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Inflation from D-D̄ brane annihilation
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~Received 22 May 2001; published 21 December 2001!

We demonstrate that the initial conditions for inflation are met when a D5-D5̄ brane annihilates. This
scenario uses Sen’s conjecture that a codimension two vortex forms on the worldvolume of the annihilated
5-brane system. Analogous to a ‘‘big bang,’’ when the five branes annihilate, a vortex localized on a 3-brane
forms and its false vacuum energy generates an inflationary space-time. We also provide two possible mecha-
nisms for ending inflation via the decay of a metastable vortex, or radiation of the cosmological constant into
the bulk space-time.
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I. INTRODUCTION

It has been suggested by Rubakov and Shaposhnikov
later by other investigators that our universe may be a de
embedded in a higher-dimensional bulk space-time@1#. Sub-
sequently, Randall and Sundrum~RS! has extended the
brane-world idea to solve the gauge hierarchy problem
localize 4D gravity as well as the matter fields of the sta
dard model@2,3#. However, it was demonstrated that the R
scenario in a cosmological setting still exhibits a flatne
problem and neccesitates an inflationary epoch@4#. More-
over, recent observations of the cosmic microwave ba
ground ~CMB! agree with the inflationary scenario whic
collectively resolves the horizon, flatness, and formation
structure problems of the standard big-bang~SBB! model.

Nonetheless, most brane-world descriptions are c
structed from the bottom up, necessitating other forms po
tial and coupling constant fine tuning. The flatness, struc
formation, and especially the trans-Planckian proble
strongly suggest that quantum gravitational effects pla
significant role in the early universe@5#.

In light of the limitations of the effective-field theorie
applied to inflationary scenarios, inflation should arise a
prediction from string theory, since string theory incorpora
natural ways of resolving curvature singularities and fi
theory divergencies viaS and T dualities @6#. Nonetheless,
inflation requires very special initial conditions that appea
the specifics of an effective theory@7,8#. In this paper, we
investigate the non-Bogomol’nyi-Prasad-Sommerfield~BPS!
sector of superstring theory and show that the initial con
tions for inflation are realized quite naturally. We will sho
that when two five branes annihilate, an inflating thre
dimensional hypersurface will emerge as a result.

A key to realizing inflation from D-branes is the fact th
they are space-time topological defects. It has been app
ated for a while that topological defects play an importa
role in the early universe. Indeed, Vilenkin and Linde de
onstrates that if the symmetry breaking scale associated
the formation of a defect is on the order of the planck sca
a topological defect will drive inflation free of the fine tunin
problems which usually plague inflationary scenarios; hen
inflation becomes an issue of topology@9,10#.

Therefore, the idea for D-brane driven inflation is qu
0556-2821/2001/65~2!/023507~8!/$20.00 65 0235
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simple. A D5 and anti-D5 brane exactly parallel to each ot
coincide and annihilate, leaving behind a curved D3-bra
During this annihilation process a codimension two vortex
unit winding number1 forms at the 3D junction on the world

volume of the D5-D̄5 system@see Fig. 1#. For an observer in
the core of the vortex, the false vacuum energy domina
and generates eternal inflation via the topological inflation
scenario. When inflation begins, the tachyon~inflaton! is ho-
mogenous and very close to zero near the core of the 3-b
vortex. Outside the core of the three brane, inflation w
eventually end and such an observer will see a black 3-br
Compared to the Hubble length scale these two observers
exponentially separated, so there will be no cosmolog
problems.

Our analysis assumes that the initial configuration of fi
branes are exactly parallel. This situation requires unnat
fine tuning. However, all that is needed for inflation is for t
D5-D̄5 to be parallel in a region of space that is small co
pared to the Hubble volume. There will be local attracti
forces between the brane and antibrane which will act
produce such a configuration. Thus, the measure of requ
initial conditions is no longer zero.

In order to discuss D-brane inflation it is necessary
provide an analysis of non-BPS D-branes. In Secs. II and
we review generic properties of BPS and non-BPS D-bra
to set the stage for its cosmological relevance. In Sec. IV
will then review, in general, the realization of defect drive

1Vortices of higher winding number or multiple coincident vort
ces may also form. The number of formed vortices is dictated by

initial number of D5-D̄5 branes, while the winding number of th
vortex will depend on the number of times the tachyon field wra
around the vacuum manifold corresponding to the brokenU(1) of

the D5-D̄5 worldvolume theory. Our initial configuration can allow
for a higher winding vortex or a number of vortices. Howeve
increasing either the number or winding of the vortices will on
enhance the inflationary effect because in both cases, the magn
of false vacuum energy, which drives inflation, will increase. In o
analysis, we tune our initial conditions so that we are dealing w
one vortex with winding number,n51. Therefore, our general re
sult, that inflation will occur will not be affected by increasing th
winding or number of vortex branes.
©2001 The American Physical Society07-1
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STEPHON H. S. ALEXANDER PHYSICAL REVIEW D65 023507
inflation. In Sec. V we extend the analysis of defect-driv
inflation to non-BPS D-brane systems. An explicit analy
and solution of the effective tachyon vortex field theo
coupled to gravity is covered in Sec. VI. A discussion of ho
inflation can end is discussed in Sec. VII. We conclude w
some open issues in light of D-brane cosmology and st
theory.

II. GENERIC PROPERTIES OF D-BRANES

At long wavelengths,l. l s the dynamics of a Dp-brane i
well described by the sum of the Dirac-Born-Infeld~DBI!
action and a Wess-Zumino~WZ! term:

Sp5Sp
DBI1Sp

WZ . ~1!

The DBI term is

Sp
DBI5T(p)E dp11x

3Adet@~Gmn1Bmn!]mYm]nYn12pa8Fmn#, ~2!

where Fmn is the worldvolume Born-Infeld field strength
Bmn is the bulk antisymmetric field,Ymn are the collective
coordinates which describe oscillations transverse to
worldvolume the Dp brane, andGmn is the target-space me
ric. The tension of the Dp-braneT(p) is,

T(p)52p~4p2a8!2(11p)/2e2f ~3!

wherea85 l s
2 . Our conventions are the ten-dimensional t

get space-time vectors labeled bym50, . . . ,9. Theworld-
volume directions arem,n, . . . 50, . . . ,p, while the direc-
tions transverse to the Dp-brane will be labeleda,b, . . .
5p11, . . . ,9. Thelow-energy limit of the WZ term in the
action ~DBI! can be deduced by requiring the absence
chiral anomalies in an arbitrary configuration of intersect
D-branes.

FIG. 1. This is a depiction of the annihilation of two parall

coincident D5-D̄5 branes, represented as a two-dimensional
face. After the D5 branes annihilate a vortex, 3-brane, represe

as a line, forms on a 3D junction, a submanifold on the D5-5̄
worldvolume. In our mechanism, this vortex initiates an inflati
3D hypersurface, identified as the 3-brane worldvolume.
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All superstring theories admit a myriad of Dp-brane sp
cies. Nonetheless, there are some features that are ge
among all D-branes which we aim to exploit in cosmolog
The most outstanding generic physical feature of D-bra
are their low-energy, long-wavelength behavior. The tra
verse fluctuations of the D-brane is concretely described
the 9-p11 scalar fields~more geometrically speaking, th
normal bundle!. An observer on the brane will see these sc
lars as the D-term in the corresponding Super-Yang-M
theory which reside on the the D-brane’s worldvolum
~WV!. Similarly, gauge fields residing in the D-brane’s W
describe the longitudinal fluctuation of the D-brane.

Notice that the above action describes a supersymme
D-brane. As a result, the dynamics of this brane is c
strained to locally supersymmetric gravitational bac
grounds. Therefore cosmological space-times including
Sitter is inadmissible as they will break supersymmetry
the D3-brane worldvolume. Hence our brane is necessa
non-BPS in order to incorporate dynamical gravity. The
fore, we are led to consider the evolution of a non-B
3-brane cosmology. Even in the early Universe any bra
world scenario will have to incorporate the non-BPS sec
of string theory, hence non-bps D-branes. But, how do n
bps branes arise from first principles? In particular, we
interested in the cosmological implication of D-brane anti
brane annihilation since it has been conjectured by Sen
this state is equivalent to vacuum.

III. NON-BPS D-BRANE

In this section we provide a first-principle approach
non-BPS D-brane that will be compatible with early univer
cosmology. One first needs to understand from a stringy
spective how non-BPS D-branes arise and evolve.

Similar to point particles, when a D-brane and an anti-
brane are coincident they will annihilate. However, unli
point particles, the D-brane annihilation process is more
volved since each of these D-branes have a U~1! gauge field
theory living on its worldvolume. Therefore, the fate of the
gauge fields during and after the annihilation process pla
crucial role in determining decay product.

When the branes are coincident a tachyonic instabi
sets in. The open string connecting the D-D¯ brane has a
spectrum arising from a Gliozzi-Scherk-Olive~GSO! projec-
tion, (21)F, that is the reverse of the usual one.2 Usually,
the GSO projection acts to get rid of the tachyon in the op
strings which end on a Dp-brane. However, for a D-D¯string
the tachyon still survives despite the GSO projection. T
tachyonic instability signals the eventual annihilation of t
coincident brane and antibrane. Sen conjectured that the
sions of the D-anti D-brane pair and the negative-poten
energy of the tachyon is exactly zero@13,14#.

2TD1V~T0!50, ~4!

2For a review, read@11,12#.
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INFLATION FROM D-D̄ BRANE ANNIHILATION PHYSICAL REVIEW D 65 023507
where TD is the tension of the D-brane andV(T0) is the
value of the tachyonic potential at its minimum. Therefore
the branes annihilate the tachyonic fields evolve toward
true vacuum where the tensions of both branes are equiva
to the minimum of the tachyonic potential. In this case t
branes will annihilate to the closed string vacuum and th
will be no remnant branes. We will be interested in the c
when a lower-dimensional brane is created as a by produ
the annihilation process.

Let us look at a concrete case of a vortex configuration
a membrane-antimembrane pair in type IIA string theo
Here, the tachyon associated with the open string ending
the membrane and the antimembrane is a complex sc
field T. There is a U(1)3U(1) gauge field living on the
worldvolume of the membrane antimembrane system.
tachyon carries one unit of winding charge under these ga
fields. LetAm

1 and Am
2 denote the gauge fields arising fro

the D2-brane and the anti-D2-brane, respectively. The res
ing kinetic term for the tachyon is

uDmTu2, ~5!

where

DmT5~]2 iAm
1 1 iAm

2 !T. ~6!

The form of the perturbative tachyonic potential we emp
is @16#

V~T!5~ uTu22m2!2. ~7!

The general static, finite-energy vortexlike configuration
the tachyon field described in the polar coordinates on
membrane worldvolume in the asymptotic regime takes
form

T.T0einu, ~8!

Au
12Au

2.1,asr→`. ~9!

Hence asr→`, both the kinetic and potential energy wi
vanish rapidly. This defect is identified as a stable, fin
mass particle in type IIA string theory. This particle carri
one unit of magnetic flux associated with the gauge field
the worldvolume of the membrane antimembrane system

R ~A12A2!dl52p. ~10!

Hence, this nontrivial flux implies that the particle carri
one unit of D0 brane charge@12#. It has been argued usin
boundary conformal field theory calculations that this solit
is a D0 brane. The above construction can be trivially g
eralized to represent the p-brane of type II string theory a
vortex solution on the (p12)-brane anti-(p12)-brane pair
@12#. We are of course interested in the case of p53, the
D3-brane.

We are interested in knowing the cosmological implic
tions and consequences of the identification of the vor
defect as a codimension 2 D-brane after a brane and an
tibrane annihilates.
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IV. INFLATIONARY MECHANISM: THE DEFECT
SOLUTION

It has been appreciated for a while that the core of to
logical defects can undergo cosmic inflation without the ne
of fine tuning. Both Linde and Vilenkin first calculated th
criterion for a defect core to undergo inflation. To make o
analysis clear let us consider inflation of a domain wall. T
Lagrangian of a domain wall is

L5
1

2
~]mf!22

l

4 S f22
m2

l D 2

, ~11!

wheref is a real scalar field. The Lagrangian possesses aZ2
symmetry that is spontaneously broken and hence dom
are formed withf56h, whereh5m/Al. These domains
are divided by kinks~domain walls! which interpolate be-
tween the two minima. The domain wall configuration
represented as

f5h tanhSAl

2
hxD . ~12!

What are the conditions for a universe separated into
domains by a domain wall to inflate? To answer this quest
we need to show that there is a regime in the parameter s
of the domain wall coupling and symmetry breaking sc
that will yield an exponentially expanding space-time bac
ground.

We first need to find the thickness of the domain-w
~DW! in flat space-time, which is obtained by balancing t
gradient and potential energies at the core of the wall. T
potential energy strives to keep the domain-wall field co
figuration on the vacuum manifold, hence minimizes the D
thickness, while the gradient energy provides tension
spread out the wall thickness. The potential-energy densit
the wall is obtained by evaluating the potential atf50 since
the field configuration is localized in the core of the wa
This givesrd5lh4.

The wall thickness,d0 in flat space-time is determined b
the balance of the gradient and potential energy (h/d0)2

;V05V(f50). Hence,

d0.h~V0
1/2!. ~13!

From the Friedmann equation the horizon size correspond
to the vacuum energyV0 in the interior of the wall is

H0
215M pS 3

8pV0
D 1/2

, ~14!

whereM p is the Planck mass.
If d0!H21, then gravity will not affect the wall structure

in the transverse direction, hence, we do not expect the
thickness to change. However, ford0>H0

21 the size of the
false vacuum region inside the wall is greater thanH0

21 in all
three directions, and according to the Einstein field equati
this region will undergo inflationary expansion. Furthermo
using the above two conditions, we find that inflation w
7-3
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STEPHON H. S. ALEXANDER PHYSICAL REVIEW D65 023507
occur when the symmetry-breaking scale associated with
defect formation is in the Planck regime

h>M p . ~15!

The criterion for inflation stated above carries over to vo
ces and monopoles as well. Another important point is t
once started, topological inflation never ends. Although
field f is driven away from the maximum of the potentia
the inflating core of the defect, from topology, cannot disa
pear, unless the field unwinds. It has been shown that
core thickness grows exponentially with proper time@17#. It
is also worth noting that these cases have been displa
robustely in numerical simulations.

We are now equipped to address the issue of defect dr
inflation in the context of brane-antibrane annihilation in s
perstring theory.

V. NON-BPS D-BRANE INFLATION SCENARIO: SET UP

In the previous section we provided robust conditions
topological defects to inflate provided that the core radiu
larger than the inverse Hubble radius. Generically, field th
ries are difficult to understand in the Planck regime, so to
logical inflation is difficult to realize in this context.

We first wish to briefly discuss the assumptions we
making. We will begin by coupling the worldvolume actio
for the unstable brane system, including the anomaly can
ing term, to the Einstein-Hilbert gravity action. Here w
make a assumption that the extra four dimensions are c
pactified and its associated moduli fields are massive.
will later provide a consistency check of this assumptio
Therefore, we will only investigate the evolution of th
massless degrees of freedom with respect to the 6D Pla
scale and shall use an effective gravity in 511 dimensions.

The 6D Newton constant is

G65
~a8!4gs

2

V~T4!
, ~16!

whereV(T4) is the volume of the compact four torus.
We are now in a position to make a simple consisten

check by solving for the size of the compactified dimensio
in terms of the string length scale and coupling constant.
stated in the previous section the universal condition to
tain topological inflation is that the symmetry-breaking sc
is on the order of the Planck mass

h;M p . ~17!

From the tachyon potential, the symmetry breaking scal
the string length@18#,

h5 l s
21 ~18!

while the six-dimensional Planck mass is

M pl5G6
21/4. ~19!

Equating Eq.~18! with Eq. ~19! we obtain a bound for the
size of the compactified volume
02350
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V~T4!> l s
4g2. ~20!

Hence, for weak string coupling our effective gravity d
scription is consistent with our compactification. In oth
words, the vortex has the sufficient thickness in order
undergo inflation.

How does the tachyon couple to our gravitational actio
While this issue is still under investigation, we provide t
following argument@19,20#. The tachyon is naturally incor
porated into boundary string field theory when one rewri
the U~1! field strength as a supercurvature@15,16#:

F5dA, ~21!

where

iA5S iA1 T̄

T iA2D . ~22!

In the Wess-Zumino term the supercurvature hasa8 as a
coupling constant

E
M

C`Stre2p ia8F. ~23!

From Eq. ~22!, the tachyon also hasa8 coupling and will
couple to gravity via the energy momentum of the U~1!
gauge fields in the DBI action. Implicit in this assumption
the observation that the time scale for the vortex configu
tion to form is much smaller that the 6D Planck time sca
tvortex!t6D

pl . This physically means that the tachyon,
forming a stable vortex configuration, is able to wind arou
the vacuum manifold to acquire a unit of vortex charge fas
than the gravitational field can backreact to anisotropies
the tachyon field dynamics. Hence we can use Birkho
theorem to construct a general metric solution. For gene
ity, though, the tachyon field will be time dependent,

T5T~ t !, ~24!

even after a stable vortex forms. This will be important f
the graceful exit problem.

Our system will be investigated with the following actio

STot5SGrav1SDBI
D2D̄1SWZ

D2D̄ . ~25!

Before proceeding with the explicit calculation it is wor
presenting as clearly as possible a physical picture in ana
with potential driven inflationary scenarios. First, we pla
the tachyon on the same footing as an inflaton since it
scalar field which rolls down a potential. The second cruc
assumption is that the potential of the tachyon couples m
mally to gravity. Nonetheless, the second assumption can
evaded to include nonminimal coupling, which has also de
onstrated topological inflation, but this issue shall not
covered in this paper.

Consider now a 5-5̄annihilation. As the five branes ann
hilate, a non-BPS 3-brane is created. The creation of
3-brane is important as it will act as the space-time that w
inflate. The crucial point here is that the core of the vort
7-4
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INFLATION FROM D-D̄ BRANE ANNIHILATION PHYSICAL REVIEW D 65 023507
configuration is localized on the whole 3-brane worldv
ume. At the center of the core~in this case the 3-brane! the
symmetry is restored and the tachyon field vanishes. A
result the vortex always remains at the top of the tach
effective potential atT50. The false vacuum energyV(T
50) yields a negative pressure equation of state for
tachyon field and will drive an inflationary epoch of th
3-brane worldvolume. The crucial point which differs fro
ordinary inflation is that this mechanism dynamically tun
the tachyon potential to the optimal value for inflation on t
brane by localizing all of the vacuum energy on a (311)D
hypersurface.

VI. VORTEX INFLATIONARY SOLUTION

Tachyonic condensation in the D-D¯system flows from the
false open string vacua to the closed string vacuum. In
case, there is a remnant D(p22)-brane formed after the ta
chyonic field winds nontrivially around the vacuum man
fold. In the 10 D target space the core of this defect is ind
the worldvolume of the Dp-2 brane and hence has trap
false vacuum energy from the nontrivial winding of th
tachyon. Since the system is in the closed string vacu
where gravitational interactions are turned on, this vor
carries energy momentum. In other words, at the core of
vortex, the space-time dynamics will be dominated by
potential and gradient energy associated with the vortex c
figuration localized on the 3-brane. This leads to a nega
pressure equation of statep(T)5r(T). If there is any matter
in this region, inflation will dilute it leaving only the poten
tial behind. In our case we will study the cosmic evoluti
which incorporates a local U~1! gauge field. We are assum
ing that the tachyonic field has formed the vortex configu
tion before the gravitational interactions are turned on. T
is consistent with the annihilation process since the sys
first begins in an open string false vacuum state~which has
no gravity at weak coupling! and evolves to a close
vacuum.

The defect configuration will impose a most general fo
of the time-dependent metric. The effective action we w
study is

S5Sgrav i ty1Svortex1SWZ , ~26!

S52
2

G6
E d6xA2g@~R22L!

22G6LDBI1LWZ#, ~27!

whereR is the six-dimensional scalar curvature,LDBI is the
complete D-D̄Lagrangian, andG6 is the six-dimensiona
Newton constant. In particular, the tree level effective L
grangian for the tachyonic field is

LDBI5
1

gYM
2 E d6xA2g@Fmn

6 F6mn2~DmT!2

2 1
2 ~ uTu22C2!2# ~28!
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and the Wess-Zumino term

LWZ5TD5E
M6

C`Stre2p ia8F, ~29!

where the supertrace

StrM5Tr~2 !FM5TrS 1 0

0 21D M . ~30!

For the D5-D̄5 problem the Wess-Zumino term becomes

TD5E
M6

C4`~2pa8!dT`dT̄. ~31!

Upon varying the above action we obtain the 6D-Einst
equations

Gmn
6 5G6DTmn , ~32!

where the energy-momentum tensor of the D5-D5̄ system is

Tmn5
dS

dgmn
5DmTD̄mT̄1DnTD̄mT̄2gabFma

2 Fnb
2 1gmnL.

~33!

The tachyon equation of motion~EOM! is

DmDnT5
]V~TT̄!

]T̄
, ~34!

whereV(TT̄) is the tachyon potential in Eq.~7!, while the
EOM for the gauge field is

“

nFmn
2 5 ie~ T̄“mT2T“mT̄!22e2Am

2TT̄. ~35!

The general time-dependent tachyon vortex solution is

T~ t,r !5f~ t,r !einu, ~36!

Am
25

n

e
b~ t,r !“mu, ~37!

subject to the energy-conserving boundary conditions

f~ t,0!50, f~ t,`!5C,
~38!

b~ t,0!50, b~ t,`!51.

The vortex configuration is localized on the codimension t
hypersurface, identified as a D-3 brane in our case. The
ergy momentum of the tachyon field is dominated only
the potential and gradient energy, since the vortex is a st
configuration. As stated earlier, inflation will occur becau
the tachyon field has a negative pressure equation of sta

p~T!52r~T!. ~39!
7-5
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STEPHON H. S. ALEXANDER PHYSICAL REVIEW D65 023507
Hence, if initially there is matter at the core of the vort
brane the inflation dilutes the matter leaving only the pot
tial behind.

The most general solution of Eq.~32! is

ds511
2 5gmndxmdxn1gi j dxidxj , ~40!

wheregmn andgi j are the brane and transverse metrics,
spectively. The general time-dependent solution which sa
fies the Einstein field equations with planar symmetry in fi
space-time directions is

ds511
2 52dt21B~ t,r !2dr21H~ t,r !2~dx1

21dx2
21dx3

2!

1C2~r ,t !r 2du2. ~41!

Then the tachyon equation of motion becomes

T̈1S Ḃ

B
2

Ċ

C
2

Ḣ

H
D Ṫ1

T9

B2
1

1

C2r 2
T~12a!21T~T22c2!

50, ~42!

where a prime denotes] r .
We shall now proceed to solve for the metric coefficie

and look for inflating solutions specifically of the codime
sion two hypersurface, the 3-brane worldvolume. This so
tion describes a localized 3-brane sourced by the fa
vacuum energy of the tachyonic vortex, whose core lives
the 3-brane worldvolume. The tachyon vanishes at the c
thus satisfying the condition for defect driven inflation. It h
been demonstrated that, in this case, both the 3-brane an
transverse coordinates will undergo exponential inflat
@21,22,17#.

We will now discuss two separate cases of the space-
solution:~1! The gauge fieldA250, and~2! The gauge field
A2Þ0.

In the latter case the field equations are difficult to so
analytically for all timest, since the gauge field is also tim
dependent. However, around the center of the vortex

Ḃ

B
5

Ċ

C
5

Ḣ

H
5A8pG

3
V~T50!. ~43!

We immediately see that inflation occurs along the 3-br
worldvolume as well as the transverse directions.

When the gauge field is set to zero the solutions co
spond to a global vortex which has been shown by ot
authors to exhibit a warped geometry with de Sitter exp
sion of the 3-brane worldvolume directions@22#. It was
shown that the general solution interpolates between adS6
and adS43R2.

VII. GRACEFUL EXIT MECHANISM

Most inflationary models, especially those arising fro
string theory, suffer a graceful exit problem@23#. Further-
more, in earlier versions of topological inflationary sc
narios, the inflaton remains at the maximum of the fa
vacuum yielding eternal inflation. Therefore, there is no e
02350
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to inflation once it sets in. This phenomenon occurs by vir
of the no hair theorem for de Sitter space: In the core of
defect (T50) the space-time evolves by its own laws a
continues to expand exponentially at all times.

Eternal inflation will occur in our case as well. Effec
tively, the tachyon stays at the core of the vortex and as l
as the vortex remains stable, the possiblity of a graceful
does not exist. However, in our model we propose two p
sible ways for inflation to end. In what follows we sha
outline these two mechanisms, but they are subject to a s
rate paper, currently a work in progress@24#.

A. Mechanism I: Unstable defects and graceful exit

It was shown by Lepora and Martin that nontopologic
~embedded! local defects can also undergo sufficient infl
tion @26#. As the defect decays, the coupling of the tim
dependent gauge field to the scalar field in the core of
defect will cause inflation to end. Likewise if our create
vortex is embedded rather than topological, then the tach
field can unwind and this will cause the equation of state
change from pure cosmological constant to radiation, end
inflation. To make this mechanism concrete in the contex
brane annihilation inflation requires a realization of an e
bedded vortex from the non-BPS sector of string theory.
propose that this is possible with a D5-D5̄ annihilation in
type IIA which decays into an unstable D3-brane in type II
In a future paper we shall report on this graceful exit mec
nism due to inflation in unstable defects, since this issue
require an involved stringy calculation@24#.

B. Mechanism II: Emission of the cosmological constant

In our inflationary scenario the space-time in the core
the vortex is dominated by a cosmological constantL4 and
will inflate due to a negative pressure equation of state. T
vortex brane has an extrinsic curvature due to its embedd
in the bulk. We wish to make an analogy at this stage w
the physics of cosmic strings defined by the Nambu-G
action. The extrinsic curvature of cosmic strings gives rise
acceleration along the direction normal to the length
string.3 Similarly, the nucleated vortex in our case will als
be curved and possess an acceleration away from the in
position where it was nucleated.

It was demonstrated recently that a curved 3-brane
Unruh radiate a positive cosmological constant into the b
@27# if it accelerates within the transverse directions. Th
acceleration is proportional to an Unruh temperatureTUnruh .
Crucial to this effect is the fact that bulk graviton modes s
the brane as a mirror. This nontrivial coupling between
fields on the brane to the bulk graviton modes stimulates
emission of thermal radiation from the brane. In our ca
sinceL4 radiates away, inflation will end; a purely quantu
gravitational effect. This graceful exit mechanism is app
cable in our case. However, there is a subtlety that requ
further investigation; while it was shown that a 3-brane d

3I thank Robert Brandenberger for making this important conn
tion.
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main wall in (411) dimensions will radiate awayL4, our
case is slightly different, since we are dealing with a 3 brane
vortex embedded in 511 dimensions. Therefore, it is th
topic of a future paper to~1! see if our specific case carrie
over to the conclusion of@27#, and~2! develop this radiation
mechanism to calculate the exact time scales relevant to
number ofe foldings.

C. The duration of inflation

Assuming the viability of the previously proposed grac
ful exit mechanisms, it is important to comment on t
length of inflation @point ~2! of the last section#. We will
argue that in both cases it is possible for inflation to last lo
enough~at least 60e foldings! before it ends. Without a
detailed analysis of the decay of the embedded vortex
mechanism I, it is difficult to say exactly how long inflatio
will last. However, it was shown that embedded defects m
be stabilized by plasma effects at high bulk densities
become unstable at low densities@25#. This is quite natural in
our scenario where, in general, there are other gauge fi
propagating in the bulk. In this case, the time scale for in
tion will be long without much fine tuning. In mechanism I
inflation will also last a long time before ending since t
graceful exit relies on quantum evaporation, which is a sl
process. Therefore, both mechanisms are equipped with
tuning free features to provide sufficiente foldings.

VIII. CONCLUSIONS AND DISCUSSION

When formulated in conventional quantum-field-theo
coupled to gravity, inflation exhibits initial condition fin
tuning, singularity, and trans-Planckian problems. We h
suggested a dynamical inflationary mechanism resul
from D-D̄ brane annihilation to address these problem
These branes are in the non-BPS sector of superstring th
This mechanism is physically analogous to a ‘‘big-ban
mechanism, in that the branes hit each other, annihilate,
a lower-dimensional inflating brane emerges as a result of
annihilation process. Moreover, we have made a conc
connection with Vilenkin’s and Linde’s realization of topo
logical inflation. In both models, there is little need of fin
tuning of potentials. In our model, the tachyon condens
forms a vortex whose core is localized on the D3-bra
worldvolume which sets the initial condition neccessary
inflation.
B
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Our mechanism is similar to topological inflation whe
inflation never ends and there exists no graceful exit in s
models. However, we propose two mechanisms. The
mechanism requires that the vortex brane is metastable~an
embedded defect! and hence the tachyon field can unwin
causing a change in the equation of state to that of radiat
ending inflation@28#. The second mechanism is based
past work where it was demonstrated that an acceler
brane will Unruh radiate its cosmological constant into t
bulk @27#. However, these two mechanisms need more de
opment and is currently being pursued@28,24#.

In light of the stringy inflationary mechanism presented
this paper, one is led to a few outstanding puzzles. Fi
string theory possesses a myriad of D-brane species and
mechanism could, in principle, apply to other inflating h
persurfaces of differing dimensionalities. Is there someth
unique about an inflating 311 D hypersurface, resulting
from annihilating Dp-branes? Nonperturbative data fro
string theory should shed new light on this question and
leave this issue for future investigations. Interestingly,
similar ‘‘big-bang’’ scenario avoiding an inflationary epoc
has been suggested by colliding branes in the contex
Horava-Witten compactification@29#.

There is a stringy mechanism which selects a large
11D space-time@30# from annihilating D1-branes, namely
the Brandenberger-Vafa scenario~BV! @34,31#. This situation
takes the annihilation of a D~p-2! brane into a large p spatia
dimenison for p53. If in the BV mechanism we associat
this large dimension as a ‘‘brane world’’ then there is a sim
larity in that our mechanism takes the annihilation of a D
brane into an inflating D~p-2! space for p55. These two
pictures are intriguingly related to each other by Myer’s
electric effect @32# which has been employed to resolv
gravitational naked singularities@33#. We believe that further
investigation of this issue will be illuminating.
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