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Tachyon dynamics and the effective action approximation
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Recently effective actions have been extensively used to describe tachyon condensation in string theory.
While the various effective actions which have appeared in the literature have very similar properties for static
configurations, they differ for time-dependent tachyons. In this paper we discuss general properties of nonlin-
ear effective Lagrangians which are first order in derivatives. In particular we show that some observed
properties, such as asymptotically vanishing pressure, are rather generic features, although the quantative
features differ. On the other hand we argue that certain features of marginal tachyon profiles are beyond the
reach of any first order Lagrangian description. We also point out that an effective action, proposed earlier,
captures the dynamics of tachyons well.
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I. INTRODUCTION

The decay of unstable D-branes is an important and c
lenging problem in string theory. In order to understand su
processes it is important to obtain a reliable description
the dynamics of the tachyons which arise from open stri
on unstable D-branes. In the last few years considera
progress has been made starting with Sen’s proposal to i
tify the closed string vacuum with the tachyon vacuum
unstable D-branes in superstring theory~see@1# for a review
and references!. Furthermore, a class of time independe
kink solutions corresponding to lower dimensional D-bran
was identified with marginal boundary deformations of t
open string sigma model@1#. More recently Sen has obtaine
a family of time dependent tachyon solutions as margi
deformations of the open string sigma model@2# ~see also
@3#!. An analysis of the stress tensor obtained from
boundary state for a decaying D-brane@4# shows that the
decay of an unstable D-brane results in a gas with fin
energy density but vanishing pressure.

An interesting question is then to what extent these f
tures can be obtained from a first derivative effective act
for the tachyon@5–7#. Typically a tachyon effective action
contains an infinite number of higher derivative terms whi
unlike the case for massless string modes, cannot be sim
neglected. Therefore no truncation to first derivatives can
expected to capture all of the dynamics of the tachyon. F
thermore, even if the full effective action were known, wit
out some kind of simplifying structure it would be near im
possible to obtain concrete results.1 In addition it is not clear
whether an initial value problem can be formulated. Ho

*Email address: nlambert@physics.rutgers.edu
†Email address: ivo@maths.tcd.ie
1We note that@8# recently presented a very interesting analysis

tachyon dynamics in p-adic string theory, where the effective ac
is known to all orders in derivatives and is amenable to numer
analysis.
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ever, first derivative truncations of the tachyon effective a
tion have been rather sucessful for describing D-branes
static tachyonic solitons@9–15#. One may therefore hope tha
a truncated action could also be useful to describe the
namics of tachyon condensation.

In @7# Sen argued that some qualitative features of f
tree-level string theory, such as the asymptotic vanishing
the pressure, are indeed reproduced by a Born-Infeld~BI!
type action@16#. Unlike the case of massless gauge fiel
the BI-type action has not been inferred from on-shell str
theory and marginal tachyon profiles do not solve the eq
tions of motion. On the other hand there is a well defin
prescription to extract the tachyon effective action fro
boundary string field theory~BSFT! @17–19#, @11–15#. Un-
fortunately this action is known explictly only for consta
and linear tachyon profiles and the marginal tachyon profi
are also not solutions of the BSFT effective action. Nev
theless, BSFT has been quite sucessful in describing s
aspects of tachyon condensation to lower dimensio
D-branes@11,12,14#. Furthermore, it was shown in@20,21#
that some qualitative features of the tachyon dynamics
tained from the BSFT action are consistent with conform
field theory results. However, while the various effective a
tions that have appeared in the literature are remarka
similar for static profiles, they could hardly differ more fo
time dependent ones. This is illustrated in Fig. 1 where
kinetic part of the effective action is plotted as a function
]mT]mT for three different proposals~the details will be ex-
plained below!.

Given this state of affairs, it is of interest establish to wh
extent these properties are generic in non-linear, first der
tive effective actions for the tachyon. In addition we wou
like to determine the most appropriate behavior of the eff
tive action for time dependent configurations. The purpose
this paper is establish general properties of suitable first
rivative tachyon actions derived under a minimal set of r
sonable theoretical assumptions. We find that some obse
qualitative phenomena in tachyon condensation are ra
generic and are reproduced by a large class of effective
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tions, although the exact quantitative predictions differ s
nificantly. On the other hand we find that some global pro
erties of marginal tachyon profiles are beyond the scope
first derivative effective actions.

In this context we also analyze a tachyon action propo
earlier @22# which closely resembles the other effective a
tions for time independent configurations, but has the adv
tage that marginal deformations are solutions to the eq
tions of motion. Furthermore, the time-dependent marg
tachyon profiles in@2# are also exact classical solutions f
this action. We find that the equation of state obtained fr
this action is in good quantitative agreement with the ex
results of conformal field theory. Finally the potential co
mological relevance of scalar field actions with non-stand
kinetic terms has been pointed out in@23#. It is therefore
interesting to analyze tachyon effective actions from t
point of view. This was done in@24# for the BI-type action
and in@20# for the BSFT action. We will see that cosmolog
cal implications of our tachyon action are qualitatively sim
lar to these results, although the details are again differe

II. TACHYONS AS MARGINAL DEFORMATIONS

Finding the general tachyon solution in string theo
would require detailed knowledge of open superstring fi
theory. However, using the fact that these solutions co
spond to conformally invariant backgrounds for the op
string sigma model, a subset of open string tachyon solut
on a non-Bogomol’nyi-Prasad-Sommerfield~BPS! D-brane
in type II string theory can be obtained as exactly margi
deformations of the boundary conformal field theory. Sp

FIG. 1. K(y) from various effective actions.
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cifically, as is well known@25–30#,

T~xp!5x sin~xp/A2a8!, T~xp!5x cos~xp/A2a8! ~1!

are exactly marginal deformations of the open string Pol
kov action on a non-BPS Dp-brane. The physical propertie
of this open string background are encoded in the co
sponding boundary stateuB,1&2uB,2& @31,4#, where2

uB,e&5uB,e&xp,cp^ uB,e&xm,cm ^ uB,e&ghosts, mÞp,

e56. ~2!

HereuB&xm,cm anduB&ghostsare the same as for ap21 brane,
while uB&xp,cp describes thexp dependence of the margina
deformation. In particular, the energy momentum tensor fo
marginal kink profile can be obtained by evaluating the m
trix element of the boundary stateuB& with the closed string
graviton statê gmnu. Concretely we have

Tmn~x!52
t̃p

2
@Amn~x!1B~x!hmn#. ~3!

Here t̃p5A2tp is the tension of a non-BPS D-brane whi

Amn andB parametrize the level (1
2 , 1

2 ) part of the boundary
state@4#,

uB& (1/2,1/2)5(
kp

@Ãmn~kp!c21/2
m c21/2

n 1B̃~kp!~ b̄21/2g21/2

2b21/2ḡ21/2!#uV,k&, ~4!

with

uV,k&5~c01 c̄0!c1c̄1e2f(0)e2f̄(0)uk& ~5!

anduk& is the closed string Fock vacuum with momentumk.
Using similar arguments as in@4# we then find, for a
cos(xp/A2a8) kink,

Amn~x!52 f ~xp!hmn , m,nÞp,

App~x!52g~xp!, B~x!52 f ~xp!, ~6!

where

f ~xp!5112(
n51

`

@2sin2~xp!#ncosS nA 2

a8
xpD

5
12sin4~xp!

112 sin2~xp!cosSA 2

a8
xpD 1sin4~xp!

~7!

and

2Our metic convention is (2,1, . . . ,1) and m,n50, . . . ,p la-
bel the non-BPS Dp-brane world volume.
5-2
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TACHYON DYNAMICS AND THE EFFECTIVE ACTION . . . PHYSICAL REVIEW D67, 026005 ~2003!
g~xp!5222 sin2~px!2 f ~xp!. ~8!

In particularTpp is independent ofxp as it should be. Forx
close to 1/2 the energy density is peaked aboutxp

5Aa8(2n11)p/A2.
We note that the boundary state and, in particular,

components of the stress tensor are periodic inx with period
1. This periodicity can also bee seen by analyzing the sp
trum @32# or by analyzing the cylinder diagram on a
orbifold @33#. The origin of this periodicity can be traced t
the fact that the vertex operators exp(ixp/A2a8),
exp(2ixp/A2a8) and i ]xp form an so(3) current alegbra.
Herei ]xp generates translations along thexp direction. Since
the exponential of these operators appears in the path
gral, the resulting correlation functions gain a periodic d
pendence on the coefficientx due to the compactness o
so(3).

Time dependent boundary perturbations can be obta
by analytic continuation of the above profile@4#. Concretely,
by performing the double Wick rotationxp→ ix0,x0→2 ixp

we find that T5x sinh(x0/A2a8) and T5x cosh(x0/A2a8)
are, at the tree level, exactly marginal, time depend
tachyon profiles. Note that in the sinh(x0/A2a8) case we
must also Wick rotatex→2 ix to obtain a real profile.
Therefore we expect that the peridocity observed forx in the
space-like case is now broken. Indeed for space-like m
ginal deformations we saw that the perodicity inx came
from anso(3) current alegbra of thexp free boson confor-
mal field theory~CFT!. If we Wick rotate to a time-like free
boson, this becomes anso(2,1) current algebra, which ha
only one compact direction. This must correspond to the
formations generated byx cosh(x0/A2a8) since these arise
from Wick rotatingx cos(xp/A2a8) which does not require
that x be also Wick rotated. In additioni ]x0 now generates
time translations which are no longer periodic.

The stress tensor for the time-likex cosh(x0/A2a8) pro-
files is again given by Eq.~3! with @4#

A00~x!5222 sin2~px!2 f ~x0!,

Ai j ~x!52 f ~x0!d i j , B~x!52 f ~x0!, ~9!

and

f ~x0!5
12sin4~xp!

112 sin2~xp!coshSA 2

a8
x0D 1sin4~xp!

.

~10!

For time dependent marginal deformations the conserved
ergy E52T00 is

E5A2tp@12sin2~xp!#, ~11!

while the pressurep52Tii vanishes as the tachyon a
proaches the vacuum configuration. More specifically, asx0

→`,
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11sin2~xp!

sin2~xp!
e(2A2/a8)x0

. ~12!

If we consider marginal deformations of the for
x sinh(x0/A2a8), then we find similar expressions but wit

sin2(xp) replaced by2sinh2(xp) ande6(A2/a8)x0
replaced by

2e6(A2/a8)x0
@4#.

III. TACHYON EFFECTIVE ACTIONS

In the previous section we saw that in principle the phy
cal observables of a marginal tachyon profile are encode
the boundary state. An interesting question is then to w
extent can these properties be reproduced by an effec
field theory for the tachyon. A reliable effective action fo
mulation would facilitate more complicated calculation
such as the dynamics in the presence of evolving clo
string modes. For example in@7# Sen showed that for time
dependent tachyon solutions in a BI-type action the press
does indeed vanish asymptotically. However, as we remar
in the Introduction, this particular form for the effective a
tion is not derived from string theory and one might the
fore question the predictions obtained from it. In view of th
we consider in this section the predictions of a rather gen
class of effective actions.

Typically, the full tachyon effective action will be non
local and thus difficult to handle. In what follows will con
sider effective actions which involve only first derivatives
the tachyon field. This class of actions includes, in particu
all suggestions which have appeared in the literature so
For a non-BPS brane it is known that the action and in p
ticular the potentialV must be an even function of th
tachyon fieldT. Therefore the most general form for th
effective action of a realT in p11 dimensions that depend
on at most first order derivatives and is even inT is given by

S5E dp11xL[E dp11x (
a,b50

`

cabT2a~]mT]mT!b.

~13!

From Noether’s theorem it follows that for any stati
codimension-1 solution of the equations of motion of an
tion of the type~13! will have the integral of motion

Tpp5
dL
dT8

T82L5V0 , ~14!

whereV0 is a constant andT depends only onxp. In addition
the energy densityT005L is trivially conserved. For a time
dependent but spatially homogeneous solution one a
finds two conserved quantities but now the conservation
energy leads to a non-trivial condition

T0052
dL
dṪ

Ṫ1L52E0 , ~15!

whereE0 is a constant.
5-3
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The simplest condition one may want to impose is that
effective action reproduce the correct perturbative tach
mass nearT50, that is L;2(]T)21(1/2a8)T21•••.
However this also illustrates one problem of trunctating
first derivative actions since integration by parts allows us
write the kinetic term asT]2T and it could therefore be
modified by higher derivative terms. Indeed several prop
als for the effective action do not reproduce the corr
tachyon mass.

The next issue that we want to discuss is whether
marginal deformations in the last section can be solution
a first derivative effective action. As shown in@22#, the re-
quirement thatT5xsin(xp/A2a8) solves the field equation
completely determines the general action~13! in terms of an
arbitrary potentialV(T)5 f (T2/2a8), i.e.

L5 (
g50

`
1

g!

1

2g21

dg f ~ t !

dtg
~]mT]mT!g, ~16!

where t[T2/2a8. Evaluating the resulting kink equatio
~14! one then finds

V05
dL
dT8

T82L5 (
g50

`
1

g!

dg f ~ t !

dtg
@~T8!2#g

5 f S T2

2a8
1~T8!2D . ~17!

Thus, assuming thatV is nowhere constant, we see that t
only regular static solutions are

T5xsinS xp2x0

A2a8
D , ~18!

for arbitraryx0 and x. In addition it is easy to see that, b
taking the limit x→0, this condition also ensures that th
correct perturbative mass for the tacyhon is reproduced.

Let us now look at the periodicity properties of the phy
cal observables on marginal profiles. As discussed in Se
the stress tensor for marginal deformations is periodic inx.
For a space-like kinkT5xsin(xp/A2a8), periodicity of the
conserved energyT00 in x implies thatL is periodic inx for
all values in xp. This implies thatL(T,T8)5F(T2/2a8
1T82), whereF is a periodic function. On the other han
periodicity of the conserved momentumTpp implies that

dL
dT8

T82L52
dF~z!

dz
T822F~z! ~19!

is periodic inx. These two conditions are, however, incom
patible. Similar comments apply to the case of tim
dependent solutions. Thus, we conclude that while marg
deformations can be solutions of first derivative effective
tions, the periodicity inx of the all observables cannot b
reproduced by any first derivative effective action. This pro
lem, which was also observed in@33#, originates in the fact
that the string ground state atx50 is not the same as th
string ground state in the new vacuum atx51/2 due to spec-
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tral flow. Therefore to see this periodicity the infinite tow
of massive strings modes has to be taken into account. G
erally we then expect that while effective actions capture
physics near a given string theory vacuum, global proper
are typically beyond such approximations. In particular
then expect that the effective action~16! will only be reliable
for x!1.

In superstring theory all of the tachyon effective actio
proposed to date take the specific form3

L52V~T!K~]mT]mT!. ~20!

Certainly without some kind of simplifying structure even a
action which has been truncated to be only first order
derivatives becomes intractable. Therefore in what follo
we restrict our attention to these forms forL. We note here
that an effective action of this form is compatible wi
T-duality if the transverse scalars and world volume vec
fields are included asL52V(T)A2det(Gmn1Fmn)K„(G
1F)mn]mT]nT… or in the BI form L5

2V(T)A2det(Gmn1Fmn1kBI]mT]nT) @34,35#.
Sen’s conjectures state that the potential is nowhere n

tive, vanishes in the true open string vacuum and has a m
mum value ofA2tp at T50. Furthermore, there should b
no perturbative open string excitations about the t
vacuum. Although one might think that action of the for
~20! would ensure this condition, this is not true in gener
Assuming that for smally, K(y);11k1y1••• we check
the perturbative excitations aroundV50 by introducing a
new tachyon variable

dw5AV~T!dT. ~21!

The effective action now looks like

L52V~w!KS ]mw]mw

V D . ~22!

Note that this change of variable relates the BI action@16# to
the proposal of@36#. Expanding Eq.~22! for (]w)2!V @i.e.
(]T)2!1] leads to

L.2k1]mw]mw2V~w!. ~23!

The mass squared of elementary excitations around
tachyon vacuum is then given by

M25
2

k1

d2V~w!

dw2 U
V50

5
2

k1

1

AV
d2A V

dT2U
V50

. ~24!

The absence of perturbative excitations implies that t
mass is infinite. It is not hard to convince oneself thatM will
be infinite provided thatV vanishes faster thanV;e2aT if
the minimum is at infiniteT, or faster thanV;(T2T0)2 if
the minimum is at a finite value ofT. Note thatV;e2aT

3Although we note that for the bosonic string the action does
factorize@11,12,22#.
5-4
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appears in the effective action of a D-brane inbosonicstring
theory. However, the effective actions of bosonic BS
@11,12,22# do not have the form~20! and hence Eq.~24! does
not apply. Indeed one can check that the resulting mas
these cases is infinite. Nevertheless, even if the form~20! is
assumed, plane-wave excitations forw are absent due to non
linearities in the kinetic term@7#. It has also been pointed ou
that the Hamiltonian formalism is in fact better suited f
analyzing the dynamics in the true vacuum@37#. However,
this cannot be done here without choosing a specific form
K.

Another requirement that the effective action should s
isfy is that it should reproduce the correct tension for ki
solutions which are identified with a BPS D(p21)-brane.
More generally ifT5u f(xp) is an off-shell profile, thenu
→` in the infra-red limit. The world sheet theory is ex
pected to run to that ofN BPS D(p21)-branes and anti
D(p21)-branes. HereN is the number of timesT interpo-
lates between the vacua asu→`. Since this should be true
for all profiles, this suggest that at largeu, i.e. at large]pT,
the action becomes topological. This will be the case ifK
.k`A(]T)2 as (]T)2→1`. Recall that we normalize
K(0)51 andV(0)5A2tp so thatk` is not arbitrary. In this
case the energy for the profileT5u f(xp) is, in the limit u
→`,

E5k`E
2`

`

dxpV„u f~xp!…uu f 8~xp!u5Nk`E dT V~T!.

~25!

It is not hard to see that this property is indeed shared by
non-linear, first derivative superstring tachyon actions p
posed thus far@13–16,22#. It was also pointed out in@6# that
a square-root form for time independent configurations
needed to ensure that the fluctuations about a kink ba
ground have finite masses. A square-root form also ens
that the effective action for the relative center of mass co
dinates of the D(p21)-branes has a BI form@22#. In addi-
tion, to agree with the interpretation asN seperate BPS
D(p21)-branes and anti-D(p21)-branes this energy shoul
be E52pAa8N. Hence we find a constraint on the area
the potential between two minima and the large (]T)2 be-
havior ofK. This condition is indeed satisfied by the propo
als of @13–15,22#.

Last, we consider the asymptotic form of the pressure
homogenous, time-dependent tachyon approaching the m
mum of the potential. We then have, for the conserved
ergy,

E52T0052V~T!K8Ṫ21V~T!K„~]T!2
…, ~26!

while the pressure is given by

p52Tii 52V~T!K„~]T!2
…. ~27!

BecauseV(T) vanishes at its minimum, energy conservati
implies thatṪ2 necessarily approaches a singular point ofK8
or K as T condenses toV50. Now, if this singularity is at
some finite value ofṪ, then, sinceK8 will diverge faster than
02600
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K, the first term in Eq.~26! will dominate and the second
term will vanish. Thereforep must also approach zero at th
point. If the singular point ofK or K8 is at infinity, thenp
vanishes unlessyK8(y) andK(y) have the same asymptoti
behavior—that is, ifK(y);yn as y52Ṫ2→2`. In this
latter case, asV→0, p→2E/(2n11) is non-vanishing.
Thus, unlessK(y) has a power law behavior for rapidl
varying time dependent tachyons, the pressure vanishe
the tachyon condenses, although whether or not this hap
exponentially quickly or not will depend on the choice ofK.

IV. TACHYON DYNAMICS

In the previous section we outlined various properties t
the effective action for the tachyonic mode of a non-B
D-brane is expected to have. In particular, if we require t
the marginal deformations~1! be solutions to the equation
of motion, then the effective action is uniquely determin
by a choice of potentialV(T). As proposed in@22#, to fix this
ambiguity we take the exact potential found in bounda
string field theory@13–15#,

V~T!5A2tpe2T2/2a8, ~28!

where tp is the tension of a BPS Dp-brane. The resulting
Lagrangian that we construct then takes the form@22#

L52A2tpe2T2/2a8@e2]mT]mT1Ap]mT]mTerf~A]mT]mT!#.

~29!

One can then check that this action satisfies all the prope
discussed in the previous section~with the exception of pe-
riodicity which we argued could not be captured by any fi
derivative effective action!.

For static configurations this action is in remarkab
agreement with the BSFT action@13–15#

L5
1

A2
tpe2T2/2a84(]T)2

~]T!2
G„~]T!2

…

2

G„2~]T!2
…

. ~30!

This is somewhat surprising since the BSFT action is deri
by simply assuming a linear tachyon profile. This go
agreement can be viewed as a test of the BSFT action
non-trivial space-like kinks, since these are solutions to
equations of motion of Eq.~29!. However, for time-like so-
lutions the two actions differ considerably. In particula
while Eq. ~29! is smooth for all (]T)2 the BSFT action has
poles at negative integer values of (]T)2. However, there is
no reason to believe that these poles are physically impor
since the BSFT action is derived for linear profiles but the
are not solutions to the equations of motion. Furthermore,
fact that the action~29! and the BSFT action differ substan
tially for time dependent solutions suggests that, in contr
to space-like marginal profiles, the BSFT effective acti
cannot be trusted. The action~29! also agrees well with the
BI form @16#

L5A2tpe2T2/2a8A11kBI~]T!2, ~31!
5-5
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for (]T)2.0 if we takekBI5p. However, again they differ
substantially for time dependent profiles where (]T)2,0
and therefore similar comments apply. In particular the
form imposes a maximum value ofuṪu. These three forms
for the functionK are plotted in Fig. 1.

From the construction of the effective action in the la
section it is clear that

T~x0!5AsinhS x0

A2a8
D 1BcoshS x0

A2a8
D ~32!

is an exact solution of the equation of motion. In fact we c
say more by analyzing the energy momentum tensor for
action ~29!:

Tmn52A2tpe2T2/2a8F Ap

A~]T!2
]mT]nTerf@A~]T!2#

2hmn$e
2(]T)2

1Ap~]T!2erf@A~]T!2#%G . ~33!

Let us now consider a homogenous, but otherwise arbitr
time dependent tachyon configuration. Then the energy ta
the simple form

E52T005A2tpe2T2/2a81Ṫ2
. ~34!

Conservation of energy then implies that Eq.~32! is the only
regular solution of the equation of motion. Of course, t
same result can be obtained by analytic continuation fr
Eq. ~17!. In particular, as the tachyon rolls to the minimumṪ
diverges in agreement with the conformal field theory a
proach. This is in contrast with the BI-type and BSFT actio
whereṪ approaches a constant@4,20,21#.

Let us now considerTi j . From Eq.~33! we have

Ti j 5A2d i j tpe2T2/2a8@eṪ2
1 iApṪ2erf~ iAṪ2!#. ~35!

Now, for largey,

Aperf~ iy !. i ey2F1

y
1

1

2y3
1OS 1

y5D G , ~36!

so that

Ti j .
T00

2Ṫ2
d i j for Ṫ→`. ~37!

Thus, the action~29! predicts that at large times the tachyo
condensation produces a gas with non-vanishing energy
vanishing pressure. In particular for largex0, where T

.xex0/A2a8/2,

p.
2E

x2
e2(A2/a8)x0

. ~38!
02600
I

t

n
e

y,
es

-
s

nd

This exponential fall off agrees exactly with the string theo
result from the boundary state@4#. Note that this prediction is
different from that obtained using the BSFT effective acti
@20#, where the square ofx0 appears in the exponential. On
can also see that the BI formK5A11kBI(]T)2 with the
potential~28! predicts that (x0)2 appears in the exponentia
In addition forx!1 we find the same dependence ofp andE
on x as predicted from the boundary state~12!. On the other
hand, in the boundary state approach, the pressure is alw
negative, whereas here we find that the pressure approa
zero from above~see Fig. 2!. The same phenomenon wa
also observed in@20,21# for the BSFT effective action. In-
deed it is clear from Eq.~12! that the sign of the pressure a
V→0 is the opposite of the sign ofK(2Ṫ2), which is nega-
tive in BSFT and Eq.~29!, but positive for a BI-type action
There one of the speculations was that this difference co
be due to the fact that the solution of the BSFT differ fro
the exact marginal deformations. This possibility can be
cluded here as the solutions to our action are precisely
marginal deformations, although higher derivative ter
could lead to corrections in our action as well.

Finally we make some comments on the interpretation
these solutions. For the static solutionsT5x cos(xp/A2a8)
the energy density is not spatially homogeneous but
peaked aboutxp5Aa8/2p(2n11) for integern, becoming
more sharply peaked asx→`. However, by construction the
action~16! is independent ofx and therefore the total energy
evaluated over a single period 2pA2a8, is 4pAa8tp for all
x. For x51/2 this represents a configuration of BPS Dp
21)-branes at each oddn and anti-D(p21) branes at each
evenn. The interpretation of other values ofx is less clear;
however, these are no longer marginal deformations o
string loop corrections are considered@33#. Of course, the

FIG. 2. exp(2y2)@exp(y2)1iApyerf(iy)#.
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solutions involving the marginal deformation T
5xsin(xp/A2a8) can be obtained from the previous ones
translation alongxp.

For time dependent solutions the energy density,e, is
spatially homogeneous. In particular for T

5xcosh(x0/A2a8) we have e5A2tpe2x2/A2a8, which is
less than the false vacuum energy density, while forT

5xsinh(x0/A2a8) the energy densitye5A2tpex2/A2a8 is
greater than the false vacuum energy density. These solu
are no longer related by temporal or spatial translation.
deed while both solutions start and end in the vacuumt
→6` the cosh(xp/A2a8) solutions never pass over the e
ergy barrier atT50 whereas the sinh(xp/A2a8) solutions
travel from one vacuum to the other. As we discussed in S
III, in the full string theory there is a periodic dependence
x for the xcosh(x0/A2a8) solutions but not for the
xsinh(x0/A2a8) solutions.

V. COUPLING TO GRAVITY

The relevance of scalar field action with higher than q
dratic derivative terms for cosmology has been recognize
while ago@23#, where it was argued that scalar field actio
of the formS5V(T)K„(]T)2

… can produce inflationary sce
narios (k-inflation! as well as late stage cosmological acc
eration (k-essence!. It is therefore interesting to analyze ou
tachyon action from this point of view. Related analys
were carried out in@20,24,38–41# for the BI-type and BSFT
effective actions. We consider a general first derivative eff
tive action of the form~20! minimally coupled to gravity:

L5A2gS 1

2k2
R2V~T!K~]mT]mT!D . ~39!

In d5p11 dimensions and withT assumed to be spatiall
homogeneous and time dependent the metric then take
usual FRW form

ds252dt21a~ t !2dsd21
2 , ~40!

wheredsd21
2 is a spatial manifold with constant curvaturek.

For simplicity we consider the spatially flat casek50. A
convenient set of evolution equations is then simply~recall
that one of Einstein’s equations is not independent!

H25
k2

~d21!~d22!
e, ė52~d21!H~e1p!, ~41!

whereH[ȧ/a is the Hubble constant ande and p are the
energy density and pressure, respectively. If we now sub
tute our tachyon action, these general formulas become

H25
2k2

~d21!~d22!
V~AT222a8Ṫ2!,
02600
ns
-

c.
n

-
a

-

s

-

the

ti-

d

dt
@V~AT222a8Ṫ2!#52~d21!H@V~T!K~2Ṫ2!

1V~AT222a8Ṫ2!#. ~42!

In particular at late timesṪ@1 and we can approximat

VK.2V(AT222a8Ṫ2)/2Ṫ2 so that VK!

2V(AT222a8Ṫ2). Hence we see thatV(AT222a8Ṫ2)
5C2a12d for a constantC and therefore

a~ t !;t2/(d21). ~43!

Thus the outcome of this analysis is identical with that o
tained in@24# for the BI action and describes matter dom
nated expansion.

For intermediate times it is convenient to consider t
master equation

ė52kAd21

d22
Ae~e1p!. ~44!

From Fig. 2 we then see that the evolution starts off with
inflationary phasep52e and then transforming smoothl
into a matter dominated expansion~43! for late times. This
qualitative behavior is the same as found in@20# for the
BSFT action.

VI. CONCLUSION

In this paper we have discussed the general propertie
first derivative tachyon effective actions. For example
showed that the asymptotic vanishing of the pressure
time-dependent tachyon profiles is relatively generic,
though the details vary. On the other hand we argued that
periodicity of the stress tensor under marginal deformati
cannot be reproduced by any first derivative effective acti
We also studied in detail the first derivative effective acti
that we proposed in@22# and showed that it reproduces man
of the expected features of tachyon dynamics, including s
eral correct quantitative features. However, it seems ap
priate to mention the more pessimistic note that one co
interpret the large discrepancies among the various propo
effective actions for time dependent tachyons, compa
with their striking similarity for static profiles, as an indica
tion that the effective action approach will not be as succe
ful in the time dependent case. Indeed it has recently b
observed from the boundary state that time dependent ta
ons also couple to massive closed string fields with an ex
nentially increasing strength@42#, so that the truncation to
low level string modes is potentially artificial.
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