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ABSTRACT: The study of exactly marginal deformations of superconformal field theories is
a topic that has received considerable attention due to their rich properties. We investigate
the V' = 2 preserving exactly marginal operators of 3d S-fold SCFTs. Two families of such
theories are considered: one is constructed by gauging the diagonal flavour symmetry of
the T'(U(2)) and T'(U(3)) theories, and the other by gauging the diagonal flavour symmetry
of the T; [[227’1122]] (SU(4)) theory. In both families, it is possible to turn on a Chern-Simons level
for each gauge group and to couple to each theory various numbers of hypermultiplets.
The detailed analysis of the exactly marginal operators, along with the superconformal
indices, allows us to determine whether supersymmetry gets enhanced in the infrared and
to deduce the amount of supersymmetry of the corresponding SCFT.
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1 Introduction and conclusion

The space generated by exactly marginal deformations, also known as the conformal mani-
fold, has been a long-standing subject of study in quantum field theories. In superconformal
field theories (SCFTs), conformal manifolds have several rich structures. For example, as
demonstrated in [1-3], conformal manifolds of 4d /' =1 and 3d N' = 2 SCFTs can be
described by a symplectic quotient of the space of marginal couplings by the complexi-
fied continuous global symmetry group.! Moreover, for 4d N/ = 2 SCFTs, as shown by
several recent findings e.g. [5-7], the study of conformal manifolds has led to a number
of intriguing dualities; these include 4d N/ = 1 weakly coupled Lagrangian descriptions of
several strongly coupled 4d AV = 2 SCFTs. These provide motivation for studying exactly
marginal operators in the SCFTs in this paper.

The main goal is to investigate the operators associated with the N' = 2 preserving
exactly marginal deformations? in a large class of 3d SCFTs with at least /' = 3 supersym-
metry, known as the 3d S-fold theories [9-18]. Let us first discuss the pure S-fold theories.
These theories can be realised on D3 branes wrapping a circle with the presence of SL(2,7)
duality walls [19-21], each of which gives rise to a local SL(2,Z) action to the worldvol-
ume theory of D3 branes. For a duality wall associated with the element J, = —ST* of
SL(2,Z), where S and T are the generators of SL(2,Z) such that S? = —1 and (ST)3 = 1,
the corresponding theory can be described by the gauging the diagonal U(N) global sym-
metry of the T(U(N)) theory [19] with Chern-Simons (CS) level k [9-14].3 As a result
of this gauging along with the presence of the CS level, the description possesses N = 3
supersymmetry. However, at the infrared (IR) fixed point, it was shown that for k£ > 3
supersymmetry gets enhanced to N' = 4 in the case of N = 2 [13, 17] and in the large N
limit [14]. This result can be generalised to the S-fold theories associated with multiple
duality walls whose description can be written in terms of a ‘quiver diagram’ with multiple
U(N) gauge nodes, possibly with CS levels, connected by T(U(N)) links [14]. In addition
to the pure S-fold theories, we may couple hypermultiplets to U(/N) gauge groups in the
former. In terms of the brane configuration, this could be viewed as adding D5 and/or
NS5 branes to the aforementioned brane system in the same way as described in [22]. The
resulting theories were investigated in [14] for vanishing CS levels, where they were dubbed
the S-flip theories, and in [17] for general CS levels. Some of the latter were shown to
exhibit supersymmetry enhancement (even up to N’ = 5) and have interesting dualities
that can be regarded a generalisation of 3d mirror symmetry, discovered in [23]. We shall
henceforth refer to the pure S-fold theories, constructed as described above, and those
coupled to hypermultiplets collectively as S-fold theories with 7'(U(V)) building block.

!See also [4] for the conformal manifold of 3d A = 2 Chern-Simons-matter theories.

2Tt should be noted that, for any 3d ' = 3 SCFT, there is no A’ = 3 preserving marginal deformation [8].
This statement also holds for AV > 3.

$We emphasise that the S-fold theories considered in [9, 11-13] were constructed by gauging the diagonal
SU(N) global symmetry of the T(SU(N)) theory. These theories were studied in the context of 3d-3d
correspondence. However, the gauge groups of the theories studied in [14] were taken to be of the unitary
type. Without any further hypermultiplets added to the theory, it was shown in [17] that the index of these
two families of theories are equal. In this paper, we take the gauge groups to be of the unitary type.



We also extend our study to cover the case of the T[[22’1122]}(SU(4)) building block. The

T[[22’1122]](SU(4)) theory is a 3d N/ = 4 SCFT with a G x G global symmetry, where G =
(U(2) x U(1))/U(1) = U(2), that admits a Lagrangian description in terms of a linear

quiver [19]. Similar to the T(U(N)) theory, the 1’[[221122]}(SU(4)) is also self-mirror. We can

2
form an S-fold theory by gauging the diagonal symmetry G of T[[;’llz]}(SU(Zl)), possibly
with a CS level. As before, we may also couple hypermultiplets to the diagonal symmetry
G. In principle, this construction can be applied to a more general Tj(SU(N)) theory.
However, due to various technicalities in the computation, we restrict ourselves to N = 4

and p = [2,1%]. We shall henceforth refer to these theories collectively as S-fold theories

with the T}/ (SU(4)) building block.

One of the important by-products of the detailed study of the exactly marginal oper-
ators in S-fold theories is that we can extract the information of the conserved currents,
which include N’ = 3 flavour currents and N/ = 3 extra SUSY-currents. From the latter,
we can determine whether supersymmetry gets enhanced at the fixed point, and if so we
can also deduce the amount of supersymmetry of the SCFT. This heavily relies on the
superconformal index [24-31] of the S-fold theory in question. Let us explain this point in
more detail. Tt is useful to list the A/ = 2 multiplets that can non-trivially contribute to the
quantity (1 —22)(index — 1) at order P for p < 2 [32] (see also [33] for the 4d counterpart).

In the following, we follow the notation adopted by [34].

Multiplet Contribution to (1 — z?)(index — 1) Type

A9 B1[0] 31//22) +1/2 free fields

B1A5[0] (1721 /2 —g3/? free fields )
LB;1]0] (11) +z relevant operators '
LB [0]%2) +2 marginal operators
Ag As[0] 50) —2? conserved currents

It can be seen that the order 22 of the index corresponds to the marginal operators minus
the conserved currents. However, since the S-fold theory has at least A/ = 3 supersymme-
try, we consider the contribution from A" = 3 multiplets to the N' = 2 index. In particular,
the relevant A/ = 3 current multiplets and their decomposition to N/ = 2 multiplets are

Type N = 3 multiplet | Decomposition into N' = 2 multiplets

Flavour current B;[0] 52) LB,[0] 51) + B1L[0] (71% + Ay A5[0] 50)

Extra SUSY-current Ay [O]go) As A5[0] 50) + Alzl[l]g% (1.2)
Stress tensor Al[l]é% Alz1[1]é% + A1 A; [2]&0)

where it should be noted that the multiplets AjA;[1] g(})g and A A;[2] go) contribute to (1 —
z?)(index — 1) as +a3 and —2? respectively [32, table 2]. From these two tables, we see



that orders = and 22 of the index contain the following information:

Order x: N = 3 flavour currents ;
Order z2: (N = 2 preserving exactly marginal operators) (1.3)
— (N = 3 flavour currents) — (N = 3 extra SUSY-currents) .

This instructs us to study the operators of the S-fold theories with R-charge up to 2.
Those with R-charge 1 are in correspondence with the N' = 3 flavour currents. Since the
index of the S-fold theory can be computed independently using the formula that follows
from localisation (see appendix A), the information of the AN/ = 2 marginal operators leads
to the precise information of the N = 3 extra SUSY-current and, hence, the amount of
(enhanced) supersymmetry of the corresponding SCFT. We emphasise that the detailed
analysis of marginal operators in this paper has led us to obtain results on supersymmetry
enhancement beyond the scope of our previous work [17].

It should be remarked that the problem of enumerating all marginal operators becomes
more complicated as the number of the operators with R-charges up to 2 increases. This
is partly due to the fact that not all gauge invariant quantities that one can possibly write
down are independent from each other. They may be subject to various relations. Some
of these relations can actually be derived from the effective superpotential of the theory.
However, as we shall see in the subsequent sections, several S-fold theories contain gauge
invariant monopole operators and dressed monopole operators in the spectrum, whose
existence is indicated by the index. There can also be relations between these operators that
cannot be obtained from the effective superpotential. In this case, we conjecture the form
of such relations based on the index and in analogue of those known in the 3d N = 4 gauge
theories presented in appendix C. In this regard, the S-fold theories with the 7| [[22,’1122]] (SU4))
building block are much more complicated than those with the T(U(N)) building block.
We only present preliminary results for the former theories in this paper. It would be nice
to verify the conjectures using other approaches and complete the understanding of the
S-fold theories with the 7 [[227’1122}](SU(4)) building block in the future.

The paper is organised as follows. In section 2, we discuss S-fold theories with
the T(U(N)) building block. We briefly discuss some properties of the operators in the
T(U(N)) theory in section 2.1. The pure S-fold theories are studied in section 2.2 and those
coupled to hypermultiplets are studied in sections 2.3 and 2.4. In section 3, S-fold theories
with the T [[227’1122]}(SU(4)) building block are discussed. We briefly review the 7T; [[227’11;]](SU(4))
theory in section 3.1. The pure S-fold theories and those coupled to hypermultiplets are
considered in sections 3.2 and 3.3, respectively.

2 S-fold theories with the T'(U(IN)) building block

In this section, we consider S-folds theories whose building block is the T'(U(NV)) theory.
The T(U(N)) theory is briefly reviewed in section 2.1 and appendix A.1. In the subse-
quent subsections, we investigate S-fold theories constructed by commonly gauging the
Higgs and Coulomb branch symmetries of T'(U(N)). We may also couple such a theory to



hypermultiplet matter. In fact, several aspects of a number of such theories with N = 2
were studied in [17]. In this paper, we focus on the cases of N =2 and N = 3 (except in
subsection 2.3.3 where we discuss only the case of N = 2) and analyse the operators with
R-charge up to two in detail.

An important outcome of such an analysis is the precise knowledge of the N = 2
preserving marginal operators, which contribute as the positive terms at order 2 of the
index. Since the index can be computed using the formulae given in appendix A.2, we
know precisely the negative terms, which are the contribution of the N' = 3 conserved
currents. The latter consist of N' = 3 flavour currents and N' = 3 extra SUSY-currents.
The contribution of the former appear at order x of the index. Hence, in this way, we
manage to extract the contribution of extra-SUSY currents and determine whether the IR
fixed point of a given S-fold theory has enhanced supersymmetry (beyond the scope of [17]).
If this is the case, this method also allows us to determine the amount of supersymmetry
of the corresponding SCF'T.

Of course, when there are many operators up to R-charge 2, the above analysis can
get very complicated due to the relations between them. Some relations follow from the
F-terms and algebraic identities but there are also quantum relations, especially between
monopole operators. We establish the latter with the aid of the index and by comparison
to the 3d N' = 4 gauge theories studied in appendix C.

2.1 The T(U(N)) theory
We briefly discuss some important aspects of the T(U(V)) theory in appendix A.1. The

indices for N = 2, 3 can be obtained from (A.9) and the result is as follows:

N=20 b (@ D)+ P0) 2 ahgy )+ d g )

— (X[S;]j@) (w) + X[S;f@)(f)) — l} + ...

N>3: o (N @)+ d G0y () + 2 [ A (@) 2.1)
+ a1 010 @) AN @)+ ([d = d7w = f) |
+ X[Sllfo(,].\.[.),o,l] (w)X[[Sll,JO(,]-\‘].),O,l](f)

- (Xﬁ?o(,].\./.),o,l] (w) + XFEO(,].\-[-?OJ](JC))i l} T

where the term —1 highlighted in brown is the contribution of the axial U(1); symme-
try, which can be identified as U(1)c — U(1)y, where U(1)c and U(1)y are the Cartan
subalgebras of SU(2)¢ and SU(2)y of the N' =4 R-symmetry SU(2)¢ x SU(2) .

Since we shall make extensive use of A/ = 3 supersymmetry in subsequent discussion,
it is instructive to view the result from the perspective of the N' = 3 index, where d is
set to unity. The terms at order = are the contribution of the N’ = 3 SU(N) x SU(N)
flavour currents and these terms appear again as negative terms at order 2 and the term
—1 highlighted in brown is the contribution of the N' = 3 extra SUSY-current. This is as
expected since the theory has N’ = 4 supersymmetry. We also point out the absence of the
term X[S;]J(Z) (w)X[S;]J(Q)(f) at order 22 for N = 2.



The operators with R-charge 1 are the Higgs and Coulomb branch moment maps of
T(U(N)):

(um)i, ()i (2.2)
They are subject to the nilpotent conditions (see [19, below (3.6)]):
iy = pgh = 0. (2.3)

These imply that all eigenvalues of uy and pc are zero and so
tr(phy) = tr(pg) =0, 1<p<N. (2.4)

There are two types of marginal operators, namely the pure Higgs or Coulomb branch
operators and the mixed branch operators. The pure Higgs or Coulomb branch marginal
operators transform in a subrepresentation of

Sym?[1,0,...,0,1] = [2,0,...,0,2] +[1,0,...,0,1] 25)
+10,1,0,...,0,1,0] +[0,...,0] '

of each SU(N). Such operators are

(u)i(um)f, ()i (uo)f (2.6)

Since tr(p?;) = tr(uZ) = 0, the singlet [0, .. .,0] in (2.5) vanishes. Thus, each of these oper-
ators transform under the representation [2,0,...,0,2]+[1,0,...,0,1]+[0,1,0,...,0,1,0]
of each SU(N) for N > 3.* For N = 2, we have stronger conditions, namely u% = pZ =0,
and so each operator in (2.6) transforms under [4] of each SU(2).

Next, we consider the marginal mixed branch operators. In the case of N = 2, we have

(r)i(ne)i =0,  for N =2 2.7)

for the following reason. The F-terms with respect to the chiral multiplets () and @ give
Q¢ = 0and Q;¢ = 0, and so (/LH);go = Q'Q; = 0. Since (V, p, V_) transform in a triplet
of an unbroken SU(2) global symmetry, we have (uz):Ve = 0 and so (IUH);-(,UC)?/ = 0.

This explains the absence of the term X[S;]J&) (w)X[S;]J@)( f) at order z? in the index (2.1) for

N = 2. Note, however, that for N > 3 the operators

() () (2.8)

do not vanish.

2.2 U(N)g gauge group and zero flavour

Let us commonly gauge the Higgs and Coulomb branch symmetries of the T'(U(N)) theory
and obtain the following theory

T(U(N))

“For N = 3, such a representation reduces to [2,2] + [1,1].



In the following discussion in this paragraph, we assume that N > 2 and k # 0. The
case of N = 1 is discussed in appendix B. The superpotential is (see also [35] and [13, (31)])

W=~ () ot (e + ) (2.10)

where pg and po are the Higgs and Coulomb branch moment maps of T(U(N)). For
k # 0, we can integrate out ¢ using the F-terms with respect to ¢:

2

vy =~ (pm + noy (2.11)

Using (2.4), we obtain the effective superpotential

2
Weff = -

7 tr(pcpm) - (2.12)

Since pc and pg carry the axial U(1)y charges 42 and —2 respectively, the effective super-
potential preserves the axial symmetry U(1); in this case. This observation was actually
pointed out in [13]. In fact, from the perspective of N' = 3 supersymmetry, the U(1), sym-
metry plays a role as the extra SUSY-current. Indeed, U(1); commutes with the N' = 3
R-symmetry Spin(3); the former combines with the latter to become Spin(4) R-symmetry
of the enhanced N = 4 supersymmetry. We shall also see this from the perspective of the
index, which is given by (A.11).
Let us consider the case of |k| > 3. The indices for N = 2 are as follows:

N=2|kl=3: 1+0z—22>+2(d*+d?)a+....

2.13
N=2kl>4: 1+0z—2>+(d@®+dHa>+.... (2.13)

The case of |k| = 3 was studied in [13], where it was pointed out that the theory in the IR
is a product to two copies of the N' =4 SCFTs described by 3d N/ =2 U(1) gauge theory
with CS level —3/2 and one chiral multiplet with charge +1, whose supersymmetry gets
enhanced to N’ = 4 in the IR. The indices for the cases of |k| > 4 were studied in [17],
where it was pointed out that supersymmetry gets enhanced to NV = 4 in the IR. For
N = 3, the indices for |k| > 3 read

N=3|k>3: 14+0x+0z>—-223+.... (2.14)

The operators up to R-charge 2 are as follows. Since tr ug = tr uc = 0, there is no
operator with R-charge 1. The N = 3 flavour symmetry of this theory therefore is empty.
Let us now discuss about the marginal operators. From (2.4), we have

tr(y) = tr(u) = (bx ) = (bx ) = 0. (2.15)

Furthermore, for N = 2, we also have tr(ugpuc) = 0 due to the relation (2.7); thus the
theory with N = 2 and |k| > 3 has no marginal operator. In this case, we are able to
see clearly the contribution of the extra SUSY current at order x? of the indices (2.13),
since there is no cancellation between the contribution of the conserved currents and that



of the marginal operators. For N = 2 and |k| > 4, from the perspective of the N' = 2
index —22 is the contribution of the U(1); symmetry, whereas from the perspective of the
N = 3 index this is the contribution of the extra SUSY-current. Indeed, we conclude that
N = 3 supersymmetry gets enhanced to N =4 for N = 2 and |k| > 4 [17]. For N = 2 and
|k| = 3, there are two extra SUSY conserved currents and this is due to the fact that the
theory flows to a product of two N'= 4 SCFTs® [13].

For N = 3, on the other hand, there is precisely one marginal operator, namely
tr(pmpc), which cancels the contribution of the U(1),; symmetry in the index; this explains
the term (1 — 1)a? = 022 in (2.14). Again, we identify the U(1)y4 conserved current with
the V' = 3 extra SUSY conserved current. We thus conclude that supersymmetry also gets
enhanced to N' = 4 for all |k| > 3. Although we demonstrated this explicitly for N = 2
and N = 3, we conjecture that this statement holds for all N > 2.

For |k| = 2, we find that the index of the theory diverges and the theory is ‘bad’ in
the sense of [19]. In fact, as we shall discuss in more detail in the next subsection, when
n flavours of fundamental hypermultiplets are coupled to the theory with k = 2, there are
gauge invariant monopole operators with R-charge n/2. In the special case of n = 0, these
monopole operators with R-charge 0 render the theory ‘bad’

For |k| =1 and k = 0, we find that the index is equal to unity, and it is expected that
the theory flows to a topological theory or an empty theory.

2.3 U(N)g gauge group with k # 0 and n > 1 flavours

We can add n flavours of the hypermultiplets in the fundamental representation of U(N)

to theory (2.9) and obtain
F 3 )

@ (2.16)

We propose that the superpotential for this theory is

k ~.
W = ——tr(¢?) + tr ((uc + pu)e) + Qi QS

4 (2.17)
k 2
=~ tr(¢®) 4+ tr ((pe + pu + 1Q)e)
where we define
M; = Q,Q7 (nQ)y = QpQY (2.18)

SFor N = 2 and |k| > 3, there is no relevant, no marginal and no operator with R-charge 3, since
tr(pir ) = tr(pfpc) = tr(papd) = 0, ete. It is thus simple to consider the contribution of the conserved
currents at order 2 of index (2.13) with d = 1. From table (1.2) and the remark below, we see that each of
the A = 3 extra SUSY-current multiplet A2[0] %0) and the N = 3 stress tensor multiplet A; [l]gy2 contributes
423 to (1 — 2?)(index — 1). For N = 2 and |k| = 3, we have (1 — 27)(index — 1) = —227 + 423 4 .. ; the
term +4z2 is indeed in agreement with the claim that there are two A' = 3 extra SUSY-currents and two
N = 3 stress tensors, since the theory is the product of two N =4 SCFTs. For N = 2 and |k| > 4, we
have (1 — 2?)(index — 1) = —2% 4 22> + .. .; the term +2z> is indeed in agreement with the claim that
there are one N/ = 3 extra SUSY-current and one N' = 3 stress tensor. Unfortunately, when there are
relevant and marginal operators in the theory, the analysis of the index at order x”, with p > 3, becomes
very complicated. In the rest of the paper, we focus only on the operators with R-charges up to 2.



for convenience. The following relations that follow respectively from the F-terms with
respect to Qf, Q' and ¢:

. ~ 2
PrRL=0,  ofQ'=0, ¢f= =+ po + Q)5 (2.19)

We discuss the consequences of these F'-term on gauge invariant quantities in appendix D.
Using the last equality, we can integrate out ¢ and obtain the effective superpotential

T
Weg = ot (pe + pn + Q) (2.20)

From this effective superpotential, the F-terms with respect to @f, Q! are

(tru)@ =0,  (trpg)Qf=0. (2.21)
These imply that
(truglug =0,  (trug)®=0. (2.22)
Let us define 1 1
Mj = Mj — —(M)8; = Mj — —(tr 1)) (2.23)

From (D.10) and (2.22), we obtain

- S
(7)) = (o + 0o = e ) (2.21)
(M?); = = tr [(uar + po)uq) -

Apart from the gauge invariant quantities discussed above, there could possibly be
gauge invariant monopole operators for some special values of k. Subsequently, we perform
case by case analyses, with the aid of the index.

2.3.1 The case of |k| > 3, withn > 1

For |k| > 3, with n > 1, the indices can be computed from (A.14) and the results are as

follows.
SU(n SU(n SU(n
n>3: 1+x(1+x[U( ) ](f)) +a |:X[2U()( )02](f)+X[01,J1(,0?...,0,1,0](f)+
SU(n n
+3 [1U0(7)701](f)+s (1+ [10(>01](f))}+...,
n=2: 1+x(1+x2] f) xz{ )—1-2[52?(2)(]”)4—3 (2.25)
= (L f)}
n=1: 1+1lz+ (s=1)a?+..
where
2 N =2 , )1 N =2
.o J= (2.26)
3 N =3 2 N=3



Let us now analyse the operators with R-charge up to 2 for n > 2. The operators with
R-charge 1 are

MF = trug, ]\/ij (2.27)

and so the flavour symmetry of the theory is U(1) x SU(n).
The marginal operators are as follows. For n > 3, the marginal operators contributing
3X[SlU0(T.L.). 0 1}(f) to the index (2.25) are
Mj(trug) = Mj(My),  (An)j,  (Ac)j, (2.28)

where we define (Ap)} and (Ag)) as in (D.13):

. . 1 .
(An); = (um)§ Q5 — (),

| B ; | (2.29)
(Ac)j = (ne)§QaQj — — tr(nopq)d;

However, for n = 2, we have an extra relation, namely (D.15):
(Ar)i + (Ac)t = —Mi(trpg) = —MUMF), forn=2. (2.30)
and so there are only two independent quantities of this type. The marginal operators that

tribute to the t SU(n) (f)
contribute to the term x|y 7o' o5 are

EiliQ...inejljz-ujnMijll szj . (2'31)

Those that contribute to the term X[SQUO(T.L.). 0.2] (f) are

Rif (2.32)

which is a linear combination J\/ZJ’]\Z’“ and other quantities such that any contraction be-
tween an upper index and a lower index yields zero; for example, for n = 2, where M?2
satisfies (D.9), the marginal operators in the representation [4]; are

i TRk Lo L 5ovpsi
R == MjM} + 6(M2)55j5{f — g(M2)g<5,5§ ,  forn=2. (2.33)
The marginal operators in the singlet of SU(n) are

tr(uoua) = (n)§QuQy,  tr(ngue) = (po)§QLQY,  tr(pmpc). (2.34)

Thus, there are 3 independent quantities of this type for N > 3, but for N = 2 we have
tr(uppc) = 0 due to (2.7) and so we have only 2 independent quantities of this type.
Explicitly, the order x? of the indices in (2.25) for n > 2 can be written as

N=2: +2?[ o +2- (1o ()] + - s
.35
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We do not see the presence of an extra SUSY-current. We thus conclude that, for n > 2,
the theory has N/ = 3 supersymmetry. Although we have shown this explicitly for the cases
of N =2 and N = 3, we conjecture that this statement holds for any N > 2. We point
out that, in the above analysis, there is also a symmetry that exchange the quantities with
subscripts H and C'. We shall shortly see that this symmetry is not present, for example,
in the case of k =2 and n = 2.

The above analysis also applies for n = 1 with the following extra conditions:

M=Ay=Ac=0. (2.36)

Moreover, due to (2.22), M is a nilpotent operator satisfying

M?=0. (2.37)

It then follows from (2.24) that
tr(pmpg) = —tr(pcpg) (2.38)

The operator with R-charge 1 is
M =trpg. (2.39)

The N = 3 flavour symmetry of the theory is therefore U(1). For N = 2, there is one
marginal operator, given by (2.38), contributing +122 to the index. For N = 3, in addi-
tion to (2.38), there is another marginal operator tr(upmuc); these two marginal operators
contribute +2z2 to the index. We do not see the presence of an extra SUSY-current for
both N =2 and N = 3. Thus, we conclude that the theory has N' = 3 supersymmetry.

2.3.2 The case of k =2 and n > 2

For k = 2, there are gauge invariant monopole operators with fluxes (£+1,0,...,0), denoted
by X+ := X(41,,..0), carrying R-charge n/2 and topological fugacity w*!. These operators
contribute with the terms (w + w )27 to the index. The presence of these operators is
analogous to the T(U(1)) case presented in appendix B, where the mixed CS term of
T(U(1)) after self-gluing cancels with the bare CS level k = 2.

For n > 5, the index up to order 2 is the same as the case of |k| > 3 and n > 3in (2.25),
and so we expect that the operators up to R-charge 2 are as described in (2.27)—(2.34). For
n = 4, there are additional terms (w + w™1)2? to the first two lines of (2.25), and so the
monopole operators X1 contribute as the additional marginal operators to those described
above. For n = 3, there are additional terms (w + w‘l)x% to the first two lines of (2.25),
and so X4 contribute as the addition operators with R-charge 3/2 to those describe above.

The case of Kk = 2 and n = 2. Let us now analyse in detail the case of k = 2 and
n = 2. From (A.14), the indices for N =2 and N = 3 read

L (X @ @) + x5 D) + 22 [ (204 P @) + x5y P ()
+ X D@y DD+ xi D) + ) = (G @) 1y P 0)] (2.40)

+...,
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where w = w? and we highlight the contribution of the N' = 3 flavour symmetry in blue

1 N =2
s = ’ (2.41)
2 N=3.

and

Note that the index for N = 2 was computed in (4.25) of [17]. Let us discuss about the
operators with R-charge up to 2. The operators with R-charge 1 are

[2]w : X+ ) Ml? =tr HQ s X

- 9.42
2]y M (242)

and so the V' = 3 flavour symmetry is SU(2) x SU(2).
Let us now discuss the marginal operators, corresponding to order z? in the index.

The character 2 X[S4L}I(2) (

w) contains the terms 2w™. These imply that there are two pairs
of marginal operators such that each pair carries topological charges £2. One of such pairs
is X2 and we propose that the other pair consists of the monopole operators with fluxes
+(1,1,0,...,0), denoted by X4 := X(110,..0) and X__ := X(_; _1,.0), each carrying
R-charge 2. This proposal is analogous to (C.10) of the 3d N' = 4 U(2) gauge theory with
one ad301nt and one fundamental hypermultiplet. Moreover, the character 2X[4I]J(2)( ) at
order 2?2 in the index contains the terms 2w®2. These imply the existence of two pairs of
marginal operators such that each pair carries topological charges +1. One pair can be
immediately identified with Xi(M,’:) and we propose that the other pair corresponds to

the ‘dressed monopole operators’ X, (g 1), defined in a similar way to (C.23) (see [36]):
X(il,O);(r,s) = (:tla O)mqmg + (07 il)mgmi ’ (243)

where pg is diagonalised as diag(mi,m2).® This proposal is analogous to (C.22) of the
3d N = 4 U(2) gauge theory with 4 ﬂavours. In summary, the marginal operators that
correspond to the terms 2X[S4I]J(2)( )+ X[Q} (2)( )X[S;]J(z)(f) are

4], : X2, X (MFY,  XiXo, X_(Mf), @ Xx?
[4]w : X++ 5 X+ (0,1) 5 (MQ):LL X—;(O,l) 5 X__ (244)
2lol2ly s XM MiME) X_M;

The marginal operators that correspond to X[ 0 (2)( f) are given in (2.33). Noting the

relation (D.15), we see that the marginal operators corresponding to the term X[S;]J(Q)( )
can be taken to be either (AH) or (.AC) Picking any of these choices necessarily breaks
the symmetry that exchanges H and C.

Now let us consider the marginal operators that transform as singlets under SU(n).
Taking into account of (2.24), we can take two of out of three of (M )¢ tr(uope) and
tr(poue) to be independent operators, but since (M 2) has already been listed above, we

5We dress the bare monopole operators with the components of pg instead of those of ¢, because for
k # 0 we have integrated out ¢ but ug remains massless.
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are left with either tr(ugum) or tr(uguc). Hence, for N > 3, we see that the marginal
operators in the singlet of SU(n) are similar to (2.34), namely

either tr(uqum) or tr(uouc), tr(pmpc) , (2.45)

and so there are two operators of this type in this case. For N = 2, tr(ugpuc) = 0 due
to (2.7) and so we have one operators of this type, namely tr(ugum) or tr(uguc). We can
rewrite the indices for N =2 and N = 3 as

2 +1= (xy D) + X )] + -
22— (xy D@ + X @)+

N=2:
(2.46)

oo+
N=3: ...+

Again we do not see the presence of the extra SUSY-current. We thus conclude that the

theory has N' = 3 supersymmetry. Although we have shown this explicitly for the cases of
N =2 and N = 3, we conjecture that this statement holds for any N > 2.

2.3.3 Thecaseofk=2and n=1

Here we focus only on the case of N = 2 and postpone the discussion of N = 3 to future
work. This is due to the complication of the computation of the index in the latter case.
For k =2 and n = 1, the index for N = 2 can be computed from (A.14) and the result is
(see also [17, (4.20)]):

1 9 2
1422 w+ +x 2w+ — +2
w
3 3 2 2 3 2
+:B2<2w +w3+2w—|—w) (3w—|— + 202 —1—w2—|—1>+...
=1+ 220 P (@) + 22 P (@) + 22 [ 20 P (@) +xpy P @) - xpy
t+x [3X[4} (2)( )+ X:[S;]J(Q) (w) — 2X[S2[]J(2) (w)—l} + ...
= Tneo(2iw) x [1+ () (@) + 22 (xGy @ (@) = xiy P (@) 1) + ...

where the monopole operators X1 with fluxes (+1,0,...,0) have R-charge 1/2 and decou-
ple as a free hypermultiplet, which contribute to the index as

(2° ;a2

8

)
Iree x;w
mee(d3 ) = (a:%u L 22) oo (a:

)
2.48
=1+ Xﬁ[}]( (w)z? + X[z @ (w)z + [XF;]J(Q)(w) (2.48)
(

Note also that M = 0 in this case.
We now analyse the operators up to R-charge 2. The operators with R-charge 1/2 are

X., X_, (2.49)
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where X1 denote monopole with fluxes +(1,0,...,0). The operators with R-charge 1 are

[Q]M . X++ y M = tI'ILLQ ; X__ 5

- , (2.50)
2, : X2, X, X_, X2,

where X and X__ denote monopole with fluxes (1, 1,0,...,0). Upon decoupling the
free hypermultiplet containing X4, we are left with only the first line, and indeed we see
that the N' = 3 flavour symmetry of the interacting SCFT is SU(2).

For N = 2, the operators with R-charge 3/2 are

Bl X3, XX, X3x*, X3
[3]w : X++X+ 5 X++X_ 5 X__X+ y X _X_ (251)
M, : X, M, X M

where, in the index (2.47), the contribution of the operators in the representation [1],
gets cancelled by the same terms with an opposite sign due to the contribution of the free
hypermultiplets; see the first term in the last line of (2.48). It is worth pointing out the
similarity between (2.51) and (C.11). Note that, upon decoupling the free hypermultiplet,
we no longer have an operator at order 3.

For N = 2, the marginal operators are similar to those presented in (C.12). It should
be noted again that, due to (2.22) and (2.24), we have

M?*=0,  tr(pmpg) = —tr(pong) - (2.52)

Here is the list of the marginal operators:

4 X3, X M, Xy X =tr(papg) = — tr(ucpq) ,
X _M, X2
[4],: X%, X3X_, X3X?,
X, X3, X4 (2.53)

Ao X0 X3, X (X4 X)), X0 X2 =X3X
X (X, X)), X _Xx?
2,: X2M, X, X_M, X2M

where the relation
Xy X =tr(uapg) = — tr(pepg) (2.54)

is analogous to (C.13), where the quantities on the left and right hand sides both have
magnetic flux (0,0). Note that, upon decoupling the free hypermultiplet, we are left with
only the operators in the first two lines of (2.53). Due to the quantities as listed in (2.53),
we write the index as in (2.47), with the contribution of the extra SUSY conserved current
indicated in brown. This leads us to conclude that supersymmetry gets enhanced from
N =3 to N =4. This conclusion has in fact been already discussed in [17].
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2.3.4 Comments on the case of k = —2

From (A.14) with ny = 0, we see that the index up to order 2% for k = —2 and n > 3 is
equal to that described in (2.25), and the index for k = —2 and n = 2 reads

Lz (T4 2 00) + 22 (g P () + 2 D () + 5 +2)

— (1 xy P )] + -

o N
S =
2 N

Let us interpret this result. The monopole operators (Xi, X ) and (X4, X__),

(2.55)

where

2,
(2.56)
3.

discussed in the case of k = 2, are no longer gauge invariant. However, the above index
suggests that quantities like X1 X_ and X, X__ are gauge invariant. This can be seen
from the observation that the index of the case of kK = —2 can be obtained from that
of k = 2 by removing the terms involving w? with p # 0; one can compare (2.55) for
k= —2,n=2 with (2.40) for k =2, n = 2.

We focus on the case of k = —2 and n = 2. The operators with R-charge 1 are (2.27).
The N = 3 flavour symmetry is SU(2) x U(1). The marginal operators are as follows.
Those in [4]; are (3.57). Those in 2[2]; are either (AH); or (Ac)é, and ]\/I;(M,f) Those
contribute s” are either tr(uque) or tr(ugue), and tr(pumpuc), which is present for N = 3
and absent for N = 2. Finally, those contribute +2 are X, X_ and (M )i, We do not see
the presence of the extra SUSY-current.

Let us now turn to the case of k = —2 and n = 1. From (A.14), the index is

N=2: 142z+2%(4-21)+...

) (2.57)
N=3: 142z+2>(5-2-1)+...

This, again, can be obtain from (2.47) with w? (p # 0) removed. We propose that the
operators with R-charge 1 are M = trug and Xy X . The N = 3 flavour symmetry
is therefore U(1)2. The four marginal operators of the case of N = 2 are as follows:
Xip X o = tr(pmpg) = —tr(ucpg), X3 X%, X441 X?2 = X2X__ and Xy X_M. For
N = 3, there is an additional marginal operator tr(uguc). There is one extra SUSY-
current, indicated in brown. Hence supersymmetry gets enhanced to N = 4.

2.3.5 Thecaseofk=1andn=1

Here we focus only on the case of N = 2 and postpone the discussion of N = 3 to future
work, due to the technicality of the index in the latter case. From (A.14), the index is

N=2: 1+lz+(1-1 wy ' —w '@a®—(wgt+wlg®+... (2.58)

This case was in fact studied in [17, section 4.3]. In the following we discuss the operators
with R-charge up to 2. In this case, the operator with R-charge 1 corresponds to

M =trpg. (2.59)
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The N = 3 flavour symmetry is therefore U(1). We indicate the contribution of the flavour
current to the index (2.58) in blue. Due to (2.22), M is a nilpotent operator satisfying
M? = 0. From the relation (2.24), namely M? = — tr(ugpug) — tr(pciug), we have

tr(papg) = —tr(uong) - (2.60)

This is precisely the marginal operator that contributes to the positive term +1 at order
22 in (2.58).

As can be seen from the brown terms in (2.58), there are two extra SUSY conserved cur-
rents. This leads to the conclusion that supersymmetry gets enhanced from N = 3to N =5
in the IR [17]. Note that (2.58) also satisfies all of the necessary conditions for the enhanced

N = 5 supersymmetry discussed in [37], including that the coefficient of x must be 1.

In fact, if we view (2.58) as an N/ = 2 index, we see that the negative terms at order z>

indicate that the theory has an SU(2) = Spin(3) global symmetry, whose character of the
adjoint representation is 14+wq ™' +w~'q. This Spin(3) symmetry is indeed the commutant
of the N = 2 R-symmetry U(1) & Spin(2) in the N’ =5 R-symmetry Spin(5).

2.4 TU(N)o gauge group and n flavour

This is also known as the S-flip theory [14]. For n > 3, from (A.14), the indices for N = 2
and N = 3 read

n>3: 1+ :c(l U f)) 4 g2 [X[SQUO(,”),O D)+ )
+3xq, 0(17-1-)-01]('70)—’_3_ (1+X[1 o(n)o1](f))] (2.61)
+ (wx[o (n)] +w‘1X[SQU0(") ]) 2t

where we highlight the contribution of the AV = 3 flavour currents in blue and s is defined as

2 N=2
5 (2.62)
3 N=3.

On the other hand, for n = 2, the indices are
(N=2,n=2): 1 +x<1 +X[S;]J(2) (f)) 42 {X[S;]J@)(f) + (2+w+w—1)x[82[f(2)(f)
+2— (1+x[2} m(f)ﬂ +...
(N=3n=2: 1+z(1+x5 7 () +22 [ P +@+w+e gy 2 ()
)~

L (1+X2] (f))h—....

(2.63)

+3+(w+w™

Note that indices (2.61) have the same expressions up to order z? as the cases of n > 3
of (2.25), except that there are additional terms wxﬁ) (n 32} + w_lx[S2U0(") o at order A
The latter indicate the presence of the gauge invariant dressed monopole operators with

R-charge 1 + 5. Note that they become marginal for n = 2.
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For n > 2, the operators up to R-charge 2 are therefore as described in (2.27)—(2.34),"
together with the aforementioned monopole operators in the case of n = 2. We do not
see the presence of the extra SUSY-current. We thus conclude that the theory has NV = 3
supersymmetry.

The special case of n = 1. Let us write down explicitly the indices for N = 2 and
N = 3, which can be computed from (A.14):

1+ 1z + (wg 2+ w_qu)x% + (s’ =)z + ... (2.64)
where
1 N =2
s = (2.65)
2 N =3

Note that this is similar to the case of n =1 in (2.25), but with additional terms (wq=2 +
w™lq¢?) at order z2. Thus, the N = 3 flavour symmetry in each case is U(1). The
operators up to R-charge 2 are therefore as described in (2.39) and below, together with
the aforementioned dressed monopole operators. We do not see the presence of the extra
SUSY-current. We thus conclude that the theory has A/ = 3 supersymmetry, in agreement

with the findings in [14, section 3.1].

3 S-fold theories with the T}/ (SU(4)) building block:
preliminary results

The purpose of this section is to generalise the previous results on the S-fold theories with
the T(U(N)) building block to those with the T (SU(N)) building block. The TJ (SU(N))
theories were introduced in [19]. They form a large class of 3d /' = 4 SCFTs that ad-
mits Lagrangian descriptions in terms of linear quivers. They can also be realised using
Type IIB brane configurations, involving D3, D5 and NS5 branes [22]. When o = p the
theory is self-mirror. We therefore can construct S-fold theories by commonly gauging
the Higgs and Coulomb branch symmetries of Tj(SU(N)) in the same way as we did for
T(U(N)). Due to the technicality of the index computation, we shall restrict ourselves to

he T21(SU(4)) th
the [2712]( (4)) theory.

We briefly review important details of the T [g’fj]](SU(4)) theory in section 3.1 and
appendix A.3. We then construct S-fold theories in the subsequent subsections. As we
shall see in sections 3.2.2 and 3.2.3, for some values of CS levels, the theory contains gauge
invariant monopole operators in the spectrum. Although we try to study the chiral ring
of such operators using the index and other known theories as a guide, we do not have a
full understanding of such a chiral ring. The results for the S-fold theories of this section
should therefore be taken as preliminary and we shall not study all possible cases as for

the T(U(NNV)) case. We hope to revisit this problem in the future.

"Curiously, for (N = 3,n = 2), the index seems to indicate the presence of extra marginal gauge invariant
monopole operators with topological fugacities w®*. These should be identified with the monopole operators
X(41,0,0) with fluxes (£1,0,0). For n > 3, these operators (if exist) should carry R-charge greater than 2
and is beyond the scope of our analysis. It would be nice to understand these operators better in the future.
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[2,12]

2.12] (SU(4)) theory

3.1 The T[

This theory admits the following quiver description [19]:

(3.1)

W =LoiL+ X1 X — XpoX + RooR

where the left diagram is in the 3d AV = 4 notation whereas the right diagram is in the 3d
N = 2 notation.

The Higgs and Coulomb branch moment maps. The Higgs branch moment map
can be written in terms of the chiral fields in (3.1) as

(bm): = R'R;, (3.2)
where 7,j = 1,2 are the indices of U(2);. The F-terms with respect to ¢1,2 imply
tr(py) = R'R; = XX = —LL. (3.3)
As a result, uy satisfies the following conditions

rank(pg) <1, (uh)y = (pe)jte(ua),  tr(pd) = (trpw)?. (3.4)

The Coulomb branch moment map can be written as

v1 Vi)
rec = ' ) 3.5
<V(—1;0) 2 ) 35

where V(;,.,,) denotes the monopole operator carrying flux m under the left U(1) gauge

group in (3.1) and flux n under the right U(1) gauge group in (3.1). Since T[[;’ll;]](SU(él))

is self-mirror, the Coulomb branch moment map also satisfies the same conditions as (3.4)
with H replaced by C:
rank(po) <1, (@) = (no)ptr(pe),  tr(ug) = (trpe)?, (3.6)
where i, 7' = 1,2 are the U(2),, indices. It then follows that
Vo) Vic1,0) = p1p2.- (3.7)
Moreover, from the superpotential (3.1), the F-terms with respect to f/, L, Rand R give

Ly =0, Ly =0, Rips =0, Ripy = 0. (3.8)
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It then follows that
oy - ~ 3.3
0= R'Rjpz2 = (nu)jp2,  0=—(LL)¢1 D (b o (3.9)

We can rewrite the Coulomb branch symmetry algebra as SU(2) x U(1), where the SU(2)
factor corresponds to the (enhanced) topological symmetry of the left gauge group in (3.1)
and the U(1) factor corresponds to that of the right one. Indeed, the superpartners of the
SU(2) current are the triplet (V(1,0), ¢1, V(—1,0)), each of which can be constructed from the
fields in the vector multiplet of the left gauge group in (3.1) in the UV. On the other hand,
the field 3 is the superpartner of the aforementioned U(1) symmetry current. Since V{1,q),
V(~1,0) and ¢ transform in the adjoint representation of an unbroken SU(2) symmetry, it
follows that the second equality of (3.9) has to hold also for V{41,p), namely:

(br ) Viz,0) =0, (tr pr)Vi—1,0) = 0. (3.10)

We will see that these quantum relations are also consistent with the index.
Contracting the indices ¢ and j in the first equation of (3.9), we have (tr g )p2 = 0.
Combining this result with (3.10), we obtain

s/

(trpm)(puc)y = 0. (3.11)

Using mirror symmetry and the fact that the theory is self-mirror, we also have

CITI (3.12)

Contracting the indices i and j we obtain®

(tr g ) (br pe) = 0. (3.13)

The relevant and marginal operators. The index of the T [[22’1122]] (SU(4)) theory can be

written as (see appendix A.3 for more details)
Lo [d (14 P @) +d72 (1+ x5 P )]
+ 3 [0+ b7 D)+ d g+ a7 P )]
+22[d* (14 D) gy P @) + a7 (1 P+ P m)  (3.14)
@y ) = (xpy P () + 1) = (P (w) 1) 1]
¥

Let us analyse the operators that contribute to the index up to order z2. It is convenient
to split the Higgs and Coulomb branch moment maps into the trace and the traceless part,
where the latter is denoted by

~ 7 % 1 %
(ir,c)j = (pc)j — 5(tr pa.c)oj - (3.15)

8This result can also be obtained by contracting the indices ¢ and j in the first equation of (3.9) and
then summing it with the second equation in (3.9), where we have used the fact that tr uc = p1 + 2.
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Since the rank of p17 ¢ is at most one, we have

R 1
(o) = 5 (trpmc)” (3.16)

The coefficient of order z of the index corresponds to the following operators:

S o
P (1 [QI]J@)(U)) : tr(uc), (fc) _—
- 2 ~ i '
a7 (14X P (w) - te(pn) . (fin)}
The coefficient of order 23 of the index corresponds to the following operators:
dox ) (u) - U = (V. Viowy)”
g _
d*b™ lx[ll]]( (u) : Uy = (Vi21-1), Vio,—1))wr
U , o (3.18)
d—3 qu (h) : H' =R'XL
a2y P (h) ; H; = LXR; .

The terms at order 22 with positive sign correspond to the following marginal operators:
dt, d=*: tr(aZ,

SU SU PO

dxy P @), a G P ey

S 2 ~ i

dx P ), a0 (o)

j

1 ~ 1
§(twc)27 tr(ag;) = §(tr/~LH)2

truc), (im)j(tr p) (3.19)

) =

(

(Ac)y . (Ba)j (i)}
X @xgy ) (@)

The terms with minus sign confirms that the theory indeed has a U(1), x SU(2),
U(1)q x SU(2)p, x U(1)q global symmetry, as expected. Note that the terms —|—d0X[SQI]J(2) (u),

+d0 X[a] v )(h) and +d0X[SOI]J(2) (u)X[SOI]J(Q)(h) do not appear at order x2. The absence of such
terms confirms the relations (3.11), (3.12), (3.13), and thus also (3.10).

3.2 U(2)k gauge group with zero flavour

T2 (SU)
(3.20)

The superpotential for (3.20) can be written as [13, 35]

We consider the following theory

W= () (e + ) (3.21)

where ¢ is a complex scalar in the vector multiplet of the U(2) gauge group, and pc and

pr are the Coulomb branch and Higgs branch moment maps of the T[[Q2 112}](SU(4)) SCFT.
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Let us assume in the following analysis that & # 0. We can integrate out ¢. The
F-terms with respect to ¢ give

2

p = (nc +pm). (3:22)
Substituting this back to (3.21), we obtain the effective superpotential after integrating
out ¢ to be
T
Weg = o tr(uc + p)?
T
E [tr p) 4 tr(pd) + 2tr(ucuH)} (3.23)

=7 [(UMC) + (tr g )? +2tr(ucuH)] ,

where in the last line we have used (3.4) and (3.6). It should be noted that, on the contrary
to the effective superpotential (2.12) of the S-fold theory with the T'(U(V)) building block,
the U(1)4 axial symmetry is broken in this case.” The index of this theory is given by (A.30).

3.2.1 The case of |k| > 3
Evaluating (A.30), we obtain the indices for |k| > 3:

T30y (k] = 3;{w,n =0}) =1+ 22+ 02% + 02° + ..., (3.24)

where, for each k such that |k| > 3, the indices differ at order of x greater than 3. For
example,

k=3: 1+2z—2w+w Ha?+5zt+...

(3.25)
k< -3 k>4: 1+2z+5zt+... .

The coefficient of x indicates that the theory has a U(1) x U(1) global symmetry.
Due to (3.22), we can write ¢ in terms of pug and pc. As a result, there are only two
independent operators with R-charge 1, namely

tr(:uH) ) tI‘(,uc) ’ (326)

corresponding to the term 2z in the index.

Let us now consider the marginal operators. Taking into account of (3.22), (3.4)
and (3.6), we can rewrite any marginal operators in terms of a linear combination of the
following quantities: (trug)?, (tr uc)?, (tr ug)(tr pe) and tr(pgpc). However, this set of
quantities can be reduced further. Due to (3.13), we have (tr ug)(tr po) = 0. Hence, there
are three independent marginal operators, which can be taken as

(trpm)?, (trpo)?,  tr(umpc). (3.27)

Since the coefficient of z? in the index is equal to the number of marginal operators
minus conserved currents and we have 02 in (3.24), it follows that there are three conserved

“Recall that under the U(1)q symmetry, uc carries charge +2 and pm carries charge —2.
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currents that precisely cancel the contribution of the three marginal operators in (3.27).
Two of the conserved currents are identified with the U(1)? flavour currents, as can be seen
from order x of the index, and the other one is the extra SUSY current. We thus conclude
that N = 3 supersymmetry of theory (3.20), with k > 3, is enhanced to A/ = 4 in the IR.

Finally, let us point out that there is a symmetry that exchanges py and pe for |k| > 3.
As we shall discuss shortly, this symmetry is absent for k =2 and k = 1.

3.2.2 The case of k = 2
Evaluating (A.30), we obtain the index for k = 2:

Z(3.20)(k = 2;{w,n = 0})

1 1
:1—|—x<2+w—|—>+x2<w2+2)—|—... (3.28)
w w
- SU(2) 2 SU(2) _ SU(2)
=14z [1+x P @] +22 [(1+ x5 P @) = (14 P @)] + -
where w = w? and we highlighted the contribution of the flavour currents in blue.
From the coefficient of x we see that, in addition to the operators listed in (3.26),
there are two gauge invariant monopole operators with R-charge 1 that carry topological
fugacities wt! = w??, denoted by X. Hence the operators with R-charge 1 are

-2 .

1w 1, w tr(pm), X4, tr(uc), X . (3.29)

The N = 3 flavour symmetry of the SCFT is therefore SU(2) x U(1). Note that this is
larger than that of the case of |k| > 3, due to the presence of the monopole operators
X+ with R-charge 1. Here we have to make a choice whether to take (X, (trpum), X_)
or (X4, (tr pe), X—) to be a moment map of SU(2). Whatever choice we make will break
the symmetry that exchanges py and peo. This is a crucial difference between this case
and the previously discussed case of |k| > 3. For definiteness, let us take the triplet
(X4, (tr uc), X_) to be the moment map of SU(2) and (tr ug) to be that of U(1).1°

Let us consider the marginal operators. These contribute to order z? in the index.
We first examine those in the representation [4] of SU(2), whose character is X[S;f(?) (w) =
w4 w?+ 14+ w2+ w? The terms wt? should correspond to the operators X2, In
contrast to (2.44), there is no gauge invariant monopole operator X or X__ with fluxes
(1,1) or (—1,—1). It is also interesting to contrast to the 3d N/ = 4 U(2) gauge theory
with four flavours of fundamental hypermultiplets (C.22) that there are no operators in
the representation [2] of SU(2) in this case. The candidates for the operators that carry
fugacities w*? are X (tr pg) and X4 (tr uc). However, we argue that the former vanishes
for the following reason. Since from (3.13) we have (tr pug)(tr uc) = 0, we must also have

(trpg)Xe =0, (3.30)

due to the fact that (X, (tr uc), X—) transform in the adjoint representation of an un-
broken SU(2) flavour symmetry. We thus conclude that the marginal operators carrying

100f course, we may as well take (X, (tr ), X—) to be the moment map of SU(2) and (tr uc) to be
that of U(1). The arguments below still hold with H interchanged with C.
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fugacities w*? are X4 (trpe). At this point, it is also worth comment that, in contrast
to (C.22) and to (2.44), there is no dressed monopole operators, like X (11 ).(0,1), in this
case. Finally, let us discuss the marginal operators that carry zero charge under the topo-
logical symmetry, i.e. those with w®. The candidates for these are as follows:

(trum)?, (rpe), tlumpe), XiX_. (3.31)
From order z? in the index, there are the following possibilities:

1. Among (3.31), there are only two independent operators. There is no N' = 3 extra
SUSY-current.

2. Among (3.31), there are three independent operators. There is one N' = 3 extra
SUSY-current.

3. All of the four operators in (3.31) are independent from each other. There are two
N = 3 extra SUSY-currents.

Let us discuss each of these possibilities in more detail.

Possibility 1 is the most unlikely. This is because we do not have two relations that
reduce four quantities in (3.31) to two independent quantities.

Possibility 2 is possible if we postulate a relation like

X, X_ = (truc)?. (3.32)

We will shortly comment on the validity of this assumption. As a result, the marginal
operators transforming under the representation [4] of SU(2) are

X-%—v X+(tI‘Mc), X+X* = (tI‘,uc)27 X*(tI‘MC)’ Xza (333)
whereas those transforming as singlets are

(trpm)®,  tr(uapc) .- (3.34)

In this possibility, the terms at order z2 should be rewritten as
SU(2 SU(2
2 [ (24 x5 P @) = (1425 @) 1] (3.35)

where the term —1, highlighted in purple, indicates the presence of an extra SUSY-current.
If this were true, we would conclude that the theory flows to an SCFT with enhanced
N = 4 supersymmetry. We emphasise again that this conclusion relies heavily on assump-
tion (3.32). It may be argued that this cannot be true because if Xy correspond to the
monopole operators with fluxes (+1,0), then X; X carries flux (1, —1),!! and not (0, 0);
hence it should not be equated to (truc)?. Indeed, the relation of type (3.32) does not

" After applying the Weyl symmetry, the flux (m,n) of the monopole operator X (,, ») should be written
such that m > n > —oo. The flux of X_ should thus be written as (0, —1). Since X has flux (+1,0), it
follows that X4 X_ has flux (1, —1).
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hold for the 3d N' = 4 U(2) gauge theory with 4 flavours; see (C.22). It would hold if we
had an abelian gauge group, like 3d A/ =4 U(1) gauge theory with 2 flavours.

Possibility 3 is the most likely. In this possibility, the marginal operators transforming
under the representation [4] of SU(2) are

X-?—) X-‘r(truC)a X+X—7 X—(tr/'LC)v Xza (336)
whereas those transforming as singlets are

(trpm)®,  (true)?,  tr(pmpe)- (3.37)

The terms at order z2 should then be rewritten as
SU(2 SU(2
2 (34 Xy @) = (14 x5 @) 2] (3.38)

where the term —2, highlighted in purple, indicates the two N = 3 extra SUSY-currents.
Note that supersymmetry cannot get enhanced to N' = 5, since this would violate a nec-
essary condition for N' = 5 supersymmetry which states that the coefficient of x has to be
1 [37]. We are obliged to conclude that the theory flows to a product of two SCFTs, each
with N = 4 supersymmetry. This situation is similar to that studied in [13]. It would be
interesting to verify this conclusion using other methods and, if it were true, it would be
also nice to identify such N' =4 SCFTs. We leave this for future work.

3.2.3 Thecaseof k=1
Evaluating (A.30), we obtain the index for k =1 as
T(3.20)(k = 1;{w,n = 0})

1 1
:1+x<2+w2+2>+x2 (—1+w4+4>+x
w w

Njot

2
(—2w — ) +...
SU(2) SU(2) SU(2) v (3.39)

EPN I N

We propose that the gauge invariant operators with R-charge 1 that carry fugacities
w*? are the monopole operators with fluxes #(1, 1), denoted by X 4 := X,y and X__ =
X(-1,-1)- It is interesting to point out that there is no gauge invariant monopole operator
with fluxes 4(1,0) in this theory, since there are no terms w*! at order x. The operators

with R-charge 1 are

2 -2,

1, w", 1, w tr(pm), Xy, tr(uc), X__, (3.40)

corresponding to the coefficient of x. The N' = 3 flavour symmetry of the SCFT is therefore
SU(2) x U(1). Similarly to the case of k = 2, we have to make a choice whether to
take (X, (trpuc), X——) or (Xi4, (trpm), X——) to be a moment map of SU(2). Picking
any of these choices amounts to breaking the symmetry that exchanges ppg and pc. For
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definiteness, we take the triplet (X4, (tr uc), X——) to be the moment map of SU(2) and
(tr ) to be that of U(1).12

Let us now examine the marginal operators of this theory. It is convenient to start
from those in the representation [4] of SU(2). Those carrying fugacities w** are X2, and
X2 _. Those carrying fugacities w*? are X, (tr uc) and X__(tr uc). It should be noted
that X4 (trpug) and X__(tr ug) vanish due to the following argument (very similar to
that of the case of k = 2). Since (tr uc)(tr prr) = 0 due to (3.13) and (X4, (trpue), X——)
transforms as a triplet under an unbroken SU(2) flavour symmetry, we have

Xiy(trpg)=X__(trug)=0. (3.41)
The marginal operators carrying fugacity w® are

(trun).  (trpe),  tlune),  XapXo_. (3.42)

Analogously to (C.13) of the U(2) gauge theory with one adjoint and one fundamental
hypermultiplet, we propose that X X__ satisfies a quantum relation:

X X _ = (truc)?. (3.43)

Note that both left and right hand sides of this equation have magnetic flux (0,0). In
summary, the marginal operators in the representation [4] of SU(2) are

X3., Xiy(trpe), XpqoX oo =(trpe)®, X _(trpo), XZ2_, (3.44)
and those transforming as singlets under SU(2) are
(trpm)?,  tre(umpc)- (3.45)

These operators contribute to the terms (2 + X[S;f@) (w)) at order 22 in the index. As a

result, the 22 term in (3.39) should be rewritten as
SU(2 SU
2 [ (24 x5y D) = (1+xy P w) —2] - (3.46)

The extra —2, highlighted in purple, indicates the presence of two extra SUSY-currents.
The same remark for the case of k& = 2 applies here. Supersymmetry cannot get enhanced
to N/ = 5, since it would violate a necessary condition for N/ = 5 supersymmetry which
states that the coefficient of = has to be 1 [37]. We are again obliged to conclude that the
theory flows to a product of two SCFTs, each with N' = 4 supersymmetry, similarly to the
situation encountered in [13]. It would be interesting to verify this conclusion using other
methods and, if it were true, it would be also nice to identify such N' =4 SCFTs. We leave
this for future work.

12Similarly to footnote 10, we may as well take (X, (tr um), X——) to be the moment map of SU(2) and
(tr uc) to be that of U(1). The arguments below still hold with H interchanged with C'.
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3.3 U(2)k gauge group with n flavour

Let us now couple to theory (3.20) n flavours of hypermultiplets in the fundamental rep-
resentation of U(2) and obtain

2
I T suW)

(3.47)

We propose that the superpotential for this theory is the same as (2.17), namely

k i b Qo
W= tr(p?) + tr ((ue + pu)e) + Qhel Q!
- (3.48)

k
=0 tr(p?) + tr ((ue + pmr + 1Q)e)

The F-terms are the same as (2.19) and the consequences of them are as analysed in
appendix D. The index of this theory is discussed in appendix A.4.

3.3.1 The case of n > 2

We focus on the cases of (n > 3, |[k| > 1) and (n = 2, |k| > 3). Evaluating (A.31) with
the background fluxes for the flavour symmetry being set to zero, ny = 0, we obtain the
indices, up to order z2, as follows:

SU(n SU(n _ SU(n
(>3, [kl > 1) 1+ [34 x50 0y ()] +22[20x7 0" o (F) + 207 X, 0.y (F)

SU(n SU(n SU(n
+ X[Q,O(,..).,O,2](f) + 5X[1,0(,..).,0,1](f) + X[O,l(,O?...,O,l,O](f) +7 (3.49)

SU(3
- (3 * X[1,o(,..).,0,1](f)” +..
=2 W29 1 ] P+ 20
Xy )+ 0y ) T (3.50)

- (38+x7 )]+

where we highlight the contribution of the U(1)3 x SU(n) flavour symmetry current in blue.
Let us now analyse the operators with R-charges 1 and 2.
The operators with R-charge 1 are

tr g tr pe MF =trpug, M\]’ (3.51)

where we remark that ]\/Z]’ transforms in the adjoint representation [1,0,...,0,1] of SU(n),
and that we can always rewrite ¢ in terms of pg, pc and pg due to (2.19).

Let us now discuss about the marginal operators. These contribute to positive terms
at order 22 of the index. The terms 2qXSU(n) (f) and 2¢~* Su(n) (f) correspond to the

[1,0,...,0] X[0,...,0,1]
gauge invariant combinations constructed by “dressing” @ or @ to the operators in (3.18):
SU Y] Y]
2xp0 () QiHa, Qi

- _ _ (3.52)
20 Yo o) QLR Quut.
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The term 5xf’1U0(7? 0 1}( f) corresponds to

Mi(trpg), — Mitrpe),  Mi(trug) = Mi(Mf),

. . (3.53)
(Ar)j, (Ac)s,

where we have defined M2 in (D.11) and Apc in (D.13). It should be noted that,
from (D.12), the quantity (M= 2) can be written in terms of a linear combination of (A )",

(.AC)§~ and M]’(Mk,) = M;(tr pg). For the special case of n = 2, we have an extra rela-
tion (D.15):

(An)t + (Ac)s = —Mi(trpg) = —MI(Mf)  (for n = 2) (3.54)

and so we have only four independent quantities, which correspond to the term 4X[S2[]J(2)( )

SU(n)

in the index. The term X[0.1,0....0,1 0](f) corresponds to

etizing o MM (3.55)
SU(n) .
The term X120...0 2]( f) corresponds to the quantity
R (3.56)

which is a linear combination ]\//.7]’]\//.7[7C and other quantities such that any contraction be-
tween an upper index and a lower index yields zero; for example, for n = 2, where M2
satisfies (D.9), the marginal operators in [4] are

Rik

o 1 ~ )
k= MIMF + 6(M2)p525l - g(MQ)gazcs;?, forn=2. (3.57)

Finally the candidates for the marginal operators that do not carry g and f fugacities are

tr(ugy) = (trpm)?, tr(ug) = (trpe)?,

tr(uquu) = (1m)iQLQY (tr pQ)(trpup ),

tr(pque) = (1o)fQLQY (tr @) (tr uc) (3.58)
(M?)i = MM (tr ug)? = (MF)?

tr(panc) (tr ) (tr ) 27 0.

where we recall from (D.6) that tr(,uzQ) is not independent from the above quantities, since
it can be written as

S |
tr(u) = MiMJ = BN + —(tr q)? = — trljuguunr) — tr(piquc) . (3:59)

However, the quantities in (3.58) are not all independent from each other. Let us try to
reduce them into a smaller set as follows. From (3.13), we see that (tr puz)(tr uc) vanishes.
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From (D.10), we see that (trug)? is a linear combination of tr(ugum) and tr(uguc) and
(M 2) In summary, we have eight of such marginal operators:

tr(ugy) = (trpm)?, tr(ug) = (trpuc)?,
tr 2, t t
(houu) = (1 ) a (tr @) (tr ) , (3.60)
tr(uquc) = (ne)§QuQ? (tr @) (tr o) ,
(M?); = MM, tr(umpc)
As a result, the 22 term in (3.49) and (3.50) should be rewritten as
SU(3 ;
2[4 8 = (34X oy (H) 1] - (3.61)

where the term —1, highlighted in brown, indicates the presence of an extra SUSY-current.
We conclude that supersymmetry gets enhanced to N = 4.

We also observe that, for k = 2, the coefficient of 2211 in the index contains the terms
w + w~!. Similarly, for k& = 1, the coefficient of 2"*! in the index contains the terms
w? 4+ w™2. These indicate that

o for k = 2, there are gauge invariant monopole operators X1 with topological charges
+1 with R-charge 5 + 1; and

e for k = 1, there are gauge invariant monopole operators X, and X__ with topo-
logical charges +2 with R-charge n + 1.

In fact, we have encountered such monopole operators for the case of zero flavour (n = 0)
in sections 3.2.2 and 3.2.3. The above statements generalise the previous results to any n.
In particular, for (n = 2, k = 2), the gauge invariant monopole operator Xy are marginal
operators. This can be seen from the index that can be computed from (A.31) with ny = 0:

IR SR e SReak
+ x5y D)+ iy D) Hw w47 (3.62)

SU(2
- B+ P@E)] +-
where there are extra terms w + w~! at order 22 in comparison to (3.50).

3.3.2 Thecaseofn=1

In this subsection, we discuss the special case of n = 1. The operators are as discussed
in the previous subsection, but with the flavour indices 4,5,k = 1, and so they can be
dropped. As a result, we have

—

M=0, Ag=0, Ac=0. (3.63)
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The cases of |k| > 3. For |k| > 3, the index can be computed from (A.31) with n =1
and ny = 0:

1432+ (3+2g+207")2? — 2%+ ...

(3.64)

— 1432+ (6+2q—|—2q_1—3>$2—x3—|—... ,

where we highlight the contribution of the flavour currents in blue, and rewrite the fugacity
f1asq.

From (3.51) and (3.63), we see that the three independent operators with R-charge 1 are

tr g, tr puce M=trug. (3.65)

The flavour symmetry of this theory is therefore U(1)3.

1

Let us now discuss the marginal operators. The terms 2¢ + 2¢~" in (3.64) correspond

to the operators in (3.52), namely
2q : Q“H, , QU,
2¢7 1 Qu.H®, Qo .
Note that all of the operators in (3.53) vanish identically for n = 1, due to (3.63) and the
fact that the flavour indices can be dropped. The marginal operators that do not carry

(3.66)

fugacity ¢ are as listed in (3.60); since M= 0, there are 7 independent quantities:

tr(pg) = (rpm)?,  tr(pg) = (trpc)?,

tr(pqur) , (tr @) (tr puar) (3.67)
tr(puquc) (tr po)(trpuc) ,

tr(pmpc)

These operators, together with (3.66), contribute 742¢-+2¢~! to order z? in the index. The
22 term of the index should then be rewritten as (7 +2¢q +2¢~')—3 1, where the term —1
indicates the presence of the extra SUSY-current. Hence we conclude that supersymmetry
gets enhanced to N = 4.

The cases of k = 2. The index in this case can be computed from (A.31) with k = 2,
n=1and ng = 0:
1432+ (wtw )e? + (T+20+ 207" =3 1) 2?

(3.68)

Fwtw Ded + (—l+w?+w b

where we rewrite the fugacity fi as q.

As can be seen from order x, the A = 3 flavour symmetry of the theory is U(1)3. The
operators with R-charge 1 are (3.65). In this case, there are also gauge invariant monopole
operators X, carrying topological fugacities w*!, with R-charge 3/2. (This is consistent
with the observation that the theory with k& = 2 and n flavours, there are gauge invariant
monopole operators with R-charge %n + 1; see section 3.3). The marginal operators are
listed in (3.66) and (3.67). Again, the term —1 at order z? of the index indicates the
presence of the extra SUSY-current, and we conclude that supersymmetry gets enhanced

to N = 4.
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The cases of k = 1. The index can be computed from (A.31) with ¥k =1, n = 1 and
ng = 0:

1+ 3z + 22 (7+ 2 + 2¢7 1 + w? —|—w_2—3fl)

—a° {2(q+q’1) (w+w’1)+4(w+w71)+2}+”“ (3.69)

with the fugacity fi; being rewritten as q.

The N = 3 flavour symmetry of this theory is U(1)3, and the operators with R-charge 1
are (3.65). The marginal operators are (3.66) and (3.67), together with the gauge invariant
monopole operators X, and X__, carrying topological fugacities w*2. (This is consistent
with the observation that in the theory with k£ = 1 and n flavours there are gauge invariant
monopole operators with topological charges +2 and R-charge n + 1; see section 3.3). The
term —1 at order 22 of the index indicates the presence of the extra SUSY-current, and we
conclude that supersymmetry gets enhanced to N = 4.
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A Expressions of superconformal indices

In this section, we summarise the expressions of the superconformal indices of the theories
discussed in this paper. We follow the convention adopted in [30, 31].

A.1 The T(SU(N)) and T(U(IN)) theories

Let us start by discussing the T (SU(NNV)) theory. It admits the quiver description

@_G} @ N (A.1)

The index is given by

IT(SU(N))({(ul"'7UN)7(nu17" nuN)} {( (nh17" nhN)} d)
d (J) . N
3 o 3 Hj{ %) ()"
mVez m@mPez  m D mEDeg = 1 27T’LZ
H Z(j)i(j+1)({z(])7m(])}7{Z(']+1)7m(']+1)},d) Z%({Z(J)’m(J)}’d)x (A.2)
j=1

Z(N—l)—(N)({z(N_l)a m(N—l)}’ {(hl SR hN)? (nhn <o 7nh1\1)}7 d)X
N

H vec; U(7) {Z m(j)})v
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where {(u1 ..., unN), (Nyy,- - -, Ny )+ are the fugacities for the (enhanced) SU(NV) topological
fugacities and the corresponding fluxes, {(h1 ..., hnN), (nh,, ..., nny )} are the fugacities for
the SU(NV) flavour symmetries and the corresponding background fluxes. We also use the
shorthand notation:

(20), mU)y = {(z§j), o 7Z§j>) , (mgjx - ,mgﬂ'))} , (A.3)

They are subject to the conditions

N N N N
Hui:Hhi:17 Znui:Znhi:U (A.4)
i=1 i=1 i=1 i=1

The fugacity d is that corresponds to the axial symmetry U(1)c — U(1)g, where U(1)¢
and U(1)g are the Cartan subalgebras of SU(2)¢ and SU(2)y of the R-symmetry of the
N =4 R-symmetry SU(2)¢c x SU(2)g. For convenience, we shall henceforth refer to the
axial symmetry as U(1)4. Here we do not turn on the background magnetic flux for U(1)g4.
The contributions of the chiral fields in the theory are as follows:

Ziiy— o1y {z9, mU 20T mth) q)

~z <{z<j>,m<j>}7{z<j+1>7m<j+1>},d—1;;) (0 0170, m o -m®) (a5

Zp,({z9, mW} d) = 2, ({z(j),m(j)}, {20, m@}, 42 1)
where we define

Z{(a1,. .. ae,), (ma,...,me )}, {(b1, ..., bey), (01, ... ngy) b ds )

b 4 ((_1)mi—njai1bjx2—r+|mi—m|d—1;x2)] (A.6)

— abflxr*ld 7%(|mifnj|)
zl—[lgl_ll [( (] ) ((_1)7’717;771]'aibj_lxr“r|mi7nj|d; xZ)

The contribution from the vector multiplet of the U(r) gauge group is given by

Zvec; U(r)({(zb SRR ZT)? (mlv cee ?mT)})

— H x—%|mi—mj| |:1 _ (_1)mi—mj (Z@'Zj_l)wlmi_qu . (A?)
1<ij<r

It is interesting to point out that the index of T(SU(N)) satisfies the following property

IT(SU(N)) ({h’v nh}7 {u7 nu}v d)

CMpy et ey Ny A8
U ]Ll-“hN N — ( ’ )
= fyu +---+n“‘,( )” X IT(SU(N))({u7nu}7{h>nh}7d 1)

PN (g )

where, upon imposing the conditions (A.4), the prefactor indicated in red is equal to unity.
The index of the T'(U(N)) theory is defined as follows:

IT(U(N))({(UI e ,UN), (nul, e ,nuN)}, {(h,l . ,hN), (nhl, ooy nhN)},d)

Nhy oty

(A.9)
= uy (h1---hn)"N X Ipuvy) ({w, nu}, {h, na}, d)
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where we do not impose the conditions (A.4) in this definition. Since T'(U(N)) is a product
of T(SU(N)) and T(U(1)) [19], where T'(U(1)) contains only the mixed Chern-Simons term,
we regard the blue factor as the index of the T(U(1)) theory.! Tt follows from (A.8) that
the index of T'(U(N)) satisfies

Irwwy (. mn}, {u, nu}, d) = Iro ) ({u, nu b, {h,nat,d 7). (A.10)

Upon setting the background fluxes to zero, n, = np = 0, the indices of T(U(N)) and
T(SU(N)) are equal. In the main text, we are interested in the power series of such indices
up to order z2. The explicit expressions for N =2 and N = 3 are given in (2.1).

A.2 S-fold theories with the T'(U(IN)) building block

We now examine the index of theory (2.9) formed by gauging the diagonal subgroup of the
Higgs and Coulomb branch symmetries of T'(U(N)):

dz; WM kmi+n
I(Q.Q);k,N({wvn}7d) = Z | Hf : sz o x

2miz;
mi,ma....mN€EZ

Zvec;U(N)({(Zh 22y ey ZN)v <m17m27 cee 7mN)})X (All)
IrwowwyH(z1, 2205 2n), (M1, ma, ... ,my)},
{(zl_l, 22_1 ol z;,l), (—=mqi,—ma,...,—mpy)},d),

where w is the topological symmetry. Here n is the background magnetic flux for the
topological symmetry which we turn off (i.e. by setting n = 0) in the main text. Note
the convention that we gauge the Higgs and Coulomb branch symmetries of the T'(U(N))
theory; they come in opposite way z; and z;l (also mj and —m;) for j =1,...,N. In the
notation of [14], this corresponds to the U(N)_ = diag(U(N)xU(N)") choice of gauging the
Higgs and Coulomb branch symmetries of T'(U(V)). Another choice of gauging corresponds
to the index

~ 1 Y dz; L SR
I(Q.Q);k,N({wvn}’d) = Z 7[ H% . ]Zj " X

2miz;
mi,ma....mnN€EZ

Zvec;U(N)({(Zla 22y nn 7ZN)7 (mla ma,... 7mN)})>< (A12)
IT(U(N))({(ZL 22 7ZN)7 (m17m2) s 7mN)}7
{(z1,22...,2n), (M1, ma,...,mn)},d),

where in the notation of [14], this choice corresponds to the U(NV)y = diag(U(N) x U(N))
type of gauging. It follows from (A.9) and from the fact that the index of T'(SU(N)) is
invariant under inversion of the SU(N) fugacities because of the Weyl group of SU(N),
that the indices corresponding to these two types of gauging are related by the flipping of
the sign of k together with the sign of the background topological flux n up to the change
of variables z; — z; 1

I(2.9);k,N({w7 TL}, d) - f(2.9);—k,N<{wa _n}a d) : (A13)

13The importance of this contact term for the T(U(NV)) theory at the level of the S partition function
was already noticed in [38, (3.26)] and in [39, (4.6)].
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For definiteness, we use the convention of (A.11), namely the U(N)_ type of gauging,
throughout the paper.

Let us now examine the S-fold theory with n flavours, namely theory (2.16), whose

index is
N
T16)k,Np(wWinyg) = > i, H ;TZ w'™i mej X
mi,ma....myN€EZ
ZveC;U(N)({(Zl,ZQ,...,ZN),(ml,mQ,...7mN)})X
Triowy{(z1,22...,2n), (m1,ma, ... ,my)}, (A.14)
{(21_1,22_1...,zx,l),(—ml,—mg,...,—mN)},d: 1)x
Zand({(21,22- -+, 2n), (M1, m2, ..., mN) },

{(fhf?a-"7fn)7(nflvnfzﬂ"'7nfn)})'

Note that the axial U(1); symmetry is broken by the fundamental hypermultiplets, as can
be seen from effective superpotential (2.20), and so we set d = 1 in the index of T'(U(N)).
In the above expression, we also turn off the background flux for the topological symmetry.
The contribution of the fundamental hypermultiplets is given by

Ziwa({z.m). (£.mp)) = 2, ({zm) . {Fong)d = 1 1) x

(A.15)
(zl < 1/z, mi < —my, fj < f L nf])
In the main text, we set the background flavour magnetic fluxes to zero, ny = 0.
A.3 The T2 12] (SU(4)) theory
The index of this theory can be computed from the quiver description (3.1) as
2(3.1 ({Ulv nvl} {U2a an}a {aa ’I’La}, {(blv b2)a (nbpnbz)}v d)
= ¥ o f
m1,mo€Z Tz iz (Alﬁ)

L,Z({Zl’ mi}, {a,ng}, d)ZRﬁ({Zz, ma}, {b,np},d)x
ZX,)'(V({ZM m1}7 {227 m2}7 d)Zsol({zh m1}7 d)ZS@({ZQ? m2}7 d) )

where {v1,ny, }, {ve,ny,} are the topological fugacities and the corresponding fluxes for
each U(1) gauge group, {z1,m1}, {22, ma} are gauge fugacities and fluxes for each U(1)
gauge group. The fugacities and the corresponding background fluxes for the U(1) and U(2)
flavour symmetries are denoted by {a,nq} and {(b1,b2), (np,,np,)} = {b, np} respectively.
The fugacity d corresponds to the axial symmetry, as described above. The contributions
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of the chiral fields in the theory are as follows:

2, 7z ma) fasna) ) = 2, ({rom) a,nadd 7153 )
X (21> 27, aerat)
2y (o ma). (0o} ) = 2, ({zayma) (b, b () 0 5)
X (29 > z;l, bio < bi%) (A.17)
Zy x(z1,ma} {ze, ma}, d) = 2, ({Zlaml]n {z2,ma}, d; ;) X (212 ¢+ 219) »
Zoy({z1,m1},d) = 2y ({z1,ma}, {z1,m1},d% 1)

Zoo({z2m2},d) = 2y ({22, ma}, {z2,m2}, ¢ 1)

Setting the background magnetic fluxes to zero, n,, = n,, = n, = np, = np, = 0, and
setting d = 1, we obtain the following series expansion of Z(3 1) in z:

i\'(3 1) ({v1, 0}, {UQ’ 0}, {a, 0}, {(b1,02),(0,0)},d = 1)

1
< + = +1++4>
3
2

ta <+a+b1+b +vv+v+1—|—1>
b1 by a 1 vy VU (A.18)
biv b b bov
2 1V1 1 2 2U1
+a?( bs +b2v1 bor
2y + — 2
+b2+b +b1+b1+v1+ U1+v1+v%+)

Since the 712" }(SU(4)) theory is self-mirror, the Higgs and Coulomb branch symme-

2,12]
tries are equal, each of which is (%) We rewrite i(3.1) in such a way that the

fugacities and the correponding background fluxes of such symmetries appear on equal
footing. For this purpose, we make the following reparametrisation:

v) = wiwy ', vg =wy, b =af, by =afs (A.19)

Ny = Ny — Ny s Mg = Ny, Moy = Nag +Nfy, Mpy = Ng + Nf, -
Let us also define

l({w ;b {Fngpt {a, nat, d)
=1, (3. 1)({w1w2 17 Ny — nwz}’ {w27 nw2}’ {CL, na}’ (AQO)
{(afhan)a (na + Ny Na + nfz)}ﬂ d) .

The function Z3 1) has the following properties:

I(3.1)({“]7 nw}, {fv nf}v {av na}v d)

N (A.21)
= wlaanwlz(?).l)({wa nW}a {fa nf}v {1’ O}a d) .
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and

I(B‘l)({wa nw}7 {f7 nf}7 {a7 na}a d)

S (A.22)
- (%) 2(31)({f’ ’I’lf}, {w7 ’I’lw}, {a7 na}’ dil) :
If we define
Ii5.0)({w, nw}, { £, 15}, {a, na}, d) (A.23)

— flnaanh X I(&l)({w’ nw}v {fv 'n'f}v {CL, na}v d) )

~

then the identity (A.22) implies that, the index I(3 ;) satisfies the following condition

f(&l)({w? n'LU}ﬂ {fa n.f}v {a7 na}v d) = f(3.1)({f7 nf}7 {w7 ’I’Lw}, {CL, na}v dil) : (A‘24)

Note that the prefactor indicated in blue in (A.23) indicates a mixed Chern-Simons term,
similarly to the T(U(N)) theory.'*
For simplicity, in the main text, we focus on the case {a,nq} = {1,0} and define

1(3.1)({107 nw}7 {f7 nf}7 d) = f(3.1)({w7 nw}7 {f7 nf}7 {17 0}7 d) ) (A25)

and so it satisfies the following property:

I(3‘1)({'w7 nw}v {fv'n'f}v d) = I(3.1)({f7nf}7 {w7nw}’d_1) : (A26)

The series expansion of /(3 1y in # when n,, = ny = (0,0) is as follows:

1(3_1)({’117, 0}> {fv 0}7 d)

:1+x[d2<§;+L‘2+2>+d2<:§+z;+2>}+

] 1 1 1 1
+a3/? [d—?’ <f1+f2++> +d (w1+w2++)]
f2 1 w1 w9
fiwa  frwr fows  fowr 4 ([P f2 2fi  2fs
g Ly Stz JOOL g (L e SR 2
fowr  fows  frwr  frwe 2 2 fi

2 2
w w 2w 2w
vdt L2+ 23 4

(A.27)
+ 22

+..

Setting {a,n,} = {1,0} amounts to modding out the U(1) factor in the numerator of the
symmetry % by the U(1) in the denominator; the result is then identified with the
U(2) symmetry for the Higgs or the Coulomb branch.

It is convenient to rewrite the index (A.27) by setting

wy=bu, wy=bu"t, fi=qh, fo=qh! (A.28)

"“The importance of contact terms for the 77 [SU(NV)] theory at the level of the Sp partition function was
noticed in [40], see for example equation (2.56) of that reference for the case of o = [2,1?] and p = [1%].
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so that
Iiz.0)({(bu, bu™"), 0}, {(gh, gh™"), 0}, d)
:1+x{d2(1+x Z)U) (1+X2] (h)}
+ [d (b+b" ) V@) +d3(g+q Yy [Sll]j(2)(h)}
1 0 0] (00
Xy gy Y )= (xy ) + 1) = (P () + 1) 1]
+..

(A.29)

where the blue terms denote the contribution of the U(2) x U(2) global symmetry of the
theory and the brown term —1 denotes the contribution of the U(1)y axial symmetry.

(2,12]

A.4 S-fold theories with the T2 12]

(SU(4)) building block

We now examine the index of theory (3.20) formed by gauging the diagonal subgroup of
the Higgs and Coulomb branch symmetries of 2! ](SU( 4)):

2,12]
dz m. _kmji+n
T(3.20)(k; {w,n}) = []‘[7{27”32 w2} it Zee: 2y ({(21, 22), (M1, m2) }) %
mi, m2€Z

1(3_1)({(Z1, z2), (M, m2)}a {(Zl_la 22_1)7 (—ma, _mQ)}a d=1), (A.30)
where w is the topological symmetry and the contribution Zye. v of the U(2) vector
multiplet is given by (A.7). Here n is the background magnetic flux for the topological
symmetry which we turn off (i.e. by setting n = 0) in the main text. Due to the effective
superpotential (3.23), the axial symmetry U(1)g4 is broken and so we set d = 1 in the above
expression.

Similarly to the case of T(U(N)), we can couple n flavours of the fundamental hyper-
multiplets to the U(2) gauge group of theory (3.20). This results in theory (3.47), whose
index is

Z(3.20)(n, k;w, {h, np})

- ¥ G| e
ml,ﬂ’LQEZ 27TZZ ]
I3 ({(21, 22), (ma,ma) }, {(27, 25 1), (= ma, —ma)},d = 1)x
Zrand({(21, 22), (m1, m2) H(h1, b2, - oo )y (Mg s by -+ -5 1 ) ) -

where the contribution Zg,nq of the fundamental hypermultiplet is given by (A.15). We

Zyec;u()({(215 22), (ma,m2)})x (A.31)

also turn off the background magnetic flux for the topological symmetry in the above
expression. In the main text, we also set the background fluxes for the flavour symmetries
to zero, np = 0, and use the fugacity map:

h1:Qf1, hQZQf2f1_17 h3:qf3f2_17 ey hHZQf;jla (A32)

where fi,..., f, are the fugacities of the SU(n) flavour symmetry and ¢ is the fugacity for
the U(1) flavour symmetry.
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B S-fold theories with T'(U(1)): U(1)x_2 gauge theory

In this section, we briefly review S-fold theories with the 7°(U(1)) building block. Although
it turns out that these theories are simply ordinary 3d N/ = 3 Chern-Simons matter the-
ories,'® they are useful for comparing and contrasting with those constructed using the
T(U(N)) theory with N > 1.

The T(U(1)) theory is an almost trivial theory with a recipe for coupling external
abelian vector multiplets containing gauge fields A; and As [19]. Such a coupling is the
supersymmetric completion of the following Chern-Simons term:

1
—%/Almmg. (B.1)

In an S-fold theory, the U(N) x U(N) symmetry of the T'(U(NN)) theory is commonly
gauged, say with a Chern-Simons level k. For N = 1, the term (B.1) gives rise to a Chern-
Simons level —2 to the U(1) gauge group. After combining with the Chern-Simons level &,
we see that the S-fold theory in question is nothing but the U(1),_s gauge theory.

From the perspective of the index, the mixed Chern-Simons term in 7'(U(N)) con-
tributes qul\,h1+"'+nh’v (hy---hy)™~, where (up,...,unN; Ny, .- .,Nu,y) are the U(NN) topo-
logical fugacities and the associated background fluxes and (h1,...,AN;np,, ..., Np, ) are

the U(V) flavour fugacities and the associated background fluxes. When both U(NV) are
1

commonly gauged, we set h; = z;, u; = z; -, ny

: = my, Ny, = —my, forv =1,...,N,

where z; are the gauge fugacities and m; are the corresponding gauge fluxes. This results
in (29 zy) NN
contribution of the U(1) gauge group with Chern-Simons level —2. Together with the term

zlfml due to Chern-Simons level k of the U(1) gauge group, we have zik_Q)ml, which is the

. In the case of N = 1, this is simply zf2m1, which is the

contribution of the U(1) gauge group with Chern-Simons level k — 2, as expected.
The superpotential for the 3d N/ =3 U(1),_o pure gauge theory is

k-2

W=- A7 14

(B.2)

For k # 2, ¢ can be integrated out, and we are left with a topological field theory. For
k = 2, we have the theory of a free N’ = 4 abelian vector multiplet.

We can also couple n flavours of hypermultiplets to this theory and obtain the 3d
N =3 U(1)g_2 gauge theory with n flavours, whose superpotential is

k—2 ~
W= —TSOQ + Q'¢Qi (B.3)
T

with ¢ = 1,...,n. Note that, for k¥ = 2, this is in fact the 3d N’ = 4 U(1) gauge theory
with n flavours.

151n fact, the pure S-fold theories (i.e. those without hypermultiplet matter) of this type were considered
in [10, 18]. These are simply pure abelian Chern-Simons theories with several U(1) gauge groups, with
mixed Chern-Simons couplings between them.
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The case of n > 3. Let us focus on the case of n > 3 for the moment. The index of
this theory, for n > 3, is

1+ x(l 1 07 0.1 ) z? [X[SQUO(,TL 02(F) = (1 T X[1,0(7n)70 1](f>)]
4. +(w+w D2z ...

1+x(1+ 1 07 01 f)) a? [X[S2U0(7n 0, 2](f) (1 + X[1,0(,n),0 1](f)>}
+

(B.4)

We remark that the crucial difference between the cases of kK = 2 and k # 2 are the terms

(w+ w‘l)x% due to the presence of the gauge invariant monopole operators X1 with R-

charge 5. For n = 3, 4, these monopole operators contribute with the terms at order z3

and z? respectively. For n > 5, the index up to order z? of these cases are equal. Despite
this equality, we emphasise that the operators in the cases of k = 2 and k # 2 are different.
We will shortly describe these in detail.

For k = 2, the term tr(¢?) in (B.3) is absent and the F-terms are

Qv=0, ¢Qi=0, QQ=0. (B.5)
Due to the last equality, the mesons M ; = @in satisfy

M{=0, (M?)=DMM;=0. (B.6)

7

Moreover, we have
eMi =0. (B.7)
The operators with R-charge 1 are

e, M (B.8)

contributing 1 + X[SlU(n) (f) at order x. The operators at order z? that contribute

0,...,0,1]
X[S;,Jo(ﬁ).,og](f) are
MM} (B.9)
satisfying (B.6). There is, however, another marginal operator, namely
0. (B.10)

The order 2 of the index in the first line of (B.4) should be rewritten as

SU(n SU(n
2L X o ()= (T oy () 1]+ (B.11)
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where the contribution from the A = 3 extra SUSY-current is highlighted in brown.'® Due
to the presence of this current, the corresponding IR SCFT has N = 4 supersymmetry, as
expected.

Let us now assume that k # 2. The F-terms are

?f2@%%. (B.12)

pQi=0, Q'v=0, o=

The meson matrix M ; = @in thus satisfies the conditions

21

_2M3 (B.13)

eM; =0, =1

Note that ¢ can be integrated out using the last equality, after which the effective super-
potential is

™

k_QMQF. (B.14)

Wes = A i 2(@1@02 =

Multiplying M é to both sides of the second equation of (B.13) and using the first equation
of (B.13), we obtain

(MM =0. (B.15)

Contracting the indices j and k, we see that M/ is nilpotent:

(M])?=0. (B.16)
The operators with R-charge 1 are
M}, ﬁZj:::A4}-—A%(A4§)5;. (B.17)
Using the identity
(W12 = (M2); — = (ME)M] + 5 (ME 5], (B.15)

and the conditions (B.15) and (B.16), we obtain

(M2); = (M2): = QQu@*Q, = ()i =" 0. (B.19)

Thus, the marginal operators are
]\/jji Mk (B.20)

satisfying (B.19). These contribute the term X[SQUO(T_L.)' 0.2] (f) at order 22 in the index. In this

case, we do not see the presence of an extra SUSY-current. The corresponding IR SCFT
thus has N/ = 3 supersymmetry.

From the perspective of the N/ = 2 index, this —1 can be viewed as the contribution of the axial
symmetry, denoted by U(1)q in the main text, under which ¢ carries charge +2 and each of @, Q’ carries
charge —1. Note that this symmetry is broken when k # 2.
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The case of n = 2. The case of k = 2 is simply the 3d N' = 4 U(1) gauge theory with
2 flavours or the T'(SU(2)) theory, whose index is

L (X @ @) + X @0 + 22 [ (xiy @ )+ xgy 2 ()

(B.21)
- (i P @) + X @) 1] + -

where we set the topological fugacity w to w = w?. The operators with R-charge 1 are M J"f,
satisfying (B.6), together with

_(¥ X
C = (X _;) : (B.22)

satisfying (02)5, = C,i/,C]]?,/ = 0. Due to (B.7), we also have
CiM!=0. (B.23)
The marginal operators are
ciey ., MIMf. (B.24)

The contribution of the N = 3 extra SUSY-current is highlighted above in brown.
The index for the case of k # 2 is simply (B.4) with n = 2:

Lo (1000 + 22 (VA (5) - (1402 ()] (B.25)
The operators with R-charges up to 2 are as described previously.

The case of n = 1. For k = 2, we have the 3d N/ = 4 U(1) gauge theory with 1 flavour,
which flows to the theory of a free hypermultiplet.

For k # 2, the operator with R-charge 1 is M, satisfying M? = 0 due to (B.16). There
is no marginal operator in this case. The indices are

k#1,2,3: 14+1lz—12?2+223+...
k=1: 1+lz+ (-1 wy ' w '+ Q+wet+wlga®+...  (B.26)
E=3: 1+le+ (-1 wgw ‘¢ N2®+Q+wg+w g Had+...

For k # 1, 2, 3, we don’t see the presence of an extra SUSY-current, and so we conclude
that the theory has N' = 3 supersymmetry. On the other hand, for k¥ = 1,3, where the
theory is simply the U(1)1; gauge theory with 1 flavours, we found two A/ = 3 extra
SUSY-currents, and so we conclude that the theory has enhanced A/ = 5 supersymmetry,
as proposed in [17]. From the perspective of the N' = 2 index, the negative terms at

order 2

correspond to the conserved current, which indicates that the theory has an
SU(2) = Spin(3) global symmetry. This is a commutant of the Spin(2) R-symmetry of

N = 2 supersymmetry in the Spin(5) R-symmetry of ' = 5 supersymmetry.
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C Monopole operators in some 3d N = 4 gauge theories

In this section, we analyse the Coulomb branch operators of two 3d N' = 4 gauge theories,
namely the U(V) gauge theory (with N = 2, 3) with one adjoint and one fundamental hy-
permultiplets and the U(2) gauge theory with four flavours, using the indices and Coulomb
branch Hilbert series. The aim is to write down explicitly the Coulomb branch operators
with R-charges up to 2 and their relations. These turn out to be extremely useful in
drawing an analogy with operators in the S-fold theories discussed in the main text.

C.1 U(2) and U(3) gauge theories with one adjoint and one fundamental
hypermultiplets

Let us first consider the U(2) gauge group. The index of this theory is

1+ 22 (d[1)y + d ' [1]e) + 2(2d%[2) + 2[1]w[1]e + 2d7%[2].)

+ 2% [d (203 + (L) + 3d[2u[1]e + 3 2]e[1u + d =3 (2[3]c + [1].)]

+ 22 [d (3[4 + 2w + 1) + 42[3Ju[Ue + (d > d 7w & €) + 5[2u[2e (€1
—[2e— 22|+ ...

The terms at order 2 indicate that the theory contains two free hypermultiplets, and so
the above expression can be rewritten as

Tivee (w3 0d™") ivee (w5 ¢~ d ™) Zivee (2 wd) Liree (w507 d)
x (142 (2] + W[t + d~2[2]e) + 22 (a4l + d[3)u[1]c+
+d ™ 4l + d7?[3le [V + [2Ju[2e
— P11 — d2[Mu(t]e = 2w — [2e—1) + ..

(C.2)

where Zgee(x;w) is defined in (2.48). In fact, this index can be rewritten in terms of
characters of SU(4) representations as

Ifree(x; Cdil) Ifree (1’; Cildil) Ifree(x; wd) Ifree(x; wild)

x [1 +12,0,0)z + ([4, 0,0] — [1,0, 1])9@2 _ ] , (©:3)

where we have used the following decompositions of representations of SU(4) into SU(2),, x
SU(2) x U(1)g:

2,0,0]  —  [2;0]42 + [151]o + [0;2] 2
[4,0,0] —  [4;0]44 + [3;1]42 + [2;2]0 + [1;3] =2 + [0;4] 4 (C4)
1,0,1] — 13142+ 2000+ [0:0]o + [0:2]0 + [1;1] 2.

Let us discuss (C.2) from the perspective of the N' = 3 index, in which case we have
to set d = 1. The index can then be rewritten in terms of characters of USp(4) = Spin(5)

40 —



representations as follows:
Ttree (fL‘; C) Ifree(l'; C_l) Zfree(l‘; w) Lree (37; w_l)

x [1 + 10, 2] + 22 ([0,4]—[0,2] 1. 0]) +} . (C:5)

The N = 3 flavour current is in the adjoint representation [0, 2] of Spin(5). We indicate its
contribution to the index in blue. The brown negative term at order 22 in (C.2) implies that
there are five extra SUSY conserved currents in the vector representation [1,0] of Spin(5).
We thus conclude that the interacting SCFT part of this theory has A/ = 3+5 = 8 enhanced
supersymmetry, in agreement with [41, section 5.1]. Indeed, the symmetry Spin(5) is the
commutant of the A’ = 3 R-symmetry Spin(3) in the A’ = 8 R-symmetry Spin(8). Another
way to see this is to view (C.3) as an N’ = 2 index, in which the SU(4) = Spin(6) global
symmetry is manifest. This is actually the commutant of the N'= 2 R-symmetry Spin(2)
in Spin(8), which is the R-symmetry of an N/ =8 SCFT.

We remark that, in (C.1), we include the contribution from the free hypermultiplets.
In particular they contribute negative terms —(d[1],, +d~'[1].) at order £%/% and —([2]., +
d*[1)w[1]e + d72[1]w[1]e + [2]c + 2) at order x?; see (2.48). These can combine with the
contribution of the interacting SCFT part and cancel that of the operators constructed
from products with the aforementioned free fields.

We denote the monopole operator with flux (m,n) by X, »), which carries topological
charge m+n and R-charge % (|m|+ |n|). Note that one can always use the Weyl symmetry
of U(2) to arrange the flux into the form m > n > —oco. As in the main text, we use the
following shorthand notations below:

Xt = X110 X=X, X =X1,-n- (C.6)

In the following analysis we focus on the Coulomb branch operators. Up to order z2,
these correspond to the terms with the highest power of d in (C.1). Another convenient way
is to compute a quantity that counts such operators, known as Coulomb branch Hilbert
series, which can be regarded as a limit of the index (see (3.41) of [42]). For the theory in
question, the Hilbert series is computed in section 4.1 of [36]:

S gD By (m, nyw

m>n>—o00

= PE [23[1],, + o[2]y — 2?] (C.7)
=1+ x%[l]w + 22[2], + x%(2[3]w + [1w) + 2234w + 2w + 1) + ...,
with
(1—x)72, m#n
Py(g)(z3m,n) = {(1 NP N (C.8)

The second line of (C.7) indicates that the Coulomb branch is isomorphic to C2? x (C?/Zs).
The Coulomb branch operators that carry R-charge 1/2 are the monopole operators

with fluxes (£1,0)
1] : X+, Xo (C.9)
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They parametrise the C? factor of the Coulomb branch and decouple as a free hypermul-
tiplet. These correspond to the term a2 [1],, inside the PE in (C.7).
The Coulomb branch operators with R-charge 1 are

2
2

Juw Xy, (tre), X

. ; 5 (C.10)
Jw X7, X, X, X2,

It should be noted that X4 X = X X109y = X(1,0X(0,—1) is not subject to any
relation and is an independent operator; it can be identified with the monopole operator
with flux (1,—1). The quantities in the first line are generators of the Coulomb branch,
corresponding to the term z[2],, inside the PE in (C.7).

The Coulomb branch operators with R-charge 3/2 are

Blw: X3, X2X_,  X,x2, X3
[3]111 : X++X+ 5 X++X, 5 X,7X+ 5 X__X_ (Cll)
[Huw: Xi(tre), X_(tre).

The Coulomb branch operators with R-charge 2 are

[, : X%, X3Xx_, X2x2,
X, X3, x4
[4lw: X34, Xyt (tro), X Xoo = (trp)?,
X__(tryp), X2_ (C.12)
Ao X440 X3, Xpp(XpX0), X X2 =X3X
X (X,X), X X2
2lw: X2(tre), X4X_(tre), X2(tro)
0w = tr(e?)
where the relation
Xy X _ = (try)? (C.13)

is the defining equation of the factor C2/Zy of the Coulomb branch. Notice that the left
hand side Xy X__ = X(y1)X(_; _1) occupies the point (0,0) on the magnetic lattice and
so as the right hand side. This relation corresponds to the term —z? inside the PE in (C.7).
Moreover, the relation

X X2 =X2X__ (C.14)

follows from the fact that the monopole operators on the left and right hand sides of the
equation occupy the same point (1, —1) in the magnetic lattice.
In the case of the U(3) gauge group, the Coulomb branch Hilbert series reads

N |=

PE [x [ + 22w + 22 [8 — 22 [ — 22 + .. ] (C.15)

=1+ 22 (U + 22(2w + 22 (3[3]w + [Lw) + 22(A[4]w + 220w +2) + ... .
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The notations need to be slightly modified as follows:

Xi=Xa00,  Xexi=Xpan0,  Xexx = Xiaa- (C.16)

As we can see from the above Hilbert series, the generators of the Coulomb branch are
the same as for N = 2, except that there are additional ones with R-charge 3/2 in the
representation [3],:

Bl Xivy, Xpyon, X1, X——. (C.17)
The dressed monopole operators X 1) are as discussed in (5.4) of [36]:
Xiitrs) = X(41,0,0)5(rs) = (£1,0,0)97(¢5 + ¢3) + permutations, (C.18)
where along the Coulomb branch ¢ can be diagonalised as diag(¢q, @2, ¢3).

C.2 U(2) gauge theory with four flavours of fundamental hypermultiplets
The index of this theory reads

Lt o (d2(2] +d2[1,0,1)5 ) + o2 [d ({4l + (2 + 1) + [2][1,0, 1] o
19
+d"((2,0,2]5 +10,2,0]) = [2u — [1,0,1]; = 1] +....

The monopole operator X(,, ,y with flux (m,n) carries the topological charge m + n and
R-charge 2(|m|+|n|) —|m—n|. The Coulomb branch operators are captured by the highest
powers of d at each order of = in the index. The information about the Coulomb branch
chiral ring is contained in the Hilbert series, which was discussed in (5.6) of [36]:

S g2 —menl g e, )2

:_PE {x[Q]w + 222 — 2 — xﬂ (C.20)
=1+ 22w + 2% ([4w + 2w + 1) + ... .

The Coulomb branch operators with R-charge 1 are
2] : Xao), (tre), Xcig)- (C.21)

These correspond to the term x[2], in the PE in (C.20).
The Coulomb branch operators with R-charge 2 are

4] : X(21,0) . Xaoltre), XaonXci0, X—uoltre), X(2—1,0)
2lw: Xaox00) tr(¢?), X(=1,0)5(0,1) (C.22)
0]w: (tre)?

The second line contains the dressed monopole operators, as discussed in (5.4) of [36]:

X(:I:l,());(r,s) = (:l:]-) O)qbgqﬁg + (07 :l:]-)gbg(ﬁlq ’ (023)
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where along the Coulomb branch ¢ can be diagonalised as diag(¢1, ¢2). The quantities in
the second line correspond to the term z%[2],, inside the PE in (C.20). The quantities in
the first and third lines of (C.22) correspond to the symmetric product Sym?[2] = [4] + [0].

In order to understand the relations at order 3 and z*, as indicated by the Hilbert
series (C.20), it is convenient to define the following traceless matrices, containing the
generators of the Coulomb branch:

X ( tro X(1,0)> Y ( tr(¢?) X(1,0);(o71)> , (C.24)
X(10) —tro X 10000 —tr(e?)

each of which transforms in the adjoint representation of SU(2). Similarly to (4.19) and
(4.20) of [43], the relations at order 3 and z# can be written respectively as

3 tr(AAL) =0

& Xa,0X(=1,0:0,1) T X(=1,00X(1,0);(0,1) T 2(tr ) tr(¢*) =0,
ot tr(A2) +altr X2)? =0 (C.25)

< X1,00:00,0)X(=1,00,1) [tr(%)]?
+2a[X(1,0)X(—1,0) + (tr)’]* =0,

where « is a non-zero constant, which can be absorbed by a redefinition of X} or As.
D Consequences of the F-term equations (2.19)

In this appendix, we discuss consequences of the F-term equations (2.19) on gauge invariant
quantities. It is convenient to define

=QLQ%,  (no)i = QQ¢ (D.1)
so that we have
M} = trug. (D.2)
It then follows that
bagi( o p (219) ([ k b (219 a b
QM Q(MQ) =" Qi | 5= — po — pu = —Q(cﬂm)a,
2m a (D.3)

k
2m

~ 1D1) i a(219) ¢ (2. ~i a
Qy M; QL (1)t Q( © — po — M)b =" Qo + pm)%,

or, equivalently,
Q) [(war + po)os) + MIs| =0, QL [(uar + po)isl + Mjsg] = 0. (D.4)
Multiplying @’g to both sides of the first equation in (D.4), we obtain
MM = (M?) = —(pa + po)a@p Qs (D.5)

Contracting the indices k£ and 4, we obtain

(M?)] = tr(ud) = — (i + pe)iQLQ) = —tr [(um + pe)pg) - (D.6)
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For n > 2, it is convenient to define
— | A 1 ,
M} = M} — E(M,f)dé- = Mj = —(tr j10)d; (D.7)

It satisfies the following identifies:

172\ i 2 i 1 i
(Mz)j = (Mz)j - *(MIQC)MJ' + T(Mllf)%j,
T " 03
(M?); = (M?)] — E(M/i)2-
In the special case of n = 2, due to the Hamilton-Cayley theorem,!” we also have
— 01— )
(M?)i = 5(M?)g &, forn=2. (D.9)
Using (D.2), (D.5), (D.6) and (D.8), we obtain
72V bAi e 2 Tr 1 2 ¢i
(M?); = —(pa + pe)a@pQF — = Mj(tr pug) — —5 (tr ug)=dj ,
- 7} " (D.10)
(M?); = —tr [(umr + po)uq) — (tr Q).
It is also convenient to define
772\ NN T
(M)J = (M2)j - g(MQ);’iéj- (D.11)
Then, from (D.10), we have
172\ aRi b, L i 2
(M2)% = —(pu + pe)p Q@ + — tr(pmpg + popq)d; — —Mi(tr ug)
‘ oy " (D.12)
= —(An); = (Ac)j — - Mj(trpq),
where we define
i apfyi 1 i
(AH)j = (MH)anQ? - = tr(MHMQ)5j )
' B ? ' (D.13)
(Ac)s = (no)sQLQ5 — - tr(penq)d; -
Using (D.9), we also have
(M?)5 =0, forn=2, (D.14)
and so it follows from (D.12) that
(An)j + (Ac); = —Mj(tr ug) = —Mj(Mf), for n=2. (D.15)
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""For a 2 x 2 matrix A, it satisfies A* — (tr A)A + 1 [(tr A)? — tr(A2)] laxo = 0.
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