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ABSTRACT: Recently an algorithm to dualize a theory into its mirror dual has been
proposed, both for 3d N = 4 linear quivers and for their 4d N/ = 1 uplift. This mimics the
manipulations done at the level of the Type IIB brane setup that engineers the 3d theories,
where mirror symmetry is realized as S-duality, but it is enirely field-theoretic and based on
the application of genuine infra-red dualities that implement the local action of S-duality
on the quiver. In this paper, we generalize the algorithm to the full duality group, which
is SL(2,7) in 3d and PSL(2,7Z) in 4d. This also produces dualities for 3d N' = 3 theories
with Chern-Simons couplings, some of which have enhanced N' = 4 supersymmetry, and
their new 4d N’ = 1 counterpart. In addition, we propose three ways to study the RG flows
triggered by possible VEVs appearing at the last step of the algorithm, one of which uses a
new duality that implements the Hanany-Witten move in field theory.
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1 Introduction

Infra-red (IR) dualities among supersymmetric gauge theories are interesting phenomena
that have been extensively studied over the years. These correspond to the situation in
which distinct microscopic theories flow to the same fixed point in the IR. The first example
due to Seiberg [1] concerns four-dimensional SQCDs with minimal supersymmetry relating
those with different gauge groups. After the discovery of the Seiberg duality, many others
have been found not only in four dimensions but also in other dimensions. For instance
in 3d we have analogues of the Seiberg duality (so-called Seiberg-like dualities) as well as
mirror symmetry 2], which is another class of three-dimensional dualities looking completely
different from the former. The 3d mirror symmetry can be neatly understood in terms of
type IIB brane set-ups [3] as the action of S-duality, which makes it possible to extend it to
a larger class of dualities reflecting more general SL(2,7Z) transformations.

Given this proliferation of IR dualities, there are various fundamental questions that
one can ask purely from the field theory perspective. For example, among other things, one
may ask if we can derive all 3d and lower dimensional IR dualities from 4d dualities.! The
program of obtaining 3d dualities from 4d dualities was initiated in [4] in the more general
context of studying dualities across dimensions (see for example [5-10] for the derivation
of 2d dualities from higher dimensions) and it was continued in many subsequent works
(see [11-23] for a partial list of references). For a long time, the answer to this question was
regarded as negative, especially because of 3d mirror symmetry, considered an inherently
three-dimensional phenomenon. However, recently, 4d avatars of 3d mirror dualities have
been discovered [24]. These new 4d dualities reduce to 3d mirror dualities after circle
reduction and suitable deformations, strengthening the expectation that indeed the physics
of 3d dualities can be derived from 4d.

Another intriguing question is whether there is a fundamental set of dualities in terms
of which other dualities can be derived. This second question was addressed in various
dimensions by using the notion of sequential deconfinement [25-38], which can be used to
derive non-trivial dualities for theories with matter fields in tensor representations by only
assuming a small set of fundamental dualities. This has a nice counterpart in Mathematics,
where various integral identities that can be interpreted as matchings of partition functions
of dual theories were derived with a similar strategy [39-42].

Furthermore, interestingly, it has recently been shown in [43] (see also [22]) that mirror
dualities, both in 3d and in 4d, can be derived by an algorithmic procedure based on
the iteration of a single fundamental duality, the Aharony duality [44] in 3d and the
Intriligator-Pouliot duality [45] in 4d, revealing a hidden relation between mirror dualities
and Seiberg-like dualities. While the result of [43] only discussed mirror dualities, which
as we mentioned are related to the S-duality of Type IIB string theory, in this paper we
extend the algorithm to the full set of dualities that are inherited from the entire SL(2,7Z)
duality group of Type IIB string theory.

'Four dimensions are in some sense the critical number of dimensions for IR dualities because d > 4
dimensional gauge theories are free in the IR. Instead, one may consider UV dualities in higher dimensions.



These dualities typically involve more general (p, q) 5-branes rather than just NS5- and
D5-branes. Consequently, the 3d theories that are engineered with these brane systems will
have Chern-Simons couplings, which a priori preserve only ' = 3 supersymmetry. However
with specific matter contents and superpotentials the amount of supersymmetry can be
enhanced to N = 4 [46-49] and up to N = 8 [50, 51].2 For example, as shown in [60] the
more general SL(2,Z) dualities can map Yang-Mills fixed points to Chern-Simons theories
coupled to matter. In the former AN/ = 4 supersymmetry is manifest, meaning that this
should be enhanced from the apparent N’ = 3 in the latter.

Our first main result is to uplift these more general dualities for linear quiver theories
to 4d, where we will see that the actual duality group is PSL(2,Z) rather than SL(2,Z) as
in the 3d case. In this paper, the generators of the PSL(2,Z) in 4d will be denoted by S
and T, while those of the SL(2,Z) in 3d will be denoted by S and 7. These generators
satisfy slightly different relations: S? = I and (ST)3 = I in PSL(2,Z), while S = —T and
(ST)? = I in SL(2,Z), which basically distinguish these two groups. The second result is
to extend the analysis of [43] showing that also the entire SL(2,Z) (in 3d) and PSL(2,Z)
(in 4d) actions can be defined in field theory as local operations on the quiver theory. The
result will lead to an algorithm to derive systematically all of these dualities from a set
of fundamental duality moves, which generalizes the idea of [61] for the abelian mirror
symmetry to the non-abelian case and beyond mirror dualities.

Our results build on some recent ones of [24], where a family of 4d N' = 1 theories
labelled by partitions o and p of N, the E[USp(2N)] linear quiver theories sketched in
figure 1, have been introduced. These theories, upon compactification to 3d and suitable
real mass and Coulomb branch VEV deformations, reduce to the 3d N = 4 T7[U(N)] linear
quiver theories [62], which we also depict in figure 1. The EJ[USp(2N)] quiver theories
were shown to enjoy, like their 3d counterpart, a mirror duality relating pairs of theories
with partitions p and o swapped.

The 3d T [U(N)] linear quiver can be realized on an Hanany-Witten brane set-up [3]
with N D3-branes suspended between K D5-branes and L NS5-branes, where K and L are
the lengths of the partitions o and p respectively. The entries of the partitions correspond to
the net number of D3-branes ending on the D5 and the NS5-branes, respectively, going from
the interior to the exterior of the configuration. On the other hand, no brane construction
is known for its 4d uplift, the E7[USp(2NV)] quiver.

The idea of the local dualization approach arises from such brane realization of the 3d
quiver theories, where the dualities follow from the SL(2,7Z) action on the brane set-up. As
suggested in [62], such SL(2,Z) actions can be implemented on each 5-brane separately by
dualizing that brane only and creating SL(2,Z) duality domain walls on its right and on its
left. A QFT analogue of such a local action corresponding to S € SL(2,7Z) was recently
formulated in [43], and we will extend this to the full SL(2,Z) duality group in this paper.?

In order to state the algorithm, first of all, we need to define the notion of QFT blocks
to be associated to each type of 5-brane. As sketched in figure 1 and discussed in detail in

2Such enhancements of supersymmetry can be easily detected using the superconformal index, see for
example [52-59].
3See [63, 64] for previous work at the level of the three-sphere partition function.
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Figure 1. The £ [USp(2N)] and the T} [U(N)] theories with the brane realization of the latter are
given in the first column. The partitions p = [NlN, e 111] and o0 = [NkN, e lkl} with [,,, kn,
satisfying the conditions SN nxl, =N mxk, =N, L=+ --+Iyand K =k +---+ky
encode the gauge and flavor ranks as My_; = k; and N;_; = Z]L:Hl pj— Z;V:Hl(j —i)k;. In 3d
all nodes are of unitary type, and each line is an A/ = 2 chiral, with arcs corresponding to adjoint
representations and straight lines to bifundamental representations related by the standard A = 4
superpotential. In 4d all nodes are of sympletic type, and each arc is now an antisymmetric chiral,
which couples to the bifundamental chirals on its left and right, while the fields in the “saw” are
in a cubic superpotential. There are also singlets which we omit in the drawing, see [24] for the
details. In the second and third columns the 3d and 4d QFT blocks associated to NS5 and D5-branes
are shown.

the next section, we can associate QFT blocks Big, B, B11 to NS5 (or (1,0)), D5 (or (0,1))
and (1,1)-branes, where the first two were already discussed in [43] while the last one is
newly discussed in this paper. We stress the fact that in 4d there is no brane realization, so
our 4d QFT blocks are defined as the uplift of the 3d QFT blocks Big, Bo1, Bi1, in the sense
that the former reduces to the latter in the suitable 3d limit that we previously mentioned.
Notice that the low energy theories of brane set-ups containing (1, k)-branes with k£ > 1 are
captured by 3d theories with Chern-Simons couplings, whose 4d uplift will be introduced
by generalizing the results of [24].*

We then define the QFT realization of the duality walls. In 3d each SL(2,Z) element,
corresponding to a duality wall for the 4d N = 4 SYM, is associated to a certain 3d N = 4
quiver theory. For example, the S generator of SL(2,7Z) is associated with the T[SU(N)]
theory of Gaiotto and Witten [62], which is the case with trivial partitions p = o = [1%]
of the T7[SU(N)] family. In analogy with the three-dimensional case, we call “walls” also

4As pointed out already in [64], the field theory associated to a brane set-up containing more general
(p, q)-branes with p > 1 are non-Lagrangian.



in 4d the QFT objects associated to the PSL(2,Z) elements, although we do not have
their realization as walls in a 5d theory. For example, in [22], the S generator of PSL(2,7Z)
was associated to the FE[USp(2N)] quiver theory of [21].° This theory is related to the
E[USp(2N)] theory by the addition of some singlet flipping fields. Here we will introduce
the QFT objects associated to the T-wall and to the TT-wall as well.

Finally, we define the action of the duality walls on the QFT blocks. In [43] two basic
duality moves were defined. The first one is associated to the action of the S-wall on a
(1,0) block, which turns it into a (0,1) block. The second one is associated to the action of
the S-wall on a (0,1) block, which turns it into a (1,0) block. Crucially in [22, 43] it was
shown that these basic moves are genuine IR dualities which can be derived by iterative
applications of Seiberg-like dualities (Intriligator-Pouliot [45] in 4d and Aharony [44] in 3d).
We will complete this list by defining the action of the S-wall and of the T-wall on the (1,0),
(0,1) and (1,1) blocks. Importantly, these new duality moves will also be consequences of
Seiberg-like dualities.

Having defined the QFT blocks, the (P)SL(2,Z) generators and the basic duality moves,
we can implement the dualization algorithm generating the dual theory of any linear quiver
theory that is associated to a given (P)SL(2,Z) generator.® The algorithm consists of the
following steps:

1. Chop a 4d or 3d quiver into QFT blocks by ungauging every gauge node.

2. Dualize each QFT block using the basic duality moves corresponding to the chosen
(P)SL(2,Z) generator.

3. Glue back the dualized blocks by restoring the original gauge nodes.
4. Follow the RG flow triggered by VEVs that can be generated in the previous step.

We will illustrate these steps in the case of 4d SQCD. In particular, we will show that
the last step can be implemented in three different ways, one of which consists of another
genuine IR duality that is the QFT analogue of the Hanany-Witten move swapping different
types of 5-branes [3].

Lastly, we would like to emphasise that, as mentioned above, all the basic moves can
be derived by Seiberg-like dualities. Therefore, our algorithm demonstrates that the full
(P)SL(2,Z) group of dualities can be derived by Seiberg-like dualities, either Intriligator-
Pouliot in 4d or Aharony in 3d.

The rest of the paper is organized as follows. In section 2 we discuss the basic ingredients
needed in the dualization algorithm in 4d, namely the PSL(2,7Z) walls, the QFT blocks and
the duality moves. In section 3 we present an example of application of the dualization

®The FE[USp(2N)] theory was first introduced in [21] in the context of the compactifications of the 6d
N = (1,0) rank N E-string theory to 4d N'= 1 on Riemann surfaces with flux, and it is also related to
various theories enjoying non-trivial symmetry enhancements, see for example [65-67]. This origin of the
theory suggests that it should be possible to interpret it as a duality domain wall in a 5d N' = 1 gauge
theory similar to those studied in [68-73].

SWe remark that starting from these dualities for linear quivers one can algorithmically generate more
dualities as done for example in [74, 75].



algorithm in the case of the SQCD. Here we show three equivalent ways to study the RG
flow triggered by the VEVs for some operators that can appear at the last step of the
algorithm, which consist respectively in studying explicitly the Higgsing with the index,
applying sequentially the Intriligator-Pouliot duality or applying iteratively a new duality
move that mimics the Hanany-Witten move in the brane setup. In section 4 we state the
basic ingredient for applying the dualization algorithm in 3d, which are obtained as a limit
of the 4d ones. In section 5 we discuss a web of dualities for the SQCD that is obtained with
PSL(2,Z) dualizations in 4d and SL(2,Z) dualizations in 3d. Finally, in various appendices
we summarize some definitions and give derivations for some results used in the main text.

In this paper we will consider only good theories in the Gaiotto-Witten sense [62], which
for the SQCD case implies restricting to Ny > 2N.. Bad theories, containing operators
falling below the unitarity bound, will be studied in [76] using the dualization algorithm.
Various properties of bad theories have been already studied in [77-85]. Moreover, it has
been observed for example in [86-90] that they can arise from the compactification of higher
dimensional theories, which makes their study important in the context of understanding
the Higgs branch of theories with eight supercharges.

2 PSL(2,Z) walls, QFT blocks and duality moves

In this section we introduce several ingredients involved in the dualization algorithm: the
duality-walls, the QFT blocks, and the basic duality moves.

2.1 PSL(2,Z) operators

We first introduce the field theory objects, the duality-walls, associated to the generators
S and T of PSL(2,Z). We will also introduce the Identity-wall and the wall associated
to the TT generator as it produces interesting dualities although it is not an independent
element of PSL(2,Z). As we will see in section 4, the SL(2,7Z) group structure in 3d can
be derived from the PSL(2,Z) structure in 4d by taking suitable circle reduction and real
mass/Coluomb branch (CB) VEV deformations.

The S-wall. In 3d, the S generator of SL(2,Z) is associated with the T[SU(N)] theory
of Gaiotto and Witten [62]. Indeed, the way this theory was originally constructed is as
a duality domain wall between two copies of the 4d N’ =4 SU(N) SYM theory at values
of the coupling 7 and —21, respectively. As it was shown in [21], the T[SU(N)] theory
can be obtained from a dimensional reduction of the 4d ' =1 theory called E[USp(2N)]
supplemented by suitable real mass deformations and CB VEVs. Following [22, 43], in 4d
we identify S with a slight variant of this theory which includes additional gauge singlet
chiral fields, and that is called the FE[USp(2N)| theory shown in figure 2. We refer the
reader for example to [22] for the explicit definition of this theory and to appendix A for
a brief review, while here we only review some of its properties that are relevant for our
discussion. The FE[USp(2N)] theory has a USp(2N), x USp(2N), x U(1); x U(1). global
symmetry in the IR, and we will represent it schematically as in figure 3, where we are
explicitly displaying its two USp(2/V) symmetries.
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Figure 2. The FE[USp(2N)] quiver theory. In the drawing we are also specifying our conventions
for the fugacities for the global symmetries that we will turn on in the index. Specifically, p and
q are fugacities for combinations of the trial R-charge and angular momenta, and the power of
pq represents a half of the R-charge. Similarly, ¢ and ¢ are the fugacities for the other abelian
symmetries, whose powers encode the corresponding charges of the fields.

c

2N N NN 2N

>}
<

Figure 3. Schematic representation of the 4d S-wall. Here & are the USp(2N), fugacities, while 7
the USp(2N), fugacities. We also specify the fugacity ¢ but not t.

The index of the S-wall theory has the following recursive definition:

IO i te) = e (pge?) e (pgt )" ﬁ re (pgt 'z} il)HF (cyn'af)

<J
N—-1 N
j{dZN 1AN-1(ZN-1) H IIr. (tl/QZZH%:*H) Le (Pqt_l/QC_lyﬁlzaﬂ)
a=1 i=1
N—
XIé 2 (Zl)"'vafl;ylu” y YN — latt 1/2 ) ) (21)

where we defined the contribution of the vector multiplet and the integration measure as

. . n 1 .
An(Z,) = [(Pﬁ)oo(q, 7)) S 4z, = 'H ' dz ' 2.2)
im1Te (% ) i<ile (:J: z; ) n!  2miz;

This integral function coincides with the interpolation kernel of Rains [91] and it enjoys vari-
ous remarkable identities, some of which were interpreted as properties of the F E[USp(2N)]
theory in [21].

It is also useful to consider, following [22, 43], an asymmetric version of the S-wall,
in the sense that it displays two non-abelian symmetries of unequal ranks USp(2/V) and
USp(2M) with M < N. We will represent such an asymmetric S-wall schematically as
in figure 4.
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Figure 4. The 4d asymmetric S-wall.

This can be easily obtained from the F'E[USp(2NN)] theory by turning on a deformation
associated with an operator transforming in the antisymmetric representation of one of
the two USp(2N) symmetries, with the effect of breaking it down to USp(2M) x SU(2) for
M < N. The details of this deformation can be found in [22, 24]. At the level of the index,
the pattern of breaking of the global symmetry due to the deformation is encoded in a
specific specialization of some of the flavor fugacities

N—-—M-1 N—-—M-3 N-—M-1

IéN)(f;gj?t 2 ot 2 w,eee,tT 2 witie). (2.3)

More details regarding the asymmetric S-wall can be found in appendix B.

The Identity-wall. One property of the S-wall theory proven in [22] is that concatenating
two of them, which in field theory amounts to gauging a diagonal combination of a USp(2NV)
symmetry from each S-wall, these annihilate each other giving an Identity-wall as shown in
the first quiver in figure 5.

We can make this statement more precise at the level of the index, which, as shown
in [22], is given by a distribution

Fazy anEnz @ 5607 Gt = g0, (2.4)

with
As(t) = HA 12”1% D Ha(xj W) (2.5)
N(@ ) G5y T
The sum over elements of the permutation group Sy and over signs £ corresponds to
a sum over the transformation actions of the Weyl group of USp(2N). In the denominator
we have the contribution of the USp(2/N) vector multiplet Ay (Z), defined in (2.2), and the
antisymmetric chiral multiplet Ay (Z;1t):

AN(Tt) = An(D)AN(T5t),  An(dt) N]‘[r (tzf'af?) . (26)
1<j
Notice that the L.h.s. of the relation of figure 5 for N = 1 coincides, up to flipping fields, with
the SU(2) theory with four chirals, which is known to have a quantum deformed moduli
space of vacua [92] and an index given by a delta distribution [93].
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Figure 5. The symmetric and the asymmetric Identity-walls.

A similar property holds also for the asymmetric S-wall; namely an ordinary S-wall
glued to an asymmetric S-wall results in an asymmetric Identity-wall as shown at the
bottom of figure 5. In the index we simply implement the specialization of fugacities (2.3)
into (2.4)

?{dZN An(Z; t)IéN) (@25 t50)Ls (2.t 2 v, b7 2 vit;et) :fﬁg‘ﬂ,(t), (2.7)
where the index of the asymmetric Identity-wall is given by

A 1 2mix;
#lgo(t) = AN &)

3 H 5 (21— vZ4) . (2.8)

N—M+1-2j
oceSn,t k=1 ypa =t 2w

The T-wall. In 3d, the 7 generator of SL(2,Z) is associated with the addition of a
Chern-Simons (CS) coupling at level one. We propose that the 4d analogue denoted by
T is a pair of USp(2/N) fundamental chiral fields and for convenience we also attach to
it an Identity-wall, as shown in figure 6. Indeed, in the 3d limit, after giving a CB VEV
deformation that breaks the symplectic group to a unitary one, we consider a real mass
deformation for the U(1); symmetry which integrates out all the fields and produces a CS
level 1 for the U(NN) group. We will come back to the connection to 3d in section 4.
The index expression for the T-wall in 4d is simply

™M (& gv HF pg)2 daio®) Ay (t). (2.9)
7=1

Group multiplication and PSL(2,7Z) relations. The objects we have introduced can
be associated with the corresponding elements of the PSL(2,7Z) group. To see if those
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Figure 6. The 4d T-wall. In the drawing Z are the USp(2N) fugacities, v the SU(2) fugacity and d
the fugacity for an abelian symmetry.

Figure 7. The T*-wall. On the r.h.s. we used the fact that two glued S-walls give an Identity-wall.

objects respect the group structure, we need to define the group multiplication acting on
them. Let us recall eq. (2.4). Here, we glue two S-walls by gauging the diagonal USp(2N),
of two USp(2N) symmetries groups, one from each S-wall, to obtain the Identity-wall.
Moreover, we add an additional antisymmetric chiral field ® with the superpotential

Tr. [cb : (oL - oﬁ)} , (2.10)

where Oﬁ/ B are the antisymmetric operators defined in eq. (A.2) of two glued USp(2N)
symmetries of the S-walls. This superpotential as well as the anomaly-free condition of the
gauged USp(2N), group completely determine the abelian charges of the second S-wall in
terms of those of the first S-wall, as shown in (2.4). Therefore, once we define the group
multiplication in this way, the property in figure 5 can be interpreted as

SS=1, (2.11)

indicating that the inverse of the S-wall is the S-wall itself. This is one of the defining
relations of PSL(2,Z).

Next, let us examine the multiplication property of the T-wall as a group element in
PSL(2,7Z). The group multiplication of two T-walls is defined in the same way as that
of the S-wall explained above. We introduce an additional chiral ® in the antisymmetric
representation of the diagonal USp(2V), of two USp(2/V) symmetries, one from each T-wall,
with the superpotential (2.10) and then gauge this diagonal USp(2N).. The generalization
to T* is straightforward and shown in figure 7.
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For k = 2, the corresponding index is given by

de”N An(Z )TN (@ 205 d) T (2§ us t do)

N N
:fdzNAN(g;t)Hu(pq)%dle )l H (pg) ) A1)
=1 7j=1
N L N . N 4 L N R
= [I T ((wa)2 dizfo®) T] T((pa) 2 doafu®)sly(t) = [ ] D(pa) 2 dorfua)elz(t), (2.12)
i=1 j=1 i=1a=1

where we defined

di =ds, do = ds 1, ua:{ (2.13)

so that the fugacities u, satisfying ngl ug = 1 can be interpreted as SU(4) fugacities.
Similarly, for T* we get

N 2k
[T T1 D ((pa) 2 daf o)l o). (2.14)
i=1j=1
where v; are the SU(2k) fugacities satisfying H ~1v; =1, and dk = H
So far, we have defined the group multiplication between the same elements, either
S or T. To complete the definition of the group multiplication, we need to address the
multiplication between S and T. For this purpose, a crucial role will be played by the
so-called braid move, which is a duality that was proposed in [21] and summarize in figure 8
(we refer the reader to section 3.4 of [21] for more details). This will also allow us to derive
many of the duality moves later needed in the algorithm.
At the level of the index the braid duality is encoded in the following integral identity:

fdwNAN(w t)Zg (N) & W HF pq ctd1 i i)Ié )(U_j;gj;t;d)
N

N
= [I T((pg)2d aFo™)ZV (775t ed) [ T( “lyFe®), (2.15)
7j=1 7j=1
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Figure 9. The T~ !-wall given by T~! = STSTS after getting rid of all the Identity-walls in the
definition of each T-wall.

which was proven in Proposition 2.12 of [91]. It was later understood as a sort of generaliza-
tion of Seiberg duality [1] and derived from the perspective of the 4d compactification of the
6d E-string theory on a torus with flux in [21]. It turns out that this duality can be derived
by assuming only the Intriligator-Pouliot (IP) duality [45] and applying it iteratively, as it
will be shown in [94].

For the multiplication between S and T, the operation is basically defined in the almost
same way as that of S or T alone. We introduce an additional antisymmetric chiral ® with
the superpotential (2.10) and gauge the diagonal USp(2N), but there is one additional
ingredient: if a group element contains S sandwiched between two T elements, we introduce
an extra superpotential

TePIIP, (2.16)

where P; and P, are two fundamental chirals in the T-walls, and II is a bifundamental
operator between two USp(2NN) in the S-wall (see table 8 for its charges under the global
symmetries). It will shortly become clear that this prescription ensures the group structure
of PSL(2,7Z).

As we have seen above, the inverse element of S is S itself. Namely, once two S-walls are
glued, they give rise to the Identity-wall as shown in (2.4). On the other hand, the inverse
element of T is rather non-trivial and is given by T~! = STSTS, as shown in figure 9.

Note that all the abelian charges of the walls are fixed by the anomaly-free condition
and the cubic superpotential (2.16); in this case, P; and P» in the superpotential are the
two fundamental chirals in the two T-walls, and II is the bifundamental operator of the
S-wall in the middle. The index of the T~ !-wall is expressed compactly in terms of those of
the S and T components as follows:

T (@ 3 v ]{ <H dZ) Ay (2 )) 78 (@ 20t 0V (7 2w el

x I (2 205 1, )TN (2, 29, 04,028 (29, Gt 1Y)
(2.17)
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Figure 10. The field theory realization of the relation TT~! = TSTSTS = I, the other PSL(2,Z)
defining relation. Notice it also encodes T7(T?)~! = I. The grey lines are traced over massive fields
which can be integrated out.

Now we want to check that TT~! = 1. According to the rule we gave above, we gauge
the diagonal USp(2/N) in the presence of an extra antisymmetric chiral ® and two types of
the superpotential terms, one from (2.10) and the other from (2.16) as shown in the first
diagram of figure 10.

The corresponding index can then be written as follows:

7{ diiy A (@) TN (&0, 0t )TN (65 7 v 8 d) (2.18)

%dwNAN w;t) (Hdz_'( )A (z )) I-(FN)(f;ID';U;t;d)IéN)(zD';Z(l);t;c)
=1

x I (20; 2 0457 I (225 20065 (230, 29,0550 Z8 (29 ity 1Y)

) 9 T
f (Hd* ) Ax *@;t)) 1T ((pa) 2 dao*)26™ (272 1:0)
j=1
N
><HF((pq)%c_ld_lzj(»z)ivi)I(N) #2). 73). it;d) H % z](B)ivi)Is(N)(2"(3);@’;t;c_1d_1).

In the last equality we wrote explicitly the contribution of the T-walls in terms of doublets
and Identity-walls using (2.9), and we also used the delta functions inside the Identity-walls
to get rid of some of the integrations. The final result is what is represented on the top of
figure 10.
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Figure 11. The field theory realization of the combination TST2.

Note that each triangle in the first quiver in figure 10 makes a superpotential of the
form (2.16). Because of the constraints on the fugacities imposed by this superpotential,
we can apply the braid move of figure 8 as highlighted in figure 10 to obtain the second
quiver, where, after removing the massive fields, we find two consecutive S-walls which are
equivalent to a single Identity-wall. This gives us the index identity

fdwzv A (@ )T (@ vyt )T (0 703 85 d) = #5(1). (2.19)

We comment in passing that while on the l.h.s. we have an explicit dependence on the
fugacity v, the r.h.s. doesn’t depend on it. Nevertheless, the identity holds for any value
of v. This tells us that also the L.h.s. is actually independent of v. While here it is just a
comment about the mathematical identity, we will see this phenomenon many times and
later comment on its physical implications when discussing identities that are associated
with genuine IR dualities.

As we have seen so far, a cubic superpotential (2.16) must be turned on when an S-wall
sits between two T-walls. What about if we have multiple T-walls? For example, if we have
a single T-wall on the left and two T-walls on the right of an S-wall, two natural choices of
the superpotential would be

TrQILP, , or TI‘QH(Pl -+ Pg) s (220)

where @ is the chiral from the left T-wall and P;, P, are the chirals from the two right
T-walls. In fact, those two choices are equivalent up to a field redefinition. Therefore, a
quiver associated with TST? would be as in figure 11.

Moreover, we can also consider TST2ST. In this case, we have the two candidates
depicted in figure 12. One can find the correct choice by multiplying TS from the left and
ST from the right, which is supposed to give 1. As shown in figure 13 only the first choice
gives the expected Identity-wall. Thus, we conclude that the first quiver in figure 12 is
the correct implementation of TST?ST. Generalizing this observation, we can also find the
quiver corresponding to TST¥ST, which we give in figure 14.

In conclusion, with our gluing prescriptions, the S and T-walls satisfy two conditions
SS = 1 and (ST)3 = 1, which generate the PSL(2,Z) group. Furthermore, as we will
see in the next section, the S and T-walls act on the QFT blocks consistently with the
PSL(2,Z) structure.

~13 -



Figure 13. Two possible realizations of the combination (TS)TST?ST(ST). Only the first
one is correct, since the second doesn’t reproduce the Identity-wall expected from the relation
(TS)TST?ST(ST) = I.
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Figure 14. The ficld theory realization of the combination TST*ST.
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Figure 15. The 4d T7-wall.

The TT-wall. Finally, for later convenience, we would like to discuss another element
of PSL(2,Z): TT = TST.” Although this is not an independent operation, it is interesting
to consider it on its own, especially since we will consider the T?-dual of some quivers
later on. Its QFT realization consists of two sets of the USp(2/N) x SU(2) bifundamental
fields coupled to one copy of the FE[USp(2N)] theory to form a triangle as depicted in
figure 15, consistently with our previous discussion on the multiplication rules for the
PSL(2,Z) operators.
The index expression associated to the TT-wall is

I (7 7 v:t ;) j{d A AN (Z0) AN (E)ZW (720, 1)

<IN )(ﬂ *2>tc)z<N>(*<> £ (cd)™)

=17 Hr ((pg)2dao™ ) T ((pa)2 (cd)yiot),  (2.21)

where in the last equality we wrote explicitly the contribution of the T-walls in terms of
doublets and Identity-walls using (2.9) and we also used the delta functions inside the
Identity-walls to get rid of some of the integrations.

From the PSL(2,Z) relation in figure 10 we can easily determine the inverse (T7)™! =

STS, whose associated quiver is given in figure 16.

2.2 QFT building blocks

In this section we introduce the three fundamental 4d QFT building blocks. By the way
the PSL(2,Z) operators in the previous subsection act on them, we can think of those
QFT building blocks as being labelled by vectors (1,0), (0,1) and (1,1) on which PSL(2,7Z)
elements act as matrix multiplications. We will then see in section 4 that they reduce in 3d
to the QFT building blocks that are associated to the NS5, D5 and (1,1)-branes. For these
reasons, we will call them By, Bg; and By blocks.

"The name T7 originates from the fact that the matrix representation of TT = TST is actually the
transpose of the matrix associated with T.
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Figure 17. The By block.

The Byo block. The first block is associated to an NS5 or (1,0)-brane. In 3d this would
simply be a U(N) x U(M) bifundamental hypermultiplet. As proposed in [43], its 4d uplift,
the Bjg block, is a USp(2/V) x USp(2M) bifundamental chiral multiplet plus four chirals,
each two of which are in the fundamental representation of USp(2/N) or that of USp(2M),
respectively. These interact with a cubic superpotential, so they can be represented as

in figure 17.
The index of the Byg block is given by
N
NM) e M—N+1
I((LO) )(x Ui u H HF (pq/t Txf Y; ) HFe (t 2 cxjtui>
= 1] 1 =1
X HF (pq% M c 1y;|: i) (2.22)

In the 3d limit we consider a real mass deformation that breaks the USp groups down
to U and also a real mass deformation for U(1). that gives mass to the two SU(2) chiral
doublets, thus leaving a U(NN) x U(M) bifundamental hyper only. The process of integrating
out these fields also produces background CS levels +1 and F1 for the U(N) and U(M)
gauge nodes, respectively, where the signs depend on that of the real mass for U(1),.
Nevertheless, these CS couplings always cancel out when gluing several building blocks
together to form quivers. We will give more details on the 3d limit in section 4.
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Figure 18. The By; block.
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Figure 19. The asymmetric By block.

The Bo; block. The second block is the one that we associate to a D5 or (0,1)-brane. In
3d this is just a single fundamental hypermultiplet, while its 4d uplift, the Bg; block, is a
pair of USp(2/V) fundamental chirals. Let us first consider the situation in which a D5 is
suspended between the same number N of D3-branes on the left and on the right so that
these yield two USp(2N) symmetries of the same rank. In order to give this QFT building
block a structure with two USp(2N) symmetries, we also attach to it an Identity-wall. Thus,
we define the By block as in figure 18.
To the Bg; block we can associate the index expression

N
N,N) /> - 1 A
20 @ g ust) = [T e ((pa/) 7 u®) s5(1) (2.23)
j=1
We can generalize this to the case corresponding to a D5-brane suspended between
different numbers of D3-branes, say N D3’s on the left and M D3’s on the right as shown
in figure 19.
The associated index is given by

N—-—M+1

M
NM), = - .
T (@ gty = [T Te (a/0)™ 2 yiu®) 2z (0), (2:24)
j=1

where fﬁg"v (t) is the asymmetric Identity-wall defined in (2.8).
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Figure 20. The By; block.

The By block. Finally, we consider the QFT building block associated to a (1, 1)-brane.

This wasn’t considered in [43] and we propose it here to be a USp(2N) x USp(2M) bifun-

damental plus additional chiral fields that form a double triangle structure as in figure 20.%
The corresponding index is

I((fiy)(f;g;v;u;t;c;s) = ﬂ I, ((pq/t 205y ) ﬂ (pq )2dat ) (tzd 1+ :I:)
ij=1 jaie

( MéVH cmiui> I, ((pq)étN2Mc 1yjE i) . (2.25)

When we consider the 3d limit, similarly to the case of the NS5-brane, the real mass
deformation for U(1). produces background CS levels for the two U(/N) nodes, which cancel
out when considering a quiver. The real mass deformation for U(1), also produces CS levels,
but when considering a quiver these only cancel out if we have a stack of (1,1)-branes,
while they remain if we have adjacent (1,0) and (1, 1)-branes. In such a case, they become
dynamical CS couplings for the U(V) gauge field arising from the D3’s suspended between
the (1,0) and (1, 1)-branes, as expected. One can also obtain the QFT building block
corresponding to the (1,—1)-brane, which can be obtained as the S-dualization of (1,1).
As we will see, both the (1,1) and (1, —1)-branes correspond to double triangle building
blocks with some relative charge difference, leading to the opposite CS levels in the 3d limit.
Again, we postpone a more detailed discussion of the 3d counterpart to section 4.

2.3 Basic duality moves

In this section, we present the basic duality moves involved in the dualization algorithm,
which utilize all the ingredients we have introduced in the previous subsections. We will first

8The two triangles can actually be combined to form a single triangle with an SU(4) flavor node.
Nevertheless, we will split the flavors into the two triangles so that only the SU(2)? x U(1) subgroup is
manifest because the two triangles and the associated SU(2) symmetries will play different roles in the
dualization algorithm.
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Figure 21. The By = SB(;S™! duality move. Notice that for N # M we have on the r.h.s. the
asymmetric By; block, which is associated with a D5 with a different number N and M of D3’s
on each side. We represent the gauge singlet fields that are charged only under the abelian global
symmetries and not the non-abelian ones by writing explicitly their index contribution.

review the S-dualizations of the Bjy and the Bp; building blocks proposed in [43]. Then we
will discuss new duality moves involving the other field theory ingredients we introduced.

Notice that all the basic duality moves for each PSL(2,Z) element can be obtained
from the S and T-dualization of a given type of QFT block, e.g. the Bg; block, and using
the S2 = 1 and (ST)? = 1 relations. For example, the S-dualization of the B1g block can be
obtained from the S-dualization of Bg; block using the S? = 1 relation. Nevertheless, for
the implementation of the algorithm we find it convenient to list the duality moves for each
type of QFT block for the S, T and T” elements. Notice that both the S-dualization of the
Bo1 block as shown in [22] and the PSL(2,Z) relation or braid move (as shown in [94]) can
be proven in terms of the Intriligator-Pouliot (IP) duality, which is ultimately the most
fundamental duality.

2.3.1 S-dualization
Let us first consider dualities for the QFT building blocks generated by the S operator.

The Big = SBp1S™! duality move. We first consider the 4d QFT analogue of the
S-dualization of a D5-brane into an NS5-brane, which relates a Bg; and a Bjg block [43].
This can be associated with a genuine field theory duality relating the quiver theories
in figure 21.

This is a non-trivial IR duality that was derived by iteratively applying the Intriligator-
Pouliot (IP) duality in [22]. At the level of the index, this dualization translates into the
following integral identity:

I((fé;\/l) (a‘c’; y;ust; ctw)

N L) j'{ Az dz7) An (20;¢) A (2951)
= I Fe (pqt_z) N M N ) M )

< I8 (720 0) 0 (520 I8 (2258 (pg/t)2e7), (2.26)

—

where we recall that the index of the Bjg and the Bp; blocks were defined in (2.22)
and (2.24) respectively.

~19 —



>
N
>t
>
<t
—_
~
S—

<

2L

<

Figure 23. The (Bo1)X = S(B10)*S™! duality move.

The Bg; = SB19S~! duality move. We next consider the QFT analogue of the S-
dualization of an NS5-brane into a D5-brane. The quiver corresponding to this duality
move is given in figure 22.

At the level of the index we have

TN (7 s ]f dw'® dwld Ay (@ <0>)AN( M)

(0,1) v
x I (@50 ;¢ ( O u; pa/t; C)I( @V gt 5c)
(2.27)

For convenience, we also give the dualization of L D5-branes as L NS5-branes between S
and S~! =S, shown in figure 23.
The index identity associated to this duality is explicitly

N L

A [T T (a0 oat") = ) Hdw“A (@)

i=1j=1

=~

<28 (Ot TTZ0) (0080w pg /et )
=1

L—1
< [T An(@®:pa/t) IV (35 i 5t~ 5 ) An (@),

(2.28)

Also this result can be derived by iterating the IP duality as shown in [22, 43]. Alter-
natively, it can be derived from the S-dualization of a D5 into an NS5 by applying S on the
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Figure 24. The By; = SB;_1S™! duality move. The green line denotes a set of gauge singlet fields
labelled j =1,...,N — M.

left and S~' = S on the right and using the property we reviewed in the previous subsection
that two concatenated S-walls give an Identity-wall.

The By; = SB1_1S~! duality move. The last S-dualization we consider is that of a
(1,-1) into a (1,1)-brane, which can be represented as in figure 24.

This duality move was not considered in [43]. We provide its derivation in appendix C,
where the main ingredient is the braid duality of figure 8. The corresponding index identity is

T, (t19c2 _ .
= Fitc)re (\/;thN S”l—ﬂcduivi) f dzy diwys Ay (1) Any (@ 1)

X ISN) (Z; 2 t; ed) I(({V’_A{[)) (Z;W; v; us t ¢; d)IéM) (117; i t; cildfl) , (2.29)

where the index contribution of the B1_; block is

ZO-M) (ZyW; vy us t;¢,d) = ZO-M)

(1,-1) ) (Fdvuitd e, (2.30)

with I((fl’;\/[) being defined in (2.25).

Indeed, since the difference between the (1, 1)-brane and the (1, —1)-brane is only a
relative notion compared to other types of branes such as NS5 and D5, it is not surprising
that they correspond to the same type of QFT building blocks with different charges.
Assuming the 3d limit prescription involving the real mass deformation implemented by
sending log ¢ — —o0, logd — +o0 with hierarchy log(cd) — —oo, one can distinguish the
two branes by looking at the sign of the U(1)y charges of each block. For example, the left
and right edges of the upper triangle of the B11 block that appears on the lLh.s. of figure 24
have U(1)y charges +1 and -1, leading to CS levels +1 and -1 in the 3d limit, respectively.
This is consistent with the relation

Bii =TByoT ', (2.31)

which we will examine in the next subsubsection in detail. One the other hand, the edges of
the lower triangle of the By_; block that appears on the r.h.s. of figure 24 have the U(1)y4
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Figure 25. The By; = TBo: T~ = TBy;STSTS duality move.

charges -1 and +1, leading to CS levels -1 and +1 in the 3d limit, respectively. One should
remember that there are extra CS level contributions from U(1). charged fields, but, as
mentioned before, they turn out to be canceled when the blocks are glued to form an entire
quiver theory.

2.3.2 T-dualization
We now consider dualities for the QFT building blocks generated by the T operator.

The Bg1 = TBo1 T~! duality move. This move states that the Bg; block is transparent
to the T-dualization. To show this, we first recall that T—! = STSTS. The quiver duality
associated with this relation is then given in figure 25, where according to our gluing
prescription we turn on a cubic superpotential for each triangle. This duality trivially
follows from the relation in figure 10.

As an index identity we have

dwg\],c) AN(E{k); t)) I—E—N) (7 u_i(l); v; t; d)I((évl’])V) (w(l); QE(Q); u;t)

X I%N) (ﬁ)’(5),w(6),v, t; c)IéN) (117(6); THA cildfl)
A7) = L a (N)
= f (H dzy Ay (2 t)) Le ((pQ/t)Ql‘fUi) [1T((pg) 7 dajo*)Zs ™ (35 2V 15 0)
N 1 N N 1 2
x [IT((p)ze a2 %0H) M (20, 291 ) [ T((pg) 7 e2i?H0%)
J=1 j=1
x I8 (2D gty 7). (2.32)

The By; = TB1gT~! duality move. The quiver representation of this duality move is
given in figure 26. We can convince ourselves that the superpotentials are consistent with our
gluing rules by observing that since B1g = SB¢1S, we have B1; = TB1gSTSTS = TSBy; TSTS
which is shown (for simplicity for N = M) in figure 27 and is clearly consistent with the
rule of turning on the cubic superpotential in (2.16) whenever an S-wall is sandwiched
between two T-walls.
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Figure 26. The By = TBgT~! = TB(,STSTS duality move.
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Figure 27. The quiver representation of TSBg; TSTS, which is equal to By; = TB1¢STSTS. To
obtain this quiver from the one on the right of figure 26, we use the duality move B1g = SBy1S of
figure 21.

At the level of the index we have

7N (Z; 75 v;ust; ¢, d) (2.33)
6
:]4 (H dwg\l,c) AN(E’(k);t)> I%N) (Z; TV st d)l'((iv[’)éw) (w’(l);w@);u;t;c)

xZéM) (ZU(Q); 15(3);75; (pq/t)_%c)I-E-M) (15(3) : 16(4);1); t; c_ld_l)ZéM) (w(4>; w(5);t; (pq/t)%d)
XZ-(l—M)(IU(E));LU(G);U;t;C)Ié )( (6),17,15 c_ld_l)

3 ' ‘ N
:j{ (H dZ(]\Z) AM(Z(Z);t)> H F((pq)%da:jivi)l((fé])w) (7 2V ust;¢)
i=1 =1

M
1
I (20; 25 (pg /1) 2 ) [T 1 a1 2P0 I (22,2914 (pg /1) 2 d)
7j=1
M
X H F(t%cz§3)ivi)IéM)(2'(3);§’;t; c ™). (2.34)

Jj=1
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Figure 28. The By = TB;_;T~! = TB;_;STSTS duality move. On the r.h.s. we included two
massive fields (barred by the grey line) to explicitly display the B;_; block between the T and
T—! operators.

The duality move of figure 26 can be easily proven by applying the braid duality
move of figure 8 to the second gauge node on the r.h.s., removing the massive fields and
reconstructing an Identity-wall from the fusion of the last two S-walls.

The B1g = TB;_1 T~ ! duality move. The quiver associated with this duality move is
given in figure 28, and the corresponding index identity is given by

N,M), > -
I((1 0) )(:c, sust;c)
2 ) 3o ) T s (N,0)
f(]_[d 21 A ( *(’);t)> [T (pa) 2 da;=o™) Ty )7 (3 2V 003854 7)
i—1 j=1
(M) T L1 @) (M)
x I8 (20 20t ed ™) [] Dot~ 2120 50H) I8 (22 2915 (pg /)~ 2 d)
j=1
o 1Ok 7D s
H (pg)zed L2V E0H I (290, 7t (pg /)3 (2.35)

where from now on we will only give the expressions where we have already replaced the
contribution of the T-walls and simplified all Identity-walls.

Notice that on the r.h.s. there is an SU(2), symmetry that instead doesn’t appear
on the Lh.s.. Related to this, we can see that in the index identity (2.35) the fugacity v
appears on the r.h.s. but not on the L.h.s.. Nevertheless, the identity holds for any value
of v, which tells us that also the r.h.s. is secretly independent of it. Remember that the
index is counting operators in our theory graded by their quantum numbers, as one can
see by expanding it as a power series. Each term of the expansion indeed corresponds
to an operator in the theory whose quantum numbers are encoded in the powers of the
corresponding fugacity that appear. We can then understand our observation as the fact
that there is no operator in the spectrum of our theory that transforms under SU(2),,
or in other words, the symmetry acts trivially on the spectrum of the low energy theory.
Consistently with this, we find that all the anomalies involving SU(2), vanish. We will see
many examples of this phenomenon in the rest of the paper.
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Figure 29. The By; = TTB;(T?)~! duality move. The green line denotes gauge singlet fields
labelled by 7 =1,...,N — M.

Again this duality move can be easily proven by applying the braid duality move of
figure 8 to the second gauge node on the r.h.s., removing the massive fields and reconstructing
an Identity-wall from the fusion of the last two S-walls.

2.3.3 TT-dualization
Finally, we consider dualities for the QFT building blocks generated by the T” operator.

The By; = TTBg;(TT)~! duality move. Remembering that (T7)~! = STS we find
that the duality move associated with this relation is as given in figure 29.

At the level of the index this translates into the identity

05 (@ v st ;)
N-M 1—5,.2
Te (t77¢%) 1 N=Mil_ 5, 4+
— r 2t 2 Jed
i Te(pgt) e((pq) ot )

x fdzN An(Z:1) (H dai\?) Ay (7 t)) T1 T ((pg)2 dz;* o)

i=1 j=1
N
< I8 (& 2 t5.0) [T D(pa) 2ot~ 20 ) 200 (200 0 pg 1)
j=1
(M) L TT P(rd @ (M)
x 1g (117(1);117(2)§t; (pa/t)zd) H F(ﬁcwj ivi>Is (117(2)5 gitie ld, (2.36)

where I((év 1])\/[) (Z;7;u; t) is defined in (2.24). We give a proof of this duality in appendix C.

The B1g = TTBlO(TT)_1 duality move. This move states that the Big block is
transparent to the T7-dualization. The corresponding duality move is represented in
figure 30.
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Figure 30. The By = TTByo(T?)~! duality move. The green line denotes gauge singlet fields
labelled by j=1,...,N — M.

The index identity associated to this duality is

N-—-M —q
| S (tl 302) 1 NoMil
= I ¢ gyt (00t )

\e\

dZn An(Z;t) (Hd > HF ((pq) 2(:d T j[vj[)IéN)(gﬁ'; Zit; d)
7=1

T ((pg) e 20 ) TG (2 Vs st ed I8 (@O 585 (pg/t) 2 ed ™)

=

<.
Il
—

1 o N 1 _
T((pg) 2 dw(? o) I8 (@) g t; (pa/t) 3¢ . (2.37)

<
Il
—-

—

We give a proof of this duality move in appendix C.

The Bog; = TTB;_1(TT)~! duality move. Finally, we have the T? dual of a By ;
block giving a Bg; block, which we represent in figure 31. The resulting index identity is
given by

3 N
= ]{ (H azy AN(Z(Z),t)> [ T((pg) 2 cd Vo™ (205 85071
=1 j=1
N
x TIT((p)2d="=0)Z8Y), (20 2003w pg /1.6, d I (225 29 1507
j=1
N 1
X HF((pqt)Ec— (3)+ i) (M)(“( )7y,t = Qd) (2.38)
j=1

We give a proof of this duality move in appendix C.
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Figure 31. The By; = T7B;_1(T?)~! duality move. On the r.h.s. two massive fields are included
to explicitly display the B;_; block between the TZ and (T7)~! operators.

3 Dualization algorithm, VEVs, RG flows and HW moves

In this section, we describe the local dualization algorithm using the ingredients we intro-
duced in the previous section. Specifically, we illustrate the implementation of each step in
the mirror-dualization of the SQCD.

The first step of the dualization algorithm consist in chopping a theory into QFT
blocks by un-gauging each gauge node. This step produces several QFT blocks as well as
non-dynamical vector multiplets and chirals fields in the antisymmetric representations of
the frozen gauge symmetries. It is important to keep track of these fields to restore the
correct gauging after the dualization.

In the second step, we dualize each QFT block by means of the basic duality moves.

In the third step, we restore the gauging of the original gauge nodes, which generates
several Identity-walls. In case only symmetric Identity-walls are generated we just need to
implement them to read out the dual theory. If asymmetric walls are generated instead, we
need to take care of their effect since fields generically acquire VEVs when we implement
the identifications that the asymmetric walls prescribe.

In the fourth step, when necessary, we study the RG flow triggered by these VEVs
to obtain the final IR dual theory. There are various strategies we can follow at this
point. We will see below how we can efficiently study the sequential Higgsing generated
by these VEVs at the level of the index or alternatively we can reach the final IR con-
figuration by a sequential applications of the IP duality, which basically trades VEVs for
massive deformations.

We will also see a third strategy where the effect of this sequential Higgsing or the
iteration of the IP duality is modularized into a new duality move shown in figure 32, which
we prove in appendix D.

We call this duality move, which swaps a Bgy; with a Big block, the Hanany-Witten
(HW) duality move because, as we will see in section 4, its 3d version exactly corresponds
to the local effect of an HW brane move in the brane set-up realizing the 3d quiver theory.
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Figure 32. The Hanany-Witten duality move. Notice that on the r.h.s. the rank of the second
gauge node isnow M = N+ L — M + 1.

For N > M > 0, the associated index identity is given by

L
Faz My (0" (@ Zwpat selpar™) 5 ) Ay o) [ Te (5 yo)
k=1

=T, (pqt‘(N‘M“)> T, ((pQ)ét_NﬂC‘luivi) AN (Zt) AL (7 pq/t)

M ~ ~ ~
X fdzﬂ A (2) 7z () T[] e <tN12W+1vai> 76, (z 7iuipat ™\ c(pgt ™) "=
j=1

(3.1)

With few manipulations, we can recombine the terms sl U( )Hk 1Te ( ) +1yk Ui) in

the first line into I((O,l) )(z; ¥;v;pq/t) (up to some factors) and similarly on the third line,
to explicitly display the swap of a B(g 1) with a B(; o) block. The manipulations involve
performing flip-flip duality (see for example eq. (2.14) in [22]) on all the S-walls so to
produce Identity-walls with fugacity pg/t. However we prefer to keep the formula as it is,
since this is the most convenient form to implement the dualizations.

As we will see in subsection 3.4, we can obtain the final configuration of the mirror
dual theory by repeating this HW duality move, performing the field theory counterpart of
the brane rearrangement that is needed to reach a configuration where there is a zero net
number of D3-branes ending on the D5-branes and so it is possible to read out the QFT.

Summarizing, if asymmetric Identity-walls are generated after the dualization of the
QFT blocks, we can study their effect by using the sequential Higgsing, the IP iteration, or
the HW duality move to obtain the final IR PSL(2,7Z) dual theory. We will illustrate these
three strategies in the case of the SQCD in the following subsections.

3.1 S-dualization of SQCD

We will focus on the example of the 4d N" =1 USp(2N) SQCD with 2Ny + 4 fundamental
chirals and Ny > 2N, represented on the left of figure 33. This theory corresponds to the
element p = [Ny — N, N], o = [1¥7] of the ES[USp(2N)] family studied in [24] and reduces
to the U(N) SQCD with Ny flavors in the 3d limit.
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Figure 33. The SQCD and its block decomposition. The orange cross denotes a tower of singlets
flipping the meson dressed with the j-th power of the antisymmetric with 7 =0,..., N — 1. We also
explicitly indicate the frozen integration measure containing vector and antisymmetric chiral fields.
Notice that we add trivial lines to reconstruct the triangle structure that identifies the B1y blocks.

This theory can be decomposed into QFT blocks as shown on the right of figure 33.
When we chop it into the blocks, to avoid clutter, we remove the singlets of the original
SQCD, the orange cross indicating a tower of singlets flipping the y; meson dressed up to
the (N — 1)th power of the antisymmetric field and the SU(2),, x USp(2Ny) bifundamental.
We will always adopt this convention of removing singlets before chopping theories into
QFT blocks, then perform all the duality moves, and restore the original singlets after
reaching the dual theory.

We now dualize each QFT block using the basic S-duality moves of figures 21 and 22
and glue them back by restoring the original gauge symmetries. This results in the dualized
quiver shown in figure 34. The extra singlets we get from the dualization are denoted in
the figure by their index contributions.

We can now implement the identifications of the asymmetric Identity-walls at the two
sides of the quiver, which specialize the gauge fugacities 2(°) and Z(Vf) of the leftmost and
rightmost nodes in a geometric progression as

N+1-2j (Np) N+1-2§

Z§O)Zt 2 yl’ Zj :t 2 y27 j:]_,.u,N, (32)

to arrive at the quiver in figure 35. The blue lines indicate two sets of N chirals in the
bifundamental of SU(2)y, x USp(2N), ) and that of SU(2)y, x USp(2N) (v, -1), respectively.
They contribute to the index by

N N
IIr. (t“‘2 f”iyf) Hr ( “
i=1

In addition, we have the following singlets coming from the dualization:

T, (tNC_CLCQ)

N
An(yiipa/t) T] Te (Vpat" 1 catyi —
P! ( ) e (pgt—2)

Al N+ 1 1ok Te (th*NﬁZiaciz)
X AN y27PQ/t H < ta 2 c foyQ) T (pqt_a) P
e

N _
t“" 2 2 (N l)iyéc) a=0,1,---, N. (3.3)

(3.4)
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Figure 34. Result of the block dualization of the SQCD.

where we defined
. N—1 1-N
An(vipg/t) = AN (t 2 vt 2 v;pq/t) : (3.5)

Now we have reached a quiver theory with no duality-walls left. As we are going to see
shortly, there are some VEVs which trigger an RG flow, which we study in several ways in
the following subsections.

3.2 Method I: VEV propagation via sequential Higgsing

In the quiver in figure 35, some of the mesons constructed with the chirals in blue acquire
VEVs Higgsing the first and last node down to SU(2). At the level of the index, following
the strategy of [95], this can be seen by noticing that, for example, the a = 1, N — 1 chrials
in the first set of eq. (3.3) can be paired up as

N N N N N
Hm( “z %y i) T. (w P ) Hr ( S 2y1)i) T. <z§1)i(t21y1)i).
i=1
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Figure 35. Result of the S-dualization of the SQCD. The blue and green legs denote sets of chirals
labelled by a = 1,..., N. Mesons constructed with blue chirals acquire a VEV.

On the r.h.s., we have two gamma functions such that the product of their arguments is 1,
signaling that the meson constructed from the corresponding chirals is uncharged under
all the abelian symmetries including the R-symmetry and is thus taking a VEV. In that
case, the location of the poles of these gamma functions collide and pinch the integration

contour at two points, say at zgl) = tl_%yl and Z](\}),l = t%_lyl. Similarly, all the other
chirals in (3.3) but a = 0, N pair up producing colliding poles that pinch the integration
contour at
Zgl) = tl_%yl )
Zél) = tQ_%yl )
(3.7)
Z](\})_ t(N72)75y1 3
1 _1)—
Z](V)fl = t(N b 2,
2 =0

and an analogous freezing condition is imposed on the last 2N/~ node. The index after
Higgsing is obtained by evaluating the residues at such points. Notice that when we evaluate
the residues, there are pairs of poles and zeros canceling each other, coming from T, (1)
contained in (3.3) and I'c (pg) contained in An(y1,pq/t) and An(y2,pq/t), respectively.
Let’s now focus on the left part of the quiver. Taking the residues at these poles, we
obtain the theory after the Higgsing induced by the VEV shown in figure 36. We now have
N — 1 chirals (in blue) in the bifundamental of SU(2),, x USp(2N),() contributing to the

~ 31—



N AN—l(Ylqu/t)

Figure 36. The result of the Higgsing of the leftmost USp(2/N) gauge node. The blue line denotes
a set of chirals with a =1,..., N — 1, the orange line denotes a set of chirals with a =2,..., N — 1,
while the green leg denotes a set of chirals with a = 2,..., N. Again the mesons constructed with
the blue legs acquire a VEV.

index as
N N-1
Hre (ta_2zz(2)iyli> a= 07 L. N — 17 (38)
i=1

which now Higgs the leftmost USp(2/V) node, next to the USp(2) node, down to USp(4).
Indeed we have N — 2 colliding poles and N — 2 zeros from the singlets Ax_1(y1,pgq/t).

We can iterate this procedure N times creating a tail of nodes with increasing ranks
as in figure 37. Now there are no blue legs, the vertical chirals interact with a cubic
superpotential with the antisymmetric

N L+ N L NN+
[Ir(5t). Ir (%), (39)
i=1 i=1

and there are no Ax(y1,pq/t) singlets, so no zeros. Therefore, there is no further VEV
to implement. Repeating the procedure on the right part of the quiver and restoring the
singlets of the original SQCD that we dropped when we chopped it into QFT blocks, we
obtain the mirror dual shown in figure 38. Notice that some of the singlets produced by the
Higgsing cancel out with the original singlets, and we are left with the correct mirror dual
of the 4d SQCD found in [24].

3.3 Method II: VEV propagation via the IP duality

The sequential Higgs mechanism due to the VEV propagation explained in the previous
subsection can alternatively be implemented by iteratively applying the IP duality, basically
trading VEVs for massive deformations. The idea is similar to the correspondence between
the mass deformation and the Higgsing under the Seiberg duality [1].

Let’s go back to the quiver in figure 35. We focus again on the Lh.s. of the quiver and
use the relation shown in figure 39 and proved in appendix F to trade the N bifundamentals
chirals (in blue) for a single bifundamental.
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Figure 37. The final result of the sequential Higgsing. In this configuration there are no VEVs
turned on.

The result is given by the first quiver in figure 40. Notice that, since the first node
USp(2N),a) (in orange) has no antisymmetric field, we can apply the IP duality to it, so
to obtain the second quiver theory in figure 40 where the dualized gauge node has now
become USp(2),1). As an effect of the dualization, the y; flavor node has now moved:
we have a y; flavor connected to the USp(2N),2) node with U(1); charge increased by
1/2, and a y; flavor connected to the USp(2N),u) node with charge \/]th%_l. Also,
some singlets are produced and some are cancelled. Consider, for example, the tower of
N SU(2)y, x SU(2),, bifundamental singlets: one of them is cancelled and instead one
SU(2)y, x SU(2)s, bifundamental singlet is produced. Moreover, the legs of the saw are
reorganized such that now x; is swapped with xo.

Another effect of the dualization was to give mass to the antisymmetric chiral of the
adjacent USp(2N),2) (in red in the second quiver of figure 40) so that we can apply again
the IP duality to it and obtain the third quiver where the dualized gauge node is now
USp(4) 2. Notice that the y; flavor node keeps moving to the right. Also, 1 keeps moving
to the right.

It is clear that we can keep iterating this application of the IP duality, since at each step
we remove the antisymmetric at the node on the right of the dualized one and restore the
one at the node on the left. After N — 2 steps, we reach the first quiver in the second line of
figure 40, where we have created a tail of gauge nodes with increasing ranks: USp(2), USp(4),
and so on up to USp(2N — 4). Now the y; flavor node is attached to the USp(2N), v-1)
gauge node with a chiral of charge t°, that is uncharged under all abelian symmetries.
This indicates that the associated meson is taking a VEV, which triggers a Higgsing that
we could implement by taking the residues at collinding poles as we did in the previous
subsection. This is supported by the fact that one of the singlets leads to a zero in the
index since its index conbribution is I'c(pg). We then expect the rank of this node to be
Higgsed by one unit.
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Figure 39. A relation between two WZ models. On the Lh.s. the blue leg denotes a set of chirals
with j =1,..., N.

Instead, we shall now employ a slightly different strategy which allows us to see the
overall effect of the Higgsing using the IP duality twice. We hence apply the IP duality
on the USp(2N),(v-1) node which becomes USp(2N — 2),v-1) to obtain the last quiver in
figure 40. Notice that the chirals connecting the USp(2/N — 2),v-1) node to the y; flavor
node have the charge of \/pg, which means that they are massive and can be integrated
out. This is due to the fact that this flavor had a VEV before the dualization, which turned
the VEV into a complex mass deformation as usual in Seiberg-like dualities. After having
integrated out the massive fields, we obtain the first quiver in figure 41.

Now we have a tail with increasing ranks from USp(2) to USp(2/V). Notice that the
flavor node z1 now sits between the USp(2N — 2),v-1) and USp(2N),v) gauge nodes.
Since the red USp(2N — 2),(v-1) node has no antisymmetric, we can apply the IP duality
on it. Notice that this doesn’t simply revert the previous dualization that we did of the
same node, since in between we integrated out the massive fields. We indeed obtain the
second quiver in figure 41. We then continue applying the IP duality moving towards the
left until we reach the first USp(2),1) node. At each step, we restore the antisymmetric
on the previous node and remove the one at the subsequent node, which is what allows
us to keep moving to the left with the application of the IP duality. Moreover, at each
dualization the rank of the gauge node doesn’t change, so that eventually we arrive at the
same result as the end point of the VEV propagation studied in the previous subsection,
which we show in figure 37.

By repeating the same procedure also on the right side of the S-dualized SQCD quiver
in figure 34, we eventually arrive at the mirror dual drawn in figure 38.

3.4 Method III: VEV propagation via the HW duality move

In this subsection we will illustrate the third and final strategy to implement the VEVs
generated in the dualization algorithm, which uses the HW moves in figure 32 to reach the
final IR frame.

Consider the S-dualized SQCD in figure 34, again focusing on the left part of the quiver
to begin with. We apply the HW move to the sequence of By;-B1g blocks highlighted in red in
the first quiver in figure 42 and reach the second quiver. Notice that the USp(2N),q) gauge
node becomes a USp(2),a) node and two singlets have been produced: the SU(2),, xSU(2),,
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Figure 41. Second round of applications of the IP duality.
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Figure 43. Last application of the HW duality move and the final manipulations leading to the
IR frame.
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bifundamental and the one corresponding to I'. (pqt*N ), which actually cancels one of the
singlets of figure 34. We then apply again the HW move to the highlighted sequence of
Bo1-B1o blocks in the second quiver of figure 42 to reach the third quiver and continue
moving to the right.

After N — 1 dualizations we arrive at the first quiver in figure 43. If we apply the HW
duality move once again, we obtain the second theory in figure 43 where the USp(2N),(x)
node remains USp(2/V) without any rank change and the vertical flavor has exactly charge
t1/2 and forms the standard cubic superpotential with the antisymmetric field. In particular,
the VEV has been completely extinguished by this sequence of applications of the HW
move. This implies that now the Identity-wall is actually symmetric and so it can be easily
implemented by identifying the two adjacent nodes, which results in the third quiver in
figure 43. As expected, the result exactly coincides with the end point of the Higgsing in
figure 37.

Again we can perform an analogous sequence of the HW duality moves on the right
part of the quiver in figure 34 and obtain the mirror dual SQCD shown in figure 38 after
restoring the singlets of the original SQCD.

4 Algorithm in 3d

In this section, we discuss the 3d version of the dualization algorithm. We will, in particular,
present all of its basic ingredients, which are obtained as a limit of those in 4d that we saw
in the previous two sections. We will not explicitly discuss any example of application of
the algorithm in 3d, since this works exactly as in the 4d case.

4.1 SL(2,7Z) operators

We begin by introducing the SL(2,7Z) duality-walls.

S-wall. As we already mentioned, in 3d we associate the S generator of SL(2,Z) with
the FT[U(N)] theory [96], which is the T[U(N)] theory [62] modified by adding a set of
singlet chiral fields in the adjoint representation of the manifest U(N)y flavor symmetry:?

2M(X Y ma) = Zepuon (X —Yima) = Zprue (—X; Vima) (4.1)
and
MV ima) = 280X —Vima) = Z87(- X Vima). (4.2)

We will schematically represent the 3d S-wall as in figure 44 to display both of its U(N) global
symmetries. We will distinguish between S and S~! by a (+) and (—) label respectively.

“Notice that w.r.t. to [22, 43] here we include an extra minus sign in front of either the XorY
mass parameters.
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Figure 44. The 3d S-wall and S—! walls.

Similarly to its 4d counterpart, the F E[USp(2N)] theory, the S§ partition function [97-
100] of FT[U(N)] admits an integral form given by the following recursive definition:

ZPTIU(N)] (X;Y;ma) (4.3)

QT”YNZ Xi H Sp <’LQ (Xi — Xj) — 2mA>

i,j=1
7N~ 1) (3d) (Z(N-1)) 2wy S0t zNY (N-1)
dZy Y ARY, (20D e HHsb( (ZND = X;) + ma)
a=1 i=1
N—1 N—1
X ZpTIU(N-1)] (Z{ ) 721(\7,1 v, aYN—1§mA> : (4.4)
where in the 3d partition function the integration measure is defined as
- * . dZ 1
4Z, = H;,“ AR (Z) = - . (4.5)
s Ha<b Sb ( i3+ (Za — Zb))

Here X;, Y; and m4 are the real mass parameters respectively for the U(N)x, U(N)y,
U(1) 4 global symmetries, where U(1) 4 is the axial symmetry which together with the trial
R-symmetry U(1)g is obtained from a suitable linear combination of the Cartans of the
SO(4)g = SU(2)g x SU(2)¢ R-symmetry of 3d N = 4 theories. The deformation by the real
mass m 4 then breaks supersymmetry to AN/ = 2* [101]. In particular our parametrization of
U(1)4 and U(1)g is such that the canonical R-symmetry under which all hypermultiplets
have charge % is obtained by setting the mixing coefficient R4 between U(1)4 and U(1)p
to Ra = % Equivalently at the level of the sphere partition function to recover N' = 4 we
should turn off m 4 setting m4 = i%

The partition function (4.4) can be obtained as a limit of the 4d index of the
FE[USp(2N)] theory (2.1) as it was shown in [21, 31]. This consists of three main
steps [21, 22, 31]. The first one is a circle reduction from 4d to 3d, which in particu-
lar relates the S3 x S! index to the Sp partition function. This is done by using the
following property:

. - _im (,Q
I%IE%J T, (e2mﬁz;p _ 6727r6b’q _ o~ 2mpBb 1) — e B(z Z)Sb (ZCQ? _ Z) ’ (46)
where 3 is the S! radius that we send to zero. The 4d fugacities and the 3d real masses are
related by
T = e27riﬁXi’ yj = e27ri,3Yj’ t = eQmﬂ(iQ—2mA)’ c = e27riBA ) (47)

The second step is a real mass deformation that breaks the USp(2N) symmetry to U(N)

Xi—=Xi+s, Yj=Yj+s s— 400, (4.8)
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Figure 45. The asymmetric 3d S-wall.

which is done using the following property:

. ;L2
zggloo sp(2) = eFi27 (4.9)
This leads to the FM[U(N)](X,Y, A) theory, introduced in [31], which contains a monopole
superpotential.

Finally, we consider the real mass deformation
A — +00, (4.10)

which leads to

— = — —

AEI:IEIOO FM[UN)|(X,Y,A)=AFT[UN)|(X,£Y), (4.11)
where the prefactor A can be determined by (4.6); see (5.21) in [22] for the result.

We also define an asymmetric S-wall, where one of the U(N) symmetries is broken to
U(M) x U(1) with M < N. This is obtained by a deformation of the ordinary S-wall that
is completely analogous to the one considered in 4d in [22, 24], and it implies the following
specialization of the real mass parameters for the broken symmetry:

N—M+1-2j
2

Yisj = (iQ—2ma)+V, j=1,--- ,N—M. (4.12)

We will schematically represent the asymmetric S-wall as in figure 45.

Identity-wall. As we discussed extensively in 4d, also in 3d we expect the SL(2,Z)
operators to obey the multiplication rules of the SL(2,Z) group. In particular, we expect
the S-wall to satisfy the relations SS™! = 1 and S? = —1. Unlike in the 4d case, these two
correspond to distinct identities satisfied by the partition function of the 3d S-wall. Indeed,
as it was shown in [22], from the 4d identity (2.4) one can obtain two identities, namely'”

/dZN N (Zsma) 2§80 (Z; Xma) 28 (Z, =V ima) = 18 (m.a) (4.13)

10These identities were already known to follow from the closed-form expression of the round sphere
partition function of the T'[SU(N)] found in [102, 103].
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Figure 46. Gluing two S-walls to gives an Identity-wall, in the symmetric case first line and in the
asymmetric case second line.

and
/dZN AN(Zm)ZN (2 Rima) 282,V yma) = Bh(ma),  (4.14)
depending on which limit we take between
Xi—>X;+s, V=Y, +s s— +o0, (4.15)

and
Xi—>X;+s, Vi—=>Y,—s s— +oc0. (4.16)

In both cases, we also take A — —oo. We defined the three-dimensional Identity operator

N v
3 () = Zoesy =10 (X5 —Yow) (4.17)
A (X;ma)

with
Hé\,}kzl Sp (—iQ +(X; — Xi) + QmA>

AKX ;ma) = (4.18)
Tk (15 + (X — Xi))
We also define the three-dimensional asymmetric Identity-wall Xﬁ%flv (ma) as
23d
< (ma) = ASd(X - 3 H 5 (Xi = Yo) . (4.19)

ogeSN 1=1 YAl+j:N—1L12+1—2j (1Q—2m4)+V
Both the symmetric and the asymmetric Identity relations are represented in figure 46.

T-wall. The T generator of SL(2,Z) in 3d is simply associated with the addition of a CS
level (see figure 47).
We then define its contribution to the Sg’ partition function as

Z;N)(X;?;WA) —e o (SmA(N 1)—4imAQ(N—-1 —ZT(Z XZ *]I ( ) (4‘20)
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Figure 47. The 3d T-wall.
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Figure 48. The 3d 7' -wall.
which can be obtained as a limit of (2.9) by taking
Xi—»Xi+s, Y=Y +s, V=V+s, s— 400, (4.21)
and then
A — o0, D — (4.22)

with v = 2™V and d = e*™#D; the other variables are defined in (4.7). The first prefactor
is included so to simplify the identities for the basic duality moves and to recover the
relation (S7)% = 1 as will see momentarily.

TT-wall. Finally, for completeness we also discuss the 77 operator. This is not an
independent operator, since it can be written in terms of the S and 7 generators as
TT = —TST. Accordingly, we associate to it one copy of the FT[U(N)] S-wall theory with
background CS level +1 for both of its U(N) global symmetries (see figure 48).

The 77 operator can also be obtained from the 4d TT operator like the S and T are
obtained from S and T in 4d by taking some limits and discarding unwanted background
CS couplings. Specifically, at the level of the sphere partition function, we can take the 3d
limit of eq. (2.21) with A — oo and D — oo, which leads to

28 (X Vima) = [aZ 428 AR (ZOsma) A}(ZP5ma) 20 (£ 20 im.)
x 280 (Z0; 2P mp) 28022V ;m a)

_ eifg (8m?4(Nf1)74imAQ(N71)+Q2)e—i7r(Zi1 X§+Yf)z( 73 (X'; }7; ma)

S
(4.23)

after subtracting the flavor CS levels by +1 and —1 for U(N)x and U(N)y, respectively. If
we replace Zgyz ()Z', Y; ma) by

N

2N (X Vima) = / AZNAY(Zma) 2N (X Zima) A% (ma),  (4.24)

which corresponds to S™! = —&, we can see this is exactly the relation 77 = —TST.
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SL(2,Z) relations. We have already discussed the relation S = —1. The relation
(ST)3 =1 can be derived as shown in [22] as a limit of the braid relation (2.15).

Implementing the 3d limit following the steps above and turning on real masses for the
A — 0o and D — oo we obtain the following relation

TS TS 'T =571, (4.25)
or equivalently, (S7)3 = 1 once we use (4.24) and implement the delta functions.

4.2 QFT building blocks

The fundamental QFT building blocks in 3d are those naturally associated with the possible
types of 5-branes that we can have in the Hanany-Witten brane setup. We focus in particular
on NS5, D5 and (1,1)-branes.

The Big block. To an NS5-brane with N D3-branes ending on its left and M on its
right is associated a U(N) x U(M) bifundamental hypermultiplet, which we will also call
Bio block (see figure 49).

Its contribution to the S;? partition function is given by:

(N
Z(1.0)

)(XYUmA)—eQMU(Z X=X )HH <>_mAi(X Y))
= (4.26)

Here U appears as an FI parameter.'! This expression can be obtained from the 4d
Bio block in (2.22) by taking the 3d limit with the usual three steps. The first involves the
3d reduction where the 4d fugacities and the 3d real masses are related by

2mwifU

(4.27)
The second step is a real mass deformation that breaks the USp(2/N) x USp(2M) symmetry
to U(N) x U(M)

T, =e c=-¢e

QWZBXi, u=-e

2miBY; t = eZWi,B(iQ—ZmA) 2miBA
) = ) >

Yyj =¢

X;— X, +s, Y; =Y +s, U—-U-—s, 5 — +00. (4.28)

Finally, we consider the real mass deformation A — —oo, which in particular has the effect
of removing the lower part of the triangle in figure 17. This also makes the parameter +U

" \More precisely, at this level since the U(N) and U(M) symmetries are not gauged it is actually a
background BF coupling. Inside quivers in which the U(N) and U(M) symmetries are gauged it really
becomes an FI.

45 —



X| N

Figure 50. The symmetric By; block. Here and in the following figures, a parameter F' close
to a chiral corresponds to part of the argument of its contribution to the Sj partition function

Sb ( < — F + (non- Abehan))

appear as an FI parameter and produces a background CS level F1 for the U(N) and U(M)
nodes respectively. Removing all the exponential prefactors that are produced in the limit
except for those encoding the FI's, from the index (2.22) of the By block we recover the
S3 partition function (4.26) of the B block.

Note that we can also obtain the block B_1y by acting with —I on each side of By,
which can be expressed by the following identity:

NM) . 3 2 7
M (XY Usma) = ]{ dZy AWy AY(Z;ma) AR (W ma) A%% (ma) 1% (ma)

v (SN z, M wy M
e <ZZ:1 251 J> H H Sp < —ma + (Z; — W])>

i=1 j=1

. N M .\ N M .

= e_2mU<Zi:1X1 Zf':IYJ) [T11s <Z§2 —ma £ (X; — Y])> )

i=1j=1

which is simply Z((iV(,);W) (X', Y;-U; m ) where the sign of U is flipped.

The Bp1 block. To a (0,1)-brane with N D3-branes ending both on its left and on its
right we associated a single U(V) fundamental hypermultiplet, the By; block depicted in
figure 50. Similarly to the 4d Bg; block, we equip this with one copy of the Identity-wall to
give it a structure with two sets of U(NV) indices.

Its contribution to the S partition function is given by

N .
2 (XY Usma) = H ( —ma £ (X — U)) 13 (m.a). (4.30)

In analogy with what we did in 4d, it is useful to generalize this to a D5 suspended between
different numbers of D3-branes, say N D3’s on the left and M D3’s on the right. The
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Figure 51. The By; block.

associated partition function is given by

M .
N,M), 3. 1Q R
Z<(071) ((X;¥5U0ma) =] s (2—mA(N—M+1)i(Yj—U)) Xﬂ%{U(mA). (4.31)

j=1
Similarly to our previous discussion for the NS5 basic block, one can obtain the expres-
sion (4.31) for the S partition function of the By; block as a limit of that (2.24) for the 4d

index of the By; block with the identifications

T; = eZﬂ'i,@Xi’ y] — eQﬂ'iﬁi/j7 t — eZﬂ'i,B(iQ*QmA)’ u = eQﬂiﬁU’ (432)
followed by the real mass X; — X; +s, Y; = Y;+s, U —=U-+s, s— +00. We can
also introduce the block By_1 by acting with —I on each side of By, which results into
2 (XY U ma) = 200 (XY =Usma).

The Bi1 block. Finally, the QFT building block associated to a (1,1)-brane with N D3
branes ending on its left and M on its right is a U(/V) x U(M) bifundamental hypermultiplet
with the addition of background CS levels +1 and —1 respectively for the U(N) and the
U(M) global symmetries, which we will also call B1; block (see figure 51).

At the level of the sphere partition function we have

20 (XY Usma) = e (Zil XE-Ea Y’?) o (ZL X2 Yj)

N M :
X H Hsb <z§2 —mA:t(Xi—Yj)> , (4.33)

i=1j=1

which again can be obtained as the 3d limit of the 4d index (2.25) (with D — 400 in
addition to (4.28)) of the By; block after removing some of the exponential prefactors.

4.3 Basic duality moves

Having defined the 3d QFT blocks and the SL(2,7Z) operators, we are ready to present the
3d version of the basic duality moves that play a central role in the dualization algorithm.
We will get them as a limit of the 4d ones.

As in the 4d case all the basic duality moves for each SL(2,7Z) element can be obtained
from the S and T-dualization of a given type of QFT block, for example the By block, and
using the S? = —1 and (ST)? = 1 relations. In the 3d case all the relations and duality
moves can be derived by iterative application of the Aharony duality [44].
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Figure 52. The B_1p = SByi S~ duality move.

4.3.1 S-dualization

B_10 = 8Bp1S~ 1. The first duality move is the S-dualization of a (0, 1)-brane into a
(—1,0)-brane, a NS5, which we interpret as the field theory duality in figure 52.
This corresponds to the following identity of Sg’ partition functions:

N.M), 3 <
2N (XY Usma) (4.34)
N—-M Q 2 f
= H sp 0% —j(iQ — 2mA)> / <H dZJ(\/I) A?\f[l(Z(k)’mA)>
j=1 k=1
x 20 (%, 20) 20 (Z<1>; 20,42 - mA) ZM(ZO. Vi), (435)

where the partition function for the B_j1g9 block on the left hand side is given by that of
Bip with the FI parameter —U as shown in (4.29). This identity can be obtained as a limit
of the 4d one in (2.26) following the usual three steps. In the process we define the 3d

parameters as

T = e27r7,ﬁX¢’ _ A 2miBY; Z((zk) _ ezﬂ.lﬁz‘(‘ )7

t = e27ri5(iQ72mA), c= e27ri,BA u= e27TZ'5U' (436)

Then we consider the real mass deformation breaking all the symplectic groups down
to unitary:

Xi—= Xi+s, Yi—=Yji+s ZW 5zW 45 UsU+s, s—4o0.  (4.37)
Finally, the last step is the real mass deformation
A — —o0. (4.38)

It turns out that all the exponential prefactors produced in the first two steps perfectly
cancel between the two sides of the identity, while the only prefactor surviving in the last
step is the FI containing U that we included in our definition (4.29) of the B_j block, thus
providing a justification for it. In particular, it is crucial that all the factors involving the
parameters that we sent to infinity cancel, so to give a well-defined identity also in 3d.
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Figure 54. The By, = SB;_1S~! duality move.

Bo1 = SB1oS~ 1. We next consider the QFT analogue of the S-dualization of a (1,0)-
brane into a (0, 1)-brane shown in figure 53.

In this case, the associated partition function identity is

—»—;

Z(N) (X Y Us;ma) /dZ (1) dZ( )A3d(Z(1)>A3d( 7(2 )Z(N)(X,Z D.m 4)

(0,1)
N,N Q 22). &
x 215 (Z( AR mA> zM(ZP; ¥ ma).  (4.39)
This can be obtained as a limit of the 4d identity (2.27) that is completely analogous
to the previous duality move, now with A — +oco.

Bi1 = 8B1_1S87!. The last S-dualization we consider is the one relating a (1,1)-brane
and a (1,-1)-brane shown in figure 54.
At the level of the Sg’ partition function, this duality move is encoded in the follow-

ing identity:

2D (XY Usmg) = eV M>U2+”@/dz VA28 NH(ZD;ma) A (ZPm )
X Zé )(X;Z(l);mA)Z((f_Af))(Z( );Z(Q);U;m )Z (M)(Z(Q) Y- ma)
(4.40)
where
 N-My, , )
0="" [8m2 (V= M)* = 3(N + M) +2)
—4imaQ (2(N = M) = 3(N + M) +1) = Q* (2(N = M)? +1)] . (4.41)
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Figure 55. The By, = TBo1 7! duality move.
We have defined the contribution of the (1, —1)-brane, that is the By_; block, as
. i Mox2-SM vz oniv (SN x-S My
Z((fv,—{\)@(X;Y; Uymgy) = em(zp1 2= )e ™ (lel L= J)
N M iQ

< [T 11 s (2—mA:|:(XZ-—Yj)>. (4.42)

i=1j=1
Notice that this differs from the contribution of a (1, 1) for the fact that the CS levels are
inverted. The identity (4.40) again can be obtained as a limit of (2.29) with

Xi—» Xi+s, Yi—=Yi+s, ZP 2ZF s UsU—-s, VoaV4s s— 400
(4.43)

followed by A — —oo and D — 400 satisfying A + D — —oo, where V' here and below is
defined such that v = >3V, By looking at the result of the limit it is easy to check that
one of the two parameters U and V' is redundant, and we can take V' = 0 to obtain (4.42).
In other words, we can simply take V' — s — +00 in (4.43) to obtain (4.42).

4.3.2 7T -dualization

Bo1 = TBo17~!. A D5-brane is invariant under the 7-dualization as shown in figure 55.
Recalling that the inverse of T is given by 7! = STSTS, we find that this dualization
implies the following identity of Sj partition functions:

6
Z (XY Uma) = / (H dZy A?V@(Zﬂf);m)) ZI(X; 720 ma)
k=1

x Z((gf)(z(l); Z®,U;ma) 280 Z2®; 23 m4) 2N (20 70 m )

x 28020, 20 m ) 28 (Z9; 20,m4) 28020 ¥ m a)
(4.44)
We point out that this identity doesn’t have any additional prefactor thanks to the
fact that we defined the 7 generator in (4.20) with an extra prefactor. Again this can be
obtained as a limit of the corresponding 4d identity (2.32) with

X; = Xi +s, Y = Y +s, Z{t) o z(bed) g (.45
Z((15’6)—>Z(§5’6)—3, U—U+s, V—=s, §— +00 .
followed by A — —oco0 and D — +oo satisfying A + D — —oo. Note that the sign of
s for Z(>9) is flipped to obtain S rather than S~! directly. In addition, we simply take

V — s — 400 because V becomes redundant after the limit, as mentioned before.
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Figure 57. The Big = TB1_17T ! = TB1_1STSTS duality move.

]
<

=~

Bi1 = TB1o7 1. We now consider the T-dualization of a (1,0)-brane into a (1, 1)-brane.
Using again that 7! = STSTS this corresponds to the duality in figure 56.
At the level of partition functions we have the following identity:

6
2000 Fs0ima) = [aZ0 A im0 (H azy) A?\?(Z(k);mA)> 2%, 7m0
k=2

x 204 (20 2PUima) 280 (29 2% m ) 25 0(Z9: 29 3m a)
XZéM)(Z(4);2(5);mA)Z§-M)(Z(5);Z(G);mA)ZéM)(Z(6);?;mA),
(4.46)
which again can be obtained as a limit of the corresponding 4d identity (2.35) with
Xi > Xi+s, YioYi4+s 2Zbed 5 700 4
o s ¢ “ (4.47)

Z{58) 5 7200 _ s U—sU-s, Vs 5400

followed by A — —oo and D — 400 satisfying A + D — —oco. Again, we simply send
V — s — 400 to obtain the identity independent of V.

Bio = TB1_1T 1. Lastly, we consider the T-dualization of a (1,—1)-brane into a
(1,0)-brane, which corresponds to the duality in figure 57.
This translates into the identity

6
200 (XY Usma) = / dZy! AR (ZMima) (H dZyy A?&(Z<k>;m,4>) 2K 70 )
k=2

x 2NN (20 Z2P505ma) 280 (223 29)ma) 280(Z9); 29 m 0)
x 282D Z29;m ) 28029, 20 ;ma) 280 (70 Vimoa),

(4.48)

where we recall that the contribution of a (1, —1)-brane was defined in (4.42). Once again,
this identity can be obtained from the corresponding 4d identity (2.35) with the limit (4.47).
4.3.3 T7T-dualization

We also discuss below the basic moves involving the SL(2,Z) element 7' = —TST with

1

inverse (’TT)i =-8T8S.

~ 51 —



>
=
3
=]
=)
I}
>
=]
X
D
+

Figure 58. The Bi1 = T By (7-T)71 = TSTBy1STS duality move.
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Figure 59. The Big = 77 B (7'T)71 = TSTB1pSTS duality move.

-1
Bi1 = TTBon (7'T) . The T7T-dualization of a (0,1)-brane into a (1,1)-brane corre-
sponds to the duality in figure 58.

We then have the following identity of Sg’ partition functions:

(XY Usma)
' , N-M )
_ e17r(]\/7]\4)U —im© H sp (22 —j(lQ _ 2mA))
7j=1
/(H A2 A Z®);m ) (H dZ®) 370D )
k=4
X Z(T N=X, 20, ma) 282D, 2@ m 4) 2 (Z3: 73 m

(01 ( AL Uzg—mA>Zé )(Z<4>;Z(5>;mA)Z(TM>(g(5>.2(6);%)

M) (Z©) ma), (4.49)
where we recall that © was defined in (4.41). Note that we have inserted the extra signs of
—X and —Y on the right hand side, which reflect the minus sign of 77 = —T ST and its

inverse. This identity can be obtained, as usual, as a limit of (2.36) with

X; — X; — s, Y; =Y — s, ZL )y Z(Let) g

4.50
Zl§5’6) — Zé5’6) — s, U—U+s, V —s, 5 — +00 (4.50)

followed by A — —oo and D — 400 satisfying A + D — —o0.

-1
Bio = TT'Bio (TT> . A (1,0)-brane is transparent under the T7-dualization, which is
translated into the non-trivial duality in figure 59.
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Figure 60. The By_, = T7B1_, (7'/1“)_1 duality move.

The associated Sg? partition function identity is

200 (XY Usma)
— efmr(N M)U?—in@®'
3 ik R 6 ~(k .
X / (H dZ}V)A%(Z(’f);mA)> (H SV A%(Z(M%mA))
k=1 k=4

x ZP(=X: 205 ) 280 (20 79 ;ma) 28022 295 0)

x 2002 20, Uma) 280 (29 20,ma) 280 (29, 20 m.4)

x ZM(ZO); —Vmy), (4.51)

where we defined
N-—-M
12

o = (iQ — 2ma)* [(N = M)* — 1] . (4.52)
This identity can be obtained as a limit of (2.37) with

Xi— Xi+s, Yi—=Yi+s, 2020 s,

4.53
Zk>D o ZzD L U U—s, Vs, s— 400 (453)
followed by A — —oo and D — o0 satisfying A + D — —o0.

-1
Bo_1=TTBi_1 (’TT) . Lastly, we consider the 77-dualization of a (1, —1)-brane into

a (0, —1)-brane, or D5, which corresponds to the duality in figure 60
At the level of S} partition function we have the following identity:

T I
XZ(N)( ();Z(z);mA)Zé-N)(Z(Q);Z(S);mA)

(1-1
x 2079, 70, m ) 2820~V ma) (4.54)

x B (Z(3);Z(4);U;i§ _ mA) ZM(ZD; Z6); )

where Z((év’_]\f)) (X;?; Uymgy) = Z((évl?/[) ()Z';?; —U;my), which we obtain from the corre-
sponding 4d identity (2.38) with the limit (4.53).
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Figure 61. The HW duality move in 3d.

4.4 The Hanany-Witten duality move

As we stressed many times, the algorithm to dualize a quiver into its mirror dual works
exactly in the same way in 4d and in 3d. In particular, also in 3d we might end up with a
theory in which some operator has a non-trivial VEV after we dualize the blocks of the
chopped quiver via the basic duality moves. This will happen every time we start from a
quiver with gauge nodes of unequal ranks, and it is the manifestation of the fact that in the
brane setup after applying S-duality we have D5-branes with different numbers of D3’s on
the left and on the right. One then has to reorder the branes using Hanany-Witten (HW)
moves until we reach the situation in which all D5-branes have an equal number of D3’s
on the left and on the right. In such a situation we are able to read off the mirror dual
quiver gauge theory. In field theory this operation amounts to studying the aforementioned
VEVs. In section 3, we have seen three equivalent ways of studying these VEVs. One of
these was a duality that realizes the HW move in the field theory language. In order to
complete the algorithm we then need an analogous duality in 3d. The 3d HW duality move
is given in figure 61.

We can obtain the corresponding partition function identity by studying a limit of the
index identity (3.1) associated to the 4d HW move duality, which is realized by

Xi—=Xi+s, Yj=Yj+s, Zs—Zy+s, U—=U-s, V=V+s s—=+00
(4.55)
followed by A — —oo. Then this limit results in the following 3d partition function identity
for N > M > 0 as consistent with the S-rule:

/ SATEN APt (X'; Z:U; z% - mA> A (ma)

leijlsb(if—(Q—mA)<M—L+1>i<19—V>)

= e 2TV g, (—zg + (N — M +1)(iQ — 2mA)>

L

X H sb< zf+2mAﬂ:(X X)) I1 5b<i§—2mAi(Yi_Yj))

3,j=1 i,j=1

/dZ A¥(Z ﬁ ,,(ig—(@—m )(N—M+1)i(2j—V)>

=1

x T (ma) ((1MO)L> (Z V.0 —'mA> . (4.56)
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Figure 62. The HW brane move swapping NS5 (a solid vertical line) and D5 (a crossed circle),
where M = N+ L —- M + 1.
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Figure 63. The HW brane move swapping NS5 (a solid vertical line) and (1, %) (a dashed vertical
line), where M = N + L — M + |k|, which in field theory is realized by a local application of the
Giveon-Kutasov duality.

This encodes in field theory the Hanany-Witten move that swaps a (1,0) with a (0, 1)-
brane as shown in figure 62, where before the transition we have N-D3 branes on the left
of the (1,0), M D3-branes between the (1,0) and the (0,1)-brane, and L D3-branes on
the right of the (0, 1), while after the transition we have N D3-branes on the left of the
(0,1), M D3-branes between the (0,1) and the (1,0), and L D3-branes on the right of the
(1,0). One can also consider HW moves swapping a (1,0) and a (1, 1)-brane as shown in
figure 63. These moves are not strictly necessary, since we can read off a gauge theory
from the brane setup even if we have (1, 1)-branes with a different number of D3’s on each
side. Nevertheless, this is still interesting since the two equivalent brane configurations
before and after the HW move are usually associated with distinct gauge theories, leading
to a non-trivial IR duality. In field theory, this amounts to using the Giveon-Kutasov
duality [104] to dualize the gauge node associated with the D3-branes suspended between
the (1,0) and the (1,1)-brane involved in the HW move.

The Giveon-Kutasov duality relates a 3d N' = 2 U(N,);, theory with Ny fundamental
flavors Q*, Q;, i =1, - Ny and no superpotential, YW = 0, to a U(N¢ + |k| — N.)_, theory
with N; fundamental flavors g;, d, N]% gauge singlets M ]’ and superpotential W=M ;q,;cjj.
The reason why we can apply this duality is because the node of the quiver that we want
to dualize has a non-zero CS level due to the presence of the (1,1)-brane, which makes
the N = 2 adjoint chiral in the A/ = 4 vector multiplet massive so that at low energies we
have an effective NV = 2 theory with only fundamental flavors and a quartic superpotential.
The identity of the Sg’ partition functions associated with the Giveon-Kutasov duality
is [105, 106]

— 3d 5 ik Ne¢ 72 . N 7 Ne Nf Q n
[z ax G S A S AT [T (25 2 )
i=1a=1
. Ny
=5 (92750 T s, <ZC§2 — g - ub)
a,b=1
= o Nl o . N, N¢ Ny
X /dZNé A'?Vdé(Z)eZkﬂZizl Z; +7T“72i:1 Zi H H Sp (¢ZZ- + /L(:lt) , (4.57)
i=1a=1
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where k£ > 0 and

N N
¢=k (Z:jl ((@)2 - (u;f) - ka (k—2N}) + %172 - i@kgjl (s + 1)
Ny 1 Ny 2
0> (ud —na ) + 5 (iQNé =3 (w4 u;)) (4.58)
a=1 a=1

where pf are the real masses for the U(Ny) x U(Ny)/U(1) flavor symmetry.

Notice the exponential prefactors that can be interpreted as contact terms for the global
symmetries [107, 108]. These are crucial since inside a quiver such symmetries are actually
gauged, and the contact terms induce CS couplings for the gauge nodes that are adjacent
to the quiver we dualized. This is expected from the brane perspective, since moving a
(1,1) through a (1,0) not only affects the CS level of the gauge node associated to the D3’s
suspended between them by changing its sign, but also those of the nodes associated to the
adjacent intervals. Moreover, the gauge singlets produced with the duality might give mass
to/produce adjoint chiral fields for the adjacent nodes, again compatibly with the fact that
their CS levels change after the dualization.

In the next section, we will encounter the 4d analogue of the Hanany-Witten move
between a (1,0) and a (1,1)-brane. Also in that case the theories before and after the
transition can be related by a simple dualization of the relevant gauge node in the quiver,
but in 4d the basic duality will be once again the Intriligator-Pouliot duality. This is
compatible with the fact that the Giveon-Kutasov duality in 3d can also be obtained from
the Intriligator-Pouliot duality in 4d.

5 Duality webs

In this section we apply the algorithm to construct a web of dualities for an SQCD example
both in 4d and in 3d.

5.1 4d PSL(2,7Z) duality web

Using the PSL(2,Z) duality moves we introduced in section 2 we construct the web of
dualities in figure 64. We start from the SQCD with N, = 2 and N; = 4, which we call
Theory A and depict in the upper left corner of the figure, and sequentially apply different
duality moves corresponding to S, (T7)~!, S, and T~! to reach the other corners of the
diagram. Theory B is the mirror dual of Theory A, i.e. its S-dual. Theory C] is obtained
by acting with (T?)~! on Theory B. In addition to C; we have two extra frames, Cy and
C3 shown in figure 65, which are obtained by IP dualizations. Theory D is obtained by
acting with S on C (or Co, or C3) and the web closes by acting with T~! on Theory D to
go back to Theory A, since S(TT)~1ST—! = S(STS)ST~! = 1.

We have already discussed in details the S-dualization of the SQCD for generic N, and
Ny in subsection 3.1, so in figure 66 we just briefly summarize the resulting mirror duality
for the particular case N. = 2 and Ny = 4.

Let us now focus on how to get the other dual frames by sequential duality moves. In
figure 67 we show how Theory Cj is obtained by taking the (T?)~!-dualization of Theory
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X singlets

Figure 64. A PSL(2,Z) duality web for the 4d SQCD with N, = 2 and Ny = 4. The theory C;
has extra singlets that we specify in figures 67 and 68.

B. We first chop Theory B into the QFT blocks. Notice that, as shown in the figure, the
nodes that we are un-gauging have an antisymmetric field with charges corresponding to
pq/t. Similarly the QFT blocks Bjg and By appearing have ¢t — pg/t w.r.t. their definition
in section 2. We then dualize each block using the basic (T?)~! = (STS)-moves (the inverse
of the TT-moves in section 2.3) and we glue them together. Since we dualize QFT blocks
where ¢ is replaced by pq/t, the S-walls appearing in figure 67 are defined with ¢ — pq/t,
and we color them in orange to emphasize this replacement. Lastly, we recognize the several
identity walls corresponding to T7(T?)~! = 1 as in figure 10 and finally reach Theory Cj,
which is the desired (T7)~!-dual theory.

The C5 and C3 theories can be obtained, as depicted in figure 68, by applying the IP
duality to the gauge nodes colored in red, which do not have antisymmetric fields.

This operation can be regarded as the 4d field theory analogue of swapping an NS5
and a (1,1)-brane. In this case, as opposed to the swapping of NS5 and D5-branes, it is
possible to read off a gauge theory from the brane system both before and after the move,
which results in equivalent, i.e. IR dual, theories.

We then can S-dualize each one of these theories to reach Theory D. Let’s start with
theory C4, which we chop into QFT blocks as shown in the upper part of figure 69. We
dualize each block using the basic S-moves in figures (2.26) and (2.29). Then we glue them
together to get Theory D after the Identity-walls are implemented. One can similarly show
that the S-dualization of Co and Cj yields again Theory D.
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X singlets

Figure 66. Theory A S-dualized to Theory B.

One should note that Theory D is actually the same field theory as Theory A but
realized in terms of By blocks rather than with By blocks (if we keep track of the trivial
rank-zero nodes and the SU(2), node attached to them) Although Theory A and Theory D
already coincide as field theories, we still implement the T~!-dualization of Theory D. As
we saw in section 2, under T~! the By; block is transparent while the By block is turned
into a Big so that we indeed expect to obtain Theory A from Theory D. As shown in
figure 70 we chop Theory D into QFT blocks, dualize each block using the basic T~ !'-moves
and glue them together. We now recognize the Identity-walls corresponding to T™'T =1
and after implementing them we obtain Theory A, closing the duality web.
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Figure 68. The (77)~! dual C; of Theory B and the IP dual frames Cs, Cs.

5.2 4d operators map

It is worth studying the symmetry and the operator map of the theories to better understand
how the duality web works. The global symmetry in the IR is given by

USP(8), x USp(4), x U(1); x U(1),. (5.1)

However, this symmetry is not fully manifest in all the frames. The manifest UV symmetry
in each dual fame is given as follows:

A: USp(8); x SU(2)y, x SU(2)y, x U(1); x U(1),, (5.2)
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Figure 69. Theory C7 S-dualized to Theory D.

B: ﬁ SU(2)4; x USp(4)y x U(1); x U(1)., (5.3)
i=1

C; : ﬁ SU(2), x SU(2)y, x SU(2)y, x SU(2), x U(1)g x U(1)s x U(1)., (5.4)
i=1

D: USp(8), x SU(2),, x SU(2)y, x U(1): x U(1).. (5.5)

Notice that C;, Cy, and C5 have an extra U(1)y x SU(2), symmetry, which doesn’t
appear in the other frames. By the duality we then expect this not to be a faithful symmetry
in the IR, i.e. it acts trivially on the spectrum of the theory. In consistency with this claim,
we checked that all the anomalies involving these symmetries vanish. Namely, we have
checked that

TrSU(2)2U(1), =0 (5.6)
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USp(8). x SU(2)y, x SU(2)y, U()r U(1), U(L).
Tr P? (27,1,1) 2 -1 0
Tr PL (8,2,1) 1 -1/2 1
T (8,1,2) 1 -1/2 1
Tr LR (1,2,2) 0 1 0
Tr A (1,1,1) 0 1 0

Table 1. Gauge invariant chiral operators in Theory A = Theory D.

for any abelian symmetry U(1),, and the other anomalies involving SU(2), trivially vanish.
Moreover, we have checked that the linear and cubic U(1)g anomalies, calculated assuming
mixing with all the abelian symmetries, are independent from the mixing with U(1)g, which
implies that all the anomalies involving U(1), vanish.

We next construct some gauge invariant operators and explain their symmetry group
representations and how they are mapped under the duality web. Firstly let us construct
operators in Theory A, which is the same as Theory D. Specifically, we list five types of
operators in table 1, which combine to form representations of the enhanced USp(8), x
USp(4), symmetry in the IR.

The operators rearrange into representations of the full enhanced symmetry according
to the following branching rules for USp(4), — SU(2),, x SU(2)y,:

TrLR, TrA — (1,2,2)®(1,1,1) = (1,5), (5.7)
TrPL, = — (8,2,1)®(8,1,2) = (8,4), (5.8)
Tr P2 — (27,1,1) = (27,1). (5.9)

For Theory B we consider the operators that are listed in table 2.
Again they combine into representations of USp(8), x USp(4), according to the following
branching rules of USp(8), — [1_; SU(2).,:

P2 — (1,1,1,1,5) = (1,5), (5.10)

(2,1,1,1,4)©(1,2,1,1,4)

T 9(1,1,2,1,4) @ (1,1,1,2,4) (5.11)

Tr PR2 5 Tr PQ2’3R3

= (874)?
(2,2,1,1,1)®(2,1,2,1,1)
Tr LlRl 3 Tr L1Q1,2R2 5 Tr L1Q1,2Q2,3R3 ) @(27 ]-a 17 27 1) @ (15 2, 27 ]-a 1)
TI‘LQRQ, TI‘LQQQ’,?)RQ, TI'L3R3, — @(1,2,1,2,1)@(1,1,2,2,1)
TrA;, Tr Ay, Tr As ®(1,1,1,1,1) ® (1,1,1,1,1)
&(1,1,1,1,1)
— (27,1). (5.12)

We then consider the operators of theory C that are listed in table 3.
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[Ti-1 SU(2)a, x USp(4)y U()r  U(L)e U(1)c

Tr P? (1,1,1,1,5) 0 1 0
T (2,1,1,1,4) 1 -1/2 1

T2 (1,2,1,1,4) 1 -1/2 1

Tr PRy (1,1,2,1,4) 1 -1/2 1
TI'PQ273R3 (1,1,1,2,4) 1 —1/2 1
TI‘LlRl (2,2,1,1,1) 2 -1 0
TrLlQLQRQ (2,1,2,1,1) 2 -1 0
Tr L1Q12Q23R3 (2,1,1,2,1) 2 -1 0
Tr LoRy (1,2,2,1,1) 2 -1 0
TI‘LQQQ’:}RQ (1,2,1,2,1) 2 -1 0
Tr L3 R3 (1,1,2,2,1) 2 -1 0
Tr Ay (1,1,1,1,1) 2 -1 0
Tr Ao (1,1,1,1,1) 2 -1 0
Tr As (1,1,1,1,1) 2 -1 0

Table 2. Gauge invariant chiral operators in Theory B.

[1;=1 SU(2)s; x SU(2)y, x SU2)y, U(M)r  U(1): U()e
Tr L1 Ry (2,2,1,1,1,1) 2 1 0
Tr L1Q1,2Q2,3Q3 4R (2,1,2,1,1,1) 2 -1 0
Tr L1Q1,2Q2,3Q34Q45Rs5 (2,1,1,2,1,1) 2 -1 0
Tr L2Q2,3Q3,4 R4 (1,2,2,1,1,1) 2 -1 0
Tr LoQ2,3Q3,4Q4,5 5 (1,2,1,2,1,1) 2 -1 0
Tr L5 Rs (1,1,2,2,1,1) 2 1 0
T3 (2,1,1,1,2,1) 1 12 1
2.3 (1,2,1,1,2,1) 1 12 1
T4 (2,1,1,1,1,2) 1 12 1
o4 (1,2,1,1,1,2) 1 12 1
Tr L3Q3 4Ry (1,1,2,1,2,1) 1 -1/2 1
Tr L3Q34Q45R5 (1,1,1,2,2,1) 1 1/2 1
Tr Ly Ry (1,1,2,1,1,2) 1 12 1
Tr LyQ4 55 (1,1,1,2,1,2) 1 -1/2 1
Tr Ly Rs (1,1,1,1,2,2) 0 1 0
Tr A, (1,1,1,1,1) P 1 0
Tr As (1,1,1,1,1) 0 1 0
Tr As (1,1,1,1,1) 2 1 0
TrQ3;=TrQ3, (1,1,1,1,1) 2 -1 0

Table 3. Gauge invariant chiral operators in Theory C; and their charges under the faithful sym-

metries.
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Notice that these operators transform trivially under U(1)4 x SU(2),, in accordance
with the expectation that this symmetry is not faithful in the IR.'? Again they can be
arranged into representations of the full enhanced symmetry according to the following
branching rules of USp(8), x USp(4), — [I_1 SU(2)s; x SU(2),, x SU(2),,:

TrLsRy, TrAs — (1,1,1,1,2,2)®(1,1,1,1,1,1)

= (1,5), (5.13)
(2,1,1,1,2,1) @ (1,2,1,1,2,1)
71,3 71’273, 1,4, 71'274, TI‘L3Q374R4, . @(2,1, 1, 1,1,2) D (1,2,1, 1, 1,2)
Tr L3Q3,4Qa 55, Tr LyRy, Tr LyQ4 55 ®(1,1,2,1,2,1) ®(1,1,1,2,2,1)
®(1,1,2,1,1,2) @ (1,1,1,2,1,2)
= (8,4), (5.14)

2,2,1,1,1,1)& (2,1,2,1,1,1
Tr LRy, Tr L1Q1,2Q23Q34Ry ( )& )

®(2,1,1,2,1,1)$(1,2,2,1,1,1
T laGa0a30aaQuss, rlalaalsate, EBEI 2,1,2,1 13 ® El 1,2,2,1 1;
TrL2G2sQsaQus s, Tr Lslis, @(17 1’ 1’ 17 1’ 1)o (1’ 1’ 1’ 1’ 1’ 1)
TA’I‘I'ATQZ’I‘I-Q 7Y Ty Ty ) g Ly Ly Ly Ly
rap, 5 FQQ,S Q3,4 @(1,1’171,1’1)
= (27,1). (5.15)

From the above identification of the USp(8), x USp(4), representations, we can easily
find the map of operators under the duality web as follows:

(LR, Tr A}, p ¢ {TrPZ}B & {Tr LyRs, Tr Az} ¢, (5.16)

T1,3,72,3,M1,4,72,4,1r L3Q3,4R4,
{Tr PL R W}A,D > {ﬂ'l ,m2, Tr PRa ,TrPQz,sRs}B < {TrL3Q374Q475R5 ,Tr LyR4 , Tr L4Q4 5 R5 o ’
(5.17)
9 TrLiRy, TrL1Q12R2,Tr L1Q1,2Q2 3R 3,
{TrP } N Tr Ly Ry, Tr LoQs 3 Ra , Tr Ly R
A,D Tr A;, Tr Ay, Tr As B
Tr L1Q1,2Q2,3Q3,4Q4,5R5 , Tr L2Q2 3Q3 4Ry,

Tr L2Q2,3Q3,4Q4,5R5 , Tr LsR5,
Tr Ay, Tr As 7TrQ%13:TrQ§ 4

TrL1R1,TrL1Q1,2Q2,3Q3,4 R4,
{ } (5.18)
C1

The existence of these operators can also be confirmed by computing the supersymmetric
index in a power series. For example, we have evaluated the indices of Theory A = D and
Theory B as follows:

Ta=Tp=Tp=1+(pq)5t ¢+ 5,(pg) 7t + 8,4, (pg) Bt~ 2c + (pg) it~ 2c
+(pg) 2T+ 27,0 (pg) T+ (5.19)

12There are still gauge invariant chiral operators that we can in principle construct which are charged
under U(1)q x SU(2),, but they are expected to vanish in the chiral ring by consistency with the operator
map implied by the duality.
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and found a perfect match as expected. In the index expansion, m, and n, denote
the characters of the representations of dimensions m and n of USp(8), and USp(4),,
respectively, and we have used a trial R-charge defined as follows:

6 1
Rtrial =R+ ?Qt + ch (520)

where R is the R-charge shown in the tables, and @Q; and Q. are the U(1); and U(1). charges,
respectively. The mixing coefficients are chosen for convenience of the computation.

The three sets of the operators we explained correspond to the third, fourth, and
seventh terms of the expanded index. In addition, there are other terms only charged
under the Abelian symmetries. For example, the second term corresponds to a singlet
flipping the dressed meson TrAL? in Theory A, which turns out to decouple in the IR by
the a-maximization. If we call this operator 31, the fifth term is 37, whereas the sixth term
corresponds to TrR?. Their counterparts in Theory B can easily be identified. The second,
fifth, and sixth terms correspond to TrL?, (TrL%)z, and the singlet flipping TrR% in Theory
B, respectively.

For Theory C;, on the other hand, the computation of the index is more complicated.
We have evaluated the index of Cy up to (pq)% with the simplification z; = y; = 1, which
agrees with the index from the other dual frames (5.19). Moreover, we have found that this
partially unrefined index of Theory C; there is no dependence on the fugacities v and d for
the SU(2), x U(1)4, which again confirms our expectation that this symmetry acts trivially
in the IR.

The operators of Theory Cy and Theory Cs, some of which are listed in table 4, combine
similarly to form representations of the IR USp(8), x USp(4), symmetry.

5.3 3d SL(2,Z) duality web

In 3d, starting from the ' = 4 SQCD, we can build an analogous duality web by acting
with the SL(2,Z) basic moves. The 3d version of the web is shown in figure 71 together
with the brane systems (see figure 72 for the charge assignments of the fields). Notice
that we move from frame C to Cy and Cs by applying the Giveon-Kutasov duality which
implements the HW moves exchanging NS5 and (1,1)-branes in the brane setup, similarly
to what we did in 4d using the IP duality instead.

The frames C 23 correspond to theories with CS couplings. Notice in particular that
in the first two frames when we integrate out the massive adjoint at the nodes where the CS
coupling is turned on, a quartic superpotential for the bifundamentals is generated. These
quartic superpotentials preserve the U(1)4 symmetry which becomes part of the larger
R-symmetry group since all these frames have enhanced N = 4 supersymmetry as expected
by the duality.

We can reach the 3d web in figure 71 from the 4d web in figure 64 taking the limit:

Xi—=Xi+s, Y=Y +s, Zy—Z,+s, V-=V4s, s— 400 (5.21)

followed by A — —oo. Alternatively we can apply the 3d dualization algorithm. We
illustrate below the dualization from of theory A into B. In the first row of figure 73 theory
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[1;=1 SU(2)s; x SU(2)y, xSU2)y, U(M)r  U(1): U()e
Tr L1Q1 2 R (2,2,1,1,1,1) 2 1 0
Tr L1Q1,2Q2,3R3 (2,1,2,1,1,1) 2 -1 0
Tr L10Q1,2Q2,3Q034Q45R5 (2,1,1,2,1,1) 2 -1 0
Tr Ly Ry (1,2,2,1,1,1) P 1 0
Tr L3Q34Q45Rs5 (1,2,1,2,1,1) 2 1 0
Tr L4Q4,5R5 (1,1,2,2,1,1) 2 -1 0
o (2,1,1,1,2,1) 1 12 1
s (2,1,1,1,1,2) 1 12 1
T35 (1,2,1,1,1,2) 1 12 1
T4 (1,1,2,1,1,2) 1 12 1
Tr Ly Ro (1,2,1,1,2,1) 1 12 1
Tr LoQa 313 (1,1,2,1,2,1) 1 -1/2 1
Tr LoQ2,3Q34Q4,5R5 (1,1,1,2,2,1) 1 1/2 1
Tr L5 Rs (1,1,1,2,1,2) 1 12 1
Tr LoQ2 303,44 (1,1,1,1,2,2) 0 1 0
Tr As (1,1,1,1,1) p 1 0
TI“Q%Q (1,1,1,1,1) 2 -1 0
Tr Qi 5 (1,1,1,1,1) 2 1 0
TrQ3; =TrQ3, (1,1,1,1,1) 0 1 0
Tr Lo Ry (2,2,1,1,1,1) 2 1 0
Tr LyQ23R3 (2,1,2,1,1,1) 2 -1 0
Tr LoQ2,3Q3,.4 R4 (2,1,1,2,1,1) 2 1 0
Tr LyRs (1,2,2,1,1,1) 2 1 0
Tr LsQs 4 R4 (1,2,1,2,1,1) 2 1 0
Tr Ly Ry (1,1,2,2,1,1) 2 1 0
a6 (2,1,1,1,1,2) 1 12 1
T30 (1,2,1,1,1,2) 1 12 1
a6 (1,1,2,1,1,2) 1 12 1
56 (1,1,1,2,1,2) 1 12 1
Tr L1 Ry (2,1,1,1,2,1) 1 12 1
Tr L1Q12R2 (1,2,1,1,2,1) 1 -1/2 1
Tr L1Q12Q23R3 (1,1,2,1,2,1) 1 1/2 1
Tr L1Q1,2Q2,3Q3 414 (1,1,1,2,2,1) 1 -1/2 1
Tr L1Q1,2Q23Q34Q45R5 (1,1,1,1,2,2) 0 1 0
Tr A, (1,1,1,1,1) 2 1 0
Tr As (1,1,1,1,1) P 1 0
Tr Ay (1,1,1,1,1) 2 1 0
TrQF ;11 (1,1,1,1,1) 0 1 0

Table 4. Gauge invariant chiral operators in Theories Cy (the upper box) and C3 (the lower box).
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Figure 71. A 3d SL(2,Z) web with the corresponding brane setups, where NS5, D5, and (1,1)-
branes are denoted by a solid vertical line, a crossed circle, and a dashed vertical line, respectively.

The FI parameters at each gauge node are denoted in green.
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Figure 72. The charge assignment for the 3d SL(2,Z) web.

A is chopped into QFT blocks. Applying the basic moves in figure 52 and 53 we get the
dualized theory in the second row of figure 73. Notice that, for the leftmost block, we
apply the duality move in figure 52 with a Cartan’s reparametrization such that S — S~1
and viceversa (if one does not implement such a reparametrization, the first and second
blocks would glue with SS rather than as SS~!). Now, as shown in the third and fourth
row of figure 73, we can propagate the VEVs on the two sides of the quiver using the
Hanany-Witten move in figure 61. After these two iterations, we land on the theory B
shown in the last row of figure 73.

5.4 3d operators map

It is interesting to see how the operator map works in the 3d case to better understand the
web of dualities. The global symmetry group of the three theories in the IR is!3

SU4)x x SU2)y x U(1) 4, (5.22)

13Notice that the unfaithful 4d SU(2), symmetry leaves its remnant in 3d as a v-shift of FI parameters,
which however can be compensated by a shift of gauge fields. Thus SU(2), in 3d already disappears in the
UV description.
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SUM4)x x T2 U()y, U()a U()g
Tr PP (15,0,0) 2 0
Tr A (1,0,0) -2 2
M) (1,1,-1) -2 2
M) (1,-1,+1) -2 2

Table 5. Gauge invariant operators in Theory A = Theory D. We denote by M(F) = pf({+1,0})
the fundamental monopoles of the U(2) gauge group.

but the UV manifest symmetries in the theories of the web are the following:

U@x I U0y,
uw © U
N——
SU4)x
U@y i U0)x,
um o)

———’
SU(2)y

LUy, T Uy,
U(1) U(1)
where we are using the parametrization of the various symmetries that we obtained from
the algorithm and that is specified in figure 72, but we should remember that is an off-shell
parametrization in 3d and that we should decoupled a diagonal U(1) both from the X and
from the Y symmetries. In the following we will keep the off-shell parametrization since it

A=D:

x U(1)4, (5.23)

x U(1)4,

Ci : X U(l)A7

makes it easier to identify how the operators rearrange into representations of the enhanced
symmetry and to map them across the various frames.

We now analyze each theory discussing its symmetries and the gauge invariant operators
with the lowest dimension. Notice that operators with charges (iQQ — 2m4) or 2m 4 have
R-charge 1 when we set the canonical parameterization my = %, which is the lowest
R-charge possible in an interacting 3d N = 4 theory.

Let us start from Theory A, which is equivalent to Theory D. The manifest global
symmetry group is given by

U(4§( =1 Uy, U (5.24)

U1 Uu()

2 U@y,
where Uélgf = SU(4) x is the flavor symmetry, while % is the topological symmetry

associated to the U(2) gauge node. The lowest dimension gauge invariant operators are
listed in table 5

Notice that the U(2) gauge node is balanced so according to [62] the topological

symmetry is enhanced to —Tm SU(2)y. In fact some of the operators in table 5
combine to form representations of the IR global symmetry SU(4)x x SU(2)y and provide
the moment maps for it:

PP — (15,00 = (15,1), (5.25)
™A, MF) — (1,0,00®(1,1,-1)® (1,-1,1) = (1,3). (5.26)
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SUQR)y xIIiLi U(Dx, UMa U(g
Tr PP (3,0,0,0,0) -2 2
Tr A, (1,0,0,0,0) 2 0
Tr Ay (1,0,0,0,0) 2 0
Tr As (1,0,0,0,0) 2 0
ME00) (1,£1,7F1,0,0) 2 0
M(0:£0) (1,0,+1,¥1,0) 2 0
M00.%) (1,0,0,%1, F1) 2 0
MEE0) (1,+1,0,F1,0) 2 0
MOEE) (1,0,%1,0,F1) 2 0
M&EE) (1,+1,0,0,F1) 2 0

Table 6. GCauge invariant operators in Theory B. We used the convention M (&F++) —
MELAELOLED for the fundamental monopoles of the U(1) x U(2) x U(1) gauge groups.

Notice that only the off-diagonal combination U(1)y, — U(1)y, acts non-trivially and is
the one that is enhanced to SU(2)y, while the diagonal combination U(1)y, + U(1)y, acts
trivially and should be decoupled as we previously mentioned.

In Theory B the manifest symmetry is

U@y | T4 U,
U() Q)

x U(1) 4, (5.27)

4
where UL%;” = SU(2)y is the flavor symmetry, while W after decoupling a diagonal

U(1) is a combination of the topological symmetries of the three gauge nodes which we
parametrize as sepcified in figure 72. We consider the operators in table 6, which have the
lowest scaling dimensions and will provide the moment maps for the enhanced symmetry.

All the gauge nodes are balanced, so the three topological symmetries get enhanced

4
to W — SU(4)x. The operators combine to form representation of the IR global

symmetry SU(4)x x SU(2)y as

(1,£1,¥%1,0,0)®(1,0,+1,F1,0)®(1,0,0,+1,F1)
@©(1,£1,0,%1,0)®(1,0,£1,0,F1)®(1,4£1,0,0,,F1)
@(1,0,0,0)®(1,0,0,0)$(1,0,0,0)®

M(i,0,0) M(O,i,O) M(0,0,i)
M(i,i,0)7 M(O,i7i), M (EEE) —
T‘I’Al, ’I‘lI‘le7 T‘I'Ag

= (15,1),
5.28)
PP — (3,0,0,0) = (1,3). (5.29)
In the three C; theories the manifest symmetry is
2
;1:1 U(]')Xi Hj=1 U(I)Yj U(l)A (5.30)

X
U(1) U(1)
where all the symmetries, except for the axial symmetry, are topological. The central node

. [T, vy, :
is balanced, so we expect the enhancement W — SU(2)y. On the other hand, if we
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L U(x, x5, U(Dy, UMa U(Dg

Tr A, (0,0,0,0,0,0) 2 0

Tr A (0,0,0,0,0,0) -2 2

Tr As (0,0,0,0,0,0) 2 0
Tr(Q2,3@2,3) (07070303070) 2 0

M (F:0,0,0,0) (+1,71,0,0,0,0) 2 0

M (0:0:£,0,0) (0,0,0,0,+1,F1) -2 2
M(0,0,0,0.%) (0,0,%+1,7F1,0,0) 2 0

M 00, 303 4 (1,0,—1,0,0,0) 2 0
ME=7790Q53Q3.4 (-1,0,1,0,0,0) 2 0
MEHH+H1) Q) 3Q34 (1,0,0,—1,0,0) 2 0
M= Q23Q34 (— 100100) 2 0
M(0+++0 Q23Q3.4 (0,1,-1,0,0,0) 2 0
MO===90Qy3Q34 (0, 1 1,0,0,0) 2 0
MO+++1) Q5 3Q34 (0,1,0,—1,0,0) 2 0
MO==77)Q03Q34 (0,-1,0,1,0,0) 2 0

Table 7. Gauge invariant operators in Theory C;. We used the convention M (F++++) —
MELAELORAELO0FAFL.01£1) for the fundamental monopoles of the U(1) x U(2)? x U(1) gauge groups.

look at the other gauge nodes, since they have non-zero CS level, their monopoles are not
gauge invariant and have to be dressed with bifundamental fields. The lowest dimension
gauge invariant operators of Theory C; are listed in table 7.

These operators rearrange into the representation of the IR global symmetry SU(4)x x
SU(2)y as follows:

Tr Ay, TrAs
Tt (Qsalaa) (0,0,0,0,0,0)@(0,0,0,0,0,0)
ME0000) 17(0.000.%) (0,0,0,0,0,0)
MCA+ 05, o5, M0y 40s —> @(£1,%1,0,0,0,0)a(0,0,0,0,+1,F1)
f2stesa, MU 33, @(£1,0,%1,0,0,0)8(£1,0,0,F1,0,0)
MEHEF 0 5Qs0, M7 7)Q230Qs. 0.,+1,71,0,0,0)@®(0,41,0,71,0,0
MOFHF0Q) 3Q3.4, MO—=79Q03Q34 (0.£1,51,0,0,0)®(0,£1,0,51,0,0)
233,40 — (15.1
M(0’+v+v+»+)Q273Q3,4,M —— )Q273Q374 (15,1),
(5.31)
e 40000y, (0:0,0,0,0,0)®(0,0,0,0,%1, 1)
5 = (1,3).
(5.32)

After we have grouped operators in representations of the IR symmetry group it is easy to
see that they are mapped as follows:

TrAq, TrAs
T‘T(Qz‘sazs)
) MEO0) 1720 170.0,2) M(£:0.0.0.0)] M(()OOOi)
{TrPP}ADH {M(i £.0) a0k E) gt i)} o) M +0)Q23Q34 M= 9Q, 4054
' TrAl Tr As, TrAB B M(+++++>Q2 3Q34 M(_ - _’_’_>Q2,3Q3,4
MO 0>Q2,3Q3,4 MO==790Q,5 3Q3,4
M<O’+’+'+’+)§2,3§3,4, MO 77)Qs3Q34 i
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Figure 74. The E[USp(2N)] theory. Each 2n node, square or round, represents an USp(2n) group.
The crosses denote the 3, singlets.

{Tra, MB} o {rPP) o {Tray, MOPE0] (5.33)

C
This operator map provides further evidence that the map of symmetries that results from
the algorithm is the correct one.

In a similar way one can construct operators in the theories C and C'5 and verify both
that they rearrange into representations of the enhanced IR symmetry and that they are
mapped correctly across the duality.
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A The FE[USp(2N)] theory, the S-wall

We collect here a few definitions following the notation of [22]. The E[USp(2N)] theory
is described by the quiver in figure 74. In the superpotential the bifundamentals Q(nn+1)
couple to the antisymmetrics A we then have a cubic coupling between the chirals
in each triangle of the quiver and the flipping terms with the singlets 3,, coupled to the
diagonal mesons

N-1
WEluspeN)] = 2—:1 Try, [A(”) (TTnH QU Q) — Ty, Q(n_l’”)Q(n_l’n))}

N-1
+ Z Try, . Trp Trpqq (V(”)Q(n,n+1)D(n+1)> L

n=1
N-1
+ 3" BuTry, Tr, (DWD™) . (A1)

n=1
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Figure 75. The trial R-charges and the charges under the other abelian symmetries represented in
the form of (pq)®/2c@t?t, where R is the trial R-charge, Q. is the charge under U(1),, and Q; is
the charge under U(1);.

USp(2N), USp(2N), U(l): U@)e | U)g,
H N(2N-1)-1 1 1 0 0
C 1 N(2N-1)-1 -1 0 2
II N N 0 +1 0
Bum 1 1 m-—n —2 2n

Table 8. E[USp(2N)] operators and their transformations properties.

Above Tr,, is over the color indices of the n-th USp(2n) gauge node, while Tr,, denotes
the trace over the n-th SU(2) flavor symmetry and Try = Tr, is the trace over USp(2N),
flavor indices. All the traces include the J antisymmetric tensor of USp(2n). The global
symmetry in the IR is enhanced as

N
USp(2N), x H SU(2)y, xU(1)xU(1). — USp(2N), x USp(2N), x U(1); x U(1)..
n=1
In figure 75 we indicate the charges of all the fields. Some of the gauge invariant operators
of E[USp(2N)] and their transformations properties are given in table 8, where we defined
By as a matrix of operators charged only under U(1), and U(1);, which include the
singlets f,.
The FE[USp(2N)] theory, which we identified in the main text as the 4d S-wall, is
defined as F[USp(2N)] with one extra set of singlets Oy, as well as a singlet Sy, interacting
via the superpotential

Wrguspn) = Weuspen)] + Tre (OuH) + By Tr, Try,, DY DE) (A.2)

B Asymmetric S-walls

An asymmetric S-wall is defined as an S-wall deformed by a superpotential term breaking
one of the flavour USp(2N) symmetries down to USp(2M) x SU(2), (with M < N). Details
about this deformation and its effect can be found in [22].
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Figure 76. Schematic representation of the asymmetric S-wall.

Figure 77. An S-wall with broken manifest USp(2N),,.

The deformation translates into the following specializations of (N — M) components
of the USp(2N), fugacities 2

N-—M-1 N-—M-1

Z=A{z1, - ,zm,t 2w, 7 2 v}, (B.1)

The zZ = {21, -+, 2y} fugaicities parametrize USp(2M),, and v is the Cartan of SU(2),.
The result of this procedure is what we depict schematically as the asymmetric S-wall shown
in figure 76.

It also useful to give a Lagrangian description of the result. In order to do that we have
to choose whether the broken USp(2N) is the manifest or emergent one. This choice gives
rise to two different descriptions that are related by mirror symmetry. As it is shown below,
in the case of breaking the manifest USp(2/V), symmetry the result is given in figure 77. If
instead we break the emergent USp(2N), symmetry the result is given in figure 78.

In fact, up to singlets, the theory in figure 77 coincides with the F'EJ[USp(2N)] theory
of [24] with p = [1¥] and o = [N — M, 1M]. This theory is related to the one in figure 78
by mirror symmetry which swaps p and o.

Specialization of the manifest symmetry.
We first consider the case where we break the manifest USp(2/N), symmetry with the
specialization (B.1) to obtain the first quiver depicted in figure 79. The factor An_ Mm(v;pg/t),
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Figure 78. An S-wall with broken emergent USp(2N),.

defined in eq. (3.5) contains (N — M — 1) vanishing I'c(pq). This fact, together with the
pattern of the t-charges of the green chirals attached to the USp(2N — 2) gauge node,
indicates that some of the green mesons acquire a VEV which Higgses the USp(2N — 2)
node down to USp(2M). The first Higgsing then triggers the Higgsings of the nodes on its
left and the VEV continues to propagate towards the left of the quiver.

Instead of studying this sequential Higgsing, we proceed using sequential IP dualizations.
We begin by IP dualizing the first USp(2) gauge node and continue applying the IP duality
moving towards the right. These dualizations do not change the ranks of the gauge nodes
but at each step the antisymmetric of the next node becomes massive such that we can
then apply IP there, and so on. The result after the dualization of the (N — 2)-th gauge
node is depicted as the second quiver in figure 79.

Now we IP dualzse the (N — 1)-th node. Here the duality has the effect of trading
VEVs for mass deformations. More precisely, the duality leaves the rank unchanged and
has two main effects on the fields:

o After the dualization, the USp(2N — 2) x SU(2),, chirals read

N—-M N-1

H H T, (Vqutj*N’gJ*Qving*l)i) 7

j=1 i=1

where 7 (N-1)

are the fugacities for the gauge group USp(2N — 2). From the above
expression we see that all of them become massive and only the j = 1 chiral survives.
The flipping fields produced by the IP duality cancel exactly with the Ax_ s (v;pg/t)

term.

o A set of (N — M) legs connecting the USp(2N — 4) gauge node to SU(2), is produced

N—-M N-2

H H T, (\/p;qtzvfgleiji(NfZ)ivi) -1,
j=1 =1

(N-2)

where 7 are the fugacities for the gauge group USp(2N — 4). All of them

are massive.

After integrating out the massive fields and keeping track of all the singlets, we get the
third quiver in figure 79. Then we apply again the IP duality on the same node. Notice
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that, since we integrated out massive fields before the second dualization, we don’t go back
to the original theory and obtain the last theory in figure 79.

As highlighted in the first quiver in figure 80, now the USp(2N — 4) node has no
antisymmetric so we can apply the IP duality and reach the second quiver in figure 80. The
USp(2N — 4) node becomes an USp(2M) node and the SU(2), flavor mowves to its left. We
can keep applying IP dualities towards the left of the quiver with the effect of creating a
sequence of USp(2M) nodes and moving the SU(2),, flavor to the left. After dualizing the
M-th node we reach the third quiver in figure 80. Notice that the SU(2), leg attached to
the red (M — 1)-th gauge node has charge /pg and hence it becomes massive. Now if we
keep applying IP dualities along the tail the SU(2), flavor does not move anymore while the
ranks of the gauge groups remain unchanged. After the IP dualization of the last USp(2)
node, we reach the last quiver in figure 80, which coincides with the result anticipated
in figure 77.

Specialization of the emergent symmetry.

Now we consider the case in which the broken symmetry is the emergent one. We choose
to specialize in geometric progression the first (N — M) fugacities of the SU(2),, symmetries
from the left to get the first quiver in figure 81. The specialization has the effect of breaking
the SU(2),,, for j =1,..., M — N, down to U(1),. Indeed focusing on the contribution of
chiral fields of the saw charged under k-th gauge node for k=1,...,N — M — 1, we see
that the specialization yields

ﬁ I (t%c(t%_kv)izy)i) T (pthc_l(t%_(’ﬁl)v)iz(k)i) =
i=1
i=1

For k = N — M, on the other hand, we get a slight different result, since no chiral of the
saw connected to this gauge node becomes massive.

We then apply the IP duality on the first USp(2) which confines, since it sees 6 chirals,
to obtain the second quiver in figure 81. Now the USp(4) has no antisymmetric and sees 8
chirals, so it also confines. We continue sequentially confining the nodes until we reach the
third quiver in figure 81. At this point the legs can be rearranged in such a way that the
SU(2), symmetry is restored. If we now apply the IP duality on the USp(2N — 2M) node,
the effect is that it becomes USp(2) instead of confining. After this dualization we get the
fourth quiver in figure 81. Notice that the legs in the saw have been rearranged by the
IP duality such that now SU(2), is exchanged with SU(2)y,_,,_,
between the two is produced. If we keep applying the IP duality along the tail, we get

and also a bifudnamenal

increasing ranks starting from USp(2). After we have dualized the (N — 1)-th node we find
the last theory in figure 81, which corresponds to the anticipated form of an S-wall with
the specialized emergent symmetry of figure 78.

As a final comment we check that we recover the symmetric S-wall in the case M = N,
in which there is no breaking. In the case of the breaking of the manifest USp(2N),
symmetry, as it can be seen from figure 77, this is trivial. On the other hand starting from
figure 78 we need to perform a couple of steps to recover the symmetric S-wall as shown
in figure 82.
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Figure 79. The first part of the derivation of the Lagrangian form of an asymmetric S-wall with the
specialized manifest symmetry. The grey dash in the third quiver indicates a set of massive fields.
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Figure 80. The second part of the derivation of the Lagrangian form of an asymmetric S-wall with
the specialized manifest symmetry. The grey dash in the third quiver indicates a massive field.
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Figure 81. Derivation of the Lagrangian form of an asymmetric S-wall with the specialized

emergent symimetry.
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Figure 82. Starting from the asymmetric S-wall in figure 78 for N = M, we apply the B;g = SBg;S~!
move to the highlighted part of the quiver. After implementing the identifications imposed by the
Identity-wall, two flavors become massive, and we obtain the symmetric S-wall.

C Derivations of basic duality moves

In this appendix we show how to derive some of the new duality moves presented in
section 2.3.

Bi; = SB;_1S™!. To derive this duality we proceed as in figure 83. In the first step we
apply the duality B1g = SBy1S™! of figure 21 to the blue part of the quiver. In the second
step we apply the braid move of figure 8 to the yellow and orange parts. In the third step
we apply again SBg;S™! = Byg to the purple part.

B1io = TTB1o(TT)~1. To derive this duality we proceed as in figure 84. In the first step
we apply the braid move of figure 8 to the part of the quiver highlighted in yellow. In the
second step we apply the duality move By; = SB;_1S™! of figure 24 to the blue part.
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Figure 83. Derivation of the duality B;; = SB;_;S~ L.

Bor = TTB;_1(TT)~1. To derive this duality we proceed as in figure 85. In the first
step we apply the braid move of figure 8 to the part of the quiver highlighted in yellow. In
the second step we apply the duality move By = SB1oS™! of figure 22 to the blue part.

Bi1 = TTBo1(TT)~ 1. To derive this duality we proceed as in figure 86. In the first step
we collapse the two S-walls highlighted in red. In the second step we use the braid move of

figure 8 to the yellow part. In the third step we apply the duality move Big = SB;S™! of
figure 21 to the blue part.

D Proof of the Hanany-Witten duality move

In this section we derive the Hanany-Witten (HW) move shown in figure 87.
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Figure 84. Derivation of the duality Bjg = TZByo(TT) .

On Lh.s. of this duality, the two S-walls fuse to form an asymmetric Identity-wall. When
we implement the identifications imposed by this asymmetric Identity-wall we obtain the
WZ model on the Lh.s. of figure 88. On the r.h.s. of figure 88 we also add an Identity-wall
obtained by the fusions of two S-walls.

We now focus on the part of the theory on the r.h.s. of figure 88 that is composed
by the second S-wall glued to the rightmost part of the quiver as shown on the top of
figure 89, where the S-wall is now presented with its manifest USp(2N) symmetry gauged.
We also define d = (pq/t)w
the first USp(2) node: the rank does not change but the antisymmetric of the following
USp(4) becomes massive; furthermore SU(2),, is swapped with SU(2).,. We then continue

¢! to simplify the figure. Now we apply the IP duality on
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Figure 85. Derivation of the duality Bg; = T7B;_1(T?)~!. The pair of lines with a bar on top
denote fields that give mass to each other.

applying the IP duality along the tail until we dualize the (N — 1)-th node to obtain the
second quiver in figure 89. We notice that here the mesons built with the green chirals
connected to the USp(2N) node acquire a VEV. As in the previous section, we can trade
the study of the Higgsing induced by this VEV for two IP dualizations of the same node
which take us to the third quiver in figure 89. Notice that the resulting rank of the node is
M=N+L—-M-+ 1, as expected in the Hanany-Witten move. Now we apply the IP duality
to the (N — 1)-th node highlighted in red to reach the last theory in figure 89. Notice that
the rank becomes M and also the SU(2), flavor is moved to the left.

We keep applying IP dualities on the nodes moving towards the left until we reach the
M-th, resulting in the second theory in figure 90. Notice that the SU(2), flavor connected
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Figure 88. On the left is depicted the starting point with the asymmetric Identity-wall implemented.
On the right is shown the theory with the addition of an Identity-wall written as two S-walls. The
green lines denote gauge singlet fields labelled by j=1,...,M — L.

to the USp(2M — 2) gauge node has a charge of ,/pq, so it becomes massive. Now we
continue applying the IP duality moving to the left inside the S-wall. The ranks remain
unchanged while the SU(2),, flavor is no longer moving to the left. When we finally apply
the IP duality on the USp(2) gauge node of the S-wall we get the last quiver in figure 90. We
can recognize this as an asymmetric S-wall (with extra singlets) with specialized manifest
USp(2N) symmetry, which is depicted in figure 77. Now if we gl}\lle ;E/O this the S-wall which
%0_1)

we added in figure 88 (and also revert the substitution d = (pq/t) we obtain exactly

the r.h.s. of the HW move in figure 87, as desired.

E Limits of the FE[USp(2N)] theory for ¢ =1 and ¢ = t2

In this section we will study two interesting deformations of the F'E[USp(2N)] theory.
First, we consider the effect of introducing a superpotential term linear in the Sy singlet
flipping the Tr, Try, D) DW) meson. This deformation has the effect of giving a VEV
to the meson Tr, Tr, DWW DW) | Since By appears linearly in the superpotential, it must
have R-charge 2 and charge 0 under every other U(1) symmetry, which implies that U(1).
is broken and the ¢ fugacity is specialized to 1. In order to analyze the effect of this
deformation we consider the variant of the braid duality in figure 91 (related by flips to the
braid duality in figure 8).
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Figure 89. The first part of the proof of the Hanany-Witten move
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Figure 90. The second part of the proof of the Hanany-Witten move via Intriligator-Pouliot dualities.
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Figure 91. A flipped version of the braid duality move.

In this version of the braid, the limit we are interested in corresponds to d = ¢~!.
Indeed, as shown in figure 92, on the Lh.s. we have exactly the S-walls deformed by the
linear term Sy. On the r.h.s., instead, the vertical SU(2), flavor coupled to the middle
gauge node becomes massive and we are left with two S-walls giving rise to an Identity-wall.
After implementing the identification of the USp(2N), and the USp(2V), symmetries due
to the Identity-wall, we have that also the two other flavors become massive. In the end we
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Figure 92. The result of the ¢ = 1 degeneration limit of the FE[USp(2N)] theory.
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Figure 93. A quiver representation of the recursive definition of the FE[USp(2N)] theory.

are just left with an Identity-wall. At the level of the index this identity can be written as:

2miy;
I}%M(f,g,t,c:l):n =1 ”’ 11 H5

(E.1)
AN y7 ceSy j=1

U(J

Another interesting deformation of the FE[USp(2N)] theory corresponds to turning
on a superpotential term linear in the singlet Sy_1 which now breaks a combination of
U(1)¢ x U(1)., which at the level of the fugacities fixes ¢ = ¢2. This limit has already been
studied in [21, 91], but here we present a new derivation of it. The effect of this deformation
can indeed be easily understood considering the recursive definition of the F'E[USp(2N)]
quiver, which can be represented as an FE[USp(2N — 2)] quiver coupled to an extra block
with the USp(2N — 2) symmetry gauged as in figure 93.

When we take the limit ¢ = ¢2 in figure 93, the FE[USp(2N — 2)] theory is subject to
the deformation of figure 92 and reduces to an Identity-wall, so that we obtain the result in
figure 94. At the level of the index this identity can be written as:

N
Tpg ) (3,9,t ¢ = 162) = Ay (@ pa/H) An(Fipa/t) [ Te (2257 - (E.2)
ij=1

F Derivation of a relation between WZ models

We now demonstrate the relation between W7 models in figure 39 that we used in the main
text to study the Higgsing that can occur in the dualization algorithm after applying the
duality moves.
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Figure 95. A relation between deformed WZ models obtained by starting from the S-wall and
implementing two deformations in different orders.

As shown in figure 95, starting from the F'E[USp(2N)] theory we can first turn on the
¢ =t deformation of figure 94 to obtain the left theory in the second line. We then turn
on the deformation breaking USp(2N), — SU(2), by specializing

N+1

yjth_jv for j=1,...,N; (F.1)

to obtain the left theory in the third line. This is a theory of N chirals in the USp(2N), x
SU(2), bifundamental representation, a USp(2/V), antisymmetric of chirals and extra chirals
whose index contribution is encoded in the A(v, pg/t) we defined in (3.5).

Starting again from the F/E[USp(2N)] theory, we can also implement the same deforma-
tions but in the reversed order. Namely, we first break USp(2N), to SU(2), moving to the
right theory in the second line. Considering either of the lagrangian forms of the M = 0 asym-
metric S-wall of figures 77 or 78, it is easy to see that we are left with a USp(2N),, x SU(2),
bifundamental chiral plus extra chirals. Finally we take the specialization ¢ = v/t to reach
the right theory in the third line.
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Figure 96. A relation between a theory with a set of USp(2N), x SU(2) bifundamentals with
j=1,...,N and a theory with a single USp(2N), x SU(2) bifundamental field and a USp(2N),,
antisymmetric field (plus extra singlets).

We then have the relation shown in figure 96, where we flipped the antisymmetric of
USp(2N),. The relation between the theory on the L.h.s. and the one on the r.h.s. can be
neatly understood by looking at their indices which behave as singular distributions having
equivalent actions on test functions. On the 1.h.s. the charges of the bifundamentals are

N
2

N4

R At R N = e (F.2)
and so, as we saw in section 3.3, if we try to gauge the USp(2NN), group the mesons
constructed with these bifundamentals take a VEV Higgsing the USp(2N), group down to
USp(2)y. Indeed these legs produce N — 1 colliding poles. The residue can be taken for
example at the following poles:'*

N_

xj =12 Jy for j=1,...,N—1, (F.3)

where xy = w parametrizes the remaining USp(2),,, while v parametrizes the other USp(2),,.
On the r.h.s., instead, the meson built out of the bifundamental dressed N — 2 times
with the antisymmetric has zero R-charge and thus takes a VEV. Hence, also on this side
the USp(2N), is Higgsed down to USp(2),, but this time it is not due to N — 1 mesons
taking a VEV but rather a single meson dressed with N — 2 powers of the antisymmetric.
Indeed looking at the contribution to the index of bifundamental and the antisymmetric

N N
Te(t)N ] PeltafFad) [ Lelt'™ 2 o) (F.4)
i<j i=1
we see that there are colliding poles from
N-1 N v
H Fe(tmlixji)l“e(tl_?xlv_l)Fe(tl_?xﬁalv) (F.5)

1<j

There are also other poles that we should consider, but they are related to these by the Weyl group
of USp(2N),. so they give identical contributions that cancels with part of the 1/(2Y N!) Weyl symmetry
factor of the partially Higgsed USp(2N). gauge group.
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and the residue can be taken for example at the following poles:

RO |
Ty =12 v,

_ N _
x9 =1 1x1:t2 21},

| _ 2N
TN—2 =1 xNy_3=1" 20,

IN—-1 = t_le_Q = tl_%v, (FG)

which is exactly the same specialization as (F.3). The effect of taking this residue is the
Higgsing of USp(2N), node down to USp(2),,.

In conclusion, if we try to gauge their USp(2/N) symmetry with a test theory, we see
that these two theories lead to IR dual models.
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