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Intersecting attractors
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We apply the entropy formalism to the study of the near-horizon geometry of extremal black p-brane
intersections in D > 5-dimensional supergravities. The scalar flow towards the horizon is described in
terms of an effective potential given by the superposition of the kinetic energies of all the forms under
which the brane is charged. At the horizon active scalars get fixed to the minima of the effective potential
and the entropy function is given in terms of U-duality invariants built entirely out of the black p-brane
charges. The resulting entropy function reproduces the central charges of the dual boundary conformal
field theory (CFT) and gives rise to a Bekenstein-Hawking-like area law. The results are illustrated in the
case of black holes and black string intersections in D = 6,7, 8 supergravities where the effective
potentials, attractor equations, moduli spaces, and entropy/central charges are worked out in full detail.
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I. INTRODUCTION

In D > 5 dimensions, supergravity theories involve a
rich variety of tensor fields of various rank (see e.g.
[1,2]). A single black hole solution is in general charged
under different forms and can be thought of as the inter-
section on a timelike direction of extended branes of
various types. More generally, branes intersecting on a
(p + 1)-dimensional surface lead to a black p-brane inter-
secting configuration [3]. In complete analogy with what
happens in the case of D = 4, 5 black holes, one can think
of the D> 5 solutions as a scalar attractor flow from
infinity to a horizon where a subset of the scalars becomes
fixed to particular values depending exclusively on the
black p-brane charges. The study of such flows requires
a generalization of the attractor mechanism [4-8] in order
to account for p-brane solutions carrying nontrivial
charges under forms of various rank. In this paper we
address the study of these general attractor flows.

We focus on static, asymptotically flat, spherically sym-
metric, extremal black p-brane solutions in supergravities
at the two derivative level [9]. The analysis combines
standard attractor techniques based on the extremization
of the black hole central charge [4-8] and the so-called
“entropy function formalism™ introduced in [10] (see
[11,12] for reviews and complete lists of references).
Like for black holes carrying vectorlike charges, we define
the entropy function for black p-branes as the Legendre
transform with respect to the brane charges of the super-
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gravity action evaluated at the near-horizon geometry (see
[13] for previous investigations of black rings and nonex-
tremal branes using the entropy formalism). The resulting
entropy function can be written as a sum of a gravitational
term and an effective potential Vg given as a superposition
of the kinetic energies of the forms under which the brane
is charged. Extremization of this effective potential gives
rise to the attractor equations which determine the values
of the scalars at the horizon as functions of the brane
charges. In particular, the entropy function itself can be
expressed in terms of the U-duality invariants built from
these charges and it is proportional to the central charge of
the dual conformal field theory (CFT) living on the anti—
de Sitter (AdS) boundary. The attractor flow can then be
thought of as a c-flow towards the minimum of the super-
gravity c-function [14,15]. Interestingly, the central
charges for extremal black p-branes satisfy an area law
formula generalizing the famous Bekenstein-Hawking re-
sult for black holes.

We will illustrate our results in the case of extremal
black holes and black strings in D = 6, 7, 8 supergravities.
In each case we derive the entropy function F and the near-
horizon geometry via extremization of F. At the extre-
mum, the entropy function results into a U-duality invari-
ant combination of the brane charges reproducing the black
hole entropy and the black string central charge, respec-
tively. Scalars fall into two classes: ““fixed scalars” with
strictly positive masses and “flat scalars’ not fixed by the
attractor equations, which span the moduli space of the
solution. The moduli spaces will be given by symmetric
product spaces that can be interpreted as the intersection of
the charge orbits of the various branes entering in the
solution. In addition one finds extra ‘“‘geometric moduli”
(radii and Wilson lines) that are not fixed by the attractors.
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The paper is organized as follows. In Sec. II we derive a
Bekenstein-Hawking-like area law for central charges as-
sociated to extremal black p-branes. In Sec. III the “‘en-
tropy function” formalism is adapted to account for
solutions charged under forms of different rank. In
Sec. IV we anticipate and summarize in a very universal
form the results for the set of theories considered in detail
in the rest of the paper, namely, the two nonchiral (1, 1) and
(2, 2) supergravities in D = 6 (Secs. V and VI, respec-
tively), and the maximal D = 7, 8 supergravities (Secs. VII
and VIII, respectively). In Sec. IX the uplift of the pre-
viously discussed near-horizon geometries to D = 11
M-theory is briefly discussed. The concluding Sec. X con-
tains some final remarks and comments.

II. AREA LAW FOR CENTRAL CHARGES

Before specifying to a particular supergravity theory,
here we derive a universal Bekenstein-Hawking-like for-
mula underlying any gravity flow (supersymmetric or not)
ending on an AdS point. Let AdS,; X X, with 3, a
product of Einstein spaces, be the near-horizon geometry
of an extremal black (d — 2)-brane solutionin D = d + m
dimensions. After reduction along 3, this solution can be
thought of as the vacuum of a gauged gravity theory in d
dimensions. To keep the discussion, as general as possible,
we analyze the solution from its d-dimensional perspec-
tive. The only fields that can be turned on consistently with
the AdS, symmetries are constant scalar fields. Therefore
we can describe the near-horizon dynamics in terms of a
gravity theory coupled to scalars ¢’ with a potential V.
The potential V,; depends on the details of the higher-
dimensional theory. The entropy function is given by eval-
uating this action at the AdS, near-horizon geometry (with
constant scalars ¢’ = u')

1
F=— Ix/~g(R —
1677Gd,[dx §(R = Va)

_ Qads, Maas {d(d -1
167TGd

5 + Vd]», (2.1)
Fads

with roqg the AdS radius and () o4, the regularized volume
of an AdS slice of radius one. Following [16] we take for
O ags, the finite part of the AdS volume integral when the
cutoff is sent to infinity. More precisely we write the AdS
metric

ds? = rd s(dp* — sinh?pd7® + cosh’pdQ?_,), (2.2)

with 7 € [0,27], 0 = p = cosh™'ry, and dQ,_, the vol-
ume form of a unitary (d — 2)-dimensional sphere. The
regularized volume () 5qs, is then defined as the (absolute
value of the) finite part of the volume integral [ d‘x./~g in
the limit ry — oo. This results into

27

QAdsd = mﬂdﬂ-

2.3)
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A different prescription for the volume regularization leads
to a redefinition of the entropy function by a charge inde-
pendent irrelevant constant. The ‘“‘entropy” and near-
horizon geometry follow from the extremization of the
entropy function F with respect to the fixed scalars u’
and the radius ry4g

OF ‘ZV‘.’ ='0,
du' u'
OF 2.4)

% ragsVa + (d —1)(d —2) ="0.

07ads
The first equation determines the values of the scalars at the
horizon. The second equation determines the radius of AdS
in terms of the value of the potential at the minimum.
Notice that solutions exist only if the potential V, is
negative. Indeed, as we will see in the next section, V, is
always composed from a part proportional to a positive
definite effective potential V. generated by the higher-
dimensional brane charges and a negative contribution
—Ry related to the constant curvature of the internal space
>, [see Eq. (3.25) below]. The entropy is given by evaluat-
ing F' at the extremum and can be written in the suggestive
form

Qd,zrd_z A

F="C2A8 —(, 2" 2.5

4G, d—2TAdS 4G, (2.5)
where A denotes the area of %,,, (), is the volume of the
unit (d — 2)-sphere, and G, = AG,; the D-dimensional
Newton constant. For black holes (d = 2), this formula is
nothing other than the well-known Bekenstein-Hawking
entropy formula S = ﬁ and it shows that F' can be
identified with the black hole entropy. For black strings
(d =3), %F = 3;%‘;5 reproduces the central charge c of the

two-dimensional CFT living on the AdS; boundary [17]. In
general, the scaling of (2.5) with the AdS radius matches
that of the supergravity c-function introduced in [14] and it
suggests that F can be interpreted as the critical value of
the central charge ¢ reached at the end of the attractor flow.

In the remainder of this paper we will study the flows
from the D-dimensional perspective where the black
p-branes carry in general charges under forms of various
rank.

III. THE ENTROPY FUNCTION

The bosonic action of supergravity in D-dimensions can
be written as

1 . 4
Ssuana = [(R* 1= 325(6)d8! A +dg

1 .
- ENAnz,,(qS’)F,?" A#Fyr + .EWZ), 3.1)

with F ,/,\ denoting a set of n-form field strengths, ¢i the
scalar fields living on a manifold with metric g,;(¢), and
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Ly, some Wess-Zumino type couplings. The scalar-
dependent positive definite matrix N, s (¢') provides
the metric for the kinetic term of the n-forms. The sum
over n is understood. In the following we will omit the
subscript n keeping in mind that both the rank of the forms
and the range of the indices A depend on n. We will work
in units where 16mGp = 1, and restore at the end the
dependence on Gp. For simplicity we will restrict our-
selves here to solutions with trivial Wess-Zumino contri-
butions and this term will be discarded in the following.

We look for extremal black p-brane intersections with
near-horizon geometry of topology Mp = AdS,,, X
S§™ X T1. Explicitly we look for solutions with near-
horizon geometry

q
2 — 2 2 2 7.2 2 102
ds® = rigsdsigs, ., + rsdssn + > r2aes,
=1 (3.2)

¢i — ui

with 7 = (rags, 7's, 7) describing the AdS and sphere radii,
and u' denoting the fixed values of the scalar fields at the
horizon. a“ and S, denote the volume forms of the com-

pact {29} and noncompact {,} cycles, respectively, in
M p. The forms are normalized such as

[oar=o [ =5
a Er

They define the volume-dependent functions C?, C,,

[ a® A kab = Cab,
Mp

describing the cycle intersections. In particular, for the
factorized products of AdS space and spheres we consider
here, these functions are diagonal matrices with entries

FA = p{l\a“ + eA’B,,

(3.3)

[ B, B, = Cp, (34)
Mp

Up

Cab — 6ab Up C.=96 ,
rs rs VOl(Er)z

vol(24)?’

with vy, the volume of M. Integrals over AdS spaces are
cut off to a finite volume, according to the discussion
around (2.3).

The solutions will be labeled by their electric g;, and
magnetic charges p!, defined as

pa = f FA,

where we denote by *3. the complementary cycle to %" in
Mp.

Let us now consider the entropy function associated to a
black p-brane solution with near-horizon geometry (3.2).
The entropy function F is defined as the Legendre trans-
form in the electric charges ¢, of Ssugra €valuated at the
near-horizon geometry

3.5)

qAar = [ NAE * FE = CrxNAzeES’
N

(3.6)
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F= eArCIAr — Ssucra

1

= eNq, = Rup + S Naspi py €
1

— ENAEeAreESC,S. (3.7)

The fixed values of 7, u, e'” at the horizon can be found via
extremization of F with respect to 7, u', and e'”:

— =—=—=0. 3.8
aF  du' el e

From the last equation one finds that
dnr = Npse™C,, (3.9)

in agreement with the definition of electric charges (3.6).
Solving this set of equations for e in favor of ¢,, one
finds

F(Q, 7, u') = —R(F)vp(7) + %QT M u') -0, (3.10)
with

Nas(u')C(7) 0 ) 0 pi
0 NAE(Mi)Crs(’-:) 4 gs, ’
3.11)

M7, ) =(

and NA* (™ denoting the inverse of N,y and C,,
respectively.
It is convenient to introduce the scalar and form inter-
section vielbeins V AM , Jab_ girs according to
NAE — VAMVEN(SMNJ Crs = Jirt Jist.
(3.12)

From (3.5) one finds for the factorized products of AdS
space and spheres

Cab — J(lC]bC

Jah — Sab U]D/2 J/rs _ 6” VOI(EV)
vol(24)’ Ull)/2

(3.13)

The electric and magnetic central charges can be written in
terms of these quantities as
Z%aug — VAMJbapz\’ Z:;],M — (V—I)MAJISrqu‘

(3.14)

Combining (3.12) and (3.14) one can rewrite the scalar-
dependent part of the entropy function as the effective
potential

1 L 1 1
Vet = EQT “M(7,u') - Q = EZ%e?gZ%gg + Ezgl,Mzgl,M-
(3.15)

For the n = D/2-forms in even dimensions the argu-
ment is similar, except for the possibility of an additional
topological term
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1 .
SsuGra = f(R *1 - EIAE(Q{)I)F;/} A #Fy
1 )
3 Rus@IF) A F}) (3.16)

(note that R s = €R,, with € = (—1)[?/2]). Following
the same steps as before one finds

eff Q “M(F, u') - O, (3.17)
with
_ (I +€eRI '"R)xs 45(?1]‘1)AE
M -” iy = Cab ,
(r u) ( (IilR)AE (Ifl)AE
A
Q( Pa ) (3.18)
9 Aa

For R = 0 we are back to the diagonal matrix (3.11). In
general, thus we obtain for the D/2-forms an effective
potential

Vet = —Q M7 u') - Q = ZM”ZM“ (3.19)
with

z4e = g (V\Mpy + VHqy) (320)
where VM = (V M, "VAM) is the coset representative.

Summarizing, in the case of a general supergravity with
bosonic action (3.1) the entropy function is given by

F(Q, 7 u') = =R(Fvp(F) + Veg(ul, 7), (3.21)

with the intersecting-bmnes effective potential

eff - ZQn

1
——— ZMazMa
2

2(Fu')- 0,

.a, a T, Ty
Z (ZmagTZmag" + Zim Zeim )
11¢D/2

(3.22)

where the first contribution in the second line comes from
the n = D/2 forms. Notice that there are two types of
interference between the potentials coming from forms of
different rank: First, they in general depend on a common
set of scalar fields and second, they carry a nontrivial
dependence on the AdS and the sphere radii. Besides this
important difference the critical points of the effective
potential can be studied with the standard attractor tech-
niques for vectorlike charged black holes.

The near-horizon geometry follows from the extremiza-
tion equations

1 o ,
VVer = 3, Verdu' 5 3 07+ VM, (1) - 0, =10,

(3.23)
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W[ =R(Avp(7) + Verr(u', )] =" 0. (3.24)

We conclude this section by noticing that after reduction to
AdS,, the D-dimensional effective potential V. combines
with the contribution coming from the scalar curvature Ry
of the internal manifold into the d-dimensional scalar
potential

1
Vi=—Ver — Ry
Up

(3.25)
appearing in (2.1). Notice that the resulting potential is not
positive defined and therefore an AdS vacuum is
supported.

IV. SUMMARY OF RESULTS

Before entering into the detailed analysis of the entropy
function and its minima, here we summarize our main
results in a universal form independent of the particular
dimension D considered. We consider extremal black
p-brane solutions with p =0, 1 in d = 6,7, 8 maximal
supergravities and N = (1, 1) supergravity in six dimen-
sions. The attractor mechanism for black strings in N =
(1, 0) six-dimensional supergravity was studied in [18].

There are three classes of extremal black p-brane inter-
sections. The corresponding near-horizon geometries, ef-
fective potentials Vs, and entropy functions in each case
are given as follows:

(i) AdS; X §3 x T

Uads |1,|1/4
Vet = " %3|Iz|, T'AdS :’”S:ﬁ’
v o 0 (4.)
F= UD( 5 ) + Ver = L.
rags TS
(i) AdS; X §2 X T™:
_ 3 Vaas
v ZAdS;
eff 2 Vg2
|1,|'3
Tads = 2rs = 2 ) 4.2)
277'1}1743
6 2
F=vp|5— =5+ Verr = [Ls].
Fags  Ts
(iii) AdS, X §3 X T":
3 vags 23,
Vet = 3 vswvlz/3 |T5]
1 |1;]'/¢
rads = Ers —277_ 173 4.3)
2 6
F= UD<2— - —2) + Ve = 1151172
Fags 15

where
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— — d — 1
Up = vAdevS”’UT" 'UAde = QAderAds, Vgn = rSQn,

n
v = Q] l_[rl-, O, =2m O,=A4m,
i=1

Q3 = 27T2, ‘Q’AdSZ = 277, QAdS3 = 2772’ (44)

are the volumes of the near-horizon AdS/spheres and I, ;
are the relevant quadratic and cubic U-duality invariants
built out of the black p-brane charges. We stress that these
invariants involve, in general, charges under forms of
various ranks. This is also the case for the effective poten-
tial Vg resulting from the interfering superpositions of the
various form contributions.

We also note that in all cases the radii of the circles of the
torus 7" are not fixed by the extremization equations but
remain as free parameters.

The results (4.1), (4.2), and (4.3) show that the entropy
function F' can be related to the black hole entropy and
black string central charges

V@aUpn

— — 12 _ YSET

Sblack hole — F= |I3| /2 = ’
4Gp

3 4.5

Cblack string ;

3rads
2G,

3
F == —|I2‘3| -
o

In the following we will derive these results from the
corresponding supergravities in various space-time
dimensions.

VN=M0L1IND=6
A. N = (1,1), D = 6 supersymmetry algebra

The half-maximal (1, 1), D = 6 Poincaré supersymme-
try algebra has Weyl pseudo-Majorana supercharges and
R-symmetry SO(4) ~ SU(2);, X SU(2)g. Its central ex-
tension reads as follows (see e.g. [19-21])

{Q4, Q8 =y, Zt™ + iz, (5.
{Q5. @B = vh, Zi ™ + izl (52
{Q5 @l = C\yz + viizis, (53)

where A, A = 1,2, so that the (L, R)-chiral supercharges
are SU(2)(,, g) doublets.

Notice that, in our analysis of both (1, 1) and (2,2) D =
6 supergravities, it holds that Ziffg = Z%f;) = 0, because
the presence of the term Zif‘fp) is inconsistent with the
bound p = D — 4, due to the assumed asymptotical flat-
ness of the (intersecting) black p-brane space-time
background.

Strings can be dyonic, and are associated to the central
charges Z[,fB], Z[lf 5in the (1, 1) of the R -symmetry group.
They are embedded in the 1. [here and below the sub-
scripts denote the weight of SO(1, 1)] of the U-duality
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group SO(1,1) X SO(4, ny). On the other hand, black
holes and their magnetic duals (black 2-branes) are asso-
ciated to Z*, Z44 in the (2,2') of SO(4), and they are
embedded in the (ny + 4). (/5 of SO(1, 1) X SO(4, ny).
In our analysis, the corresponding central charges are
denoted, respectively, by Z, and Z_ for dyonic strings, and
by Z. 44 and Z i for black holes and their magnetic

mag,AA
duals.

B. N = (1,1), D = 6 supergravity

The bosonic field content of half-maximal N = (1, 1)
supergravity in D = 6 dimensions coupled to ny matter
(vector) multiplets consists of a graviton, (ny + 4) vector
fields with field strengths F¥, M =1,...,(ny +4), a
three-form field strength H;, and 4ny + 1 scalar fields
parametrizing the scalar manifold

S04, ny)

M = SO0, 1) X o oy

64
dlmRM = 4nV + 1,

with the dilaton ¢ spanning SO(1, 1), and the 4ny real
scalars 7' (i = 1,...,4ny) parametrizing the quaternionic
manifold %%. The U-duality group is SO(1, 1) X
SO(4, ny) and the field strengths transform under this
group in the representations

FéX: (nV + 4)+(1/2), H3: lil' (55)

The coset representative LAM, A, M=1,...,4+ ny, of

#% sits in the (4, ny) representation of the stabil-
izer H = S04) X 50(ny) ~SUQR);, X SUR2)g X
SO(ny), and satisfies the defining relations

LMguyLs™ =mps, LML N = MY, (5.6)
with the SO(4, ny) metric n,x. It is related to the vielbein
VM from (3.12) by

VM=t M, (5.7

and its inverse is defined by L,,*L ¥ = 8};. The Maurer-
Cartan equations take the form

Pyy = Ly d.Lay = Ly, 0,LsndZ', (5.8)

where P,y is a symmetric off-diagonal block matrix with
nonvanishing entries only in the (4 X ny)-blocks. Here and
below we use 0,y to raise and lower the indices M, N.

The solutions will be specified by the electric and mag-
netic three-form charges ¢, p, and the two-form charges
p™, ¢s. The quadratic and cubic U-duality invariants that
can be built from these charges are

1
Iy =>n"*qrqxq.

|
Iy =—nasp™p*p, 5
(5.9)

I,=pg, 5
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The central charges (3.14) and (3.20) are given by

Zmag,M = e_¢/2J2LAMpA’ Zel,M = e(b/zJéLMAQAr

1
Z. =—=Je?p * e ?q).
==5 3(ep q)
Using (5.6), the U-duality invariants (5.9) can be rewritten
in terms of the central charges as
1

E(22+ —272)=J31,,

(5.10)

1
ﬁ T]MNZmag,MZmag,N(Z+ + Z—) = (JSJ%)I&
1
22
The effective potential Vg (3.22) for this theory is given by
1 1 1 1
Veff = EZ%, + 5227 + EZgLM + EZrznag,M'

From the Maurer-Cartan equations (5.8) one derives

N ZgmZan(Ze — Z2) = (J3J) T4 (5.11)

(5.12)

VZmag,M = _PMNZmag,N - qu’)zmag,M:

1
VZiyu = PunZan + EP(;SZeLMr

VZ. =PyZ-, (5.13)

with P, = d¢. The attractor equations (3.23) thus trans-
late into

PMN(ZCLMZCLN - Zmag,MZmag,N)
1 1

+ P¢<2Z+z, - Ezfnag,M + EszM) ='0. (5.14)
Splitting the index M into (AA) =1,...,4, (A, A =1,2)
(central charges sector) and I =5, ..., (ny + 4) (matter
charges sector), and using the fact that only the compo-
nents P;,; = P4, are nonvanishing, the attractor equa-
tions can be written as

ZgpiZel1 — ZimagaiZmagr = 0,

2.7 — Zmag,AAZﬁllgg + Zel,AAZIeAlA B thnag,l + Zezzl,l =0.
(5.15)

Indices A, A are raised and lowered by €4p, €. We will
study the solutions of these equations, their
supersymmetry-preserving features, and the corresponding
moduli spaces. Bogomol’nyi-Prasad-Sommerfield (BPS)
solutions correspond to the solutions of (5.15) satisfying

Zmag,] =Zar = 0, (5.16)

as follows from the Killing spinor equation 8A4 ~
T,,y""e, =0 with T}, the matter central charge
densities.
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Let us finally consider the moduli space of the attractor
solutions, i.e. the scalar degrees of freedom which are not
stabilized by the attractor mechanism at the classical level.
For homogeneous scalar manifolds this space is spanned
by the vanishing eigenvalues of the Hessian matrix VVV ¢
at the critical point. Using the Maurer-Cartan equations
(5.13) one can write VV Vg at the critical point as

vvVeff = PI,AAPJAA(ZZeLIZeL.I + 2Zmag,lzmag,1)

+ plLAAI PI,BB(ZZGLA iZopp T 2Zmag, AAZmag,BB)

1 1
+ P(,,P(ﬁ(zzz+ +2722 +=72. oyt Ezgw)

2 mag,M
+ 2P¢PI'AA (Zel,IZe],AA + Zmag,IZmag,AA)
= HypigppP" " PPPP + 2H1AA’,¢PI’AAP¢

+ Hy 4PyPy, (5.17)
which defines the Hessian symmetric matrix H with com-
ponents Hy 4 jpp Hiag4» Hg ¢ By explicit evaluation of
the Hessian matrix for both BPS and non-BPS solutions we
will show that eigenvalues are always zero or positive
implying the stability (at the classical level) of the solu-
tions under consideration here. We will now specify to the
different near-horizon geometries and study the BPS and
non-BPS solutions of the attractor equations.

C. AdS; x 3

Let us start with an AdS; X S° near-horizon geometry,
in which only the three-form charges (magnetic p and
electric g) are switched on (dyonic black string). There
are no closed two-forms supported by this geometry and
therefore two-form charges are not allowed. The near-
horizon geometry Ansatz can then be written as

2_ 2 2 272 _
ds” = rAdesAdS3 + rsdssg, Hy; = pag + e,BAdS3.

(5.18)

The attractor equations (5.15) are solved by
Znagm = Zay = Z- =0, or equivalently, (5.19)
Zmag,M =Zam =2+ =0. (5.20)

Solution (5.19) has I, > 0, whereas solution (5.20) has
I, <0; they are both %-BPS, and they are equivalent,
because the considered theory is nonchiral.

Plugging the solution (5.19) or (5.20) into (5.12) one can
write the effective potential at the horizon in the scalar
independent form

1 1 1 UAdS
Vet = izi + EZZ— = §|Z%r — 72|11, = ( US33>|12|,
(5.21)

in agreement with the claimed formula (4.1). Extremizing
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F in 7, one finds the entropy function and near-horizon
AdS and sphere radii (4.1).

Now let us consider the moduli space of the solutions.
Plugging (5.19) and (5.20) into (5.17) one finds that the
only nontrivial component of the Hessian matrix is

H¢¢ = 2Z%_ + 222_ = 4Veff > 0. (522)

Therefore, the Hessian matrix H for the AdS; X S* solu-
tion has 4ny, vanishing eigenvalues and one strictly positive
eigenvalue, corresponding to the dilaton direction.
Consequently, the moduli space of nondegenerate attrac-
tors with near-horizon geometry AdS; X S° is the quater-
nionic symmetric manifold

50(4) nV)

Mees = 55 % s0(my)”

(5.23)
This result is also evident from the explicit form of the
attractor solution Z_ = 0: only the dilaton is stabilized,
while all other scalars are not fixed since the remaining
equations Zg y = Zy,en = 0 are automatically satisfied
for pA =g, =0.

D. AdS; X §% X §!

For solutions with near-horizon geometry AdS; X §2 X
S!, there is no support for electric two-form charges and
therefore e = 0. We set also the electric three-form
charge e to zero otherwise no solutions are found. The
near-horizon Ansatz becomes

ds? = ridsdsidS3 + r%dsgz + rd6?,

(5.24)
Fy = plag, Hy = pagyg.
The attractor equations (5.15) admit two types of solutions
with nontrivial central charges

BPS: Z, =Z_,  Zpgailihe =47%;  (5.25)
non-BPS: Z, =7 Z,.., =473 (5.26)

Plugging the solution into (5.11) one finds the relation

|J3J515] = 2v275.. (5.27)

that allows us to write the effective potential (5.12) at the
horizon in the scalar independent form

3
Ve = 325 = §|J%J3I3|2/3, (5.28)
with
1/3
(3050 = 2 sl )
2 (VOléz Vols2 xSt )2/3 US

in agreement with our proposed formula (4.2) upon taking
I; = I;. The black string central charge and the near-
horizon radii follow from 7-extremization of the entropy
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function F and are given by (4.2). Note that the radius r; of
the extra S' is not fixed by the extremization equations.
Besides this geometric modulus the solutions can be also
deformed by turning on Wilson lines for the vector field
potentials A} = ¢*. This is in contrast with the more
familiar case of black holes in D = 4, 5 where the near-
horizon geometry is completely fixed at the end of the
attractor flow. As we shall see in the following, this will
be always the case for extremal black p-branes with 7"
factors where the geometric moduli describing the shapes
and volumes of the tori and constant values of field poten-
tials along 7" remain unfixed at the horizon.

Now, let us consider the moduli spaces of the two
solutions. The BPS solution (5.25) has remaining symme-
try SO(3) X SO(ny), because by using an SO(4) trans-
formation this solution can be recast in the form

Z :225/416,41’ Z+ =7Z_ =3 Zel,M = 0.
(5.30)

mag,AA

Notice that both choices of sign satisfy the Killing spinor
relations (5.16) and therefore correspond to supersymmet-
ric solutions. Plugging (5.30) into the Hessian matrix (5.17)
one finds

H = zz(

807704108104105 04nv><1) (5.31)

Ol><4nv 6

This matrix has 3ny vanishing eigenvalues and ny + 1
strictly positive eigenvalues, corresponding to the dilaton
direction plus the ny directions P; ;. Consequently, the
moduli space of the BPS attractor solution (5.25) with near-
horizon geometry AdS; X §? X S! is the symmetric mani-
fold

SO@3, ny)

Mies = 5503) SO(ny)”

(5.32)
More precisely, the scalars along P; 44 in the (4, ny) of the

group H decompose with respect to the symmetry group
SO(3) X SO(ny) as

(4, nv) g m2 = (3, nv) ® (1, nv), (533)
H,—J Rr_l

m?=0 m2>0

and only the (1,ny) representation is massive, together
with the dilaton. The (3, ny) representation remains mass-
less, and it contains all the massless Hessian modes of the
attractor solutions.

The analysis of the moduli space for the non-BPS solu-
tion follows closely that for the BPS one. Now the sym-
metry is SO(4) X SO(ny — 1) and using an SO(ny)
transformation such a solution can be recast as follows:

Zmag,[ = 2Z511, Z+ =7 (5 34)
Zam = Zimagai = Zeiai = 0.

Plugging (5.34) into the Hessian matrix (5.17), now one
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finds

H = Zz(gaAA‘SBB‘SJI‘SH 04, 1 ) (5.35)

O1><4}1V 6

This Hessian matrix has 4(ny, — 1) vanishing eigenvalues
and 4 + 1 strictly positive eigenvalues, corresponding to
the dilaton direction plus the fourP,,; directions.
Consequently, the moduli space of the non-BPS attractor
solution with near-horizon geometry AdS; X $% X S! is
the symmetric manifold

S0(4, ny — 1)
SO@) X SO(ny — 1)’

M nonBPS — (536)

More precisely, the scalars along P; 44 in the (4, ny) of the
group H decompose with respect to the symmetry group
SO(4) X SO(ny — 1) as

@4ny)—m>=@An,—) o 4,1), (5.37)
;.ﬁr___J HZ,_J
m?=0 m>>0

and only the (4, 1) representation is massive, together with
the dilaton. The (4, ny — 1) representation remains mass-
less, and it contains all the massless Hessian modes of the
attractor solution.

The BPS solution can be regarded as the intersection of
one $-BPS black string (with pg = 0) with one }-BPS
black 2-brane (with p* p> s > 0). The latter is described

ggg% [22]. The moduli space of the

latter coincides with the moduli space of the whole con-
sidered intersection, and it is given by Eq. (5.32).

On the other hand, the non-BPS solution can be regarded
as the intersection of one % -BPS black string (with pg = 0)

with one non-BPS black 2-brane (with p*p>y As <0).

The latter is described by the charge orbit %}% [22].

The moduli space of the latter coincides with the moduli
space of the whole considered intersection, and it is given
by the quaternionic manifold of Eq. (5.36).

A similar reasoning will be performed for the moduli
spaces of the attractor solutions of the maximal nonchiral
D = 6 supergravity in Sec. VL.

by the charge orbit

E. AdS, X §3 x §!

For solutions with AdS, X §* X S! near-horizon ge-
ometry, there is no support for magnetic two-form charges
and therefore Z,, ,y = 0. The near-horizon Ansatz be-
comes

2_ 2 2 272 2 102
ds® = rAdesAdS2 + l”stS3 + rid6”,

N N (5.38)
Fy =e BAdSz’

Hy = eﬁAdSZXS"

The fixed scalar equations (5.14) admit two types of solu-
tions

PHYSICAL REVIEW D 79, 065031 (2009)

BPS: Zyuort = Zers = O,

| (5.39)
Z,=—-7_, Zel,AAZ?lA =47,
non -BPS: Zyue st = Zeyai = O, (5.40)
Z,.=—7Z_, Zgl,l =4Z%.
Now one finds
STy = 2275, (5.41)

and the effective potential (5.12) at the horizon can be
written in the scalar independent form

3
Vg = 372 = 3 [JR2J4 T41%/3, (5.42)
with
(vol3 4 VOlags. xs)?> v
(JRIYP/3 = A A DA (5 43)
Up vy Ug

in agreement with the proposed formula (4.3) upon taking
I = I. Extremizing F in the radii 7 one finds the result
(4.3) for the black hole entropy and AdS and sphere radii.
Again, the radius r, of the extra S' is not fixed by the
extremization equations. The analysis of the moduli spaces
follows mutatis mutandis that of the AdS; X S? attractors
(replacing magnetic by electric charges) and the results are
again given by the symmetric manifolds (5.32) and (5.36).

VLN =22 IND=6
A. N = (2,2), D = 6 supersymmetry algebra

The maximal (2, 2), D = 6 Poincaré supersymmetry
algebra has Weyl pseudo-Majorana supercharges and
R-symmetry USp(4); X USp(d)r (USp(4) = Spin(5)).
Its central extension reads as follows (see e.g. [19-21]):

{Q4, 98y =y, 2™ + yhrZit), (6.1
{9 ol = vy, zi ™+ viv k), (62)
{Q4, Q) = C 52 + ¥ Z3, (6.3)

where A, A=1,...,4, so that the (L, R)-chiral super-
charges are SO(5)(,, g)-spinors.

Strings can be dyonic, and they are in the antisymmetric
traceless (5,1) + (1, 5’) of the R-symmetry group. They
are embedded in the 10 of the U-duality group SO(5, 5).
On the other hand, black holes and their magnetic duals
(black 2-branes) sit in the (4, 4') of USp(4);, X USp(4)g,
and they are embedded in the chiral spinor representation
16(L) of SO(S, 5)

In our analysis, the corresponding central charges are
denoted, respectively, by Z, and Z; (a, a = 1,...,5) for
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dyonic strings, and by Z 44 and Z,,, 44 for black holes
and their magnetic duals.

B.N =(22),D

The maximal N = (2, 2) supergravity in D = 6 dimen-
sions [23] has bosonic field content given by the graviton,
25 scalar fields, 16 vectors, and five two-form fields. Under
the global symmetry group SO(5, 5) these fields organize
as

= 6 supergravity

VoM (Vma Vma): S0(5, 5)

! Yma Y )T §0(5) X SO(5)
LM=1,...10, aam=1,...,5 F3: 16
A=1,...,16, {H§{, H{ }:10 aa=1...,5.

(6.4)

In particular, the scalar coset space is parametrized by the
vielbein V™ evaluated in the vector representation 10 of
SO(5, 5), satisfying the defining relations

. . 0 1
V1aVJa - ylayja =Ny = (1 0),

'VmM'VmN + 'VmM'VmN — nMN = (; _01 >’

i.e. the splits of basis V,¥ — (V,M, V"M)and VM —
(V,4, V%) refer to the decompositions SO(5, 5) — GL(5)
and SO(5,5) — SO(5) X SO(5), respectively. They are
relevant for splitting the two-forms into electric and mag-
netic potentials and for coupling them to the fermionic
fields, respectively. The scalar coset space can equivalently
be described by a scalar vielbein vV AAA (A, A=1,..., 4)

evaluated in the 16 spinor representation of SO(5, 5). The
Maurer-Cartan equations are given by

1a= _Puav a’ \% Ia-= _Pa[zya’
A o
A 2 aa7a Ya ABB>

with the SO(5) X SO(5) gamma matrices y45, ya , and
the vector and spinorial indices raised and lowered by the
SO(5) invariant symmetric tensors 8, 8,; and antisym-
metric tensors {),p, () 5, respectively.

The Lagrangian involves the five two-forms B™, whose
field strengths are related to the self-dual Hf, and antiself-
dual H¢_ by

dB™ = H™ = V™ H¢, + V"l (6.6)
Electric and magnetic three-form charges combine into an
SO(5, 5) vector Q; = (p™, q,,). The quadratic and cubic
U-duality invariants of charges are given by

PHYSICAL REVIEW D 79, 065031 (2009)

1
I, = 3 70,0, I; = s Qip™p

2\/_(

1
m (FI)AE 01917 qs

with the SO(5, 5) gamma matrices (I'")A*, (I'/) ,..
The central charges (3.14) and (3.20) are defined as

Zﬁﬁg =J, y AA A Z?IA _ Jé(‘y—l)AAAqA’ ©8)
Z, =5V N,10,  Z,=1(V )10,

(6.7)
Iy =

In terms of these central charges one can rewrite the
U-duality invariants (6.7) as

2021, =72 - 72,

2\/5(']%J3)I3 = Zgéglefgg(za ')/XBQAB + ZdQAB')’Z B)’
2\/5(%2]3)13 = Zel,AAZel,BB(ZufoBQAB - ZaQAB’)/f“ B)'
(6.9)

The intersecting-branes effective potential Vi for the
considered theory is defined as

L, 1, 1 1
Verr = 22 + 2Za + ZZelAAZ L+ ZZmagAAZmag
(6.10)
The Maurer-Cartan equations (6.5) imply
VZ,=PuZs VZ;=PuZ,
vz = %Paa VaPya Ze b (6.11)

1 .
vzﬁég = - EPaiz’y‘aAB’y‘gBZmag,BB'
Thus the extremization equations take the form
vVeff = Zavza + Za'vza + Zel,AAVZ?lA + ZmagAAVZmag
1
(22 Zyi+ = 2 yAByZBZAAZBB

1
2 YABYABZggngllgg)Pad E! 0

(6.12)
The Hessian matrix at the horizon can written as

VVVeff = 2Paaphb{5abzazb' + SdBZaZb
1 i g :
+ Z(7“Yb)AB(Yayb)AB(ZéAZeLBB

+ ZtheZoma BB)} (6.13)

C. AdS; x 3

The analysis of D = 6 maximal supersymmetric super-
gravity solutions follows the same steps as in the half-
maximal case with minor modifications. We start from
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the Ansatz

ds? = risdsi s, + rads2,,
’ s (6.14)
HY' = p"ag + " Bags,

for the AdS; X S3 near-horizon geometry. The fixed scalar
equation (6.12) admits the two solutions

Zmag,AA = Zel,AA = Za =0, (6 15)
Zmag,AA = Zel,AA = Za = O,

which are both supersymmetric. Combining this with (6.9)
one can write the effective potential at the horizon in the
scalar independent form

1 1
Ve =523+ 22) = 3122~ Z2 = ALl (6.16)

Again the effective potential is given by the general for-
mula (4.1) but now I, = I, is given by the quadratic
invariant (6.7) of SO(5,5). Similarly, F-extremization of
the entropy function shows that the sphere and AdS radii
and the black string central charges are given by (4.1) in
terms of the SO(5, 5) invariant I,.

Let us consider the moduli space of these solutions. The
two solutions are equivalent and we can focus on the Z, =
0 case. Using an SO(5) rotation this solution can be recast
in the form Z, = z8, ;. The symmetry group leaving this
solution invariant is SO(5, 4). The moduli space is hence
given by the quotient of this group by its maximal compact
subgroup SO(5) X SO(4), i.e. ([24-26])

SO(G5,4)

Mrs = 5665) x 50@)°

(6.17)

Alternatively, the same conclusion can be reached by
evaluating the Hessian (6.13) at the solution

VVV = 27°P,i P (6.18)

alr
one finds five strictly positive eigenvalues. More precisely,
the (5, 5) scalars decompose in terms of SO(5) X SO(4) as

(55— (54) @ (51), (6.19)
S

m?=0 m2>0

with the (5,4) components along P, ;- spanning the
moduli space of the solution.
The story goes the same way for the solution with Z, =

S0(4,5)
SO@XS00) - The two

solutions are equivalent and they both preserve the same
amount of supersymmetry (namely the minimal one:
%—BPS). Actually, they can be inlterpreted as the supersym-

metry uplift of the two distinct ;-BPS solutions [given by

Egs. (5.19) and (5.20)] of the half-maximal D = 6 super-
gravity coupled to ny, = 4 vector multiplets.

0 which has moduli space Mppg =

PHYSICAL REVIEW D 79, 065031 (2009)
D. AdS; X §? X §!

The Ansatz for this near-horizon geometry is

ds? = ridsdsidS3 + r%dsgz + r2d6?, (6.20)
Fy = plag HY = p"agpyg. .

Notice that a magnetic string corresponds to the SO(5, 5)
invariant constructed with the 10-dimensional vector
(p™, 0) having vanishing norm. This is the ;-BPS con-
straint for a D = 6 string configuration, derived in [24].

The solutions of the fixed-scalar equations (6.12) on this
background can be written up to an SO(5) X SO(5) rota-
tion as’

Zu = Z8ul’

Z; = 2041, Zyai =0,

| 6.21)
zZi, = V2 diag(z, 7, 0, 0).

Using (6.9) one can express z in terms of the cubic
U-invariant (6.7)
(J275) 15 = 23233,

Combining (6.10), (6.21), and (6.22), one finally writes the
effective potential in the scalar independent form

(6.22)

1/3
3 3v v
Ve = 322 = 2|30 1573 = = AT | 15|73,
2 2 'US

(6.23)

Like in the half-maximal case, the effective potential, the
black string central charge and the near-horizon geometry
are given by the general formulas (4.2) but now in terms of
the SO(5, 5) cubic invariant 15 = I5. Again, the radius r,
of the extra S' is not fixed by the extremization equations.
Let us consider the moduli space of this attractor. The
symmetry of the solution is SO(4, 3), which is the subgroup
of SO(5, 5) leaving invariant (6.21). To see this we notice
that SO(4, 3) is the maximal subgroup of SO(5, 5) under
which the decompositions of both the vector and the spinor
representations of SO(5, 5) contain a singlet
10 =731, 16=8e701 (6.24)
The moduli space is then given by the quotient of the
symmetry group by its maximal compact subgroup

S04, 3)

Mps = SO(4) X SOB)"

(6.25)

More precisely, decomposing the scalar components P,
under SO(4) X SO(3) one finds

"The explicit form of the solution clearly depends on the
particular form of SO(5) gamma matrices considered. In our
conventions, this choice of Zpy;, induces a matrix

VY’ yZmasZme Which has only one nonvanishing entry.
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55— 43 e2-4)e(1,3)®2-(1,1)). (6.26)
\ﬂr—J - J

A'd
m?>0

m?=0

This can be confirmed by explicitly evaluating the Hessian
(6.13) at this extremum. As a result one finds 12 vanishing
and 13 strictly positive eigenvalues.

The moduli space in (6.25) can be understood in terms of
orbits of 1-BPS strings and 1-BPS black holes [24-26].
Indeed, the U-invariant I can be considered as an inter-

section of a 1-BPS string with supporting charge orbit

% and of a i—BPS black hole with supporting
' S0(5,5)

charge orbit S0GA X R [25]. The common stabilizer of
the charge vectors 10 and 16 of the D = 6 U-duality
SO(5,5) is SO(4,3). Indeed, we find that the resulting
moduli space of the considered intersecting configuration
is given by Eq. (6.25). This is also what is expected by the
supersymmetry uplift of the BPS moduli space of the half-
maximal (1, 1) theory to maximal (2, 2) supergravity.

E. AdS, X §3 x §!
The near-horizon geometry Ansatz is
ds? = rzzxdsdszAdsz + r_%ds?93 + r%d@z,
F} = e*Bags, HY = e" Bygs,xs!-

The computation of the effective potential proceeds as for
the AdS; X S? X S! case replacing magnetic by electric
charges. The final result reads

(6.27)

3 Vaags, 73],

13

3
Leff = EIJ&ZJ}I%'Z/% = )
U53 T

(6.28)

Extremizing the entropy function F in the radii 7 one
confirms that the AdS, sphere radii and the black hole
entropy are given again by the general formulae (4.3)
with I3 = J the magnetic SO(5, 5) cubic invariant. The
analysis of the moduli space is identical to that of the
AdS; X §? X S! case and the result is again given by
(6.25).

VII. MAXIMAL D =7
A. N = 2, D = 7 supersymmetry algebra

The maximal N = 2, D = 7 Poincaré supersymmetry
algebra has pseudo-Majorana  supercharges and
R-symmetry USp(4). Its central extension reads as fol-
lows (see e.g. [19-21]):

A
194, Q8 = o2 + ¥4, 20" + 370
+ i i, (7.1)

where A =1,...,4, so that the supercharges are

SO(5)-spinors. The “trace” part of ZEfB Vis the momentum
P, Q48 where Q45 is the 4 X 4 symplectic metric.
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Black holes and their magnetic dual (black 3-brane)

central extensions Z“5), Zﬁffg sit in the 10 of the
R-symmetry group, and they are embedded in the 10
(and 10’) of the U-duality group SL(5, R). Thus, they
correspond to the decomposition 10¥) — 10 of SL(5,R)
into SO(5).

On the other hand, black strings and their magnetic dual
(black 2-brane) central extensions ZEfB], ngf Vsitin the 5 of
USp(4), and they are embedded in the 5’ (and 5) of the
U-duality group. Thus, they correspond to the decomposi-
tion 5 — 5 of SL(5, R) into SO(5).

In our analysis, the corresponding central charges are
denoted by ZJ" and Zpi, [m, n=1,...,5 are SO(5)
indices] for black holes and their magnetic duals, and by

Zg and Z,, for black strings and their magnetic duals.

B. /N =2, D = 7 supergravity
The global symmetry group of maximally supersymmet-
ric D = 7 supergravity [27] is SL(5, R). The bosonic field
content comprises the graviton, 14 scalars, 10 vectors, and
five two-form fields. Under the U-duality group SL(5, R)
these organize as

. LG5, R
Vi w im=1,...5
S0(5) (7.2)
Fl 10, Hy: s

The corresponding charges will be denoted by p*/, g;;, p;,
g'. For near-horizon geometries AdS, X §3 X T? and
AdS; X §% X T?, there are two independent electric and
magnetic three-cycles, respectively, depending on which of
the two circles of 72 = S} X S} is part of the cycle. The
corresponding three-charges will be denoted by p,,, ¢
with a, r = 1, 2.

C. AdS; X §3 x §!
We start from the Ansatz
ds? = rQAdesidS3 + r%dsé3 + r%dﬁ%,
(7.3)
Hj; = ¢;Bags, T Pias,

for the near-horizon geometry. The central charges and the
relevant quadratic U-duality invariant are given by

Zel,m = Jé(’V7 : )m;qi,

Zmag,m = J3ijpj’ (7 4)

I, = qipi = Zmag,izél(*]}]g)_],
v v 1/2 . .
with J3 = vpJ§ = (%;T) . The effective potential can
S

be written as

1 1
Veff = _er'[nlagzigag + _Zel,mzel,m' (75)

2 2

Using the Maurer-Cartan equations, we obtain
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vz%ag = Z:lnangn: VZel,m = _Zel,anm (76)
with P,,, a symmetric and traceless matrix (P, = 0).
Here, indices m, n are raised and lowered with §,,,. For
the variation of the effective potential we thus obtain

VVey = (Z%ang]ag - Zel,mZel,n)Pmn ='0. (7.7
Equation (7.7) is solved by
Irﬁag = iZel,m' (78)
In this case we find
v
Verlvvgmo = ALl = =221 L), - (19)
S‘

in agreement with (4.1). Extremization of F' with respect to
the radii yields the black string central charge and near-
horizon geometry ((4.1)) with I, = I, the SL(5, R) qua-
dratic invariant. Notice that this solution can be thought of
as the D = 7 lift of the AdS; X S* solution studied in the
last section. The radius r, of the additional S! is not fixed
by the attractor equations.

Finally let us consider the moduli space of this black
string solution. For this purpose we notice that upon SO(5)
rotation the solution can written in the form

(7.10)

m _
mag ~ iZel,m - ZBml-

This form is clearly invariant under SL(4, R) rotations. The
moduli space can then be written as

SL(4,R)

M gps = W

(7.11)

Alternatively, evaluating the Hessian at the solution one
finds

VVVeff = 4Z2PlnPln (712)

a matrix with five strictly positive eigenvalues and nine
zeros. More precisely the 14 scalars in the symmetric
traceless 14 of SL(5,R) decompose under SO(4) ~
SU(2) X SU(2) into the following representations

(7.13)

H-2)e(12)e(lL1)e (33).
. ~ J (. —

m2>0 m>=0

Notice that these nine moduli, together with the free radius
ry and the 10 degrees of freedom associated to Wilson lines
of the 10 vector fields along S' sum up to 20 free parame-
ters characterizing the solution. This precisely matches the
dimension of the moduli space of the six-dimensional
solution of which the present solution is a lift. In other
words, in going from six to seven dimensions, an 11-
dimensional part of the moduli space translates into ‘““geo-
metrical moduli” describing the circle radius and Wilson
lines. This will be always the case for all D > 6 solutions
under consideration here.
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It is worth noticing that the solution with J, # 0 can be
considered as an intersection of one %—BPS electric string
and one % -BPS magnetic black 3-brane, respectively, in the

5" and 5 of the D = 7 U-duality group SL(5, R) [24]. The

SL(5,R)
SLAR)X, R [25],

but the common stabilizer of the two charge vectors is
SL(4, R) only, with resulting moduli space of the consid-
ered intersecting configuration given by Eq. (7.11).

corresponding supporting charge orbit is

D. AdS; X §% X T?

We start from the near-horizon Ansatz:
2_ 2 2 272 29p 2 299 2
ds™ = rygsdsags, T r5dsge +rid0,” + ryd6,”,

H3; = e;Bags, T Z Pia®s2xs!>
a=1,2

Fj = plag,

(7.14)

where T2 = S} X S1. In particular, in this case there are
two magnetic three-cycles S? X S. which we label by a =
1, 2. The corresponding central charges are given by

Zmag,mn — JZ(V_I)mi(V_I)njp[j’
Zel,m = Jé(yil)miqi’
(7.15)

a — ab j
Zmag,m - J3b6 ijpjb

with

Uads; VU2
Jy = (=)l
Us2

UAds
J= (A,
US2‘UT2
Jo = UAds;Vr? 1/2
3a — 2 .

USZ(Us;)

In terms of these charges one can build two U-duality
invariants

L )
Iy == pippprie?.

1 ,
Iy= eijklmpl]pqum’ 3
(7.16)

8

Note that the existence of T 3 hinges on the fact that there
are two inequivalent magnetic three-cycles. In terms of the
central charges (7.15) the invariants can be written as

mag el

1 ,
—€;; Zl./ Zkl 7Zm = JZJ/I ,
g jklm4mag 7J343 (717)
Zmag,iaZmag,ijiIJlagfab = J2J3a.]3b€ab]3.
The effective potential is now given by
1

1 1
Veff = ZZmag,ngmag,mn + EZgggZQgg + Ezel,mzel,m'

(7.18)
The Maurer-Cartan equations give V' V/,, = Vi P, with
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P,,, symmetric and traceless. The variation of the central
charges is thus given by

vZmag,mn = 2Zmag,k[mPn]k’ Vzﬁgg = Z?naagpmm
vzel,m = _Zel,ann-
Hence, we obtain
VVei = (_Zmag,mkzmag,nk + Zgggzﬁag - Zel,mZel,n)Pmn
='0. (7.19)

By SO(5) rotation, the antisymmetric matrix Z,o u, can

be brought into skew-diagonal form
Zmag,mn = 2Z161[m8n]2 + 2Z263[m6n]4- (7.20)

Plugging this into the attractor equation (7.19) one finds the
following solutions

(A)
Zmagmn = 22810 + 03mS,14)s 7.21)
Zeym = 205, mag = 0.
(B)
Zonagmn = 2281[mO s Zam =0, (7.22)

Zinagm = 200

The corresponding effective potentials are given by

1/3
3 3 3 U?\ds V.o
Vs = =22 = = (J,2J I3 = = 2 17 | 1,23,
eff,A 21 2(2 3| 3|) 3 Ve | 3|
1/3
3 3 . 3 Vias Vpe =
Veff,B =-72= —(J2]3,1J3,2|-I3|)2/3 =- AT |I3|2/3,
2 2 2 vy

(7.23)

in agreement with (4.2) with I3 = J5 and I3 = 7 5 for the
solutions A and B, respectively. After the F-extremization
one finds again that the AdS and sphere radii and the
entropy function are given by the general formula (4.2).
Again, the radii r, of the two circles S}, are not fixed by the
extremization equations.

Let us finally consider the associated moduli spaces. We
start with solution A. The symmetry of (7.21) is Sp(4, R) ~
SO(3, 2). The moduli space is the quotient of this group by
its maximal compact subgroup

S0(3,2)

Mpps.a = SO(3) X S0(2)°

(7.24)

More precisely, in terms of SO(3) X SO(2) representations
one finds that the 14 scalar components decompose accord-
ing to

PHYSICAL REVIEW D 79, 065031 (2009)
(7.25)

Pmn: 14—’3+ ®3_ $1+2®l,2$10$50,
— J ~ )
m>=0 m>>0

subscripts referring to SO(2) charges. Indeed, evaluating
the Hessian

vvVeff = 2Pmanq(Zmag,mpZmag,nq + Zmag,mkzmag,nk5pq
+ Zgggznm%g(qu + Zel,mZeLnapq)y

at the solution (7.21) one finds a matrix with six vanishing

and eight strictly positive eigenvalues.

For solution B one finds as a symmetry SL(3, R) and
thus the moduli space

(7.26)

The scalars decompose into SO(3) representations accord-
ing to

P:14—5,. ,©2-303-1 (7.27)
%r_l
m2>0
Indeed from the Hessian
VVVeilg = 622(P,P1, + P2,P2,), (7.28)

one finds a matrix with nine strictly positive and five
vanishing eigenvalues.

As mentioned above, at D = 7 the charge orbit support-
ing one 1 -BPS black string (or black 2-brane) is given by

% [25]. On the other hand, the charge orbit sup-
black hole (or black 3-brane) is

porting one
e and oSHE i the |-BPS ana -PS

SLB.R)XSL2.R)X,R
cases, respectively [25].

Solution A corresponds to an intersection of one i—BPS
black 3-brane (with charges in the 10’ of SL(5, R)) with
one %—BPS black string [with charges on the 5 of
SL(5,R)]. The stabilizer of both charge vectors is
SO(3,2) only, and thus the resulting moduli space of the

considered intersecting configuration is given by Eq. (7.24)

= and

Solution B corresponds to an intersection of one %-BPS
black 3-brane with two parallel %—BPS black 2-branes (with
charges on two different 5s of SL(5, R)). Accordingly, the
stabilizer of the three charge vectors is SL(3, R) only, and
thus the resulting moduli space of the considered intersect-
ing configuration is given by Eq. (7.26).

E. AdS, X §3 X T?

The analysis of the black hole solutions is very similar to
the previous one of the black strings replacing electric with
magnetic charges and vice versa. Now we start from the
near-horizon Ansatz:
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ds? = rf,‘dsdszAdS2 + r%ds?93 + r%d@lz + r%d@zz,
Fj = e Bygs,, H3; = pjag + Z €; Bads,xs!»

r=1,2
(7.29)

where r = 1, 2 labels the two inequivalent electric three-
cycles and T? = S} X S}. The central charges and
U-duality invariants are given by

Zel,mn = Jé Vim anQijy
Z4m=348" (V1" 4,

Zmag,m :J3 Vimpi’ (730)

1 1 B
Ig :gel]kl’nQijqklpm :gEuklmzel,ijZel,klZmag,m(JgJS) 1;

A T B
I =§q’rq§qi}-e” :Ezél,rzél,szel,ijfm(JéJé,ljg,z) g

with

UAdsS
=),
UTUSB
UTUAdS
Jy = (—==3)12)
Us3

2
J% _ (UAdsz(Us}) 12
28 Us3 UTZ
The two solutions of the associated attractor equations
are given by

(A)
Zel,mn = 2Z(61[m5n]2 + 83[m8n]4): (731)
Zmag,m = ZSmS’ Zgl,m =0
(B)
Zel,mn = 22((sl[m 5;’1]2r Zrnag,m =
(7.32)
Z&m = 265

The effective potentials, entropy function and near-horizon
geometry are given by the general formula (4.3) with I3
given by I and T, for the cases A and B, respectively. The
analysis of the moduli spaces is identical to that of the
AdS; cases and the results are again given by (7.24) and
(7.26), respectively.

Solution A has I; = 0, which comes from g,,q ;,€?* =
0, meaning that the two 5’s are reciprocally parallel. On the
other hand, solution B has I ’3 = 0; this derives from the
condition €/*™g;.q;; = 0 for a D =7 black hole to be
1-BPS [24].
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VIII. MAXIMAL D = 8
A. N =2, D = 8 supersymmetry algebra

The maximal N = 2, D = 8 Poincaré supersymmetry
algebra has complex chiral supercharges (as in D = 4) and
R-symmetry SU(2) X U(1) = Spin(3) X Spin(2). Its cen-
tral extension reads as follows (see e.g. [19-21]):

(Q), Q8) = C,p 208 + iy 7Y

+ y’;gpAZifng(and H.c.) (8.1)
AO. \— A vp A
{Q/y) Q§|B} - Y¢BZM|B + Y¢SPZMVP|Br (82)

where A, B = 1,2, so that the supercharges are SU(2)
doublets. The trace part of Z,, , is the momentum P, 5.

Black holes and their magnetic dual (black 4-brane)

central extensions ZAB), Ziffg , sit in the (3,2) (and
(3,2)) of SU(2) X U(1), and they are embedded in the
(3, 2) of the U-duality group SL(3, R) X SL(2, R).

On the other hand, dyonic black membrane central ex-
tensions ngf] are in the (1, 2) of SU(2) X U(1), and they
are embedded in the (1, 2) of SL(3, R) X SL(2, R).

Black strings and their magnetic dual (black 3-brane)
central extensions Zﬁ 15> Zﬁ ,p|s Sitin the (3,1) (and (3, 1))
of SU(2) X U(1) [namely in the adjoint of SU(2), and they
do not carry U(1) charge, because they are real], and they
are embedded in the (3,1) of the U-duality group
SL(3,R) X SL(2, R).

In our analysis, the corresponding central charges are
denoted by Z ;4 and Z 0,4 (i = 1,2,3 and A = 1, 2) for
black holes and their magnetic duals, by Z, ; and Z,,, ; for
black strings and their magnetic duals, and by Z, for
dyonic black 2-branes.

B. N = 2, D = 8 supergravity

The bosonic field content of D = 8 supergravity [28]
with maximal supersymmetry includes, beside the gravi-
ton, scalars in the symmetric manifold

SL(3,R) _ SL(2,R)

m B.
M SO(3) S0(2) ’

(8.3)

withi,m=1,...,3, A= 1,2, and forms in the following
representations of the SL(3,R) X SL(2, R) U-duality

group:

FiA: (3,2,  Hy: (3.1,  FA:(L,2). (84

The Lagrangian carries only one three-form potential C,
whose field strength F, together with its magnetic dual
spans the SL(2, R) doublet F4.

The scalar vielbeins Vl-’”, VAB , corresponding to the
two factors, vary as

vVm="VY"pP,. VV,B="V, Py, (85)
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with P,,, and P,p, symmetric and traceless. Here we raise
and lower indices m and A with J,,, and 64, respectively.

C. AdS; X §3 X T?
We start with the AdS; X S® X T? near-horizon Ansatz
ds? = r.idsdszAd& + réa’sé3 + Z r2de 2,
s=1,2
Fria = qinar, Hy; = pijag + e;Bags,

Fy= Z €, Bags;xst T Z Pa®g, x5!
r=1,2 a=1,2

(8.6)

Depending on the choice of the circle within 72 = S} X
S1, there are two inequivalent electric and magnetic four-
cycles. The four-form charges combine into the SL(2, R)

doublet QAr = (('Ir’ pr)
The central charges are given by

Zmag,m = J3(V71)mjpj’ % = J%qul’

el i

8.7)
Zy = J,8 (V1 ,BQp,,

with
Uads, V72
Iy = (—=3—)12,
Uy
UAdS
= (I,
vs3vT2
Uads; Ut?
J4s = ( : 2)1/2-
U53(U5})

The U-duality invariants that can be built with these
charges are

Iy = piq' = ZeiZinagi(J3J5) 7",
1) = qarqp, €€’ = Zg g, Zaips € P (J41142) .
(8.8)
Note that the existence of two inequivalent electric four-

cycles is crucial for the existence of I . The effective
potential can be written as
1

1 1
Veff = _Zmag,mzmag,m +-ZLZ0 + _ZArZAr’

2 2 el“el 2 (89)

and the attractor equations take the form
(Zmag,mZmag,n - Zgzgl)Pmn + (ZArZBr)PAB ='0. (810)

We will consider the following two solutions to these
equations
(A)

Zmagm = T2 = 20,1, Zy =0, (8.11)
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(B)
Zmag,m = Zg} = 0, ZAr = ZaAr- (812)
The effective potentials at the horizon become
v
Veirla = 2% = S350 1| = 3(1?3 |,
s (8.13)
Veitlp = 22 = Ju1Junl Il = " 1],

SB

respectively. Plugging this into the entropy function and
extremizing with respect to the radii one recovers the near-
horizon geometry central charge (4.1) with I, taken as J,
or I , for the solution A and B, respectively.

Let us consider the associated moduli spaces. The sym-
metry groups leaving (8.11) and (8.12) invariant are
SL(2,R)? and SL(3, R), respectively. The moduli spaces
are thus

_ (SL(2, R)\? _ SL(3,R)
MBPS,A - (W) » MBPS,B - TG)
(8.14)

The same results follow from evaluating the Hessians at the
solutions

VVVeis = 222P2 (8.15)

1m’

VVVeip = 22°P fm’

which shows that one has 3(2) strictly positive and 4(5)
vanishing eigenvalues for the solution A(B), in agreement
with the dimensions of the moduli spaces (8.14).

At D = 8 there are two dyonic %-BPS black 2-branes,

whose charge orbits are %. The %-BPS black

strings (and their dual black 3-branes) are in the (3, 1) and
(3,1) of the D = 8 U-duality group SL(3, R) X SL(2, R),

and their individual charge orbit is 5o w9 G = [25].

The black holes (and their dual black 4-branes) are in the
(3,2) and (3, 2) of SL(3, R) X SL(2, R), and their individ-

‘o R R 3R R
ual charge orbit is SLS(2’<2,)[R§)SX€§; ) and SLéL;@ié& ) for the

%-BPS and %—BPS cases, respectively [25].

In the considered AdS; X S X T? near-horizon geome-
try, solution A corresponds to the intersection of one % -BPS
black string and one % -BPS black 3-brane. The stabilizer of
both charge vectors is SL(2, R) X SL(2, R) only, and thus
the resulting moduli space of the considered intersecting

2
(%&’?) , given in the left-hand side of

configuration is

Eq. (8.14).

On the other hand, solution B corresponds to the inter-
section of two dyonic %-BPS black 2-branes. Thus the
stabilizer of both charge vectors is SL(3, R) only, and the
resulting moduli space of the considered intersecting con-
figuration is SSL&’E),
(8.14).

given in the right-hand side of Eq.
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D. AdS; X §* X T3

The near-horizon Ansatz is given by

ds? = riygdsiys, + r3ds, + > rido S,

s=1,2,3
A _ A _
Fy = p“ag, Hy; = Z Piagxs
a=1,23
FA — A + 1 | | pA
4 = eaﬁAdS3><S}, B €abclPa X (s2x S} xSy
a=123 a=123

(8.16)

with 73 = S} X S} X S!. In this near-horizon geometry
there are thus three inequivalent electric and magnetic
four-cycles and three magnetic three-cycles. The four-
form charges again combine into the SL(2, R) doublet

QAa = (qa’ pa)-
The central charges take the form

Z%ég — ]2 ’VBA VkmpkB,

Z?nag,m = J3b8ba(y_l)mjp?r (817)
Zpo = J1p82( V1), 5 Oy,
with
Vags. UV
Jy = ( AdS; T3)1/2’
Us2
UAds, Ur3
J — 3 1/2’
3a (US2 (USL)Z)
UAds (Usg,)z
J4a = ( : 1/2-
VgUps
The U-duality invariants are given by
13 = piAp?QAa = Z:éagzmag,iaZAa(J2J3a‘]4a)_1’
= 1 .
Iy = gpfpfpifukfabc (8.18)
1 . B
= gZﬁlag,izrbnag,jzrcnag,keukeabc(JB,1J3,2J3,3) L
From variation of the effective potential
1 mA 7mA 1 a a 1
Veff = Ezmagzmag + Ezmag,mzmag,m + EZArZAr’ (819)
we thus obtain the attractor equations
(Zgégznmélg - Z?nang?nagn)Pmn = 0, (8.20)

(ZimtoZik — Za,Zp,)Pap =0,

with P,,, and P,p symmetric and traceless.
We will consider the solutions
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(A)
Z,’g’.}g =0=Z4, Ziagm = 205 (8.21)
(B)
Zr"ﬁ?g = 20,1041, Zivagm = 88,2, 8.22)
Zpr = 86,1012
The effective potentials become
3 3 ~
Veiia = =22 = = (JaJ3u 40l 13)?/3
2 2
1/3
— 3vAdS3vT3 |j |2/3
21}52 3 ’
3 3 (8.23)
Vett,p = 522 = §(J3,1J3,2J3,3|13|)2/3

1/3
— 3vAde;vT3 |I3|2/3
2‘Us2 ’

respectively, and 7-extremization leads to the near-horizon
geometry and central charge (4.2) with I3 = I yand Iy =
I for the cases A and B, respectively.
The symmetry group leaving (8.21) and (8.22) invariant
is SL(2, R) and the moduli space thus given by
SL(2, R)

M BPSA/B =~ " oA\

500) (8.24)

Alternatively the moduli space can be determined from the
vanishing eigenvalues of the Hessians

VVVeff,A = 2Z2(P%m + P%m)y

(8.25)
VVVp = 422P? + 672P3,,

respectively, showing five strictly positive and two vanish-
ing eigenvalues in each case.

We now derive the nature of the moduli spaces of
solutions A and B from the charge orbits discussed in [25].

Solution A corresponds to an intersection of three black
3-branes, with T; = det(p?) # 0but Iy = p“p*Q,, = 0.
The charge orbit for each of them is S Lsé %@u@i Q(SZL[?% ik and
the common stabilizer is the SL(2, R) commuting with
SL(3, R). This agrees with the moduli space SSL&‘ZR;)
solution A [see Eq. (8.24)].

Solution B corresponds to the intersection of three par-
allel black 2-branes, three parallel black 3-branes, and
%-BPS black 4-branes, respectively, characterized by the
constraints

041, 0pre*® =0,

o of

PiAPjBfAB =0,
(8.26)

pipje’t =0,

with Ty = pp?Q,, # 0and T; = 0.
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The three parallel 3-branes have a common charge orbit
SLG,R)XSL2,R)
SLRX,ROXSL2R)’

common charge orbit

whereas the parallel 2-branes have a

SLORSLAN | and the §-BPS 4-
[25].

SLB,R)XSL2,R)
(GL(3,R)x,R?)XR!

Since the coset is factorized, the common stabilizer of

the three parallel 3-branes and of %—BPS 4-brane is

SL(2, R) inside SL(3, R), and this agrees with the moduli

Sé‘éz(’zﬂf) |5 of solution B [see Eq. (8.24)].

brane has charge orbit

space

E. AdS, X §3 X T3

This case is very similar to the previous discussion. We
start with the near-horizon Ansatz

ds* = ridsdsidsz + r%a’sg3 + z r2do >,
s=1,23
iA _ A _ r
F3' = e Bags, H;; = Z €; Bads,xs!»
a=1.23
Fy= leacler W
4= 5 €abclCc IBAdszxs,gxs; Pa@g,xs!
b

a,b,c=1,23 a=1,23

(8.27)

with 73 = S1 X S} X S1. Again, there are thus three in-
equivalent electric and magnetic four-cycles. In addition,
there are three inequivalent electric three-cycles.

The associated central charges and U-duality invariants
are given by

Zema =I5V ,EV ), qups
zy =156, V"4,
Za, = J4s8,,(V ), B0,
Ih = qinqh Q" = ZoiaZ8Z3(J5)5,04,) 7"

- 1 ..
%=§%%%%wm

1_. i -
= 224 aZh 26 €ijke (J3132033) 7

3 “elaelbe (8.28)
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;o UAdsz(vsL)2 12
‘]3r - ( ’
Vg Ups

_ (YA, VT3 12

J4. =

The possible solutions of the attractor equations are
(A)

Zel,mA =0= ZAS’ Zg;r = Zﬁmr’

(B)
Zgllr — 5rl 5le’
Zpr = 0,10z

Zel,mA = 20,1041 (8.29)

The effective potentials, entropy function, and near-
horizon geometry are given by the general formula (4.3)
with Iy = J; and I; = .73 for the cases A and B, respec-
tively. The analysis of the moduli spaces is identical to that
on the AdS; X S? case and the results are given again by
(8.24).

IX. THE LIFT TO ELEVEN DIMENSIONS

The attractor solutions we have discussed throughout
this paper have a simple lift to 11-dimensional supergrav-
ity. The black string solutions with AdS; X §* X TP~¢
near-horizon geometry follow from dimensional reduction
of M2MS5 branes intersecting on a string. The supersym-
metric solutions with AdS; X $% X TP~ follow from re-
ductions of triple M2 intersection on a string. Finally
AdS, X §3 X TP~ near-horizon geometries correspond
to triple M5 intersections on a timelike line. The orienta-
tions of the M2, M5 branes in the three cases are summa-
rized in Table L.

After dimensional reductions down to D = 6,7, 8 di-
mensions the solutions expose a variety of charges with

with respect to forms of various rank. Indeed, a single brane
v intersection in D = 11 leads to different solutions after
Jh = (ﬁ)l/ 2 reduction to D-dimensions depending on the orientation of
vgvrs the M-branes along the internal space. Different solutions
TABLE I. Supersymmetric M intersections.
0 1 2 3 4 5 6 7 8 9 10 Near-horizon
M2 ° ° ° ° ° ° ° ° AdS; X §3 X T3
M5 ° ° ° ° . °
M2 o . o o o o . AdS, X §3 X T
M2 ° ° ° ° ° ° °
M2 ° ° ° - ... ° ° ° °
M5 o . o o . AdS; X §2 X T°
M5 ° ° ° ° °
M5 ° ° ° ° °
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TABLE II. Electric and magnetic charges for M-brane intersections. p = 0, 1 corresponds to intersections on a black hole and a
black string, respectively. ¢,(p,) denotes the electric(magnetic) charge of the brane solution and n specifies the rank of the form.

d P U-duality Charges Reps. Moduli space
0 ! S0, 5) P33 10 X 10 O
! P2P2Ps3 16, X 16, X 10 _Sofgg32(3)
0 929293 16, X 16, X 10 —Sofgg»%(})
7 ! SL(5) P393 5x5 %((?)
l D2D293 10/ X 10’ X 5 %
! P3D3P2 5/ X5 x10 %((33))
0 0202P3 10 X 10 X 5/ o8
0 439392 5X5X%X10 gg_(é))
8 1 SL(3) X SL(2) P3ds 3. 1) X (1) (L
: Pada (1,2) X (1,2) s
! P2P344 (3,2)x3,1)x 1,2 %((2;)
! P3D3D3 3, 1)x@3,1)x 3,1 %
0 4293 P4 (3,2)x(3,1)%x(1,2) gg_(é))
0 439343 (3,1)x3,1)x(31) gg_%

carry charges with respect to a different set of forms in the
D-dimensional supergravity. They can be fully character-
ized by U-duality invariants built out of the brane charges.
The list of U-duality invariants leading to extremal black
p-brane solutions in D = 6,7, 8 dimensions are listed in
Table II. As expected, there is a one-to-one correspondence
between the entries in this table and the solutions found in
the previous sections. We list also the U-duality groups, the
representation content and the corresponding moduli
spaces.

X. FINAL REMARKS

In the present paper we analyzed the attractor nature of
solutions of some supergravity theories in D = 6, 7, 8, with
static, asymptotically flat, spherically symmetric extremal
black p-brane backgrounds and scalar fields turned on.

We have found that for such theories, with the near-
horizon geometry containing a factor AdS,,,, (p = 0, 1), a
generalization of the entropy function [10] and effective
potential [4-8] formalisms occurs, which allows one to
determine the scalar flow and the related moduli space
near the horizon. The value of the entropy function at its
minimum is given in terms of U-duality invariants built out
of the brane charges and it measures the central charges of
the dual CFT living on the AdS boundary. The resulting
central charges were shown to satisfy a Bekenstein-
Hawking-like area law generalizing the familiar results
of black hole physics.

In order to make further contact with previous work on
p-brane intersections and their supersymmetry-preserving
features [3], we have found that for maximal supergravities
in D space-time dimensions, the moduli spaces of attrac-
tors with AdS; X $* X TP~® near-horizon geometries

have rank 10 — D. Actually, this holds also for the D =
4 case (with near-horizon geometry AdS, X S$?)in the non-
BPS configuration, with the related moduli space given by

the rank-6 symmetric space Ui’j(a(&) [29].

Furthermore, for D-dimensional maximal supergrav-
ities, the moduli spaces of attractors with AdS; X §? X
TP=> (or AdS, X §* X TP~3) near-horizon geometries
have rank 9 — D. This holds also for the D =5 case
(with near-horizon geometry AdS; X S? or AdS, X $°)
in the %—BPS configuration, with the related moduli space
given by the rank-4 symmetric space m [29,30].

These results imply that the dilatons of the p-brane
intersections in D = 11 described in [3] are not all on
equal footing, because only one or two (combinations) of
them get(s) fixed at the horizon, while the other ones have
asymptotical values which enter the flow, although the
function F does not depend on such values.

Finally, we would like to comment on the fact that the
half-maximal nonchiral (1, 1), D = 6 theory analyzed in
Sec. V may be considered as type ITA compactified on K3
[31]. The result obtained in the present paper for the
AdS; X S3 near-horizon geometry supports the conjecture
of [32]. On the other hand, we do not find an agreement
with the other Ansditze for the near-horizon geometry,
because we only find solutions where the charges of strings
(or that of their magnetic duals) are turned on.

We note that the techniques we have developed here
apply to any supergravity flow ending on an AdS horizon
even in presence of higher derivative terms and gaugings. It
would be interesting to apply this formalism to the study of
higher derivative corrections to central charges in unga-
uged and gauged supergravities extending the black hole
results found in [33,34]. The study of non-BPS black p-
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brane flows along the lines of [35] also deserves further
investigations.

ACKNOWLEDGMENTS

We would like to thank M. Bianchi, E. G. Gimon, and A.
Yeranyan for interesting discussions. The work of S. F. has
been supported in part by DOE Grant No. DE-FGO3-
91ER40662, Task C, and by the Miller Institute for Basic
Research in Science, University of California, Berkeley,

PHYSICAL REVIEW D 79, 065031 (2009)

CA, USA. A.M. would like to thank the Berkeley Center
for Theoretical Physics (CTP) of the University of
California, Berkeley, USA, where part of this work was
done, for kind hospitality and stimulating environment.
The work of A.M. has been supported by INFN and
SITP, Stanford University, Stanford, CA, USA. The work
of H. S. has been supported in part by the Agence Nationale
de la Recherche (ANR).

[1] A. Salam and E. Sezgin, Supergravities in Diverse
Dimensions (North-Holland, Amsterdam, World
Scientific, Singapore, 1989), Vol. 1, 2.

[2] L. Andrianopoli, R. D’Auria, and S. Ferrara, Int. J. Mod.
Phys. A 13, 431 (1998).

[3] H. Lu, C.N. Pope, T. A. Tran, and K. W. Xu, Nucl. Phys.
B511, 98 (1998).

[4] S. Ferrara, R. Kallosh, and A. Strominger, Phys. Rev. D
52, R5412 (1995).

[5] A. Strominger, Phys. Lett. B 383, 39 (1996).

[6] S. Ferrara and R. Kallosh, Phys. Rev. D 54, 1514 (1996).

[7]1 S. Ferrara and R. Kallosh, Phys. Rev. D 54, 1525 (1996).

[8] S. Ferrara, G. W. Gibbons, and R. Kallosh, Nucl. Phys.
B500, 75 (1997).

[91 G.W. Gibbons and P.K. Townsend, Phys. Rev. Lett. 71,
3754 (1993).

[10] A. Sen, J. High Energy Phys. 09 (2005) 038.

[11] S. Bellucci, S. Ferrara, R. Kallosh, and A. Marrani, Lect.
Notes Phys. 755, 115 (2008).

[12] A. Sen, Gen. Relativ. Gravit. 40, 2249 (2008).

[13] M.R. Garousi and A. Ghodsi, J. High Energy Phys. 05
(2007) 043; 10 (2007) 036; R.G. Cai and D. W. Pang, J.
High Energy Phys. 04 (2007) 027; K. Goldstein and R. P.
Jena, J. High Energy Phys. 11 (2007) 049; K. Hanaki, K.
Ohashi, and Y. Tachikawa, J. High Energy Phys. 12 (2007)
057.

[14] D.Z. Freedman, S.S. Gubser, K. Pilch, and N. P. Warner,
Adv. Theor. Math. Phys. 3, 363 (1999).

[15] K. Goldstein, R.P. Jena, G. Mandal, and S.P. Trivedi, J.
High Energy Phys. 02 (2006) 053.

[16] A. Sen, arXiv:0809.3304.

[17] J.D.Brown and M. Henneaux, Commun. Math. Phys. 104,
207 (1986).

[18] S. Ferrara and M. Giinaydin, Nucl. Phys. B759, 1 (2006).

[19] J.A. Strathdee, Int. J. Mod. Phys. A 2, 273 (1987).

[20] A. Van Proeyen, arXiv:hep-th/9910030.

[21] P.K. Townsend, arXiv:hep-th/9507048.

[22] L. Andrianopoli, S. Ferrara, A. Marrani, and M. Trigiante,
Nucl. Phys. B795, 428 (2008).

[23] Y. Tanii, Phys. Lett. 145B, 197 (1984).

[24] S. Ferrara and J.M. Maldacena, Classical Quantum
Gravity 15, 749 (1998).

[25] H. Lu, C.N. Pope, and K.S. Stelle, Classical Quantum
Gravity 15, 537 (1998).

[26] L. Andrianopoli, R. D’ Auria, S. Ferrara, and M. A. Lledo,

Nucl. Phys. B528, 218 (1998).

[27] E. Sezgin and A. Salam, Phys. Lett. 118B, 359 (1982).

[28] A. Salam and E. Sezgin, Nucl. Phys. B258, 284 (1985).

[29] S. Ferrara and A. Marrani, Phys. Lett. B 652, 111 (2007).

[30] L. Andrianopoli, R. D’ Auria, and S. Ferrara, Phys. Lett. B
411, 39 (1997).

[31] N. Seiberg, Nucl. Phys. B303, 286 (1988).

[32] A. Belhaj, L.B. Drissi, E.H. Saidi, and A. Segui, Nucl.
Phys. B796, 521 (2008); E.H. Saidi, arXiv:0802.0583;
Nucl. Phys. B803, 235 (2008); E. H. Saidi and A. Segui,
arXiv:0803.2945; A. Belhaj, arXiv:0809.1114.

[33] B. Chandrasekhar, S. Parvizi, A. Tavanfar, and H.
Yavartanoo, J. High Energy Phys. 08 (2006) 004; A.
Sen, J. High Energy Phys. 03 (2006) 008; B. Sahoo and
A. Sen, J. High Energy Phys. 09 (2006) 029; G.L.
Cardoso, D. Liist, and J. Perz, J. High Energy Phys. 05
(2006) 028; B. Chandrasekhar, Braz. J. Phys. 37, 349
(2007); A. Ghodsi, Phys. Rev. D 74, 124026 (2006);
R.G. Cai and D.W. Pang, Phys. Rev. D 74, 064031
(2006); J. High Energy Phys. 05 (2007) 023; D.
Astefanesei, K. Goldstein, R.P. Jena, A. Sen, and S.P.
Trivedi, J. High Energy Phys. 10 (2006) 058; M.
Alishahiha, J. High Energy Phys. 08 (2007) 094; A.
Castro, J.L. Davis, P. Kraus, and F. Larsen, J. High
Energy Phys. 09 (2007) 003; A.U. Rey, arXiv:0811.2371.

[34] J.F. Morales and H. Samtleben, J. High Energy Phys. 10
(2006) 074; X. Gao, J. High Energy Phys. 11 (2007) 006;
D. Astefanesei, H. Nastase, H. Yavartanoo, and S. Yun, J.
High Energy Phys. 04 (2008) 074; P.J. Silva, Classical
Quantum Gravity 25 195016 (2008); J. Choi, S. Lee, and
S. Lee, J. High Energy Phys. 05 (2008) 002; F. W. Shu and
X.H. Ge, J. High Energy Phys. 08 (2008) 021; D.
Astefanesei, N. Banerjee, and S. Dutta, J. High Energy
Phys. 11 (2008) 070.

[35] R. Kallosh, J. High Energy Phys. 12 (2005) 022; P.K.
Tripathy and S. P. Trivedi, J. High Energy Phys. 03 (2006)
022; A. Giryavets, J. High Energy Phys. 03 (2006) 020; M.
Alishahiha and H. Ebrahim, J. High Energy Phys. 03
(2006) 003; R. Kallosh, N. Sivanandam, and M.
Soroush, J. High Energy Phys. 03 (2006) 060; S.
Bellucci, S. Ferrara, and A. Marrani, Phys. Lett. B 635,
172 (2006); S. Ferrara and R. Kallosh, Phys. Rev. D 73,
125005 (2006); S. Bellucci, S. Ferrara, M. Gunaydin, and
A. Marrani, Int. J. Mod. Phys. A 21, 5043 (2006); R.
Kallosh, N. Sivanandam, and M. Soroush, Phys. Rev. D

065031-19



FERRARA, MARRANI, MORALES, AND SAMTLEBEN

74, 065008 (2006); P. Kaura and A. Misra, Fortschr. Phys.
54, 1109 (2006); S. Bellucci, S. Ferrara, A. Marrani, and
A. Yeranyan, Riv. Nuovo Cimento Soc. Ital. Fis. 29NS5, 1
(2006); R. D’ Auria, S. Ferrara, and M. Trigiante, J. High
Energy Phys. 03 (2007) 097; A. Ceresole and G.
Dall’Agata, J. High Energy Phys. 03 (2007) 110; K.
Saraikin and C. Vafa, Classical Quantum Gravity 25,
095007 (2008); R.G. Cai and L.M. Cao, Phys. Rev. D
76, 064010 (2007); S. Ferrara and A. Marrani, Nucl. Phys.
B788, 63 (2008); L. Andrianopoli, R. D’ Auria, E. Orazi,
and M. Trigiante, J. High Energy Phys. 11 (2007) 032; S.
Ferrara and A. Marrani, Phys. Lett. B 652, 111 (2007); A.
Misra and P. Shukla, Nucl. Phys. B799, 165 (2008); A.

065031-20

PHYSICAL REVIEW D 79, 065031 (2009)

Ceresole, S. Ferrara, and A. Marrani, Classical Quantum
Gravity 24, 5651 (2007); K. Hotta and T. Kubota, Prog.
Theor. Phys. 118, 969 (2007); D. Gaiotto, W. W. Li, and
M. Padi, J. High Energy Phys. 12 (2007) 093; E.G.
Gimon, F. Larsen, and J. Simon, J. High Energy Phys.
01 (2008) 040; W. Li, arXiv:0801.2536; R. Fareghbal,
C.N. Gowdigere, A.E. Mosaffa, and M.M. Sheikh-
Jabbari, J. High Energy Phys. 08, (2008) 070; S.
Bellucci, S. Ferrara, A. Marrani, and A. Yeranyan, Phys.
Rev. D 77, 085027 (2008); R. Fareghbal, C. N. Gowdigere,
A.E. Mosaffa, and M. M. Sheikh-Jabbari,
arXiv:0805.0203.



