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ABSTRACT: We propose a novel procedure of assigning a pair of non-unitary topologi-
cal quantum field theories (TQFTS), TFT4[Trank o], to a (241)D interacting N' = 4 su-
perconformal field theory (SCFT) Tianko of rank 0, i.e. having no Coulomb and Higgs
branches. The topological theories arise from particular degenerate limits of the SCFT.
Modular data of the non-unitary TQFTs are extracted from the supersymmetric parti-
tion functions in the degenerate limits. As a non-trivial dictionary, we propose that
F = max, (— log ]S(()I)D = max, (— log \5’(();)|), where F' is the round three-sphere free

energy of Trank o and S(%) is the first column in the modular S-matrix of TFTL. From the
dictionary, we derive the lower bound on F', F' > —log ( 515/5> ~ (.642965, which holds

for any rank 0 SCFT. The bound is saturated by the minimal N' = 4 SCFT proposed by
Gang-Yamazaki, whose associated topological theories are both the Lee-Yang TQFT. We
explicitly work out the (rank 0 SCFT)/(non-unitary TQFTs) correspondence for infinitely
many examples.
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1 Introduction

Supersymmetric quantum field theories with 8 supercharges (8 @s) provide a fertile ground
for many interesting research topics connecting various areas in theoretical and mathemat-
ical physics. For example, Seiberg-Witten’s approach [1] to 4-dimensional (4D) N = 2
supersymmetric gauge theories provides analytic understanding of non-perturbative phe-
nomena, such as confinement, in strongly coupled gauge theories. 4D N = 2 superconfor-
mal field theories can be geometrically constructed using wrapped M5-branes in M-theory,
and the 4D-2D correspondence connects physics of 4D supersymmetric field theories with
mathematical structures on 2D Riemann surfaces in an unexpected way [2-4]. Interest-
ingly, there exist non-trivial superconformal field theories with 8 supercharges in higher
dimensional space-time, 5D and 6D, as predicted by String/M-theory [5-7]. More recently,
it is found that 2D chiral algebras (resp. 1D topological quantum mechanics) appear as
protected subsectors of 4D N = 2 (resp. 3D N = 4) superconformal field theories [8-14].

Extended SUSY gauge theories have rich structures in their vacuum moduli space, and
one natural invariant is the rank, i.e. the complex dimension of the Coulomb branch. There
have been numerous efforts in classifying SCFTs with 8 @s for a given low rank in various
space-time dimensions [15-25]. For 3D N/ = 4 SCFTs, however, the rank is in general not
a duality-invariant concept since the Coulomb and Higgs branches are exchanged under
the 3D mirror symmetry [26]. For this reason, we hereby modify the definition of rank as
the maximum of the dimension of Coulomb branch and that of the Higgs branch. Another
peculiar fact about 3D N = 4 theories is that there exist non-trivial interacting SCFTs of
rank 0, as studied by two of the authors of this present paper in [27]. This is in contrast
with the case of D > 4, where it is often implicitly assumed that there is no non-trivial
interacting rank 0 SCFTs with 8 @s, so that the classification program starts with rank 1.
(Recently, 4D /5D rank 0 SCFTs were found through a geometrical engineering but it is yet
unclear if they are interacting SCFTs [28].) Note that most of the classification schemes
in previous studies do not work for rank 0 cases since the existence of Coulomb or Higgs
branch operators is an crucial assumption in the analysis.

In this paper, we initiate the classification of rank 0 3D N = 4 SCFTs by establishing
the following correspondence:

3D N = 4 superconformal field theories of rank 0
<— A pair of 3D non-unitary topological quantum field theories (TQFTS) .

The non-unitary TQFTs emerge at particular choices of non-superconformal R-symmetry,
v = +1 in (2.3), of rank 0 N' = 4 SCFTs. In the limits, due to huge Bose/Fermi cancel-
lations the unrefined superconformal index gets contributions only from Coulomb-branch
or Higgs-branch operators and their descendants. For rank O theories, the index becomes
trivial (i.e. 1) since there are no non-trivial Coulomb/Higgs branch operators. Other par-
tition functions on various rigid supersymmetric Euclidean backgrounds also drastically
simplify in the degenerate limits for rank 0 theories. Our correspondence says that the
simplified partition functions are actually equal to the partition functions of corresponding
non-unitary TQFTs on the same 3D spacetime. (See (2.7) for a precise statement.) Con-



crete dictionaries of the correspondence are given in table 1. In the degenerate limits, as
seen in the superconformal index case, contributions from local operators become unim-
portant for rank 0 theories and only non-local loop operators become relevant physical
observables. Similarly, loop operators are the only physical observables in general TQFTs.
Using the correspondence, one can map the problem of classifying rank 0 SCFTs to the
classification of non-unitary TQFTs, which is much easier to handle. Mathematically,
TQFTs are described by modular tensor categories (MTCs) and classification of MTCs has
been studied intensively in the literature [29-34]. The most basic quantity characterizing
a 3D CFT is the round three-sphere free energy, usually denoted as F. The F always
monotonically decreases under the renormalization group (RG) flow and thus is regarded
as a proper measure of the degrees of freedom of 3D CFT [35-37]. In one of the most
interesting and surprising dictionaries of the correspondence, the F' of a rank 0 CFT is
related to the modular S-matrix of a non-unitary TQFT in a very simple way as given in
table 2. Combining the dictionary and universal algebraic properties of the S-matrix, we
derive following lower bound on F

5-5

F > —log 10 ,

(1.2)

which should hold for any rank 0 SCFTs. Interestingly, the lower bound is saturated by
the minimal theory studied in [27].

The correspondence is similar in spirit with the (4D N =2 SCFT)/(2D chiral algebra)
correspondence mentioned above. In both correspondences, non-unitary algebraic struc-
tures, chiral algebras on the one hand and modular tensor category on the other, appear as
protected subsectors of unitary superconformal field theories. But there are several crucial
differences. First, two theories in our correspondence are defined on the same 3D space-
time while the 2D chiral algebra lives in the 2D subspace of 4D space-time of the SCFT.
Secondly, basic physical objects are BPS local operators in the (4D SCFTs)/(2D chiral
algebra) story while BPS non-local loop operators are basic objects in our correspondence.
That non-local loop operators play crucial roles can be a great advantage of our classifica-
tion approach over the conventional conformal bootstrap approaches, since the latter are
based on correlation functions of local operators. We note that the 3D non-unitary TQFTs
are sensitive to the global structure of the 3D rank 0 SCF'Ts and two theories in the corre-
spondence share the same one-form symmetry as well as their 't Hooft anomalies. In 3D,
the quantity F' (unlike the stress-energy tensor central charge C7) is sensitive to the global
structure of CFT and the conformal bootstrap approach never give a constraint on F' but
only on C7, which is not a proper measure of the degrees of freedom in a strict sense [38].

The remaining part of paper is organized as follows. In section 2, we present the precise
statement of the correspondence with several concrete dictionaries. As an application of the
correspondence, we derive interesting lower bounds on F for rank 0 SCFTs. In section 3,
we explicitly work out the correspondence in detail with several classes of infinitely many
rank 0 SCFTs. The results are summarized in table 2. In appendix A, we give brief reviews
on supersymmetric partition functions of 3D N > 3 gauge theories and modular data of
3D TQFTs which are basic ingredients of the dictionaries. In other appendices, we collect
technical details and supplementary materials.



2 (Rank 0 SCFT)/(Non-unitary TQFTs) correspondence
In this section, we establish a correspondence between

Trank 0 : a 3D N = 4 interacting SCFT with empty Coulomb and Higgs branches
—— TFT 4 [Trank o] : a pair of 3D non-unitary TQFTs .

The basic dictionaries for the correspondence are summarized in table 1.

2.1 Non-unitary TQFTs from N =4 SCFTs of rank 0
3D Rank 0 N =4 SCFTs. In this paper, 3D N = 4 rank 0 SCFT is defined as

(Rank 0 theory) := (Theory with no Coulomb and Higgs branches) . (2.2)

3D N = 4 SCFTs have SO(4) ~ SU(2); x SU(2)g R-symmetry. The Coulomb (Higgs)
branch is parametrized by chiral primary operators charged under the SU(2)r (SU(2)r)
symmetry while neutral under the SU(2);, (SU(2)g) symmetry. In our definition, the rank
0 theory can have mixed branches parametrized by chiral primaries charged under both of
SU(2), and SU(2)g. Rank 0 SCFTs in section 3 with /' = 5 supersymmetry actually have
the mixed branches. Rank 0 theories cannot have a continuous flavor symmetry commuting
with the SO(4) R-symmetry, since a flavor current multiplet contains Higgs- or Coulomb-
branch operators. By the same reasoning, the rank 0 theories cannot have SUSY more
than A/ = 5.

Axial U(1) symmetry and R-symmetry mixing. Let R, and A be the two Cartan
generators of the SO(4) R-symmetry:

R,—o:=R+R, A:=R-R,

(2.3)
R, =R,—g+VA.

Here R and R’ are the Cartans of SU(2) and SU(2) g respectively. In our convention, they
are normalized as R, R’ € 1Z. In terms of an A/ = 2 subaglebra, R, is the R-charge while
A is the charge of a U(1) flavor symmetry (commuting with the A/ = 2 supersymmetry)
called the axial U(1) symmetry. The mixing between the U(1) R-symmetry and the axial
flavor symmetry is parametrized by v. The IR superconformal R-symmetry corresponds
torv =0.

Supersymmetric partition functions. Generally, the partition function Z%Bi(b2, m,v;s)
ofa3d N =4 SCFT T on a rigid supersymmetric background B depends on the followings:

M : topology of B,

b? (or q) : squashing (or Q-deformation) parameter,

™) : real mass (or fugacity variable) for axial U(1) symmetry, (2.4)

m (orn=em) :
v : R-symmetry mixing parameter in (2.3),
) -

seH 1(/\/l, Lo SUSY-compatible spin-structure.



We consider supersymmetric backgrounds B whose topologies are given as M, ,, a degree
p bundle over a genus g Riemann surface X:

gt P My, (2.5)

|

Xg

We refer readers to appendix A.1 for a brief review on localizations on supersymmetric
backgrounds. We can turn on the 2-deformation parameter (sometimes called squashing
parameter) only for g = 0. For even p, one can consider two supersymmetric backgrounds
depending on the choice of the spin structure along the fiber [S!] € Hy(M,Zs). We denote
s = 41 (s = —1) for the periodic (anti-periodic) boundary condition for fermionic fields
along the S'. For p = 0, the partition function can be regarded as a version of the BPS
index Z(s) and its spin structure dependence can be interpreted as

T —1)B for s =—1
I(s) = I"HBPS( ) ‘ ) or s s (26)
Trygps (—1)%3, fors=1.

As BPS indices, they can be defined without overall phase factor ambiguities. For p # 0,
on the other hand, local counterterms affect the phase factor of the partition function [39]
and it is non-trivial to keep track of the local counterterms. Throughout this paper, we
are for the most part interested in the absolute value of partition functions. For ¢ = 1 and
p = 0, the supersymmetric partition function is independent of all the parameters and is
simply an integer number called the Witten index.

Emergence of non-unitary TQFT in the limits v — £1. As main result of the
paper, we propose that for any rank 0 AV = 4 SCFT Tranko We can associate a pair of
non-unitary TQFTs denoted by TFT 4 [Trank o], satisfying the following relation

m—0 (or n—1), v—=+1

Mg,
ZTFQ’I‘::[ﬂank 0](8) )

(2.7)

Main proposal: Z%anko (62,m (or n),v; s)

The partition function Z%gf‘p of the topological theory depends only on the topological
structure M, ,, of B and (possibly) a choice of a spin-structure s on it.! We claim that in
the degenerate limits i) the rigid supersymmetry partition function becomes independent
on the squashing parameter b? (or Q-deformation parameter ¢) and ii) it becomes the
partition function of a non-unitary topological quantum field theory.

We call a topological quantum field theory a non-spin (or bosonic) TQFT when its par-
tition function is independent on the choice of the spin structure, and a spin (or fermionic)

!The overall phase factor of the partition function depends also on the choice of the framing. As with
supersymmetric partition functions, there is no canonical choice of the framing for non-zero p and we mostly
focus on the absolute values of the partition functions.



TQFT otherwise. We propose that

The non-unitary TFT 4 [Trank o] is a spin (fermionic) TQFT,

if Ry—+1 + 272 € 2Z + 1 for some BPS local operators.
2.8
or equivalently, (28)

if 75¢(q,n,v = £1;5) contains q%(Odd integer) torms.

Here 7°¢ is the superconformal index defined in (A.3) and the index at v = 41 is in
general a power series in q'/? since Ry—4q1 + 2j3 € Z. From (2.6), we expect that the
supersymmetric partition on M, ,—o depends on the spin-structure s if the above con-
dition is met. This is because that the condition R,—11 + 2j3 € 2Z + 1 implies that
(—1)RBv=+1 £ (~1)% for some BPS local operators which acts on the Hilbert-space Hpps
non-trivially. The above condition gives sufficient but not necessary condition for TFT L
to be fermionic. To see this, consider a rank 0 SCFT 7,k o not satisfying the above con-
dition whose associated non-unitary topological field theories, TFT 4 [Tank o], are bosonic.
Then, Trank 0 ® Tspin top With an unitary fermionic topological field theory Tspin top is still
a rank 0 SCFT not satisfying the above condition since the decoupled topological sector
does not contribute to the superconformal index. But its associated non-unitary TQFTs
TEFT4 [Trank 0 ® Tspin top) = TFT4[Trank 0] ® Tspin top are fermionic due to the decoupled
unitary spin TQFT Tspin top-

The proposal in (2.7) can be easily proven for the case when ZB is the superconformal
index (A.3). In the degenerate limit, v — 1 and 7 = 1, the index becomes

n=1,v—1 TrHrad(Sz)(—1)2j3qR+j3 , s=+1,

°(q,m,v; s) .
HHrad(S2)(_1)RqR+J3 Y s = _1 *

(2.9)

All unitary multiplets of 3D A = 4 superconformal algebra are listed in [40]. From the
classification, it is not difficult to check that the index above gets contributions only from
operators in a short multiplet denoted by Bj [O](AQRQR/) with R = 0 in [40]. The bottom
state inside the multiplet corresponds to a Coulomb branch operator parametrizing the
Coulomb branch. From the superconformal index in the degenerate limit, one can actually
compute the Hilbert-series of the Coulomb branch [41]. Since we are considering a rank
0 theory Trank o with empty Coulomb branch, the index gets contributions only from the
identity operator and becomes simply (g-independent) 1. Similarly, one can also confirm
that the index becomes 1 in the other degenerate limit, v — —1 and n = 1, since there is no
Higgs branch. In summary, from the superconformal multiplet analysis, we conclude that

sci n=1l,v—=+1

7 olamv;s) 1, for any rank 0 theory Trank o - (2.10)

This proves the proposal in (2.7) for the case when ZB= (superconformal index) since
Z5"xS" =1 for all topological theories.
We currently do not know the full proof of the proposal (2.7) for other supersymmetric

partition functions Z®. As noticed in [34], however, the triviality of superconformal index



for a non-conformal choice of R-symmetry is a strong evidence for the appearance of non-
unitary TQFT, while the triviality of the index at the superconformal R-symmetry implies
an emergence of a unitary TQFT at the infra-red fixed point. We explicitly test the
proposal with infinitely many rank 0 SCF'Ts and various supersymmetric partition functions

in section 3.

2.2 Dictionaries

In table 1, we summarize basic dictionaries of the correspondence. The dictionary in
the first line is the most basic one and other dictionaries (except for the last one for F)
follow from it. On the one hand, partition functions (with insertion of loop operators
along the fiber S') of a topological field theory on the geometries M, , are determined by
the modular data, i.e. S and T matrices, of the topological theory. On the other hand,
the supersymmetric partition function on B with topology M, , can be computed using
localization technique as briefly summarized in appendix A.2.

For a TQFT its rank, i.e. the size of modular matrices, is equal to the ground state
degeneracy on the two torus. For a supersymmetric field theory, the degeneracy is equal to
the Witten index. The dictionaries for S3,, Tns and Ws(a) simply follow from comparison
between (A.57) and (A.44). The Bethe-vacuum corresponding to the trivial simple object,
a = 0, can be determined by requiring that

1
VIHa=o(m =0,v — £1)]

Trivial object a = 0: =S5 = \ng (m=0,v— +1)|. (2.11)
In topological field theories simple objects (labeled by «) are loop operators, while in su-
persymmetric field theories a labels the types (gauge and flavor charge) of loop operators.
Therefore, we expect that for each Bethe-vacuum « there is a corresponding supersymmet-
ric loop operator O, (%), see around (A.44):

(Bethe vacua)-to-(loop operators) map: Z, — OF . (2.12)

The trivial object & = 0 corresponds to the identity operator. The map will be determined
by requiring the following consistency conditions

W' (a) and Wy (@) = O (Za=o)|

v—+1,m=0*

_ Sio | Ha=o(m =0,v — £1)
TSV Halm =00 — £1)

o Ha=o(m = 0,v — £1)
+ o 0 5
:>Oa(za=0)_\/ Ha(mIO,U—}j:l) .

(2.13)

The dictionary for F' in the last line is one of the most non-trivial and interesting
statements in this paper. It says that

F[,Eank 0]
= —log |Soa, | of TFT 4 [Trank 0] (cu is chosen such that |Soqa, | < |Soa| for other «) .
(2.14)



TFT:E [ﬂank O] 7;ank 0

Z%"T’:’t (s) BPS partition function Z%Bimnk . |V%i1,m:0(8)

with (topology of B) = M.,

Spin or non-spin Equation (2.8)
Rank N Witten index

Bethe vacua {504}5;01

Simple objects or
BPS loop operators {OF ()12}
(SE,)~2 Ho(m =0,v — +1;5 = —1)
Taiﬁ (only for non-spin) dap (%) R +1,m=0
2

2\+ Fa

(T )065 50‘5 (]:a:O) |V—>:t1,m:0,s:—1
53

S5 |27 (m=0,v— +£1)]

W (@) O (Z8) v 21,m0
max,, (— log | S, |) F' (three-sphere free energy)

Table 1. Basic dictionaries in (rank 0 SCFT)/(non-unitary TQFTSs) correspondence. Sfﬁ and
T;tﬁ are modular matrices of TFT L [Tranko]. We define Wg(a) = Ses — (B]OA|B), see (A.52),

from which one can compute S-matrix S,z = Wa(a)Wo(8)Soo. Ha aflo({i Fe are handle gluing and
fibering operator at the a-th Bethe-vacuum respectively, see (A.40) and (A.43). O,—¢ corresponds
to the trivial loop and W3(0) = 1. The rank of a TFT (not to be confused with the rank of its
associated 3D N = 4 SCFT) is defined as the dimension of #(T?) for non-spin case while is defined
as the dimension of #__(T?), i.e. Hilbert-space in NS-NS sector, for spin case. Similarly, the S and
T matrices (resp. S and T?) for non-spin TQFT case (resp. spin TQFT case) are modular matrices
acting on H(T?) (resp. H__(T?)). Simple objects are in one-to-one with a basis of H(T?) (resp.
H__(T?)) for non-spin TQFT case (resp. spin TQFT case). We refer readers to appendix A.2 for
a general review on the modular data of non-spin and spin TQFTs.

F' is the free energy on round three-sphere, which is the quantity appearing in the F-
theorem and is a proper measure of degree of freedom. The relation is surprising since it
relates the quantity (F') at the superconformal point, v = 0, to the quantity (Spq,) in the
degenerate limits v = +1.

One possible explanation for the dictionary above is as follows. In general, Sp,, in a
topological field theory computes the three-sphere partition function with an insertion of
loop operator ng(““kmt) of type a, along the unknot in S3. In the rank 0 theory Trank o,
on the other hand, there is a flavor vortex loop operator associated to the U(1) axial flavor

symmetry. The loop operator is known to act on the three-sphere partition as a difference



operator shifting the parameter v [42-44]
(flavor vortex loop)+ of charge £1 <+— exp(+0,) . (2.15)

This means that the S partition function at the conformal point can be identified with
the S3 partition function with an insertion of the vortex loop operators of charge +1(—1)

in TFT_ (TFT4)?

1Z5° (v = 0)] = exp(d,) - |25 (v = —1)| = |25+ Oavor voriex () = 1)) (2.16)
. 2.16
3
= ’ZS (V = O)’ = |S0a=(ﬂavor vortex) | of TFT—| :

Hence if one identify a = (flavor vortex)y (a = (flavor vortex)_) of TFT_ (TFT,) with
a=a, in (2.14), then the dictionary follows. Actually, according to F-maximization (A.28),
we expect that

_1)‘a
1)|.

It is compatible with the desired identification, (flavor vortex loop) = (axin (2.14)). The

5 3
|12 (v = 0)] = [Soa=(flavor vortex), of TFT—| < |Sop of TFT_| = |2° (2.17)

(v
’253 (V - O)’ = |S0a:(ﬂavor vortex) _ of TFT+’ < ’SOO of TFT-F‘ = ’ZS3 (V

property above is also compatible with the fact that TFTL are non-unitary since they
violate the unitarity condition (A.56).

The argument above gives circumstantial evidence but not a full proof for the dictionary
on F'. The dictionary will be confirmed explicitly in section 3 with infinitely many examples.
We leave general proof or disproof of the dictionary for future work.

2.3 Application: lower bounds on F'

Here we derive interesting lower bounds on F' for rank 0 SCF'Ts using the correspondence
introduced in the previous subsection.

One immediate and interesting consequence of the dictionaries in table 1 is
1
v Witten index

This follows from the following fact

F > —log , for all interacting N’ > 4 SCFT Tranko of rank 0. (2.18)

N-1
> (S0a)® =1 = ming|Soa| = |Soa, in (2.14)] < (2.19)
=0

1

/N )
combined with the dictionaries for Witten index and F. More interestingly, using the
dictionary, one can prove following

F > —log/ 5_10\/5 = 0.642965 , for any interacting N' > 4 SCFT Trank o of rank 0 .

(2.20)
2If we turn on the squashing parameter b, the partition function at v = —1 with the flavor
3 3
vortex loop is given as Z%FOfavervortex(;m = 0,0 = —1) = 2% (m:iﬂ(b— %),1/:0). Interest-

ingly, the partition function is actually independent b [45, 46] and |ZS§ (m:iﬂ(b— 1)71/:O)| =

b
1250 (m=in(b—1),v =0) o1 = |25 (m=0,v = 0)| = e .



The bound is saturated by the minimal 7, theory which will be introduced in section 3.
The inequality above follows from the following fact combined with the dictionary for F

5—v5

Soa, in (2.14)] <
[Soa.in (2:14)] < /223

=0.525731 for all non-unitary TFT . (2.21)

Thanks to (2.19), we only need to check the inequality for non-unitary TQFTs up to rank

3 since and ﬁ =05< %. Let us first consider rank 2 case. Let z = S3, and y = S,
where S, is the S-matrix of a non-unitary TQFT. Then the two positive real numbers x
and y should satisfy followings

1 1
GSDy—g=2+y=1, GSDy—p=—-+-=k€Zxo. (2.22)
r oy

Here GSD, denotes the ground state degeneracy on genus g Riemann surface, see (A.58).
One can solve the equations and we have two solutions

1 1 k-4 1 1 k-4
bR 1 R At R 1 (2.23)

Imposing the conditions, x,y € Ry and z > y (non-unitarity condition, see (A.56)), we
have only one solution for each k > 4. As the natural number k increases, y'/? = |Sp,, | in
the solution decreases. Thus, we have

5—+5
10 (2.24)

[Soa. | = 4"/? < (y'/* at k =5) =
for any rank 2 non-unitary TQFT .

Now let us move on to the rank 3 case. Let © = S3,,y = S§; and z = S, = S3, . Then,
the three positive real numbers should satisfy

1 1 1
GSDy—g=2+y+2=1, GSDy—o=—+ -+ - =k1 € Z>g,
S (2.25)

1 1 1
GSDg:3:?+?+?:kQGZ>O

One can confirm that any solution to equations above satisfying the non-unitarity condi-
tions, min(x,y) > z and max(x,y) > 2, have following property?

1 5—+5
_ 12 1/2 _ _ _ 4
|S0a, | =27/ < (27 at k; = 10 and ky = 36) = 5 < 0 (2.26)
for any rank 3 non-unitary TQFT .

We are not certain if there is a rank 3 non-unitary TQFT saturating the bound |Spa, | = %
The results in (2.19), (2.24) and (2.26) imply the bound in (2.21), from which the conclusion
in (2.20) follows.

%), it is enough to check that z*/? < %

2S5 R

*Since 3+ +1 < 2, 5+ 5+ < % and thus z < min(
for only finitely many cases (0 < k1 < 12 and 0 < k2 < 48).
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Trank 0 TFT+[Trank o] Set of {| Sy, |} exp(—F)

Timin (Lee-Yang) { \/@ ’ \/@ } \/@

(U1 + H) | Galg(SU(2))/Z] {2¢4,2¢3} 2¢}
(with d = ¢3)
1 1
= = n k
SU(2)7%% | Gala(SU(2)yw2)/Z3 LSty 2412
(k| > 1) (with d = ¢}}j/,)
. n ®2 ‘k1k271|71
T[SU(2)]ky ks See the caption { (%C|klk2*1|*2) }nzl %Clllmszllﬂ
_T[SU2)| ©2 1 ®4 51592 5592 5-v5
SUR)[E, (Lee-Yang)®* ® U(1)2 { T10v2 7 10V2 } 10v2
T[SU(?)] GalCIO(SU(2?10)XSU(2)2 {l 1 ®5 3+\/§®2 3_\/§®2} 33
SU(Q)?I:\E4 Zglag 27 9/3 r 12 v 12 12

T[SU(2)] 1®2 1 ®6 /5
U2 Galg((G2)s) ® U(1) -2 {\/6 ’ 14®2’ 84
_ /5 i 5 1
(d_v@+4\/ﬁ) @izx\/ﬁ }

{ 1 ®(kl=3) 1 ®(kH+1)

TISU(2)] ? ( >®2
SU(z)ﬁ;g(3 \/8\k\ 16 \/8|k|+16 «/8\k\+1

\/2]k|—4 ’,/2|1g|+4 \/S\k;\ 16
®2
\/8\k| 16 \/8|k\+16 }

Table 2. Non-unitary TQFTs from rank 0 AV = 4 SCFTs. Galy(TFT) denotes a Galois
conjugate of an unitary topological field theory TFT with Spo(Galys[TFT]) = d. We define

n CO %14 T[SU s
(i = \/rssin 25 For the rank 0 SCFT Tranko = TISU2)k, k, = W with
|k1ke — 1| > 3 and min(|ky|, |k2]) > 2, the corresponding non-unitary TQFTs are TFT, =

[Gal [ko| (SU(2)|k1k271|72)] & U(l)g and TFT_ = [Gal |k (SU(2)|k1k271|72)] (9 U(l)z.
Clkrka—1]—2 Clkyka—11—
For Tranko = %, we could not identify their associatec TFTs Wlth previously known non-

|k|=6

unitary TQFTs.

3 Examples

In this section, we introduce infinitely many examples of (24+1)D N = 4 interacting rank 0
superconformal field theories Tank o- Using the dictionary in table 1, we compute the set
{|SE |} for non-unitary TQFTs TFT4[Trank o). We also independently compute the three-
sphere free energy F' by performing the localization integral for Z5 at b= 1lm=0,vr=20
and confirm the non-trivial dictionary for F'. See table 2 for the summary.
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3.1 The minimal N =4 SCFT T,
3.1.1 SUSY enhancement

In [27], it was claimed that

(3D NV = 2 gauge theory, U(1)p=—3/2 coupled to a chiral multiplet ® of charge +1)
at IR (3D N = 4 superconformal field theory Tmin) -
(3.1)

As a quick evidence for the SUSY enhancement, there are following two gauge invariant
monopole operators in the theory

with following quantum numbers [27, 47, 48]

1—-Rg
2

1-Rg
2

A=-m=-1, R=

Im| + 2Re = 1, j=1, A=2,
(3.3)

A=-m=1, R= m|+(1—Re)=1, j=1, A=2.

Here A is the charge of U(1)t, and R is the charge of the superconformal U(1) R-symmetry;
j e % and A are the Lorentz spin and the conformal dimension respectively. We use the
fact that [27]

Ry := (Superconformal U(1) R-symmetry charge of ®) (3.4)

=3
which can be determined by the F-maximization [49]. Here |m) € H..q(S?) (the radially
quantized Hilbert-space on S2) is a half BPS bare monopole operator. The bare monopole
operator has a U(1) gauge charge —%er% |m| and should be dressed by excitations (qAS, ¥ and
their complex conjugations) of matter fields to be gauge-invariant. The dressed monopole
operators are 1/4 BPS local operators. According to the classification in [40], the monopole
operators above, if they survive at the IR superconformal point, must belong to an extra
SUSY-current multiplet of the 3D A = 2 superconformal algebra. The multiplet con-
sists of conformal primaries of the following quantum numbers as well as their conformal
descendants,

{(R,j, A) = (0, % ;’” 99 (R, A) = (+1,1,2)] 22, [(R,j, A) = (og 5)} .

Here Q := Q1 +iQ2 and Q := Q1 — iQ, are the N’ = 2 supercharges. The local operators
in the top component with (R, j, A) = (0, %, %) correspond to the conserved current for
the extra supersymmetry, whose existence guarantees the SUSY enhancement.

Further, it was claimed in [27] that the infra-red (IR) superconformal field theory

(SCFT) Tmin is the minimal 3D N' = 4 SCFT having the smallest three-sphere free-energy

- 12 —



F and the smallest non-zero stress-energy tensor central charge Cr whose exact values
are [27, 50]

5—v5
10

F(Thin) = —log

~ 0.642965

CT(Tmin) _ 8 (8 _ 5\/ 5 + 2\/5> (3'6)

Cr(free theory with single ®) ~ 26 s

~ 0.992549 .

There is no vacuum moduli space in the minimal theory and thus the minimal SCFT is of
rank 0.

Superconformal index. Applying the localization results in [51, 52] (see also ap-
pendix A of [53]), the superconformal index for Tnin can be written as

. da |m _3m_ |m| v, _
To (G0, v58 =1) =) jﬂ g @0 (=1 (002) "PE fngie(q, a3 m)
mez 7 19=
l_,.m §+m -1
. g6 2a g5 2aq
h fen ,a;m) = — )

In the above, we use the superconformal R charge of ® given in (3.4). At the conformal
point, v = 0, the index becomes

i 1\ . 1
T (@ u,v =055 =1) =1 —q + <n+n) % - 24 + <n+n) P23+ ... (38)

The terms in ¢*/? come from the monopole operators in (3.3) and the index is compatible
with the claimed SUSY enhancement [54]. On the other hand, the index at the non-
conformal point v = +1 is

sci

ITmin (Q7 nv,s= 1) ’V—}:I:l

1 1 (3.9)
_1+(—1+7ﬁ1)q+(—2+n+n>q2+(—2+n+n)q3+... :

As anticipated from the superconformal multiplet analysis in (2.10), the index becomes
(g-independent) 1 in the degenerate limits, v — £1 and n — 1. This reconfirm that the
N = 4 theory is of rank 0 and gives a strong signal that a topological field theory emerges
in the limits.

3.1.2 Lee-Yang TQFT in degenerate limits

Here we claim that

TFT4 [Tmin] = (Lee-Yang TQFT) (3.10)

~13 -



with explicit checks of the dictionaries in table 1. The non-unitary TQFT has following
modular data

(3.11)

1 1
¢10(\/5+5) —\/10(5—\/5) T<1 0 )
’ - _2m .
(5 vB) [ (v +5) 0 exp (=)
Squashed three-sphere partition function. The squashed three-sphere partition

function for the minimal theory is (A = 27ib? b € R)

\;%e +2 (m;n(”+7)u)¢h(z), (3.12)

Here vy, is a special function called the quantum dilogarithm, for which readers are referred

3
Z%;m (b,m,v) =

to appendix D. The partition function in the limit b — 1 was studied in [50] and one can
check that

‘Zf—in(b,m =0,v— il)‘ LA N ‘/Tlo (VB+5)+ > sul1=b)", _
n=2 .

with s, = 0 up to arbitrary higher order n .

That the partition function becomes independent on the squashing parameter b in the
degenerate limit is a strong signal that the theory becomes topological. Furthermore, the
partition function is identical to the S3 partition function (Sgo, see (3.11)) of the Lee-Yang
TQFT,

3
\zf_;n(b, m=0,v = +1)| = | 250 _vang - (3.14)
3
The free energy F = —log‘Z%lm(b = 1,m = 0,v = 0)| of the minimal theory, given
in (3.6), nicely matches with max,(—log|Sopal|), see (3.11) for the S-matrix,
(F of Tmin) = (max(— log [Soa|) of Lee-Yang TQFT) , (3.15)
(64
which confirms the dictionary for F' in table 1.
Perturbative invariants 8. The integrand in (3.12) can be expanded as
Z2+22(m+(iﬂ'+%)u)
log Tu(Z,m,v) = log (e~ y(2)
1
20 SWo(Z,m,v) +Wi(Z,m,v) + ... with (3.16)
Z? 1 Z
Wo = Lig(e %) — 5 = Z(m+inmv), W)= —ilog(l —e )~ 71/ .
There are two Bethe-vacua (A.31) determined by the following algebraic equation
-1 —m—iTv
Bethe-vacua of Thin {z : (z )62 = 1} ) (3.17)
z
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In the degenerate limits, m = 0 and v — =41, the two Bethe-vacua approach following

values

a0 — % (\[5— 1)  Zae1 — % (—\/5— 1) . (3.18)

Perturbative invariants (A.33) of two saddle points associated to the two Bethe-vacua in
the degenerate limits are

_ 7 _ 1 5-+5 _ 7
a=0 a=0 a=0
-0 ~21 _
SO — 30 3 Sl — 9 0og ( 9 ) ; 82 120 )
_ 1772 _ 1 545 _ 7 (3.19)

Sa—l _ Sa—l —~Z1 a=1 v

0 — 30 ) 1 — 2 og ( 92 ) 82 — 120 )
Spsg — 0.

That this is compatible with the expected properties in (A.35) is a highly non-trivial
evidence for emergence of topological theory in the degenerate limits.

Fibering and Handle gluing.  Using the formulae in (A.43) and (A.40) combined
with the above computation of S;, we have

T 17
{fa(m =0,v— +1,s = —1)}a0 1 — {exp <_60> , €Xp ( 60 )} ,

R {5—\/575+\/5}.

(3.20)

{Ha(mzo,yéztl,s:—l)} 5 5

a=0,1

Since the 1/v/Ha—o is equal to |25 | at v = +1 in (3.13), the z4—o is indeed the Bethe-
vacuum corresponding to the trivial object according to the criterion in (2.11). The compu-
tations above also confirm the dictionary for S;,2 and T, in table 1, see (3.11) for modular
matrices of Lee-Yang TQFT.

Supersymmetric loop operator. For a U(1) gauge theory, the supersymmetric dyonic
loop operator Oy, q) of (electric charge, magnetic charge)=(p, q) is

O = P(1— 2717 . (3.21)

The consistency condition in (2.13) is met when we choose the (Bethe vacua)-to-(loop
operators) map as follow

Oa=0 = (identity operator) , Oa=1 = O(p,4)=(1,0) - (3.22)

Then, using the dictionary in table 1

Ws—0,1(0) =1, Wp=o(l) =2 = %(\/5— 1), Wsei(l) =2 = %(—\/5— 1). (3.23)

From Wg(«), one can compute the S-matrix using the formula S,g = SooWs(a)Wo(5),
and confirm that it is identical to the S-matrix of the Lee-Yang TQFT given in (3.11).
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3.2 U(1); + H: SUSY enhancement N’ =3 - N =5
3.2.1 SUSY enhancement
We define

(U(1)g + H) := (3D N =4 U(1) gauge theory with CS level k

(3.24)
coupled to a hypermultiplet of charge +1) .

For non-zero k, the theory has AN/ = 3 supersymmetry instead of N' = 4 since the CS
term breaks some of the N/ = 4 supersymmetry. The N = 3 theory has the U(1)op flavor
symmetry associated to the dynamical U(1) gauge theory. As pointed out in [55, 56]

For k = 1, the (U(1); + H) has enhanced N’ = 5 supersymmetry at IR

(3.25)
and the resulting IR SCFT is of rank 0 .

The U(1)top = SO(2)t0p symmetry becomes the U(1) axial symmetry, which is a subgroup
of SO(4) € SO(5) R-symmetry, in the supersymmetry enhancement.

SO(3)k % SO(2)tep —2— SO(5)x . (3.26)

For |k| = 1, there are two BPS monopole operators whose quantum numbers are

3

A=+1, j==, R=1, A=- and
R

(3.27)
A = _17 ] =

L A=

)

N — DN —
\CINUCE )

Here A is the charge of U(1)iop and R € Z is the spin of SO(3) R-symmetry. j and A are
the Lorentz spin and the conformal dimension respectively. The BPS operators belong to
extra SUSY-current multiplet [40] of ' = 3 superconformal algebra, which consists of the
following conformal primaries and their descendants

(R.5:2) = (0.0.1) =2 [(R.8) = (1.5.5) | =2
3 5 (3.28)
[(Raja A) = (17 172)] ©® [(Rajv A) = (07072)] L) [(R>jv A) = (07 5? 2) ] .
Here Q = (Q1,Q2,Q3) are the N' = 3 supercharges. The local operators in the top compo-
nent of the supermultiplet with (R, j, A) = (0, ;’, g) correspond to the conserved current for
extra supersymmetry, and thus the existence of the multiplet implies the supersymmetry

enhancement [55, 56].

Superconformal index.  Using the localization summarized in A.1, the index is given as

IISJC(I k+H(Q7777V s = ].)
/o L
= Z]{| . (—1)ma)km(nq§ )" "P.E.[fsingle(q, 2, m;m)] , (3.29)

2ma
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where 7 is a fugacity of U(1)cp and

1,1 3,1
1 +5/m + 1 $+5(m + 1
fsingle(Q7ay77;m) = 4 1 (C; a) — 4 1 (C; a) . (330)

Using the above expression, the index can be evaluated and we find*

IISJC(11),€+H(Q=777V;S =1)

i (g et (0 +2) e k=1 (3.31)
1+¢2—q+..., [k>1

The term (—n — %)q comes from the monopole operators (3.27) in extra SUSY-current
multiplet and implies the SUSY enhancement. Note that the SUSY enhancement occurs
only at |k| = 1.

In the degenerate limit ¥ = 41 and n = 1, the index becomes

I%C(il)kJrH(an =1lv=%4l;s= 1)

_{1+(1—77*1)q1/2+(7ﬁ1—1)q+---|n:1=1, (Ik] = 1)

. 3.32
Non-trivial power series in ¢'/? (|| > 1) (3:32)

It is compatible the expectation that the theory is a NV = 4 (actually N' = 5) SCFT of rank
0 when |k| = 1. It also implies that there emerge non-unitary TQFTs in the degenerate
limits only when |k| = 1. The non-unitary TQFTs are expected to be fermionic according
to (2.8).

3.2.2 Non-unitary TQFTs in degenerate limits

Here we extract modular data of TFT[U(1)—1+H] by computing various supersymmetric

partition functions.

Squashed three-sphere partition function. It can be written as (see appendix A.1)

53 dz
25y bmv) = [ o

kZ? ZW ;R
Tn(Z,m,v) = exp (zn) exp (‘n) \ 11 ‘PH[QZ tg 4] -
W:m-i—(ﬂ'i—&-%)uele{il}

(3.33)

In(Z,m,v) with

Here Up(X) := ¢n(X) exp (f—;) as defined in (A.25). In a round sphere limit (b = 1) with
k =1 and m = 0, the integral reduces to (using appendix D)

. 2
z5° (b=1,m=0 ,/)_ew/dzeiiie_zy (3.34)
U@u+HAT = 5 18 = 5 g cosh(Z/2)

“The same computation was done in [55, 56].
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Figure 1. A contour for the evaluation of (3.34). There is a simple pole at Z = 7i inside the
contour.

Here € is an unimportant phase factor sensitive to local counterterms. For v = 0, this
integration can be exactly evaluated by applying the residue theorem to the integral along

the contour depicted in figure 1:

e

e 4

] dZ 847” 647rz€2 . 2 jus i 92 i
— 4 = — 1
/_oo cosh( Z/2 / zsmh isinh(Z/2) + mi(—2ie1 ) = 2mi(—2ie 1) ,

z2 z

64m 9 h _mi [ 4z ednie2
= 4 4 _
/ 2 com(z)2) ~ e /_oo Sinh(Z/2)

i e_%i 0 efi_eg © e%?e_%
— et Az~ [ az -
et T (/oo Sinh(Z/2) /m sinh(Z/Q))

i i z2
=2med +e 4 dZe4m
—00
= 27(eT +e77) =4me™ ® sin (g) . (3.35)

Here, the residue at the simple pole Z = mi is —2ieT. The first, second, and third term
in the first line comes from the path Cy, Co 4+ C3, and an arc A; respectively. At the
third equality, we have used the changing variable as Z — —Z from the last term in the
second line.

Likewise, the integration for v = 41 can be computed exactly in a similar way by
using the same contour and we found

Z2
© eiri e % 5 3
dZ——— =4me s sin|— ) . 3.36
[oo cosh(Z/2) e’ s1n( 8 ) (3:36)

Restoring the overall factor 1/(4m) in (3.34), we finally have
1/2
exp(— ‘ U(11+Hb—1m—01/—()‘—sm<8> (4 +2v2)71/2

. (3w _
(Soo of TFTL) = ‘ZU(I) ou(b=1,m =0,y - +1)| =sin (8) — (4-2v2)"12.
(3.37)

The partition functions in the degenerate limits v — £1 are actually independent on the
squashing parameter b, as we will check it perturbatively in (3.41), and equality in the 2nd
line holds for arbitrary b € R.
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Perturbative invariants S%. The integrand in (3.33) at k = 1, after a shift Z —
Z + % (m‘ + ’%) of dummy integral variable, can be expanded as

1
10gIﬁ(Z7m7l/)‘Z—>Z+%(Tri+%) =0, ﬁWO(Z, m,v) + Wi (Z,m,v) + ... with
Wo(m = 0) = Lig(e 2™ + Liy(e?) + Z2 + 7i(1 — ) Z + ¢on? | (3.38)

Wi(m = 0) = % (wimv —vZ + Z —log (1 - %)) +icrm,

where ¢p and ¢; are Z-independent rational numbers. There are two Bethe-vacua (A.31)
determined by a following algebraic equation

Bethe-vacua of (U(1); + H) at m =0 : {z : (_1);/2_(»21"‘1) = 1} . (3.39)

In the degenerate limits, m = 0 and v — =+1, the two Bethe-vacua approach following
values

oo — (\/5 - 1) , Zae1 — (,\/5 - 1) . (3.40)

Perturbative invariants (A.33) of two saddle points associated to the two Bethe-vacua in
the degenerate limits are

_ 11 _ w1
a=0 o2 a=0 _ne - o
Sy — 57 S — g 3 log (4 2\/5) ,
1 _ w1 (3.41)
a=1 2 a=1 o - .
SO — ﬁﬂ. y 81 — 8 2 log (4 + 2\/5) ,

Im[S7 o], Sz — 0.

That this is compatible with the expected properties in (A.35) is a highly non-trivial
evidence for emergence of topological theory in the degenerate limits.

Fibering and Handle gluing.  Using the formulae in (A.43) and (A.40) combined
with the above computation of S5, we have

114 X
{fa(m =0,v— *+1,s= —1)}(}(0 1 — {exp (24) , €Xp <—24)} ,

{Ha(m:O,u%il,s:—l)} — {(1-2v2), (44+2v2)}. (3.42)

a=0,1

Since the 1/v/Ha—o is equal to |25 | at v = +1 in (3.37), the za—g is indeed the Bethe-
vacuum corresponding to the trivial object according to the criterion in (2.11).

Supersymmetric loop operators. The consistency condition in (2.13) is met when we
choose the (Bethe vacua)-to-(loop operators) map as follows:

Oa=0 = (identity operator) ,  Oa=1 = O, 9)=(1,0) - (3.43)
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Then, using the dictionary in table 1,
Ws—01(0) =1, Wso(l)=20=v2—-1, Ws(l)=2=—-Vv2-1. (3.44)

From Wg(«), one can compute the S-matrix using the formula S5 = SooW3(a)Wy(5) and
the result is

3 ST
5= <Sm ¥ osin sgﬂ) . (3.45)

Sin § —sin 3

Since the TQFTs, TFTL[U(1); + H], are spin TQFTs, only the modular 72 matrix is
well-defined and according to the dictionary in table 1

T2 = ((1) _01> : (3.46)

The modular data (S and T?) of the spin non-unitary TQFT, TFT+[U(1);+ H], is identical
to that of Galy(SU(2)s)/Z{ with d = }sin (37).

H

1g
3.3 SU(2 ),3 2: N =5 theory
The theory is defined as

(sue

ol
®3

Wm\»—t

) := SU(2) gauge theory coupled to a half hypermultiplet

and a half twisted-hypermultiplet (3.47)
in fundamental representations with Chern-Simons level & .

The theory is can be regarded as a special case of O(M) x Sp(2N) type quiver theories
(with M = N = 1) which have N/ = 5 supersymmetry [57].

3.3.1 IR phases

Superconformal index. The superconformal index (A.3) of the N’ =5 theory is

e %@%(q,n,l/;s =1)
k

SU( )
poLnl (3.48)
— Z %l ) 27rm ) q 2 P.E. [f51ngle(Q777>a v, m)] .
Here we define
q4+|m‘ 1/2vy1 1/2 L
fsingle(¢;m, a; v, m) o= r(a+a™) ((ng/?)2 + (ng"/?)72)
1+q2
1 _ _
A(m,a) := SyT(m)q lm‘(l - 02q|m|)(1 —a 2q|m|) ) (3.49)
2 ifm=0,
with Sym(m) := am
1 ifm>0.
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Using the formula, one can compute the superconformal index and check that

I;(z)é@%(q,n,v:o;sz 1)
=<1 if |k =1
1+q%—|—(—1—%—n)q—|—(2—!—174—%)(]%4—... if k| >2.

The higher order terms (represented by . ..) depend on k for |k| > 2. From the computation,
one can determine the basic property of theory appearing at the IR. The triviality of the
index for |k| = 1 implies that the theory has a mass gap and the IR physics is described
by an unitary TQFT. The divergence of the index is a signal of emergence of a free chiral
theory that decouples with the other part of the theory [58]. The non-triviality of the index
implies that the theory flows to a superconformal field theory. In summary, from the index
computation we conclude that

Contains decoupled free chirals if [k] =0,
S
SU(2)2%? — ! Unitary TQFT if k| =1, (3.51)
3D A =5 SCFT if k] > 2.

In the degenerate limits, v — +1 and n — 1, the index becomes (for |k| > 2)

7= (g v=%ls=1) =1+ (1-nT)g"? — (T = 1)g + 2—n™ —nT2)¢*2 +... |
SU2)7 *
% ioi(gn=1lv==%1;s=1)=1. (3.52)
SU2)7 ?

1.1

It implies that the theory is of rank 0 and non-unitary TQFTs, TFTi[SU(2)g®§], emerges
when |k| > 2 in the limits. In addition, we expect that they are spin TQFTs according

11

to (2.8). The TFT4 [SU(2)E®§] in the table 2 is indeed a spin TQFT since it is given by a
Zg quotient (fermionic anyon condensation) of a bosonic TQFT.

3.3.2 Non-unitary TQFTs in degenerate limits

Squashed three-sphere partition function. The partition function of the NV = 5

theory is
S8 dz
Zzb b,m,v) = | —=Zy(Z,m,v) with

SU(2)§®%( ) V2rh Wl )

1 2miZ kZ?
In(Z,m,v) = 5(2 sinh(Z)) (2 sinh ( Tth >> exp (ﬁ) (3.53)
O ez m+v (i7r + %) i h

X H I3 [61 + €9 9 ? + 4:| .

€1,e26{x1}
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At b =1 and m = 0, the localization integral is simplified as

53 et sinh?(Z) Y4
Z% b=1.m = — " a4z . .54
o m=0v) 27 / cosh(Z) + cosh(inv) P o (3:54)

n
c
~
S
-
Nl

At v = 0, %1, the partition function is exactly computable and we obtain

3 2
exp(—F):‘ZSb 1 l(bzl,m:(),V:0)‘: sin(ﬂ) ,
su2)2®2 K| 4/k|
, b 5 @k — 1) (3.55)
(Soo of TFT) = ‘Zsb por (0=1,m =00 = +1)| = [ sin (”) .
su@2)?®2 |K| 4/k|

Bethe-vacua and Handle gluing operators in the degenerate limits. Since there
is a Zs symmetry (m,v) < (—m,—v), we only consider the limit ¥ — 1. In the limit
v — 1, the asymptotic expansion coefficients W, and W of the integrand are
1
log Zp(Z, m, v) ——=2 =Wo(Z,m,v) + Wi(Z,m,v) + O(h) with
2 : 2
Wo(Z,m,v =1) = —% + QO + mj tomiZ+ (k+1)22+ Y Lig(e@Z72%),
e1,e2€{£1}

1 m m
Wi(Z,m,v=1) = 3 <7Ti + % —log(1—e2 %) —log(l — ez"’Z)) + log(sinh(Z)) .

(3.56)

The Bethe vacua equation at v =1 is

- +1

exp(AzWo(Z, m,v = 1)) W AWIEAD ey (g5
Z—log(z),m—log(n) (\/ﬁ + Z)(\/?]Z - 1)

In the degenerate limit  — 1, the equation simplifies as 22* = —1 and there are ||

Bethe-vacua after taking into account of the Weyl Zg quotient, z <> 1/z,

2k—2a+1

Bethe-vacua: z, = (—=1) 21 | a=1,---|k|. (3.58)

Now, the handle gluing in the degenerate limit, m = 0,v = 1, is given by

1 _
H(Z) = exp (_28?) ’Z%log(z),u%l,mﬂo = ~€ 2V\}laZaZVVO‘

4
2kz
= m . (3.59)

The factor 1/4 comes from 1/|Weyl(SU(2))|?, see (A.34). By plugging the eq. (3.58) in the
eq. (3.59), we have

(HQ of SU(2)%€B%> = (msin (W) >2, a=1,...,|kl. (3.60)

The set of {|Soa| = (Ha) 2} is identical to the set {|Spa|} of the SU(2)4;€_2/Z£ the-
1 1

ory. It implies that the non-unitary TQFT TFTi[SU(2),§®§] is a Galois conjugate of
SU(2) x| _2/Z3 with Sgo in (3.55).

Z—log(z),v—1,m—0
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Q| a2 | 9| g | P
U(l)gauge | 1 | 1 | =1] =1
une 1| -1 1 | -1
UL)axial | 5 | 2 | 3| 2 |1
um® [ojofo}|olo

Table 3. Charge assignment in T[SU(2)] theory. U(1),U(1)¢ and U(1)axia denote the Cartans
of SU(2)H,SU(2)¢ and axial U(1) C SO(4) g symmetry respectively.

3.4 T[SU(2)|k, .k and T[SU(2)]k, ko/Z2

T[SU(2)] is the 3D theory living on the S duality domain wall in 4D N = 4 SYM [59].
The theory is the 3d N/ = 4 SQED with two fundamental hyper-multiplets. See table 3
for the matter contents of the theory. Let the four N’ = 2 chiral fields in the two N = 4
hyper-multiplets be q1, ¢2,q3,q4 and the adjoint AN/ = 2 chiral field in the N = 4 vector
multiplet be ¢g. The theory has SU(2)# x SU(2)¢ flavor symmetry at the IR as well as the
SO(4) R-symmetry. The charge assignments for chiral fields under the Cartan subalgebra
of the gauge and global symmetries are:

By gauging the two SU(2)s with non-zero Chern-Simons level k; and k2, we obtain
infinitely many rank 0 3D N = 4 SCFTs which will be denoted as

T[SU(2)]
SU(@2)i! x SU(2)E, (3.61)

= (Gauging SU(2)" xSU(2)° of T[SU(2)] with Chern-Simons levels ki and k)

TISU(2)]ky by ==

As argued in [27], the gauging does not break the supersymmetry down to N' = 3 thanks
to the nilpotent property of the moment map operators, i and i, of the two SU(2)s.

The theory has Z& x Zg one-form symmetry originating from the center symmetry
Zy x T of the SU(2)H x SU(2)¢ gauge group. The discrete one-form symmetry has 't
Hooft anomaly characterized by the following bulk action®

H H
Sanom = 7r/ (klp(;% ) + kzp(;% ) + wi Uw§> (mod 27) . (3.62)
My

Here wi (w§') is the 2nd Stiefel-Whitney class, valued in H?(My, Zs), of the SO(3)g =
(SU(2)p)/Zo and SO(3)c = SU(2)¢/Za bundle respectively. P is the Pontryagin square
operation,

P H*(My,Zy) — HY( My, Zs) , (3.63)

5The anomaly can be interpreted as a dependence of the partition function Z*3=9X4 on the choice
of a 4-manifold X4 having M3 as a boundary. The difference between two partition functions, Z*3=9%4
and ZM3=9Y1 with two choices of 4-manifolds, X, and Yj, is determined by the bulk action Sanom as
% — ¢iSanom[Mal  Here My =Xy UK is a closed 4-manifold obtained by gluing X4 and orientation

reversed Yy along the common boundary Ms.
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which satisfies P(ws) = w} (mod 2). On spin manifold My, the P (w) € Z. The first two
terms in (3.62) come from the Chern-Simons action of two SU(2) gauge ﬁelds [60] while
the last term is from the anomaly polynomial of 7'[SU(2)] theory [61]. From the anomaly
polynomial, one can confirm that the following Zo one-form symmetry is anomaly free

78, k1 €27 and ke €2Z+1,
Anomaly free one-form Zy symmetry : § ZS' | ky € 2Z and k; € 2Z + 1, (3.64)

Zgiag C Z§ x Z¥ | otherwise .
The Zo one-form symmetry can be gauged and we define

T[SU2)] k1 ko / Z2
= (Theory after gauging the anomaly free one-form Zy symmetry in T'[SU(2)|x, k,) -
(3.65)

3.4.1 IR phases
Superconformal index. Index of the theory T[SU(2)]x, k, (or T[SU(2)]k, ko/Z2) is

% (q,n,v;s = 1)

2
A(m;, a;)da; ok | sci
= Z 7{ =1, as|=1 (H (‘)(ai(—l)mz)%’ml) IT[SU(2)}(a17a2:77aV;mlam2)-
al as

mp,m2 =1 27T2a7;
(3.66)
Here the generalized superconformal index for T[SU(2)] theory is
ci . __ sci 0N :
Tiisu(y (ar, az,m, vimy, ma) = Tijgy() (a1, ag,n, v = 0;my,ma)| ¢ with
Irisu(2) (a1, az, 777 v = 0;my, my)
1 1
_ Zfi o 27”u )m2a2)72n((_1)nu)72m2 (qg"? )§(|m1+n\+|m1 n|)PE [fsingle] ’
u
where
1 3
1 —qgiv/n—1 1
fsingle (a1, a2, n,u;my, n) = 9t/ gV gzmitol (G1U+ )
1— q a1u
3 1
AT (o) (1)
1- U ap 1—qg \n
(3.67)
From Dirac quantization conditions, following monopole fluxes are allowed
1 .
n,mpy,mg € §Z withn+m; €Z. (3.68)

In the above formula, however, we are only summing over following monopole fluxes

for T[SU(2)]k, k, theory: n,my,my € Z , (3.69)
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since we are summing over SU(2) bundles, i.e. SO(3) bundles with trivial wy. The local-
ization saddle point (A.8) with SU(2) monopole flux m has non-trivial wy if and only if

1
meZ+ . (3.70)

For the theory (3.65) after gauging the Zs one-form symmetry, we also need to sum over
gauge bundle with non-trivial w3?. For the superconformal index for the T[SU(2)]x, x,/Z2
theory (3.65), the summation range of monopole fluxes are

n4+my,2my,me €Z, ki €27 and ko €2Z+1,
for T[SU(2)]k, ky/Z2 theory: ¢ n,my,2my € Z , ko € 2Z and ki € 2Z+ 1,
n+my,2my, m—mg € Z, otherwise .
(3.71)

From the formulae in (3.66), (3.67), (3.69), (3.71), one can compute the superconformal
indices and check followings

(g, n,v = 035 = 1) of T[SU(2)]y k, (or T[SU(2)]ky ky/Z2)

Non-trivial power series in ¢'/? if |kiky — 1| > 3 and min(|k1], |ka|) > 1,
0 if |kiks — 1| =1
itk =1} =1, (3.72)
=41 if |k1ko — 1| = 3 or (|k1ke — 1| > 3 and min(|k1], |k2|) = 1),
1(01‘ 2) if|k‘1]€2—1‘:2,
o if’klk‘g—l‘zo.

For the case when |kike — 1| = 1, the index vanishes and it implies that SUSY is spon-
taneously broken. For the case when |k1ks — 1| = 2, on the other hand, the index for
T[SU(2)]kyk, is just 1 while the index for T[SU(2)]k,k,/Z2 is surprisingly 2. It implies
that theory T[SU(2)]k,k, has a mass gap and flows to a topological theory and the UV Zg
one-form symmetry decouples at IR, i.e. the Zs does not act faithfully on any IR observ-
ables. It means that the IR TQFT actually does not have the Zs symmetry. The index for
T[SU(2)|ky %, /Z2 becomes 2 just because we perform the gauging of the decoupled (so ab-
sent) one-form symmetry by hand. At the level of S? x S! partition function, the one-form
gauging procedure is

2 1 2 1
Z?F;?‘Zg = > Zipy ([Ba]) - (3.73)
[B2]€H2(S2x S1,Z>)

Here the [8] € H%(S? x S1,Zs) = Zs is the background 2-form Zs flat connections coupled
to the one-form symmetry. Alternatively, the r.h.s. can be written as

1

52x 5140k

S2x St oz,
Zrpr. + Z1PT , (3.74)

where first term is the S? x S! partition function (with trivial [82]) and the 2nd term
is the partition function with insertion of loop operator along the [S'], the generator of
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H1(S? x SY,7Zy) = H?*(S? x S1,7Zy), with the Zs symmetry generating anyon agz,. For
general TF'T with a faithful Zs one-form symmetry, the first term is just 1 while the 2nd
term vanishes and the total partition function 2%27??22 becomes just 1 as expected. When
the Zy one-form symmetry is decoupled at IR, however, the 2nd term is also 1 since the
anyon agz, actually becomes the trivial operator, O,—¢, at IR. So the result, 2%2%722 =2,
is an artifact due to the “gauging” of the “absent” Zs symmetry. As we will see below, one
can actually confirm that the Zy symmetry act trivially on Bethe-vacua of T[SU(2)]x, k,
theory for the case when |kjko — 1] = 2. In summary, from the index computation, we can

conclude that

TSU(2)]ky kz

Non-trivial N' =4 SCFT if |k1ko — 1| > 3 and min(|k1, [k2]) > 1,
SUSY broken if |[kike — 1] =1,

Unitary TQFT if |k1ka — 1| =3 or (Jkike — 1| > 3 and min(|k1], |k2|) =1,
Unitary TQFT with decoupled Zo  if |k1ky — 1| =2,

Decoupled free chirals if |k1ke — 1| =0.

at IR
—_—

(3.75)

In the degenerate limits (v — +1 and n — 1), on the other hand, the indices are (when
’k‘lk‘z — 1| > 3 and min(|k1|, |k‘2|) > 1)

for T[SU(2)]k, k, theory ,
%% (¢,m,v = +1; 5 = 1) = (non-trivial power series in ¢) (3.76)
and 7% (¢,n=1,v==%l;5s=1) =1,
while
for T[SU(2)]k, k,/Z2 theory ,

. non-trivial power series in ¢'/2 if kiky € 4Z + 1 .
T (gm0 = +1;5 = 1) = P 1 1
non-trivial power series in ¢ otherwise .
and 7% (¢,n =1l,v =%1;5s =1)=1.

(3.77)

The computation implies that the IR theories are N' = 4 SCFTs of rank 0 and non-unitary
TQFTs

TFT [T[SU(2)k, ky)] or TET [T[SU(2), ky)/Z2] (3.78)

emerge in the degenerate limits, 7 — 1 and v — £1. According to the criterion in (2.8),
we further expect that TFT 4 [T[SU(2)|k, k,/Z2] is a spin TQFT when k1kg € 4Z + 1. The
non-unitary TQFTs associated to the N/ = 4 SCFT before the Zs one-form symmetry
gauging are given in table 2 and the TQFTs after the gauging are
TET [T[SU2)]k, Gala, (SU(2) gk, —1]-2) ® U(1)2
N N e e ,

: _ (IRl _ Ikl
with dy = ¢, o A = (o1 - (3.79)
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Here Zs is the anomaly free Zy one-form symmetry in Galg, (SU(2)|x,k,—1—2) ® U(1)2. The

() 700

topological theory has ZgU one-form symmetry and the following Zo one-form

symmetry is non-anomalous

Z59? it kky €22+ 1,

. (3.80)
759 otherwise .

Anomaly free one-form Zo symmetry : {

When kiko € 479 + 1, the one-form Zo symmetry is fermionic and the theory after the Zo
quotient becomes a spin TQFT,
Galdi (SU(2)‘k1k2_1|_2) & U(1)2
Ly

It confirms the criterion (2.8) combined with the superconformal index computation (3.77).

is a spin TQFT when kiko € 4Z + 1 . (3.81)

3.4.2 Non-unitary TQFTs in degenerate limits

3
Squashed three-sphere partition function. The partition function Z(Skb1 kz)(b,m,y)

of the T'[SU(2)], %, theory is

3 X1dXodZ
Zskb k (b,m,l/) = /dld2dIﬁ(XlaX272>m7 1/) 5
(1 f2) (2mh)3/2 (3.82)

with Zp(X1, X2, Z,m,v) = 1)/* (X1, Xa) x IﬁT[SU(Z)] (X1, X2, Z,m,v) .

Here Z3*° is the contribution from the vector multiplet for the SU(2);T x SU(Q)kC2 gauging:

kX7 + ko X3\ £y 1 2mi X,

Ty°°(Z1, Za) = exp (11;;22> 1;[1 5 (2 sinh Xi) (2 sinh ”; ) . (3.83)
Ig[SU(m is the contribution from the 7'[SU(2)] theory whose squashed three-sphere parti-
tion function is

20 (b, X1, X _ [Ty x, 2 h
T[SU(Q)]( y A1, A2, MM, V) - \/ﬁ h ( 1, A2, 4, M, l/)7 where
. h .
m+v(ir+ 5§ i h
2 2 4
€1,2==%1
s o™t v(im+h) i D 27 X5 (m' + %) m+v (W+§)
22— = i+ = |exp| — — .
" 2 BRI A h h 2
(3.84)
One of the non-trivial consistency checks is the mirror property
S3 S3
ZTfSU(Q)](ba X1, Xo,m =0, V) = ZTfSU(Q)](baX%Xl, m =0, _V) ) (3-85)

which we have checked numerically for various values of X7, X5, and v. Particularly for
b=1,m=0,v =0, we have [62-64] (see also appendix C.1)

271 .
53 e s sin(

M)
(b=1,%1, Xzm =0,v=0) = = 2 X, sinh(X3)

Zrisu@)

(3.86)
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As in (3.54), this localization (3.82) also simplified at b = 1, m = 0, and is exactly
computable at v = 0,1 (see appendix C.2).

1 . ™
exp(~F) = |21 (b= Lm = 0, = 0)] = |k1k2—1|sm<|k1k2—1l>’

(Soo of TFTy) = ]z oy (b =1,m =0, — +1)| (3.87)

/ : m|ko|
_{ ‘kle 1] Sln(\k1k2*1|)’ v— +1,
- 7lk1]

’/\k kQ 1] Sm(\lﬁkz—ll) , v——1.

Bethe-vacua and Handle gluing operators in the degenerate limits. The asymp-

totic expansions, Wy and W;, of the localization integral are

1
log Tn(X1, Xo, Z,m,v) —=2 FWo(X1, Xo, Z,m,w) + Wi(X1, X, Z,m.v) + O(h)

where
Wo = (k1+1) X7 + ko X5 +2miXy +2miXy — 2XoZ+ 2%+ > Lig(e1 X1 d— =55 =5y
€1,e0==%1

m(v? —v+1)  2mv— 1 meiry _xi

Wy = ”T(V v+ ) + my —im + = Z (V— 1) log (1+661X1+€2Z7 +2 77)
2 4 —~
€1,e0==%1
— glog (1 + emﬂﬂ") + log(sinh X7) + log(sinh X3) .

(3.88)

In the W, above, we have ignored terms which are independent on X;, X, and Z. By
extremizing the twisted superpotential

exp(0x, Wo) = exp(dx,Wo) = exp(0zWp) =1, (3.89)

we have following Bethe-vacua equations

22 (wry 4 iz) (weyz +4) B 2k  (wz iz (wrrz 40)
(wz +iz1)(w +iz12) 22 2d(wwy +iz)(w+irz) (3.90)
X X z m-4iTy ‘

where x1 =€, z9=¢e"2, z2 =€, w=¢€ 2
At generic choice of w, there are 2 x |(|k1ks — 1| — 1)| Bethe-vacua,

}]\kll@ 1-1]

{(1‘1,1‘2, ) ((xl)n i?(xQ)n +,% n:t) ) (3'91)

after removing the unphysical solutions, which are invariant under a non-trivial subgroup
of the Weyl Zg x Z3 acting as xz; — 1/x;, and quotienting by the Weyl group. The one-form
symmetry Z x ZS', on the other hand, acts on the Bethe-vacua in the following way

7wy — tay, ZS - xo — £ . (3.92)
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When |k1ks — 1| = 2, the anomaly free Zg = Zgiag C 73 x Z§ act trivially (modulo Weyl
Zs x Zs2) on the Bethe-vacua, i.e.

otz € {3, —i} . (3.93)

This explains why we obtain 2 (instead of 1) in the index computation of T'[SU(2)]x, k,/Z2
theory when |k1ko — 1| = 2, see the paragraph below (3.72).
The handle gluing operator is

1
H(xy,x2,2;m, V) = 6 exp(—2W) C}ejt (0;:0;Wp) . (3.94)

The set of the handle gluing operators evaluated at the Bethe-vacua in the degenerate
limits are

(M@t @D, )oe) |

n=1 n=1

ki1l { [kikz — 1] ®2}|lk1k2”1|
s’ (i)
(3.95)

3.5 T[SU(2)]/SU(2)™* and T[SU(2)]/“PSU(2)}8”
Let us consider

L[SU(?)] = (Gauging diagonal SU(2)4#& of T[SU(2)] with Chern-Simons level k‘) .
SU(2)5"8
(3.96)

Thanks to the nilpotency of the moment map 748 for the SU(2)%2& flavor symmetry, the
theory remains N = 4 theory even after the gauging with non-zero k [27, 55].

The theory has a Zo one-form symmetry which corresponds to the center group of the
gauged SU(2)48 symmetry. The 't Hooft anomaly polynomial for the one-form symme-
try is

Sanom = T /M4 (kp(;UQ)> (mod 27) . (3.97)

Thus, the one-form symmetry is anomalous for £ = (odd) while non-anomalous for k =
(even). For odd k, the theory can be tensored with a topological theory U(1)y = SU(2)4,
which also has anomalous Zy one-form symmetry, and the diagonal Zy one-form symmetry
becomes non-anomalous. We define

T[SU(2)]
“PSU(2) e

T[SU(2)]

e even k
SU(Q);hag 9 9

Gauging the Zs one-form symmetry of

Gauging the (diagonal) Zs one-form symmetry of ( STIEE)E?,QL ® U(1)2> , oddk .
(3.98)

k
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3.5.1 IR phases

TISU@) (o _TISUG) e

Superconformal index. The superconformal index of the o e
SU(2)Tee “psu(2)Tae»

ory is
% (q,n,v;s = 1)

Alm, a)da ci (3.99)
- Zf,i =1 S (e Tisu()) (@ a,n, vim,m)
m a|=

2mia

where I%C[iSU@)] is the index of T'[SU(2)] theory given in (3.67). From the Dirac quantization
conditions, the following monopole fluxes are allowed

Z
nme S withntmeZ. (3.100)

The summation range of monopole fluxes is

T[SU(2
r [7((113}5 : nmezZ,
SUR); (3.101)
T[SU(2)] Y/ ’
T nme— withn—meZ.
“PSU(2),.*8” 2
From superconformal index computation [55, 56],
. T[SU(2 T[SU(2
**(q,n,v = 0;s = 1) for [ (dl)] or [ <d?]
SU(2),®  “PSU(2),*®”
1, k| <2, (3.102)
=10, k[ =2,
non-trivial power series in ¢'/2 | k| > 2.
we expect that
T[SU(2)] T[SU(2)]
diag or diag
SU(2), “PSU(2),,
Unitary topological field theory if |k| <2, (3.103)
ar It Decoupled free chirals if k| =2,
3D N =4 SCFT if |k >2.

Superconformal indices in degenerate limits. In the degenerate limits (v — +1 and
n — 1), on the other hand, the indices are (when |k| > 2)

EEN)]
SU(2) e
75 (g,n,v = £1;s = 1) = (non-trivial power series in q)

and 7% (¢,n =1l,v =+1;5s =1) =1,

for theory ,

(3.104)
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while

T[SU(2
“PSU( ) g77
: non-trivial power series in ¢'/2 if k € 47 ,
T (g v = +1is = 1) = vial pow q (3.105)
non-trivial power series in ¢ otherwise ,

and %9 (¢,n =1L,v=+1;s=1)=1.

The computation implies that non-unitary TQFTs, TFTi{ST[E?;gH and
k

T[SU(2)] . s [SU2)]
TEFT. [“PSU( )dlag,,}, emerge in the degenerate limits and that TFT4 {“PSU @ )dmg”}

are spin TQFTs when k£ € 4Z. From table 2, one can see that TFTL [%} at
k

|k| = 4 are indeed spin TQFTs.

3.5.2 Non-unitary TQFTs in degenerate limits

Squashed three-sphere partition function. The squashed three-sphere partition
function of the T'[SU(2)]/SU(2 )dlag theory is realized as

Sy

2mi X 2 s
2 b =5 [ S (2sinh(X)) (2stub (255 ) )3 25 0 X, X o)
(3.106)

3
where ZﬁfSU(Q)] is given in (3.84). As in (3.54), this localization (3.106) also simplified at
b=1, m =0, and is exactly computable at ¥ = 0, £1 (see appendix C.3).

1 1
exX b—l’m:O’]j:O = — ,
PF) = |2, N (Y
1 1 (3.107)
Soo of TFT Zbr (b=1,m=0,v— £1)| = + .
(5o 2= [ = s+ A
Bethe-vacua and Handle gluing operators in the degenerate limits. Similar
o0 (3.88), the asymptotic expansions Wy and W of the localization integral are
Wo=(k+1)X2+2miX —2XZ+ 72>+ Y Lig(enXteaZ= 5555
€1,e9==%1
) 2 — — m-iny _ wi
W = mi(ve —v+1) n 2mv—m 1 Z (v —1)log (661X+€2Z—+T—7) (3.108)
2 4 4 €1,e9==%1

- %log(l + ™) 1 log(sinh (X)) .

We have ignored terms which are independent on X and Z in the expression for Wy given
above. By extremizing the twisted superpotential

exp(OxWy) = exp(OzWh) =1, (3.109)
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we have the Bethe-vacua equations

e (wr +iz2)(i + waz)  (z—iwz2)(i +wzz)
2(x —iwz)(iw — rz)  22(z —iwx)(w +irz) (3.110)
where z=¢%, z=¢Z and w = T
At generic choice of w, there are 2 x (2|k| + 2) Bethe-vacua,
* * 2|k|+2
(2, 2) = (2} 4, 2 ) 2HH2 (3.111)

after removing the unphysical solutions, which are invariant under x; — 1/z;, and quoti-
enting by the Weyl group. The handle gluing operator is

H(z,z;m,v) = %exp(—m/\/l) det(0;0;Wp) . (3.112)
0.J

The set of the handle gluing operators evaluated at the Bethe-vacua in the degenerate
limits are

2|k|+2
2 )= 0.21)

ez -
n= 3.113
{ 1 ®(kl=3) 1 ®(k+1)( 1 1 )®2< 1 1 )®2} ( )

V24, 2B ’«/8Ak+\/8Bk V84, /3B

where we define Ay := |k| — 2, By := |k| + 2.

For |k| > 2, as concluded in (3.103), the theory T[SU(Q)]/SU(2)2iaLg lands on 3D N = 4
SCFET of rank 0 at the end of RG. According to the dictionary in table 1, the above set
should be equal to the set of {S2,} for a non-unitary TQFT for the case when |k| > 2.

)

|k| = 3 case.  The set of handle gluing (and Spp in (3.107)) is identical to the set
of {|Sp2|} (and Spo) for the (Lee-Yang)®(Lee-Yang)®U(1)e. From the computation, we
arrive the conclusion in table 2.

|k| = 4 case.  The set is identical to the set of {|S;.2|} for (SU(2)19 x SU(2)2) /Zgiag,
see (A.99). Combined with the computation of Sy in (3.107), we arrive the conclusion in
table 2.

|k| = 5 case. The set of handle gluing is identical to the set of {|S;2|} for
(G2)s x U(1)_2, where Gy is a exceptional group with dimension 14. Combined with
the computation of Spg in (3.107), we arrive the conclusion in table 2.

T[SU(2)]
SU(2) e
known non-unitary TQFTs in the literature. It would be an interesting future work to

|k| > 6 case. For the cases, we could not identify TFT [ with previously

better understand this novel series of non-unitary TQFTs.
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3.6 Dualities among rank 0 theories

In this paper, we introduce a pair of non-unitary TQFTs, TFT 1 [Tranko], as an invariant of
3D rank 0 N =4 SCFT T;anko- One natural question is

Q: how powerful are TFT 4 [Tranko]s in distinguishing 7ranko?

3.114
i.e. are TFT 4 [Tranko)s different for different Trankos? ( )

In this subsection, we provide evidences that the answer is affirmative. This is by examina-
tion of the duality between two Trank 0S8 Whose associated non-unitary TQFTs are identical.
Having common non-unitary TQFTs in the degenerate limits, m = 0 and v = +£1, au-
tomatically implies that equivalence of all supersymmetric partition function Z® in the
limits. Here we will confirm that the equivalence still holds at general values of m and v.

. 303 T[SU(2)]ky =3,k =3 .
Duality among (U(1) k=1 + H), SU(2)|2k|:22 and za— . According to
table 2, the non-unitary TQFTs associated to the 3 theories are all identical to the following

theory

TFTs = Galy_,(32)(SU(2)e) 7 . (3.115)

Using the explicit formulas in (3.29), (3.48), (3.49), (3.66), (3.67) and (3.71), one can
confirm that the superconformal indices for the 3 theories are all equal to

ISCi(q, nv=1s=1)

1 1 1\ s 1\ 5 (3.116)
=1+gq2— 1—|—77+5 q+ 2+n—|—5 q2 — 2—|—77+5 qa+....

One can check that computations of various other supersymmetric partition functions also
support the duality.

Duality between (Tmin)®? ® U(1)2 and %. One can check that [27, 55]

|k|=3
T*%(q,m,v = 0;5 = 1) of T[Lg?g] given in (3.67), (3.99), (3.101)
SU(2) 2,

. T|SU(2
= |T%q,n,v=0;s=1) of [—(di)a] given in (3.67), (3.99), (3.101)
“PSU(Q)‘M:%” (3.117)
2
= (ISCi(q,n, v =0;5 = 1) of Tin given in (3.8))
LY 3/ 2 2, 1Y 3 LY 72
=1-2q+2{n+—- )¢ =3¢+ 2+ +—=5 )¢ —4(n+—-)¢""+....
n n n
. . . N T[SU(2)] T[SU(2)] .
From the index computation, it is tempting to identify both 7SU(2)T1;T§3 7“PSU(2)\(2T§3” with
Tmin)€2. But this cannot be true since T[Ld(iﬂ has the one-form Zs symmetry while the
SU(2)tae
Ik|=3
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other two theories do not. Further, the Witten indices of the three theories do not match:

(Witten index of (’Tmin)®2) = (Witten index of (Tmin))* =4,

(Witten index of T[SU(2)]) =4, but (Witten index of T[SU(Q)]> =8

“PSU(Q)f,gij” SU(z)f,jlagg

From the computation of superconformal indices, Witten indices, and one-form Zs sym-
metry matching, we propose that
T[SU(2)]

SU(2)fi%,

= (Tmin)*? @ U(1)2 at IR. (3.118)

The additional U(1)2 theory does not contribute to the superconformal index since there
is no non-trivial local operator in the topological sector. The additional topological sector,
however, doubles the Witten index since it has two ground states on two-torus and provide
the one-form Zy symmetry. The proposal is also compatible with following fact

T[SU(2
TFTy [[(Sm)g]:| = (TFT4[Tmin])** @ U(1)2, (3.119)
SU(2)|k‘:3
which is obvious from table 2. Using the duality, we can also confirm that
T[SU(2)] T[SU(2)] dia 2 dia
ag 5 - @ U(1)2 | /Zy &= ((Tain)®* @ U(1)2 @ U(1)g) /Zy™®
“PSU(2)[11E," SU(2)i%, ( )
U(1 U(1
= (Tmin)®2 & w = (Tmin)®2 .
758
(3.120)

The theory (U(1)s ® U(1)2)/Z3®8 is an almost-trivial theory, whose partition function on
any closed 3-manifold is a pure phase factor. Throughout this paper, we have ignored the
overall phase factor of the partition function and thus will also ignore such a decoupled
almost trivial theory. The duality above has natural interpretation in terms of the 3D-3D
correspondence for once-punctured torus bundles [65, 66], for which readers are referred to
appendix B for details.

1 1
Duality between SU(Z)F,CE'B_E3 and %. The superconformal index is
= PSU(2)0i°%,
. T[SU(2
*(g,m,v = 0;s = 1) of [7&;;
su(2)e,

1 1 1
:1—q+(n+n>q3/2—q2—2<77+n)q5/2+2<3+772+772)q3+...

T[SU(2)] )

“PSU(2)("8,”

(Is‘j(q, nv=0;s=1) of
le|=4

1 1 1 1
—1+q1/2—<1+n+n>q+(2+n+n)q3/2—q2—(n+n> (2+n+n)q5/2+'” :

(3.121)
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Two indices are different unlike in the |k| = 3 case. Surprisingly, the index computation
shows that the two theories actually have different amount of supersymmetries [54]:

HLC(“?] has N’ =4 SUSY ,
SU(2);.8
Tisy (2')’“]"4 (3.122)
PSU(2)|]€‘:4

We can thus conclude that supersymmetry is enhanced under the Zs one-form symmetry
gauging in (3.98). We further claim that the A" = 5 theory is actually dual to the following
theory with manifest N' = 5 supersymmetry:

(T[SU@)]> = (SU(2)%€T§3 in (3.47)) at IR. (3.123)

[43 dl 7
PSU(2)(}%,

The proposal can be checked using the superconformal index and various other supersym-
metric partition functions. Neither theories in the duality has any one-form Zs symmetry.
The duality is also compatible with table 2 since

T[SU@2)] 7 _ T[SU(2)]
jE[HPSU(Q)diag } - TFT*[SU@)diag }/ 2

|k|=4 |k|=4
Galr (SU(2)10) ® SU(2)2 Galer (SU(2)10) SU(2)
(ot (M) (545)
Gal7 (SU(2)10) 1ol
~ ( ¢lo - 10 ) — TFT. {SU(2)|2;|‘9223] :

(2)

In the last line, we again ignore the almost trivial spin TQFT SUZ72. In the second line,
2

we use the following fact

TFT; ® TFT, TFT, TFT9
—————= | /7o = 3.125
( 7398 ) /22 ( Lo ) ? ( Ly ) ’ ( )

which holds for any two TQFTs, TF'T; and TFT59, which have non-anomalous Zs one-form
symmetries. The theory T[SU(2)]/ “PSU(2)|dki|a§ . has yet another dual description with
only manifest N’ = 2 supersymmetry which is expected from the geometrical aspects of
the 3D-3D correspondence for a once-punctured torus bundle [65, 66]. The N' = 2 dual is

presented in appendix B.

4 Discussion

There are several interesting questions we want to address in future.

Relation with Rozansky-Witten theory. One well-known method of constructing
a topological theory from a 3D N = 4 SCFT is using topological twisting as studied by
Rozansky and Witten in [67]. An N =4 SCFT T has SU(2), xSU(2) g R-symmetry and we
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can consider a pair of topological twisted theories, RW[7] and RW_[T], using the SU(2),
or SU(2)g in the twisting respectively. It would be interesting to clarify the exact relation
between the pair of topological twisted theories, RW 4 [Trank 0], and our TFT 1 [Tianko] for
rank 0 SCFT Trank 0.°

Two theories, RW|[Tiank o] and TFT[Trank 0], have the same ground state degeneracy
GSDy for all g > 0 since the partitial topological twisting on ¥, x St using the U(1) C
SU(2)g (or U(1) C SU(2)1 ) symmetry is actually equivalent to the full topological twisting
on the 3-manifold using the SU(2)r (SU(2)) symmetry [69, 70]. But two theories cannot
be the same since one (RW) is unitary while the other (TFT) is non-unitary. From the
comparison, we naturally conjecture that

TFT4[Trank 0] is a Galois conjugate of RW t[Trank o] - (4.1)

3D non-unitary TQFTs from 4D N = 2 SCFTs. In [71], the authors constructed
3D non-unitary TQFTs from some 4D N = 2 Argyres-Douglas theories. The construction
is somewhat similar to our construction of TF'T, but the precise relation is not clear. In
our construction, semi-simple non-unitary TQFTs appear in 3D SCFTs of rank 0, while
their examples after dimension reduction to 3D are not of rank 0. It would be interesting
to clarify for which classes of 4D A = 2 SCFTs their construction works, and to see if we
can apply their construction in classification of 4D N = 2 SCFTs.

Are all non-unitary TQFTs correspond to rank 0 N' = 4 SCFTs? In our paper,
we assign a pair of non-unitary TQFTs to 3D rank 0 A/ = 4 SCFTs. But it is not clear if all
non-unitary TQFTs can be constructed in this way. There are exotic non-unitary TQFTs
which cannot be related to any unitary TQFT via Galois conjugation, as found at rank 6
in [30]. If the proposed relation in (4.1) is true, such exotic non-unitary TQFTs cannot be
realized from rank 0 V' = 4 SCFTs.
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A Some reviews

In order to help better understand the correspondence in (2.7), we briefly review basic rel-
evant aspects of (2+1)D non-unitary topological field theory and supersymmetric partition
functions of 3D superconformal field theories.

A.1 Localization on 3D N > 3 gauge theories

In this paper, we consider following 4 types of supersymmetric partition functions of 3D
N =4 SCFT T of rank 0 theory

Z5%(q,m,v;s) :  Superconformal index [51, 52] ,

3
Z;g—b (b,m,v) : Squashed three-sphere partition function [49, 72| ,

(A.1)
I?g (n,v;s) :  (Topologically) twisted indices on X, [73-76] ,
Zf}/[” (m,v;s) :  Twisted partition function on Mg, [77-81] .
These 4 types of partition functions are not totally exclusive.
ng(b =1,m,v) = ZMo=0w=1(m ;5 = 1) ,
(A.2)

T>9 (n,v; s)} = ZMap=0 (m,v;s) .

n=em
In the partition function, m (resp. 1) is the real mass parameter (resp. fugacity) associated
to the axial U(1) symmetry while v is the R-symmetry mixing parameter (2.3). Rank 0
N =4 SCFT cannot have any flavor symmetry commuting with N' = 4 supersymmetries
and thus the BPS partition functions cannot be further refined.

3D N = 4 SCFTs can appear as IR fixed points of 3D quantum field theories. Since
there could be supersymmetry enhancement along the RG flow, we do not need to start
from a UV theory with manifest A/ = 4 symmetry. For the exact computation of super-
symmetric partition using localization, however, the UV theory should have at least V' = 2
supersymmetry. In this paper, we study several examples of N' = 4 rank 0 SCFTs which
appears as IR fixed points of A/ > 3 supersymmetric theories. In the below, we summarize
localization formulae for the BPS partition functions introduced above for N' > 3 gauge
theories. In localization computations, A/ > 3 gauge theories have several advantages over
N = 2 gauge theories. The local Lagrangian density of an N' = 3 gauge theory is uniquely
determined by the choice of gauge group G, its Chern-Simons levels k and matter contents
(hypermultiplets and twisted hypermultilplets in unitary representations of G'). When the
CS levels are all zero, i.e. k= 0, the theory has N = 4 supersymmetry. For A/ > 3 gauge
theories, the R-symmetry is non-abelian (SO(3)), and thus the IR R-symmetry is uniquely
fixed (i.e. is not mixed with other abelian flavor symmetries) and we do not need to per-
form the F-maximization [49]. The localization for general ' > 2 theories can be done in
a similar way but with some more complications.

Superconformal index. The superconformal index for a 3D N = 4 SCFT is defined as

. Ry,
- Try, 52 (—D)*q2 gt . s=1,
ISCl<q7777V;3> = a5 Ry Br iy A (A?’)
’I‘I.Hrad(SQ)(_l) vq 2 (/A s=-—1.
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Here the trace is taken over the radially quantized Hilbert-space Hrad(52) on S? whose
elements are local operators. j3 € % is the Lorentz spin, the Cartan of SO(3) isometry on
the S2. The parameter ¢ plays role as an Q-deformation parameter. Only BPS operators
satisfying following relation contribute to the index

A=R+R +js, (A.4)

where A is the conformal dimension. The index alternatively can be regarded as a partition
function on (S? x S1) = M,—¢ p—o with a fixed metric, background electric fields coupled to
U(1)g, and axial U(1) symmetry and spin-structure along the S*. The indices at different
v are simply related as follows

ci e — __ sci — () e — v
IS (%7771/,8—1)—1 (%nau_ovs_l)‘nﬂan ’
; (A.5)

ISCi(q7777V;S = _1) = SCi((anV:O;S = _1)’

n-n(—q2)”
The two indices with different choices of the spin structure are related to each other in the
following way

(g, v =x1l;s=1) =T (q,n,v = +1;5 = —1) ’q%%iq% (A.6)
Using localization, the superconformal index at v = 0 is given as
g, n,v =0;5=1)
_ Z% rankG d AG(m a: q)qeo(n)zcs(m a)PE [f ) (q a,n; m)] (A7)
|a,b‘ 1 :1 27'”@7,' » Ay 0 ) - lJsingle\y &5 1/ .
In the localization, the saddle points are parametrized by {m;, az}rank(G),
1
— F—m,exp(i/ A)—aanda—m
21 Js2 g1 2
. ' (A.8)
with m := Zmih’ and a := exp(A) := exp <Z(log ai)hz> .
i i

Here o is the adjoint real scalar in the N' = 2 vector multiplet and {h'} is a normalized
basis of Cartan subalgebra of G. For G = U(N) or SU(2) case, the basis is chosen as

. i—th
G=U(N), h':=diag{0,...," 1 ,...,0},

. (A.9)
G =8SU(2), h=nh""!=diag{1,-1}.

Ag is the contribution from A = 2 vector multiplet

H - D)) ( q%\x(mﬂek(A)) (1_q%‘)‘(m)|6_/\(A)> © (A.10)

+
AeAldJ

Ag(m,a;q) == Sym

The monopole flux m in (A.8) breaks the gauge group G to its subgroup H(m)

H(m):={heG : [h,m] =0}, (A.11)
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and Sym(m) is the order of the Weyl group of the subgroup,
Sym(m) := |Weyl(H (m))| . (A.12)
A;dj is the set of positive roots of G.

G=UW), {Am): AeAl}={m—m : 0<i<j<N},

(A.13)
G=SU(2), {Am): AeAk}={m —my}.

The single particle index is

fsmgle q,a,1n,m Z Z

® BEpRy

q2A<1>+ |B(m)| B(A)nqA(CP) q%(2—Aq>)+%Iﬁ(m)\e—B(A)n—qA(‘?)
1—g¢ 1—¢q '

(A.14)

Here the summation is over AN/ = 2 chiral multiplets ® in the representation of Re under
the gauge group G. pp is the set of weights of the representation R. ¢4(®) and Ag are
the axial U(1) symmetry and the conformal dimension of the chiral field ® respectively.
An N = 4 hypermultiplet consists of two chiral multiplets with gauge charges R and R,
QA = % and A = % The adjoint chiral multiplet in A" = 4 vector multiplet has g4 = —1
and A = 1. If one wants to introduce a Chern-Simons interaction in an N' = 4 gauge
theory, it will break the A/ = 4 supersymmetry down to N’ = 3 symmetry. In the case, the
R-symmetry is broken to SO(3) and thus we cannot introduce the fugacity n for the U(1)
axial symmetry. The Casimir energy ¢ is

€0 = %(a fsmgle an—1 Z Z A(Izl”ﬁ(m” . (A15)

® BEpRry

Z§°(m, a) is the contribution from the classical CS term

(uz‘(—l)mi)kmi :

=

UL (A.16)

.
Il

1)m)2km .

A'—‘

SU(2)k u

For a U(N) dynamical gauge group, there is a U(1) topological symmetry whose Noether
current is

jl = —ePTr(F,,) . (A.17)

The fugacity a and its background monpole flux m, for the topological symmetry can be
introduced by including the following term to Z§*

N N ~Ma
(a(~1)"e) ™ 2ima ™ (H ui(l)““> : (A.18)
i=1
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The monopole flux m should satisfy the following Dirac quantization conditions

Am) € Z, VA€ AadJ and

(A.19)
B(m) €Z, V3 € Ry .

There could be additional constraints on the monopole fluxes depending on the global
structure of the N' > 3 gauge theories as we have seen in (3.69) and (3.71). In the
localization summation, we need to sum over monopole flux m modulo the redundant
Weyl symmetry of G.

Squashed three-sphere partition function Z5 (b,m,v). This is a partition func-
tion on S° = My—op=1 with the following metric

ds*(SP) = |dz)? + |dw|?, (z,w) € C? are subject to b 2|z|> + b*|w|* = 1. (A.20)

To preserve some supercharges, a background field coupled to the U(1)g, symmetry is
properly turned on. Using localization, the partition function can be given in the following
integral form

rank(G
(b m,v) / ( 11 ) AG(Z; B)IH(Z,m,v) ,  h:=2mib? . (A.21)
i=1
Here {Z; }rank(G parametrizes the Cartan subalgebra of G.
rank(G) ‘
Z Z;h' € (Cartan subalgebra of G) , (A.22)

and Ag(Z) is the contribution from the N/ = 2 vector multiplet associated to the gauge
group G

Ag(Z;h) = eryll()“l} {4smh (;A.z> sinh <7;;)\Z)} : (A.23)

adj

|Weyl(G)| is the order of the Weyl group of G.
The integrand Zj is determined by gauge group, matter contents and Chern-Simons
levels of the N' = 3 gauge theory as follows:

e An N = 2 chiral multiplet in a representation R under G with U(1) axial charge g4
and conformal dimension A contributes

1T 11 \I/h</6'Z+QA<m+(iTF+Z>V>+(i7T+Z>A>' (A.24)

O BEPR,

We define ¥y as

2
y(X) := ¥p(X) exp (fﬁ) : (A.25)
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with ¢, () being the non-compact quantum dilogarithm function. (We refer to D for
details of the definition and basic properties of the function.) An A = 4 hypermulti-
plet consists of two N/ = 2 chiral multiplets with gauge charge R and R, g4 = % and
A = . The adjoint A = 2 chiral multiplet in a A" = 4 vector multiplet has g4 = —1
and A = 1.

e Chern-Simons term of gauge G of level k contributes the following term to the inte-
grand

exp (;hTr(Z2)) . (A.26)

The real mass m (FI parameter) and the R-symmetry mixing parameter v of the
U(1) topological symmetry for G = U(N) are introduced by adding the following
term to the integrand

oop (-T2

) ’ . (A.27)
h W:m+(i7r+%)l/

The partition function at b = 1, which corresponds to round three-sphere, enjoys
interesting properties. Firstly, its free-energy is maximized at the superconformal
R-charge choice, i.e.

Fy—o> F,zy, whereF, := —]log \ng(b =1,m=0,v)|. (A.28)
Secondly, the round sphere free-energy F' at conformal point
F=—log|2%(b=1m=0,v=0), (A.29)

always monotonically decreases under the RG flow. So the quantity F' can be regarded

as a proper measure of degrees of freedom.

Perturbative expansion of squashed three-sphere partition function integral.
One can consider formal perturbative expansion of the localization integral in an asymptotic
limit &7 — 0, to obtain infinitely many 3D SCFT invariants. In the limit, the integrand Zj
can be perturbatively expanded in the following form

logIﬁ(Z, m,v) L N Z hn_lwn(z,n,y) : (A.30)
n=0

The leading part W, corresponds to the twisted superpotential. By extremizing the twisted
superpotential, we obtain Bethe-vacua

rank(G)

Z: (exp(ﬁZiWO)\Zﬁ_)bgg) =1, w-Z#Z V non-trivial wEWeyl(G)}
i=1

Bethe-vacua:

Weyl(G)
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Here Weyl(G) is the Weyl group of gauge group G. A Bethe-vacuum 2z, can be promoted
to a saddle point Z, = log z,, of the localization integral by properly shifting Wy as follows,

Wie = Wy + 2mi Z nl,Z;, ni € Zis chosen such that 8z, Wie =0. (A.32)

7

’Z_‘Hlog Zo

Then we can consider formal perturbative expansion of the localization integral around the
saddle point

rank(G) d((SZ) 1 - . 0 ) . .
Weyl(G X/ “exp | =W (ZY+6Z,m,v) + W Wh(Z +6Z,,m,v
went@)x [ TT %080 e (G RO )

S N exp (Z RS Y (m, V)) .
n=0

(A.33)

The factor |Weyl(G)| is multiplied since that many saddle points, which all give the same
perturbative expansion, collapse into a single Bethe-vacuum after the Weyl quotient. The
perturbative expansion can be formally computed by performing Gaussian integrals [50, 82].
For example,

—

FWi(Z) + log [Weyl(G)] . (A.34)

s = 1 9*W
S5 =Wy (Za), St =—7log (%t 6Z»8§->
P ) 7

The proposal in (2.7) implies the following highly non-trivial constraints on the perturbative
invariants for rank 0 SCFTs,

v—=+1 v—=+1

Im[S§(m = 0,v)] 0, Im[S5(m =0,v)] 0,

(A.35)

v—=+1

5323(771 = 0, V) —0.

This follows from the fact that the squashed three-sphere partition function becomes b-
independent in the degenerate limits, m = 0 and » — 41, modulo local counter terms
which affect an overall factor of the following form

1
exp <7rz'q1 (b2 + 132) + iﬂqz))

Twisted indices and twisted partition functions. The twisted index is defined as

. (A.36)
q1,32€Q

T A (=1)23p4 =1,
(g, v5) = § M) )R ! ’ (A.37)
Tryys,0) (=D 0" s=—1.

Here H(X4;v) is the Hilbert-space on X, with topological twisting using the U(1)g, sym-
metry. Unlike the radially quantized Hilbert-space H,aq(S?), the Hilbert-space depends on
the choice of the R-symmetry mixing parameter v. Due to the topological twisting, the
index is well-defined only when following Dirac quantization condition is satisfied

R, x (g —1)€Z for all local operators . (A.38)
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Note that the condition is always satisfied in the degenerate limit v = £1 since Ry—4+1 € Z
which obvious from the fact that R,—1 = 2R € Z and R,—_1 = 2R’ € Z. For g = 0
case, the quantization condition is satisfied for all v and the index is independent on the
continuous parameter v. Generally, the twisted indices can be written as follows

T (n,v;s) = Z (Hao(n,v;8))971 . (A.39)

Zo : Bethe-vacua

Here H,, is called the handle gluing operator at the a-th Bethe-vacuum. For s = —1 case,
the operator is simply given as

Haln,vis = —1) = ¢ exp (~257 (m, ) | (A.40)

m=logn *
Here €% is a a-independent overall phase factor, affected by the local counter term (A.36),
which can be fixed by requiring Z> € Z for all g up to a sign. For rank 0 SCFT, the
phase factor is uniquely determined by requiring Z>s=0 = 1 in the degenerate limits, n — 1
and v — +1. Upon the proper choice of the phase factor, furthermore, the handle gluing
operators become all positive real number in the degenerate limits,

Ho(n=1,v = *1,5) >0, forall . (A.41)

This is compatible with the dictionary for the handle gluing operators in table 1. More
generally, the twisted partition function is given in the following form

ZMgp (m,v,s) = Z (Ha(n=¢€",v; s))gfl(}"a(m, v;s))P. (A.42)

Zo @ Bethe-vacua

Here F, is called fibering operator at the a-th Bethe-vacuum. For s = —1 case, the operator
is simply given as

Fa(n,vis =—1) =exp (‘W) : (A.43)

Supersymmetric loop operator O(%). In the twisted partition functions computa-
tion, an inclusion of a supersymmetric loop operator along the fiber S in M, corresponds
to an inclusion of a (Weyl invariant) finite Laurent polynomial O(Z) in {zi}znlk(G) with in-

teger coefficients:

2Oy = Y (Halm,vi ) (Falm,v,s)?0(Z) . (Ad4)

Za : Bethe-vacua

ZMgp+0O

Here is the twisted partition function on 3, , with insertion of loop operator O.

For example, dyonic loop operator O, of charge (electric charge, magnetic charge) =
(p,q) in a U(1) gauge theory is given as

O (2) = 2P (1 - )q : (A.45)
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A.2 Modular data of 3D TQFT

In Bosonic (i.e. non-spin) TQFT. One basic characteristic quantity of 3D bosonic
(i.e. non-spin) topological field theories is so-called modular data, which consists of S and
T matrices. Let us denote components of the two matrices by

Sag, Tap : a,3=0,...N —1. (A.46)

To understand the physical meaning of the matrices, let us consider the Hilbert space H(T?)
on two-torus. In topological field theory, there is no local operator and the only physical
observables are loop operators (9520"“7 ~N_1- @ labels types (gauge charge) of loop operators,
sometimes called anyons, and the natural number N is called the rank of the topological
field theory. I' is the one-dimensional trajectory where the operator is supported. O,—q is
the trivial loop operator, i.e. identity operator,

Ono=1. (A.47)

One natural basis of the Hilbert-space H(T?) is

Basis of H(T?) : {|a) := OZ|0)}" (A.48)
where B is a generator of H1(T?,Z) = (A, B). A mapping class element ¢ € SL(2,7Z) acts
on the Hibert-space as a unitary operator ¢. The operators {@}wesL(Q’Z) form a unitary

representation of SL(2,7Z). The S and T matrices are nothing but”

2Ticoq
24

Sup = (@lB18) T = exp (52} x (al]5) (A.49)

coq (mod 24) is the chiral central charge of boundary 2d chiral CFT. Here S and T are two
canonical generators of SL(2,Z)

S:(O 1), T:CO). (A.50)
-10 11

The modular matrices contain a lot of information of the topological field theory. According
to the Verlinde formula, the fusion coefficients Ngﬂ can be given as

N-1 S(;aSngW

N, =
“ 5:20 Sos

(A51)

The S-matrix determines how the basic operators O2 and OF act on the Hilbert-space

Ofla) = Wy(a)la) = 52la} . OFja) = Y Ng,h) (A52)

"In our convention, Tyo is fixed to be 1. Conventionally, Tns is defined as exp (—Qﬁ#) x Tgg™ such
that T is just (a|T|8) without the phase factor.
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T-matrix is a diagonal unitary matrix

Tag = 5a562mh" (ha:() = 0) ,

(A.53)
ho = topological spin of a-th anyon .
The topological spin is defined only modulo 1. S and T matrices satisfies
o
S2=C(C2=1), (ST)?=exp ( ”;@d) % C . (A.54)

The matrix C,g is called charge conjugation. Sy, are real and they have following path-
integral interpretation

3 I'=(unknot)
Soa = ZS +0,4

:= (Partition function on S® with a loop operator OL along the I'=(unknot)) .
(A.55)

Especially, Soo is the partition function on S3. In an unitary topological field theory, S
matrix satisfies the following conditions

Unitarity: |Soo| < |Soal - (A.56)

1
Partition functions on M, , with insertion of a loop operator O[ﬁs ] along the fiber [S'] can
be written as follows

Mg,p—i-O[Sl] N-1 B N-1 o
ZTFT = Z(SOa)Q QQ(Taa)pWﬂ(O‘) = 2(5004)2 29 1(Taa)p5a5‘ (A‘57)
a=0 a=0

The partition function at p = 0 without insertion of loop operator, i.e. 5 = 0, counts
ground state degeneracy GSD, on a genus g Riemann surface,

N-—1
GSDg = > (S0a)> ™% . (A.58)

a=0

Since this counts actual numbers, the partition function at p = 0 can be defined without
any phase factor ambiguity. By contrast the partition function at non-zero p depends on
the framing choice of the 3-manifold M, as well as of the knot along the fiber [S'], and
consequently there is no canonical framing choice. The formula above is only valid for
a certain choice of the framing. The framing change affects the partition function by an
overall phase factor of the form exp (%Z —|—2m'th). For example, when My—g,—1 =S 3

N-1

My—g pe1 +O5"] o
Zipr 7 =Y SeaTaaSas = (STS)os = exp ( M 27rih5> x Sog .
a=0
53+OF:(unknot):[Sl]
which is different from the Z 8 in (A.55) by a phase factor.
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In fermioinc (i.e. spin) TQFT. For this case the Hilbert space H(T?) depends on the
choice of a spin-structure H 1(T2, Zs) = Zga x Za. Let us consider following NS-NS sector

H__(T?) = (Hilbert-space on T? with anti-periodic boundary conditions along both S*)

Similarly, one can consider four Hilbert-spaces H.+ depending on the choice of the spin-
structure. On the H__(T?), only a subgroup of SL(2,Z) generated by S and T? can act
since T maps a state in H__(T?) into a state in H_ (T?). In other words, topological
spins of anyons are defined only modulo 1/2 in spin TQFT.

Under anyon condensation, /Z; and / Zg . In topological field theory, Zo one-form
symmetry is generated by an anyon (90%2 satisfying the fusion rule (’)az2 X (90%2 =1,

Og,. : The anyon generating the one-form Zo symmetry . (A.59)

CLZ2
The topological spin for the anyon ayz, can take only following values [83]

1 1
h’aZ2 S 0, 5, Zl:z (mOd 1) . (A60)

When hq,, = :l:%, the Zy symmetry is anomalous and cannot be gauged. When hq,, =0
(resp. hq,, = 1/2), on the other hand, Z; is non-anomalous and is called a bosonic Zs

(resp. fermionic Zs) symmetry and is sometimes denoted as Z4 (resp. Z£ ).

anomalous if hay, = +1 (mod 1),
Zy is { non-anomalous and bosonic if ha,, =0 (mod 1) , (A.61)
non-anomalous and fermionic if hay, = 3 (mod 1) .

Starting from a bosonic topological field theory TFT with bosonic or fermionic Zo one-form
symmetry, one can gauge the one-form symmetry to obtain another topological field theory,
TFT/Zgy or TFT/ Zg . The gauging procedure is sometimes called the anyon condensation.
The resulting theory after gauging is a non-spin TQFT for bosonic Zs case while the
resulting theory is spin TQFT for fermionic Z; case.

TFT/Z5 : Bosonic (non-spin) TQFT ,

f (A.62)
TFT/Z; : Fermionic (spin) TQFT .

The anomalous symmetry can be gauged only after tensoring with another TQFT, such
as U(1)1o, with anomalous Zs one-form symmetry. At the level of modular data, the
anyon condensation process can be summarized as follows. First consider the bosonic Zs
one-form symmetry gauging. After the gauging, the Hilbert-space on H(T?) is spanned by
following basis

HTFT/ZQ (T2) _ HTFT/ZQ (TQ) ® HTFT/ZQ (TQ)

untwisted twisted

Hopmarira(T2) = Span{|[a]) := %<|a>+|%-a>> L 04, o) =), laz, - a) # |a)}

FT/Z
Hevo? (T%) = Span{las &) = 04 |a) =a), |az, - a) =[a)} .

(A.63)
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Here |a) is the basis in (A.48) and see (A.52) for the action of @4 and OF on the basis. On
the basis given in (A.48), the (’)ﬁZz acts as a diagonal matrix whose entries are all +1 or —1
while OEZQ acts as a permutation matrix whose square is identity. In the above, we define
laz, - a) = ngz |a)). In the gauging procedure, we first discard basis elements which are
odd (having eigenvalue —1) under the (92‘22. Then, we quotient the reduced Hilbert-space

by the action of OEZQ. When a basis |«) is invariant under both OéZQ and (’)522, the basis
will be doubled to {|a;+)}. The modular data of the gauged theory is

TFT/Z2 _ o oTFT TFT/Z2 _ QTFT

Stlsl =255 Sta=oj(ae) = 05 (A.64)
h’[I‘I}?‘T/Zg _ ,TFT h(TFT)/Zg _ j,TFT '

o e ’ a;t - Yo

For other S-matrix elements, S(4.+)(3;+) and S(y)(g;+), of TFT/Zg, we need to know more
information on the mother TFT beyond modular data [84].

In the fermionic Zg gauging, the Hilbert-space H_ _(T?) of the resulting spin TQFT is
TFT/Z}

H (T?) = Span{][a]) := L(|04> +laz, - @) @ OF |a) =a)} . (A.65)

V2

Unlike the bosonic Zs gauging, there is no twisted sector in the Zg gauging since |az, - a) #
|a). The modular data of the gauged theory is

TFT/Z}

_ TFT
Sagie) ~ =25 (A.66)
, .
by % = BITT (mod 1/2) .

Note that the topological spin of |[a]) is only defined modulo 1/2 (instead of 1) after the

TFT TFT
ha - h’OéZQ e’

quotient since = +1/2 for fermionic Zy. This is also compatible with the

fact that anyon spins are defined only modulo 1/2 in spin-TQFT.

Under Galois conjugation. For a given unitary TQFT satisfying (A.56), there could be
non-unitary TQFTs violating (A.56) called Galois conjugates. These non-unitary theories
have several properties in common with the unitary TQFT. Galois conjugate pair has the
same ground state degeneracy, GSD, = ZMgp=0_ on any Riemann surface ¥4. According
to the formula in (A.57), it implies that

Galois conjugate pair has the same set of {Sa, } - . (A.67)

a=0

But the pair has different Spp = |2°3| and the unitarity condition in (A.56) says that

Soo(non-unitary Galois conjugate) > Sy (unitary TQFT) . (A.68)

5;01, while from the

]ZSB\ one can determine Spg. So, from the two computations, one can determine whether
the TQFT is unitary satisfying (A.56) or not.

From the computation of Zs»=0 one can determines the set {52,
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Example: U(1); theory. The action for the theory is given as

S * A/\dA:ﬁ

= FAF. A.69
4m Ms 4 /X4 1 0X4=M3s ( )

The action depends on the choice of a 4-manifold X4 whose boundary is M3. Two different
choices of the 4-manifolds, say X4 and Yy, give the following difference in the action

k k
AS—(/ FAF— F/\F)—/ _FAF. (A.70)
a7 X4 Yy 4 My:=X4UYy

Here My is a closed orientable 4-manifold obtained by gluing X, and Y, an orientation
reversal of Yy, along the common boundary Mj. Since

F AF € 4n°7  (for any closed orientiable M) | (A.71)
My

the action is well-defined modulo 7k and thus
¢"¥ depends only on M3 (but not on X;) when k € 27 . (A.72)

On the other hand, if we restrict the case when My is a spin 4-manifold

F AF €8n?Z (for any closed spin My) . (A.73)
My

It means that we choose a particular spin choice on M3 and the 4-manifold X4 is chosen
such that it has a spin structure which is compatible the spin structure of the boundary
Ms. Then the My = X, UY 4 for two possible such extensions of M3 has a spin structure.
Thus,

" depends only on M3 and its spin-structure (but not on X4) when k € 2Z + 1.
(A.74)

Actually, the U(1)g theory is a spin or non-spin TQFT depending on evenness/oddness
of k

ULy s non-spin (bosonic) TQFT if ke2Z, (A75)
spin (fermionic) TQFT itke2Z+1.
Modular data (S and T" matrices) of U(1); with even k is
ke€2Zwg : S Lmes e it By O (mod 1)
L Raf = = , af — Oq w a = T7 s
S/ g s 2k (A.76)

where «o,6=0,1,--- k—1.

On the other hand, modular data (S and T? matrices) of U(1); with odd k is

L 2mies o Amihe a? 1
/{:62Z>0—1:5’a5:ﬁe ko, (T%)ap = dape “Wlthha::% mod§ ,

where «o,5=0,1,--- ,k—1.
(A.T7)
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The loop operator (’)g corresponds to the Wilson loop of U(1) gauge charge «, i.e.

O = exp (ia% A> . (A.78)
r
The fusion coefficients of U(1); can be computed from (A.51) and (A.76) as

N’Y

aﬂzé

Z;JF,B (mod k) ie. Oa X (95 = Oa+6(mod k) - (A?g)
The U(1) theory has one-form Zj symmetry generated by
Oay, = Oa=1, which satisfies ((’)azk)k =1. (A.80)

For even k, the theory has Zy C Zj, one-form symmetry generated by (’)OéZ2 =0 __x. The
2

o
topological spin of the symmetry generating anyon is

1 (mod 1) ifkedZ+2,
has, = g (mod 1) =40 (mod 1) if k € 8%, (A.81)
$(mod1l) ifke8Z+4.
Thus, according to A.61

anomalous ifkedZ +2,
Zso in U(1)ge2z is { non-anomalous and bosonic if k € 8Z , (A.82)
non-anomalous and fermionic ifke8Z+4.

Example: modular data of SU(2),. The action of the topological field theory is
k 2 k

:7/ Te(ANdA+ 2 ANANA :7/ T (FAF).  (A83)
AT S 3 AT Jx, : 0X4=Ms;

The topological theory is a non-spin TQFT with a Zy one-form symmetry. Modular data
(S,T) of SU(2)g~o TFT are (o, =0,1,...k)

2 o (rla+D)(B+ 1)) _ Omiha _ala+2)
Sap = k+251n( 12 , Tap =dape with h, = kT 2) (mod 1) .
(A.84)

S

The loop operator O, corresponds to the Wilson loop operator in the representation
Sym®*0, a-th symmetric product of the fundamental representation, i.e.

OF = Trp_gym®eg (P exp (z f A)) . (A.85)
I

The Zo one-form symmetry is generated by

k
Oay, = Oa=k With ha,, = 1 (A.86)
According to (A.61)
anomalous ifke2Z+1,
The Zs3 is { non-anomalous and bosonic if kedZ, (A.87)
non-anomalous and fermionic ifkedZ +2.
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Example: U(1)4x/Z2 = U(1)k. The non-anomalous Zy symmetry is generated by
Oq=2 which is bosonic (resp. fermionic) for even k (resp. odd k). After the one-form Zs
gauging, the Hilbert-space on the two-torus is

k€27 : HUO )4k/ZQ(T2)—Span{|[ ) = (|2a>+\2a+2k>) :0,1,...,k—1},

%\

ke2log—1: HOWw/Z(2) _ span{\[ap - (]2a>—|—\2a+2k>) _ 0,1,...,k—1}.

(A.88)

%\

The modular data of the U(1)4x/Zo theory is (o, =0,1,--- k — 1)

(e} 2 .
GU(Wan/Zo _ 2 2miCOCH UM U(Wa/Z _ Gl (mod1) if k € 2Zs0
(][] = " a0 MY (20)? 1
4]{7 Sk (mOd i) lf k c 2Z>0 — 1 .

(A.89)

It implies that U(1)4x/Z2 is actually the U(1); theory. From the Zy gauging, one can also
confirm that the U(1) is a non-spin (resp. spin) TQFT for even k (resp. odd k) since the
Zs theory is bosonic (resp. fermionic).

Example: SU(2)2,/Z2. For odd k, the Zg one-form symmetry is fermionic and we have
a spin topological theory after the Zs gauging. The Hilbert-space on the two-torus in the
NS-NS sector is

-1
ke2so+1: WP/ P (72) = span{\[ap = 7 (120) +[2k—a)) s a=0,..., (k2 )}.
(A.90)
On the basis, the modular S, 72 matrices are
GSU@)2k/Z2 _ o 2 sin (7r(205 +1)(28 + 1))
[o][8] 2k + 2 2%k 4+ 2 ) (A 91)
2\SU(2)21/Z2 __ Omihig) _ala+1) 1

For even k, on the other hand, the Zs one-form symmetry is bosonic and the resulting
theory after the gauging is a bosonic topological field theory. The Hilbert space on the
two-torus is

ke 2Z>0 . HSU(?)%/ZQ (TQ) _ HSU( )ok /2o (T2) ® HSU(Q)%/Z2 (r]IQ) where

untwisted twisted

HOU@an /22 _ span{\[ap — 7 (20)+ 2k —a)) : a=o0,... & - 2)} o (A92)
HOTD2/T2 — gpan{|k: +), [k; =)} .
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The modular data of the topological theory is

SU(2)ak/Zs _ 2 (mRa+1D(2B+1) SU@)ae/Z2 _ | 2
Slali] =2 2k+25m< 2% + 2 T — 2%k +2°
and (A.93)
ala+1) k(k+2)
= 1 . - 1 .
h[a} 2<k i 1) (mod ) s h(k,j:) S(k i 1) (mod )
Example: %. The Hilbert-space of SU(2)19 x SU(2)2 theory on the two
torus is
HSU@10xS8U@)2(T2) — Span{|ay, ag) : 0 < ay <10, 0< ay <2} . (A.94)
Modular data is
SU(2)10xSU(2)2 _ oSU(2) SU(2) SU(2)10xSU(2)2 _ ~SU(2) SU(2)
(alva;)ov(ﬁl,ﬁz)g B 501151 b 804252 2’ T(O‘170621)(?(51,/82) = Talﬁl ¥ x Ta2ﬁ2 ‘. (A‘95)
The theory has Zgl) X Zg) one-form symmetry generated by
OQZ(U = O(Oq:lO,ag:O) ; OaZ(Z) = O(a1:0,a2:2) . (A96)
2 2

Both Zgl) and Zgz) are fermionic. The diagonal Zgiag one-form symmetry is generated by
Oazdiag = O(a1,02)=(10,2) (A.97)
2

and is bosonic. After the Z3*® gauging, the Hilbert-space on the two torus is

H(SU(2)10xSU(2)2)/zgiag(T2) _ H(SU(2)1oxSU(2)2)/Z§iag(Tg) o H(SU(2)10XSU(2)2)/Z§iag (11‘2)

untwisted twisted

dia, 1
3 (SURn0xSU@)2)/2, 2y _ Span{|[a]) = 5 (120,0) + 10~ 20.2)) : =0, 5}
& Span{|[d]> - \2 (126 +1,1) +]9—24,1)) : @ =0, ..., 1},
dia,
Hyiog @2/ (T2) = Span{|5, L+), 5,1 —>} :
(A.98)
There are 10 simple objects and their {Sps} are (|0) = |[a = 0]))
i B (P - L (252)
(A.99)

1
50,(5,1;+) = SO,(S,I;—) = 72\/5 .
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Example: Lee-Yang TQFT as a Galois conjugation of Fibonacci TQFT. The
Fibonacci topological field is

SU(2)3 ® U(1),
Lo

Fibonacci TQFT: or equivalently (G3); . (A.100)

The modular data of the bosonic topological field theory is
Vi (5-v5) i (v5+9) 1} o)
ol b G-vs)) e ()

The non-unitary Lee-Yang TQFT, whose modular data is given in (3.11), is a Galois
conjugate of the Fibonacci TQFT.

(A.101)

T[SU(2)]

B Dual description for “PSU@) I

T[SU(2)]
L:PSU(z)ziagw
called the once-punctured torus bundle with monodromy matrix ¢ = ST* [65, 66, 85]

In term of the 3D-3D correspondence, the theory corresponds to a 3-manifold

1 4 — ol __TISu(2)]
TI(E11 % 5) ogrk; A = Spunet)] = “PSU(R)IE (B.1)

The once-punctured torus bundle (X1 x S'), with ¢ € SL(2,Z) is defined as

(11 x Sy = (211 x [0,1])/ ~, where (B2)

Here ¥4 s—1 is the once-punctured torus and ¢ € SL(2,Z) is an element of mapping class
group of the Riemann surface. The mapping torus actually depends only on the conjugacy
class of ¢ in SL(2,Z), i.e.

(2171 X Sl)wl = (2171 X SI)SOQ if and only if ©1 ~ P2 . (B3)

Here ¢ ~ 9 means that ¢ are ¢y are related to each other by conjugation in SL(2,7Z).
The mapping torus has a torus boundary. Generally, for 3-manifold N with a torus bound-
ary, we need to choose primitive boundary 1-cycle A € H1(ON,Z) to specify its associated
3D gauge theory T[N; A] [42, 61]. In the once-puncture torus bundle, there is a natural
choice of the boundary 1-cycle A = S}

punct> Which is the cycle encircling the puncture in Xy 1.

In the view point of 3D-3D correspondence, the conformal window in (3.103) can be
geometrically understood from the following topological fact:

non-hyperbolic if |k| <2, (B.4)

(2171 X Sl) _gTk is
p=ST hyperbolic if k| > 2.
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We will focus on the case when the mapping torus (X1 X Sl)¢, is hyperbolic. For
the case, the conjugacy class of ¢ can be decomposed into positive powers of L and R (up
to sign)

© = +g (LMR™L™ .. . L" (or R")) g™  n; € Zso

L:<11>’ R:<10>_ (B.5)
01 11

The mapping torus (17 x S'), has an alternative topological description based on
an ideal triangulation. Using an ideal triangulation of (3;; X Sl)@, one can give an
alternative description for T[(X11 x S'),; A = S}

punct

] following the algorithm proposed
in [42]. Interestingly, the 3D gauge theory based on an ideal triangulation has only manifest
N = 2 supersymmetry. We expect that the N’ = 2 gauge theories have enhanced N' = 4
supersymmetry at IR.

k=3 (p = LR ~ ST®) case: (Tmin)®2. The corresponding mapping-torus can be
decomposed into two ideal tetrahedrons [66]. The corresponding 3D N = 2 theory is [27]

TU(S11 % 8 )t A = Spune] = (Va2 + @) © (V)32 +@) - (B6)

The theory is nothing but (Tmin)®? using the duality between (U(1)3/2 + @) and
(U(1)_g/2 + @).

k=4 (p =LLR ~ ST4) case: N =2 — N = 5. The corresponding mapping torus
can be decomposed into three ideal tetrahedrons [66]. According to the algorithm in [42],
the corresponding 3D N = 2 field theory is

TI(E11 % S p—LLr; A = Spunet]

= (3D N =2 U(1) x U(1) gauge theory with mixed CS level K coupled to
3 chiral multiplets (®1, @5, ®3) of charge Q
with superpotential W = (&, P,®3)? + Vin=(1,-1)) -

The mixed CS level K for U(1) x U(1) gauge group is

-1 —1/2
K- (7,7 ®9

Gauge charges Q for 3 chirals are assigned as follows

u() | u@)
N 0
| -1 [ 1
o3| 0 | -1

Vin=(m;,m,) denotes the 1/2 BPS bare monopole operator with monopole fluxes (m;, ms)
coupled to the two gauge U(1)s. The bare monopole operator is a gauge-invariant 1/2 BPS
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chiral primary when m; +ms = 0. The superpotential breaks the U(1)? flavor symmetry to
U(1). From the F-maximization, the IR superconformal R-charge (v = 0) is determined as

RV:O(q)l) = RV=O((I)3) =1, RV:O((I)Z) =-1. (Bg)
The superconformal index at the IR conformal fixed point is

139[1(21,1 XSH)o—LLr,A=S] }(q’ v =0;s=1)

punct

s 1 . ) (B.10)
=1+¢" —<n+n+1)q—(2+n+n_ )P+

Surprisingly, the index show N = 5 supersymmetry instead of N' =4 [54]. Actually, from
the superconformal index computation, one can confirm that the theory is dual to the
following N' = 5 gauge theory
il .
TI(S11 % 8Y)porrp A = St = (SU(2)|2,€|:23 in (3.47)) . (B.11)

C Contour integrals

We explicitly evaluate the contour integrals that appear in this paper.

3
c1 z%

Tisuy (b =1, X1, X2,m = 0,v)

With the properties in appendix D, the partition function (3.84) for b = 1, m = 0, and
v = 0 is simplified as

27 ZXo

S3 e 3 e wi
Z0 b=1,X1,X =0,vr=0)= /dZ . C.1
risu) (b =1, X1, Xom = 0,0 =0) = = cosh(Z) + cosh(X7) (€1

The contour integral of the integrand in (C.1) along the path in figure 2 is

iZXo iZXo _iX1Xg iX1Xo

© e T - e w e 2X2 e e X2 e x o e X2
| az [ az — o _C
0 cosh(Z)+sinh(Z)  Jwo cosh(Z)+sinh(Z) sinh(X71) sinh(X7)

/oodZ s 4rrsin (X022 2 sin (X12) o)
—oo cosh(Z)+sinh(Z) sinh(X7) (€X2 _€—X2) sinh(X1) sinh(X32)

Here, the first and second term of the first line of (C.2) are for the path C; and C; in the

27i

figure 2 respectively. Restoring the factor € 473; , we have
2mi o [ XaXe
ng b=1,X1,X m:OV:O):83 Sm( i ) for [Im[X3]| <. (C.3)
T[SU(2)] y 1y A2, ’ ’ 1| > 7. .

2 sinh(X7) sinh(X5)

The computations for gauging SU(2) or SU(2)¢ of this T[SU(2)] theory at the conformal
limit (v = 0) are straightforward since they are always reduced to the simple Gaussian
integration at the three-sphere partition function level.
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Figure 2. A contour for the evaluation of (C.1). Assuming |Im[X;]| < =, there are two simple
poles at Z = +X; + mi inside the path.

3
For the degenerate limit, say v = 1, the three-sphere partition function Z%’SU(Q)](Z) =

1,m = 0,v = 1) diverges due to the factor ¥p—or; (27ri(1 — 1/)) from the adjoint matter. To
handle it, we expand the partition function divided by this divergence around v =1 as

S,

3 b .
ZrisueyC=1m=02) (e% /d eiZ«XQ>
Vh=2mi (2772'(1 - 1/)) 2

(5 far (- DR Je v 0w

2
(C4)
The divergence of ©;—or; (2m’(1 — 1/)) comes from the simple pole at v =1
" (2 i(1 y)) 1 + efi (r — 1) +O((v—1)" (C.5)
=271 T — = —— — . .
h=2 2mi (v — 1) o
The first term in (C.4) vanishes after SU(2); gauging since
i 2
/dXdZ e% s sinh(X) = 0. (C.6)

This means that there is no divergence problem even for v = 1 if we are considering, say,
the SU(2)y, gauged T'[SU(2)] theory, since (C.4) always starts with linear (v —1) term which
cancels the diverging simple pole in (C.5) from the adjoint matter.

33
C.2 Z(kbth)(b =1,m=0,v==41)

With the help of appendix D, (C.5), and (C.6), the partition function (3.82) for b = 1,
v =1 is simplified as (with Gaussian integral of X5)

117me

] 2 Zsinh(Z) — X, sinh(X
Zp oy b=1m=0y=1)="" \/]:/dZXmsinhQ(Xl)( sinh(Z) — X, sinh( 1))
’ 2

~ 1673 cosh(Z) — cosh(X7)
_omi 2z _2mi 2z _ 722 kX7
X (e k2 eF2 +e F2e k2 — 2)6 2miky e 72w (C.7)
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Figure 3. A path [ for (C.10). There is a simple pole at A = mi.

Changing the variables as X; - A+ B, Z — A — B, we have

11me

53 _ B e / 9 Acosh(A)
Z(kl,kz)(b =1lm=0v=1)= 53 “ dAdB sinh“(A + B)i'nh(A)

(k1ko—1) 42 (ki1ko—1) po  (k1ko+1) 2A—2B—2mi
X e 2miko A e 2miko B e wiko AB (e ko _1) . (CS)

where several even terms in the integrand under A — —A, B — — B have been stacked up.
With Gaussian integral of B, (C.8) is further evaluated as

27

53 es Acosh A
Z(kbk)(bzl,m:O,l/:l) / (4)
1,K2 \/klkg — sinh(A)
_ 2(A+mi)? 2(A+mithomi)? _ 2(Atmi—kgmi)? _ 2(A4mi)?
X le wiko <€ wikg(k1ko—1) +e wikg(k1ko—1) __ 2e wikg(k1k21)>
242 _ 2(A+kgmi) _ 2(A—kgmi) _ 242
— e Tiko <e mikg(k1ko—1) @ wika(kika—1) — Qe wikg(k1k21)> . (C‘g)

The third and sixth terms of (C.9) can be evaluated from the following contour integrals,
see figure 3:

Acosh(A) _24%2 242
% A h e 71'7,k2e wikg(k1kg—1) — 0
sin

ACOSh ) _24% _ 242 C2(A4ai)? | 2(Atmi)?
%/dA e miky ¢ mika(k1ka—1) _ o wiky @ mikg(kiky—1)

sinh(A
COSh A _2(A+mi)? 2(A4mi)? 2(4-mi)2  2(A—mi)?
— 7ria+ 4+ — /dA miky @ wikg(kika—1) _ ¢ miky @ wikg(k1ka—1) | | (C‘l())
sinh(A)
_ 2miky Acosh(A) 242 242
where a4 = mie *1%2-1 is the residue of siniﬁe miky ¢ mika(kik2=1) at A = mi. Again, the
last integral in (C.10) can be evaluated from the below contour integral, see figure 4:
cosh(A) _242 _ 242
fdA ‘7()6 wiky @ wika(kika—1) = —27id
+ sinh(A)
h 2442 2(A+m)? 2(A-7m)2 2(A—mi)?
/dA cos miky e wikg(k1ko—1) e miky e wikog(k1ko—1)
sinh(A
= —mi(a_ + 2&0 +ag). (C.11)
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Figure 4. A path I’ for (C.11). There are simple poles at A = 0, £mi.

2mikq

~ ~ - . cosh(A) 242 242
where ag = 1, a+ = e *1k2-1 are the residues of

T Twiky p  mikg(k1kg—1) — ;
Soh(4) € e ha(F1k2=1) at A = 0, +mi

respectively. Plugging this into (C.10), we have

Acosh(A) / _242 242 _2A+m? _ 2(Atwi)?
/dA'h(z(él))(e miky @ mikg(k1ka—1) — ¢ wiks e wikg(k1k21)> — (0‘12)
sin

Likewise, the rest terms in (C.9) can also be evaluated in a similar way as

/ y Acosh(A) l 2(A+m')2(  2(A+mithgmi)? 2(A+7rik27ri)2)
_— e

miko mikg(k1ka—1) | e mikg(k1ka—1)
sinh(A)

242/ 2(Atkgmi)? _ 2(A—kgmi)? _ 2miky
—e Tiky [ @ mika(k1ka=1) 4 g mika(k1ky—1) = —Qr%e kika-1 (C.13)

Combining the two results (C.12) and (C.13), and restoring the overall factor in (C.9),
we have

2w

250 b=lm=0p=1)="" 1 (o2 ox2mm
(k)b = L =0, =1) = 55 g 20 — 2w B
Tri _komi 1 . k27T )
— ¢ 6 Rikg1 . C.14
T koo <k1k2—1 (C.14)

For v = —1, thanks to (3.85), the only difference is nothing but an exchange of the role of
k1 and ko:

2% b=1m=0v=-1)= e%_klk’gil ! sin ( fam > (C.15)
(k1,ko)\" — 51— B - Vkike — 1 kiko—1)"° .
Sy
C.3 Zdiagk(b =1,m=0,v==1)

By the mirror-symmetry property (3.85) it is enough to consider the case of v = 1. With
the help of appendix D, (C.5), and (C.6), the partition function (3.106) for b=1, v =1 is
simplified as

Smi
CH eﬁ/ . 19 izx kx2 [ X sinh(X) — Zsinh(Z2)
. = = = = —— dZdX h X s T
Ziiag, (0=1,m=0,v=1) 473 sinh™(X)e = e» ( cosh(X) — cosh(Z)
(

C.16)
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Figure 5. Two paths [; and ls for (C.19). There are simple poles at A = %i.

Changing the variables as X — A+ B, Z — A — B, we have

57

eiz
o3

(kh-24% (k+2)B% [ Acosh(A)  Bcosh(B)
T T . 1
xe smoes ( sinh(A) + sinh(B) (C.17)

3
Z(i;gk(b =lm=0vr=1)= /dAdB sinh?(A + B)e i

We first consider the first term in the integrand which is an Gaussian integral of B.

2 2
/dAdB sinh?(A + B)ekffe%e(kg?f Acosh(4)

sinh(A)
Acosh (A) [ a2 2(A+mi)? __24%
k 2 / T) <e mi(k+2) 4 e wi(k+2) — e 7ri(k+2)) (0.18)
1/ + sin
Now, consider contour integrals along the paths shown below, see figure 5:
Acosh(A) __242_ Acosh(A) __242
dA ——7 Ti(k+2) dAa—7 mi(k+2) = ()
?{ sinh(A) c + I sinh(A) ¢
(A—mi)2 (Atmi)2 2
—>/dA Acoflh <e_2m'<k+2> +e 2m‘(Jlg+2) —2e m‘2(7c4+2))
sin
(A+7i)2 (A—7i)?
= mi(u- —uy) - wi [ dA COSE ( SRR T (ca9)
sin

242
Iélslcr?ﬁ}(%l) - mi(k+2) at A = +mi. Again, the integral

at the last term of (C.19) can be evaluated by considering the following path, see figure 6:

_ 27 .
where u+ = +mie” *+2 are the residues of

cosh(A) __242 »
dA Ti(kt2) — —9
fﬁ?, sinh(A) vy
h(A) / _24+x)? _2(A—7)? -
/dA z?jh((A)) <6 T e T ) = —mi(v— +2v +v4) = 2mi(l + e 13+2) .

(C.20)

_2mi , 24 . .
where vg = 1, v+ = ¢ *+2 are the residues of gﬁ?ﬂ((ﬁ))e mi(k+2) at A = 0, +mi respectively.

Combining the results (C.19) and (C.20), we have

(k=242 (k+2)B? ACOSh(A) 3
dAdB sinh2(A + B)e* 5 e "5 e o — ' 21
/ sinh“(A+ B)e =i e 2 e 2 Sinh(4) D) (C.21)
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Figure 6. A path I3 for (C.20). There are simple poles at A = 0, .

Similarly, the second term in the integrand of (C.17) can be evaluated as

kAB (k=242 MBCOS}I(B) 7['3
AdBsinh2(A + B)e 2 ¢ "o o U5 _ . 22
/d SIn™(A - Ble e e G B) 2k —2) (C.22)

Finally, with the results (C.21) and (C.22), and restoring the overall factor in (C.17),

we have

Zh, (b=1m=0v=1)=c" <\/8(k_2) +\/8(k+2)> . (C.23)

D Quantum dilogarithm function

The quantum dilogarithm function (Q.D.L) 95(Z) is defined by [86] (A = 2mib?)

ro—2Z
2, e if ¢l <1,
n(Z) = { A (D.1)
rel Tz i gl > 1,
with
g = e Gi=e2T 7o 17122, (D.2)

where b is the squashing parameter. The function satisfies the following difference equa-
tions:

Z
Un(Z +2mib?) = (1 — e DY(Z), onl(Z +2mi) = (1= F)pp(2).  (D3)
At the special value b = 1, the Q.D.L simplifies as

— (@2 +iZ) log(12— e 2) +iLig(e~7) 7 (D.4)

log Yn=2ri(Z) =

and there is a special limit at b = 1

K

Zl)ig(l) PYn=2ri(p) = €1

N

—
o
(S

~—
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On the other hand, the asymptotic expansion when h = 27ib? — 0 is given by

A
log ¥(2) =% 3 = —Liz-u(e™?) . (D.6)

n=0

Here B, is the n-th Bernoulli number with B; = 1/2. For several computations in the
main text, one needs to utilize the identity
™ 1

Liz(u) + Lig(u™") = =% = 5(1og(_u))2 . (D.7)
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