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1 Introduction

A long-standing challenge in quantum field theory is a strongly coupled phase, due to the
breakdown of conventional techniques. One promising approach is known as dualities, which
often describe the physical equivalence of a strongly coupled theory by a weakly coupled
theory. Moreover, dualities are proposed based on the agreement of a few quantities com-
putable in both involved theories. Among them are the symmetries, dimensions, anomalies,
and partition functions. Recently, as generalisations of conventional global symmetries,
higher form symmetries have been understood as vital components in characterising a QFT
beyond the level of local operators. The charged objects under higher form symmetries
are extended defects, such as line defects for 1-form symmetries. As a duality should
map conventional symmetries as well as higher form symmetries, a crucial test lies in the
understanding of defects.

One instance of strong coupling phenomena is the following: Higgs branches of theories
with 8 supercharges can change drastically at special points, contrary to a long-standing
misbelief. These changes are due to new massless degrees of freedom arising from tensionless
strings in 6d, massless gauge instantons in 5d, and Argyres-Douglas points in 4d. Recently,
magnetic quivers [1-20] have been systematically introduced with the aim to uniformly
address Higgs branches of theories with 8 supercharges in dimensions 4 to 6. For this
an auxiliary quiver gauge theory Q is utilised such that its 3d N'= 4 Coulomb branch C
provides a geometric description of the desired Higgs branch H of a theory T in a phase P:

(T, P) =C(Q(T, P)) . (1.1)

Prior to the systematic developments, 3d Coulomb branches had already been used to
describe Higgs branches in 4d [21], 5d [22, 23], and 6d [24-27].

The study of Higgs branch moduli spaces, understood as symplectic singularities, or
hyper-Kéhler singularities, via magnetic quivers has uncovered a new phenomenon. Given
a hyper-Kéhler singularity X, there may exist several magnetic quiver constructions Q;,
with¢=1,...,n, i.e.

X~c(Q) Vi (1.2)

The individual magnetic quiver constructions usually differ in various aspects:

e The nodes of a quiver encode dynamical 3d N' = 4 vector multiplets as well as
background vector multiplets. The underlying gauge and flavour groups can be
unitary groups U(n), special unitary groups SU(n), orthogonal groups SO(n), or
symplectic groups Sp(n).

e The links between the nodes entail the 3d N = 4 hypermultiplets. Conventional
links denote hypermultiplets in a bifundamental representation of the adjacent nodes.
However, other matter contents are known: such are non-simply laced links, higher
charge hypermultiplets, or fundamental-fundamental representations.

Then, (1.2) raises an immediate question: what is the relation between the different
magnetic quivers Q;? Do these auxiliary quivers, now understood as 3d A = 4 quiver gauge



theories, only have isomorphic Coulomb branches or might they enjoy a more fundamental
relationship? In the 3d N = 4 context, the notion of duality is understood as an IR-duality:
two theories with different UV descriptions, which in many cases are Lagrangian, flow to
the same IR conformal fixed point. The first evidence for such a duality between Q; comes
from the defining property C(Q;) = C(Q;). Note that this proposed duality is therefore
distinct from 3d mirror symmetry [28, 29]. Moreover, it is important to stress that 3d
N = 4 Coulomb branches are affected by quantum corrections, and C always refers to the
fully quantum corrected moduli space [30] of the IR SCFT.

As a prototypical example, the two different mirror theories of 3d N' = 4 Sp(k) gauge
theory with Ny fundamental hypermultiplets enjoy an IR duality. One mirror is a D-type
Dynkin quiver solely composed of unitary nodes [31], while the other mirror is a linear quiver
chain of alternating orthogonal and symplectic nodes [32]. However, not all properties of
the IR SCFT may be apparent in the UV description. This is famously known for the
orthosymplectic! mirror quiver, which lacks FI parameters such that the Coulomb branch
global symmetry is not manifest. It is intriguing to examine the expected IR duality further
by considering extended operators, such as line defects. Since the Sp(k) theory and both of
its mirror theories admit brane realisations, it is advantageous to consider line defects from
the perspective of brane configurations [33, 34] as well as 1-form symmetry [35].

Similarly, a 5d Sp(k) SQCD at infinite coupling admits two magnetic quiver construc-
tions, corresponding to two different brane realisations. As in the 3d case, the two types
are essentially a unitary magnetic quiver and an orthosymplectic magnetic quiver. Taking
a purely 3d N = 4 viewpoint, it is then reasonable to ask whether they are dual to each
other. Some first hints towards a duality between these magnetic quivers, understood
as legitimate 3d theories, are the match of Coulomb branches and Higgs branches [36].
This work aims to provide further evidence for a duality between D-type Dynkin quivers
and linear orthosymplectic quivers. Probes for a potential duality between two 3d N = 4
theories include:

(i) (Quaternionic) Dimensions of Higgs and Coulomb branches.

(ii) Global symmetries on Higgs and Coulomb branches, i.e. the deformation parameters:
masses and FI terms.
Higgs or Coulomb branch chiral rings, and their generating functions [37-41].
Hasse diagram for Higgs and Coulomb branch [3, 42, 43].
Superconformal index [44].
A-twisted and B-twisted indices [45, section 6].
(vii) 3-sphere partition function [46].
(viii) Extended operators, like line defects [33, 34, 47].
Points (i)—(iv) are very much tailored to analyse the geometry of the hyper-Kéhler moduli
spaces. In contrast, the indices (v)—(vi) are tools suitable for studying the IR, SCFTs. In
fact, in certain limits, the indices reduce to the Higgs and Coulomb branch generating
functions. Quite differently, the sphere partition function (vii) depends explicitly on the
existence of deformation parameters in the UV description, but is generically easier to

LThis denotes a quiver with alternating orthogonal and symplectic nodes.



evaluate than indices. In view of the exact partition functions (iii), (v)—(vii), only some are
sensitive to the global structure of the gauge group in the UV description. This happens
when the precise choice of magnetic lattice or cocharacter lattice is involved; for instance, in
the monopole formula, the superconformal index, and the A-twisted index. Other quantities,
like the sphere partition function or the Higgs branch Hilbert series, are only sensitive
to the Lie algebra of the underlying gauge group. As a more direct probe of the gauge
group, extended operators like line defects are sensitive to the global structure [48]. Put
differently, the spectra of line defects depend on 1-form symmetries [35], which are by
definition sensitive to the gauge group and not just the gauge algebra. Hence, this paper
provides a detailed study of the IR duality between unitary and orthosymplectic magnetic
quivers by exact partition functions (v)—(vii), including line defects (viii).

The paper is organised as follows: the definitions and various aspects of suitable
partition functions are recalled in section 2. Thereafter, the two different 3d mirror theories
for 3d N = 4 Sp(k) gauge theory with fundamental flavours are studied in section 3. In
particular, line operators are introduced and matched between the two types of mirror
theories. Moving on to 5d N/ =1 Sp(k) theories and their two types of magnetic quivers,
section 4 starts by comparing partition functions. Next, Wilson line defects are included in
both types of magnetic quivers, and an intriguing matching pattern is presented. At the
end of the section, we demonstrate the identification of some 0-form symmetries, including
that from gauging the 1-form symmetry, in the two types of magnetic quivers. Lastly, we
summarise this paper and discuss some open questions in section 5. Several appendices
provide computational evidence for statements made in the main body. Appendix A collects
background material on relevant Type IIB brane configurations. Computational results on
partition functions are provided in appendix B for the superconformal index, in appendix C
for twisted indices, and in appendix D for the sphere partition function.

2 Exact partition functions

An exact partition function by supersymmetric localisation is a powerful tool to check duali-
ties since it is independent of coupling constants. To test 3d N = 4 unitary/orthosymplectic
dualities, we use exact partition functions of three kinds: superconformal index, twisted
indices and S3 partition function. The combination of these partition functions provides
detailed information of 3d N' = 4 quantum field theory, and confirms predictions from brane
configurations in Type IIB theory.

Before discussing partition functions, we provide a lightning review on 3d NV = 4 theories.
The superconformal symmetry of an A/ = 4 theory is OSp(4|4), whose bosonic generators
comprise those of the conformal algebra in addition to those of the SU(2)y x SU(2)¢
R-symmetry. The SCFT has Gy x G¢ global symmetry. If a UV Lagrangian description
is available, the following data needs to be specified: (i) a gauge group G and (ii) a
representation R of the matter content. The gauge group gives rise to a dynamical vector
multiplet, while the matter content is given as terms of hypermultiplets transforming
under G. The two complex scalars in the hypermultiplet transform as [1] ® [0] under
SU(2)g x SU(2)¢, whereas the three adjoint-valued real scalars in the vector multiplet



transform as [0] ® [2] under the R-symmetry. The IR global symmetry might not be manifest
in the UV description. The Cartan generators of Gy x G¢ correspond to deformation
parameters. These are the masses, which are a Cartan subalgebra of Gy and transform as
[0] ® [2] in the R-symmetry, and the FI-parameters, which belong to a Cartan subalgebra of
G¢ and transform as [2] ® [0] in the R-symmetry.

2.1 Superconformal index

The 3d N = 4 superconformal index [44] is defined by
(9. 1) = Tr(~1) g 7, (2.1)

which is understood as the partition function of the theory on S! x S2?. Here F is the
Fermion number, J is the generator of the U(1); rotational symmetry of the S? in the
space-time, and H, C stand for the Cartan generators of the SU(2) g x SU(2)¢ R-symmetry
groups, respectively. Although fugacities of global symmetries can be turned on, we do
not consider them throughout this paper. This index computes the graded dimensions of
%—BPS states in an IR SCFT. For instance, the mirror symmetry for unitary theories is
studied by the superconformal index in [49].

The contribution from a vector multiplet and an N = 2 chiral multiplet under a
representation R of a gauge group G, respectively, reads off

L Jam) <t2q 1+\02¢<m)\ 2 q)
qz lo(m)| )
Zvec(zam) = H <> (1 —-q 2 z ) Y (22&)
(t2q 22 q>

1 3,1
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where A is the set of simple roots of a gauge group, and m are magnetic fluxes on S? valued
in the cocharacter lattice of the gauge group. Note that (2;q)eo == [[02;(1 — 2q°) is the
g-Pochhammer symbol. For unitary gauge groups, an N = 4 hypermultiplet consists of two
N = 2 chiral multiplets with R @& R* so that

Zhyp(zum) = chiral(zam)Zchiral(Ziam) = H
wER

)
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t2 (tq%r%lw(m)lziw; q>oo

(2.3)
where g-Pochhammer symbols with repeated signs £, F are all multiplied. Then, a super-
conformal index of a quiver gauge theory can be schematically expressed as the contour

1 dz
I(q,t) = ;/ H W [ } Zyec(z,m) H Zechiral(z,m) . (2.4)

gauge 2miz matter

integral

Employing the following change of variables

£\ 1/4
q = tnte, t:(t"> : (2.5)



the limits ¢, — 0 and ¢. — 0 of the superconformal index lead to the Hilbert series of the
Coulomb and Higgs branch of the 3d N' = 4 theory, respectively [44]. In particular, the
Higgs branch limit reduces to the Molien-Weyl formula [37-39], and the Coulomb branch
limit reproduces the monopole formula [40].

The superconformal index counts é—BPS gauge-invariant local operators up to (—1)%
in a 3d /=4 SCFT. The other important operators are extended BPS operators such as
Wilson and vortex line operators. The 3d mirror symmetry exchanges Wilson and vortex
lines operators. In Type IIB theory, a Wilson line operator is realised as F1-strings suspended
by D3 and D5-brane whereas a vortex line operator is realised as D1-branes suspended by
D3 and NS5-branes [33]. See appendix A for details. Using IIB brane configurations, [33]
provides microscopic descriptions of vortex operators, and exactly evaluates expectation
values of line operators in 3d A = 4 theories by performing supersymmetric localisation. In
3d N = 4 unitary/orthosymplectic duality, the exchange of Wilson and vortex line operators
does not occur. Instead, we are interested in which gauge groups in dual quiver theories
line operators of the same type are coupled.

2.2 Twisted indices

To assess whether a pair of unitary/orthosymplectic quiver theories is endowed with
equivalent sets of line operators, we evaluate expectation values of line operators in a
topologically twisted theory [50]. In particular, we consider twisted partition functions [45,
51-55] on S! x S? with line operators where a topological twist is performed on S%. A
topological twist with the Cartan subgroup of SU(2)y leads to an A-twisted index, whereas
a twist with the Cartan subgroup of SU(2)¢ leads to a B-twisted index. The A-twisted and
B-twisted theories flow to a non-linear sigma model on the Coulomb and Higgs branches of
the 3d A = 4 theory, respectively. Hence, the A-twisted and B-twisted indices of S x §?
count the cohomology of the topological supercharge, which yields the Hilbert series of
the Coulomb and Higgs branches, respectively [45, 55]. Since half-BPS vortex and Wilson
lines preserve the topological supercharge of A-type and B-type, respectively, we evaluate
their expectation values in the corresponding twisted index on S* x S2. In fact, the explicit
expressions of the twisted indices (with line operators) are given as the Jeffrey-Kirwan
contour integrals [45, section 6] by performing the supersymmetric localisation. A vortex
line expectation value in the A-twisted index is given by

1 dz
= f T e lamre) Ztem) T Zhialem V), 26)

gauge matter

where the contributions from a vector multiplet and a chiral multiplet are

_1\—tk(G) 1— 20 \m+l
Ziee(zym) = (t—t71) II <t_zat1> : (2.7a)
acA
A Z%t% wim)
Zchiral(zam) = H 1 — Jwt : (27b)
weR o

Here, we also sum over magnetic fluxes m supported on S?, which take values in the cocharac-
ter lattices of the gauge group. The vortex loop contribution can be read off by evaluating a



1d N = 4 supersymmetric quantum mechanics [33]. For the U(k) supersymmetric quantum
mechanics with N7 fundamental and Ny anti-fundamental chiral multiplets

[] ® L]
N, k Ny (28)

the contribution to the twisted indices becomes

ka

Ny p 1, _ N>
vo= Y T ()™) 29)

Za — 2b
ZN a=1 \b a
k= i:ll ki 7a

In this paper, we focus only on k& = 1 for the sake of simplicity. Nonetheless, it is
straightforward to generalise the results to arbitrary k. To evaluate an A-twisted index of
a generic N/ = 4 non-Abelian quiver gauge theory as a sum over Bethe vacua [45, 51-55],
we need to refine the formulas (2.7) by switching on all the deformation parameters of
the theory such as FI parameters and real masses. Otherwise, solutions of Bethe ansatz
equations would miss some of the vacua. However, with all the deformation parameters
turned on, it is difficult to solve Bethe ansatz equations algebraically. In practice, this
can be done only numerically in most cases. In appendix C.1, we instead perform the
Jeffrey-Kirwan contour integral and sum over magnetic fluxes for A-twisted indices of Sp(1)
SQCDs with vortex loops. Since this is a formidable task for a long or higher rank quiver
gauge theory, we evaluate the B-twisted index with Wilson loop. A B-twisted index with
Wilson loop is given by

= f T i () 25 TT Zh(a) WG, (2.10

K gauge 2miz matter

where the contributions from a vector multiplet and a chiral multiplet are

282 = (=) D T -2 (-2 (2.11a)

aEA

w 1

2212

Zchlral( ) = H 1 — pwt . (211b)
wEeR

The Wilson loop W(z) amounts to an insertion of a character corresponding to its repre-
sentation. Here only the zero magnetic flux sector contributes to the B-twisted index so
that we do not have to sum over the magnetic fluxes [45]. The B-twisted index can also be
computed simply by expanding the integrand as a series and taking the z-independent part.
Therefore, it is much easier to calculate the expectation value of a Wilson loop (2.10) than
that of a vortex loop (2.6).

Here we briefly comment on magnetic lattices in (2.4) and (2.6). As carefully studied
in [36], in addition to the weight lattices, the lattices simultaneously shifted by a half need
to be included for unframed orthosymplectic quivers in section 4. This point is emphasised
in section 2.4 and section 4.



2.3 Sphere partition function

As in [33, 34], we can also use S? partition functions to evaluate the expectation value of
line operators. A S? partition function is evaluated by supersymmetric localisation in the
pioneering work [46] as

3
% H ’WG’ dS Z‘ic H Zhyp §, m ZFI(S g)Zdefect( ) (212)

gauge matter

A vector multiplet and a hypermultiplet contributes

Zf; H sh(a - s) (2.13a)
aEA
SB o ].
Zhyp(s,m) = H m, (213b)
weR

where m is a mass parameter. Here we use the notation
sh(z) = 2sinh(7x), ch(x) = 2 cosh(rx) .
Whenever the gauge group has a U(1) factor, the contribution from the FI parameter ¢ is
Zpi(s, €) = 2T () (2.14)

Although an orthosymplectic quiver is not endowed with an FI parameter, we can turn on
the unphysical F1 parameter (2.14) as a regulator [56] and compute its S partition function
by taking the limit £ — 0. As before, the Wilson loop is evaluated by inserting a character

ZWllson Z 627rw 5. (215)
weER

On the other hand, the vortex loop described by the 1d supersymmetric quantum mechanics
in (2.8) results in the following contribution:

N1 Na

— 841 k —k;j) ch(s;—myg)
fne)= X (s T G
ki, kNG{O 1} 1<J j=la=1 a

k="M k;

(2.16)
For the sake of brevity, we focus only on k£ = 1 in this paper.

2.4 Comments on weight lattice and magnetic lattice

In some instances, the evaluation of exact partition functions entails a summation over
the magnetic lattice (also referred to as cocharacter lattice) of the gauge group like (2.4)
and (2.6). Likewise, extended operators are sensitive to the weight lattice of the gauge
group and not just the gauge algebra. Therefore, the weight lattice and the magnetic lattice
need to be discussed. For a review on the relevant lattice in 3d N = 4 theories, the reader
is referred to [57-59], while the notation follows [36]. As two types of quivers appear, these
are discussed in turn.



An important concept is the following: a quiver gauge theory can be understood as
encoding a representation ¢ : G — GL(V') of a group G into a finite-dimensional vector
space V. For a quiver with gauge group G, the symmetry group ker ¢ C G is a group that
acts trivially on the matter content. In view of [35], ker ¢ is an electric 1-form symmetry.
Suppose H C ker ¢ is a normal subgroup, and the gauge group is chosen as the quotient
G/H. Taking the quotient with respect to H or, equivalently, gauging the 1-form symmetry
H affects the spectrum of admissible line operators [35, 48, 60]. For example, if a Wilson
line transforms in a G representation that is not H-invariant, then it is charged under
the 1-form symmetry. Consequently, the representation is not admissible for G/H or, put
differently, the line defect does not survive gauging the 1-form symmetry. While 1-form
symmetries of magnetic quivers are discussed in [8, 14, 36], we tailor it below for the unitary
and orthosymplectic quivers relevant in this paper.

Unitary quivers. If the 3d NV = 4 quiver gauge theory exhibits explicit flavour nodes, the
group ker ¢ is trivial and the weight lattice and magnetic weight lattice are well-known. For
each U(n) node, the weight lattice is AB(") = Z", while the magnetic lattice is AE(”) 0
For a product gauge group G = [[; U(n;), the lattice are given by

AC =@z, NS =@z (2.17)

If the quiver theory is composed of unitary gauge nodes, but does not contain any
flavour nodes, the group ker ¢ = U(1) is non-trivial and continuous. As elaborated in [36],
this continuous group leads to divergent partition functions, like the Coulomb branch
Hilbert series or the superconformal index. The diagonally acting U(1) can be removed in
several ways.

o If the quiver contains a U(1) gauge node, we can simply turn this gauge node into
a flavour node. The resulting quiver has an explicit flavour, and the above results
apply. All theories considered in this paper fall into this class.

o Generically, we may remove the diagonal U(1) from any U(n) node. However, the
result is not equivalent to turning this node into SU(n) nor PSU(n), as extensively
discussed in [36]. The choice of gauge group becomes G = [SU(n) x [], U(n;)] /Zdie.
The discrete group originates from the centre Z, = Z(SU(n)) and can then be
embedded into each U(n;) factor, such that it defines a diagonally acting Zd#8 group.

Orthosymplectic quivers. Turning to orthosymplectic quivers, the results of [36] show
that ker ¢ is trivial either if the quiver contains explicit flavour nodes or if the gauge group
contains at least one SO(2n + 1) factor. In this case, the weight lattices and magnetic
lattices of the different factors are as summarised in table 1. For the product group
G =11;S0(2n; + 1) x I, Sp(k;) x [I,SO(2h;), the lattices are simply given by

AG = @ ASOCnHD) g @Aip(kj) o @AEJO(%J') : (2.18a)
i J !
AG = @A g AT & @A) (2.18b)
i J l



group G SO(2n+1) Sp(n)  SO(2n)

centre Z(G) 1 Zo Zo
weight lattice of G AG " " 7"
magnetic lattice of G AGY " 7z "
weight lattice of G/Zy Ag/ Lz NA 7" "
magnetic lattice of G/Zs AEUG/ Z2)" NA Z’i loven Z%: loven

Table 1. Lattices associated to different gauge group factors. Z(G) denotes the centre of a group
G. A stands for the weight lattice of the group G, while Agv is the magnetic lattice of G — also
known as weight lattice of the GNO dual group GV [57]. Z" denotes the standard integer lattice
in n dimensions. Z”Z leven stands for the set of points (ai,...,a,) € Z" such that ) . a; = even.

Likewise, Z"Z lodd denotes the points (ai,...,a,) € Z™ such that ), a; = odd.

If the orthosymplectic quiver does not admit flavours and does not contain SO(2n + 1)
factors, the group ker ¢ = Zo is non-trivial. It is then a choice to remove this discrete group
from the gauge group or not, as both choices lead to well-defined theories. However, in
view of the unframed orthosymplectic magnetic quivers studied in [5, 6, 9, 15, 16, 25, 27],
the choice of removing the diagonal Zs seems preferred from brane configurations. To be
specific, consider the example

o—©0
SO(2n) Sp(k) (2.19)

such that G = SO(2n) x Sp(k). Considering the quotient gauge group G/Zy then leads to
the following lattice:

Ag/Z2 = [ %: |even 52 Zkz: |even} U [Z%: lodd S Z% ‘Odd} ’ (2.20&)
AG/Z)Y [Zn ® Zﬂ U {(Z + %)” ® (Z + ;ﬂ , (2.20D)

see table 1 for notation. The magnetic lattice displays the established integer lattice +
half-integer lattice structure, which enlarges the set of monopole operators contributing
to the 3d quiver theory. In contrast, the weight lattice shows that the set of admissible
representation has been diminished. In particular, the fundamental representations of
SO(2n) and Sp(k) are no longer allowed, as they reside in Z’i lodd
However, the bifundamental hypermultiplet in (2.19) is still an admissible representation as

and ZkE lodd’? respectively.

ks n k
1t51tstE|0ddEBZzlodd.



3 3d Sp(k) SQCD: unitary and orthosymplectic mirror quivers

The goal of this section is two-fold. First, with brane perspective and exact partition
functions, we investigate duality between unitary and orthosymplectic quivers, which are
mirror to Sp(k) SQCDs. This investigation paves the way to study the duality of the
magnetic quivers in section 4. Second, we provide a detailed study of the brane dynamics
and S-duality in Type IIB theory with O-plane by using exact partition functions.

Understanding D3-D5-NS5 brane dynamics in Type IIB theory [29] is indispensable to
study duality of 3d N = 4 theories. At the same time, exact results in 3d N/ = 4 theories
uncover detailed information about brane systems in Type IIB theory [33, 34, 56, 61]. In
this section, we study 3d N = 4 mirror symmetry in the presence of an O-plane, including
line operators, from this point of view. Also, we show the correspondence of Wilson lines
between the unitary and orthosymplectic mirror quivers. The reader can refer to appendix A
for the rudiments and notations about 3d N = 4 theories and Type IIB brane constructions.

3.1 Duality of unitary and orthosymplectic mirror quivers

It is well-known that Type IIB brane configurations can realise 3d N/ = 4 low-energy theories
with Sp(k) gauge group and N fundamental matter fields. The Lagrangian description is
conveniently summarised via a quiver diagram as follows:

SO(2Ny) o

Sp(k)

where the number of flavours is constrained by Ny > 2k. This condition ensures complete
Higgsing such that the mirror theory can be derived from Type IIB configurations introduced
in [29, 32]. A slightly more restrictive constraint is Ny > 2k + 1, which ensures that the
Sp(k) gauge node is good in the sense of [62]. For Ny = 2k + 1, the gauge group is
balanced, see (A.6), which implies an enhanced SO(2) topological symmetry in the IR.
Borrowing from [40], the Coulomb branch Hilbert series for Sp(1) with N flavours is
H = PE[t? + tVr=2 4 ¢Ns=1 — 2N;=2] which identifies the generators as Casimir invariant,
bare monopole operator, and dressed monopole operator of charge 2, Ny — 2, and Ny — 1,
respectively, subject to one relation at order 2Ny — 2. For Ny = 3, the bare monopole
operator is part of the global symmetry multiplet of R-charge 1, hence the IR Coulomb
branch global symmetry emerges due to monopole operators. The same argument holds for
Sp(k) with Ny = 2k + 1, see for instance [40, eq. (5.14)] for the explicit monopole formula.

For Ny = 2k, the theory is conventionally labelled as bad, because there exists at least
one monopole operator that violates the unitarity bound. Hence, the IR theory needs to be
carefully evaluated, see for instance [63] for a detailed discussion. Unless otherwise stated,
bad theories are omitted in this paper because most of the partition functions are ill-defined.
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Figure 1. Brane configuration for 3d Sp(k) with Ny fundamental flavours. (See (A.2) for notations.)
In (a), the brane configuration is in the electric phase or Coulomb branch phase, in which all D3s are
suspended between NS5 branes. To transition to the Higgs branch phase, or magnetic phase, shown
on (b), 2k half D5s are moved through the half NS5 towards the left hand-side. The mirror theory is
obtained from (b) via S-duality, i.e. exchanging D5 and NS5, and replacing the O5~ with an ON~.

Interestingly, two different realisations exist which give rise to the same effective theory,

namely:
A stack of k full D3 branes on top of an O3 plane, intersected by 2Ny half D5
branes [32].

« A stack of k£ full D3 branes crossing an O5~ plane, together with a stack of 2Ny half
D5 branes parallel to the orientifold [31, 64].

Unitary mirror quiver. To begin with, consider the first setup for which the brane
realisation is provided in figure 1. The corresponding mirror quiver [31] is given by

1
k
Ny >2k+2: oO—C0O— - (3.2a)
1 2 2k—-1 2k 2k 2k
Ny — 2k — 1 nodes
k
Np=2k+1: (3.2b)
k—1
Ny =2k O—O— - (3.2¢)
1 2 2k—3 2k—
k 2

and, in each case, there are Ny balanced nodes. The case Ny = 2k + 1 displays a
S(U(1) x U(1)) = U(1) flavour symmetry, which indicates the non-trivial U(1); Coulomb
branch symmetry for the balanced Sp(k) gauge theory on the mirror side.



Lk_Ds 1 1 & k i i k i 1 1
(X) ..... BT A (X) .......................................... ® ......................... ® ..........................................
o3t o3t 63~ |o3= |53~ 03~ gi;r o3t 03t °~3~ _lo3~ 03" 037 [03”
- -~ 03 -~ 03 g
2Ny half D5 2k 4+ 1 half D5 2(Ny — 2k — 1) half D5 2k 4+ 1 half D5
(a) (b)

Figure 2. Brane configuration for 3d Sp(k) with N, fundamental flavours using O3 planes.
(See (A.2) for notations.) In (a), the electric phase of the brane configuration is displayed, which
gives rise to the Sp(k) gauge group due to the stack of k full D3s on top of an O3™ plane. The
magnetic phase displayed in (b) is reached by moving 2k half D5 through each of the half NS5s. In
the general case Ny > 2k + 2, it is convenient to move an additional half D5 through each half NS5.
The mirror configuration is then derived via S-duality, i.e. exchanging D5 and NS5, and exchanging
03* and O3, while 03~ and év?)+ are invariant.

Orthosymplectic mirror quiver. Next, consider the alternative setup which is given
by the brane configuration in figure 2. The resulting mirror quiver [32] reads

Ny >2k+2: oo - A—I—k +I—F —e—o

2k 2k+1 2k+1 2k

(Ny—2k— 1)><SO(2k+1) nodes
(Ny—2k) xSp(k) nodes

(3.3a)
2
Np=2k+1:
O 0 0 © o0 @ 0 ©
2 2 2k—2 2k—-2 2k 2k 2k 2k—2 2k-2 2 2
(3.3b)
2
Ny=2k:
.+ —@—0 @ o0 @ 4.—.
2 2k—4 2k—2 2k—2 2k 2k—2 2k—2 2k—4 2
(3.30)

and the linear chain of p = 2Ny — 3 balanced nodes with SO(2) at both ends gives rise
to an enhanced SO(p + 3) = SO(2N) Coulomb branch symmetry, see [62] for details and
recall (A.6). As in the unitary case, the Ny = 2k + 1 case displays a SO(2) = U(1) flavour
symmetry indicating the non-trivial U(1); topological symmetry on the mirror side.

We obtain a pair of 3d N = 4 unitary and orthosymplectic mirror quivers from the
Sp(k) SQCD, and it is expected that they flow to the same IR fixed point [31, 32]. To verify
it, we evaluate the superconformal index for both quivers. A straightforward but tedious
computation shows that the indices are compatible with each other in the given order of
perturbative evaluation. The computational details for the cases k = 1 with Ny = 3,4,5,6
and k = 2 with Ny = 4,5,6 are presented in table 3. Moreover, the limits (2.5) of the
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computed superconformal indices reproduce the known Higgs and Coulomb branch Hilbert
series [65-67], which provides a consistency check of the results.

3.2 Match of Wilson line defects in the two mirror quivers

It is natural to ask whether the unitary and orthosymplectic mirror quivers are endowed
with the same set of line defects. If so, it is important to understand how they are mapped
under the duality. Thereafter, we may proceed to include Wilson line defects in the two
mirrors. By using the B-twisted index, we create a dictionary for the corresponding Wilson
lines under the duality. The guiding principle is the following: Wilson lines defects in the
unitary and orthosymplectic quivers can be compatible only if they originate from an equal
number of brane configurations. That is, the F1 defining the Wilson line needs to have
as many possibilities to end on a stack of D3 branes in one mirror configuration as in the
other mirror configuration. This means that the total dimensions of representations for
Wilson lines are equal under the duality.

After careful analysis of the B-twisted indices for the cases k = 1 with Ny = 3,4,5,6 —
see tables 5, 6, 7, 8 and k = 2 with Ny = 4,5,6 — see tables 9, 10, 11 — an interesting
pattern between Wilson lines in (3.2a) and in (3.3a) arises.

e Observation 1. For a fundamental Wilson line at the Sp(r) node, for 1 <r <k

1 sym. axis 1
1
1
. . . . o @
1
1

2k 2k+1 2k 2k 2 2

= O0—0— % %—E c< (3.4)

where the Wilson line of the U(2r) gauge node is in the fundamental representation.

o Observation 2. For a fundamental Wilson line at the SO(2r) node, for 1 <r <k

1 sym. axis 1
i
1
1
1

2k 2k+1 2k 2k 2 2

— Q—Q— % >—< H % >—2 { (3:5)
1
OO —O—O— w—i '
1 2 2r—1 2r 2k—1 2k 2k
k
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and the Wilson lines of the unitary gauge nodes transform in the fundamental
representations. Here and similarly below, the equality is understood as a single
Wilson line expectation value in the orthosymplectic quiver equals a linear combination

of two Wilson line expectation values in the unitary quiver.

e Observation 3. For Sp(k) node at position [ > 2k, which is not the central node:

1 sym. axis 1
W |
2 2 1

2k 2k 2k+1 2k 2k+1 2k 2k 2 2
[-th node
1
w k
— O—O— - RN G T (3.6)
1 2 2k—1 2k 2k 2k 2k
k

and the Wilson lines in unitary nodes transform in the fundamental representation.
o Observation 4. For SO(2k + 1) node at position [ > 2k, which is not the central

node:
1 sym. axis 1
W |
2 2 |

2k 2k 2k+1 2k+1 2k 2k 2k 2 2

[-th node

1
1 2 2k—1 2k 2k 2k
1
w k
+ Oo0—0— - Q---
1 2 2k—1 2k 2k

=03

and the Wilson lines in the unitary nodes transform in the fundamental representation.
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o Observation 5. For a fundamental Wilson line at the central Sp(k) node

sym. axis

2%  2k+l 2k+1 2%
1
k
— O—O— - (3.8)
1 2 2k—1 2k 2k 2k
k

1
w
k
+O0—0O— -
1 2 2%—1 2k 2k 2k
k

and the Wilson lines in the unitary nodes transform in the fundamental representation.

o Observation 6. For a fundamental Wilson line at the central SO(2k + 1) node

1 sym. axis 1
.—.— —.—.—W —I—.— —0—0

2k 2k+1 2k 2k+1 2k 2k 2 2
k
— o+ w—i—w (3.9)
2k
2%
k
1
2%
k
+O0—0O— -
1 2 2k—1 2k 2k 2k
k
1
w k
+ Oo0—0— -
1 2 2k—1 2k 2k 2k
k

and the Wilson lines in the unitary nodes transform in the fundamental representation.

In this dictionary, a Wilson line at an Sp gauge node is dual to a Wilson line at the
corresponding unitary gauge node from the left in the quiver diagrams. (Observation 1, 3.)
Note that a Wilson line at the middle Sp gauge node corresponds to a direct sum of those at
the two spinor nodes. (Observation 5.) On the other hand, a Wilson line at a non-abelian
SO gauge node is dual to a direct sum of one(s) at the corresponding unitary gauge node(s)
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and one at the left U(1) node. (Observation 2, 4, 6.) As a result, it is consistent with the
guiding principle so that the total dimensions of representations are equal.

The observed pattern straightforwardly applies to the balanced case Ny = 2k +1. Since
the flavour nodes are at the spinor nodes in (3.2b) or at the central Sp node in (3.3b),
Observations 1 and 2 apply for all SO(2!) nodes with 1 <1 < k and all Sp(/) nodes with
1 <11 <k —1, respectively. Similarly, Observation 5 applies for the Wilson line at the
central Sp(k) node.

3.3 Mirror symmetry for Wilson and vortex defect

Now let us consider the 3d N' = 4 mirror symmetry with line defects. As studied in [33,
34, 47], Wilson and vortex defects are exchanged under the mirror symmetry. A vortex
defect in the Sp(k) SQCD with Ny flavours is characterised by an Sp(k) representation
R and a splitting Ny = L 4+ (Ny — L). Here, the aim is to derive the mirror Wilson line
defects from the vortex defects of Sp(k) by brane dynamics and confirm that the exact
partition functions match. The starting point is the brane configuration of Sp(k) SQCD in
the presence of a vortex line defect:

. |18

—_— Y~

L Ny—L

SQM

(3.10)

with the notations of (A.2). It is understood that the D1 can end on either of the 2k D3
branes; hence, the defect is characterised by the fundamental representation of Sp(k).

The S partition function for Sp(k) SQCD with N ¢ fundamental hypermultiplets of
masses m; (i =1,...,Ny) is given by

k
my, sh(2mr.)
Z5 o n, (M) = g / 3.11
Sp(k),Nf( ) ZNf P HKQI Sh(mz + m[j) ( )
IeC;,
where I runs over all combinations C,ivf of k different integers in {1,...,Ny}. Once we

include the vortex of type L + (N — L) in (3.10), the partition function is given by

L
SS 53 SS .
2Ny = 2k — L) - Z3,00 5, (M) + > ZSp ()N, (Mg = My — i) (3.12)
=1
where m; (j =1,..., L) are the masses of the hypermultiplets charged under the vortex

defect. In appendix D, we provide a brief derivation of the sphere partition functions (3.11)—
(3.12) and an analytic proof of the equalities of sphere partition functions with line operators
under the mirror symmetry for £ = 1. In fact, (3.12) encodes the information about 2k
configurations of the D1 ending on the D3 brane as well as a splitting of the flavours. Taking

~16 —



the S-duality, 2k individual brane configurations give rise to a linear combination of Wilson
line defects in the mirror theory. Hence, the sum of the dimensions of the Wilson line
representations is equal to 2k. We see this below in various flavour splittings. To begin
with, focus on the Ny > 2k 4 1 case (3.2a).

Splitting L + (Ny — L), 1 < L < 2k — 1. Performing S-duality of (3.10) yields brane
configurations of two types: the first configuration has the F1 stretched between the defect
D5 and one of the L D3 branes in segment of the form

w
O—O— oo — O v e (3.13a)
1 2 L 2k—1 2k
Nf—2k:—1n0des

which gives rise to a fundamental Wilson line in the U(L) gauge group. Again the notations
for branes are summarised in (A.2). The other configuration has the F1 stretched between
the defect D5 and flavour D5. This setup is the result of the F1 sliding off the D5 due to
the unequal number of connecting D3s from the left and right — this has been referred
to as D3 brane spike [68]. There are (2k — L) configurations that give rise to the same
brane system

OO o —O— (3.13b)
1 2 L 2k -1 2k
Nf — 2k — 1 nodes

such that the resulting flavour Wilson line comes with multiplicity 2k — L.

In the mirror unitary quiver (3.2), we assign the FI parameter & — &1 to the [-th
gauge node from the left whereas we associate {n,-1 + {n, as the FI parameters to the
two spinor nodes of the balanced D-type diagram. The S3 partition function of the mirror
unitary quiver is equal to (3.11) by mapping the FI parameters to the mass parameters
& <— m,;. Since the mirror unitary quiver (3.13a) contains the T'[SU(2k)] tail [62], the
fundamental Wilson loop at the L-th node (L < 2k — 1) gives rise to the shifts of the FI
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parameters [33, section 5.4.2] as
3 L 3
S S .
ZWatU(L):ZZ (& — & —1i).
i=1

in the S® partition function. As a result, (3.12) can be recast into

3 3 3
Zsz,foL),2k|mi_>§i = Zpy at vy +(2k—L)- Z5°(€) (3.14)

i.e. the sum of a fundamental Wilson loop at the L-th node and (2k — L) flavour Wilson
loops in the unitary mirror quiver under the exchange & +— m;.

In terms of twisted indices, an analogous relation is implied

I[(AL,NFL),zk = I vy +(2k—L)- 17 (3.15)

where the index I” without defect reflects the contribution of the flavour Wilson line, due
to the unrefined computation. For the case k = 1, the explicit results for the B-twisted
index are provided in tables 6, 7, 8 and for the A-twisted index in table 4.

Splitting L + (Ny — L) for 2k < L < Ny — 1. Performing S-duality of (3.10) in this
range of L yields only one brane configuration

| | | | - X | | | | |
| | | | | | | | | | |
| | | | | | | | | | |
— 2 1 C o2k l o2k o2k
l 1 l l I 2k—1 1 | 2k | | | 2k l l
| | | | | | | | | | |
L NS5
1
w k
O—O— o —O0—O0—0— (3.16)
1 2 2k—1 2k 2k 2k 2k 2k 2k
L — 1 nodes

which results in a fundamental Wilson line of an U(2k) node in the linear part of the quiver
theory. We compute the S? partition function with the Wilson loop for k = 1 in (D.13),
which agrees with the mirror vortex. Likewise, in terms of twisted indices, (3.16) implies
the following relation:

A B
H(L7Nf—L),2 =1L at 0,...,0,1,0,...,0] (3.17)

where [0,...,0,1,0,...,0] denotes the L-th node in the Dy,-type Dynkin quiver. For the
k =1 case, the explicit results for the B-twisted index are provided in tables 6, 7, 8 and for
the A-twisted index in table 4.
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Splitting (Ny — 1) + 1. Performing S-duality of (3.10) yields two different brane
configurations, depending on which D3 branes the F1 ends. To begin with, we consider that
the F1 stretches between the defect D5 and the stack of £ D3s that does not pass through
the ON plane. We find

OO . (3.18)
1 2 2k—-1 2k
Nf — 2k — 1 nodes

which induces a fundamental Wilson line in one of the U(k) nodes, i.e. a spinor node of the
balanced D-type diagram. It is straightforward to read off from the brane configuration
that the corresponding FI parameter is {n,—1 — &n,. Next, the F1 could also be stretched
between a defect D5 and the stack of £ D3s that goes through the ON plane. This yields

O—O— - (3.19)
1 2 2k—1 2k
Nf — 2k — 1 nodes

which induces a fundamental Wilson line on the other U(k) node. Note that the correspond-
ing FI parameter of this gauge node is {n,—1 + &N,

In summary, the configuration (3.18) leads to a Wilson line in a U(k) gauge group
at one of the spinor nodes of the D-type quiver, while the configuration (3.19) induces a
Wilson line in the other spinor node. We compute the sum of the S partition functions
with the Wilson loops for £ =1 in (D.16), which agrees with the mirror vortex. In terms of
twisted indices, this implies

H?Nf—1,1),2k =T} at [0,...,0,1,0] T I ot [0....,0,0,1] (3.20)

where [0,...,0,1,0] and [0,...,0,0,1] denote the two spinor nodes of the Dy ,-type Dynkin
quiver. For the k£ = 1 case, the explicit results for the B-twisted index are provided in
tables 6, 7, 8 and for the A-twisted index in table 4.
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Splitting Ny + 0. The mirror symmetry of the vortex loop of splitting Ny + 0 is more
subtle. When the defect D5 brane is present between the NS5 brane and the ON plane,
there are two ways for the F1 to end to the stack of £ D3s: before and after the D3s goes
through the ON plane. This gives

I I o2k | I k I
I I I I I I
| | | | | | | | | |
| | | | | | | | | |
| | | | | | | | | k!
| | | | | >< | | | | |
I I I I I I I I | 1
I I I I I I I I I i
l  — l  — l  — l
— 2 | — 2k I 2k /i
1 ! ! 2k—1 | 2k 1 \ k
I I

2K O—O— - (3.21)
1 2 2k—-1 2k
Nf — 2k — 1 nodes

which results in the Wilson line at the spinor node of type [0, ..., 0, 1] with multiplicity two.
The difference from the (Ny — 1) + 1 splitting can be seen explicitly in the S3 partition
function. A fundamental Wilson line is charged under the gauge group with the FI parameter
ENp—1 &N,

In terms of S? partition functions, we have

3
Zin, 02k = 27 23y at 0.0, (3.22)

We check this for £k =1 in (D.17), which agrees with the mirror vortex. We observe that
the relation of twisted indices under the mirror symmetry is given by

H?Nf ook = (E+171) LA [0,...,0,1] - (3.23)

The appearing prefactor ¢+ t~! is computationally verified, but the reason behind is unclear
at this point. For the & = 1 case, the explicit results for the B-twisted index are provided
in tables 6, 7, 8 and for the A-twisted index in table 4.

Balanced case. The analysis can be readily extended to the balanced case Ny = 2k + 1.
Since the flavour nodes in (3.2b) reside at the two spinor nodes, the pattern presented
in (3.13) applies for all splittings L + (Ny — L), 1 < L <2k —1 = Ny — 2. The remaining
two splitting behave as follows: L = 2k = Ny — 1 follows the logic of (3.18)—(3.19), i.e. the
vortex line is dual to the sum of Wilson line expectation values at the two spinor nodes.
Lastly, the splitting L = 2k 4+ 1 = N corresponds to (3.21), meaning a Wilson line on a
spinor node with a multiplicity of 2.
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Comment on orthosymplectic mirror quiver. One may ask why the mirror symmetry
considerations are relevant for the objective of studying a duality between unitary and
orthosymplectic quivers. In principle, one possible way to derive a pattern between Wilson
lines as in section 3.2 is to trace the Wilson lines back to vortex line defects in the Sp(k)
SQCD. This, however, is not straightforward because they are realised by two different
brane configurations. To exemplify, for an O3 configuration one can place a defect D1
between any two half D5 branes as follows

I (3.24
o3t Qg o3t )

which should induce a vortex defect of L + (2Ny — L) splitting. Therefore, unlike (3.10),
the 2Ny half-hypermultiplets admit 2Ny + 2 different ways of splittings. While one can
argue that half of these are redundant due to the symmetry along the z° direction, the
introduced 1d SQM and its coupling to the 3d bulk theory are rather delicate. If L is odd,
then the vortex defect is described by the SQM coupled to the Sp(k) bulk gauge symmetry
and an SO(L) flavour symmetry, which does not appear in (3.10). Moreover, evaluating the
expectation value of such a vortex defect remains a challenging task, both in the A-twisted
index and in the sphere partition function. It requires a precise microscopic description of
the 1d/3d coupled system, and we leave this problem to future research.

3.4 A comment on vortex line defects in the two mirrors

In view of section 3.2, it is tempting to ask whether vortex line defects can be matched
between the two different mirrors of Sp(k) gauge theory. An interesting class of vortex lines
is realised as 3d mirrors of a fundamental Wilson line in the Sp(k) gauge symmetry.

Unitary mirror quiver. The brane construction for a fundamental Wilson line is given by

2k D3 ? - SO(2Ny)
2% — (3.25)

W @ Sp(k)

and the position of the F1 with respect to the flavour D5s is not physical. This is because
the F'1 can move across any of the D5 branes since the number of D3 branes on the left
and right agree.
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Based on the brane configuration (3.25) and assuming Ny > 2k + 1, the mirror vortex
defect is realised by

R TR & ®?® K R gN_
L NS5 Ny;—L NS5
(3.26)

Moving the D1 to the nearest NS5 on the left-hand side, yields the following defect insertion:

sQM
1
k (3.27)
1 2 2k—1 2k 2k 2k 2k 2k 2k
k

whereas moving the D1 to the nearest NS5 on the right-hand side yields the following;:

SQM
1
k (3.28)
1 2 2k—-1 2k 2k 2k 2k 2k 2k
k

In terms of the brane configuration (3.26), the D-string can cross any of the NS5 as long as
the numbers of D3 branes on the left and right are equal. Hence, the two defects should be
equivalent. This is indeed true due to the hopping duality discussed in [33]. In other words,
the vortex defects defined by two adjacent U(2k) nodes are equivalent. This is evident from
the brane configuration and has been proven on the level of the S partition function in [33].

By the same logic, we find two more configurations describing dual defects by utilising

hopping duality. These are given by

SQM
1
k (3.29)
1 2 2%k—1 2k 2k 2k 2k 2k 2k
k
SQM
1
k (3.30)
1 2 2%k-1 2k 2k 2k 2k 2k 2k
k

and the equivalence follows straightforwardly from the arguments in [33].
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For k =1 Ny > 3, we show explicitly by S3 partition functions (D.20) that the vortex
loop in the D-type quiver is mirror dual to the Wilson loop in the Sp(1) SQCD.

Orthosymplectic mirror quiver. Turning to the brane configuration of a Sp(k) gauge
theory with a fundamental Wilson line via an O3 plane

C2D3 i SO(2Ny)
R UUR m— R~ TN — (3.31)

L § R w @ Sp(k)
103 2N; half D5 03™ 03

and the position of the F1 string with respect to the flavour D5s is not physical. As above,
this is because the F1 can move across any of the half D5 branes since the number of D3
branes on the left and right are the same.

Based on the brane configuration (3.31) and assuming Ny > 2k + 1, the mirror
configuration is given by

1 1

03t 03— 03t

1 1

03t 03~ 03t
(3.32)

and the D1 is free to move across any of the central half NS5 branes because the numbers

of D3 branes on the left and right are equal. To derive the defect description, the D1 brane
in (3.32) can be moved to the nearest NS5 brane on the left such that the mirror theory
with vortex defect is realised by

SQM

2 2 2k 2k 2k 2k 2 2

2k 2k+1 2k
(3.33)

Alternatively, the D1 brane in (3.32) can be moved the nearest NS5 brane on the right-hand
side, which implies the following realisation:

SQM

2 2 2k 2k 2k 2k 2 2

2k 2k+1 2k
(3.34)

and again, the equivalence of these two defects follows from generalising the hopping duality
to brane configurations with O3 planes. Consequently, any vortex defect defined by two
consecutive Sp(k) and SO(2k + 1) gauge nodes is expected to be the same defect, which is
mirror dual to a fundamental Wilson line defect.
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Moreover, we find another mirror realisation of the fundamental Wilson line in the
Sp(k) theories, which is given by

T - S S

2k 2k+1 2k
(3.35)

which follows from moving the D1 in (3.32) to the left-hand side of the interval containing
the half D5 flavour brane.

Unfortunately, it is not clear how to verify these predictions by A-twisted index or sphere
partition function. A promising tool could be the squashed sphere partition function [69, 70].

Comments on the balanced case Ny = 2k 4+ 1. By an analogous line of reasoning,
one arrives at the following conjectural statements: a fundamental Wilson line in Sp(k)
SQCD with Ny = 2k + 1 should be mirror dual to

O—O— - sQM (3.36)
1 2 2k—2 2k—

k 1

which is similar in spirit to (3.30). Moreover, the Wilson line expectation value should also
be mirror dual to the follow vortex line in the orthosymplectic mirror:

SQM
(3.37)

oo oo oo o .o o
2 2k—2 2k—-2 2k 2k 2k 2k—-2 2k-2 2

As we explicitly describe the case of kK = 1 in section 5, we do not have the precise description
of the coupling of the SQM to the 3d theory in both unitary and orthosymplectic cases.
This is left for future work.

4 5d Sp(k) SQCD: unitary and orthosymplectic magnetic quivers

Consider 5d N = 1 theories which have a low-energy effective description as a 5d N =1
gauge theory with Sp(k) gauge group and Ny fundamental flavours. However, the number
of flavours is constrained by Ny < 2k 4 5, which ensures that the low-energy theory admits
a UV completion into a 5d N/ =1 SCFT. Field theory [71] and 5-brane web [72] arguments
restraint Ny < 2k 4 4, while the case Ny = 2k + 5 has been shown to be admissible in [73].

The Higgs branch of a 5d N/ = 1 theory changes from the IR theory, referred to as
finite (gauge) coupling, to the UV fixed point known as infinite coupling since new massless
instantons appear. The magnetic quiver technique, introduced in [1, 6, 22, 23], allows us to
analyse the Higgs branches at both finite and infinite coupling.
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Focusing in Sp(k) gauge groups, the same logic as in section 3 applies. Due to two

different string theory realisations, we have two distinct types of magnetic quivers:

o 5-brane webs in the presence of an O7~ plane yield unitary magnetic quivers [6].

e 5-brane webs with an O5™ plane yield (unitary-)orthosymplectic magnetic

quivers [6, 9].

The magnetic quivers for finite coupling are the same as the mirror quivers for Sp(k) in 3d,
which have been explained in section 3. Now, the focus is placed on the magnetic quivers for
the Higgs branches at infinite coupling. The relevant unitary and orthosymplectic quivers
are given in [6, table 1].

The unitary magnetic quivers derived from 6d or 5d brane configurations at the strong
coupling fixed point are conventionally written as unframed quivers, meaning that no explicit
flavour node exists. As detailed in section 2.4, one overall U(1) needs to be removed from
the appearing product gauge group in order to render the theory well-defined. Starting from
the unitary magnetic quivers in [6, table 1], the diagonal U(1) is removed as follows: firstly,
it is convenient to ungauge a U(1) gauge node, as it is the simplest ungauging procedure.
Secondly, it is advisable to choose a U(1) node that is not balanced (if such a node exists).
Since the magnetic quivers are composed of good nodes only, the suitable U(1) is always
over-balanced. The reason for this choice is that the set of balanced nodes provides a
Dynkin diagram of the enhanced Coulomb branch symmetry. Hence, it seems ill-advised to
sacrifice this pattern. See also appendix C.3.

Turning to orthosymplectic magnetic quivers, these are also unframed if they correspond
to Higgs branches of 5d or 6d theories at the strong coupling fixed point. As discussed in
section 2.4, only a diagonal Zy needs to be taken care of, which results in extending the
magnetic lattice from a pure integer lattice to integer lattice + half-integer lattice. This is
particularly relevant for the superconformal index, the A-twisted index, and the Coulomb
branch Hilbert series.

4.1 Duality of unitary and orthosymplectic magnetic quivers

It is observed in [36] that the 3d N' = 4 unitary and orthosymplectic magnetic quivers
have not only the same Coulomb branch, but also the same Higgs branch. Namely, the
Hilbert series of the Higgs and Coulomb branches agree for a pair of the magnetic quivers.
Nevertheless, it remains unsettled to see whether they are dual as quantum field theory. In
this section, we show solid evidence by exact results that they flow to the same IR fixed point.

E4 quiver. To begin with, consider k = 1 and Ny = 3. The E4 = su(5) quiver is given
by the Dynkin diagram of su(5):

1
1 1
1 (4.1)
) )
/ /
1 1 1 1 2 2 2
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The wiggly line denotes a charge 2 hypermultiplet (under the U(1) gauge node). The
definition of the index for the framed unitary quiver is standard; in contrast, the index
for the orthosymplectic quiver requires a careful consideration of the magnetic lattice as
emphasised in section 2.4. After these preliminary remarks, a straightforward perturbative
computation shows that both quivers have the same superconformal indices

00 5 1000 451 7
_1+f< +t2> q( 26++t4)+2q 10 4q2 <t6—t2+t)+q4(—2t3+2t7)

3675 2824
+q (373 t +¢8>4— (4.2)

up to order q?.

Ej5 quiver. In the case of Ny = 4, the unitary quiver is the same as the k =1, Ny =5
case discussed in section 3, whereas the orthosymplectic quiver is different. Again, to
evaluate the superconformal index of the unframed orthosymplectic, we need to adjust the
magnetic lattice. It is then straightforward but tedious to verify that the superconformal
index of the orthosymplectic quiver below agrees with the k =1, Ny = 5 case of table 3 up
to O(¢*/?).

1 1

(4.3)

2 2 o @
2 2

1 1

o0
42 2

Eg quiver. Consider the unitary quiver whose Coulomb branch is O,;

1
EE 2 (4.4)
Oo—0O—=0 O
1 2 3

M
N\
2 1

The unitary-orthosymplectic quiver whose Coulomb branch is the closure of the Eg minimal
nilpotent orbit O:°; takes the following form [6] (see also [74, section A.1.5] for class S
description):

1 2

= (4.5)
o0 O i o 0 ©° o0 O I o 0 ©
2 2 4 4 4 2 2 2 2 4 4 4 2 2
Since the orthosymplectic quiver is rather large, the perturbative calculation of the super-
conformal indices of these theories is limited to order O(q). Nonetheless, both computations

yield the same result

78{\2/5 ( 2?0) T (4.6)
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E7 quiver. We move on to the unitary-orthosymplectic quiver whose Coulomb branch is
er

the closure of the E7 minimal nilpotent orbit O,7;, .

(4.7)
The unitary quiver is of Dynkin type, while the orthosymplectic quiver has been derived
in [6] (see also [75, section 3.2.2] for the class S viewpoint). Here we present the unframed
unitary quiver. Due to the large rank of the gauge group, it is computationally challenging
to evaluate the superconformal indices of these theories. Despite the obstacles, the sphere
partition function is insightful as we can utilise the equivalence of the S? partition function
on the level of the different legs in the two star-shaped quivers (4.7). For this computation,
we ungauge U(1) from the middle gauge group U(4) in the unitary quiver. Since the S3
partition function is insensitive to the magnetic lattice, we can compute it by naively
decoupling the U(1) factor from the middle gauge node to SU(4). (See section 2.4.)
Both the quivers in (4.7) have three tails, and two of them are T'[SU(4)] ~ T'[SO(6)] [62].
The S? partition functions of the T[G] theory is conjectured in (D.26), and in particular,
for T[SU(4)] ~ T[SO(6)], explicit computation yields

S3 o S3 . 1 (mz + m])
Zrisu) = Z11s06) = 13 1<H<3 Sh(m; £ my) (4.8)
<i<j<

Taking residues, we calculate the S? partition function of the other tail as

9 SU®4) s [ 1 2 6 3 m2
ZSS — ZS : . . = L . (4-9)
l ] [ ; [T sh(my = m3)
Note that the S? partition function of U(2) SQCD with N; = 4 flavours can be read off
from (D.24). To obtain (4.9), we impose my = m; + ma + m3 on (D.24) for the SU(4)
flavour symmetry. Therefore, the equalities of (4.8) and (4.9) imply that the S? partition
functions of the two quivers (4.7) agree.

4.2 Wilson lines and unframed quivers

As a next step, we include Wilson lines defects into the unitary and orthosymplectic
magnetic quivers. As found in [8, 14, 36|, some unframed magnetic quivers are endowed
with non-trivial 1-form symmetries which dictate the spectra of admissible line defects. Here,
we therefore study the spectra of admissible Wilson lines in the unitary and orthosymplectic

magnetic quivers from the viewpoint of 1-form symmetries and ungauging schemes.

Admissible Wilson lines for unframed unitary quivers. For unframed unitary
magnetic quivers, the quotient of the product gauge group []; U(n;) by the continuous
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ker ¢ = U(1) group can be realised in various ways, see section 2.4. Although the resulting
theories have been argued to give rise to the same moduli spaces, the allowed line defects
require a careful treatment:

e If n; = 1 holds for some i, and the gauge node is over-balanced, we can simply ungauge
the group and obtain G/ker ¢ = [];; U(n;). Notably, G’ = G//ker ¢ has no trivially
acting subgroup anymore, due to the appearance of the U(n;) = U(1) flavour node.
The allowed representations for Wilson lines lie in the weight lattice of the gauge
group, i.e.

weAd =Pz (4.10)
J#i

In other words, the Wilson line can transform in any product representation composed
of the U(n;)|;x representations.

o We could also choose to remove ker ¢ from any U(n;) node, with n; > 2. Naively,
the gauge group becomes G™V® = SU(n;) x [1; U(nj). In contrast to the case
above, there still exists a non-trivial Z,, = Z(SU(n;)), which acts trivial on the
matter content and is embedded via Z,, C U(1) = Z(U(n;)) for j # i. This Zde
groups defines an electric 1-form symmetry for the G™*V® gauge theory [35]. However,
as argued in [36], the gauge group, which seems to be preferred from the brane
system, is given by the quotient G/ = G™aive/ Zgiiag. As a result, the allowed Wilson
line representations R are any product representation of the gauge group factors
SU(n;) x [1;; U(n;), such that the R is Z3128 invariant, i.e. the charge under the
diagonal U(1) has to be 0 mod n;.

To demonstrate, consider the affine Fg unitary quiver

q(3) 1
al¥ O 2 (4.11)
FOREMO HORE
O—0O0—A0O—0C—=0
1 2 3 2 1

such that the U(1); charges are ¢\, the U(2); fugacities are {al(-l)}izl,z, and the U(3)
fugacities are {b;};—1,2,3. Starting from ungauging the diagonal U(1) at, say, the U(1)3
node. Then we can without doubt consider the following Wilson line:

R =q" @ [][0,0] 1 [0,0,0],, (4.12)
[ 1

see also figure 3a. This Wilson line is non-trivial.

Next, we ungauge the diagonal U(1) at, say, the U(2)3 node. Hence, the admissible
Wilson lines need to be invariant under Zgiag. We may ask what happens to the Wilson
line (4.12) in this frame. Given the representation R, we need to implement the Zs
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Wige O'1
2
W,
o— 0O O0——0O—A—C0CO——-—=0
1 1 3 1

1 Wi O'1

2 2

Wq(l) Wq(1)

O—O0—""C0OC—""70C—"0O O0—CO—"~0O—0 O O
1 2 3 2 1 1 2 3 2 2 2
(a) (b) (©)

Figure 3. Affine Eg Dynkin quiver and different choices of ungauging. Here the superposition of a
circle and a square, called squircle, represents the node where the diagonal U(1) is ungauged. The
Wilson lines defined in each theory have identical B-twisted indices, see table 17.

invariance. Using the additional ¢(®) charge, the candidate Wilson line is given by

R =qM @ (¢®) @ [10,0],0) @ Osue)e ® [0,0,00,
I#3 ' (4.13)

Zo — invariance = 14+ 2=0mod2

see figure 3b.
Likewise, ungauging at the central U(3) node leads to Wilson line configuration that
needs to be Zsz invariant. Utilising the ¢(®) charge, the candidate Wilson line is given by

R — q(l) ® (q(3)) ® H[O, O]a(_f) ® [0, O]SU(g)
I ! (4.14)

Z3 — invariance = 1+ 2 =0mod3

see figure 3c.

Demanding that the simplest solution satisfies both (4.13) and (4.14), and is moreover
compatible with (4.12), we find z = —1. Explicit computations for all Wilson lines in
figure 3 show that the B-twisted indices agree, see table 17 for the result.

Admissible Wilson lines for unframed orthosymplectic quivers. For unframed
orthosymplectic magnetic quivers, the removal of the diagonal ker ¢ = Zo modifies not only
the magnetic lattice, but also the weight lattice of the gauge group, see (2.20) for an explicit
example. An immediate consequence is that a Wilson line transforming in the fundamental
representation of either a single SO(2n) node or single Sp(k) node is not an admissible line
operator, as these representations are outside the weight lattice. There are two possible
ways out if we aim for Wilson lines in “simple” representations:

e A Wilson line transforming in the product representation of two fundamental repre-
sentations of two distinct gauge nodes. This corresponds to the Z’i lodd &) Z’i lodd
factor in (2.20).

o A Wilson line that transforms in a representation on the root lattice of a single gauge
node. This corresponds to the Z"Z jeven P Z’i leven factor in (2.20), where each lattice

is a root lattice of either SO(2n) or Sp(k).
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4.3 General observations and conjectures

Given the spectra of admissible Wilson lines analysed above, our next goal is to establish a
pattern between the admissible Wilson lines of the different magnetic quiver constructions.
The motivation comes from the pattern observed in the two different mirror quivers of 3d
Sp(k) of section 3.

The exceptional families [6] fall into two groups:
o The Eg 765 families are labelled by the rank k of the 5d Sp(k) gauge group.
e The E4_ 9 and E3_9; families depend on the rank k as well as another integer 0 <[ < k.

Almost all orthosymplectic magnetic quivers for the exceptional F,, families contain a single
U(1), originating from 5-branes unaffected by the orientifold projection. The only exception
is the Fg family. Given this U(1), it is particularly convenient to study Wilson lines in
the product representation ¢ ® [1,0,...,0]¢/p of the charge 1 U(1) representation and a
fundamental representation of a single SO(2n) or Sp(k) gauge node. This is because the
U(1) representation does not increase the dimensionality of the representation.

Explicit computations of B-twisted indices with Wilson loops have been performed
for F765 with k = 1 — see tables 7, 17, 18 — as well as F4 with £ = 1,2 and E3 with
k=1,2,3 — see tables 12, 13, 14, 15. The results obtained indicate a systematic pattern
between the Wilson lines in the orthosymplectic quiver and Wilson lines in the unitary
quiver.? Based on the computations and assuming reqularity of the behaviour, the pattern
can be turned into the following conjectures:

Er family.

o For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]c, of the
U(1) node and an Sp(r) node for 1 <r <k +1

.—k%—kﬂ—&%—.

2k+2 2k+4 2k+2

— (4.15)

O—C% %)—(% i Oo—
2r  2r 2k+2 k+2 2 1

2The unitary magnetic quivers of FE,, families obtained from brane webs are unframed. Therefore, an
overall U(1) needs to be ungauged which corresponds to fixing the centre of mass of the brane system. The
choice of ungauging in this section is explained in appendix C.3.
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o For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]p, of the
U(1) node and an SO(2r) node for 1 <r <k +2

.—k%—kﬂ—ik%—.

2k+2 2k+4 2k+2

— (4.16)
O+ H O—L1]
2r—1  2r 2k+2 k+2 2 1
o+ —O0—0— o—0O
2r—1  2r 2k+2 k+2 2 1
if » = 1, there is only one Wilson line in the unitary quiver.
 For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]p,,, of
the U(1) node and the central SO(2k + 4) node
2k+2 2k+4 2k+2 2 2
w k+1
— (4.17)
O+ - —O0—O0——O0—C—-1
2 2k+1 2k+2 k+2 2 1
k+1
+ w
Q—O* - —0O0—=0 O O—L0]
2 2k+1 2k+2 k+ 2 1
k+1
+w
O+ - —O0—O0O——O0—C—-1
2 2k+1 2k+2 k+2 2 1
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Eg family.

o For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]c, of the
U(1) node and an Sp(r) node for 1 <r <k +1

.—k%—k%—i—k%—.

2k+2 2k+4+2 2k+2

— E (4.18)

2k+1 k+1

o For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]p, of the
U(1) node and an SO(2r) node for 1 <r <k+3

.—k%—k%—i—k%—.

2k+2 2k+42 2k+2

— E (4.19)

2k+1 k+1

+
%%L

2k+1 k+1

if » =1, there is only one Wilson line in the unitary quiver.
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« For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]¢, 4 of
the U(1) node and the central Sp(k + 1) node

.++F+i—kﬂ—.

2k+2 2k+42 2k+2
1

— k+1 (4.20)

4%
O+ O —O0—0—"0—"=~0
2r 2k 2k+1 k+1 1

1

+ w k+1

O—0— " —O0—+ —0—0—0—0
2r 2k 2k+1 k41 1

Es5 family.
o For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]¢c, of the
U(1) node and an Sp(r) node for 1 <r <k

w 1
w
2 2 2r 2r 2k 2k+2 2k 2 2
k 1
— w (4.21)
o—0— - —O0O0——_0O— - 1
1 2 2r—1  2r 2k k+1
o For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]p, of the

U(1) node and an SO(2r) node for 1 <r <k

w

2 2 2r 2r 2k 2k+2 2k

k 1
— w (4.22)

O—O—  —O—0O— 1

1 2 2r—1  2r 2k k+1
k 1

+ W
1 2 2r—1  2r 2k k+1
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« For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]p, 4 of
the U(1) node and the central SO(2k 4 2) node

2k 2k+2 2k 2 2
— f T (4.23)
O—Of - —0 @ @ O1
2 2k—1 2k k+1

; f T
O—Of - —O @, @, O1
2 2k—1 2k k+1

_|_

2 2k—1 2k k+1

E4 family.

o For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]¢c, of the
U(1) node and an Sp(r) node for 1 <r <k —1

+1
w 1
w
2 2 2r 2r 2k—21 2k—21 2k—21 2 2
1
PR k-1 +1 (4.24)
w
1 2 2r—1 2r 2k—21—1 k-1 1
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o For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]p, of the
U(1) node and an SO(2r) node for 1 <r <k —1

%#iﬂ

2k—21 2k—21 2k—-21

— E E (4.25)

2k—-20—-1 k-1 1

2k—21—1 k-1 1

o For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]¢,_, of
the U(1) node and the central Sp(k — [) node

S

2k—21 2k—21 2k—2]
1

— k=l I+l (4.26)

2k—21—-2 w

O—O— - —0—0—=0

1 2 2k—21—1 k—1 1

1
+ 2% k-l +1

2k—21—-2

O0—O0— - —O0—0—0

1 2 2k—21—1 k-1 1
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E3 family.

o For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]c, of the
U(1) node and an Sp(r) node, for 1 <r <k—-1-—1

RN N
2 2
— (4.27)
1 2 2r—1  2r 2k—21-2 k-1 1
o For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]p, of the
U(1) node and an SO(r) node, for 1 <r <k —-[—-1
RN N
2 2
— " (4.28)
1 2 2r—1  2r 2k—21-2 k-1 1
k—Il-1 1+1 I+1
T w
1 2 2r—1  2r 2k—21—-2 k-1 1
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« For a Wilson line transforming in the product representation ¢ ® [1,0,...,0]p, , of
the U(1) node and the central SO(2k — 2[) node

I+1
w 1
w | 2k—20-2
2 2 2k—21 2 2
k—l-1 1+1 I+1
— k213 T WT (4.29)
1 2 2k—21—-2 k-1 1
E=l-1 1+1 I+1
w
T 2k—21-3
1 2 2k—21-2 k-1 1
kE—=l-1 1+1 I+1
T 2% 2k—21-3 T T
1 2 2k—21—-2 k-1 1

Eg family and 6d Sp(k) SQCD. One prominent family has not been presented yet:
the Eg family of [6], i.e. the infinite coupling limit of 5d ' =1 Sp(k) with the maximally
allowed number of flavours Ny = 2k + 5. This family faces computational difficulties due
to the large rank of the gauge group such that we are unable to evaluate the partition
functions in the presence of defects. Moreover, the structure of the orthosymplectic quiver,
with the absence of a U(1) node, even prevents us from formulating a clear prediction for
matching Wilson lines.

Similarly, one could consider 6d N = (1,0) Sp(k) SQCD with Ny = 2k + 8 flavours,
which has a unitary magnetic quiver [2] as well as an orthosymplectic magnetic quiver [5].
Again, the analysis of the partition functions and line defects is obstructed for the same
reasons as the bd Eg family.

Wilson line transforming in other representations. For unframed orthosymplectic
quivers, a Wilson line transforming in the fundamental representation of a single gauge group
is not invariant under the Zs 1-form symmetry. On the other hand, other representations
such as charge-2 under the U(1) or the symmetric representation [2]c, of Sp(1) are Zsa-
invariant. Here, we demonstrate adding Wilson lines transforming under charge-2 and
symmetric representations for the F, orthosymplectic quiver and match them with Wilson
lines on the unitary counterpart in the E4 quivers. Firstly, we chose the charge-2 Wilson
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line at SO(2) with character ¢*:

1 (4.30a)

1111 2 2 2
w.ow w2

and the matching Wilson line in the unitary quiver transforms in two adjacent U(1) nodes
(in (+1,41) charges).
Secondly, one may choose the second symmetric representation [2] of Sp(1)

1 1 1 1
1
1 1 1 1 1 1 1 1 )
W wow
N —
1 1 2 2 2
f Wi
1 1 1 1
w W
(4.30b)

and the corresponding line defect in the unitary quiver appears to be a linear combination
of three different Wilson lines. One Wilson line is charged under a single U(1) and the two
others are charged under two U(1) nodes each. All U(1) charges are +1.

Lastly, we consider the charge-2 representation of the U(1)

1 1
w2 Ol (4.30¢)
<
1 1 1 1 2 2 2
w

which corresponds to a Wilson line charged (+1) under just one U(1) node in the unitary
quiver.

In these three examples, we depict the Wilson lines in the unitary-orthosymplectic
theory on the right side. While on the left side, we describe the corresponding Wilson
lines in the unitary theory, consisting of charge-1 Wilson lines at one gauge group or a
product of two gauge groups. As seen in the cases considered above, the dimension of the
representations agrees on both sides. As the dimension of the representation of a Wilson
line in the orthosymplectic theory becomes larger, it becomes more challenging to find the
corresponding Wilson line in the unitary theory.
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4.4 Refining symmetries

One may wonder how the global symmetries might be matched once we (partially) include
their fugacities in the partition functions. In particular, it is intriguing to study the
consequences of gauging the 1-form symmetry ngg that is expected to introduce the
corresponding 0-form symmetry [35]. In order to investigate this question, one approach
can be the superconformal index refined by fugacities of the global symmetries. However, it
is, by definition, clear that the Zgiag has no effect on the Higgs branch operators; therefore,
it is sufficient to focus on Coulomb branch operators. This then allows us to focus on
Coulomb branch Hilbert series via the monopole formula [40] because it is much easier to
evaluate it than the superconformal index.
For refinement, the following fugacities can be turned on

k

U(k) gauge group — U(1)top  with 22im ™M (4.31a)
N

SO(2N) gauge group — Z§Mre with yzizl miogy? =1 (4.31b)

for SO(2) =2 U(1) the centre symmetry is continuous. The O-form symmetry Z, resulting
from gauging the 1-form symmetry Zy is taken into account as follows:

-1
HS=Y"¢" > P(t,m)z™ ¢*™ (4.32)
"0 me(z4 )"

where (Z + %)rk denotes a suitable lattice shifted by +7% in every component. See section 2.4
and [36].

Here we outline a strategy that identifies the global symmetries of the orthosymplectic
quivers apparent at UV as subgroups of the (much larger) symmetries of the unitary
counterparts. The hidden symmetries, i.e. the part that only emerges in the IR, cannot be
addressed.

E4 quiver. For the E4 quiver, one may turn on the following symmetry fugacities:

1
1 1
o 1 — (A) (4.33)
) M)
/ /
1 1 1 1
2 2 2 w1 w2 w3 w4
Z1 22

- L jzgiesg

Evaluating the monopole formula, we see the following match of partially refined Hilbert
series

HSOSp(zi :z,m:wQ,q) =Hy(z; = z,x:w2)+q-H (zi=2,x :wQ)

Z+3

= HS®) (w1 =wy =z, wo =L, w3 =quw) |2y (4.34)
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and the agreement has been verified by perturbative evaluation up to order ¢'°. This

identifies two continuous global symmetries besides Zdlag

Es5 quiver. It turns out that the identification of global symmetries in the E5 magnetic
quivers is more interesting since it depends on the U(1) ungauging scheme of the unitary
counterparts, namely (A) and (B) below. For the E5 magnetic quivers, one may turn on
the following symmetry fugacities:

T 1 1
1 ws
o © P +— (A) (4.35)
2 2 4 2 2 1 2 2
1 wq
Z1 Y € Z2 22 /Zgiagaq w1 w2 w3
v 1 1 us
<« (B)
SU(2) 2
v2 1 1 w
u2

/2328 35p
The Hilbert series evaluation yields the following relations

HSOSp(zi =z,y=1l,x=1,q) =Hy(zi=2z,y=1,2 = 1)+C]'Hz+;(zi =z,y=1l,z=1)
2

= HS®) (w1 = wy = wgl = z,W9 = w3 = q) (4.36)

‘q2:
B —1 —1

= HS( )(ul =uy" =z,Up = q, U1 = Uy = 2,p=1)|;2
= 14t (1148248 +22+ L +q(42+2+8))

+12(130+962+ 2 447224+ 47 4823+ 4204 L 49 (423 + 5 43222+ 23 4802+ 80+104) )

+3(942+ 8082+ 508 448722+ 48T 19083+ 208 44754+ 4T 18554 £ 4504 L

z z z
+q (425 + 532204 32 116855+ 108 +432:7 4 432 172454 24 1-864) )
+4(5350+47442+ 4744 1+ 3381224 3381 118562 +1856+772z + T2 420825+ 258 447264 204827+ B 428+ %

+q(4z7+ 4 +32204+ 32416825+ 18 167224+ 52 1171223+ 1742 1315222+ 3152 145002+ 4500 +5056))
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+5(24218+222645+ 22204 11719922+ 17499 11116853+ 11108 4 500024 4 5290 1248025 +- 2480
+772254 T2 420827+ 208 44728+ 40 4829+ 542104+ +5
z z z z z
+q(23488+215162-+ 2316 41659222+ 16392 1106562 + 10930 1556821+ 3998 296455+ 2204
+67226+ 872 116827+ 198 432254 32 44294 4 ))
z z z z

+0(t%)

and agreement has been verified by perturbative evaluation up to order ¢°. This implies in
particularly that the separation into integer and half-integer lattice of the orthosymplectic
quiver and the unitary quiver (B) does not coincide. Moreover, the identification of the
suitable Zgiag in the unitary quivers is realised by embedding the Zs into a single U(1)top
for (B) and into a diagonal U(1) C U(1)tep X U(1)4ep for (A).

For the unitary quiver (A) one can, moreover, identify all continuous global symmetries
of the orthosymplectic quiver as follows:

HSO%P(25,y =1,2,9) = HS™W (wl =21 w2 = gy/2122%, w3 = L wa =21, w5 = 22)

%=1
=1+t<9+4z1+4+4z2+4+z1z2+21+ L2
Zl 272 22 2122 Zl
11
+2qz; 22y 2 (\/3?+1/\/5)(1+z1+22+z1z2)> +0O(t?) (437)
which has been verified up to order ¢°.
Eg quiver. For the Eg magnetic quivers, we turn on the following fugacities
z 1
o—0o © o—0 O
2 2 4 4 4 2 2
z1 €7 €L 22 iae
Y1 2 Y2 2 /Zg g5
1
We 2
«— (A) (4.38)
O—O0—AO—C—=0
1 2 3 2 1
w1 w2 w3 W4 ws
v 1
SU(2)
«— (B)
O—O—AO—C—=0
1 2 3 2 1
L (V51 u2 us U4 us | /Z;ﬁagap
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The evaluation of the monopole formula suggests the following

HSOSp(zizzvyi:l':LQ):HZ(Zi:Zayi:$:1)+Q'Hz+l(zi:2'7yi:x:1)
2

= HS(A)(wl =ws =1, w2 =wy = q, w3 = wﬁ_l Nez= (4.39)

B
= HS( )(u1 =uUs = 2,U2 = Uy = quz =V =D = 1)|2_
B —
= HS! )(ul =us=lLug=uy =qu3 =v  =2z,p=1)[p2
= 1+(20+1224 24224 L 44(16+82+ 2 )
+12 (422430024320 411522+ L2 412234+ 124 244 L (384428024 28049622+ 2§ 823+ & ) )
+3 (5834+4756 2+ 750 4251852+ 2518 1 80859+ 898 411524+ LB 11225+ 124564+ L
+q(5696+4616z+M+2432z2+w+7s2z3+ﬁ+96z4+@+8z5+i))
z 22 23 A 25
+4(60006-+516882+ 31058 + 33050224 33950 + 1510423 4 15104 1 46184 4 4018
+80825+808 115,64 115 412,74 12 484 L
z z z z
+q(59344+511842-+ 31184 4 395762 4 32576 1 148489 1 14818
4448 752 96 8
+44482%+ 4448 759554 T2 196564 99 18,7+ 5 )
+° (479893429036 2+ 422036 1 305471 524 205471 4 1709683 4 170368 17965044 2650
422240254 22380 4461826 4 2058 1-80827 + 898 11528+ 12 112294 1342104 15
+q(477888+4270162+@+30392022+3%#+169744z3+%+71936z4+%

21824254 21824 | 44486 1 4448 | 75927 182 1 g6284 96 18294 §))
4 z 4 zZ z
+0(t%)

and the agreement has been verified up to order ¢>. Again, the GNO lattice split into
integer and half-integer lattice for the orthosymplectic quiver is different compared to the

split in the unitary quiver (B).

E7 quiver. For the E7 magnetic quivers, consider the following theories and their sym-

metry refinement

x 1
2
o—0 0 ©° o0 0 o
2 2 4 4 6 4 4 2 2
| #1 Y1 € Za Y2 € Zo Y3 € Za Z2 | /Zgiagaq
wr 2 1
+«— (A) O O O O O (4.40)
1 2 3 4 3 2
w1 W2 w3 W4 ws We
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(j SU(2)
— B)|lo—o—0—0—0—0—0
1 2 3 4 3 2 1
u U UA Uu. u Ue u iay
L 1 2 3 4 5 6 7 /Zg gap
Ve T 2
— ©) | o—0o—0—0—0—0—0
1 2 3 4 3 su@) 1
L V1 V2 V3 Va4 Vs w /ZdiagBT
2

The Coulomb branch Hilbert series are related as follows:

HSOSP(ZZ' =2,Y =T = 1,(1) :HZ(Zi =2,Y =T = 1)+q.HZ+*(Zi =Z,Yi =T = 1)

1

2

=HSW () = wr = wy' = 2,wy = wg = q, w3 = w5 = D)]g2=1 (4.41)
= HS®) (u1 = uy = 2,ug = ug = q, U345 =P = 1)’q2:1

= HS(C)(vl = U5 = v6_1 = 2,v2345 =w = 1,7 = q)

(c -1
= HZ )(1}1 = VU5 = UG = Z,’U273’4,5 =w = 1)

C -1
+ T’T:q : H(ZJr)l (U1 =Up =Vg = 2Z,V2345 =W = 1)

2
= 14t (35+162+ 20422+ L +q(32+162+19))
+2(1351+8962+ 8294273224+ 23 1623+ 18 424+ 1 49131248962+ 828 425622+ 230 +1623+ 18 ) )
+O(t3)
and the agreement has been verified up to order t>. We observe that the integer half-integer
split of the orthosymplectic quiver does coincide with the split in the unitary quiver (C),

while it does not agree with the split in (B).
Interestingly, one can also verify the following relation

HSOSp(zi,yi =z=1,q9) = HS(C)(vl = 21,05 = vﬁ_l = 29,U2345 =W = 1,7 = q)

=14+t (+33+821+ S +8n+ E4nm+ D4 Ly 2

+16qm(1+z1+z2+z1@))+O(t2) (442)
i.e. two global U(1)., symmetries and the Z5*® can be identified.

Remarks. The results of this section demonstrate that the discrete O-form symmetry
Zgiag resulting from gauging the 1-form Zgiag in the orthosymplectic quivers, see section 2.4,
can be recovered in the unitary counterparts 7). We also observe that the way the discrete
0-form symmetry Zgiag is embedded depends on a U(1) ungauging scheme (a). Of course,
the orthosymplectic quiver offers less possibility of refining global symmetries compared to
the unitary counterparts; however, it is a necessary and so far less studied question on how
to embed the symmetries visible in the orthosymplectic quiver into the symmetries of the

unitary quiver. A detailed study of matching the refined indices is left for future work.
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One interesting outcome is the following: the identification of the discrete Zgiag global
symmetry in the unitary counterparts enables unitary magnetic quiver constructions for the
orthosymplectic quivers where the Zglag 1-form symmetry has not been gauged. Schemati-
cally, one finds:

OSp quiver with G’ = H [SO(2n;) x Sp(k;)] /Z;1iag +— known unitary counterpart(s) 7

)

OSp quiver with G = H [SO(2n;) x Sp(k;)] +— to be explored counterpart(s) T

where the quiver theories T(®) are derived from the unitary quivers T(® by gauging the
corresponding Zgiag global symmetry. As demonstrated in the examples of this section, the
0-form Zgiag symmetry can be identified in the 7(®s. The implications are as follows:

e The proposed duality between orthosymplectic and unitary quivers, with trivial 1-form
symmetries, is likely to be extended to a duality of orthosymplectic and unitary quivers
involving non-trivial 1-form symmetries.

e Generating functions, which are sensitive to higher-form symmetries, are the Coulomb
branch Hilbert series and also the superconformal index as well as the A-twisted index.
See for instance [76] for the analysis with the superconformal index and [77] for the
observation that the Witten index is sensitive to 1-form symmetries.

A systematic study requires an at least partially refined evaluation of the supersymmetric
indices or Hilbert series, which is beyond the scope of the present paper. We leave this for
future work.

5 Summary and discussions

The central motivation for this paper has been the question whether two magnetic quivers
that describe the same moduli space are dual as honest 3d N = 4 theories.

As a first probe, the superconformal index has been computed for the unitary magnetic
quivers as well as the orthosymplectic magnetic quiver. The results of section 3.1 show
that the indices for the two different 3d mirror quivers are compatible with each other in
the given order of the perturbative evaluation. Coincidentally, these results are also valid
for the finite coupling magnetic quivers for the 5d Sp(k) theories of section 4. Moreover,
in section 4.1 the superconformal indices for the two infinite coupling magnetic quivers of
5d Sp(k) have been computed perturbatively. Again, in the given order of evaluation, the
results are compatible with one another. As a consistency check, the Coulomb limit and the
Higgs limit of the index results agree with the known Coulomb branch and Higgs branch
Hilbert series, respectively. Also, we perform the identification of some 0-form symmetries,
including that from gauging the 1-form symmetry, in the Coulomb branch Hilbert series
between the two magnetic quivers in section 4.4.

As a second probe, half BPS line defects have been introduced into the two classes of
magnetic quivers. The 3d setup of section 3 served as a playground to familiarise oneself with
Wilson and vortex lines because the entire setting admits a brane realisation in Type IIB. In
section 3.2 a pattern has been presented as a dictionary to match Wilson line defects between
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the two 3d N = 4 Sp(k) mirror theories. Computationally, evidence is provided by matching
the B-twisted indices with Wilson line insertion. Inclusion of vortex lines in the two mirrors
has been considered in section 3.4, based on the mirror symmetry of Wilson and vortex line
discussed in section 3.3. Moving on to the magnetic quivers for the 5d Sp(k) theories at infi-
nite coupling limit, the inclusion of line defects is solely based on quantum field theory rather
than underlying brane configurations. As a first conceptual step, the allowed representations
for the Wilson lines have been detailed in section 4.2. Thereafter, an intriguing matching
pattern between the Wilson lines in the two different types of magnetic quivers has been un-
covered in section 4.3. Again, the evidence stems from explicitly computing B-twisted indices.

The results clearly indicate that the unitary and orthosymplectic magnetic quivers
agree not only on their moduli spaces, but also have equal superconformal indices, and they
admit matching Wilson line defects. In (4.30), we demonstrated the agreement for a Wilson
line with higher representations in the E4 quivers. It would be intriguing to find a rule of
the agreement for Wilson lines with higher representations in the two magnetic quivers. In
section 3.4, we propose the matching of vortex defects in the unitary and orthosymplectic
quivers mirror dual to the fundamental Wilson line in Sp(k) SQCD. Nevertheless, there is
a large class of vortex-type line defects that preserve the A-type supercharge [47]. Finding
the correspondence of vortex line defects in the two magnetic quivers in section 4 is also a
consequential task left for future work. In order to further study A-type line defects in the
proposed duality, it would be desirable to, firstly, improve the computability of A-twisted
indices and, secondly, clarify the vortex line defects in orthosymplectic quivers.

Other known cases of a duality between unitary and orthosymplectic quivers include, for
instance, different 3d mirrors of certain Argyres-Douglas theories (A4p,—1, D3) = (Agm—1, A3)
as well as (D3, Dapy2) = (As, Dapt2) [78, 79], due to the Az = Ds Lie algebra isomorphism.
So far, the proposed duality has been checked by the match of Higgs/Coulomb Hilbert series
in [78, 79], but it would be desirable to extend the analysis along the lines of this paper.

Let us discuss another interesting open problem. In section 3.1, the unitary and
orthosymplectic mirror theories in (3.2b) and (3.3b), respectively, for Sp(1) theory with 3
flavours are obtained via mirror symmetry. At the same time, the unitary As quiver theory
in (3.2b) (for k = 1) is mirror dual to U(1) theory with 4 flavours. The coincidence of the
As and Dj unitary quiver has been observed long ago in [64], and recently revisited from
the viewpoint of 3 partition functions [80, section 4.1]. As a result, we have a web of the
following 3d N = 4 dualities.

O——] | |

1 4 2 6

MS; MS, MS;
(5.1)

U/OSp duality
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The superconformal indices of these theories agree, see table 3. Now let us consider the
S3 partition functions of these theories. The S? partition function of the SQED is given
in [56, section 2.2]

. e2mi(61—E2)s
(M- ch(s —my) ch(s — mg) ch(s —m3) ch(s — my)
; 4 2mim; (§1—€2)
- ! PP , (5.2)
23(67r(§1_§2) — e_w(§1_£2)) =1 H]#’L Sh(mz - mj)
where &1 — & is the FI parameter and m; (i = 1,...,4) are the mass parameters. The S3

partition function of the unitary As quiver theory is given by
= S5
A3 o Jch(my — s1) ch(sy — s2) ch(sy — s3) ch(sz — ma)

2mi Zle(fj _£j+1)5ie—27ri(t1 (ml—sl)—l—tz(sl—82)+t3(82—83)+t4(83—m2))

3 4
&
= ds; dtk
[ IT TS

J=1

e?ﬂ'i(ml—mz)tl
ch(ty — &) ch(ty — &) ch(ty — &3) ch(ty — &)’

where &, —§i11 (1 = 1,2,3) is the FI parameter of the i-th U(1) gauge node from the
left, and m1 2 are the mass parameters of the flavours. From the second to the third line,

(5.3)

— 2mi(—=mi&i+mats) /dt1

performing ds; (j = 1,2, 3) integrals, we obtain the delta functions that impose the relations

to=t1+& — &, t3=t1+& —&, ta=t1+& — &,

and we then integrate over dty (k = 2,3,4). It is straightforward to verify that the last
line is the same integral as in (5.2) up to a factor under the exchange of the FI and
mass parameters, which shows the mirror symmetry MS; in (5.1). To compute the sphere
partition function of the Sp(1) with 3 flavours, we introduce an UV regulator £ and take
the limit & — 0 by using the L’Hospital rule:

: 2migs 5h?(2s) 2. mysh(2my)
Z§ocp = li / ds— = i ) 5.4
5QeD = 1% | TR eh(s — my) ; I, 2 sh(my + m,) (5:4)

This is equal to the limit m; — 0 of (5.3) with the substitution {4 = &1 + & + &3, up to the
same mirror parameter changes (& <> m;). This confirms the mirror symmetry MSs in (5.1).
Note that it is necessary to take the limit £ — 0 in (5.4) for this equality. Therefore, the
regulator ¢ does not capture the emergent SO(2) symmetry at IR. To show the mirror
symmetry MS3 and the unitary/orthosymplectic duality, we take the limit £ — 0

(m1 —m2) (14 (m1 —ma)*)
68h(m1 — TTLQ) '

. S3
ljlino 24, = (5:5)

It is also straightforward to compute the S® partition function of the orthosymplectic quiver
theory by introducing regulators

, 2mi(E1t1+Eata+15) g1 2(9 1+ 4m?
25§p=§lim dsdtydty—2 sh'(2s) _ m (1 +dm’) (5.6)

m—0 ch(£s —m)[[;—; o ch(t; £ 5) ~ 3sh(2m)
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This agrees with (5.5) with the identification of the mass parameters
. mi1 — Mmy
2
Next, let us consider line operators dual to a Wilson loop in the SQED with 4 flavours.
The Wilson loop with charge ¢ results in the shift &, — &£ —ig in (5.2). The dual vortex in the
unitary As quiver theory is described as supersymmetric quantum mechanics that couples

(5.7)

to two adjacent 3d U(1) nodes (including both gauge and flavour nodes). One configuration
is illustrated in (5.8), which is also equivalent to their hopping-dual configurations. Note
that the directions of the arrows for 1d chiral are for ¢ < 0 in the unitary As quiver of (5.8),
and the directions become opposite for ¢ > 0. In fact, it is straightforward to see that
this vortex produces the shift m; — m; — iq in the S3 partition function. Likewise, the
vortex in the orthosymplectic quiver of (5.8) becomes the dual configuration when ¢ is
an even negative integer due to (5.7). Namely, it introduces the shift m — m + i|q|/2 in
the S2 partition function. We do not know a description of the dual vortex defect in the
orthosymplectic quiver for odd gq. Moreover, for any value of charge ¢, it remains an open
problem to describe a dual B-type defect in the Sp(1) SQCD with 3 flavours because the
theory lacks an explicit FI parameter.

w4

Oo—11 o1
1 4 2 6
MS, MS, MS;

U/OSp duality
q < 0,q :even

3d

1d

lal
2

SQM

As seen in section 3.3 and appendix D, we propose the vortex configurations in the two
mirror theories dual to the fundamental Wilson line of the Sp(1) SQCD for Ny > 3. However,
we do not know how to describe A-type line defects mirror dual to the fundamental Wilson
line of the Sp(1) SQCD with 3 flavours. Only with 3 flavours, we cannot manipulate the
integrand (5.4) of the Sp(1) SQCD into the integrand (5.3) of the unitary mirror quiver since
sh? in the numerator of the integrand (5.4) cannot be removed by the Cauchy determinant
formula. This is different from the computations in (D.20). Hence, it is interesting to find a
description of A-type line defects in the two mirror theories dual to the fundamental Wilson
line of the Sp(1) SQCD with 3 flavours. Supersymmetric enhancement from 1d /' = 2 to
N = 4 may be a potential approach for this problem. We leave these open problems to
future research.
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A Background material

In this appendix, some basics about Type IIB brane configurations for 3d A/ = 4 theories
are summarised. In addition, some notations are laid out.

A.1 Brane realisation of 3d A/ = 4 theories

The starting point is the D3-D5-NS5 setup of [29] in which the branes occupy space-time
dimension as summarised in table 2. Each brane individually breaks half the supercharges;
however, the arrangement is such that any two of the three branes imply that the third
brane can be added without breaking supersymmetry further. Hence, the system has 8
supercharges. The crucial feature of the D3-D5-NS5 setup [29] is that the system breaks
the 10d space-time symmetry
SO(I,Q) — SO(l, 2) X SO(3)3’4,5 X 80(3)778,9 (Al)

and the rotational symmetries SO(3)345 C SU(2)¢ and SO(3)789 C SU(2)y realise the 3d
N =4 R-symmetry SO(4)g = SU(2)¢ x SU(2)y geometrically.

Starting from the Type IIB brane setup D3-D5-NS5, the resulting classes of 3d N =
4 quiver gauge theories can be enriched by including orientifolds and orbifold planes.
There are three types to consider: O3, O5, and ON planes, and the reader is referred
to [31, 32, 62, 64, 81-83] for details.

The graphical notation for the different branes and orientifolds is as follows:

2789

NS5: & D5: ON: @ 05: :

NS5: ! D5 X ON: 05: O (A.2)

D3: —FF— 03: e
.’L’G
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1IB 0o 1 2 3 4 5 6 7 8 9

NS5/ON x x x X x X
D3/03 x x X X
D5/05  x X X X X
— RV | «R3, 5 — “Rigy—
©SU(2)¢ OSU2)

Table 2. Space-time occupation of the D3-D5-NS5 setup of [29]. Likewise, O3 or O5 planes occupy
the same directions as D3 or D5 branes, respectively; while ON planes are parallel to NS5 branes.

A.2 Quiver gauge theories

A Quiver diagram, composed of nodes and edges, encodes a 3d N = 4 field theory as follows:
e Gauge nodes () denotes dynamical vector multiplets, whiled flavour nodes [J denote
background vector multiplets. The notation used in this paper is
O s um) @ 550k @ 5 Spk) (A.3)
k k 2k
and the same colour-coding is used for flavour nodes.

o An edge between two nodes corresponds to a hypermultiplet H = (X, YT), with X,Y
two N = 2 chiral multiplets. In a unitary quiver, an edge represents

Oo—=O

h h < bifundamental hyper: H = (X,Y") € k; @ ko (A.4)
1 2

i.e. each chiral transforms as bifundamental X € k; ® kg and Y € k1 ® k. On the
other hand, in an orthosymplectic quiver, an edge stands for

o—o

b ok +— half-hypermultiplet: h = (X,JY) € k1 ® 2ka (A.5)
1 2

but the individual chirals do not transform as ki ® 2ka. Only the use of the Sp(k2)
invariant tensor J allows to define h = (X, JY') that transforms suitably.

An important concept is the classification of 3d NV = 4 theories as good, ugly, or bad

based on the balance of the gauge groups [62]. For a quiver with a G = U(n),SO(n), Sp(n)
gauge node which is connected to Ny fundamental flavours, the node is good if

for U(n) : Ny > 2n, for SO(n): Ny >n—1, for Sp(n): Ny>n+1. (A.6)

If the equality holds, the node is called balanced and Coulomb branch global symmetry
is expected to be enhanced to some non-abelian group due to monopole operators. If the
inequality is strict, the node is referred to as over-balanced.

A.3 Brane realisation of line defects

3d N = 4 SCFTs admit two physically distinct classes of half-BPS line defects that are
supported on a straight line in a flat space. The preserved symmetries distinguish these. As
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detailed in [33], superconformal line defects with support on a time-like line are invariant
under either a U(1,1]2)y or U(1,1|2)y subalgebra of the full 3d A" = 4 superconformal
algebra OSp(4[4).

Given a UV Lagrangian description of a 3d N’ =4 SCFT, a line defect can be made
invariant under half of the supercharges of the 3d N' = 4 Poincaré supersymmetry algebra
of the UV theory.

There are two inequivalent 1d A = 4 supersymmetric quantum mechanics (SQM)
subalgebras of the 3d N/ = 4 Poincaré subalgebra that can be preserved by a line defect.
SQMyy, preserves U(1)¢ x SU(2) g, while SQM,, preserves SU(2)¢ x U(1)x.

In a 3d N = 4 gauge theory, two classes of line defects can be defined, one of which
preserves SQMy;,, while the other preserves SQMy,. These line defects are then expected
to flow to superconformal defects in the IR, which preserve U(1,1|2)y or U(1,1|2)y,
respectively.

Both classes of supersymmetric line defect can be realised in a UV 3d N = 4 theory as
follows: a certain 1d N/ =4 SQM theory is coupled to the bulk 3d N = 4 theory. Such a
coupling is canonically realised by gauging the flavour symmetries of the SQM theory with
3d N = 4 vector multiplets. In addition, superpotential couplings between the defect and
bulk fields need to be specified in the construction. For this work, the relevant line defects
are realised in brane configurations.

Brane realisation of a Wilson line defect. A Wilson line defect can be introduced by
an F1 string stretched along one of the 23%? directions; to be specific, say F1 is extended
along the 2° direction. On one side, the F1 ends on a D3 brane stack. The inclusion of the
F1 breaks the rotational symmetries in (A.1) further to

80(3)3’4’5 X 80(3)778,9 — 80(2)374 X 80(3)77879 - U(l)c X SU(Q)H (A7)

which is compatible with the SQMy;, subalgebra.

On the other end, the F1 can be terminated on a D5 or D5’ brane without breaking any
further supersymmetries, see figure 4. Depending on D5 or D5, the representation of the
Wilson line changes [33], as reviewed now. (See also [84-86] for an earlier brane realisation
of Wilson loops.)

Suppose an F1 is stretched between a stack of N D3s and a D5 brane. The quantisation
of the open string states between the D3 and the D5’ gives rise to a 1d complex Fermion in
the bifundamental representation of U(1) x U(N), with mass m ~ z® set by the location of
the D5’. Considering k F1s and integrating out the Fermions gives rise to the insertion of a
supersymmetric Wilson loop operator in the k-th antisymmetric representation AF of U(N).
In terms of branes, the weights of A¥ are realised by the different ways the k& F1s can be
suspended between the D3 and D5’. The s-rule dictates that there can only be 0 or 1 F1
stretched between the same pair of D3 and D5’ branes.

Analogously, the quantisation of an F1 between a stack of N D3s and a D5 brane
gives rise to a heavy hypermultiplet in the bifundamental representation of U(1) x U(N).
Considering k F1s and integrating out the heavy hypermultiplets yields the insertion of a
supersymmetric Wilson loop operator in the symmetric representation S¥ of U(N). The
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NS5 x x X X X X
6
D3 x x x X z
D5 x x X X X X )
F1 x X | D5/D5 |
D5 x X X X X X l F1 |
«RY | RZ, —R3gy— | 1
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oU()e OSU(2) 1 |
(a) (b)
Figure 4. Brane realisation of Wilson line defects.
Im o0 1 2 3 4 5 6 7 8 9 29
NS5 X X X X X X
D3 x x x X z°
D5 X X X X X X
D1 x X QNS5 /NS5
NS5 x X X X X X D1
<—R172—><—R§745—> R?4 Q R
—~ N D3
OSU(2)¢ oUW
(b)
(a)

Figure 5. Brane realisation of vortex line defects.

weights of S are manifest in the brane configuration due to the s-rule. The number of Fls
between the same pair of a D3 and a D5 is not restricted.

Brane realisation of a vortex line defect. A vortex line defect, as a natural candidate
for a 3d mirror of a Wilson line, is constructed from a D1 string stretched along one of
the 2789 directions; to be specific, D1 is extended along the z° direction. On one end,
the D-string ends on a stack of D3 branes. The addition of the D1 breaks the rotational
symmetries in (A.1) further to

80(3)374,5 X 80(3)778,9 — 80(3)374,5 X 80(2)778 CSUR2)exU(l)y (A.8)

which is compatible with the SQM;, subalgebra.

On the other end, the D1 can end on an NS5 or NS5’ brane without breaking super-
symmetry further, see figure 5. Depending on the type of 5-brane, the properties of the 1d
defect theory changes. (See also [87] for a brane realisation of codimension 2 defects in 4d,
based on [88].)

To derive the 1d N = 4 gauge theory description of the vortex defect, it is convenient
to align the defect branes, i.e. the D1s and the additional 5-branes, with either one of the
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nearest NS5 branes in the main brane configuration. As evident from figure 5b, there are,
in general, two NS branes that are closest. This gives rise to a 1d theory defined by moving
the defect to the nearest NS5 brane on the left-hand side and another 1d theory by moving
to the right-hand side.

Gauge theory parameters have an interpretation in the brane setup. The distance of
the NS5/NS5 in 2 direction gives the inverse gauge coupling. The relative distance in %
direction yields the FI parameter for the 1d theory. Therefore, figure 5b can be understood
as the FI > 0 deformation of the 1d theory associated to the left NS5, or as the FI < 0
deformation of the 1d theory associated to the right NS5.

According to [33], the 1d N = 4 quiver gauge theory is read off by the following rules:

o A stack of k D1s between an NS5 and an NS5 yields a U(k) vector multiplet.

o A stack of k D1s between two NS5s of two NS5 branes yields a U(k) vector multiplet
and an adjoint chiral multiplet.

e an NS5 or NS5 with k; D1s ending from one side and ko D1s ending from the other
side gives rise to a chiral multiplet in the bifundamental representation ki ® ko of
U(k1) x U(kg) and a chiral multiplet in the anti-bifundamental representation kj ® ka.

e For k D1s ending on an NS5 in the main brane configuration, which has Ny D3s
ending from the left and N D3s ending from the right, we associate a bifundamental
Ng ®k chiral multiplet of U(Ng) x U(k) and a bifundamental k® N, chiral multiplet
of U(k) x U(Np).

To exemplify the notation relevant for this paper, consider the following brane setup:

NS5/NS5’ U(1)

Qﬁm . /\ ;j (A.9)
(X) @ 1\ Y

N, D3 Ngr D3 U(NL) U(NR)

such that the arrow of the chiral multiplet points towards the gauge node in which it
transforms in the fundamental representation.

Adding an O3 plane along the stack of D3 branes affects 3d low-energy theory by
projecting the gauge groups to orthogonal and symplectic groups. In contrast, the gauge
group of the 1d SQM is not affected by the orientifold projection as the D1 branes are
suspended between NS5 branes without crossing the orientifold.

B Superconformal index

In section 3, we study the two theories mirror dual to the 3d N = 4 Sp(k) SQCD with Ny
flavours. Following the computational recipe in section 2.1, we calculate the superconformal
indices of the 3d unitary and orthosymplectic mirror quivers in section 3.1, respectively,
and check the agreement perturbatively. Here, we summarise the matching results of the
superconformal indices in table 3.
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k  N; superconformal index

1+\f( +t2>+q<—17+8;1+3t4)+q3/2(320—1;3—2t2+3t6>
b +q° (138+i857317 2t4+5t8>+
o 1+2i;/ﬁ CI(29+3§0+2£4> q3/2<12625_6j‘29—t2+t6>
+q <376+8218—5233— 4+3t8>+
1+45t;/ﬁ+q< 46+770+t4)+q3/2(7?§4 1:214+t6)
1 5 T (988+52920—24Z74—f4+2t8>+
q2(2238156—78t2499+2143+2t8)+---
1+\f( +3t2> q(z)f’f+52+6t4>+q3/2<2?2+1,g4+48t2+13t6)
2 4

q ( 13524 2524

—— — = —9% 40t 23t8>
: i + +

980
2 5 1+\f( ~|—t2>~|—q<2—|—+3t4)

f4
2 6 1+66f

Table 3. Superconformal index for the unitary and orthosymplectic mirrors of Sp(k) with Ny
flavours.

C Twisted indices

Twisted indices for 3d N = 4 theories have been introduced in section 2.2. In this appendix,
computational results supporting the statements in the main text are presented.

C.1 A-twisted index Sp(1), Ny = 3,4, 5,6 flavours and vortex defect

Analogously to [33], the vortex line is introduced via a 1d SQM coupled to the 3d theory
as in (3.10). The A-twisted indices of the Sp(1) theory with Ny =3,...,6 in presence of
vortex lines are presented in table 4. The notation for the splitting L 4+ (Ny — L) indicates
that L flavours couple to the 1d SQM.

As a remark, comparing B-twisted indices of the mirror theories with Wilson line defects
and the A-twisted indices in table 4, we need to take care of some prefactors. In section 3.2,
the B-twisted index has been computed via the Higgs branch Hilbert series with insertion
of a Wilson line. The twisted index and the Hilbert series match up to overall prefactors;
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Vortex line A-twisted index

Vortex line A-twisted index 4140 2+
- (1122 (1+2)
t(1+t2) 2t3
SO ~EeraTee S e
2t2 2
2 e 2 R
t(1+t%) t(1+t4)
1+2 _(—1;1&22)2 143 (—1+t)i(1+t)2(1+t2)
(14¢2) —(1+t4)
0+3 2(—1+¢%)2 0-+4 2(—1+¢2)2
(a) Ny =3 (b) Ny =14
Vortex line A-twisted index
Vortex line A-twisted index 60 _ t4(1+¢%)
(—1+0)2(1+£)2(1+£2) (1+£%)
t3 1+t2 2t5
50 IR A HL o aEe
2t4 4
o+l - (—1+t)2(1-i?:t)2(f2—t+t2)(1+t+t2) W2 o
t3(1+42) t3
3+2 CIF2 0402 A+ ) (AT 3+3 ES e B G )
243 _ t2(1+t4) 914 )
(=14+6)2(1+)2(1—t+t2) (1 +t+t2) (—1+)2(1+t)2(1+¢9)
1_|_4 t(1+t2)(1—t2+t4) 1+5 t(l+t8)
(—146)2(1+8)2(1—t+12) (1+t-+t2) (—14+1)2(14+1)2 (1+t2) (1+1t%)
0+5 (1+t%)2 (12 +11) 0+6 148

T 2(—14)2 (1) 2 (1 —t+t2) (1+t+22) T 2(=1+6)2(1+t)2 (1+tY)

(C) Nf=5 (d) Nf=6

Table 4. A-twisted index for Sp(1) with N; flavours in the presence of a vortex line defect
characterised by a splitting L + (Ny — L) and the fundamental representation of Sp(1).

1 1
AC e
2 2
1 1 1 B (—1+t)2(1it)2(1+t2)
A C

Table 5. Sp(1) with Ny = 3. B-twisted index with Wilson lines added at the labelled position in
the quiver.

see [45]. Likewise, the computations in table 4 display the A-twisted index, which again is
related to a Coulomb branch Hilbert series by overall factors.

C.2 B-twisted index for mirrors of Sp(k) and Wilson defect

This appendix provides the computational results for the B-twisted index for the 3d mirrors
of Sp(k) SQCD in the presence of Wilson line defects, see tables 5-11.
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! 1
C
t2
A,CD (—14+1)2(1+1)2(1+1t2)
t
j\ £23 1 D B (—1+0)2(1+¢)2

Table 6. Sp(1) with Ny = 4. B-twisted index with Wilson lines added at the labelled position in
the quiver.

t2(1-1%)
(1—t1)2(1-15)

1 1 A
D
t(1—t8
B (e
t2(1—t*
1 9 9 . C 7(1%5)2(1;6)
A B C oy
D. E

3

Table 7. Sp(1) with Ny = 5. B-twisted index with Wilson lines added at the labelled position in
the quiver. This is also the E5 family for k£ = 1.

t2(t1—2+41)

A ErEDEED
1
1 t(t*—2+1)
T E B ooy
2
O—O—0O ¢ ErmrE
1 9 9 9
F 3
A B C D 1 D (t-1)2(ti1)2(t4+1)
EF L

t—1)2@+1)2(12+1) (t4+1)

Table 8. Sp(1) with Ny = 6. B-twisted index with Wilson lines added at the labelled position in
the quiver.
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2 AD 263 (1+12) (1441)
C ’ (—1+t)4(1+t) A (1—t+2)% (14t+12)?
B 262 (1442)” (1+49)
D (71+t)4(1+t)4(17t+t2)2g1+t+t2)2
1 2 G 2¢(1442) (1+41)
A B 1 (—14+8)4(1+6) A (1—t+2)? (1t+12)?

Table 9. The Higgs branch of Sp(2) with Ny = 4 consists of two identical cones. The Coulomb
branch of this quiver is one of the two cones. B-twisted index with Wilson lines at the labelled
position in the quiver.

2 _
A 2t4(1 t2+t4)2
1 (1D (1+8) 3 (1+£2) 2 (141
P e
(T (DT (A 2) (1+E0)
1 9 3 N\ o 220-t?) (L) (14t
A B C 1 (L) (1+0 (1422 (1+0)
2 DE t(1-t2+414)

(—1+0) (1)1 (1+¢%)

Table 10. Sp(2) with Ny = 5. B-twisted index with Wilson lines at the labelled position in the
quiver.

A t4(t54+1)
1 9 (t—=1)4(t4+1)4 (£24+1)2 (£2—t+1) (£2+1t+1) (¢4 +1)
E t3(t5+1)
B DA+ DA (2 —t+ 1) (L2 +t+1) (tE+1)
t2(t5+1)
C1> ? ? 4 ¢ T e
t(t5+1)
A B C D 9 F D E—DIGF D)D) (2 —t+ 1) (#2 -+ 1)
EF t2(t5+1)

’ (t—1)A(t+1)4 (2 +1)2 (12 —t4+1) (£24+1+1)

Table 11. Sp(2) with N; = 6. B-twisted index with Wilson lines at the labelled position in
the quiver.

C.3 Wilson lines for exceptional families

For Sp(k) SQCD theories, the unitary 3d mirror can be read off from a D3-D5-NS5 brane set
up in the presence of O5 orientifold planes. The NS5 branes carry non-dynamical degrees
of freedom and are therefore seen as flavour nodes in the quiver. On the other hand, Eg 7
unitary quivers are obtained from (p, q) 5-brane, [p,q| 7-brane settings where all 5-branes
carry dynamical degrees of freedom. As a result, magnetic quivers obtained from brane
webs are all unframed. For unitary unframed quivers, a choice needs to be made as to
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A, B (—1+t)2€1+t+t2)

1 1
A

Table 12. Fs5 family for £k = 1. B-twisted index with Wilson lines at the labelled position in
the quiver.

t(1+t4)(1+t3—t4+t5+t8)

1 A (—1+) (A+1)2(1+£2) (1 —t+t2) (1 +t+2) (1t +2 +3 +t1+-£5+16)
1 1 D B t(146%) (1443415)
(—1+0)2(A+6)2 (A —t+t2) (1 +t+2) (THt+t2+t3+tT+t5+15)
1 2 2 C t2(142) (14£3419)
E (=1+)2(1+)2 (1 —t+12) (A +t+12) (T+H-t+HE2 13+ 11 +15+1)
A b ¢ 1 3 (143 +16
D E (14£34¢)

(—1+)*(14+1)2(1—t+t2) (1 +t+t2) (1 +t+t2+13 +t2 415 +19)

Table 13. Fs5 family for £ = 2. B-twisted index with Wilson lines at the labelled position in
the quiver.

where to gauge an overall U(1) that corresponds to fixing the centre of mass of the brane
system. For two different choices of ungauging, a Wilson line placed at the same position in
the quiver can result in two different B-twisted indices.

We wish to ungauge on an U(1) so that the resulting quiver has an explicit flavour group.
Otherwise, as described in section 4.3, a Wilson line in the fundamental representation
of a single gauge group in an unframed quiver is not invariant under the discrete 1-form
symmetry and the B-twisted index is zero. In this paper, we focused on the E,, exceptional
families with n < 7. For k = 1, all unitary quivers are affine Dynkin diagrams of ¢,. Due to
the symmetry of these quivers, ungauging any of the U(1)s will give the same B-twisted
index. For k > 1, the quivers are no longer affine Dynkin diagrams but with one of the tails
extended. This extended tail is often called a T[SU(N)]| tail as it is a sequence of nodes
with increasing ranks (in steps of one) that begins with U(1) and ends with U(N) for some
N. As we see in section 3, a Wilson line on the U(1) in the long T[SU(N)] tail is always
required in order to match with a Wilson line on a SO(even) node in the orthosymplectic
counterpart. Hence, we will not ungauge the U(1) node in the T[SU(N)] tail. As a result,
for the E7 family, the U(1) node to be ungauged is the one away from the extended tail. For
E, and n < 6, there are two U(1) nodes away from the extended tail and, since the quiver
has reflection symmetry, we can choose either one of them to be ungauged. With these
choices of ungauging, we can find a nice matching with the Wilson lines on the unframed
orthosymplectic quivers as shown in section 4.3. Examples of B-twisted indices with Wilson
lines in this ungauging scheme at various gauge groups are given in table 12-18.
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5 (142t 4312 443 45t +61° + 810 + 10t 7 +12¢5 + 1317 + 14410+ 15411 417412
(1-1t) +18t13 +19¢14 419415 119416 118417+ 17418 115419 414420 4 13¢21
+12t22 410423+ 824 +6¢25 4+ 5¢20 44127 + 328 + 229 +430)
(1= £2)(1—13) (1—10) (1 —7) (1—£3) (1—£10) (1 —¢11)

tH(1+2t+3t2 4+ 4¢3 4+ 5t +61° + 80+ 10t 7 +12¢5 + 13t + 14410+ 15¢ 1+ 17412
(1—-t)(1—1%) +18t13 419t 11915+ 19¢10 418417+ 17418 4 15¢19 414420 13421
+12t224-10t23 +8t24 + 6120 + 5t 20 + 4427+ 3¢ 28 +-2¢29 +-430)
(1—12)2(1—13)(1—15)(1—t7) (1 —18) (1 —#10) (1 —¢11)

3 (142t + 312 +-4t3 + 514617 + 81541017 +12¢3+13¢9 +- 14410+ 15¢11 17412
(1—1t) +18t13 419t +19¢15 119416 118417+ 17418 115419 414420 4 13¢21
+12¢22 410823+ 8t24 + 6125 + 5620 + 4427 4 3¢28 4+ 2¢29 1-430)
(1=2)2(1—3)(1—7)(1—¢%) (1 —¢10) (1 —t'1)

t2(142t+3t2+-4t3 45t +61° + 80 + 10" +12¢% + 13t + 14410+ 15¢11 417412
(1-t) +18t13 419¢14 +19¢1° 4+ 19¢16 418417+ 17418+ 15¢19 414420 - 13¢2!
+12¢224-10t23 +8t24 + 6125 + 5t 20 + 4427+ 3¢ 28+ 2¢29 1-430)
(1=¢2)2(1—#3)(1—0) (1 —¢7) (1 —t10) (1 —¢11)

=12+ t4) (142t + 312+ 413 + 54+ 645 +-8t5 4107 + 1268 +13¢9 + 14410 - 1541 417412
(1—t) +18t13 419t 4 19¢15 419416 4 18417 417418 4 15¢19 414420 413121
+12¢22 410823+ 8t24 + 6120 + 5620 + 4427 4 3¢28 4+ 2¢29 1+130)
(1=2)2(1—#3)(1—¢7)(1—t8) (1 —t10) (1 —¢11)

142t +3t2+5t3 + 614 +8¢° +9t0 + 107 +12¢5+13° + 14¢10 + 15¢1L
t(1—t) (1—t3415) | +16¢"2 417341784417t 17816 1 17417 416418+ 15619+ 14420413
121412622 1 10t23 4924 18125 6126 4 5127 - 3128 4-2¢29 4430
(1=83) (14 (1=16) (1 —#7) (1—#10) (1 —¢11)

(142t +3t2 + 4¢3+ 5t +6¢° + 810 + 107 + 12¢% +13¢7 + 14¢ 10
(1—t)t3 +15t 17412 1813 41941 119415 419416 1 18417 - 1718  15¢19
+14¢20 413121 412622 4 10423 + 8124 +6125 - 5¢ 26 + 4127 - 3128 42429 +430)

G (1—-t2)(1—t3)(1—t4)(1—t6) (1 —¢7) (1 —¢10) (1 —¢11)

Table 14. FEj3 family for k=3. B-twisted index with Wilson lines at the labelled position in
the quiver.
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t(1—t+12)
A, D (—1+t)2(1+t+t2+3+14)
I I
N\ N\
1 1 1 1 2
A B C D B, C (—1+8)2(1+t+t2+3+¢7)

Table 15. FE, family for £k = 1. B-twisted index with Wilson lines at the labelled position in
the quiver.

A £ (123 A0 1041718 4104410 4411 4412)
(=144 (14+8)2 (1+42) (1—t+42) (1H£4+42)? (1-Ft+E2 L3 %) (1423 -+£6)
1 B t3(1+t+t2+t3+t4+t5+t6+t7+t8+t9+t10+t11+t12)
) (—148) 2 (1+8)2(1—t+12) (14+t+12) 2 (1+t+£2 +t3+14) (113 +16)
F 2 C t2(1+t+t2+t3+t4+t5+t6+t7+t8+t9+t10+t11+t12)
(—1+8)2(1+1)2 (1+¢2) A +t+82) (T+t+t2+83+t4) (1+¢3+19)
O—0O—0O—0O D 2 (It t3 4t 0715410 41104411 134414
1 9 3 9 1 (—148) 2 (148)2 (1—t+82) (14+24+82) 2 (1+t+2 43 +14) (1483 +16)
A B C D E E t(1+t2+t3+t5+t7+t8+t9+t10+t11+t13+t15+t16+t18)

(—14+6)4(1+8)2 (182) (1 —t+12) (14+t+12) 2 (1+t+2 3 +14) (113 +16)

t(1—t241%) (1424434424245 164207 445449 +4104412)

F
(—14+) 2 (1+8)2 (1=t +12) (14t+2)? (1t +12 43 421) (143 +£6)

Table 16. Ej4 family for £ = 2. B-twisted index with Wilson lines at the labelled position in

the quiver.
4
! AE
t3
o2 B.D  gyam
U O ¢
3 1
C B

O

(1—t2)(1—t%)

@O
S w0

1
A t(1—¢12

Table 17. Eg family for £ = 1. B-twisted index with Wilson lines at the labelled position in
the quiver.
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to(1—t4
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G u
2 C wmam
D
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1 2 3 4 3 2 (- 2(1-12)
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Table 18. E7 family for £ = 1. B-twisted index with Wilson lines at the labelled position in
the quiver.

D Sphere partition function

In this appendix, we provide the computations and results of S partition functions both
with and without line defects for 3d N = 4 theories relevant in this paper.

D.1 Sp(k) SQCDs and their mirrors

Sp(k) SQCD. The S? partition function for Sp(k) SQCD with N fundamental hyper-
multiplets is given by

-k
PRALS Dicr Si HaeA Sh(a . 8)

zs (m) = lim | [ds]
( )N N
! =0 Hj J) Twen ch(w - s —my)
my, sh(2my,
rec = 1Hz¢15 méiml)
where I runs over all combinations C’év T of k different integers in {1,..., Ns}. From the

first to the second line, we take poles at

2k; +1
55 = :ETTL[J. +1 ]2 , kj S ZZQ (D.2)

and their permutations S, on I. Then, we take the limit & — 0 by using L’Hospital’s rule
to obtain the second line.

Vortex loops in Sp(k) SQCD. The partition function of the U(1) supersymmetric
quantum mechanics for a vortex defect of type Ny = L 4 (Ny — L) in (3.10) is given by

L
sh(w; - s —w;-s+1iz) ch(w; - s — my)
Z 1 D.3
(L,Ng=L), 2k( wgmg sh(w; - s —wj - s) 1;[ h(w; - s —my +1iz) (D-3)
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Note that the fundamental representation of Sp(k) is 2k-dimensional so that (D.3) is the
sum of 2k terms. Due to the factors ch(w; - s — my + iz) in the denominator, some of
the poles in (D.2) are shifted by —i. The explicit evaluations of the residues yield the S3
partition function with the vortex loop

, 2miE YL 5 [T.cash(a-s)
ZSS _ = lim /[dS]e a€Q Z LNs—L 2k(22),
(LNp-L)2k = o g0 H;'V:f1 Moer ch(w - s — m;) (L,Ns—L),
L
3 3 .
=(2k—-L)- Zssp(k),Nf (m) + Z ZSSp(k),Nf (mj — m; —1i). (D.4)
j=1
Eny—1+ &Ny
1
D.5
N 5 (D.5)
s . Ny-1 Ny

The mirror unitary quiver is the Dy,-type quiver (D.5) and the equivalence of the S3
partition functions can be derived for k = 1. Note that (D.4) at k =1 is

(D.6)

@ :zL:(2mj—i)Sh(2mj) N5 (2my) sh(2my)

Z _ .
(L7Nf L),2 i=1 Hf#] Sh(mg:I:mJ) k=L +1 Hf;ék‘ Sh(mg:tmk)

The derivation is almost the same as in [56, section 3.2] so that we refer the reader to it for

more detail.

D-type quiver. The S? partition function of the D-type quiver is

Nj—2

253:72N173/dz(1)dzi H dz%j)dzéj)e
=2

N,y—2 j 1
[, sh? (=) —25")

. Ng—2 j j
2mi(er1—€2)=( 2w 0 (€= €0 42 amiten aten)ee

[T, ,ch(z®—20)ch(z® —m)ch(z" 2 —24)

X - . (D.7)
Ny =3 LG
Hj:fQ Hk,e=1,2Ch(sz —z”7)
Nyg—2 2iSN T2 e e ) 1,0y oy :
-3 1 [z T a:az< e e
B — - 1 2 2 (N:—2)
2sh(E1=a)shiCy 1 —Ew,) =2 Hi:1,20h(2£ >—m)ch(zi T —2y)
. (N¢—2) . (N¢—2)
(627”'(51*52)%2)_627”'(51*&)2;2)) <627”(§Nf—1§Nf)Z1 s _ PN —1—EN )2 4 >
X (D.8)

N;—3 i i1
j:f2 Hi:LQCh(Zz(J)_Zz‘(J ))
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From the first and the second line, we apply the Cauchy determinant formula and use the
T[SU(2)] formula. Now we take the Fourier transform of each ch

Zs3_l 1
P 2sh(& - &) sh(én,—1—En;)
Np—2
/ H dz J)dZ(J 27”2] 9 );:] &iv1)(z ])Jrz(])) 27”(fo 1+§Nf)z+
7j=2

(62m‘(§1—§2)z§2)_627ri(51_52)zé2)) (e%i(ﬁNflﬁNf)ZiNfQ)_ 2mi(EN—1—EN ;)% N 2)>

/ dsidsy  2wi (Sl(zgg)—m)—i-SQ (zé”—m))/ dpidpy  2mi <p1 (ziNf_Q)—z+)+p2(z§Nf_2)—z+))
- € Q€
chs;ch 52 chpjchps

Ns—3 _ ) . ) ) . )
f dt( 7) QMZ;V:fQ 3(tgn(Z@_Z§J+1>)+t<21>(Zéy)_zgﬁl)))

(D.9)
/ j=2 cht1 cht(j
Expanding the second line, we have four terms and let us focus on the term proportional

i1 60)=2) +2mi(En, 16wyl ()

to e . Performing the integrals over the variables z, z;

(t=1,24=2,...,Ny —2), we obtain delta functions which impose the relations

so=—8—s1, p1=&N;—S1, DP2=EN;-1FS1, tgj)=81—§j+1, t§])=—81—§j+1,
(D.10)

where we shift s; — s; — &1. The other three terms impose similar relations where & <> &
and {n,—1 <> &N, Finally, we obtain

27ri(£1+£2)m 1
73 = ° ds,
b Sh(§2 - 51) Sh(é.Nf—l - ‘SNf) / H j2 Ch(Sl + 5])
» ( 1 _ 1 > 1
ch(s1 — &) ch(s1 +&2)  ch(si +&)ch(s1 — &)/ ch(si — &np—1) ch(s1 + &ny)

Ny
_ 2mi(Gi+é2)m & sh(2&)
) = Mpish(&e £ &) (D.11)

Taking the limit m — 0, it agrees with the S® partition function of the Sp(1) SQCD with
Ny flavours under the exchange of the FI and mass parameters &; <> m;.

Wilson loops in D-type quiver. Now let us include a fundamental Wilson loop in the
L-th gauge node from the left in (D.5). For L = 1, the fundamental Wilson loop amounts to
the shift & — & —i. Hence, the sum of the Wilson loop at the left U(1) gauge group (3.13a)
and the flavour Wilson loop (3.13b) is

58 e (26 —i)sh(26) | <L (2¢)sh(2¢;)
Dv o0t 20 = HoGE T a) T 2 T, shE £ 6 (D12
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which agrees with the vortex (D.6) of the 1+ (Ny — 1) splitting under { < m. For
2 < L < Ny — 2, the relations in (D.10) are modified so that

Z35 ot (0,.,0,1,0,...,0]
1 1

= d
Sh(ﬁz—fl)sh(fo—l—ﬁNﬂ/ I e 6) T ch(sr —& —) ch(s1 +6)

1 1 1
. (Ch(sl —&i—i)ch(s14&)  ch(s1+Er)ch(s1—& —i)> ch(s1—&n,—1) ch(s1+En,)
1 1

d
sh(é‘z—él)sh(ﬁwf_l—&vf)/ 51H]iV:fZilch(slztfk)H]LZQCh(sl—fj)ch(sl—i—{j—i)

_|_

1 1 1
% (Ch(sl —51) Ch(81 —i—fg—i) B Ch(81 +& —i) Ch(81 —§Q)> Ch(81 _fo—l) Ch(Sl —i—&vf)

Z (26-0)sh(26) | L _(26)sh(26)
HZ;AJ Sh(gfitg]) k=L+1 HZ;&k Sh(é‘gigk) '

(D.13)

This is equal to (D.6) under £ <» m. The fundamental Wilson loop at the spinor node with
the FI parameter {y,—1 — {n, gives rise to the shift

§j—>£j—§(]:1,...,Nf—1), fo—>fo+§. (D.14)
The fundamental Wilson loop at the other spinor node with the FI parameter {n,—1 + &n,

gives rise to the shift
1 .
Therefore, the sum of the fundamental Wilson loop at spinor nodes (3.18) and (3.19) is

Ny—1 ,
3 3 (2§; — i) sh(2¢;) (26N, ) sh(28n,)
Z3y at o,..,1,00 T Z3y at [0,...,0,1] = Z ’ I+ ! !
j_

— Ileeysh(&e=&5)  Tleen, sh(ée = &n,)

(D.16)

which corresponds to the vortex of the (Ny — 1) 4 1 splitting in the mirror dual theory. The
Wilson loop with multiplicity two (3.21) at the node with the FI parameter & Ny—1+ &N, 18

Nf .
5. 79 _ N~ (26 — 1) sh(2¢5) 7 D17
W at [0,...,0,1] ];1 HZ;E] Sh({( + 5]) ( )

corresponding to the vortex of Ny + 0 splitting in the mirror dual theory.

1 SQM
o i O . ! (D.18)
1 2 2 2
1
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Vortex loops in D-type quiver. Let us evaluate the vortex contribution (D.18).
sh(z?) - zég) (—1)%iz) Ch(zf) - 2(3))

ZSQM _ Z j

=12 sh(zi - 252)) j=1,2 ch(zf) - z]@ +iz) .

(D.19)

. . . . 1. . (2) (2)
This contribution amounts to a multiplication of a factor (e 2712 4 e=2™2 #) to the
integrand of (D.9). Since the relations (D.10) stay as they are, the vortex expectation value is

. 1 oy 50 et
ZDy sh(§2 — &1) sh(§n,—1 — €ny) / o Hj.vzf;Q ch(s; &)
x( 1 . : ) :

ch(si —&)ch(s1 +&)  ch(si +&)ch(si — &)/ ch(st — &np—1) chisi +Eny)

&i Sh 2& 27"§i + 6_27‘—51')
Zz:l [Tk sh(&k £ &)

(D.20)

It is easy to see that it is equivalent to the expectation value of the fundamental Wilson
loop in the Sp(1) SQCD. The derivation of the hopping duality is given in [33, section 5.6]
so that the vortex defects (3.27), (3.28), (3.29) are equivalent.

D-type quiver of higher rank. Let us briefly sketch the idea of how to obtain a closed-
form expression of the S partition function of the D-type quiver in (3.2) mirror to the Sp(k)
SQCD with Ny flavours. The left tail in (3.2) is the T[U(2k)] theory and its S3 partition
function is obtained in [56]. Also, the contribution from the spinor nodes can be read off
from the S3 partition function of the U(k) SQCD with 2k flavours (D.23). Consequently,
we have

- ) /Nf]%[k ldz() 27ri2]f_2 1(§2k 145 —&2k+5 (Zk ) k >H;‘V:flf2k71 Hnieshg(zﬁlj)_zéj))
(ks =2t [T eh(er? =m) T2 T eh i =)
_ 3 Y
ZT[U(Zk)](Z )ZU(k:) (2N =2k 1),§Nf—1—SNf)Z[SJ(k),N,-(Z(Nf 2D N, —1tEN,).-
(D.21)

Then, applying the Cauchy determinant formulas repeatedly, we have
B 1
sh¥(En,-1 = &, ) Ty sh(én — &)

Nyp—2k—1 -
Ny—2k-1 ) 27”2 o (£2k71+j*§2k+j)(zk,1 Z(,J))

H dz" N;—2k—2 -
j=1 Hikzl ch(zle) —m) ]'[J_f Ch(z,(l) _ 27(LJ+1))

k
mi,)

2miEn =€ ) (D my) ezmswffﬁszvf ()
TT5_1 [egr sh(me — mr,) 1ot [T5-1 Tlegy sh(me —mp,)
k

Jj=1

(D.22)
Ny
Jec,

For any choice of I, J € ot , we can further apply the Cauchy determinant formula so that
there is no sh in the numerator of the integrand. As before, using Fourier transformations
of 1/ch and 1/sh, we can obtain delta-functions by integrating the gauge fugacities. By
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performing Fourier integrals further, the formula simplifies to a combination of products of
the U(1) integral formula [56, section 2.2]. During the manipulation, we use the identity
sh(z) = —ich(z + %). In this way, we can evaluate the S* partition function of the D-type
quiver of higher ranks, and we verify that it is equal to (D.1) up to a factor under & < m;
when k = 2.

D.2 Other theories

Let us summarise closed-form expressions of sphere partition functions for familiar 3d N = 4
theories here. The S2 partition function of SQCDs for other gauge groups can be evaluated
as in (D.1).

U(k) SQCD. The S3 partition function of U(k) SQCD with Ny flavours with an FI

parameter £ is

62ﬂ-i§(25=1 my; )

780 . (m, &) = . (D.23)
Uty Z;vf sh* (&) T TTegr sh(me — my;)
Iec,
If we turn off the FI parameter, it becomes
(Zkzl mi; )k
Z§3k N, (m) = lim Zggk N, (m, &) = : 5 . (D.24)
(k),Ny g—0  Uk).N; Z;\rf H§:1 [logs sh(me —my))

IeC,

SO(2k) SQCD. Since SO(k) SQCD is not endowed with an FI parameter, we introduce
a regulator and take its zero limit as in (D.1). The resulting partition function is

(Z?:l mfj)k
[Ty sh(mg,) [egr sh(me £ my,)

Zégg)(zk),zvf (m) = Z (D.25)

rec,’
T[G] theory. We also calculate the S? partition function for the T[G] theory [62]
a-m

acAt

For A type, a closed-form expression with FI parameters is obtained in [56]. We take the
limit that the FI parameters are zero, and the constant is equal to

1 1
G+ N) Itk

where G(z) is the Barnes gamma function. For C' and D types, we can also evaluate the
S3 partition function by introducing regulators repeatedly. We have checked (D.26) up to
T[SO(6)].
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