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Ekpyrotic universe: Colliding branes and the origin of the hot big bang
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We propose a cosmological scenario in which the hot big bang universe is produced by the collision of a
brane in the bulk space with a bounding orbifold plane, beginning from an otherwise cold, vacuous, static
universe. The model addresses the cosmological horizon, flatness and monopole problems and generates a
nearly scale-invariant spectrum of density perturbations without invoking superluminal expansion~inflation!.
The scenario relies, instead, on physical phenomena that arise naturally in theories based on extra dimensions
and branes. As an example, we present our scenario predominantly within the context of heterotic M theory. A
prediction that distinguishes this scenario from standard inflationary cosmology is a strongly blue gravitational
wave spectrum, which has consequences for microwave background polarization experiments and gravitational
wave detectors.
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I. INTRODUCTION

The big bang model provides an accurate account of
evolution of our universe from the time of nucleosynthe
until the present, but does not address the key theore
puzzles regarding the structure and make-up of the Unive
including: the flatness puzzle~why is the observable univers
so close to being spatially flat?!; the homogeneity puzzl
~why are causally disconnected regions of the universe
similar?!; the inhomogeneity puzzle~what is the origin of the
density perturbations responsible for the cosmic microw
background anisotropy and large-scale structure format
And why is their spectrum nearly scale-invariant?!; and the
monopole problem~why are topological defects from earl
phase transitions not observed?!. Until now, the leading
theory for resolving these puzzles has been the inflation
model of the universe@1,2#. The central assumption of an
inflationary model is that the universe underwent a period
superluminal expansion early in its history before settl
into a radiation-dominated evolution. Inflation is a rema
ably successful theory. But in spite of 20 years of endea
there is no convincing link with theories of quantum grav
such as M theory.

In this paper, we present a cosmological scenario wh
addresses the above puzzles but which does not involve
flation. Instead, we invoke new physical phenomena t
arise naturally in theories based on extra dimensions
branes. Known as ‘‘brane universe’’ scenarios, these id
first appeared in Refs.@3# and @4#. However, only recently
were they given compelling motivation in the work o
Hořava and Witten@5# and in the subsequent construction
heterotic M theory by Lukas, Ovrut and Waldram@6#.
0556-2821/2001/64~12!/123522~24!/$20.00 64 1235
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Complementary motivation was provided both in superstr
theory@7–9# and in nonstring contexts@10,11#. Many of the
ideas discussed here are applicable, in principle, to any b
universe theory. For example, in discussing the features
our model, we draw examples both from the Randa
Sundrum model@10# and from heterotic M theory. However
in this paper, we emphasize heterotic M theory. This is do
for specificity and because, by doing so, we know that we
working in a theory that contains all the particles and int
actions of the standard model of particle physics. Hence,
are proposing a potentially realistic theory of cosmology.

Specifically, our scenario assumes a universe consistin
a five-dimensional space-time with two bounding~311!-
dimensional surfaces~3-branes! separated by a finite ga
spanning an intervening bulk volume. One of the bound
3-branes~the ‘‘visible brane’’! corresponds to the observe
four-dimensional universe in which ordinary particles a
radiation propagate, and the other is a ‘‘hidden brane.’’ T
universe begins as a cold, empty, nearly BPS~Bogomol’nyi-
Prasad-Sommerfield@12#! ground state of heterotic M theory
as described by Lukas, Ovrut and Waldram@6#. The BPS
property is required in order to have a low-energy fou
dimensional effective action withN51 supersymmetry. The
visible and hidden branes are flat~Minkowskian! but the
bulk is warped along the fifth dimension.

In addition to the visible and hidden branes, the bulk v
ume contains an additional 3-brane which is free to mo
across the bulk. The bulk brane may exist initially as a B
state, or it may spontaneously appear in the vicinity of
hidden brane through a process akin to bubble nucleat
The BPS condition in the first case or the minimization of t
action in the second case require that the bulk brane be
©2001 The American Physical Society22-1



es
ct
m
e
tr

n
e
o
as
le

ng
is
o

d
a-
n
t

tic
ic
u-

ion
is

fth

es
big
the
In
ore
re-

izon
mi-
not
ace-
the
the
he
ol-
or-

ink,
d-

ocal
he
the
the
re-

the
the
ne

ne
e
und

to
the
the

ng
e-
n is
ex-
an
ius

on
-
ess
that
hich
of

ne
on
low

tic
B
rp

n
ou
rd
e

e

en

ib
an
s

KHOURY, OVRUT, STEINHARDT, AND TUROK PHYSICAL REVIEW D64 123522
oriented parallel to the boundary branes, and initially at r
Nonperturbative effects result in a potential which attra
the bulk brane towards the visible brane. We shall assu
that the bulk brane is much lighter than the bounding bran
so that its backreaction is a small correction to the geome
See Fig. 1.

The defining moment is the creation of the hot big ba
universe by the collision of the slowly moving bulk bran
with our visible brane. Although the universe may exist f
an indefinite period prior to the collision, cosmic time
normally defined begins at impact. The bulk and visib
branes fuse through a ‘‘small instanton’’ transition, duri
which a fraction of the kinetic energy of the bulk brane
converted into a hot, thermal bath of radiation and matter
the visible brane. The universe enters the hot big bang
Friedmann-Robertson-Walker~FRW! phase. Notably, instea
of starting from a cosmic singularity with infinite temper
ture, as in conventional big bang cosmology, the hot, expa
ing universe in our scenario starts its cosmic evolution a

FIG. 1. One possible set of initial conditions of the ekpyro
scenario has the universe beginning in a cold, vacuous, nearly
state consisting of two static massive orbifold planes and a wa
geometry in the intervening bulk~a! in which the curvature is low
near the rightmost orbifold plane~the hidden brane! and high near
the leftmost orbifold plane~the visible brane!. Spontaneously, a
bulk brane peels away from the hidden brane over some regio
space~b!, forming a terrace. The edges of the terrace expand
wards at light speed, while the interior moves very slowly towa
the opposing visible brane. Although the bulk brane is flat on av
age, quantum fluctuations produce ripples over a wide rang
length scales as the brane traverses the bulk~c!. When the bulk
brane collides with the visible brane, the ripples result in differ
regions colliding and reheating at slightly different times~d!,
thereby impressing a spectrum of density fluctuations on the vis
universe. The energy from the collision is translated into matter
radiation, heating the universe to a temperature a few order
magnitude smaller than the unification scale.
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finite temperature. We refer to our proposal as the ‘‘ekpyro
universe,’’ a term drawn from the Stoic model of cosm
evolution in which the universe is consumed by fire at reg
lar intervals and reconstituted out of this fire, a conflagrat
called ekpyrosis@13#. Here, the universe as we know it
made~and, perhaps, has been remade! through a conflagra-
tion ignited by collisions between branes along a hidden fi
dimension.

Forming the hot big bang universe from colliding bran
affects each of the cosmological problems of the standard
bang model. First, the causal structure of space-time in
scenario differs from the conventional big bang picture.
standard big bang cosmology, two events separated by m
than a few Hubble radii are causally disconnected. This
lationship between the Hubble radius and the causal hor
applies to FRW cosmologies that are expanding sublu
nally, as in the standard hot big bang model, but does
apply to more general cosmologies, such as de Sitter sp
time or the scenario we will describe. In our scenario,
collision sets the initial temperature and, consequently,
Hubble radius at the beginning of the FRW phase. T
Hubble radius is generally infinitesimal compared to the c
lision region. Two events outside the Hubble radius are c
related since local conditions have a common causal l
namely, the collision with the bulk brane. Here we take a
vantage of the fact that the brane is a macroscopic, nonl
object and exists for an indefinitely long period prior to t
collision. That is, there is no direct connection between
time transpired preceding the collision or causality and
Hubble time. This feature provides a natural means for
solving the horizon problem.

As we have noted above, the boundary branes and
bulk brane are initially flat and parallel, as demanded by
BPS condition. Furthermore, the motion of the bulk bra
along the fifth dimension maintains flatness~modulo small
fluctuations around the flat background!. Hence, the hot big
bang universe resulting from the collision of a flat bulk bra
with a flat visible brane is spatially flat. In other words, w
address the flatness problem by beginning near a BPS gro
state.

We do not require the initial state to be precisely BPS
resolve the horizon and flatness problems. It suffices if
universe is flat and homogeneous on scales ranging up to
~causal! particle horizon, as should occur naturally beginni
from more general initial conditions. In the ekpyrotic sc
nario, the distance that particles can travel before collisio
exponentially long because the bulk brane motion is
tremely slow. As a result, the particle horizon at collision c
be many more than 60 e-folds larger than the Hubble rad
at collision ~where the latter is determined by the radiati
temperature at collision!. That is, rather than introducing su
perluminal expansion to resolve the horizon and flatn
problems, the ekpyrotic model relies on the assumption
the universe began in an empty, quasistatic BPS state w
lasted an exponentially long time prior to the beginning
the hot big bang phase.

Quantum fluctuations introduce ripples in the bulk bra
as it moves across the fifth dimension. During this moti
there is a scale above which modes are frozen in, and be
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which they oscillate. This scale decreases with time in
manner akin to the Hubble radius of a collapsing Univer
The fluctuations span all scales up to this freeze-out sc
and we assume they begin in their quantum mechan
ground state. As the brane moves across the bulk, the e
tive Hubble radius shrinks by an exponential factor while
wavelengths of the modes decrease only logarithmically
time. Consequently, modes that begin inside the ini
freeze-out scale end up exponentially far outside it, and
ponentially far outside the final Hubble radius at the time
collision. The ripples in the bulk brane cause the collisi
between the bulk brane and the visible brane to occu
slightly different times in different regions of space. Th
time differences mean regions heat up and begin to coo
different times, resulting in adiabatic temperature and den
fluctuations. Hence, as interpreted by an observer in the
big bang FRW phase, the universe begins with a spectrum
density fluctuations that extend to exponentially large, sup
horizon scales.

Of course, the spectrum of energy density perturbati
must be nearly scale-invariant~Harrison-Zel’dovich@14#! to
match observations of large-scale structure formation
temperature anisotropies in the cosmic microwave ba
ground. We find that this condition is satisfied if the potent
attracting the bulk brane towards the visible brane is
traweak at large separations. This is consistent with po
tials generated by nonperturbative effects such as the
change of virtual M2-branes~wrapped on holomorphic
curves! between the bulk brane and either of the bound
branes.

While the spectrum of perturbations is approximate
scale invariant, as with inflation there are small deviatio
from scale invariance. In the examples considered here,
spectrum is blue~the amplitude increases as the wavelen
decreases!, in contrast to typical inflationary models. Wit
exponentially flat potentials, the spectrum is only margina
blue, consistent with current observations. On the other ha
the potential has no effect on the tensor~gravitational wave!
perturbations, so the tensor spectrum is strongly blue~spec-
tral index nT'2), in contrast to the slightly red (nT<0)
spectrum predicted in most inflationary models. This pred
tion may be tested in near-future microwave background
isotropy and gravitational wave detector experiments.

For some aspects of the ekpyrotic scenario, such as
generation of quantum fluctuations, the description from
point of view of an observer on the bulk brane is the m
intuitive. For that observer, the scale factor and Hubble
dius appear to be shrinking because the warp factor
creases as the bulk brane moves across the fifth dimen
However, as observed from the near-stationary boundary
bifold planes, the universe is slowly expanding due to
gravitational backreaction caused by the bulk brane mot
Indeed, a feature of the scenario is that the bulk bran
responsible for initiating the expansion of the bounda
branes. Furthermore, as we shall show, the brane gain
netic energy due to its coupling to moduli fields. Upon im
pact, the bulk brane is absorbed by the visible brane i
so-called small-instanton phase transition~see Sec. II for de-
tails!. This transition can change the gauge group on
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visible brane.~For example, before collision the gauge gro
on the visible brane might be one of high symmetry, such
E6, whereas after collision it becomes the standard mo
gauge group.! Furthermore, the number of light families o
quarks and leptons on the visible brane may change du
the transition.~For example, the visible brane might make
transition from having no light families of quarks and lepto
to having three.! Upon collision, the kinetic energy gained b
the bulk brane is converted to thermal excitations of the li
degrees of freedom, and the hot big bang phase beg
Hence, the brane collision is not only responsible for initi
ing the expansion of the universe, but also for spontaneo
breaking symmetries and for producing all of the quarks a
leptons.

If the maximal temperature lies well below the mass sc
of magnetic monopoles~and any other cosmologically dan
gerous massive, stable particles or defects!, none will be gen-
erated during the collision and the monopole problem
avoided.

Although the ideas presented in this work may be ap
cable to more general brane-world scenarios, such
Randall-Sundrum, in developing our scenario we have
that it is important to take as a guiding principle that a
concepts introduced in this scenario be consistent with st
theory and M theory. By founding the model on concep
from heterotic M theory, one knows from the outset that t
theory is rich enough to contain the particles and symmet
necessary to explain the real universe and that nothing
introduce interferes with a fundamental theory of quant
gravity. We emphasize that our scenario does not rely
exponential warp factors~which are inconsistent with BPS
ground states in heterotic M theory! nor does it require large
~millimeter-size! extra dimensions. For example, we consid
here a bulk space whose size is only four or five orders
magnitude larger than the Planck length, consistent w
Hořava-Witten phenomenology@15,16#. All brane universe
theories, including heterotic M theory, suffer from som
poorly understood aspects. For example, we have nothin
add here about the stability of the final, late time vacuu
brane configuration. We will simply assume that branes
the early universe move under their respective forces u
after the big bang, some yet unknown physics stabilizes
vacuum.

Figure 1 summarizes the conceptual picture for one p
sible set of initial conditions. The remainder of this pap
discusses our attempt to transform the conceptual framew
into a concrete model. For this purpose, a number of tec
cal advances have been required:

An understanding of the perturbative BPS ground st
~Sec. II! and how it can lead to the initial conditions desire
for our scenario~Sec. III!.

A moduli space formulation of brane cosmology~Sec.
IV A !.

A derivation of the equations of motion describing th
propagation of bulk branes in a warped background in h
erotic M theory, including nonperturbative effects~Secs.
IV B–IV D !.

A computation of the bulk brane-visible brane collisio
energy, which sets the initial temperature and expansion
2-3
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KHOURY, OVRUT, STEINHARDT, AND TUROK PHYSICAL REVIEW D64 123522
of the FRW phase~Sec. IV D!.
An analysis of how the gravitational backreaction due

the motion of the bulk brane induces the initial expansion
the universe~Sec. IV E!.

A computation of how ripples in the bulk brane transla
into density perturbations after collision with the visib
brane~Sec. V A!.

A theory of how quantum fluctuations produce a spectr
of ripples on the bulk brane as it propagates through
warped background~Sec. V B!.

A determination of the generic conditions for obtaining
nearly scale invariant spectrum and application of gen
principles to designing specific models~Sec. V B!.

A calculation of the tensor~gravitational wave! perturba-
tion spectrum~Sec. V C!.

A recapitulation of the full scenario explaining how th
different components rely on properties of moduli in 5
~Sec. VI A!.

A fully worked example which satisfies all cosmologic
constraints~Sec. VI A!.

And, a comparison of the ekpyrotic scenario with infl
tionary cosmology, especially differences in their predictio
for the fluctuation spectrum~Sec. VI B!.

In a subsequent paper, we shall elaborate on the mo
space formulation of brane cosmology and show how it le
to a novel resolution of the singularity problem of big ba
cosmology@17#.

The ekpyrotic proposal bears some relation to the pre-
bang scenario of Venezianoet al. @18–20#, which begins
with an almost empty but unstable vacuum state of str
theory but which, then, undergoes superluminal deflati
Several important conceptual differences are discusse
Sec. VI B. Models with brane interactions that drive inflati
followed by brane collision have also been considered@21–
25#. Applications of the moduli space of M theory an
Hořava-Witten theory to cosmology have been explored p
viously in the context of inflation@26–28#. The distinguish-
ing feature of the ekpyrotic model is that it avoids inflatio
or deflation altogether. A noninflationary solution to the h
rizon problem was suggested in Ref.@29#, but it is not clear
how to generate a nearly scale-invariant spectrum of den
fluctuations without invoking inflation.

We hope that our technical advances may be usefu
exploring other variants of this scenario. Some aspects
main more speculative, especially the theory of initial con
tions ~as one might expect! and nonperturbative contribu
tions. A detailed understanding of these latter aspects aw
progress in heterotic M theory.

II. TERMINOLOGY AND MOTIVATION FROM
HETEROTIC M THEORY

In this section, we briefly recount key features of hetero
M theory that underlie and motivate the example of our
pyrotic scenario given in this paper. Those who wish to u
derstand the basic cosmological scenario without regar
the heterotic M-theory context can proceed directly to
next section.

Heterotic M theory has its roots in the work of Horˇava
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and Witten @5# who showed that compactifying~dimen-
sional! M theory on anS1 /Z2 orbifold corresponds to the
strong-coupling limit of heteroticE83E8 ~ten-dimensional!
string theory. Compactifying an additional six dimensions
a Calabi-Yau threefold leads, in the low energy limit, to
four-dimensionalN51 supersymmetric theory@15#, the ef-
fective field theory that underlies many supersymme
theories of particle phenomenology. By equating the eff
tive gravitational and grand-unified coupling constants
their physical values, it was realized that the orbifold dime
sion is a few orders of magnitude larger than the charac
istic size of the Calabi-Yau space@15,16#. There is, therefore,
a substantial energy range over which the universe is ef
tively five dimensional, being bounded in the fifth dimensi
by two (311)-dimensional ‘‘end-of-the-world’’S1/Z2 orbi-
fold fixed planes. By compactifying Horˇava-Witten theory
on a Calabi-Yau threefold, in the presence of a nonvanish
G-flux background~that is, a nonzero field strength of th
three-form of 11-dimensional M theory! required by anomaly
cancellation, the authors of Refs.@6# and @30# were able to
derive the explicit effective action describing this fiv
dimensional regime. This action is a specific gauged vers
of N51 supergravity in five dimensions and includes ‘‘co
mological’’ potential terms that always arise in the gaug
context. It was shown in Ref.@6# that these potentials suppo
BPS 3-brane solutions of the equations of motion, the m
mal vacuum consisting of two 3-branes, each coinciding w
one of the S1 /Z2 orbifold fixed planes. These boundar
3-branes~the visible brane and the hidden brane! each inherit
a ~spontaneously broken! N51 E8 supergauge multiple
from Hořava-Witten theory. This five-dimensional effectiv
theory with BPS 3-brane vacua is calledheterotic M theory.
It is a fundamental paradigm for ‘‘brane universe’’ scenar
of particle physics.

In order to support a realistic theory, heterotic M theo
must include sufficient gauge symmetry and particle cont
on the 3-brane boundaries. In the compactification discus
above, the authors of Refs.@6# and@30# initially made use of
the standard embedding of the spin connection into the ga
connection, leading to anE6 gauge theory on the visible
3-brane while the gauge theory on the hidden 3-brane isE8.
Subsequently, more general embeddings than the stan
one were considered@31#. Generically, such nonstandard em
beddings~topologically nontrivial configurations of gaug
fields known asG instantons! induce different gauge group
on the orbifold fixed planes. For example, it was shown
Refs.@32# and @33# that one can obtain grand unified gau
groups such asSO(10), SU(5) and the standard mode
gauge groupSU(3)C3SU(2)L3U(1)Y on the visible brane
by appropriate choice ofG instanton. Similarly, one can ob
tain smaller gauge groups on the hidden brane, such aE7
andE6. However, as demonstrated in Refs.@31–33#, requir-
ing a physically interesting gauge group such asSU(3)C
3SU(2)L3U(1)Y , along with the requirement that there b
three families of quarks and leptons, typically leads to
constraint that there must be a certain number of M5-bra
in the bulk space in order to make the theory anomaly fr
These M5-branes are wrapped on holomorphic curves in
Calabi-Yau manifold, and appear as 3-branes in the fi
2-4
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dimensional effective theory. The five-dimensional effect
action for nonstandard embeddings and bulk space
branes was derived in Ref.@31#. The key conclusion from
this body of work is that heterotic M theory can incorpora
the particle content and symmetries required for a reali
low-energy effective theory of particle phenomenolog
There has been a considerable amount of literature stud
both the four-dimensional limit of Horˇava-Witten theory@34#
and heterotic M theory@35#.

A feature of M5-branes which we will utilize is that the
are allowed to move along the orbifold direction. It is impo
tant to note that the M5-brane motion through the bulk is
‘‘free’’ motion. Rather, nonperturbative effects, such as t
exchange of virtual open supermembranes stretched betw
a boundary brane and the bulk M5-brane, can produc
force between them. The corresponding potential energy
in principle, be computed from M theory. Explicit calcula
tions of the supermembrane-induced superpotentials in
effective four-dimensional theory have been carried out
Refs.@36# and @37#. Combined with the M5-brane contribu
tion to the Kähler potential presented in Ref.@38#, one can
obtain an expression for the supermembrane contributio
the M5-brane potential energy. These nonperturbative eff
cause the bulk brane to move along the extra dimension
particular, it may come into contact with one of the orbifo
fixed planes. In this case, the branes undergo a ‘‘small ins
ton’’ phase transition which effectively dissolves the M
brane, absorbing its ‘‘data’’ into theG instanton@39#. Such a
phase transition at the visible brane may change the num
of families of quarks and leptons as well as the gauge gro
For instance, the observable 3-brane may go from having
light families of quarks and leptons prior to collision to ha
ing three families after the phase transition.

It is in this five-dimensional world of heterotic M theory
bounded at the ends of the fifth dimension by our visi
world and a hidden world, and supporting moving 5-bran
subject to catastrophic family and gauge changing collisi
with our visible 3-brane, that we propose to find a ne
theory of the very early universe.

III. INITIAL CONDITIONS

All cosmological models, including the hot big bang a
the inflationary scenario, rest on assumptions about the in
conditions. Despite attempts, no rigorous theory of init
conditions yet exists.

Inflationary theory conventionally assumes that the u
verse emerges in a high energy state of no particular sym
try that is rapidly expanding. If traced backward in tim
such states possess an initial singularity. This is only one
several fundamental obstacles to constructing a well-defi
theory of ‘‘generic’’ inflationary initial conditions. For a
theory based on such general and uncertain initial conditio
it is essential that there be a dynamical attractor mechan
that makes the universe more homogeneous as expan
proceeds, since such a mechanism provides hope tha
uncertainty associated with the initial conditions is, in t
end, irrelevant. Superluminal expansion provides t
mechanism.
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The ekpyrotic model is instead built on the assumpt
that the initial state is quasistatic, nearly vacuous and lo
lived, with properties dictated by symmetry. So, by constru
tion, the initial state is special, both physically and ma
ematically. In this case, while a dynamical attract
mechanism may be possible~see below!, it is not essential.
One can envisage the possibility that the initial conditio
are simply the result of a selection rule dictating maxim
symmetry and nearly zero energy.

Within the context of superstring theory and M theory,
natural choice with the above properties is the B
~Bogomol’nyi-Prasad-Sommerfield! state@6#. The BPS prop-
erty is already required from particle physics in order to ha
a low-energy, four-dimensional effective action withN51
supersymmetry, necessary for a realistic phenomenology.
our purposes, the BPS state is ideal because, not only
homogeneous, as one might suppose, but it is also flat. T
is, the BPS condition links curvature and homogeneity.
requires the two boundary branes to be parallel.

The BPS condition also requires the bulk brane to
nearly stationary. If the bulk brane has a small initial velo
ity, it is free to move along the fifth dimension. Assuming t
bulk brane to be much lighter than the bounding branes
ables us to treat its backreaction as a small perturbation
the geometry. Nonperturbative effects can modify this p
ture by introducing a potential for the bulk brane. For e
ample, a bounding brane and bulk brane can interact by
exchange of M2-branes wrapped on holomorphic curves,
sulting in a potential drawing the bulk brane towards o
visible brane. In Sec. V, we shall see that the nonperturba
potential plays an important role in determining the spectr
of energy density fluctuations following the collision of th
bulk brane with our visible brane.

We do not rule out the possibility of a dynamical attract
mechanism that drives the universe towards the BPS s
beginning from some more general initial condition. Su
parallelism would be a natural consequence of all the bra
emerging from one parent brane. Another appealing poss
ity is to begin with a configuration consisting of only the tw
bounding 3-branes. The configuration may have some cu
ture and ripples, but these can be dissipated by radia
excitations tangential to the branes and having them tra
off to infinity. Then, at some instant, the hidden brane m
under go a ‘‘small instanton’’ transition which causes a bu
brane to peel off. While little is known about the dynamics
this peeling off, it is reasonable to imagine a process sim
to bubble nucleation in first order phase transitions. We s
pose that there is a long-range, attractive, nonperturba
potential that draws the bulk brane towards our visible bra
as shown in Fig. 2. Very close to the hidden brane, there m
be a short-range attractive force between the bulk brane
the hidden brane due to small-instanton physics~not shown
in the figure!. The situation is similar to false vacuum deca
where the position of the bulk brane along the fifth dime
sion,Y, plays the role of the order parameter or scalar fie
Classically, a bulk brane attached to the hidden brane is k
there by the energy barrier. However, quantum mechanica
it is possible to nucleate a patch of brane for whichY lies on
the other side of the energy barrier. At the edges of the pa
2-5
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the brane stretches back towards and joins onto the orb
plane. The nucleated patch would correspond to the m
mum action tunneling configuration. We conjecture that,
in the case of bubble nucleation, the configuration would
one with maximal symmetry. In this case, this configurat
would correspond to a patch at fixedY with a spherical
boundary along the transverse dimensions. The nuclea
would appear as the spontaneous appearance of a bran
forms a flat, spherical terrace at fixedY parallel to the bound-
ing branes~i.e., flat!. Once nucleated, the boundaries of t
terrace would spread outwards at the speed of light, an
gous to the outward expansion of a bubble wall in fa
vacuum decay. At the same time, the brane~the terrace!
would travel towards the visible brane due to the nonper
bative potential. As we shall see in Sec. IV, this motion
very slow~logarithmic with time! so that the nucleation rat
is essentially instantaneous compared with the time scal
transverse motion. In other words, for our purposes,
nucleation process corresponds to a nearly infinite br
peeling off almost instantaneously.

Beginning in an empty, quasistatic state addresses the
rizon and flatness problems, but one should not undere
mate the remaining challenges: how to generate a hot
verse, and how to generate perturbations required for la
scale structure. The remarkable feature of the ekpyr
picture, as shown in the forthcoming sections, is that br
collision naturally serves both roles.

In either setup, we begin with a flat bulk brane, eithe
finite patch or an infinite plane, which starts nearly at re
and a nonperturbative force drawing it towards the visi
brane. These initial conditions are sufficient to enable
scenario.

IV. PROPAGATION OF THE BULK BRANE

A. Moduli space actions for brane-world gravity

In this section, we discuss the moduli space approxim
tion which we shall employ throughout our analysis. Th
approximation may be used when there is a continuous f
ily of static solutions of the field equations, of degener

FIG. 2. Sketch of the exponential potentialV(Y)52ve2maY

~the line of zero potential energy corresponds to the dotted li!.
The potential attracts the bulk brane towards the visible brane.
force is strongest near the visible brane and tends to zero at
distances.
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action. It is the basis for much of what is known of th
classical and quantum properties of solitons such as m
netic monopoles and vortices@40#. It is also a powerful tool
for cosmology as it neatly approximates the five dimensio
theory in the regime where the rate of change of the geo
etry, as measured, for example, by the four dimensio
Hubble constantH is smaller than the typical spatial curva
ture scale in the static solutions. The moduli are the para
eters specifying the family of static solutions, ‘‘flat direc
tions’’ in configuration space along which slow dynamic
evolution is possible. During such evolution the excitation
other directions is consistently small provided those dir
tions are stable and characterized by large oscillatory
quencies.

The action on moduli space is obtained by substituting
static solutions into the full action with the modular param
eters represented as space-time dependent moduli fieldsQI ,
where I runs over all the moduli fields. If we consider th
time dependence first, as we shall do for the homogene
background solutions, the moduli space action takes the f

S5E dt GIJ~Q!Q̇IQ̇J ~1!

where GIJ(Q) is a matrix-valued function of the modu
fields. This is the action for a nonrelativistic particle movin
in a background metricGIJ(Q), the metric on moduli space
For truly degenerate static solutions, the potential term m
be constant, and therefore irrelevant to the dynamics. Eve
a weak potentialV is additionally present, as it shall be in ou
discussion below, the moduli approximation is still valid
long as the dynamical evolution consists in the first appro
mation of an adiabatic progression through the space of s
solutions.

In the next section we compute the moduli space act
for heterotic M theory. First, however, it is instructive t
consider a simpler model which demonstrates similar ph
cal effects and is of some interest in its own right. Th
model, discussed by Randall and Sundrum@10#, consists of a
five dimensional bulk described by Einstein gravity with
negative cosmological constantL, bounded by a pair of
branes with tension6a. The brane tension must be fin
tuned to the valuea5@3uLu/(4pG5)#1/2 in order for static
solutions to exist. Because there are few moduli, the mode
simple to analyze and illustrative of some important effec
However, as we emphasize below, there are reasons for
ing heterotic M theory more seriously as a candidate fun
mental description.

In the Randall-Sundrum model, the static field equatio
allow a two-parameter family of solutions, with metric

ds252n2dt21a2dxW21dy2, a5ey/L,

n5Na, y1<y<y0 , ~2!

and the positive~negative! tension branes located aty0 (y1)
respectively.L is the anti–de Sitter~AdS! radius given by
L253/(4pG5uLu), andN is an arbitrary constant.

e
ge
2-6
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EKPYROTIC UNIVERSE: COLLIDING BRANES AND . . . PHYSICAL REVIEW D64 123522
The above solutions are specified by the three modulN,
y0 and y1. We now allow them to be time dependent. T
lapse functionN(t) is associated with time reparametrizatio
invariance and, hence, not a physical degree of freedom.
other two moduli represent the proper distance between
branes, but also the time-dependent cosmological ‘‘scale
tors’’ a05ey0 /L anda15ey1 /L on each brane. We shall see
a moment how these combine to give four-dimensional gr
ity with a massless scalar, related to the proper separa
between the branes.

To compute the moduli space action it is convenient
change from the coordinates in Eq.~2! to coordinates in
which the branes are fixed. This is accomplished by set
y5(y02y1) ỹ1y1, and the branes are now located atỹ50
and 1 respectively. We substitute the ansatz Eq.~2! into the
five dimensional action and integrate overỹ. All potential
terms cancel. Since the branes do not move in theỹ coordi-
nates, the kinetic terms arise only from the five dimensio
Ricci scalar, which yields the result

S5
L

16pG5
E dt d3x N216~ ȧ1

22ȧ0
2!. ~3!

Thus the metric on moduli space is just the 111 Minkowski
metric, and we infer that moduli space in this theory is co
pletely flat.

We may now change coordinates to

a05a coshf , a15a sinhf ~4!

where a25a0
22a1

2, and the proper separation between t
branes is justL ln(a0 /a1)5L ln(cothf). The action~3! then
becomes

S5
1

16pG4
E dt d3x N216~2ȧ21a2 ḟ 2!, ~5!

where G45G5L21, just the action for four dimensiona
gravity coupled to a massless scalar fieldf. This is the ‘‘ra-
dion’’ field @41#. Note that the ‘‘4D Einstein frame scale fac
tor’’ a is not the scale factor that is seen by matter localiz
on the branes: such matter seesa0 or a1. As we shall see, it
is perfectly possible for both of the latter scale factors
expand whilea contracts.

The general solution to the moduli space theory is ea
obtained from Eq.~3!: the scale factors evolve linearly i
conformal timet, with ȧ156ȧ0. From the point of view of
each brane, the motion of the other brane acts as a dens
radiation ~i.e., allowing ȧ1,05const). Although the modul
space theory has identical local equations to fo
dimensional gravity coupled to a massless scalar, the g
metrical interpretation is very different, so that what is s
gular from one point of view may be nonsingular from t
other @17#.

To obtain an action that might describe the present,
big bang phase with fixed gravitational constant, one mi
add a potentialV( f ) which fixes the interbrane separationf,
causing it to no longer be a free modulus~e.g., see Ref.@42#!.
Likewise adding extra fields on either brane, one sees th
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standard Friedmann constraint is obtained from the varia
with respect toN. Generally the matter couplings will in
volve the fieldf. However, if V( f ) rises steeply away from
its minimum and if its value at the minimum is zero~so that
there is no vacuum energy contribution!, f will not evolve
appreciably and four dimensional gravity will be accurate
reproduced.

We imagine that, prior to the big bang phase, there is
additional, positive tension bulk brane. For static solutions
occur, we require that the three brane tensions sum to z
Positivity of the bulk brane tension imposes that the cosm
logical constant to its right,L0, be smaller in magnitude tha
that to its left,L1, so that the corresponding AdS radii obe
L0.L1.

For the three brane case we obtain the moduli space
tion

S5
1

16pG5
E dt d3x N216@2L0ȧ0

21~L02L1!ȧB
2

1L1ȧ1
2#, ~6!

whereaB is the scale factor on the bulk brane. Again this
remarkably simple, just Minkowski space of 211 dimen-
sions. Likewise forN parallel branes, all with positive ten
sion except the negative tension boundary brane, the sys
possesses a metric which is that forN-dimensional
Minkowski space. Note that the ‘‘masses’’ appearing in t
kinetic terms for the boundary branes are the opposite
what one might naively expect. Namely, the positive tens
boundary brane~hidden brane! has the negative ‘‘mass’
2L0, whereas the negative tension boundary brane~visible
brane! has a positive massL1. The magnitudes of these term
are also surprising: the visible brane has the greater ma
tude tension, but the smaller magnitude moduli space m

Just as for the brane-antibrane system, when more br
are present one can change variables to those in which
theory resembles four dimensional Einstein gravity coup
to massless fields. For three branes, the required chang
variables is

a05a coshf ,

aB5@L0 /~L02L1!#1/2asinhf cosu,

a15~L0 /L1!1/2a sinhf sinu, ~7!

and the scalar field kinetic term takes the forma2( ḟ 2

1 u̇2sinh2f). The scalar fields live on the hyperbolic plan
H2, and there is a nontrivial Ka¨hler potential. When we in-
troduce potentials, we must do so in a manner which resp
four dimensional general coordinate invariance. This restr
the form to

DS52E dt d3x Na4V~ f ,u!. ~8!

We shall assume that the system starts out nearly st
and that the potential energy is always negative, so that
are clearly not using inflation to drive expansion. We furth
2-7
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assume that the interaction potential draws the bulk br
away from the hidden brane towards the visible brane. T
original variables in Eq.~6! provide some insight into wha
happens. We consider an interaction betweena0 and aB
causing the latter to decrease. But sincea0 has a negative
mass it is actually pushed in the same direction and t
contracts. Similarly an interaction potential betweena0 and
a1 can have the opposite effect: causing botha0 and a1 to
expand. Figure 3 shows an example, with the bulk br
being pushed across the gap, and the visible brane b
attracted towards it. The hidden brane actually ‘‘bounce
~this is barely visible in the figure! due to a competition
between the two effects, so that by the collision betwe
bulk and visible branes, both outer boundary branes are
tually expanding; that is,a0 and a1 are both increasing. A
first sight this appears inconsistent with the four dimensio
point of view: if the system starts out static, and with
potentials negative, then the 4D Einstein frame scale facta
must contract throughout. The two points of view are co
sistent becauseȧ1 contributes negatively toȧ. Sincea1 is
expanding rapidly compared toa0 , a is indeed contracting
as shown in the figure. Of course what is happening ph
cally is that the fifth dimension is collapsing, a well know
hazard of Kaluza-Klein cosmology. Here, the interbra
separation is decreasing while the scale factors seen by
ter on the branes are expanding.

What happens when the bulk brane meets the bound
A matching condition is needed to determine the result
cosmology. The initial state is specified by the scale fact
a0 , aB and a1 and their time derivatives, the final state b
a0 , a1 and their time derivatives, plus the coordinates a
momenta of any excitations produced in the collision.

One expects that the scale factorsa, a1 anda0 should be
continuous: likewiseȧ0 would be expected to be continuou
if no bulk brane hits the hidden brane, and if no constraint
the size of the extra dimension is imposed. However,ȧ1
cannot be continuous since the bulk brane imparts some
mentum on the visible brane. The momentum conserva
condition can be expressed as

FIG. 3. Evolution of scale factors in a 3-brane system wher
bulk brane is drawn across from the hidden brane to the vis
brane. The solid lines show~from top to bottom! the scale factors
on the hidden brane (a0), the bulk brane (aB) and the visible brane
(a1). At collision between the bulk brane and the visible brane, b
boundary branes are expanding. The evolution of the 4D Eins
frame scale factora is also shown as a dashed line: it contra
throughout.
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i 2~L02L1!ȧB
i aB

i 2L1ȧ1
i a1

i 5L0a0
f ȧ0

f 2L0a1
f ȧ1

f ,
~9!

wherei andf subscripts label initial and final quantities. Co
servation of momentum applies if the forces derive from
potential V which is short ranged and translation invaria
and if there is no other entity that carries momentum a
collision. The above conditions imply the continuity of th
4D Einstein frame scale factora and its time derivative.

This matching condition, if correct, would pose a serio
problem for our scenario since it implies that the four dime
sional scale factora is contracting after collision, at the be
ginning of the hot big bang phase. Specifically, the match
condition suggests a simple continuation of the motion
Fig. 3 after collision in which both branes are expanding b
a is decreasing because the two branes are approaching
another and the fifth dimension is collapsing.

In the M-theory models which we consider in this pap
we shall simply impose a constraint on moduli space wh
ensures that the distance between the visible and hid
branes becomes fixed after collision, as required to conve
to the Hořava-Witten picture. The constraint corresponds
fixing a0 /a1 after collision, forcing a discontinuity in both
ȧ1 and ȧ0. In this case the momentum matching conditi
~continuity of ȧ) yields rather paradoxical behavior in whic
both ȧ1 and ȧ0 reverse after collision, so the universe co
lapses. This does not seem physically plausible, espec
when matter is produced at collision, and the expansion
the matter would then have to be reversed as the size o
fifth dimension became fixed. More plausible is thatȧ is also
discontinuous: the branes collide, their separation beco
fixed, and the pair continue in the same direction of mot
~expansion! as before collision. Here we simply wish to fla
this issue as one that we have not resolved in the M-the
models considered here: more work is needed to do so.

We have identified at least one mechanism for avoid
contraction or collision while still remaining within the
moduli space approximation. We have constructed mod
for branes in AdS employing ‘‘nonminimal’’ corrections t
the kinetic terms ofa1,0, which are allowed by four dimen
sional general coordinate invariance. These nonminimal
netic terms both stabilize the size of the extra dimension
allow final expansion from static initial conditions, wit
negative potentials@17#.

Another possibility is that the moduli space approxim
tion breakdown at collision~it must break down, since radia
tion is produced! leads to the release of radiation into th
bulk. This is prohibited by planar symmetry in the AdS e
ample, but is possible in the more general M theory conte
Radiation emitted into the bulk contributes to the press
T55, which, from theG55 Einstein equations, acts to dece
eratea1. The emitted radiation is redshifted as it crosses
bulk, so is likely to have less effect on the hidden brane i
is absorbed there. The net result would be a slowing ofa1,
causing the effective scale factora to increase.

We do not want to understate the challenge of obtainin
final expanding universe with stabilized fifth dimension. In
conventional four-dimensional theory~Einstein gravity plus
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scalar fields! it would simply be impossible to start from zer
energy and, through evolution involving negative potentia
obtain a final expanding universe. Our point is that bra
world scenarios offer ways around this ‘‘no-go theorem
which we have just begun to explore.

The AdS examples we have discussed are instructiv
that they are easier to analyze than the full M-theory ca
However, as mentioned above, it is unlikely that these mo
theories are quantum mechanically consistent. The most
vious problem is that fine tuning is needed to balance
brane tension against the cosmological term. Without
balance, no static solutions are possible. Computing
quantum corrections may in fact be impossible since, in
thin-brane limit, these are generally infinite and nonren
malizable.

Therefore, for the remainder of the paper, we turn
analogous examples in heterotic M theory, which is m
complex but has other advantages. The branes in this th
are BPS states, protected from quantum corrections by
persymmetry. Their tensions are fixed by exact quantum
chanical symmetries and there is no fine tuning probl
analogous to that present in the Randall-Sundrum mode

B. The background BPS solution in heterotic M theory

The five-dimensional effective action of heterotic
theory was derived in Refs.@6# and @30#. Its field content
includes a myriad of moduli, most of which will be assum
frozen in this paper. We shall, therefore, use a simplifi
action describing gravityggd , the universal ‘‘breathing’’
modulus of the Calabi-Yau threefoldf, a four-form gauge
field Agdez with field strengthF5dA and a single bulk M5-
brane. It is given by

S5
M5

3

2 E
M 5

d5xA2gS R2
1

2
~]f!22

3

2

e2fF 2

5! D
23(

i 51

3

a iM5
3E

M 4
( i )

d4j ( i )SA2h( i )e
2f

2
emnkl

4!
Agdez]mX( i )

g ]nX( i )
d ]kX( i )

e ]lX( i )
z D , ~10!

where g,d,e,z50, . . . ,4, m,n, . . . 50, . . . ,3. Thespace-
time is a five-dimensional manifoldM5 with coordinatesxg.
The four-dimensional manifoldsM 4

( i ) , i 51,2,3 are the vis-
ible, hidden, and bulk branes respectively, and have inte
coordinatesj ( i )

m and tensiona iM5
3 . Note thata i has dimen-

sion of mass. If we denotea1[2a, a2[a2b, and a3

[b, then the visible brane has tension2aM5
3, the hidden

brane (a2b)M5
3, and the bulk branebM5

3. It is straightfor-
ward to show that the tension of the bulk brane,bM5

3, must
always be positive. Furthermore, one can easily deduce
the tension on the visible brane,2aM5

3, can be either posi-
tive or negative. The ekpyrotic scenario can be applied
principle, to any such vacua. In this paper, for specificity,
will always take a.0, so that the tension on the visib
brane is negative. Furthermore, we will chooseb such that
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a2b.0, that is, the tension of the hidden brane is positi
The tensorhmn

( i ) is the induced metric~and h( i ) its determi-
nant! on M 4

( i ) . The functionsX( i )
g (j ( i )

m ) are the coordinates
in M5 of a point onM 4

( i ) with coordinatesj ( i )
m . In other

words,X( i )
g (j ( i )

m ) describe the embedding of the branes in
M5.

The BPS solution of Lukas, Ovrut, and Waldram@6# is
then given by1

ds25D~y!~2N2dt21A2dxW2!1B2D4~y!dy2,

ef5BD3~y!,

F0123Y52aA3NB21D22~y! for y,Y

52~a2b!A3NB21D22~y! for y.Y,
~11!

where

D~y!5ay1C for y,Y

5~a2b!y1C1bY for y.Y, ~12!

andA, B, C, N andY are constants. Note thatA,B,C,N are
dimensionless andY has the dimension of length. The visib
and hidden boundary branes are located aty50 andy5R,
respectively, and the bulk brane is located aty5Y, 0<Y
<R. We assume thatC.0 so that the curvature singularit
atD50 does not fall between the boundary branes. Note
y50 lies in the region of smaller volume whiley5R lies in
the region of larger volume.

Finally, note that inserting the solution of the four-for
equation of motion into Eq.~10! yields precisely the bulk
action given in Ref.@6# with charge2a in the interval 0
<y<Y and charge2a1b in the intervalY<y<R. The
formulation of the action Eq.~10! using the four-formA is
particularly useful when the theory contains bulk branes,
is the case in ekpyrotic theory.

C. The moduli space action of heterotic M theory

As in Sec. IV A, we shall use the moduli space appro
mation to study the dynamics of heterotic M theory with
bulk brane. The static BPS solution involves five consta
A, B, C, N, and Y. These now become the moduli field
QI5@A(xW ,t),B(xW ,t),C(xW ,t),N(xW ,t),Y(xW ,t)#. In the limit
of homogeneity and isotropy, the moduli fields are functio
of time only. Substituting the static ansatz~11! into the action
~10!, and integrating overy, we obtain the moduli space
actionSmod with Lagrangian density

1We have changed the notation used in Ref.@6# by replacing their
H(y) with D(y). In this paper, we will use the symbolH to denote
the Hubble parameter. Furthermore, comparing with their notat
we have rescaleda by a factor ofA2/3 and have definedef5V.
2-9
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Lmod5GIJ~Q!Q̇IQ̇J2V~Q!5Lbulk1Lb , ~13!

where

Lbulk52
3A3BI3M5

3

N H S Ȧ

A
D 2

1S Ȧ

A
D F S Ḃ

B
D 1

3I 2

I 3
Ċ

1
3I 2b

I 3
bẎG J 2

3A3BI3M5
3

N H 2
1

12
S Ḃ

B
D 2

1
I 1

2I 3
Ċ2

1
I 1b

I 3
ĊbẎ1

I 1b

2I 3
b2Ẏ2J ,

Lb5
3bM5

3A3B

N F1

2
D2~Y!Ẏ22N2V~Y!G ~14!

and

I ma[2E
0

Y

Dm dy5
2

a~m11!
@~aY1C!m112Cm11#,

I mb[2E
Y

R

Dm dy5
2

~a2b!~m11!

3$@~a2b!R1C1bY#m112~aY1C!m11%,

I m[I ma1I mb . ~15!

Note thatI m has the dimension of length. We see from E
~14! that the Lagrangian of the 4D effective theory is the s
of two parts,Lbulk and Lb . The first contribution,Lbulk ,
comes from the bulk part of the five-dimensional actio
whereas the second contribution,Lb , is the Lagrangian of
the bulk brane. Note that we have added by hand a pote
V(Y) in Lb which is meant to describe nonperturbative
teractions between the bulk brane and the boundary br
@36–38#. The actions of the two boundary branes, which
at fixed values ofy, do not contribute to the 4D effectiv
action. Their contribution is canceled by bulk terms up
integration overy. This cancellation is crucial, since it yield
a 4D effective theory with no potentials forA, B, C, or N,
thereby confirming that these fields are truly moduli of t
theory.

Equation~14! is analogous to the action for gravity wit
scale factorA coupled to scalar fields. Since the overall fa
tor of BI3M5

3 will generically be time dependent before co
lision, it follows that the scalar fieldsB,C, andY are non-
minimally coupled to gravity. In order to match onto a theo
with fixed Newton’s constantG4, we shall impose the con
dition that this factor become constant after collision. Hen
after collision, we can identify the 4D effective Planck ma
as

M pl
2 5

BM5
2~ I 3M5!

aR1C
~16!
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whereI 3 is evaluated atY50 and forB,C at the moment of
collision. Note that in the limit (a2b)R!C, this expression
agrees with the 4D Planck mass identified in Ref.@15#.

At this point, one can define a new scale factora
[A(BI3M5)1/2, as well asn[N(BI3M5)1/2. This has the
effect of removing off-diagonal terms in the moduli spa
metric that couple the fieldA to the other variables. In thes
new variables, the bulk Lagrangian becomes

Lbulk5
3a3M5

2

n H 2S ȧ

a
D 2

1
1

3
S Ḃ

B
D 2

1
1

2

Ḃ

B

İ 3

I 3
J

1
3a3M5

2

n H S 9I 2
2

4I 3
2

2
I 1

2I 3
D Ċ21S 9I 2I 2b

2I 3
2

2
I 1b

I 3
D ĊbẎ

1S 9I 2b
2

4I 3
2

2
I 1b

2I 3
D b2Ẏ2J . ~17!

In this form, it is clear thata is an scale factor analogous t
the variablea of the previous section. The moduliB, C andY
behave effectively as scalar fields, albeit with nontrivial k
netic terms.

In analogy with the example in Sec. IV A and the discu
sion following Eq.~5!, we now impose two constraints con
sistent with four dimensional covariance. These reduce
moduli degrees of freedom and simplify the system. Nam
we shall impose that

B5const,

C5const. ~18!

At the moment of collision, the modulusY disappears from
the theory. The above conditions then imply that the dista
between the boundary branes as well as the volume of
Calabi-Yau threefold become fixed. This is necessary if
want to match onto a theory with fixed gravitational a
gauge coupling constants. For instance, sinceI 3 becomes
constant at collision, it follows from Eq.~16! that M pl
freezes at that point.

If we impose Eq.~18!, and if we further assume that th
tension of the bulk brane is small compared to that of
boundary branes, that is,b!a ~which allows us to neglec
the correction to the kinetic term forY coming fromLbulk),
then the full Lagrangian reduces to

L5
3M5

2a3

n H 2S ȧ

a
D 2

1
b

I 3
F1

2
D~Y!2Ẏ22n2

V~Y!

BI3M5
G J .

~19!

This action describes a scalar fieldY minimally coupled to a
gravitational background with scale factora. Note that the
gravitational coupling constant associated witha is simply
M5.

A repeating theme of this paper is that the effective sc
factor ~and the associated Hubble parameter! can be defined
several different ways involving different combinations
moduli fields, depending on the physical question being
dressed. For example, looking ahead, we will show thata is
2-10



r
-

w
e

tic
n
W

th
d
th

t
nt

f

ce

gi
le
sit
r
rib
o

o-

ton
lar,
w

her
the
the
ing
no-
es

-
en,

tial
PS

ll

s
a

ic

n-
gra-
the
ra-

is
o-

ta-
s-
ergy
s of
ia-
st
en-

the

gy.
ble

at
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not the same as the effective scale factor for an observe
a hypersurface of constanty or the effective scale factor rel
evant for describing fluctuations inY.

D. Equations of motion, the ekpyrotic temperature,
and the horizon problem

From the moduli space action obtained in Sec. IV C,
can find the equation of motion for the bulk brane, describ
by Y, in the limit that the bulk brane tension is small,b
!a. We will use this equation to compute the ekpyro
temperature, the temperature immediately after the bra
collide and the universe bursts into the big bang phase.
will then compare the Hubble radius at the beginning of
big bang phase to the causal horizon distance estimate
computing the time it takes for the bulk brane to traverse
fifth dimension.

Recall that for the static BPS solution,A andN are con-
stants. Without loss of generality, we can chooseA5N51 in
the BPS limit. Variation of Eq.~19! with respect ton yields
the Friedmann equation which, settingn5a, is given by

H2[S ȧ

a2D 2

5
bM5

B~ I 3M5!2 S 1

2
D~Y!2Ẏ21V~Y! D . ~20!

Here we have introducedH to denote the Hubble constan
associated witha. Since the gravitational coupling consta
associated witha is M5, we can identify from Eq.~20! the
energy density of the bulk brane

rb53M5
2H2. ~21!

The equation of motion fora yields the second equation o
FRW cosmology

ä

a
'2

b

I 3
S 1

2
D~Y!2Ẏ222V~Y! D . ~22!

Finally, we can express the equation of motion forY in a

simple way by defining C such that Ċ

5@D(Y)/(I 3M5)1/2#Ẏ. Once again making the gauge choi
n5a, one finds thatC satisfies

d

dt S 1

2
a22Ċ21Ve f f~C! D523S ȧ

a3D Ċ2, ~23!

whereVe f f[V(Y)/@B(I 3M5)2#. In this form, Eq.~23! looks
like the equation of motion for a scalar field in a cosmolo
cal background. It is, therefore, simple to analyze. The
hand side is the time derivative of the total energy den
associated with the motion ofY. The right hand side eithe
decreases or increases due to the cosmic evolution desc
by the scale factora. Hence, as regards the kinetic energy
the bulk brane,a is the relevant scale factor.

Perturbing around the BPS limit, we haveA51
1O(b/a) and I 35I 3

(0)1O(b/a), whereI 3
(0) is the value of

I 3 when b50 and is time independent. Therefore,a
5(BI3

(0)M5)1/21O(b/a). If V(Y)<0, then all contributions
12352
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on the right hand side of Eq.~22! causeä to be negative.
Hence, beginning from a static initial condition (ȧ50), a
will contract. If a contracts, then, from Eq.~23!, the total
energy ofC grows with time. Thus, as long asV is negative
semidefinite, the fieldC gains energy as the bulk brane pr
ceeds through the extra dimension.

At the moment of collision, the modulusY effectively
goes away and new moduli describing the small instan
transition and new vector bundle take its place. In particu
the potential forY matches onto the potential for these ne
moduli. While V(Y) will generically be negative up to the
moment of collision, we shall assume that, once the ot
moduli are excited during the small instanton transition,
potential rises back up to zero in the internal space of
new moduli such as to leave the universe with vanish
cosmological constant. We base this assumption on the
tion that both the initial and final states consist of two bran
in a BPS vacuum withV50. That is, if we were to adiabati
cally detach the bulk brane from the hidden brane and, th
transport and attach it to the visible brane, both the ini
and final states would consist of two branes only in a B
configuration with cosmological constant zero.

To mimic the effect of the other moduli during the sma
instanton transition, we shall assume thatV(Y) is negative
and approaches zero asY→0. Note that ifa were constant,
the kinetic energy and the total energy,rb , would go to zero
asV→0 and as the branes collide. However, from Eq.~23!,
we see thatC ~and thereforeY) has extra kinetic energy a
V→0 due to the gravitational blue shift effect caused by
contracting scale factora. We assume that the extra kinet
energy~equal torb at collision! is converted into excitations
of light degrees of freedom, at which point the radiatio
dominated era begins. The temperature after the confla
tion that arises from the brane collision is referred to as
‘‘ekpyrotic temperature,’’ analogous to the reheat tempe
ture after inflation.

Conceivably, some fraction of the extra kinetic energy
converted into thermal excitations, some into coherent m
tion of moduli fields, and some, perhaps, into bulk exci
tions ~gravitons!. If coherent motion is associated with mas
less degrees of freedom, the associated kinetic en
redshifts away faster than radiation. If associated degree
freedom are massive, they can ultimately decay into rad
tion. Neither case is problematic. For simplicity, we shall ju
assume that the kinetic energy at collision is converted
tirely into radiation with an efficiency of order unity.

The collision energy can be computed by integrating
equation of motion, Eq.~23!, which is expressed explicitly in
terms of the time derivative of the total bulk brane ener
However, it is somewhat simpler to first compute the Hub
parameterHc upon collision using Eq.~22!, and then to sub-
stitute in Eq.~21! to obtain the collision energyrb . ~Note
that the subscriptc denotes that the quantity is evaluated
the moment of collision.! Equation~22! can be rewritten as

ä

a
'2

b

I 3
S 1

2
D~Y!2Ẏ21V~Y!23V~Y! D'2

b

I 3
@23V~Y!#,

~24!
2-11
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where we have used the fact that, to leading order inb/a,

1

2
D2~Y!Ẏ21V~Y!5E'0. ~25!

Note thatE is the total energy of the bulk brane which
assumed small compared to the energy gained from gra
We can then integrate Eq.~24! to obtain

ȧ

a
523E

Y5R

Y50 b

I 3
@2V~Y!#

dt

dY
dY

52
3b

A2I 3
E

Y50

Y5R

D~2V!1/2dY, ~26!

where we have made use of the fact thatI 35I 3
(0)5const to

leading order inb/a. Sincea'(BI3
(0)M5)1/2, we obtain

Hc5U ȧ

a2U5
3bM5

A2B~ I 3M5!3/2EY50

Y5R

D~2V!1/2dY. ~27!

Now that we have an expression for the Hubble param
Hc , we can substitute in Eq.~21! and find

rb5
27b2M5

4

2B~ I 3M5!3 S E
Y50

Y5R

D~2V!1/2dYD 2

. ~28!

The corresponding ekpyrotic temperature is then

T

M pl
;S rb

M5
4D 1/4

5
33/4Ab

~2B!1/4~ I 3M5!3/4F EY50

Y5R

D~2V!1/2dYG1/2

.

~29!

~N.B. The identification of energy density or effective Plan
mass may vary under Weyl transformation, but the ra
T/M pl is invariant.! For instance, consider a potential of th
form V(Y)52ve2maY, wherev andm are positive, dimen-
sionless constants. Since nonperturbative potentials der
from string and M theory are generically of exponential fo
@for motivation, see the discussion under Eq.~64!#, this po-
tential will be a standard example throughout. In that ca
the temperature is calculated, using Eq.~29!, to be

T

M pl
'

33/4~2v !1/4

~ I 3M5!1/2~aR1C!1/4S M5

M pl
D 1/2S b

a D 1/2~mC12!1/2

m
,

~30!

where we have used Eq.~16!. As an example, we migh
suppose a52000M5 , b5M5 , B51024, C51000, R
5M5

21, v;1028, and m50.1, all plausible values. This
givesM551022M pl and produces an ekpyrotic temperatu
of 1011 GeV. Note that, with these parameters, the mag
tude of the potential energy density forY is (1026M pl)

4 at
collision. Thus, the typical energy scale for the potentia
1013 GeV. Later, we will see that these same parameters
duce an acceptable fluctuation amplitude. We want to emp
size, however, that there is a very wide range of parame
that lead to acceptable cosmological scenarios.
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Let us now turn our attention to the homogeneity pro
lem. We have argued that the universe begins in a BPS s
which is homogeneous. This condition is stronger th
needed to solve the homogeneity problem. It suffices that
universe be homogeneous on scales smaller than the ca
particle horizon. Let (2t) tot denote the time taken by th
bulk brane to travel from the hidden to the visible brane.
integrating Eq.~25!, we find that the comoving time is

~2t! tot5E
0

R D~Y8!dY8

A22V~Y8!
. ~31!

The horizon distancedHOR , as measured by an observer o
the visible brane, is the elapsed comoving time at collis
(Y50) times the scale factor,D1/2(y50)5C1/2. We find, for
an exponential potential of the above form, that

dHOR5C1/2~2t! tot'
A2C

maAv
~aR1C!emaR/2. ~32!

On the other hand, the Hubble radius at collision is obtain
from Eq. ~27!:

Hc
215

m2I 3~BI3M5!1/2

3A2v~mC12!
S a

b D . ~33!

The causal horizon problem is solved if the particle horiz
at collision satisfies

dHOR

Hc
21

;emaR/2.S T

M pl
D •e70. ~34!

The condition is easily satisfied for the values of parame
mentioned above, wheremaR/2;102, the equivalent of 100
e-folds of hyperexpansion in an inflationary model.

E. Cosmological evolution for an observer at fixedy

We have seen that the scale factor relevant to describ
the equation of motion forY is a, a particular combination of
moduli fields. Furthermore, if we assume nearly BPS init
conditions~that is, vanishing potential and kinetic energy!,
then a is a decreasing function of time. Hence, the sca
field Y evolves as if the universe is contracting.

However, as pointed out previously, an important feat
is that the effective scale factor for other physical quantit
depends on other combinations of moduli fields. In this s
section, we shall derive the cosmological evolution as s
by an observer living on a hypersurface of constanty ~for
example, an observer on the visible brane!. We will find that
the scale factor seen by such family of observers is differ
thana. In particular, we find that any such observer sees
universeexpandingbefore the bulk brane collides with th
visible brane.

Consider, for concreteness, an observer living on the
ible brane. The induced metric on that hypersurface is
tained from Eq.~11!:
2-12
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dsy50
2 5

a2C

BI3M5
~2dt21dxW2![a1

2~2dt21dxW2!. ~35!

The rate of change of the induced scale factora1 can be
written as

ȧ1

a1
5

ȧ

a
23b

I 2b

I 3
Ẏ5

ȧ

a
13b

I 2b

I 3

A22V~Y!

D~Y!
, ~36!

where we have used Eq.~25!. In this way, we have expresse
ȧ1 as the sum of two contributions: the first contribution
given bya and tends to makea1 contract; the second term
coming fromI 3, is positive and tends to makea1 expand. To
determine which of these two terms dominates at the m
ment of collision, we note from Eq.~26! that

ȧ

a
;@2V~Y!#1/2. ~37!

Therefore, both terms on the right hand side of Eq.~36! are
proportional to@2V(Y)#1/2. However, the coefficients ar
different functions ofa andC. For the case of the exponen
tial potential, for instance, one finds that reasonable value
a, C, andm ~such as those given at the end of Sec. IV!
result in theI 3 term being larger than thea term in Eq.~36!.
The net effect is to makea1 grow with time; that is, an
observer aty50 sees the universe expanding. This is
agreement with the results for the AdS case presented in
IV A.

For other hypersurfaces of constanty, a similar story
holds. The induced scale factor is the product ofa which
decreases and a function ofY which increases. Once agai
reasonable values of the parameters result in expanding
persurfaces at the time of collision. In particular,a0, the
scale factor on they5R hidden brane, is expanding at co
lision, in agreement with the AdS results.

To summarize, for shallow potentials~for example, an
exponential potential! and reasonable values of the para
eters, we have seen that botha1 anda0 are expanding at the
moment of collision. On the other hand,a is contracting.
Since this agrees qualitatively with the AdS case~see Fig. 3!,
the discussion at the end of Sec. IV A concerning the ma
ing condition at collision and the subsequent expansion
the universe applies also to heterotic M theory.

F. Cosmological evolution for an observer on the bulk brane

So far, we have adopted the point of view of the lo
energy four-dimensional effective action. It is sometim
useful, for instance in calculating the fluctuation spectrum
adopt the point of view of an observer living on the bu
brane. The motion of the bulk brane through the curv
space-time induces an FRW evolution on its worldvolume
terms of conformal timeh on the bulk brane, the induce
metric is given to lowest order inẎ by

ds4
25D@Y~h!#~2dh21dxW2!. ~38!
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From the form of the metric in Eq.~38!, we see that the scal
factor aB(h) describing the FRW evolution on the brane
simply given by aB(h)[D1/2(h). Since the bulk brane
moves from a region of largerD ~location of the hidden
brane! to a region of smallerD ~location of the visible
brane!, an observer on the bulk brane sees a contracting
verse~as opposed to an observer on the visible brane w
sees expansion!. Finally, we note that for nonrelativistic mo
tion, one hash't, wheret is global conformal time.

G. Summary of homogeneous propagation of the bulk brane

In this section, we have described the spatially homo
neous propagation of the bulk brane in terms of the evolut
of three different quantities: the scale factor as felt by
modulusY of the bulk brane, the scale factor for an observ
living on a hypersurface of constanty, and the scale facto
for an observer on the bulk brane. For nearly BPS init
conditions, we have seen that the scale factor that appea
the equation of motion for the bulk brane, namelya, de-
creases with time. This means that there is a gravitatio
blue shift effect that increases the kinetic energy of the b
brane. This added energy, we propose, is converted to ra
tion and matter upon collision. Furthermore, we have sho
that observers at fixedy generically see an expanding un
verse. Finally, an observer on the bulk brane sees a cont
ing universe. This is a simple geometrical consequence of
fact that the bulk brane travels from a region of smaller c
vature to a region of larger curvature.

We should mention that both the modulusY and observers
at fixedy see scale factors which are slowly varying in tim
in fact almost constant. This is because both variations
due to the backreaction of the bulk brane onto the geome
an effect which is of orderb/a. On the other hand, the
cosmological evolution felt by an observer on the bulk bra
is faster, although only by a logarithmic factor. No super
minal expansion is taking place from the point of view
any observer. Rather, what characterizes the ekpyrotic
nario is that all motion and expansion is taking place exce
ingly slowly for an exceedingly long period of time.

V. SPECTRUM OF FLUCTUATIONS

In this section, we show how the ekpyrotic scenario c
produce a nearly scale-invariant spectrum of adiaba
Gaussian, scalar~energy density! perturbations that may ac
count for the anisotropy of the cosmic microwave bac
ground and seed large-scale structure formation. The den
perturbations are caused by ripples in the bulk brane wh
are generated by quantum fluctuations as the brane trave
the bulk. The ripples result in 3D spatial variations in t
time of collision and thermalization, and, consequently, th
induce temperature fluctuations in the hot big bang phas

Because both the ekpyrotic scenario and inflationary c
mology rely on quantum fluctuations to generate adiab
perturbations, the calculational formalism for predicting t
perturbation spectrum and many of the equations are rem
ably similar. One difference is that inflation entails super
minal expansion and the ekpyrotic scenario does not. For
ekpyrotic scenario, the fluctuations are generated as the
2-13
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KHOURY, OVRUT, STEINHARDT, AND TUROK PHYSICAL REVIEW D64 123522
brane moves slowly through the bulk. For the examples c
sidered here, the motion is in the direction in which the wa
factor is shrinking. Because of the shrinking warp factor,
Hubble radius for an observer on the brane is decreas
The effect of a decreasing Hubble radius is to make the s
trum blue. In inflation, the Hubble radius is expanding in t
4D space-time, and, consequently, the spectrum is typic
red.

Here, we give an abbreviated version of the derivat
that emphasizes the similarities and differences from the
flationary case. For this purpose, we adapt the ‘‘time-del
approach introduced by Guth and Pi for the case of inflat
to the colliding brane picture@43#. This approach has th
advantage that it is relatively simple and intuitive. Expe
are aware that this approach is inexact and nonrigorous@44#
and, hence, might question the reliability. The more cumb
some and less intuitive gauge invariant approach introdu
by Bardeen, Steinhardt and Turner@45# and by Mukhanov
@46# ~see also Ref.@47#! is preferable since it is rigorous an
applies to a wider range of models. We have developed
analogue of the gauge invariant approach for the collid
branes, and we find that the time-delay approach does m
for the cases we consider. We will present the gauge inv
ant formalism for the ekpyrotic scenario and a fully detail
analysis in a separate publication@48#.

In the first subsection, we shall assume that the ripple
the bulk brane have already been generated and begin
computation just as the bulk brane collides with our visib
brane. The bulk brane has positionY(t,xW )5Y0(t)
1dY(t,xW ), whereY0(t) is the average position of the bran
along the bulk~y! direction anddY represents the sma
ripples. Our goal is to adapt the time-delay formalism
compute how the ripples translate into density fluctuation
the hot big bang phase. In the second subsection, we
discuss howdY is set by quantum fluctuations and the ge
eral conditions under which the fluctuation spectrum will
nearly scale invariant. Then, we will present specific mod
that satisfy the scale-invariant conditions and discuss gen
model-building principles and constraints. In the final su
section, we will present the computation for the case of t
sor ~gravitational wave! perturbations and show that th
spectrum is tilted strongly towards the blue, a prediction t
differs significantly from inflationary models.

A. From brane ripples to density fluctuations

The fluctuationsdY result in variations in the time o
collision (dt) that depend on the position along the bu
surface,xW . In this sense, the bulk brane positionY plays a
role analogous to the inflatonf and the fluctuationsdY play
a role similar to inflaton fluctuationsdf. The time-delay
formalism applies under the assumption that the time dela
independent of time when the perturbations are well outs
the horizon; that is,dt5dt(xW ). The formalism, then, allows
one to compute howdt(xW ) converts into a density perturba
tion amplitude.

In the de Sitter limit, one hasdt;df/ḟ, where the fluc-
tuationsdf are time independent andḟ is also time inde-
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pendent. Hence, the assumption of the time-delay formal
is satisfied. In the ekpyrotic scenario,dt;dY/Ẏ. Note that
dY is time dependent, and so isẎ. However, under circum-
stances to be discussed later in this section, the two have
same time dependence and, consequently,dt is time inde-
pendent, as required.~The time-independent condition i
only approximate in both scenarios. The weakness of
time-delay approach is that it cannot be simply generali
to the time-dependent case; corrections must be comp
using a gauge invariant formulation@44#.!

We shall assume that the stress-energy tensor after c
sion is that of an ideal fluid with pressureP and energy
densityr53P,

Tmn5Pgmn1~P1r!umun, ~39!

whereum is the velocity of the fluid normalized tou2521.
The perturbations can be characterized by the Olson@49#

variables,S and divX, defined by

S[2113r •~hmn¹mun!22,

divX[¹m~hmn¹nr!, ~40!

where hmn[gmn1umun. The calculation then proceeds i
two steps. First, we find the value ofS and divX at the
moment of collision. Second, we calculate the time evolut
of S in a radiation-dominated universe.

If the average collision time ist50, thent8[t2dt(xW )
50 is the time when collision occurs at positionxW . We have

S~t850!52
2

3acHc
]W2dt~xW !,

div X~t850!56ac
22HcḢc]W

2dt~xW !. ~41!

It is useful to define a dimensionless time variablex by

x5
k

A3
S t81

1

acHc
D . ~42!

When x,1 (x.1), the mode is outside~inside! the sound
horizon. Then, as shown by Olson, the density perturba
with wave numberk, dk , is related to the Fourier modeSk
via

1

2x

d

dx
~x2dk!5Sk , ~43!

whereSk satisfies the evolution equation

x2
d2Sk

dx2
22x

dSk

dx
1~21x2!Sk50. ~44!

The solution of theSk equation can be written as

Sk5C1x sinx1C2x cosx. ~45!
2-14
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To fix the coefficientsC1 and C2, we use the initial condi-
tions given in Eq.~41!. In terms ofx, the collision time is
xc5k/(A3acHc), and the conditions at collision read

Sk52xc
2acHcDt~k!,

xc

dSk

dxc
52S 12

Ḣc

acHc
2D Sk , ~46!

where Dt(k)[k3/2dt(k)/(2p)3/2. Using these conditions
one finds that the coefficientsC1 andC2 are given by

C152acHcS 12
2Ḣc

acHc
2D Dt~k!,

C25S 12
2Ḣc

acHc
2D 21S 2Hċ

acHc
2D xcC1 . ~47!

The modes of interest lie far outside the horizon at
time of collision, that is,xc!1. Thus, whenx@1 ~when the
mode comes back inside the horizon!, the second term on th
right hand side of Eq.~45! is suppressed by a factor ofxc and
is therefore negligible.~This is the ‘‘decaying’’ mode.! Using
this fact in integrating Eq.~43!, one obtains

udku54acHcS 12
2Ḣc

acHc
2D uDt~k!u. ~48!

We see thatdk is the product of two factors: the facto
acHcuDt(k)u accounts for the fact that different regions
space heat up and therefore begin to redshift at diffe
times, while the factor in parentheses depends onḢc and
describes how the change in the Hubble parameter du
collision affects the fluctuations. For inflationary models ne
the de Sitter limit,Ḣc→0, and sodk is directly related to the
time delaydt(k). For the ekpyrotic model, the scale fact
a(t) is of the form const1 logt and Ḣ/aH2 is approxi-
mately constant. Hence, once again,dk is directly related to
the time delay. In both scenarios, Eq.~48! agrees with the
exact gauge invariant calculation of density perturbations
cept for small corrections to the prefactor.

For example, consider the exponential potentialV5
2ve2maY. In that case, Eq.~48! yields

udku'
4m2aA2v

mC12
uDt~k!u, ~49!

where we have used Eq.~27!, and where we have assume
that Ḣc/(acHc

2)@1, a reasonable approximation for the va
ues ofa, C, andm of interest.

B. From quantum fluctuations to brane ripples

Equation~48! expresses the density perturbation in ter
of the time delay at the time of collision,Dt(k). In this
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section, we compute the spectrum of quantum fluctuation
the branedYk and use the result to compute the time del
Dt(k).

1. The scalar fluctuation equation

For the calculation of quantum fluctuations, it is sufficie
to work at the lowest order inb/a. Without loss of general-
ity, we can therefore setA5N51. In that case, the bulk
brane Lagrangian is given by

Lb523bM5
3BF1

2
D~Y!2hmn]mY]nY1V~Y!G . ~50!

Note that this agrees withLb given in Eq.~14! when we set
A5N51 and spatial gradients ofY to zero. Let us first con-
sider the spatially homogeneous motion of the brane wh
will be described byY0(t). ~The subscript ‘‘0’’ emphasizes
that we want to think ofY0 as the background motion.! It is
governed by the following equation of motion:

1

2
D~Y0!2Ẏ0

21V~Y0!5E, ~51!

whereE is a constant. Equation~51! is, of course, simply the
statement that the energyE of the bulk brane is conserved t
this order inb/a. Since we have chosen the visible brane
lie at y50 and the hidden universe to lie aty5R, we focus
on the branchẎ,0 in which case the bulk brane move
towards the visible brane. The solution to Eq.~51! is then
given by

~2t!5E
0

Y0 D~Y8!dY8

A2@E2V~Y8!#
~52!

with t<0, and with the collision occurring att50.
Let us now consider fluctuations around the backgrou

solution Y0(t). Namely, if Y5Y0(t)1dY(t,xW ), with
dY(t,xW )!Y0(t), we can expand the action to quadratic o
der in dY,

Lf luc;
1

2
D0

2$2dẎ21@]W~dY!#2%1Fa2D0
22~V02E!

2aD0
21 dV0

dY0
1

1

2

d2V0

dY0
2 G ~dY!2, ~53!

where we have used Eq.~51!, and where we have introduce
D0[D(Y0) andV0[V(Y0) for simplicity.

The key relation is the fluctuation equation as deriv
from the action~53!,

x2
d2f kW

dx2
2F äpert

apert
t22x2G f kW50,

x[ukW u~2t!, ~54!

where f kW[D0•dYkW and whereapert is defined by
2-15
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äpert

apert
[D0

23S a
dV0

dY0
2D0

d2V0

dY0
2 D . ~55!

The fluctuation equation, Eq.~54!, can be compared with
the corresponding equation for the perturbations of a sc
field with no potential and minimally coupled to an FRW
background with scale factora(t)

df̈kW12
ȧ

a
dḟkW1k2dfkW50. ~56!

Defining f kW5a•dfkW , Eq. ~56! becomes

x2
d2f kW

dx2
2F ä

a
t22x2G f kW50. ~57!

Comparing Eqs.~54! and ~57!, one sees thatapert plays
the role of an effective background for the perturbations.
observer on the bulk brane sees a scale factoraB5D1/2 @Eq.
~38!# but the fluctuations evolve, according to Eq.~54!, as if
the scale factor wereapert . Hence, the shape of the fluctu
tion spectrum depends onapert , notaB5D1/2; but the physi-
cal wavelength is determined byaB5D1/2, not apert . This is
an important subtlety in our calculation. Let us now discu
the Hubble horizon for the perturbations. Recall that in us
4D cosmology@see Eq.~57!#, we have

x5k~2t!5S k

aD •a•~2t!5kphysa•~2t!;kphysH
21,

~58!

whereH21[a2/ȧ is the Hubble radius as derived from th
scale factora. By definition, a mode is said to be outside t
Hubble horizon when its wavelength is larger than t
Hubble radius. From Eq.~58!, we see that this occurs whe
x,1. Therefore, a mode with amplitudef kW crosses outside
the horizon whenx;O(1). Similarly, in our scenario we can
write

x5k~2t!5kphysD0
1/2~2t![kphysHpert

21 , ~59!

wherekphys5k/D0
1/2 ~sinceaB5D0

1/2 relates comoving scale
to physical length scales on the bulk brane!. The role of the
Hubble radius is replaced by

Hpert
21 [D0

1/2~2t!5D0
1/2E

0

Y0 D~Y!dY

A2@E2V~Y!#
, ~60!

which is to be thought of as an effective Hubble radius
the perturbations. So, as suggested above, the length sc
which amplitudes freeze depends onaB ~rather thanapert),
but the amplitude itself, as derived from Eq.~54!, depends on
apert . The feature of two different scale factors is a nov
aspect of the ekpyrotic scenario.

By the time the bulk brane collides with the visible bran
modes are frozen on all scales less than the value ofHpert

21

when the bulk brane leaves the hidden brane. Compa
Eqs.~34! and~60!, we see that this initial value ofHpert

21 is of
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the order of the particle horizondHOR at the moment of
collision. Recall from Sec. IV D thatdHOR is required to be
exponentially larger than the Hubble radius at collisio
Hc

21 , in order to solve the homogeneity problem. Hence,
see that modes are frozen on scales exponentially larger
Hc

21 , thereby solving the inhomogeneity problem.
The comparison to inflationary cosmology is made in F

4. The salient feature of both models is that perturbat
modes inside the Hubble horizon escape outside in the e
universe and re-enter much later. However, the behavio
the scale factor and the Hubble horizon are quite different
inflation, the wavelengths are stretched superluminally wh
the horizon is nearly constant. In the ekpyrotic scenario,
wavelengths are nearly constant while the horizon shrink

It remains to show that we can obtain a spectrum which
scale invariant. Writing the equation for the perturbations
the form of Eq.~54! is useful since one can read off from
the spectral slope of the power spectrum. It is determined
the value of (äpert /apert)t

2. In particular, one obtains a
scale-invariant spectrum if (äpert /apert)t

252 when the
modes observed on the cosmic microwave backgro
~CMB! cross outside the horizon.~Note that in usual 4D

FIG. 4. Sketch comparing the generation of a superhori
spectrum of perturbations in~a! inflationary cosmology versus~b!
the ekpyrotic universe. During inflation, the Hubble radius is nea
fixed and the fluctuation wavelength grows exponentially fast, ca
ing modes to be stretched outside the horizon. In the ekpyr
scenario, modes correspond to ripples on the moving bulk br
The perturbations have nearly constant wavelength but the effec
Hubble radius shrinks, once again causing modes to cross ou
the horizon.
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cosmology, this is achieved for an expanding de Sitter u
verse witha}2t21 or a contracting matter-dominated un
verse witha}t2.! Combining Eqs.~52! and ~55!, we find

äpert

apert
t25D0

23S a
dV0

dY0
2D0

d2V0

dY0
2 D F E

0

Y D~Y8!dY8

A2@E2V~Y8!#
G 2

.

~61!

The spectrum will be scale-invariant if the right hand side
Eq. ~61! equals 2 when the modes of interest cross outs
the horizon.

As a simple example, consider the case whereuV(Y)u
!uEu. Equation~61! then generically gives (äpert /apert)t

2

!1. This leads to a density spectrum of the formudku;k,
which is thus unacceptably blue.~A similar calculation was
repeated for other setups such as Randall-Sundrum and
solutions presented in Ref.@50#. It was found that none o
these solutions predict a scale-invariant spectrum of fluc
tions whenV is turned off.! It is therefore crucial to add a
potential in order to obtain a scale-invariant spectrum of d
sity fluctuations.

2. A successful example: The exponential potential

We can add a potentialV(Y) of the form that might result
from the exchange of wrapped M2-branes. We would like
think of V as the potential derived from the superpotentialW
for the modulusY in the 4D low energy theory. Typically
superpotentials for such moduli are of exponential form,
example,

W;e2cY, ~62!

wherec is a positive parameter with dimension of mass. T
corresponding potential is constructed fromW and the
Kähler potentialK according to the usual prescription

V5eK/M pl
2 FKi j DiWDjW̄2

3

M pl
2

WW̄G , ~63!

where Di5]/]f i1Ki /M pl
2 is the Kähler covariant deriva-

tive, Ki5]K/]f i , Ki j 5]2K/]f i]f j and a sum over eac
superfieldf i is implicit. Equations~62! and ~63! imply that
V decays exponentially withY. For the purpose of this pape
we shall not worry about the exact form of the superpoten
in heterotic M theory. Rather, it will suffice to perform th
calculation using a simple exponential potential, namely

V~Y!52ve2maY, ~64!

wherev andm are positive, dimensionless constants. In t
paper, it is convenient to parametrize the exponent in te
of a. Note that, in the case where the potential is genera
by the exchange of wrapped M2-branes, the parameterm is
of the form m5cT3n/a, where c is a constant,T3 is the
tension of the M2-brane, andn is the volume of the curve on
which it is wrapped. The potential defined in Eq.~64! is
shown in Fig. 2. The perturbation modes of interest are th
which are within the current Hubble horizon. As the wav
lengths corresponding to those modes passed outside th
12352
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fective Hubble horizon on the moving bulk brane, the amp
tudes became fixed. Scale invariance will requiremD@1
during this period.~In Sec. V B 3, we shall generalize thi
condition for an arbitrary potentialV.!

We have already seen at the end of Sec. V B 1 that, if
potentialV is negligible compared toE, the spectrum of fluc-
tuations is not scale invariant. Hence, we consider the li
where uEu!uV0u. This condition, as seen from the equatio
of motion for Y0, Eq. ~51!, is satisfied ifẎ050 initially, or,
equivalently, if the bulk brane begins nearly at rest. For
brane to be nearly at rest, one must haveuEu'uV0u initially.
As the brane traverses the fifth dimension,uVu increases ex-
ponentially, whereasE is constant. Hence, the conditionuEu
!uV0u is automatically satisfied. The bulk brane beginni
nearly at rest is precisely what we expect for a nearly B
initial state.

Applying the conditionuEu!uV0u, Eq. ~52! reduces to

t2'
1

2v F E
0

Y0
D~Y8!emaY8/2dY8G2

'
2D0

2

m2a2ve2maY0
S 12

2

mD0
D , ~65!

where we have neglected the endpoint contribution atY50.
On the other hand, Eq.~55! gives

äpert

apert
5

m2a2ve2maY0

D0
2 S 11

1

mD0
D . ~66!

Combining the above two expressions yields

äpert

apert
t252S 11

1

mD0
D S 12

2

mD0
D . ~67!

The right hand side of Eq.~67! is approximately equal to 2 in
the limit of largemD0. Hence, the exponential potential o
Eq. ~64! results in a nearly scale-invariant spectrum of p
turbations provided thatuEu!uV0u andmD0@1 are satisfied
when modes pass outside the effective Hubble horizon. N
that it would be exceedingly difficult to maintai
(äpert /apert)t

2 close to almost any other value than 2. It
indeed fortunate that scale-invariance is the desired re
because obtaining a different spectral index from the ek
rotic scenario would be highly problematic.

We next compute the perturbation amplitude, by using
~54! to calculateuDYku. As shown above, in order for th
spectrum to be scale-invariant, the conditionsuEu!uV0u and
mD0@1 must be satisfied when wavelengths pass outs
the horizon. These conditions can be relaxed once the m
is well outside the horizon. For example, we will assume
restrictions onmC, the value ofmD0 at y50.

In the limit thatmD0@1 when the relevant modes cros
outside the horizon, Eq.~54! reduces to

x2
d2f kW

dx2
2@22x2# f kW50, ~68!
2-17
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with solution

f k5x1/2@C1~k!J3/2~x!1C2~k!J23/2~x!#, ~69!

whereJ63/2 are Bessel functions. The coefficientsC1(k) and
C2(k) are fixed by requiring that modes well within the h
rizon ~i.e., x@1) be Minkowskian vacuum fluctuations, th
is

f kW5
1

A6kbM5
3B

e2 ikt for x@1. ~70!

@Note that the factor ofA6bM5
3B in Eq. ~70! arises when we

change variables fromY to a canonically normalized scala
field.# Using this initial condition, we find the following rms
amplitude for modes outside the horizon~with x!1):

D f k[
k3/2f k

~2p!3/2
5

2 i

~2t!~2p!3/2A6bM5
3B

. ~71!

Substituting Eq.~65! and usingf k5D0dYk , we find

DYk5
ma

2~2p!3/2A3bM5
3B

Ave2maY0

D0
2

. ~72!

Finally, we define the time delayDt(k) by

uDt~k!u5UDYk

Ẏ0
U5

m2a

16p3/2A3bM5
3B

S 2

mD0
D , ~73!

where we have used the equation of motion forY0, Eq. ~51!.
Note that the time dependence ofDt(k) is mild, a necessary
condition for the validity of the time delay formalism. Th
factor of mD0[mD@Y0(t)# is to be evaluated at timet
when a given mode crosses outside the horizon during
motion of the bulk brane. LetDk denote the value ofD0 at
horizon crossing for modek. Since horizon crossing occur
when x51, or, equivalently, when (2t)5k21, Eq. ~65!
gives

Dk'
2

m
logS m2a

2k
AvemC

2 D . ~74!

Substituting Eqs.~73! and ~74! into Eq. ~49!, we find

udku5
a2m4A2v

4p3/2A3bM5
3B~mC12!

S 2

mDk
D . ~75!

This expression forudku increases gradually with increas
ing k, corresponding to a spectrum tilted slightly towards t
blue. The blue tilt is due to the fact that, in this example,D
is decreasing as the brane moves. That is, the spectral in

ns[11
dlogudku2

d logk
'11

4

mDk
, ~76!
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exceeds unity. The current CMB data constrains the spec
index to lie in the range about 0.8,ns,1.2. Therefore, for
our results to be consistent with experiments, we must h

mDk.20, ~77!

a constraint that is easily satisfied.

3. General potential

As a second example, consider the power-law potenti

V~Y!52vD~Y!q52v~aY1C!q, ~78!

wherev.0 andq,0 are constants. In this case, Eq.~61!
gives

äpert

apert
t2'2

S 12
2

qD
S 12

4

qD 2 '2 ~79!

for uqu@1. Hence, a power-law potential can also lead to
nearly scale-invariant spectrum provided that its exponen
sufficiently large.~The smaller is the value ofuqu, the bluer is
the spectrum.!

We can straightforwardly extend our analysis to an ar
trary potentialV(Y). Let us suppose thatV(Y) satisfies

UD~Y!
dV

dYU@auV~Y!u,

UD~Y!
d2V

dY2U@aUdV

dYU. ~80!

@For the exponential potential,V(Y)52ve2maY, these two
conditions amount tomD@1.# Then, Eq.~61! reduces to

äpert

apert
t2'2S VV9

V82 D . ~81!

Hence, the conditions for scale invariance are Eqs.~80! as
well as

VV9

V82
'1. ~82!

C. Gravitational waves from colliding branes

In inflationary cosmology, the analysis of tensor~gravita-
tional wave! perturbations follows closely the analysis
scalar ~energy density! perturbations@47#. Metric fluctua-
tions can be divided into two polarizations, each of whi
acts like a massless scalar field evolving in the same cos
background as the inflaton. Hence, it is not surprising t
the spectrum of tensor fluctuations has nearly the same s
invariant spectral shape as the scalar spectrum.

In the ekpyrotic scenario, the relationship between sca
and tensor perturbations is less direct. The excitations
2-18
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produce scalar perturbations are ripples on the moving br
which are directly dependent on the rate at which the br
traverses the fifth dimension and the potential that drives
The tensor fluctuations, on the other hand, are excitation
the gravitational field, which lives in the bulk.~The moving
brane itself does not support tensor fluctuations.! The net
result is a different effective scale factor in the fluctuati
equation of motion for the tensor modes than for the sc
modes.

We shall briefly outline the derivation here, with mo
details to follow in our more formal paper on perturbatio
@48#. If ḡmn is the unperturbed, homogeneous metric@see Eq.
~11! with A andN functions of time#, the perturbed 5D met
ric can be written as

gmn5ḡmn1A2~ t !D~y,t !hmn~xW ,t !, ~83!

wherem,n50, . . . 3. Note that since we shall work at th
level of the 4D effective theory, we can treat the tensor p
turbationshmn as functions ofxW andt only. We are interested
in the tensor perturbations which satisfy the conditionsh0m

50, hj
i 50, and] ihi j 50. The perturbed 5D Einstein actio

to quadratic order is

Sf luct
T [

M5
3

2 E d5xA2gR5
M5

2

8 E d4xa2~ ḣn
mḣm

n 2] ihn
m] ihm

n !

~84!

where the second expression is obtained by integrating
y. The tensor action is analogous to the scalar action give
Eq. ~53!. From the action, we can derive the tensor analo
of the scalar fluctuation equation of motion, Eq.~54!,

x2
d2f kW

T

dx2
2F ä

a
t22x2G f kW

T
50, ~85!

where

hn
m[E d3k

~2p!3
en

mhk~t! ~86!

and

f kW
T
[ahkW . ~87!

The critical difference between this tensor equation and
scalar fluctuation equation, Eq.~54!, is that the effective
scale factorapert in Eq. ~54! has been replaced bya. We
introduced a potential to insure thatapert led to a nearly
scale-invariant spectrum, (äpert /apert)t

2'2. However,a(t)
in the tensor equation is approximately constant@recall that
a5(BI3

(0)M5)1/21O(b/a)#. Consequently, the root mea
square tensor fluctuation amplitude,

uDhkWu[
k3/2hkW

~2p!3/2
;

k

~2p!3/2
, ~88!
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is not scale invariant. Rather, the tensor spectrum is ti
strongly to the blue. Fitting the mean square amplitude t
scale-free form,;knT, wherenT is the conventional tenso
spectral index, the spectrum above corresponds tonT52,
compared to the inflationary prediction,nT<0.

The tensor spectrum is a prediction that clearly dist
guishes the ekpyrotic scenario from inflationary cosmolo
In both cases, for the same Hubble parameter at rehea
~for inflation! or collision,Hc , the mode with wavelength o
orderHc

21 has similar amplitude,Hc /M pl , whereM pl is the
4D Planck mass. The wavelength of this mode today
roughly 60 e-folds smaller than the current Hubble radi
Hence, if we extrapolate from this wavelength to one co
parable to the present Hubble radius,H0

21, the inflationary
prediction is that the amplitude is nearly the same~since the
spectrum is nearly scale invariant!, whereas the blue spec
trum computed above predicts that the amplitude is expon
tially small. Hence, the search for a gravitational wave sig
using the CMB polarization on horizon scales becomes a
test for our proposal. Future gravitational wave detecto
beyond the presently planned Laser Interferometer Sp
Antenna and Laser Interferometric Gravitational Wave O
servatory~LIGO! projects, may also someday detect the s
chastic background of gravitational waves as well. Obse
ing a nearly scale invariant primordial gravitational wa
background falsifies the ekpyrotic scenario and is consis
with inflation.

VI. CONCLUSIONS

A. Recapitulation

Conceptually, the ekpyrotic scenario appears to be sim
a bulk brane strikes our visible brane and a hot big ba
universe is born. In actuality, to accomplish the transform
tion from a cold, nearly BPS state into an expanding,
universe with nearly scale-invariant density perturbatio
without invoking inflation requires a series of seemingly i
congruous conditions. Remarkably, these conditions can
satisfied simultaneously in heterotic M theory.

First, the gravitational backreaction due to the kinetic e
ergy of the bulk brane must trigger cosmic expansion. In
gravity, kinetic energy usually causes cosmic decelera
and, if the initial state is static, it triggers contraction. Se
ond, the total energy of the brane has to grow by draw
energy from the gravitational field since, otherwise, the to
bulk brane energy before and after collision is zero and th
is no radiation. In 4D gravity, this blue shift effect occurs
the universe is contracting, but here it occurs even though
scale factor on the visible brane is expanding. Third,
scalar~energy density! fluctuations must be nearly scale in
variant. Although scale invariance is ordinarily associa
with inflation, here we have shown that a scale-invaria
spectrum results even though the universe is quasistatic.
only requirement is a bulk brane potential whose magnitu
increases by an exponential factor as the brane traverse
bulk. Potentials of this type occur in string theory.~Our
analysis suggests that scale invariance is especially fav
in the 5D theory. It occurs for rather simple, physically m
tivated potentials, whereas more general spectral shape
2-19



is
th
he

ug
ot
s

ry
th
flu
ds
th
ck

al
ing
g
th
to
c

r

ul

in

T
th

v
a

ru
s
he
u
r
re

en
is
gy

on
e
e

tic
-

ime

the

d
his

of

otic

s

i-
e
be

s a
ers,
is

gy

.
s is
r-
-

om

that
-

as

KHOURY, OVRUT, STEINHARDT, AND TUROK PHYSICAL REVIEW D64 123522
difficult to obtain.! Fourth, the tensor fluctuation spectrum
not scale invariant but, rather, strongly tilted towards
blue, providing an observational signature that distinguis
the ekpyrotic scenario from inflationary cosmology.

In the context of 4D gravity, some of these features s
gest slow expansion, others superluminal expansion, yet
ers contraction. How do we obtain all of these features
multaneously? All of this is possible in our 5D theo
because the role of gravity in the equations of motion for
expansion, the brane motion, and the scalar and tensor
tuations is played by different combinations of moduli fiel
for each equation. That is, each equation is similar to
corresponding equation for a scalar field in a 4D FRW ba
ground except that the scale factora(t) is replaced by some
function of the moduli fields that differs for each physic
quantity. Some combinations increase with time, mimick
an expanding universe, and others decrease, mimickin
contracting universe. The remarkable result is that just
right combinations of moduli occur in heterotic M theory
produce the behavior required for a viable cosmological s
nario.

An observer at any surface of fixedy has a scale facto
equal toAD1/2(y,t) @see Eq.~11!#, which is expanding as the
bulk brane collides with the visible brane. In Eq.~23!, which
describes the time variation of the total energy of the b
brane, the role of the scale factor is played bya, which is
contracting. The contraction produces the blue shift or
crease in the total energy so that, upon collision, there
excess kinetic energy that can be converted to radiation.
scalar fluctuations are ripples in the bulk brane surface
evolve as if the scale factor wereapert in Eq. ~54!, corre-
sponding to a contracting effective Hubble radius. We ha
identified simple criteria for the potential which result in
scale-invariant spectrum. The tensor fluctuation spect
naturally differs from the scalar spectrum because ten
fluctuations occur in the bulk volume rather than on t
brane surface. The effective scale factor for the tensor fl
tuations isa, rather thanapert . The differences account fo
the fact that the scalar spectrum is scale invariant, whe
the tensor spectrum is tilted strongly to the blue.

A useful mnemonic for recalling the difference betwe
the scalar and tensor fluctuation spectra in our scenario
consider the equivalent relations for inflationary cosmolo
but with the inflaton scalar field replaced byY. For the scalar
fluctuations, the amplitude is

dS;HS DY

Ẏ
D

k5H

~89!

and the tensor fluctuation amplitude is

dT;S H

M pl
D

k5H

, ~90!

where M pl is the 4D Planck mass,DY is the fluctuation
amplitude forY, and the subscript means that the expressi
are to be evaluated when the wavenumber of a given mod
equal to the inverse Hubble radiusH as it passes beyond th
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horizon. For inflation,H, DY and Ẏ are nearly constant, so
dS anddT are both nearly scale invariant. For the ekpyro
scenario,DY and Ẏ are both strongly time varying. How
ever, for an exponential potentialV(Y) as is naturally gen-
erated by nonperturbative exchange of M2-branes, the t
variation in the ratioDY/Ẏ in the expression fordS nearly
cancels. Consequently, the ratio is nearly constant and
resulting spectrum is nearly scale invariant. However,dT in-
volves onlyH, which is increasing with time as smaller an
smaller wavelength modes pass beyond the horizon. T
accounts for the fact that the spectrum is blue.

As a specific fully worked example, consider the case
an exponential bulk brane potential,V(Y)52vexp(2maY),
as discussed in Sec. V B 2. We have computed the ekpyr
temperature at the beginning of the hot big bang phase@Eq.
~30!#,

T

M pl
'

33/4~2v !1/4

~ I 3M5!1/2~aR1C!1/4S M5

M pl
D 1/2S b

a D 1/2~mC12!1/2

m
.

~91!

In terms of this temperature, the scalar~energy density! fluc-
tuation amplitude in Eq.~75! can be rewritten as

udku5
m6~ I 3a!3/2

36p3/2~mC12!2 S a

b D 3/2 2

mDk
S T

M pl
D 2

. ~92!

A simple example which satisfies all constraints isa
52000M5 , b5M5 , B51024, C51000, R5M5

21, m
50.1, andv51028, all of which are plausible values. In thi
example,Dk ~the value ofD at horizon crossing! is of order
103. Then, we find thatM5;1022M pl ; the ekpyrotic tem-
perature isT;1028M pl ; and the scalar perturbation ampl
tude isudku;1025. Note that the ekpyrotic temperature, th
maximal temperature of the hot big bang phase, tends to
small compared to the Planck or unification scale. This i
characteristic feature of the model. With these paramet
the magnitude of the potential energy density at collision
(1026M pl)

4. This corresponds to a characteristic ener
scale for the potential of 1013 GeV. Finally, note that these
values are consistent with Horˇava-Witten phenomenology
For instance, the proper distance between the brane
Rproper

21 ;1025M pl . If we further assume that the characte
istic length scaleLCY of the Calabi-Yau threefold is approxi
mately 10 times smaller thanRproper ~in order for the five-
dimensional effective theory to be valid!, then we get
agreement with the values ofRproper , LCY , and the 11D
Planck massM11 inferred by Witten in Ref.@15# in matching
the gauge and gravitational coupling constants.

While we are pleased that the numerical constraints fr
cosmology and those from Horˇava-Witten phenomenology
can be simultaneously satisfied, we should emphasize
there is a lot of flexibility in terms of parameters. For in
stance, in the above example the ratiob/a was chosen to be
of order 1023. However, one can easily make this ratio
large as 1/10 if one wishes. For example, choosinga
5200M5 , b520M5 , B51022, C5100, R5M5

21, m51,
2-20
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and v510210 results in T;1027M pl , udku;1025, M5

;1022M pl , Rproper
21 ;1025M pl , and characteristic energ

scale for the potential of 1014 GeV. The value ofRproper
could also take a significantly different value, if one wish
and there would still be enough freedom to obtain reason
ekpyrotic temperature and fluctuations. We can also imag
applying the same ideas in a different brane world conte
such as AdS, and still obtaining a successful scenario fro
cosmological point of view. The challenge, of course, is
figure out how to break supersymmetry, obtain a correct p
nomenology and stabilize moduli. Here we have presum
that this challenge can be met, and have shown through
amples how the brane world approach to particle phen
enology might be combined with new ideas in cosmology
obtain a successful picture of the early Universe.

B. Colliding branes and inflationary cosmology

We have laid out a detailed cosmological scenario t
offers a resolution of the flatness, horizon, and monop
problems and generates a nearly scale-invariant spectru
energy density perturbations based on concepts that de
naturally from extra dimensions, branes, and heterotic
theory. The key conceptual difference from inflation is ho
the universe begins. In the usual approaches to inflation
cosmology, as in standard big bang cosmology, the univ
begins with a cosmological singularity. The univer
emerges in a high energy state with no particular symm
and rapidly expanding. Superluminal expansion is invoked
smooth out and flatten the emerging state. The ekpyrotic
nario introduces a different philosophy in which the unive
begins in a nonsingular, infinite, empty, quasistatic state
high symmetry. Superluminal expansion is not needed
cause the BPS vacuum state is flat and smooth. Brane c
sion can account for the matter-radiation energy and prim
dial density perturbations.

Let us briefly summarize how the ekpyrotic scenario a
dresses the various cosmological problems:

Causal horizon problem:In the ekpyrotic scenario, the
local temperature and density are set by the collision of
visible brane and bulk brane, which acts as a nonlocal ev
that occurs nearly simultaneously over a region much lar
than the Hubble horizon.

Flatness problem:The universe is assumed to begin in
nearly BPS ground state. The BPS state corresponds
spatially flat geometry. The process of bulk brane formati
nucleation and propagation maintains flatness.@We do not
demand that the initial state be globally BPS to resolve
horizon and flatness problems. It suffices that the univers
flat and homogeneous on scales up to the~causal! particle
horizon, as should occur naturally beginning from more g
eral initial conditions. In the ekpyrotic scenario, because
bulk brane motion is extremely slow, the particle horizon
collision is exponentially large compared to the Hubble h
rizon, where the latter is set by the radiation temperat
after collision.#

Monopole problem:The hot big bang epoch commenc
when the bulk brane collides with the visible brane and he
the universe to a finite temperature. Provided the tempera
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is less than the monopole mass, the monopole abund
will be negligible.

Inhomogeneity problem:Quantum fluctuations generat
ripples in the bulk brane as it traverses the bulk. Due to
ripples, collision and thermalization occur at varying tim
across the visible brane, resulting in fluctuations in ene
density and gravitational waves.

Both the ekpyrotic scenario and inflationary cosmolo
have the feature that the causal horizon is exponenti
greater than the Hubble horizon. In inflation, superlumin
expansion rapidly stretches the causal horizon while
Hubble horizon is nearly fixed. In the colliding brane pictur
the collision of the bulk brane acts as a nonlocal interact
that causally links regions separated by much more tha
Hubble distance.

Both the inflationary and ekpyrotic scenarios produce
nearly scale-invariant spectrum of energy density pertur
tions from quantum fluctuations. For inflation, quantum flu
tuations are stretched beyond the Hubble horizon as the
verse expands superluminally. For the ekpyrotic universe,
Hubble horizon is shrinking compared to the quantum flu
tuations as the universe contracts very slowly. The equat
describing the evolution of perturbations are~nearly! equiva-
lent in the two cases@see discussion of Eq.~54!#, even
though one describes an expanding de Sitter phase and
other a contracting pressureless phase. The similar equa
account for why both lead to scale-invariant spectra for d
sity perturbations even though the mechanisms are differ

From the point of view of an observer on the stationa
orbifold planes, the universe is expanding as the branes
lide. The bulk brane is what causes their expansion, a gr
tational backreaction effect due to its motion. The expans
is very slow as the brane moves across the fifth dimens
but assumes the usual big bang rate after collision and t
malization.

One might hope that the ekpyrotic scenario avoids
tuning problems required in standard inflation in order
obtain an acceptable perturbation spectrum. Thus far,
situation is unclear. We found that we had to introduce a
potential for the bulk brane that is roughly similar to the fl
inflaton potential used in standard inflation. The form is a
qualitatively consistent with nonperturbative potentials th
arise in M theory. Perhaps the potential parameters nee
for our scenario will be shown to arise naturally. However
should also be noted that the reasons for introducing
potential in the ekpyrotic scenario are different from the ca
of inflation. In our case, the need for a flat potential is link
to the precise form of the background static BPS solution
Lukas, Ovrut and Waldram used in this paper. Perhaps th
exist other initial conditions which avoid the need for fl
potentials altogether.

Although inflationary cosmology and the colliding bran
picture both produce a nearly scale-invariant spectrum
perturbations, the deviation from scale invariance differs d
to the fact that the background felt by the perturbations
expanding in one scenario and contracting in the other
standard inflationary cosmology, the spectrum of scalar~den-
sity! and tensor~gravitational wave! perturbations is typi-
cally red ~amplitude decreases as wavelength decrea!
2-21
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@51#. The amplitude of a given mode is proportional to t
Hubble parameter when the wavelength is stretched bey
the horizon. The Hubble parameter decreases~slowly! in an
expanding, inflating universe. Since smaller wavelen
modes stretch beyond the horizon at later times when
Hubble parameter is smaller, they have a smaller amplitu
resulting in a red spectrum. The degree of redness is
pressed in terms of a ‘‘spectral index’’@52#, nS,T for scalar
and tensor perturbations respectively, wherenS215nT50
is defined as precise scale invariance, andnS21,0 andnT
,0 correspond to red spectra. In the examples of the ek
rotic scenario discussed here, the apparent Hubble radiu
an observer on the bulk brane is shrinking. Consequently,
corresponding spectra are blue. By introducing a poten
for the bulk brane~dependent, say, on its positionY), the
density perturbation spectrum can be made nearly scale
variant, slightly blue (nS21.0) in our examples. On the
other hand, the gravitational wave spectrum is unaffected
the potential and is strongly bluenT'2.

For energy density perturbations, there are exceptio
cases where inflation can give a blue spectrum@53#. The blue
spectrum arises because the density perturbation amplitu
not only proportional to the Hubble parameter, but also
versely proportional to the kinetic energy of the inflaton.
inflation proceeds, the Hubble parameter decreases an
most models, the inflaton kinetic energy increases; so b
effects tend to make the spectrum red. But models can
rigged where the Hubble parameter decreases, as usua
the inflaton kinetic energy decreases more rapidly. In t
case, the spectrum is blue. Similarly, it is possible to ge
red spectrum in the ekpyrotic model, for example, if the b
brane moves in the direction of increasing warp factor@54#.
Hence, observing a red or blue density spectrum is no
decisive test for distinguishing the two scenarios.

However, the gravitational wave spectrum for inflation
always red—the amplitude depends only on the Hub
parameter—and so observing a strongly blue gravitatio
wave spectrum, as predicted by the ekpyrotic scenario,
key test. The cosmic microwave background polarization
one method of detecting the presence of primordial grav
tional waves with wavelengths comparable to the Hub
horizon today. For the slightly red spectrum of inflationa
cosmology, the gravitational wave amplitude may be la
enough to be detected. However, for a strongly blue sp
trum, the signal at large length scales is exponentially sm
and undetectable. Hence, the detection of gravitational wa
in the microwave background polarization would falsify o
scenario. Currently planned gravitational wave detect
such as LIGO and LISA, are not sensitive enough to de
the gravitational waves from inflation or from our scenar
However, future detectors may discover the stochastic ba
ground and determine the spectral slope.

Certain aspects of our scenario are reminiscent of
novel, string-inspired, pre-big-bang models introduced
Veneziano and Gasperini@18,19#. Both assume the univers
begins in a flat, empty state@20#. In both models, the gravi
tational wave perturbation spectrum is blue@55#. However,
the structure, ingredients, dynamics and predictions of
two models are very different. The pre-big-bang scena
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does not entail extra dimensions or branes in a direct w
The pre-big-bang begins with a semi-infinite period of co
traction which is superluminal~deflation!. This period ends
in a global singularity in which the Hubble constant becom
infinite. Matching across this singularity is the biggest ch
lenge facing the pre-big-bang model. If it is possible at all
can only be at the string scale where nonperturbative stri
effects are large and difficult to compute. In our mod
matching to the universe after the bulk-boundary collision
complex, and will require calculations in the five dime
sional theory which we have not studied here. But the co
sion event itself is nonsingular and it is an important adv
tage of our scenario that it only involves physics taking pla
at low energies, which is in principle describable using t
effective low energy Lagrangian. A second difference is t
all expansion and contraction are subluminal in our mod
Finally, in the simplest renditions of pre-big bang, the flu
tuation spectrum is so strongly tilted to the blue relative to
scale invariant spectrum that current observational bound
the microwave background anisotropy are violated. The
pyrotic scenario obtains a spectrum that is consistent w
current observations.

To summarize, we have presented a novel scenario for
beginning of the hot big bang universe, within a framewo
consistent with string theory and supergravity. The unive
begins in the simplest state possible, one which is co
nearly BPS, and nearly vacuous. At some time, a bulk br
exists or is nucleated in the vicinity of the hidden bra
~through a small instanton phase transition!, and begins to
move towards the visible brane. The bulk brane eventu
collides with the visible brane and is absorbed in a sm
instanton phase transition. This transition may change
gauge group on the visible brane to the standard mo
gauge group, as well as create three families of light qua
and leptons. At the moment of collision, a fraction of th
kinetic energy of the brane is converted to thermal exc
tions of the light degrees of freedom on the visible bra
causing the universe to enter an FRW radiation-domina
phase. Furthermore, ripples on the bulk brane imprint a sp
trum of energy density fluctuations consistent with curre
observations and which provides the seeds for structure
mation. While parts of our scenario remain speculative
present~such as the dynamics of the small instanton ph
transition!, it is our hope that advances in heterotic M theo
will eventually allow us to solidify the components of ou
cosmological model. For the moment, we consider our s
nario as a first step towards a new, testable model for
early universe consistent with current cosmological obser
tions and fully motivated by string theory.
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