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of the one-form symmetries of these theories are analysed. As a by-product, we observe
that there is generally a decoupled topological sector in the infrared. When the infrared
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1 Introduction

Three-dimensional (3d) supersymmetric Chern-Simons (CS)-matter theories have rich
infrared (IR) behaviours. For example, the N' = 3 superconformal field theory (SCFT) can
be obtained as the IR fixed point of the ' = 2 theory deformed by a certain superpotential [1].
Moreover, if the gauge algebra and matter content are chosen appropriately in an N' = 3
theory, supersymmetry may get further enhanced up to N/ = 8 [2-10]. In particular, the
U(N)g x U(N)_j CS theory with two hypermultiplets in the bifundamental representation



(in the 3d N = 4 language) describes the system of N M2-branes on C*/Z;,, where at large
N it is dual to M-theory on AdSy x S7/Zj, and at large N with a fixed ratio N/k is dual to
Type IIA string theory on AdSy x CP3. This CS-matter theory provides the first explicit
realisation of the AdS/CFT correspondence in these dimensions [8].

In this article, we focus on 3d N = 3 vector multiplets coupled to a certain number
of copies of a 3d SCFT, known as the 3d T theory, whose flavour symmetry is SU(N)3.
The 3d Ty theory can be realised by compactifying the 4d Ty theory [11, 12] on a circle,
or equivalently by compactifying N Mb5-branes on a circle times a sphere with three full
punctures. An example of the theories of our interest consists of that constructed from a
single copy of the Ty theory such that the SU(N)? flavour symmetry is gauged with CS
levels k1, ko and k3. This can be realised by compactifying N M5-branes on a three-manifold
which is a Seifert bundle over S? with three singular fibres, with Seifert parameters 1/k1,
1/ko and 1/ks [13, 14]. This example can be generalised further, for example, by involving
many copies of the Ty theories where each SU(NV) factor of the SU(N)? flavour symmetry
of each copy is commonly gauged with CS levels k1, ko and k3. The corresponding three-
manifolds are then known as graph manifolds [14]. We remark en passant that, due to their
richness in mathematical and physical properties, 3d theories arising from compactifying
Mb5-branes on three-manifolds have received considerable attention over the recent years;
see e.g. [15-25].

For the theories of our interest with general N, it was pointed out by the authors
of [14] that whenever the CS levels satisfy the condition Y>2_; 1/k; = 0, then the theory
flows to an IR SCFT with enhanced A/ = 4 supersymmetry.! For convenience, we shall
refer to this condition as the Assel-Tachikawa-Tomasiello (ATT) condition. This statement
was supported by a field theoretic argument. Geometrically, for a single copy of the Tx
theory, supersymmetry enhancement is accounted for by the holonomy of the corresponding
Seifert manifolds. However, when the theory contains more than one T building blocks,
supersymmetry enhancement is left unaccounted for, in general, by the holonomy of
graph manifolds.

One of the main objectives of this paper is to study supersymmetry enhancement
of this family of theories, focusing on N = 2 and N = 3, using the superconformal
index [26-33].2 We find that, when the ATT condition is satisfied, supersymmetry of the
IR SCFT generally gets enhanced to N' = 4, but there are also a large number of cases
with N =5 and N = 6 supersymmetry. Surprisingly we also find that, even if the ATT
condition is not satisfied, there is still an infinite family of theories whose IR SCF'Ts have
enhanced N/ = 4 supersymmetry. In particular, for certain special values of CS levels
such as (k1, ko2, k3) = (2,1,1), the IR SCFT turns out to be the rank-zero minimal N' = 4
SCFT, discussed in [23, 25]. Another main goal of this article is to study the one-form
symmetries [37, 38| of these theories, as well as their (mixed) 't Hooft anomalies along the
line of [13, 39], and the mixed 't Hooft anomalies between the one-form symmetries and
zero-form symmetries using the method of [36] (see also [40]). As a result, we deduce that

We remark that for N = 2 and a single copy of the T5 theory, the enhancement of supersymmetry to
N = 4 follows from the result of [5].
*We adopt the same notation as [33-36]. Each notation is defined in the main text.



there is generally a decoupled topological sector in the IR. We also identify these topological
quantum field theories (TQFTs) using 't Hooft anomalies of the one-form symmetries.
Importantly, we point out that, even if a set of theories flow to the same IR SCFTs (which
can be deduced from the fact that the indices are the same or the associated three-manifolds
are diffeomorphic to each other), the decoupled topological sectors may be different. We
also gauge the non-anomalous one-form symmetry and study the resulting theories. Finally,
we study the Higgs and Coulomb limits of the superconformal indices [41] for theories whose
IR SCFTs have NV > 4 enhanced supersymmetry. These provide geometric information
of the Higgs and Coulomb branches of the IR SCFTs in question in terms of the Hilbert
series [42, 43].

The paper is organised as follows. In sections 2 and 3, we study theories with one and
two T3 building blocks, respectively. Their one-form symmetries and 't Hooft anomalies are
investigated in section 2.1. The theories whose CS levels satisfy the ATT condition are then
studied in sections 2.2 and 3.1. In this class of theories, the Higgs and Coulomb branch
limits of the indices are studied in sections 2.2.3 and 3.1.3. We then move on to explore
theories whose CS levels do not satisfy the ATT condition in sections 2.3 and 3.2. We also
study theories coupled to one or many copies of the T'(SU(2)) SCFT in sections 2.4 and 3.3.
In section 4, we discuss theories with T3 building blocks. We discuss their indices and ’t
Hooft anomalies of one-form symmetries. Due to the technicality of the computations, we
focus on the indices of theories whose CS levels satisfy the ATT condition, from which
we conclude that the IR SCFT has enhanced N' = 4 supersymmetry. In appendix A, we
study certain theories with four 75 building blocks as well as their indices. In appendix B,
the mixed gauge/zero-form monopole operators in theories with one and two 75 building
blocks such that the ATT condition is satisfied are examined. The potential mixed anomaly
between the Zo one-form symmetry and the zero-form flavour symmetry implied by the
presence of such monopole operators is discussed.

Note added. After this paper had appeared on the arXiv, we found [44] with some
overlapping content.

2 Theories with one T, building block
Let us consider the Ty theory whose three SU(2) flavour symmetries are gauged with 3d
N = 3 Chern-Simons couplings (k1, k2, k3). We depict this theory diagrammatically by

k1

n (2.1)

e

where each finite line with label k; denotes an SU(2), gauge group. This theory was studied
extensively in [14, section 2.2.1], where it was pointed out that (2.1) can be realised by
compactifying M5-branes on a three-manifold which is a Seifert bundle over S? with three
singular fibres, with Seifert parameters 1/k;, 1/ko and 1/ks.



The effective superpotential after integrating out the adjoint scalars is

3
1
WD :Etr(,u?), (2.2)
i=1""

where p; are the moment map operators for the SU(2); symmetry of the T theory. In terms
of the chiral fields Qq,aqa; 0f the T5 theory, p; can be written as

Y

(Ml)ala'l = 6a2a26a3a3@a1a2a3Qa’la’2a’3 ;
! !

(:u2)ago/2 = €M™ 6a3a3Qa1a2a3Qa’la’2aé ) (23)
! !

(:u3)a3a§ = MM €a2a2Qa1a2a3Qa’la’2ag ’

where the indices «;, af = 1,2 correspond to the SU(2); gauge group (with i = 1,2,3). From
the above relations, it follows that

tr(pf) = tr(u3) = tr(u3) = te(p?) (2.4)

and so the effective superpotential can be rewritten as

1 1 1
W [ —+—+— ) tr(p?). 2.5
x (g + ) ) (25)
If the following condition is satisfied
1 1 1
—+—+—=0 2.6
mtn TR (2.6)

then supersymmetry gets enhanced from A = 3 to A/ = 4. This follows from the discussion
in [5] and also from [9, 14]. Relation (2.6) is what we referred to as the ATT condition in
the introduction. Subsequently we will show that this is a sufficient, but not necessary,
condition for supersymmetry enhancement. In particular, in section 2.3, we will show that
even if the ATT condition (2.6) is not satisfied, there are cases in which the IR SCFT has
accidental N' = 4 supersymmetry.

A main tool that we will use to analyse these theories is the superconformal index. It
is explicitly given by

dz .
2.1 (a,a; ) —( I1 f 2&@) > (H Zhims Z S (Zi;mi;:v)>

(m1,ma,m3)€Z3 \i=1 (2.7)
X H 21/2(251,2322;3@ s1mq + sameo + s3ms + ng; ),
s1,82,83==*1

where the SU(2) vector multiplet contribution is
Zggg(?) (z n; .iL' — —2|n| H 2n 2\n| 25) ’ (2.8)

s==£1

and the contribution of the chiral multiplet of R-charge R is
o\ Iml/2 © 1 _ (_1)mzflx\m\+27}?+2j
Ry, 0.\ _ [, 1-R —1

Z(zym;yr) = (:U z ) H T ()72 e (2.9)

Jj=0



If the CS levels satisfy the ATT condition (2.6), it follows from (2.5) that the effective
superpotential is zero, and the U(1), flavour symmetry which assigns charge +1 to all of
the eight chiral multiplets of the T5 theory is a symmetry of the Lagrangian. We denote
by a and n, the fugacity and background magnetic flux for this flavour symmetry. Upon
computing the series expansion of the index, we will set n, = 0 and drop the n, dependence
from the index, i.e. we write the latter simply as Z(5 1)(a; z). Note also that, if the CS levels
do not satisfy the ATT condition (2.6), we should set a = 1 and n, = 0 in (2.7), since the
U(1), flavour symmetry is no longer a symmetry of the effective superpotential (2.5).

2.1 One-form symmetries and their 't Hooft anomalies

We now discuss the one-form symmetries of theory (2.1) and their anomalies. Let us first
consider the T theory, whose global form of the manifest flavour symmetry is (see [45,

(4.2)])
SU(2)1 X SU(Z)Q X SU(2)3

(Z2)13 % (Z2)23 ’
where (Z2);; denotes the diagonal Zs subgroup of the centre of SU(2); times the centre

(2.10)

of SU(2);. In other words, among the three Zj factors that come from the centre of
3 SU(2); in the numerator of (2.10), only two combinations present in the denominator
act trivially on the four free hypermultiplets of the T5 theory. Gauging each of the SU(2);
symmetry therefore leads to the Zo x Zo one-form symmetry. We will see that turning on
CS levels k; for each SU(2); gauge group (with ¢ = 1,2, 3) results in 't Hooft anomalies of a
subgroup or the whole Z3 one-form symmetry.
The 't Hooft anomaly of the one-form symmetry in theory (2.1) with CS levels (£, k2, k3)
is characterised by the 4d anomaly theory whose action is [46]

27 3 P(w@))
il fp i) 2.11
2 /M4 ; 2 ( )

where each of w? € H? (My,Zs) is the two-form background field for each Zs one-form

i

symmetry that arises from the centre of each SU(2); gauge group, P(w(®) is the Pontryagin
square operation and the integration is performed over a spin manifold M,. Note that
I, P(wZ@)) is even on a spin manifold M.

Since among the Z3 centres of SU(2)? only Z3 acts non-trivially on the trifundamental
matter of the T, theory, we have the condition

3
S w? =0. (2.12)
i=1
Using the identity
P(A+B) = P(A) + P(B)+2 AUB, (2.13)
My My My My

and the fact that [, P(wl@)) is even on spin manifold My, we rewrite (2.11) as

27 ’P(w?))

5 (kl + kg)
My

+ (kg + kg)

Sanorn -

P(ws?)
2

— ks(w{P U wg2>>] (2.14)



after dropping terms that are integer multiples of 27r. Using the notation of [39, (F.8)]

27‘(’ 2 P(w?)) (2) (2)

4

we see that the above anomalies can be summarised in following symmetric matrix p:

ki1 +ks  —ks
= d2. 2.16
P ( —ks kot k‘3> e (2.16)

For k3 = 1, this is in agreement with the anomaly matrix given by [13, (4.58)] with
N=n=2and k1o = k12+1.

We can decompose the Z3 one-form symmetry of (2.1) into two parts: a subgroup I'4
of Z2 that has an 't Hooft anomaly and the anomaly free part Z3/T' 4. The anomalous part

rank(p)

I'y is given by I'y = Z, , where rank(p) is the rank of matrix p. The non-anomalous

one-form symmetry is then Zgim(kerp ), where ker p denotes the kernel (nullspace) of matrix p.

According to [13, (4.44)], it was proposed that theory (2.1) flows to an IR theory that
splits into two subsectors:

1. the minimal abelian TQFT [39]:

; (2.17)

ATap — A*1 = 8U(2); 2 U(1), if rank(p) =1
A22bP of [39, appendix F] if rank(p) = 2

2. the subsector (2.1)ar, which can be an interacting SCFT or another TQFT, whose
one-form symmetry is 't Hooft anomaly free.

The above statement can be summarised as®
(2.1) = (2.1)ar @ AT4P. (2.18)
This relation can be inverted as in [39, (1.13)] and [13, (4.45)], namely

(2.1) @ Ala—P

2.1)Ap =
(2.1)aF T,

(2.19)

2.2 Cases that satisfy the ATT condition

We consider theories with CS levels satisfying (2.6).

3A piece of evidence that supports this statement is as follows. We observe that there exist theories
associated with diffeomorphic three-manifolds (their superconformal indices are equal) whose anomaly
matrices p are inequivalent; see Footnote 12. For such theories, we interpret this phenomenon in the following
way. The subsectors (2.1)ar, characterised by the index, are the same. However, the topological sectors,
characterised by the anomaly matrices, are different.



2.2.1 Special case of (k1, k2, k3) = (—k, 2k, 2k)
These CS levels satisfy the ATT condition. Theory (2.1) with these CS levels, namely

ki =—k

(2.20)

b

ks =2k

can also be regarded as the USp(2)_; x Spin(4)r gauge theory with a bifundamental
half-hypermultiplet in the representation [2;4] whose quiver diagram is

(2.21)

;

The equivalence of these two theories is due to the fact that Spin(4) = SU(2) x SU(2) and
that the vector representation [4] of Spin(4) is equivalent to the representation [2;2] of
SU(2) x SU(2). The index of this theory can be derived as in [33, 35]. We first compute
the index for the USp(2)_j x SO(4)sr gauge theory with the same matter content, namely

The index of this theory is
I(2.22) (¢ a;x)
_ 1 dv] 2km; m1+m2% du —2kn
-8 Z Z(H%QTM’U Y )C 27Tiuu
(et et (223

x Z50M) (1, vy; my, mg; 2) ZUSPA) (y; n; )

vec vec

X H H Z}(/Q (v]'u®?a; symy + son; )
i=1 s1,50==%1

where ( is the fugacity for the zero-form magnetic symmetry such that ¢? = 1, and the
contribution of the SO(4) vector multiplet is

Z50W vy, vaymy, my; ) = g M melTimtme|

vec
% H (1 _ (_1)s1m1+32m2x|s1m1+32m2|vis1U;g) ] (2.24)
s1,50==%1

For simplicity, we have set the fugacity x for the charge conjugation symmetry to unity.
Theory (2.21) can be obtained by gauging the magnetic symmetry; its index reads

1
1(2‘21)<a§33) = 9 [1(2‘22)@ =1,a;) +I(2.22)(C = —1,61%33)} . (2.25)



It can be checked that (2.7) and (2.25) yield the same result for (ki, ko, k3) = (—k, 2k, 2k).
In fact, the gauge fugacities and magnetic fluxes in (2.7) and (2.23) can be mapped to each
other as follows:

2 2 -1
z21=u, z5 = vivg, z5 = Vv,
' 2o 5T (2.26)
m;=n, 2mo = my +moy, 2mg=m; —mo.
The indices up to order z* are as follows.
k Index
1,2 diverges
3 | 1402+ (2a 12?2+ (a®—a?>+a?) 23+ (3a® —a? —2) 2t + ... (2.27)
4 1+ 0z + (a* — Da? +a 223 + (2a® — 2)2t + . ..
>5 1+0z+ (a* —Da? +a22% + (a® = 2)2t + ...

Note that, for £ > 5, the indices for these cases differ from each other at a higher order
than 2. For k = 1, 2, the index diverges and the theories are bad in the sense of Gaiotto
and Witten [47].

Let us now analyse the superconformal multiplets and enhancement of supersymmetry
for the cases of k > 3 using information from [48-50] (see also the argument in [34, 51]).
The vanishing coefficient of x implies that there is no 3d N' = 3 flavour current multiplet
Bi1[0] §2). In general, the negative terms at order 22 receive the contribution from the N = 3
flavour current multiplet Bj[0] 52) and N = 3 extra-SUSY current multiplet A5[0] 50)‘ Since
the former is absent and the only negative term at order z? is —1, we conclude that there
is precisely one N = 3 extra SUSY-current multiplet that leads to the enhanced N = 4
supersymmetry in the IR.

As can be read off from the index, the bare monopole operator with magnetic fluxes
(m1, mg, m3) has dimension

1
A(m1,m27m3) = 1 Z

$1,82,83=+1

3
Z Sy

1=1

3
— 22|mi], (2.28)
=1

its charge under the U(1), flavour symmetry is

(2.29)

3
Z S;1My;

i=1

1
a(m17m27m3> - _5 Z

81,82,83==%1

and it carries charge 2k;m; under the Cartan subalgebra of each SU(2); gauge factor.
Viewing the theory in question from the 3d N = 2 perspective, the U(1), flavour
current multiplet also contributes —1 at order z? in the index. As a consequence the
aforementioned N = 3 extra SUSY-current should be identified with that of the flavour
symmetry. Furthermore, we see that there is no relevant operator due to the vanishing
coefficient of x. For k > 4, there is one marginal operator corresponding to tr(u?) =
tr(u3) = tr(u3), where p; is the moment map of the SU(2); flavour symmetry of the T
theory. For k = 3, we have an extra marginal operator which, according to (2.7), receives



the contribution from the eight gauge magnetic fluxes (my, ma, ms) = (£2,+1,+1), where
+ here denotes all possible 8 sign combinations that can appear. Since the bare (non-

leZétl?Z:;tlQ, x—4 and

gauge-invariant) monopole operators with such fluxes contribute z
a~8 to the index, we interpret the aforementioned marginal operator as a dressed monopole
operator, where such a bare monopole operator is dressed in a gauge invariant way with a

combination of 12 chiral fields of the 75 theory.

One-form symmetries and gauging thereof. We now examine the one-form symmetry
of (2.1) with (k1, ke, k3) = (—k, 2k, 2k). From the discussion in section 2.1, we see that

CS levels | Anomaly | Non-anomalous Anomalous TQFT with
(—k,2k,2k) | matrix p | 1-form symmetry | 1-form symmetry anom. symmetry
k even 00 73 1 — (2.30)
00
10 21
k odd 00 Zo Zs A* = 8U(2); = U(1):

For k even, theory (2.20) flows to an ' = 4 SCFT with a non-anomalous Z2 one-form
symmetry. However, for k odd, theory (2.20) flows to an A/ = 4 SCFT with a non-anomalous
7 one-form symmetry and a decoupled topological sector A1,

We can understand the above statement from another point of view. A slight modifica-
tion of [52, (3.27)] (see also [52, (3.18), (3.19)]) states that the USp(2N)_j x SO(2M )as
gauge theory with bifundamental matter admits a quotient by a Zo symmetry, whose
generator is a combination of the Zy centres of SO(2M) and USp(2N), if*

1
SkM—N) €. (2.31)
In other words, the Zg one-form symmetry of the USp(2/V)_; x SO(2M)9; gauge theory is
non-anomalous if (2.31) is satisfied. Applying this to (2.22), namely M =2 and N = 1, we
see that its non-anomalous one-form symmetry is

Zo k even

(2.32)
trivial k odd

one-form symmetry of (2.22) = {

Recall that theory (2.21), or equivalently theory (2.20), arises from gauging the Zy zero-form
magnetic symmetry of (2.22). Since gauging a discrete Zg zero-form symmetry in 3d leads
to a dual Zy one-form symmetry, we conclude that for k£ odd theory (2.21) = (2.20) has a
Zs one-form symmetry. For k even, the one-form symmetry of theory (2.21) = (2.20) can
be either Zs X Zs or its extension Z4. Note that the extension is formed if theory (2.22),
with k even, has a mixed anomaly between the Zs zero-form magnetic symmetry and the
Zg one-form symmetry [53]. Subsequently, we will explicitly show that there is no extension
of the symmetry to Zy.

For this purpose, let us gauge the whole one-form symmetry of theory (2.21), i.e. we
turn it into a dual zero-form symmetry. This is equivalent to gauging the Zs one-form

“More generally, for the USp(2N )i, x SO(2M)y, gauge theory with bifundamental matter, this condition
reads iklM—i— %ng € 7.



symmetry in (2.22), namely considering the [USp(2)_j x SO(4)ax]/Z2 theory. The index
of the latter can be computed as in (2.23) but with the inclusion of the summation over
half-odd-integral fluxes; in particular, we modify the summation in (2.23) as follows:

> > — Zsp > >, (2.33)

my,mo)EZ2 nEZ 2 4
(m,m2) (m1,m2)€<Z+%/> neZ+5

where s is a fugacity for the Zg zero-form symmetry arising from gauging the one-form
symmetry such that s? = 1. For k odd, we see that the half-odd-integral fluxes (i.e. those
correspond to p’ = 1) do not contribute to the index; in other words, the index of the
[USp(2)_x x SO(4)2r]/Z2 theory is equal to that of the USp(2)_; x SO(4)sy theory. This
is in agreement with the proposal that the one-form symmetry of (2.22) for k£ odd has a
non-trivial 't Hooft anomaly.® Let us focus on k even. We see that for p’ = 0 the contribution
from (™1™ is either 1 or ¢, whereas for p’ = 1 we have either s or s¢. The elements of
{1,¢, s,sC} form the Zy X Zg zero-from symmetry. Observe that the Zy zero-form symmetry
associated with s and the Zs zero-form magnetic symmetry associated with ¢ do not form
an extension to Z4, since there is no element of order 4.

We can also see this from the perspective of theory (2.20). In order to gauge the whole
one-form symmetry, we can do it in two steps. First, gauge the diagonal Zs one-form
symmetry, whose generator is a combination of the Zs centres of SU(2)qx and SU(2)gx;
in other words, we consider the quotient SU(2)_j x [SU(2)2r x SU(2)2x]/Z2. The latter
is equivalent to (2.22), namely the USp(2)_j, x SO(4)a; gauge theory, since SO(4) =
[SU(2) x SU(2)]/Z2. We report the indices up to order x* below.

k Index
1,2 diverges

3 | 1+¢az+[2+Qa* —(1+ Q)] 22+ [(1+2¢)a® — (1 +)a? + a 2] 23+
[(B+2¢)a® — (14 Q)a* — 2] 2t + ..

4 140z + [(1 4 ¢)a* — 1] 2% + [¢(a® — a?) + 2} 34 (2:34)
(24 ¢)a® — Cat — 2] 2*

5 140z + (a* — 1) 22 + (¢a® +a72) 23 [1+Ca —Cat—2]at + ...

> 6 1+0z+ (a* = Da? +a 223 + [(1 + ¢)a® — 2] 2* +.

For k > 6, the terms with fugacity ¢ appear at a higher order than z*.

The second step is to gauge the remaining of Zy one-form symmetry, i.e. we consider
the further quotient [SU(2)_g x [SU(2)ax x SU(2)2x]/Z2]/Zs. The index of the latter can
be obtained from (2.7) by replacing the summation as

1 1
> — s Y Y 3 . (2.35)
p'=0

,ma,m3)€EZ3 p=0
(m1,mz,ms) mle(Z-s-%') (ma,m3)€(Z+2)x (Z-i-g-s-%')

®One can also check, in the same way as in [36, 40], that for k odd the integrand of the index (2.23)
contains fractional powers of SO(4) gauge fugacities for the magnetic fluxes (n,my, ms) = (1/2,1/2,1/2).
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where ( is the fugacity of the Zs zero-form symmetry arising from the first step and s is
that arising from the second step.® We deliberately used the same notation as those for the
[USp(2)_x x SO(4)2xr]/Zs theory since they can be identified with each other. As before,
the elements of {1,(,s,sC} form the Zy x Zg zero-from symmetry. Moreover, it is clear
from (2.35) that the order of gauging of the Zs one-form symmetry in each of the two
steps is immaterial; this confirms that the one-form symmetry of (2.20) is indeed Zy X Za
for k even.

For reference, we report the index for the [USp(2)_x x SO(4)ax]/Z2 theory or the
[SU(2)_x x [SU(2)ax x SU(2)2x]/Zs)/Zs theory, with k = 4, up to order z° as follows:

14+(—14a* + a*O)x? + (a7 — a®C + a®O)2® + (=2 4 2a® — a*¢ + B¢zt
+ (—06+a10+a10<)$5+ (1+a—4 _a4 _CLS +2a12 _2a4<+2a12<)$6

+(=2a72 — a% + a' + 2a%C — 2a%¢ — a'9¢ + 2a14¢) 27

4 8 16 4 4 12 16 4 8 (2.36)

+(—a"—2a"+3a" —s+as—C+a(—a“C+2a"C—sC+a"s()z

+ (a7% + 4a% + 2a° — a'® — o' + 24"

+ 2a72%5 — 2a%s — 5a5¢ — a'%C 4+ 2a'8¢ + 2a72s¢ — 2a%sO) 2 + ... .

On the other hand, for k odd, we find that the magnetic fluxes in the sector p’ = 1 contribute
zero to the index, and so the fugacity s does not appear.

Higgs and Coulomb branches. Let us now explore the Higgs and Coulomb branches
of the IR 3d N/ = 4 SCFT associated with this class of theories. We can take the Higgs
and Coulomb branch limit of the index in a similar way as in [41] to obtain the Higgs and
Coulomb branch Hilbert series as follows. We define

h = za?, c=uza"2,

2.37
or equivalently x = (hC)l/z, a= (h/0)1/4 ( )

and substitute them in the index (2.7). In the Higgs branch limit we send ¢ — 0 and keep
h fixed, whereas in the Coulomb branch limit we send h — 0 and keep ¢ fixed.

Let us now apply this to (2.1) with CS levels (—k, 2k, 2k). We obtain the Higgs and
Coulomb branch limits of (2.7) to be

Higgs limit (2.1)(_gopor):  PE [h2 1 p2k—4 4 p2k-3 h4’f—6} )
Coulomb limit (2.1)(_ a,2k): 1. .

The former is indeed the Hilbert series of C2/Dyy_s [42, (5.31)]. These indicate that Higgs
and Coulomb branches of the IR A = 4 interacting SCFT associated with (2.1) with CS

5Observe that we have four mutually exclusive cases, namely (1) p=0and p’ = 0: mi,ma, ms are
integral and we have ¢°s° = 1; (2) p = 1 and p’ = 0: m,; is integral, mz, ms are half-odd-integral and we
have ¢'s" = ¢; (3) p=0 and p’ = 1: my is half-odd-integral, mo is integral, ms is half-odd-integral and we
have (st = s; (4) p=1 and p’ = 1: m; is half-odd-integral, ms is half-odd-integral, ms is integral and we
have (s.
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levels (—k,2k,2k) are C2/Dqyy_y and trivial, respectively. The generators of the Higgs
branch, corresponding to k2, h2*~* and h?*~3, are respectively

w=tr(p?), v=Xo11@", u=Xo11Q@" tpaps, (2.39)

satisfying the relation

u? + v?w = w?* 3, (2.40)

Here X (3 1,1) denotes the bare monopole operator of flux (2,1,1), where it has dimension
—4 and carries the flavour charge —8 as well as gauge charges (—4k,4k,4k) under the
Cartan subalgebras of each SU(2);; see around (2.28). In the above v = X (51 1)Q*" denotes
the gauge invariant dressed monopole operator, where the bare monopoles with fluxes
(£2,£1,+1) are dressed with appropriate combinations of 4k chiral multiplets @ of the 7%
theory. Note that X (5 1) contains 4k gauge indices of each SU(2); and these are contracted
with the gauge indices in Q** to form v. Similarly, for u, the gauge indices of X (2,1,1) are
contracted with those of Q*~% as well as p 12413, and the remaining indices are contracted
with epsilon tensors.

Let us revisit the special case of k = 2, i.e. the CS levels (—2,4,4). Although the index
diverges, the above computation shows that the Higgs branch is C?/ D,. This is reminiscent
of the Higgs branch of the 3d N/ = 4 SU(2) gauge theory with 2 hypermultiplets in the
fundamental representation. The latter is the union of two isomorphic hyperKéhler cones,
each described by C2?/Zy [47, 54-56]. We believe that the Higgs branch of the case of k = 2
has the same structure.

We can also study of the Higgs and Coulomb branch limits of the USp(2)_x x SO(4)ax
gauge theory, or equivalently SU(2)_j x [SU(2)ax % SU(2)2k]/Z2, which comes from gauging
a non-anomalous Zgy subgroup of Z2 one-form symmetry of the aforementioned theory. We
find that the Higgs and Coulomb branch limits are”

Higgs limit (2~1)(7k,2k,2k)/Z[21]Z PE [hQ + hE2 4 pkt - h%*ﬂ , 1)
2.41
Coulomb limit (2.1)(_&%’2,@)/2[21]; 1.

The former is indeed the Hilbert series of C2/Dy [42, (5.31)]. This means that the Higgs
branch is C2/ ﬁk, and the Coulomb branch is trivial. The generators of the Higgs branch,
corresponding to h2, h¥=2 and h*~1, are respectively

w=tr(p?), v= X(l,%,%)Q2k) u=Xq 7%)62%_4#1#2#37 (2.42)

N

5

satisfying the relation

u? 4 viw = wh L. (2.43)

"Throughout the paper, we put superscript [1] whenever we would like to emphasise that the corresponding
symmetry is one-form.
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IR} ’ 57 5
—2 and carries the flavour charge —4 as well as gauge charges (—2k, 2k, 2k) under the

Here X (1,1,1) denotes the bare monopole operator of flux (1 ), where it has dimension
Cartan subalgebras of each SU(2);. The notations and contractions of the gauge indices are
as described above.

2.2.2 General results for (ki, k2, ks) = k(pq, —pr, —qr) witht =p 4 q

As pointed out in [14, Footnote 7], the ATT condition (2.6) admits the general solution of
the form

k1 =vpqk, ko= —ptk, k3= —qtk,
1=pq 2 p 3 q (2.44)
witht=p+qand p,q, v, k € Zyg.

For simplicity, we will consider the cases of p > 0, ¢ > 0 and k£ > 0. The index (2.7) receives
non-trivial contributions from gauge fluxes (0,0,0) and (+r, +q, £p)n with n € Z>;. The
contribution from flux (0,0, 0), up to order z*, reads

140z + (a* = Da? +a 223 + (a8 - 2)2* + ... . (2.45)

The contributions from the eight fluxes (£t,+q, £p)n correspond to the gauge-invariant
dressed monopole operators. According to the discussion around (2.28), it follows that the
bare monopole operators associated with these fluxes have dimension —2tn. The charge
under the flavour symmetry is —4tn, and the charges under the Cartan subalgebra of each
SU(2); are 2kpqen(+1, 71, F1). This bare monopole can be dressed with a combination of
2kpqen chiral fields of the To theory to form gauge invariant quantities. As a consequence,
such gauge-invariant dressed monopole operators have dimension (—2 + kpq)tn and the
charge under the flavour symmetry (—4 + 2kpq)tn. Indeed, if (—2 + kpq)en is sufficiently
large, the index (2.45) at sufficiently low order in x does not get affected by these dressed
monopole operators. In any case, using the same argument as above, we see from (2.45)
that the SCFT in the IR has enhanced N = 4 supersymmetry, regardless of the contribution
of the dressed monopole operators.

In the previous example of (—k, 2k, 2k), corresponding to p =1, g =1 and vt = 2, we
see that the dimension of such gauge-invariant dressed monopole operators is (2k — 4)n and
the charge under flavour symmetry is (4k — 8)n. Indeed, for k = 3, in addition to (2.45),

4,.2 4

we have the terms a*2? and a®z* coming from n = 1 and n = 2 (up to order z?); as

reported in (2.27). Similarly for k¥ = 4, we have an additional term a82* coming from n = 1;
see (2.27). For k =1 and k = 2, the dimensions are negative (or zero) and this is why the

indices diverge; as reported in (2.27).

One-form symmetries. Let us now discuss the one-form symmetries as well as the
topological sector in the IR. From the discussion in section 2.1, we see that if k is even,
then all of the CS levels (k1, k2, k3) are even and it follows that the anomaly action (2.14)
is an integral multiple of 27, which means that the corresponding anomaly theory is trivial.
We thus turn to the case in which k is odd, in which case the anomaly theory is the same
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as that for £ = 1. We summarise the information in the table below.

CS levels Anomaly Non-anomalous Anomalous TQFT with

(pq, —pr, —qr) | matrix p (2.16) | 1-form symmetry | 1-form symmetry anom. symmetry
00

Both 732 1 -

oth p, q even <0 O) 5

11

p even, q odd <1 1) Zs Zy A% =2 8U(2); 2 U(1), (2.46)
00 21 ~ ~

p odd, g even 01 Zs Zo A5 = 8U(2); 2 U1),
10 2,1 o~

Both p, g odd 00 Zy Zo A== SU(2); = U(1),

We thus conclude that if both p and q are even, the theory flows to an IR /' = 4 SCFT with
a non-anomalous Z2 one-form symmetry with no decoupled topological sector; otherwise,
it flows to an IR A/ = 4 SCFT with a non-anomalous Zs one-form symmetry with the
decoupled A% TQFT.

2.2.3 Higgs and Coulomb branches

We can compute the Coulomb and Higgs branch limits of (2.7) as in (2.37). The result is as
follows:

Higgs limit: PE |h? + 5 4 BB — p2K+21 K — pgek — 2t
gg [ | pq o.17)
Coulomb limit: 1.

These indicate that the Higgs branch is C?/ lA)K+2, and the Coulomb branch is a point. The
generators of the Higgs branch, corresponding to h%, b and h%¥*+1, are respectively

w = tI‘(/LQ) , U= X(r%p)QQPqtk , U= X(nq’p)Qqutki[lMlugugg , (248)

satisfying the relation

u? 4 viw = wf T (2.49)

In the above, X q»
sion —2t¢ and carries the flavour charge —4t as well as the gauge charges 2pqrk(1, —1, —1)
under the Cartan subalgebras of each SU(2);. The notations and contractions of the gauge

y denotes the bare monopole operator of flux (t, g, p), where it has dimen-

indices are as described below (2.40).

2.3 Cases that do not satisfy the ATT condition

In this subsection, we focus on (2.1) whose CS levels do not satisfy the ATT condition (2.6).
As can be seen from the effective superpotential (2.5), the flavour symmetry associated
with the fugacity a is explicitly broken, and the marginal operator tr(u?) is set to zero in
the chiral ring.
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We will consider three interesting families of theories arising from Mb5-branes compacti-
fied on the quotient of the three-sphere S3/T', where T is a finite subgroup of SU(2). The
CS levels for each of these families are as follows [13, section 5.4.3]:

o Lens space® L(p, q) with? % =(k1+1)— ﬁ or (ko +1)— ﬁ Explicitly, we take
p = |kika + k1 + ko| and ¢ = (k1 + 1) or £(k2 +1). (2.50)
This corresponds to the CS levels (k1, k2, 1).
e S3/D,: This corresponds to the CS levels (—2,2,n — 2).

o S3/E,,: This corresponds to the CS levels (—2,3,m — 3).
We summarise the results in each case below.

1. Let us consider the CS levels (k1, k2,1). We have three cases as follows:

o If p=1, i.e. the Lens space is diffeomorphic to the three-sphere, namely L(p =
1,q) = 83, then the index vanishes and IR theory is trivial.

e If p # 1 and both choices of ¢ in (2.50) satisfy either of the following conditions: '’

One of the g is 1 (mod p) and the other is divisible by p, (2.51)

or both choices of ¢ are 1 (mod p)
then the index (2.7)4=1 is equal to unity, and so theory (2.1) flows to a TQFT.
o Otherwise, the index (2.7),=1 takes the form

140z — 2% +22° + ..., (2.52)

where 0z indicates that there is no A/ = 3 flavour current and —z? indicates that
there is one N = 3 extra SUSY-current; therefore, each theory in this subclass
flows to a 3d A/ = 4 interacting SCFT, where supersymmetry gets enhanced
in the IR, with a decoupled TQFT.

Using the information in section 2.1, we summarise the information about the anomalies

and TQFTs below.

CS levels Anomaly | Non-anomalous Anomalous TQFT with
(k1,k2,1) matrix p | 1-form symmetry | 1-form symmetry anom. symmetry
Both k; and (? é) 1 73 Al2hr = (2,),
ko are odd in the notation of [39]
ki is even (1 (1)> 1 73 A22hp = (2,), <2'53)
and ko is odd
Both k; and G 1) Zy Zy A*1 = 8U(2)
ko are even =U(1)2

8Recall that the Lens space L(p, q) can be viewed as the quotient space S%/Z, with the identification
(21, 22) ~ (62”/”21, ez"iq/pz'g).

9 According to [57, Theorem 2.5], the Lens spaces L(p, ¢) and L(p, q’) are diffeomorphic if and only if
p' =pand ¢ = £¢* (mod p).

19These conditions lead to the following identifications: (z1,z2) ~ (€2™/Pz1, e ?™/P2,) or (21,22) ~
(627”‘/?217 z2), with p # 1.
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Note that, in the case of k1 and ks even, theory (2.1) flows to either

e an A =4 SCFT with a non-anomalous Zy one-form symmetry ® A%!, or

e a TQFT with non-anomalous Zy one-form symmetry ® A%!

depending on the value of p/q as discussed above.

2. Let us consider the CS levels (—2,2,n — 2) with n > 4.!! The index (2.7),=1 is unity.

This indicates that the theory flows to a TQFT in the IR.

CS levels | Anomaly | Non-anomalous Anomalous TQFT with
matrix p | 1-form symmetry | 1-form symmetry anom. symmetry
00
n even 73 1 - (2.54)
00
11 21
n odd 11 Zo Zo A% =2 SU(2); 2 U(1)2

For n even, theory (2.1) flows to a TQFT that has a non-anomalous Z3 one-form
symmetry, whereas for n odd, it flows to a TQFT that has a non-anomalous Zo
one-form symmetry @ A1,

3. Let us consider the CS levels (—2,3,m — 3) with m = 6, 7, 8. The index (2.7),=1 is
unity, and so theory (2.1) flows to a TQFT in the IR.

CS levels | Anomaly | Non-anomalous Anomalous TQFT with
matrix p | 1-form symmetry | 1-form symmetry anom. symmetry
11
m even 1 73 A22hp = (2,), (2.55)
10
00 21
m odd 01 Zg ZQ .A = SU(2)1 = U(l)g

For m even, theory (2.1) flows to the TQFT A{22}? = (2,)y, whereas for m odd, it
flows to a TQFT that has a non-anomalous Zy one-form symmetry @ A%!.

2.3.1 Special case of (ki, k2, k3) = (k,1,1)

For any integer k, these CS levels do not satisfy the ATT condition.'? Let us report the
indices, up to order z'°, for the cases of k > 1 below:

k Index

1 1

2 | 1—a2?4+223 — 224+ 225 — 225 + 227 — 228 + 2210 4+ .

3 1—a?+223 — 228 + 2% + 2% — 429 + 7210 . ..
1—a? 4223 — 228 + 2% — 229 + 5210 .

(2.56)

>4

where for k > 4 the indices differ from each other at higher order than z'°.

"The case of n = 3 was discussed in Case 1.

120ther CS levels that leads to the same IR SCFTs in accordance with Footnote 9 are, for example,
(k1,k2,ks) = (—k—1,1,1) and (k—1,—3,1). We have checked that the indices of the corresponding theories
are equal. However, if k is even, the topological sector for (k,1,1) is (£2)2, whereas that for (—k — 1,1,1)
and (k—1,—-3,1) is (£2)0. On the other hand, if k is odd, the situation is reverse: the topological sector for
(k,1,1) is (22)0 and that for (—k —1,1,1) and (k —1,—3,1) is (Z2)2. We expect that different topological
sectors (despite the diffeomorphism of the three-manifolds) arise from different choices of polarisation of the
6d N = (2,0) theory; see also [13].
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For k = 1, the theory flows to the TQFT given by the first row of (2.53). For k > 2,
each of these theories flows to an interacting SCF'T with enhanced N = 4 supersymmetry,
along with a decoupled TQFT, in the IR. The enhancement of supersymmetry from N = 3
to N =4 can be deduced using the same argument as in the precedent subsection: due to
the absence of the N/ = 2 preserving marginal operator, the term —z? indicates that there
is one N = 3 extra SUSY-current, rendering the enhanced supersymmetry. From (2.53), we
see that the interacting SCFT does not have a non-anomalous one-form symmetry, and the
decoupled TQFT has an anomalous Z3 one-form symmetry whose anomaly is given by the
first or second row of (2.53) depending whether k& is odd or even.

The case of k = 2. The case of k = 2 is of particular importance: the SCFT in question
turns out to be the (rank-zero) minimal 3d N' =4 SCFT, discussed in [23, 25]. From (2.7),
the index of this theory, up to order x'2, is

1—a2? + 223 — 220 + 225 — 220 + 227 — 22 + 2210 —22M £ 3212 . (2.57)

This turns out to be equal to the index of the (rank-zero) minimal 3d N' = 4 SCFT,
described by 3d N =2 U(1)_3/, gauge theory with one chiral multiplet of charge 1 [23, 25],

namely

d
27;2' > wmz_%mZ}(/?’(z, m;x)
meZ
=1-2?+ (wH+wH2® - 22 + (w+w )z’ — 225 (2.58)
4 (,w + w—l)x'? o 2568 + (wQ + w_2)x10 . (,w 4+ U)_I)CCH

+ (WP ldw )4

upon setting the fugacity w for the topological symmetry to 1. It was pointed out in [23]
that, in the U(1)_3/5 CS theory, supersymmetry gets enhanced from N=2toN =4
in the IR. Viewing these as N/ = 2 indices, the absence of the term at order z and the
positive term at order z? implies that there is no N = 2 preserving relevant and marginal
deformation. As pointed out by [49, 50] (see also [48]), at order z?, there are two N = 2
extra SUSY-current multiplets Alzl[l]g%
we find a new description, in terms of the N' = 3 gauge theory (2.1) with the CS levels
(2,1,1), of the minimal 3d /' =4 SCFT, along with the decoupled TQFT described in the
second row of (2.53). The N = 3 extra SUSY-current of this theory should actually be
identified with the current of the topological symmetry that is manifest in the 3d N' = 2
U(1)_3/2 CS theory.

In fact, there is another theory that has a similar behaviour: the 3d A" =2 U(1)( gauge
theory with one chiral multiplet of charge 2. This was, in fact, mentioned in [23, (36)]. The

that render supersymmetry enhancement. Here

three-sphere partition function of this theory is Z = [*°_dsT'j(ir + 2s),'3 where r is the
R-charge of the chiral multiplet. It turns out that the value of |Z| is independent of r such

that 0 < r < 1, and we find that the free energy is F' = —log|Z| = —log 1/ 5*10\/5 + log /2.

3Here we use the same convention as [32, section 5.1] and turn off the FI and mass parameters.
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According to [25, (3.6)], the free energy of the minimal 3d /' =4 SCFT is —log 5_1(\)/5.
The other contribution comes from the TQFT A*! = U(1),, whose free energy is given
by — log ‘ffooo ds e?™s*| = log /2. Hence, we conclude that the 3d N = 2 U(1)o gauge
theory with one chiral multiplet of charge 2 flows to the minimal 3d N/ =4 SCFT along
with the A%! TQFT. Indeed, the index of the U(1)y gauge theory is given by the integral

L me;(ZQ, 2m; x) and the result turns out to be equal to (2.58).

2miz

Description in terms of the USp(2); X Spin(4); gauge theory. Theory (2.1) with
the CS levels (k,1,1) can also be described by the 3d N' = 3 USp(2); x Spin(4); gauge
theory with a half-hypermultiplet in the representation [4;2]. In fact, it can be checked that
the index of this theory is equal to that of the USp(2); x SO(4); gauge theory with the same
matter content. This is because in the latter the bare monopole operators cannot be dressed
by the half-hypermultiplet to form a gauge invariant operator. Since the fugacity ¢ of the Zo
zero-form magnetic symmetry does not appear in the index of the USp(2), x SO(4); gauge
theory, this means it acts trivially on the local operators. This indeed signalises that the
corresponding dual one-form symmetry in the USp(2); x Spin(4); gauge theory acts on the
line operators of the decoupled topological sector, in accordance with the above statement
that the interacting SCFT does not have a non-anomalous Zs one-form symmetry. Note
that the topological sector is invisible to the index computation (2.7).

The USp(2) x SO(4); gauge theory may have a non-anomalous Zy one-form symmetry,
depending on k. As before, the condition for the existence of a Zs one-form symmetry of
this theory can be determined by a simple generalisation of [52, (3.27)] (see Footnote 4 with
k=1, M =2 ky=kand N =1):

1 1 1
Zx1x2+§k:§(k‘—|—1)€Z & k is odd. (2.59)

We interpret this results as follows. Although theory (2.1) with the CS levels (k,1,1),
or equivalently the USp(2), x Spin(4); gauge theory, has an anomalous Z2 one-form
symmetry, its Zy diagonal subgroup is non-anomalous for £ odd. This can be seen directly
from the action (2.14) of the anomaly theory: Sanom = —2F I, (wf) U w§2)), where the
first two terms of (2.14) can be dropped. Upon taking w§2) = wéQ) = B@, we have
Sanom = =27 [, P(B®)/2. Since S, P(B®@) is even on a spin manifold My, this action
is an integer multiple of 27; this indicates that the Zy diagonal subgroup of Z3 one-form
symmetry is non-anomalous for £ odd. On the other hand, for k even, we also have a
non-trivial contribution from the first term of (2.14), namely 7(k — 1) [, P(w%Q))/Q; this
renders the anomaly of the Zs diagonal subgroup non-trivial.

For k£ odd, the above interpretation can be supported by an explicit realisation of the
topological sector (Z2)o; see the first row of (2.53). As discussed around [39, (2.7)], the Z3
one-form symmetry of the (Z5)y TQFT is generated by the basic electric and magnetic lines
Ve, Var of integer spins, where each of such lines generates a Zy non-anomalous one-form
symmetry labelled by p = 0. Due to a non-trivial mutual braiding phase e ™™ of Vg and
Vs, we can always find a line b that generates a Zs subgroup of the Z2 one-form symmetry
with anomaly characterised by p (with p = 0, 1 mod 2), namely b = Vg/ *Vir. We see that
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the Zs diagonal subgroup, generated by the line VgVyy, of the Z2 one-form symmetry is
indeed anomaly free.

2.4 Gluing with T'(SU(2)) theories

Let us now include the T'(SU(2)) SCFT [47] into the discussion. This theory can be realised
as an IR SCFT of the 3d N/ =4 U(1) gauge theory with two hypermultiplets of charge 1
and it has an SU(2)y x SU(2)¢ flavour symmetry with the mixed anomaly given by the
following anomaly theory (see [21, 58, 59] and also [60])

T wi Uws (2.60)
My

where wf and wQC are, respectively, the second Stiefel-Whitney classes associated with the
SO(3) g and SO(3)¢ bundles that obstruct the lift to the SU(2) gy and SU(2)¢ bundles.

As discussed in [14], an interesting generalisation of (2.1) is to gauge the diagonal
subgroup of the SU(2); symmetries (with ¢ = 1,2, 3) of the T, theory and the SU(2)¢ global
symmetry of the i-th copy of the T'(SU(2)) theory with CS level kl(l), and then gauge the
SU(2)z global symmetry of the i-th copy of the T(SU(2)) theory with CS level k). The
resulting theory can be represented as

k)

k;” kgz)
S

% kS
S .

where S stands for the T'(SU(2)) theory. More generally, we could consider the following

(2.61)

longer ‘tail’:
kﬁl) kz(Q) ]C,ES) k,gai_l) kfflz)
IS IS . IS (2.62)

For simplicity, we focus on the configuration (2.61). As pointed out in [14, section 3.3], this

model can be realised by compactifying M5-branes on a three-manifold given by a Seifert
bundle over S? with three singular fibers, with Seifert parameters ¢ /p1, q2/p2 and q3/ps,

where 1
bi _ 1) _ 1 C
o k, ki@) , 1=1,2,3. (2.63)
The effective superpotential after integrating out the adjoint scalars is
L/iq | q Q3> 2 2 g
Wz(—i——i— tr + Yy =tr(uipic), 2.64
2 oy Ty Ty ) D) ; o, trlintic) (2.64)

where p$ denotes the moment map of the SU(2)¢ global symmetry of the i-th copy of the
T(SU(2)) theory, and p; is the moment map of the SU(2); global symmetry of the T, theory
satisfying (2.4). The ATT condition (2.6) is then generalised to [14]

o, e, e

=0. (2.65)
b1 P2 P3
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Similarly to (2.1), we will again show that this is a sufficient condition for supersymmetry
enhancement in the IR. However, even if (2.65) is not satisfied, there are cases in which the
IR SCFT has accidental NV = 4 supersymmetry.

The index of the T'(SU(2)) SCEFT can be written as

Ir(su()) (w,n|f,mla, ng; z)

S0t f o T1 2% s+ m) + nosa) (2.66)

I€Z
X Z;/z((z_ f)la; s(—l +m) +ng;x),

where (w,n) are the (fugacity, background magnetic flux) for the topological symmetry,
(f,m) are those for the flavour symmetry, and (a,n,) are those for the axial symmetry.
Here we normalise the power of the fugacity w in such a way that the elementary monopole
operators Vi carry the fugacity a 2w®2. In this way, the Coulomb branch moment maps

correspond to the term a_2xf§]( Je “(w)x in the index, and the Higgs branch moment maps

correspond to the term a X[2]( Ju " (f)x. The index for theory (2.61) is therefore given by

L. 61)(0 Na; T)

< 2miz; () €78 8%/ 2mif; (1, i) €Z3
3 2k
X H 21/2(281z522§3a s1m1 + S22 + $31M3 + Na; T)

81,52,83==%1

x 1 Zrsve) (2 mal fi: mila, na; ) -
=1

When the ATT condition (2.65) is satisfied, the first term in (2.64) vanishes and the
U(1), symmetry associated with the fugacity a assigned as above is a symmetry of the
theory, since p; carries charge +2 and yu; ¢ carries charge —2. However, if (2.65) is not
satisfied, we set a = 1 and n, = 0 in the above expression of the index.

2.4.1 ’t Hooft anomalies of the one-form symmetries

Gauging the SU(2) g and SU(2)¢ global symmetries of T'(SU(2)) respectively with CS levels
kr and k¢ leads to the Zg i X Zy ¢ one-form symmetry arising from the centres of SU(2)y
and SU(2)¢. The 't Hooft anomaly of such a one-form symmetry is characterised by the
following anomaly theory (see [25, (3.62)])

(2) (@)
77/ [kHP(wH ) ke Pe) @ v (2.68)
My
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(2)

where w; Jc are the two-form background fields for the Zj /¢ one-form symmetries. The
first two terms arise as in (2.11) and the last term comes from (2.60). Upon gauging with
the Ty theory as in (2.61), we have six SU(2) gauge groups but Z3 one-form symmetry due
to the screening effect of the matter of the 75 theory. The 't Hooft anomalies of the latter
are given by

/ 22: 23: W PED 23: BYuBP|  with 23: BY =0 (2.69)
T . y h W1 . = .
M4 (2 2 = (2 (2 = 7 ’

r=1i=1

where Bi(r) is the two-form background field associated with the SU(2) gauge group with
CS level kgr), with i = 1,2,3 and r = 1,2.1% The last constraint comes from (2.12).

2.4.2 Summary of the results

We observe the following result:

For given ratios p;/q; (with i = 1,2, 3), the index (2.67) of theory

- (2.70)
(2.61) is independent of specific values of ;" in (2.63).
As an immediate consequence, the following statement holds:
If pi/q; € Z for all i = 1,2,3, the index (2.67) of theory (2.61) (2.71)

is equal to the index (2.7) of theory (2.1) with k; = p;/q;.

We remark that these statements are true, independently of whether the ATT con-
dition (2.65) is satisfied. This means that the aforementioned theories flow to the same
interacting SCFT in the IR. This observation may not be a surprise from the geometrical
perspective, since both theories are associated with Seifert manifolds that are diffeomorphic
to each other. Note that the decoupled topological sectors in the IR may be different, since
the anomalous one-form symmetries determined by (2.14) and (2.69) may be different. We
have actually seen this phenomenon in Footnote 12.

For simplicity, we examine the indices of the following theory

(2)
k?) g kl

7, k2 (2.72)

S

14We denote the two-form background fields for the one-form symmetries differently from the other sections

in order to avoid cluttered notation.
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with various CS levels as follows.

KOV EP | 2| kg | ks | ATT (2.65) Index
-4 | -1|-3] 6| 6 v (2.27) with £k =3
3 2 5 1-5]-5 v 1+ (2a* — 1)2? + (a8 — a® + a7 2)2%+
-2 (3a® —a* —2)z* + ...
3038 |-4|-8 v 1+ (a* = 1)a? +a 223 +
2(a® — )zt + ...
2 2 % -3 | -3 v diverges (2.73)
1|3 ]2 ]1]1 140z — 2% +22% — 22% + ...
2 2| 3111 X 140z —a? + 223 — 22* + ...
-2
2| -2]-3]1]1 X 1
1| 7] & ]-2]3 X 1+ 0z + 02 + 2% — 2t + ...
For reference, we also provide the contribution of zero gauge magnetic fluxes:
140z + (a* = Da? +a 223 + (a® - 2)2 + ... . (2.74)

422 indicates that there is one marginal operator coming from the zero gauge

The term a
flux sector, the term Ox indicates the absence of the N' = 3 flavour symmetry current, and
so the term —z? indicates that there is one N' = 3 extra SUSY-current. Therefore, when
the ATT condition is satisfied, the IR SCFT has enhanced N = 4 supersymmetry. However,
when the index diverges, we cannot conclude the IR behaviour from it.

When the ATT condition is not satisfied, there are cases in which the IR SCFTs have
enhanced N = 4 supersymmetry; these are explicitly shown in the fifth and sixth
rows of table (2.73). This can be deduced by the same reasoning as above. Note that the
marginal operator discussed below (2.74) is set to zero in the chiral ring by an F-term
equation (cf. section 2.3) and so we do not have a positive term at order x2. However, in
the final row of table (2.73), we find no indication of supersymmetry enhancement from the
index, assuming that there is no additional marginal operator. If the index is unity, then
the IR theory is a TQFT.

Next, let us report some indices for theory (2.61) with various CS levels such that the
ATT condition (2.65) is satisfied:

O R - R Index
2| 1 |3 7 [ 1 [6] 7 [ 1 [6]|(227)withk=3 (2.75)
3 1 [—4a[ 9 [ 1 [8] 9 [ 1 |8 (227) withk—4
4| 1 [—5[ 1t [ 1 [10] 11 [ 1 [10](2:27) with k=5

These results support the statement (2.71). In all of these cases, the IR interacting SCET
has enhanced N/ = 4 supersymmetry.
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Finally, we observe that if a pair of Seifert fibres with parameters ¢;/p; and ¢;/p; are
isomorphic by an orientation-preserving diffeomorphism, namely [57, Prop. 2.1]

1. after possibly permuting indices, ¢;/p; = ¢i/p; (mod 1) for each i, and
2. X0 4i/pi = 224/ Pis

then the indices of the theories associated with these Seifert fibres are equal. In other words,
the corresponding IR SCFTs are the same.

3 Theories with two T building blocks

Let us now couple two copies of the 15 theory together by gauging a diagonal subgroup of
the two SU(2); flavour symmetries (with ¢ = 1,2, 3), belonging to different copies of the T,
theories, with CS levels k;. We denote this diagrammatically as

k1

T @ e (3.1)

\k‘g/

We denote by ,uz(l), with i = 1,2,3 and I = 1,2, the moment maps of the SU(2); flavour
symmetry of the I-th T, theory. Their explicit expression for each I is given by (2.3). We
also have the analogue of (2.4), namely

(i %) = tr(ps” ?) = tr(uf %) = (D 2) (3.2)

for each I = 1,2. The effective superpotential after integrating out the adjoint scalar fields
s (see [14, (2.16)])

W= () [ (07 0 (7)) < 3 g () e

When the ATT condition (2.6) is satisfied, the first term vanishes and there is a flavour

symmetry that assigns charge 41 to every chiral field of the first 75 theory and charge —1
(1) (2

to every chiral field of the second T5 theory. As a consequence, p,

+2 and —2, respectively. We denote by a the fugacity associated with this flavour symmetry.
We will shortly see that, if the CS levels obey the ATT condition, the flavour symmetry
algebra is actually su(2),. On the other hand, if the ATT condition (2.6) is not satisfied,
this flavour symmetry is explicitly broken by the first term of the superpotential.

and p,;”" carry charges

The index for theory (3.1) is given by

1 3 dZi m
L(z.ny(a;na;z) = <8H]{ : ) > (H 2ihimi 25O zz;mi;x)>
=1

2miz;
v (m1,ma,m3)€Z3 \i=1

1/2/_ 51 .52 .8
X H Zx/ (27" 25°25%a; symy + sama + $3m3 + ng; x) (3.4)
81,82,s3==%1

1/2 51 32 5 —1. 7 ! / .
X H 22 297 23%a” 7 syma + shymag + s3mg — Mg T) -

! ! R
87,85,85==1
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As before, we will set n, = 0 and drop n, from the argument in Z3 1y(a,nq; ) when we
study the series expansion of the index. For the cases that do not satisfy the ATT condition,
a should be set to 1 and n, should be set to zero.

Without the CS levels, theory (3.1) can be viewed as 3d reduction of the 4d N = 2
Aj class S theory associated with a Riemann surface of genus 2 with no puncture. The
one-form symmetry of the latter is Zs X Za; see [61, (3.12)]. With the CS levels turned on,
their 't Hooft anomalies are characterised by (2.15) and (2.16).

3.1 Cases that satisfy the ATT condition

We consider theories (3.1) with CS levels satisfying (2.6).

3.1.1 Special case of (ki, k2, k3) = (—k, 2k, 2k)

This theory is equivalent to the USp(2)_; x Spin(4)s; gauge theory with two copies of
bifundamental half-hypermultiplets in the representation [2;4]:

SO

It is indeed closely related to the ABJ theory [10], described by the USp(2)_x x O(4)ax
gauge theory with the same matter content. We can start from the USp(2)_j x SO(4)ax
variant of the theory: gauging the Zs zero-form charge conjugation symmetry associated
with the SO(4) gauge group leads to the original ABJ theory, whereas gauging the Zs
zero-form magnetic symmetry leads to theory (3.5). This type of arguments was used
to studied variants of ABJM [8] and ABJ theories in [35, 36, 52, 62]. The index of the
USp(2)— x SO(4)9, variant is

Tusp(2)_,xS0(4)9 (G5 @5 )

_ 1 d’U] kaj mi+mso du —2kn
~3 Z Z(Hf{mu )< omiu -

(my,m2)€Z2 nEZ

(3.6)

de%( )(Ul,UQ;ml,mQ, )Z\E’;(S:p( )(u’ n; l’)

X H H Z}(/2 (v'u?a; symy + son; ) Z}(/2 (v51u32a Losim; 4 son; :U) )
i=1 s1,50=%1

where ¢ (with (2 = 1) denotes the fugacity for the Zy zero-form magnetic symmetry and
we have set the fugacity x for the charge conjugation symmetry to 1. The index of (3.5)
can be obtained by gauging the magnetic symmetry as follows:

1
T35 (a;x) = B [IUSP(Q)_kxso(zL)zk(C = 1,a;%) + Tusp(2)_,x50(4)s: (¢ = —1, a5 $)} . (3.7

Let us first consider the index of the USp(2)_j x SO(4)ax variant of the ABJ theory, or
equivalently the SU(2)_j x [SU(2)ax x SU(2)9k]/Zo theory, where a Zs one-form symmetry
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of (3.1) is gauged. We tabulate the results, up to order x*, below.

CS levels Index (3.6)
(—k, 2k, 2k)
k=1 L+ [1+ 02 @]z + [@+Oxi™ (@) + 2 = xiy ™ (@)] >+

{@+20x? (@) = [0 (@) + B+ 20x(7 (@) +¢| Ja®+
{420 (@) + 30+ Oxpy® (@) +1+2¢ -
[+ (@ + 0+ Ox? (@] ot + ...
k=2 1+oc+[(1+§)xf;l (a) +2— []2)()]:102—0—
[ () +2 = 2+ Oxiy™ (@)]a+
{e+ O @+2- [0+ OxG" (@ >+<x?:f2> (@) + 0 (@] fat + ..

(3.8)

k=3 l+z+ [Xf;*f?) (@) +2 = x5 (@)] 2% + [y (@) +2 = 215y ® (@)] e+
{a+0x? @ +2- [xia® (@) + o @]}t + ..
k=4 l+a+ {X“"@) +2— *[‘“](2) (a)]x2 + 2[1 - X*[‘;](” (a )}x3+

{0+ x4 (@) +2— x5 ® (@)} ot + ...

For k > 5, the terms with fugacity ¢ appear at a higher order than x*. The index of the case
of k =1 was studied in [35, (3.80)], where it was pointed out that the USp(2)_; x SO(4)2
ABJ theory is dual to another variant of the ABJ theory, namely the [U(3)4 x U(1)_4]/Z2
gauge theory with two bifundamental hypermultiplets, whose IR SCFT has enhanced
N = 6 supersymmetry. The indices for the cases of k > 2 indicate that supersymmetry
gets enhanced to N’ = 5. This can be seen as follows. All of such indices have the
coefficient of x equal to 1 indicating that there is one N' = 3 flavour current, but since
there is the term X[z]( ) (a) = —(a®> +1+ a_2) at order z2, the term —1 corresponds to

~2 correspond to the NV = 3 extra

the A/ = 3 flavour current and the terms —a? and —a
SUSY-currents, rendering supersymmetry enhancement from N = 3 to N/ = 5.
Now we report the index of theory (3.1) with CS levels (—k, 2k, 2k), or equivalently (3.5),

given by Z(35)(a; z) up to order z* below.

CS levels Index Z3 5y (a; v)
(—k, 2k, 2k)

k=1 1+:c+{ [X[4 (a)—i_l}_X[Q] ()}IZ“'[X%(Q)( )_3X[2 ()]

{3[)([8] (a) + x?;]( ) (a)] +1- [2)(?&‘](2) (a) + x[4]( ) (a)] }a: +...

k=2 I+z+ {XT:](Q)( )+2— X[2 (a)}z +2[1—X[2 (a)}x + (3.9)
{Z[ng}@) (a)+1] 5“ 2) (a)}x +.
k>3 1+$+[[]()()+2—X[2]()(a)]x+

2[1 — 5“ 2) (a)]:z: + [x[g]( ) (a)+2— ng@ (a)}x +.
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For k > 3 the indices differ from each other at a higher order than z*. By the same reasoning
as before, the indices indicate that the IR SCFT has enhanced N/ = 5 supersymmetry.

The 't Hooft anomalies of the one-form symmetry of these theories are as presented
in (2.30). For k odd, theory (3.1) with CS levels (—k, 2k, 2k) or equivalently (3.5) flows to
an interacting N' =5 SCFT with a non-anomalous Zs one-form symmetry, along with the
TQFT A%1.15 For k even, the theory flows to an interacting N'= 5 SCFT that has a Z3
one-form symmetry and there is no decoupled topological sector.

The above indices receive the contributions of the gauge invariant dressed monopole
operators, whose properties are similar to that discussed around (2.28). Explicitly, the bare
monopole operator with magnetic fluxes (my, ma, m3) has dimension

3
Z Sy

1
A(m1)m27m3) = 5 E
i=1

S1,82,83=+1

3
— > 2imyl, (3.10)
=1

is neutral under the flavour symmetry and it carries charge 2k;m; under the Cartan
subalgebra of each SU(2); gauge factor.

We can compute the Coulomb branch and Higgs branch limits of the index as in (2.37).
We find that they are equal, as expected for SCFTs with NV > 5 supersymmetry. In
particular, we have

Higgs limit (3.1)(_p 2x,2k) = Coulomb limit (3.1)_p 22k)

3.11
= PE [tQ + 2k 2R t4’€+2} , witht=~horec. (3.11)

This is the Hilbert series of C?/ ﬁ2k+2, indicating that the Higgs and Coulomb branches are
isomorphic to this singularity. The generators of the Higgs branch are

4k ak—4
w = tr(ﬂ(lﬂ) y U= X(2,1,1) (Q(l)) y U= X(2,1,1) (Q(l)) Mgl)ﬂg)#gl) ) (3.12)

satisfying the relation
u? + 02w = w?k (3.13)

The generators of the Coulomb branch can be obtained simply by replacing the superscript
(1) by (2). Note that the generators u and v are the bare monopole operator Xy 1),
whose dimension is zero, dressed by appropriate chiral fields from each copy of T5 such
that the combinations become gauge invariant. Indeed, from (3.9), we see that the dressed
monopoles that are related to v contribute the term szlgf)(a)x% to the index.

We can also examine the USp(2)_j x SO(4)a, version of the ABJ theory, or equivalently
SU(2)— % [SU(2)2 x SU(2)9k]/Za, which comes from gauging a non-anomalous Zs subgroup

of the Z2 one-form symmetry of the aforementioned theory. In this case, we have

Higgs limit (3.1)(_g.o5.26)/Z5) = Coulomb limit (3.1)(_p 2¢.25)/Z}

(3.14)
— PE [t2 Ttk gkl t2k+2] . witht=horc.

5For k odd, we can infer from (2.31) that the USp(2)_x x SO(4)2s, theory does not admit a Zs quotient.
This means that, for k¥ odd, the non-anomalous one-form symmetry of the USp(2)_x x Spin(4)z2 is Zo,
which we can gauge in order to obtain the USp(2)_x X SO(4)2x theory, and there is no further Z; one-form
symmetry that we can gauge in the latter.
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This is the Hilbert series of C2/ ﬁk+2. The generators of the Higgs branch are

2k—4
w=tr(u®?), v=Xq 1) () T T T R CR L)

D=

satisfying the relation
u? + v?w = whtt. (3.16)

Again, the Coulomb branch generators can be obtained by replacing the superscript (1)
by (2). From (3.8), we see that the dressed monopoles that are related to v contribute the
term ( ngg) (a)z* to the index. This explains why, when k > 5, the contribution from the
dressed monopole operators appears at a higher order than z*. In particular, for k = 1,
these operators are related to N/ = 3 flavour currents that are necessary for the enhanced
N = 6 supersymmetry in the IR.

3.1.2 General results for (ki1, k2, k3) = k(pq, —pr, —qr) with e =p +q

We consider the CS levels (2.44) for the theories formed by gauging two copies of the T
theory. The information about the one-form symmetries and their 't Hooft anomalies are
as tabulated in (2.46).

Let us now consider the index (3.4). The contribution from flux (my,ms, ms) = (0,0,0),
up to order x4, reads

1+x2+ {XTZ](Z) (a)+2— X?;](Z) (a)]x2

(3.17)
2 2 2
+ 2[1 - XE( ) (a)]:v?’ + [ng}( V(a) +2— ng]( ) (a)]x4 +....
The term at order z is the contribution from
€191 €722 €79% ngll)OQOZS Qt(lz’l)a'gaé ’ (3.18)

This is the moment map operator associated with the U(1) N/ = 3 flavour symmetry current.
The marginal operators contributing the positive terms, namely X?Z](Q) (a) + 2, at order 2

are
QUMIQEIQUIQUNs | tr(uVu?), (s ), (3.19)
where tr(uél) ,ugf)) can be written as a linear combination of the latter two due to the
F-terms. Also, in the first quantities, the contractions of gauge indices, which we have
suppressed, are done in such a way that I, ... I; are completely symmetric; the latter is
denoted by ()s. Note also that the first quantities contain tr(x)?) and tr(u(?)?2).

There is also a contribution from eight gauge fluxes (mq, ma, m3) = (£t, £q, £p) corre-
sponding to the gauge-invariant dressed monopole operators. According to the discussion
around (3.10), the bare monopoles associated with these fluxes have dimension 0, are neutral
under the flavour symmetry, and the charges under the Cartan subalgebra of each SU(2);
are 2kpqr(+1,F1,F1). They have to be dressed with 2kpqr chiral fields from each copy of

T, or to form gauge invariant quantities. The gauge invariant dressed monopole operators
su(2)

[2kpar]
at sufficiently low order does not get affected by these operators. In any case, using the
same argument as above, we see from (3.17) that the SCFT in the IR has enhanced N =5

supersymmetry, regardless of the contribution of the dressed monopole operators.

therefore contribute to the index as x (@)™, If kpqr is sufficiently large, the index
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3.1.3 Higgs and Coulomb branches

For the theories discussed in section 3.1.2, the Higgs and Coulomb branch limits of the
index are both equal to the Hilbert series of C?/Dp o, namely

PE |2 4 ¢ 4 51— 2K42) | — pqek, t=horc. (3.20)
The generators of the Higgs or Coulomb branch are
w=tr(uD?), 0= X(qp (@) w = X g QU200 0 (3.01)
with I = 1 or 2. They satisfy the relation
u? 4 viw = wi T (3.22)

3.2 Cases that do not satisfy the ATT condition

From the effective superpotential (3.3), we see that the first term can be viewed as an
N = 3 preserving exactly marginal deformation of the N' = 5 theory whose superpotential
contains only the second term. The index of the latter, excluding the contribution from the
dressed monopoles, is given by (3.17), which indeed indicates N = 5 supersymmetry. The
aforementioned exactly marginal deformation explicitly breaks the su(2), flavour symmetry,
corresponding to the term _X?;}@) (a) 2% in the index, to its Cartan subalgebra. The latter
can be seen from the term +x of the index which indicates that the N' = 3 flavour symmetry

is U(1).1% From the index (3.17) with a = 1, we have
14+z+(5—1)2%—4ad +4a* + ..., (3.23)

where we see that 7 marginal operators as listed in (3.19) get reduced to 5 due to the
two F-term relations coming from the non-vanishing first term in the superpotential (3.3).
Indeed this is due to the terms a? and a~2 in the term —X?;]@) (a) 2% being set to 1. In
general, we expect that the cases that do not satisfy the ATT condition have N/ = 3
supersymmetry. Although we have not taken into account the contributions of the dressed
monopole operators, we do not expect the latter to make supersymmetry enhanced.

Nevertheless, the dressed monopole operators can make the flavour symmetry enhanced.
An example is the case of CS levels (ki, k2, k3) = (—1,1,1), whose index is

1+3z+(9—3)x? — 72+ 162 + ... . (3.24)

The contributions to 3z come from (3.18), along with the dressed monopole operators
X(LLO)Q(DQ(Q) and X(l,oyl)Q(l)Q(Q). We propose that these form a triplet of the enhanced
SO(3) flavour symmetry which is indeed the moment map of this symmetry. For convenience,

16To see the action of this symmetry, we view the moment maps p'¥) as 2 x 2 symmetric matrices
(1) p0
,um = (Z(I) (1)>. Under this U(1) symmetry, the elements aP and @ carry charges +1 and —1
c

respectively, whereas b() carry charge 0. Indeed, the terms tr(,u(I)Q) =200 — 212 gnd tr(u(l)u<2)) =
a@c® 4 W@ _ 2pMp3 ip the superpotential are neutral under this flavour symmetry, as it should be.
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let denote by b the fugacity of this SO(3) flavour symmetry, and so the term 3z can
be rewritten as X[Q](z)(b)x. Note that the square of such dressed monopole operators
contribute to the index at order x?; therefore, the term (9 — 3)x? can be rewritten as
{Xﬁ]( )(b) +4— X[2]( )(b)} . The term b° = 1 in X[4}( )(b), together with +4, accounts for
the 5 marginal operators, as mentioned above; the remaining positive terms are marginal
operators that are dressed monopole operators. We do not see any contribution of the

N = 3 extra SUSY-current, and so we conclude that the theory has N/ = 3 supersymmetry.

3.3 Gluing with T (SU(2)) theories

Let us consider gauging with the T'(SU(2)) theories in a similar fashion to the theories
discussed in section 2.4. In particular, we focus on the following class of theories:

(1)
& /

where S stands for the T'(SU(2)) theory. The SU(2); global symmetry left 75 theory is
diagonally gauged with the SU(2)¢ symmetry of the i-th copy of the T'(SU(2)) theory with
CS level k:l(l) (with i = 1,2,3), and the SU(2); global symmetry right 7, theory is diagonally
gauged with the SU(2)y symmetry of the i-th copy of the T'(SU(2)) theory with CS level
k:Z@). The analogue of the ATT condition (2.65) is the following [14]:

(3.25)

/ / /
n e B_ L B_ (3.26)
b1 P2 P3 b1 P2 P3
where » 1 » 1
bi _ .0 ~ Pi @~
0 =k; k@) , qz{ k; km . (3.27)

For convenience, we will also refer to (3.26) as the ATT conditions. The index of these
theories is given by the following expression:

Z(3.25)(a, ng; )

dz; 1 df;
< H%27T22’1> (m1 Z <8H 27rzfl>@ Z

- ,mg)€EZ3 =1 "',7/7;3)623

3 W,
2k 2k i
(H s ZSU) s ) )(Hf mzfsm,mz,m)

X

1/2( 51,82 8 (3.28)
H Z5 (27'25°25%a; symy + sama + s3maz + ng; x)
s1,82,83==*1
H 21/2(251232 z3a L symy + somo + s3mg — ng; x)
)
s1,82,83==+1

X

X

X

1 Zrsve) (zi mil fi, mila, na; ) -
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As before, when both conditions in (3.26) are satisfied, there is a flavour symmetry that
assigns charge +1 to the chiral fields of the first copy of the T theory, charge —2 to
the Coulomb branch moment map of T'(SU(2)), +2 to the Higgs branch moment map of
T(SU(2)), and charge —1 to the chiral fields of the second copy of the T5 theory. If one of
the conditions in (3.26) is not satisfied, this symmetry is explicitly broken and we should
set a = 1 and n, = 0 in the above expression.

’t Hooft anomalies of the one-form symmetries. Similarly to (2.69), here we have
six SU(2) gauge groups but Zj one-form symmetry due to the screening effect of the matter
of two copies of the T, theory. The 't Hooft anomalies are characterised by

2 3 (r) 3
rP(B;") M, p@)
T E E k. + E B UB:

/M4 Ll i=1 ' 2 i=1 ’ ’
5 (3.29)

3
with $°BY =S B® —0,
i=1 i=1
where Bi(r) is the two-form background field associated with the SU(2) gauge group with
CS level k:gr), with ¢ =1,2,3 and r = 1,2. The last constraint comes from (2.12).
Summary of the results. For simplicity, we focus on the following theories
K
T 2 T (3.30)

S~k

with various CS levels. We find the following results:

o When both conditions in (3.26) are satisfied, IR SCFT always has enhanced N = 4
supersymmetry.

o When either of the conditions (3.26) is not satisfied, we generally do not find an
indication of supersymmetry enhancement from the index.

We report the indices as follows.

YR sk | ks | (3.26) Index
2 2 3.3 |-1| 3| vV 1+ (a*+a™* +2—1)2® — (2a® +2a72)2%+
(2a8 +2a78 — )2t + ...
2 2 33 | -3 -3| v v |1+(a"+a*+2-1)2?+(a®—2a%>— 222 +a %)+ (3.31)
(2a® —a* —2—a"*+2a8)2t + ...
1 | -1]2,-2|11]1/|x X 1+ 0z + 322 — 42 4+ 3z* + ...
-2 | -1|-1,-3 X v 1+a+4a? —40® + 132t 4. ..
2| -1 |-1,-2) 2| 2|/ X 1+ 0z + 422 — 323 4+ 3z* + ...

Let us first consider the cases in which both conditions in (3.26) are satisfied. The
contribution of the gauge fluxes that are all zero is

1402+ (a*+a 1 +2-1)2% — (2a> +2a )2 + (a® +a Bzt + ... . (3.32)
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Comparing with the first two rows in the above table, we see that the contributions of
the higher monopole fluxes generally appear at higher order of x. Since the coefficient
of z vanishes, there is no N'= 3 flavour current. The current associated with the U(1),,
flavour symmetry, contributing the term —x2, acts as the AN’ = 3 extra-SUSY current. The
latter implies that the IR SCFTs have enhanced N = 4 supersymmetry. Due to the
vanishing coefficient of z, the index does not satisfy the sufficient conditions to have N > 5
supersymmetry [50]. The marginal operators contributing the terms a* 4+ a=*+ 2 at order

.%'2 are

+4 a1by _cidy _azca bada _ascs bsds () (I) () (I) _
a : € € € € € € Q Qb1b2b3Q01C2CBQd1d2d3 ? I - 1’ 2 ?

ajagas
. a1by /c\1l/i\1 azca bada azcs bzds (1) (1) (2) (2)
1: eMPrehrdneacabadacascse Qawz%Qb1b2b3Q31CQ03Q21d2d3 ) (3.33)
. _aiby cidy _ascy bads asds bscs (1) (1) (2) (2)
1: ™01 eCL01 202 (D202 0303 ¢ Qa1a2a3Qb1b2b3Q€1czcg dydods

The other gauge invariant combinations with R-charge 2 are related to these combinations
by the identities of the epsilon tensors or the F-term conditions.

However, in the cases in which one or both of the conditions (3.26) is not satisfied, the
U(1), flavour symmetry is explicitly broken, and so the marginal operators listed in (3.33)
may be related to each other by the F-terms (cf. sections 2.3 and 3.2). In these cases, we
do not see clear evidence of supersymmetry enhancement from the index.

4 Theories with T3 building blocks

We now consider theories whose building blocks are the 3d 75 theory. Let us start by
summarising the important information of the T(SU(3)) and T3 theories. The T'(SU(3))
theory has an SU(3) gy x SU(3)¢ global symmetry with a mixed anomaly characterised by

2
il wi Uw§ (4.1)
3 I My

where wf /% is the second Stiefel-Whitney class which measures the obstruction to lifting

the (SU(3)/Z3) /¢ bundle to the SU(3) /¢ bundle. The 3d N' = 4 T theory can then
be constructed by gauging the diagonal SU(3)/Z3 subgroup of the SU(3)%, symmetry
coming from three copies of the T(SU(3)) theory. Note that the SU(3)2, manifest flavour
symmetry of the T3 theory gets enhanced to Eg in the IR. The moment map in the adjoint
representation of Fg can be decomposed into fields in representations of the SU(3)? maximal
subgroup as follows:

78 — 81,1 @ [1;81 © [1;1;8] @© [3;3;3] @ [3;3;3]

) ] . ) 4.2
X ;2 zs Q23 Qiriis (42)
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They satisfy the following relations (see [63, section 2.2] and [64, section 5.3]):

tI‘l(XQ) = trg(Y2) = tr3(Z2) = My,
tI‘l(Xg) = trg(Y3) = tI‘3(Z3) = Mj,
XJZ; leim’s — }/JZZQ Qiljzig — Z;g Qiligjg ’
Xgll leiQiB = ']2 Qiljzig = Z]3 Qiligjg 5

QURBQ; iy = Zvl Z (XPEm Y™z, we=1, v =0, (X°); = ("), =0},

1 ... . .
91921, % k
5@ 172 3931]2]3€i2j2k26i3j3k3 — Qk1kzk35p11X¢ﬁ ePraik1 ,

1~ _
0. . . L chaldake dizgsks — okikaks 5P @
B Qiinis Djujaja € =0Q 5 X 1 Epiqiky

where tr; denotes the trace over the fundamental representation of the SU(3); symmetry
(with i = 1,2, 3) of the T3 theory.
4.1 One T3 building block

The theory of our interest is obtained by gauging each SU(3)¢ factor of the SU(3)2, symmetry
with CS levels kq, ko and k3. Similarly to (2.1), we denote this theory by

k1

L (4.4)

e

’t Hooft anomalies of the one-form symmetry. Since the faithful manifest flavour
symmetry of the T3 theory is SU(3)3/(Z3 x Z3) [45, (4.40)], it follows that theory (4.4) has
a Z2 one-form symmetry. The 't Hooft anomaly of the one-form symmetry in theory (4.4)
with CS levels (k1, k2, k3) is characterised by the 4d anomaly theory whose action is [46]

5 / LoPw®) S @)

— k; L~ with w;” =0, 4.5

3 Imy Z:ZI 2 Z:ZI (4.5)
where w§2) is the two-form background field for the Zs one-form symmetry arising from the

SU(3); gauge group of (4.4).
Superconformal indices. The index of the T'(SU(3)) theory is given by

IrsuE)(w, n|f,m|a, ng; )

1 h 2 dza SN2 l1+12
T ol Z %waw ' Z f( M2, oo |12

heZ+e(m l1,l2€Z+6
1 (4.6)
x ZUD ({21, 20}; {lh, I }; ) x H II 22 (a(uzgl)s;s(h— lo) —i—na;x)
a=1s==*1
3 2 A
<ITIT IT 22 (atzafi )5 s(la —mi) + naia) |

i=1 a=1s==+1
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where (w,n), (f,m) and (a,n,) are (fugacities, background fluxes) for the topological,
flavour, and axial symmetries respectively. In the above, €(m) denotes the fractional part
of the background fluxes m;. The U(NN) vector multiplet contribution is

ZUWN) (2 z) = o~ 2aacicien M) [T (- (=pmmghemlz . (4.7)
1<i#j<N

Note that the index of the T'(SU(3)) theory is invariant under the mirror symmetry in the
following sense:

Trsue){wiswa b, {ny,na}[{f1, f2}, {m1, ma}|a, ng; )

(4.8)
= Zrsue) (LA 2} {mu ma}{wr, wa}, {na, no}la™, —na; ),

where we have defined

Trsuay) ({wr, wa}, {nl;n2}|{f1,f2} {m1, ma}|a,ng; x)
= Trsue) ({wiwy ' wiwy ', {ny — ng, —2n1 — na}| (4.9)

{f1, fo, f 1 f 1), {ma, ma, —may — mo}a, ng; ) .

The index of the T3 theory is therefore

ITg(’w(l) nMw® n®|w® n®e, n,;z)

2 gt
3 2 (M) 2 o

r=0 mi,mo€Z+E (4.10)
X H Trsue) (", nD|f,mla,ng; ),
I=1
where the SU(3) vector multiplet contribution is given by
Zoo® ({1, 20} I, madi ) = 20 ({1, 2,27 23 Y {nma, = —maiw) . (4.11)
The index of the theory of our interest (4.4) is then
I(4 4)(a na#ﬁ)
R -
i=1,0 .0z 27rw1 27rw2 (4.12)

Q)Iw(?’), n(?’)\a,na;x) .

B

3
“ lH 2800 (wt >;n<i>;x)] « T, (w®,

As before, if the ATT condition (2.6) is not satisfied, we set a = 1 and n, = 0.

Due to the technicality of the computation, let us discuss the results only in certain
cases. We first focus on the theories that satisfy the ATT condition and we set n, = 0. The
contribution from the fluxes ngi), ngi) =0foralli=1,2,3is

1+0z+ (a* =22+ (a® —a?>+a2+a )3+ (a® -1—-a*+a ¥t +.... (4.13)
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This index holds when the CS levels are sufficiently high so that the contributions from
non-zero fluxes ngi), ng) appear at a higher order.!” The term Oz implies that there is no
N = 3 flavour symmetry current. Therefore, the term —2? indicates that there is one extra
SUSY-current, implying that the IR SCFT has enhanced N = 4 supersymmetry. The term

a*x? corresponds to the marginal operator My, defined in (4.3). When the ATT condition
is not satisfied, we set a = 1 in (4.13). In this case, the index does not provide any evidence

for supersymmetry enhancement.

4.2 Two T3 building blocks

Similarly to (3.1), we can couple two copies of the T3 theory together by gauging a diagonal
subgroup of the two SU(3); flavour symmetries (with ¢ = 1,2,3), belonging to different
copies of the T3 theories, with CS levels k;.

k1

ke T
2 T (4.14)
\k‘j/
This theory has a Z3 one-form symmetry, whose 't Hooft anomaly is given by (4.5). The
index of this theory is given by
I(4 14)(a Na; T)

H Z dwgl). dwg)' (wgi))ki(ani)Jrngi))(wéi))ki(ngi)+2ngi))

[stgg (wt nw;x)] T Zo(w®, n®w®, n®w®, n® e, snaia).

s==%1

3

Once again, the fugacity a and background magnetic flux n, for the flavour symmetry
should be set to 1 and 0 respectively if the ATT condition (2.6) is not satisfied.
Due to the technicality of the computation, we set n, = 0 and we report only the

contributions of the zero gauge fluxes ngi),ng) =0:

1+ 0x+ (a4 +at+4- 1)3:2 + 2(@6 + a_G)xg + [2(@8 + a_8> + 3}3@4 +.... (4.16)
Note that this is the index of theory (4.14) with sufficiently large CS levels k; 2 3. As before,
the term Oz indicates that there is no N' = 3 flavour symmetry current, and so the term
—12? indicates that there is one extra SUSY-current. The IR SCFT indeed has enhanced

N = 4 supersymmetry. The positive terms at order z? correspond to the following marginal
operators:

a™ Mg), Mg)

)

4: trg (X(l)X(Q)), tro (Y(l)y@)), tr (Z(I)Z( ) and QWirizia 3(2) (4.17)

119213
where we have used the same notation as in (4.3) with an extra superscript (/) such that
I = 1,2 to denote the I-th copy of the T3 theory.

" For example the index for theory (4.4) with CS levels (—1,2,2) is 1 + 0z + (a* — 1)z + (a® — a® +
a™?—3a” )J: +(a® —1—5a"*+2a"%)2* +.... On the other hand, for CS levels (—3,6,6), the index up
to order z* is given by (4.13).
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A Theories with four T3 building blocks

In this appendix, we consider theories obtained by gauging four copies of the T, theory in
the way depicted below:

where each line with label k& denotes the gauging with CS level k of the diagonal SU(2)
subgroup of the SU(2) x SU(2) flavour symmetry belonging to a pair of T, theories.
Theory (A.1) admits an equivalent quiver description in terms of the USp(2)_ x Spin(4)a X
USp(2)_j xSpin(4)9y, circular quiver with a bifundamental half-hypermultiplet corresponding
to each line between adjacent gauge nodes.

N

Let us compute the index of our theory, which is given by

:6i4 > f(ﬁ 2%;,)

b=1

6
2 s ks s TT 2800) (g ] (A3)

b=1 S1,82,83=%1
1 1 L
X {Z,? (271252 z3%a; symy + semg + s3ma + ng; ) 22 (zslzfzz&a* ;81Ma + Soms3 + S3mMy — Ng; .L)

1 1
3 3 ~1
X2 (23 252 267 a; s1ma + Soms + S3Me + Ny ) 232 <z§1z§22f3a ;S1Ms + Somg + S3my — Ng; x)} ,

where a and n, are the fugacity and background magnetic flux for the flavour symmetry that
assigns charge +1 to the chiral fields of theories 7" and T® and —1 to those of theories
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T@ and TW. For simplicity, we will set n, = 0 upon computing the series expansion of
the index.

On the other hand, the index of theory (A.2) can be obtained starting from the one of
the USp(2)_x x SO(4)2r x USp(2)_k x SO(4)9 circular quiver theory.

SIS

Zia.4)(C1, G2, 05)
1 1 d’Ub kab mi—+msg ~mz—+my 2 dUb —2kny
T 64 Z j{ ( 2wy, G G2 7{ H 27riubub x
my,...,My,n1,n2€Z b=1
Z§CC(4) (Ulv U2; My, M2, 'Z‘)Z[isp 2) (UU ny; 33‘) X
280 (v, 043 mz, my; ) ZIPP) (ugsnys ) x (A.5)

1
H H ZZ (vptui?a; symy + song; x) 23 (vglugz’a L slmb—i—san;x)x
b=1 81,82= +1
4

H H ZX (U,flui Lo symy + song; ac) Zé (vt us?a; symy, + sang; )

b=3 s1,82=+1
where (; and (» are the fugacities associated with the Zy zero-form magnetic symmetries
of the two SO(4)9r gauge factors, and the fugacities for the zero-form charge conjugation
symmetries are set to unity. In order to obtain the index of the circular quiver (A.2) with
Spin gauge groups, we have to sum over both {; = +1 and (2 = £1 and divide by four:

L(a2) (a;2) 4 Z IA4 (SHCNTEIP (A.6)
C17<2

It is easy to check that the indices (A.3) and (A.6) are equal if we perform the following
map between the gauge fugacities and magnetic fluxes of the two theories:

21 = U1, 2%21)11)2, 23:0102_1,

Z4 = U2, zg = U304 , zg = vgvzl, (A7)
mi1 =ny, 2mo = my + mo, 2ms3 =my —my, '
my = Ny, 2ms = mg +my, 2mg =m3 —my.

It can now be checked that the IR SCFT in question exhibits N' = 4 supersymmetry
enhancement, as expected from the general prescription described in the main text, by
computing the index as a series expansion in the variable z. We report the results up to
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order x* for various values of k:

k=1: Ziay(a;x) =ZLa9)(a;x)
=1+ (2(14 +2a7 4+ 3)x2 — 4(&2 + a_Q)x3
+ (60,8 +3a* +3a7* + 648 + 7)1:4 + ..,
k=2: Zay(a;z) =Tag)(a2)
:1—1—(20,4—1—20, +3) (a +a 2)x3
+ (30%+ 20" + 207" 4+ 307 +4)at 4 ...
Note that for k& > 2 the indices differ at a higher order than 2* in the expansion. We notice

that the coefficient of x vanishes, meaning that there is no N/ = 3 flavour current. The

coefficient of z2 should be written as
20  +2a 4 +4 -1, (A.9)

where the term —1 is the contribution of the N' = 3 extra SUSY-current that leads to
N = 4 supersymmetry enhancement. The marginal operators, contributing the positive
terms 2a* + 2a=* + 4, can be listed as follows:

2a : tr(pM?) and tr(u®?),
27+ tr(u®?) and tr(pY?),
o (A.10)
irjrkr of T3

and two chiral fields Q( Lisky of TQ( ) with T = 1,3and J =2,4.

4 : gauge invariant combinations of two chiral fields Q

We can gauge the one-form symmetry of the theory (A.1) to obtain the SU(2)_j x
[SU(2)ax x SU(2)2x] /Z2 x SU(2)— x [SU(2)2x x SU(2)2x] /Z2 gauge theory, as depicted
below.

g 2k o (A.11)
2k ihs

It turns out that this theory is equivalent to the circular quiver theory (A.4). The index of
theory (A.11) can be obtained from (A.3) by replacing the summation as

> — 21:4‘1” le@p' > > > . (A12)

ma,...,me)EZ0 p=0 '=0 my,mq€Z? )2 2
(ma 6) P 1o ma,m3€(Z+5) m5,m6€<Z+%,)
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where (; and (o are the fugacities of the zero-form symmetry of (A.11). The result of this
procedure is equal to the index (A.5).!® Let us report the results for various values of k up
to order 2. For k = 1, the expansion of the index up to order z* reads

Ziaa1) (G, G2y a52) = Z(a.4)(C1y G5 05 @)
E=1: 14 [C+G+G+0e)(a"+a7) +3+ G + G + Gé)o?
+ G+ G +206)a + (4 - G — @ +20G) (¢ +a7?)
+ (G + G+ 2(1(2)(1_6} x
+ (643G +3G +30G)a + (8- (1 — G — 30¢) (o' +a7)
+(6 43¢ + 3¢ +3¢1¢)a + 7 — 3@@} e

(A.13)

For k = 2,3 we get
k=2 14 (20" +207+3)2® + [(G + G)a® — 4(a® + a72) + (G + G)a 02
+[BHG+0+0a0)d + 2+ 06) (ot +a7)
+BHG+ G+ G0N TF+44 G|t 4 (A.14)
k=3: 1+ (20" +207" +3)a? —4(a® + a7?)a"
+[B+a+0)a +2(a' +a) + B+ G+ G+ 4ot

For k > 4 the fugacities ¢; and (y appear at a higher order than z*.

From the expansion of the indices, it is clear that we have two independent Zs fugacities
¢1 and ( satisfying (12 = (2 = 1. Hence, the elements of {1,(y, (2, (1(2} corresponding to
the possible choices of p = {0,1} and p’ = {0,1} in (A.12) indicate the presence of the
Zs X Zg zero-form symmetry in theory (A.4) = (A.11), and hence the Zg X Zg one-form
symmetry of theory (A.1) = (A.2).

From the point of view of the USp(2)_j X SO(4)ar x USp(2)_ x SO(4)2, circular quiver
theory (A.4), it is expected by a similar argument that leads to (2.32) that there is a
non-anomalous Zo one-form symmetry for k even. In principle, one can further gauge this
one-form symmetry, generalising what we did in (2.36).

B Mixed gauge/zero-form monopole operators

In this appendix, we examine the mixed gauge/zero-form monopole operators with fractional
magnetic flux for both the Cartan subalgebra of the gauge group and the U(1), flavour

8Indeed, by taking into account the map (A.7), ¢1 and (2 are such that

b
¢ my tmg € Zoga — ma,m3 € Z°2dd —p=1

(lmlim _ {1 my £ My € Zeven «— M2, M3 € Z+—p =20

Gt {1 m3 £ My € Zeven < ms,me €EZ+—p' =0

7 .
CQ mgim4€ZOdd<—>m5,m6€"T‘“<—>p’:1
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symmetry group [59, 65] for theories (2.1) with one T building block such that the ATT
condition (2.6) is satisfied. We adopt the same method as described in [36] (see also [40])
which relies on the supersymmetric index. In particular, we take n, = 1/2 in (2.7) and
examine the contribution of the gauge fluxes mj 23 satisfying the Dirac quantisation
condition, namely +mq £+ mo £ mg +n, € Z, i.e.

1
Zmi€Z+§. (B.1)
A

Let us report the result for various theories with one 75 building block below.

CS levels | Gauge fluxes Contribution to the index (2.7)
(ma1, ma, m3)
(-1,2,2) | (4.0,0) 0
(0,4,0) Xo=(S+5m)o+ (S -1-%—5)a°+ 067
(0,0.) X
(5:3:3) 0
(-24,4) | (4,0,0) X o=gm+ (59— 5 2)2®+0)
(0, %,0) Xy = (“—; + %) 2%+ (% + 2a2) zt+ (%ﬁ —a? - %) 25+ 0(2")
(07 0, %) X,
(333) (5§ +8) 22+ (5 + i) 2% + O (B.2)
= {2+ )+ X+ o a4 X
(—2,3,6) (%,0, 0) X,
(0,4.0) 0
(0,0,%) Xﬁ:(%+§)m“+(%2+%)l"+(“ —a4+1)17+0(19)
(133) o
(-4,6,12) | (5,0,0) | Xa=(Zet+d)at+ (Frtaks)et+ (r+ % — 22— 3t +0(Y)
(0,4,0) X
(0,0.3) Xip= (5 +%) 28+ ($+9) a8+ (% - a0+ %) 210+ 0@12)
(449 (% + 4 +%5) a2+ (L + 4+ %) 292+ 0(1?)

From the above results, we observe that whenever all CS levels are even, the contribution
111
25272
quantisation in comparison to, for example (2.27), where only even powers of a appear.

of the gauge fluxes ( ) contains odd powers of a. This corresponds to a different
Note, however, that this is not the case if there exists an odd CS level. The presence of
such mixed gauge/zero-form monopole operators, when all CS levels are even, potentially
implies a mixed anomaly between a Zg one-form symmetry and the U(1), symmetry [59, 65]
(see also [36, 40]). In our case, such a mixed anomaly is characterised by the 4d anomaly
action 7 [ My w® U cf, where w® is the two-form background field for a Zsy subgroup of the
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Zg X Zso non-anomalous one-form symmetry and c{ is the first Chern class of a background
U(1), flavour symmetry bundle.'

A similar analysis can be performed for theories (3.1) with two 7% building blocks
such that the ATT condition (2.6) is satisfied. The only difference is that in the present
case the faithful flavour symmetry group is SO(3),. This can be seen from the discussion
in the previous subsection, where only representations of su(2), with even Dynkin labels
appear in the index. To determine whether there is a mixed anomaly involving the flavour
symmetry, we fix n, = 1/2 in (3.4); this amounts to turning on the second Stiefel-Whitney
class wg that obstructs the lift from the SO(3), bundle to the SU(2), bundle. The Dirac
quantisation condition requires that the gauge fluxes my o3 satisfy +mi£mo+msz+£n, € Z,
ie. >,m €Z+ % We tabulate the contributions of some of such gauge fluxes in certain
examples below.

CS levels | Gauge fluxes Contribution to the index (3.4)
(m1,ma, m3)
(-2,3,6) | (4,0,0) Xoo=(3+52)22+ (S +3+ 55 +54)2°+ 0@
0,4,0) 0
0,0,1) Xe=(2+9) 0+ (-4 - %) 2®+ (5 +38 +1)2° + 0()
1.3.3) 0 (B.3)

(—4,6,12)

N
=
o

A/SA/—\A/-\
D=

o o

~_ —
5

=
=i
[N

X2 = (% + %) 7+ (—% - %) 28 +0(2?)

(522 o)1 (o) o)

~—~
[N
[SIE

~—

1
12

In contrast to the precedent example of one 75 building block, we see that only even powers
of a appear in the above. We therefore do not observe a mixed anomaly between a Zo
one-form symmetry and the SO(3), flavour symmetry.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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