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1 Introduction

The construction of solitons with non-trivial topologies and matter fields in supergravity
theories has generally been limited to the frontier of supersymmetry. Supersymmetry
provides BPS conditions that force the sources to have an electromagnetic potential that is
equal to the gravitational potential. Intuitively, this allows linearization of the equations of
motion and generation of backgrounds with multiple sources that do not interact strongly.
In this context, BPS equations led to “floating brane” ansatz where BPS brane sources
“float” relative to each other, preventing gravitational collapse by electromagnetic flux.

It is an interesting and important question to ask whether such ansatz can survive the
non-BPS regime where the electromagnetic forces are not canceled by the gravitational
force. This would require non-trivial novel mechanisms to allow for non-collapsing sources.
In this paper, we will answer in the affirmative by deriving a non-BPS floating brane ansatz
in the context of M-theory on T6xS! and other dual frameworks. The construction is based
on a recent method, the “charged” Weyl formalism [1-3], which is simple enough to induce
a linear system but sufficiently rich to allow non-trivial non-BPS structures.

The classification of BPS solitons in supergravity have generated a great deal of interest
in studying semi-classical descriptions of coherent quantum gravity states and in exploring
AdS/CFT dualities from a bulk point of view [4-10]. Within the microstate geometry
program for instance (see [11-14] for a review), large classifications of BPS solitons, which
exhibit the same supersymmetries, mass, spin, and charges as BPS black holes, but whose
horizon is resolved by a geometric transition of BPS brane sources, have been allowed
with the help of linear ansatz. Examples of this are the %—BPS microstate geometries of



the two-charge black hole [15-17], or the %—BPS microstate geometries of the three-charge
black hole such as multicenter bubbling solutions [18-24] or superstrata [25-30].

Moving inside the non-BPS regime requires to deal with Einstein-Maxwell equations
for which finding a linear system can be tedious. The Weyl formalism was originally
formulated to linearize Einstein equations for four-dimensional general relativity (GR) in
vacuum by restricting to axisymmetric and static solutions [31]. The generalization to GR
in D dimensions has been done by Emparan and Reall [32]. All solutions are given in terms
of D — 3 harmonic functions whose sources are segments called rods on the symmetry axis.
The physical sources correspond to regular coordinate singularities, either along the time
direction inducing a black hole horizon, or along a compact spatial direction inducing a
vacuum bubble. Therefore, chains of black holes and bubbles [33] or smooth chains of
vacuum bubbles [2] can be generated.

There are several reasons for adding matter fields to vacuum Weyl constructions. The
first is stability. Indeed, a Kaluza-Klein (KK) bubble in vacuum suffers from an instability
that forces its decay by “eating up” the whole spacetime [34]. However, the addition of
suitable electromagnetic flux stabilizes the bubble at a fixed radius [35, 36]. Second, it has
been shown in [37] that electromagnetic flux is a necessary ingredient to have a regular
structure that can be as compact as a black hole horizon or that can develop an AdS throat.
Nevertheless, gauge fields add non-linearity for which the extraction of a linear branch that
does not reduce to the BPS equations is far from guaranteed.

In [1-3], the Weyl formalism has been generalized to a “charged” Weyl formalism for
Einstein-Maxwell theories. Solutions are still determined by D — 3 harmonic functions.
They are sourced by rods that can be now charged under the gauge field(s) and still
correspond to either black hole horizon or smooth bubbles. In this system, the sources
are set to have the same charge-to-mass ratio. Moreover, as these are non-BPS systems,
this ratio can be generically different from 1. In [2, 3], a “bottom-up” approach has been
adopted to highlight the physics of the new non-BPS solitons, such as chains of smooth
charged bubbles in six dimensions or “bubble bag ends”. In the present paper, we adopt
a top-down perspective by applying the same formalism to string theory backgrounds to
derive and explore a non-BPS linear ansatz.

1.1 Summary of the results

Our initial construction takes place in M-theory on T®xS'. We consider that the gauge
field is sourced by three sets of M2 branes that wrap three orthogonal 2-tori inside T.
Moreover, we allow for a magnetic KKm vector associated to the S'.! By applying the
charged Weyl formalism, we derive what we call a “non-BPS floating brane ansatz” for
the M2-M2-M2-KKm system in M-theory. The solutions are determined in terms of eight
harmonic functions. Four are related to the deformations of the T® while the other four
are associated with the gauge potentials. In this paper, we focus on solutions that are
asymptotic to R3xTO6xS! or R14x T,

"We do not consider M5 brane charges on the T® to avoid additional non-linearity from Chern-Simons
interactions.



The asymptotically-R13 solutions are static, axisymmetric and induced by an arbitrary
number of non-BPS sources on the symmetry axis. A physical source corresponds to a
regular coordinate degeneracy of either the time or one of the TOxS! directions. If the
time degenerates, it corresponds to the horizon of a static non-extremal M2-M2-M2-KKm
black holes [38-40]. If one of the TS directions or the S! shrinks, it defines the locus of
a M2-KKm bubble or a KKm bubble respectively. The sources are separated by strings
with negative tension, or struts, which disappear if they are connected [2]. We explicitly
construct solutions that are chains of non-extremal static black holes, separated by struts
or by KKm bubbles. In addition, we construct non-BPS bubbling geometries of M2-KKm
bubbles on a line. They can have the same charges and mass as static non-extremal M2-
M2-M2-KKm black holes, but they are horizonless and smooth. Moreover, we show that
they have a BPS limit where they converge to the BPS black hole. Therefore, when they
are slightly non-BPS, they are almost indistinguishable from the BPS black hole, develop
an AdSs throat, and resolve its horizon into non-BPS bubbles by adding a small amount
of non-extremality. This is the first example of such a resolution in the non-BPS regime.

We also consider the non-BPS floating brane ansatz in different duality frames such
as the D1-D5-P-KKm frame in type IIB. We show that there are types of bubbles that
are smooth only in a specific duality frame, and we construct bubbling geometries in the
D1-D5 framework.

Solutions that are asymptotic to five-dimensional flat space plus compactification cir-
cles can be obtained by considering the S! to be the Hopf fiber of a four-dimensional base.
The non-BPS sources correspond to either three-charge non-extremal black holes [41-43],
smooth M2 bubbles or vacuum bubbles. We explicitly construct and study black hole
chains and smooth bubbling geometries that are asymptotically-flat in five dimensions.

In section 2, we derive the non-BPS floating brane ansatz by solving Einstein-Maxwell
equations with the charged Weyl formalism. We discuss the different regimes and the
reduction in five and four dimensions. In section 3, we classify the asymptotically-flat
solutions and the regular sources. In the sections 4 and 5, we construct explicit families of
non-BPS four-dimensional and five-dimensional solutions, and we discuss their physics.

2 Non-BPS floating branes in M-theory

We consider M-theory solutions on T® =T?xT2?xT? for which each two-torus can be
wrapped by M2 branes. Moreover, we allow one of the other four spatial directions to
be an extra S' that can carry KKm charges. The dynamics in the bosonic sector of M-
theory is given by

1 1
(167TG11)SM:/R*H— §F4/\*F4+6A3/\F4/\F4, (21)

where (GG11 is the eleven-dimensional Newton constant and Fy = dAg is the four-form field
strength of the three-form gauge field. The Einstein-Maxwell equations are

1 1
R/j,l/ - <F4 na By Fy Vaﬁ'y - Guv F4a5’y§F4 aﬂw&) =0,
12 12 (2.2)

1
dxFy — §F4/\F4 = 0.



We parametrize the T by {ya}azl,_,ﬁ, and each direction is 2w R, periodic. The remaining
four-dimensional spatial directions will be decomposed into a three-dimensional basis in
cylindrical Weyl coordinates (p, z, ¢) and a U(1) fiber, y;. This fiber will correspond either
to a compact circle with 27 R, periodicity for asymptotically R13 xS xT6 solutions, or to
an angle with 27 periodicity for solutions that asymptote to R4 xT6.

2.1 Equations of motion

We derive the equations of motion, obtained from (2.2), for solutions that are static, ax-
isymmetric, and sourced by a Kaluza-Klein magnetic vector and three stacks of M2 branes
wrapping the two-tori. Without restriction, we consider the following ansatz that fits the

equations:
At Z0 7975\ 5 [ 1
ds?, = — 2+< 122 3) [Z(dy7+H0d¢)2+Zo (62'/ (dp2+dz2>+p2d¢2>}
(WoZ1Z273)3 W 0
11 dy% 2 1 dy% 2 1 dyg 2
WoZ1Z2723)3 | — | = +W1d — | == +Wsd — | =2 +W3d
+(WoZ12223) [Zl<W1+ 1dy3 +Z2 W2+ 2 dyy +23 W3+ 3dys | | 5
Fy :d[Tl dt Ndyy Ndys + Todt Ndys ANdyy + T3 dt Adys /\dyg] . (2.3)

There are three electric gauge potentials 17 induced by the stacks of M2 branes and a mag-
netic gauge potential Hy for the KKm vector. We have introduced four warp factors, Z,,
which couple naturally with each gauge potential. In addition, we have four independent
warp factors, Wy, which are associated with torus deformations. Specifically, Wy corre-
sponds to a Kéhler structure deformation of the T® since det(T%) = W, while the other
W define complex structure deformations of the internal T2. Finally, e?” determines the
nature of the three-dimensional base. All functions depend only on p and z by symmetry.
More generically, we use capital greek letters for the label A = 0,1,2,3 and capital latin
letter for the label I = 1,2,3. We introduce the cylindrical Laplacian operator of a flat
three-dimensional base for axisymmetric functions:

A=-0,(pd,) + 92. (2.4)

The equations of motion (2.2) can be decomposed into three almost-linear sectors:

Torus sector.

AlogWy =0,

Maxwell sector.

Alog Zr = =2 [(9,T1)* + (9-11)?] 0y (0212 0,T1) + 0- (p 2120,T1) =0, (2.5)

_ 1 9 9 1 1 _
Alog Zy =~ [(0pHo)? + (0:Ho)?|, 0, </)ZO2 a,,Ho) +0, (pZ()QapH()) =0,



Base sector.

1 1
;@;V = 8. (W, Zx, 11, Hy) ;5p7/ = S, (W, Zp, T, Hy)

where S are source functions that depend non-trivially on (Wy, Zy,Tr, Hp) (A.1). The
equations can be treated linearly except the Maxwell sector which is a set of non-linear
coupled differential equations.

2.2 Non-BPS floating brane ansatz

In [1], a procedure has been found to extract linear closed-form solutions from the above
equations without reducing to BPS equations. In the present context, charged Weyl solu-

tions are determined by eight harmonic functions
Alog WA = ALA =0. (26)
The pairs of scalars (Z7,T;) and (Zo, Hp) are given by?

inh(ap La + b 1
7y = sin (aAaAA+ A)’ *3d(H0d¢):dL07 TI:_Z 1—|—a%Z%, (2.9)

where we have defined four pairs of gauge field parameters (ap,by) with ay > 0. The

equations for v are

3
20— > |9p10g W 0:log Wy + a3 9, L 0Ly |
’ A (2.10)
1
O =3 [(9plog Wa)* = (9:1og W) + ] ((9,La)" = (9-L))] -
A=0

The integrability is guaranteed by the harmonicity of the functions on the right-hand sides.
These equations can be integrated in a case-by-case manner depending on the choice of
sources for the harmonic functions.

It is important to point out that W are “vacuum” warp factors, as they are not coupled
to any gauge potentials, whereas Z, are generated and induced by the gauge potentials.
However, one can take a neutral limit by sending all gauge potentials to zero while keeping

2More generically, the scalars are given by

dL
Zn=G" (La),  wsd(Hodg) =dLo,  dTy = —5——, 2.7)
G, (L1)?
where QEA) can be freely chosen among the following five generating functions of one variable:

sinh(apz + b . cosh(aprxz + b

V(o) = THALEI) g0 -y ORI, G (z) = o + b,
ap apn

i b b

iA)(x):W7 éA)(m):W7 ar €R;, b €R. (2.8)

However, we did not find regular solutions for the branches £ = 2,4, 5 (see [1-3] for more details). Therefore,
we consider only the branch £ =1 from which the function £ = 3 can be obtained with (2.12).



Za non-trivial, which then satisfy the vacuum equation Alog Zy = 0. The neutral limit is
given by
(ba,ap) — o0 with ebA/aA and apL, held fixed. (2.11)

It shows that the present ansatz is generically in the non-BPS regime of the M2-M2-M2-
KKm system.
Moreover, at the other side of the parameter space,

(bA,aA) — 0 with bA/aA held ﬁxed, (2.12)

the solutions converge to the linear branch Z)y = Lj + by/ap. As we will see in the next
section, this leads to the BPS equations for the M2-M2-M2-KKm system. Therefore, the
ansatz admits a BPS limit considering the above transformation.

It is remarkable that one can deviate significantly from the BPS regime while main-
taining the linearity of the Einstein-Maxwell equations. Moreover, it only changes the warp
factors from a linear function (BPS regime) to a sinh function (non-BPS regime) in terms
of harmonic functions. As we will see later, the price to pay for having a linear ansatz will
be to use non-BPS sources that have a fixed charge-to-mass ratio, but not necessarily 1.

2.3 BPS regime

We consider that the two-tori and six-torus are rigid, W = 1. Moreover, we take the
limit (2.12) for the scalars (Zy, Ho, T7) (2.9), which leads to Ly = Zj — by /ap. Therefore,
the solutions can be better written such that Z, are harmonic functions and the gauge
potentials are determined by

1
AZA = O, *3d(H0 d(b) = dZo, T[ = —?. (213)
1

We recognize the BPS equations of motion one can obtain from supersymmetric static
M2-M2-M2-KKm solutions. With such a choice, v = 0 (2.10), and the base is flat R? as
expected. Physical solutions are necessarily sourced by point particles on the z-axis:

(A)

z— %) _
Iy = + cp + ¢o. 2.14
A ZW A Z\/—p—l—z—zz 0. (214)
The sources at (p = 0,z = z;) are either static extremal four-charge black holes if q 75 0

or smooth Gibbons-Hawking centers if qZ( ) =0.
Therefore, the linear non-BPS floating-brane ansatz contains the BPS floating brane

ansatz for the static M2-M2-M2-KKm system.

2.4 Non-BPS regime

Generic non-BPS solutions are constructed for non-zero (aj,by) in (2.9). One can check
that sourcing the harmonic functions by point sources lead to naked singularities. We
therefore consider that the harmonic functions are sourced by rods, that is segment sources.

In this section, we establish our formalism and highlight the basic ingredients that can
be added linearly through the ansatz. We save the construction of the solutions for later.
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Figure 1. Schematic description of axisymmetric rod sources.

We consider n distinct rods of length M; > 0 along the z-axis centered around z = z;.
Without loss of generality, we can order them as z; < z; for ¢« < j. Our conventions are
illustrated in figure 1. The coordinates of the rod endpoints on the z-axis and the distance
to them are given by

M. . 2
=+ —, 1“5?5\/,02—}—(2—2?) . (2.15)

Moreover, we introduce the following generating functions

RY = 0 40 4 a, (2.16)
() — () L (o A (o A, 2 o og B BT
By =ryrg’ + (Z % ) (Z Zj ) o7, v =log 2D pd)
++ B

They satisfy the equations
R RW RW
A log% =0, 1(921/1-]- = 0, | log % 9z log% ,
RY P R" RY
R® RW R RW
;apu,»j =0, <log 6) 0p (log ﬁ — 0, | log % 0. | log % . (2.17)
R RY R RY

(%)
The functions log % can be used as the building blocks for the eight harmonic functions:

n (i) n (4)
R R
logWy = E GZ(.A) log R?;) , Ly = E Pi(A) log R—(t) , (2.18)
i=1 h i=1 s




where the constants, G™ and Pl(A), define the weights of the i*" rod. The warp factors

(2 7
and gauge potentials follow from (2.9),

inh (ayLy+b 1 - DG
ZA:sm (anLa+ A)7 TI:_va HO:ZPz‘(O) (7“(_)—7"5_)), (2.19)

an i=1

and v is induced by the generic functions v;;:

n 3
v = % S gy, ay=y |GV +ad PV P (2.20)
ij=1 A=0

(A)

As we will see precisely later, the weights of the torus warp factors, GiA , are not
involved in any of the conserved charges of the solutions as they are deformations of the

T6. However, the four Pi(A) are associated to the four charges carried by the it" rod,

(Q]l\/[zi: Q]Q\/[Qﬂ‘y Qi/[zi: QKKm,i)aS

Ql{/IZi = M, JDZ‘(I)7 QKKm,i = M; PZ(O) (2.22)

Moreover, we will have to add a semi-infinite rod to construct asymptotically-R14x T
solutions as we will see in detail in the section 3.2. It can be obtained from the above
expressions by sending one of the endpoints to infinity.

Finally, the non-BPS solutions have a very large phase space determined by the geom-
etry of the rod sources, the eight weights associated with each and the four pairs of gauge
field parameters (ap,by). However, the parameters will be constrained to have physical
solutions as we will discuss in section 3.

2.5 Profile in five and four dimensions

In this section, we describe the ansatz in five and four dimensions after reduction along
the T% and the S'. We will keep the least number of degrees of freedom that encompasses
the ansatz. Note that we do not expect to obtain the Lagrangian of the STU model as
it is usually the case for BPS multicenter solutions [18-24] and some of their non-BPS
extensions [44-47]. Indeed, we are not compactifying along a rigid T since it has non-
trivial deformations due to the Wy (2.3).

We will therefore apply a series of KK reductions from M-theory using the generic
rules of [48, 49]. The reduction rules and the derivation are detailed in the appendix B.1.

3We have normalized the charges in units of volume:

1 z; 27 o
Qi/lz,i = / / / * Iy = M; P,
Am VOl(T < 51) J. ot Jymo Jrixsr 070 7

z. 27
L[ (0)
mi=—— d(Hod = M; P,
QKKm, I /z=z.+ /¢>=0 (Ho ¢)‘p:0 il

where T} is the four-torus orthogonal to the I*® stack of M2 branes and S* is the y-fiber.

(2.21)



2.5.1 Reduction to five dimensions

We first perform a series of KK reductions to five dimensions by compactifying along
{yi}i=1,...6. For that purpose, we suitably define seven scalars (X I'®,) and three one-
form gauge fields such that the M-theory metric and gauge field (2.3) is now given as

3 3
ds?, = e~ 3% dsg + e3%0 Z xT! (e_q>1dy§]_1 + e(bfdy%) , Fy= Z F Adyar—1 A dyar,
I=1 I=1

(2.23)

where F() = dAU) are two-form field strengths. The reduced five-dimensional action is
(see the appendix B.1)

1 3
(167G5)S5 = / (cgl%U — 5 ) xdPy /\<I>A> , (2.24)
A=0

G11
@m° [0, Ry
operator in five dimensions, and £E§’%U is the STU Lagrangian of five-dimensional N' = 2

where G5 = is the five-dimensional Newton’s constant, x is the Hodge star

supergravity:
LBy =R +1—Qry (*F(I) AFY) 4 wd Xt A dXJ) + |€’;K’ AD A FD A FE) - (2.05)
where repeated indices are summed over, €rjx is the rank-3 Levi-Civita tensor, and we

have defined the scalar kinetic term Q; = 5 diag ((X1) 72, (X?)72,(X3)72).
In this framework, the ansatz (2.3) defines solutions of the above action such that

dt? 1[1
ds? = ————— + (Z12:273)3 [ (dyr + Hodo)* + Zo (¢* (dp? + dz?) +p2d¢2)] ,
(Z12223)3 Zo
1
27k \?
x! = |GI;K| ( JZQK> . By =logWy, FU =dAD = q17 Adt. (2.26)
I

Remarkably, the torus warp factors in M-theory, Wj,, decouple entirely and the five-
dimensional metric is independent of these factors. Therefore, from a five-dimensional
point of view, these functions are simple harmonic scalar decorations on an STU back-
ground.

For solutions that are asymptotic to five-dimensional flat space, the ADM mass is

obtained from the following asymptotic expansion?
3T . _2
Ms = 87@)7»15207"2 (1-(212:23)75) (2.27)

where r is the five-dimensional radial coordinate, related to the cylindrical coordinates such

as (p, z) = 3(r?sin 26, 7% cos 20). Note that the sources in W, does not indeed induce mass.

“We use the conventions of [50].



2.5.2 Reduction to four dimensions

We further reduce to four dimensions after compactification along y7. One can simply use
known results about the reduction of the STU model from five to four dimensions (see for
instance [45, 51, 52]). Therefore, the reduced four-dimensional action is given by

13
(167G4)Sy = / (E%?U —-5 Z *dPp A <I>A> , (2.28)
A=0
where G4 = QWGny is the four-dimensional Newton’s constant, x is now the Hodge star in
7

four dimensions, and £§?U is the STU Lagrangian of four-dimensional N = 2 supergravity.
This Lagrangian is better written in terms of three independent complex scalars z/ and
four two-form field strengths, F» = dAN,

1 o1 o
LB, = Rx1—-2g15 «dz! ndzT — 5 Zax * FANF® 4 5 Rax FANFZ, (2.29)

We refer the reader to the appendix B.1.2 for the scalar and gauge field couplings, g5y, Zas
and Rpy (B.12), (B.13) and (B.14). The four-dimensional metric, scalar and gauge fields
are derived from five-dimensional fields such as

ds? = 2 ds3+e 1 (dy;—A°)2, AW = AT 4 Ol (dy;—A°), 21 =CT4ie X (2.30)

In this context, our ansatz (2.3) consists of a metric, three purely imaginary complex
scalars, four real scalars and four gauge fields given by

dt?
ds? = ———— o+ /77 7.7 (e?’ (dp? + dz2 2dd?
S4 ’7ZoZlZng+ 0123(6 (p+z)+p qﬁ),

r_ lersx| |Z1ZK
2 ZoZ5’

Dy = logWy, F° = —dHyAdp, F!' =dlyndt. (2.31)

For solutions that are asymptotic to four-dimensional flat space, the ADM mass is obtained
from the following asymptotic expansion

1
My = — tim r (1 - (Zo%1%2%5) %) , (2.32)

2G4 T—o0

where 7 is the radial coordinate in four dimensions, (p, z) = (r cosf,rsin ).

3 Classification of asymptotically-flat solutions

In this section, we construct families of non-BPS solutions introduced in section 2.4,
and discuss their regularity. We first discuss solutions that are asymptotic to a four-
dimensional flat space plus compactification circles and then build solutions asymptotic to
five-dimensional flat space. For the self-consistency of this section, we remind the ansatz

~10 -



of metric and gauge field in M-theory (2.3):

dt> Z1 7975\ 5 [ 1
ds} = — : ( = 3) [Z (dyr + Hod)* + Zo (¢* (dp2+dz2)+p2d¢2)}
(W0Z12223)3 0 0
1|1 (dy? AR o\, 1 (du3 >
WoZ1Z923)3 | — | =— +W1d — [ == +Wsd — | =2 +W5d
+(WoZ122Z;3) lZl<W1+ vdyy |+ o\ g, T Wedvn | g | s A Wy )|
Fy=d[Thdt Ndyy Adya + Todt Ndys Adys + Tsdt Adys Ndyg) . (3.1)

3.1 Four-dimensional solutions

We consider that y; is an extra S of 2w Ry, periodicity. Generic non-BPS solutions are

given by (2.9), and are sourced by n rods as depicted in figure 1. The warp factors and
(A)

gauge potentials are given by eight weights at each rod, (PZ-(A), G,;"’), and four pairs of

gauge field parameters, (ap, by ), such that

aP® an P N
L PR S R U R nRY)
ZA:M e ] —e ] ; WA:H : ,

i \RY i=1 Rgi)

1oy,
Ho=Y_P" (r -}, Tr=—p\1+ai 2}, =[] (f‘ —+ , (3.2)
=1 =

where we remind the main functions and variables

M; i 2 i i i

ziizzi:i:7, r(i)z\/pQ—k(z—zii) , R(i)zri)—ﬁ—r(_):tMi, (3.3)

(4.9) p(3,5)

y D (i EYVEY
EE_Li) = ri)rg_f) + (z — zf) (z — zf) + p2 ) vij = log ﬁ»
EVVEY
and the exponents
3
ay =Y [GVe + o VPNV (3.4)
A=0

We have defined a family of non-BPS solutions given by 10n + 8 parameters. We now
have to discuss the regularity of the solutions that constrains the parameter space.

3.1.1 Regularity constraints

Potential constraints come from coordinate singularities on the z-axis, regularity of the
spacetime elsewhere, and conditions on the asymptotic. The details of the analysis can be
found in the appendix C.1.

e Condition on the asymptotics.

We consider the asymptotic spherical coordinates (p,z) = (rsin,rcosf). At large
r, we have

Zp ~ , Wa ~ 1, e ~ 1. (3.5)
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Therefore, the four-dimensional metric of the solutions (2.31) is asymptotically flat
if

3 .

hb
|J = (3.6)
A=o @A

¢ Regularity out of the z-axis.

From (3.3), it is clear that the ratio Rﬁ)/ RrY diverges at the i*" rod. To avoid extra
zeroes out of the z-axis, one needs Z, > 0 (3.2), which requires, if by # 400,

ba>0, ap,P™ >0, A=0,....3, i=1,...,n (3.7)
With this condition, the solutions are regular out of the z-axis.

e Regularity at the rods on the z-axis.

We consider the local spherical coordinates centered around the i rod,

M;
p =\/7i (1 + M;) sin 6;, z = (Ti + 2) cosb; + z;. (3.8)

At the rod, r; — 0, we have

(%) (12) 2350
By x 1 7E£1 By o 72 (3.9)
RY Ty’ E0) (i) i '
while all other quantities are well-behaved. From (3.2), we have®
_ A) _a@®)
Zp x 1y ok Wy o 1, @ e o it (3.10)

and therefore, the metric (3.1) is singular at the rod, except for specific choices of
weights that will characterize the physical rods of the non-BPS floating brane ansatz
in M-theory. It will be convenient to use the following aspect ratios, d;,

Q=1 diEHﬁ(EZ'i_Zﬁ)(zk_z{;)J wheni=2,...n.  (3.11)

The regularity at each rod requires that the sources are in one of these categories
(see appendix C.1.3 for more details):

- Black rods: the y,-fibers and the ¢-circle have a finite size at the i** rod if

A) 1

aM — g pNy - =
! ’ 2aA

7

(3.12)

One can check that a;; = 1 and the timelike Killing vector J; shrinks at the rod
which therefore defines the locus of a horizon. The topology of the horizon is

5Since aAPZ.(A) > 0 is required if by # 0o, Z5 can vanish at the rod only if one takes by = oo, that is
P

AT where aAPi(A) can be taken

the neutral limit (2.11) for the pair (Zx,Tx). In that case, Zy o 7,
negative.
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either T”xS? or T®xS3 depending on the close environment around the rod (see
figure 2 and 3).5

Moreover, the surface gravity and horizon area associated to the black hole give”

a o sign(i—j)o;
_ A j 2

Ri = _ _ )
7 \/ o H( e )

Mo K (3.13)

27r8M

Ai = H Ry,

The rod on its own corresponds to the static limit of a four-charge non-extremal
black hole [38-40].8 However, in the present ansatz, one can stack linearly
multiple black holes on a line and their interactions can be studied.

- Bubble rods: one of the TS directions, for instance y; or y», shrinks at the i*®
rod while all other fibers are finite by taking

1

G =G0 0P — PO =GP G P Y o, (31a)
where the “4” corresponds to a shrinking y;-circle and the “—” corresponds to

a shrinking yo-circle. The weights for which another TS direction degenerates
can be obtained by permuting the I = 1,2,3 indexes. Similarly, the y7 circle
shrinks while all other fibers remain finite by considering

aP® =1, "™ =pP =0, (3.15)

()

For each possibility, the (7;,y,)-subspace corresponds to an origin of an R?
defining the locus of a bubble with a T6xS? or T?xS? (see figure 2 and 3).7 It
corresponds to a smooth coordinate degeneracy if an algebraic equation, which
we can denote as a bubble equation, is satisfied. For a rod where the y; or yo
circle degenerates smoothly, the bubble equation relates the asymptotic radius

to the internal parameters as follows'”
ebi1t+bo 2t — 2 sign(j—i)ai
ki Ry, = d;M; ({_) , a=1lor2, (3.16)
aijagp £ 2’]- —Z;

where k; is an orbifold parameter k; € N that corresponds to the order of the
conical deficit on the R%2. The constraint corresponding to the degeneracy of

5The horizon topology depends on the close environment of the black rod. If the rod is connected on
one side as in figure 3, it corresponds to a T°®xS? horizon. Otherwise, it is a T7 xS? horizon as in figure 2.

"The surface gravity can be read from the local geometry such as ds® o< dp? — p2k2dt® +. .. with p; — 0,
and is associated to the temperature of the black hole, 7; = k;/(27). Moreover, note that if the rod is
connected to another one, for instance z;7 | = 2, the surface gravity is still finite since (2, | —2;7)/d; = cst.

8Since all Pi(A) are non-zero, the rod carries non-zero M2-M2-M2-KKm charges given by (2.22).

9As for a black rod, the local topology of the bubble depends if the bubble rod is disconnected (figure 2)
or connected (figure 3).

!9Tf the rod is connected to another one, e.g. 27, = 2, the constraint is always finite since (2}t | —

z; )/d; = cst.

~13 -



¢-Circle: y,-Circle:  y,-Circle:  Other circles:
z oz
Black Rod { T7xS? horizon

Conical

excess

T xR* Strut
Species-1 Bubble T°xS? bubbleat
Rod an origin of R?

TexR*
Strut

TOXR*
Species-7 Bubble T6xS? bubbleat
Rod an origin of R?
- TOXR*

Raxs

Figure 2. Schematic description of three physical rods and the behavior of the circles on the z-axis
when the rod are disconnected. The black rod sources a static M2-M2-M2-KKm black hole with a
T7xS? horizon. The species-1 bubble rod corresponds to the degeneracy of the y;-circle inducing
a T6xS? M2-KKm bubble The species-7 bubble rod induces the degeneracy of the y7-circle and a
T6xS% KKm bubble. Each section in between the sources has a conical excess, defining a strut.

b1 br
e — £ or

another T direction or the yr-circle is obtained by permuting ar o

% — % respectively. Moreover, one can check that the gauge field is regular

at the rod (see appendix C.1.3).

The smooth bubble where one of the T® directions degenerates has nonzero Pi(o)
and Pi(l). Therefore, it carries only a M2 brane charge and a KKm charge, given
by (2.22). Similarly, the smooth bubble that shrinks the y7 direction carries only
a KKm charge. Moreover, these charges can be freely reduced to zero without
changing the topology of the bubble by taking the neutral limit (2.11), and the
resulting objects will be smooth vacuum bubbles in M-theory.

Therefore, seven types of physical rod sources correspond to a smooth coordinate
degeneracy of one the T®xS! directions defined by an origin of an R? where a
smooth bubble is sitting.

There are 8 categories of sources that can be used to generate physical asymptotically-
R3 solutions in M-theory: a non-extremal M2-M2-M2-KKm black hole, 6 non-BPS
M2-KKm bubbles and a non-BPS KKm bubble. Remarkably, we have for any choices:

1 if the j* and k' rods are of the same nature, (3.17)
Qi = .
! % otherwise,

which means that the three-dimensional base does not depend on the specific nature
of the sources.
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¢-Circle: y,-Circle:  y,-Circle: Other circles:

. Zy . . Z

-

Black Rod — T°xS? horizon

Species-1 Bubble | | 7° bubbleat an

Rod origin of R?
L. #7°xR*
Species-7 Bubble T5xS3 bubbleat
Rod 7 an origin of R?
L &T5xR*

Figure 3. Schematic description of connected rods by making the rods of figure 2 touch. The
¢-circle does not shrink along the rod configuration, and the solution is strut-free.

Finally, one can think of other types of sources that are singular in M-theory but
regular in other duality frameworks. This will be clarified when discussing the ansatz
in other string theory frameworks in the section 3.3.

The effective mass induced by the i*" rod, M;, can be derived from (2.32) by isolating
the contribution of the rod. We find

) 3
M; = —— | ap coth by QKKm,i + Z arcothby Qi | (3.18)
4Gy =1 ’

where the brane charges carried by the rod are given in (2.22). Therefore, the charge-
to-mass ratios induced by the branes are determined by aa coth by, and are the same
for all the rods. It is a consequence for having a linear ansatz. If it still allows to
remarkably deviate from the BPS regime, one cannot have two rods with opposite
charges for instance.

¢ Regularity on the z-axis out of the rods.

At p=0and z ¢ [2;,2]], the functions Rg) /R@ and Egi) are finite and non-
zero. Therefore, the warp factors are well-defined and the ¢-circle degenerates as
the cylindrical coordinate singularity. The analysis reduces to the regularity of the
three-dimensional base, ds? = e? (dp? + dz?) + p?d¢?, and the warp factor 2 can

induce conical singularities. More precisely, we have

1 if z< 27 and 2z > 2}

¥ ~ ! " (3.19)
d? ifz€lz 27, i=2,...,m,

where we remind that d; are the aspect ratios (3.11). Therefore, the base metric

above and below the rod configuration, z < 27 and z > 2,7, has no conical singu-

larity and is smooth there. However, in between the (i — 1) and i*" rods, we have

ds} ~ d? (dp2 +dz? + f;quZ). Since d; < 1, the segment has a conical excess and
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describes a strut, i.e. a string with a negative tension (see figure 2). The strut is
a singularity that accounts for the lack of repulsion between the (i — 1)* and 4*®
sources. It can be associated with a curvature singularity and an energy as done
in [53] and reviewed in [2].

The existence of a strut between two rods requires that they are disconnected. There-
fore, by connecting the rods, which implies that they are of different nature, the
solutions are free of struts and conical excesses [2, 3, 33]. These solutions consist in
connecting bubbles and possibly non-extremal black holes on a line (see figure 3).
For such configurations, the sources do not require a singular mechanism to be pre-
vented from collapsing and are kept apart by topological bubbles [2]. This provides a
new paradigm in the microstate geometry program for constructing smooth bubbling
geometries without the aid of supersymmetry. The standard lore of supersymmetry
is that gravitational attraction is counterbalanced by electromagnetic repulsion. In
the present ansatz, the solutions are generically non-BPS with arbitrarily low elec-
tromagnetic potentials, and the lack of repulsion is balanced by the inherent pressure
of squeezed bubbles [2].

In conclusion, the non-BPS floating brane ansatz contains a large phase space of ax-
isymmetric regular static solutions that are asymptotic to four-dimensional flat space plus
compactification circles. Typical solutions consist of non-extremal four-charge black holes
and 7 types of smooth bubbles on a line, which are kept apart by struts if disconnected.
In addition, smooth bubbling geometries can be constructed by considering chains of con-
nected bubbles of different species. We will construct explicit solutions in section 4.

3.2 Five-dimensional solutions

To construct five-dimensional non-BPS solutions, the four-dimensional base, (p, z, ¢, y7),
must be considered as a four-dimensional infinite space. That is, we take y7 to be an angle
of periodicity 27. As detailed in the appendix C.2, one must also consider the neutral
limit (2.11) for the pair (Zy, Hy) and source Zy by a semi-infinite rod.

Generic five-dimensional solutions are therefore given by (3.1), sourced by n finite rod
of length M; and a (n + 1)"" semi-infinite rod (see figure 4). We will consider that the
n'™™ and (n + 1)™ rods are connected to avoid a conical excess between them, 2,7 =z, ;.
The warp factors and gauge potentials are similar to the ones given for four-dimensional
solutions (3.2) with the neutral limit (2.11) for (Zy, Hy) and additional terms corresponding
to the semi-infinite rod, that is

N a;P®P o\ arP®P
1 A n (RN 1
_ b I | + —b | I - _ 2 72
Z[—Tal 61' —e I - s T[—*Zil 1+CLIZI,

i \ RY i=1 Rgi)
(i) ) %"
_ (™ )G [ B _ 17 B
Zo=(ryi' —(z—=2,) A , Ho=0, Wy= A ,  (3.20)
(- c-s0) 11 (55) (5
Gry1? n ni o\ Gnt+1Gi n i i L
o1 (9= (RN (0N
2 TT) il ES_"_’@) RS’?) ij=1 E—(ﬁi)E(LJ)



Semi-infinte
Rodin Z,

Figure 4. Schematic description of axisymmetric rod sources with a semi-infinite rod in Zj.
where the main functions are given in (3.3) and the exponents, «;;, are now given by !

3 3
ay = GGy + Y. aMaW™ 1 3 a2 PP, (3.21)

A=0 I=1
Note that the solutions have no KKm charges along y; because Hy = 0. We have
therefore defined a family of non-BPS M2-M2-M2 solutions given by 10n + 8 parameters.

3.2.1 Regularity constraints

We will be brief in the regularity analysis since it is similar to the discussion for four-
dimensional solutions. We refer to the appendix C.2 for more details.
The five-dimensional metric (2.26) is asymptotically flat if

3 .

hb
132 =1 (3.22)
=1 Y

The solution is regular everywhere out of the finite rods, especially at the semi-infinite rod
where the y7; degenerates smoothly as an origin of a R? if and only if

G = 1. (3.23)

Moreover, the solution is regular at the finite i*® rod if its weights fall into one of these
eight categories (see appendix C.2.3 for more details):

- Black rods: we consider that

7

, (3.24)

N

" The exponents are slightly different from (3.4) due to the neutral limit (2.11) taken for the pair (Zo, Ho).
More precisely, we have taken (ag,bo) — oo with G; = aoPi(o) finite in (2.18) and (2.19).
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and the rod corresponds to a horizon of a black hole where the timelike Killing vector
0, shrinks. The surface gravity, temperature and area of the black hole are given by

—\ Gy + -\ sign(i—j) oj
eb1+b2+b3 + 2T — 5T ’
] J

JF#i v

Ki (27r8M 6
Ti=g5-. A= H v > (3.25)

where d; is still given by (3.11). Because the three PZ-(I) are finite, the black hole

carries generically three M2 charges given by (2.22). Each charge can be taken to be
zero by considering the neutral limit (2.11), which corresponds to ay = sinhb; — oo.

More precisely, the rod corresponds to the horizon of a three-charge static non-

extremal black hole for which the single-center solutions have been derived in [41-43].

- Bubble rods: the 11 or yo circle shrinks at the i rod while all other fibers are finite
if we consider

1
+ GZ(»l) = —GZ(»O) =G; = alPi(l) =5 GEQ) = GZ(?’) = PZ-(2) = Pi(?’) =0, (3.26)
where the “+” corresponds to a shrinking yi-circle and the “—” corresponds to a

shrinking 7s-circle. One can obtain the weights for another degenerating T® direction
by permuting the I = 1,2, 3 indexes. Similarly, on can make the y7 circle degenerate

by considering

Gi=1 6" =p9 =0 (3.27)

For each possibility, the local geometry corresponds to a bubble sitting at a smooth
origin of a R? if a bubble equation is satisfied. For a rod that makes the circle y; or
y2 degenerate smoothly, the bubble equation constrains the internal parameters as a
function of the extra-dimension radius such as

Gj +_ = sign(j—i)o;
ki Ry, = \/ H< e ) H(Zj & ) a=1or 2
Vo — =7 j#i \Fj T

(3.28)
where k; is an orbifold parameter, k; € N, that corresponds to the order of the conical

deficit on the R2. The bubble equation corresponding to another degenerating T
direction or the yr-circle is obtained by permuting <~ — <~ or <= — 1 respectively.

The smooth bubble where one of the T® direction degenerates carries only a M2

brane charge, given by (2.22), because only one PZU)

is nonzero (3.26). Similarly, the
smooth bubble where the y; direction shrinks is purely topological and carries no
charge. We have therefore six types of M2 bubbles and one type of vacuum bubble

that can smoothly source the solutions.
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The mass induced by each rod, M;, can be derived from (2.27) and related to the
brane charges (2.22) such as

3
T
P= D thb; Qi . 3.29
M 2G- 2 ag co IQMQ,z ( )

The charge-to-mass ratios for each stack of M2 branes are fixed by aj coth by for all rods.

As for four-dimensional solutions, a strut is separating each pair of disconnected rods.
More precisely, if the (i — 1) and i*" rods are not connected, the ¢-circle degenerates
in between them with a conical excess of order d;* > 1 (3.11). This singularity can be
bypassed by considering connected rods. For such configurations, the struts disappear and
the non-BPS sources are held apart by pure topology.

To conclude, the family of solutions, given by (3.20), contains a large phase space
of regular non-BPS axisymmetric static solutions that are asymptotic to five-dimensional
flat space plus compactification circles. Typical solutions consist of non-BPS non-extremal
three-charge black holes and 7 types of smooth bubbles on a line, which are held apart
by struts if disconnected. Moreover, smooth bubbling geometries can be constructed by
considering chains of connected bubbles of different species. We will construct explicit
solutions in section 5.

3.3 Other duality frames

So far we have limited the discussion to the M-theory frame, but the construction can be
dualized to different string theory frames through dimensional reduction and T-dualities.
Each frame will have new types of regular rod sources that are singular in M-theory. To
illustrate this property, we will focus on dualization in the D1-D5-P-KKm frame, but we
refer the interested reader to the appendix B.2 where we have dualized the solutions in
six different frames, from the D2-D2-D2-D6 to the P-M5-M2-KKm frame. In addition, the
study of the D1-D5-P-KKm frame will provide a link to the author’s previous constructions
of smooth bubbling geometries [1-3].

After reduction along y5 and a series of T-dualities along y1, y2 and yg, the M2-M2-M2-
KKm solutions (3.1) transform to D1-D5-P-KKm solutions where the common direction
for the momentum P charge, the D1 and D5 branes is yg. The metric, the R-R gauge fields
C®) the NS-NS two-form gauge field By and the dilaton in type IIB are given by

_ di? n 212> {l(dy7+H0d¢)2+Z0 (eQV (dp2+dz2>+p2d¢2)}
Zs\/WsWy 21 Za W3Wo L Zo

JEL (W dy? o+ T2 20 (45 L w,d 3.30
+ Z2l W0< 1y1+W1 + W W2+ 2aYy (3.30)
Zs ) 1 7
23 (dye+Tydt)?, B =-log—at By=0,
+ WgWngZQ( yo + Ty t) 2 8 WoWaZs 2

cO=0, % =Hydprdy; — ThdtNdys, CW =0,

2 _
dSlo—

where Hs is the electromagnetic dual of 75, and is given by the same expression as Hy
in (3.2) but with Pi(o) — Pi(Q) (see appendix B.2).
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One can recognize the type IIB frame of topological stars and five-dimensional charged
Weyl solutions of [1] by taking

Wo=Wi=Wo=Ws=1, Zoy=2Z1=0=2, T3=0, Zs=W, (3.31)

Taking 75 = 0 while keeping a non-trivial Z3 = W is possible by considering the neutral
limit for the pair (Z3,T3) (2.11), that is no P-charges. If we now consider Zj to be different
from Z; = Zy, we retrieve the framework of [2, 3] where six-dimensional smooth bubbling
solutions, as bubble bag ends [3], have been constructed.

The warp factors and gauge potentials are governed by the linear system of equations
obtained from the non-BPS floating brane ansatz of section 2.2.

For the non-BPS solutions, the physical rod sources are different from the eighth found
in sections 3.1.1 and 3.2.1. For instance, the yg-circle degenerates at the it! rod for a solu-
tions given by (3.2) defining the locus of a bubble if we consider its associated weights to be

GEA) = 0, agPi(O) = alPi(l) = G/QPZ-(Q) = —agPi(g) = % (3.32)
As a black rod (3.12), they do not require to turn on the weights of the torus warp fac-
tors Wy, and therefore the T* is rigid as for BPS solutions. The only difference is that
(LgPi(S) = —%. However, taking a3Pi(3) negative is compatible with the regularity condi-
tion (3.7) only if one takes the neutral limit, (as,bs) — oo (2.11). It requires to take the
gauge potential for the P charge to be zero and the solutions have no momentum charges
as in [1-3]. A rod given by (3.32) corresponds to a smooth D1-D5-KKm bubble in type
IIB.'2 However, it is singular in the M-theory frame (3.1). Therefore, there are specific

species of bubble rods that correspond to smooth loci in a unique string theory frame.

4 Explicit four-dimensional solutions

In this section, we derive explicit solutions that are asymptotic to R"3 with extra com-
pact dimensions using the non-BPS floating brane ansatz in different string theory frames.
There is a very large number of configurations that one can think about. First, we will con-
struct chain of non-extremal four-charge black holes, either separated by struts or smooth
bubbles, and discuss their physics. Second, we will construct smooth bubbling geometries
in the manner of [2, 3], that have the same mass and charges as non-extremal four-charge
black holes.

4.1 Chain of static non-extremal black holes

We first study solutions for which the main ingredients are non-extremal four-charge black
holes on a line.

12Smoothness requires a bubble equation of a similar type to those obtained previously.
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4.1.1 Black holes separated by struts

We consider n finite rods of length M; on the z-axis with weights corresponding to black
rods given by (3.12) (see figure 5). It is convenient to divide the warp factors, Z, (3.2),
into two parts: one will encode changes in topology and the other will correspond to a
well-behaved flux decoration such as

Z\ n 2M; ebr — e=ba Uy
Zy = A =T, g =8¢ U 41
A /;Ut t Zzl_[l ( RS?) A 20/A ( )

Q)

where the generating functions R}’ and EY7’ are given in (3.3). The metric and gauge

(1:)

potential in M-theory are given in (3.1), while the four-dimensional reduction along T¢xS!
is given by (2.31):

Uy dt? N V20212223 ( )
(&
V20212223 Ut

2,2 _ _
= g led (2 K &y, =0, F'=—dHyAdp, F' =dTyndt. (4.2)
2 \ 2,2,

ds? = — Y (dp? + d2?) + p*dg?)

The function Uy behaves as a product of “Schwarzschild factors” that vanishes at each rod
and makes the timelike Killing vector shrink. It induces the topology of the solutions and
forms the horizons. The Z, depend only on the gauge field parameters, and are always
positive and finite. In the neutral limit (2.11), all Z) converge to 1 while U; remains
unchanged. We retrieved the solutions of Schwarzschild black holes on a line [54, 55].

At large distance r, with (p, z) = (rsinf,r cosf), the geometry is asymptotically flat
if (3.6) is satisfied, and one can read the ADM mass from (2.32):

3 2_A=o coth by
M; . 4.
M = 3G ; (4.3)

Moreover, the solutions carry four charges that are M2-M2-M2-KKm charges in M-theory.
They are given by the sum of the rod charges carried by each rod (2.22):

1 & 1 &
=1 =1

o A unique rod: map to the four-charge non-extremal black hole [38—40)].

We consider a unique rod, n = 1, and the spherical coordinates

(p, z) = ( r(r — M) sin6, (7“— ]\§1> c050—1—21>.
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Figure 5. Description of a chain of static four-charge non-extremal black holes in the four-

dimensional framework (4.2) and the behavior of the ¢-circle on the z-axis.

The four-dimensional metric, gauge fields and scalars (4.2) simplify to

ds? = ——~ "/ ——+df 0d dpr =0 4.5
Sy ToriTaTs + /Tor1rars r(r— M) + +sin” 6do” |, A , (4.5)
;. aoarlergkl TJTK ~0 My . — 7 My
= FY= ———sinfdoNd F''=——SdtNd
© = "2sinhbsinhb; \ rory 2sinhby ¢ 2sinhbyr2

where we have defined ry = r + % M; .3 We retrieve the static solutions of a four-
charge non-extremal black hole [38-40] by relating the boost parameters in these papers,
dp, to our parameters, by, such as cosh 205 = coth by.

e Multiple four-charge black holes on a line.

By considering n > 1, we perform the multicentric generalization of the static solutions
in [38-40]. In the IR, the geometry is made of a chain of four-charge static non-extremal
black holes on the z-axis held apart by struts (see figure 5). At each rod, the timelike
Killing vector J; vanishes defining the locus of a horizon with area (3.13). If one wants
the black holes to be in thermal equilibrium, their surface gravity must be equal (3.13),
which non-trivially constrains their positions and sizes. Moreover, in between each rod the
¢-circle shrinks with a conical excess of order d; 1> 1 (3.11) defining the loci of the struts.

The struts carry an energy that counterbalances the attraction between the black
holes. This energy corresponds to the interaction between the black holes in string theory.
It can be derived using the method of [2, 53]. More precisely, the energy of the strut that

13Note that the metric no longer depend on aj. In four dimensions, the dependence in ay for regular
solutions is a function of HA ap which is fixed in terms of by to have asymptotically flat solutions (3.6).
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separates the (i — 1)"" and #*" black holes on the chain carries an energy given by

E — — Y ¢ .4 | S— 4.6
4G4 (ZZ Zlfl) 4 (271')7 Z7:1 Ryi ( )

For a configuration of two identical black holes separated by a distance £, the energy of the
strut in between them is given by

M2

E=-— "
4G4(]\4—|—£)27

(4.7)
where M is the length of each rod. When the separation is large, ¢ > M, the energy
of the strut approximates the Newtonian potential between two particles of mass, %, in
four dimensions. From this perspective, the strut measures the binding energy between
the two black holes, or rather the potential energy needed to keep the two black holes from
collapsing on each other. An important observation is that the effective ADM masses of the
black holes (4.3), from the Newtonian point of view, depend on by, which are associated to
the four charges of the black holes (4.5) with the regularity condition (3.6). This implies
that the binding energy as measured by the strut also accounts for effects due to the
electromagnetic fields of the non-extremal black holes.

For finite separation between the two black holes, the gravitational potential between
them deviates significantly from that of the Newtonian limit. In particular, the gravita-
tional potential between two black holes vanish when ¢ — (0. In this limit, the two rod
sources merge and the two-body configuration becomes a single non-extremal black hole.

4.1.2 Black holes separated by smooth bubbles

Struts are singularities that do not have a consistent UV description in string theory as
they correspond to cosmic strings with negative tension. Therefore, it is crucial to find
a mechanism to resolve them and to obtain more relevant configurations in string theory.
The non-BPS regime will require a new mechanism for this task. In the analysis of [53] and
continued in [2], it was shown that struts can be classically resolved into smooth bubbles.
More precisely, one can consider the same black hole systems as before but sourcing each
segment between them by a bubble rod. The resulting configuration will consist in a chain
of connected rods which would be a succession of black holes and bubbles without struts.
The condition for having connected rods fixes their centers in terms of their size:

M' n
zf:zijrl, Vi = ZZ‘:Z;_‘F?Z—ZM]'- (4.8)
j=i

One can also freely choose the origin of the z-axis so that z;7 = 0.

For simplicity, we consider the bubble rods to be smooth KKm bubbles given by the
weights (3.15), but one could a priori take any of the seven species of bubble rods detailed
in section 3.1.1. This allows a faithful description of the solutions in the five-dimensional
framework (2.26).

Therefore, we consider n = 2N + 1 rods of lengths M; where the N + 1 odd rods
correspond to black rods (3.12) and the N even rods correspond to KKm bubble rods (3.15)
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Figure 6. Description of a chain of static four-charge non-extremal black holes and KKm bubbles
in the five-dimensional framework (4.11) and the behavior of the ¢ and y7 circles on the z-axis.

(see figure 6). As in the previous section, we divide the warp factors Z, (3.2) in meaningful
pieces such as

ZO Z[
ZO - 9 Z[ = R
Uy7 1% Ut U,
N+1 N
2Ma;i— 2 Mo;
Ur = 1= ) v Uy = 1 - ; ; (49)
I (-5 o 5)
ebo —e bo UtU57 6b1 o e—bl Ut
ZO = ) 1= .
2aq 2ar
The remaining functions (3.2) give
1 (1) (n) al (28)  (20) U,
Wy=1, Hy= — [r ;0 D) 7o g2 Y
A ’ 0 2a¢9 [T "+ T 12::1 (7’7 T+ ) ) I a7 + Z%’
(1,n) N N+1 (26,25—1) +(2i,2j—1)
= —_— 111 \l E(_2z_‘2j—1)E?—2Jir2j_1) , (4.10)
gl g i i \ BV

where Rgi) and Eﬁéi) are given in (3.3). The metric and gauge potential in M-theory are
given in (3.1), while the five-dimensional reduction along T® is given by (2.26)

U, dt? U Z
dsgz—t2+(212223)§[w(dy7+H0d¢)2+ 0 (62”<dp2+dz2>—|—p2dd>2>],
(212223)5 ZO Uth7
1
3
XI:M;K’<ZJZ‘?(> . ®r=0, FY=dTrndt. (4.11)
I

The warp factors U; and Uy, force the degeneracy of the ¢t and y7 fibers at the rods. In
the regions where U,, vanishes, that is at the even rods, the y7 direction shrinks forming
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a smooth origin of an R? (with potential conical defects) if we have (3.16)

sign(j—i—1/2)

doi Mo ebo N /o4 o= sign(j—i) N1 2 —a 5
ki Ry, = 220 H<2J z IT (=== . Vi=1,...,N,

ag i \F2j T A2 Z9j—1 7 %2

j=1

(4.12)
where we remind that z;E are the rod endpoint coordinates on the z-axis (3.3) and d; are
the aspect ratios (3.11). These N “bubble equations” fix the lengths of the bubble rods,
My;, according to the other parameters. Moreover, if one wants the black holes to be in
thermal equilibrium, one needs in addition to impose that their surface gravities (3.13) are
equal, which also constrains the length of the black rods.

The ¢-circle does not shrink anymore along the rod configuration and the four-charge
non-extremal black holes are held apart by KKm bubbles. The struts have been then
successfully replaced by smooth bubbles. This mechanism has been explored in [2, 53]. In
one word, vacuum bubbles are reluctant to be squeezed as it wants to expand [34], and
provide the necessary pressure between two non-BPS objects [53]. If the electromagnetic
fluxes stabilize the bubbles [35], their reluctance to be squeezed remains [2].

Finally, the solutions are asymptotic to R13xS! if (3.6) is satisfied. The ADM mass
is given by (2.32)

Z?\:O coth by Zf\itl Ms;_1 + 2 coth by sz\il Mo,
8Gy '

Moreover, the M2-M2-M2-KKm charges of the solutions in M-theory can be obtained from
the sum of the charges carried by each rod (2.22):

M =

(4.13)

N+1 2N+1 N
1 N+L a0 SN M,
Qlrz = %, Y M1,  Qkkm = Zizi ;GOZ“ 2 (4.14)
i=1

4.2 Smooth bubbling geometries

We now seek to construct smooth non-BPS bubbling solutions without black hole sources
and struts. This consists in building a chain of connected bubble rods of different species.
In M-theory alone, there are 7 species of smooth bubbles that can be used, and there are
several others in different duality frameworks as described in section 3.3. This induces
a wide variety of configurations possible. In this section, we will construct an explicit
M2-M2-M2-KKm configuration and a D1-D5-KKm configuration in type IIB.

4.2.1 In M-theory

As described in section 3.1.1, among the seven species of physical bubble rods in M-theory,
six correspond to the smooth degeneracy of one of the T® direction and carry a unique M2
charge and a KKm charge. To construct a smooth configuration with M2-M2-M2-KKm
charges, one needs at least three species of these kinds.

Therefore, we will consider a chain of n = 3N connected bubble rods of length M; which
will successively make the yi, y3 and ys circles shrink (see figure 7). Having connected rods
constrains the rod centers in terms of their sizes as in (4.8).
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Figure 7. Description of a chain of smooth M2-KKm bubbles in M-theory and the behavior of the
@, y1, y3 and ys circles on the z-axis (the other fibers have finite size everywhere). The species-k
bubble rod corresponds to the degeneracy of the yi-circle as an origin of a R2.

The expression of the warp factors and gauge potentials are given by (3.2) with the
following choices of weights, obtained from (3.14),

1 1 1 2 3 2 3
GZ(%)—Q = alP:s(iz2 B Gi(%i)—2 = G:(si)—2 = P?SiZQ = P?Eiz2 =0,
1 1
aOPi(O) = _GEO) DR Ggll = a’2P3(i221 T G:(ai)q = G:(S::“)fl = Pi‘s(ilzl = P3(§E1 =0, (4.15)

1
G =asP =2, G =G =P =P 0.

As in the previous constructions, it is convenient to split the warp factors Z, such as

2o Z;

Ty = —20 Zy = 2L 4.16
" VT, VUi (4.16)
N-1 b —b b —b
_ 2Msiy1 _ e —e 0 U1ULU3 el —e U
Ur = g (1 - wa)> ,  Z= 2 .z = —

The functions U are products of “Schwarzschild factors” that vanish at all the (3i + I)*®
rods while the Z, are non-zero and finite. The remaining functions (3.2) give

_1 1 U
_ I _ ) _ s U
Wo = (hUals)7, Wi =U; >, Ho= 5 (7’_ rt ) Ty = — a2 + %

N

g N-1 3 FGHL35+T) p(3it1,35+)
= T 11 G T3 1) EH 35+J) (4.17)
E.(ﬁ_n)E(_l’_l) ij=0 1.g=1 \ B2L ETT
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where Rg? and E(ilf[) are given in (3.3). The metric and gauge potentials in M-theory,
obtained from (3.1), are given by

dtQ 1[1 Z(]
ds? =— Z12925)3 | — (dyr+Hodo)? 2 (dp®+dz? 2d2]
S11 (312223)%—#( 12223) [Zo( y7+Hodo) +U1U2U3 (e ( p+dz )+p ¢>)
1ir1 2 2 1 2 2 1 2 2
+(212223)3 {Zl (Uldy1+dy2)+?2(U2dy3 +dy4)+§3(U3dy5 +d?/6) ;
Fy :d[Tl dt Ndy1 Ndye +Todt Adys Adyy +T3dt/\dy5/\dy6] . (4.18)

The solutions are regular out of the rods since Uy and Z, are finite and positive there.
At the rods, the y1, y3 and ys fibers shrink to zero size where Uy, Us and Us vanish respec-
tively (see figure 7). These loci end the spacetime as smooth origin of R? (with potential
conical defects) if 3N bubble equations are satisfied. These bubble equations arise from the
regularity condition (3.16) at each rod. They are non-trivial multivariate polynomials that
will fix all rod lengths M; in terms of the independent parameters: the extra-dimension radii
R,,, the gauge-field parameters (as,bp), the number of bubbles n = 3N and the orbifold
parameters k; € N. These equations are a priori not solvable analytically if N is not small,
but can be solved numerically. Moreover, interesting approximations can be performed in
the large N limit, that is when the number of bubbles is large, and analytic solutions can
be found. In this limit, the bubbles highly deform the spacetime as a “bubble bag end”
geometry (see [3] for such an example with a configuration of two species of bubbles).

FEach species of bubbles carries a M2 charge and a KKm charge as discussed in sec-
tion 3.1.1. Therefore, by combining the three species, the solutions have M2-M2-M2-KKm
charges. They can be derived by summing the individual rod charges (2.22), and we find

| N | 3N
Qlis = — > Mz, QKkKkm = — Y M;. 4.19
M2 2a1 ; 1+ m 2a0 P 7 ( )

In the four-dimensional frame obtained after reduction along the T¢xS! (2.31), the
solutions are given by

VUL UUs dt? N V20212225

V20212225 VULU,Us
r_ ekl [Ur2,2k
2 2021

2 _
d84—

(62” (dp2+d22) —|—,02dgz52) , Po= %log(U1U2U3) )

1 _ _
@1:—§logU1, 2 F° = —dHyAd¢, FI'=dTyndt. (4.20)
Therefore, the solutions are singular at the rods in four dimensions, and these singularities

are resolved in M-theory as the degeneracy of the extra dimensions. Moreover, the solutions
are asymptotic to RY3 if (3.6) is satisfied. The ADM mass is given by (2.32)

1 3N 3 N-1
M= — |ﬁOthb0 ZM’ + ZCOthb[ Z Msiir| - (4.21)
8Gy i=1 =1 =0

Furthermore, since the extra scalars, ®,, are turned on, the four-dimensional solutions
are not solutions of the STU Lagrangian as detailed in section 2.5.2. However, they have
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the same conserved charges as non-extremal four-charge static black holes given by (4.5),
but they are horizonless and terminate the spacetime as a chain of non-trivial bubbles
wrapped by fluxes. We leave the comparison of the two geometries for a later project.
More precisely, it will be interesting to study, in the manner of [3], the compactness of the
bubble structure with respect to the size of the horizon of the corresponding black hole.

We have seen in (2.12) that generic non-BPS solutions approach the BPS regime by
taking (bp,ap) — 0. One can derive the BPS limit of our specific non-BPS smooth bubbling
solutions by considering (by,as) small.

We consider the specific flow where by = ap, = A with A — 0. First, from the bubble
equations (3.16), we have

M; ~ Mg, i=0,...,3N, (4.22)
A—0

where ¢; are finite constants as A — 0. Therefore, the full rod configuration shrinks to a
point. However, it is clear that the charges (4.19) and mass (4.21) do not vanish such as

N 3N
1 1 1
Qi ~ 3 > @sivrs Qkkm ~ B g, M~ Ten (QKKm + Q\iz + Qi + Q%/m) ;
=0 =1

(4.23)
and the solutions converge to a non-trivial BPS solutions. More precisely, the warp fac-
tors, (4.16) and (4.17), converge to

I
) " " (4.24)
HQNQKKmCOSG, T[N—f, 62VN1.
Zr

where (7,0) are the spherical coordinates (p, z) = (rsin@,r cos#). Therefore, the solutions
approach a four-charge static BPS black hole, or static BMPV black hole.

At small (bp,ap), the bubbling geometries are almost indistinguishable from the BPS
black hole. They must develop an AdSy throat that caps off smoothly at r = O()) as
non-BPS bubbles. This is the first example of such a resolution in the non-BPS regime. It
also shows that the geometries can be as compact as a black hole, unlike the previous ones
constructed by the author [2, 3].

It would be interesting to push the comparison further. Specifically, it would be to
analyze how the BMPYV black hole horizon at » = 0 is smoothly resolved by adding a small
amount of non-extremity when moving in the non-BPS regime, and how the geometries
develop an AdS, throat.

4.2.2 In type IIB

We now work in the D1-D5-P-KKm framework given by (3.30). The advantage of con-
structing smooth non-BPS bubbling geometries in type IIB is that there are two species of
bubbles that do not require to turn on the warp factors Wy : a KKm bubble given by the
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Figure 8. Description of a chain of smooth D1-D5-KKm and KKm bubbles in type IIB and the
behavior of the ¢, yg, and y7 circles on the z-axis (the other fibers have finite size everywhere). The
species-k bubble rod corresponds to the degeneracy of the y-circle as an origin of a R2.

weights (3.15) and a D1-D5-KKm bubble given by (3.32). Such configurations are solutions
of the STU Lagrangian when reduced to four dimensions (2.28). However, the regularity
of the D1-D5-KKm bubble requires that the solutions have no momentum P charge.

We will therefore consider a chain of n = 2N +1 connected rods of lengths M; that con-
sists of a succession of D1-D5-KKm and KKm bubbles (see figure 8).14 Having connected
rods constrains the rod centers in terms of their sizes as in (4.8).

The warp factors and gauge potentials (3.2) give!®

ZO Zl ZQ
20 = ——F—, Z1 = , dy = , 2y = Uy, Wp =1, (4.25)
UZ’J? U?JG Uy6 UI’JG v
Hy — 1 iy (n) al 2i) (21) H, — 1 & (2i—1) (2i—1)
U E(Ln) N N+1 E(2i,2j—1)E(2z’,2j—1)
= —yjad+2%, T5=0 =—— I\ st
Zl Eg,nin)E(_:L,_l) =1 j—1 E(72+72] 1)E(+2772.7 1)

(2i=1) )’ - (29)
i=1 Ry i=1 Ry (4.26)
2 = ebo — gbo Uys Uy27 z = ebr — e—br Uy
0= 2@0 ’ o 2a1

Ve are considering an odd number of rods to make the link with the solutions of [2, 3], but one could

have taken any other configuration.
15 A5 discussed in section 3.3, one needs to consider the neutral limit (2.11) for the pair (Zs,T3). That is
we have considered az = € /2 = 0o and a3P2(?Zl =—1/21in (3.2).
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The metric, the dilaton and gauge fields in type IIB (3.30) lead to

1 21
dsly = ———= |—dt* + Uy, dyg| + | = |dyi + dy3 + dy3 + dyj
510 leg[ + Uye yG} + Z, [ Y1 +ayy +dys + 94}
122 y7 (d 2 2w (2 2 2 742
V2125 y7+Hgdqb) e (dp* +dz") + p=do (4.27)
UyGUy7

z
(I>:§logz—1, By=0, CO=c®W =0, 0@ = HydpAdy, — Ty dt Adys.
2

The solutions carry D1, D5 and KKm charges given by

N1 N+1 2N +1
1 1 M; + M2
Qp1 = S > Mais1, Qps = 5— Y M1, Qkm = iz iz Mo
2 2a2 i

2a0

(4.28)
The solutions are asymptotic to RY® when reduced to four dimensions if (3.6) is satisfied.
Moreover, the ADM mass (2.32) is given by

1 N N+1
M=o (200thb0 > My + < 1+ Zcothb1> Z Mai—1 (4.29)

=1

If we assume (a1,b1) = (a2, b2), we retrieve the non-BPS smooth bubbling solutions
constructed in [2, 3]. Therefore, we refer the reader to [2, 3] for an exhaustive analysis of
these backgrounds, their regularity and their depiction as “bubble bag ends” [3]. In short,
the geometries are strongly distorted and have a S? that suddenly opens up near the bubble
loci like a bag of smooth bubbles. However, in the absence of P charge, their BPS limit is
not a BPS black hole but a Taub-NUT space. Thus, they cannot develop an AdS throat
and cannot be as compact as a black hole.

5 Explicit five-dimensional solutions

In this section, we derive explicit solutions that are asymptotic to R1# plus extra-compact
dimensions. We will be more brief than in the previous section. Indeed, one can transform
any asymptotically-R13 solution into an asymptotically-R* geometry while preserving the
brane structure of the solution by simply taking a neutral limit (2.11) for the pair (Zy, Ho)
and adding a semi-infinite rod in Zy:'6

5d n -1 (44
20" = ()~ = =D) - ", (5.1)
n n,i 7 aOPi(O)
2050 _ TS_) —(z—2z1) ﬁ Eijr) RrRY 2
27"5:1) i=1 Einil) Rgi)

All other warp factors and gauge potentials can be left unchanged. Five-dimensional so-
lutions can therefore be easily extracted from the four-dimensional solutions constructed

6The neutral limit for the pair (Zo, Ho) has sent ag to infinity while keeping aoPi(O) = (; finite, and we
find the expressions (3.20) with the regularity condition (3.22).
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before. However, the regularity constraints at the sources are modified by the presence of
the semi-infinite rod as discussed in section 3.2.1.

We will first derive solutions consisting of a chain of three-charge non-extremal black
holes before constructing smooth bubbling geometries. The generic solutions are given in
section 3.2, and the warp factors and gauge potentials are given in (3.20).

5.1 Chain of static non-extremal black holes

We consider that the n finite rods of length M; on the z-axis correspond to black rods given
by the weights (3.24). As for four-dimensional solutions, it is more convenient to divide
the warp factors into meaningful parts:

Zr 1
1 = ——, Zy = (5.2)
VU (rin) —(z— Z,T)) VU
- 2M; e — e,
UtEH 1-— @ | ZAE2—t.
i=1 RY aA
The remaining functions (3.20) give
P (z—2z) &
Wa =1, e = +—n) 11 (5.3)
27"+ i=1
U
Hy =0, Tr = —[a} + 53,
I Z]2

where RQ_L) and Eiji) are given in (3.3). The metric and gauge potentials in M-theory are

given in (3.1), while the five-dimensional reduction along T® is given by (2.26):

U, dt? 11/ (n)
d32:_7 =+ (212233)3 r <Z_Z ) dy
5 (212223)% (+ ) 7
1 2 2 2 2 2]
+ e (dp” +dz*) + p~do”) |,
(Ti) (z—z))Ut< ( ) )
1
Z1Zk\°?
xI = |EI;K’ ( JZ2K> . ®y =0, FD —grpadt. (5.4)
I

The warp factors Uy vanishes at each rod as a product of “Schwarzschild factors,” thereby
inducing the horizons. The Z; depend only on the gauge field parameters, and are always
positive and finite. The condition for having an asymptotically flat five-dimensional space
requires (3.22), and one can read the ADM mass from (2.27):

7 323_ cothb;
G 2 Z M; . (5.5)

Moreover, the solutions carry three charges that are M2-M2-M2 charges in M-theory. They

M =

can be obtained from the sum of the rod charges (2.22):

1 n
I
Q2 = 5, LM (5.6)
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If we consider a unique rod, n = 1, one retrieves the static limit of the single three-
charge black hole constructed in [41-43]. The map can be done by changing coordinates

(p, z) = % (\/7"2 (r?2 —2M7) sin 26, (7"2 - M1> cos 260 + 221> ,

and identifying the boost parameters o7 used in [41-43] to the gauge field parameter by
such as cosh 207 = coth b;.

Taking n > 1 consists therefore in a chain of static three-charge black holes in five di-
mensions. The black holes are separated by struts, that are segments where the ¢-circle de-
generates with a conical excess of order d; 1'> 1 (3.11). The struts account for the lack of re-
pulsion between the non-extremal black holes and encodes the binding energy of the system.

The singular struts can be replaced by regular bubbles in a manner similar to that used
for the chain of four-dimensional black holes in the section 4.1.2. Specifically, one can source
the M-theory solutions with bubble rods at each segment between the black holes. The bub-
ble rods can either be vacuum bubbles that make the y7 circle degenerate smoothly (3.27),
or M2 bubbles that correspond to the degeneracy of one of the T® directions (3.26).

5.2 Smooth bubbling geometries

We now construct smooth non-BPS bubbling solutions that consist in a chain of connected
bubble rods of different species. We will restrict to the five-dimensional analogs of the
M-theory solutions constructed in section 4.2.1. One could have also built asymptotically-
R'* D1-D5 non-BPS bubbling solutions by taking the equivalent of the four-dimensional
solutions of section 4.2.2.

We consider a chain of n = 3N connected bubble rods of length M; where the circles
Y1, ¥3 and ys5 successively degenerate. Having connected rods constrains the rod centers
in terms of their sizes as in (4.8), and we also assume that the origin of the z-axis is at
27 = 0. The warp factors and gauge potential are given by (3.20) with the following choices
of weights, obtained from (3.26),

LG GO P p® g,

(1 1 _
Gyig = a1P379 = -2 3i—2 = 13i—2 = 4312 =

N RN —

1
Gim G =1, 6, =), =

5 i C G =6 =p =P =0, (57)

1
o =ary =L o= =P =P =0

It is also convenient to divide the warp factors Z, such as

1 Zr
Zy = , 7= —, (5.8)
(r = 2) VO T VU
N-1 b —b
2Ms4 1 e’l —e 1 U;
U = 1 208 : z=2"° 71
=T (-5 T
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The remaining functions (3.20) give

1 _1 U
Wo = (UlplUs)>, Wy =U;®  Hy=0, T;=- a?+27§,
(1,n) N-— 3 (3i+1,35+J) ~(3i+1,35+J)
eQV — i E H H E(_?’_'—i_l . E_(,’;_Jr[ — (59)
20 2E+n+n 7_ P20 1J=1 E,i 137 EJFi 137

where R;) and EE_Li) are given in (3.3). The metric and gauge potentials in M-theory,

obtained from (3.1), are given by

dt? 1 n
ds%l =g + (212223)3 [(ri) — z) dy?
(Z12223)3
1 2 2 2 2 5.2
+ e“Y (dp® 4+ dz*) + p“do
(’I”S_) — Z) U1U2U3 ( ( ) )
11 1

+(Z21222,)5 [zl (Urdy? + dy3) + g (U2 dy + dy}) + = (U5 dy? + dyé)} ,
Fy=d[Tydt Ndyy Ndys + Todt Adys A dys + Tsdt Adys A dyg) - (5.10)

The solutions are regular out of the finite and semi-infinite rods since Uy, Z; and
rgfl) — z are finite and positive there.

The semi-infinite rod, p = 0 and z > z! = 0, corresponds to a coordinate degener-
acy since rf) — 2z = 0. The y;-circle reduces to zero size as a smooth origin of R? (see
appendix C.2.3 for more details).

At the finite rods, the y1, y3 and ys5 fibers shrink successively to zero size since Uy, Uy
and Us vanish alternatively. These loci correspond to smooth origin of R? with potential
conical defects if 3N bubble equations are satisfied (see appendix C.2.3 for more details).
These bubble equations arise from the regularity condition (3.28) at each rod. They are
non-trivial multivariate polynomials that fix all rod lengths, M;

Fach species of bubble rod carries a M2 charge as discussed in section 3.2.1. Therefore,

by combining the three species, the solutions have M2-M2-M2 charges. They are given by

N
1

Qlz = 5— > Maiyr. (5.11)
2a1 =

In the five-dimensional frame after reduction on the T® (2.26), the solutions are

1 dt? 1 n
dsg = (U1U2U3)3 _m + (212223)3 [(TS_ ) —Z) dy% (5,12)
14243)3
1 2v 2 2 2 2
e (dp”+dz" )+ pdo
( (n)_z) U1U2U3 ( ( ) )

1
I lergx| < UrZ;Z2k >3

1 1
&g = —log(U1UxU3), ®r=—-logUy,
0=3 og(U1U2U3) I o 1081 2 U;Uk 21

=dTyNdt.
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Therefore, they are singular at the rods in five dimensions, and these singularities are
resolved in M-theory as the degeneracy of the extra dimensions. Moreover, the solutions
are asymptotic to Rb if (3.22) is satisfied. The ADM mass is given by (2.27)

3 N-1
T
M= — cothb Ms; : 5.13
1Gs &= ( I Z 31-1—[) ( )
= =0
Furthermore, since the extra scalars, ®,, are turned on, the five-dimensional solutions
are not solutions of the STU Lagrangian as detailed in section 2.5.1. Nevertheless, they
have the same conserved charges as a non-extremal three-charge static black hole in five

dimensions, but they are horizonless and terminate the spacetime as a chain of non-BPS
bubbles in M-theory.

e BPS limit.

As for the four-dimensional bubbling geometries constructed in section 4.2.1, one can
derive the BPS limit of the present five-dimensional solutions. This consists of taking the
gauge field parameters to zero, (br,a;) — 0. For simplicity, we consider by = a; = A with
A — 0. First, from the bubble equations (3.28), we have

MZ’ ~ )\Qia i:O,...,BN, (514)
A—0

where ¢; are finite constants as A — 0, and the whole structure reduces to a point. However,
it is clear that the charges (5.11) and the mass (5.13) do not vanish:

s

~ 1 (e + Qe+ Q). (5.15)

1N
Qﬁ/m ~ ) ZQ31+17 M
=0
The warp factors and gauge potentials, (5.8) and (5.9), behave as

I
Qo
r2’

2sin?9, Tr ~ —— e ~1. (5.16)
Zr

Ur~1, Zr~1+ ’I“E:L)—ZNT‘
where (r,6) are the five-dimensional spherical coordinates (p,z) = %(r?sin 26, r? cos 26).
Therefore, the solutions approach a three-charge static BPS black hole in five dimensions.

The BPS black hole horizon is thus smoothly resolved into smooth non-BPS bubbles
wrapped by flux by adding a small amount of non-extremity. At small (az, br), the solutions
are almost indistinguishable from the BPS black hole. They must develop an AdSsy throat
that does not end in a horizon but as non-BPS bubbles.

6 Discussion

In this paper, we have shown that non-BPS linear ansatz that allow non-trivial matter fields
and topology can be directly derived from Maxwell-Einstein equations in string theory. In
M-theory on T6xS!, our ansatz enables four gauge potentials corresponding to three stacks
of M2 branes and a KKm vector, and it can be dualized to other string frames such as
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the D1-D5-P-KKm frame. Focusing on solutions that are asymptotic to four- and five-
dimensional flat space, we derived families of four-charge non-extreme black holes on a
line and non-BPS bubbling geometries. The latter can have the same charges and mass as
non-extremal black holes but are horizonless and smooth. We have highlighted examples
that are almost indistinguishable from the BPS black hole when they are slightly non-BPS
but terminate the spacetime smoothly as a chain of non-BPS bubbles.

While the present non-BPS floating brane ansatz opens a new door to the study of
non-BPS solitons in string theory, several questions need to be explored in future work.
First, although the smooth charged bubble is known to be a meta-stable vacuum [35, 36],
the stability of chains of such objects remains to be studied. Second, one can think of
constructing new families of solutions with different boundaries than the flat asymptotic.
Third, it will also be interesting to add brane degrees of freedom to the ansatz in M-theory,
such as M5 or P brane charges. This will enable Chern-Simons interactions to be turned on
as in the BPS floating brane ansatz for multicenter solutions. In addition, to construct more
astrophysically-interesting solutions, a rotational degree of freedom will need to be added.

Furthermore, understanding the origin of the solutions as bound states of strings and
branes will require careful analysis of the geometric transition that occurs. For BPS so-
lutions, for example, the geometric transition that gives rise to smooth geometries is well
understood [13]. The present one uses very different mechanisms because our solutions are
far from being the non-BPS extensions of known BPS smooth bubbling solutions as their
BPS limit suggests, and they are based on non-trivial topology changes of compact tori.
They should therefore be very illuminating on constructions of string and brane boundary
states in the non-supersymmetric regime, but one should not expect these bound states to
use transitions similar to those of BPS bound states.

Finally, it would be interesting to have a better geometrical and physical understand-
ing of the smooth bubbling geometries. One can compare them with the non-extremal
black hole with the same mass and charges as in [3]. Moreover, one can derive their multi-
pole moments, probe them by light geodesics or compute their quasi-normal modes using
technologies developed for similar geometries [52, 56-61]. One could also being interested
in performing M2-brane probe computation in the smooth bubbling solutions in M-theory.
If we do not expect the branes to feel an entirely flat potential that allows them to “float”
everywhere in space, our non-linear ansatz suggest special flat regions where probe can be
trapped.
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A Equations for v

The equations for the base warp factor, v, obtained from (2.2) with the ansatz of metric
and gauge field given by (2.3), are

]

dv = [a,, log W7 8, log Wy + 0, log Z; 0. log Z; — Z20,T; aZT,-}

DN
~

1

+ 0, log Wy 0 log Wy + 0, log Zg 0, log Zo +

QZOa VHo0.Hy, (A1)

3
Z { (0p log WI — (0, log WI)Q} + (0p log WO)2 — (0, log Wo)2
=1

S [(@los 20 - 0108217 — 73 ((0,1)* - 0.71)°)]
1

=
+ (0 logZo) — (0, logZo) +

b\ﬂk
~

_l’_

2122 ((0,Ho)® — (0.Hy)?)

B The non-BPS floating-brane ansatz in other frames

In this section, we derive several frames dual to our M-theory ansatz. We first detail the
four- and five-dimensional reduction, before discussing the ansatz in different type IIB and
ITA frameworks.

B.1 Profile in five and four dimensions

We reduce the ansatz (2.3) to five and four dimensions after compactification along the
T6 and the S'. We apply a series of KK reductions from M-theory using the generic rules
of [48, 49]. We briefly summarize them here by truncating the degrees of freedom that are

not present in our ansatz.

We aim to describe the reduction of the eleven-dimensional action (2.1) to D = 4,5
dimensions for solutions of the following type

LllgDJ
1
dS%l = e3¥ D + Z 62% (dy —‘r.Al)) , Fy=4d Z A(I) Adysr—1 Ndyar |,
I=1
(B.1)
where q? is a vector of 11 — D dilatons, A® and AUY) are one-form gauge fields that have
components only along the D-dimensional directions and ¢ and ¥; are constant vectors that
we will make precise. We assume that all y; directions are U(1) isometries.
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After the series of reduction along the y;, we obtain an Einstein-Maxwell-dilaton theory
with the following action in D = 4 or 5 dimensions

(167Gp)Sp = /dDJ:\/—deth - /[,D + Lc.s, (B.2)

|52 11-D

1 - -1 Lo 1 7oz : ,
_1 1 ar.é (1) (n 4 - 5. (i) (i)
L= xdoNdd+ I; e dF DN dFD + o ;e * dFO A dFO,

c 1k lerg| FOANFO A AE) - if D =5,
C_ =
0, if D=4,

where F) = dAD and F® = d A9, G; and I;Z are also constant vectors, and the Newton

constant is given according to the eleven-dimensional one by

G11

Gp = .
P7 @mu-PIIL PR,

The constant vectors are all obtained from

G=3(s1,82,-..,511-D),
fi=1(0,0,...,0,(10 — i)s;, Si41, Si42,- - -, S11-D), (B.3)
—_——
i1

where s; = 1/2/((10 — i)(9 — i)), such as

fi. (B.4)

DN |

ar = for—1 + for — 4, bi=—fi, Fi=-9-

=

In D dimensions, our solutions are defined by a metric, given by ds%, 11 — D scalars and

KK gauge fields and LHED | one-form gauge fields that arise from Fy.

B.1.1 Reduction to five dimensions

We first perform a series of KK reductions to D = 5 dimensions by compactifying along
{yi}i=1,..6. For the ansatz (2.3), there are no KK gauge fields along those fibers, and
therefore we take A% = F() = 0. Moreover, it is convenient to change the basis of six
scalars d_; = (¢)i=1,...6 to a more suitable one that allows a simpler final Lagrangian and a
better comparison with the STU model in five dimensions:

32
by 3(log X' — @)+ P by 9log X1 +30)+7®; "  log25s —3P0+ 72 B.5)
1— 4 ) 2— 4\/? ) 3— 2\/5 ’ .

¢4 2\/ﬁ ) 6 — 2\/ﬁ ) 5= 2\/5 ’

where we have defined seven scalars with the constraint X'X2X? = 1. With such a

32
 log {55 =309 —5®; o 3log X3+ 30— 53 i’ V3(log X3+ ®y+3)

definition, the metric and gauge field (B.1) for D = 5 are given by

3 3
ds? — 3% dsg tes®o ZXI (e_q)’dygf_1+eq)1dygl) , Fy=d [ZA(I)/\dygll Adyar |,
=1 I=1

(B.6)
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We apply (B.2), and the reduced five-dimensional action is then

3

1
(167['G5)S5 = / (‘C?S‘?“U - B} Z *dDp /\(I)A> s (B?)
A=0

where K%%U is the STU Lagrangian of five-dimensional N' = 2 supergravity:
Ly = R+1=Quy (xFD AFD 4 xdx! ndX7) + ’”;K' ADNFD A FE) - (Bg)

where repeated indices are summed over, and we have defined the scalar kinetic term
Qrs = 3 diag (X1) 72, (X?)72,(X?)72). Note that the Cherns-Simons term can be dropped
because it is trivially zero for our ansatz. Nevertheless, we have kept it for a clearer
identification with the STU Lagrangian.

In this framework, the ansatz (2.3) defines solutions of the five-dimensional action such

as
dt? 11
dsi = ————— + (Z12273) [Z (dyr + Hode)* + Zo (¢* (dp? + d=?) +p2d¢2)} ,
(Z12223)3 0
1
Z17k\?
x! = |€f;K’ < JZzK> . By =logWy, FU =da¥) = a1y ndt. (B.9)
I

B.1.2 Reduction to four dimensions

We further reduce to four dimensions by compactifying along y; for solutions where y;

corresponds to a compact direction. One could reapply the generic reduction rules sum-

marized before, but, thanks to the identification (2.24), it is simpler to directly use known

results about the reduction of the STU model from five to four dimensions [45, 51, 52].
The reduced four-dimensional action is given by

1 3
(167G4) Sy = / (g‘g;U -3 Z*d(I)A/\tbA> , (B.10)
A=0

where E%%U is the STU Lagrangian of four-dimensional N = 2 supergravity and Gy =

27rGR5y . This Lagrangian is better written in terms of three independent complex scalars z!
7

and the field strengths of four one-form gauge fields F* = A*, and is given by
1 _ _ 1 _ _
LBy = Rx1—2g15 xdzf Ndz7 — 5 IAs * FAANFE 4 S Ras FANEE, (B.11)

Relabelling the scalar fields as 2/ = {S = ¢ —is,T = 7 —it,U = v — iu}, the metric of the
scalar o-model g7 follows from the Kéhler potential

K = —log(8stu) = 827K (B.12)
- g 9 gIJ - 62182‘]7 .
the gauge kinetic couplings are
2 2 2
R R A
—_g L 0 0
T = stu s? 2 : (B.13)
- 0 2 O
— 5 0 0 -5
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and the axionic couplings are

—20TV TV OV OT
R=| ™ VT (B.14)

cv -v 0 —0o
ocr -1 -0 0

The four-dimensional metric, scalars and gauge fields arise from the five dimensional ones
such as

ds? = *® ds? + e 1 (dy; — A°)?, AD = AT 4 Cldy; — A%, =0l +ie2xT.
(B.15)
In this context, our ansatz is composed of a metric, three purely-imaginary complex scalars,
four real scalars and four one-form gauge fields given by
dt?

ds? = ——— 4+ /2717575 (e (dp? + d2° 2d¢?
S4 %ZoZlZng—i_ 0123(6 (p—i—z)—i—p gb),

r_ lerir| | Z;ZK
2 ZoZ1’

dy = logWy, F° = —dHyAdp, F! =dT;ndt. (B.16)

B.2 Other string theory frames

In this section, we present the non-BPS floating brane ansatz (2.3) in different duality
frames in type IIA and type IIB theories. We will make a great use of T-duality rules and
compactification from M-theory, which we summarize here following [62].

The set of bosonic fields in M-theory is given by the metric G, and the three-form
gauge field A3 ,,,,. After the compactification along y; we are left with type IIA supergrav-
ity with the fields

g, CS.  Bu, Y, .
which are related to the eleven-dimensional fields as follows (note that we are working in

string frame):

Gy G Gy
9w =\ Gy (GIW + ;g/yyy> ) C;(Ll) = P,

YiYi

cL) Apvp, By = Ay, =

g = IOg (Gyiyi) . (B17)

Bl Q)

Solutions in Einstein frame are obtained by transforming gg,, = 2 G-

T-duality transformations act on the supergravity fields mixing them according to
Buscher’s rules [63]. We assume that y; is the direction along which one performs the T-
duality transformation, and we decompose the string metric, B-fields and RR gauge fields
such as

ds%o = Gy,y, (dy; + Auda:“)2 + gudatda”,
B® = B, dat A (dy; + Audat) + B® (B.18)
C®) = CP™D A (dy; + Audat) + CP)
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where the forms, B (2), Cf,p Y and CA'(p), do not have legs along y; and are functions only of
the x* coordinates, the dualized fields are

_ 2 v 3 e
ds3, = Gyjlyj (dyj — Bﬂyjdx“) + gudzrtdz”, e?® = ,

B® = — Ay da" A (dy; — Byy,da") + B, (B.19)

C®) = C@=D A (dy; — Byy,dat) + CLP.

B.2.1 The D2-D2-D2-D6 frame

By reducing the M-theory ansatz (2.3) along y7, the solutions correspond to D2-D2-D2-D6
solutions given by (in string frame)

dt? NILYAVAY
ds2, = — T A e (62" (dp2 + dz2) + p2d¢2)

WO\/Z()21Z2Z3 WO
V717273 1 dy? 1 (dy3 1 (dy3
—_— W1 dy3 Wy d W3 d

+ 7 W1+ W2+ > dyj W3+ 5 dyg

1 212223

¢ = flog , By =0, (B.20)
We Z3

CW = Hydp, OB = Tydt Ady, Adys + Todt Adys Adys + Tsdt A dys A dye .

This framework requires that the y; direction in M-theory is compact and is ill-defined for
the family of asymptotically-R™* solutions constructed in the sections 5 and 3.2.

B.2.2 The D2-D2-F1-KKm frame

By reducing the M-theory ansatz (2.3) along ys, the solutions correspond to D2-D2-F1-

KKm solutions given by (in string frame)

dt? 7175

dsiy=— dy7+ Hod Zo (€ (dp®+dz* 2d2}

0= Wz Zs |\ Wally [Z (dyr+Hodo)? + Zo (¢ (dp? +d2°) + p*do?)
W() ZQ dyl Z1 d \/W3WOZ1ZQ 2
— /= W1 dy? Wy dy? AL A Y
Wg[ 7 (W + Wi + Zg W S 4 2 + 75 Y6 »

1. WoZiZs B
<I>—4log Wg’Z , By = —T3dt Ndys, (B.21)

C(l):O, C():Tldt/\dyl/\dyg+T2thdy3Ady4.
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B.2.3 The D1-D3-F1-KKm frame

By applying a T-duality along y;, the solutions correspond to D1-D3-F1-KKm solutions

given by
dt? VAVA:
dsip=— dy7 + Hod Zo (€ (dp®+dz* 2d2]
0T Az Za WSW[ (dyr -+ Hodo)” + Zo (e (dp* +d=?) + p*de?)
Wo 2 Zl W1W3 dy1 dy3 2 vV WgWoleg 2
“Zyy dyy +| | —— + = + Wad ——=d
W3 [ 1 75 ( Wo + A + Waayy || + 75 Ys »
1 WhZ,
<I>—71 By = —T3dtNd B.22
W3Z3 2 3 Y6 5 ( )
cO=0, 0O =_Tydtrndy,, CW =TodtAdy; AdysNdys+....
The “...” in C® corresponds to the term arising from C'®) in type IIA. It is appropriate
to use the self-duality of F®) to derive this term with
FO® = qcW 4 dBy A C? = acW | (B.23)
We find
CW = Tydt Adyy Adys Adys — Hadg A dys A dyg A dyr (B.24)

where Hs has the same form as Hp in (3.2) but with PZ-(O) — Pi(Z), that is
Hy=> P (=), (B.25)

Note that the electromagnetic dual of T5 dt A dyy A dys A dy4 only couples with Zs since we
have %19 (dzg A dt Adyy A dys A dyy) = —pZ32 e ldxy Add Adys Adys Adyr where z, = (p, 2).

B.2.4 The D0-D4-F1-KKm frame

By applying a T-duality along yo to the ansatz above, the solutions correspond to D0-D4-
F1-KKm solutions given by

dt? 717
ds? =— [ dy-+Hod Z dp*+dz? 2d2}
=z za W | Zg o 0)'+Zo (e (dp?+d2?) +pdg?)
Wi dy? Wo [ dy? VWsWoZ1Z3 .
Widy24 222 Wady? | | +Y22202122 B.26
+\/Zgl\/w< ! 1+W o \ T, T2 Zs v, (B-26)
z3 1) (3)
O=1loo L B Tatndys, CO=—Tudt, OO = Hyddndysidiy.
OgWgWngZS’ 2 3 Y6, 1dt, 2dpNdys \dyr
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B.2.5 The D1-D5-P-KKm frame

After T-duality along yg, the solutions correspond to D1-D5-P-KKm solutions given by

dt® 2122 2 2 2 2 5.2
dyr+ Hod)? + Zo (€2 (dp*+d d
I WaZeZa | Walk { (dyr+ Hodo)" + Zo (¢ (dp® +2%) +p ‘f’)}

Ws dys Wo ( dy3 2
ety Wi dy; — | == +Wad B.27
+ ZQ[W<1 it >+ 3( +Wadyj (B.27)

2
dsig=—

Z3 2 A
b D (dye+Tedt)? <1>_71 By =0,
Tz 7z, Wt Thdt) B WoWsZy 2

c®=0, % =HydpAdy: — TidtAdys, C® =0.

B.2.6 The P-M5-M2-KKm frame

If we uplift the D0-D4-F1-KKm solutions to M-theory, we obtain P-M5-M2-KKm solutions
given by

1
1 dt?> (7373 \*[ 1
it ) 7 G0 20 (o 4 0) 4 06|
3VVo42
1
Zs \3 d d
+<W0W3322>3 [W3<W1dy1+my/2>+w (Vghwzd )] (B.28)
2
WoWsZs\ 5 z
+ <OZ 3 2) ’ dyg + —11 (dy5—T1dt)2 y
3 (W0W3Z2232) 3

Fy=d[—HadpNdys Ndy7 + Tsdt Adys Adyg] .

C Regularity analysis

In this section, we detail the regularity of the non-BPS M-theory solutions constructed
in section 2.4. We first discuss solutions that are asymptotic to R3xS!xT¢ before the
asymptotically-R14 xT6 solutions.

C.1 Four-dimensional solutions

Generic non-BPS Weyl solutions in M-theory, that are asymptotic to R3 plus compactifi-
cation circles, are sourced by n rods of length M;, and are obtained from the ansatz (2.3),
with the warp factors and gauge potentials given in (3.2).

C.1.1 Regularity out of the z-axis

At large distance, (p,z) = (rsin6,rcosf) and r large, the warp factors and gauge poten-
tials (3.2) behave as

inh b -
ZA ~ S A 7 WA ~ 17 HO ~ ZM’L‘Pz(O) COSH, TI = —ay COth b[7 621/ ~ 1.
apa i=1
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Therefore, the four-dimensional reduction of the solution (2.31), is asymptotically flat if

and only if
sinh by 1 (1)

3
I =

A=0

At finite distance but out of the z-axis, the warp factors and gauge potentials are finite.
However, the warp factors Z, can change sign due to their sinh form. This will necessarily
@ 5 0 at the it rod and RY < Rgf), we

induce closed timelike curves. By noting that R

see that imposing
by >0, ayP™ >0, VA, (C.2)

is enough to guarantee that all Z, are positive and that the solutions are regular out of

the z-axis.

C.1.2 Regularity on the z-axis
We first discuss the regularity at the rods before the regularity elsewhere on the z axis.

C.1.3 At the i*? rod

The local spherical coordinates around the i*! rod are given by r; — 0 for 0 < 6; < 7 with
M.

z = <Ti + 2z> cosb; + z; . (C.3)

p =\/ri(r; + M;) sin6;,

The two-dimensional base behaves as

(C.4)

dp* + dz* ~ 1

T

Misin® 6y (dr’z + M, d9§> .

Moreover,

RY g RY

z;-r - (zi + % cos 91-) sign(i=) o
= AU(GZ) s J 75 7. (05)

RY i RY z; — (zz + % coS Hi)
Thus,
(A)
M;\ ™
Wi ~ <r> [T 4:500%
! JFi
ebA Ml aAP;A) a P.(A) . (A) (C6)
Zy~ ! 2an <m> [Tz Au(0a)™ 0, ifaa P77 #0,
(4)
arF) it an P =0,

.
o sinh {log (Hj# A (0;) ) + bA} ,
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As for e?, we have

1
1612
evit ~ 5 :'024 -, evik  ~o (Zk:_ _ Z;_)2<Z]j _ ZJ_)2
M sin* 0; e
(21 _Zj) (2 —25)
+_ )2
T —
( L Z_) Aij(0;)72 if 7 >4,
v; (Zj - % )2
er (z; —2)?
1 — . . .
(ZJF_Z‘JF)QAU(&) 2 if j<i.
j i

Therefore,

o2~ 2 ( 4r )O‘ I
t Mz sin2 91

where we have defined the constants

- (Zk_z;'r)(zlj_zj)>ajk
H H ((le — 2D (2 — 27)

J

“j

dq

L,

and considered that the product “]_[;-;11 7

+
J

Ajj(0;) 72 (Z. -

ifi<j<korj<k<i

ifj<i<k

(C.7)
- 2sign(j—1) oy
ZZ ) ’ (08)
wheni=2,...n, (C.9)

is equal to 1 for the first rod, ¢ = 1. Finally, the

metric components and gauge potentials behave around the i*" rod as'”

Hy ~ —MiPi(O) cos; + Zsign(j - i)Mij(O), Tr ~ —ag

(I)
{1 +0O <rf‘”Pi )} :

1 ~(0) - ~(D)
3G, FG; ,

i#i
2 ~(0)
1 M;\ 3% _2400
it ~ ————5 (rz) [1A4:;6:)73%
(Z1Z273)3 \Ti i

1 L 0 (D
o (leal Z5Zi\* (M SETTEET
ToDad) > 72 e i\

1 i i

QCLO
Yyryr ™~ oo

W=

(M,- ) ~360 a0 P

i

(Z1227Z3)
J#i
M2 ebo sin? ¢

2&0

. 1
9o ™~ (Z12273)3 ( :
(2
d?ebo

Grir; ™ -
2a0

wl—=

4r;
AVAY/ S —
(712225) (MisinZHi

i

+

<

9. 2000 (0)
x [T Ay (o) 2036 el
J#i
90,0, ~ TiM; gr,r; ,

2 ~(0) (0)
)7§Gj 7(10Pj ’

H A;;(6;

2 ~(0) (0)
M; ) —1-3G; " +aoP;

_\ 2sign(j—1i) oy
(2’- z ) gn(j—1) ayy
z; — 7

(C.10)

(0) (0)
HAZJ(el)*%GJO +CLOP].0
J#i

9

) a;i—1 (Mz ) —%Gg.())—&-aoPi(O)

9

"We have denoted Joe the metric component of ¢ without the connection term in the y7 fiber, that

2 Z0 (Z12223)'/3

273
WO

s goo = p

. Moreover, by anticipating what is coming next, we have assumed that Pi<0) is

necessarily non-zero and the expansion of Zy is given by the first line in (C.6). As for the other Z, we kept
the possibility of having PZ.U) = 0 by keeping the expressions of Z; arbitrary.
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where the expansion of Z; can take two forms if Pi(i) is zero or not given by (C.6), €ryx is

the rank-3 Levi-Civita tensor and we have used the convenient notation

(Y1, Y2, Y3, Y4, Y5, Y6) = (xsrl),x(,l),xf),x@,xf),:c(f’)). (C.11)
Therefore, the Killing vector along the extra dimensions, d,,, or the timelike Killing
vector, 0y, can vanish at the rod while all other have a finite norm by fixing the 8 weights
(GZ(A), PZ-(A)). We then have 8 possible choices of regular rods. Because all TS directions
are similar by permutation, we will treat three categories: a black rod where 9, vanishes
defining the horizon of a M2-M2-M2-KKm non-extremal black hole, a bubble rod where
Oy, or Oy, vanishes defining the locus of a smooth M2-KKm bubble and another bubble
rod where 9y, vanishes defining the locus of a smooth KKm bubble.

We first assume that the rod is disconnected from the others.

o A four-charge non-extremal static black hole.

We consider

¢M =0, PW= T (C.12)

The metric components along the compact dimensions and the ¢-circle are finite while
the time component vanishes as g = O(r;). More concretely, the i*! rod corresponds
to a horizon where the timelike Killing vector 0; shrinks. Indeed, we have

13 A
Oéiizl, aijzizaAPj()a

which implies that the 6;-dependent factors in g and g;,,, are remarkably the same.
The local metric around the i*? rod is then

ds®

o = gm(ei) (dp? = K7 pF dt?) + goio, (03) (d0F + Goo(0:) sin® 0; dg?) (C.13)
2
+ Z (9 ) <I> dﬂﬁgr) +9,m,m(0:) de” @) ) + Gyryr (05) (dy7 + Hodg)®

where p; = 4r;, the ¢;,(0;) are all finite and non-zero for 0 < #; < 7 (C.10) and the
surface gravity, k;, is given by

apayaza - sign(i—j) @iy
. 0t1U203 7 Z;
AV WU( - ) . (C.14)

)

The metric corresponds to the horizon of a black hole with a S2xT” topology. One
can relate the surface gravity to the temperature of the black hole by requiring
smoothness of the Euclideanized solution. We find

Note that if we study axisymmetric solutions with multiple black holes in thermal
equilibrium the temperature associated to each black rod must be fixed to be equal.
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Moreover, as gy.y, (0:) 9,6, (0:)2Gss(0:) TT5 -1 gg:g)zg)(&)ggcg)x(_[) (0;) is remarkably in-
dependent of #;, the area of the horizon is simple to derive. We find

A = /Sszﬂ/detg’WXW HRya- (C.16)

are finite, the black hole carries generically three M2 charges and a

(M)

Because all P;
KKm charge given by (2.22). Each charge can be taken to be zero by considering the
neutral limit (2.11), which corresponds to ay = sinhby — oco. Moreover, since we
have Ty ~ —ay (1 + O(p?)) (C.10), the field strength is vanishing at the rod which
guarantees its regularity.

A M2-KKm bubble rod.

We consider that one of the directions of the first T2 shrinks at the rod while all
other directions have finite size, that is

1
£ =G =aF" =aPV =5, ¢ =¢ =P =P =0, (C17)

1

where the “£” imposes the degeneracy of the a;g[l) fiber. One can obtain any other

directions of the T% by permuting the I = 1,2, 3 indexes.

For these weights, the spacelike Killing vector 833(1) shrinks on the i*" rod correspond-
+

ing to a coordinate singularity of an origin of R? space. We have

1
O = 1, Qi = 5 (_G§O) + Ggl) + aOPj(O) + ale(l)) ,

which implies that the 6;-dependent factors in g, and g,,r, are the same. The
T

local metric around the i rod is then

2
ds?], _o = Gror, (02) <dp§ 02 de ) + 90,0, (0:) (07 + Ggo(0:) sin® 0; do?)

6;) da’ 6;) duD’ 6:) (dyr + Hod
+Z 940 (1> Ty +g,mm(6:) + Gyryr (05) (dyr + Hodgp)®

2
+gx<1>x<1>(9i)d$(¥) — gu(0:)dt? (C.18)
¥ TF

where all the g;,(6;) can be obtained from (C.10) and are finite and non-zero for
0 < 60; < m. Moreover, we have defined p? = 4r; and the constant, C;, is given by

by +bo — Slgn(] Z)O‘z]

aiag Z; Z;

The two-dimensional subspace (p;, a:(il )) describes a smooth origin of R? or a smooth

discrete quotient R?/Z;, if the parameters are fixed according to the radius of the
:c;l )_circle as
Ci
Rx(in = % ki € N. (C.20)
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To conclude, the time slices of the eleven-dimensional space at the i*! rod is a bolt
described by a warped S2xT® fibration over an origin of a R?/Zy, space.

Moreover, one can check that metric determinant of the S2xT9 is remarkably inde-
pendent of 6; if there are no black rods in the configuration. Therefore, one can easily
derive the area of the S?xT® bubble for such configurations and we find

; eb1+b2+b3 % 7
Ap; = /s2m6m = (@m) ki My (G [[R.  (C21)

a=1

Finally, since only Pi(l) and PZ-(O) are finite, the bubble carries a unique M2 charge and
a KKm charge given by (2.22). Each charge can be taken to be zero by considering
the neutral limit (2.11), which corresponds to a, = sinhby, — oo. Moreover, since
we have T ~ —a;y (1 + O(p?)) (C.10), the component of the field strength along a:g:)
is vanishing at the rod which guarantees its regularity.

o A KKm bubble.

The y7 fiber shrinks to zero size at the rod while all others are finite if the rod has
the following weights

awP® =1, "™ =p" =0 (C.22)
The analysis is similar to the M2-KKm bubble. We have
i =1, ay=aP?, (C.23)

and the local metric takes the same form as in (C.18) by replacing x$ ) by y7 and C;

iMi bo z—f— _Zi_ sign(j—i)a;
¢, = diMie H( i ) . (C.24)

ap Gk \%j T

is now given by

The two-dimensional subspace (p;,y7) describes a smooth origin of R? or a discrete
quotient R?/Zy. if the parameters are fixed according to the radius of the y;-circle

C;

Ry7:?’

k; € N. (C.Q5)
Therefore, the time slices of the eleven-dimensional space at the i*! rod is a bolt
described by a warped S%2xT® fibration over an origin of a R?/ Zy, space. Because all
PZ.(A) are zero except Pi(o), the bubble carries only a KKm charge given by (2.22).

Finally, the area of the S?xT% KKm bubble is also derivable when there are no black
rods and give the same formula as the M2-KKm bubbles (C.21).

If we assume now that the rod is connected, we still have the eight same choices of
weights but the local topology might change. For instance, we consider that the i*® rod
is a black rod. If the rod is not connected from below and connected from above to a
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M2-KKm bubble rod where x$) = y; shrinks, then the local metric at the horizon is still
given (C.13). However, g 1) () (6;) and gee(6;) are not finite for 0 < 6; < 7 anymore. More
+ T4

precisely, we have gxu)x(l)(«%) ~ 0 and gse(0;) sin? 6; finite around 6; — 0. Therefore, the
+ Ty

y1-circle pinches off at the north pole and the horizon has a S?xTS topology. Note that
the surface gravity computed in (C.14) is still the same and still well-defined. If the rod
is now connected from above and below to two M2-KKm bubble rods where y; shrinks,
we have a S?2xT7 horizon again but the S? is now described by (6;,y1). Similar scenarios
happen if the i*" rod is a bubble rod: we can have either an S?xT% bubble or a S3xT5
bubble depending on what is surrounding the rod.

To conclude, we have eight types of rods that can source physically our solutions on
the axis. For each type of rods the ¢-circle has a finite size. The different rods and their
physics has been depicted in figure 2 and figure 3.

Moreover, note that the exponents o;; drastically simplify for the physical rods:

(C.26)

1 if the i** and j* rods are of the same nature,
(87 =
Y otherwise.

1

2
Therefore, the three-dimensional base, determined by the warp factor e?” (3.2), does not
depend on the specific nature of the rods.

C.1.4 On the z-axis and out of the rods

We now study the behavior of the solutions on the z-axis, p — 0, and out of the rods where
the ¢-circle can shrink to zero size. On these segments, each R(il) (2.16) is non-zero and finite
RY =20z — 2|+ M. (C.27)

Thus, the warp factors (Wy, Z,) are also non-zero and finite there (3.2). The regularity
reduces to the study of the three-dimensional subspace (p, z, ¢),

dsj = e (dp? + d2?) + p*dg” (C.28)

At p = 0 and out of the rods, we want this space to correspond to the cylindrical coordinate
degeneracy. First we have

1 ifjgkandzg[zj—k%,zk—%]
e~ 3 G = Z ) =2 ) u, oy - (€29

if j<kand z €|lz; + 5L, 2, — 5=

(i =225 = %) ’ S

Therefore, we get
9 1 ifz<a1—%andz>an+% (C.30)
e ~ .
dz2 isz]Zi_l—i—MiQ_l,Zi_%L Vi

where d; is given in (C.9). First we notice that, asymptotically, z > 2} and z < z;, the
base space is directly flat R? without conical singularity. However, in between two rods,
we have two possibilities if they are connected or disconnected.
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e Disconnected rods.

We consider the segment in between the (i — 1) rod and i*® rods with 27 | < 2.

The three-dimensional base is then given by the metric

2
ds? ~ d2 (dp2 Fds? Z2d¢>2> . (C.31)

The segment corresponds to a R? base with the local cylindrical angle ¢; = d%. Moreover,

we have

(My, + M;)?
(M, — M;)?

I AN

1
<1, ajk:10r§>0. (C.32)

(2 — z;r)(z,;F —2z;) (= —z)*—
e —2) (e —2)%—

Thus, we necessarily have d; < 1. Thus, the segment has a conical excess and the period of
the local angle, ¢; = d%’ is 277; > 27. This manifests itself as a string with negative tension,
or strut, between the two rods. The strut exerts the necessary repulsion so that the whole
structure does not collapse. We can calculate the stress tensor and the energy of the strut
using the method described in [2, 53], and we will similarly find that the energy is given by

G

@) I By, (C.89)

(Z; - Zitl) ) Gy =

o Connected rods.

We consider the intersection between the (i — 1) rod and *! rods with 2t | = 2
The intersection then consists of a point with coordinates (p, z) = (0,2 ;) = (0,2;). We
first define local spherical coordinates as follows

2 — 2
v = \//)2 + (z — z;) , COST; = z t'zz , (C.34)
(2

that is p =7t sinT;, Z=1,COST; + 2; .
The two-dimensional base transforms to

dp? + d2? = de}” + 2 drt? (C.35)
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At v; — 0 we have

Rﬁ_l) 2M; 4 Rﬂf) 2M; Rg) e sign(yj—0) o '
R ~ (1+cos)v;”  RW = (1—cosmi)v;  RUY ~ <ijz'+> , JFI-L,
eVi—li—1 M Vit M Victi (Zj *2;1)2 2
4 4 (5 =212 (2 =222
— o AN2( 2
ik ~ zg—z?;zZ—z}; simtandi<k (C.36)
1 otherwise

it T . 4\ it 7 >1,
(25 —2i 1) (Zj _Zi—l) ’
1 if j<i—1,
1 if j>1,
2
evii o (27 —27) (2 —2F
foor (5 itj<i—1,’

Thus, the ¢-circle keeps a finite size unlike the disconnected case. This means that the
intersection is protected from the conical excess associated to the degeneracy of the ¢-circle
in between two rods.

In order to determine the local topology, a distinction must be made between different
types of rods. Being connected, the i and (i — 1)"" rods are necessarily of a different
nature.'® Consequently, we have two possible scenarios: an intersection between a black
rod and a bubble rod and between two different bubble rods.

For the first scenario we consider that the (i — 1)™ rod is a M2-KKm bubble where
y1 shrinks, but all other choices would have led to the same results. From the above

expressions, we find that the local metric is given by

2
2 g2 (@) 5 2, dg , 2 2 N
ds ‘tizooc a; do” + E B dy; + - + (dTi —2K; (1 —cosT;)dt* +

2(1+cosr,~)d 2)
a#l v

Yy

where «; and /BZ-(a) are irrelevant finite constants and the surface gravity of the black rod &;
and the orbifold parameter of the M2-KKm bubble rod k;_; are given in (C.14) and (C.20).
This corresponds to the usual metric at the north pole of a horizon. At this type of loci, a
circle composing the surface of the horizon is degenerating which is here y;. In the present
case, it degenerates with a conical defect, parametrized by k;_1, related to the M2-KKm
bubble connected to the black hole.

We now analyze the scenario of two connected bubble rods. For simplicity, we assume
that they are two M2-KKm bubbles where the y; and y» circles shrink respectively. The

8Otherwise, they form a single rod.
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time slices of the metric are locally given by

2

2(1 —cosm) , 5  2(1+cosm) 2)
a#1,2

2 Y2 5 Y
7k Rk

where «; and Bi(a) are irrelevant finite constants and (k;_1, k;) are the orbifold parameters
of the connected bubble rods. This corresponds to the metric of the origin of an orbifolded
R* parametrized by (v;,7i,%1,y2). The two angles have the same conical defects as the
connected bubbles but the local topology is free from struts and conical excess. Moreover,
if k;_1 = k; = 1, the time slices of the metric corresponds to the origin of a R* with a T®
fibration and the local spacetime is entirely smooth.

C.2 Five-dimensional solutions

To construct five-dimensional solutions, one needs to consider the four-dimensional spatial
part of the eleven-dimensional spacetime (2.3),

ds? = Zlo (dyr + Hodo)? + Zy (62V (dp2 n d;ﬂ) T p2d¢2) , (C.37)
as a four-dimensional base. First, we consider y; to be an angle with 27 periodicity.
Moreover, as suggested in [32], one also needs Zj to be sourced by a semi-infinite rod and
to consider the neutral limit for the pair (Zy, Hy), which implies Hy = 0.

Generic five-dimensional Weyl solutions in M-theory are therefore given by the
ansatz (2.3), sourced by n finite rods of length M; and a (n + 1) semi-infinite rod above
the rod configuration. We will consider that the n'" and (n + 1)" rods are connected to
avoid a conical excess between them, z} = 2, ;. The warp factors and gauge potentials
are given by (3.20).

C.2.1 Regularity out of the z-axis

We first discuss the condition on the asymptotics by considering (p,z) =
%(7“2 sin 26,72 cos 20) and r large. The warp factors and gauge potentials (3.20) behave

as
sinh by 1 9

Ly~ , Wan~1, ZON2.727 T; = —ajcothby, e? ~sin?6.
ar r2sin- 0

Therefore, the solutions, when reduced to five dimensions after KK reduction on the
T% (2.26), are asymptotically:

sinh by -
ar

W

1
. 3
dtQ I <H smhb[) |:d7“2 +7“2 <d02 +Sin2 de’? +COSQ 0d¢2>:| .

3
d85 ~ — (H
I=1

=1 Y
(C.38)
They are asymptotically flat if
inh b
T2 =1 (C.39)
=1 Y
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As for four-dimensional solutions, avoiding the changes of sign in the warp factors Z;
requires to impose

by>0, aPV>0, Vi, I=123, (C.40)

which makes the solutions regular out of the z-axis.

C.2.2 Regularity on the z-axis

We will first discuss the regularity at the rods before the regularity elsewhere on the z axis.

C.2.3 At the rod

The regularity at the n finite rods is very similar to the one performed for four-dimensional
solutions in section C.1.3. However, the regularity at the semi-infinite rod will require a
specific analysis.

o At the semi-infinite rod: p =0 and z > z.

At p=0and z > 2}, we have

(i) -
R — 7
?)N%’ i=1,...,n, (C.41)
RY 2= %

which is finite and non-zero. Therefore, the warp factors (Z;, Wy ) are finite and non-
zero (3.20), and the regularity at the rod reduces to the regularity of the four-dimensional
metric (C.37). For that purpose, it is convenient to define the coordinates (£,7) such that

772_52

5 = dp*+d2? = (n* +&H)(dE? + dn?). (C.42)

p=nt, 2=z +

The rod is described by £ = 0 and 1 > 0 in this coordinate system. In the £ — 0 limit, one
has

e} 2 2Gn1+1G;
L (e N 1 (262 n z+—z +2\T
T~ —2Gp+1 n 1 2 2v ~
0 6 + — 772 ? € 2 2 77
i=1 \?n —%; +5 i=1 -z +

Therefore, if we impose

the local four-dimensional metric (C.37) behaves as
G 2\ —Gi
— % + 77 2 2 272 N -5 +% 2 7,2
(C.44)

7
The rod corresponds to a regular coordinate singularity where the y7-circle pinches off
defining a smooth origin of a R2.
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o At the i rod: p=0 cmdzi_<z<zi+.

The analysis is very close to the one led for four-dimensional solutions in section C.1.3,
and we refer the reader to this section for most of the details of the expansion. The only
difference is that there are new terms arising from the semi-infinite rod in Zy and e?” that
must be carefully expanded.

We also use the local spherical coordinate (r;,6;) (C.3), and derive the local geometry
at 7, — 0. The new terms behave such that

(n) +
n M; — ~ “n
T—(k) (z — 2F )~2( —zi—20050i>, le, (C.45)
T+
B0 R L ST R (- s eosn))
(n.3) p(d) ~ M if 1 <1 ’ (n i) () (ZJF — 2.7)2
E+_ R+ (Z;l_ — Zj_)2 J ¢ R n )

From (C.5) and (C.7), we find that the main functions behave as

()
M;\ ) 1 Mo G |
Wa~ () H A (0 JERE Zo ~ + M; <Z> H Ay (6:)%,
J#i 2 (Zn — Zj — 5+ COS Qi) T iy
b] M aIPZ,( > (I)
e
z 2ar <7“> s Au(@)"", ifarP{” £0, (C.46)
I~ i, )

1 (1)
— sinh {log (H#i Aij(ﬂi)afpj ) + b[} , if GIPi(I) =0,
ar
v ( Ar; >a st — 2 — Micos g, 2 H o =2\
i M; sin? 0; 2 — z; . 2 — 27

Jj=1
—\ 2sign(j—1) oy
o Z;-r — 2] gn(j—1i) ij
X HAW i —— .

J#i

7 7

where the constants d; are defined in (C.9), and we have considered that the product
“H’ 17 is equal to 1 for the first rod, i = 1. Gathering all these expressions, the metric
components and gauge potentials behave around the i*® rod as'

(D)
T[N—CL[ [1+0< 2arby ):|7

24
1 M,; -3G 2 ~(0)
gt ~ — ( ) IlAU i KGj ’

3
(Z12223)3 \ i i
3 10 (D
leror| Z72Kk \® <MZ’>3Gi TG 160 a0
~ . A ()37 T C.47
gxg)mg_:) ( 2 Z% T ]1;11 (007 o ( )

19We have denoted gge the metric component of ¢ without the connection term in the y; fiber, that is
2 Zo (Z1Z2Z3)%
we ’

op =P
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2 ~(0)
M;\ 3G —Gi ©) .
<l> 3 [T A6~ 3% %,

M.
Gyryr ™ 2 <Z;‘L_ — Z; — 71 COS (91) (leQZ;g)
i j#i

(0)
N M? sin? 6; 1M\ 136 +G 2400
g(b(b ~ 7 SlnMvz (Z122Z3)é <1> 3 HAZJ(el) ng ‘f’GJ7
2 (zf{ — 2; — ' COS 01) T4 i
(0)
d2 A N0 VA it
Griri ~ —aa (£12225)° (22> <Z>
+ _+\2G M; sin® 0; 5
2 (zn - z; )

- . 2G.:
" M; W1 (b — P\
X Zn—ZZ‘—TCOSGi H P —
+ —\ 2sign(j—i) oy
o . 2~(0) . Z: —Z;
x T Auj(05) 2056+ <j l)
- z. — 2z
J#i

J (3
901-(91- ~ TiMi Grir;

9

where the two possible developments of Z; are given in (C.46), €y is the rank-3 Levi-
Civita tensor and we have also used the convenient notation
(Y1, Y2, Y3, Y4, Y5, Y6) = (xsrl),x(,l),:cf),x(f),xf),:c(f’)). (C.48)

Therefore, one can make one of the Killing vector along the extra dimensions, 9,,, or
the timelike Killing vector, d;, vanish at the rod while all other have a finite norm by fixing
the 8 weights (GZ(A), Gy, Pi(l)). Moreover, the physical rods are similar to the ones for four-
dimensional solutions, and they are given by the same weights knowing that G; = aOPi(O).
We refer then to the analysis led in section C.1.3 for the description of the local geometry
and topology, and to the summary in section 3.2.1.

In a word, we have eight types of rods that can source physically our solutions on
the axis. Moreover, as for four-dimensional solutions, the exponents «;; (3.21) drastically
simplify for the physical rods and give (C.26).

Finally, the regularity analysis on the z-axis but out of the rods, that is where the
¢-circle pinches off, and at the intersections of connected rods are identical to the analysis
led for the four-dimensional solutions. We refer the reader to the appendix C.1.4.
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