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ABSTRACT: We construct new families of N' = (0,4) AdS3 x S§? x S? x S! backgrounds
fibred over a 2d Riemann surface in Type IIB string theory. These solutions are obtained
by extracting the near-horizon limit of D3-brane box configurations, consisting of D3-D5-
NS5 branes ending on D5'-NS5’ background branes. We relate our families of solutions to
previous AdS3 x 5% x CY, and AdS3 x S3 x S? solutions to Type IIA recently constructed
in the literature. We construct explicit 2d quiver CFTs associated to the D3-brane box
configurations, and check that the central charges match the holographic result. We extend
our solutions to include D7-branes, and show that a subclass of these solutions can be
interpreted in terms of D3-D5-NS5 defect branes embedded in a 5d fixed point theory.
This is explicitly realised by linking our solutions to a 6d domain wall that asymptotes
locally the AdSg x S? x ¥ solution T-dual to the Brandhuber-Oz vacuum.
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1 Introduction

AdS3 solutions in string theory are of key importance in the study of black holes, since
they provide full-fledged backgrounds where one can make use of gauge/gravity duality to
learn about their microscopical properties. In this spirit, recent progress has focused on
the construction of new AdSs solutions with (0,4) Poincaré supercharges [1-5], as well as
on the identification of their 2d dual CFTs [4-8]. These CFTs play a prominent role in the
microscopic description of 5d black holes with AdS3 x S? near-horizon geometries [10-16].
They feature as well in the description of 6d (1,0) CFTs deformed away from the conformal
point [17, 18].

Three-dimensional AdS backgrounds have also played an important role as holographic
duals of defect CFTs. Many examples of defect CFTs have been discussed in the string



theory literature (for a non-exhaustive list of references on this topic see [19-32]). The
typical realisation is as brane intersections ending on bound states which are known to
be described by AdS vacua in the near-horizon limit. The intersection breaks some of
the isometries of the vacuum, producing a lower-dimensional AdS solution described by
a non-trivial warping between AdS and the internal manifold. The defect describes then
the boundary conditions associated to the intersection between the defect branes and the
original bound state. Explicit realisations dual to AdS3 solutions with (0,4) supercharges
feature D2-D6-NS5 defect branes ending on D4-D8 bound states [5, 30], or D2-D4 defect
branes ending on D6-NS5 bound states [5, 28, 29]. The first examples of near-horizon
geometries of this kind of intersections have been studied firstly in [9]. In our situation,
in the first aforementioned case the ambient CFT is the 5d Sp(N) fixed point theory
of [33, 34], while in the second case it is the 6d (1,0) CFT dual to the AdS7 solution to
massless Type ITA supergravity [35]. In this paper we will discuss further realisations in
Type IIB string theory.

In [3] general classes of AdS3 x S? x My x I solutions to massive Type ITA super-
gravity were constructed, with My either a CYs or a K&ahler manifold. The solutions
with My = CY5 were shown to arise in the near-horizon limit of D2-D4-D6-NS5-D8 brane
intersections [5]. The dual CFTs of this class of solutions were studied in [6-8]. They
arise in the infrared limit of (0,4) quiver gauge theories containing two families of unitary
gauge groups, 17", U(k;) x U(k;). The gauge group U(k;) is associated to k; D2-branes
while the gauge group U(/;Z) is associated to k; D6-branes, wrapped on the CYs. Both
D2 and D6 branes are stretched between NS5-branes. On top of this, there are D4 and
D8 branes that provide flavour groups to both types of gauge groups, and render the field
theory anomaly-free. A subclass of these solutions was given a surface defect interpretation
in [5] in terms of D2-D6-NS5 defect branes within the D4-D8 background brane system of
Brandhuber-Oz [34].

In the massless case the previous solutions can be uplifted to M-theory to produce
a new class of AdS3 x S3/Zy x My x I solutions with N' = (0,4) supersymmetries [4].
These solutions provide explicit holographic duals to the 2d (0,4) quiver gauge theories
with unitary gauge groups supported by M 4-strings [36]. These are the strings that arise
on the boundaries of M2-branes suspended between parallel M5-branes. Indeed, a subclass
of these solutions admits a defect interpretation in terms of M2-M5 branes ending on an
intersection of M5" branes and KK-monopoles. The new class of solutions gives rise, upon
reduction to Type ITA, to a novel class of AdSs x S%/Z;, x §% solutions fibred over two
intervals with A = (0,4) supersymmetries [5]. It was further shown in that reference that
a subclass of these solutions allows for a defect interpretation in terms of D2-D4 branes
within a D6-KK monopole intersection, where a 6d (1,0) CFT lives. Explicit quiver CFTs
realising the embedding of the D2-D4 branes in the 6d quiver CFT dual to this solution
were also constructed.

In this paper we further extend the aforementioned line of research by focussing on
AdSs3 solutions with A/ = (0, 4) supersymmetries in Type IIB string theory and their brane
origin. We start in section 2 constructing supergravity solutions associated to D3-NS5-
D5 branes intersecting with D5-NS5’ branes, that we generalise acting with an SL(2,R)



transformation. These brane configurations realise D3-brane boxes, like the ones discussed
in [37] (see also [38, 39]). The AdS3 backgrounds are obtained by extracting the near-
horizon limit of the aforementioned brane solutions. We then study in detail the two
classes of solutions that are S-dual to each other, in the near-horizon limit. In section 3 we
relate these solutions to the AdSs x S2 x T* x I solutions to massive Type IIA supergravity
constructed in [3], particularised to the massless case, and with the AdS3xS3 /Z, x S%x I x I’
solutions to massless Type IIA constructed in [5]. By doing this we provide a unified M-
theory picture in terms of the AdSz x S3/Zy x T*/Z x I solutions constructed in [4].
In section 4 we discuss the 2d CFTs dual to our solutions. We construct explicit 2d
quiver CF'Ts from the associated D3-brane box configuration. The solutions T-dual to the
AdS3 x S% x T* x I solutions in [3] are holographically dual to the same 2d CFTs. Instead,
we obtain the 2d quiver gauge theories dual to a particular global completion of the latter
through a 90 degrees rotation of the previous quivers, exchanging D5 and NS5 branes.

In section 5 we set to provide a surface defect CFT interpretation to the new classes
of solutions discussed in our paper. We first generalise the construction in section 2.1
to include D7-branes. We then show that these more general solutions admit a defect
interpretation within the 5d fixed point theory associated to the T-dual of the Brandhuber-
Oz solution [40]. This interpretation can be given through a map that relates our AdSs near-
horizon to the Type IIB uplift of the domain wall solution to 6d (1, 1) minimal supergravity
found in [30]. This domain wall is featured by an AdSs slicing and it crucially flows
asymptotically to an AdSg solution whose uplift to Type IIB (using the formulas in [41]')
gives rise to the T-dual of the Brandhuber-Oz solution. Section 6 contains our conclusions.
Appendix A contains a summary of the AdSsz x S% x CYy x I solutions and their 2d dual
CFTs following [3, 6-8], base of our field theory analysis in section 4. Appendix B contains
a summary of the main properties of the uplift to Type IIB supergravity [41] of the 6d
domain wall solution to 6d (1,1) minimal supergravity, that we use to provide the defect
CFT interpretation in section 5.

2 N = (0,4) AdS; backgrounds in Type IIB

In this section we present a new class of AdSs backgrounds of Type IIB string theory
with N/ = (0,4) supersymmetry. These solutions are defined by AdSz x S? x 5% x S!
geometries fibred over a 2d Riemann surface, and are obtained in the near-horizon limit
of D3-D5-NS5 branes ending on D5-NS5’ background branes, realising a D3-brane box
configuration [37]. The emergence of AdSs is crucially related to the requirement that
the D3-D5-NS5 brane system is fully localised in the worldvolume of the D5-NS5’ branes.
This particular distribution of D3-D5-NS5 branes breaks the SO(3) x SO(3) symmetry of
the set-up, leaving only small N' = (0,4) supersymmetry. We extend the previous class of
solutions by acting with an SL(2,R) transformation depending on a rotation parameter £
related to the quantised charges of (p,q) 5-branes.

!See also [42].



branes | t x' | r 61 62| 2z | p o' ©?* ¢
D3 X X — — | x|— — — X
D5 X X — — | X | x X X
NS5 X X — — | — | x x x x
D5’ X X X X |—|— — — x
NS5 | x X X X | x|— — — —

Table 1. Brane picture underlying our D3-D5-NS5-D5-NS5’ brane intersection. The system
describes a BPS/8 D3-brane box configuration.

2.1 AdSj3 from D3-NS5-D5-NS5’-D5’ brane intersections

We start considering the supergravity regime of a D3-NS5-D5 bound state ending on orthog-
onal NS5-D5’ branes. As we mentioned above, we choose D3-NS5-D5 branes completely
localised inside the worldvolume of the NS5-D5’ branes. This particular charge distri-
bution breaks the SO(3) x SO(3) symmetry group preserved on the worldvolume of the
orthogonal 5-branes and implies that the intersection preserves only 4 real supercharges.
We consider the following metric

dsty = Hpg/* [Hpg P Hpy' s + HyS B Hysss (dr? + r2ds)|
+H113/52,HN55H5;/2 a2 42 4 H M2 Hyss HY2HpA? dg? (2.1)
1/2 - 1/2

+ HD/5’HNS5’HD5/ ! 5 (dp” + p*dsy) -
The requirement that the D3-NS5-D5 branes are fully localised in the worldvolume of
the NS5-D5’ branes implies that the corresponding warp factors must be smeared, i.e.
Hps = Hps(r), Hnss = Hyss(r) and Hps = Hps(r). Moreover, we require also the
smearing of the NS5’ charge distribution along ¢. This assumption links this intersection,
depicted in table 1, to the Type ITA brane set-up studied in [5], describing D2-NS5-D6
branes ending on an intersection of D4-branes with KK-monopoles. Indeed, one can check

that both brane set-ups are related by T-duality along the ¢ direction. The gauge potentials
and the dilaton associated to this particular charge distribution are given by

Bg) = Hnss Hps Hygy 2 volgia Adr Avolge Adz+ Hyss Hps Hygs p° volgri AdpAvolga Adg,
Ce) = HNS5HD5H]551, r? volg1,1 Adr Avolge /\dq[)+HNS5/HD5/H6§ p2 volgi1 AdpAvolg, Adz,
Cay = Hps volgia AdzAdg,
¥ = Hpy/* Hpy* G HGs
(2.2)
where the D5 branes are taken completely localised in their transverse space, parametrised
by the coordinates (z, p). From the gauge potentials we can obtain the fluxes

H(g) =0, Hnss r? volge /\dZ+apHNS5/ p2 VOlSQ ANdo,
F(3) = —87«HD5 7"2 VOISQ /\d¢—apHD5, p2 VOISQ /\dZ+HD3H§SI5 HNS5’ 8ZHD5’ P2 d,O/\VOlgg ’

F(5) = 8TH6§ V01R1,1 AdTAdZAd¢+HD5/HNS5/ arHD3 r2p2 V0152 /\VO]Sv2 /\dp‘
(2.3)



With the fluxes (2.3) the equations of motion and the Bianchi identities of Type IIB
supergravity decouple in two sets. The first set describes the dynamics of the D3-NS5-D5
branes in terms of harmonic functions on R?,

V]%@HDS =0 with Hnss = Hps,

(2.4)
VEQ?HD5 = 0 .
The second set of equations is associated to the NS5-D5’ branes and is given by
VI%R/%HDW + Hyss BEHDE)’ =0 and v]%{gHNSE)’ =0. (2.5)
We can easily integrate the equations (2.4) and consider the particular solution
Hig(r) = Hyssr) = 1+ @22 () = 14 925 (26)

where it is now explicit that the conservation of charge forces the NS5 and D3 brane charges
to be equal.

We can now extract an AdSs x S% x S2x S' x I » X I, background by taking the limit
r — 0. This limit defines a class of solutions to Type IIB supergravity given by?

sTo = Q3/2Q1/2 Hpy/? (dSAdsg +7 dsSQ) QU Qns P HY 22+ Qps > QU Hp X Hysyr dg?

1/2 A—1/2 +41/2
+— Q / D5/ HD/5/HNS5’ (dp +p2d852),

Q 1
H(g) = —% V0152 ANdz+ 5 apHng,/ p2 VO]gz Ndo, QI/QQDI/2 D51//2H111/825’ )
1 1
Flg= %35 volg2 Adg — 5 9, Hps p* volge Adz+ ¢ Hysi O Hpg p* dpAvolgs
F(5)=2Qp3Qps volads; Adz Adp— Ql]g Hpy Hysy p? volgz Avolg. Adp. (2.7)

Because of the smearing of all the branes along ¢ we can take it as defining a circle. As
we will discuss in section 3, the solution is then related by T-duality to the AdSs x S? x
T4/Z4s x I, class of solutions constructed in [3], restricted to the massless case. These
solutions were obtained in the near-horizon limit of a bound state of D2-NS5-D6 branes
ending on a D4-KK intersection [5].

2.2 More general solutions through SL(2,R)

In this section we construct an extension of the brane solution (2.1) by acting with a
rotation within the SL(2,R) S-duality group of Type IIB supergravity. We introduce an

™

SL(2,R) element parametrised by an angle £ € [0, 5] as follows

— (Cf’sf _Si“5> : (2.8)

sin cosé

2We rescaled the Minkowski coordinates as (¢, z') — 2 Q1/2 Qps (t,z') in order to construct the unitary
AdSs metric. Subsequently, we also rescaled the charges Qps — Qps3/2, Qns — Qps/2 and the coordinate
p+— p/2 in order to be consistent with the dual field theory description provided in section 4.



Denoting by F(, s, ®s and ds%o,s the background fields describing the seed solution given
by equations (2.1) and (2.3), associated to D3-NS5-D5 branes ending on D5'-NS5’ branes,
the S transformation acts as usual in Type IIB supergravity,

_ Ccos§Ts —sing
 sinéT, 4 cos¢’

(p(g) > B (g _smg> (p(g),s > (29)
His siné cos¢ Hs s ’

where we introduced the axio-dilaton 7 = C +ie~®.3 The seed background has vanishing
axion, and with this transformation a profile for C(g) is generated. Given this, the 3-form
flux describing the rotated solution is given by F3)y = F(3y — C(g)H(3). Finally, since we
are working in string frame, we have ds¥, = |cos¢ + sin& 7| ds%%. Acting with these
transfomations on equations (2.1) and (2.3), we obtain for the metric

dsty = AV Hyg/? (Hpy'? Hpg!? dsfu + HYZ HYF Hysss (dr? + r2ds?:) )

1/2 —1/2 y7—1/2 —1/2 1/2 y7—1/2
+ HY2 Hyss Hpp ! Hpya'? d2? + Hy? Hxss HYE Hpyy? dg?

1/2 —1/2 ;71/2 (2.10)
+ Hyy Hxss s HYS (dp? + p2ds3,)]
Hpy H
A — CQ+ D5 D5 2’
Hyss Hnss

with s = sin{ and ¢ = cos{. The dilaton and the new Cg) fields can be extracted from
the axio-dilaton,

(2.11)

1/257=1/2 171/2 71/2 _1 ( Hpy Hps
e = AHDS// HDB/ HN/SS/HN/S57 Clo) = scA™ ( - 1) .

Hnss Hyss
From the expression above we see that the axion vanishes in the two extremes, i.e. { =0, 5.
Finally, the fluxes have the form
H 3y = cO,Hxss r? volg2 Adz+c0,Hnss p* volgs Ad¢p— 50, Hps r? volg2 Ad¢
-5 f)pHD5/ p2 Volgg ANdz+s HD3H§515HNS5’8,2HD5’ p2 dp/\VOISQ ,
F(l) = SCA_2 [HD5/H1\?SI5,H§SI5 (8THD5 — HD5H1\?SI587HN55> d’l“+ HD5H1\?SI5H1\?815/82HD5/CZZ
+HD5H1\_1515H1\_1515/ (8pHD5’ _HD5’H1\_1515/8/)HN85’) dp} N
Fz)y= A1 [—c@THD5 r? volg2 Ad¢p —cO,Hps p? volg, Adz

. Hps Hps
Hyss Hnss

+ CHD3H§§5HNS5/8ZHD5/ ,02 dp A V01§2 — Or Hnss r? volge Adz

5 Hps Hps
Hnss Hnss
Fi5 = OTHB?} volgi,1 Adr Adz Adp+ Hps Hyss O Hps 1"2,02 volgz Avolgs Adp. (2.12)

9, Hyss p>volgs A dgﬂ ,

3Note that one can consider as well more general SL(2,R) transformations that simply shift the axion.
These give rise to D5-NS5 configurations with extra D7-branes.



The equations of motion and Bianchi identities are equivalent to the following system of
equations,

V]%QHD?, =0, with Hnss = Hps and V%;,Hm =0,

: ) , (2.13)
VRgHDS' + Hnss' 0; Hps' = 0 and VR2HNS5/ =0.

Looking at the fluxes (2.12) it is manifest that the S transformation mixes the charge distri-
butions of D5 and NS5 branes along the (z, ¢) coordinates with the charge distributions of
the NS5 and D5’ branes along the (z, p, ¢) coordinates. This implies that 5-branes charge
conservation for the D5-NS5 and D5’-NS5’ brane set-ups is satisfied, respectively, along a
combination of the (z,¢) and (z, p, ¢) coordinates. The string background describes then
an intersection of orthogonal (p,q) 5-branes with D3 branes.

If we now consider the particular solution with Hps and Hps given by

Hps(r )—1+@ Hps(r )_1+@ (2.14)

the near-horizon limit r — 0 reproduces an AdSz x S2 x 5% x S x I p X I, geometry, with
the explicit form*

_ 1
dS?O = A1/2 [ SD/?)Q ]1)/52HD51/2 (dSQAdSS + 4d8§2)
+Q1/2Q_1/2 ]1)/5%(1 +Q_1/2Q1/2H551//2HNS5/(1¢2
+= Ql/2 1/2H]13/5%HNS5’ (dp2+ﬂ2d8%z)] )

QDs Hpys &2
QD3 Hyss

1 1
Hgy = D) cQp3volgz Ndz+ 3 s Qps volge Ado+ B capHng,/ p VOISQ ANd¢p

_AQUEQSPHIPHYE,  wih A

1 1
—3 50,Hps p? volgs Ndz+ 3 s Hygs 0. Hpy p* dpAvolgs,

—2@p _
F(l) =scA 2@]:)2 [ NS5’8 HD5/ dZ+HNS5’ (8 HD5’ HD5/HN515,8pHNS5/> dp} y

1 1 1
F(?,) = A—l [2 CQD5 VOISQ Ad¢+ 5 5QD5HD5/H1\71815’ V0152 ANdz — 5 CapHDE)/ p2 VOISZ Ndz

QD5 Hps
+ g CHNS516 Hps p dp/\VOlsz B QD3 HNS55/ GpHng,/ ,02 VOlSQ ANdo| ,
Fi5) =2Qp3Qps5 voladas; Ndz ANdgp — Q—]g D5/HNS5/p volgz Avolg, Adp, (2.15)

where Hps and Hygs must satisfy the conditions

1
vﬁg Hpsy + 7 Hysy02Hpy =0 and V]%%HNSF,/ =0. (2.16)

4We rescaled the Minkowski coordinates as (t, ') — 2 Q3/2 (t,2"), along with the charges Qps — Qpa/2,
Qb5 — Qps/2 and the coordinate p — p/2 as we did for the seed solution in (2.7).



From now on we shall take Hynss = Qnss//p. Since we rotated all the branes of table 1,
this background still preserves 8 real supercharges organised in A/ = (0, 4) supersymmetry.
It is easy to see that if £ = 0 we recover the solution (2.7), while for £ = T we get its
S-dual solution. We discuss in the next section that this solution is related via T-duality
to the AdSs x S3/Zy x §? x I, x 1, class of solutions constructed in [5], obtained in the

near-horizon limit of a bound state of D2-D4 branes ending on a D6-NS5-KK brane system.

2.3 Holographic central charge

In this subsection we derive the holographic central charge of the AdS3 backgrounds defined
by (2.15). The standard prescription links the inverse of the effective Newton constant
in 3d with the number of degrees of freedom of the 2d dual CFT. We extract cpo by
following [43-45].

Taking a generic dilaton and metric of the form,

— —

the central charge is obtained computing the auxiliary quantity

i < / 4\ /e~ det[g;j]a(C, §)d)2 , (2.18)

as
d d/2( fr) 25>
ey = S UOTH) = (2.19)
GN (H/)d

where Gy is the Newton’s constant in ten dimensions, Gy = 87%. For the backgrounds
defined by (2.15) we have

A 3/2 ~1/2 p7—1/2 _

d=1, a(C.0) =AY QY QU Hps ¢ b0 =¢7", (2.20)

where ( is the radial coordinate for AdSs written in the Poincaré parametrisation. The
final expression for the central charge is given by,

3
Chol = 55 5 Qb3 Qs Volgz2Volg, /d¢ dpdz p® Hps (2, p) Hyss (p) - (2.21)

From this expression it is manifest that the holographic central charge does not depend on
the parameter ¢ and is thus S-duality invariant.

3 Relation to N' = (0,4) AdS; solutions in Type ITA

In this section we focus on the two S-dual backgrounds arising from the class of AdSs3 x
52 x 52 x S' solutions obtained in (2.15), and relate them to known AdS3 solutions with
N = (0,4) supersymmetries in Type ITA through T-duality.

The case & = 0 has been discussed in section 2.1. It consists of D3-D5-NS5 branes
ending on D5-NS5’ background branes. The system is described by the brane solution (2.1)
and in the near-horizon by (2.7). The latter is a NV = (0,4) AdSg x 5% x §2 x S} x I, x I,



M2 - M5 on KK - M5’ - KK’
AdS3 x S%/Zy, x S3 )Ly x 1, x 1,

= S

D2 - NS5 - D6 on D4 - KK’ D2 - D4 on KK - NS5 - D6
AdS3 x 8% x S3/Zy x I, x I, AdS3 x S%/Zy, x S% x I, x I,
Ty Tx
D3 - NS5 - D5 on NS5’ - D5’ D3 - NS5 - D5 on D5 - NS5’
Angx52x§2xS(})xIpxlz > AngxS2><§2><S>1<><IP><IZ

Figure 1. Relations among the AV = (0,4) AdS3 backgrounds in Type IT and M-theory discussed
in this section. In the most general case the M-theory brane set-up can be reduced over the T2
parametrised by the (x,¢) coordinates to describe an intersection of D3 branes with orthogonal
(p, q) b-branes.

background defined by the functions Hps (2, p) and Hyss (p). It is easy to see that the
brane solution (2.1) is related by T-duality along the ¢ direction to a solution describing
D2-D6-NS5 branes ending on D4-KK’ background branes. Upon T-duality the S2? and the
S(}) give rise to a S3 that is modded out by the number of NS5-branes, which become
KK’-monopoles. The latter brane set-up was put forward in [5] as the brane intersection
underlying the general class of AdSs x S? x T*/Zy x I, geometries constructed in [3],
restricted to the massless case. It is easy to see that indeed both near-horizon geometries
are also related upon T-duality along the ¢ direction.

The M-theory realisation of the previous Type ITA solution is depicted in figure 1 (left).
The M-theory realisation is in terms of M2-M5 branes intersecting background M5’ branes
on an A-type singularity. The corresponding M2-M5-M5"-KK-KK’ brane intersection was
studied in [5]. This intersection gives rise to the AdSz x S3/Zy, x S3/Zs x I, x I, solutions
to M-theory constructed in [4] in the near-horizon limit. From these, one recovers the
AdS3 x S? x T*/7Z4 x I, solutions in [3] upon reduction along the Hopf-fibre direction of
the Sg/Zk

It was shown in [5] that the previous M-theory backgrounds can instead be reduced
along the Hopf-fibre of the second S® /Zys sphere, to produce a new class of AdS3 solutions
in Type ITA that also preserve N’ = (0,4) supersymmetries. The brane set-up underlying
these solutions is depicted in figure 1 (right). The Type IIA vacua generated by this
reduction have the form [5],

ds?y = 4\/§kQD4H561/2 {dsg&dsg + dsgi’ﬂk]

_ 1
+ \/iHDé/QHNSS dz* + EH%QHN% (d02 + PQdS?éz) ;
Qpe

_ ® _ o3/47y—3/4y1/2 .
Flg) = =3% volgs e® = PAHII L (3.1)

1
H(S) = _8pHNSS p2 dz N\ VOlgz + 5 Hpe 0. HNss p2 dp A VOISQ )

Fl4y = 8k Qpavolaas; N dz + 8k Qpa volgs 7, Ndz,



branes | t x' | r 0 62| 2z | p o' ©?* ¢
D2 X X |— — —| %X |— — — —
D6 X X |— — —| x| x X X X
NS5 X X |— — —|—|x x X X
D4 X X | X X X |—]|— — — —
KK | x x| x x x|x|— — — 180
branes | t ' | r 61 62 x z | p o P
D2 X X |— — — — X | — — —
KK X X |— — — ISO| x | x x X
D4 X X |— — — — | —| x X X
NS5 X X | x x X X | —|— — —
D6 X X | x x X X X | — — —

Table 2. BPS/8 brane intersections underlying the AdSs x S? x S%/Z; (left-side) and AdSs x
S3/Zy x S? (right-side) solutions to Type IIA of [3] and [5]. The intersections are T-duals to D3-
NS5-D5 branes ending on NS5-D5’ background branes.

with
1
v%@gHNSE) + iHDG a?HNSS =0 and Hpg = —. (3.2)

The parameters Qps and (Jpg represent, respectively, the D4-D2 defect charges and the
D6 background charges. The latter arise from the KK’-monopoles in 11d (see figure 1
or [5] for a more detailed study). This solution is related by T-duality along the Hopf-
fibre direction of the S3/Z;, that we have denoted by Y, to the AdSs solution in Type
IIB with £ = 7/2, obtained in section 2.2. This is also the case for the underlying brane
solutions before the near-horizon limit is taken. In turn, the Type IIB solution is related
by S-duality to the Type IIB solution with £ = 0, obtained in section 2.1. This relation
is in agreement with the common M-theory origin of the two Type ITA solutions T-dual
to them. The relations among the different AdSs solutions in Type II and M-theory are
depicted in figure 1. The underlying brane set-ups are depicted in table 2. Note that the
two aforementioned Type IIA string backgrounds define the simplest T-dual configurations
of a plethora of interpolating AdSs solutions in Type IIB at a generic £ angle, describing the
compactifications of the original M-theory set-up on the 7 parametrised by the Taub-NUT
directions of the two 11d KK-monopoles.

4 Field theory interpretation

In this section we construct quiver CFTs associated to the D3-brane boxes dual to our
AdS3 solutions. Using that the ¢ = 0 solutions are T-dual to the AdS3 x S? x T*/Z x I,
solutions in [3], they should be dual to the same 2d CFTs, constructed in [6, 7], and
we can avoid going through the detailed analysis of the field theory associated to brane
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Figure 2. Generic quiver field theory dual to the AdS3 solutions in Type IIB with £ = 0.

boxes, worked out in [37]. What simplifies a lot our analysis is the fact that the associated
quivers consist of linear quivers along the z-direction that are repeated &’ times along the
T-dual circle.

As recalled in the previous section, the solutions with £ = 7/2 are T-dual to the class
of AdS3 x S3/7Z;, x S? solutions to Type IIA constructed in [5]. Therefore, our analysis in
this section allows us to provide CFT duals to these solutions as well, by defining them
globally in a specific manner that we discuss. As a non-trivial check of our proposal we
show that the central charge matches the holographic result, connecting with our results
in subsection 2.3.

4.1 2d CFTs dual to the £ = 0 solutions

We start recalling the 2d CF'Ts dual to the solutions with ¢ = 0. Given that these solutions
are T-dual to the AdS3 x S? x T*/Zy, x I, solutions to Type ITA constructed in [3], they
are holographically dual to the same 2d CFTs. These CFTs were identified in [6, 7] (see [4]
for the restriction to the massless case),” for the case in which Hps is independent of
the coordinates of the 7. We have summarised the main properties of the construction
in [4, 6, 7] in appendix A, to which the reader is referred for the details. Translated to
Type 1IB language, the quivers proposed therein contain gauge groups associated to D3
and D5 colour branes stretched between NS5-branes in the z direction, as well as flavour
groups associated to D5’-branes, orthogonal to them. In the ¢ direction, that parametrises
the S1, the D3-branes stretch between k' NS5'-branes, repeating the configuration in each
z interval k' times. The specific matter content guarantees gauge anomaly cancellation
in 2d. We have depicted the IIB quivers for ¥’ = 1 in figure 2. They are in one to one

5Recall that our Type IIB configurations do not include D7-branes, so they are related to the solutions
in 3] restricted to the massless case.
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correspondence with the quantised charges associated to the solutions, given by

NS = (271_r)2 /S'2><Sl Fgy=Qps =k, (4.1)
NI(DQ’ = (2717)2 /lpxS2 Fgy = 2m Qngy Hpy = 5. (4.2)
Ngy = (271& /IPX o P = Onsy (Hm/ —(=- 27rj)H]55,) —a;,  (43)
N = (271T)g /1sz2 Hig =1, (4.4)
NIEIQE)/ = (2717)2 /Slx§2 Hgy = Qnsy = K, (4.5)

where the charges are computed in the 275 < z < 27(j + 1) interval, as required by the
enforcement of the condition ﬁ $s2 B(2) € [0,1). Indeed, as discussed in appendix A, this
implies that B(y) has to be defined as

1 ) 1
By =—35 (Z - 27TJ) volsz + 5 Qnsy' cos g1 diz A dep, (4.6)

for 2mj < z < 27 (j + 1). Moreover, in order to recover the quantised charges prior to the
T-duality transformation, the integration in p has to be regularised. This is best done in
the formalism of appendix A, where the p coordinate comes from the rewriting of the 7%
as a fibration over a 3-sphere

(2m)* = Volps = Volg, /p3 dp (4.7)

where’ ds%4 =dp® + p2ds?§3. This condition defines the & = 0 solutions globally in such a
way that they are related by T-duality to the AdSz x S2 x T* solutions constructed in [3].

The defining function Hpy that gives rise to the final expressions in (4.1)—(4.5) is given
by (see (A.5)),

2’8—7‘;2 0<z<2m
OnasHos () ={ a;+5(z—2mj) 2mj<z<2r(j+1), j=1,...,P—1 (48)
ap— $E(z —2nP) 2nP < z<2mn(P+1),
where

j—1
aj=>Y Bi. (4.9)
=0

The choice of constants is imposed by continuity of the metric and dilaton. This choice
implies discontinuities in the RR-sector, that are interpreted as generated by D5’-brane

5The AdSs x 52 x 52 x S Type IIB solutions given by (2.15) depend on the parameters Qps, Qps, @nss’
and on the function Hps/. For the sake of clarity and to make manifest the links with the ITA solutions
of appendix A, we have fixed them as: Qpsz = 1, Qps = k, Qnss = k’. Furthermore, we have fixed the
constant u of the ITA solution (A.5) as u = Qps. In this way we get Hpss = hy under T-duality.

"To be coherent with the ITA notation of appendix A we reparametrized the coordinate p as p —

1/2  1/2
Qs P /2
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sources in the background. In order to describe well-defined, finite, 2d CFTs the I,-
direction needs to be globally defined. This is achieved requiring that Hps (z) vanishes
at both ends of the z-interval, that are taken at z = 0, 2r(P + 1). This introduces extra
D5’-branes in the configuration, as depicted in figure 2.

4.1.1 Central charge

As summarised in appendix A, the central charge of 2d (0,4) CFTs is computed from the

anomaly of the U(1)g current, from where [46]

ccrr = 6 (nhyp - nvec) . (4.10)

This gives for the quiver CFTs depicted in figure 2,

P-1 P-1 P

Nhyp = Z Qi1+ Z Otj(,Bj_l —ﬂj)—l-OéP(ﬁPfl +C¥p)+(P— 1)k2+k2aj—|—a%—l—2k:2
j=1 =1 j=1
P

:Za§+2ajﬁj 1+ (P+1) kQ—i—kZa], (4.11)

: j:l
P

Thyee = Zaj + Pk>. (4.12)
j=1

The final result for the central charge is

P P P P
ccrT = 6 (k‘ Z a; + Z Oéjﬁjfl + /€2> =6 (QD5 Z a; + Z Oéjﬁjfl + QQDB) (4.13)

Jj=1 Jj=1 Jj=1 Jj=1

We can compare now this expression with the value of the holographic central charge
computed in subsection 2.3. Using the regularisation (4.7) for the integration in p we find

31 3 _
Chol = ;E/dz hg h4 = ;QDg)QNéy /dz HD5/. (4.14)

Substituting Hps as given by equation (4.8), we obtain

Chol = 6 (QD5 ZP: aj). (4.15)

j=1

In these calculations it is implicit that the QQps and QQnss charges are smeared over intervals
of length 27w. However, in our case the D5-brane charge is smeared over a z interval of
length 27 P. This introduces an extra factor of P in both the field theory and holographic
calculations.® In turn, it is customary to scale the ¢ direction such that it runs between
0 and 27k’, such that one NS5’ brane is created at each ¢ = 27 position. In such case we

8In [7] it was shown that the CY2 becomes of sub-stringy size and therefore the supergravity solution is
no longer valid, unless the previous rescaling, Qps — @ ps P, is performed.
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Figure 3. Example of 2d (0,4) quiver with gauge groups of linearly increasing ranks.

must introduce an extra factor of k' in both the field theory and holographic calculations.
The final result of both calculations is then

P P
corT = 6 Qnss (QD5P i+ aifi+ Q2D5P2>7 (4.16)
=1 =1
and
P
Chol = 6 Qp5Qnss P Y _ ). (4.17)
=1

In [6, 7] (see also [47]) a variety of examples of long linear quivers with sparse flavour groups
and large ranks were considered in detail, with the conclusion that both expressions agree
to leading order, when the background is a trustable description of the CFT. The reader is
referred to these references for more details. Here we just present a simple example where
this is shown explicitly. This is the quiver depicted in figure 3. In this case we have 3; = (3
forj =1,...,P—1, and aj = jP for j = 1,..., P. The calculation of the field theory
central charge gives

P(P+1)
2

(P+1)

P
+ 3 5

ccrT = 6 Qnss <QD5P + Q12)5P2> ~ 3QnsyQpsP?,  (4.18)

to leading order in P, in agreement with the holographic result

P(P+1
Chol = 6 @Qnss' @ps P (2)

4.2 2d CFTs dual to the £ = /2 solutions

~ 3 Qnsy Qps P? . (4.19)

Given the S-duality relation between the £ = 0 and the £ = /2 solutions, the quivers
discussed in the previous section describe as well the 2d CFTs dual to the latter solutions.
Indeed, as shown in [48], it is possible to read the CFT S-dual to a given CFT realised in a
5-brane web by rotating the brane web by 90 degrees, with NS5 and D5 branes exchanged.
An example of this is depicted in figure 4. In our case, given that our D3-brane box
configuration is S-duality invariant, the same quivers described in the previous subsection
are dual as well to the £ = 7/2 solutions. It is instructive however to show how this
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Figure 4. Example of a 5d quiver CFT and its S-dual. In the left figure horizontal lines are
associated to D5-branes and vertical lines to NS5-branes. It describes a 5d gauge theory with gauge
group SU(2) x SU(2). In the right figure D5 and NS5 branes are exchanged, such that it describes
a 5d gauge theory with gauge group SU(3) and two fundamental flavours, S-dual to the former.

description arises in the strong coupling regime. In this regime the low-energy field content
arises from open D1-strings living in D3 and NS5 colour branes stretched in z between
D5 branes, with extra NS5 flavour branes orthogonal to them. The quantisation of the
open D1-strings gives rise in the strong coupling regime to the same field content as the
quantisation of open F1l-strings in the weak coupling regime. This is guaranteed by the
S-duality invariance of Type IIB string theory. This can be realised explicitly through a
careful computation of the quantised charges associated to the £ = 7/2 solution. This
computation gives

N)s = (271T)2 /S2xsl H) = Qps, (4.20)
Ny = (271T)z /szsz H) = 27 Qnss Hps = Bj (4.21)
NI(DQ = (271r)4 /Ipx§2xs2 ]3‘(5) = Qﬁéy <HD5’ — (Z — 27Tj)H],)5/> = qj, (4.22)
NS = (271T)2 /szs2 Fg =1, (4.23)
NGl = (271T)2 /slx52 Fi3) = Qnss' - (4.24)

From these expressions, and using open D1-strings as the light degrees of freedom of our
theory, we can easily reproduce the quivers depicted in figure 2, through an analysis identi-
cal to the one performed in the previous subsection. Let us now explain the origin of these
quantised charges.

The expressions (4.20)—(4.24) are computed from the Page fluxes associated to the
& = /2 solution, given by (2.15). They are S-dual to the quantised charges of the £ = 0
solutions, given by equations (4.1)—(4.5). In order to achieve this we have taken due care
of the large gauge transformations of the C() RR-potential. As we have discussed, in the
& = 0 solutions a large gauge transformation of gauge parameter j needs to be performed
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for 2mj < z <27 (j + 1) in order to satisfy that ﬁ $g2 B(2) lies in the fundamental region
[0,1). This condition becomes 13 fg> C() € [0,1) after S-duality. Note that even if this
condition cannot arise in perturbative string theory, it arises non-perturbatively when the
fundamental degrees of freedom come from open D1-strings. This gives

1 ) 1
Clo) = 9 (Z - 27?7) volgz — iQNSH cos 1 dpa A dg, (4.25)

for 27§ < z < 27w(j+1). This must be taken into account in the calculation of the quantised
charges, where z must be integrated in the 27j < z < 27 (j 4 1) interval. Moreover, in the
absence of D7-branes, the RR 5-form Page flux transforms under S-duality as

ﬁ'(5) = F(5) — F(3) AN B(g) — ﬁ(5) = F(5) + H(g) A 0(2) (4.26)

This is the expression for the F(s) Page flux used in equation (4.22) in order to reproduce
the D3-brane quantised charge. Taking these features into account and the regularisation
prescription (4.7) for the p-integrals, we finally reproduce the quantised charges given
by (4.20)—(4.24), realising explicitly the S-duality invariance of Type IIB string theory.

4.3 2d CFTs dual to the AdS3 x S3/Z; x §% x I, x I, solutions to Type ITA

As we discussed in the previous section, the { = 7/2 solutions to Type IIB whose dual
CFTs we have just identified are T-dual to the class of solutions to Type ITA supergravity
found in [5]. These solutions are described by AdS3 x S3/Z; x S? geometries fibred over
two intervals.

One can easily check that upon T-duality along the ¢ direction, the S? and the S of
the solutions defined by (2.15) build up an S% modded out by Z;,, and give rise to the AdS3 x
S3)Zy, x S* x I,x I, solutions to Type IIA given by (3.1), found in [5]. This class of solutions
must thus be holographically dual to the same 2d CFTs dual to the £ = 7/2 solutions.
These CFTs have been identified in the previous subsection for Hps independent of the p
direction and with the specific dependence on z defined by equation (4.8). Therefore, these
quivers are dual to the same subclass of AdS3 x S3/Z;, x S? x I, x I, solutions to Type
ITA. In this case the nodes of the quivers are associated to D2 and D4 branes stretched
between NS5-branes along the Hopf-fibre direction of the S3/Zj,, that we have denoted by
X in the previous section.

A clash seems to arise at this point between the previous CFT description and the 2d
dual CFTs proposed in [5], holographically dual as well to the AdS3 x S3/Z; x S? x I, x I,
solutions. The way out to this apparent puzzle is that the solutions studied in [5] are
defined by a function Hps (or h4 in the notation of [5]) that depends on both intervals z
and p in a very specific manner, that allows to complete them globally by an AdS~ solution
in the UV. This solution is defined by a foliation of AdS7 x S? over an interval.? The
interval arises as a combination of the z and p coordinates of the AdSs solutions, while the
S? is identified with the S? in the internal space of the AdS; geometries. In turn, the AdSs
subspace combines with the S®/Z;, and another combination of the z and p directions to

9More specifically, it is the restriction to the massless case of the general class of AdS7 solutions to
massive Type ITA constructed in [50].
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build up an AdS7 space asymptotically. Closing the interval present in the internal space of
the AdS7 solution with D6-branes, as done in [50], a globally completed solution can then
be defined. In this global completion the 2d CFT is deconstructed into a 6d CFT in the
UV, while it remains two-dimensional at lower energy scales, describing a surface defect
CFT embedded within the 6d CFT. Explicit quiver CFTs realising this feature explicitly
were constructed in [5].

Instead, the 2d quiver CFTs that we have proposed in this section are dual to the
solutions defined by Hps (z) given by equation (4.8). Being Hps p-independent, the so-
lutions cannot be completed globally with an AdS7 space and one needs to resort to an
alternative mechanism that renders a finite 2d dual CFT. We have used the T+S+T
duality transformation that relates these solutions to the AdSz x S? x CYy solutions con-
structed in [3] to propose such mechanism. Our analysis shows that the general class of
AdS3 x S3/Zy, x S% x I, x I, solutions to Type IIA found in [5] admits rather different CFT
realisations depending on the explicit form of the Hps function that defines the solutions,
together with the prescription taken to define them globally.

5 Surface defects within AdSg in Type IIB

In this section we extend the analysis of section 2 by including D7-branes. We show that a
subclass of these solutions asymptotes locally to the AdSg x S? x ¥y solution in the general
class of [51-53] that arises upon T-duality from the Brandhuber-Oz solution [34].

The T-dual of the Brandhuber-Oz solution was obtained in [35], and further discussed
in [54, 55]. The Type IIB interpretation is given in terms of a D5-NS5-D7 brane intersection
that reproduces, in its near-horizon, an AdSg x S? x ¥y solution in the general classification
in [51-53], with X9 an annulus. This solution represents the only known explicit solution
where Y5 is an annulus in this general classification.

In this section we put on top of the aforementioned intersection extra D3-NS5-D5
branes. This breaks the isometries of the 5d Minkowski spacetime in the D5-NS5-D7 brane
intersection to SO(2, 1) xSO(3). The first one is the group of isometries of the 2d Minkowski
spacetime, while SO(3) is an R-symmetry group. The near-horizon regime associated to
this bound state extends the class of NV = (0,4) AdS; x S? x S? x S' x I, x I, vacua
of Type IIB string theory obtained in section 2 to include D7-branes. These vacua are
T-dual to the AdSz x S? x T4/Z;s x I solutions to massive IIA in [3], with the T-duality
taking place along the Hopf-fibre direction of the 3-sphere contained in the T*/Z,. Within
this class of solutions we identify the ones that asymptote locally to AdSg, and thus allow
for a defect interpretation within a 5d fixed point theory. For this purpose we relate the
AdS3 backgrounds with a 6d domain wall reproducing asymptotically locally AdSg, found
in [30]. In doing this we make crucial use of the compactification of Type IIB around the
AdSg x S? x ¥y vacua in [51-53] constructed in [41].

5.1 The T-dual of Brandhuber-Oz from D5-NS5-D7 branes

In this section we briefly explain the brane construction that underlies the AdSg x S? x 9
vacuum T-dual to the Brandhuber-Oz solution. This will be useful when we include extra
defect branes in the next subsection.
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branes | t x' 22 2% 2* | 2z | p ! P2 @
D5 X X X X X |—|— — —| X
NS5 X X X X X |x|— — —|—
D7 X X X X X |—|x X X | —

Table 3. Brane picture underlying the AdSg x S? x ¥ solution T-dual to Brandhuber-Oz. The
system is BPS/4.

It is well-known that in order to reproduce the AdSg x S* vacuum of massive Type
ITA [34] from a brane set-up, one has to include KK-monopoles, introducing an A-type
singularity in the space transverse to the D4-D8 branes [35]. T-dualising to Type IIB
along the Taub-NUT direction of the monopoles gives rise to the D5-NS5-D7 brane system
depicted in table 3. Following the discussion in [35], we now derive the AdSg x S? x 3
geometry that arises at the near-horizon of this brane intersection, by providing the explicit
parametrisation in which AdSg is manifest. The background that arises is the T-dual of
the Brandhuber-Oz solution, with the T-duality taking place along the Hopf-fibre direction
of the half 3-sphere.

We start considering the following metric

ds3y = Hot P H M 2 ds?e s + HYPHY2d2? + HY?Hp 2 Hygsdd?

- (5.1)
+ HD71/2H]%)/52HN85 (dp2 + p2ds%2) s
with gauge potentials and dilaton given by
Bg) = HprHyds volgia A dz,
Ce) = Hpt volgia Ado,
=05 (5.2)

C(s) = HxssHpyp p* volgia Adp A volge
®  pyp—1171/2 17—1/2
e” = Hpy Hygs Hps' ™ -
A simple solution can be obtained by assuming the smearing of the NS5 and D7 branes

along the ¢ direction, i.e. Hngs = Hngs(p) and Hpy = Hpr7(z). With this prescription the
fluxes take the form

Fuy = 0.Hp7d¢
H 3y = 9,Hxss p*volge Ado (5.3)
F(g) = —Hpy 8pHD5 p2dz A volgz2 + Hnsgs 0, Hps p2dp Avolge .
The equations of motion and Bianchi identities collapse to the following equations
Vs Hps + Hpg Hyss 92Hps =0 and Vi Hxss =0, (5.4)
with Hpr such that 0?Hpr; = 0. A particular solution for the equations (5.4) is given
by [35],

Qs 5. Huss= @nss . Hpr = Qprz, (5.5)
(4QNS5P + %sz?’) P

Hps =1+
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where Qps, Qp7 and Qngs are related to the quantised charges of the D5, D7 and
NS5 branes.

The best system of coordinates to study the near-horizon limit of this background is
obtained by combining the coordinates (z, p) as

1
e= Qs (s, p= Qi (5.6)

with s = sina and ¢ = cos . Expressing solution (5.5) in terms of these new coordinates,
the near-horizon regime is obtained in the limit ( — 0, when one can neglect the 1 factor
in Hps. In this limit the 10d background takes the form!'°

4
P ds?y = s1/3 dszAdS6 + 97 cPdss + §da2 + 904 Q%5 ¢ 25%3dg? |

25/3 Q
_ o _ NS5  _1_-2/3
H(g) = —QNS5V0152 VAN d¢, e = W m c S / s (5 7)
D7 %D5 .
Fuy = Qprdo,
1/3
5 Qp7 Ups 3 1/3
Fs) = 275328 Qness c’s°volge N da,
5/6 _

where (2 = (g / ]13/73 D;/ % This background preserves 16 supercharges and, as shown

n [55], belongs to the general classification in [51-53] for a Riemann surface X9 with the
topology of an annulus, parametrised by the coordinates («,®). We would like to stress
that the change of coordinates given by equation (5.6) plays a crucial role in the derivation
of the AdSg background (5.7) from the brane solution.

5.2 The brane set-up

In the previous section we showed how to reproduce the T-dual of the Brandhuber-Oz
solution as the near-horizon limit of the D5-NS5-D7 brane set-up depicted in table 3.
In this subsection we intersect the aforementioned bound state with extra D3-NS5-D5
branes. The resulting brane set-up is depicted in table 4. The intersection with these
additional branes breaks the isometries of AdSg to those of AdSg and reduces the number
of supercharges to 8, organised in N' = (0,4) Killing spinors with SU(2) R-symmetry.

The string background we are interested in can be obtained by plugging the brane
solution (2.1) on a D7 background. Therefore, we consider the metric

dsly = Hpy*Hpg!® | Hpy'? Hpg'? s + HYZ HY Hyss (dr? + rdss)|
+ Hyy Hyjyy Hyvss Hpy Hp*d= + Hyp Hyy/* sy Hygg Hpy de® — (5.8)
+ Hpt P HY Hysy Hps P H (dp? + p2ds2,) .

We require that the D3-NS5-D5 branes are fully localised within the worldvolume of the
NS5-D5-D7 branes. This assumption implies the smearing of the corresponding warp
factors, i.e. Hps = Hps(r), Hnss = Hnss(r) and Hps = Hps(r). Concerning the charge

1OWe rescaled the 5d worldvolume coordinates as (t, ) — £72 géés(t, zb).
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branes | t x' | r 61 62| 2z | p o' ©?* ¢
D5 X X |x x xX|—|— — — x
NS5 | x x| x x X |xX|— — — —
D7 X X | X X X |—]x X X  —
D3 X X — — | x|— — — X
NS5 X X |— — —|—]|xX X x X
D5 X X |— — —| x| x X X  —

Table 4. Brane picture underlying the intersection of the D5-NS5’-D7 branes depicted in table 3
with extra D3-NS5-D5 branes. The system is BPS/8.

distributions within the NS5-D5’-D7 brane intersection, we consider the ones that give
rise to the AdSg background of the previous subsection, namely Hnss = Hnss (p), Hpr =
Hpz(z) and the D5 branes fully localised in their transverse space. We introduce the
following gauge potentials and dilaton associated to this particular charge distribution,
By = HD7HNS5HD5H§SI5,T2 volgi,1 Adr Avolge A dz
+ Hp7 Hxss Hps Hygsp*volgin A dp A volgs A de,
Cr) = HD3HN55HNS5/H571 r2p2 volgi1 Adr Avolge Adp Avolgs ,
C(6) = Hnss Hps Hpyg 7 volgia A dr A volgz A dg (5.9)
+ HNS5/HD5/H551 p2 volgi1 Adz Adp Avolgs
Cy = HprHpj volgii Adz Adg,
e = Hyyg Hpg!* sy Hpg s
The fluxes can be worked out from the above gauge potentials,

H3y = 0, Hxss r?volgs A dz + 0,Hxss p*volgs A dg,
Fuy = HygsHps 0:Hpr do,
F3) = Hpz 0, Hygs r*volgz A d¢ — Hpy 0,Hps pdz A volg,
+ HpsHygs Hnss p° 0-Hpss dp A volgs,
F5) = Hpr 37«H531 volgi1 Adr A dz A dg + Hps Hxss 72 p* 0 Hpzvolge A volg, Adp.
(5.10)
As for the intersection considered in section 2.1, the equations of motion and Bianchi

identities of Type IIB supergravity decouple into two independent systems, describing,
respectively, the D3-NS5-D5 and D5-NS5'-D7 intersections. For the first intersection we get

viﬁﬂm =0  with  Hps = Hngs = Hps. (5.11)
This equation can be easily solved by means of harmonic functions,
Hps(r) = Hss(r) = Hps(r) =1+ 7Q:?3 . (5.12)

We point out that the number of independent parameters remains the same as in the
background without D7 branes. In fact, the Bianchi identities for F{3) now relate the
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5-brane charges Qps, Ons5 via the D7-branes flux F(y). In turn, the dynamics of the
D5’-NS5/-D7 branes is completely fixed by the equations given by (5.4), with 9? Hp7 = 0.

We now study this 10d geometry in the limit » — 0. This limit defines a class of
solutions of Type IIB supergravity of the form!!

dsty = QbsHpy " Hp/? |4dsias, + dske | + Hy? HYd2? + HY Hyyg/? Hyss dg?
+ Hpyy P Hifgt Hyss (dp? + pds2,) |
H(3) = —Qp3volgz A dz + 8pHNS5/ pQVOISQ ANdo, e® = HB%HB;/QHé/SQE), ,
Fuy = 0.Hp7d¢,
F(g) = —Qp3Hprvolg2 A dp — HD7apHD5/ p2d2 A VOISQ + Hnssy p2 0, Hps dp A VOIS’Q ,

F(5) = 8@12:)31‘][)7 VOlAdS3 ANdz Ndo — QD3HD51HNS5/,O2 volg2 A VOISQ ANdp.
(5.13)

The backgrounds (5.13) constitute a new class of N' = (0,4) AdS3 solutions to Type IIB
string theory, for Hps, Hnss and Hp7 solutions of the equations

V%{%HDE)’ + HB%Hng)/ 8§HD5/ =0, V%%HNS5/ =0 and 8§HD7 =0. (5.14)

In the next subsection we consider the particular solution defined by the equations
in (5.5), giving rise in the UV to the AdSg vacuum T-dual to the Brandhuber-Oz solution.
We study the particular way in which the D3-NS5-D5 brane intersection breaks the isome-
tries of the AdSg solution and gives rise to a surface defect at the locus of the intersection.

5.3 Surface defects within the T-dual of Brandhuber-Oz

In this section we show that the solutions in (5.13) can be given an interpretation as surface
defects within the AdSg x S? x X5 solution T-dual to Brandhuber-Oz, given by (5.7). We
reproduce this geometry from the uplift of a 6d domain wall characterised by an AdSs slicing
and an asymptotic behaviour that reproduces locally the AdSg vacuum. This solution was
found in [30] in the context of 6d N' = (1, 1) minimal gauged supergravity. See appendix B
for more details on this theory and its embedding in Type IIB.

We consider the following 6d background [30]

ds? = VW (4 ds%ds3 + dSQSQ) + eV Wgy?
Bg) = b(u) volg (5.15)
X =X(n).
This background is described by the following set of BPS equations

U+v
X2’

e

U'=-2¢"F, X' =2¢"X2Dxf, V= (5.16)

"'We rescaled the Minkowski coordinates as (t,z') + 2 Q3D/32 (t,zh).
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together with the duality constraint'?

b=—-eVX, (5.17)

and the superpotential f written in (B.9). This flow preserves 8 real supercharges (BPS/2
in 6d). In order to obtain an explicit solution of (5.16), a parametrisation of the 6d
geometry needs to be chosen. One then obtains [30],

Q2U _ 3-2/3 < 1% )2/3 o2V _ 16
= 1 ; = 1
pt—1 9 (p*—1)
f (5.18)
4 ’u4/3
b - — X = //Ja

31/3 (,U4 _ 1)1/3 ’
with p running between 0 and 1. In the regime p ~ 1 the 6d background is such that

20

Rg=—7¢"+0(1 - w23, X=1+001-p), (5.19)

where Rg is the 6d scalar curvature. The 2-form gauge potential gives sub-leading contri-
butions in this limit. This implies that the asymptotic geometry for p — 1 is locally AdSe.
In the opposite limit, u — 0, the 6d background is manifestly singular. From a 10d point
of view, this is due to the presence of the D3-D5-NS5 brane sources.

Let us consider now the uplift to Type IIB supergravity of the aforementioned 6d
domain wall. Using the truncation formulas'? of [41], summarised in (B.1) and (B.8), one
obtains the following Type IIB AdS3 background,

dsly = f3 eV (4dshas, +dska) + fE 2V dp? + f3 ds%, + AN? dwdw,

o 2aBtaB) L G - (@2 —a) - (82— 57
(a+a)?—(8—p)? "at+a)p—(B-Bp2

By =i% {ch C3(A AL A A)} volgs + cg(av + @) bvolge

Clo) = 56 [Cgc —3AL +A A+ A )} volg, —icg(a — @) bvolge ,

Fi5) = 16icg |k [ X eV dw A dw + X2beV TV dp A (0G dw — 0G diw) | A volaas,

2
266

+ 35 {gx‘* Vdu+ b dg} A volgs A volgs , (5.20)

with @« = A, — A_ and 8 = CX?/v/D. The other relevant quantities are given in (B.2)-
(B.5).

It is possible to show that the background (5.20) is equivalent to the metric (5.13)
describing the near-horizon of the D3-NS5-D5-NS5/-D5-D7 intersection, for a particular

12YWe take the 6d mass parameter m = 1 and g = % (see [30]) to agree with the notation of the truncation

formulas in [41].
13Here the metric is given in the Einstein frame.
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choice of Hpy7, Hps and Hngs. First of all we extract from the equations (5.14) an explicit
form of the solution for Hpy,

Hp7 = Qo7 2, (5.21)

and impose the following contraints on the holomorphic functions featuring the dimensional
reduction

5 = - 3QNsy o — @
C==C_, A A - A, - A== 5.22
+ + + 6 Opr o+ a ( )

A crucial point to relate the two Type IIB backgrounds is the following mapping between
the coordinates (z, p, @) of the string background (5.8) and the parameters that define the
domain wall solution,

2 . —

C6 _ U 266 3U —1 1 o —
z=—(a+a)e’ X, =——="Ge" X, =—— —. 5.23
QD3( ) P 3D3 Qp7r o+« ( )

From here and making use of the 6d BPS equations (5.16)—(5.17), one can then express
the warp factors describing the D5" and NS5’ branes in (5.13) in terms of the 6d domain
wall and holomorphic quantities of the Riemann surface, as

Qbs

3
18¢2 Qnss gD e VX?, Hygy = D325 g=1,=3U x — X0
6 /

(5.24)

One can check that these expressions satisfy the equations of motion for Hps and Hyngy
written in (5.14).

We have thus shown that the A' = (0,4) AdSs background (5.13), describing the near-

horizon limit of D3-D5-NS5 branes ending on the D5-NS5-D7 brane system, reproduces

in a particular limit the AdSg vacuum (5.7), for Hp7, Hps and Hyngy given by (5.21)

Hpy =

and (5.24). Both the AdSg and the X5 geometries arise thanks to a non-linear mixing of
the (z, p, ¢) coordinates of the brane solution (5.8). The fact that the near-horizon geom-
etry (5.13) can be related to a 6d domain wall admitting locally AdSg in its asymptotics
hints, from the supergravity point of view, at a defect interpretation. The 6d domain wall
captures the effect of the D3-D5-NS5 branes intersecting the D5-NS5’-D7 bound state. In
the domain wall coordinates, when p — 0, we approach the 6d singularity of the domain
wall, which defines the locus of the defect, where the branes intersect. Instead, in the
opposite limit, i — 1, a locally AdSg x S? x 3y vacuum with additional fluxes describing
the charges of defect D3-NS5-D5 branes is recovered, for an observer far from the locus of
the intersection.

6 Conclusions

In this paper we have constructed two new families of AdS3 x 5% x 52 x S solutions to Type
IIB supergravity with (0,4) supersymmetries, fibered over two intervals. These solutions
are T-dual, respectively, to the class of AdS3 x §? x CY3 x I solutions to massive Type ITA
supergravity constructed in [3], for the case in which CYy = T%/Z;/, and to the class of
AdS3 x 83 /7y, x 52 % I x I’ solutions to massless Type ITA supergravity recently constructed
in [5]. In the absence of D7-branes our two classes of solutions are S-dual to each other, and
we have shown that, in fact, a wider class of solutions can be constructed by acting with
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SL(2,R) on any of the two classes of solutions. We have discussed the M-theory realisation
of the S-duality relation, identifying the AdS3 x S3/Zy x T*/Z;s x I M-theory solutions from
which the two classes of solutions arise upon dimensional reduction on different directions.
This class of solutions was recently constructed in [4].

We have identified the brane intersections underlying our two classes of solutions.
Both of them consist of D3-brane boxes preserving 4 Poincaré supersymmetries, like the
ones studied in [37]. We have provided explicit supergravity solutions that describe these
intersections, from which our two classes of AdSs solutions arise in the near-horizon limit.
We have generalised the first intersections to include D7-branes. From the D3-brane boxes
we have constructed explicit 2d quiver CFTs dual to our two classes of solutions. For
the first class we have exploited the T-duality that relates them to the D2-D4-D6-NS5-
D8 brane intersections that underlie the AdS3 x S? x CYq x I solutions to massive Type
ITA supergravity constructed in [3]. The 2d quiver CFTs dual to these IIA solutions were
studied in [7, 8]. We have shown that T-duality imposes a regularisation prescription for
one of the interval directions that allows for a one to one mapping with the solutions
in [3]. Both classes of solutions then share the same 2d dual CFTs. For the second class
of solutions we have used the S-duality that relates them to the first class (in the absence
of D7-branes) to identify the corresponding 2d dual CFTs. We have provided both a non-
perturbative description, in terms of open D1-strings, and a perturbative one, in terms of
open Fl-strings. Moreover, we have shown that the central charge is in agreement with
the holographic result.

As a result of our previous analysis we have provided explicit dual CFTs to the class of
AdS3 x S3/7Zy, x S% x I x I solutions to massless Type ITA supergravity constructed in [5].
These solutions are related by T-duality to our second class of IIB solutions in a convenient
regularisation scheme, and are thus holographically dual to the same family of 2d quiver
CFTs. We have discussed the relation between these CFTs and the ones already proposed
in [5], which were interpreted as surface defect CF'Ts within the 6d (1,0) CFT dual to the
AdSy solution to massless Type ITA supergravity [35]. The key result that allowed for this
interpretation is the mapping found in [5] between a subclass of these solutions and the 7d
domain wall solution constructed in [29], which reproduces asymptotically locally the AdS;
geometry in the UV. We have clarified that the class of solutions whose dual CFTs have
been identified in this paper are defined in terms of a function Hps (or hy, in the notation
of [5]) that must be independent of one of the two intervals. In turn, the class of solutions
considered in [5] must have a non-trivial dependence on both directions. This turns out to
be a crucial difference between the two families of solutions that significantly changes their
CFT interpretations. In contrast with the Type IIA solutions, we have not been able to
provide a surface defect interpretation for our second class of Type IIB solutions for any
Hps function. This was to be expected given the absence of AdS7 solutions in Type 1IB
supergravity. We have tried to link the solutions with the 6d domain wall found in [30],
asymptotically locally AdSg, which would have allowed for a surface defect interpretation
within a 5d fixed point theory, but we have not succeeded. The relation between D3-brane
boxes and 3d N' = 4 CFTs found in [37] (see also [59, 60]) is suggestive that a defect
interpretation within these CFTs could be possible.
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We have seen that our first class of solutions to Type IIB allows for a surface defect
interpretation when D7-branes are present. Indeed, we have linked these solutions to a 6d
domain wall that reproduces asymptotically locally the AdSg solution in the general class
of [51-53], that is related by T-duality to the Brandhuber-Oz solution. This has allowed us
to interpret the AdSg solutions as describing D3-D5-NS5 surface defects within the 5d CFT
living in the D5-NS5-D7 brane intersection that underlies this solution. It would be inter-
esting to provide 2d quiver CFTs that realise this explicitly, as in the constructions in [5].
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A Summary of the 2d CFTs dual to the AdS3x S? X CY, X I, solutions

In this appendix we briefly summarise the 2d CFTs dual to the AdS3 x S? x CYqy x I,
solutions in [3]. A generic background in the class of solutions constructed in [3] is defined
by three different functions, h4, hg,u.* The functions hg and u depend only on z, while
h4 depends on both z and the coordinates of the CYs. In the particular case in which hy
is taken to be independent of the CYy this function becomes also a linear function of z.
The 2d CFTs dual to this particular class of solutions were identified in [6-8].

The 2d quiver CF'Ts constructed in these references are in one to one correspondence
with the quantised charges associated to the solutions specified above. These were com-
puted in [7] (see equation (2.16) therein). Specifying to the case in which CYq = T%/Z,
our interest in this paper, we find!'®

NG:% o Floy=hs =1, (A1)
M= <271r>3 /T%, By = 0% (A.2)
N2 = (271r)5 /T [ xS? Fig) = %(hzx — (2 - 27rj)h2) ; (A.3)
Ass = <271r>2 /s He =1, (A4)

where primes denote derivatives with respect to z and we have used hg = k.'® These
charges were computed in the interval 25 < z < 2m(j + 1). As explained in [7], the z
direction must be divided in intervals of length 27, such that a large gauge transformation

" There is actually a more general class depending on an extra Hs function in the CY2, but we are not
concerned with this wider class of solutions in this paper.

15We take also u to be constant for simplicity. See [56] for the brane interpretation in M-theory when
the function u is not a constant.

16This is the number of KK-monopoles in the original M-theory set-up.
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of parameter j enforces that the condition ﬁ $s2 B2y € [0,1) holds. General quiver CFTs
can then be constructed taking hy(z) piecewise continuous across these intervals, as

] 2’8—22 0<z<2n
2 ha(2) = aj+ 5z —2mj) 2mj<z<2om(j+1), j=1,...P—1 (A.5)
ap — 52 (2 —2nP) 2rP <z <2n(P +1),
where

j-1
aj = Bi. (A.6)
=0

The choice of constants is imposed by continuity of the metric and dilaton. Interestingly,
this choice implies discontinuities in the RR-sector, that are interpreted as generated by
D4-brane sources in the background. A crucial ingredient of the quiver constructions in [7]
is that they describe well-defined, finite, 2d CFTs. This requires a global definition of the
I.-direction. In the massless case this is achieved requiring that h4(z) vanishes at both
ends of the z-interval, that are taken at z = 0,27 (P + 1). This introduces extra D4-branes

in the configuration. For hy given by (A.5) we have

NG = [ Fioy=hs =k, (A7)
NP = (2;)3 /. o, Fr =5, (A.8)
NG = (271r)5 /T s Flgy = ay, (A.9)
N, = (2;)2 /szs2 Hgy=1. (A.10)

These equations imply that 8; and «; must be integer numbers.

The backgrounds defined by the functions hy4, hg specified above are dual to the CFTs
describing the low-energy dynamics of the two-dimensional quantum field theories encoded
by the quivers in figure 5. In these quivers the gauge groups are associated to stacks of D2
and D6 branes (the latter wrapped on T%/Z;/) stretched between NS5-branes. Figure 6
illustrates the corresponding Hanany-Witten brane set-ups. The quivers are planar, in that
they consist of two long linear quivers, built out of the gauge groups associated to the D2
and D6 branes, coupled by matter multiplets. Each linear quiver consists of (4,4) gauge
groups connected horizontally by (4,4) bifundamental hypermultiplets. They couple to
each other through (0,4) hypermultiplets (vertically) and (0,2) Fermi multiplets (in the
diagonals). These render the final planar quiver CFTs (0,4) supersymmetric. Note that,
since the 2d theory is chiral, one needs to be careful with gauge anomaly cancellation. This
is ensured thanks to the D4-branes present in each interval, which precisely provide the
flavour groups at each node required by anomaly cancellation (see below),

Fy = Bj-1—- B (A.11)

These flavour groups couple through (0,2) Fermi multiplets with the corresponding
gauge nodes.
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Figure 5. A generic quiver field theory whose IR is dual to the holographic background defined
by hg = k and hy4 as in (A.5). The solid black lines represent (4,4) hypermultiplets, the grey lines
represent (0,4) hypermultiplets and the dashed lines represent (0,2) Fermi multiplets, all of them
in the bifundamental representations of the gauge groups. N = (4,4) vector multiplets are the
degrees of freedom in each gauge node.

NS5 NS5 NS5

a1D2 asD2

kD6 kD6 e o o o o o

Q) sip1 Q) sps

Figure 6. Generic brane set-up associated to the AdSj solutions in [3] with vanishing Romans mass.

Finally, we recall briefly how the cancellation of gauge anomalies works in (0,4) 2d
CFTs. For a given U(w;) (U(k)) gauge group the contributions to the gauge anomaly
come from the (0,4) hypermultiplet and (0,2) Fermi multiplets in the bifundamental rep-
resentations that connect it to the U(k) (U(aj—1), U(e;), U(ajy1)) gauge groups. The
(0,4) hypermultiplets are composed of two (0,2) chiral multiplets, which contribute to
the anomaly a factor of 1. In turn, the (0,2) Fermi multiplets contribute a factor of —%.
Putting these together, we have that for a U(«;) gauge group the gauge anomaly is can-
celled without the addition of any flavour groups,'” while for the U(k) gauge groups it is
necessary to add 2a; — aj41 — aj—1 = Bj—1 — 5; Fermi multiplets, which is precisely the
number of flavour groups given by equation (A.11).

A.1 Central charge

The most stringent check in [6-8] for the validity of the proposed quivers was the matching
between the field theory and holographic central charges. The U(1)g current two-point

7Other than in the original and final gauge groups.
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function can be identified when flowing to the far IR with the right moving central charge
of the N = (0, 4) conformal field theory. Following [46] it was found that for a generic quiver
with npyp hypermultiplets and nyec vector multiplets, the central charge (the anomaly of
the U(1)g current) is

ccFT = 6(Nhyp — Nvec) - (A.12)

In [7, 8] a variety of examples of long linear quivers for which the rank of each of the nodes
is a large number were discussed. In each of these qualitatively different examples, it was
found that the field theoretical central charge of equation (A.12) coincides (in the limit of
long quivers with large ranks) with the holographic central charge, computed as

3 21 (P+1) 3 [2m(P+1)
Chol — M V01T4/Zk/ /0 h4h8 dz = ﬁ/ﬂ h4h8 dz . (Al?))
In the massless case hg is constant. Substituting the expression for hy given by (A.5) we
obtain
P
Chol = 6k Y ayj . (A.14)
j=1

B 6d gauged supergravity from Type IIB on S% x X,

In this appendix we briefly discuss the consistent truncation of Type IIB string theory
around the family of AdSg x S? x ¥ vacua associated to (p,q) 5-branes and 7-branes
first classified in [51-53]. This consistent truncation gives rise to the F'(4) minimal gauged
supergravity introduced in [57]. This theory preserves 16 real supercharges, giving rise
to N = (1,1) supersymmetry in six dimensions, and is commonly referred to as Romans
supergravity. The field content is given by the 6d gravitational field, a real scalar X, a
2-form gauge potential B(y), three SU(2) vectors A" and one Abelian vector A°. Here we
will restrict to the case of vanishing vector fields.

The truncation from IIB supergravity to Romans supergravity was worked out in [41].
In what follows we summarise the main results of this article assuming vanishing 6d vec-
tors. The ansatz for the metric, here given in the Einstein frame, is characterised by an
internal manifold locally realised as a fibration of a 2-sphere over a Riemann surface'® 2,
parametrised by the complex coordinate w [41],

ds3y = f2dst + f3 als%2 + 4N? dwdw (B.1)
where 2 2 ,2y2 2,42
9  C§ 9 /= 9 cg kX 4 CEK*X°VD

with ¢g a non-vanishing constant. The reduction ansatz is completely fixed by a pair of
holomorphic functions A4 (w), from which we define a holomorphic function B(w) whose
derivative is given by!?

OB =A DA — A DA, . (B.3)

18We use the notation S? to be compatible with section 5.3.
9We use the notation d = 9, and 9 = 9.
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From A4 and B we define
ke =0Ar,  K2=—|re]? +|k_|?, (B.4)
along with

k100 + F_0G
2 bl

9 2
b i, 2100]

_ 2 2 2 _
G=|AL—|AP+B+B, ¢ o

B.5
. (B.5)
The truncation ansatz for the gauge potential is expressed in complex notation in terms of
a scalar B and a complex 2-form C as follows [41]

(Ay — A ) —CX?/VD
(AL — A ) +CX2/VD’
~ ,266 C

Cy=1i 5 D~ 3(Ap + A-) | volge — 2¢c(Ap — AL) B -

(B.6)

We can rewrite the aforementioned truncation ansatz in the real notation and in the string
frame in order to apply it to the purposes of this paper, namely [58]

1-B

T =Cl +ie ® with T=1 ,
© 1+ B (B.7)

ég = B(g) + iC(z) .

The metric in the string frame is given, as usual, by ds%oﬁ = %/ 2ds%QE. In real notation
the 10d fluxes are decomposed as?’

H) = dBy,  Fay=dCqp),  Fg) =dCp) — H)C,

_ 1
*6]:(3) Adw A dw + e *68(2) A *9dG

GgXxX4 m
6D dB(g) A VOISQ + 7187)

+ 8(2) AdG A VOISQ ,

where F(3) = dB(3). The 6d theory resulting from this truncation preserves 16 real su-
percharges and its gauging is realised by the SU(2)r R-symmetry group and by a mass
deformation of the 2-form B(,). From a purely six-dimensional point of view, the theory
can thus be formulated in terms of two independent gauge parameters, namely g and m,
taking into account the two different gauge deformations. Here we follow the particular
choice of [41], where the Stiickelberg parameter m is fixed to one and g = % in order to
have an AdSg vacuum of unit radius. In particular, the truncation ansatz (B.1) produces

a scalar potential in six dimensions defined by the superpotential

1

f(g,X) 3

(x?+3X) . (B.9)

20We added a factor of 4 to the 5-form flux in order to be consistent with our conventions.
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The 6d Lagrangian has the form

1
Lo = R — 4 X2 kX A dX — 0 X' w6 T3 A Figy = V

1 (B.10)
— X% %6Ba) A By — 3 Bay A By A Bay
where the scalar potential is given by
V =16 X2 (Dxf)? — 80 f2. (B.11)

The 6d theory defined by (B.10) has a supersymmetric AdSg vacuum at X = 1 and
vanishing gauge potentials. This vacuum preserves 16 supercharges and it is associated to
the whole family of AdSg x S? x ¥ solutions introduced in [51-53].
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