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Geometry and stability of spinning branes in AdS gravity
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The geometry of spinning codimension-two branes in anti—de Sitter (AdS) spacetime is analyzed in
three and higher dimensions. The construction of nonextremal solutions is based on identifications in the
covering of AdS space by isometries that have fixed points. The discussion focuses on the cases where
the parameters of spinning states can be related to the velocity of a boosted static codimension-two brane.
The resulting configuration describes a single spinning brane, or a set of intersecting branes, each one
produced by an independent identification. The nature of the singularity is also examined, establishing that
the AdS curvature acquires one in the form of a Dirac delta distribution. The stability of the branes is
studied in the framework of Chern-Simons AdS supergravity. A class of branes, characterized by one free
parameter, is shown to be stable when the Bogomol’'nyi-Prasad-Sommerfeld (BPS) conditions are
satisfied. In three dimensions, these stable branes are extremal, while in higher dimensions, the BPS
branes are not the extremal ones.

PACS numbers: 04.50.—h, 04.20.Dw, 04.65.+e, 11.15.Yc

DOI: 10.1103/PhysRevD.84.104046

I. INTRODUCTION

The study of extended sources in gravitational theories
has a rich literature behind it. A full understanding of the
spectrum is necessary, among other things, to attain a
consistent partition function. A notable example of this
assertion is the case of anti—de Sitter (AdS) gravity in three
dimensions with negative cosmological constant, whose
spectrum contains Bafiados-Teitelboim-Zanelli (BTZ)
black holes [1] and conical defects (well-behaved naked
singularities that admit the interpretation of point particles)
[2,3], but no propagating gravitons. Still, the Euclidean
path integral with only smooth manifold contributions does
not lead to a sensible quantum gravity partition function;
seemingly, there may be additional contributions that
require the introduction of pointlike sources [4]. This is
precisely the class of configurations we aim to explore in
the present paper.

Any configuration in three-dimensional AdS gravity that
has constant curvature arises from identifications of AdS
space by a discrete one-parameter subgroup of SO(2,2)
generated by a Killing vector [5]. The construction of black
holes by identifications in AdS space can be extended to
higher dimensions. If the identifications do not have fixed
points, they produce fopological AdS black holes. They
have been constructed, for instance, in D = 4 [6], D = 5
[7], and higher dimensions [8]. On the other hand, if the
identifications do have fixed points, they produce conelike
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singularities whose consistent interpretation demands the
introduction of explicit source terms in the Lagrangian,
localized at their singular [oci. Even in a three-dimensional
theory, these singularities correspond to topological de-
fects at the positions of external current insertions that
couple in a gauge-invariant way to three-dimensional
AdS gravity. The angular deficit at the singularities account
for the negative part of the BTZ mass spectrum [9], filling
the gap between the vacuum and the massless BTZ black
hole.

It may seem surprising that those identifications leading
to conelike or Dirac delta function singularities are par-
ticularly interesting. They describe codimension-two
branes in gravity theories in any dimension and, in par-
ticular, O-branes in three dimensions. By construction,
these are locally constant curvature geometries except at
isolated codimension-two hypersurfaces whose presence
modifies the topology of loops and closed surfaces in the
ambient spacetime. In all cases, the codimension-two
branes represent localized sources not covered by event
horizons. Since these configurations are built from geo-
metrical considerations that do not rely on dynamics, they
might a priori arise in many different theories.

The introduction of distributions in general relativity
through the metric raises several issues related to products
and inverses of metric components that enter in Einstein’s
equations [10]. Nonetheless, in Chern-Simons (CS) theo-
ries, they can be naturally accommodated because the field
equations contain only exterior products of forms, which
always produce well-defined distributional products.
Furthermore, in CS theories these distributions become
extended sources for gauge theories of gravity [11-13].
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The nature of the conserved charges, as well as the
stability of these branes, do depend on the action, since
the fluctuations of geometry around the solutions depend
on the full set of field equations. Even in the case of CS
theory that has no metric, and hence no unique link to
define the energy-momentum tensor, still the Lie algebra
can be embedded into a superalgebra, which can be used to
find a ground state. Indeed, thanks to the properties of
supersymmetry, there always exist some operator satisfy-
ing a Bogomol’nyi bound 0= 0, which is saturated for a
stable Bogomol’nyi-Prasad-Sommerfeld (BPS) state.

In order to study the stability of the spinning branes, we
consider CS AdS supergravity actions [14,15]. As we will
discuss in this paper, the framework is possibly broader than
this, though the only explicit realizations we have consid-
ered here are CS theories of (super)gravity [16,17]. The
advantage of these gravitation theories is that they are gauge
theories of gravity and that the interaction between the
external sources (2p-branes) and the gauge connection
can be incorporated in the action in a background-
independent, metric-free, and gauge-invariant way [18].
This coupling between branes and non-Abelian gauge con-
nections generalizes the minimal coupling that describes
the interaction between a point charge (0-brane) and the
U(1) gauge connection [19]. Besides, these theories have
many amenable features such as an off-shell formulation
with the symmetries dictated by the M-algebra [20].

To be more concrete, the kind of gravitational theories
under consideration in the present paper are those that can
be written in terms of a gauge connection. We will use the
first-order formalism, in which the gravitational fields are
the vielbein 1-form, e?, and the spin-connection 1-form,
0™ (a,b=0,1,...,D — 1). They can be written alto-
gether as components of the AdS gauge connection

A =le“J +la)””J (D
¢ a 2 abs
with the AdS generators J,3 = —Jpa (A, B=0,1,..., D),
where J,, = J,. The Riemann curvature 2-form, R =
do® + 0% A w®, and the torsion 2-form, T¢ =
de® + w8 A e, are the components of the AdS curvature
(field strength),

1 1 1
F=dA+AAA :zTaJa +—(Rub +E€u /\eb)Jab.

2
2)

The flat connection, F = 0, corresponds to a torsion-free,
global AdS,, spacetime.

We are interested in configurations defined on a
D-dimensional manifold M, described by the equation

F=j 3)

where the sources j are localized at codimension-two
surfaces embedded in the D-dimensional spacetime.
The 2-form currents must be covariantly conserved,
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D(A)j = 0, and they represent (D — 3)-branes sweeping
codimension-two histories. Since F vanishes almost every-
where, except on some submanifold of measure zero, these
branes produce locally AdS spacetimes, that could be
solutions of any gravitation theory with negative cosmo-
logical constant that admits global AdS solutions. Apart
from CS AdS gravity, these include standard Einstein-
Hilbert AdS gravity, or higher-dimensional generalization
of general relativity described by Lovelock gravities [21].

A similar procedure was employed to obtain locally flat
geometries by identifications of Minkowski space in the
framework of Einstein-Hilbert gravity, leading to station-
ary, axisymmetric solutions with sources in the form of
rods along a line [22] (for a review, see [23]).

As mentioned above, in some gravities it might be
difficult to identify a coupling in the action whose
field equations possess F = j as a particular solution. In
D =2n + 1 dimensions, there is at least one gauge-
invariant coupling that gives rise to this kind of interaction
with a codimension-two source [11,18],

A [ (Con_1(A) A @)

Here,  is a coupling constant, - - -) is the trace taken in the
algebra of some gauge group that contains AdS and
C,,—1(A) is the Chern-Simons form that satisfies
d(Cyp—1(A) A j) =L(F" A j), where F" denotes the
wedge product of n field-strength 2-forms. This coupling
can be added, for example, to (2n + 1)-dimensional CS
AdS gravity,

Tos = K [M (Conar(A)). 5)

The resulting field equations, F*~! A (F — j) = 0, have
F = j as a particular solution.

For the sake of concreteness, whenever we need to
specify an action (for example, in order to study the
stability of the solution), we shall focus to CS AdS gravity
I[A, j] = Icg + Iy, coupled to the sources in the form (4).

The paper is organized as follows. Section II deals with
the O-branes in three-dimensional theories. After reviewing
the static case, a locally AdS spinning O-brane is con-
structed by a number of methods that use different ap-
proaches. In all cases, the source that corresponds to the CS
coupling has the same form as the one in Refs. [11,18]. Itis
also shown that Killing spinors are supported in BPS
O-brane configurations, and thereby they are stable. In
Sec. III, the case of 2-branes in five-dimensional theories
is discussed. All possible identifications in the embedding
space are examined, finding that they lead to 2-brane
solutions with one or two angular momenta. Several in-
equivalent cases that arise are studied in great detail. It is
argued that spinning configurations with angular momen-
tum associated with the internal azimuthal angle in the
brane are generically intersections of several codimension-
two branes, each one produced by one Killing vector field
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identification. Finally, the existence of BPS configurations
is explored. Section I'V generalizes these results to higher-
dimensional codimension-two branes. Our conclusions and
avenues for future research are presented in Sec. V.

II. THREE-DIMENSIONAL 0-BRANES

In this section we consider three-dimensional AdS space
and show how a spinning O-brane can be obtained from
identifications in this space. The construction is analogous
to the one that yields the spinning black hole in three
dimensions [5]. This method was employed to construct
the static O-brane (point particle) in three dimensions [9],
yielding particle solutions whose mass spectrum extends
the black hole mass parameter to negative values.

The procedure of boosting the static O-brane, along the
lines of [24], provides a natural physical interpretation of
the parameters that enter in the construction of the spinning
branes.

A. Static 0-brane in brief

Let us start by reviewing the construction of the static 0-
brane. AdS; space can be seen as a hyperboloid in R>2,
where the Cartesian coordinates x* = (x°, x!, x2, x%) are
subjected to the constraint x-x = n,pxixf = —¢2.
Here, ¢ is the AdS radius and n = diag(—1,1,1, —1).

Using the parametrization

10 = Acosg;, x' = Bcose,,

X3 =A Sin(bog, xz =B Sin(blz, (6)
the AdS; space corresponds to the surface
x-x=B2—A?= —¢% (7)
The AdS; metric then reads
(>dB?
d52 == m - (82 + €2)d¢(2)3 + Bzd(ﬁ%z (8)

Note that by unwrapping the ¢y; coordinate, the global
covering of AdS; in polar coordinates is obtained and
closed timelike curves are eliminated. The static O-brane
can be constructed as a topological defect in the x'x?>-plane
by introducing a deficit in the ¢, angle [25,26]

b1 = apdo, by = ¢o +2m, 9)

The periodicity of ¢, is thus 27ra,. The metric, with this
identification, reads

0<a051.

2 —
dsj Z

2 2
d—rz - (ag + %)dt% +r2d¢3,  (10)
e %

where r = agB and t, = €¢py3/a,. Compared with the
BTZ black hole, the parameter —aj = M is seen to play
the role of the (negative) mass. The spacetime geometry
given by (10) has constant Riemann curvature and vanish-
ing torsion everywhere, except at ¥ = 0. On the other hand,
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the conical singularity at » = 0 is the locus of the static 0-
brane, where infinite curvature is concentrated. This Dirac
delta distribution has support in the center of the r¢-plane,
that is the x'x?-plane in the covering space R>?, and we
shall call it the 2-manifold X,. Including the singular
point, the AdS curvature (2) can then be written as
F = j, where the source is given by the current 2-form

J = 2may6(Z )] (11)

We have defined the Dirac delta distribution 2-form that is
coordinate-independent,

(X)) = 8(x")d(x?)dx! A dx? = % S(rydrndep. (12)

B. Spinning 0-brane

In the nonextremal case, the massive spinning 0-brane
can be obtained from the global AdS metric (8) by an
identification produced by a linear combination of the
Killing vectors d4 . and 9 ,. This procedure closely fol-
lows the one described in Ref. [5] to construct the BTZ
black hole. Consider two angular deficits in the x°x*- and
x'x2-planes in R>2,

bz = ¢z + 27h, b=, + 2ma. (13)

The choice of real constants a and b is not unique since
these parameters can be shifted by integers. We choose a,
b € (0, 1] and note that « = b = 1 means that there is no
angular deficit. This identification in R>? corresponds to an
identification in AdS; space by some angle ¢, what can be
made explicit by redefining the coordinates as

u t

= + =
dos = b + -,

where ¢ is periodic with period 27r. The transformation is
invertible if au; — bu, # 0. Then, ¢ =~ ¢ + 27 induces
the following identification in R>?:

Mzt

b, =ag + A (14)

cos2mb 0 0 — sin2wb

s 0 cos2ma —sin2wa 0 A
0 sin2ma  cos2ma 0
sin27b 0 0 cos2mb
(15)

or, in an infinitesimal form,

XA =y + A

& = (27bx3, —2max? 2mwax', 2mwbx").  (16)

The identification is produced by the Killing vector
f = §A8A = 277(1.]12 - 27TbJ03 = 27Ta8¢12 + 27Tba¢03,
7)

where J,p = x4dp — xpd, are generators of rotations in
R22, and
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9xA 9xA
0, =9, =J, 04 =——0s=—Jon. 18
P 5, A Ji 0 " G Jos- (13)

According to the classification given in Ref. [5], this
Killing vector is of the type I. when a # b (a, b # 0),
and of type II, when a = b # 0. Thus, this geometry
belongs to a sector topologically different from the BTZ
black hole, produced by identifications of type I, (r. #
r—,r+ # 0)and type I1, (r. = r_ # 0).

Using the orthonormality of the tangent vectors, d, -
dp = Mg, the norm of the Killing vector £ reads

€I1P = @m)*[(a® — b*)B> — b*€2], (19)

which is valid for any a and b. However, notice that if ar <
b2, the norm ||£||? is a timelike vector, and since it iden-
tifies different points in our geometry, it would lead to
closed timelike curves. Therefore, we assume a2 > b2,
124
€11> = 2m)*(a® = b*)(B* = B}), B.=——=——. (20)
2 _ b2
a
After implementing the identification, the metric (8)
becomes

02dB>
ds* = e’ (a* — b*)(B* — B)d¢*
_ (”% ;2 ”% B2 + u%)dtz
- 2(“‘%@3 - u1b€)d¢dt. Q1)

In sum, the metric (21) is obtained from global AdS by the
transformation (15) and simultaneous identifications of the
embedding angles ¢g; and ¢,. Alternatively, this metric
with u; = a and u, = b can be reinterpreted as the static
0-brane with angular defect a(, whose spin is introduced
by boosting the azimuthal angle ¢ with the velocity 0 =
v < 1, similarly to the construction in Ref. [24] for the
spinning charged black hole.

Indeed, if > < a?, we can always write a*> — b*> = a} >
0, where a, € (0, 1], and parametrize the constants a and b
in terms of a hyperbolic angle n as a = aycoshn and b =
ag sinhn. Then, 1 can be reinterpreted as the rapidity of
some Lorentz transformation with velocity v = tanhn,
0 = v <1, so that the original angular deficits are related
to the boost velocity as

_ a0 _ vap -
¢ N ’ V1 —v? 2

Now, the relations (14) with u; = a and u, = b are equiva-
lent to a single Lorentz boost (zy, ¢g) — (¢, ) acting on
the static O-brane,

) $o il
V=2 NS

Note that this interpretation is possible only for b> < a*
(v # 1) which means that the brane is not extremal, and

¢ = (23)
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allows for the identification in the t¢-plane as (7, ¢) =
(t, ¢ + 27r). The limit v = 0 recovers the static brane (a =
ag, b = 0). Thus, b is related to the angular momentum of
the brane.

Although the original static metric describes a manifold
with a conical singularity, the addition of angular momen-
tum makes the manifold regular, its curvature being con-
stant everywhere [27]. This spacetime, however, has a
causal horizon, the surface B = B,, where the norm of
the Killing vector field (20) vanishes. The component
Soo = € |I> of the metric also vanishes there, though its
positivity should guarantee that ¢ is an angle.

In the exterior region, B > B,, the vector field ¢ is
spacelike and the causal structure is well-defined. In the
interior region, B < B,, ¢ becomes timelike allowing
closed timelike curves. This region of spacetime can be
removed by introducing a new radial coordinate r, such
that g44 = r? is always non-negative, or

2
B> = — + B2, (24)
o
where the above transformation is valid for B = B,. The
removed region corresponds to 0 < B < B, and g44 <0,
where the boundary g4 = r* = 0 is shrunk to a point in
the r¢-plane. Note that the identification B = B, as a
single point in the r¢-plane is not produced by the
Killing vector. The region of interest, B > B,, excludes
the original singularity where the static O-brane lays. In
spite of this, in what follows we shall show that there is a
singular behavior at r = 0 due to the identification of this
circle (at fixed time) with a point. If this identification had
not been performed, the resulting spacetime would have
been regular, but with a geometry similar to the one of the
spinning BTZ black hole at » = 0 (see Appendix B of
Ref. [5]).

Once the region with closed timelike curves has been
removed, the metric can be recast into the Arnowitt-Deser-
Misner (ADM) form

d 2
ds® = —N2d* + N—r2 +2(dp + N*d)?,  (25)

where the lapse and shift functions are

2 2,212

N2=a2+b2+%+MTb, N‘f’:—ar—l]f. (26)
Note that, with this parametrization, the metric is well-
defined in the limit a> = b2, although the extremal case is
obtained by a different identification in AdS space [9].
However, this is a peculiarity of the three-dimensional
metric only.

Even though the Lagrangian governing the dynamics of
this O-brane has not been introduced, the existence of a
nontrivial angular momentum can be established by
calculating the angular velocity, ) = —g4,/g44. at the
circle r = const,
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Q=—N¢’=€a—2b¢0.
r

(27)

The geometry of this asymptotically locally AdS space-
time is an analytic continuation of the 2 + 1 black hole,
where the parameters a, b are continuations of the horizons
r+. By comparison with the 2 + 1 black hole, the real
parameters a and b can be related to the mass, M, and
angular momentum, J, of the BTZ solution as

7
ib=‘/—Mi—,
a ¢

even without the knowledge of the Lagrangian. Thus, the
metric (25) describes a BTZ-like 0-brane with a negative
mass parameter, M = —(a*> + b*) <0, boosted with re-

spect to the static brane as M = }fz; M,. The parameter
b # 0 is related to the angular momentum, J = 2ab¥{.

(28)

C. Sources for a spinning 0-brane

Let us summarize what we have done so far. An identi-
fication by a Killing vector of the pseudosphere x - x =
—£? embedded in R*>? amounts to a single identification by
& =2m(ady, + bd,,) in AdS;. The resulting manifold
M/ = AdS;/¢ is described by the metric (21). Since the
identification is made by an isometry and is properly
discontinuous, except at B = 0, M’ has constant curvature
for B > 0 and thus there is no curvature singularity. This
manifold, however, contains closed timelike curves in the
region B < B, (r <0). Therefore, in order to have a caus-
ally well-defined spacetime, the region B < B, must be
removed by cutting along the surface B = B,, defined by
|[£]] = 0. Then all points that satisfy B = B, at fixed time
are identified, producing a new manifold, M, which has a
naked singularity at B = B,.

Another way of constructing the same geometry is the
following. Take the AdS; spacetime (8) and remove a
portion of space B < B, (for some arbitrary B,). Then
identify the points of the resulting space with (15), where
now a and b satisfy the relation with B.. given by (20). In
this way, no closed timelike curves are produced since the
region where they would appear was already cut out from
space, and also there is no singularity. Now, the origin of
the manifold is actually the circle B = B, (r = 0) for fixed
time, so by identifying all those points—which is not done
by a Killing vector—a curvature singularity appears now at
the origin. The question we want to analyze is what hap-
pens with the curvature at the point r = 0 of M after this
last identification.

The position of the source responsible for the singularity
in spacetime is determined by the surface where the norm
of the Killing vector vanishes. In the case at hand, we thus
expect a source with a Dirac deltalike distribution of the
form 8(||€]]) ~ &(r). As shown below, this is indeed the
case and there are no stronger singularities on the mani-
fold, such as &(r)/r, or 9,8(r), etc.
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In general, the singularity appears because the 1-form
d¢ is not exact on the whole manifold Ml. Namely, at r =
0, where ¢ is not defined, it is not true that dd¢ = 0. Thus,
we shall assume that dd¢ = A(r)dr A d¢, where A(r) is
some distribution that is zero when r # 0 and infinite when
r = 0. The static 0-brane, for example, has A(r) = a(r).

In order to identify the source and nature of the singu-
larity, one can construct the AdS connection using the
vielbein and the spin-connection for the metric (21) in
the region of interest B > B, (r > 0),

d,Bdr

1
A= \/BZ:—FWJB + Z[B(bJOI + alJy)

1
++B? + ﬁz(bJ(B - dJQ)]d(ﬁ + E[B(aJOI + bJ23)

+ VB2 + €2((1J03 - lez)]dt (29)

The curvature for r > 0 is
1 ’rz + 242
F= I:Z W(b-]m —alp)
1 , 2+ b7
+ 7 ﬁ(aJm + bJOl)]A(r)dr Addo. 30)

This form of F vanishes everywhere, with the possible
exception at » = (. It has been recently claimed that spin-
ning branes require derivatives of the Dirac delta function
(or 8(r)/r) [28,29]. Those arguments rely on the condition
of vanishing torsion everywhere but, as discussed below,
this requirement is not met by the present solution. In fact,
as can be observed from (30), the torsional parts (along Jo3
and J,3) have the same singular behavior as the curvature
parts (along Jy; and J;,). Thus, the configurations analyzed
in Refs. [28,29], not obtained by identifications, corre-
spond to different solutions compared to the ones consid-
ered here.

Let us assume a generic form for the singularity like
A(r) = H(1/r)8(r), where H is a power series in 1/r with
coefficients depending on a and b. Then, requiring that the
static O-brane is recovered in the limit » — 0 implies that
H can be, at most, a linear combination of &(r) and &(r)/r.
Finally, expanding the expressions in (30) as a series
around r = 0 leads to the source j = F, where

1
J :\/—2——77[611?(-]03 +J23) + b2Jo1 — a?J1216(r)dr Ad .
o

(3D

Clearly, this form of the source reproduces the static limit,
but not the extremal one. The distribution A(r) can be
calculated directly using the definition of the Riemann
curvature, i.e., by parallel transport of a Lorentz vector
V¢ along an infinitesimal contour around the point r = 0.
In this way, the Riemann curvature part of the source can
be evaluated (see the Appendix), with the result
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jcurvalure = 2277 5 (b2J01 - a2J12)8(r)dr A ﬁ (32)

at—>b 27
The torsional part of the source (along the generators J,3)
cannot be obtained by the same parallel transport.
However, comparing (32) with (31), the J,, terms match
only if the distribution is identified as A(r) = &(r). The
remaining components, along the generators J,;, corre-
spond to the torsional part of the source,

2arab d
= \/%(Jm + J23)8(r)dr A 2—¢ (33)

It is then plain to see that the source carries no singularities
stronger than 8(r).

The above method to calculate j is not easily general-
ized to higher dimensions because it calculates directly
only the Riemann curvature and the number of differential
equations that need to be solved grows with the dimension.
The most precise way to determine the source is to use the
fact that F is locally “pure gauge,” so the AdS connection
has the form

.
J torsion

A =g ldg, (34)

where g is a group element of AdS. By solving this
equation in g with the AdS connection given by (29), we
obtain

g(t, B, d)) = go€*¢|zJ|ze¢03Ju3eP(B)J13’ (35)

where ¢, = ad + bt/l, ¢o3s = b + at/€, we denote
p(B) = sinh™!(B/{), and g, is a constant element of the
AdS group.

A nontrivial holonomy appears because g is not single-
valued. Indeed, the holonomy gl4—»,¢ 'l 4o is generated
by the Killing vector (17) as e~¢, up to a conjugation by a
constant group element g,. The result does not depend on
the coordinates B and ¢.

In order to calculate the curvature, one can look at the
quantity §, g~ 'dg, where C, is a small circle of radius

B = B, around the causal horizon at constant . We obtain

1
f 871dg=_z(A*J12_B*J23)f d¢i,
C. C.

dB

1
+Z(B*J01 +A*J03)f deoz + A

2
= —%(A*le *J23) + (B*J01 +A*J03)

(36)

where A, = 4/B2 + €%. On the other hand, if 3., is a surface
whose boundary is C,, in a similar fashion it can be shown
that fy A A A =0, so that

f F=[ dA=f g dg. (37)
2. P C.
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Note that a nontrivial result in the AdS curvature comes
from F = g~ 'ddg ~ dd¢ # 0. Thus, due to the holonomy
centered at ||£]| = 0, or B = B, (r = 0) in the B¢-plane,
we have

-

Then, from (30), A(r) = 8(r), and from j = F the source
reads

7(057']03 +abJy + b2 Yo —a*Jp).  (38)

d
%[_QZJIZ + b2 Jo; +ab(Jos +J23)]5(7)dr/\—¢,
a —b 27T

j=

(39)

in perfect agreement with the result obtained before
by other methods. When b = 0, this current produces the
static brane, jgaic = —27TaJ125(r)dr/\%. Also, when
a = 0, the source simply vanishes. (Vanishing a and b
are physically equivalent to @ = b = 1 in our choice of
the range of these parameters.)

In the next subsection, we show that three-dimensional
spinning 0-branes can be stable.

D. BPS spinning 0-branes

Locally AdS 0O-branes can be constructed in any gravity
theory with negative cosmological constant where global
AdS is an exact solution. In order to study their stability,
one needs to know about the dynamics of the theory, and
analyze fluctuations around the solution. We thus need to
provide a bulk Lagrangian, which we shall take to be CS
AdS supergravity. This is a gauge theory whose supergroup
is OSp(p,12) X OSp(p,12), and it contains N = p; + p,
supersymmetries. Apart from the vielbein and spin-
connection, the super AdS connection contains additional
bosonic components, that we call the bosonic CS matter.

In Ref. [25], it was shown that a static 0-brane without
bosonic CS matter is possibly unstable since it breaks all
supersymmetries. Inclusion of U(1) matter can stabilize
the brane and turn it into a BPS state by preserving some
supersymmetries in an extremal, charged, static case. Here
we show that an extremal spinning O-brane can be a BPS
state even without bosonic matter, as first found in
Ref. [30] in the special case of p; = p, = 1. In general,
the number of preserved supersymmetries is determined by
the number of Killing spinors €;-, each component + or —
transforming as a vector in one copy of OSp(p|2) labeled
by the indices I = 1,..., p

To find these spinors, we will make use of the static case
analyzed in detail in Ref. [25], because both cases (spin-
ning and static) have locally the same form. Thus, in the
background of an uncharged O-brane and with a suitable
representation of the generators, the Killing spinor
equation for each copy of OSp(p|2) has the form
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. 1 1
D.(A)e; = [d - (Z €. .wh * ﬁe”
where I', are three-dimensional matrices satisfying the
Clifford algebra (we consider only one of the two inequi-
valent representations of I'-matrices, ¢ = 1 [9,31]). The
vielbein and spin-connection are given in Eq. (29). Then, a
general solution for the Killing spinor is [25]

)Fa:le% =0, (40)

6% = ei(l/Z)P(B)Flei(l/Q)(lﬁlz*d’m)FoX;—’, (41)

where 7 is a constant spinor fulfilling the chirality
projection

Coxi =ixj- (42)

This Killing spinor is also globally well-defined if it sat-
isfies periodic or antiperiodic boundary conditions for ¢ =
¢ + 2w, ie., p1p = Pn + 2ma and Pz = Pz + 27h. In
consequence, €; (¢ + 27) = €7 (¢p) implies the extrem-
ality condition

a—b=n€el (43)

When b = 0 (static case), the only possibility to have this
condition satisfied is for global AdS (a = 1). For the
spinning O-brane, a, b € (0, 1), the BPS configuration
can exist even without additional bosonic matter, because
the angular momentum plays the role of a U(1) field. This
is an accident of three dimensions only, where the metric
admits the limit a — b, even though the brane construc-
tions for a = b and a # b differ [9].

These BPS states preserve N/2 supersymmetries; a half
is projected out by the condition (42). The result can be
generalized to include charged O-branes, as well.

III. FIVE-DIMENSIONAL 2-BRANES

The construction of 2p-branes by Killing vector identi-
fications outlined above can be extended to higher dimen-
sions by a procedure analogous to the static case [25]. Here
we present an explicit form of that construction in 4 + 1
dimensions.

The idea is to introduce naked singularities by making
identifications with rotational Killing vectors in the
four-dimensional spatial section of AdS in embedding
space. The rotation generator J,p, that leaves invariant
the x*xB-plane, generates a conical singularity at the cen-
ter, x* = x8 = 0. Clearly, there are at most two indepen-
dent identifications that can be performed simultaneously,
generated by two commuting rotation generators in the
four-dimensional spatial section, J,p and J-p, with
(ABCD) a permutation of (1234).

The resulting branes can also carry angular momentum,
which would be the case if the identification is not re-
stricted to be along the spatial section of AdS space, but is
given by a generic element of the AdSs group (SO(4, 2)),
corresponding to a boost on two planes simultaneously.
More precisely, the AdSs algebra has three commuting
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generators (Ji,, Js4, and Jys, say) which allow for the
introduction of three independent parameters in a locally
AdS brane solution: the mass M, and two angular momenta
Jg and J 4.

A. General setting

We will consider a codimension-two brane in a locally
AdS spacetime, obtained by an identification with a Killing
vector in global AdSs. This brane is by definition the locus
of points where the norm of the Killing vector field
vanishes.

The AdSs spacetime can be viewed as the pseudosphere
OO+ )2+ D2+ ()4 ()2 - ()2 = -2
embedded in R>*, with metric 1,5 = diag(—, +, +, +,
+, —). A coordinate chart that describes this surface is
given by

x = A cosh7 cosys, x! = Bcose,

x3 = Asinht cos¢s,, x> = Acoshrsinggs, (44)

x> = Bsing,, x* = Asinh7singsy,

where A =+/B?+ ¢% and B, 7 € [0, ). These coordi-
nates are chosen so that the 2-brane is obtained by an
identification in global AdSs along the azimuthal angles
&2, dos, and ¢p34. Then B becomes the radial coordinate
outside the brane and 7 is the radial coordinate in the world
volume of the brane. The azimuthal angles ¢1,, ¢s, and
¢34, might have angular deficits in general, as the identi-
fications are performed in the Euclidean planes x'x?, x3x*,
and x"x°, respectively.
In the coordinates (44), the metric takes the form
€2
ds* = Wde +B%d¢1,

+(B? + €2)(d7? — cosh’td ¢} + sinh’7d ¢p3,). (45)

This metric corresponds to the covering of AdSs provided
bo5 € R (the unwrapped time coordinate) and ¢ 5, ¢34 €
[0, 27] are periodic. Rescalings of these last two angles
introduce angular deficits that characterize a particular
identification. The most general identification, producing
both linear defects and angular momenta in two planes, can
be obtained by a general linear transformation between the
embedding angles (¢ s, Pos, P34) and some new coordi-
nates in AdSs. The new coordinates (¢, ¢, 6), defined for
t€ER and ¢, 6 €[0,27], are related to the original
embedding coordinates by an invertible matrix U,

bos uy by by t/¢ t/¢
P |=luw a a ¢ |=Ul ¢ (46)
b4 Uz ¢ € ¢ 0

The identifications (¢/€, ¢, 0) = (¢t/€, ¢ + 27, 0) and

(t/€, ¢, 0) = (t/¢€, P, @ + 27) are responsible for introduc-
ing angular defects. In the new coordinates, the metric (45)
can be cast in the familiar ADM form,
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_ {%dB?

=0
X (d¢p" + N"dt),

ds? + A%2d7? — N?%df* + y,,,(dp™ + N™dt)

47)

where ¢™ = (¢, 0) are two independent azimuthal angles.
The lapse N and shift functions N = (N¢, N?), as well as
the two-dimensional metric v,,,, read

1
N?Z = — E[M%BZ + A2(—ulcosh?1 + u3sinh’7)]

T YN N, (48)

1
N = 7 y"uya,B*> + A*(—u,b,cosh> + usc,sinh’7)],
(49)

Yon = apma,B> + A%2(—=b,,b,cosh’>t + ¢,,c,sinh>7). (50)

The off-diagonal components g,4 and g,y are related to two
possible nontrivial angular velocities of this spacetime. The
components g, g 44, and gy are functions of the spacetime
coordinates that might change signs and lead to a noncausal
global structure, with regions containing closed timelike
curves. In that case, those noncausal regions must be re-
moved from the manifold, potentially generating singular-
ities analogous to the central singularity in the 2 + 1 black
hole. Q,, = —v,,,N" are angular velocities of the points at
B, 7 = const. Thus, the shift functions N” contain informa-
tion about the nonvanishing angular momenta of these sta-
tionary, locally AdS brane geometries.

In this general setting, the action of the system has not
been specified. Thus, the mass and angular momenta can-
not be determined, as they are conserved charges defined
by the Lagrangian via Noether’s theorem. Furthermore, in

( cos2h; 0 0
0 cos2ma; — sin2wa;
A 0 sin27a;  cos2wa;
x4 =
0 0 0
0 0 0
sin27b; 0 0

They are generated by two linearly independent, commut-
ing (in the sense of Lie brackets) Killing vector fields

fl’ = 27T(JiJ12 - 27TbiJ05 + 27TC1'J34, (54)
whose norms are
I€,11? = 47 (a?B? — b?A%cosh®T + c?A%sinh’7).  (55)

The Killing vectors (54) act in the same spacetime, but
in different spatial planes. Denoting them by §&; =
W(PJap, the matrices W;,p are antisymmetric, block-
diagonal, and have eigenvalues *ia;, *ib;, and *ic;.
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order to obtain finite charges, boundary terms (and coun-
terterms) must be added to the bulk action, that has been
done in five-dimensional CS AdS gravity without torsion
in [32], with torsion in [33], and in higher-dimensional
Lovelock AdS gravities in Ref. [34]. For some branes one
can compare the asymptotic behavior of the metric with
that of solutions in asymptotically AdS spaces with known
mass and angular momenta in some standard theory. If the
metrics match, the mass and angular momenta of the brane
may be identified with those of the known solution.

On the other hand, unlike the angular momenta, the
angular velocities (), of the brane are kinematically de-
termined by the geometry itself.

1. Identifications

The periodicity of the coordinate ¢ in AdS space im-
plies certain identifications of points in the embedding
space,

b =¢+2m < dos = pos + 27hy,

b1 = ¢y + 2may, ¢34 = Pp3g + 2mcy, (51
and similarly for 6,
00421 dos = dos + 27hs,
12 = ¢y + 27a,, P34 = 3y + 2y (52)

The ambiguity of the parameters a;, b;, c; under the addition
of integers can be eliminated restricting them to the range
0<a,;, b;, ¢c; = 1, where the equality corresponds to the
case with no angular deficit. Using Eq. (44), these identi-
fications, expressed infinitesimally as x4 ~x* + &4, i =
1, 2 in the embedding space, take the form

0 0 — sin27rb; \

0 0 0

0 0 0
cos2mrc; —sin2wc; 0 . (53)
sin27r¢;  cos2wc; 0

0 0 cos27b; )

The knowledge of three eigenvalues for each matrix is
equivalent to knowing three Casimir invariants: qua-
dratic (WABW,g), cubic (e*BPEFW, WepWep), and
the quartic one (WaWEWSWZP) or, in the case at
hand, a? + b? + 2, a;b;c;, and a} + bt + ¢}, respec-
tively. The set of parameters is equivalent to the set
of Casimir invariants, where only three are independent.
These parameters are, therefore, gauge-invariant quanti-
ties related to the conserved charges M, J,, and Jy,
where the explicit relations depend on the gravity
action.
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In order to provide a geometric interpretation for this
general framework, we consider codimension-two branes
that possess a static limit. These spinning branes can be
obtained from the static ones by a Lorentz boost in a plane
formed by the time coordinate and an azimuthal angle [24].
In five dimensions, there are two such angles, here called ¢
and 6, so it is possible to do two independent boosts,
introducing two independent angular velocities.

Let us denote the coordinates of a static 2-brane by
(to, B, ¢, 7, 0y). In Ref. [25], it was shown that a static
2-brane can be produced by an angular deficit 277 (1 — a;)
in the x!x?-plane through a rescaling of the angle ¢ and the
time coordinate. In this case, the embedding angles read

$os to/€
b2 | = Ul do | (56)
P34 6o

where U, = diag(ay, ay, 1). The static metric has the form

?dB?
dS% = m + Bza%d¢%
2
+ A2<d72 - %coshzrdt% + sinh2rdeg). (57)

The resulting geometry has a conical (Dirac delta) curva-
ture singularity in the B¢ -plane [25]. The coefficient a is
related to the mass of the brane, although the precise
relation depends on the particular gravitational action
that is assumed.

2. AdS connection and group element

The described 2-branes are locally AdS, so that the
curvature vanishes locally, F = 0, which means constant
negative Riemann curvature and vanishing torsion (cf.
Eq. (2)). Thus, the AdS connection is “locally pure gauge™
and can be expressed in terms of an element of the AdS
group g as A = g 'dg. In order to calculate g for the
metric (45), the vielbein can be chosen as

e’ = A coshrd s, e’ = Adr, el =

et = Asinhtdy, € = Bdd. (58)

Since the torsion vanishes, the spin-connection can be
algebraically obtained, and the AdS connection (1) has
the form

A= g_ldg
1 1 1
ZZdBJw +E(AJ35 —BJ3)dt +E(BJ25 —Alp)ded,
+—(Acosh7Jys + BcoshtJy, + €sinh7Jy3)d s

+—(Asinh7J 45 — Bsinh7J 4, — €cosh7J34)d . (59)

| = =

The group element of AdSs is
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g = goe P1duebosdos g P12t o7dis ePBlis, (60)

where p(B) = Inf74 and A = VB? + (%, so that A =
€ coshp and B = {sinhp.

As in the three-dimensional case, the group element g is
not globally defined since glgn—s, # glgn—o, Which is
precisely what gives rise the brane geometry. With the
explicit form of g, we can calculate the corresponding
sources.

So far we have assumed a generic form for the identi-
fication matrix U. In the next subsections we study
particular cases corresponding to interesting brane con-
figurations.

B. Spinning 2-brane

As discussed in the three-dimensional case, the spinning
solution can be obtained by ‘“boosting” the static geome-
try, and this can also be done in five dimensions. We will
first boost the static 2-brane (57) in the (transverse) ¢
direction, by performing a Lorentz transformation A ,(w)
on the r¢-plane, with velocity 0 = w < 1,

fo — twey _ P00

Vi—w?’ Vi—w?
cosh{

represented by the matrix
—sinhd 0
Ay(w) = e tte = —sinhl cosh{ 0], (62

¢ 0=0,, (61)

0 0 1

where w = tanh{. The extreme case (w = 1) is not in-
cluded in this analysis. The angles in the embedding space
are related to the AdS coordinates via the matrix U =

UyA', so that

bos ap by 0\ /[t/€
b |=|b a 0 ¢ | (63)
b3y 0 0 1 0
where the constants
a, = agcosh{, b, = agsinh{, (64)
satisfy
detU = a} — b3 = a3 > 0. (65)

From ¢ =~ ¢ + 27, the above boost can be seen to be
equivalent to the identification

12 = ¢y + 2may, $os = pos + 2mwby,  (60)
produced by the Killing vector
&1 =2ma Jiy — 27byJos. (67)
The norm of this vector is

1€, 11> = 47°(a3B? — b}Acosh?7), (68)
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and it is non-negative only if

B = B.(7), T <7, = cosh™! %, (69)

1

where

B.(r) — b, € cosht . (70)

yai — bicosh’r

The physical region corresponds to that where the norm of
&, is positive, which requires B > B.. Note that B =
B..(0) = €b;/ay, > 0 and hence this region does not con-
tain the point B = (0. The domain of the coordinates B and
7, B = B,(7), for which the spacetime is physical, is shown
in Fig. 1. The horizon B.(7) can be identified with the
origin of the radial direction, a point that shall be called
r =0, by introducing a new radial coordinate r = B —
B.(1) = 0.

The explicit form of the metric for this solution in the
ADM form (47) is

ds? = ap® N2d* + f2(d¢ + N?dr)?
B? + {2
+ A%(d7* + sinh?>7d6?), (71)

where the lapse and shift functions are

N2 — agA’B*cosh’t
€?(a?B? — b?A%cosh’7)’
N — a,b,(B*> — A’cosh?7) 72)

€(a3B? — b2A%cosh’7)’

and we denoted f2 = a}B? — bjA’cosh’*t = ||£,|]> /47>

1. Sources for a spinning 2-brane

The sources can be identified from the flux they produce.
Since the curvature is given by the current (cf. Equation (3)),
the flux can be computed integrating the connection around

FIG. 1 (color online).

The causal horizon B. (7). The physical
region is the shaded area B = B, (7).
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the singular points. Thus, starting from the AdS group
element (60) for the angles (63), the source is obtained
from § g~ 'dg. Here, the only nonvanishing contour inte-
grals are

fd¢12 = 27Ta1, fd¢05 = 27Tb1, (73)

on infinitesimal loops around the Killing vector horizon
€1l = 0, given by B = B.(7),

fj=fg‘1dg
2 2mb
= Zal(B*st_\/Bi"‘ngn)"‘ 7;1

X (y/BZ + €*>coshtJ s + B, cosht]y + €sinh7]y3).
(74)

Thus, since the angles ¢, and ¢ys define x'x*- and
x%x-planes in the embedding space, respectively, the
source can be written as

. 2ma
1= L(B.Jys — VB + €2]15)8(210)
27rh
+ 72 ! (y/B% + €2 cosh7Jys + B, cosh7]y,

+ ¢ SiIlhTJ03)6(E()5), (75)

where the Dirac delta 2-forms are

8(25) = 8(xHd(x?)dx! A dx?,

(76)
8(Zps) = 8(x0)8(x)dx® A dx°,
and should be thought of as projected in AdSs. Therefore,
both deltas are proportional to &(r)dr A d¢p, up to the
corresponding Jacobians. The source describes one
codimension-two brane generated by one Killing vector
identification. The angular momentum is associated with
the azimuthal angle ¢ outside the brane.
Next, we construct a brane with angular momentum
associated with the interior azimuthal angle 6, obtained
by boosting this interior angle in the static brane.

C. Intersection of 2-branes

The static 2-brane (57) can be boosted in the 6 direction
by a Lorentz transformation A4(v) in the 7,6 -plane, with
velocity 0 = v < 1,

t0—€v00 00_%t0

Ap(v): t = —F—=, = ¢, 0= —=.
) — b= —
(71

Restricted to the space of the coordinates (1y/€, ¢, 0;),
this transformation has the form
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coshn 0 —sinhy
Ay = e M = 0 1 0 ,
—sinhy 0 coshpy
0 0 1
Lyu=10 0 0], (78)
1 00

where the velocity is related to the hyperbolic angle, or
rapidity, as v = tanhn. The spinning geometry can
be obtained by applying a Lorentz transformation to the
corresponding  coordinates of the static brane,
Ag: (to/€, po, 00)(t/€, b, 0).

The boosted geometry is the same as (45) after (51) and
(52), obtained by taking the quotient of the five-
dimensional pseudosphere by a Killing vector. The relation
between the two results can be made explicit by combining
the two steps, (56) and (77), into a single transformation
that expresses the embedding angles in terms of the coor-
dinates of the spinning brane, where U in (46) is calculated
from

bos t/€ apcy 0 b\ [t/€
b | =UAg'| ¢ |=] O a0 O ¢
b3 0 z—ﬁ 0 o 0

(79)

The nonvanishing parameters that define angular deficits
are

b, = agsinhn, ¢y = coshm. (80)

There are only two independent parameters, because

{ag, by, ¢y} satisfy

detU = a}c} — b3 = a} > 0. (81)

The velocity parameter is related to the angular deficits as
v = % with |v| <1 (nonextremal brane), or |b,| <
|agc,|. The nonextremality condition does not mean that
extremal branes do not exist. It only means that they should
be constructed from a different Killing vector identifica-
tion, not continuously connected to the boost (77).

The periodicity in the angular coordinates of the brane
geometry is related to the magnitude of the identifications

in the embedding space,
p=¢+2m S =gt 2ma, (82)
and
0=6+2m = dos = dos + 2mb,,
$34 = 3g + 270y (83)

These correspond to the two linearly independent Killing
vector fields acting on R>#, given by

&) =2mapl o, & = —2mbyJos + 2mey )z (84)
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The identification by &; produces a static 2-brane in the

Ix2-plane [25], and &, boosts it in the perpendicular
direction producing a spinning 2-brane if b, # 0 (see
Sec. II). The corresponding norms are

l€,11> = 472a3B?, (85)

l£:11? = 472A2(— bicosh®r + c3sinh?7).  (86)

The manifold formed after the identifications does not
contain closed timelike curves only if both &; and &,
have positive norms. While ||, ||? is always non-negative,
|€,11? is non-negative only if ¢3 — b3 > 0, and

b,
tanh~! = (87)
¢ 2

T=T) =

The resulting spacetime requires to cut off the region
7T<T.

1. Causal horizon

In the spacetime with more than one Killing vector
identification, we call the causal horizon a unique surface
that separates the outer region, where all ||£,]|* are strictly
positive, from the interior region, where at least one of
these norms is negative. Following the procedure estab-
lished in previous sections, the interior must be removed
from the manifold in order to avoid violations of causality
produced by closed timelike curves. This surface should
not be confused with an event horizon which can be
crossed by a geodesic. The causal horizon becomes a
boundary generated by the identification, where the space-
time ceases to be a smooth manifold once all points in this
surface are identified and the surface shrinks the singular
locus, ||£;]]> = 0, where the brane sits. This transformation
does not change the curvature of spacetime in the outer
region, but it produces an infinite curvature at the horizon,
that therefore becomes a brane source, F = j [11,18].

In terms of the new coordinates, the metric (45) reads

252
ds? = €Zf + a}B*d¢* + A%dr?
— A? b2 — — h271ds?
(32—51(2)[ 3 — (b — ajc3)cosh’7]dr
+ A[(c3 — b3)cosh*1 — ¢3]d6?
2b
€202 A[(1 — ad)cosh?r — 1]dtdf.  (88)

We shall argue now that this metric does not describe one
codimension-two brane, but two intersecting codimension-
two branes.

The first two terms in the metric (88) describe a conical
defect in the center of the B¢-plane due to the angular
deficit 277(1 — ay). Thus, let us first analyze the center by
setting B = 0. This surface is a 2-brane,
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dr*

ds*|g—g = —[b3 — (b3 — aéc%)cosh%]?
0

+ €2d7* + €?(ajcosh’t — ¢3)d6?

2bscyf
+ 22920 (1 — @2)cosh®r — 1]d1df.  (89)
ao
Introducing a new radial coordinate, p(7), that identifies
the surface ||&,]| = 0 with p = 0, and also rescaling the
time coordinate, as

24P
C2 + a aot
cosh = \|—=, == (90)
\3 -1 3-1
leaves the metric in the ADM form,
- dp2 -
ds*|g_y = —N*dT? + w7 + p2(d6 + N%dT)>,  (91)
where
~ 2 2p22
N(p) = \/bg +c&+ % + pg 2, (92)
~ b2C2 szzg
N%p)=—=(1 — aj) — : 93)
ea(z) 0 p2

Comparing with Egs. (25) and (26), the world volume
geometry (91) describes the three-dimensional spacetime
produced by a spinning O-brane in anti—de Sitter space.
This is the solution, for example, of Einstein’s equations in
three dimensions with negative cosmological constant in
the presence of a spinning topological defect. The mass of
the brane is M = —(b3 + ¢3) <0 and J = 2€c, b, is the
angular momentum, and thus the familiar inequality
€|M| > |J]| follows trivially.

In general, for arbitrary B, the full five-dimensional
metric describes a warped product of a conical defect
and a spinning brane,

?dB? B>+ (2
BZ + €2 €2
Thus, using the coordinates 7 and p defined above, and
introducing r = a(B, the metric reads

ds? = + a2B2d¢? + ds?ly—.  (94)

dr’ 71 - dp?
ds* = + r’d¢? + [—N%JT2 +—=
() a(z) N?
+ p2(d6 + N"dT)z], (95)
where
2
;
f2(r) = a(2) + a2 (96)

Note that the lapse and shift functions defined in Eq. (47),
here correspond to N = fN/a, and N’ = N, written in
the coordinates (r, p, T, ¢, ) that cover only the outer
region with respect to the causal horizon.
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It is apparent now that the surface r = 0 is a three-
dimensional submanifold with the geometry produced by
a spinning O-brane. On the other hand, the surface p = 0
(where 6 is not defined) has the geometry of a static
2-brane. The resulting warped geometry (95) is such that
the singularities representing the world volumes of the
branes are, in turn, the three-dimensional spacetime ge-
ometries produced by a static (p = 0) and a spinning
(r = 0) O-brane, respectively.

This suggests that this configuration might survive
the addition of a further interaction corresponding to
codimension-four objects localized in the world volume
of both 2-branes. We will explore this possibility elsewhere.

We expect that the form of the sources keeps this geo-
metrical picture of two intersecting 2-branes.

2. Sources for intersecting 2-branes

Following the steps of Sec. to identify the source, let us
consider a generic Lie group element (60) in the coordi-
nates (79),

g(t, ¢, 0) = goe—((hzf/fl<)€)+6'20).l34
X el a0eat/OFb20)Jos p=ao$Iiz o735 pP(B)is 97)

where g, is some constant group element. Similarly to the
three-dimensional case, the curvature singularity can be
calculated evaluating the loop integral of g~ 'dg along an
infinitesimal contour around the Killing vector horizons.
In this case, the source is identified as

2mb
i="2mapJ;n6(2) + %(ACOShTJos
+ Bcosh7Jy; + €sinh7J3)5(2s)

27

+ ;2 (AsinhrJ,s — Bsinh7J 4 — €coshrd3,)8(Ss4).

(98)

Since j is a sum of various currents whose Dirac deltas are
supported on (at most two) different submanifolds of the
four-dimensional spatial section, it means that we are deal-
ing with (at most two) different independent 2-branes.
Indeed, the first term in the source corresponds to a static
2-brane,

. 1
jtatiec = —27ayb(2,), 5(212)=ﬁﬁ(r)dr/\d¢. (99)

Expressing 8(2¢s) and 8(X34) in terms of 8(p), using the
relation for 7(p) given by Eq. (90) and finally evaluating
the current by means of the identity pS8(p) = 0, it can be
shown that the source for the three-dimensional spinning
brane is
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. spinnin 2
.](23D‘p ¢ =———[—c3J34 + b3J03 + brcr(Jos + Jus)]
62 _b2
v 2 2
deo
X 8(p)dp A— (100)

27
This can be confirmed by direct comparison with Eq. (39).
We conclude that an intersection of two 2-branes is a
O-brane (that is, a world line parametrized by the time T')
with nonvanishing angular momentum. In general, when
p # 0, these two branes combine the sources in a more
complicated way, as in Eq. (98).
We shall see below that intersecting codimension-two
branes generically appear when the angular momentum of
the solution is transversal to the original static brane.

D. 2-branes with two angular momenta

In order to boost the static 2-brane in a most general way
in five dimensions, we introduce two Lorentz transforma-
tions with velocities w = tanh{ and v = tanhn (0 = v,

w<1),
- o — twe b0 — ¢ lo
e oy = L 20 =——=, (01
V1 —w? ¢ 1 —w?
! —vb 0o — 41
o =t 00 g0 L (02

vl—vz’ \/l—vzy

represented by matrices (62) and (78), where [L gy, Los] =
L,,. After that double boosting, the mixing of angles given
by U = Uyetteemo take the form

apgcosh{ coshn agsinh{ agcosh{ sinhn

U = | agsinh{coshn agcosh{ aysinh{sinhn

sinhn 0 coshmn
(103)
From ¢ ~ ¢ + 27 and 6 =~ 0 + 2, we get that angular
momenta are produced by two independent identifications,

brn=d¢pt2ma;,  $os=bos +2mb;, b=y,
(104)
and
b2 = iy + 2ma,, bos = bos + 27b,,
$34 = b3g + 270y, (105)
respectively, where the constants are
a, = agcosh{, a, = agsinh{ sinhn,
by = agsinh{, b, = agcosh{ sinhn,
c1 =0, ¢, = coshn. (106)

There are only three independent parameters, because six
constants are subjected to three constraints,
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at(cs — 1) = b3.
(107)

The identifications (104) and (105) are produced by two
independent Killing vector fields

&1 = 2ma )i — 27bJos,

22 2 _
ay — by = ag, aya, = byb,,

(108)
fz = 277(12.]12 - 27Tb2J05 + 27TC2J34,
whose norms read
1€, = 47*(a?B* — biA%cosh?7),
(109)

l£,11> = 47*(a3B* — b3A%cosh®T + c3A%sinh?7).

The vector £, is the same one that brings into existence
a 2-brane with the angular momentum J b> and we know
that its norm is positive when Egs. (69) and (70) are
satisfied, that is,

B = B(7), T < Top, (110)

where

b€ coshr . _ya
Top = cosh™ —.

ya} — bicosh’r by

On the other hand, sectors with [|&,]|> = 0 exist only if
c3 — b3 > 0. Then &, is a spacelike vector in the region

By(1) = (111)

(2 pDven2
B=B,(1)= 5\/ % L if T < T =73,
0, > Toa,
(112)
where we have introduced the points
7o = sinh”! b§ - a§ ., To3=sinh™! L = Tgo.
(113)

When 7 = 793 = 7, the vector &, is spacelike for any
B, but this 2-brane possesses one angular momentum only,
since a, = 0. If ¢3 — b3 <0, the vector &, is not spacelike
in any region of the manifold. Regions where a 2-brane is
defined for various angular momenta, are shown in Fig. 2.

Finally, if £, n # 0, a well-defined spacetime corre-
sponds to a region where both &; and &, are spacelike
vectors, when the horizons (with vanishing || £, ]| and || &;[])
are identified with a point. In this procedure, all the sectors
where a norm of at least one of the vectors is negative have
been removed. What remains is nonempty if the curves
B,(7) and B,(7) intersect, that is, if ¢c3 — b3 > 0 and 7; =
Top. The intersection point 7. is a solution of B(7.) =
B,(7,). The causal horizon B.,(7) is the boundary of the
region where both Killing vectors are spacelike, so that it
coincides in parts with the curves B, (7) and B,(7). In terms
of the parameters, a condition to have a 2-brane is
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FIG. 2 (color online).

3 —b3>0, b3 — a3) = ad(c3 — b3). (114)

As mentioned above, when the intersection exists, the
causal horizon B.(7), 79 = 7 = 7, is the union of two
surfaces defined by B;(7), 7. = 7 = 7 and B,(7), 7pp =
7 = 7,.. The radial coordinate outside the brane is defined
for r = B — B.(7) = 0, and the radial coordinate 7 inside
the brane becomes compact, 7gp = 7 = 7.

Removing the interior region (B — B.(7) < 0) produces
a globally nontrivial identification. Unlike identifications
generated by the action of a Killing vector, this one does
change the curvature, but only at the horizon, whereas for
B > B.(7) (outside the horizon) the equation F = 0 holds,
and the spacetime is locally AdS. On the other hand, the
horizon B, becomes a point after the identifications, and
the curvature there is infinite.

The surfaces B; and B, are not joined smoothly at the
point 7, because, as in Sec. IIIC, this point is an inter-
section of two 2-branes, produced by two distinct Killing
vector identifications. This can be best seen directly from
the source. When the conditions (114) are fulfilled and the
branes exist, the curvature singularity is calculated from

1
fg‘ldg zz(B*st —AJp) fdfﬁu

+ 1[coshT(A*JOS +B.Jo) + €SinhTJ03]fd¢05

€
1
+ E[SinhT(A*J45 —B.J1y) — €COShTJ34]fd¢34-
(115)

The integral is taken around an infinitesimal path close to
the horizon B.,. Note that this path is not smooth, since it is
composed by two curves.

Nonvanishing integrals are due to the presence of
sources, and the total current is a sum of various sources
defined on different planes. Again, these sources are ex-
pressed in terms of only two independent Dirac deltas—the
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,To1To2, .
0.8 1.0 1.2

0.0 0.2 0.4 0.6

Two cases can be distinguished according to the relative position of 7y, and 7,.

ones on the B¢ and 760-planes, generated by two indepen-
dent Killing vector identifications. This is guaranteed by
construction because the sources appear only at the causal
horizons ||&;]| = 0.

Because gy4 # 0, the angular section y,,, in the ADM
metric (47) is not diagonal, the B¢ and 76-planes are not
orthogonal to each other. Thus, the coordinates used here
are natural to perform the identifications, but they are not
the best adapted for writing the sources for each brane as an
independent term. A convenient method to deal with this is
the one used in Ref. [22] for locally flat configurations,
where the metric is put in the canonical form that separates
(up to warp factors) submanifolds with different Killing
vector symmetries. This calculation is technically cumber-
some because the coordinate transformation depends also
on B and 7, and is beyond the scope of this paper.

1. Inequivalent 2-branes with two angular momenta

Since Lorentz transformations do not commute, one last
question to clarify is what happens if the order of the
boosts applied to a static brane is reversed. Taking
U = Uje™wuetle an inequivalent mixing of the angles
is obtained, so that the parameters for the angular deficits
now become

a;=apcosh{ a,=0, b;=agsinh{coshn,

by, =agsinhm, ¢; =sinh{sinhn, ¢, =coshn. (116)
The constraints between the parameters are
2
a3cicy =bb,, a%—c—;=a(2), b3=a3(c3—1). (117)
2

The norms of Killing vectors that produce identification
read

I€,11> = 47*(a?B?> — b3A%cosh®T + ¢2A%sinh’7),

(118)
I€,117 = 472 A%(—b3cosh® T + c3sinh?7).
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The vector field &, is spacelike for 7 = 7(;, where 7o =

sinh ™! \/% exists if ¢3 — b3 > 0, otherwise &, is never
G5

spacelike, in which case the spacetime would have ill-
defined causal structure, making those brane solutions
unphysical. On the other hand, if ¢} — b? >0, the norm
of the & can be written as

€112 = 472(c2 — bY)[B*(sinh®7 — sinh27;)

+ €%(sinh’®7 — sinh?7y,)], (119)

- 2
bi—a
272
by

by
C%—b2
the regions with non-negative ||&,]|*> are shown in Fig. 3,
and they are bounded by the horizon B, (7).

A nonempty intersection of two regions (where both &,
and &, are spacelike) is what remains after all other sectors
are cut out from the manifold. This truncation produces the
sources, that geometrically describe two intersecting branes.

Compared to the two 2-branes of Sec. III D obtained by
different boosting of the static brane, the configurations
constructed here contain branes with noncompact internal

where 7, = sinh™! and 7p; = sinh™! . Then,

PHYSICAL REVIEW D 84, 104046 (2011)

spacetimes (B and 7 unbounded), as shown in the first two
graphs of Fig. 3.

Note that for a 2-brane whose angular momenta are
defined by the boost efLozemloi  the U matrix can be
written as

U = eraL02+ﬁL04+yL24’ (120)

where the parameters are obtained using the Baker-
Campbell-Hausdorff formula as o = % siny, B = n, and

v = %(1 — cosm). Thus, in general, a 2-brane with the
required features can be ‘“‘designed” by appropriately
choosing the parameters «, B, and 7y. In order to ensure
that U corresponds to a boost and not a rotation between
the coordinates ¢ and 6, the generator should have real
eigenvalues. The eigenvalues of U squared are

2=at+ - y2>0, (121)

which are, in turn, related to the angular deficits in ¢ and
by

B

6L

5[
al

3
2L

1

To3

0.0 0.2

FIG. 3 (color online).

The doubly shaded area represents the regions where both Killing vectors are spacelike. Three cases can be

distinguished depending on the relative position of 7,; with respect to the pair defined by 7y, and 7y; (whenever they adopt real

values).
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a, = %[,82 + (a* — y?) coshz],

ar = g['yz sinhz + aB(coshz — 1)],

b, = a—g[az sinhz + By(coshz — 1)],
z

(122)
by = a—g[IBz sinhz + ay(coshz — 1)],
Z

1
¢ = _2[—yz sinhz + aB(coshz — 1)],
z

1
) = Z—z[a2 + (8% — ¥?) coshz].

E. BPS spinning 2-brane configurations

In order to investigate the stability of these p-branes, one
could try to analyze the dynamics of their perturbations.
This requires a previous knowledge of the Lagrangian that
we have not specified so far. We will study stability in the
context of CS AdS supergravity for the super group
SU(2, 2|N), which is the natural supersymmetric extension
of the five-dimensional AdS group. This supergravity has
N supersymmetries and the spinors ¢ (s =1,...,N)
transform as SU(N) vectors.

A p-brane is stable if it preserves some supersymmetries
described by local spinorial parameters €,(x). These
Killing spinors are solutions of

D(A)e; =0, (123)

in the background given by the AdS connection (59).
Hence, stability will be expected to hold for those configu-
rations that admit globally defined solutions of (123). For
simplicity, we will assume that all other components of A
in the superalgebra vanish. The AdS generators J,p are
represented in terms the five-dimensional gamma matrices,
I'y,asJ,, =3[, Tpland J,5 =3T,.

Solutions to this equation have been discussed in detail
for static 2-branes in Ref. [25]. Here, we make use of the
fact that a solution for spinning 2-branes has the same local
form as the static solution, where only global (boundary)
conditions are changed. Thus, we write a general solution
for the Killing spinor as

€, = e—(l/Z)p(B)F| 6_(1/2)Tr36(1/2)(¢'2+¢34_¢05)/\/X, (124)
where p(B) =sinh™'(B/€), and a constant common
eigenspinor ), of the commuting matrices satisfies

FOXs=i/\/sr FIFZXs=iXs’ F3F4Xs=iXs- (125)

Only the last two conditions are independent because I'y =
—il',T',I'3T. There are, thus, a priori N/4 independent
spinors ;.

The existence of nontrivial solutions for (123) depends
on the boundary conditions of €,(¢, #). The periodicity of
coordinates ¢, 6 are determined by the mapping (46)
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between these angles and the embedding angles. (Anti)
periodic conditions €,(¢ + 27) = *€,(¢p) and €,(0 +
27r) = *€,(6) imply

a;—b;+c;=n;, €7, (i=1,2). (126)
This establishes the BPS condition that relates the pa-
rameters a;, b;, and c;, which are the same for all branes
with equal angular deficits, regardless of the boosts by
which they are spun. In general, these are not the same
as the extremality conditions that match the mass and
angular momentum parameters for the extremal branes
that correspond to the boosted static brane with maximal
velocity. Only in three dimensions these conditions
coincide.

Clearly, in the absence of angular deficits (a;, b;, c; € Z)
there exists one stable solution, namely, global AdS. For a
static 2-brane, there is only one nontrivial parameter, which
is not an integer. Hence the extremality conditions (126)
cannot be fulfilled—the static 2-brane without bosonic CS
matter is not stable [25]. If there is a nonvanishing angular
momentum, then two or more parameters are not integers,
and the extremality conditions (126) could in principle be
satisfied by a one-parameter family of configurations.
However, fulfilment of this condition is not guaranteed in
general and must be checked for each particular system of
2-branes. We, therefore, turn to particular cases.

For intersecting 2-branes with one angular momentum
Jy, the independent nontrivial parameters are b, and c,,
given by Eq. (80), and there is a unique extremality con-
dition

¢y — by = n,. (127)

This condition clearly constraints only one parameter

while leaving the others arbitrary, and is consistent with
(81), so these stable BPS branes exist.

Similarly, for a massive 2-brane with angular momen-

tum J,, two independent parameters are a; and b; =

yai — a}, and a stable BPS 2-brane is obtained when

ap — Va% - a% = ny.

More generally, for intersecting 2-branes with two an-
gular momenta J, and Jy, whose angular deficits have the
form (106), the extremality condition reads

(128)

ap(coshn, — sinhn;) = n,,

COSh’T]Z — apn Sinh’r]2 = njp. (129)
A solution to these equations always exists, and the ex-
tremal 2-brane labeled by (n;, n,) € Z? is parametrized by
agp as
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2 2
as —ny — 2nya
— wnh—1{%0 1 140
T]l,extr = sinh ( 2 )»
ay
130
—ninray * «fain? +n3: — 1 (130
e 17240 — 01 2
M2 extr — sinh 2.2 _ 1 :
apny

Other stable, spinning BPS branes can also be obtained
when the bosonic CS matter is included, as discussed in
Ref. [25].

IV. CODIMENSION-TWO BRANES
IN HIGHER-DIMENSIONS

Configurations similar to the 2-branes discussed in AdSs
can be generalized to higher-dimensional AdS,,, 3 space-
time to obtain 2 p-branes. The idea is to introduce suitable
identifications in the Euclidean planes, after embedding the
AdS,, 3 hypersphere, x-x = —¢?, in the flat space
R>2P*2 with Cartesian coordinates x* (A =0,...,2p +
3) and signature (—, +, ..., +, —).

A convenient way to obtain a codimension-two brane in
higher odd dimensions is to choose the coordinates x°, x!,
x2, and x?P*3 to represent a three-dimensional O-brane (see
Sec. II), parametrized by B = 0, the azimuthal angle ¢ ,,
and the time coordinate ¢,,3 € R, thickened by the
introduction of p internal radial coordinates, 7y, ..., 7

0, and angles ¢y, ..., h2) 412,42, 50 that [25]

=
p

0 — 1 _
x’ =AY ,cos¢2p 3 x' = Bcos,,

X =AY, sindgapss x> = Bsingy, (131)
andfori=1,..., p,
XM =AY ;_; sinh7; coshr;s 12542, 132
x?*2 =AY ,;_| sinh7; singba; 11 2i+2- 1

Here A> = B? + ¢? and we introduced, for compactness,
the functions

Y,,, =[] coshr, (133)
i=l

where Y o = 1. We restrict to odd dimensions, but similar
transformation exist in even dimensions, as well.

As a result of this construction that preserves the AdS
constraint, one obtains a spacetime with locally constant
curvature that describes a 2p-brane. The metric takes the
form

€2
ds? = Pde + B3, — A’Y3 ddp,, s
V4
+ A2 Z Y2, (d7? + sinh®r;d 3, | 5iyo). (134)
i=1

In five dimensions (p = 1), this metric matches the one
given by Eq. (45), with 7 = 7.
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Because some azimuthal angles have deficits with re-
spect to global AdS, conical singularities are generated in
the submanifolds that coincide with world volumes of
static branes, and also causal horizons are generated
when the branes are rotating. For example, if only the
angle ¢, has a deficit 277(1 — ay), and other angles
®1i+1.2i+2 have period 27, a static 2p-brane is produced
with conical singularity at the origin, B = 0; the deficit a
is related to the negative mass parameter of the brane
M [25].

As discussed in the previous section, if more angles have
deficits, then the brane acquires angular momenta as well,
and it might become a system of intersecting p-branes. In
2p + 3 dimensions, there can be at most p + 1 indepen-
dent/commuting rotations in Euclidean planes of the
(2p + 2)-dimensional spatial section in the embedding
space. Therefore, the most general codimension-two brane
is described by p + 2 parameters related to conserved
charges, i.e., the mass M, and angular momenta, J=
(J1, ..., J,51). This counting matches the fact that there
can be at most p + 2 angular deficits in the angles ¢, 3
and ¢2i+l,2i+2’ i = 0’ - P

The isometry group of AdS,, 3, SO(2,2p +2), is of
rank p + 2. This means that the brane can be described by
at most p + 2 independent parameters, each one corre-
sponding to a generator of the Cartan subalgebra.
Similarly to the five-dimensional case, the mass parameter
is directly related to an angular deficit of a static brane, and
p + 1 angular momenta are related to independent rota-
tions in Euclidean planes.

The angular momenta can be alternatively obtained by
applying p + 1 independent boosts, or Lorentz transfor-
mations, to the static brane along independent angles. To
be more precise, if J,5 are generators of SO(2,2p + 2),
then the commuting generators of the Cartan subalgebra
are  Joop+3  and  Joirii42, where i=0,..., p.
Geometrically, the angles ¢, 13 and ¢y 1124, are azi-
muthal angles in the Euclidean planes x’x*’*3 and
xZ 122 respectively.

Furthermore, as in the five-dimensional case, the embed-
ding angles ¢5,+3 and ¢y 1124, are related to the time
coordinate ¢ and p + 1 periodic angles 0; = (¢, 0,...) €
[0, 277). The relation between the local coordinates in AdS
space and those in the embedding space is captured by the
invertible matrix U that generalizes Eq. (46),

bo,2p+3 up by by by t/€
3P Uy ay a, Apii 0
b34 —| 43 ¢ Cpti 0,
¢2p+1,2p+2 Up+2 g1 92 """ 4dp+1 9p+1

(135)
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In this notation, a static brane is represented by U, =
diag(ao, ap, 1, ey 1), where ¢12 == a0¢, ¢0’2p+3 ==
apt/€, and all other angles are periodic, with periods 2.
Static solutions with different transverse planes also exist,
but they simply correspond to different matrices U, in
which the second eigenvalue a, is moved along the
diagonal.

A rotating brane is brought to existence from the static
brane by applying at most p + 1 independent Lorentz
transformations A along the angles 6;, each one introduc-
ing a component J;. Then, the matrix U in (135) can be
“unboosted” to the static brane as U = UyA~!. Again,
U has at most p + 2 independent components and
detU = a.

A. Sources

Angular deficits of the embedding angles ¢;;, due to
identifications 6; = 6, + 2, are read-off from the matrix
elements of U as a;, b;, ¢, ..., q; € (0, 1]. These entries
correspond to the parameters that characterize the Killing
vector fields used to identify points in the embedding space,

&(x) =2ma ), — 27 Jopps + 2mCi g + -

+2mqJop+1,2p+2- (136)

A rotating brane with angular momenta J is the quotient of
AdS,, 3 space by these identifications. The spacetime
curvature is constant everywhere. However, as in the pre-
vious discussions, the allowed regions of spacetime are
those that do not possess closed timelike curves, that is,
where all the norms

|17 = 2m(a; B> — b~A2Y2 + ¢;A%sinh’1,

+---+qA Y2 lsinhzq-l,), (137)
are non-negative. As in five dimensions, the causal horizon
B = B..(7) is a boundary of the “outer” region, where all
||&;]1 are strictly positive. The interior is removed from the
manifold by an additional transformation that identifies B.
as a set of points with infinite curvature, that is, a source of a
codimension-two where the brane is.

Explicit expressions for this source can be obtained
using the method of nontrivial holonomies, explained in
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previous sections. In order to analyze nontrivial paths

around the horizon, we choose the vielbein as

¢
eo = AYl,pd¢0,2p+3J I = ZdB,

2= Bdd¢,, At =AY, dT;,
e =AYy sinhTid vy i, (138)

where i = 1, ..., p and Y,,, has been defined in Eq. (133).
Then the torsionless spin-connection, defined outside the
source, has nonvanishing components

B A
01 — 0 12 —
W =——c w*c=——do
(A’ € ’
. B . . .
wl,21+1 — _—621+l, w1,21+2 I _621+2’
€A €A
02i+1 — 3
w T = SlnhTiYi+1,pd¢0,2p+3’

and with i < j,

2i+1,2i+2

TS = —coshTidpyiypiva

a)2i+1’2j+l = SinhT‘jYi,l‘de’ri, (139)
2i+22j+1 — .

™50 = sinh7; sinh7; Yy 41 d oty pisa-

The AdS connection A has the form given by Eq. (1). As
discussed above, the integral of F over an infinitesimal
surface that contains the horizon is finite, because the
coordinate definitions (131) and (132) introduce a curva-
ture singularity: the source of the brane j. This source is
located at the causal horizon, that is in general a union of
various surfaces ||£;]| = 0 coming from different Killing
vectors.

The only contribution to the integral [ s, F comes from
an Abelian subgroup [y dA = §, A.InEuclidean planes,
the loops around the horizon are parametrized by the azi-
muthal angles ¢;;. When the angles have periods smaller
than 277, then §d¢p;; = 2mA;;, where A;; € (0, 1) are the
constants whose form depends on the matrix (135). When
there is no deficit, A;; = 1, and we can drop this term from
the source, as it describes a simple S' rotation, that is an
ambiguity in a Killing vector that can always be removed.

Writing these contributions to F in the x’x/-planes as the
2-forms 2mA;;6(%;;), we obtain the source of a
codimension-two brane in 2n + 1 dimensions,

27
= T(B*J2,2p+3 AJ)AR6(Z) + — [Yl p(Adoopis + Budor) + Z €sinh7; Y,y ,J0 21+li|)l0 2p+30(Z02p+3)

i=1

p
27 )
7 z [Yl,i—l sinh7;(A.J2i122p+3 — Bedipir2) + €coshJoii00i1
i=1

Nl*—‘

p
Z sinhr; SlnthYifl,j+1J2i+2,2j+l :I)‘ZH1,2i+25(22i+],2i+2)-

(140)
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Not all Dirac delta 2-forms 8(2; ;) are independent sources,
because 3; ; are Euclidean planes in the embedding space
R*27*2 and 8(3;;) has to be expressed in the AdS coor-
dinates. A more explicit form of j depends on the number
of angular momenta and the identification under
consideration.

In the next subsection, we will show that these spinning
2-branes can be stable in the framework of CS
supergravity.

B. Killing spinors

Consider a CS supergravity with N gravitinos for some
super AdS group. The smallest superalgebras that contain
the AdS,, 3 are constructed and classified in 2p + 3 di-
mensions in Ref. [15]. A spinor ¢, (s = 1,..., N) with
27*1 components transforms as a vector in some internal
subalgebra so(N), sp(N), or su(N), depending on the
dimension of spacetime; generically, the superalgebra
also contains additional bosonic generators required by
its closure.

A 2p-brane solution of the theory is a BPS configuration
if its gauge connection A corresponds to (1), (138), and
(139), with all other fields set to zero, and it admits non-
trivial Killing spinors €, satisfying Eq. (123). As we show
below, in order to satisfy this requirement, the brane
geometry must have at least one nonzero component of
the angular momentum. Killing spinors have been calcu-
lated in Ref. [25], and they have the form

€, = e~ (1/2pB)I, lﬁl e~ W27ilais p(1/ D)o pisalaiv 042
i=1

X 6(1/2)(¢12F12_¢0'2”+3F0)Xs- (141)
The function p(B) = sinh™!(B/{) is the same as before,
and I', (a=01,...,2p+2) are the @2p+ 3)-
dimensional gamma matrices and Y, is a constant spinor.
Since the set of matrices I'5;115i42 = %I‘ZHITQHZ mutu-
ally commute and have eigenvalues *i, the spinor Y, can
be chosen as their common eigenvector,

Doivi2iioXs = iXs i=1...,p. (142

Furthermore, the matrix Iy, proportional to the product
[y =Ty, 412,+2, can be normalized as

FOXS = i/\/s- (143)
Then, the spinor €, adopts the form

€, = e~ W2pBYT ,(i/2)(b12—bo2p+3)

P
X l_[ e~ /27l e(i/2)¢2i+l,2i+2/\/s' (144)

i=1

In order to have a globally defined ¢, it is necessary to
impose periodicity conditions in the angles 6;. From the
matrix U with the matrix elements Uy, in Eq. (135), we
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find that a change 6; — 6; + 27 of the j-th angle (j =
I,..., p + 1) induces a change in the embedding angles

b1, — ¢y +2ma;,

J
Doiv12i+2 = Paiv12i+2 T 27051 pi4s-

bo2p+3 = Po2p+3 + 27h,

(145)

Thus, for fixed B, 7;, and 6, (i # j), the spinor changes as

P
€0+ 2m) = e [T ™22 (0)).  (146)
i=1

Requiring that the spinor be periodic or antiperiodic func-
tion of the angles, €,(6; + 27) = *€,(6;), one obtains
p + 1 independent conditions on the parameters,

4 .
—_ J — .
a;—b; + Z Usit12i42 = N;,
i=1

(NEZj=1,...,p+1) (147)

These conditions /inear in the parameters are always sat-
isfied by the global AdS, 3, for which U = 1. Also, these
conditions are never satisfied by static branes, where there
is only one parameter in the interval (0, 1). However, with
at least two independent parameters, above equations
present the extremality conditions between the sets of
parameters that are, as we saw before, related to the
conserved charges M and J; of the theory. Similarly as in
five dimensions, these linear conditions that define the BPS
states do not coincide for p = 1 with the nonlinear con-
ditions of the extremality of angular momentum.

The extremality conditions (147) applied to five-
dimensional 2-branes, reproduce results discussed in
Sec. IITE. The BPS states described here are easily gener-
alized when other forms of CS matter are added as, for
example, a U(1) field. For static codimension-two branes,
this case was analyzed in Ref. [25].

V. CONCLUSIONS AND OUTLOOK

This paper is devoted to the study of codimension-two
branes in AdS; =3 spacetimes. The branes are classified by
a set of parameters {a;, b;, c;, ...} related to their mass and
angular momenta. The construction is based on the intro-
duction of Killing vector identifications in the embedding
space R>P~! of global AdS,, where the above parameters
become angular deficits. These identifications have fixed
points and produce configurations that are locally AdS, but
whose global structure is changed and describe a variety of
2 p-brane configurations.

In this construction, one is faced with entire regions of
spacetime that admit closed timelike curves. They are
removed by an additional identification of the causal hori-
zon with a point. The last identification, which is not
produced by a Killing vector, keeps the manifold locally
AdS everywhere, except at the point defining the causal
horizon, where the Riemann curvature becomes infinite. In

104046-19



EDELSTEIN et al.

the field equations, this is presented as a brane source. The
source generically has the form of a Dirac delta distribu-
tion—without derivatives—contrary to recent reports in
the literature (see, e.g., [28,29]). This is possible on ac-
count of a nonvanishing torsion at the singular locus defin-
ing the position of the brane.

Our construction guarantees that the AdS curvature
satisfies F = j, independently on the form of the action.
This means that, without a source, any action admitting
global AdS as a solution can also have these (spinning)
branes as exact solutions. In order to include the sources, a
suitable interaction also has to be added in the action.

Geometrically, the manifolds obtained in this paper
present one or more (maximally [(D — 1)/2]) spinning
codimension-two branes that intersect. Thus, the source
is a sum of at most [(D — 1)/2] independent Dirac delta
distributions, each one associated with one (D — 3)-brane,
or one Killing vector identification in AdSp space.

This discussion is restricted to the branes that possess a
static limit, i.e., that reduce to the static (D — 3)-brane in
the absence of angular momenta. A construction of this
class of spinning branes is shown to be equivalent to a
boosting along an azimuthal angle of the static brane, in the
spirit of Ref. [24], where a similar analysis has been done
for the BTZ black hole [1,5].

Our approach to obtain a higher-dimensional (D — 3)-
brane from the three-dimensional O-brane is to thicken it
(by introducing further internal coordinates), thus it is
natural to expect that there exist more than one inequiva-
lent ways to do this kind of embedding. Furthermore, since
identifications of AdS space with or without fixed points
produce branes or black holes, respectively, it would be
quite interesting to study combined identifications where
both branes and black holes are formed. All those cases
that lead to nontrivial global geometries are left for future
discussion. In particular, a general analysis like the one
performed in [5] seems as necessary as cumbersome.

Extremal spinning branes are not included in this analy-
sis, because they would correspond to a boost whose
velocity is equal to the speed of light. Coordinate trans-
formations that exhibit this Killing vector identification are
not well-defined in the extremal limit either. The nonex-
tremality condition, however, does not mean that extremal
spinning branes do not exist, but that they should be con-
structed from a different Killing vector identification.
Indeed, in three dimensions, extremal spinning branes
have been obtained from identifications in AdS; in
Ref. [9]. This extremal spinning O-brane should be thick-
ened and embedded in higher dimensions similarly as in
the nonextremal case, in order to give rise to the extremal
codimension-two brane in D dimensions.

To understand the geometry of spinning branes that
satisfy F = 0, one does not need to know an action—all
actions that have as particular solution F = 0 will do the
job. This could be, for example, any action from the class
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of Lovelock actions that generalize general relativity in
higher dimensions. In particular, Einstein-Hilbert action
with negative cosmological constant has described spin-
ning branes as solutions in any dimension.

Without knowing the action, one cannot calculate con-
served charges in the theory, but one can relate the free
parameters {a;, b;, c;, ...} of the configuration to its mass
and angular momenta by their comparison to some known
asymptotically AdS solution, for example, the BTZ black
hole. This is possible because the set of independent pa-
rameters is equivalent to the set of Casimir invariants, thus
equivalent to the gauge-invariant charges.

One question that naturally comes to mind in the pres-
ence of these p-branes which do not affect the local curva-
ture, but modify the topology, is about the experimental
tests that could be performed to detect them. A related
problem is how would one distinguish these solutions from
other configurations by looking at them from far away. It
has been recently shown that black holes and naked singu-
larities can be observationally distinguished through their
gravitational lensing properties. When used as gravita-
tional lenses, a black hole and a naked singularity of the
same mass and symmetries give rise to a different number
of images of the same light source. They also possess
different orientations, magnification, and time delays of
images. For more, see, e.g., Refs. [35,36].

Analyzing the stability of the brane solutions discussed
here requires knowing the full theory, as it involves per-
turbing the fields in the vicinity of the solution F = 0, and
studying their dynamics from the equations of motion. We
have performed this analysis in the case of CS super-
gravity, where we showed that there are BPS states that
preserve a fraction of the original supersymmetry.

Sources can be incorporated in a theory by adding to the
action the couplings between the external currents j and
gravitational and matter fields. We are interested in CS AdS
supergravity in odd dimensions, where the AdS connection
is a fundamental field. As discussed in [11,18,25,26],
gauge-invariant and background-independent couplings
between a 2p-brane and a connection is provided by the
generalization of the minimal coupling, where the role of
the vector potential is played by the (2p + 1)-CS form. The
bosonic sector of this supergravity is of the Lovelock type
and it has the unique AdS vacuum F = 0. This vacuum is a
degenerate zero of the CS field equations; that means that
linear perturbation analysis is not well-defined in this back-
ground. This problem is circumvented in the supersymmet-
ric case by showing that the solution F = 0 preserves some
supersymmetries and, using symmetry arguments, that
it must be a stable state whose charges saturate the
Bogomol’nyi bound in this background. The fact that there
are no configurations into which these states can decay
implies that this supergravity theory should not present a
turbulent instability of the type recently observed in general
relativity [37,38].
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The situation in which there is no well-defined linear
approximation around some very symmetric background is
typical for higher-dimensional CS theories [39]. The prob-
lem is originated in the so-called irregular sectors of the
phase space, where the canonical Hamiltonian analysis is
not applicable. In these sectors, local symmetry increases
and the number of physical degrees of freedom decreases
[40]. These sectors are not open sets in phase space, they
are submanifolds of measure zero, and one can avoid them
by adding to the background a suitable bosonic CS matter
[41,42]. In that way, one can work in the AdS background
in CS gravity even without involving supersymmetry.

Recently, another solution involving Chern-Simons cou-
pling has been discussed in the context of electric-
magnetic duality [43]. This magnetically charged solution
is geometrically like a Dirac string, but it might be also
electrically charged.
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APPENDIX: THREE-DIMENSIONAL CURVATURE
FROM PARALLEL TRANSPORT OF A VECTOR

The Riemann curvature of three-dimensional O-brane
described in Sec. II B can be obtained from parallel trans-
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port of a Lorentz vector V¢ around the point r = 0. The
equation of parallel transport along B(r) = const reads

DVe = (94V° + 0i'Vy)dd =0, (A1)
or in components
0=20,4V°+ %B VY,
0=20,V'+ 7V0 B+ v, (A2)
0=20,V>+ E\/B2 + €2V
General solution of these equations has the form
0 Bb : 4 Jrzy e
V(o) =m(ﬁcosﬂqﬁ — asin{) @) +@ B% + €%y,
V(p)=acosQ ¢ + BsinQ ¢,
V() = {%\/32 +2(BeosQp — asinQd)+y,  (A3)
where the angular frequency is
Cl2 _ b2
O (r) = — B2+2—€ +a*+ b (Ad)

If the transport starts in the point ¢ = 0 with the vector V¢,
the integration constants are

a="V, —bBV + aVB? + 2V?),
m
(AS)
Yy = {,292 (m/B2 + 2V0 — bBV?).

After moving along the circle and returning to the initial
point, the vector becomes
veQ@m) = SqVe, (A6)

where the transformation matrix, in the limit » — 0, reads

1+ %(1 —cosf) — \/afi—l# sin — ai‘zf’b4 1 — cosf)
S = - 76% siné cosf 70;’2_—134 sinf (A7)
%(1 — cosf) - ﬁ%ﬁ sing  —1(—b* + a* cosh)

We have introduced the angle

(A8)

0= liI%ZWQ =2mVa? + b2

|
In the static case (b = 0), we have 6, = 27a, and

1 0 0
Sstatic =10 COS@O sinﬁo = eloJi2, (A9)
0 —sinf, cosfy
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Nontrivial curvature is due to the current

Ss[atic =e¢ j.]slalic,

f jauic = —2maodys. (AI0)

In the rotating case (b # 0), we can rewrite the matrix S
as a composition of the 12-rotation and 02-boost,

S = eMoebfdze=nJo, (A11)
with the angles
0= 1in827TQ =2mVa® + b2, (A12)
bB b?
tanhy = lim——— = —. Al3
anhn = lim -~ e = 2 (A13)

Again, a spinning brane is obtained from the static one
after applying the Lorentz boost,

coshn O
e™Mn = 0 1 0
sinhn 0 coshy

sinhn
(Al14)
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Nontrivial curvature (S # 1) is due to the source,

S — e_ jjcurvature' (AIS)

Because the generators J;, and J;, do not commute,
[J12, Jo21 = Jo1, we apply the Baker-Campbell-Hausdorff
formula,

e7IJ02 60‘]12 e_"l.]()z — e‘g(J]Z coshn—Jo; Sinh‘r]), (A16)
and we obtain the source as
[jcurvature = 6(—Jy, coshn + Jo sinhn)
27 2 2
= \/_27__1)2(—61 Jio + B2 o). (A1)
22 —

This analysis is incomplete because the full source con-
tains a torsional part as well, j = jeurvature T Jtorsion-
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