maximal
torus. This yields a HyperKéhler space of quaternionic dimension equal to the rank of the
gauge group. The Coulomb branch is, however, not protected against quantum corrections
and the associated chiral ring has a complicated structure involving monopole operators in
addition to the classical fields in the Lagrangian.

A suitable quantum description of the chiral ring on the Coulomb branch is to replace
the above description by monopole operators. The gauge invariant BPS objects on the
branch are monopole operators dressed by a product of a certain scalar field in the vector
multiplet. The spectrum of such BPS objects can be studied in a systematic way by com-
puting their partition function, known as the Hilbert series. A Hilbert series is a generating
function of the chiral ring, which enumerates gauge invariant BPS operators which have a
non-zero expectation value along the Coulomb branch. As extensively discussed in [1, 3],
a general formula for the Hilbert series of the Coulomb branch of an N' = 4 theory can be
computed based on this principle. We refer to such a formula as the monopole formula.

In [3] we found an analytic expression for the Coulomb branch Hilbert series of a class
of theories called T,(G) [2], where G is a classical group and p is a partition associated
with the GNO dual group GV. Such a theory has a Lagrangian description [2, 3, 6]. The
Hilbert series of these theories can be conveniently written in terms of Hall-Littlewood
polynomials [3], and the corresponding formula is dubbed the Hall-Littlewood formula.
In the following section we show that the Hall-Littlewood formula is a convenient tool
to compute the Coulomb branch Hilbert series of mirrors of three dimensional Sicilian
theories.

Let us now summarize important information on the monopole and Hall-Littlewood

formulae for Coulomb branch Hilbert series.

2.1 The monopole formula

The monopole formula [1] counts all gauge invariant chiral operators that can acquire a
non-zero expectation value along the Coulomb branch, according to their dimension and
quantum numbers. The operators are written in an N = 2 formulation and the N/ = 4
vector multiplet is decomposed into an N' = 2 vector multiplet and a chiral multiplet
® transforming in the adjoint representation of the gauge group. We refer to [1] for an
explanation of the formula and simply quote the final result here.

The formula for a good or ugly [2] theory with gauge group G reads

He(t,z)= > 2/mempg(tm) . (2.1)

meTl gy /Wav

The sum is over the magnetic charges of the monopoles m which, up to a gauge transfor-
mation, belong to a Weyl Chamber of the weight lattice I'gv of the GNO dual group [16].



Pg(t;m) is a factor which counts the gauge invariants of the gauge group H,, unbroken
by the monopole m made with the adjoint scalar field ¢ in the multiplet ®, according to
their dimension. It is given by

T

1
Po(t;m) = Hl T a (2.2)
1=
where d;(m), i = 1,...,rank H,, are the degrees of the independent Casimir invariants of

Hp,. A(m) is the quantum dimension of the monopole which is given by [2, 17-19]

n
Am)=— Y Jam)l+ 53 Y litm)) (23)
acAL(G) =1 pieR;
where a are the positive roots of G and p; € R; the weights of the matter field representa-
tion R; under the gauge group. z is a fugacity valued in the topological symmetry group,
which exists if G is not simply connected, and J(m) the topological charge of a monopole
operator of GNO charges m.

Turning on background magnetic fluxes. As discussed in [3], the formula can be
generalized to include background monopole fluxes for a global flavor symmetry G acting
on the matter fields:

Hgap(t,mp,z) = Z 2/ (M) Amme) po(tm) (2.4)

melqv /Wav
The sum is only over the magnetic fluxes of the gauge group GG but depends on the weights
mp of the dual group G}, which enter explicitly in the dimension formula (2.3) through all
the matter fields that are charged under the global symmetry Gr. By using the global sym-
metry we can restrict the value of mp to a Weyl chamber of G}, and take mp € Lay / Wey.

The gluing technique. We can construct more complicated theories by starting with
a collection of theories and gauging some common global symmetry Gy they share. The
Hilbert series of the final theory where G is gauged is given by multiplying the Hilbert
series with background fluxes for G of the building blocks, summing over the monopoles
of Gr and including the contribution to the dimension formula of the NV = 4 dynamical
vector multiplets associated with the gauged group Gp:

Hiy = Y Zereaven 0 0p o) [[ B, (me), (25)

mpel W, i
F les-/ GY,

where ar are the positive roots of Gp and the product with the index ¢ runs over the Hilbert
series of the i-th theory that is taken into the gluing procedure. Since we can always make
arp(mp) non-negative by choosing mp in the main Weyl chamber, the evaluation of H(t)
turns out to have no absolute values. The formula (2.5) can be immediately generalized to
include fugacities for the topological symmetries acting on the Coulomb branch.

In the next sections we will provide explicit and general formulae for many interesting
3d N = 4 superconformal theories including mirrors of M5-brane theories compactified on
a circle times a Riemann surfaces with punctures. They are obtained by gluing a simple
class of building blocks that we now discuss.



2.2 The Hall-Littlewood formula

As extensively discussed in [3], the Coulomb branch Hilbert series of T,(G") for a clas-
sical group G can be computed using formulae involving Hall-Littlewood polynomials.
The main purpose of this paper is to show that these formulae are useful for computing
Coulomb branch Hilbert series of mirrors of 3d Sicilian theories. For the sake of complete-
ness of the paper, we review Hall-Littlewood formulae below. We first present the formula
for G = SU(N) and then discuss the formula for other classical groups, namely SO(N)
and USp(2N).

2.2.1 T,(SU(N))
The quiver diagram for T,(SU(N)) is

[UN)] = (U(N1)) = (U(N2)) = -+ - = (U(Na)), (2.6)
where the partition p of N is given by
= (N — Ny, Ny — No, No — N3, ..., Ng_1 — Ng, Ng), (2.7)
with the restriction that p is a non-increasing sequence:
N—-N >N —Nyg>Nyg—N3>--->Ng 1 —Ng>Ng>0. (2.8)

The quiver theory in (2.6) can be realised from brane configurations as proposed in [20].
The Coulomb branch Hilbert series of this theory can be written as

H[TP(SU(N))](t, LlyeeoyTd4+15M1y .- ,7’LN)

= 13000 (1= )N i (@ )W (27 1) 2
where the Hall-Littlewood polynomial associated with the group U(N) is given by
\IJG(N)(xl, oo xnt) = Z xzzl O'EVN) H 11__26051)% ('J') ’ (2.10)
ceSN 1<i<j<N o(i)ro(d)
with ny,...,ny the background GNO charges for U(N) group, with
ny>ng>--->ny >0. (2.11)

The notation dy () denotes the sum over positive roots of the group U(N ) acting on the
background charges n;:

N
Sumym)= Y (ni—nj) =Y (N+1-2jn (2.12)
1<i<j<N j=1
The fugacities x1,...,2411 are subject to the following constraint which fixes the over-
all U(1):
d+1

[ =1. (2.13)
=1



The vector w, denotes the weights of the SU(2) representation of dimension r:
w,=(r—1r—3,...,3—-r,1—r). (2.14)
Hence the notation 3% represents the vector
tawr = (420 430r=8)  yma(r3) ymg(r=1)) (2.15)
In (2.9) and henceforth, we abbreviate

1
\I’?J(N)(mt%'wP; t):= qj&b{}j"nN)(xlt%wm , :pgt%w;ﬂ’ o, gy t2Par st (2.16)

The prefactor K,I,J(N)(az; t) is given by

length(pT) p]

Ky V@)= ] HL (2.17)

_ i)
i=1  jk=1 1 a;a
where p! denotes the transpose of the partition p and we associate the factors

1 .
ab = g; tzlPi—itl) i=1,...,p;
AR ’ (2.18)
@, = a2t i=1,....pk

i.

5 and 6}; are positive by

to each box in the Young tableau. The powers of ¢ inside a
construction.

We demonstrate the HL formula (2.9) in a number of examples in section 3.

2.2.2 T,(GY)

In this section we review a generalized version of formula (2.9) to a more general classical
group G. The quiver diagrams are explicitly given in [3]. Further discussions regarding
mathematical aspects of this formula can be found in [3, 21, 22].

The partition p induces an embedding p : Lie(SU(2)) — Lie(G) such that

[1,0,...,0lc = Plpi — Usu) - (2.19)
i
The global symmetry G, associated to the puncture p = [p;], with 74, the number of times
that part k appears in the partition p, is given by

S (I1x Ulrs)) G =U(N),
Gp = 4 Ik 0aa SO(rk) x ITx even USP(7k) G =SO(2N + 1) or SO(2N),  (2.20)
Hk odd USp(’f’k) X Hk even SO(TIC) G = USp(2N) .

Let x1, x2, ... be fugacities for the global symmetry G, the commutant of p(SU(2)) in
G, and 7(G) the rank of G. In [3] we have conjectured that the Coulomb branch Hilbert
series is given by the HL formula

H[T,(GV)(t @, ... ) = ¢29av(m)(1 — t)"(G)Kf(:zz; U (a(t, x);t). (2.21)



Here W is the Hall-Littlewood polynomial associated to a Lie group G, given by

UE(x1, ..., zp5t) = Z () H 11_2:_11)(((1)) , (2.22)

weWq acA L (G)
where W¢ denotes the Weyl group of G, A4 (G) the set of positive roots of G, n =
> i i nie;, with {e1,..., e} the standard basis of the weight lattice and r the rank of G.
See appendix B of [3] for more details. G is the GNO dual group [16]. The power dgv (1)
is the sum over positive roots a € A, (G") of the flavor group GV acting on the background

monopole charges n:

Sav(n) = > la(n)]. (2.23)

acA (GY)

Explicitly, for classical groups G and fluxes n in the fundamental Weyl chamber, these are

given by
SN 41— 2)n; GY =G =U(N),
N .
" (2N +1-2j)n GY=By, G=C
S () = 2= i N (2.24)
SN L@2N +2 - 2j)n; GY=Cy, G=By
SN = 2))n; GY =G =Dy

The argument a(t,x) of the HL polynomial, which we shall henceforth abbreviate as
a, is determined by the following decomposition of the fundamental representation of G to

Gp x p(SU(2)):

G SU(2
Xfna (@) = Y Xk (@) X[, Oy (#17). (2.25)
k

where G\, denotes a subgroup of G, corresponding to the part k of the partition p that
appears 1 times. Formula (2.25) determines a as a function of ¢t and {x} as required. Of
course, there are many possible choices for a; the choices that are related to each other by
outer-automorphisms of G are equivalent.

The prefactor Kg(:c;t) is independent of n and can be determined as follows. The
embedding specified by p induces the decomposition

G SU
Ga@) = D xG @ ), (2.26)
j=0,41,3 .

where a on the left hand side is the same a as in (2.25). Each term in the previous formula
gives rise to a plethystic exponential,® giving

K% (x;t) = PE Z tj“'lxg"(wj) . (2.27)

!See appendix A of [1] for the definition.



As aremark, in the special case when p : Lie(SU(2)) — Lie(G) is a principal embedding
Porinc (see, e.g. [22]), the global symmetry acting on the Coulomb branch is trivial G Pprine —
1, the prefactor Kgmnc (t) = Ps(t;0) equals the Casimir factor of G (or equivalently GV),
and the Hall-Littlewood formula (2.21) reduces to

H[T,

Pprinc

(G(tsn, .. ) = 1. (2.28)

This identity has a simple physical interpretation in the context of mirrors of Sicilian
theories that we consider in this paper: adding an empty puncture does not affect the
Hilbert series of the Sicilian theory.

In the following we discuss several examples of mirrors of 3d Sicilian theories for which
we use the Hall-Littlewood formulae to compute their Coulomb branch Hilbert series.

3 Mirrors of 3d Sicilian theories of A-type

In this and the next section we evaluate the Coulomb branch Hilbert series of the mirror
of the theories arising from compactifying the 6d (2,0) theory with symmetry G on a circle
times a Riemann surface with punctures, also called Sicilian theories. These theories and
their Coulomb branch Hilbert series will be obtained by gluing together T,(G) building
blocks.

Given a set of theories {1, (G), ..., Tp,(G)}, we can construct a new theory by gauging
the common centerless flavor symmetry G//Z(G); see figure 1.2 The resulting theory is the
mirror of the theory on M5-branes wrapping a circle times a Riemann sphere with punctures
P1s---,Pn 6, 7]. For example, taking G = SU(3) and p; = p2 = p3 = (1,1,1) we obtain a
mirror of the T3 theory reduced to three dimensions. Recall that the Higgs branch of the
3d T3 theory is the reduced moduli space of 1 Eg instantons on C? and the Coulomb branch
is C? / Eﬁ. The moduli spaces of k Eg, F7 and Eg instantons on C? can be also realized as
the Higgs branch of the 6d (2,0) theory compactified on a circle times a Riemann sphere
with punctures.

We demonstrate how to ‘glue’ the Hilbert series T, (G) together to obtain the Coulomb
branch Hilbert series of the mirror of the theory on M5-branes compactified on S' times
a Riemann sphere with punctures {p;}. By mirror symmetry, this is equal to the Higgs
branch Hilbert series of the latter. The theories on Mb5-branes are not Lagrangian, but,
when the genus of the Riemann surface is zero, the Higgs branch Hilbert series can be
evaluated by the Hall-Littlewood (HL) limit of the superconformal index [4]. We find
perfect agreement with the results in [4], which were obtained in a completely different
manner. Upon introduction of g G-adjoint hypermultiplets [6], our formulae can be used
also for genus greater than one, where the Higgs branch Hilbert series for the M5-brane
theories cannot be evaluated as a limit of the 4d superconformal index.? In section 3.1 we
will be able to test the validity of our result for higher genus in the case of two M5 branes

2For G = U(N), this also involves factoring out a decoupled U(1) gauge group.

3For genus greater than 1, the F-terms of the theory are not all independent. As a result, the HL limit of
the 4d superconformal index fails to reproduce the Higgs branch Hilbert series. For a very clear explanation
of this technical fact, see section 5 of [4].



Figure 1. Gluing Tp, (G),...,Tp, (G) via the common centerless flavor symmetry G/Z(G). This
is a mirror theory of the theory on Mb-brane compactified on a circle times a Riemann sphere with
punctures pi,..., Pn.

where the theory is Lagrangian and we can use conventional methods for computing the
Higgs branch Hilbert series.

In this section we discuss the case of A-type theories with G = SU(V) and in the next
section we discuss D-type theories with G = SO(2N).

3.1 Mirrors of tri-vertex theories: star-shaped U(2) x U(1)¢/U(1) quivers

We start by considering the Coulomb branch Hilbert series of the mirrors of theories on two
M5-branes compactified on a circle times a Riemann surface with punctures. The latter
are referred to as 3d SU(2) Sicilian theories [6, 23] or 3d theories with tri-vertices [11].
They are Lagrangian theories whose quiver is explicitly discussed in section 5. According
to [6], the mirror of a tri-vertex theory with genus g and e external legs is a star-shaped
U(2) x U(1)¢/ U(1) quiver gauge theory with the U(2) node with g adjoint hypermultiplets
in the center, attached to e > 3 U(1) nodes around it. The quiver is depicted in figure 2.

The overall U(1) gauge group in the quiver is decoupled and needs to be factored out.
It is crucial to mod out by the overall U(1) properly: in particular the quiver with an SU(2)
node in the center, attached to e U(1) nodes around it, gives the wrong Coulomb branch,
which disagrees with the Higgs branch of the g = 0 tri-vertex theory with e > 3 legs [11].
The reason is that U(2) = U(1) x SU(2)/Zs.

Let us first consider the U(2) x U(1)¢ quiver gauge theory which includes the decoupled
overall U(1). We use GNO charges n; and ny for U(2), related to the integer weights
ny > ng > —oo in the Weyl chamber. For the i-th U(1) gauge group, with i = 1,... e, we

~10 -



g adjoint hypers

e U(1) gauge groups

Factoring out by the overall U(1)

Figure 2. The mirror theory of a tri-vertex theory with genus g and e external legs.

use the GNO charge m; € Z. The dimension formula (2.3) reads

1 €
Ag(nr,ngsmi, ... yme) = (g = 1)y = naf + 5 D (Ing = mi| + [ng = myl). (3.1)
i=1
The formula is invariant under the common shift ni2 — ni2 + ¢, m; — m; + ¢, with
i=1,...,e and ¢ € Z: this is the decoupled U(1) that we have to fix.

Topological factor. The topological U(1)4"! fugacities for the naive U(2) x U(1)® theory
contribute

e
Zgl+n2 H szz‘ ’ (32)
i=1

where 2 is the fugacity associated to the topological charge of U(2) and z;, withi = 1,... e,
the fugacity associated to the topological charge of the i-th copy of U(1).

Factoring out the overall U(1). To get rid of the decoupled U(1), which would make
this a bad theory, we fix the Z shift symmetry of the magnetic fluxes and impose a relation
on the topological fugacities zj, where I = 0,1, ..., e. Different fixings make manifest dif-
ferent topological symmetry enhancements. Here we want to manifest an SU(2)¢ enhanced
topological symmetry, with one SU(2) per external U(1) node. Therefore we fix the overall
U(1) by imposing

e
ne=0, z[[a=1. (3.3)
i=1
In the following we choose to write
20 =€T1 " Te, zi=x 2, i=1,...,e, e=1. (3.4)

As we shall see, this choice makes SU(2) characters manifest in the Hilbert series. € is the
fugacity of a potential discrete Zs topological symmetry. This Zs can be absorbed into the
center of an SU(2) symmetry, and correspondingly € can be absorbed into z; or x;, except
for the case of no punctures e = 0, where it is the topological symmetry for the gauge
group SU(2)/Zs. We will sometimes omit € in the following.
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The monopole formula for Coulomb branch Hilbert series. Following the above
discussion, the refined Hilbert series of the Coulomb branch (2.1) reads

Hmirror (g,€e)|(t;1,...,xe) (3.5)
= Z Z tAg(m’nQ;ml""’me)PU(l)(t)e(l — t)Pyz)(t;n1, ng)e™ ™2 H gptneTAms
ni1>ne=0m;E€Z i=1

where the last factor comes from (3.2) and (3.4).The classical factors are given by

1

P, = — .
U1 (t) —¢ (3.6)
and
1
A—Hi—) ° ny =n2
Py (ting,ng) = { @ 1t)(1 ) : (3.7)
a2 > ny # ng

The factor (1 —t) in front of Py removes the classical invariants of the decoupled U(1).
As we show explicitly in subsection 3.1.1, evaluating the monopole formula (3.5) re-
produces the refined Hilbert series of the Higgs branch of the mirror theory, formula (7.1)

of [11], under the fugacity map there = tfhere.

Coulomb branch Hilbert series from gluing. It is instructive to rewrite (3.5) as

Hmirror (g,e)|(t;x1,...,2Te) = Z (1 —1)Py(g)(t;na, ng )t (m=n2)

ni>ng2=0

] (3.8)
gnitne H H[T(SU(2))](¢; x;, :L'j_l; ni,ng),
j=1

where H[T'(SU(2))] is the Coulomb branch Hilbert series with background fluxes of the
T(SU(2)) theory given by (2.9) with p = (1,1):

HIT(SU2))](t; 2,2 g ng) = Y gz(momltimenaly=2mpy, ()
meZ (39)
= 12 (1= )2 PE[(1 + [2],) W5 (2, 2715 1).
Eq. (3.8) is nothing but the gluing formula for the Coulomb branch Hilbert series of the
star-shaped quiver, which results from gauging the common flavor symmetry of e copies
of T(SU(2)) and introducing g adjoint hypermultiplets under the U(2) group. The gluing
factor is

(1 — ) Pyay(tsna, n2)t(g*1)|n1*n2|6n1+n2 H x;u-i-nz : (3.10)
j=1

with m?ﬁn? factors already incorporated in H[T'(SU(2))] for convenience.
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3.1.1 Computation of the Hilbert series for general g and e

We now compute the Coulomb branch Hilbert series (3.8) of the mirror of tri-vertex theories
with genus g and e external legs.
Using (2.9), we obtain

HIT(SU@)|(t; 2,274 n,0) = £2"(1 = £)> PE[(1+ xpy ()] 005 (2,271 )

D @) (@, a7,

(3.11)

= 13"(1 — 1) PE[tx(y

where [2] represents the adjoint representation of SU(2). An explicit formula for
gm0 (z,271;t) is known in terms of SU(2) characters:

u(2)
n, _ SU(2

\Il%(g))(x’x h5t) :X[n}( N(z) - tx X[n %’(x) (3.12)

where
n+l _ .—(n+1)
SU(2) T T
1
X @)= —— (3.13)

which we extend to n € Z. Observe that (1 — t) PE[X[S;]J@) (m)t]\ll(m’o) (z,271;t) is equal to
the function f,, (¢, ) defined in (7.18) of [11]:

fmn(t,2) 1= (1= ) PE[y 2 @)y (a2 1)

m\l, T X[Q] u@E) \HT

=(1- t)(X[SU](Q)() Xin 21 (2)t) PE[[2],1] (3.14)
_ZX[Zn—f—m
Hence from (3.11) we have
H[T(SUQ))|(t; 2,275 m, 0) = t2™ fu (£, 2) . (3.15)

Substituting this into (3.8), we obtain

Hmirror (g,e)](t;x1,...,Te;€)
=y £2XM ™ (1 — 1) Py (t; m, 0) I #mt z5)
m=0 j=1
e oo 1L e
1 fzxmem (3.16)

:mnfo(t,ffj)ﬂLZ 1—¢ Hfm(@%)

j=1 m=1 j=1
_ - _t2 Z tzxm mem t .%'] —i—tQ( x(m+1)+2) m+1Hfm+1 t x]) 7

Jj=1 j=1

where x = 2g + e — 2. This result precisely equals the Higgs branch Hilbert series of the
mirror tri-vertex theory, (7.19) of [11], after the redefinition ¢ — ¢? and setting € = 1. Note
that when e > 0, the Zy topological symmetry can be absorbed into the center of any of
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Figure 3. Quiver diagram for the mirror of Txy. Each node represents a unitary group of the
labelled rank and the overall U(1) is modded out.

the global SU(2) factors, therefore we can set e = 1. When e = 0, € is the fugacity for the
actual Za topological symmetry of the SU(2)/Zy theory with ¢g adjoint hypermultiplets.
The Hilbert series of the Coulomb branch is

H{mirror (g,0)](t;€) = PE[t* + e(t9' +t9) — 2], (3.17)

indicating a C2/ ﬁgH singularity. The monopole generators of dimension g — 1 and g are
odd under Zso. This Zo symmetry acts on the Higgs branch of the mirror side by flipping
sign to any one of the tri-fundamentals in the generators at page 27 of [11].

3.2 The Coulomb branch of the mirror of T\

The case of a sphere with three maximal punctures p = (1,---,1) is known as the T
theory [5]. We can compute the Coulomb branch Hilbert series of the mirror of the Ty
theory reduced to three dimensions by gluing three T'(SU(N)) tails together. The quiver
diagram of such a mirror theory is depicted in figure 3.

Note that for N = 3 the quiver of the mirror is the Fg quiver and the result should
match with the Hilbert series of the reduced moduli space of 1 Eg instanton on C2.

Hmirror Tx](t; W 23 :n(?’))
3 .
- > [T HITSUWN)IE2 D50, ny) p x
n1>-->ny=0 | j=1
170000 (et (1 ) Py (- ) €2 ™ (3.18)
= 3 XSO NP (g, iy, 0) X

ni>-->nn_1>0

3
S [ Ky (@9; W%m,hm (2D 1),
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where we explain the notation below:

o () = (xgi),...,azg\i,)), with ¢ = 1,2,3, denotes the fugacities of the SU(N) global
symmetry on the Coulomb branch associated with the i-th copy of T(SU(N)); they
satisfy

N
[[«=1. withi=1,23. (3.19)
k=1

e The second line of the first equality is the gluing factor for the U(N) group:

L. dy(ny denotes the contribution from the U(N) background vector multiplet:

Suny(nas- ) = Y |ni = ny

1<i<j<N

N (3.20)
=Y (N+1-2j)n;, m>ny>--->ny>0.
7j=1
2. The removal of the overall U(1) is done in two steps:
(a) Multiplying (1 — ) to the function Py(ny(t;n1,...,nN).
(b) Restricting ny = 0.
e The prefactor K n(z;t) is given by
UN
Ky (@;t) = PE [XA(dj)(a:)t} . (3.21)
e The fugacity e, with €Y = 1, corresponds to a potential Zy discrete topological

symmetry for the U(N) gauge group modulo U(1). In the notations of section 3
of [1], the Zy valued fugacity is related to the ambiguity in taking the N-th root
when solving the constraint on the topological fugacities for zg:

e d, 1/N
20 =€,  with 3= <H 11 zfﬁﬂ) , (3.22)
a=1 k=1

where Zy denotes the N-th principal root and e runs over N-th roots of unity,
N =1, (3.23)

and Nj , and 2, are the rank and the fugacity for the topological symmetry of the
k-th gauge group in the a-th leg. Often all or part of this Zy symmetry can be
absorbed in the center of the continuous topological symmetry associated to zj q.
For this reason we will sometimes omit € in the following.

~15 —



Our result should agree with the Higgs branch Hilbert series of the T theory. The
latter can be evaluated in the 4d version of the theory, since the Higgs branch does not
depend on the dimension. Let us compare (3.18) with the result in [4] for the Higgs branch
Hilbert series of T which is computed by the 4d Hall-Littlewood index. In that reference,
the HL polynomial is defined with a normalization factor:*

‘/l}é(N)(xl’ TN t) = NA(t)\I’f‘;(N) (x1,...,xN;t). (3.24)

The normalization Ny (t) is given by

oo m(i)

1—
—2
o ®O=T111I ( - ) : (3.25)
i=0 j=1
where m(i) is the number of rows in the Young diagram X = (A1,..., Ay) of length 4. It is
related to Py(y) as follows:
(1 - t)NPU(N) (t’ niy ...y NMN-1, 0) = Nn1,...,nN_1,O(t)2 . (326)
Using the identity
N i
(1 — ¢)2V+13 X5 (N +L=2)n; (1= )" [T (1~ 1) (3.27)
W VD V) (N gy
we arrive at
Hlmirror Tn](t; 2V, 2?, 23)
N
= (1—t)N+2 { [Ta- ﬁ)} Ky (@D ) K vy (2 6) K vy (2 1) x
=2
T (n1,...,nn_1,0 T(n1,...,nn—1,0 T(ny,...,nn_1,0
Z \I/EJ(IN) N-1 )(:B(l);t)\lf%(lN) N-1 )(w(Q);t)\I’%(lN) N-1 )(:13(3); t)
A, @8@(11\,[3.,%71,0) (V=D (5(N=3)  4=5(N=1)y) ;

(3.28)

where the normalized HL polynomial (I\lg( N)(a:; t) is defined as in (3.24). Our result agrees
with formula (5.33) of [4].

3.3 The Coulomb branch of the mirror of a general 3d Sicilian theory

The computation of the Coulomb branch Hilbert series for the mirror of Ty can be easily
generalized to a general 3d Sicilian theory. For the mirror of a theory that arises from a
compactification of the Ay_1 6d (2,0) theory on a circle times a genus g Riemann surface
with punctures {p1, p2,..., pe}, the Coulomb branch Hilbert series is given by

H[HliI‘I‘OI' 9, {pla P2, - 7Pe}](t§ $(1)7 s 7m(8))

= > [ =z, (SUWN)I 29 na, . ) p (3.29)

niz--2ny=0 { j=1

th(N%g(nl"“’nN)(l — t)PU(N) (t; Niyeon, nN),

4Our fugacity t is related to 7 in [4] by T = /2,
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where the contribution of the g U(IN) adjoint hypermultiplets and vector multiplet to the
dimension of monopole operators is

SU(N),g<n) =(g— 1)5U(N)(n) =(g—1) Z |ni — nj|
1<i<j<N

WE

1

<.
Il

with dy(ny(n1,...,nN) given by (3.30). We therefore obtain

H[mirror g, {p17 P2, pE}](t7 $(1)7 RN w(e))

e N—-1 . )
ny>-2ny_1>0

[T o, @ 0w ™V @),
j=1

(3.30)
3.3.1 The case of genus zero
In a special case of g = 0, we use (3.26) and (3.27) to obtain
Hlmirror {p1, pa, ..., pe}(t; 2D, ... ()
N e—2
_ e+(N—1 i
= (1 —t)**H >{£[2(1—t)} X 1)
S [15ey K, (@@ ) ™10 (g 1)
R~ A [‘Tf&}j"w_l’o) (V=) (3 (N=3) = (N=1) g)je—2

where \TJU( ~y denotes the normalized Hall-Littlewood polynomial defined in (3.24). This
result agrees with the Higgs branch Hilbert series of the Gaiotto theory, computed as a
Hall-Littlewood index for g = 0 in (2.13) of [9].

As discussed in [9], the formula (3.31) can be used to write the Hilbert series for the
moduli spaces of Eg, F7 and Fg instantons on C?, which can be realized as the Higgs branch
of the 6d (2,0) theory compactified on a Riemann sphere with punctures {p1, p2, p3}

P1 P2 P3
Es (kK k) (k,k,k) (k,k,k—1,1) (3.32)
E; (k,k k. k) (2k,2k) (k,k,k,k—1,1) '

Eg  (3k,3k) (2k,2k,2k) (k. k,k, k,k,k—1,1)
corresponding to the mirror quiver given in figure 4.

3.3.2 Mirror of the SU(3) Sicilian theory with g = 1 and a maximal puncture

Recall that for genus g > 0 the HL index differs from the Higgs branch Hilbert series of the
Sicilian theory [4]. The latter is given by our formula (3.30), assuming mirror symmetry.
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Figure 4. The moduli spaces of k¥ Eg, E; and Eg instantons on C? can be realized using the
Coulomb branch of quiver diagrams (a), (b) and (c) respectively. Each node represents a unitary
group of the labelled rank and the overall U(1) is modded out in each diagram.

ONOR¢

Figure 5. Quiver for the mirror of the Ay theory on a circle times a torus with one maximal
puncture. The overall U(1) is factored out.

Let us provide an explicit example for the case of N = 3, ¢ = 1 and one maximal
puncture p = (1,1,1) below. The quiver diagram of the mirror theory of our interest is
depicted in figure 5. This example is particularly interesting because the global symmetry
on the Coulomb branch enhances to Ga [9]. We will show this by computing the Hilbert
series and expanding it in Go characters.

The Coulomb branch Hilbert series can be computed using (3.30), where the fugacities
x1, T2, x3 are related to the fugacities for the topological charges of U(1), U(2) and U(3)
gauge groups and are subject to the constraint (2.13). In order to make Gy characters
manifest in the Hilbert series, we use the fugacity map®

1=, T2 =y1Ya ., a3 =Y ya, (3.33)

where x1, xo are the fugacities in formula (3.30) and y1, yo2 are the Gy fugacities.
We then obtain

Himirror g = 1,(1,1, D)](t; y1, y1yy s yayr 2) = £(0,0,0) + £(3,1,5), (3.34)

5Here we use the characters of G5 as in LiE online service at the following link: http://young.sp2mi.univ-
poitiers.fr/cgi-bin/form-prep/marc/LiE_form.act?action=character&type=G&rank=2&highest _rank=8.
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where

(o.9] oo o o0
fla,b,c) = Z Z Z Z [2n9 4 3n3 4 a,ny + 2nyg + |t HInedSnsAnate (3 35)

n1=0n2=0n3=0n4=0

and [a, b] denotes the character of the G representation with highest weight [a, b], written
in terms of y1, y2. The character expansion (3.34) shows not only that the adjoint repre-
sentation arises at A =1 (for the scalar partners of conserved currents), but also that the
whole chiral spectrum transforms in G5 representations as expected.

The unrefined Hilbert series is given by

144t +9t2 4+ 93 + 4t + 10

H[mirror g =1,(1,1,1)](¢;1,1,1) = L )

(3.36)
with a palindromic numerator and a pole at ¢ = 1 of order 10, equal to the complex

dimension of the Coulomb branch of the moduli space.

The generating function of highest weights [24]. The highest weight vectors that
appear in formula (3.34) can be collected in the following generating function:
PE[uat + pit? + pit® + pst" + pfpat® — pfpst™]
L 083 (3.37)
(1= 28) (1= ) (1= o) (1~ 0pia) (1 - 073)

where p1 and po are the fugacities associated with the highest weights n; and no of repre-

sentations of G3. Upon computing the power series in ¢ of (3.37), the powers pf'* uy? can be

traded for the Dynkin label [n1,n2] to obtain the character expansion as stated in (3.34).
Let us demonstrate this for the first few terms in the power series:

Ut ot + (g + 13) 2 4 (6} + pdpe +3) 0+ (3.38)
Trading the powers of u; and uo for the Dynkin label, we obtain

1+ [0, 1]t + ([2,0] + [0, 2])¢* + ([3,0] + [2, 1] + [0, 3))t° + ... . (3.39)

4 Mirrors of 3d Sicilian theories of D-type

In this section we consider three dimensional theories arising from the 6d (2,0) theory of
Dy type compactified on a circle times a Riemann surface with punctures. Each puncture
is classified by a D-partition of SO(2N). The Coulomb branch Hilbert series of the mirror
theory can be computed by gluing copies of the T,(SO(2N)) theories [6] according to the
general discussion in section 3. The quivers for the T,,(SO(2N)) theories, which can be
realised from brane and orientifold configurations as in [25], are reviewed in section 4.2
of [3]. We remark that we gauge the centerless group SO(2N)/Zy rather than SO(2N).
Consequently, the magnetic fluxes of the gluing gauge group belong to the weight lattice
of the dual group Spin(2N) modulo the Weyl group.
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Given a 3d Sicilian theory with genus g and e D-type punctures {p1, p2, ..., pe}, the
Coulomb branch Hilbert series of its mirror theory is®

H[mirror 9, {pla pP2; - - - 7pe}](tﬂ w(l)v s 732(6))

- 3 HH (SORN)(t; 2950y, ... ,nN) p x (4.1)

n1>--2>ny_12>|ny| J=1

5 ey .
t9so@n), g(m TZN)PSO(ZN)(t,nl’ N,

where H[T,(SO(2N))] is given by (2.21), the Casimir factor Pyo o) is computed as in (2.2)
(see (A.10) of [1] for an explicit expression), and gso(g N),g(m) is the contribution of the
g SO(2N) adjoint hypermultiplets and vector multiplet to the dimension of monopole
operators is

N-1

35002y, (1) = (9 — 1)dson (n) = 1)) (2N = 2j)n; (4.2)
7=1

with the second equality following from (2.24). Note that because the dual of the gluing
group is Spin(2N), n1,...,ny are all integers or all half-odd integers.

For g = 0 our formula (4.1) for the Coulomb branch Hilbert series of mirrors of D-
type Sicilian theories proposed in [6] agrees with the Higgs branch Hilbert series of the
Sicilian theory, computed as the Hall-Littlewood limit of the superconformal index of the
4d Sicilian theory in formula (4.10) of [10].”7 For higher genus the HL index does not
compute the Hilbert series of the Higgs branch. Formula (4.1) provides a prediction for
the latter, assuming mirror symmetry.

In the rest of the section we provide examples of Sicilian theories with D3 and Dy
symmetry and we compare with the results in [10, 26]. We start this section by considering
the case of D3. Due to the isomorphism of its Lie algebra with that of As, each D3 puncture
can be identified with an Az puncture. We compute the Coulomb branch Hilbert series of
mirror theories of 3d Sicilian theories with D3 punctures using the Hall-Littlewood formula
and compare the result with those with A3 punctures. We then consider D4 theories with
a set of punctures for which the Higgs branch is explicitly known and we compare our
result for the Coulomb branch Hilbert series of the mirror with the Higgs branch Hilbert
series. The case of twisted D punctures is discussed in the appendix. All these examples
demonstrate the validity of our formula (4.1).

4.1 D3 punctures

There are four possible D-partitions of SO(6). These partitions and the identification with
Ag partitions are given on page 17 of [26]. We list them as follows in table 1. Next, we

STt is straightforward to include in (4.1) a fugacity for the center of Spin(2N), but we prefer not to
clutter formulae with those factors, which can often be reabsorbed.

"The orthonormal Hall-Littlewood polynomials used in [10] can be expressed in terms of the Hall-
Littlewood polynomials used here as PJy 5(a|0,t)=(1—t)"*(/2Pgy (t;n)Y 2% (a(t, z); t). The pre-factors
are related by Kg = (1—t)"™* /2K Finally, for G=SO(2N) one finds A(0,t)/P so@n) (Lt %, .tV 710, )
= t%{ssc’(ZN)(")PSO(zN)(t; n)~/2.
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D3 puncture | As puncture Global symmetry
(1% (1) SO(6) ~ SU(4)
(22,12) (2,1?) USp(2) x SO(2) ~ SU(2) x U(1)
(3,1%) (22) SO(3) ~ SU(2)
(32) (3,1) SO(2) ~ U(1)

Table 1. The list of D3 regular punctures, their identifications with Az punctures and the associated
global symmetries.

consider an example of the mirror theory of a 3d Sicilian theory with D3 punctures (32),
(16) and (19).

4.1.1 D3 punctures: (32), (1%) and (19)

In terms of A3 punctures, these punctures correspond to two maximal (14) and one minimal
(3,1) punctures. This Sicilian theory corresponds to the quiver diagram [SU(4)] — [SU(4)],
and contains 16 free hypermultiplets; see [5] and page 18 of [27].

The Coulomb branch Hilbert series of the mirror theory of this Sicilian theory can be
computed by gluing two copies of T(16)(SO(6)) and one copy of T(32)(SO(6)) together via
the common SO(6) symmetry:

H(tm,y,2)= Y, 5000 Py (tn(a)) HT10)(SO(6)))(t; @3 m(a)) x

a1,a2,a3>0

H{[T(15)(S0(6))](t; y; n(a)) H[T(52)(SO(6))](t; 2 n(a)) , (4.3)

where x,y, z are respectively fugacities of SO(6), SO(6) and SO(2) symmetries and the
function Py ) is defined as in (A.10) of [1], and

n(a) = (al + %(GQ + CL3), %(ag + ag), %(—ag + a3)> ,

ds0(6) (1) = 4n1 + 2na, (4.4)
H[T(16)(SO(6))](t: a5 m) = 25500 (M(1 — 1)3 PR [txfgf”l,l] (w)} Upy(x;mst),

H[T(32)(SO(6))](#; 23 m) = £2%506) (M) (1 — 4)3 PR [t + 23 (@) + t3] Up, (tz, £z, 23 nst) .
Note that in the above notation, a = [a1, as, as] denotes a Dynkin label of an irreducible
representation of Spin(6) and n = (n1,n9,ng) denotes its highest weight in the standard
basis. Hence the summations run over all irreducible representations of Spin(6), including
the spinorial representations.

It can be checked that the first few terms in the power series of (4.3) are equal to those
of the Hilbert series of 16 free hypermultiplets in the spinor representations of SO(6), as
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Partition p | Quiver diagram for T,,(SO(8))

(5,3) [SO(8)] - (USp(2))

(3%,1%) [SO(8)] — (USp(4)) — (S0(2))

(24 [SO(8)] = (USp(6)) — (SO(4)) — (USp(2))

(3,1°) [SO(8)] = (USp(4)) — (SO(4)) — (USp(2)) — (50(2))

(2%,1%) [SO(8)] - (USp(6)) — (SO(4)) — (USp(2)) — (SO(2))

(1%) [SO(8)] — (USp(6)) — (SO(6)) — (USp(4)) — (SO(4)) — (USp(2)) — (S5O(2))

Table 2. Quiver diagrams for T,(SO(8)) for certain D, partitions p.

expected from mirror symmetry:

H(t;z,y,z) = PE [{Zlmegi,O] (@ng?l,o] (y) + 2_1/2X[€?0,1}(w)x[gfo,ﬂ(y)} t}

- d i 1/24yn1+2n2+3
N Z X[";"lv"ii](m)x[nz,m,m](y)(z / 1)"TEN2TONS o

ni,n2,n3=0
oo

Z szf%mg’mﬂ(m)X[Dn;’ms’ml](y)(z—l/Qt)m1+2m2+3m3 . (4'5)

mi,mz,m3=0
4.2 D4 punctures

In this section, we provide three examples on Sicilian theories with the following D4 punc-
tures.

1. (5,3), (22,1%) and (1%),
2. (32,12), (22,1%) and (22,1%),
3. (5,3), (5,3), (2%) and (3,1°).

In the following subsections, we compute the Coulomb branch Hilbert series of the mirror
theories of these Sicilian theories and compare the results to those presented in [26].

For reference, we tabulate the quiver diagrams for 7,,(SO(8), with p being partitions
listed above, in table 2.

4.2.1 D, punctures: (5,3), (22,1%) and (18)

The global symmetries associated with these punctures are trivial, USp(2) x SO(4) ~
SU(2)% and SO(8), respectively. According to page 24 of [26], this Sicilian theory is a free
theory containing 48 half-hypermultiplets.

We realize the Higgs branch of this theory from the Coulomb branch of the mirror
theory. The quiver diagram of the latter can be obtained by gluing the quiver diagrams of
15,3 (SO(8)), T(22,14)(SO(8)) and T{;5)(SO(8)) via the common symmetry SO(8)/Zs; this
is depicted in (4.6), where each gray node labeled by N denotes an SO(N) gauge group
(with the central node 8+ being SO(8)/Z2) and each black node labeled by M denotes a
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USp(M) gauge group.

2
o—o—o—o—l—o—o—o—o—o—o. (4.6)
2 2 4 6 8 6 6 4 4 2 2
Note that the ranks of all gauge groups add up to 24. This is the quaternionic dimension
of the Coulomb branch, which indeed agrees with the dimension of the Higgs branch of the
theory of 48 free half-hypermultiplets.
The Coulomb branch Hilbert series of the mirror theory is

H(twy)= Y, 7000 Py (t:n(a)) H[T(55(SO(8))](t n(a))

a1,a2,a3,a4>0

H[T(22,14)(SO(8))](t; y; n(a)) H[T(15)(SO(8))](£; 25 (a)) , (4.7)

where = (21,72, 73) and y = (y1, . ..,y4) are respectively fugacities of SU(2)? and SO(8)
symmetries and the function Pgo(g) is defined as in (A.10) of [1], and

2 T Ty Ty T
dso(s)(n) = 6n1 + 4ng + 2n3,
HI[T(15)(SO(8))|(ts ;1) = 129500 M) (1 — )1 K 15) (a3 1) U, (a5 ms )
HI[T(s.3(SO(8))](t;m) = 129500 (1 — 1) (5 ) ()W, (11,71 #2ms ),
H{[T{3214)(SO(8))](t; y;m) t3%0w(m (1= ) K2 10y (53 )W, (b tyn, yo, y3i i t)
)
)
)

asz +a a3z +aq4 az+as —az+a
n(a)z(al—i—ag—i— 3 4 I 3 4 Qa3 4 3 4>7

K(IS (mvt PE |:X[0100]( )ti| )
PE [3t* + ¢ + 2t1] |
PE [ (2 + Xy )+ xy D w2)xpy (yg))

G P0G P ) iy P+ 8] (48)

K3 (t

K214 (ty

It can be checked that the first few terms in the power series of (4.7) agrees with

S S
H(t;z,y) = PE [{xﬁf‘o,o,q (ZB)X[l[]J(Q)(yl) + X 101 (‘”)Xp{f@) (1) "
S .
+ ngfo,o,l](w)xul]m) (ys)}t} :

namely the Hilbert series of 48 free half-hypermultiplets, as expected from mirror symmetry.

4.2.2 D, punctures: (32,12), (22,1%) and (22,1%)

The quiver diagram of the mirror of this Sicilian theory can be obtained by gluing the quiver
dlagrams of T(3212)(SO(8)), T(22,14)(SO(8)) and T{2 14)(SO(8)) via the common symmetry

SO(8)/Zs; this is depicted in (4.10), where each gray node labeled by N denotes an SO(N)
gauge group (with the central node 8% being SO(8)/Zz) and each black node labeled by M
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denotes a USp(M) gauge group.

P
oi
o—o—o—o—l—o—o—o—o- (4.10)
2 2 4 6 8 6 4 2 2

The quaternionic dimension of the Coulomb branch of this theory, equal to the sum of the
ranks of all gauge groups, is 21.

The global symmetries associated with these punctures are respectively SO(2)2, SU(2)3
and SU(2)3. According to page 28 of [26], this Sicilian theory can be identified with the
T, theory and the global symmetry enhances to SU(4)3. Indeed, the Higgs branch of the
Ty theory is 21 quaternionic dimensional; this is in agreement with the dimension of the
Coulomb branch of the mirror theory.

The Coulomb branch Hilbert series of theory depicted in (4.10) is

H(t;z,y,2) = Z 7050 (@) Py o) (tm(a)) H([T32,12)(SO(8))] (¢ z3n(a)) %
ai,a2,a3,a4>0
H{[T{92 14)(SO(8))(t; ys n(a)) H[T (22 14y (SO(8))](t; 3 n(a)) (4.11)

where * = (z1,72,23) and y = (y1,y2,y3) are fugacities for SU(2)?, z = (21, 22) are
fugacities for SO(2)?%, and

H{[T(3212)(SO(8))](t; z;m) = t2%s0m™)(1 ) K (32.12)(2; ) Up, (21t 21t 21, 205 ms )

K22 (2t) =PE |26+ | 2 + 14207+ ) 22 | £ 447 . (412)
€1,e0==%1

Computing the power series in t of the above expression (4.11), we find that at order
t, the 45 gauge invariants transform as follows:

(21 + 217 ) [z [y + [2lay + 2]y, +1

+ (22 4 P ) U [Was + 2as + (2] + 1 (4.13)

(212 ) 1 [y + e + 2 + 1,
where [---]q denotes the character of representation [---] written in terms of a. Note
that each line gives the decomposition of the adjoint representation of SU(4) in terms of
representations of SO(2) x SU(2)2. Hence these 45 generators indeed decompose into three
copies of 15, each transforming in the adjoint representation of an SU(4) in SU(4)3.
A similar analysis can be performed at higher orders of t. Moreover, the unrefined
Hilbert series, i.e. all z;, y;, z; are set to 1, can be computed from (4.11):

H(t;1,1,1) = 1+ 45¢ + 128¢%/2 +1249¢ + 5504¢%/% 4. ., (4.14)

the result is in agreement with [4].
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4.2.3 D, punctures: (5,3), (5,3), (2%) and (3,1°)

The quiver diagram of the mirror of this Sicilian theory can be obtained by gluing the quiver
diagrams of T{53)(SO(8)), 1{5,3)(SO(8)), T(24)(SO(8)) and T(315)(SO(8)) via the common
symmetry SO(8)/Zs; this is depicted in (4.15), where each gray node labeled by N denotes
an SO(N) gauge group (with the central node 8« being SO(8)/Zy) and each black node
labeled by M denotes a USp(M) gauge group.

*—Z—Z—;—;. (415)

SN )

|

=~ @

|

e

|
o—o—o
oo N

2

The quaternionic dimension of the Coulomb branch of this theory, equal to the sum of the
the ranks of all gauge groups, is 18.

The global symmetries associated with each puncture are respectively trivial, trivial,
USp(4) and SO(5) ~ USp(4). According to the top diagram of page 32 of [26], this Sicilian
theory can be identified with the G2 gauge theory with 4 fundamental hypermultiplets
and 4 free hypermultiplets, which has USp(8) flavor symmetry. Indeed, the quaternionic
dimension of the Higgs branch of this theory is equal to %(7 x 4) + 4 = 18; this is in
agreement with the dimension of the Coulomb branch of the mirror theory.

The Higgs branch Hilbert series of Go gauge theory with 4 flavors of funda-
mental hypers, plus 4 free hypers. In the following, we write

r=t/2. (4.16)
The F-flat Hilbert series is given by
USp(8 USp(8
F'(r;z;x) = PE |:TX[1’OI?(<)7()]}(ZB):| x PE [TX[L&)(()’&] (w)xﬁ?o}(z) — TQX[GO,QU(Z) . (4.17)

The Higgs branch Hilbert series can be obtained by integrating over the Gy gauge group
as follows:

g(r,x) = / dua, (z) F(r;z;:2) (4.18)

where the Haar measure of G5 is given by

1 dz; dzs 2 1 3.1
du(;(z):,j{ % — (1 —21)(1 — 2725 (1 — 2725 )
/ ’ (270)% Jis=1 21 Jjsj=1 22 v v (4.19)
(1= 2)(1 = 2027 )(1 = 23%).
The first few terms in the power series of the Higgs branch Hilbert series g(7, ) are
9(7,®) = PE |1xy (@) {14 XG0 @)™ + ({00 @ +XGlo1g@) 7
+ (X[%O,O,O](‘ﬁ) + X[Cofl,o,o](f”) + X[CO?2,0,0]($) + X[CO?O,OJ](Q") + 1) RS } - (420)

Below we reproduce this Hilbert series from the Coulomb branch of the mirror theory of
this Sicilian theory.
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The Coulomb branch Hilbert series of the mirror theory. The Coulomb branch
Hilbert series is given by

Htz,y)= ) 75000 Py (tin(a)) H[T(s5(SO®))](tn(a))

a1,a2,a3,a4>0
H[T (5,3 (SO(8))](t; n(a)) H[T{24)(SO(8))](£; y; m(a)) X
H[T (315 (SO0(8))](t; z;m(a))

(4.21)

where ¢ = (21, x2) and y = (y1,y2) are fugacities for SO(5) and USp(4) respectively, and
H[T(3,15)(SO(®))](t; z;m) = t%éso(s)(n)ﬂ — 1) K315 (2 ) Up, (1,1, 21, 223 M5 1)

(4.22)
K3 19) () = PE [ty (@) + £2(1 + X[y (@)] -

We have checked that the first few terms in the power series of this Hilbert series agree
with (4.20). In particular, the unrefined Hilbert series is

H[T(315(SO(8))](t,® = 1,y = 1) = 1+ 8t"/2 + 72t + 464t*/* + 2782* + . ..
1

m(l + 36t + 56>/ + 7082 +...).  (4.23)

5 Coulomb branch Hilbert series of 3d theories with tri-vertices

In this section we consider the Coulomb branch of theories on two Mb5-branes compactified
on a Riemann surface with punctures times a circle of vanishing size. The latter are referred
to as 3d SU(2) Sicilian theories [6, 23], or 3d theories with tri-vertices [11]. We emphasize
that in this section we aim to compute the Coulomb branch Hilbert series of tri-vertex
theories, in contrast to section 3.1.1 in which we considered the Coulomb branch of their
mirrors.

We follow the notation adopted in [11]. The Lagrangian of a tri-vertex theory is
specified by a graph made of tri-valent vertices connected by lines. Each line denotes an
SU(2) group; an internal line (of finite length) denotes a gauge group, whereas an external
line (of infinite length) denotes a flavor group. Each vertex denotes 8 half-hypermultiplets
in the tri-fundamental representation of the corresponding SU(2)? group. Such graphs are
classified topologically by the genus ¢ and the number e of external legs. It was found
in [11] that the Higgs branch of such theories depends only on ¢g and e and not on the
details of how the vertices are connected to each other.

In this section we focus only on the cases with g = 0, i.e. tree diagrams, since for
higher genus the theory is bad. For g = 0, the Coulomb branch Hilbert series can be
evaluated explicitly and it depends only on the number of external legs e and not on the
details of the graph. In section 5.3 we present certain generating functions and recursive
formulae that serve as powerful tools for computing Hilbert series of these class of theories
using gluing techniques. The fact that such generating functions depend solely on the
number of external legs e is proven in section 5.3.2.

It would be interesting to understand how to compute the Coulomb branch Hilbert
series of theories with higher genus by determining whether they flow to a good theory in
the IR.
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e external legs

Figure 6. A tri-vertex diagram with genus zero and e external legs. The number of gauge groups
ise—3.

5.1 The case of g =0

We consider the Coulomb branch of 3d N = 4 gauge theories based on tri-vertex tree (g = 0)
diagrams, with SU(2) gauge groups associated to internal edges and tri-fundamental half-
hypermultiplets associated to nodes.

We will see in a few examples that, as for the Higgs branch [11], the Coulomb branch
only depends on the number of external edges; see an example for ¢ = 0 and e = 6 in
section 5.1.2 below. We give a general proof of this fact in subsection 5.3.2.

5.1.1 General formula for g = 0 and any e

In the following we restrict to linear diagrams where each tri-vertex has one external leg,
except for those at the ends of the line which have two external legs; see figure 6.

Let us consider e = n+ 3 external legs. The gauge group is SU(2)"™. The Hilbert series
of the Coulomb branch of this gauge theory is

Hlg=0,e =n+ 3|(t) Z ZtA(“HPSU (t;as) . (5.1)

a1=0 an=0

The dimension formula for monopole operators is

1 n-1
A(a)Z% 2(lax| +[~ar)) + Y D=1 aj + (=1)2aj11] + 2(|an| + |-an])

51,2=0 j=1

n n—1 n—1
= 120 = -2 lail + > (la; — aisa| + |ai + aial)
i=1 1=2 =1

(5.2)

where a;, i = 1,...,n are the GNO charges in the weight lattice of the GNO dual SO(3)"
group: a; € Z>o. The classical factor accounts for the Casimir invariants of the residual
gauge group which is not broken by the monopole flux. For an SU(2) gauge group, the
classical factor is

1 a=20

Psu)(t;a) = {1;'52 ’ - (5.3)

1—¢ s a>0
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() (b)

Figure 7. Two tri-vertex diagrams with genus zero and 6 external legs.

The result for the Hilbert series (5.1) appears to be

oo () [0 - ()]
1—t)2 (1 + 1)
1

= |t yF(1—n - 282 + 2P (—n, —n; 242)]
(1—t)2"(1+t)”[ it 211 = i 250%) + 2 (o, 2 )

Hlg=0,e=n+3|(t) =

(5.4)

5.1.2 Special case of g =0 and e =6

As an example of the fact that the Coulomb branch only depends on the number of external
edges we consider the case e = 6. There are two diagrams corresponding to g = 0 and
e = 6, depicted in figure 7.

Diagram (a). The Coulomb branch Hilbert series of diagram (a) is given by (5.4):

1 —3t+9t2 — 9% + 9t* — 37 +¢°

Hy(t) = .
(@) (*) (1—1)5(1+¢t) (5:5)
Diagram (b). For diagram (b), we have
1l 2 3 3 3
Ap(a) = 313 Z Z(—l)siai + 22 (Jail + [—ail) | — Z 12a;] , (5.6)
51,2,3=0 [i=1 i=1 =1

Observe that this is not equal to A(g)(a) which is given in (5.2). However, the Hilbert
series of the Coulomb branch is given by

o0

3
H(b) (t) = Z tA(b)(a') H PSU(Z) (t’ Qi)
=1

a1,a2,a3=0

1 —3t+9t2 — 9¢3 4+ 9¢* — 3¢° 4 ¢6

- (1 —8)0(1+1)3 = Ha®),

which is indeed equal to that of diagram (a).

5.2 Turning on background fluxes

So far we have computed the Coulomb Hilbert series without considering the background
monopole charges coming from the global symmetries of the theory. In this section, we
turn on such background charges for the flavor symmetries present in the theory and the
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corresponding Hilbert series will, of course, depend on such charges. This will turn out to
be extremely useful in subsequent computations.

Let us first consider the T3 theory (¢ =0, e = 3). The Coulomb branch Hilbert series
with background fluxes turned on is simply

HITy)(t; a1, az, ag) = tPo=ow=s(a1:02.83) (5.8)

where a1, as,as > 0 are the background fluxes and

1
1|1
Ag—o,e=3(a1,a2,a3) = 5 13 Z |(=1)**a1 + (—=1)*az + (=1)*ag]| . (5.9)

81,2,3=0

The Coulomb branch Hilbert series with background fluxes turned on can be handled
more easily if we introduce extra fugacities to keep track of such background charges. In
this way, we end up computing the generating function of the Coulomb branch Hilbert
series. This is the topic of the next section.

5.3 Generating functions of Coulomb branch Hilbert series

For a theory with genus zero and e external legs, we can construct a generating function

Ge(z1,.. 2) = Y -+ Y Hlel(tiar, ... ae) [[ 2% (5.10)
=1

a1=0 ae.=0

where ay, . .., a. are the background fluxes for the SU(2)¢ global symmetry group associated
to the external legs and Hle|(t; a1, ..., ae) is the usual Hilbert series with these background
fluxes turned on. Note that we omit the ¢ dependence in Ge(z1,...,z2.) for the sake of
brevity. To turn off the background fluxes, we simply set all z; to zero:

Hle](t;0,...,0) = G¢(0,0,...,0). (5.11)
We go over the computations of generating functions in the examples below.

The T, theory. From (5.8), we have

o o0 (e}
Gemg(21,20,28) = 3, 3 3 15 Wapageag?, (5.12)

a1=0a2=0a3=0
Evaluating the summations, we obtain

1
Ge=3(z) = 3 X |:1 + 212223t3
[Tio (1 —22) H1§j<k§3(l — t2z2)

4 2 2 2
+ (—2129 — 2123 — 2923 — 32z12923) " + (—212223 — 212523 — 212223) o

+ 2 (Z12’22:3 + 2%222’3 + zlz%z;z, + legzg) 0+ (2%2323 + z%zzzg + z1z§z§) t7

+ (—2%2323 — 222 — zlzgzg) 8 — z%z%zgtg} . (5.13)

Observe that Ge—3(z) is invariant under the permutations of zi, 22, z3. Upon setting z; =
z9 = z3 = 0, we recover the (trivial) Hilbert series of the Coulomb branch as expected:

Ge—3(0,0,0) = 1. (5.14)
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5.3.1 Gluing generating functions and recursive formula

If we glue a tree diagram with e; external legs with another tree diagram with e external
legs via an external leg, the resulting diagram is a tree diagram of e; + eo — 2 external legs.
In terms of the Coulomb branch Hilbert series, this gluing operation can be formulated as

H[61 +e2 — 2](a)

x o (5.15)
= Z Hlei](a1, ..., ae,—1,a) Py (t; a)t™ " Hlez](a, @, - - . Geytey—2) 5

where in this formula we glue the e;-th external leg of the first diagram with the first leg
of the second diagram. In terms of the generating functions, we have

o0

du du
G _ = G ey Zep—1,U) X
e1+ez 2(0') %u|:1 Imin f{uﬁ:l 2iw ;} el (Zla Re1—1 u) (5.16)
uiaPSU(2) (t7 a>t72awiaG62 (w7 Rerre Z€1+€2—2) )

The recursive formula. The diagrams with ¢ = 0 and e + 1 external legs can be
constructed recursively by gluing the diagram (g = 0,e = 3) with another diagram with
e external legs. We can thus obtain the recursive formula for the generating functions as
follows.

From (5.16) we obtain

du
Gei1(z —7{ - }1{ Ge=3(21, 29,
+1( ) |u|=1 2miu |w|=1 27’[’111) Z 3 b ) (517)

u” " Pgyo)(t;a)t™ 2aq)~ aGe(w,23, ey Zetl) -

We write the infinite sum as follows:

> t t2uw
P ta)t 2w = — . 5.18
;}u SU(Q)(?G) w 1—t2+(1—t)(t2uw—l) ( )
Thus we have
t du dw
G = Ge= G
e+1(2) T 7|€1 Yt jl{ull omiw e=3(21, 22, u)Ge(W, 23, . . ., Zet1)
t2 7{ du dw Ge=z(21, 22, u)Ge(w, 23, - - - ; Ze41)
L=t Jyy=1 2mi Jjy)=1 2mi t2uw — 1 (5.19)
; .
= _mGe:?)(Z]J 22, O)GG(O) 23y ey Z€+l)+
4 1 diGe:3(zlaz2awiltiz)Ge(waz& ooy Zeql)
1—1t lw|=1 21 w '
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In the integral of the last line, we see from (5.13) that the poles of Ge—3(21, 20, w™1t~2) are
at w =1, w = z; and w = 23. Using the residue theorem, we obtain

t
Ge+1 (Z) = —mGezg(zl, 22, O)Ge(O, B3y ey Ze+1)—|-
1 _1,—
+ =0 Res {Gezg(zl, Zo,w it w = 1] Ge(l,23,...,2¢41)
) (5.20)
+ mRes [Gezg(zl, 29, w_lt_2); w = zl] Ge(21,23, ...y Zet1)
1 1,—
+ mRes [Gezg(zl, z9, w1t 2);w = zg] Ge(22,23, ...y Zet1) -

Using (5.13), we find that the above residues can be written in terms of simple rational
functions:

1
(1—2z1)(1—2)’

(1 —t)27 (=21 — tz1 + tzg — tz120 + 22129 + tP2129)
(21 — 22) (1 — 21) (1 — t221) (1 — t22129)
(1—1t)z3 (—22 + itz —tzg —tzi20 + t22120 + t3zlz§)
(22 — 2’1) (1 — ZQ) (1 — t222) (1 — t22122)

Res [G€:3(21,Z2,w71t72);w —1|=

Res [Gezg(zl, ZQ,w_lt_Q);w =zl =

Res [Gezg(zl, zo,w ) w = 2| =

(5.21)
We can thus rewrite (5.20) as
t(l — t42’122)
G = — G (0
+1Z) =~ T [ S 20 ) (1= 29) (1 = i) o0 2o o)
1
Ge(1
+ (l—t) (1_21) (1_22) e( y 235 726—0—1)
21 (—z1 —tz1 +tzo —t2120 + t2z1z2 + t3z%z2) (5-22)
+ B} 2 Ge(21,23,...,26+1)
(Zl — ZQ) (1 — 21) (1 —1 Zl) (1 —1 2122)
+ (Zl > ZQ)} .
The special case of zo = -+ = 2,41 = 0. In this case, let us denote
Ge(2) = Ge(2,0,...,0). (5.23)
It is immediate from (5.22) that
~ t N 1 ~
G = — Ge(0) + ———Ge(1
@)=y O gy %W - o4
(1+1)z ~ (5.24)

S (1-2)(- tQZ)Ge(Z) '

The ordinary Hilbert series without background fluxes is obtained from ae(z) by set-
ting z = 0:

H[e|(t) = Ge(0). (5.25)

Hence one can use the recurrence relation (5.24) to check the exact result (5.4).

~ 31—



5.3.2 Proof of the symmetry of the generating functions G¢(z)

The Coulomb branch Hilbert series of the tri-vertex theories only depends on the number
of external legs. This follows from the fact that Ge(z1,- - , 2¢) is a symmetric function of
the variables z1,--- , ze. In this section we sketch a proof of this statement.

The proof goes trough various steps.

1. We have seen in (5.13) that G.—3(z1, 22, 23) is invariant under permutations of z;, z2,
z3. Using (5.13) and the recursion relation (5.22) we can evaluate Ge—4(21, 22, 23, 24),
whose expression is too long to be reported here, and explicitly check that it is
invariant under permutations of z1, zo, 23, 24.

2. We next analyze linear tree-level theories consisting of a linear chain of e — 2 vertices,
each connected to the following one by an internal line, and with a total number
of e external legs. An example for the case e = 6 is given in part (a) of figure 7.
We now show that the generating function Ge(z1,--- , 2z¢) for a linear theory is fully
symmetric in the z;. It is enough to show that it is invariant under the exchange of
any pair of neighboring external legs. Let z; and z;41 the fugacities associated with
the pair of external legs. We can always obtain the linear theory by gluing a e = 4
tree diagram containing the two external legs z; and z;41 with two linear theories
with ¢ and e — i external legs and write

o
Ge(z1,++,20) = Y Gi(z1,++ ,2i1,0) Psyga) (£ a)t > Ge=a(a, 2i, 2i41, d)
a,a’=0
Psyay(t: )t 72" Geila! ziga, 2, (5.26)

where the symmetry in z; and z;41 is manifest.

3. A generic genus zero tri-vertex theory also contains saturated vertices, i.e. vertices
that are connected to three other different vertices by internal lines. We now show
that any genus zero diagram can be reduced to a linear one with the same generating
function. This will prove our statement for all genus zero theories. As an example we
can consider the theory in part (b) of figure 7. We can recognize that the diagram
is obtained by gluing two simple three-vertices (¢ = 0,e = 3) with a four-vertex
diagram (g = 0,e = 4), and its generating function can be written as

Ge=6(21," "+, 26) = Z Ge=3(21, 22, a) Psy(a)(t; )t " Ge=a(a, d’, 23, 24) (5.27)
a,a’=0 .

Py (o) (t; a')t_Qa, Ge=3(d’, 25, 26) .

Since the four-vertex diagram is fully symmetric under the exchange of the external
legs, we can permute them and give a different shape to our diagram. In particular,
equation (5.27) is also the generating function for the linear diagram in part (a) of
figure 7. In a similar way, whenever a linear diagram is attached to a saturated node
by gluing the two external legs at one of its extremities, by permuting its legs we can

~32 -



remove the saturated node in favor of a linear structure. By repeating this process
many times we can transform any genus zero diagram into a linear one.

This ends our proof. We notice that we can construct the Hilbert series of higher
genus tri-vertex theories by identifying external legs of a genus zero graph, adding the
appropriate factor Psy(g) (t,a), the contribution of the gauge fields to the dimension formula
and summing over the a. Unfortunately, since the resulting theory is bad, the Hilbert series
is divergent. We can make it finite by changing the matter content and adding matter fields
transforming under the gauge groups of the legs that are identified. For example, by adding
one or more adjoint hypermultiplets to each leg that has been identified the Hilbert series
becomes convergent. As a curiosity, we notice that the resulting Hilbert series will be fully
symmetric under the exchange of the external legs, since the tree-level Hilbert series was.
It would be interesting to see if any of these regularized theories are related to the IR
behavior of the higher genus tri-vertex theories.

6 Conclusion

In this paper we have applied gluing techniques to the computation of the Coulomb branch
Hilbert series of mirrors of three dimensional Sicilian theories and we have successfully
compared our results with the superconformal index predictions for the Higgs branch of
the Sicilian theories themselves. As shown in [4], the Hall-Littlewood limit of the 4d N = 2
superconformal index captures the Higgs branch Hilbert series only for genus zero Riemann
surfaces. One of the main results of this paper is formula (3.31) for genus zero: it perfectly
agrees with the findings of [4], that were obtained in a completely different manner.

We have also computed the Coulomb branch Hilbert series of mirrors of Sicilian theories
with genus greater than one. For N = 2 Mb5-branes, the Sicilian theories are Lagrangian
and their Higgs branch Hilbert series can be computed by standard methods [11]. We have
successfully matched those results with our Coulomb branch Hilbert series of the mirror
theories, providing a check of our formulas based on mirror symmetry. For N > 2, there is
no other available method for computing the Higgs branch Hilbert series of Sicilian theories.
Our results give non-trivial predictions, that would be nice to check in some other way,
maybe using the 3d superconformal index.

Our results clarify why the Hall-Littlewood polynomials appear in two different con-
texts, the Coulomb branch Hilbert series for the T),(G) theories and the four dimensional
superconformal index of Sicilian theories. It is interesting to see how the Hall-Littlewood
limit of the superconformal index formula [4, 10], emerging from an apparently unrelated
construction, can be naturally reinterpreted in terms of gluing of three dimensional build-
ing blocks. It would be interesting to see if these Hilbert series are computed by some
auxiliary three or two dimensional topological theories along the lines of [28-30].

It is natural to expect that the gluing prescription discussed in this paper can be
generalized to any group G, including non-simply laced and exceptional groups, by gluing
Coulomb branch Hilbert series (2.21) of T,,(G) tails via the common centerless symmetry
G/Z(G) in the obvious way. This should yield the Coulomb branch Hilbert series for the
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mirror of 5d N = 2 super Yang-Mills of gauge group G' compactified on the punctured
Riemann surface. It would be nice to come up with an explicit check for this proposal.

Our results clearly show that gluing is an efficient technique to evaluate the Coulomb
branch Hilbert series, once the Hilbert series with background fluxes of the building blocks
are explicitly known. It would be interesting to extend our analysis to cover more general
classes of building blocks which can be applied to an even wider class of N' = 4 gauge
theories.
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A Mirrors of Sicilian theories with twisted D punctures

In this appendix, we briefly discuss 3d Sicilian theories with twisted D punctures. A twisted
Dy puncture can be written in terms of a Cy_; partition p = [p;] with ), p; = 2N — 2
and 7 the number of times that part k£ appears. The global symmetry to this puncture is
given by

Gs= ] USp(rx) x J] SO(). (A1)
k odd k even

For example, the global symmetry associated with twisted D4 puncture (2,1%) is USp(4).
A building block of a mirror of Sicilian theories with twisted D punctures is a gauge
theory T5(Bn—-1), whose quiver diagram, of the type first considered in [25], is given by
(4.3) of [3] and (6.5) of [6]. The quiver gauge theory is bad in the sense of [2], therefore
the monopole formula for the Coulomb branch Hilbert series diverges. However, according
to [3], the Coulomb branch Hilbert series of the infrared CFT is conjectured to be computed

by the Hall-Littlewood formula (2.21), which gives
H[T5(By_1)|(t;@in) = 120281 (W (1 - ) NI RSN (@) W% (alt,®)it).  (A2)

We will assume the validity of this formula in the rest of the appendix.

~ 34—



Example: p = (2,1%). For example, given an SO(8) twisted puncture p = (2,1%), the
corresponding theory is

Ti214(SO(7)) = [SO(7)] = (USp(4)) - (O(5)) — (USp(2)) — (O3))- (A.3)

Note that such a tail is a typical component in a mirror pair computation of [25].

The Hall-Littlewood formula (A.2) applied to this theory gives the Coulomb branch
Hilbert series

H[T(o,10)(SO(T)) (6 @5 m) = 12 Cnromatnd KSR s W™ (1w, i), (A)

where the notations are explained below:
e x = (11, x2) are the fugacities of the global symmetry USp(4).

e n = (n1,n2,n3) are the background fluxes for SO(7), with the restriction

ny>mng >ng>0. (A.5)

e The argument (¢,x1,x2) of the Hall-Littlewood polynomial is obtained from the
decomposition of the fundamental representation of USp(6) into representations of

SU(2) x USp(4):
S S S
oo @) =i @) + x5 @), (A.6)

so that y = (y1,y2,y3) = (t1/2,$1,l'2).

e The prefactor K(g,sﬁl()@

representation of USp(6):

(x;t) comes from the following decomposition of the adjoint

S S S S S
X (251 22) = X () +xq Y @Gy @ )+ et (A

Hence, according to (2.27), the prefactor is given by

Kt w:t) = PB g (@) + e + 44

For reference, we provide the Hilbert series with vanishing background fluxes:

H[Tj5,14)(SO(7)](t::0) = PE x5 (@)t + x| (@) — 1 — 9] (A.9)

Hence the Coulomb branch of this theory is a complete intersection space with 12 complex
dimensions, as expected from the quiver diagram (A.3).

— 35 —



A.1 The Coulomb branch Hilbert series of mirror theories

Let us consider a Sicilian theory associated with a Riemann surface with genus g and two
sets of punctures: 2m twisted Dy punctures p1, p2,. .., P2m and n untwisted Dy puncture
P1;P2; - Pn-

Following the prescription of [6], the mirror of this Sicilian theory can be constructed by
gluing 75, (Bn-1), ... Tp,, (By—-1) together with T, (Dy),...Tp,(Dx), with the common
global symmetry group By_1; = SO(2N — 1), which is a subgroup of Dy = SO(2N),
being gauged. The mirror quiver also contains m + g — 1 hypermultiplets in the vector
representation of the common gauge group SO(2N — 1). We test the prescription of [6] in
section A.1.3 below using the mirror of a theory associated with a genus zero surface and
four SO(4) punctures.

The Coulomb branch Hilbert series of the resulting mirror theory is therefore

H(t,%l,...,im,ml,...,mn)
- > t(a=Ddso@n—1)(n)y(m+g—1) S5 " Pso@n-1)(tin1, ..., nN-1)X
ni>->ny-1>0 (A.10)

HH[Tﬁi(BNfl)Kt :ifi; nly.--y anl) H H[ij (DN)](t; LjsNyy..., NMN-1, 0) s
i=1 7=1

where the Casimir factor Psoany—1) is given by (A.9) and (A.6) of [1] and dgp(an—1) is given
by (2.24); the fugacities @1, . . ., &, correspond to the global symmetries associated with the
twisted punctures pi, ..., pm respectively, and similarly for the non-tilde fugacities. Here
the factor denoted in blue is the contribution from the extra m + g — 1 hypermultiplets in
the vector representation of the gauge group SO(2N — 1).

It can be checked that formula (A.10) agrees with formula (4.10) of [10] and formula
(2.8) of [31] for the HL index of the Sicilian theory in the case of two twisted punctures
and genus 0.

Below we demonstrate formula (A.10) using examples with SO(8) twisted and un-
twisted punctures on a Riemann surface with genus 0.

A.1.1 Twisted punctures (2,1%), (2,1%) and untwisted puncture (4, 4)

Let us present an explicit example with p; = p2 = (2,1%) and p; = (4,4). The Coulomb
branch Hilbert series of T(44)(SO(8)) is discussed in detail in appendix C.2 of [3]. From
(A.10), the Hilbert series of the mirror of the Sicilian theory in question is

H(t,a,b,c)
= Z t_(5n1+3n2+n3)Pso(7) (t;nl,ng,ng)H[T(2,14)(SO(7))](t;al,ag;nl,ng,n3)><
n1>nz>n3>0
H[T(2714) (80(7))] (t; bl, bg; ni, ng, ng)H[T(474) (80(8))] (t; c;ni, N2, N3, 0) s (A.ll)

where the explicit expressions for H[T(5,14)(SO(7))] and H[T(44)(SO(8))] are given by (A.4)
and by (C.18) of [3], respectively. The fugacities @ = (a1, az2), b = (b1, b2) and ¢ correspond
to the global symmetries USp(4), USp(4) and USp(2) respectively.
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The Higgs branch of the four dimensional Sicilian theory with the same punctures
as this example was discussed on page 30 of [31] and Fixture 16 on page 35 of the same
reference. Upon expanding (A.11) in a power series in ¢, we find an agreement with [31],
namely

H(t;a,b,c) = PE t1/2x[81‘f<2>(c)] x H(t,a,b,c), (A.12)

where the first factor with the PE denotes the free hypermultiplet whose chiral mul-
tiplets transforming as a doublet of SU(2), and the first few terms in irreducible part
H(t,a,b,c) are

7 C C
H(t;a,b,¢) = 14 X{500.0(®)! + X000 (9

_|_

where y = (y1,...,ys) are fugacities of USp(10) and a possible fugacity map between y
and a, b, cis

Y1 = a1, Yo = az, Ys =c, Ya = by, Ys = ba. (A.14)
The plethystic logarithm of (A.13) indicates that there are 55 generators at order ¢ trans-
forming in the representation [2,0,0,0,0] of USp(10) and 132 generators at order t3/2 in

the representation [0, 0, 0,0, 1] of USp(10).
The unrefined Hilbert series H (t;a=1,b=1,c=1) can be computed exactly:

Ht;a=1,b=1,c=1)=

X
(L= t)32(1+ )8 (1 +t+2)"°
(1 + 2t + 40t + 1943 + 1007+* + 4704t° + 18683t% + 670307 + 2207003

+657352t7 4 1796735¢'0 + 4540442t + 10610604t 4 23011366t (A.15)
+ 46535540t + 87887734115 + 155277056116 + 2572882367

4 400453203t'® + 585971786t + 807195575t%° 4 1047954388t

+ 1282842123122 4 1481462886t%3 + 1615002952t + 1662191888t

+ 1615002952¢2% + palindrome up to t50) .

The irreducible component of the Coulomb branch is 16 quaternionic dimensional, as in-
dicated by half of order of the pole at ¢ = 1 in the unrefined Hilbert series. Taking into
account the free hypermultiplet, the Coulomb branch of this mirror theory is 17 quater-
nionic dimensional. This agrees with the result stated in the second bullet point on page 50
of [31] that the difference between the effective numbers of hypermultiplets and vector mul-
tiplets is 35 — 18 = 17.
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A.1.2 Twisted punctures (6), (1) and untwisted puncture (1%)
From (A.10), the Hilbert series of the mirror of the Sicilian theory in question is
H(t;b,c)
= ) G po oty ng, ng) H(T(6)(SO(T))] (£ n1, ma2, mia) X (A.16)

ni>n2>n3>0
H{[T(16y(SO(7))](t; b; 1, m2,n3) H[T(15)(SO(8))](t; €; n1, 2, 13, 0)
where b = (b, ba, b3) are fugacities for USp(6) and ¢ = (cy, ..., ¢4) are fugacities for SO(8).
Here the Hilbert series of the building blocks are given by
HITg)(SO(T))] (171, ma, 1g) = 074302570 PR 4 ¢+ ]
. \I/(”l’”z’"?’)(tlﬂ, t3/2, t5/2; 0

USp(6)
=1,
l5n no+n USp(6 n1,M2,Mn
HIT(10)(SO(T)] (1 by 1, o, ms) = 357 +8mt1s) PE[1 U900 () 027 (b 1),
Len n n SO(8 n1,n2,Nn3,MN
H{T(1s) (SO(8))](E €5 m1,ma, g, ma) = 12(Om+4n2203) PR B0 - (B)[ WS 02" ;1)
(A.17)
It can be checked that (A.16) is equal to the Hilbert series of 48 free half-hypermultiplets:
USp(6 SO(8

H(t;b,¢) = PE [tl/’zx[l,gjg}>(b)x[170<70{0](c) . (A.18)

This confirms the free field fixture #8 on page 37 of [31].

A.1.3 Four SO(4) twisted punctures: (2), (2), (12), (12)
The aim of this example is to test the prescription of adding extra fundamental hypermul-
tiplets of SO(2N — 1), as discussed in [6]. From (A.10), the Coulomb branch Hilbert series
of the mirror of the Dy Sicilian theory with twisted punctures (2), (2), (12), (12) is

H(t; 21, 22)

2

= 37 Pog) (i) | H[T5) (SO(3)) ¢ )| L S0E)] G an)
2 11 (A.19)

2
=Yt " Psogy) (t:n) [ [ H[T,1 (SOG))(t 2 m)

n>0 =1
where the blue factor denotes the contribution of the extra hypermultiplet. The explicit
expressions of each Hilbert series in the summand are
thp—n (1 o t2.fC2 4 t2$2n _ x2+2n)
(1—22) (1 —t222) (1 — t222) (A.20)
H[T(2)(SO(3))](t;n) = 1.

H[T(1,1)(SO(3))|(t; z3n) =

Performing the summation, we find that the above Hilbert series is equal to (D.14)
of [3]. Setting x1 = xg = 1, we recover the unrefined Hilbert series written in (D.15) of [3].
This is indeed equal to the Higgs branch Hilbert series of the SO(4) gauge theory with 2
flavors, in accordance with section 4.1 of [31].
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