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p-p’ branes in app-wave background
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We present several supergravity solutions corresponding to bgthabd Dp-D p’ systems, in Neveu-
Schwarz—Neveu-Schwarz and Ramond-Ramppévave background originating from A¢S S*X R*. The
D p-brane solutionsp=1, . . . ,5 arefully localized, whereas [P-D p’ solutions are localized along common
transverse directions. We also discuss the supersymmetry properties of these solutions and the worldsheet
construction for thep-p’ system.
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[. INTRODUCTION ready been discussed in the context of D7-branef2in.

The worldsheet construction of these branes then follows
pp waves[1-16] are known to be an interesting class of from the results if21], and will also be discussed below. We
supersymmetric solutions of type 11B supergravity, with wide point out, however, that there is a crucial difference between

applications to gauge theories. For these applications, sudRe€ solutions presented in this paper and thog@1h In the
solutions are considered in the “Penrose” limit of strings in Present case, only light-cone directions of the wave are

an Ad$ x S background5]. In several casegp waves are along the branes; the remaining four are always transverse to
also known to be maximally supersymmetric solutions ofthem. On the other hand, for the solutiong#1] the direc-
supergravities in various dimensiofi¥—19, and are known OnS transverse to the brane are flat.

to give rise to solvable string theories from the worldsheet 1he rest of the paBer is orgaltlnized astoIJovl\;s. In Sec. I,
point of view as well. The particular case of Ag8S’ is of new (supersymmetricD p- as well as (Op-D p’)-branes are

specil neres, wih applicatons =4, D=4 gauge PLESeTIeql bouUS 1S ar b weve packgrows S
theories in the limit of large conformal dimensions aRd Persy y prop

; . ) tail in Sec. Ill and it is shown that they preserve some
chargeg7]. Interestingly, the D-branes of string theories also y P

. o ~>“amount of unbroken supersymmetry. The open string con-
have an appropriate representation in such gauge theories, I, -ions of branes is discussed in Sec. IV. Section V is

terms of operators corresponding to “giant gravitons” andyeyoted to branes in the “little string theory” background.

“defects” [14,15. . o We conclude in Sec. VI with some general remarks.
In this paper, we continue the search for explicit D-brane

supergravity solutions in string theories ipa-wave back-

ground. Our study will be mainly concentrated on the Il. SUPERGRAVITY SOLUTIONS
Neveu-Schwarz—Neveu-SchwardNS-NS and Ramond-
Ramond(RR) pp waves arising out of Ad$< S® geometry N _ _ _
[10]. We, however, also present branes in other waves We now start by writing .d(_)wn_ the D-string solut|0ns. in
such as the ones in “little” string theories, etc. An explicit the pp-wave background originating from the Penrose limit
supergravity solution for D-branes, along with the openOf NS-NS Ad$X S*xR* [10]. The supergravity solution of
string spectrum, has been studied20—26. Our new result @ System ofN D-strings in such a background is given by

A. D-branes in NS-NSpp-wave background

includes a set of solutions corresponding to brane systems of a
the type Dp-D p’ in both type IIA and IIB theories, as well d2=f-12 2dx+dx*—,u22 x2(dx*)?
as the explicit worldsheet construction in these cases. We ! =1

would like to mention that -branes from the worldsheet
point of view have already been obtained in the NS-NS
pp-wave background earligB5]. Our result gives the real-
ization of such D-branes from the supergravity point of view.
We also find it interesting to note that, unlike the case of the

8
+1172 (dx)?,
a=1

AdS; X S° pp wave, in our case we are able to obtain several e*=f1, Hip=Hig=2pu,

“localized” D-brane solutions. b-branes in RRpp-wave

background are obtained by applying a seSaind T duality Ng®

transformations on the brane solutions in the NS-NS back- Fo_a=daf1t, fi=1+ s 2, (2.7

ground. Such backgroungp-wave configurations have al-

with f, satisfying the Green’s function equation in the eight-

*Email address: anindyab@iopb.res.in dimensional transverse space. We have explicitly verified
"Email address: kumar@iopb.res.in that the solution presented in E@®.1) satisfies the type 1B
*Email address: kamal@iopb.res.in field equationg(see, e.g.[27,28). One notices that in this
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case constant NS-NS three-forms along pieewave direc-  the longitudinal directions of D5. As a result, one can easily
tion are required precisely to cancel thedependent part of obtain solutions of the type D2-D4 as well as D3-08 this

the R, , equation of motion. pp-wave background. These solutions will givep@-wave
Starting from the D-string solution in Eq2.1), one can generalization of the intersecting solutions giveri3g]. We

write down all the Dp-brane solutionsf=1, ...,5) in the skip the details of this analysis, however.

NS-NS pp-wave background by applying successivelu-

alities alongx®, ... x°. As is known, this procedure also B. p-p’ branes in RR pp-wave background

involves smearing of the brane along these directions. For ) ) )

example, a D3-brane solution has the form In this section, we will present the D as well as the

(Dp-Dp’)-branes in a RRpp wave of AdSx SPxR*.
These backgrounds can be obtained from the solutions given
d32:f3‘1’2< 2dxtdx = p2Y, x3(dx*)? in the last subsection by applyirf§and T duality transfor-
=1 mations in several steps. For example, from the D3-brane
solution in the NS-N$ p-wave background?.2), one gets a
+ f%’z 2 (dx,)?, D3-brane in the R p-wave background under ttf&duality
=1...478 transformation. Now applying@ duality along the directions
(x°,x%), we can generate a D-string solution. On the other

4

+(dxg)?+ (dxg)?

Hi1=Ho0=2p, hand, by applyindl duality along two transverse directions
Nad 4 (x”,x®) of the D3-brane, one gets a D5-brane lying along
F+756a:(9af3?1! e2=1, fy=1+ gj s (2.2) (x*,x7,x5 ... x8 directions. The supergravity solution of

r a system ofN D-strings is then given explicitly by

with f; being the harmonic function in the transverse space 4
of the D3-brane. ds?=f; Y7 2dxTdx™—u?>, x?(dxt)?
Now we present the supergravity solution of an intersect- =1

ing (Dp-Dp’)-brane system in gp-wave background. 8

These solutions are described as “branes lying within +f%/22 (dx®)?,
branes.” In particular, for the D1-D5 case, the solution is a=1

given by

e?’=f1, Fiios6=F1ause=24,

6

4
d52=(f1f5)1’2( 2dxTdx — 2>, x2(dx")?
=1 Ngsls

" . Fia=dafi’, f1=1+—%=, 2.9
] 2@+ (ff9) Y22 (dx)?,
5/ a=5 =1 with f, satisfying the Green’s function in eight-dimensional
¢ transverse space. One notices that the solution has a constant
e2¢—_1 five-form field strength.
fs’ The supergravity solution of the D5-brane is given by

Hi1o=H.3,=2pu, 4 8
) ds?=f 17 2dxTdx — 2>, x2(dx")2+ >, (dx®)?
Fii=af, 7, anp:Emnplé’IfS, 2.3 i=1 a=5
4
with i
+f%/2i21 (dx|)2,
N1,5gs|§

fis=1+
15 2

(2.4

) ez¢:f§1' F 1256~ F 1+ 3456~ F 1 1076= F 4 3476~ 21,

being the solutions of the Green’s function equations in di- Ng,2

rections transverse tM)_Dl- and (\s) D5-b_ranes, respec- Frnp=€mnpqfs,  fs=1+ ; s (2.6

tively. Equation(2.3) provides one of the main results of our r

paper and shows that, as in flat space, intersecting brane

solutions are possible in thep-wave background as well. with f5 satisfying the Green’s function in the tranverse di-

We have once again checked that the solution presentegctions &%, ... x*. Now we wil present the

above does satisfy type IIB field equations of motion. (D p-D p’)-brane solutions in the RRp-wave background.
One can now apply duality transformations to generate In particular, to write down the supergravity solution of a

more intersecting brane solutions starting from the one givefD1-D5) system, we made an ansatz which combines the

in Eq. (2.3 [30,31). Note that the directions®, ... x® are  D-string of Eq.(2.5 and the D5-brane given in E@2.6).

transverse to the D-string in E(.3), whereas they lie along The final configuration is as follows:
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4 1 1
ds2=(f1f5)1’2( 2dxtdx” —pu?>, xX(dx")? oh:=7 F“ﬁmil—ZFWHw)a
=1
1/2 8 4 1 1
1 Zad +TMEM) L T prrpp@) |
+ E 25 (an)2+(f1f5)1/2_21 (dXi)z, +Ze (_F Fu’+ 12F F,MVP e-, (3.1
a= i=
. 1 _1 3
" f, S\PM: a#+Z WM55+§HM55 I'*®le.
SR 1 1
+ 2ol FIRED - ST
F 1256 F1aa56=F 11276 F 1 3478= 21, '
+ L puwape® b o (3.2
F+fi=§if171: Fmnp=€mnpidifs, (2.7 2.5! mvpaf |t pEe )

. . . here we have use ,p) to describe the ten-dimensional
with f; andfg as defined in Eq2.4). One can check that the W oy ve useq v,p) ! ! I

. ’ : space-time indices, and carets represent the corresponding
solution presented above do satisfy the type IIB field €qUatangent space indices. Solving the above two equations for
tions. Once again, morp-p’ branes can be obtained from

S ) " the solution describing a D-string as given in Ef.1), we
the D1-D5 solution in Eq(2.7).by applying T dqallt|es. get several conditions. First, the dilatino variation gives
One may also attempt to find(®1-D5) solution by tak-
ing a decoupling limit, followed by Penrose scaling, of the a Fla

M. —I'""2.=0, 3.3
solution presented ifi29] in a similar way as for the D5- € € @3
brane solution if21]. The starting solution along which one 115, +isd
would take the Penrose limit is as follows: (T e =0. 34

In fact, both the condition§3.3) and (3.4) are required for

1 r? H; me satisfying the dilatino variation condition. Gravitino varia-
dSZ:(HT,)yz Ez(—dt2+ dx?) | +| — ?zdrz tion gives the following conditions on the spinors:
15 1 5
L\ 12 +_ M 15 13Ay L
Sy =0d,e.+f I'“+I""%"e.=0,
+ =] (dyP+sityd02) Yr=drea ot T Jex
5
Sr=9_€.=0,
+(H{HY YA dy? +y2d03), 2.9 yo=d-ex
Syt = 1 fia Syt = 1y,
where ¢a=(9aei——§?ei, i =ai€i__§f_lei'
2 2 2 39
Hi=1+ —; Hs=1+ —;" Hi=1 21, In writing the above set of equations, we have also imposed
X X y the necessary condition
R/Z F;Gt:o, (36)
Hi=1+—. 29 _
y in addition to Eq.(3.3). Further, by using
_ 1234y _
One notices, however, that different terms in the metric (1-I""e. =0, 3.7

above come with different powers &f;, leading to diffi-
culty in choosing a “null geodesic” to define an appropriate
Penrose limit and find brane solutions.

all the supersymmetry conditions are solved by spiners:
=exp(—3Infy)ed, with €2 being a constant spinor. The
D-string solution in Eq(2.1) therefore preserves 1/8 super-
symmetry. All other Dp-branes p=1,...,5), obtained by
Ill. SUPERSYMMETRY ANALYSIS applying T dualities as discussed above, will also preserve
the same amount of supersymmetry.
Next, we will analyze the supersymmetry properties of
In this section we present the supersymmetry of the soluthe intersecting branes. We will concentrate on ({b&-D5)
tions described earlier in Sec. IlA. The supersymmetrycase explicitly. The dilatino variation gives the following
variation of dilatino and gravitino fields of type IIB super- conditions on the spinors:
gravity in ten dimensions, in the string frame, is given by ) s
[33,34,23 IMNe.—T'*"'e-=0, (3.8

A. NS-NSpp wave
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. 1 nn all the supersymmetry conditions are satisfied, thus preserv-
IMe.+ gfii&ipk'G:ZO, (3.9  ing 1/8 unbroken supersymmetry.

' Next, we present the supersymmetry property of the
D1-D5 solution written in Eq(2.7). The dilatino variation

T2 34y
(I + e =0. (3.10 (3.1 gives the following conditions on spinors:
One needs to impose all three conditions specified above for MNe.—T+ie_=0 (3.16
the dilatino variation to vanish. On the other hand, the grav- - s ’
itino variation gives . 1
e+ ae;ml"k'e;=0. (3.17

SYi=d, ey (ife) AT 24T e, =0,
On the other hand, the gravitino variatig.2) gives the
following conditions:

51#{56'764::0,
+ _M _ 21588 23458
) 1 fla f5a ) 5¢155+6i+§(f1f5) 1/2[(F+1256+F+3456)
oYy =die.=— 3 f—'et-i-f—' €., OYg=de.=0.
1 5 Sassa nassa -
(31]) +(F+1278+F+3478)]F76t20'
In writing down the above gravitino variations we have once SYr=0_€.=0, O, =0dze.=0,
again made use of the projectibri e. =0. The above set of
equations can be solved by imposing . 1ify;  fg
5¢f55i6i=—§ T F €+, (3.18
(1-T1% ¢ =0 (3.12 e

where we have once again used the necessary condition

in additi?n to Eq.(30.8) and the solution is given as. l"j’ei=0 along with the ones in Eq€3.16 and(3.17). The
=exd —5 In(f,fs)]e. . One therefore has 1/8 supersymme- ghove set of equations can be solved by imposing further
try for the (D1-D5) solution presented in E@2.3).
(1-T12% e, =0. (3.19
B. RR pp wave
One therefore has 1/8 supersymmetry for the D1-D5 system

Now we present the supersymmetry of th@Das well as described in Eq(2.7) as well

of the (Dp-Dp’) branes in the RRop-wave background

given in Sec. Il B. First we discuss the supersymmetry of the
D-string in Eq.(2.5). The dilatino variation3.1) gives

R naa A. NS-NSpp wave

e, —I'*t2_-=0. (3.13

IV. WORLDSHEET CONSTRUCTION OF p-p’ BRANES

In this section, we will discuss th®1-D5)-brane system,

Gravitino variation gives the following conditions on the constructed earlier in the paper, from the point of view of
first quantized string theory in the Green-Schwarz formal-

spinors:
P ism, in the light-cone gauge. In the present case, in the flat
. T s annn directionsx,(a=5, . ..,8), wehave the Dirichlet boundary
O, =0 € Igff 2 (I +12564 I +3456) condition at one end and the Neumann boundary condition at
the other end of the open string. Alordi=1, . . . ,4)direc-
+(Fiié%é+ri§2ﬁé)]rl&:0, tions, one has the usual Dirichlet boundary condition. The
- relevant classical action to be studied in our cefeer im-
SYE=0_e.=0 posing the light-cone gauge conditions on fermions and
T bosond10)) is as follows[35]:
1fy; _
Y=gy =—2 M, L=Ly+Ly, 4.0
8 f,
where
+_ _ 1 fl,a _ 22
Sy =dj€.=— 3T €= (3.19 Lp=09,Ud_v—mX "+ 3 Xd_Xj+ 4 Xd_Xg
1
where we have once again imposed the necessary condition +,U«(i j):%) 5 X'(d,ud_xI—a_ua,x), (4.2
I'"e.=0, in addition to Eq.(3.13. Further, by using the N
condition L;=iSr(d, —MM)Sg+iS, (- +mM)S, , 4.3
(1-T1%%) =, (315  with
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m=a'p'u=2a'p,u, (4.4) 9,.5:=0, 9.5 =0. (4.14

1 5 a Now we will write down the boundary conditions for the
M=- 5(7 7. (4.9 fermions in the mixed sector. As the equations of motion and

_ _ _ the boundary condition for the componeS[sR are identical
Eight-component real spinorsS(,Sz) have been obtained to the ones in flat space, we only concentrate on finding an
from 16-component Majorana-Weyl spinors in the left a”dexplicit solution for~S,_ « below. Following[10,21,35, one

the right sectors after solving the light-cone gauge condizan write down the boundary conditions for the fermions as
tions.

The equations of motion and boundary conditions for 3 -_3 41
bosonsx',x® in our case are as follows: o= Rlor=o. (419

5+£;'_Xil+mzxil_mfiljl(ﬂ_le_c?_,.le):O, a+£7_xa=0, SLla':'n':SR|(T=7T! (416)
(4.6 . R
. SL|0'=O,7T: SR|0'=O,7T . (417)
a(rxa| =0~ 0—,7Xa| o=m" 0, X' | o=0m" const. (47) -
The solution for thes_ g equations of motioi4.13), with the
The solution to the bosonic equations of motion, with theahove boundary condition, can be read fr§8%], and has
boundary conditions specified above, is given[dgfining  the following form:

X=(12) (x +ix2) andX2=(12)(x3+ix*)] [35]

1 - 'éL: _e—2ma/\ 2 sre‘”(”"), (4.18)
Xo,7)=i >, —afe ""costro (a=5,...,9, re(z+1/2)
re(z+a2) I
(4.8 ~ .
SR=872m(rA z Sreflr(ff(r)_ (4.19
re(z+1/2)

i _ _—2ime 2ime_ o 7
X'(o,7)=¢€ Xo+ (X1€ Xo)
i

The canonical quantization conditions as well as the
worldsheet Hamiltonian for the D1-D5 system discussed

1 bove can also be written in a straightforward manner fol-
+i T i a-inT o . . a g . X 9 .
'go p@n€  sinha (4.9 lowing the procedure ifi35]. We skip these details.
To consider the equations of motion of fermions, we note B. RR pp wave

that the matrixM evidently breaks the S@) symmetry fur-

ther, and thereby splits the fermions in the-&8+4 way Now we present the worldsheet analysis of {Bd-DS)

system discussed earlier in Sec. Il B. This can be done by

SL.—(S1,51),Sr— (SrSR): realizing that thep p-wave background for these solutions is
~ ~ given by aT-dual configuration of the ones presented in
123 SLR —SLRr [10,21]. More explicitly, in the worldsheet action in the
v . =| . . (4.10
present case,
SL,R SL,R
In this connection, one also introducex 4 matricesA and L=Letle, (4.20
% where
ylz(éL,R) - AS R 412 Lg=0,Ud_v—M2X?+ 0, X d_Xi+ 4 Xo0_X,, (4.21)
SL,R ESL,R . . .
Le=iSrd;Sg+iS 0,5 —2im§ M SR, (4.22
with A2=32=—-1. A and ¥ in the above equation are
4 X4 antisymmetric matrices with eigenvaluesi. Using with
this notation, one has
! I m=a'p'u=2a'p,u, (4.23
E A%
M AL,R :< L,R) ' (4.12 M=— %(712+ ,y34),)/56, (4.29
SL,Fl 0

_ _ _ _ o the terms involving fermions are easily seen to be related to
The equations of motion written in terms 0§,(,S;) and  the ones if10,21] throughT dualities along® andx®. This
(S5,SR) are then of the form in fact leads to the relation

9.(e2"8)=0, 9_(e 2™S)=0,  (4.13 S'k=7"%R, (4.25
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and reproduces the original action[it0]. The mode expan- Ngsli

sion for fermions as well as canonical quantization condi- Fmnp=€mnpdif, f=1+ -z (5.4
tions can therefore also be written down in a straightforward
manner. We end this section by pointing out that, since th
D-brane solutions found in this paper preserve less than 1/
supersymmetry, some of the restrictions on the brane direc[h
tions imposed using zero mode consideratif?8| do not
directly apply above.

ne notices that the background has only one constant three-
rm field strength £, 1,). We have once again verified that

e solution presented above satisfies type 1IB field equa-
tions.

One can then write dowfby applying S duality on Eq.

(5.4)] the NS5-brane in @p-wave background of the little
V. BRANES IN “LITTLE STRING THEORY” string theory[36] as

Supergravity backgrounds 4 adx dx- 232/ 4yt )2
In this section, we discuss the branes in the Penrose limit XTdxt—ptzdx)
of “little string theory” (LST). pp waves of nonlocal theo- 2 2 4

ries have been discussed recently in the literaf@6:-3§. +2 (dz)2+ 2, (dyp)2+f2 (dxa)?,
Among them “little string theory” arises on the world vol- =1 p=1 a=1
ume of NS5-brane, when a decoupling lingit—0 with
fixed o’ is taken[39,40. To construct our solution, we start
with the NS5-brane solution given by the metric and dilaton:

eZqJ:f, H+12:2/.L,

Hmnp: Emnpr&rfy (5.5
ds?=—dt?+dy2+H(r)(dr?+r2dQ3),
with the H’s being the NS sector three-form field strengths.
20 _ 42 We will now consider the dilatino and gravitino variation
e’P=gZH(r), (5.9 _ .
of the solution presented in E(p.4) to study the supersym-
with H(r)=1+NI%/r2. The near horizon limit of the above Metry properties. The dilatino variation gives the equations

solution is the linear dilaton geometry, which in the string

L . 1
frame is given by 2. + ae;‘gganCde;:O, (5.6)
dr?
_NI2| _ 432 2 21 i 2,
ds’=NIg| —dt2+coggdy’+do*+sifodg?+ — r+i2¢_=o. (5.7
2
+dys, 52 The gravitino variation leads to the equations

with t=NIt. The pp-wave background of LST is then . W2z .- 1 . fa .-
found by applying the Penrose limit to E¢.2). We, how- SVi=4. ei-l—TFﬂet-i- 1_6ﬂ222T/2F+ae+
ever, consider the case after applyfBguality on Eq.(5.2). f

Applying the S duality transformation and then taking the

Penrose limitas described ifi36]), the background solution Hpiip-. o (5.9
is given by 4
d?= — 4dx" dx~ — u2Z2dx* 2+ (d2)?+ dx2+ dy2, oW==0_e.=0, (5.9
e??=const . M iis o
! eraiGi_ZF 5if1—‘|€1:0, (51@
Fi12=Cu, (5.3
. . - SVi=aye.—rH25 ;TPe =0 (5.11)
whereF | 4, is the three-form field strength in theplane. e ppt SF T '
Now we proceed to analyze the existence and stability of
branes in this background. The supergravity solution for a 1f,a w .
system of D5-branes in this background is given by OV, =dper+= ——e.— — U125 . 3_=0.

o

f 4
2 (5.12

_e-12) _ Ty — 112520 4y t)2 2
ds’=f ( AdxTdx = ptzi(dx) +Zl (dz) In writing this set of equations we have used the condition

4 (5.6). Imposing the conditiol’ " e=0, we further reduce
42 dx,)2, them to
2 (dxy)

2
+ 2, (dy,)?
p=1

RS
Q2P -1 Floi=2u, 0, €~ 4F I' e-=0, (5.13
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1f,a We have also presented tti21-D5)-brane construction from
J-€:=0, diex=0, Jdpe+=0, Ja€x=—g G €x. the point of view of the massive Green-Schwarz formalism
(5.14) in the light-cone gauge in NS-NS and Rpp-wave of
AdS;x S*XR*. It will be interesting to study the gauge
Since Egs(5.13 and(5.14) are integrable ones, in this case theory duals of the branes presented in this paper by using
we get 1/4 supersymmetry. It will also be nice to give aoperators such as “defects.” One could possibly also look at
worldsheet construction for such D-branes. the black hole physics using tH®1-D5) system presented
here in an attempt to understand their properties.
VI. CONCLUSION
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