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1 Introduction

The 3d superconformal index [1-4] has been used to probe the various dualities for N = 2
supersymmetric gauge theories [5-17]. One of the interesting feature of the 3d index is its
factorization into vortex and antivoretx partition function [18, 19]. Schematically

I(Za 2) = Zvortex(Z)Zantivortex(z) = ‘Zvortex(z)|2 (11)

where z traces the vortex number and z traces antivortex number. This is the 3d analogue
of the 2d conformal blocks. Previously it was shown that such factorization holds for N' = 2
U(N.)w gauge theory with N fundamental chiral multiplets and N, anti-fundamental chiral
multiplets with Chern-Simons (CS) levels satisfying |r| < M [20]. Once we have the
factorized form of the 3d index, the proof of the duality is reduced to the proof of some
combinatorial identities at the index level [19]. Hence the structure of the duality is much
more transparent once such factorized index is available.

We extend the previous proof of the factorization into N'= 2 U(N,) theory with one
adjoint chiral multiplets as well as fundamental and anti-fundamental matters. Once we ob-
tain the factorization, we apply the result to two cases. As the 1st application, we consider
the Seiberg-like duality for N' = 4 U(N,) gauge theory with Ny hypermultiplets [21-25].
For N. < Ny < 2N.—1 the theory is called “bad” since it contains the monopole operators



whose conformal dimension violates the unitarity bound. The fate of such monopole oper-
ators in IR is interesting. For the case in hand, such monopole operators are flowing to free
hypermultiplets in IR and there are some evidences put forward at [23-26]. Here using the
factorization of the index, we explicitly prove the conjectured dualities at the index level.
Along with that, we can show how pathological R-charges in UV can mix with accidental
global symmetries in IR to give the correct R-charges in IR. As the second application,
we consider the dualities of N/ = 2 U(N,) gauge theories with one adjoint X, fundamental
and anti-fundamental matters [15]. In this case we need to introduce the superpotential
W = trX"™ to have the dual pair. We generalize the previous work [15] to the cases where
one can have different number of chiral multiplets and anti-chiral multiplets, which we call
chiral-like theories, with Chern-Simons terms. For the above theory and the conjectured
dual pair, we work out the factorized index and the equality of the proof is reduced to the
proof of combinatorial identities, which we carry out the intensive numerical checks. We
also consider the cases where some monopole operators violate the unitarity bounds. For
some cases we understand the fate of such operators in IR. However the understanding is
rather limited compared with AV = 4 cases.

The content of the paper is as follows. In section 2 we work out the factorization of
U(N,) theory with one adjoint, fundamental and antifundamental matters. In section 3, we
consider N = 4 Seiberg-like dualities for N' = 4 U(N,) theory with fundamental hypermul-
tiplets. The equality of the index for such dual pairs are explicitly proved. Meanwhile we
show that the monopole operators which violate the unitarity bound are turned into free
hypermultiplets and are decoupled. In section 4, we consider the ' = 2 duality for U(N,)
theory with one adjoint, fundamental and anti-fundamental matters using the factorized
index. Technical details are relegated to appendices.

2 Factorization with an adjoint matter

In this section we examine the factorization of the superconformal index of the 3d N = 2
U(N.)w gauge theory with Ny fundamental, N, antifundamental, one adjoint matters and
without superpotential, where & is the CS level. We focus on the values of s satisfying the

leQ;N“‘ due to a technical issue we will explain. The matters are denoted

condition |k| <
by chiral multiplets Q,, QZ’, X, where X denotes the adjoint chiral multiplet. The theory
has the global symmetry U(1)g x SU(Ny) x SU(N,) x U(1)4 x U(1)x x U(1)7, where U(1)r
denotes the R symmetry. The global charges of each chiral multiplet are summarized in
table 1. The meaning of the global charges should be obvious from the table 1. In particular
U(1)r is the topological charge, which monopole operators carry. Compared to the theory
without the adjoint matter, we have additional U(1)x symmetry, which rotates the phase
of the adjoint chiral multiplet X. In addition, there are BPS bare monopole states labeled

by the GNO [27] charge lattice:
|mi,...,mn,).

If o+ N ;N" = 0, the bare monopole state |£1,0,...,0) is gauge invariant and corresponds

to the gauge invariant chiral operator V4. In addition, it can be dressed by the adjoint



U(1)r SU(Ny) SU(N.) U(1)a Ul)x  UQ)r
Q Ag Ny 1 1 0 0
Q Ag 1 N, 1 0 0
X Ax 1 1 0 1 0
1 .
A e

Table 1. The global symmetry charges of chiral operators. The gauge invarint monopole operators

Vi,+ appear when k £ w =0.

matter X such that it corresponds to another chiral operator V; 4+ ~ (XU(l))i |£1,0,...,0)
fori =0,...,N.—1[15, 28]. The subscript U(1) denotes the U(1) part of the residual gauge
symmetry U(1) x U(N, — 1) left unbroken by the flux (£1,0,...,0). The global charges of
those monopole operators appear also in table 1. When one deals with the theory with the
suprepotential, the only role of the superpotential in computing the superconformal index
is just constraining the global charges consistent with the superpotential. Therefore, when
we deal with a theory with a nonvanishing superpotential, we only need to impose proper
global charges in the index computation.

Let us recall the definition of the superconformal index of the 3d N' = 2 theory. The
bosonic subgroup of the 3d N = 2 superconformal group is SO(2,3) x SO(2) whose three
Cartan elements are denoted by F,j and R. Then the superconformal index is defined
by [1, 2]

I(2,t) = Te(~1)" exp(—B{Q, S} (H tff) (2.1)

where @) is a supercharge of quantum numbers E = %,j = —% and R = 1, while S = Q.
x is the fugacity for E + j and t;’s are additional fugacities for global symmetries of the
theory. The trace is taken over the Hilbert space of the SCFT on R x S2, or equivalently
over the space of local gauge invariant operators on R3. As usual, only the BPS states,
which saturate the inequality

{Q,S}=E-R—-j >0, (2.2)

contribute to the index. Therefore, the index is independent of the parameter /3.

The matrix integral formula for the superconformal index of a U(N.) theory is given
by [3, 4]

I(z,t, t, 1,0, w)

Ne

1 dz; -
J —S , Smj
= g | | ; € cs(z m)wZ] 7 vector(‘raZam)Zchiral(xvtataTaU>zam)-
Wl J )z =1\ % 2miz;
mEZNC/SNC J Jj=1

(2.3)
Here |Wy,| is the Weyl group order of the residual gauge group left unbroken by the
magnetic flux m. And z;’s are gauge holonomies along the time circle. e~Scs(zm) ig the



classical contribution of the CS term, which is written as

Ne
e~ Scs(zm) _ H(_Zj)*'fmj' (2.4)

j=1
w is the fugacity for the U(1)r topological symmetry, whose conserved charge is given by

T=> M- If we regard the symmetry as weakly gauged, w corresponds to the background

holonomy of the U(1)7 symmetry. Therefore, the term w3 ™ comes from a mixed Chern-
Simons term. Zyector and Zepiral are the 1-loop determinant contribution of the vector mul-
tiplet and the chiral multiplets respectively. The vector multiplet contribution is given by

Nec

Zveetor(@, z,m) = [T a7lmmmal/2 (1= 225 talmeml) (2.5)
ij=1
(i#7)

while the chiral multiplet contribution is given by

Ny No
Zehiral (:E,t,f, T, U, z,m) = Zx(x,v,z,m) H Zg,(z,t,T,2,m) <H ZQg (x,f, T, Z, m)>

a=1 a=1
(2.6)
where!
e =1, 0 =1,2—-Ax+|m;—mjl|. .2
—|mi—m; Z, ZivT il x
ZX(ZU,U,Z,m) = H ($AX_1U) Imi—m;|/2 ( i < )007 (2'8)
i,j=1 (zizj_luxAXHmi—mjl; x2>
[e.e]
i oy (37 Mt la?Aet sl g2)
— Ag—1 —|my;
ZQa(x’t,T7Z7m) B H (:L‘ ¢ (—Zj)taT) ] (zAt TajAQ+\mj|-g;2) = (2.9)
Jj=1 Jra ) 00
Ne F-1._—1,2—Ag+|m;|. .2
7 ~ o\ —|m; zit. T x Qtimsl. o
Z i (x,t, 1, 2,m) = H (xAQil(_Zj)iltaT) Im;|/2 (2 _ )Oo' (2.10)
j=1 (z]fltamAQHmjl; x2>
oo

They are the contribution of the adjoint, fundamental and antifundamental chiral multi-
plets respectively. t,%, 7, v are the fugacities, or the background holonomies, for the global
symmetry SU(Ny) x SU(N,) x U(1)4 x U(1)x. By definition the fugacities have norms
smaller than 1; for example, if we recall the E + j fugacity, x, it is written as = = e
where chemical potential 3, which is related to the radii of S? and S, is a positive real pa-
rameter.? Thus we assume |x| < 1. In the same manner, the other fugacities also have the

Y(a; q)n is the g-Pochhammer symbol defined by
n—1
(aiq)u = [T (1 - ad") (2.7)
k=0

20n the other hand, if we regard those fugacites as background holonomies, their norms are naturally 1.
Since we can interpret those variables in both ways, it shouldn’t affect the final result, which is consistent
with the fact that the index is analytic in those variables.



norms smaller than 1. Here, for computational purpose, we tune the independent chemical
potentials such that |z| > |t,#,7,v|. As a result, the locations of the poles are primarily de-
termined by x. This restriction can be relaxed after the computation by the analytic contin-
uation. Also note that 2@ and X always appear together with 7 and v; i.e., they appear
in terms of 227 and x2Xv.3 This reflects the fact that the U(1) g charge can be mixed with
other global charges. For simplicity, we replace z2@7 and z®Xv by 7 and v. The original
expression can be restored by 7 — z2@7 and v — x®Xv. When the theory has superpoten-
tial, we need to impose additional relations to the various fugacities, as we will see later. We

also have included the phase factor (—1) %2 my= S mg |, which is originated from the
definition of the fermionic number operator F' in (2.1) [14]. We use F' = 2j+e-m where e and
m are electric charge and magnetic flux. One can introduce magnetic fluxes of background
gauge fields coupled to the global symmetries [9]. However, we turn them off for simplicity.

The contour integral is iteratively evaluated for each z; along the unit circle, |z;| = 1.
Applying the residue theorem, we choose the poles inside the unit circle or alternatively
choose the poles outside the unit circle with opposite sign because the sum total of the

. . . . N;—N,
residues is zero. For a technical reason, we consider |k| < "’27“‘

case, which is called
“maximally chiral” in [29]. If Ny > N, it is convenient to take the outside poles because
there is no pole at infinity. If Ny = N,, although there may exist poles both at the origin
and at infinity, one can show that the residue at each pole vanishes [19, 20]. On the other
hand, for |x| > lei;N“'

the origin and at infinity do not vanish. In that case factorization of the superconformal

case, which is called “minimally chiral” in [29], both residues at

index is not clear [20]. Thus, assuming Ny > N, we are going to take the poles outside the
unit circle. The relevant poles are as follows:

t;_lfi—*lx*|mj‘*2kj, 1 < a; < Nf, kj > 0 (2 11)
zj = :
J zioLamImimmal =2k < j(#£ §) < N, kj >0
where for each j = 1,..., N, z; takes either the value in the first line with a choice of a;,k;

or the value in the second line with a choice of 7 and k;. Note that the first type of poles
comes from the fundamental matter contribution while the second type of poles comes
from the adjoint matter contribution. If we carry out the unit contour integration of z; by
picking up outside poles, all poles of eq. (2.11) are lying outside the unit circle irrespective
of the value of z;. One can have poles accidentally located outside the unit circle depending
on the value of z;. For example the pole can have the form z; = p, 20 = 27~ --- with
Ip| > |r| > 1. This is not the type of eq. (2.11). However if we sequentially integrate
over z1, za, then integration over zo picks up the residue zo = pr—!, which is outside the
unit circle of z9 since z; takes the specific value p. One can show that there is always the
cancelation of the residues for such accidentally picked-up poles. Thus we can consider the
poles specified at eq. (2.11).

One can see that (2.11) defines linearly independent N, hyperplanes meeting at the
unique point in CVe. That intersection point can be represented by a labeled forest graph of

3As defined at the table 1, Ag, Ax are the R-charge of the fundamental and adjoint chiral multiplet
respectively. Due to the BPS condition, this is equal to the conformal dimension of the multiplet.



(4,1)

(2,10)

(1,1,0) ® (332)

Figure 1. An example of a forest graph for the U(5) theory with three flavors. The graph contains
five nodes, which form two trees in this case. Each root node is labeled by (j,a,,k;) while each
non-root node is labeled by (7, k;).

ordered N, nodes, which is a graph of multiple trees whose nodes are ordered by a suitable
permutation o(1) - -- o(NN,.) and labeled by some additional integers. The precise definition
of the node order will not be important and one definition of such order will be presented
for a simple example. A hyperplane defined by the first line of (2.11) with given j,a;, k;
corresponds to a root node labeled by (j,a;, k;). A hyperplane defined by the second line
of (2.11) with given j,14, k; corresponds to a non-root node labeled by (j, k;). This node is
attached to a node containing the integer ¢ either in (i, a;,k;) or in (i,a;). For instance,
let us consider a U(5) theory with three flavors. The forest graph corresponding to a pole
determined by

z1 = tflT_lzL“_lml‘,
29 = zlv_lx_‘mrm”_%,
23 = t§1771x7|m3‘74, (2.12)

24 = Z5U71117‘m57m4|72,

25 = zutgImamml=2

is shown in figure 1. Our convention of the node order is to count the node from bottom
to top and from left to right. Thus the node order of the graph in 1 is 1,5,4,2,3.% In this
case, there are two hyperplanes of the first type and three hyperplanes of the second type.
Thus, the corresponding forest graph contains two root nodes and three non-root nodes,
which are labeled and connected by the rule we explained. In this way, all relevant poles
shown in (2.11) can be organized by all possible labeled forest graphs we described. As far
as we know the counting of the poles using the forest graph did not appear before.

Now let us define a map p such that p(j) = ¢ if the j-th node is a child node of the i-th
node. For convenience, we also assign p(j) = 0 when the j-th node is a root node. We also

4This definition can be more precisely formulated as follows. Any forest graph is located in 2-d plane so
one can associate any node with its 2-d coordinate (z,y). We define (z1,y1) < (v2,y2) if x1 < y1 or z1 = y1
with z2 < y2. We order the node according to the order of its 2d coordinate. But any other consistent
node order is fine with our purpose.



define p"" =popo---, thus acting p n times. If we act p iteratively, the initial position of
the node is descending toward the tree node it belongs in figure 1. p(4) = 5,p%(4) = 1 and
so on. Then the intersection point can be written as

ljfl
2 = -1 Tyl g™ Dimo (I =mynsn ) #2610 (2.13)
J

where b; = a; when j-th child node is connected to the i-th root node. Formally one can
define b; = pli=1(j) and [; is the level of the j-th node, which is the smallest positive
integer such that p’i (j) = 0. For example, a root node has the level 1. Note that the nodes
in the same tree have the same b;. Also we have defined my = 0. One should note that
the above poles do not guarantee the non-vanishing residues. Indeed, we will see that the

non-vanishing residues come from the forest graphs with just one-branch trees.®

Now we need to evaluate the residue at each intersection point. We slightly modify the
expressions of the 1-loop contributions, which makes evaluating the residue easier. Firstly
one can align the monopole charges as m; > ... > my, using the Weyl symmetry of the
gauge group. Then the 1-loop contributions of the vector multiplet and the adjoint chiral
multiplet can be written as follows:

Nc
Zector(@,zym) = [ @ m=mil/? (1 _ Zizj—lx|mifmj|> (2.14)
ij=1
(i#5)
Ne
= Haf(mi*mﬁ) (1 - ziz]-_la:mfmj) (1- zjzz-_lxmrmj) ,
i<j
Nec (z_lz o~ Lp2tlimi—myl. xz)
Zx(z,v,2,m) = H (:U_lv)_lw”_mj‘/2 U I /o
) ) ) -
ij=1 (zz-zj_ 1v:r'mi‘mﬂ";x2)
o0
21,2, .2 Ne N, —1, . —1.24mj—m;. .2
= (vla%a )oo H(ﬂc*lv)_(mz‘—ma‘) (2 zgv~lamiomi g )oo
(v;2?) o i< (ziz-flvxmi_mi;ﬁ)
J (o]
(z]flzivflx2+mi7mj ; x2>
X = 2.15
(22 toamimmisa?) 217
Furthermore, using the identity
N ( -1 —17—1$2+mj.x2)
¢ N j la ' NI
H (Z‘_l(—Zj)taT)(‘mJl mj)/2 — (Jmj]|—my;)/2 =1, (216)
e (27T ™3 2%) (| —m,) /2

5We call a tree a one-branch tree if each node has at most one child node.



the contributions of the fundamental and antifundamental chiral multiplets are written as
follows:

oL L2, $2)
o0

) lm;|/2 ( J

Ne
Zg,(x,t,7,2,m) L itar
Qa( U Jva (Z'taT_’L“mjl;x2)
j=1 J °0
(2.17)
N, s (Zj;lt;17_—1x2+mj;x2)
= (x 1(_Zg)ta7—) J . 9 OO’
et (zjtaTa™i;x?)
Ne o F=1_—1,2+4|m,|. .2
- - Imjl/2 (z;t, T @ ilsx
Z i (x,t, 1, 2,m) = (aflzj_ltaT> ’ ( I — )°°
i=1 (zjlta7x|mj|;x2)
N, o1 —1,2+ C>O2 (2.18)
c — - my.
=TT (a7 (=2)) Mur) ™" Gofa T )
i=1 <zj_1t~a7'xmj : 51:2>
[e.e]

We then insert (2.13) into the above expressions of the 1-loop contributions and sum their
product over the poles we choose, which are represented by the labeled forest graphs we
explained. From now on it is convenient to use m; = m;—my,(;) instead of m;. m; is written
in terms of m; as m; = Ei{;& myn(jy. Then carefully organizing the whole expression, we
observe that the index is factorized into three parts, which we call the perturbative part,
the vortex part and the antivortex part respectively. The perturbative part is independent
of nj = (Jm;| +m;)/2+k; and 0 = (Jm;| —m;)/2+k;. The vortex part depends on n; but
not on n; while the antivortex part depends on n; but not on n;. The detailed computation
for each part is relegated to appendix A. After the computation, the superconformal index
is written in the following factorized form:

I(z,t,t,7,0,w) = Z pert :L' t,f,T,v) VA

vortext

(:L' t,t, T, v m)Z

antivortex

(1:, t, f, T, 0, m)

(2.19)
Nf—Na . . . .
where w = (—=1)""" "2 w and p = (py,... ,pr) is a partition of integer IV. into Ny
nonnegative integers satisfying Eivzfl Po = N¢. The perturbative part is given by

oz, t = eM t v =e")
Nf a Nf a
= Hlp_[ ﬁ 2s1hZM iMy +iv(qg — 1) Hlp—[H tat, 04 % a?)
—1
ab=1g=1 r=1 2 a,b=1g=1r=1 ta tyu—atrl; o2 )Oo
(#q ifa=b)
Nt pa _
(I e s s,
— /
a=1g¢=1 t th2vq Y xz)oo Hb:l (t‘l 1tb’ui(ﬁ?l;1:2)00
(2.20)



where the prime symbol indicates that the zero factor in the g-Pochhammer symbol is
omitted. Next the vortex part and the antivortex part are given by

Z\I}’ortex(x7tag> T,U,m) = Z mz Enj 0 33p (x,t,tN, T7v)7 (221)
njzo

Zgntlvortex(x’t’f’ T’U7m) = Z m_z 273 0 J3p ( _lat_lvf_la’r_l,v_l), (222)
;>0

3)?“')(.% =e Nt=eMi=eM 7=t y=c")
J

Pa 2 n=1"b,n) . 1 iMa—iMy+iv(g—r)+2+vk
- 87, (@t,7v) ( sinh * : bﬂzy(q r)+2y
=e H I I 11 IRTRT
. iMa—iMy+iv(g—r)+2v7(k—1-3"%_ nign))
a,b=1q=1 r=1 sinh 5 n=1 (a,n)
(4 if a=b)
Nf Pa Zn 1 M(b,n) h iMa—iMb+iV(q_T_l)+27(k_1_zg1:1 n(a,n))

sin 3

AT H i
. iMq—iMy+iv(q—r+1)+2vk

sinh 3

a,b=1q=1 r=1
(#q'if a=b)

™ ~
Ny py 2Zn=1M0bn) [T sinh —i Mo —iMp—2ip—iv(r—1)+2v(k—1)

a= 2
x H H H HNf sinh iMg—iMy—iv(r—1)+2vk ’ (223)

b=1r=1 a=1 2

where
Ny py

_gP n= n
e S(nj)(l’vtv'rv HH (th'UT 1 Zn 1n(bn)) Zn_ln(b’) (224)

b=1r=1
n(p,,) is a shorthand notation for n b1t Note that the antivortex part is obtained from
the vortex part by inverting all the fugacities, z,¢,¢,7,v,w — =t~ ¢t 7= o=t~k
We expect that this is the vortex partition function on R? x S! of the NV = 2 U(N,),
gauge theory with Ny fundamental, IV, antifundamental and one adjoint matter under the

w. As far as we know, there is no explicit computation of the vortex

condition |k| <
partition function of a 3d AN = 2 theory with an adjoint matter. Nevertheless, from the
Higgs branch localization of the 3d superconformal index [20, 30] or the consideration of
holomorphic blocks [18], what we call the “vortex” (“antivortex”) parts should correspond
to the vortex (antivortex) partition function of a 3d N' = 2 theory with an adjoint matter.
For the special case of N/ = 4 theories, the above reduces the known results of the vortex

partition function [23].

3 3d N = 4 Seiberg-like duality

Our first application is the 3d N = 4 U(N,) gauge theories with fundamental matters.
The theory has the SO(4)g R-symmetry as well as the global symmetry SU(N¢) x U(1)7.
Those theories are classified into 3 classes according to the number of flavors: good, ugly,
bad [21, 22]. A theory is “good” if the number of flavors Ny and the rank of the gauge group
N, satisfy Ny > 2N, — 1. In that case the monopole operators appearing in the theory
have the R-charges larger than 1/2. Accordingly they have the conformal dimensions larger



than 1/2 in IR, which is required for the unitarity of an IR fixed point. A theory is “ugly”
if Ny = 2N, — 1. In that case the theory has a monopole operator having the R-charges,
hence the conformal dimensions, 1/2. Therefore, they are decoupled in the IR fixed point.
It is also known that the theory has a Seiberg-like dual description, the U(N, — 1) theory
with Ny fundamental matters and one decoupled free twisted hypermultiplet [21, 22]. The
original and dual theory flow to the same IR fixed point. The decoupled monopole operator
of the original theory corresponds to the decoupled hypermultiplet of the dual theory. A
theory is “bad” if N. < Ny < 2N.—1. Such a theory has monopole operators whose UV R-
charges are less than 1/2, and even less than zero. If those UV R-charges are preserved to
IR along the RG flow, the corresponding monopole operators have the unitarity violating
conformal dimensions. However, if there is accidental global symmetries in IR, the R
symmetry in IR can be mixed with such global symmetries. Hence the IR R-charge i.e.,
the conformal dimension of the monopole operators does not need to be less than 1/2.
Indeed, those monopole operators are expected to have the conformal dimensions exactly
1/2 and thus decouple from the theory. Therefore, a “bad” theory has the IR fixed point
consisting of a decoupled free sector and an interacting sector. Interestingly there is another
UV description describing those two sectors separately. In that description, the decoupled
sector is described by 2N, — Ny free twisted hypermultiplets while the interacting sector
is described by the U(Ny — N.) theory with N; fundamental matters [23-25]. Note that
there is no interacting sector if Ny = N,. This is the A" = 4 version of the conjectured 3d
Seiberg-like duality for U(N,) gauge theories.

Although the localization computations of various partition functions usually provide
powerful tools for testing dualities, they have convergence issues for the “bad” theories. The
definition (2.1) defines the index as a power series in . However, the matrix integral (2.3)
is not analytic at x = 0 for bad theories since it contains the BPS monopole operators
of negative conformal dimensions. In order to avoid those issues, one can try to find
a quantity that is free of the convergence issue, e.g., the vortex partition function on
R? x S in [23], or to use the analytically continued version of the partition function, e.g.,
the Sp partition function in [24]. Our strategy is similar. In fact, since the factorized
index is written in terms of the vortex partition functions, the comparison of the indices
of a duality pair reduces to that of the vortex partition functions, which is numerically
performed in [23]. Here we provide an analytic proof of the agreement of the vortex
partition functions and that of the perturbative parts as well. Thus, we provide a complete
proof of the index agreement. This also clarifies the role of accidental R-symmetry relating
UV and IR quantities. Previously comparisons have been made for some limits of the
superconformal index, which correspond to the Hilbert series [26, 28].

3.1 SCI under duality

The superconformal index of a 3d N' = 4 theory can be defined as

I(z,t;) = Tr(—l)FeXp(—,B/{Q,S}) gFHiyfa—Re (H tfl> (3.1)
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where Ry and Rc are the charges of the Cartans of SO(4)r = SU(2)g x SU(2)c R-
symmetry and the other variables have the same meaning as in the A/ = 2 case. The BPS
condition is given by

{Q,S}=F—Ryg—Rc—j>0. (3.2)

It is convenient to set y = 72 such that 7 plays the role of the U(1) 4 fugacity in the N = 2
language. The factorized index of a N’ = 4 theory can be obtained from the N/ = 2 result
by appropriately adjusting fugacities. Firstly we substitute #, = ¢, ! and shift 7 — Tal/2
because the fundamental and antifundamental chiral multiplets form the hypermultiplets
whose U(1)g charges are fixed to 1/2. In addition, since the adjoint chiral multiplet is now
a part of the N' = 4 vector multiplet, which is a triplet of SU(2)¢, it has U(1)r charge
1 and the U(1)4 charge —2. There is no U(1)x symmetry independently rotating the
adjoint chiral multiplet because of the superpotential term QX Q. Therefore, we need to
substitute v = 772z. Then it is easy to see that Iney vanishes if p, > 1 in eq. (2.19). Thus,
for a N' = 4 theory the nontrivial poles are labeled by the choices of N, distinct numbers
between 1 and Ny, which is the same as in the N’ = 2 case without an adjoint matter [19].

Therefore, the superconformal index of the 3d N' = 4 U(N,) gauge theory with Ny
fundamental matters can be written as follows:

I tyrow)= > 180 (2,0 2800 (e tr,0) 253 (et r ) (3.3)

antivortex
1<bi<...
<bny<N;
where
{65} M
Ipe;t(xvt_ ! 7T)

N. . , N 17Vr 22 (—1 —2_. 2)
=11 o sinh Mo — 1My, w1y Bnita ' @%0)  Hacqpye (B tam"527)
A 2 el || (ty,ta 7'21:'1‘2) Ny —1; .2 ’

=1 Z1 Llae{p;ye \Ubila ; I Sty e

&) el et Uy 0,

(3.4)
{65} Ne njo{bj}
Zyomes (0,87, 0) = Y wiS1 300z 8, 7), (3.5)
T'Lj>0
b; b;
Zintl}vortex $ t y T, W Z w J anB{ }(.%',t,T), (36)
n; >0
S{b }(x —e "V t=eM 7 =)
N, nj sinh szi—iMbj+2i5+2w(k—%—ni) Ny sin iMa—iMbj—zi,u—i-ny(k—%)
- HH H . My, —iMy, +2y(k—1—n;) H . iMg—iMy +2vk
j=1k=1 \i=1 sinh — 5 ac{b;}e smhfj
(3.7)

We will show each part is exactly the same as that of the dual theory, the U(Ny — N.)

theory with N, fundamental matters possibly with the additional hypermultiplets. Firstly
{bs}
I

pert » Which is straightforward to prove. Let us have

let us consider the perturbative part,
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a look at the following factor:

N. Ny

I

j=1a=1(£b;) (tb_jlta; $2) .

tb.t_le; z?
j-a 00

It can be decomposed into two parts as follows:

N _ -1,.2.,.2 _
TR ) L N ('a%5a%) 1 N
1 as1(Zb) () tas @2 1 (e, a2 lacfpye [ty ta;a?
J (#bj)  \"b; o (:J#,) by “bi o J=lae{b;} b ~
1#]
Ne 1 N, (tbj t;l z2; xz) ~
~ | 11 — I1 11 S . (3.8)
i,7=1 bj bi j=1 ae{bj}"' (th taa x )
(i#3) &

Note that the flavor indices are decomposed into N, flavors and Ny — N, flavors. Therefore,
the perturbative part can be written as

Ne -1,2.,.2 1, -2 . 2)

{bj}aN(HNf _iM B (tbjta e,z )oo (tbj taT T, T -

I (:c,t—e ,7-)_” || K

pert (t t 17.2‘,13.1,2) 1, . 9
J=lae{b;}¢ bjla ) 00 (tbj ta;x )OO

N Nfl:[Nc (tatgjle;:UQ)w (t;ltgjf%;ﬁ)oo (3.9)

- 5 -1.2....2 =1, . ..2
ac{B;}" i1 (tatgj TAT X )OO (ta tbj,x )OO

B _N. .
- Iéejt}’Nf Neols (z,671 =M 1)

where {b;} is defined by {b;} = {b;}¢. This shows that the perturbative part with a given
choice of {b;} is the same as that of the dual theory with the conjugate choice {b;} = {b;}°.

Now let us examine the vortex part. As a first step, we show the following identity:

b;}, Ny 2N, b;}¢,Ne, 2N, _
Zioﬁgex (z,t,7,w) = Zioit}ex (:L‘,t 1, w) . (3.10)

The left hand side is written as
n b;
S| X Bt

n>0 n; >0,

Zj nj=n

Following the method used for 2d theories [31], one can show that the coefficient of w™ on
each side coincides with each other. Firstly one can write down the coefficient of w™ as the
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following integral expression:

P R R

n; >0,
Zj nj=n
n; L iMy, —iMy +2ipt2y(k— L —n; . iMg—iMy —2ip+2y(k—1
(' J Slnh 7 J 5 ( 2 7‘) Slnh a gl 5 ( 2)
= > 111 H — i nine || 1 ———an
n;>0, j=1k=1 \i=1 sinh ) a€{b;}e sinh ———*——
jTLj:TL
1 /QW <n dé; 1 n sinh% n sinhw
] H 21 sinh H - ipr—ids 2y H 1 ipr—idy—2iu—y
n! — T sin ) b nia ] Ity — 22—y
6r=0 \ 7 Y oy, sinh 5 rJ=1 sinh 5

(Hae{bj} sinh i¢z—i1\24a—2iu) (Hae{bj}c sinh iMa—z;bI—QiM)
. ipr—iMq : iMg—1i
(Hae{bj} sinh w) (Hae{bj}c sinh #)

n

<11
I=1
(3.11)

where we assume —2ip > v > 0 and M, ’s are real. Regarding the integration as a contour

integration along the unit circle |z7| = |¢/*’| = 1, one can apply the residue theorem. Then
the relevant poles inside the unit circle are

My — v, a € {b]}
idr =< iy — 2, 1<I(#J)<n (3.12)
idg+2ip+vy. 1<I(#J)<n

However, if the last type of a pole is chosen, the residue becomes zero because either

sinh w or sinh W in the numerator vanishes. Therefore, only the first

two types of poles can be chosen. Then the intersection point is written as
igr =iM,, — (2k — 1)y, k=1,...,n;j, an:n. (3.13)

Thus, one can check that the above integral gives rise to the original vortex partition
function. On the other hand, one can also take the poles from the outside of the unit
circle. In that case, the relevant poles are

Mg + 7, a € {bj}c
ipr = 4 gy + 27, 1<I(#J)<n (3.14)
idg—2ip—y, 1<I(#J)<n

but again the last type of a pole gives rise to the vanishing residue. Therefore, the nontrivial
intersection point is written as

Ne
igr =iMe, + (2k— 1)y, k=1,...,n;, » nj=n (3.15)
j=1
where ¢; € {b;}“ Then one can check that the residue is given by
> n;>0, B{b 28 NC’2NC( ,t=1 7). Thus, we have proven the identity (3.10).

3 ="
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In order to prove the agreement of the vortex part for Ny < 2N., we consider the large
mass behavior of the vortex partition function. Note that we have assumed [t,| = 1; i.e,
M, is on the real line. From now on we analytically continue M, to the whole complex
plane such that its complex part corresponds to real mass of the a-th flavor. In appendix B
we examine the behavior of the vortex partition function under the large real mass limit.
We have two different limits of the vortex partition function depending on whether the
large mass flavor is picked from {b;} or from {b;}“:

: {b;},Ne,Ny¢
zMglig:oo Zvortex (l’, t’ T, w) (316)
2N.—N;—1), +£(2N.—N;—1)/2 {bj},Ne—1,Ny—1 1" +1, 71
= Zhyper (T, T, wr T s g% =1/ ) X Zgotor (x, t", Tywr™ 2 T2),
. {b'}vchNf {b'}7N67Nf_1 / 1 41
thlg:oo Zvofrtex (‘T? t’ T, w) = Zvoitex (ﬂ?, t ) Ts wrta ) (317)
a

where Zpyper is the contribution of the free twisted hypermultiplet whose square gives rise
to the index of the hypermultiplet: Inyper(2, 7, w) = Zhyper (T, T, W) Znyper (=7 L wh). b
and a are chosen such that b € {b;} and a € {b;}°.

Using those results one can find a set of identities for Ny < 2N,.. Firstly we assume
2N, is not in {b;}. We then take the limit iMay, — oo for (3.10). Using (3.17) we observe
that the left hand side becomes

Z{bj}»N672Nc 1

o {bj },Ne,2Ne—1
vortex =Z

. 1 1
o vortex (z,t, 7y wr ™ 22) (3.18)

(x7 t7 7_? w)

where t' = (t1,...,tan.—1). On the other hand, for the right hand side we should use (3.16)
because 2N, is an element of {b;}°. Thus, the right hand side becomes

) {b;1¢,N¢,2NN, 1
lim Zyortex (:Ua to,T, w)
—ZMQNC—>—OO

11 b;}¢,No—1,2Ne—1 - 11
= Zhyper (m,T,wT 1x2> X Zioﬁt}ex ¢ ¢ (x,t' L wr 1m2>

(3.19)

where the additional contribution of one free twisted hypermultiplet appears. Repeating
this procedure, we eventually obtain the following identity:

vortex

b }Ne,Ny <$ tr, wT—(2Nc—Nf>$<2NC—Nf>/2)

_ b5}, Ny=Ne,Ny (xyt—l’T’ wa(chfo)x(chfo)m)

VQO;GXN (3.20)
c— Ny
X H Zhyper (m,T,wT_(Qi_l)x(zi_l)ﬂ),
i=1
or equivalently,
{b;};Ne,Ny
va]rtex (HZ, t, T, w)
2N.—N;
b;}¢,Ns—Neg,N _ TN =241 —(2N.—Nr—2
:Zioit}e); ! ! (.f,t luTaw) X H Zhyper <$77_7W7_2NC Nf 2Z+1x (ZNC Nf 2Z+l)/2> .
i=1

(3.21)
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Note that the procedure terminates at Ny = N, because if Ny = N, t dependency of the
identity completely disappears. Thus, the above identity holds for N. < Ny < 2N..

From (3.9) and (3.21), we conclude that the superconformal index of the N' =4 U(N,)
gauge theory with V. < Ny < 2N, flavors satisfies the following identity:

Ne,N
I (x,t, T, w)
2N.—Nj
= [N NeNs (g 471 7 w) x H Tnyper (w,T, wT?Nc—Nf—QH—lx—(QNC—Nf—27,+1)/2) :

=1

(3.22)
which is strong evidence of the Seiberg-like duality for 3d A/ = 4 theories. Note that a
similar identity is observed for the S} partition functions [24]. In addition, one can rewrite
the free twisted hypermultiplet part as follows:

2N.—Nj
H Tnyper (m, - szchfom'fo@chNf72i+1)/2>
i=1
N, (3.23)
_ H Tngper (x,T—2N0+Nf+2z$(2Nc—Nf—2z+1)/2’w)'
i=1

Note that if we assign generic U(1)4 and U(1)g charges A and R to the twisted hypermul-
tiplet, its index is given by

B

1 — 22

Ihyper($,T_Ax_R+%,w) =PE [ ] x PE [w < w™]. (3.24)
Thus, (3.23) is the index contribution of free twisted hypermultiplets of the U(1) 4 charges
2N, — Ny —2i and the U(1)g charges —(2N, — Ny —2i)/2 with i = 1,...,2N. — Ny. Com-
paring with table 2, those charges are exactly the U(1)4 and U(1)g charges of monopole
operators V;_1 4+ in the original theory. Note that the free hypermultiplets carry nonstan-
dard U(1) 4 and R-charges. Such features are also present in other dualities with accidental
symmetries in IR [13]. The peculiar feature of the current example is that some of the op-
erators are carrying negative R-charges in UV. Thus, the above computation supports the
expectation that monopole operators of negative UV R-charges decouple IR.

3.2 Examples
3.2.1 N.= Ny

Let us examine some examples. Firstly we consider the U(1) theory with one flavor. This
theory is “ugly”, and its monopole operator has the conformal dimension 1/2. Its Seiberg-
like dual theory is a free theory of one twisted hypermultiplet. From (3.22) one can see
that their indices are exactly the same:

Il’l(xalﬂ—a ’LU) = Ihyper(a:vTv'w)- (325)

Let us have a look at the chiral ring elements, especially the generators, which describe the
moduli space of the theory. Candidates of the chiral ring generators of the original theory

~15 —



U)r SU(Ny) U(1)a U(l)r
Q 1/2 Ny 1 0
Q 1/2 N 1 0
X 1 1 -2 0
Vi | ANy = N+ 1+ 1 —N;+2N,—2-2  +1

Table 2. The global symmetry charges of chiral operators in the A" = 2 language. The U(1)g and
U(1) 4 charges are given by Ry + Rc and 2Ry — 2R, respectively where Ry and R¢ are spins of
the SO(4)r = SU(2)g x SU(2)¢ R-symmetry.

are the meson operator M = QQ, two monopole operator Vp + and the Casimir invariant
trX. However, the meson operator is lifted due to the superpotential term QX Q@ and
there is a nontrivial relation between the monopole operators and the Casimir invariant:
Vo,+Vo,— = trX [28]. Therefore, the only chiral ring generators are the monopole operators.
Under the duality those monopole operators are mapped to the two chiral multiplets in the
free twisted hypermultiplet, which are again two chiral ring generators of the dual theory.
Their contribution appears in the index as the lowest nontrivial energy term:

1 1 2 1
Il’l({E,l,T,’w) = 1+\/E<w+> +x <2+w2+22> +O($3/2> (3'26)
T TW T T T7W

In addition, it is known that for a superconformal theory with large enough supersymmetry,
the global symmetry as well as the R-symmetry can be read off from the superconformal
index because the conserved currents form supermultiplets [32-34]. For a N' = 4 theory,
the global symmetry current forms a supermultiplet whose lowest component is a spacetime
scalar in the representation 3 x adj of SO(4)r x G where G is the global symmetry of the
theory. It is decomposed under U(1)g x U(1)a x G C SO(4) g x G as adj; _; +adjgg+adj_q
where adj means the adjoint representation of G while the subscripts denote the charges
of U(1)r and U(1)4. The index captures the BPS sector of that, adj; _;, whose index
contribution is therefore 7~ Xad x. In the current example, z! term in the superconformal

index is 27 2(w?+ 14+ w™2) = 27~ Xadj( ), which forms the character of the SU(2) adjoint
representation. It tells us that the U(1)7 symmetry of the original theory is enhanced to
SU(2).

Another example is the U(2) theory with two flavors whose dual theory is the free
theory of two twisted hypermultiplets. This theory has two pairs of monopole operators
of the UV R-charges 0 and 1: Vy4,Vi+. It is the simplest example of a “bad” theory,
for which there exist monopole operators of unitarity violating UV R-charges. Thus, if we
compute its index using the UV content, we have infinitely many zero energy terms:

%z, t, 7, w) = ZZw””+O (3.27)

n>0 n>

where the term w" ™" corresponds to the operator Vo' +V07_,L. For this reason, usual pertur-
bative analysis of the index by series expansion is not allowed in this case. Indeed, the
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index we compute is not fully refined because there should be additional IR symmetries
which are not visible in UV. Nevertheless, since we have the analytic identity (3.22). We
can observe that the indices of the original and dual theories coincide if we assign specific
global charges to the free twisted hypermultiplets on the dual side:

I%%(x,t, 7, w) = Lvyper (.’L‘,T, wmfé> X Ihyper (:U,T, wrilx%> . (3.28)

Furthermore, this identity allows us to compare IR symmetry and UV symmetry of the
original theory. First of all, since the dual theory is free, its index is completely deter-
mined by the UV content although the right hand side of (3.28) is not fully refined. We
can introduce fugacities wy and wy for U(1)p; and U(1)p 2, each of which rotates each
hypermultiplet independently. Then the right hand side of (3.28) can be refined as

Ihyper(xaTawl) X Ihyper(x)Ta w2)' (329)

Due to duality the refined index (3.29) should be that of the original theory.® The in-
dex (3.29) is reduced to the unrefined index (3.28) by w; — wa_%,UJQ — wr—lz2. There-
fore, one can identify the UV R-charges and global charges with the IR R-charges and
global charges as follows:

1 1
RUV = RIF _ 5B{R + 5353, (3.30)
AUV = AR gIR _ IR (3.31)
TVV = B + BIft (3.32)

where RUV/TR and AUV/IE are U(1)g x U(1)4 charges in UV/IR; TV is U(1)r charge
in UV while BIE BgR are U(1)p1 x U(1)p2 charges in IR. Note that only the diagonal
U(1) of U(1)p,1 x U(1)p,2, which corresponds to U(1)r, is visible in UV on the original
side. From the above equations, with the standard R-charge and U(1)4 assignment of
free hypermultiplets, one can read off the original UV charges. For example, one finds
that R-charges of two hypermultiplets are 0,1, recovering the previous assignments. In
addition, we can again read off the global symmetry from the superconformal index. Series
expanding (3.29):

Ihyper(x7 T, wl) X Ihyper (1’, T, w2)

n 2 +w% w2w1+ w1 w§+ 1 n w9 + 1 n 1 (3.33)
z —1

T2 2 T2 2wy T2 T2wd  TPw TPwowr  T2w?
+O(:L’3/2)

Sp(2)
adj

of the lowest component of the global current supermultiplet. It implies that the theory

one can see that the 2! term can be written as 72y , which represents the BPS sector

5The refined index is the index with the fugacities of all the global symmetry.
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has a conserved current in the adjoint representation of Sp(2). Therefore, the enhanced IR
symmetry is Sp(2). We already denoted its Cartan as U(1)p 1 x U(1)p 2 with the fugacities
wy,ws. For general N, = Ny = N, one can see that the UV global symmetry U(1)r is
enhanced to Sp(N) in IR.”

3.2.2 N.<Ny<2N.-1

Let us consider the U(IV.) gauge theory with Ny flavors where N, < Ny < 2N, — 1. Its
dual theory is the U(NNy — N.) gauge theory with Ny flavors and 2N, — Ny decoupled free
twisted hypermultiplets. One can check that the dual theory is a “good” theory. Thus, we
expect no additional IR symmetry emerges for the dual theory. Then we are able to write
down the refined index of the dual theory by only using the UV content. It is given by

2N.—N;
TN =Ne:Ny (:U,t_l,T,w) X H Fhyper (2, T, w;). (3.34)
i=1

Again this refined index should be that of the original theory. Comparing with (3.22),
the refined index is reduced to the partially refined index (3.22) with w; —
wr2Ne=Ny=2it15=(@2Ne=Ny=2i4+1)/2  Therefore, the UV charges and IR charges are identified

as follows:

2N.—N
RUVV = RIE _ % > f(2Nc — Ny —2i+1)BIR, (3.35)
o
AV = AT 4 NT (2N, — Ny —2i+1)BIF, (3.36)
21\/25:—1Nf
TV =7% 4+ Y B/R. (3.37)

i=1

This result is consistent with the general pattern observed in [35]. The monopole operators
Vi + in the U(V;) theory are mapped to either free twisted hypermultiplets or the monopole
operators V; + in the dual U(Ny — N,) theory:

(Vi+s Van,—N;—1-i,—) ¢ free twisted hypers, i=0,...,2Ny —N.—1 (3.38)
V;’i HVNf—2NC+i,:I:- iZQNC—Nf,...,NC .

Recall that T'F was absent when N, = N ¢. For N. # Ny, the UV global symmetry
SU(N¢) x U(1)7 is enhanced to SU(Ny) x U(1)r x Sp(2N. — Ny) in IR. For instance, if
we consider the U(3) theory with four flavors, its refined index is obtained from the dual

"We adopt the convention that the rank of Sp(N) is N.
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theory index as follows:

2
I3t w) x H Ihyper(x, T, w;)

i=1
w w 1 1 toT2 t372 taT2 tam2  tyr2?
4V =+ 22— — a3 23 A
T T TWo TW1 t t to t to
a2 T2 T2 ter? 112 tor? t37'2 3

et e T e T e T T T e

2 2
wy  w;  wjw wa wy 1 1 1 ( 3/2)
I + n n n 40 .
T2 72 T2 2w T2wo TPwiwy  T2w? 2w2 o

(3.39)

The x! term is written as x(TQXzIij)

symmetry is SU(4) x U(1)r x Sp(2).

+772 4 7'_2)(25.(2)), which indicates that the global

4 3d N = 2 Seiberg-like duality with an adjoint

The second application of the factorization is the duality of 3d N = 2 U(N.), gauge
theories with Ny fundamental @),, IV, antifundamental Qa, one adjoint matter X and the
superpotential W = trX"*!. The Chern-Simons coupling # should satisfy the condition

w € Z due to the quantization of the effective CS coupling. Also we restrict

our interest, as in section 2, to the cases with |k| < W/’Q;N“‘ The theory has the global
symmetry SU(Ny) x SU(N,) x U(1)4 x U(1)7 as well as the R-symmetry U(1)g. U(1)x
doesn’t exist due to the superpotential. The U(1)g charge of the adjoint chiral multiplet
is fixed to %H

If Ny = N,, it has been proposed that the theory has a Seiberg-like dual, U(nNy — N.)
gauge theory with Ny pairs of fundamental g; and antifundemental ¢*, one adjoint Y, and
n(Ny? + 2) singlet matters Mig and V; + where i = 0,...,n — 1 [15]. The theory has the
superpotential

n—1 n—1
W= trY™ 4> Mgy g+ Y (Vigvno1oi 4 Vi vno1iy) (4.1)
=0 =0

where v; +’s are the monopole operators of the dual theory with the minimal fluxes. Let
us call it KP duality. The global symmetry and charges are summarized in table 3.

4.1 Generalization of KP duality to chiral-like theories

In this subsection, we investigate the generalization of the KP duality for chiral-like theo-
ries, which may include the CS coupling under the condition || < M

Recall that the theory with Ny = N, and £ = 0 has two SU(Ny) global symmetries,
which we denote by SU(Ny); and SU(Ny)2. The former rotates @ while the latter rotates Q.
Considering the combination with the axial symmetry U(1) 4 and the diagonal U(1)¢g of the

gauge symmetry, the symmetries can be written as SU(Nf)1 x SU(Nf)2a x U(1)a x U(1)g ~
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Ur  SU(Np1 SUWNp), U U(l)r
Q Ag Ny 1 1 0
Q Ag 1 Ny 1 0
X 2 1 1 0 0
q 21— Ag 1 Ny -1 0
q 21 -Aq Ny 1 -1 0
Y 2 1 1 0 0
M; | 28q+ ;25 N; N/ 2 0
: (1-AqQ)Ny _

‘ —(1-AQ)Ny
Uik | 425 (Net1+44) 1 1 Ny +1

Table 3. The global symmetry charges for the KP duality.

SU(N¢)1 x U(Ny)2 x U(1)g.® Then we will consider a real mass deformation for U(Ny)s.
In particular, denoting the Cartan subgroup of U(Ny)2 by Hgf: 1 U(1)a, we turn on real
masses of U(1)a for @’ = No+1,..., Ny so that Ny— N, of the antifundamental matters are
integrated out. The real mass corresponds to turning on the scalar vev for the background
vector multiplet of interest. In this procedure, each charged massive fermion of mass m
generates a CS term at level Ak = %sign(m) for the gauge symmetry. In fact, it can also
generate a mixed CS term at level

1 .
Akij = iqiqjmgn(m) (4.2)

for each pair of abelian factors of the symmetries labeled by i, j. ¢;,q; are corresponding
abelian charges of the fermion. We want to avoid extra mixed CS terms associated with
the residual global symmetries after integrating out the fermions. Thus, we first redefine
abelian global symmetries such that the massive fermions are not charged under them:

R™ =R—(Ag—1) Z Fy, (4.3)
a’'=Ng+1
f
AV =A— N Fy (4.4)
a’'=Ng+1

where R, A are the U(1)g,U(1)4 charges and each Fj is the U(1)s charge. Then the
new charges of Q and Q are given in table 4. In this way, one can avoid the mixed CS
terms associated with the global symmetries U(1)E™" x U(1)%"Y x U(1)p x SU(Ny); x

8Here we specify the global symmetry and a part of the gauge symmetry since in the dual theory we have
to consider the mixed Chern-Simons terms bewteen the global symmetry and the gauge symmetry U(1)¢.
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UL)R™ SU(Ny) SU(N.) U()a UQ)EY Uy
Q Ag Ny 1 0 1 0
Q Ag 1 Na 0 1 0
QY 1 1 1 Sk 0 0
X = 1 1 0 0 0
G 2. Ao 1 N. 0 -1 0
ay 2. -1 1 1 —825 0 0
q 2 —Aq Ny 1 0 -1 0
Y =1 1 1 0 0 0
M| 208g+ 2 N; N. 0 2 0
MY | Ag+1+ 2 N; 1 8oty 1 0
V| 0PNy e
s
;
s I S U R

Table 4. The new symmetry charges for the KP duality. The indices @', and b run over @',b =
N,+1,...,Npand b=1,...,N,. We will turn on real masses for Hgf:NaH U(1)g.

SU(Ng,). However, the mixed CS terms associated with the abelian factors of SU(Ny)a
are unavoidable. The massive fermions generate extra mixed CS terms between U(1)¢
and U(1)a’s, which look like shifts of the FI coupling in the low-energy theory.” Thus,
we introduce a bare FI coupling to the theory so that its low-energy theory doesn’t have
the FI term. In particular, if we turn on N, positive real masses and N_ negative real
masses for antifundamental matters, the low-energy effective theory is a U(N.).¢ theory
with N, = Ny — N, — N_ antifundamental matters as well as the N; fundamental and one
adjoint matters. The CS and FI couplings «, ( are given by

1 | [ Nt Ny
“:i(N-k_N—)a C:C0—§ Z my — Z my, (4.5)
b'=N,+1 b'=Nag+Ny+1

where (o is the bare FI coupling and mj, is real mass for U(1);,, which is positive for
b’ = Nu+1,...,Ny+ Ny or negative for b’ = N, + N, +1,..., Ny. Thus, by taking a bare

9The N=2 SUSY completion of the mixed Chern-Simons term Az A Fy(1), has the term o4 Dy1y, ~
mDuy(1), where A;z and o5 are respectively the vector potential and scalar of N = 2 background vector
multiplet of U(1)a/.

- 21 —



FI coupling

1 Na+Ny Ny
Co = 5 Z my — Z my |, (4.6)
b'=N,+1 =Ny +N;+1

the low-energy effective theory has the vanishing FI term. There are also mixed CS terms
among U(1)a’s, whose effect is trivial when the background flux for the symmetries is
absent. Note that in this low-energy theory, a gauge invariant bare monopole operator
exists only when the effective CS level at ¢ — +o0,

Refi(0 — £00) = k £ w =+Ny, (4.7)
vanishes; i.e., N+ = 0. Alternatively the monopole operators for chiral-like theories carry
a nonzero zero-point charge, which effectively changes the Chern-Simons level [4].

The real masses in the original theory are translated to real masses in the dual theory
dictated by the global symmetries. Table 4 again shows charges under the new symme-
tries (4.3) in the dual theory. One can see that the fundamental matter g; has real mass
—myj,, which is negative for ¥ = N,+1,...,N,+N, or positive for b’ = Ny+N4+1,. .. , Ny
Similarly, the singlet matter Mig has real mass mj,. On the other hand, real masses of V.
also include contributions of the FI coupling:

1 Ny Ny
ek 3 mta=- Y m a5
b'=N,+1 b=Ny+N;+1
1 Nf Ng+N4
m-=-3 Z my — Co = — Z my, (4.9)
b'=Ny+1 b'=Ny+1
each of which vanishes for N_ = 0 or for Ny = 0 respectively.'’ This is consistent with

the fact that on the original U(NN.) theory side, a gauge invariant bare monopole operator
exists only when Ny = 0. The CS and FI couplings in the low-energy theory are

1
ﬁdual — —§(N+ _ N_) = —kK, (4.10)
1 Na+N+ Nf
ciual — ¢y 5 Z my, — Z m; | = o0. (4.11)
b'=Ny+1 b'=Na+Ny+1

Thus, integrating out the massive fields, the low-energy effective theory of the dual theory
is a U(nNy — N.)_, theory with N, fundamental ¢, N, antifundamental ¢, one adjoint
Y, nNyN, singlets M; and possibly n singlet matters V; ; or V; _ depending on . Again
there exists a bare monopole operator in the dual low-energy theory if Ny =0 or N_ = 0.

0_1 Z;LNOH my, of eq. (4.8) corresponds to the scalar vevs of U(1);_y. 14

vev of U(1)r vector multiplet. We have the BF term Avu)y N Fu1ye so that monopole operator is charged
under U(1)7.

Ny and (p is the scalar

.....
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In particular, when Ny = 0, both V; ; and v; _ exist, so the low-energy theory inherits the
superpotential terms

n—1
> Vigtnai (4.12)
=0

Those superpotential terms are crucial for the duality because they lift the monopole
operators v; _, which do not appear in the original theory. Likewise, when N_ = 0, both
Vi,— and v; 4 exit, so the low-energy theory inherits the superpotential terms

n—1
Z ‘/i,,Un,1,i7+, (413)
=0

which lift the monopole operators v; 4.

In contrast to the original U(N.) theory, one should note that there are massive
fermions charged under U(1)%" in the dual theory. They generate a mixed CS term
between U(1)g and U(1)q at level

n 2Km

= Ny —N_) = 4.14
g = s (N = N-) = (4.14)

since the R charge of the fermion partner of g is given by 2725 — 2. The additional minus

sign is due to the negative real mass for gz .
This mixed CS term shifts the R-charges of monopole operators by

2Kn

AR =
n+1

T (4.15)

where T is the U(1)r charge.!! This shift is crucial for the duality. Let us consider
the Ny = 0 case first. In that case, the dual low-energy theory has the gauge invariant
monopole operators v; — ~ X*[1,...,0). Without the shift (4.15), the R-charge of a bare
monopole state of flux m is determined by [3, 4]

1 1
Am) =53 °00-28a) 3 Iptm)] = 5 3 la(m)| (4.16)
) pERs aeG
where ® denotes every charged chiral multiplet, which is in the representation Rg. p is a
weight of the representation Rg and « is a root of the gauge group G. (4.16) implies that
the R-charges of v; _ are

1 2 n
Rero=—=(1—A0)(Nf+ N+ ——(N.+14i)— —(N; — N,). 4.17

With those R-charges of v; g, the superpotential terms (4.12) are not available because

their R-charge, 2 — %5 (Ny — Ny) # 2, is anomalous. Indeed, the shift (4.15)

" N (4.18)

AR:n—i—l B

"Using the operator-state correspondence of the conformal field theory, this can be understood from
Gauss’ law for U(1)r in the presence of mixed Chern-Simons term Ar A Fy(1), on R x S%. Gauss’ law has
the form Kre Fluxy(1), = R-charge. Since AR is not dynamical, we do not have to impose the constraint
that the right hand side vanishes. Thus, Gauss’ law simply dictates the R-charge contribution of the mixed
CS term carried by the monopole operator.
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exactly cancels the last term in (4.17) and compensates the anomalous R-charge of the
superpotential terms. Thus, the superpotential terms (4.12) are available only in the pres-
ence of the mixed CS term (4.14). For the same reason, when N_ = 0, the superpotential
terms (4.13) are only available in the presence of the mixed CS term (4.14), which shifts
the R-charges of v; ;. The shifted R-charges are in table 4.

In conclusion, assuming Ny > N, we propose that

e U(N.), theory with Ny fundamental Qq, N, antifundamental Qi’, one adjoint X and
the superpotential W = X" +1

has a Seiberg-like dual description

o U(nNy— N.)_ theory with N, fundamental ¢;, N antifundamental ¢°, one adjoint
Y, and
— nNyN, singlet matters Mig with ¢ =10,...,n — 1 and the superpotential

n—1
W=ty 43 Mgy g (4.19)
=0
if [r] < D Ne

— nNyN, + n singlet matters MZE and V; ¢ with i =0,...,n—1 and the superpo-

tential
n—1 ' n—1
W=tV 3 MGy i+ Y Vi v (4.20)
i=0 i=0
. N¢—Na
if K = —=L5—=.

— nNyN, +n singlet matters Mig and V; _ with i =0,...,n—1 and the superpo-

tential
n—1 ‘ n—1
W= trY™ > Mgy g+ Y Vi v (4.21)
i=0 i=0
. N;—Ng
if kK = fT

The global symmetry and charges are summarized in table 5. The dual theory also has
the mixed CS term at level (4.14) between the U(1)r R-symmetry and the diagonal U(1)¢
of the gauge symmetry.'> The superpotentials (4.19)-(4.21) are crucial for the duality
because they lift dual theory operators GY’q and v+, which do not appear in the original
theory. Note that this duality is also a generalization of the Seiberg-like duality for chiral-
like theories without an adjoint matter [29]. If n = 1, the duality we propose is reduced to
that of [29] by integrating out the adjoint matter.

The superconformal indices of KP duality pairs were computed as power series around
x = 0in [15]. It was checked for several values of N., Ny, n that those two indices coincide,

12There are also mixed CS terms among the global symmetries not associated with the gauge symmetry.
However, their effect is trivial when the background flux for the symmetries is absent.
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U()r SU(Ny) SU(N.)  U(M)a  U()r

Q Ag Ny 1 1 0

Q Ag 1 N, 1 0

25 1 1 0 0

q 2 —Ag 1 N, -1 0

q 2 —Ag Ny 1 -1 0

Y 25 1 1 0 0

M; 20 + 725 Ny N, 2 0
I e N W S = S
Ui+ _%in_%?(?\?ff{:ij)va) 1 1 w +1

Table 5. The global symmetry charges for the proposed duality for chiral-like theories. The

monopole operators V; + and v; + only appear when ~ + w =0.

which provides strong evidence of the duality. However, such comparisons were restricted
to the cases satisfying the condition

2

N, —
! n—+1

(N.—1) >0 (4.22)

because only in those cases, the superconformal indices are analytic at = 0 such that the
power series of the indices around x = 0 exist. One might think that such cases are enough
because only in those case, the monopole operators of the theory have the positive UV
R-charges. However, as we have seen in the previous ' = 4 example, the UV R-symmetry
can be corrected by accidental IR symmetries such that the IR R-charges are larger than
or equal to 1/2, which do not violate the unitarity. Therefore, we need a tool for testing
the cases not satisfying the condition (4.22). Indeed, the factorized index we obtained is
such a tool since it doesn’t require analyticity at x = 0. We will see that one can compare
the factorized indices of a duality pair even if the condition (4.22) is not satisfied.

Furthermore, we investigate exact relations of the factorized indices for the duality
we propose above for chiral-like theories. Those relations are nontrivial evidence of the
proposed duality.

4.2 SCI under duality

In the presence of the superpotential W = trX"*! the adjoint chiral multiplet X has

the R-charge n%rl and no other global charge. Let us call that value of the R-charge

6. Therefore, in order to obtain the factorized index for this case, we need to substitute
2
v = z7+1 = 2%, Then one can easily see that Ipert vanishes if p, > n in eq. (2.19). Thus,
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the superconformal index for this case is given by

g d g 1 g 1
I(x,t,t,T,x ,w> = Z 1P o (x,t,t,T,x )Zfortext (a: tt,7 20 m)ZantworteX<x,t,t,T,x ,m)

0<pa<n,
Zapa:Nc
(4.23)
N¢—Nq
where v = (=1)"" "2 w. p = (p1,...,pn,) is a partition of integer N. constrained

under conditions 0 < p, < n and Zivzfl pa = N.. Each component is also given by

tat—l 5(g—r— 1)+2’$2)

Sope P M —iMy—8y(q — T P
ST II 2sin ta =) HHH

00
1 . /
a,b=1g=1 r=1 ab=1¢g=1r=1 ta ty g q+r+1)’x2>oo
(#q if a=b)
lN—i ﬁ S (taty 120002, 22) TNey (408 e 2a0c D42, 2 ™
X
— ! ) .
a=1g=1 b “) (tafpr2a0@D); xQ)oo Hb:l (ta tbﬂﬂé(*qﬂ);xz)w
Li—1
Z\II)OI‘teX <:E t t T Y m) Z mz 273:0 nj 3?11]) (a”') t’ t77_7 a’»ﬁ) ) (425)
n; >0
7 Ne 1oy ~
Zgntlvortex <$,t,t,7‘, lﬁa‘“) = Z m_zjzl o n 3p (I‘_l,t_l,t_l,T_l’x_a) , (4‘26)
;>0
3]7 1’2677 tZGZM f: eiM T:ei‘u xazeid'y
(n5) ’ ’ ’ ,
N " . . o B
=S, (@ tT) L 21 o) sinh Ma=tM 627@ r) 429k
= e J H H H H . iMa—Z‘Mb—é’y(q—’r‘)—}—Q’y(k—l_ZgL:l n(a,n))
a,b=1qg=1 r=1 sinh 5
(#q if a=b)

> =1 Mb,n) L iMa—iMy—67(q—r—1)+2y(k—1-3% _; 0 )

pa sin 5
x H I I 11
i iMg—iMy—5v(q—r+1)+2vk
2

a,b=1q=1 r=1 sinh
(#q if a=b)
Ny py 2n=1Mb.n) 1, sinh — My —iMy—2ip+67(r—1)+2v(k—1)
a=1 2
x H H H Ny o . h iMq—iMp+6v(r—1)+2vk ’ (427)
b=1r=1 Hazl S P}
where
Ny py r
—SP  (x,t,T, v) anl N(b,n)
o =1I11 (tmﬂ" LypXn= 1“<bn>) . (4.28)
b=1r=1

n(p,n) is a shorthand notation for Myb1 . Again the prime symbol indicates that the

=1 Pa+
zero factor in the g-Pochhammer symbol is omitted.
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Now we attempt to rephrase the index agreement for a KP duality pair in terms of the
factorized index. Each component is mapped under duality as follows:

e NN (1,7, 7)

pert
N -
n—p,Ny—Ne,Ny,Ny -1 71 _—-1.6 T Zchiral (tath%a(qil)) (4.29)
—Ipe]rt (x,t AT az) X H 122 3 D)
ab=1q=1 Zchiral (ta tb T T q )
D,Ne,Ny¢,N g
Zvortex P ($7 tv ta T, w)
n —N¢,.A;
n—p,N¢—N¢,Ny, Ny (33‘ 11 7'_11135 w_l) % Zchiral (x7U)T fx ) (430)
1 ) ? . )
antivortex P Zehival (l‘, wrNs :1,‘2_Al)
p7N57Nf7Nf n
antivortex (337 t’ t’ 7 w)
_ n=p,Ny—Ne,Ny,Ny -1 71 _—1.6 -1 T Zehiral (‘L"w—lT—foUAi) (4.31)
= Z yortex x,t” Lt 2w X T N5 A
i—1 Zchiral (.%','LU T Z)
where n —p = (n —p1,...,n —pn;). A; = Ny — HLJFI(NC — 1 — 1) is the R-charge of a
monopole operator of the original theory. Zgia1 is defined by
1 w
Zchiral (¥, w) = (e PE [1_902} (4.32)
’ )
such that the index of a singlet chiral multiplet is written in terms of Zgia as follows:
Ichiral(maw) = Zchiral(l‘a w) X Zchiral (l‘_lvw_l) . (433)

The generalization of (4.29) for the chiral version of the KP duality is straightforward. We
will provide its explicit form and proof shortly. For (4.30) and (4.31), we will show that the
generalizations of them can be obtained by examining large mass behavior of the vortex
partition function. Those identities together imply the index agreement for the duality we
propose for chiral-like theories.

From the duality we propose, we expect (4.29) is generalized as follows:

vaC7Nf7
Lo *(@,t,t,7)
Ny Na n 72 5(g—1)
_ p,Nf—Nec,N¢,Nq et 1 7?7 1,0 HHH Zchiral (tath x )
— “pert ) (t—1£—17—2x2—5(q—1))'
a=1b=1g¢=1 Chlral a Y

(4.34)

In order to show the generalized identity (4.34), we start from noticing that the following
identity holds:

N 1 _
f Pa Pb— t t 1 5q r— 1)+27w2)

I TT ) - (T T

1
ab=1q=1 r=0 (ta tpzd= ?) e ab=1q=1r=1

t t_l 5(a—1)+42, 1 )
o

talt x0(=atr); 42 )/oo

-1

Pa . .
:HHIIMMMM@WW

a,b=1qg=1 r=1
(#q if a=b)

(4.35)
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It cancels out the first factor of Igert so that the remaining factors are simply given by

ﬁ lp_a[ toty L0 laP—1)+2; 42) ﬁﬁﬁ (6517, Lr—2a0 (-t D42); 42)
o0 [e]
P 1). .2 1), 2
ab=1 =1 ta tbx( q+py+ )71; )OO a1 b1 =1 t th x8(q ),x )oo

(4.36)

Then let us examine each factor. The first factor can be written as

Pa tatbl 3(g—pr—1)+2, o )OO

HH

a,b=1¢q=1

(1 1

a,b=1 g=ps—n-+1

(ta Mtpad(—atretl); 22)

(tat_l 5(q—pp— 1)+2,$2)

(tgltb;cé(—q+pb+1); ;c2)

(to ttpadatPet); 22)

Ny 0
= H H —1,.5(qg—pp—1)+2 2OO
ab=1 (tatb xo\4—Po ;a:)

00 =1 g=ps—n+1 o]

Ny n—pa =1t 20(a—n+pp—1)+2. x2)
x

- H H t t Ly Q+n—pb+1);’g§ )oo

a,b=1 q=1

(4.37)

where it is used that the first factor after the first equality is simply 1. It shows that the
factor is invariant under the change ¢, — t;! and p, — n — p,. This is a crucial feature
when we match the indices of a duality pair. Next the second factor is written as

Ny Ny pa t—ltb 1—2,.0(—q+1)+2). x)

T

[e.8]

(tatpr2a0la=1); 22)

a=1b=1¢=1
ﬁﬁﬁ 1tb 2$6(—q+1)+2);x2) ﬁﬁnﬁa tabeQ 6(—q—1)+2;x2)
o [e.e]
5(g—1). 2 —17=1_—92.,6(q+1). p2
a=1b=1g=1 (tato7x 12?) alblqltat z 12%)

(4.38)

where the first factor of the right hand side is nothing but the contribution of nN;N,
singlets Mig. Combining the results, we prove the identity (4.34), which supports our
proposal.

Now, let us examine large mass behavior of the vortex partition function. Especially
we are interested in the cases that real mass of an antifundamental matter goes to +oo.
Thus, let us choose the Ny-th antifundamental matter and take its mass large. We first
observe that 32(’%) has asymptotic behavior

p;Ne,Ny,Ny e
(n;) (az, t,t, T)
Nf Po Zn 1

NN 1 Mo oo +1 (4.39)
Napr’l )C’ AR 33, AT XHH H < tN tQTU T gk 1)
J

b=1r=1

as iMNf — 400 where ¢/ = (fl, ... ,fo_l). Thus, in order to obtain a regular expression,
1

we also need to scale w such that w ~ fﬁ? As a result, the left hand side of (4.30) has
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the following large mass limits:
1 1
ity Zimien” ™™ <~””’“7 % ﬁéxi;) = Zomad MR ().
(4.40)
On the other hand, the right hand side of (4.30) is a little bit complicated because there
are additional factors from the singlet chiral multiplets. Firstly we observe that Z P =
has similar limits:

1
. n—p,nNy—Nc,N¢, Ny -1 571 1.6  1—17F5 +1 1
ﬂhm 2y tivortex r,t” T, %, w thT 272
zMNf%ioo

(4.41)

_ n—pnNy—Ng,NyNp—1,+7 -1 -1 _—1.6 -1, F1(2-6)
— “antivortex $,t ’t T X, FW T2 '

For the singlet chiral part, it apparently is independent of £y ; because Hivzfl te = Hflv:fl t, =

1. However, when we take the limits iMy, — +oo, we should relax that condition by
shifting 7 — 7 Hflv:fl talq because we utilize a holonomy of U(Ng) ~ SU(Ny) x U(1) 4, not

41
that of SU(Ny). Therefore, again putting w = w’ ti}f 7¥F22%2 we has the following limit of

the singlet chiral part:
1
FLo1 o411 .
n Zchiral (:Jc,w’thQTijizt 3T foAl>
_lim -
iN , SFir o1 o411 _
7 Nf—>:too =1 Zchiral <$, U}/tN; T:F2Ii2t27'Nf1U2_AZ>

(4.42)

Ot —
1 1 1 ;
Zchiral (.T, w/tliiTiNerixAl 2 )

-1

[
1 1 L1\ 0%+
i=1 Zchiral (a:,w’t’ 27‘Nf 2.202 Ai 2)

where t = Hi\zl tole and ¥ = t/t~Nf. 04— and 6+ 4 are the Kronecker delta symbol and

not related to 6 = n%rl Combining the results, we obtain the following relation for Ny —1

antifundamental matters:

p,Ne,N¢ Np—1,+1 ~ n—paN;—Ne¢,NsN;—1,4+21 1 o1 _ Llig_
P Ne: NNy Q(x,t,t,T,IFw):Z FNe NN f 2m,t l,t 177 11,57:':10 1:6;2(2 d)

vortex antivortex

Ot —
1A 1 ,
" Zchiral (x7,w7_—Nf+§xAl 2>

<11

1 1
i=1 Zchiral <CL‘, UJTNfiixziAlJrz)

0t 4+

(4.43)
Furthermore, repeating this procedure, we finally obtain a relation for N, antifundamental
matters as follows:

Ne,Ng,Na,k ng n—p,nNg—Nc,Ng,Ng,k -1 7— - —-1,.— —
zk ! (x,t,t,T,m):Z pn- s 4 (:U,t Vit 1x5,m Lyl 5))

vortex antivortex

Nf+Na AZ 6Nf7Na,72n
x (4.44)

chiral <:L‘a wT 2

NptNa 2\ g Nae
Zchiral r,wr 2 I —Ai

n
<11
=1
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Ny Na ~ N;+N, 9 .
where o = (—1) 2 wand A; = =5 — 25 (Ne — 1 —i). Note that only the the
CS coupling k satisfying |k| < w is obtained in this way. The left hand side is the

vortex partition function for a theory with N, antifundamental matters. The right hand

side is the vortex partition function for a U(nNy — N.),. theory with Ny fundamental,
N, antifundamental, one adjoint and additional singlet matters, or equivalently U(nNy —
N¢)_r theory with N, fundamental, N; antifundamental, one adjoint and additional singlet

matters. The appearance of additional singlet matters depends on the values of k+ Ny ;N“.

For (4.31), exactly the same thing happens if we change x,t,f,7,w —
b t7t ¢t 771 w™l. Thus, we have

yNe,N¢,Ng kK ~ n—p,nN¢—Ne¢,N¢,Ng,k 1 = _ 1 —k(2—
Py ter M Na (z,t,t,7,0) =Z pniymNe sy a (ZL‘,t R S Al A 6))

antivortex vortex
N¢+Ng ~
n 1 NON
Zenival (T, w 1 > xAl) Nf—Na,2s (4.45)
X | | Nf+Na

i=1 Zehiral (T, w1772 :U2—Ai)5Nf’N“"2”

For (4.44) and (4.45), it is important to note that w—1z~*2=%) appears on the right hand
side instead of ro~!. The extra factor %29 indicates the presence of the mixed CS
term (4.14). Indeed, the identities (4.34), (4.44) and (4.45) together imply the index
agreement for the duality we propose for chiral-like theories, which is nontrivial evidence
of the proposed duality. We carry out heavy numerical checks for the identities (4.44)
and (4.45).

4.3 Examples

Let us consider some interesting examples.

N, = nNy case. The first example is N. = nNy case. In that case, since the dual
gauge group is absent, the dual theory is only described by singlet matters. Those singlet
matters would be coupled via a nontrivial superpotential. However, when singlet matters
have unitarity violating R-charges, additional IR symmetries would emerge and correct
their unitarity violating R-charges. Then the superpotential becomes irrelevant such that
the theory flows to the free theory in IR. For example, let us consider the U(2) theory
with Ny = N, = 1 flavor Q, Q, one adjoint X and the superpotential W = X3, which was
examined in [15]. Its dual theory is described by singlet matters Vo 1, Vi 4, My, My with
the superpotential

W~V Vi Mo+ Vi Vo My + Vo V1M
+ Vo VoMo (V1,4 Vo, Mo + Vo Vi, Mo + Vo 4 Vo, M) (4.46)
+ (Vo Vo, Mo)° .
Preserving that superpotential, those six matters cannot have R-charges larger than or
equal to 1/2 simultaneously, which is however required due to the unitarity. In fact, we
expect that in IR new symmetries emerge and mix with the R-symmetry such that their IR

R-charges become 1/2. Then those matters must be free and accordingly the superpotential
is also irrelevant.
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There are many other examples that the dual gauge group is absent and some singlet
matters have even negative R-charges. For example, the U(nNy)o theory with Ny = N, >
% flavors has monopole operators of zero or negative R-charges. Even in that case, one
can check the index agreement using the factorized index we obtained. Indeed, we have
checked many of such cases for several values of Ny and n. Thus, we expect, in those cases,
the theories flow to free theories in IR.

N. = 1 case. Another interesting example is N. = 1 case. In that case, the original the-
ory is an abelian theory while the dual theory is the U(nN¢—1)_, theory. However, the ad-
joint matter is perturbatively decoupled from the abelian gauge theory. If we assume there
is no nonperturbative effect coupling the adjoint matter to the gauge interacting sector, the
theory is decomposed into two sectors decoupled from each other: the gauge interacting
sector and the singlet matter sector with the superpotential W = X™*!. Interestingly the
gauge interacting sector has another Seiberg-like dual description with the gauge group
U(Ny — 1) [29], which is also known as the Aharony duality if x = Ny — N, = 0 [6].
Therefore, we have three different UV theories flowing to the same IR fixed point:

e U(1l), gauge theory with N; fundamental and N, antifundamental matters + a de-
coupled matter X with the superpotential W = X"t

o U(nNy —1)_, gauge theory with N, fundamental, N; antifundamental, one adjoint
matters; additional singlet matters and a superpotential determined by (4.19)—(4.21).

o U(Ny—1)_, gauge theory with N, fundamental, Ny antifundamental matters; addi-
tional singlet matters and a superpotential determined by (4.19)-(4.21) with n =1
with a decoupled matter X with the superpotential W = X"+,

We have checked for several values of k, Ny, N, and n that the three indices of them

coincide.

A Detailed computations for factorization

In appendix A we examine the detailed computation to obtain the factorized form of the
3d N = 2 superconformal index in the presence of an adjoint matter. As explained in
section 2, the strategy is that we explicitly compute the contour integral (2.3)

I(z,t, t, 1,0, w)

Ne

1 dz; -
J —S , .m;
= E | | : € cs(z m)wzj 7 vector(aja 2y m)Zchiral (5177 L,t, 70,2, m)
Wil J)2; =1\ £ 2miz;
mEZNC/SNC J Jj=1

by evaluating the residue at the following type of a pole:

ljfl
zj=t, tr ol Ty 2o (e (i) =Mpn-t1,) [+ 2hkpn ) (A.1)
J

~ 31—



Each pole is represented by a forest graph which determines b;,;,p(j) and k;. The detailed
rules are explained in section 2. Now recall the 1-loop determinant contributions (2.14)—
(2.18) of the vector multiplet and the various chiral multiplets:

Ne
Zvector(xy z,m) = Hx—(mi—mj) (1 _ zizj—lxmi—mj) (1 — 27 lmml mj) ,

1<J
~1,2. .2 Ne N, 1 1.9 o,
Zx(z,v,2,m) = w ﬂ (:Uflu) (m;—mj) (Zi ZjvT tmi—mj. g )OO
y Uy 2y (U§$2)oo i<j <ZZZ] 1U$le m;. 1,2)
o0

(z Lyjulg2tmi— mj;xz)
J o
=1, mi—mj. .2
(zjz; loa™i—mi; 22)

—1p-1_—1.24+m;. .2
_ (z to g2t mis )
(l'_l(—Zj)taT)_mj/Q 7 Ca

X

)

o

0
)

ZQa (x’t,’r,z’m) (thaT:zjmj'xQ)
) 00

j=1
Ne g (Tt a2 g2)
Zsi(z, 8,7 2,m) = | [ (27 (=25) o) ~ 00
j=1 (z;ltaTxmj : x2)
o0

where X, QQ,QB denote the adjoint, fundamental and antifundamental matters. At the
pole (A.1), those 1-loop contributions have the following values:

N,
2 Li=1_n lj—1 n
Zvector(x, Z, m) = H T Lo ™; +ZTZ:O j (AZ)

i<j

l;—1 n n n lj_l n n n
<1 — t 1tb v l]x 2 n—0 (lmz | —m 2k )+Zn:0 (|m]. [—m}+2k] ))

)

;-1 1.—1
% <1 _ tb—1tb_v4j+lix— A (|my+my+2ky)+zgO(mgl|+mg+2ky)>
]' T

(v1a? 2?) Ne N Sl 5l
Zx(z,v,2z,m) = (W) H(ac Ly) ™ &n= oS (A.3)
1<J
<tbt 1x2+zlyf:—g(\m?|+m?+2k?)f KN 0(|mn\+mn+2kn) x2>
7

1;—1 1:i—1
(t 1tb v—liti+1, Z,fzo(|mgmg+2k$)+zgzo(m;|m;+2k;¢);x2>
e.0)

l

—1
(tb ty -1 2+Z (m?|m?+2k?)27i_o(lm?m?+2kg);x2)
J

lj—1 ;-1 ’
( ltb v=litlitl, Z#:o(|m§"+m?+2k§‘)+272’20(m?|+m?+2k?);x2)

o0
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-1 -1 —le_ol m? /2
j n j n n n= J
Zg,(z,t,7,2,m) = H(—l)_2”]=0 mj/2 (x_l_ZTfﬂ (Im3 |+2k7’)tbj1tav_lf+1>

;-1
tb_t;lvlj—lmZ-i-Z,f:O (Im? | +m7+2k7) ; ;1:2)
J
x

(tb__ltav_lj—"_ll'_ 2 n=o0 (\mj |—mj +2k7 )’ 2
J

x 0, (A.4)
oo
l;—1
Nc 1.—1 7275:0 mn/2
Zgp (z,6,7,2,m) = H(—l)zszo /e ( S (i ‘Hkn)tb tar20l 1) J
j=1
1. —
(tb_jlfglr‘zv‘lﬁle_ZTf01(|m?|_m?+2k?) ; 3:2)
X - (A.5)

(tbj gaTQUzj—lei«f:_ol (I -+ +287 ) ng2)
o

where we have defined m; = m; — my(;) and use shorthand notations my = myn(;) and
k" = kyn(j). The prime symbol indicates that the zero factor in the g-Pochhammer symbol
is omitted. Now m; and k; always appear as a combination of (|m;| + m;)/2 + k; and
(\m]| — mj)/2 + kj. Thus, we define n; = (\m]] + mj)/2 + k‘j and n; = (|m]] - mj)/2 + /{?j,
which will be interpreted as vortex charges.

Let us have a look at the 1-loop contribution of the vector multiplet (A.2). The first

monomial factor is written in terms of n; and n; in a simple way as follows:
—ZZ 0 ml—&-z -0 m] = Zn 0(“ —1; )+Z (“ _“n) (AG)

where n = Npn(j) and = (). The other factors are also written in terms of n;, n;.
Note that the second factor is independent of n; while the third factor is independent
of n;. Furthermore, we can decompose them into various factors to extract perturbative
contributions, which are independent of n;,n;. For example, the third line is decomposed
as follows:

<1—tbjltblv ] Z.'E 22” O J+22TL 0 1>

<tb_.1tbm itig 2T 2 T x2>
J

J— o0
= —
— . L J n n
(tbjltbivlf“lx 200 W2 +2,x2>
—1/2,1/2 —(Li—1;)/2. — 59 ang My, —iMy,; +iv(l; — 1)
= <—tb_ / tb-/ v W=l /2= 200 “J =0 Z> <2smh 5 J (A.7)
'j i
l;,—1
Sn=o 9 h sz +iv(l;—lj)+2vk
o sin 5
iMy, —iMy, +iv(li—L; )+27<k -y} )
k=1 . 7 j n=0
2 sinh 5
;-1 . . .
Z'r::O n? . ’LMbj _ZMbi +7,l/(lj—li)+2'yk;
» 2 sinh 5
k=1 ) iMy; —iMy, +iv(lj—l; )+2’y<k 1— Zn 0 J)
2 sinh 5
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where we have used the following identities:'?

lj—1 n li=1 n
(tl;ltb_v—lj+lix2 >, n24+237 0 ;96‘2>
7 1

oo
= <tb_j1tbiv_lj+li;x2> (A.8)
oo
l;—1 — A
o (tbjtb,lvlj lsz;x2>z
1, L+l —2—2k ' o0y
x H _tbj bo v g5li—!
k=0 (tb}tbiv—lﬂ-lix— 2n=0 "} )
J n
— TL '(L
<tbj1tbiv i+ g 2y, n2 3 +2;x2)
o0
_ (1 +; 2
= <tbj ty, v i i :U) (A.9)
oo
1;—1 _ 7. _osti—lon
EI (tbjtbilvl] lig—2%,10, “’i;x2> Lo
_o N
% H —ty M0l i 2 iz 2k . n=0 "
g — — L+l 2.
k=0 <tbj ty, v it x27x2) Lo
n=0 "

The second line of (A.2) gives the same expression but ¢ and j are interchanged and n; is
replaced by ;. As a result the vector multiplet contribution Zyector can be written as

N, . . .
< _ L iMy, —iMy, +iv(l; — 1)
Zyector(T,2,m) = H <2 sinh : ’2 J (A.10)
i,5=1
(i#£7)
l;—1
>, ny . M, 1Mb +iv(l;—lj)+2vk
sinh 5
x _ z‘Mbi—iMb.+z‘y(li—lj)+2y<k—1—zi;‘;§ )
k=1 ginh 2 5
l.—1
275 o 17 —iMp; +iv(l;—lj)+2vk
smh 5
X : : ; =1
iMp, *lej +w(liflj)+fy(kflfzn:0 n’ )

k=1 ginh

One can see that it consists of three parts: the n;, n;-independent part, the nj-dependent
part and the n’/-dependent part. The other 1-loop contributions can be written in the same
manner. The adjoint matter contribution Zx is given by

(0122, 22) Ne N <tb Lok _l'_lxz,x2>
o o (A.11)

Zx(x,v,2z,m) =

2
(va )oo i,j=1 <tb tb v —Ljtli +1 2)
(i#7) ©
Z;j;ol np o iMy, —iMy, +iv(l;—1;—1 +2'y(k: 1— Z )
sinh
X H . iMp, — szj—i—w(l —lj+1)+2vk
k=1 sinh 5
Li—1 -
Yoo . My — iMy; +iv(li l-—1)+2'y(k 1— Z 1_ >
sinh 5
X H My, —iMy tiv (il 1) 420k
k=1 sinh 5

3Recall (a;q)n = Z;S(l —ag®).
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where the following identities are used:

1, —1 lj—l
<tbitb_].lvli_lj_1x2+2 Do =237 n;?;x2>
00

-1, 0;—1;—-1,2. .2
= (tbitbj v T )oo (A.12)
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!/
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’ Silo
Similarly the fundamental and the antifundamental matter contributions Zg, and Z ob are
given by
Ne i1 b = Loli—1p2. 42
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) N. Lot (t 12—l 2, 2)
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Those 1-loop contributions together with the classical contribution
;-1
Ne L1 ~ ~ nzrf O(n - )
o~ Scs(zm) :H(_l)—ffz,f:o (ny—7) <tb rolil Z (}”r“?)) ’ . (A.22)
j=1

are summed over the poles classified by the labeled forest graphs we introduce in section 2
and over all possible monopole fluxes:

> ] Z<—> Y (A.23)

meZNe /S, fes meZNc fed
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where the arrow means that they are equivalent sums. |W,,| is the Weyl group order of the
residual gauge group left unbroken by the magnetic flux m. § is a set of the labeled forest
graphs of ordered N, nodes in which each root node is labeled by (j,a;,k;) while each
non-root node is labeled by (j,k;); j € {1,..., N.} is the order of each node and a;, k; are
additional labeling integers in ranges 1 < a; § Ny, 0 < kj. Since we sum over all possible
labelings, we can extract the k; assignment for each node as an explicit summation:

> Z<—> Y>> (A.24)

meZNe f€§ meZNc 9€6 k; >0

C‘

where & is a set of the labeled forest graphs that the k; assignment is removed; i.e., each
root node is now labeled by (j,a;) while each non-root node is only labeled by j. Now
recall n; and nj;, which are defined by n; = (|m;| +m;)/2+k; and n; = (|m;| —m;)/2+ k;
where m; = mj —my(;). One can reorganize the magnetic flux and k; summations in terms

DY e > ). (A.25)

meZNe k:jZO njEOﬁjzo

of n; and n; as follows:

Thus, we have the following summation equivalent to (A.23):

Y opTemIY Y. (a.20)

meZNe /Sy, fes gEBG 1;>01;>0

Since each residue factor consists of three parts: the n;, n;-independent part, the n;-
depdendent part and the ﬁ?—dependent part, one can write down the index in the following
factorized form:

I(z,t,t,7,0,w) =N Z B ert (T, 1,1, T, 0) ZY e (2, 6,8, 7,0, 00) 20 oo (8,8, 7, 0, 10)

ged
(A.27)
Boi(w,t = ™ 70 =€) (A.28)
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Ne Zo=o W Ny . g —iMa—iMy, —2ip—iv(l;—1)+2y(k—1)
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Ny .o iMa—iMy, —iv(l;—1)+27k ’

N¢ K
S ANCEX XY o =1 n n=0 "3
¢ ST (tbjT’UZJ Lyp2on=o "J‘) (A.32)

Ny—Na _ _ . o
2w and ng-l = npn(j),n;? = fyn(j)- The prime symbol indicates that

where o = (—1)7"
the zero factor in the g-Pochhammer symbol is omitted. & is a set of the labeled forest
graphs of ordered N, nodes in which each root node is labeled by (j, a;) while each non-root
node is labeled by j; j € {1,..., N} is the order of each node'* and a; € {1,..., Ny} is
an additional labeling integer for a root node. b;,[; and p(j) are determined by the forest
graph g € & as explained in section 2.

Indeed, (A.28) tells us that some of g’s have the vanishing residues because Igert van-
ishes if b; = b; and [; = [; for different 7 and j. In other words, the residue vanishes unless
the corresponding g only contains one-branch trees whose root nodes all have distinct aj.15

In addition, let us consider a permutation of a;:

/ —_—

aj — a; = Gg-1(5), o c SNC- (A.33)
This permutation changes the residue contribution of a given forest graph g, which is
Z8 Z° However, one can make those three factors remain un-

vortex““antivortex"
changed by the subsequent permutation j — j° = o(j) because a;, = Ug-1(5(j)) = a5-

ert

a product [ g

Those permutations of a; and j are nothing but the following relabelings of the nodes:

(j,a;) — (j’,a;,) = (a(4), ay) for a root node, (A34)
j— i =0o(j) for a non-root node.

Note that those permutations only change the first slot of each label, i.e., the order of the

z8 70 is invariant under the reorderings of the nodes

g
node. In other WOI‘dS, Ipert vortex““antivortex

in g. Thus, we don’t need to repeat the computation for each equivalent ordering. Instead
we choose one representative ordering among |Sy.| = N.! equivalent orderings and multiply

14The order of the node is given by a suitable permutation of 1,--- N.. One such definition is given at
the footnote 4 of the section 2.
5We call a tree a one-branch tree if each node has at most one child node.
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3 3

2 5 2 5
(1.1) (4.,2) (1,7) 4)

(p1!p2!p3) = (3!2!0) (p‘l,p2,p3) = (3,0,2)

Figure 2. We illustrate two examples of forest graphs only containing one-branch trees for the
U(5) theory with three flavors. The left graph corresponds to (pi1,p2,p3) = (3,2,0), in which the
third tree is absent, while the right graph corresponds to (p1, p2, p3s) = (3,0, 2), in which the second
tree is absent. Note that p; + pe2 + ps = 5. The ordering of the nodes is fixed by (A.35).

its contribution by N.!, which cancels out the factor 1/N.! in (A.27). A convenient choice
of ordering is as follows. The ordering starts at the tree whose root node has the smallest
aj.w The nodes in that tree, which has only one branch, are monotonically ordered starting
from the root node; i.e, the order is assigned to each node in the monotonically increasing
way following the direction of the branch starting from the root node. Then we move
to the tree whose root node has the next smallest a; and again order the nodes in the
monotonic way. Repeating this procedure one can determine the unique ordering of the
nodes in a given forest graph. One can describe this ordering in a more formal way. For
each a € {1,..., Ny} let us call a tree the a-th tree if its root node has a; = a. We also
call the total number of the nodes in the a-th tree p,. If the a-th tree is absent, p, = 0.
Then we assign the order

b—1
j=> patn (A.35)
a=1

to the level n node in the b-th tree. Using this ordering the relevant forest graphs are
all organized only in terms of Ny-tuples of the form p = (pi,... ,pr) with p,’s being
nonnegative integers satisfying Ei\z 1Pa = Ne. An Ny-tuple p is nothing but a partition
of integer N, into Ny nonnegative integers, or the one-dimensional reminiscence of an N-
colored Young diagram of N, boxes. One can write down Ipers and 3,y in terms of p as

16Gince we haven’t determined j yet, a; here is understood just as a number in the second slot of the label.
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follows:
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where
-SSP (z,t,T0) Ny 1 Z Z;:ln(b,n)
e Sy ~-TI1I (tbmﬂ" = 1“<bn>) . (A.38)
b=1r=1
n(,,) is a shorthand notation for Ms~bt We claim that this is the vortex parti-
a=1rta
tion function on R? x S! of the N' = 2 U(N,), gauge theory with Ny fundamental,

N;—N,
£ . Note

that the antivortex part is obtained from the vortex part by inverting all the fugacities,
:c,t,f, T,V,W — x_l,t_l,f_l,T_l,v_l,m_l.

N, antifundamental and one adjoint matter under the condition |k| <

B Large mass behavior of the vortex partition function

In order to prove the agreement of the vortex part for N' = 4 Seiberg-like duality in
section 3, we are interested in the large mass behavior of the vortex partition function of a
N = 4 theory. In this appendix we will choose one of the flavors and take its real mass to
infinity; i.e., 1M, — £00. One should note that for the vortex partition function the flavors
are grouped into two distinct sets: {b;} and {b;}°. The large mass behavior of the vortex
partition function depends on whether the flavor is selected from {b;} or from {b;}¢. We
first consider the latter case because it is rather simple. If we take the limit M, — 400
with a € {b;}¢, we have

iMa—iMb].—Qiu—&-Q'y(k—%)
iMﬂ—iz\szjJrka

2

2 sinh

— Tt (B.1)
2 sinh
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Therefore,
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where 3(n_) contains Ny — 1 flavors whose corresponding fugacities are given by
J
t' = (t1,. - ta—1,tats--- ,th). From this relation we learn that in the large mass limit
the vortex partition function becomes
. {bj}vNCva o {bj}rNCvafl !/ 1_+1
th—I>n:|:oo Zvortex (‘7‘37 t? T, U)) - Zvortex (1:’ t y T WT:F Z ) (B3)
a

It shows that if we take the large mass flavor from {b;}, the vortex partition function just
reduces to that of Ny — 1 flavors.

On the other hand, if we now take the bth flavor with b = b; € {b;} and take the limit
1M, — £o00, we have
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where 4, j # j and a € {b;}. Then we also have
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where " = (t1,...,tp—1,tp41,- - - ,th). Therefore, the vortex partition function becomes

Z{bj}vNcﬂNf ((If,t, T,U)) (B8)
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vortex vortex

where ZzL1 = z{1}L11

vortex = Zvortex 18 the vortex partition function of the U(1) theory with one flavor.

Using the ¢-binomial theorem

S (8D (020 (B.9)
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one can show that Z>1  is written as follows:
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Note that the right hand appears as a part of the superconformal index of a free twisted

1,1
Z7

vortex

(B.10)

(z,1,7,w) =

hypermultiplet. If we call the right hand side Zy,yper, the index of the twisted hypermultiplet
can be written as

Lhyper (%, T,w) = Znyper (2, T, w) X Zhyper(afl,rfl,wfl) (B.11)
where Zyyper is given by
(T’LU:L'%; 1,2)

< _ = PE

1
T‘lwxi;aﬂ)

(B.12)

Zhyper(x7 T, w) =
( .

=z (z,1,7,w).

vortex

The identity Zvl(’itex = Znyper reflects the NV = 4 mirror symmetry, or equivalently the
N = 4 Seiberg-like duality, between the U(1) theory with one flavor and the free twisted
hypermultiplet theory. From (B.8) and (B.12) we conclude that if we take the large mass
flavor from {b;}, the vortex partition function reduces to the product of the vortex par-
tition function of the U(N, — 1) theory with Ny — 1 flavors and Znyper of a free twisted
hypermultiplet.

We have observed the two different limits of the vortex partition function. Using those
results one can find a set of identities applicable to the N' = 4 Seiberg-like duality as shown

in section 3.
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