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1 Introduction

Recently, there has been renewed interest in nonperturbative dualities between three di-
mensional theories such as mirror symmetry and Seiberg-like dualities. This is explained
in part by the availability of sophisticated tools such as the partition function on S$% and
the superconformal index. Using these tools, one can give impressive evidences for various
3d dualities. Some of works in this area are [1]-[19].

It turns out that the partition function has another interesting property, i.e., it is
factorized into vortex and anti-vortex partition function [20]. Schematically

Z(Z, 2) = Zvortex(z)Zantivortcx(Z) = |Zv0rtox(z)|2 (11)

where z traces the vortex number while Z traces the anti-vortex number. This is remi-
niscent of the conformal blocks of the 2-dimensional conformal field theories. The above
factorization was shown to hold for abelian gauge theories. Thus it is more desirable to



show that this factorization holds for the general nonabelian cases. And it would be an
interesting question if the similar holds for 3d superconformal index. In fact, it is recently
shown that similar factorization holds for 2-dimensional N' = 2 supersymmetric partition
function in terms of vortex and anti-vortex partition function [21, 22]. Since 3d index is the
partition function defined on S x S2, the two sphere partition function is recovered from
the 3d index by taking the radius of S* to be small. Thus we expect that the factorization
should hold for 3d superconformal index as well.

The purpose of this paper is to show explicitly that such factorization indeed occurs
for 3d superconformal index. More explicitly we show that for U(/N) gauge theories with
Ny fundamental and N ¢ fundamentals, the index is factorized into vortex and anti-vortex
partition function on R? x S! whenever max(Ny, N ¢) > N. This is the condition of the ex-
istence of the vortex solutions of the underlying field theories. We show the fatorization by
explicit residue evaluation of the associated matrix integral of the index, similar to 2d case.

The factorized form of the index has a number of merits and we just explore a few of
them in this paper, relegating the full explorations elsewhere. The first one is that we have
the explicit expressions of the index after the matrix integral. Obviously since we have the
explicit expressions for the index, it would be much more convenient to explore the various
dualities. Previously the index is expanded in power series of the conformal dimension
of the gauge invariant BPS operators. In this way, one can check various dualities by
working out the index of the both sides to some orders in operator dimensions. Though it
certainly gives impressive evidences, in this way the full analytic proof cannot be achieved.
We will show that explicit factorized formulae of the index reveal much more transparent
structures of the dualities. We will see this by working out the index of the dual pairs
of Aharony duality with unitary gauge group. The proof of the equality of the index is
reduced to proving the nontrivial identity. And we prove the identity for simple cases.
Thus we provide the first step toward the analytic proof for general cases.

Furthermore in 2d case, the vortex partition function has the direct connection to the
topological open string amplitude. We expect that similar holds for 3d vortex partition
function since 2d vortex partition function is so called the homological limit of 3d vortex
partition function. We show that vortex partition function is the same as topological open
string partition function for simple cases but certainly has the obvious generalizations for
much more numerous examples, This is also resonant with the recent proposal by Igbal
and Vafa [24] that the integrand of the 3d superconformal index is given by the square of
the topolgical open string amplitude. It would be interesting to explore the precise relation
between the 3d vortex partition function and the open topological string.

The content of the paper is as follows. In section 2, we summarize the basic structures
of the superconformal index. We carefully study the U(1) gauge theory with a fundamental
chiral multiplet with Chern-Simons (CS) level —1/2 following [23], find subtleties such as
the relative phase of the different monopole sector, in the usual index computation, which
will be useful for later computation. In section 3, we firstly work out the factorization for
U(1) gauge theory without CS terms, which is technically simpler. Then we summarize the
factorization of the general cases, deferring the full proof to the appendix. We also work
out the explicit examples of the factorization and show that the associated vortex partition



function admits topological open string interpretation. Furthermore we show that in some
of the examples vortex partition function can be understood as 3d defect of the 5d field
theory. In section 4, we apply the factorized index to understand the N/ = 2 Seiberg-like
dualities for unitary gauge group, known as Aharony duality. Factorized index reveals
much more clearly such duality should hold at the index level. We briefly touch upon the
N = 4 Seiberg-like dualities and mirror symmetry and postpone the further explorations
elsewhere.

As this work is close to end, we receive the related paper by [25]. As far as we
understand , they do not give the general formulae for the factorized index as we do.

2 3d superconformal index

2.1 Summary of the 3d superconformal index

Let us discuss the superconformal index for N' = 2 d = 3 superconformal field theories
(SCFT). The bosonic subgroup of the 3d A/ = 2 superconformal group is SO(2, 3) x SO(2).
There are three Cartan elements denoted by ¢, j3 and R which come from three factors
SO(2)e x SO(3)j; x SO(2)r in the bosonic subgroup, respectively. The superconformal
index for an N =2 d = 3 SCFT is defined as follows [26]:

I(w,1) = Tr(~1)F exp(—B{Q, S5 [ the (2.1)

a

where @ is a supercharge with quantum numbers ¢ = %,jg = —% and R=1, and S = Q.
The trace is taken over the Hilbert space in the SCFT on R x S? (or equivalently over
the space of local gauge-invariant operators on R3). The operators S and Q satisfy the
following anti-commutation relation:

{Q, 8} =e—R—js:=A. (2.2)

As usual, only BPS states satisfying the bound A = 0 contribute to the index, and therefore
the index is independent of the parameter 3. If we have additional conserved charges f,
commuting with the chosen supercharges (Q,S), we can turn on the associated chemical
potentials t,, and then the index counts the number of BPS states weighted by their
quantum numbers.

The superconformal index is exactly calculable using the localization technique [27, 28].
It can be written in the following form:

1 . > 1 .
Z M/da W ‘e—Sg);(a,m)ezbo(a,m) H tg(m(m)weo(m) exp Z Eftot(ema7 2™ . (2.3)
m a n=1

Here we use the notation a = @ = {a1,a2, -+ ,an}, m = m = {my,mg,--- ,my} where
N is the rank of the gauge group and da = Hé\f: 1 daj. The origin of this formula is as
follows. To compute the trace over the Hilbert space on S? x R, we use path-integral on



S? x S' with suitable boundary conditions on the fields. The path-integral is evaluated
using localization, which means that we have to sum or integrate over all BPS saddle
points. The saddle points are spherically symmetric configurations on S? x S which are
labeled by magnetic fluxes on S? and holonomy along S'. The magnetic fluxes are denoted
by {m;} and take values in the cocharacter lattice of G (i.e. in Hom(U(1),T"), where T is
the maximal torus of ), while the eigenvalues of the holonomy are denoted {a;} and take
values in T'. S(C %(a m) is the classical action for the (monopole+holonomy) configuration
on S? x 81, ¢y(m) is the Casimir energy of the vacuum state on S? with magnetic flux
m, qoa(m) is the f,-charge of the vacuum state, and bg(a, m) represents the contribution
coming from the electric charge of the vacuum state. The last factor comes from taking the
trace over a Fock space built on a particular vacuum state. |W,,| is the order of the Weyl
group of the part of G which is left unbroken by the magnetic fluxes m . These ingredients
in the formula for the index are given by the following explicit expressions:

Siela,m) =i > kp(m)p(a),

pERRF
1
tola,m) = — g > Iotm
. (2.4)
q0a( Z Z ‘p ’fa
¢ peERy
1 1
) = 5320~ 30) 3 bt~ 5
pERY aeG
ftot($ L, eia) = fvector(aj eia) + fChil‘al(xyt; €ia),
fvector -f e Z ew‘ a) |la(m)
aeG (2'5)
lo(m \+A<1> lp(m)|+2—Ag
Xz . T
fch1ral x,t, e Z Z H pla ’P(a)HtafaW
® peRs a

where Y- cp .\ > ar D per, a0d D, represent summations over all fundamental weights
of GG, all chiral multiplets, all weights of the representation Rg, and all roots of GG, respec-
tively.

We will find it convenient to rewrite the integrand in (2.3) as a product of contributions
from the different multiplets. First, note that the single particle index f enters via the so-
called Plethystic exponential:

exp <Z gf(x", t", 2" = e, m)) (2.6)
n=1

while we define z; = €% . It will be convenient to rewrite this using the g-Pochhammer
symbol, defined for n finite or infinite:

n—1

(@i =[] (1 - aq"“) : (2.7)

k=0



Specifically, consider a single chiral field ®, whose single particle index is given by:!

Z oipla)y fa(é)w _ o—inla)y 7fa(q>)$‘p(m)|7+2_%
a 1— x2 a 1— 1‘2

pER

(2.8)

Then we can write the Plethystic exponential of this as follows:

Lnlo(m)|+nis

- 1 inp(a nfq (P —inp(a —nfq (P xn|p(m)\+2n—nAq>
11 exp[zn(e 1@ ETE iy, o) L . (2.9)
pERs

n=1

By rewriting the denominator as a geometric series and interchanging the order of summa-
tions, one finds that this becomes:

II

pERD

(e=iP@) g, —Fa(®)glp(m)[+2-R0, 42y

(eip(a)tafa(q))xm(m)"i'Aq’ ; 132)00

(2.10)

The full index will involve a product of such factors over all the chiral fields in the
theory, as well as the contribution from the gauge multiplet. It is given by:

I(z,t)
N
_ de 1 _Ses(am) (2.11)
B Z % H 277_22] m@ o8 Zgauge(x,z,m) HZ¢($;t72,m)
meZN /Sy Jj=1 P
where
Zgauge(l', Z,m) = H $—|o¢(m)|/2 (1 _ eia(a)x\a(m)o (2‘12)
acad(G)

H Zp (:U, t,t, T, z,m)

P
mI/2 (oot [ g o (Plolml =80 52) — (213)
= H x(l—Aq>)6—ip(a+7r)Ht;fa(fb) -
pERs . <eip(a) [T 4@ glotm)l+s. xz)

Note that by shifting ¢, — t,2%, one can change the value of the R-charge Ag. Hence Ag
remains the free parameter for generic cases.

We are mainly interested in this ordinary index and work out the factorization. How-
ever two important generalizations are worthy of mention, which will be useful in compar-
ison with the result of [23] in the following subsection. The first one is the notion of the
generalized index. When we turn on the chemical potential t,, this can be regarded as
turning on a Wilson line for a fixed background gauge field. The generalized index is ob-
tained when we turn on the nontrivial magnetic flux n, for the corresponding background
gauge field. Only the contribution to the chiral multiplets are changed and this is given by

'Note that a in p(a) and the subscript a in ¢, or f, denote the different objects.



the replacement p(m) — p(m) + >, fa(®)n,

Z¢($,t,2,m): H < (1= Aq)) —ip G)Ht —fa(®)

pE Ry (2.14)
(ee(@)g, ~fo(® >x\p<m>+zafa< Jnalt2-Be; 42)

(€P(@) 1 Fa(®) g (M) +5, Fa@)na+ B0 12)

)lp(m)/2+2a fa(®)na/2|

Here n, should take integer value as does m;.

For every U(N) gauge group, we can define another abelian symmetry U(1)7 whose
conserved current is *F" of overall U(1) factor. To couple this topological current to back-
ground gauge field we introduce BF term [ Apg AtrdA+--- and terms needed for super-
symmetric completion. This introduces to the index

22 ™ (2.15)

where n is the new discrete parameter representing the topological charge of U(1)p while
w is the chemical potential for U(1)7.

2.2 Comparision to DGG
In the paper by Dimofte, Gaiotto and Gukov [23] (DGG), the simplest mirror pair of N' = 2

theory was considered and along with it revealed some subtleties in the index computation.
The claim is that the theory of one free chiral multiplet with global U(1) symmetry at CS
level % is mirror to U(1) gauge theory at CS level — , coupled to a single fundamental
chiral multiplet.? According to DGG, for the free chlral theory the index is given by

r+§\m\+1c—1 ( )
2.16

3 (mA+|m|) 11—
Ia(m;q,¢) = (—q%>2 ¢atmtmh T ——4

1
r=0 1- qr—l-z\m\c

Note that we use the zero R-charge for the free chiral but value of R-charge can be altered
by shifting ¢ — (x® for a suitable a. The index of U(1) theory is [23]

R 1) I E PR g
e ) e O I

Lim
r=0 1_qr+2\ ‘C
(2.17)

r+%|m|+1g—1

It is proved that Za(m;q, () = Ly (m; ¢, ().
In order to compare it to our index, let us slightly change the variables as follows:

1 lm|+2+2k

m o’ ()= 3 (m=lml) 3 (m—|m) HOO -z
Tyqy (m';2°, w) E j{%w (—z)72 22 1 — zglml+2k
k=0

(2.18)
Note that U(1) gauge theory has topological U(1) global symmetry whose current is given
by *F and w corresponds to its chemical potential. Under the mirror map, the global
symmetry of chiral theory is mapped to the topological symmetry. Hence ( is mapped to

2We use a convention of the opposite sign for the CS level to DGG.



w. The expression appearing at DGG is slightly different from the standard expression one
obtains following the prescription specified at the previous subsection or at [28]. For U(1)
with CS level —1/2, the index is given by®

—1 . lm|+2+2k

o0
ml/2(_ \Lm—jm)) T L= #
I(z,w,m) 2%27”211) 2 g2 (— )z (m=m kl:[ﬁ T (2.19)

The term 2!™/2 comes from the zero point energy contribution. At first DGG expression
appears to change the zero point energy for positive and negative flux sector. However the
computation in [28] shows that the one-loop determinant is symmetric under m — —m
hence the zero point energy should be symmetric under m — —m, which comes from the
suitable regularization of one-loop determinant. The resolution is that if we assign different
R-charge in the free theory by ¢ — (¢® we modify the U(1) theory by w — wz?®. Using
this freedom, if one shifts w — wz /2 one obtains DGG eq. (2.18) from the standard
computation eq. (2.19). On the other hand, in the U(1) theory there’s no freedom to
change the assigned R-charge of the charged chiral field and we assign zero R-charge for
the scalar of the chiral multiplet. One might worry that this R-charge can violate the
unitarity of the SCFT. However, the chiral field itself is not a gauge invariant operator.
Furthermore all of the gauge invariant operators of the theory are captured by the index of
the free chiral theory due to the mirror symmetry. Thus the assigned zero R-charge does
not lead to any inconsistency. Furthermore one can show that the standard index of the
U(1) theory eq. (2.19) is equal to the free chiral theory with the canonical R-charge 1/2, i.e.,

1
0 Oy = () At 1—‘1
IA(maQ>C) - (q2) ( H _ r+2|m\+4€‘

r+3 |m|+4<- 1

(2.20)

with m = m/, ¢ = 22 and ¢ = w. Thus if we use the standard index computation we have
the duality between U(1) theory with CS level —1/2 with one charged chiral with zero
R-charge and the free chiral with CS level 1/2 with the standard R-charge assignment.

On the other hand DGG assigns subtle relative phase factor (—1)%(m+|m|) between
positive and negative flux sector. This phase factor cannot be derived from the usual index
computation since it concerns on the relative phase of the different flux sector. In DGG,
this relative phase factor have been checked extensively so we include this phase in later
computations. It turns out that this phase is crucial for the factorization of the indices.

For reference, for U(1) theory with CS level x with N; fundamental chiral and N [
anti-fundamental chiral , the flavor symmetry is U(1)4 x SU(Ny) x SU(Nf). There is also
the topological symmetry U(1)p. The index we will use is as follows:

l(NfHVf)\m\ _\—rm—3(Ng— Nf)\m\ F(Ns+Nyp)ml
Iz, Z % 2mz ’ (=2)”

L N - (2.21)
Hail (z =1z 196|m|+2;1,2)00Ha:f1 (ZtalT 1x\m\+2;$2)oo

X =
N ~
I (taralia) . [, (- aralia?)

3The factor (—1)é<m*\m|> will be explained in the next paragraph.



where w, 7, tq, %, are the fugacities for U(1)r, U(1)4, Cartans of SU(N;),SU(Ny) respec-
tively. Note that we include the additional phase (—1)_“’”_%(]\71’ Nl 4o the original
index. Similar factor will be included for non-abelian cases as well.

3 Factorization

3.1 U(1) theory without CS terms

We first consider the factorization for the abelian case without Chern-Simons terms. Similar
but slightly more complicated derivation works for U(NN) theories with fundamentals and
anti-fundamentals in the presence of CS terms. The general derivation is relegated to the
appendix. The superconformal index for a U(1) gauge theory is given by

dz
I tw) =Y 7§ 2w T] 2ot t2m). (3.1)
meZ [

If we considers Ny fundamental and N ¢ antifundamental chiral multiplets, the matter
contribution [[4 Zs is given by

HZ‘I’ (:U,t,f, T, z,m)
o
- ;p(l—A@)(NerNf)lml/?(_Z)—(Nf—Nf)\m\/27-—(Nf+Nf)|m|/2 (3.2)

N T _ N -1 _
Ha:fl (z =17 1. m[+2 Aq>;x2)oonai1 (ztalr 1 m|+2 A¢;x2)oo

N -
[1.2, (staralmi+de; 42) Hi\zl (2 Horalmlthe; z2)

where {t,} and {f,} correspond to fugacities for the SU(N;) x SU(N;) flavor symmetry;
7 is a fugacity for U(1)4 as in the previous section. (a;q)y is the g-Pochhammer symbol
defined by

n—1

(@ =] (1 - aq"“) : (3-3)

k=0

Note that Ny +N ¢ should be an even integer due to the quantization of the effective CS level,
which leads to the parity anomaly free condition. Shortly we will see that this condition
is necessary for sensible factorization. More generally odd integer values of Ny + N ¢ are
allowed in the presence of the level k € (2Z 4+ 1)/2 CS terms.

We define

Ni /1.1 _ N -1 _
A (m) = [T.2: (e gt 1 |ml+2 A¢;x2)oona:fl (8517 1 |m|+2 Aq>;x2)oo -
o0 — N =~ ~ .
Ha:fl (ZtaTwlml+A¢;x2)oo H(]zvzfl (Z_lta7$|m|+A¢;$2)oo

and A,(m) is the above equation with oo replaced by n in each of the g-Pochhammer
symbol. The basic idea is that in the evaluation of the index we replace As(m) by A,(m).
After the evaluation, we take the limit n — oo. Note that (a; 22)s is convergent if the series



>, ax?* is convergent. Thus if we choose x real with 0 < x < 1, (a;22)s is convergent.
This means that for a given small number ¢, one can find n(e),

](a;x2)oo — (a;a:z)n\ <e€ (3.5)
o2
1<|$§%Z|<1+e (3.6)

with —F < arg(a) < 5. The second equation implies

1

1<
| (1 —az?)(1 — ax?7t2)...

|<1+e¢ (3.7)

which also implies
1

| (1 _ ax2n+a)(1 _ ax2n+a+2) -

|<1+e (3.8)

for any positive . When 2 < arg(a) < 2F, we have instead
1< |1+ (=a)a®)(L+ (—a)z®F2) - | < 1 +e (3.9)
1< |14 (—a)z® )1 4 (—a)z® T2 | < 1+ ¢ (3.10)

Using these, one can show that for a given € one can find n such that
| Ao (m) — Ap(m)| < € (3.11)

independent of m.
Thus if we consider I(x,t,w) and I(x,t, w), with A (m) being replaced by A, (m),

[I(xz,t,w) — I(z,t,w),|

Z j’{ 2= Be) N +N)mI/2( )=(Ny=Np)ml/2 =N +N)mI/2 [ 4 () — A, (m)]
27Tzz

(3.12)

<[ j{ m o (L=Ba) (N +Np)ml/2( _ )= (Ny =N plml /2= (N5 +8p) /2
g 2mz

If we require 7, z, w have the unit norm and 0 < = < 1, the last line is O(e) since 1 —Ag > 0
for the fundamental scalar fields satisfying the unitary bound. Thus the index is well
approximated by I(x,t,w), and we simply take n — oo after the evaluation of the integral.
Then we turn to the residue integration for the evaluation of I(x,t, w)s,.

From now on we set Ag = 0, which can be restored by deforming 7 — 72%®. Thus,
we will require 0 < x < 1 as well as |t,7|, |ta7| < 1.4

For finite n, with Ny > Nj A,(m) has simple poles at z = W and z = toralmT2
witha=1,--- Ny, 1 =0,--- ,n—1. In addition, A, (m) has the pole of order n(Ny — Nf)
at 2 = 0 while at z = oo it has the zero of order n(N; — Ny). This implies that the
expression (3.2) has the pole of order (n + @)(Nf — Ny) at z = 0 and the zero of order

4The result to be derived below will be extended to other parameter regime by the usual analytic
continuation.



(n+ @)(N = N ¢) at z = oo Thus it is natural to evaluate the integration with unit circle
contour by deforming the contour to include the poles located outside the unit circle. This
picks up the poles from the fundamental chiral multiplets. Since the contour around the
infinite circle gives the vanishing result, we simply have to evaluate the residues of outside
poles. As n — o0, this corresponds to summing over the residues at z = W with
a=1,--- N 1=0,--+,00

Summing the residues the index is given by

INf>Nf(:U,t,f, T, W)

Ny ~

_ Z Z Z(_l)—§|m|wmti|m|T—Nf\m\xm|m|+§(|m|2+2|m|l)

mezZ b=1 1=0 (3.13)
N _ — 92
Haf (tbt Lg2lm|+20+2, . 2)001—[ (tblt Lr—25—2042. )Oo

TIY (4 a2 j2?) Hi\’zl (tplar2alml+2; 22)

where the prime ’ for the g-Pochhammer symbol means that the zero factor of the g-
Pochhammer symbol which arises when a equals to b is dropped. We have defined 91 and
0 such that

Ny=9N+45,  Np=N-a. (3.14)

Carefully reorganizing the expression in (3.13) as explained in the appendix in detail,
we have the factorized form of the index. Here we only introduce the main idea. The
expression in (3.13) turns out to be symmetric under |m| + 1 <» {. This fact lead us to
define n =1 + @ + 2 andn =10+ @ — 2. Then the sum over {|m|+ 1,1}, >, 7> 12
is replaced by the sum over {n,7}, > oo o >°° /. Then the index is written as®

INf>Nf(ac,t,f,T, w)

Ny Ny 1,2, .2 N _
L Ty (tota o a?) Tty (& gt 21,2 9”2)00

1\7 ~ Nf 1,
M )
X Z(_l) —on ”tén —Nf'n, Nn+on? Ha 1 (tbtaT T ) (315)
e HNf (tota a2 j22)
[ 2.2
X i(_l) —on —ntén —an Nn+6n2 ]._[a 1 (tbtaT L )ﬁ
Ny ~1,2..2) |’
| =0 [T.2 (tota a2 22)

or more concisely

INs>Ny (z,t,t,7,w) Z pert x .1, T) Zeortex (:U,t,f, T, m) ng (w,t,f, T, m) (3.16)

"Eq. (3.15) was also obtained in [7] for Ny = Nf = 2 in terms of the basic hypergeometric series 2¢;.
They also obtained the expression with w = 1 for general Ny = Ny.

~10 -



where v = (—1)~%(—w). Note that the condition that Ny + Nf is an even integer implies
that (—1)7? is a well-defined sign factor; i.e. it is always real valued. The first component

dert, which we call the perturbative part, is given by
N _ N 17
dert (.T, t,t,T) _ a—1~(75b) a [ee] Ha]i[f( b "a ’ )oo (317)

[0, (har?2?) . oty (& taia?) o

If we think of analytic continuation of g-Pochhammer symbol, Zf; is also factorized as

ert

follows:
Z et (2, 6,7) = Z7 1o0p (2,6, 6,7) ZY_1p (a7 67187771 (3.18)
where the 1-loop contribution Z{’_loop is given by
N
T, (ot % 02)
Z%—loop = X 3 — . (319)

N ~
Hazfl (tbtaTZ; 172)00
In addition, the second and the third components, which we call the vortex partition
function and the antivortex partition function respectively, are given by

)
Zgortex (1:7 t, E’ T, m) = Z mnjz (l‘, t, {, 7') ,
n=0

= (3.20)
zb (z,t,¢,7,w) = Z 38 (xfl,tfl, = 7'71)
n=0
where
n Ny 1 —iMa—iMy—2ip+2v(k—1)
b - [1,2; 2sinh 5
Jn (xvt’th) = H 9 si Ny o iMa—iMy+2vk’ (3.21)
ie1 2sinhy(k —1—n) Hazl(#) 2 sinh *re—b T
t=eM, f:eiM, T = e, r=ce .

They correspond to the N = 2 vortex partition function on R? x S'. The vortex partition
function on R? x S! was considered in [20, 29]. In [29], vortex quantum mechanics was
considered and the 1-loop contribution, which is the vortex zero sector, was not worked
out. On the other hand, the 1-loop contribution was checked in the other example [20] by
matching to the 2d result. We will see that our vortex partition function as well as the
1-loop contribution matches the known result.

The index for Ny < N ¢ is simply obtained by interchanging t, < t, as well as
N f N f-

For Ny = Nf, Ap(m) has the finite value at z = 0 and z = co which is

Nf n—1

H H to 22 (3.22)

a=1 k=0

which goes to zero as n — oo assuming |t; ', 77222 < 1, which is compatible with the
original ranges of parameters. Thus we have the simple poles of z = 0 and z = oo in the
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index formula (3.1). In the limit n — oo the residues at z = 0, z = oo are zero. Thus we
can simply sum over either the poles outside of the unit circle or poles inside of the unit
circle. The previous results for N, # N ¢ still holds for Ny = N 7- We will sometimes omit
the superscript Ny > Nf of INs=Ny (z,t,t,7,w) when we consider Ny > Nf cases.

One can also check the result is reduced to the known result of 2d partition function
of N/ = 2 theories in the small radius limit of S [21, 22]. The same is true of non-abelian
cases, which we will summarize in the next subsection. In the evaluation of the non-abelian
index, one can follow the similar limit procedure to the above.

3.2 Factorization: summary of U(IN) cases

Now we summarize the factorized index formula for non-abelian cases in the presence of
Chern-Simons terms. The superconformal index in the presence of nonzero CS term is

written as
I(z,t,w)
N
dz; 1 , 3.23
= Z % H2 Z:J‘ T |wzjmje—Scs(a,m)Zgauge(x,z,m)HZ(b(;C,t’Z’m) (3.23)
mezn sy’ \j=1 TiZ; m .

where Sg);(a,m) = 1) ,er, kp(m)p(a). The CS term with level £ induces the classical

action term in the path integral. It leads to the pole at z; = 0 or z; = co according to the
sign of km. As shown in the appendix, one can show that the residues at these poles are
zero. The contour integral over the holonomy variables of the gauge group can be written as

I (a:,t,f, T, w)

== Z Zpert (x70-(t>7t~7 T) Zvortex ($7U(t)7t77-7m) Zanti (.Z',O'(t),t,T,m) (324)
0€SN; /(SN XSN;-N)

where o is an element of the quotient group Sn, /(SN x SNy - ~) where S N, is the symmetric
group of degree Ny; Sy and Sy,—n are its subgroups whose elements are the permuta-
tions of the first NV elements and the last Ny — N elements respectively. The fugacity for
vorticity o is related to the chemical potential w for U(1)7 by w = (—1)7%"%(—w). Note
that the quantization condition of the effective CS level: x + (Ny + Ny)/2 € Z implies
that o = (—1)7""%(—w) has a well-defined sign; i.e., (—1)7%79 is always real valued. The
perturbative part is given by

Zpert (557 t7t~) T) = Zl—loop (x7t7£7 T) Zl—loop (:1371775717{717 7_71) (325)
where
(e NI (it %)
Zi100p (2,1, 1,7) = HQSinh5 i —idgy) | (] = R > 1 (3.26)
i<j =t [T (titam%2?)
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while the vortex and antivortex partition function are given by

30
Zyortex (1'7 t, t~7 T, m) = Z mzj n]j(nJ) (:Ca 2 t~> T) )

= (3.27)
Zanti (z,t,1,7,10) = Z 2 ") (:B_l,t_l,f_l,T_l)
n=0
where
Iy (2,4,0,7)
N nj l—LJl\fi1 9sinh —iMa—iMj—ZQiu—l-Q'y(k—l) (3.28)

- I

. iM;—iMj+2~(k—1—n;) Ny iMq—iM;+2vk
j=1k=1 (H, 1 2sinh 3 Ha N4 2sinh ==l

L, _
and e=%0 = %25 Myngtinn; =5 which appears due to the nonzero CS term.

3.3 Factorization of mirror of one free chiral

Let us consider a U(1) theory with a single chiral multiplet in the fundamental representa-
tion. If one also turns on the level —% CS interaction and the fixed background magnetic
flux m’ corresponding to the topological global symmetry U(1), the index is given by

- o) 0 | 1 |m|+2-A4+2k
m sim—m
I(z,w',m') Z 7{ 27mzw m o gzl (—z)2 kl:[O 1~ ol TAy T2k (3.29)
This can be written as
00 11 |m|+242k
W ()~ 3 (m=lml) 3 fml) TT 1222
I(z,w,m") Z % 5V (—xz)"2 22 H RN (3.30)

k=0

where we redefined w'z> — w. A factor 3 is additionally absorbed to w for later conve-
nience.

One may consider its mirror description, a single free chiral theory with the level % CS
interaction. As introduced in the previous section the index for the mirror description is
given by [23]

7‘+%|m|+1c—l

. l(m+|m| Ly T L
Ia(m;q,¢) = (*qé)2 (m+] ‘)H 1 (3.31)

1
r=0 l_qr+2|m|C

where m and ¢ are magnetic flux and the Wilson line of the fixed background U(1) vector
field coupling to the conserved current of the U(1) flavor symmetry. Again the parameters
are identified with ours as follows:

It was argued in [23] that the index (3.30) agrees with (3.31).

~13 -



Here we revisit the index agreement using the factorized form of the index. The
factorized form of (3.30) is given as follows:®

I(z,w,m’) (3.32)

n -1 o'} -1
_Z Mg —mn= n<n2+1><H2sinhfyk> XZ (—w) "™ /”+nn+1)<H251nh’yk>
k=1 =0

k=1

As before the first summation corresponds to the vortex partition function while the second
summation corresponds to the antivortex partition function. One may check that the vortex
partition function can be written as a Plethystic exponential:

—1
0o n
n(n+1)
ZVOI‘teX(x7w7ml)EZ wnx—m T (H 2 sinh ’}/k)
n=0 k=1
1 whp—m'n
= € S .

n=

(3.33)

Likewise, the antivortex partition function also has the Plethystic exponential form:

_ -1
0 n
n(n+1)
Zantl l‘ w, m Z My —m'at 2+1 (H 251nh7k:>
n=

h=1 (3.34)

1 w—nxn(—m’—l—Q)
= =) T
n=1

On the other hand, it was pointed out in [23] that the free chiral index (3.31) has a more
concise form as follows:

0 1—d" m+1,—1
Za(m;q,¢) =] 1 ‘

1 (3.35)
r=0 1- qr_EmC

One can see that the denominator, which comes from the scalar, is exactly the vortex
partition function while the numerator, which comes from the fermion, is the antivortex

partition function:

00 1 0o
1 1¢"g 2™ 1
Zvortex(qzagam) = €xp [Z E 1_ q" = H o 1

n=1 r= Ol_qr 2mC

(3.36)
) 00 1 C_nq m+1 Ll o1
. 5 — _ —->»> £ 7" 5MmM -
Zai(a?,Gm) = exp | = D0 S Hl e
n=1
n(n+1)
5Compared with the general formula, the power in « has =~ > while the general formula appearing

"L2
at the appendix has £~ 2 . The reason is that (3.30) matches with the free theory with zero R-charge for
the free chiral while the standard factorized formula matches with the free chiral with canonical R-charge.
1
Two expressions are related by the shift w — wx™ 2.
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3.4 Relation to topological open string amplitude

The form of the vortex partition function has the close relation to the topological open
string amplitude. As the first example we consider the vortex partition function for U(1)
gauge theory with Chern-Simons level —1/2 with a single chiral multiplet. As already
explained at the previous subsection, the vortex partition function is given by

Zw 5 H(Qsinhfyk)_l

k=1 (3.37)

= 7;) (1 - 6—27)(1 — 6_47) . (1 — 6_2”7)

with = e™7. Now consider the topological open string for a Lagrangian brane in C? as
explained in [24, 30]:"

Zbrane z,t C] ZS COO,u t Q)
0o

t2 2" 1
_Zl—q RN i |

i—o 1 —q't2z

(3.38)

This coincides with the vortex partition function if we identify z = w,t = 1,9 = e~ 2.
To compare with the index of the free chiral field with the canonical R-charge we need the

shift 2 — 2,/q. Then

1
Z Z,q 1—2¢""2

’Zbrane’2 = brane( ) = H ( l) (339)
2

Zvrane(Z, Q) H (1 zZq"

which coincides with the free chiral index as explained in [24]. To compare with the free
chiral index of arbitrary R-charge or its mirror dual, one simply change the open string
modulus z — z¢® for a suitable . Note that it’s crucial to have Chern-Simons term to
match the vortex partition function with the topological open string amplitude.

For this simple example, we generalize the matching between the homological vortex
partition function of two dimensions and the topological open string partition function to
the full 3d K-theoretic vortex partition function.® In [30], many more examples of the
matching between the 2d vortex partition function and the topological open string were
found. We expect that this surely lifts to the matching between the 3d vortex partition
function and the topological open string. Furthermore in the homological version, 2d vortex
theory is realized as the surface operator of 4d gauge theories. We expect that this lifts
to the 3d defect operator in 5d superconformal field theories. We will work out a simple
example in the next subsection.

As a next example, we can consider U(1) gauge theory with one fundamental and one
antifundamental chiral theory. As will be shown in the subsection 4.1, the superconformal

"We use the refined vertex formalism to write down the topological string partition function. For the
notation, please refer to [31]. s, in the formula denotes the Schur function.
8This relation is parallel to 4d Nekrasov partition function and its 5d version.
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index of the theory is given by

JN=Ng=1 _ ,N=N;=1

N=N;=1
pert X Z

N=N;=1
vortex X Z

anti

(3.40)

where
—2nx2n

[ oo
N=N;=1 172 — 7
pert | =D D |

n

__Tn)xn] ’ (3.41)

N=N;=1 1, (r
=Ny= 1,
Z = exp g nw o

vortex

o -n ny,.n
Zi\rfl;Nf_l = exp Z :Lw—n(Tl_a;n)x] .
Here N denotes the rank of the gauge group while Ny = =N ¢ denotes the number of
fundamental and antifundamental multiplets. Note that the vortex and antivortex parts
as well as perturbative part are given by the free chiral indices. Hence this U(1) theory
can again be written in terms of topological open string amplitude.

If one considers the more general U(1) non-chiral theory with Ny = N; = N, the index
can be written as

N
b b
I( Z (Zl loop Vortex> X <Z1—loop7ant1Zant1) (342)
b=1

where

TTosi(pm 1 — totg e
sz:l 1 — tyf,m222(k=1)’

oo
Zf_loop (m,t,f, 7') = H

k=1
oo N —15-1_-2, .2k
b YN _ b 1 ,-1 -1 _— | A e P
Zl—loOp,anti (‘T’t’ t’T) - Zl_lOOP ('T ot T H = ill -1)’
1 —t; Y ya2(k=1)
Y | P 1(7517) b la
o N n
. 1—tytpm2e UH) 1—tytyr2a2(k—1)
b 7NN blb bla
Zvortex (I‘, t, t, T, — Z H 1 — g2k H 1— tbt_ll'2k ’
=0 k=1 a=1(sb)
A4S t,t S ] 7NN 1—tyfyr a2k 51— g7, 72020
anti (x’ Uy Ty — Z kl_{ 1 — 2k it 1-— tbtglx%

(3.43)
The vortex partition function here is the same as that of [20]. In fact, with identifications

tbt;l — 6—27Tbl)ab7

tbfa7—2 — 6—27l'bcab’
2 (3.44)
r =gq,
wr VgV = Z,
one can see that
b b b b
Zvortex = Z\(/')7 Zl—loop Zf )loop (345)
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Figure 1. A strip geometry.

where Z‘(/b) , Z§b_)1 oop A€ the components of the partition function for the non-chiral theory
given in [20].
As examined in [20] one can also check that the vortex partition function Z% .. is

exactly the same as the open topological string partition function on the Lagrangian brane
placed at the b-th gauge leg of the toric diagram in figure 1, i.e., ap € {1"n = 0,1---}.
The corresponding topological partition function is given by [20, 32]

ZEOPZZASIb)Zna (346)

Lo KB T T (0 Quysn ) Ty Ty (1~ @™ )
VTR (09 oy Tt (0 Qugent™ ) Ty [l (1 Qayg & 0)
(3.47)

where the Kéhler parameters are defined by

a'—1
Queay = | [ Q2e-1Q2;

h=a (3.48)
Qaaﬁa/ - Qaaaa/ Q24 -1,

—1
Q,@aaa/ = Qaaaa/ Q2a71 .

For a fixed b, if we identify the parameters as follows:

z H Qopy = wr N, (3.49)
a<b
Qaypa = tota™, a >0
-1 ;2
=ttt 77, a<b
@socn e (3.50)
Qoya, =ty 2%, a>b

Qogey " =toty 2, a<b

17 -



Figure 2. A necklace U(1)" quiver theory.

one immediately sees that the topological partition function Z2  is the same as the vortex

top

partition function for abelian theories, Z% ...

3.5 The partition function for U(1)" quiver theories and closed topological
string

More interestingly the closed string geometry on the strip geometry considered in [20], for
which ¢, is now the trivial representation, has the close relation to the 5d partition function
on S x S%. In this case the 5d gauge theory defined on the strip geometry is U(1)Y quiver
theory.

If we consider first the closed string amplitude on the strip geometry it can be worked
out using the refined topological vertex. In [33] a similar geometry given in figure. 2 was
examined where the leftmost leg and the rightmost leg are identified. If we disconnect that
leg we again obtain the strip geometry we are interested in. The closed string amplitude
for figure. 2 is given by

zpst (Q; g, t)

N Ql;;?a' HSE)\QQ—Z(l - Q?a—1q€2a72(s)ta2a(s)+l> Hse)@a(l - QQa—lq_ba(S)_lt_a2a72(s))

L Meon,, (1= @0 (1= g el T00)

(3.51)

~ _1)et+11
where Qo = Qa (%)( D*729 As in the other examples of geometric engineering, this

closed topological string amplitude leads to the Nekrasov instanton partition function.
In 5-dimensions full instanton partition function was not worked out for theories with

°If we consider the 2d partition A = {\; > A2---}, this can be represented by a Young diagram. We
draw the A; boxes on the leftmost column and A2 boxes on the next-leftmost column and so on. For
an element s = (4,5) € A, a(s) denotes the boxes on the right and [(s) denotes the boxes on top, i.e.,
a(i, j) = /\5 —14,1(i,7) = Ai — j. For more details, refer to [31].
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bifundamental fields. However Nekrasov partition function of such quiver in four-dimension
was worked out in [34]. One can see that this can be obtained from the closed string
amplitude. The unrefined version of the amplitude is obtained by setting ¢ = g:

Zp (@a; q, q)

NI

(1 —Qzaﬂqem(s)ﬂh“(s)ﬂ) (1 —Qzaﬂq_eh(5)_“2a—2(8)—1)

{Aaa}o=1 Exa (1 — glea(®Faza(s)+1) (1 — g—F2als)=a2a(5)-1)
20 JO= s o
A2al (3.52)
Z H (Q2O¢Q§é2_’_l ;g 1) quem [a2at2(8)—az2a—2(s)]/2
{AQQ}O‘ 1

y H Sinh g[hh2a72a+2(5) + Mgoﬂ_ﬂ Sinh g[ﬁh2a72a_2(5) — Mga_ﬂ
vl sinh? £ fihag,2q ()

where we define Q, = e #Mo g = ¢ P M, and h are the parameters relevant in four-

dimensions. hq g(s) is the hook length defined by hq g(s) = £a(s) + ag(s) + 1. In order to

obtain the four-dimensional partition function, one would take g — 0:

Zinst(~ . q, )‘
L (Qasq,q 50

= Z ﬁ H [hh2a2042(8) + Magy1][Ah2a,20—2(5) — Maq—1] (3.53)

[hh?a,Qa(S)P ’

{)\2(1} a=1 S€>\2o¢

which is the same as the partition function for quiver theories given in [34] with identifica-
tions Moqg+1 = G2q — G20+2 + m where m denotes the mass of the bifundamentals.'® Thus
it is quite reasonable that the above topolgical string amplitude gives the 5d Nekrasov
partition function for U(1)" quiver theories. One can cut the leftmost leg and the the
rightmost leg, which are identified, by taking Qo — 0. This gives rise to the closed string
amplitude for the strip geometry we originally considered. The amplitude is given by

1nst
(Q q’ ) QQNHO

- Z NH QlQ);ja' (1 - qu_ZQ(S)_lt_a@(s)) H (1 — Q2N71q£2N—2(8)ta®(8)+1>

{>‘2a} a=1 SEA2 SEXaN_2
H Hsex\Qa 2( _Q2a71q£2a_2(s)ta2a(5)+l) H36A2Q(1—@20171(]_62&(8)_1t_a20‘—2(5)>
H Hse)\g (1 - qEQa( )ta2a(5)+1) ( qféza(s)fltfaga(s))

(3.54)

where ag(s = (i,7)) = —i.
One might wonder since abelian theory is trivial in 5d so that its nonperturbative part
is also trivial. However abelian theories can have small instantons and it’s quite subtle how
to include them. For example if we consider 5d U(1) N = 2* theory and if we define its

9The hook length hq s(s) is denoted by £as(s) in [34].
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nonperturbative completion to give the Nekrasov partition function, 5d partition function
of U(1) N = 2* theory on S° gives the index of single M5 brane in 6d [35-37].
The general structure of the 5d index worked out at [38] has the structure

/ daPE(fmat(xa Y, eia’ t) + fvec(l'a Y, 6m))uinst (CL‘, Y, 62'(1’ t, Q)|2 (355)

where da is the Haar measure for the gauge group, PFE denotes Plethystic exponential,
which gives the one-loop determinant and it is Nekrasov instanton partition function. x,y
is the chemical potential for Cartans of Lorentz symmetry SU(2); x SU(2)2 C SO(5),z =
e M,y =e 7 and t is the usual chemical potential for the flavor symmetry. Here SU(2);
is also twisted with SU(2)r R-symmetry. Finally ¢ is introduced to track the instanton
number. Thus for U(1)" quiver 5d partition function has the same form where Ii,g; is now
identified with closed string amplitude. This is consistent with the recent proposal by [24].

In addition, the perturbative part is also factorized and the whole index can be written
as

I= /da\Ipert(a:,y,em,t)Iinst(x,y,eia,t,q)2. (3.56)

Now let’s check if perturbative part matches. In the refined vertex formalism, the pretur-
bative part is automatically built in. In our case, it is given by [33]

Zpert = €Xp <_ Z 1( Za anil n > : (3'57)
n=1

(2 —t72)(g2 —q72)

This should match the one-loop determinant of the bifundamental fields. The general
expression for the one-loop determinant for the matter fields are given by

fmat(z,y,a) = Az =2/9) Z(eﬂw-a ety (3.58)

w

where w is the weight of the representation. We suppress the chemical potential of the
flavor symmetry. We can see that it has the explicit factorized structure and we can just
look for e="*® part to compare with the topological string expression. For bifundamentals,
we have

T

- —i(a1—a2) —i(ag—a3) 4 .. . 4 o—ilan—aa)
Fpert A= 290 = 2/9) (e +e +--te ). (3.59)

This coincides with the corresponding topological string expression if we identify

x = /tq, y= \/3 Qop—1 = e~ (@k—on-1), (3.60)

Furthermore since the open string amplitude was obtained by introducing the La-
grangian brane in the strip geometry, and this leads to the 3d index of the nontrivial SCF'T,
it is natural to expect that introducing Lagrangian brane corresponds to introducing the
surface operator in 5d U(l)N quiver theory. This is the T-dual of the Hanany-Witten set up
for the surface operator in 4-dimension so we expect this is the 3d defect of the 5d theory.
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This lead to an interesting lesson that apparently trivial 5d theory!! can have nontrivial
defect operator, which corresponds to nontrivial 3d SCF'T. Furthermore we saw that the
partition function of 5d theory with the defect operator matches the closed4-open string
amplitude since the the vertex partition function appearing at [20], is normalized by the
closed string partition function. The vortex partition function has the structure

_ N L KA
Z\lzortex - ;Z K(O) (361)

where K(1™) is the string partition function with the insertion of the brane with the
representation (1") while K (0) denotes the string partition function with the trivial repre-
sentation, i.e., the closed string partition function.

4 N = 2 Seiberg-like dualities

4.1 Simple cases

In this section we consider Seiberg-like (or Aharony duality) for three dimensional U(N)
gauge theories with N' = 2 supersymmetries proposed in [39]. The duality relates two gauge
theories which we call the “original” theory and the “dual” theory. Two dual theories have
different gauge groups and matter contents but they flow to the same theory in the infrared.

The original theory is a U(/V) gauge theory which consists of Ny fundamental chi-
ral multiplets (), and Ny anti-fundamental chiral multiplets Q® as well as U(N) vec-
tor multiplets. This theory has no superpotential. On the other hand, the dual theory
is a U(Ny — N) gauge theory with Ny pairs of fundamental ¢* and anti-fundamental
G chiral multiplets. In addition, the dual theory contains gauge singlet chiral multi-
plets, M,% and Vi, and they couple to the charged matters through the superpotential,
W = ¢* Myt + V+‘7_ +V_ f/+. Here V. are chiral superfields corresponding to monopole
operators which parametrize the Coulomb branch of the dual theory. The global symmetry
of both theories is SU(Ny) x SU(Ny) x U(1) 4 x U(1)7 where SU(N)? is the flavor symme-
try acting on the fundamental and anti-fundamental matters, U(1) 4 is an axial symmetry
rotating fundamental and anti-fundamental matters by the same phase and U(1)r is a
topological symmetry whose current is given by *TrF.

Under the duality, mesonic operators Q,Q" and monopole operators with topological
charges £1 of the original theory are mapped to singlet fields M,® and Vi of the dual
theory, respectively. This duality map together with the superpotential W determines
global charge assignment of chiral fields of the dual theory.

The superconformal indices for several dual pairs have been computed. The indices are
expanded by conformal dimensions of BPS operators and show agreement between BPS
spectra of two dual theories at some leading orders. Here we present factorized expressions
of superconformal indices for simple cases that shows 3d Seiberg-like dualities in a clearer
way.

1 One way to see the 5d index computation of the this theory is to regard it as a twisted partition function
on St x §%.
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Let us first consider the U(1) gauge theory with Ny = 1 flavor which would give
the simplest duality model. The proposed dual theory is the U(0) theory, i.e. non-gauge
theory, with chiral multiplets M and Vi with a superpotential W = —V,V_M. After
vortex-antivortex factorization, the superconformal index of the original theory is given by

N=N¢=1 __ N=Nf=1 N=Nf:1 N=Nf=1
I ! - Zpert X Zvortex X Zanti (41)
Firstly the perturbative part is written as
ZN:Nle B | 22042 B © 1 72n _ —2n,2n Lo
pert - H 1 — 72220 exp n 1 — g2n : (4.2)
=0 n=1

where we rewrite the expression as a Plethystic exponential. The vortex index is the
sum over all vortex number n’s. After some calculation it can be written as a Plethystic
exponential form:

o 0 no_—1,.—(k-1) _ k—1 > 1 —n _ NN

N=N;=1 _ T w TV (1 ")

= I
n=0 k=1 n=1

where we used the g-binomial theorem

- (a;Q)n nﬁ%
nz:()(q;q)nz T (50 (4.4)

The anti-vortex index is easily obtained from the vortex index by replacing w to w™r.

Therefore, it turns out that the superconformal index of N = N; = 1 theory can be
rewritten as a simple Plethystic exponential form

o0
1
IN=N=1—ex —f(z™, " w") |, 4.5
p ;nf( ) (4.5)
2,.2A —2,.2-2A -1,.1-A 1+A
TEXCR — 1% Q T T Q—TI Q 1
f(x)T;ZU): 1_x2 1_x2 (w+w ),

where we restored R-charge Ag of the chiral boson @ of the original theory. Amazingly
this form of the index is exactly the same as the superconformal index of the dual theory.
The function f is identical to the single letter index in the dual theory. As the chiral field
M of the dual theory is identified with the meson operator QQ of the original theory, its
R-charge and U(1) 4 charge are 2Ag and +2 respectively, and therefore the letter index of
M is given by the first term of f. The second term of f comes from the letter contribution
of dual chiral multiplets Vi which is mapped to monopole operators with U(1)r charges
+1. In general, zero point energies and U(1)4 charges of monopole operators with GNO
charge (£1,0,---,0) for N = Ny theories are

€0 =N (1-Ag)— (N—1)=1-NAg, (4.6)
bU(l)A = —Nf =—-N
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from (2.4). One can then see that the single letter index of Vi for N = Ny = 1 case agrees
with the second term of f.

This theory is known to be mirror-dual to the XYZ theory [40]. The chiral fields M, V.
in the dual theory correspond to X,Y, Z fields of the superpotential W = —MV,V_, so
that they should have R-charges Ay = AV = 2 As shown in [41], the R-charge of the
original chiral field is determined to be Ag = 3 in IR, and therefore one can see from (4.5)
that the dual chiral fields have the correct R—charges in the IR fixed point.

More generally, one can express the superconformal indice for U(N) gauge theories
with Ny = N fundamental and anti-fundamental matters in duality manifest forms using the
factorization. The dual theory is a U(0) theory with chiral multiplet M " and V... For N;=
N, the dual theory is known to have a superpotential of the form W = —V,V_det(M) [40].
The vortex index reduces to Plethystic exponential forms

N e V22 o) 22 ke

N=N; _ r i Y
Zvortex _Z H’;l_]; t —-1/2 1/2 (k—1—n;) _ t}/Qt-fl/Q:Ek—lfm
=0 1,J v
o0 1 (T—Nn _ TNn)xn
. n
=exXp Z E'LU 1— $2n . (47)
n=1

We explicitly checked the last identity for some low values of n and N. Together with the
antivortex partition function, this can be interpreted as the multi-particle index for singlet
chiral fields Vi of the dual theory. All of the ¢t dependence are cancelled out, which is
expected since Vi are the flavor singlets. Restoring R-charge by shifting 7 — 722, one
can check the chiral field V. has correct R-charge, 1 — NAg, and U(1) 4 charge, —N. Then
the superconformal index after combining the perturbative part can also be rewritten as
duality manifest form

IN Nf—ZN Nf

N=Ny
pert X Z.

vortex

N=N¢
X Zanti

o0
1 N -
=exp ZﬁfN_Nf(x",t”,t",T",w") , (4.8)
n=1
N oo | _yolflio2, 202200

ZN=N;_
Zoa ' =]111 v
P 1 —tltjr Q

N t,fj72x2AQ — 712027280 —N1-NAg _ [N, 1+NAg

N=Ny _ ! i -1
f ij —3 + — (w+w™).

This precisely agrees with superconformal index of the dual theory with N x N chiral fields
Mij and two chiral fields Vo. When N > 1, the dual theories flow to free theories. One
can check it first for N = 2, where the Z-extrimization of [41] determines R-charge of
the original chiral fields as Ag = i. Then R-charges of the dual chiral fields are fixed to
be Ay = Ay = % and so the dual theory is obviously free. For N > 2, it seems to be
impossible to have free dual theory by adjusting the original R-charge Ag. However, as we
see from the index formula (4.8), the index of the IR conformal theory is written as that of
non-interacting free fields and therefore IR degrees of freedom can carry new U(1) charges
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for accidental symmetry which emerges only at the IR fixed point. The UV R-symmetry
then mixes with this extra U(1) symmetry so that the dual chiral fields M, Vi become free
fields in IR.

Note that the proof of the duality is reduced to that of the identity eq. (4.7) and we
provide the proof for Ny = N = 1 case. Though we do not give the analytic proof for
all cases, the situation is much more improved. Previously at the index level we simply
compared the index expressions order by order since we did not have the explicit expressions
to all orders in x. The similar pattern emerges for more general cases.

Now we consider further generalization to Ny > IV theories. Unlike the previous cases
which are mostly free theories, dual theories are now interacting gauge theories. Let us first
consider U(1) gauge theory with Ny = 2 pairs of fundamental and anti-fundamental mat-
ters. The dual theory is also U(1) gauge theory with Ny = 2 flavors, but has additional 2x2
chiral fields M," and two chiral fields V.. The superconformal index of the original theory is

2 1,2 1 e 1,2 T —
1 ) Z Z;()ert) t 7—) x Zx(zortzax( (t)at77_7 ) X Ze(mtl)( (t),t,’]’,w 1),
o€Ssy
Z(l 2):1—[ 1-— tltglxm” 2 1— t1—1{;~1772$21+2—2AQ
pert o 1— t_1t2x2l vt 1—tyit, 7_2332[4_2AQ )
1 2 1 —(k—1)— 1/2;1/2 —
A _Z H Ha 1 tl P25 P 1g= (D20 _ tl/ o7t t+89) (4.9)

t — . .

vorter n—=0 _ gg —(k—1—n) xk*lfn)(tl 1/21/.;/21:7]@ _ t%/2t2 1/2$k)

and Zglj) Z\(,(l)riz,x(w — w~ ') where I(N-Nf) denotes the index of the original theory with

U(N) gauge group and Ny flavors, and o(t) runs over permutations of {¢1,%2}. In fact this
(1,2)

index also has the duality manifest expression. The perturbative part Z

with exchange
of t,’s can be rewritten as

71 )(t Ot)= H 1—t1_1t2x21+2 2 1—t,i,7222+280 2 t—17§*1 o 2112 24
t \L15702 = - - )
per =0 1—t1t, Ly2i e l—tl 1ta T=22142(1-Ag) ab 1—¢ th 2204240
15 —2,.2142-2A¢g
~(1,2) 1—t "ty 12,4
pert % HH 1— tathZ 20+2A¢ (4.10)
=0 a,b

where Zr()ir%) = Z]()ift) (t—>t it 771 Ag—>1-Ag). We shall identify Igert) to
the perturbative part of charged chiral fields ¢“, ¢, in the dual theory. Also the second
infinity product term in the second line of (4.10) will be identified with the index contribu-
tion of the meson field M," of the dual theory. Similarly, we define the dual vortex index

as 212 = 71,2 (t—>t_1,t~—>t~_1,7—>7_1,AQ—>1—AQ) and find that [7]

vortex — “wortex

5 i~ —2n,.2n(1-Aq) _ ~2n,.2nAg
1,2 1,2 1 77" Ty
Z\(zort)ex(tlv t2) = Z\(/ortzex(t% tl) X explz ;wn 1 — z2n ] (4'11)
n=1
using one of Heien’s 9¢1-transformation formulae
a,b abz/c; c/a,c/b  abz
201 [ 14 Z] = (,/A 201 [ fac/ 1 ] (4.12)
c (Za Q)oo c &
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where the basic hypergeometric series ,11¢, is given by

o0

ap a -+ Qrql (a159),, - - (@r41;9)
r+1Pr 3¢, 2| = L 2", 4.13
b by by nzzo (b134)y, -+ (bry )y, (430),, (419

The Plethystic exponential term on the right hand side of (4.11) corresponds to the index
contribution from chiral fields Vi of the dual theory. Finally, collecting all the result, the
original index becomes

- > 1 _
I(1,2) _ 1(1,2) ~ (1,2)(,m VLS 4.14
where
= 1,2 1,2
[0=3" 28300 (1) x ZGi(o(t) x Z5D (0(1)), (4.15)
oES2
2 7.2, 2MA0 __ 4—17—1_—-2_2-2A —2,.2(1-Ag) _ 2,.2A
totpT°x"R —t 't T Q T %% Q T xeoR
(1,2) _ alb a Y _1
/ Z 1—22 * 1—2a2 (w+w™)

a,b

This is exactly the same as the superconformal index of the dual theory, which is a U(1)
gauge theory with charged chiral multiplets ¢%, d,, singlet chiral multiplets M,® and Vi.
The superpotential W implies that R-charges for ¢, ¢ are 1—Ag and other charges are op-
posite to Q, Q of the original theory. Thus the index I(1?) encodes the contributions from
the chiral multiplets ¢,§. One can also check that the single letter index f(12) represents
the letter indices for M,” and Vi with correct R-charge and global charges.

4.2 General cases

One can generalize the N = 1, Ny = 2 example in the previous subsection to general N, N
in the same way. The index contribution of the singlet matters M,?, V4 is straightforward,
and the contribution of ¢, g is obtained by replacing N — Ny— N, t, t—st Lt r sl
in the original index. We again take Ag = 0 for simplicity. Thus, the superconformal index
for the dual theory is given by

I(z,t,t,7,w)
Ny (7567151)—1772962;962)oo (wLNs gl =Nt )OO (wTfol—NerN;xz)oo

“\U e ) e S e e )

X Z Zpert (.’13, U(t)7 Ea 7-) Zvortex (]7, U(t)v 1’{7 T, _w) ~anti (xa U(t)7 i:? T, _w)
o€SN;/(SN;—NXSN)

(4.16)
where 3 ) NN N i
Zpert (.’E t t77—) = Zpert ! (l’,t_l,t_l, T_lx) )
N—Ny—N -1 ;7= _
Zyortex (:L‘ t, t T, ) = ZvoZexj (l’,t l,t 1, T lx, —w) , (4.17)
N—=N¢—N -1 = —
Zanti ( = Zan; a (Q?,t l,t 1,7’ 133, —w) .
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Note that o is now an element of Sy, /(Sn,—n x Sy), not in Sy, /(Sy x Sny,;—n). With a
little algebra one can show that the following identity holds:

11 T oy (tota 2% 02) TN (60 2% 02)
N 7 N _
vty ot (Wha72%) o T2y (8 tas2?)

_ N -
B <Ha,b€{bj}c(a7éb) 1 - tbta1> ﬁ (t, 1, ' 2% 2?)

(tabez; £U2)Oo

(4.18)

—1
[asepyaeny L =t ta ) \ 3=y

N _ ~
% H Ha:fl(;éb) (tb ltal'Q; xz)oo Hi\;fl (tbtaTQ; 352)00

Ny (4=17-1_—2 2. N —1,
veibye Latn (6 e 720%2%) TT 2y ) (tota 5 27)

for an arbitrary subset {b;} C {1,---,Nf}. {b;}¢is given by {b;}“ = {1,--- ,N¢} — {b;}.
It suggests that we can write the perturbative part of the original index as follows:

Ny (- 157-1_-2 2. 2
- - - [ 2 s e s
Zpert (x’ O'(t),t,T) — Zpert (.T, O'c(t)’t, 7-) X H ( a tb{ 3 )OO
a,b=1 ( albT™3 T )oo (419)

(e.)
= Zpert (z,0°(t),1,7) x exp Z %fM (2™, ", ", ")
n=1

where fis is exactly the letter index for the Mesons M,":

Ny oz 9 ,17-1_-2 2

- totp™ — 1, "t, T ‘x

fule,ttr) =Y = lixg : (4.20)
b=1

For a given 0 € S Nf/ Sy x S N;—N, We have defined its complementary permutation o¢ €

SNf/SNf_N x Sy as follows:

o= <0(N+1) - o(Ny) o(1) a(N))’ (4.21)

i.e., the operation ¢ swaps the first N and the last Ny — N of the given permutation. Now
every term of each remaining part has a nonzero power of w except 1. In addition, Zyortex
of the original theory only has positive powers of w while Z,,; has negative powers of w.
Therefore, we conjecture the following identities:

(wrNs gl =N N x2)oo

(wr=NrgNs=N+L, 32)

Zvortex (ZL‘, U(t)a ta T,—w) = Zvortex (1'7 Uc(t)a t7 T, _w) X

o0

[o¢]
- ~Vortex (.’IT,O'C(t),E, T,—’U)) X exp Z %f-i-(xnatnafn)Tnuwn) )

n=1

(4.22)
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B (w_lTNfilfl_Nf+N; xZ)
Zanti (.’E, U(t)y tu T, _w) - Zanti (:1:7 Uc(t)7 t) T, _w) X o

(w TN gNr=N+152)

oo
(o]
= Zonti (w,ac(t),f, T, —w) X exp Z %f_ (x”,t”,f"m”,w") ,
n=1
(4.23)

+=NppNy=N+1 _ Ny, A=Np+N

-
1 — 22 ’

fi (=t 7, 0) = w*

(4.24)

which are generalizations of the identities for special N, Ny in the previous subsection.
We also check validity of these formulae by extensive numerical computation. Note that
f++ f— = fv. + fv_ where fy, are the letter indices for the singlets V4.

w:tT_NfSUNf_N+1 _ w:':Tfol_Nf+N

fvs (2, 6,8, 7,w) = — : (4.25)

More specifically fi contains the contribution from the scalar of V, and the fermion of
V_ while f_ contains the contribution from the fermion of V, and the scalar of V_. We
have seen that for every component the contribution of a certain choice of oqe for the
original theory is exactly the same as the contribution of its complementary permutation
Odual = Oorig”. Summing over all possible o we have exactly the same index for the original
and dual theories, for any N and Ny > N. We also have learned that the perturbative
contribution of Q, and Q® maps to that of ¢%,q, and the contribution of M,? while the
vortex and antivortex contributions of Q,, Q% map to those of ¢, §, and the contributions
of V4. This is indeed the expected result and we confirm this by the explicit evaluation of
the dual-pair indices.

4.3 N = 4 Seiberg-like duality and mirror symmetry

N = 4 Seiberg-like dualities were proposed in [4, 29] based on brane configuration of Type
IIB string theory. Under the duality, a U(N) gauge theory with Ny fundamental hypermul-
tiplets is conjectured to be dual to another U(N;y—N) theory with Ny hypers in the infrared.

In this section we consider the simplest example of ' = 4 Seiberg-like duality. At low
energy, the N' = 4 U(1) gauge theory with one fundamental hypermultiplet and the free
theory of one hypermultiplet flow to the same theory. This is also the simplest example
of the mirror symmetry. The free hypermultiplet is so called the twisted hypermultiplet
in the context of mirror symmetry. As two theories are simple enough, we can easily
compare two superconformal indices of them and check this duality conjecture. In the case
at hand, the U(1) gauge multiplet of the original theory couples to one fundamental and
anti-fundamental chiral matters while the adjoint chiral matter is decoupled from the U(1)
vector multiplet. So there is a similarity between this U(1) theory and /' =2 U(1) gauge
theory with Ny = N ¢ = 1 chiral matters up to the decoupled adjoint chiral. In fact, once
we assign the correct global charges to N' = 2 fields, it is easy to write the superconformal
index of N' =4 U(1) gauge theory using N = 2 result. Then the superconformal index for
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U(1) theory with Ny = 1 fundamental hypermultiplet after factorization becomes

_ - 1 o~ La"(y™" —y")
I]j\\/[:]%fle = I]j\\f[:]%fle(AinaT = y1/2) X eXP[Z n 11—z
=1 (4.26)
> 1 y—n/2$n/2 _ yn/2$3n/2

= exp Z . =T (w" + w_”)]

n=1

Here I]/\\,/::]%,le is the index of (4.5) for N' = 2 theory, and we set R-charge of bosonic
fields to be Ag =3 and introduced the chemical potential y for the off-diagonal U(1) 4 of
SU(2)r, x SU(2)r = SO(4) R-symmetry. The exponential term on the right hand side of
the first line comes from the adjoint chiral multiplet. The final expression is written as the
Plethystic exponential of one free hypermultiplet that agrees with the duality proposal.
In the dual theory w is interpreted as the U(1) flavor chemical potential. Note that this
also perfectly matches with mirror symmetry. Under the mirror symmetry the monopole
operator of the U(1) theory is mapped to the twisted free hypermultiplet. Note that w at
eq. (4.26) is the vortex number, which is nothing but the monopole charge. In the mirror
side this is mapped to the charge of the flavor symmetry of the free hypermultiplet. The
detailed exploration of the mirror symmetry and A/ = 4 Seiberg-like duality in terms of
the factorization will appear elsewhere.

5 Concluding remarks

There would be manifold generalizations one can pursue related to the current work. The
first one is the direct proof of the factorization using the localization. For the 2d partition
function, it is explicitly worked out in [22]. Certainly it is more desirable to consider more
general gauge groups and general matters, which will have applications for Seiberg-like
dualities for classical groups with two index matters, which was explored in [42].

For simple cases, we already saw the vortex partition function coincides with the
corresponding topological open string amplitude. Such pattern will hold for more general
cases and it would be desirable to work out explicitly. In [30], the 2d vortex arises as the
surface operator of the 4d supersymmetric gauge theory and we expect that this will be
lifted to the 3d defect to the 5d SCFT. The 3d SCFT realized as the IR limit of the 3d
gauge theory flows to the 2d CFT upon the dimensional reduction. Thus many of the
properties of 2d CFTs such as conformal blocks and ttx equations will be lifted to the
corresponding 3d CFTs, which is interesting to explore. In the same spirit, the relation
between 3d mirror symmetry and 2d mirror symmetry would be worked out in similar way.
2d mirror symmetry in the nonabelian gauge group setup is explored recently [44, 45] and
it would be interesting to find its relation to 3d mirror symmetry.

Finally the proof of the duality such as Seiberg-like duality, mirror symmetry will be
greatly simplified with the factorized form of the index and it is worth attempting analytic
proof of the index equality for dual pairs.
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A Factorization: nonabelian cases

In this section we will derive the factorized expression of the superconformal index for a
U(N) gauge theory in the presence of Chern-Simons terms. Firstly the superconformal
index is given by

I(z,t,w)
N dz; 1
m; _—S a,m
= Z % 27”; sz Je os( )Zgauge(xaz7m)HZ<I>(xatv Zam)
meZN /Sy Jj=1 P
(A.1)
where
e—SCS(a,m) _ —iTrcs(a-Hr)m
ﬁ . (A.2)
J
Zgange (2, 2,m) H x—\a |/2< _eia(a)$|a(m)l)
aEad(G)
(A.3)
H —|mi—my]|/2 -1 ‘mz mg|
x — 2z ,
1 (1= )
(i#£7)
H Z3 (a:,t,f, T, z,m)
®
lp(m)|/2 ( —ip(@) TT ¢ ®) gl m)|+2,Aq,;x2)
— H (1 Aq> —ip(a+m) Ht fa(® 00
iy (ez’pw)mg}( >x\p<m>|+Aq>;x2)
= Hx(l_Aé)(Nf“‘Nf)‘mj|/2(_zj)_(Nf_Nf)|mj‘/27-_(Nf+Nf)|mj|/2
Y, (z;ltglflmlmwr?*%;xz)ooHffil (i Lr—tglmil+2-8e, 42)
X
N ,
[ (ataral s Besat) LY, (5 el o)
(A.4)
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(a; q)y is the g-Pochhammer symbol defined by

n—1

(@a)n =] (1 = aq'“) : (A.5)

k=0

We have included a phase shift a; — a; +7 for nonzero magnetic flux vacua. The resulting
phase is the nontrivial phase discussed in the subsection 2.2. {t,} and {#,} correspond to
fugacities for the SU(Ny) x SU(Ny) flavor symmtery of N fundamental and N antifunda-
mental chiral multiplets while 7 is a fugacity for U(1) 4. Note that & + (N + Ny)/2 should
be an integer due to the quantization of the effective CS level, which leads to the parity
anomaly free condition. We will have the sensible factorization only for parity anomaly-free
theories. In addition, we will set Ag = 0, which can be restored by deforming 7 — 7z2%.
We follow the similar limit procedure to the abelian case for the evaluation of the integral
so we require 0 < = < 1 as well as |t,7|,|t,7| < 1. After the residue computation, we
extend the result to other parameter regime by analytic continuation. For those ranges of
parameters, poles from the fundamental chiral multiplet contribution lie outside the inte-
gration contour |z| = 1 while poles from the antifundamental chiral multiplet contribution
lie inside the integration contour. In addition, the integrand may also have poles or zeroes
at the origin and at infinity. This can be handled in a similar way to the abelian case and
one can choose the contour so that there would be no contribution from the origin or at
infinity. When Ny and N ¢ are the same, poles of finite order may exist both at the origin
and at infinity depending on the sign of N 4 xm;.

Firstly we deal with the Ny > N 7 case. Asin the abelian case, we can take poles from
outside of the unit cirle, which are those from the fundamental chiral multiplet contribution:
zj = tb_lefla:*mi‘*le forbj =1,--- ,Nyand[; = 0,1,---. Summing the residues the index
is given by

INf>Nf($ t,t, T, w)

Nfoo

=ZZZ

meZN /Sy b=T I=

N
X H(—]_)_Hmj_ﬂmj‘wmjtgmj+5|mj‘Tlﬁm]'—Nf‘mﬂ
J
Jj=1
xx“mj(\ij?lj)—Zi#j [mi—m;| /24N |m;|+8(|m;|%+2/m;|1;) (A.ﬁ)
N
X H 1 — t; My il il ims | =202
,j=1
L(i#])
- . o
HNf (ty, g ta2mal+205+2; ) L7 (tb li-1,-2, 21J+2;$2>
X o0 00
N (6 a2 Ny 7 2.2lm |20 2
[Tads (tbj taT 175132 - | (tbjtaT x2mil+2 . o )oo
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where the prime ’ for the g-Pochhammer symbol means that the zero factor of the g-
Pochhammer symbol which arises when a equals to b; is dropped. We have defined 91

and ¢ such that Ny = 91+ and Ny = 0 — 4. Zé\;fi and Z;’iﬁ are short expressions

for Eé\lff:l e Zé\gzl and > )7+ D jv—o- Now let us focus on each factor. They can be
rewritten in the following ways:

N
H 1— tb—ltb_$|mz‘—mj|—|mi|+\mj|—2li+2lj
7 J
ij=1
(i) (A.7)
N 1My, ZMb =27 (n; ’I’Lj) 1My, —i My —2y (ﬁi—ﬁj)
= H —4x"™ 7M7) sinh sinh — . ,
2 2
1<J
- 22
(tb_t;1$2|mj|+2lj+2;$2> _ (tb s )oo : (A.8)
J .
> (tbjt“ 2% @ )\mj|+lj
(t_lt xinj'x2>/ = (_1)ljt_ljtljx_l§_lj (t t71x2'x2) (t_lt -x2>/ (A.9)
bj a ) o bj a bjla ) L bj a OO’ .
$o 1L =2, =242, ) — (1 Jt Lglip=2l =G+ (¢, T 12 42 (t 151,22 2)
(4, = (- 4 (1, far %), )
(A.10)
F2.,.2
(tbfaT2x2|mj|+2lj;x2> _ (tfth;T ?29” ) so (A.11)
J .
00 (tb].taT i )|mj\+lj
where t = M ¢ = eiM, T =¢€™" and x = e”7. We also defined n; =1l + |n;j| + % and
n; = l; + ‘Tgﬂ — % We have assumed my > --- > my without any loss of generality.
Gathering those results one can rewrite the whole index as follows:
INf>Nf(ac,t t,7,w)
> oyy e
meZN /Sn b=T I= |W |
. ~
% H(_1)—H(nj—ﬁj)—6(nj+ﬁ]‘)wnj—'r_ljtg(nj_ﬁj)+6(nj+ﬁj)Tﬁ(nj—ﬁj)—Nf(nj-F'r_lj)
J
=1
Xxﬂ(”j*ﬁj)(nﬁﬁj)+m(ng’+ﬁj)+5[(|mg‘\+lj)2+l§]]
ZM(, —2"}/( j) My, — 1My, — 2 (ﬁz —ﬁj)
X 4smh inh - ! A.12
H 5 sin 5 ( )
_z<]
I N Ny (,=17-1_—2 2. 2
T Mozt Bt = 27).. L2, (8,107 2a%a?)
X
J Ny s o, Ny -1y ...2
=1 T2 (tbjtaTQ,xQ)oo Hazl(#j) (tbj ta; @ )OO
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8o & -
Ha:f]_ (tb]' taT2; :1:2) |m],|+l. Ha:f]_ (tbj t(IT2; x2)l]'

J

x Ny -1,2...2 Ny -1.2.,.2
Ha:l (tbjta 5T )‘ij_lj Ha:l (tbjta 5T )lj

\m]\

again with n and n given by n; = [; + @ + 5,y =1+ j. We can replace the

summation Y, s~ /g by Do eqn %VV—@ Note that {Im;j|+1;, l]} = {nj,n;} for all values of
m; and [;. Since the expression is symmetric under |m;| +[; <> [;, we just replace {\m]| +
L, 1y } by {n],n]} in the expression and rearrange the summations as ) .~ Zl G =

Zn G2 peg- The index is then written in the factorized form as follows:

INf>Nf (JJ, t7 ga T, U])

(_1>N(N—1)/2§ 11_\7[ Hivil(#bj) (tbjtglxz;xQ)oo l—li\fzf1 (tl:jlt 1-—2..2. xz)oo
- N

N = Ny -1y .2
o | im0 [Tady (tn,ta7?2%) Ha:l(;ﬁb]-) (tbj ta; @ )Oo

X al nnj—énj n; K1 +6n; nnj—anj kn2+9n;+6n?
P
. . Nf r 2.2
H2Si1’1h ZMbl—ZMbJ_2"}’('I’L/L—TL]) lj—V[ Ha—l (tb»'t(lT 3 L ) n; (Alg)
N
1<J 2 jzll_[ ! (tb ta .%'2 $2) n;
9 N
% Z H(_1)mﬁj—éﬁjw—ﬁjt—ﬁﬁj+5ﬁj7—nﬁj—Nfﬁj$—nﬁ§+mﬁj+5ﬁ§
bj
n=0 \J=1
N .
o iMy—iMy, —2y(—71j) | [y 1.4 (tb.taTQ;g;Q)_J
X H2s1nh 5 H N s
1<J j=1 H (tb ta e, T ) A

If b; = b; for ¢ # j, the index vanishes because it has the antisymmetric contribution
of n; and n;. Together with the flavor symmetry it implies that one can arrange b; in
ascending order, by < --- < by. And the summation % Zé\lffm b=

| is accordingly replaced
by Zl§b1<~~<bN§Nf' Using

i My, —i Mg —2ip+2~(k—1
N My, —iMp, —2y N 7/, 2sinh B QUH_ (D)
H2s1nh 5 HH  —iMy, +iMa+27k
i<j =1 k=1 Ha:128mh—] 5
N . .
My, — M.
= (=1)X3" HQsmh b 5 b
i<j

Ny o oy —iMa—iMy, —2ipt2y(k—1)
[1,2; 2sinh 5
1My, —i My, +2’y(k—1—ni) iMa—iMb.+2’yk’>

j=lk=1 <Hz]i1 2sinh — : 2 > (Hae{bj}c 2sinh 5

(A.14)
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where {b;}¢ = {1,---, Ny} —{b;}, the whole index is finally written in the following concise
form:

NNt mw) =Y 28 (et ) 280 (2t rw) 280 (2,8, 7 )

pert vortex anti
1<b <+
<bN§Nf
~ (A.15)
where o = (—1)7"9(—w). Also recall t = Mt = M 1 = ¢ g = e™7. Note that the

parity anomaly free condition x + (N; + Ny)/2 being an integer implies that (—1)~*79 is

a well-defined sign factor; i.e., it is always real valued. The first component Zégﬁt} , which

we call the perturbative part, is given by

Z:)[Zit} (I’,t,f, T)
T NI (tnytataa?) | TI (1) 2 22)
= 2Sinh1(iMb.—iMb_) ||Ha1(~7£bj)(b1 a )oo a=1\tp; ta i,
2 g J

N ~ N _
ij=1 -1 1.2, (tbjtaTz;mZ)oo Hazfl(#bj) (tbjlta; xQ)
i#7) o
(A.16)
If we think of analytic continuation of g-Pochhammer symbol, Zggﬁt} is also factorized as
follows:
Zial (w,td7) = 2190 (etdr) 2050 (i (A.17)
where

N N 11Vr -1,.2. .2
_ ~ 1 I L (.t %
2"} (a.t,87) = | [[2sinb 5 (iMy, —idsy,) | | ] — l(f’)ﬂ)( s )oo
P 11 2 : / , Ny 7 2. 52
i< =t Tlady (tyfar?22)
(A.18)
In addition, the second and the third component of eq. (A.15), which we call the vortex

partition function and the antivortex partition function respectively, are given by

Z8 e (. w0) = 3 =30 (2,8, 7),

vortex )
Py (A.19)
Zuid (st 8omw0) = 3w 23 (o L )
n=0

where
~{b; ~
J%njj (x, t,t,T)
, N L —iMg—iMy, —2ipu+2y(k—1
_soﬂﬁ [1,2, 2sinh . 2 — (A.20)
=e
iMbi —iMbj +2’7(k—1—n1) iMa—iMbj +2’7k¢

e (va 2sinh 2 ) (e o, 25imh =527

) g
where e=50 = ¢/t 223 (Mo n+iung —ym3) They correspond to the N' = 2 vortex partition func-
tions on R? x S*. We will see at the end of the appendix that the vortex partition function

obtained in this way is perfectly consistent with the N' = 4,3 results obtained in [29].
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The index for Ny < N ¢ is simply obtained by interchanging t, < t, as well as N R
Nf, and k — —k. For Ny = Nf on the other hand, the integrand may have a pole at the
origin if N +xm; > 0 and have a pole at infinity if N —xm; > 0. Therefore we should take
them into account. For N +xm; > 0 there is a pole at the origin, whose residue is given by

Res(...,0)

N N 1 aN-f—lim]‘—l
_ | | o iy [mi=mgl /24 Nym] _—Ng|m;| lim
- : 1)\ N+rm;—1
e G150 (N + rmj; —1)! 0z

N Ny 1 _— ) 1 — .
Zj—tal’r Lplm;|+2+2k 1—zjta17 1.lm;|+2+2k

I &=/ | (LTI

ij=1 i=1a=1k=0
(i#7)

i|+2k g i|+2k
1 — zjtgralmil+ zj — toralmilt

(A.21)
Let us recall the N = 1,k = 0 case discussed in the main text. In that case one has a
vanishing infinite product:

n
~ lim [[¢ 2% =0 (A.22)
assuming [t; ', 77222 < 1. Here n denotes the subscript of g-Pochhammer symbol
(a : q)n appearing in the index expression. We start from finite n in the index, then take
n — oo limit as we do for the abelian case. For general N and r, there are N + km; — 1
differentiations with respect to z;. When each of them acts, an additional factor arises.
Nevertheless, we still have a vanishing infinite product because there are only the finite
number of such additional factors, which are not singular. Therefore, the residue still
vanishes. In the same manner if there is a pole at infinity, its residue also vanishes. In
conclusion, although there might be poles at the origin and at infinity for Ny = N f» the pre-
vious results for Ny # N ¢ still holds for Ny = N 7. We will sometimes omit the superscript
Ny > Nf of INs=Ny (x,t,f, T, w) when we consider Ny > ]\7f cases.
One might write the factorized index in a slightly different way using permutations of
the fugacities {t,} for the SU(Ny) flavor symmetry as follows:

I (m,t,f, T,w)
= Z Zpert (CU, U(t)7 Ev T) Zvortex ([E, U(t)7 t~7 T, m) Zanti (IE, U(t)7 E’ T, m)
oE€SN, /(SN XSN;-N)
(A.23)
where we have defined Zpert /vortex/anti = ZIEI:; t} Jvortex /anti with b; = 1,--- N. o is an element

of the quotient group Sy, /(Sy x Sn;—n) where Sy, is the symmetric group of degree

Ny; Sy and Sy, - are its subgroups whose elements are the permutations of the first N

elements and the last Ny — N elements respectively. o is again given by o = (—1)7*79(—w)
_ ~{1,+,N}
i) = Y(ny)

Yon ro2=; " J(n;)» with the vortex partition function on R2x 51, Lk, ko, k)> Obtained in [29].

as before. Now one can compare Zyoptex, Or more precisely 3( N Zyortex =
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Recall that J(, ) is given by

j(nj) (.Z‘, t, E, 7’)

N Hi\g 2 sinh —Ma =M, —2ip2y (k1) (A.24)

- :

M —iM+2y(k—1-n; N Mo —iM 429k
j=1k=1 (Hij\iﬂsmhl = J+2V( nz)) (H Iy g1 2sinh %)

a=

where e—50 = ¢n 2 (iMjngtinng—m3) o compare our N = 2 result with the N' = 4,3
results in [29] and observe the perfect consistency. Although the results in [29] also have a
contribution of an adjoint matter, the contribution can be easily separated from the whole
partition function. Therefore, we can compare both results. In order to compare the results
we should redefine our v to 2iy and k to —k. With the following identifications of mass

parameters:
My +ip = pg — 217, a=N+1,---,Ny, (A.25)
iMb+iu:—ub+2i’y, bZl,"-,Nf:Nf,

where our parameters are on the left hand side while the parameters in [29] are on the
right hand side, we found

N

L N
=] 2sinh 2E ZMJ+§“/(’€ 1—n,) _ ~v*fun
Ny .
_ Ny—=N
_2 i hiMa_iMj'f‘Q’yk = Zfund > (A26)
a=N+1 sinh ———"——
Ny i M M — 2+ 2y (k — 1)
—tMg —1Mj; — 2 _
H —2sinh a J > 14 ¥ _ zﬁ){i,
a=1

This strongly indicates that our result gives the correct N' = 2 vortex partition function
on R? x S1.

B Detailed calculations

In this section we give a derivation of (A.14) in the previous section:

iMy, —iMy—2ip+2v(k—1)

N . . N nj N .
H2sinh iMy, — iMy; — 2v(n; — nj) H l—JI 1,2, 2sinh 5
2 Ny . —iMy, +iMa+27k
i<j i=1k=1  [[,4 2sinh —F———
N . .
) ’LMb. - ZMb.
= (—1)=s" | [ 2sinh ——2
(—1)% sin 5

i<j

n; —iMa—z‘M,,j —2iu+2y(k—1)

N N .
[1,2; 2sinh 5
<| 1111 7
. Mb,fiMb.JrZ’y(kflfni) iMq—iMy . +2vk
j=1 i J J

k=1 (Hfil 2 sinh * 5 > (Hae{bj}c 2sinh f)
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In order to derive the above identity it is convenient to write the first factor on the left
hand side in terms of g-Pochhammer symbol. It is given by

(tlzltb]x—Q(nl—n}) , x2)
x
tb—iltbjx_z(ni—nj)Jrz; x2>
[ee]
(B.1)
Then each g-pochhammer symbol in the numerator and in the denominator can be written

iMy, — 2v(n; —nj)

N iMp, — al 1/2,-1/2
. i j 2 _ - ni—n;
| |2$1nh > = | | (tbi tbj T 7) (

1<j 1<j

as follows:
(T’ 45, oy 0722 (1,5, 1% 2?)
n;

n;—1 ,—1 2n;—2k —-1_.—2n;. .2
< k0 _tbi tp; &= )(tbitbj$ J,x)

(tb—iltbjm—Q(ni—nj)-i-Q; a:2) :(tb_iltbsz; a:2> % n;
0o 0 (t—ltbwz .732)
bi J ’ N
J
(B.3)
Combining them with the factor tl/ 2 Jl/ 2 pni— ™5 we have the following expression:
N . .
. ZMbi - ’LMb. — 27(?74 - nj)
H 2 sinh :
by 2
1<]
—ni—ni—2nn; —-1_2. 2 —1 2. ,.2
N My —iM, (x ni—n,; nm) (tbitbj T4 x )nz (tbi by, x”5 @ )n
= H 2 sinh L X ’
i<j 2 (tbitb_'lﬂf_%j;ﬂﬂ) (tziltbw*%i;ﬂ?z) (B.4)
J n; i n;
_ ) i My, —iMy, +2vk
N . iMy, — My, el 2sinh M
= HQSmh 9 H H iM,, —iM, +2v(k—1—n;)
i<j i,j=1k=1 2sinh — !

(i#) 2

where we used the fact that the second factor after the first equality sign is symmetric
under 7 <> j. Then using the following equality

—iMy, +iM, + 2vk

Ny

2sinh J
H S11 2
a=1

(B.5)
My, — My, + 2k My, —iMy. + 2vk
— ([ 2sinn 22— 77 [] 2sinh —— =27
, 2 2
=1 acf{b;}°
we finally obtain the identity (A.14):
- J —iMy, —i Mg —2ip+2y(k—1

N My, —iMy, — 2y(n—ny) \ [ 1 TN, 2sinh — e 2T i)
H 2sinh 5 H H Ny o . . —iMy +iMa+27k
i<j i=tk=1  [l,=; 2sinh ————
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N , .
. ZMb. — ZMb.
— (1) 2sinh —— %
(—1)% | | sin 5
1<J
A Hi\lesinh

<[ IT11
iMp; —iMp, +2y(k—1-n;) iMa—iMp, +27k)

j=1k=1 (Hfil 2sinh 5 > (Hae{bj}c 2sinh 3

—i]\Zfa—z‘Mbj —2iu+2y(k—1)
2
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