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1 Introduction

Two dimensional CFTs play a prominent role in string theory and provide the best arena
to test the AdS/CFT correspondence. The conformal group in two dimensions is infinite
dimensional and this makes two dimensional CFTs much more tractable than their higher
dimensional counterparts, in some cases even exactly solvable [1]. In turn, certain AdSs
solutions involve only NS-NS fields, and constitute exactly solvable string theory back-
grounds [2, 3]. As such there is clear motivation to study the AdS3/CFTy duality in as
much detail as possible.



The canonical example of AdS; geometry is the near horizon limit of D1 and D5
branes [4] which gives rise to an AdSs x S* x CY; geometry realising small N' = (4,4)
superconformal symmetry. The CFT dual is believed to be the free symmetric product
orbifold Sym®" (CY3) for CYy = T* or K3 [5]. In recent years there has been renewed
interest in its study and strong support for this proposal has been provided [6, 7, 9-11].

Despite this early success, small N' = (4,0) AdS3 solutions in 10 and 11 dimensions are
rare in the literature, with known cases mostly following from [4] via orbifoldings and/or
string dualities. These describe the near horizon limit of D1 and D5 branes intersecting
with KK-monopoles [12-15] or D9-branes [16]. These systems play a prominent role in
the microscopical description of five dimensional black holes [17-22]. 2d (4,0) CFTs are
also central in the description of self-dual strings in 6d (1,0) CFTs, realised in M and F
theory [23-28]. The AdSs duals of D3-branes wrapped on complex curves in F-theory have
been recently constructed in [28], and will play an important role in this work. More general
(4,0) 2d CFTs such as the ones described by the quivers constructed in [23, 24, 26, 30], are
however still lacking a holographic description. One of the motivations of this work will be
to fill this gap.

This dearth of holographic duals is symptomatic of the limited classification effort
aimed at AdSs3 in general,! which mostly focuses on different superconformal algebras and
restrictive ansétze (see for instance [31-39]). Bucking this trend are [41, 42] and [28] which
do study small NV = (4,0) solutions in M-theory and IIB respectively, though they still
take a restricted ansatz for the fluxes. In this work we shall focus on small N” = (4,0) in
massive ITA, we will make no restriction on the allowed fluxes, though we will also make
some assumptions.

Our approach to finding AdS3 solutions with small A” = (4,0) superconformal sym-
metry is to construct Killing spinors which manifestly transform in the (2,2 @ 2) of the
bosonic sub-algebra s[(2) & su(2) — the same as the bosonic generators of the algebra [29].
The first factor is realised by Killing spinors on AdS3 which transfrom in the 2 of sl(2),
while the second is an SU(2) R-symmetry SU(2)p that suggests a local description of the
geometry and fluxes in which this SU(2)p is realised by a 2-sphere, that we shall assume
is round. We then realise the 2 & 2 representation of SU(2)g by taking certain products
of Killing spinors on S? and spinors on the internal 5-manifold. The fundamental building
block in this construction, which builds on earlier work in [43-47], are the SU(2) doublets
one can form from the Killing spinors on S2.

A major advantage of this R-symmetry based approach to constructing spinors on the
internal space is that it is possible to show that N/ = (4,0) supersymmetry is actually
implied by an N' = 1 sub-sector through the action of SU(2)g. As such we are able to
exploit an existing geometric classification of N' = 1 AdSs solutions [38] to extract necessary
conditions on the geometry and fluxes. Of course there should rather be a lot of solutions
of the form AdSz x S? x Ms, so in this work we will focus on those for which Mjs supports
an SU(2)-structure.? We do this in part to try and ensure that we realise small N = (4,0)

1See however [40] for some systematic work addressing this from a 3d gauged supergravity perspective.
A similar restriction was taken in [48] for N' = 2 AdS4 in massive ITA.



rather than some larger superconformal algebra which contains this. That SU(2)-structure
implies the small algebra and no more is certainly not a theorem but experience suggests
to us that algebras that cointain this (such as large NV = (4,0)) will require an Identity-
structure on M5. Another reason to focus on SU(2)-structure is to keep this work focused,
and leave the more generic case with Mj supporting an identity structure for the future.

The layout of the paper is as follows: in section 2 (with supplementary material in
appendix A) we perform the technical ground work of constructing spinors transforming
in the 2 @ 2 representation of SU(2)g, and extracting necessary and sufficient conditions
on the geometry and fluxes for a solution to realise small N' = (4,0). We find two classes
of solutions.

Class I is a warped product of the form AdSs x S? x CYs xR that we study in section 3.
The class is summarised and derived in sections 3.1 and 3.2 respectively. In section 3.3 (up
to T-duality) we find a generalisation of the D1-D5 near horizon with source D5 branes
back reacted on CYs. In section 3.4 we find several new compact local solutions in massive
ITA that are foliations of AdS3 x S? x CY5 over a bounded interval.

Class II is a warped product of the form AdSs x S? x My x R, where My is now a Kahler
four-manifold. The class is summarised in section 4.1 and derived in section 4.2. Exploiting
T-duality, in section 4.3, we find a generalisation of the class of D3 branes wrapping curves
in the base of an elliptically fibered CY3 [28] — with non trival 3-form flux turned on. In
section 4.4 we then find further local AdSs x S? x CYs foliations that are compact.

In section 5 we establish that the local solutions found in sections 3.4 and 4.4 may
be used to construct a significantly richer variety of globally compact solutions by using
defect branes to glue local solutions together.

Finally in section 6 we summarise and discuss some future directions.

2 AdSs x S? solutions with small N' = (4, 0) supersymmetry and SU(2)-
structure

In this section we derive geometric conditions for a class of warped AdSs solutions preserv-
ing small /' = (4,0) supersymmetry in massive ITA.
The small ' = (4,0) super-conformal algebra contains a bosonic sub-algebra

s[(2) & su(2) (2.1)

that should be realised geometrically by the solutions we are interested in. The s[(2) factor
is simply realised by AdSs. The su(2) factor is an R-symmetry, we shall denote SU(2)g,
that should be realised by the 7 dimensional internal space My. This indicates that My
should admit a local description that contains a 2-sphere, that may be round or appear as
part of an SU(2) x U(1) preserving squashed 3-sphere, foliated over the remaining directions.
In this work we shall assume the former and seek solutions with metric decomposing as

ds? = 4ds?(AdS3) + ds?’(My),  ds*(My) = 2Cds?(S?) + ds?*(Ms), (2.2)

where the warp factors e24,e2¢ and dilaton ® have support in Ms, and the fluxes de-

pend on the AdS3 and S? directions only through their respective volume forms vol(AdSs)



and vol(S?). This is sufficient to ensure that we respect the isometries of AdSs and S2.
However to guarantee small ' = (4,0) supersymmetry we must solve the supersymmetry
constraints. Our strategy to achieve this is as follows

1. Construct spinors on that transform in the (2,2 2) representation of SL(2) x SU(2),
ensuring consistency with the bosonic sub-algebra of small N” = (4, 0) superconformal
symmetry.

2. Reduce our considerations to an N' = 1 sub-sector of this spinor that manifestly
implies A = (4,0) through the action of the R-symmetry — this requires the bosonic
supergravity fields to be SL(2) x SU(2) singlets.

3. Exploit an existing N' =1 AdSs classification [38] to obtain sufficient conditions on
the geometry and fluxes for a solution with small NV = (4,0) and SU(2)-structure in
ITA to exist.

4. Study the classes consistent with our assumptions, and simplify them as much as
possible in a coordinate patch away from the loci of possible sources.

We will deal with points 1-2 in section 2.1, which is the most technical part of the paper
and can be skipped on a first reading. Section 2.2 deals with point 3. For point 4 there are
2 classes of solutions to study with SU(2)-structure, specialised to conformal Calabi-Yau
and Kahler structure. We present these and study them in sections 3 and 4. Those readers
merely interested in the results can find summaries of these classes in sections 3.1 and 4.1.

Following 1-4 leads to necessary and sufficient conditions for two classes of solutions
to exist in the absence of localised sources. When these are present, the derivation is still
completely valid away from their loci, but at these specific points we must solve some
additional constraints. Namely that the source corrected Bianchi identities hold and that
the sources have a supersymmetric embedding — i.e. they must be calibrated [52, 53].
We shall come back to this issue in section 5. However, from a practical perspective one
should appreciate that it is often not necessary to check these conditions explicitly. In
particular, if the warp factors and relevant parts of the fluxes reproduce the behaviour of
known localised supersymmetric sources (i.e. branes, O-planes and their generalisations) at
some point in the geometry, then one knows that these additional conditions must follow.
We will exploit this fact in sections 3.4 and 4.4.

In the next section we shall construct N' = (4,0) spinors that manifestly transform
under the action of SU(2). We shall then be able to identify an A' = (1,0) sub-sector,
which when solved, implies the full A" = (4,0) under the action of SU(2)p.

2.1 Realising an SU(2) R-symmetry

Supersymmetric solutions of type Il supergravity come equipped with associated Majorana-
Weyl Killing spinors €1, €2, that ensure the vanishing of the dilatino and gravitino variations.
As we seek solutions with an AdS3 factor that preserve N' = (4,0) supersymmetry we can



decompose these spinors as

4 4
a=Y (o exl, e=> ooy (2.3)
I=1 I=1
where ¢! are 4 independent Majorana Killing spinors on unit radius AdS3 and X{,Q each
contain 4 independent Majorana spinors on My. The remaining factors v4 are auxiliary
vectors that are required to make € o € Cliff(1,9) as we decompose in terms of spinors in 3
and 7 dimensions. They also take care of 10 dimensional chirality, so the upper/lower signs
are taken in ITA /B. The 10 dimensional gamma matrices undergo a similar decomposition as

FM:6A’)/](\§[)®O'3®]L FA:]I®02®7X) (2.4)

where ’yj(\j) are real and defined on unit radius AdSs, and 71(47)

are defined on M7. o; are the
Pauli matrices so the 10 dimensional chirality matrix is ¥ = l® 01 ®1, so that ojv4+ = tv4.
The intertwiner, defining Majorana conjugation as ¢ = B19¢* is B19) = I ® B( so that
vy are real and B(7)_171(47)B(7) = —vg)*, BMBM* =1,

There are actually several distinct types of superconformal algebras corresponding to
N = (4,0) (see [49] for a classification). One way to ensure that we have (at least®) small
N = (4,0) is to demand that the internal parts of our ' = (4, 0) spinors are charged under
an SU(2) R-symmetry, specifically transforming in the 2 @ 2 representation. Then since
the spinors on AdS3 are charged under SL(2) we manifestly realise the bosonic sub-algebra
of small N' = (4,0) superconformal symmetry (2.1). If the internal spinors are charged
under SU(2)p it should be possible to construct a X{,z realising a 4d basis of the SU(2) Lie
algebra %Ei, when acted on by the spinoral Lie derivative — i.e.

i
§(Ei)IJXi],2 (2.5)

where K; are the 3 Killing vectors of SU(2). Let us now construct such SU(2) spinors.

I
ﬁKiXLZ -

As we decompose the internal space as My = S? x Ms, we anticipate that the Killing
spinors on S? will realise SU(2)g. For a unit norm 2-sphere, the Killing spinors £ can be
taken to obey

S2 2
ViE=gous =1, (2:6)
where p are flat indices on the unit sphere and o, are the first 2 Pauli matrices. The

chirality matrix is o3 and Majorana conjugation is defined as £¢ = 09&*. To incorporate
this into M7 we further decompose the gamma matrices as

7,1(1«7) = eCU# & ]L 7(&7) =03 ® VYas B(7) =02 ® B’ (27)

with 7, gamma matrices in 5d and BB* = —1, B~!4,B = ~*. As established in [43], the
S? Killing spinors so defined may be used to construct two independent SU(2) doublets

o [ € ’ o [ 1038 ’
3 —(50) NS _<wggc> 7 (2.8)

3The small N = (4, 0) superalgebra is a sub-algebra of several larger ones — notably the large N = (4, 0)
superalgebra (2, 1, ) [50]. We will not be concerned with this subtlety in this paper.




that transform under SU(2) as

1 - 1 A
L& =5(0)%¢E",  Li€™ = 5(0)%¢", (2.9)
with %ai a 2d representation of the SU(2) Lie algebra and where the 1-forms dual to the
Killing vectors can now be taken to be

K; = €jryidyr, (2.10)

for y; embedding coordinates on the unit 2-sphere. One can form 7 dimensional spinors
giving rise to a 4 dimensional representation of SU(2) in terms of a spinor on Mj, 1, that
is an SU(2) singlet, with which one defines

e = ( "C> . (2.11)
1

One can then contract the S? and Ms doublets to form a 7-dimensional SU(2) spinor
X' =Mlger@n’, M= (0201,0009, 0003, —ic)", (2.12)

where all components of ! are Majorana.* Using (2.9) and Pauli matrix identities it is
not hard to show that y! transforms as (2.5) with specific 4 dimensional representation

Y = (02®01,—02 @03, 1® 02);, (2.13)

5 Since S? only preserves 2

which is equivalent to the 2 & 2 representation of SU(2).
supercharges, it is perhaps not obvious that (2.12) will give rise to 4. However, since (2.3)
couples the 7 dimensional SU(2) spinors to 4 independent AdSs spinors, this is guaranteed
as long as the components of y! are independent — making use of appendix A it is not
hard to establish that
XX = 6"’ (2.15)

which confirms this. Let us stress that although we used £ to form x!, we can also use
£, which gives a further 7 dimensional SU(2) spinor independent of the first.

The most general expressions we can write for the 7 dimensional SU(2) charged factors
of (2.3) are then

I 1 1

A I 2 ~ T A T 2 o
X1 = 562/\4@5(5a®nf+£°‘®nf), Xo = EGQMQB(§Q®77§+£‘”®H§), (2.16)

4Demanding this actually fixes the second component of (2.11) in terms of the first. Note that the form
of (2.12) is very similar to that of the SO(4) spinors constructed in [39].
5Specifically the similarity transformation

0 0 s —is
is —s0 0

S ~ , 2.14
0 0 s is ( )

5 5 0 0

for s = ¢'1 is such that %SZiS_l = %cri ® (%Uz’)*



where we introduced 4 spinors on Ms (91,71, 72, 72). The 10 dimensional spinors of (2.3)
contain 4 independent NV = 1 sub-sectors, i.e. each term in the sums. Because the solutions
we seek have an AdSs factor, d = 10 supersymmetry is implied by 4 sets of reduced d = 7
conditions — 1 for each component of (x!,x%). As such, each component of the internal
spinors is such that [38]

e al® £ xol? = ex, (2.17)

for ¢+ constant. This relates the norms of these components to the AdSs warp factor,
in such a way that the later can only be an SU(2) singlet if the former are. Setting the
charged parts of | X{Q‘ to zero imposes the following conditions on the 5d spinors

7T = Tm(Alm) = 75702 = Tm(Alnz) = 0 2.18

i m = TIm(Aym) = 05 12 = Im(iyne) = 0, (2.18)
for the S? zero form bi-linears that give rise to these charged terms (see appendix A). In
what follows we will fix ¢ = 0 as this is requirement for non zero Romans mass. We can
then take ¢y = 2 without loss of generality. As such the 5d spinors should also obey

m|? + i ? = [f? + |72 = 1. (2.19)

There is one final property of the SU(2) spinors we have constructed which it is important
to stress. The 4 independent N = 1 sub-sectors contained in (2.16) each couple to the
same spinors in 5 dimensions, and the action of SU(2)g in (2.5) provides a map between
each sub-sector. Specifically, one can write X{,z in terms of a single component and its
spinoral Lie derivative

I
X1,2
2L
I K3X1,2
X190 = ’ 2.20
1,2 Y. (2.20)
2Lk, X1,2

As such, the N' = 1 Killing spinor equations following from each of X%J’Xi?’Xi? are
implied by X%,z whenever Ly, commutes with the dilatino and gravitino variations. This
is guaranteed by imposing that all bosonic supergravity fields are singlets under SU(2) 5.5
Thus it is sufficient to solve for the A/ = 1 sub-sector involving just XiQ to know that
N = (4,0) is realised by a solution.”

Clearly, there should be rather a lot of distinct classes of solutions consistent with
AdS3 x S2. In particular, while (2.18)-(2.19) do constrain the 5 dimensional spinors some-
what, they will still lead to many branching possibilities, many of which will have supercon-
formal algebras for which small N' = (4,0) is only a subgroup. To mitigate this issue, for
the rest of this paper we will constrain our focus to the particular case where My supports

5The proof is analogous to that in appendix B of [39].

"As a redundant check we also performed the analysis of section 2.2 for the other 3 ' = 1 sub-sectors
in X{,2~ All that changes is some signs in the components of the charged SU(2) forms on S? (y;, K; etc.) as
they appear in (2.29a)—(2.29b) — no signs changes happen for the SU(2) singlet terms. After factoring out
the S? data one left with the same necessary and sufficient conditions in 5 dimensions irrespective of which
N =1 sub-sector you start with — as expected.



an SU(2)-structure — rather than an identity-structure as would be the case generically.
We also focus on ITA, leaving IIB for future work.

In the next section we derive necessary and sufficient geometric conditions for super-
symmetry when Mj supports an SU(2)-structure.

2.2 Geometric conditions for supersymmetry

In the previous section we constructed spinors realising NV = (4,0) and an SU(2) R-
symmetry. We further argued that it is sufficient to solve for an N' = 1 sub-sector, as
the rest of the AV = (4,0) conditions are implied by this through the action of SU(2)g,
provided that the bosonic fields are SU(2) singlets. In this section we will derive necessary
and sufficient conditions for supersymmetry in I[TA under the assumption that Ms supports
an SU(2)-structure. We shall thus take our A = 1 sub-sector to be

. o1 + o o1 + o A
(UQJl)ag(Sln <122> £Y + cos (122> §a> ® 17'13

X2 = \/5(0201>a5<sin (al;a?) €Y + cos (al;aQ> §a) @15, (2.21)

with aq o functions on M5, and where

X1 =

Q) (@)
SN RCTES

m=n m=n |nP=1, (2.22)

with 8 another function on Ms. This is the most general parametrisation solving (2.17)—
(2.19) that gives rise to an SU(2)-structure.®

Geometric conditions that imply N' = 1 for warped AdS3 solutions were recently
derived in [38]. These are given in terms of a bi- spinor (that is mapped to a poly-form
under the Clifford map) constructed from a pair of Majorana spinors (1, x2) defined on
the internal M7, as

7

I~ 1
U, +i0_ = xlex¥ = S > nggpwwdxm A Adzt, (2.23)

n=0

where W are real poly-forms of even/odd degree. Under the assumption of equal internal
spinor norm, one has |y1|? = |x2|> = ¢ and the NS 3-form has no electric component. In

turn, the RR flux can be expressed as a poly-form

F = f+ e*ol(AdS3) A %7 A(f) (2.24)

8 Actually one could take 72 = an + bn® with |a|*> + [b|> = 1 and still achieve this. However when one
plugs this ansatz into the supersymmetry conditions it eventually becomes clear that when (Reb, Imb, Ima)
are expressed in polar coordinates all the angles must be constant. They can then be set to any value with
rotations of y; and the vielbein on Ms. One can use this freedom to fix b = 0 and |a| = 1 without loss of
generality. We suppress this subtly.



with f the sum of the magnetic components of the democratic fluxes. Supersymmetry for
unit radius AdSs in type IIA is then implied by the following geometric conditions

dp (e~ %W _) =0, (2.25a)
€3A
d (24720, ) — 24720 _ = 5+ A, (2.25b)
1
A (U — 5 Vol(Mz7) =0, (2.25¢)

where A\(X,,) = (—=1)2™ VX, and (X,Y) is the d = 7 Mukai pairing, defined as (X,Y) =
(MX)AY)7. The twisted exterior derivative is defined as dgy = d — HA. Let us now return
to the assumption of equal spinor norm made below (2.18). Had we taken 7d spinors with
non equal norm instead of (2.21), the r.h.s. of (2.25a) would have become c_ f [38]. This
leads to the necessary condition fopc_ = 0, so a Romans mass is only possible when ¢_ = 0
— i.e. when the spinor norms are equal as in (2.21).

Plugging (2.21) into (2.23) and making use of the bi-linear on S? and Mj defined in
appendix A it is possible to construct Wi. However, the completely general expressions
for these poly-forms are rather unwieldy. Let us sketch how we simplify them to a more
tractable form, by solving some necessary conditions. Upon computing the general form
of Wy, i.e. the 1-form part of ¥_, one finds that it contains the term

1
U = —g s sin K3+ ... (2.26)

for K; the 1-forms dual to the SU(2) Killing vectors defined in (2.10). This term is prob-
lematic for (2.25b) as there is no way to generate it under d from the forms that span the
S? bi-linears (A.5), and making it part of the RR flux would make them charged under
SU(2) — thus one necessarily has cos aq sin 5 = 0. To determine which factor must vanish
one can examine the general form of Wy and W3. In particular the latter can only contain
K; when the former does, due again to (2.25b) and the fact the NS 3-form and RR sector
should be SU(2) singlets. We find

C
\PQ:—%sinalsinﬁKg/\V—i—...,

C
Uy = %cosal(Kl A v+ Ky A ja + cos BK3 A js) + .. ., (2.27)

where V' is a real vector and (ji,j2,73) are real 2-forms that together span the SU(2)-
structure in 5 dimensions, as in appendix A.2. As such we fix

cosa; =0, @ =aq, (2.28)

which we achieve by setting a1 = 7 without loss of generality. The 7 dimensional bi-spinors



are then given by

8V, = (sina + cos aeQCVOI(SQ)) A (y1j1 + y2jo — y3lmp)
+ (cosa — sinaeQCvol(SQ)) A Rey + —eC(K1 ANj1+ Ko Ajo— Ks ANImy) AV,
(2.29a)

SU_ = (cosa — sin ozeZCvol(SQ)) A (y1j1 + Yoo — yglrm/)) ANV

— (sina + cos oaeQCvol(Sz)) ARep AV —e© (dy1 A J1 4 dya A jo — dys A Imw),
(2.29D)

where to ease notation we introduced the exponentiated 2-form
Y =e P, (2.30)

U can generically be expressed in terms of an SU(3)-structure in 7 dimensions, but in this
case doing so is not particularly illuminating, and (2.29a)—(2.29b) give far more compact
expressions.

We now want to insert (2.29a)—(2.29b) into (2.25a)—(2.25c) and derive 5 dimensional
conditions that imply these. To do so we decompose

H = Hs + *“ Hy Avol(S?), (2.31)

and assume that the RR fluxes only depend on the S? directions through vol(S?), and
that (eA, e, e®) are independent of these directions. Making use of the expressions that
map (ys, K;, vol(S?)) under the exterior derivative and wedge-product in (A.5), and after
significant massaging one arrives at necessary and sufficient conditions for supersymmetry.
Those independent of the RR forms that follow from (2.25a)—(2.25b) are

2¢¢ +sinae =0,  (2.32a)

d(e*4~® sin asin B) — 2e?47® cos asin SV = 0, (2.32b)
20 e’ L 2a

e Hi + ?V = zd(e sinacosa) =0, (2.32¢)

d(e?®sinacos f) AV =0, (2.32d

d(e347 % sin o) — 2e*4 "% cosaV A Q =0, (2.32¢
d(e?’A_<I> sin a cos BJ) — 2e247® cos avcos BV A J — €347 ® sin asin SH3 = 0, (
(sin Be2Ad(e=2AT) 4+ cos BH3) AV =0, (

QA Hs = (sinfdJ + cos BH3) N J =0, (2.32h

where we have repackaged j; as the more standard SU(2)-structure forms J, 2

1 _
J=js Q=ji+ij, JAQ=0, JAJ=5QAQ (2.33)
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From (2.25b) we are also given the following definitions for the RR fluxes
3% fo = d(e347® cos a cos B)+2¢24 % sin o cos BV, (2.34a)
s fi = (d(e*47® cos acsin B.J) 2>~ ? sin asin SV AT —e347® cos a cos fH3) (2.34b)

+vol(S*H)A (d(e?’A”C*‘1> sin o cos ) —e*A T2 =® cos a cos BH; 2247297 cos o cos BV),

Arfo = —d (

3A—-%

COS (v COS BJ/\J) —e*A%sin a cos BVAJIAT+e3472 cos avsin BINHs,
+vol(S*)A (d(e3A+2C_<D sin asin 3.J) 4347297 ® cos asin BH AT (2.34c¢)
—2e24720=% o5 v sin BV AT +e>A2C~ % gin v cos ﬁHg) ,

3Asr fo = —%VO](S2)/\ (d(e?’AHC_‘I) sin o cos BJNT)—2e3472C = sin a sin BIAH3 (2.34d)

+e342C=2 cog v cos BHI ATAT —2e*AT207% cos a cos 5V/\J/\J> .

Finally (2.25¢) gives the pairing constraints

A7 (f, [(sin o + cos ae?“vol(S2)) ARep A V]) 4 2e2vol(SH) AV AT A J =0,
(f, [cos @ — sin e?“vol(S?)) A (y1j1 + yojo — yslmy)) AV] =0.  (2.35)

Equations (2.32a)—(2.35) are necessary and sufficient for supersymmetry, but to ensure that
we actually have a solution one must impose the Bianchi identities of the magnetic parts
of the RR and NS fluxes. Away from localised sources these are

dH3 =0, d(e?*“H,)=0, dyf=0. (2.36)

In the presence of sources the left hand side of these expressions may be modified by 6-
function sources — we shall comment on this when it becomes relevant. Supersymmetry
and (2.36) have been shown to imply the remaining equations of motion following from the
ITA action [51].

The conditions (2.32a)—(2.32h) contain two physically distinct classes of solutions,
namely for sin § = 0 and sin 8 # 0, that we explore in sections 3 and 4. To briefly illustrate
the difference one can consider (2.32b)AJ and (2.32f). These may be combined to show in

general that
sin? 8 <H3 —d (ZTE?J)) — 0. (2.37)

When sin 8 # 0 this condition gives a unique definition of Hjs, while when sin 8 = 0 the

condition is trivialised and (2.32g)—(2.32h) merely constrain Hs such that it should give
zero when wedged with each of (J,Q, V).

Despite there being two classes, they do contain some common features. We first note
that (2.32c) defines €2“1 Hy in such a way that its Bianchi identity can only be obeyed away
from sources if

d(eV) =0. (2.38)
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We solve this condition by introducing a local coordinate p such that
eV = dp, (2.39)

which enables us to locally decompose the internal 5-manifold as ds?(Ms) = ds?(My) +

e~24dp?. The second commonality is (2.32a), which fixes the warp factor of S? uniquely as
GA

e’ = —5 sin av. (2.40)

Together these conditions allow us to locally refine the metric ansatz of (2.2) as
1
ds® = e*4 |ds?(AdS3) + i sin? ads?(S?) | + ds®(My) + e~ 24dp?, (2.41)

where My supports an SU(2)-structure.”

Let us now summarise the main results of this section: in section 2.1 we derived
general N/ = (4,0) spinors on AdS3 x S?x Mjs that are manifestly charged under an
SU(2) R-symmetry, and compatible with type II supergravity. Any solution consistent
with this spinor realises small A" = (4,0) superconformal symmetry. We then established
that when one imposes that the physical fields of a solution (metric, dilaton and fluxes)
respect SU(2)g, it is sufficient to solve for an N = 1 sub-sector of this spinor to know
that N/ = (4,0) is realised, as the remaining supercharges are implied by the action of the
R-symmetry. In section 2.2 we zoomed in on solutions for which My supports an SU(2)-
structure in massive ITA. We exploited an existing N’ = 1 AdSj3 classification of [38] to
derive necessary and sufficient conditions on the geometry and fluxes of an AdSs solution
preserving small A’ = (4,0). Finally we established that there are two classes of such
solutions, those for which sin 8 = 0 and sin 5 # 0.

In the next section we study the first class of solutions, where My is a conformal
Calabi-Yau manifold.

3 Class I: conformal Calabi-Yau 2-fold case

In this section we study the first class of solutions that follows from the necessary conditions
in section 2.2 with sin § = 0. We find that they are warped products of AdS; x S2xCY, xR
with all possible massive ITA fluxes turned on.

In section 3.1 we present a summary of class I and interpret the types of solutions that
lie within it. In section 3.2, we spell out precisely how class I is derived from the necessary
conditions of section 2.2. Then, in section 3.3 we exploit T-duality to obtain a class of
solutions in IIB with D5 branes back reacted on AdSs x S3xCYs, with S foliated over
CY2, that generalises the D1-D5 near horizon. We also show how to realise the sub-class
with no fibration as a near horizon limit. Finally, in section 3.4 we focus on explicit local
solutions in massive ITA that are foliations of AdS; x S2xCY5 over an interval.

9Strictly speaking (2.41) holds in a region of space away from NS sources that do not wrap S2. Including
such objects is in principle still possible, but they must lie at the intersection of two coordinate patches
with local metrics of the form (2.41).
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3.1 Summary of class I

The solutions of class I have the following NS sector

hsh h N
ds® = —2 <d52(Ad83)+84(u/)2d52(82)> +,/hf;‘d52(cyg)+ 8 d4p2, (3.1)

vV haihg 4hghy + U
3
hi 1 ! 1
e =38 4dhghy + (v')?, H = =d <—p + uul2> Avol(S?) + —dp A Ha.
2hf/u 2 4hyhg + (u') hs

Here ® is the dilaton, H the NS 3-form and ds? is in string frame. The warping h4 has
support on (p, CYq) while u and hg have support on p, with «' = d,u. As shall become
clear below, the reason for the notation hg4, hg is that these functions may be identified
with the warp factors of D4 and D8 branes when u = 1, the interpretation for generic u is
more subtle.

The 10 dimensional RR fluxes are

F(): g, (32&)
A P vol(S?) (3.2b)
2T\ dhghy + (W2 ’ '

u’
Fy=(d| =) 4 2hgdp /\VOl(Ang)
2h4

i
(4hghys + (u')?)

"8 (kadaha) A dp — D,havol (CY3) — . Hy Avol(S?),  (3.20)

_

U

with the higher fluxes related to these as Fg = — %19 Fy, Fs = *10l%, Fiop = — *10 Fo.
Supersymmetry holds whenever

v = 0, Hy + *4Hy =0, (33)

which makes u a linear function (i.e. an order 1 polynomial), and where %4 is the Hodge
dual on CY,. In a canonical frame on CY, the associated closed-forms .J , O read,

J=e'net 4 net, Q= (e +ie®) A +iet), (3.4)
and then Hy may be express in terms of 3 arbitary functions g1 23 on CY3 as
Hy=gi(e* N2 = NeY) + (et A+ 2 net) +gz(et net —e2 néd). (3.5)
The Bianchi identities of the fluxes then impose
¢=0, dHy=0 (3.6)
%V%YJM + 3§h4 + h%(g% +93+93) =0,

away from localised sources.
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To better understand this class of solutions it is instructive to consider the case with
u=1and g1 = g2 = g3 = 0, so that Hy = 0. The metric and PDEs of (3.6) then reduce
to those of a D4 brane wrapped on AdSs x S? and backreacted on CYs, that is inside the
world volume of a D8 wrapped on AdS3 x S?xCYs. One can compare this to the localised
flat space D4-D8 system of [55] and see that indeed, the warp factors and PDEs match
when CYs = R*. Of course here there are additional fluxes turned on, but this should
be no surprise as what was Ry 4 in [55] has become AdS3 x S2. Thus one should expect
additional fluxes to accommodate the fact that this space is no longer flat. More generally,
turning on Hs and u # 1 is essentially a deformation of this system.

In section 3.3 we establish that when one imposes that J, is an isometry, class I reduces
to the T-dual of D5 branes back reacted on AdSs xS3 xCYy — with S? foliated over CYs. It
is worth stressing that class I actually also contains the non-Abelian T-dual of this system
as well. To extract this, one can fix

)\4
u=L\p, hg=cp, hyg= ?phg, (3.7)

where hs depends on CY3 only and should be interpreted as a D5 brane warp factor before
the duality. For hs = 1, Ho = 0 this reproduces the non-Abelian T-dual of the D1-D5
near horizon solution [56], which is of course non compact. Class I then provides a general
class in which this non compact solution may be embedded. This allows to find a compact
completion of this solution in the vein of [57-60], as shown in [68].

In the next section we will show how class I is obtained from the necessary supersym-
metry conditions derived in section 2.1.

3.2 Derivation of class I

To derive class I we begin by fixing sin 8 = 0. We can in fact fix § = 0 without loss of
generality. We begin by refining (2.32a)—(2.32h) by expanding the exterior derivative in
terms of the local coordinate p introduced in (2.39), as

d=dy+dpAO0,. (3.8)

This reduces (2.32¢)—(2.32f) to
dy(e*A P sinad) = dy (e3P sinaQ) = 0, (3.9a)
(‘3p(63‘4*q’ sinaJ) — 2e4"® cos aJ = (9p(63‘4*<I> sin ) — 2e47® cos aQ = 0. (3.9b)

Using both equations we establish that dy(e 24 cot ) A J = dy(e 24 cota) A Q = 0, from
which it follows that dy(e=24 cot @) = 0. We can solve this and (2.32d) as

1
e Psina = hg(p), e cota = 58,, logu(p), (3.10)

for hg,u arbitrary functions. We can then define

J=edate_ YL g o84t Y g (3.11)

sinag sin avp
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which are such that
dJ =dQ) =0, (3.12)

so that My is conformally Calabi-Yau. In turn, the conditions (2.32f)-(2.32h) constrain
Hj as
_

Ha: =
3 Is

V AN Hs, JANHy=QANHy =0, (3.13)

: . A .
with Hy otherwise free and the factor of 2—8 is chosen for later convenience. A consequence

of these conditions is the useful identity x5 Hg = —%Hg which holds because the J A Hy =
QO AN Hy = 0 implies that H» is anti self dual, and vice versa.

We now turn our attention to the RR fluxes. Using what has been derived thus far,
and the fact that

1 1
ss1=VAINT, sV =0JA), s J=VAJ, (3.14)

it is possible to take the Hodge dual of (2.34a)—(2.34d) and arrive at

4A,,1,,11
., efuu
Jo= h8+74u2 ; (3.15a)
1 64Au(u/)2 @),
_ v 2
f2 = —H2—§ hg— 4u2—|—e4A(u’)2 VOI(S ), (3.15b)

3Ah2 2 1 / 4Ah i
fr=- 8*5d< “ )—64AWH2/\VOI(SQ)—e8ou/\J, (3.15¢)

u? etdhg ) 27 dul+etA(u)? 8u?
1 e hiu’ u? 1 e hguu'
= |- w5 d ~(h JAJ | Avol(S?).
fo 2 [ u(du?+etd(u')?) ° <€4Ah8>+2 ( 8+u(4u2+e4A(u’)2)> ] vol(57)
(3.15d)
Using these definitions we can now solve (2.35), which imposes simply
u” = 0. (3.16)
At this point the supersymmetry conditions are completely solved. What remains is to
solve the Bianchi identities of the fluxes. Away from localised sources these impose!?
¢=0, dHy;=0 (3.18)
hg oo 2 1.
ZVCY2}L4 + 8ph4 — ﬁ*4(H2 AN HQ) = 0.
8

%Tn deriving the last of these we make use of the identity

>
INE

x5 dhg = %(;4(14/14) A dp =+ 8ph4V01(CY2), (317)
h

B pjeo

Vu

and that Viy, ha = *sdaksdshs.
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Therefore, any solution to (3.3) and (3.6) gives a solution in ITA away from localised sources.
When these are included, (3.6) will have additional d-function source terms on the Lh.s.
and these sources should also be calibrated. We shall return to this in section 5.

In the next section we will derive a class of solutions with D5-branes backreacted on
AdSs x S3xCY,, with S? fibered over CYo.

3.3 D5 branes wrapped on AdS3 x S and backreacted on CY

In this section we derive a class of solutions in IIB with D5 branes and formal KK monopoles
that generalises the D1-D5 near horizon. We begin with the class of solutions in section 3.1
and impose that 0, is an isometry. We can achieve this without loss of generality by fixing

u = L/\, hg =C, h4 = ?h5, (3.19)

where hs depends only on the coordinates on CYy and (L, A, ¢) are arbitrary constants
chosen in this specific combination for convenience. The class then reduces to

Vhs
72

L? 1
ds® = N <d52(Ad83)+4d32(82)> +2\2\/hsds?(CY3)+
5

1 1 A
B = <2n+cA> Ndp, Fp= —Hg—%vol(SQ), Fy = 2cvol(Ad83)/\dp—%%4dh5/\dp,

Al

dp*, e®=1Lh, "  (3.20)

where we have introduced 1-form potentials 77 and A such that
dn = —vol(S?), dA= Hy, (3.21)

to write the 2-form NS potential B in a form respecting the isometry 0,.
We now T-dualise on p (see for instance [61]), which we take to have period 27, and
arrive at the dual IIB solution
L2

1 _1
ds? = N [dsZ(Ang,) +3 (Dw2 + dsz(SZ)ﬂ + M2/ h5ds®(CYs), e® = L%h; %, (3.22)
5
cA

1 1
F3 = 2¢ [VOI(Ang) +gDeA Vol(SZ)} + 5 DU A dA — Zykadhs,

where %4 is the Hodge dual on CYsg, the NS 3-form and the remaining RR forms are now
all trivial and we define )

for 0y now the isometry direction. Supersymmetry requires that
dA + *4dA =0, (3.24)

where J ,Q are the 2 and 3 forms on CYs, and the Bianchi identity of the RR 3-form

imposes
2

2
Vonhs = a5

S (dA N dA) =0, (3.25)
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away from localised sources. When A = 0 and v has period 47 this gives a class of solutions
with D5 branes wrapped on AdSs x S* and backreacted in an arbitrary CYs. Note that
one is also free to replace this S® by a Lens space, by changing the period of 1, as Oy is
an uncharged isometry generically. The effect of turning on A is then to formally place
a Kaluza-Klein monopole into this set-up. The assumption of equal spinor norm made
in section 2.1, means that this solution is in fact not the most general one of this type.
However the latter can be reached by performing an SL(2,R) transformation!® of (3.22),
which will generically turn on F; and Hs fluxes. In this regard (3.22) is a specific duality
frame of this more general solution.

Clearly (3.22) is closely related to the near horizon limit of coincident D5 and D1 branes
that respectively wrap or are smeared on CYy [4, 5]. In particular if A = 0, hs = constant
and 1) ~ 1) 4 4, so that there is a round S3, we recover this class and supersymmetry
is enhanced to NV = (4,4). Replacing S* with a Lens space yields the D1-D5-KK near
horizon, which has also been systematically studied [12-15] and preserves only N = (4,0).
Of course when they are non trivial, both A and the x4dhs term in F3 break supersymmetry
to N = (4,0) irrespective of the period of .

Of course a viable CF'T dual demands a compact internal space which restricts CYs to
be either T* or K3 for the near horizon of D1-D5s and D1-D5-KK. This is no longer the
case for generic hs, as the warp factor can cause a non compact space to be restricted to
a finite subregion when embedded in 10d. A simple example in this class exhibiting such
behaviour was already given in [39], where a compact solution with D5s and an O5 plane
backreacted on AdSs x S? x R* was found.

Interestingly, it turns out that the A = 0 limit of (3.22) can also be realised as a near
horizon limit of intersecting branes. One begins by compactifying R} — RM x CYa,
which preserves % of maximal supersymmetry. For the standard D1-D5 system giving rise
to AdSs in the near horizon, D5 branes would then be wrapped on RU!'xCY, and D1
branes placed on R! (smeared across CYs). This breaks supersymmetry to i of maximal
— enhanced to % at the horizon. However, one can also place additional D5s on R and
the common co-dimensions of the other branes at the cost of breaking supersymmetry to
% of maximal. This leads us to a metric of the form

1 HsH [hs H
2 2ml,1 5H1 59 27 2/q3 541 5 2
ds” = - 5h5d5 (R™) 4+ I (dr + r°ds*(S )) + - ds“(CY2) (3.26)

where the warp factors are, respectively,

H =1+ %, Hs =1+ %, hs : V%thf) =0, (327)

away from the hs sources. One can then take the near horizon limit of D1s and the D5s

"Equal spinor norm is in 1-to-1 correspondence with having no electric component of the NS 3 form.
Such a term, when present, can always be turned off (i.e. mapped to the RR 3-form) with an SL(2,R)
transformation, which maps to the case of equal spinor norm we are studying.
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corresponding to Hs by expanding about » = 0. The metric becomes

1 2 dr? Q
st = NS \/ﬁdSQ(RM) + QlerLQ + v Q1Q5d32(83)] + Q*;\/h»&stQ(CY%

(3.28)
at leading order, which is a solution by itself with supersymmetry enhanced to i of maximal.
Clearly there is an AdSs factor of radius (Q1Q5)%, and in fact the entire metric can be
easily mapped to that of (3.22) (with unit radius AdSs3) for A = 0 by redefining @)1, Q5 and
rescaling Ry 1, hs. The same is true of the fluxes, the details of which we have suppressed.
Despite how seemingly obvious this near horizon is, as far as the authors are aware, it is
absent from the literature. Given that a near horizon limit is known, and that the class is
relatively simple it would be fruitful to study it in the future.

In the next section we study a class of local solutions in massive ITA following from
class I that are a foliation of AdS; x S? x CY4 over an interval.

3.4 Local solutions with AdSs x S? x CY; foliated over an interval

In this section we study the sub-class of local solutions that follow from section 3.1 by
imposing that the symmetries of CY9 are respected by the full solution. This means that
the warp factors cannot depend on the directions on CYy and we must fix Hy = 0. As
such, the only way to realise a compact internal space is if CYy is itself compact. This
restricts our considerations to

CYy=T* or CYy=K3. (3.29)

The supersymmetry condition (3.3) and Bianchi identities (3.6) are then all completely
solved for hg,u, hy arbitrary linear functions in p. We parametrise these in general by
introducing five arbitrary constants (cy,...,c5) such that

hs =c1 + Fop, u=co+c3p, hy=cq+csp, (3.30)

at which point the local form of a general solution in this class may be written explicitly.'?
The NS sector of the general solution is

1
2 _ (ca+c3p) ds2(Ad83)+ i dSQ(SQ) + cqtC5p dSQ(CYg)
VertFopy/catesp Y/ I T— c1+Fop
(cr+Fop)(catesp)

3
\/C1+Fop\/c4+05,0d 2 0 _ (c1+Fpp)1/E+d(c1+Fop)(catesp)
(cat+c3p) ’ 2\/CQ+63P(C4+C5,0)%

1 c3(catc3p) ) 2
H=dBy, By=-=(2nm—p+ Avol(S2), 3.31
2 27 9 < p cA+4(catesp)(cr+Fop) (8% (3.31)

)

where we have added the closed form navol(S?) to By that parametrises large gauge trans-
formations — so n is an integer. The 10 dimensional RR fluxes follow from substitut-
ing (3.30) and Hy = 0 into (3.2a)—(3.2c). However, in what follows we will find it more

12 At least when CYs = T?. The metrics on K3 manifolds are not know explicitly, but they are known to
exist by Yau’s theorem.
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useful to know the magnetic parts of the Page fluxes explicitly, i.e. f = f Ae B2, where f
encloses the magnetic components of the 10 dimensional RR fluxes. We find

p . 1
fo = Fo, fo= _5(01 + 2nm Fy)vol(S?), (3.32a)
. A 1
fa = —c5vol(CY2), fo= 5(04 + 2nmes)vol(CYa) A vol(S?). (3.32b)
Flux quantisation for Dp brane like objects requires that the Page charges, IV, = @ﬂ%f Y8 p
. fg_p, are integer. This requires that one tunes
o Fy = N, & / 1(CY3) = N
Tl = IVs, - vo 2) = Vg,
(27m)3 Jey,
C4
—C1 = Ng, VOI(CYQ) = na, (333)
(2m) /CY2

where n; € Z, so that we have the integer Page charges Ng, Ny and
Ng = ng — nlVg, No = ny — niNy. (3.34)

Of course, as they are defined in terms of arbitrary constants, not all these integers need
to be non-zero in a given solution. The holographic central charge of a generic solution in
this class at leading order is then given by

3 A-20 3 /
= 1(M7) = 2 Nyp) (N, 2 .
Chol = 515 / 7 e vol(My) e dp(2mny — Nyp)(Ngp — 2mng), (3.35)

where we have converted the formula of [28] to string frame. However one needs to know
the range of p to perform the final integration — which depends on how ¢; are tuned.
For similar reasons the charge associated to H, which is defined on (p,S?) needs to be
computed on a case by case basis.

A brief glance at (3.31) makes it clear that the generic solution in this section is not
regular, though regularity can be achieved by tuning ¢;. A regular solution requires the
AdS3 warp factor to be either constant, or constant at the boundaries of the interval
spanned by p. Only the former leads to a compact space in this case, and requires tuning
hg o< u o< hy. We thus set

co = L?N2c1, 5= L*N’F,y,  cy=MNey, o5 = MNE, (3.36)

without loss of generality. The metric then reduces to

1 L*(c1 + Fop)?
ds® = L?ds?*(AdS \2ds?(CY
s 5" (AdS3) + A°ds"(CY2) + LAFZ + 4(c1 + Fop)?

ﬁdp2 + ds®(S?).  (3.37)

This solution is regular: when Fy = 0 the warp factors are constant so this point is trivial,
0, becomes an isometry and the metric is compact if we make it parametrise a circle. For
generic Fy, p is bounded from below at p = —%, where the sub-manifold spanned by (p, $?)
vanishes as R? in polar coordinates. However p is not bounded from above, with p = co at
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infinite proper distance, so the metric is non compact. In fact when Fy = 0 (3.37) is the
metric of the T-dual of the D1-D5 near horizon geometry, and taking 0 < p < 27 in the
formula for the central charge (3.35) yields ¢, = 6 N2 Ng, as one expects for this class. In
turn, for Fy # 0 it is the non-Abelian T-dual of this system.!® These observations extend
to the fluxes and dilaton as well. As such, the solution defined by (3.36) is somewhat
novel, in that it gives a hybrid solution containing both the T and non-abelian T-duals of
a known solution.

For choices of ¢; other than (3.36), the metric in (3.31) will necessarily contain singular
loci, making the solution non regular. However non regularity is not always a reason to
worry. Indeed, there are situations in which one can trust a singularity in a supergravity
solution, namely when it signals the presence of a physical object in string theory and when
the radius of divergent behaviour about this object, where the supergravity approximation
does not hold, can be made arbitrarily small by tuning parameters. Given the form of (3.31)
we anticipate D brane and O plane sources. Thus, we will allow p to terminate at a singular
point of the space when the solution reduces to the behaviour of these objects at this loci,
i.e. if the leading order behaviour of the metric and dilaton are diffeomorphic to one of the
following forms

Tip & @=p)(~T+p)

Dp brane : ds® ~ rLTpdsz(Ml’p)-H“_ z (dr2+r2ds2(B8_p)>, e’ ~r ,

7= B=p)(=T+p+s)
1

D d —s — s -
P Smeaes . g~ h ds®(M"P)4r P (dr2+d52(BS)+r2d52(B8_p_s)), et ~r )

on B?

Op plane :  ds® ~ %df(Ml’p)—l—\/;(dr2+r3d82(B8_p)), e® ~ T (3.38)
Here M'P is some manifold that the object wraps, B®P a compact base, on which one
integrates to get the associated charge of this object, and B’ is the manifold over which
a brane is smeared. We have included smeared D branes but not O planes, because the
former is dynamical in string theory while the latter is not. We shall also allow for coincident
objects such as a Dp-brane inside the world volume of a D(p—i—ll)—blrane.14 If MYP were flat,
the only magnetic flux near a Dp/Op singularity would be fs—, — but here MYP will
not be flat, so one should expect additional fluxes to be turned on at the singularity to
accommodate this.

13This is perhaps made more obvious if one defines r = ¢; + Fyp and substitutes for p in favour of r.
14Both must depend on the same radial variable for this behaviour to occur, hence the Dp-brane is
smeared over the remaining world volume directions of the D(p+4)-brane.
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By tuning the constants ¢; we are able to find a rich variety of physical boundary
behaviours, namely

Source Minimal tuning MbP B’ Loci
D8/08 c3=0 all but p — p=—1
D6 c3#0 cqg=bcy, c5=bcy AdSs x CYsy — p= —%
06 generic ¢; AdSs3 x CYy — p= —I%
Smeared D4 c3=0 AdS3 x $? CY, =-4
Smeared D2 cog =bey, c3=bFy#0 AdSs3 CY, p= f%
Smeared D2, generic ¢; AdS; S? x CY, p=—2
D4 in D8 c3 =0, c4=bcy, c5=>0F, D8 : all but p D4: CYsy p= —}%
D2 in D6 generic ¢; D6 : AdS3 x CYo D2: CY, p= —%
02 in 06 cy = bey, ¢ = bF, 06:AdS3 x CY, | 02: 2 xCY,y | p= —%‘5‘

T/NATD hybrid (3.36) — —

Here b is an arbitrary constant, and we have included the T-dual and non-Abelian T-
dual hybrid solution, which is regular, as well as smeared O2 inside an O6 plane, for
completeness. Note that when the D4, D2 branes are delocalised on all directions but
p, one could also interpret them as smeared O4 and O2 planes respectively. To realise
a compact solution from (3.31) beyond the Fy = 0 limit of (3.37), we need two of these
boundary behaviours to exist for the same tuning of ¢;. There are in fact several such
solutions for various tunings of ¢;. In summary, we see that the following behaviours can
exist simultaneously

Tuning Boundary behaviours Loci: p =
generic ¢; 06 | D2 in D6 | D29 —% — E—; — i—g
(cg = by, e5 = bFy,c3 #0) | O2in D6 | D2 in O6 —% | _I%
(c2 = beg,c3 = bes,c3 #0) D6 | O6 —z2|-ga (3.39)
(c2 = bey, c3 = bFp, c3 # 0) D2; | D2, —a | —a
c3 =0 D8/08 | D4 e

making for a total of 7 independent compact solutions of this type.'® In the interest of
(relative) brevity we are going to look only at the two simplest cases explicitly, those with
interval bounded between D8s/O8 and D4s, and those between D6 and an O6.

Interval bounded between D8/08s and D4s. To realise the first compact example
with sources, one should tune c3 = 0. Then one of (c1,¢4) can also be set to zero with a

5Really 14, as we can take CYo = T* or K3 for each.
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coordinate transformation of p. Here we take ¢4 = 0. The resulting NS sector is

1 NV Ves/pVei+Fop
ds? = — 2 [dﬁ AdS3)+-ds?(S? ]+ds2 CYq)+ ¥V — D dp?,
T | A+ (8% | L) L .

—o _ 05%/’%(01+F0P)% _ P 2

e ¥ = e By = (mr 2)/\vol(S ), (3.40)
and the magnetic RR Page fluxes are given by (3.32a)—(3.32b) with ¢3 = ¢4 = 0. It should
not be hard to see that close to p = —% = 2]7{,26 the metric and dilaton are consistent
with D8 and O8 behaviour, while at p = 0 they signal D4 branes wrapped on AdS3 x S?
and smeared on CYy. This bounds the interval as 0 < p < 2]7{,7;6, assuming 2;{% > 0. This

solution is also under parametric control, with the supergravity approximation holding for

c5 ~ Ny > 1, with the radius of divergent behaviour about the poles scaling inversely with

this parameter. Given the flux quantisation conditions (3.33), the Page charges are then
U

Ng, Nia, Ng=mng—nNg, Ny=-nNy, N5= N (3.41)
8

where Ny = ﬁ f(psz) dBs is the charge associated to NS5 branes. We now turn our
attention to the large gauge transformations parameterised by n in the definition of the NS
2-form. As (p,S?) defines a cycle at each of the singular loci, we should impose that b =
—ﬁ fsz Bs should be an integer at these points. This may be achieved by constraining

p
bza—n st 0<b<, (3.42)
which implies that p is partitioned into segments of length 2w. At p =0, b = n so we can
take n = 0 fixing b = 0. One should then perform a large gauge transformation sending
n — n+ 1 each time p increases by 27w. At p = Q}T\% one has b = N5+ m for m the number
of gauge transformations required to traverse the interval. Finally we can integrate the
expression for the holographic central charge at leading order (3.35), which yields

Chol = NgN4NZ. (3.43)

At first sight this may appear confusing as the (left) central charge of small N' = (4,0) CFTs
should be related to the level of the affine SU(2) algebra as ¢ = 6k. Here (3.43) contains
no factor of 6, but one should recall that ¢y is the central charge in the supergravity limit
N5 > 1, which only gives the leading order contribution to ¢, neglecting sub-leading terms
in N5. We believe that one will recover ¢ = 6k if one includes the 1-loop correction to
Chol — however to our knowledge this corrections is not yet known for massive ITA, so one
cannot yet check this explicitly. Adding support to this claim is [62], where in section 4 the
central charges of several concrete CFTs and geometries that are locally of the form (3.32)
are compared. The CFTs obey ¢ = 6k, but to leading order in some parameter(s), where
it makes sense to compare to supergravity, the factor of 6 is lost in many cases — non the
less ¢ = cpo1 in these limits.
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Interval bounded between D6s and an O6. One can get the second compact solution
by tuning co = bcg,c3 = bes. One can then set ¢4 = 0 without loss of generality with a
diffeomorphism. This results in the following NS sector

b v/
d82 _ \/g\/ﬁ dSQ(Ang,)-’- P(CH—FOP) )d32(S2)}+ \/g\/ﬁ d82(CY2)+ C1+F0Pd 2

Vet Fop b2cs+4p(ci+Fop Vel +Fop b\/C5\/p re
BV F b2 4 F 202 F
% — c1+ 0/)\/ C51+ plei+ 00)7 B— (mr . p-(c1+Fop) >/\v01(82), (3.44)
2v/bed pi b2es+4p(ci+Fop)

where again n is an integer parametrising large gauge transformations and the magnetic
RR Page fluxes are given by (3.32a)—(3.32b) with co = ¢4 = 0,3 = bcs. This time one can

show that the behaviour close to p = —% = 2]7{,7;6

AdS3x CY,, while that of p =0 is a D6 brane — bounding the interval as p € (O 27”“*).

corresponds to an O6 plane wrapped on

» "Ng
The supergravity approximation is valid this time for Fy > ¢; ~ ng > 0. The Page
charges are

Ng, N4, N@ =MNe — nNg, N2 = —TL]V'47 N5 = 0, (345)

with the major difference with respect to the previous example being that the NS charge
N5 = 0. We should again constrain

b:—(QJF)Q/SQBQ st. 0<b< 1 (3.46)
The form of By means that the p dependence vanishes at the boundaries and reaches an
extrema in between at p = pg, which depends non trivially on the charges. As at p =0
one sets n = 0, then as one traverses the interval 0 < p < pg successive large gauge
transformations are needed to keep 0 < b < 1. But once one crosses p = pp one needs
to start undoing the gauge transformations to keep b bounded until n = 0, once more at
p= 2}{% From this we conclude that the charge of both the D6s and the O6 is equal to
ng, which gives a problem. Weak curvature requires ng > 0, but the charge of the O6 is
fixed to be 4. As such, the solution is strongly curved everywhere. Nonetheless, for the

sake of comparison we compute the holographic central charge from (3.35), and find

ngN4

' 3.47

Chol =
Summary of this section. To summarise, in this section 3.4 we have studied the
local solutions of class I that respect the symmetry of CYy — they are foliations of
AdS3 x S? x CY5 over an interval. We have found that the general solution can be given
explicitly and depends on parameters (ci,...cs, Fy), with all necessary conditions solved.
Different behaviours can be achieved by tuning these parameters, and we have found an
array of physical boundary behaviours for the interval. We have established that there are
8 independent compact solutions: the T-dual of the D1-D5 near horizon, which is regu-
lar, and the 7 independent combinations one can form from (3.39) with various physical
singularities. We have chosen two of these solutions for a more detailed study, where the
interval is bounded between either D8/0O8s and D4 or D6s and an O6. We have shown
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that only the former has a good interpretation in supergravity, with the latter requiring
higher curvature corrections.

Before moving on let us first stress that the general solution of this section is only
a local one. What this really means is that every coordinate patch of a global solution
can be expressed in the form of (3.31) and (3.32a)—(3.32b), but the specific values of
(Fy,c1,...,c5) in each of these patches may differ in principle. This fact was exploited
in [54] to construct infinite classes of globally compact AdS7 solutions in massive ITA, by
glueing together various non compact solutions with defect branes. We shall return to this
issue in section b, where we will establish that this is also possible for the local solutions
of this section. We delay a detailed analysis of such solutions until [62, 68].

In the next section we shall begin our analysis of the second class of solutions we

consider in this paper, namely those containing a family of Kahler four-manifolds.

4 Class II: Kahler four-manifold case

In this section we study the second class of solutions following from the necessary conditions
of section 2.2 for sin 8 # 0. We find that the solutions decompose as a warped product of
AdS; x S% x My x R where My is a family of Kahler manifolds with metrics that depend
on the interval.

In section 4.1 we summarise class II and discuss some of its general features, deferring
its derivation to section 4.2. In section 4.3 we T-dualise class II along the interval and arrive
at a generalisation of [28] with non trivial 3-form flux. And finally in section 4.4 we expand
up section 3.4 and present further local solutions that are foliations of AdS3 x S?2xCY,
over an interval.

4.1 Summary of class II

The solutions in class II have the following NS sector

- A Y | asi(M
W= [ds (AdSs)+ ey © )]+ T L L)+

I

L 2ag (g
i = 2d ( p+4(hw2—v2)+(u’)2>/w01(s )+d (th) ’
. wh? VA(hw?—v2)+(u/)?
e = :
2 /u(hw?—2)1

(4.1)

Here M, is a family of Kahler manifolds parameterised by p, with an integrable complex
structure that is p independent. .J is a two-form defined on the Kahler four-manifold (the
details are given below). The functions u,v,w depend on p only, while h has support
in (p,My). In fact w is actually redundant, as it can be absorbed into h and My. We
keep it for convenience as it simplifies the derivation of the classes in sections 4.3 and 4.4.
Supersymmetry is ensured by the following differential conditions

A1

v—o. o, L) =0, i0dl0gh =R 1.2
u = ) P h - ? Og - ) ()

— 924 —



for R the Ricci form and g the determinant of the metric on My. 0,0 are Dolbeault
operators expressed in terms of complex coordinates on My such that dq = 8 + 9. The 10
dimensional RR fluxes of this class take the form

Fy =17,
w? . 7T AP | v
Fh=—— * — —J - = — 1(S?
H ” dp N *4(dsh N\ J) ap(wJ)—{-th 5 (U 4(hw2—v2)+(u’)2>vo (S%),
1 vu! v [ vV A
Fy = —vol(A —_— 4 — | —= —0,1 “Thw?
4 2Vo( dSs) A <d<hw2—v2> + vdp) +2h (hw2 dplog(v™ " hw )>J/\J
VW 1 u hw? —v? .
— —dp A *gdlogh + — Fy 4+ ———J ) Avol(S? 4.3
y (P radiog +2<4(hw2—02)+(u’)2 > ) vol(s%), - (43)
where again Fg = — x19 Fy, Fg = x19F5. The Bianchi identities are then solved away from
localised sources when
V=0, 2i00h = 93(wJ). (4.4)

The conditions (4.2) and (4.4) are necessary and sufficient for a solution to exist in the
absence of sources. When these exist one should also check the source corrected Bianchi
and calibration conditions at their loci.

To better understand this second class of solutions one can consider the limit u = w =1
and v = 0 with 0, an isometry. The result coincides with the Hopf fibre T-dual of the class
of solutions found in [28]. These solutions are of the form AdSz x S* x B, for B the base
of an elliptically fibered Calabi-Yau 3-fold. They are characterised by varying axio-dilaton
with D3 branes wrapped on a curve within B, but have no 3-form flux. If we instead
consider a similar limit with v = constant rather than zero, we find a generalisation of this
class with non trivial 3-form flux, as we shall demonstrate in section 4.3. In addition to
containing the T-dual of this IIB class, class II also contains its non-Abelian T-dual, which
one can realise by fixing w o« u o« v and taking J and My to be p independent. This in
fact gives another hybrid solution similar to (3.37), that realises the T-dual of section 4.3
when Fy = 0 and the non-Abelian T-dual for generic Fp.

In the next section we show how class II is derived from the necessary and sufficient
conditions for supersymmetry found in section 2.1.

4.2 Derivation of class II

For class II we assume sin 8 # 0, and as such we are free to divide by sin 5 which enables
us to put (2.32a)-(2.32h) in the form

d(e?®sinacos B) AV = d(e3A~? sin asin ) — 21?4~ cos asin SV = 0, (4.5)
zeC+eAsina=d( ! Q):d(ﬂ‘J)AV:o (4.6)
sin 8 sin? 8 ’ '
e2CH, = —ieAV + ld(em sinacosa), Hs=d <Cf)SBJ> .4
2u 4 sin 8
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We can solve (4.5) in general by introducing two functions u(p), v(p) such that

3A-9

e sin asin 8 = u, 2e4~®

cosasinf =1, e Psinacosf = . (4.8)

In contrast to case I the conditions supersymmetry imposes on (J,2) do not imply that
My is conformally Calabi-Yau in general. We will see instead that it must be a family of
p dependent Kahler four-manifolds. Taking [64] as a guide it is useful to introduce the
rescaled forms and metric

sinf - sin 3 4 9 sinf | 5 ~
J=—7=J, Q= Q, ds*(My) = ds“(My), 4.9
where we have also introduced
1
— = e*sin® fuw?u2, (4.10)

with % a function of p and the coordinates on My. Here w = w(p) is an arbitrary function
that is actually redundant, as it can be absorbed into the definition of h and My, but
extracting it now simplifies later exposition. Expanding d = d4 + dp A 0, as before (4.6)
implies the following conditions

dyJ =0, (4.11a)
L1 .

dir = Sdilogh A, (4.11b)
L1 .

0,80 = 58[, log hQ2. (4.11c)

The first two conditions (4.11a)~(4.11b) imply that ds(My) is a family of Kahler manifolds
parameterised by p, with an associated complex structure that is p independent. Since My
is Kahler (4.11b) can be expressed as

. . . 1 .
i =iP NGO, P=—Cdiloghid, diP =R, (4.12)

where R is the Ricci form on ds?(My), with components S)A%ij = %f%ijkljkl, for ]A%Z-jkl the
Riemann curvature tensor on d82(1\7[4) computed at constant p. The condition (4.11c¢) then
just serves to constrain the p dependence of the Kahler metric such that its determinant g

o, (5) -0 (419

We now turn our attention to the paring conditions (2.35). Although it is not possible
to explicitly take the Hodge dual of every term in (2.34a)—(2.34d), it is still possible to
solve (2.35) explicitly by making use of (4.11a)—(4.11c), (3.14), and the following identities
involving an arbitrary 1-form in 5 dimensions U = Uy + ugV':

satisfies

JiNK*5(UNja) =—JoA*5(UNj1) =U AV Ajs and cyclic in 123 (4.14)
J1 /\*5(U /\jl) = Ja /\*5(U /\jg) = 7J3 /\*5(U /\j3) = x5Uy 4+ upjs N Js, (4.15)

— 26 —



where J = j3, Q = j; +ijo. After a lengthy calculation we find that (2.35) imposes simply
v =0. (4.16)

Having now dealt with the geometric supersymmetry constraints we turn our attention to
Bianchi identities of the RR fluxes. In general the RR fluxes are rather involved, but as is
often the case, the Page fluxes f = e B A f, where dB = H, are rather more simple, so let
us first study these. The conditions defining Hy, H3 in (4.7) can be locally integrated with
ease giving rise to the NS potential

1 uu/ v o4
B=-|(- Avol(S?) + —J 4.17
2 < p+4(w2h—v2)+(u’)2> vol( )+w ’ (4.17)
in terms of which the Page fluxes take the following form'6

fo=fo=1, (4.19a)

; w’ 5 7 LT, 2

fo= —?dp A *4(dsh N T) — Dp(wl) + §(pv — v)vol(S?), (4.19b)

A N )

fa= ﬁJ/\J—l-i pfa+wd | Avol(S%), (4.19c¢)

2 P ; Vo3 2

=\|=f1—— 1 . 4.1
fe <2f4 4hJ/\J)/\VO (S%) (4.19d)

Away from localised sources the Bianchi identities of the RR fluxes hold if and only if the
Page fluxes are closed. Imposing this yields the conditions

v =0, (4.20a)

2
%d4;4(d4h AJ) = 82(wl), (4.20b)

that follow from the parts of fg, fg that are orthogonal to vol(S?) — closure of the rest
is implied by these and supersymmetry. We can make further progress by introducing
complex coordinates z1, zo on My and Dolbeault operators 9 = dz'0,,, 0 = dz'0s, in terms
of which we can expand dy = 9 + 0. We then have

34(dag A J) = dylog goJ = —i(8 — 0)g, (4.21)

for g an arbitrary function. This can be used to simplify some of the necessary conditions,
allowing us to present the class in the form given in section 4.1.

In the next section we will derive a class of solutions in IIB that generalise the solutions
in [28] to include non trivial 3-form flux.

16We have significantly simplified f2, f1 by making use of (4.14) and
.1 . .
OPJ = 58,, log hJ + Hz, Hy 4+ %x4Hoy = 0, (4.18)

where J A Hy = QA Ha = 0, which follows from (4.11c) and the allowed torsion classes of SU(2)-structures
in 5 dimensions [63].
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4.3 Generalisation of the F-theory solutions in [28] with non trivial 3-form flux

In this section we derive a generalisation of a class of solutions in IIB found in [28]. These
are characterised by varying axio-dilaton with D3-branes wrapped on complex curves within
the base of an elliptically fibered CY3, and vanishing 3-form flux. Our generalisation will
include a non-trivial 3-form flux.

We begin with class II of section 4.1 and impose that 0, is an isometry. This can be
achieved without loss of generality by fixing

u=1L% w=L)\ v=cL? (4.22)

with the Kahler manifold and structure assumed to be p independent. We also rescale h

for convenience as
h

h— (4.23)

for (L, A, ¢) all constant. The NS sector then becomes
12 ! V=& N =r.
2 _ 2 1202 2 7232 2

ds* = N ds“(AdS3) + 4ds (SH)| + 2 dp” + L\ - ds*(My),

1 N
B=—SdpAn+cLNhTN, e = Lvh(h - &), (4.24)

as before, dn = —vol(S?) and dB = H — we have chosen a gauge for B that makes the d,
isometry explicit. The RR sector becomes

) = L%c 9
Fy=1idpN(0—0)h — 7V01(S )s (4.25)
LAN2 h — 2

5 J Avol(S?),  (4.26)

Fy = 2¢L*vol(AdS3) A dp + cL*N*(*4dlog h) A dp +

with Fy = 0. The first thing we note is that the only Bianchi identity that is not solved
automatically is that of the RR 2-form, due to the first term. Whenever this is satisfied
away from localised sources there exists a local function Cy with support on My such that

dCo = i(0 — 0)h, (4.27)
which holds precisely when the following complex function is holomorphic
o= Cy+1h, (4.28)

i.e. Jo = 0 implies (4.27) and vice-versa. This is already very reminiscent of [28]. Indeed
if we fix ¢ = 0 we reproduce the result of T-dualising that class on the Hopf fibre of the
S3, with 7 = o the modular parameter of IIB. Generic ¢ # 0 is a parametric deformation
of this that obeys the same supersymmetry constraint, namely that

100 log h = %d <dhc0> =R, (4.29)
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which reproduces the geometric condition the base of the elliptically fibered CY3 manifolds
of [28] must obey. After performing the T-duality on d,, under the assumption it has period
2w, the IIB string frame solution becomes

ds® = \/% ds*(AdSs) + ds*(S?)| + LZAthCQd32(M4),
B= c)\QLQh_lj, et = \/E\/m,
Fy = dCy, Fy = —2¢L?vol(AdS3) — cL?\?44dlog h + 2¢L?X?vol(S?),
Fy = —2L4A2h202(1 + %10)J A vol(S?), (4.30)

with @ and B the dilaton and NS 2-form potential in IIB, and where in particular ¢ = 0
fixes H = F3 = 0 as in [28]. Although we choose to write this solution with an S3; this
is meant just locally. One could equally well replace the S* with a Lens space without
breaking any further supersymmetry, as is done in [28] by sending S? — S3/Z.

In summary, we find a parametric deformation of the solutions of [28] with 3-form flux
turned on that still preserves N' = (4,0) supersymmetries. Converting to Einstein frame,
in which the SL(2,R) invariance of IIB is manifest, and replacing the S? with a Lens space,
we arrive at the IIB solution

1

LA (d82 (Ad83)+d82(s3/zk)) +A? M

(h—c2)1 P ds*(Ma) | (4.31)

. h—c? .
7 = Co+ivhvh—c2, B=c\NL?h"'J, Fy= —2L4)\2Tc(1—|—*10)J/\vol(S?’ /74
F3 = —2¢L?vol(AdS3)—cL?*\?%4d log h+-2cL*X\*vol(S® ) Zy,).

This coincides locally with the class in [28] when ¢ = 0, so that 7 = Cj + ih,!7 with AdS
radius m = 1. The complex 3-form is defined as G = i(Im7)~*(7d B — F3). Supersymmetry
and the Bianchi identities away from sources, simply require

9(Cy + ih) = 0, %d (dhco> = (4.32)

Thus, as solutions were argued to exist when ¢ = 0, further solutions must exist for ¢ # 0
(at least formally) as the necessary conditions for their existence are ¢ independent. A
difference is that now the physical region of M, when embedded into 10 dimensions is the
portion for which h > ¢? is satisfied, with the lower bound a singular loci in the full space.
The warp factors appear consistent with D5 branes wrapped on S? at this loci,'® however

" The specific map is L — e, X — mgl.

18We rule out a 3-cycle in M, because the cycle on which the D5s are wrapped should be calibrated. This
ultimately means that the DBI action of the 5 brane should be equal to the pull back of some combination
of the structure forms wedged with themselves, vol(AdSs) and B. But since the structure group of M, is
SU(2) we only have two forms at our disposal — thus any supersymmetric brane, D5 or otherwise, must
wrap the S3.
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confirming this seems dependent on the specifics of the Kahler Manifold. Let us stress
that, similar to the class of solutions in section 3.3, this is not the most general class of
this type. Rather this is a specific SL(2,R) duality frame of this most general solution —
see the discussion below (3.25).

It would be interesting to study the solutions in this class, but as with the ¢ = 0
limit, the permissible metrics on M, are the possible bases of an elliptically fibered CY3,
which are not explicitly known.'” In particular, it would be interesting to find their explicit
F-theory realisation [27, 28].

4.4 Further local AdS; x S? x CY, foliations

In this section we shall explore the solutions contained in class II that are foliations of
AdS3 x S? x CY; over the interval spanned by p, similar to those found in section 3.4
— here we will be more brief. Such solutions should respect the isometries of CYq, which
means the warp factors must be independent of the directions on CYs. Again CY5 should be
compact, which reduces our considerations to CYy = T or CYy = K3. The supersymmetry
conditions and Bianchi identities of the fluxes (away from the loci of sources) then just
impose that (v, u,w) are linear functions, that we choose as

v=c1+ Fop, u=cot+c3p, w=cqg+csp, h=1 (4.33)

where ¢; are all constants. The NS sector is then

1

d32 _ C2 :— c3p — dSQ(AdS:;) + > dsQ(SQ)

V(c2 + e3p)2 — (e1 + Fop) A+t GFa= T

2 _ Fhp)?
n V(e2 + e3p)? — (1 + Fop) [CQ i P42 (CYy) + dpz} :
co + c3p C4 + C5p
2 c1+Fop)?

@ ((ca + c5p) — (e1 + Fop)?) \/4 t Caran @i Fop)? \/ + 04“5”1 (e TR

2¢/ca + c3p

+ Fop ;s 1 c3(ca + c3p)
B=nmvol(§?) - L2025~ (- I(s?
Vo ( ) cq + C5p 2 p 4((04 + C5p)2 — (Cl + F()p)z) + C% Vo ( )7

(4.34)

where n is an integer with which we parametrise potential large gauge transformations of
the NS 2-form B. The magnetic Page fluxes, f = e B A f, for f the magnetic components
of the 10 dimensional RR fluxes, are

A~

fg = F(), fg = —C5j - (01 + QWHFo)VOI(SZ), (4.35)

N

~

~ ~ A 1 A ~ 1 o
fa=Fod AT + 5(ea+2mnes)J A vol(S?), fo= =5 (e 2mnFp)J AT A vol(S?) (4.36)

with Fy non trivial generically, and where J is the Kahler form of CYy (so dJ = 0).

98trictly speaking this base could be CYa, in which case one could take T* as an explicit metric. However
constancy requires that h is constant whenever the Kahler manifold is Ricci flat.
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As was the case in section (3.4), the only way to have a regular solution is if the AdSs
warp factor is constant. We can achieve this by fixing

1
T LA

without loss of generality. The resulting metric takes the form

R /1 _ 2
Tcde + L2021 — 2ds2(CY,). (4.38)

u=1L" w=IL\ wv=cLl? h (4.37)

L2
V1—c?

When Fy = 0 this reproduces the metric of (4.24), in the limit A = 1 and My = CYo,
which is the T-dual of the same limit of the IIB solution derived in the previous section —
this solution is compact when CY2 and 0, are assumed to be. For generic values of Fy # 0
the solution is the non abelian T-dual of this IIB solution, where the interval spanned by

—%. These statements all hold true

ds® = ds*(AdS3) + idsQ(SQ) +

p becomes semi infinite, with a regular zero at p =
for the fluxes also.

Allowing for D brane and O plane behaviour at the boundaries of the interval as
in (3.38), as well as composite objects, we find that it is possible to realise the following
physical boundary behaviours

Source Minimal tuning MbP B’ Loci
Smeared D4 c3=0 AdS; x $? CY, = faze
Smeared D2 Generic ¢; AdSs CY,y x S? p= %
D2 inside D6 Generic ¢; D6: AdS3 x CYo D2: CYy p= _%
02 inside O6 | ¢; = bey, Fy =bes | 06: AdS3 x CYy | 02: CYy x §? | p= -4

T/NATD hybrid (4.37) — —

where b are arbitrary constants and we include the T-dual/non-Abelian T-dual hybrid,
which is regular, for completeness. As before, one can also interpret the D branes smeared
on all their compact co-dimensions as smeared O planes.

As in section (3.4), we need two of these boundary behaviours to exist for the same
tuning of ¢; to realise a compact local solution beyond the Fyy = 0 limit of (4.38). We find
the following possibilities

Tuning Boundary behaviours Loci: p =
generic ¢; D2 | D2in D6 | D2 | Togm | — 2 | Zaga
(c4 = bey, c5 = bFy,c3 #0) | D2in D6 | O2 in 06 2| -& (4.39)
(c2 = bey,e3 = bEy,c3 #0) D2 | D2 *l% | 72—3
c3=0 D4 | D4 a-g | Zasa

Together with (3.39) this gives a total of 13 distinct foliations of AdS3xS*x CYy over
intervals bounded between a rich variety of D brane and O plane behaviours. They are
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compact whenever CY, = T* or K3, which really doubles the number of distinct solutions
to 26.

As was true of section (3.4), the general solution of this section is only local. One can
actually construct more general globally compact solutions by glueing these local solutions
together with defect branes. In the next section we will explore this possibility.

5 Glueing local solutions together with defect branes

In sections 3.4 and 4.4 we found several local compact solutions that are foliations of
AdS3 x S? x CY5 over a finite interval bounded by various D brane an O plane behaviours.
In this section we show that these compact local solutions, and more generally any local
solution in these classes, may be used as the building blocks of a far larger class of globally
compact solutions. This can be achieved by using defect branes to glue the various local
solutions together. This follows the spirit of [54], where an infinite family of globally
compact AdS7 solutions in massive IIA was found, that utilised D8 brane defects to glue
various non compact local solutions together (see also [39] for an AdS3 example).

Through out most of this paper we have derived our various classes of solution under
the assumption that we are in a region of the internal space away from the loci of sources.
This was actually sufficient to find solutions with sources on the boundary of the internal
space — as then one can explicitly see known brane/plane behaviour appearing in the
physical fields. However to realise defect branes, that lie on the interior of the internal
space, we will have to explicitly solve the source corrected Bianchi identities and make sure
the sources are supersymmetric.

Various types of defect branes are possible in supergravity, with various signatures —
the most simple is probably the D8. The singularity signalling a D8 brane defect is rather
mild, giving rise only to a discontinuity in the derivatives of the metric and dilaton, with the
fields themselves continuous. The NS 2-form on the other hand needs only be continuous
up to a large gauge transformation. The remaining fluxes can be discontinuous across such
a defect provided that this is induced by a shift in the D8 brane flux Fy — which should
naturally shift as one crosses a D8 brane stack. In what follows this will be one defect we
use to perform glueings. The others are a D4 brane defect and a D6 defect that are both
smeared over their compact co-dimensions. Such objects behave in a completely analogous
way to the D8 defect, indeed for CY, = T* they are mapped into each other via T-duality,
only now it is the charge of D4s/D6s rather than Fjy that experiences a discontinuity as we
cross the defect.

Having set the scene, it will now be helpful to look at the two cases individually to
show that such glueing of local solutions is possible. Let us first look at global solutions
following from section 3.4.

5.1 Towards global solutions with defects from section 3.4

In this section we will study the possibility of gluing the local solutions of section 3.4
together with defect branes.
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As explained in section 3.4, the general local form of the NS sector and RR Page fluxes
are given exactly by (3.31) and (3.32) respectively. However these expressions depend on
constants (¢;, Fp) that can change as we cross a defect brane, so for a global solution it is
more helpful to consider the form of NS sector given in (3.1), we remind the reader that
here we fix Hy = 0 so as to respect the symmetry of CYs and (hs, hg,u) are all functions
of p only, the latter being linear and the behaviour of the former two determined by the
Bianchi identities of the fluxes. As we shall see (hg,hs) end up being piece-wise linear
so that

Fo=hg, Go=h) (5.1)

are not globally defined, but can change between local patches of a global solution. For
the RR sector it will be most useful to know the magnetic component of the Page flux
polyform

. 1 1
f=hh— 5 s = phi)vol(S?) — (h; =5 ha - phg)vol(s2)) Avol(CYs).  (5.2)
Recall the Page flux is defined in terms of the NS 2-form B as F =e¢ BAF, for simplicity we
do not consider large gauge transformations in B — however we stress that their inclusion
changes nothing substantive about what follows.
Let us first consider a single D8 brane defect: the Bianchi identity of the entire magnetic
flux in the presence of a generic D8 brane stack takes the form
ng
(d=H)f =5 -0(p— po)e” Ndp (5.3)
where po is the loci of the stack, and ng its charge. As usual F = B + 27fy for fo a
world-volume flux that may be turned on — this should not to be confused with the RR
2-form! As B ~ vol(S?) for the local solutions of section 3.4, we anticipate that this
D8 brane is actually (at least) a D8-D6 bound state — however exactly what branes are
bounded together will depend on the form of fo that we determine by actually solving (5.3).
Following [54], we do this in terms of f, for which (5.3) is equivalent to

A n 7
df = §5(p — po)e¥™2 Ndp . (5.4)

As we move across this defect the NS sector (3.31) should be continuous (B can shift by a
large gauge transformation, but for simplicity we shall assume it does not), while only Fj
should shift. Thus hs, hq, ), b} should be continuous across the defect while Fy = hf will
be discontinuous. As such integrating (5.4) across the D8 stack gives rise to

AF06%p0V01(S2) = ;]/—;;_GQWJFQ (55)

for AFp the difference between the values of Fy for p < pg and p > pg. We thus see that
the Bianchi identity merely fixes

/

ng = 1 9 uu
0= 55 2= gpeovalS), 8hahs + 2(u/)2

confirming that the defect is actually a D8-D6 bound state.

vol(S?) (5.6)
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For the D4 brane defect wrapped on AdS3xS? and smeared over CY5 things are rather
similar. The Bianchi identity of such a D4 brane stack takes the from

(d—H)f| = 27)*n46(p — po)e” Adp Avol(CYs) (5.7)
CYo

where (pg, n4) are the loci and charge of the stack — the notation on the Lh.s. means we
only consider the components parallel to vol(CY2). This time it should be only Gy = h)y
which is discontinuous across the defect, so integrating the Page form avatar of (5.7) gives
rise to

AGoe%pOVOI(SQ) = —(277)3n4e27rf2, (5.8)

where the volume of CY5 has been factored out of both sides of this expression. We need
then only fix

uu’

8hyhg + 2(11/)2
for the Bianchi identity to be solved — which implies that like the D8, the D4 is also a
bound state, this time D4-D2.

We have shown that both D8 and smeared D4 brane defects can be placed at arbitrary

AGo=—(nf'ns, o= ppovol®), = F= wl($)  (5.9)

points along the interval of the AdS3xS?xCY, foliations in section 3.4 and still solve the
source corrected Bianchi identities — provided they come as part of a bound state (D8-D6
and D4-D2). To guarantee that we actually have a solution at these loci however the
branes must have a supersymmetric embedding — then supersymmetry is preserved on
the defects and the remaining EOM are implied [51]. A major advantage of the approach
we took to constructing solutions in section 2.2 is that it allows us to determine this in
the language of generalised calibrations [52]. This is relatively simple for us because the
fundamental object of this approach is the 7d bi spinors already given in (2.29a)—-(2.29b). A
D brane source extended along AdSs is supersymmetric if it obeys a calibration condition
— namely the DBI Lagrangian Lppr = dé%~®\/—det(g + F) is equal to a calibration
form. In ITA this calibration form is given by the pull back of e34~®vol(AdS3) A Uy A e
onto the relevant D brane world-volume. It is not hard to show that both our D8 and D4
brane defects obey this condition precisely when F is tuned as the Bianchi identity of each
defect requires.

Thus we have established that one can place defects at arbitrary points along the
interval of the AdS3xS?2xCY, foliation and still have a supersymmetric solution — we
need only impose that (hg, hg) are continuous. This fact can be used to glue two local
solutions of section 3.4 together provided they share a common tuning for u (v” = 0 by
supersymmetry, so u is globally linear). There is no limit to the number of defects one can
place in a global solution, indeed in general (hy4, hg) need only be piece-wise linear with a
change in slope of the former (latter) indicating the presence of a D4 (D8) brane at that
loci. One can therefore construct infinite classes of global solutions for each tuning of w in
section 3.4. We delay a detailed exploration of these possibilities and their interpretation
in terms of the AdS3/CFTy correspondence until [62, 68].

In the next section, we explore the possibility of constructing global solutions with
defects from the solutions in section 4.4.
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5.2 Towards global solutions with defects from section 4.4

In this section we will show that it is possible to glue the local solutions of section 4.4
together with defect branes. As most of the details of this procedure are covered in the
previous section, we encourage the reader to go over that first, as here we shall be brief.

As before the local solutions of section 4.4 depend on constants (¢;, Fy). However, as
these constants can shift between local patches in a global solution, it is more helpful to
consider the NS sector in the form of (4.1), with & = 1 and My = CYy — recall (u,v,w)
are functions of p only and that u is such that globally v” = 0 due to supersymmetry.
Conversely v, w are only linear functions away from localised sources — globally they need
only be piecewise linear provided that the resulting d-functions appearing in their second
derivatives gives rise to a source corrected Bianchi identity, and this source is calibrated.
The magnetic Page flux polyform associated to these solutions is

A~

f=v - %(v — pv')vol(S?) — <w’ - %(w - Pw/)vol(82)> AJ

+ <v’ - %(v - pv’)vol(S2)> A vol(CY2). (5.10)
Given the form of this expression it might be tempting to interpret a shift in v’ as coincident
D8-D6 and D4-D2 bound states — however such configurations fail to obey the calibration
condition discussed in the previous section at generic points along the interval — so cannot
be used to glue solutions together without breaking supersymmetry.?’ Shifts in w’ on
the other hand are different and give rise to something new. To interpret it consider
the following: if we take a D8-D6 brane defect wrapping CYy =T%, we can express J =
dxi ANdzo+drs Adxy with z; the directions on T* which are all isometries. If one T-dualises
such an object on both (21, z2) it would generate the part of —(w’ — 3 (w — pw’)vol(S?)) A J
with legs in (z1,22) — this is a D6-D4 brane wrapping AdS3xS? and (z3,24) which is
smeared on (z1,z2). If instead one T-dualised the D8-D6 bound state on (x3,x4), the
part of the previous expression with legs in (z1,22) would be generated, which should
be interpreted as a D6-D4 wrapping (1, 22) and smeared on (x3,24). To generate the
entire w dependent term in (5.10) then, one should have both of these smeared D6-D4s
simultaneously. Generalising to generic CYs, a shift in w’ gives rise to a D6-D4 bound
state that wraps a curve in CYy and are smeared on its co-cycle and another D6—-D4 that is
on smeared and wraps the opposite cycles. The Bianchi identities of each bound state are
essentially the same as the D4-D2 of the previous section, only this time pulled back onto
the relevant curve rather than the entire of CYy — they are solved as before with world
volume gauge field 47 fo = povol(S?) and D6 brane charge proportional to Aw’ across the
defect. Finally, it is not hard to establish that each of the D6-D4 bounds states are indeed
calibrated at generic points in the space.

We have now established that D6-D4 defect branes can be placed at generic points
along the interval of the AdS3xS%2xCY, foliation of section 4.4. It would be interesting

20They do obey the calibration condition when w = v, where the metric blows up, so they still cannot be
interpreted as defect branes, like in the previous section.

— 35 —



to explore what global solutions may be constructed by glueing the local solutions already
found together with these defects. We leave that for future work.

In the next and final section we summarise this work and discuss some future directions.

6 Summary and future directions

In this paper we have found two classes of warped AdSs x S? x My solutions in massive
ITA that preserve small N' = (4,0) supersymmetry in terms of an SU(2) structure on Ms.
These classes are exhaustive for solutions of this type when one assumes that the associated
spinors on S? x M5 have equal norm, a requirement for non vanishing Romans mass. For
class I M5 decomposes as CYo X R and we are able to give explicit local expressions for
the metric and fluxes up to simple Laplace like PDEs. This class contains a generalisation
of the flat space system of D4s inside the world volume of D8s contained in [55], with flat
space replaced by AdS3 x S? x CYs x R. For class IT we find Ms = My x R where My is a
class of warped Kahler manifolds with metrics that depend on the interval.

Performing T duality on the ITA classes, we find new classes of solutions in I1IB that,
modulo SL(2, R) transformations, exhaust N = (4, 0) solutions of the type AdSs x S3 x My,
with My an SU(2) structure manifold. The first is a generalisation of the near horizon limit
of D1-D5 branes [4], where the S? becomes fibered over CYz and D5 branes are backreacted
on top of this. It is possible to turn off the fibre and then realise the resulting system as
a near horizon limit with a modification of the D1-D5 intersection. The second class of
IIB solutions is a generalisation of D3 branes wrapped on a curve inside the base of an
elliptically fibered CY3 [28]. The generalisation depends on the same necessary geometric
conditions as [28], but has an additional parameter turned on which is related to the charge
of 5-branes, absent in the original construction, which tunes the 3-forms to zero.

In sections 3.4 and 4.4, we have found several new local solutions in massive ITA that
are foliations of AdS3 x S? x CYs over an interval, bounded between a variety of D brane
and O plane behaviours. Then in section 5 we show how these may be used as the building
blocks of infinite families of global solutions. These utilise defect branes to glue the various
local solutions together in the vein of [54]. We will explore some possible global solutions
containing defect branes and their holographic interpretation in [62, 67].

An interesting open problem that our classification of (0,4) supersymmetric solutions
leaves is the identification of their 2d dual CFTs. On the other hand, as stressed in the
introduction, there are large classes of 2d (0,4) linear quivers, such as the ones constructed
in [23, 24, 26, 30], which lack a holographic description. In [62] we will partially fill this gap,
and provide the explicit connection between AdSs x S? solutions in class I with compact
CY2 and 4d (0,4) quivers.

Another interesting avenue to explore as a consequence of this work is the connection
between our solutions and the AdS7 solutions to massive ITA constructed in [54], in particu-
lar whether a generalisation to AdS3 solutions exists of the flows constructed in [65, 66, 69].
We will report progress in this direction in [67, 68].
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A Spinors and bi spinors on S? and Mj;

In this appendix we provide details of the spinors and bi spinors on S? to supplement
section 2.2. Specifically when deriving the 7 dimensional bi spinors (2.23) from (2.21),
it is useful to know the 2 and 5 dimensional bi spinors on S* and Ms, which (2.23) will
decompose in terms of. In fact given our decomposition of the gamma matrices (2.7), a
bi spinor constructed out of tensor products of spinors in 2 and 5 dimensions (¢¢ and '
respectively) necessarily decomposes as

en]e[@enr] =0 e A o)+ o) Aot ®2) (A1)

where £ denotes the even/odd degree components of a form only, which can be repeatedly
used when computing (2.23) — and proves that it is built from bi spinors in 2 and 5
dimensions.

In the next section we present details of spinors and bi spinors on unit norm S2.

A.1 Spinors and bi spinors on S2

There are two types of Killing spinor on unit radius S?, £+, that are solutions to the Killing
spinor equations

Vabs = j:%aaé’i, a=12, (A.2)
where we take the first 2 Pauli matrices as two dimensional gamma matrices. Unlike the
£+ equivalents on S, these are not really independent and in fact one can take £_ = o3&,
without loss of generality. We identify £, = & in the main text, and one has in general
that both ¢ and o3¢ transform in the same fashion under the SU(2) global symmetry on
S2. The bi spinors that follow from &, under the assumption they have unit norm, are [43],

(@l = %(1 + ks — iysvol(S?)), @t = _%(kl + iky — i(y1 + iya)vol(S?)),

L P .
o3¢ ® ¢ = 5(?/3 +idys — ivol(S?)), o3¢ @& = _5(3/1 +iyo —id(y1 +iy2)),  (A.3)
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where 7; are coordinates embedding S? into R? and K; are one forms dual to the Killing
vectors of SU(2), which may be parameterised as

K; = €1y;dyy. (A.4)

Note that (A.3) are spanned entirely by the (y;, dy;, K;, y;vol(S?)) which transform as SU(2)
triplets, and vol(S?), that is an SU(2) singlet. These form a closed set under the action of
d and wedge product, namely

dy; Avol(S?) = K; Avol(S?) =0, dK; = 2y;vol(S?) (A.5)

as well as the more obvious relations. We use this fact to reduce the 7d conditions that
follow from inserting (2.29a)—(2.29b) into (2.25a)—(2.25¢) to a set of 5d conditions no longer
involving S, (2.32a)(2.35).

In the next section we give details on the bi spinors in 5d.

A.2 Spinors and bi spinors on M?°

In (2.22) we decompose the independent 5d spinors appearing in (2.21) in terms of a single
unit norm spinor in 5d, . The bi-linears that follow from 7 are given in [65], and read:

1 ’ 1
nen' = 1(1+V)ne™, nent=_(1+V)rQ,
Q=wAu, jgzé(w/\w—ku/\ﬂ), (A.6)

where

v, w1 = Rew, wy = Imw u; = Reu, uy = Imu (A.7)

defines a vielbein in five dimensions. It then follows that if one decomposes
Q= J1 +1ij2, (A.8)

we have )
Ja N Jo = 5 0apvol(My) (A.9)

where V' A vol(My) is the volume form in 5d.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] P. Di Francesco, P. Mathieu and D. Senechal, Conformal Field Theory, Springer (1997)

[2] J.M. Maldacena and H. Ooguri, Strings in AdSs and SL(2,R) WZW model. I: The
Spectrum, J. Math. Phys. 42 (2001) 2929 [hep-th/0001053] [INSPIRE].

[3] J.M. Maldacena, H. Ooguri and J. Son, Strings in AdSs and the SL(2,R) WZW model.
Part 2. Euclidean black hole, J. Math. Phys. 42 (2001) 2961 [hep-th/0005183] INSPIRE].

— 38 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/1.1377273
https://arxiv.org/abs/hep-th/0001053
https://inspirehep.net/search?p=find+EPRINT+hep-th/0001053
https://doi.org/10.1063/1.1377039
https://arxiv.org/abs/hep-th/0005183
https://inspirehep.net/search?p=find+EPRINT+hep-th/0005183

[4] J.M. Maldacena, The Large N limit of superconformal field theories and supergravity,
Int. J. Theor. Phys. 38 (1999) 1113 [Adv. Theor. Math. Phys. 2 (1998) 231]
[hep-th/9711200] [INSPIRE].

[5] A. Giveon, D. Kutasov and N. Seiberg, Comments on string theory on AdSs,
Adv. Theor. Math. Phys. 2 (1998) 733 [hep-th/9806194] [INSPIRE].

[6] S. Hampton, S.D. Mathur and I.G. Zadeh, Lifting of D1-D5-P states, JHEP 01 (2019) 075
[arXiv:1804.10097] [INSPIRE].

[7] M.R. Gaberdiel and R. Gopakumar, Tensionless string spectra on AdSs,
JHEP 05 (2018) 085 [arXiv:1803.04423] INSPIRE].

[8] G. Giribet, C. Hull, M. Kleban, M. Porrati and E. Rabinovici, Superstrings on AdSs at
k=1, JHEP 08 (2018) 204 [arXiv:1803.04420] [NSPIRE].

[9] L. Eberhardt, M.R. Gaberdiel and R. Gopakumar, The Worldsheet Dual of the Symmetric
Product CFT, JHEP 04 (2019) 103 [arXiv:1812.01007] NSPIRE].

[10] L. Eberhardt and M.R. Gaberdiel, String theory on AdSs and the symmetric orbifold of
Liouville theory, Nucl. Phys. B 948 (2019) 114774 [arXiv:1903.00421] INSPIRE].

[11] C.A. Keller and 1.G. Zadeh, Lifting 1-BPS States on K3 and Mathieu Moonshine,
arXiv:1905.00035 [INSPIRE].

[12] D. Kutasov, F. Larsen and R.G. Leigh, String theory in magnetic monopole backgrounds,
Nucl. Phys. B 550 (1999) 183 [hep-th/9812027] [INSPIRE].

[13] Y. Sugawara, N = (0,4) quiver SCFTy and supergravity on AdSs x S?, JHEP 06 (1999) 035
[hep-th/9903120] [INSPIRE].

[14] F. Larsen and E.J. Martinec, Currents and moduli in the (4,0) theory, JHEP 11 (1999) 002
[hep-th/9909088| [INSPIRE].

[15] K. Okuyama, D1-D5 on ALE space, JHEP 12 (2005) 042 [hep-th/0510195] [INSPIRE].

[16] M.R. Douglas, Gauge fields and D-branes, J. Geom. Phys. 28 (1998) 255 [hep-th/9604198]
[INSPIRE].

[17] J.M. Maldacena, A. Strominger and E. Witten, Black hole entropy in M-theory,
JHEP 12 (1997) 002 [hep-th/9711053] [INSPIRE].

[18] C. Vafa, Black holes and Calabi-Yau threefolds, Adv. Theor. Math. Phys. 2 (1998) 207
[hep-th/9711067] INSPIRE].

[19] R. Minasian, G.W. Moore and D. Tsimpis, Calabi- Yau black holes and (0,4) o-models,
Commun. Math. Phys. 209 (2000) 325 [hep-th/9904217| [INSPIRE].

[20] A. Castro, J.L. Davis, P. Kraus and F. Larsen, String Theory Effects on Five-Dimensional
Black Hole Physics, Int. J. Mod. Phys. A 23 (2008) 613 [arXiv:0801.1863] [INSPIRE].

[21] B. Haghighat, S. Murthy, C. Vafa and S. Vandoren, F-Theory, Spinning Black Holes and
Multi-string Branches, JHEP 01 (2016) 009 [arXiv:1509.00455] InSPIRE].

[22] C. Couzens, H.h. Lam, K. Mayer and S. Vandoren, Black Holes and (0,4) SCFTs from Type
IIB on K3, JHEP 08 (2019) 043 [arXiv:1904.05361] [INSPIRE].

[23] B. Haghighat, A. Igbal, C. Kozcaz, G. Lockhart and C. Vafa, M-Strings,
Commun. Math. Phys. 334 (2015) 779 [arXiv:1305.6322] [InSPIRE].

-39 —


https://doi.org/10.1023/A:1026654312961
https://arxiv.org/abs/hep-th/9711200
https://inspirehep.net/search?p=find+EPRINT+hep-th/9711200
https://doi.org/10.4310/ATMP.1998.v2.n4.a3
https://arxiv.org/abs/hep-th/9806194
https://inspirehep.net/search?p=find+EPRINT+hep-th/9806194
https://doi.org/10.1007/JHEP01(2019)075
https://arxiv.org/abs/1804.10097
https://inspirehep.net/search?p=find+EPRINT+arXiv:1804.10097
https://doi.org/10.1007/JHEP05(2018)085
https://arxiv.org/abs/1803.04423
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.04423
https://doi.org/10.1007/JHEP08(2018)204
https://arxiv.org/abs/1803.04420
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.04420
https://doi.org/10.1007/JHEP04(2019)103
https://arxiv.org/abs/1812.01007
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.01007
https://doi.org/10.1016/j.nuclphysb.2019.114774
https://arxiv.org/abs/1903.00421
https://inspirehep.net/search?p=find+EPRINT+arXiv:1903.00421
https://arxiv.org/abs/1905.00035
https://inspirehep.net/search?p=find+EPRINT+arXiv:1905.00035
https://doi.org/10.1016/S0550-3213(99)00144-3
https://arxiv.org/abs/hep-th/9812027
https://inspirehep.net/search?p=find+EPRINT+hep-th/9812027
https://doi.org/10.1088/1126-6708/1999/06/035
https://arxiv.org/abs/hep-th/9903120
https://inspirehep.net/search?p=find+EPRINT+hep-th/9903120
https://doi.org/10.1088/1126-6708/1999/11/002
https://arxiv.org/abs/hep-th/9909088
https://inspirehep.net/search?p=find+EPRINT+hep-th/9909088
https://doi.org/10.1088/1126-6708/2005/12/042
https://arxiv.org/abs/hep-th/0510195
https://inspirehep.net/search?p=find+EPRINT+hep-th/0510195
https://doi.org/10.1016/S0393-0440(97)00024-7
https://arxiv.org/abs/hep-th/9604198
https://inspirehep.net/search?p=find+EPRINT+hep-th/9604198
https://doi.org/10.1088/1126-6708/1997/12/002
https://arxiv.org/abs/hep-th/9711053
https://inspirehep.net/search?p=find+EPRINT+hep-th/9711053
https://doi.org/10.4310/ATMP.1998.v2.n1.a8
https://arxiv.org/abs/hep-th/9711067
https://inspirehep.net/search?p=find+EPRINT+hep-th/9711067
https://arxiv.org/abs/hep-th/9904217
https://inspirehep.net/search?p=find+EPRINT+hep-th/9904217
https://doi.org/10.1142/S0217751X08039724
https://arxiv.org/abs/0801.1863
https://inspirehep.net/search?p=find+EPRINT+arXiv:0801.1863
https://doi.org/10.1007/JHEP01(2016)009
https://arxiv.org/abs/1509.00455
https://inspirehep.net/search?p=find+EPRINT+arXiv:1509.00455
https://doi.org/10.1007/JHEP08(2019)043
https://arxiv.org/abs/1904.05361
https://inspirehep.net/search?p=find+EPRINT+arXiv:1904.05361
https://doi.org/10.1007/s00220-014-2139-1
https://arxiv.org/abs/1305.6322
https://inspirehep.net/search?p=find+EPRINT+arXiv:1305.6322

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

B. Haghighat, C. Kozc¢az, G. Lockhart and C. Vafa, Orbifolds of M-strings,
Phys. Rev. D 89 (2014) 046003 [arXiv:1310.1185] INSPIRE].

J. Kim, S. Kim and K. Lee, Little strings and T-duality, JHEP 02 (2016) 170
[arXiv:1503.07277] [INSPIRE].

A. Gadde, B. Haghighat, J. Kim, S. Kim, G. Lockhart and C. Vafa, 6d String Chains,
JHEP 02 (2018) 143 [arXiv:1504.04614] [INSPIRE].

C. Lawrie, S. Schafer-Nameki and T. Weigand, Chiral 2d theories from N =4 SYM with
varying coupling, JHEP 04 (2017) 111 [arXiv:1612.05640] [INSPIRE].

C. Couzens, C. Lawrie, D. Martelli, S. Schifer-Nameki and J.-M. Wong, F-theory and
AdSs/CFT,, JHEP 08 (2017) 043 [arXiv:1705.04679] [INSPIRE].

E.S. Fradkin and V.Y. Linetsky, Results of the classification of superconformal algebras in
two-dimensions, Phys. Lett. B 282 (1992) 352 [hep-th/9203045] [InSPIRE].

A. Hanany and T. Okazaki, (0,4) brane box models, JHEP 03 (2019) 027
[arXiv:1811.09117] INSPIRE].

N. Kim, AdSs solutions of IIB supergravity from D3-branes, JHEP 01 (2006) 094
[hep-th/0511029] [iNSPIRE].

J.P. Gauntlett, O.A.P. Mac Conamhna, T. Mateos and D. Waldram, Supersymmetric AdSs
solutions of type IIB supergravity, Phys. Rev. Lett. 97 (2006) 171601 [hep-th/0606221]
[INSPIRE].

J.P. Gauntlett, N. Kim and D. Waldram, Supersymmetric AdSs, AdSs and Bubble Solutions,
JHEP 04 (2007) 005 [hep-th/0612253] [INSPIRE].

N. Kim, The Backreacted Kdhler Geometry of Wrapped Branes,
Phys. Rev. D 86 (2012) 067901 [arXiv:1206.1536] [INSPIRE].

0. Kelekei, Y. Lozano, J. Montero, E. ¢} Colgdin and M. Park, Large superconformal
near-horizons from M-theory, Phys. Rev. D 93 (2016) 086010 [arXiv:1602.02802]
[INSPIRE].

L. Eberhardt, Supersymmetric AdSs supergravity backgrounds and holography,
JHEP 02 (2018) 087 [arXiv:1710.09826] [INSPIRE].

C. Couzens, D. Martelli and S. Schéfer-Nameki, F-theory and AdSs/CFTy (2,0),
JHEP 06 (2018) 008 [arXiv:1712.07631] [NSPIRE].

G. Dibitetto, G. Lo Monaco, A. Passias, N. Petri and A. Tomasiello, AdSs Solutions with
Ezceptional Supersymmetry, Fortsch. Phys. 66 (2018) 1800060 [arXiv:1807.06602]
[INSPIRE].

N.T. Macpherson, Type II solutions on AdSs x S3 x S3 with large superconformal symmetry,
JHEP 05 (2019) 089 [arXiv:1812.10172] [INSPIRE].

N.S. Deger, C. Eloy and H. Samtleben, N' = (8,0) AdS vacua of three-dimensional
supergravity, JHEP 10 (2019) 145 [arXiv:1907.12764] [INSPIRE].

H. Kim, K.K. Kim and N. Kim, 1/4-BPS M-theory bubbles with SO(3) x SO(4) symmetry,
JHEP 08 (2007) 050 [arXiv:0706.2042] [INSPIRE].

E.O Colgéin, J.-B. Wu and H. Yavartanoo, Supersymmetric AdSs x S? M-theory geometries
with fluzes, JHEP 08 (2010) 114 [arXiv:1005.4527] InSPIRE].

— 40 —


https://doi.org/10.1103/PhysRevD.89.046003
https://arxiv.org/abs/1310.1185
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.1185
https://doi.org/10.1007/JHEP02(2016)170
https://arxiv.org/abs/1503.07277
https://inspirehep.net/search?p=find+EPRINT+arXiv:1503.07277
https://doi.org/10.1007/JHEP02(2018)143
https://arxiv.org/abs/1504.04614
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.04614
https://doi.org/10.1007/JHEP04(2017)111
https://arxiv.org/abs/1612.05640
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.05640
https://doi.org/10.1007/JHEP08(2017)043
https://arxiv.org/abs/1705.04679
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.04679
https://doi.org/10.1016/0370-2693(92)90651-J
https://arxiv.org/abs/hep-th/9203045
https://inspirehep.net/search?p=find+EPRINT+hep-th/9203045
https://doi.org/10.1007/JHEP03(2019)027
https://arxiv.org/abs/1811.09117
https://inspirehep.net/search?p=find+EPRINT+arXiv:1811.09117
https://doi.org/10.1088/1126-6708/2006/01/094
https://arxiv.org/abs/hep-th/0511029
https://inspirehep.net/search?p=find+EPRINT+hep-th/0511029
https://doi.org/10.1103/PhysRevLett.97.171601
https://arxiv.org/abs/hep-th/0606221
https://inspirehep.net/search?p=find+EPRINT+hep-th/0606221
https://doi.org/10.1088/1126-6708/2007/04/005
https://arxiv.org/abs/hep-th/0612253
https://inspirehep.net/search?p=find+EPRINT+hep-th/0612253
https://doi.org/10.1103/PhysRevD.86.067901
https://arxiv.org/abs/1206.1536
https://inspirehep.net/search?p=find+EPRINT+arXiv:1206.1536
https://doi.org/10.1103/PhysRevD.93.086010
https://arxiv.org/abs/1602.02802
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.02802
https://doi.org/10.1007/JHEP02(2018)087
https://arxiv.org/abs/1710.09826
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.09826
https://doi.org/10.1007/JHEP06(2018)008
https://arxiv.org/abs/1712.07631
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.07631
https://doi.org/10.1002/prop.201800060
https://arxiv.org/abs/1807.06602
https://inspirehep.net/search?p=find+EPRINT+arXiv:1807.06602
https://doi.org/10.1007/JHEP05(2019)089
https://arxiv.org/abs/1812.10172
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.10172
https://doi.org/10.1007/JHEP10(2019)145
https://arxiv.org/abs/1907.12764
https://inspirehep.net/search?p=find+EPRINT+arXiv:1907.12764
https://doi.org/10.1088/1126-6708/2007/08/050
https://arxiv.org/abs/0706.2042
https://inspirehep.net/search?p=find+EPRINT+arXiv:0706.2042
https://doi.org/10.1007/JHEP08(2010)114
https://arxiv.org/abs/1005.4527
https://inspirehep.net/search?p=find+EPRINT+arXiv:1005.4527

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

N.T. Macpherson and A. Tomasiello, Minimal flux Minkowski classification,
JHEP 09 (2017) 126 [arXiv:1612.06885] INSPIRE].

N.T. Macpherson, J. Montero and D. Prins, Mink 3 x S solutions of type-II supergravity,
Nucl. Phys. B 933 (2018) 185 [arXiv:1712.00851] INSPIRE].

F. Apruzzi, J.C. Geipel, A. Legramandi, N.T. Macpherson and M. Zagermann,
Minkowskiy x S? solutions of IIB supergravity, Fortsch. Phys. 66 (2018) 1800006
[arXiv:1801.00800] [iNSPIRE].

G.B. De Luca, G.L. Monaco, N.T. Macpherson, A. Tomasiello and O. Varela, The geometry
of N =3 AdSy in massive IIA, JHEP 08 (2018) 133 [arXiv:1805.04823] [INSPIRE].

A. Legramandi and N.T. Macpherson, Mink, x S? Solutions of 10 and 11 dimensional
supergravity, JHEP 07 (2019) 134 [arXiv:1811.11224] [INnSPIRE].

A. Passias, D. Prins and A. Tomasiello, A massive class of N' =2 AdS; IIA solutions,
JHEP 10 (2018) 071 [arXiv:1805.03661] [INSPIRE].

S. Beck, U. Gran, J. Gutowski and G. Papadopoulos, All Killing Superalgebras for Warped
AdS Backgrounds, JHEP 12 (2018) 047 [arXiv:1710.03713] INSPIRE].

A. Sevrin, W. Troost and A. Van Proeyen, Superconformal Algebras in Two-Dimensions with
N =4, Phys. Lett. B 208 (1988) 447 [INSPIRE].

D. Prins and D. Tsimpis, Type IIA supergravity and M -theory on manifolds with SU(4)
structure, Phys. Rev. D 89 (2014) 064030 [arXiv:1312.1692] [INSPIRE].

D. Liist, P. Patalong and D. Tsimpis, Generalized geometry, calibrations and supersymmetry
in diverse dimensions, JHEP 01 (2011) 063 [arXiv:1010.5789] [INSPIRE].

A. Legramandi, L. Martucci and A. Tomasiello, Timelike structures of ten-dimensional
supersymmetry, JHEP 04 (2019) 109 [arXiv:1810.08625] INSPIRE].

F. Apruzzi, M. Fazzi, D. Rosa and A. Tomasiello, All AdS; solutions of type-1I supergravity,
JHEP 04 (2014) 064 [arXiv:1309.2949] [INSPIRE].

D. Youm, Partially localized intersecting BPS branes, Nucl. Phys. B 556 (1999) 222
[hep-th/9902208] [iNSPIRE].

K. Sfetsos and D.C. Thompson, On non-abelian T-dual geometries with Ramond fluzes,
Nucl. Phys. B 846 (2011) 21 [arXiv:1012.1320] [INSPIRE].

Y. Lozano and C. Nufez, Field theory aspects of non-Abelian T-duality and N = 2 linear
quivers, JHEP 05 (2016) 107 [arXiv:1603.04440] [INSPIRE].

Y. Lozano, N.T. Macpherson, J. Montero and C. Nifez, Three-dimensional N = 4 linear
quivers and non-Abelian T-duals, JHEP 11 (2016) 133 [arXiv:1609.09061] [INSPIRE].

Y. Lozano, C. Nunez and S. Zacarias, BMN Vacua, Superstars and Non-Abelian T-duality,
JHEP 09 (2017) 008 [arXiv:1703.00417] [INSPIRE].

Y. Lozano, N.T. Macpherson and J. Montero, AdSs T-duals and type IIB AdSg x S?
geometries with 7-branes, JHEP 01 (2019) 116 [arXiv:1810.08093| [INSPIRE].

O. Kelekei, Y. Lozano, N.T. Macpherson and E. o) Colgdin, Supersymmetry and non-Abelian
T-duality in type-II supergravity, Class. Quant. Grav. 32 (2015) 035014 [arXiv:1409.7406]
[INSPIRE].

— 41 —


https://doi.org/10.1007/JHEP09(2017)126
https://arxiv.org/abs/1612.06885
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.06885
https://doi.org/10.1016/j.nuclphysb.2018.05.021
https://arxiv.org/abs/1712.00851
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.00851
https://doi.org/10.1002/prop.201800006
https://arxiv.org/abs/1801.00800
https://inspirehep.net/search?p=find+EPRINT+arXiv:1801.00800
https://doi.org/10.1007/JHEP08(2018)133
https://arxiv.org/abs/1805.04823
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.04823
https://doi.org/10.1007/JHEP07(2019)134
https://arxiv.org/abs/1811.11224
https://inspirehep.net/search?p=find+EPRINT+arXiv:1811.11224
https://doi.org/10.1007/JHEP10(2018)071
https://arxiv.org/abs/1805.03661
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.03661
https://doi.org/10.1007/JHEP12(2018)047
https://arxiv.org/abs/1710.03713
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.03713
https://doi.org/10.1016/0370-2693(88)90645-4
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B208,447%22
https://doi.org/10.1103/PhysRevD.89.064030
https://arxiv.org/abs/1312.1692
https://inspirehep.net/search?p=find+EPRINT+arXiv:1312.1692
https://doi.org/10.1007/JHEP01(2011)063
https://arxiv.org/abs/1010.5789
https://inspirehep.net/search?p=find+EPRINT+arXiv:1010.5789
https://doi.org/10.1007/JHEP04(2019)109
https://arxiv.org/abs/1810.08625
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.08625
https://doi.org/10.1007/JHEP04(2014)064
https://arxiv.org/abs/1309.2949
https://inspirehep.net/search?p=find+EPRINT+arXiv:1309.2949
https://doi.org/10.1016/S0550-3213(99)00384-3
https://arxiv.org/abs/hep-th/9902208
https://inspirehep.net/search?p=find+EPRINT+hep-th/9902208
https://doi.org/10.1016/j.nuclphysb.2010.12.013
https://arxiv.org/abs/1012.1320
https://inspirehep.net/search?p=find+EPRINT+arXiv:1012.1320
https://doi.org/10.1007/JHEP05(2016)107
https://arxiv.org/abs/1603.04440
https://inspirehep.net/search?p=find+EPRINT+arXiv:1603.04440
https://doi.org/10.1007/JHEP11(2016)133
https://arxiv.org/abs/1609.09061
https://inspirehep.net/search?p=find+EPRINT+arXiv:1609.09061
https://doi.org/10.1007/JHEP09(2017)008
https://arxiv.org/abs/1703.00417
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.00417
https://doi.org/10.1007/JHEP01(2019)116
https://arxiv.org/abs/1810.08093
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.08093
https://doi.org/10.1088/0264-9381/32/3/035014
https://arxiv.org/abs/1409.7406
https://inspirehep.net/search?p=find+EPRINT+arXiv:1409.7406

[62] Y. Lozano, N.T. Macpherson, C. Ntinez and A. Ramirez, Two dimensional N = (0,4)
quivers dual to AdSs solutions in massive ITA, arXiv:1909.10510 [INSPIRE].

[63] L. Bedulli and L. Vezzoni, Torsion of SU(2)-structures and Ricci curvature in dimension 5,
Differ. Geom. Appl. 27 (2009) 85 [math.DG/0702790v3] [INSPIRE].

[64] J.P. Gauntlett, D. Martelli, J. Sparks and D. Waldram, Supersymmetric AdSs solutions of
M-theory, Class. Quant. Grav. 21 (2004) 4335 [hep-th/0402153] INSPIRE].

[65] F. Apruzzi, M. Fazzi, A. Passias and A. Tomasiello, Supersymmetric AdSs solutions of
massiwe IIA supergravity, JHEP 06 (2015) 195 [arXiv:1502.06620] [INSPIRE].

[66] A. Rota and A. Tomasiello, AdS; compactifications of AdS; solutions in type-II supergravity,
JHEP 07 (2015) 076 [arXiv:1502.06622] [INSPIRE].

[67] Y. Lozano, N.T. Macpherson, C. Niinez and A. Ramirez, 1/4 BPS AdS;/CFTs,
arXiv:1909.09636 INSPIRE].

[68] Y. Lozano, N.T. Macpherson, C. Ninez and A. Ramirez, AdSs solutions in massive IIA,
defect CFTs and T-duality, JHEP 12 (2019) 013 [arXiv:1909.11669] INSPIRE].

[69] F. Apruzzi, M. Fazzi, A. Passias, A. Rota and A. Tomasiello, Siz-Dimensional
Superconformal Theories and their Compactifications from Type 1A Supergravity,
Phys. Rev. Lett. 115 (2015) 061601 [arXiv:1502.06616] INSPIRE].

— 492 —


https://arxiv.org/abs/1909.10510
https://inspirehep.net/search?p=find+EPRINT+arXiv:1909.10510
https://doi.org/10.1016/j.difgeo.2008.06.008
https://arxiv.org/abs/math.DG/0702790v3
https://inspirehep.net/search?p=find+J+%22DifferentialGeom.Appl.,27,85%22
https://doi.org/10.1088/0264-9381/21/18/005
https://arxiv.org/abs/hep-th/0402153
https://inspirehep.net/search?p=find+EPRINT+hep-th/0402153
https://doi.org/10.1007/JHEP06(2015)195
https://arxiv.org/abs/1502.06620
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.06620
https://doi.org/10.1007/JHEP07(2015)076
https://arxiv.org/abs/1502.06622
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.06622
https://arxiv.org/abs/1909.09636
https://inspirehep.net/search?p=find+EPRINT+arXiv:1909.09636
https://doi.org/10.1007/JHEP12(2019)013
https://arxiv.org/abs/1909.11669
https://inspirehep.net/search?p=find+EPRINT+arXiv:1909.11669
https://doi.org/10.1103/PhysRevLett.115.061601
https://arxiv.org/abs/1502.06616
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.06616

	Introduction
	AdS(3) x S**2 solutions with small N=(4,0) supersymmetry and SU(2)-structure
	Realising an SU(2) R-symmetry
	Geometric conditions for supersymmetry

	Class I: conformal Calabi-Yau 2-fold case
	Summary of class I
	Derivation of class I
	D5 branes wrapped on AdS(3) x S**3 and backreacted on CY(2)
	Local solutions with AdS(3) x S**2 x CY(2) foliated over an interval

	Class II: Kahler four-manifold case
	Summary of class II
	Derivation of class II
	Generalisation of the F-theory solutions in [28] with non trivial 3-form flux
	Further local AdS(3) x S**2 x CY(2) foliations

	Glueing local solutions together with defect branes
	Towards global solutions with defects from section 3.4
	Towards global solutions with defects from section 4.4

	Summary and future directions
	Spinors and bi spinors on S**2 and M(5)
	Spinors and bi spinors on S**2
	Spinors and bi spinors on M**5


