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1 Introduction and conclusion

S-duality conjectures [1, 2] that 4d N = 4 super Yang-Mills (SYM) theory with gauge group
G has a dual description at strong coupling as a weakly coupled theory with the Langlands
dual gauge group GV. The Lie algebra g¥ for GV has a root " = 2a/a? with a being a
root of the Lie algebra g for G. For gauge groups with simply-laced Lie algebras su(N + 1),
s0(2N), Eg, E7 and Eg the Langlands duals are the same, i.e. g¥ = g. For gauge groups
with non-simply-laced Lie algebras so(2N + 1), usp(2N), G2 and Fy, the Langlands duals
are 50(2N + 1)V = usp(2N), usp(2N)¥ = s0(2N + 1), G§ = G, and F) = F; where the
primes stand for rotations of their root systems [3].

One of the most remarkable features of 4d N' = 4 SYM theory is that it can be realized as
a low-energy effective theory of a stack of D3-branes in Type IIB string theory. In the presence
of additional 5-branes, one finds boundaries and interfaces [4-8] as well as corners [9-13] in
N = 4 SYM theories. Such brane setups of defects in A/ = 4 SYM theories are useful to



study more sophisticated dualities in gauge theories across the dimensions of spacetime and
to construct natural frameworks of double holography [14-17] in string theory.

In this paper we investigate the half-BPS boundary conditions and interfaces in NV = 4
supersymmetric gauge theories of orthogonal and symplectic gauge groups by analyzing the
half-indices [12, 18, 19] that encode the spectra of the BPS local operators in the presence of
boundary. We obtain exact forms of the half-indices of Neumann and Nahm pole boundary
conditions by applying the Higgsing procedure [20]. As these setups can be realized as
configurations of D3-branes, 5-branes as well as an O3-plane, dualities of the half-BPS
boundary conditions and interfaces are conjectured by Gaiotto and Witten [7] upon S-duality
in Type IIB string theory. We find precise matching pairs of half-indices for the S-dual
half-BPS boundary conditions and interfaces as powerful evidence of these dualities. For
the case with so(2V) gauge algebra, the dualities can be further generalized to disconnected
O(2N) gauge groups. Our results generalize the matching of half-indices in [12] for the
cases with unitary gauge groups.

In addition, the half-BPS boundary conditions and interfaces are holographically dual to
the orbifold bagpipe geometries in Type IIB supergravity, which can be obtained by taking the
orbifold of the AdSy x S? x S? warped over the Riemann surface ¥ constructed by D’Hoker,
Estes and Gutperle [21, 22]. The latter supergravity solutions are also referred to as the
“bagpipe geometries” [23] which are composed of the bag corresponding to end-of-the-world
(ETW) brane with AdS, factor and the pipes to semi-infinite Janus throats. We examine the
large N limits of the half-indices which capture the Kaluza-Klein (KK) excitations on the
orbifold bagpipe geometries and analyze the giant graviton expansion [24-26] of the Neumann
(or equivalently Nahm) half-index for the orthogonal or symplectic gauge theory.! We derive
the exact form of the index for the orbifold ETW giant gravitons, wrapped D3-branes in
the AdSy; ETW region of the orbifold bagpipe geometry.

1.1 Structure

The paper is organized as follows. In section 2 we review the brane construction of N' =4
SYM theories with orthogonal and symplectic gauge groups and their half-BPS boundary
conditions and interfaces in Type IIB string theory involving D3-branes, 5-branes and
O3-planes. The holographically dual geometries are identified with the orbifold bagpipe
geometries. In section 3 we compute the half-indices of half-BPS boundary conditions and
interfaces in orthogonal and symplectic gauge theories to find the matching pairs for the
S-dual configurations. In section 4 we analyze the large IV limits of the half-indices and the
giant graviton expansions of the half-indices. In appendix A we show the ¢-series expansions
of the half-indices. We have confirmed the matching pairs of half-indices at least up to the
terms with ¢° apart from the cases indicated in the tables.

1.2 Future works
There are interesting open problems which we hope to address in future works.

o There exist more general half-BPS boundary conditions and interfaces in N =4 SYM
theories with orthogonal and symplectic gauge groups, including more general successive

'See [27] for the analysis of the giant graviton expansions of the half-indices of unitary gauge theories.



Nahm pole boundary conditions and enriched Neumann boundary conditions which
couple to the 3d gauge theories. It would be interesting to examine the half-indices to
test the dualities as worked out in [28] for unitary gauge groups.

e While we have checked the matching pairs of half-indices, we have not yet obtained
the closed-form expressions for the interface half-indices as well as for the full-indices
of the orthogonal /symplectic gauge theories. It is tempting to generalize the “vortex
expansions” for unitary gauge groups in [12] by summing over residues.

e While we have examined the giant graviton expansions of the half-indices of basic
Neumann or Nahm pole boundary conditions, it would be intriguing to figure out those
for general half-indices for orthogonal and symplectic gauge theories. As they are
captured by the line defect indices for unitary gauge theories [27] (also see [29-34] for
the inverse relation), we hope to report detailed analysis of the line defect indices for
orthogonal and symplectic gauge theories as performed in [35-37].

o The orbifold giant graviton expansions of the full indices for N'= 4 SYM theories of
orthogonal and symplectic gauge groups were numerically investigated in [38]. While
we have presented the exact forms of the half-BPS indices and their giant graviton
expansions for the half-BPS states, it would be a good future direction to give a detailed
analysis of the 1/4-BPS states, which have also been discussed in e.g. [39, 40] and
related contexts. These would also play important roles for orbifold giant graviton

cases.

2 Brane configuration

We begin by reviewing the brane construction in Type IIB string theory of half-BPS boundary
conditions and interfaces in NV = 4 supersymmetric gauge theories of orthogonal and symplectic

gauge groups.

2.1 O3-planes

4d N =4 SYM theories with orthogonal or symplectic gauge group can be realized in Type
IIB string theory by introducing D3-branes in the background of an O3-plane [41, 42]. There
are four kinds of O3-planes characterized by Zs-valued discrete fluxes, or discrete torsions
Orr and Oyg for RR and NSNS 2-forms (see also section 2.3).

These O3-planes are related with each other by the SL(2,7Z) S-duality transformation
in Type IIB string theory as it acts on the discrete fluxes. The SL(2,Z) transformation
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is generated by
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With the non-trivial RR flux, we have Ov?)_—plane. It has 1/4 unit of D3-brane charge
and the effective theory on N D3-branes with a parallel (/)VB_—plane has SO(2N + 1) gauge
group. While the O3 -plaine is invariant under the T transformation (2.2) of SL(2,Z), it
transforms into O3"-plane with the non-trivial NS flux under the S transformation (2.1).

The O3*-plane has 1/4 unit of D3-brane charge. The theory on N D3-branes in the
background of O3*-plane has USp(2N) gauge group. Thus N'=4 SO(2N + 1) SYM theory
is dual to N' = 4 USp(2N) SYM theory.

The O3T-plane transforms under the 7" operation into 6v3+—plane that carries 1/4 unit
of D3-brane charge. While the theory on N D3-branes in the presence of (/)v?)+ still supports
USp(2N) gauge group, it has a unit of theta-angle, which we call USp(2N)’ theory. The
CA)E’)Jr—plane is invariant under the S transformation.

For zero fluxes one has O37-plane. It has —1/4 unit of D3-brane charge unlike the
previous three cases. The gauge group of the world-volume theory on N D3-branes in the
presence of O3~ -plane is O(2N) [43] (also see [44]). Since it is invariant under S-duality,
N =4 O(2N) SYM theory is conjecturally self S-dual theory.

The four possible choices of O3-planes and SYM theories with orthogonal or symplectic
gauge groups as the low-energy effective theories of the D3-branes are summarized as

SO(2N + 1)|USp(2N)|0(2N) [USp(2N )/
OrRr 1/2 0 0 1/2
Ons 0 1/2 0 1/2
D3-brane charge|  1/4 1/4 | —1/4| 1/4 (2.3)
orientifold 03~ 03t | 03~ | 03"
S operation 03+ 03 03~ 6)V3+

2.2 Brane setup

We consider the D3-branes which fill the 0126 directions in the presence of one kind of
O3-planes parallel to the D3-branes to realize N' = 4 SYM theory of orthogonal or symplectic
gauge group.

The half-BPS boundary conditions are generated by 5-branes localized at xg = 0, D5-
branes extending along the 012789 directions and NS5-branes along the 012345 directions [4,
5]. As the configuration is invariant under reflection of directions 345789, these 5-branes
interacting with the O3-plane are identified with half D5- and NS5-branes. The half NS5-brane
realizes the Neumann boundary condition N in N' = 4 SYM theory, which is compatible
with the 3d N = 4 vector multiplet. The half D5-brane gives rise to the Nahm pole boundary
condition or Dirichlet boundary condition (which we denote by Nahm and D) in N' = 4
SYM theory. The fluctuations of open strings between the half D5-branes and D3-branes
are described by the 3d N/ = 4 (half-)hypermultiplets transforming in the fundamental
representation of the gauge group.

Alternatively, we can consider the boundary conditions at 2> = 0 that are produced by
half D5-branes along the 013456 directions and half NS5-branes filling the 016789 directions,
which we call half D5’-branes and half NS5-branes respectively. Upon the S transformation,
the half NS5-branes map to the half D5’-brane and the half D5-brane to the half NS5-brane



so that the dual descriptions of the boundary conditions at 25 = 0 can be obtained by reading
off the resulting boundary conditions at x? = 0 which are constructed by the half NS5~ and
the half D5'-branes. Correspondingly, we denote the Neumann-type (resp. Dirichlet-type)
boundary condition at x2 = 0 by N’ (resp. Nahm’ or D’), which can be decorated by the 3d
twisted vector multiplets and twisted (half-)hypermultiplets at the boundary. In this paper, we
consider the configuration involving either of 5-branes defining a boundary at 2° = 0 or those
associated with a boundary at 22 = 0.2 The brane configuration is summarized as follows:

0123456789
D3 |ooo o

03 |o

NS5|lo o000 0 (2.4)
D5 |o

NS5[0 o 0o0o0

Dy |loo ooo

o O (¢]

O O O 0O

where o indicates the directions in which the extended objects are supported.

2.3 Orbifold ETW giant gravitons

The near-horizon limit of D3-branes on an O3-plane is Type IIB string theory on AdSs x RP?
where RP? = S5 /Zs is the five-dimensional projective plane defined by the five-sphere with
identification of antipodal points. So it is holographically dual to N' = 4 SYM theory of
orthogonal or symplectic gauge group [41]. The AdSs x RP° background is characterized
by the discrete torsions 6rr and Oyg for RR 2-form Brr and NSNS 2-form Byg. The
discrete torsion takes values in H® (RP5, Z), where Z stands for the sheaf of integers twisted
by the unorientable real line bundle over RP? in such a way that as one goes around the
Zs torsion 3-cycle in RP°, a section of Z is multiplied by (=1). They are determined by
the holonomy on a RP? c RP?,

et f]R]P’2 Brr _ 2mibrr — +1, et fmﬁ Bns _ 2mifns — 41, (2.5)

Hence H3(RP?, Z) = Zo ® Zs and four possible choices correspond to four kinds of O3-planes
and four types of N' = 4 SYM theories in (2.3).

Continuous global symmetries in gauge theories correspond to the bulk gauge fields
whose field strength is set to zero at the boundary. When one chooses other boundary
conditions with non-vanishing field strength, its boundary value can be identified with a
gauge field in the dual gauge theory (see e.g. [45]). Similar phenomena occur for discrete
global symmetries in gauge theories [44] (also see [46]). In our setup, the gauge theories
based on the Lie algebra s0(2N) can realize SO(2N) gauge group and O(2N) gauge group
by (un)gauging the discrete Zo symmetry. The full quantum gravity theory on the bulk
AdSs x RP® includes a topological sector corresponding to a topological theory with Z, gauge
symmetry on AdSs described by an action of the form

LA AdC, (2.6)
Y

2More generally, one can find dual descriptions of corner configurations from the junctions of 5-branes
preserving A/ = (0,4) supersymmetry [11-13].
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Figure 1. The configurations of O3-planes, half 5-branes and D3-branes where the horizontal

6

direction is z°. Four types of O3-planes (blue and red horizontal lines) which are parallel to the

D3-branes (yellow horizontal lines) change when they cross a half 5-branes. The configuration with a
half NS5-brane (vertical solid line) realizes the interface between an orthogonal gauge theory and a
symplectic gauge theory while that with a half D5-brane (vertical dashed line) corresponds to the
domain wall between orthogonal gauge theories (or between symplectic gauge theories).

where A is the 1-form Zgy gauge field and C is the 3-form gauge field. They obey the equations
of motion as the flatness condition on both A and C, dA = dC = 0. When we introduce the
action (2.6), we need to impose boundary conditions. According to the variational principle,
A A C must vanish at the boundary. When one chooses vanishing C', the boundary value of
A can be identified with the discrete Zo gauge field so that the resulting gauge theory has
O(2N) gauge group. On the other hand, when A is set to zero at the boundary, Zs symmetry
is identified with a global symmetry in SO(2N) gauge theory. In the following discussion,
we consider both SO(2N) and O(2N) gauge theories which arise from the same holographic
dual geometry but with different boundary conditions for bulk Zs gauge fields.

Our interest is the half-BPS boundary conditions and domain walls in N' = 4 SYM
theories of orthogonal and symplectic gauge groups made by additional half 5-branes. Such
half 5-branes should wrap RP? ¢ RP® so that the world-volume of 5-branes are given by
AdS, x RP?. In fact, there is no obstruction on wrapping of 5-branes on RP? ¢ RP® [41].
For a half D5-brane wrapped on RP?, we obtain a domain wall across which 8z jumps. On
the other hand, when we have a half NS5-brane wrapped on RP?, we get an interface across
which Oxg jumps [41, 47]. This implies that the configuration with a half NS5-brane realizes
the interface between an orthogonal gauge theory and a symplectic gauge theory. Besides,
since a 5-brane carries D3-brane charge and H?(RP?, Z) = Z, arbitrary number of D3-branes
can appear in both sides of the 5-branes (see figure 1).

The holographic dual geometries in Type IIB supergravity can be considered as an
orbifold® of the geometry in Type IIB supergravity constructed by D’Hoker, Estes and

3See [48] for more general discussion.



Gutperle [21, 22] with the form
AdSy x Sy X Sty x ¥ (2.7)

as the AdS; x S? x S? fibration over the Riemann surface ¥ with the topology of a disk.
When we parameterize 5(21) by

x3 = Ry cos by sin 1, (2.8)

x4 = Ry cos 0 cos o1,

Ty = R1 sin 91 (2.10)
and 5(22) by

27 = Ro cos 85 sin o, (2.11)

xg = Ro cos 05 cos o, (2.12)

Tg = RQ sin 92 (2.13)

in terms of spherical coordinates, we can consider the Zsy action as

o1 — emgol, Yo — emgpg, (2.14)

while the coordinates on X, 6 and 6, are invariant. At a generic point in X, the action (2.14)
has four fixed points corresponding to the two poles of 5(21) and those of 5(22). However, one
of the two-spheres 5(21) and 5(22) shrinks to zero size at the boundary of ¥ in the construction
of [21, 22]. So the four different fixed points collapse pairwise at the boundary of ¥ and the
fixed point set has no non-trivial topology. Such gravity dual geometries give rise to the
Karch-Randall models [14, 15] which contain AdSj5 factors cut off by end-of-the-world (ETW)
brane with AdS, factor, a configuration ending spacetime geometry in quantum gravity. They
have a structure of “bagpipes” in which the bag corresponds to a small perturbation to AdS,
geometry and the pipes to semi-infinite Janus throats [23].

For the AdS5 x S° geometry which is holographically dual to N' =4 U(N) SYM theory,
the spectrum of the KK excitations on the geometry correspond to that of the primary
operators obtained from N = 4 SYM theory in the large N limit. However, when the mass
becomes large, the excitations are considered as the giant gravitons [49-51] which carry large
angular momenta and behave as wrapped branes. In [27] we geometrically constructed the
giant gravitons in the AdSy ETW brane region for the supergravity background involving
asymptotic AdSs x S° regions, which we refer to as the ETW giant gravitons. They are the
D3-branes wrapped on the 3-cycle as a fibration of S(Qi), i = 1,2 over the segment on 3. We
showed that they are the BPS configurations and their energy is bounded by the background
5-form flux associated with the 5-brane singularity. The construction can be generalized, as
follows, to the orbifold ETW giant gravitons as the D3-branes wrapping the 3-cycle in the
bagpipe geometries with the asymptotic AdSs x RP5 regions by quotienting the ordinary
ETW giant gravitons by the orbifold action (2.14). Since the 5-form flux in the covering
spacetime with the Zs orbifold action is twice as the ordinary flux, the effective topological



wrapping numbers carried by the orbifold ETW giant gravitons are even integers.? In view
of orthogonal and symplectic gauge theories, this means that the baryonic charges carried
by the BPS local operators, which can be identified with the wrapping numbers [52], are
twice as those in unitary gauge theories. In fact, in section 4, we find that the half-indices of
boundary conditions and interfaces in orthogonal and symplectic gauge theories which are
holographically dual to the orbifold bagpipe geometries admit the giant graviton expansions
associated with the orbifold ETW giant gravitons with wrapping numbers being even integers.

3 Half-indices

In this section, we present the half-indices that can count the boundary BPS local operators
for the half-BPS boundary conditions B in 4d N' = 4 SYM theories with orthogonal and
symplectic gauge groups. It is defined as [12]°

My G (t, 2;q) = TrH(—l)FqJ+HT+Ctchzf. (3.1)

Here F' is the Fermion number operator, J is the spin, H,C are the Cartans of the two
SU(2)y and SU(2)¢ factors of the R-symmetry group and f are the Cartans of the other
global symmetries. The trace is taken over the cohomology H of the chosen supercharges
which belong to the subalgebra of the 3d N' = 4 superalgebra.

To express the half-indices, it is convenient to introduce the g-shifted factorial. We define

n—1 n
(a5q)0 =1, (500 = [[Q—0ad®),  (@)n=]]1Q-7",
k=0 k=1
(4:0)00 == [[ (1 — ad®), (@)oo =[] (1 = "), (3.2)
k=0 k=1

with a,q € C and |¢| < 1. For simplicity we also use the following notation:

;C.I)n' (33)

In the presence of boundary, 4d N' =4 SYM theory can preserve half of supersymmetry

(25 = (25 @)n(z™"

and the SU(2)¢c x SU(2) g R-symmetry so that the adjoint scalar fields transforming as 6 under
the SU(4) g split into two scalar fields X and Y transforming as (1,3) and (3, 1) respectively.
Under the SU(2)¢ x SU(2)y the 4d gauginos A transform as (2,2). Accordingly, the local
operators in 4d N' =4 SYM theory of gauge group G which contribute to index are as follows:

07X oty (AP DY
G adj adj adj adj
U(1), n n n+% n+% (3.4)
U)e 0 2 + +
Ul gy 2 0 + +
fugacity q"+%t2sa q”+%t*280¢ —q"sq —q"sq

“More generally, for the Zj orbifold action, the orbifold ETW giant gravitons have the topological wrapping
numbers m € Z/kZ.

5See [12, 28] for convention and definition of the half-indices for various boundary conditions. Also
see [18, 19] for the half-indices involving the Neumann boundary conditions.



Here s are the fugacities for gauge group G and « are the associated weights of the adjoint
representation of gauge group GG. We consider the half-BPS boundary conditions or interfaces
in 4d N = 4 gauge theories that are realized by a single 5-brane. The half-BPS boundary
condition which is realized by the NS5-brane on which a stack of D3-branes terminate, one
finds the Neumann boundary condition where the gauge group is preserved [5]. By collecting
the contributions to the index and projecting these to G-invariants by integrating over the
gauge fugacities s, we then obtain the half-index for the Neumann boundary condition [18].
On the other hand, when D3-branes end on a single D5-brane, one finds the singular Nahm
pole boundary condition [5]. The half-index for the Nahm pole half-index can be equivalent
to the Neumann half-index as a consequence of S-duality, as discussed for unitary gauge
theories in [12] and in the subsections below for orthogonal or symplectic gauge theories.
One can derive it by applying the Higgsing procedure to the Dirichlet half-index that results
from the full-index by projecting out the contributions which cannot freely fluctuate at the
boundary as discussed for the unitary gauge theories in [12].

The half-index can be thought of as a generalized supersymmetric index of 3d N = 4
supersymmetric index. The indices admit two types of special fugacity limits, the Higgs
and Coulomb limits [53]

e ¢ gy = lim I G z), (3.5)

q := ¢*/%¢: fixed
q—0

i3 (@) (z;9) = lim M C(t, z; q). (3.6)
q:=q'/% 1 fixed
q—0

The half-index is protected in the infrared so that it is a powerful tool that allows us
to test the dualities of the 4d/3d systems and to the double holography [14-17]. In the
following we find strong evidence of S-duality of half-BPS boundary conditions and interfaces
proposed by Gaiotto and Witten [7] as precise matching of pairs of the half-indices. The
results generalize those worked out in [12] for unitary gauge groups. For orthogonal gauge
groups associated with Lie algebra so(2/N), we also propose S-duality of boundary conditions
as well as of interfaces involving disconnected O(2N) gauge theories.

3.1 SO(2N + 1) and USp(2N)

When N D3-branes terminate on a single NS5-brane, one finds Neumann boundary condition
in N =4 U(N) SYM theory. In the presence of an O3-plane, when N D3-branes end on
a single half NS5-brane, we get the Neumann boundary condition in N' = 4 orthogonal
or symplectic gauge theory [7].

When N D3-branes in the background of O3 end on a single half NS5-brane, we have
the Neumann boundary condition in ' =4 SO(2N + 1) gauge theory (see figure 2).

The half-index is given by the matrix integral

4d SO(2N + 1) 1 f{ ds; s; 7Q)
i t;
N ( Q) QNN' H 27T’LSZ % 53 ;q)
i i
( ’L ] ’q)OO( ’L ] q o0
X e T i > (3.7)
1<i<j<n (@2t72575750)00(q21 7287873 @)oo



Figure 2. The S-dual brane configurations for the Neumann boundary condition in SO(2N + 1) SYM
theory and the Nahm pole boundary condition in USp(2/N) SYM theory.

Under the S transformation, 03 and the NS5-brane become 03* and a half D5-brane
respectively (see figure 2). The half D5-brane creates the Nahm pole so that one finds the
dual boundary condition as the regular Nahm pole boundary condition for N =4 USp(2N)
gauge theory whose regular su(2) embedding corresponds to the 2N-dimensional irreducible
representation of SU(2) [7].

The Nahm pole boundary condition can be obtained from the deformed Dirichlet boundary
condition in the RG flow by turning on a regular nilpotent vev for the adjoint scalar field. In
the RG flow there are extra decoupled three-dimensional degrees of freedom. By means of
the Higgsing procedure in [20] the Nahm pole half-index for U(V) gauge theory is obtained
from the Dirichlet half-index for U(NN) gauge theory in [12]. Let us derive the closed-form
formula for (3.7) as the Nahm pole half-index for USp(2N) gauge theory by applying the
Higgsing method.

The half-index of Dirichlet boundary condition D’ for N' = 4 USp(2N) gauge theory
is given by

4d USp(2N) DN (Q)]ovo Al (C]%:'Q%Q)oo
H]ID/ (t7IZ,Q) - 1 5 N 1, o9 42
(2173 9)% i=1 (21722775 ¢)
(g7 275 @)oo (qwix;t;q)

\<icien (q2t~2aF 2T @)oo (q2t—2afa T

X , (3.8)
where x; are the fugacities for the bulk gauge group which breaks down to the global
symmetry USp(2N) at a boundary. Turning on a regular nilpotent vev for the adjoint scalar
field, the Dirichlet boundary condition is deformed to the Nahm pole boundary condition.
Correspondlngly, let us deform the Dirichlet half-index (3.8) by identifying the fugacities
x; with q #7421 We find that it is factorized as

4d USp(2N 21 _o;
ks p( )(t v = q T 2T

N (kg p—akt2.,

(@l 7@1) 3d tHM L _1\N
= ("t ) oo x 1 (z =qit™)
k=1
NldHM 4=l 411 NldHM dmtl  _Am—1\N
X 734t =q s L 734t =q 1 TN (3.9)
=1 m=1

where

,10,



Figure 3. The S-dual brane configurations for the Neumann boundary condition in USp(2N) SYM
theory and the Nahm pole boundary condition in SO(2N + 1) SYM theory.

is the full-index of the 3d twisted hypermultiplet. By stripping off the full-indices of the 3d
twisted hypermultiplets in (3.9), we find the half-index of Nahm pole boundary condition
for USp(2N) gauge theory

bty g—ak+2, ?)oo

N
M4d USp(2N) (t;q) = (¢

! = 3.11)
Nah k+—4k. (
ahm Pt U )

In fact, it follows that the half-indices (3.7) and (3.11) exactly coincide with one another.%
It supports the conjectural duality:

Neumann b.c. for N'=4 SO(2N + 1) SYM
< Nahm pole b.c. for N'=4 USp(2N) SYM. (3.12)

Next consider the case with N D3-branes in the presence of O3" terminating on a
single half NS5-brane (see figure 3). We have the Neumann boundary condition in N' =4
USp(2N) gauge theory.

The half-index reads

t;q) =

4d USp(2N) 1 j{ ds; 0o
I

N ( 2VN1 (g H L 2mis; ( % ~25£2;
(8 ﬁ,q) (577575 @)oo

1
1<icj<n (q2t72s; 575 @)oo (g7t 257 5j 7100

q)oo

X

(3.13)

The S-dual configuration contains N D3-branes in the background of 03 terminating
on a single half D5’-brane (see figure 3). It realizes the Nahm pole boundary condition for
SO(2N+1) gauge theory that corresponds to the 2N +1-dimensional irreducible representation
of SU(2). It is therefore conjectured [7] that the USp(2/N) Neumann boundary condition is
dual to the regular Nahm pole boundary condition for SO(2N + 1) gauge theory.

Let us derive the dual Nahm pole half-index by performing the Higgsing prescription in a
similar manner as performed in [12]. We begin with the half-index of the Dirichlet boundary

5The equality between (3.7) and (3.11) can be proven by means of the inner product of the Macdonald
polynomials [64—66].
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condition D’ for 4d N' = 4 SO(2N + 1) gauge theory

) — (@K (9775 @)oo

7$i7Q) - 1 1 +

(2t72, )% =1 (2172275 ¢) o

(427273 @)oo (027 7575 @)oo

1 1
1<icien (2120527 @)oo (@2t 225 0T ¢) o

4d SO(2N +1
iy ( )(

=

X

(3.14)

We propose that the Nahm pole boundary condition for SO(2/N + 1) gauge theory can be
obtained by deforming the Dirichlet boundary condition in such a way that the Dirichlet
half-index is specialized with the fugacities x; being replaced by q%t_%. We find the following

factorized form

Mgy SOCN D (1 0y = 272 )
N kg —dk+2.

~ 11 (q 2t74k Qoo | 73 M () o dy )N
e (@)

N-1 N-1
» H 73d tHM(x _ q%t—uﬂ)z\f—l % H 73d tHM(x _ q4nf:1+lt—4m—1)N—m. (3.15)
=1 m=1

By stripping off the full-indices of the 3d twisted hypermultiplets which will be decoupled
along the RG-flow, we get the half-index of the regular Nahm pole boundary condition for
N = 4 SO(2N + 1) gauge theory

N
M4d SO(2N + 1)(# q) = (q

Nahm’ - k+—4k.
ahm o (@)

k+%t—4kz+2; )oo (3.16)

The half-indices (3.13) and (3.16) agree with each other. The equality of these half-indices
confirms the duality

Neumann b.c. for N'=4 USp(2N) SYM
< Nahm pole b.c. for N'=4 SO(2N +1) SYM (3.17)

In addition, we observe that the Nahm pole half-indices (3.11) and (3.16) are equal, which
implies the equality between the Neumann half-indices (3.7) and (3.13).
We find that in the Coulomb limit, the half-indices (3.7), (3.11), (3.13) and (3.16) reduce
to the half-BPS index
SO(2N+1) USp(2N) N 1
_ 7USp _
Z1pps (a) = L1 pps (a) = H1 1—qin (3.18)
n=
Note that the index (3.18) is simply obtained from the half-BPS index of the U(NN) theory by
replacing the fuagacity q with its square. In view of SO(2N + 1) gauge theory, this follows
from the fact that in SO(2N + 1) gauge theory the adjoint scalar field X is antisymmetric
and therefore

TX=TrX3=TrX°=...=0. (3.19)
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Figure 4. The S-dual brane configurations for the Neumann and Nahm pole boundary conditions in
O(2N) SYM theory.

Accordingly, the non-zero multi-trace half-BPS operators take the form
(Tr XHM(Tr XH 2. (3.20)

which can be labeled by a partition A. In fact, (3.18) precisely agrees with the expression
conjectured in [54].

3.2 O(2N)

When we have a single half NS5-brane on which N D3-branes in the background of O3~ end,

we find the Neumann boundary condition in N'=4 O(2N) gauge theory (see figure 4).
The O(2N) gauge theory can be obtained by gauging the Zs global symmetry of the

SO(2N) gauge theory. The half-index of the SO(2/N) Neumann boundary condition is given by

44 SO(2N
"0 ()
+ + +
_ 1 (@)% %ﬁ ds; (57571 0)o0(57 573 @)o0 (3.21)
N1 I — I T :
277N (q2t=2%q) /i 2misi 1<i<j<N (th_2sz:‘t3;F;Q)Oo(q2t_231:‘t3;‘t;Q)oo

The Neumann half-index for the other connected component of the SO(2N) gauge theory
takes the form

d SO -
Iy SO (¢ q)

_ 1 (@ (~4:0)e %N‘l ds; (573 @)oo(— f,q>
2NU(N =) (g3¢-2; )N (- th 2 Voo 2mis; (q%t_%f,q)oo( git-2 55 @)oo
(577575 @)oo (57573 0)oo
< I === 5 : (3.22)
1<i<j<n (g2t s $71q)0 (q2t s 55 =100
Then the Neumann half-indices of O(2N) gauge theory are given by
4d O(2N)* 1 1. -4d SO@N 4d SO(2N
TyF O (¢ ) = 5 [y 50PN (1; ) + 17 SO (1)) (3.23)

Here we have two choices for sign. For + (resp. —), the half-index counts the Zs-even (resp.
Zs-0odd) boundary BPS local operators.

Under the S transformation the half NS5-brane becomes a half D5’-brane on which only
2N — 1 of 2N D3-branes terminate as the O3-plane on the other side of the half D5-brane
is of the O3 type (see figure 4). It gives rise to the S-dual Nahm pole boundary condition
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in O(2N) gauge theory, however, it does not correspond to a 2N-dimensional irreducible
representation of SU(2) but rather a decomposition 2N = (2N — 1) + 1 [7].

Let us derive the half-index for the S-dual Nahm pole boundary condition by means
of the Higgsing procedure in [12]. We begin by the half-index of the Dirichlet boundary
condition D’ for SO(2N) gauge theory. It is given by

+ + +
(@)X (g77" 7] @)oo (q27 251 @)oo

1 1 1
(@262 )N 1<icien (@7t 22775 @)oo (4720 255 q) oo

4d SO(2N)

Iy, (t,zi;q) = (3.24)

By setting the fugacity z; for the boundary global symmetry to q% t=2(=1)  the Dirichlet
half-index is factorizes as

Mg SO(2N) (t, 2 = qiglt_z(i—l); q)
148, oN+2, N—=1, lip, ak+2.
272 ¢ 2Tt
_ (q @)oo (q 1 4)oo x 34 tHM (g q%t—l)N

(q%t_m; Qoo k=1 (@745 @)oo

N-1
< [ zPM(z = NI T ANTALLL o 73d LM AN+

Tr = qN
=8 +1
J-1

< H 73d tHM(x _ qumf%t74N+4m+5)m « 73d tHM(x _ qumf%tf4N+4m+3)m (3.25)

m=1
for even N and
H?ﬁ SO(2N) (t, 2 = q%t—Q(i—l); q)

(q%+%t—2N+2; ) N—1 (q%+kt*4k+2; oo o it—l)N
Tr =
R =R CC T !

N-1
1 1
% H I3d tHM(x — qN_l_Zt_4N+4l+1)l % ISd tHM(x — qN_l+Zt_4N+4l_1)l

l:N+3
2
N_3 _ N+1 N_1 _ N-1
><I3d tHM(x =q2 it 2N+3) > XISd tHM(x =q2 it 2N+1) >

N-3

5

% f[ T34 tHM (o N—m—Jy—AN-+dmt5ym . 73d tHM N—m—%t—4N+4m+3)m (3.26)

=4q
m=1
for odd N.
From the expressions (3.25) and (3.26) for the Higgsed Dirichlet half-indices, we get
the Nahm pole half-index as the common factor
(@22t 242 ) N (@272 )

74 SO(2N)(t, ¢) =

Nahm’ (327)

T i @

Indeed, we find that the SO(2N) Neumann half-index (3.21) precisely agrees with the Nahm
pole half-index (3.27).
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Similarly, for the disconnected component we can perform the Higgsing procedure. We
have the Dirichlet half-index of the form

4d SO(2N)~
I, 2N) (t, x5 q)

N
B (N (—g; Q) Hl (g7 @)oo (— 4273 @)oo
S :
(@2t 2 )N (=22 @)oo =1 (026225 @)oo (—q2t 227 @)
(027271 Q)oo (427 2T @)oo
(q

X T n (3.28)
1<i<j<N— 1(q2t 2»’6 Z; 5 @)oo (g2t 2] x5 ,Q)
When the fugacities x; are specialized as q%t_%, one finds
M4Ddl SO(2N)_(t’ 2 = q%t_%; q)
1N N-1
(et ) Y (g2 TR )
(a2t q)ee o (€T D)
1 N—1 21—1
s T3 M (g — o qy—1)N -1 H 73 M _th—(2l—1))
=1
R SdtHM dm=1, _(4m—1)\N-1 3d tHM Amtl , (4m+41)\N—-1
x T[T = ¢ 1 ¢ (UmTl))N-l-mp (=g 1 t-UmF)N=1=m (3 99)
m=1

Taking away the contributions from the decoupled hypermultiplets, we obtain the half-index

+32N+2, ) N (q%+kt274k

e (—q2t ;) oy (@10

(3.30)

of the SO(2N) Nahm pole boundary condition for the disconnected part.
In fact, we find that the Neumann half-index (3.22) for the other disconnected component
of O(2N) gauge theory precisely matches with the Nahm pole half-index (3.30)! Eventually
we obtain the Nahm pole half-iindices for O(2N) gauge theory
G (t:0)
(q%+%t—2N+2; @)oo (_q% SN2 gy TN (q2+kt2 52 4) oo

1
=5 N N kt—dk.
21 (¢2t2V;9) (=gt 2V:q)0e | oy (@ 0)e0

, (3.31)

which match with the Neumann half-indices (3.23) of O(2N) gauge theory.
To summarize, the equality between (3.21) and (3.27) supports the following duality
of boundary conditions:
Neumann b.c. for N'=4 SO(2N) SYM
< Nahm pole b.c. for N'=4 SO(2N) SYM. (3.32)
Together with the agreement of (3.22) with (3.30), we get the identity between (3.23)
and (3.31), which further indicates
Neumann b.c. for N' =4 O(2N) SYM
< Nahm pole b.c. for N'=4 O(2N) SYM. (3.33)

,15,



Figure 5. The S-dual brane configurations for the Neumann and Nahm pole boundary conditions in
USp(2N)" SYM theory.

In the Coulomb limit, the SO(2N) half-indices (3.21) and (3.27) become the half-
BPS index

A

1BPS _1,q2N H 17q4n
N

:Hl_q4n

n=1

(3.34)

This agrees with the result in [54]. The first term (reps. second term) in the second line
correspond to the operators involving even number (resp. any odd number) of antisymmetric
tensors €1"N_ In particular, the factor q?V in the second term is contributed from the
half-BPS Pfaffian operator consisting N bosons.

On the other hand, the Coulomb limits of the O(2N) half-indices (3.23) and (3.31)
are given by

N
O@N)*( L
IlBPS (q) = H1 1—qgin’ (3.35)
N
728N (q) = g2V ! 3.36
1BPS (@) =g Hl_q4n (3.36)
n=1

We see that the index (3.35) for the Zs-even states agrees with the half-BPS index (3.18)
for SO(2N + 1) and USp(2N) gauge theories.

3.3 USp(2N)’

There is a variant of the basic Neumann boundary condition for symplectic gauge theory

USp(2N)’, which is constructed by N D3-branes in the background of 03" ending on a half

NS5-brane and a single half D3-brane on the other side (see figure 5). It realizes the modified

Neumann boundary condition with a coupling between the USp(2N)’ gauge field and a single

half-hypermultiplet transforming in the fundamental representation that cancels the anomaly

induced from the half-integral Chern-Simons term corresponding to the 4d theta angle [7].
The half-index takes the form

4d USp(2N)' /, .
HHN+hyp (t’ )

]{H ds; s 1 q) o0
2NN' th 2. 2mis; q% 92 ﬂ,q)

N
. . (3.
1<icj<n (g2t~ 23§t3;c7Q)oo(q2t QSiSﬁQ)oo i=1 q4t8¢ §Q)oo
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Figure 6. The S-dual brane configurations for the NS5-type SO(2N + 1)|USp(2M )’ interface and
D5’-type USp(2N)|USp(2M)’ interface.

S-duality gives rise to the dual configuration with the half NS5-brane being replaced
with a half D5’-brane (see figure 5). It realizes the regular Nahm pole boundary condition
for USp(2N)’ gauge theory as the S-dual of the modified Neumann boundary condition
for the same theory [7].

Applying the Higgsing manipulation to the Dirichlet half-index for the USp(2N)" gauge
theory will lead to the same result as that for the USp(2/V) gauge theory. In fact, we find
that the half-index (3.37) for the modified Neumann boundary condition exactly coincides
with the half-index (3.11) for the Nahm pole boundary condition. This indicates the duality

Neumann b.c. for N'= 4 USp(2N)' SYM + a fund. half-hyper
& Nahm pole b.c. for N' =4 USp(2N) SYM. (3.38)

3.4 SO(2N + 1)|USp(2M)’

Now consider the half-BPS interfaces in N/ = 4 gauge theories of orthogonal and symplectic
gauge groups which can be constructed in Type IIB string theory.

A basic example of the NS5-type interface contains a half NS5-brane at 2% = 0 and N
D3-branes in both sides, i.e. a stack of N semi-infinite D3-branes in % < 0 and the other
stack of N semi-infinite D3-branes in 2% > 0. Since the half NS5-brane supports the H-field,
the NS flux jumps across the NS5-brane and therefore different types of O3-planes appear
across the NS5-brane. Accordingly, one should find a pair of orthogonal and symplectic
gauge groups across the NS5-type interface.

We begin with the NS5-type interface with both sides of N D3-branes as well as 03~
in 26 < 0and 03" in 28 > 0 (see figure 6). The configuration realizes N' =4 SO(2N + 1)
gauge theory for 2% < 0 and A" = 4 USp(2N)’ gauge theory for 2% > 0. In addition, there
exist a 3d N = 4 hypermultiplet transforming in the bifundamental representation under
the SO(2N + 1) x USp(2N)’ gauge group corresponding to the fluctuation modes of open
strings ending on D3-branes across the NS5-brane.
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The half-index of the NS5-type interface between SO(2N + 1) and USp(2N)’ gauge
theories is given by

4d SO(2N + 1)\USp(2N)'(

I, t;q)

3
s Qoo (@t 18P )

1 2)+ ?
@)oo 75T @)oc

(3.39)

where the first two lines of R.H.S. in (3.39) are the Neumann half-index of SO(2N + 1) gauge
theory, the next two the Neumann half-index of USp(2N)’" gauge theory and the last line
is a contribution from the bifundamental hypermultiplet.

Upon the S operation, we find the configuration which contains a half D5/-brane at 22 = 0,
03% in 22 < 0, 03" in 22 > 0 and both sides of N D3-branes (see figure 6). It gives rise to
the S-dual D5'-type interface between USp(2N) and USp(2N)" gauge theories [7]. At the
interface the USp(2N) x USp(2NN) gauge group breaks down to its subgroup USp(2/N). There
should exist a coupling of the 4d USp(2N) gauge fields to the twisted half-hypermultiplet
transforming in the fundamental representation which correspond to the fluctuation of open
strings between D3- and D5’-branes. In other words, the D5’-type interface can be described
by a whole 4d N/ = 4 USp(2N) gauge theory with a coupling to a 3d N' = 4 twisted
half-hypermultiplet in the fundamental representation at the interface.

The half-index of the USp(2N)|USp(2N)’ interface of the D5'-type is given by

4d USp(2N)|USp(2N)’

N
1 (% 7{ ds; (5725 @)oo (45723 @)oo
N 1 S o 1 1
2ENY (g2t )N T2 280 (g2 82552, q) oo (2825525 ) 0o
T (55575 @)oo (557575 @)00 (057575 @)oo (457 573 @)oo

1 1 1 1
i< (021257575 0)00 (021257 575 Q)00 (0217257 5T @)oo (4217257875 0)oc
(

3.t
t5-75q) 0o
11481—,61)' (3.40)
4

The first two lines of R.H.S. are the full index of N' =4 USp(2N) gauge theory and the last
line is the contribution from the half-hyper living at the interface.
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In fact, we find that the half-indices (3.39) and (3.40) beautifully agree with each other!
The equality between (3.39) and (3.40) indicates the following duality of the interfaces:

SO(2N + 1)|USp(2N)" NS5-type interface
< USp(2N)|USp(2N)" D5'-type interface. (3.41)

More generally, when N D3-branes in 2% < 0 end on a half NS5-brane from one side and
M D3-branes in 2% > 0 end on it from the other side with M # N, we get the NS5-type
interface between SO(2N + 1) and USp(2M)’ gauge theories (see figure 6). The domain
wall supports a hypermultiplet transforming in the bifundamental representation of the
SO(2N + 1) x USp(2M)" gauge group.

The half-index is given by

[rid SO@N +1)|USp(2M)’
N

(E (1)F, D (1)*
<11 isénisfl)?q)wwl 23]<1>iq<)10>01
1<J (th_ S; sj ,Q) (th j 3 )OO
L] (¥ j[M ds 1(2) (% @)oo
MM (g2, )M T 5 2mis'® (qat-25P%2 )
2)* _(2)F, (2)i (Z)i
o s e M R
i<j (@228, 8,71 q)oo (g2t 55 @)oo
N M ( 3.1 (1) 2)F 3.1 . (HE _(2)=F 3,1 (2=,
qit™s; s, ,q)oo(q4t 578 T Q) o0o(q TS T 0) o0
X H H ) T J - J (3.42)

where the first two lines and the next ones of R.H.S. describe the contributions from the
Neumann half-indices for SO(2N + 1) and USp(2M )’ gauge theories. The last line describes
the contributions from the bifundamental hyper.

Similarly, the S-dual is the D5'-type USp(NN)|USp(M) domain wall (see figure 6). The
configuration has a half D5'-brane on which N D3-branes in 22 < 0 and M D3-branes in
z2 > 0 terminate as well as 03" in 22 < 0 and 03" in 22 > 0. Unlike the case with
N = M, the gauge group jumps from USp(max (N, M)) to USp(min(N, M)) so that there
is a gauge group USp(min(NV, M)) together with a Nahm pole of rank [N — M|. While
there is no twisted hypermultiplet, the broken USp(|N — M]|) part survives as a global
symmetry at the domain wall.
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The half-index of the dual D5'-type domain wall takes the form

I USPN)[USB(M) (1. )

1 (e pming D (572 @)oo (4575 @)oo
~ omin(N, M)(mln(N M)) (q2t:|: mm(NM 7{ H 27T’LSZ (q2t2 +2. q)oo(q%t*2sii2;q)oo
I (577573 @)oo (sivaq) (qlz ,q) (qsi 8]-1, 9)oo

<5 (031255571 Q)0 (7257 5F1 ) oo (47725 5T 1 0)oo (4717257 571 )
|N—M] (qk+5t_4k+2;q)oo min(N, M) ( LV~ M‘

34 =2 N=M]| £
g4 i 5@) o (3.43)

TN
= t—1—2|N—M|Si;q)OO

< T I

k=1

Here the first two lines of R.H.S. are the full index of N' = 4 USp(min(N, M)) gauge theory and
the last line involves the half-index for the regular Nahm pole of USp(|N — M|) gauge theory
and the contributions from the broken USp(|N — M|) part remaining at the domain wall.

Again, we find that the half-index (3.42) exactly coincides with the half-index (3.43)!
The matching of the half-indices supports the duality

SO(2N + 1)|USp(2M )’ NS5-type interface
< USp(2N)|USp(2M)" D5'-type interface, (3.44)

which generalizes the duality (3.41).

In the Coulomb limit and Higgs limit we obtain

H}L\? SO(2N + 1)|USp(2M)’(C)( ) = H4d USp(2N)|USp(2M)’ (C)(q)
1
— 3.45
(g% 9Y) N (g% 94w (345)
H;;\c/i SO(2N + 1)[USp(2M)' (H) (q) = I[]I4D% USp(2N)[USp(2M)' (H) (@)
! (3.46)

N (q4; q4)min(N,M) .

We see that the Coulomb index (3.45) is simply factorized into a pair of the SO(2N + 1)
half-BPS index and the USp(2M )" half-BPS index, each of which is given by (3.18). On the
other hand, the Higgs index (3.46) can be viewed as the twisted version of the “Coulomb
limit” of the D5'-type interface. It is equal to the half-BPS index of the theory with lower
rank preserved at the D5'-type interface.

3.5 O(2N)|USp(2M)

Next consider the NS5-type interface with both sides of N D3-branes as well as O3~ in
2% < 0 and O3% in 2% > 0 (see figure 7). In this case, we have N’ = 4 O(2N) gauge theory
in 2% < 0 and A/ = 4 USp(2N) gauge theory in 2% > 0. At the interface there also exists
a 3d N = 4 bifundamental hypermultiplet.
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Figure 7. The S-dual brane configurations for the NS5-type O(2N)|USp(2M) interface and D5'-type
O(2N)|SO(2M + 1) interface.

Let us first consider the NS5-type interface between SO(2/N) and USp(2V) gauge theories.
The half-index is evaluated by the following matrix integral

(@Y %N ds'"

4d SO(2N)|USp(2N) _
)= 2NTINY (gze-2, )N S i 2misV
1

T,

t;q)

+ + +
y (5057 @)oo (55 )
i<i (g2t 2055 0T ) o (gt 25750 )
U S () fﬂ ds? (s g)a
2VNY (g3t-2 )N i3 2mist (g2t7259F2 g) e
+ + +
T T ) )
1 1
i (725 s ) (g7 47265 % )
O P
= (qitstFsPT ) (gitst Vs )

Here the first two lines of R.H.S. in (3.47) are the Neumann half-index of SO(2N) gauge
theory, the next two the Neumann half-index of USp(2N) gauge theory. The last line is the
index of the bifundamental hypermultiplet. Similarly, for the other disconnected component
of O(2N) gauge group we have the half-index

4d SO(2N)~|USp(2N
]I]IN (2N)~ [USp( )(t; q)

1 (@ '@ 0)x ?{ (527 oo (=511 @)oc
2NN = DY g2t 2 )N (—g2 %) | 21 (03825005 @)oo (—q2t 2580 )
T (Sgl)isg-lﬁ;q)oo(S{I)isy)i;q)oo

i (@272 50T ) (g2 5505 )
1 (q ]OVO j{ N dSSQ) (852)i2’q)oo
2VNY(gzt-2 ) i 2mis®) (q217250% g
. H 1 (352)i3§2):':;Q)oo(5,512)i5§'2)iSQ)oo
i< (@227 5T ) (a2 255 )
i ﬁ (qit_li@(l)z)sf)z;ﬁ)oo(qit‘llsz(l)isgg)iv Q)oo(fJ%t_lsf)i; q)oo(—lq4t‘1s(2)i, 9
mm (@t ST gt oo (0t @)oo (—a it 0o
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After gauging the discrete Zo global symmetry of SO(2NV) gauge theory, we get the half-index
of the NS5-type interface between O(2N) and USp(2N) gauge theories

Mi(; O(QN)i‘Usp(zN)(t;q) [H4d SO(2N)|USp(2N)( )i]ﬂl‘ld SO(2N)~ IUSp(2N)( q)}, (3.49)

where + (resp. —) corresponds to the O(2N) theory that contains the Zs even (resp. odd)
BPS local operators.

In the S-dual configuration there exists a half D5’-brane at 2> = 0, O3~ in z? < 0,
03 in 22 > 0 and both sides of N D3-branes (see figure 7). This is identified with the
S-dual D5'-type interface between O(2N) and SO(2N + 1) gauge theories [7]. This can
be realized as the orthogonal type orientifold projection of the D5’-type interface between
U(N) and U(N) gauge theories.

The half-index of the SO(2N)|SO(2N + 1) interface of the D5'-type takes the form

]UI%‘, SO(2N)|SO(2N + 1)(

)
_ 1 (q)2 fﬁ ds;
- oN-1N] (q%tﬂ; N J o 2mis;
(575T5 @)ool ,q)oo(QS?ESf;q)oo(qsis]i;q)

]
1 1 1
i (3125751 Q) oo (21257573 0) oo (431257573 @)oo (43257 5T @)oo

N +
x H ECURUIE N (3.50)
1 (02t725F 1 0)oc
The integrand contains the expected contributions from the 4d SO(2N + 1) gauginos and
scalar fields for 22 > 0 which are not part of the SO(2N) gauge theory as well as the 4d
SO(2N) gauge theory fields contributions.
In fact, we have checked that the half-indices (3.47) and (3.50) precisely coincide with
each other! The equality between (3.47) and (3.50) should imply the following duality of
the interfaces:

t;q

SO(2N)|USp(2N) NS5-type interface
& SO(2N)|SO(2N + 1) D5'-type interface. (3.51)
Furthermore, we can evaluate the half-index of the SO(2N)~|SO(2N + 1) interface of

the D5'-type associated with the disconnected part of O(2N) as
4d SO(2N)~|SO(2N + 1
]IHD/ ( ) | ( )(t; q)

_ ! @2 (=g %Jh ds;

2N_1(N — 1)' (q%t:tQ; q) thiQ 27Ti8i

Qoo
R (575 Doo (=571 D)oo (4573 D)oo (4575 Do

t25F; @)oo (— 021255 0)

gs; s f Q) (45555 0)00
E25F 5T 5 )00 (4217257 571 0) oo
" H (4571 @)oo (ilq;q)oo _ (3.52)
i1 (071725 @)oo (20767250

X

1 1
i1 (28255 Q) (078255 4) oo (g2
(sF 573 @)oo(57 i j-t;Q)oo(

X 1 1 1
< (qﬁthiqu) (2257575 @)oo (q21~
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Again the half-index of the D5'-type interface between O(2N) and SO(2N + 1) gauge
theories is obtained by gauging the Z, global symmetry as

1 _
Hg O(2N)*|SO(2N + U(t; g) = - []H[%‘, SO(2N)|SO(2N + 1)(t; g+ ]Illg SO(2N)~|SO(2N + D(t; q)} ‘

(3.53)

From the formal power series expansion of the indices, we find that the half-indices (3.48)
and (3.52) give rise to the same result! So the half-indices (3.49) and (3.53) are equivalent.
This implies the duality of the interfaces involving the disconnected O(2N) gauge group

O(2N)|USp(2N) NS5-type interface
& O(2N)|SO(2N + 1) D5'-type interface. (3.54)

We can also consider the setups with unequal numbers of D3-branes on the two sides of the
5-branes. When we have N D3-branes and O3~ in 2% < 0, M D3-branes and O3% in 26 > 0
and a half NS5-brane at 2° = 0, one obtains the NS5-type interface between O(2N) and
USp(2M) gauge theories that has a bifundamental hypermultiplet of the O(2N) x USp(2M)
gauge group (see figure 7).

First consider the case with SO(2N) gauge theory. The half-index of the NS5-type
SO(2N)|USp(M) interface is given by

e SORNIUSPCM) (). o 1 (X %N ds
o NN (a2 g S 2 ()
T (5875 580T; @)oo (585 10% g) o
<5 (q2t72s% 0% ) (g2 0% )
Ll M 7{M ds? (s 0
2MMY (g2 )M T 5 2mist (g7 6257 )
B0 G e MEDEC et T
i<j (@7t728% 50T ) (217206 ) o
3, D+ (2 3, HEt (2)+
e
i=1j=1 (qitt’%('l)jE §2)¢;q)oo(qitswi%?)i;q)oo

Here the first two lines and the next ones of R.H.S. are the Neumann half-indices for
SO(2N) and USp(2M) gauge theories respectively. The last line is contributed from the
bifundamental hyper living at the interface.
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For the interface involving the other disconnected part of O(2N) gauge group the
half-index is given by the following matrix integral

[rid SOEN) |USp(2M)( .q)

_ 1 (05X (~0:0)ee %N‘l ds\" (8% @)oo (=5 1)
2NN =D (g3t 29X (—git %) it 2mist) (031251 g) e (—aF 1251 0) e
Y S WD S i)

< (@725 ) oo (21725550 )
L] (@5 7{ rods? (57 0)n
2MMY (22900 ) i 2misl?) (q27257%2 )
(2507 oo (517 511 )
Xl;[j(qétZS@)iS(?)jF q) (q2t725( )£ ,(2) :q)
K3 7 7 ) o0 7 7 ) o0
XN‘lﬁ (1t 55T 0)e (g4 55555 ) (g7 1557 ) oo (—g 11715175 0)
i=1 j=1 (qitsgl)isg-z);,q)oo(q‘ltsgl)isg?)i;q)oo(q%tsgg)i @)oo(— q4ts() 1 )0
(3.56)

Again, the half-index of the NS5-type interface between O(2N) and USp(2M) gauge theories
can be obtained from (3.55) and (3.56) by gauging the Zs global symmetry

740 O@N)*USPA) (y o _ [H;x&i SO@M)IUSP(M) (4, ) 4 rid SOCN)~ IUSP@M)(t;q)}. (3.57)

The dual interface is obtained as the D5'-type between O(2N) and SO(2M + 1) gauge
theories under S-duality in Type IIB string theory. We consider the O(2N) by taking SO(2N)
and gauging the Zo symmetry.

For N > M the SO(2N) x SO(2M + 1) gauge group breaks down to SO(2M + 1) and
there is a Nahm pole for SO(2(N — M)) gauge theory. A broken part of the gauge group
SO(2N) remains as a global symmetry at the domain wall whereas there is no hypermultiplet
at the interface. The half-index of the D5'-type SO(2N) and SO(2M + 1) interface with
N > M takes the form

4d SO(2N)|SO(2M +1
I, "R ;)

M
1 ()2 ds; (575 9)00(45F3 @) oo
M 1 To. 1 1
QMM (gat22; )M J 2 270 (g3 12575 q) oo (0212555 @)oo

(s}sjf;q) (55575 Qoo (457 5T 1 @)oo (457 573 @)oo
T T
i<j <q2t23z:‘t5;‘_r§Q) (q2t28 Sj Fi @) (qzt_QS'isJ‘_r;q) (q2t 25 5j S
( 1 —2(N—M)+2;q)oo N—-M-1 (q2+kt2 4k
X
(q

X

;@)oo
S aN-M) gy i (@ )e

NoMo1, o(N—M-
¢t 4—2(N-M-1) ;t;q)

+—2—2(N—M— 1)3 L @)oo

(3.58)

N]Ml

||',:]§
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The matrix integral is associated with the surviving SO(2M + 1) gauge group. The last two
lines of R.H.S. contain the SO(2(N — M)) Nahm pole half-index and the contributions from
the broken part of SO(2(NN — M)) gauge theory. For the disconnected part we have

H4d SO(2N)~|SO(2M + 1) (t; q)

1 (q)2M 5 (553 0)o0 (4575 @)oo
1 1
2V (g2 g 27”5% (4242575 q)oo(q21 % f;q)
(SiSI-F»Q) (55575 Qoo (457 5T @)oo (457 573 @)oo

i< (q2t28i8¢7Q) (@227 55 @)oo (a2t 2555 T3 @)oo (47257 575 )

1 _ _ N—M-1
y (_q2 2 2(N M)+2;Q)oo (q2+kt2 4k’q)
N—_N

(—qijt*%N*M)'q)oo k—1 (qkt 4k7q)oo
1+N M 1t_ (N—M—1) .+

S73q)
XH NMl =

T (3.59)

For N < M the half D5'-brane breaks the SO(2N) x SO(2M + 1) gauge group down
to SO(2N). The interface involves a Nahm pole for SO(2(M — N) + 1) gauge theory and

contains a degrees of freedom from the broken part of the gauge group SO(2M + 1). In
this case, we have the half-index

Hg SO(2N)[SO(2M + 1)(

t;q)

_ 1 (@3 fﬁ dsi
CO2NTINT (g2 )N S '

:1 2mis;

T (51573 @)oo(5757 1 000457 571 0)oo (575775 @)oo
1 1
i3 (325E 5T @)oo (@2 12555 T5 ) oo (431 25E 5T ) (3 25E 5T )
M-N +kp2—4k,
(g2 Hhe2— 4k,

7)o
(gFt=4*: q) o

1+M*Nt—2(M—N)

X

:I:.
AL (3.60)
2M=N) s ) o

q
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Also the half-index for the disconnected component is

Hg SO(2N)~|SO(2M + 1) (t: q)

- 1 (@2 (~4:9)3% % H ds;
2N-1(N —1)! (q%tﬂ;q)N (- q%tiZ’q | 2mis;
N-1
(575 @)oo (—5; 7Q)oo(q31:‘tSQ)oo(_q5i @)oo
. 2 3424% 34-2¢F 34-24%
i1 (0782555 Q) oo (— 0712575 0)oo (02172555 @)oo (—a7 7257 @)oo
+ + + +
11 (557573 Qoo (57573 0)oo (457 57 3 @)oo (057 5575 @)oo
1 1
i< (@225E 5T @)oo (@2 1255 5T @)oo (@21 255 5T ) oo (431257 575 )
M—N
" (q2+k‘t2 4k7q>
Pt (qkt 4’“761)
N-1 M M-N _ _
H gt 4= 2(M— N)SZ @)oo (qu $=2(M=N)) (3.61)
bt —2(M—-N)g4 i @)oo (:l:qz M 2-2(M-N). £ Q) oo

Note that the expressions (3.60) and (3.61) become (3.50) and (3.52) when N = M respectively.

It turns out that the half-index (3.55) for the NS5'-type SO(2N)|USp(2M) interface
excellently matches with the half-index (3.58) for N > M and the half-index (3.60) for
N < M! These equalities imply the following duality:

SO(2N)|USp(2M) NS5-type interface
& SO(2N)|SO(2M + 1) D5-type interface, (3.62)

which generalizes (3.51) with gauge groups of equal rank. Moreover, the half-index (3.55)
for the NS5'-type SO(2N)~|USp(2M) coincides with the half-index (3.59) for N > M and
the half-index (3.61) for N < M! This supports the duality of interfaces involving the
disconnected O(2N) gauge group

O(2N)|USp(2M) NS5-type interface
< O(2N)|SO(2M + 1) D5'-type interface. (3.63)

In the Coulomb limit and Higgs limit the half-indices (3.58) and (3.59) become

Mjl\c/i SO(2N)\USp(2M)(C)(q) _ Mgi/ SO(2N)|SO(2M + 1)(0)(q)
1 1
- 1—qg2N (CI4§ cI4)N—1(CI4; C|4)M7 (3:64)
H;l\cfi SO(QN)\USp(zM)(H)(q) _ Hg SO(2N)|SO(2M + 1)(H)(q)
— for N > M
= {(q4i‘14)M . (3.65)
1—-g2N (q%0%) v 1 for N < M
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and the half-indices (3.58) and (3.59) associated with the disconnected group O(2N) become

Hjl\cfi O(2N)+|Usp(2M)(C)(q) _ Hgﬂ/ O(2N)*[SO(2M + 1)(0)(q)
1
= 3.66
(a%;9*)n(at 9 i (3:66)
Mjl\c[l 0(2N)+|USp(2M)(H)(q) _ M4Dd/ O(2N)*[SO(2M + 1)(H)(q)
1
- : 3.67
(q%; q4)min(N M) ( )
Hi}i O(2N)~ |USp(2M)(C)(q) _ H4d O(2N)~|SO(2M + 1)(0)(q)
R q2N4 . (3.68)
(a%a") Nt 9 m
H;l\(fi O(2N)~|USp(2M)(H) (q) = H%d, O(2N)~|SO(2M + 1)(H) (@)
1
:{WQVM forN>M. (3.69)
(a%59%) N — for N < M

The Coulomb indices (3.64), (3.66) and (3.68) are factorized into pairs of the half-BPS
indices of the gauge theories in both sides of the interfaces. The Higgs indices (3.65), (3.67)
and (3.69) are given by the half-BPS indices of the gauge theory with lower rank gauge
group on either side of the interfaces. They can be thought of as the “Coulomb limit” of
the D5'-type interface in such a way that they count the remaining gauge group invariant
local operators at the domain walls.

4 Giant graviton expansions

4.1 Large N limits

In the large N limit, the half-indices capture the spectra of the KK modes on the holographic
dual AdSy bagpipe geometries involving the orbifold ETW brane as well as the asymptotic
AdSs x RP® regions.

For the Neumann and Nahm pole boundary conditions of SO(2N +1), USp(2N), SO(2N),
O(2N)* and USp(2N)’ gauge theories the half-indices coincide in the large N limit. From
the exact closed-form expressions for the Nahm pole half-indices, (3.11), (3.16) and (3.31)
which are also equal to the half-indices for the S-dual Neumann boundary conditions, we find

SO(c0) _ 17USp(c0) _ 1rO(c0)t - USp(co)’
T, ™) = My P = My = 1m,°

n+1€+ 2t 4k—2

O(00) _ rrUSp(o0) _ mrO(c0)* USp(o0)’ _ l—¢q
_H]INah HHNah ! H]INahm HHNahm H H _ n+k+1t 4k—4 -

nOkO

(4.1)

The single particle gravity index for the orbifold ETW brane is obtained by the plethystic
logarithm [55] of the large N index (4.1). We get
Zy BETW g2t 1 gt (4.2)
1 = — . .
QI-ql-q) (1-q)(1—qt™"
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In the unflavored limit, we get

SO(00) _ 17USp(c0) _ 1rO(00)T  rUSp(oco)’
Iy, ]H[Np = Iy, —]I]INP
o n+iyn
O(00) _ rUSp(se) _ qrO(c)t _ prusp(eo)’ _ Ty (1= ¢""2)
]I]INahm ]HINahm HHNahm ]I]INahm - Hl (1 _ qn)n (43)
In the half-BPS limit, the half-index becomes the large N half-BPS index
0(00) _ 7USp(00) _ 7pO(00)* _ qrUSp(oc) _ 1T L
HIBPS = I gps HIBPS =Mgpg = H1 T— g (4.4)

Next consider the large gauge rank limits of the interface half-indices. It follows that
when either of the gauge ranks is taken large, the interface half-index is factorized into the
large N half-indices and the full indices, i.e. Schur indices. We find that

4d SO(2N + 1)|USp(cc)’

e (t:q) = TOCNF(1; 9) x WP (1), (4.5)
]I]Ijl\(; SO(00)|USp(2M)’ (t, q) = TUSp(2M)’ (4 (t:q) x MSO(OO) (t;q), (4.6)
I SOCMIUSP09) (1. ) — 7S0CN) (1. g) x TISP) (1, ), (4.7)
Mi(/i SO)USPM) (4. 0 — TUSPEM) (4. 4} ]I]IJS\?(“) (t; q), (4.8)
i OGN IUSP0) (4 oy = TOCN* (1; gy x TP (1; ), (4.9)
T O IUSPEM 4 ) — TUSPCM (1 g) s Y™ (1), (4.10)

where Z¢(t;q) is the flavored Schur index of A' = 4 SYM theory (or equivalently N = 2*
Schur index) of gauge group G. Such factorizations also appear in the half-indices of the
interfaces between unitary gauge theories [27]. In particular, when both gauge ranks are
taken large, we obtain

4d SO(o0)|USp(o0)’ 4d SO(c0)|USp(oco 4d O(c0)t|USp(oco
4 SOEIUSPE0)' (4 1) _ gpid SOCOUSP(o0) (1) _ yid O)USp(o0)

tiq) = tiq) = t;q)
= T5009) (1 q) x IO (15 g) = TUSPC) (1 q) x I3 (¢ )
:ISO(oo)(t, q) x HUSp(oo)( .q) — 7USp(c0 )(t q) % HSO(OO)( tq)

_IO(oo)+( ) HHUSP( )(t ) IUSP( )(t q) X ]UIO(OO) (t’ q)7 (411)
where

1500 (1; q) = TU(®)(1;.q) = IO (1 9) = TV (13 g)
(1- qn+m+l+gt74m+4li2)2

11 01;[ _ qn+m+l+1t—4m+4l:|:4>(1 _ qn+m+l+1t—4m+4l)(1 _ qn+m+l+3t—4m+4l)
n,m

(4.12)

is the large N limit of the flavored Schur index of the orthogonal or symplectic gauge theory.
According to the factorized forms of the interface half-indices (4.11), the single particle
gravity index is simply obtained as a sum of the orbifold ETW brane index (4.2) and the
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single particle gravity index

;AdSsXRPS _ _ gzt? B g2 t2
(I-q¢)(1 =gt —qt*) (1-q)(1—q*)(1~qt)
+ at”! + at’
(1-qg(1—gt)(1—-qt*) (1-q(1—q (1~ qth)
+ g ¢ (4.13)

(1—=q)(1—qt=)(1 — qt*) " (1—q)(1—qt=)(1 — qt*)

for the spectrum of the KK modes on the AdSs x RP® geometry, which is obtained by taking
the plethystic logarithm of the large N full index (4.12). In the unflavored limit the large
N Schur index (4.12) becomes

ISO(oo)( ) _ IUSp(oo)( ) _ _fZ-O(oo)Jr (q) _ ZUSp(oo)’(q)

n+ )2n2+2n

];[ 1 _ q n2+l

(4.14)

In the Coulomb and Higgs limits, the large gauge rank interface half-index (4.11) becomes

H]Ijl\(/i SO(OO)\USP(OO)'(C)(CI) _ ]I]I;l\(; SO(OO)lUSp(OO)(C)(q) _ Hjl\(/i O(oc0 )+|USp(OO)(C)(q)
= 1
= — 4.1
=gy 9
g SOCUSP(o2) (1) () _ i SO)USD(o0) () 0y _ yid O 1USp(o0)aT)
e 1
= —_ 4.16
U= (410

4.2 Giant graviton expansions

When we expand the half-indices for finite N, the rank of gauge groups, with respect to ¢,
we encounter corrections to the large N half-indices. From the gravity dual point of view,
they can be considered as the effect of orbifold ETW giant gravitons.

Consider the half-indices of Neumann or Nahm pole boundary conditions for SO(2N + 1)
or USp(2N) gauge theories. Since the equalities of the half-indices, it is suffice to consider
the USp(2N) Neumann half-indices. In the unflavored limit, the half-indices for N = 1,--- |5
can be expanded as follows:

4d USp(2) _
I

4d USp(4) _
I,

=14q—¢?+2¢*> = 2¢°* + 3¢ — 44" + 6¢* —7¢°* + 9 + - - -,
14— PP 432 =32 4548 — 772 +12¢ —15¢°2 4 218° + - --

(4.17)

(4.18)

Ty V5P = 1 4 g — 3% 4+ 3¢ — 3¢%/% 4+ 6¢° — 8¢7/% + 14" — 18¢”> + 27¢° + -+ , (4.19)
(4.20)

(4.21)

Mjl\c;lUSp(8)21+q_q3/2+3q —3q5/2—|—6q3—8q7/2+15q4—19q9/2—|—29q5—|—---,

Mjl\ffiUSp(lo) 14+q— %% +3¢2 —3¢°2 +6¢° —8¢7/% + 15¢* — 19¢”/2 + 30" + - --

We see that the finite N correction starts from the term with ¢™V+1.
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Let us investigate the giant graviton expansions [24-26] of the half-indices, that is the
expansions of the ratios of the finite N half-indices to the large N half-index. We first
observe that the ratio

4d USp(2N)

1
]I]IN — (qN+2t 4N+2;q)oo _ ( 2N Z$2kN (4 22)
Iy USPeN = 2) (V= q)oo (vaN (; Q)k
has a simple large N expansion. Here z := ¢%/2t2 and y := ¢'/%t2. Let us consider the
giant graviton expansion
Hjl\(fi USp(2N) 0 s
W Zl’ fi(@, y39), (4.23)

2kN

where the expansion variable x corresponds to the orbifold ETW giant gravitons of

wrapping number 2k. Then the above equation leads to

d USo d US —
Iyt USoCN) i USReN -2) Ny @)oo (4.24)
I USp(0) I USp(o)  (22N; q) o0 '

and substituting the giant graviton expansion, we obtain

szfk (z,;q) <Zz  fo(z,y1q ) (i me) (4.25)

0o k
k ¢ fe r,Y;q)
=)z Z S (4.26)
k=0 ¢=0
where we have defined z := 22N. Therefore
k A
2 (Y Or—re fe(z,y59)
-aq) = . 4.27
fk($7y7Q) z_;) (q,q)kfﬁ .’L'ZZ ( )

Solving this equation with respect to fk (z,y;q), we get the giant graviton indices

qu ¢ fol2,y;9)
f:cyq . 4.28
(i) = ey 3 (L (123

This recursively determines all the coefficients fj, (z,y;q) with o (z,y;q) = 1. For instance,
: 2*(1 - y)
ca) — — 4.29
f1($7y7q) (1_q)(1_x2)7 ( )
2 (1 —y)(g + 2° —y — gz’y)
(1=q)(1=¢*)(1—2?)(1—a?)

We can also derive another expression more directly. We start with an infinite prod-

fo(z,y39) = (4.30)

uct form
4d USp(2N
g p(2N) _ 00 (qkt 4k7q) H 2N+2m7q) (431)
]I]Ijlx(/1 USPle) i (@R ) o ( $2N+2my 7)o
o0 0 1— 2m 0
=T i, (4.32)
m=1 =0 =L
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This form itself is not useful to compute the giant graviton expansion. We rewrite it as follows.

4d USp(2N) 2m £
I,/ 1 — zz*™Mq

1 —_— E E I
) <]I]I4d USp(o0) ) == 08 ZmZmyq

[c < XENNe OlNe o]

=D 3D D) SEATLLILEY

m=1/¢=0n=1
i P 2n(1 _ yn)
5 .
nzln (1 —2?)(1—q")

Therefore we find

2mn  In

q

i k7 i 2" (1 —y")
2" fr(®,y;q) = exp | —
= = n(l—a?)(1—q")
B IO_O[ 10_0[ 1— x2n+2qmz
_n 0m=o L — YT Aqma

This expression allows us to find another recursion relation

l'QT(l _ yr)

)

k
N 1 N
Fr(@yiq) = ¢ S pefr-r(zyiq),  pri=-—
r=1

For £ = 1,2,3, we have

fl = P1,

N

fo= 5(191 + p2),

~ 1

fz = g(p?+3plpz+2p3)-

(1—a*)(1—q)

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)
(4.39)

(4.40)

Also an explicit form of the giant graviton index can be written as a sum over partitions

of integers:

(2,5 g ZPA

A=k A

where \ = (11,22 3™3 ) is a partition of k satisfiying

00
=1

and

mi, ma ms

D ZZHPi =D1 P27P3

o0

Z)\ = Hlmlmz' = (1m1m1!)(2m2m2!)(3m3m3!) s

=1
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(4.43)
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From the point of view of the effective theory on the orbifold ETW giant gravitons, the
index fi(,y; q) can be obtained from the giant graviton index fi,(x,y; ¢) by redefining the
fugacities [24, 26]

e (@y,0) = (7 q,y). (4.45)

Again it is evaluated from the grand canonical index

o o 0 2"(1—q")
> A (i) =exp | D n(l — x2n)(1 — yn)

k=0 n=1
oo 0 2n m
1—gqzx
=11 II = 2nm : (4.46)
n=0m=0 x o
In the large k limit, the index fi(x,y;q) becomes
1 oo 1— xQn lym
foo(@,939) H 5 5 (4.47)
et - n)(l _ yn) o) 1—2x nym

When we expand the index f(z,y;q) with respect to g, we see that the finite k£ correction
1

appears at the term with q%. Quite interestingly, we find that it admits the inverse giant

graviton expansion with the form

fel@,yi0) < 4d Usp(z)
7]’00 ( Zox . (4.48)

It would be intriguing to reproduce our exact form (4.28) or (4.41) for the orbifold
ETW giant graviton index by means of other methods and to figure out the giant graviton
expansions for other half-indices including the interface half-indices. For the half-index of
Neumann or Nahm pole boundary conditions for U(N) gauge theory, it is shown in [27]
that the giant graviton index with wrapping number k can be identified with the large N
normalized two-point function of the Wilson lines in the rank-k antisymmetric representation
in U(N) gauge theories [35, 36] upon changes of variables. More generally, for the half-indices
of the interface between U(N) and U(M) gauge theories, the giant graviton index depends
on a pair (m, k) of the wrapping numbers for the giants in the ETW region and those in the
bulk. It is found in [27] that the interface half-index agrees with the two-point function of
the Wilson lines in the rank-k antisymmetric representation in U(m) gauge theories [35, 36].
We hope to report on the detailed study of the giant graviton expansions and the Schur
line defect correlators in the near future.

Recall that the half-indices become the half-BPS indices in the half-BPS limit. For
SO(2N +1), USp(2N), O(2N)" and USp(2N)’ they have the same expression. For simplicity,
we take the USp(2N) half-BPS index (3.18)

1

N
USp(2N
s @ =1l 7w

15s (4.49)

n=1

Since this is obtained from the half-BPS index of the U(N) theory by replacing g2 with q*,

2k

it admits the giant graviton expansion with respect to the (q2)%* associated with wrapping
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numbers 2k, £ = 0,1,---

Z?Sp(2N)(

3BPS 4kN +USp(2k) ;1
ZUSpoo) Zq IIBPS (@) (4.50)
1BPS ()

As pointed out recently in e.g. [56, 57|, giant graviton expansions for the half-BPS
giants can also be derived by analyzing the half-BPS geometries, from supergravity bubbling
geometries. Here we give a geometric derivation of giant graviton expansions for the Zs
projected cases, i.e. the orientifold cases, from the geometric backgrounds where the half-BPS
giant gravitons have backreacted for the dual backreacted geometry. See [58] by Mukhi
and Smedback and [59] by Fiol, Garolera and Torrents for detailed analyses. The family of
solutions have a configuration space, equipped with a family of symplectic structures. The
symplectic structures and their associated Poisson brackets are evaluated to commutators. The
family of solutions and their orbifold cousins are quantized in this formalism, using covariant
canonical quantization methods, see [60] and detailed analyses e.g. [56, 57, 59, 61, 62] and
their related references.

The half-BPS bubbling geometries in Type IIB string theory are families of solutions
of Type IIB supergravity whose metrics contain two three-spheres 5(31) and Sé) [63]. They
are determined by the harmonic function z = z(x1, z2,y) of three coordinates x1, z2 and y.
They are non-singular if the function z obeys the boundary condition z = i% at y = 0. For

example, for z = % one of the three-spheres shrinks to zero size while the other remains finite.

For z = —% one encounters the shrinking of the other type of three-spheres. Accordingly, the
bubbling geometries can be determined by two-colorings of the (x1,x2)-plane with regions
of z = —1 (black) and those of z = } (white). One can view these regions as the fermion
Conﬁguratlons where the black regions are occupied and white regions are empty. A black
disk with a circular boundary describes the AdSs x S° solution. A deformation of this
profile by adding thin concentric shells describes giant gravitons (see figure 8(a)). For the
orientifold cases, the profiles are invariant under (x1,x2) — (—x1, —z2) so that they can
be represented by the upper half-plane zo > 0. The giant graviton corresponds to the

configuration in figure 8(b).

We also use polar coordinates z1 + izo = pe'®, and the Z, identification is e'® — —e'®,
which is ¢ — ¢ + 7. After the quotient, ¢ € [0, 7]. Due to the smooth Zs identification, the
¢ = 0 is identified with ¢ = 7, and hence ¢ parametrizes a smooth S!/Zs and there is no
quotient singularity at ¢ = 0 and , since they are smoothly identified with each other.

We thus have, inside a black disk, the configurations of extra excitations of white droplets
corresponding to the excitations of maximal giants. Hence the black region will have a outer
boundary and a inner boundary, see figure 8(b) for an illustration. The maximal giants are
hence dual to the configuration of the inner boundary. The outer boundary of the black disk
is parameterized by a curve R(¢) corresponding to the fluctuations of gravitons and the inner
boundary of the black disk is parameterized by a curve r(¢) corresponding to the fluctuations
of the maximal giant gravitons. We have the boundary constraints R(¢ = 0) = R(¢ = )
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(a) (b)

Figure 8. (a) The maximal giant gravitons in AdSs x S°. (b) The maximal giant gravitons in
AdSs x RP°.

and (¢ = 0) = r(¢ = 7). Hence we expand them in modes with

R(¢)2 = Z ane2in¢>7 Qo = RQ, a_p = O‘:”
nez

r(g)? = B;e*?, Bo =17, B-j =B, (4.51)
JEZ

where o, 3; can be interpreted as wave modes on the boundary of droplets. Due to the

2inm

smooth Zs identification, e = 1. According to the Zy projection, the flux value, before

the quotient, is increased to twice.

The configuration space of the above geometric configurations have a symplectic struc-
ture [56, 58—60]. We have the droplet boundary, 9D, which has components | J,, oD®) | where
the superscript b denotes disjoint droplet boundaries. dD® is represented by a closed curve
component 7®)(s) where s € 9D®). We denote 57@(5) as the variation of D" in the
normal direction, which is related to the above curve dr(¢), e.g. (4.51), by 57@ = %r(d))ér.
The configuration space has a family of symplectic structures [56, 60]

- ! 5 Si 3) 5~ (®) =
W= ; /v(b) ds /7(”) ds Sign(s — 3) 07" (s) Adv, " (3), (4.52)

and they have the Poisson brackets
{67\ (), 57" (3)} = 2mhd (s — 5)0yp- (4.53)

We use the covariant canonical quantization formalism, and the Poisson brackets become
commutators for the above modes,

[an, al] = 2n5n+l, [bn, bj] = 2n5n+j, (4.54)

where a, = a,/(2h) and b; = f3;/(2h) denote the normalized operators. Note that ay, b;
denote even modes 2n, 2j, respectively.
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Thereby, the energy F = A and angular momentum J of the maximal giant graviton
excitations are given by

A=J=2mN+2> a_nan—2Y b_jb;. (4.55)
n>0 >0

After the smooth Zy quotient, the m is the number of flux quanta corresponding to the
giant gravitons.
The index computed from the gravitational data (4.55) hence takes the form

Igg‘;f;m(q) = i g (H 3 q4"N") (H 3 q_4j”j) , (4.56)
m=0

n>1 Ny >0 j>1n,;>0

Here N,, and n; denote occupation numbers for mode n and mode j. The inner radius is

r(¢)?* = 4h (m +> nje2ij¢> : (4.57)

J

The inner radius squared is non-negative and is bounded by 0 from below so that we have
the constraint on the total sum »:;n; < m. Therefore, we have the giant graviton index

k
2 1 USp(2k) ,
Jj=1

Here m of (4.56) is identified with k in the gauge theory notation. Hence (4.56) gives the
full index, in the form of giant graviton expansion (4.50).

Next consider the SO(2N) case, which is distinguished from the USp(2N) case. The
half-BPS index is given by (3.34)

N
SO(2N 1
s @ = 1+ [T ;7. (4.59)
n=1
The giant graviton expansion is given by
SO(2N)
Tipps (9) 0
1BPS A
g = 1+ a*) Y a" N fu(a). (4.60)
I%BPS q) k=0

In this case the dual geometries have additional S®/Zy = RP? cycles [41] and the wrapping
number on the Zs-torsion RP? cycle is Zy-valued, instead of Z-valued. As an illustration of
the example in figure 8(b), near the origin of p = 0, inside the white half-disk, there is a RP?
cycle. This RP? cycle is formed as follows. The union of this cycle and its image, in the 1 : 2
covering map, forms a full S in the covering space. Hence the smooth Zs quotient of the
full S near the origin of p = 0, is always a RP? after the smooth quotient. Hence there is
always a RP? cycle at the origin (p =0). We can wrap either one or zero D3-brane on this
RP? due to Zs-valued cohomology group. Hence, the angular momentum of this wrapped
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D3-brane is denoted by [N, with [ = 0 for the Zs-even generator, and [ = 1 for the Zs-odd
generator. Hence the energy and angular momentum of the configuration are

A=J=2mN+2) a_na,—2» b_jbj+IN, (4.61)
n>0 >0

where [ is 0 or 1. The index computed from the gravitational data (4.61) takes the form

o 1
e o (I o) (TS ) s am

m=0 n>1 N, >0 j>1n;>0 1=0
The index derived from above (4.61) is hence

oo k 12k(k+1)
zzggsfv )(q) = zzgg’;)(q (1+q2N Z ) T A (4.63)
This is the same as the gauge theory analysis (4.60). The factor (1 + ¢?V) in (4.63) can be
understood as the contribution from the Pfaffian D3-brane wrapping RP? = S3/Z,, where
1 and q?V correspond to the Zy even and odd generators. They also correspond to I = 0, 1
n (4.61), (4.62) respectively.
To summarize, we show that the half-BPS indices for N' = 4 orthogonal and symplectic
gauge theories have the following giant graviton expansions:

7S0(2N+1) (@)
3BPS = 2@N 1) m0@m) 1
06 7 = Zoq( IV @, (4.64)
iBps m=
IllJSp(2N)(q) ~
3 BPS mN~+USp(2m
2056 5 = 28 T @) (1.65)
iBPS
O(2N)
i ()
1BPS B N O(m)* 1
m > NII (@Y, (4.66)
iBPS m=0
O(2N)+
1, (1)
1BPS . (@)t _
IOT() = Z q' NIIBPS) (@ h), (4.67)
1BPS
eV @) e
BPS _ 2(2m+1)NSO(2m+1) /1
O(oo (@) Zoq( ) IlBPs (a ), (4.68)
IBPS m
USp(2N)’
I, () =
BPS m USp(2m)’
W = Z a""N IR @ ). (4.69)
iBPS

The half-BPS index for O(2N + 1)T gauge theory is the same as that for SO(2N + 1) gauge
theory. Our giant graviton expansions are all compatible with those conjectured for full
supersymmetric indices in [38].”

"Our expressions (4.65) and (4.69) correspond to eq. (87) in [38], while (4.64), (4.66), (4.67) and (4.68) to
eq. (93), (92), (78) and (91) in [38].
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A Series expansions

We show first several terms in the g-series expansions. The indices agree at least up to the
terms with ¢° unless the order is not indicated in the table.

A.1 SO(2N + 1) and USp(2N)

half-indices expansions
P = PO 14474 — 172¢2 + (5 + )2 — (6 + 1 2)g2
(RS g — (0 4 2670 2)gE
P =P 1474 — 1727 + 25 + 792 — (265 +172)¢> (A.1)
F2E2 28 g — (310 43670 44 2)gE 4
07 = PO 1474 — 1727 + 25 + 792 — (266 +172)g>
P32 2478 )P — (4410 4360 14 2)gF 4

half-indices expansions
P =m0, | 1444 — 1725 + (08 4+ )2 — (676 + 1 2)g>
PR S g — (710 4246 4 t_2)q% 4o
HUSp(4) _ Hig}(i)l 14+t4g— t—zqg b8 e — (2076 + t—2)qg (A.2)
F2t12 o8 g (3710 43¢0 14 2)gE 4
MUSp(ﬁ) _ M;(;}(;)l 1+t4g— t*2q% + (28 )2 — (2676 + t72)qg
P32 4268 )P — (4610 £ 360 1 42)gT 4

A.2 SO(2N) and O(2N)

half-indices expansions
SO(2 SO(2 o 1 _ _¢ 3 _ _ 5
Y =P L 142 4 (1t g+t Bz 4 (1710 17)q
128 4 (71— 12)gE -
P = m0W, [ 14204 — 260720 + (3675 + 2674 — (475 6 1 2t2)q2 (A.3)

(412 4 488 4 3¢ 1)gB 4 (66710 + 86 + 267 2)gF + - -
P = 0O [1 4 174 + (176 — £72)g2 + 20782 — (—t720 4+ 76 4 +=2)¢3
+36712g3 — (<247 420710 446 4 1 )gE -
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half-indices expansions
Iy =mQS | 1+ — 727 + (8 + 174 g% — (70 +2t72)g>

7
2

A+t 28 23 — (710 2076 4 372 + - -

mgt? = mg) [ 1t — 2R 4 (2 g — (20 + t)g2 (A.4)
+(2t712 + 2t78 + t74)q3 _ (3t710 + 47576 + t*?)qi 4+ ..
m® =mQ® | 14— 2%+ (28 ) — (2676 + t’f)q%
+Bt2 42t — (O + 3+t gz 4
A.3 SO(2N +1)|USp(2M)’ and USp(2N)|USp(2M)’
half-indices expansions
MY ®USPE) _ e @)IUSey L+ (14207 th)g — (3672 + 22)g>
+(3 43t + 3t + 261 + %) + - -
o ®IUSPE” _ qpUse@)useiay’ 1+ (1+ 2674+ tY)g — (3t2 + 22)g>
+A+ a8 a2t + 8 + - -
0 GNUSPO)” _ qrospTuSe(6) L4+ (14264 4+ th)g — (3672 + 212)g>
A+ A8 a2+ 1) 4+ O(P)
ISP _ ISe@USpy T+ (142674 +t4)g — (3672 + 212)g2
+(4+4t78 4t 42t +8) g 4 - -
( )q (A5)

SO(5)[USp(4) USp(4)[USp(4)’
MN()\ p( ZHD/p( [USp(4)

14 (1+ 2674 4 t4)g — (3t2 + 262)g2
+(6 + 5t 8+ 5671 + 3t +2%)¢ + - - + O(¢?)

SO(5)[USp(6)’ _ 77 USp(4)[USp(6)’
Ty )IUSp( —HD,p( p(6)

14 (1+ 2674 4 t4)g — (3t2 + 262)g2
+(6+ 478 + 5t + 4t + 2t8)¢? + - + O(¢?)

SO(7)[USp(2)’ USp(6)[USp(2)’
]I]IN()‘ p(2) :]HLDIP( )IUSp(2)

14 (142674 + t4)g — (3t2 4+ 2t2)q2
A+ A8+ a2t + 18P 4 -+ O(P)

HH_/S\[OU) [USp(4) — H]Ig,SP(ﬁﬂUSP(‘l)I

14 (142674 + t4)g — (3t72 4+ 2t2)q2
+(6+5t78 + 5t +3t4 + 2652 + - - + O(¢?)

OISO _ [USeeNUSHey

14+ (1424 + 4 — 3t2+2t2)g2 + - + O(¢?)
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A.4 SO(2N)|USp(2M) and SO(2N)[SO(2M + 1)

half-indices expansions
I TSP — @Oy (172 4 2)gd 4 (—1 4264+ th)g+ (2076 — 172 +15)g3
F(3E8 =t 18) g2 4 (3710 — 176 — 2 4 10)gE ...
1+ (724 12)q2 4 (=14 2674 + t4)g + (276 + t5)¢2
—|—(4t78 _ 4 + tS)q2 + (4t710 46 _ 42 + th)qg 4.
1+ (2 +12)q2 4+ (—1+ 264 + tH)g + (2676 +15)¢2
P4 — A 8) 2 + (44710 — 6 — 2 4 110)gB 4 O(gP)

H]Ii/—O(Q) [USp(4) — HH%?(Q) [SO(5)

SO(2)|USp(6 SO(2)|SO(7
H]IN()I P():HHD/()‘ (7

IT,0 TSP _ 0MIs0E) 1+ (2+3t 4 +thg— (5t 2 +3t2)¢5
H(T+6t8 + 7t + 3t +8)g* + - -
Iy DIVSP = D E0e) 1+ (2+ 3+ 2tYq — (5672 + 42)g3
+(10+ 7t 8 + 9t +6t1 + 3t%)¢® + - - + O(¢®)
T (WIUSPE) _ qr3OmIsom 1+ (2+ 3t +2thg — (5672 + 4t2)q3
+(11+ 778+ 971 + 611 + 3t5)g? + - + O(¢°)
Ty @TU5PR) _ 301806 T4 (1+ 264 th)g+ (076 — 2072 — 242)g5
+(B+ 48+ 27 2 +13)® + - + O(¢?)
HJSVO(G)IUSP(‘D _ H%(/)(G)\SO(S) 1+ (1 +2t 4+ thg— (—t S22+ tz)qg

+(A4+578 + 37 42t + 2682 + - 4+ O(¢?)
130 OTSPE) — EDOBOMT 1 4 (1 420 4 ) + (175 — 272 — 2 + 15)g3 + O(¢?)

(A.6)
A.5 O(2N)T|USp(2M) and O(2N)*|SO(2M + 1)
half-indices expansions
Q@ISR _ O ISOE [y (1 49—t 4 t)g — (3672 + 202)g
F(4+373 3t 2 +1%)g” + -
QRIS ® _ @ SOG4 2t 4 #h)g — (372 + 262)gF
+(54+ 478 + 4t + 21 + 82 + - -
Q@ISO _ @ ISOM Ty (1 424 4 4t)g — (3672 + 202)g
+(5+ 4t 8 + 4t + 241 +13)? + - + O(¢?)
mQOTIUSPE) _ O@TISOE[ g (1 4 2—4 4 44)g — (3672 + 262)g
+A+ 4B At 2t 1)+
QD ISP _ OMTISOE g (124 4 h)g — (372 4 22)g (A7)
+(6+ 5t 8 + 56 +3t* + 2t%)¢® + - - - + O(¢°)
QOISO _ O@TISOE [y (1 4 24 4 44)g — (3672 + 212)g
+(6+ 5678 + 567+ 3t* + 2t%)¢® + - - - + O(¢°)
QO TUSe) _ @ ISOE [y (1 4 24 4 44)g — (3672 + 262) g
+A+ At a2 132+ + O(¢P)
QO ISP — Q@ ISO® |y (1 o=t 4 pd)g — (3672 4 242)gF
+(6+ 5678+ 5¢* + 3t* + 2t%)¢® + - -+ + O(¢°)
Q@ 1USO _ rO©TISOM Ty 4 (1 42— 4 #4)g — (3172 + 22)g + O(¢?)
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