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Inhomogeneous tachyon decay, light-cone structure, and D-brane network problem
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We investigate light-cone structure on the world volume of an unstable D-brane with a tachyon decaying
inhomogeneously by using a field theoretical description. It is showr(ifhaiht cones governing open strings
are narrower than those governing closed strings and will eventually collapse inward in all directions except at
kinks, where the tachyon remains at the top of its potential, andithdight cones governing open strings at
a kink will be narrowed only in the direction perpendicular to the kink surface. It is also showriithat
future-directed light cones governing open strings near a kink are tilted towards the kink, compared with those
governing closed strings. Resul) implies that open strings except at kinks are redshifted, compared with
closed strings, and will eventually cease to be dynamical. On the other hand (ii¢shlows that open strings
on a kink surface can move freely along the kink surface and are dynamical but do not feel the existence of the
spatial dimension perpendicular to the kink surface. Rdgultindicates that open strings near a kink have a
tendency to move towards the kink. Hence, the light-cone structure vividly illustrates how open strings behave
during the dynamical formation of a kink. We also discuss about a possibility that the early universe has a
network of various dimensional D-branes, black-branes, and tachyon matter. A problem associated with the
network and a possible solution to the problem are discussed.
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[. INTRODUCTION states[4], in the field theoretical description with a specific
form of the tachyon potentidtl0], and in the BSFT11,12
Time-dependent backgrounds have recently gotten moralthough there are some differences in details.

important than ever in the study of string theory. Actually, ~Another well-known property is the absence of plane-
spacelike braneBl] or a rolling tachyon[2] have been at- Wave solutions around the minimum of the tachyon effective
tracting a great deal of interest. Some of the non-Potential. This is easily inferred from evidences showing that
Bogomol'nyi-Prasad-Sommerfiel(BPS objects such as a the minimum describes a configuration without D-branes
D-brane—anti-D-brane pair and a non-BPS D-brane are b%13]. The absence of plane—wave solutions was shown in the
their nature unstable and should become time dependent ul{€!d theoretical descriptiof.0] and the BSFT14].
der perturbations. Since non-BPS objects are expected to,KnOWIng the absence of plane-wave solutions around the

play important roles in the exploration of string dualities minimum, it is interesting to ask how this is achieved from

beyond the BPS level, one would like to study their proper—the open string points of view. Before the tachyon decay,

L0 ) . . L open strings are dynamical on the world volume of the un-
ties including their dynamics. Hence, it is important to studystable non-BPS brane. On the other hand, after the tachyon

the dynamics Of. tachyons I_|V|ng on thosg objects, as the'fjecay, there are no open string states. Hence, it seems natural
unstqble nature is charactgrlzed by the QX|stenge of tachyong; -k “what really happens to open strings in the process of
It is not only in exploration of the string duality web but . tachyon decay?” In this respect, a nonperturbative con-
also in exploration of the early universe where tachyons cagement mechanism on the brafig5] and the classical
play important roles. The so-called tachyon cosmology wagquivalence between a gauge system and a string [fugH
recently initiated and investigated by many auth@% In  zre very suggestive.
this context a tachyon can dominate our universe at an early |n Ref.[17] Sen conjectured that a tachyonic kink on the
epoch and, thus, the dynamics of tachyons is essential.  world volume of an unstable P 1)-brane is a BPS
The dynamics of a tachyon can actually be described imp-brane. In this context, the tachyon field for the kink con-
many different ways. For example, it was shown by bound{iguration is usually supposed to be static. On the other hand,
ary states of an unstable D-brane that the pressure of tachydm the context of the rolling tachyon or the tachyon cosmol-
fluid approaches zero as the tachyon rolls dd#h it is a  ogy, the tachyon is usually spatially homogeneous or nearly
field theoretical descriptiofb—7,4] that has been extensively homogeneous. Hence, it is interesting to investigate a time-
used in the tachyon cosmology, and it was by using thelependent kink, or a highly inhomogeneous rolling tachyon.
boundary string field theor(BSFT) that some exact proper- It may describe the dynamical formation of the kink as a
ties of the tachyon condensation were derived in R&$. BPS D-brane and, thus, may provide us with more knowl-
One of the well-known properties of the tachyon effectiveedge about the dynamics of the tachyon. Far from the kink,
action for an unstable D-brane is that the pressure at late timae tachyon condensation is expected to proceed without be-
falls off exponentially as the tachyon field evolves from anying affected by the existence of the kink. Hence, to this re-
spatially homogeneous initial configuration towards thegion the previous works on the homogeneous rolling tachyon
minimum of the potential. This was shown by the boundarycan perhaps be applied. However, it is not clear what dy-
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namically happens to open strings near a kink. we shall sefy,y and ¢ to be zero. However, we shall keep
In this paper we give yet another view on the fate of openn mind the fact that these open string fields on the brane

strings during tachyon decay. This view can be applied to theouple toG, .

formation process of a tachyonic kink, or inhomogeneous In the rest of this paper, we sEt,y=0 and¢=0 in the

tachyon decay. Our strategy in this paper is to analyze thaction(1):

light-cone structure on the world volume of an unstable

D-brane by using a field theoretical description. In particular,

we compare light cones governing open strings with those |=—f dP*2xV(T) V| detGynl- (©)]

governing closed strings. In this view, it is shown that open

strings except at tachyonlc kmk_s are redshifted away. on .th?’his is the action considered by many authors in the context
other hand, open strings on a kink surface remain dynamical

but do not feel the existence of the spatial dimension perpenqf tachyon cosmology. The equation of motion is

dicular to the kink surface. Moreover, open strings near a

kink have tendency to move towards the kink during the V2T 1 MTon(MNTanT) Vi

decay process. 2 14MTay,T v
We finally discuss in the context of the tachyon cosmol-

ogy about a possibility that the early universe has a networlgl

of various dimensional D-branes, black-branes, and tachyon

matter. A problem associated with the network and a possible

4

nd the stress energy tensor is

solution to the problem are discussed. . r V(T)auTanT
This paper is organized as follows. In Sec. Il we review Tun=—gunV(T) I+ T T+ 1+ To T ©

an effective field theoretical description of an unstable

D-brane and introduce a metric governing open strings. InI'he stress energy tensor characterizes how the tachyon

Sec. lll we analyze an inhomogeneous tachyon decay, or @ouples to gravity. For example, if we simply add the

time-dependent kink, and the light-cone structure on thejngiein_pilpert term to the world-volume action or if we
world volume. In Sec. IV we discuss some cosmological,qiqer o spacetime filling brane th&g,y appears in the
|mpI|cat|qns including a_problem assomate_d with a.D'brar.]eright—hand side of Einstein equation. On the other hand, if we
netvv_ork n the early universe and a pos.smle solution of introduce the Einstein-Hilbert action to a higher-dimensional
Section V is devoted to a summary of this paper. bulk then gravity is described by the brane-world scenario.
In any casesTyn acts as a source of gravity. In this paper,
Il. TACHYON ACTION AND TWO METRICS we investigate general feature of light-cone structure on the
world-volume of the brane during inhomogeneous tachyon

Let us consider the following action of an unstablepD( decay without specifying how,, couples to gravity

+1)-brane:

IIl. INHOMOGENEOUS TACHYON DECAY
I=— | dP*2xV(T)

We would like to investigate light-cone structure on the

X \[defgun+ InToNT + 271 2(Fun+ dmdind) 1, world volume of an unstable @(+1)-brane with a tachyon
decaying inhomogeneously. For simplicity, we consider in-

(1) homogeneity in only one spatial dimension. Namely, we as-
sumep-dimensional plane symmetry. A general form of the

wheregyy is the induced metric on the world-volume of the achyon field and the induced metric within this symmetry is
brane,T is the tachyon representing the unstable nafeiggy  given by

and ¢ represent a gauge field and scalar fields confined on

the brane, respectively, and(T) is the tachyon potential T=T(t,y)

with vanishing minima aflf = + . e
Note that closed string degrees of freed@uch as gravi- 0

tons and Ramond-RamorRR) fields] in the bulk couple to :

gmn directly but that open string degrees of freedom on the gundxdx"'= —N2(t,y)dt2+A2(t,y)iZl (dxX)?+dy?.

brane F)n and ¢) always couple ta@y,y through the com- (6)

bination

For this ansatz, the metri@,,\ governing open strings is
GMN:gMN+ &MT&NT

P
Hence, we have two different metrics on the braggy GundXMdN= —N2d2+ AZY (dx)2+B2(dy— wdt)?,
governing closed string degrees of freedom &hgly gov- =1

erning open string degrees of freedgi8,19. In particular, ()

as we shall see explicitly, light-cone structures of the two
metrics can be very different. In the remaining of this paperwhere
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<2 1—(T/N)2+(T’)2N2 T
D freen
82:1+(T/)2, t=tl
T 0
w=————". (8) Y
1+(T")?
Here a dot and a prime denote derivative with respedt to l
andy, respectively. Note thai?><N? (the equality holds if

and only if T=0).
The future directed null vectors in they direction are FIG. 1. Time-dependent tachyonic kink.
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9) inhomogeneous tachyon decay. On the other hand, it is evi-
dent that this condition cannot be satisfied at a kink, where
T=0. Hence, we can expect the asymptotic behafdy to
be true except in the vicinity of kinks. Therefore, open
g\ M VAL, strings except in the vicinity of kinks are redshifted, com-
U“+"=(—) +(wt—) (_) (10) pared with closed strings, and will eventually cease to be
ot B/\ay dynamical.
(i) Second, at a kinky ). =V . sinceT=0. Hence,
light cones ofG,,y governing open strings at a kink will be
narrowed only in the direction perpendicular to the kink sur-

for gyn and

for Gy . On the other hand, the future directed null vectors
in the =x' direction are

a\M N[ g\ M face. This, combined with the above considerat{on im-
U?iﬂ)t:(_ +— _) (11 plies that open strings on a kink surface can move freely
at Al ox along the kink surface and are dynamical but do not feel the
existence of the spatial dimension perpendicular to the kink
for gmn and surface.

SM N[ g M (iii) Thirq, near a kink but not on the kink surface we

V'(\f')+= _) + _) (12 expect thaffT>0, provided that the top of the tachyon po-

- olat) AL X tential is atT=0. To see this, let us consider a simple ex-

) ample of inhomogeneous tachyon decay with a sufficiently
for Gyn. From the above expressions of null vectors, wesmqoth initial condition at=t, satisfying

can understand many things.

(i) First, if T#0 then the light cones dBy governing T(ty,y)=—T(ty,—y),
open strings are narrower in all directions than thosgyn§ .
governing closed strings sin®< NZ. In general we expect T(ty,y)=0, (14)

T+#0 except at kinks if we consider the inhomogeneous,q
tachyon decay. Therefore, open strings except at kinks are

redshifted, compared with closed strings. MoreoverNif N(t;,y)=N(ty;,—y), N(ty,y)=N(t;,—Y),

—0 (or N—0) ast—oo with y fixed, then the light cones of

Gwun governing open stringgor those ofgyy governing Aty y)=At;,—Y), Aty,y)=Aty,—Yy).
closed strings, respectivglgventually collapse inward in all (15)

directions. WhenN#0, N vanishes if and only if 1

— (FIN)?+(T")?=0. Hence, i Of course, appropriate constraint equations must be imposed

on the initial condition. For the initial condition, we expect
the tachyon to start rolling down the potential hill except at
the kink whereT and T remain to vanistisee Fig. 1 For this
then light cones governing open strings eventually collapsgimple example, it is evident thatT>0 near the kink but
inward in all directions while those governing closed stringsnot on the kink surface. We expect that this statement is true
remain well defined. The asymptotic behavi@g) is actu-  for a wide class of inhomogeneous tachyon decay if applied
ally satisfied for a homogeneous rolling tachydif|(~1, to a sufficiently close vicinity of a kink. Hencey - yo)
T'=0, andN=1). Even for an inhomogeneous tachyon de-<0 near a kink but not on the kink surface, wheggis the
cay, once the tachyon starts rolling down, the asymptotigosition of the kink ando is defined by Eq(8). Note thatw
behavior(13) is generally expected and was conjectured toappears in Eq(10) and, thus, the null vectord™ for Gy

be true in Ref.[20] based on the numerical study of the near a kink are tilted towards the kink, compared with the

1_(T/N)2+(TI)2_>0 (t—)OO,y leed), (13)
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null vectorsv™ for gyy. In other words, future-directed string coupling is strong enough, then these D-branes can be
light cones governing open strings near a kink are tilted toblack-branes. In this case, the D-brane network should be
wards the kink, compared with those governing closedeplaced by a network of black-branes. If the string coupling,
strings. This indicates that open strings near a kink haver the dilation, is spacetime dependent then the network may
tendency to move towards the kink. be composed of mixture of not only various dimensional
In the above three considerations, the light-cone structur®-branes(without horizon$ and tachyon matter but also
vividly illustrates how open strings behave during the dy-various dimensional black-branes.
namical formation of a kink. In Refl17] Sen conjectured In Ref.[23] it was argued that the formation of tachyonic
that a tachyonic kink on the world volume of an unstablekinks is hazardous in four-dimensional cosmology. As men-
D(p+1)-brane is a BPS p-brane. This conjecture seems tioned in the above, the tachyonic kinks are D-brafes
consistent with the time-dependent kink, or the inhomogeblack-branes Hence, we can quantitatively investigate how
neous tachyon decay, considered above rather than a stati@zardous the formation of the network of tachyonic kinks in

kink. Actually, if we consider a static configurationr ( the early universe is. ,
~0), N=N, andw=0. Hence, it is easily seen that for a In the four-dimensional standard cosmology, there is a

static configuration, light cones oByy governing open very significant constraint on the mass per unit area, or the

. ! ' tension, in a network of domain wall24]. In general a
strings are well defined as long as thoseggfy governing

closed strings are well defined and that light coneSgy domain wall can annihilate with an antidomain wall if the
\ . - . - .
near a kink are not tilted towards the kink at all. Hence, ope spacetime is flat and we can wait for a sufficiently long time.

r]—|owever, the spacetime representing the early universe is not

strings on the static kink background can be as dynamical Sfat but curved. The universe is actually expanding and, be-
closed strings: there is no sign of redshift or tendency to '

. ; f the expansion, the annihilation pr in the uni-
move towards the kink. On the other hand, for the tlme—Cause ot the expansion, the a ation process eu

dynamically formed at the position of the kink. within the present Hubble volume i gy, ~ aHaz, whereo

is the tension of the wall and, is the present value of the
Hubble parameter. This mass must be much smaller than the
total mass within the present Hubble voluml,

In the context of tachyon cosmology, if the universe starts~mjHg *, since the strongly anisotropic mass distribution
from the top of the tachyon potential then we expect dynamiof a domain wall can contribute to the cosmic microwave
cal formation of the time-dependent tachyonic kink. In fact,background CMB) anisotropy. Actually, the ratiV py, /M
quantum fluctuations kick the background tachyon field tomust be smaller than the CMB anisotropy
different directions at different points and, as a result, the
background tachyon field falls into different vacua in differ- M pw
ent regions. In this way, the formation of a network of kinks
is expected. This is exactly like the formation of a network of
topological defects in the early universe. Hence, we obtain the constraint

Sen’s conjecture implies that the kink network is actually
a D-brane network. Hence, if the tachyon cosmology is re-
sponsible for an early stage of the history of dfiour-
dimensional or higher-dimensionalniverse, then our uni- mf,,HO
verse experienced an era in which there is a network of
D-branes. On one side of a D-brane and another side, the Now let us apply the constrairii.7) to the D-brane net-
tachyon is rolling towards it¢differeny vacua and, hence, work. For simplicity, we consider an unstable D9-brane in 10
there is what is called tachyon matter in each region. dimensions and, hence, the network of BPS Dd anti-

This is not the end of the story. After the D-brane networkD8-) branes. We compactify six extra dimensions to obtain
formation, a loop of D-brane can collapse in principle. If this four-dimensional universe with a network of 2-branes. In
happens then it would imply a formation of a network of this caseg~mgVs/gs andmj ~mSVe /g3, wherem is the
lower-dimensional D-branes since this process is locallystring scalegs is the string coupling constant, am} is the
equivalent to a D-brane anti-D-brane annihilation. Actually, avolume of the six extra dimensions. Hence, the constraint
vortex on the world volume of a coincidentpEbrane and (17) is reduced to
anti-Dp-brane pair is believed to be a p{2)-brane
[21,22. When the lower-dimensional D-branes are produced, 2

IV. D-BRANE NETWORK IN THE EARLY UNIVERSE

<105, (16)

tot

<105 (17)

m
tachyon matter is again expected to be produced among the gs—fllzsm‘? (19
newly created D-brane network. Hovg

Therefore, we expect that at its early stage, (far-
dimensional or higher-dimensionahchyon cosmology has Wherez)(,35mgv6 is the volume of the six extra dimensions in
a very rich structure composed of networks of various di-the string unit. We have another constraint from the fact that
mensional D-branes and tachyon matter. Moreover, if thave do not observe the tower of Kaluza-Klein modes

123512-4



INHOMOGENEOUS TACHYON DECAY, LIGHT-CONE . . . PHYSICAL REVIEW D 66, 123512 (2002

mKK/mm?lO_m, where mKK~Vg1’6 is the mass of the decay is no longer a constant. However, it may still play the

lightest Kaluza-Klein mode. This constraint is written as ~ fole of a positive cosmological constant for a while if the
decay of the RR field is not too rapid. A question now is

s 16 whether the time scale of the decay of the RR field is long
—p=10"7 (19  enough to solve the D-brane network problem. In both cases,
6 further investigation of the D-brane network problem and its

Combining this with the previous constraint, we obtain  Solution is necessar25]

H
10” 32()2/3$g§$10—5m_00é/2. (20) V. SUMMARY

pl We have investigated light-cone structure on the world
There are values of the string coupling constgptllowed  Vvolume of an unstable D-brane with a tachyon decaying in-
by this inequality if and only ifvd°< 107Ho/my~10734 homogeneously by using a field theoretical description. It has
This would require that the extra dimensions should be mucR€en shown thati) light cones governing open strings are
smaller than the string length. Hence, the constraints canngi2/fower than those governing closed strings and will even-
be satisfied by parameter values for which the Iow-energ)t/ua"y collapse mward in all d|rect|o_ns except at klnks_, where
description is valid. the tachyon remains at the top of its potentidl) that light
So far we have not yet taken into account effects of RRCONES governing open strings at a kink will be narrowed only

fields. However, since an RR field couples to the tachyod! the direction perpendicular to the kink surface, dfid
through the interaction of the form that future-directed light cones governing open strings near a

kink are tilted towards the kink, compared with those gov-
erning closed strings. The resuili implies that open strings
f f(T)ATAC. 1, (21) except at kinks are redshifted, compared with closed strings,
and will eventually cease to be dynamical. On the other
wheref(T) is a function of the tachyon fieldf andC,, is  hand, the resultii) shows that open strings on a kink surface
the (p+ 1)-form potential, the RR field can be excited by the can move freely along the kink surface and are dynamical
tachyon decay. Hence, the effect of the RR field is one obut do not feel the existence of the spatial dimension perpen-
important ingredients of the tachyon cosmology. Progress imlicular to the kink surface. The resdiii ) indicates that open
this direction and its cosmological implications will be re- strings near a kink have a tendency to move towards the
ported elsewherf25]. kink. In this way, the light-cone structure vividly illustrates
Now we would like to propose a possible solution to thehow open strings behave during the dynamical formation of
D-brane network problem addressed in the above. A basia kink.
idea is that an RR field can play the role of a positive cos- Finally, we have also discussed about a possibility that the
mological constant. early universe has a network of various dimensional
First, for simplicity, let us consider a spacetime filling D-branes, black-branes, and tachyon matter. An associated
brane p+2=D). In this case, after the tachyon decay, theproblem was pointed out and a possible solution of the prob-
(p+2)-form RR flux is constant and plays the role of alem was proposed.
positive cosmological constartri. Since the RR flux can
be excited by the tachyon decay, we can expect a positive
Agrgr. This may solve the D-brane network problem in the
tachyon cosmology. However, a problem now is how to re- This work was initiated during a visit to DAMTP, Cam-
duce A g to almost vanishing value after the D-brane net-bridge University. The author would like to thank DAMTP
work problem is solved. We have to rely on other mecha<for hospitality and Gary Gibbons for stimulating discussions.
nisms such as the Brown-Teitelooim mechanif2®] to  He is grateful to Lev Kofman, Kazutoshi Ohta, and Shigeki
reduce the value oA gg. Sugimoto for their helpful comments and discussions. He is
Second, if we consider an unstable brane with less dimerthankful to Werner Israel for his continuing encouragement.
sions +2<D), then the p+2)-form after the tachyon This work is supported by the JSPS.
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