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1 Introduction

One of the important offshoots of the second superstring revolution is the brane construction
of gauge theories. Hanany-Witten brane setups [1] engineer 3d N = 4 linear quiver gauge
theories. An immediate but extremely profound consequence of this construction is the
observation that mirror dualities relating 3d N = 4 theories [2] are inherited from S-duality
in Type IIB string theory, which swaps NS and D5 branes.

In the abelian case, it is possible to prove 3d mirror symmetry using purely field theory
arguments. Ref. [3] showed how to piecewise dualize a general N' = 2,3, 4 abelian QFT.
The proof uses as basic ingredient only the duality between U(1) with 1 flavor and a free
hypermultiplet.! Let us mention that the abelian 3d mirror symmetry is related to 3d abelian
non supersymmetric bosonization [5, 6.

3d mirror symmetry led to many advances in our understanding of the quantum dynamics
of gauge theories. Theories with 8 supercharges in d = 4,5, 6, whose Higgs branches are not
corrected upon circle reduction [7], admit a 3d mirror also known as magnetic quiver (see
for instance [8-18]), which is often crucial in uncovering the quantum dynamics of QFT’s
which do not admit a Lagrangian description.

In light of the above, it would clearly be desirable to extend our understanding of non-
abelian 3d mirror symmetry to theories with less than 8 supercharges. A recent advance comes
to our help in this direction. A couple of years ago [19, 20] was able to prove non-abelian
3d N' = 4 mirror symmetry via the dualization algorithm.

The idea of the algorithm originates from the observation [21-23] that on linear or circular
brane setups, we can think of S-duality as acting locally on each 5-brane, creating an S-duality
wall on its left and an S~'-duality wall on its right: D5 = S-NS-S~! and NS = S-D5-S71.

The intersection of the S-duality wall with the N D3 branes was argued to be captured
by the 3d N' = 4 S-duality wall FT[SU(N)] theory introduced in [21], represented by the
quiver below.?

- W - W R i S

SU(N) x SU(N)

(1.1)

!There is compelling evidence for the validity of this duality: one can prove that in the gauge theory there
is a free sector using the monopole R-charges and the unitarity bounds [4]. The matching of the S partition
function of the gauge theory with the one of the free hyper implies that there is nothing on top of the free
sector.

2The FT[SU(N)] theory we use here differs from the T[SU(N)] introduced in [21] only by the adjoint
singlet flipping the meson operator.



The S-wall theory has IR SU(N) x SU(N) symmetry, where one of the two SU(N) factors
arises from the IR enhancement of the U(1)V~! topological symmetry, we denote it in compact
form by a dashed line connecting two square blocks to indicate its non-abelian IR symmetries.
The chiral ring of the FT[SU(N)] theory is generated by the moment map operators in the
adjoint of the two SU(N) symmetries. In [24] the S-wall theory was shown to satisfy the
SL(2,7Z) relations and in particular the fusion to identity property S-S—! = 1, a relation
which is going to play an important role:

mf-y- ] = Twall

(1.2)

On the r.h.s. we have the Identity wall theory I-wall, whose partition function is a delta
function identifying the Cartans of the two U(N) global symmetry groups.

The dualization algorithm (similar in spirit to [3]) basically implements in field theory
the local action S-duality. Roughly speaking, the N' = 4 algorithm consists in ungauging a
linear quiver in two types of basic matter blocks: the bifundamental matter and the flavor
matter. At the level of brane setups the bifundamental is associated to a V.S brane, the
flavor to a D5 brane. Each block is then locally dualized by a basic duality move which
implements at the field theory level the local action of the S-dualization of each 5-brane.
The basic duality moves are in turn genuine IR dualities which can be proven assuming
only the basic Seiberg-like Aharony duality [25].

In this paper we generalize this strategy to the mirror dualities with four supercharges
which can be realized in setups with NS and D5’ branes. The salient feature of our proposal
is that in such setups the bifundamentals in the quiver, associated to the presence of a NS
brane over which D3 — D3 strings stretch, is not a standard bifundamental, but an improved
bifundamental. The improved bifundamental is a strongly coupled 3d N = 2 CFT, the
FMIU(N)] theory introduced in [26], with the UV completion given by the quiver below:

_

S[U(N) x U(N)] x U(1)?

(1.3)

The superpotential of the FM[U(N)] quiver includes a term linear in the fundamental
monopoles at each node. This term breaks all the topological symmetries and the manifest
global symmetry is U(N) x U(1)"¥ x U(1)2. In the IR the U(1)"Y UV global symmetry acting
on the fields of the saw enhances to U(NN). The IR spectrum of the improved bifundamental
includes two adjoint operators and two bifundamental (N, N), (N, N) operators IL II of the
two U(N) symmetries. We use the compact notation on the right with two wiggle lines
connecting the two square nodes to visualize the two non-abelian symmetries. In addition to
them, the improved bifundamental has two U(1) global symmetries, so one extra symmetry
with respect to the standard bifundamental. As we will see, improved quiver theories built
with improved bifundamentals have an interesting pattern of symmetry enhancement and we
can introduce a notion of balanced nodes leading to non-abelian symmetry enhancement. For



example, in a string of k consecutive improved bifundamentals linking k—1 U(V) gauge nodes,
k U(1) symmetries rotating each improved bifundamental and the (k — 1) U(1) topological
symmetries will enhance to U(k)?/U(1).

The local dualization of improved quivers requires a new set of ' = 2 basic duality moves
implementing the S-dualization of generalized flavors into generalized bifundamentals and
viceversa. The 3d basic move corresponding to the dualization S-D5-S~! = NS is given by:

=
{1

(1.4)

This move is a genuine IR duality which can be obtained via compactification and real
mass deformation from the 4d N = 1 star-triangle or braid duality, which can be proven
by induction in N using only the basic Seiberg-like Intriligator-Pouliot duality as shown
in [27]. In the move (1.4), on the Lh.s., the adjoint chiral couples to the moment maps
of the S-walls to its left and to its right while the flavor is not coupled to the adjoint (as
it would be in the NV = 4 case).

The opposite transformation, the dualization of an improved bifundantal into a gen-
eralized flavor, corresponding to the dualization S-N.S-S~! = D5 can be easily obtained
by combining (1.4) and (1.2) and is given by:

- O

H-W&H (1.5)

So the Braid duality is the fundamental move and since it can be demonstrated by induction
by assuming only the elementary Seiberg-like dualities, it follows that all the A/ = 2 mirror
dualities following from the algorithm are demonstrated to be consequence of Seiberg-like
dualities only.

The N = 2 dualization algorithm based on the above basic duality moves allows us
to work out the 3d mirror dual of linear quivers corresponding to Hanany-Witten brane
setups with four supercharges formed by a sequence of NS and D5’ branes. In doing so
we propose how to read the associated gauge theories. More precisely we focus on N' = 2
brane setup made of an arbitrary sequence of NS and D5’ branes in the case that the
number of D3 branes is constant along the brane setup. The D3/NS /D5’ branes extend
along 0126/012345/012457, respectively. We propose that the IR QFT associated to such
setups is given by an improved linear quiver with U(NN) adjoint nodes, joined by improved
bifundamentals links with flavors distributed among the nodes, according to the position of
the D5 branes. The superpotential couples the adjoint of each U(NN) nodes to the adjoint
operators of the nearby improved bifundamentals. The flavors do not enter the superpotential.
Crucially, we will show that this proposal is consistent with S-duality, that is two improved
quivers corresponding to S-dual brane setups are mirror dual as 3d N’ = 2 QFT’s.



Basically, our proposal differs from the naive reading of the brane setup (see for in-
stance [28-32]) in that instead of a standard bifundamental hypermultiplet, we use the F'M
theory, which carries an additional U(1) global symmetry.®> The naive quiver indeed has the
problem that the UV theory sees a global symmetry with rank strictly smaller than the rank of
the IR global symmetry, hence it is impossible to use the naive quiver to compute observables
in the IR SCFT, even supersymmetric localized partition functions and chiral rings are
not accessible. One interesting comment is that it is possible to turn on an holomorphic
deformation that turns the improved bifundamental theory into a standard bifundamental,
but these operators are generically trivial in the chiral ring of the quiver, hence chiral ring
stability of [33] imples that these deformations do not lead to a new IR SCFT. In other words,
for each brane setup there is only one IR SCFT, whose properties can be explored using the
UV quiver with improved bifundamental, but not using the naive UV quiver.

Let us provide a concrete example of how to associate a quiver and how to prove the
mirror duality. Consider the sequence NS — D5 — NS — (D5')3 — NS, part of a longer brane
setup, together with its S-dual setup depicted below.?

S-duality
<~

Mirror

symmetry ~ ~
- WV N N N) - <~ N N
ooty Gty

According to our proposal the part of the quiver associated to this sequence, given in the

(1.6)

bottom left corner, contains three improved bifundamentals and four flavors which don’t enter
the superpotential. The quiver corresponding to the S-dual section of the brane setup, given
in the bottom right corner, contains instead four improved bifundamentals and three flavors.
Notice that in the left quiver, the global symmetry will include a non-abelian U(3)2/U(1)
factor associated to the 3 consecutive D5’ branes. In the right quiver this symmetry appears
in the IR via the enhancement mentioned above of the string of 3 improved bifundamentals
associated to the 3 consecutive NS branes.

We can then prove that the two improved quivers associated to the S-dual brane setups
in (1.6) are mirror dual, by running the N' = 2 algorithm. Let us start from the quiver
on the L.h.s., we freeze the gauge interactions, breaking up the theory into the two types
of generalized matter blocks:

[N]l-wall[NMWAN] - [N]T-wall

3Let us remind that in the abelian case the improved and standard bifundamentals coincide, hence our

(1.7)

proposed quivers and the naive quivers are the same.
4For convenience in the picture we present the action of S-duality combined with the rotation acting by

NS — NS and D5 — D5'.



Now we dualize each block, using (1.4) and (1.5), transforming generalized flavors into
improved bifundamentals and viceversa and glue back:

(1.8)

YR eg e e e ey eerg e
Now we implement the fusion to Identity property of the S-walls (1.2), with the effect of
removing all the S-wall theories from the improved quiver, to obtain:

(1.9)

which is precisely the quiver associated to the S-dual brane setup in figure (1.6).

There are various natural generalization of this result. We can easily describe (p, ¢)-webs
of rectangular shape formed by an arbitrary number of D5 branes and one NS. Using
the algorithm we can obtain the QFT description of the S-dual (p, ¢)-web containing many
NS’s sitting on top of a single D5’.

We can turn on real mass deformations in our quivers to generate Chern-Simons in-
teractions and/or theories with chiral matter (different number of fundamentals vs anti-
fundamentals). The corresponding brane setup might include (p,q) 5-branes and non-
rectangular (p,q)-webs. We will discuss these theories in [34], using the chiral improved
bifundamental introduced in [27].

We still don’t know how to describe more generic 3d N = 2 setups involving all four types
of 5-branes (NS, NS’, D5, D5') and a non-constant number of D3 branes along the brane
setup. For such setups we need a new object: an asymmetric improved bifundamental with
non-abelian global symmetry S[U(N;) x U(Nz2)]. We plan to investigate this in the future.

Our results can play a role also in the study of non-perturbative properties of 4d N' =1
QFT’s. For instance in some cases the 3d mirror of a 4d SCFT, defined through a stringy or
higher dimensional construction, might be a quiver containing improved bifundamentals. As
illustrative examples, we show that 4d SU(N) adjoint SQCD with F' flavors possesses a 3d
mirror which is a linear quiver with F' — 1 U(V), one U(1) gauge nodes and F' — 2 improved
bifundamentals, and we work out the 3d mirror of 4d N' =1 SU(N) quivers associated to
linear Type ITA brane setups.

We also present a family of 4d N' = 1 improved quivers related by mirror-like dualities.
The 4d improved quivers contain 4d improved bifundamental links which we identify with
the FE[USp(2N)] theory introduced in [35]. 4d mirror dualities can be demonstrated via
a 4d dualization algorithm. The basic move, dualizing an improved bifundamental block
into a generalized flavor block is given by the 4d N' =1 star-triangle or braid duality. As a
simple example, we present the mirror dual of the 4d N' = 1 antisymmetric USp(2N) SQCD
with 2F + 4 flavors which reduces to the 3d N' = 2 mirror pair for the U(N) adjoint SQCD,



W=0 W = SN (Flip[Vi A]VA] + Flip[VaAY 1 Va]) + Weluing

Figure 1. Mirror duality for the N/ = 2 adjoint SQCD. Each node, round or square, denotes a
U(N) group, gauge or flavor respectively. Lines with an ingoing or outgoing arrow are fields in the
fundamental or antifundamental representation of the group to whom is linked. Arches denotes field
in the traceless adjoint representation. In the mirror theory there are also double wiggly-lines that
represent a FM[U(N)] theory and crosses denoting flipping fields. In the pictures we also give the
name of the fields beside the line that represent it, the names of flipping fields are omitted in the
picture but their presence can be read from the superpotential given below the theory. To avoid
cluttering, whenever we have a double line, straight or wiggly, we just give the name of one field, it is
implied the presence of a second field, distinguished by a tilde, that is in the conjugate representation.

upon a suitable dimensional reduction limit. The proposed duality generalizes the self-dual
case with eight flavors, called CSST duality [36].

The paper is organized as follows. In section 2 we present the mirror of the adjoint
N = 2 SQCD, we work out the operator map, study various deformations and perform
several consistency checks. In section 3 we introduce the N' = 2 dualization algorithm and we
apply it to the derivation of the SQCD mirror dual. In section 4 we formulate our proposal
to associate improved quivers to brane setups with four supercharges and discuss various
examples. In section 5 we study (p, ¢)-webs, while section 6 studies 3d mirrors of 4d SU(V)
quivers. Finally in section 7 we discuss 4d N = 1 mirror dualities.

2 3d N = 2 adjoint U(IN) SQCD and its mirror

In this section we present the mirror duality for the N' = 2 adjoint SQCD, which is depicted
in figure 1. The electric theory is an N' = 2 U(NN) gauge theory with a chiral field A in the
traceless adjoint representation and F fundamental chirals Q and antifundamental chirals Q,
with zero superpotential. The global symmetry group of the theory is:

SU(F)y x SUF)w x U(1)m x U(1), x U(1)y, (2.1)

where we denote by U; with Zjvzfl U; =0, W; with Zjvzfl W; = 0, m the real masses for the
fundamental chirals, 7 is the real mass for the adjoint chiral and Y is the FI parameter. The
charges and representations for all the fields is given in table 1.°

It will also be useful to parameterize the SQCD theory so that its manifest symmetry
matches that of the mirror theory by combining pairs of fundamental/anti-fundamental

5We recall that in A = 2 theories the R-symmetry group is abelian and can mix with other abelian symme-
tries along the RG-flow and the value of the superconformal R-charge can be fixed via F-extremization [37].
In the table we give trial U(1)g,-charges.



UD)r, | UQ)r | UL)m | SUF)y x SUF)w
Q 1 0 -1 Fx1
Q -1 1xF
A 0 1 0 1x1

Table 1. List of the charges and representation of the fields in the electric theory.

UD)r, | UML), | UL)p, | U)x,
Qk 1 0 —0jk —Ojk
Qw| 1 0 —0jk Ok
A 0 1 0 0

Figure 2. Reparameterization of the electric theory. On the right of the picture we also listed the
abelian charges of all the fields of the reparameterized theory. The convention is to take the fields @,
in the fundamental and Qj antifundamental representation of the gauge group.

chirals into flavors with axial-like mass B; and vector-like mass X;. The reparameterized
theory is depicted in figure 2, along with a table with all the representation and charges
of the fields after the reparameterization.

The set of real masses for the vector-like symmetries can be taken such that: Zle X; =0,
since the gauge group is U(N). The U(1),, symmetry of the theory before the reparame-
terization is related to the axial masses as:

m:%ZBj. (2.2)

We can also define a new set of axial masses as: Bj = Bj —m, so that Zle B; = 0. The
real masses of the two parameterization are related as:

Uj = X; — B;
W, = X; + Bj, (2.3)

while the symmetries recombine as:

F F F F
U)p, xS |[TUMx,; | =8 [[TU@)g, | xS |TTUM)x, | x UL)m
j=1 j=1 j=1 j=1
— SU(N)y x SU(N)w x U(1), . (2.4)

Dual quiver. Let’s now discuss the mirror theory. The main ingredient is the improved
bifundamental which is identified with the FM[U(N)] theory, a 3d N' =2 SCFT introduced
in [26] which we describe in appendix B.2. We denote this theory compactly by two wiggle
lines connecting the two U(N) nodes to visualize the two non-abelian U(N) IR symmetries.
In addition to them, the improved bifundamental has a U(1),; x U(1) abelian symmetry.



UMr, | U()- | UML), | Uy
Vi,Vi |0 A 6n ¥l
Va, Vs 0 =N SiF 0
I, T 0 0 8k 0
Ay, 0 1 0 0

Table 2. List of charges and representations. The II; operators are in the fundamental representation
of the (j —1)-th and antifundamental of the j-th gauge groups. The fields V7 and V4 are in fundamental
representation of the first and last gauge group, respectively.

The IR spectrum of the improved bifundamental includes two traceless adjoint operators
and two bifundamental (N, N), (N, N) operators II,II of the two U(N) symmetries and a
matrix of singlets B,, ,,, with charges given in 8. In particular the bifundamental operators
carry charge one under the azial U(1)A symmetry.

Our adjoint SQCD mirror dual is given by a linear quiver with F' — 2 improved bifunda-
mental links and at each end of the quiver we have the flavors V7, ‘71 and Vs, Vy:

W = S5 (FlipVi A{VA] + Flip[Va AL, Va)) + Weluing 25)

The list of charges and representations for all the fields and bifundamental operators is
given in table 2.
The manifest UV global symmetry is:

F F—-1
[TuMs, x J] U1)x,-x,, x U1)- x U(L)y, (2.6)
j=1 j=1

Where X1 — Xj is the FI parameter related to the U(1) topological symmetry of the j-th
gauge node. The parameters B; for j = 2,---F' — 1 are the real axial mass associated to
the U(1)p, symmetries of each improved bifundamental, while B; and Br are the axial
symmetries for the left and right vertical flavors, respectively. Notice that we can re-absorbe
a U(1) vector-like symmetry by a gauge transformation since all nodes are U(N). We have
the following symmetry enhancement in the IR

F F-1
H U(l)Bj X H U(l)Xj+1—Xj — SU(N)U X SU(N)V X U(l)m, (27)
j=1 j=1

so that in the IR, the mirror dual theory has exactly the same global symmetry group of
the electric theory.



The theory also contains singlets. To avoid introducing too many names for the singlet
fields, we will adopt the following notation. Given an operator X and a gauge singlet
elementary field Ox we denote a superpotential term of the form W = Ox X as Flip[X].
In addition we will refer to the flipper singlet Ox as F[X]. In our mirror theory we have
singlets F[V3 A7V;] and F[VaA7V3], which flip the dressed mesons constructed with the left
and right flavors, they are represented as crosses in the picture 1.

In the mirror theory we have a string of consecutive improved bifundamentals which
are glued by gauging a diagonal combination of the two U(N) symmetries with the addition
of an adjoint field A. More precisely we couple the adjoint operator Ay, of the improved
bifundamental on the left and the adjoint operator Agr of the improved bifundamental on
the right to the extra adjoint field A as: W = A(AL — Ag). We will also use the short-
hand notation Wilying to collect all the superpotential terms coming from this procedureb.
Notice that when we glue a string of improved bifundamentals, all the U(1), symmetries are
identified while the U(1)p, symmetries are all preserved. These symmetries then recombine
with the topological symmetries and enhance to match the global symmetry group of the
electric theory as in (2.7).

At the level of Sg’ partition functions, the duality in figure 1 implies the identity:”

Z300D (T, é,)?,y) = Zsoen (T, E,X',Y) : (2.8)
On the Lh.s. we have the partition function of the U(V) adjoint SQCD parameterized as
in figure 2, which is given as:
o B . N N F
Zsqep (T,B,X,Y) - / AZnAN(Z, 7)™ L B T T 6 (Ba £ (2 — Xa)) . (2.9)

j=la=1

The partition function of the mirror dual theory, given on the r.h.s. of figure 1, is instead
given as:

L , o1 ) | .
Zsoep (7737X7y> :ezmzvyxl/ T] 42 An(Z@), 7)e2mKen=—X0 2L, 2

a=1

N . .
iQQ 1-N (1) iQ .

le;ll[sb<2— 5 T—B1+(Z; —Y))sb<—2—|—(j—N)T—|—QBl)
1-N _

X b(ig— T—BF:EZ(F 1)>8b<—’§+(j—N)T—|—2BF)

F-2 o .

x IT 2351 (2,24 7, Bsa ) (2.10)

a=1

The S} partition function of the FM[U(N)] theory is defined in appendix B.2.

5Notice that here we glue improved bifundamentals by turning on only Whsluing. If one adds also a monopole
superpotential of the type W = 9" 4+ 9™, then two improved bifundamental theories fuse to an I-wall as
explained in appendix B.2.

"We follow the conventions summarized in appendix A.

,10,



UD)r, | UL, | UD)p, | U)p, | UL)x | U(l)y
Q@1 | 1 0 -1 0 +1/2 | 0
Q2. Q2 1 0 0 -1 F1/2 0
Py, P 0 1N 1 0 0 | F1/2
Py, Py 0 =N 0 1 0 +1/2
A,C 0 1 0 0 0 0

Table 3. Charges for the fields in the mirror F = 2 self-duality. In the electric theory the FI
parameter for the topological symmetry is Y, while in the dual it is X.

2.1 Comments on the FF =1 and F' = 2 cases

The cases F' = 1,2 were already discussed in literature, in this section we wish to comment
on how our result reconciles with these known results.

Let us start with the F' = 2 case. In this case our mirror pair in figure 1 has no improved
bifundamental links and it reduces to a self-duality modulo flips:

W =0 W = YN (Flip[P CI Py )+

+Flip[P2C7 Py)) (2.11)

The duality (2.11) was interpreted as a mirror symmetry in [31], which obtained it
reducing the CSST self-duality modulo flips of 4d N' = 1 Usp(2N) with antisymmetric
and 8 fundamentals [36].5

The F = 1 case can not be directly read from the mirror pair proposed in figure 1,
which is defined only for F' > 2. However our dualization algorithm, which as we will see
in section 3 allows us to prove the F' > 2 duality, can be run also in the ¥' = 1 case and
the result produced is consistent with the earlier duality shown in figure (2.12) which was
discussed in [31] and derived via sequential deconfinement in [39, 40].

Q - 3N chirals: R;,S;,T; with:
' =N A ,
W =20, Flip[AT] ? W =S, b5 ki B ST
A

(2.12)

8A similar self-duality with 6N instead of 2N flipping fields on the r.h.s. can be obtained via sequential
deconfinement, [38]. As shown in [31], (2.11) is the 3d reduction of the CSST self-duality of Usp(2N) with
antisymmetric and 8 fundamentals, while the sequential deconfinement method [38, 39] proves the IP-like
self-duality of Usp(2N) with antisymmetric and 8 fundamentals and its 3d reductions.
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This duality relates the SQCD with one flavor where we flipped the tower of powers of
the adjoint (which would all be below the unitarity bound), to a Wess-Zumino model.
Notice that the superpotential on the Wess-Zumino side contains a number of terms growing
quadratically with N. This superpotential was proposed in [31] and tested using sequential
deconfinement in [39].

Starting from the SQCD on the L.h.s. of figure (2.12), the algorithm yields on the dual
side a collection of 3V chiral fields with a charge assignment which is indeed compatible
with the superpotential given (2.12).

It will be also useful to consider a flipped version of this duality where on the electric
side we flip the tower of dressed mesons:

W = 05! FliplQAT Q)+
+ 3%, Flip[A]

< (Free Hyper)™

(2.13)

In this case on the dual side we have N free hypers mapping to the tower of dressed
monopoles zmjj in the electric SQCD side.

2.2 Operator Map

We now show how the gauge invariant operators of the SQCD theory are mapped into
the mirror dual.

o In the electric theory we have the meson operator QQ in the F x F representation of
SU(F)y x SU(F)w, with R-charge 2, m-charge -2 and zero 7-charge. This operator is
mapped into the following collection of operators of the mirror theory:

— Singlets BYCI) of the (k)-th improved bifundamental theory, with k =2,--- F — 1,
and singlets F[V; AY'V1] and F[Vo AR "1V5]. These are F operators, each with
R-charge 2 and m-charge -2.

— F(F —1) monopole operators with topological charge given by strings of contiguous
+1 (or —1) under the topological symmetries U(1)x,,,-x,. As discussed in the
appendix E, it is possible to prove that they carry R-charge 2 and m-charge -2.

We can arrange all these operator into a matrix transforming in the F x F representation
of SU(F)y x SU(F)w which is naturally mapped to the electric meson. For example,
for a theory with F' = 4, meaning that the mirror theory has 3 gauge nodes, this matrix
is given as:

]_-[VlAiV—lf/l] o, (+:0.0) gn(++0)  gn(+++)
- 2
91(—0,0) B%% o (0+.0)  9R0+.+)
m(,7,70) m(ovao) ngg m(0707+)
m==7) mO—) mO0=) Flip AN 1Y)

(2.14)

— 12 —



Where we denote with 9% a monopole with topological charges 7, j, k under the
three topological symmetries.

We can also consider dressed mesons with powers of the adjoint in the electric theory.
If we parameterize the SQCD as in figure 2 the map works very intuitively as:

SQCD Mirror
Q1A'Q1 FViAY ]
QrAQr FVa AN=11]
Q;AQ; for j=2,...,F -1 BV,
QjAle for j # k 93?53""’0’+"'"+’0""’0) non-null entries: j to kK —1

(2.15)

 In the electric theory we then have the traces of powers of the adjoint field A7, for
j = 2,...,N, that are only charged under the U(1), symmetry with a charge of j.
These operators are mapped into similar operators that can be built in the mirror
theory. In the mirror we have an adjoint field for each gauge node, all with a charge 1
under the U(1), symmetry. However, quantum effects relate the traces of powers of all
these operators such that they are all identified, leaving only one independent set of
operators with charges j under the U(1), symmetry for j =2,..., N.

o Lastly, we also have monopoles in the SQCD theory. The lowest charged monopoles,
with +1 charge under U(1)y, have m-charge F', 7-charge 1 — N and are singlets under
all the other symmetries. These are mapped into long mesons Villy ... IIp_1 Vs and
Vlﬁg I —1V5 in the mirror theory. These have T-charge N — 1 and charge +1 under
all the U(1)p, symmetries, which implies that under the U(1),, symmetry it has charge
F. Also, they have charges +1 under U(1)y, which we recall is mapped into the
topological symmetry of the SQCD theory.

Dressed monopoles of the SQCD theory will be mapped similarly into dressed long
mesons with the same level of dressing.

To conclude, let us mention that not all the holomorphic gauge invariant operators in
the quiver side are mapped to the electric theory. Notable absent from the list of mapped

operators are the gauge singlets Bg;n for n # 1. We claim that the holomorphic operators

Bg;lm are trivial in the chiral ring of the magnetic theory, since there is no operator in the
electric theory chiral ring with the correct global symmetries.

In particular, the triviality of the Bgi’s has interesting consequences. The Bg{’s, if
turned on in the superpotential, would iron an improved bifundamental into a standard one
(see (B.40)), providing an RG flow to the putative IR SCFT associated to the naive reading
of the magnetic brane setup. Chiral ring stability tells us that adding to the superpotential
chiral-ring-trivial operators has trivial consequences to the IR SCFT. Hence chiral ring
stability tells us that our mirror and the naive mirror flow in the IR to the same SCFT.
See section 4.3 for more comments about the relation between our and the old proposals

of 3d mirror symmetry with 4 supercharges.
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2.3 Deformations and consistency checks

In this section we study the effect of some interesting deformations of our dual pair, providing
non-trivial consistency checks of our duality.

Before discussing deformations we notice that in the magnetic theory, thanks to two
swapping dualities, we are allowed to shuffle and reorder all the improved bifundamentals
and the two vertical flavors.

The first duality in figure (D.5) allows us to swap two consecutive improved bifunda-
mentals, that is under the duality the two U(1) symmetries rotating the bifundamentals
are exchanged. Using this duality we get:’

1 11 1L j+1
W@W = w@wmv@wm@w&
m | B B

j j I | Bj
i1 | Bjta i1 | B (2.16)
Notice that under this duality, the matrix Bgi 2n is mapped to B/n(],: U while B%]; 21) is mapped
to Bn@n For more details see (D.5).

A specialisation of the previous duality, given in figure (D.7), allows us to exchange
an improved bifundamental with a flavor. For example, we can exchange the left vertical
flavor with the first improved bifundamental:

Vll LN, + By
m| B

(2.17)

Notice that under this duality the tower of flipping singlets F [VlAlff/l] is mapped into part
of the matrix of singlets of the improved bifundamental theory Bfk,, and vice-versa. Instead,
the rest of the singlet matrix is not mapped under this duality, this is consistent with our
claim that the singlets that are not mapped are not in the chiral ring.

One can combine the two moves (2.16) and (2.17) to rearrange all the bifundamentals
in any desired way. This property will be important to discuss the deformations, as we
will show in detail below.

9We list operators and their R-charge in a table beside the quiver representation of a theory. The R-charge
is expressed as Ro + ZE ge E, where Ry is the trial R-charge. Also, the sum runs over all the U(1)g global
symmetries and we denote by E the mixing coefficient for U(1)g and by g the charge of the operator under
the group. So with a slight abuse of notation we denote by E both the real mass and the mixing coefficient
for U1)g.
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2.3.1 Shortening

The first deformation that we consider is given by complex mass terms in the electric theory.
This means that we turn on a superpotential term as: 6V = Qij for any j =1,..., F. For
j =1, F this deformation is mapped respectively into ]:[VlAivflf/l] and ]:[VgAg:ll\N/g] while
for j =2,---F — 1 it is mapped into Bﬂ, as it can be read from table 2.15.

By means of the freedom of rearranging the improved bifundamentals, using the dual-
ity (2.16) we see that all the deformations for j =2,..., F — 1 are on the same footing. Also
using the duality (2.17) the case j = 1 is equivalent to j = 2 and, analogously, j = F' is
equal to j = F — 1. Therefore we conclude that this deformation can be implemented on
any improved bifundamental without any loss of generality. Let us then consider j = 3 for
simplicity, the superpotential term §W = Q3Q3 is mapped to W = B(131) This deformation
has the effect of transforming the improved bifundamental in an I — wall, as explained in

appendix B.2 (eq. (B.36)) which identifies the two U(N) symmetry groups which is connecting:

II3
WA@JWM@WW_ — w/x@w»—
W = Wuing + BY) W = Wt
gluing 1,1 gluing (218)

Intuitively, one can think that the linear superpotential term W = Bﬂ has the effect of
giving a VEV to the I3 and II3 operators. The effect of this VEV is to Higgs the U(N) x U(N)
gauge symemtry under which is charged down to the diagonal U(N). This is supported from
the fact that imposing the Bﬁ operator to have R-charge 2 implies that the II3 operator
has R-charge 0, as one would expect from an operator acquiring a VEV. The net effect of
this deformation is then to shorten the sequence of improved bifundamentals by one unit.
This is consistent with our duality, indeed the electric SQCD after the mass deformation has
F — 1 flavors and its mirror has one less improved bifundamental links.

In the electric theory we can also turn on a non-diagonal mass term of the type: éW =
Q]Qk, with j # k which has also the effect of just removing one flavor. From the operator
map 2.15, we see that this deformation is mapped into monopole superpotentials in the
magnetic theory. Let us consider the case 6W = Q2Q3 without any loss of generality. This

0,+,0,-:0) in the magnetic theory. We can now use

superpotential term is mapped to W = M
the duality (C.6) where two improved bifundamentals glued with a monopole superpotential
W = Wyiing + 9T (and equivalently for W = 97) are shown to be dual to a single

improved bifundamental.

W= nguing + m(0,+,0..‘,0) W= ngumg (2 19>
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We can then conclude that this deformation has the effect of shortening the sequence of
improved bifundamentals by one unit. So our duality passes also this consistency check.

Notice that instead the deformation W = Q2Q3+ Q2Q3 which corresponds to integrating
out two flavors in the electric theory, maps to W = IMO:+:0::0) 4 93(0,=0--0) iy the magnetic
theory. We can now use the fact that two improved bifundamentals glued with a monopole
superpotential W = Wyying + 9T + M~ fuse to an I — wall (see (B.34)), to conclude that
this deformation has the effect of shortening the sequence of improved bifundamentals by
two units, as expected.

2.3.2 Ironing

The second set of deformations that we consider are cubic terms for the flavors in the SQCD:
oW = QjAQ]-. Following the operator map 2.15 we see that those are mapped in either
FIViAY 72V, F[VaAR=2V5] for j = 1, F and into B(]) for j =2,... F — 1. As before, using
the swapping dualities (2.16) and (2.17) to rearrange 1mpr0ved blfundamentals and flavors, we
can focus on the case j = 3 for simplicity without any loss of generality where the deformation
W = Q3AQs5 is mapped to W = BgS% As shown in figure (B.37), this deformation has the
effect of ironing an improved bifundamental into an ordinary bifundamental of charge 7/2
coupled to two extra adjoint fields. These extra adjoint fields give mass to the adjoint fields
in Wyiuing to its left and right and the bifundamental is then coupled to adjoint operators
inside the improved bifundamentals. We summarise graphically this picture below:

W@W@Wﬁ»w@:@@m

ngulng + Bl )2 W= H/ (AL + AR>H3+

! !
+ Flip[IT4I15) (2.20)

One can consider also a non diagonal superpotential term: dWW = QjAQk which is mapped
to a superpotential term for the magnetic theory given by dressed monopole operators. Again
by consistency this deformation should result into the ironing of an improved bifundamental
link. Indeed using the swapping dualities (2.16) and (2.17), without any loss of generality, we
can consider the case W = Q2AQs3. This superpotential term is mapped to the superpotential
oW = S)JT(O +:0,---0) involving a dressed monopole. In this case we can use the duality (D.9)
under whlch two improved bifundamentals glued with W = Wying + S)JTZ (and analogously
for W = 01) are dual to an improved bifundamental glued to an ordinary bifundamental
coupled to the adjoint operators of the improved bifundamental theories. We summarise
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graphically this picture below.

W= nguing + 973540;’0""0) W= Hé(AL + AR)I:I&
- 1 1T/
+ Flip|IT4 1T, 2.21)

We can then conclude that any generic cubic superpotential term §W = QjAQk in the
electric theory leads to the ironing of a single improved bifundamental link.

2.3.3 Flow to the N/ = 4 mirror symmetry

If we turn on the superpotential W = Eizl QjAQj, that is we couple all flavors to the
adjoint chiral, we reach the N'=4 U(N) SQCD. It is then an interesting consistency check
to show how our mirror dual reduces to the known N = 4 of the SQCD for F > 2N . The
effect of the deformation on the mirror theory is to iron all the improved bifundamentals.
Keeping track of extra adjoints appearing in the ironing duality (B.37), we observe that each
node has an adjoint of charge 2 — 7 which couples to the bifundamentals to its right and
its left and also all the bifundamentals are flipped. We denote these couplings as Wﬁ?:if“l.
On the first and last node the adjoint has become massive and now the vertical flavors are
coupled to an adjoint operator built from the square of the bifundamentals. On the mirror
side we also turn on linear superpotentials for the flipping fields F [‘/1(1'[21:[2)1\7 *2171] and
.7-"[V2(HF_11:[F_1)N*2172]. The resulting duality is depicted below.

W = YN (FLip[Vi (TaII V4] + Flip[Va(TLp_111p_1 )7 V5))

FF V(T T)N=2V] + F[Va(lp_ T e )N=2V5] + WRE (2.22)

The EOMs for the two singlets F[V; (Ilollo)N~2V1] and F[Va(Ilp_1I1p_1)N=2V3] yield VEVs
for the dressed mesons. By carefully studying the effect of sequential Higgsing triggered by
these VEVs (see for example [20]), one can show that on each side of the quiver a tail of
gauge nodes with increasing ranks from 1 to IV is reconstructed. We also have a plateau of
F — 2N — 1 gauge nodes of rank N with two flavors on the two ends. The result is depicted

1074 js possible to show that for F' < 2N our dual reproduces also the results for the bad SQCD found
in [41]. However, this analysis is beyond the scope of this work.
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below and indeed coincides with the known mirror dual of the N'=4 U(N) SQCD [1]:

W = Wy—y W = W= (2.23)

Notice that in the picture above we have rearranged the singlets flipping the bifundamentals
so that all the adjoint chirals are tracefull.

2.3.4 Higgsing <+ massive flavor and sequential confinement

We now consider another deformation which consists in giving a mass to any of the two
vertical flavors in the mirror theory (3.19).

! meaning

Actually if we want to turn on a mass term we first need to mowve the flippers,!
that we consider a modified version of the mirror pair where on the electric side we have
the superpotential W = Flip[QlA{Ql] and on the mirror side the first vertical flavor has no
flippers. It is also convenient to introduce N — 1 singlets that on the L.h.s. flip the traces of
powers of the adjoint chiral. On the r.h.s. we recall that the traces of powers of all the adjoint
chirals are identified via quantum relations, therefore we can pick any adjoint, say the last one

Ap_1, and flip its traces with the effect of flipping all the traces of powers of the adjoint chirals.

W = SN Flip[PL AT P+ W = Wluing + X' (Flip[VaA%_, Va])+
+ 32700 Flip[Tr A7) + N, Flip[Tr A} ]

HThe operation of moving the flippers, simply means that on the magnetic side where we have flipping
terms of the type W = Flip[X] = OxX we add a mass deformation for the flipper 6W = OxOx which
removes the flipping terms. The effect of this mass deformation on the electric side is then worked out using
the operator map.
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We can now can turn on the mass term 6 = ViV; on the r.h.s. of (2.24). After this
deformation we are left with the following theory:

11

Ay Ao

W= nguing + Zjvziol Fhfp[‘/éAi—'—l‘?Q]
N : ]
+ 25 Flip[Tr A _] (2.25)

Now we use the fact that an improved bifundamental gauged on one side confines to N
free hypers (see (C.9)):

()
@ <= (Free Hyper)"
W= nguing

(2.26)

Using this fact we can sequentially confine all the improved bifundamentals in (2.25) into
a total of (F'—2) x N hypers. We are then left just with a U(V) adjoint SQCD with one
flipped flavor (W = Z;y:z)l Flip[VgA%_l‘N/g]) and (F' — 2) x N free hypers.

Using the duality (2.13) we claim that the U(NN) adjoint SQCD with one flipped flavor
is dual to N free hypers. So in conclusion on the mirror side of the duality in (2.24), after
the mass deformation for the first flavor we have just (F — 1) x N free hypers.

Now let’s go back to the electric theory in (2.24). Using the operator map we see that
in the electric theory the mass term W = V; Vi maps to F [QAN _1Q1] inducing a VEV for
Q1AN1Q,. This is a VEV for a meson dressed N — 1 times which Higgses completely the
theory leaving (F' — 1) x N free hypers. So also this consistency check is passed.

2.4 Flowing to U(IN) SQCD without adjoint

The last deformation we consider is turning on a mass term for the adjoint A in the electric
U(N) SQCD. As discussed in section 2.2, Tr(A7) maps to Tr(A4}) in the mirror quiver. In
the mirror quiver, for each j, there are F' — 1 holomorphic operators Tr(A]I'), one for each
node. However only one combination is non-zero in the chiral ring.'> Hence, we turn on
masses for all the adjoints

W = Tr(A?) — SW = Ff Tr(A?) (2.27)
I=1

This deformation breaks the U(1), symmetry and triggers an RG flow to a new dual pair.

12This follows from the superpotential Wyiying and of the chiral ring relation Tr(A%) = Tr(A%), k=2,..., N
in the FM[U(N)] theory, see [27].
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U)gr, | UL)s, | U)x, | Uy
Qr, Qk 1 =ik | Fjk 0
| BE 01, 0 F1
Vo, Vp | X OF,; 0
I, I, 0 8k 0 0

Table 4. Charges of the fields in the mirror duality for the U(N) SQCD in (2.28). In the first block
are listed the fields in the SQCD, while in the second block are listed those of the mirror description.

On the left hand side the effect is to simply remove the adjoint. On the right hand side
we remove the F' — 1 adjoints Ay, and the superpotential now includes the adjoint operators
of the improved bifundamentals Ag} X

W = S35 (FliplVa (AT Vi) + Flip{Va(Aly ™) Val)+

S AL o
The list of charges is given in table 4. The global symmetry on the Lh.s. inf (2.28) is given by:
SU(F)y x SU(F)w x U(1);, x U1y, (2.29)

where the two SU(F) and the U(1),, global symmetries are obtained from the U(1), x U(1)x;
as usual with the redefinitions in egs. (2.2), (2.3).
In the mirror theory, on the r.h.s. in (2.28), the UV global symmetry is:

F F-1
H U(l)Bj X H U(l)Xj+1—Xj X U(l)y s (230)
7=1 j=1

where U(1) X;41-X; are the topological symmetries of the ' — 1 gauge nodes. In the IR the
global symmetry enhances to the group in (2.29).

The chiral ring generators in the SQCD side are the F2 mesons QQ, with R-charge
2 — 2m and the 2 monopoles M*, with R-charge F'm — N + 1. The mapping of the mesons

is very similar to (2.14), for instance if F' = 4:

]:[‘/I(A%))N_lf/l] o (+:0,0) 9y (++.0) o+ +)

. o (—:0.,0) Bﬂ 997(0,+.0) ono,+.+)
T = ’ 2.31
r(QQ) o (=—0) mo—0 B 77(0,0,+) ’ (231)

M) a0 FR(AR) YV
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The SQCD monopoles 9T map to long mesons Vi1, .. Ve and Vollp_q ... IoV4. Tt is
easy to check that the charge assignements given in table 4 are consistent with the mapping.

We now comment about the fate of the operators on the quiver side that were mapping
to dressed mesons in the duality with adjoint. These operators are the F [Vl(Ag))j Vil Bga%
FlVa (A%F_l))j V,] and the dressed monopoles and dressed long mesons (monopoles and long
mesons, in the quiver side, cannot be dressed by the explicit adjoint fields, since they are
massive, but we can consider dressing with the adjoints inside the improved bifundamental
theories that is the A’s). Such operators do not exist in the SQCD side of (2.28), while
candidate dressed operators appear in the quiver side, so the duality implies that the dressed
operators in the quiver are holomorphic operators set to zero in the chiral ring. We would
like to understand this feature directly in the quiver side without invoking the duality.

We can explain why the quiver operators along the diagonal in (2.31) are set to zero
in the quiver chiral ring using the logic of [33], where it is shown that when a flipper field
is flipping an operator below the unitarity bound (hence the flipper has R > %), it is zero
on the chiral ring as a consequence of quantum effects, e.g. giving a VEV to such a flipper
leads to a theory with no supersymmetric vacuum.

On the electric side, we know that the superconformal R-charge is such that!'?

% < RIQO] < 1. (2.32)

The left inequality is the unitarity bound, the right inequality follows from the fact in absence
of superpotential the interactions decrease the R-charge with respect to the free theory, where
R[Q] = 1. The inequality (2.32) implies that on the quiver side, 1 < R[F[AN"V] < 1,
while all the operators F[VA"V],h =0,1,...,N — 2, have R-charge greater than % (recall
R[A] = 1). Following the logic of [33], we learn such flippers are holomorphic operators which
are zero in the chiral ring of the quiver theory.

The same argument works for the By operators with &k = 2,..., N — 1, which were
mapping to dressed mesons in the duality with the adjoint. Such operators, when viewed in
the Lagragian UV completion of the improved bifundamental 20, are flippers, see table 8,
hence they are flippers with R > %, so they must be zero in the chiral ring.

3 Derivation via the N/ = 2 algorithm

In this section we generalize the dualization algorithm introduced in [19, 20] for N' = 4 linear
quivers to the N/ = 2 case and show how to construct the mirror dual of a generic V' = 2
linear quiver with U(N) gauge nodes, improved bifundamentals and generalized flavors.

The idea of the algorithm builds on the observation [21-23] that on linear or circular
brane setups, S-duality can act locally on each 5-brane creating an S-duality wall on its right
and an S™!-duality wall on its left: D5 =S-NS-S~! and NS = S-D5-S~ L. The dualization
algorithm implements in field theory this local action of S-duality.

We first define the basic N' = 2 QFT blocks and the basic N' = 2 duality moves. We then
explain the steps of the algorithm and apply them to the example of the N' = 2 adjoint SQCD.

13We are considering the region F > N.
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—~|=

Generalized flavor: 1-—A N — D3
21p(7) :
NS
£ A 7
Improved bifundamental: Wm — T N-D3
V) (=V)

Figure 3. Definition of the generalized blocks. In the picture we write in blue the parameterization
of the two theories. To the generalized flavor block we assign trial R-charge 1 and charge —1 under
the axial symmetry U(1)a, while V' denotes the real mass parameter for its vector-like symmetry.
X , Y denote the Cartans of two U(N) flavor groups. The improved bifundamental block, with trial
R-charge 0 and A-charge 1, is defined with background FT couplings for the two U(N) groups. The FI
parameters are denoted by the (£V).

3.1 Generalized QFT blocks and basic moves

The generalized QFT blocks. The generalized matter blocks are depicted in figure 3. To a
D5 brane with NV D3 branes stretching on the left and right we associate a generalized flavor
block, which consist in a flavor with U(1)a x U(1)y symmetry together with the identity
operator ¢l;(7) which identifies the Cartans X and Y of two U(N) symmetries.

To a NS brane with N D3 branes stretching on the left and right we associate an
improved bifundamental block given by an FM[U(N)] theory with background FI couplings
for the two U(N) global symmetries.

The Sp partition functions of the QFT blocks are given by:

N
ZENX V7, A,V) = [ so(A £ (Xj - V) glp(r),
j=1
N7 v _ 2wV Y (XY L (N) v
Z0)(X VA V)= i=1 720X,V 7, A), (3.1)

where Zg}(} is defined in appendix B.2, equation (B.25). The identity operator instead is
defined as follows:

N
1
de(r)=—— ) H §(X; = Yoip) - (3.2)
The convention used for the S partition function is given in appendix A.

The S-wall. The 3d S-wall theory is realized in field theory as the FT[U(N)] theory
(see B.3) as explained in [21]. The FT[SU(N)] theory we use here differs from the T[SU(N)]
introduced in [21] by the adjoint singlet flipping the meson operator. In addition here
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we work in the N' = 2* parameterization. Together with the T' generator it satisfies the
SL(2,7Z) relations (ST)?, 82 = —1 and SS~! = 1 [20, 24]. The partition functions of S
and S~! differ only by a sign:

—

28 (R, V,7) = Zpy (X, 57 ,7) = Zoy (X, ¥, 7). (33)
Graphically we represent an S-wall by a dashed line connecting two U(N) flavor symmetries,
the S and S~! walls are then distinguished by the + sign over the dashed line. The
SS* = F1 relations

W= nguing (34)
correspond to the following partition function identity:
/ dZnAn(Z,7) 280 (R, 2,7) 252 (2,7, 7) = gLy (), (3.5)

where the identity operator is defined as in (3.2) . It was shown in [24] that these relations
can be proved by iterating Seiberg-like dualities.

Basic duality moves. The last ingredient necessary for the definition of the algorithm is
given by the basic duality moves. They realize at the field theory level the local action of
S-duality on each 5-brane. The two basic moves are given in figure 4.

In the duality move in the first line of figure 4, we see how by acting with an S-wall on
the left and S~'-wall on the right of a generalized fundamental block we obtain an improved
bifundamental block. The superpotential Wgjuing couples the adjoint chiral to the two adjoint
moment map present in the two S-wall theories, Ar, Ar, as Wheluing = a(Ar +Ag). The flavor
does not enter the superpotential and indeed is rotated by a U(1)y x U(1)a symmetry.

One can recover the N' = 4 basic moves of [19, 20], by adding on the r.h.s. a cubic
superpotential coupling the flavor f to the moment maps as W = f(A;, — Ag)f, therefore
making the theory N = 4. This deformation is mapped on the Lh.s. to the By singlet of
the improved bifundamental theory which has the effect of ironing it to a U(N) x U(N)
bifundamental hypermultiplet, as shown (B.40).

In the duality move in the second line of figure 4, instead the S-dualization of an
improved bifundamental block gives the generalized fundamental block. The superpotential
Weluing couples the two adjoint chirals to the adjoint operators inside the S-walls and of
improved bifundamentals.

The first N/ = 2 duality move can be derived by taking suitable real mass deformations of
the 3d braid duality (C.4) as shown in (C.11). The second N' = 2 duality move can actually
be obtained by acting on the left and right hand side of the first duality move with S and
S~1 and using the fusion to identity property SS—! = 1 (3.4), hence the braid duality is
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Figure 4. Basic S-duality moves for the N'= 2 QFT blocks. In the first line a flavor block acted
by an S-wall on the left and by an S~'-wall on the right is dualized to an improved bifundamental.
On the r.h.s. Wgluing couples the adjoint chiral to the adjoint operators of the two S-walll theories.
Similarly in the second line we have the S-dualization of the improved bifundamental into a flavor
block. On the r.h.s. Weiuing couples the adjoint chirals to the adjoint operators of the improved
bifundamental and of the S-wall theories.

the fundamental duality move.! Moreover it has been shown in [27] that the braid duality
can be demonstrated by induction by assuming only the elementary Seiberg-like dualities.
Hence all the N' = 2 mirror dualities following from the algorithm are demonstrated to be
consequence Seiberg-like dualities only.

As partition function identities the basic moves are:'®

2
2RV 8, v) = [ T] @2 85(Z,7) 280 (%, 70 7)
a=1

x Zp(Z0, 2P 7, A, V) 2\ (2P, Y, 7), (3.6)
2
Zp)(X. ¥, 7.8,V) = [[ (dZ An(Z2@, 7)) 28V (X, 20, 7)
a=1
x Z0(ZW, 2@ 7 A, v)Z8(ZD, V7). (3.7)

! Notice that also the fusion to identity property (3.4) follows from the first move which can be regarded
as an S-confining duality, similar to 4d N/ = 1 SU(N) SQCD with N + 1 flavors. Turning on a mass for a
flavor one flow to SU(N) SQCD with N flavors whose low energy dynamics is well known to be governed
by a quantum deformed moduli space, over which a part of the global symmetry is spontaneously broken.
In the same way we can obtain (3.4) by giving a mass to the flavor in the first duality move to go from a
confining duality to a quantum deformed moduli space where the U(N) x U(N) global symmetry is broken to
the diagonal.

'5As discussed in [20] the partition function of the N'S block differs from the one of the NS block only for
the flip of the sign of the parameter V.
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Figure 5. Asymmetric basic duality move relating a trivial U(N) x U(0) bifundamental to trivial
flavor block.

It is useful to regard the matter blocks and the S generator as matrices with two indexes X
and Y for their two U(N) symmetries. Multiplying these matrices corresponds to gauging
U(N) symmetries using the integration measure Ay (Z,7), defined in equation (A.5) of
appendix A, containing both the contribution of a N' = 2 vector multiplet and an extra
adjoint chiral with +1 charge under a U(1), symmetry. Notice that the U(1), symmetries
in the matter blocks and in the S-duality walls are all identified, this is because when we
gauge U(N) nodes we always turn on Wlying-

Focusing on the first duality only, notice that on the r.h.s. the U(1)y symmetry can be
reabsorbed by a U(1) gauge transformation and therefore it acts trivially on the theory. In
fact, on the Lh.s. the V' parameter appears just as a background FI term and therefore it is
not associated to any symmetry acting on the theory. This feature will recur many times, we
find useful to give the dualities writing explicitly also the redundant parameters because they
become physical when the duality is used as a local dualization inside a bigger theory.

So far we have only considered improved bifundamentals with U(/N) x U(/N) non-abelian
symmetry. To describe more general theories, corresponding to brane setups with non-constant
number of D3 branes, we would need an improved bifundamentals with U(N) x U(M) non-
abelian symmetry and its S-dual which we do not have at the moment. We plan to focus
on this generalization in future works.

In this work we will only need the M = 0 case. The U(N) x U(0) bifundamental is
a trivial theory consisting only of a background FI term for a U(N) global symmetry, its
S-dualization to a trivial flavor block acted by a trivial S-wall on its left and an asymmetric
S~!-wall on its right is shown in figure 5. The definition of the asymmetric S-wall is given
in appendix B.3. This duality move corresponds to the dualization of a D5 brane into an
NS brane, with 0 D3 branes on the left and N on the right. The partition function identity
associated to this duality is given by:

N .
v x; (e (N1 1-N iQ_
N dim J—Zsl<X7{ 5 T+V,..., 2 T+V e, T j:l_IQSb o 7)) (3.8)

Where the partition function of the trivial S-wall and of the trivial matter is equal to one.
Useful combined moves. It is convenient to also define some combined duality moves that

are not fundamental and are obtained by composing several basic moves. This corresponds to
the idea of acting on a set of many 5-branes at the same time, instead of acting on a single one.
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Figure 6. S-dualization of a block of ' A/ = 2 flavors. In the first step we reparameterize the
U(F) x U(F) flavors as a set of F' fundamental anti-fundamental pairs of flavors. In the second step
we cut the block of F' flavours into F' generalized flavor blocks. We then dualize each block to an
improved bifundamental block and glue together the results to reach the theory in the second line.
Implementing the fusion to identity SS™! = 1 we reach the final frame which is given by a string of F
improved bifundamentals with an S-wall on the left and an S~'-wall on the right.

B
Vl) (V1 — Vo) (V-1 —VF) VF)

Figure 7. S-dualization of a block of F' improved bifundamentals.

For example, it can be useful to consider the S-dualization of a block of ' N' = 2 flavors
as schematically shown in figure 6. Similarly it can be useful to dualize a string of consecutive
improved bifundamentals 7. This second move can be obtained starting from the duality 6
by acting on the left and right with a S and S~! operators and using the fact that SS~! = 1.
As partition function identities, the two combined duality moves corresponds to:

F+1
Zp0ps (XY, 7, B, V) = /H (dZQ AN (Z@, 7)) 28X, 70 7

F
% H Z](VAQ 7(a) 7 7(a+1) T, BaaVa)Z‘gj\Q (Z(F+1)’}77T)’ (3.9)
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F—-1
[ TI @2 An(Z9,0) 202(%, 20,7, B1, 1)

F—1
x [[ 288 (Z@D, 2@ 7. B, Vo) Zns(ZF =D, ¥, 7, Bp, Vi) = (3.10)
a=2
= [ T1 W2 an (29, 7)) 280X, 20, 1) 200520, 2,7, B V) 200 (29, ¥ 7).
a=1
with
™) (v AT TT T
Zp (X, Y, 1, B, V) = T T sp(Ba £ (X = Va)) gLy (7). (3.11)
j=1a=1

3.2 N = 2 dualization algorithm

Now that we have introduced all the necessary ingredients we are ready to present the
dualization algorithm. This consists in the following steps:

¢ Ungauge the gauge nodes to cut the quiver theory into QFT matter blocks that can be
either improved bifundamental or generalized flavor blocks.

¢ Dualize each block using the two basic duality moves.
« Glue back all the dualized blocks implementing the fusion to identity SS™! = 1.

o If some operator has acquired a VEV, follow the RG flow triggered by this VEV.

To illustrate this procedure we will now implement the algorithm to derive the mirror dual
of the adjoint SQCD. Another example is given in appendix F.

3.3 Dualization of the U(IN) adjoint SQCD

We start by taking the SCQD parameterized as in figure 2, we ungauge the U(N) gauge
group and chop the theory into a block of F' generalized flavors and two (trivial) bifun-
damental blocks:

(3.12)

For later convenience we have redefined the FI parameter of 2 as Y — Y7 — Y5. At the level
of the partition function this first step consist in the following rewriting;:
) N N F
Zsqep = / AZnAN(Z, 7)™ ) L5 % TT ] (B + (2 — X)) =
j=la=1
= /dZNAN(Z, T)dWNAN(W, 7')62my1 Zj\l:l Zj

(N) - 5 —2miYa Y W

X ZF—DE)(Z’ W,7,B,V)e = Zstep 1, (3.13)
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where we have isolated the contributions of the two trivial bifundamental blocks corresponding
to the FI couplings and the F-flavors block. The identity between the first and second line
follows from the fact that the identity operator ;I; (7), contained in the definition of the
F-flavor block (3.11), behaves as a delta function identifying the Z and W parameters and
is normalized as:

/ AWy AN (W, 7) Lo (7) = 1. (3.14)

We use the combined duality move in 6 to dualize the generalized QFT blocks. We
also use the asymmetric duality 5 to dualize the trivial bifundamental blocks. Then we
glue back all the dualized blocks:

Bl BF

(X1) (Xo—X1) (Xp-Xp_1) (—Xr)

(3.15)

To avoid cluttering, in the picture we have not included the singlets coming from the
dualization of the trivial bifundamentals. This procedure corresponds to using the set of
partition function identities (3.9) and (3.8) in the partition function (3.13) to obtain:!®

N ZQ 2 F+3 ~(a) .
ZSQCD = Zstep 1= H Sb (2 - ]7—> / H (dZN AN(Z(Q)aT))
j=2 a=1

N-1 1-N , ) s
< 20 ({ S r Vi T 1 20, ) 20020, 29,7

F
X H Z}V]\Q(Z(a+1)7 Z(a+2)7 T, Ba7 Xa)Zé]YZ (Z(F+2)7 Z(F+3)7 T)

x Z) <Z<F+3>, {N;lT +Ys,..., ! _QNT + YQ},T> = Ztep 2 - (3.16)
Where we named as Z@ the Cartans of the a-th U(N) gauge group. On the Lh.s. and on
the r.h.s. of the quiver, the integration over the first and the last U(N) node (over Z(@
and ZF+3) fuse a symmetric and an asymmetric S-wall to an asymmetric I — wall (B.51).
The effect of these asymmetric I-walls is in turn to deform the first and last improved
bifundamentals into asymmetric improved bifundamentals defined in (B.42), by breaking
the U(NV) symmetries to U(1):

Yy

(X2 = X1) (X3 - Xa) (Xp-1-Xp—2) (Xp-Xp-1) (3.17)

16Notice that the trivial S-walls on the Lh.s. and on the r.h.s. have trivial partition functions and we will
drop them in the next pictures.
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At the level of partition functions the integral over ZW) and Z(F+3)

in (3.16) generating
the asymmetric Identity-walls produces a set of delta functions as explained in (B.48).
Implementing these delta functions freezes the 7@ and ZF+2) Carans in terms of 7,Y1,Ys

and we find:

N iQ 2 F+1 ~a) .
ZSQCD = Zstep 1= Zstep 2 = H Sb <2 - ]7_) / H (dZ]\(fl AN(Z(a)vT))
j=2 a=3

N -1 1-N 5
xZ](V]\Q({ 5 T+Y,..., 5 T+Y1},Z(3),T,Bl,X1)

F-1
x [T 284 (Z+D, 202, 7, B, X,)

a=2

B N-1
x Z ) (Z<F+2>,{ g T Yo,

2

T+ Yz}m BF,XF) = Zstep 3- (3.18)

Finally we can exploit the duality relating a U(N) x U(1) asymmetric improved bi-
fundamental to a flipped flavor discussed in (B.43) to replace the asymmetric improved
bifundamentals on the l.h.s. and on the r.h.s. to land on the mirror dual theory:

(3.19)

7

Which corresponds to the final partition function:!

F-1
ZSQCD = Zstep 1= Zstep 2 = Zstep 3= 627mN(Y1X1_Y2XF)/ H (dZ](\?)AN(Z(a)aT))
a=1

T B+ (2" - Yl)) S (—Z? + (- N)r+ 231>

X

N [ <iQ 1-N
sp| — —
] 2 2

xsb(lQ— 1_NT—BFi(Z§F‘”—Y2)> S (—lg—i—(j—N)T—l—ZBF)
1

< 1 2N (ZW—U,Z(“),T, Ba,Xa) = . (3.20)

Comments on the F' = 1 case. We now discuss the case F' = 1 which leads to the duality
presented in figure (2.12). In this case we need to dualize two trivial bifundamental blocks

1"The Identity in (2.10) is recovered by redefining ¥; = Y + Y» and then shifting all the gauge parameters
as 2 — 79 1 v,
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and a single generalized flavor block to get:

Y1 Y2

iy b
s X X il

Where we have already remove all the trivial blocks from the picture. We can now implement

(3.21)

the asymmetric I-wall on the left with the effect of Higgsing the second U(NN) node down to
U(1) rendering improved bifundamental asymmetric. We then use the duality (B.43) relating
the asymmetric improved bifundamental to a flipped flavor to land on:

(3.22)

Where we are not depicting all the singlets produced by the procedure to avoid cluttering.
To this step is associated the following partition function:

i - - _ M
ZSQCD Zstep 3’:H3b (2Q—JT)/H dZN AN(Z(a),T))62 X350, 2) (3.23)
7j=2

1-N

xﬁ&,(ZQ— T+ B=+( Z(l) )Hsb<—+ N)T—QB)

L . N-1 1-N
ngNi(Z(1>,Z<2),T)Z§N)<Z(2),{ g Tt Y2 T_Yz}’T)'

Now we implement the second asymmetric I-wall, which Higgses the first U(N) gauge group
transforming the U(N) flavor into a collection of 2N chirals. At the level of the partition
function the Higgsing corresponds to specializing the Cartan ZMW in terms of the 7 and Ys
parameters. Taking into account all the singlets the partition function of the final theory is:

0 0
Z5lp = Zgep 3 = SN H % (2 - JT) H Sb (2 ~(1=j)T =B+ (Y2~ YI))
7=2

iQ .
X H Sp <—2 + (G —N)T+ 2B> ZSFchD = 7wz - (3.24)
j=1

The last set of singlets maps to the traces of the adjoint chiral of the SQCD. Therefore, if

we flip them we land precisely on the duality (2.12). In particular the charges of the chiral
fields are compatible with the cubic superpotential in (2.12).
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4 3d N = 2 linear brane setups and improved bifundamentals

The N = 2 algorithm discussed in the previous sections, allows us to advance our under-
standing of Hanany-Witten brane setup with 4 supercharges. In this section we make a
proposal for the 3d N' = 2 gauge theory living on brane setups composed of D3, NS and
D5’ branes. As we will see, our proposal differs from the naive quiver gauge theory in that
the bifundamentals are improved instead of standard.

Let us start by defining the Hanany-Witten brane setup we are interested in. There are
D3 branes, filling the 0126 directions, stretching along the 6 direction between NS branes
(filling the 012345 directions) or NS’ branes (filling the 012389 directions). Flavors are added
inserting D5 (012789) or so called D5 (012457) branes.

01 2 3 4 5 6 7 8 9

D3 | x x x X
NS |[x x x X X X
(4.1)
D5 | x x x X X X
NS |x x x X X X
Dy | x x x X X x

If all the branes are present the system preseves 3d N' = 2 supersymmetry. The U(1)?
symmetry rotating the 45 and 89 directions becomes the

U(1)g x U(1), (4.2)

symmetry in the IR QFT. U(1)g is the N' = 2 R-symmetry while U(1), is an additional
global symmetry always present in the QFT’s associated to brane setups with the branes
of 4.1.18 If only D3, NS and D5 (or D3, NS’ and D5') are present, the system preserves 8
supercharges and the low energy theory living on it is well known to be a N/ = 4 quiver with
standard bifundamental matter. For instance the 3d N' = 4 U(N) theory with no flavors is
associated to a Type IIB brane setup with N D3 branes stretching between 2 NS branes. We
can add F flavors, adding D5 or D5 branes. The D5 branes preserve the 8 supersymmetries,
while the D5’ break half of the superymmetry, from N' =4 to N’ = 2.

In N = 2 language, N D3 branes stretching between 2 NS branes with F' D5 branes in
the middle provide adjoint U(NN) with F' flavors and a cubic superpotential coupling the flavor
to the adjoint (equivalently, we could use N D3 branes stretching between 2 NS’ branes with
F D5 branes in the middle). On the other hand, N D3 branes stretching between 2 NS
branes with F' D5’ branes in the middle,'” as in the left of the setup in figure (4.3), give rise
to U(N) with an adjoint and F' flavors and a vanishing superpotential, W = 0 [29, 42, 43].
We can exclude a superpotential counting the motion of the D3 brane segments as follows. In
the F' flavors case there are N(F — 1) D5 — D5 segments (providing N(F — 1) quaternionic

80ne can break this U(1), symmetry rotating some 5-branes to generic angles along the 45 and 89 directions,
without breaking the N' = 2 supersymmetry. In this paper we do not study such configurations, but they
should be obtained turning on superpotential deformations from the setups we study.

Y9Equivalently, we could use N D3 branes stretching between 2 NS’ branes with F' D5 branes in the middle.
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directions) and 2N D5 — NS segments (providing 2N complex directions), so there must
be a branch in the moduli space of vacua of the theory of complex dimension 2N F. Such
a branch exists if W = 0, parameterized by NF Q’s, NF Q’s, N2 A’s minus N? gauge

symmetries, but a non zero superpotential, e.g. of the form (QQ)2, would lift part of these
2NF complex directions.?’

The U(N) adjoint SQCD with F' flavors, W = 0, is precisely the theory we studied in
the previous sections, for which we found the mirror dual with F — 1 gauge groups linked by

improved bifundamentals. Now, as shown in picture (4.3) we apply Type IIB S-duality to
its associated brane setup. Modulo rotating the branes, ?! the S-dual setup is N D3 branes

stretching between 2 D5’ branes with F' NS branes in the middle.

Vi | sdvanty :
- - = \ 5
v = : B
F ' F '

Mirror
symmetry
(V)
W,
W=20

W = S (Flip[Vi AV + Flip[Va A%, Va]) + Wetuing (4.3)
Looking at the web of dualities in figure (4.3) it is natural to propose that the IR QFT
associated to the brane setup on the right hand side is our mirror SQCD quiver obtained via
the dualization algorithm, with improved, instead of standard bifundamentals (in section 4.3
we will comment on the relation between our proposal and previous ones). Building on
this observation and on the A/ = 2 algorithm perspective, for an N' = 2 brane setup made

of a constant number of D3 branes stretching between an arbitrary sequence of NS and
D5’ branes, we formulate the following

Proposal The IR QFT associated to N D3 branes stretching along an arbitrary ordered
sequence of g+1 NS branes and F' D5’ branes consists of a linear quiver with g U(N) adjoint
nodes, g — 1 improved bifundamentals and a total of F flavors distributed among the g nodes,
according to the position of the D5 branes. The superpotential is Weiying, which couples the
adjoint of each U(N) node to the adjoint operators of the nearby improved bifundamentals.

200ne can also argue for the absence of a cubic superpotential of the type AQQ noticing that the D3 branes,
when moving along the 45 directions (which corresponds to a vev for the adjoint A), remain in contact with

the D5’ branes, hence the D3 — D5 strings (which correspond to the flavor fields) remain at zero length, so
the flavors remain massless.

21For convenience in the pictures we will always present the action of S-duality combined with the rotation
acting by NS’ — NS and D5 — D5'. Clearly the QFT description is invariant under this rotation.
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The flavors do not enter the superpotential, the only exception is if at the beginning (or at the
end) of the sequence of 5-branes there is a single D5 brane, then the dressed mesons made
with the associated flavor are flipped.

We claim that this proposal is consistent with S-duality, that is two improved quivers
corresponding to S-dual brane setups are mirror dual, and one can construct the dual using
the N' = 2 algorithm. We provide a few examples in section 4.1. The improved quiver theories
associated to these brane setups have interesting patterns of symmetry enhancement and,
as we discuss in 4.2, we have a notion of balanced nodes leading to symmetry enhancement,
in analogy with the N' = 4 case [21].

Let us discuss some special sequences of 5-branes.

If at the beginning of the sequence of 5-branes there are h > 1 NS branes, as we show in
section 4.2, the associated theory is ugly and we can sequentially confine a string of h — 1
improved bifundamentals generating (h — 1)N free hypers. So the interacting part of the
theory is associated to the set up where the first h — 1 NS branes have been removed. In
particular, our proposal for the theory associated to a sequence of h NS branes, a U(N)"~!
improved quiver with no flavors flows in the IR to AN free hypers, exactly as the bad N =4

U(N)"~! quiver theory with standard bifundamentals.

Analogously, by S-duality, if at the beginning of the sequence of 5-branes there are h > 1
D5 branes, the QFT is given by (h — 1)N free hypers plus the QFT associated the brane
setup where the first h — 1 D5’ have been removed.

The last example is the short sequence D5 — NS — D5'| this sequence is not associated
to an improved bifundamental (which in our prescription always connects gauge nodes) but
to an improved bifundamental where both the U(N) symmetries are broken to U(1)s. This
deformation reduces the improved bifundamental to the Wess-Zumino model on the r.h.s.
of (2.12) (as shown in section 3.3) which is indeed mirror dual to the SQCD with one flavor
associated to the S-dual brane setup NS — D5 — NS.

Let us also mention that we actually understand some instances of more general situations.

We can describe brane systems where an arbitrary number of D5's sit on top of an NS,
that is the NS and the D5 form a (p, q)-web of rectangular shape. In 5 by extending the
logic of [44] from the abelian to the non abelian case, we propose the QFT corresponding to
the S-dual (p, ¢)-web, that is many NS’s sitting on top of a D5’.

We can turn real mass deformations in our quivers to generate Chern-Simons interactions
and/or theories with chiral matter (different number of fundamentals vs anti-fundamentals).
The corresponding brane setup might include (p,q) 5-branes and non-rectangular (p,q)-
webs. We will discuss these theories in [34], using the chiral improved bifundamental
introduced in [27].

Let us conclude saying that the most general 3d N’ = 2 setup would involve all four
types of 5-branes (NS, NS’, D5, D5') and a non-constant number of D3 branes along the
brane setup. To describe such setups we need a new object, an improved bifundamental, with
non-abelian global symmetry S[U(N;) x U(Nz)]. We plan to investigate it in the future.
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Figure 8. In the top left corner we have the electric brane set up with three NS branes, F; D5’
branes in the first interval and F5 in the second and a N D3 branes stretching from the first V.S to
the third. The associated quiver theory in the bottom left corner has two gauge nodes linked by an
improved bifundamental, F} flavor on the first node and F; on the second. On the top right corner
we have the S-dual brane setup and on the bottom right corner its associated quiver description. The
leftmost and rightmost flavors are associated to the D5’ located outside the SN branes hence the
corresponding dressed mesons are flipped. We denoted by V,, with a = 1, 2,3 the flavors from left to
right and by A,, the adjoint of the n-th gauge node. The two quiver theories are mirorr dual.

4.1 More examples of N/ = 2 mirror quivers

In this subsection we consider brane setups with N D3 branes stretched along the sequence
NS —(D5)" — NSK —(D5')f2 — NS, which is mirror to D5’ — NSt — (D5')K — NSz — D5,

We write down the associated QFT’s, discuss the chiral rings and global symmetries, and
prove the IR duality between them.

4.1.1 Electric theory with 2 nodes

Let us start from the simplest example, K = 1, corresponding to the brane setup in the top
left corner of figure 8. According to our proposal 4 the associated theory is the two nodes

improved quiver on the bottom left corner. As in the case of the SQCD, it is convenient
to reparameterize the electric theory as:

(4.4)
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The global symmetry group of this theory is given by:%?
SIU(FL)? x U(F2)?] x U(1)p x UL)wy—w, x ULy, x U(L)s (4.5)

Where the parameterization of (4.4) recombines as:
I
[T (U5, x UQ)x,) =UF)?,

[T (U, x UM)y,) = U(F)?. (4.6)
j=1

At this point we run the dualization algorithm, as shown in appendix F, and find the mirror
dual quiver theory:

(Yp-1-Yp—2) (Yp-Yp_1) (47)

Where F' = F} + F,. As expected, the mirror dual quiver (4.7), obtained via the algorithm,
coincides with the quiver in bottom right corner of figure 8 (with a different parameterization
of the central flavor) which we wrote down starting from the S-dual brane configuration and
applying our proposal. The manifest global symmetry group is given by:

3 Fy F
SITITU@w, | xU()p x [JUM)s, x [T UQ)e, x
j=1 j=1 j=1
F1—1 Fr—1
X H U(l)Xj+1_Xj H U(l)Yj_H—Yj X U(l)Yl—XFl X U(l)T. (4.8)
j=1 j=1

The pattern of symmetry enhancement is similar to the SQCD case, in particular we observe
that the topological and axial symmetries enhance as:

Fl F1—1
[T x IT U)x,.,-x, = SUF),
j=1 Jj=1

FQ F2—1
[TUMe, x T UMW)y, -y, = S[UF)?. (4.9)
j=1 j=1

The complete IR global symmetry of the mirror theory is then:
3

[Tuw,

J=1

S[U(F1)?] x S[U(F2)?] x U(1)y; —xp x U(1)p x 8 x U(1),, (4.10)

22We can factorise a U(1) vector-like factor from U(F1)? x U(Fz)? by a gauge transformation. This consists
in imposing the constraint: Zfi1 X+ Zfil Y; =0.
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which upon a redefinition of some U(1) factors, matches precisely with the IR global symmetry
of the original theory in (4.5).

Notice that the pattern of symmetry enhancement in the mirror theory is quite non-trivial
but thanks to the parameterization obtained from the dualization algorithm, it is easier to
collect together operator with the same R-charge and therefore construct representations
of the emergent symmetries.

Operator map. The operator map works as follows:

e In the electric theory we can build mesonic operators in the Fy x Fy bifundamen-
tal. In the magnetic theory these are mapped into a collection of monopoles and
singlets. In particular, using the results of appendix E we can check that monopoles
oME(05--,0,1,--,1,0,...,0[0(0,--.0) ' wwith topological charge given by strings of contiguous 1 (or

—1) under the topological symmetries Ux,_, —x, of the F; — 1 nodes on the Lh.s. of the

central node, they all have the same R-charge. We can then collect these Fj(F; — 1)

monopoles with the ng i singlet in the F; — 1 improved bifundamentals on the left of the

central flavor plus the flipper of the left flavor F [VlAZIV 1] in a matrix transforming

in the Fy x Fy bifundamental of the emergent U(F})? symmetry.

e Similarly have an electric mesonic operators in the F, x F bifundamental to Fy(Fy—1).

This is mapped to a collection of monopoles ME0:-0/0(0,..,0,1,..,1,0,...,0)

, with topological
charge given by strings of contiguous 1 (or —1) under the topological symmetries
Uy, ,-v; of the F5 — 1 nodes on the r.h.s. of the central node , and the ngg singlets in
the F5 — 1 improved bifundamentals on the right of the central flavor plus the flipper
of the right flavor F [V},AJIDI1 jrlFrlf/g]. Collecting all these operators we can assemble a

matrix transforming in the bifundamental Fy x Fy of the emergent U(F,)? symmetry.

¢ Electric long mesons in the F; x Fy and F) x Fy, involving the improved bifundamental,

0,1 1[1,1,1,0,-0) with topologi-

are mapped into magnetic monopole operators 900
cal charge given by a string of +1 extending from the central node, to the left and to
the right. Using the results in E we can check that all these 2F; x F» operators have
the same R-charge and can be assembled into two matrices. Collecting all the positively
charged monopoles we assemble a matrix transforming in the F| x Fy which therefore
maps to the corresponding electric mesons. Similarly, the negatively charged monopoles

form a matrix mapping to the F} x F» mesons.

e We also have electric monopoles charged under the topological symmetry of the left
gauge node MEL0 . The positively charged one is mapped into the long meson in the
magnetic theory built by joining the chirals V; and V with the string of improved
bifundamental operators connecting them. The negatively charged monopole is instead
mapped in the conjugate long meson built by similarly joining V; and Va.

e Similarly, we have electric monopoles charged under the topological symmetry of the
right gauge node M=) These are mapped respectively into the long meson in the
magnetic theory built by joining the chirals V5 and V3 with the string of improved
bifundamentals connecting them and its conjugate.
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o FElectric monopoles charged under both the topological symmetries omELD) are respec-
tively mapped into long mesons built by joining V; and V3 with the string of improved
bifundamental connecting them and its conjugate.

o The singlets By, ,, (with R-charge 2n — 2D + (m — n)7) contained in the improved
bifundamental of the electric theory are mapped into magnetic dressed mesons obtained
from the central flavor: VoA 1A™=1V, Where A is the adjoint at the central node
while A is the moment map of the improved bifundamental to the right or to the left of
the central node, that are identified due to the F-term relations coming from the field A.
Notice that in the electric quiver all the B,, ,,’s are non trivial in the chiral ring, while
in the mirror quiver the B, ,,’s of each improved bifundamental are trivial in the
chiral ring.?® This is consistent with the fact that operators of the type V},AgflAglflf/b
for n # 1 (with the flavor Vj, living at the boundary of an improved quiver) are zero in
the chiral ring, because the moment map operator A; attached to a boundary node is
set to zero by the F-terms of Ay, the adjoint of the boundary node.

All the presented operators can be also dressed with powers of the adjoint, unlike in the
N = 4 theories where the cubic superpotential sets them to zero. The generalization of the
map to dressed operators is straightforward. For mesonic operators in the electric theory,
their dressed version is mapped into a collection of dressed monopoles plus a set of singlets.
For any electric mesons dressed with j < N powers of an adjoint, we consider singlets in the
magnetic theory that are given by: the ng]) 41 singlets in the improved bifundamental theories
and the flip of the flavors dressed j times Flip[V,A7V,]. Analogously, dressed monopoles in

the electric theory are mapped into dressed mesons in the magnetic theory.

4.1.2 Electric theory with K 4+ 1 nodes

We now consider the electric brane setup on the top left corner of figure 9 and its associated
quiver theory with K + 1 gauge nodes linked by K improved bifundamental. It is convenient

to consider the following parametrization:

(4.11)
The manifest global symmetry group of the theory is given by:
K-1
S[U(F1)2 X U(Fg)z] X H U(I)Dj X H U(I)Wj—Wj+1 X U(I)WL—Wl X U<1)WK—WR X U(l)T,
j=1 J=1
(4.12)

23We will turn on these deformations in section 6.3 in order to find a 3d mirror of a 4d quiver coming from
a linear Hanany-Witten brane setup with 4 supercharges.
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W = Wluing W = Watiing + Yoncg' (Flip[VLALVL] + FliplVeAl, 4 1 Vi)
Figure 9. On the top left corned the electric brane set up with K +2 NS branes, F; D5 branes in
the first interval and F5 in the last and N D3 branes. The associated quiver theory, in the bottom
left corner, has K + 1 gauge nodes linked by K improved bifundamental, F; flavor on the first node
and Fy on the last. On the top right corner the S-dual brane setup and on the right bottom corner
its associated quiver theory. The leftmost and rightmost flavors are associated to the D5’ located

outside the NS branes hence the corresponding dressed mesons are flipped. The two quiver theories
are mirror dual.

where U(F})? and U(Fy)? are realised as:
Py

Jj=1
Fy

[T (U()x, x U()s,) = U(F)?,
[T Uy, x Ut)e,) = U(F)?,

(4.13)
In this case also in the electric theory we have a non-trivial symmetry enhancement in the IR
where the K — 1 topological symmetries U(1)w, w,,, with j =1,... K — 1, together with

the K symmetries U(1)p,, associated to the improved bifundamentals, enhance as:

K K-1
H U(I)Da X H U(l)Wj—Wj+1 - S[U(K)Q]
a=1 j=1

(4.14)
Hence the full IR global symmetry of the theory is:

S[U(F1)? x U(F2)?] x S[U(K)?] x UL)w,—wy x UWwic—wy x U(L)r,

(4.15)
Now we run the dualization algorithm, as shown in appendix F, and find the mirror
dual quiver theory with the following parameterization:

VVL VVR,
—_— | —
T+ B1K T T H—=—7+Cr

Bz CFz—l

- - W

(X2 — X1) (X3 — X2)

.
(Yry—1-Yry—2) (Yry - Yiy—1)

(4.16)
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The set of K flavor on the central node can be reparameterized so that they are rotated
by a U(K)? symmetry obtained as:

K
I (U)p, x UMw,) = U(K)?, (4.17)
j=1

so that the manifest global symmetry of the theory is given by:

P Py
S[U(K)? x U w, x Uy ¥ H U(1)p; x H U(1)g, x
j=1 j=1

F1—1 Fr—1
x [T UDx,0-x, x ] U@)ysr-y, x U(D). (4.18)
j=1 j=1

It is trivial to check that, after the reparameterization, the theory in (4.16) coincides with
the quiver in the bottom right corner in the figure 9 which we wrote applying our proposal 4
to the S-dual brane setup.

Similarly to the previous example, the U(1)p, and U(1)¢,; symmetries acting on each
improved bifundamental and the topological symmetries recombine to produce the enhanced
IR symmetry:

P Fi—1
H U(l)Bj X H U(l)Xj+1—Xj — S[U(Fl)z] s
j=1 J=1

F2 F2—1
[TUMe, x T U@y, -y, = S[UF)?]. (4.19)
j=1 Jj=1

The complete IR global symmetry of the mirror theory is then:
SIU(ED?] % STU(ER)?] x U(Lyi—xz, X STUCK)? x UL, x ULyl x UL, (4:20)

that upon a redefinition of some U(1) factors, it matches precisely with the IR global
symmetry of the original theory in (4.15).

4.2 3d N = 2 improved quivers: the good, the bad and the ugly

In this section we extend the N = 4 quivers notion of balanced (Np = 2N¢), good (Np >
2N¢), ugly (Np = 2N¢ — 1), and bad (Np < 2N¢ — 1) nodes of [21], to the N' = 2 improved
quivers with constant ranks. We expect that a similar story holds for N/ = 2 improved
quivers with non-constant ranks.

Comments on symmetry enhancement: balancing condition. Looking back at all the
theories presented up to this point, namely the 1, 2 and K node examples together with their
mirror duals, a recurring pattern of global symmetry enhancement can be seen, we now want to
collect all these hints to formulate a general rule to recognize the enhancement of symmetries.

Let us start from the K nodes example which is given in (4.11). Let us isolate from
the theory the sequence of improved bifundamentals:

T T T T
Dy Do D1 Dx
(W1 —Wa)  (Wa — W3) (Wi —2-Wk 1) (WK -1-Wk)

(4.21)
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This structure of K improved bifundamentals gives a global symmetry enhancement obtained
from the K U(1)p, axial symmetries associated to the improved bifundamentals and the K —1
U(L)w,-w,,, topological symmetries. Together these symmetries enhance to a U(K)?/U(1)
non-abelian global symmetry group. Let’s take the Cartan’s of U(K)? to be M and ]\7,
we have the following relations:

Ny =W, + D, (4.22)

from which we notice that the U(1)p, symmetries parameterize the axial-like and the U(1)y,
the vector-like subgroup of U(K)2.

We then look at the mirror theory given in (4.16), both on the left and on the right of
the quiver we observe a string of improved bifundamental ending with a single flipped flavor.
Let’s focus on the left part only and isolate the following structure:

(4.23)

We observe that the U(1)p, and U(1)x,,,—x, symmetries enhance to a U(F1)?/U(1), where
the parameterization is given analogously to that in (4.22). The same enhancement happens

also in the mirror of the two node theory in (4.7).

Let us now look finally to the mirror of the SQCD in figure 1, we have a string of
improved bifundamentals ending on both sides with a flipped flavor:

(4.24)

As discussed in section 2 we have symmetry enhancement involving all the U(1)p, and
U(1)x, symmetries.

Collecting all these observations we can give a definition for a balanced node:

A node is balanced if it joins two improved bifundamentals or if it joins an
tmproved bifundamental to a flipped flavor.
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Ugly and Bad quivers. We now study the following brane setup and its QFT description

1
1
)
\
1
1
1
1
1

|}
1
1
]
|
1

(4.25)
We focus on the QFT. We have a sequence of K — 1 improved bifundamentals ending with

F flavors on the last node. Using the fact that an improved bifundamental gauged on one
side confines to N free hypers as explained in appendix C.2, we can sequentially confine

all the improved bifundamentals. So the QFT associated to this brane setup is given by
(K — 1) x N free hypers and a U(N) adjoint SQCD with F' flavors:

(Free Hyper)V*(K-1)

O (4.26)
We thus call a node attached only to an improved bifundamental an ugly node, in analogy
with N =4 U(N) with 2N — 1 flavors whose monopole has A =

% and is a free field.
provide free decoupled fields.

A U(N) node attached to two improved bifundamentals with F' > 0 flavors, or a U(V)
node attached to one improved bifundamental with F' > 1 flavors is good and does not

Let’s now consider the S-dual configuration of (4.25), which is given by:

(4.27)
following intermediate step:

We can find the QFT description of this setup by applying the dualization algorithm to
the electric theory. After we have dualized each block composing the theory, we find the
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We now implement the asymmetric I-wall on the left given by the two S-walls glued together,
which, repeating the steps in section 3.2, leads to the following theory:

(Free Hyper)V*(K-1)

(4.29)

More precisely, implementing the asymmetric I-wall has the effect of Higgsing completely the
second U(V) gauge node in (4.28) down to a flavor U(1). Let us now analyze separately the
effect of this Higgsing on the first improved bifundamental and on the K — 1 flavors to show
how the result (4.29) is obtained. The first improved bifundamental becomes asymmetric (see
appendix B.2), using the duality (B.43) it is dual to a flipped flavor for the third U(N) gauge
node. By taking this effect into account, we see that we have a string of F' — 2 improved
bifundamentals with a flipped flavor on the two sides, which is the theory depicted on the
right side of (4.29). After the Higgsing, the K — 1 flavors for the second U(NN) gauge node
in (4.28) become just a set of 2N (K — 1) chirals that do not interact, therefore these are
N(K — 1) free hypermultiplets, as written on the left of (4.29).

We can compare the result for the mirror theory in (4.29) with that of the electric theory
in (4.26) to see that in both frames we have K — 1 set of N free hypers times an interacting
theory. We can notice that the two interacting theories are mirror dual to each other by
means of the duality proposed in 1. This analysis suggest the following recipe: given a N' = 2
brane setup (with constant number of N D3 branes) starting with a sequence of K NS or
D5’ branes, the first K — 1 branes will decouple from the theory giving a set of N free hypers.

Let us now consider the following brane setup and its QFT description:

T e ey

#K (4.30)

We notice that this setup preserves eight supercharges and not just four. Therefore, we expect
that our prescription gives the same result as the A/ = 4 case. As in the previous case we can
sequentailly confine all the improved bifundamentals producing (K — 1) x N free hypers:

M= - W = (Free Hyper)V*(E-1)
5 8 E; E; " @(4.31)

In addition to the free hypers we are left with a A’ =4 U(N) pure SYM theory which, as
shown in [41, 45], is a bad theory described by N free hypers. All in all, the theory (4.30)
is just given as K x N free hypers and is a bad theory.
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W=0 W = Y17 Ay (TG + Ty Tl g) + 205" Flip[TII5]+
S50 (Flip[ViA{VA] + Flip[Ve A, V5))

Figure 10. Naive proposal for the mirror pair of the N'= 2 U(N) adjoint SQCD. The superpotential
Whps—4 in the mirror theory contains all the superpotential terms coupling each adjoint field to the
bifundamentals besides it.

4.3 Comments on previous proposals of mirror symmetry with 4 supercharges

Non-abelian 3d mirror symmetry with 4 supercharges has been discussed in [28-32].

In this subsection we focus on the case of U(N) SQCD, and compare our proposal for the
mirror dual with the naive proposal by [31] depicted in figure (10). The naive mirror dual is
a quiver theory with F'—1 U(N) gauge nodes linked by standard flipped bifundamental fields
that come coupled to the adjoint fields via cubic superpotential terms. Moreover we have two
towers of singlets flipping the meson built from the two vertical flavors dressed with the adjoint
fields, exactly as in the theories described in this paper. The proposal in figure (10) was based
on a naive reading on the magnetic brane setup of (4.3), analogous to [28-32]. A very similar
proposal (with standard bifundamentals) for the mirror of 3d N/ =2 U(N) SQCD without
adjoint appeared before in [30]. Both for SU(N) and U(N), as was already noticed, the naive
proposals suffer from a mismatch in the number of UV global symmetries, namely the mirror
quiver has much fewer global symmetries than the SQCD, which, having zero superpotential
enjoies a chiral U(F)?/U(1) symmetry. For instance, the naive mirror dual of figure (10) has
UV global symmetry U(1)¥~! x U(1), x U(1), only half of the Cartans of the electric theory.

One argument in support of the proposals in [30, 31] was provided in [30, 32] showing that
the naive mirror pairs can be obtained by starting from a well established N' = 4 mirror pair by
turning on a superpotential deformations to land on the A" = 2 dualities of [30, 31]. Because
of this strategy, the resulting mirror theory inherits from the A/ = 4 superpotential the cubic
couplings between bifundamentals and the adjoint fields. However this strategy also produces
additional superpotential terms. In the case of U(N) with adjoint there is an additional
W =VIANV, + VQAg_lf/g. These terms are zero in the chiral ring of the theory on the right
of figure (10), hence they violate the chiral stability condition [33]. Simply removing these two
terms, if F' > 2, breaks the degeneracy between the monopole operators that are supposed to
map to the electric mesons, hence rendering the mapping of the operators problematic.

As already mentioned, our mirror dual can not be deformed to the naive one of figure (10).
In order to do such a deformation, we would need to iron all our improved bifundamentals
to standard ones. To do so we have two options.

The first one corresponds to adding linearly to the superpotential the singlet ngg as we
did in section 2.3.2 when discussing the A/ = 4 limit. Keeping track of the adjoints appearing
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in the ironing duality (B.37) we would then find that all nodes, apart from the first and the
last one, will have an adjoint of charge 2 — 7 which couples to the bifundamentals to its right
and to its left. So we reach a theory different from the mirror dual of (10).

To reach a mirror theory where also the first and last gauge node have an adjoint we could
consider the second option to iron the improved bifundamentals by adding linearly to the
superpotential the singlet ngl) , which have the effect of ironing the improved bifundamentals
to bifundamentals without any extra adjoint field as shown in (B.40). Therefore, if we use
this deformation on all the improved bifundamentals we reach exactly the theory in the r.h.s.
of figure (10). However, as we noticed when discussing the operator map in our SQCD mirror
pair in section 2.2, the Békl) singlets (unlike ngg which map to dressed mesons) are trivial in
the chiral ring, they can not map to any operator in the U(N) SQCD chiral ring.

The general lesson is that our mirrors with improved bifundamentals and the naive
mirrors with standard bifundamentals (or the mirrors obtained deforming A = 4 dualities)
differ by turning on or off in the superpotential holomorphic operators which are zero in the
chiral ring, hence they provide different UV completions of the same IR SCFT.

While both the naive and our mirrors are correct, the mirrors with improved bifunda-
mentals discussed in this paper are more useful, since they encode a full rank UV global
symmetry and allow us to study the IR SCFT’s in a transparent way. In particular the
present technology allows us to compute the superconformal index, the Sg’ partition functions,
the chiral ring and the moduli space of vacua of the IR SCFT’s using our UV quivers with
improved bifundamentals. Moreover, the N/ = 2 algorithm proves that the UV improved

quivers associated to S-dual brane setup flow to the same IR SCFT.

5 3d N = 2 brane setups with (p, q)-webs

(p, q)-webs, introduced in [29, 46], are Hanany-Witten brane setups for 5 dimensional N' = 1
theories. In our 3d setups, if we move some D5’ branes (012457) on top of some NS branes
(012345), we produce a rectangular (p, q)-web extending along 37, which, if isolated would
provide a 5d QFT living on the 01245 space-time directions.

We are interested in putting such (p, ¢)-webs in our sequence of NS and D5’ branes, at
fixed xg position and with N D3 branes stretching along the sequence. We focus on the case
of (p,q)-webs made by K D5’ on top of a single NS (the (1xg, Kps)-web), or its S-dual
(p, q¢)-web made by K NS on top of a single D5’ (the (Kng, 1ps/)-web), extending the results
of [44] for a single D3 to the situation with N D3’s.

For definiteness, we study the QFT associated to a brane setup given by the sequence
NS—(1ns,Kps)—NS, with N constant D3 branes stretching, depicted in the top left corner
of figure 11. We propose that the corresponding QFT is the one in the bottom-left corner of
figure 11. This is a theory of two U(NN) gauge nodes linked by an improved bifundamental,
associated to the 3 N.S branes. The strings stretching between the N left (right) D3 branes
and the K stacked D5’ branes (which are broken in two halfes by the N.S) provide K massless
flavors for the left (right) gauge node. The flavors are coupled in a cubic fashion to the
bifundamental operator in the improved bifundamental.

S-duality sends the NS — (1ng, Kps) — NS sequence into the D5 — (Kyg, 1ps) — D5
sequence, as in the top-right corner of figure 11. We now wish to understand the QFT
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Figure 11. S-duality and mirror symmetry for a brane setup containing (1xs, Kps') <> (1ps, Kns)
(p, q)-webs. The K D5 branes in the (p, g)-web on the left provide K + K flavors, coupled through a
cubic superpotential. On the mirror side, the K NS branes in the (p, g)-web provide 2K — 1 gauge
groups, whose topological symmetries are broken by superpotential terms linear in the monopoles.

associated to the S-dual brane setup, and doing this is non trivial. In order to make progress
we follow the strategy of [44]. We first consider an auxiliary sequence, NS — (D5')% — NS —

(D5)K — NS, S-dual of D5 — NSK — D5’ — NSK — D5. This example and the associated
3d mirror QFT’s are studied in section 4.1.1, setting F; = F, = K

with the improved bifudamental:

Now we deform the duality of section 4.1.1, interpreting the action of stacking the D5’
branes on top of the NS as the introduction of a cubic superpotential coupling the flavors

K

W =Y (P'Ql + QP

(5.1)
i=1
This superpotential breaks the U(K)*/U(1) flavor symmetry rotating independently Q, Q, P, P
down to U(K)2/U(1).
The operator map discussed in section 4.1.1 tells us that the deformation (5.1) is mapped
to a monopole superpotential on the mirror dual:
6W e m(0770|1‘0=70) + m(077071|1‘170770) _|_ - + m(lvvlllllvvl)_i_

(5.2)
10 0[1[0,0) 4 = (0 0.2[1[L0,0) 4 g (L 1L D)

. (5.3)
Hence we propose the QFT for the mirror dual as the U(N)*!~! QFT with monopole
superpotential appearing in the bottom-right corner of figure 11.

The monopole superpotential breaks 2K U(1) topological symmetries of the UV theory.
We then have an enhanced IR symmetry group given by U(K)?/U(1), matching with that
of the electric theory.
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The operator map for the duality in 11 can be easily inferred from the operator map of
mirror pair in figure 8 discussed in section 4.1.1, by taking into account the extra constraints
provided by the extra superpotential terms.

Let us perform a simple consistency check. If we turn on a mass term for the j-th Q,Q
flavor on the l.h.s. of the duality in 11

W =Q1Q; (5.4)

and integrate out the two massive Q7, Qj fields, we are left with a two node quiver with
superpotential

W = Wotuing + O _(PQI + Q' Pill) + IGHALI Y | (5.5)
i#]
where chiral ring stability [33] removes the term Hfﬁlf{f P} 15;’, because the operator H%f{f
is zero in the chiral ring of the improved bifundamental theories, as explained in [27]. In
other words, turning on a mass term for one of the left flavors corresponds to moving a
D5’ brane out of the (p,q)-web, to the right, so that it becomes an ordinary flavor brane
for the right gauge node.

On the dual side, a mass term 6W = Q7 Qj is mapped to the ng % singlet in an improved
bifundamental on the left side of the quiver. Such a deformation turns the improved
bifundamental theory to an I-wall, hence the left sequence of U(N) nodes is shortened
by one unit. So this deformation corresponds to moving a single NS brane out of the
(Kns, 1ps)-web, to the right, as expected.

The trick above, of starting from a sequence with a doubled number of D5 or NS
branes and then adding a cubic or monopole superpotential, can be easily generalized to any
situation where (1xg, Kps/)-webs or (Kyg, 1ps)-webs appear in a linear sequence together
with NS and D5’ branes.

Let us close this section recalling that understanding the 3d QFT associated to N D3

branes ending on more general (p, q)-webs, with internal faces, remains an open problem,
both for N = 1 and N > 1.

6 3d mirror (a.k.a. magnetic quiver) of 4d N' =1 SU(N) quivers

In this section we show in simple examples how the results of this paper can provide the
3d mirror of 4d theories with 4 supercharges.

In the case of 4d, 5d and 6d theories with 8 supercharges, the 3d mirror, or magnetic
quiver, played in the recent years a very important role in uncovering the strong coupling
properties of many models, see for instance [8—18]. This is especially true for QFT’s defined
by higher dimensional constructions like class S, or from string theory constructions, like
F-theory, string/M theories on Calabi-Yau cones or 5d/6d brane setups, which often lack a
Lagrangian description, and even when some Lagrangian description is available, it typically
does not see the full global symmetry.

In this section we show how our techniques easily allow us to handle the N' = 2 3d
mirrors of a simple class of 4d N' = 1 Lagrangian theories, namely standard non chiral quivers
with SU(N) gauge nodes, adjoint matter for each node, standard bifundamentals.
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6.1 3d mirror of 4d N =1 SU(IV) adjoint-SQCD

We start from 4d N = 1 adjoint SU(N) SQCD. Reducing this theory to 3d, no monopole
superpotential is generated, so the only difference with respect to the U(/V) adjoint SQCD
we already studied is the gauge group, SU(N) vs U(N).

Starting from the duality for the adjoint U(N) SQCD in figure 1, we can obtain the
mirror dual of the SU(N) SQCD with an adjoint field. In order to go from unitary to special
unitary gauge group we can gauge the topological symmetry of the U(N) theory.

At level of the partition function with start with the U(N) SQCD partition function
given in (2.9):

) N N F
Zsaen (nB.XY) = [aZuanZ 0™ 2m A [ [T (Bat (25— X)) - (6)

j=la=1

We gauge the topological symmetry U(1)y obtaining the partition function of the SU(N)
adjoint SQCD as:

—

Zsu(n) (T,B,X / dYe~ QWNWZSQCD( X,

B, Y
—/deZNAN(ZT ( g ) 2miY (3,2, Z;-NY)

X H H sp(Ba £ (Zj — Xa)) (6.2)

j=la=1

where we have also added an FI parameter (—Nb) for the topological symmetry associated
to the new U(1) gauge symmetry. We can now redefine the Z parameters as: Z; — Z; + Z,
with the constraint Z;V:l Z; = 0. With the new parameterization we get:

—

F
Zsuw) (7. B, X) /deZdZSU( \AN(Z, 7)e2m Y N(Zb) H p(Bat (242 Xa)) -

||::]2

(6.3)
Where now we have defined for SU(N) a short notation for the integration measure:
= = N ~
dZsuny =dZn 6 | Y_Z; | . (6.4)
j=1

The Y and Z integrals now only involve the exponential term, therefore the Y integration
gives a 0(Z — b) which we implement by performing the Z integration setting Z = b. We
then obtain the following result:

—

N F
Zsu() (7. B, X) /dZSU(N)AN H H p(Bat (Zj+b- X)), (65)

which we recognize to be the partition function of the N' = 2 adjoint SU(N) SQCD, with b
the real mass for the baryonic U(1), symmetry assigning charge 1 to the fundamental/anti-
fundamental chirals.
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W =0 W = NN (Flip[Vi AL VA + Flip[Va Al Va])+

—}—Flip[Tl" Al] + nguing

Figure 12. Mirror duality for the /' = 2 adjoint SU(N) SQCD. The double circle node denotes the
SU(N) gauge group.

Now we can perform the same steps in the mirror partition function (2.10) obtaining:

Lo ' F-1 . ‘ ) v
ZSU(N) (T,B,X) :/dYeQMN(Xl_b)Y H (dZ,(La)An(Z(a),T)e2m(X““ Xa)zjzlzj)
a=1
Tls, (1Q_1=N 1) iQ
xj];[l{sb(2 5 T—B1i(Zj Y)>sb<2+(]]\[)7+231>

. 1—-N B .
><Sb<l2— B T—BF:EZJ(F 1))55(—Z§2+(j—N)T+QBF>

F—-2
< [T 2 (79, 2D 7, Boy) - (6.6)
a=1

The mirror pair read from the partition function identity is depicted in figure 12. In the
electric theory we have the following global symmetry:

F

SILUM)

F
[Tu()s,

Jj=1

U(1); x U(1), = (6.7)

= SU(F)y x SU(F)y x U(1)m, x U(1), x U(1)p,

where the two SU(F) and the U(1),, global symmetries are obtained from the U(1), x U(1)x;

as usual with the redefinitions in eqgs. (2.2), (2.3).
In the mirror theory the global symmetry enhances in the IR as:

a —
[TUW)s, x [T V(M) x,-x, x UL)N(x, -5 = SUF)y x SU(F)y x U(1), x U(1), , (6.8)
j=1 =1

where as usual U(1)p, symmetries are the axial-like symmetries rotating the two vertical
flavors and the improved bifundamentals, while X;; — X; is the FI parameters for the
topological symmetry associated to the j-th gauge node. Finally N(X; —b) is the FI
parameter of the new U(1) gauge node, which as expected by mirror duality, is related to
the electric baryonic symmetry U(1)p.

In conclusion, let us mention that the trick of gauging a topological symmetry to
transform a U node into a SU can be played also in more generic theories to make quiver
with U/SU nodes.
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Operator map. Let us now discuss how the operator map works for the case of the adjoint
SU(N) SQCD. There are three gauge invariant operators that we want to map:

+ The meson matrix QQ in the F' x F of SU(F)y x SU(F)y, with R-charge 2, m-charge
—2 and zero charge under the remaining U(1) symmetries. These operators are mapped
exactly as in the SQCD case, as explained in detail in section 2.2, meaning that we
collect F singlets and F(F — 1) monopoles to form a matrix transforming in the F x F
of the emergent U(F') x U(F') symmetry.

e The lowest dimensional SU(N) monopole is characterised by the magnetic flux
(1,0,...,0,—1). This operator is a singlet under all the non-abelian global symmetries,
it has R-charge 0, T-charge (1 — N), m-charge 2 and b-charge zero. This operator is
mapped to the simplest mesonic operator that we can construct in the mirror theory
obtained as:

Vollp_1 .. . IV, .. . T p_1 Vs, (6.9)

which indeed is charged only under the abelian global symmetries with the correct
charges in order to be mapped to the SU monopole.

e In the SU(N) SQCD we also have baryons and antibaryons, differently from the U(N)
case. These are constructed by taking the antisymmetrized product of N fundamentals
@, to obtain baryons, or of N antifundamentals Q, to obtain antibaryons. We then
have two sets of (f]) operators, the baryons are in the conjugate N-antisymmetric
representation of SU(F')y while antibaryons are in the N-antisymmetric of SU(F)y,
and they have R-charge 2, m-charge —N and baryonic b-charge £N. Notice that only
if ¥ > N we can have baryons in the theory.

These operators are mapped to a collection of suitably charged monopoles that have
all R-charge 2, m-charge —N and +N b-charge (see appendix E). Let us focus on the
antibaryons, these are mapped to the collection of all the monopoles with a topological
charge satisfying the following set of rules:**

— It must have charge +1 under the topological symmetry of the U(1) gauge node.

— It must have a topological charge of N or (N — 1) under the topological symmetry
of the first U(N) gauge node.

— The remaining charges are fixed by requiring that the charge under the j-th
topological symmetry is either equal or one unit less than the charge under the
(j — 1)-th topological symmetry.

— The last non-zero charge must be 1.

24We adopt the following notation: by having a topological charge k > 0 we mean that the magnetic flux is
given by k entries equal to 1 while the remaining are zero canonically ordered as (1,...,1,0,...,0). With
a negative —k charge we take a similar vector with k entries equal to —1 while the remaining are zero as
0,...,0,—1,...,—1).
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Collecting all the monopoles satisfying this set of rules we can form a N-antisymmetric
representation under one U(F) emergent global symmetry. For example, for N = 3
and F' = 4 we have the following collection of monopoles mapping to the (g) =4
antibaryons:

m(1\2,1,0) ’ m(1|2,1,1) 7 gﬁ(l\Q,Z,l) , Dﬁ(1|3,2,1) . (610)

There are also dressed operators. Dressed mesons are mapped to singlets or dressed monopoles,
exactly as in the U(N) case. The dressed SU(/N) monopole maps to the long meson with
the same level of dressing. Dressed baryons are less trivial to map, the reason being that
the number of dressed baryons increases rapidly with the level of dressing. Also, in the
mirror theory it is not easy to compute the R-charge of all the monopoles due to the presence
improved bifundamental. However, we suspect that dressed baryons maps either to dressed
monopoles or to the monopoles that are not included in the set of rules presented above
to map undressed baryons.

6.2 3d mirror of 4d SU(NN) SQCD without adjoint

We now consider 4d N =1 SU(N) SQCD with F flavors, no adjoint and W,y = 0. When
compactified to 3d, the theory develops a monopole superpotential W5y = 91, where N is
the lowest dimensional SU(/N) monopole with magnetic flux (1,0,...,0,—1) and we obtain
the theory on the Lh.s. of (6.11).

Vi

W= S5 (FliplVi (ALY VA] + FliplVa(Al )7 Va]) +
+ Zf;; Ag%])A(LI—H) +Vollp_y .. . IViVilly .. . TIp_ Vs (6.11)
The duality in (6.11) can easily be obtained as a deformation of the SU(N) adjoint SQCD
mirror pair in figure 12. On the electric side we turn on a mass term for the adjoint, as in
section 2.4 and then the monopole superpotential which has the effect of breaking the U(1),,
axial symmetry. Therefore there are no U(1) global symmetries that can mix with the trial
R-charge and the R-charge of the fundamental/antifundamental chirals in the electric theory
on the Lh.s. of (6.11) is completely fixed by the superpotential as

RIQ = RIQI =1~ (6.12)
and the global symmetry is:
SU(F)y x SU(F)y x U(1)y. (6.13)

Similarly the theory on the r.h.s. of figure in (6.11), the 3d mirror of 4d N =1 SU(N) SQCD
and W = 0, is reached from the magnetic theory in 12 by adding a mass term for the adjoint
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and turning on the operator dual to 9t which has been identified in (6.9) as the long meson
in the quiver, hence we simply need to add this operator to the quiver superpotential.
Again on the mirror side the R-charges are completely fixed to

N N-1

RlVis) = RlVas = %~ "% R = R{L) = 2 (6.14)
and the remaining global symmetries are
F F—1
S[H U(l)Bj] x H U(l)Xj+1—Xj x U(l)N(X1—b) ) (6.15)
j=1 J=1

where as usual U(1)p, are the axial-like symmetries rotating the two vertical flavors and
the improved bifundamentals, while X1 — X is the FI parameter associated to the j-th
U(N) and N(X; — b) the FI parameter of the extra U(1) node and enhance in the IR to
the group in (6.13).

The global symmetries, the chiral ring and the moduli space of vacua of the 3d SQCD
on the Lh.s. of (6.11) and those of the 4d SU(N) SQCD should be exactly the same. In
this sense the 3d mirror of 4d N' = 1 SQCD with no adjoint behaves in the same way to
the 3d mirror of theories with 8 supercharges.

The map of the chiral ring generators is similar to the map discussed for adjoint SQCD
in the previous subsection. The difference is that now there are no dressed operators.

Notice that if we simply deform the duality of the previous subsection by the mass term
of the adjoint, we obtain a different result, missing the monopole superpotential and its dual.
The operations of deforming by a superpotential and compactifying to 3d do not commute.

6.3 3d mirror of 4d SU(N) quivers

We start from the duality in figure 9, where on the Lh.s. there is a U(N)X*+! quiver with
improved bifundamentals:

Mirror
Y Y

W = nguing W = nguing + Z;V:Bl (FlZp[VLA]lVL]‘F
+Flip[VRA% | p 1 VE])

(6.16)

The global symmetry is U(Fy)? x U(F2)? x U(K)? x U(1), see section 4.1.2 for more details.
Eq. (6.16) is a 3d N' = 2 duality such that neither side can be the circle reduction of
a simple 4d Lagrangian theory.
We modify duality (6.16) as follows:

o on the L.h.s. we gauge all the K + 1 topological symmetries, making all the gauge nodes
SU(N) instead of U(V). This maps on the r.h.s. to gauging K U(1) flavor symmetries
associated to the K central flavors and one U(1) symmetry associated to a boundary
flavor.
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o on the Lh.s. we turn on the K operators Bg;)l, 1 =1,..., K in the superpotential, ironing
the K improved bifundamentals into flipped bifundamentals b;, b;, without producing
new adjoints. This maps on the r.h.s. to turning on K cubic superpotential terms for

the K flavors in the middle, 6W = Tr(Ar, XK, ViV}).

e on the Lh.s. we flip the gauge singlets which are flipping the squares of the bifundamentals
Tr(bigi). This maps on the r.h.s. to flipping the K mesons made with the K flavors in
the middle, Tr(V;V;).

These modifications break the U(K)? global symmetry to U(1)%.

VL V1 VK i VR
Mirror A
v,
Al AFl AF1+F271

W = Wauing + Ar, Yiey ViVi + X1, Flip[ViVil+
+ 3000t (Flip[ViL ATV + Flip[VR AL, | 4 VE]) (6.17)
The global symmetry is U(F})? x U(Fy)? x U(1)E x U(1),.
Now, the SU(N)XE*+! quiver on the Lh.s. of (6.17) is precisely the circle reduction of a
4d quiver, with the same matter content and the same superpotential. This is the 4d quiver
associated to a brane setup with NV D4 branes stretching along the sequence

NS — D6 — (NSHE — D6 — NS’ (6.18)

We claim that the r.h.s. of (6.16) is the 3d mirror of such 4d quiver.

Notice that since no monopole superpotential is generated in the circle reduction, the
global symmetry of the reduced theory contains two additional U(1) factors with respect to the
4d quiver, this is because the two axial U(1)’s inside U(F})? and U(F3)? are anomalous in 4d.

On the r.h.s. of (6.17) there is an Sk discrete global symmetry permuting the bouquet
of K U(1) nodes. As found in 6d in [14, 16], it is possible to gauge this symmetry, with the
effect of replacing the K U(1) nodes with a single U(K) node. Such a move corresponds to
taking the K' NS’ branes in the setup (6.18) to be coincident, an infinite coupling situation
from the point of view of the electric 4d quiver. Indeed the central piece of the quiver on the
r.h.s. of (6.17) is the 3d mirror of a string of K’ NS’ branes and is N' = 4 supersymmetric
(the gauge singlets F[V;Vj] can be seen as supersymmetric partners of the U(1) gauge nodes),
hence the results of [14, 16], obtained for theories with 8 supercharges, carry over to the
central piece of our 3d mirror.

7 4d mirror dualities

It was shown in [47] that 3d N/ = 4 mirror dualities can be uplifted to a class of 4d N' =1
theories with symplectic gauge groups, that enjoy mirror-like dualities. This strategy can
be extended also to the 3d N/ = 2 theories considered in this work.
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W= nguing + Wtriangles + H;V:_()l(‘/lAlelFl(]) + ‘/YQA;'—IRF_IFZ(j))+
+ 050 { FuplV AY] + Flip[L2AY] + FliplVZ A%_,] + FliplR}_, A5_,]}

Figure 13. Miror pair of the 4d N'=1 USp(2N) antisymmetric SQCD. Throughout this section all
the nodes, square or round, are gauge or flavor USp(2N) groups. Nodes depicted with a double line
are instead SU groups. Lines are fields in the fundamentals of the groups to whom they are linked,
arches are traceless antisymmetric fields. In the mirror theory we have also zig-zag lines representing
improved bifundamentals, that are FE[USp(2N)] theories, and crosses denote flipping singlets. To
avoid cluttering, we will not indicate the name of the flipping singlets, however their presence can
be read from the superpotential given below the theory. By Wiiuing We denote all the superpotential
terms coupling the traceless antisymmetric chirals A; to the traceless antisymmetric operators inside
the improved bifundamentals. Also, in Whriangles We collect all the terms associated to triangles in the
theory as: W =11, 1 R; L.

In this section we present the mirror-like dual of the 4d ' =1 USp(2N) antisymmetric
SQCD, discussing the operator map and various deformations. This duality exhibits many
similarities with that of 3d N' = 2 adjoint SQCD, described in section 2. Indeed the two
mirror pairs are related by a dimensional reduction limit. We then explain how to uplift
all the 3d N = 2 mirror dualities described in section 4. Finally, we also describe how 4d
mirror-like dualities can be proven using the dualization algorithm.

7.1 4d N = 1 antisymmetric USp(2N) SQCD and its mirror pair

In this section we present the mirror dual of the N/ = 1 USp(2N) SQCD with one an-
tisymmetric and 2F + 4 fundamental chirals, which is depicted in figure 13. The global
symmetry of the electric theory is:

SU(2F + 4) x U(1),. (7.1)

We assign a trial R-charge 0 and 7-charge 1 to the antisymmetric field A, then the R-charge
of the fundamentals @) are fixed by requiring the vanishing of the NSVZ S-function. We have:

R[Al =T,

RQ =rg= ot

S+ F o R

(7.2)

It will be also convenient to consider the theory in the different parameterization where
we split the fundamental flavor @) into F' 4 2 flavors as depicted in figure (14), where the
chirals @; are USp(2N) x USp(2),, bifundamentals while P;» are USp(2N) x USp(2),, ,
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R-charge
Qk rQ + By
P rg + C
Py lrg—Yh B,—C
A T

Figure 14. Reparameterization of the electric theory along with the list of the R-charges of the fields
in the reparameterized theory. The USp(2) symmetries are labeled in blue.

bifundamentals. Each doublet is then rotated by the U(1) charges reported in table (14)
and the global symmetry recombines as:

F
[1 USp(2)z, x USp(2), x USp(2)y, x H U(l)g, x Ul)e =SU(RF +4),  (7.3)

with the fundamental decomposing with the branching rule:
2N+4 — (2, 1,..., 1)(1707.._70) D... (1, 1,2 1)(07__7071) D (1, R It 2)(_17._7_1) . (74)

Dual quiver. Let us now discuss the mirror theory:

W = nguing + Wtriangles + H;V:_Ol (‘/1A]1L1F1(3) + VVQA;:‘_lRFleQ(j))“F

+ S { FliplVEAY) + FliplL3AY] + FliplV3 Al_] + FliplR}_ A, ]} 5
It is the linear quiver of F'—1 USp(2N) gauge nodes linked by F' —2 improved bifundamentals
which are identified with the FE[USp(2N)] theories introduced in [35], which we describe
in appendix B.1. We denote this theory in short by a zig-zag line connecting the two non-
abelian USp(2N) IR symmetries. In addition to them the improved bifundamental has a
U(1); x U(1)p global abelian symmetry. The spectrum of this theory includes two traceless
antisymmetric operators, one for each USp(2/V) symmetry, a bifundamental IT and a matrix
of singlets under the two USp(2/N) symmetries B,, ,,,. The two antisymmetric operators carry
the same R-charge and are both rotated by the U(1), symmetry, while the II operator is
charged only under the U(1)p symmetry.

On the two sides of the quiver we have flavors V1 charged under the USp(2),, , symme-
tries. Each gauge node is attached to two teeth of the saw by the chirals L; and R; that are

respectively charged under the USp(2),, and USp(2) symmetries.

Tj4+1
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R-charge
i 1—rQ+ﬂT—Bl
Vo 1—rQ+ T—BF
Ly, k(1 —rg)+ 15 T—Z 'B;—C
Ry, 2—(/~c+2)(1—rQ) T—I—Zk—HB +C
Iy, 1—7°Q—Bk
Fl(k) 27“Q—|—(N+k—2)7'+B1+C
o 2rq + (k- 1)r — XI5 B~ C
A; T

Table 5. List of the R-charges of the fields and operators in the mirror theory given in figure (7.5). Re-
call that to specify completely the parameterization of the two U(1) symmetries of an improved bifunda-
mental, it is sufficient to specify the R-charge of the anti-symmetric and of the bifundamental operator.

The improved bifundamentals are glued together by gauging a diagonal USp(2N) sym-
metry and adding a traceless antisymmetric chiral A; at each node, which couples to the

traceless antisymmetric operators inside the improved bifundamentals as: A; (Ag) + Agﬂ)),

) is the antisymmetric operator of the improved bifundamental on the left of the

(G+1) .

where A}
gauge node, while A" is that of the improved bifundamental on the right. We collect all
the gluing Superpotentials inside Weluing. Notice that when we glue a string of improved
bifundamentals, all the U(1), symmetries are identified while the U(1)p, symmetries acting
on each improved bifundamental are all preserved. The R; and L; chirals are coupled to the
bifundamental operators 11, as: II; R;;1L;. Each term corresponds to a triangle composing
the saw, we then collect them in Wirjangles- Fl(j ) enter in the superpotential flipping all the
meson constructed from V; and L; in the bifundamental of USp(2),, x USp(2),, dressed
with powers of the first antisymmetric Ay, similarly FQ(j ) flips the dressed mesons built from
Vo and Rp_1. Finally, we flip all the square mesons built from V;, Vs, L1, Rp_1 dressed
with powers of the antisymmetric.
The manifest global symmetry is

ﬁ USp(2)4, x USp(2)y, x USp(2)y, x HU B, x U(1)e x U(1),, (7.6)

which enhances in the IR to SU(2F + 4) x U(1),, we will provide many evidences of this
enhancement throughout the section.

Anomaly matching. As a first check of the proposed duality we can show how the
anomalies of the two theories match.

In the electric theory we can compute two anomalies for the flavor group SU(2F + 4)
that are:

N(1— N)

TrSU(2F + 4)*U(1), = 5T

TrSU2F +4)*U(1)p = ————
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In the magnetic theory the SU(2F + 4) symmetry is only emergent and we can’t directly
calculate its anomaly. Nevertheless we can calculate the following anomalies involving
USp(2)4,, USp(2)y,, U(1)p, and U(1), with either U(1), and U(1)p:

N(1 - N) 2N
TrUSp(2)2 , U(1), = ———— TrUSp(2)2 . U(l)g = —
r Sp(z)xi,yj ( )7' 9 F ’ r Sp(z)xi,y]’ (1)R 2 F’
N(1 - N) 2N
2 _ 2 _
TrU(DE U(1), =825 TUE U(p = -85, (T8)

and check they are compatible with the enhancement. Indeed given a decomposition of a
group G into H, for which we have a branching rule:

where 7 is some representation of G and 7; are representations of H, the embedding index
is defined as:

L T(7)

I(H%G):W,

(7.10)

where we have denoted as T'(r) the Dynkin index of a representation r. The result is
independent on the choice of the branching rule. Once we have computed the embedding
index, the anomalies of the manifest symmetries are constrained by the anomalies of the
emergent symmetries to satisfy:

I(H — G)TrG*U(1) = Tr H*U(1). (7.11)
Using the branching rule in (7.4) and the definition in (7.10), we get:

I(USp(2),, <+ SU(2F +4)) = I(USp(2),, < SU(2F +4)) = 1,
I(U(1)y, < SU(2F +4)) = I(U(1), < SU(2F +4)) = 8. (7.12)

The results found are exactly the results expected: all the anomalies for the USp(2)s factors
coincide with the anomalies of the electric theory (since the embedding index is 1); while the
anomalies involving factors of U(1)s differ by a factor 8 (since the embedding index is 8).

As a final remark, we checked that also the anomalies involving only the U(1) groups
match, as for example Tr U(1),, Tr U(1)g, Tr U(1)2U(1)g, ...

Superconformal indexes. We now give the superconformal index identity for the SQCD
mirror pair in figure 13. To write the superconformal index we first define the fugacities
related to the U(1) symmetries as:

t=(pg)?,  bj=mP"?, = (pg)°/?, (7.13)

and also the vector ¢ and & as fugacities for the USp(2),, and USp(2),; symmetries respectively.
The duality 13 consist in the following superconformal index identity:

Tsoop (&, 7, b, ¢, t) = Tsoep & 7, b,c,t). (7.14)
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Where we define the superconformal index of the SQCD, parameterized as in (14), as

N F
ISQCD (f’ g> l_;v C, t) = % dZNAN (5, t) H < H Fe(pqu/zbaZjiszt)
j=1 \a=1

F
X Fe(quQ/ch;Eyf)Fe (pq’"Q/Q H balclzfgéE) ) : (7.15)

a=1
The index of the mirror theory is instead given as:

N
Z (Z,9,b,¢,t) = H Te(pq @tN " 2bycatyi Te(pg @t~ (b ... bp_10) 'aFyd)

Le(pg N 1 7b ) Te(pg 2tV 1 7 b )T (pg 2t 177 ¢?)
( (F— 1)(1—rQ)tN—1—j(bl ...bFC)_2)]

ny 0 A (50, 0)) T 280 (20D, 590 7.3,)
a=1 a=2
N 1— 'rQ 1-N (1) 1—r, 1— 1 (F—l):l: +
X H [Ce(pg =t 2 by'z 5y ) e(pg 2 72 by 2 y3)]
j=1
F-1 N g 1w .
H H 27 (b b))
X Fe(pql_(l+2)TQt%b1 .. bl+lczj(~a)ixil)} . (7.16)

The convention used to write the superconformal indexes can be found in appendix A.

7.1.1 Comments on F = 1,2 cases

The cases F' = 1,2 are already discussed in literature, in this section we wish to comment
on how our result reconciles with these known results.

Let us start from the case F' = 2. The mirror dual proposed in 13 reduces to a theory
of a single USp(2N) gauge group with no improved bifundamentals. The duality is then

a self-duality modulo flips:

R-charge
Q1,2 rQ+ Bi2
Py rq+C
P, rg—SF By —C
h l1-rg+ 3587 -C

bl —2—4rq+ Y+ B+ B+ C

‘ P, 1—rg+ 5% — B
W=0 W=y2,"", (ng])QizArle;jL A A T
FFUp[QL AT + Flip[P2AT 1)) ' (7.17)
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This result coincides with the CSST self-duality derived in [36]. A similar self-duality,
with different number of flippers, can be also obtained using the sequential deconfinement
technique, as shown in [39].

For the F' = 1 case, which can’t be read directly from the duality in figure 13, we can
run the dualization algorithm, as in the 3d F' = 1 case described in section 3.3, the result
produced is consistent with the earlier duality proposed in [48] shown in figure (7.18) which
was discussed in [31] and derived via sequential deconfinement in [39, 49].

R-charge
Q ro+B
P, rg+C
Py rQ =Y B —C
R; 1-rg+(1—-4)r—B
Sj|2rq+(N+j—-2)1+B+C
T; 2ro+ (-1 -C
A T
W =0 W =35k imt RiSETid) ki v (7.18)

This duality relates the USp(2N) SQCD with one antisymmetric and 6 fundamental chirals
where we flipped the tower of powers of the antisymmetric (which would all be below the
unitarity bound), to a Wess-Zumino model with 15N chirals. The superpotential was proposed
in [31] and tested using sequential deconfinement in [39]. Starting from the SQCD on the
Lh.s. of figure (7.18), the algorithm yields on the dual side a collection of 15N chiral fields
with a charge assignment compatible with the superpotential given (7.18).

7.1.2 Operator map

In this section we discuss how the operator map works in the duality presented in 13.

e In the electric theory we have dressed mesonic operators with R-charge:

R[Q*’AY =2rg +jr  fork=0,---,N —1. (7.19)

For each value of the dressing we have an operator in the antisymmetric representation
of SU(2F + 4), of dimension (2F + 4)(2F + 3)/2, which we map to a collection of
(F + 2) singlets and (F + 2)(F + 1)/2 x 4 mesonic operators in the bifundamental of a
pair of two USp(2) global symmetries. It is actually easier to write the explicit map
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considering the SQCD in the parameterization (14):

SQCD SQCD
Qi Al FIVEAY ]
QhAI FIVRAR )
QA fora # 1,F B{")
PPAI FL3AY )
P} A7 FIRE 1 Ap ] (7.20)
QuAiQpfora#b | LyAiT,yy .. Ty 1Ry
Q1A Py )
QuA P fora#1 | ViAT,.. ., 1R, 1
QrAiP, N
QuAiPsfora# F | LoAiTl, ... Ip Vs

For the magnetic mesonic operators the dressing is performed using any antisymmetric
chiral Ay, which we denote simply by A, all the possible choices of dressing are identified
by quantum relations.

o In the electric theory we then have the traces of the antisymmetric A with charge:
RTr Al =jr forl=2,...,N. (7.21)

In the magnetic theory they are simply mapped into traces of any antisymmetric chiral
Aj, that are all identified due to quantum relations.

We also point out that under the duality it seems that all the Bﬁl‘% operators in the magnetic
theory with n > 1 are not mapped. We suspect that these operators are trivial in the
chiral ring.

7.1.3 Deformations and consistency checks

In this section we study the effect of some interesting deformations, providing also nontrivial
consistency checks of the duality in figure 13.

Before discussing the deformations let us mention that, as in the 3d case, we have a
freedom of rearranging flavors and improved bifundamentals. There are three swapping
dualities that allow us to perform this reshuffling.

The first one is the duality (D.1) that allows us to exchange any pair of consequent
improved bifundamentals. The effect of this duality is to swap the two U(1)p, symmetries
rotating the improved bifundamentals and also the USp(2)., symmetries associated to the
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saw structure:

Hj 1—T’Q—Bj
i1 | 1 =79 — Bjq 3‘+1 1 —rq—B;j

(7.22)

Notice that under this duality the matrix Bg, )m is mapped to B;EJJ; 2
charges of the chirals composing the saw are non-trivially mapped under the duality above,

for all the details we refer the reader to the discussion in appendix (D.1).

and vice-versa. Also the

The second duality given in (D.3), allows us to swap the left vertical flavor V; with
the first improved bifundamental II3, meaning that we swap the U(1)p, x USp(2),, and
U(1)p, x USp(2),, symmetries.

Vi
T,

1—rg— 57+ B,
1—T‘Q—Bl

(7.23)

Under this duality the matrix of singlets B,?Zn is partially mapped to the tower of singlets
of the vertical flavor as: Bﬂn & FIVFAN=m)] and viceversa. Notice that the rest of the
matrix of singlets of the improved bifundamental doesn not map under this duality since
these operators are zero in the chiral ring. The same strategy can be used to swap the last

improved bifundamental I1z_; with the right vertical flavor Vs.

The last swapping move consist in exchanging the left vertical flavor V; with the first
diagonal leg L1 or, analogously, the right vertical flavor V5 with the last diagonal leg Rp_1.
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This is a trivial move since it just amounts to a redefinition of the fields:

Vi|l—rg—58r+5B Vil l-rg-58r+C

14 1—TQ—%T+C Lll 1—7‘@—%7%—31 (724>

It is clear that those three actions, combined and iterated appropriately, are sufficient to
realize any possible rearranging of improved bifundamentals or flavors.

Let us also mention, in conclusion, that these dualities realize a subgroup of the Weyl
symmetry of the SU(2F +4) global symmetry group. It consists, in fact, in swapping together
pairs of SU(2),, x U(1); or SU(2),, x U(1). symmetries, which indeed is a symmetry of the
branching rule (7.4) used to decompose the fundamental representation of SU(2F + 4).

Shortening. The first type of deformations that we consider consists in a mass term for
one flavor in the electric theory: W = Q? or W = P12’2. By means of the swapping
dualities (7.22), (7.23) and (7.24) we can restrict the analysis to the case 6WW = Q? with
j=2,...,F —1 which maps to the linear superpotential term W = ng% in the mirror
dual side.

As explained in appendix B.1, the effect of such superpotential is to transform an
improved bifundamental into an Identity-wall, which identifies the two USp(2N) groups which

is connecting, shortening the string of improved bifundamental by one unit, as shown below:

W= nguing + Wtriangles + ng& W= nguing + Wtriangles (7 25)

More intuitively, one can think that the linear term 6W = ng i has the effect of giving
a VEV to the II; operator, which after the deformation has R-charge 0. This VEV Higgs
the USp(2N) x USp(2N) down to the diagonal USp(2/N). In addition, after II; acquires a
VEV the triangle superpotential 11, L; R;_1 becomes a mass term for L; and R;_;. Therefore,
under this deformation, we can see that the mirror theory reduces correctly to the mirror
dual of the SQCD with F — 1 flavors.

There is a second type of mass term that we can consider which is 6V = @Q;Q;, with
Jj#iordW = P 2Q; or 0W = P P,. These deformations have the effect of giving a mass to
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two flavors in the electric theory. Again by means of the swapping dualities (7.22), (7.23)
and (7.24) we can restrict the analysis to the case 6W = Q;Qj+1. This superpotential term
maps in the magnetic theory to the term 6WW = L;R;, which is a mass terms for both L; and
Rj. We are then left with two consecutive improved bifundamental theories glued together
which fuse to an [-wall as in (7.39), having the effect of shortening the sequence of improved
bifundamentals by two unit. After the shortening, it is generated a new superpotential term:
OW = Rj_1Lj4+1, which has the effect of giving a mass also to both the R;_; and L, legs.
All in all we have the following schematic situation:

W= nguing + Wtriangles + Rij W= nguing + Wtriangles (7 26)
We can see that the net effect of the deformation in the mirror theory is to shorten the

sequence of improved bifundamental by two, leading to the correct mirror dual of the SQCD
with F' — 2 flavors.

Ironing. Another type of deformation that we want to consider consist in turning on cubic
superpotential terms for the flavors and the antisymmetric field as: 6V = Q?A or 6W = P{,A.
Again by means of the swapping dualities (7.22), (7.23) and (7.24) we can restrict the analysis
to the case W = Q?A with j = 2,... F — 1 which maps in the mirror dual to éW = B%
The effect of this deformation in the magnetic theory, is to iron an improved bifundamental
into a standard one along with two antisymmetric fields to which it is coupled, see (B.11).
Graphically this deformation consist in:

W= nguing + Wtriangles + Bg{% W= FlZp[H/?] + H/jQ(AL + AR>+

+Wtriangles (727)

On the r.h.s. the standard bifundamental H; is coupled to Ay, and Ag, that are the antisym-
metric operators inside the improved bifundamentals on its left and on its right.

It is interesting to study the result when we introduce all the Zf;l Q?A terms since
it leads to the 4d uplift of the 3d N' =4 U(N) SQCD proposed in [47] for F' > 2N. The
effect of the deformation is to iron all the improved bifundamentals. Also, keeping track
of all the antisymmetric fields produced from this deformation, we see that each gauge
node except the first and last one have an antisymmetric field coupled to the standard
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bifundamental on its right and left, also all the bifundamentals are flipped. We collect these
terms in a superpotential called Wﬁ?:fllike. On the first and last gauge node we do not
have any antisymmetric fields, however the flavors are now coupled to an antisymmetric
operator obtained from the bifundamental on its side. In addition, on the mirror side we
turn on the linear terms in the flipping singlets F[VZ(I13)N 2] and F[VZ(1I12_,)V~2]. All
in all we have the following duality:

W= Wﬁfa:iilllike + Whriangles + H]N:_Ol(lejllLlFl(j) + ‘/QAéflRF—lFQ(j))"‘
S {FUpVATE) + PUp L3I + FiplV (T, )+

+F1z’p[R2F_1(H2F_1)k}} + PV + PV () ) (7.28)

Notice that introducing in the superpotential the singlets F[V2(I13)V 2] and F[VZ(T1%_,)V 2]
causes the operators VZ(I13)V~2 and VZ(I1%_,)V¥~2 to acquire a VEV. As shown in [20]
the two VEVs have the effect to propagate reconstructing a tail of increasing ranks from 1
to N. Also we have a plateau of gauge nodes with rank N with a flavor on the two sides.
Taking into account also the singlets, we obtain the known N = 4-like mirror dual for the
4d N = 1 USp(2N) SQCD:

W = Wh=4like W = Wh=4like (7.29)

Where in the picture above all the antisymmetrics are taken to be tracefull.

7.2 Reduction to 3d and uplifts

It is interesting to observe how the 4d SQCD mirror pair reduces to our 3d result ins section 2.
The first step of the 3d reduction limit consists in compactifying the mirror pair in figure 13
on a circle. This limit can be performed by redefining the set of fugacities appearing in
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the SCI identity in (7.14) as:

T = eZTrier ’ y; = e?m'rYj , zj = eQwiij ’
t = e27r1lr7-’ bj — e27ri7'Bj 7 = eQm'rA 7
p= 6727rrb’ q= 67271'7‘1771 , (730>
1 1

where the capital letter variables are real variables taking values in [—35-, 5-], with r being
the radius of the S circle of the S2 x S space. We then perform the limit » — 0 to
land on a 3d theory. The superconformal index reduces to the Sg’ partition function of
the resulting 3d theory and can be obtained using the relation between elliptic-gamma and
double-sine functions:

lim [ (™ p = ™2™ ¢ = 6727”41)_1) = 67%(§7$)sb (ZQ — x) , (7.31)
r—0 2

with @ = b+ b~!. Performing this limit in the 4d SQCD pair we obtain a N = 2 3d duality
that is identical to the 4d one, the only difference is that a superpotential linear in the KK
monopole W = 9t is generated, as argued in [50]. This monopole superpotential ensures
that the 3d and 4d theories (where we have the anomaly cancellation condition) have the
same global symmetry. Notice that on the mirror side we have 3d FE[USp(2N)] theories
whose UV description is given as a 3d N' = 2 quiver theory identical to (19), where each
node has W = 91 turned on.

We can now perform some deformations. For example we can proceed as in [51] and
perform a combination of real mass deformation for the non-abelian flavor symmetries and
Coulomb branch VEVs breaking the gauge groups from symplectic to unitary obtaining
the following duality:

W= nguing + Wtriangles + Wmonopoles + Hj\/:_ol (%AiLlFl(J) + VlAjli/lﬁ‘l(])
VoA R 1 B + VoAl Ry FP) + SN0 { Pliplvi AfVA)+

+FliplLy A L] + Flip[Va A}, Vol + FliplRp—1 A R | (7.32)

Notice all the antisymmetric chirals become adjoints. On the electric side this limit yields an
adjoint SCQD with F' + 2 flavors. This flow has the effect of generating non-perturbative
contributions due to the USp(2N) — U(N) breaking of the gauge group. These contributions
together with the original KK monopoles combine in a contribution to superpotential consisting
in the sum of the two fundamental monopole YW = 9™ + 9. Also in the mirror theory at
each node we have W = 9T + 91, all these terms are collected in short into Wionopoles- This
RG flow also reduces the 3d FE[USp(2N)] theories to 3d FM[U(N)] theories as shown in
appendix B.2. The charges of the fields are again the same as the 4d ones in given in table 5.
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Finally we turn on a real mass deformation for the U(1), symmetry. On the electric
side the Py, P, and P», P, flavors become massive and when integrated out they generate
mixed Chern-Simons couplings and restore the topological symmetry at each node lifting
the monopole superpotential. In this way we obtain the 3d adjoint SQCD with F' flavors.
Similarly on the mirror side the flavors R, Rj and L;, f/j forming the saw all become massive
and when integrated out they generate mixed Chern-Simons couplings and restore the
topological symmetry at each node lifting the monopole superpotential. At the level of the
partition function this consists in taking the limit A — +oo and using the limit behavior
of the double-sine function:

lim sp(x) = 5 (7.33)

x_+oo

Performing this limit leads to the partition function identity (2.8).

One can generalize the strategy above to construct improved 4d N/ = 1 quivers which
uplifts the 3d quivers associated to brane setups preserving four supercharges described in
section 4. Where by wuplifts we mean that under the 3d reduction described above, any
mirror-like pair of 4d N' = 1 improved quivers reduces to a 3d N’ = 2 mirror pair. Intuitively
the strategy to uplift a 3d N' = 2 mirror pair is the following:

We replace each U(N) gauge node with a USp(2/N) gauge node.

o We replace pairs of 3d chirals/antichirals in the fundamental of U(N) with 4d chiral
doublets in the fundamental of USp(2N).

o We replace 3d improved bifundamentals, that are F M [U(N)] theories, by F E[USp(2N)]
theories, the 4d improved bifundamentals.

o We add the saw-like structure.

e Finally, if in the 3d theory there is a single vertical flipped flavor on the leftmost or
rightmost gauge node of the theory, we add flipping fields as in the mirror dual of the
SQCD in 13.

For example, following this strategy, we find that the uplift of the mirror pair discussed
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in section 4.1.1 is given by:

3d Mirror
symmetry
—

4d Mirror
symmetry
N

W= nguing + Wtriangles W= nguing + Wtriangles + Zji?)l (Fllp[VfAﬂJr
FFUp[VE Ay, gy ] + FliplL3A]+
+Flip[RE, 4y 1 A%y 1) + Fl(-/+1)V1A]1L1+

1 .
F2<J+ )V?)A'}:‘1+F271RF1+F271) (7 34)

As we explain the next sub-section, we can rigorously construct these 4d mirror dualities
by running the 4d dualization algorithm.

7.3 4d local dualization algorithm

We now want to show how the 4d SQCD mirror dual can be obtained using the local
dualization algorithm. The 4d algorithm consists of the same steps as the 3d one: we chop
the theory into basic QFT blocks; we dualize each block using the basic duality moves; we
glue back the dualized blocks. In [19, 20] a 4d mirror dualization algorithm was formulated
to study the special family of 4d N’ = 1 theories which are uplifts of 3d theories with eight
supercharges constructed in [47]. Here we need a generalized version of the algorithm as
our 4d N = 1 theories are uplifts of 3d theories with four supercharges. We will need new,
generalized, QFT blocks and new basic duality moves.

Generalized QFT blocks. In the first line of in figure (15) we have the flavor block,
parameterized so that it has R-charge 1, U(1), charge —1 and it is rotated by a USp(2N), x
USp(2), symmetry. The flavor comes together with an identity operator whose action consists
in identifying the set of fugacities associated to two USp(2N) symmetries.

On the second line we have the definition of an improved bifundamental block which
is given by a FE[USp(2N)] theory together with two chirals, USp(2N),, x USp(2), bifun-
damentals. We also introduce a superpotential W jangle coupling cubically the improved
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Generalized flavor:

Improved bifundamental:

Figure 15. Definition of the generalized blocks. In the picture we write in blue the parameterization
of the two theories. To the generalized flavor we assign a trial R-charge 1 and charge —1 under a
U(1)p symmetry. v denotes the fugacity of the SU(2) symmetry while & and § are the fugacities of
two USp(2N) symmetries. The improved bifundamental block is given by a FE[USp(2N)] theory, for
which we assign to the bifundamental operator a trial R-charge of 0 and b-charge 1. The improved
bifundamental block is also equipped with a pair of USp(2N) x SU(2), chirals that are coupled
cubically to the improved bifundamental.

bifundamental and the two chirals. The superconformal index of the generalized block is given:

N
TGP (7, 7,1,b) = [[ Te(v/pab~ oo™ )ay(t) ,
7j=1
N N N
TGP (T,7,t.b,¢) = Toy (7,7 H b ler o) Te(Vpae tyFo®)) . (7.35)

Where the superconformal index Ig? is defined in appendix B.1, equation (B.4). The

identity operator is instead defined as:

A(e) = L= 2o 127”% ) Ha — k) (7.36)

Our convention for the 4d superconformal index can be found in appendix A.

The 4d S-wall theory. It has been argued in [20, 24] that the 4d S-wall theory is given
by the FE[USp(2N)]. It was also shown that this operator satisfies PSL(2,7Z) relations:
(ST)? =1 and S = S~!. The SCI of the S generator is then defined as:

- N) = -
(G, ¢) = TR (7,3 1) (7.37)
The S = S™! identity corresponds to the Identity-wall property of the FE[USp(2N)] theory:

7! AN AN (2 0TSV (2, T8 (2,7,t,¢7Y) = 215(t) (7.38)
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W = Wtriangle

v

Vpgb~1 <~
#l(t)

W=20 W= nguing + Wtriangle

Figure 16. Basic S-duality moves for the 4d generalized blocks. On top we have the S-dualization of
the flavor block into an improved bifundamental. On the bottom we have the S-dualization of the
improved bifundamental into a flavor. The S operator is identified with the FE[USp(2N)] theory
that in these dualities plays a double-role. Wiiuing encodes the superpotential terms coupling the
antisymmetric chirals to the antisymmetric operators inside the improved bifundamental and S-wall
theories. Also, Wiriangle means that we couple cubically the improved bifundamental and the chirals
in each triangle.

where the identity operator is defined as in (7.36) (see also appendix B.1. Graphically this
property can be depicted as:

t
# e O o j
= A1)

W = Weluing (7.39)

In [24] it was shown that this property can be proven by iterating the Intriligator-Pouliot
duality [52]. The FE[USp(2N)] theory therefore plays a double role in improved 4d mirror
dualities, being both the S-wall theory and the improved bifundamental. It is possible to
distinguish the two by the presence of chirals forming a triangular structure in the latter,
as in figure (15).

Basic duality moves. The two basic duality moves encode the mirror dualization of the
two blocks and are depicted in figure (16).

In the first duality move we relate an improved bifundamental block with a generalized
flavor on which are acting two S-walls. On the r.h.s. Wijuing implies that the antisymmetric op-
erator is coupled to the antisymmetric operators inside the two S-walls, the flavor does not enter
in the superpotential and therefore is rotated by an independent USp(2), x U(1), symmetry.
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In the second duality we are acting with two S-walls on an improved bifundamental
block to obtain a generalized flavor block. On the r.h.s. we have Wgiying and Wiriangle to
imply that the antisymmetric chirals are coupled to the antisymmetric operators inside the
improved bifundamental and S-wall theories.

The first basic duality move in (16) is also called braid duality, while the second duality
can be obtained starting from the first one and gluing on the left and on the right an FE
theory and using that S?> = 1. In [27], it is shown that braid duality can be proved by
induction assuming only the Intriligator-Pouliot duality, hence also all the dualities obtained
from the 4d dualization algorithm can be seen as consequences of basic Seiberg-like dualities.

As superconformal index identities the basic duality moves can be written as:

707, 7,1,b,¢) f H (A2 A (X HIS t,c)
X Iéﬁ(*( )22 ¢, b)Y ><2<2 NARIOR
7N (7,7,1,b) fH (A2 A (79, ) TN (7, 70, 1,7 )

x TG (ZV, 22 .6, ) I8 (22 gt ¢/b) . (7.40)

Notice that the superconformal indexes of the S-walls and of the generalized QFT blocks
can be seen as matrices carring two USp(2N) fugacities. Multiplying two of them consist in
identifying two USp(2/V) symmetries and gauging its diagonal subgroup with the integration
measure Ay (7, t), which contains both a A/ = 1 vector multiplet and an antisymmetric chiral
with charge +1 under a U(1); symmetry. Notice that the U(1); symmetries of all the blocks
multiplied are identified, due to the Wyuing superpotentials.

As already discussed in the 3d case, we do not know an “asymmetric” version of the braid
duality, which would relate a generalized USp(2N) x USp(2M) bifundamental to a flavor.
However, in order to run the algorithm we still need the M = 0 case. The USp(2/N) x USp(0)
bifundamental is just given by a single bifundamental chiral of USp(2N), x SU(2),, its
dualization is given in figure (17). This duality consist in the following partition function

identity:
N 1-N 4 4 N i 1—5 2 (N) /= N-1 N-1
H Le(t2 cxjv™) = H (Le(t)De(t )L (2, {t 72 v,...,t 2z v}, t,c). (7.41)
j=1 j=1

The definition of the asymmetric S-wall theory is given in appendix B.1.

Useful combined moves. It is convenient to consider the dualization of F' flavors, which
can be inferred from the dualization of a single flavor block. This is dual to a set of F
improved bifundamental blocks with an S-wall on each side. The corresponding duality is
depicted on the top of figure (18). On the bottom we have the inverse move, relating F'
improved bifundamentals to F' flavors on which an S-wall acts on each side. We first define
the SCI of a set of F flavors as:

N F
I@GF( Z,7,t,b,7) H H 1xivi) Ly (t) . (7.42)
j=la=1
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X singlets

Figure 17. Asymmetric basic duality move relating a USp(2/N) x USp(0) improved bifundamental
block with an asymmetric generalized flavor with S-walls on the sides

vy

vE

Figure 18. Duality moves relating a block of F' flavors to F' improved bifundamental blocks

The dualities consist in the following SCI identities:

F+1
I}‘N)GF(_" _“,t,b v) ?{ H dZN AN(“( a) ))IéN)(f, A 4 Cil)

7

-l

X I((;]E) (2((1)7 g(a—i-l)’ t, ba7 C<b1 .. ba—l)_l)IéN) (Z(F—i_l)u ga t, C(bl cee bF)_l) )
a=1
F—
74 (A2 An(Z, 1)) Zan(#, 2V, 1, by, ¢)
a=1
F-1
H ) (D) D) ¢ by (b .. be1) DIap(EEY, gt bp, e(by .. . bp)Y) =

7411 VA 0) 28 @ 20, T p (2. 2.1, 5.5)

x T G, by . bpeY). (7.43)

Proving the N/ = 1 antisymmetric SQCD mirror pair via the dualization algorithm
We are now ready to derive the SQCD mirror dual via the algorithm

We start from the antisymmetric SQCD parameterized as in (14), we decompose the
theory into two trivial bifundamental blocks and a block of F' flavors in the center. Notice
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that two of the original flavors are used to reconstruct the trivial bifundamental blocks.

At the level of the superconformal index this step consists in starting from the index of the
SQCD, defined in (7.15), and rewriting it as:

N
Zsqcp(Z, 7,b,c,t) j{dzNAN Z,t) H pqu/chjiyf[)
j=1

F
< ] Te(pg @/ bazi aE)Te(pg e/? H b, e zryy) =
a=1 a=1
N
= fdszwNAN(z AN (W, t) H { pq’”Q/chjj-Eyfc) (7.45)
7j=1
F F
x [] Telpg @ ?bazi 2) Aa(Te(pg™@/? [] ba'e ' wiys) | = Tstep -
a=1 a=1

The matching between the first and second expression is trivial after using the fact that the
7Lz(t) operator behaves as a delta-function identifying 2z and w, with the normalization:

]{ dEn AN (20 Ta(t) = 1. (7.46)

In the second step we dualize each block using the basic moves in figure (18) and (17).
Gluing back the dualized blocks we obtain:

Y1

o (7.47)

To avoid cluttering we will not write all the singlets coming from the dualization in the
figures, we will restore them in the end. For convenience we have also defined the following:

ba = pg"*ba, &=pgel e,
a 1-N ~ T o1
Ca =pq2t 2 by...b,c . (7.48)
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At the level of the superconformal index this step consists in using the identities (7.43)
and (7.41), corresponding to the duality moves, inside the expression (7.45) to obtain:

F+3 N
Zsqep(Z,4,b,c,t IStepI—f H dZN Ay (2 H e(pgt ™) Te(t' ey )T (t' 7 c}))

—N

x 7N )({tTyl,... 2y}, 2 *<1> tcg )zgm(zﬂ),z@),t,co)

F
% HZ(G —»(a+2) Hat3) t \Fbl,\ﬁc ) )(—(F+2) AF+3) t,c}l)

1—

N—1 N
) ISV (FEH) (45T o 67 g}t er) = Tstep 11 (7.49)

We then recognize two asymmetric [-walls given by an asymmetric S-wall theory glued
to a standard one. Using the result (B.20), we see that the effect of the asymmetric I-wall is
to Higgs the second and second last USp(2/N) gauge groups down to a flavor USp(2). The
Higgsing also causes the first and last diagonal leg to become N chirals in the bifundamental
of USp(2)s, x USp(2),, and USp(2),, x USp(2)y,. All in all we have:

vy

N+1-2j
VPt 2 crpoa

(7.50)

We can now use the duality in (B.16) to replace the two asymmetric improved bifundamentals
with N chirals plus flippers. Using this duality and also collecting together all the singlets
produced at each step, we obtain the final result:

which is precisely the mirror dual presented in 13.
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At the level of the index, using the identity (B.17) inside (7.49) we obtain:

N
— N+1-25 N+4+1—275
Tsoen(Z,§.0.¢,t) =Tstep 1= Lstep 1= | | [Te(v/pat = ;' afyi)Te(Vpat™ = croiziys)
j=1
XLe(t' g )Te (b )T e(t 7 )T (057

F+1

7{ H (A2 An (29, 1)) Hz<NB>(z<a+2>,z<a+3>,t,\/quBa,@c;%;l)

XH (Vpat = b )T (pgt = e )] (7.52)

7j=1

N
(F+1)+ L
H \/76()%[ (\/>CF 7 I‘:Ft')] ISQCD(xvyvb)Cat)'
which reproduces the exactly (7.14).
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A Notations for 4d superconformal index and 3d partition function

4d superconformal index. In this section we introduce the notation for the 4d N =1
superconformal index [53-55]. Let us consider a 4d N' = 1 gauge theory with gauge group G
and matter given by a set of NV = 1 chiral multiplets of R-charge r, in the representation
Rg of G and Rp of some flavor symmetry group F. To write the SCI we turn on a set of
(dim G) fugacities 2 for the gauge group G and (dim F') fugacities & for the flavor symmetry
F. We then write:

dim G de )Oo]dlm G

) [(P;P)oo(4;
Za(7) |Wg\% H omiz;  Ilegle(Z7)

II II Telpg”?z%cz). (A1)

UGGRG ocr€ERR

Where g are the roots of G, g and §F are the weights of the representations Rg and Rp.
|Weg| is the dimension of the Weyl group of G. We adopted the following notation:

. dim G ‘ . dim G . dim F'
7P = H z;?], 796 = H z;Gj, ToF = H z;FJ (A.2)
j=1 j=1 j=1

(A.3)
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In this work we deal mostly with USp gauge groups for which we define the contribution
of the vector multiplet as:

[(P: D)oo (4 Q)]
M Te( ) ILs ez 2)

It is convenient to also define the contribution of both a vector and a chiral in the traceless

An(2) = (A4)

antisymmetric representation:

An(Z,t) = AN ()N~ 1Hr (tz; 2;) (A.5)
i<k

For a chiral of R-charge r in the bifundamental of USp(2N) x USp(2M) we have:

N M
s =[] [ Fe((pQ)Tij'[fo) : (A.6)

j=la=1

Suppose that a theory also possesses a U(1) symmetry for which we turn on a fugacity c.
Along the RG flow this symmetry can mix with the R-symmetry as r + ¢.C, where g¢ is the
U(1) charge and C is the mixing coefficient, which is related to the fugacity as:

c=(pg)"*. (A7)

3d partition function. In this section we introduce the notation for the 3d N' = 2 S}
partition function [37, 56, 57]. Let us consider a 3d N' = 2 gauge theory with gauge group G
and matter given by a set of A/ = 2 chiral multiplets of R-charge r, in the representation
Rg of G and Rp of some flavor symmetry group F. To write the Sg’ partition function we
turn of a set of (dim G) parameters Z for the gauge group G and (dim F) parameters X
for the flavor symmetry F. We then write:

dim G
Z(Y,k, X) = |WG|/ H dZ;Zo(Y, k)

1
e so(%8 — A(2))

<~ T 11 5b< (1—7r)—3da(Z) - F(X)). (A.8)

da€Rg Gr€ERE

Where g are the roots of G, g and §r are the weights of the representations Rg and Rp.
|Wg| is the dimension of the Weyl group of G. We also adopted the following notation:

dim G dim G dim F’

7 = Z ,Oij, 5@(2) = Z UGij7 &F(X): Z O'Fij. (AQ)
j=1 J=1 j=1

We also have Z(Y, k) that encodes the contribution of the FI parameter Y associated to
a topological symmetry and that of CS term of level k:

dim G dim G
Za(Y, k) = exp [2m’Y > Zj+wik Y Z}’]. (A.10)
=1 =1
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We define a short notation for the integration measure:
dZy = dZ; . A1l
!WG! H (A-11)

In this work we deal mostly with U gauge groups. In this case we define the contribution
of the vector multiplet as:

AN(Z) =

e s(2+(2 - Z) (A12)

It is convenient to also define the contribution of both a vector and a chiral in the traceless
adjoint representation:

~ o (1Q NV (iQ

AN(Z,T) =AN(Z) s 5 7 Hsb ?—Tﬂ:(Zj—Zk) . (A.13)
j<k

For a chiral of R-charge r in the bifundamental N x M of a U(N) x U(M) gauge group we have:

Zblf_HHsb(' (1—r)+2; - X) (A.14)

j=la=1

B Improved bifundamentals and duality walls

In this appendix we briefly review the three important theories used throughout the work,
that are the FE[USp(2N)], FM[U(N)] and FT[U(N)] theories.

The FE[USp(2N)] theory was first introduced in [35]. Its properties and deformations
were later studied in [20, 24, 27, 47].

The FM[U(N)] theory was first introduced in [26]. Its properties and deformations
were later studied in [24, 27].

The FT[U(N)] theory is simply the T[SU(N)] theory of [21], with the addition of an
extra singlet flipping the moment map of the Higgs branch.

B.1 4d improved bifundamental: the FE[USp(IN)| theory
The FE[USp(2N)] theory is a 4d N' =1 SCFT denoted by the following symbol:

(B.1)

This theory admits a UV Lagrangian description as a quiver of N — 1 symplectic gauge nodes
as given in figure (19). The FE[USp(2N)] theory has the UV global symmetry group:

USp(2N) x USp(2)N x U(1), x U(1)¢, (B.2)

in addition to the U(1)r symmetry. At the IR fixed point, the SCFT is characterized by
the enhanced global symmetry:

USp(2N) x USp(2N) x U(1); x U(1)c . (B.3)
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b; T/2
a; 2—-7
v | 24 7N_2i_27 -C

d; iENT +C

W =N wibidi + Y3y a; (b3, — b2) + SN Flip[b?] + 31, Flip[d?]

Figure 19. Quiver representation of the UV completion of the FFE[USp(2N)] SCFT. Each node,
square or round, labeled with a number 2n, represents respectively a gauge or flavor USp(2n) group.
Each line is a field in the fundamental representation of the nodes to whom is attached, except for
arch lines that are fields in the traceless antisymmetric representation. Crosses denote the presence
of flipping fields. Lastly, all the superpotential terms are written in short by omitting the traces
which also include the antisymmetric of the USp group. Also, on the right, we give the table with the
R-charge of all the fields in the theory. The R-charge is given as a trial value mixed with the other
two abelian symmetries of the theory, U(1), and U(1)¢, whose mixing values are given by the two
real variables 7 and C.

USp(2N) USp(2N) R charge
A | N@2N-1)-1 1 271
A 1 N(2N -1) -1 21
I N N C
Brnm 1 1 2n —2C + (m —n)T

Table 6. List of all the gauge invariant operator that compose the spectrum of the FE[USp(2N)]
SCFT. The R-charge is given as a trial value mixed with the other two abelian symmetries of the
theory, U(1), and U(1)¢, whose mixing values are given by the two real variables 7 and C. The B, ,,
matrix is a collection of USp(2/N) x USp(2N) singlets forn=1,..., Nand m=1,..., N +1—n.

The gauge invariant operators indeed reorganize into representations of the IR symmetry
group. The list of the chiral ring generators of the FFE[USp(2N)] SCFT, along with their
charges and representations, is given in table 6. The SCI of the FE[USp(2N)] theory can

be defined recursively as:2°

N N
N), o o _ _ _ _
TP (7.4, t,¢) = Te(pge™) [] Teleyiba)Pe(pgt™) V" [ Tepat ' akaif)
a=1 a<b
N—-1 N L
x ]{ v 1 AN (BT e(pat™) T T Telt 2522)
7j=1 a=1
N—-1
_1 _ N-1),-5 _1
X H Ce(pgt™2c 1yﬁzf)I}E )(z, {y1,...,yn-1},t,t" 2¢), (B.4)
j=1

25Notice that in this work we take all the antisymmetric fields to be traceless instead of tracefull, differently
from the original definition.
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with the base for the recursion:
1 _
Tp(@.y.1,¢) = Te(pge ) Te(cr™y™) (B.5)
The fugacities for the U(1) symmetries are related to the R-charge mixing as:

=(pg)?,  t=(pg)"/?, (B.6)

Also, the vectors & and ¥ are the fugacities for the manifest and emergent USp(2/NV) symmetries
respectively, and 2 is the fugacity for the gauge group USp(2N — 2). The notation for the
superconformal index can be found in appendix A.

Self-mirror property. The FE[USp(2N)] theory enjoys an exact self-duality that acts by
exchanging the manifest and emergent USp(2N) symmetries. As a SCI identity we have:

N)/= = N)/o o
I}*E)(l‘,y,t,C) :II(FE)(y’:L‘ataC)' (B7)
This property can be thought as the freedom of choosing which of the two USp(2/N) symmetries
is the manifest one when we consider the UV completion of the F'E theory. The self-mirror
property can be demonstrated inductively using the mirror dualization algorithm.

Interesting deformations. In this section we review two interesting types of deformation
that can be turn on in an FE[USp(2N)] theory: those that are USp(2N)? preserving and
those that are not. All the details can be found in [20].

Let us start from the former, in this work we will interested just in a small subset
of them. The first possibility that we consider is the linear superpotential deformation
OW = By 1, which breaks completely the U(1)c symmetry while it preserves U(1),. Under
this deformation the FFE[USp(2N)] theory behave as an identity operator as:

T8 (@, gt = 1) = 2ly(0), (B.8)

where the identity operator is defined as:

1 27”%
AN(ya

gsj ]Hl 3z — v ;) (B.9)
The second possibility is given by the linear deformation 6V = Bj 2, which breaks the
U(1)¢ x U(1); symmetry down to a U(1l) diagonal subgroup defined by the constraint
C = 7/2, or analogously ¢ = t1/2 in terms of the fugacities. This deformation has the effect of
deforming the FE[USp(2N)] theory to a bifundamental coupled to antisymmetric chirals as:

N)/ - o 1
TP (T, 7,t,c = t3) = Le(pgt )2V~ 11_[ e(pgt ™ e ) Te(pat ™'y yi)

<k
N 1
X H Fe(ﬁxjiy,f). (B.10)
Jk=1
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Graphically this deformation can be depicted as:

Im| r/2
a a
I () b () al2—+
= )
al2-71
W =Bz W = (a + a)b? + Flip[b?] b | 7/2

(B.11)

One can also iron a FE[USp(2N)] theory to a standard bifundamental by using the defor-
mation 6V = By ;. This has the effect of breaking U(1)c x U(1), down to a U(1) subgroup
defined by the constraint C' = 1 — 7/2, or analogously ¢ = y/pgq/t in terms of the fugacities.
We have the following property:

N
N), > S
IO (@, gt = \Jpa/t) = Te(t) T[] Te(y/pa/taryit). (B.12)
jik=1
Graphically we have:
II b Im|1—7/2
= /
b|1—-71/2
W = 82,1 W = Flip[b2]

(B.13)

The second category of deformations is given by USp(2N) breaking superpotential terms. A
class of such deformations consist in giving VEVs (or masses) to the antisymmetric operators
in the F'E theory in the form of Jordan matrices. The VEVs are specified uniquely by a pair
of partitions (p, o). This deformations were studied in depth in [47], where it is described
how to properly follow the RG flow triggered by those deformations. Throughout this paper
we will be only interested in the particular cases where one of the two USp(2N) symmetries
is broken to USp(2M) x USp(2), with M < N. At the level of the SCI this deformation is
implemented as a specialization of the vector of fugacities of the USp(2/N) symmetry, let’s call
it Z, in terms of the fugacities § and v of the USp(2M) and USp(2) symmetries respectively:
€T = AR, for i=1,...,.N— M,

Ti = Yi—N+M for i=N—-M-+1,...,N. (B.14)
When such deformation is implemented in an FE theory we depict it as an “asymmetric”

zig-zag line as:

(B.15)
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In the maximal case, M = 0, therefore breaking USp(2N) completely down to USp(2), the
FE[USp(2N)] theory is dual to 2N x 2 fundamental chiral with the addition of extra singlets:

a a T
(M b
= mc
N . b %7‘ +C
W =aAr W =375l Flip[Tr(a”)]+
+ 300" Fliplb?a’] (B.16)
As a superconformal index identity we write:
IO @7 gy, 67 yhte) =
N - N S N-1 '
= [Tt 7o) [[ Telpat ™) T] Telpgt™ " 7c7?). (B.17)
j=1 j=2 j=0

Fusion to identity. An interesting property of the FE[USp(2N)] theory is that gluing
together two of them, meaning that we gauge a diagonal subgroup of a USp(2N) symmetry
of each theory, triggers an RG flow that leads to a singular delta function theory. This means
that the there is a deformed moduli space over which the global USp(2N)? symmetry is
spontaneously broken to its diagonal subgroup. At the level of the SCI this can be written as:

s An 0T 2 0T (2,5t ) = Sl (B.18)

Where the identity operator is defined as in (B.9). This property can be demonstrated by
iterative applications of the IP duality. Graphically the I-wall is depicted as:

I ~ Ip | ©
en) = Lwall My | —C

a T
W= Wetuing (B.19)
On the Lh.s. the superpotential Weiying contains the coupling a(Ar + Agr), between the
antisymmetric chiral a and the antisymmetric operators Ay, and Ag inside the left and right
FE[USp(2N)] theories. Notice that assigning the R-charge of A to be 7 fixes the R-charge of
Ar and Ag to be 2 — 7, as it is in the “standard” FE[USp(2N)] theory defined in (19).

We can also consider the situation where one of the two glued FE[USp(2N)] theories
is asymmetric:

2

. ‘1 I, | C
2M 2N <~  [-wall Il | —C
A AT i

W W a T
= gluing (BQO)
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W =505 [bj(a; + ajia)by + Fliplb;b]]+

+ 0 (O + ) + S8 (B5bd 4 + vibjdi)

Figure 20. Quiver representation of the UV completion of the FM[U(N)] SCFT. Each node, square
or round, labeled with a number n, represents a gauge or flavor U(n) group, respectively. Each line is
a N = 2 chiral in the fundamental /antifundamental representation of the nodes to whom is attached,
depending whether the arrow is outgoing or ingoing. Arches denote fields in the traceless adjoint
representation. Crosses denote flipping fields. In the superpotential we also have monopoles, we denote
by Sﬁf the monopole with charge £1 under the topological symmetry associated to the i-th gauge node.

In this case we produce an asymmetric I-wall which identifies the Cartans of one USp(2N) with
the Cartans of USp(2M) x USp(2) in the specialization (B.14). At the level of SCI we have:

fdgNAN(g, t)zg?({f, 50, T 2 TN (5 gt ) =

2717,y
1 7
E | I 5 N—M4+1-2§ . B.21
A]\/v y» €Sy j=1 |Ilb1+j—_t 2 Ly ( )

B.2 3d improved bifundamental: the FM[U(N)] theory
The FM[U(N)] theory is a 3d N' =2 SCFT denoted by the following symbol:

(B.22)

This theory admits a UV Lagrangian description as a quiver of N — 1 unitary gauge nodes
given in figure 20, see also table 7 for the charges and representation of all the fields. The
FM theory has the UV global symmetry group:

S[UN) x U1)N] x U(1); x U(1)a, (B.23)

in addition to the U(1)z symmetry. At the IR fixed point, the SCFT is characterized by
the enhanced global symmetry:

S[UN) x UN)] x U(1); x U(1)A - (B.24)
The gauge invariant operators indeed reorganize into representations of the IR symmetry

group. The list of the chiral ring generators of the FM[U(N)] SCFT, along with their charges
and representations, is given in table 8. The Sg’ partition function of the F'M theory can
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Ul)g, | U(L)r | UM)a | UQ),, | UXV)
bi, b; 0 1/2 0 0 1
by_1,bn_1 0 1/2 0 0 N, N
i 2 ~1 0 0 1
an 2 -1 0 0 N2 -1
Vi, i 2 Noi=2 ) 1 | 60
di, d; 0 = +1 +3; 5 1
dy,dn 0 0 +1 +iy; | N,N

Table 7. List of abelian charges and representation under the global symmetries of all the fields of
the FM[U(N)] theory in figure 20.

U(N)  U(N) R charge
A | N2-1 1 27
A 1 N2 -1 27
I N N A
II N N A
Bn.m 1 1 2n —2A 4+ (m —n)T

Table 8. List of all gauge invariant operators that generate the holomorphic spectrum of the
FMI[U(N)] SCFT. The R-charge is given as a trial value mixed with the other two abelian symmetries
of the theory, U(1), and U(1)a, whose mixing values are given by the two real variables 7 and
A (to avoid clutter we denote the real mass and the mixing coefficient by the same letter). The
Bn,m are U(N) x U(N) singlets, for n = 1,...,N and m = 1,...,N + 1 — n, defined by By ,, =
Fldn+1-mdNt1-m)s Bas1m = UN-m@n 2, ON—m-

be defined recursively as:26

Zi (XY, 7,A) 28b<—z+2A> f_v[ <i§—Ai(YN—Xj)>sb <_i§2+7>

Xsb(_i;2+ >N 11]_V[I€Sb(—zC2Q+T:t(X Xk )/dZN 1AN 1(2)
<
N-1

N QT Nt 1Q T
X sp|l —— =2 (X;—Zg) spl == +=z+AE(Z;—-Yn)
1;[1,};[1 b( g 27\ ’“)};[1 b( 2 "2 7 N)

}’ (Z {)/1’ YN—1}77—7;+A) 5 (B25)

with the basis of the recursion given by:

iQ

Z0 (X,Y,7,A) = sb( .

+ 2A> sb<l§2 A+ (X — Y)) . (B.26)

26Notice that in this work we take all the adjoint fields to be traceless instead of tracefull, differently from
the original definition.
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The vectors X and Y are the parameters for the manifest and emergent U(N) symmetries
respectively, and Z is the set of parameters for the gauge group U(N — 1). The convention
for the 3d partition function is given in appendix A.

FM[U(N)] as 3d limit of FE[USp(2N)]. The FM[U(N)] theory can be obtained
following a 3d limit reduction of the FFE[USp(2N)] theory. We start from the SCI of the
FE[USp(2N)] theory in (B.4) and define the 3d parameters from the 4d fugacities as:

Tj = eZm’er 7 yj = eZm’rYj , zj = e27ri7"Zj
t = 627rir7' ’ = e?ﬂirA ’
p=e2t, q= 2t~ , (B.27)
then we perform the limit » — 0 and obtain the following relation:
(V)2 _ (N) ¢ v
ll_I}%)IFE (xvyvt’c) _CNZFE3d(X7Y77-7A)7 (B28)

where Cy is a prefactor, which is divergent in the limit » — 0, given as:
Cy = exp %(zm + (14 2N)(—iQ +2(N — 1)7)| . (B.29)
r

The FE3? theory is given by the same quiver as in (19) where now lines are 3d N = 2
chiral multiplets and we also introduce linearly in the superpotential the USp monopole of
each gauge group. We then shift the parameters X , 17, A by (+s) and perform a real mass
deformation sending s — +o00. This has the effect of Higgsing the gauge symmetries from
USp(2N) to U(N), landing finally on the FM[U(N)] theory:

lim 70N (X V7, A) = Kye"0Q 28+ WN=00 0 (X540 7 (R V.7, A),  (B.30)

s——+00 FE34
where Ky is a divergent prefactor:

Ky =exp [2isN7(iQ — 2A + (N — 1)7)]. (B.31)

Fusion to identity. Using the 3d limit procedure one can reduce all the identities and
properties of the FE[USp(2N)] theory into similar properties for the FM[U(N)] theory.
For example performing such limit on the identity wall relation in (B.19) we obtain the
following partition function identity:

/ AZnAN(Z, 1) ZNNR, 2,7, 0 Z0NN(Z, ¥ 7.~ D) = LI(r), (B.32)

where the identity operator is defined as:

XH?(T) = = Z H 5(X] — Yg(j)) . (B.33)
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Which consist in two FM[U(N)] theories glued together with the addition of a monopole
superpotential W = 9™ + 9~ being dual to an identity operator. We depict this relation as:

a I, | A
I, () Mg
<= Lwall p | —A

a T
W= Wating 207+ 00 (B.34)
The superpotential Wiiying contains the coupling between the adjoint a and the two adjoint
operators Ay, and Ag of the left and right FM[U(N)] theories.

Mirror self-duality. We can also reduce the mirror self-duality of the FFE[USp(2N)] theory
in (B.7) to obtain a mirror sel-duality for the FM[U(N)] theory which is:

Zi(X, Y, 1, 0) = Z{y) (Y, X, 7, A). (B.35)

Where the two non-abelian global symmetries are swapped, meaning that we have exchanged
the manifest and emergent U(N) symmetries in the UV representation 20.

Interesting deformations. Along the lines traced for the FE[USp(2N)] theory, we present
two types of deformation also for the FM[U(N)] theory. The first deformation is realized by
adding the linear superpotential term 6V = By 1, which has the effect of breaking completely
U(1)a while it preserves U(1),. This consist in the specialization A = 0 which reduces the
FMI[U(N)] theory to the I-wall theory:

IONE T A = 0) = ¢lo(r), (B.36)

Another interesting case is the specialization obtained by the linear superpotential 6)V = By 2.
This has the effect of breaking U(1)a x U(1); down to a U(1) subgroup defined by the
constraint A = 1 — 7/2. The FM[U(N)] theory is deformed into a bifundamental hyper
multiplet coupled to adjoint singlets:

Ir| r/2
a a
II () b () al2—71
=  |[Npe—e—}]
a|2—1T1
W = B1,2 W = b(a + a)B—|— b 7—/2

+Flip[bb] (B.37)

As a partition function identity this translate into:

oL T i 2N—1 N i
Z}%(X,Y,T,A:2>=Sb<—§+’r> I1 |:Sb(—§2+7':|:(Xj—Xk)>
j<k=1

x sb<— g (Y —Yk)ﬂsb(iQQ - % + (X, —Yk)>. (B.38)
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One can also iron a F'M theory into a bifundamental hypermultiplet also using the deformation
OW = Bg 1. This has the effect of breaking U(1) x U(1), down to a U(1) subgroup defined
by the constraint A = @T_T We have the following property:

. . N
k=1
Graphically we have:
11 b m|1-r/2
= Moy i
b |1—7/2
W = B2 W = Flip|bd]

(B.40)

The second category of deformations is given by U(V) breaking superpotential terms. This
can be obtained by giving VEVs to any of the two adjoint operators. We consider the case
of a VEV such that it breaks one of the global U(N) symmetries down to U(M) x U(1).
Suppose that X , Y are the set of mass parameters respectively for U(N) and U(M) and V
is that of U(1), the specialization is as follows:

N-M+1-2j
Xi: ;— ]T

Xi =Yi_n+um for i=N—M+1,...,N. (B.41)

+V for i=1,....N—M,

We depict the resulting theory as an “asymmetric” bifundamental:

(B.42)
e b a T
\7\/\/\/\/" <~ —: 11 A
N1 o . b | =M LA
W=0 W =321 Fliplba’bl+
N , j
+ 20520 Flip[Tra’] (B.43)
As a identity between partition function we have:
- (N—-1 1-N
Z}]]VJ,(X,{QHV,..., 5 T+v},T,A)— (B.44)

:jlj_:[25b<—i§2—{—j7') fv[ {sb(ég— I_NT—Ai(Xj—V)>5b<—i?Jr(j—N)T”Aﬂ'

Jj=1 2
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B.3 3d S-wall: the FT[U(N)] theory
The FT[U(N)] theory is a 3d N'= 4 SCFT denoted by the following symbol:

----------- w5

The FT[U(N)] theory has the following quiver description:

a as an-1 an
b1 bn-1 -
@ 1@1 ce l]\]@l 1N bi, bl 7/2
N1 B Qg 2—7
W =300 bia; + aip1)b; (B.46)
Notice that in the picture above all the adjoint chirals a;, for j =1,..., N — 1, are traceful,

while ap is traceless.

The UV global symmetry is SU(N) x U(1)V~! x U(1), which enhances in the IR to
SU(N) x SU(N) x U(1),. However we will work with an “off-shell” parameterization so
that the manifest symmetry is actually U(/N) x U(N), this will be useful since we want
to perform U(N) gaugings of these symmetries. Also we work in the N/ = 2* language,
where U(1), is the antidiagonal combination of the U(1)c x U(1) g subgroup of the N' = 4
non-abelian R-symmetry.

The IR spectrum of the theory is given by the two moment maps A and A, that are
adjoint for the two U(N) global symmetries and carry R-charge 2 — 7.

Asymmetric S-wall. Starting from the FT[U(N)] theory is possible to perform a deforma-
tion with the effect of breaking the two U(V) global symmetries. To do this we give a VEV
to the moment maps in form of Jordan-block matrices. This VEVs are uniquely specified
by two partitions (p,o) of N. In this work we are interested only in the case where one of
the two partitions is trivial and the other is such that the U(N) symmetry is broken down
to U(M) x U(1), with M < N. Let us consider X to be the set of mass parameters for
the unbroken U(N) group and Y those of U(M) and v for U(1), then this deformation is
implemented at the level of the partition function by the specialization:

N—-M+1-2§
Xj: 9 T

Xj:}/}'—N+M for j=N—-M+1,...,N. (B47>

for j=1,...,.N— M,

The resulting theory is depicted as an asymmetric FT[U(N)] theory as:

““““ - -~ M] (B.48)

Fusion to identity. Gluing together two FT[U(N)] theories with an extra adjoint chiral
that comes couples to the moment maps charged under the gauge group gives an I-wall as:

/ AZNAN(Z, )28 (X, 2,720 (2,47 1) = 3L (7). (B.49)
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Graphically we can write this identity as:

- +
—————— @ —————— = [L-wall

W = Wetuing (B.50)

Where the adjoint chiral, with R-charge 7, is coupled to the gauge charged moment maps
of the two FT[U(N)] theories respectively.

We can also construct asymmetric [-walls by breaking one of the two global U(V)
symmetries as in (B.48). The result is the following:

W = Wetuing (B.51)

Again, the adjoint chiral is coupled to the moment maps of the two F'T" theories. This identity
corresponds to the partition function identity (B.49) with the specialization:

N-M+1-2j
-

2
Y;=W;_Nym fory=N-M+1,...,N, (B.52)

Yj:

+V forj=1,..., N - M,

where W is the set of parameters of the U(M) global symmetry, while V' is the parameter
of the U(1) symmetry.

C Star-Triangle dualities

This appendix is a collection of the star-triangle dualities used throughout the work. All the
presented identities descend from the 4d braid duality, which was first introduced in [58] and
then studied in [35]. In [27] it was shown that the 4d braid duality can be proved iterating
IP duality. It was also discussed the operator map, deformations and 3d reduction.
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C.1 4d braid duality

The braid duality two FE[USp(2N)] theories, glued with the addition of a flavor, to a single
E[USp(2N)] theory with singlets. Graphically it can be depicted as:

f | 1—7mp—7R

(C.1)

The associated SCI is:

N
7( v An (5 0) [ Te(vpa(erer) =205 T (7, 2,1, )T (2,4, 1, c) =
j=1

N
= Tyt (7,9, t cren) [ (Te(v/paeg' i v5)Te(Vpaer yiv®)) . (C.2)
7j=1

Where the fugacity appearing in the above identity are defined from the R-charge mixings
written in (C.1) as

L = (pg)™/?, cr = (pg)™/?%, t=(pq)/?. (C.3)

and Z, i/, 7 are the fugacities for the blue,red and gauge symmetries respectively, v is associated
to the USp(2) global symmetry.

C.2 3d braid duality and its deformations
Starting from the 4d braid duality and performing the 3d reduction combined with suitable

real mass deformations we can generate a series of 3d dualities. Below we collect the dualities
relevant for this work.
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The 3d braid duality relates two FM[U(N)] theories glued with the addition of a flavor,
with a single FM[U(N)] theory with singlets:

<~
W = a(Ar + Ag) + M+ + M~ W = 7 + [IIr
I, 11 A s
L . L L II, 11 Ar+ Ag
g, IR Ag -
Iy LA A v LI |1-ArFV
’ L R rT | 1-ApFV
a T
(C.4)
The associated partition function identity is:
L N
/dZNAN(Z Nz X, Z 002NN Z VT H (Ap+Ar+(Z;—V))  (C5)

N
= Z{ (XY 7. AL+ Ap) H so(Ap £ (X; — V))sy(Ag £ (Y] — V) .

If we perform a real mass for U(1)y, sending V' — +o0, we land on the duality:

a
11 (Y I 11
=

W =a(AL + Ag) + MM+t W=0
0 | A it | Ant A
Up, g | Ar
a T
(C.6)
The corresponding partition function identity is:
/dZNAN(Z PO AR YT 2 g0 ¢ G A 2N (F Y 7 Ag) =
_ o 2mi(AR ijl X;+AL Zj:l YJ')ZI(FJX/)[()’(” }7" 7, AL+ AR). (C.7)

There is another interesting deformation to consider. Starting from (C.4) we first activate
the nilpotent VEV deformation studied in (B.43) which on the star side confines the left
FM[U(N)] theory to a flavor of charge 5%+ + Ay, plus singlets. Similarly on the triangle
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side the effect of this deformation is to confine the FM[U(N)] theory to a flavor of charge
%7‘ + Ar + AR, plus singlets. In order to write a consistent duality we add an extra adjoint
singlet charged under the U(/N) symmetry which is coupled to Ar

=
W = aARr + aAr + M + M+ W = SN (1560317 + Thad )+
+ YN Flip[ga?g) + SN Flip[bail)
9,9 %T+AL:|:X b,B %T—FAR—FAR:I:X
g, I Anr Ly | 14+ 852 — Ag 7 (V - X)
fvf 1-Ap —ArFV r,T 1—-ALFV
a,a T a T

(C.8)

Notice on the r.h.s. this deformation has made the original chirals [,/ in the fundamen-
tal/antifundamental of U(N) into 2N chirals.

We then perform a real mass deformation for U(1)a,, this has the effect of integrating
out the two flavors in the electric theory (no CS level is generated). On the dual theory
this deformation gives mass to the horizontal b, b and the right diagonal r, 7 flavors. After
flipping some singlets on both sides we are left with:

a 11 A

(Y 1I qj
) N = [1F=—1] a T

- g, G | 1+ Y2 ALV
W = aA W=0 (C.9)

On the Lh.s. we have an FM[U(N)] theory with one node gauged while on the r.h.s. we have
N free chirals. At the level of the partition function this reads:

— — ; N . e
/dZNAN(Z,T)eQ’”VZFlZJZ}]X}(Z,Y,T, A) =

Sy oy N+1-2j
=TV s (- e asy) . ()
j=1

Notice that the chirals appear with “wrong” R-charge and with only few Cartans of the
flavor symmetry visible. In the IR the emergent symmetry rotating the chirals mixes with
the R-charge so that all chirals have the free R = 1/2 and then we have N free hypers.
We can also perform a real mass deformation for the U(1)a, and U(1)a, symmetries
in (C.4), taking the limit: Ay — —oo and Ar — 400 such that the sum is kept finite:
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Ap + Ar = A, to land on the duality:

(C.11)

Which we claim to be the 3d N’ = 2 basic S-duality move. As a partition function identity
we have:

D Star-Star dualities

This appendix is a collection of the star-star dualities used throughout the work. All the
identities descend from the 4d generalized star-star duality which was first introduced in [5§]
and later studied in [24] and [27].
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D.1 4d dualities

The 4d generalized star-star duality is a self-duality modulo singlets for two F E[USp(2N)]
theories glued with the addition of two flavors. We have the following duality:

—
W:a(AL+AR)+ W:a’(A’L—i-A}{)—i—
+rllpp + sllgg +r' T p + r'gq
11, L H/L TR
HR TR HIR Ty,
pq | 1" F p.q | 1- T ¢
r 1_7TL57TR +¢ ,,,,l 1_1_7TL57TR_¢
s |14+ 578 —¢ s | 1-TFTE 4 ¢
a T a T
(D.1)
This duality consist in the following SCI identity;
j{ dzn AN (Z DTN (72,8, e TN (7. 2,8, cr)
N
x [T Tel(pg)(crer) 2 2o )Te((pa) VP (crer) ™2 f 25 v5)
j=1
x Te((pg)'?(c/er) ™2 fa7 v )Te((pg) 2 (mp /mr) 2 f 1y 0y)] =
_ 7{ dzn AN (DTN (7, 2,1, ) T (7, 2,t, )
N
< [1 Ce((pa)'*(crer) 2 f2Fv3 ) Te((pg) /2 (cLer) ™2 f 25 vf)
j=1
x Te((pa)' (e /er)'? faFor )Te((pg) * (cr/er) ™2 f ~1yioT)] . (D.2)

Starting from this duality we can consider various deformations. In the following paper we
are only interested in one case of deformations, which is given by nilpotent VEVs for one
of the two USp(2N) symmetries, let us take the blue one for simplicity, with the effect of
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breaking it down to USp(2). Using the identity (B.16), we obtain the new duality:

—
W =aAL + YN, Flip[bha' ]+ W = d' A} + YN Fliplb’a’]+
+rIlpp + 300, sjbra’~lq I + 300 sibal '
Iy, T I1; TR
br AT 4+ 7 vy L+ 7
p.q 1— TLimE 1 v.d 1— LR 4+ ¢
r 1_TI'LETI'R +¢ ,r/ 1+WL;WR_¢
5 1+ N—é+2j7_+ WLEWR . ¢ S;- 1+ N+;_2‘j7' . 7TL57TR +¢
a T a T (03)
The associated SCI identity is:
R > N = o Al LN+ 4+
§ amvan GOz 2 ) [T [Tl cnsto)
j=1
x Te((pg)'?(crer) ™2 f 2o )Te((pg) * (crer) 2 f2Fvg
N
- N+1-2k
x Te((pg)'*(c/cr) ™2 faFoi) T] Tel(pa)'/?t (ro/mr) 2 f yFos) | =
k=1
= %dZ_'NAN(Z_; t)II(J’]p (fa Z, t, CR) |:F€(t12NCLZjiyi)
x Te((pg) ' (crer) ™2 f2 v )Te((pg) P (crer) 2 f 2 o
N
N+1 2k
x Te((pg)'*(cr/cr) 2 f 1 vy) H ((pg)*/?t (mr/m) 2 fyFoi)|. (DA)

D.2 3d dualities

Starting from the 4d star-star duality in D.1 we can perform a circle compactification followed
by a series of suitable real mass deformations (along the lines of the discussion in section 7.2)
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to obtain the 3d swapping duality:

!/

a a
I, () UHg m, () IOy
@) = @)
W =a(AL + AR) W =d (A} +Af)
I, | A I, 1T | Ag
g, 0g | Ag I, 11 | Af
a T a T
(D.5)
The associated identity between partition functions is:
— — > N . = - —
/dZNAN(Z,T)eQMWZJﬂ Lz X, Zr, A ZONZ Y 1 AR) = (D.6)

. N . . . N ) oL N
= 2V 2 (K +Y) /dZNAN(Z, e Wi % g N(R 7 r AR) 2NN 2,V AL) .

By breaking one of the two U(N) symmetries down to U(1) in the previous duality we get:

/

a a
O, () br o, (O by
m-—:— < “Z-
W = aAr, + S 3" Flip[bra'bpg) W = a'Ap + SN0 Flip[ba b
I, 10, Ap 117, 117, Ag
brobr | ST+ ARTFY ViV | ST +ALFY
a T a' T

The associated identity between partition functions is:

— — ; N . g s
[ 2o BB 20 R 2

IJ_V[ {sb<iQ—1_2NT—ARj:(Zj—Y)>Sb(—Z§2—I—(j—N)T+2AR>} =

' N . R . N oo
_ WL XD [ 47,8y F,r)e Y i 708, 2, )

lejjl[sb(i;?—1_2NT—ALi(Zj—Y)>sb<—Z§+(j—N)7‘—|—2AL>]. (D.8)
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It is also possible to prove the following duality:

a
I, (3 IIg N I,
W = —=@)
W =a(AL + Ag) + I+ W =0, (o + AR)b, + Flip[b, ;]
LI | AL/2+7/44 ¢ v, b | /2
ILIL | Ap/2+7/4—¢ I, I | A
a T ! 2—71
(D.9)
The associated identity between partition functions is:
> >\ 2mi(A-r2 Nz (N e o
dZNAN(Z’T)e 7=t ZFE(X’Z77—7A/2+T/4—+¢)
x Z0N(Z YV 1, A2+ 7/4— ¢) =
o N v . . . N _ .
—_ 627”(1_%_45) Zj:1(XJ+YJ) deNAN<Z, 7_)647”¢ 23:1 Z; Zg?(Z, Y, T, A)
iQ NoooiQ T
X Sp (—2+T) H Sb(?—§:|:(Xj—Zk)). (D10>

jk=1

E Monopole R-charge

In this section we discuss the monopoles in the SQCD mirror.

Let’s first focus on monopoles with unit magnetic flux 9500 charged under the
U(1)x,-x, topological symmetry. In this case we can easily calculate its R-charge by
considering the Lagrangian description of the improved bifundamental assuming that we are
gauging its manifest symmetry. By doing so we find:

RMEL00) — (N 1)1 = 7/2) + (1 = B) + (N = 1)(1 = 2+ 7)+ (E.1)
+(A=Bi—=(N-17/2)+(N-1)(1-7) = (N—-1)=2- By — By,

in the first line we have the improved bifundamental contribution given by the contribution
(N — 1) flavors with R-charge 7/2, one flavor with charge By and one adjoint chiral with
charge 2 — 7. We then have the contribution of the 1A% flavor, the adjoint a and the
vector multiplet. As expected this matches the corresponding meson R-charge R[Qlég] =
R[Q2Q1] = 2 — By — Bo.

We can then consider monopoles with magnetic flux 90 &1,0,,0)

, charged under the
U(1)x,-x,_, topological symmetry. In this case we have to take into account the contribution
of the improved bifundamentals on the left and on the right of the node. Thanks to the
self-mirror property of the improved bifundamentals we can always calculate this contribution
assuming that we are gauging the manifest symmetries of the two improved bifundamentals.
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So we have:

RO E L0 0] — (N — 1)1 = 7/2) + (1 = B)) + (N = 1)(1 — 24 1)+
+(N-1)(1-7/2)+(1—=Bit1)+ (N=-1)(1 -2+ 1)+
+(N-1)(1-7)—(N—-1)=2—-B; — Biy1, (E.2)

in the first two lines we have the contributions of the left and right improved bifundamentals

in the last line, the contribution of the gluing adjoing a and of the vector.

As expected this matches the corresponding meson R-charge R[Q;Q;+1] = R[Qi11Q;] =
2 — B; — Bjt1.

To calculate the R-charge of the other monopoles with magnetic flux given by strings
of consecutive +1 we need the contribution of the genearalised bifundamental when we
simultaneously gauge its manifest and emergent symmetry which we can’t directly calculate
from the Lagrangian.

For example, the R-charge of the monopole charged under the second and third gauge
node is given by:

RIMOELELL0] — (N —1)(1 —7/2) + (1 — By) + (N — 1)(1 — 2+ 7)+
+(N-1D)(1—=7/2)+(1—=B)+(N-1)(1—-2+7)+
+2(N—-1)(1—-7)—2(N — 1) + GB[£1,£1] =

=2— By — By, (E.3)

in the first two lines we have the contribution of the first and fourth genearlised bifundamental
which we can calculate using the Lagrangian description. In the third line we have the
contribution of the adjoints and vector mutiplets at the gauged nodes and the contribution
to the third improved bifundamental which we conjecture to be:

GB[+1,+1] = (N — 1)(—71), (E.4)

as the contribution of an ordinary bifundamental flavor of charge 1 — 7/2. Assuming (E.4)
the charged of the monoples match those of the electric Q;Q;41 mesons, we have:

RO 0ELe 100 — (N = 1)(1 = 7/2) + (1 — By) + (N — 1)(1 — 2+ 7)+
F(N-1)(1—-7/2)+(1—By)+(N—1)(1—2+7)+
+(k+1)(N =11 —7) = (k+1)(N — 1) + kGB[£1, £1]

=2 B;— Bjiks1- (E.5)

We checked this assumption with the index where we can see that it gives the correct
R-charge of monopoles visibile in the expansion at low N. and Ny, In particular in the abelian
case the R-charge of the monopoles can be computed exactly since the improved bifundamental
reduces to just a standard one and we can verify that the assumption is correct in this case.

One can also play a similar game in the SU(N) SQCD mirror (see section 6.1) to establish
a map for the baryons. In this case the problem is more complicated and we do not have a
complete closed formula for the contribution of an improved bifundamental to the R-charge
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of a monopole. However we observed empirically that the baryon map can be established
by assuming the following formulae:

GBlm, +(m —1)] = {m(N —m)T+ (1 —A) for T<m<N , (E.6)
(N-1)71+(1-A4) for m=1,N
GB[+m,+m] =m(N —m)7. (E.7)

The subcase m = 1 of these assumptions indeed coincide with the result found for the map of
the mesons. A more generic formula could be provided by the understanding of the operator
map for the dressed baryons in the SU(N) SQCD, however we do not have a clear solution
to this problem and we address this to a future work.

F  Quiver mirror pair via the dualization algorithm

In the following section we present how the duality proposed in 9 can be derived using
the dualization algorithm.

We start from the electric theory as parameterized in figure (4.11). We then cut the
theory into N/ = 2 QFT blocks as defined in section 3, we obtain:

(F.1)
This consist in the following partition function identity:
K41 . . N @ N Fi
/ 1 (@29 AN(Z@, 7)) ™We2im 47 [ [T s6(Ba £ (2" — Xa))
a=1 j=la=1
K . . N F» . N (K+1)
125929, 2@ 7. By, ~Wa) [ T 56(Ca £ (257D — vo))e 2™ SN 2
a=1 j=la=1
E+1 B 2 - i SN @
:/ 1 (@29 AN(Z, 7)) T] (@O An (W@, 7)) 2 Ve 2= %
a=1 a=1
N 1) TN ) 5
< TT II so(Ba = (25" = X)) 500 Lpriy (7) T ZN§ (21, 21D 7, Do, — W)
j=la=1 a=1
N —omi N (2)
< TTTT 6(Ca £ (29D = ¥a)) gy Loy (1) 2R 2= Wi (F.2)
j=la=1

which is a trivial identity after we use the two identity operators to cancel the two extra
integrations, taking into account that:

/ AW AN (W, 7) gl (1) = 1 (F.3)
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Then dualize each block using one of the basic duality moves 6 and 5. Performing this
dualization and then gluing back all the results we obtain:

Cry

(YFQ Yszl) (_
(—Xp, +Y1)

In the figure we do not give all the singlets produced from the dualization to avoid cluttering.
This step consist in starting from (F.2) and using the basic moves (3.9) and (3.8), obtaining:

Fi1+4 . R Fo+3 R N . 2
/ [1 (@Z9An(Z@, ) T] (@MY Ax (e H (—37)

a=1 a=1 j=2
XZ‘(SA_Q<{N2_17'+WL,...,1_2NT } )Z(N) (1)Z ) T)

F,
. 1 Z](V]\g)(z’(a+1)7 Z_’(a+2),7_’ B, —Xa)Zéjyz(Z(Fl+2), Z’(F1+3)7T)Z‘(SN)(Z"’(F1+3)7 Z’(F1+4)77_)

a=1

N K
x [T IT so(DPa £ (Zj(.F1+4) — Wa))Z‘(SJYI(Z_‘(Fl'f"l)’ M(l),T)ZéN) (MW, 1@ 1)
j=1a=1

I
X 2 70D (3D jpet?) 1o, y)ZéNg( T(F2) ppts) o

a=1

. N -1 1-N
200 (10, L e, A ) (F.5)

We now get rid of the identity walls. We recall that the effect of the asymmetric 0 — N
identity wall is to break the first (and similarly the last) U(N) gauge symmetry down to
U(1), the effect of such deformation in an improved bifundamental is to make it into a flavor
using the duality (B.43). We then get:

(Yry—1 = Ypy—2) (YR, — Yr,—1)

(F.6)

Which is the result depicted in (4.16). Indeed, evaluating the result for K = 1 gives the
mirror dual in (4.7). This step consist in starting from (F.5) and using the formula for
the I-walls (B.49) and then the duality for the asymmetric FM[U(N)] to a flavor (B.44).
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We then get the final result:

Fi+F>41 . R . )
/ H (dZ](\?)AN(Z(a), T))e2m(—X1 Z;\f:l ZJ(.1)+YF2 Z;\Izl Z](.F1+F2+1 )
a=1
Fy . o N K
x [1 259(Z@ 9, 2@ 7, By, —X,) [] ] s6(Da £ (2" —Wo))
a=2 j=la=1
F — —
% H Z](VN)(Z(F1+Q_1), M(Fl'i‘a), T, Caa _Ya)
a=1
N iQ 1—N (1) 1Q )
X '1_[1<Sb (2— 5 T— B £ (Z; —WL)> Sb <—2—{—(]—N)7'+231)) (F.7)
]:
Al iQ 1-N (Fy+Fat1) iQ
XH<Sb<2— 5 7'—CF2:|:(Z]-1 ? —WR)>Sb<—2+(j—N)T+20F2>).
j=1

Which matches with the partition function of the magnetic theory in figure (4.11).
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