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ABSTRACT: We study aspects of Dirichlet S-branes, which are defined as Dirichlet bound-
ary condition on a time like embedding of open strings, in general backgrounds. By
applying T-duality along an isometry of the unphysical dSs-branes in NS-NS supported
AdSs-background, we find SO-brane. We also study the time dependent tachyon conden-
sation on the unstable Dp-brane and interpret the singular solutions as lower dimensional
S(p-1)-brane that couples to real Ramond-Ramond fields while to imaginary NS-NS modes.
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1. Introduction

Space-like branes or S-branes [[l] are fascinating objects in string theory. They are defined
as a kind of topological defects localized on a space-like hypersurface, and hence can only
exist for ‘moment’ in time. The rolling of the open string tachyon on an unstable D-brane
(for a review see [[] and references therein) namely the decaying branes to the closed string
vacuum in some cases can be considered as an array of Dirichlet S-branes in imaginary time
Bl. In general S-branes can also be viewed as the time-dependent homogeneous solutions
in string theory or in supergravity, localized in a given instant of time. They have been
very useful in understanding cosmological applications of string theory.

Dirichlet S-branes are also obtained by imposing a Dirichlet condition on the time like
coordinate of the open strings []. Under T-duality along a transverse spatial direction
the S-branes are shown to be T-dual to the D-branes with overcritical electric field. It
was further observed that unlike the D-branes, in the first quantization of the open string
between a pair of S-branes, there are only a finite number of physical states that increases
when they gets separated with time. In general S-brane solutions in the type-II string
theory can be obtained by analytically continuing the usual D-brane boundary states, but
one has to keep in mind that it radiates the Ramond-Ramond field with wrong reality
property. In other words one can have a S-brane with real R-R charge, but then it won’t
be a solution of type-II theories rather its existence can be predicted in IT* theory. Further
it was shown that the generic S-brane configurations should decay into a bunch of D-branes
(or brane-anti-brane pairs).

D-branes in the Anti-de Sitter backgrounds have been studied by various authors in the
past by using various techniques, see for example ([§-[[5]). String theory on the SL(2,R)
and its discrete orbifolds have shed new light in the conjectured AdS/CFT duality. The



corresponding target space geometry is AdSs supported by NS-NS three-form flux. D-
branes in this background has been considered in the past. In [[], it was shown that
the dSs-branes in AdS3 are unphysical due to the presence of overcritical electric field.
So it is tempting to examine the behavior of these unphysical D-branes in the T-dual
background in the light of []. We address this question in this paper. In doing so, what
we achieve is the following. First of all we are able to find a physical interpretation of the
unphysical solutions with imaginary electric flux etc as in the T-dual picture the SO-brane
that arises from the time dependent tachyon condensation on unstable D1-brane. Second,
the previously found unphysical solutions correspond, in fact, to perfect and acceptable
solutions in string theory (even if the initial configurations of tachyon that corresponds to
S-brane have to be fine tuned) since they arise from the open string tachyon condensation.

The rest of the paper is organized as follows. In section J| we try to spell out some
properties of the Anti-de Sitter D-branes and show the unphysicalness of the dSs-branes
in AdSs. In section f, we apply T-duality along one of the symmetry directions, and
interpret the solution that can be seen as DO-brane moving along that particular direction.
We find out the equation of motion for the dynamical variable for the later comparison
with the SO-branes. In section f|, we study the time dependent tachyon condensation on
the unstable D-brane and found out the signature of the S(p — 1) branes. In fact, we
found that the dynamics of the kink is governed by the equations of motion that arise from
the S-brane effective action in given background !. We further analyze the properties of
energy-momentum tensor derived from such DBI action. The main result of this analysis is
the fact that the singular time dependent tachyon condensation on an unstable Dp-brane
leads to the emergence of the object whose equations of motion arises from the action that
can be interpreted as S(p-1)-brane with imaginary tension (in other words, it couples to
imaginary NS-NS modes) and with real charge with respect to Ramond-Ramond fields.
This is equivalent to the analysis performed in [d] where this kind of Sp-branes was named
as S~ p-brane 2. Then we apply this general procedure in section [ to find out the SO-brane
equations of motion that resembles with that of the D-brane in the dual background.
Finally in section [, we present our conclusions.

2. D-branes with overcritical electric fields and emerging S-branes

In this section we study the properties of the D-branes with overcritical electric fields. Let
us begin with the AdS; x S metric in global coordinates:

ds? = L2 [~ cosh? pdt? + dp? + sinh? pd6?] + L2 [cw? + cosh? Ady)? + sin? edag] (2.1)

!S-brane action was also studied in @,@]

2Tt is necessary to mention one important subtlety considering our results and the work [@ It was argued
there that the S~ p-brane should contain open string tachyon in its world volume theory. Unfortunately
using effective field theory description performed below we are not be able to find the evidence for the
existence of this tachyon. It is of course possible that more general ansatz for fluctuations around the time
dependent tachyon solution of the non-BPS Dp-brane world volume theory will contain in its spectrum a
tachyonic mode. We hope to return to this problem in future.



supported by the Neveu-Schwarz three-form field
H = dB = L*sinh(2p)dp A df; A dt, B = L?sinh? pdf; A dt . (2.2)

Let us consider the D1-brane in the above background with the DBI action
S=-n /ngeq’ —det A, (2.3)

with
A = gund, XMo, XY + byn0, XMo, XN + (2ra!) (0, A, — D, A,), (2.4)

where Dp-brane tension is equal to

1
Tp = , (2.5)

(2m) 7 (2mal)

XM M =0,...,9 label the position of D1-brane, gysn ,byn are background metric and
NS-NS two form field respectively and A, = 0,1 is worldvolume gauge field. Now the
equations of motion for X derived from the action (R.3) take the form

—d
Ok [rpe %]V —det A + T”Z Ok garn + Oxcbarn] 9, XM, XN (A1) V=det A —

=0 [roe ™ {grcnrd, XM (A7) 4+ bicasd, XM (A7)} V= detA] =0,

(2.6)
while the equation of motion for the gauge field A, takes the form
Oy [Tp6_¢(2ﬂ'a,) (A_l)zu VvV —det A} =0, (2.7)
where the symmetric and anti-symmetric part of the (Afl)w, respectively, are given by
1 1
—1\VH —1\VH —1\H¥ —1\VH —1\VH —1\HV
(AT =5 ((AT) T+ (AT)) (AT =5 (A7) =(A7)7) . (28

Let us now consider the D1-brane that wraps ¢; direction and study its dynamics when all
the worldvolume modes depend on time only. More precisely, we fix the gauge as

6, =€, =1t =X° (2.9)
and also take Ag = 0. Let us also presume that p = p(t). Then the matrix A is equal to
Aoy = —L? cosh? p+ L?p?,
Aoy = —L?sinh? p + (2rd) Ay, ,
Ay = L?sinh? p — (2m/) Ay, ,
A = L? sinh? 0,
(2.10)
where f = %. Consequently we get

det A = det g+ Fpp, , (2.11)



where
det § = —L*cosh? psinh? p + L*sinh? pp? , Fg, = —L*sinh? p 4 (2ma’) Ay, (2.12)

and also

_ 1 go0, —Fto
A = T 2.13
( ) det A ( ftgl git ( )
Now the equation of motion for A gives

(2ma )11 Fio,

~ 2
—detg — Fp,

g2q* det g
 g2¢* + (2ma’)? 7Y

We must also check that the equation of motion (B.f) are obeyed for the ansatz (R.9). For
K = 6, the equation (B.6) is trivially satisfied since now all the modes do not depend on
6,. On the other hand the equation of motion for X° gives

o [g Gt (Afl)go,/—_ detA] + do [?bwl (Aq)eAlt —detA| =0 (2.15)

and hence we obtain the conserved quantity

E  —9190:0, \/ ¢? + (2ma! 17957 — qbyg,/~ det g (2.16)
or (2ma/)/—det g '

using (R.14). Some comments regarding the definition of the conserved quantity E is in

order now. Here E means the conserved energy of the Dl1-brane that arises by simply
integrating over 6; direction which implies (for homogeneous worldvolume fields) that E

is proportional to 2. We have further included the factor e=® = e~ %0 =

gis, where g, is
the string coupling constant. This factor is important for the later comparison with the
DO0-brane equations of motion which we derive in the next section.

Let us try to evaluate the energy on the solution [f]

coshpcost =C,C > 0. (2.17)
Firstly, we have
Lic?
—detj = c?—-1). 2.18
ety = (€ ) (218)

Then the expression for energy is

C\/q 21a’) "2 + 72952 + ¢/C? — 1
— = L%sinh®p
o c?2-1

(2.19)

As we have determined above E has to be conserved, but on the other hand we see that it
depends explicitly on sinh p. So the only possibility for it to be conserved is that it has to
vanish. This occurs when

_ - q
C\J@(2mal) 2 + g + oy VO 1 =0 (2.20)



and this implies
2
¢ = —C*(2ra/)? L. (2.21)
S

So we obtain the well known result that the dSo-brane corresponds to the unphysical
situation when the electric flux on its worldvolume is purely imaginary.
Let us now return to the equation of conserved energy and try to solve it explicitly.

Using the conserved energy given in (R.1() we get

4,2
cosh? psinh? ,o(LQT‘? + #)
2 = — a2 " + cosh? (2.22)
p = (E— L_2 . h2 2 P .
2 sinh? 1)
using
2 L,
T = m’ro . (223)

The differential equation above can be solved explicitly, however it leads to the very
complicated result, which we don’t wish to present here. We will only briefly discuss the
properties of given solution when we presume that E,q are real and also p> > 0. Then the
equation (R.22) implies following bound for p

L* cosh? psinh? p(T29:2% + (2ma/)2¢%)

- +cosh?p > 0. 2.24
(£ — g(2ra’)~1L2 sinh? p)? P (2.24)

Solving this inequality leads to the condition
sinh? p € (0,sinh? p,), (2.25)

where sinh? p, is a root of the quadratic equation given above. In other words, for real F
and ¢, we obtain motion in the finite interval and D1-brane cannot reach the boundary of
AdSs.

Instead of studying the properties of the classical trajectory of D1-brane in more detail
we rather turn our attention to the possibility of explaining these unphysical solutions with

imaginary electric flux in the T-dual set up.

3. T-dual background

On the other hand it was argued recently that such a configuration could be related to
T-dual situation where it could correspond to Dirichlet S-brane. To make this statement
more clear and precise, let us apply T-duality along 61 direction. More precisely, the action
of T' -duality along the symmetry direction #; maps the string frame metric to string frame
metric [2(]

1 1

ngdé?ldx” +

do?
99191 99191

- 1
d’s = o/ [g,w — —— (961 90,0 — Bungygl):| datdx” + 2

0101

-« ” 1 o
B = —dz" Ndzx [BMV — —(glunggl,, + Bu@lgely)] + —ggwdé?l A dz"
2 0161 96,6,

~ 1
(b = (b_ §1Og99191 : (31)
where we have included in the original components of the metric g,,, and the anti-symmetric

. . 2
tensor By, the dimensionless factor %



Now we are ready to perform the T-duality along 6; directions. Recall that in our
convention #; is dimensionless and periodic with period 27. In T-dual background we
rename 61 as z that is still periodic with period 27. Finally we write T-dual components
of the metric g and the anti-symmetric B with the factor o/. Then the metric components
of the dual background take the form (We denote the dual variable to 0; as z)

04/2

m y Ot = ~L? Otz = Jat = o ,gpp =L? (3-2)

gzz =

while the other components of the metric remain unchanged. We also get new components
of the anti-symmetric B field

B =—L". (3.3)
Finally, we also obtain nonzero value of the dilaton in the form

~ 1 L

¢ = ¢0 — 511’199191 = (bo —lnﬁsnlhp. (34)

Under T-duality the D1-brane that wraps the circle is mapped to the D0-brane that moves
around this circle. Recall that dynamics of the DO-brane is governed by the action

S = —To/dTe_cb\/ —A,A = gMNXMXN, (3.5)

where in the following we omit the tilde on g. The equations of motion for X™ that follow
from the action (B.5) take the form

1 . . 1 d

P o M N
—A.—_ — —
OK [e }\/ 26 aKgMNX X —A + /

Now we fix the gauge that the worldvolume parameter 7 is equal to t = X°. Then A is

e

(3.6)

equal to
A=gu+ gppp2 + 291, 2 + 92222 (37)

and also the equation of motion for X? = 7 takes the form

d le_q)(goo + 9. 7)

= Ve =0 (3.8)

that implies that the quantity in the bracket is conserved. As usual it is useful to make

use of the Hamiltonian formalism after fixing the gauge. To do this we observe that the

Lagrangian has the form

L= —\/V =) (fi(8®")? + Bidp®) = - A, (3.9)

where V' contain scalar potential for various fields ®¢. The conjugate momentum P; to ®;

takes the form

§ 2£:00®" + B; S 1
£ _ 2% + P = — (2B,A — B;) (3.10)

P= s = :
300D 2N 2,



so that the Hamiltonian is equal to

2
. WY B
i fi 3

H= Pod'—L=—"21 _N""p
I L

i

B2 P2 B;P,
<V+Z4—J§i> <1+ZTZ>_Z T (3.11)

i

where on the second line we have expressed the Hamiltonian as a function of canonical
variables @/, P;. Returning to the action (B.H) we obtain

V= _672(137—(?91% 5 fz = 672¢ngzz s fp = 672¢ngpp B, = 2672@7—392«1&
(3.12)
and hence the Hamiltonian is equal to
1 1 1 Jat
H = —GttG2> + g7 <62q’72 + —P2+ —P2> - =P,. 3.13
NG \/( tgzz + Giz) LR P A (3.13)

Firstly, since the Hamiltonian does not explicitly depend on Z it implies that P, is constant

of motion

P =—-""=0. 14
57 =0 (3.14)

On the other hand the equation of motion for p is
_oH 1
5Pp 9zz9pp

P
(= 919z + 95) 7 (3.15)

p :
E+ZLp,

As usual we simplify this equation using the fact that the Hamiltonian is conserved and
equal to energy E. Then we express from (B.13) P, as

1 L? T L
2 _ 12 0 o2 2 1.2
Py = m (E + ?PZ sinh ,0> — (a’92 sinh* p + EPZ sinh ,0>

S
(3.16)
using the explicit metric components given above and also the fact that e 2% = % sinh? p.

92
Then we obtain
,h4 iy h2 L4 2 L4

p-2 _ _ COSL2 p Sin 2,0 < ITg + —I2PZ2> + COSh2p- (317)

(E + &P, sinh®p)2 \ /g5 «

Now the equation (B.17) describes the dynamics of DO-brane in dual background. As we
expect this equation is the same as the equation that determines the dynamics of D1-brane
in the original background. In fact, we see that this has the same form as the equation ()
if we identify

P2 =¢%. (3.18)



Naively we can say that this is the correct quantization condition for the motion of a test
DO0-brane along a compact direction of periodicity 2. Of course there is an important issue
that the momentum is imaginary and hence the wave function of D0-brane is not periodic
in z variable®. We should rather claim that the momentum P, is conserved with the value
given in (B.1§).

We can also see that the energy is the same in both cases. Then it immediately follows
that the classical trajectory cosh pcost = C which corresponds to imaginary P, is again
unphysical while E is equal to zero. Note also that the equation of motion for z takes the

form
oH 1 2 P, gzt
_ o9t - I 3.19
5P, ggz( g1t9zz + gtz)E T %Pz 0o ( )
that for £ =0, P, = —¢q, reduces to
. .2
Z:_&:_/_ (3.20)
9zz «

We see that the velocity v, is constant and it does not depend on the value of the charge
g. This result is a consequence of the fact that the energy FE is zero for the trajectory
cosh pcost = C as can be seen easily from the form of the equation (B.19). On the other
hand it is also clear that when E # 0 the motion along z direction will depend on P,.

In summary, in the T-dual picture in case of ordinary DO-brane we once again obtain a
situation which is unphysical. Then, following [d] we can expect that in T-dual background
the object, that is obtained in the dual picture of the corresponding D1-brane will be a
S0-brane. To see this explicitly we perform in the next section the analysis of the time-
dependent tachyon condensation on unstable Dp-brane in general background. We argue
that there exists a singular time dependent tachyon solution which leads to the emergence
of S(p — 1)-brane that has imaginary charge with respect to NS-NS fields however has real
charge with respect to the Ramond-Ramond (RR) fields.

4. S(p-1)-brane in general background

This section is devoted to the study of the singular time dependent tachyon condensation
on the world volume of non-BPS Dp-brane that leads to the emergence of S(p-1)-brane.
Once again, we begin with the Dirac-Born-Infeld like tachyon effective action in general

background [R1-P4] 4

S = —/dp“ge—‘PV(T)\/— det A,

A = gun0, XMo, XN + byn0, XM, XN + Fy + 0,70, T, pu,v=0,...,p,
F, = 0,A, —8,A,, (4.1)

3In any case, if one computes the squared norm of the tangent vector to the DO-brane trajectory, this
2 4
gives *1:-529;40;;%)- Therefore if P, is imaginary this corresponds to supernuminal signature.
4We will work in this section in units (27a’) = 1.



where A, ,p,v =0,...,p and XMN M N =0,...,9 are gauge and the transverse scalar
fields on the worldvolume of the non-BPS Dp-brane and T is the tachyon field. V(T) is
the tachyon potential that is symmetric under 7' — —T' has maximum at T = 0 equal to
the tension of a non-BPS Dp-brane 7, and has its minimum at 7" = 400 where it vanishes.

We must also stress that there exists a Wess-Zumino term for non-BPS Dp-brane that
expresses the coupling of this Dp-brane to the Ramond-Ramond fields. [R5-R9 that is
expected to have the form

Swz = /2 V(T)dT A Cel™8 (4.2)

where X denotes the worldvolume of non-BPS Dp-brane and C collects all RR n-form
gauge potentials (pulled back to brane worldvolume).

In what follows we closely follow the analysis performed in [B(]. As usual we start
to solve the equations of motion for 7, X™ and A,. The equation of motion for tachyon
takes the form

— e V(T)V=detA + 0, [e™*0,T (A7) V=det A] + Jr = 0, (4.3)

where Jp = %SW 7. For scalar modes we obtain

de?

_(SX—KVV_detA_

e ® OgMN Mg yN , 0buN M N _1\VH

~3 \% 6XK8X 0, X +6XK8X 0, X (A ) vV —det A +

+ 0 |V, XM (A7) V= det A +

O [ Vbicn 0, XM (A7)} V=det A + Jic =0,
(4.4)

where Ji = Sw z. Finally, the equations of motion for A, are given by

5XK
0, |7V (A7) V=detA] + g =0, (4.5)

where JH = JAH Swz. Now we try to find the solution of the equations of motion ([£3),
(#.4) and (f.5) that can be interpreted as a lower dimensional S(p-1)-brane. More precisely,
we can show that the dynamics of the kink is governed by the equations of motion that

arise from the action for S(p-1)-brane in general background

S = SPp+ Stz
SgBI = —Ts(p_l) /dp§e_<bvdeta,

1 ~
S § ag...o n
SWZ = :U’S(pfl) n'(2')n(2p _ 2TL)' /dpge ! p(f)al...a2n602n+1...ap bl (46)
n>0




where

a5 = (gun +0un)0a XM 05X N 4+ Fop5,
ﬁa,@ = Fa,@ + bMNaaXMBﬁXN s

Ca2n+1...ap = CM2n+1...Mpaa2n+1XM2n+l cee aapXMp (4-7)

and % o = 1,...,p. Finally, Tg(,_y) is S(p-1)-brane tension and pg(,_1) is the charge of
S(p-1)-brane with respect to Ramond-Ramond fields. These quantities will be determined
during the calculations.

In other words we will show that the modes given in (f.14) that propagate on the
worldvolume of the kink obey the equations of motion derived from (f.§) that have the
form

se®
— TS(pfl)M—K V deta —

e~ ® SgMN M N Oby N M N —1\Ba, /
_TS(p*I)T (M—KaaX aﬁX + M—KaaX aﬁX ) (a )6 deta +
+T5(p,1)8a [efq)gKMGBXM(a*l)gavdet a] +
+T5(p_1)8a [e_q)bKM(?ﬁXM(a_l)iav det a} + jK =0, (4.8)
where
= 0Swz
i = XK

1
= M o
S-1) 7; nl(20)7(2p — 2n)!

€a1 o [8KbMNaa1XMaa2 XN (j:)nil

[e'%} ...agnca’2n+l -.-Qp

+(‘7:-)21...agnaKéMLnMQp—Qn a042n+1)(]\/[1 s 8apXM2p72n -

_2n6a1 |:bKM8042XM(ﬁ)n_1 éa2n+1---ap] -

ag...02n
—(2 = 20)0ss | (P CR Mo My D2 X2 - By XM [ | (49)
In the same way we get that the equation of motion for A, are
Tsp—1)93 [e_q)(a_l)iﬁ\/ —det a} +J*=0, (4.10)
where
jal _ 2n a1...ap g ]} n—1 CN 4.11
=00 D oy gy O [CaLou e (4.11)
n>0

In what follows we will proceed in the same way as in [B(] so we can be brief and recommend
the paper [B(] for more details.

We begin with the presumption that the tachyon kink depends on the time coordinate
on the worldvolume of Dp-brane. We will also see that when we consider the singular limit
we obtain the formal solution that leads to the negative expression under square root. In
spite this fact we will argue that this singular solution describes S(p-1)-brane.

,10,



More precisely, let us consider the following ansatz for tachyon [BI]

T(x,8) = fla(z —t(E)), (4.12)

where z is time coordinate on the worldvolume of Dp-brane and where t is some unknown
function of the £€*,a = 1,...,p euclidean coordinates on the kink. We also presume as
in [BI] that f(u) satisfies following properties

f(=u) = —f(u), f'(u) >0,Vu, f(£oo) = +o00 (4.13)

but is otherwise an arbitrary function of its argument u. a is a constant that we shall take
to oo in the end. In this limit we have T' = oo for z > ¢(§) and T'= —oo for x < t(£). Let
us also presume following ansatz for the massless fields

XM(x,f) = XM(&) ,Am($,f) = O,Aa(x’g) = Aa(g) s a=1,...,p. (414)

With this ansatz the matrix A, takes the form

a2 f/2 _a2 fIZaﬁt
A= (—a2 JP0ut agp + a® f20,t0pt | (4.15)

where

ayg = (gmnN + bMN)aaXMBﬁXN +Fop. (4.16)
Now using the fact that
1
det A = det <Aa5 — Aax—Ax5> det A, (4.17)
Afl’fl’

we get

det A = a®f"?deta. (4.18)

As a next step we determine the inverse matrix (Afl). After some calculations we get the
result

(A" = (@) (A7 = datla)™,
(A—l)am _ (a_l)aﬁagt, (A—l)mm _ &lt(a_l)aﬁagt (4‘19)

For next purposes following relation will be also useful

Lo (AHT. (4.20)

(AT = (A1) Oat = Py (0% s

S

With the help of this expression we get

Iy [e_év&,T (A™HE V—det A} =V'af'e"®/—deta—-Va, [e_é(a_l)gaaﬁt\/ —det a] ,
(4.21)

— 11 —



where we have used the fact that the only field that depends on z is a tachyon. Then the
DBI part ® of the tachyon equation of motion ([.3) takes the form

O [V(f)e*q)(afl)ga@gt\/ —det a} = 104 [V(f)e*q)(a*l)ga@gtv det a] : (4.22)

Now we consider the DBI part of the equation of motion for X (f4). In the same way
as in [B{] we can show the the DBI part of the equation of motion ({.4) takes the form

—3
vV —1af/V <—(9K[6q)] vVdeta — GT (gMN,K + bMN,K) &IXM(%XN(a’l)aﬁ vdet a
—|—(95 {e*q’gKMaaXM(a*l)gﬁ vdet a} + (95 [efcpbKMaaXM(ail)ﬁa vdet aD .

(4.23)

Now let us consider the DBI part of the equation of motion for gauge field ([L.F). For A,
we get

Oy [Ve_<I> (A_l)zy VvV —det A} =V—1af'V, [e_q)(a_l)iaagtv det a} . (4.24)
On the other hand the equations of motion for A, take the form
3, [6*4’ (A1) /= det (A~ )} V=laf'Vy |e [ ?(a1)%’V/det a] . (4.25)

As a next step we evaluate the currents Jp, Jx and JH'. for the ansatz ({.19) and
([{14). 1t was shown in [B(] following [BJ] that these currents take the form

2n

I = Z n!2m(2p — 2n)!em..#p+1a“2 [V(T)(]_—)Z;-l-lﬂnclmn-ﬁ-l---/»‘Pa/»‘p-HT] ) (4.26)
n>0
1 n
= Z<:o nl(2h)™(2p — 2n)!€mmup+lvl(T) ((j:)m---uanMnH---upaupﬂT) -
1 n
_8ﬂp+1 Z n!(z!)n(zp _ Qn)!emmuﬁl [V(T) (f)ul...ugncﬂ2n+1---ﬂp] (4'27)
n<0
and
1
— P11
T 7; ey —an)
X [V(T)orrn, 0y XM 0y XN (F) L 1 Crinir oot Oy T
V(T)(]:)Zl...ugnaKCMl Moy 2naﬂ2n+1XM1 8 XM2P 2na“ +1
—20,, [V(T)br a0y XM (F) o Chinis oty Oy T — (4.28)

_(2p_2n)82n+1[ (T)(‘7:);“...ugnCKMQ---MQp—2n8ﬂ2n+2XM 8 XM2P 2naﬂ +1 H :

Let us start with Jp that can be written as

1 n
== 2 VD) iy =z e (P, Comery) - (4:29)
n<0

5?DBI” part of the equation of motion means the part that arises from the variation of the DBI action.
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As the first step we determine the components of the embedding of various fields. It can
be shown [Bd] that the only nonzero components of F,, are F,g. For C™ the situation
is the same, namely any component with = index is equal to zero. Then it can be easily
shown that the tachyon current is equal to zero [B{].

Now we consider the gauge current J*. Firstly, it can be easily shown [B(] that J? is
equal to

T 2n TQag...q n—1
7 _aflvgme 1 pao‘l [(f)QS---QQnCOJMH---apflaapt] (4'30)

while J% takes the form

TN =>"af'V

n>0

2n

mealaz...a;ﬂa&Q [(]_—)nfl C ] — af/Vjal, (4‘31)

3. phon ~ H2n+1---p

where we have introduced the notation J* that is a correct form of the gauge current for

S(p-1)-brane. If we now combine ([.25) with ({.31) we get
af'Vv [iaﬁ [e_q)(a_l)jﬁv det a] + ja} =0. (4.32)

Let us now analyze the behavior of the term af'V in the limit a — oco. Since by definition
f'(u) is finite for all u it remains to study the properties of the expression aV. Since
V ~e T for T — oo we have

lim aV (f(a(x —t(§)) = (for x # t(£))

a— o0
a 1

- _ i o~ flale—t(©) _
A T ®) (5 = @) 0. (4.33)

We see that for x # t(§) the expression aV goes to zero in the limit a — oo. On the
other hand for z = ¢({) the potential V(0) = 7, and hence in order to obey the equation
of motion for A, we find that the expression in the bracket in (4.33) should vanish. In
fact, this expression is correct form of the equation of motion for A, that propagate on the
worldvolume of S(p-1)-brane.

From (§.33) we can also deduce that the S(p-1)-brane tension and its charge with
respect to Ramond-Ramond fields are equal to

Ts(p—1) = iTp—1, Hs(p-1) = Hp—1, (4.34)

where T},_; is tension of BPS D(p-1)-brane and f,—1 is its corresponding charge. Even if
the form of the equation ({.39) suggests that the tension of S(p-1)-brane can be arbitrary
we will give arguments for the validity of (1.34) in the next subsection.

Let us now turn to the equation of motion for A,. It was shown in [B]] that it has
solution in case when we demand that

Dut = 0. (4.35)

,13,



The expression above also implies that the equation of motion for tachyon that for Jr =0
has the form

Vo [me—¢(a—1)§aaﬁt\/det a] =0 (4.36)

is obeyed.
Finally, we will consider the current JX. Again, as was shown in [B{] that for the
ansatz ({1.12) and (4.14) this current takes the form

1 _
Ti = af'Vy e (Onnsc 0 XM Doy XN () g, Conr
n<0

+(f)gl...Cllgn8KCM1---M2p72n8042n+1XM1 LR aapXMQP_Qn_

—200, [bxkMOas XM (F)2 o Conpir ] +

as...02n

+(2p - Qn)aa2n+1 [(f)gl...CVQnCKMQ--.MQp—QnaCVQn+2XM2 .. aapXMQP_Q"])
=af'VJE. (4.37)

Using ({23) and ({37) we obtain the final form of the equation of motion for X* in the
form

—-®

af'Vv (—i@K[eq)]vdeta — i% (9MN, kK +byvnK) 8aXM85XN(a*1)aﬁv deta

+103 [e*cp {gKMaaXM(afl)gﬁ + bKMaaXM(afl)ﬁa} Vdet a] + jK) =0. (4.38)

Following now a discussion given below ([1.3%) we see that the expression in the bracket
in (f£.3§) should be equal to zero. On the other hand this equation is exactly the equation
of motion for the embedding mode that lives on the worldvolume of S(p-1)-brane.

Let us briefly discuss the meaning of the condition d,t = 0. Following [B0] we can argue
that all tachyon kink solutions are parameterized with the constant ¢ that determines the
core of the kink and that all ¢ are equivalent. This is natural result since we have not fixed
the gauge on the worldvolume of non-BPS Dp-brane.

4.1 Stress energy tensor

Further support for an interpretation of the tachyon kink as a lower dimensional S(p-
1)-brane can be derived from the analysis of the stress energy tensor for the non-BPS
Dp-brane. In order to find its form recall that we can write the action ([.1]) as

S, = — / d0dPVes(XM (€) — 2M)e®V(T)V/— det A . (4.39)

From ([l.39) we can easily determine components of the stress energy tensor Thsn(x) of
an unstable D-brane using the fact that the stress energy tensor Thsn(x) is defined as the
variation of S, with respect to g n(z)

- _ 5517
TMN(-%') = 2 _g(x)(ngN(m) (440)
M M
= — /d(p+1)§5(X (5) (_).%' )e_q:‘VgMKgNLaMXKaVXL(A_l)gu [/ det A .
—g(z

- 14 —



Now from (4.12) and (}.14) we know that all massless modes are z independent. Hence

(B.40) is equal to
M _ M
IMN“*:‘/¢mfvuw»/@%&X f;an)
Xe_égMKgNLaaXKaﬁXL(a_l)gam —

Mgy M
_iTpl/dpf(;(X (5)( )x )efq)gMKgNLﬁaXK@ﬁXL(afl)ga\/deta, (4.41)

where
Tp—1 = /dan(f)f/ = /di(m) (4.42)

is a tension of BPS D(p-1)-brane. In other words the stress energy tensor evaluated on the
ansatz (4.12) and ({.14) corresponds to the stress energy tensor for S(p-1)-brane. We also
see that it is natural to define the tension of S(p — 1)-brane as Tg(,_1) = i1}—1.

In the same way we can calculate the charge to NS-NS two form fields. Again, since this
charge follows from the variation of the DBI part of the non-BPS Dp-brane effective action
we again get that this charge is imaginary. In conclusion, the effective field theory analysis
of the time dependent tachyon kink suggests that S(p-1)-brane has imaginary charge with
respect to NS-NS fields while is real to Ramond-Ramond fields.

5. SO-brane in the T-dual background

Now we would like to apply the general discussion given in previous section for SO-brane
in the dual background defined in section (fJ). Recall that SO-brane action has the form

S =g /dgecp \V QMNXMXN, (5.1)

where ¢ is world line coordinate and X™ are embedding coordinates of SO-brane. If we
vary the action (f.1) we obtain the equations of motion for XX in the form

XM XN 4 | e gy XY
Oxle®)\ gun XM xN 4 & FKIMN CIMNE | g (5.2)

2/ gy XM XN ® VounXMXN

Since we presume that SO-brane wraps the z direction we choose the gauge

E=7 (5.3)
and hence
gun XM XN =g + 29, T + guT* + gppr ) (5.4)
where X0 = T, (. )= % For convenience we write again the background fields in
T-dual spacetime
a”? 2 ’ 2
= T 192 =-L ) = =a, =L )
9zz L2 Sinh2 P it Gtz 9zt gpp

L
by = —L2, e ? = sinh p.

gsVo!
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Then the action (f.1]) takes the form

S = —7s0 / dze™® \/gzz + 29T + guT? + Goph* . (5.6)

Let us now try to find the ‘dynamics’ of SO-brane in T-dual background. Note that the
Lagrangian has the form

L= —\/v + ) (fi(0®)? + Biog®') = - A, (5.7)

where V' contain scalar potential for various fields ®’. Then in the same way as in the
section (fJ) we determine the corresponding Hamiltonian

B2 P2 B, P,
ne (-2 f) (-2F) 25 o

i
where P; is momentum conjugate to ®'. Now from (f.6) we have
V= 7,2‘0672@92:2: JJr= 7,2‘0672(1)9# yor = 27—,%‘0672(1).%2: 7fp = 7,2‘0672@9/)/) (59)

and hence the Hamiltonian takes the form

2 P2 p2
e ¢ (s} (B ) g
gtt gtt 9pp gt

As usual the equation of motion for 7' that follows from (f.§) implies that Pr = const. On
the other hand the equation of motion for p is equal to

¢ oF, gtt 9o/ (1)

If we again express P, from the Hamiltonian (f.§) and use the fact that it is conserved (In

a sense that ‘il—g = 0) we obtain

P? = Pr)? + P} %'lﬂ 12
= r)° + Pr + o g2 sinh” p. (5.12)

S

Using this expression the equation (5.11]) is equal to

2
(@)2 _ <g —gzzgtt> i
dg gt 9po(E + L Pr)?
14 2

o?cosh?p  « cosh? p LA72,
B 7 e o Y (P:,% + — go sinh? p) (5.13)
sinh® p sinh® p(E — $5 Pr) a’g

s

using
2 2 2
9z — 9229 '~ cosh”p

—_— . 5.14
9tt9pp L* Sinh2 P ( )
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To compare the “dynamics” of SO-brane with the dynamics of D0-brane given in equa-
tion (B.17) we have to take into account the parametrization of p. Namely, in (B.17) p is
the function of ¢ that was identified with X° while in the equation (5.1J) p is the function
of ¢ that is identified with z. On the other hand we can certainly write

do _ dpdT _ dp OH

d¢ ~ dT dE _ dToPp’ (5.15)
where dH o %Pr+ Esinh?
dPr ~ %siLrjhsz(E — g—;Pf) ' (5.16)
If we combine (f.13), (b.15) and (p.16) we get
5 g2 L4/T§o]
(j—;) = cosh? p — cosh* psinh? p(P[TaiE%ES;fQ BE . (5.17)

However one can check that this is exactly the same differential equation for p as in case of
DO-brane given in (B.17) when we note that 74, = i79. Let us now try to insert the solution
cosh pcosT = C into the equation (5.17). After some calculations we get
4.2
1 sinh? p [aL—éEQ — La,—;ggo]

- = = . 5.18
C? (Pr+ é—?E sinh? p)2 (5:18)

Since the left side is a constant it is clear that the only way how this equation is obeyed
is to demand that Pr = 0. This is in complete agreement with the previous sections since
Pr is canonical conjugate to X°. Then the equation above implies

) O/T2

s0 (5.19)

E?=C
g2

From the point of view of SO-brane worldvolume theory this is perfectly consistent result
since now E is real. However from the point of view of original theory where 7., = ity we
obtain imaginary F which of course is expected since 7gq is imaginary.

It is also interesting to study the dependence of T on &. In fact, using (f.§) we obtain

dr . 0H _ ggt — 92201t Pr . Gtz

¢ 0Py g E+IE gu

(5.20)

that for Pr = 0 implies /
a_ o= _ o (5.21)
dg g L2
We see that the SO-brane does not take the fixed position in time, rather the dependence
of T on £ = z is in perfect agreement with the result (B.2().
On the other hand, if we insert (5.19) into (p.13) and use Pr = 0 we obtain a differential

equation for p in the form

(@)2 B a_’2 < cosh? p 3 cosh2p> (5.22)
d¢) LA \C2%sinh?p sinh’p) '
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Even if this equation can be solved explicitly we restrict ourselves to the case when C' =1
in order to demonstrate the main properties of given solution. For C' = 1 the equation

above reduces into p ,
d—g = % cosh p (5.23)

tan (%;£>

where we have chosen the integration constant in such a way that for £ = 0, p = 0. The

that has the solution
sinhp =

, (5.24)

solution (p.24) describes SO-brane that many times wraps £ = z direction before it reaches
12

2a7/r 2
solution.). Then it again spirals down until it reaches the point p = 0 at {y = .

its maximum value at &4, = (Note that L? >> o in order to trust supergravity

6. Summary and conclusion

In this paper, we have studied the unphysical dSs-branes in the covering space of the
SL(2,R) WZW model, that is the AdS3 space time, supported by NS-NS three-form flux,
and observed in the T-dual set up, the emergence of the S-branes. We have been able to
present a physical interpretation of the unphysical solutions with imaginary electric flux
corresponding to dSs branes. This becomes clear in the T-dual picture, in the form of
an SO-brane that arises from the time dependent tachyon condensation on an unstable
D1-brane. We have also been able to show that the previously found unphysical solutions
correspond, in fact, to perfect and acceptable solutions in string theory (even if the initial
configurations of tachyon that corresponds to S-brane have to be fine tuned) since they
arise from the singular, time dependent tachyon condensation. We have also shown that
these S-branes couple to imaginary NS-NS fields, but to real R-R fields, and hence in the
terminology of [d], correspond to S~ branes. We further have analyzed the time depen-
dent tachyon condensation on non-BPS Dp-branes in general background and found out
a class of time dependent singular solutions which correspond to the S~ branes. Argu-
ments in favor of this have also been given by studying the stress tensor, that revealed the
fact that indeed these S-branes couple to imaginary NS-NS fields, but to real R-R fields.
There are further directions of research that one can adopt. One of them is to analyze
the unphysical branes [[[J] in the Nappi-Witten model. The DBI action on the unphysical
branes in that background have been shown to be imaginary, and hence in the present
context, might correspond to some kind of Dirichlet S-branes. One can further analyze
the one loop partition function for the branes in the above backgrounds, and give inter-
pretations in the same spirit of [l]. We hope to come back to some of these issues in near
future.
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