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1 Introduction and summary

The low-energy dynamics of M2-branes probing some backgrounds is described by a certain
three-dimensional (3d) superconformal field theories (SCFTs). For such M2-brane SCFTs,
one finds various ultraviolet (UV) dual descriptions which flow to the same infrared (IR)
fixed point. For example, the low energy dynamics of N M2-branes probing the singularity
of C*/Zs, can be captured by certain Chern-Simons matter theory called the Aharony-
Bergman-Jafferis-Maldacena (ABJM) theory with gauge groups U(N)j x U(N)_j where
the subscripts stand for the Chern-Simons level [1]. One can generalize the configuration
by introducing fractional M2-branes and/or replacing C*/Z;, with C*/ ﬁk where ﬁk is
the binary dihedral group of order 4k. The low energy dynamics can be again described
by a Chern-Simons matter theory with different gauge groups [2, 3|, which is referred
to as the Aharony-Bergman-Jafferis (ABJ) theory. Another generalization is considering
a background (C?/Z, x C*/Z,)/Z with positive integers p, g, k, which generically yields



a circular quiver Chern-Simons theory [4, 5]. A special case with ¢ = k = 1 gives rise
to the 3d U(N) gauge theory with a hypermultiplet in the adjoint representation and p
hypermultiplets in the fundamental representation, which we call the U(N) Atiyah-Drinfeld-
Hitchin-Manin (ADHM) theory [6, 7]. The name comes from the fact that the Higgs branch
of the ADHM theory describes the moduli space of N SU(p) instantons. 3d theories with
other gauge group G whose Higgs branches capture instanton moduli spaces may be also
referred to as the G ADHM theories. There is also another Lagrangian construction using
a Lie-3 algebra for describing multiple M2-branes called the Bagger-Lambert-Gustavsson
(BLG) theory [8-12].

In this paper we study the flavored supersymmetric indices of the M2-brane SCFTs
which at least have N = 4 supersymmetry, including ADHM theories, ABJ(M) theories, BLG
theories, discrete gauge theories and quiver Chern-Simons theories. The 3d supersymmetric
indices [13-18] are a powerful tool to study supersymmetric quantum field theories and
their dualities. While the flavored indices of the ABJ(M) theory and BLG theory were
computed in vast literature e.g. [15, 19-21], those of the N' =4 ADHM theories and their
cousin have not yet been fully computed.! We find precise agreement of flavored indices as
strong evidence of the conjectural dualities of M2-brane SCFTs including ADHM theory
and other descriptions by comparing a large number of terms by expanding the flavored
indices. In addition, the flavored indices enable us to find the mapping of operators and
global symmetries under the dualities. We also explicitly give them in this paper.

Also we find stringent evidence for new dualities of the M2-brane SCFTs

U(2)2 X U(l),g ABJ (%9 U(l)l X U(l),l ABJM
~ U(2)1 X U(Q)_l ABJI\/I7 (11)

SU(2); x SU(2)-; BLG
= U(2)2 X U(l)_g ABJ ® U(l)z X U(l)_g ABJM, (1.2)

where some parameters of the factorized theories are identified and then the numbers of the
parameters become the same between the dual theories. The duality (1.1) indicates that the
U(2); x U(2)—1 ABJM theory can be factorized into the decoupled free sector isomorphic to
the U(1); x U(1)—; ABJM theory and the interacting sector described by the U(2) x U(1)_5
ABJ theory. The duality (1.2) leads to an interpretation of the SU(2); x SU(2)_; BLG
theory as a product of M2-brane theories. We evaluate the flavored indices to find the
precise agreement.

There exist limits of the fugacities (A.4) in which the N/ = 4 flavored indices reduce
to the Hilbert series for the Coulomb and Higgs branches [23]. We compute the Hilbert
series of M2-brane SCFTs and find that the Hilbert series which counts the local operators
on the A/ = 4 Coulomb branch precisely gives the Hilbert series for the geometry probed
by M2-branes not only for the ADHM theory but also for highly supersymmetric N’ > 4
Chern-Simons matter theories. We give several analytic and semi-analytic expressions of
the Hilbert series for the supersymmetric Chern-Simons matter theories by taking the

!See [22] for the unflavored indices of specific ADHM theories.



appropriate limit of the fugacities in the flavored indices. Besides, the flavored indices
allow us to count the mixed branch operators which cannot be detected by the Hilbert
series or unflavored indices. We concern ourselves with the analysis of the mixed branch
operators in the U(N) ADHM theory which consist of monopole operators dressed by the
adjoint hypermultiplets.

For the U(N) ADHM theory with ! fundamental hypermultiplets and the U(N)j x
U(N)g@(lﬂ) x U(N)_j Chern-Simons matter theory which is conjectured to be dual to the
ADHM theory when k = 1, we also find closed form expressions of the fully dressed indices
in the Coulomb limit.? For both of the two theories, our calculations are based on a special
simplification which occurs in the grand canonical version of the indices, i.e. the generating
function of the indices in terms of rank N, which is reminiscent of the Fermi gas formalism
for the S? partition functions [25], correlation functions [26-28] and the four dimensional
Schur indices [26, 29-31]. Our result for the ADHM theory is the generalization of [32] for
[ > 1, and when we take the unrefined limit our result also agrees with the closed form
expressions for the corresponding Coulomb branch Hilbert series obtained in [33]. Following
the correspondence in [33], we conjecture that a refined generating function, that is a
generating function for plane partitions of n which has a trace 7(n) = N and the difference
> is0 Ti(n) — X i Ti(n) = M between the sum of the i-traces 7;(n) with ¢ > 0 and the sum
of those with i < 0 is given by

o n n N M © i 1
Z Z Z a n, N, M)tn 2= H W H H 1 — gt2m+n+l,+n’ (13)
n=1N=0 M=— m= n=1 =+

where the trace 7(n) = Y, n; is a sum of diagonal entries of the plane partitions and
the i-trace 7;(n) is a sum of entries in the i-th diagonal and a(n, N, M) is the number of
plane partitions of n with 7(n) = N and >°,5¢ 7 — > jc07i = M. We find the closed form
expression for the ADHM theory and that for the Chern-Simons matter theory with k& =1
coincides with each other, giving a direct proof for the duality in the Coulomb limit. By
using the closed form expressions we can also write down the large N expansion of the
Coulomb limit of the fully dressed index, in a power series of t/V (t = tilq%) together with
the explicit expressions for each coefficient of "V (3.75).

For the U(N) x U(N)E)@(l_z) x U(N)_j Chern-Simons matter theory we also find that
the integrations over holonomies can be performed explicitly in the Higgs limit, resulting
in a new expression for the fully dressed index in the Higgs limit. Although our final
expression (7.32) still contains infinite sums for the monopole charges which we could not
perform explicitly for general N and [, with our expression we can compute the Higgs
limit of the index in the small t (t = tqi) expansion more easily than calculating the small
q expansion of the full index by using the original expression first and then taking the
Higgs limit.

2A different kind of Hilbert series of circular quiver Chern-Simons matter theories is also investigated
n [24].



1.1

Open problems

There are variants which are not studied in this work, such as the USp(2N) gauge
theories with a rank 2 matter and an odd number of half-hypermultiplets, orthogonal
gauge theories with gauge groups SO(2N + ), Spin(2N + «) and Ping (2N + 7),
Chern-Simons theory with affine D-type or affine E-type quiver [34] and quiver Chern-
Simons theory with gauge group SU(N) x SU(/V). We hope to report the analysis of
such theories by evaluating the flavored indices.

The local operators in the M2-brane SCFTs form certain algebras. For the U(N)
ADHM theory with [ flavors the algebra formed by the Coulomb branch operators
is the spherical part of the cyclotomic rational Cherednik algebra [35]. It would be
interesting to categorify the dualities of the M2-brane SCFTs as rigorous isomorphisms
or equivalences of algebras or modules.

The BPS boundary conditions can realize the M5-branes on which M2-branes end.
Such BPS boundary conditions are studied in the ABJM theory [36-38]. The dualities
of N'=(0,4) boundary conditions and N = (2,2) boundary conditions in 3d N = 4
Abelian gauge theories are studied by evaluating the half-indices [39, 40] and by
engineering them in brane setup [41]. They will generalize the dualities of the
M2-brane SCFTs associated with the 3d /' = 4 ADHM theories.

The indices can be decorated by the BPS Wilson line and vortex line operators [42].
The dualities of line operators in the M2-brane SCFTs may be studied by engineering
the line operators in Type IIB setup [43].

The finite N corrections of the gravity indices of the M2-brane SCFTs describing the
M2-branes at the A-type singularity are investigated in [32, 44-46]. It would be nice to
study the finite N corrections for the other M2-brane SCFTs by further analyzing our
flavored indices. It would also be nice if we could find a gravitational interpretation
of the giant graviton coefficients we obtained in the Coulomb limit (3.75).

The grand canonical index of the M2-brane SCFT describing a stack of N M2-branes
probing C* is studied in [32]. Also the grand canonical index of its Coulomb limit
is shown to be given by the generating functions for plane partitions [33]. It would
be interesting to study the grand canonical indices obtained from our flavored index
of other M2-brane SCFTs with symplectic and orthogonal gauge groups and explore
their combinatorial interpretation.

It would be interesting to analyze the Higgs limit of the fully dressed indices of
U(N)g x U(N)?(I_Q) x U(N)_g quiver Chern-Simons theory further. For example, we
may use (7.32) to calculate the small t expansion to very high order for various [, k, N
and try to guess a rational function which complete each series, as we do in (7.37). It
would also be interesting to extend our analysis for the Coulomb/Higgs limit of the
supersymmetric indices of U(N) ADHM theory with [ and the U(N)j x U(N)gg(l*?) X
U(N)_ quiver Chern-Simons theory to other theories of M2-branes, such as the



U(N)j x U(N)gg(p*l) x U(N)_p x U(N)gg’(q*l) quiver Chern-Simons theories and the
ADHM theories/quiver Chern-Simons theories with orthogonal or symplectic gauge
groups.

o Higher-form symmetries of N’ > 6 quiver Chern-Simons matter theories including
ABJ(M) and BLG theory are examined in [21, 47, 48]. It would be nice to study
higher-form symmetries in the proposed dual theories and explore further dualities
of the N’ > 4 M2-brane SCFTs including the ADHM theory, the circular quiver CS
theory and the discrete gauge theory.

1.2 Structure

The organization of the paper is as follows. In section 2 we review the three-dimensional
low-energy effective theories of D2-branes and M2-branes. We summarize the brane setup
in Type IIA, Type IIB and M-theory and known dualities of these theories. In section 3
we study the N' = 4 U(N) ADHM theory which has U(N) gauge group and a single
adjoint hypermultiplet as well as fundamental hypermultiplets. By computing the indices
we examine the local operators on the Coulomb, Higgs and mixed branches. We find the
precise matching of the flavored indices with those of their mirror theories and derive the
mapping of operators and symmetries under the mirror symmetry. In section 3.3 we also
derive the closed form expression for the Coulomb limit of the fully dressed indices of U(N)
ADHM theory with [ fundamental hypermultiplets. As a consequence, we propose a refined
generating function for plane partitions. In section 4 we investigate the N' =4 USp(2N)
gauge theories with a hypermultiplet transforming as (anti)symmetric representation and
multiple fundamental half-hypermultiplets. The indices perfectly agree with those of their
mirror theories. In section 5 we study the N’ = 4 gauge theories with orthogonal gauge
groups, rank 2 matter fields and fundamental flavors. We give formulae of indices which
allow us to get the Hilbert series for the Coulomb and Higgs branches in appropriate limits
and to check dualities of the orthogonal gauge theories. In section 6 we evaluate the flavored
indices of ABJ(M) theory. We show that their limits lead to the Hilbert series corresponding
to the geometry probed by M2-branes. We confirm the proposed dualities with ADHM
theory, discrete gauge theories as well as a new duality between U(2); x U(2)_; ABJM
theory and a product of U(2)2 x U(1)_2 ABJ theory and U(1); x U(1)_; ABJM theory. In
section 7 we study the A/ = 4 quiver Chern-Simons theories. The dualities between the
ADHM theory with multiple flavors and the quiver Chern-Simons theories are confirmed as
their flavored indices agree with each other. We also derive the closed form expression for
the fully dressed indices of these theories in the Coulomb limit in section 7.3, and reduce
the Higgs limit of the indices into a simpler expression than the original expression (7.2)
in section 7.4. In section 8 we evaluate the flavored indices of the BLG theories with
gauge groups SU(2) x SU(2) and (SU(2) x SU(2))/Zs. The flavored indices reduce to the
Hilbert series for (C* x C*)/D,,, where D,, is the dihedral group order m in the limits. We
also propose a new duality between the SU(2); x SU(2)_; BLG theory and a product of
the U(2)2 x U(1)_2 ABJ theory and the U(1)y x U(1)_2 ABJM theory and confirm it by
finding the precise agreement of indices. In appendix A we introduce some notations for



D2/02
D6/0O6 | x X X [ X X X X

Table 1. The configuration of branes and orientifolds in type ITA string theory.

the supersymmetric indices. In appendix B we consider a further generalization of the
supersymmetric indices so that we can keep track which field components contribute to
each term in the indices. In appendix C we write the explicit expressions of the Hilbert
series for the dihedral groups.

In this paper we evaluate the indices by expanding them with respect to ¢ at least up
to ¢° for most of the examples except for the cases where we explicitly mention the orders
we computed and show only several terms.

2 3d theories on probe M2-branes

In this paper we consider 3d theories which can be engineered on M2-branes probing some
backgrounds in M-theory. In this section we first review string theory construction of the
3d theories.

2.1 Type ITA/M-theory construction

Before considering M-theory configurations we start from type IIA string theory construction.
The worldvolume theory on N D2-branes yields the 3d A/ = 8 supersymmetric Yang-Mills
theory with a gauge group U(N). The supersymmetry can be reduced by half by introducing
D6-branes. The brane configuration in the 10d spacetime of type IIA string theory is
summarized in table 1. The worldvolume theory on N D2-branes in the presence of [ D6-
branes give rise to 3d N' = 4 U(N) gauge theory with [ hypermultiplets in the fundamental
representation and one hypermultiplet in the adjoint representation, which is called the
U(N) ADHM theory. The Coulomb branch of the 3d theory is realized when the D2-branes
are apart from the D6-branes. It is parameterized by the position of the D2-branes together
with vacuum expectation values (vevs) of scalars which are dual to 3d photons. The Higgs
branch of the 3d theory is realized when the D2-branes are on top of the D6-branes and is
give by the moduli space of N SU(I) instantons [6, 7, 49].

We can add an O2-plane or an O6-plane into the configuration without further breaking
the supersymmetry. The O2-plane and the O6-plane are placed parallel to the D2-branes
and the D6-branes respectively, as shown in table 1. For both O2-plane and O6-plane,
there are four types of orientifolds depending on the discrete torsion associated to the
Neveu-Schwarz (NS) B-field and a Ramond-Ramond (R-R) field. The four types are denoted
by 027, 52_, 027, 52+ and 067, &3_, 067, (36+. Note that in order to introduce an OVGi—
plane one needs to turn on an odd background cosmological constant in type ITA string
theory [50-53]. Since we are interested in configurations which can be lifted to M-theory

~ +
we will not introduce an O6 -plane as their M-theory lift has not been known to our best



M2
KK| x X X|Xx X X X

Table 2. The configuration of M2-branes and KK monopoles in M-theory. The x1; is the direction
along the M-theory circle.

knowledge. We will not also consider an O~2+—plane since it will not give rise to a new
theory in the setup we will focus on.

Let us consider each case one by one. Introducing an O2~-plane changes the gauge
group U(2N) into O(2N). Similarly the adjoint hypermultiplet of U(2N) becomes an
adjoint hypermultiplet of O(2N). Then the 3d theory on N D2-branes on top of an
02~ -plane with [ D6-branes gives 3d N’ =4 O(2N) gauge theory with | hypermultiplets
in the fundamental representation and one hypermultiplet in the adjoint (i.e. rank-two
antisymmetric) representation. An 52_—plane can be effectively given by an O27-plane
with a half D2-brane stuck at the orientifold as far as the D2-brane charge is concerned.
The effective half D2-brane further alters the gauge group into O(2N + 1). Hence the
3d theory on N D2-branes on top of an O~27—plane with [ D6-branes realizes 3d N = 4
O(2N + 1) gauge theory with [ hypermultiplets in the fundamental representation and one
hypermultiplet in the adjoint (i.e. rank-two antisymmeric) representation. On the other
hand an O2*-plane changes the gauge group U(2N) into USp(2N). Then the 3d theory
on N D2-branes on top of an O2"-plane with | D6-branes gives 3d N' = 4 USp(2N) gauge
theory with [ hypermultiplets in the fundamental representation and one hypermultiplet in
the adjoint (i.e. rank-two symmetric) representation.

In the cases of introducing an O6-plane, the orientifold action on the adjoint hyper-
multiplet is different from the action on the vector multiplets [54]. Then when the gauge
group changes into O(2N + v)/USp(2N) (v = 0 or 1) the adjoint hypermultiplet becomes
a hypermultiplet in the rank-two symmetric/antisymmetric representation respectively.
When we consider N D2-branes with an O6~-plane and [ D6-branes, the worldvolume
theory on the D2-branes is the 3d N’ = 4 USp(2N) gauge theory with [ hypermultiplets
or 2] half-hypermultiplets in the fundamental representation and a hypermultiplet in the
rank-two antisymmetric representation. On the other hand an O6*-plane changes the
unitary gauge group into an orthogonal group. Then the 3d theory on (2N + ) half
D2-branes with an O6™-plane and [ D6-branes gives the 3d ' = 4 O(2N + v) gauge theory
with [ hypermultiplets in the fundamental representation and one hypermultiplet in the
rank-two symmetric representation. When v = 1, one half D2-brane should be stuck at
the orientifold. In these cases the Higgs branch moduli space is the moduli space of N
() instantons where (5 is the same as the flavor symmetry group associated with the
fundamental hypermultiplets [6, 49, 54-57].

It is possible to lift the type IIA configurations to M-theory by taking the strong string
coupling limit. In M-theory N D2-branes simply become N M2-branes. On the other hand,
D6-branes are geometrized and a D6-brane becomes a Kaluza-Klein (KK) monopole [58].
The configuration in M-theory is summarized in table 2 where x1; is the direction along



the M-theory circle. Then the transverse space of [ D6-branes is described by an [-center
Taub-NUT space T'N; in the z7,xs, x9, x11-direction. When [ D6-branes are on top of
each other, the [ centers are at the same position which gives rise to an A;_; singularity.
The transverse geometry around the singularity is described by an asymptotically locally
Euclidean (ALE) space X4, , = C?/Z;. Here Z; is the cyclic group of order [. Therefore,
N D2-branes probing [ D6-branes in type ITA string theory become N M2-branes probing
the A;_; singularity of C2/Z; in M-theory. In this picture the Coulomb branch of the 3d
theory on the M2-branes can be explicitly seen as the geometry which M2-branes probe.
When N =1 the Coulomb branch is X 4, , itself and for general N it is given by the N-th
symmetric product,

Mo = SymNXAlil. (2.1)

Let us then consider the M-theory lift of the orientifolds. We start from an O2-plane.
In the presence of an O2-plane the space in the x3, - - - , x9-direction becomes an orbifold
R7 /7o where Zy action is

(.’133, T4, T5,T6,L7,T8, 1'9) — (_$37 —T4, —T5, —Tg, —T7, — T8, —.’Eg), (22)

with a sign flip for the R-R 1-form. An O2-plane at the origin of R?/Zs is given by two
OM?2-planes which sit at the two fixed points of (R” x S')/Zs [59, 60]. Here the S is
the M-theory circle on which M-theory is reduced to type IIA string theory. We can
reparameterize the eight real coordinates of the R” x S by four complex coordinates

Y1,Y2,Y3,Y4 of (C47

r3=Re(y1), xy=Im(y), r5=Re(y2), re=1Im(y2),
1
z7=Re(ysys), ws=Im(ysyi), @o=|ys*—|wal®>, = 5 (arg(ys) +arg(ys)).
(2.3)
Then the Zo action on (z3, 24, T5, Tg, X7, T3, Tg, x11) can be realized by [61]
(y17y27y37y4) — (_y17 _y277’y272y§) . (24)

There are two types of OM2-planes denoted by OM2*-planes. On the quotient space,
the OM2™-plane has —% units of M2-brane charge whereas OM2T-plane has 13—6 units
of M2-brane charge. Their M2-brane charges suggest that an O27-plane splits into two
OM2~-planes and an 52_—plane splits into two OM2T-planes. On the other hand an
O2"-plane splits into one OM2~-plane at one fixed point and one OM2T-plane at the
other fixed point. Introducing ! physical D6-branes is realized by having 2/ KK monopoles
in the covering space. When the KK monopoles are on top of each other the space has an
Ag;_1 singularity which is locally described by an ALE space C?/Zy; in the (y3, y4)-direction

where the Zy; action is given by

(y3,9a) = €7 (y3,ya). (2.5)

When the 21 KK monopoles are on top of the OM 2*-plane, the location of the KK monopoles
with the OM2*-plane develops a Dj singularity since the combinations of the action (2.4)



and (2.5) yield Xp,,, = C?/ Dy [22, 61]. Here D; stands for the binary dihedral group of
order 41, which is also known as dicyclic group. Then the Coulomb branch of the 3d theory
on the N M2-branes is given by

Mec = Sym™Xp,,,. (2.6)

As for O6-planes, an O6~-plane becomes a smooth geometry and the transverse space
of the M-theory uplift of an O6~-plane is given by the Atiyah-Hitchin space [62-64]. When
[ (I > 3) physical D6-branes are on top of an O6~-plane the configuration exhibits a D
singularity in M-theory at the location where the D6-branes and the O6~-plane are placed.
The transverse geometry around the singularity is described by Xp, = C2/ Dy [62-64].
Then the Coulomb branch of the 3d theory on the N M2-branes is given by

Mc = Sym™ Xp,. (2.7)

On the other hand an O6™-plane is lifted to a frozen Dy singularity [65, 66]. A non-zero
flux is turned on around the singularity. The flux prohibits a resolution and hence it is
called a frozen singularity. When [ physical D6-branes are on top of an O6"-plane the
transverse geometry around the singularity is given by Xp, , = c?/ ﬁl+2. Therefore the
Coulomb branch of the 3d theory on the N M2-branes is

Mec = Sym™Xp,,,. (2.8)

It is also possible to consider M-theory from the beginning to construct 3d theories.
An interesting class of such examples arise from N M2-branes probing a singularity of
C*/Zy, (k=1.2,---) with the Zj action given by

27w 271 2w 27 )
I

(21,22, 23, 24) — (eTzl,eTzz,eng,eTz4 (2.9)

where 21, 29, 23, 24 are the four complex coordinates of C*. The commutant of the orbifold
action in SO(8), which is the rotation group for R®, is SU(4) x U(1). In the 3d theory on
the M2-branes SU(4) serves as the R-symmetry. Hence the 3d theory generically has an
N = 6 supersymmetry. In this case the N’ = 4 Coulomb branch is combined with the N' = 4
Higgs branch and the total moduli sapce of the 3d theory on the N M2-branes is given by

M= Ssym" (C'/2;) . (2.10)

The supersymmetry is enhanced in the cases of k = 1,2. When k£ = 1, the geometry which
the M2-branes probe is simply C* and the full SO(8) symmetry remains. Then the theory
possesses an N = 8 supersymmetry. When k = 2, the geometry is described by C*/Zs
with the orbifold action z; — —z; (I =1,2,3,4). The orbifold action commutes with the
whole SO(8) and the supersymmetry is also enhanced to N/ = 8. The 3d theory realized
on N M2-branes probing a singularity of C*/Z; can be described by a Lagrangian theory,
called the ABJM theory, characterized by U(N) x U(N) gauge groups with a Chern-Simons
term of level k for one U(N) and that of level —k for the other U(N) [1]. The theory also
has a hypermultipet in the bifundamental representation of U(N) x U(N) and a twisted



hypermultiplet in the bifundamental representation of U(N) x U(N) in the N = 4 language.
The relation between the M2-brane picture and the Lagrangian theory can be explicitly
seen by considering a type IIB dual configuration, which will be discussed in section 2.2.
This class of theories can be generalized by deforming the rank of the gauge groups
and/or changing the unitary gauge groups into O x USp [2, 3]. Such theories are referred
to as the ABJ theories. The rank deformation can be achieved by introducing M5-branes
wrapped on a vanishing 3-cycle in C*/Z;. The 3-cycle is a torsion cycle characterized
by Hj (S7/Zx,Z) = Zi. Then wrapping k M5-branes on it is equivalent to no M5-brane
and we can wrap at most (k — 1) M5-branes. The Mb5-branes wrapped on the vanishing
3-cycle can be interpreted as fractional M2-branes. The presence of L(< k) fractional
M2-branes alters the gauge group U(N); x U(N)_j into U(N + L) x U(N)_, with the
matter content unchanged. The subscripts of the gauge groups represent the CS levels
associated with the gauge groups and we will use this notation throughout this paper. The
amount of supersymmetry does not change since the fractional M2-branes preserve the
same supersymmetry as that of M2-branes. The theory also has a duality given by [3]

U(N + L) x UN)_ < UN), x UN + &k — L)y, (2.11)

which can be seen from a type IIB dual picture.
The change of the unitary gauge groups into O x USp can be achieved by considering
an M-theory background C*/Dy, (k = 1,2,---) where the orbifold action is generated by

mi mi mi mi
(21, 22,23, 24) — (ekzl,ek22,6k23,ekZ4), (2.12)

(21, 22, 23, 24) — (125, —i2],12), —i23). (2.13)

The orbifold action can be embedded in SU(2) and the commutant inside SO(8) is SO(5).
Hence the theory has an N' = 5 supersymmetry generically. The moduli space of the 3d
theory on the N M2-branes is given by

M = sym™ (C'/Dy) . (2.14)

The geometry also has a vanishing 3-cycle which is characterized by Hjs <S7 / ﬁk, Z) = Zag.
Then we can also wrap M5-branes on the vanishing 3-cycle, leading to fractional M2-branes.
When N M2-branes probe the singularity of C*/ Dy, with some fractional M2-branes the 3d
theory on the M2-branes can be described again by a Chern-Simons matter theory [3] and
they are characterized by the following four types of gauge groups and the CS levels,

O(2N + 2L1)or x USp(2N) 4,
USp(2N + 2La);, x O(2N) _oz,
O(2N +2L3 + 1)9x x USp(2N) g,
USP(2N 4 2L4); X O(2N 4 1) _gp.

Each theory has a half-hypermultiplet in the bifundamental representation of O x USp
and a twisted half-hypermultiplet in the bifundamental representation of O x USp. The
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Li,Lo, L3, Lyarerestricted by 0 < L1 <k+1,0< Ly <k—-1,0<Ls<kand0< Ly <k.
The theories in (2.15)—(2.18) also have dual descriptions given by [3]

O(2N +2L1)9k x USp(2N)_; < O(2N +2(k — L1 + 1)) o, x USp(2N),  (2.19)
USp(2N + 2Lo)g x O(2N)_o < USp(2N + 2(k — Ly — 1)) x O(2N)ax,  (2.20)
O(2N +2L3 + 1)g, x USp(2N)_j, & O(2N + 2(k — L3) + 1) o, x USp(2N),  (2.21)
USP(2N + 2L4)1, x O(2N 4 1)_g1, < USp(2N + 2(k — Lg))_1, X O(2N 4 1) (2.22)

The dualities imply that some of the theories of (2.19)—(2.22) at the boundary values of
L; (i=1,2,3,4) are equivalent with each other and we have 4k different choices of the L;’s.
When k = 1 the supersymmetry is enhanced to ' = 6 since the geometry becomes C*/Z4.
This leads to orthosymplectic-unitary dualities given by [3, 67]

O(2N)2 X USp(2N)_1 <~ U(N)4 X U(N)_4, (223)
O(2N + 2)2 X USp(QN)fl = U(N + 2)4 X U(N),4, (2.24)
O(2N + 1)5 x USp(2N)_; U(N +1)4 x UN)_4
O(2N + 3)2 x USp(2N)_4 U(N+3)s x UN)_4

Due to the duality (2.21) or (2.11), the two theories on each side of (2.25) are related by
the parity transformation. Furthermore, gauging one-form symmetries of the theories lead
to another dualities [21]

SO(2N)2 x USp(2N)-1 & [U(N)4 x U(N) 4] /Zs, (2.26)
[SO(2N)2 x USp(2N)_1] /Z2 < [U(N)g x U(N)_4] /Z4, (2.27)
SO(2N +1)2 x USp(2N)_1 < [U(N + 1)4 x U(N)_4] /Zo, (2.28)
SO(2N + 2)2 x USp(2N)_1 < [U(N + 2)4 x U(N)_4] /Zs. (2.29)
The special cases with N =1 for (2.26) and (2.27) give [21]
80(2)2 X USp(2)_1 = [U(1>4 X U(l)_4] /ZQ = U(l)g X U(l)_g, (230)
[SO(2)2 x USp(2) 1] /Z2 < [U(1)a x U(1)-4] /Z4 < U(1)1 x U(1) 1. (2.31)

Another generalization is to consider an M-theory background (C?/Z, x C?/Z,) | Zy

27” 27”
where p, g, k are positive integers. The action of Z, is given by (21, 22) — (e P zi,e P 2’2)

27i

while the action of Z, is given by (z3,24) — (eng,e %Zzl). The Z; acts on the all

four complex coordinates and it is given by (2.9). The orbifold action can be embedded
in SU(2) x SU(2) and the commutant inside SO(8) is SO(4). Hence the 3d theory on
M2-branes probing the singularity has an N' = 4 supersymmetry generically. The moduli
space of the 3d theory on the N M2-branes is given by

M = Sym" ( (<c2/zp x <c2/zq) /zk) . (2.32)

It turns out that the moduli space can be achieved by a Chern-Simons matter theory
characterized by a circular quiver theory with the following gauge groups and the CS
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level [4, 5],

p—1 g—1

The theory has twisted hypermultiplets and hypermultiplets, both of which are in the
bifundamental representation of U(N) x U(N) that are next to each other. When one of
the two U(N)’s comes from the (p — 1) U(N)’s of (2.33) then the bifundamental matter
is a twisted hypermultiplet. When it comes from the (¢ — 1) U(N)’s of (2.33) then the
bifundamental matter is a hypermultiplet. We can further introduce fractional M2-branes
into the configuration. The presence of the fractional M2-branes can change the gauge
group (2.33) into

U(N + Ll)k X U(N + LQ)() X oo U(N + Lp)g X
p—1
X U(N + Lpt1)—k X UN + Lpya)o X - UN + Lyp19)o,

q—1

(2.34)

where 0 < Ly, Lyy1 < k — 1. The theory also has various dual descriptions, which can be
seen in a dual type IIB picture.
When p = 2,q =1,k = 2, the moduli space becomes

Sym™ ((@2 /7y x <c2) /ZQ) . (2.35)

The overall Zs quotient may imply the presence of an OM2-plane. Furthermore the
singularity for the first C? in the case of N = 1 is given by C2/Z,, which is isomorphic
to C?/ D;. Hence the configuration is equivalent to N M2-branes probing an OM 2-plane
on top of 2 KK monopoles. When no fractional M2-brane is introduced the configuration
corresponds to the one with an OM2~-plane. Hence this suggests a duality [22]

3d O(2N) gauge theory with one adjoint hyper and a fundamental hyper
<  3d U(N)2 x U(N)g x U(N)_o Chern-Simons matter theory. (2.36)

We can also introduce fractional M2-branes. Since k = 2, we can have 0 < Ly, Lz < 1. It
turns out that this case leads to another duality [22],

3d USp(2N) gauge theory with one adjoint hyper and a fundamental hyper
< 3d U(N)2 x U(N)g x U(N + 1)_o Chern-Simons matter theory.

(2.37)
There is yet another Lagrangian construction called the BLG theories which describe
3d theories on multiplet M2-branes using a Lie 3-algebra [8-12]. When we preserve N = 8
supersymmetry, there are two families of the BLG theories, which are characterized by the
gauge groups G = SU(2);, x SU(2)_; or G = (SU(2) x SU(2)_1)/Z2 [1, 68, 69]. From the
Lagrangian description one can calculate the moduli space for each case and it is given by

M = («:4 x <c4) /Dag, (2.38)

- 12 —



for G = SU(2); x SU(2)_ and
M= (C*x C") /Dy, (2.39)

for G = (SU(2)x x SU(2)_x)/Z2 [70, 71] where Dy, is the dihedral group of order k. For
special values of k& the moduli spaces (2.38) and (2.39) agree with the N = 2 case of (2.10).
Then the BLG theory has an interpretation of a 3d theory on two M2-branes probing an
A-type singularity. Since Dy = Zs, we have

M(SU(2)1xSU@)_1)/Zo = Sym” (C4> : (2.40)
and this implies a duality [69, 72]
(SU(2)1 X SU(2)_1)/Z2 BLG < U(2)1 X U(Q)_l ABJM. (2.41)

The other two cases are SU(2)2 x SU(2)_2 and (SU(2)4 x SU(2)_4)/Z2 and their moduli
spaces can be identified with Sym? (C*/Zs) with discrete torsion turned on for the latter
case. Hence we have dualities [69, 72]

SU(2)s x SU(2)_s BLG < U(2)s x U(2)_s ABIM, (2.42)
(SU(2)4 X SU(2)_4)/ZQ BLG & U(3)2 X U(Q)_Q ABJ. (2.43)

There is also another type of duality given by [20]
(SU(2)3 x SU(2)_3)/Zs BLG ® U(1); x U(1)_; ABIM < U(3); x U(3)_; ABIM. (2.44)

2.2 Type IIB construction

In fact most of the theories considered in the previous subsection can be also realized as
low energy effective theories on D3-branes in type IIB string theory compactified on S?!.
These brane setups consist of D3-branes wrapped on S! segmented by the NS5-branes or
the bound states of an NS5-brane and k& D5-branes (which we call (1,%) 5-brane) with
Db5-branes. Here each five-brane is extended in the directions indicated in table 3 and
table 4. In a brane configuration consisting only of D3-branes, NS5-branes and D5-branes,
each segment of D3-branes corresponds to a gauge node. The open strings ending on single
segment correspond to an A/ = 4 vector multiplet, while the open strings between the
D3-brane segment and somewhere else corresponds to an AV = 4 hypermultiplet. We can
also consider NS5-branes and D5-branes extended in the different directions, which we
shall call NS5-brane and ]i’)—brane, as indicated in table 3. Brane setups consisting only of
D3-branes, NS5-branes and D5-branes also realize A" = 4 quiver gauge theories, where the
open strings ending on single segment correspond to an N = 4 twisted vector multiplet,
while the open strings between the D3-brane segment and somewhere else corresponds to
an N = 4 twisted hypermultiplet.

On the other hand, circular quiver superconformal Chern-Simons matter theories
are realized by the brane configurations consisting of D3-branes, NS5-branes and (1, k)
5-branes [73, 74]. The N = 4 supersymmetry is realized by assigning the supermultiplets
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0O 1 234 5 6|7 8 9
D3(— )| x x x|[|x
NS5( | ) | x x X X X X
D5(~) | x x x X X X
NS5(-) | x x x X X X
D5( | ) X X X X X X
brane configuration supermultiplet quiver
= N = 4 vector multiplet @
N = 4 bifundamental hypermultiplet (X,Y)
N = 4 fundamental hypermultiplet (£, 7)
e N = 4 twisted vector multiplet @
s N = 4 bifundamental twisted hypermultiplet (X,Y)
AL# : . j (I,J) D
N = 4 fundamental twisted hypermultiplet

Table 3. Top: directions of the branes in the configuration realizing 3d quiver gauge theories; bottom:
supermultiplets corresponding to the open string (red line) ending on D3-branes in various situations.

to the open strings ending on each D3-brane segment appropriately depending on the type
of 5-branes involved [5, 75|, as summarized in table 4.3

These type IIB brane configurations are related to the configuration of M2-branes
as follows. By taking the T-duality in the xs-direction we obtain the type ITA brane
configuration, where D3-branes are transformed into D2-branes, D5-branes are transformed
into D6-branens while NS5-branes become a KK monopole along x3 (a (1, k)5-brane is
treated as an NS5-brane and k£ D5-branes). By further uplifting the type IIA configuration
to the M-theory with a new S1 direction x17, D2-branes become M2-branes while D6-
branes become a KK monople along x1;. Hence each of the N/ = 4 theories realized by
a IIB brane configuration with N D3-branes wrapped on S' and the five-branes can be
interpreted as the theory of N M2-branes in M-theory probing some singularity of C*/T.
The detail of the singularity can be read off from the KK monopole background. For
example, for the U(N) ADHM theory with [ flavors, which is realized by the type IIB brane

3Here we assume that D3-branes are wrapped on the direction compactified on S* and also that there is
at least one NS5-brane in each configuration.
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0 1 2(3|4 5 6|7 8 9
D3(— )| x x x|[|x
NS5( | ) | x x X X X X
(1,E)5(1) | x x X (471, (58)k, (69)k
brane configuration supermultiplet quiver
= N = 4 vector multiplet @
‘ N = 2 vector multiplet with CS level k
] N = 2 vector multiplet with CS level —k
e N = 4 twisted vector multiplet @
N = 4 bifundamental hypermultiplet (H, H)
| N = 4 bifundamental twisted hypermultiplet (T.T)

Table 4. Top: directions of the branes in the configuration realizing N' = 4 superconformal Chern-
Simons matter theories, where (ab); stands for the direction in ab-plane with angle arctan k from
a-axis; bottom: supermultiplets corresponding to the open string (red line) ending on D3-branes in
various situations. In [5] the AV = 4 vector multiplet and the A/ = 4 twisted vector multiplet are
referred to as the auxiliary vector multiplet.

configuration with one NS5-brane and [ D5-branes, the singularity is C2/Z; x C2. For the

superconformal Chern-Simons matter theory realized by p NS5-branes and ¢ (1, k)5-branes,

the singularity is ((CQ/Z X (CQ/Z )/Zy, where Zk acts on (z1,22) € C?/Zy, (23, 24) € C%/Z,
as (21, 22, 23, 24) — (e kv T z1,e 3 29, € kqlz;g e T z4) [4].

In the brane setup with NS5-branes and (1, k) 5-branes we can also realize non-uniform
ranks Np, Na,--- by introducing fractional D3-branes stretched between each pair of an
NS5-brane and a (1, k) 5-brane. See table 4. Under the M-theory uplift these fractional D3-
branes become fractional M2-branes which are trapped on top of the singularity C*/T" and
cannot move, hence the fractional D3-branes do not affect the structure of the singularity [3].

The type IIB brane configurations are also useful to predict the dualities of the N' = 4
theories. The first example is the duality induced by the SL(2,Z) transformations of the
5-brane charges. Let 7 = x + i/gs be the Type IIB coupling where x = Cj is the axion
(R-R scalar) and gs = e? is the string coupling, i.e. the expectation value of the dilaton ®
(NS-NS scalar). The SL(2,Z) S-duality in Type IIB string theory act on 7 as

at +b

7 2.45
T cT +d ( )
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with a,b,¢,d, € Z and ad — bc = 1. A (p,q) 5-brane with p units of NS-NS charge and ¢
units of R-R charge transforms as

P a)—=(@ 9 (Z Z) (2.46)

The action of SL(2,Z) S-duality can be specified by the action of two generators

sz<0 1), T:<11>. (2.47)
—-10 01

The S transformation that swaps an NS5-brane with a D5-brane conjectures that the U(N)
ADHM theory with [ flavors is mirror to the U(N)®! necklace quiver theory [6, 7, 76]. The
brane configuration and the quiver diagram for the U(/N) ADHM theory are depicted in
the leftmost column in figure 1. The notation of the brane setup and the quiver diagram
are explained in table 3. The mirror theory has the N’ = 4 twisted vector multiplets of
gauge groups [[4—; U(N)D, the twisted hypermultiplets (X I,1+15 YI, 7+1) transforming as
the bifundamental representation under the I-th factor U(N)") and the (I + 1)-th factor
U(N)(Hl) of the gauge groups where I = 1,--- ,l and [+ 1 = 1. Also it has a single twisted
hypermultiplet (I,J) transforming as the fundamental representation under the first factor
U(N )(1) of the gauge groups. The brane setup and the quiver diagram of the mirror necklace
quiver theory are displayed in the center picture in figure 1. On the other hand, if we
perform the STS transformation, an NS5-brane turns into an NS5-brane while a D5-brane
turns into a (1,1) 5-brane. This proposes the duality between the U(N) ADHM theory
with [ flavors and an N = 4 circular quiver Chern-Simons matter theory with [ + 1 nodes
which consist of an A" = 2 U(N)®) vector multiplet with the CS level k=1, 1 — 1 U(N)@
twisted vectormultiplet (a = 2,3,---,1), an A = 2 U(N)U*D vector multiplet with the CS
level k = —1, [ twisted bifundamental hypermultiplets (T, q+1, Ta7a+1) (a=1,2,,---,1) and
a bifundamental hypermultiplet (Hjy11, H, 1+1,1)- The brane configuration and the quiver
diagram of the theory are given in the rightmost picture in figure 1. In this case with CS
levels, the notation of the brane setup and the quiver diagram in table 4 is used.

One can also move the five-branes along the x3-direction and create/annihilate D3-
branes on each segment according to the Hanany-Witten effect [77], which transforms the
brane configuration with M fractional D3-branes into a different configuration with k& — M
fractional D3-branes (see figure 2). The A" = 4 theories realized by the two configurations
before and after this transformation are suggested to be dual to each other. The duality of
the U(N + L) x U(N)_x ABJ theory (2.11) is also obtained from this effect.

In section 2.1, we have also constructed 3d theories with other gauge groups. Some of the
theories can be also realized by introducing an orientifold in the type IIB configuration. We
can introduce either an O3-plane along the D3-branes or an O5-plane along the D5-branes
without further breaking supersymmetry. In the type ITA brane setup we can consider an
O2-plane or an O6-plane. While an O6-plane is T-dual to two O5-planes, we need two
O2-planes to obtain an O3-plane. Hence we focus on the type IIB dual descriptions of the
type ITA construction for the theories realized on D2-branes with an O6-plane.
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‘ =

(Hiy1,, i)

(Ti—10,Ti-10)

Figure 1. Top: type IIB brane configuration related by SL(2,Z) transformations; bot-
tom: U(N) ADHM theory with [ flavors, U(N)®! necklace quiver theory with one flavor and
U(N)i, x U(N)®U=D x U(N)_j quiver superconformal Chern-Simons matter theory with k = 1,
each of which are realized by the three brane configuration on top of the quiver diagram.

Nl 3 N1+N3*N2+k ‘ N3

Figure 2. The change of the number of D3-branes due to the Hanany-Witten brane cre-
ation/annihilation effect.

First we consider the 3d A/ =4 USp(2N) gauge theory with [ flavors and an antisym-
metric hypermultiplet. The field content can be summarized as a quiver diagram given by
the left figure in figure 3. The brane configuration which realizes the 3d theory is depicted as

l

—

O57..-

2N D3 (2.48)

We use a dotted diagonal line for representing an O5-plane. In (2.48) the two dotted diagonal
lines are two O5~-planes. The presence of the two O5™-planes makes the horizontal direction
periodic. When one end of an open string is on the D3-branes, the other end can cross the
NS5-brane and then it ends on the D3-branes. Such an open string yields the antisymmetric
hypermultiplet. The mirror dual of the theory is obtained by the S-dual of the configuration.
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(Xl+l.4~’;’l+l.4) XH»LJ-,YH»LIS)

Figure 3. Left: the 3d USp(2N) ADHM theory with one antisymmetric hyper (X,Y") and 21
half-hypers (I,.J). Right: the 3d U(N)®* x U(2N)®—3 quiver theory with one flavor (I,.J). This
theory is mirror dual of the theory on the left.

Then a D5-brane on top of an O5~-plane changes into an ON%plane [78, 79]. The brane
setup after the S-duality becomes

on® ;
2N D3 : , (2.49)

where the vertical dotted lines represent the ON°-planes. Then the 3d theory realized on
‘gei)fi—branes is a quiver theory whose quiver shape is given by the Dynkin diagram of
50(2]) with one flavor attached to an end node [55, 56]. The extra flavor comes from the
D5-brane in (2.49). The quiver diagram of the theory is given by the right diagram in
figure 3. This theory is the mirror dual of the USp(2N) gauge theory with [ flavors and an
antisymmetric hypermultiplet [6, 55, 76].

On the other hand, the 3d N' = 4 O(2N + ~) gauge theory with [ fundamental
hypermultiplets and a symmetric hypermultiplet is realized by brane construction with two
O5"-planes. The configuration can be depicted as

l

,—/ﬁ
//... / |
= = |"O5+

Oo57..-

Although it is also possible to consider the S-dual of the configurations (2.50) a conventional
Lagrangian description of the theories on the D3-branes has not been known. However

~ 18 —



O3~ + (N + Ly) D3 031t 4+ (N + L) D3

03+ + N D3
(a)

03 + (N + L3) D3

Figure 4. The brane configurations which realize the O x USp ABJ theories. The configurations
in 4(a), 4(b), 4(c) and 4(d) give rise to (2.15), (2.16), (2.17) and (2.18) respectively. The vertical
dashed line in each figure is a (1, 2k) 5-brane.

the Coulomb branches of the mirror theories can be extracted by non-simply laced quiver
theories [80].

An O3-plane can be introduced to the type IIB brane setup for the ABJM theory. In the
original ABJM setup the configuration contains an NS5-brane and a (1, k) 5-brane. When an
03*%/ &’)i—plane crosses an NS5-brane it changes into respectively an 03T/ &’f—plane. On
the other hand when an O3*/ &Si—plane crosses a D5-brane it becomes an O3 /O3%-plane
respectively. Hence a consistent setup requires a pair of an NS5-brane and a (1,2k) 5-brane
in the setup with an O3-plane. Then there are four configurations with an O3-plane along D3-
branes and they are summarized in figure 4. The brane configurations in figure 4(a), 4(b), 4(c)
and 4(d) realize the 3d theories which are written in respectively (2.15), (2.16), (2.17)
and (2.18). The equivalence of the theories (2.19), (2.20), (2.21) and (2.22) may be seen
from the Hanany-Witten effect when the NS5-brane is exchanged with the (1, 2k) 5-brane [3].

3 U(IN) ADHM theory with I flavors

We start from the U(N) ADHM theory, that is the low-energy effective theory of N
coincident M2-branes probing the A;_; singilarity. As reviewed in section 2, it is a 3d N = 4
supersymmetric gauge theory with U(NN) gauge group and one adjoint hypermultiplet (X,Y)
and ! fundamental hypermultiplets (I, Jo), « = 1,--- L.

3.1 Moduli space and local operators

The moduli space of supersymmetric vacua of the gauge theory is determined by the
following equations:

(¢, ¢] =0, (3.1)

X, XN+ [V, Y +JJ - T'T =0, (3.2)
[, X]=0, [¢,Y]=0, #J=0, Ip=0, (3.3)

[(X,Y]+JI =0, (3.4)
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where ¢ is the adjoint scalar field in the AN/ = 4 vector multiplet and we split it into a
real component ¢ and a complex component . The first two equations (3.1) and (3.2) are
the D-term equations and the equations (3.3) and (3.4) are the F-term equations. The
equations (3.3) and (3.4) are deformed when one turns on mass parameters m, m,q; and FI
parameters (

[¢7 X] = made7 [(bv Y] = made7 (b'] = Jm7 I(b = mI? (35)
X, Y]+ JI = C. (3.6)

3.1.1 Coulomb branch

By setting the hypermultiplet scalar fields (X,Y’) and (I, J,) to zero, we obtain the
Coulomb branch which is parametrized by the local operators constructed from the monopole
operators dressed by the vector multiplet scalar field ¢. A solution to the equation (3.1) is
given by

Y = diag(@l? ) @N)) (37)

and the gauge group is broken to U(1)". The Coulomb branch receives the non-perturbative
quantum corrections from the monopole operators. The bare monopole v} for the U(N)
ADHM theory with [ flavors carries the GNO charge as an integer vector 7 = (mq,--- ,my).
It has the conformal dimension [81]

l N
Apmi) =53 bl (38)
=1

First consider the Abelian case with NV = 1. The Coulomb branch operators are not
independent as they obey a chiral ring relation which determines the OPE

v ~ @l (3.9)

This is consistent with the dimension (3.8) of monopole.

We can parametrize ¢ and v as ¢ = 2129, v = 24 and v~ = 2}. Since (21,22) is
identified with (e? 21, ef¥22), the Coulomb branch operators describe the ALE singularity
X4, , = C?/Z;. More generally, the Coulomb branch of the non-Abelian U(N) ADHM

theory with [ flavors is given by the N-th symmetric product (2.1) of the ALE space X4, ,
SymV X, = Sym" (@2 /Zl) , (3.10)

whose dimension is dim¢ Mg = 2N. It has singularities coming from the A; 1 singularity
and from the quotient singularity of the symmetric group. The adjoint mass parameter
m resolves the quotient singularity, which results in a Hilbert scheme of N points of ALE
space of A;_1-type. The fundamental mass parameters my a = 1,--- ,[ resolve the A4;_;
singularity. It gives the resolved ALE space X 4,_, of A;_1-type.
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3.1.2 Higgs branch

When the vector multiplet scalar is turned off, we find the Higgs branch that is parametrized
by the half~-BPS local operators constructed from two types of hypermultiplet scalar fields
(X,Y) and (I,J). They obey the equations (3.2) and (3.4).

When the theory has a single flavor, that is [ = 1, the equations (3.2) and (3.4) implies
that the fundamental hypermultiplet (I, .J) vanishes and that the adjoint hypermultiplet
(X,Y) can be diagonalized

X:dlag(X17 7XN)7 Y:dlag(ylv aYN) (311)

The Higgs branch is given by N copies of C? parametrized by (X;,Y;), i =1,--- , N divided
by the residual permutation symmetry Sy, which is the N-th symmetric product of C2.

For [ > 2 the equations (3.2) and (3.4) are identified with the ADHM equations for the
N SU(I) instantons on R* [82]. Hence The Higgs branch of the U(N) ADHM theory with [
flavors is the moduli space of SU(l) N-instantons. It has dimension dim¢ My = 2NI

The gauge invariant operators can be described by closed words with the form TrX'y™
and open words with the form JX'Y™I. For the closed words the multi-traces at level
n < N give the gauge invariant basis which are one-to-one correspondence with the p(n)
conjugacy classes of the permutation group S, where p(n) is the number of partition of n.

3.1.3 Mixed branch

On the mixed branch in the moduli space, both scalar fields in the hypermultiplet and
the vector multiplet do not vanish so that the bare monopole can be also dressed by the
adjoint scalar fields (X,Y) in the hypermultiplet. Consider the configuration where the
vector multiplet scalar fields takes the form

@Zdlag((plv y L1y Pyt agonyov"' 70)7 (312)
—_———
N1 Ny No

where Y 1" N; = N. By fixing the gauge for the action of the Weyl group of U(N), one
can write the GNO charge as

(mla"' STy s s Mty s s MMt s M/ 1500 s M/ 1y 0 s Mg/ em? 5 7mn'+m’707'” 70)7
——

N1 N,/ Npiyq Nt yomr No
(3.13)

where my > mg > -+ > my > 0and mypp < mpryo <0 < My < 0 with 0’ +m/ = n.
The magnetic flux for the bare monopole with the GNO charge (3.13) breaks the U(N)
gauge group down to the residual gauge group Hy,,,) = [[j=; U(V;). Consequently, the
adjoint scalar field takes the block-diagonal form so that the bare monopole operator with
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the GNO charge (3.13) will be dressed by

1
X](V1)><N1 ( )
XNQXNQ
X — , (3.14)

which obey the F-term constraint (3.4). Here the U(1V;) adjoint scalar field X](\,)X n, shows
up for each factor U(N;) in U(N). Therefore general monopole operators in the ADHM
theory are dressed by a collection of adjoint scalar fields ¢, X and Y. In the following we
check that such dressed monopoles contribute to the indices.

3.2 Indices

The index of the U(/N) ADHM theory with an adjoint hyper and [ fundamental hypers is
given by

IU(N) ADHM?U] (t7 Ty Ya, 25 Q)

1 N lmi—m;| 2 F +.
1 (qztz;Q) <q 2 t*s; s534 o

ds; < —mil
=—— /00 1—q 2 S S:F> g —m;
N (glz-2)N Z %1127”51 t (q”l't 25257, q)
3 )
o0

- MmNEZ

1 N [m;— m\ |mlfm\
(Qthi;q>oo i<; <q4+ i tsisj?l‘i,q) <q4+ i tsisjﬂg{q)
oo o

OOqZN llmz‘ _ZZ—1‘m1| lZz L m (315)
i—1la=1 (qzlirztsZ:.tyat;q)
e.¢]

Here x is the fugacity for a flavor symmetry of the adjoint hyper, y, are the fugacities
for an SU(I) flavor symmetry of the fundamental hypers obeying [, yo = 1 and z is the
fugacity for a topological symmetry.

3.2.1 U(1) ADHM with one flavor (N =1,1=1)

The simplest example is the case with N = 1 and [ = 1. The theory describes a single
M2-brane moving in a flat space C*. It contains the BPS bare monopole operators v™ of
the GNO charges m € Z and the dimensions A(m) = |m|/2.
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We find the index

IU(I) ADHM-—1] (t,x, 2 q)

11 1, -1 2 —2y,2 2 —oy,—2| 1/2
+|xz +x 2 x4 21 4ot da )t (1 4 2° +2 )t g

LvlX v=1lY v1X vy XY X2 Y2 2 v2 v—2

2 —2 -1, -2 2_—1 2, -1 -2 —2 —1,2y,-1
+ [(g%z2+a "2+ 2z t+ (z2t+a 2 S4gz Sx+gx 29t

vl X2 v-1ly?2 vly?2 v-1X2 v2X v=2Y v=2X v2Y
—1 3 —3\43 -1 3 —3\4+—3 3/4
+(x +x 4+ 0 4+ )"+ (2 +2  + 20 +2 )t 4+ - 3.16
X2y Xy2 X3 Y3 vl  vlp v3 v—3

The index (3.16) has no contributions from the fundamental hyper.

Notice that the U(1) ADHM theory with one flavor can be viewed as a theory of SQED,
or equivalently a U(1) gauge theory coupled to a hypermultiplet of gauge charge one (or
equivalently a free twisted hypermultiplet) and a free hypermultiplet. Thus the index (3.16)
has the closed form

IU(I) ADHM_[I](t,SL‘,Z;q) — ISQEDl(t,Z;q) % IHM(t,{L‘;q)
3 3,
(ait=T:0) (a7t 7'27s0q)

N (qit—lzi;q)oo (q}lmi;@:- (317

When we turn off the global fugacities x and z, we get the simplified indices

IU(I) ADHM— [1] (t,ﬂj — 1’ 2 = 1’ q)

=14+ <2t + 275_1) q1/4 + (4 + 324 375—2) ql/2 + (4t3 + At 44t + 4t_3) q3/2

+ (1450t 42 4424574 g4 (67 + 487 + 470+ 6077) P (318)

The flavored index generally admits two limits of the fugacities in which the Coulomb and
Higgs branch operators are counted respectively. They are referred to as the Coulomb and
Higgs limits (see [23] and appendix A). The Coulomb limit and Higgs limit (A.4) of the
index (3.18) are equal. They are given by

TU(1) ADHM—m(C)(t) — 7U(1) ADHM~[1](H) (t) = § _1 07 (3.19)

which simply counts two bosonic generators parametrizing C> C C*. As argued in [33], the
Coulomb and Higgs branch operators correspond to the plane partition with trace 1.
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3.2.2 U(2) ADHM with one flavor (N = 2,1 =1)

Now consider the non-Abelian example where the BPS local operators include single-trace
operators as well as multi-trace operators.

When N = 2 and [ = 1, the theory captures a stack of two M2-branes propagating in
flat space. The monopole operator v™"2 has the dimension A(m;) = S22 |my|/2.
The ADHM index for N =2 and [ = 1 is given by

[U) ADEM=[1] (g oy

R | A Sl P

202 + 2z 'z 4+ 2227t 4+ 22712
~~ —— —— ——
TrX  TrY pl,0 =10

L0 X () =10y (1), =10 x (1) P10y (1)
21,0 x(2) »—1,0y(2) »—1.0x(2) 1.0y (2)

—l—( \2/ + aazi —1—22:3)9—1—(\2/4_%4_23:3%—2](11/2

TrXY, Trx?2, TrY?2 Tro, 020, =20,
TrXTrY (Trx)?2 (TrY)? -1 i1 p—1—1
2 -2 -1 -2 2_ -1 -1
3Tz 3r 2 3r 2 3r°z 3z 3z )t
,Ul,OX(l)27 1}71,03/(1)27 10y (D2 Ufl,OX(1)27 Ul,ox(l)yu)7 Ufl,OX(l)Y(1)7
’UI’OX(Q)Q, ,U—l,Oy'(Q)27 Ul,Oy(Q)Q} ’l}_l’OX(Q)Q, Ul’OX(2)Y(2), U_l’OX(Q)Y(Z),
U1’0X<1)X(2) U7170Y(1)Y(2) Ul,Oy(l)y(Q) ,Ufl,OX(l)X(2) Ul’OX(2>Y(1), U*l,O)((Z)Y(l)7
21O x My (@), v LXMWy (),
Ul’owwu), vfl‘olliw(ny
U1’01ﬁ¢,(2), 0_1’01%(2),
10 @12 v~ 10212
2 —-1_-2 -2 -1_2 -1 -1
+( 3xz® +3x "z %+ 3xz + 3z 2% + 3x + 3z )t
—— —— —— N—— ~—~ N——
V20X (1) v=20y (1) v=20x (1), 20y (1) ph-1x () L1y ()
v2,0x(2)’ U—Q,OY(Q)7 UQ’OX(Q), v2,0y(2)7 vl’_lX@), U1,—1y(2)’
v I Tr X v~ LT ITYY oL X oI TrY Tr(pX), Tr(pY),
Tr(p)Tr(X),  Tr(e)Tr(Y),
P x Try
-1 3 -3 3 -1
3x 3x 2x 2x )t ( 3z 3z
+( + + + + +
TrX?2Y, TrXY?, TrX3, TrY3, v®—1 v~ 21
TrXTrXY, TrXYTrY, TrX2TrX  TrY2TrY wl0pL) = 10,(1)
TrX2TrY TrXTry? W10 y=10,(2)
3 -3 \;—3| 3/4
+ 223 4 22 )t _— 3.20
U3,07 1)73,07
21 p—2—1

Again the equations (3.2) and (3.4) imply that the fundamental hypermultiplet scalar fields
cannot get a non-trivial vev so that the index has no contribution from the fundamental
hyper. The Higgs branch operators are constructed as closed words of the form TrX!'y™
and their double-trace operators.

We observe that on the mixed branch for the non-Abelian ADHM theory there exist
more operators corresponding to the terms q3/4tz, q3/4tz_1, q3/4t_1x and q3/4t_1a:_1 than
those for the Abelian ADHM theory.

4The flavored indices for N = 2,3 and I = 1 are also analyzed in [83] to study the enhancement of the

supersymmetry using the technology developed in [84], where the Coulomb branch operators contributing to
the indices are also identified.
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The first two terms ¢3/4tz and ¢3/4tz~ are associated with the monopole operator v*9.

The magnetic flux for the monopole operator v breaks down the U(2) gauge group down
to U(1) x U(1) where the vacuum equations (3.1)—(3.4) have a solution

@ o x@® 9 yd o
I _ _
‘P_<00>’ X‘(o X(2)>’ Y‘(o y® )
0 0 0
J = <J(2)> , I=(0 I?), ¢ = (0 4(2)> , (3.21)

on the mixed branch. The configuration (3.21) admits four monopole operators
pEO X My (), pEO XDy (@), pEO X @y () pEOX Dy @), (3.22)
dressed by the adjoint hypermultiplet scalars (X,Y’), two monopole operators
%, v ), (3.23)
dressed by the adjoint fermions and a single monopole
o0 3), (3.24)

dressed by the fundamental hypermultiplet scalars. The terms ¢4z and ¢34z in (3.20)
count these monopole operators as 4 + (—2) + 1 = 3 contributions.
The terms ¢3/4 1z involves two dressed monopole operators

obTIx W i x () (3.25)
two bosonic operators
TroTrX, Tr(pX) (3.26)
and a single fermionic operator
Tryx. (3.27)

For the Abelian case there is a single bosonic operator X since the dressed monopole
operators (3.25) do not exist and the double-trace operator is not available. Therefore the
term ¢3/*t~ 1z does not show up in the index (3.16). The absence of the term ¢4t 1z~ is
similarly argued by replacing X with Y. The indices with auxiliary fugacities are shown
in (B.6) in appendix B.
The index (3.20) is simplified by turning off the fugacities x, z for the global symmetries:
7U(2) ADHM—[1] (tox=1,2=1¢)
— 1+ (2t + 2t_1> g/t + (8 1612+ 6t—2) ¢\ + <1Ot3 118t + 1871 + 1Ot_3) A
+ (3741961 322 43272 419t ) g - (3.28)
The difference from the U(1) ADHM index (3.18) appears from the power ¢/2. This reflects

the fact that the U(2) ADHM theory has gauge invariant double-trace operators. In the
Coulomb and Higgs limit the index (3.28) reduces to

2
7U(2) ADHM-[1](C) (y) — TU(2) ADHM[1J(H) (¢) L+t (3.29)

(1+4)2(1—v*
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This describes the symmetric product Sym?(C?) which are identified with the Coulomb
and Higgs branches. The function (3.29) counts the plane partitions of trace 2 which
corresponds to the pairs of column-strict plane partitions of the same shape A whose weight
is |A| = >0, A\ = 2 [33].

3.2.3 U(3) ADHM with one flavor (N = 3,1 =1)

Next consider the case with higher rank gauge group. For N = 3 and [ = 1 we find the
ADHM index

IU(3) ADHM-—[1] (tw,z;q) _

1 ( T :r_l)t ( z 27! )fl 1/4 2xz 2 1zt
+ + + + g+ +
TrX TrY p1,0,0 4 —1,0,0 U1,0,0X(1), v—l.0,0y(l),

100y x (2 p~ 100y (2)

+ 2227t 4 227z —|—( 2 4+ 222 4+ 2272 >t2+( 2 4 222 4 2272 )t_2 ql/2
S—— S—— ~~ ~~ ~~— ~~

v’l’O’UX(l), 1)1,0,0Y(1)7 TrXY, Trx?2, Try2 lf,l ) 0200, p=2:00,
=100 x(2)  1,0,0myy(2) TrXTrY (TrX)2 (TrY)? v T 1150 p=1-1,0
+ ( 4a22 + 4727t 4 472 + 4a%z71 + 4z
—~— N—— N—— N—— N~
vl'O’OX(1)2, U—I,O,Oy(1)27 UI’O‘OY(1)2, v_l’O’OX(1>2, vl'O*OX“)Y(l),
pPOO(TeX )2 100y (D2 100y 2P o OO (Tr X ()2 10O X Oy (D))
1 00Ty (X (2)2) p = 10Oy (Y (22, V100 (y (D2, v 00T (X (22) 100y x () x (1)

0O XM x (@) —1,00y (DY (2 10,0y (Dmpy (2 = L0 x Wy x () w1 00T X DTy (D))
10O (X Dy (),
1,0,0
11) Y,
v ’O’OTHP(P(z),
p1:0:0 7))

+ 471 )t—l—( 4%z + 4727 4+ dpz"2 + 4122
S~~~ ~—~—~ —— S~—— ~——
v_l’O'OX(l)Y(l), ’UQ’O’OX(l), v_2’0’0Y(1), v_2‘0’0X(1), v2,0,0y(1)7
,Ufl,(),O)((l)rj[\r}/(Z)7 I)Z'O'OT‘I'X(2), ’Ufz’o’O’I‘I‘Y(Q), ,U72,0,0rI1rX(2)’ ’U2‘0’OT‘I'Y(2),
U*l,O,OTrx(Q)Y(l)’ Ul,l,OrI\rX(l)’ v*l,fl,OTry(l)’ v*l,fl,OTrx(l)’ Ul’l’OTI'Y(l),
vi1,O,OTIPX(2)Try(z)7 11,0 x (2) p—L—1.0y(2) o= 11,0 x(2) 11,0y (2)

U*1,[)7l)rpr()((2)y(2))7
~1,0,0
v o Y,
v T (2),

o= 10,0 7(2) p(2)

4 Ap—1 )4( 4 dp—1 3 73>3
+ T + T tT 4+ T + T + 3z + 3z t

10X (W) L =1,0y (1) TrXx2y, TrY2X, Trx?, Try3,
vl**l'OX@), ,01,71,0Y(2)) TrXTrXY, TrYTrXY, TrX?2TrX, TrY?2TrY,
p1 =10 x(3) o= 1.0y (3) TrX2TrY, TrY2TrX, (Trx)3 (Try)3
) J 2 2
Tr(pX), Tr(pY), (TrX)*TrY (TrY)“TrX
TreTrX, TreTrY,
Tryx, Try,
—1 3 -3 —3| 3/4, .
+( 4z  + 4z + 320, + 3z )t g (3.30)
v2’_1’0, v_Q’l‘O, 1)3’0‘0, 1)—3,0,07
vl’l’_l, ”71‘0@(”’ U2,1,0) _2,—1,07
vl,o,ow(l)’ = 1:0,(2) L1 p—1—1-1

’Ul’O'OTer(2
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The listed terms in the expansion (3.30) generally appear in the index of the U(N) ADHM
theory with one flavor for NV > 3. The finite N correction in the large N limit typically shows
up from the term with ¢(N+1/4 as the U(N) ADHM theory does not contain (N + 1)-trace
operators as gauge invariant operators.

From (3.30) we see that for N > 3 there appear more operators corresponding to the
terms ¢%/*tz, ¢>*tz71, ¢*t'2z and ¢*/*t~'2~! on the mixed branch. The first two terms
are the contributions from the dressed monopole operators involving v9% -0 for which
the gauge group is broken to U(1) x U(N — 1). The vacuum equations (3.1)—(3.4) admit
a solution of the same form as (3.21) on the mixed branch. However, when N > 3, X2
and Y? are the (N — 1) x (N — 1) matrices and J® and I®) are the (N — 1)-vectors so
that the monopole v=90:0 can be dressed by two distinguished operators TrX @ Try (2)
and Tr(X®Y (). This leads to an additional operator that shows up in each of the terms
¢tz and ¢34zt

The terms ¢3/4t 1z and ¢3/4t~12~! contain the monopole operator v1~1:9-0 for which
the gauge group is broken to U(1) x U(1) x U(N —2). While for N = 2 the adjoint scalar X
or Y split into two parts, for NV > 3 there are three parts. So the monopole can be dressed
by three distinct scalar fields X @ (resp. Y(i)), 1 = 1,2,3 and there appears an additional
contribution in the term ¢3/*t~'x or ¢3/*t~'z~1. The indices with auxiliary fugacities are
shown in (B.9) in appendix B.

When the fugacities z and z are set to 1, the flavored index (3.30) becomes

IU(3) ADHM-—1] (t,x _ 1’ 5 = 1’ q)

=14 (2t 4+207) g0+ (84662 6¢72) ¢/% 4 (1463 + 248 + 24471 + 1447%) g/
+ (714 28" 4 5612 + 5672 + 28 ) g+ -+ (3.31)

The difference of the U(3) ADHM index (3.31) from the U(2) ADHM index (3.28) begins
with the power ¢3/4 as the U(3) ADHM theory contains gauge invariant triple-trace operators
unlike the U(2) ADHM theory. The Coulomb and Higgs limits of the index (3.31) are

2 3 4 444 46
7U(3) ADHM—[1](C) (t) = 7U(3) ADHM—[1](H) (1) = i i :;21‘(112{{+t2;25 t_ 05 (3.32)

This is the Hilbert series for the symmetric product Sym?(C?). Again the function (3.32)
plays a role of the generating function for the plane partitions with trace 3 [33].

3.2.4 U(1) ADHM with two flavors (N =1, 1 = 2)

Next example is the case with multiple flavors with [ > 1. Unlike the case with one
flavor describing M2-branes in a flat space, the theory describes the M2-branes probing
C? x (C?/7y).

For N =1 and [ = 2 the monopole operator v of the GNO charge m has the dimension
A(m) = |m/|. The basic monopoles of m = £1 have the dimension one, which is consistent
with the OPE v!'v™! ~ ¢2. While the hypermultiplet scalar fields (X,Y) parametrize

+1

C2, the monopole operators v*! and the vector multiplet scalar ¢ obeying the chiral ring

relation parametrize C?/Zs.
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The flavored index is computed as

T APINERI ¢ gy, 2:q)

_ —1\;,1/4 2 -2, Y1 | Y2 \,2 2 —2\,—-2]| 1/2
=1+ (o +a e+ | (2 + ot +a +y2+y1>t+(1+z+&/)t ]q
X Y XY, X2 Y2 =K =~ » vl vl

Jily JoIq Jil2

+

(sz +:):_1z_2 —i—:):z_2 —i—:c_le)t_l
N~ S N N~
vlX v=lY v=1lX vlY

_ - Y1 Y2 LY2 Y1 3| 3/4
+< 2¢ +2x 14 2% 42 3+7+7+7+7>t g 3.33
~ N T YT Y2 It Y1 XY (3:33)
X2y, XY2, X3 Y3 = = =~ =~
Jlel J1Y11 Jo X1 J1Y Iy J1 X 1o JoY I

In this case, the three terms XY, J1I; and Jyls are not independent due to the F-term
relation (3.4) so that only two of them, e.g. XY and J;I; show up in the expansion.

When the fugacities for the global symmetries are turned off, the flavored index (3.33)
reduces to

v ADHM*[Q](t,:c =1lya=1,2=1;q)

=1+ 2tq"4 + (662 +3672) /2 + (1068 + 4471) ¥+ (=2 + 198" +5¢7%)
+ (2867 — 12t 4 447%) @7 4 (4445 — 262 +70°0) g2 - (3.34)

The Coulomb branch limit of the index (3.34) is

2 2
7U(1) ADHM~[2](C) () 1+t 1+t (3.35)

(1-t)2 (1+12(1-t%

that describes the singularity C2?/Zs. It is the geometry probed by a single M2-brane. The
Higgs limit coincides with the Hilbert series (3.29) that corresponds to Sym?(C?).
3.2.5 U(1) ADHM with three flavors (N =1, [ = 3)

Let us then consider the case with three flavors. The refined index of the U(1) ADHM with
three flavors is

IU(l) ADHM?[B] (ta T, Yo, 25 Q)

3
:1+( x +x_1)tq1/4—|— < 3+ +a 2+ Y z‘* >t2+t‘2 q'/?
X Y XYy, X2 y? a#ﬂ\f_, ®
2
2142
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Keeping fugacity t and setting other global fugacities to 1, we get
v ADHM*[g’](t,x =1l,ya=1,2=1;q)
—1+42tg"/4 ¢ (11t2 + t*Q) ¢\ + (2Ot3 + 2t*3) &+ (—11 +56t1 +4t72 + t’4) q
+ (9267 = 36t + 4471 +2077) g/ 4 (4419260 — 1072 4 3¢7%) 2 . (3.37)
We have the Coulomb limit

2 3
7U(1) ADHM—[3](C) (t) 1-t+t 1+¢ (3.38)

(I4+t+)(1—-12 (A+)1+t+2)(1—1)2

that describes the geometry C?/Zs. This is the expected geometry probed by an M2-brane.
In the Higgs branch limit we get

2 4
V(1) ADM-[31(1) () _ m. (3.39)

3.2.6 U(1) ADHM with ! flavors (N =1, 1 > 4)

We also show the expansion of the index for N =1 and [ = 4 as we will see various dual
descriptions of the U(1) ADHM with four flavors in the following discussion. It is given by

TUOAPTNERI(f 2 o, 2:)
=1+ (@+a Hgr+ |2+ (4+x2+x2+ > ya) 2| g2 + <x3+43:1 + 4z 4 23
ys
B
+(z+27) > y‘")tSqi’i TR (3.40)
azp YP

For x = y, = 2 = 1 we have

JU(1) ADHM—[4] (t,r=1ya=1,2=1;q)
=1+ 2tqM* + (182 + t72)qM? + 3413¢%* 4 (—18 + 134t + 3t )q
+ (28487 — 64t + 47) /4 + (63405 — 2832 + 4472+ 3170) P24 (341)

The Coulomb limit is

4
ZU(1) ADHM-[4](0) () i t12)421’t_ t2)27 (3.42)

which describes the singularity C?/Z4. Again this is identified with the geometry probed
by an M2-brane. In the Higgs limit the index (3.41) reduces to

2 4 6
ZU0) ADEM[4)01) () _ 1(4{ i)j(ft_ ; ay (3.43)

More generally for general | flavors we can get the Coulomb and Higgs limits of the
index. In the Coulomb limit we find

1+t
U ADHM-[I|(C _
s Ch A+91+t+4+-- +tH1-1? (3:44)
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As expected this describes the A;_; singularity C?/Z; [85]. The Higgs limit is given by

7U (1) ADHM - [I](H) f) _ i-;io (lgml )2 @m _ o F7 (1 —,1-01; t2) (345)
(1 + t)Q(lfl) (1 - t)?l (1 + t)Q(lfl) (1 - t)Zl ’
where o F)(a, b; ¢; z) is the hypergeometric function of the first kind. The order of pole at
t =1 in (3.45) is 2] which is equivalent to the dimension of the Higgs branch for the U(1)
ADHM with [ flavors. This reproduces the formula in [86].

3.2.7 U(2) ADHM with two flavors (N = 2,1 = 2)

As the simplest example of the non-Abelian ADHM theory with multi flavors, we consider
the case with N = 2 and | = 2. The theory has the monopole operator of dimension
A(m;) = |ma| + |mal.

We obtain the index

IU(Z) ADHM?[Z} (tvxvyavz;q) =
—1\, 1/4 ( 2 —2 Y2 ) 2 (
I+( 2z +a )tg "+ 3+ 220 4 2 +y2+y1 o+ 1
TrX TrY TrXY, TrXx2, Try?, ~—~ =~ Tre
T XY, (mxy2  (my)?  Jeli Sila

JiIy

+ 22 4272 )t‘z q1/2+

-1 2 —1,-2 -2 -1.2 -1
( r + =z + 2xz° +2x "z °+ 2xz +2x za:)t

p1,0 v—1,0 Tr(pX) Tr(eY) 7)1»0)((1)7 v*l,oy(l)7 7)*1«0)((1)7 vlaoy(l)7
210 x () p— 10y () v~ 10 x(2) 210y (2)
_ _ 2y, 2y 2y 2y,
+( 50 + Srl 4+ 223 4+ 2273 4 + =24 + A )t?’ ¢
ey g s Y Y2 TY1 Y1 Y2
TrX?Y, TrXY~", TrX°, TrY”, SN—~— ~~~ SN—~— ~~
TrX2TrY, TrY?TrX, TrXTrX? TrYTry? Joh'TrX,  JiLTrY, JiLTeX, JoLTry,
TrXYTrX, TrXYTrY, J2 X1, J1Y 1o J1X 12 Jo2Y Iy
J1I; TrX, J1 I TrY,
J1X11 JlYIl
Y (3.46)

Again the F-term constraint (3.4) gets rid of one of the open or closed words.
The simplified index is
JU@ADEM=R) (¢ 0o — g g = 1,2 =1;¢q)
=1+ 26" 4+ (962 +372) /2 + (2268 + 1007) ¢4 + (25 + 55t + 11474 ¢
+ (1168° 4 46t + 26t7%) ¢/ + (24265 4 6082 + 44672+ 22070) ¢¥2 oo (3.47)
The Coulomb branch limit of the index (3.47) is
2 4 (6 (8
ZU) ADIN-21C) () _ 14+ €2+ 46 + 6 1 ¢
(1+2)2(1 —¢2)*
This is the Coulomb branch Hilbert series describing the Sym?(C?/Zs,). The Higgs limit of
the index (3.47) gives

U(2) ADHM—[2)(H) 1y _ L+t 38 468 + 8" + 6t° + 8t + 6t + 3¢5 + 7 + !¢
z (= (1+941+t+2)3(1 —¢)8 ’

(3.48)

(3.49)
This is the Hilbert sereis for the two SU(2) instanton moduli space [87, 88].5

®Note that the expression (3.48) is different from eq. (4.24) in [87] by the overall factor (1 — t)72.
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3.2.8 U(2) ADHM with four flavors (N = 2,1 = 4)

Another interesting example is the case with N = 2 and [ = 4, i.e. the U(2) ADHM theory
with four flavors. It has the monopole operator of dimension A(m;) = 2(|mq| + |ms]).

The flavored index is given by

IU(Q) ADHM_[4] <t7 T, Yo, %3 q)

_ ~1y4,1/4 2 -2 Ya V2 2 1/2
1+ ((z +a Yiq +< 5 + 222 4+ 2 +Zyﬁ>t+t q
TrX TrY TrXY, TrX?2, ™y?, B Tre
TeXTrY, (Trx)2  (TrY)2 Jsla
Jilh,
Jols
+1( @+ )t—1+< 9r  + 9a~!
Tr(pX) Tr(pY) TrXx?2y, TrXY?2,

TrX2TrY, TrY2TrX,
TrXYTrX, TrXYTrY,

JalaTrX,  JolaTrY,
JoXIo JaYla

o284 2w Y ey He gl (3.50)
~ —~ Yp TYp
TrX3, TrY3, a#f —— a#B ~—~—
TrXTrX? TrYTry? JalIgTrY, JglaTrY,
JsY I J5Y I

When we turn off the global fugacities x, y, and z, we find

[V AP = 1.y, = 1,2 = 13q)

=1+ 2tg"* + (21t2 + t*2) g% + (70753 + t*l) P+ (1 12891 + 4t’4> q
+ (9461&5 34t + 10t—3) P+ (2961t6 — 335¢% + 48172 + 6t—6) A2+ (351)

The Coulomb limit of the index (3.51) is

7U(2) ADHM—[4](C) (¢} — 1— 2 2t% 1 28 — ¢10 4 ¢12
= (14 t4)(1 4+ 2)2(1 — 2)4

(3.52)

This is the Hilbert series of Sym?(C?/Zy) corresponding to the Coulomb branch. The
index (3.51) reduces to

ZU(2) ADHM-[4)(H) (4) _ 1
O=Ggsar om0

% (1 Tt 1162 4 3463 1+ 8814 + 21665 + 473¢° + 7977

+ 1243t + 1738 + 2080"° 4 2152¢'! + palindrome + *2) (3.53)

in the Higgs limit. This is the Hilbert series for the moduli space of two SU(4) instan-
tons [87].°

6 Again the expression (3.53) is different from eq. (3.21) in [87] by the overall factor (1 — )72,
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3.2.9 Mirror symmetry

The U(N) ADHM theory with [ flavors has the mirror description given in the center figure
in figure 1. We have confirmed that the ADHM index (3.15) perfectly agrees with the
following index

IU(N)®lmADHM7[1] (t, @, Yo, 2 q) =

1 N
Nt (q 1/2t27q) Z %H H - (D)

mgl), ~,m§\l,)€Z T=1i=1 275,
(r_, (I
1+|m; |
m; : m; t_28(v1):F8(~1)j:'
D) q i 550 4
= (DF -
! .
XH 1 q S; " 8 1D — (D] e
< i N+ (DF
q ? t28i S )
[e.e]
Im{D —m T+ @ D)
3™ T L (DF (I+1)+ s M ml e 4
N - gt 2 tsl( )$5§‘ = 2T q qit 2 7585- )stg-) zi;q
H H = .
fm (D) (T4, D),
J=LI=1 1, & 4 N+ (I+1 P i _—
qit 2 tflsf- ) 5; HF x4 git— tflsf-) S; T g
o0 oo
(1)
3 |m | ( )
3 =
N <q4+ tS 4
% O >
: [m 7|
=1 (D+,
’ <q4+ t—1s; ,q)
oo
N (1) -1 I (1+1) (1) (1) e o0
Xqi(zizl I 2 2 s 225 5 m j |) D 1 D icg Ime —my|
N (1) md_ (I+1) _ (1) D 0
« $2int | 3 2, Im! TV, 23 S )
! T @
N (1) i=1""
X .’EZi:l m; H < Yo > ’ (3.54)
a=1 Ya+1

of the mirror U(N)®! necklace quiver gauge theory with one flavor.

In particular, the ADHM theories with | = 1 are self-mirror where their indices are
invariant under the transformation

t—tt, T — 2, z —x, (3.55)

as explicitly checked from the previous computations, e.g. (3.16), (3.20) and (3.30).
p Yy P p g
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From the equality of the indices

U(N) ADHM with { flavors

(3.15) and (3.54) we find the following fugacity map:

U(N)® necklace quiver with one flavor

z (topological sym.)

z (flavor sym. for (X,Y))

x (flavor sym. for (X,Y))
Yo (flavor sym. for (I, J))

; il (3.56)
(@) (topological sym.)
2(0&) — Ya o = 2 e l
ya+1 ) 9y )

where # and 2(®) are respectively the fugacities coupled to the flavor symmetry for the

bifundamental hypers (X,Y) and the

topological symmetry for the a-th factor of gauge node.

Also we obtain the operator mapping under the mirror symmetry. For the Abelian case

we find
U(1) ADHM with [ flavors|U(1)®! necklace quiver with one flavor
xXm PTHMG M
ym p T M =
XY7 Zogél JaIa @(a)
Z <5 Jalﬁ UO;-n;0;m<°‘):—1;—1;~-~;m(B*D:—l;O;m;O
@ b
a#l
Jila>1 O s0m® =111 (3.57)
Z >A JaI/B fU0§"'§O;m(ﬁ):1§1§"'?m(ail):ho?";o
o )
B#1 @
Joz>1ll UO;~-;O;m =—1;—1,-;—1
o™ (X1,2X93- - Xp1)™
v (Yi2Ya3---Y )™
¥ JI
For the non-Abelian case we get
U(N) ADHM with [ flavors | U(N)®! necklace quiver with one flavor
TrX pL050551,0,--,0
T‘I‘Y U_17077077_170770
TeXY, TeXTYY, Y,uJdale| ovb b0ihmb0me sl ml00 o pyg(e)
e 0o () ooy (B=1) Orens -
S acp, Jals P05 0mS ) ==1,0, 0PV =—1,0,0,0,05 50
oFl (@)
[e3
il 05 305my M =1,0--,05-+-51,0,- .0 (3.58)
e 0o B R CC ol D P O
Za>ﬂ7 JO{IB vov"'707m1 7170"'707"'7777/1 =1,0,--,0;0;-+-50
B#1 @
Jos111 05 30imy ==1,0,- 05+ 5—=1,0,-- .0
10,0 TrX: 0 Xoa--- X
v rXy2X93 1,1
o~ 10,50 TrYLng,g - Yl,l
Trp JI
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3.3 Closed form expression for the Coulomb limit with general N,

In fact, it is possible to obtain a closed form expression for the Coulomb limit (A.4) of the
supersymmetric index of the U(/N) ADHM theory. Here we assume [t| < 1 and that all the
other remaining fugacities have absolute values 1.

First of all, since the overall factor qi 22 Imily =32 Imil — @37 Imil s not in a negative
power of ¢, we can take the Coulomb limit (A.4) separately in each factor within the
summation and the integration of (3.15):

TU(N)ADHM-[I] (C) _ lim JU(N)ADHM-[]
t:q%t’1: fixed
q—0
ds; N . lmi—mjl g,
'Z%HQFZS fim L= > si
'mZEZ vi#jt= q4t L fixed J

q~>0

l_"_‘mL m| 25 . )
af <q2 5 N
H lim L Joo (12 Imal 20 ma (3.59)

L1 1 l_i_\mz m;| 9 s
i,j t=q1t7 " fixed ( g2 t— l;q
q—0

(e o]

To further proceed we notice that each factor under the limit is 1 unless m; = m;. This
motivates us to label each choice of the monopole charges m; € Z by v,,, the number of i
where m; = m, with which the Coulomb limit of the index (3.59) can be written as

ZU(N)ADHM-I] (C) _ Z H f{ H ds; Vm ( 32') ﬁ — 12 dimlvm Jmm
. t Si
J

V=0 m=—oc " 2misi 55/
(22, vm=N)

(3.60)

The constraint on the summation over v, can be removed by considering the grand
canonical sum

[e.e] oo
=() = 3" ANTUNADIN©) _ T Z (eilaim, ) (3.61)
N=0 m=—00
where
S(k,t) = Z jf]'[dslyl s"f[ ! (3.62)
E(k - — — .
v! 2mis; sj )t 1 —t2%
v=0 ,J S5
By using the Cauchy determinant formula
N
o s
’L<]( ])(yl y]) — det , (363)
T3 (i + ) 0 Ti Y
we can rewrite = as
- o
E(k, ) = Y K (b), (3.64)
v=0
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where

t_ vv-1) ds, 1
—r 1l

Q,(t) (3.65)

271 z,] S; —tQSJ

By using Q,(t) we can write the grand canonical sum Z(k) (3.61) as
n
log = Z kY Z H Q1) (3.66)
Vi vp>1i=1

(Zz Vi:”)

Here ©,(t) (3.65) can be obtained by the following generating function

1 — 2 Yo(=1)nt

thZ:I:lV) Z
n=1

n

S R DQ, (1) = Det (1 + kp)

= expTrlog (1 + kp)

o (_1)n71 n 1
= exp Z pa ol B (3.67)

n=1

where p(s, s') = -2, operator product is defined as (p o p)(s, s’) = ”Qlfmp(s sMp(s",s")

and in the third line we have used Trp" = § 2 (p°")(s,s) = = tgn which is obtained by

27
evaluating the integrations explicitly. Expanding the right-hand side we observe

v
1
o6 =[] T (3.68)
n=1 —t

Using this result we further observe

XV: ()" i ﬁszy, () = . (3.69)
v S it i S v(1—t)
(32 vi=v)
Hence (3.66) simplifies as
2lv
E(k) = et P AED A (24) = e tQV)ll_[_:(l gy (3.70)
After a few manipulation we can also write this as
s 1 s 1
E(k) = A‘:[O R nl;[l ];[ EERVTTET (3.71)

Note that this result is consistent with the result for [ =1 [32], and also with the results for
the Hilbert series obtained in [33] if we set z = 1.

Here we propose a combinatorial interpretation of the formula (3.71). Let 7 = {n;;}
be a plane partition. The sum of all the entries is called the norm n = Z ;n;; of mand
the sum 7;(m) = >") Tkk4s of the i-th diagonal entries is referred to as the i-trace of 7. We
write the O-trace as 7(m) and simply call it the trace of 7, i.e. 7(7m) = Y, nj;.
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According to the correspondence in [33] the local operators with scaling dimension A
and flavor charge M in the M2-brane SCFT parametrizing the geometry C? probed by N
M2-branes correspond to plane partitions of n = 2A with trace 7(7) = N and the difference
> iso Ti(m) — Y i Ti(m) = M of the sums of the i-traces. Therefore we conjecture that

o n n oo

1
Z Z Z Oé n, N M qu‘NZM H 2m+1 H H Hq2m+n+12:|:n’
n=1 N=0 M=— m:O n=1 *+

(3.72)
where a(n, N, M) is the number of plane partitions of n = 2A with trace 7(r) = N and
20 Ti(m) = LicoTi(m) = M.

Also we can obtain ZUNAPHM-I(C) by inverting (3.61). For small N, this can be done
explicitly by using (3.70) as

N o1

ZU(N) ADHM-[I](C Z = > [[Aw Gz,

n=1 n v, ,vn >l i=1

(Z?:l Vi:N)
ZU(1) ADHM-1](C) _ 1-¢
(1=) Ly (1—thzl)’

g2 l —1\ ¢2+1 20 (2142 (1 =1\ ¢31 _ ¢4l+2
— (1 ¢ )(1+(z tz )t 12 ¢ (z tz )t ¢ )
(=€) (1) [ (1—2210) (1—-=71¢2) ’

(1-¢)
IU(3) ADHM-[I] (C) —
(17{2) (17{4) (17{6) H:I: (1iziltl) (172i2lt21) (1—zi3lt3l)

x [1+ (2 4270) (24 ) 42l (22272 (P24 200 2140
(22 7) P04 (=2 o) g (2 )

122 ) 0 (o) ¢

R | Gast e and RN CF R v Faas

(
+(
+ (1—,22[ _2—21) ol _o (t6z+2+t61+4> + (_Zzl_z—zl) (61+6
+

(

Z3Z+Z—3l> t7l+t8l_|_(z2l+z—2l) <t8l+2_|_t8l+4)+t81+6

Zl_’_zfl> <t91+2+t91+4)+t101+6

)

(3.73)

After setting z to 1, these results precisely reproduce the Coulomb branch Hilbert series
written in (3.44) (N = 1),(3.29),(3.48),(3.52) (N = 2) and (3.32) (N = 3).

For general N we can use the product expression (3.71) together with the follow-
ing relation

dk
U(N)ADHM-[[] (C) _ z ~N=(pe), '
T =P ok (k) (3.74)
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By evaluating the integration by collecting the residues of the poles at |x| > 1 we obtain

ZU(N)ADHM-[I] (C)

mz::() ml’lo L — gm=m) m’>0 n1_>[1 T 2(m/—m)+n/lzo'n!l
(m'#m) o
SES 2 1 onl\N o 1
m~+nl on
+ Z Z Z (t z ) H 1_ tQ(m/_m)_an_o_nl
m=0n=1o==% m/=0
1
x H 1 — 2(m'—=m)+(n’'—n)l yl(o'n’—on) ’ (375)
m'>0,n'>1,0'=+
((m/,n',0")#(m,n,0))
Note that (3.75) gives the explicit expression for ZU(o)APHM-[](C)
1 1
U(co)ADHM-[I] (C) _
7 =11 1—2m 11 1_ @mnl inl’ (3.76)
m2>1 m>0,n>1,+

which is consistent with the results obtained in [33] for [ = 1,2 and z = 1, as well as the
explicit coefficients of all order giant graviton expansion.

4 USp(2N) gauge theories of M2-branes

Let us study 3d N = 4 supersymmetric gauge theories with a USp(2N) gauge group which
can describe N M2-branes probing a D-type singularity. As reviewed in section 2.1, there
are two types of hypermultiplets (X,Y’) transforming as rank 2 tensor representations;
either a symmetric (i.e. adjoint) or an antisymmetric under the gauge group as well as 2!
half-hypermultiplets (I, .J) transforming as the fundamental representation. The quiver
diagram for the antisymmetric case is depicted in the left figure in figure 3.

4.1 Moduli space and local operators
4.1.1 Coulomb branch
On the Coulomb branch the vevs of the (half-)hypermultiplet scalar fields are turned off
and the equation (3.1) can be solved by
Y = diag(@la_@17902,_902,"' 7S0N)_90N) (41)

so that the gauge group is broken to U(1)"¥. The monopole in the USp(2N) gauge theory
has the GNO charge labeled by N integers (mq,--- ,my) as points in the weight lattice of
the Langlands dual group SO(2N + 1). The monopole operator v{™i} has the dimension

N
A(mg) = (1—2+2¢+6/2)) " |my] (4.2)
i=1
where
0 for antisym. hyper 5 0 for 2 fund. half-hypers (4.3)
€= , = . .
1 for sym. hyper 1 for (21 4+ 1) fund. half-hypers
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The good UV theories in the classification of [81] can be obtained when one has at least two
(resp. six) fundamental half-hypers for the theory with a symmetric (resp. antisymmetric)
hyper. In the expression (4.2) we include the cases with odd number of half-hypermultiplets
but we will focus on the cases with § = 0 in the following, where the theories are expected
to describe the N M2-branes probing a D-type singularity.

For N =1, i.e. USp(2) = SU(2) and § = 0 the Coulomb branch operators describe the
singularity Xp, ., = c?/ ﬁl,2+26,7 where the dicyclic group ﬁl,ﬂge is generated by the
rotation associated to the chiral ring relation consistent with the OPE

KU+'U7 ~ S02(l72+2€) (44)

and by the reflection ¢ — —¢p, vt <+ vT corresponding to the Zs Weyl group of SU(2). For
N > 1 the Coulomb branch is identified with the N-th symmetric product (2.7) or (2.6) of
the ALE space Xp,,,.

Me = SymNXp,,, = Sym™ (C?/Dysya.) (4.5)

whose dimension is dim¢ Mg = 2N.

4.1.2 Higgs branch

When the vector multiplet scalars vanish, one finds the Higgs branch that is parametrized
by the hypermultiplet scalar fields (X,Y’) and the half-hypermultiplet scalar fields (I, .J)
where the gauge group is completely broken.

The Higgs branch of the USp(2V) gauge theory with either an adjoint or antisymmetric
hyper and 2! + § fundamental half-hypers has dimension

dim(cMHZQN(l+5/2—1+2€). (4.6)

In the case with an antisymmetric hyper, i.e. € = 0, the equations (3.2) and (3.4) are
the ADHM equations for the N SO(2] + §) instantons on R* [82]. So the Higgs branch is
identified with the moduli space of SO(2l + §) N-instantons.

4.1.3 Mixed branch

The vacuum equations (3.1)—(3.4) can be also solved when both of the vector multiplet
scalar and the (half-)hypermultiplet scalar fields are non-zero. The equation (3.1) can be
solved by the configuration

10 .
Y = ®dlag((;01;"'7§01;"'7(10n7"'7(10n707"'a0)7 (47)
0-1 NS
N1 Ny, No

"A quotient singularity X, = C?/T with I = Di_2 of order 4(n — 2) corresponds to g = D,,.
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where 2Ny of 2N components of scalar fields in (4.1) vanish so that USp(2Ny) gauge group
is restored. The monopole operators can be dressed by the rank-2 tensor matter fields

10
X = ( ) ®d1&g(X17 7XN0)7

0 -1
10 .
Y = (0 _1> ®d1ag(Y17 o aYN0)7 (48)

which solve the remaining vacuum equations (3.2), (3.3) and (3.4) when one turns on the
FI parameter. Such dressed monopole operators form the gauge invariant half-BPS local
operators on the mixed branch as they are distinguished from the Coulomb and Higgs
branch operators.

4.2 Indices

The supersymmetric index of the USp(2N) gauge theory with a single symmetric or an
antisymmetric hyper and 2/ fundamental half-hypers can be calculated as

IUSp(ZN)+(a)sym, hyper—[21+4] <t71’7 Yo CI) _

1 (61%252;41)5O 5 ]{ﬁ ds;

N N N a.
2N (q%t*Q;q> my,,my€L” =1 2mis;
o0

N
) [m;—m| i+tm;l
XH <l—q‘ml‘s§t2) H (1—q 3 sl?tsj:F) (1—q 2 s;-ts;E
i=1

1<j

1, Imi—mjl
(q%+\ml|t251$2’ ) <q2+ 2 tQSj:S;l:7q)
o)

N 3 i gl 3 _
(a7t 127;q) ((14+ 7t 18?#96?(1) gt 18?8?96*;61)
x x x

1 1 |mi+mj\
it .t 4. i+ Tt 7.
qit T tsis; xi,q> <q4 > tsysjaTig
oo (o9}

3
21+ (q4+ =t sy, ;q> [N (q7Imli-1sF2a71q) (gitimle1s72a%;q) ]E

i1 (gitmlestatg) o (gitmilestaTg)
o0 [e.9]

X q% SN il —20-2+2e+6/2) S fma| (49)

Here the flavor fugacities 3, obey the SO(2l + 6) conditions yq,; =y, fora=1,--- 1
and y9;+1 = 1. In the Coulomb limit (A.4) the USp(2N) index (4.9) for the case with an
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antisymmetric hyper (e = 0) and 2! fundamental half-hypers (§ = 0) becomes the Coulomb
branch Hilbert series studied in [85], which corresponds to the geometry C2/ Dj_5 probed
by the M2-branes. In the Higgs limit (A.4) it becomes the Higgs branch Hilbert series
studied in [86].

4.2.1 USp(2) with 1 sym. and 2 fund. (N =1,e=1,1=1)

We start with the USp(2) = SU(2) gauge theory with a symmetric hypermultiplet. The
dimension (4.2) of monopole operator can be positive when [ > 1 or 6 > 0. For [ = 1 with
two half-hypers we find the flavored index

IUSp(2)+sym. hyper—[2] (t, T,y Q)

=1+ ((2+22+272) 2 +172) g2 + ((mzﬁ +a Tty P ay ey f
+ (2a: + 2:6*1) t1>q3/4 + (—3 + (3 I 2x*2) o+ 3t’4) g+
+ ((:n?’yz + x—sy—z + x3y_2 + x_3y2 + 2:ry2 + Qx—ly—2 + 2xy_2 + 2x—1y2) 45

+ (2m3 +20 3~y -yt —ay 2 — z_lyQ) t) P4 (4.10)

For x =1 and y = 1 it becomes

IUSp(Q)Jrsym. hyper—|[2] (t, 7= 17 y = 1; q)
—1+ (4752 + t*Q) g% + (4t3 + 4t’1> @+ (—3 +ott 4 3t’4) g+ 12545/
+ (=124 2200+ 3672+ 37%) P2 4 (=208 + 2407 — T 470) T (400

Its Coulomb limit (A.4) yields the Hilbert series that coincides with (3.42). This is consistent
with the Coulomb branch (4.5), that is C2/D; = C2?/Z4. Also we find the Higgs limit

2 3 4 6
ZUSp(2)+sym. hyper—[2)(1) gy - 120+ 20+ 2+t (4.12)

(121t 2)2(1 — 0

The order 4 of the pole at t = 1 in (4.12) is the complex dimension (4.6) of the Higgs branch.

4.2.2 USp(2) with 1 antisym. and 6 fund. (N =1,€¢=0,1 = 3)

For the USp(2) ADHM theory with an antisymmetric hypermultiplet the dimension (4.2)
of monopole operator can be positive when [ > 3.

So the simplest example of the good theory is realized when [ = 3, that is the USp(2)
gauge theory with an antisymmetric hyper and six fundamental half-hypers. We find that
the flavored index precisely agrees with the flavored index (3.40) of the U(1) ADHM theory
with four flavors. This can be understood as a duality associated with the 50/@ = f@
quiver [55] (see section 4.2.6). This is consistent with the statement that the theory has
the Coulomb branch C2/ Dy and that the Higgs branch is the moduli space of a single
SO(6) = SU(4) instanton.
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4.2.3 USp(2) with 1 antisym. and 8 fund. (N =1,e=0,1=4)

Next example is the USp(2) gauge theory with an antisymmetric hyper and eight half-hypers.
In this case we get the flavored index

IUSp(2)+asym. hyper—|8] (t, T, Yo Q)

4
=1+ (z+2 YHtg"/* + <5 +a? 52+ Y (yayg + 9 vs + Yy + y;ly5)>t2ql/2
a<f

4
+ <<m3 +a73 454 57 (:v + x‘l) > (yayg +UaYs Yays + y;1y5>>t3
a<p

_ <x+x1)t1>q3/4+..._ (4.13)

For x = y, = 1 it becomes

IUSp (2) +asym. hyper— [8] (t, =1y, =1; q)

=1+ 2" 4316212 4 (=267 +60¢%) ¢¥/* + (33 +2¢7" + 389" ¢
(4478 — 1188+ T1867) ¢/ + (170 4+ 472 - 8522 + 297248 P2 - (414)

The Coulomb limit of the index (4.14) is

2 4 6
ZUSp)+asym. hyper-[(C) (g = L EHE L+t (4.15)

(1+8)1-1)2  (1+&)(1+8)(1-)%

This is the Hilbert series for the C?/ Dy =2 /Qg where Qg is the quaternion group of order
8. This is compatible with the expectation that the theory describes an M2-brane probing
C? x (C?/Qg). The Higgs limit of the index (4.14) is

2 2 4 6 8
ZUSO(@)asgm. hyper—[8(11) gy — (1+8) (1417 + 8¢ + 1760 + ¢%) (4.16)

(1+9° (1 -y

This reproduces the Hilbert series of the moduli space of one SO(8) instanton [86].

4.2.4 USp(4) with 1 sym. and 2 fund. (N =2,e=1,1=1)

The flavored index of the USp(4) gauge theory with an adjoint hyper and two half-hypers
is evaluated as

7USp(4)+sym. hyper—[2] (t,z,y:q)
=1+ ((24+2% +272) 2 +172) ¢/
+ (o2 + 27y oy 2+ a7 2) £ 4 (20 + 2071 1) ¢
+ (142?024 (6420 + 2+ 22 H 7)) g (417)
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When x =1 and y = 1 it reduces to

IUSp (4) +sym. hyper— [2] (t, T = 17 Yo = 1; Q)
— 1+ <4t2 + t*Q) g% + (4t3 + t*l) P+ (1 18t 4t*4) q
+ (248 + 20t + 417%) g7/ 4 (5865 4 962 + 2372 4 6670) g2 4 (4.18)

The Coulomb limit of the index (4.18) coincides with (3.52) as the Coulomb branch of
the theory is Sym?(C2/D;) = Sym?(C2/Zy). As stated in (2.37), the theory has a dual
description as the U(2)s x U(2)g x U(3)_2 quiver Chern-Simons theory.

4.2.5 USp(4) with 1 antisym. and 6 fund. (N =2, e =0, = 3)

We find that the flavored index of the USp(4) ADHM theory with six fundamental half-
hypers coincides with the flavored index (3.50) of the U(2) ADHM theory with four flavors
for z = 1. This again supports a special duality corresponding to the E@ = f@ quiver
proposed in [55].

4.2.6 Mirror symmetry

As reviewed in section 2.2, the USp(2N) gauge theory with an antisymmetric hyper and
2] half-hypers has a conjectural mirror theory which is the quiver gauge thg)g with
U(N)®* x U(2N)®!=3 gauge group and matter content which are encoded by the so(l) affine
Dynkin diagram as in figure 3 [6].

The dimension of the monopole operator for the mirror theory is given by

0 4 N 0 I) I+1 2N 0
A (ml) = =323l = w323 i =i+ Z\m
=1 i<j I= 5z<]
I+1 I+1
+5 ZDm —m|+ 5 ZZ\ I+5 ZZ| mi ),
]12,3 I5Z,j I3zg
(4.19)
where {m§1)} is the GNO charge for the I-th gauge node with
o [1,-- N forI=1,2,3,4
i= (4.20)
1,--- ;2N otherwise
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The index for the conjectural mirror theory takes the form

JUN)®xU (2N)@3 (t,213q) =
1 ds (I I+1
(N!) 2N'l 3 (21): Hfz 127ms Hj{HQms
\m(.l)—m(,l)\
k3 J

NI
_l’_
[
7
[\
—
~

‘ (1) (_I)‘ OE 0 q i i 4
- J (I n=F o0
X \ S
H 5 5 D (D)

1< 1 i J I I
J q2+ 5 tQS,E )is‘g ):F7q
00
(I _ (5) Iy _, (I+1)
3 I3, (DF (5)E 3 L J ¥ (I+1)*
, gt s{Ts % l gt s TR
o o)
XIH]-H \7n< >7'm(5)| [r[ H \7n(1)77n<1+1)|
=lig [ 148 =545 [ 1 M Ty ]
J qit 2 t_lsgl)isgsﬁ;q J qit 2 t_lsz(-l)isg-IJrl)jF;q
0 00
|m(I)*m(-l+1)| )T ( ) | (1)‘
34+ 3 I +1)+ m,
+ 3 i 1
. q Tt 74 N <q4+ T ts! F;Q)
0
XHH \m(.I)fm(.lJﬁl)\ H [m (1>‘ 1)+
1=3 i,j qi"'%t*l l+1 = q4+ - 15() ;q>
9]
0

4 N (D) 1) l+1 D (1)
. m; +
y (q_%t_z) D1 Die M ED DD D i |
N (1) 2 (1) (5) l (I) (I+1) 4 (I) (1+1)
(qit> (Zi:l m; |+Z[:1 Zz] |m; -m; |+E[:5 ZZJ Im; -m; |+E[:3 E” Im; -m; |>

+1 (I
<[ ZIZm . (4.21)
I=1

For N =1 and [ = 4 we confirm that the index (4.21) for the mirror theory precisely agrees
with the index (4.13) for the USp(2) ADHM theory with an antisymmetric hyper and eight
fundamental half-hypers under the following mapping of fugacities:

z1 = l‘yfly{l, Zg = ylyil, z3 = y3y4’1, Z4 = Y3Y4, z5 = yzygl-
(4.22)

For | = 5, we found that the index (4.21) agrees with that of the USp(2) ADHM theory
with the following parameter identification:

-1 -1 -1 -1 -1 -1
Z21=2Yy Yo, 22=UY1Yo 5, 23=Y4Ys , 24=Y4Ys5, 2Z5=Y2Y3 , Z26=Y3Yy -

(4.23)
From these results we conjecture the following parameter identification for general [ > 4:
21 = ay; tys z=y1y; 23 = ylflyl_ly Z4 = Y1191, Z5 = Yoys s
%6 = Y3yy e 2 = Yy (4.24)
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(I, J)

(X,Y)

Figure 5. Mirror symmetry of the USp(2/N) ADHM theory with one antisymmetric hyper (X,Y")
and 6 half-hypers (I,.J) and the U(N)®* s0(6) = su(4) quiver theory with one flavor (1,.J). Tt is
also dual to the U(N) ADHM theory with four flavors.

For | = 3, the mirror theory is identical to the U(NN)®* gauge theory which is mirror to
the U(N) ADHM theory with four flavors corresponding to the 50/(E) = 511/(2) quiver theory
depicted in figure 5. In this case, the index (4.21) is equal to the index (3.54). This confirms
the duality [55] between the USp(2/N) ADHM theory with six fundamental half-hypers and
the U(N) ADHM theory with four hypers.

5 O(N) gauge theories of M2-branes

Let us study 3d N = 4 supersymmetric gauge theories with orthogonal gauge group
which can describe M2-branes. As reviewed in section 2.1, the theories have rank-2 tensor
matter, either an antisymmetric (i.e. adjoint) or a symmetric hypermultiplet (X,Y") and [
fundamental hypermultiplets (7, .J).
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5.1 Moduli space and local operators

5.1.1 Coulomb branch

Setting the hypermultiplet scalar fields to zero, we obtain the Coulomb branch. For the
SO(2N + ) gauge theory with v = 1 or 0 the equation (3.1) can be solved by skew-
diagonal configuration

0 ©®1
-1 0

0 en
—pNn O

This breaks the gauge group down to U(1)". For v = 1 there is an additional row and a
column of zeroes in (5.1). The Coulomb branch receives perturbative and non-perturbative
quantum corrections. The monopole operators for SO(2N + v) gauge theories carry the
GNO charge labeled by integers (my,--- ,my) in the weight lattice of the Langlands dual
group USp(2N). When the theory contains a rank-2 hyper and fundamental hypers, it has
the monopole operator whose dimension is

N
A(m;) = (l+26)2|mi|, (5.2)

i=1

where

0 for antisym. hyper
T 1 for sym. hyper '
According to the classification in [81] the theory with a symmetric (resp. antisymmetric)
hyper is good for [ > 0 (resp. | > 1).

The Lie algebra so0(2N + ) admits several gauge theories of distinct gauge groups
including O(2N + 7)<+, Pin(2N + v)+, SO(2N + +) and Spin(2N + 7). The SO(2N + 7)
gauge group has two zero-form global symmetries, the charge conjugation symmetry Z$ and
the magnetic symmetry ZQA. The other gauge groups can be obtained by gauging these
global symmetries.

In particular, 3d N' = 4 O(2N +7)+ gauge theories with a rank-2 hyper and fundamental
hypers are expected to describe multiple M2-branes at D-type singularities. So we will
mainly focus on this case.

For N =1, i.e. O(2 + 7) gauge theories with a rank-2 tensor hyper and ! fundamental
hypers the Coulomb branch is the quotient singularities X p, toesn = C? / ﬁl+26. For higher
rank gauge groups the Coulomb branch is given by the N-th symmetric product (2.6)
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or (2.8) of the ALE space Xp,,_..,
Me = SymNXp,., ., = Sym" (C?/Dia.) (5.4)

of the singularity whose dimension is dim¢ Mg = 2N.

5.1.2 Higgs branch

The vacuum equations (3.1)—(3.4) can be solved by setting the vector multiplet scalar field
to zero, for which we find the Higgs branch parametrized by the hypermultiplet scalar fields.

For | > N the orthogonal gauge theories, e.g. SO(2N + v) gauge theory can admit
baryonic operators of the form

a1-@aN+4y J L.,
€ Jal Ja2N+'y ’ 6[7'1""12N+'y

01 .. [N+ (5.5)

For the O(2N + ) theory with a symmetric hyper and [ fundamental hypers the
equations (3.1)—(3.4) are the ADHM equations for the (2N + «) USp(2l) instantons on
R* [82] so that the Higgs branch is identified with the moduli space of the (2N 4 ) USp(2[)
instantons.

5.1.3 Mixed branch

There exist solutions to the equations (3.3)—(3.4) where both of the vector multiplet scalar
and the hypermultiplet scalars take non-zero values. The monopole operators may be
dressed by the rank-2 tensor matter fields (X,Y’) which solve the remaining vacuum
equations (3.2), (3.3) and (3.4) in the presence of the FI parameter. They form the gauge
invariant half-BPS local operators which are distinguished from the Coulomb and Higgs
branch operators.

5.2 Indices
The supersymmetric indices of 3d gauge theories with orthogonal gauge groups depend on

the global structure of the gauge group [89].% All the indices can be obtained from the
SO(2N + ) indices with discrete fugacities ¢ and x for the Z4* and ZS global symmetries.

For x =1 or 7 =1 the O(2N + ) holonomy can take the following form:

diag (81, 81_1, <., SN, s]_\,1> , or diag (31, 31_1, e ,sN,s]_\,l,x) ) (5.6)

8The indices of 3d gauge theories with gauge group O(2N + v); are computed in [90, 91].
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Accordingly, the index takes the form

ISO(2N+7)+(a)sym. hyper—[2!] (t, T, Ya; GG C])
1 N
1 (a3t3a)
N+~y—1 N1 N
2N+Y—1 NI (q%t_g q)
N N
dS |my | vy \'mifmj| \ml+m]|
5 I R ) ()
i
mi, - ,mn€Z" 1=1 i

3
<
|

3
S
-

q
R tsisfxi;q) (q}lJr P ]tsisj-in;q)
(o9}

3 0 3 0, €
N (q4+'m1't 18§F2ﬁ;q)oo (q“‘m”t 18§F2xi;q)oo
3 Imgl _
N 2 (q4+ 2t 13§Fya1;Q>oo (xq%t—lyal;q)oo !

<1111

; 1 lmil Tty
i=la=1 qiT 2 1S Yasq Xq4tYas3q -
00

y ql+225 Zi\’zl Il —2(1+2¢) Zf\;l |mi|CZ£il mi (5.7)

Again the flavor fugacities y,, satisfy the USp(2() condition ;. = 35 '.
When x = —1 and 7 = 0, one can set the O(2N) holonomy to

diag (81,81_1,"' ,sN_l,sﬁal,l,—l) (5.8)

so that the gauge fugacity sy is simply replaced with +£1 and the magnetic flux my is set
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to zero. The formula of the index for y = —1 and v =0 is

ISO(QN)-l—(a)sym. hyper—|[21] (t, T,y Gy = — q)

1 1 N-1
1 (—CﬁtQMJ) (q5t2;q) ]{Nl ds;

T H9N-1 1) T, NI -
2 (N-1)! (*ta 2;q>oO (q%t—2;q)oo MmN _1E€Z 27is;
B Im| (2 fmi—mgl - mitmil
X (1—q s; )H 1—q 2z sfsT)(l-q 2 sfs

—_

i= 1<J

1, Imyl 1, Imgl
N-1 <q2+ 2 tQS?;q) (—q2+ 2 t28f;q>
o0 [e.e]

X

1, Img+m; |

1 |mz+m3| 1 7
i<j (q4+ P ts;tsj‘xi;q) (q4+ G ts;tsfaﬁ;q
o0
N
(2

1 <q%+\mi|t—18?:2xq:;q) (Q%Hmi‘t_lsjﬁxi;q) (q%t_lxq:;q)2
x x x

e}
€

< 11

, 3l k2,4 dHmily 2, T T ’
1 (q4 |m ‘tsl €T ,q)oo <q4 |m |tS’L .ZUjF’q)OO (q4t$:‘:7q)oo
3 Imil _
N o <q4+ 2t 1s§Fya1;q) (+ait tyatsq)
<I1 11 - :

: 1.,.@ + + it .
i=la=1 g7 2 15 Yaiq q4lYasq o
o0

wq E L I mal =202 ST il ¢ 35 (5.9)

For simplicity we often use the shorthand notation I(¢;(; x;¢q) = I((; x) etec. in the follow-
ing analysis.
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The index of the O(2N + 7) gauge theory can be obtained by gauging the ZS charge
conjugation symmetry

1
O(2N+7) A SO(2N+7) 1 7SO(2N++) o
1 (Gx) =5 (1 (C4) +xT ¢-), (5.10)
where X’ is + or —. Since the integral formulae of the indices are more subtle than the

previous theories with gauge groups, U(/V) and USp(2/N), we will present explicit expressions

for several examples.

5.2.1 O(1) with 1 fund. (N =0,y=1,1=1)

The SO(1) gauge theory is a free theory with matter fields. The index is not sensitive to
the value of (. For example, when the theory has a single hyper the index reads

o)’

(qit; q)oo
3 2
—qit~liq
(—qlt; q)oo
By gauging the global Z$ we get the index for the O(1) gauge theory
_ 1 _ _
100~ 0(¢ )y = 5 (1900 = W(¢,4) 41500 = (¢, ) (5.13)

While the O(1), = Zy gauge theory has no Coulomb branch, the Higgs branch is C2/Zs.
In fact, we find that the Higgs limit of the index (5.13) agrees with (3.35) for C2/Z.

In section 6.3 we will see discrete gauge theories of the M2-brane which generalize the
O(1)4 = Z2 gauge theories.

5.2.2 O(2) with 1 antisym. and 1 fund. (N =1,7v=0,e=0,1=1)

The O(2) gauge theory with an adjoint hyper and one flavor has a conjectural dual theory,
a U(1)2 x U(1) x U(1)_g circular quiver Chern-Simons matter theory as in (2.36). Thus
we give a full flavored index of this theory. The index of the SO(2) gauge theory with an
adjoint hyper and one flavor can be expressed as

ISO(2)+asym. hyper—[Q](g; Y =+, y)

. 3 Iml _ 34 lml _
(q%tQ,q) (q%t_lfl':':,q) <q4+ 2t 1S¥y$;q) <q4+ 2t 18Iyi;q>
— ) ) o) o)
1 1 m m
(q2t72;q)m (q“t"”i;q)oo mez (qi+l2t8iyi;q) <qi+|2tsiy¢;q>
o0 (o)
[m|
x gz t2miem, (5.14)
ISO (2) +asym. hyper— [2] (C7 Y = —;:n,y)
1 3, 3 _ 3,
(—a2t%q)  (—ait'aTiq) (aft'y5q)  (—aitlyTiq)
o0 o o0 o0 (5.15)

B (—a2t%a)_ (—aite*ia) (qityi;q)2 (~aity=a)
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One can evaluate the indices as

3O @)rasym- hyper=R} (¢ — oy = g gy) = JUWAPIMZRL (¢ 5 ) (5.16)
ISO (2) +asym. hyper— [2] (C =+;xy = —;, y)
=1- (:1:+x_1> tq'/* + ((2—1—:132 + 272 4 —|—y_2) t2 —tz) P+ (5.17)

where V(1) APHM=R] (¢ 0} is the index (3.33) of the U(1) ADHM with two flavors. When
the fugacities x and y are turned off, the index (5.17) becomes
S0 +asym. hyper—(2 (- — L\ — )
=1 -2t + (662 —172) M2 + (=102 + 4¢71) g/
+ (=10 4+ 198"+ ¢71) g+ (=287 + 20t + 4¢7%) g7/
+ (448 — 3482 4 8472 —470) P2 (5.18)

By gauging the Z§ symmetry we obtain the index of the O(2), gauge theory with an
antisymmetric hyper and a fundamental hyper:

7O(2)++asym. hyper—(2] (C=+;x =+;2,9)
1

2
:1+((2+;22+m_2—|—y2+y_2) t2+t_2) q1/2—|—2 (az—l—m_l) t_1q3/4+(—4—y2—y_2

[ISO(Q)—FaSym‘ hyper—|[2] (< =4y =+ m7y) +ISO(2)+asym. hyper—[2] (C =4y =—31, y)}

+ <3+2x2 +227 24 2y% 42y 2 +2* +x*4+x2y2 + a2y a2y +x72y*2) t +3t*4) q

+2(x3+x_3) tq® (5.19)
When ¢t = 1, we have

7° (2), +asym. hyper— [2] (C =+ X/ _ _|_)
=1+ (6624 172) g2+ 4 + (=64 1964+ 3171) g + 4tg”
+ (444 — 308 + 472 4 3¢70) ¢*/% 4 (44 + 477 ) g7/

+ (244855 — 706 — 4t 4 5178 ) 2 (5.20)

As expected from (5.4), in the Coulomb limit the index (5.20) agrees with the Hilbert
series (3.42) for C2/D; = C?/Z,. On the other hand, the Higgs limit is

14282+ ¢

70 (2), +asym. hyper— [2](H) (f)
(1-)"

(5.21)
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5.2.3 O(2) with 1 sym. and 1 fund. (N=1,v=0,e=1,1=1)
The indices of the SO(2) gauge theory with a symmetric hyper and a fundamental hyper read

750(2)+sym. hyperf[2](<; X=+)
Im|

2t s q)2 sim
‘ ooq 5t 6\m\<~m’

071% q)so (g7t "50)2 gt T 5% (g1
=y >
1 1 1, m| 1, |m|
(@7 %00 (@760% mez? (717 tst2,9)2  (q717 tst;q)2

750(2)+sym. hyper—[2](g; x=-) .
_ (—q%tQ;q)oo (—q%t’l;q)io (q%t’l;q): (q%t’l;q)i (—q%t’l;q)i (5.23)
RN A N T T
For (¢, x) = (+,+) and (+, —) we find
750 @) tsym. hyper— (2] (¢ = 4y = )
=1+ 2"+ (102 +72) ¢"/2 4 306%¢% + (~10+ 76t" + %) g
+ (178t5 - 48t) e (380t6 — 1652 + 3t—6) At (5.24)

ISO (2) +sym. hyper— [2] (C =4y = _)
=1+ 2tg"/* + (8t2 - t—2) g/ + (14t3 - 4t—1) PRILE (—12 1348t t—4) q
+ (54t5 98t + 4t’3> L (1O4t6 — 5T 4 8t — t’6) PPt (5.25)

After gauging the ZS, we find the flavored index of the O(2); gauge theory with a
symmetric hyper and a fundamental hyper

IO(2)+sym, hyper—|[2] (C =+ X/ =t x,y)

= 5 [FPO@orm el (¢ =y = i) 4 15O e el (¢ = gy = )]

_ 1+<x+x_1) tq1/4+(3+2x2+2x_2+y2+y_2) t2q1/2

+ ( (2x3—|—2x_3—|—51‘+5x_1+2$y2+2x_1y_2—|—23:y_2—|—2x_1y2> t3

_ (:U—i—x_l) t—1>q3/4+. . (5.26)
Turning off x and y, we get

70 (2) +sym. hyper— 2] (C =4\ = _|_)

=1+ 2tq"/* + 9¢2¢" /% + (22t3 - 2t—1) P+ (—11 + 5564 + t—4) q
+ (116t5 — 38t + 2t—3) P+ (242t6 — 11182 42 4 t_6) PP+ (5.27)

The Coulomb limit of the index (5.27) is

8 8
70(2)+sym. hyper—[2)(C) ) = 1+t = 1+t (5.28)

Sl =10 (1) (1 + 2+t (1 - 2)2
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This is the Hilbert series of C2/Ds. The Higgs limit of the index (5.27) coincides with (3.49).
It is consistent with the fact that the Higgs branch of the theory is the two USp(2) instanton
moduli space.

5.2.4 O(2) with 1 sym. and 2 fund. (N =1,v=0,e=1,1=2)
In this case the indices take the similar form as (5.22), (5.23) and (5.27). The flavored

index is evaluated as

IO(2)+sym. hyper—[4] (C =+ X/ =+, ya)

2
=14 (z+a~ ) g4+ <4+2x2+2m_2+ S W)+ (y§y§+y§yg) >t2q1/2
a=1 a<f

2
+<<2m3+2m3+71’+7$ +2(z+a7Y) D (12 4y +2 (o )Z(y§y§+y§y§)>t3
a=1 a<p

_(x+x—1)t—1>q3/4+..._ (5.29)

For z = y, = 1, it reduces to

IO (2) +sym. hyper— [4] (C =+ X/ _ +)
=1+ 2tg" 4+ 1682612 + (5067 — 2471) ¥ 4 (—18 + 17481 + 1Y)
+ (49867 — 90t + 267%) ¢°/* 4 (1359¢° — 3994 + 4t72) ¢¥/2 4 - (5.30)

In the Coulomb limit the index (5.30) becomes

(1—tH(1 —B3)(1 —t10) (1 + )1+ +t4 +10)(1 — 2)2°
(5.31)

20 10
70(2)+sym. hyper— [4](0)( t) = 1-t 1+t

This is the Hilbert series for C2/D,. The Higgs branch limit of the index (5.30) is

7O(2)+sym. hyper—[4](H) (¢) — 1
= (14 )0(1 +t+2)5(1 — ¢)12

x (1 1t 82 4+ 2368 1+ 5064 + 9565 + 1776 + 2227 + 2368

122262 1 177610 1 95¢1 + 50412 4 23¢13 - 8¢l 4 ¢15 4 th).
(5.32)

This is the Hilbert series of the moduli space of two USp(4) instantons [87].
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5.2.5 O(3) with 1 sym. and 1 fund. (N=1,vy=1e=1,1=1)

The indices of the SO(3) gauge theory with a symmetric hyper and one flavor is
ISO (3) +sym. hyper— [2] (C =4y = +)
2 Lo T,
RRGEUN ng (1-0%) (a7573q)
2 2mis 3

(a2t%0) (a2t2s*3q)
2

\ml
() i), (500
) 0o ’ o o)
1 4 1 2 m 2
(q4t; q)oo <q4+|m|t5i2;q>oo <q411+|2t8i;q)
00

2
3, Iml 2
<q4+ 7t 1SJF;q> (q%t—l q>
e 00  3lmly=6lml (5.33)

2 1 ?
14 1m| 4.
(q4+ 2 tsi;q) (q4taQ>oo
(o0}

750 (3) +sym. hyper— [2] (C =4y = 7)

1 (a2t%q) oy (- q2t28¢,q)
5 Z 7{27rzs ( ’ ) .

(q” 2&)% ( P
+1

(q%t q)oo (qiﬂmlt‘sﬁ;q)i (_qi+’§tsi;q)2

2
3qlml, g -, 3, 2
(q4 2t s ) (_q4t 1’q)oo §‘m‘ —6|m|
X 7 g2t . (5.34)

[e.9]

We find the flavored index for the O(3); gauge theory by gauging the Zg:
[O@rm perBl(¢ = 1y = 42,y)
=1+ (CL’ + x_l) tq1/4 + (3 + 222 + 2272+ y2 + y_2) t2q1/2
+ ( (3563 +3234+6x+62"1+2 (my2 +aly Py 4 x_1y2)> t3
— (.CL‘ + x_1> t_1>q3/4 +--- (5.35)
By setting x = y = 1, one finds
JOB)+sym. hyper*@](( =+x=+)
— 14+ 2tq"/* + 9¢2¢1/% + (26t3 - 2t—1) pRILE (—11 173t t_4) q
(17867 — 42t + 4¢7%) g7/ 4 (43010 — 1402 + 14672 4 470) 2 oo (5.36)
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The Coulomb limit of the index (5.36) agrees with the Hilbert series (5.28) for the C2/Ds.
We have checked that in the Higgs limit the index (5.36) coincides with the Higgs branch
Hilbert series of the U(3) ADHM theory with two flavors. This is consistent with the fact
that both theories have the same Higgs branch which is identical to the moduli space of
three USp(2) instantons.

5.2.6 O(3) with 1 sym. and 2 fund. (N=1,vy=1e=1,1=2)

The flavored index of the O(3) gauge theory with a symmetric hyper and two flavors is
evaluated as

[O(3)-i-sym. hyper—[4](<—z+;x:+;x’y)

=14 (z+a V) tgt/ 4+ <4+2x2+2x_2+z (a+va>)+> (y§y§+y§y§)) t2q1/?
@ a<lf

+ <<3x3+3x3+8x+8x1+2 (42 ) W24y ) +2(x+a™h) > (y§y§+y§y§) >t3
a a<f

_(Hx—l)t—l)qwu..._ (5.37)

For z = y, = 1, it becomes
JO3)+sym. hyper—[ﬂ(g =+:x=+4)
=1+ 2t + 162" + (545 — 2t71) ¢*4 + (—18 + 213t1 + 1) ¢
+ (618t5 84t + 4f3) P+ (2193t6 — 41482 + 21t’2) Pl (5.38)
The Coulomb limit of the index (5.38) is equal to the Hilbert series (5.31) for the C?/ Dy.
The Higgs limit of the index (5.38) is

TO@)+sym. byper—[4](H) (y)
1
1+0°0+2)°Q+t+)°01 -0
X (1 + 8¢ + 1883 4 611 + 142¢° + 388t° 4 792t + 1691% + 2996t + 5255¢'°

+ 79944 + 11713412 + 15134¢'3 + 18773t 4 20796t 4 21980t + palindrome + t32).
(5.39)

This describes the Hilbert series for the moduli space of three USp(4) instantons [80].”

5.2.7 O(4) with 1 antisym. and 1 fund. (N =2,v=0e=0,1=1)

Let us study higher rank orthogonal gauge theories. In order to see the duality (2.36)
between the O(4) gauge theory with an adjoint hyper and one flavor and the quiver Chern-

9Note that we have the additional factor (1 — )~ in the denominator compared to that in [80].
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Simons theory, we compute the relevant full indices. The indices of the SO(4) gauge theory

with an antisymmetric hyper and one flavor can be obtained from the integrals

ISO(4)+asym. hyper—|[2] (C = +;x = +; z, y)

19 2
1 (q2t ;q> ds; Im1—mol| lmitmal 4
Sy ¥ TR (1) (1o )
(qit_2; q) mi,moEZ t
o0
|y —ma| |mq+mal
<q2+ T t25f52i;q> <CJ%Jr EE t231$52$§Q)
x x

1, Imy—mg| m2‘ M + +
<q2+ t2s3 527(]) (q2+ t=2s7 SQaQ)
o] (e.)

] 2 M M
. 9 <q4+ t 181 Sétx:F,q> (q4+ t 151 sétx )q
. =1] : :

1 |m mo |m mo|
(q4t.’I,':t, q)oo i=1 <q4 1 tS Sq .%':t, q) (qzll+ 1 2 tsl 53 FTaF: q)
oo

<q4 |m1+m2|t_ S:':S:F :F,q) <q4 Mt_ S:FS i,Q)
x
|m +m | |m +m |
(q4+ T st SQxi,q> <q4+ TR st SQxJF,q)

[ml

|m
4+2t15$¢><4+2t15¥ )
: (s v\ T e AT ily-2 3
qQ i=1 v t i=1 v ; (5.40)

[m; | [y
=1 <q411+2t3;tyi;q) (qi"'zts?:y:l:;q)
00 9]

X

[e.e]

(e8]

X

[e.9] o0

ISO (4) +asym. hyper— [2] (C =4y = —;z, y)

1, |m| 2 1, |m| 2
(j:qzt q) (q2+ 2t st;q)OO <—q2+ 2t SJF;q)OO

1 7{ \m\ F2
- N7 oo E s
2 (:I:qgt—Q 2ms ) <q;+"§'t25i;q> (_q;—i-h;thSi;q)
00 00

. . \ml 3y Iml
(~att7'a%q) _ (~qit'aTiq) <q4+ st i’q> <q4+ ! 1‘&”&”)
o0 o o0 o

X T, 17 |m‘ 1y |m|
(—q4tx §Q)OO (—q4tz §Q)Oo <q4 tsTao*t: q> <q4+2t$i$¢SQ)
o0 oo
Syplml g 4 dplol, g+ o+
—q1 t= stz q —q t 4
X = >
|m| Im|
( git's tsixi’q> ( gits tsta ¥ q)
fe'e) o0
3 m _ | |
<q4+ 2 1 183Fy¢;q) <q4+ 21 1S¢yi§q) (iq%t*?ﬁ' )
X 00 o0 gzmle=2ml - (5.41)

(q4 ‘?‘tsiy q) (q4 ‘?‘tsiyq: ) (iq4ty q
9] 00
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By gauging the Z§ we find the index of the O(4), gauge theory with an antisymmetric
hyper and one flavor

O asym. byper—(2] (¢ — s/ — 4 )
:%P%MHMMJMWﬁWCZ+wzﬁﬁuw+ﬁm®ﬁwmhwwﬂmG;HX:_wwﬂ
=14 ( (242?42 24y 4y 2) 2 4172) ¢ 242 (vt ) g

+ (=142 2724 (T+42% 440724 3y 4 3y~

++2:E4+21:_4+2:U2y2+2x_2y_2+2:U2y_2+2x_2y2+y4+y_4) t4+4t_4)q+- . (5.42)
For x = y = 1 the index (5.42) reduces to

IO(4)++asym. hyper—[Q](é- =+ X/ _ +)
=1+ (662 +72) g2+ 4t g¥ 4 (143560 + 4t ) g + (28 4+ 475 ¢
+ (13169 — 2202 4 26672+ 6670) ¢¥/2 4 - (5.43)
The index (5.42) in fact coincides with the index of the circular U(2)y x U(2) x U(2)_2
quiver Chern-Simons theory which will be discussed in section 7. In the Coulomb limit the

index (5.42) becomes the Hilbert series (3.52) for Sym?(C2/D;) = Sym?(C%/Z,). In the
Higgs limit we find the Higgs branch Hilbert series

2 4 6 8 10 12 14 16
JOU) asym. hyper—2m) y _ 126 136+ 15t( + 22;; (+ 15t4) 13612 4 261 4 ¢
1— )41 —¢

(5.44)

5.2.8 O(4) with 1 sym. and 1 fund. (N =2,vy=0e=1,1=1)

The indices for the SO(4) gauge theory with a symmetric hyper and one flavor take the form

ISO(4)+sym. hyper—|[2] (C_+X_+) _
2
]_ (q t 7Q) dS —mo| |mqy4+ma]
s 3 Il () (0 )
(qzt 2. q) mi1,ma€EZ misi
oo
|m mo| |m ma]|
(=t ) (*)
(q%‘i"mlgmz‘t*Q(gitsz 7q> (q2+|7n1+7n2|t 281 82 ,q>
o0 o0
4 2 m m 2 m m
(e ha) 2o (aHmisfig) (aFF T sgi) (o8 5T s )
X =11 R T 2
(q%tq) i=1 (q%-‘r‘ﬂ’h‘tS?ZQ’q)oo (q4+"m1 mz\t81 32 ’q) (q4+|m1+m2|t81 82 7q>oo

) 2
gt 15?7‘])

X

2

x

00 o8 201, Imily =637, Imil (5.45)
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ISO(4)+sym. hyper—[2](€ =fix= _)
1 (iq%tQ;q) ds (q%+%t25*;q) (_‘1%+‘73‘t23¥;q)
—__~ @ /oo =z (1_q|m|S:F2) o0 o0
2 (kqit-2q) et s (435 t25tsq)  (—gtFi25%q)
oo o0
3,01, )2 sylml 1 2 sylml, 1 2 34 m|p—1 F2 2 3,1
(iq4t ;q) (q4 Tt s ;q) (—q4 Tt s ;q> (q4 1's ;q) (q4t ;q)
o0 o0 o o0
2 1plmly v ) 1plmly v ) Limlpgt2. o) ea)
(q4 2 ts ;q) (—q4 z ts ;q> (q4 ts ;q) (q4t;q)
oo o0 oo o0
3 lml 2 3 2
(qﬂTt*ls:F;q) (iqzt*l;q)
o0

oo 3 |m|—6|m|
—~ 5 T q2'""t . (5.46)
(q%Jf%tsi;q) (£q7t;q)2%
oo

00
4

x

The flavored index of the O(4), gauge theory with a symmetric hyper and a fundamental
hyper is

[O@+sym byper—2) (¢ = 4/ = g ) =
1+ ($+x—1) tq1/4 + <3+2x2 4+ 92272 +y2 +y_2> t2q1/2
+ ( <3x3 +3273 4+ 62462142 (:L‘y2 +a ly 2 pay 2 4 x_ly)) 3
(o)) (5.47)
By setting the fugacities x and y to unity, we get
7O (4) +sym. hyper— 2] =+ Y = +)
— 14 2tqT + 9t%¢ + (26t3 - zfl) g1+ (—11 4784 + t’4) g+ (202t5 49t + 4t*3) g
+ (51810 — 14502 + 17672 +170) g + (1228¢7 — 45265 + 64t ") i + -+ (5.48)
In the Coulomb limit the index (5.48) is equal to the Hilbert series

B e e o e o e o e o
(T + ) (1 —19)2(1 — 42 7

7O(A)+sym. hyper—[2](C) ) (5.49)

which describes Sym?(C2/Ds). In the Higgs limit the index (5.48) becomes

TO(A)+sym. hyper—[2](H) (t)
1
I+0°1+) ' A+t+2) A +t+2+8+1)° (1 -1
X (1 + 4 362 + 963 + 221 + 43¢5 + 85t° 4 1537 + 27363 + 440t° 4 680t'°

+ 982t + 1364'2 + 177813 4 2225t + 2633t + 29816
+ 3187t'7 4 6548¢'% + palindrome + £°°). (5.50)

This reproduces the Hilbert series for four USp(2) instantons [88].
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5.2.9 O(6) with 1 antisym. and 1 fund. (N =3,v=0e=0,1=1)

One can further test the duality (2.36) between the O(2N) gauge theory with an adjoint
hyper and one flavor and the U(NN)2 x U(N)g x U(N)_2 quiver Chern-Simons theory (see
section 7). The flavored index of the O(6) gauge theory with an adjoint hyper and one
flavor is evaluated as

IO (6) +asym. hyper— [2] (C =+ X/ =+, y)
=1+ (2422422 4y +y ) 2 +172) ¢ 24 (2w 207 ) g L (551
Turning off x and y, this becomes
JO(6)+asym. hyper—[ﬂ(c = +:;x =+)
=1+ (662 +72) g2 + 4t g¥ 4 (143560 + 4t74) g + (28 + 475 ¢
+ (162t6 — 312+ 33t72 + 7t—6) @A (5.52)
where we have evaluated the index up to ¢®. In the Coulomb limit the index (5.52) reduces to

1=+t 440 4 3¢ — 10 + 4¢'% + palindrome + *
B (1+)P3 1+ +t4)2(1 — 2+ t4)(1 — 2)0

IO(6)+asym. hyper—[2](C) (t)
(5.53)

As expected, this agrees with the Hilbert series for Sym®(C2/D;) 2 Sym®(C2/Zy). In the
Higgs limit we get

70O Fasym. hyper=R2J(H) (1) — 1 4 6¢2 + 35¢* 4 162(° + 636t° + 219310 + ... . (5.54)

This agrees with the Higgs limit (7.38) of the flavored indices of the U(3)2 x U(3)g x U(3)_2
quiver Chern-Simons theory which is expected to be dual to the O(6) gauge theory with an
adjoint hyper and one flavor.

6 ABJ(M) theory

In this section we consider supersymmetric indices of ABJ(M) theories. As reviewed in
section 2 the U(N)g x U(N)_x ABJM theory is a 3d N' = 6 supersymmetric gauge theory
consisting of the N' = 2 vector multiplet of U(N) x U(N) gauge group with opposite Chern-
Simons levels k and —k and a twisted bifundamental ((JJ,0)) hypermultiplet (T,T) and a
bifundamental (((J,0)) hypermultiplet (H, H) [1].'1° When k = 1,2 the supersymmetry is
enhanced to N = 8.

The ABJ theory [2, 3] is a generalization of the ABJM theory whose gauge group
is replaced by a product U(N); x U(M)_j of unitary gauge groups with N # M or a
product O(2N + 7y)ar X USp(2M)_j, of orthogonal and symplectic gauge groups. The
U(N)k x U(M)_ ABJ theory can be unitary SCFT when |M — N| < |k|. While the general
ortho-symplectic ABJ model has N' = 5 supersymmetry, the O(2)or x USp(2M)_;, ABJ
theory has enhanced NV > 6 supersymmetry.

The 3d N = 6 Chern-Simons matter theories are classified in [47, 92].
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6.1 Moduli spaces and local operators

The moduli space of the ABJ(M) theory is parametrized by the bifundamental hyper and
the twisted hyper that dress the monopole operators. There exist two sets of topological
currents and magnetic fluxes {mgl)}, {m?)} corresponding to the two gauge groups. The
dimension of the monopole operator in the U(N); x U(M)_; ABJ(M) model is

2
A m?)y = =375 D =D ST Y - P, (6.1)
1,J

I=1i<j

and that in the O(2N + 7). x USp(2M)_; ABJ model is

N M 2
A (mi?m?) = =3 =23 lmP 1= 303 (el =P i ml))
=1 i=1

I=1i<j
+ Z (|m§1) - m§2)\ + |m§1) + m§2)|) : (6.2)
2

Since the monopole operators carry electric charges due to the CS coupling, they are not
gauge invariant by themselves so that the vevs do no parametrize the moduli space but
rather fixes the action of the residual gauge group.

The moduli space of the U(1), x U(1)_x ABJM theory is C*/Z;, and that for the non-
Abelian U(N) x U(M)_ ABJ(M) theory is the min(N, M)-th symmetric product (2.10)
of C*/Z 1, 3]

My, x Uy, ABIoy = Sym™n@V-40) (C4/Zk) : (6.3)

For N > M the effective theory on the moduli space has an extra U(N — M), CS theory. The
moduli space of the O(24 )2 x USp(2)_1 is C*/Dy, and that of the O(2N + ) x USp(2M)
ABJ theory is the min(N, M)-th symmetric product (2.14) of C*/Dy, [2, 3]

MOo@EN 4 ) x USpem)_y, Ay = Sym™ 22 (Ct/Dy). (6.4)

There appears an effective CS theory on the moduli space. For 2N + v > M it is a pure
N =3 O(2N +~—2M)y;, CS theory. For 2N 4+~ < 2M it is a pure NV = 3 USp(2M —2N)_
X O(7)2r CS theory. The ABJ theory has a duality (2.11) [3].

In the presence of the CS coupling, the monopole operators carry electric charges. For
example, the basic monopole v% -0 in the U(N) gauge theory of level k, it carries k units
of electric charges and transforms as k-th symmetric representation of the U(N) gauge
group. Since the electric charge of the gauge invariant operator should vanish, the monopole
operators in the ABJ(M) theory are not gauge invariant by themselves so that they need to
be dressed by the bifundamental hyper and the twisted hypermultiplet. According to the
G?L;ss lavxg Szonstraint, i.e. equations of motion of gauge field, the monopole operators with
1 2

m;’ =m,;"’ are counted by the Hilbert series [24]. When one computes the supersymmetric

indices, the milder condition >, mil) =3 mgz) holds [21]. For example, one finds gauge
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invariant dressed monopole operators in the ABJ(M) theory of the following forms:

v{m(1>=m};{m<2)=m} ' (H)g;;:n7 U{mil):,m};{m(zz):fm} ] (ﬁ);ﬂk ’ (6.5)
AmO=m}i{m®=m} (T);"’f 7 pim==my{m@=—m} (p )Sym, (6.6)

where m > 0 for the mgl) = ml@ sector. In the ABJ(M) theory with unitary gauge groups
each of the dressed monopole operators (6.5) and (6.6) parametrizes the factor C?/Z,
C C*/7Z;, probed by M2-branes. Similarly, for the ortho-symplectic ABJ theory each of
them parametrizes the factor C?/ Bk cct/ ﬁk Also there are gauge invariant monopole
operators dressed by both of the hyper and the twisted hypermultiplet as well as their
fermionic superpartners. We will see them in the expansions in the indices in the following
analysis and find the mapping of these operators under the relevant dualities.

6.2 Indices

The index of the ABJ(M) theory is computed in [15, 19-22, 47, 67, 72| from the UV gauge
theory. The ABJM index in the large N limit is shown to agree with the index of the
Kaluza-Klein modes in the holographic dual AdSy x S7/Zy [15]. The finite N corrections
are proposed as contributions of the wrapped M5-branes in the gravity side [44].

In order to investigate further dualities and geometries, we consider the N =
index (A.1) by introducing global fugacity ¢ coupled to the generators of the R-symmetry
and additional fugacities for the flavor symmetry and the topological symmetry which allow
for several limits.

The index of the U(N) x U(M)_; ABJ(M) theory is given by

TNk xU(M)—kABJM(t x,2,Y;q)
(1) M (2) @
s g g oy
NIM! K = 2mis
mgl),u- 7m§$ 1M (2> . (2)€Z =1 2 = 27TZSi
N |m<1)7m(1>‘ M \m(2>,m<2)|
i (D) (1 — g E
x[[|1-¢ = sE)s§F [[{1-a SE)SE):F)
1<J <

3 \'nL(.1>7m(.2)| 3 \Wn(2) (1)|
qZJrf]tsglﬁsgz)iz:F;q q1+7t_ (2 )$s§1)ix¢;q
0 00
<11 D _ @), (D),
3,J qi+7] t—1g (l)i (2)¥ 2t .q quril 5 tSl( )ES (l)jFazi,q
oo oo

(I) (I) mY (@ 2 (1)
X ¢ 221 1Zz<] |m;™"~ +3 Zzg i J |y%21:12imi . (6.7)

11

Note that there are redundancies' in the parameter dependence of the index (6.7). For

HRelated to the enhanced global symmetry, there are many other ways to remove the redundancy. For
example, we can also write (6.7) as

U)X U(M)_ ABIM (t,z,2,y;q) = JUWN) xU(M) _, ABIM ((mz)% ’ (xz_l)

|-
—
5
™
|
I
S—
N
=
=}
N————
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)

example, by rescaling s;’ one can absorb y to z, 2, that is,

IU(N)kXU(M)_kABJM(t> T, 2,Y; Q) = IU(N)kXU(M)_kABJM (t? xy%7 Zy_%a 1; q) : (68)

As we will see in the subsequent sections, once we fix y to unity, the index of the ABJM
theory with k = 1 coincides with the index of the U(N) ADHM theory with one flavor
where the two fugacities x, z are directly identified with the same fugacities in the ADHM
theory. However, for the purpose of reading off the operators corresponding to each term,
we would like to keep y in the subsequent sections.

For v = 1 or x = 1 the flavored index of the SO(2N + 7)o, x USp(2M)_; ABJ
model is'?

JSO (2N +7),, x USp (2M) _;, ABIM (t;Ciq) =
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1 H dS (S( 2k:m fH (2)) 2kmi
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M o M (@ (@) <2>+m<2>|
) (s e 1 )
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2 mV P F ()t mg 4 F @)
it 7 t7ls s g g 'q
X > o
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12While we get a consistent flavored index (6.34) of the SO(2)2 x USp(2)_1 with (x,¢) = (+,+) which
include the fugacities  and z, we are not sure how they can be consistently introduced in the general indices
of the SO(2N + )2 x USp(2M)_, ABJ model.
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For v =0 and x = —1 we have

ISO (2N +7)45, xUSp(2M)_, ABIM (t;q) _

1
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1My Ty

.
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6.2.1 U(1); X U(1)_1 ABIM (N =M =1,k =1)

N-1 e N-1 I () N—-1 tm ) 4 (D)
\ 1)£2 ’7 1 :I: 1 =+ _J (D) (1H)=x

(@)% ()%

)

2 1 2
m [ Hm{ +m )

(6.10)

For N =1 the bare monopole v"™"™ has electric charges (m, —m) due to the effect of the

Chern-Simons level £ = 1. It can form a gauge invariant operator when dressed by the
chiral multiplet T" (resp. T') of electric charges (41, —1) (resp. (—1,+1)) and the chiral

multiplet H (resp. H) of electric charges (—1,+1) (resp. (+1,—1)).

— 62 —



The flavored index of U(1); x U(1)_; ABJM is calculated as

JUM XU ABIM ) o) =

1+

-1, -1 -1 -1 -1 1/4 -1_-1 2, -1 -1, -2
Yy +x Y t+ yz ~+ z )t +l|lxz +x "z T Hxy'z "+ z

oBlH -1 oLl v LTIT TH TH v22TH  ov—2-2TH

+( 1 + z%y? +x*2y*2)t2+(\1/+y2z*2+ y 222 )2

q1/2+ (x*nylzfl—i— x2yz
N ———’ N———

HH v22H? v—2—2[]2 TT 2272 0~ %7272 v-li—1Tg2  vBITH?

+:1:2y3z*1+x*2y*32)t+< xy’lz2 +x*1yz*2+xy3z’2+x*1y*3z2)t’1
——— —— —— —_——— — — —

V3BTH2  o—3—-3TH2 vTLTIT2H L2 33T2H o-3-3T2[H
-1, -1 3,3 —3,,—3 |43 -1 -1
+( vy + x vy + 2y +x vy )t+(yz+yz
~— ——— —— —— —— ——
UIH2H  o-Li-lpgp2 v¥3H3  ,-3,-3[3 v=L—1T2T L1772

+ y 328 —|—y3z_3)t_3 Pt (6.11)
S—— N——

—3;—373 .2
v T v3:3T3

Note that the terms of order yiz:thg, xilyit_lq% are absent due to the cancellation by
the fermionic modes. For example, at the order y‘lth% there are a bosonic contribution
THH and a fermionic contribution 7, hence the total coefficient vanishes. See table (B.11)
in appendix B.2. As we will discuss the dualities between the ADHM theory and the
ABJM theory in subsection 6.2.13, when we set y = 1, the index (6.11) coincides with the
index (3.16) for the ADHM U(1) with one flavor. Thus the Coulomb and Higgs limits of the
indices lead to the Hilbert series (3.19) of the geometry C? probed by a single M2-brane.

6.2.2 U(2); X U(2)_1 ABIJM (N =M =2,k =1)

The flavored index of the U(2); x U(2)_; ABJM theory is given by

7U@n XU(Q)_lABJM(t7$7y,Z;q) _
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—~— ——— — —
vLOLOF M) 1,0;—1,0 f(1) v=10i=1.07(1) 1.0;1,07(1)
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1 1-1Tr711H’2 1 TrTH, v2'0‘2’0%(1)H(1) v72’0:72‘0T(1)ﬁ(1) TrHH,
LBl —1p(2) () 1,—151,—17(1) () T T 1111 ~ 1,=131,—1 (1) F7(2)
v v TYTH v T T T TYTH v
Tt 4 22y )t2+< 9 + 9y~ 252 +ooy22 )tfz q1/2+
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+ ( 3x72y71271 + 3:r2yz + szyngl + 3x72y732
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(6.12)

The difference from the Abelian theory starts from the terms with ¢'/2. The terms with
¢34t and ¢34t~ count the mixed branch operators which contain the cancellations between
the monopole operators dressed by the (twisted) hyper and the monopole operators dressed
by the (twisted) hyperino (also see appendix B.2.1):

pBOLOP() g () () ULO;l,Owﬁl)’
vl,O;l,OT(l)T(l)H(l) o ,1)1,0;1,0¢I;I<1)7

L0107 1) w00y (6.13)

These cancellations also occur in the U(1); x U(1)_; ABJM theory so that they do not show
up in the expansion (6.11). However, in the U(2); x U(2)_; ABJM theory additional three
operators with the same charges appear so that we get the non-trivial terms Syt T3/t
and 3axtyT¢ /4

Again there exist redundancies of the fugacities and they can be fixed by setting
y = 1 (6.8). Then the index (6.12) is equal to the index (3.20) for the U(2) ADHM
theory with one flavor. This is the simplest non-Abelian duality between the ADHM
theory and ABJM theory. In the Coulomb and Higgs limit we find the Hilbert series (3.29)

for Sym?(C?).
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6.2.3 U(3)1 xU(3)_1 ABIM (N=M =3,k=1)
Similarly, one can check that the flavored index of the U(3); x U(3)_; ABJM theory
coincides with the index (3.30) of the U(3) ADHM theory with a single flavor. We have
evaluated the index up to ¢?. The Coulomb and Higgs limits of the index again give rise to
the Hilbert series (3.32) of Sym?3(C?).
6.2.4 U(1l)r x U(1)_;, ABIM (N = M =1,k > 2)
The flavored index of the U(1)y x U(1)_2 is given by
IU(l)QXU(1)72ABJM(t’ x,Y, 2; q)
=1+ {m_lz_l +ayz bz ly a4 (1 +a 2y 4 a:2y) 2 + (1 +yz 2
+ y‘le)t_ﬂq% + [_ 342722 4 a2y 2 4 a2 a2y 22 (1 4oy 2
+ :C_Qy_l + x2y + x4y2>t4 + (x_?’y_lz_l + x3y22_1 + x_Sy_Qz + x3yz) t2
+ (xilyzfg + :Uy2273 + x71y72z3 + xyilz:)’) 24 (1 + y2274 + yzi2 + yile
+ y_224)t_4} q+---. (6.14)
For x =y = 2 =1 we have
IU(1)2 X U(1)72ABJM (t,:C — 1’y — 1, 2 = 17 q)
— 1+ (4 1362 3t—2) q'/?
+ (1 L5t A a2 5t’4) q+ (4 7S At oty 7t*6) 2
+ (49654 415482+ 87 4 470+ 0178 P o (6.15)
In the Coulomb and Higgs limits the index (6.15) gives rise to the Hilbert series (3.35) for
the singularity C?/Zy probed by the M2-brane. The variant (U(1)s x U(1)_3)/Z is dual
to the U(1); x U(1)_1 ABJM theory as their indices are the same.
For the U(1); x U(1)_r ABJM theory with k& = 3,4 we have the following flavored
indices
JUMsXUM-3ABIM (4 4 0y o )
=1+ (x_lz_l +zz4+t 2+ t2) q% + {(x_gy_l + 23y)t3 + ($2y2_1 + :c_2y_lz> t
+ (222 oy 2 4 (P ) gt 4 (— e e !
+t74)q+... , (6.16)

and
JU@aXUD-ABIM (4 4 o )
=14+ (xflzfl oz 2 —i—t*Q) qé + {_ 342272 4 a2ys 2 4 22,2 4 g2y 12
+ (1 Loyl g :U4y) 4 (x3yz‘1 + x‘gy‘lz) £+ (wyz_3 + x_ly_lz3) £

+ (1 +yz 4 y_1z4> t_ﬂq +--- (6.17)
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For x =y = 2 =1 we have
IU(1)3 X U(l)_gABJM(t7x =l,y=1,2=1; q)
=1+ (242 4172) g2 4 (268 + 2t 4 2671 4 2073) g4

(=1t g (20280 42 p o) P (6.18)
and
IU(1)4 X U(1)74ABJM(t’ T = 17y — 1’ y = 17 q)
—1+ (2 124 t—2) g%+ (1 13t o o2 4 3t—4) q
+ (2480 4260 427 4 370) P2 (6.19)
As expected, we find the Hilbert series (3.38) and (3.42) in the Coulomb and Higgs limits.
For general k we get the Hilbert series (3.44) for C2/Z;. We will see that these indices have
closed expressions in section 6.3.
6.2.5 U(N)i x UN)_ ABIM (N = M > 2,k > 2)

For more general U(N); x U(N)_; ABJM theory the indices reduce the N-th symmetric
product Sym” (C2/Z;) in the Coulomb and Higgs limits. For example, the flavored indices
for N =2 and k = 2,4 are given by

IU(2)2 XU(Q),QABJM (t,x,y,z; q)

=1+ (xz—i—a:’lz*l+xyz*1+a:*1yflz+ (1 +x2y+x*2y’1) t2
+ <1+yz_2+y_122) t_2>q1/2+ <1+2x_2y_1 +2x2y+3x222+3$_22_2
+322y2 22 432 2y 222 2y 22y L2 (3+2$4y2+2x*4y72+2x2y+ 295*23/*1) ¢
+ (2:524—2:1:*1,271 422392 223y 24 20y 22y T
+2x3yz+21‘_3y_12_1>t2—|— (2:L’z—|—2:v_1z_1+23:_1y_2z3—|—2xy22_3
+2x*1y*1z+2myz*1+2xy*123+2x*1yz*3)t’2

+ <3+2y2z_4+2y2_2+2y_122+2y_2z4) t_4)q+- e (6.20)
and

IU(2)4 X U(2),4ABJM(2€’ T,Y, 2; q)

=1+ (mz T +t’2)q1/2 + (2x2z2 120722 4 glyz 2 4 g2yl
+ (2 + x4y + x_4y_1) th+ (iL‘Z +z 7tz 4 x3yz_1 + x_3y_1z) t2

+ (2 +yz 4 y_lz4) 4 (xz +ao T oy 4 w_ly_1z3> t_2>q +---. (6.21)
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When we set © = z =y = 1, we have

IU(2)2 X U(Q),QABJM(t’LE _ 1,y — 1’ 2= 1’ q)

=1+ (4+3t2+ 3722 + (21 + 114 + 11174 + 1612 + 16t72)q
+ (32 + 228 + 22676 4 36¢% + 36t + 362 + 36t_2> e
+ (53 4565 + 4578 1 6445 + 64175 4 541* + 54t 1+ 4812 + 48t_2) Pt

(6.22)
and
TU@ax U@ -aABIM(y o 1 1 5 —1.¢)
—1+ (2 T2 4 t’Q) g% + (6 A AR A4 4t*4) q
+2 (1 n t2) (1 + t—2) (3t4 232y 3t—4) &2
+ (1741485 41660 + 1580 1122 4 (> 7)) P - (6.23)

The Coulomb and Higgs limits of (6.22) and (6.23) reproduce the Hilbert series (3.48)
and (3.52).

6.2.6 U(N + k) x UWN)_ ABJ

Because of the duality (2.11), the U(N + k), x U(NN)_; ABJ theory is equivalent to the
U(N)g x U(N)_r ABJM theory. So one can check that the corresponding ABJ index agrees
with the ABJM index.

6.2.7 U(2)2 x U(1)_2 ABJ (N =2, M = 1,k = 2)
The simplest ABJ theory which is not equivalent to the ABJM is the U(2)2 x U(1)_2 ABJ

model. The index is

JU2)2xU(1)—2 ABJ
=1+ {tg (1 + 2y 4 :Uzy) A o T R o P N TR
+ (1 +yz 2+ yilz2> t’ﬂq%
+ [ —2+ ¢t (1 +ao7 2 a2y 2y + a:4y2) + 72272 a%y?2m? 2?2
+ x’2y’222 + 2 (m’g‘y*lz*l + a:3y2z*1 + x*3y*2z + w3yz) + (m’lyz*?’ + al:sz’3
Lo ly 28 4 :py‘lz?’)t_Q + (1 T N I pe y_2z4) t_ﬂq NI
(6.24)

Since the bare monopole has two units of an electric charge due to the Chern-Simons coupling
of k = 2, it can form the gauge invariant operators when dressed by quadratic polynomials
in the charged matter fields. The terms ¢*/2¢2 and ¢'/2t22F2y* are contributed from the
operators HH, v'' H? and v=5"1H2. The terms ¢/2t=2 and ¢/2t22F2y* correspond to
the operators Tf, w1172 and v~ 5172, The terms zz* and zFy*2F count the operators
HT, ﬁ, v HT and v 5 1HT.
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For x =y = z =1 we have
TU@2 X UM 2ABI (4 o 1y 1 2 — 1)
=14+ @+3t2+3t7)¢Y2 + (2442 + 5t + 472 4+ 5t7Y)q
+(— 4t 4 70— 2t T g
+ (15 11262 4 415 £ o 112672 1416 4 9t_8> e
+ (=20 — 82 4 8t 4 4t® 411410 — 824 87 4 4t F 4 11710) g2 e (6.25)

Here we find that

[V X U1 ABIM g oy o q)

= IU(l)l . U(l)_lABJM(tv T, Y,z q)IU(2)2 X U(1)—2AB (t7 €, y27 Z5 q) (626)

The operators corresponding to the terms with ¢'/4 in the U(2); x U(2)_; ABJM theory
map to those in the U(1); x U(1)_; ABJM theory and those for the terms ¢'/2 correspond
to those in the U(2)y x U(1)_2 ABJ and the U(1); x U(1)—; ABJM theory. From the terms
with ¢34 we find the following operator map:

fugacity (x =2z=1)] U(2); x U(2)_1 |U(1);1 x U(1)-1|U(2)2 x U(1)_2
y?’t?’q% v370?370(H(1))3 V33 3 1
w21 (H O )21—;{(2) o H M=
yt?’q% 1,0;1,0( g )21—?(1) VS 2 1
ol 0,1,0H(1) W g©@ o H HH
“1(H 1))2H oLl ol 2
y?’tq% p3030T (W) (f(1))2 V3BT H2 1 . (6.27)
21212 )(HM)? BT MBY=e
2121 g (1) fr(2) o H VITH
ytq% 212 -1 (2 )(H(I)) L1 Y
2 12,=1 () (1) 7 (2) v-L-1H JEITH
LOLOT() 7 (2) F7(2) BT HH
p1LOL0(2) g (1) f(2) oL H TH

Note that the monopole operators in the U(2); x U(2)_; ABJM theory can be dressed
by two components of the matter fields as each of the U(2) gauge group is broken to the
U(1) x U(1). When they are only dressed by the first components with the superscript (1),
they correspond to the dressed monopoles in the U(1); x U(1)_; ABJM theory. Otherwise,
they map to composite operators constructed from the operators in the U(1); x U(1)_;
ABJM theory and those of the U(2)s x U(1)_o ABJ theory.

Hence we conjecture a duality

U(2)2 X U(l)_g ABJ ® U(l)l X U(l)_l ABJM
& U2) x U(2)_; ABJM. (6.28)
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In other words, the U(2); x U(2)_; ABJM theory is factorized into a product theory of the
U(1); x U(1)—1 ABJM theory and the U(2)2 x U(1)_2 ABJ theory. The U(1); x U(1)_;
ABJM is a free theory that describes the center of motion of a stack of M2-branes.

Note that (6.28) is also consistent with the exact values of S® partition function

Zggfl)lXU(l)*l = i, Zgg,(mZXU(l)*Q = ﬁ, ZESFZ)IXU@)*I = ﬁ computed in [93, 94]. The

U(2)1 x U(1)—1 ABJ captures an interacting sector of the two coincident M2-branes.
In the Coulomb and Higgs limits the index (6.25) becomes the Hilbert series (3.35)

for C2/7Z,.
6.2.8 U(3)y x U(1)_4 ABJ (N =3, M = 1,k = 4)
For the U(3)4 x U(1)_4 ABJ theory we have the flavored index

[V X UM—aABI (g 0 o)
-1+ (wz palz 24 t’2) g% + ( o ayr a2yl 2,2 g 2,2

+ (1 + 2ty + x_4y_1) th+ (:U?’yz_l + x_?’y_lz) t2

+ (xyz_3 + $_1y_123> 72 4 (1 +yz 4 y_lz4) t_4>q +e (6.29)

When the fugacities x, y and z are turned off, it reduces to

IU(3)4 X U<1)_4ABJ(t,.’E — 17y — 1’ y = 1’ q)
—1+ (2 T2 t‘z) q'\% + (2 13t 22 122 4 3t_4) q

+ (38 42t — 2+t 2 30 P (6.30)
The Coulomb and Higgs limits of the index give rise to the Hilbert series (3.42) for C2/ D;.

6.29 U(3)2 xU(2)_2 ABJ (N =3,N =2,k=2)
For the U(3)2 x U(2)_o ABJ theory we find the flavored index
IU(3)2XU(Q)_QABJ(t7x7yvz;q)
_ —1_-1 -1, -1 -1 2 -2, —1) ;2 -1,2 -2\ ;-2\ 1/2
—1+(:Uz+x z tryz +x Ty z—i—(l—i—x y+z 7y )t —I—(l—l—y 2" +tyz )t )q
+ (1—1—3 (1:222+33_22_2+x2y22_2+x_2y_222) +2 <x2y+x_2y_1—|—y_1z2+yz_2)
+ (3+2a¢4y2+2x*4y*2+2x2y+ 2:1:*2y*1> 142 (xgyz—l—x*:gy’lz*l +ady?e a3y 2
—|—$yz_1+x_1y_lz+xz+x_lz_1)t2+2(zy22_3+x_1y_223—|—xy_123+x_1yz_3
+a:yz_1+:c_1y_1z+xz+x_1z_l)t_2+(3+2y‘224+2y2z_4+2y_122+2yz_2) t_4>q+---
(6.31)
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Setting z, y and z to unity, we get

IU(3)2 X U(2)_2ABJ(t,(L' =1l,y=1,2=1; Q)

—1+ (4 1382 3t’2) ¢\ + (21 11t £ 1662 £ 1672 + 11f4) q
+ (36 + 226° 4 36t" + 3962 + 367" + 2267%) /2 - (6.32)

Both of the Coulomb and Higgs limits of the index (6.32) coincide with the Hilbert
series (3.48) for Sym?(C?/Zy). As discussed in section 2.1, this is dual to the (SU(2)4 x
SU(2)_4)/7Z2 BLG theory.

6.2.10 O(2); x USp(2)_1 ABJ

The flavored index of the SO(2)y x USp(2)_1 ABJ theory with (¢, x) = (4, +) coincides
with the flavored index (6.14) of the U(1)2 x U(1)_2 ABJM theory for z = z = y = 1. This
implies the duality (2.30) [21]. Thus it yields the Hilbert series (3.35) for C?/Zs in the
Coulomb and Higgs limits.

The flavored indices with (¢, x) = (+, —) and (—, +) are given by

802 X USP)1ABY (4 ¢ — |\ )

— ISO(2)2 X USp(2)_1ABJ(t’ C =—,x=+ q)
—1— (t2+t_2> g/ + (1—|—t4+t_4>q— <t6+t—6) pRIC (_1+t8+t—8)q2+m '
(6.33)

The flavored index of the O(2)2 x USp(2)_; ABJ theory that can be obtained by
gauging the Zy charge conjugation symmetry is equal to the flavored index (6.17) for
the U(1)4 x U(1)—4 ABJM model for x = y = z = 1. This is a consequence of the
duality (2.23) [3]. The gauge group SO(2) x USp(2) admits two families of theories whose
indices involve the sum over the magnetic fluxes which take values in integers or half-
integers (also see the discussion for the BLG theory in section 8). The flavored index of the
(SO(2)2 x USp(2)-1)/Z2 ABJ theory in which the magnetic fluxes are summed over Z/2
(i.e. both integers and half-integers) is equal to the index (3.18) of the U(1) ADHM theory
with one flavor or equivalently to the index (3.16) of the U(1); x U(1)_; ABJM theory for
x =z =y = 1. This implies the duality (2.31) [21].
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We note that the refinement of the index of the O(2)2 x USp(2)_; ABJ theory with
additional fugacities « and z of the form

ISO(2)2 X USp(Z)_1ABJ(t C x=+,z,2; q)

1 ds(l) ds? 2 +2 2m ) _om(2
_ = _ A m®] (2) (H)em T (2) T
N Z ?{ 27is( 27is(2) (1 4 5 ) 5 5

m(l) m(2) €7

m(1) _m(2)) Im () 4m(2))
<qi+t 1g(DF g% 4T q> (qi+2t13(1)$3(2)$x¥;q>

09

m<1>+m<2)|

D)
(q4 P ts(DE5(2 $mi,q) 5(1)i5(2)ixi;q)
o

X
1, [mM-—m) 1, mM4m(2)]
(q4+ 2 t*ls(l)ig(mﬂz?; q gitT 2t ls(Eg@E T, q)
o0 oo
1 (2) \m(l)—m(2)| |m(1)+m(2)\ (1)

matches with the flavored index (6.14) for y = 1 when ¢ = +. This generalizes the identity
of the indices. Also for { = — we have

150(2)2 x USp(Q)flABJ(t’ (= —x=+2,2q9)
=1 (e to e —er —e Tt (12 =0 7?) P (12— 272) 1)
+(=83+a?2 40 a2 a2 4 (Tt 4ot 2 =272 ¢!
+ <m3z_1 +2732 — 232 — x_gz_l) 2+ (1 gyt 2 Z—2) 4

+ (:cz_3 + a2 — a2 — 3:_12_3) t_2>q +o (6.35)

We find that the average of the refinement (6.35) with ( = 4+ and that with { = — exactly
coincides with the flavored index (6.17) for y = 1.

6.2.11 O(4)z x USp(2)_1 ABJ

We can increase the rank of the orthogonal group by 1 and consider O(4)2 x USp(2)_; ABJ
theory. This theory is dual to the U(3)4 x U(1)_4 ABJ theory due to the duality (2.24).
Indeed, the index of the O(4)2 x USp(2)_1 ABJ theory, (ISO(4)2XUSF’( J-iABI (¢ =4 =
+;q) + ISO(4)2XUSP(2)*1ABJ(75,§ = 4+,X = —;q)), agrees with the flavored index (6.29)
fore=z=y=1.

6.2.12 O(4); x USp(4)_1 ABJ

Lastly let us consider the O(4)2xUSp(4)_1 ABJ theory. For ( =+ the indices are evaluated as
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J50(4)2 % Usp(4),1ABJ(t (=+,x=+;9) =

1 ds 0 P -mM e im0l e )+
B XTI () (15

m® ez =1

@ m{® —m | (2 1)
y <H (1-gm! ()iz)) (1_q28§2>i8§2>¢> (1_(12 SO )

3

) 2)
1)2m; 2)—2m;
. (Hsg RO )
%
m® | y  ImDem®)
q4+7t 1 (1) Fs@E, q%+7t‘1 O (2):F
J ?
XH - = i L)
i, <q4+ (Di (2)$’q> <qi+72j 1)i jQ)i )
[ee) [ee)
|n(, )77n(2) 1 2)+ |7n(,1)+7n(, >‘ 1 2
34t 3 3 4
( §+ > tsl )3F85 ) ’q> <q4+ 3 ( )F )jF’q
0

o0
XH m_,.@, D @)
1,7 <q4+t 1g (1)i (2):!:7q> (q}frJt lg (1)i (2)i,q>
oo

1 1 1 1 2 2 2 2 2 2 1 2
3my Y —mg? =g mitmi =30 i = g —m P =g pm P 4 4 35 (i —m® e mi D)

><q72|
(6.36)

ISO(4)2 XUSp(4)71ABJ(t <: +’X — 7’q) _

1 als(1 2 dsz@) ImD| (1)£2 Im®)| (2)£2

m1) m(z)EZ i

) el Jam 2
x(1—g 7 sPEPT | [ 1—g T sPESRT ) 5O Hs(z)

sy m () —m (2| (2)=, 5 ImM4mi?| (2)
it ¢ LsWFs T T g git—= 17 sWF 5P g
o0 o0

1 \m(l) m(2)| 2 1 \m(l)+m(»2)| 2)+
( 1 fts(l)isz(_ )¢;q) (q4+2lts(1)isl(.) ;q)
o0 o0

1l

m) _pn (2 m(D) (@
<qi+'wts<1>¢3§2>i;q> <qi++t3<1>¢8<2>¢ )
o0 [

\7”(1) m(z)| \771(1) Tn(Q)\
()£ ) <q111++t Lg(DEgE ,q)
o0

q
L2 @F 347 o)
ts;” "iq Fqit ts;” "iq
o0 ) o0
( aQ> ( ’q>

1 (1 (D) (2) @, @) 1 1 _ (2 (1) 4 (2
O (2 e )+ (- 4 m) (6.37)
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79 -



We get the indices

ISO (4)2 x USp (4)71ABJ (t,( — +7X — _|_’ q)

—1+ (2 +£2 4 t‘Q) ¢"? + (13 T+t 82 82 + 7t_4) q

— (14 82) (14 472) (108 — 22 4 11 - 27 4 1067 ¢ - (6.38)

ISO (4), x USp (4)_,;ABJ (t7C =4,y = —; q)

=1+ (2424172 ¢4 (-1 480417 g

() (L) (2t — 2 2w ) P (6.39)
The index for the O(4)2 x USp(4)_1 ABJ theory obtained from (6.38) and (6.39) by gauging
the charge conjugation symmetry matches with the index (6.23), which is consistent with
the duality (2.23). So both theories describe two M2-branes probing C?/Zs.

6.2.13 ADHM-ABJM dualities

As reviewed in section 2.2, the U(N) ADHM theory with one flavor is conjectured to be
equivalent to the ABJM theory of CS level £ =1 in the IR [95]. Comparing the flavored
indices, e.g. (6.11) and (6.12) with (3.16) and (3.20), we see that the ADHM index (3.15)
with one flavor and the ABJM index (6.7) with N = M and k = 1 perfectly agree with
each other by turning off the topological fugacity y for the ABJM model. Consequently, we
find the operator mapping under the duality. For the Abelian case it is given by

U(1) ADHM with one flavor|U(1); x U(1)-;ABJM
X o H
Y v LT1H
XY HH
Xtym pl=msl=m gl gm
v! v
vt BT
4 7 (6.40)
vt X TH
V'Y v E2TH
vIX V32T H
oY TH
v, v ey
vl 1)1;11/}?
Vvx vl
Yy e

The Higgs branch operators in the ADHM theory correspond to the monopole operators
dressed by the bifundamental hypermultiplet in the ABJM theory. On the other hand,
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the Coulomb branch operators in the ADHM theory map to the monopole operators only
dressed by the bifundamental twisted hypermultiplet in the ABJM theory. The remaining
mixed branch operator in the ADHM theory are dual to the monopole operators dressed by
the both hyper and twisted hypers in the ABJM model.

In addition, the flavored indices allow us to find the mapping of the mixed branch
operators which contain the fermionic operators. The fermion 1, is the superpartner of the
vector multiplet scalar ¢ and ¥x (resp. vy ) is that of the adjoint hypermultiplet scalar
fields X (resp. Y) in the ADHM theory. The mapping of the fermionic operators are
consistent with that of their bosonic partners.

For U(2) gauge group, by comparing (3.20) and (6.12) we conjecture the following
operator mapping;:

U(2) ADHM with one flavor  |U(2); x U(2)_;ABJM
TrX ,ULO;LOH(I)
TrY v~ LO=10 (1)
Tr(XY) Te(HH)
TrXTrY L1 F2)
TrX? UL (H?)
(T\rX)2 UQ,O;Q,O(H(l))Q
Y10 p~L0;=1,0(1)
=10 p10:L,0(1)
Tre Te(TT) (6.41)
o1 Ul,—l;l,—lT(Q)j:'(l) ’
2.0 20 20((1)y2
,Ul,l ,U—l,—l;—l,—lTr(TQ)
20 7O
) L1010 (1)
(O L0101 7 (2)
,Ul,OJ(l)I(l) + 'ULOw(p(l) + Ul,Ow(P(Q) ,Ufl,O;fl,OwT(l)
’U_l’OJ(l)I(l) + v—l,Oww(l) + v—l,Oww@) UI,O;LOw%(l)

Similarly the Higgs (resp. Coulomb) branch operators in the non-Abelian U(N) ADHM
theory map to the monopole operators dressed by the bifundamental hypermultiplet (resp.
twisted hypermultiplet) in the non-Abelian U(N); x U(N)_; ABJM theory. Each of these
local operators corresponds to the plane partition with trace N or a pair of column-strict
plane partitions of shape A = {\;}¥; with 3>, \; = N [33].

6.3 Duality to discrete gauge theories

In this section we consider discrete gauge theories which are expected to describe an M2-
brane. When a gauge group is discrete, a theory is the rank-zero theory so that it has no
gauge fields but matter fields may carry non-trivial gauge charges.
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Consider a 3d N = 4 gauge theory of a discrete cyclic group Z; with a hypermultiplet
and a twisted hypermultiplet. Based on the argument in [96], it is conjectured that we have
the following duality:

Zy, gauge theory < U1k x U(1)_x ABJM theory

~ 6.42
+ a hyper (X,Y)+ a twisted hyper (7,7 (6.42)

In the following we explicitly demonstrate this by computing supersymmetric indices which
precisely agree with each other.

6.3.1 Zy (k=2)

A simple example is the Zg gauge theory. It can be viewed as a generalization of the O(1)
gauge theory discussed in subsection 5.2.1. The index takes the form

Za-h th; . .
I ? yper+ yper (t7 x? z? Q)

a1 [(aitaTie)  (aiteTia) o (—aitTlaTig) o (—attETig) 13
2 ((ﬁtﬂci;q)oo ((1‘1115‘1z>«'i;t1)ooJr (—qitwi;q)oo (—ﬁt‘lzi;q)oo - 09

The index (6.43) matches with the index (6.14) for the U(1)2 x U(1)—2 ABJM model.

6.3.2 Zs (k=3)

Zs3 contains three one-dimensional irreps, which correspond to the mapping of generators to
1, w=e?/3 = —1/2 +/3i/2 and w?. The index reads

Z3-h; th
[P Per NP (4 3, 24 q)

1 (q%t‘lﬁ;q)m (q%tzi;q)oo (q%t‘lﬁﬁ;q)m (qgtw;ﬁ;q)m
3 (qitwi;q)oo (qﬁlﬂt‘lzi;q)m+ (qitwixi;q)w (qit‘lwizi;q)m
(q%t‘lwﬂﬁ; q) (q%twﬂﬁ; q)

i o0 1\ o | (6.44)
(qgtwi2xi; q)oo (qgtflwi2zi; q>oo

Again the index (6.44) agrees with the index (6.16) for the U(1)3 x U(1)_3 ABJM theory.

+

6.3.3 Zj (k> 4)

For Z4 = Bl we have generators +1, +4. The index is

3 (qit YiFat;q)  (qitiT2E )
; (qitiﬂxi;q):) (qitliﬂzi;qio' (6.45)

This is equal to the index (6.17) for the U(1)4 x U(1)_4 ABJM theory. Also we find that

IZ4—hyper+thyper(

PSS

tix,zq) =

ISO(2)2 X USp(Q)_lABJ(t’C =+, X =—; q)

1 (q%t’lﬁ;fz)oo (q%tﬁ;q)oo (—q%t*ﬁ;q)w (—q%tﬁ;q)oo 616
T2 (qitii;q>oo (qit—lz’i;q>oo+ (—q%tii;q)oo (—qit—lii;q)oo . (6.46)

— 75 —



For general k we have the index

ki (qgtqumi;q)oo (q%tﬁlzi;q)oo ’ (6.47)

1=0 (qitwﬂﬂﬂi;q) (qit*lwﬂzi;q)
oo oo

IZk—hyper+thyper(

| =

tix,z;q) =

where w = ¢?™/%_ We confirm that the index (6.47) agrees with the index for the U(1) x
U(1)_x ABJM theory when the fugacity y is turned off.

From the matching of indices we find the map of operators under the proposed dual-
ity (6.42):

Zy. gauge theory|U(1), x U(1)_xABJM

H v H

H v BlH

HH HH

H'H™ pl=mil=m pl grm

T v hTlr
7 L ) (6.48)
TT TT

HT TH

HT V52 TH

HT v TH

HT TH

The operators in the Zj gauge theory are simply obtained from those in the U(1); x U(1)_g
ABJM theory by stripping off the monopole operators.

7 N =4 quiver CS theories

We investigate a class of 3d N = 4 circular quiver Chern-Simons matter theories which
describe M2-branes, which were discussed in section 2. In the following we focus on the
N = 4 quiver CS theories which are conjecturally dual to the ADHM as in figure 1 and
their cousin theories.

7.1 Moduli spaces and local operators

The dimension of a monopole operator is given by

I+1 1+1
I I I 1 I I+1
A(mg)):—ZZ\mE)—mg)\—i—iZZ]mg)—m§-+)]. (7.1)
I=1i<j =1 iy,

For the N/ = 2 vector multiplet with non-trivial CS level, the monopole operators carry
electric charge so that they need to be dressed by matter fields to form gauge invariant
operators. For the N = 4 vector multiplet with vanishing CS level, the monopole operators
can form gauge invariant operators by themselves.
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Unlike the 3d N/ = 4 SYM theories coupled to the matter multiplets, the non-
renormalization argument does not work for 3d N' = 4 CS matter theories [97]. So
there are non-trivial quantum corrections to the moduli space of vacua.

We examine the local operators by computing the supersymmetric indices and the
moduli space of vacua by analyzing their Coulomb and Higgs limits.

7.2 Indices

The supersymmetric index of the quiver Chern-Simons theory in the right column in figure 1
with ranks Ny, Na,--- | N4 reads

IU(N1),€><U(N1)?U*1>XU(NHl)fkqmver CS (t T y[,Z[q)
1 1+1 N1 ) kmgl)NlH (1+1) 7km51+1)
Y7 % S S:
TR IR | Uiy 0111 6| (ED R | C

mD oo (D ez =1

;1

|m(I) 7777.(.[) |
? J

-0 .
<TITI(t-a = RO} II II (D (D),
J

T ) —m (I)
1=214,5=1 q%+ i J 98

|m§1)—m§1+1)| (I) +
qit 2 t| Z?ESQ
Ny Nrta1 sUHD

11 : >
Iy _(I+1) +
I=ti=1j=1 + [ a1 /Imi 7y 00O n
q4 2 3 eEsY 2134

J

§+M -1 s(,l+1) * +
q4 2 t pronl B
J
(o]
T~

(1) +
i=1 j=1 + atmi Ty g N
q4 2 t ) T4

J

o0

w

e}

[e.9]

l+1 N (I) (I) I+1 Ny (I) (I+1)
REDIIEDINALY AEDINED DAL W LU
l N N N, N
STRONES DAL LD DD AP WSl L R W S DN L S M T

As in the case of the ABJM theory (6.8), this index also has redundancies in the parameter
dependence, which can be seen as follows. First, by tracking the gauge indices, one can see
that only the terms where the powers of z; are the same and the monopole charges satisfy
> mgl) => mEHl) can contribute to the full index. Hence we conclude that the index
depends on z1, 22, -+ - , 2; and y1,y;+1 only through 2129 - -- z; and y1y;11. Also, by rescaling

the integration variable sgl) — csz(»l)

, we find that the index is invariant under the change of
parameters (yl, 21,2) — (cFy1, cz1, ¢ 1x). The redundancies can be fixed, for example, by

imposing HI 1yr =1l and yj41 = 20 = 23 = --- = z; = 1. The parameters before and after
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imposing these constraints are related to each other as

IU(Nl)kXU(NI)?(Fl)XU(NZ+1)—kquiver CS(t’ T, Y1, 21 Q)

®(—-1) .
_ IU(Nl)kXU(NI)O X U(Nj41)—rquiver CS (t, .%',, y/I7 Z/I; Q) (73)

with
I+1 % 1 —1
x/;(H%) z, yi:(Hyz) ) y§+1:1, ?J’IZ?JI (I=2,---,1),
=1 =2

+1 % l
ziz(Hw) (qu), =1 (I=2,---,1). (7.4)
I=1 I=1

Note that under the constraint HZIJ;ll yr = 1 we can match x, zr, y; with the fugacities in
the dual ADHM theory (3.15) without mixing between the Coulomb parameters (z) and
the Higgs parameters (z,y) (see table (7.13)).

In the following sections we would like to keep these redundancies unfixed for the
purpose of reading off the operators corresponding to each term.

7.2.1 U(].)l X U(]-)O X U(l)_l

In the first three subsections we consider circular quiver CS theories in figure 1. Let us
consider the U(1); x U(1)p x U(1)_1 CS theory with two bifundamental twisted hypermulti-
plets (712, Tl’g), (T23, TQ’g) and a bifundamental hypermultiplet (Hs 1, ﬁ'g’l). The flavored
index (7.2) of this model to the order gt is given by

IU(l)l XU(l)OXU(l)—l(t,x,y[,ZI;q) =

-1, -1, -1, -1 1 2.2 2 2 -2, -2 -2 -2 -1 2
1+(1‘y1y2ys+x Y1 Ya Y3 )tq4+ ( 2 +ryiyays+xT Y Y Ty T+ Yo oy )t
N — — ~ —~
vLiLil Hy v*l%*l;*lﬁ&l W(Qi, 1;2:2?2H§,1 v*Z;*Q;*2ﬁ§1 p0;i—1;0  90;1;0

: H3z 1Hz ’

— — — _ _ _ 1 _ _ _ — — —
+( 1 +yiyeyser ey tys tys 12122>t 2l + (xyfyiy??zl R T T Vi VAR AR
¢¢<~2>7
T1,2'1:}‘2,
T3 3T2 3

et —1;—1;—1 . 207 T _9._9._ 7
v LTy 9T 3 v Tl T 2 To s v2i2:2T 9T 3H3 1 v=2=2=2T 5T 3Hg 1

+r 7l )t*1+( 2ry1yoys +27 1y tys tys ey Py By + Py sy
———— SN——" N——— N—_——

T T o H T1,2T2,3Hsz,1 L1l g2 77 —15-15-1 772 _3i_3._3773 3;3;3 3
T1,2T2,3H3,1 2T e ' v HE  Hs gy, vT N T BT Hs 1 HE v=3-3i-3H3 V33 HE |

vl;l;llp(2>H3,1 v71;71;71W(2>I§3,1

gige. (7.5)

-1, -1, -1 2 -1, -1, -2 —1 3
T anys +T Y Y5 FINRYs T Y Yy s )t
—— —— N——— e e
v1i0il Hg - L0i—1f, , vHZLHg, v—1i—2—1 [,

The coefficient for the term ¢'/2¢=2

will be contributed from the two bosonic operators
T1 2712 and T3 375 3 as well as a fermionic operator zbw(z) that is the superpartner of 4,0(2).
This indicates that the bosonic operators consisting of bifundamental twisted hypers are

not independent due to a constraint corresponding to the fermionic operator ¥,
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The index (7.5) coincides with the index (3.33) for the U(1) ADHM theory with two
flavors, which agrees with the duality between the leftmost quiver and the rightmost quiver
in figure 1.

7.2.2 U(1); x UM x U(1)_1

Similarly, we get the index for the U(1); x U(1)g x U(1)g x U(1)_1 quiver CS theory

U(1)1xU1)E2xU(1) - )
I (1 ()0 ) l(twrvyla'ZDQ):

4 4 4

—1 —1 1/4 2 2 —2 —2

1+<$Hw+ v v )tq +[< 3+ [lvi+ a7 v

I=1 =1 ) =1 =1

—_—— ) —_———
L & PR R e e S 2 <P(3iv vE222HT | -2-2-2-2 2
, , 4,1
Hy1Ha

+ T T +ogsl )2y 42 1/2
Y2Y3 Yo Y3 Y3 Y3 Y2 Yo N , |4

p0LiL0 0;—1;-1;0 900510 ,0;0;—-1;0 90315050 1)0;—1;0;0 ¢¢(2)7
Y3)
T1,27El,27
12,3733,
13,4734
4 4 4 4
+< 333Hy1 + 393_1Hy;1 + :10_3]:[3/;3 +:C3Hy§’
=1 =1 =1 =1
—— ——

11— fa ._3..3._377 3
U1,1,1.1@<2)H4’17 p—Li—Li—1; 1<P(2)H4,17 U73,73,73,73H21 1;3,3,3,3H471
1;1;1;1, (3 1. =~ ’
v 80< )H4,1, U71,71,71,71¢(3)H4,1,
L1 g2 g 11 ~
VSR HY  Han o =L Lo Lol Hy

,

+ wyys oty tynt o sy oty sty R ey ydyiua oty by 2ys Pyt

oVO0 Hyy —n00-1F, ,  vNOYTHAL 0117, vliZZLHy v—Li—2-2-1F, |

+ry1vaysys+ oty s 2ys tun o syiyoys oty tyg tyn 2y yeyiua
———

1)1;2;1;1[1(4’1 v71;72;71;71ﬁ41 v1?1?0?1H471 U71;71;0;71ﬁ41 v151;241H471

+x_1y11y21y32y41>t3+ <z11z2lz31 Hy1+ 2122231—[1};2 )t—:f,] q3/4+- -
I 1

’U_l;_l;_Q;_lH41]_

115 A A —1;-1;—-1;—1
BLLITY 0Ty 3Ty V7 0 0 T1,2T2,3T3,4

(7.6)
The index (7.6) matches with the index (3.36) for the U(1) ADHM theory with three flavors.

7.2.3 U(2)1 X U(2)0 X U(2)_1

We can increase the rank of the three unitary groups uniformly by 1 and consider the
U(2); x U(2)g x U(2)—1 quiver CS theory. The index precisely agrees with the index (3.46)
for the U(2) ADHM theory with two flavors.
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7.2.4 U(1)2 x U(1)g x U(2)_2

Let us then consider cases with different CS levels. The U(1)2 x U(1)g x U(2)_2 quiver
CS theory is expected to have a USp(2) dual given in (2.37). Indeed the index for the
U(1)2 x U(1)g x U(2)_2 quiver CS theory agrees with the index (4.10) for the USp(2) gauge
theory with an adjoint hyper and two fundamental half-hypers. After fixing ]_[?:1 yr=1

we have

IU(I)zXU(l)oXU(Q)fg (t, T, Y1, 215 q)

=1+ 724+ (242724 2?) 2 g + [ (1! + 2Py b et £+ (a7 e !
+xzy 22 Ly 2122 + 332122)75_1}(]% + [ -3+ (3 +ax 2?4 2% + 334) tt+ (1
+ o224 22 ) g+ (25 + a7yt 4 2025+ atys 20+ oY + 207
+x2y2>t5+ (—y;l —x2y2_1 —yp—a Cyg+ 3 z7 22 L o3 z 2_1 + 2732129
+ ;1032122)t}qg + ey (7.7)

where we have set y1 = y, lyg_ ! so that y1y2y3 = 1 which can be done without loss of
generality due to the redundancy (7.3). The index (7.7) agrees with the flavored index (4.10)
of the USp(2) dual under the following identification of the fugacities:

y2 = xy°, 21 =29 = 1. (7.8)
So the quiver CS theory can describe the M2-brane in C?/ D;.
7.2.5 U(2)2 X U(2)0 X U(3)_2
For Il =2,k =2, Ny = Ny = 2, Ny = 3 we find the following index
V@U@V 2 (2, yp, 2159) = 14+ [t24 2+ 272+ 2282 g2 4+ (7.9)

where we have set y; = y; "y3 . This agrees with the index (4.17) for the USp(4) theory with
an adjoint hypermultiplet and two fundamental half-hypermultiplets, at least up to the order
g. This is again consistent with the duality (2.37) between U(N )2 x U(N)o X U(N + 1)_o
quiver Chern-Simons theory and the USp(2N) theory with an adjoint hypermultiplet and
two fundamental half-hypermultiplets.

7.2.6 U(1)2 X U(]-)O X U(l)_2

Another interesting cases are the CS quiver theories involved in the duality (2.36). Indeed
we find that the index (7.2) for the U(1)2 x U(1)g x U(1)_2 quiver CS theory

TUMXUWXUM) 5 (¢ 3 21 )

=1+ [t (24224 22 4y ) B a2 + (a7 e e e e s
+mz1z2)t*1q% + [—4—y51 — o+ (3+x*4+2x*2+2x2+x4+y2‘2+2y51
+a Pyt 2ty + 2y ey + 2ty + y%)t4 + (1 +21%237 + 2 22) t= 4](1

+ (xf?’zl_lz;l + a3t e + 5632122) tqi 4 - (7.10)
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(y1 set to yy'ys ') agrees (at least up to the order q%) with the index (5.19) for the
0(2) gauge theory with an adjoint hyper and one flavor, with the following parameter

identifications:
cs) (Cs Cs) (CS —2 cs 2
2(08) — ,(0(N)) Z§ )Zé ) 1, y§ )y§ ) _ (y(O(zN))) yé ) _ (y(o(zzv))) '

(7.11)

)

Thus the quiver CS theory describes a motion of M2-brane in C2/D;.

7.2.7 U(2)2 X U(2)0 X U(Z)_z
We can increase the ranks:

IU(Z)QXU(Q)O xU(2)—2 (t, T, YL, 215 q)

=1+ [+ 2 (240242 4y )| @2 + (a7 e e g e s

+ lezQ)t_lq% +e (7.12)

(y1 set to y; 'y3 ') and we confirm that the index of the U(2)y x U(2)g x U(2)_2 quiver CS
theory matches with the index (5.42) of the O(4) gauge theory with an anti-symmetric
hyper and one flavor with the parameter identification (7.11), at least up to the order q. We
also confirm that the Coulomb limit of the two indices agree with (3.52) up to the order '2,
and that the Higgs limit of the indices (5.44),(7.36) agree with each other up to the order
t'2. These are again consistent with the conjectural duality (2.36) between the O(2N) gauge
theory with an anti-symmetric hyper and one flavor and the U(N)y x U(N)p x U(N)_2

quiver CS theory.

7.2.8 ADHM-CS dualities

From the equivalence of the flavored indices we can derive the mapping of operators under
the dualities between the ADHM theory and the circular quiver Chern-Simons theories
given in figure 1.

The flavored index for the U(1) ADHM theory with [ flavors and the flavored index
for the U(1); x U(l)g?(l_l) x U(1)_1 CS theory agree with each other under the following
fugacity map:

U(1) ADHM with [ flavors  |U(1); x U(1)Z'™ x U(1)_; CS theory
ZADHM (

topological sym.) 298 (flavor sym. for (7,741, Tr.14+1))
! l
ApEM! 1L CS

zAPEM (flavor sym. for (X,Y))| z® (flavor sym. for (Hl+1,17ﬁl+171))

. (113)
LADHM _ ,CS
yAPHM (flavor sym. for (I,J)) Y¢S (topological sym.)
yp P =1 [T =1

ADHM Hoz ) y]CS
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where we have distinguished the fugacities for the ADHM theory and those for the quiver
CS theory by superscripts.

As a consequence, we find the operator mapping under the duality between the U(1)
ADHM theory with [ flavors and the U(1); x U(l)?(l_l) x U(1)-1 CS theory

U(1) ADHM with  flavors|U(1); x U(1)§™" x U(1)_; CS theory
xm QTS 5 ?Tl
ym oMM = m Ngr:Ll
XY, @auy Jala HyyHsi, @h_geD
Jalﬂ (1 <a< ﬁ) vO;~--;O;m(°‘+1):1;~~- ;m(P)=1;0;---50
I, (a>1) POiLism{®=10;-+30 : (7.14)
JaIﬁ (Oé > ﬁ > 1) 05 0;mPBPTD=—1;....m@=—1:0;--;0
Joli (a>1) Q0T (@) =1:0::0
i prmimmeimm L Ty
v omimsm T Ty
@ By Tr 1 Trr1/ Bh—s {1/1(1)}

In a similar manner as the mapping under the duality between the ADHM and ABJM theory
discussed in section 6.2.13, one can also generalize the map (7.14) to the non-Abelian case.

7.3 Closed form expression for the Coulomb limit with general k, N,

We can also evaluate the Coulomb limit (7.2) of the supersymmetric index of the U(NV); x
U(N)gg(l*z) x U(N)_j quiver Chern-Simons theory for general values of k, N,l, by the
similar calculation as in the case of the U(/N) ADHM theory we considered in section 3.3.
We assume k > 0, [t < 1, [[T5"} ys| = 1 and |27| = 1. First write the overall factor of ¢
and ¢ in terms of t = qit_1 and g as

1 =+l =N (I) (D)), 1 =l+1 =N N () (I+1)
q 2=t Zi<j ;" —m; [+ Pyl Zi:l 23:1 [m;" " —m; ‘
! N (I (D 1 N N (I)  (I+1) N N 1) (1)
% t_2 ZI:Q Zi<j Im; —my H_ZI:l Zi:l Z]’:l Im; —m; |_Zi=1 Zj:l Im; —m; |
1 N (D 1 N N () (I+1) N N (+1) (1)
— ¢ DIIPD D U Rl O b DIRD DD DAL el G i £ D DAID DA U it O

1 N (1) (1) l () Iy 1 l N N (1) (I+1)
Xq’§ZI:1,l+1 Ziq Im; —m; |7ZI:221‘<]‘ [m; —m; |+§ZI:12¢:1ZJ':1 Im; -m; ‘_

(7.15)

We observe that the power of ¢ in (7.15) is positive semi-definite which vanishes if and only

(1) ()

if all of the monopole charges (m;’,--- ,my’) coincide up to permutations of N charges
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for each I. Hence the Coulomb limit of the index (7.2) simplififes as

TUN), xUN)F D XU(N)_quiver CS (C)

JUN) x UG D X U(N) _quiver CS

= lim
t:q%t’1: fixed
q—0
IR DAL ds N ke Xk
~ e o) (Tlw) ™ T2 )™ ()
mi€z =1 T i=12mis; =1 i=1

1 A .
114 t=qTt~1: fixed 1=2ij=1t=q1t~1: fixed %+‘m12mﬂ‘t28i .
q—0 g—0 q RURK
j o0

l_i_\mrmjl ,2351)‘
I+l ey gD LN (qz S B o
K . . b
X H H lim 1—qg 2 ZI) H lim o RS
J

l

N
X HH lim =

I=1 £ t=qT ¢ 1: fixed lmi—m| (I +
=114j q : I1xe: l-i-% _1 s, +

q—0 q4 eEsY 219

[e.e]
+
g, lmi—mjl (1+1)
(qi*zjt—l (si(l) ) xi;q)
%
xHH lim . 2, (7.16)
i,j £ t= q4t 1. fixed l+\mi—mj| S(l+1) "
40 qt A ) r¥iq
N
! (0.9)
where r(m;) is the number of permutations of (mj, ma,--- ,my). If we label m; in the

same way as we have done for the ADHM theory (see section 3.3)

mi:(...7_17...7_170’...’0’1’...’1’...7m’...7m,...) (uptopermutation)’
—_—— ——— —— N ——
V-1 Yo V1 Vm

(7.17)
then (7.16) can be written as

ZUMN)exUN)F ™D XU(N) gquiver CS ()

) 41\ D oo MV 141 um gD 0
= Z [es) (Vm!)lJrl <[1;[1y1> H %

vm >0 m=—=00
(e vm=N)
vm (0 (D) NPT L v §0 s 1
; 2
(=) IIII{t- EI) HH Lot HH =
L1 : ; )
i=1 i I=1i#j S, I1=2 1, I=114,j 1— tz:i:l 8,
1 s§I+1)

(7.18)
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Again, if we define the grand canonical sum we can remove the constraint of the summation:

00 o9 I+1 m
E(K}) _ Z IU(N)kXU(N)?(l71>XU(N)*quiver CS (C) — H i—lk;m (/{ (H y[> L2, ) ,

N=0 m=—00
(7.19)
where
Ek/(,‘i, I, t) = Z HZVQ]C/,V(’L, Za) (7.20)
v=0
with
( I+1 1/ f[( (1) v ( (l+1))_kl ﬁﬁ 8(-1)
Q ' v t,z = % i z 11—
* ! lH I=1i=1 27”8 ) i i=1 I=1i#j 35'1)
I v (
111 (1 e Sz,)) = (72
J
To evaluate €, let us first write it as
M, ( — ZI I+1 v L
Qo (4 21) = (W) j{ 11 H H ( ) H (SEHI))
I=1:=1 A i
Ly (41— )ty (4 - .

Hé:[ IL,; s (Sz(l - tilz_l ; ))

This integration can be evaluated iteratively with respect to I in the following way. First

let us suppose k' > 0. The integrand has no pole at sgl) = 0, hence the integration over sz(»l

can be evaluated by picking the poles in \sz(»[)] < 1, which are

51(-1) = tz;lst(f()i), (7.23)
with any permutation ¢ € S,. Since the integrand is symmetric in (sg ), e (2)) the

residue is independent of the choice of ¢ and the summation over o € S, Just gives an
overall factor v!. Evaluating the residue we end up with

v H +1 v L
ety - (et M C (R fr o e
Hz+1 it ( 1 _ I) ( (D _ 24 (1))

(7.24)
TTh—s I T (1 — tﬂz‘l )
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Repeating the same calculation we finally obtain

} 141 (1+1) _ (1+1)
Qo (6 2) = 0 T 277~ "0 Ty o o )
’ et vl 2714 I, <8§l+1) B f28§»l+1)>

(7.25)

Note that up to the overall factor &% HZIZI zI_k/” the right-hand side coincides with
2, (1) (3.65) introduced in the calculation of the Coulomb limit of the ADHM theory. By
performing the same calculation for k&’ < 0 where we pick the poles SEI) = ¢! I_l [(J_I(Jr)l)

(o € S,) iteratively in I, we obtain

[
Qo (b 2r) = I TT 2757, (v). (7.26)
I=1

Hence we conclude that

IU(N)kXU(N)g@(l—I)XU(N)_kquiver CS (C) (f yr ZI)

L

I+1 Z
— ZUNADHM-[kI] (O) | ¢, — <H yr H 2y ) ) (7.27)
=1 I=1

7.4 A simplification of Higgs limit with general k, N,l

Lastly, let us also try to simplify the Higgs limit ¢ — 0 with t = qit fixed of the su-
persymmetric index of the Chern-Simons matter theory (7.2) (k > 0). Here we consider
only the cases with N;; ;1 = N;. We also assume [ > 2, since for [ = 1 the Higgs limit
manifestly coincides with the Coulomb limit which we have already treated in section 7.3,
with y, — y; ! and = <> 2. To treat the Higgs limit we write the overall factor of g,t for
each choice of the monopole charges as

T T, Ot 5 S B i)

N N N l

221 2 qu ED DH’Z[ 1 Zz 1 ZJ 1 Im <I> m('IH)‘_Ziﬂ Zj:l ‘mz( +1)_m;1)|
N l N N N N

221 , ZK] 51)7m§_1)|+2121 Zi:l 2_7:1 |m1(1)7m§_1+1)|72i:1 Zj:1 ‘ml<_1+1)7m§_1)|

" qf% PIIEID DI LRl Es DI (7.28)
The power of g is positive semi-definite and vanishes if and only if (mgl), cee ,m%)) =
(mglﬂ), e ,m&lﬂ)) up to permutation of the indices i = 1,--- , N. Hence the supersym-
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metric index simplifies in the Higgs limit as

IU(N),CXU(N)?("_I)XU(N)_k quiver CS(H)

—  lim IU(N)ka(N)?“*” xU(N)_, quiver CS

1
t=q4t: fixed
q—0
— ey

_ 2 : {61(”7(::)) H y1yz+1 H TI’LV
v (D> m=—00
V) >

(=)

" s (1 s<1>)(l sw)

Vin l iz \ 1=~y ——arn

: %(H dsy) s ((1))’”” (3<z+1>)’“’") SN 5
[

XW o (z+1 i i

i—1 2mis; ’ 2mis;

)
XH (@) H 2m.;(_a) @ o (7.29)
a=2¥m i=1 i HZ,T; — s?“)
where we have labeled each monopole charge (mga), e ,mg\,)) with y #{m \ m; (@) _
m}, and defined € as
€1 (1/7(7?))
I Ny o I) Np N I+1) Nit1 Ny (t+1) (1
2 S P S - 3 S |
1=2i<j I=1i= 1; 1 i=1 j=1 m{T =
l
=23 S 9 D m—m \+Z S O ). (7.30)
a=1lm<m/ a=1mm/

(

Here the 2V,(,P dimensional integration in the third line and the Upe ) dimensional integrations
in the fourth line of the final expression are what we have already calculated in (7.20)—(7.26)
and (3.62)—(3.68):

) _ t\km|l/kauQV (f) 7

(1= s) (11—
1 7{ v dsz’ dS; km( /)—km H'L#J ( Sj) ( s;
s\
Mije (1-¢(3) @

(W) ) ) 2misi 2mis) "

1}{15[ ds; Hi;ﬁj(l_;i;)

s =Q, (1), (7.31)
vl J - 2mis; I (1 —tQj—;)
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where (%) is given in (3.68). Plugging these into (7.29) we obtain

ZUN) xUN)F D XU(N) _, quiver CS(H)

(1 1

q(uf,‘i’) 0T (il [k mg, ) T
= >t [T b (aFyae) ™ TLoe TI 20 (0]
a=2 a=1

V’l(‘ri))""l/’r(rlz)ZO m==00

(an"}m O )
(7.32)

When [ = 2 and N, = 1 we can perform the summation explicitly by relabeling y,(ff)

(2)

. 1
n (732) as Vﬁn) = 5m,m(1)7 Vm' = 5m,m(1)+n(2)7 as

IU(I)k xU(1)yxU(1)_, quiver CS(H)

0 3 e’
2 &) 6) &) @) @
= ()7 Y T T ST @y

mD=—co =1 n2=—oco
- (1-¢) (1+8)
=T (1 - e ) (1- ')

(7.33)

In particular, if we set k = 1,2 and y; = v, 'y3 ' to fix the redundancy (see (7.4)), the
result agrees with the Higgs limit of the supersymmetric index of U(1) ADHM theory (3.45)
with [ = 2 and the Higgs limit of the supersymmetric index of O(2) with one antisymmetric
hypermultiplet and one fundamental hypermultiplet (5.21) respectively.

Unfortunately, we are not able to perform the infinite sum over 1/7(7?) in (7.32) explicitly

a)
for general [ > 2 and N, due to the overall tel(”’(n ) which does not factorize in m, a.
Nevertheless (7.32) is useful for computing the small t expansion of Z(H) o any finite order.
For example, for [ = 2 and N1 = Ny = N3 = 2, by classifying the summations over w(,?) into

the following four types:

(i): Vi) =26, 0, Vi@ = 20, m(@),

(ii) vl =26, ), V@) =0, o)+ 0, <m§2) < méQ)),

(111) Vr(rlb) = 5m,mgl) + 5m,m<21)7 Vr(r%) = 25m7m(2)) (mgl) < mgl))v

(iv): Vﬁ}b) = 5m7m§1) -+ 5m,m§1)’ yﬁs) = 5m’m(12) + (5m7m§2), (mg ) < mga))a
(7.34)
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p\k 1 2 3

1 | (0,0,0,1) | (0,0,0,0) | (0,0,0,0)
2 | (1,1,0,2) | (0,1,0,1) | (0,1,0,0)
3 | (1,1,1,3) | (0,1,0,1) | (0,1,0,1)
4] 2,21,4) | (1,2,1,2)](0,2,0,1)
5 | (2,2,2,5) | (1,2,1,2) | (0,2,1,2)
6 | (3.3,2,6) | (1,3,1,3) | (1,3,1,2)
7 | (3,3,3,7) | (1,3,1,3) | (1,3,1,3)
8 | (4,4,3,8) | (2,4,2,4) | (1,4,1,3)
9 | (4,4,4,9) | (2,4,2,4) | (1,4,1,4)
10 | (5,5,4,10) | (2,5,2,5) | (1,5, 2, 4)

Table 5. Values of (m&éx,mg&lx,mgﬂ,mg&) such that only (m™,m(?) with |m(1)|,_|m(2)| <
mit, (m®,m®) with [mO] [m®| < mid, (m®,m®) with m{"],m®] < miik, and
(mM, m?) with |m51)|,|m§2)| < m&% contribute to ZU@xxU2oxU(2)-x quiver CS(H) (7 35) ex-

i Yy

panded to the order tP.

we can write ZU@kxU@)oxU(2)—y quiver CS(H) (7 39) a5

IU(2)kXU(2)O><U(2)—k quiver CS(H) _

2 - — 8|m ™ —m @ |42km ™| k 2m® 2m
QLo > Nt (x y1y3) Y2

m)=—com(2)=—c0
2

+Q1 ()7 Qa2 (1)

0o 00 (1)

,£72|m§2>7m<22)|+42i:1 L m® —m P [ p2km | (g 2m D ()

X ' T Y1ys Yo

1) — 2 2

M) =—00 1 (2) <y ()

00 00 (1) (1)
_ 1y _ (1) 1) _, (2) (1) my’+m
+ § § t 2lmy  —my, ‘+4Zi:1,2(‘mi mi 7 |+ km; |) (xky1y3) L 2 y2m(2)]

2
m(11)<mgl) m)=—oc0o
© © 1) 1 (2 (2) 1) 2 (1
+Ql (t)4 Z : : t*?‘m(l 7mg )|72|m1 )7m2 ‘+22i7]‘:1,2‘m5 7m§ )I+Zi:1,2‘km’i )‘
m(ll) <mé1) m(lz) <mé2)
(1) (1) (2) (2)
k my +m my~ +m
X (@ yrys)™ Tyt TR (7.35)

kX U(2)oxU(2)_ quiver CS(H)

Now suppose we want to compute ZY(?) to the order t? with some

p. Since 2, (t) (3.68) only contains positive powers of t, we can truncate the summation
over (m), m®)), (m(l),mZ(Q)), (mgl),m@)), (m(1)7m§2)) in (7.35) so that the powers of t

(2

written explicitly in (7.35) are less than or equal to p. For each k and p, we observe that
only a finite number of (m(Y), m(?), (m(l),mgz)), (mgl),m@)), (mgl),mgg)) satisfies this

condition (see table 5). From (7.35) (and table 5 for k = 1,2, 3) we obtain (we have set
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r =1y = yo = y3 = 1 for simplicity)

V@)1 xU2)oxU(2)—1 quiver CSUH) — 1 4 9¢ 4 9¢2 4 22¢% + 55t* + 116> + 242¢° + 44847
+820t° + 1400t + 23340 + - .|
IU(Q)QXU(Q)OXU(2)72 quiver CS(H) _ 14+ 6{2 + 35{4 + 131{6 + 427{8 + 1151{10 e
IU(2)3XU(2)0XU(2),3 quiver CS(H) =1 + 4t2 + 2{3 + 14t4 + 16{5 + 40{6 + 58{7 + 112{8
+166t7 + 288¢"0 + - -,
VR URox V) auiver CS(H) — 1 4 462 + 16¢" + 51¢° 4 143¢° 4 3507,
IU(2)5><U(2)0><U(2)_5 quiver CS(H) — 1 + 4{2 + 14{4 + 2{5 + 35{6 + 16{7 + 80{8 + 58{9
+ 16310 ... (7.36)

The result for k£ = 1 is consistent with the Higgs limit of the index of the U(2) ADHM theory
with [ = 2 in (3.49). From the results including even higher order corrections, we also guess
the following closed form expressions for the ZV@kxU)oxU(2)—k quiver CS(H) jpdices with
k=2,3,4,5:

IU(2)2 xU(2)oxU(2)_2 quiver CS(H)

1426 4 13t + 1560 4 28t% + 15610 + 13¢12 4 2¢14 4 ¢16

(1 - )i(1— )t (pen = 33),
IU(2)3 xU(2)oxU(2)—3 quiver CS(H)
1

. 2 | 43 4 5 6 7 8
= (1_9)(1_9)(1_{4)2(1_t5)3(1_t6)(1+3t + 8 4 8t + 86 + 1740 + 2147 + 33¢

+35t7 + 5110 4+ 49t + 6312 + 5413 + 631 + 49¢1° + 51416 4 35¢17 + 33¢18 - 21419
+ 1780 + 861+ 882 + 2 1+ 331 + ) (py, = 39),
IU(2)4 XU(2)0 XU(2)74 quiver CS(H)

1
= 1+ 362 + 8t* +20t0 + 418 + 6110 t12 4 84t 16
(1—t2)(1—t4)4(1—t6)3( + 32 4 8t 4 206 + 4163 + 61¢1° + 78¢12 + 84¢1 4 78

+ 61615 + 41420 1 20822 4 81 + 370 + %) (py, = 45),
IU(2)5 ><U(2)0><U(2),5 quiver CS(H)

1
= 1432 4 8t1 4+ 65 + 15t° + 87 + 2688
- 2)(1 - 021 _8)(1 - )31 _ 89 (1436 +86 4 £+ 1560+ 867 +

+ 21 + 41410 4 35¢1 + 63¢12 + 51¢13 + 87t 4 6515 + 105¢1° + 79¢17 4 111¢'8
+ 8441 + 111420 + 79621 + 105822 + 65422 + 872 + 5125 + 63120 + 35¢27 + 41428

+ 2162 + 26670 + 861 + 1562 + 5 4 861 4 360+ £85)  (py, = 45), (7.37)

where py, indicates that each expression is confirmed up to the order tPi+1,
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In the same way we obtain for N = 3 the following results for x = y; = y2 = y3 =1

IU(3)1 xU(3)oxU(3)—1 quiver CS(H)
=142t + 96 + 263 + 73t + 178t + 430t5 + 940" + 19985 + 4008¢° + - - -
IU(S)Q xU(3)oxU(3)—2 quiver CS(H)

=1+ 6t% + 35t* + 162t% + 636% + 219310 + 67682 + 18989t'* + 49143¢6
+ 118565t + - - - |

IU(3)3 xU(3)oxU(3)_3 quiver CS(H)

=144 + 263 4+ 14t + 16> + 45t5 + 687 + 14413 + 232¢° + 4380 + 696! + 1228¢'2
+1922¢'3 + 3191¢M + 4916'° + 77816 + 11744¢17 + 17925¢'% + 264506 + - - - |

IU(3)4XU(3)O xU(3)—4 quiver CS(H)
=1+ 46 +16t* + 5615 4+ 173¢% + 493t'° 4 1308¢'2 + 3236t'* 4 7563¢6 + 16773¢!8 + ... |
IU(3)5 xU(3)oxU(3)—5 quiver CS(H)

=1+ 48 + 14t* + 2t° + 4015 + 16t7 + 100t3 + 682 + 232610 1 222¢!1 + 523¢12 + 608¢t!3
+ 1157¢1 + 147815 + 2509¢'6 + 3310¢'7 + 5281¢'8 + 7014¢1 + - . - |

IU(3)6 xU(3)oxU(3)_¢ quiver CS(H)

=144 + 14t + 4265 + 11665 + 295t10 + 706t'2 + 159814 + 345416 + 7150818 + - - - |
(7.38)

up to the order 21! for k = 1 and the order t"9*! for k = 2, 3,4, 5,6.

For k =2 and N = 2,3, we obtain the following results before taking r=y; =yo=y3=1:

7U@),xU(2)gxU(2) _, quiver CS(H)
=1+ (245 +uo+ur s s e 4 2%yigeys) € 4 [T+ys? 43551 + Byn + 03
+ (242052 + 455wty e 4 2y 2 Py e+ 20t yiuded
+ (24 4yo + 203 ) yiysa® |t + [15 4+ 55° + 3y 2 + 10y5 " + 10y5 + 343 +
+ (302" + 695" + 305" ) w2 Pt (T 200" + T 120+ 202) Mg N
+ 2y 3y Sy 320 + 20%ydydud + (7 + 2057 + 1295 + o3 + 203 ) mrysa”

+ (3y2 + 603 + 393) Pt 4 -
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Z-U(B)2 xU(3)yxU(3)_, quiver CS(H)

=1+ (24 u e+ s e+ 2Pgans) €+ [Ty 7 4+ 305 + By + 03
+ (242052 + 4yt )y tys e 4 2y 2 Py e+ 20t yiuded
+ (24 4yo + 203 ) miysa® |t + [20 + 45 ° + By + 1295 + 1295 + 343 +
+ (495 + 8y + s )y s %o+ (84 20 4 8y + 160" + 202) iy 'y
+ 3yf3y§3y§3x_6 + 3x6y?y§y§’ + (8 + 2y51 + 16ys + Sy + 2y§) y1yza>
+ (42 + 893 + 43) yiuia’ | € + - | (7.39)

which are consistent with the indices of O(2N) theory with an antisymmetric hypermul-
tiplet and fundamental hypermultiplets with N = 2,3 (5.42),(5.51), with the parameter
identification (7.11).

8 BLG theory

The BLG theories are 3d N' = 8 Chern-Simons matter theories with s0(4) gauge algebra
and Chern-Simons level k € Z constructed in terms of Lie 3-algebra [8-12]. They are two
families of theories where one has gauge group G = SU(2) x SU(2) and the other has
G = (SU(2) x SU(2))/Z [1, 68, 69].

8.1 Moduli spaces and local operators

In the BLG model a bare monopole operator ™M@ has the conformal dimension
AmY m@y = 2lmW| = 2/m@| 4 2lm® — m@| 4 2m® + Mm@, (8.1)
where
{mm, m® ez  G=8U(2)xSU©) 52
m m® € 7/2 G = (SU(2) x SU(2))/Zs
are the magnetic fluxes.
The moduli space is given by (2.38) or (2.39) [70, 71]
Mo = {((C4 xCY) /Dy G=SU@)xSU@)-, 53
(C* x C*) /Dy G = SU(2)x x SU(2)_x/Zso

In particular, for (SU(2); x SU(2)_1)/Za, SU(2)2 x SU(2)_2 and (SU(2)4 x SU(2)_4)/Z2
the moduli spaces are identified with

MsU@), x SU@)_1)/Z BLG = Sym® (C4) ; (8.4)
Msy (2, x sU(2)_, BLG = Sym” <C4/Zz) 7 (8.5)

2 4
M(su ), x5U@)_,) /72 BLG = Y™ ((C /ZZ) ; (8.6)

which have the conjectural geometrical interpretation of two M2-branes. The difference
between the SU(2)2 x SU(2)_2 and (SU(2)4 x SU(2)_4)/Z2 BLG theories is expected to
come from the absence or presence of discrete torsion for the background 4-form.
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8.2 Indices

The index of the BLG theory of level k € Z is computed in [19, 20, 47, 72]. We find a
simple equality which indicates a duality associated to the SU(2); x SU(2)_1 BLG theory.
For completeness, we also show the known equalities of indices in our convention.

In terms of the definition (A.1), the BLG index can be evaluated as

IBYG (¢ 2, 2; q)

= i Z H -7{ omis I) q‘m(I)lS(I)i2) (S(l))2km(l) (8(2))_2km(2)

m1) m(2) I=1

m1) _,n(2) m1) _,n(2)
(q3+ - |t13(1)¥8(2)ix$;q) (q4+ 1 () F @)%y i,q)
o o

|m<1) )]

m(1) —m(2)
<q411+|t5(1)i3(2)$g;i q> <q<11+
0o

(D) (@) (D) (@)
<q4+t 1 (DF g(2F 1 F- q> (q4+t_1s(1):Fs(2):Fmi;q>
o

m (1) m (2) m(1) m(2)
<q}1+|J2rlt5(1)i5(2)igji; q) <q¢11+;|t5(1)i5(2)ix:|:; q>
o

im(1) _m(2))

3, [mM _m(2)) 1 3 1 +
<q4+2t8( ):FS(Q):tZ:F,q> <q4+2t5( )q:s(Q):tZ ’q)
x

Im(1) —m(2)) Im (1) —m(2))
(q4+2t_1s(1)i5(2)q:zi; q) <q4+2t_13(1)i3(2):1:z:|:; q)
00 00

m(D) 1m(2) m(1) m(2)
x 0

[m (1) 4m(2)]

+\7n<1)+7n< ) l+
(q4 t—1s(Dxg(2)£ . q) <q4 2 t_ls(l)is(Q)iz:F; q)
oo

£5(V% 5(2)F 7 q>

o0

e8]

X

[e.9]

e8]

X

o0

—mMW|—m@ 1) _m(2) 1) 4m(2)
« mO1=m® 1 m®—m® ) +m 3| (8.7)

where the magnetic fluxes m? and m(® are summed over Z and Z for the SU(2) x SU(2)
BLG and the (SU(2) x SU(2))/Z2 BLG respectively.

8.2.1 SU(2); x SU(2)_; BLG
The flavored index of the SU(2); x SU(2)_; BLG theory is evaluated as

79U X 8U@) 1 BLG (4 o o )

—142 ((m + x_l) (z + z_l) + 2 (1 ra? 4 x_z) 12 (1 e 2—2)) q\/?
+(1+4(2? 42724 224 272) +5(2%2? + 27272 4 5o 4 522
+¢4 (5+32 + 37 4 42?4 427?) 4 482 (P4 w o 278 (24271

+ ¢4 (5 +320 + 3270 4 422 + 42_2) + 4172 <z3 +z+z2 4 2_3) (x + m_1> )q o
(8.8)
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When z = z = 1, the index for the SU(2); x SU(2)_; BLG theory reduces to

[SU@xSUR1BLG (4 5 — 1 5 — 1. q)

— 14+ (8 162 + 6t—2) g% + (37 £ 1962 + 322 + 32672 + 1975—4) q
(644 4415 4 7261 4 7062 + 7072 4 72474 + 4478) g2

(116 + 85¢% + 1285 4+ 1026 + 10482 + (£ > t71) ) ¢ + -+ (8.9)
Here we find that the flavored index (8.8) obeys a relation (see (6.14), (6.24))
ISU(2)1 x SU(2)—1 BLG(t;x; 2 q)

— IU(2)2 X U(l),gABJ(

tyw,y =1,2;q) x [VW2 X UM=2ABIM(y 00— 1 20g).  (8.10)

Note that the redundancies of the ABJ(M) indices are fixed by setting the topological
fugacities to unity as in (6.8). Accordingly, we conjecture a duality

SU(2); x SU(2)_; BLG
& U(2)2 x U(1)_a ABJ® U(1)3 x U(1)_o ABJM. (8.11)

In the Coulomb and Higgs limits the index (8.9) reduces to

] ] (L+e)°
(1-e)"

which agrees with (C.7) with n = 2.

8.2.2 SU(2)2 X SU(2)_2 BLG

The flavored index for the SU(2)2 x SU(2)_2 BLG theory is equal to the flavored index (6.20).
This demonstrates that they are dual to each other, mentioned in (2.42) [69, 72]. They
describe two M2-branes probing C2/Zs.

8.2.3 SU(2)3 x SU(2)_3 BLG

For the SU(2)3 x SU(2)_3 BLG model we have the flavored index
78U (2)5 x SU (2)_4 BLG (t,2, 2 q)

=1+ (:nz +z e vzt s+ (1 + 2%+ a:_2> 2 + (1 + 22+ 2_2) t_2) ql/2
+ <x2 +a 2422427242 (m222 +a 722422 1 m_222)
+ (2 +at 427t 2+ x_Q) th 4 (x?’z 432l 43
+arz+atz 4+ xilz)t2 + <x23 I T I A

+aztatz 4t 4 :U_lz)t_g + (2 4t 2 z_2) t_4>q +---. (8.13)
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For x = z = 1 it is simplified as
SV xSUR) s BLG (4 o — 1 5 — 1 ¢)
—1+ (4 132 4 3t_2) ¢\% + (12 + 6t + 82+ 872 + 6t—4) q
+ (244170 4 241" 2742 272 241 1T 0) P2 4 (8.14)
In the Coulomb and Higgs limits the index (8.14) gives

2 4 6 8 10 12
75U(2)s xSU(2)—s BLG(O) (y) — 7SU(2)s X SU(2) s BLG(H) (¢) _ 1+"( +t ;6"4;;(" +f2)jf
14+t24-t 1—¢ ’
(8.15)

which agrees with (C.7) with n = 6.

The flavored index of the (SU(2); x SU(2)_1)/Zs BLG theory agrees with the flavored
index (3.20) for the U(2) ADHM theory with one flavor or equivalently the U(2); x U(2)_;
ABJM theory (6.12) with y = 1. This reflects the duality (2.41) [69, 72]. They capture two
M2-branes moving in C2.

8.2.5 (SU(2)s x SU(2)_3)/Z2 BLG
For the (SU(2)3 x SU(2)_3)/Z2 BLG model we have the flavored index
I(SU(2)3XSU(2),3)/ZQ BLG(t,.’L’,Z;q)
=1+ (wz+x_1z_1+xz_1+x_1z—|— (1+:E2—|—m_ ) (H—z +z 2) t~ 2) ql/2
—l—((x3—|—1:_3—{—:n—|—x_1)t3+<z—|—z_1—|—m2z—|—m g2y 22)
+ (x+:c—1+xzz+x_1z_2+xz_2+x_lz2) it (z3+z_3+z+z_l) t_3)q3/4+
(8.16)
When the fugacities x and z are taken to unity, we have
I(SU(2)3 X SU(2)73)/Z2 BLG(t, r = 1’ 2= 1’ q)
=14 (4436 4+ 3672) g2 4 (465 6t + 6671 - 4t7%) ¢
+ (1246t + 82+ 872+ 67 ) g+ -+ (8.17)
The Coulomb and Higgs limits of the index (8.17) are
T(SU)s x SU2)-s)/22 BLG(C) (y) — 7(SUR)s x SU2)-3)/Za BLG(H) (y)
R i
T+ 02(1 + t+2)2(1 — )Y
which agrees with (C.7) with n = 3. From (3.30), (6.11) and (8.16), we have
IU(3)1 X U(3)71ABJM(

(8.18)

t"l"?]‘?z;q)

_ (SU2)3 x SU(2)-3)/Z2 BLG(

t,x, 25q) x TV UM ABIM (g 01 o), (8.19)

which implies the duality (2.44). This generalizes the identity of the indices in [20] in such
a way that (8.19) reduces to it when z = z = 1. While the U(1); x U(1)_; ABJM describes
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a center of motion of three M2-branes, the (SU(2)3 x SU(2)_3)/Z2 BLG model describes
an interacting sector [20)].

The index of the (SU(2)4 x SU(2)_4)/Zo BLG theory coincides with the flavored index (6.31)
of the U(3)2 x U(2)_2 ABJ theory for y = 1 as we have the duality (2.43) [72]. They capture
two M2-branes probing C?/Zs in the presence one unit of discrete torsion for 4-form flux.
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A 3d supersymmetric indices

The supersymmetric index of 3d supersymmetric field theory can be defined as a trace over
the Hilbert space on S2. We use the definition in [98]'? for the supersymmetric index of 3d
N = 4 supersymmetric field theory

H+

I(t,2;q) := Trop(—1)F ¢’ " 4CtH_fo, (A.1)

as a trace over the cohomology of the preserved supercharges. Here we have introduced F
as the Fermion number operator, J as the generator of the U(1); rotational symmetry in
the space-time, H and C' as the Cartan generators of the SU(2)y and SU(2)¢ R-symmetry
groups, f as the Cartan generator of the global symmetry.

The index can be calculated from the UV data via the localization [15-17]. It takes
the following form:

I3d G(t)vaxC;q)

|m-« a 1+|m-«of 2 o
1 (q2t2;q)n(@) 5 % 10 ds \179 7 T a2 s

- 1 k(@ m-a
|Wey1(G)‘ (th 2;‘])2?311 ( )mEcochar(G) acroots(G) s (q1+|2 t_QSOé;q)
&S
Al
<qi+ 2 t_ls’\xH;q> Al
< ] 00Tz T 2AM) gm (A.2)

1, Jm-Al 9
XeR (qur 2 tsAxH;q)
o0

The second line comes from the contribution of the N' = 4 vector multiplet of gauge group
G. The third line contains the contribution from the hypermultiplets transforming as
representation R of the gauge group G as well as that from the monopole operators of
dimension A(m) where m € cochar(G) is a magnetic flux carried by the monopoles. The
fugacities g are coupled to the flavor symmetry, or the Higgs branch symmetry that
rotates hypermultiplets. The fugacities x¢ are associated to the topological symmetry, or
the Coulomb branch symmetry.

13This definition is also compatible with the half- and quarter-indices of 4d A" = 4 SYM theory studied
in [99] including the half-indices of 3d N = 4 gauge theories analyzed in [39, 40].
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The fugacity is fixed so that the power of ¢ is always strictly positive for a non-trivial
local operator according to a unitarity bound. Therefore the index (A.1) is a formal
power series in ¢ whose coefficients count the local operators as Laurent polynomials in the
other fugacities.

We have introduced the following notation by defining g-shifted factorial

(a;q)g =1,  (a5q),:= nlz[1 (1 - aqk) ;o (@), = ﬁ (1 - q’“) , n>1,
k=0 k=1
(@:9) =[] (1 — aqk) , (@ = (1 - qk) :
k=0 k=1
(a%50) o = (430) o (a’l; q)oo : (A.3)

where a and ¢ are complex variables with |¢| < 1.
The introduction of the fugacity ¢ for the R-charges allows us to study various aspects
of the BPS local operators in the theories. For example, the 3d N/ = 4 index (A.1) can

reduces to the Coulomb (resp. Higgs) branch Hilbert series in the Coulomb (resp. Higgs)
limit [23]

7(©) (t,x) = lim 1(t,z;q), ZH) (t,x) = lim I(t,z;q). (A.4)
t=q1/4t L fixed, t=¢1/4¢:fixed,
q—0 q—0

They can count the Coulomb (reps. Higgs) branch operators in the theory as generators of
chiral rings of holomorphic functions on the Coulomb (resp. Higgs) branch. Also we can

count the number of mixed branch operators from the coefficients of the term with ¢"™t™
with m # +4n.

B Counting operator contents of indices by auxiliary dressing

B.1 U(N) ADHM theory with ! flavor

One may consider the following integration
U(N)ADHM-[I
Iau(x. zires . (ml) =
m;—m;|
sF— 5L +ry2si
1 (1—q2 2 Tt %ar (@Dw)Z])

ds; N Imi—mjl s,
o X IR (- ) T T~
S L

mi, - , mMNEL 1,7=1r=0 (1—q2+

3, Imi—mjl ] 3, Imi—mj]
N oo (1—q4+ B) 1 +Tt_1§;l’ar(¢X)ij) <1_q4+

J +rt—1%z$_16r (¢Y)]z>
II 11

1 \mlfmj| ) 1 \mlfmj\ )
i,j=17r=0 (1 —qit T2 +th%x8TXij) (1—q4+ T T3g—loryy,
J 7

N I oo (1—qi+?+’”tlsiyaar(¢1a)i> <1 B R o 18’"(¢Ja)i>
i=1a=1

=1r=0 (l—q}k—i_";—HﬂtSZyaaTIZa) (1 q4+| Z|+Tt8 187‘&]7/&>

g S Il (B.1)

— 96 —



with AZ']', 8rg0ij, 8T(¢¢)ij, 8TXZ‘J', 87"(%()@-]-, 8TY;j, 8r(¢y)ij, 87"15“, 8T(¢]a)i, 871,]1'& and
0" (1 jo); a set of auxiliary parameters, instead of the supersymmetric index (3.15). Though
the auxiliary parameters are not allowed as the fugacities of the supersymmetric index,
the integration (B.1) is useful to understand the operator content of each term in the full
supersymmetric index. For [ =1, N = 1 and to the order q% we obtain

mi fugacity auxiliary fugacity
3| 3% 1
-2 1
-2 t™“q2 1
xtilq% X
g Y
—1 1
—1 t” g1 1
xq% X
rflq% Y
t3¢1
q 4
xth% X2
xith% y?
tq1 XY — 1,
0 1 1
xtq% X
—1, 1
T~ tqe Y
t—2¢3%
q ¥
t2¢2 IJ+ XY — 1,
2,2 1 2
Tt°q2 X
—92,2 1 2 (B2)
T "t°q2 Y
3
xt g1 —x + X
3
z g1 -y + @Y
x3t3q% X3
x_gtsq% y3
a3qi | IJX + XY — X
e 31 | LJY + XY2 — Y
1 t~1ga 1
qu% X
xilq% Y
t=3q1
q 4
m2tq% X2
x_th% y?
tq1 XY -1,
2 t2q2 1
xtilq% X
x_lt_lq% Y
3 t73q% 1

This table reproduces the operator identification in (3.16). Note that the net coefficients
of tq% at monopole charge +1 and xilt_lq% at monopole charge 0 in the table are zero,
hence there are no corresponding terms in the supersymmetric index (3.16).
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For [ =2, N =1 we obtain the following results:

m; fugacity auxiliary fugacity
-1 t=2¢3 1
xtilq% X
x_lt_lq% Y
0 1 1
xtq% X
T 1tqi Y
t72¢2 ©
t2¢2 S Tada + XY =9,
a:2t2q% X2
, 1
Yayy 22 IoJg
~22q3 y2
xtilq% —x + pX
aflflq% -y + @Y
2 13¢1 X3
2 3t3q% y3
A S Lado X + XY — X
xyaygltiq% I.JsX
a3 S LadoY + XY2 Y
mflyayﬁ_lt q 1,JgY
1 t2¢2 1
xtflq% X
ﬂc_lt_lq% Y

For [ = 3, N = 1 we obtain the following results:

m; fugacity auxiliary fugacity
-1 t=3q1 1
0 1 1
xtq% X
x_ltqi Y
t2g2 ¢
2q2 S dado + XY — 1y
m2t2q§ X2
Yoy 12q7 IoJs
a772t2q$ y?2
mt_lq% —x + pX
x_lt_lq% -y + @Y
:c3t3q% X3
JTE P y3
wt’qi S LadoX + X2V — X
xyaygltgq% IoJgX
z 3¢ Yoo dadaY + XY? =4 Y
m_lyaygltgq% 1oJgY

— 08 —
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For [ =4, N =1 we obtain the following results:

(B.5)

m; fugacity auxiliary fugacity
0 1 1
xtq% X
aflz‘/qi Y
t2g2 ¢
t2q% S ada + XY — 9,
mQth% X2
Yays 't2q? IoJs
x_Ztgq% y2
Jmf*lq;1 —x + pX
xilflq% -y + @Y
xstsq% X3
:c*3t3q% y3
at’q S TadaX + X2Y — X
a:yayglt:aq% IoJgX
Al S oY + XY2 Y
xilyayﬁ t3q% 1.JgY

B.1.1 Results for higher ranks

The following is the results for [ = 1, N = 2. Here we display
to ziltq% and x

:I:lt—l

only the contributions

q% in the mixed branch where there is a fermionic contribution
(o, 0x, Yy, r1,1y) from some of the monopole charge m;.

mga) fugacity auxiliary fugacity gauge indices ignored
(-1,0) tq Iodo + 37 Xii 325 Yij — 22 (g )i IJ+4XY — 29,
(1,-1) | at~1q1 . Xy 2X
et lgi >, Y 2y
(A2 A01) (= 30, (Ux)ii+) ;@i )5 Xjjte12Xan
(0,0) ot gl —Azl(—(wx)u:%j;igzlﬁzi P12 Xi5) dpX = 2ux
—A2(=(Wx)21+) ), piiXo1 4+, ¢21Xii)
| (AnrAn) (= Do)t i D YijteraYa
g —A21(—(¢Y)121§:21};1;2/12+Zi<P12Yu') 4pY =20y
—Ar2(=(¥y)21+) ], piiYa1+) , ¢21Yii)
(1,0) tq1 Ly + Y Xii Y5 Y5 — S IJ+4XY — 2,
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The following is the results for [ = 2, N = 2. Here we display only the contributions to

xilt_lq% in the mixed branch where there is a fermionic contribution (1, ¥x, ¥y, %r,%7)

from some of the monopole charge m;.

ml(-a) fugacity auxiliary fugacity gauge indices ignored
(A2 A21) (= D0, (Wx )it ), ; Xiipjj+X12021
-1, 3 +X21012) .
(0,0) SR —Ao1(=(¥x)12+X12 ), piity |, Xiip12) dpX = 2Px
—Ar2(=(¥x)21+X21 ), @ity Xiip21)
(1+A12A421)(— Zi(wy)ii+zi7j Yiipji+Y12021
1,-1.3 +Y21012) _
TR — A1 (—(¥y)12+Y12 ), ity Yiipi2) ApY — 2y
—A12(—(y)21+Y21 Zl %Hrzi Yiip21)

(B.7)

The following is the results for [ = 4, N = 2. Here we display only the contributions to

xilt_lq% in the mixed branch where there is a fermionic contribution (1, ¥x, ¥y, %r,%7)

from some of the monopole charge m;.

ml(-a) fugacity auxiliary fugacity gauge indices ignored
(1+A12A421)(— Zi(¢x)ii+2i’j Xiipjj+X12021
1.3 +X21912) —
(0,0) SR —Ao1(=(¥x)12+X12 ), piity |, Xiip12) dpX = 2Px
—Ar2(=(x)21+X21 ), @ity Xiip21)
(14+A12A421)(— Zi(wy)ii+zi7j Yiipji+Y12021
1,-1.3 +Y21012) _
Tt — A1 (—(¥y)12+Y12 ZZ %‘H-Zi Yiip12) Y = 2yy
—Ara(=(¥y)a1+Y21 ), ity Yiipa1)

(B.8)

The following is the results for [ = 1,N = 3. Here we display only the contribu-
tions to tq% and a:ilt_lq% in the mixed branch where there is a fermionic contribution
(Y, x, by, 1,1 5) from some of the monopole charge m;.

mga) fugacity | auxiliary fugacity (gauge indices ignored)
(—1,0,0) | tq1 21.J + 10XY — 44,
(1,-1,0) | zt~lq1 3X
R T E 3y (B.9)
(0,0,0) at1q1 —6Yx + 120X
r 1t lq% —6yy + 12¢Y
(1,0,0) tq1 21.J + 10XY — ¢,

Since with the full auxiliary dressing we have too many terms to write (in particular at
m; = (0,0,0)), here we have set A;; = 1 and also ignored all the gauge indices.
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B.2 U(N)g x U(N)E?(l_l) X U(N)_j Chern-Simons matter theory

For the U(N) x U(N)®(=1 x U(N)_; supersymmetric Chern-Simons matter theory let us
consider the following generalization of the contribution to the full index (7.2) from each

.

monopole charge m;

U(N1) xUND S xU(N ) I
aux. 1dres ! o g (m( )>

Ny ds(]) Ny k! Nia (141)
:fHHQ S L) T ()
i=12T8; ~ =1 i=1
L I —m D) oD
I+1 Ny | 7(LI) (I)‘ (I) ([ ! . 1_(]2+ 3 +7"t )8 <¢¢(I))ij
xHH l—q— 2z EIA H H po
I=11#j ] I1=214,j=1r=0

1_q%+lf+'f't25 81" ( )

|m§1>7'm(.1+1)\ @)

,_;'_734_ S,
=g ’ 7’ts(IH) 210" (T’Z)TIJH)z‘j

N; Nry1 oo )

XHH I II im{D_m{FD)

I=1i=1 j=1 r=0 o my Ty 5D
1—qi™t 2 Tt (IZ+1) 210" (TI,I—H)U

5j

3+\m§” (I+1)\+ S+
T — 1T
1—qg1 P tj(l) zZr Lor (¢~ >ji

Tr,141

\m<1>—m(1+1)|
e Ty s o (7
1—q4+ 2 Tri—1 Js(I) z;or (T[ I+1)ji

i

) D)
§+i7+rt 18 5+) o (v
-t @ (on...),
Nl+1 N1 o0 q 1) Hl+11 ]

X H H H m (z+1) (1)|

i=1 j=17=0 1 (+1)
1—qit— 2 a0 (Hiva),,
J
(D (D) W
S
1— 4+7+rt1 J x*lar( B )
q Ez+1) le_H’l ji
X
|<l+1> ) (1)
o _
1- q4+ i (l+1)x tor (HlJrl,l)ji

Zz+1 fV<IJ| (n_ <1>|+ ZZHZ ZNIH (I) (_1+1)|
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xtaziﬂzi@\ RO Sl DTS B SACE) DN e el
(B.10)

with the auxiliary dressing parameters Afj), 84g0§]]), I"(Yu)ijs O (Trr41)ig: 0" (W1y 141

0" (Tr,r41)ij, O (wfz,z+1)ij’ 0" (His1,)igs 0" (Vt40)i 0" (Hi11)iy and 8T(¢I}l+1’l)ij‘ For
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k=1,1=1,N; = Ny =1 and to the order q% we obtain

mga) fugacity auxiliary fugacity
(—3;-3) xigtsq% H?
x72th% TH?
m_lzzt_lq% T2H
zgfgq% T3
(—2;-2) x_Qth% H?
aflzq% TH
Zzt—zq% T2
(-1;-1) g1 H
zt_lqi T
xiltsq% HH?
zt73q% T
z_Qz_ltq% fﬁQ
2tql THH — ¢r
wilflq% —wg +TTH
xz2t_1q% T?°H
(0;0) 1 1
t2q% HH
t72q% T
xilzflq% TV?I
:Ezq% TH
(1;1) xtqs H
zilflq% T
mtSq% H2H
z_lt_dq% TT?
xQth% TH?
ziltq% THH — 1/)~Tv
wt g1 i + TTH
x_lz_zt_lq% T°H
(2;2) 22 H?
xzflq% TH
z72t72q% T2
(3;3) 563753q2 H?
xQz_ltq% TH?
a:z_Qt_lq% °H
Zfstfsq% fs
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FOI‘k‘Zl,lZQ,leNQ:Ng:l

and to the order q% we obtain

(mM, m® m®)) fugacity auxiliary fugacity
(—3;-3;-3) :U_?’t?’q% ﬁ§1
(—2;-2;-2) w222 H3

zer g Ty oTs3Hs
(—1;-2;—1) e3¢0 Hs,
(=1;—-1;-1) x_ltqi Hs,
legt_Qq% T 2153
m’1t3q% Hﬁg’l + <p(2)f-f371
xfltflq% g, .t Ty 2T oHsy + To3To 3Hs  — ¢¢<2)ﬁ3,1
(—=1;0;—1) m_lt?’q% ﬁa,l
(0; —1;0) 12q2 1
(0;0;0) 1 1
2ty et Lgi Ty2To3Hs,
21297t 1q% Ty 212 3H3
t2q2 HsyHsy + ¢
t=2q3 TyoT1 2+ To3Tos — V(2)
(0;1;0) t2q3 1
(1;0;1) at3qi Hs,
(1;1;1) {thi Hs
zflzglt_2q% T1,2T273
wt3qi H§71ﬁ3,1 + @ Hy,
xt~ gt ~¥p,, + T12T12Hs + TosTosHsy — 0 Hs
1:2;1) 2t3qi Hs,
(2;2;2) z2t2q2 Hgil
zl_lzz_lxt‘lq% Ty oTo3Hs,
(3;3;3) x3t3q% Hg’,l

(B.12)

The operators contributing to each term of the full supersymmetric index (7.5) can
also be read off from this table. Note that the net coefficients of xilt_lq% at monopole
charge (£1;£1;£1) in the table are zero, hence there are no corresponding terms in the
supersymmetric index (7.5).
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For k=1,1=3,N; = N = N3 = Ny =1 and to the order q% we obtain

(a)
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m, fugacity auxiliary fugacity
(—3;-3;—3;-3) z=3t3q1 H3,
(—2;—2;—2;-2) e~%%q2 H3,
(=1;-2;-2; 1) e 3 Hyy
(=1;-2;-1;-1) w_lt?’q% ﬁ4,1
(-1;-1;-2;-1) x’ltgq% ]?[4,1
—1—1;—1;-1) o tqi Hyy
z12223t 5qz Ty 2153734
e l3qh Hy HEy + H(p® + @)
et lgi Vg, + Hyy(Ty2Ti o+ TosTos + TsaTsa — e — bue)
(—1;—1;0;—1) 1343 Hyy
(—1;0; =15 —1) 2131 Hyy
(—1;0;0;—1) 3¢ Hyy
(0; —1;—1;0) th% 1
(0; —1;0; 0) t2q2 1
(0;0;—1;0) 2q2 1
(0;0;0;0) 1 1
22 HyyHyy + 9@ + o®)
t2¢3 TyoT1a+ TosTos + Tsalsu — e — Yy
(0;0;1;0) g 1
(03150;0) g2 1
(0;1;1;0) t2g> 1
(1;0;0;1) ot Hy
(1;0;151) atigt Hyy
(1;1;051) atigt Hu,
(1;1;1;1) wtqi Hyy
zflzz 1z3 1t_?’q% f1,2T2,3T3,4
xtgq% HZJI?M,l + Hyp(p® + o)
at~ gl ~p,, + Hia(TroTo + TosTos + TsaTsa — e — o)
(1;1;2;1) atdqa Hya
(1;2;1;1) wt3qi Hyy
(1;2;251) ot Hiy
(2:2;2;2) w22 H3,
(3;3;3;3) gl Hj,
(B.13)



B.2.1 Results for higher ranks

The following is the results for £k = 1,l = 1, N7y = Ny = 2. We call TLQ,TLQ,HQJ,FIQJ

respectively as T,T,H, H. Here we display only the contributions to yflyédxilt_lq%

+1, +1_F

and Y7 Yy 2| 1tq% in the mixed branch where there is a fermionic contribution

(wcp(a),q/)T, Yz, ¥, P5) from some of the monopole charge (mgl), mZ@)).
ml(a) fugacity auxiliary fugacity gauge indices ignored
(—2,1;—2; 1) thq% HggﬁllTll THFI
$_1t_1q% .ﬁ[llTllTQQ TTFI
(—1,0;—1,0) thq% H11ﬁl1T11+H32(IE;33111+H22ﬁ11T22 3THH — Y
:E_lt_lq% _(”‘/Jﬁ)ll+ﬁET11%11+§22T11%22 STTH — wﬁ
+H11T22T22
(*1,2;*1,2) Z;ltq% HQQFI]JTQQ T’Hﬁ
mt_lq% H22T11T22 T’fH
0,1;0,1 ot—lgd *(dJH)22+H22T117~“11+H11T117~“22 3TTH —
( ) 1 +H22T22T22 Va
zl_ltq% H22ﬁ11i:11+Hi1wﬁ%1zv;22+H22ﬁ22f22 3THH — w%

(B.14)

C Hilbert series associated with dihedral groups

Let G be a finite group. We take a representation p : G — GL(m,C) and consider the
action of p(g) (g € G) on complex coordinates of C™. Then the generating function for the
number of independent polynomials invariant under the action G can be computed by the

Molien’s formula,
1

1
O = 1G] 2, 4 infa)

(C.1)

where id is the n x n identity matrix.
Let us apply the Molien’s formula to some representations of dihedral groups. The

dihedral group Ds,, consists of 2n elements given by {1,7,--- v~ s rs,--- r""!s} where
1 is the identity element and r, s satisfy
srs Tt =r"1 =1, s =1. (C.2)

For example a 2d representation of r, s is given by

e 0 01
pl(r)—< 0 e-T)’ p1(8)—<10>- (C.3)
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Then the application of the Molien’s formula (C.1) to the representation of the dihedral
group yields

1 Mn—1 1—t 2mik 0 -1 5,1 1 ' 2mik \ —1
—1€e n —1€e n

Z(t;D ) =5 det Tin det min

(D2 p1) =5, kzzo ) < 0 1-te % > +kzzo ) <—t€_2k 1 ) ]

k:O n n
B 1
(1—2) (1—tn)’
(C.4)
We can also consider a 4d representation of r, s,
2mi
en 0 0 0
27
0 e | 0 0
r) = — , s) = C.5
palr) = | pals) (©3)
0 0 |0 e
The Molien’s formula (C.1) with this representation becomes
1 n sy 1
Z (t;Dan, p2) = o +> (C.6)

2 | =P 5 (1= ) (1 — e )

From the explicit evaluation of the expression (C.6) for some orders of ¢ and some small n,
we conjecture that (C.6) can be also written as

1+ (n—1)t" — (n — 1)t"+2 — ¢2nt2
(1—2)3(1 — )2

Z(t; Dan, p2) = (C.7)
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP? supports
the goals of the International Year of Basic Sciences for Sustainable Development.
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