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ABSTRACT: In this paper we present various 4d N = 1 dualities involving theories obtained
by gluing two E[USp(2N)] blocks via the gauging of a common USp(2N) symmetry with
the addition of 2L fundamental matter chiral fields. For L = 0 in particular the theory
has a quantum deformed moduli space with chiral symmetry breaking and its index takes
the form of a delta-function. We interpret it as the Identity wall which identifies the two
surviving USp(2N) of each E[USp(2N)] block. All the dualities are derived from iterative
applications of the Intriligator-Pouliot duality. This plays for us the role of the fundamental
duality, from which we derive all others. We then focus on the 3d version of our 4d dualities,
which now involve the N' =4 T[SU(N)] quiver theory that is known to correspond to the
3d S-wall. We show how these 3d dualities correspond to the relations S? = —1, S71§ =1
and STS = T-1S~!T~1 for the S and T generators of SL(2,Z). These observations lead
us to conjecture that E[USp(2N)] can also be interpreted as a 4d S-wall.
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1 Introduction

Recently the EJ[USp(2N)] family of 4d V' = 1 quiver theories labelled by p and o partitions
of N have been introduced [1]. Upon circle compactification to 3d and suitable real mass
deformations, these theories flow to the 3d T7[SU(N)] family of linear N' = 4 quivers
introduced in [2]. The EJ[USp(2N)] theories, like their 3d counterparts, enjoy a mirror
duality which relates pairs of theories with swapped partitions p and o.



The T [SU(N)] theories can be realised on Hanany-Witten brane set-ups with D3-
branes suspended between NS5 and D5-branes [3]. They can also be defined as the theories
at the end of an renormalization group (RG) flow triggered by nilpotent vacuum expectation
values (VEVs), labelled by p and o, for the Higgs and Coulomb moment maps of the
T[SU(N)] theory. The EJ[USp(2N )] theories were analogously defined by turning on VEVs,
labelled by p and o, for the moment map operators of the E[USp(2N)] theory introduced
in [4]. The E[USp(2N)] theory has a non-abelian global symmetry group consisting of a
manifest USp(NV), and an emergent USp(N), factor which are swapped by the action of
mirror symmetry, and reduces to the 3d T[SU(N)] theory, which analogously has a manifest
SU(N), and an emergent SU(N), acting respectively on the Higgs and Coulomb branches
which are swapped by mirror symmetry [5].

Therefore 3d mirror dualities belong to the very large family of 3d dualities which can
be derived starting from 4d N = 1 dualities, performing S' compactifications to 3d and
turning on various deformations as discussed in [6, 7].

It is then natural to wonder whether other known results for 3d theories have a 4d
counterpart. For example, T[SU(N )| was identified with the S-duality wall [2], implementing
the action of the S element of SL(2,Z) and interpolating between two copies of the 4d
N =4 SU(N) SYM with coupling 7 and —2. The T[SU(N)] theory is then expected to
satisfy various relations inherited from the properties of the SL(2,Z) generators S and T
(the latter corresponding in field theory to the insertion of a Chern-Simon (CS) coupling):
S?2=—-1,571S =1and STS = T~1S~'T~!. These relations have been tested using the S?
partition function of the T[SU(N)] theory [8-11]. Here will focus on whether such relations
have a field theory interpretation as genuine dualities involving the T'[SU(N)] theory, rather
than just as matrix model identities, and whether such dualities hold for the 4d counterpart
E[USp(2N)] as well.

To answer these questions we analyse the quiver theories obtained by gluing two copies
of the E[USp(2N)] theory, gauging a common USp(2/N) symmetry group and inserting
some chiral fields.

We first consider the case in which we gauge together two E[USp(2N)| theories without
extra chirals and we shall denote the resulting theory by 7,. We interpret the resulting
object as an Identity operator identifiying the two remaining USp(2/N) global symmetries.
Indeed we show that the index of the glued theories is proportional to a Dirac §-function
which identifies the fugacities of the two remaining USp(2NN) factors. As we will see the
physics behind this behaviour is a chiral symmetry breaking pattern, closely related to the
familiar one of the SU(2) theory with 2 flavors [12] which indeed was shown to have an
index proportional to a d-function with support at points where chiral symmetry breaking
occurs [13]. Considering the 3d limit followed by the mass deformations, which as we
mentioned above reduces the E[USp(2N)] theory to T[SU(N)], we obtain an analogous
result in 3d: if we glue two copies of the T[SU(N)] theory by gauging a common SU(N)
factor we get an identity operator which identifies the two remaining SU(N) symmetries.
Moreover, we will see that depending on the way the limit is taken we can identify this
relation with either the S? = —1 or the S~1S = 1 properties of the S-wall.



Figure 1. The quiver diagram for E[USp(2N)]. Round nodes denote gauge symmetries and square
nodes denote global symmetries, where the number 2n insides each node represents the USp(2n)
group. Single lines denote chiral fields in representations of the nodes they are connecting. In
particular, lines between adjacent nodes denote chiral fields in the bifundamental representation of
the two nodes symmetries, while arcs denote chiral fields in the antisymmetric representation of the
corresponding node symmetry. Crosses represent the singlets [3,, that flip the diagonal mesons.

We also show how starting from the so-called braid duality [4], which involves two
copies of the E[USp(2N)] theory glued with the insertion of two chirals, we can obtain in
3d a duality related to the ST'S = T~1S~'T~! property. Specifically, this duality relates
the gluing of two T[SU(N)] tails with a CS interaction at level —1 to a single T[SU(N)]
with background CS levels +1 for its SU(N) global symmetries and one chiral singlet in
the adjoint of one of the two SU(N).

It is then tempting to push further the analogy between 3d and 4d and speculate
that E[USp(2N)] might play the role of an S-wall in 4d. We will further investigate this
possibility in an upcoming paper [14].

In this paper we also discuss other interesting gluings of E[USp(2N)] theories with
some flavors in the middle. Interestingly we are able to prove some dualities for the
resulting theories, which belong to the Ef[USp(2V)] family. This is done by means of a
procedure based on the iteration of the Intriligator-Pouliot (IP) duality [15] along the quiver,
which throughout this paper plays the role of fundamental duality. This also suggests the
possibility of deriving mirror dualities in terms of some more fundamental ones, such as IP.
This will be the main result of [14].

2 A review of the E[USp(2N)] and FE[USp(2N)] theories

In this section we quickly review the E[USp(2N)] theory and its dual frames. This theory was
first introduced in [4] and later studied in [1, 16, 17]. We refer the reader to these references
for more details, while here we will just focus on the aspects that will be relevant for us.
The E[USp(2N)] theory is the 4d N’ =1 quiver theory represented in figure 1. The
superpotential contains a cubic coupling between the bifundamentals Q1) and the
antisymmetrics A another cubic coupling between the chirals in each triangle of the
quiver and finally the flip terms with the singlets [3,,, denoted by cross marks in the quiver,
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Figure 2. Trial R-charges and charges under the abelian symmetries. The power of ¢ is the charge
under U(1)., while the power of ¢ is the charge under U(1);.

coupled to the diagonal mesons
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where Tr,, denotes the trace over the color indices of the n-th USp(2n) gauge node, while
Try, denotes the trace over the n-th SU(2) flavor symmetry. Notice that for n = N we have
the trace over the USp(2NN), flavor symmetry, which we will also denote by Try = Tr,. All
the traces are defined including the J antisymmetric tensor of USp(2n)

J=1,R®ioy. (2.2)
The manifest global symmetry
N
USp(2N)z x [ SU(2)y, x U(1)¢ x U(1). (2.3)
n=1
is enhanced in the IR to
USp(2N), x USp(2N), x U(1); x U(1).. (2.4)

This can be argued, as shown in [4], in various ways, for example by checking that the gauge
invariant operators form representations of the enhanced symmetry and that the expanded
supersymmetric index forms characters of this symmetry. Another way to understand the
enhancement is by means of a self-duality that we will review momentarily. The charges of
all the chiral fields under the two U(1) symmetries as well as their trial R-charges in our
conventions are summarized in figure 2.



USp(2N), USp(2N), Ul): U)e | UQ)g,
H N(2N-1)-1 1 1 0 0
C 1 N(2N-1)-1 -1 0 2
11 N N 0 +1 0
Bom 1 1 m-—n —2 2n

Table 1. Trasnformation rules of the E[USp(2N)] operators.

The gauge invariant operators of E[USp(2/NV)] that will be important for us are of three
main types. Here we just review their properties under the global symmetry, while we refer
the reader to [4] for their explicit construction:

e two operators, which we denote by H and C, in the traceless antisymmetric represen-
tation of USp(2N), and USp(2N), respectively;

« an operator II in the bifundamental representation of USp(2N), x USp(2N),;

e some gauge invariant operators that are also singlets under the non-abelian global
symmetries and are only charged under U(1). and U(1);, which include the singlets
By and which are collectively denoted by Bi,.

The charges and representations of all these operators under the global symmetry are given
in table 1.

In [4] it was shown that E[USp(2N)] has a limit to the T'[SU(N)] theory [2]. This limit
consists of three main steps. The first one is a dimensional reduction on S' so to get a 3d
N = 2 quiver gauge theory that is identical to E[USp(2N)], but with extra superpotential
terms containing monopole operators [6, 7]. The second step is a Coulomb branch VEV
that higgses the gauge groups from USp(2n) to U(n). One should also simultaneously give
some compensating real mass deformations to keep part of the matter fields massless. The
result is the M[SU(N)] theory of [18]. In this latter reference it was then shown that a
further real mass deformation for the U(1). symmetry, under which only the fields of the
saw are charged, makes M[SU(N)| flow to T[SU(N)]. In section 5 we give more details
on these limits, while here we just mention that, among the operators of E[USp(2N)], II
and B, become massive, while the traceless antisymmetric operators H, C reduce to the
moment map operators of T'[SU(N)].

Our main computational tool will be the supersymmetric index [19-21] (see also [22]
for a review and appendix A.2 for our conventions) of the E[USp(2N)] theory. This is a
function of the fugacities x,, y,, t and ¢ in the Cartan of the global symmetry that can be
expressed with the following recursive definition:

Teuspen) (T ¥t c) =

N 1/2, (Nfl)ﬂ :I:l
=T (pqc*Qt) H r. cyff1 +l j{dzN E(N pQ/t H i G
it 1 1 Faler (tl/chil (N— 1&1)
X TE[usp(2(N-1))] (ZYV*I), e Z](VN 1 )ayl, e ,yN—l;t;tfl/QC) ; (2.5)
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Figure 3. Duality web of the E[USp(2N)] theory. On the horizontal direction we have the mirror-
like duality, while on the vertical direction we have the flip-flip duality. Operators of the same color
are mapped to each other across the dualities.

with the base of the iteration defined as

Trusp)(T;y;¢) = Te (C yilxﬂ) - (2.6)
We also defined the integration measure of the m-th USp(2n) gauge node as

1 2 dzgm)
dzim = : (2.7)
2"n! i—1 21 zi(m)

and the contribution of the USp(2n) vector and antisymmetric chiral multiplets as

(95 D)oo (63 D)oc] T (pat ™) " T Te (pat = 2™ %121
n T, (Zl(m)iz) H?<j T, (Zi(m)ilzj(m)il)

Ay, (Z(lm);pq/t) = (2.8)

As pointed out in [4], the expression (2.5) coincides up to some prefactor corresponding
to singlet fields with the interpolation kernel K.(z,y) studied in [23], where many integral
identities for this function were proven. These are naturally interpreted as dualities for
E[USp(2N)], which we are now going to review.

E[USp(2N)] enjoys various dualities that constitute a commutative diagram schemat-
ically represented in figure 3. First of all, we have the mirror dual frame E[USp(2N)]Y
where the USp(2N), and USp(2N), symmetries are exchanged and the U(1); fugacity is
mapped to

t— Z% . (2.9)

Under this duality, E[USp(2N)] is self-dual with a non-trivial map of the gauge invariant



operators

H« CVY
C < HY
II < I1Y
Bum < B, (2.10)

At the level of the index we have the following identity:

Zeuspen) (T ¥ t, ¢) = Lguspeny (U; £3pq/t, ¢) (2.11)

which has been proven in Theorem 3.1 of [23]. This duality reduces in the 3d limit to the
known self-duality under mirror symmetry of T[SU(N)].

The second duality that forms the diagram is called the flip-flip duality. The flip-flip
dual frame FFE[USp(2N)] is defined as E[USp(2NN)] plus two sets of singlets Oy and O¢
flipping the two operators Hf'*" and CF'F

WrrEusp@en) = Weuspen) + Tre (OH HFF) + Try (OcCFF) : (2.12)

In this case the USp(2N), and USp(2N), symmetries are left unchanged, while only the
U(1); fugacity transforms as in (2.9). The operator map is indeed

H(—)OH

Bpm < BEE (2.13)

mn

The flip-flip dual frame can be reached by iteratively applying the Intriligator-Pouliot
duality [15] by means of an iterative procedure as shown in [1]. At the level of the
supersymmetric index, the flip-flip duality is encoded in the following integral identity:

N
Trwspen) (@ ditie) = [ Te (m#x#)l‘e (pqt_lyfly#)IE[Usp(zN)](f; yipga/tic),

n<m

(2.14)

which is proven in Proposition 3.5 of [23]. This duality reduces in the 3d limit to the flip-flip
duality of T'[SU(NV)] discussed in [24], which can also be derived by iteratively applying a
more fundamental duality, in this case the Aharony duality [25], as shown in [1] (see also
appendix B of [26]).

For later convenience we also introduce a variant of the E[USp(2N)] theory. We call
this FE[USp(2N)] theory since it is defined as F[USp(2N)] with one extra set of singlets
Oy, as well as a singlet By, interacting via the superpotential

WFE[USP(QN)} = WE[USP(QN)} + Tl"x(OHH) + By Tr, Tl"yN D(N)D(N) . (2.15)



This theory has a self-dual frame which we call FE[USp(2N)]Y, that can be understood as
a consequence of the combined mirror and flip-flip dualities of E[USp(2N)]. Across this
duality the USp(2N), and USp(2N), symmetries are exchanged, while U(1); and U(1). are
left unchanged. At the level of the supersymmetric index, this is encoded in the following
integral identity:

Irewspen) (T4t ¢) = Trpuspen) (T it o) , (2.16)
which can be easily derived from egs. (2.11) and (2.14). We will refer to this as spectral
duality, since in the 3d limit it reduces to the spectral duality of FT[SU(NN)] discussed in [24].

The index of FE[USp(2N)] is defined recursively as

Trpuspen) (@ ¥t c) =
N N
= Fe(pq c_2>I‘e (pqt_l)NngnF (pqt 1xi1:ci1) nl;[lF (cy]j\c,1 il)

« F AT A () I L )
v = )

X IFE[USP(Q(N—I))} (ZgNil)v T aZJ(vN:ll)S Y, S YN-1; L t_1/2c) ) (217)

where now the base of the iteration is

Ireusp@) (@3 y;t;c) =Te (pq 0_2)1“6 (pq t‘l)l“ (c yilxil) (2.18)

and An(z_;(im)) contains the contribution of the vector only and not the one of the antisym-
metric chiral

m [(p; ) (@3 9)]"
AnlE) = » T ( (m)iz) il (zl.(m):tlzj(.m):tl> ' (2.19)

It simply relates to the index of E[USp(2N)] as follows:

IFE[USp(ZN)}(f§g§t§C):Fe(pqci ) (pqt ) H Te ( gt 'zital )IE[Usp(QN)](l’ yit;c).

(2.20)

3 Gluing S-walls without matter: the Identity wall

3.1 Gluing E[USp(2N)] theories: the delta-function property

In this section we study the gluing of two E[USp(2N)] theories corresponding to commonly
gauging a diagonal combination of one USp(2N) symmetry. We begin considering the theory
74, obtained by gauging a diagonal combination of the two manifest USp(2/V) symmetries
of each E[USp(2N)] block as in figure 4. The gauging is done adding an antisymmetric
chiral field A as well as two singlets ﬁi/ R and a superpotential interaction of the form (the
rest of the superpotential is simply the sum of those of the two E[USp(2N)] theories)

oW =Tr.[A- (H = HF)| + gk . DYV D] + sE T DRV D], 31)
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Figure 4. The theory 74, obtained by the Lagrangian gluing of two E[USp(2/N)] theories.

where the indices L/R distinguish the field and operators of the left and right E[USp(2N)]
blocks, for example HY and H® denote the H operators in the antisymmetric representation
of their manifest USp(2/N) symmetries which we identify and call USp(2N),, and Tr, is
taken over such gauged USp(2N),. This superpotential implies that the U(1); symmetries
of the two blocks are identified. Moreover, one can check that of the two U(1). symme-
tries, one coming from each block, the diagonal combination is anomalous because of the
USp(2N), gauging, while only the anti-diagonal combination survives. We claim that the
supersymmetric index of this theory satisfies the following remarkable property:

) =T. chﬂ ]{dZN AN(Z:pa/t) Ipiuspen) (Z: E t; ) Ipuspen) (Z: 7t )
ANmt ZZH (= vy ) = #Ar(0). (32)

Note that the summation }°,cq >4 spans the Weyl group of USp(2N) and fﬁg(t), the
Identity operator, which identifies the Cartans of the remaining USp(2N), and USp(2N),
symmetries, is a normalised delta-function defined in such a way that

jf Az An(Z 1) A1) = 1. (3.3)

In subsection 5.1 we will show how, starting from this result, we can prove that gluing
two copies of the T[SU(N)] theory by gauging a diagonal SU(N) symmetry we obtain the
Identity operator identifying the two remaining SU(N) symmetries, as expected from the
identification of the T[SU(N)] theory with the S generator of SL(2,7Z).

We observe that eq. (3.2) can also be understood as a limit of the identity associated
with the braid duality [4], which we will review in subsection 5.2,

Te(pac™?)Te (pgd~?) x
N
= = o o . 9.
X deN An (Z:pa /O Tpuspn)) (5 3 ) Ipuspeny (5 5t d) [ Te((pg)2e a0 25 ) =
i=1

B | J Y Pe((pq)%d—lvilx,il)r ((pq)éc 1 :tlylj:l)
— To(2d)0o (6N I, T (tmilx]il)

which also appeared in Proposition 2.12 of [23]. Setting ¢d — 1 on the Lh.s. of (3.4) removes
the SU(2), doublets giving the Lh.s. of (3.2). We can then try to understand the effect of

Truspen) (T ¥t cd), (3.4)



this limit on the r.h.s. of the braid relation. We expect the factor Zgjuspon) (T;¥;t; cd) to
become singular and give the delta appearing on the r.h.s. of (3.2). In fact, according to
Theorem 3.7 of [23], the following ratio:

Truspen) (T ¥ t; cd)
£, + +1, +
TI%, Te (pat 1y g ) TN Do (ed oy

(3.5)

is a holomorphic function in the variables x; and y; for fixed ¢, ¢, ¢ and p. This means that
the only poles of the index of E[USp(2N)] w.r.t. the USp(2V) fugacities are the same as
those of the combination of gamma-functions

]]_V[F (pat 'y 'yi) ﬁ Te(cdai'yf"). (3.6)

i<j i,j=1

In particular, in the limit ¢d — 1 the pairs of poles coming from the second product collide
to the points z; = yfl. This implies that if we integrate the index of E[USp(2N)] over the
variables x; against a test function f(&), the colliding poles pinch the integration contour
and we should take the corresponding residues as discussed in [27]. The total number of
residues for the N-dimensional integral is 2V N!. Indeed, we can think of integrating over,
say, x1 first and take the 2N residues at z; = yjc for j =1,---,N. For each fixed j, the
contribution of the vector multiplet, which should always be included in the test function
f(&), evaluated at the pole cancels the poles z; = ij of the remaining N — 1 variables x;
for i = 2,--- ,N. Hence, for the second integration over z3 we only have 2(/N — 1) poles.
Iterating this procedure, we get the 2V N! poles z; = yf(i) fori=1,---,N and o € Sy.
This explains the summation over the Weyl group of USp(2N) on the r.h.s. of (3.2). In the
following, we show that the residue at these poles gives the delta-functions.

3.2 Proof strategy and interpretation

Our proof of the gluing property (3.2) is based on two key observations.

The first one is the fact that the SU(2) theory with 2 flavors (4 fundamental chirals)
has a quantum deformed moduli space with chiral symmetry breaking and its index is a
distribution acting on test theories:

fdz ZII‘ Szil)_

T.(=%2)

= W Do (553" ) (0(01+8s)+0(01+60)+Te (53551 ) (14 00)],  (3.7)
where we defined s; = eQﬂi‘z’i, 0<¢;<1and Hle s; = 1. This neat result was obtained
in [13], starting from the SU(2) theory with 6 fundamentals which is s-confining and Seiberg
dual to a WZ model and turning on a mass for two chirals to flow to the theory with 4 chirals.
By carefully studying the effect of the mass deformation in the integral identity corresponding
to the s-confining Seiberg duality, the authors of [13] argued that the index of the SU(2)
theory with 4 chirals is a distribution with support at special values of the fugacities
corresponding to the points in the moduli space where chiral symmetry breaking occurs.

~10 -



We can also understand this result as follows. The moduli space of the SU(2) gauge
theory with 4 flavors is parametrized by Vj; = Tr Q;QQ;) which satisfies

PfV = A* (3.8)

with A the strong coupling scale [12]. Since the moduli space doesn’t include the origin
Vij = 0, the SU(4) flavor symmetry is always broken. If we try to gauge a subgroup of
the SU(4) flavor symmetry, say SU(2);, so to form a new quiver gauge theory, the gauged
SU(2),, is Higgsed by the non-zero VEV of Vj;. This is the field theory interpretation of the
result (3.7) of [13].

The second key observation is the fact that by iterative applications of the Intriligator-
Pouliot (IP) duality' we can split the quiver 7y in figure 4 into a product of SU(2) theories
with 2 flavors plus extra singlets. The steps of the derivation are then as follows:

o We pick one of the USp(2) gauge nodes at the two ends of the quiver. The antisym-
metric chiral is just a singlet so we can apply the IP duality to this node. The dual
gauge node is still a USp(2) node and the antisymmetric of the adjacent USp(4) node
becomes massive. Since now also the USp(4) node has no antisymmetric we can apply
the IP duality to it and we can iterate the procedure. Indeed at each application of
the duality the antisymmetric chiral field of the adjacent node becomes massive.

e The ranks of the gauge groups are left invariant by the action of the dualisations until
we reach the middle USp(2N) gauge node. This node sees 2 x 2(N — 1) +4 = 4N
fundamentals, so its rank is decreased to USp(2N — 4). The subsequent USp(2N — 2)
node will now see 2 x 2(N —2)+4 = 4N —4 fundamentals, so its rank is also decreased
to USp(2N — 6) after the dualization.

e We keep going towards the other end of the tail with the dualisations, each time
decreasing the ranks of the groups of the second half of the quiver by two units. When
we reach the USp(4) node this confines since it only sees 8 fundamentals. The quiver
then splits into two parts: one is the gluing of two E[USp(2(N — 1))] blocks and
the other is an USp(2) theory with 4 fundamentals and some singletes yielding a
one-dimensional delta-function according to (3.7).

e We then iterate this procedure. At the n-th iteration we will have the gluing of two
E[USp(2(N —n))] blocks plus n copies of SU(2) with 4 fundamentals, which will give
the product of n one-dimensional delta functions. After the N-th iteration we will be
left only with N copies of SU(2) with 4 chirals, which will give us the N-dimensional
delta-function (3.2) that identifies the two USp(2/V) global symmetries, as expected.

In the following we will explicitly apply this procedure at the level of the supersymmetric
index so to prove (3.2) for the simplest cases of N = 1,2. One caveat is that, as we will see,

!The TP duality relates USp(2N.) with 2N, fundamental chirals and no superpotential to USp(2N; —
2N, — 4) with 2N; fundamental chirals and an antisymmetric matrix X of N;(2N; — 1) singlets flipping
the dual mesons W = X*®¢,q, [15]. See also appendix B.
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this procedure only captures the residues corresponding to one particular representative of
Sn € Wysp(an), which for definiteness we take to be z; = yécé) = ygﬂ. Nevertheless, this
procedure indeed gives us the correct value of the residue at this particular set of poles.
Furthermore, the full set of poles can be correctly obtained by a slightly refined argument
using a regularized version of the integral on the Lh.s. of (3.2), as we show in detail in
appendix C for arbitrary N.

Our identity (3.2) for the quiver theory 7, with global symmetry USp(2/N), x USp(2N),
xU(1), x U(1); can be considered as the generalization of (3.7) for the SU(2) theory with 4
chirals, to which indeed it reduces for N = 1 (modulo some singlets). The moduli space of 7y
is parameterized by various gauge invariant chiral operators. Among these, we have a gauge
invariant operator Tr, II;IIg in the bifundamental representation of USp(2N), x USp(2N),,
where II;, and II are bifundamental operators between USp(2/V), x USp(2N ), and between
USp(2N). x USp(2N), respectively (see table 1). As in the N =1 case, we expect that
the moduli spaced is deformed at the quantum level by

<TI‘Z HLHR> 7é 0 y (39)

which leads to the breaking of USp(2NNV), x USp(2N), to its diagonal subgroup. Therefore,
if either USp(2N), or USp(2N), is gauged, it should be Higgsed by this non-zero VEV,
which exactly corresponds to our delta function identity (3.2).

3.2.1 Explicit computation for N =1

For N =1 the E[USp(2)] theory is just a WZ model of an SU(2) x SU(2). Hence, the 7y
theory for N = 1 is just an SU(2) gauge theory with 4 chirals and some flipping fields.
Explicitly, its supersymmetric index is

B = (o0 i) f e S ().

The identity (3.2) is then just a direct application of (3.7) in this case. Specifically, we
apply it identifying
§=(cx,cx ™t ¢y, cly™h. (3.11)

This gives

=1 _ Lelpg ) (pgt™1)
g - . .
(p, p)oo(Q7 Q)oo

+ I (:Uy_1>Fe (x_1y> r. (ch_ly_1>F€ (CQxy)é(QC)} , (3.12)

(Do ()T (2%2) (5(X +Y) +6(X = V))+

where we defined
x = e?™X, y = > ¢ = il 0<X,V,C<1. (3.13)

The last term containing §(2C') vanishes, because this delta implies that the contribution of
one of the singlets in the prefactor becomes zero

e (pq cﬂ) =Te(pg) =0. (3.14)
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Using that

(X 1Y) = 5(21m log($y)> = 2mizd(z — yT), (3.15)
we find — ﬁ)
N=1 _ 2miale(z o i |
5 T P (@ o) 6@ —y)+ o —y )], (3.16)

which is exactly (3.2) for N = 1.

3.2.2 Explicit computation for N = 2

For N = 2 the supersymmetric index of the theory is

_ _1\2 . ~ . o,
)= =T, (quﬁ)Fe (pqt 1) 7{(122 Ao (Z2;pq/ ) Ipusp(a) (Z: &5t ¢) Ipuspay (2 G517,
(3.17)
where the supersymmetric index of E[USp(4)] is defined by

IE[USp(4)}(g§f§t§C):Fe(pq072 ) (pqt 1>HF (cxétlzil)

x%dulAl(u (ct 2xi1ui1)F (pqc L= 2a:il il)ﬁf (t2zi1 il)
i=1

(3.18)

The first step of the derivation consist of applying the IP duality to the SU(2) node of
one of the two F[USp(4)] blocks, which is equivalent to the flip-flip duality for E[USp(4)]

Tosp(y (53t ¢) = To(t 25257 )T (gt ™2t 05" ) Touspn) (2 5 patie). (3.19)
After this, the full index of the theory explicitly reads
IéVZQ =T, (pq t_l) I (pq t 1x§c1x§ﬂ)f‘e (pq ciz)Fe (pq cQt) I ((pq)zc_Qt_l) X
2
X }I{dé’g duy dwy Ap(u)Aq(w)Ag(Zs) H T, (c:rflzil)f‘e (c 1y§dzi1) X
i=1
x D¢ ((pq)%t*%uﬂziﬂ)l“e (t%wﬂzfl)Fe ((pq)%t%cflxiluﬂ) X
X Fe<(pq)_%t%6$§tlui1>Fe <c_1t_%yiﬂwi1)F (pqct 2y wi1> (3.20)

where A, (Z,) was defined in (2.19). Notice that the USp(4) gauge node has no antisymmetric
anymore, so we can proceed applying the IP duality to it. Since this node sees only 8
fundamentals, it confines. At the level of the supersymmetric index, this amounts to
applying the following evaluation formula:

j{dZQ Ay (Z2) ﬁ (c:vl z; )Fe<c 1y§tlzi1)re((pq)%t_%uilzzil)r (t2wi1 11) _

( ) (xflyfl)l“ ((pq)%t % j:l il)r (th:tlw )><
% T, ((pq)2t 3ol j:l :tl) (% -1 il )F <(pq)2ui wj:1>‘ (3.21)
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Plugging this back into Iév =2

and simplifying the contribution of the massive fields we get

I;VZQ =T, (pq t_l) I (pqt lajlﬂmgﬂ>F (:L‘lﬂyzﬂ)l“e (pq c2t) Fe<(pq)20_2t_1> X
fdul Aq(u (pq)% _Ec_lyilu )Fe<(pq) 2t20xi1ui1> X
%dwl Aq(w (t2cm wil)l“e (C_lt_%ylﬂwi1> . (3.22)

The expression that we found takes the factorized form of two independent SU(2) gauge
theories with 4 chirals plus some singlets. Hence, we can evaluate each of them separately

using (3.7). This is done in the same way as we did for the N = 1 case and it gives the results

I, ( j{dulA (pq)2t Ze 1yi1ui1>f‘e((pq) 2t20xi1ui1> =

2miysle (y2 )Fe (pgc2t71)
B (P D)oo (€ @)oo

(822 — ) + (2 — 1) (3.23)
and

Fe(pthQ) j{dwl Aq(w)l (t2c;c%E wﬂ)F ( = 2yi1 il) =

2mizi T (72T (1) )
T ()o@ D)oo [5(‘T1 —y1) +0(z1 —y; 1)} 7 (3.24)

where as in the N =1 case the term with the third delta on the r.h.s. of (3.7) disappears
because it is multiplied by a singlet that gives vanishing contribution after imposing the

constraint of the delta. Plugging these two expressions into Iév =2 and simplifying the
contribution of massive fields we get

2 .
N=2 _ [[io, 2miz; _ -1 o |
L = Sy O )+ =) [ )+ 8 -] (3:29)
which is exactly the term z; = y; of (3.2) for N = 2.

As we mentioned, this computation only captures the contrlbutlon at l’l = yil for
i = 1,2 because we lose the information of the other poles x; = y2 , Tg = yl ! when the
USp(4) gauge node is confined such that we obtain two factorized SU(2) theories with
4 fundamentals. In the appendix C, we will show that if we slightly deform the quiver
theory by introducing a fictitious U(1) whose holonomy plays the role of a regulator, the
theory is not factorized anymore because there is a bifundamental field between two SU(2)
gauge nodes, which becomes massive if the fictitious U(1) is killed. Nevertheless, this
bifundamental field plays an essential role in capturing the contribution of the other pole
we neglected in the derivation we just did so that the Lh.s. of (3.2) correctly produces all
the contributions on the r.h.s..

3.3 Non-Lagrangian gluings of FE[USp(2N)] blocks

So far we have been considering Lagrangian gluings, obtained by gauging manifest USp(2N)
symmetries. However, thanks to the mirror property of the E[USp(2N)] theory we can
consider the gauging of emergent symmetries as well.
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Figure 5. Quiver diagram of FE[USp(2N)] on the left and its shorthand representation on the right.

In fact in the following, rather than working with the E[USp(2N)] theory, we will
use the FFE[USp(2N)] theory introduced in section 2 to simplify the notation. As we
will explain better momentarily, the Lagrangian gluing of two E[USp(2N)] theories and
the gluing of two F'E[USp(2N)] lead precisely to the same theory 7, up to massive fields
that are integrated out at low energies, provided that the gauging prescription is suitably
modified between the two cases. The corresponding quiver diagram is shown in figure 5,
where we also introduce a shorthand depiction that explicitly displays both of the USp(2N)
symmetries that the theory possesses in the IR.

The gluing is now defined as the gauging of the diagonal combination USp(2N), of the
manifest USp(2N) symmetries of the two F E[USp(2N)] blocks, with an extra antisymmetric
chiral field ® which couples to Oy and Oy’ via the superpotential

Tr, [cp : (oHL - oHR)} (3.26)

where Tr, is taken over the gauged USp(2NV),. Since this extra superpotential makes both
® and Oy’ — Oy’ massive, we can integrate them out, and the remaining massless field
Ou’ + Ox™ can be identified with A in equation (3.1). Moreover, the singlets B](VL/ B) are
already included in the definition of FE[USp(2N)]. In other words, the gluing of two
FE[USp(2N)] theories with the superpotential (3.26) is equivalent to the gluing of two
E[USp(2N)] theories with the superpotential (3.1), which is the theory that we dubbed 7.
This theory is represented by the quiver diagram in figure 6. The identity (3.2) can be then
rewritten as follows:

1) = j{dZN AN(Z ) Ippuspeny (2: 2t ) Irpuspeny (27 teh) = d5(t) . (3.27)

where we are still calling the integral on the l.h.s. Iév since it coincides exactly with the
index of the theory 7, that we defined in (3.2). Notice also that on the r.h.s. we have
precisely the Identity operator as defined in (3.2).

So far we have just presented theory 7, in another equivalent way using FE[USp(2N)]
blocks, while we still gauge the manifest symmetries of the blocks, which we call the
Lagrangian gluing. Using the spectral duality of F'E[USp(2N)], on the other hand, one can
extend the result (3.27) for 7, to several non-Lagrangian dual frames where an emergent
USp(2N) symmetry is gauged. For example, we can use the property (2.16) of the left
block to rewrite the identity (3.27) as follows:

IV = f{ dZn AN (2 1) Ippuspen) (& 2: 6 o) Irpuspeny (2 Gt ) = #l(t) . (3.28)
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Figure 6. The Lagrangian gluing of two FE[USp(2N)] theories that gives the delta and the
corresponding shorthand representation. The latter is independent from whether we are doing a

Lagrangian or a non-Lagrangian gluing thanks to the spectral duality of FE[USp(2N)].

Notice that the integral is not exactly the one defining the index I;V of the theory 7, defined
n (3.2), but they coincide up to spectral duality (2.16). It corresponds to a dual frame
where the diagonal combination of the emergent USp(2N) of the left block and the manifest
USp(2N) of the right block is gauged, with an extra antisymmetric field ® coupled to C*
and Oy’ as follows:

Tr, [@ : (CL - OHR)]. (3.29)

Similarly, we can use the spectral duality of the right block rather than the left block, which
leads to

) = j{di}v AN(Z58)Irpruspeny (2 35t ) Irpuspeny (0 2t ) = dg(t) . (3.30)
This corresponds to another dual frame where the diagonal combination of the manifest
USp(2N) of the left block and the emergent USp(2V) of the right block is gauged, with an
extra antisymmetric field ® coupled to Opy” and CF as follows:

Tr, [cb : (oHL - CR)] (3.31)

Lastly, we can use the spectral duality of both blocks simultaneously, which results in the
identity

1) = 7{0151\/ AN (2 ) Irpruspeny) (T 25t o) Irpuspeny (0 2t ) = Ag(t).  (3.32)
This corresponds to a dual frame where the diagonal combination of the emergent USp(2.V)

symmetries of both blocks is gauged, with an extra antisymmetric field ® coupled to C¥
and CP as follows:

Tr.|@- (CF - Cf)]. (3.33)
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3.4 The 4d S-wall and Identity wall

As we mentioned the theory 7, obtained from gluing two FE[USp(2N)] (or E[USp(2N)])
blocks in any of the ways we just described has a quantum deformed vacuum moduli space
and displays chiral symmetry breaking. The result that its index is a delta distribution acting
on test functions corresponds to this fact: if we glue 7, to some theory Tiesr exhibiting
a USp(2N), symmetry by gauging the diagonal combination of USp(2N), and one of
its USp(2N) symmetries, say USp(2N),, (adding an antisymmetric and the appropriate
superpotential) the VEV of the bifundamental operator Tr, I1;I1r will Higgs the new gauged
node. In other words, the theory Ties; glued with the theory 7, is dual to the original theory
Ttest- Hence, we can interpret the theory 7, as the Identity wall, which also explains our
notation j‘ﬁg‘ for its index.

In order to exemplify these statements, let us consider the simple case where our
test theory Tiest is just a Wess-Zumino model exhibiting the USp(2N), symmetry, e.g., a
bifundamental chiral P of USp(2N), x USp(2K); coupled to an USp(2N), antisymmetric
chiral A as follows:

Tr, [Trb(fﬂ) : A] : (3.34)

where Tr, is taken over USp(2N),, while Tr; is taken over USp(2K),. As we discussed,
there are many equivalent dual frames of theory 7,. For example, let us choose the frame
corresponding to the identity (3.28), where the diagonal combination of the emergent
USp(2N) of the left block and the manifest USp(2/N) of the right block is gauged. Thus,
the non-abelian global symmetry of 7, is USp(2N), x USp(2N),, the manifest USp(2N),,
of the left block and the emergent USp(2N), of the right block, respectively. We can
gauge the diagonal combination of USp(2N), and USp(2N),, which we call USp(2N)., in
the presence of an extra antisymmetric chiral ® as before. ® couples to A and Oy*, the
antisymmetric operators of USp(2N), and USp(2N), respectively, as follows:

Tr, [@ : (A - oHL)}. (3.35)

This quadratic superpotential makes both ® and A — Oy’ massive. Once we integrate them
out, we are left with the theory shown on the 1.h.s. of the second line in figure 7, with the
superpotential between P and Op”

Tr. [Tr,, (PQ) : oHL} (3.36)

since A in (3.34) is now identified with Oy”. From the discussion we made around eq. (3.9)
we know that the USp(2N). gauge node is fully Higgsed and identified with USp(2N),.
What we obtain is the theory on the bottom right of figure 7, which is precisely the original
theory Tiest: @ WZ model of P and A with the superpotential

Tr, [m (PQ) : A] , (3.37)

where P is now in the bifundamental representation of USp(2K), x USp(2N), and A is in
the antisymmetric representation of USp(2NV),.
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Figure 7. Gluing theory 7, to a test theory Tiest. The resulting theory is dual to the original test
theory Tiess. We thus identify 7, with the Identity wall.

nd
n
<

As we will discuss in subsection 5.1 we have a completely analogue result in 3d, where
by taking two copies of the T[SU(N)] theory and by gauging a diagonal combination of
the SU(N) symmetries we obtain an Identity wall identifying the two remaining SU(N)
symmetries. More precisely by taking two slightly different 3d limits of the 4d delta
property (3.2) one can recover both the relations S? = —1 and S™'S = 1 enjoyed by
T[SU(N)]. In subsection 5.2 we will also show that the braid duality of E[USp(2N)] that
we already mentioned, reduces in 3d to a duality involving the gluing of T[SU(N)] with
CS interactions which can be interpreted as the relation ST'S = T-1S~1T~! satisfied by
the SL(2,Z) generators S and T. Because of these observations one could expect that
the FE[USp(2N)] block could play the role of an S-duality wall in 4d. We will further
investigate this interpretation in an upcoming paper [14]. We stress again the fact that
we can equivalently identify S with E[USp(2N)] or FE[USp(2N)] by just modifying the
gluing/gauging prescription as we explained in subsection 3.3. We can then rephrase
the delta-function property in this language saying that concatenating two S-walls these
annihilate each other giving a trivial Identity wall. Since S? = —1 and S™'S = 1 are
actually degenerate in 4d the duality group would be PSL(2,7Z) = SL(2,Z)/Z5 rather than
the full SL(2,Z) as in 3d.

3.5 The asymmetric S-wall

In this subsection, we introduce an asymmetric S-wall, by turning on a deformation which
partially breaks the global symmetry of the F E[USp(2N)] theory. We introduce an extra
superpotential

SWaet = Try[J - O], (3.38)

where the antisymmetric matrix J is given by

J= %[Jg ® On & Inr) W © (On&Ty_y)], M<N (3.39)
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Figure 8. The quiver diagram for the deformed FE[USp(2N)] theory and the compact form of the
asymmetric S-wall. Each colored line denotes a set of chiral multiplets in the same representation of
the non-abelian global symmetry, but with different charges under the abelian symmetries. The blue

line denotes QENﬁl’Q), the green line denotes R; and the red cross denotes (OH)Ei‘,Mﬂ‘ in (3.42).

with the K-dimensional empty matrix O and the K-dimensional Jordan matrix Jx. This
superpotential can be rewritten in terms of the components of Oy as follows:

N—-M-1

Waet = D (On)iitjarrsn (3.40)
=1

where an USp(2N), flavor index is labeled by (i,«) with ¢ = 1,...,N and @ = £. For
example, the antisymmetric invariant symbol J = icy ® I of USp(2N) has the indices in
the following form:

()3 = (i02)™ @ (In)i - (3.41)

This extra superpotential breaks the USp(2N), global symmetry down to its subgroup
USp(2M), x SU(2),. Thus, the fields of FE[USp(2N)| charged under the USp(2N),
symmetry are reorganized into the representations of the unbroken symmetry USp(2M), x
SU(2), as follows:

QW-LN) o (2M,1) @ (1,2)V M
—_——— ———

O(N=1,M) Q(f;12l)v "
o i N-M N-M)(2N-2M—1 (342)
On — (M(2M-—1),1)& (2M,2)®VN M g (1,1)8WN-MEN=2M-1)
éH Ri—1,.. . N—M (OH)Ei’,MH
For instance, field R; in the bifundamental of USp(2M), x SU(2), is defined by
\B - .
(RT,Ri )j - ((OH)J@,}\;+i7 (oH)]‘@NH_i) . i=1,...N—-M (3.43)

with the SU(2), index £ and the USp(2M ), index (7, 3). The corresponding quiver diagram
and the compact form are given in figure 8.

Note that this deformed FE[USp(2N)] theory is closely related to the theory denoted by
E[N_M’IM][USp@N)] in [1]. Since Oy couples to the gauge invariant operator H, see (2.15),
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the extra superpotential (3.40) gives rise to a non-vanishing VEV of H triggering an RG
flow to EV=M1MI[USp(2V)] with some additional gauge singlets.

Clearly we can consider also an S-wall with a deformation of the emergent USp(2N),
global symmetry. This is actually provided by the spectral duality. Indeed the F E[USp(2N)]
theory deformed by the superpotential (3.40) is dual to the F E[USp(2N)] theory deformed
by the superpotential

NMl

5Wdef = Z M—&-],M-i-j-i-l 3 (344)
7j=1

where C is the gauge invariant operator in the antisymmetric representation of the emergent
USp(2N), symmetry of the FE[USp(2N)] theory. This deformation breaks USp(2N),
down to its USp(2M ), x SU(2),. Indeed, it corresponds to a massive deformation for some
of the chirals in the saw, see subsection 3.2 of [1] for more details.

3.6 Gluing asymmetric S-walls

We now consider gluing an S-wall to an asymmetric S-wall. For convenience, here we choose
a particular frame where we glue the emergent USp(2V) of the S-wall with the manifest
USp(2N) of the asymmetric S-wall which has the emergent USp(2/V) symmetry broken to
USp(2M) x SU(2) by the superpotential (3.44). We will refer to the resulting theory as

theory 7;.
At the level of the index, such deformation corresponds to the specialization of part of the
N—M+1 .
variables ¢ in the form of a geometric progression: yas4; — ¢~ 2 =iy for i = 1,....N—-M
with M < N. Then the identity (3.28) reduces to:
IéV’M = j{dZN AN(Z5 ) Zrpuspen)) (T; 25t ¢)
L N-M-1 N-—M-3 _N-M-1 1
IFE[USp(QN)](Z;yut 2 U7t 2 U, 7t 2 U;t;C ) =
1 2mix; M +1 N—M NoMol_ o\ 4
i 2 2 Il —yz) 1 ( syt 2 o) = algu®).

oceSy * i=1

Notice that we can recover the standard delta-property (3.2) for M = N.

We can now think of gluing theory ’7; to a test theory Tiest exhibiting the USp(2N),
global symmetry. The delta-function property of ’E, which we call the deformed Identity
wall, then leads to a duality between theory Tiest glued with theory ’7; and the deformed
Tiest whose USp(2N), symmetry is broken to USp(2M), x SU(2),. Again let us consider
the simplest case where the test theory Tiess is given by a WZ model with the superpotential

Tr, [Trb<P2> : A] , (3.46)

where P is in the bifundamental representation of USp(2N), x USp(2K), and A is in
the antisymmetric representation of USp(2N),. Now we gauge the diagonal combination
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Figure 9. On the left, the diagram representing the gluing of theory 7;, which we identify with the
deformed Identity wall, and a test theory Tiess. On the right, the dual theory ﬁest. Each colored
line denotes a set of chiral multiplets in the same representation of the non-abelian global symmetry,
but with different charges under the abelian symmetries. Especially, the blue line denotes Q;, the
green line denotes R; and the red cross denotes (A)%[B+ gy i (3.49).

USp(2N), C USp(2N), x USp(2N),, where USp(2N), comes from 7,, with an extra
antisymmetric chiral ® coupled to A and Opy” as follows:

Tr.[@- (4 - 0u")). (3.47)
Since ® and A — Ox’ are massive, if we integrate them out we are left with the theory
corresponding to the left diagram in figure 9 with the superpotential between P and Op”
Tr, [Trb (P2) : OHL} (3.48)

as A in (3.46) is identified with Oy’. As before, the USp(2N), is fully Higgsed, but this
time it is identified with USp(2M), x SU(2),. We accordingly decompose the fields as

P — (2K,2M,1)®(2K,1,2)%V "M

p Qi=1,...N-M
3.49
A — (1,M2M-1),1)&(1,2M,2)"V "M g (1,1,1)oW-MEN-2M-1) (3.49)
A Ri—1,... . N—M (A)‘X/}ij,M+k

where (o, ) = (£, 2)if 1 < j <k < N—Mand (o,58) = (+,—)if1 <j=k < N—M. The
result of the Higgsing is the WZ model Tiest on the right of figure 9 with the superpotential

N-M N-M
Tr, [Trb (152) -fl} + ) Tr,Tr, [prcRﬂ + > T [Q;Qﬂ (A)Xj-',_-i,M—i—i
i=1 i=1

N-M-1
e 76 T
+ D capers Ty [Qj Q}ﬂ (ADfesnn+ 20 (Aiigiarsis (3.50)
i=1

Jj<k
where the last term comes from the deformation (3.44) and is the responsible for the
breaking of USp(2N) to USp(2M), x SU(2),.

4 Gluing S-walls with matter

4.1 Gluing with two fundamental chirals

We will now consider the gluing of two S-walls with additional matter fields. We start
considering the case where we gauge the diagonal combination USp(2N), of two manifest
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Figure 10. The theory obtained by gluing two S-walls with 2 chirals is dual to a WZ model.

USp(2N) symmetries of the S-walls with an antisymmetric field ® and two extra fundamental
fields (P, P7) interacting via the superpotential

Tr.[@ - (0" = Ou™)| + Tr.[PT P~ - (04" + O4")] (4.1)

where Tr, is taken over the gauged USp(2N), and On’”, Ox’ are the gauge singlet fields of
the two FE[USp(2N)] blocks in the antisymmetric representation of USp(2N),.

Also with this gluing the “U(1);” symmetries of the two FE[USp(2N)] blocks are
identified because of the first term in the superpotential. Of the two “U(1).” symmetries
for the FE[USp(2N)] blocks, which we call U(1). and U(1)4, one combination is broken
and correspondingly the fugacities of U(1). and U(1), satisfy

cd = (pg/t) . (4.2)
The total global symmetry is
USp(2N), x USp(2N), x SU(2), x U(1). x U(1); (4.3)

where USp(2N), and USp(2N), are the emergent USp(2N) symmetries of each
FE[USp(2N)] block and (P*, P™) is a doublet of SU(2),.

Notice that the first term in (4.1) gives mass to both ® and Oy’ — Ox®, so they can
be integrated out, and we are left with

Wrind = Tr, [eaﬁpapﬁ : A} . where A =O0nL +0uE. (4.4)

As depicted in figure 10, we will show that the dual is a simple WZ theory. In terms of
the supersymmetric index, this duality corresponds to the following identity:

N
. . 1 L L 1
j{dZN An(Z;t) H Te (tQUﬂziﬂ)IFE[Usp@N)}(Z; Tty ) Ippuspeny (55 0t (pa/t)2e™ )
i=1
1 N 1
I‘e((pq/t)ixiﬂyjﬂ) er(ticvilmiﬂ)
1 i=1 j

1
Ie((p)2e o™y, (4.5)

1

1,J

where v is the fugacity of SU(2), acting on (P*, P™).
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The duality in figure 10 can be generalized to the case where we glue S-walls of different
lengths N > M as shown in compact form in figure 11. More precisely as shown in the
first line in figure 12 we take one asymmetric S-wall, the FE[USp(2N)| theory deformed
by the superpotential (3.40), which breaks USp(2/N) to USp(2M) x SU(2),, and the S-wall
FE[USp(2M)] exhibiting two USp(2M ) symmetries and gauge the diagonal combination,
which we call USp(2M),, of USp(2M) of the deformed FE[USp(2N)] and the manifest
USp(2M) symmetry of FE[USp(2M)]. We then introduce the doublet of fundamental
chirals (P*, P~) with the superpotential

MWhund = eaBTrzR?VfMPﬁ (46)

where we recall that the fields R; (depicted in green in figure 12) were defined in (3.42).
Notice that the superpotential (4.6) has both the effects of fixing the abelian charges of P
and of identifying the SU(2) symmetry rotating P with SU(2), acting on Ry_ps (and on the
other R;). From figure 12 we also see that the fields QgN_l’z) and R; respectively represented
by the blue and green line form cubic superpotential with the horizontal bifundamental
QW—LM) inherited from the cubic superpotential of FE [USp(2N)] involving out.

At the level of the index, the deformation (3.40) is translated into the specialization of the

. N o oS . o N—M-—1 _ N—M-1
variables 2 of Zgyspen))(¥; 23t;c) in (4.5) to Zn = (21,...,2m,t 2 v,...,t 2 ).
Then we can integrate over the remaining Zjy; = (z1,...,25) and obtain the following

generalized identity:?

gl i+1 2 al NoAtl L EL
H Fe(t71+ C ) H F %dZMAM Z t Z1:[ ( Z; )
- N-—M-1 _ N—M-1 N

XIFE[Usp(QN)](Zt 2 U,
N

—

IR )IFE[USp(2M)](Z Uit (pq/t)%c_l)

+1, +1 - Lt 11 st Lyl
—HHF<pq/t2x Y; )HFe(t )HF( )2t y])
1=1j5=1 =1
_ A(N,M) N-M
=1, (3: gty et™ ) , (4.7)
where we have defined
(M) N M
A G THOE H HF ( (pq/t) 2:L'i1y;d) HF (t2cvi1xi1) HF6<(p )2c 1vi1yjd>
i=1j=1 i=1 j=1
(4.8)
“Notice that the index of FE[USp(2N)] includes the contribution of Oy” which, due to the specialization
ZM+i — th_M+1 “tyfori=1,...,N — M, is decomposed as:

IT% Te (pat™ 252,
N

+1
M N—M 1 41 N=MF1_
_ T. t - t J
I |Fe(pqt 12?[12;[1) — IT- 1H <pq “ ( ’ v) )’
i<j _ N-M Nt/ N ANES
f I (4 ()

where the first line correspond to O, the second line corresponds to R;, and the third line corresponds to
+,+ :
(On)aisi gy i (3.42).
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2N 2M 2

Figure 11. The theory obtained by gluing two S-walls of different length with 2 chirals is dual to a
WZ model.

Also in this case, as we will see, the proof of the duality is based on the iterative
application of the IP duality. Indeed for N = M = 1 the duality in figure 10 is the
star-triangle duality corresponding to IP for N. = 1 and Ny = 3 or Seiberg duality for
SU(2) with 6 chirals.

The first step of the derivation consists in applying iteratively the IP duality along the
quiver starting from the leftmost USp(2) node until we reach the (N — 2)-th gauge node,
which leads to the second quiver in figure 12. Note that the SU(2) flavor node with fugacity
x1 is now attached to the (N — 2)-th gauge node and the (N — 1)-th gauge node, both of
which do not have antisymmetric fields.

We then apply IP duality on the (N — 1)-th gauge node, doing so the R; fields in

green becomes massive and disappear, while only two of the QZ(-NA’?)

fields remain massless,
which are denoted by a black line connecting the (N — 1)-th gauge node and the SU(2),
flavor node in the third line of figure 12. Indeed we can see that after the dualisation the

fugacities of the Q (N-12)

T (=) (7))

1 j=1

NUM]i] (a3 () () ) = T e (o

Jj=1

fields lead to a telescopic canellation

_ +1
2 (08D)
(4.9)

Now we apply the TP duality on the remaining gauge nodes sequentially arriving at the
last diagram in figure 12.

The next steps are shown in figure 13. We first apply the IP duality along the quiver
starting from the left and up to the second to last gauge node, arriving at the second line
of figure 13. Then we start again from the leftmost node and apply IP sequentially, but
this time stopping at the third to last node. We repeat this procedure for ¢ =4,..., N — 1,
applying the IP duality from the first gauge node to the i-th last node, obtaining the
third diagram. We now notice that the initial part of the tail consists of a series of SU(2)
gauge nodes which sequentially confine once we go through it with the IP duality, and we
eventually reach the last diagram.
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X3 R Xy X Yu V2 |

2 v Sequential IP

AN

Figure 12. The first steps for the derivation of the duality associated to the gluing of two S-walls
of different lengths with the insertion of 2 chirals. We avoid drawing gauge singlets not to clutter

the picture.
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Sequential IP

Figure 13. The subsequent steps for the derivation of the duality associated to the gluing of two S-
walls of different lengths with the insertion of 2 chirals. We avoid drawing gauge singlets not to clutter
the picture. Some of these would connect the USp(2M),, flavor node to some of the other flavor nodes.

Implementing these manipulations at the level of the index, we find that the Lh.s. of (4.7)

is equal to
N ,1 ]
pq/t HP (pqt 1 :tl )H ( ) (thzc2>
1<J =1 =1
M
x H H Te((pa/t) 2o yE?) H ()2t T oyt
i=1j5=1 j=1
N o N=Mi1l 47 4 - = LN 41 _+1
XHFe(tl 2 oty )deN—lﬁN—l( ) Fe((pq)% 2vT 2 )
i=1 j=1
L w2ipg/t (pg) 2T ) (4.10)

X Fe((pQ)Qt clarty )IFE[USp(2N 2)] (5; TN, -
for N > 1. If N = M =1, the identity (4.5) is nothing but the IP duality itself (B.3)
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We now observe that the last diagram of figure 13 is the mass-deformed E[USp(2N)]
theory dual to a WZ model discussed in [1]. Indeed comparing with the recursive defini-
tion (2.17) of IFE[USp(QN)} and the relation (2.20) between IFE[USp(2N)] and IE[USp(QN)]: we
find that the last two lines of (4.10) are nothing but the index Zgygp(2n) With specialized
i variables

N—-1 N—-1

N-1 _N-1 M
IE[USp(ZN)] (t 2 V..t T2 UITN, .., TG pQ/t 12 )
N . N—M+1 N 1N 41 41
:Hre<t1* 2 CU a}l j{dZN 1AN 1 H F ( 5 20 Zj )
i=1 jaie

1 _M-1 _1 M+1
xFe((pq)2t e “laytay )IFE[USp(2N 2)](z;xN,-.-7x2;pq/t;(pQ) 2t 2 C)~ (4.11)

By the sequential application of the IP duality, this theory was shown in [1] to be dual to a
WZ model. The corresponding index identity is given by

—1 N—-1

N1 N1 M
IE[Usp@N)}(t 2,2 U;$N7~--7$1;PQ/1§;“0)

_N-M-1
:Fe(tMCZ)Fe(t)N 11_\7[ Fe(txflxil)ﬁre(t 2 cvilxiil)

ot bl Fe(tM7i+lc2)1"6(ti)

(4.12)

which leads to the identity (4.7).
Also in this case although we proved the identity (4.7) by gauging the manifest USp(2M)
symmetry, using the spectral duality of F E[USp(2M)] we can show that this identity holds

for any combination of USp(2M), either manifest or emergent; i.e. one can either swap
N—M-1 N—M-1

(Z,t7 =2 w,...,t7" 2 o) and Z in the left block as follows:
N-M ' N-M ' N Nt
H Fe(t_”lcQ) H Fe(tz>]{dZMAM(z,t)HFe(t 2 Uilziﬂ)
i=1 i=1 =
L 4, N-M-1 _N—-M-1 55 1
X IFE[USp(QN)](x‘Z 2t 2 st C)IFE[USp(QM)}(Z;y; t; (pg/t)zc 1)
N,M M
:I(V )(x yiustict™ ) (4.13)

or swap 2z and ¢ in the right block, or both, without changing the identity.

4.2 Gluing with 2L fundamental chirals for L > 1

We now consider theory 7'gQL obtained by gluing two S-walls with the insertion of 2L
fundamental fields P’ for j = 1,...,2L, which are rotated by an extra USp(2L), global
symmetry. Similarly to the L = 1 case, we introduce the superpotential

Tr, [@ : (oHL - oHR)} +Tr, [Trv (P2> : (oHL + oHR)] , (4.14)

where Tr, and Tr, are taken over the gauge USp(2N), and the global USp(2L), respectively.
Once we integrate out the massive fields ® and Oy’ — Onx®, the remaining superpotential
can be written as

SW = Tr, [Trv (P2) : A} : (4.15)
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Figure 14. The dual of the gluing of two S-walls with the insertion of 2L fundamental chirals fields.

where A is defined by A = Ox” + Oy’. The global symmetry of 7;2]4 is given
USp(2N), x USp(2N)y x USp(2L), x U(1), x U(1);. (4.16)

As we are about to see, TQQL admits a dual description given by the linear quiver with L — 1
gauge nodes shown in figure 14.

This duality can be derived from the dualities we have obtained for L = 0, 1. The idea
is to first split the 2L chirals into L doublets by inserting L — 1 Identity walls, corresponding
to pairs of S-walls glued together, as shown in figure 15. This dual frame can also be
regarded as a sequence of L blocks formed by two S-walls glued with the insertion of a
doublet of fundamental chirals. We can then apply the duality of figure 10 L times to reach
the dual frame on the right of figure 14.

In terms of the supersymmetric index, the duality can be expressed as follows:

SN L _
]{dZN AN(Z31)Zrpuspen)) (2535t ¢) H HF (t“/il 1)IFE[USp(2N)] (Z;y;t;(pQ/t) 2c 1)
i=175=1

L -
—j{dwN An(w fdw (L—1) w1 HI(VN’N ( =1, ();vi;t;(pq/t)_%c),
(4.17)

where w(?) = # and (¥ = 7 and I(VN’M) (Z; 7, v;t; ¢) was defined in (4.8). Note that the
U(1). fugacity of the right block is fixed to (pg/ t)éc*1 due to the anomaly cancelation and
the superpotential (4.15).

Again, while we have derived the duality for the theory with the Lagrangian gluing,
this can be further extended to several non-Lagrangian dual frames with the gauging of
emergent USp(2N) symmetries. Those can be achieved by using the spectral duality of
each FE[USp(2N)] block; e.g. one can simply exchange 2 and & among the arguments of
the left block without affecting the r.h.s. using the spectral duality (2.16):

deN AN(z,t)Ippuspeny) (T; 25t ¢ H HF (tQUﬂ ! )IFE[USp(2N)] (Z 7it; (pa/t)7 ¢ )
i=15=1

L .
—]{dwzv An(w j{dw (L-1) (L—l)’t) HI(VN,N) (ﬁ(ifl);w(i);vi;t; (pq/t)*%c) .
i=1
(4.18)
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Figure 15. The auxiliary dual frame for the gluing of two S-walls with 2L chiral fields obtained by
the insertion of L — 1 identity walls.

In this case, we gauge the diagonal combination of the emergent USp(2/N) of the left block
and the manifest USp(2/V) of the right block, with interaction

Tr. (@ (CF = Ou®)] + T [T, (P?) - (CF + 0uF)], (4.19)

where ® and CL — Oy® are massive and can be integrated out. In addition, one can also
use the spectral duality of the right block, which simply exchanges z and  among its
arguments.

The duality that we derived in this section, schematically represented in figure 14,
is in fact one particular instance of the 4d mirror duality discussed in [1]. Specifically,
up to gauge singlets, 7;2L , the theory on the left, coincides with EJ[USp(2NL)] where
p=[(L—1)" 1] and ¢ = [N*], while the theory on the right can be identified with its
mirror dual E2[USp(2N)]. Hence, we found a derivation of this particular 4d mirror duality
by iterative application of the IP duality. This leads us to wonder whether it is possible to
derive all the mirror dualities, both in 4d and in 3d, by iterative application of some more
fundamental duality, like the IP duality in 4d.

This actually turns out to be true, as it will be shown in an upcoming paper [14], where
the dualities we derived in this section will play the role of basic duality moves that we apply
locally in linear quivers to determine their mirror dual. We will then need our dualities for
generic values of the parameter N, M, L which might include cases in which our theories are
not flowing to an interacting SCFT. Actually determining the range of parameters for which
our dual quiver theories flow to an interacting IR SCFT is quite complicated compared for
example with the case of Seiberg duality, which relates interacting theories if the number of
colors and flavors is such that both theories are in the conformal window. Remember that
in Seiberg duality, for a fixed value of, say, the number of colors, the range of the number of
flavors that defines the conformal window is determined by requiring that the beta-function
is negative for one of the two extreme of the range and that all the gauge invariant operators
have their superconformal dimension above the unitarity bound for the other extreme. In
our theories determining the precise conformal window is more complicated for various
reasons. First, the requirement on the negative beta-functions at each gauge node is not a
necessary condition anymore. This is because several interactions are involved in our quiver
theory, both gauge and superpotential interactions. The requirement on the dimension
of gauge invariant operators is still a necessary condition, but verifying it is much more
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Figure 16. The quiver representation of the Lagragian gluing of two FT[U(N)] theories. Round
nodes denote U(n) gauge symmetries. Pairs of lines between adjacent nodes denote chiral fields in
the bifundamental and anti-bifundamental representation of the two nodes symmetries, while arcs
denote chiral fields in the adjoint representation of the corresponding node symmetry.

complicated than in Seiberg duality since the structure of the gauge invariant operators, as
we saw, is more convoluted and moreover we have abelian symmetries that can mix with
the R-symmetry in the IR. For these reasons, determining the precise conformal window
for our dualities is tricky and we don’t attempt this. In addition, for the reasons above,
when our theories are coupled to other theories (as it will happen when we will use these
dualities as basic duality moves) we would have to discuss again the IR dynamics as new
interactions are generated.

5 3d dualities and SL(2,Z) relations

In this section we will show how the basic properties of the S and T' generators of SL(2,Z)
can be reinterpreted as dualities involving the 3d S-wall theory. In particular we will show
how to recover the 3d field theory realisations of the relations S? = —1, SS~! = 1 and
STS = T~'S~1T~1. As we already mentioned we can equivalently identify the 3d S-wall
with T[SU(N)] or FT[SU(N)] by just modifying the notion of gluings of walls, so we will
always work with FT[SU(N)].

5.1 Gluing 3d S-walls and Identity walls

In order to prove that gluing two 3d S-walls we get an Identity wall, we can either take the
3d limit followed by various real mass deformations of the 4d result or we can follow an
iterative procedure as in section 3.2. Here we will discuss in detail the first approach by
showing how the various limits can be taken at the level indices and partition functions,
giving just a quick description of the second approach.

For the iterative procedure we consider the Lagrangian gluing of two 3d S-walls, that
is we gauge the manifest U(N) symmetries of two FT[U(N)] tails as depicted in figure 16.

Notice that, since there is no flavor node in the quiver, an overall U(1) in the gauge
group is redundant and can be re-absorbed. The standard choice is to re-absorbe the U(1)
part of the middle U(NV) node, so to turn it into a U(N)/U(1) = SU(N)/Zn node (we will
see this at the level of partition functions later). In the following discussion we will neglect
this redundancy in our description of the theory and keep the middle node to be U(N).

The fundamental duality in this case is the Aharony duality® [25] which can be applied
iteratively starting from the leftmost U(1) node. The dualisation of each node among other

3The Aharony duality relates U(N.) with N; flavors and no superpotential to U(N. — Ny) with N flavors
and N]% + 2 singlets X%, ST flipping the dual mesons and monopoles W = X%q.¢° + S™M+ + STM~.
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things has the effect of removing the adjoint at the adjacent nodes so the dualisation can
be iterated proceeding from the left to the right of the quiver. As we pass the central U(V)
node the ranks start decreasing, and when we reach the right U(2) node this will only see
two flavors and confine. So the original quiver splits into two FT[U(N — 1)] blocks gauged
together and a decoupled U(1) theory with a BF coupling of the form:

/ Brd?0d*0Vy — < / Brd?0idd + c.c.> (5.1)

where ¥ and ® are the dynamical linear and chiral multiplets inherited from the N' = 4
vector for the decoupled gauge U(1), while V and ® are the background N = 2 vector and
chiral multiplets inherited from the background N = 4 vector for a U(1) global symmetry
which is a combination of the topological symmetries of the leftmost and of the rightmost
U(1) nodes of the original theory. This is the analogue of what happens also in 4d, where
at the end of the first iteration of the IP duality we got a decoupled SU(2) gauge theory
with 4 chirals with the SU(2)? symmetry acting on them, originating from the leftmost
and the rightmost SU(2) symmetries of the saw of figure 4. In 3d integrating over the
dynamical fields will lead to a functional delta function setting the background fields to
zero [28] and so identifying the topological symmetries of the first and last nodes. Iterating
this procedure as in the 4d case we can split the theory obtained by gluing two FT[U(N)]
tails into the product of N U(1) theories with BF couplings. The functional integration
over these N abelian nodes yields the functional delta function identifying the topological
symmetries of the left and of the right FT[U(N)] tails.

We can alternatively obtain this result starting from the 4d gluing of two FE[USp(2N)]
theories that gives an Identity wall and implementing the following steps which reduce the
4d FE[USp(2N)] theory to the 3d FT[U(N)] theory.

We first compactify on a circle so to get a 3d N' = 2 quiver gauge theory that looks
exactly as FE[USp(2N)], but with the addition of a monopole superpotential that is
dynamically generated in the reduction [6, 7]. Specifically, the fundamental monopole of
each USp gauge node is turned on in the superpotential, with the effect of breaking some
abelian symmetries that were anomalous in 4d. We will refer to the resulting theory as
FE[USp(2N))3.

We then consider a combination of a Coulomb branch VEV that breaks all the gauge
groups from USp to U combined with a real mass deformation so to follow the theory
to a vacuum where half of the matter chiral fields remains massless. This gives the 3d
N = 2 theory called FM[U(N)] that was studied in [18].* In particular in this theory the
fundamental monopoles of magnetic charge +1 of every unitary gauge node is turned on in
the superpotential.

Finally, we consider a further real mass deformation for what used to be the U(1).
symmetry in 4d, which has the effect of giving mass to all of the fields of the saw and of

4This theory was originally introduced in [18] from a completely different perspective, that is exploiting
a relation between 3d N = 2 dualities and 2d CFT correlators in the free field realisation [29]. From this
perspective, the FM[SU(N)] theory corresponds to the 3d gauge theory avatar of the kernel function used
to manipulate the free field correlators of Liouville theory in [30].
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lifting the monopole superpotential. The result is that now we have two FT[U(N)] theories
glued together yielding an Identity wall operator identifying the topological symmetries of
the two tails.

Let’s see how these series of limits is implemented at the level of supersymmetric
partition functions. The starting point is the 4d delta-identity (3.27), which we report again
here for reference

1y = de'N AN (Z ) Irpuspen) (7 & ¢ ) Irpuspen) (27 ¢ it)

=1 2T
Alet Z ZH5<% Ui)' (5.2)

oceSy * i=1

The first step consists of taking the limit from the S x S! partition function of F E[USp(2N)]
to the Sg’ partition function of the theory obtained from circle compactification (see [31-34]
and appendix A.1 for our conventions on the squashed three-sphere partition function). For
this purpose, we redefine the parameters of (5.2) as follows:

(n) 27r7,7’Z( )

ZL/Ra = © L/R,a n=1---,N—1, a=1,---,n,
o 627r27‘X%-7 yi = eerYi, 2 = 627r2rZ¢7 § = 1’ . ,N,
) o B B 1
c= eQTI’Z’I”A7 t = e2mr(zQ 2mA)7 p=e 27rrb’ g=ce 2mrb 7 (53)

where 7 is interpreted as the radius of S! and all the new parameters in capital letters
11
2r7 2r
the standard domain for parameters of the Sg partition function. Moreover, in order to

are taken to live in [— ], so that in the r — 0 limit we recover the real axis which is
conform with the conventions already appering in the literature, we renamed the U(1),
symmetry in 3d with U(1)a. At the level of the integrand of the 3 x S! partition function,
the limit is taken using the following property that relates the elliptic gamma function to
the double-sine function, in terms of which the contribution of 3d A’ = 2 multiplets to the
Sg’ partition function can be written:

: 2mirx —27rb _ —2mrbTl\ “;(iQfm) -9_
lig T (475 = o2 g = 20— B0E ) (12 0) (s
where Q = b+ b~!. Using this, one can show that [4]
lim Zp prusp(en)) (7393 1 ¢) = Cn Zrpuspenypa(X; Yima; A) (5.5)

where we defined the S} partition function of FE[USp(2N)]3¢
z BV Avma) — Q Q N
FE[USp(2N)]3d( ;Y Aima) = sp —Zf +2A ) s 25 —2my | X

stb(zgiX + X; —2mA>Hsb<z§iYNiX A)

1<)

/HN 1dZ(N l)H 1sb(YN:|:Z( )—mA—i—A)H 1Sb(Z(N ):|:X7;+mA)
X

TN =D s (8 £ 228 ) TG s (i + 28 £ 20N

X ZFE[Usp(2N—2)]3 (ZgN_l)’ T 7Z(N Vi Yveamar At ma - 2?) (56)
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and the divergent prefactor is
) ) N(N-1)
CN —_ [7‘ (efQﬂrb; 6727rrb> (6727rrb ;efQﬂrb ) ] 2 %
oo o

X exp {—167; (z’QN(QN — 1) — 2N(2N — 1)ma — ZNA)] . (5.7)

4

Instead, the limit of the contribution of a USp(2/N) vector multiplet together with that of a
USp(2N) antisymmetric chiral is

. AN(git) — ox _ij —1Dm 29 _
}%m_ p{ 6T<2N(2N 1)my + 2N(l 4N))]><

. sb(—z’%JrzmA)NvaQ sb(—in:Z-j:Z-_FQmA). .
H{Vlsb( Qi2Z) K]sb( + 7 iZ)

Combining these results, we find that the 3d limit of (5.2) yields

N
;9 N _-Q . )
C/Hz 1dZ; Sb +2m,4) Hi<jsb( iy * Z; & Z; —|—2mA)X

2VN! HN,lsb(Qﬂz)nstb( + 7+ Z)
X Z%;[Usp(QN)] (Z' XA mA)ZFE[USp(zN)](Z' Yi-4; ma) =
IIY (i Qi2X) Nis(i X+ X))

= ZZﬁ §(Xi £ Y,). (5.9)

Sb(—i% +2mA) z]\;] 8b< if + X; :I:Xj + 2mA) oceSy * i=1

The overall divergent prefactor coming from both sides of the identity

C = |:7, <e727rrb; e727rrb)oo (ef2ﬂrb_1; e727rrb—1) :|N(N+1) exp[ s (Q

2z 22

o N(N+1))] —1

r—0

(5.10)

oo

turns out to be trivial as one can easily show using the following asymptotic behaviour of
the g-Pochhammer symbol [35]:

2
éig%)(e*?ﬂ;e*w)oo = \/gexp [—gﬁ] . (5.11)

The identity (5.9) we obtained is the analogue of (5.2) for the theory associated to the
circle compactification of F E[USp(2N)].

We now consider the combination of Coulomb branch VEV and real mass deformation
that makes us flow to the F'M[U(N)] theory of [18]. This limit can be implemented at the
level of the Sg partition function considering the following scaling of the parameters:

Xi—>Xi+s, YV,>Y+s, Z;— Z;+s, Zé/)Ra—>Zg})Ra+s s — +oo  (5.12)
and using the following property of the double-sine function:

lim sp(x) = 5T (5.13)

r—+o0

— 33 —



Using this, one can show that [4]

—

N
ZFE[USp(QN)]M(X;Y;mA; A) — KN H Sp (—Zé2 +2A + 2(] - 1)(mA — ZQ>) X

. 2
j=1
< Zpauovy (X Ysmas A) (5.14)
where we defined the S} partition function of the FM[U(N)] theory as
o N Q
ZFM[U(N)](X Y H8b<’t X YN) A) H Sb(i2:|:(Xi—Xj>—2mA>><
ij=1
/H 14z TS s (28 Y = Yn) + A—ma ) T sy (22870 = X0 +ma)
X X
— N-1 N—-1
(N-1)! Nots(i9 428N -z
X ZpM[U(N-1)] (Z{N D Zz(leiﬂYl’ YN—1;mA;A+mA—i§> (5.15)

and the divergent prefactor is

N
2Ns+ > (X;+Yi) } . (5.16)
i=1
The partition function of FM[SU(N)] can be obtained from that of FM[U(N)] by just
imposing the tracelessness conditions ZZ 1 X5 = Z = 0. Instead, the limit of the
contribution of a USp(2/V) vector multiplet together Wlth that of a USp(2N) antisymmetric
chiral is

sb(—¢%+2mA)NH§V<j so(—i9 £ Zi% Z; + 2m.)
va13b( Q:EQZ)Hl<ij( %:EZZ:EZ]>
N )] [0 sp(—i% + (Z: = Z;) + 2ma)

— exp [2772'(2(1\7 —1)ma —iNQ) <Ns +> 7 > ( Loz ))
i=1 i<j So{?

Ky = exp{2m [2622 ~ A+ (N - 1)<i§ - mA>

(5.17)

This is the contribution of a U(N) vector multiplet and a U(N) adjoint chiral multiplet.
Indeed, as we mentioned before, the effect of this limit is of breaking all the symplectic
groups, both of gauge and flavor symmetries, down to their unitary subgroups. Combining
these results, we find that after such a limit (5.9) reduces to

KHsb< Z:I:2A—|—2(]—1)<mA—iC§)>><

[y, dZ 5b g+ QmA)N 1%, Sb(—iQ +(Zi = Zj) + 2mA)
/ 1Y 5 (% + (2 - 2)))
X ZFM[U(N)](Z'X'mA;A)ZFM[U( 1(Z;Y ima; —A) =
- fijsb(@i(x X;))

N
= S II6Xi—Y,0).  (5.18)

Sb(—i% + 2m,4> Hlj\i] Sb(—i% + (Xz — Xj) + 2mA) oeSy i=1

X
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The divergent prefactors on the two sides of the identity cancel out yielding a finite result,
but we still have an overall prefactor

Kzexp[Qm’((N—l)mA—A—igN) (g:X,—Y,)] =1, (5.19)
i=1

which turns out to be trivial once we enforce the contraint X; = Y5 ;) due to the delta. The
identity (5.18) we obtained is the analogue of (5.2) for the FM[U(N)] theory.

We remark at this point that one could have equivalently considered the limit in which
the Y; parameters are sent to —oo, namely Y; — Y; —s. In this case, we would have obtained
the same identity (5.18) but with the exchange Y; — —Y;. The two choices correspond
to two different embeddings of U(N) inside USp(2N) which are related by an element of
the Weyl group of USp(2N) which is not in the Weyl group of its U(NN) subgroup. This
observation will be important in a moment.

We conclude the series of limits by considering the real mass deformation with respect
to the parameter A

A — A+s, s — 400, (5.20)

after which, at it was shown in [18], the partition function of FM[U(N)] reduces to that of
FT[U(N)],?

Zpauy (X3 Y5 Asma) — QNeﬂ'w(zy:lX"ZH/"Q)ZFT[U(N)] (X;Y;ma) (5.21)
where the prefactor is
Qy = exp{zﬁrLlQN(—IQ(A +5)2 = 8m4(N — 2)(N — 1) + 4ima(N — 1)((2N — 1)Q+
+6i(A + 8)) + (2N% +1) Q% + 12i(A + s)NQ)] } (5.22)
and we defined the S} partition function of FT[U(N)] as

o o . N N
ZFT[U(N)}(XQ Vimy) = o2miYN D Xi H Sp (22 + (X; — Xj) — 2mA> X
ij=1

[l a5 TI 50 (227 = X) +ma)
=) 15 (= AT A7)

X Zpr[u(N-1)] (ZYV_D? SRR (TR aYN—1§mA§) : (5.23)

Again, the partition function of FT[SU(N)] can be obtained from that of FT[U(N)] by just
imposing the tracelessness conditions Zi]\il X; = Zf\il Y; = 0, or equivalently, by gauging

®The same series of limits can be used to flow from E[USp(2N)] to T[SU(N)]. In that case, the U(1),
symmetry is interpreted as the U(1) axial symmetry that is the commutant of the U(1)r R-symmetry of
N = 2 inside the SU(2)y x SU(2)c R-symmetry of N' = 4 [36]. More precisely, the embedding is such that
Ul)r =U(1)g +U(1)¢, where U(1)g C SU(2)g and U(1)c C SU(2)c, and U(1), is identified with the
opposite combination.
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the diagonal U(1) symmetries of both U(N)x and U(N)y. This is because the matter
part is independent of such diagonal U(1)x x U(1l)y C U(N)x x U(N)y, while U(1)x and
U(1)y have a BF coupling between them, which can be easily seen by shifting the variables

as follows:
Zm s 7 4y
X, — X, +w, (5.24)
Y; — Yi+u
where X; and Y; are defined such that >, X; = ¥, V; = 0. Therefore, w and u

parametrize U(1)x and U(1)y respectively. Since the representation of each matter is
either bifundamental or adjoint, w in the matter part of the partition function completely
cancels out. Indeed, w and u only appear in the exponential factors corresponding to the
BF couplings; collecting those exponentials, we get

N— 1Z(N

2m[YNZ Xt (YY) 1>+---+(Y17Y2)Z£1)}

. eZm[qu—i—(YN V) SN 2N T (7 Y)Z(l)].

(5.25)
The first term in the exponent corresponds to the BF coupling between U(1)x and U(1)y,
whereas the remaining terms show the BF coupling between each gauge node and the
associated topological symmetry, which is nothing but the FI term. If we focus on the BF
coupling between U(1)x and U(1)y, the exponential factor gives rise to a delta function
0(Nw) once it is integrated over u. This delta can be removed by further integrating over
Nw. What we are left with is exactly the partition function of FT[SU(N)].

We also use

H sb< z— +2A4+2(i—1) <mA — z?)) — exp[2mi(2(N — 1)my —iNQ)(s + A)],

(5.26)
to see that after such a limit (5.18) reduces to

N
/HiVle so(—i§ +2m.) Hﬁjsb(—igi(z—szmA)X

I1%, 5 (19 + (2 — 7))
x Zpruay(Z: Xsma) Zproo (Z: =Y yma) =
Nis( (X - X))

N
= Z H 6(Xz - Ya(z)) ) (527)

sb(—i% + QmA) H,f\ij Sb(*i% + (X — X))+ QmA) €Sy i=1

where again we simplified an overall prefactor which becomes trivial after imposing the
contraint X; = Y, ;) due to the delta. Notice that this identity corresponds to the gluing
of two FT[U(N)|, while that of FT[SU(N)] can be obtained by gauging the diagonal

— 36 —



U(1) c U(N)x x U(N)y. Again we implement the shifts of variables

Zm s zZ™M 4w, nm=1,...,N-1,

(5.28)

n)

,R,a
Z¢—>Zi—{—v,
Xi—>X,-+w,
Yi

— Y+ u

where SN, Z; = SN X; = SN, Vi = 0 is satisfied. Note that u, v and w parametrize
the diagonal U(1)’s of U(N)x, U(N)y and the gauged U(NV)z respectively. For the same
reason we explained for a single FT[U(N)], the matter part of the Lh.s. is independent of
u, v and w, which only appear in the exponential factors. Collecting the exponential factors
depending on them, we get

627riNv(w7u) ) (529)

Thus, once we gauge the anti-diagonal combination of U(1)x and U(1)y, i.e., integrate over
w —u, we get a delta function 6(Nw). Also note that the original N-dimensional integration
can be decomposed into the one-dimensional integration over v and the (/N — 1)-dimensional

integration over Z; with a constraint Zi]il Z; = 0; more precisely,

N N-1
[[dz =Ndv [] dz; . (5.30)
i=1 =1

Since v only appears in the delta function we got, we can explicitly perform the v-integration.
Then 6(Nw) gives 1/N, which cancels the Jacobian determinant N in (5.30). The remaining
integral is then exactly the gluing of two FT[SU(N)].

One can perform the same operation on the right hand side shifting X; — X; +w, Y; —
Y; + u and integrating over w — u. The shift only affects the product of the delta functions,
which can be written as

N N-1
1 - -
[To(Xi — Yo = ~ 0w —u) IT 6(Xi — Yor) (5.31)

where §(w — u) becomes one if we perform the integration over w — u. Therefore, the final
duality we get is

N ~ ~
/HfVIlei Sb(_i%+2mA) Hz‘l\ij Sb(_i%i(zi_zj)+2mz4)
— X
N! 7

[0 (i§+(Z-2))
X ZpT[SU(N)) (Z;X;m/x> ZFT[SU(N)] (Z; ~Y ;mA> =
Xis(i§E(Xi—X))) 1 Nt

— b - - > §(Xi—Y,4)  (5.32)
sb<—i%+2m,4) Hi]\ijsb<—i%:|:(Xi— j)+2mA)N0€SN i=1

>~.<
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2N 2N 2

Figure 17. A schematic representation of the braid duality. We remind the reader that the key
difference with the duality of figure 10 is that the doublet of chirals in the theory on the left is not
interacting with the antisymmetric.

with Zfil Zi = Zfil X; = Zfil Y; = 0. This duality can be interpreted as the relation
S~18 =1 for the S generator of SL(2,Z) once we identify either FT[SU(N)] or T[SU(N)]
with the S-wall [10, 11].

There is another relation satisfied by the S element, namely S? = —1. One can interpret
it as (5.32) where we redefined Y; — —Y;, that is

[1Y,'dZ; Sb(_i%+2mA)NHi]\ij Sb(—i%i( ~i_Zj)+2mA)
/ N Hf\ijsb(igi(zi—zj)) 8
X ZFT(SU(N)] <§?§§mA> ZFT[SUN)) <§;§;mA> =
I, (1§ +(Xi- X)) | N1

— — S(Xi+Y,m).  (5.33)
N ~ ~ Z (2 o'(z)
sb(—i%—i—QmA) i]\;j Sb(—i%ﬂ:(Xi—Xj)—i-QmA) NJGSN i=1

We already pointed out before that this other identity can be obtained by considering a
different scaling in the limit that made us flow from FE[USp(2N)]3¢ to FM[U(N)] and
that the two choices are related by an element of the Weyl group of USp(2N). Hence, while
in 3d the identities associated to SS™! = 1 and S? = —1 differ by acting with complex
conjugation on one of the two SU(N) global symmetries, in 4d they collapse on a single
equation since such action is an element of the USp(2/N) global symmetry.

5.2 Braid duality and the STS = T-1S~ 1T relation

In order to derive the STS = T—'S~!T! relation between the S and T generators of
SL(2,Z) we consider the braid duality depicted in figure 17 which was discussed in [4].
Here we glue two FE[USp(2N)] blocks by gauging a diagonal combination of one USp(2N)
symmetry from each of the two blocks.

By now we have understood that it is equivalent to consider the manifest or the emergent
symmetry, but for definiteness let us consider the Lagrangian gauging. In the process we also
add, as usual, an antisymmetric chiral field which couples to the antisymmetric operators
of the two blocks

OW = Tr,|@ - (On" — Ou®)] (5.34)
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and a doublet of fundamental chirals (P*, P~) which are not involved in any superpotential
interaction. This is the key difference w.r.t. the case considered in figure 10. As a

7

consequence, while the “U(1);” symmetries of the two blocks are still identified by the

superpotential (5.34), the “U(1).” symmetries both survive as independent symmetries,
which we call U(1). and U(1)4. The full global symmetry of the theory is thus

USP(2N), x USp(2N), x U(1); x U(1)e x U(1)a, (5.35)

where as usual the two USp(2/N) are enhanced from the symmetries of the saws of the two
FE[USp(2N)] blocks if we consider the Lagrangian gluing.

The dual theory is one FE[USp(2N)] block coupling to two sets of 2 x 2N chirals L
and R via the superpotential

SW = €q3 Tt [LQHRB} , (5.36)

where we recall that II is the operator in the bifundamental representation of USp(2N), X
USp(2N), symmetries of FE[USp(2N)] and «, 3 are SU(2), flavor indices. Hence L and R
are chirals in the bifundamental of USp(2N), x SU(2), and USp(2N), x SU(2), respectively.
We refer the reader to [4] for a detailed discussion of the mapping of the gauge invariant
operators in the braid duality.

The index identity corresponding to the braid duality appeared in [23] and is given by

%dENAN('gS ) Ireuspen) (75 T5t; ) Zrpuspen)) (25 ¥; t; d) H T ( pQ) ot ) =

n=1

1

N
H ((pg)2d "o D (pa)2 e o i Toppuspiany) (7 55 £ cd). (5:37)

From the braid duality we can flow to the duality of figure 10 by turning on the following
interaction on the lL.h.s.:

Tr. [P+P— : (oHL + oHR)] , (5.38)

which, as we discussed in subsection 4.1, has the effect of breaking one combination of U(1),
and U(1)4, that at the level of fugacities in the index is reflected in the constraint

= (pa/t)? . (5.39)

On the r.h.s. this deformation is mapped to a VEV for the singlet Sy_1 of FE[USp(2N)],
which makes the theory flow to a simple WZ model. This was discussed in [4] from the
field theory perspective, while the associated index identity was proven in Proposition 2.10
of [23]

N N
. 1 1
Irpwspen) (@7t (pa/t)2) = [T ] Fe((PQ/t)mfy;‘E) . (5.40)
i=1j=1

Using this identity inside (5.37) with the specialisation (5.39) we precisely recover (4.5).
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Now starting from the braid duality in figure 17 we take the 3d limit discussed in
previous section. In particular we first compactify on a circle and obtain on the Lh.s. two
FE[USp(2N)]3? blocks glued with the insertions of a doublet of chirals (not involved in
the superpotential) and on the r.h.s. an FE[USp(2N)]3? block coupled to the two sets of
chirals L and R via the superpotential (5.36).

We then take the Coulomb branch VEV that breaks all the gauge groups from USp to U.
On the Lh.s. we get two F'M[U(N)] blocks glued by the gauging of a common U(N) symme-
try with the insertion of one flavor (again not involved in the superpotential), while on the
r.h.s. an FM[U(N)] block coupled to the two sets of flavors L, L and R, R via the superpoten-
tial terms LIIR and LIIL, where II and I are in the bifundamental and anti/bifundamental
representations of the U(NN) x U(N) symmetries of FM[U(N)] discussed in [18].

Finally, we consider two further real mass deformations for what used to be the U(1),
and U(1)4 symmetries in 4d. This is done in two steps. We first give mass to the combination
U(1)c — U(1)4. This has the effect on the Lh.s. of giving mass to all of the fields of the saw
and of lifting the monopole superpotential so to get the gluing of two FT[U(N)], while still
keeping massless the flavor at the middle U(/NV) node. On the r.h.s., instead, we are giving
mass to the flavors L, L and R, R while keeping the FM[U(N)] block unchanged.

The last step is the real mass deformation for the remaining U(1). + U(1)4 symmetry.
On the lLh.s. side this is a mass deformation associated to the axial symmetry of the
flavor at the middle U(N) node, which results in a CS level +1 or —1, depending on the
sign of the mass, for such gauge node. On the r.h.s. the deformation is the one that we
already mentioned in the previous subsection that makes FM[U(N)] flow to FT[U(N)],
with background CS couplings for its global U(/N) symmetries. Hence, we recovered the
duality relating the gluing of two FT[U(N)] with a CS level £1 and a single FT[U(N)]
theory with background CS levels for the two U(NN) global symmetries at level F1.

Recalling the interpretation of the 1" generator as an integer shift of the Chern-Simons
level, one can interpret such duality as a 3d field theoretic version of the SL(2,Z) relation
STS = T-1S~'T~1. This naturally leads us to interpret the braid relation (5.37) as a
4d realisation of this SL(2,Z) relation, which confirms our identification of E[USp(2N)]
or FE[USp(2N)] with the S element. Moreover, this result allows us to identify also the
representative in 4d of the T generator, which seems to correspond to the addition of a
doublet of chiral fields. We plan to investigate this aspect further in a future work [37].

Let us now consider the 3d limit of the braid duality we just described at the level
of supersymmetric partition functions. We start from the index identity (5.37) and, as
in the previous subsection, we first take the limit from the S? x S' partition function of
FE[USp(2N)] to the S} partition function of the theory obtained after circle compactification.
In this case, we will use the following redefinition of the parameters of (5.37):

Z(LT;)R’a:e%mZ(L?)R@, n=1--- /N—-1, a=1,---,n,
T; = e?m’r‘Xz" yi = erriTYi’ 2 = e27‘rirZi, i=1,---,N,
c= e?m'rAl’ d = e27rirA2, t = e?mjr(iQ—2mA)’
v = eQﬂiTV’ p= e—27rrb’ q= e—27r7’b’1. (541)
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Using some of the results of the previous subsection, we obtain the following result for
the 3d limit of (5.37):

N dZ; sp(— 'Q+2ma)N f\éjsb( z2iZ + 7 —|—2mA)
2NN T s6(i% £ 22) I, su(i% + Z; £ Z)

C

x Zppuspenz(Z; Xima; A1) Zpguspenypd(Z: Y ma; Ag)x

N N N
X Hsb(Al —|—A2:|:V:|:ZZ) = Hsb(A2iViXi>H3b(A1 :|:V:|:Y;)
i=1 i=1 i=1
X ZFE[USp(ZN)Pd(X; Yimas Ay + Ay). (5.42)
The divergent prefactor C' coming from both sides of the identity
N(N+1)

C = [r<e—2m~b; e—zmb)oo (e—2mb*1;e—2mb*1)m} — 2z exp {_Z: (iQN(N + 1))] @ 1

(5.43)

is again trivial, as expected.

Now we can consider the combination of Coulomb branch VEV and real mass deforma-
tion that leads us to the braid relation for the FM[U(N)] theory. This is achieved by the
following shift of the parameters:

Zi— Zi+s, 2"

e = 2 e ts Xio Xits, YiorYits, Vo Vs, s

(5.44)
Again using some of the results of the previous subsection, we find that (5.42) reduces to

KH5b< ’L——|—2A1—|—2(j 1) (ma—z )>H3b< —+200+2(j— 1)( z?))x

/H 1dZ; Sb Q+2ma)NHf\2jsb(—ifi(Z»—Zj)-meA)
Z]\ijsb( 3E(Zi— Z))

ZFMU(N)] (Z;X;WA;AO X

N
XZFM[U(N)] (Z;Y;mA;A2> HSb(A1+A2i(V—Zi)) :KHS[)(AQZ‘:(V—XZ')) X

i=1 i=1
<[ Lso(ar£(V=Y) [ Sb(—i2+2<A1+Az)+2<J‘—1> (ma—@-2)) y
=1 j=1
X ZpM[U(N))] (X;?;mA;Al—{—AQ). (5.45)

The prefactors K and K obtained collecting all exponentials on each side respectively

N N
K =exp {27Ti |?NV(A1 + Ag) — 2/ ZXZ — 2/, Z Y+
i=1 =1

N N
(mN'nmALNQwFNs+§:X'+§:y>

i=1 i=1

}:K, (5.46)
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turn out to be equal, so that they cancel out between the two sides of the equation giving a
finite result. We can also notice that in equation (5.45) the parameter V' is now redundant,
and can be reabsorbed into a shift of the parameters of the non-abelian global symmetries
and of the gauge symmetries X;, Y;, Z; and Zg;)R,a' Hence we will set V' = 0 in the following.

At this point, we can perform two further mass deformations that lead us to the
FT[U(N)] theory. First, we consider the limit

Al = A1+s, Ay —>Ag—s, s— 00, (5.47)

such that the combination Aj + Ay remains finite. In this way, the FM[U(N)](X;Y;m;
A1 + Ag) on the r.h.s. of (5.45) remains unaffected by the limit, as well as the flavor glued
to the two FM[U(N)|(Z; X;ma;: A1) and FM[U(N)](Z;Y;ma; Ay) on the Lh.s., which
instead turn into FT[U(N)]’s. Again recycling some of the result of the previous subsection,
we obtain the following identity:

Q
va dZ; sp(—i2 + 2ma)N IV sp(—i% + (Z; — Z;) + 2moa) -
/ — = 2 : Zprumy)(Z; X;ma)x

Hf\ij so(i§ + (Zi — 7))

— —»

XZFT[U(N)](Z Hsb Al—l-AQiZ)
=1
M Q
H ( z+2A1+A2)+2(g—1)< —1'2)>><
X ZFM[U(N)}(X§Y§mA§A1 + Az) (5.48)

Again, it turns out that the two exponential prefactors Q and Q

N
Q= exp{m' [NA% — NAS + 2N (A1 + Ag)s — Y (X7 — Yf)] } =, (5.49)
=1

coming from the l.h.s. and the r.h.s. respectively are the same, so that they cancel out.
Lastly, we can take a final mass deformation to reduce also the partition function of the
FM[U(N)] on the r.h.s. to that of FT[U(N)] and which has also the effect on the Lh.s. of

intergating out the flavor. This is achieved by shifting the parameters as
Al — A1+s, Ay —>Ag+s, s— 0. (5.50)
Performing this last limit, equation (5.48) becomes

e_iﬂ{ {N(N—l)qu—i%mA(N—l)—s—%Q}} Hi\]:l dZ; Sb(—i%-i-Qma)NHi]ij sb(—iQﬂ:(Zl—Zj)‘FQmA)
N! N (i9+(Zi-2))

—

. N S -
x ™ 2im 2 Zrrow(Z; Xsma) Zrroy (Z; =Y ;ma)
. N - =
— e*’”zizl(XerYf)ZFT[U(N)] (X:Vima). (5.51)

X

Notice that the quadratic exponentials correspond to CS terms, hence what we have found
is the S} integral identity relating the gluing of two FT[U(N)] with a CS level —1 and a
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single FT[U(N)] theory with background CS levels for the two U(IV) global symmetries at

level +1.

Again we can translate this identity to the one written in terms of FT[SU(

N)| by

gauging one global U(1) symmetry. We first make the shift of variables

(n)

Z e — 2, v, n=1,...,N-1,
Z¢—>Z¢—i—v,

ZM sz 4y n=1,...,N—1, (5.52)
X; — Xi+w,
Vi — Yi+u

where ZC(L”) without the subscript L or R in the third line is an integration variable on the
right hand side. Then the factors depending on u, v and w are

ein[v2+2v(w—u)] (553)

on the left hand side and

—im N (w—u)?

e (5.54)

on the right hand side. Then we gauge the anti-diagonal U(1) € U(N)x x U(N)y by
integrating over w — u. Namely, on the left hand side, we have

/d _U/Nd,uem‘Nv+2ku /Hz le

/Hlle /Hlle“

/Nd wNv? 5N ., (5.55)

where the remaining integrand denoted by ... is exactly in the same form as the Lh.s.
of (5.51) but with X;, Y, Z; instead of X;, Y;, Z;. On the right hand side, we have

/d(w

where ... again denotes the remaining integrand, which is in the same form as the r.h.s.
of (5.51) but with X;, Y, Z; instead of X;, Y;, Z;. Thus, the duality we get is

—inN(w—u)? | 1
u)e N

(5.56)

e—m{[N(N m%—igma(N +2ma)NHf\2jsb( % (Z Zj)+2mA)

% /Hz 1dZ Sb Z%

X
Y (1§£(Zi-2)))
x e il lZFT[SU(N)] <Z X;mA>ZFT[SU(N)] <Z§_Y§mA>
=1\~ zN e ZFT[SU(N)]( X Y;mA) (5.57)
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6 Conclusions

In this paper we investigated some new properties of the E[USp(2N)] theory, or equivalently
of its FE[USp(2N)] variant. Specifically, we considered the gluing of two E[USp(2N)]
blocks by gauging a common USp(2/N) symmetry with the addition of one antisymmetric
and 2L fundamental matter chiral fields. We found some dualities for the resulting theories,
which we derived from iterative applications of the Intriligator-Pouliot duality. This plays
for us the role of fundamental duality, from which we derive all others.

The case L = 0 is somewhat special, in the sense that we showed that the resulting
theory has a quantum deformed moduli space with chiral symmetry breaking and that
its index takes the form of a delta-function. We interpreted it as the Identity wall which
identifies the two surviving USp(2N) of each E[USp(2N)] block.

For higher L, instead, we found a dual frame consisting of a linear quiver with bi-
fundamental matter and the characteristic saw structure. For L = 0,1 we also general-
ized the results to the case in which we glue two blocks of different lengths, that is a
E[USp(2M)] theory with a E[USp(2N)] theory subjected to a deformation that breaks
USp(2N) — USp(2M) x SU(2), where M < N.

We then focused on the 3d version of some of the 4d dualities discussed above which
now involve the T'[SU(N)] quiver theory, the 3d S-wall. We showed how these 3d dualities
correspond to the relations S%2 = —1, S718 =1 and STS = T-1S~ 1T, where S and T
are the SL(2,Z) generators. These observations lead us to conjecture that E[USp(2N)] can
also be interpreted as an S-wall in 4d.

In 3d we can use the Type IIB brane set-up to understand that T[SU(NV)] is a domain
wall interpolating between two copies of the 4d N' = 4 SU(N) Super-Yang-Mills (SYM) at
two different values of the gauge coupling which are related by the S action 7 — —1/7.
Indeed, T[SU(N)] can be engineered as a system of N D3-branes suspended between D5
and NS5-branes, of which we can think as imposing boundary conditions on the SYM theory
living on the N D3’s [2].

It would be interesting to have a similar explanation for why E[USp(2N)] possesses all
the properties of an S-duality domain wall in 4d. In this case we miss an interpretation similar
to the one that we have for T[SU(N)], primarily because we lack a brane realisation of the
E[USp(2N)] theory. It may be possible, though, to achieve a domain wall interpretation of
E[USp(2N)] by exploiting its E-string origin. Indeed, E[USp(2/N)] was originally introduced
in [4] because it plays a crucial role in the study of the compactifications of the 6d N' = (1,0)
rank-N E-string SCFT [38, 39] on Riemann surfaces with fluxes. Specifically, the theory
obtained by adding two octets of chiral fields to E[USp(2N)] with some superpotential
interaction corresponds to the compactification of E-string on a tube with a specific value of
flux that breaks the Fg global symmetry in 6d down to U(1) x E7. Since the compactification
of E-string to 5d on a circle with a suitable holonomy flows to the 5d N' = 1 USp(2N)
gauge theory with one antisymmetric and 8 fundamental hypers [40], we may expect that
E[USp(2N)] with the octet fields is a domain wall interpolating between two copies of this
5d gauge theory. Indeed, this was first noticed in [41] for the rank-one case: the E[USp(2)]
theory, which is just an SU(2) x SU(2) bifundamental, with two octets is a domain wall
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interpolating two 5d theories corresponding to the 6d rank-one E-string theory compactified
on a circle with holonomies of opposite signs. This point of view may be useful for obtaining
an interpretation of E[USp(2NN)] as an S-duality wall.

Another important observation that leads to interesting developments is that the duality
for the gluing of two E[USp(2N)] with 2L chirals that we derived in this paper coincides
with one of the 4d mirror dualities of [1], specifically the one between E7[USp(2N)] and
EP[USp(2N)] with p = [(L — 1)V,1V] and ¢ = [N¥]. This means that we provided a
field theory derivation for this instance of mirror symmetry by iterative applications of
the Intriligator-Pouliot duality. Reducing to 3d, we can get a similar derivation for the
mirror duality between T [SU(N)] and T#[SU(N)] with p = [(L — DN, 1¥] and o = [N¥]
by sequentially applying the Aharony duality.

A natural question is then whether we can derive other mirror dualities in a similar
fashion, that is by iterating some more fundamental dualities. In an upcoming paper [14]
we will show that this is possible in the case of linear quivers, that is for the £ [USp(2N)]
theories in 4d and the T [SU(N)] in 3d. More precisely, we will present an algorithm to
obtain the mirror dual of a given EJ[USp(2N)| quiver by locally dualising the fields using
two basic duality moves. These duality moves are strictly related to the dualities that we
derived in this paper and can be interpreted as local actions of the S element of SL(2,Z).
This will strengthen our interpretation of E[USp(2/NV)] as an S-duality domain wall.
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A Supersymmetric partition functions conventions

Al Sg’ partition function

The partition function of a 3d A/ = 2 theory on the three-sphere was first computed using
localization techniques in [31]. The set-up considered was that of the theory on a round
sphere, namely with trivial squashing parameter b = 1, and with canonical assignment of
R-charges to the chiral fields, namely R-charge % This result was later generalized in [32]
to the case of generic R-charges and in [33, 34] to the case of a squashed sphere Sg, which
can be parametrized as

1
b2|21|+b72|22‘ =1, 21,20 € C. (Al)
The result is a matrix integral with the following form:

. 1 JrOO rkG
Z(m, mn, k) = W / H dsg Zei Zyee Lehir » (A2)
0 a=1
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where |W]| is the dimension of the Weyl group associated to the gauge group G. The
different contributions to the integrand of (A.2) are:

o the contribution from the classical action of CS and BF interactions

rkG o

. rkG .
ch — e?mn Za:l sae—wrk Za:l sg ’ (Ag)

where kG is the rank of the gauge group G and we denoted with k£ the CS level and
with 1 the FI parameter;

 the contribution of the N' = 2 vector multiplet
1
[aso56(i§ +a(s))

where « are the positive roots of the gauge algebra g and we are using the short-hand

Zvec = ) Q =b+ bil ) (A4)

notations
rkG

a(s) = H g Sq (A.5)
a=1

o the contribution of an N' = 2 chiral field transforming in some representation R¢ and
Rr of the gauge and the flavour symmetry respectively and with R-charge r

Zawr =TI TI (1% - o) =pom —igr).  @=b+0's (a0
PERG PERF
where p and p are the weights of Rg and Rp respectively.

In all the previous definitions appeared the double-sine function that can be defined as

() ﬁ nb+mb‘1+%—i$
SplT) = y
nb+mb-1+ § +ix

n,m=0

Q=>b+b". (A7)

A.2 S3 x S! partition function

In this appendix we briefly summarize the basic notion of the S? x S! partition function of
an N = 1 theory, which is also known as the 4d supersymmetric index. This coincides with
the superconformal index [19-21] when computed with the superconformal R-symmetry;
see also [22] for a more comprehensive review. We follow closely the exposition of the latter
reference.
The index of a 4d N'= 1 SCFT is a refined Witten index of the theory quantized on
S? x R,
7= Tr(—1)FePemFi 5= %{Q o'l (A.8)
where Q is one of the Poincaré supercharges, @ = S is the conjugate conformal supercharge,
F; are Q-closed conserved charges and pu; are their chemical potentials. All the states

contributing to the index with non-vanishing weight have § = 0, which makes the index
independent of .
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For N =1 SCFTs, the supercharges are
{Qav SOL = QTO" éd? gd = éTa} ? (Ag)
where a = & and & = & are respectively the SU(2); and SU(2)s indices of the isometry

group SO(4) = SU(2)1 x SU(2)3 of S3. For definiteness, let us choose Q = Q. With this
particular choice, it is common to define the index as

I(p,q) = Tr(_l)ijﬁszr%qurler%r 7 (A.10)

where p and g are fugacities associated with the supersymmetry preserving squashing of the
S? [21]. Indeed, even if the dimension of the bosonic part of the 4d A = 1 superconformal
algebra is four, the number of independent fugacities that we can turn on in the index is
two because of the constraints 6 = 0 and [F;, Q] = 0. We should then make a choice for
which combinations of the bosonic generators that satisfy these requirements to take, and
we shall use +j; + jo + %, where j; and js are the Cartan generators of SU(2); and SU(2)2,
and R is the generator of the U(1)r R-symmetry.

The index counts gauge invariant operators that can be constructed from modes of the
fields. The latter are usually referred to as “letters” in the literature. The single-letter index
for a vector multiplet and a chiral multiplet x(R) transforming in the R representation of
the gauge and flavour group and with R-charge R is

2pq—p—q

iv(p,q,U) = mXadj(U)7
» )" R(U,V) — (p9) 7 xz(UV)
ZX(T)(p>q’ U’ V) - (1 —p)(l — q) R y (All)

where x (U, V) and x5 (U, V) are the characters of R and the conjugate representation R,
with U and V gauge and flavour group matrices, respectively.

The index can then be obtained by symmetrizing of all of such letters into words and
then projecting them to the gauge invariant ones by integrating over the Haar measure of
the gauge group. This takes the general form

Z(p.q.V) = [10U) ][] PELia(p. 0. V. V) (A12)

where a labels the different multiplets in the theory, and PE[i,] is the plethystic exponential
of the single-letter index of the a-th multiplet, responsible for generating the symmetrization
of the letters. It is defined as

. 1.
PE[ia(p, q,U, V)] = exp [Z Zia (pk, q", U", V’“)] : (A.13)
k=1
For definiteness, let us discuss a specific example of the SU(N,) gauge group. The
contribution of a chiral superfield in the fundamental representation N¢ or anti-fundamental
representation N of SU(N,) with R-charge R can be written as follows

PE[ix v (p-0.U) = HF( $a). PE[ie, (0. 0)] = HF( )

(A.14)

47 —



where {z,}, with a = 1,..., N, and Hé\f:cl zq = 1, are the fugacities parametrizing the
Cartan subalgebra of SU(N,) and the elliptic gamma function is defined as

o0

1— pnqmz—l
Te(z) =Te(zipq) = ][] T prtigntiy (A.15)
n,m=1
We will also use the shorthand notation
T (uz™™) = Te(uz™)le(uz™). (A.16)

On the other hand, the contribution of the vector multiplet in the adjoint representation of
SU(N,), together with the SU(N,) Haar measure, can be written as

_ Ne—1 Ne
KiVe 1% dz, 1

' I | : e
Nl Jove - 2miz, atb Le(2zazy )

(A.17)

where the dots denote that it will be used in addition to the full matter multiplets trans-
forming in representations of the gauge group. The integration contour is taken over a
unitary circle in the complex plane for each element of the maximal torus of the gauge
group and & is the index of a U(1) free vector multiplet defined as

K= (D;P)oo(T Qoo 5 (A.18)

where we recall the definition of the ¢g-Pochhammer symbol (a;b) = [[72y(1 — ab™).
In case of a USp(2N,) gauge group, instead, the contribution of a chiral multiplet in
the fundamental representation and with R-charge R is

PE [iX(NC)(p, q,U )} = ﬁ Fe((pQ)gzciﬂ) ; (A.19)
a=1

while the full contribution of the vector multiplet in the adjoint representation together
with the matching Haar measure and the projection to gauge singlets can be written as

2NeNel Jpwe o2 2miza [ oy Te(zi'zfh) 20 Te(za?) .

We conclude by mentioning one important property enjoyed by the elliptic gamma
function that we used extensively in the main text

Ie(z)Te (pq x_1> =1. (A.21)
This is the manifestation in the index of the fact that two chirals X and Y interacting

quadratically with the superpotential YW = XY are massive and can be integrated out at
low energies.
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B The Intriligator-Pouliot duality

The Intriligator-Pouliot duality [15] relates a USp(2/N.) gauge theory with 2Ny fundamental
chirals and no superpotential WW = 0 to a USp(2N; — 2N, — 4) gauge theory with 2Ny
fundamental chirals, Ny(2/Ny — 1) singlets antisymmetric matrix Xq, and superpotential
W=X aanQb'

This implies the following identity between the supersymmetric indices of the dual
theories, which was proven in Theorem 3.1 of [42]

]\7C 2Nf
}( diiy, A, (x;) [T T] Te(wi!) =
a=1i=1
2N Ny—Ne—22N;
= [ Te(zizy) j{dﬁNf—Ncﬂ An;—n.—2(in,—n—2) ] ] Fe((pQ)l/QfU;lufl) ;
i<j a=1 =1
(B.1)
which holds provided that
2N
[T @i = (pg)™i N1, (B.2)
i=1

Notice that for N, = N and Ny = N+2 the dual theory is a WZ model of (N +2)(2N +3)
chiral fields and the identity (B.1) reduces to [43]

N 2N+4 2N+4

j{dJN An(an) [T 11 Te(l‘iu(jfl> =[] Te(wiy), (B.3)
a=1 i=1 i<j
with the condition
2N+4
H T; = pq. (B.4)
i=1

C The iterative proof of (3.2) for arbitrary N

In this appendix, we are going to provide a more rigorous proof of the delta-function
property (3.2) of the E[USp(2N)] block of arbitrary length:

) =T, (pqcﬂ) j{ dZy AN (2 pa/t) Ipuspeny (75 &5t o) puspen) (7 6; t e )

H;}le 2mix;j

T AN(T) UEZNZ.H‘S(“ ~ ) (-

capturing all the expected poles.

The Lh.s. of the identity (C.1) can be represented by the quiver diagram shown in
figure 4, or equivalently, the first diagram in figure 18 where we have used the permutation
symmetry Sy C USp(2N), for later convenience so that the [[%.; SU(2),, UV symmetry
is embedded in the USp(2N), IR symmetry as shown in the figure and similarly for

iL1SU(2)y, C USp(2N),.
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Sequential IP

2 2 2

XN Xn-1 Xy-2 YN
2 2 2

Xn-1 Xn-2 Xn-3 YN
2 2 2

Xn-1 Xy-2 Xy-3 YN

Figure 18. Derivation of the delta-function property in the presence of the regulator s. For
simplicity, we omit the gauge singlets excepts those between SU(2),, and SU(2),,, which contain
poles we are interested in.

Note that the r.h.s. of (C.1) vanishes for generic & and ¥, while it is singular at z; = ygi(li).

Thus, we are going to examine the behavior of the Lh.s. at x; = yai(li) as well as at generic ¥

and 3. We first focus on x and examine the behavior of the index around zy = yﬁl. For
this purpose, we apply the IP duality sequentially along the quiver from the left. Naively,
this results in the last gauge node disconnected from the others because once the IP duality
is applied on the second last node, its rank becomes zero and there is no remaining field
between the last gauge node and the other gauge nodes of the quiver. There would have
been a bifundamental field between the last node and the third last node, which is however
massive and should be integrated out. However, this is not completely correct because, as
we have seen in subsubsection 3.2.2 for the N = 2 case, we lose some information of the
poles if we blindly ignore such a massive bifundamental field. Thus, we have to be careful
when we apply the IP duality on the gauge node whose dual rank is zero. For this reason,
here we slightly deform the quiver by introducing a regulator s as shown in figure 18, which



has to be sent to 1 at the end. This s can be regarded as a fugacity for a fictitious U(1)s
symmetry that is broken by the superpotential term

Tl AL QU Q02| (C.2)

where R in super/subscripts denotes the right E[USp(2/N)] block. In other words, the
presence of s means that we are considering the theory without this superpotential term.
Our procedure will give us a duality for such a theory, which we will then deform restoring
the aforementioned superpotential term, which is done in the index by sending s to 1.

Once we apply the IP duality sequentially until the second last node, the result is
almost the same as that without s except the fact that now the bifundamental field between
the last gauge node and the third last is not massive anymore, as shown in the second
quiver diagram in figure 18, because its mass term was mapped to the superpotential term
we removed in the original theory, which breaks U(1)s. Then we apply the IP duality on
the last node and obtain the third quiver diagram with gauge singlets:

Fe(pQSQ)Fe (5 lxﬁly?\?)l“ (s_lxﬁlyﬁl 1) ]\ﬁz Fe(l”]ivlyjﬂ)

T, (pqtil) Aﬁl T, (pqt 1xf1xﬁ1> T, (thlc2s2> T, (pqt*NHcﬁ) (C.3)
j=1

where the last two factors cancel each other if we take s — 1. We immediately see that
this vanishes for generic x due to the first factor, while it becomes singular when z
approaches yﬁl due to the second factor. More precisely, the first two factors give, using
another form of the result (3.7) of [13],

+2
lim T (pq52>F (s Lyl & ) = F(”TN)[a(XN +Yy) +6(Xy — Y (C.4)
s=1 ¢ ‘ NN (03 p)oo(459) oo ’ '
where z,, = e2™Xn g = €2™¥n_In addition, the blue and green lines in the third diagram

of figure 18, whose index contributions are

(L e ) (©5)
r. ((pq)%t T es2, (2N - ﬁlx#) (C.6)

respectively, become massive at xy = yﬁl for s — 1. The resulting index of the gauge part
is then nothing but Iév_l(f(N_l); 7N=1). Thus, the entire index around zy = yﬁl can be
written as

N (=(N).
Ig(m()

?

0 pp— d #)) Pe(pat™ )]h Te(pgt i ey

anryy' (DiD)oo (a4

—1
< T Teaity )80y F Yz @5 0), (@)
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where now for clarity we are explicitly writing the dependence on the fugacities for the
non-abelian symmetries of the theory 7,, and the factors other than Iév _1(f(N -1, g(v _1))
come from the gauge singlet contributions (C.3).

Similarly, one can also examine the index around xy = y#_l In this case, the third
factor in (C.3) is singular and can be written as

+2
y_)H%I‘e (pqu)Fe (s Lyt 1) - (p;)fj(];()])m

where yy_1 = e*™¥N-1. Moreover, the green and red lines in figure 18, whose index

(5(XN—|-YN_1)—|—5(XN—YN_1)) (08)

contributions are
r. ((pq)%t%cs2z(2N_3)ilxﬁl), (C.9)
T, ((pq)gt —1g—1, (2N~ )ﬂyﬂ_) (C.10)

respectively, become massive at xy = yﬁ{l for s — 1. The gauge part is then given by
Iév_l(a_c’N_l; YN—2; YN ), which leads to the following index around xy = yﬁ{lz

— PCE#) (pqt ) H T, (Pqt 13:3[135%1)

IV (7N, V)
L | e o O s

N
T T ) Yo )T (@D 5 ).
ANt
(C.11)
On the other hand, the behavior around xy = yil for other 4 is not manifest in this frame.
Instead, we can equivalently start from the initial quiver with yn_1 swapped with y; by the

permutation symmetry Sy C USp(2N),. Then we again apply the IP duality along the
quiver and find the behavior of Iév (Z; 1) around zy = y! as follows:

J +2 N-1

x HF (a1 )o(Xn + O @V 5N {mi), (C12)

ﬁfz
where y; = 2™,

Once we combine the contributions from different singularities, we obtain the following

recursive relation between IN and Iév -1
Lo (#3?) Y
TN (7N )’—»(N) e\~ ) — g1l E
o @) = (95 P)oo (@ @) (pq ) 1;[ o(pat ] N)
XZHF (w85 ) o Xy £ VDI 1@ D 70N (i) (C13)
=1 j5=1
G
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Recall that we have already shown the identity (C.1) is true for N = 1. Now if we assume
this is true for N =n — 1, i.e.

) L M Sy

1<j

- HF G (ﬁ[é(Xij:Ya(i))D, (C.14)

ocesSn—1 \i>j i=1
then Zg(f(”);gj(”)) is given by

T (&) =

ﬁ ( ) N LRV o (pqt_) HF (pqt lszl :I:l)

i3 (P3P)oo (43 0)s0 i<
n—1 N-1
x (Jr_[l r, (wily]ﬂ))é(XniY U; (gj ro(«F1y2 )) ([[1 [5(Xiﬂg(i>)}>

+(yn ey fori=1,....n—1)=

ﬁ ((q 2) e(pat!)" EF o(pat'a7 il)gg‘m (EF (xﬂyf(lg>>) (ﬁl{f?(XiiYa(i))D
el )] o W)

o -l
o0 I T )] o2, AL 0) 0]

=1

(C.15)

where for the last equality we have used (3.15). Since (C.15) is exactly the r.h.s. of
identity (C.1), by mathematical induction this proves the identity for arbitrary V.
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