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We propose a universal expression for the moduli metric of a class of four- and five-dimensional black holes
which preserve at least four supersymmetries. These include the black holes that are associated with various
intersecting branes in ten and eleven dimensions, the electrically charged black hhle2pb =5 andN
=2, D=4 supergravities with any number of vector multiplets, and dyonic black holed-02, D=4
supergravity. The moduli metric of electrically chargdd=2, D=4 black holes coupled to any number of
vector multiplets is explicitly computed. We also investigate the superconformal symmetries of the black hole
moduli spaces for small black hole separations.

PACS numbdss): 04.65+e

[. INTRODUCTION In this paper, we propose a moduli metric for a class of
black holes in four and five dimensions that preserve at least
In the past few years there has been much interest ifour supersymmetry charges of the underlying supergravity
investigating the geometry of the moduli spaces of variougheory. Typically, we consider black holes of maximal super-
supersymmetric black hole solutions of supergravity theoriegravities or black holes okl=2 supergravities in four and
following some earlier work in1-3]. Supersymmetric black five dimensions. To be specific, if the metric of supersym-
hole solutions are thought as the solitons of supergravity anghetric black holes is given by
so provide a macroscopic description of the solitons of
strings and M theory. As such one can investigate their
moduli spaces in analogy with similar investigations of the ds?= — A2dt2+ B2dxdx, (1.2
moduli spaces of Bogomol'nyi-Prasad-Sommerfi¢RPS
monopoles in the context of Yang-Mills theory. However then the moduli potentigh is
unlike the case of BPS monopoles, the geometry of the
moduli space of various black holes is related to that of the
target space of supersymmetric sigma models in one dimen- Dol 202
sion with nonvanishing torsiof4]; for more recent work on '“:f d™ "xATBY,
the geometry of one-dimensional sigma models[8g€This
has been first established [if] for a class ofD=5 black whereD=5 or D=4. The integration is over the spatial
holes that preserve 1/4 of the maximal supersymmetry andirections of the black hole with respect to the Euclidean
later extended for the electric black holes D=5, N=2  metric. It is assumed that the solution is perturbed within the
supergravity coupled to the graviphotpn]. In the former  appropriate supergravity theory and the only moduli param-
case, the geometry of black hole moduli space is a strongters are the positions of the black holes. The above choice
hyper-Kanler manifold with torsioHKT) while in the latter ~ of the moduli potential is independent from the choice of
is weak HKT[8]. Later it was found that the moduli space of frame of the associated supergravity theory. One novel prop-
electrically charged black holes df=2, D=5 supergravity erty of our expression for the moduli potential is that it in-
with any number of vector multiplets is again weak HKA.  cludes all the examples of known black hole moduli poten-
More recently, the moduli space offour-dimensiongl tials that have been computed so far. We also explicitly
Reissner-Nordstra black holes was investigatdd0] and  compute the moduli metric of the electrically charged black
again it was confirmed that its geometry is related to that ohole solutions oN=2, D=4 supergravity11] in Sec. VIII
a class of one-dimensional sigma models which in additiorand we find that it is again given by E@..2). In addition, we
to some bosonic multiplets also contain fermionic opgls  verify that the effective action associated with the moduli
A common characteristic of all the above cases is that th@otential (1.2) of a certain class of black holes exhibits the
geometry on the moduli space of these black holes is deteexpected super-conformal symmetries for small black hole
mined by a scalar function, a “moduli potential.” The au- separations. The metric and torsion on the black hole moduli
thors of [7,10] also investigated the symmetries of the space associated with the moduli potentiaR) are given in
moduli spaces of theN=2, D=5 graviphoton and the Secs. VI and VILI.
Reissner-Nordstra black holes for small black hole separa-  We first apply our formula to four- and five-dimensional
tions and they found that they exhibitly(2,1;0) supercon- black holes that can be constructed by reducing intersecting
formal symmetry. brane configurations from ten and eleven dimensions. We
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show that the moduli potential is invariant under thandS [l. BLACK HOLES IN FOUR AND FIVE DIMENSIONS
dualities of type Il strings and independent from the choice

of frame Of. the supergrawty theorlgs. Mo_reover, EH-Z} can be constructed by appropriately reducing intersecting
can be partially motivated by the universality of the ratio of brane configurations of strings and M thed]. This has

the conformal factor of the transverse directions of thebeen widely explored in the literatufé2—15. These in par-
branes modulo that of the worldvolume directions. Since thgjcjar include the black holes that have been used to per-
moduli space of a class of electrically charged black holegorm a microscopic computation of the Bekenstein-Hawking
has been explicitly computed, if one assumes that the modulintropy in[16,17. It has been observed [A4] that the met-

metric is S and T-duality invariant, then one can establish ric of such black hole solutions can be expressed as
Eq.(1.2). Another application of the moduli potentidl.2) is

in establishing the moduli metric of intersecting brane con- ds?=—\P3dt?+ N\ " ds?(EP ), 21
figurations as will be explained in section three.

We next apply our formuldl.2) to a class of four- and
five-dimensional black holes associated witk-2, D=5 su- A= (I1"_,H,)~#P-2) (2.2
pergravity with any number of vector multiplets. The moduli
potential of the electrically charged black holes of this theoryand
has been explicitly computed and agrees with @). This N
includes the case of five-dimensional black holes coupled to I Hi=Hy...Hy. 23
the graviphoton and investigated [idi]. In four dimensions
our formula agrees with the moduli potential computed from

A large class of four- and five-dimensional black hdles

where

The functionsH, are harmonic ink° 1, i.e.,

the moduli metric of(four-dimensiongl Reissner-Nordstim N

black holes. Next we apply Eq1.2) to give the moduli Hi=h+2> Xy P (2.4
potential of the dyonic four-dimensional black holes that A Yia

arise from the reduction of the string solutions¥2, D ¢ constants{h,;I=1,...n} can be related to the

=5 supergravity superposed withpp wave and the electri-  asymptotic values of the various scalars of the supergravity
cally chargedN=2, D=5 black holes in the background of theory, {\ja;A=1,... N,;I=1,... n} are the black hole

a Kaluza-Klein(KK) monopole. We also verify with an ex- charges andy;a;A=1,...N;;I=1,...n} are the black
plicit computation that the moduli potential of the four- hole positions. For five-dimensional black hol€3=5) n
dimensional electrically charged black holes &2, D =<3 and for four-dimensional black hole®E4) n<4. A

=4 supergravity is again given by E@..2). We remark that subclass of such black holes are those for which the positions
the above mentioned dyonic black holes are dual to thesef the harmonic functions coincide, i.e.,

electric ones. Finally, we investigate the supersymmetric and

superconformal properties of the effective actions of all the Yia=Yoa (2.9
above black holes. We find that for the class of such blaclfor | £J. If in addition n=3 for D=5 or n=4 for D=4,

holes which have regular horizons the effective action eXh'bihen these black holes have regular horizons.

its D(2,_1;0) superconformal symmetry at small black hole The black holes that are described by the metdicl)
separations. , carry electric or magnetic or both electric and magnetic
This paper has been organized as follows: In Sec. Il, Weparges. The origin of these charges can be traced in their
describe the moduli potential of four- and five-dimensionalinterpretation as intersecting branes in ten or eleven dimen-
black holes that arise from brane intersections in ten andjons. In broad terms if the black hole is associated with
eleven dimensions. In Sec. Ill, we provide evidence in supi-2-branes angp waves, then it is electrically charged but
port of Eq.(1.2) using duality. In Sec. IV, we give the four- if it is associated withVI-5-branes and KK monopoles, then
dimensional dyonic black hole solutions which are reduc4t is magnetically charged. There are also dyonic black holes
tions of the string solutions superposed witp@awave and  that are associated with both electric and magnetic branes.
the electrically charged solutions superposed with a KKThe Maxwell fields that the above black holes couple to are
monopole ofN=2, D=5 supergravity. In Sec. V, we apply either KK vectors due to the reduction or they are associated
our formula to give the moduli potential of all the above to the various brane field strengths in ten and eleven dimen-
black holes and as an example we present the moduli poteﬁiOﬂS. In some cases, it is possible to take linear combina-
tial of black holes associated with the STU model. In Secfions of the Maxwell fields such that it can appear that a
VI, we construct the effective theory of five-dimensional black hole couples to fewer Maxwell fields than it may be
black holes and examine its superconformal properties. [§XPected. This mostly arises when we set the various har-
Sec. VII, we construct the effective theory of four- Monic functions that the black holes depend on to be equal.
dimensional black holes and examine its superconformal
properties. In Sec. VIII, we compute the moduli metric of the

electrically charged four-dimensional black holes N#2 Iwe use the term black holes to characterize all static solutions of
supergravity coupled to any number of vector multiplets andsupergravity which are asymptotically flat. In particular, we do not
in Sec. IX we give our conclusions. require for the solutions to have an event horizon.
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Since, we shall not use the explicit expression of the Maxthe maximal supersymmetry, respectively. As in the five-
well fields of the solutions in what follows we shall neglect dimensional case, the most general case arises whenever

them. =4 since all the other cases can be derived by setting one or
Using the expression for the moduli potential proposed irmore harmonic functions to be constant. Another simplifica-
the Introduction, we find that tion of then=4 case is to set all the harmonic functions to
be equal: i.e.,
— D-1 2-D
= 2.
p fd XA 2.6 H=H;=H,=Hs=H,. 2.11)
or equivalently In that case, the moduli potential becomes
sz dPIx I H,. (2.7 sz d3xH*. (2.12
In the five-dimensional casé®(=5), forn=1 the moduli The geometry on the moduli space then is that of the

space is flat, fon=2 the moduli space is strong HKT and Reissner-Nordstra black holeg10]. So the superconformal

for n=3 the moduli space is weak HKT. Such solutions properties of the effective theory for small black hole sepa-
preserve 1/2, 1/4 and 1/8 of supersymmetry, respectivelyation are the same as those of the Reissner-Nordgttack
Moreover they are associated with configurations in stringsioles. A more general case arises whenever we choose the
and M theory that involve one brane, two branes and thre@ositions of the harmonic functions to be the same but the
branes, respectively. The general case is that with three hagsymptotic values of the scalars and the charges to be differ-
monic functions since all the others can be derived from it byent as in Eq(2.10. The superconformal properties of these
setting one or more of the harmonic functions to be constanblack holes will be investigated in Sec. VII.

Another simplification of then=3 case is to set all the har-

monic functions to be equal: i.e., IIl. MODULI SPACES FROM INTERSECTING BRANES
H=H;=H,=Hj. (2.8 It is well known that all of the supersymmetric black
] ) holes in four and five dimensions can be constructed by re-
In that case, the moduli potential becomes ducing intersectingVl-brane configurations possibly super-
posed with app wave or a KK monopole. The two latter
'“:f d*x H3. (2.9  configurations reduce to @-O-brane and #-6-brane upon
compactification to ten dimensions &, respectively18].

. . - 0 one may expect to understand the expression of the
This moduli potential is the same as that of the black holes Oﬁ]oduli potential by investigating the brane solutions in

N=2 supergravity coupled to the graviphoton and derived in ; : :
[7]. In fact, the graviphoton black hole can be constructed b eleven and ten dimensions. We shall argue that indeed some

) i i -
reducing theM-brane configuration of three intersecting of the features of the proposed moduli potential of the four

M-2-branes on a O-brane with all three harmonic funCtionSfand five-dimensional black holes have their origin in the
il : ) ) orm of the brane solutions in ten and eleven dimensions.
associated with eacM-2-brane set to be equfl2]. In this

) ) o But there are also some puzzles.
case, the mo_dull potentigl.9) has been verified by an ex The first observation toward this concerns the ratio of the
plicit calculation. For the rest of the cases, we shall prowdeC

. . omponents of the metric of all brane solutions in ten and
an argument in the next section.

Th f I " fth duli s eleven dimensions. To be specific recall that the spacetime
€ superconformal properties of the modull SpEze) etrics of the various branes are as follows: The metric of
for small black hole separation are the same as those

graviphoton black holes investigated[ii]. A more general the M-2-brane[19] and theM-5-brane{20] are

case arises_ whenever we choose the positions_ of the har- d=HYH Ld(EL?) +dL(E8)],
monic functions to be the same but the asymptotic values of 3.0)
the scalars and the charges to be different: i.e., d=HZYH dL(EL9) +ds2(E5)],
H,=h,+ 2 %. (2.10 respectively, the metrics of tHe-p braneg 21,22 are
A [X=Ya

, , ds?=H Y 2(EP) + HYZds?(FOP), (3.2
The superconformal properties of these black holes will be

investigated in Sec. VI. the metric of the fundamental string3] is
In the four-dimensional caseD(=4), for n=1 the
moduli space is flat and for=4 the geometry on the moduli ds®=H *ds(EMY) + d?(E8), 3.3

space generalizes that on the moduli space of the Reissner-

Nordstran black holes. The rest of the cases are new. Foand the metric of th&S5-brane[24] is

n=1 the solutions preserve 1/2, far=2 the solutions pre-

serve 1/4, fom=3 andn=4 the solutions preserve 1/8 of ds?=ds?(EXY) + HdA(EY), (3.9
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whereH is a harmonic function of the transverse directionswe assume that black holes that are relatedl'tand S du-
in each case. A common characteristic of all these solutionalities should have the same moduli space, then the moduli
is that the ratioB2A~? of the conformal factor of the trans- potential(1.2) can be derived in the five-dimensional case.
verse directions modulo that of the world volume directionsThis is because the moduli potential for the graviphoton
is equal toH, black hole agrees with E@1.2) and that this black hole is a
reduction from the M-theory configuration of threéd-2-
B?A™?=H. (3.9  branes intersecting on a 0-brane. TWe2-brane configura-

. N : L . tion is then related to the rest of intersecting branes of strings
In particular this implies that this ratio is invariant under theand M theory viaT and S dualities which give the rest of
variousT andSdualities that relate the M theory and type Il ¢\ «_dimensional black holes.

string theories. It also follows from the above observation i is worth mentioning that our expression for the moduli

and the harmonic function ruf@5] that for all the intersect-  ientia|(1.2) can apply to intersecting brane configurations.
ing brane configurations the ratio of the conformal factor of |, s case. the effective theory may not be one-

the overall t_ransyersejllrectg)rés moddulo tk:at of tEeomm%n dimensional. Typically, the dimension of the effective theory
|r}te;segt|on|s qnlveirsacli an o epends only on the _nu:n € is that of the common intersection. Moreover, the effective
? t ?‘ ranes involved in the intersection. In particular, Wetheory may contain apart from scalars other fields like vec-
ind that tors and tensors. However, we argue that the part of the

2p-2_ effective theory which describes the dynamics of the scalars

B“A “=HH, --H,. (3.6 d . " .
that are associated with tlwverall positionof the configu-

Incidentally, this ratio is the same as that of the spatiafation in spacetime, when reduced to one-dimension, coin-

modulo the timelike components of the metric of the associcides with the effective theory of the black hole that can be
ated black holes. constructed from the configuration. To give an example, let

One expects that the moduli space of four- and five-Us consider the moduli of the solution of eleven-dimensional
dimensional black holes, that arise from appropriately reducSupergravity with metric
T e e es oo 115 e ) i 05~ HUHEHET HL 050 ;0 )
symmetry and so _the effective action has sixtegn supersym- i Hz—ldsz(Ez)+ Hgldsz(]Ez)ersz(E"')], 3.9
metries. Such a high number of supersymmetries render the
sigma model target space ffaln such case, one can choose which has the interpretation of thréé-2-branes intersecting

for the black hole moduli potential on a 0-brane, wherel;,H,,H; are harmonic functions on
4. The effective theory of the transverse scalars this con-
'““:j dP~1xH. (3.77  figuration is determined by the moduli potential
Now if two or more branes are involved in the configuration, m= f d*xH;H,H3, (3.9

it is natural to take the moduli potential to depend on the

product of harmonic functions. This is because all harmoniGyhich is the ratio of the component of the metric alaiifly
functions enter in a symmetric way in the black hole métric (overall transverseto the component of the metric aloriy
and that if one of them is set to one, ddy=1, 1<sks<n, the  (common intersection The above moduli potential is of
expression for the moduli potential should remain symmetricourse the moduli potential of the five-dimensional black
in the rest of the harmonic functions. Of course there arggle associated with the above configuration. A similar
many other symmetric polynomials of the harmonic func-analysis can be done for other such configurations.
tions which can be added in the expression for the potential. pespite these there are some puzzles. One involves the
But all of them have degree lower than that of the prOdUCtM_theory Configuration of thred-5-branes pairwise inter-
After setting one or more harmonic functions to one, we 9€kecting on a 3-brane and all together at a stfi#]. Reduc-
a moduli metric which would be scaled by a conformal fac-ing this solution to five dimensions, we find a string solution
tor. In particular, we shall find a scaled version of the potenyyhich is in the same universality class as the string solutions
tial (3.7) that is not expected. of the N=2, D=5 supergravity. One might expect that the
Another argument in support of EqL.2) can be estab- effective theory of such strings using the supersymmetry
lished using duality. As we have mentioned the expressiorﬂ,rojectors of theM-branes to be &,0)-supersymmetric two-
for the moduli potential i§ andSdualities invariant. Now if  dimensional sigma model with strong HKT geometry. This
would imply that the moduli space has dimensioN 4nd
that the torsion is a closed three form. Since there are three
2t also follows from the reduction of the effective theories of transverse scalars for each black hole, the moduli space has
branes to lower dimensions neglecting possible non-Abelian interin fact dimension 81 and the torsion is not a closed form.
actions and collecting the terms quadratic in the velocities. The former point can be explained by arguing that there are
3There are completely symmetric brane intersections that give risadditional moduli for these black holes. Indeed in string
to four- and five-dimensional black holes. For these the metric, théheory apart from the transverse scalars, intersecting brane
scalars and the Maxwell fields are all symmetric. configurations have additional scalar, vector and or even ten-
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sor moduli. The additional scalars may be due to, e.g.bosonic part of the associated supergravity acfidn,28

D-brane type of counting; for an example $&6]. All these  with vector potentialsA' and scalarsp?® is

can be reduced to five dimensions giving a bigger moduli

space from the one we are investigating. The latter point may S:f d5x\/—_g

also be resolved by observing that the intersection is chiral.

In such a case the torsion can be modified by adding a

Chern-Simons type of term to cancel the anomaly which _ —eureorc  El Ed pAK

renders the modified torsion to be a nonclosed form. How- 24 WKE v pott o

ever, we have not been able to establish the details of the

above arguments. One encounters similar puzzles with evagthere F'=dA'1,J,K=1,... k are the 2-form Maxwell

purely electric solutions as it has already been mentioned ifield strengthsu, v, p, 0=0,...,4, andg is the metric of

[6]. As another one consider the seven-dimensional blacke five-dimensional spacetime; we have used the same sym-

hole which can be found by reducing the intersection of twaP0l ¢° to denote both the coordinates fand the various

M-2-branes on a 0-brane configuration of M theory. One carscalar fields of the theory.

easily see that in this case there is missing moduli. However The field equations of the above Lagrangian obtained

upon reducing the solution further to five-dimensions, thefrfom varying the scalarg?®, the spacetime metrig, and the

moduli space becomes strong HKT as expected. This appea¥gctor potential\' are

to be a rather common phenomenon. Upon reducing the so-

lutions to an appropriate dimension, the geometry of the as- \/_—g&aQ”
—20,(=9Qua"X") 3. X" =0,

R+ 2 QuE . F*+h A9 P
2Q|J wv apd P "

(4.4

1 v
SF L F X e

sociated black hole moduli space can be understood in terms
of that of the target space of a supersymmetric sigma model.

(4.9

IV. VERY SPECIAL FOUR-DIMENSIONAL
BLACK HOLES

A large class of black holes in four dimensions can be

constructed by reducing either the string solution of the
=2 supergravity superposed with @ wave or the very
special electrically charged black holes of the=2, D=5

N g(G,uv+ QlJFI,upF Jyp+ QIJa/LxIO"vXJ)

1
_E \/_gg/.w

1 o
§Q|JFIPUFJP + QIJapXIapXJ} =0,

(4.9

supergravity in a KK-monopole background. To describeand

these solutions, we first review some aspectdNef2, D

=5 supergravity. The bosonic part of the action of five-

dimensionalN=2 supergravity withk vector multiplets is
associated to a hypersurfaiieof R¥ defined by the equation

V(X)=EC X' XIXK=1 (4.1
_6 1JK ’ .

where {X';1=1,...k} are standard coordinates dtf and

o1
~29,[V=gQuF”""] - 5e"7C yF, F¥ =0,
@7

respectively. The electrically charged black holes have been
found in[29]. The electrically charged black hole solutions
in the background of a KK monopole are

ds?= —e *dt?+e?’[Hy H(d 7+ )2+ Hodx?],

C,;k are constants. In the case of a model arising from a

Calabi-Yau compactification of M theory, the constaBGigx

are the topological intersection numbers of the compact

manifold. Next we set

19 4 9 K
Q|JE_EWF'OQWV:l:EXlXJ_ECUKX )
4.2
N ax" ax? 2
ab= R ~3 ——p '
I ag°|,_,

where {#$?;i=1,...k—1} are local coordinates oN, h is
interpreted as a metric dd and

x=1c XIXK 4.3
| 6 1JK .

are the dual coordinates %'. Note that the hypersurface
equationV=1 can also be rewritten a'X,=1. Then, the

Ap=e"2UX!, 4.8
1
e2lJ>(|: §H| ’
where
N
Na
H,=h+ ,
o AZl IX=yial
N (4.9
0A
Ho=ho+ —
o0 Azl |X—Yoal

are harmonic functions ofi®. The positions of the black
holes are labeled by the coordinatd$ypn,ya); A
=1,...Nj; I=1,...k} The constants{(hg,h;); |
=1, ... k} are the values of the scalar fields at spatial infin-
ity and {(Aoa,Na); A=1,...N;; 1=1,...k} are the
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charges of the black holes. Viewiry as an additional sca- of interest because they exhibit regular horizons. It is
lar, the last equation in Eq4.8) gives thek independent straightforward to see this by extending the arguments of
scalargeV, ¢?} in terms of thek harmonic functiongH,}. A [34,30 which have followed earlier work if85—37. In both
reduction of this solution to four dimensions along the com-cases the near horizon geometry is AdS?

pact directionr leads to four-dimensional black holes with

metric (in the Einstein frampe V. THE MODULI POTENTIAL OF N=2 BLACK HOLES

ds?=—e 3YH, Y2dt?+e3VHYdx?. (4.10 The universal formuld1.2) for the moduli potential is in
agreement with the explicitly computed moduli potential of
These black holes, apart from the electric charges associatélde electrically charged black holes bf=2, D=5 super-
with those in five dimensions, also have a magnetic charggravity with any number of vector multiplef9]. Moreover,
with respect to the KK vector of the reduction. Eqg. (1.2 is also in agreement with the explicitly computed
The other class of four-dimensional black holes can bemoduli potential of the Reissner-Nordstmoblack hole in
obtained by using the string solution Bf=2, D=5 super- [10].

gravity of [30]. Superposing this solutions with @p wave, Applying Eq. (1.2), we find that the moduli potential for
we have the black holeg4.10 is
ds?>=e " Y(dudv +H%u?) +e?Ydx?,
( ) ,(Ll:J d3XHoeGU, (51)
Fror= — €mnpdpH', (4.1D
e~ €mne?p while for the black hole¢4.13 is
eUXIIHl,
= | d*xH%%. 2
whereu, v are light-come coordinates and 2 f dxH'e 6.2
N AL If we again assume that the moduli metric is invariant under
H'=h'+ > ———, duality, then in both cases the moduli potentials can be
A=1 [X=Yial derived from that which we compute in Sec. VIII. This is
\ o (4.12  pecause, as we have mentioned, the above dyonic black
HO— O+ Y holes are dual to the electrically charged oneklef2, D=4
A |X—Yoal supergravity.

To give some examples, we have to consider models for
The positions of the black holes are labeled by the coordiwhich the stabilization equations have an explicit solution.
nates{(Yoa.Yia); A=1,...N,;; 1=1,... k} as in the pre- Such a model is the so called STU mod8B]; for other
vious case. The constarf®,h'); =1, ... k! are the val- models se¢39,40. For this, the only nonvanishing compo-
ues of the scalar fields at spatial infinity afh,\}); A nentofCyx is Cyp3. For the back holegt.10, one can find
=1,...N;;1=1,... k} are the charges of the black holes. that
Reducing this solution to four-dimensions along the direction
of the wave leads to a four-dimensional black hole with met-
ric in the Einstein framdsee alsd11])

eSY=H H,H;. (5.3

Therefore, the moduli potential of the associated four-
d2= — Hg”ze’(3/2)udt2+ H(l)’ze(w)udxz. 4.13 dimensional black holes is

These black holes carry magnetic charges which correspond Ml:f d3xHoHH,H3. (5.4
to the charges of the five-dimensional string. They also carry
:g V?/fvcg'c charge which is related 1o the momentum of th%imilarly for the Eq.(4.13 black holes, we find that

Many other dyonic black hole solutions of four- e3U = H1H2H3 (5.5
dimensional supergravity theories are known. Some of them
have been found by investigating the solutions of supergravand, consequently, the moduli potential is
ity theories associated with the heterotic strid]. The re-
lation of these black holes to brane configurations of the 3 0112043
heterotic string have also been exploféad]. MZ:f d*xH"H HH". (5.6)

To express the black hole solutions explicitly in terms of
the harmonic functions, one has to solve the stabilization It is apparent that the moduli potential in both the above
equations(see[33]). From here on, we shall assume thatcases is the same. So the geometry on the moduli space of
solutions to these equations exist for the models we are corizq. (4.10 black holes is the same as that on the moduli
sidering. We also remark that a special subclass of solutionspace of Eq(4.13 black holes. Moreover, it coincides with
are those for which the positions of the harmonic functionsghe moduli potential of four-dimensional black holes which
are the samgya=Y,a=Y;a for 1 #J. These black holes are are associated with intersecting branes and have four har-
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monic functions in Secs. Il and lll. As for the intersecting D,y™A=(1,)™A;8Doy"A=(1,)" Doy™”, (6.3
branes black holes, we can $¢t=H=H!=H?=H? or H

=Ho=H;=H;=Hj. Then the moduli potentials; andw,  where {Dy, D,; r=1,2,3 are the supersymmetry deriva-
reduce to that of Reissner-Nordstidlack hole computed in  tjyes, i.e.,

[10]. A more general case is to take the positions of the

harmonic functions of Eq4.10 black holes to be the same D2=D%=i4,,

but allow the charge&,, and the asymptotic values of the '

scalars to be different, i.eya=Yoa=V,a for 1=1, ... k but
ho#h,#h; and Aga# N a# N ja fOr 1#J3, and similarly for
the Eq.(4.13 black holes. As we shall see, this class of black
holes exhibit the same superconformal properties for small
black hole separation as those of the Reissner-Nomistro

DoD,+D,Dy=0, (6.4)

D,Ds+D¢D,=0, r#s.

black hole. The associatetl=4B supersymmetric action is
1 :
VI. THE EFFECTIVE ;BAEC?;LC())LFEEIVE-DIMENSIONAL S=— Ef dtd6%] igmia nsDoy™ Aay" 8
A. Supersymmet 1
: . p g v . . + 27 CmianagikcDoy™ Doy Doy ¢ |. (6.5
It is straightforward given the moduli potential, Eq. 3!

(1.2), of the five-dimensional black holes to determine the

metric and the torsion on the moduli space. This analysis id his action describes the effective theory of five-dimensional
the same for all five-dimensional black holes, i.e., those thagupersymmetric black holes which preserve four super-
have the interpretation as intersecting branes in ten or elevegharges.

dimensions that preserve 1/8 of the supersymmetry and the In the special case where the positions of the harmonic
black holes oN=2, D=5 supergravity that preserve 1/2 of functions are the samg;'=y'*, the moduli space is again a
the supersymmetry. So in what follows we shall not distin-weak HKT manifold with HKT potentiaj.. The metric and
guish between these two cases. The moduli space is a we#fsion are given by

HKT manifold [8] with HKT potential w. So using[41,42,

the metric and torsion are 3
3 d32= amA&nB"'sgl (Is)lm(ls)qnalAan M dymAdynB,

ds’= &mlAanJB"_Sgl ('s)lm(|s)qn(7||Af9qJB pdy™Ady"E, (6.9
(6.1) CZGO"pAU?qBO"scﬂ“1)pm(|2)qn(|3)S|dymADdynBDdy|C1

C=60padg389skcrt (11)Pm(12)%(13)%
respectively. The hypercomplex structure on the moduli
1A JBMHy/KC
xdy™AOdy™ Ody'™™*~, space is

respectively, whergy™”, m=1,...D—-1; 1=1,...k;
A=1, ... N} label the positions of th&N black holes. The
endomorphismél, ; r=1,2,3} are associated with a constant
hypercomplex structure di*. These induce a hypercomplex
structure on the moduli space by setting

(Ir)mAnB:(Ir)mnéAB- (6.7

The effective theory has agaiN=4B supersymmetry
one-dimensional supersymmetry. Using aggdb], the N
=4B superfieldsy™*=y™A(t,6°,...,6°) satisfy the con-
(1™ A= (1)":8'36%, (6.9  straint

which is required for the HKT structure. One can easily D,y™=(1,)™A gDoy™=(I,)™,Doy™. (6.8
show that the black hole moduli space equipped with metric

and torsion(6.1) and hypercomplex structué.2) admits an  The action of the effective theory is

weak HKT structuré.

The effective theory habl=4B one-dimensional super- 1
symmetry. Both the supersymmetry multiplet and the effec- S=—3 j dtde®
tive action can be constructed using the general results on
supersymmetric sigma models [¢f,6] adapted to this case. A~ nBe G
In particular, we promote the coordinates on the moduli + 37 CmansicDoy™ Doy Doy~ |. (6.9
space tN=4B superfieldsy™A=y™A(t,6°,...,6%) and im- '
pose the constraint

igmansDoy™ dy"®

This completes the description of the supersymmetric effec-
tive theory actions of five-dimensional black holes.

For black holes that preserve more than four super-
“4For other applications of HKT manifolds, sp45,41. charges, the moduli metric is again determined by the moduli
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potential (1.2). However, the effective theory may contain
additional fermionic multiplets. For example, for some blacku3= dx
holes that preserve eight supercharges the moduli space ad-
mits two commuting strong HKT structures. The effective
action then contains additional fermions to construct the asThere is no contribution to the moduli metric fropy be-
sociated multiplets. These multiplets have been described igause it is independent frogy, as it can be easily seen by a
[4,6]. Finally, we remark that the effective actions in both thechange of variables in the integral. The contribution to the
above cases can also be written as a full superspace integfaPduli metric due tou, has a logarithmic divergence
as In &|ya—yg|? for x—y,, wheredis a cutoff, (x—ya|=4).
However, these terms do not contribute to the moduli metric;
1 they are eliminated passing from the potential to the moduli
S=-— —f dtd*6u. (6.10  metric because of the differentiation. The term©of that
2 contributes is

Nial2sA3c
A+4B#C |X_YA|2|X_YA|2|X_YA|2 '

(6.19

B. Superconformal symmetry
) , p2=2m2 > (Aah2ahas+Naak2alis
In [10], it was shown that for small black hole separations A#B

the effective theory of the graviphoton electrically charged In|ya—Ye|
black holes ofN=2, D=5 supergravity exhibitD(2,1;0) + N 1ak3akgp) T (6.15
superconformal symmetry. This is related to the observation YA~ Vel
that the near horizon geometry of these black holes is
AdS,xS%. However, the near horizon geometry of five- Finally, u3 can be defined without regularization and it is
dimensional black holes that preserve 1/8 of the maximahomogeneous of degree- 2, i.e.,
supersymmetry and are associated with intersecting branes,
and that of the black holes of thé=2, D=5 supergravity Y™ A= — 2 3. (6.16)
theory is also AdSxS. Since this should be the case for
every black hole involved_ in the superposit.ion, thg reIevanLI.he homothetic motion on the moduli space is generated by
solutions are those for which all the harmonic functions have[he vector field
the same position$So one expects that the effective theory
(6.9 of these black holes will also exhib2(2,1;0) super- A A
conformal symmetry for small black hole separations. D™ 0ma= =YY" Ima., (6.17

The conditions for & =4B supersymmetric sigma model
to exhibit superconformal symmetry have been investigatedvhich acting on the moduli metric gives
in [42] and we shall not repeat them here in detaie shall
simply verify the conditions that the sigma model manifold
admits a homothetic motion generated by a vector fi2ld
and that the associated one-form ois closed. We shall
then comment about the rest of the conditions.

The limit of small black hole separation is achieved by
requiring that the asymptotic constants of the harmonic func-

LpGmans=29mane - (6.18

This can be verified by an explicit calculation using the ro-
tational invariance of the moduli potential

tions that determine the solutions vanish, bg—0. Then Y™ mdnam2=0,
following [7], we write the moduli potential as (6.19

K= gt ot ps, (6.11) Y1) mnasa=0.
where Invariance of the effective action under special conformal

transformation requires that
N1aNoah3a
— | 44

pa= f d x; Xy (6.12 D, Ady™ (6.20

is a closed one-form, where we have used the moduli metric
N1aNoaN3g T A3ahoaN 18T A 1aN3aN 28

o= | d*x E e ) , to Iqwer the indices of the componentsllbf To show thi§,
AZB [X—yal*[x—ygl we first observe that the part of the metric associated with
(6.13 is degenerate along. Using this, we find that
SWe also consider in our investigation only STU black holes. ’In the case for which all the positions of the harmonic functions
®Superconformal sigma models with scalar potential have beeare different,u is the only contributing term. But as we shall see
considered if43]. later, in this case the moduli metric is degenerate.
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=27 2

A#B

|yA_yB|2

; (6.21)

and soD,,dy™ is closed as required. It turns out that the
rest of the conditions for superconformal invariance also
hold. Therefore the moduli geometry for small black hole
separation exhibits B(2,1;0) superconformal invariance.

VII. THE EFFECTIVE THEORY OF FOUR-DIMENSIONAL
BLACK HOLES

A. Supersymmetry

1
s=—§fdmmﬂwy (7.2

Rewriting this action in terms of thE=1 superfields

quA: ymIA| o=0, =123,

(7.3

XA=y"gg, r=1,2,3

The effective theory of four-dimensional black holes by integrating oves?, 62, and6® and by using the con-
which preserve 1/8 of the maximal supersymmetry is ex-straints(7.1), we find

pected to have four supercharges. The dimension of the
moduli space is BN, wheren is the number of harmonic
functions of the solution ani is the number of positions of
each harmonic function. The description of the effective
theory is the same for all four-dimensional black holes, i.e.,
those that have the interpretation as intersecting branes in ten
or in eleven dimensions, the black holes that are reductions
of the solutions superposed with a pp wave or a KK mono-
pole of N=2, D=5 supergravity and preserve 1/2 of the
supersymmetry and the electrically charged black holes of
N=2, D=4 supergravity. To keep the notation uniform, we
label the positions of the former black holes 8&*; |
=1,...n; A=1,... N} and the positions of the latter
black holes agy'®; 1=0,1, ... k; A=1,... N} with n=k

+ 1. The range of can be different in the two cases but this
would not affect our formulas below.

Next we derive the supersymmetry multiplet and the ef-
fective action of the above black holes by appropriately
adapting the general results [f] on supersymmetric one-
dimensional sigma models and by comparing with the effec-
tive action of Reissner-Nordstm black holes in[10]. In
particular, we promote the positions of the black holes to
superfields as/'*=y'A(t,6°,...,6%) and add a new super-
symmetry fermionic multiplei'”(t, 6°,...,6%). In addition,
we impose the constraints

D,y™A= ™ Doy A+ sMyA,
(7.1

Drl/flA: i 5rn‘9tymA-

We remark that all the four-dimensional black holes associ-
ated with intersecting branes with four harmonic functions
and those that are reductionshf 2, D=5 supergravity are
charged with respect one KK vector. Therefore the argument
in [10] applies for the presence of the fermionic multiplets,
i.e., that they are due to zero modes along the KK direction.
The manifestly supersymmetric effective action of the four-
dimensional black holes is
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— mns
lia,0B,KC= 5€ ImiAniBIdskci

and we have sef®= 6. In particular, the moduli metric is

ds?=[dmiadnis+ Glpm€|qnﬁplAﬁqJB]MdymlAdynJB- 76
7.6

PHYSICAL REVIEW B2 064023

and again we have séf= 6. In particular, the moduli met-
ric is

dS*=[dmadng+ € 1p€ Tndpadqel wdy™dy"e. (7.1

This completes the description of the supersymmetric effec-
tive actions for four-dimensional black holes.
For four-dimensional black holes that preserve more su-

In the special case where the positions of the harmoni®ersymmetry, the moduli potential is again given by Eq.

functions are the samg*=y'A, to construct the effective
action, we again promotg” to superfields and introdudg
additional fermionic multiplets/®. These multiplets satisfy
the constraints

DrymA: & nDoynA+ oM, ¢A,

(7.7
Drw:iarnﬂtynA-

The effective action is again given by E@..2). Expanding
the action in terms of th&l=1 superfields
qM=y™p—0, =123,

(7.8
XA: ¢’A| 0"=0>

r=1,2,3,

we find that
i mA nB 1 A B
S= | dtde _EgmA,nBDq Jq _EhABX Dx
H mA_ B 1 mA nB IC
+ifnasdd™ x +§Cm,A,nB,ICDq Dg""Dq

1 1
+ 5 Npane.cDA™DG"BxC+ 5 Myag DA™ XX

2 2
+ %IABCXAXBXC : (7.9
where
Imane=[Imadnet € me "ndpadqel i,
hag= 6""Imadnest,
fmae=€" minadiB i,
CmAng,ic™ Equrfpsqutnfrul3sA(913f9uc,U«, (7.10

1 p
Nmang,.Cc= E €

l_'s u S qu
a 6p mEq n+E m5 n aSAaUBa|C/-Ll

1
_ |
MmaB,.Cc= 5 PP mdindgedscit,

1
lagc= EemnsamAanBasC:ui

(1.2). However, in the description of the effective theory one
may have to add additional one-dimensional fields to de-
scribe the supersymmetry multiplets. These are required by
supersymmetry as in the five-dimensional case.

B. Superconformal symmetry

The investigation of superconformal symmetry of the
moduli space of four-dimensional black holes for small black
hole separation is similar to that presented for the Reissner-
Nordstran black hole in[10]. In particular, the effective
theory admits aD(2,1;0) superconformal symmetry in the
near horizon limit. As in the four-dimensional case, the rel-
evant class of black holes are those that exhibit regular near
horizon geometry. These are the black holes that have four
harmonic function$with the same centers for which the near
horizon geometry at every center is AGSS.

The conditions for a sigma model action such asE®)
to exhibit superconformal symmetry have been give[ilid)
and we shall not repeat them here. In what follows, we shall
show that our moduli metric admits a homothetic motion
generated by a vector field and that the associated one-
form of D is closed. To begin, we write

(7.12

gmAnB:GﬁqlnakAﬁls,M,

where

(7.13

Since we expect a close relationship between the supercon-
formal properties of the five-dimensional black holes and
those of the four-dimensional ones, we take the vector field
D which generates the homothetic motion to be the follow-

ing:

kKl _ ok k1
Grn=0mOnt € € n-

2
DmAamA:HymAamAa (7.14

whereh is a constant which will be determined. Using our
ansatz forD and the expressiofv.12, we find thatD is a
homothety if

mAg A= oK 7.1
(Y™ ma—h) u= 5K, (7.15

whereK is in the kernel of the operator

8We also consider only the black holes and string solutions of the
N=2, D=5 supergravity associated with the STU model.
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Gagmr= Glndkadis (7.16 Dma= —20mangY"?= dmaK. (7.26

which is used to find the metric on the moduli space from the-q, this we have used the rotational invarianceuofinder
moduli potential. SQ(3) i.e.

As in the case of five-dimensional black holes above, we
write the moduli potential as

y™Ae" 9pu=0. (7.27
u=prtpot (7.17)
The above properties of the moduli metric indicate that at
where small black hole separation the effective theory admits an
N Xos sk SL(2,R) symmetry. It turns out that the rest of the conditions
Ml:j d3x>, A PATSATAR (7.19  for superconformal invariance ¢20] can also be verified.
[ X—Yal So the effective action admits B(2,1;0) superconformal
symmetry.
N1aNoaA3aN
o= J P X | At 1 eyelic in(1,2,34 |, .
A7 [[X=Yal"x—yel VIIl. BLACK HOLES AND SPECIAL KA HLER
(7.19 GEOMETRY
and u’ contains the rest of the terms. Both and u, con- A. The black hole solutions

tain divergent terms which however do not contribute to the

. . : L The action ofN=2 four-dimensional supergravity with
moduli metric. In particulary, is independent form the po-

n+1 vectorsF'=dA' and n complex scalarg® has been
Yound in [44]. A class of such systems can be described in
terms of a holomorphic homogeneous of degree two poten-
tial F=F(X"). It follows that

ting a cut off|[x—y,|= 6, we can evaluate., to find

Inlya—yg|+(1—1In &)

=4 N1aNoaA3aN
M2 A;B 1AN2AN3AN 4B |YA_YB| 1 |
F=-F X,
2
+cyclic in(1,2,3,4]. (7.20
F|:F|JXJ,
Next using (8.1
1 X'F k=0,
=0 (7.22
CDmn,, _ ’
|yA yB| XlFIJKL:_FJKLv
we see that the divergent part does not contribute. So ignor-
ing the divergent part, we see that whereF,=(a/6X")F, 1=0, ... n, and similarly for higher
order derivatives. Next we set
1
(Y™ Omat D=~ 5K, (7.22 _ _
mAaTTRE 2 e K=i(X'F,—X'F),
where _
Nyy=i(Fi3=F), (8.2
T 1 o
K=— 2 | Aakaahaahag———— +cyclic in(1,2,3,4|,
4 78 YA~ Yl _ i
(7.23 Niy=F+ W(NX)KNX)J,

which is in the kernel ofG¢pm, Next, we can observe that
u' is homogeneous of degreel and so where (NX),=N;;X?, (NX),=N;;X’, XNX=X'X’N,; and
(7.24 XNX=XNX. The existence of such a potentklis not al-
' ways guaranteed. The field equations bf=2 four-
From all these, we find that E¢7.15 holds forh=—1 and dimensional supergravity are invariant under symplectic
reparametrizations. It has been shown that one may use this
D=—2y"ma (7.25 to pass from a solution which possesses a potential to one
which does not. However, throughout this section we shall
is a homothetic vector field. To generate special conformalimit ourselves to configurations which possess a potehtial
transformations, the associated formfshould be closed The coordinates<' are holomorphic functions of?. The
as in the case of five-dimensional black holes. In particularbosonic part of theN=2 four dimensional supergravity
one can show that action is

(ymAé’mA"— Dp'=0.
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s=f d*x\g[(R+2[ €Ny +e?K(NX),(NX),;]9,X 94X’
+i(MJ_/T/]J)F|MVFJMV)
1 _
BECAL + Ny et B R (8.3

where we have chosea?'%= + 1. The field equations of Eq.
(8.3) are as follows. The Einstein field equation is

VI9I(G .+ 2[€4N) 5+ €2 (NX) (N X) 3], X' 3,) X
. — 1
+2i (MJ_MJ)FLxFi )— 5 \/mg,w(z[eKNlJ

+e2K(NX),(NX);]a, X' X

+i(Ny—My)F,F7)=0, (8.4
the vector potential field equations are
84, (Vg[[ImA;;F*"+ReN;;*F#"])=0, (8.5

and the field equations of the scalafsandz? are
23, (VIgI[“NLy+ e (NX) (NX);]9*X")
+ZmaL(eKNlJ‘FezK(NYN(NX)J)(?MX'aMYJ

— 1
+i \/HaL(MJ_MJ)FIMMFJ'uV_ > aL (N

+Niy) e P F! FY 13 Xb=0 (8.6

and
—29,(VIgl[ €N+ 2K (NX) 5 (NX) ]a#X)
+ 29[ I (€N, + (N X) (N X) )3, X 94X

— 1
FIVIGIILMg = Mg F' F = S a Ny

+'/\_[|J)EMVPUFI,U,VFJpa' &EXL:OI (Sn

respectively. In the equations abowg, and J; denote the
partial derivatives with respect @' andz?, respectively.

PHYSICAL REVIEW B2 064023

2iF|:H|,

where

Na
Hi=h+> —a 8.9
e ; IX—yial ®9

are harmonic functions. Using the definition I§f we find

that for this solutiore”K=4iF. Now the last equation in Eq.
(8.8 can be thought of as expressing-1 real scalars in
terms ofn+ 1 real harmonic functions. From thesescalars

are associated with the scalar fields of the supergravity
theory and one with the components of the metric as in the
five-dimensional case explained in section four. The centers
of the harmonic functiongy,,; 1=0,...n; A=1,... ny}
determine the positions of the black holes afid,; |
=0,...0n; A=1,...n} are their electric charges. The
above solution has delta function sources in the coordinate
system that we are using to describe it. The appropriate
source terms which should be added to the supergravity ac-
tion are

Ssource™ % f d7'IA( 8we(1/2)K(xl +%))\IA

d 1z
—167A —xlA), (8.10

I dT|A

where 75 is the proper time associated with the cenygs
defined with respect to the metric

B. Perturbations

In order to determine the low energy behavior of these
solutions we allow the centreg, to depend ort. We also
make the following additional first order in the velocities
perturbations to the fields:

ds’—ds?+2eKp,dt dX",

Al dt—Al dt+ (D', —e*X'p,)dx",
(8.1

X' =X +ivY!,

whereY' is real, andp,, D', (n=1,2,3) andY' are to be
determined by solving the equations of motion up to first
order in the velocitie.It turns out that using this perturba-
tion ansatz only th@-component of the gauge equation and
the On component of the Einstein equation together with the
field equations of the scala® are modified by terms first

The static black hole solution which we shall consider hag®rder in the velocities. As the scalar perturbation is imagi-
X' real. In which casef and all its derivatives can be chosen Nary, the conjugate scalar equation does not contain any ad-

to be purely imaginary. The solution is
ds?=—efdt?+ e Kdx?,

A|0: erI,
A -0 (8.9

m

ditional information.
In particular the perturbed Einstein equation including the
sources from Eq(8.10 gives

%0ne can perturb all of the fields in the theory around a solution,
but in this case the perturbation we have considered will suffice.
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1 K ol L c—1 1 -2 my/J
—5e 3 (dnPy— 9,Pn) X5 apl| —iF FLJ+§F FLF;|amY
+2X'990,H,+ 4ieXd'F,(9,D',— 9,D' i 3i
o 13D’y = 9D + 5 F 20 (F P L= FLinFy) = 5 F20"F ydnF
=87X' Y Mad(X—Yia)vian (8.12

1 J -2 m I mnr, -1
_EYf?m(F Fa FJ)_EE (Im(F™*Fy0)

and the perturbed gauge equation including the sources gives _
p g g q g g +F ZFJamFL)(anDJr_arDJn)

1
—Eg-32_mmr —1/2 _ —
4(90(9nH|+8i&m(eK(FIJ_F—lFIFJ)(alen_anDlm)) + 4F € &m(F FL)(O-'npr arpn) O

+8i dy(€2¥F(d™p"— d"p™)) (8.19

— 2™y YL, (F1F ) —2€™9,(F2YLF)) 9, F, We shall not continue to present the _solutions to Fhese
second ordefwith respect to spatial derivativesquations in
N this section, instead we shall first evaluate the term in the
=167, Nad(X—YiA)vis- (8.13  action which is quadratic in the velocities. From there it will
become clear that the perturbations solve a set of first order

1l equations.
To proceed we contract E¢B.13 with X' and subtract

it from Eq. (8.12). This leads to the simpler expression C. The moduli metric

To compute the moduli metric, we must substitute the
Wl 3, 72 | | solution to the perturbed field equations found in the previ-
Mg F (ImPn—nPm) +F“F{(dD ", —3,D ) ous section into the total actidgincluding source termsand
compute the part which is second order in velocities. It is
expected, as a consequence of the BPS condition, that the
+2Fl/2FJE|nm(9I(F3/2YJ)} =0. (8.149  zeroth and first order contributions to the action vanish. Sub-
stituting the perturbation ansatz into the actiorcluding the
source§, and collecting the terms quadratic in the velocities,
The perturbed scalar equation including sources gives we find

1
S(z)zf d*x| —16doF, do(FX') — 8>, e_KX|7\|A|V|A|25(X_Y|A)_ZGZK(ampn_19npm)(5mpn_¢9npm)

_z(amDm_anDlm)(amkln_ﬁnklm)+2ieK(_ F|J+ FilFIFJ)(ﬁlen_‘?nDlm_erl((ympn_anpm))

1
X (@D =g"DIM— e XM = a"pM)) | S FTARIF = F TRy oY 9TY = FT2Y YR y0nFy

3
+ - F2YKYL 9 Fd™F L+ Y €™ (9(F 75 ) + F ~2F 39, F )(d,D”, — 9,D7))

2
i
+§F3’2YLem”fam<F1’2FL)<anpr—arpn>}, (8.16
|
where the previous section. To simplify the action we set
O Q =ap—ap—fH.(aD'—aD'>
v mn miMn nMm m~ n n m

K'=> — A (8.17) 3

IX= Yl

4i
+ 3 F3/2FL6mnrar(F73/2YL)

It should be noted that on varying the fields, D', andY' oL o
one obtains the first order in the velocities field equations of —4iF Y2 e o (FTY2F)), (8.18
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len:&len_anD|m+ZBIJ(‘9kan_‘9nkJm)+EmnIaIYla and

where 1 _ Nia

ImiadnigF2=— 2€ X' 83 8aBImdn P
Biy=F XF,—F 'FFy); (8.19 . N N
1A JB

BY is the inverse of the matriB,;. We shall assume that - §B”f7m Xyl =yl |

this inverse exists, this is certainly true in many interesting A I8

cases, like those of intersectimjbranes. Remarkably then, (8.29

the second order action simplifies to

S = f d*x

where there is no sum ovéror J and d,,,;5 denotes partial

differentiation with respect tg, ». Using all the above we
—16d5F | do(FX') 87>, e *X'\jalvial? find

_ 1J _ mp, N_ onp M 1
X 8(x=Yin) + 2B (9rkin = dnkim) (37K, = 0"k,™) S@)— f 05 Gt o "0 8.26
4 §e2KQ an_ EB Ql QJmn (8 2@
4 mn 2 1J% mn ' ' where
To proceed, we shall tak@=0 andQ'=0. It turns out that ImiAnIB= Imiadnist — Iniadmasit + S OnadIB M
these conditions are sulfficient for solving the perturbed field (8.27

equations. Furthermore, the portion of the above action

which is independent o and Q' is precisely that which and

leads to the effective action for the black holes which pos-

sesses the expectét=4 worldline supersymmetry. Solving p=— 16f d3xF2. (8.29
Q=Q'=0, we find

1 1 So the moduli metric is
Y'= 4_J 3 |X—Z| flmnal(BlJ(akan_ankJm))(Z)a
m dS*=0miansedy™ Ady™". (8.29
f d3z a (B (9kyn— ko)) (2), As an example we may consider the STU model with
3 =4. For this case the potential functiénis given by
1 F(X")=i(XOX1Xx2x3)12, 8.3
Pn= 477_ d3 | Z| al(:|-6i|:>(l((9ll(ln_‘SInkll) ( ) I( ) ( 0)
This leads to the moduli potential
+4ig, " (FLo, Y- =Y 9,F))(2). (8.21)
Substituting the solutions for the perturbations back into MZlGJ d®xHoH1HHs. (8.31

S, we find that
From this we observe that the moduli space metric possesses
(2) _ 4| _ Iy _ —Kyl 2 the expected=4 supersymmetry together with the appro-
S f 0| ~1690F 3o(FX') =872 e *X'\ialvia| priate superconformal symmetry for those black holes asso-
ciated with harmonic functions with the same centers. The
X 8(X—Yia) + 2B (9Kin— dnkim) (9™K;"— d"k;™) | moduli space metric is generated by a potential function in
agreement with the conjectut#.2).

(8.22
. . IX. CONCLUDING REMARKS
The moduli metric can be read fro®?). To analyze the
geometry of the moduli space we use the identities We have proposed that the moduli metric of a large class

of four- and five-dimensional black holes can be determined

by a moduli potential. In turn this can be determined by the

components of the metric of the black hole solution as in Eq.

(8.23 (L.2. Then we have provided evidence that such choice

B,Jaﬂ(FXJ)zauF,. gives consistent results. In particular, it describes all the

black hole moduli metrics that have been computed explic-

It then follows that itly. In some cases, one can argue under certain assumptions

that the expression for the moduli potentid.2) can be

shown using duality. Moreover, the associated effective
theories of black holes which are constructed using(E®)

1
BlJXJ:§F71F| '

J F:i_x|(9 )\L
miA M [X=Yal

5 (8.29
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exhibit the expected superconformal behavior at small blacklack holes that have regular horizons exhibit superconfor-
hole separations. . . o mal symmetry at small black hole separations. This can
One can extend our construction to findJaduality in-  prove useful in understanding multi-black hole quantum me-

variant expression for the moduli potential. However, for thischanics using the suggestion [80] adapted for black holes
to be consistent one should ugkduality invariant black [51,57 and black hole moduli spacég,42,1q.

hole solutiong46]; for recent work see for examp|d7]. In

four dimensions, such black holes carry the charges of all

branes® It would be interesting to see whether our moduli

potential formula still applies in this case. ACKNOWLEDGMENTS
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