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1 Introduction

An intriguing question in cosmological physics is the existence of gravitational solitons that
can describe various dark and ultra-compact objects which, from afar, are indistinguishable
from black holes in general relativity. Recently, the authors have developed a framework
for constructing and studying large classes of gravitational solitons that are described by
smooth horizonless solutions with arbitrary mass and charges in supergravity [1-6]. These
are thought of as coherent states of quantum gravity that admit classical descriptions. The
main novelty of our work is that it provides systematic tools for obtaining generically non-
supersymmetric solutions, thereby allowing for a compelling case for gravitational solitons
in the real world.

L' The main

There are various interesting questions relating to gravitational solitons.
question that motivates this paper is how to understand them more precisely as coherent
states of quantum gravity. Holography and the AdS/CFT correspondence provide the best
definition of a quantum theory of gravity via conformal field theories.

The main objective of this paper is to derive a construction mechanism that allows

us to systematically build non-supersymmetric asymptotically-AdS solutions that contain

The necessary conditions for their existence in theories of gravity were discussed in [7]. There are
questions on their production mechanics and their stability, whose study has been initiated in [8].



various gravitational solitons in the bulk. In this point of view, the solitons can be char-
acterized by non-supersymmetric CFT operators under the AdS/CFT dictionary. This
provides a more precise definition of the solitons as states of a quantum theory. This
perspective has been very fruitful in the context of BPS states in various AdS/CFT con-
texts. For instance, the classification and matching of %—BPS states in AdS;/CFTy by the
Lin-Lunin-Maldacena (LLM) geometries with their CFT duals has allowed for a precision
test of the duality in AN/ = 4 Super-Yang-Mills [9]. Similar success can be reported for the
fuzzball and microstate geometry program where %— and %—BPS states have been classified,
and precision holography tests have been carried out for the AdS3;/CFTy duality in the
context of the D1-D5 CFT [10-15], and for the less understood AdSe/CFT; duality [16].

However, much less is known beyond the comfortable frontiers of supersymmetry and
about the holographic descriptions of non-BPS states. The first challenge is to construct,
from Einstein’s equations in supergravity frameworks, large families of smooth non-BPS
geometries that are asymptotic to AdSp x C where C describes a compact space. The
second challenge is to develop holographic dictionaries beyond supersymmetry. In the
former case, only a few atypical sets of non-BPS smooth geometries [17-23] were known
until recently.? Some promising breakthroughs have been achieved first from a consistent
S? truncation of six-dimensional supergravity [26-28] and second from the “charged Weyl
formalism” established by the authors [1-6]. In all of these solutions, only a small subset
admits field theory descriptions in the context of AdS3/CFT; in type IIB supergravity:
the JMaRT geometry [29] and the microstrata [30]. This was done by describing them as
non-BPS descendants of well-understood BPS configurations, using spectral flow for the
former and relating them perturbatively to known BPS solutions for the latter.

This article contributes to bridging the gap towards non-BPS holography. The initial
goal is to adapt the formalism of [1-6] for a systematic construction of regular non-BPS
geometries that are asymptotic to AdSp x C and that can be considered as non-BPS
deformations on known BPS backgrounds. These deformations regularly backreact by
inducing geometric transitions where compact directions in C degenerate in the spacetime.
These form a chain of bolts along which the geometries smoothly cap off. In this paper, we
focus on AdS3xS?xT* in type IIB supergravity which is dual to the D1-D5 CFT,? but the
formalism can be generalized to other AdS frameworks as AdS2xS?x TS in M-theory [31].

Another motivation for this paper is the development of solution-generating techniques
for asymptotically-AdS spacetimes. In asymptotically-flat spaces, numerous approaches
from the Ernst formalism, inverse scattering, Béacklund transformations, or monodromy
methods have been successfully applied to generate a variety of geometries.* These usually
rely on the action of the Geroch group in gravity [39, 40] which arises from geometries with

2There are other interesting constructions as [24, 25] in AdSs, but being constructed from Einstein
gravity in three dimensions, they do not admit UV description within a quantum gravity theory.

3Note that some solutions in this paper require a KKm charge, k, such that the asymptotic is
AdS3xS?/ZixT*. The holographic dictionary of such a system is much less understood than that of
the D1-D5 system already at the level of BPS states.

4See [32-38] as a non-exhaustive list of techniques used to generate solutions in four-dimensional General
Relativity in vacuum of with gauge fields.



d — 2 commuting Killing vectors, where d is the dimension of the spacetime. This latter
assumption reduces Einstein equations for the d-dimensional spacetime to an integrable
system on a two-dimensional plane, usually parametrized by (p, z) in the cylindrical Weyl
coordinate system. Generic solutions are generated by rod sources, which are segments on
the z-axis, and that induce spacelike or timelike coordinate degeneracies in the spacetime.

In backgrounds with cosmological constants, these powerful solution-generating tech-
niques fail to apply since Einstein equations no longer reduce to a two-dimensional problem.
We overcome this issue by considering geometries of the form AdSp x C with suitable flux
in supergravity. The curvature of the AdS spacetime can be balanced off with that of the
internal space C, and the action of the Geroch group still applies on the overall space when
assuming d — 2 commuting Killing vector. Thus, we show for the first time how powerful
solution-generating techniques in general relativity can be used to generate AdS solutions
in supergravity. This has been an open problem for many generations.

In this paper, we focus on the D1-D5 system of type IIB on T*xS!, and highlight
the integrable structure of the equations of motion for backgrounds with eight commuting
Killing vectors. We show that inverse scattering or monodromy methods can be generically
used to construct regular geometries, supported by D1-D5 flux, that are asymptotic to
AdS3xS?xT* and admit a chain of regular rod sources in the interior. These rods generate
regular horizons of non-BPS D1-D5 black holes or smooth bolts that correspond to regions
where circles from any of the three asymptotic components of AdS3xS3xT* degenerate.

In the charged Weyl formalism [2-5], the integrable structure allows to restrict to
a class of solutions that relies on a linear structure of the cylindrical axially-symmetric
Laplace problem with non-BPS sources. Moreover, we reparametrize the two-dimensional
system by considering the AdS3 radial distance and the backbone angle of the S3, (r,8).
In this perspective, global AdS3 is generated by a single rod source where the S' in AdS3
degenerates at r = 0. This geometry on its own preserves supersymmetry. Our construc-
tion allows for additional rod sources where circles in the T* or S® can also degenerate.
These deformations explicitly break supersymmetry and thereby correspond to non-BPS
solutions. They induce bolts that all sit at the center of AdSs, r = 0, and along segments
on the sphere as depicted in table 1. The regularity conditions at the bolts lead to “non-
BPS bubble equations” which fix their size in terms of the asymptotic data: the radii of
the T% and S!, and the D1-D5 charges.

We have the freedom to independently dial the total charges with respect to the sizes
of the T and S'. Therefore, we can explore a multi-parameter family of solutions where
the sizes of the extra rod sources can be small and treated as non-BPS perturbations on
a global AdS3xS3xT* spacetime. This is essential for deriving dual descriptions of these
states and for understanding the dual operators that lead to these geometries. Unlike any
previously known asymptotically-AdSs smooth geometries, these new deformations are the
first ones that break the rigidity and symmetry of the T* or the S, and that do not rely
on a four-dimensional hyper-Khéler base.

We can also consider rod sources where the timelike Killing vector degenerates, these
will induce horizons of non-extremal D1-D5 black holes, which are BTZ black holes. With
that regard, we construct static bound states of non-extremal BTZ black holes in type



IIB that are separated by smooth bolts where either the S', S3 or T* degenerates (see
table 2). They could be interesting solutions for the study of final states of black strings
in Gregory-Laflamme instability in a similar fashion as in [41, 42].

Our constructions provide a new perspective for exploring non-BPS smooth deforma-
tions of BPS black-hole microstates in string theory. In the specific case of this paper,
these are smooth non-BPS geometries in the D1-D5 system. An important success of the
microstate geometry program in supersymmetric settings has been that many black-hole
microstates are coherent enough to admit classical descriptions. The result in this paper
also demonstrates that large classes of non-BPS excitations and their associated degrees of
freedom can generate coherent configurations that admit descriptions in terms of smooth
geometries in AdS. This is surprising and unexpected since it is usually believed that super-
symmetry is a crucial ingredient to allow for smooth topological structure and to prevent
gravitational collapse. Characterizing these states as CF'T operators, and the mechanism
by which they can decay will be important in understanding the fate of black-hole mi-
crostates and their associated geometries as they radiate away various excitations. We
hope to initiate a program to explore non-BPS structures in holography and AdS/CFT by
providing explicit examples in string theory and supergravity.

In this paper, we focus on the construction of non-BPS AdSs solutions and discuss
their bulk description. In upcoming work, we would like to study their physical aspects in
holography and provide systematic methods that allow for a study in D1-D5 CFT.

Before proceeding, we provide a summary of results and a roadmap for the paper.
The sections 2 and 3 consist in the derivation of the solution-generating technique to
systematically construct non-BPS states in AdS3xS?*xT* in type IIB, and which can a
priori apply to other AdSp x C frameworks. The reader particularly interested in the
smooth non-BPS geometries in AdS3 can jump to the self-contained sections 4 and 5. The
reader interested in the non-extremal BTZ bound states can directly go to section 6.

1.1 Summary of results

In section 2, we derive the equations of motion for static D1-D5 solutions with eight com-
muting Killing vectors and discuss their integrable structure and relation to Ernst equa-
tions. We derive generically the internal and asymptotic boundary conditions to impose for
the construction of geometries that are asymptotic to AdS3zxS3xT* and generated by rod
sources. These correspond to regions where a spacelike or timelike coordinate degenerates.

In section 3, we summarize the linear branch of solutions obtained from the charged
Weyl formalism [2-5], and we adapt to asymptotically-AdSs solutions in type IIB. We show
that one can construct a large variety of smooth bubbling geometries or D1-D5 black hole
bound states in this ansatz. They are asymptotic to AdS3xS?xT* and terminate as a chain
of rod sources where either a spacelike Killing vector degenerates, defining a smooth bolt,
or the timelike Killing vector inducing a horizon. The degenerating circle can either come
from the T direction, parametrized by (21,2, 3, 24), or from the Hopf fiber of the S, 1/,
or the S! inside the AdSs part, denoted in this paper as the y-circle. The T bolts carry
a D5 charge, the S! bolts and the horizons induce D1 and D5 charges, while the S? bolts
have no charges. Thus, since D1 and D5 charges are required to have asymptotically-AdSs



solutions in type IIB, smooth horizonless solutions require at least one-rod source that
forces the S! to degenerate.

In section 4, we construct simple smooth geometries obtained with our solution-
generating technique, and we discuss their physics. The solutions depend on two variables
that we choose to be the radial distance in AdS3 and the angular position on the S3, (r, ).
The simplest solution is sourced by a single rod that forces the degeneracy of the S! (see
the first line of table 1). We show that it corresponds to a rigid S*xT* fibration over a
global AdSs spacetime as depicted on the right-hand side of the figure. Thus, our ansatz
contains the BPS bulk dual of the NS-NS ground state of the D1-D5 CFT. We then dec-
orate this solution by adding a rod that forces either a circle in T* to degenerate (see the
second line of table 1) or the S* Hopf fiber (see third line). The spacetimes still cap off
at 7 = 0 where the rod sources are localized, but the S? splits now into two regions given
by two ranges of §: a first region where the S' shrinks as for the global AdS3 solution
and a second region that corresponds to the smooth T# or S* degeneracy. We argue that
these deformations break all supersymmetry and that their sizes are fixed by regularity in
terms of the asymptotic quantities: the total D1-D5 charges and the radii of the internal
directions. Moreover, the S? deformation requires imposing a smooth orbifold action on
the S3 such that the solution is asymptotic to AdS3xS3/Z;xT4. Finally, we show that
by either considering the volume of T4 much smaller than the total D5-brane charge or
by imposing k > 1, these deformations are much smaller than the S' bolt such that they
can be considered as non-BPS perturbations on global AdS3xS3xT* that have induced
non-trivial smooth topological transformations at the center of AdSs;.

In section 5, we derive more generic smooth geometries obtained from an arbitrary
number of rod sources as depicted in the last line of table 2. They consist of an arbitrary
number of non-BPS T* and S? deformations such that the spacetimes terminate smoothly
at r = 0 as a chain of bolts that split the S3 into different regions with non-trivial topology.
Similarly, all rod sizes are fixed in terms of the asymptotic quantities and, for the same
regime of parameters, the deformations can be treated as smooth perturbations on global
AdS3. Thus, the only free parameters that are not asymptotic quantities are the number
of rods which can be understood as the “quantum bits” to be included in the geometries,
and the nature of the rods, which would correspond to the exact nature of the “bits” in
this analogy. The absence of moduli is related to the non-supersymmetric nature of these
solutions which will be important to understand in the dual CFT.

In section 6, we allow the geometries to have rod sources that force the timelike co-
ordinate to degenerate and induce horizons. We first consider the solution that consists
of a single rod of this kind (see the first line of table 2). We show that it corresponds
to a rigid S®xT* fibration over a static non-extremal BTZ black hole. We then consider
bound states of non-extremal black holes by having chains of such rods with bolts where
the S! shrinks (see the second line of table 2) or chains with generic bolts (see the third
line of table 2). The former has the advantage to involve AdSs directions only such that
the S3xT* do not change topology in the IR. For both types of solutions, the spacetimes
are regular for r > 0, and r = 0 corresponds to the bound state of non-extremal black holes
separated by bubbles. One moves along these different objects by shifting 6, that is by



: -source diagram Geometry and topology
@1 mmm
[ S34 2 " 0=0 6=0
X v s
x | sy
U
Il Ty \
o I3 o
© 6=m/2 0=m/2 0=m/2
e \S"‘at r=0 Slatr=0 T*atr=0
; .
@1 mmm
53 ©2 an —
c
3 P
5
£ sy
2 =
:": T4 2
< €3 9/2
T4 T*at r=0
t
P1 mmm
S'g SDZ " : 6=0
c w S 5=
2
g | sy = =
%7) T"l T2 :
< x3 6=n/2 6=m/2 0=n/2
T4 S3atr=0 Slatr=0 T*atr=0
t
g @1 mmm
- 3
g S P2 " =0 6=0
8 (G s
3 1
o
h Sy A
3 il -
) T2
[ T 4 £
B 3
° 6=m/2 0=m/2 0=m/2
£ T4 SPatr=0 Slatr=0 T*atr=0
= e
O t

Table 1. Description of the static axially-symmetric smooth solutions constructed in this paper
that are asymptotic to AdS3xS3xT? in type IIB with a potential orbifold on the S3. The left-hand
sides depict the rod sources that force a direction to degenerate on the symmetry axis. The S* (y)
is the internal circle of the AdSs region, (; and ¢, are spherical angles of the S while 1 is its Hopf
fibration angle, and the T* is parametrized by x,. The right-hand sides show the geometries as a
function of r and @ giving the position on the AdS3 and S? respectively. We depicted the topology
of the S, S!, and T* at the end-to-spacetime locus, r = 0, where the S? splits into different regions
corresponding to the locus of each rod source.
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Table 2. Description of the axially-symmetric static non-extremal BTZ bound states constructed
in this paper. We used the same conventions as in table 1.

moving along the S3. The black holes are in thermal equilibrium and the bolts are regular
if all sizes are fixed in terms of the asymptotic quantities and the temperature. Each type
of rod can be considered as small perturbations by assuming some hierarchy of scales in
between different asymptotic quantities and temperature.

2 Integrable structure for non-BPS geometries in AdSj3

In this section, we derive the equations of motion obtained from type IIB supergravity and
analyze their integrable structure. We restrict to axially-symmetric and static backgrounds
on T*xS'xS! with D1-D5 flux [2-5]. More precisely, we consider geometries that depend
on two variables and have seven U(1) isometries and a time translation symmetry. Finally,
we will have specific attention to boundary conditions that lead to regular geometries that
are asymptotic to AdS3xS3x T4,

2.1 Einstein equations for the D1-D5 system

We consider static and axially-symmetric solutions of type IIB supergravity that depend
on two variables. In the Weyl formalism, we can freely choose these coordinates, denoted



as (p, z), such that the induced metric on the two-dimensional space is conformally flat and
that the induced metric on the remaining eight-dimensional spacetime satisfies det hg =
—p?, where hg is the metric in the Einstein frame [43, 44]. Moreover, one can consider
one of the U(1) isometry, denoted as ¢, to have a metric coefficient proportional to p? such
that the (p, z, ¢) space defines a three-dimensional base in the Weyl cylindrical coordinate
system, and z plays the role of the axis of symmetry [2, 5, 44].

The solutions are constructed on a T*xS!xS! and are supported by D1-D5 flux. The
common S! direction of the D1 and D5 branes is parametrized by y, while the T* wrapped
by the D5 branes is parametrized by (21,2, 23, 74). Finally, we consider the remaining S!,
parametrized by an angle v, as a Hopf fibration over the (p, z, ¢) base.

An ansatz of metric and fields that suits the spacetime symmetries and flux is given,
in the string frame,® by

Wo dt?
dsfy = [

. du?
7.7 W1+W1 Y
1
4-\/Lbb,212ﬁ;[éz(d¢;+-fﬁ)d¢)2«+-Zb (62” (dp2<+-dz2> +—p2d¢2)] , (2.1)
0

Z
C® = Hydp Adp — Ty dt A dy, eéz,b%m@, O =cW=pB,=0

7 o
+ ?5 Z Wa+1 d.’EZ

a=1

where C?)| By, and ® are the R-R gauge fields, the NS-NS gauge field, and dilaton
respectively. The warp factors and gauge potentials are functions of (p,z). Moreover,
det hg = —p? requires
5 1
Hm:1 = %:%@ﬁ" (2.2)

We refer the reader interested in the derivation of the equations of motion to [5] or to
appendix A for a more direct calculation.

There are an electric gauge potential, 77, induced by the D1 branes and two magnetic
gauge potentials, Hy for the KKm vector and Hy for the D5 branes. We have introduced
three warp factors, {Z;}r—015, which couple naturally with each gauge potential. In
addition, we have five independent warp factors, {Wj}r—0,1,234, which are associated
with the T*xS! deformations. Finally, e** determines the nature of the three-dimensional
base. We introduce the cylindrical Laplacian operator of a flat three-dimensional base for
axisymmetric functions:

1
Az;@@@Hﬁj (2.3)

The Einstein equations can be written down in a uniform way if one defines electric duals
of the magnetic D5 and KK gauge potentials and decompose v such that

5

-1 -1
dTs5 = —5 %2 dHs, dly = —5 *2 dHy, v=uvyg +VZ5+VZO+ZVW1” (2.4)
pZs PZy i=0

5The relation between the metric in the string frame and Einstein frame is g = e JE.



where %o is the Hodge star operator in the (p,z) flat space and vx are the individual
contributions of the warp factors in v. The equations of motion decompose into 9 sectors:

o Siz vacuum sectors for A =0,1,2,3,4,5:

AlogWy =0, (2.5)
2 4
;OZVWA =€p Oplog Wy 0. log Wiy, ;@VWA =€ [(a,, log WA)2 — (0, log WA)z} ,

where ey = 1 for A = 1 and ¢y = 1/2 otherwise. Note that the equation for A = 5
is not independent of the others due to the constraint (2.2). However, it still gives a

non-trivial contribution vy, .

o Three Mazwell sectors for I =0,1,5:
_ 2 2 2 2 2 _
Alog Zr = — 77 [(3pT1) + (0.T7) } . 0p (PZI 3pT1) + 0. (PZI 3zT1) =0,

2
p O.vz, = 0,log Z1 0, log Z; — Z7 0,T10.Ty (2.6)

4
0oz, = 9y log 1)’ = (9:1og Z1)* — 23 ((9,11)% = (9:T1)?) -

The equations for the T*xS! deformations, W), and their associated vy form a linear
system of equations. They are identical to vacuum Weyl equations [43, 44]. The logarithms
of Wy are harmonic functions for which solutions sourced by segments, i.e. rods, on the
z-axis are explicitly known.

The equations in the Maxwell sectors are coupled non-linear equations and admit an
interesting structure which we discuss next.

2.2 Integrable structure and linear solutions

A remarkable feature of the three Maxwell sectors (2.6) is that they are identical to equa-
tions obtained from four-dimensional axially-symmetric static geometries with a single
one-form gauge field. More precisely, a background given by

dt?

2
d84 = —7%

+ 27 [ (dp? + d2?) + p2de?| . F=-2dTyndt,  (27)
leads to the exact same equations as for the three Maxwell sectors (2.6).5

The equations of motion of this system admit integrable structures that are well estab-
lished from the Ernst formalism and inverse scattering. These integrable structures follow
the fact that the ansatz in (2.7) admit an action from the Geroch group [39, 40]. Our
general system above will inherit all of these structures that can allow for a large phase

5We have considered the four-dimensional Einstein-Maxwell action

(167Gy) Sy = /d4x\/§ (R - iFwF“”> .



of solutions. Indeed, monodromy methods and Bécklund transformations can be used to
extract solutions [34-38]. In particular, they can be used as solution-generating methods
for non-BPS AdS solutions.

In this paper, we focus on a specific linear class of solutions of the Maxwell system which
can be obtained from the integrable structure of the Ernst formalism.” The gravitational
potential of the spacetime in (2.7) is the redshift factor Z;. We can consider an ansatz
where the electric potential is a function of the gravitational potential T7(Z7). By plugging
into the equations of motion of (Zr,T7) in (2.6), we found that both potentials are expressed
in terms of a function for which the logarithm is harmonic and three complex constants:
P T S AN (2.8)

2a Z
where (a, b, c) € C and we have dropped the I index for clarity.

The key ingredient is the potential L for which the logarithm satisfies the three-
dimensional axially-symmetric Laplace equation. Arbitrary solutions can be obtained by
considering arbitrary sources to this linear equation in a similar fashion as for vacuum
Weyl solutions [43, 44], but with now non-trivial electromagnetic flux turned on. This is
the reason why this branch of solutions has been denoted as “the charged Weyl formal-
ism” in [1-5]. This is an explicit realization of the integrable structure which exists for the
four-dimensional system in (2.7), and thus inherited by the type IIB D1-D5 system in (2.1).

Note that the electric potential T" does not simply reduce to the BPS branch where
it counterbalances the gravitational potential 7' = 1. Thus, the structure in (2.8) can be
taken as a non-BPS but still linear generalization of BPS multicenter solutions [16, 45-50].
This has composed much of the recent progress in constructing asymptotically-flat non-
BPS smooth horizonless solutions in [1-5], while [6] exploits inverse scattering methods.
One of the main goals of this paper is to show how this linear structure can be adapted to
construct large families of non-BPS asymptotically-AdS3 smooth geometries.

2.3 Boundary conditions

In [1-6], the ansatz (2.1) has been used to generate non-BPS bubbling geometries that
are either asymptotic to R xS!xS!xT* or R1U4xS!xT4. In this section, we introduce
new boundary conditions for asymptotically AdS3xS3xT* geometries. Moreover, several
solutions will require that the asymptotic S? has a smooth orbifold action. Thus, we will
more generically consider boundary conditions leading to AdS3xS?/Z;xT*.

For the solutions constructed in [1-6], the spacetimes end as a chain of smooth bubbles.
The internal bubbles are induced by rods on the z-axis, which are finite segments where
a spacelike Killing vector degenerates smoothly. They correspond to bolts where one of
the compact circles degenerates on the symmetry axis. The local geometry at each bolt is
R? X CBubble Where Cpupble is a compact space defining the topology of the bubble. Such
a geometric transition can be produced by imposing appropriate singular behaviors on the
warp factors (Wy, Zr,v) at the rods so that all metric components but one are finite.

"See section 18.6.3 of [38].
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2.3.1 Asymptotic boundary conditions

We introduce the asymptotic spherical coordinates

cos 26 . (2.9)

We consider the following asymptotic behaviors at large r, that are compatible with the
equations of motion,

4k
Wy, e ~ 1, ZwQ—;, Z5~Q—§, Zy ~ =,
r T T
2
Hy ~ kcos20, Hs ~ %cos%, Ty ~ é— (2.10)
1

The metric and fields (2.1) are asymptotic to

2 2 4
052 ~ W/Q1Qs | (=it + dy?) + 2o a02| + [ 2L S a2,
k@Q1Qs r Qs = 2.1)
c® ~ %cos%dgb/\dw—ﬁdt/\dy e‘%,/@ |
4 Q1 ’ Qs’

where Q1 and Q5 are the supergravity D1 and D5 brane charges and d3 is the line element
of the S?,
dQ% = db?* + cos? 0 dp? + sin® 0 dy3 . (2.12)

We have defined the spherical angles of the S? from the Hopf fibration angles such as

L6+9),  w

We define the periodicity of the compact directions such that

(¥, 0) = (¥, ¢) + (4m,0), (¥,0) = (¢, ¢) + (27, 27),
y=y+2rR,, Tq =Tq+27R,, , a=1,2,3,4,

1
©1 2(¢>—Z> & P=p1+e, Y =k(p1—p2). (2.13)

(2.14)

where R, and R, correspond to the radii of the S' and the T* directions. Thus, the
geometries are asymptotic to AdS3xS3/Zyx T for which the AdS3 and S? radii are equal
to (k:QQng,)%. One can restrict to solutions without orbifold asymptotically by simply
considering £ = 1 in the above expressions.

To conclude, one can obtain asymptotically AdSs solutions if the warp factors Zr

vanish at a large distance as 2.

This requires sourcing them internally, such that they
have a singular behavior. These singularities must be carefully tuned to correspond to

regular coordinate degeneracies.

2.3.2 Internal boundary conditions

As previously argued by the author in [1-6], the type IIB ansatz (2.1) allows for the
construction of non-BPS smooth bubbling geometries by generating bolts on the z-axis.
These are obtained when the warp factors are sourced at segments of the z-axis and have

- 11 -



Qy | Gz, | Gz, | Oz | OW, | QW | Wy | OWg | O,
Horizon 155350 5 0] 0|0
1) degeneracy | 1 1 0 0 0 0 0 0
y degeneracy | 1 % % % 0 —% 0 0 0
z1 degeneracy | 1 | 3 0 i 1 o | -3 v 1
x9 degeneracy | 1 % 0 % % 0 i _% i
x3 degeneracy | 1 3 0 : : 0 1 : —3
x4 degeneracy | 1 % 0 % % 0 i % 1

Table 3. The seven choices of boundary conditions at a rod source (2.15) leading to a regular
coordinate degeneracy of the timelike direction or a compact spacelike direction.

suitable singular behaviors. We consider a source in between z_ < z < zy at p = 0 and
introduce the following behavior as we approach p — 0,

Zr o< p 2%, Wy o p 2L e x P (2.15)

where ax are constants.
Therefore, there are only 7 non-trivial combinations for which the rod corresponds to
a regular coordinate degeneracy on the z-axis such that the local metric behaves as

2 2
ds3y oc dp* — p—th2 + ds(horizon)?, or ds?, o< dp® + %d$2 — gy dt? + ds(bubble)?
K K

’ (2.16)
where z is one of the compact direction (v, y, x1, x2, 3, x4), and k is a constant. Moreover,
ds(horizon) or ds(bubble) is the line element of the compact space that corresponds to
either a horizon if the rod induces the degeneracy of the timelike direction or a bubble
if it is a spacelike direction. In addition, x must be fixed by regularity in terms of the
periodicity of the compact direction, generically denoted as x — x + 2w R, or the black

hole temperature, T
1

2T’
The 7 values of ax that lead to these local geometries are summarized in table 3.

Kt = or ky=R,. (2.17)

Note that «,, is not an independent parameter a priori since the first derivatives of v are
quadratically sourced by Z; and W,. However, by studying the local behavior of the
equations for v, (2.5) and (2.6), one can show that

4 2

o
2 2 2 2 Wo
oy =g +ay +az + g oy, + 9
i=1

+ aw,ow, + aw, o, + awyaw,, (2.18)

and the internal boundary conditions in table 3 are consistent.

If ax = 0 then the corresponding warp factor is not sourced at the rod. Moreover, if
agz, or agz, # 0, the associated gauge potential, 77 or Hs, is also sourced at the rod and
carries a charge. More precisely, a rod corresponding to a horizon leads to a D1-D5 black
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hole, a rod corresponding to the degeneracy of the i-circle induces a bolt without D1 and
D5 charges, a rod obtained from the degeneracy of a T# direction carries a D5 charge while
a rod making the y-circle degenerate corresponds to a D1-D5 bolt.

3 A linear branch of solutions

In this section, we summarize the charged Weyl formalism that has been used in [2—
5] to construct smooth asymptotically-flat non-BPS geometries in various supergravity
frameworks. They satisfy the same equations as the ones derived in section 2.1 and are
based on the linear branch of solutions that we introduced in section 2.2. We will adapt
the formalism in the context of building asymptotically-AdSs non-BPS geometries in type
IIB supergravity.

3.1 Charged Weyl formalism

As introduced in section 2.2, the eight independent sectors of coupled differential equa-
tions (2.5) and (2.6) can be solved by considering eight functions for which their logarithms

are harmonic functions:
Alog Ly = AlogWy =0, I1=0,57p, A=0,1,...,4, (3.1)

where A is the flat Laplacian (2.3). Then, the type IIB fields of (2.1) are given by (2.8)

, e Ly — e b1 L7 - \/1+a3Z?
1= ) 1=

2a1 ZI ’

wod Hy = a%d(log L), (32

where ay and by are positive arbitrary constants, and the base warp factor v can be obtained
by integrating (2.5) and (2.6).%

By axisymmetry, the harmonic functions can be sourced on the z-axis by an arbitrary
number of rods. We assume for the scope of this paper that they have a finite length and are
connected.” Thus, we consider n connected rod sources such that the origin of the z-axis is
located at the extremity of the first rod. We depicted a generic rod configuration in figure 1.
The rod lengths are denoted as 2/4,i = 1,...,n, while the overall length is £2/4 such that

;=307 (3.3)
=1

8The equation for the vz, simplifies in terms of the L such that it takes the same form as the vacuum
equations for vy, :

2 4
Z0.vz, = 0plog L1 d.log Ly, —8,vz, = (d,log Lr)* — (9. log L1)>.
P P
°Inspired by the results of [2-6, 51], we assume that the rod sources are connected to prevent from struts
in between two disconnected rods. A strut is a string with negative tension that manifests itself as a conical

excess along a segment where a compact coordinate degenerates and that cannot be resolved classically in
supergravity.

~13 -



GG+

Figure 1. Schematic description of connected rod sources on the z-axis. We depict the local
spherical coordinates on the first rod, (r1,61) (3.4), and the global spherical coordinates on the
whole configuration, (r,6) (3.5).

We introduce the local spherical coordinates around the i" rod, (r;,6;), given by

£2

L 2 RN
7“1252 ,02+ Z—ZZ£3 + ,02+ Z_ZZZ? _ZZ s
= =1

4 1 it , 2 14 , 2
= = 2 _ = _ |2 _Z
COS2¢9Z:£12 PP+ |z 42:4- A+ |z 4Z:€j )
7j=1 7j=1

where 0 < 0; < % and r; > 0. The coordinate r; measures the radial distance to the rod.
Indeed, taking r; = 0 and varying ; from 0 to /2 is equivalent to a shift along the i*" rod
such that p = 0 with z varying from i 23;11 63 to % Z;-:l E?.

Moreover, it will be convenient to express the solutions in terms of the global spherical
coordinates (r,0),

Nt o, P
2 = 2 _ - 2 2_ 2
=2 \/,0 +<z 4) +4/p*+ 2 e
_ (3.5)
4 2\?
cos295€—2 \/ P2+ 22— p2+(z—4) ,
which implies
Vr+ 02 2r2 + (2 2
p:%sin%, Z:LCOSQQ—Fg. (3.6)

They are the spherical coordinates centered on the whole rod configuration such that the
rod sources are located at 2 = 0 and varying 6 from 0 to 7/2 moves from the first rod to
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the very last. In this coordinate system, the local spherical coordinates (r;,0;), given in
terms of p and z in (3.4), are given by

2
i1
4r? = ((27“2 +02) cos20 + (2 2> ng) +4r2(r? + £2) sin® 20
j=1

. 2
+ ((27”2 +02) cos20 + 2 -2 @) + 4r2(r2 4 £2) sin? 20 — 262
j=1

2
i1
407 cos? f; = ((27“2 +02) cos20 + (2 2> EJQ) + 4r2(r2 4 ¢2) sin® 20 (3.7)
j=1

. 2

- ((27“2 + 02) cos 260 + (2 — 2 Z E?) + 4r2(r2 4 £2) sin? 260 + 262 | .
j=1

The eight functions (L7, Wy) are sourced at the rods with specific weights (Pi(I), GZ(»A)):

n 62 Pi() n 62 GE)
L1=H<1+7fz> , WA=H<1+75> I1=05p, A=01.. 4 (38

i=1 =1

The warp factors (Zp, Z1, Z5) and the gauge potential T} can be directly derived from (3.2),
and we have in addition

4@0 Z 62 cos 26; , 4a5 Z 62 cos 26; ,

w - ((T + £2) cos? 0; +(r +€2)sm 0)( cos? 0 + 5 sin 9) o (3.9)
o (<(T 7+ £7) cos? 0; + 75 sm20)(r cos? 6; —1—(7" +€2>51n29)> ’

,j=1

where we have defined

4 4
S aMeh 1 3 aMe aVal)
A=0 A,T=2

1
Qij = X:Emﬂn+
1=0,1,5

(3.10)

The magnetic dual of the electric D1 gauge potential has exactly the same form as Hj
by replacing a5 — a; and Pi(S) — Pi(l). By considering the asymptotic spherical coordi-
nates (2.9), we have cos 20; ~ cos 26 at large distance. Therefore, the solutions correspond
to D1-D5 geometries in type IIB with potential KKm charges, k, along 1 such that the
supergravity charges are given, in unit of volume, by

1 n

1 & 1>
=—>apV,  Q=—>apr", k=—>apY. (3.11)
M iz a5 i1

dao =

One can use these expressions to directly fix the constants ay in terms of the net charges
and the rod parameters.
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The charged Weyl formalism allows to extract large families of geometries that solve
Einstein equations of the D1-D5 system in type IIB (2.1). They are given by an arbitrary
number, n, of rod sources on the z-axis. Each rod has nine associated parameters: eight
weights (PZ-(I), GEA)) and a length parameter /2. Moreover, we have six other independent
parameters that fix the asymptotic of the solutions which are the D1-D5 charges, the
orbifold parameter k, and the constant parameter by.

In [3-5], asymptotically-flat regular geometries have been extracted from these solu-
tions. All weights are fixed such that they correspond to bolts or horizons. By computing
the ADM mass and comparing it to the D1-D5 charges, the solutions have been shown to
be non-BPS as soon as the rods do not degenerate to point sources £2 # 0.

We will adapt the solutions to construct geometries asymptotic to AdSgxS3/Z;xT*
in type IIB by applying the internal and asymptotic boundary conditions introduced in
section 2.3. As their asymptotically-flat cousins, the solutions will be internally sourced by
rods leading to a chain of regular bolts and/or black holes. The difference in the asymptotic
constraints however will change the constants b; and modify the geometries globally.

Before doing so, we point out some useful expressions between the local and global
spherical coordinates:

ricos® 0; = (r7,; + £3.1) cos® 041, r2 g sin? 0,41 = (r? + 2)sin®0;
" I I n
H 1+ 5 ) =1+—, ZE?COSQOi:€2COS29,
i=1 " " i=1

n ((rf + £2) cos® 0; + (7’]2 + 532) sin? Gj) (7"22 cos? 0; + rj? sin? Gj)
ij=1 ((7“3 + 07) cos? 0; + 17 sin® Hj) (r? cos? 0; + (7"32 - Z?) sin? Qj)

B r2(r? 4 (2)
(P2 £2sin20)(r2 + (2 cos2 6)

(3.12)

3.2 Asymptotically-AdS3 solutions

We first derive the constraints on the asymptotics before discussing the internal boundary
conditions at the rods.

3.2.1 Asymptotic boundary conditions

We expand the warp factors and gauge potentials at large distance by considering the
asymptotic spherical coordinates (2.9). We find that Wy, e?| Hy and Hs have already the
right behavior given by (2.10) and we have

4k sinh bg 4k cosh by 7 Q15sinhby 5 ~ Q15coshbys
SR oy ety v
Thus, from the result in section 2.3.1, we find that the solutions are asymptotic to
AdS3xS3/Z;, xT* if one imposes

Zo ~ (3.13)

bo=by =bs=0. (3.14)

Moreover, one can consider solutions that are asymptotic to AdS3xS?xT* without orbifold
action on the S? by simply considering k = 1.
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PO PO [P0 [ 60 [ W [ @ [ 6@ | o
Horizon : 3 3 0 1 0 0 0
1) degeneracy 1 0 0 0 0 0 0 0
y degeneracy % % % 0 —% 0 0 0
1 degeneracy | 3 0 i 3 0 -3 ! 1
z degeneracy | 3 0 3 3 0 1 -3 :
z3 degeneracy | 3 0 3 i 0 1 : —3
x4 degeneracy % 0 % % 0 % % 1

Table 4. The seven possible weights at the i*" rod leading to a regular coordinate degeneracy of
the timelike direction or a compact spacelike direction.

3.2.2 Internal boundary conditions

Each rod locus, p = 0 and %Zé;ll E? <z< %Zézl EJQ-, corresponds to r; = 0 and 0 < 6; <

7/2 in the local spherical coordinates (3.4). Thus, the eight functions (Ly, W)y) (3.8) are
either blowing or vanishing if PZ-(I) or GZ(A) are non-zero. The warp factors have the same
behavior as the generic one given in (2.15), and the exponents oz, and ayy, can be related

to the weights at the i rod such as
az; = |Pi(l)‘ ) aw, = GEA) ) (3.15)

Therefore, we transpose the seven possible choices of regular internal boundary condi-
tions summarized in table 3 in terms of rod weights in table 4.

Moreover, there are additional constraints given by (2.17) such that the rods define
smooth bolts or horizons. These will give a set of n algebraic equations that constrain the
rod lengths in terms of the charges, temperature, and radii of the compact dimensions. For
smooth solutions without horizons, these equations will be denoted as bubble equations.

Interestingly, for regular sources, the exponents «;; (3.10) simplify to

1 if the i*" and j*" rods are of the same nature,

% otherwise,

(3.16)

Oéij =

where “same nature” means that the same coordinate degenerates at both rods.

Note that a necessary condition for having asymptotically-AdSs solutions is to have
Q1,Qs5,k # 0 (3.11). Moreover, a non-zero charge Q1 requires at least one Pz-(l) turned on.
However, only two types of rods can have P, ! = 0: the ones corresponding to a horizon
or to a degeneracy of the S! parametrized by y. Thus, horizonless configurations with D1-
brane charge necessarily require rods where the S* shrinks. In other words, asymptotically-
AdS3 smooth horizonless geometries must force the common S! of the D1 and D5 branes
to degenerate somewhere in the spacetime.
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3.3 Final form of the solutions

We remind that the type IIB fields are

dsiy = —— dy®
510 7.7 +Widy

Wo dt?
Wi

4 Wadad + Wadas + Wayda3 + _dzj
Zs WoWsWy

+/Wo 2175 { (d + Ho do)? + Zo (e” (dp2 + sz) + p2d¢2)] , (3.17)

C® = Hydp Adp — Ty dt A dy, e¢—1/2wo, cO=c®=p,=0.

The geometries obtained from the linear branch of solutions of the equations (2.5) and (2.6)

that are asymptotic to AdS3xS3/Z;, xT* are sourced by n connected rods on the z-axis of
length ¢?/4. The main fields are given by eight functions such that their logarithms are
harmonic functions sourced at the rods

n 2 P n 2 e
2\" 2\
LI:H<1+§> , WA:H<1+ ’z) C I=05p, A=01,...4
(A B

i=1 i=1 L (318
3.18
and we have
Ly’ roe2ph 1241
Ql—l T, = Zi=ttil §+ :
230 1£2P D Ql Ly-1
Ly — L_
= Q5 5— H5 E—— 62 COS 291 y
2 2
Z E P Z e P =1
Lo — Lt
Zy =2k ——9 Hy = 2P cos26; , (3.19)
i1 6 Pi(O) 15 P 22;

o L ((r.2 + £2) cos? 0; + (7‘2» + €2-> sin® 6 ) (r-2 cos® f; + 3 sin” ) “
€ )
ii=1 ((r + £2) cos? 0; + s 25in2 6, ) (r cos?6; + (r + €2> sin? 0 )
where the local spherical coordinates at each rod (r;,6;) are given in terms of Weyl cylin-
drical coordinates, (p,z), in (3.4) and in terms of the global spherical coordinates, (r,0),
n (3.7). The exponents «;; are given in (3.16).

The weights (Pi(l), GEA) ) at each rod take one of the seven possible values in table 4
depending on the coordinate that degenerates at this location. The weights (Pl-(l)7 ]32-(5))

are associated to the local D1-D5 brane charges at the rod (qgj)17 q§3)5) given by

; 42 P(l) i 512 P(5)
=@, = :

ST 5 Qs (3.20)
1

n 2 p(d
2=l b
Moreover, the solutions are constrained by n regularity equations that must be de-
rived in a case-by-case manner (2.17). They will fix all rod lengths, ¢2, in terms of the
asymptotic quantities that are the D1 and D5 charges, the radii of the compact directions,
the asymptotic orbifold parameter k, and possibly the temperature if the solutions have
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horizons. Thus, the solutions have no moduli after regularity. The only free parameters
that are not asymptotic quantities are the number of rods, n, which can be understood as
the “quantum bits” to be included in the geometries, and the nature of the rods, which
would correspond to the exact nature of the “bits” in this analogy.

4 Examples of non-BPS bubbling deformations in AdS3zxS3xT*

In this section, we construct geometries that are asymptotic to AdS3zxS*xT* or
AdS3xS?/Z;, xT* using the linear branch of solutions. We restrict to simple examples
with the least number of rods to illustrate the physics of the solutions, and we focus on
smooth bubbling geometries without horizons.

As previously argued in section 3.2.2, one needs at least one rod that forces the degen-
eracy of the S (the y-circle). This generates the necessary D1 and D5 brane charges to be
asymptotic to AdSs in type IIB. Thus, we first construct the solution obtained from such
a single rod. We obtain a global AdS3xS?xT* spacetime with a conical defect on the S?
that can be tuned. The rod inducing the degeneracy of the S! is located at the center of
AdSs, that is at » = 0 in the global spherical coordinates (3.5).

Then, we show that the linear branch of solutions allows decorating this solution by
rods that lead to smooth non-BPS T? or S? deformations in type IIB. We focus on two
examples with different physics:

« First, we construct solutions that correspond to global AdS3xS3xT* but with an
extra rod that forces a T* coordinate to degenerate. The spacetime still caps off
smoothly at » = 0 but, the S3 splits into two regions there: a region where the S'
degenerates and a region where the T* direction pinches off. We will show that these
new smooth bubbling solutions break supersymmetry, they break the rigidity of the
T4, and the symmetry of the S® and AdSs3 parts. Moreover, we will show that when
R., < \/Qs, where R, is the radius of the T* direction that shrinks, the solutions
can be seen as a small non-BPS perturbation on a global AdSs background in type
IIB. The backreaction has forced the T to degenerate smoothly at the center of AdSs
and at a specific locus on the S3.

e Second, we do the exact same analysis with a rod that now forces the Hopf fibration
angle of the S3, 1, to degenerate. We will show that the smoothness of the solutions
requires to impose an asymptotic conical defect k on the S such that the solutions
are asymptotic to AdS3xS3/ZyxT4. Otherwise, the physics is relatively similar, the
solutions cap off smoothly at » = 0 as a degeneracy of the S' or the S3 depending on
the position on the S3. We show that such deformation breaks supersymmetry of the
unperturbed global AdS3 spacetime by breaking the symmetry on the S3 and AdSs
parts. However, the solutions still preserve the rigidity of the T*. Furthermore, we
argue that, in the large orbifold limit k£ > 1, the extra rod becomes a small non-BPS
perturbation on a global AdSs background for which the backreaction has forced the
S3 to degenerate smoothly at the center of AdSs.
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Global AdS3x S3x T*

T
4
0 T

Figure 2. Rod diagram of the shrinking directions on the z-axis after sourcing the solutions with
one rod that forces the degeneracy of the y-circle. We took the figures of [52] as models.

4.1 Global AdS3 as a single rod solution

We consider a single rod source, n = 1, such that it forces the S (y-circle) to degenerate,
ie. Pl(o) = Pl(l) = P1(5) = —Ggl) = 1/2 while all other weights are taken to be zero (see
table 4). The rod profile has been depicted in figure 2.

The metric warp factors are (3.19)

4k Q1 Qs
2y = —F—— = —F— Zy = ————,
7’11/7“% —i—E%

) 20+ )
(r? 4+ 03 sin? 61)(r} + (2 cos? 0;)

(4.1)

while the gauge potentials give

Hy = kcos 264, T = 2 1, Hs = fcos 204. (4.2)

With a single rod in the configuration, the global spherical coordinates, (r,8) (3.5),
are identical to the coordinates centered on the rod, (r1,6;), and we have £2 = (2. Thus,
it is more convenient to change coordinates from the Weyl coordinates to these spherical
coordinates and from the Hopf coordinates of the S to the spherical coordinates (2.13).
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l:l Region of the S where the

S! degenerates.

0=n/2 0=n/2

Slatr =0 Slatr =0

Figure 3. Schematic description of the spacetime built from a single rod inducing the degeneracy
of the S'. On the left-hand side, we depict the overall geometry in terms of the radius . On the
right-hand side, we describe the behavior of the S2, S, and T* at r» = 0 and as a function of 4, the
S3 coordinate. Global AdS3xS3xT* ends smoothly as a coordinate degeneracy of the S' at r = 0
and the T* is rigid.

The type IIB solution (3.17) gives'?

1 Q1 —
ds3y = ———= |~ (r* + 2) dt? + 2 dy?| + | Z2 3 da? 4.4
=g 07+ ) e 2 4
dr?
+kVQ1Q5 [M + d6? + cos? 0 dy? + sin? 0 dy? |
(2) 2 r? 40 @ Q1
CY =k Qscos*0dpa N dpp — 0 dt Ndy, e = Q—
1

Therefore, it corresponds to global AdS3xS3/Zx T*, with Q1 and Q5 D1 and D5 charges.!!
At the unique rod, that is at the center of the global AdS3 spacetime r = 0, the y-circle
degenerates. It corresponds to a smooth origin of R? if and only if
VEk
Ry = % ) (4'5)
where R, is the radius of the y-circle (2.14). We retrieve the usual regularity condition for
a global AdS3xS?x T4 without orbifold by considering k£ = 1.
In figure 3, we introduce our conventions for illustrating the geometries by applying
them to the present global AdSzxS3 yym xT* spacetime. On the left-hand side, we describe
the geometries in terms of the radius r. Then, on the right-hand side, we specify the

10We have also performed a global gauge transformation on C <2), and use, as a consequence of the change
of coordinates (3.5),

dp® +dz* =

2 2 2 2 2 (32

+¢ 0 +4 0 2

(r Ccos ) (r sin ) dr n d02 . (4.3)
4 r2 4 02

"Even if the gauge field has a magnetic contribution, kQs cos® @dpa A dpi, the net D5 charge is still

Qs since the periodicity of (p1,p2) is 27 and 27 /k (2.13). One can simply use the Hopf coordinates,
c® = % cos? Od¢ A dip, and use the periodicities (2.14) for the integration.
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Global AdS3x S3x T* with a T* deformation

S3

(,02 mmm

I

Ta

Ui
<

Il il >
T T >

0 G o
4 4 4

Figure 4. Rod diagram of the shrinking directions on the z-axis after sourcing the solutions with
two connected rods that force the degeneracy of the y and z; circles respectively.

topology of the S, S, and T* at » = 0 as a function of 6, giving the position on the S3.
The spacetime ends at » = 0 where the S! shrinks for arbitrary € while the T# is rigid.

4.2 T* deformation at the center of AdS3 and at a pole of the S3

We consider two connected rod sources (see figure 4). The first one is identical to the
previous section while the second one induces the degeneracy of x1, a T* direction. From
table 4, the weights at the second rod are fixed such that P2(0) P(s) G(O) %Gg) =
2Gg3) = 2Gg4) = 1/2 while all its other weights are zero. Moreover, we will assume that
the S? has no conical defect asymptotically: k = 1.

4.2.1 The solution

We refer the reader interested in the derivation of the type IIB fields to appendix B.1.1.
The solution (3.17), obtained from (3.19) with the rod configuration considered in this
section, gives

52, = JO10s | F 4(dp” + d2%) + cos? 0.dy? + sin® 0 dipl
10 IREE (12 4 %2 cos? 0) (r2 + (2 sin? 9) 1 ¥2
b | = (P + ) dt* +1° F3dy®| + f1< +de>, (4.6)
VQ1Q5 F1 [ ] Qs =
2
+ 2 Q1
c? = 20dps A d dt A dy ®_
Qs cos” O dpa N dpr — NG e Q5f

where we have defined three deformation factors

2 l r3(r3 + £2)
N=Ep—pl\l-ga) 253 2 70
02 — 15 22rs (13 + €3 cos? 03)(r2 + (3 sin? 0;)

LB
2

that are trivial in the limit where the extra rod vanishes fo — 0. We remind that (r,0)
are the global spherical coordinates of the two-rod configuration (3.5), while (r;, 6;) are the
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local spherical coordinates centered at the i*" rod, given in terms of (p, z) in (3.4) and of
(r,0) in (3.7).

The role of the second rod as a deformation on top of a global AdS3xS?xT* background
can be highlighted by changing from the Weyl coordinates (p, z) to the global spherical
coordinates (r,0):

dr? .
ds?y = VQ1Q5 Fi |:F2 (7“2—1-52 + d92> + cos? 0 dy? + sin? 0 dgp%]

1

2 4

oo [—(r2 + ) dt* + 2 F dyQ] 42 Fi <dwl +> dxﬁ) . (4.8)

The solutions are asymptotic to AdS3xS3xT% as in (2.11) since all F; goes to 1 at large
r. The second rod does not only break the rigidity of the T4 but also deforms the S? and
AdS3 spaces. This deformation can be made regular as a smooth coordinate degeneracy of
the x1-circle at the second rod. We analyze the topology at the rod sources and derive the
regularity conditions in the upcoming section. We will also show that the T* deformation
breaks the supersymmetry of the unperturbed global AdS3 background.

4.2.2 Regularity conditions and topology

The rod sources are located at p = 0 and 0 < z < £2/4. In the (r,6) coordinate system (3.5),
they are at r = 0 and

0<60<6., = Locus of the 2" rod | 0. <0< g = Locus of the 1% rod, (4.9)
where
2 02
2, _ 1 2

First, at r > 0, one can check that r; > 0 and all F; are finite and positive. Therefore,
all metric components (4.8) are finite and the geometries are regular there for 6 # 0,7/2.
The loci » > 0 and 6 = 0,7/2 correspond to the two semi-infinite segments above and
below the rod sources on the z-axis depicted in figure 4. They define the North and South
poles of the S? where ¢y and ¢ degenerate respectively. One can check that F» = 1 at
these loci and the angles degenerate smoothly without conical singularities at the poles:
ds(83) ~ df? + cos? 0dp? + sin? Odp3. The spacetime is therefore regular outside the rod
sources at 7 > 0 and has a S3xS'xT* topology.

At the sources, r = 0, the y-circle degenerates at the first rod, 6. < 6 < 7/2 where
r1 = 0 and ro > 0, while the zi-circle degenerates at the second rod, 0 < 0 < 6. where
ro = 0 and r; > 0. The local geometries are better described in terms of the local spherical
coordinates, 1 = 1 or 2,

riA/T? + 02 22 4 2 1< 02
p:%sin%i, z:T’T—hcosQ«%—i—ZZ@—é, (4.11)

=1
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which implies

2 2
0?4 de? = (r? + ¢ cos 0)4(7" + £2 sin? ;) ( dr? - +d02> (4.12)

Therefore, at the first rod r; — 0,'2 the time slices of the metric (4.6) give

VOIQs [0 2 50\ e RN IR
dsip ~ dri + ryd + (62 4 2sin®61) d —Eda}a
10 61 g 1 QIQS 14y ( 2 1 SDQ Q —
fl\/ QIQS 2 2 2 EQ
+ 7 dfy + cos” 01 dp7 + Q5B+ Bsindy) sin? 0y da? (4.13)

At the second rod, 5 — 0,2 we have

5 VQ1Qs5 Kd

\/ 3 + 03 cos? 0,

0%/ 01Qs
Zd + === .

d510 ~ (414)

12%4 Qs 03

3 dﬁ) + (02 + % cos? 03)%dp?

o3 +

2 2 .2 2
cos” 05 dy” + sin“ 05 d .
0105 2 ay 2 @2]

Both geometries correspond to regular S?>xT* fibrations over an origin of a R? space if!*

V@1Q5 _ la\/ Qs

Ry = f ) Rxl E 5 (415)
which implies
Q1(Qs — RZ)) Rae VO @Q1Qs
0 = L ="V o 2ok = . (4.16)
R, R, TR

The three-form flux, F3 = dC®), is regular at the rods since the components along the
shrinking directions vanish. Moreover, the first rod carries D1 and D5 brane charges while
the second rod carries a D5 brane charge given by (3.20)

D=1, ¢=0;-R%, and =0, =R (4.17)

The presence of the second rod has modified the regularity condition of the global
AdS3xS3xT* background (4.5). The total length of the sources, £2, is still given by
Q1Qs5/ Rz but it has been now distributed on both sources.

2When r; — 0, we have

71 cos 6 2 02 sin? 6, 2

T TN s 5, Tl
/2 + (2 sin? 0, 03 + 03 sin® 6

2 2 . 2 2 2 2 2
ry ~£1sin“ 01, cosf ~ £” cos” 6 ~ (7 cos” 0.

BWhen ry — 0, we have
ro sin 0o 2 £2 cos? 0 2

T T~ 5 T2,
A/ 02 + 02 cos? 0, 63+ Bcos?hz *

1YWe remind that Ry and R, are the radius of the y and z; circles, defined by their periodicities
y=y+ 2Ry and 1 = x1 + 27 R;, (2.14).

2 2 2 . 2 . 2 2 . 2
ri ~f3cos" 02, sinf; ~ {7 sin” 0 ~ £5sin” 0 .
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Region of the S* where the
T* degenerates.
Region of the S* where the
S! degenerates.

Slatr =0 Statr =0 Ttatr =0

Figure 5. Schematic description of the spacetime induced by a chain of two rods, inducing the
degeneracy of the S! (y) and a T* direction (7). On the left-hand side, we depict the overall
geometry in terms of the radius r. On the right-hand side, we describe the behavior of the S3, S!,
and T* at » = 0 and as a function of 6, giving the position on the S?. At r = 0, the spacetime ends
smoothly as a coordinate degeneracy of either the S or the T* depending on the position on the S3.

Moreover, the deformation has also drastically changed the topology at the center of
the spacetime 7 = 0. Indeed, the S® is parametrized by (6,1, 2) in the unperturbed
geometry (4.4), and the (z1, 22,3, 24) define a rigid T#. The role of o and z; has been
interchanged after perturbation at 1 = 0 (4.13), i.e. r = 0 and 6. < 0 < 7/2, and the local
S3 is now parametrized by (61, p1,21). At the second rod, r = 0 and 0 < 6 < ., the local
S3 is given by (f2,y, ¢2), and since both rods and S3 are connected we have an overall S3
given by (0, ¢1,p2) at r = 0.

Thus, we obtained regular geometries that are asymptotic to AdS3x S xT4. The space-
time ends smoothly at 7 = 0 as a chain of two bolts where the S' and one of the T%
coordinates degenerate alternately. We have depicted the geometries and the behavior of
the S3, S!, and T at the end-of-spacetime point in figure 5. At this locus, the two bolts
split the S? into two regions such that the T* shrinks in the Northern Hemisphere while
the S! degenerates in the Southern Hemisphere. The intersection is set to 8 = 6. (4.10)
such that
R2
Qs

Therefore, one of the regions can be very small relative to the other if there is a hierarchy

cos?f. =1 — (4.18)

2 2 2
of scales between £1 and (3, i.e. Rz and Qs.

4.2.3 Supersymmetry breaking

We now give arguments suggesting that the solution does not preserve any supersymmetry.

First, the solution necessarily breaks the supersymmetry of the undeformed global
AdSj3 spacetime in type IIB. Supersymmetric solutions in ten-dimensional supergravity are
characterized by the existence of a Killing vector that can be either time-like or null [53, 54].
Global AdSs and all superstratum excitations [14, 16, 55-59] are i— and %— BPS solutions
in type IIB respectively that are based on a null Killing spinor defining a null direction
in the spacetime. Thus, they can be generically decomposed into a (u,v) = (t — y,t + y)
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null fibration over an eight-dimensional space, which, in the case of those spacetimes, is
composed of a rigid T? fibration over a four-dimensional almost hyper-Khiler base [54].
This structure can be made manifest for the global AdS3 metric (4.4) by performing a
spectral flow from the NS-NS sector to the R-R sector,

901—>901—]§y» 902—>902—];y» (4.19)
such that a null direction appears and the four-dimensional base is the flat metric. However,
there are no spectral flows, boosts along y and shifts of coordinates with the T* directions
that can produce a globally null direction in the T* deformation metric (4.6). This is a
consequence of the non-trivial deformation factors, /7, and JF3, that cannot be compensated
by constant shifts. Thus, the deformed solution cannot preserve the same Killing spinors as
the global AdS3xS3xT* spacetime in type IIB and necessarily breaks all its supersymmetry.

Second, it is still possible that new supersymmetries emerge when the T4 deformation
is included. This necessarily requires the existence of a timelike Killing spinor. To disprove
that, one should a priori derive Killing spinor equations for our generic ansatz (3.17) and
show that the solution at hand does not satisfy some of them. Since this computation is
rather tedious and requires a project on its own we postpone it for future work. We just
give a few arguments that suggest that the solution does not preserve any supersymmetries:

o First, if one reduces to five dimensions along the T* and a generic direction, y +
at 4+ Be1 + vpe, one can show that the solution does not satisfy the supersymmetric
conditions of N = 1 five-dimensional supergravity derived in [60]. Indeed, one cannot
generate a four-dimensional hyper-Khéler base in five dimensions by performing a
change of variables and boosts on the S? angles (1, 2).

e Second, one can construct the “unbounded” solution of our bound state of two rods
by considering the same rod configuration as in figure 4 but with disconnected rods.
The rods will then be separated by a segment that does not source the warp factors
but still induces the degeneracy of a compact direction given as a linear combination
of the 1 and @9 angles. However, this degeneracy has necessarily a conical excess
which means that the sources are separated by a strut. A strut corresponds to a string
with negative tension that accounts for the repulsive force needed to compensate for
the self-attraction between both sources [3, 61, 62]. Thus, both sources are not
in equilibrium at a finite distance as it is usually the case between BPS sources.
In asymptotically-flat spacetimes, the rods are non-supersymmetric such that their
inherent mass was larger than their charges and the electromagnetic force does not
compensate for their gravitational attraction. A similar phenomenon appears here
which greatly suggests that the solution is non-supersymmetric.

It would be interesting to have a precise idea on how the T* deformation breaks all
supersymmetry as it has been done for other new smooth type IIB geometries in AdSs [28,
30]. Those “microstrata” are non-BPS extensions of superstrata where supersymmetry is
broken by superposing both left-moving and right-moving excitations in AdSs while keeping
a rigid T?.
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4.2.4 Two interesting limits
The regularity condition (4.16) requires

R2 <Qs, (4.20)
and there are two interesting limits whether R2 < Qs or R2 ~ Qs.
e A regular non-BPS perturbation on global AdS3x S®x T*:

we first assume that R?El < @5 which makes the second rod infinitesimally small compared
to the first, fo < 1. Moreover, R, can be related to the volume of T, Vol(T%) = (27)*V},
by assuming that all T4 directions have the same radii: R,, = V41/ *. Therefore, we have
to assume

Vi< Qs = bl (4.21)

All terms proportional to £3 are then perturbations. Since 6. ~ 0 (4.18), this is valid
up to a small region around the North pole of the S? and around the center of spacetime,
r ~ 0 and 6 ~ 0, where ro ~ 0. The perturbation is localized there and has a large effect
such that the x; coordinate degenerates. Outside this small region, Fr = 1+ O(v/V4/Q5)
and the solution corresponds to a small non-BPS excitation on a global AdSsxS3xT*
background. It is localized at the North pole of the S? and at the center of AdS3 such that
it forces the smooth degeneracy of a T? circle.

o Singular D1 branes on a D5 bubble:
at the other side of the parameter space, £1 can be made strictly zero by considering
Qs =R =VVi =  (=0. (4.22)

This does not eliminate all effects of the rod as it shrinks to a point source that has zero
size but still carries a D1 brane charge. From figure 5, the point source is located at the
South pole of the S®, § = 7/2, at » = 0. The type IIB solution (4.8) becomes

r2 402 dr?
dsto=/Q1Qs P Poos?0 |12 +d6? +cos? 0 dp? +sin® 0 dp’ (4.23)
(r24£02)(r2+£2cos26) 9 Q1(r2+12) r2dx?
dt d da?
+\/ 105 [ * Q5(r2+1%cos26) \ r2+4¢2 Z Ya

21 02 cos 24 02

9 72+ (% cos? 6 @ Q1 ré+4
_ Odps Ny — Y g nd Y A Y B
@scos™0dpa Ny o hay, ‘ Qs \ r2+(2cos?0

The solutions are regular for » > 0. Moreover, there is still a bolt where x; degenerates
smoothly at r = 0 and 6 # 7/2, which is the locus of the second rod, and it carries @5
D5 brane charge. However, the first rod has now degenerated to a singular horizon at
r =0 and § = 7/2. At this locus, we have a blowing T% parametrized by (2, 3,4, p2)
while (01,1, 21) describes a shrinking S® and the time and y fiber degenerate. Thus, the
solutions correspond to singular D1 branes at the South pole of a D5 bubble.
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Global AdS3x S3x T* with a T* deformation
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Figure 6. Rod diagram of the shrinking directions on the z-axis after sourcing the solutions with
three connected rods that force the degeneracy of the y and x; circles.

2
xr1)

transition occurs that transforms the singular point source into a small bolt where the y

Moreover, the singularity is resolved by considering Qs < RZ . ,i.e. {1 < f5. A geometric
circle degenerates smoothly at the vicinity of the South pole of the S? and at the center of
spacetime r = 0.

4.3 T* deformation at the center of AdSs

In the previous section, the non-BPS T? deformation was naturally centered around the
North pole of the S? and at the center of the AdS3. In this section, we show that the
deformation can be localized elsewhere on the S3.

We consider three rod sources (see figure 6). The first two are identical to the previous
section while the last one is chosen such that it induces the degeneracy of the y coordinate.
From table 4, it requires fixing the weights at the third rod such that P3(O) = Pél) = P§5) =
—Gz(,)l) = 1/2 while all its other weights are taken to be zero. We still consider that k = 1
such that the S has no conical defect asymptotically.

4.3.1 The solution

We refer the reader interested in the derivation of the type IIB fields to appendix B.1.2.
The solution (3.17), obtained from (3.19) with the rod configuration considered in this
section, gives

~ dr?
ds?y = VQ1Qs Fi l]—"Q (M + d92> + cos® O dp? + sin? 0 d(p%]
bt [—(7«2 + 2 dt? + 12 F dyﬂ 42 ! doi + f: dx? (4.24)
V@15 F1 Qs Fs =)

2 2
) O
C® = Qs cos® 0 dpg A dpy — - dtAdy, ¥ =2t F,
Qs P2 Ndpr =5 Yy 0: 7
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Region of the S* where the
T* degenerates.

D Region of the S* where the
S! degenerates.

0 =m/2 0 =m/2 0 =m/2

Slatr =0 Statr =0 T*atr =0

Figure 7. Schematic description of the spacetime induced by a chain of three rods, two inducing
the degeneracy of the S! (y) with one in the middle inducing the degeneracy of a T4 direction (z1).
On the left-hand side, we depict the overall geometry in terms of r. On the right-hand side, we
describe the behavior of the S3, S!, and T at r = 0 and as a function of 6.

where we have defined, in addition to the deformation factors introduced in (4.7),'

7 2\ T £5 '
(13 + 03 cos? 02) (r2 + (3 sin? 02) (r3 + (3 sin? 01 )(r3 + (3 cos? 03)

(4.25)

We remind that (r,6) are the global spherical coordinates of the three-rod configura-
tion (3.5), while (r;,6;) are the local spherical coordinates centered at the i*" rod, given in
terms of (p, z) in (3.4) and of (r,0) in (3.7).

The details of the regularity analysis and the description of the topology can be found
in appendix B.1.2 which we summarize here. The solutions are regular for r > 0 with a
SxS3xT* topology and are asymptotic to AdSzxS3xT* since F; ~ Fo ~ 1 at large r.
The rod sources are located at r = 0 with 6 from 0 to 7/2 such that

0<0<6? = 39rod | 6P <9<V = 27drod | 4V <<

where we have defined

@ G+ 03
cos? 9N = E%’ cos? 92 = 12 2 (4.27)

The rods correspond to bolts where either y or ; degenerates defining an origin of a R?

space. The transverse spaces are Sglwum ><T3,2962‘,Eg‘,[4L at the first rod, ngyXTglwzmzzsm at

5The deformation factors Fi and Fs, given in (4.7), give different values for the present configuration
since £% = (3 + 03 + £3 and (12, 02) are different.
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the second rod and S3 xT4 at the third rod. The bolts are regular if

03102 P1T2T3T4

E%:€§:Q1Q5(1_Rzl>7 @:@ N 62:Q1Q5<1_ Rzl)‘
2R2 VQs 2R2 R2 2/Qs
(4.28)
The regularity still requires that R,, < /@Qs. Note that, unlike the previous T* deforma-
tion, the overall length of the configuration is not anymore given by Q1Q5/ RZ.
Moreover, the rods where the y coordinate degenerates carry the same D1 and D5
brane charges (3.20)

1 3 @1 1 3 VQs5 — Ry
qg}i = QSDi =5 qf;,% = qgg = Qs m, (4.29)
while the rod where the x; degenerates has a D5 brane charge
(2) (2) Q5 Ray
ap1 =0, 95 = 57— 5 - 4.30
D1 D5 ™ 9 Vs — Ry, ( )

We have depicted the geometries in figure 7. The solutions are smooth and end at
r = 0 as a chain of bolts. More precisely, at r = 0, we have a S? that can be decomposed
into three regions. For 0 < 6 < 99) and 9((;1) =7/2 — 0&2) < 6 < 7/2, the y coordinate
degenerates as the usual S' degeneracy at the center of a global AdSs3 spacetime where
cos? 19((;2) =(2- Rzl/\/@)_l. However, for 99) <0< 72— 19((;2), this degeneracy has
been replaced by the degeneracy of a T* direction. Therefore, the T4 deformation is now
centered around the equator of the S3. Moreover, by allowing a conical defect at one of the
rods where the y-circle shrinks, the deformation can be centered around any 6 between 0
and 7/2 (see appendix B.1.2 for more details).

Moreover, for the same arguments as in section 4.2.3, the deformation breaks the super-
symmetry of the global AdS3xS?xT* solution, and most likely breaks all supersymmetry
such that it corresponds to a non-BPS asymptotically-AdS3 solution in type IIB.

As for the previous solution, we have two interesting limits. First, when R, <
/@5, the T? deformation can be treated as a non-BPS smooth perturbation on a global
AdS3xS3xT* background. Indeed, we have (3 < 3 = ¢3 and the deformation factors, ]?1,
F» and F3 are equal to 1 plus correction of order £3 as soon as we are not too close to the
middle rod. Since 9((;1) ~ 9&2) ~ m/4 in this limit, the perturbation is localized at the center
of the global AdS3 spacetime, r = 0, and at the equator of the S3. The small perturbation
has induced a non-trivial degeneracy of the T* there for which the backreaction has broken
the symmetry of the AdSs3, S, and T*.

Second, if one considers R, = /@5, the two bolts where the S! degenerates shrink to
a point leading to singular D1 brane sources. The solutions are similar to (4.23) but we
now have a singular horizon at each pole of the bolt where the x; circle shrinks. This limit
corresponds to a non-BPS D5 bubble with two singular stacks of D1 branes at its poles. The
singularities can be resolved by considering R, < 1/Qs where the point sources undergo a
geometric transition into small bolts where the y coordinate degenerates smoothly.
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Global AdS3x S3x T* with a S deformation
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Figure 8. Rod diagram of the shrinking directions on the z-axis after sourcing the solutions with
two connected rods that force the degeneracy of y and ¥ = k(p; — ¢2).

4.4 S3 deformation at the center of AdSs

In this section, we consider two rod sources such that the first rod still induces the degen-
eracy of the S! while the second one corresponds to a coordinate degeneracy of the Hopf
angle of the S3, ¢ = k(1 — ¢2) (2.13) (see figure 8). From table 4, this requires fixing the
weights of the second rod such that P20 = 1 while all its other weights are zero.

4.4.1 The solution

We refer the reader interested in the derivation of the type IIB fields to the appendix B.2.
The solution (3.17), obtained from (3.19) with the rod configuration considered here, gives'6

1 Q1 «
dsly = —m——— |~ (r? + ) dt* + 2 Fydy?| + ([ 5 > da?
10 VQ1Q5]:1[ ( ) ’ y} Qs az:;

d 2
+ kv @Q1Q5 F1 P27 (T + d92> + % cos? @sin’ 0 dp?

Fz \r2+£2 3
+ 41@1;4 (dio + & (2F5 cos? 6 — 1) dd))ﬂ , (4.31)
c® = %}‘1 cos 0 dep A dip — T;j]_ff dtndy, — o®= \/g
where we used the same deformation factors as in (4.7), and introduced new ones
= ﬁej@ (HK%(Z?EE?)) = @f% <1+§:;) : (4.32)

15The metric can be written with the cylindrical Weyl coordinate, (p, z), as the main coordinate system
by considering (3.5),
dr?
r2 4 02

4

do* =
+ (r2 + £2 cos? 0) (r2 + 2 sin2 9) (

dp2 + dzz) .
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that all become trivial when the extra rod is turned off, /o = 0. We remind that (v, ¢)
are the angles of the Hopf fibration of the S3 that are related to the spherical angles,
(p1,¢2) in (2.13). Moreover, (r,0) are the global spherical coordinates of the three-rod
configuration (3.5), while (r;, 6;) are the local spherical coordinates centered at the i*" rod,
given in terms of (p, z) in (3.4) and of (r,0) in (3.7).

The solution is asymptotic to AdS3xS3/Z;xT* since F; — 1 at large 7. As we will
see later on, the orbifold action on the S? is necessary to have smooth geometries.

The extra rod source preserves the rigidity of the T4 but non-trivially deforms the
AdS3 part and has broken the symmetry of the S3 by forcing the Hopf angle to degenerate.
As for the previous examples, the rod sources, located at p = 0 and 0 < z < (2/4, are
localized at r = 0 and 0 < 6 < 7/2 in the global spherical coordinate system. We will study
the topology and the regularity condition, and we will show that the solution corresponds
to a regular non-BPS geometry in AdSs that caps off smoothly at 7 = 0 as a chain of two
bolts.

4.4.2 Regularity conditions and topology

First, when r > 0, one has r; > 0 (3.7), and all F; are finite and positive. Therefore, the
metric components (4.31) are finite and the geometries are regular there for 6 # 0,7/2.
The loci r > 0 and 6 = 0,7/2, that are the two semi-infinite segments above and below the
rod sources on the z-axis depicted in figure 8, correspond to the North and South poles of
the S3 where o and 1 degenerate respectively. One can check that /o = 1 and F5 =1
in this region. Therefore, the poles are regular such that the angles degenerate with the
same conical defect as the one imposes asymptotically. The spacetime is therefore regular
outside the rod sources and has a S3/Z;, xS! xT* topology.

Both rod sources are located at » = 0 such that the first rod corresponds to 6, < 6 <
7/2 and the second rod is at 0 < 6 < 6. as given in (4.9) and (4.10). At the rods, either the
y or the 1 coordinate degenerates defining a bolt. The local geometries are best described
in the local spherical coordinates (r;,6;) (4.11) with r; — 0. We find that the time slices
of the metric (4.31) are given by'”

kVQ1Qs (02 +03) ~
dsd~ DOV | g2 IV 00,2 0,2 4 g2 02 4.
S EErE) | R, 1Y T (4.33)
~ sin 0y + 42 (62 +£2)%sin2 6, Peos20, -2\’
A2 = do? + L2 TLT0E (02, g 2 dip+ kLB 20
s= it s A s g s\ e )

at the first rod, r; — 0, while at the second rod, r9 — 0, we have

2
CEVQiQs (02 4 43)* 03 4203 cos 205 ~
ds? ~ TRt BTy s+~ s 212 |tk 7 do | +03dQ3]
- 52 52 2 0 52 62
dQ32 =do3 + % (sin2 0o de? + kC;l_Qi cos® 0y dy2> . (4.34)

1"We wrote the six-dimensional metric only by omitting the T* part which is trivially rigid in the whole
spacetime.
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Therefore the rods correspond to smooth S3xT* fibrations over an origin of R? if one
imposes

VG Qs (1 + @>_2 p=EH 0 (4.35)

Ry = A 2 0ty

where we remind that ¢2 = ¢2 + (3. One can invert these expressions such that the rod
lengths are fixed to be

- EAVEZ —4QiQs 5 1 @QiQs (R VR4 Q105 (4.36)

) 2 )
2 R? ViZ—4 R N N
The lengths are well defined if k > 3. Therefore, having an orbifolded S?/Z;, asymp-
totically is indeed necessary to have a smooth geometry. Without this, the solution would

. 02402 .
have a conical excess at the second rod of order 1222 > 1. This would correspond to a

strut, which is a singular string with negative tension [3, 61].
Both rod lengths are generically of order kQ1Q5/ Rz and bounded by

kQ1Qs5 kQ1Qs5 kQ1Qs5
0.87 7 < < w2 0 <l < 0.14 7 (4.37)

The total length, £2, is not strictly equal to k‘Qng,/Rg, but the ratio between both quan-
tities varies between 1.02 at k =3 and 1 at k£ > 1.

Moreover, one can check that the three-form flux, Fy = dC®, is regular and carries no
charges at the second rod while it carries D1 and D5 brane charges, Q1 and Q5 respectively,
at the first rod (3.20).

The geometry has been depicted in figure 9 with the same conventions as before. The
spacetime caps off smoothly at r = 0 where the S! (y) degenerates for 6. < 6 < 7/2 and
the S? () degenerates for 0 < 6 < 6, such that the critical angle, 6. (4.10), is given by

2
E+VkZ—4

Thus, the S* deformation that has replaced the S' degeneracy at the center of a global
AdS3xS?/Z;, xT* spacetime is centered on the Northern hemisphere of the S3. Moreover,
in the limit k£ > 1, one has /5 < ¢; and the second rod is a small smooth perturbation on a

cosb, = (4.38)

global AdS3xS?/Z;, xT* spacetime. Since . ~ 0, the perturbation is localized at the center
of the global AdS3 space and at the North pole of the S2, and forces the Hopf fibration
angle to shrink smoothly here. The solution is given by (4.31) such that all deformation
factors give 1 4+ O(k~2) that have large values around the source of the perturbation.

Moreover, the S? deformation breaks the supersymmetry of the global AdSsxS3xT*
solution since there is no null Killing spinor associated with the geometry. Moreover, for
the same arguments as in section 4.2.3, it most likely breaks all supersymmetry such that
it corresponds to a non-BPS asymptotically-AdSs solution in type IIB. Interestingly, the
T4 remains rigid, it would be then interesting to have a precise idea of how the degeneracy
of the S at the center of AdS3 has effectively broken all supersymmetry. We postpone
such an analysis for future projects.
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Figure 9. Schematic description of the spacetime induced by a chain of two rods, forcing the
degeneracy of the S and the S* Hopf angle ¢ = k(¢1 — ¢2) respectively. On the left-hand side, we
depict the overall geometry in terms of . On the right-hand side, we describe the behavior of the
S3, S!, and T at r = 0 and as a function of .

In a similar manner as for the T* deformations, nothing forces the S® deformation
to be localized at the North pole of the S® and one can change its locus by considering a
three-rod configuration as in section 4.3. As these solutions are of no particular interest, we
ignore them in this paper, and in the next section we construct generic bubbling geometries
with an arbitrary number of rods.

5 Generic non-BPS bubbling deformations in AdS;x S xT*

In this section, we derive more generic bubbling geometries obtained from the linear branch
of D1-D5 solutions in section 3.3. Generic solutions are induced by an arbitrary number of
rods that force the degeneracy of either the S' or a T* direction or the Hopf angle of the
S3. They will correspond to bubbling geometry with a S'xS3/Z;, xT* topology at r > 0
that are asymptotic to AdS3xS?/Zy xT* and that cap off smoothly at » = 0. The solutions
terminate in a chain of bolts, and each bolt spans a region of the S3.

First, we will focus on solutions with T4 deformations only since it allows for smooth
non-BPS geometries that are asymptotic to AdS3xS3xT* without orbifold action on the
S3. Then, we will construct the most generic solutions with S? deformations too.

5.1 Conventions

We consider solutions that are induced by at least one rod that forces the degeneracy of
the y-circle and by an arbitrary number of connected rods, forcing either the degeneracy
of a T* direction or the Hopf angle of the S*. We have depicted a typical rod configuration
in figure 10.
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Global AdS3x S3x T* with T* and S3 deformations
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Figure 10. Rod diagram of the shrinking directions on the z-axis after sourcing the solutions with
n connected rods that induce the degeneracy of either the S! or a T# direction or the S? Hopf angle.

The expressions of the type IIB fields from the linear branch of solutions are given
by (3.19). The eight weights at each rod, (Pi(I),G(A)

)

coordinate shrinks at the rod following table 4. We define six sets of labels, U,, U,, with
a=1,2,3,4, and Uy:

), are fixed depending on which

ie€U, = thew direction shrinks smoothly at the i*® rod. (5.1)

For instance, the example in figure 10 corresponds to

U, = {3,6,...}, Us, = {5,...}, U, =1{1,...}, (52
Up, = {.... 0}, Up, = {4,7,...} Uy =1{2,...}.

The weights at the rods can then be read from table 4. For instance,

1

=5, PV=al =0

iel, = P2=p"=0"=20"=26"=2c"

)

Note that o;j, the exponent in the base warp factor e?” (3.10), takes simple values for
regular rod sources (3.16). Therefore, we define the following exponent for the present

1, 1,7 € Uy,
aijz{ =P (5.3)

configurations,

0, i€Uy, jEUy, w#uw.

5.2 Chain of T4 deformations

We consider configurations that have no rod sources where the Hopf angle of the S? de-
generates: Uy, = (). This allows the geometry to be asymptotic to AdS3xS3xT* without
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Global AdSs3x S3x T* with T* deformations

SOl mmm

SOQ mmm

T

T2

0 4 8+8 B+ T ...................... nolyg T z
4

Figure 11. Rod diagram of the shrinking directions on the z-axis after sourcing the solutions with
n connected rods that force the degeneracy of the S' or a T* direction.

orbifold on the S3. Therefore, we consider k = 1 from now on. A generic rod configuration
has been depicted in figure 11.

5.2.1 The solutions

We refer the reader interested in the derivation of the type IIB fields from (3.19) to the
appendix B.3. The solutions are given by'®

1

VQ1Q5 Ky
2
+vQ1Q5 K1 [/cg (dr - d92> + cos? 0 dp? + sin? 0 dip?

Q 2. da?
ds3y = = (2 4+ )AL 12 Koy Koy Ky dy?] 4+ 4| SE KLY

r2 4 2 ’ (5:4)

2 2
+4 Q1
c® = 20 depy A dpp — - dt A d e _ ¥l
Q5 COs ©2 ©1 Ql ’Cl Y, € Q5 15

8The metric in the Weyl cylindrical coordinate system is obtained by replacing

dr® 2 4
5 tdi" = —3
r2 4+ 2 (r2 4 €2 cos? 0) (12 + €2 sin* 9)

(clp2 + sz) ,

2\ —1
and the component along y can be written as (3.12): 72Ky, KuyKesKay = (12 + £2) HiGUU (1 + ﬁ—‘z) .
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where we have defined

r? 4 02 e\ %
Ki==——— (1- ]I <1+ ) ;o Ke= ]I (1+3 (5.5)
2iev, b ( = ry i€Us, ri

n (((7‘ +€2) (30320 + (7" +E2) sin2 6. ) (7’ COS29 —‘r?‘ 2 in2 @))aiil

K2 = ((rl + £7) cos? 0; + 77 sin® 9j> (Ti cos? 0; + (Tj T K?) sin’ Gj)

ij=1
7>
We remind that (r, ) are the global spherical coordinates of the n-rod configuration (3.5),
while (r;,0;) are the local spherical coordinates centered at the i*! rod, given in terms of
(p,z) in (3.4) and of (r,0) in (3.7).
The two solutions induced by a single T* deformation in AdSs and derived in section 4.2
and 4.3 can be retrieved by considering!®

n=2, Uy={1} Uy ={2}, Up=Upy=Uy =0,

(5.6)
n=3 U,={1,3} Uy ={2}, Up=Us =Us =0,

The T* degeneracies do not only modify the T* but also deform the S* and AdSs
spacetime. From this perspective, the warp factors ; are deformation factors that are
trivial if one turns off the deformations, that is ¢; — 0 for ¢ ¢ U,. In the (p,z) Weyl
coordinate system, the deformations are induced by the rod sources ¢ ¢ U, and are located
in the z-axis, p = 0 and in the segment 0 < z < £2/4. In the (r,#) coordinate system, the
sources are localized at » = 0 and one moves along the chain of rods by moving along the
S3, varying 6 from 0 to 7/2.

5.2.2 Regularity conditions and topology

At large distance, 7 — oo, the metric is asymptotic to AdS3xS?*xT* as in (2.11) since
Kr — 1. At » > 0 and outside the poles of the S, # # 0,7/2, the metric components are
finite and non-zero, so the solutions are regular there, and have a S'xS3xT* topology.

The poles of the S? correspond to 6 = 0 and 7/2 at 7 > 0 where the @9 and ¢ angles
degenerate respectively. One can check that §; = 0 and 0; = 7/2, i = 1,...,n, at these
locii respectively (3.7). Thus K2 = 1, and the metric of the S® at its poles is smooth such
that ds(S3)? ~ df? + cos? 0 dp? + sin? § d3

At r = 0, we have a unique r; that vanishes depending on the value of § while all
others r; are non-zero (3.7). More precisely we have

r=0, V<0<V o =0, r;>0 j#i, (5.7)

where we have defined the critical angles

cos? W = Z 60" =0, 00 = T (5.8)

\V]

9The simplification relations (3.12) are required to match the solutions.
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Region of the S* where the
T* degenerates.

Region of the S* where the
S! degenerates.
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Figure 12. Schematic description of the spacetime sourced by 5 connected rods, inducing the
degeneracy of either the S' (y) or a T* direction. On the left-hand side, we depict the overall
geometry in terms of r. On the right-hand side, we describe the behavior of the S, S!, and T*
at 7 = 0 and as a function of 6, giving the position along the S?. At » = 0, the spacetime ends
smoothly as a coordinate degeneracy of either the S! or the T depending on the position on the S3.

Thus, we are moving along the chain of rod sources by varying 6 from 0 to 7/2 at r = 0.
From the form of the metric (5.4), one can see that a spacelike coordinate degenerates at
each section 09 <l< Hgi_l). The local geometry corresponds to a bolt with a R? X Ceubble
topology where Cgupble 18 @ compact space defining the topology of the smooth bubble at
the bolt. Having a regular bolt at each segment 0?) <6< 9?71) will impose n bubble
equations that fix all rod lengths ¢? in terms of the asymptotic quantities.

Then, r = 0 corresponds to a smooth locus where the spacetime ends as a chain of bolts.
Each bolt makes either the S or the T% degenerate smoothly. It defines a corr;pact bubble

that is localized on a specific region of the S, given by the critical angles, 99' . Moreover,
for the same arguments as in section 4.2.3, the deformations break the supersymmetry of
the global AdS3xS3xT* solution, and most likely break all supersymmetry. Therefore, the
solutions correspond to asymptotically-AdSs non-BPS smooth bubbling geometries without
horizon. We have depicted the profile of the geometries in the same way as the previous
examples in figure 12.

We divide the regularity analysis depending on whether ¢ € Uy or i € Uy,.

e Regularity at the i rod with i € Uy: we consider a segment such that i € Uy,
r=0, 09 <0< 0D o =0, 0<01<g. (5.9)

Since r = 0 and Cy, > 0, one can check from (5.4) that the y coordinate degenerates.
To derive the local geometry at this segment, one needs to consider (r;,6;) as the
main coordinates and take r; — 0, that is to express all other (r;,6;) and (r,6) in
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terms of (74, 6;) and expand the metric and fields.2’ We refer the interested reader to
previous work of the author [2, 3, 5] for more details about this derivation. We find
that the time slices of the type IIB metric (5.4) converge towards

ds3olai—o o dr? + 02 L+ ds(Ce)?, (5.10)
with?2! -
14 gg Qpq
o2 _ QiQs 2 ' ﬁ e
%_ZQZEUE2 — ; 1+7£2
P=Cu P p=lg=itl e (5.11)

i—1 ( 62 Qip n 62 Qip
< [1 1+i”> II (1 —— ) :
p=1 Zk’:p-{-l EZ p=i+1 ZP EQ

The (r;,y) subspace describes a smooth origin of a R?, if we impose

R, =C;. (5.12)

The line element, ds(C](_%l)lbb1 ), describes the topology of the bubble at the bolt. As
discussed in [2, 3, 5], it can be either a S3xT* or a S2xT® depending on the near
environment of the rod. More precisely, if the adjacent rods are of the same category,
let’s say they correspond to the degeneracy of the z; coordinate, then it is a S?xT?
where the S? and T® are described by (6;,z1) and (@1, pa, T2, 23,74). If they are
of different nature, let’s say they correspond to the degeneracy of the z; and o
coordinates, then we have a S®xT* where the S* and T* are described by (6;, 21, 72)
and (¢1, 92, 23,24). The rod endpoints, §; = 0 or 7/2, correspond to the poles of
either the S? or the S3. The regularity at these poles is guaranteed by the regularity
at the adjacent rods.??

Moreover, one can show that the three-form field strength, F3 = dC®), is regular
such that the component along y vanishes. Moreover, the rod carries D1 and D5
charges given by (3.20)

deUy 0= €

o Regularity at the i™ rod with i € U,,: we consider a segment such that i € U,,,
r=0, 69D<0<oi) o =0, 0<9i<g- (5.14)

The torus direction z, degenerates. Indeed, if i € U,,, then K, — oo and rlexa > 0,
so the metric component along x, vanishes at the rod. The time slices of the type

20This is achieved by going first in the Weyl cylindrical coordinates (p, z), using (3.4) and (3.5), and then
by changing coordinates with (4.11) and (4.12).

21We consider that Hi.’:a ...=1lifa>b.

*see [2, 3, 5] for more details.
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IIB metric (5.4) converge towards

dsm\dt —0 X dr + 02 dx + ds(C](gl)lbble)z, (5.15)
with ~
82 Qpq
- 14 —a
QLT T i
¢ = > 11 2
£2
¢ p=1 g=i+1 7 5
tyrE 18 (5.16)

g Qip n 62 Qip
X 1+ 1+ .
H ( Yhmpr1 O ) pgl < iz 152)

The (r;, z,) subspace describes a smooth bolt, if we impose
R., = C;. (5.17)

As for the rods i € Uy, cls(C](gil)lbble)2 describes a $3xT* or S2x T bubble depending
on whether the rod is connected to two rods of the same nature or not.

Moreover, the rod carries a D5 charge given by (3.20)
(i W _ G
ap1 =0, dps = ;2 Qs - (5.18)

To summarize, at » = 0, the solutions correspond to a chain of n bolts where the S!
or a T direction smoothly degenerates if n algebraic bubble equations are satisfied:

R, ;d; o Ry, _ lidi ..
= y lf 1€ Uy 5 = = 9 lf (S Uza?
O NS V@Qs ¢
where we have defined the aspect ratios, d;,
02 % a; a;
i1 I+ g i1 2 £ n o =
diEH H —kpk H<1+,P> H <1+ )

4 Shepri ) S\ XTI 162

e erta]

(5.19)

These equations fix all rod lengths, ¢?, in terms of the boundary quantities, namely the

charges of the D1-D5 branes and the radii of the S' and T*. The solutions are therefore

completely fixed and the only changeable parameters are the nature of the rods and their

total number. The latter can be varied by adding “deformation quanta” as we increase n.
This will non-trivially modify the geometries by changing the bubble equations.

Remarkably, the bubble equations can be expressed in terms of the local D1 and D5

brane charges at the rods (5.13) and (5.18) such that

R, = YIDUIDs 4 iy Ro, = \qlldi, itieU,,. (5.20)
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Thus, the regularity constraint for the rods corresponding to the degeneracy of the S?,
i € Uy, is similar to the constraint for a global AdS3xS3xT? (4.5) in terms of the local
charges. However, they have an extra deformation factor d; that accounts for interactions
between the rods of the same nature. Indeed, d; depends on the exponent &, which is non-
zero only when the p'™ and ¢*® rods are of the same kind (5.3). Similarly, the constraints
for the rods where a T# direction shrinks, i € U,,, is comparable to the regularity when
there is only a single T* deformation (4.15) with the additional d; factor.

Moreover, the bubble equations do not have analytic solutions in general, except for
small values of n. However, an approximation can be performed considering a large number
of bolts, and the equations can be solved at leading order in n [4].

As for the examples constructed in section 4.2 and 4.3, the bolts where a T* direction
degenerates can be considered as small perturbations on top of a global AdS3xS?xT*
background if one imposes a hierarchy of scale in between the T* and the D5 charge.
Indeed, we have

(Ryys Rayy Res, Rey) < Qs ( Vol(T4) <<Q5) = 0B, jeEU,,i€Uy.
(5.21)
Then we have K =1+ (’)(E?) as soon as we are not too close to the rod sources and the
metric (5.4) corresponds to a global AdS3xS3xT* background with small perturbations
that break the rigidity of the T* and the symmetry of the S3.

Note that the bubble equations simplify if we consider that only the first rod forces
the degeneracy of the S! as in section 4.2, i.e. Uy, = {1}. It corresponds to solutions where
all the T* deformations are centered around a pole of the S3. The bubble equation for the
first rod gives

QQs 5 <=,
7 =/ :;@. (5.22)

Thus, we have the same quantization as the undeformed global AdS3xS3xT* back-
ground (4.5), but % is now distributed along all rods.
Yy

5.3 Chain of T% and S3 deformations

We now consider generic solutions where the angle of the Hopf fibration of the S can
also degenerates: Uy # (). For such configurations, one needs to impose the geometries
to be asymptotic to AdS3xS?/Z; xT* for regularity. A generic rod configuration has been
depicted in figure 10.

We refer the reader interested in the derivation of the type IIB fields to appendix B.4.

— 41 —



The metric and fields are given by

1 Ql ,Cl 4 dx2
ds?) = ————o | —(r? + P)dt® + 1’ Ky, Ko, Ko Ko, Ko dyf? a
810 /Q1Q5,C1K— |: (7" + ) + r 1 2 3 4 ¢ y :| + Q5 IC_ az::l Kza

d 2
+ kyVQIQsKIK | Kok <r2—:€2 + d92> + K cos® fsin® 0 dg?
1
- 4R2K, Ky, (dy + kA+d¢)21 5 (5.23)

c® =95 4 gsnay-" dtndy, = :

where we have defined in addition to the deformation factors (5.5)

r? I e\* Iz
= |1+ - 1+ - 1+
“Errvge e 1 ( W) - oemll ( W)’

1€Uy, ? €Uy ¢
1
A= [ Pcos20 £ 2 cos 20; | . 5.24
&+ 2ieu, a ( iEZUw 524

We will be brief in the analysis of the geometry and the regularity conditions since they
are similar to the previous constructions. First, the geometries are regular at » > 0 and
6 # 0 or m/2, and one can check that the geometry is indeed asymptotic to AdSz xS?/Z;, x T4
since all £; — 1 and A4 — cos 26.

The three loci » = 0, § = 0 and § = 7/2 correspond to the z-axis where spacelike
coordinates degenerate as depicted in figure 10. First, one can check that the @2 and ¢
angle degenerates regularly at # = 0 and # = 7/2 respectively for » > 0. They define the
North and South poles of a S3/Z;. Second, there is a chain of bolts at the rod sources,
r = 0, where one coordinate degenerates smoothly defining an origin of R? as in (2.16).
The i*! rod makes either the S! shrink if i € U, or the T4 if i € U,, or the S if i € Uy. The
regularity at each bolt fixes all rod lengths 2 in terms of the boundary quantities such as

R, 00 d; "
= ifiel,
VEQ1Qs 2\ .
ZpEUy E% X <€4 - (ZpEUw £Z27) >
Ry, 00;d; 1 00:d;

, ifiel,,, ificUy. (5.25)

VEQs 2 E Py B
0= (Spev, ) o

where d; is defined in (5.19). One retrieves the solutions of the previous section by simply
taking Uy = () or the simple solutions constructed in section 4.4 by considering n = 2,
Uy = {1} and Uy, = {2}.

Once the bubble equations are satisfied the solutions correspond to asymptotically-
AdSs3 smooth bubbling geometries without horizons that are T* and S3 deformations of a
global AdS3xS?/Z;xT* background in type IIB. Moreover, for the same arguments as
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Figure 13. Schematic description of the spacetime induced by a chain of 5 rods, inducing the
degeneracy of either the S! (y) or a T* direction or the Hopf angle of the S3. On the left-hand side,
we depict the overall geometry in terms of 7. On the right-hand side, we describe the behavior of
the S3, S, and T* at » = 0 and as a function of . At » = 0, the spacetime ends smoothly as a
coordinate degeneracy of either the S' or the T* or the S3.

in section 4.2.3, the deformations break the supersymmetry of the global AdSsxS3xT*
solution, and most likely break all supersymmetry such that they correspond to non-BPS
states. We depicted generic geometries in the global spherical coordinates in figure 13.
The spacetime ends smoothly at 7 = 0 as a chain of bolts delimited in sections of 6 as
in (5.7) and where one of the spacelike directions smoothly degenerates. Depending on
their nature, the bolts may induce D1 and D5 brane charges (3.20). The bolts where the
S degenerates have non-zero D1 and D5 charges, while the bolts where a T direction
shrinks carry a D5 charge only, and the bolts where 1) degenerates have no D1-D5 charges.
More precisely,

2 2
() 5 (i) % .
q = Ql , g = Q57 1e U, 5
b > jeu, f? b — Zi€U¢ e Y
2
(i) _ @ _ 4 : (5.26)
q — Oa q — Q5 , 1E Uftu 5
D1 D5 02 — Zier 512
(@ _ () _ 0 cU
dp1 = d4ps =Y, i€ Uy.

Moreover, one can consider the T* and S? deformations as small perturbations by as-
suming (5.21) and k > 1. Then, the solutions are almost identical to a global AdS3xS?/Z;,
xT* plus corrections that are induced by degeneracies of the T* and S? on localized posi-
tions of the S3 at r =0, § ~ 61 (5.8).

One can rewrite the bubble equations (5.25) in terms of the local charges. They will
then be comparable to the constraints obtained for the simple T* and S* deformations in
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Figure 14. Rod diagram of the shrinking directions on the z-axis after sourcing the solutions with
a rod that forces the degeneracy of the timelike coordinate.

section 4 with an extra factor d; which accounts for interactions in between rods of the
same nature.

6 Regular bound states of non-extremal BTZ black holes

In previous sections, we have restricted the constructions to regular geometries in AdSs
without horizons. We will now build bound states of non-extremal two-charge black holes
using similar techniques. We will first derive the solution obtained from a single rod
inducing the degeneracy of the timelike direction. It will correspond to a S3xT% or a
S3/7;,x T* fibration over a static non-extremal BTZ black hole. Then, we will construct
chains of these two-charge black holes separated by regular bolts.

6.1 Static BTZ black hole as a single rod solution

We consider a single rod source, n = 1, such that it forces the degeneracy of the timelike
coordinate and induces a horizon. The rod profile has been depicted in figure 14. From
table 4, only G(()l) differs from the single-rod solution constructed in section 4.1 that led
to a global AdS3xS3/Z;xT* spacetime. One can take the same solutions as in (4.1) and
replace Wi — Wi ! or equivalently perform a Wick interchange (t,y) — (iy,it) in (4.4).
The type IIB fields for such a rod configuration are then given by

[ 4
dS%O = \/Q]-T |:—7°2 dt2 + (’["2 —+ 62) dyQ] + g; Z dl’g (61)
1«5

a=1

d 2
+ kv Q105 ﬁ + db? + cos® 0 dp? + sin? 9d¢§] ,
40 o Q1
C(z):ng,COsQ@d(pg/\ngl— Q dt/\dy, e —= a’
1 5
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Chain of BTZ black holes without T* and S® deformations
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Figure 15. Rod diagram of the shrinking directions on the z-axis after sourcing the solutions with
n connected rods that induce alternatively horizons and bolts where the S! shrinks.

The solution corresponds to a non-extremal static BTZ black hole with a S/Z;x T*. The
black hole carries Q1 and Q5 D1 and D5 charges, and the S3xT? horizon is located at the
rod, r = 0. The temperature can be derived from (2.17)

14
T = I EOO: (6.2)

while the Bekenstein-Hawking entropy is given by??

g TVEQIQs L (6.3)
2Gs

One can restrict to solutions where the S® has no conical defect by simply considering
k =1 in the above expressions. The extremal limit is obtained by considering ¢ = 0, that
is T'= S = 0. This corresponds to a BPS D1-D5 black hole that is simply AdS3xS3/Z; xT*
in the Poincaré patch.

6.2 Black hole bound states without T4 and S3 deformations

We construct regular bound states of the non-extremal black holes built in the previous
section. As a first example, we consider a chain of n rods such that the odd rods will
correspond to a horizon while the even rod will induce the degeneracy of the y circle.
Moreover, we consider for simplicity that n is an odd number. The rod profile has been
depicted in figure 15. We also restrict to solutions such that the S? has no conical defect
asymptotically, that is k = 1.

23The area of the horizon must be derived with the metric in the Einstein frame gg = e~®/2¢ and we
Gio
(2m)° Ry Ry Rag Rag Ray

have introduced the five-dimensional Newton constant G5 =
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Figure 16. Schematic description of the spacetime induced by a chain of 5 rods, inducing either
horizons or the degeneracy of the S! (y). On the left-hand side, we depict the overall geometry
in terms of . On the right-hand side, we describe the behavior of the S, S', and T* at r = 0
depending on the position on the S? given by 6.

The solution (3.17), obtained from (3.19) with the rod configuration considered, gives
1

Q1 2
V@1Q5 ~|—\/;az_:1dxa
dr?

+ V@105 lng < + dﬁz) + cos? 0 dp? + sin? 0 dgp%} , (6.4)

2, 2
T I—Ci;e dt? + 12 Ky dy?

2 _
dsig =

r2 4 (2

2 2
C® = Qs cos2 0 dps A dpy — +e dt A dy, e‘l’z,/@,
Q1 Qs

where /g is given in (5.5) and K; indicates the loci of the horizons by diverging at the odd
rods:?

i=1 i
i odd

The sources are all localized at » = 0 and one moves along the chain of rods by changing
6 from 0 to 7/2.

6.2.1 Regularity conditions and topology

The geometry at r > 0 is regular for the same arguments as given in section 5.2.2. It has
a S'xS3xT* topology in this region and is asymptotic to AdS3xS3xT4.

The rod sources on the z-axis are located at r = 0. More precisely the i rod is at
r =0 and in the S3 region, 9?) << 09"1) (5.8), such that r =7; =0 and r; > 0, j # 1.

The S', parametrized by the y coordinate, degenerates at the even rods, » = 0 and
9£2i) <f< 92%_1), while the odd rods, r = 0 and 9£2i_1) <0< 9£2i), correspond to horizons.
The local geometry at an even rod corresponds to a bolt with a R? x Cpupble topology where
CBubble defines the topology of the smooth bubble at the bolt. Having regular bolts and

24The metric can be written in the Weyl cylindrical coordinate system with (4.3), and the component

2\ —1
along y can be written as r’K; = (r* + €%) [["i=1 (1 + %) using (3.12).

1 even
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black holes in thermal equilibrium will impose n algebraic bubble and thermal-equilibrium
equations (2.17) that fix all rod lengths 622 in terms of the asymptotic quantities.

Then, r = 0 will correspond to a chain of bolts and non-extremal black holes, each of
them carrying D1-D5 brane charges given by (3.20)

E)l 62 Ql ) QD5 62 Q5 (66)

We have depicted the profile of the geometries in figure 16.
We divide the derivation of the bubble and thermal-equilibrium equations depending
on whether the rod corresponds to a horizon or a bolt.

e Regularity of the i black hole, at the (2i — 1) rod: we consider the segment
r=20, 0£2i_1) <f< 9£2Z) & r=r9_1=0, 0< by 1< g . (67)

Since r = 0 and 72K; > 0, one can check from (6.4) that the time coordinate degen-
erates defining a horizon. To derive the local geometry at this segment, one needs to
consider (rg;_1,02;—1) as the main coordinates and take rg;_; — 0. We find that the
type IIB metric (6.4) converge towards

ds3y oc dr3,_ | — 02221 11 dat? + ds(Cg;r 1)) , (6.8)

with (2i-1) (2i-1)
Q1Qs 05, 1d3; apy by
Iz - /2.
21—1

and dg;_1 is the aspect ratio defined in (5.19). The black hole is in thermal equilibrium

2 —
C2i—1 -

d22 1> (69)

if T = (2mCy_1)~!, where T is the temperature of the solution. Moreover, one can
show that the three-form field strength is regular such that the component along ¢
vanishes. Moreover, since £2 cos?f ~ (3, cos® 0g; + 221 153, the black hole carries

D1-D5 brane charges given by (6.6).

The line element, ds(CI({chr_ 1)), describes the topology of the horizon. We have two

scenarios. For the black holes at the extremity of the chain (see figure 15), two
different spacelike directions shrink at their poles (¢; and y for the first rod and y
and ¢y for the last), thus defining S®xT® horizons. For the black holes in the middle
of the chain, only ¥ is degenerating at their poles, thereby defining S?xT% horizons.
The area of the horizon can be derived following [2, 3] and the Bekenstein-Hawking
entropy of the i*" black hole on the chain is given by

S = 7T2 qgiil)qgéil) EQi_l in_l _ Tré%i—l (6 10)
e 2G5 AT G5’ '

where G is the five-dimensional Newton constant introduced in (6.3).

Note that the temperature and entropy resemble the temperature and entropy of a
single BTZ black hole (6.2) and (6.3) in terms of the local D1 and D5 brane charges.
The only difference arises from the aspect ratio do;—; that accounts for the interaction
in between the rods.
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o Regularity of the i bolt at the (2i)™ rod: we consider the segment
r=0, 02 <9<V o popy=0, o<92,-<g. (6.11)

Since r = 0 and K; > 0, the y coordinate degenerates. The time slices of the
metric (6.4) converge towards

2
T5; 4
dsto|a—o o< dra; + 0225‘ dy? +ds(C3) )2, (6.12)
with o (2
_ Q@B apyapy)

2 —
Coi = 4 B

d3; . (6.13)

The (r2:,y) subspace describes a smooth origin of a R? if we impose R, = Cy;.

The line element, ds(Cgf])able), describes the topology of the bubble at the bolt. Since
the bolt is connected to horjzons, no spacelike direction shrinks at its extremity,
f2; = 0 and 7/2. Then, ds(Cgl)lbble) describes a T7 space.

Moreover, the three-form field strength is regular such that the component along y
vanishes, and it carries D1-D5 brane charges given by (6.6).

To summarize, at r = 0, the solutions correspond to a static chain of D1-D5 bolts
where the S!' direction smoothly degenerates and non-extremal D1-D5 black holes if n
algebraic equations are satisfied:

V1 Qslid; nggé d

R, = 7 = 7 i if ¢ is even, (6.14)
0 ;
T = = — , if ¢ is odd.
2m/Q1Qs bid; o ¢ ¢t d;

These equations fix all rod lengths, 612, in terms of the boundary quantities, namely the
charges, the radius of the S', and the temperature. The solutions are therefore entirely
fixed by regularity and the only changeable parameter is the total number of rods.

The bubble and thermal-equilibrium equations do not have analytic solutions in gen-

eral, except for small values of n and in the large n limit. However,Qan approximation can

be performed considering R,T" small or large. Indeed, one has Ef” = O(R,T). Thus,

2i—1

in the limit R,7" > 1, the rods where the S! degenerates are much larger than the black
hole rods and the solutions can be considered as small black hole perturbations on a global
AdS3xS3xT? spacetime that are localized at the center of the global AdSs and spread
along the S3. Moreover, when R,T < 1, the black hole rods are much larger, and the
solutions correspond to small regular perturbations on a static non-extremal BTZ black
hole in type IIB that split the horizon into several pieces separated by small bubbles.
The way the horizon splits into different segments where the S pinches is reminiscent
of the effect of Gregory-Laflamme instability on black strings or black branes [63, 64].
Indeed, one expects the Gregory-Laflamme instability to make a compact circle grow or
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Generic static azisymmetric solutions in AdSs with horizons, S, T* and S* deformations
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Zl=1 i Z'L:l i _ 2
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Figure 17. Rod diagram of the shrinking directions on the z-axis after sourcing the solutions with
n connected rods that correspond to regular coordinate degeneracies.

shrink depending on the position as in [41, 42]. Thus, one may wonder whether the present
bound state may be a candidate for a final or intermediate state of unstable black strings
and black branes.

6.3 Generic black hole bound states

In this section, we construct the most generic static axially-symmetric solutions one can
construct within our linear framework in type IIB. They consist of the same solutions as in
section 5.3 with additional rods that force the timelike coordinate to degenerate inducing
horizons on the z-axis. A generic rod configuration has been depicted in figure 17. We have
n connected rod sources, each one corresponding to one of the seven possible loci detailed

In addition to the conventions of section 5.1, we have an extra set of rod labels, U;, such
that i € Uy implies that the i*" rod corresponds to a horizon. More precisely, the weights
associated with this rod, which fix the type IIB fields in the linear branch of solutions are
given by (see table 4): PZ-(O) = Pz-(l) = Pi(‘r)) =G\ = 3 and Gl(-o) = GZ(-Q) = GZ(-?’) = GZ(-4) =0.

)
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4
AdSsXS'3 /'lkXT I:l Region of the S3
= corresponding to a horizon.

D Region of the S* where the
S! degenerates.

Region of the S* where the
T* degenerates.

S

=0

\Su|w=7

0 =m/2 0=m/2 0=m/2

A

Slatr =0 Sltatr =0 T4atr =0

Figure 18. Schematic description of the spacetime induced by a chain of 5 rods, inducing a horizon
or the degeneracy of either the S () or a T* direction or the Hopf angle of the S*. On the left-hand
side, we depict the overall geometry in terms of . On the right-hand side, we describe the behavior
of the $3, S, and T* at r = 0 and as a function of 6.

The type IIB metric and fields (3.17), obtained from (3.19), gives®>

d32 — 1 _T2+£2dt2+742’CIC IC ]C IC IC d 2 + Qllcl Z
0 Q1Q5IC]_IC— ,Ct tioxy g NoxgNoxg Np Y

+ kv Q1Q5K1K— lK2K+ < dr’ ) +d92> + K4 cos 2 9 sin? 0d¢2
1 2
o 1
+ 42K Ky (dp + kAL do) ] ) (6.15)

r2 4 g2

+4 Q1K

c® = Q5Ad A dip — dtAdy, — e® = :
(b ¢ Ql Kl Y Q5 K_

where the deformation factors have been defined in (5.5) and (5.24), but K; and K are
now given by

2, g2 2 2
iclszg2 1- JI <1+£> , ICt:H<1+€> (6.16)
ZiEUyUUt i i€U, Ul i ieU; 7

As for the previous geometries, the solutions are regular for » > 0 and are asymptotic
to AdS3xS3/Z;xT*. The chain of rods is located at r = 0 and divided into different
sections of 6 delimited by the critical angles ng) (5.8). The locus of each rod is given by

Z5The metric can be written in the Weyl cylindrical coordinate system with (4.3), and the component

2\ —1
along y can be written as 12Ky, Kao Ky Ky Ky = (r* + £2) HiEUy (1 + %) using (3.12).
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r =0 and 9((}71) <0< eéi) where 7, = r = 0 and r; > 0 for j # ¢. Depending if the rod
induces the degeneracy of the Hopf angle 1, or a T direction or the S' or the timelike
direction, the regularity condition imposes

R, 0td;
VEkQi1Qs 2\
Y pev,uu, b % <€4 - (Zper 612)) )

2
\/ZpEUyUUt % (€4 - (ZpEU¢ g;%) >
VG Qs T= 2m 0; d; ’

R tlid; o 1 00;d;
itielU,,,

Qs 2’ kT P+, B
Vs \/54_(&%@) -

where d; is defined in (5.19). We depicted generic geometries in the global spherical co-

ificl,, (6.17)

if 1 € Uy,

if’L'GUd,,

ordinates in figure 18. The spacetime ends at r = 0 as a chain of bolts and horizons of
non-extremal black holes delimited in sections of 6.

Depending on their nature, the bolts and black holes may carry D1 and D5 brane
charges. The black holes and the bolts where the S degenerates have non-zero D1 and D5
charges, while the bolts where a T* direction shrinks carry a D5 charge only, and the bolts
where 1 degenerates have no charges. More precisely, we have (3.20)

0 G 0 G
qZ = : Ql) ql = ! Q57 iGUOYUt,

m ZjEUyLJUt E? b5 02— ZiGUw E? Y

2

G G _ 4 : (6.18)
q - 07 q - Q 9 ? E Uaca I

D1 D5 2 — Zier E? 5

M _ .0 o -
dp1 = qD5 — Yy XS WP -

Moreover, the areas of the horizons in the chain are integrable and we find that the
black hole Bekenstein-Hawking entropies are given by

LG5\ [P+ Y, 2 ATGs

The regularity constraints (6.17) are not solvable for generic n. However, assuming

large or small values for R, T, j”% and k induces discrepancy in scales in between the rods

of different nature, and the geometries can be considered as small regular perturbations on
a simpler asymptotically-AdS3 background.
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A Einstein-Maxwell equations for the static D1-D5-P system

In this section, we derive the equations of motion for static D1-D5-P backgrounds in type
IIB supergravity. In [5], the equations of motion for static M2-M2-M2 solutions in M-
theory have been derived. By performing a series of T-dualities (see section 3.3 of [5]), one
can find the equations given in (2.5) and (2.6) after a field redefinition. However, here we
perform a more direct calculation by working directly in the type IIB framework.

A.1 Type IIB action and equations

The bosonic pseudo-action of type IIB supergravity in the Einstein frame is given by [65—
68],

Siip = Sns + Srr + Scs ,

1 e ®
(167TG10) Sns = /R * I — §dq> A *dP — TH;; N *Hs (Al)
— 1 2P (] 1
(167TG10)SRR:—§ e“” Fy ANxFy + e Fj3 /\*F3+§F5/\*F5,

(1671’G10) Scs = —;/0(4) AN Hs A Fy.

where (G1g is the ten-dimensional Newton constant, R is the Ricci stalar, ® is the dilaton,
Hj3 = dBj is the NS-NS three-form field strength, and F), are the R-R p-form field strengths
given in terms of gauge potentials as

F=dc®,  B=dC® —-CyH;, F5=dC® — %Hg ACP) — %Bg AdC® | (A.2)
First, the dilaton and Maxwell equations are generically

d (qu’*Fl) — P HyA«F3, dxFs=H;AF;, d(e‘l’*Fg) — _Hy AF,
d(eiq)*Hg) :Fg/\*F5+6¢F1 N *Fy (A3)
e ® e?®
d*xdd = —TH3 AxHs + €2® Fy A xFy + ?Fg A xF5.
Moreover, one has to impose the self-duality equation of F5 and the Bianchi identities:
*x F5 = Fy, dHs =dF; =0, dFs = H3 N\ Fy dFs = H3 N\ F3. (A4)

Finally, the Einstein equations are given by

2 Ry = |T(d2) + ¢~ T(Hs) + ** T(F) + ¢ T(F3) + T(F)] \
uy 5
- 9% [T(d@) e P T(Hs) + 22 T(F) + e T(F3) + T(F5)} . (45)

g

where T'(F) is the stress tensor of the p-form F given by

1
! [fan...apfya2map - %g,uu ]:al...ap]:almap] . (AG)
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A.2 Equations for static axially-symmetric D1-D5-P backgrounds

We aim to derive equations of motion for static D1-D5-P solutions with eight commuting
Killing vectors. We therefore consider a T% and a S', parametrized by (z1, 2,3, 24)
and y respectively. The T*xS! and the S' are wrapped by D5 branes and D1 branes
respectively, and one allows for P momentum charges along the S!. The remaining four
spacelike directions are expressed as a S! fibration over a three-dimensional base space.
We parametrize the S' by an angle v while the base is given in cylindrical coordinates,
(p, z, @), such that all functions depend on p and z. A generic ansatz of metric and field is
therefore given by

—dt?2  (dy—T,dt)? s da? (dyp 4 Hodg)?
2 _ P i ey Hod®) | o (L2v 2 2 2 7.2
ds1y v + v, —|—; V., +VB Z + o(e (dp +dz )+p do )
CO = Hydpndyp—TidtNdy, e*=Ve, CO=cW=p,=0, (A7)

where (T4, Hs,T)) are the gauge potentials for the D1-D5-P flux, Hy is a KK gauge poten-
tial, and (Vi, Vy, Vi, VB, Zo, €?) are metric scalars.

A.2.1 Maxwell and dilaton equations

First, we notice that the Bianchi identities (A.4) are directly satisfied while the Maxwell
and dilaton equations (A.3) lead to

Vs

Oy | ————0%H5| =0, Oa (pViVy Ve 0°T1) = 0,
<P%Vy H?:l Va, ) ’ (A-S)

1

—_— (0, H 2:O,
ViV, I, Vs, (o)

2
Go = 7 0a (p0%1og V) + pViVy, (8aT1)* —

where the label a runs over the flat two-dimensional (p, z) space.

A.2.2 Ricci tensor

We derive the Ricci tensor in the tetrad frame by successively computing the tetrad one-
forms, EM, the spin connection, dEM = EN A wM;, the curvature two-form, RM, =
dwM; + whh A wY, and finally the Ricci tensor, Ry n = R,y We introduce

v—detg pVB

VeZo ViV, T, Ve,

Vo =
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and we find

2mRtt— (Vo0 logVy) — VOVt(a T)
y
2/ et Ry, = 0u (VoD oYy~ (0,
2v/—detgRy,z, =0, (Vo0"logVs, ), K i=1,2,34, (A.10)
2\/—detg Ry =—0q (1/08“10ng> ;/ ;2 (8aHo)?,

Vo

2\/—detg Ry =—0q (Voaalog(p?szo)) (a Hp)?,

[Vy \ %
2\/ —det Rty V < 0 taan>, 2\/ —deth@/}:—pZ()a ( 2Z2 8“H0>
V

Vi
262”VBZ0Rab:—28a8blogVo—f Z 0a1ogV,OplogVy, — 8 log— 8b10g B
2w:t7y’$i 20 Zo
1 2 2 1 Vi
—*8a10g(p VBZO)abIOg(p VBZO)—ﬁaaHoabHo—i-faan,apr
2 Py Vy

+0(alog (e Vis Z0) Oy 10gVo—dap | 0:0° (2 Vis Zo) +clog (e Vis Zo) 0logVo |
where the labels a, b, ¢ run over the flat two-dimensional (p, z) space.

A.2.3 Stress tensors

We compute the stress tensors of the dilaton and the three-form field strength in the tetrad
frame and find

2/—detg T(d®)yn = —Vp (aa log Vo 8% log Va nrn — 20% log Vi 8 log Ve 5aM5bN) ,

2y/—detg T(Fg)MN =W |“G% 0,1 0%Ty (77MN + 260 1e0NE — 25My5Ny) (A.ll)

2V 15) H5(9 H5 (77MN — 25M¢>5N¢ — 25M1/15N1/;)
B

—2 (VtVy 0Ty 0Ty — 2V
B

O Hs abH5> 5aM5bN] .

A.2.4 Einstein equations and field redefinition

We now simplify the equations obtained from (A.5). For that purpose, we introduce

Gun = /—detg (RMN 1 [T(d@) +e? T(Fg)} 4 JMN [p [ (d®) + €® T(Fg)}PP) :

2 MN 16
(A.12)
which vanish for on-shell solutions. First, we notice that
4
Gt — Gyy — Goo — Gy — Y _ Gy, = 0.0°Vp = 0. (A.13)

=1
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As explained in [44], one can consider Vj = p without restriction. This is equivalent
to performing a conformal transformation of the (p,z) coordinate system. These new
coordinates are referred to as Weyl’s canonical coordinates and imply:

4
Ve =, |ViVy [ Va: - (A.14)
=1

Thus all components in the Ricci tensor 9%(Vy 9% . ..) give p A(...) where A is the Laplacian
operator of a flat three-dimensional base for axisymmetric functions (2.3).

Then, by mixing the Einstein equations with the dilaton equation (A.8), we find 4
harmonic constraints such that

Ve G Vi, :
Q + 4gx1x1 = pAIOg(V@Va?l) = 07 2(9271521 - gfzfz) = pA]Og Vil = 07 1= 273a 4.
1

2
(A.15)
We have four additional combinations that encompass the interaction between the metric
and the gauge potentials:

1 Vi Vi a
_;(gtt+gyy):AlOg 7y+7yaana T,=0,

Vo gqa)

1 a
; <—gtt+gyy+ = A/ Vo ViVy + Vo ViV, 0,171 0°T1 =0,

1 1 1 .
;(gtt_gyy_Egzixi —ngp):AlOgZO‘f‘pTZgaaHoa Hy=0,

1 . Vo Go ViV Iy Ve, Vo
P < yy tt ; 1 g Vo p2 van?:l Vi, 5 5

They are accompanied by the Maxwell equations for (Hs,T7) (A.8) and we find for (Hy, T)):

-2 _ 1 . _ E B E “ B
%g¢¢—3a <nga H0> =0, 2”Vy Gy = Oq <pVy8 Tp> =0, (A.16)

At this level, the seven metric functions, (V4,V,,V,,, Zo), the dilaton function Vg, and
the four gauge potentials (Hy, Hs,11,T},) are entirely constrained by the twelve equations
given above. Three equations, obtained from (G,p, Gz, G.2), fix the base warp factor e2”
by constraining d,v and 0.v. However, before simplifying those last equations, one can
redefine appropriately the metric functions:

1 1
7375\ ! 1 (Z2375\* 1 [ ZsWy\ 4
Vi=2, | = , V,=— | = . V= ( ) . i=1,2,3,
t p( Wo ) Z ( Wo Wi \ 24

1
ZsWo\ § ZW,
VM:W2W3W4< "’Z°>4, Vo=1/Z2. (A.17)
1 5

By plugging into the equations above we find that the logarithms of W), are harmonic

functions,
Alog Wy =0, A=0,2,3,4,
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and the Z; couples to the gauge potentials such that

Alog Z; + Z3 9,T; 0°Ty = 0, 04 (pZ710°Ty) =0, I=1,p, (A.18)
1 1
AIOgZI+pTZ%6aH18aHI:O’ 8a(pZ]aaHI):O. I:0,5,.

Moreover, the ansatz of metric and dilaton (A.7) becomes

_e Wo (dy — Tpdt)? A

ds? . =e ? —— |-z dt2+7p /2=

10 l\/ 7\ Zs l P Z, Zs
4

1
+VWo Z1Z5 {Z (dvp+ Hodg)* + Zo (e (dp?+d2?) +p2d¢2)H ety [,
0 5

> 2 df?;
E Wor1dz, + ——
i=1 o ”2”3”4]

and the metric in the string frame is obtained by multiplying by ¢%. We recover the D1-D5
1

Wla

as (2.5) and (2.6) by considering the electric duals of the magnetic gauge potentials (2.4).

ansatz (2.1) by imposing T, = 0 and Z, = and we obtain the same set of equations

Finally, three equations remain from (G,,, G,.,G..). However, they are not independent
and we derive the equations for v by simplifying G,, — G.. and G,. and by splitting v into
different contributions as in (2.4):

5
V=Vz +Vzg+Vz, +Vz, + VW, + Z v - (A.19)
=2

The equations for each contribution are identical to (2.5) and (2.6) with W5 =
(WaW3Wy) .

B Non-BPS bubbling deformations in AdS3xS3xT*

We detail the derivations of the smooth geometries constructed in the sections 4 and 5.
They are derived from the linear branch (3.19) of type IIB asymptotically-AdSs solu-
tions (3.17) and are sourced by connected rods of different nature.

B.1 Single T* deformation

We discuss the solutions of the sections 4.2 and 4.3. They are obtained from adding sources
that only force the T? to degenerate on a global AdS3xS3xT? background.

B.1.1 Single deformation at the pole of the S3

We consider two connected rod sources on the z-axis as depicted in figure 4. The first
induces the degeneracy of the y-circle while the other forces the zi-circle to shrink. From
table 4, the associated weights that fix the type IIB fields are

PO =p® =p® = _gM =1/2, GV =gP=c® =g =o,
2 1
P =P =6y = —soy) =26 =263 = 0. BV =6y =0. (B.1)
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By plugging into the expressions (3.19), we find

ZO:L Z1:L Z5:¢
Y, BN N TR
_2 rFs P22 g2 g2
Wo=W, 3 =W;i=W;i=+F;, W) = | T = - 2
0 2 3 4 s ! V2 + (2 QA 201
20,2 62
e — rr 4 ) 7 Ho =k cos20, Hy = % os20,  (B2)

(r2 + 2 cos? 0) (r2 + (?sin?6) ’ 4

where we have used the deformation factors F; (4.7) and have introduced the global spher-
ical coordinates, (r,0) (3.5), using (3.12). The type IIB metric and fields (3.17) are given
in (4.6) after having performed a gauge transformation to simplify the gauge field and
having considered that the S? has no conical defect asymptotically k = 1.

Note that one has

1
7(6&0 + Hydp)? + p* Zodg? = /12 + (2 (cos2 0 dp? + sin? @ dgpg) , (B.3)
0

which allows going simply from the Hopf coordinates of the S? to the spherical coordi-
nates (2.13).

B.1.2 Single deformation with an arbitrary position on the S3

We now consider the three-rod configuration in figure 6. The associated weights are

PO = p = p® = _gM =12, AV =ac®=-ag¥=cM=0, i=1,3,
2 1
Y =R =cy) = Saf =) =200 =5, BV =6y =0. (B.4)

Thus, the linear branch of solutions (3.19) gives the same expressions as in (B.2) except
that (2 = 2 + (3 + (3, the functions (r;, ;) have not the same dependence in (p, z) (3.4)
and (r,0) (3.7) due to the third rod, and e?” is now given by

o r2(r2 4 £2) Fy

_ B.5
¢ (r2 + 2 cos? 0) (r2 + (2sin?6) ’ (B-5)

where Fy is defined in (4.25).
o Regularity and topology:

the type IIB solutions, given by (4.24), are regular at r > 0 since r; > 0 there (3.7) and
all F; are finite and positive. Moreover, we have Fo=1atr>0and = 0,7/2. Thus,
the poles of the S? are regular and the solutions have a S3xS'xT* topology outside the
sources at r = 0.

At r = 0, one of the r; vanishes depending on the range of 6 given by (4.26). This
locus corresponds to the three rod sources that are located at p =0 and 0 < z < 2 /4 in
the (p, z) coordinate system. To study the local geometry at each rod, one needs to change
to the associated local coordinates (r;,6;) (4.11) and take the limit r; — 0.
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At the first rod, r; — 0, we have

(?sin? 0 9
2 _2a2n 1
02 — (2 cos? 0,

r% cos? 6, 052 0 7‘% 62 cos? 0y sin2 6,

2+ 2sin20;’ T2 = B eos?0,) (2 + 2sin?0y)

13~ 13— 03~ Psin?6),  (*cos?f ~ (3cos? b, 2~

cos® fy ~ (B.6)

Thus, the time slices of the type IIB metric (4.24) converge towards

(VQiQs (6 + B sin® 1) [dr% L E-B)e-6)
)

2
ds10]dt=0 ~ 2 dy? + 02 40l ]
(12— B)\J2 — B2 ~ B cos? 0y QuQs8 T

14 V 20
+ — & (d:v% + daj + dxi) + Q195 (£ = icos™01) dgs (B.7)
Jer— B\ @s Mz?-e%
2 (02 — 63) (0% — 03 cos? 0y) 2% sin% 0,
doy)” = d63 L 20, dp? dz?
3 LT TR s Eaze) |CF Nt oo @ L Eeinzay) M
At the second rod, o — 0, we have
2 02 a2 2 22 2 o2 2. 2.2 2 r3 sin® g
ri~{l5c0o8"0a, r3~Ll5s8in“0y, (“cos®O~ i+ Ll5c0s70y, sin lem,
2 20 2 292 20 : 20
c0s2 5~ 27“2 cos 22 ’ 2 i 524 €2cos 22 SII12 P) 7 (B.8)
0%+ 0%5in? 0y (43 —|—Zzsm 62) (5 + 05 cos? 6)

and the time slices of the type IIB metric (4.24) converge towards

Q105 o, (P =037 -

ds10lar=0 ¢ dr3 + 1 4) r3 da? + 03 ng)z]

(2-B)(e2-5)/r -3 Qs 63

e \/a (dwg + daj + d:ci)
\/@ Qs

+ Vs [(ﬁ% + 5 cos® O)dT + (£3 + L3 sin® Qg)d(p%} , (B.9)
0] 02 — 12

2
2 2 2 2 2 2 2
dQéz) = db3 + (E~ )~ 6)(E =) sin?(26y) dy?

4Q1Q5 (0303 + £3(43 cos® 03 + (3 sin? 63))
Finally, at the third rod, rs — 0, we have

02 cos? 04 9
r
02 — (3sin? 05 37
73 sin’ 03 sin2 6, ~ 73 (% cos? 03 sin? 3
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Thus, the time slices of the type IIB metric (4.24) converge towards
ds1o) 0\/Q1Q5 (03 + 3 cos? 05) (2 —03) (0% - 13)
10|dt=0 ~
(02 — 2), /02 — 32 — (% sin? 03) Q1Q5 3
\/Q1Q5 (62 - f% SiIl2 93) d 2

¢ Q
+M\/;<dx%+dx§+dmi)+ g\/@ Y15

(02 — 02) (02 — 13 sin? 63) 72 cos? 05 21

2
[dr% 4 r2 dy? + 2 d0Y ]

(B.11)

2
0" = a63 in? 0 dp3 d
3 3t 02(03 + 0% cos? 63) s Os dion Q5 (03 + 02 cos? 03) 1

Therefore, the local geometries correspond to regular S3xT? or S?2xT® fibration over
an origin of R? if one imposes
Q1Q5 13 Q1Q5 3

2 _ _ 2 _
boEmne-g T E-ge-g

Qs (5

e-pe-a B2

which gives (4.28) when we invert these constraints in terms of (£2,¢3,¢3). Moreover, one
can also show that the gauge field is regular there such that the components of the field
strength along the shrinking direction vanish.

Thus, the locus r = 0 corresponds to a smooth end to spacetime where either the
y-circle or the z1-circle degenerates depending on the value of 6, and the overall geometries
are depicted in figure 7.

Moreover, one can introduce conical defects at the R? by replacing R, — ki Ry, Ry —
k3R, and R;, — k2R, in the three constraints above with k; € N. This allows changing
the position where the T4 direction shrinks. Without defect, this region is localized around
the equator of the S® as depicted in figure 7. Let us assume now that k; = ky = 1 but k3
is non-trivial. Then, we have

2R7,

2
02 1Qs 1 k3 —1+4+ —; 2 Q1 R2,
= om —— | T e
2 (B.13)
K2 —1— 2
@- Q1Q5 14 3 Qs
2R ak2rz |
Y \/(k§—1)2+ ?ng,l

which is well-defined as soon as Q5 > R2 .

One can check that the zone of the S? where the T* degenerates, delimited by the
critical angles, 09) and ng) (4.27), is indeed centered around the equator for k3 = 1 such
that ") = /2 — 0 with cos? ) = (2 — Ry, /v/Q5)~!. However, both angles increase
with k3 such that

R2 (Qs — R2)) R?

2 pn(1) z1 z1 2 p(2) z1
cos” 0y ~ , cos” 0,7 ~ , k3> 1. B.14
k3Q3 Qs ’ (B.14)

Thus, the region of the S* where the T% degenerates can indeed move from the equator to
one of the hemispheres by forcing conical defects at the rods.
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B.2 Single S? deformation

We consider two connected rod sources on the z-axis as depicted in figure 8. One induces
the degeneracy of the y-circle while the other forces the t-circle to shrink. From table 4,
the associated weights that fix the type IIB fields are

PO =p®H=p®-_cgP =172, cV=cP=cP=c=0,

(B.15)
PV =1, PY=pPP =g =gV =P =cP =cV = 0.
Using the generic expressions (3.19), we find
PR D% h (B.16)
VR BVE Q Q& P EJE '
rvF3 oy r2(r? 4+ %) Fy
= — e = 1 - = —
Wo=Wo=Ws =W M VrZ 2’ c (r? + 2 cos? 0) (r2 + (?sin?0)’
T = OF — 20, Ho—k‘<2]-"5cos 0—1), H5—I(2}'1cos 9—1),

where we have used the deformation factors F; (4.7) and (4.32) and have introduced the
global spherical coordinates, (7, 0) (3.5), using (3.12). The type IIB metric and fields (3.17)
are given in (4.6) after having performed a gauge transformation to simplify the gauge field.

B.3 Solutions with an arbitrary number of T4 deformations

We consider n connected rod sources on the z-axis, as depicted in figure 11, that induce
the degeneracy of either the y-circle or a T# direction. From table 4, the associated weights
that fix the type IIB fields are

PO =pM=p®=_gM=1/2, " =c?=cP=c =0, icu,,
Pi(l) - Gf-l) =0, i€U,,

%

PO —pl _ g _ —%GEQ) 2™ — o —
PO —pt _ g _ _%ngn _ 2 — o —
PO —pt _ g _ _§G§4) _ oG —oq® =
_1
=5
where Uy and U,, are the set of labels defined in (5.1). Using the generic expressions (3.19),
we find

P}” _ GZ(U =0, €Uy, (B.17)
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where we have used the deformation factors K (5.5) and have introduced the global spher-
ical coordinates, (r,6) (3.5), using (3.12). The type IIB metric and fields (3.17) are given
in (5.4) after having performed a gauge transformation to simplify the gauge field and
having considered that the S has no conical defect asymptotically k = 1.
Note that one has
1

(A + Hydo)? + 0 Zodd® = rv/r? 412 (cos? 0} + sin? 0 dp3) (B.19)
0

which allows going simply from the Hopf coordinates of the S? to the spherical coordi-
nates (2.13).

B.4 Solutions with an arbitrary number of T4 and S® deformations

We consider the same rod configuration as the previous section but we allow some rods
to force the degeneracy of the Hopf angle of the S, 4. A generic configuration has been
depicted in figure 10. In addition to (B.17), we have

P =1

7 )

PO Z PO 60 _ 6 P — 6P —6W —0,  ieuy,. (320
Using the generic expressions (3.19), we find

Zo - 4k /Ky Ky 7. Q1K Zs — Qs K_

rVrt 2 1_7“\/7“24—621//@# izllcxa’ 2+ 02 /Ky

4 r ]C Hi— ICZ‘a
Wo = K2, WE = K2,WE = K2 W2 =[] Koo, Wy = Y Y el e
a=1

N
o _ r?(r? + £2) Ko (B.21)
(r2 + (2 cos?0) (r2 + (2sin? ) ’ ‘
2+ T, b
Q1K1 2Q1
where we have used the deformation factors and the gauge potentials X; and A4 from (5.5)

and (5.24), and have introduced the global spherical coordinates, (r,8) (3.5), using (3.12).
The type IIB metric and fields (3.17) are given in (5.23) after having performed a gauge

el

Ty 1

Hy = k?.A+ s Hsy A s

transformation to simplify the gauge field.
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