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Abstract

We examine the dynamics of extended branes, carrying lower dimensional brane charges,
wrapping black holes and black hole microstates in M and Type II string theory. We show
that they have a universal dispersion relation typical of threshold bound states with a total
energy equal to the sum of the contributions from the charges. In near-horizon geometries of
black holes, these are BPS states, and the dispersion relation follows from supersymmetry as
well as properties of the conformal algebra. However they break all supersymmetries of the full
asymptotic geometries of black holes and microstates. We comment on a recent proposal which
uses these states to explain black hole entropy.
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1 Introduction

The dynamics of stable extended branes in backgrounds containing fluxes have played an im-
portant role in exploring non-perturbative aspects of string theory. A particularly important
class of such objects are dielectric branes which are extended objects formed by a collection
of lower dimensional extended objects moving in a transverse dimension via Myers’ effect [1].
Dielectric branes wrap contractible cycles in the space-time and therefore do not carry any net
charge appropriate to its dimensionality, but has nonvanishing higher multipole moments. In
a class of backgrounds (e.g. AdS space-times or their plane wave limits and certain D-brane
backgrounds) the energy due to the tension of the dielectric brane is completely cancelled by
the effect of the background flux, so that its dispersion relation is that of a massless particle,
which is why they are called giant gravitons [2]-[5] . The energetics of such branes are usually
determined by a classical analysis : however these branes are BPS states which renders the
classical results exact.

Recently a different class of extended brane configurations have been found in the near-
horizon geometry of four dimensional extremal black holes [6]-[8] constructed e.g. from inter-
secting D4 branes and some additional DO charge. The near-horizon geometry is AdS, x S? x K
where K is a suitable six dimensional internal space (e.g. Calabi-Yau). These are branes of
various dimensionalities wrapping non-contractible cycles of the compact directions. The branes
which are wrapped on cycles in K have a net charge in the full geometry and are similar to
giant gravitons - the tension of the brane is cancelled and one is left with the dynamics of
gravitons. More interestingly, there are BPS D2 branes wrapped on the S? with a worldvolume
flux providing a DO brane charge, and posessing momentum along K. These branes do not
have net D2 charges in the full geometry - they only contribute a net D0 charge. The ground
state is static in global time, located at a radial coordinate determined by the D0 charge. These
configurations preserve half of the enhanced supersymmetries of the near-horizon geometry, but
do not preserve any supersymmetry of the full geometry.

In [8] it has been argued that such brane configurations provide a natural understanding
of the entropy of the black hole background. The presence of a magnetic type flux in the
compact direction means that such a static brane carries a nonzero momentum and is in fact
in the lowest Landau level. This means that the ground state is degenerate. It turns out
that this degeneracy is independent of the DO charge qo of the background. The idea then is
to “construct” a black hole by starting from the set of D4 branes and then add DO charges.
However the D0 charge appear as these D2 branes which wrap the S?, and each such D2 has a
ground state degeneracy. The problem then reduces to a partitioning problem of distributing a
given D0 charge N among D2 branes - the various possible ways of doing this give rise to the

entropy of the final black hole. This argument has been extended to “small” black holes in [9].

1



In this paper, we show that such brane configurations are quite generic not only in near-
horizon geometries of black holes, but in the full asymptotically flat geometries of certain black
hole microstates. While these are supersymmetric states in near-horizon regions of black holes
and near-cap regions of microstates, they break all the supersymmetries of the asymptotically
flat backgrounds. We find that in all cases they have a universal dispersion relation character-
istic of threshold bound states : the total energy is just the sum of the energies due to various
brane charges. In near-horizon regions this simple dispersion relation follows from supersym-
metry and conformal algebras. However, we have not been able to find a good reason why the
same dispersion relation holds in the full microstate geometries.

One key feature of the examples which we provide is that the background does not have
to posess the same kind of charge as the brane itself. This feature could be relevant for the
proposal of [8], though we have reservations about this proposal as it stands.

In section (2) we consider generic AdS,, X S™ x M space-times with a brane wrapped around
S™ and moving along a AdS direction with momentum P and derive the universal dispersion
relation

where M,, denotes the mass of the brane.

Specific examples of solutions of M theory and Type IIA string theory which lead to AdS,, X
S™ x M spacetimes are described in section (3). Our main example involves five dimensional
black strings in M theory compactified on T° (in section (3.1)) and their dimensional reduction
to four dimensional black holes in ITA theory (in section (3.4)). In section (3.2) it is argued
that the dispersion relation (1) follows from the underlying conformal algebra. This is explicitly
shown for AdSs, but the considerations should generalize to other AdS,,. These branes are
static in global time. In Poincare time, they correspond to branes coming out of the horizon
upto a maximum distance and eventually returning back to the horizon. However, we find
that for AdS; (section (3.3)) and for AdSy (section (3.4.1), the relation (1) is valid both in
global and Poincare coordinates. Furthermore in AdSs the Poincare momentum is equal to the
global momentum P. We argue that the equality of global and Poincare energies and momenta
signifies that the brane is in a highest weight state of the conformal algebra.

The second class of backgrounds where we find such brane configurations with identical
dispersion relations are geometries which represent microstate of 2-charge and 3-charge systems.
In the examples of section (3) the existence of these brane configurations appears to be special
to near-horizon limits. This is because they are states of lowest value of the global AdS energy
and not of the Poincare energy and it is the latter which coincides with the energy defined in the
full asymptotically flat geometry. In contrast, the microstate geometries are asymptotically flat

and go over to a global patch of AdS in the interior. The time in the asymptotic region continues



to the global time of the interior AdS. Consequently, the notion of energy is unambigious.

In sections (4) and (5) we find that the lowest energy states of such branes are indeed static
configurations with dispersion relations given by (1). Section (4) deals with a T-dualized version
of the 2-charge microstate geometry with D3 branes wrapping the S®. We show, in section (4.3)
that the energy has an interesting implication for the conformal field theory dual. In section
(4.4) we determine the spectrum of vibrations of the brane and find a remarkably simple
equispaced excitation spectrum with spacing determined only by the AdS scale - reminiscent
of the spectrum of giant gravitons found in [4]. Section (5) deals with analogous treatments of
a special 3-charge microstate geometry.

In section (6) we calculate the field produced by such a probe brane in the 2-charge mi-
crostate geometry and show that this leads to a constant field strength in the asymptotic region,
pretty much like a domain wall.

In section (7) we examine the supersymmetry properties of these brane configurations.
Section (7.1) deals with the case of D2 branes in the background of 4d black holes, which is the
background of section (3.4). We show that in the near horizon limit this D2 brane preserves
half of the supersymmetries. We calculate the topological charge on the brane and show that
the supersymmetry algebra leads to our simple dispersion relation. It is then explicitly shown
that the brane does not preserve any supersymmetry of the full black hole geometry. In section
(7.2) we investigate the question in the 2 charge microstate geometry and show that while the
near-cap limit (which is again AdSs x S3) the brane preserves supersymmetry, it breaks all the
supersymmetries of the full background.

In an appendix we examine the validity of the near-horizon approximation our brane tra-
jectories for the case of 4D black holes and show that the approximation is indeed valid when

the energy due to DO charge of the D2 brane is smaller than the D2 brane mass.

2 Spherical branes AdS x S x M space-times

The simplest space-times in which these brane configurations occur are of the form AdS,, x
S™ x M, where M is some internal manifold.

Let us first consider branes in M-theory backgrounds. The metric is given by
ds* = R*[— cosh? x dr?® + dx* + sinh? x dQ2,_,] + R%dQ2 + g;;dy'dy’ (2)

where R, R are length scales, g;; is the metric on M and dQI% denotes the line element on a

unit SP. We will choose coordinates (6, ) on S™~2 leading to a metric

dQ?,_, = df? +sin? 0, dO3 +sin® Oy sin® 0, df3 + - - -+ sin® 6, 5 - - -sin® O dip? (3)



The background could have m-form and n form gauge field stengths which will not be relevant
for our purposes.

In addition, the background contains (n + 1)-form gauge potentials (n = 2 or n = 5) of the
form

AP = Ai(y') dw, A dyt (4)

where dw, denotes the volume form on the sphere. We will see explicit examples of these
geometries later.

Consider the motion of a n-brane which is wrapped on the S™, rotating in the S™~2 contained
in the AdS,, and in general moving along both y and y°. The bosonic part of the brane action

is of the form

S:—M/EHTV&mG+M/PMWW] (5)

where GG denotes the induced metric, the symbol P stands for pullback to the worldvolume and
[, 18 the tension of the n-brane.

Let us fix a static gauge where the worldvolume time is chosen to be the target space
time and the worldvolume angles are chosen to the angles on S™. The remaining worldvolume
fields are y, 4", 0k, . When these fields are independent of the angles on the worldvolume, the

dynamics is that of a point particle. The Hamiltonian can be easily seen to be

2 A2
_ X (P — NP — :
H—COShX$ MﬁﬂLﬁﬂLmﬂLgJ(R MnA;)(P; — My Aj) (6)
where M, is the mass of the brane

M, = u,R"Q,, (7)

€, being the volume of unit S™. A denotes the conserved angular momentum on S™2

2 2 2

A2 = 2 Py, Po; . Py 8
Po, sin?f;  sin?#; sin® 6 sin 6 - - -sin?6,,_; (8)

Consider the lowest energy state for some given |A|. In the internal space this means that
P, = M,A;. (This can be considered to be the description of the lowest Landau level in the
classical limit). In AdS this has a fixed value of the global coordinate x = yo determined by

minimizing the hamiltonian :

sinh? yo = R|/]X\|4n (9)
The motion on the S™~! contained in AdS,,; is along an orbit with
Pg, =0 @:g k=1--(m—3) (10)
The ground state energy is
Egiobar = % + M, (11)
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Finally it is easy to check that in this state

=1 (12)

While the above formulae have been given for M-branes, they apply equally well for D5
branes in AdSs x S° backgrounds of Type IIB string theory. This in fact provides the simplest
example of such configurations. We will give a general explanation below for the simple form
(11) of the energy E.

3 Extremal Black Strings in M theory and Black Holes
in String Theory

In this section we will provide some concrete examples where branes in AdS x S x M appear.

3.1 5D Black Strings and 4D Black Holes

A specific example of interest is the geometry of an extremal black string in M-theory copm-

pactified on 7° whose coordinates are denoted by ' ---S.

The background is produced by
three sets of M5 branes which are wrapped on the directions vy y* v v%, vy y?9°y°® and
yy'y?y?y* and carrying momentum qo along y. The numbers n; and charges p; of the M5
branes are related as

27'('2 n;

= Mf’l T(Z) , 1

pi -1,2,3 (13)

where T T?) TG are the volumes of the 2-tori (1,2), (3,4) and (5, 6).
The metric and gauge fields produced by this system of branes is

ds* = WV [df v dy ¢ % (dt — dy)?] + W3 [dr® + v (d6° + sin® 0 d?)]

—+ h_1/3 Z HidS%(i) (14)
i=1,2,3
5d 6 _ 6d5 3d 4 4d3 ld 2 _ 2d1
A®) Z sin @ dbde [ps LY 2y v, v 2y vy, v 2y v (15)
where we have defined
_ _ pi . N q0
h—HlHQHg, Hi—1+—,l—1,2,3, H0—1+— (]_6)
T T

dsk is the flat metric on the 2-torus of volume T,



3.1.1 Near-horizon limit with ¢y =0

When ¢y = 0 the near-horizon limit is given by AdSs x S% x T%. This may be seen by re-defining
coordinates
y=\x t=AT r=4xu? (17)

where we have defined
A= (p1 p2 p3)*® (18)
Then for r < p; and ¢y = 0 the metric (14) becomes

2
ds2:(2A)2[di2+u2(—dT2+da:) (d92+sm 0de?)| + % Z p,dsT() (19)
u

which is AdSs; x S? x T® in Poincare coordinates.

One can further continue the metric to global AdS3 using the transformations

cosh x sinT sinh x cos ¢
T= . —, T= . .
cosh y cos T — sinh x sin ¢ cosh y cosT — sinh x sin ¢
u = cosh x cos 7 — sinh x sin ¢ (20)

The resulting metric is

ds® = (2>\)2[d — sinh® y d7? + cosh x? dp* + ~ (d@2 + sin Gdgbz)} pidsra,  (21)

i=1,2,3

>/|H

We can now consider a M2 brane wrapped around the S? and apply the general results in
equations (5)-(11). For some given momentum P, in the ¢ direction, the lowest value of the
global energy is given by

E,s = P, + 8w\ (22)

which corresponds to a brane which is static in global time.

3.1.2 Near-horizon limit with ¢y # 0

The near-horizon geometry for gy # 0 is again AdSs; x S? x T%. For r < qo, p; we have, from
(14)

d 12
ds? = N[p/(—dT™ + da’®) + (dT’ — d')* + %]
1
+ A3(d#* +sin® 0 d¢?) + ~ pi dsa) (23)
A ifos
where we have defined
A A3
y=COa = (CPRT = g )
qo0 do



With a further change of coordinates ([10])

— / / — 2 / / ’
T—-z=e"" T+z=T+2+= uzge‘”‘“’“)/2 (25)
u
the metric reduces to the standard form of the Poincare metric on AdSs x S? x T©
dii? _
ds? = (20)°[ S5 + @® (~dT? + dz?) + (d92 +sin? 0 d?)] + + Z pids (26)

1=1,2,3

which is identical to the metric (19). As before, one can pass to the global AdSs using the
formulae above.

Thus we see that whether the background has momentum in the y direction or not the
near-horizon geometry has the local form AdS; x S? x M, so the dynamics of the M2 brane

will be similar in the two cases.

3.2 An explanation of the dispersion relation

For branes moving in flat space, we expect that the total energy E arises from the ‘rest energy’
M and the momentum P by a relation of the type E = +/M?2 + P2. But for the branes studied
here we get a linear relation of the type £ = P+ M. The momentum P causes a shift in radial
position of the brane, where the redshift factor is different, and in the end we end up with this
simple energy law.

As we will see in a later section the brane configuration considered above is a BPS state
which preserves half of the supersymmetries of the background. The dispersion relation then
follows from the supersymmetry algebra.

It turns out that there is a simple derivation of this linear relation for branes in AdS
spacetime based on the bosonic part of the conformal algebra. We will present this for the case
of AdSs; x S™. We suspect that similar considerations would hold for arbitrary Ad.S,,.

A n-brane wrapped on S™ becomes a point massive particle in AdSs. Its lagrangian
0X*0X,

L==ml=Z=7%;

|z (27)

where m is the mass of the brane and 7 denotes the worldline parameter. The lagrangian is
invariant under the SL(2, R) x SL(2, R) isometries of the background. Denoting the global
AdSj3 coordinates by 7, x, ¢ and defining z = 7 4+ ¢, Z =7 — ¢ the generators are

LQ = Zaz
. _;. cosh2y 1 1
L_ = iz az - 02 _a
! e [sinh 2x sinh 2y + 2 8
: h2 1 )
Ly = ie# 222Xy 0, — 0] (28)

sinh2y ~  sinh2y 2
7



and

Ly = 1i0; .
Ly = ie™ [(sji)jllif = sinlll 2X82 + %aX]
L = i [:?51111;)2 2 sinlll 2X8Z B %8X] (29)
We have the algebra
(Lo, L_1) = L_y1, [Lo,L1] =—Ly, [L1,L_1] =2Lg (30)
Fo,L1] = Ly, [Lo,Ia] = =L, [Ln,La] = 2L (31)

The conserved quantities corresponding to these isometries are given by the replacement
—i0, — P, (32)

in (28),(29). The global coordinate energy Egp and momentum P, of the brane are related

to the conserved charges under translations of ¢, ¢

Eglobal = _P'r P = ng (33)

Denote the parameter on the worldline of the particle by 7. The kind of solution we have

been considering is of the form
X=X t=7, =7 (34)

This is a geodesic in AdS3. The isometries of AdS3 will move this to other geodesics. The key
property of our solution is that

Z =T — p = constant (35)

By a choice of the zero of 7 we can choose this trajectory to be along z = 0. On this trajectory
the isometry L; — L_; = —0, leads to a shift of the radial coordinate y. Therefore applying

this isometry transformation we will get a new solution to the equations of motion of the form
X=Xote T=7, p=7 (36)
the meomenta conjugate to z, zZ are
1 1 1 1
Pzzi(PT_l'Pcp):§(P_Eglobal)a PZZ§(PT_P¢):_§(Eglobal+P) (37)
while the isometry Q = L; — L_; is given by
. .cosh 2y 1

, 1
v P; — P, —-P
I+ e [sinh 2x sinh 2y 2 X

cosh 2y 1 P z'P

@=-c [sinh 2y ° ~ sinh 2x 2 X

] (38)
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where we have used (32).

We now observe that
{P,,Q}=0 (39)

so P — Egopar does not change under the shift. We thus see that for our family of solutions
given by (36) we will have
Egiobar = P + constant (40)

To fix the constant we can go to the geodesic at y = 0 which has P = 0. Then we just get the
energy of the brane wrapped on the S™, sitting at the center of AdS3, Calling this energy M,,,
we get

Egiopar = P + M, (41)

giving the simple additive relation between the mass and momentum contributions to the

energy.

3.3 Poincare coordinate energies and momenta

The brane discussed above is static in global coordinates and would therefore correspond to
a moving brane in Poincare time. In this subsection we discuss some properties of dynamical
quantities in Poincare coordinates for branes in AdS; x S™. The coordinate transformations
are given in equations (20).

A trajectory x = xo, ¢ = 7 becomes the following trajectory in Poincare coordinates

x = tanhyo (14 7T tanh xo)

cosh
y - X0 (42)
VT2(1+ tanh® xo) + 27 tanh xo + 1
Thus the brane pops out of the horizon v = 0 at T" = —o0, goes out to a maximum distance
Umaz ald returns back to the horizon at T'= —oo. At the same time the coordinate x increases

monotonically with 7. The total elapsed proper time is finite. The value of u,,,, can be

calculated from the above trajectory and one gets

Umaz = y/cosh 2xg (43)

The Poincare energy is given by

M, M, u?
Poincare — ‘gTT‘ — = - 1. (44)
\/|gTT| - g:c:cx2 - guuu2 \/U2(1 - x2) - Eu2
Using the value of xo in (9) one finds that
2 L]
EPoincare = Mn cosh X0 = & + Mn = Lvglobal (45)

R
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In an analogous way one can verify that the momentum in global coordinates, P,, equals

the momentum in Poincare coordinates, P,:

u?z

P, =M,
\/u2(1 — i?) — 12

u2

= M, cosh? y, tanh? o = P, (46)

where we have used the fact that, for the above trajectory & = tanh? y.

The trajectory x = xo, = 7 clearly does not have the smallest possible value of Ep,incare-
The lowest value of Epyipcare 18 in fact zero and corresponds to the brane being pushed to the
horizon u = 0.

The equality of global and Poincare energies can be understood from the symmetries of
AdS. The generators of the SL(2, R) x SL(2, R) isometries of the background have been given
in global coordinates in equation (28) and (29). The generators in Poincare coordinates are

given in terms of w =T +x and w =T — x by

H_1 - Z&w
Hy = i|wd, -2
o = 1 [w w 5 u}
1
— ilap2 _ - )-
H, = Z{w Op — WU, - &U} (47)
and analogous ones with H; — H; and w — .
The relation between the two sets of generators is
Li+ L_ Ly — L_
H0=%> Hﬂ:Lo:Fi% (48)

Since the global energy Egopq and the global momentum P, are equal to the Poincare energy

FEroincare and the Poincare momentum P, we must have
Eglobal - LO + I/O - EPoincare - H—l + H—l 5 Pgo = _LO + LO = Px = _H—l + H—l (49)

which implies
Iw-L =L —L,=0 (50)

The relations (50) may be readily verified for the trajectory under question by calculating
the corresponding Noether charges. Computation of these charges require some care : since the
transformations involve time, we cannot compute the charges starting from the static gauge
lagrangian. Rather we should compute this before we choose the worldvolume time equal to the
target space time. However we can choose the worldvolume angles equal to the target space

angles as before. This partially gauge fixed lagrangian is given by

L=-=" 224 2 4+ 2cosh 2y £ 7 — (2¢)? (51)

10



where the dot denotes derivative with respect to the worldvolume time 7. The Noether charges
corresponding to the SL(2, R) x SL(2, R) generators (28) and (29) are obtained by the substi-

tutions
—Z@Z == PZ> —Z@; == Pg —Z@X == PX (52)

The momenta P,, P; and P, for a given configuration are given by

po_ M, Z + cosh 2y z
2 /242 4+ 2cosh 2y £ 5 — (2¢)?
P M, Z + cosh 2y 2
2 /242 4+ 2c0sh2x £ 5 — (2¢)?
9y
P = M,——— A (53)
\/22 + 2" 4+ 2cosh2x 22 — (2x)?
For our configuration with x = xo, 2 =27, Z = 0 we find
M, M,
PZ:—T PZ:_T COSh2X0, PXIO (54)
and thus the Noether charges evaluate to'
M,
Ly = —P,=—
2
. cosh 2y 1 i
L, = —e"% , — P.+-PJ]=0
! ‘ [sinh 2x sinh 2y + 2 i
. -cosh 2y 1 1
L, = —e* , — P.—-P]=0
! ‘ [sinh 2x sinh 2y 2 xd
_ M,
Ly = —P;= 5 cosh 2y
_ .. .cosh 2y 1 { M, .
L, = —e"* > — ————P,+ -P,] = — sinh 2
! ‘ [sinh 2x sinh 2y + 2 d 2 S £Xo
_ . .cosh 2y 1 i M, .
Ly = —e*” . — ., — =P, ] = — sinh 2 55
! ‘ [sinh 2x sinh 2 2 x g SHHaX0 (55)

From the expressions above we verify that L; — L_; = 0 and Ly — L_; = 0, which explains
the equality of F, P between the global and Poincare systems. We also note that the charges

satisfy the constraints

o M2
L(2) - L1 L_1 == L(2) - L1 L_1 == Tn (56)
Further, note that L; = L_; = 0, so the configuration is a highest weight state of one of the
SL(2, R) aglebras. This gives Ly = %= which yields E = P + M,, the linear relation observed

for the energy of the brane.

Note that, for xo # 0, our configuartion is not symmetric under exchange of z and Z: this is obviously
because we have chosen ¢ = 1. Another solution can be obtained with the choice ¢ = —1.

11



3.4 Reduction to ITA Black Holes

The geometry (14)-(16) can be reduced to ITA theory by a Kaluza Klein reduction along the y

direction. Using the standard relation
ds?, = e%mdsfo tes [dy — A, dx")? (57)

where ds, is the string metric, ® is the dilaton and A, is the RR 1-form gauge field, it is

straightforward to see that we get a 4-charge extremal black hole in four dimensions

H
ds® = —(Hoh)™Y2dt2 + (Hoh)2[dr? + r2dQ2] +(70)1/22Hid3%
A (1— i) dt
Hy
5d6_ 6d5 3d4_ 4d3 1d2_ 2d1
A®) = sing dfdo [py ST+ py Ty S
H3

o _ o 58

e = (58)

The near-horizon limit of this ITA metric depends on whether or not ¢ is non-vanishing. For
qo = 0 this has a null singularity at » = 0. Note that this limiting metric is not the dimensional
reduction of the metric (19).

For gy # 0 the geometry is AdS, x S? x T%. This may be seen by looking at the above

formulae for r < qg, p;. The resulting metric, 1-form potential and dilaton are given by

2 2
ds? = — RZ dt? + R;;A dr® + R}, 4(d0? + sin® 0d¢?)
ITA

qoP1 1\2 212 qop2 312 4\2
+ \/]Tpg,((dy) +<dy))+1/p—3p1((dy> + (dy*))
qoP3 5\2 6\2
+ “]sz((dy )"+ (dy°)7)

AD = 1=
do
A9 = sing dods [py LWL 3 A = 3 VY gy YW 3 v
= Ri(.)m (59)
where
Rira = (qopipepspa)'’’ (60)

If we replace the internal torus with a Calabi-Yau manifold, this is the background which is
used in [6]- [8].
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Equation (59) is the metric in Poincare coordinates. The coordinate transformations

Rira 1
r cosh x cos 7 + sinh x
RyrracoshysinT

cosh y cos 7 + sinh x

can be used to continue this metric to global coordinates
ds* = Ri;(—cosh®y dr? + dx?) + R} 4(d6? + sin® 0d¢?)
dop qoP
+o | ((dy')* + (dy*)?) + w/zﬁpj((d@/gf + (dy*)?)

P2ps
doP3
+ o ((dy®)? + (dy°)?) (62)
p1p2
and one can choose a gauge in which the 1-form potential becomes

qo0

[1 — sinh x]d7 (63)

In the ITA language the M2 brane becomes a D2 brane and the momentum along the y

direction becomes a D0 charge because of the presence of a worldvolume gauge field

F

sin 0df A d¢ (64)

2o’

The contribution to the D0 brane charge to the mass of this brane in string metric is
My = dmps f (65)

where 15 is the D2 brane tension. The global hamiltonian may be written down using standard

methods

Py — Ampp Ay)°

H = cosh x[(M; + Mp)* e** + P2 + ( . ]2 + My e”®[1 — sinh x] (66)

where in writing down the last term we have used the explicit form of the dilaton in (59). (Here
AB) = A; cos dfdpdy’.) We have also denoted the mass of the D2 brane by M,

My = AT RYp ppt2 (67)

A static solution is obtained at a value of x = x¢ given by

M

tanh g = ———— (68)
\/ M3+ Mg
and the value of the energy is
E = (Mo + My)e™® (69)
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which is what we expect from the dimensional reduction of the M theory result.

Note that the magnitude of the energy depends on the gauge choice for A, We have
intentionally chosen a gauge which leads to an energy which is identical to the M-theory result.
A gauge transformation on AM) translates to a coordinate transformation in the M theory which
redefines the coorinate y and therefore changes the Killing vector along which dimensional
reduction is performed to obtain the ITA theory. For example instead of the choice in (59) we

could have chosen

A = Do (70)
qo0

which is related to the original potential by a gauge transformation. From (57) it is easy to see
that this corresponds to a coordinate transformation on y, y — y-+t. Thus this gauge potential
would arise from a KK reduction of the 11 dimensional metric along y 4t rather than y. In this
situation we do not of course expect the energy as calculated in ITA to agree with the energy
as calculated in M theory.

The expression for the hamiltonian, (66) is not a sum of positive terms and it is not evident
that the static solution has the lowest energy. However it is not hard to see that this is indeed
the ground state, using the trick of [5]. It is convenient to use coordinates p = sinh y so that

the metric of the AdS part becomes

(71)

The expression for the energy is

\/ MZ + M2|g,.le™®
p = VM Mlgerle™ Moe™®(1 = p) (72)
\/‘gTT‘ - gpp(87p>2

This equation may be now re-written as

(0:p)* +2U(p) = 0 (73)

where
(Mg + M3)(1+ p*)°

(Be® — My) + Mop)

The relativistic dynamics of the D2 brane is thus identical to the non-relativistic dynamics of

2U(p) =

5 — (L4 (74)

a particle of unit mass moving in a potential U(p). The energy of this analog non-reltivistic
problem is zero.
A solution to this non-relativistic problem will exist only if U(p) = 0 for some real p. From

(74) we see that this happens when
M2p* — 2My(Ee® — My) p — (Ee® — My)* + (M2 + M2) =0 (75)
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This has a real solution only if
E > (Mg + M(])e_q) (76)
which establishes the lower bound on the energy. When the energy saturates this bound the

solution is static.

3.4.1 Poincare energies

The Poincare energies and momenta for this D2 brane are again equal to the global energies

and momenta. The transformations are given in (61). The trajectory is then given by

2 2
U RHA_ t

[1-

2
2R[[A u2 RIIA

)] (77)

sinh xo =

This is again a trajectory which comes out of the horizon and returns to it in finite proper time.

The maximum value of 4 now turns out to be
Umazr = RIIA eXo (78)

The value of the Poincare energy for this trajectory is

Mgye™®
\/gtt - grr(877)2

which is again ezactly equal to the global energy Egopai-

+ Moe™®[1 — | = (My+ My) e™® (79)

EPoincare -

Rrra

Just as in the subsection (3.3), the equality of Poincare and global energies has a group
theoretic significance. In terms of light cone coordinates t4 =t + ”A the generators of the

SL(2, R) conformal isometries of AdS, are

0 0 0 0 0 0
h=L 1=—+—, d=Ly=t +to— k=L =12 — +t* —
! ot ot

oty 0Ot toty ot (80)

and the transformation to global coordinates is given by

1 1
= == 1
e =tan [ )] (s1)
The global hamiltonian H is then
0
Hglobal =—=h+k (82)

or

Since the configurations we discussed have Hgpq = h these must have & = 0. k£ is the generator
of conformal boosts and the standard SL(2, R) algebra obeyed by L., Lo then implies that this
state is a highest weight state.
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The computations of these conserved charges follow the procedure of subsection (3.3). The

partially gauge fixed action (for lowest Landau level orbits on the 7°)

S=— 4“‘2RHA / ar ﬁz a2 (0002 = (0.0)2 - £(0,0)] (83)

The conserved charges in the static gauge are 2.

Arpa R A

h = -
4rus R34 At Avv
d = - t
qov [ \/1—1)2+\/1—1}2+f]
drpaR3 .. A R YR foo o
= — = — L - 4
k 0 [m(tvv 2(t +v%)) 2(21 )] (84)

Substituting the trajectory (77) we find that k& evaluates to zero.

3.4.2 Validity of the near-horizon approximation

The branes we discussed so far were shown to be stable and static in global time in the near
horizon geometry of the 4d extremal black hole. From the point of view of black hole physics
these would be of interest only if they exist in the full asymptotically flat geometry. In the full
geometry, the near-horizon region is a Poincare patch of AdS and we have seen that in Poincare
coordinates the brane comes out of the horizon and goes back into it. This is what one would
expect in the full geometry as well. However we have to check whether the approximation
of restriction to the near-horizon limit is self-consistent. In the Appendix, this is done for
four dimensional black hole geometry of section (3.4). We find that the brane remains in the

near-horizon region so long as My < M,, but goes out of this region otherwise

3.5 Examples in Type IIB String Theory

Another example is provided by extremal black strings in Type IIB string theory compactified
on T formed by two sets of D3 branes intersecting along a line together with some momentum
along the intersection, and its dimensional reduction to five dimensional black holes. The
physics is identical to black strings in M theory and their reduction to four dimensional black

holes considered above. The calculations are identical and will not be repeated here.

4 D3 branes in 2-charge microstate geometries

We have examined branes in AdS,, x S™ spaces, and computed their energy. But we can

make a symmetry transformation in the AdS, and change what we call E. If on the other

2Note that the lagrangian is not invariant under special conformal transformations, though the action is -
this results in an additional contribution to the Noether charge
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hand we had an asymptotically flat spacetime then we might get a physically unique definition
of energy. Note also that the goal of [8] was to study black hole states. Black holes have
asymptotically flat geometries, and we measure the energy of different excitations using the
time at infinity. So it would be helpful if we could study branes in spacetimes which have the
global AdS,, x S™ structure in some region (we will wrap the test branes on the S™) but which
go over to asymptotically flat spacetime at large 7.

Interestingly, such geometries are given by microstates of the 2-charge system. In [11, 12] it
was found that metrics carrying D1 and D5 charges and a certain amount of rotation had the
above mentioned property: they were asymptotically flat at large r but were AdS; x S3 x T*
in the small r region. The point to note is that the geometries were not just locally AdSs x S®
in the small r region; rather the small r region had the shape of a ‘cap’ which looked like the
region r < rq of global AdS3 x S3.

In detail, we take type IIB string theory, compactified on 7% x S*. We wrap D1 branes on the
St and we wrap D5 branes on S x T%. Let the S* be parametrized by y, with 0 < y < 27 R, and
the T* be parametrized by coordinates y', 32, 32, y* with a overall volume V. For our present
purposes we will do two T-dualities, in the directions y', 3?2, so that the system is composed of
two sets of D3 branes. These branes extend along 3!, y2, v and along 33, y*, y respectively. This
does not change the nature of the geometry that we have described above.

We can now consider a D3 brane wrapped over the S%, and let it move in the direction
y. This situation with the D3 brane is very similar to the case of the M2 brane that we had
studied above, and we expect to get similar results on the energy . But now we can extend
our analysis to a spacetime which is asymptotically flat, so we can identify the charges which
correspond to the energy E (conjugate to time t at infinity) and the momentum P (conjugate
to the variable y).

We can extend the analysis to a class of geometries that carry three charges: the two D3
brane charges as above as well as momentum P along S'. The geometries for specific microstates
of this system were constructed in [13], and these again have an AdS type region at small r
and go over to flat space at infinity.

In each of the above cases we find, somewhat surprisingly, that we again get a relation of the
form F = P+ Constant. This might suggest that there is again an underlying symmetry that

rotates orbits of the wrapped brane, but we have not been able to identify such a symmetry.

4.1 The 2-charge microstate geometry

The string frame metric is given by

2
drz ~+ o

2 gp-lp2 502
ds*> = —h~'(dt dy)wzf(rua7 )
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Q1Q20°~* cos” 0

+ h(r2 + Iz ) cos? O dip* + h(T2 +a’~* — QleCfi}z s 6) sin? 0 d¢?
2 VIV 20 dop dy — 2 LTV 212 YVG2 g sy
- hf hf
+ % (dyi + dy3) + \/g(dyg +dy)
h = \/( ?fl)(l—l—%) f=r*+a*~*cos®0 (85)
while the dilaton field vanishes. There is a 4-form potential given by
AG = [—f lel dt ndy — 2207 }chj T Q) 02 pap A do
% cos? 0 dt A dyp — % sin@.dy A dg| Ady' Ady? (86)

However the experience of the previous sections show that the only role of this is to put a
probe D3 brane in a Lowest Landau level orbit on the 7. We will therefore ignore this in the
following discussion.

This geomtery reduces to the asymptotically flat space-time M® x T% in the large r limit.
In the limit 7%, a* < /Q1Q3 the metric becomes

dr? r? r? 4+ a? 7
2 2 2
ds” = QlQQ(Tz +a? 72 - Q:1Q dy” = Q1Q2 dt )

%uwmw ﬂ%m@wmm

+  /Q1Q2(d6* + cos® 6 dyp” + sin? 0 d¢'?) +
where ¢’ and ¢’ are “NS sector coordinates”

W = — il

W7G”’ Nonos

For v = 1, this is precisely global Ads x S® x T* as may be seen by making the coordinate

¢ =0-

(88)

transformations to
avyt _ayy
Voo, VA
For v = 1/k, with k integer greater than 1, the “near horizon” geometry is an orbifod space of
the type (Ads x S3)/Z;, x T*.
The geometry therefore smoothly interpolates between global AdS (or an orbifold of it)

T = r = a7y sinhy (89)

and flat space. The key fact about this geometry is that in the small r region t is the global
time in AdSs, while in the large r region the same t is the usual Minkowski time in the
asymptoically flat space-time. This is in contrast to the geometry of three charge black holes
in five dimensions where the Minkowski time of the asymptotic region becomes the Poincare
time of the near-horizon region. Therefore we can address the question of wrapped D3 branes

in the full geometry.
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4.2 D3 branes in 2-charge microstate geometry

In the geometry described above, consider a D3 brane wrapping the angular S® and carrying
momentum P along the circle y. This brane couples to the background F® flux, which extends
in the S3 directions as well as two of the directions of 7%, and hence behaves like a charged
particle moving in a magnetic field on 7. This system represents thus a five dimensional
analogue of the S? wrapped D2 brane in a 4d black hole, studied in section 2.

Choosing t, 0, ¢ and ¢ as worldvolume coordinates, the square root of the determinant of

the metric induced on the D3 brane can be written in the form

—detP(g) = sinf cosf \/(7’2 +a2~?) Fy —r?2 Fy 92 (90)
where we have defined

F=r(f+Qi+ Q) +QiQ2, Fo=(r*+a*7) (f+ Q1+ Q2) + Q1Q: (91)

It is then straightforward to compute the D3 brane Lagrangian

L= —ps(2m)? /d9 sin @ cos 6 \/(7’2 +a?v?%) Fy —r? Fyy? (92)

the momentum conjugate to y

7"2ng

P = ps (27)? /d@ sin @ cos 6 (93)
V2 +a272) Fy =12 Fy
and the energy of the D3 brane
2, 2,2
F
E = ps (27)? /d@ sin 0 cos 6 (r+ ') B (94)

\/(r2+a272)F1 —r? Fyy?

Though the # integrals could be explicitly computed, we find it more convenient to perform
integrations only after having minimized the energy.

The location at which the D3 brane stabilizes can be found by either minimizing £ with
respect to r? keeping P fixed or minimizing L with respect to r? keeping ¥ fixed. The second

way is the most convenient and yelds the following, surprinsingly simple, result:

% =0 = 0p[(r* +a* Y F] — 0,2[r*Fy] 4% = 0 (95)
o T+ Q)+ Qe+ (P F+ A ) (f+ 1P+ Q1+ Qo)

(P @) ([ Qi Qo) + QiQa +12(f 12+ a2y + Q1 + Q)
The location at which the D3 brane sits is then found by putting ¢ = 1 in the expression (93)

=1

for P and solving with respect to r. Note that for §y = 1 the square root which appears in the

expression for P and FE simplifies

\/(r2-|-a272)F1—7’2F2:a7 Q1Q2 (96)
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The expressions for the momentum and energy of the D3 at its stable point are then

3 (271' / 2
P = df sinf cos@r-F.
ayv@Q1Q2 ?

2 .2
= S~ OO, aﬂi (2%2)1@2 r? [Q1Q2 +(r? +a*?) (7“2 + a% + Q1+ Q2)}

2
E = M3 (2m)” ™) /d@ sin @ cosf (r* + a®>7*) Fy

a’Y\/Q1Q2

pis (2m)?
— Qaf;’ 50, (r* +a 7)[Q1Q2+r2(r2+

From the expressions above we see that the dispersion relation of the D3 brane is

) (o7)

E = P+21% 131/Qi1Qz2a v (98)

Remarkably, this is identical to the formula we would have obtained if we performed the analysis
in the AdS limit. This may be easily seen from the general formulae of section (2) and noting
that the standard AdS coordinates are related to the coordinates r, ¢,y by the equations in (89)
and that the AdS scale is given by (Q1Q2)"*.

We would like to emphasize that the definition of energy is completely unambigious in this
geometry because of the presence of an asymptotically flat region. Furthermore from general
grounds we know that if we simply added pure momentum to the 2-charge microstate geometry
the additional ADM energy is simply equal to the momentum. This is what happens if we take

the formal limit p3 = 0 in (98) which shows we have taken the zero of the energy correctly.

A

140
120
100
80
60
40
20

0.2 04 06 o028 17

Figure 1: The ratio A plotted as a function of y. The curves have b = 0.1,0.15,0.2 starting
from top to bottom

Even though the dispersion relation is the same as in the AdS limit, the location of the brane
obtained by solving the first equation of (97) has a modified dependence on the momentum
P. We would like to determine the range of parameters for which this location lies in the AdS

region. We have not obtained the general solution of the equation. However to get an idea we
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examine the solution for Q; = @, = A\2. The quantity A will become the scale of the AdS in the
appropriate region. In this case it is useful to express this equation in terms of the following

quantities
P

ay
s h— 1
2m2ay A2 g

r
A )
Note that A is the ratio of the contributions to the from the momentum and the D3 brane (as
in (98). The AdS region of the solution corresponds to y,b < 1.

A

Y (99)

The first equation of (97) then becomes

A= (%)2 [T+ (y* 4+ %) (> + %bQ +2)] (100)

Figure (1) shows a plot of A versus y for various values of b. The brane location moves
further away from the center of AdS as we increase the ratio A, and for a given value of A, the
brane location r = r is larger for larger values of a. This shows that for small values of b there

is a large range of values of A for which the brane sits in the AdS region of small y.

4.3 CFT Duals

In order to gain some insight on the dual CF'T significance of the D3 brane configuarion dis-
cussed here, let us rewrite the expression above in terms of microscopic quantities. If R is the
radius of the y circle, V = Ly Ly L3 L, is the volume of T*, ¢ the string coupling and n; and ns

are the numbers of D3 branes wrapped on y', 4%,y and v3, y*, y, one has

V105 1 (2m)2 g (2m)2 g a”?
= = — 9T = 9g 101
R 9 M3 (27T)3 O/2g ) Ql L3 L4 ni, QQ L1 L2 ng ( O )
and thus rd o g 1
B pyorty, 9@ p dralg Lmn (102)

kR V. R k
While the significance of this result is not clear to us, it s interesting that the powers of the

charges are integral, so we get a quantity *{** that counts the number of ‘component strings’ in
the CFT microstate (see [14] for a discussion of the microstate in terms of component strings).
Further the energy comes in units of 1—1% which is the natural qantum of energy in the CFT which

lives on a circle of radius R.

4.4 Vibration modes

Let us look at the D3 brane cosidered above, and restrict attention to the small r region where
the geometry is AdS; x S®. We have found the energy F of the brane in a specific configuration

(which minimised F for a given P), but we can now ask for the properties of small vibratons of
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the brane around this configuration. We will only consider oscillations in the AdS3 directions,

so that, in a static gauge, we can write
X:X0+€5X(T>9i)> y5:y7-+65y5(779i)7 ylzy(l)alz]->4 (103)

where we have denoted coordinates on S by 6;, i = 1,...,3 and the metric on a S* of unit
radius by g3 .
We will compute the action of the D3 brane up to quadratic order in €. Having suppressed

oscillations in the 7% directions, only the DBI term contributes. The term of first order in € is

sinh xq

Sy = ez \* /dT d*0; /93 [(y* — 1) cosh x 6 + ¢ sinh xo 9-6y°] (104)

\/ cosh? o — 42 sinh? o
The term proportional to §y vanishes for 5> = 1, while the coefficient of 9.y° is a constant

and thus this term does not contribute to the equations of motion. Restricting to 7? = 1, and

performing the change of coordinates p = sinh y, the term of second order in € is

ij 2

_ 2 4 30 93 9;0p 0;0p 1 (9:dp)

52 = —€ush /dee“/g_?’[z R+l 2 2+1
+973 Po(p5 + 1) 0i6y” 930y” = 5 pi (P + 1) (9i0y°)* = 2 po bp a0y°]  (105)

If one expands the perturbations dp and dy° as
op(7,0;) = 0pe™TYi(6;), 0y°(7,0;) = 07° e Yi(6:) (106)

where Y] are spherical harmonics on S3
1
V33

the equations of motion derived from the action (105) become

0; (gé,j@jYz(é’i)) =-QY(0;), Q=I(1+2) (107)

2iw po py (05 + 1) (=Qi +w?) 0y’
The vibration frequencies are then
W=Q+2+2/Q+1=1(1+2)+2+2(1+1) (109)
or equivalently
w=I[l+2 and w=I (110)

Note that w denotes the conjugate of the dimensionless coordinate 7. This is related to the
physical energies by a suitable factor of the AdS scale. We therefore see that the frequencies
are universal. They depend only on the AdS scale of the background and not on the value of

the momentum P of the brane. This is similar to what happens for giant gravitons [4].
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5 D3 branes in 3-charge microstates

By applying a spectral flow to the two charge microstate of the previous subsections one obtains
a geometry dual to a three charge microstate. This is described, in the string frame, by the

following metric and dilaton [13]

@
hf

+ (P +n(n+7)n

(dt—d)2+hf< dr
’ r2 4 (n+12)%
@Q1Q2 (7§ —3) n cos®
- h2 f2
L @@ (7 —13) n sin® 0
h2f2

(COS2 Odrp + sin® 9d¢>)2

ds® = —%(dtQ—dy2)+ +d92> (111)

cos?
) os? Odip?

+ h(r2 + 72 (71 +72) ) sin® 0d¢”

Qp (11 +72)* 0

hf

2y/01Q2
hf

(71 cos? Odrp + 7, sin? Hdgb) (dt — dy)

2,/ |H g2
Q1Q2 (11 +72)1n (cos2 Odip + sin? ngb) dy + | == (dy? + dy?) + | =2 (dy? + dy?)
hf Hg Hl

H
2 = F; (112)

where

y = 1Q:
0Q1Q2 + Q1Q, + Q2Q,
f=7r*+ (v + 7)1 sin? @ + v, cos®6)
1 Q2

H1:1+7, H2:1+7, h: H1H2 (113)

For the solution obtained by spectral flow from the 2-charge microstate geometry, the pa-

rameters 7; and 7y, take the values

Y1 =—an, 72:a(n_|_1)’ a:\/Ql—Q2

k R

where R is the y radius and n and k are integers. Geometries corresponding to other values of

(114)

~v1 and 7, can be obtained by S and T dualities.
In this geometry, consider a D3 brane wrapping the angular S3 and rotating along y. The

determinant of the induced metric in static gauge can be cast the the form

—detP(g) = —sinfcosf \/co—l—ycl + 9% ¢ (115)

where ¢y, ¢; and ¢y are functions of r and € that can be computed using Mathematica. As we

did not manage to bring these functions to reasonably simple form, we do not give their explicit
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expressions here. We can however proceed with the help of Mathematica and verify that the

r-derivative of the Lagrangian

L= —ps(21)? /d@ sin @ cos 6 \/co +ycr+ 92 e (116)

at fixed y vanishes for y = 1 (note that in this case the invariance under y — —y is broken by
the momentum carried by the background metric (111) and y = —1 is not a local minimum).

For this value of y the determinant of the induced metric simplifies to

—detP(g) = —sinfcos (1 + 72) 1/ Q1Q2 (117)

Following the same steps as in the previous subsection, one can compute the energy and

momentum conjugate to y at the stable point y = 1:

M3 (271')2 / . 2co + 1
E = do 0 0
(71 + 72) 1 VQ:1Q2 SIS
M3 (271')2 . 202 + 1
P = — do 0 0 118
(71 +72) 1 VQ1Q2 / S eos (118)

Neither E or P have particuarly good looking expressions, but their difference is simply given
by

\ a
E:P+27T2LL3\/Q1Q2(’71+”}/2)T]:P+27T2,u3%7] (119)

where in the last equality we have used the values (114) for v; and s.
We thus conclude that the dispersion relation of the D3 brane in the three charge geometry

differs from that in the two charge geometry only by a factor of 7.

6 The field produced by the wrapped brane

In this section we look at the gauge field produced by the D3 brane that we wrap on the S2,
in the asymptotically flat 2-charge microstate geometry. If we think of the brane as a small
perturbation of strength € on the background, then the field strength produced by the brane is
also of order €, and the energy carried by this field is O(€?). But we find that the field strength
goes to a constant at large r, so that its overall energy would diverge. The brane wrapped on
the S® appears to behave like a domain wall in the spacetime, making the field nonzero on the

outside everywhere.
The action for the 4-form RR field A® sourced by the D3 brane is

1
=3 / FO AF® 4 gy, / dr dy dt d0 dg dip dV 6(r — ro) AL, + AW ] (120)

(dV = dy' A ... Ady* is the volume form on T*). We have assumed the brane to be smeared
along y and the torus directions 3 and, in writing the source term, we have taken into account

that the brane moves with velocity y = 1 along y.
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We will make the following ansatz for A®

AN = AQL At NdO A dp A dp + Al dt A dO A d A dy
+ Al dy ANdONdp A dy + ALy, dy AdO A dE A dy

(At the same order in puy, the gauge field also has components AW

(121)

uvyly?s where v = taya¢>¢

and y!, y? are directions in T*: these components arise from the fact that the background

metric is perturbed by the D3 brane together with the fact that the unperturbed background

has non-zero values of Afwy 12 Since the equations of motion do not mix the components
Afi)yl ,2 With the ones contained in the ansatz (121), we can consistently ignore these extra
components in the following).

Ona has
FO = dr A5, AW

The star operation in a geometry with t¢ and y) mixings is given by®

*(dr Adt AdOAdp A dip) =/—g g ¢ (g% g% — ¢¢') (¢%¥ dy — %Y dyp) A dV

(122)

*(dr Ndy ANdO A dp A dip) = —/—g g™ g% (g% g?" — gv ") (9% dt — g” dg) A dV
*(dr Ndy Nd A dt Adp) = —/—g g™ % (g g¥" — g"¥ ") (¢ dt — g" dp) A dV(123)

(

*(dr Ndt AdO A do A dy) =/—g3g" g% (9" g%° — g'°g"®) (g% dy — g*¥ dyp) A dV
(
(

The equations of motion are

dx F® 4 15 6(r —ro) dr A (dy — dt) AdV =0
which yeld

0 1V=99" 9" (9"9% = 9"9") ("0, Alghyy + 9770, Algl)] + 12 6(r — r) = 0
0 V=g 9" ¢" (9% — 4'°g*) (¢"0, Aly), + g*4, Algy,)] = 0
0V=g9" 9% (479" — " g"") (g°°0, ALty + 70, Ay )] + 112 6(r — 10) = 0
or[vV—g QMQ (nyg -gY gyw) (g "0, Ayew + 9¢ta Ay@qﬁw)] =0

V=99 g 00 [ tt ¢<z> gt¢gt¢) P Ag;:()b + gwyarAgg()by)] -0

Blv=9 9" 9" (9" g% — 9'*") (9"0, ALy, + 9", Algh,)] = 0

[ (g (g
[ (g (g
BolV=g 9" " (9" g"" — g** ") (970, ALY, + 70, Alg,)] =
Dlv/=gg" g% (g"g"" — g g"*) (g0 A(et +g¢tarAy9¢¢>1=

3We are using the orientation €zyra4y = 1.
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Their solution is

J30) At Gy + bt Gy
rtpyp \/—_g g gee ( gtt g¢¢ _ gt¢gt¢)
70) a+ Gy + b1 Gyy

T \/—_g g gea ( gtt g¢¢ _ gt¢gt¢)
70 Cx o + dx G
rydgy — \/—_g g g% (gyygdﬂlf — gngw)
C+ Got + d+ G
T g9 g7 (gurgt — grigh)

where a4, by, c+ and d4 are r and 6 independent constants: the subscript + applies to the

(127)

region r > 1o while the subscript — applies to r < rg. Because of the delta function source we
have ay —a_ = —p9, by —b_ =0,cy —c_ = —po, dy —d_ =0.
In order to fix the values of these constants let us impose regularity of the field strength. It

will be convenient to work in “NS-sector coordinates”

t, 128
¢ =¢— T 0 Y= - Tle (128)
Consider first regularity at § = 0, 7/2. One has
. 99 " ¢,¢, ity _ T cos 8
99 (g —979") hf sinf
2., 2 &
g0 (g gtV g g’ r®+a° sinf 199
vV=99"9" (9"g 9" g"") = ST cosd (129)

Moreover gyg ~ Sin 6, gy ~ sin® 0, gy ~ cos® 6, g,y ~ cos® 6 while g, and g,, go to some

finite non-zero values as 6 — 0, 7/2. We thus see that the term proportional to by in F, (w)¢y is

singular for § = 7/2 and the term proportional to dy in F, (ygtw is singular at § = 0. Therefore
we have to take by = dy = 0.
Consider now the behaviour around f =0 (i.e. » =0 and 6 = 7/2), where the metric goes

to

ds> dr2 2 2 2 2
S r r r“4+a (1_2 a

~ 2
Voo, T rre T oo™ T 0 N

29 a62(1+ 2 49 o gdydy 4D
+ sin 0] ( + Tle)jL Qle coS ydy +

) + df* + cos® 0 dy)? (130)

W) sin? 0 dt do/
12

Then we have

sin 6 cos 0
Fffe)(zw' ~—a- Q1@ ————

F,f(,)d), ~ —2a_ar sinf cosf
2 .
®) sinfcosfr

F(jgw, ~ 2c_ar sinf cosf (131)

T
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Regularity at f = 0 then requires a_ = 0 (and thus ¢, = —pus), while c_ is left arbitrary.

Let us now consider the behaviour of the field strength at asymptotic infinity:

Gy A" + gyry dy
FO = a,dr AdtAdOAdY A \/__gg’ffg% o L 7957
gore A’ + gy dt A diff
V=997 g% (gvrg¥v — gvvgvt)
—ay r® sin@ cos@dr Adt AdO A dp A dip

+ cyr®sinf cosOdr Ady AdOAdp A diyp

+ cypdr ANdyNdo A

Q

(132)

The formula above shows that, asymptotically, the field strength is constant in local orthonomal
coordinates.

We have the freedom to choose the constant c_ to have any value that we want; this freedom
corresponds to adding a smooth magnetic field everywhere to the background. A simple choice
of ¢_ would be the one that makes ¢, = 0, so that this magnetic field vanishes at infinity. Then

we get

Gy A" + gyry dy
V=997 g% (g"g?? — g'¥'g'¥")

sin 6 cos yTio ol o @Q1Qoa* cos?Oy |,
_ Mszr/\dt/\d@/\dgb/\{h G P )
r (f + Q1 +Q2)dy} , forr > rg

G AP + gy dt
V=997 g% (g"g¥""" — gv¥' gv¥’)
Q1Q2 a’ sin? 6
dr Ady N dO N dy' A B f(r? + a® — 12h2—f2)d¢’
a

V@1Q2

For any choice of ¢ we find the the stress tensor of the field goes to a constant rather

FO = —pydr AdtAdO A dY A

a

V@1Q2
FO = —podr Ady AdO A di' A

+

r sin 8 cos 0
r2 + a2

_l_

= —l

(r? +a®) (f + Q1 + Qo) dt} , forr < rgy (133)

than vanish at infinity. We can thus generate a uniform cosmological type contribution in the
spacetime dimensionally reduced on the y direction. The only way to cancel this contribution
would be to have a D3 brane in the ‘throat’ of the microstate geometry, or in the throat of a
different microstate geometry located at some other spacetime point. We have to be aware that
the energy computed from the DBI action in the above sections does not iclude this (possibly

divergent) field contribution.
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7 Supersymmetry properties of the branes

The simple expressions for the energies as a sum of the contribution from individual charges
signifies a threshold bound state. As is usual in such situations, this usually follows from
supersymmetry and BPS bounds. In this section we will examine the supersymmetry properties

of these brane configurations.

7.1 Supersymmetry of the D2 brane

In this section we will examine the supersymmetry properties for the case of D2 branes in ITA

theory. The considerations can be easily generalized to the M-branes.

7.1.1 Killing spinors of the near-horizon background

We work in global coordinates. The metric, dilaton, RR 1-form, and RR 3-forms of the near-
horizon background were given in (58). We use m,n... = 7, x, 0, ¢, 1, ..., 6 as the ten-dimensional
curved space indices, a,b... = %,X,é, quﬁ, 1,..,6 (or sometimes, equivalently, a,b... =0, ...,9) as

the tangent space indices. The Clifford algebra is
{re, 10} = 2 (134)

with 7% having signature (—, +, ..., +), and the gamma matrices ['*’s are 32 by 32 real matrices
(I'" being antisymmetric, and I'X, ..., % being symmetric). 0 = T%-2 and (lﬂm)2 = 1. We use
32-component real spinors y, and define § = y T2

The local supersymmetry variation of the dilatino, parameterized by a 32-component real

spinor €, is
1 3 () 1 ) abe
o\ = ge® (S FTITE 4 L ERT) e (135)
and the gravitino variation is
1 o Lo (1 @ L (4) 1rabed
5lpm = 8m + Zu)mabf + ge (§Fab I FmF£ + @Fabcdr Fm)] € (136)

where ['2 = —T10 = _[7X09123456  Plyyooing in the expressions of the RR field strength, we get
oA=L 0 [a + L D™+ T ] (137)
= —S1VE m = m —Wma = m| €
R gome R

where the matrices N and M are given by

M- % {_Fééiééasé 4 0 (Fié L Féé)} (138)
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(note the only nonvanishing iwmabf‘ ab’g are iwmbf‘ ab — —%FTX and iwmbf‘ ab — %F‘w; also

Killing spinors.

Let’s divide the 32-dimensional vector space of € into eight subspaces of simultaneous eigen-
vectors of 10912 19931 and 19956 Jabeled as (4 + +) (with the &’s denotes the +1 eigenvalues
of these three matrices, respectively). Each of these subspaces is four-dimensional by itself. It

is easy to see that, 0\ = 0 if and only if
€e=¢€y+e_ (139)

with e, € (+++) ande_ € (— — —).
Plugging the above expression for € into 01, and integrating, we then get the explicit

expression of the eight Killing spinors of AdS, x S% x T, four of them being
€1 = le—%xﬂe%fﬁ sin ge%‘f’réé T (— cos g) Fée%w";é] D, (140)
with @, being an arbitrary constant 32-component real spinor in the four-dimensional (+ + +)

subspace, i.e. F%ﬁébo = g, Fé‘g"a"i@o = ®,, and F%%(I)O = ®g; and the other four being

T T N T U R B S B S ¢ SR P )
€9 = [e 2% 2™ cos —e 72 e e g~z ]CDE) (141)

with ®{ being another arbitrary constant 32-component real spinor in the four-dimensional

(+ + +) subspace. A general Killing spinor is given by € = €; + €.

7.1.2 Supersymmetric D2 configuration

Next we show that the D2 trajectory considered in Subsection 3.4 preserves half of the back-

ground supersymmetries. Recall that the trajectory is

T:X07 9:X17 ¢:X27 X = Xo, N1 :07---796:0 (142>

for which the k projection matrix as given in [15] evaluates to

r=—
cosh xg

(1 + sinh x[7T22) P79 (143)
The supersymmetries preserved by the D2 brane are the Killing spinors € that satisfy
(1-T)e=0 (144)

After some manipulation, one finds that there are four supersymmetries preserved, with two
of the corresponding Killing spinors given by eqn. (140) constrained by (1 + I'"%?)®, = 0, and
the other two given by eqn. (141) constrained by (1 + I'*?)®{ = 0. Note that these projection

conditions turn out to be independent of the D0 charge (i.e., independent of the value of xq).
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7.1.3 Topological charge of the brane

In [16] p-forms constructed from background Killing spinors are integrated over probe branes’
spatial worldvolumes to give topological charges in M-theory. [17] generalize this to ITA theory,
whose approach we shall now apply to the above D2 brane. We shall find a central charge
Cps = Mye™® + Mye™® in the superalgebra, which equals the D2’s global energy and shows
that the D2 indeed saturates a BPS bound.

After being sandwiched between € and e (where € is a Killing spinor, and is treated as a
commuting rather than anti-commuting variable), the superalgebra with the probe brane can

be written as

@kfz/ﬂ%KﬂWi/wm (145)

where the integrals are over the spatial worldvolume of the brane, K is a one-form defined as

a bilinear of €
K =él e e” (146)

(e* being the vielbein one-form) and wps is a closed two-form also constructed from bilinears of
€. The choice of wps is background-specific!, and we shall take the one used in [17] to consider

supertubes
Wpa = [lo (e_q)Q + K-A® £ KA A0 — 27TO/F) (147)

with the - denoting the inner product of ¢-forms with p-forms (p < ¢) (ay - /5q)a1 P

(1/]9') ablmbp/@h...bpal...aqu ) and
1_ ab % = 10 a
Q= Qefabe e, K=eée J%ce (148)

Note that our choice for the contribution of the worldvolume field strength to wpo differs from
that of [17] by a minus sign. Due to €’s being a Killing spinor, K turns out to be a Killing
vector, and K, Q, K satisfy the following differential relations (which are obtained by plugging
our background into equations (3.18) and (3.19) of [17])

dK =0, d(e*Q) =KAF® + K. FY (149)
Using these relations one finds

dwps = K - FW 4 (K : A(?’)) = L A® (150)

4For a string probe, there is a general expression for the closed one-form Wstring, see [17] for details.
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Hence wpy will be closed if A® is invariant under the Lie derivative Lx, and now we turn our
attention to K.

One readily sees that K5 = 0, since € only has components in (+ + +) and (— — —) while
I takes (+++) to (—4+) and (— — —) to (+ — —), and orthogonality of the subspaces then
gives €’ T7le = 0. Similiarly, K, ..., K all vanish.

After some algebra, one finds

Ky = €'T™e = cos 7 (®F TPy + g TP} + sin 7 (g T¥Dg + &/5THP ) (151)
Kj=¢"T™e = 20 T7 exp (—oI'"?) @ (152)
Kj = €T = 208 0 T exp (¢I) @y + sin 0 (ST T70y — TT70))  (153)

Now let’s pick out a unique Killing spinor by further imposing the projection and normal-

ization conditions

A A
TP, = = D = 3 (154)

where A is some positive normalization number whose value shall be determined soon. Note
that this Killing spinor is preserved by the D2 (see subsection 7.1.2). For this Killing spinor,

one immediately finds
Ky =0, K5 =0, K;=0,and, K =¢ele = Acoshy (155)

ie. K = _—RA(.%, which is the Killing vector generating global time translation. For this K
L A® vanishes, and we then find wp, is indeed closed. (Actually, the story here is quite
trivial: since A®), F® don’t have any 7-component, K - A®) K - F® both vanish. )

Having established the closedness of wpo, we now integrate it over the spatial worldvolume
of the D2. Since AWM ~ dr and K - A® vanishes, only the e"®Q term and the worldvolume
flux term contributes to the integral

/ Wpa = [lo ki (ETF%%E) R?*sin6df N dop — ,u227ro// F
52 S2 qo 52

3
= —4M2AR— — My = —AMye™® — M, (156)
4o

where in the second line we've used the fact that ¢’ I'"%¢ evaluates to —A for the particular
Killing spinor we've chosen. Since [d*xK,p" = K™P, = —%PT = —AFE (recall that the
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physical energy is £ = P,/R), and the particular € is perserved by the D2, the supersymmetry
algegra (145) becomes

—AE = F (=AM~ — M) (157)

which upon taking the lower sign on the r.h.s. gives

M,
E =Cps = Me ®+ KO (158)

From this we see that we should take the normalization number A to be e® = %, which results
in Cpy = Mye™® + Mye™®. This is the same as the global energy we computed earlier for this

D2 trajectory and shows this D2 saturates the BPS bound.

7.1.4 Supersymmetry of D2 in the full black hole geometry

In this subsection, we show that the D2 considered above does not preserve any of the super-
symmetries of the full black hole geometry (except in the yg — oo limit where it is effectively
a bunch of D0 branes), and is thus not really a stable configuration in the full geometry. First
let’s work out the Killing spinors of the full geometry.

Recall that the metric of the full geometry is given by

—1 HoH
ds® = ———  _dt* + \/HyH,HyHy (dr® + r2dQ2 0L (dy? + dy)
s T L, + 0411141 3(7’ +r 2)—|— H2H3(y1+ yg)
HoHy (5 2 HoHs (5 2
+ .0, (dy3 + dy4) + .1, (dy5 + dyG) (159)

where Hy =1+, H; = 1+ 2,i =1,2,3. The nonvanishing components of the RR four-form

and two-form field strengths are given by

Hy , . dH, . . dHs . .

F9(<?>)12 -~ ar r?sin 6, Fe(;é4 = —WTQ sin 0, F(,(géﬁ = —WTQ sin 0

1 dH,
FY = T (160)
And the dilaton is
H HyHy\ Y
@ 1o 3

= 161
‘ < (Ho)? ) (161)

Note that the dilaton is no longer constant once we go beyond the near-horizon region. Now

the local supersymmetry variation of the dilatino is given by

| 1 ,/3 |
5A = ST + e (§F§§>rabr£ + EFcfﬁgdrabcdﬂ ’ (162)

32



which after plugging in the expression of the RR fields becomes
1 1 3.1 dH, 3 dHy\ - —3dHy 53153158
oN= = (HyHH>H. — — et U I nATI B 06123456
8 ( 07 3) { <i:1 Hz d’l" H() d’f’ + HO d’r‘

1 dHl é“” 1 dH2 Y 1 dH3 NAER
o r P12 1—\0¢34 o F9¢56 163
+< H, dr H, dr H; dr ¢ (163)

Now we divide the 32-component spinor € into sixteen subspaces labeled by (sjsgssw) with
S1, S2, 83 = £1 being eigenvalues of Fé‘ﬁé, Fé‘z’f”‘l, Fé‘%é, and w = £1 being eigenvalue of I'". It

is then easy to see that, 0\ = 0 if and only if
€ = €444 + €+ (164)

where the subscripts denote the subspace the spinors belong to. This gives us the four Killing
spinors of the full black hole geometry, and we shall denote them as €f,;. The concrete
coordinate-dependence of €y, can be worked out by requiring the vanishing of the gravitino
variation, however we don’t need this detailed knowledge for the analysis below.

Now let’s look at the kappa-projection matrix I' given in eqn. (143) in the near-horizon

region. Note that

and that I'X is the same as I'" because both are tangent-indiced gamma matrices. We see that
I’ commutes with ['*#12 0931 10656 Hence requiring the supersymmetry of the full geometry

to be preserved by D2, i.e.,
Lepun = €fun (166)
is equivalent to requiring
Fe,y =€y yand Te__ | =€ (167)

which is immediately seen to be impossible to satisfy for any finite value of yg, because

—1

F€+++_ = cosh o F%9¢€+++_ + tanh X0 €414 —
1 i
Pe___, = I"%e___ +tanhyo e___, (168)
cosh xo

(where the identity (165) has been used) and we see that the first terms on the right hand sides
have the wrong eigenvalue under I'" (because I'"%® anticommutes with I'"). This proves our
claim that, for finite x the D2 brane doesn’t preserve any of the four usual supersymmetries of

the full geometry (the four supersymmetries preserved by the D2 as shown in subsection 7.1.2

33



have to be formed out of linear combinations of the usual supersymmetries of the full geometry
and the conformal supersymmetries that are present only in the near-horizon region). What
about the case xo — oco? In this case, the first terms on the right hand sides of eqn. (168)
vanish, and the second terms become €, ., and e___, respectively, giving exactly what is
needed for I'e s, = €4,. This comes as no surprise since in the infinite , limit the D2 has an
infinite DO charge and is effectively just a bunch of DO branes, which is known to preserve all

the four usual supersymmetries of the full black hole geometry.

7.2 Supersymmetry of D3 branes in Microstate geometry

In this subsection we examine supersymmetry properties of D3 brane in the 2 charge microstate
geometry discussed in section (4). Analogously to the D2 case considered above, we shall find
that the D3 brane preserves half of the supersymmetries of the near-hoziron geometry, but
doesn’t preserve any of the supersymmetries of the full asymptotically flat geometry.

As in the above IIA case, we use m,n... = t,y,7,0,¢,%,y% y? 3, y* to denote curved space
indices, and a,b... = 0,1, ...,9 to denote tangent space indices. I, are ten dimensional Gamma
matrices, which we will decompose into direct products of 6-d Gamma matrices denoted as T,
and 4-d Gamma matrices denoted as I',. The analysis in the near-horizon region AdSsx S3 x T*
is similar to the D2 case, hence instead of giving all the details here we will simply quote the
near-horizon results when needed without proof.

Let us consider the D3 brane at its stable point y = —1. (In Section 4 the choice of
y = +1 was made. This difference in choices does not affect the conclusion of the analysis
below, because they just correspond to conjugate Killing spinors preserved by the D3 brane).
As shown in Section 4, for y = —1 the determinant of the metric induced on the brane sim-
plifies to /=g = ay/Q1Q2sin b cosf. Then the kappa symmetry condition (after getting rid of

antisymmetrization and combinatorial factors) becomes

VYoV Vel = —tay/Q1Q2sin b cos O (169)

where 7, are the pull backs on the brane worldvolume of the space time Gamma matrices.

Using the vielbeins for the six dimensional 2-charge microstate metric

el = =S (dt + WD, sin? 9d¢) el = = (dy _ @i, cos? Hdw) (170)

Vh f vh /
Y B S Jhfdo | e =Vircosfdy , & = \[h(r2 +a?)sinbdp  (171)

r2 4 a?
the induced gamma matices are found to be
Yo = egfg , Yo = 6Zf5 + egf() s Ve = e?f@ + ye;fi Yo = efbfi + eill,fi (172)
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Setting y = —1 in the expression for v; and using using e? = 6314 we can then rewrite the kappa

symmetry matrix in terms of constant Gamma matrices and vielbeins as

Yiops & = et e {(%%F F e¢e¢F I 1) (1 —=T4) + (efpeiféfgf;lfg — ebegf()fg)(l + 1“01)} £
(173)
Now let’s look at a Killing spinor for the asymptotically flat metric generated by the back-
ground D3 branes. We know that it will be of the form & = g(x)&, (see, e.g., [18]). Here g(x)
is some spacetime dependent part which will cancel from both sides of kappa symmetry matrix
as it doesn’t depend on gamma matrices (unlike the near horizon case). The constant part
& satisfies projection conditions corresponding to two orthogonal sets of D3 branes. Our D3

branes are along directions y67 and y89, hence
& +ilgig960 = 0, & +ilg13560 = 0 (174)
We decompose the constant spinor &, as 51(\2)6 ® £(T04) . This gives three constraints

5M6 + F01 MG 5 + ZF67 T4 =0 5T4 + erg T4 =0 (175)

The second and third constraints can be seen to be satisfied as in the near horizon case by using
an explicit representation of gamma matrices. For now we concentrate on the M6 part. Using
the first constraint in (175), we see that the term containg (I + I';)¢ in the kappa symmetry

matrix gives zero. Plugging in the values of vielbeins, we get, from the remaining term,

1 . . .
ﬁ(\/r2 + a?cos 015z + rsin6I'3;)(1 — Fm)@(\% = —51(\9[)6 (176)

It is apparent that the kappa symmetry condition cannot be satisfied for r # 0. For r = 0
we get a projection condition on 51(\2)6 that can be easily seen to be inconsistent with the first
of the constraints in (175). We conclude that the D3 brane is not supersymmetric in the full
asymptotically flat geometry for any value of r.

Let’s ask why the supersymmetry of the D3 brane is broken in full 2-charge microstate
geometry. We have seen that the Killing spinors of the full six dimensional background geometry
of D3— D3 system satisfy the projection condition (I —i—FOl) (0 = (. In the near horizon region,
the geometry neatly separates into AdS and sphere parts, hence we can write gamma matrices

for AdS part and they act on the AdS part of Killing spinor. So we have

Toied) = -9 (177)

In the near horizon region we have two types of supersymmetries. In addition to ordinary
supersymmetries, there are also the superconformal supersymmetries. Only ordinary super-

symmetries continue to the far, i.e., asymptotically flat region. Now we want to see if the
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projection condition (177) is compatible with the kappa symmetry condition for D3 brane
wrapping the sphere in the near horizon region. The condition one finds in the near-horizon
region is, with £© = ¢,

Foeo = —¢€o (178)

The condition to be continuable to the far region is that it be in an eigenvector of Iy; = I's i.e

FQEQ = —€p (179)

In three dimensions, I'y; 5 are just Pauli matrices which don’t commute. Hence it is not
possible for them to have simultaneous eigenvectors. As a result, the two conditions (178) and
(179) are not compatible and hence Killing spinors in the far region that are preserved by this

D3 brane do not exist.
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8 Discussion

In [8] the 4-charge black hole was considered. The charges were D4-D4-D4-D0. It was argued
that the DO branes swell up into D2 branes which wrap the horizon, and which occupies a
Landau level on the torus. The different ways to partition the DO branes into such groups gave
the entropy of the hole.

We must however ask if the energy of the D0 branes remains the same when we try to make
them form a D2 brane; since we are looking at the states of an extremal hole we do not have
any ‘extra’ energy to make the D2 brane. It is not clear to us how this would work in general,
since in the limit where we have a very small D0 charge the mass of the D2 brane would seem
to be just the area of the horizon times the tension, and this is much more than the mass of
the DO branes attached to it. In fact in the work of [8] the global energy which follows from the
supersymmetry algebra turned out to be equal to the mass of the D2 brane with no contribution
to the DO charge! This is what would follow in our treatment if we chose a gauge for the 1-form
potential of the background to be AW = % sinh x dr rather than (63). As we have noted,
there is always an ambiguity in calculating energies from brane actions.

The situation would be clearer if we had an asymptotically flat space-time. With this in
mind we have looked at 2-charge microstates which have a similar structure to the system of [§],
but where the AdS space inside goes over to asymptotically flat space at large r. We find that
the mass of the D3+P system (which is analogous to the D2-+D0 system) is given by the sum
of two contributions: the energy carried by P and an energy coming from the tension of the D3.
It is interesting that the energy is given by such a simple relation, because this configuration is
not supersymmetric in the full asymptotically flat geometry. This suggests that there is some
hidden symmetry in this 2-charge background, but we do not have any clear understanding of
this as yet. But this also raises a puzzle about the relation of this computation with that of
8], since the mass of the D34P system is more than the mass of the P charge alone.

We also computed the gauge field produced by the D3 brane wrapped on the S® in the
full asymptotically flat geometry, and found that the field strength went to a nonzero constant
at infinity. This suggests a divergent total energy for the field produced by the brane, or
alternatively, that the D3 branes and anti-branes wrapped in this way are ‘confined’ and cannot
be separated to large distances without generating a uniform energy density in the intervening
spacetime. Note that the energy £ = P 4+ M computed using the DBI action ignores this field
energy. The field energy is quadratic in the test brane charge, and would be ignored in a linear

analysis if it were finite.
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10 Appendix : Trajectories in the full Black Hole ge-
ometry

Consider the motion of a brane in the full four dimensional black hole geometry which has an
energy (as measured in terms of the time in the asymptotically flat region) which is given by
E = (My+ Mo)q%, i.e. the same energy which we found in the near-horizon approximation. We
will verify that this brane comes out of the horizon and goes back and examine the parameter
space for which the brane remains in the near-hroizon region. In this analysis we will set the
motion along the T to zero from the beginning, so that we will deal with the four dimensional
part of the geometry.

The black hole solution is described in terms of harmonic functions
4o bi .
Ho(r)=1+— H;(r)=14+4= (i=1,---3) (180)
r r

The (four dimensional part) string metric, dilaton and the 1-form RR fields are given by

2 _ dt’ 2772 27102
ds® = “THOE + [H(r)]” [dr® + r=d§23)]
1
Ay = 1-— m
o Ho(r)
= HD (181)
where we have defined
H(r) = (HoH,HyH;)7 (182)

The lagrangian for a D2 brane which is wrapped on the S? at some value of r then becomes

§ = =(r) IO~ ORGP + 5 (183)
where we have defined i
) = g ) T2 (15)



and the other quantities have been defined above.

The expression for the energy is

E= (185)

p(r)[H (r)] My
VIHE)]2 = [H(r)R(r)2 Holr)

Following the strategy of section (2.2) we will cast the problem as that of a non-relativistic
particle in some potential with the non-relativistic energy equal to zero. The equation of

motion may be written using (185) as

%(W FW () =0 (186)
where
00 PR Sy S S () N (187)
S ) BB

The potential W (r) behaves as —r* for small 7 and +r? for large r and has a single minimum.
For any E the brane therefore starts from the horizon, goes upto a maximum distance r = rg
given by the point W (ry) = 0 and turns back to the horizon.

The near-horizon region has r < ¢o, p; and we want to examine whether rq lies in this
region. The general problem is difficult to analyze. However we get some indication by looking
at the simpler case where

go=P1=P2=P3=¢( (188)
so that Ho(r) = Hy(r) = Ha(r) = H3(r) = H(r). In this case

Aﬂm=A@a+SV+M3 (189)

where Ms is the D2 mass of the previous subsections.

In terms of the dimensionless distance

,
y= (190)
the potential W (r) becomes
W(y) = 2<1yj : vy (1+y)’— e+ y)z— 2aey (191)
y) (€(1+y)+ay)
where we have defined 5 My
€= A a= A (192)

We want to examine only the special trajectory with £ = M,. The function W (y) for £ = M,

is shown in Figure (2) for various values of the ratio a = My/M,
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Figure 2: The potential W (y) as a function of y for E = M,. The curves have %g =0,1,6
starting from the top

The trajectory will proceed to the zero of W(y) at y = yo(a) # 0. The function W(y) is
plotted against y for various values of o in Figure (2). It is clear that the value of y, increases
as « increases and becomes greater than unity for sufficiently large a. Thus the D2 brane
goes beyond the near-horizon region for large enough o and strictly speaking the near-horizon

approxiomation can be trusted only when My < Ms.
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