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I. INTRODUCTION

One of the most interesting problems in string theory is
the study of the time dependent process. Even if this
problem is far from being solved in the full generality
one can find many examples where we can obtain some
interesting results. The most celebrated problem is the time
dependent tachyon condensation in the open string theory.1

Another example of the time dependent process is the
study of the motion of the probe D-brane in given
supergravity background. It turns out that the dynamics
of such a probe has a lot of common with the time depen-
dent tachyon condensation [2].2 In our previous works
[4,8,13,14] we have studied the dynamics of a non-BPS
Dp-brane in the Dk-brane and in NS5-brane background in
the effective field theory description. We have shown that
generally, when we take the time dependent tachyon into
account, it is very difficult to obtain an exact time depen-
dence of the tachyon and radion mode. On the other hand
we argued in [4], where we studied the properties of the
world volume theory of BPS D-branes and non-BPS
Dp-branes in the near horizon limit of N Dk-branes or
NS5-branes, that the problem simplifies considerably in the
case when the tachyon reaches its homogeneous vacuum
value Tmin that is defined as V�Tmin� � 0, @iTmin � 0
where V�T� is a tachyon potential. Since the analysis in
[4] was performed in the near horizon region of given
background configuration of D-branes one can ask the
question how this description changes when we do not
restrict to this particular situation. This paper is then de-
voted to the study of the situation when the non-BPS
Dp-brane at the tachyon vacuum moves in general spatial
dependent background.

An analysis of the properties of the Dirac-Born-Infeld
(DBI) non-BPS tachyon effective action at the tachyon
vacuum was previously performed in [21–26]. However
this analysis was mainly focused on the problem of the
space-time filling non-BPS Dp-brane. Our goal on the
other hand is to study the dynamics of the non-BPS
Dp-brane where the world volume tachyon reaches its
@physics.muni.cz
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minimum and when this Dp-brane is embedded in a gen-
eral background.

As it is believed the final state of the D-brane decay
comprises the dust of massive closed strings known as a
tachyon matter [27–29]. Another interesting aspect of the
low energy theory is found in the sector with net electric
flux that carries fundamental string charges. Generally,
when the D-brane decays, the classical solution of the
system is characterized as a two component fluid system:
One is pressureless electric flux lines, known as string
fluid, while the other is a tachyon matter [30–34]. As we
claimed above the string fluid and tachyon matter must
have a natural interpretation via closed string states. In fact,
it was shown that string fluid reproduces the classical
behavior of fundamental string remarkably well.
Dynamics of such a configuration has been shown to be
exactly that of Nambu-Goto string [21,22]. Natural con-
struction from this however, hampered by the degeneracy
of the string fluid.

More recently the macroscopic interpretation for the
combined system of string fluid and tachyon matter was
proposed in [25,35]. The basic idea was to consider a
macroscopic number of long fundamental strings lined
up along one particular direction and turn on oscillators
along each of these strings. The proposed map is to identify
energy of electric flux lines as coming from the winding
mode part of the fundamental strings, while attributing the
tachyon matter energy to oscillator part.

While the analysis performed in [25,35] is very interest-
ing and certainly deserves generalization to the Dp-brane
moving in general background (we hope to return to this
problem in the future) the goal of this paper is more
modest. As is clear from the analysis given in [25,35] the
crucial point in mapping the string fluid and the tachyon
matter to the fundamental strings degrees of freedom is an
existence of the nonzero electric flux. On the other hand we
know that the tachyon condensation also occurs when the
electric flux is zero and the resulting configuration should
correspond to the gas of massive closed strings [29].
Because of the remarkable success of the tachyon effective
action in the description of the open string tachyon con-
densation one could hope that the classical effective field
theory analysis should be able to capture some aspects of
the closed strings a non-BPS Dp-brane decays into. We
-1 © 2005 The American Physical Society
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will see that this is indeed the case. More precisely, in
Section II we will solve the equation of motion for the non-
BPS Dp-brane at the tachyon vacuum moving in the
Dk-brane background and we will argue that the solution
is the same as the collective motion of the gas of massless
particles. Then in Section III we will demonstrate the
equivalence between the homogeneous tachyon condensa-
tion and the gas of massless particles for space-time, where
the metric components are functions of coordinates trans-
verse to Dp-brane, following [22]. As we will argue in the
conclusion this result is in perfect agreement with the
open-closed string conjecture presented in [32,36]. In order
to find the solution corresponding to the macroscopic
fundamental string we will consider the solution with non-
zero electric flux aligned along one spatial direction on the
world volume of the Dp-brane. We will show in Section IV
that this solution can be interpreted as a gas of the macro-
scopic strings stretched along this direction that move in
given supergravity background. Then the dynamics of a
non-BPS Dp-brane with nonzero electric flux that moves
in Dk-brane background will be studied in Section V. In the
conclusion (VI) we outline our result and suggest possible
extension of this work.
II. HAMILTONIAN FORMULATION OF THE
NON-BPS Dp-BRANE

As we claimed in the introduction the main goal of this
paper is to study the tachyon effective action at the tachyon
vacuum. Even if the Lagrangian for a non-BPS Dp-brane
in its tachyon vacuum vanishes [37–41], the dynamics of
this configuration is still nontrivial [21–26] as follows from
the fact that the Hamiltonian for a non-BPS Dp-brane at
the tachyon vacuum is nonzero.

More precisely, let us introduce the Hamiltonian for a
non-BPS Dp-brane that is moving in 9� 1-dimensional
background with the metric

ds2 � �N2dt2 � gab�dx
a � Ladt��dxb � Lbdt�;

a; b � 1; . . . ; 9 (1)

and with the spatial dependent dilaton.3 Let us now con-
sider the non-BPS action in the form

S � �
Z
dp�1�e��V�T�

����������������
� detA
p

; (2)

where

A �� � GMN@�XM@�XN � F�� �W�T�@�T@�T; (3)

where M;N � 0; 1; . . . ; 9 and where V�T�, W�T� are func-
tions of T that vanish for Tmin � �1. Let us fix the gauge
3In this paper we will consider the case when the metric and
dilaton are functions of the coordinates transverse to Dp-brane
world volume. This restriction is relevant for the study of the
probe non-BPS Dp-brane in the Dk-brane background.
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by �� � x�, � � 0; 1; . . . ; p. In what follows we will also
use the notation x � �x1; . . . ; xp�. With the metric (1) the
components of the matrix A take the form

A00 � �N2 � gijLiLj � gIJ@0XI@0XJ �W�@0T�2;

A0i � E�i � gijLj � gIJ@0XI@iXJ � F0i �W@0T@iT;

Ai0 � �E
�
i � gi0 � gijL

j � gIJ@iX
I@0X

J � F0i

�W@iT@0T;

Aij � gij � gIJ@iX
I@jX

J � Fij �W@iT@jT; (4)

where i; j � 1; . . . ; p and I; J � p� 1; . . . ; 9. Then we can
write

detA � A00 detAij � E�i DijE�j ; Dij � ��1�i�j4ji;

(5)

where4ji is the determinant of the matrix with jth row and
ith column omitted. From (2) we obtain the canonical
momenta as

�i �
�L
�@0Ai

�
Ve������������������
� detA
p

E�j Dji �DijE
�
j

2
;

�T �
�L
�@0T

�
e��VW����������������
� detA
p

�
_T detAij

�
E�j Dji@iT � @iTDijE

�
j

2

�
;

pI �
�L
�@0X

I �
e��V����������������
� detA
p

�
gIJ@0X

J detAij

�
E�j DjigIJ@iXJ � gJI@iXJDijE�j

2

�
:

(6)

Note also that �i satisfies the Gauss law constraint @i�i �
0. The Hamiltonian density is then obtained following
Legendre transformation

H �x� � �iEi � �T _T � pI _XI �L: (7)

After some length and tedious algebra we obtain the
Hamiltonian density as a function of canonical variables
in the form

H � N
������
K
p

��iFijLj� pKLK � ��T@iT � pK@iXK�Li;

K � �igij�j�W�1�2
T � pIg

IJpJ � bigijbj

� ��i@iT�2� ��i@iXK�gKL��j@jXL�

� e�2�V2 detAij;

bi � Fik�
k��T@iT � @iX

KpK:

(8)

The form of the Hamiltonian density (8) considerably
simplifies in a situation when the tachyon reaches its global
minimum (V�Tmin� � W�Tmin� � 0) and also when its spa-
tial derivatives are equal to zero: @iT � 0. This state is
interpreted as a final state of the unstable Dp-brane decay
that does not contain any propagating open string degrees
-2
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of freedom. On the other hand we see that even in this case
there is still nontrivial dynamics as follows from the form
of the Hamiltonian density (8).

To see this more clearly we begin with an explicit
example of an unstable Dp-brane in its tachyon vacuum
that moves in the background of N coincident Dk-branes.
The metric, the dilaton (�), and the R-R field (C) for a
system of N coincident Dk-branes is given by

g�� � H�1=2
k ���; gmn � H1=2

k �mn;

��;� � 0; 1; . . . ; k;m; n � k� 1; . . . ; 9�;

e2� � H�3�k�=2
k ; C0...k � H�1

k ;

Hk � 1�
	

r7�k ; 	 � Ngsl
7�k
s ;

(9)

whereHk is a harmonic function ofN Dk-branes satisfying
the Green function equation in the transverse space. We
will consider a non-BPS Dp-brane with p < k that is
inserted in the background (9) with its spatial section
stretched in directions (x1; . . . ; xp). For zero electric flux
and for tachyon equal to Tm the Hamiltonian density (8)
takes the form

H � N
��������������������������������������������������������������
pIg

IJpJ � @iX
KpKg

ij@jX
LpL

q
� N

������������
K�x�

p
:

(10)

Using (10) the canonical equations of motion take the form

@0XK�x� �
�H

�pK�x�
� N

gKLpL � @iXKgij@jXLpL������������
K�x�

p
(11)

and

@0pK�x� � �
�H

�XK�x�
� �

�N
�XK�x�

������
K
p

�
1

2
������
K
p

�
�gIJ

�XK
pIpJ � @iXIPI

�gij

�XK
@jXJPJ

�

� @i

�NPKgij@jXLpL������
K
p

�
; (12)

where N �
�����������
�g00
p

; gij; gIJ, and � are given in (9).
To further simplify the problem we restrict ourselves to

the case of homogeneous modes on the world volume of
non-BPS Dp-brane. Then the equations of motions (11)
take the form

@0Xm �
pm

H3=4
k

������
K
p ; @0Yu �

H1=4
k pu������
K
p ; (13)

where Yu; u; v � p� 1; . . . ; k are world volume modes
that characterize the transverse position of Dp-brane that
is parallel with the world volume of Dk-branes and
Xm;m � k� 1; . . . ; 9 are world volume modes that pa-
rametrize transverse positions both to the Dk-branes and
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to Dp-brane. Thanks to the manifest rotation invariance in
transverse R9�k space we will restrict ourselves to the
motion in the (x8, x9) plane where we introduce the cylin-
drical coordinates

X8 � R cos
; X9 � R sin
: (14)

Note also since the Hamiltonian does not explicitly depend
on Yu and 
 the corresponding conjugate momenta pu, p

are conserved. As a next step we use the fact that the
energy density

E �
�����������
�g00
p ������

K
p

(15)

is conserved and replace Kwith E and also express pR as a
function of R and conserved quantities E, pu, p


pR � �
������
Hk

p �����������������������������������
E2 � p2

u �
p2



R2Hk

s
: (16)

Then the equation of motion (13) can be written as

@0Yu �
pu
E
; @0
 �

p

R2

������
Hk
p

E
;

@0R � �

��������������������������������
E2 � p2

u �
p2



R2Hk

r
������
Hk
p

E
:

(17)

In order to study the general properties of the radial motion
of the probe non-BPS Dp-brane we will present the similar
analysis as was performed in [42]. First of all, note that the
Hamiltonian density for the background (9) takes the form

H �
�����������
�g00
p

�����������������������������������������������������������������
pug

uvpv � prg
rrpr � p
g



p

q

�

������������������������������������
p2
u �

p2
R

Hk
�

p2



R2Hk

s
(18)

that implies that H is an increasing function of pR so that
the allowed range of R for the classical motion can be
found by plotting the effective potential Veff�R� that is
defined as

Veff�R� �H �pR � 0� �

������������������������
p2
u �

p2



R2Hk

s
(19)

against R and finding those R for which E � Veff�R�. The
properties of Veff depend on Hk that is a monotonically
decreasing function of R with the limit Hk !

	
R7�k for R!

0 and with Hk ! 1 for R! 1. For p
 � 0 we obtain
following asymptotic behavior of the potential (19) for
R! 0
(a) k
-3
=6
In this case we obtain

Veff !
jp
j����
	
p ����

R
p (20)
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and hence for nonzero p
 the potential diverges at
the origin.
(b) k
=5
Now the potential in the limit R! 0 approaches to

Veff �

������������������
p2
u �

p2



	

s
: (21)
(c) k
< 5
In this case the effective potential takes the form

Veff 	

����������������������������
p2
u �

p2

R

5�k

	

s
(22)

that again implies that potential approaches the
constant

������
p2
u

p
in the limit R! 0.
On the other hand for R! 1 we get

Veff !
�������
p2
�

q
: (23)

More precisely, looking at the form of the potential for k �
6, 5 it is easy to see that these potentials are decreasing
functions of R. On the other hand for k < 5 it can be shown
that Veff has extremum at

Rmax �

�
	�5� k�

2

�
1=�7�k�

: (24)

Collecting these results we obtain following pictures for
the dynamics of the non-BPS Dp-brane in its tachyon
vacuum moving in Dk-brane background. In the first case
we consider the non-BPS Dp-brane that moves towards the
stack of N Dk-branes from the asymptotic infinity R � 1
at t � �1. It reaches its turning point at

1�
p2
u

E2 �
p2



E2R2
THk

� 0) R2
T �

	

R5�k
T

�
p2



E2�1� p2
u

E2�
;

(25)

and then it moves outwards. On the other hand from the
existence of local maxima (24) for k < 5 it is clear that the
Dp-brane can be in bounded region near the stack of N
Dk-branes. To see this more precisely let us solve the third
equation in (17) in the limit 	

R7�k 
 1. In this case we obtain
the following equation

dR������������������������������������������������������
�1� p2

u

E2�R7�k �
p2



E2	 R
2�6�k�

q � �
dt����
	
p (26)

that has the solution

R5�k �
	�E2 � p2

u�

p2



1

1� �� E2�p2
u

2Ep

t�

�������������������
Rk�5

0 � 1
q

�2
:

(27)

We see that now Dp-brane leaves the world volume of
Dk-branes at t � �1 and moves outwards until its turning
106005
point at _R � 0 and then it moves towards the stuck of
Dk-branes that it again reaches at t � 1. The precise
analysis of the dynamics of the Dp-brane in the region
	

R7�k 
 1 was performed in [4] where more details can be
found.

As is clear from (21) the effective potential takes a very
simple form when p
 � 0. In this case the differential
equation for R is equal to

_R � �

�����������������
E2 � p2

u

p ������
Hk
p

E
(28)

that can be explicitly solved in terms of hypergeometric
functions. However in order to gain better physical mean-
ing of this physical situation it is useful to consider the case
when pu � 0. Then the Eq. (28) can be rewritten in more
suggestive form

�H�1=2
k dt2 �H1=2

k dR2 � 0 (29)

that is an equation of the radial geodesics in Dk-brane
background.

In summary, we have found that a non-BPS Dp-brane
where the tachyon reaches its vacuum value moves in the
background of N Dk-branes as a gas of massless particles
that are confined to the world volume of the original
Dp-brane. In the next section we will present more detailed
arguments that support validity of this correspondence.
III. NON-BPS Dp-BRANE AT THE TACHYON
VACUUM AS A GAS OF MASSLESS PARTICLES

Let us consider the curved background with the metric

ds2 � �N2dt2 � gab�dxa � Ladt��dxb � Lbdt�;

a; b � 1; . . . ; 9;
(30)

where we presume that N, La, gab, and the dilaton � are
functions of the coordinates transverse to the Dp-brane. As
we know from the previous section the dynamics of the
non-BPS Dp-brane at the tachyon vacuum is governed by
the Hamiltonian

H �
Z
dxH ;

H � N
������������
K�x�

p
� pK@iX

KLi � pKL
K;

K � pIg
IJpJ � @iX

KpKg
ij@jX

LpL:

(31)

It is now straightforward to determine the canonical equa-
tions of motions

@0XK�x� � N
gKLpL � @iX

Kgij@jX
LpL������������

K�x�
p � @iXKLi � LK

(32)

and
-4
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@0pK�x� � �
�N

�XK�x�

������
K
p

�
1

2
������
K
p

�
�gIJ

�XK
pIpJ

� @iX
KpK

�gij

�XK
@jX

LpL

�

� @i

�NpKgij@jXLpL������
K
p

�
� @i�pKLi

� pL@iXL
�Li

�XK
� pL

�LL

�XK
: (33)

As we argued in the previous section the Dp-brane at the
tachyon vacuum with zero electric flux has similar proper-
ties as a homogeneous gas of the massless particles em-
bedded in the background of N Dk-branes. Now we would
like to show that this correspondence holds in more general
situations. To see this we will closely follow a very nice
analysis performed in [22].

We begin with an action for the massive particle in
general space-time

S � �m
Z
d�

���������������������������
�gMN

_ZM _ZN
q

� �m
Z
d�

����
A
p

; (34)

where _Z � dZ
d� and where ZM are embedding coordinates

for the massive particle. As a next step we fix the gauge in
the form � � Z0 so that the action (34) takes the form

S � �m
Z
d�

��������������������������������������������������������������������������
N2 � gstLsLt � 2gstLt _Zs � gst _Zs _Zt

q
� �m

Z
d�

����
A
p

; s; t � 1; . . . ; 9: (35)

Then the conjugate momenta are

Ps �
�S

� _Zs
�
m�gst _Zt � gstLt�����

A
p (36)

and consequently the Hamiltonian takes the form

H � Ps _Zs � L � N
����������������������������
PsgstPt �m2

q
� PsLs: (37)

Using the Hamiltonian formalism we can take the limit
m! 0 and we obtain the Hamiltonian for a massless
particle moving in general background

H � N
�����������������
Prg

rsPs
p

� PsL
s: (38)

Then the canonical equations of motion for the massless
particle take the form

_Z s �
�H
�Ps
� N

gstPt�����������������
PrgrsPs
p � Ls;

_Ps � �
�H
�Zs

� �
�N
�Zs

����������������
Prg

rtPt
p

�
N

2
����������������
Prg

rtPt
p �grt

�Zs
PrPt � Pr

�Lr

�Zs
:

(39)
106005
Following [22] we will now presume that there exists the
solution of the equation of motion (39) given as Zs���,
Ps���. Consider then the following field configuration on
the Dp-brane:

pI�x0; . . . ; xp� � PI���f�x0; . . . ; xp�j��x0 ; (40)

where f is an arbitrary function of the variables �xi �
Zi���� for i � 1; . . . ; p. Then it is clear that

�@0f� @if@�Z
i�j��x0 � 0: (41)

We also demand that XI obey

�@iXIPI � Pi�j��x0 � 0 (42)

but are otherwise unspecified. Inserting the ansatz (40) into
(31) we obtain that the Hamiltonian density takes the form

H �x0; . . . ; xp� � �N�X�
�����������������������
Psg

st�X�Pt
q

�PsL
s�f�x0; . . . ; xp�:

(43)

We see that the expression in the bracket has the form of
the Hamiltonian for the massless particle where the metric
components still depend on XI that are arbitrary functions
of t, x. It turns out however that in order to obey the
equation of motion for general space-time we should per-
form the identification

XK�x0; . . . ; xp� � ZK���: (44)

Then the equation of motion (33) can be written as�
@�PK �

�N
�ZK

����������������
PrgrtPt

p
�

N

2
����������������
PrgrtPt

p
�

�
�gIJ

�ZK
PIPJ � pi

�gij

�ZK
pj

�
� PL

�LL

�ZK

�
f

� PK@if
�
@�Zi �

NgijPj����������������
Prg

rtPt
p � Li

�
@if � 0: (45)

We see that this equation is obeyed since the expressions in
the brackets are equal to zero thanks to the fact that Zs, Ps
obey the equations of motion (39). On the other hand from
(42) and (44) we get that Pi � 0 and hence the configura-
tion on a non-BPS Dp-brane in the tachyon vacuum cor-
responds to the motion of massless particles that have
nonzero transverse momenta only. Then the Eq. (33) takes
the form

@0XK�x� � @�ZK��� � N
gKLPK����������������
PsgstPt

p � LK (46)

that is clearly obeyed since ZK obeys (39).
The final question, and the most difficult one, is regarded

to the form of the function f�x0; . . . ; xp�. We have seen that
its form is not determined from the Dp-brane equations of
motion. The most natural choice is
-5
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f�x0; . . . ; xp� �
Yp
i�1

��xi � Zi�x0��: (47)

As follows from (43) the energy is localized along the line
xi � Zi�x0� for i � 1; . . . ; p. Using also the identification
(44) we see that in the full 9� 1-dimensional space-time
this solution describes the world line xs � Zs��� for s �
1; . . . ; 9. In other words, the Dp-brane world volume the-
ory contains a solution whose dynamics are exactly that of
the massless particle in (9� 1) dimensions.

As in the case of Nambu-Gotto (NG) string solution
given in [22] the freedom of replacing the � function by
an arbitrary function of xi � Zi��� is slightly unusual. Very
nice and detailed discussion considering this issue was
given in [35]. According to this paper the solution with
arbitrary function f should be regarded as a system of high
density of massless particles, or more precisely as a system
106005
of high density of pointlike solutions of the closed string
equations of motion.
IV. MOTION OF NON-BPS Dp-BRANE WITH
NONZERO ELECTRIC FLUX

As we have seen in the previous section the case when
the non-BPS Dp-brane in the tachyon vacuum moves in the
general background with zero electric flux can be inter-
preted as a motion of the gas of massless particles. In order
to find the solution of the D-brane equations of motion
having the interpretation as a fundamental macroscopic
string we should rather consider the case when we switch
on the electric flux as well. In fact, let us again consider the
Hamiltonian for a non-BPS Dp-brane at the tachyon vac-
uum that moves in curved background
H � N
�����������������������������������������������������������������������������������������������������������������
�igij�j � pIgIJpJ � bigijbj � ��i@iXK�gKL��j@jXL�

q
� pK@iXKLi � pKLK; (48)

where

bi � Fij�j � @iXKpK: (49)

Note that �i also obeys the Gauss law constraint

@i�i � 0: (50)

Now canonical equations of motion take the form

@0Ai�x� � Ei�x� �
�H

��i�x�
�

N������
K
p �gij�

j � Fikg
kjbj � @iX

KgKL��
j@jX

L��; (51)

@0�i�x� � �
�H

�Ai�x�
� �@j

�
N������
K
p ��jgikbk � �igjkbk�

�
; (52)

@0X
I�x� �

�H
�pI�x�

�
N������
K
p �gIKpK � @iXg

ijbj� � @iX
KLi � LK; (53)

@0pI�x� � �
�H

�XI�x�
� @i

�
N������
K
p ��igIK@jXK�j � pIgijbj�

�
�
�N
�XI

������
K
p

�

����
N
p

2
������
K
p

�
�i
�gij
�XI

�j � pK
�gKL

�XI
pL � bi

�gij

�XI
bj � ��i@iXK�

�gKL
�XI

��j@jXL�
�
� @i�pKLi

� pL@iX
L �L

i

�XK
� pL

�LL

�XK
: (54)
Following [22] we will now try to find the solution of the
equation of motion given above that can be interpreted as
the fundamental string solution. To begin with let us con-
sider the Nambu-Goto action for fundamental string

S � �
Z
d�d�

���������������������
� detG��

q
;

G�� � GMN@�Z
M@�Z

N;
(55)
where �;� � �; �. We fix the gauge so that Z0 � �, Z1 �
� so that

G�� � g�� � gst@�Z
s@�Z

t; (56)

where s; t � 2; . . . ; 9. Then the Hamiltonian takes the form

HNG �
Z
d�H NG���; (57)

where the Hamiltonian density H NG is equal to
-6
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H NG � N
������������
KNG

q
� PsL

s � Ps@�X
sL�;

KNG � g�� � Psg
stPt � @�Z

sPsg
��@�Z

tPt

� @�Z
s@�Z

tgst:

(58)
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Now the equation of motion of the fundamental string
takes the form
@�Zs �
�HNG

�Ps
�
N�gstPt � @�Z

sg��@�Z
tPt�������������

KNG

p � Ls � @�XsL�;

@�Ps � �
�H
�Zs
� �

�N
�Zs

������������
KNG

q
�

N

2
������������
KNG

p �
�g��
�Zs

� Pr
grt

�Zs
Pt � @�Z

rPr
g��

�Zs
@�Z

tPt �
�grt

�Zs
@�Z

r@�Z
t
�

� @�

�
N�Psg

��@�Z
rPr � gst@�Z

t�������������
KNG

p �
� Pt

�Lt

�Xs
� Pt@�Xt

�L�

�Xs
� @��PsL�: (59)
For future use we also define

P � �
X9

s�2

Ps@�Z
s; Z1��;�� � �: (60)

Let Zs��; ��; Ps��;��; s � 2; . . . ; 9 be the solutions of the
equation of motion (59). As was shown in [22] it is natural
to consider the following field configuration on Dp-brane

�i�x
0; . . . ; xp� � @�Z

i��; ��f�x0; . . . ; xp�j��;����x0;x1�;

pI�x
0; . . . ; xp� � PI��; ��f�x

0; . . . ; xp�j��;����x0;x1�;

(61)

where i � 1; . . . ; p. Following [22] we presume that
f�x0; . . . ; xp� is an arbitrary function of variables (xm �
Zm�x0; x1�) for m � 2; . . . ; p and hence satisfies:

@�Z
i@ifj��;����x0;x1� � 0;

�@0f� @if@�Z
i�j��;����x0;x1� � 0:

(62)

We also presume that the fields XI�x0; . . . ; xp� and
Fij�x

0; . . . ; xp� are subject to the following set of condi-
tions:

�@�Zj@jXI � @�ZI�j��;����x0;x1� � 0;

�Fij@�Zj � @iXIPI � Pi�j��;����x0;x1� � 0:
(63)

With this notation we can easily find that

�i@iXI�x0; . . . ; xp� � @�ZI�� � x0; � � x1�f�x0; . . . ; xp�;

bi�x0; . . . ; xp� � �Pi�� � x0; � � x1�f�x0; . . . ; xp�;������
K
p
�x0; . . . ; xp� �

������������
KNG

q
�� � x0; � � x1; XI�

� f�x0; . . . ; xp�: (64)

We see that due to the nontrivial dependence of the metric
on transverse coordinates XI the expression

������������
KNG

p
still

depends on XI. As in the case of the particlelike solution
studied in the previous section it is clear that in the curved
space-time we should demand that the coordinates XI are
related to ZI as:
XI�x0; x1; xm � Zm�x0; x1�� � ZI�x0; x1�: (65)

This condition implies that

H �x0; . . . ; xp� �H NG�� � x0; � � x1�f�x0; . . . ; xp�:

(66)

Then we can show exactly as in [22] that the ansatz (61)
together with (65) obeys the equations of motion (51)–(54)
as well as the Gauss law constraint (50). The interpretation
of this solution is the same as in the flat space [35]. First,
the spatial choice of the function f

f�x0; . . . ; xp� �
Yp
m�2

��xm � Zm�x0; x1�� (67)

gives the solution that corresponds to the stretched string in
the x1 direction that moves the background (30). On the
other hand the solutions with the general form of the
functions f should be interpreted as the configurations of
the high density of fundamental strings moving in (30) and
that are confined to the world volume of the original
Dp-brane.
V. NON-BPS Dp-BRANE AT THE TACHYONIC
VACUUM WITH NONZERO FLUX IN Dk-BRANE

BACKGROUND

Let us again return to the spatial case of the motion of
the non-BPS Dp-brane in its tachyon vacuum in the
Dk-brane background (9). As in Section II we demand
that all world volume fields are homogeneous @iXI � 0
and the electric flux has a nonzero component in the x1

direction only:

A1 � f�t�; Fij � 0: (68)

For homogeneous fields and for the gauge fields given in
(68) we get that bi � 0 and consequently K in (48) is
equal to

K � ��1�
2H1=2

k �H�1=2
k pmpm �H

1=2
k pupu; (69)
-7
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where pm;m � k� 1; . . . ; 9 are momenta conjugate to
coordinates Xm transverse to Dk-brane and to Dp-brane
while pu; u � p� 1; . . . ; k are momenta conjugate to co-
ordinates Yu transverse to Dp-brane but parallel to the
Dk-brane. With this ansatz the equation of motions (51)–
(54) take the form

@0A1�x� � E1�x� �
�1

H3=4
k

������
K
p ; (70)

@0�
i�x� � 0; (71)

@0Xm�x� �
pm

H3=4
k

������
K
p ; (72)

@0Y
u�x� �

puH
1=4
k������

K
p : (73)

It is clear that the solution of (71) consistent with the
presumption that all fields are homogeneous is the constant
electric flux �1 � �. Note however that E1 is time depen-
dent as follows from (70) since generally metric compo-
nents depend on the coordinates Xm�t�. To find the
trajectory of a non-BPS Dp-brane we express

������
K
p

using
the conserved energy density as

E �
�����������
�g00
p ������

K
p

)
������
K
p

�
E�����������
�g00
p (74)

so that

@0Xm �
pm
HkE

; @0Yu �
pu
E
; E1 �

�

HkE
: (75)

Since the Hamiltonian density does not depend on Yu we
get that pu � const. Using manifest rotation invariance of
the transverse R9�k space we restrict ourselves to the
motion in (x8, x9) plane where we also introduce the R
and 
 coordinates defined as

X8 � R cos
; X9 � R sin
: (76)

Using the fact that p
 is conserved we express pR from E as

pR � �
������
Hk

p ������������������������������������������������
E2 ��2 � p2

u �
p2



R2Hk

s
(77)

so that we get

_R �
pR������
Hk
p

E
� �

���������������������������������������������
E2 ��2 � p2

u �
p2



R2Hk

r
������
Hk
p

E
: (78)

Since the Eq. (78) has the same form as the Eq. (17) (if we
identify E2 ��2 in (78) with E2 in (17)), then the analysis
of the Eq. (17) performed in Section II holds for (78) as
well. Then we can interpret the solution with nonzero
106005
electric flux � as a solution describing the motion of
the homogeneous gas of the macroscopic strings stretched
in the x1 direction that are confined to the world volume
of a non-BPS Dp-brane and that move in Dk-brane
background.
VI. CONCLUSION

We have studied the dynamics of the non-BPS Dp-brane
at the tachyon vacuum and when this Dp-brane moves in
the background where metric and dilaton are functions of
the coordinates transverse to Dp-brane. We have shown
that in the case when there is not any electric flux present
on the world volume of this Dp-brane, its dynamics are
equivalent to the dynamics of the homogeneous gas of
massless particles that are confined on the world volume
of the unstable Dp-brane. At this place we should ask the
question how this result is related to the analysis performed
in [29] where it was shown that the end product of the
tachyon condensation should be the gas of massive closed
strings. A relevant problem has been discussed in [36].
According to this paper there exists the spread of the
energy density from the plane of the brane due to the
internal oscillation of the final state of the closed strings.
In the classical limit we have delta function localized D-
brane and hence according to a previous remark the state of
closed strings without oscillator excitations. This however
also implies that the classical description of such closed
strings is given by masslesslike solution of the equation of
motion when the modes on the world volume of funda-
mental string are not a function of �.4 In other words, the
classical result given in this paper can be considered as a
manifestation of the Open-Closed Duality Conjecture pro-
posed in [32].

In order to find macroscopic fundamental string solu-
tions we had to, as in the flat space-time, consider the
nonzero electric flux on the world volume of the non-
BPS Dp-brane. Then we have shown that the dynamics
of the unstable D-brane at the tachyon vacuum with the
nonzero electric flux corresponds to the dynamics of the
gas of stretched fundamental strings.

In concussion, we would like to stress that the results
presented in this paper give the modest contribution to the
study of the tachyon condensation. On the other hand we
hope that they could be helpful for better understanding of
the general properties of the tachyon condensation in
curved space-time.

ACKNOWLEDGMENTS

This work was supported by the Czech Ministry of
Education under Contract No. MSM 0021622409.
-8



REMARK ABOUT A NON-BPS Dp-BRANE AT THE . . . PHYSICAL REVIEW D 72, 106005 (2005)
[1] A. Sen, hep-th/0410103.
[2] D. Kutasov, hep-th/0405058.
[3] S. Thomas and J. Ward, hep-th/0502228.
[4] J. Kluson, J. High Energy Phys. 03 (2005) 071.
[5] W. H. Huang, J. High Energy Phys. 02 (2005) 061.
[6] S. Thomas and J. Ward, J. High Energy Phys. 06 (2005)

062.
[7] B. Chen and B. Sun, Phys. Rev. D 72, 046005 (2005).
[8] J. Kluson, J. High Energy Phys. 03 (2005) 044.
[9] Y. Nakayama, K. L. Panigrahi, S. J. Rey, and H.

Takayanagi, J. High Energy Phys. 01 (2005) 052.
[10] B. Chen, M. Li, and B. Sun, J. High Energy Phys. 12

(2004) 057.
[11] S. Thomas and J. Ward, J. High Energy Phys. 02 (2005)

015.
[12] D. Bak, S. J. Rey, and H. U. Yee, J. High Energy Phys. 12

(2004) 008.
[13] J. Kluson, J. High Energy Phys. 03 (2005) 032.
[14] J. Kluson, J. High Energy Phys. 11 (2004) 013.
[15] O. Saremi, L. Kofman, and A. W. Peet, Phys. Rev. D 71,

126004 (2005).
[16] D. Kutasov, hep-th/0408073.
[17] D. A. Sahakyan, J. High Energy Phys. 10 (2004) 008.
[18] A. Ghodsi and A. E. Mosaffa, Nucl. Phys. B714, 30

(2005).
[19] K. L. Panigrahi, Phys. Lett. B 601, 64 (2004).
[20] H. Yavartanoo, hep-th/0407079.
[21] G. W. Gibbons, K. Hori, and P. Yi, Nucl. Phys. B596, 136

(2001).
106005
[22] A. Sen, J. Math. Phys. (N.Y.) 42, 2844 (2001).
[23] G. Gibbons, K. Hashimoto, and P. Yi, J. High Energy

Phys. 09 (2002) 061.
[24] A. Sen, Int. J. Mod. Phys. A 18, 4869 (2003).
[25] H. U. Yee and P. Yi, Nucl. Phys. B686, 31 (2004).
[26] O. K. Kwon and P. Yi, J. High Energy Phys. 09 (2003) 003.
[27] A. Sen, J. High Energy Phys. 07 (2002) 065.
[28] A. Sen, Mod. Phys. Lett. A 17, 1797 (2002).
[29] N. Lambert, H. Liu, and J. Maldacena, hep-th/0303139.
[30] P. Mukhopadhyay and A. Sen, J. High Energy Phys. 11

(2002) 047.
[31] K. Nagami, Phys. Lett. B 591, 187 (2004).
[32] A. Sen, Mod. Phys. Lett. A 19, 841 (2004).
[33] S. J. Rey and S. Sugimoto, Phys. Rev. D 68, 026003

(2003).
[34] S. J. Rey and S. Sugimoto, Phys. Rev. D 67, 086008

(2003).
[35] A. Sen, Phys. Rev. D 68, 106003 (2003).
[36] A. Sen, Phys. Rev. Lett. 91, 181601 (2003).
[37] A. Sen, J. High Energy Phys. 10 (1999) 008.
[38] J. Kluson, Phys. Rev. D 62, 126003 (2000).
[39] E. A. Bergshoeff, M. de Roo, T. C. de Wit, E. Eyras, and

S. Panda, J. High Energy Phys. 05 (2000) 009.
[40] M. R. Garousi, Nucl. Phys. B584, 284 (2000).
[41] D. Kutasov and V. Niarchos, Nucl. Phys. B666, 56 (2003).
[42] C. P. Burgess, N. E. Grandi, F. Quevedo, and R. Rabadan,

J. High Energy Phys. 01 (2004) 067.
[43] A. A. Tseytlin, hep-th/0311139.
-9


