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ABSTRACT: We construct supersymmetric D-brane probe solutions in the background of
the 2-charge D1-D5 system on M, where M is either K3 or T%. We focus on ‘near-horizon
bound states’ that preserve supersymmetries of the near-horizon AdSs x S x M geometry
and are static with respect to the global time coordinate. We find a variety of half-BPS
solutions that span an AdSs subspace in AdSs, carry worldvolume flux and can wrap an

S? within S% and/or supersymmetric cycles in M.
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1. Introduction and summary

The study of D-brane probes in the near-horizon region of BPS D-brane systems has
recently had interesting applications to the counting of BPS degeneracies. D-brane systems
with an AdS, x S? near-horizon region where supersymmetry is enhanced allow for D-
brane probe configurations localized near the horizon preserving a portion of the enhanced
supersymmetries. Such branes have been constructed in backgrounds with AdSs x S [,
AdS3 x S? [] and AdSy x S? [{] near-horizon geometries. The branes considered in these
papers possess a number of interesting properties. The solutions of interest are static
with respect to a choice of global time coordinate, and supersymmetry fixes their radial
position in AdS in terms of their charges. Furthermore, they preserve half of the near-
horizon supersymmetries but break all of the supersymmetries of the full asymptotically flat
geometry. In case they wrap the sphere or a cycle in the internal space with worldvolume
flux turned on, they carry lower D-brane charge and can be seen as bound states of lower-
dimensional D-branes through a form of the Myers effect [, fj.

It is natural to interpret such branes as ‘near-horizon bound states’ of the D-brane
system, and one would expect that by quantizing their moduli one should be able to count
degeneracies of BPS states. This expectation was borne out for the D0-D4 black hole
in type IIA, where the quantum mechanical counting reduces to counting lowest Landau
levels in a magnetic field on the internal space and reproduces the entropy both for the
‘large’ [f]] and ‘small’ [[j] black hole cases. Furthermore, for black holes constructed out
of Mb-branes, the elliptic genus can be reconstructed by counting near-horizon wrapped

membrane states [, f.

Motivated by these results, we revisit the two-charge D1-D5 system on M (where M
can be T* or K3), forming a black string in 6 dimensions (see [, [[J] for reviews). This
system has a large ground-state degeneracy, the logarithm of which is proportional to
VQ1Q5 for large charges. We will look for supersymmetric D-branes in the near horizon
AdS3 x S x M region. In earlier works, half-BPS solutions which carry momentum along
certain directions, such as giant gravitons [[Ll]] and branes wrapping S® with momentum
along AdSs [1J] were constructed. The branes we will consider here differ from these
in that they do not carry any momentum and are entirely static with respect to global
time. We allow the branes to carry arbitrary worldvolume fluxes (and hence also induced
lower-dimensional D-brane charges).

The 16 supersymmetries of the near-horizon region split into 8 supersymmetries that
extend to the full asymptotically flat solution, which we will call ‘Poincaré supersymme-
tries’, and 8 ‘enhanced’ supersymmetries that exist only in the near-horizon limit. They
are most easily distinguished in Poincaré coordinates in AdS3. D-brane probes preserving
some Poincaré supersymmetries should have a BPS counterpart in the full geometry, and
we will verify for each solution whether it preserves Poincaré supersymmetries.

The outcome of our classification yields a large variety of D-branes preserving half of
the near-horizon supersymmetries and is summarized in the following table.



brane type | AdSs | S3 M near-horizon susy | Poincaré susy
D1 AdS, | - : 1/2 1/2
D3 AdSy | - | 2-cycle 1/2 1/2
D5 AdSy | - | M 1/2 1/2
D3 AdSy | S? : 1/2 1/2
D7 AdSy | S?2| M 1/2 1/2

The solutions come in two types: branes of the first type span an AdSs subspace in
AdS3 x S% (and possibly wrap a supersymmetric cycle in M) while the second type of
branes spans an AdSs; x S? subspace in AdS3 x S® (and possibly wrap the whole of M).
Branes of the second type are dipolar as the S? is contractible within S2, and are stabilized
by worldvolume flux [[3, [4]. The size of the S? is quantized in terms of the number of
fundamental strings bound to the D-brane. In all the above solutions, the radial position
in AdSs is fixed in terms of the charges and it is natural to view them as ‘near-horizon
bound states’ of the D1-D5 system. One novel feature is that, contrary to the examples
in other backgrounds discussed above, these probe branes do preserve half of the Poincaré
supersymmetries of the full asymptotically flat geometry.

Let us comment on related D-brane solutions that have appeared in the literature.
The AdS; x S? branes were studied from the point of view of the DBI action in [[[4}, [5].
There is a substantial body of work discussing D-branes in the S-dual F1-NS5 background
starting with [[If]. The S-dual versions of branes with worldvolumes AdS; and AdSs x 5?2
appear there (the latter was shown to be half-BPS). A sampling of further studies of AdS,
branes in the NS background includes [[7] We also want to point out that D-branes with
an AdSs component to their worldvolume are known to exist in other D-brane backgrounds
as well [I§—PT].

This paper is organized as follows. In section f] we construct the Killing spinors on
AdSs x S% x M in suitable coordinates and review the conditions for probe branes to
preserve supersymmetry. In section B we construct supersymmetric branes which extend
along AdS, and possibly wrap cycles on M. In section [§ we turn to branes that span
AdSy x §? and possibly wrap cycles on M. We end with a discussion of open problems
in[J. Appendix [] discusses how Poincaré supersymmetries extend to the full geometry and
appendix [ discusses some branes spanning other submanifolds, none of which were found
to be supersymmetric.

2. The near-horizon limit of the D1-D5 system

In this section, we review some properties of the near-horizon limit of the D1-D5 system
needed in the rest of the paper.

2.1 Background

Consider type IIB on S! x M (with M being either K3 or T%), with D5-branes wrapped on
S1x M and D1-branes on S'. We will take the S! radius to infinity in what follows, so that
the configuration looks like a black string in six dimensions. The near-horizon supergravity



background is AdS3 x S% x M with constant dilaton and nonvanishing RR 3-form flux
FG) =dC®. On AdSs, we will use a global ‘anti-de Sitter’ coordinate system (1,w,&) in
which the constant £ slices are isomorphic to AdSs. The supergravity background is then

given by (see e.g. [24]):
ds® = ri75[d€? + cosh? £(— cosh? wdr? + dw?)
2 | o2 2 | 2 2 T2
+dip” + sin® (db” + sin” 0dp”)] + —ds,

T5
o _ 175
gri
2 1 1
c®? — %5 [(5 + 3 sinh 2§> coshwdw A dr + <¢ ~3 sin 2¢> sin 0df A dap} (2.1)

where ds%w is a Ricci-flat metric on M and

rs = v/ 9Qs50/

ere p (2.2)
r = —+v Q1 .
1 Ve 91

with Vi, the volume of M in the metric ds3, and Q1, @5 the D1- and D5 charges. The
coordinates 7,w, & vary over R while 0 <,0 <m, 0 < ¢ < 27.
2.2 Killing spinors

The D1-D5 background preserves 8 supersymmetries which get enhanced to 16 super-
symmetries in the near-horizon limit. We will now derive the explicit expression for the
near-horizon Killing spinors needed in the following sections.

In type IIB supergravity, the supersymmetry variation parameter ¢ consists of two

€= <§1 ) (2.3)

where F(10)€1,2 = €12 with F(lO) =TY...T9. We now examine the conditions for ¢ to be

chiral spinors of the same chirality:

a Killing spinor. Our supergravity conventions follow 5] and the dilatino and gravitino
variations read!

1 1
o\ = —Zed)F(g)O' 3

ed) 1

oWy, = Vye+ gF(ff)FMU €

The vanishing of the dilatino variation amounts to a chirality projection

F(@)& = F(4)€ = —¢ (2.4)

LOur 10D index conventions are as follows: M, N =0,...9, pu,v =0,...,5, m,n = 6,...,9. Hatted
indices M , 1, m refer to a coordinate basis while unhatted ones M, p, m are orthonormal frame indices.



where T') = Io...1°, Ly = I'6...79. while the gravitino variation with index on the
internal manifold M imposes that € is covariantly constant in the internal directions:

Ve = 0. (2.5)

The gravitino variation with index on AdS3 x S3 then leads to the equations

1
Wy = |Vi+——I"Ts0' | =0 2.6
2 2 + QM poo | € ( )
Symmetry dictates that solutions to this equation should be given by multiplying a constant
spinor by an SL(2, R) x SU(2) group element in a suitable representation [Rd]. Expressing
the spin connection on AdS3 x S3 in terms of the following vielbein?

e¥ = \/r175 cosh & coshwdt 3 = \/rirsdy
el = \/r17r5 cosh Edw et = /rirs sinpdf
e = \/rirsde ed = /T3 sin 1 sin Odo.

one finds the solutions

£102,1 wplo,l 77211
F062F062F0

%*wlwsol %*9113501 S 4341
e =e2 p) e 2 ez

€0 (27)

e
Here, ¢ is independent of the AdS3 x S® coordinates and satisfies the conditions (2.4), (R.9):

3ﬂ€0 = Vme’:‘o =0

F(ﬁ)eo = F(4)€0 = —&o (2.8)

We can write a more explicit expression for £y by decomposing the SO(1,9) gamma
matrices under the SO(1,5) x SO(4) subgroup as follows:

' =+4"®1 p=0...5 (2.9)
'™ =y @™ m=6...9 (2.10)

where v* and 4™ are SO(1,5) and SO(4) gamma matrices respectively, and we have de-

fined ) = 0.9, Y4) = 8. A0

o...r= Y(6) @ V(4)- A chiral spinor in ten dimensions then decomposes as

The ten-dimensional chirality operator is I'(jg) =

16 — (4,2) + (4,2).

where the unprimed (primed) representations have positive (negative) chirality. When M
is K3, we take the convention that the representation 2 forms a doublet under the SU(2)
holonomy, while 2’ consists of two holonomy singlets. The chirality condition in (P.§)

ZNote that this is not the left-invariant basis on the SL(2, R) x SU(2) group manifold but rather a linear
combination of left- and right invariant forms.



projects out the (4,2) component. Choosing basis elements 7;,n_ for the covariantly

constant 2" spinors, we can take the following ansatz for :

e €
o=\ 4+ |®n++| - |On-. (2.11)
€ €9

with e constant and antichiral (’)’(G)Gi = —¢T) doublets on AdS3 x S% and 7+ covariantly

constant and antichiral (y(4n+ = —n+) spinors on M. Both for M = T* and M = K3, we
have 16 independent Killing spinors.

2.3 Poincaré supersymmetries

The following coordinate transformation takes us to Poincaré coordinates (¢, z,u) for AdSs:

1
u = cosh £ cosh w cos 7 + cosh € sinh w
1
t = —(cosh§ coshwsinT)
U
1
x = —sinh&. (2.12)
U

The AdS3 part of the metric and 3-form become

2 2 2 2y, du’
dsas, = T175 |u(—dt” 4+ da”) + 2

9 2
Fs = Toudt Ada A du.

g
The 16 near-horizon Killing spinors split into 8 spinors that extend to the full asymptoti-
cally flat spacetime (as they generate a Poincaré superalgebra we will henceforth refer to
them as ‘Poincaré supersymmetries’) and 8 spinors corresponding to enhanced near-horizon
supersymmetries (generating special conformal transformations). In Poincaré coordinates,
the Poincaré supersymmetries are time-independent and are given by:

ep = +\VuRe_ (2.13)

where R is the SU(2) group element

F-Yra5 1 3035 1 éyas it
R=¢"2 T e3 T ezt 7

and £_ is a spinor that satisfies, in addition to (R.§), the extra projection condition

Mo =—¢_. (2.14)

Here we have numbered the coordinates as (2°,2',2%) = (t,z,u). See appendix [ for

more details on how the Poincaré supersymmetries extend to the full asymptotically flat

geometry.



2.4 Supersymmetric D-brane probes

A supersymmetry of the background is preserved in the presence of a bosonic Dp-brane
configuration if it can be compensated for by a k-symmetry transformation [27]. This can
be expressed as a projection equation

(1-T)e=0 (2.15)

where T' (satisfying trT' = 0, ' = 1) is the operator entering in the x-symmetry transfor-
mation rule on the Dp-brane and ¢ is a general Killing spinor (constructed above) pulled
back to the world-volume. The operator I" can be written in a simple form in a special
worldvolume Lorentz frame in which the worldvolume field strength F' takes the form

(p—1)/2
2ma’ F = tanh ®pel A el + Z tan @,.e2- A 27 L,
r=1
I is then given by [27]
-3
I'= efar(o)(Us)pTiUQ (2.16)
with
Loy =To.p
(p—1)/2
a= Y &I¥tls, (2.17)
r=0

In the above formulas, underlined indices are orthonormal frame indices on the D-brane
worldvolume.

3. D-branes spanning AdS;

In this section, we will consider D-branes that span an AdS, subspace within AdSs; x S3.
They can be taken to be embedded at constant £ = & in the coordinates (R.1]). We will
see that the requirement of supersymmetry fixes & in terms of the charges carried by the
brane.

3.1 D1-brane along AdS,
3.1.1 Near-horizon supersymmetries

We consider a D1-brane probe embedded in AdS3 at constant £ = &y and static in the
remaining S® x M directions. The worldvolume coordinates can be taken to be 7,w. We
allow for an electric field on the worldvolume which is conveniently parametrized as

2ra/ F = tanh ®pe’ A 2.

Here and in what follows, with a slight abuse of notation, the e® stand for the corresponding
target space vielbein elements pulled-back to the world-volume. Explicitly, we have

e? = \/rirs cosh &o cosh wdr
e? = \/r1rs cosh &ydw (3.1)



The supersymmetries preserved by the brane should satisfy (1 —I')e = 0 with

_ 02,3
[ = e 2% poo!

0120 .1 wpl0.1 771211
g:eQF UGQF OGQF 0R0€0

where Ry is a constant SU(2) group element depending on the position in the S% given by

jus

RO = R(¢07007 ¢0) =€ :

~Y0r45 1 200135 1 ¢0143 1
QFO'eQFO'eTFO'.

Imposing (1 —I')e = 0 for all values of 7,w leads to two equations

[3
—se 010 )€ 70 %ot 00 = .
1 Porot)e’ =zl 7 R, 0 3.2

€0 roz,1

where s = +1. Multiplying with e*=2 and taking linear combinations one finds that a

solution exists if

1 1

tanh§y = — cosh B & | tanh @] = cosh &y’

Plugging in our ansatz for £ (R.11), the projection condition on the surviving supersym-
metries can be written in terms of the 6-dimensional spinor doublet e* as

(1 - Sgn(@o)Ral’mQO’gRo)ei =0. (3.3)

Hence the brane preserves half the supersymmetries of the background, and the preserved
supercharges depend on the position of the brane on S3 through Ry as well as on the sign
of ‘1>0.

The latter is related to the sign of the fundamental string charge bound to the D1-
brane. Indeed, for nonzero ®g, the D1-brane acts as a source for the B-field and carries an
induced fundamental string charge as well. Demanding that it is properly quantized and
equal to ¢ imposes a quantization condition on ®g:
gri

sinh &g = —q.
s

Note that, from (B.), it follows that branes carrying opposite fundamental string charge
can preserve the same supersymmetries provided they sit at antipodal locations on the S3.
A similar property was observed for branes in other AdS, x S? backgrounds [i, P.

The radial position & is determined by the fundamental string charge as

sinh &y = T—SL
gr1 |l
Of course, the above equations provide a solution to the equations of motion following from
the DBI action as one can easily verify.

The above (g, 1) string solution S-dualizes to a (1,q) string the F1-NS5 background.
For ¢ = 1, the latter solution was found from the DBI equations of motion in [Lf]. Our
analysis implies that this solution should be supersymmetric as well.



3.1.2 Poincaré supersymmetries

We now check whether the above solution preserves any Poincaré supersymmetries. A

D1-brane at constant & = £ satisfies, in Poincaré coordinates (2.12),

u(x) _ sinh &) ‘

x
Taking (¢, ) to be the worldvolume coordinates, the k-projector becomes

— 01
I'=e Pol’ 03Fm0‘1

with

PQ = —tanh &gy + Tos. (34)

cosh &
To check whether the D1-brane preserves some fraction of the Poincaré supersymmetries,

we need to verify whether the equation (1—T')ep (with ep given in (R.13)) has any solutions.
Using (2.14) one finds the equation

h o
1 + cosh &g tanh &y — o8 0F0201 + sinh ®gioy| Re_ =0
cosh &g
As before, a solution exists when tanh & = —m and requires

(1+ Ry'To203Rp)e— = 0.

where the sign again depends on the sign of ®3. This projection condition is compatible
with (R.I4) and we conclude that the D1-brane preserves half of the Poincaré supersym-

metries.
3.2 D3-branes along AdS; and wrapping a 2-cycle in M

3.2.1 Near-horizon supersymmetries

Here, we consider a D3-brane spanning and AdSs subspace in AdS3 at £ = £ and wrapping
a 2-cycle X in M. We denote the pull-back of the induced volume form on ¥ by voly and
define a corresponding I'-matrix combination:

Ty 'T.; (3.5)

L 4

= ——=c¢
NG
with gé i the induced metric on ¥. We parametrize the worldvolume flux as
2ra’ F = tanh <I>oeo A e® + tan d;voly
and take cos @1 > 0. The s-projector is given by
I'= e_%FOQ"?’e_cblrz"?’l“ogl‘giag.

Imposing the supersymmetry condition (1 —I')e = 0 leads to two equations

- 02 — . £0 102
(1 — em ol o ems1lsos D Trigg)es2 1 T Rogg = 0



with s = +1 and Ry defined in (B.2). After some manipulations one finds that a solution

exists if .
sin @4

cosh &g

tanh & = — (3.6)

and requires the projection

_4 { sinh &g cosh @ .
1- R-1L T — Tl R =0
( 0 ( cos ¢ o1+ cosh &y cos P 02 2202) O> <0

This projection equation can be rewritten in a more standard form using the identity

ho
Sl R \/sinh2 O + sin? &,
cosh &g
which follows from (B.§). The projection condition becomes
(1 " Ra1ef%rozggrmrzwﬁgpmos}go) 20 =0 (3.7)
with « defined by
nh sinh ‘1>0
sinha = .
cos P,

In the above equation, both I's; and gg are in general dependent on the position on 3 and
it is not trivial that the equation can be satisfied everywhere. This will possible if ¥ is a
supersymmetric cycle. We proceed by plugging in our ansatz for g (R.11]):

e €
o= 1 |®n+| - | ®n-. (3.8)
€ €9

In this ansatz, we are free to choose a convenient basis 7y,7n_ for the internal co-
variantly constant spinors. It turns out that they can be chosen to be eigenstates of I's.
Indeed, when M = T%, ¥ is a T? within 7% and Ty, is position independent in suitable
coordinates. The constant spinors 74,7— can be chosen to diagonalise I's;: I'sny = Fine.

When ¥ is a supersymmetric cycle in M = K3 and, we can also choose n,n_ to
diagonalise I's;. Because K3 is hyperkihler, it admits an S? family of complex structures,
and we assume X to be holomorphic with respect to one of these complex structures.
Choosing holomorphic coordinates z*, 2 with respect to this particular complex structure
we can choose a basis 7, 7_ of covariantly constant spinors on K3 satisfying

Yin+ =0, yigng = Qiyn-
Yin- =0, vin- = —Qn4- (3.9)
with © the (2,0) form. I'y, acts on ny as I'sny = Fing.

Summarizing, both on M = T* and M = K3 we can take 1,,7_ to satisfy

Psne = Fing.
Substituting into (B.7) gives projection conditions on the 6-dimensional spinor doublets
EIF €1 1 _a. 02 o, 02 +
eh = = | € = - : <1 + Ry e 27 T3ypoe2” U3R0) e~ =0
2 2

We see that indeed half of the supersymmetries is preserved.

,10,



3.2.2 Poincaré supersymmetries

It’s straightforward to show that these branes preserve half of the Poincaré supersymmetries
as well. The projection condition on the Poincaré Killing spinors becomes

— 01 — .
(1 —e $ol EP quFZJSPQPgZO’Q) e =0

with T'g; defined in (B.4). Using the equation of motion (B.6) and (R.14) this reduces to

the projection equation
(1 + Rale_%F02”3F02F2i026%F0203R0> £ =0

with « defined by

Note that this projection condition is compatible with ) and can be solved as in the
previous section using the fact that ¥ is a supersymmetric cycle. Hence we conclude that
the D3-brane preserves half of the Poincaré supersymmetries.

3.3 D5-branes spanning AdSs x M
3.3.1 Near-horizon supersymmetries

In this subsection we consider a D5-brane spanning and AdS5 subspace in AdS3 at £ = &
and wrapping the whole of M. Choosing suitable complex coordinates on M we can take
the the worldvolume flux as

27/ F = tanh <I>060 A €% +itan (1)161 Ael + 2 tan <I>ge2 A e2
with cos @19 > 0. The xs-projector is given by

_ 02 . 11 i 22
T=c¢ Sl 036 1®1 036 1P 03]:\02]:\(4)0_1.

Requiring (1 — I')e = 0 and using the chirality property (2.§) leads to two equations
(1 + Sefcbol’mogefis(<I>1+<I>2)Fliog,P020_1)65%11‘0201 Roe’fo =0

with s = £1. Note that only the sum ® = ®; + &5 of the worldvolume flux parameters
on M enters the equations, while their difference is left undetermined. After some algebra,

one finds that a solution exists if

cos ®
tanh &y = . 3.10
anh &o cosh @ ( )
and requires the projection
—1 —ar024 21024
<1 + RO e 2 SFQQFHUQBQ 3R0> eg=0 (311)
where we defined o by
ik sinh @
sinha = .
sin ®

— 11 —



We proceed by plugging in the ansatz for g9 (R.11]) and choosing internal spinors 1., 1_
satisfying
Lyine = Fnz.

This can trivially done for M = T*, while for M = K3 one can choose 7+ to obey (B.9).
The resulting 6D projection conditions

(1 + Ralef%FmJSPOQFHO’Qe%FOQUSRQ) Ei =0
show that the brane is half-BPS.

3.3.2 Poincaré supersymmetries

As in the previous cases, these branes preserve half of the Poincaré supersymmetries as
well. The k-projection condition on the Poincaré Killing spinors (R.13) leads to a single
equation )

(1 + e-%rﬂa%—iqm“agrmal) e =0

with Tg; defined in (B-4). Using the equation of motion (B.1() and (P.14) this reduces to

the projection equation
(1 + Rgle_%F0203F02FHO’26%F0203R0> e_=0

with « again defined by

This projection condition is compatible with (R.14) and we conclude that the D5-brane
preserves half of the Poincaré supersymmetries.

4. D-branes spanning AdS; x S?

In this section we consider D-branes spanning an AdS, x S? subspace within AdS3 x S3.
They can be taken to be embedded at constant £ = & and ¥ = g in the coordinate

system (R.1]).

4.1 D3-branes along AdS, x S?
4.1.1 Near-horizon supersymmetries

We consider a D3-brane probe in this background sitting at constant £ = &y and ¥ = g
and static on M. The worldvolume coordinates can be taken to be (7,w, 6, ¢) and we allow
for an electromagnetic field on the worldvolume parametrized as

21/ F = tanh ®e’ A € + tan Pret A ed
with cos ®; > 0, €, e! as in (B.1]) and

et = /75 sinydd

e’ = \/r1735 sin i sin Od (4.1)

- 12 —



Then the supersymmetries preserved by the brane are solutions of (1 —I')e = 0 where the
Killing spinor ¢ is given in (2.7), (2.§) and

- 02,3 45 3 .
T=c¢ (23] Rnctes e o1 I'*°0 P0245ZO'2.

Imposing (1 —T')e = 0 for all values of 7,w, 8, ¢ leads to four equations

_ 02 3 _ 45 3 0102 .1 T—%0 45 1
|:1—€ s2®I" e 51910 s15 I 0" 527 r 050:0 (42)

il'o2450 2] e

€002 51

with s19 = +1. Multiplying with e®!2

59 2 V0 a5 51 L o
e’2 72 and taking linear combinations

one finds that solution exist if

sin @4
tanh &y = —
anh G cosh @
sinh ®
t = — 4.3
cot o cos P, (4.3)

which implies that the worldvolume fluxes take the values

tanh &y = — cos o
cosh &

inh
tan ®; = —Sl,n L
sin g

and the preserved supersymmetries have to satisfy
(1 — P0245Z'0'2)€0 = 0. (4.4)

Plugging in our ansatz for ey (R.11]), this can be written in terms of the 6-dimensional
spinor doublets e* as

(1 - ’)/02451'0'2)6:‘: =0. (45)

Hence such D3-branes are half-BPS.

In the presence of electric and magnetic worldvolume flux the D3 brane sources the
electric NS and R two forms B®) and C® and carries induced F— and D-string charges.
This imposes two charge quantization conditions which can be computed from requiring
that the solution provides sources for B and C'® with quantized coefficients. The quan-
tization conditions read:

/

gmo q
Yo = q= 7

2 Qs

/

a

sinh &y sin )y = i (4.6)

™rs

where ¢, p are the induced F— and D-string charges respectively and we have used (R.9).
Since 0 < 1)y < 7 we see that the radius of the S? can take on Qs different values. All
these solutions preserve the same set of supersymmetries as follows from ([.5). Since the
52 in S? is contractible, these branes do not carry a net D3 charge and should be most
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likely interpreted as bound states of (p, ¢) strings ‘puffed-up’ through a version of the Myers
effect [R9.

The S-dual version of this solution in the F1-NS5 background was constructed and
shown to be supersymmetric in [Lf]. Note that our solution confirms the charge quanti-
zation conditions found there which are more subtle in the S-dual background due to the
presence of background NS flux.

4.1.2 Poincaré supersymmetries

We can again check whether the solution preserves any Poincaré supersymmetries. For
a D3-brane spanning an AdS, x S? subspace £ = &y, = 1y in global coordinates, the
Kk-projector in Poincaré coordinates takes the form

= 67%110*1‘73e*q)lr%agfg%iaz.
with ['g; defined in (B.4). Requiring (1 — I')ep = 0 with ep given in (R.13), (R.14) for all
values of 0, ¢ on S? leads to two equations

jus
-9
2 5 0F450'1

_ 01 3 _ 45 3 )
(1 — g SRl m Pl F@45202) e’ e =0 (4.7)

3 %0

with s = +1. Multiplying by ¢*~ = ¢®17"°%" and using (B.14) and the equations of mo-
tion (f.3) one gets a single condition

(1 — F0245’L'O'2)€, =0.
This is consistent with (R.14) and again we see that half of the Poincaré supersymmetries
are preserved.

4.2 D5-branes spanning AdS; x S? and wrapping a 2-cycle in M

Next, we consider D5-branes that span and AdS, x S? subspace and wrap a 2-cycle ¥ in
M. Although one can construct solutions to the DBI equations of this form, none of them
is actually supersymmetric as we will presently show.

Parametrizing the worldvolume flux as

2wa’ F = tanh @oeo A e? + tan Poet A € + tan Povols
with €, e?, e, e® as in (B1]), (1)) the x projector is given by
I = e Pl om0l Pos = ®alnoa, 0y
with I's; as in (B.). Requiring (1 — I')e = 0 everywhere leads to four equations

_ 02 45 _ €0 102
(1 — sy59e 520l Pos—s1@11%005 8182<I>2F20'3P0245P20,1) 51 91201452 0 =0

E—OFOQJlfsQ 7#2%%114501 esg¢0F0203+51<I>1F4503+8152<I>2F203

with s12 = £1. Multiplying by e %! 2
the four equations can be written out schematically as

A(s1,82)e0 = (B(s1, s2)01 + C(s1, s2)io2 + D(s1,52)03) €0
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where the coefficients A, B,C, D don’t depend on the o-matrices. Anticommuting the
s1 =1,s9 =1 and s; = 1,s9 = —1 equations leads to

(1 + sin? by cosh 2d cos 205 + cos? 1) cos 21 )eg = — sin® g sinh 20 sin 28,7 I's;e

Since (I'"?I'y)? = —1, solutions are possible if both sides vanish separately. In particular,
one needs either sinygy, ®¢ or sin2®, to vanish. We found none of these cases to be
consistent with the remaining equations.

4.3 D7-branes spanning AdSs x 5% x M

4.3.1 Near-horizon supersymmetries

Here we consider a D7-brane spanning and AdS, x S? subspace in AdS3 x S3 at & = &y, ¢ =
1p and wrapping the whole of M. Choosing complex coordinates on M, the worldvolume
flux can be brought in the form

27a/ F = tanh <I>060 A €% + tan (1)264 A€ +itan (1)261 Ael + 7 tan <I>3e2 A 2

and the k projector is given by

_ 02 _ 45 o 11 _ 22 .
T=c¢ [ 73 [oXEN EPS 1D 73 o3I 03F0245F(4)ZO'2.

Requiring (1 — I')e = 0 and using the chirality property (2.§) leads to four equations

(1 + e—sg@gf‘mag6—51<D1F4503e—iswg@f‘ﬁagF0245i02)651 %)Fmal e52 —7r/22—1/)0 F4501€0 =0 (48)
with s1,s9 = £1. Note that only the sum ® = ®5 4+ ®3 enters the equations while the
difference is unconstrained. Even though solutions of the D-brane Born-Infeld equations
exist for general ®, manipulations similar to the ones in the previous section show that
that the above supersymmetry conditions are consistent only for

® =0.

Note that this implies that the worldvolume field strength on M is anti-selfdual. In this
case, the equations ({.§) reduce (up to a sign difference) to the ones solved in section [.1.
When M = T, this was to be expected from T-duality, which leaves the background
invariant and relates the probe solutions. The solution is given by

sin (bl
tanh &y =
anh G cosh @
sinh ®
t = —
cot %o cos ®;
(1 - ’)/02452'0'2)6i = 0. (49)

Comparing with (), we note that the S?-wrapping D3-branes and D7-branes are mutually
BPS.

As before, the values of &g, 19 are quantized in terms of the induced charges carried by
the brane. For nonzero ®y, ®;, the D7-brane provides a source for the NSNS 2-form B(®?)
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and the D5-brane RR potential C(®) and carries induced F1- and D5- charge. This leads
to quantization conditions

q
o = aﬂ
/
sinh &y sin Yy = ::;5 s (4.10)

where ¢ and ps denote the induced F1- and D5- charge respectively. We see that, in this
case, the S? radius can take on @ different values, and the corresponding solutions preserve
the same set of supersymmetries.

4.3.2 Poincaré supersymmetries

A calculation almost identical to paragraph shows that these branes preserve half of
the Poincaré supersymmetries as well.

5. Discussion and outlook

In this paper, we have constructed a variety of supersymmetric probe brane solutions in
the near-horizon D1-D5 background. They are all static with respect to global time and
preserve half of the near-horizon supersymmetries. Since the global time generator corre-
sponds to Lo+ Lo in the dual CFT, we expect these branes to correspond to supersymmetric
conformal operators in the dual CFT. In appendix [B we consider branes spanning some
other submanifolds, none of which is found to be supersymmetric.

As was mentioned in the Introduction, one of the motivations for studying the branes
constructed in this paper is the fact that they share some properties with brane probes in
other D-brane backgrounds that have been related to microstates [f, f—F]. An important
open question is therefore whether some of the D-branes considered here can be related to
the microstates of the D1-D5 system. One way to clarify their role would be to study their
interpretation from the point of view of the dual CFT description of the D1-D5 system
(see [IQ] for a review). Branes spanning an AdS> subspace run off to the boundary of
AdSs where they form a line defect in the dual CFT [B0, RJ. Similar AdS; branes in
the AdSs x S° background were given a dual CFT interpretation in [BI]. We leave this
interesting topic for further study. A related issue concerns the relation, if any, of the probe
brane solutions considered here and the microstate geometries for the D1-D5 system [RJ].

It would also be of interest to extend these solutions to the full asymptotically flat
geometry. It may be mentioned that in the context of two dimensional black holes, branes
with similar properties (in particular in the asymptotically flat geometry) have been dis-

cussed [B1], B9
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A. Supersymmetries of the asymptotically flat background

In this appendix we sketch how the Poincarée supersymmetries (R.13), (R.14) arise from
the Killing spinors of the full asymptotically flat geometry. We will use the solution for
the D1/D5 system given in e.g. [I(] The dilatino equation

Ty Ve + TMNP B oh)e — 0
(_ i + 7"% >F25—< ri oz 7”52, F345> ole =0

fird o fzr3 Jir3 f5r3

In order to have a solution, we need to impose two projection conditions

becomes

Mole = —¢; #3455l = ¢ (A.1)

The second equation can be traded for I'ge = —¢ and taking the near-horizon limit we
recover the two projection conditions (B.14), (B-4) imposed on the Poincaré supersymme-
tries.

In the near horizon limit however, the first two terms in the above dilatino equation
cancel leaving behind a single projection condition equivalent to

F(G)e = —¢ (AQ)

which becomes the projection condition (R.4) on the near-horizon supersymmetries.

B. D-branes spanning other submanifolds

In the main text, we have considered D-branes which span an AdSs subspace in AdSs. In
this appendix we explore some other possibilities. We restrict attention to D-branes which
are static with respect to global time. We find that none of the branes considered here
preserve any supersymmetry.

B.1 D3-brane wrapping S

Consider a static D3-brane at £ = &), w = wp in AdSs and wrapping the S3. The world-
volume gauge field can be brought in the form

2ma’ F = tanh ®pe® A e + tan Boet A €.

One easily checks that the DBI equations of motion impose &g = & = wy = 0. The
conditions for such a solution to preserve supersymmetry are

_ 45 .
(1 — S1€ s1520110 03F0345’LO'2)60 =0

for s1, so = 1. One easily checks that the resulting four equations cannot be solved
simultaneously; hence there are no supersymmetric solutions in this case.
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B.2 Branes spanning AdS, wrapping a 72 within $°

In this section, we will discuss branes wrapping a 72 € S2. One motivation to consider such
branes (apart from an exercise of imagination) is from the viewpoint of the R-symmetry
of the SCFT dual to the AdS3 string theory. Extended objects in S will transform non-
trivially under the SO(4) isometry of S which becomes the R-symmetry of the Higgs
branch. The Coulomb branch has a different R-symmetry. It is interesting to consider
the supersymmetry properties of such toroidal branes in S then because such branes do
not transform in some obvious manner under SO(4) (in contrast to branes which wrap an
S? which are conjugacy classes of SU(2) and hence invariant under an vectorial SU(2) of
SO(4)).

In order to study these branes, we will use Euler-angle co-ordinates on S - the metric
takes the form

d6? + sin? 0d¢? + cos® dg3 (B.1)

The spin-connection one form can be taken to be
wye = cos Bdpy ws = — sin Odopo

with all other components vanishing. Solving the gravitino equations the sphere part of
the killing spinor

91501 *%Fﬂi 67%2114601

e2 e €0

with €¢ a constant spinor. Note that the 4 = ¢1,5 = ¢2,0 = 6.
The k symmetry matrix is
= 6*§(¢0F02+‘1’1F45)F0245Z'02
As before, we demand that I'e = € for all 7,w, ¢1, @2 and its a simple matter to check that
this gives equations which cannot be satisfied (so long as & is finite i.e., the brane is at a
finite radius away from the boundary). More specifically, the incompatible equations are
those which come from imposing I'Tyse = ys¢ and ['Tys0'e = Tys0le (the latter two are
the conditions which come from requiring that the kappa symmetry condition hold for all

$1,2)-
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