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Abstract

We use the formalism of Generalised Geometry to characterise in general the supersymmetric back-
grounds in type II supergravity that have a null Killing vector. We then specify this analysis to configurations
that preserve the same supersymmetries as the D1-D5-P system compactified on a four-manifold. We give a
set of equations on the forms defining the supergravity background that are equivalent to the supersymmetry
constraints and the equations of motion. This study is motivated by the search of new microstate geometries
for the D1-D5-P black hole. As an example, we rewrite the linearised three-charge solution of arXiv:hep-th/
0311092 in our formalism and show how to extend it to a non-linear, regular and asymptotically flat con-
figuration.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Supersymmetric solutions of type II supergravities play a central role in many different areas
of string theory, including compactifications with interesting phenomenological properties, the
study of holographic gauge/string dualities and the construction of geometries with the same
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charges as black holes. Supersymmetry is also a powerful tool in finding explicit solutions, since
it allows to solve first order equations instead of the full set of equations of motion.

In all the examples mentioned above, the supergravity solutions are characterised by the pres-
ence of non-trivial Ramond—Ramond (RR) fields, which makes it more complicated to solve the
Killing spinor equations. In the past years, several techniques, from G-structures to Generalised
Geometry, have been developed to simplify the analysis of the Killing spinor equations in pres-
ence of fluxes and make manifest the constraints that supersymmetry puts on the background
geometry. In particular, for compactifications to four dimensions, the formalism of Generalised
Geometry [1,2] provides a very elegant tool for classifying the internal geometries as well as
constructing explicit solutions [3,4] and studying the physics of D-branes [5,6]. The idea is
that it is possible to give a completely equivalent formulation of the Killing spinor equations
as a set of differential equations on two polyforms defined on the internal six-dimensional man-
ifold. The two polyforms are constructed by tensoring the supersymmetry parameters on the
six-dimensional space. See [7—11] for previous works reformulating Killing spinor equations in
terms of differential forms.

Recently this approach has been generalised in [12] to the analysis of generic ten-dimensional
backgrounds in type II supergravity. Again, the supersymmetry constraints are rephrased in terms
of forms, built out of the ten-dimensional supersymmetry parameters. In type Il supergravities
in ten dimensions, supersymmetric backgrounds are characterised by the presence of a Killing
vector, which can be either time-like or null. In this paper we will make use of the formalism
developed in [12] to study in detail backgrounds with a null Killing vector.

This analysis is motivated by the construction of new microstate geometries for the 5D
Strominger—Vafa (SV) black hole [13,14]. The SV black hole has a realisation in type IIB string
theory compactified on a circle of radius R >> /o’ times a string-sized four-dimensional space.
For concreteness, in this paper we focus on the T* case, but our results are valid for internal K3
as well. The SV black hole carries three charges which, in string theory language, correspond
to D1-branes wrapped on the S!, D5’s wrapped on S! x 7* and left-moving momentum (in our
conventions) along the S'. Our main goal is to set up the framework for building horizon-less
solutions that carry the same charges as the SV black hole and thus are relevant for the so-called
“fuzzball” conjecture (see the review articles [15-21] for a general account of this subject). The
first examples of exact and regular supergravity configurations with three charges were found
almost ten years ago [22-24] and are part of a class of smooth 1/8-BPS solutions constructed
in [25,26].

These geometries are characterised by the presence of a dipole charge for each of the three
charges; moreover they are smeared over the compact space S! x T (and thus can be studied
within a 5D supergravity, see [27] for a recent analysis from this point of view) and are further
restricted by the assumption that they admit a tri-holomorphic U(1) isometry.

There is evidence that the generic microstate of the SV black hole does not fall in the class
of geometries discussed above. First of all, the assumption of a tri-holomorphic U(1) isometry is
clearly too restrictive as it would suppress most of the states already in the two-charge case; this
was confirmed by the countings in [28-30]. The assumption of a tri-holomorphic U(1) isome-
try was relaxed in [31], but a crude counting argument suggested that even those more general
solutions could not account for the full three-charge entropy.

Further evidence that the generic microstate geometry might be more general than [25,26]
comes from a complementary analysis of D1-D5-P systems based on world-sheet techniques
[32,33]. The basic idea is that string correlators in flat space capture the large distance behaviour
of the gravitational backreaction of each D-brane bound state. This approach has been success-
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fully tested for bound states of D1-D5 branes [34,35] where it was shown that disk correlators
with one closed string and all open strings describing the given microstate reproduce the dipole
charges for the known two-charge configurations. The same analysis applied to the three-charge
geometries [33] suggests that the generic SV microstate is not smeared along the S' and thus
should be described within a 6D supergravity.' Solutions of minimal 6D supergravity coupled to
(at most) one tensor multiplet and carrying the same charges and dipole charges as the [25,26]
solutions were studied in [38-40]. However, the world-sheet analysis also shows that all fields
of type IIB supergravity are non-trivial for general microstates, and not only those necessary for
describing the dipoles present in [25,26]. This conclusion is supported also by arguments based
on the dual D1-D5 CFT [41]. Thus we should expect that for the generic D1-D5-P microstates
all type IIB fields are excited and, hence, cannot be described by a restricted ansatz based on
minimal six-dimensional supergravity like the one discussed in [38—40].

The first aim of this paper is to provide the most general ansatz and set of equations that
should describe the microstates of the D1-D5-P system directly in ten dimensions, with only two
simplifying assumptions: we assume that the 74 is rigid, i.e. that it appears in the 10D geometry
as a fixed torus apart from an overall scaling function, and that the solution is ‘isotropic’ on T'%.
Of course, this does not happen for the generic microstate, but, as in the two-charge case, there
is the possibility that the class of geometries we consider gives an entropy that has the correct
scaling in the large charge limit. Our analysis yields a set of equations generalising the results
of [38—40]. The presence of the momentum charge implies the existence of a null Killing vector,
while the requirement of supersymmetric D1 and D5 charges is necessary and sufficient to ensure
that 1/8 of the total type IIB supersymmetries are preserved.

The second aim of the paper is to provide an explicit solution of our system of equations
describing a smooth D1-D5-P microstate geometry that depends non-trivially on the S' co-
ordinate.” A class of such solutions would be provided by the non-linear completion of the
perturbative geometries derived from string theory in [33]. However, for sake of simplicity we
focus on a different case: we start from the perturbative 6D solution derived in [42] and show
that it can be uplifted to 10D as a two-charge solution of the general type constructed in [41].
Then we can follow the construction of [42], adding a non-trivial momentum and extending the
solution to an asymptotically flat geometry. The knowledge of the full 10D equations allows us to
perform these steps at the non-linear level and to find a 10D completion of the solution discussed
in [42].

The paper is organised as follows. In Section 2 we give the complete set of equations one
has to solve in order to have a ten-dimensional supersymmetric solution with a null isometry in
type II supergravity. As already mentioned our starting point is the formalism developed in [12].
We construct a one-form, one even/odd polyform in ITA/IIB and a pair of four-forms, which
are obtained as (sum of) bilinears in the supersymmetry parameters, and then we give the set
of equations on these objects that are equivalent to the Killing spinor equations. In doing that,
we derive a new set of equations, which appear simpler than those in [12], but only holds for
backgrounds with a null isometry. Moreover, we show that, in order to have a full solution of all

LA first example of solution in this class was found in [36]. The fact that generic microstates should be described
by un-smeared six-dimensional geometries was also conjectured in [37] by analysing the supersymmetries preserved by
D1-D5-P bound states.

2 In this sense, the geometry we obtain is a regular solution of a non-minimal 6D supergravity; however, the S is part
of the 6D space and the D-branes are wrapped on it: thus from our example it is not possible to derive a regular ‘soliton’
of 6D supergravity in the asymptotically Minkowski space RS,
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supergravity equations of motion, we need also to impose the component of Einstein equations
in the null direction. Then in Section 3 we will specify our equations to the study of a D1-D5-P
(marginal) bound states. We will consider geometries of the form RV x ¥ x Y, where Y is
fibrated on the null direction in R!! and ¥ is eventually identified with the internal T4 (or K3).
Under the assumption that all fields are homogeneous and isotropic along Y, we derive the most
general ansatz for the type IIB fields describing such systems and the equations that such fields
must satisfy in order to give a solution. These first two sections can be skipped by readers who are
more interested in the construction of explicit geometries. In order to make the second part of the
paper self-contained and consistent with the notation used in the existing literature on microstate
geometries, we collect in Appendix E.7 a summary of the equations relevant for the concrete
applications to the SV miscrostates. In Section 4, we briefly review the perturbative configuration
of [42] and discuss its embedding in the 10D ansatz derived in Section 3. At this point it is
easy to write a full regular non-linear solution in the near-horizon region. The extension to an
asymptotically flat configuration is trickier: here we present the complete solution but postpone
the derivation and a more detailed discussion of its physical properties to a forthcoming paper.
Conventions and details of the derivations of Sections 2 and 3 can be found in Appendices A-E.

2. Null supersymmetric vacua: General discussion

The study of type II flux backgrounds has shown that, rather than dealing directly with spino-
rial equations, it is often convenient to rewrite the supersymmetry conditions as differential
equations on a set of forms on the compactification manifold. In particular, in [12] this approach
has been applied to generic backgrounds in ten dimensions. As we will review in this section, the
idea is that, starting from the pair of supersymmetry parameters €; and €;, one can build a set of
forms which can be used to rewrite the ten-dimensional supersymmetry conditions.

Ten-dimensional supersymmetric solutions in type II supergravity are characterised by the
existence of a Killing vector K, which can be either time-like or null. In this paper we will
assume a null K. We will re-examine the supersymmetry conditions given in [12] and propose
an alternative formulation of some of the supersymmetry constraints.

For generic ten-dimensional backgrounds the supersymmetry constraints are not equivalent
to the full set of equations of motion. For the case of K null, we show that, in order to get a
proper supergravity solution, the supersymmetry constraints, the Bianchi identities for the NSNS
flux and for all the RR fluxes of the democratic formalism, summarised in (2.10), have to be
supplemented by the vv component of Einstein equation.

2.1. Supersymmetry and geometrical structures

In ten dimensions, a supersymmetric vacuum of type II supergravity is characterised by a
pair of Majorana—Weyl spinors, € and €3, satisfying the Killing spinor equations. We take their
chirality to be

I'hoer = €1, Ihoy€2 = Feo, 2.1

where the minus (plus) sign is for IIA (IIB). We have introduced the ten-dimensional chiral
operator Ijg) = "%, Here and in the following the uderline denotes flat indices.
Form the spinor bilinears, we can construct a vector K [12]

1
K= —E(élfMel +&le)du, (2.2)
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which can be either time-like or null. It can be shown [10,11] that K is a Killing vector:

Lkgao =0. (2.3)

In addition to K, one can construct other useful tensorial objects which characterise the ge-
ometry. A 1-form

1
x=—5@ETue —&lye)dx" 24)
and a polyform
_ I_
U =-32¢®&T10) = Xk: TR dxMin oA dxMe (2.5)

where k = is even/odd in ITA/IIB. We use conventions which are slightly different from those of
[12], since more ‘natural’ for studying D-branes [43].3

One can then show that the ordinary spinorial supersymmetry conditions, which are obtained
by setting to zero the supersymmetry variation of the type II gravitini and dilatini, imply the
following differential conditions for y and ¥ [12]

dx =g H, (2.6a)

dy(e ®W) =1k F+ x A F, (2.6b)
where dg denotes the twisted exterior derivative

dg=d—HA, 2.7)

¢ is the dilaton, H is the Neveu—Schwarz three-form, and F, following the democratic formal-
ism, denotes the sum of all Ramond—Ramond field strengths

F= Z Fr, (2.8)
k

with k even (from O to 10) in ITA and odd (from 1 to 9) in IIB. The redundant degrees of freedom
in F are eliminated by the self-duality constraint

F = #A(F), (2.9)

where A acts on forms by inverting the order of the indices: on a form Fj of rank k it acts as
ktk=1)
M) =(-)"2

dH =0, dyF=0. (2.10)

Fy. We assume that the fluxes satisfy the proper the Bianchi identities

More details on our conventions are given in Appendix A.
The form equations (2.6) and the condition (2.3) can be used to show that K is actually a
symmetry of the full solution [12]

LxH=LgkF=Lg¢dp=LgW =0. (2.11)

3 s : - A A 1B 1B
The dictionary is the following: Hpere = Hiheres Frope = —Finires Fhere = Fiheres Khere = —32Ktheres Xhere =

& 1B _ 1B A _ _ VN
—32Kheres Yhere = 32%Pinerer Yhere = ~32Pihere:
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As explained in [12], Egs. (2.3) and (2.6) in general contain less information than the com-
plete set of Killing spinor equations. In other words, they are necessary but not sufficient for
having a supersymmetric configuration and must be supplemented by complementary supersym-
metry conditions. In [12] a possible way of writing such complementary conditions in terms ¥
and other geometrical data was proposed — see Eqgs. (3.1¢)—(3.1d) therein. However these extra
equations are quite cumbersome to manipulate when looking for explicit solutions. In the fol-
lowing, restricting to the case of K null, we propose another set of complementary conditions
which might be easier to work with.

2.2. The null K case

Let us assume that K is null. We define a light-cone coordinate u such that

d
K=—. (2.12)
ou
As explained for instance in [38], one can introduce a second coordinate v and write the (string
frame) metric as

dsfig) = —2¢*P(dv + B) [du + & + W(dv + B)] + ds3. (2.13)
where ds)zf = gap(v, x)dx? dx? is a metric on an 8-dimensional space X, w = wq (v, x) dx* and
B = Bu(v, x) dx? are one-forms on X. In the applications to the D1-D5-P system we will identify

1 ‘=) 1
u=—(@-y), V= —
V2 V2

where 7 and y label time and the S'. All the fields in the metric can depend in principle on v and
the eight-dimensional coordinates x“. We choose the following vielbeine and covielbeine

(t+y), (2.14)

ad
EY=du+w+ W(dv+ ), Eu=—a )
- u
v_ 2D —op( 9 9
E!=e""(dv+pB), E,=e -Ww )
= ov ou
0 0 0
E¢=¢%  E,=e| — —op——Bp— ). 2.15
¢ ¢ e”(&xb “ Bu 'Bbav) 219
such that ds)2( — 8@6Q e}l and ds(zlo) = —2FE4FY + (S@EQEL) Wlth, as usual, e4 €p = 85 and

EMEy =53,
The NSNS and RR field strengths can be split in the following way
H=h+E*“ANhy+E*ANhy+ E* NE® A hy,,
F=f+E“ANfu+E°Afy+E*"NE*A fun, (2.16)

where all the forms % and f_ have components along the 8-dimensional coframe dx? (or
e%) only. The ten-dimensional self-duality of the RR fields (2.9) translates into the following
8-dimensional relations

*A(f) = fuv *$A(fuv) = [,
*S)V(fli)z_fly *gA(fo) = fo. (2.17)
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Notice that this parametrisation, and in particular the choice of # and v, is not unique. For
fixed x* we have the following mixed diffeomorphisms

u—u+U(@,x), v—> v+ V(x), x4 — x4, (2.18)
which preserve the ansatz (2.13) if
w—>o—dxyU+UB, B— B —dxV, W—W-U, (2.19)

with U = d—[l{. Since we know that K is a symmetry of the background, the forms on X do not
depend on u but can in general depend on v. On such forms the exterior derivative dxy = dx% A d,
is not covariant under (2.18), but can be naturally replaced by the modified exterior derivative:

d
Dedy— A2 (2.20)
dv

K being null also restricts the form of the supersymmetric structures. First of all, we can
choose the ten-dimensional gamma matrices to be

0 0 0 1
F‘iz—ﬁ(l 0)®V(8)7 FU:ﬁ(O 0>®V(8)» r<=1ey4 (@20

where y¢ are eight-dimensional gamma matrices associated with the manifold X and y(g) =

y L8 is the eight-dimensional chiral operator.

The fact that K = E,, is null implies that the two supersymmetry parameters €; and €, can be

written as”

€]=<(l))®771 I=1,2), (2.22)

where 7; are real eight-dimensional spinors of positive chirality.
By further imposing the normalisation condition K = 9, we get

1
—=(njm +nim) =1, (2.23)

/2

so that we can parametrise
Iml>=nin =v2sin?6,  Iml? =nin =+2cos26. (2.24)

By using this restricted form of the Killing spinors and the gamma matrices given in (2.21), it
is not difficult to see that the one-form x defined in (2.4) reduces to

x =cos20 > (dv + B). (2.25)
On the other hand, the polyform ¥ defined in (2.5) becomes

4 In general one can split the type II supersymmetry parameters as
€7 = ! ®n+ 0 ®17
1= 0 nr 1 nr.
with I =1,2.If K is null, EIFMGIBM =éjI'er E, for both I = 1,2 and then

el r0rte; ~ el (-1 4+ r'e; =l [(~12 +03) ® 1]e; =0,

which requires 77; = 0.
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W =+/2¢*P5in260 (dv + B) A @, (2.26)

where @ is a polyform on X
1
P = Z E”{ Yay..apn2 dx Ao A dx (2.27)
— k!
which is odd/even in IIA/IIB.

2.2.1. The missing supersymmetry conditions

As shown in [12], Egs. (2.3) and (2.6) contain less information than the original Killing spinor
equations. As we discuss more in detail in Appendix D, the analysis of the intrinsic torsion of
the Killing spinor equations and of the system (2.3)—(2.6) reveals that the missing constraints are
exactly provided by the vanishing of the v-component of the gravitino variations®

1 1
<Vy —~ ZLQH>61 + Beq’FFyr(m)ez =0,

16

where F is the sum of all RR-field strengths defined in (2.8) and all forms are implicitly con-
tracted by gamma matrices, e.g. F = Zk %FMIH,M,{FMI'“MK

In this section, we discuss how one can rewrite the spinorial equations (2.28) as an equivalent
set of equations involving just (possibly v-dependent) differential forms defined on the internal
eight-dimensional space X.

Let us introduce a pair of four-forms 2" and 2® on X as follows:

1 1
(Vy + Z@H)ez — —’M(F) el =0, (228)

1 2
28 =0T vapeani, 22 =nFvapeam. (2.29)

2M and 2@ define the two Spin(7) structures associated with the presence of the two
Majorana—Weyl spinors 11 and 7,. Such Spin(7) structures provide a useful tool to analyse the su-
pergravity equations as one can decompose tensors in irreducible representations of these Spin(7)
structures. In particular, two-forms on X contain a component transforming as the representations
7 corresponding to 2(1 and £2®, which are selected by the following projectors

1
(DY od _ le od] (Ded
SR _1<8["8b‘ " 2asinZe )
1 1 ,
2) cd [c od] 2)cd
P =_(slstl ___~ . (2.30)
( 7 )ab 4( [a®”b] 2\/5(:0529 ab )

Then, as shown in details in Appendix D, the two spinorial equations (2.28) can be recast into
the following equivalent set of equations

d 2

- (c0520) = %eﬂ”‘b fo-®. (231a)
1 .

72e¢(f 1g®P)dx? = e7*PDe?P — f 4 0526 hy, (2.31b)

5 See Appendix A for our convention on the Killing spinor equations.
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1 .
—e?(tuf - @) dx® = —hyy — c0826 (e *PDe*P — B), (2.31c)
V2 -

d .
120 = (1012V) = —165in*6 22 (") /(Do + WDB — hy)ea

+ V25020 *PTD - (yup f), (2.31d)

d

1[0 2? - - (1012?) = —16c0s* 0 &*P (Py?) , /(D + WDB + hy)ca

+v2c0s20 22D - (fyyap). (2.31e)

In the above equations, the gamma matrices y, must be considered as the corresponding opera-
tors under Clifford map: if @), is a p-form, then

Ya®p = a®Wp + 8ab dx” A Wp,
WpYa = (_)p_l(lawp — 8ab dxb A CUp)- (2.32)

Furthermore, as usual, y» = ¥4 ¥p]. Notice that in (2.31d) and (2.31d) only the 7 components
(with respect to 2(1 and £2® respectively) of the antisymmetric two-tensor are non-trivial.

Egs. (2.31a)—(2.31e) provide, for the case of K null, a set of constraints, alternative to
Egs. (3.1¢)-(3.1d) of [12], that need to be imposed in addition to (2.3) and (2.6) in order to
have a supersymmetric configuration.

2.2.2. Einstein and B-field equations

It is well known that supersymmetry does not generically imply the complete set of equations
of motion. The question is then which is the minimal set of equations one has to solve in order
to be sure to have a solution of the full system of equations of motion. The general strategy is to
first impose the supersymmetry and Bianchi identities for the fluxes, and then to check whether
these imply the flux and dilaton equations of motion and Einstein equations.

In ten dimensions, one has again to distinguish between backgrounds with null or time-like
Killing vectors. We show in Appendix C that for K null, one has to solve the following set of
equations: the supersymmetry constraints, the Bianchi identities (2.10) and the vv component of
the Einstein equations

1 1
Rup +2VuVo¢ = StuH -1y H — Z&%F 1y F =0, (2.33)

where 1, F - 1, F =3, 1, FHD . FCAHD with k= 1/2,...,3/2 forIA and k =0, ..., 4 for
IIB.

All other equations, namely the equation of motion for B and the dilaton, and the other com-
ponent of Einstein equations, are automatically satisfied.

With our ansatz for the metric and the fluxes the vv component of Einstein equations becomes

1 . .
0= —6_4DD,1 (EZDLa) + 5 e—ZDﬂaLagbcgbC + 26_2D,3aLa

! 1d, _ .
+ Z(Dw + WDB)up(Dw + WDB)™ — Za(e D e)gap
1 d .
=3¢ P8 Gap + e (7P ) + e L Db
2 dv
ho ks = 36 234)
5ty 46 v Ju .
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where i, and f, are defined in (2.16) and the symbol L denotes

L=w+ WA —DW.

2.2.3. Summary of BPS equations for null Killing vectors

(2.35)

In the previous sections we derived a set of conditions on the geometric structures y, ¥,
M and 2@ which, for null K, are equivalent to the standard Killing spinor equations of

ten-dimensional type II supergravities. We will summarise them in this section.

First, in addition to Lk g(10) = 0, we have Eqgs. (2.6) [12]

dy =g H,
dy(e ®W) =1k F+ x A F,

which must be supplemented by the additional constraints®

. 1
—2Dy 2D . _ ® a
e ““De " — B+ Dlog(sin20) = ———e?(f - 1, ) dy“,
P £ V25in2(20) S a®)dy

1
D, cos20 = Eeqbtaf -,

d 2
a(cosze) = §e20+¢fv -,

d :
a2 (i 2") = ~16sin*6 PP (PIY) /(Do + WD — hy)ea
+4/2sin20 Pt . (Yab fo)>
d
1@2® (11 2?) = ~16cos* 0 P (P U (Dw + WD + hy)ea

+/2cos20 2Pt . (fyVab)-

(2.36a)
(2.36b)

(2.37a)

(2.37b)

(2.37¢)

(2.37d)

(2.37¢)

Second, in order to have a solution of the full set of equations of motion, we also have to
impose the Bianchi identities/’eom dH = 0 and dy F = 0 and the vv component of Einstein

equations

1 _ .
0: —6_4DDa(€2DLa) + Ee—2DﬂaLagngbc +2€ ZDﬂaLa

1 1d, .
+ 7 (Do + WDB)ap(Deo + WD) — Tl D) g

1 . ond o _
_§€_4Dgabgab+e 2D_(€ 2D¢)+e 2DLaDu¢

dv

—_

1
=3ty b= g€ fy fo

where &y, f, and L are defined in (2.16) and (2.35).

(2.38)

6 These equations are a partial rewriting of the constraints discussed in Section 2.2.1. In particular, (2.37a) and (2.37b)

can be obtained from (2.31a) and (2.31b) by using (2.36a).
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3. The D1-D5-P geometries

In this section we will apply the formalism developed in Section 2 to study the full back-
reaction of a D1-D5-P system, where the D1-branes wrap an S! ¢ R! while the D5’s wrap
S! x T*. The momentum represents a left-moving wave propagating on S'. We will therefore
consider spaces of the form R!"! x ¥ x ¥, with metric

dsgygy = —2¢*P(dv + B)[du + &+ W(dv + B)] + *C dsj + €2 dsj. (3.1)

Eventually we will take Y = T* with a flat metric, but the following arguments work also when
Y has Ricci-flat hyper-Kéhler metric ds12<3.
On the other hand, being dsf a priory completely arbitrary, the warping ¢2© is a ‘pure-gauge’
degree of freedom, in the sense that we have the freedom to perform the gauge transformation
G— A and ds;— e *ds?, (3.2)

with A an arbitrary function. We will fix this redundancy by making a convenient gauge choice
suggested by the equations.

At different steps in our derivation, we will also make the simplifying assumption that
the backgrounds are ‘isotropic’ along Y. Configurations describing more general states of the
D1-D5-P system can in principle be included by generalising our results.

3.1. Restricted spinorial structure

We now derive the restrictions that a D1-D5-P (marginal) bound state puts on the form of the
Killing spinors. In this section we will assume that the NSNS two-form has no legs on Y and

LxB=0. (3.3)
According to the structure of the metric (3.1), we take a factorised form for the eight-dimensional
gamma-matrices’

i ; 4+ A

Yo =7r'®L g =vw®PL (3.4)
and the eight-dimensional spinors 7;

= @G+ e @ e (3.5)
with g“f and ff chiral spinors on the four non-compact spatial directions Y and Y. The suffix ©
denotes the conjugation ¢ ¢ = C4)¢ T (see Appendix A for notations and conventions).

Let us first consider what are the constraints a momentum in the direction of S' sets on the
spinors €;. A wave propagating left-wise in the direction y is supersymmetric if

I'%Ye; =¢. (3.6)

This corresponds to the existence of the null Killing vector K and is automatically satisfied by
the spinor ansatz (2.22)

61=<(1)>®n1 (I=12). (3.7)

7 From now on we use yi and p? for the 4D gamma matrices in ¥ and )4 respectively and introduce a subscript when
we refer to the 8D gamma matrices.
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We then require that a D1-brane probe, filling the (u, v) directions and sitting at a generic
point of the internal eight-dimensional space, is always supersymmetric. The supersymmetry
condition for a probe D1-brane is

FD1€2=—€1. (3.8)
In general,
P
I'p = (3.9)

s — Bup),
TG =) e Bap)

where o2, with @ = 0, 1, denote world-volume coordinates, Iy = 9, X™ EAM,IF u and (*g =
gopdo®do® and *B = %Baﬁ do® A doP are the pull-back of the metric and NSNS two-form
on the world-volume. Notice that, since we consider D1-brane probes with no induced charges,
the world-volume gauge field is zero.

We can use the supersymmetry condition (2.36a) and the fact that K is a symmetry of the
solution to determine the form of the NSNS two-form. Indeed (2.36a) is solved by taking

1k B=—x =—e*P cos20 (dv + B), (3.10)
which means
B=—¢?Pcos20 (du+w) A (dv+ B) + b A (dv + B) + B, (3.11)
where b and B are a 1- and 2-form on the internal eight-dimensional space X.
By using the metric (2.13) and (3.11) we find that, in our case,
I'v = ﬁ(l}_v +co0s26 1(10)) = ﬁ(—@ +c0s2012)) ® Lg), (3.12)

where in the last step we have used the 2 + 8 decomposition (2.21) of the gamma matrices.
Hence, the projection (3.8) on the spinors (3.7) reduces to

sin @

n2 =n1, (3.13)
cosd

which implies that the two internal eight-dimensional spinors 7 2 are proportional. Comparison
with the normalisation condition (2.24) fixes®

N1 :2% sinfn, 7]2:2% cosOn, (3.14)

where the Majorana—Weyl spinor 7 has positive chirality and unitary norm.
Finally we have to impose that a D5-brane probe wrapping Y, extending along the (u, v)
direction and sitting at any point of Y is supersymmetric

I'pser; = €. (3.15)

As for the D1-brane, there is no purely world-volume gauge field. Since we are assuming van-
ishing B-field along Y, we can rewrite the D5 projector in terms of the D1 one

Ids =Ip1(1Q1Q Pu)). (3.16)
We see that (3.15) reduces the spinor (3.5) to

8 Notice also that Majorana conditions 172 = 175 Cg) imply that the proportionality constants must be real.
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N1={QC+°®LC, (3.17)

where ¢ and g: have positive chirality in four dimensions (y4)¢ = ¢, )9(4)5 = 2) and we can
choose them to have unitary norm.

With the ansatz (3.14)—(3.17) for the eight-dimensional spinors, the polyform ¥ takes the
form (2.26) with

1 - -
@ =— (14 2 +*CTC voly Avoly), (3.18)
7l )

where §2 is the four-form defining the Spin(7) structure associated with 1 (see Appendix B for
some definitions and properties of Spin(7) structures)

3
2 = ¢* voly +e*Cvoly — 20126 D Jania. (3.19)
A=1

Furthermore, the forms (2.29) can be expressed in terms of §2 too
20 =V2sin’0 2, 2@ =v2cos’6R. (3.20)

In theAequation above voly and \7814 denote the volume forms on ¥ and ¥ respectively, while
Ja agd Ja (A =1,2,3) are two triplets of two-forms which deﬁnei two SU(2) structures on Y
and Y, respectively. They are built as bilinears of the spinors ¢ and ¢ as follows:

. 1 , ) i . .
J1+112:§§TC(4)Vij§dxl/\de, J3=§§TVij§dxl Adx, (3.21)
o a Laga . AU DU
—h+ih =S Caypapl di Adie, Ji= %c%b; e A di”. (3.22)

Both triplets of two-forms are anti-self-dual with respect to the corresponding metrics

saJy=—J4 and #Jy=—J4 A=1,2,3, (3.23)

and satisfy the usual properties of almost hyper-Kihler structures, e.g.

(JA)ik(JB)kj = ZEABC(JC)ij - SABS;, (3.24)
B

or equivalently

Ja N Jp=—284pVoly. (3.25)

The same equations hold for Ja.
3.2. Minimal set of equations for our ansatz

The second part of the paper will be devoted to the construction of new examples of D1-D5-P
geometries describing microstates of a black hole. In this section we specify the general su-
persymmetry conditions of Section 2.2.3 to the restricted spinorial structure we worked out in
Section 3.1 and we identify a minimal set of equations which need to be solved in order to get a
full supergravity solution.
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For concreteness, in the rest of the paper we will always take Y =T4, choosing dff to be a
flat metric on it.” Then we can take the triplet J4 to be closed

djs =0, (3.26)

so that T* is endowed with a hyper-Kihler structure. We will also assume that all the fields
depend just on the (u, v, x) coordinates along the six-dimensional space R""! x Y.

Finally we restrict our analysis to backgrounds that are ‘isotropic’ along 7. In other words,
we impose that H has legs just along R""! x ¥ and that the RR-flux polyform F splits as follows:

Fiot= F + F Avoly, (3.27)
where

F=F + F;+ Fs, (3.28a)

F=F +F+ F;s (3.28b)

have legs along R:! x ¥ only, and voly is the volume form associated with the flat metric dff.
To avoid confusion, in this section, we denote the ten-dimensional RR fluxes by the subscript
tot- The ten-dimensional self-duality condition *A(Fio) = Fior translates into the six-dimensional
Hodge-duality

F = ¢*0 s A(F), (3.29)

where ¢ uses the complete, warped, six-dimensional metric. Notice that, by isotropy, F and F
must satisfy the following six-dimensional Bianchi identities/equations of motion

dyF =0, (3.30a)
dyF =0, (3.30b)

where we recall thatdy =d — H.

The BPS equations of Section 2.2.3 can be used to derive a general ansatz (provided the as-
sumptions we made before) describing the D1-D5—P geometries we want to study. In particular
the metric and fluxes can be expressed in terms of a reduced number of independent fields sat-
isfying a simplified set of equations. The detailed derivation of such a minimal ansatz can be
found in Appendix E. Here we simply discuss the main steps of that derivation and the final
results, omitting several technical details.

Let us consider first (2.36a). As already discussed in Section 3.1, this can be used to derive
the most general for of the NSNS two-form, under the assumption that Lxg B = 0.

B=—¢?Pcos20 (du +w) A (dv+ B) +b A (dv + B) + B, (3.31)

where b = b; dx’ and B = %Bi.j dx’ A dx/ have legs just along Y.
Similarly the ‘isotropic’ components of (2.36b) can be used to determine the RR potentials.
We define

F=dyC, F=dyC, (3.32)

9 We stress once again that, with the two assumptions recalled after (3.26), everything we will say is actually valid for
Y =K3 and Ricci-flat d§7 = dsZ, as well.
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where C = Cy + C> + C4 and C= C~’0 + C~‘2 + C~'4 are u-independent. Then the most general
solution of (2.36b) for the potentials is

C=—e*Pdu+o)Adv+p) A (e ?sin20 +cos20C) +cA(dv+p)+C,  (3.33a)

C=—e*P(du+w) A (dv+ ) A (*079 5in20 + c0s20 C) + & A (dv+ B) + €. (3.33b)
where we have introduced the following polyforms on Y

c=ci+c3, C=C1+c3,

C=Co+Cr+Cy4, ézéo+éz+é4. (3.34)

In order to proceed, we observe that the gauge freedom (3.2) can be conveniently fixed by

imposing that

¢=26 = 2D+26-9 Ginog. (3.35)

Then, the isotropy condition tells us the that the ‘non-isotropic’ components of (2.36b) must
vanish. This gives conditions involving the two-forms J4

DIa—BAJa=0 (3.36)
and the one-form 8
x4DB = DB. (3.37)

The first tells us that the non-trivial v-dependence of the background constitutes a potential ob-
struction to the integrability of the almost hyper-Kéhler structure on Y. The second conditions is
simply the self-duality of DS.

By using (2.37a) and (2.37b) one can show that the dilaton is given by

026
¢ =—, (3.38)
sin26
up to an arbitrary overall constant factor, which we have chosen to be 1 for simplicity.

It is convenient to explicitly solve the two relations (3.35) and (3.38) by expressing the three

wrappings e2?, ¢?¢ and ¢, the angle 6 and the dilaton e? in terms of three independent func-

tions Z, Z and Z,10:

= A VA
2D — O‘U 26 =77, 026 — /T’
77 z
Z Z
cos20 = =2 M =g, (3.39)
z7Z Z
where we have introduced a further function
zZ7 1
o= (3.40)

77 -7} sin*26

10 1t can be useful to list the inverse relations too: Z = e2G12G | 7 = ¢2G—2G 4pq Zp = cos 202G, with €2¢ given by
(3.35).
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By combining (2.37a) and (2.37b) with the self-duality condition for the RR field-strengths we

can also fix
Zp 5 Zb
C = -, C = =, 341
0=- 0 Z (3.41)

up to an additive constant, which we set equal to zero. We then see that part of the supersymmetry
conditions can be used to fix the form of all scalars in our ansatz in terms of just the three
functions Z, Z and Zp.

In order to write the remaining supersymmetry conditions in a more inspiring form, let us
introduce the anti-self-dual two form [38]

V= %eABC(JAV'f(J'B),-,- Je, (3.42)
which measures the rotation of the triplet {J4} under the v-flow, and a set of three two-forms

©=Cy+Dcy — B Act,

@=52+D51 — B AE,

Op=B+Db—p Ab. (3.43)

Then, the self-duality of the RR fields implies that the anti-self-dual components of ®, @ and
®y, are proportional to ¥

(1—%4)® =2Z, (3.44a)
(1—%4)0 =2Zv, (3.44b)
(1= #4)Op =2Zpr, (3.44c)

and determines the self-dual component of Dw
Do+ x4Dw =7 %4 O + ZO — Zp(Op + %460p) — 2WDB. (3.45)

Notice that the self-duality of the r.h.s. of (3.45) is guaranteed by (3.44a) and (3.44b).
The remaining conditions encoded in the self-duality of the RR fields can be shown to reduce
to other two sets of equations. The first set is

DCy — DB Act =#4(DZ + ZB), (3.46a)
DC) — DB A& =#4(DZ + ZB), (3.46b)
DB —DB Ab=x4(DZy + Zpp), (3.46¢)
and the second set is
. . ~d (Z,
Cs+Dcs—BAc3—OpANCy— (DB—DBAb)ACI=2Z 0 ? voly, (3.47a)
v
P o . - ~ - 2 d Zb
Ca+Dc3—BACZ—OpANCo— (DB—DBAbYANCI=Z w\Z volg . (3.47b)
v

In fact, this latter set of equations does not give any additional constraint since it can always be
solved locally: one can always choose a gauge in which C4 = C4 = 0 and Egs. (3.47) can always
be (locally) integrated to give the (local) expression for ¢3 and c3.
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To conclude this section it might be useful to summarise what we obtain for the different
gauge invariant fields once we have implemented the above constraints. The metric ansatz (3.1)
can be rewritten as

2 = zZ .
dstoy = ———=(v+B)[du + &+ W(dv + B)] + VZZds; + \/:dsf. (3.48)
N4 Z
The dilaton is given by
Z
e =aZ. (3.49)
Z

The NSNS field-strength is

H=—(du+w) A (dv+ B) A [D(ﬂ) 2Zp ﬂ]
Z7Z 4

z .
+ (dv+ B) A (@)b - O‘Z—ZbDw> + Z—Zb(du +B)ADB +%4(DZp + Zpf).  (3.50)

The RR field-strengths (3.28a) are

_ Zp d (Z

o | > 1 . 0le Zp
3__(u+w)/\(v+,3)/\|: (2)__/3 zZ7Z (Z>]

Zp 1
+(dv+ﬂ)/\<O—7Ob—EDw)+2(du+a))/\Dﬁ

- ~ . 7z .
+#4(DZ + Z) — 7 %4 (DZ + ZP). (3.51b)
7 ~ ~ . .
Fs= —g(du +w) A (dv+B) A *4[?”(192 +7B)—DZp — Z;,,B} (3.51¢)
2 d
+Z°— ™ — J(dv + B) A voly, (3.51d)
v
while the RR ﬁeld—strength (3.28b) are given by
3 z d [z
2 :D(T”) +(dv+B) A —(4’), (3.52a)
V4 dv\ z

- |: (1) 1. aZ (Zb>]
F3=—(dld+0))/\(dl)+,3)/\ D= )—=8B+—D| —=
Z Z Z7 Z
+(dv+pB) A <é—@@b—ipw)+i(du+wmpﬁ
V4 V4 Z
. 4 .
+44(DZ + Zp) — é’ x4 (DZp + ZpP). (3.52b)

Fs = —i(du +w)Adv+B) A *4[%(92 +ZB)—DZy — zbﬁ} (3.52¢)

+ ZZ;U ( >(dv + B) Avoly. (3.52d)



526 S. Giusto et al. / Nuclear Physics B 876 (2013) 509-555

Our general supersymmetric ansatz is completely specified in terms of the fields dsf, w,B,W,Z,
Z, Zp, O, ® and ®y. They have to satisfy (3.36), (3.37), (3.44), (3.45) and (3.46), which ensure
the Bianchi identities for the NSNS and RR fields, as well as the RR self-duality condition
(3.29)."" Notice that the definitions (3.43) and the conditions (3.46), which explicitly involve
some (locally defined) RR and NSNS potentials, can be substituted with the conditions

. d ~ - .
DO~ O =4 (DZ+ZP), (3.53a)
v
- . ~ d .
DO —pAO =4 (DZ+ZP), (3.53b)
v
. d .
DO, — B AOp = d_ x4 (DZp + Zpp), (3.53¢)
v
and
Dy (DZ+ BZ)=—6 ADB, (3.54a)
Dy (DZ + BZ)=—O ADB, (3.54b)
D x4 (DZy + BZp) = —Op A DB, (3.54c)

respectively. Indeed, (3.43) and (3.46) can be regarded as explicit local solutions of Eqs. (3.53)
and (3.54).

As explained in Section 2.2.2, in order to obtain a supersymmetry solution, one needs to
further impose the vv component of the Einstein equation (2.38). By using the parametrisation
introduced in this section and some of the above constraints imposed by supersymmetry, this
reduces to the following equation

swaDss L+ 2B L 1z2[z d ’
4 i 4 o | Zdv

(Y2208 (Vazg) - 1@ L 2za)

4dv\ «o?

g dv(z—i)]-%zz[%(%)f—%ZZ[%(%)T

1 ~ ~
5 [(@ —ZY)N (O = ZY) — (Op — Zp ) N (Op — Zp)

z7Z
—}——w/\l/f—le/\Da)] =0, (3.55)
o
where we recall that

L=o+WpB—DW, (3.56)

and g;; are the components of the metric on Y': dsf = gij dxidx/.

It is useful to examine some limits of the general ansatz we have found above to clarify how
previously known solutions embed in it. When the metric and the gauge fields are taken to be
independent of v, the solution reduces to the one of [44,45] and it can be reduced to ' =2 5D

1 particular, we see we do not need to use (3.47), which correspond to trivial Bianchi identities.



S. Giusto et al. / Nuclear Physics B 876 (2013) 509-555 527

supergravity coupled to three vector multiplets. When Z;, = b = B = 0 one re-obtains the ansatz
of [39,40], which is equivalent to 6D supergravity coupled to an anti-self-dual tensor multiplet (if
one further restricts Z = Z, ¢; = &1, C» = C», one reduces to minimal 6D supergravity, studied
in [38]).

We would like to conclude this section by emphasising that, in order to find explicit solutions,
the minimal set of equations we listed above can be conveniently organised in a way which
highlights a hidden linear structure [40]. This is discussed in Appendix E.7.

3.3. Supersymmetry of the solution

The supergravity backgrounds described in Section 3.2 are 1/8 supersymmetric, that is they
preserve four supercharges, both for Y = T* or K3. In order to understand this point we need
to count the number of independent degrees of freedom of the spinors €; and e, satisfying the
supersymmetry conditions. According to our ansatz (3.7) and (3.14)—(3.17) these are given by

61:N1<(1))®(§®E+§C®2°), (3.57)

where the spinors ¢ and 7 are positive chirality spinors of unitary norm on ¥ and T4, respectively.
The functions N; are given in (3.14): N| = 21/45in® and N, = 21/4 cos¥.

In our approach we trade spinors for forms built as bilinears in the spinors. Indeed, the com-
plete information on the spinorial ansatz (3.57) is carried by the angle 6 and the four-form
£2 introduced in (3.19). In turn, the information on ¢ and g: is encoded in the two almost
hyper-Kihler structures (Ji, J2, J3) and (fl, fz, fg) (see (3.21)), which enter §2 through the
combination

D Janda (3.58)
A

Now, it is immediate to check that all the equations for our backgrounds are invariant under
separate rigid SU(2) >~ SO(3) rotations of J4 and J A, say SU(2) x SU (2). Such transformations
do not change the metric and the other bosonic fields but do generically transform the form £2,
which is left invariant only under by the diagonal subgroup SU(2)diag C SU(2) X SU(2) which
preserves the combination (3.58). 12 This means that these rigid SU(2) x SU(Z) transformations
produce a three-parameters family of inequivalent normalised Killing spinors, locally identifiable
with the coset [SU(2) x SU (2)1/SU(2) giag. We also have the freedom of a constant rescaling of
the Killing spinors. If we take into account this extra parameter, we obtain a four-parameter
family of Killing spinors, corresponding to four supercharges preserved by our backgrounds.

4. An exact solution

The supergravity analysis of the previous sections provides a general framework for the con-
struction of supersymmetric type IIB solutions with a null isometry. In particular it can be
specialised to the study of type IIB backgrounds containing a 7% and isotropic in 7¢. The main
physical application that motivated this analysis is the construction of the generic solution carry-
ing D1, D5 and P charges. As mentioned in the Introduction, it would be very interesting to see

12’ The SU(2) rotations translate into analogous rotations of the spinors ¢ and Z,and again it is easy to see that (3.57) is
left invariant only by the diagonal subgroup SU(2)gjag-
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whether the subset of D1-D5—P microstates that are isotropic in T4 is sufficient to account for a
finite fraction of the total entropy associated with the given asymptotic charges.

In this section we present the first example of a configuration of this kind: an exact, completely
regular, horizonless, v-dependent solution of the supergravity equations of Section 2.2.3 carrying
D1, D5 and P charges, with a non-trivial profile for all type IIB fields. It also admits an AdS limit
which is dual to a known state of the D1-D5 CFT. Our main purpose is to show that it is possible
to find such explicit v-dependent solutions,'? rather than to discuss how to build them. That is
why we will give the explicit form of the solution but only briefly sketch the method that was used
to construct it (this is basically the approach of [50], just implemented at the full non-linear level).
A more detailed presentation of the solution generating technique, of the regularity analysis and
of the duality with the D1-D5 CFT, together with possible generalisations, will be presented in
a forthcoming work.

The solution we obtain can be seen as the non-linear completion of an approximate solution
derived by Mathur, Saxena and Srivastava (MSS) in [42], which represented the first example
of a microstate geometry for the three-charge black hole. We will review below the approximate
construction of [42], and then outline our method to promote that solution to an exact one of the
non-linear supergravity equations.

Note

To make contact with the existing literature on D1-D5-P microstates, in this section we will
use a different notation than in the previous part of the paper. The switch of notation and the
supergravity equations in the new variables are give in Appendix E.7. From now on we will refer
to equations in that appendix.

4.1. The perturbative solutions of MSS

The three-charge solution of MSS [42] is realised as a perturbation around a particular
two-charge background. Thus we begin with a very brief summary of the D1-D5 1/4-BPS mi-
crostates. These geometries were derived starting from the solution describing the back-reaction
of a vibrating F1-string [51,52]. When the asymptotic 10D geometry is R1* x §! x T# it is pos-
sible to perform a U-duality transformation mapping the F1-P charges into the D1-D5 charges.
One obtains a microstate defined by a curve g; (v') in R*. We are interested in the Lunin-Mathur
solution [53,54] which is defined by the circular profile

/ /
g1(v')=acos 2721) , g (v')=acos 2721) , g3(v) = ga(v) =0. 4.1)

Here

V0105 I— 21 Qs
R R

where R is the radius of the direction y common to the D1 and D5 branes, and O and Q5 are the

charges for N| D1 and N5 D5 branes. The v’ appearing in the equation above has to be thought as

, 4.2)

13 The example discussed in [36] falls in the restricted ansatz of [40] and a full analysis of the regularity conditions
of this case has still to be performed. Another very interesting family of a v-dependent geometries has been recently
discussed in [46,47]; these solutions are somehow complementary to those discussed in this paper as they are non-trivial
along T4 and are identical to the two-charge configurations for the 6D part. A class of v-dependent but unbound solutions
has been found in [48,49].
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a parameter along the profile g; (v'), and is not to be confused with the space—time coordinates v,
used in the supergravity sections, which is related to the time coordinate ¢ and the S' coordinate
yasin (2.14).

In this and the next subsection we will restrict, as in [42], to the particular case in which
Q1 = Qs = Q. This ensures that the 6D description of the solution in (4.32)—(4.3d) is simpler
as it can be described by minimal supergravity. In this case, the Lunin—-Mathur geometry with
circular profile can be written in terms of the ansatz (E.51) as follows:

d 2

ds? = (2 + a® cos?0) <VZ+L02 + d92> + (2 +a?) sin20 dp? + rPcos’ 0 dy2,  (4.3a)
= Ra® (sin0 dgp — cos? 0 dyy) (4.3b)

V2(r? + a2 cos? 6) '

0
Zi=Zy=l+—5————, ai=ay=0, 4.3
! 2 + r2 4+ a?cos?6 a=a (4.3¢)

w= Ra® (sin?@dg +cos?0dy), F=0 (4.3d)

V2(r? + a2 cos2 0) ' '
Zi=a4=256,=0. (4.3e)

Note that the 4D base metric dsf in (4.3a) is just flat R* written in non-standard coordinates, in
which the 10D metric takes its simplest form.

For r ~ 4/Q a curved region of space-time, named the “throat”, opens up. Contrary to the
“naive” extremal black hole geometry (which corresponds to the case a = 0), the throat ends
smoothly after a coordinate distance of order Q/a. As usual, the decoupling (or “near-horizon”)
limit corresponds to the case in which one focuses on the region inside a throat whose length is
much larger than its width. Quantitatively this approximation requires

r<y0,  a<y0. (4.4)
In this limit, the “1” in the expression (4.3c) for Z1 and Z, can be neglected:
0
Zmh = z8h — (4.5)

r2 +a?cos26’
while all the other geometric data are left unchanged. One can see that the resulting 10D geometry
reduces to AdS3 x S3 x T* after the coordinate redefinition

¢H¢+%, Yo (4.6)

According to the general AdS/CFT paradigm, the full string (or M) theory in an AdS space
arising from a “near-horizon” limit should be dual to the CFT describing the low-energy ap-
proximation of the theory living on the branes used in the construction. In our case, we have
to deal with the (1 4+ 1)-dimensional CFT with central charge 6/ N1 N5 [55,56] that captures the
low energy dynamics of the open strings ending on the D1 and D5 branes. Let us recall that
this CFT has an SU(2); x SU(2)g R-symmetry, corresponding to rotations of R*, whose affine
generators are J,f, JnjE and J_n3, J_ni. According to the standard AdS/CFT dictionary, the “empty”’
AdS; x §3 x T* space corresponds to the vacuum state of the CFT, which is in the NSNS sector,
while the geometry defined by Eq. (4.1) is dual to the RR ground state of the D1-D5 CFT with
maximal values of Jg’ and J_g’ (i.e. the highest weight state in each SU(2) given the total angular
momentum of the geometry). Then, from the point of view of the CFT, the coordinate change
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(4.6) realises the spectral flow from the RR sector to the NSNS sector [57], since it connects the
geometry dual to a RR ground state to the “empty” AdS3 x S> x T*, dual to the NSNS ground
state.

Non-trivial chiral primaries of the CFT are more easily described by reducing to six-
dimensional supergravity, and are represented by supergravity perturbations of the AdS3 x §3
background. This is the point of view adopted by the authors of [42], who consider a 6D su-
pergravity comprising the gravity multiplet (whose bosonic part contains the metric, a self-dual
2-form C and a vector) and a tensor multiplet (which includes an “anti-self-dual” 2-form B, a
scalar w and a vector). The metric and C describe the AdS3 x §3 background:

2 2 2
ds? = — 5“ d? + Qdy 0+ 0(d0” +eos?0dy” +sin’ 0 dg).  (4Ta)
r2+a2 5
C=-— di Ady — Qcos?0 de A dy. (4.7b)

Then, following [42], we switch on a perturbation that sits in the tensor multiplet and only ex-
cites the fields B and w. The equations satisfied by B and w are the 6D supergravity equations
linearised around the AdS3 x S° background and are given by

dB + %¢dB + wdC =0, d*edw —2dB AdC =0. (4.8)
The explicit form of the perturbation'* is [42]

w = Sty S8 (4.92)
0 (r2 +a?)

5 O ity SN0 " dady -4 nd

=—e — ———dr
2 (rr+ a2)l Q2 - R 2 +a2 Y
0s6
—cos?0dp Ady — i = do A dxp} (4.9b)
sin

This perturbation is dual to a chiral primary state |¥)ys identified by the quantum numbers

JNs =hns =1, Jjns =hns =1, (4.10)
where jys and fNS are the eigenvalues of JO3 and ./_03 and hys and hyg are the eigenvalues of the

Virasoro generators Lo and L.
For later convenience, it is also useful to analyse the corresponding solution in the RR sector.
|¥') s maps, via the inverse of the spectral flow transformation

R | @.11)

into a RR ground state |¥) with!?

Bl
=

I
o

jr=1l,  hg=0, jr=lI, (4.12)

14 In all linearised solutions we follow [42] and complexify the field describing the perturbation: both the real and the
imaginary parts of this field represent valid solutions. Of course, at the non-linear level we will always have to work with
real fields.

15 Spectral flow transforms the CFT quantum numbers as hg = hys — jys + 2%, JR = JNS — %, with ¢ = 6N N5 for
the D1-D5 CFT. The terms proportional to ¢ are associated with the background and thus, for the perturbation alone, one
has hg = hng — jNS» JR = JNs-
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The geometry corresponding to |¥)g is represented as a perturbation around the background
given in Egs. (4.3a), (4.3b), (4.3d) and (4.5); the fields of the perturbation'® read

. 21
ﬂe—Zilqﬁ sin” 6

- _smo 4.13
w Q (r2 + a2)l ( a)
B Cptp SO [ rhdeot g BT g

2 (r2 +a?)! 0? Rr?+a?

- cos29<d¢ Ady — %(dr Ady +de A dy))

0
— %% (do ndy — Ldo ndy) |. (4.13b)
sinf 0

The idea of [42] is that, by a sequence of transformations in the chiral algebra of the CFT,
|¥)ns (and so the RR state |¥) g obtained after an inverse spectral flow) can be related to a state
in the RR sector of the CFT carrying one unit of momentum. In particular, one can consider the
state J,, |¥)ns: it has

jns=1-1, hns =1, Jjns =hys =1, (4.14)

and hence is not a chiral primary. If one performs an inverse spectral flow transformation one
then reaches a RR state which is not a ground state and whose quantum numbers are

jrR=1—-1, hrp=1, jr=1, hg=0. (4.15)
This state can be identified with J_| |¥)g; it carries momentum
p=hg—hg=1 (4.16)

Thanks to the fact that the operator Jy, can be identified with an infinitesimal rotation in R*,
it is straightforward to generate (in the near-horizon limit) the gravity solution dual of the state
JZ|¥)r: one starts with the solution (4.9a)—(4.9b), performs the infinitesimal rotation associ-
ated with J;", and finally the change of coordinates (4.11). The resulting geometry, whose explicit
expression can be found in Egs. (3.21)—(3.30) of [42], solves by construction the linearised equa-
tions in the “near-horizon” region. In order to construct a real microstate of the three-charge
black hole, this “near-horizon” geometry should be glued back to the asymptotically flat region.
This step was performed in [42] only approximately, through a perturbative expansion in the
parameter € = % (the regime € < 1 describes geometries with a very long throat). In the next
subsection we will show that, by embedding the solution into our general ansatz (E.51), the ex-
tension from the asymptotically AdS solution to an asymptotically flat one is straightforward.
The same formalism will also make the generalisation from a linearised to an exact background
more transparent.

4.2. Embedding MSS in our ansatz

Let us go back to the original two-charge geometry (4.13a)—(4.13b) corresponding to the CFT
state in the RR sector |¥) g: to embed this 6D supergravity solution into our 10D ansatz one first

16 T order to obtain (4.13b) one needs to use also Q = Ra following from (4.2) in the case Q1 = Q5.
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needs to specify a 10D uplift. This uplift is not unique, but we focus here on one based on the
following identifications'’

C=-C,, w=2C), B =B. “4.17)

With these identifications, the state |¥)r is represented by the original Lunin—Mathur ge-
ometry given in (4.3a), (4.3b), (4.3d) and (4.5), plus the 10D uplift of the perturbation
Eqgs. (4.132)—(4.13b):

- 21
Cl o2l sin”* 6

Co=— —, 4.18
°T20° P xad) (4-182)
L2l 2 4 42 cosl
) i sin” 0 r<+a*cos“ 0
B_E{ ! 1Y) - 0 (du + w) A (dv + B)
r’ta 2ga¢ Ady —i 52 40 dy
— —————5—cos -
r? +a%cos?6 "sine
L2l
g SO 1@ (4 €S0 i T ) ad 4.18b
e (r2+a®' 0 ¢+lsin9 e ik (4.186)

with 8 and w given in (4.3b) and (4.3d). The term in the last line is d-trivial and can be gauged
away. Notice that the perturbation (4.18a)—(4.18b) can be embedded, at linear order in ¢, in the
ansatz (E.51), by choosing

Zy = Lo2ile sin as=0 (4.19a)
A 2 +a?)!(r?2 + a?cos?6)’ A= '
- 21 2 2
€l _oip  SIN % r‘-+a 5 .cosf
6= —— 6dop And do Advy |. 4.19b
2 2¢ 2 +a?)! |:r2 +a2cos?6 cosT0dg ndy i sin@ v ( )

It is immediate to check that the Z4 and §, above satisfy the only supergravity constraint (E.57a)
that is non-trivial for this solution, i.e.

%4dZ4 = d5,. (4.20)

Since all two-charge solutions are known and are associated with a curve g4 (v') (A =
1,...,8) in R* x T4, the solution (4.19a)—(4.19b) is defined by a particular g4(v'). As men-
tioned before, this curve represents the profile of the string in the duality frame in which the
charges are fundamental string and momentum: the solutions corresponding to curves in R* are
the Lunin—Mathur geometries [53,54], while general curves where considered in [41,58]. Choos-
ing a generic profile in R* x T* for the vibrating string breaks the rotation invariance on T4;
however, when going from the F1—P to the D1-D5 duality frame, one of the directions of T%,
that we take to be the direction A = 5, is singled out. In particular a profile g4 (v’) that has only
component 5 in T# will be a scalar in the D1-D5 frame, while a profile in the other 7'# direction
will correspond to a three-form. Then, D1-D5 geometries whose profile has components only
along the directions A =1, ...,5 are T* isotropic and have, generically, all type IIB fields ex-
cited. The solution dual to the state |¥)g is exactly of this form, and indeed one can see that it
coincides with the D1-D5 geometry associated with the curve

17 To match the conventions of [42] with ours, one also needs to reverse the orientation: xg — —x*g, Where, in our
conventions, €y1234 = +1.
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/ I P
81 (v’) =acos ZJTTv, gz(v’) =acos MTU, g5(v/) — —ibe " , 4.21)

at first order in b and with all remaining components of g set to zero. The relation between the
parameters b and ¢; is

% — —baR. 4.22)

We can embed in our ansatz also the solution in Egs. (3.21)—(3.30) of [42] corresponding

to the three-charge CFT state J_,|¥)g. As discussed in the previous section this configuration

is generated by combining the change of coordinates corresponding to the CFT spectral flow

and R* rotations. The solution carrying one unit of momentum is described by the following
geometric data'®

.21
s L 6 cosb
T = —crle— V2% g 2il9+ @) Sin ’ 4.24
4= mate Re 2+ ad) (2 + a2 cos? ) (4-24)
L 211 .
o " 0 dr AdO rsinf cos 6
8y = —cile 2k 2ot T T\ do A d
2 cre ¢ r? + a?)! SO 2 +a? + r2 4+ a2cos?6 oy
% in6
_i(% dr Ady + %d@ /\d¢)]. (4.24b)

The other data describing the geometry remain, of course, unchanged at linear order and the only
non-trivial supergravity equations are (E.57)

32 = *482, %4 DZ4 =D6y, (4.25)

which are easily verified.

The advantage of rewriting the “near-horizon” MSS solution in the form of our ansatz is that
the extension to the asymptotically flat region is now immediate: it is enough to re-add the “1”
to the functions Z| and Z,. As the equations for Z4 and §, do not involve Z| an Z; (when, as
in our case, B is v-independent), it is evident that sending Z; 2 — Z1 2 + 1 does not change Z4
and §>. Moreover, inspection of the other supergravity constraints immediately shows that all the
other geometric data are unmodified at first order in the perturbation parameter ¢;. In conclusion,
the geometry given by the data in (4.3a)—(4.3d) and in (4.24a)—(4.24b) solves the supergravity
equations at first order in ¢; and interpolates between flat space and the AdS region for any value
of e = % Thus it represents a “perturbative” microstate of the three-charge black hole with one

unit of momentum.
4.3. The non-linear completion

If one wants to describe microstates that carry a macroscopic amount of momentum charge
(rather than just one quantum) one needs to take into account higher order contributions in the
perturbation parameter ¢;. The solution of the previous subsection fails to solve the supergravity
equations at all orders in ¢;: terms of order cl2 appear on the r.h.s. of the equations involving F

18 we exploit the gauge invariance

ag — aq — ).\.(1), 6 —> 6+ 'D)\(l), (4.23)

with A(D a 1-form, to set ag = 0.
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and w (E.58) and thus these metric coefficients will necessarily be modified at that order. Note
that the appearance of a non-vanishing F is expected for geometries carrying a finite amount of
momentum charge.

One can construct a fully non-linear three-charge solution by starting from an exact two-
charge geometry and applying a sequence of transformations similar to the ones described above.
We will give here a sketch of the construction, specifying for simplicity to the case / = %

Let us consider the non-linear extension of the two-charge microstate described by the curve
in (4.21). First of all, when working at the non-linear level one has to use real expressions (as the
trick of taking the real part of the final solution does not apply when the equations are non-linear).
There are of course many possible curves that reduce to the real part of (4.21) at linear order in
b. We will make here the following choice

2’ 270’ 270’
gl(v’) :acos( 721) ) gg(v/):asin( sz ) gs(v’):—bsin( sz )

(4.26)

while all other components of the profile are trivial. The exact two-charge geometry correspond-
ing to this profile can be derived thanks to the results of [41] and is given, in our notations,
byl9

d 2
dsi = (r* + a*cos? 9)( 5 Jrr 5+ d92> + (r* +a?)sin? 0 dg? + ricos* 0 dyr?, (4.27a)
r’+a
R 2
b= sory :2 T (sin® 0 dgp — cos” 0 dy), (4.27b)
R? d’+ % R?a*b? cos 2¢ sin” 0
Zy=1+4 555 SRR I WA R N (4.27¢)
Os r-+a“cos-6 205 (r*+a“cos“0)(r*+a*)
L=lt a%iosz 5 a=0. (4.27d)
Z4 = Rab cos¢ sin6 0 (4.27¢)
= Ra , a4=0, 27e
* ST ai? +dPcost)
—Rabsin® r?+a? 2 cosf
&= 0 dgp Ad ing——do Adyr |, 4.27
2 o |:r2+a200529 cos” 6 cos ¢ dp 1//+sm¢sin9 1//] (4.27f)
Ra? . 9 2
w= J307 + a2 02 8) (sm 6d¢ + cos” 0 dtﬁ), 4.27g)
F=0. (4.27h)

The relation (4.2) between the y radius R and the charges is now modified as

R = 0 QS2 . (4.28)
V a’+ %

19" From now on we work with arbitrary D1 and D5 charges; of course, in order to find the results of the previous two
subsections one needs to use explicitly the constraint Q1 = Q5 = Q.
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One can now take the “near-horizon” limit,2 which amounts to replacing Zy 2 — Z12 — 1,
do a spectral flow to the NSNS sector, make a finite rotation in R*, and finally spectral flow back
to the RR sector. One generates in this way a solution describing a three-charge microstate in the
“near-horizon” region. The solution is

d 2
dsi = (r* +a*cos?6) <ﬁ + d92> + (r* + a?) sin? 0 dg* + r? cos? 0 dyr?,  (4.29a)
r2+a
Ra’ ‘2 2
N TS ey (sin? 6 dep — cos? @ dyp ). (4.29b)
7 R?  a*+ % + R24%b? % cos2 6 (4.290)
= cos 20 , 29¢
! Q5 r2 +a?cos?0 205 (r2 +a?cos20)(r? 4+ a?)
0s
= @259
0
Z4 = Rabcos v cos , a4=0, (4.29¢)
Vr2+a?(r? +a?cos?0)
5 Rab r 5 sing dr/\d9+ rsinf cos6 dp A dy
= Rab———| cos ¥ sin
2 [y r24a? ' r24a%cos?0
7 in6@
_ sinﬁ(igos S dr AdY + 2 do A d¢>}, (4.29¢)
r<+a r
Ra?
T 22 e (sin® @ d¢p + cos® 0 dy)
N Rb% (r2 + a?)sin? 0 dg + r2 cos? 6 dyr 4.298)
V2 (P +a)(? % cos?6) e
b2
F = _71’2 gL (4.29h)
with
2
b= */;” Y (4.30)

Note that the sequence of spectral flows and rotations in general mixes the coordinates # and v
with the R* coordinates; thus, one would have expected that the 4D metric dsf and the 1-form
B would have been modified by the series of change of coordinates performed. However, this
has not happened for the particular transformations that generate the geometry corresponding
to the state J_,|¥)g: at the end dsf is still flat and g is still v-independent. Note also that a;
is still vanishing and Z; is still v-independent, which implies that ®; = 0. One has instead a
non-vanishing &;, that can be computed to be

o V2 Ra?b? rcosd <in 28 sind dr A do rsinf cos6 dp A dys
= — 1 v S1
? Qs r?+4a? r?+a%>  r?+a?cos*f
0 in6
tcos20( =27 g Ady + 2 4o A dg ) |. 431)
r2+a? r

20 1n the “near-horizon” limit both a2 and b2 are much smaller than / 010s5.
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Being generated from a regular solution via a globally defined sequence of coordinate transfor-
mations, the geometry (4.29a)—(4.29h) is guaranteed to solve the supergravity constraints and to
be regular.

The final task is the extension of the above “near-horizon” solution to one that has flat asymp-
totics. This task is complicated in this case by two factors: first, the replacement Z; , — Z 2+ 1
generates on the r.h.s. of Egs. (E.38) and (E.58b) terms proportional to ®, and to the v-derivatives
of Z; and forces w and/or F to be corrected in order to preserve the supergravity constraints.
Second, the necessary corrections to w spoil the regularity of the geometry and have to be fur-

ther compensated by corrections of order “—i We will not attempt to explain here a systematic
technique to address these problems. The recent results of [59] have provided a general method
to produce v-dependent solutions of the supergravity equations precisely in the situation that is
relevant for our problem, i.e. when the 4D metric dsf and B are v-independent. The construction
of [59] applies to the restricted ansatz in which Z4 = a4 = §, = 0, but its extension to our more
general set up is straightforward. We have checked that the solution (4.29a)—(4.29h) fits into the
scheme of [59], and we have used this observation to generate the corresponding asymptotically
flat geometry. We leave the details, as well as further applications, to a forthcoming work. We
quote here, for completeness, the final solution:

d 2
dsi = (r* + a*cos?6) (*2 _'r_ + d92) + (r* 4+ a?)sin? 0 dg? + r* cos? 0 dyr?,  (4.32a)
r

a2
Ra® ) 2
B= B2+ a0 0) (sm 0 d¢ — cos 0 dl//), (4.32b)
Zi=14 R?  a*+ % R%a?b? cos 29 cos? 8 4.320)
= — , 32¢
! Osr2+a2cos?0 ' 2(Qs +a?) (r2 +a2cos?0)(r? + a2)
Os
Z2 =1 + m, a) = O, (432(1)
cosf
Z4 = Rabcosv , as =0, (4.32¢)
Vr2 +a?(r? +a?cos?0)
5 Rab r 5 sing dr A d6 rsiné cos d A dy
= Rab——|cosvsin
2 /72t a2 r2+a?  r2+4a?cos?f
. .f cosf sin @
—sind| 5——dr Ady +——do Adg | |, (4.32f)
r<—+a r

Ra?
w =
V2 (r? + a2 cos?6)
Rb? (r2 4 a?)sin® 6 dp + r2 cos? 6 dyr
V2 2 +a?)(r? + a%cos? )

(sin2 0d¢ + cos® 6 dlﬁ)

Ra?*b? [ . a’sin’6d¢ — r2dy )
— cos2v cos” 0
22 (Qs + a?) 2 +a?)(r? 4+ a2 cos?6)
. _.rcos@dr — (r* +a%)sin6 do
+ sin2v 1) cosf |, (4.32¢g)
b2
F= (4.32h)
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This geometry solves the non-linear supergravity equations, is regular and horizon-less, and at
large distances reduces to the geometry of the black hole with D1, D5 and P charges.
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Appendix A. Conventions

In this paper we will consider ten-dimensional Minkowski space we use the signature

(—,+,...,+), as well as eight- and four-dimensional Euclidean space. We distinguish local
flat indices by underlying them.
In a D-dimensional space, take an oriented vielbein ¢, withm =0, ..., D — 1 if the space is

Minkowskian and m = 1, ..., D if it is Euclidean. Then the Hodge-* of a k-form Ay is defined
as follows:

A= memlm"ﬁD—k’ﬂD—kJAm'ﬂDAmD_k-HmmD eR N NP, (A.D)

where €., is the totally antisymmetric symbol, such that €y.p—1 =1 and €. p =1 in
Minkowskian and Euclidean spaces respectively.
We often use the operator A which acts on a k-form Ay as follows:

AMAg) = (—)FED2 4 (A.2)

that is, A exchanges the order of the indices of the form it is action on.
We define the contraction of a k-form Ay by a vector X = X" 9,, by

m

IxAr = Amnyoongy dx™ Ao A dxT (A.3)

(k—l)!X

and we use the shorthand notation ¢, = ¢3,,.
We also make use of the full contraction of two k-forms, A and By,

1
Ak - Br= — Ay, m, BM-Mr, (A4)
p! !
which is generalised to the contraction of polyforms A=), Ay and B= ), By as
A-B=) A Bt (A5)
k

When acting on spinors, a k-form is implicitly taken to be contracted by gamma matrices
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1
Ap= EAml...mk y" (A.6)

where, as usual, 1" = plmioymd
We use spinor in 10 Minkowskian and 8 and 4 Euclidean dimensions. The corresponding
chirality operators are

oy = I'%2, v =8, yay =y, (A7)

When we consider the split from 10 to 2 + 8 dimensions we use the following gamma matrices
decomposition

F(-):i(72®y(g), Fl=61®y(g), F‘lzjl@yg. (A.8)
We can also split the ten-dimensional charge conjugation matrix
C0) =102 ® C(8)¥(8)+ (A9)

where C g, is such that C(g)y,C (_8)1 = y,I'. The Majorana condition on a ten-dimensional spinor €
imposes that

e=e'r=e"Cqo), (A.10)
and on an eight-dimensional spinor 7 imposes
n"=nTCg. (A.11)

By choosing C(g) =1 and then C(10) = I"? one obtains the real representation.
We also consider the split of the Euclidean 8 dimensions into 4 + 4 dimensions as in (3.4),
under which

Cgy=Cu® 6(4), (A.12)

where C(4) (and analogously C (4)) now satisfies the identities C4)y; C (?1; = —yiT. For instance,
we could take the following explicit representation for four-dimensional gamma matrices

yl=o1®1, y'=m®l yl=m®n, yi=0®o0 (A.13)

and then y4) = 03 ® 03. In this basis we can choose C4) =02 ® o1.

In this paper we use the democratic formulation [60] of type II supergravities in the conven-
tions spelt out in detail in Appendix A of [61], up to a sign flip H — —H. Let us just recall some
informations relevant for the analysis of supersymmetry.

For the Ramond—Ramond fields we consider the full sum of field strengths

F= Z Fr, (A.14)
k
with &k even (from O to 10) in ITA and odd (from 1 to 9) in IIB. The redundant degrees of freedom
in F are eliminated by the self-duality constraint
F =xA(F), (A.15)

where A is given in (A.2).
The fermionic content of type II supergravity consists of a doublet of gravitino’s and dilatino’s

vm= e ¥i). A= 0L22). (A.16)
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The components of the doublet have different chirality in type IIA and the same chirality in type
[IB. In both theories we fix the chirality to be

TaoVy =¥y, Taopr' =-1% (A.17)

The type II supersymmetry transformations are parameterised by a doublet of Majorana—Weyl
spinors € = (€1, €2), of opposite chirality in IIA and same chirality in IIB

F(IO)Gl =€] (HA), F(IO)GZ = Fe (HB). (A.lg)
In our conventions, the type I supersymmetry transformations of [60] can be written as follows:
1 1

(Sljfjlwz <VM—ZLMH)61—i—Eed)FFMF(l())EQ, (A.19a)
5 1 1L,

(SIPM: VM+ZLMH €) — 1—66 )\(F)FMF(lo)Gl, (A.19b)
1 1 L oM

SA = |do — EH €1+ 1—66 I'" FI'yIo)er, (A.19¢)
2 1 L yom

S = |(d¢ + EH € — Ee ' AM(F)I'y o€, (A.19d)

where fluxes are contracted on gamma matrices as in (A.06).
Appendix B. Spin(7) structures

Take an 8-dimensional space X and a globally defined, nowhere vanishing Majorana—Weyl
spinor 7. The structure group oh the spin bundle is reduced from Spin(8) to Spin(7). We choose
the charge conjugation matrix C(gy = 1, so that all gamma matrices y, are real, n is real and
satisfies y(gyn = n, with y(g) = y1...8. Furthermore we normalise 7 in such a way that

n'n=1. (B.1)
An equivalent way of defining a reduced Spin(7) structure is via a four-form
1 .
2= 0" Vabeandy A dy” A dy Ady?. (B.2)

If n has positive chirality, then 2 is self-dual
*2 =2, (B.3)

while if y(gyn = —n then 2 = - 2.

The different tensors can be decomposed in different representations of Spin(7). A vector
transforms in the representation 8 of Spin(7). On the other hand, a tensor with two antisymmetric
indices decomposes as follows in irreducible representations:

aap) =7 @ 21. (B.4)
We can use £2 to construct the corresponding projectors. In particular
1 a 1
(P’ = (8{2%} - Efzab“’) (B.5)

is the projector on the 7 of Spin(7).
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It is also useful to observe that, if x is any four-form, then one can construct a two-form
transforming in the 7 of Spin(7)

1
T7 = 10,82 - x dy* Ady? = 5(sz[aw’e Xblede) A dy® Ady?. (B.6)

B.1. Decomposition of spinors

We can decompose an arbitrary spinor & on X by using as basis 1, Y41, Yapn. In particular, if
n has positive chirality, we can decompose a positive/negative chirality spinor &,/ as

1
tr=x"n+ Exghyabn,
co= xSy, (B.7)

where Xl is a singlet of Spin(7), Xs is a vector and the two-form be transforms as 7 of Spin(7).
This is due to the following projector conditions:

(P1ab ™ yean = Vean. (B.8)
Hence ¢y € 1 7 and ¢_ € 8. Notice also that (1, y,»n) and (y“n) form a basis for the positive
and negative chirality spinors, respectively. If y(gyn = —n, we have a similar decomposition with

chiral and antichiral spinors exchanged.
The spinorial basis (17, Y47, Yapn) obeys the following orthogonality conditions

" yay"n =35,
1" yapy“in = —8(Pr)ap™, (B.9)
which can be used to invert the decomposition (B.7)

1

x'=n"¢y, xZ;,=—ZnTyabc+, xS ="y (B.10)

Another useful identity is the following. Let us state it for a non-normalised spinor 7, with

n’n # 1.If we define a (non-normalised) 24pca = 07 Vabean, then
1 1
T, . T _
n YabM — 577 YabMAN = _877T77

Notice that all terms in this equations transform as two-forms in 7, cf. (B.6) and (B.8).

d
L[C,.Q'E(Lb].Q). (B.11)

Appendix C. Integrability for null Killing vectors

In this section we discuss again the relation between supersymmetry and equations of motion
for the case of null Killing vector, which is relevant for this paper. In the derivation we do not
explicitly include branes as localised sources and we only consider the closed string sector.

Let us first define

1 1 2

EuN =RuN +2VyVned — EHM -Hy — ¢ Fy - Fy,
1

Hun = e %19 [d(e_zd’ 10 H) + 5(*1017 A F)s},

O=2R— H*+38[V?¢p — (d$)*], (C.1)
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where F is the sum of all RR filed-strengths as in (A.14). Using this notation, the string-frame
trace-reversed Einstein equations, the B-field equations and the dilation’s equation are simply

Eun =0, Hun =0, 0=0. (C.2)
On the other hand,
dH =0, dygF =0 (C.3)

give the Bianchi identity for the Bfield and the Bianchi identities and equations of motion for the
RR-fields.

The starting point of our discussion is provided by Egs. (11.4) in [61]. They immediately
imply that, if the type II background is supersymmetric, the following equations are satisfied

1 1
EunTVe + E[HMNFN + i (dH)]er + Z(dHF)FMF(IO)GZ =0,

1 1
EunTNer — E[HMNFN + i (dH)]ey — Zf(lo))»(dHF)FMél =0,
Oe€ +2(dH)e; — (dp Fez =0,
Oey — 2(dH)er — A(dy F)ey = 0. (C.4)

If we then impose the Bianchi identities (C.3), it is easy to see from the last two equations in
(C.4) that the dilaton equation, O = 0, is automatically fulfilled. On the other hand, the first two
equations of (C.4) reduce to

1
(EMN + EHMN)FNG] =0,

1
(EMN - EHMN>FN62 =0. (C.5)

These can be reduced to a set of bosonic conditions using the fact that I'“e and I"%¢;, with
a=1,...,8, form a set of linearly independent spinors>' (the same is true for ¢5)

1 1
g}\ﬂ‘FaH}[ﬂ:O, 5@"-57‘[@:0,

EMu — %Hw =0,  &ma— %Hm =0, (C.6)
where againa =1, ..., 8. Clearly, these are in turn equivalent to the set of equations

Emu =0, Ema =0,

Hyu =0, Hya =0. (C.7)

Since Hpyn is antisymmetric, the second line of (C.7) is actually equivalent to the complete set
of B-field equations of motion Hy;y = 0. The first line provides almost all components of the
Einstein equations £y x = 0, with the exclusion of the vv component

Ep =0. (C.8)

We then reach the conclusion that, if K is null, imposing supersymmetry and the BI’s (C.3) au-
tomatically implies all remaining equations of motion but (C.8), which then needs to be checked
separately.

21’ Remember that for K null, both €1 and € are annihilated by I'%.
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Appendix D. The missing supersymmetry equations

Egs. (2.3) and (2.6) are not sufficient for guaranteeing the supersymmetry of a ten-dimensional
background and must be supplemented by additional conditions [12]. The problem is that some
information contained in the Killing spinor equations is projected out when going to the polyform
equations. In fact, by looking at Appendix B of [12] one can easily identify which are the Killing
spinor equations which are not captured by (2.3) and (2.6). The missing conditions are provided
by Egs. (B.39) and (B.40) therein and correspond exactly to the component of two gravitino
equations along the null-directions e, and e,.

In our case, where K is null, we can identify ey, and ey, with E, and then the missing
supersymmetry conditions are given by the v-component of the gravitino variations given in
(A.19):

1 1
<Vy — ZLQH>61 + Be(bFFyF(lO)EZ =0,

1 1
<Vy + ZLQH>62 - Eem(F)Fyel =0. (D.1)

Our aim is to express these equations in a more tractable form, different (but equivalent) to
Eqgs. (3.1d)—(3.1e) of [12].
We first split the NSNS and RR fluxes as in (2.16)
H=h+E“ANhy+E*ANhy+ E*ANE" Ahyy,
F=f+E“Nfu+E°ANfy+E*NE*A fup. (D.2)

Then we compute the covariant derivatives using the ansatz for the metric (2.13) and the spinors
(2.22)

1 oD . 1 1 _
Vyer = EQMVMQ = (O) ® |:e ZDm + Z(Da)—l— WDB)n — Ee 2DmAn1i|

-~ (?) ® [?(e—z%ew - B)m}, (D.3)
where we have introduced the two-form
ma = 3 bacéSefet A . (D4)
Analogously

1 oD . 1 1
Vyer = EQMVMEI = (O) ® |:e 2Dn2 + Z(Dw—i— WDB)ny — Ee 2DmAn2}

+ (?) ® [(—)'F' g(ezDDezD - ,3)7]2]. (D.5)

The terms in (D.1) containing the fluxes are easily simplified using (D.2) and the chirality
properties of the spinors. Then, we can rewrite (D.1) as

_ . 1
(e7PDe*P — B)n1 — huym — §€¢f772 =0, (D.6a)

(e7*PDe* — BYma + huwmz — %(—)‘f e?1(f)m =0, (D.6b)
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1 €2D €2D 1 5

it = g + S Do+ WDBYI — <y + 5P fyn =0, (D.6¢)
1 ezp e2D e2D+¢

02— EmAnz + T(Dw + WDB)m + Thym - 3 A(f)m =0. (D.6d)

Each of the spinors n; and n; defines a Spin(7) structure. We can use them to expand
(D.6a)—(D.6d) in a natural spinorial basis.

Let us start with (D.6a). By construction all terms have opposite chirality with respect to 7.
As discussed in Appendix B, we can expand it in the basis y,n1 witha =1, ..., 8. The different
components are obtained by contraction it with anya. Using the definition of @ (2.27), we can
write

. 1
V25in? 0 (e 2PDeP — f — hyy) — §e¢(taf D+ f1,®)dx =0. (D.7)

We can repeat the same procedure, expanding (D.6b) in the basis y,; 1,

. 1
V2c0s20(e72PDe*P — B+ hyy) + §e¢(Laf P — f1,P)dx? =0. (D.8)

(D.7) and (D.8) combine into the following algebraic equations

_ . 1
e 2PDe?P — f + cos20h,, = 7§e‘i’(f g @) dx?,

: 1
huy + c0s20(e 2P De?P — §) = —ﬁed’ (ta f - @)dx?, (D.9)

which can be further simplified if one uses the supersymmetry equations (2.6). Indeed (2.6a)
allows to determine some components of the NSNS flux

hy = cos 29e2DDﬁ,

huy = c0s 20 — e~ *PD(cos 20¢*P), (D.10)
while (2.6b) gives

fu=2PDB A @,

fuv +¢0820f = —2e70[e2PTID(2P D) —h A D — f A D], (D.11)
In particular, using (D.10), we can rewrite (D.9) as
. 1
—2D.y, 2D . _ @ a
e ““De " — B+ Dlog(sin20) = ———e?(f - 1, @) dx“, (D.12a)
p £ V2sin2(20) S ta
1
D, cos26 = Ee%f P, (D.12b)
d 2
< (cos 20) = %JDH’ fo-@. (D.12¢)
v v

Let us now pass to the last two equations, (D.6¢) and (D.6d). We can expand them in the basis
(11, Yapn1) and (12, Yapn2), respectively. Let us first contract (D.6c) with r;lT. Recalling that we
set anm =/2sin 6, we get
d

1
— —(sin®6) + §e2D+¢ fo - ®=0. (D.13)
5 v
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On the other hand, contracting (D.6d) with 772T and using anm = /2cos? 0 gives

1 d 1
Ea(cos29) - ge2D+¢ fo-@=0. (D.14)
These two equations are clearly equivalent and can be rewritten as
1 d 1
— —(cos20) — —e*PT £, @ =0. D.15
T3 a0 €520 = 30, (D.15)

We now have to consider the y,571 and y,57n2 components of (D.6c) and (D.6d). Let us intro-
duce the four-forms 21 and 2@ defined as

1 2
28 =1 Vaveant,  R5nq =13 Vaveam>. (D.16)
Then, by using (B.11) we can write
1 1 d
T . T _ 1 1
— = =2V = (1,12M),
T Yab = S Yab AT = =t 3 (@12
1 1 d
T . T _ 2) 2
- = m =— Lo $2"7 - 1p182). D.17
M Yabl2 = 572 Yab™MAT2 85 0020 la T (4 ) ( )

On the other hand, by using the projectors on the representations 7 of the two reduced Spin(7)
structure group defined by 7 and 73,

1 . 1
MY cd [c od] (Ded
P =66, ——82 ,
( 7 )ab 4<[a b] 2«/§sin29 ab )
1 1
2)\ cd [c od] 2)cd
P =_(sls o~ , (D.18)
( 7 )ab 4( [a®b] ZﬁCOSZG ab )
we can write
M Yab (Do + WD) — nihyn = —4+/2sin>6(Py") <! (Dew+ WDB — hy)ea,
mYab(Dw + WDB)2 + mohyny = —4+/2c0s? §(Py>) 4 (Dw + WDB + hy)eq. (D.19)
Furthermore we have

0 Yab fo2 =P - Vab fo),
0 Yarrh(f)m = =@ - (fyVab), (D.20)

where the action of gamma matrices on differential forms is explained after (2.31) and in the
present case is explicitly given by

Yab fo = tatb fy + dxq Adxp A fy + 2dxia A tp) fo,
fuVab =tatp fo +dxg Adxp A fo — 2dx(a A ) fo, (D.21)
with dx, = ga, dx?. Putting all these steps together, we obtain the following equations

d
2" (1 RV) =16 sin* 0?2 (P")  “(Dw + WDB — hy)ea
++/2sin2 9P . Yab fo),
d
@2® (1 2?) =16 sin* 0?2 (P?), “(Dw + WDB + hy)ea

+V25in? 0P D - (fuyap). (D.22)
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Appendix E. Derivation of the general ansatz of Section 3.2

In this appendix we show how the ansatz we use in Section 3.2 to describe bound states of
D1-D5-P branes is the most general one compatible with the BPS equations of 2.2.3 under some
hypothesis we will discuss below.

We want to describe the back-reaction of bound states of D1-D5-P in RI:! x ¥ x T*. The two
assumptions we make are that the backgrounds are homogeneous and isotropic on T#. Therefore
all the fields in the ansatz only depend on the (i, v, x') coordinates of R""! x ¥ and we impose
that H has legs just along R""! x ¥ and that the RR-flux polyform F splits as follows:

Fior=F +voly A F, (E.1)

where F and F have legs along R"! x Y only. The ten-dimensional self-duality condition re-
duces to the six-dimensional conditions

F =" w6 0(F), (E.2)
where ¢ uses the complete, warped, six-dimensional metric. Moreover F and F must satisfy
the following six-dimensional Bianchi identities/equations of motion

dyF =0, (E.3a)

dyF =0, (E.3b)
where dg = d — H. In this appendix we will adapt the flux decomposition (2.16) to the metric
(3.1). With obvious notation, we can write

F=E“ANE*A fuw+E°AN fu +E"N fu+ [, (E.4a)

F=FE“ANE"A fay + EXA fy + E“ A fu + f. (E.4b)
Notice that here f  denote the flux components along the four-dimensional space Y and not, as

in the rest of the paper, the eight-dimensional components transverse to (u, v).
The duality condition (E.2) splits into the following set of duality conditions on Y:

=0T (), fo=eCRAR).  fu=—e0R(f).

F=e* 50 fun), (E.5)

where %4 uses the complete warped four-dimensional metric eZGdsf.
We will now solve the BPS conditions summarised in Section 2.2.3.

E.1. Equation (2.36a)

Let us start with (2.36a)
dyx =k H. (E.6)
As already discussed in Section 3.1, the most general local solution is provided by~
22 More precisely, the most general local solution takes the form H = dB, with B u-independent and such that tx B =

—x + dXx where A is a function. On the other hand, we can perform a gauge transformation B — B + d(Adu) which
allows to bring (g B into the form (g B = —x.
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B=—¢*c0s20 (du+w) A v+ B)+bA(dv+B) + B, (E.7)
where b = b; dx’ and B = %Bl-j dx’ A dx/ have legs just along Y. Then
H=—(du+w)Ady+ ) A[D(e*P cos20) — e*P cos 20 ]
+ (dv+ B) A [B — €*P c0s20 Dw — (Db — B A b)]
+ (du + w) A (e*P c0s20 DB) + DB — DB A b. (E.8)

E.2. Equation (2.36b)

We then pass to (2.36b). The isotropy condition (E.1) implies that the ‘non-isotropic’ compo-
nents of dy (e~®¥) should vanish. Explicitly, we have

3
du(e )| =—dy [32<D+G+G>—¢ sin20 (dv+B) A Y Ja A fA]. (E.9)

non-is.
A=1
We can use the gauge freedom (3.2) to fix

¢26 = 2P+0)~¢ Ginog. (E.10)

With this choice, by using (E.8) we have

dy (87¢W)|

non-is.

3
=Y Jan{(dv+B)A(DIx—BATA)—DBA I
A=1

+ (du +w) A (dv + B) Ae*P cos20 DB A T4} (E.11)

Hence, dg (e ®¥) |non-is. = 0 gives the conditions
DJ,—BAJs=0, (E.12a)
DBAJA=0 <& %D =Dg, (E.12b)

where now x4 denote the four-dimensional Hodge star with respect to the metric without warp-
factor. The first condition tells us that the non-trivial v-dependence of the background constitutes
a potential obstruction to the integrability of the almost hyper-Kéhler structure on Y.

Once we have imposed (E.10) and (E.12), the remaining equations contained in (2.36b) split
as follows:

du(e™®p) =1k F+ x A F, (E.13a)
i (e'009) =1k F+ x A F, (E.13b)
where ¢ is the part of the ¥ with all legs in R""! x ¥
¢ =e*Psin20 (dv + B) A (1 +¢*C voly). (E.14)
Using (E.6) and Lx B =0, (E.13a) can be rewritten as
d(e ?eBp) =1k (P F) (E.15)
and can therefore be solved in the same way as (E.6). Locally we can write F as

F=dyC=e"d(f0C), (E.16)
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where C = Cq + C2 + C4 is u-independent. C must satisfy g (eBC) = —e_¢eBg0 and then

1kC=—e"%p—x AC, (E.17)

which means that we can set

C=—u+w)A(e®p+xAC)+cA(dv+p)+C
—*P(du+ ) A (dv+ B) A e sin20 +cos20C] + ¢ A (dv + B) +C, (E.18)

where ¢ = c1 + ¢3 and C = Cp + Cp + C4 are polyforms with legs along Y and in the second
step we have omitted the piece of ¢ containing vols since it is irrelevant. Eq. (E.18) provides a
parametrisation of the most general local solution of (E.13a).
The most general solution of (E.13b) can be obtained in an almost identical way. Setting
locally F=d HC with C = Co + Cz + C4 gives the general local solution
C=—u+w)A(*C00+x AC)+EA v+ B)+C
—P(du+ ) A (dv+ B) A (¢*Csin20 + c0s20C) + A (dv + ) +C,  (B.19)

where again ¢ = ¢| + ¢3 and C= éo + éz + C~4 have legs along Y, and, in the last line, we have
omitted an irrelevant six-form.

Now that we found two independent general solutions for (E.3a) and (E.3b), we have to com-
pute F =dyC and F = dyC and impose the self-duality condition (E.2). In the notation of
(E.4a) and (E.4b), we have for F

Sfuv = —e_ZDD(ezD_¢ sin 29) —c0s260(DC — DB Ac)
+e ?sin208 + (DB —DB Ab) A (e_¢ sin26 + cos 26 C),
fo=eP[C—BAC—e*P?sin20 (Do + WDB) + (Dc — B Ac)
— (Db —BAb)AC—(DB—DBADb) Ac],
fu=e*P7?5in20 DB,
f=(DC—-DBAc)—(DB—-DBADb)AC, (E.20)
and for F

w = —¢ 22D (P69 5in29) — cos260(DC — DB A &)
+¢*0%5in20 f + (DB — DB A b) A (*07% sin20 + cos 26C),
fo=e2P[C+BAC —e2PH69 6in20 (Dw + WDP) + (Dé — f A &)
—(Db—BAb)AC— (DB—DBAb)AE],
; = P69 5in 20 Dg,
f=(DC—-DB A& —(DB—DB Ab) AC. (E21)
E.3. Equations (2.37a) and (2.37b)

Let us start from (2.37a). Using the duality conditions (E.5) and the expressions for the fluxes
(E.20), (E.21), this becomes
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¢ COS 260
sin 20

To arrive at this expression we have rewritten the right-hand side of (2.37a) as
1 e?
o (FL®)dxY =
Vs’ L aP Y= 16000
¢ N
¢ —4G 7
=— . E.23
reinag ¢ fwt + fun) E23)
Let us now look at (2.37b). The r.h.s. is

~ 1 A~
DRG —¢) + 5¢ (DCo + e DCy) =0. (E.22)

(Fafs + e 4054 f3)

1 sin 260 Al =
—eli,f @ = e (fi+e 29 f), (E.24)

V2

and hence, substituting the expressions for f and f , that equation reduces to

Dcos26 = % sin20 ¢ (DCy + e 40 DCy). (E.25)
Combining (E.22) and (E.25) one obtains
DG — ¢ — logsin26) =0, (E.26)
which implies
2G — ¢ —logsin26 =0, (E.27)

up to an irrelevant constant which can be reabsorbed by a redefinition of the dilaton. The relation
above and the gauge choice (E.10) leave only two independent quantities out of the three warp
factors D, G, G and the dilaton ¢. In the following, we choose to keep as independent quantities
G and G, so that
26 -G
o_ ¢ p_ ¢ E.28

¢ T G20 ¢ sin20° (E28)

The remaining two scalars, Co and Co, are not completely fixed at this point but are related
by the relation (E.25), which can be rewritten as

DCo + ¢ 46 DCy = 2¢726D cos 26. (E.29)
E.A4. Self-duality of the RR field strengths

Let us now examine the duality relations (E.5). First, notice that by using (E.12b) the third
condition of (E.5) is automatically satisfied. The other conditions

= CR(f), =" %), (E.30)

once expanded in forms of fixed degree, can be written as

DC, — DB Act = 2(G=6) %4 [(e—zé cos260 — Co)Déo

+ (€26 c0s 20 Co + sin>20) (f — 2D(G — @))], (E.31a)
DC) — DB AE| = 2G+6) %4 [(e26 cos26 — éo)DCO

+ (726 c0s20 Gy + sin220) (B + 2D(G + G))], (E.31b)
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DB —DB A b=x[e2C~DDEC + ¢2C cos20 (f — 2D (G — G))], (E31c)
DCy — e 4GDCy = —4¢2% 0526 DG. (E.31d)

The last equation, (E.31d), provides another relation on the scalars in the ansatz, which, combined
with (E.29) gives

D(Co— e 0 c0s20) =0,  D(Co— €2 cos20) =0 (E.32)

and hence, up to a constant,

Co=e20cos20,  Cp=e*C cos26. (E.33)
These relations can be used to simplify the previous ones

DCy— DB A ¢t = #a[ XG0 f 4 DGO,

DCy — DB A &1 = #4[X 0T f 4 DGO,

DB — D A b = x4[e*% c0s26 f + D(e*“ cos 20)]. (E.34)

Let us now consider the last non-trivial duality constraint in (E.5)

fo=e* 0540 (f). (E.35)
To this extent it is convenient to introduce some more notation, the three two-forms

©=Cr+Dci — B Aci,

6 =Cy+Dé — fAGH,

O, =B+Db— B Ab. (E.36)

Then the self-duality constraints read

%(626 cos 29) = 64(676) %4 [C4 — Oy ACy+ (De3 — B Ac3)
— (DB—DB Ab) Aci],
% (e_ZG cos 29) = 6_4(G+G) *4 [54 —Op ACy + (D5 — B A &)
— (DB—DBAb) A, (E.37)
and

Dw + 4D+ 2WDB = 2 G- @ 4 2G+0) . 6 — 20 cos20(O) + %4Op).  (E38)
E.5. Equation (2.37c)

Using the expression for the fluxes (E.20) and the self-duality conditions, the supersymmetry
constraint (2.37¢c) becomes

d p
- (€0320) = %eﬂ”d’ fo-®

1 . AL
=5 sin20¢?(Co+ e *9Cy). (E.39)

which is identically satisfied by the relations (E.33).
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E.6. Equations (2.37d) and (2.37¢)

The last equations to analyse are (2.37d) and (2.37¢). As shown in Section 3.1, the requirement
of having supersymmetric D1-D5-P systems forces the two eight-dimensional spinors 7 and 7,
to be proportional

m =2"4sin6n, m =2"4cosf . (E.40)

Thus the two Spin(7) structures characterising the most general background with null K col-
lapse to a single one

20 =2sin?6 2, 20 =2cos26 2 (E41)
associated with the four-form (3.19)
3
Q=¢4 voly +€4GV014 — 26126 Z JaNnJa, (E.42)
A=1

where J4 and J, define almost hyper-Kihler structures on Y and T* respectively (see (3.21)).
This brings some simplifications to (2.37d) and (2.37e). In particular, their sum and difference
give

1
16v2(P1)ap ™ (hy)ea = —? @ - < Yab fy — mfyyab>a (E.43a)

sinZ 6
d .

a2 - - (192) + 8¢*P (P1)ap™ (Dw + W DB)ea

2D+

= D -
2V2
In order to simplify further the equations above, we need some extra work. Let us first intro-
duce the two-form

1 1
_— . E.43b
<Sin29Vabfy + Cos2efyyab> ( )

1 . 1 -
U= Vala= U Tp)ie = €PN (pij e, (E.44)
A

which is anti-self-dual on Y. Notice that, for any self-dual and anti-self-dual 2-forms psg and
Pasd We have

1
U P jie =0, pasa =5 Y (Ja- pasat) . (E.45)
A

These identities can be used to check that ¢ can be rewritten as

1 . . .

V= -3 Z(JA)ik(JA)jk dx! Adx/. (E.46)

A
Then, it is tedious but straightforward to prove that

d A R

2 - -t 2 = —4e> ; Va(a)mn, (E47a)
d 2G

L[,\Q . —Lj].Q = —4e I//,'j, (E.47b)

dv
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. 1 A R
(P)a”! (Do + WDB); = 72729 ) (Ja - Do) (J)aps (B.47c)
A
hk 1
(P7)ij""(Dw + WDB)pi = Z[(l - *4)7)“’][]” (E.47d)
. 1 . .
(Ppap'! (hy)yj = — €20 7% ;(-’A “hy)(Ta)ab (E.47¢)
hk 1
(P7)ij"" (hy)nk = _Z[(l - *4)hy],-j, (E.A7)
® - (yap f1) = —v2 5in20 29726 S U - fi2) Fadas (E47g)
A
& - (faw) = —v2 52029723 (Ua - fu2)(Fadas (E.47h)
A
@ - (vij £,") = =2 5in26 [(1 = %4) 2], (E.47i)
@ - (fi;) = —~2sin20 [(1 - %) 2], (E.47))

where, on the left-hand side, we introduced the superscript ' to distinguish the eight-dimensional
RR fluxes defined in (2.16) from the four-dimensional ones in (E.4a).

Using the identities (E.47) and the expression for the fluxes derived in the previous sections,
it is possible to reduce the constraint (E.43a) to a more readable form

(1 — %4)@ = 262626y, (E.482)
(1 — %4)Op =2c05206°C . (E.48b)

Finally, combining the previous equations with self-duality condition (E.38) gives
(1 — %4)@ = 2£20+2Gy, (E.49)
E.7. Summary and relation with the notation of previous works

In this section, we summarize our ansatz and the complete set of supergravity equations one
has to solve to find supergravity solutions describing D1-D5-P systems. We change the notation
to make it compatible with previous works [16,33,38-40,44]. We rename the various metric and
gauge field coefficients as follows:

5 F
Z— 7, Z— 7y, Zy —> Za, W — 5
c1 — ap, ¢l — ap, b — ag,
=y, G-y, B—=&, - (E.50)

Note that now the number subscripts do not denote anymore the form degree but rather refer to
the particular multiplet the corresponding fields belong to.

In the new notation the ansatz for the metric in string frame, the dilaton, the NSNS B-field
and the RR gauge fields is
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2a F Z ..
dstyg) = ——==(dv + ,3)|:du o+ S+ ,3)] +/Z1Z,ds] + /Z—1 ds?,
2

NYAVA
V4
9 =g 2L
V4)
aZy
B=- (du 4+ w) A (dv+ B) +as A (dv + B) + 62,
VAVA)
Z
Co=22,
Z;

cz=—Zi(du+w)A(du+ﬂ)+a1/\(du+ﬂ)+y2,
1

Z4 ~ oaZy

Cy = —voly — 2 A (du + w) A (dv + B) + x3 A (dv + B), (E.51)
Z> 217>
where
VAVA
a=—"2_ (E.52)
VAVARSN A

As already mentioned at the end of Section 3.2, the search of a solution can be systematised
by solving the equations in the following order

e Equations for dsf, B:
d
dJAzd—(ﬂ/\JA), s0Jp = —Ja, Ja NJp=—254pV0ly, (E.53a)
v

+4DB = DB; (E.53b)

e Equations for Zy, as, y;:

x4(DZ1 + B Z1) =Dy — ay A DB, (E.54a)
Oy — Z 1Y =#4(Or — Z 1Y)  with @ =Day — B Aar + 1 (E.54b)
with
1 o
Y= geABCuA)”(JB)i,- Je; (E.55)

e Equations for Z», aj, y»:
#4(DZr + BZ>) =Dy» —ay ADB, (E.562)
O1 — Zoy =#4(01 — Zoy)  with @ =Da; — B Aay + 1u; (E.56b)
e Equations for Z4, a4, 67:
#4(DZ4 + BZ4) =D8> — ay A DB, (E.57a)
O4 — Zs ¥ = %4(O4 — Z4 W) with Oy = Day — B A as + 83 (E.57b)

e Equations for w, F:
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Dw + x4Dw + FDB =Z1 %4 O1 + Z20r — Z4(O4 + %404), (E.58a)
. . 1 Z1Z2[ 2y d (Z 2
Dxg L+2B; LN — —
*4D xq L + 2B, 1 o |:Zldv< )}
ad (VZ1Z, d IQ/ZIZ
_Za< o2 gl})d (\/ VAVA) lj) 2 o (\/ ZIZZglj)

d d ( 72 1 ,[d (Z\T 1 ,[d[Zs\T
Z1Z,—| V712, -~z -2 (=
tva 2dv[ ! dv<21Z2>:| 2 [dv( 272 dv\ 7z,

1
tox [(@1 — DY) N (O2 = Z1Y) = (Os — Zay) AN (O4 — Z4Y)

i| =0, (E.58b)
with
. F .1
L=w+—p—=-DF; (E.59)
2 2
e Equation for x3:
. 2 d [Z4
Dx3—,3/\x3—@4/\y2+a1/\(D82—a4/\D,3)=Z2*4d— Z_ . (E.60)
v 2

Only the first set of Eqs. (E.53) is non-linear. The remaining conditions, if solved in the order
presented above, represent a set of linear equations for their respective unknowns.
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