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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, flathess and monopole problems and generates a
nearly scale-invariant spectrum of density perturbations without invoking superluminal expén§ition).

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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[. INTRODUCTION Complementary motivation was provided both in superstring
theory[7—9] and in nonstring contex{d0,11]. Many of the
The big bang model provides an accurate account of thaeas discussed here are applicable, in principle, to any brane
evolution of our universe from the time of nucleosynthesisuniverse theory. For example, in discussing the features of
until the present, but does not address the key theoreticalur model, we draw examples both from the Randall-
puzzles regarding the structure and make-up of the Univers&§undrum mode]10] and from heterotic M theory. However,
including: the flatness puzzlgvhy is the observable universe in this paper, we emphasize heterotic M theory. This is done
so close to being spatially flgt?the homogeneity puzzle for specificity and because, by doing so, we know that we are
(why are causally disconnected regions of the universe sworking in a theory that contains all the particles and inter-
similar?; the inhomogeneity puzz{ehat is the origin of the actions of the standard model of particle physics. Hence, we
density perturbations responsible for the cosmic microwavere proposing a potentially realistic theory of cosmology.
background anisotropy and large-scale structure formation? Specifically, our scenario assumes a universe consisting of
And why is their spectrum nearly scale-invarignt@ndthe  a five-dimensional space-time with two boundif@ 1)-
monopole problenfwhy are topological defects from early dimensional surface$3-braneg separated by a finite gap
phase transitions not observed®ntil now, the leading spanning an intervening bulk volume. One of the boundary
theory for resolving these puzzles has been the inflationar@-branes(the “visible brane”) corresponds to the observed
model of the univers¢l,2]. The central assumption of any four-dimensional universe in which ordinary particles and
inflationary model is that the universe underwent a period ofadiation propagate, and the other is a “hidden brane.” The
superluminal expansion early in its history before settlinguniverse begins as a cold, empty, nearly BBSgomol'nyi-
into a radiation-dominated evolution. Inflation is a remark-Prasad-Sommerfield 2]) ground state of heterotic M theory,
ably successful theory. But in spite of 20 years of endeavoas described by Lukas, Ovrut and Waldréf]. The BPS
there is no convincing link with theories of quantum gravity property is required in order to have a low-energy four-
such as M theory. dimensional effective action with/=1 supersymmetry. The
In this paper, we present a cosmological scenario whiclvisible and hidden branes are fl@linkowskian but the
addresses the above puzzles but which does not involve ifulk is warped along the fifth dimension.
flation. Instead, we invoke new physical phenomena that In addition to the visible and hidden branes, the bulk vol-
arise naturally in theories based on extra dimensions andme contains an additional 3-brane which is free to move
branes. Known as “brane universe” scenarios, these ideascross the bulk. The bulk brane may exist initially as a BPS
first appeared in Ref§3] and[4]. However, only recently state, or it may spontaneously appear in the vicinity of the
were they given compelling motivation in the work of hidden brane through a process akin to bubble nucleation.
Horava and Witterj5] and in the subsequent construction of The BPS condition in the first case or the minimization of the
heterotic M theory by Lukas, Ovrut and Waldraf6]. action in the second case require that the bulk brane be flat,
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1 finite temperature. We refer to our proposal as the “ekpyrotic
universe,” a term drawn from the Stoic model of cosmic
evolution in which the universe is consumed by fire at regu-
lar intervals and reconstituted out of this fire, a conflagration
called ekpyrosi§13]. Here, the universe as we know it is
made(and, perhaps, has been rematteough a conflagra-

1 tion ignited by collisions between branes along a hidden fifth
dimension.

(a) (b) Forming the hot big bang universe from colliding branes

affects each of the cosmological problems of the standard big

bang model. First, the causal structure of space-time in the
scenario differs from the conventional big bang picture. In
standard big bang cosmology, two events separated by more
than a few Hubble radii are causally disconnected. This re-

- lationship between the Hubble radius and the causal horizon

applies to FRW cosmologies that are expanding sublumi-

nally, as in the standard hot big bang model, but does not
apply to more general cosmologies, such as de Sitter space-
time or the scenario we will describe. In our scenario, the
(c) (d) collision sets the initial temperature and, consequently, the

Hubble radius at the beginning of the FRW phase. The

FIG. 1. One possible set of initial conditions of the ekpyrotic Hubble radius is generally infinitesimal compared to the col-

scenario has the universe beginning in a cold, vacuous, nearly BP{SION region. Two events outside the Hubble radius are cor-
state consisting of two static massive orbifold planes and a warpetglated since local conditions have a common causal link,
geometry in the intervening bulg) in which the curvature is low namely, the collision with the bulk brane. Here we take ad-
near the rightmost orbifold planghe hidden braneand high near  vantage of the fact that the brane is a macroscopic, nonlocal
the leftmost orbifold plangthe visible brang Spontaneously, a object and exists for an indefinitely long period prior to the
bulk brane peels away from the hidden brane over some region dafollision. That is, there is no direct connection between the
space(b), forming a terrace. The edges of the terrace expand outtime transpired preceding the collision or causality and the
wards at light speed, while the interior moves very slowly towardsHubble time. This feature provides a natural means for re-
the opposing visible brane. Although the bulk brane is flat on aversolving the horizon problem.
age, quantum fluctuations produce ripples over a wide range of As we have noted above, the boundary branes and the
length scales as the brane traverses the kalkWhen the bulk  pyik brane are initially flat and parallel, as demanded by the
brane collides with the visible brane, the ripples result in diﬁerenthS condition. Furthermore, the motion of the bulk brane
regions colliding and reheating at slightly different timé$),  g0ng the fifth dimension maintains flatneSsodulo small
thgreby impressing a spectrum of _dgnsn_ty quctuatlon_s on the visiblg| - ations around the flat backgroun#ience, the hot big
universe. The energy from the collision is translated into matter an%vang universe resulting from the collision of a flat bulk brane
rn‘:‘s'ar::?undeh:g:‘“grttr;lznum‘;elr;eiﬁ;;t;rfesrzgﬁarature a few orders Qfiin"a flat visible brane is spatially flat. In other words, we

9 ' address the flatness problem by beginning near a BPS ground
state.
oriented parallel to the boundary branes, and initially at rest. We do not require the initial state to be precisely BPS to
Nonperturbative effects result in a potential which attractsesolve the horizon and flatness problems. It suffices if the
the bulk brane towards the visible brane. We shall assumaniverse is flat and homogeneous on scales ranging up to the
that the bulk brane is much lighter than the bounding branegcausal particle horizon, as should occur naturally beginning
so that its backreaction is a small correction to the geometryirom more general initial conditions. In the ekpyrotic sce-
See Fig. 1. nario, the distance that particles can travel before collision is

The defining moment is the creation of the hot big bangexponentially long because the bulk brane motion is ex-
universe by the collision of the slowly moving bulk brane tremely slow. As a result, the particle horizon at collision can
with our visible brane. Although the universe may exist forbe many more than 60 e-folds larger than the Hubble radius
an indefinite period prior to the collision, cosmic time asat collision (where the latter is determined by the radiation
normally defined begins at impact. The bulk and visibletemperature at collisionThat is, rather than introducing su-
branes fuse through a “small instanton” transition, during perluminal expansion to resolve the horizon and flatness
which a fraction of the kinetic energy of the bulk brane is problems, the ekpyrotic model relies on the assumption that
converted into a hot, thermal bath of radiation and matter orthe universe began in an empty, quasistatic BPS state which
the visible brane. The universe enters the hot big bang dasted an exponentially long time prior to the beginning of
Friedmann-Robertson-WalkéFRW) phase. Notably, instead the hot big bang phase.
of starting from a cosmic singularity with infinite tempera-  Quantum fluctuations introduce ripples in the bulk brane
ture, as in conventional big bang cosmology, the hot, expandas it moves across the fifth dimension. During this motion
ing universe in our scenario starts its cosmic evolution at dhere is a scale above which modes are frozen in, and below
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which they oscillate. This scale decreases with time in avisible brane(For example, before collision the gauge group
manner akin to the Hubble radius of a collapsing Universeon the visible brane might be one of high symmetry, such as
The fluctuations span all scales up to this freeze-out scal&, whereas after collision it becomes the standard model
and we assume they begin in their quantum mechanicajauge group.Furthermore, the number of light families of
ground state. As the brane moves across the bulk, the effequarks and leptons on the visible brane may change during
tive Hubble radius shrinks by an exponential factor while thethe transition(For example, the visible brane might make a
wavelengths of the modes decrease only logarithmically irransition from having no light families of quarks and leptons
time. Consequently, modes that begin inside the initiato having threg.Upon collision, the kinetic energy gained by
freeze-out scale end up exponentially far outside it, and exthe bulk brane is converted to thermal excitations of the light
ponentially far outside the final Hubble radius at the time ofdegrees of freedom, and the hot big bang phase begins.
collision. The ripples in the bulk brane cause the collisionHence, the brane collision is not only responsible for initiat-
between the bulk brane and the visible brane to occur aihg the expansion of the universe, but also for spontaneously
slightly different times in different regions of space. The breaking symmetries and for producing all of the quarks and
time differences mean regions heat up and begin to cool déptons.

different times, resulting in adiabatic temperature and density If the maximal temperature lies well below the mass scale
fluctuations. Hence, as interpreted by an observer in the hatf magnetic monopole&nd any other cosmologically dan-
big bang FRW phase, the universe begins with a spectrum aferous massive, stable particles or defgctsne will be gen-
density fluctuations that extend to exponentially large, supererated during the collision and the monopole problem is
horizon scales. avoided.

Of course, the spectrum of energy density perturbations Although the ideas presented in this work may be appli-
must be nearly scale-invariaftiarrison-Zel'dovich[14]) to  cable to more general brane-world scenarios, such as
match observations of large-scale structure formation an&andall-Sundrum, in developing our scenario we have felt
temperature anisotropies in the cosmic microwave backthat it is important to take as a guiding principle that any
ground. We find that this condition is satisfied if the potentialconcepts introduced in this scenario be consistent with string
attracting the bulk brane towards the visible brane is ultheory and M theory. By founding the model on concepts
traweak at large separations. This is consistent with poterfrom heterotic M theory, one knows from the outset that the
tials generated by nonperturbative effects such as the exheory is rich enough to contain the particles and symmetries
change of virtual M2-branegwrapped on holomorphic necessary to explain the real universe and that nothing we
curves between the bulk brane and either of the boundaryintroduce interferes with a fundamental theory of quantum
branes. gravity. We emphasize that our scenario does not rely on

While the spectrum of perturbations is approximatelyexponential warp factoréwhich are inconsistent with BPS
scale invariant, as with inflation there are small deviationgground states in heterotic M thegnyor does it require large
from scale invariance. In the examples considered here, thenillimeter-size extra dimensions. For example, we consider
spectrum is bluéthe amplitude increases as the wavelengthhere a bulk space whose size is only four or five orders of
decreases in contrast to typical inflationary models. With magnitude larger than the Planck length, consistent with
exponentially flat potentials, the spectrum is only marginallyHorava-Witten phenomenologyl5,16. All brane universe
blue, consistent with current observations. On the other handheories, including heterotic M theory, suffer from some
the potential has no effect on the ten¢gravitational wave  poorly understood aspects. For example, we have nothing to
perturbations, so the tensor spectrum is strongly kdépec- add here about the stability of the final, late time vacuum
tral index ny=2), in contrast to the slightly redn¢=0) brane configuration. We will simply assume that branes in
spectrum predicted in most inflationary models. This predicthe early universe move under their respective forces until,
tion may be tested in near-future microwave background anafter the big bang, some yet unknown physics stabilizes the
isotropy and gravitational wave detector experiments. vacuum.

For some aspects of the ekpyrotic scenario, such as the Figure 1 summarizes the conceptual picture for one pos-
generation of quantum fluctuations, the description from thesible set of initial conditions. The remainder of this paper
point of view of an observer on the bulk brane is the mostdiscusses our attempt to transform the conceptual framework
intuitive. For that observer, the scale factor and Hubble rainto a concrete model. For this purpose, a number of techni-
dius appear to be shrinking because the warp factor dezal advances have been required:
creases as the bulk brane moves across the fifth dimension. An understanding of the perturbative BPS ground state
However, as observed from the near-stationary boundary ofSec. I) and how it can lead to the initial conditions desired
bifold planes, the universe is slowly expanding due to theor our scenariqSec. Il)).
gravitational backreaction caused by the bulk brane motion. A moduli space formulation of brane cosmologSec.
Indeed, a feature of the scenario is that the bulk brane itV A).
responsible for initiating the expansion of the boundary A derivation of the equations of motion describing the
branes. Furthermore, as we shall show, the brane gains kpropagation of bulk branes in a warped background in het-
netic energy due to its coupling to moduli fields. Upon im- erotic M theory, including nonperturbative effectSecs.
pact, the bulk brane is absorbed by the visible brane in & B-IV D).
so-called small-instanton phase transitisee Sec. Il for de- A computation of the bulk brane-visible brane collision
tails). This transition can change the gauge group on thenergy, which sets the initial temperature and expansion rate
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of the FRW phaséSec. IV D). and Witten [5] who showed that compactifyingdimen-
An analysis of how the gravitational backreaction due tosiona) M theory on anS,;/Z, orbifold corresponds to the
the motion of the bulk brane induces the initial expansion ofstrong-coupling limit of heteroti€g X Eg (ten-dimensional
the universgSec. IVB. string theory. Compactifying an additional six dimensions on
A computation of how ripples in the bulk brane translatea Calabi-Yau threefold leads, in the low energy limit, to a
into density perturbations after collision with the visible four-dimensional\V’=1 supersymmetric theoryl5], the ef-
brane(Sec. V A. fective field theory that underlies many supersymmetric
Atheory of how quantum fluctuations produce a spectrumheories of particle phenomenology. By equating the effec-
of ripples on the bulk brane as it propagates through ajve gravitational and grand-unified coupling constants to
warped backgroun@Sec. V B. their physical values, it was realized that the orbifold dimen-
A determination of the generic conditions for obtaining asjon is a few orders of magnitude larger than the character-
nearly scale invariant spectrum and application of generaktic size of the Calabi-Yau spaf&5,16. There is, therefore,

principles to designing specific moddfSec. V B. a substantial energy range over which the universe is effec-
~ Acalculation of the tensofgravitational wavg perturba- tively five dimensional, being bounded in the fifth dimension
tion spectrum(Sec. V Q. by two (3+ 1)-dimensional “end-of-the-world’S'/Z, orbi-

_ A recapitulation of the full scenario_ explaining h_O\_N the fold fixed planes. By compactifying Hava-Witten theory
different components rely on properties of moduli in 5D on a Calabi-Yau threefold, in the presence of a nonvanishing

(Sec. VIA). _ o ~ G-flux background(that is, a nonzero field strength of the
A ful!y worked example which satisfies all cosmological three-form of 11-dimensional M theoryequired by anomaly
constraintgSec. VIA). cancellation, the authors of Ref§] and[30] were able to

And, a comparison of the ekpyrotic scenario with infla- derive the explicit effective action describing this five-
tionary cosmology, especially differences in their predictionsgimensional regime. This action is a specific gauged version
for the fluctuation spectrurtSec. VIB). of N=1 supergravity in five dimensions and includes “cos-

In a subsequent paper, we shall elaborate on the modulhological” potential terms that always arise in the gauged
space formulation of brane cosmology and show how it leadgontext. It was shown in Reff6] that these potentials support
to a novel resolution of the singularity problem of big bangBps 3-brane solutions of the equations of motion, the mini-
cosmology[17]. mal vacuum consisting of two 3-branes, each coinciding with

The ekpyrotic proposal bears some relation to the pre-bigone of the S,/Z, orbifold fixed planes. These boundary
bang scenario of Venezianet al. [18—20, which begins  3-pranegthe visible brane and the hidden braeach inherit
with an almost empty but unstable vacuum state of stringy (spontaneously brokgn\'=1 Eg supergauge multiplet
theory but which, then, undergoes superluminal deflationfrom Horava-Witten theory. This five-dimensional effective

Several important conceptual differences are discussed iheory with BPS 3-brane vacua is callbdterotic M theory
Sec. VI B. Models with brane interactions that drive inflation It is a fundamental paradigm for “brane universe” scenarios

followed by brane collision have also been considdl-  f particle physics.

25]. Applications of the moduli space of M theory and  |n order to support a realistic theory, heterotic M theory
Horava-Witten theory to cosmology have been explored premyst include sufficient gauge symmetry and particle content
viously in the context of inflatioi26-28. The distinguish- o the 3-brane boundaries. In the compactification discussed
ing feature of the ekpyrotic model is that it avoids inflation gphove, the authors of Ref$] and[30] initially made use of
or deﬂation altogether. A noninﬂationary Solution to the ho-the Standard embedding Of the Spin Connection into the gauge
rizon problem was suggested in RE29], but it is not clear connection, leading to afg gauge theory on the visible
how to generate a nearly scale-invariant spectrum of density_prane while the gauge theory on the hidden 3-brari&is
fluctuations without invoking inflation. “Subsequently, more general embeddings than the standard

We hope that our technical advances may be useful iRyne were considerd@1]. Generically, such nonstandard em-
exploring other variants of this scenario. Some aspects r;eddings (topologically nontrivial configurations of gauge
main more speculative, especially the theory of initial condi-fie|ds known asG instantonginduce different gauge groups
tions (as one might expertand nonperturbative contribu- o the orbifold fixed planes. For example, it was shown in
tions. A d_etailed un_derstanding of these latter aspects awaiﬁefs'[gz] and[33] that one can obtain grand unified gauge
progress in heterotic M theory. groups such asSO(10), SU(5) and the standard model
gauge grousU(3)c X SU(2), X U(1)y on the visible brane
by appropriate choice d& instanton. Similarly, one can ob-
tain smaller gauge groups on the hidden brane, sudg,as
andEg. However, as demonstrated in Rdf31-33, requir-

In this section, we briefly recount key features of heteroticing a physically interesting gauge group such&3(3)c
M theory that underlie and motivate the example of our ek-x SU(2), XU(1)y, along with the requirement that there be
pyrotic scenario given in this paper. Those who wish to unthree families of quarks and leptons, typically leads to the
derstand the basic cosmological scenario without regard toonstraint that there must be a certain number of M5-branes
the heterotic M-theory context can proceed directly to thein the bulk space in order to make the theory anomaly free.
next section. These M5-branes are wrapped on holomorphic curves in the

Heterotic M theory has its roots in the work of ma  Calabi-Yau manifold, and appear as 3-branes in the five-

Il. TERMINOLOGY AND MOTIVATION FROM
HETEROTIC M THEORY

123522-4



EKPYROTIC UNIVERSE: COLLIDING BRANES AND . .. PHYSICAL REVIEW D64 123522

dimensional effective theory. The five-dimensional effective The ekpyrotic model is instead built on the assumption
action for nonstandard embeddings and bulk space M5that the initial state is quasistatic, nearly vacuous and long-
branes was derived in Reff31]. The key conclusion from lived, with properties dictated by symmetry. So, by construc-
this body of work is that heterotic M theory can incorporatetion, the initial state is special, both physically and math-
the particle content and symmetries required for a realisti@matically. In this case, while a dynamical attractor
low-energy effective theory of particle phenomenology.mechanism may be possibisee below it is not essential.
There has been a considerable amount of literature studyingne can envisage the possibility that the initial conditions
both the four-dimensional limit of Hawa-Witten theory34]  5e simply the result of a selection rule dictating maximal
and heterotic M theory35]. S symmetry and nearly zero energy.

A feature of M5-branes which we will utilize is that they ~ \wjithin the context of superstring theory and M theory, a
are allowed to move along the orbifold direction. It is impor- natural choice with the above properties is the BPS
tant to notg that the M5-brane motio.n through the bulk is ”Ot(BogomoI’nyi-Prasad-Sommerfieldtate[G]. The BPS prop-
“free” motion. Rather, nonperturbative effects, such as thegy s already required from particle physics in order to have
exchange of virtual open supermembranes stretched betwe‘énlow-energy, four-dimensional effective action witfi=1
a boundary brane and the bulk MS-brane, can produce &,persymmetry, necessary for a realistic phenomenology. For
force between them. The corresponding potential energy cag,;, purposes, the BPS state is ideal because, not only is it
in principle, be computed from M theory. Explicit calcula- homogeneous, as one might suppose, but it is also flat. That
tions of the supermembrane-induced superpotentials in thig, the BPS condition links curvature and homogeneity. It
effective four-dimensional theory have been carried out "}equires the two boundary branes to be parallel.

Refs.[36] and[37]. Combined with the M5-brane contribu-  The BPS condition also requires the bulk brane to be
tion to the Kdiler potential presented in Rf38], one can  peapy stationary. If the bulk brane has a small initial veloc-
obtain an expression for the supermembrane contribution t9y7 it is free to move along the fifth dimension. Assuming the
the M5-brane potential energy. These nonperturpative gffectgmk brane to be much lighter than the bounding branes en-
cause the bulk brane to move along the extra dimension. Igpjes s to treat its backreaction as a small perturbation on
particular, it may come into contact with one of the orbifold {,¢ geometry. Nonperturbative effects can modify this pic-
fixed planes. In this case, the branes undergo a “small instan o by introducing a potential for the bulk brane. For ex-
ton” phase transition which effectively dissolves the M5- ample, a bounding brane and bulk brane can interact by the
brane, absorbing its “data” into th& instanton[39]. Such a exchange of M2-branes wrapped on holomorphic curves, re-
phase.t.ransition at the visible brane may change the numb%ﬁlting in a potential drawing the bulk brane towards our
of families of quarks and leptons as well as the gauge grouRisiple brane. In Sec. V, we shall see that the nonperturbative
For instance, the observable 3-brane may go from having ngytential plays an important role in determining the spectrum
light families of quarks and leptons prior to collision to hav- ¢ energy density fluctuations following the collision of the
ing three families after the phase transition. bulk brane with our visible brane.

It is in this five-dimensional world of heterotic M theory, —\ye o not rule out the possibility of a dynamical attractor
bounded at the ends of the fifth dimension by our visiblemgchanism that drives the universe towards the BPS state
world and a hidden world, and supporting moving 5-branes,eginning from some more general initial condition. Such
subject to catastrophic family and gauge changing collision$,,ralielism would be a natural consequence of all the branes
with our visible 3-brane, that we propose to find a newWemerging from one parent brane. Another appealing possibil-
theory of the very early universe. ity is to begin with a configuration consisting of only the two
bounding 3-branes. The configuration may have some curva-
ture and ripples, but these can be dissipated by radiating
excitations tangential to the branes and having them travel

All cosmological models, including the hot big bang and off to infinity. Then, at some instant, the hidden brane may
the inflationary scenario, rest on assumptions about the initiainder go a “small instanton” transition which causes a bulk
conditions. Despite attempts, no rigorous theory of initialbrane to peel off. While little is known about the dynamics of
conditions yet exists. this peeling off, it is reasonable to imagine a process similar

Inflationary theory conventionally assumes that the unito bubble nucleation in first order phase transitions. We sup-
verse emerges in a high energy state of no particular symmgsose that there is a long-range, attractive, nonperturbative
try that is rapidly expanding. If traced backward in time, potential that draws the bulk brane towards our visible brane,
such states possess an initial singularity. This is only one odis shown in Fig. 2. Very close to the hidden brane, there may
several fundamental obstacles to constructing a well-definede a short-range attractive force between the bulk brane and
theory of “generic” inflationary initial conditions. For a the hidden brane due to small-instanton physitst shown
theory based on such general and uncertain initial conditionsin the figure. The situation is similar to false vacuum decay
it is essential that there be a dynamical attractor mechanismvhere the position of the bulk brane along the fifth dimen-
that makes the universe more homogeneous as expansision,Y, plays the role of the order parameter or scalar field.
proceeds, since such a mechanism provides hope that ti@assically, a bulk brane attached to the hidden brane is kept
uncertainty associated with the initial conditions is, in thethere by the energy barrier. However, quantum mechanically,
end, irrelevant. Superluminal expansion provides thait is possible to nucleate a patch of brane for whithes on
mechanism. the other side of the energy barrier. At the edges of the patch,

IIl. INITIAL CONDITIONS
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action. It is the basis for much of what is known of the
classical and quantum properties of solitons such as mag-
netic monopoles and vortic¢40]. It is also a powerful tool
for cosmology as it neatly approximates the five dimensional
theory in the regime where the rate of change of the geom-
etry, as measured, for example, by the four dimensional
Hubble constanH is smaller than the typical spatial curva-
ture scale in the static solutions. The moduli are the param-
eters specifying the family of static solutions, “flat direc-
ryisible” “hidden" tions” in configuration space along which slow dynamical
brane Y brane evolution is possible. During such evolution the excitation in
y=0) y=R) other directions is consistently small provided those direc-
FIG. 2. Sketch of the exponential potentid[Y)— —ve~ Y tions are stable and characterized by large oscillatory fre-
(the line of zero potential energy corresponds to the dotted.line quencies. . . . I
The potential attracts the bulk brane towards the visible brane. The T_he actlpn on moduli space IS obtf’:uned by substituting the
tatic solutions into the full action with the modular param-

force is strongest near the visible brane and tends to zero at Iarg% ) Ay
distances. eters represented as space-time dependent moduli figlds,

wherel runs over all the moduli fields. If we consider the
- .. time dependence first, as we shall do for the homogeneous
the brane stretches back towards and joins onto the orblfol_ ackground solutions, the moduli space action takes the form
plane. The nucleated patch would correspond to the mini-
mum action tunneling configuration. We conjecture that, as o
in the case of bubble nucleation, the configuration would be SZJ drG;3(Q)Q'Q’ 1)
one with maximal symmetry. In this case, this configuration

would correspond to a patch at fixed with a spherical here G,,(Q) is a matrix-valued function of the moduli
boundary along the transverse dimensions. The nucleatio} d Tr']f < th tion for a nonrelativisti ricle movin
would appear as the spontaneous appearance of a brane t S{ s. ThiS IS the action for a nonrelalivistic particie moving

forms a flat, spherical terrace at fix¥garallel to the bound- 'IE atbalckground mtet”?';[’.(Q)‘ltr:? mettr;}c on tmotc_iullltspace. ¢
ing braneg(i.e., flaj. Once nucleated, the boundaries of the or truly degenérate stalic solutions, the potential term mus

terrace would spread outwards at the speed of light analcp-e constant, and therefore irrelevant to the dynamics. Even if

gous to the outward expansion of a bubble wall in falseaweak potentiaV/ is additionally present, as it shall be in our

vacuum decay. At the same time, the brafiee terrace discussion below, the moduli approximation is still valid as

would travel towards the visible brane due to the nonperturlon% as t]t}e dy(rj]gnglctal evolut|on_ CO?hS'StS 'r? t’:}he first aprerotX|t-.
bative potential. As we shall see in Sec. IV, this motion jgmation ot an adiabatic progression through the space of static

very slow (logarithmic with time so that the nucleation rate solutions.

is essentially instantaneous compared with the time scale qf In the ngxt section We'compute the r'no'du!| space action
transverse motion. In other words, for our purposes, th or heterotic M theory. First, however, it is instructive to

nucleation process corresponds to a nearly infinite brangors'?ferta 5|mdpl_er rr}odel wh!c? dent"nqns_ttrates S'”."lﬁtr pThK.S"
peeling off almost instantaneously. cal effects and is of some interest in its own right. This

Beginning in an empty, quasistatic state addresses the h _ode!, d|scgssed by Randalll and Sundr[u@, consists Of. a

rizon and flatness problems, but one should not underest ve d!mensmnal bu_lk described by Einstein gravity .W'th a

mate the remaining challenges: how to generate a hot un 1egative posmolqglcal constar, boundgd by a pair Qf
yranes with tensiont «. The brane tension must be fine

verse, and how to generate perturbations required for lar . .
g P R gg&uned to the valuer=[3|A|/(47wGs)]"? in order for static

scale structure. The remarkable feature of the ekpyroti ; ; . .
picture, as shown in the forthcoming sections, is that branéolutlons to exist. Because there are few moduli, the model is
! ' simple to analyze and illustrative of some important effects.

collision naturally serves both roles. ¥ hasize bel h f K
In either setup, we begin with a flat bulk brane, either a 'OWEVEr, as We €mphasize below, there are reasons for tak-

finite patch or an infinite plane, which starts nearly at rest"d néterotic M theory more seriously as a candidate funda-

and a nonperturbative force drawing it towards the visibIemental description. L .
’ g In the Randall-Sundrum model, the static field equations

brane. These initial conditions are sufficient to enable our . ) . ;
scenario allow a two-parameter family of solutions, with metric

V(Y)

ds?=—n?d2+a2dx®+dy?, a=e't,
IV. PROPAGATION OF THE BULK BRANE

A. Moduli space actions for brane-world gravity n=Na, Y;<Yy<Y,, 2

In this section, we discuss the moduli space approxima-
tion which we shall employ throughout our analysis. Thisand the positivénegative tension branes located g (Y1)
approximation may be used when there is a continuous fanrespectively.L is the anti—-de SittefAdS) radius given by
ily of static solutions of the field equations, of degeneratel >=3/(47Gs|Al|), andN is an arbitrary constant.
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The above solutions are specified by the three maduli standard Friedmann constraint is obtained from the variation
Yo andy;. We now allow them to be time dependent. Thewith respect toN. Generally the matter couplings will in-
lapse functiorN(t) is associated with time reparametrization volve the fieldf. However, if V(f) rises steeply away from
invariance and, hence, not a physical degree of freedom. Thiss minimum and if its value at the minimum is zefso that
other two moduli represent the proper distance between thiaere is no vacuum energy contributjpr will not evolve
branes, but also the time-dependent cosmological “scale faappreciably and four dimensional gravity will be accurately
tors” ag=eYo’- anda,; =e¥1'" on each brane. We shall see in reproduced.

a moment how these combine to give four-dimensional grav- We imagine that, prior to the big bang phase, there is an
ity with a massless scalar, related to the proper separatioadditional, positive tension bulk brane. For static solutions to
between the branes. occur, we require that the three brane tensions sum to zero.

To compute the moduli space action it is convenient toPositivity of the bulk brane tension imposes that the cosmo-
change from the coordinates in E(®) to coordinates in logical constant to its right) o, be smaller in magnitude than
which the branes are fixed. This is accomplished by settinghat to its left,A;, so that the corresponding AdS radii obey
y=(Yo—VY1)y+Y;, and the branes are now locatedyat0  Lo>L1.
and 1 respectively. We substitute the ansatz Bpinto the For the three brane case we obtain the moduli space ac-

five dimensional action and integrate overAll potential tion

terms cancel. Since the branes do not move inyticeordi- . .
nates, the kinetic terms arise only from the five dimensional ~ §= 75— J drd® N™16[ —Leag+(Lo—Ly)ag
Ricci scalar, which yields the result °

L +Ljal], (6)

5= 167G,

3 —1p(a2__ 12
J drdxN"6(a;—ap). ® whereag is the scale factor on the bulk brane. Again this is
) ) o ) ) remarkably simple, just Minkowski space oft2 dimen-
Thus the metric on moduli space is just the 1 Minkowski  gjons. Likewise forN parallel branes, all with positive ten-
metric, and we infer that moduli space in this theory is com-gj5, except the negative tension boundary brane, the system
pletely flat. _ possesses a metric which is that fdd-dimensional
We may now change coordinates to Minkowski space. Note that the “masses” appearing in the
kinetic terms for the boundary branes are the opposite of
“ what one mi i iti i
ght naively expect. Namely, the positive tension
where a2=a2—a?, and the proper separation between thePoundary brane(hidden brang has the negative “mass”

branes is jusL In(ag/a;)=L In(cothf). The action(3) then Lo, Whereas the negative tension boundary braible
becomes brane has a positive mads;. The magnitudes of these terms

are also surprising: the visible brane has the greater magni-
1 3 1 o oo tude tension, but the smallgr magnitude moduli space mass.
= 16’7TG4J drd>x N""6(—a’+a’f9), ©) Just as for the brane-antibrane system, when more branes
are present one can change variables to those in which the
where G,=GsL 1, just the action for four dimensional theory resembles four dimensional Einstein gravity coupled
gravity coupled to a massless scalar fieldhis is the “ra-  to massless fields. For three branes, the required change of
dion” field [41]. Note that the “4D Einstein frame scale fac- variables is
tor” ais not the scale factor that is seen by matter localized
on the branes: such matter segsor a,. As we shall see, it
is perfectly possible for both of the latter scale factors to
expand whilea contracts.
The general solution to the moduli space theory is easily
obtained from Eq(3): the scale factors evolve linearly in

conformal timer, with a; =+ a,. From the point of view of  and the scalar field kinetic term takes the fomi(2
each brane, the motion of the other brane acts as a density Q—szsinhzf). The scalar fields live on the hyperbolic plane

radiation (i.e., allowing a, o=const). Although the moduli 2 ang there is a nontrivial Kder potential. When we in-
space theory has identical local equations to fouryoguce potentials, we must do so in a manner which respects

dimensional gravity coupled to a massless scalar, the gegoyr dimensional general coordinate invariance. This restricts
metrical interpretation is very different, so that what is sin-the form to

gular from one point of view may be nonsingular from the

ap=acoshf, a;=asinhf

S

ap=acoshf,
ag=[Lo/(Lo—L;)]¥?asinhfcosé,

a;=(Lo/L,)Y?asinhfsiné, (7)

other[17]. 5 4
To obtain an action that might describe the present, hot AS= _f drd°x Na'V(f,0). ®
big bang phase with fixed gravitational constant, one might
add a potentiaV(f) which fixes the interbrane separatifn We shall assume that the system starts out nearly static,

causing it to no longer be a free moduligsg., see Ref42]). and that the potential energy is always negative, so that we
Likewise adding extra fields on either brane, one sees that are clearly not using inflation to drive expansion. We further
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i i i Sy afLf i
Loapap—(Lo—Li)agag—Lia;a;=Loapap—Loasay,

€)

4||||||||||||||||_

a9

\

wherei andf subscripts label initial and final quantities. Con-
servation of momentum applies if the forces derive from a
potential V which is short ranged and translation invariant
and if there is no other entity that carries momentum after
] collision. The above conditions imply the continuity of the
- . 4D Einstein frame scale facterand its time derivative.
ot b Ly 1] This matching condition, if correct, would pose a serious
0 10 =0 30 problem for our scenario since it implies that the four dimen-

FIG. 3. Evolution of scale factors in a 3-brane system where aional scale factoa is contracting after collision, at the be-
bulk brane is drawn across from the hidden brane to the visibl@inning of the hot big bang phase. Specifically, the matching
brane. The solid lines shoirom top to bottonm the scale factors ~condition suggests a simple continuation of the motion in
on the hidden branea), the bulk brane ) and the visible brane  Fig. 3 after collision in which both branes are expanding but
(a;). At collision between the bulk brane and the visible brane, botha is decreasing because the two branes are approaching one
boundary branes are expanding. The evolution of the 4D Einstei@nother and the fifth dimension is collapsing.
frame scale factom is also shown as a dashed line: it contracts In the M-theory models which we consider in this paper,
throughout. we shall simply impose a constraint on moduli space which

ensures that the distance between the visible and hidden

assume that the interaction potential draws the bulk brang o 1ocomes fixed after collision, as required to converge
away from the hidden brane towards the visible brane. Thef\

original variables in Eq(6) provide some insight into what o the Hoava-Witten picture. The constraint corresponds to

happens. We consider an interaction betwegnand ag fixing aplal after collision, forcing a discontinuity in both
causing the latter to decrease. But simgehas a negative i andao. In this case the momentum matching condition
mass it is actually pushed in the same direction and thugcontinuity ofa) yields rather paradoxical behavior in which
contracts. Similarly an interaction potential betwegnand  pqh a, and a, reverse after collision, so the universe col-
a, can have the opposite effect: causing baghanda, 10 |55 This does not seem physically plausible, especially
expand. Figure 3 shows an example, with the bulk brar_“?Nhen matter is produced at collision, and the expansion of

being pushed across the gap, and the visible brane beinge matter would then have to be reversed as the size of the

attracted towards it. The hidden brane actually “bounces”. . . i S
(this is barely visible in the figujedue to a competition fifth dimension became fixed. More plausible is thas also

between the two effects, so that by the collision betWeeiiscontinuous: the branes collide, their separation becomes
i [

bulk and visible branes, both outer boundary branes are a ixed, ar_1d the pair continue in the same Q|rect|or_1 of motion
expansioh as before collision. Here we simply wish to flag
}his issue as one that we have not resolved in the M-theory
a . ;
models considered here: more work is needed to do so.
We have identified at least one mechanism for avoiding
contraction or collision while still remaining within the

moduli space approximation. We have constructed models

tually expanding; that isa, anda; are both increasing. At
first sight this appears inconsistent with the four dimension
point of view: if the system starts out static, and with all
potentials negative, then the 4D Einstein frame scale factor
must contract throughout. The two points of view are con

sistent 'becaus.al contributes negat!vgly ta. Sincea; 'is for branes in AdS employing “nonminimal’ corrections to
expanding rapidly compared &, a is indeed contracting,  he kinetic terms of, 5, which are allowed by four dimen-

as shown in the figure. Of course what is happening phySigjona| general coordinate invariance. These nonminimal ki-
cally is that the fifth dimension is collapsing, a well known

X - netic terms both stabilize the size of the extra dimension and
hazard of Kaluza-Klein cosmology. Here, the interbraney o,y final expansion from static initial conditions, with
separation is decreasing while the scale factors seen by maﬁ'egative potentialEL7].

ter on the branes are expanding. Another possibility is that the moduli space approxima-
What happens when the bulk brane meets the boundany@, preakdown at collisiofit must break down, since radia-
A matiching condition is needed to determine the resultingjon, s produceyl leads to the release of radiation into the
cosmology. The initial lsta'lte is specnjed by thg scale factorgy k. This is prohibited by planar symmetry in the AdS ex-
ao, ag anda, and their time derivatives, the final state by 5pie byt is possible in the more general M theory context.
a9, a; and their time derivatives, plus the coordinates andzagiation emitted into the bulk contributes to the pressure
momenta of any excitations produced in the collision. Tes, which, from theGeg Einstein equations, acts to decel-
One expects that the scale factarsy, anda, should be  gratea; . The emitted radiation is redshifted as it crosses the
continuous: likewise, would be expected to be continuous bulk, so is likely to have less effect on the hidden brane if it
if no bulk brane hits the hidden brane, and if no constraint ons absorbed there. The net result would be a slowingof
the size of the extra dimension is imposed. Howewgr, causing the effective scale factarto increase.
cannot be continuous since the bulk brane imparts some mo- We do not want to understate the challenge of obtaining a
mentum on the visible brane. The momentum conservatiofinal expanding universe with stabilized fifth dimension. In a
condition can be expressed as conventional four-dimensional theofzinstein gravity plus

123522-8



EKPYROTIC UNIVERSE: COLLIDING BRANES AND . .. PHYSICAL REVIEW D64 123522

scalar fieldgit would simply be impossible to start from zero «— >0, that is, the tension of the hidden brane is positive.
energy and, through evolution involving negative potentials;The tensomg)v is the induced metri¢and h;, its determi-
obtain a final expanding universe. Our point is that braneang on ME{). The functionsx(ﬁ)(gé’;)) are the coordinates
world scenarios offer ways around this “no-go theorem,”jn A4, of a point on M §) with coordinateséfly . In other

which we have just begun to explore. _ _ words, X}(&f;)) describe the embedding of the branes into
The AdS examples we have discussed are instructive i

that they are easier to analyze than the full M-theory case. §I'.he BPS solution of Lukas, Ovrut, and Waldrd6j is
However, as mentioned above, it is unlikely that these mode}, ., given by ' '

theories are quantum mechanically consistent. The most ob-

vious problem is that fine tuning is needed to balance the

- 24,21 A2 72 24 2
brane tension against the cosmological term. Without this ds’=D(y)(—N?d7*+A%dx*) + B*D*(y)dy?,
balance, no static solutions are possible. Computing the
guantum corrections may in fact be impossible since, in the e?=BD(y),
thin-brane limit, these are generally infinite and nonrenor-
malizable. Forzz=—aANB D 4(y) fory<Y

Therefore, for the remainder of the paper, we turn to
analogous examples in heterotic M theory, which is more

— _ 3 -1ln-2
complex but has other advantages. The branes in this theory =~ (a=BA'NB D %(y) fory>Y,

are BPS states, protected from quantum corrections by su- 1D
persymmetry. Their tensions are fixed by exact quantum me-
chanical symmetries and there is no fine tuning problerﬁ’vhere
analogous to that present in the Randall-Sundrum models.
D(y)=ay+C fory<Y
B. The background BPS solution in heterotic M theory —(a—B)Yy+C+BY fory>Y, (12)

The five-dimensional effective action of heterotic M

theory was derived in Ref§6] and[30]. Its field content andA, B, C, N andY are constants. Note thAtB,C.N are
includes a myriad of moduli, most of which will be assumed gimensionless an¥ has the dimension of length. The visible
frozen in this paper. We shall, therefore, use a simplified,q nidden boundary branes are locatega0 andy=R,
action describing gravityg,s, the universal “breathing” respectively, and the bulk brane is locatedyatY, 0<Y
modulus of the Calabi-Yau threefold, a four-form gauge <R e assume thaE>0 so that the curvature singularity
field A, s, with field strength#=d.A and a single bulk M5- 41 p — 0 does not fall between the boundary branes. Note that
brane. Itis given by y=0 lies in the region of smaller volume while=R lies in
the region of larger volume.

Finally, note that inserting the solution of the four-form
equation of motion into Eq(10) yields precisely the bulk

3 action given in Ref[6] with charge— « in the interval 0O

_ EVE de | TR a0 <y<Y and charge— a+ g in the intervalY<y<R. The

321 a'MF’fME{)d §(|)< e formulation of the action Eq(10) using the four-formA is
particularly useful when the theory contains bulk branes, as

M3 1 3e’’F?
= Sx\/— - 2_ _
=7, Xy g(R 5(09)° =5 —; )

e.,uVK)\ . . .
_ 5 e ¢ is the case in ekpyrotic theory.
4[ AY(;G{&MX(YI)(9,,X(|)07KX(I)§)\X(I)), (10)
C. The moduli space action of heterotic M theory
where 7’?’6'9;.: 0,... ’4'|'“’V’ i I:dZO’ . 3. '(I'jheSpacye- As in Sec. IV A, we shall use the moduli space approxi-
time Is a ive-dimensional manifo i s With coordinatesc”. 46 to study the dynamics of heterotic M theory with a
The four-dimensional manifoldd1;’, i=1,2,3 are the vis-

) s . . bulk brane. The static BPS solution involves five constants
ible, hidden, and bulk branes respectively, and have internad g ¢ N andY. These now become the moduli fields

cpordinatefﬁ) and tensiony;M3. Note thata; has dimen- Q'=[A(X.7),B(X,7),C(X,7),N(X,7), Y(X,7)]. In the limit
sion of mass. If we denote,=—a, ,O‘ZE“;'B' andag homogeneity and isotropy, the moduli fields are functions
=p, then the visible brane has tensienaMg, the hidden ¢ ime only. Substituting the static ansat4) into the action

brane @— B)M3, and the bulk bran@M3. It is straightfor-  (10) and integrating ovey, we obtain the moduli space
ward to show that the tension of the bulk braﬁMg, must  actionS,,,q With Lagrangian density

always be positive. Furthermore, one can easily deduce that

the tension on the visible brane,aM2, can be either posi-

tive or negative. The ekpyrotic scenario can be applied, in 'we have changed the notation used in R&f.by replacing their
principle, to any such vacua. In this paper, for specificity, weH (y) with D(y). In this paper, we will use the symbbl to denote
will always take >0, so that the tension on the visible the Hubble parameter. Furthermore, comparing with their notation,
brane is negative. Furthermore, we will chog@esuch that we have rescaled by a factor ofy2/3 and have definee’=V.
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Lo =G NOI-V(Q)= Loyt Lo 13 wherel ; is evaluated a¥ =0 and forB,C at the moment of
mod=G1u(QIQQ (Q)=Lounct L 13 collision. Note that in the limit & — 8)R<<C, this expression
agrees with the 4D Planck mass identified in R&b].

where At this point, one can define a new scale factor
. a( /N2 vl =A(BI3M:)2 as well asn=N(BI3Ms)Y2 This has the
e SATBIsMs | [A}" [A]](B] 8lz, effect of removing off-diagonal terms in the moduli space
bulk N A All\B) " 15 metric that couple the field to the other variables. In these
5 ) new variables, the bulk Lagrangian becomes
31, " 3ABI;MZ[ 1(B Iy 2 , ,
2la2p _onPEVis)  H P 1 ) . : .
T, P N 1218/ "2, o _3aMs| fa)” 1(B|° 1Bl
| | bulk™ 'y a/ 3\B)] 2Bl,
ey + 2R g2y2
+ |3CBY+2|3BY+’ BaSMé 9'% Il 2 9|2|2b Ilb . .
+ — - = |C?+| —= - 2| CpY
n 413 2l3 212 I3
3BM3ASB[1 :
5= | ZDX(Y)Y?~N2V(Y) (14) 9% 1y, ..
N 2 + Z2b_ 1b BZYZ (17
412 23 '
and . . .
In this form, it is clear that is an scale factor analogous to
v > the variablea of the previous section. The mod®@j C andY
|ma52f D"dy= ——[(aY+C)™"1-Ccm*1], behave effectively as scalar fields, albeit with nontrivial ki-
0 a(m+1) netic terms.

In analogy with the example in Sec. IV A and the discus-
2 sion following Eq.(5), we now impose two constraints con-
W sistent with four dimensional covariance. These reduce the
moduli degrees of freedom and simplify the system. Namely,

x{[(a—B)R+C+BY]™1—(aY+C)™*1}, we shall impose that

R
|mbszf DM dy=
Y

B=-const,

Im Ima‘Hmb- (15)
C=const. (18
Note thatl,,, has the dimension of length. We see from Eq.

(14) that the Lagrangian of the 4D effective theory is the sun/t the moment of collision, the modulug disappears from
of two parts, Ly, and Lg. The first contribution,Cy the theory. The above conditions then imply that the distance

comes from the bulk part of the five-dimensional action,2tween the boundary branes as well as the volume of the
whereas the second contributiofi,, is the Lagrangian of _Calabl-Yau threefold become fixed. This is necessary if we
the bulk brane. Note that we have added by hand a potentif@nt to match onto a theory with fixed gravitational and
V(Y) in £z which is meant to describe nonperturbative in-98U9€ coupling constants. For instance, sihgebecomes
teractions between the bulk brane and the boundary bran&@nstant at collision, it follows from Eq(16) that My,
[36—39. The actions of the two boundary branes, which ard'€€Z€s at that point.

at fixed values ofy, do not contribute to the 4D effective  !f We impose Eq(18), and if we further assume that the
action. Their contribution is canceled by bulk terms upont€nsion of the bulk brane is small compared to that of the

integration overy. This cancellation is crucial, since it yields Poundary branes, that i<« (which allows us to neglect
a 4D effective theory with no potentials féx, B, C, or N, the correction to the _k|net|c term fof coming from Ly,
thereby confirming that these fields are truly moduli of thethen the full Lagrangian reduces to

theory. 2.3 S\ 2
Equation(14) is analogous to the action for gravity with _ 3Msa |2 n E ED(Y)ZYz—nZ V(Y) }
scale factolA coupled to scalar fields. Since the overall fac- n a I3]2 BlIsMs| ]

tor of BI3M§ will generically be time dependent before col-
lision, it follows that the scalar fieldB,C, andY are non-
minimally coupled to gravity. In order to match onto a theory
with fixed Newton’s constan®,, we shall impose the con-
dition that this factor become constant after collision. Hence

. - : . 5
Z:fster collision, we can identify the 4D effective Planck mass A repeating theme of this paper is that the effective scale

factor (and the associated Hubble parametan be defined
several different ways involving different combinations of
moduli fields, depending on the physical question being ad-
dressed. For example, looking ahead, we will show #hist

This action describes a scalar fiefdninimally coupled to a
gravitational background with scale factar Note that the
gravitational coupling constant associated wdths simply

, BME(I5Ms)

P aRIC (18
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not the same as the effective scale factor for an observer agh the right hand side of Eq22) causea to be negative.
a hypersurface of constantor the effective scale factor rel- Hence, beginning from a static initial conditiom€0), a

evant for describing fluctuations v will contract. If a contracts, then, from Ed23), the total
energy of¥ grows with time. Thus, as long asis negative
D. Equations of motion, the ekpyrotic temperature, semidefinite, the field gains energy as the bulk brane pro-
and the horizon problem ceeds through the extra dimension.

From the moduli space action obtained in Sec. IV C, we At the moment of collision, the modulu¥ effectively
can find the equation of motion for the bulk brane, describe@oes away and new moduli describing the small instanton
by Y, in the limit that the bulk brane tension is smaft, transition and new vector bundle take its place. In particular,
<a. We will use this equation to compute the ekpyrotic the potential forY matches onto the potential for these new
temperature, the temperature immediately after the brangg§oduli. While V(Y) will generically be negative up to the
collide and the universe bursts into the big bang phase. waoment of collision, we shall assume that, once the other
will then compare the Hubble radius at the beginning of themoduli are excited during the small instanton transition, the
big bang phase to the causal horizon distance estimated tptential rises back up to zero in the internal space of the

computing the time it takes for the bulk brane to traverse thélew moduli such as to leave the universe with vanishing
fifth dimension. cosmological constant. We base this assumption on the no-

Recall that for the static BPS solutioA,andN are con- tion that both the initial and final states consist of two branes

stants. Without loss of genera”ty' we can chofseN=1 in in a BPS vacuum witly=0. That is, if we were to adiabati-

the BPS limit. Variation of Eq(19) with respect ton yields ~ cally detach the bulk brane from the hidden brane and, then,
the Friedmann equation which, setting-a, is given by transport and attach it to the visible brane, both the initial

and final states would consist of two branes only in a BPS
al? BMs (1 - configuration with cosmological constant zero.
- =—2(§D(Y) YS+V(Y) | (20 To mimic the effect of the other moduli during the small
a B(IsMs) instanton transition, we shall assume tN4tY) is negative
and approaches zero &s-0. Note that ifa were constant,
the kinetic energy and the total energy,, would go to zero
asV—0 and as the branes collide. However, from E2f),
we see thatV (and thereforer) has extra kinetic energy as
V—0 due to the gravitational blue shift effect caused by a
— 3M2H2 (21) contracting scale factaa. We assume that the extra kinetic
Pg sH°. N . e
energy(equal top; at collision is converted into excitations
The equation of motion foa yields the second equation of Of light degrees of freedom, at which point the radiation-
FRW cosmology d_omlnated era begins. The temperature after the conflagra-
tion that arises from the brane collision is referred to as the
- 1 . “ekpyrotic temperature,” analogous to the reheat tempera-
o~ _(_D(y)ZYZ_zv(Y)) i (22)  ture after inflation.
2 Conceivably, some fraction of the extra kinetic energy is
Finally, we can express the equation of motion oin a c_onverted int(_) t_hermal excitations, some ir_1to coherent mo-
' . tion of moduli fields, and some, perhaps, into bulk excita-
simple ~way by defining ¥ such that ¥ tions(gravitons. If coherent motion is associated with mass-
=[D(Y)/(13Ms)¥2]Y. Once again making the gauge choiceless degrees of freedom, the associated kinetic energy
n=a, one finds that satisfies redshifts away faster than radiation. If associated degrees of
freedom are massive, they can ultimately decay into radia-
d/1 : al. tion. Neither case is problematic. For simplicity, we shall just
ppe §azq’2+Veff(‘1’)) =-3 ;)‘1’2, (23)  assume that the kinetic energy at collision is converted en-
tirely into radiation with an efficiency of order unity.
_ . The collision energy can be computed by integrating the
yvhereveff=v_(Y)/[B(I3M5)2]. In this form, Eq.(23) looks equation of motion, Eq23), which is expressed explicitly in
like the equation of motion for a scalar field in a cosmologi-,... < ¢ the time derivative of the total bulk brane energy.

cal background. It is, therefore, simple to analyze. The IE3ﬁi—|owever, it is somewhat simpler to first compute the Hubble

hand side is the time derivative of the total energy density o ; _
associated with the motion of. The right hand side either parameteH.; upon collision using E22), and then to sub

stitute in Eq.(21) to obtain the collision energy;. (Note

decreases or increases due to the cosmic evolution describﬁ%t the subscript denotes that the quantity is evaluated at
by the scale fact_oa. Hence, as regards the kinetic energy Ofthe moment of collision.Equation(22) can be rewritten as
the bulk branea is the relevant scale factor.

Perturbing around the BPS Ilimit, we havA=1

H?=

Here we have introduceH to denote the Hubble constant
associated witta. Since the gravitational coupling constant
associated witla is M, we can identify from Eq(20) the
energy density of the bulk brane

+0O(Bla) andlz=1+O(B/a), wherel ¥ is the value of éN_ g1 202 B B
I3 when =0 and is time independent. Therefora, a |5 2 DY)YZHVY)=3V(Y) |~ E[ V(Y]
=(BIPMg) 2+ O(Bla). If V(Y)=<0, then all contributions (24)
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where we have used the fact that, to leading ordes/ia, Let us now turn our attention to the homogeneity prob-
lem. We have argued that the universe begins in a BPS state,
which is homogeneous. This condition is stronger than
needed to solve the homogeneity problem. It suffices that the
universe be homogeneous on scales smaller than the causal,
Note thatE is the total energy of the bulk brane which is partic]e horizon. Let 6 T)tot denote the time taken by the
assumed small compared to the energy gained from gravitjylk brane to travel from the hidden to the visible brane. By

1 .
EDZ(Y)Y2+V(Y)=E~O. (25

We can then integrate E¢24) to obtain integrating Eq(25), we find that the comoving time is
a Y=0 dr , ,
s Provinigay . [FDOAY -
Y=R 13 tot= | V(Y
3B [Y-R . .
=— D(—W)Y4dY, (26)  The horizon distancdyor, as measured by an observer on
V2I3)v=0 the visible brane, is the elapsed comoving time at collision

(Y=0) times the scale factop*%(y=0)=C*2 We find, for

(0) . :
where we have made use of the fact that137=const 0 5, exnonential potential of the above form, that

leading order in8/a. Sincea~(B1{’Ms)2 we obtain

= E = ﬂJY=RD( _V) 1/2dY. (27) dHOR: Cl/z( - T)t0t~ W(CKR'F C)emaR/z. (32)
¢ la?  J2B(13Ms5)3¥2)v=0

Now that we have an expression for the Hubble paramete?n the other hand, the Hubble radius at collision is obtained
H., we can substitute in Eq21) and find rom Eq. (27):

2 12
27ﬁ2Mg Y=R 2 1 m |3(B|3M5) o
= D(—V)¥dY| . 28 Hoo=—"— | 3| 33
Pe 2B(|3M5)3UY0 (=V) ) 28) ¢ 3J2v(mc+2) \B
The corresponding ekpyrotic temperature is then The causal horizon problem is solved if the particle horizon
U4 at collision satisfies
3/4 _ 2
lN ﬂ :i IY RD(_V)l/Z(jy}1 .
Mpr | M2 (2B)Y(13M5)%4 Jy=0 dHORN maRi2— [ 1 A70
—~@ > e’ (39
(29 H,
c pl

(N.B. The identification of energy density or effective Planck L . -
mass may vary under Weyl transformation, but the ratioThe condition is easily satisfied for the values of parameters
T/My, is invariant) For instance, consider a potential of the mentioned above, wheraaR/2~ 107, the equivalent of 100

form V(Y) = —ve ™, wherey andm are positive, dimen- e-folds of hyperexpansion in an inflationary model.
sionless constants. Since nonperturbative potentials derived

from string and M theory are generically of exponential form E. Cosmological evolution for an observer at fixed/
[for motivation, see the discussion under Egd)], this po- We have seen that the scale factor relevant to describing
tential will be a standard example throughout. In that caseye equation of motion fov is a, a particular combination of
the temperature is calculated, using £29), to be moduli fields. Furthermore, if we assume nearly BPS initial
conditions(that is, vanishing potential and kinetic enexgy
314, \1/4 12/ o)\ 112 112
l% 37 (2v) %) E (mC+2) thena is a decreasing function of time. Hence, the scalar
Mol (13Mg)Y(aR+C)Y4 My )\ e m field Y evolves as if the universe is contracting.
(30) However, as pointed out previously, an important feature

is that the effective scale factor for other physical quantities
where we have used E@16). As an example, we might depends on other combinations of moduli fields. In this sub-
suppose a=2000M5, B=Ms, B=10"*% C=1000, R  section, we shall derive the cosmological evolution as seen
=Mg*', v~10 8 and m=0.1, all plausible values. This by an observer living on a hypersurface of constargfor
givesM5=10*2Mp, and produces an ekpyrotic temperatureexample, an observer on the visible brane will find that
of 10" GeV. Note that, with these parameters, the magnithe scale factor seen by such family of observers is different
tude of the potential energy density firis (1(T6Mp,)4 at thana. In particular, we find that any such observer sees the
collision. Thus, the typical energy scale for the potential isuniverseexpandingbefore the bulk brane collides with the
10" GeV. Later, we will see that these same parameters prosisible brane.
duce an acceptable fluctuation amplitude. We want to empha- Consider, for concreteness, an observer living on the vis-
size, however, that there is a very wide range of parameteiible brane. The induced metric on that hypersurface is ob-
that lead to acceptable cosmological scenarios. tained from Eq.(11):
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a2C . R From the form of the metric in Eq38), we see that the scale

d§:°:B| v (—dr?+dx?)=aj(—dr*+dx?). (35 factorag(7) describing the FRW evolution on the brane is
s simply given by ag(7)=DY4(5). Since the bulk brane
moves from a region of largeD (location of the hidden
brang to a region of smalleD (location of the visible
brang, an observer on the bulk brane sees a contracting uni-
: ) : verse(as opposed to an observer on the visible brane who
a_a_ g |2b-Y: a3 l2p V—2V(Y) (3¢  Sees expansionFinally, we note that for nonrelativistic mo-
a

a, a s 13 D(Y) tion, one hasy~ 7, wherer is global conformal time.

The rate of change of the induced scale facgrcan be
written as

where we have used E5). In this way, we have expressed G. Summary of homogeneous propagation of the bulk brane

a; as the sum of two contributions: the first contribution is In this section, we have described the spatially homoge-
given bya and tends to make, contract; the second term, negys propagation of the bulk brane in terms of the evolution
coming froml 5, is positive and tends to maleg expand. To  of three different quantities: the scale factor as felt by the
determine which of these two terms dominates at the momqqulusy of the bulk brane, the scale factor for an observer
ment of collision, we note from Eq26) that living on a hypersurface of constagt and the scale factor
for an observer on the bulk brane. For nearly BPS initial

a 72 conditions, we have seen that the scale factor that appears in

g“[_V(Y)] : 37 the equation of motion for the bulk brane, namelyde-
creases with time. This means that there is a gravitational
blue shift effect that increases the kinetic energy of the bulk
brane. This added energy, we propose, is converted to radia-

different functions ofw andC. For the case of the exponen- tion and matter upon collision. Furthermore, we have shown

tial potential, for instance, one finds that reasonable values c%/ln?t obsi?]rv”ers ?}t fge;ir\?erne:?sllybsieb?nnexpandmg lrj1?rl ¢
a, C, andm (such as those given at the end of Sec. IV D erse. Finally, an observer on the bu ane sees a contract-

s thl tem being arger han tter n Eq (36, [10Y®Ts¢, T s 8 simple geomettea conseguerie o e
The net effect is to make, grow with time; that is, an 9

. ! .. vature to a region of larger curvature.
observer aty=0 sees the universe expanding. This is in 9 9

. , We should mention that both the moduMiand observers
agreement with the results for the AdS case presented in Sec fi . A
IV A at fixedy see scale factors which are slowly varying in time,

For other hypersurfaces of constayta similar story in fact almost constant. This is because both variations are

holds. The induced scale factor is the productaoivhich due to the chkrgaction of the bulk brane onto the geometry,
decreases and a function ¥fwhich increases. Once again, an eff?ct _wh||ch |Ist_of c;rclitetlzs’/a. Obn the othetrh h?)n?lé tt)he

reasonable values of the parameters result in expanding h}(}p?m? Og'cl:{ah evohu |o|n S ylan O.thsef"eff otn E u ralme
persurfaces at the time of collision. In particulag, the s faster, afthough only by a logarithmic factor. No superiu-

scale factor on the'=R hidden brane. is expanding at col- minal expansion is taking place from the point of view of
SN §=h ' P 9 any observer. Rather, what characterizes the ekpyrotic sce-
lision, in agreement with the AdS results.

To summarize, for shallow potentialéor example, an nario is that all motion and expansion is taking place exceed-

exponential potentialand reasonable values of the param—Ingly slowly for an exceedingly long period of time.

eters, we have seen that b@thanda, are expanding at the

moment of collision. On the other hand,is contracting. V. SPECTRUM OF FLUCTUATIONS

Since this agrees qualitatively with the AdS césee Fig. 3, In this section, we show how the ekpyrotic scenario can

the diSCUSSion at the end Of Sec. IVA Concerning the matCh roduce a near'y scale-invariant Spectrum of adiabatiC,

ing condition at collision and the subsequent expansion 0&aussian, scaldenergy densityperturbations that may ac-

the universe applies also to heterotic M theory. count for the anisotropy of the cosmic microwave back-

ground and seed large-scale structure formation. The density

F. Cosmological evolution for an observer on the bulk brane perturbations are caused by ripples in the bulk brane which

are generated by quantum fluctuations as the brane traverses

SO fafr' Wz.ha"e .adof’tef'f tht.e pomnt of view of the t!o""' the bulk. The ripples result in 3D spatial variations in the
energy four-dimensiona’ etlective :action. L 1S SOMEUMESy 0 ot collision and thermalization, and, consequently, they
useful, for instance in calculating the fluctuation spectrum, t

. . I Snduce temperature fluctuations in the hot big bang phase.
adopt the point of view of an observer living on the bulk Because both the ekpyrotic scenario and inflationary cos-

brane.t_The_ rgotlon of égewbulkl tha”e thtroughléhel Curveldmology rely on quantum fluctuations to generate adiabatic
space-ime induces an evolution on Its Woridvolume. r‘perturbations, the calculational formalism for predicting the

terms of conformal timey on the bulk brane, the induced perturbation spectrum and many of the equations are remark-

Therefore, both terms on the right hand side of E3§) are
proportional to[ —V(Y)]*2 However, the coefficients are

metric is given to lowest order iN by ably similar. One difference is that inflation entails superlu-
5 4= minal expansion and the ekpyrotic scenario does not. For the
ds;=D[Y(7)](—d7*+dx*). (38 ekpyrotic scenario, the fluctuations are generated as the bulk
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brane moves slowly through the bulk. For the examples conpendent. Hence, the assumption of the time-delay formalism
sidered here, the motion is in the direction in which the warps satisfied. In the ekpyrotic scenariér~ 5Y/Y. Note that
factor is shrinking. Because of the shrinking warp factor, the5

Hubbl dius f b the b is d CsY is time dependent, and so¥s However, under circum-
ubble radius for an observer on the brané 1S decreasiNg,,.as 1o pe discussed later in this section, the two have the
The effect of a decreasing Hubble radius is to make the spe

; . L C Same time dependence and, consequenttyjs time inde-
trum blue. In inflation, the Hubble radius is expanding in the endent, as requiredThe time-independent condition is

4D space-time, and, consequently, the spectrum is typicall nly approximate in both scenarios. The weakness of the

red. . X X . .
. . . ... time-delay approach is that it cannot be simply generalized
Here, we give an abbreviated version of the derivatio y ap Py 9

tha_t emphasizes the s_imilarities and differences f_rom the ir%osi;hge;Ig:uggF;ﬁcgﬁg;tﬁzsr%uf:tg&icggns must be computed
flationary case. For this purpose, we adapt the t|me_-de|z_iy We shall assume that the stress-energy tensor after colli-
approach introduced by Guth and Pi for the case of mﬂatlorgion is that of an ideal fluid with pressufe and energy

to the colliding brane pictur¢43]. This approach has the density p=3P

advantage that it is relatively simple and intuitive. Experts '

are aware that this approach is inexact and nonrigofédis THY=Pgt’+ (P+ p)u“u?, (39)

and, hence, might question the reliability. The more cumber-

some and less intuitive gauge invariant approach introduce@hereu” is the velocity of the fluid normalized t0?=—1.

by Bardeen, Steinhardt and Turne5] and by Mukhanov The perturbations can be characterized by the Ofd8h

[46] (see also Ref47]) is preferable since it is rigorous and variables,S and divX, defined by

applies to a wider range of models. We have developed the

analogue of the gauge invariant approach for the colliding =—1+3p -(h’“’VﬂuV)‘z,

branes, and we find that the time-delay approach does match

for the cases we consider. We will present the gauge invari- divX=V ,(h**V p), (40)
ant formalism for the ekpyrotic scenario and a fully detailed

analysis in a separate publicatip#g]. where h*’=g#"+u*u”. The calculation then proceeds in

In the first subsection, we shall assume that the ripples ifwo steps. First, we find the value & and diw at the
the bulk brane have already been generated and begin ofoment of collision. Second, we calculate the time evolution
computation just as the bulk brane collides with our visiblepgf Sin a radiation-dominated universe.
brane. The bulk brane has positioiY(7,x)=Y(7) If the average collision time is=0, thens’'=7— 87(X)
+6Y(7,x), whereY,(7) is the average position of the brane =0 is the time when collision occurs at positienWe have
along the bulk(y) direction andé8Y represents the small
ripples. Our goal is to adapt the time-delay formalism to 2 . -
compute how the ripples translate into density fluctuations in S(7'=0)=— 3a.H 9%87(x),
the hot big bang phase. In the second subsection, we shall ©c
discuss howsY is set by quantum fluctuations and the gen-
eral conditions under which the fluctuation spectrum will be
nearly scale invariant. Then, we will present specific model
that satisfy the scale-invariant conditions and discuss general
model-building principles and constraints. In the final sub-
section, we will present the computation for the case of ten- _ k ( / 1

X=—=|7+ .
sor (gravitational wavg perturbations and show that the J3 a.H.
spectrum is tilted strongly towards the blue, a prediction that
differs significantly from inflationary models. Whenx<1 (x>1), the mode is outsidénside the sound
horizon. Then, as shown by Olson, the density perturbation
A. From brane ripples to density fluctuations with wave numbek, &y, is related to the Fourier mods

div X(7' =0)=6a_ 2HHd?67(X). (41)

is useful to define a dimensionless time variabley

(42)

The fluctuationssY result in variations in the time of
collision (67) that depend on the position along the bulk d
surface,x. In this sense, the bulk brane positidnplays a % &(X25k)=5k, (43
role analogous to the inflatag and the fluctuations$Y play
a role similar to inflaton fluctuation$¢. The time-delay \yhereS, satisfies the evolution equation
formalism applies under the assumption that the time delay is
independent of time when the perturbations are well outside d?s, ds,
the horizon; that isgT= 57()?). The formalism, then, allows x2—2 —2X—— +(2+x%)S=0. (44
>, . . dx dx
one to compute hovdr(Xx) converts into a density perturba-
tion amplitude.
In the de Sitter limit, one hadr~ 8¢/ ¢, where the fluc-
tuations 8¢ are time independent and is also time inde- S= Cx sinx+ C,X cosX. (45)

The solution of theS, equation can be written as
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To fix the coefficientsC; and C,, we use the initial condi-
tions given in Eq.(41). In terms ofx, the collision time is
x.=k/(y/3a;H.), and the conditions at collision read

Sc=2x%a HA7(K),

ds‘=2(1— A

X¢
dxe aCH(Z:

Sk (46)

where A7(k)=k%*257(k)/(27)%?. Using these conditions,
one finds that the coefficien; andC, are given by

C]_: 2aCHC

2H,
1— )Ar(k),

2
C (o3
. _1 -
. 2H, 2H, c “n
=|1- — | %.Cy.
? aH2| lanz)

The modes of interest lie far outside the horizon at the

time of collision, that isx,<1. Thus, wherx>1 (when the
mode comes back inside the horizptihe second term on the
right hand side of Eq45) is suppressed by a factor xf and
is therefore negligible(This is the “decaying” mode.Using
this fact in integrating Eq(43), one obtains

2H,
170,

c''c

1_

|5k| =4acH; (48)

We see thaté, is the product of two factors: the factor
a:H:|/A7(k)| accounts for the fact that different regions of
space heat up and therefore begin to redshift at different

times, while the factor in parentheses dependslilqnand

PHYSICAL REVIEW D64 123522

section, we compute the spectrum of quantum fluctuations of
the branedY, and use the result to compute the time delay,
A 7(k).

1. The scalar fluctuation equation

For the calculation of quantum fluctuations, it is sufficient
to work at the lowest order i/ «. Without loss of general-
ity, we can therefore seA=N=1. In that case, the bulk
brane Lagrangian is given by

1
Lz=—3BMIB 5D(Y)?7"3,Ya,Y+V(Y)|. (50

Note that this agrees witli; given in Eq.(14) when we set
A=N=1 and spatial gradients &fto zero. Let us first con-
sider the spatially homogeneous motion of the brane which
will be described byY (7). (The subscript “0” emphasizes
that we want to think ofY, as the background motiont is
governed by the following equation of motion:

1 .
5D(Y0)?Yo*+V(Yo) =E, (5)
whereE is a constant. Equatiofbl) is, of course, simply the
statement that the ener@yof the bulk brane is conserved to
this order inB/«. Since we have chosen the visible brane to
lie aty=0 and the hidden universe to lie a& R, we focus
on the branchYy<0 in which case the bulk brane moves
towards the visible brane. The solution to E§1) is then
given by

(Yo D(Y)dY’
“Jo J2[E-V(Y))]

with 7=<0, and with the collision occurring at=0.

(=7 (52

describes how the change in the Hubble parameter during | et us now consider fluctuations around the background
collision affects the fluctuations. For inflationary models nearg | ;1 Yo(7). Namely, if Y=Yq(r)+8Y(rX), with

the de Sitter limitH,—0, and sod, is directly related to the SY(7X)<Y dth tion t dratic or-
time delayd7(k). For the ekpyrotic model, the scale factor der(iTﬁxﬁ)Y o(7), we can expan € action o quadratic or

a(7) is of the form constlogr and H/aH? is approxi-
mately constant. Hence, once agady,is directly related to
the time delay. In both scenarios, E@8) agrees with the
exact gauge invariant calculation of density perturbations ex-
cept for small corrections to the prefactor.

For example, consider the exponential potenti&:
—ve MY In that case, Eq48) yields

4m2a\/5
mC+2

1 . R -
Liye™ 5 D5{ = 8Y?+[d(8Y) P} +| a®Do (Vo—E)

LAV 1d%V,

_ _ - _ 2
Do’ Gyt 3 2 (8Y)?,

(53

where we have used E(h1), and where we have introduced
Do=D(Y,) andVy=V(Y,) for simplicity.

The key relation is the fluctuation equation as derived
from the action(53),

|8~ |AT(K)], (49

where we have used E7), and where we have assumed

thatH/(a,H2)>1, a reasonable approximation for the val- d2f;
ues ofw, C, andm of interest. — =

apert 7'2—
dx?

Qpert

x2 fe=0,

B. From quantum fluctuations to brane ripples >
o e s x=[Rl(~ ), (54
Equation(48) expresses the density perturbation in terms

of the time delay at the time of collisiomd7(k). In this  wherefy=D,- 6Yy and wherea,.,; is defined by
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a dv, d2v
PertE 63 a—o_Do_zo . (55) (a)
apert dY0 dYO
The fluctuation equation, E@54), can be compared with i
) ; : I
the corresponding equation for the perturbations of a scalar ~
field with no potential and minimally coupled to an FRW S
background with scale fact@( ) -~ :
5¢§+ 2E 5¢|z+ k25¢k: 0. (56) : - INFLATIONl BIG BANG PHASI? .
a
I:‘EK REQ I:lTODA\/
Defining fy=a- 8¢, Eq. (56) becomes log (R)
d’f; |a
27 'k 1% 2 ofe.
" aTZ x?|fz=0. (57)

Comparing Egs(54) and (57), one sees thad,e; plays
the role of an effective background for the perturbations. An
observer on the bulk brane sees a scale famerDY? [Eq.
(38)] but the fluctuations evolve, according to E§4), as if
the scale factor werey.,;. Hence, the shape of the fluctua-
tion spectrum depends @.,;, Notag=D"? but the physi-

log (H™1)

PRE-COLLISION
cal wavelength is determined fag=D?, notaye. This is —_ L — .

BIG BANG PHASE

an important subtlety in our calculation. Let us now discuss Rex Req Rropay
the Hubble horizon for the perturbations. Recall that in usual log (R)

4D cosmologysee Eq(57)], we have
FIG. 4. Sketch comparing the generation of a superhorizon

‘a-(— 7')zkphysa'(_ 7')’\’kphysHil!
(58)

k
x=k(—r)=(a

spectrum of perturbations i@ inflationary cosmology versug)
the ekpyrotic universe. During inflation, the Hubble radius is nearly
fixed and the fluctuation wavelength grows exponentially fast, caus-

ing modes to be stretched outside the horizon. In the ekpyrotic
whereH 1=a?/a is the Hubble radius as derived from the scenario, modes correspond to ripples on the moving bulk brane.
scale factoi. By definition, a mode is said to be outside the The perturbations have nearly constant wavelength but the effective
Hubble horizon when its wavelength is larger than theHubble radius shrinks, once again causing modes to cross outside

Hubble radius. From E¢58), we see that this occurs when the horizon.

x<1. Therefore, a mode with amplitudg crosses outside
the horizon whenx~O(1). Similarly, in our scenario we can
write

x=K(—7)=KphyD§ (= 7) =KphyHpert:

wherek,,ys= k/D§” (sinceag = D§'* relates comoving scales
to physical length scales on the bulk brariEhe role of the

Hubble radius is replaced by

(59

Hyk=DY%(~r=Dy?[ " D(v)d¥

pert— 0 0 mv (60)

the order of the particle horizodygr at the moment of
collision. Recall from Sec. IV D thad g is required to be
exponentially larger than the Hubble radius at collision,
Hc‘l, in order to solve the homogeneity problem. Hence, we
see that modes are frozen on scales exponentially larger than
Hc’l, thereby solving the inhomogeneity problem.

The comparison to inflationary cosmology is made in Fig.
4. The salient feature of both models is that perturbation
modes inside the Hubble horizon escape outside in the early
universe and re-enter much later. However, the behavior of
the scale factor and the Hubble horizon are quite different. In
inflation, the wavelengths are stretched superluminally while

which is to be thought of as an effective Hubble radius forthe horizon is nearly constant. In thg ekpyrotic. scenari_o, the
the perturbations. So, as suggested above, the length scale§@velengths are nearly constant while the horizon shrinks.
which amplitudes freeze depends ag (rather thana,,), It remains to shqu that we canlobtam a spectrum V\./hICh.IS
but the amplitude itself, as derived from E&4), depends on scale invariant. Writing the equation for the perturbations in
aper- The feature of two different scale factors is a novelthe form of Eq.(54) is useful since one can read off from it
aspect of the ekpyrotic scenario. the spectral slope of the power spectrum. It is determined by
By the time the bulk brane collides with the visible brane,the value of @,eq/aper) 7. In particular, one obtains a
modes are frozen on all scales less than the valulel;(jtt scale-invariant spectrum if aei/aper) =2 when the
when the bulk brane leaves the hidden brane. Comparinthodes observed on the cosmic microwave background
Egs.(34) and(60), we see that this initial value dflgelrt isof (CMB) cross outside the horizoriNote that in usual 4D
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cosmology, this is achieved for an expanding de Sitter unifective Hubble horizon on the moving bulk brane, the ampli-
verse withax— 7~ 1 or a contracting matter-dominated uni- tudes became fixed. Scale invariance will requin®s1
verse withax 72.) Combining Eqs(52) and(55), we find during this period.(In Sec. V B 3, we shall generalize this
condition for an arbitrary potential.)

épert » 3l dVo d?v, Y D(Y")dY’ 2 We have already seen at the end of Sec. V B 1 that, if the
_apertT =D, ad—YO— Do dYg 0 V2[E-V(Y)] potentialV is negligible compared tg, the spectrum of fluc-

(61) tuations is not scale invariant. Hence, we consider the limit
where |E|<|V,|. This condition, as seen from the equation

The spectrum will be scale-invariant if the right hand side ofof motion for Y, Eq. (51), is satisfied if\'(ozo initially, or,
Eq. (61) equals 2 when the modes of interest cross outsidequivalently, if the bulk brane begins nearly at rest. For the
the horizon. brane to be nearly at rest, one must hig~|V,| initially.

As a simple example, consider the case whigfgY)|  As the brane traverses the fifth dimensitv, increases ex-
<|E|. Equation(61) then generically givesajen/ape)™  ponentially, whereak is constant. Hence, the conditio|
<1. This leads to a density spectrum of the foffig| ~k,  <|V,| is automatically satisfied. The bulk brane beginning
which is thus unacceptably bluéA similar calculation was nearly at rest is precisely what we expect for a nearly BPS
repeated for other setups such as Randall-Sundrum and tlgtial state.
solutions presented in Ref50]. It was found that none of Applying the condition E|<|V|, Eq. (52) reduces to
these solutions predict a scale-invariant spectrum of fluctua-
tions whenV is turned off) It is therefore crucial to add a 2 1

Yo , 2
f D(Y/)emaY /2dY/}
0

potential in order to obtain a scale-invariant spectrum of den- T
sity fluctuations.
i i 20 1 2 65
2. A successful example: The exponential potential ~ oZre-maYo| 1T mDy)” (65)

We can add a potentiad(Y) of the form that might result
from the exchange of wrapped M2-branes. We would like towhere we have neglected the endpoint contributioda0.
think of V as the potential derived from the superpotenfial On the other hand, Eq55) gives
for the modulusyY in the 4D low energy theory. Typically,

superpotentials for such moduli are of exponential form, for épert mZaZUemaYo( )
example, = 1+ . (66)

P a-pert D(Z) m DO

W~e ¢, (62)
Combining the above two expressions yields
wherec is a positive parameter with dimension of mass. The
corresponding potential is constructed frow and the épert 5 1 2
Kahler potentialk according to the usual prescription P sl | el B (67)
pert mDg mbg

63) The right hand side of Eq67) is approximately equal to 2 in
the limit of largemD,. Hence, the exponential potential of
Eq. (64) results in a nearly scale-invariant spectrum of per-
where D;=d/d¢' +K;/M?, is the Kaler covariant deriva- turbations provided thgE|<|V,| andmDy>1 are satisfied
tive, Ki=dK/d¢', Ki; =&%K/0¢ia¢j and a sum over each When modes pass outside the effective Hubble horizon. Note
superfield; is implicit. Equations(62) and (63) imply that ~ that it would be exceedingly difficult to maintain
V decays exponentially with. For the purpose of this paper, (épert/apen) 72 close to almost any other value than 2. It is
we shall not worry about the exact form of the superpotentialndeed fortunate that scale-invariance is the desired result
in heterotic M theory. Rather, it will suffice to perform the because obtaining a different spectral index from the ekpy-
calculation using a simple exponential potential, namely  rotic scenario would be highly problematic.
ey We next compute the perturbation amplitude, by using Eq.
V(Y)=-ve , 64 (54 t0 calculate|AY,|. As shown above, in order for the
spectrum to be scale-invariant, the conditibB$<|V,| and

wherev andm are positive, dimensionless constants. In th|sm Dy>1 must be satisfied when wavelengths pass outside

g?perl,\lgtg t%(;r:vﬁ]mtﬁgtégsga\:\?hrgfgltzhz thgt:rft?;nigmé?]etzg&\e horizon. These conditions can be relaxed once the mode
b Ctyﬁe exchan ’e of wrapped M2-brane2 the arar?mtjsr well outside the horizon. For example, we will assume no
y 9 pp ' P restrictions oomC, the value ofmD, aty=0.

of the form m=cTy»/a, wherec is a constantly is the In the limit thatmDy>1 when the relevant modes cross
tension of the M2-brane, andis the volume of the curve on outside the horizon, Eq54) reduces to

which it is wrapped. The potential defined in E@4) is ’
shown in Fig. 2. The perturbation modes of interest are those 42f:

which are within the current Hubble horizon. As the wave- X2_k_[2_X2]fE=O' (68)
lengths corresponding to those modes passed outside the ef- 2

) 3
V=eXMp KiiD;WD,W— T WW,
pl
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with solution exceeds unity. The current CMB data constrains the spectral
index to lie in the range about G:84<1.2. Therefore, for
fi=xY4 C1(K) Iz X) + Co(K)I_3:(X)], (69 our results to be consistent with experiments, we must have
whereJ.. 5, are Bessel functions. The coefficiettg(k) and mD,>20, (77)

C,(k) are fixed by requiring that modes well within the ho- . . . .
rizon (i.e., x>1) be Minkowskian vacuum fluctuations, that & constraint that is easily satisfied.

'S 3. General potential

1 " As a second example, consider the power-law potential
fi=——==e""" forx>1. (70
J6kpM3B V(Y)=—vD(Y)%=—v(a¥Y+C)4, (79

[Note that the factor of/6 BMZB in Eq. (70) arises when we Wherev>0 andq<0 are constants. In this case, E§1)
change variables fronY to a canonically normalized scalar 9IV€S
field.] Using this initial condition, we find the following rms

amplitude for modes outside the horizomith x<1): . (1_ E)
apert 2__ q ~
e K2, i - Bpert ~2(1_f)2~2 (79
“(2m)¥2 (- 1)(2m)¥2/6BMIB’ q

for |g|>1. Hence, a power-law potential can also lead to a
nearly scale-invariant spectrum provided that its exponent is
sufficiently large(The smaller is the value of|, the bluer is

Y = . (72) the spectrun.

2(277)3’2\/3/3|\/|5§B D3 We can straightforwardly extend our analysis to an arbi-

trary potentialV(Y). Let us suppose that(Y) satisfies

Substituting Eq(65) and usingf,=D,48Y,, we find

ma ve MaYo

Finally, we define the time delak (k) by

dv
D(Y) 5| > a|V(Y)|,
S 7 .7 ( 2 ) 7 ‘ gy >Vl
T Yo| 167%2/3pMm3B | mMDo)’ &l v
_ _ D(Y)——|>a| |- (80)
where we have used the equation of motionYgr Eq. (51). dy dy

Note that the time dependence®f(k) is mild, a necessary

condition for the validity of the time delay formalism. The [For the exponential potentia¥/(Y)=—ve™ ™", these two
factor of mD,=mD[Y,(7)] is to be evaluated at time  conditions amount tonD>1.] Then, Eq.(61) reduces to
when a given mode crosses outside the horizon during the

motion of the bulk brane. LD, denote the value db, at Apert 2o VvV’ @1
horizon crossing for modk. Since horizon crossing occurs apenT - v'2)
when x=1, or, equivalently, when € 7)=k™ %, Eq. (65
gives Hence, the conditions for scale invariance are Ef6) as
well as
b 2I m?a  [ve™® 24
w9 N2 ) (74 vV
—=~1. (82
VrZ
Substituting Eqs(73) and (74) into Eq. (49), we find
?m*20 C. Gravitational waves from colliding branes
|6l = 4773’2\/3,3MSB(mC+ 2) ka)- (75 In inflationary cosmology, the analysis of tenggravita-
5

tional wave perturbations follows closely the analysis of

. . . . scalar (energy density perturbations[47]. Metric fluctua-
This expression fofé increases gradually with increas- tions can be divided into two polarizations, each of which

ing k, corresponding to a spectrum tilted slightly towards the . . L :
blue. The blue tilt is due to the fact that, in this examje, acts like a massless scalar field evolving in the same cosmic

is decreasing as the brane moves. That is, the spectral ind background as the inflaton. H_ence, it is not surprising that
' ’ e spectrum of tensor fluctuations has nearly the same scale-
dlog| 5,2 4 invariant spectra! shape as the scalaf spec_;trum.
K , (76) In the ekpyrotic scenario, the relationship between scalar
° dlogk m Dy and tensor perturbations is less direct. The excitations that
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produce scalar perturbations are ripples on the moving branés not scale invariant. Rather, the tensor spectrum is tilted
which are directly dependent on the rate at which the branstrongly to the blue. Fitting the mean square amplitude to a
traverses the fifth dimension and the potential that drives itscale-free form~k"T, whereny is the conventional tensor
The tensor fluctuations, on the other hand, are excitations afpectral index, the spectrum above corresponds+te 2,
the gravitational field, which lives in the bulkThe moving  compared to the inflationary prediction;<0.
brane itself does not support tensor fluctuatiprie net The tensor spectrum is a prediction that clearly distin-
result is a different effective scale factor in the fluctuationguishes the ekpyrotic scenario from inflationary cosmology.
equation of motion for the tensor modes than for the scalam both cases, for the same Hubble parameter at reheating
modes. (for inflation) or collision,H., the mode with wavelength of
We shall briefly outline the derivation here, with more orderH_* has similar amplitudeti;/M,;, whereM ,, is the
details to follow in our more formal paper on perturbations4D Planck mass. The wavelength of this mode today is
[48]. If E,w is the unperturbed, homogeneous mefisiee Eq.  roughly 60 e-folds smaller than the current Hubble radius.
(11) with A andN functions of timd, the perturbed 5D met- Hence, if we extrapolate from this wavelength to one com-

ric can be written as parable to the present Hubble radilit, , the inflationary
_ _ prediction is that the amplitude is nearly the safsiace the
U,0= 0, A D(Y,t)h, (X, 1), (83)  spectrum is nearly scale invariantvhereas the blue spec-

trum computed above predicts that the amplitude is exponen-
where u,v=0, ... 3. Note that since we shall work at the tially small. Hence, the search for a gravitational wave signal
level of the 4D effective theory, we can treat the tensor perusing the CMB polarization on horizon scales becomes a key

turbationsh ,, as functions ok andt only. We are interested test for our proposal. Future gravitational wave detectors,
in the tensor perturbations which satisfy the conditibgg ~ beyond the presently planned Laser Interferometer Space
=0, hj=0, andaihij =0. The perturbed 5D Einstein action Antenna and Laser Interferometric Gravitational Wave Ob-
to quadratic order is servatory(LIGO) projects, may also someday detect the sto-
chastic background of gravitational waves as well. Observ-
Mg Mg o _ ing a nearly scale invariant primordial gravitational wave
Shuct= TJ’ d5x\/—_gR=?J d4xa2(h’;h;—(7ih’;ﬁ'h;) background falsifies the ekpyrotic scenario and is consistent

84) with inflation.
where the second expression is obtained by integrating over VI. CONCLUSIONS
y- The tensor action is analogous to the scalar action given in A. Recapitulation
Eq. (53). From the action, we can derive the tensor analogue ) ) )
of the scalar fluctuation equation of motion, E64), Conceptually, the ekpyrotic scenario appears to be simple:

a bulk brane strikes our visible brane and a hot big bang

universe is born. In actuality, to accomplish the transforma-

fT=0, (85) tion from a cold, nearly BPS state into an expanding, hot
K universe with nearly scale-invariant density perturbations

without invoking inflation requires a series of seemingly in-
where congruous conditions. Remarkably, these conditions can be

satisfied simultaneously in heterotic M theory.
f d3k First, the gravitational backreaction due to the kinetic en-

4
—7°=X
a

.
S

dx?

2

3 ethy(7) (86) ergy of the bulk brane must trigger cosmic expansion. In 4D
2 gravity, kinetic energy usually causes cosmic deceleration
and, if the initial state is static, it triggers contraction. Sec-
and ond, the total energy of the brane has to grow by drawing
T energy from the gravitational field since, otherwise, the total
fe=ahg. (87 bulk brane energy before and after collision is zero and there
is no radiation. In 4D gravity, this blue shift effect occurs if
The critical difference between this tensor equation and théhe universe is contracting, but here it occurs even though the
scalar fluctuation equation, E@54), is that the effective scale factor on the visible brane is expanding. Third, the
scale factoraper in Eq. (54) has been replaced by. We  scalar(energy densityfluctuations must be nearly scale in-
introduced a potential to insure tha, led to a nearly variant. Although scale invariance is ordinarily associated
scale-invariant spectrumage,/aye.) 72~2. Howevera() with inflation, here we have shown that a scale-invariant
in the tensor equation is approximately constagatall that ~ SPectrum results even though the universe is quasistatic. The

a=(BI§°)M5)1’2+ O(Bla)]. Consequently, the root mean only requirement is a bulk brane potential whose magnitude
square tensor fluctuation amplitude increases by an exponential factor as the brane traverses the

bulk. Potentials of this type occur in string theo@ur
analysis suggests that scale invariance is especially favored
~ (8g)  inthe 5D theory. It occurs for rather simple, physically mo-
3/2 3/27 ; H
) (2) tivated potentials, whereas more general spectral shapes are

k3/2hIz k
|Ahy=
(2
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difficult to obtain) Fourth, the tensor fluctuation spectrum is horizon. For inflationH, AY andY are nearly constant, so
not scale invariant but, rather, strongly tilted towards thesg and s; are both nearly scale invariant. For the ekpyrotic
blue, providing an observational signature that d'St'ngu'Shegcenario AY and Y are both strongly time varying. How-

the ekpyrotic scenario from inflationary cosmology. ever, for an exponential potenti®I(Y) as is naturally gen-

In the context .Of 4D gravity, some .Of these fea_\tures SU9%ated by nonperturbative exchange of M2-branes, the time
gest slow expansion, others superluminal expansion, yet oth-

ers contraction. How do we obtain all of these features siyanation in the ratioAY/Y in the expression fobs nearly
multaneously? All of this is possible in our 5D theory cancgls. Consequgntly, the ratio is negrly constant .and the
because the role of gravity in the equations of motion for thd €SUlting spectrum is nearly scale invariant. Howewgrin-
expansion, the brane motion, and the scalar and tensor flu¥0!Ves onlyH, which is increasing with time as smaller and
tuations is played by different combinations of moduli fieldsSmaller wavelength modes pass beyond the horizon. This
for each equation. That is, each equation is similar to théccounts for the fact that the spectrum is blue.
corresponding equation for a scalar field in a 4D FRW back- AS @ specific fully worked example, consider the case of

ground except that the scale facait) is replaced by some an exponential bulk brane potentigl(Y) = —vexp(-maY),
function of the moduli fields that differs for each physical @ discussed in Sec. V B 2. We have computed the ekpyrotic

quantity. Some combinations increase with time, mimicking!€Mperature at the beginning of the hot big bang pli&se
an expanding universe, and others decrease, mimicking @01,
contracting universe. The remarkable result is that just the

right combinations of moduli occur in heterotic M theory to T 334 2v) 1 Ms v B Y2(mc+2)'2
pro_duce the behavior required for a viable cosmological sce- M ol - (1M o) Y2 @R+ C) 14\ My, @ m :
nario. (91)

An observer at any surface of fixgdhas a scale factor

equal toADY4y, 7) [see Eq(11)], which is expanding as the |n terms of this temperature, the scalanergy densityfluc-
bulk brane collides with the visible brane. In Hq.?)), which tuation amp”tude in Eq(75) can be rewritten as
describes the time variation of the total energy of the bulk

brane, the role of the scale factor is played &ywhich is 6 312 312 2

. . : . m°(lza) a 2
contracting. The contraction produces the blue shift or in- | 6] = 7 b _ (92)
crease in the total energy so that, upon collision, there is 36r¥AmC+2)2\ B/ mDc | Mp

excess kinetic energy that can be converted to radiation. The
scalar fluctuations are ripples in the bulk brane surface that A simple example which satisfies all constraints ds
evolve as if the scale factor weeg,.,; in Eq. (54), corre-  =200Ms5, B=Ms, B=10"*% C=1000, R=M;*, m
sponding to a contracting effective Hubble radius. We have=0.1, andv =108, all of which are plausible values. In this
identified simple criteria for the potential which result in a example,Dy (the value ofD at horizon crossingis of order
scale-invariant spectrum. The tensor fluctuation spectrumi0®. Then, we find thaM 5~10‘2Mp,; the ekpyrotic tem-
naturally differs from the scalar spectrum because tensqperature isT~ 10*8Mp|; and the scalar perturbation ampli-
fluctuations occur in the bulk volume rather than on thetude is|5,/~10 °. Note that the ekpyrotic temperature, the
brane surface. The effective scale factor for the tensor flucmaximal temperature of the hot big bang phase, tends to be
tuations isa, rather thana,e. The differences account for small compared to the Planck or unification scale. This is a
the fact that the scalar spectrum is scale invariant, whereasharacteristic feature of the model. With these parameters,
the tensor spectrum is tilted strongly to the blue. the magnitude of the potential energy density at collision is

A useful mnemonic for recalling the difference between(lO*GMm)"'. This corresponds to a characteristic energy
the scalar and tensor fluctuation spectra in our scenario is tscale for the potential of & GeV. Finally, note that these
consider the equivalent relations for inflationary cosmologyyvalues are consistent with Fara-Witten phenomenology.
but with the inflaton scalar field replaced WyFor the scalar For instance, the proper distance between the branes is
fluctuations, the amplitude is R;rtpep 10" °M,. If we further assume that the character-
istic length scalé -y of the Calabi-Yau threefold is approxi-
mately 10 times smaller thaR,, ¢, (in order for the five-
dimensional effective theory to be valijdthen we get
agreement with the values ®,oper, Ly, and the 11D
Planck mas#/ 4, inferred by Witten in Ref[15] in matching
the gauge and gravitational coupling constants.

While we are pleased that the numerical constraints from

o

AY

Os~H| — (89

k=H
and the tensor fluctuation amplitude is

H

N (90) cosmology and those from Hawa-Witten phenomenology
pl

can be simultaneously satisfied, we should emphasize that
there is a lot of flexibility in terms of parameters. For in-
where M, is the 4D Planck mass)Y is the fluctuation stance, in the above example the rafix was chosen to be
amplitude forY, and the subscript means that the expressionsf order 10 3. However, one can easily make this ratio as
are to be evaluated when the wavenumber of a given mode large as 1/10 if one wishes. For example, choosing
equal to the inverse Hubble raditisas it passes beyond the =200Ms, 8=20Ms, B=10"2, C=100, RzMgl, m=1,

51"‘“
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and v=10"" results in T~10 ‘M, [8]~10"° Ms is less than the monopole mass, the monopole abundance
~10"2My;, Rooper~107°My,, and characteristic energy will be negligible.

scale for the potential of 6 GeV. The value oRproper Inhomogeneity problemQuantum fluctuations generate
could also take a significantly different value, if one wishes,fipples in the bulk brane as it traverses the bulk. Due to the
and there would still be enough freedom to obtain reasonablépples, collision and thermalization occur at varying times
ekpyrotic temperature and fluctuations. We can also imaginacross the visible brane, resulting in fluctuations in energy
applying the same ideas in a different brane world contextdensity and gravitational waves.

such as AdS, and still obtaining a successful scenario from a Both the ekpyrotic scenario and inflationary cosmology
cosmological point of view. The challenge, of course, is tohave the feature that the causal horizon is exponentially
figure out how to break supersymmetry, obtain a correct phegreater than the Hubble horizon. In inflation, superluminal
nomenology and stabilize moduli. Here we have presumeeéxpansion rapidly stretches the causal horizon while the
that this challenge can be met, and have shown through eXubble horizon is nearly fixed. In the colliding brane picture,
amples how the brane world approach to particle phenomthe collision of the bulk brane acts as a nonlocal interaction
enology might be combined with new ideas in cosmology tothat causally links regions separated by much more than a
obtain a successful picture of the early Universe. Hubble distance.

Both the inflationary and ekpyrotic scenarios produce a
nearly scale-invariant spectrum of energy density perturba-
tions from quantum fluctuations. For inflation, quantum fluc-

We have laid out a detailed cosmological scenario thatuations are stretched beyond the Hubble horizon as the uni-
offers a resolution of the flatness, horizon, and monopoleerse expands superluminally. For the ekpyrotic universe, the
problems and generates a nearly scale-invariant spectrum bfubble horizon is shrinking compared to the quantum fluc-
energy density perturbations based on concepts that deritaations as the universe contracts very slowly. The equations
naturally from extra dimensions, branes, and heterotic Mdescribing the evolution of perturbations @nearly equiva-
theory. The key conceptual difference from inflation is howlent in the two caseg$see discussion of Eq54)], even
the universe begins. In the usual approaches to inflationarthough one describes an expanding de Sitter phase and the
cosmology, as in standard big bang cosmology, the universether a contracting pressureless phase. The similar equations
begins with a cosmological singularity. The universeaccount for why both lead to scale-invariant spectra for den-
emerges in a high energy state with no particular symmetrgity perturbations even though the mechanisms are different.
and rapidly expanding. Superluminal expansion is invoked to From the point of view of an observer on the stationary
smooth out and flatten the emerging state. The ekpyrotic scerbifold planes, the universe is expanding as the branes col-
nario introduces a different philosophy in which the universelide. The bulk brane is what causes their expansion, a gravi-
begins in a nonsingular, infinite, empty, quasistatic state ofational backreaction effect due to its motion. The expansion
high symmetry. Superluminal expansion is not needed beis very slow as the brane moves across the fifth dimension,
cause the BPS vacuum state is flat and smooth. Brane collbut assumes the usual big bang rate after collision and ther-
sion can account for the matter-radiation energy and primormalization.

B. Colliding branes and inflationary cosmology

dial density perturbations. One might hope that the ekpyrotic scenario avoids the
Let us briefly summarize how the ekpyrotic scenario ad-tuning problems required in standard inflation in order to
dresses the various cosmological problems: obtain an acceptable perturbation spectrum. Thus far, the

Causal horizon problemin the ekpyrotic scenario, the situation is unclear. We found that we had to introduce a flat
local temperature and density are set by the collision of thotential for the bulk brane that is roughly similar to the flat
visible brane and bulk brane, which acts as a nonlocal evennflaton potential used in standard inflation. The form is also
that occurs nearly simultaneously over a region much largequalitatively consistent with nonperturbative potentials that
than the Hubble horizon. arise in M theory. Perhaps the potential parameters needed

Flatness problemThe universe is assumed to begin in afor our scenario will be shown to arise naturally. However, it
nearly BPS ground state. The BPS state corresponds toshould also be noted that the reasons for introducing the
spatially flat geometry. The process of bulk brane formationpotential in the ekpyrotic scenario are different from the case
nucleation and propagation maintains flatnds8e do not  of inflation. In our case, the need for a flat potential is linked
demand that the initial state be globally BPS to resolve theo the precise form of the background static BPS solution of
horizon and flatness problems. It suffices that the universe beukas, Ovrut and Waldram used in this paper. Perhaps there
flat and homogeneous on scales up to (teusal particle  exist other initial conditions which avoid the need for flat
horizon, as should occur naturally beginning from more genpotentials altogether.
eral initial conditions. In the ekpyrotic scenario, because the Although inflationary cosmology and the colliding brane
bulk brane motion is extremely slow, the particle horizon atpicture both produce a nearly scale-invariant spectrum of
collision is exponentially large compared to the Hubble ho-perturbations, the deviation from scale invariance differs due
rizon, where the latter is set by the radiation temperaturéo the fact that the background felt by the perturbations is
after collision] expanding in one scenario and contracting in the other. In

Monopole problemThe hot big bang epoch commences standard inflationary cosmology, the spectrum of soalen-
when the bulk brane collides with the visible brane and heatsity) and tensor(gravitational wavg perturbations is typi-
the universe to a finite temperature. Provided the temperaturally red (amplitude decreases as wavelength decrg¢ases
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[51]. The amplitude of a given mode is proportional to thedoes not entail extra dimensions or branes in a direct way.
Hubble parameter when the wavelength is stretched beyontihe pre-big-bang begins with a semi-infinite period of con-
the horizon. The Hubble parameter decredsésvly) in an  traction which is superluminaldeflation. This period ends
expanding, inflating universe. Since smaller wavelengthin a global singularity in which the Hubble constant becomes
modes stretch beyond the horizon at later times when thafinite. Matching across this singularity is the biggest chal-
Hubble parameter is smaller, they have a smaller amplituddenge facing the pre-big-bang model. If it is possible at all, it
resulting in a red spectrum. The degree of redness is exean only be at the string scale where nonperturbative stringy
pressed in terms of a “spectral index52], ng 1 for scalar effects are large and difficult to compute. In our model,
and tensor perturbations respectively, whege-1=n;=0 matching to the universe after the bulk-boundary collision is
is defined as precise scale invariance, aget 1<0 andny  complex, and will require calculations in the five dimen-
<0 correspond to red spectra. In the examples of the ekpysional theory which we have not studied here. But the colli-
rotic scenario discussed here, the apparent Hubble radius f@jon event itself is nonsingular and it is an important advan-
an observer on the bulk brane is shrinking. Consequently, thgyge of our scenario that it only involves physics taking place
corresponding spectra are blue. By introducing a potentiaht |ow energies, which is in principle describable using the
for the bulk brane(dependent, say, on its positiof), the  etfective low energy Lagrangian. A second difference is that
density perturbation spectrum can be made nearly scale ing| expansion and contraction are subluminal in our model.
variant, slightly blue s—1>0) in our examples. On the Finajly in the simplest renditions of pre-big bang, the fluc-
other hand, the gravitational wave spectrum is unaffected by ation spectrum is so strongly tilted to the blue relative to a
the potential and is strongly bluer~2. ~ scale invariant spectrum that current observational bounds on
For energy density perturbations, there are exceptionahe microwave background anisotropy are violated. The ek-
cases where inflation can give a blue spectf68]. The blue  yrqtic scenario obtains a spectrum that is consistent with
spectrum arises because the density perturbation amplitude i§rent observations.
not only proportional to the Hubble parameter, but also in- T4 summarize, we have presented a novel scenario for the
yersgly proportional to the kinetic energy of the inflaton. Asbeginning of the hot big bang universe, within a framework
inflation proceeds, the Hubble parameter decreases and, #nsistent with string theory and supergravity. The universe
most models, the inflaton kinetic energy increases; so bOtBegins in the simplest state possible, one which is cold,
effects tend to make the spectrum red. But models can bgearly BPS, and nearly vacuous. At some time, a bulk brane
rigged where the Hubble parameter decreases, as usual, Rifists or is nucleated in the vicinity of the hidden brane
the inflaton kinetic energy de_cr(_eases.more rapldly. In thaﬁthrough a small instanton phase transitioand begins to
case, the spectrum is blue. Similarly, it is possible to get g,oye towards the visible brane. The bulk brane eventually
red spectrum in the ekpyrotic model, for example, if the bulkcgjides with the visible brane and is absorbed in a small

brane moves in the direction of increasing warp fa¢®#. jnstanton phase transition. This transition may change the
Hence, observing a red or blue density spectrum is not auge group on the visible brane to the standard model
decisive test for distinguishing the two scenarios. gauge group, as well as create three families of light quarks

However, the gravitqtional wave spectrum for inflation is 5 leptons. At the moment of collision, a fraction of the
always red—the amplitude depends only on the Hubblginetic energy of the brane is converted to thermal excita-
parameter—and so observing a strongly blue gravitationaons of the light degrees of freedom on the visible brane,
wave spectrum, as predicted by the ekpyrotic scenario, is gaysing the universe to enter an FRW radiation-dominated
key test. The cosmic microwave background polarization isspase. Furthermore, ripples on the bulk brane imprint a spec-
one method of detecting the presence of primordial gravitagym of energy density fluctuations consistent with current
tional waves with wavelengths comparable to the Hubblepseryvations and which provides the seeds for structure for-
horizon today. For the slightly red spectrum of inflationary mation. While parts of our scenario remain speculative at
cosmology, the gravitational wave amplitude may be largg,resent(such as the dynamics of the small instanton phase
enough to be detected. However, for a strongly blue specransition, it is our hope that advances in heterotic M theory
trum, the signal at large length scales is exponentially smalf;, eventually allow us to solidify the components of our
and undetectable. Hence, the detection of gravitational wavessmological model. For the moment, we consider our sce-
in the microwave background polarization would falsify our 5/ as a first step towards a new, testable model for the

scenario. Currently planned gravitational wave detectorseayly universe consistent with current cosmological observa-
such as LIGO and LISA, are not sensitive enough to detectons and fully motivated by string theory.

the gravitational waves from inflation or from our scenario.
However, future detectors may discover the stochastic back-
ground and determine the spectral slope.

Certain aspects of our scenario are reminiscent of the We would like to thank C. P. Burgess, S. Gubser, J. Mal-
novel, string-inspired, pre-big-bang models introduced bydacena, M. Bucher, N. Seiberg, D. Spergel, D. Waldram, and
Veneziano and Gasperifil8,19. Both assume the universe T. Wiseman for helpful discussions, and Katharina Volk and
begins in a flat, empty staf@0]. In both models, the gravi- J. Katz for introducing us to ancient cosmology and ekpyro-
tational wave perturbation spectrum is bltEs]. However, sis. We thank R. Kalloshkt al.[54,56 for pointing out minor
the structure, ingredients, dynamics and predictions of théypographical errors in the manuscript. We would also like to
two models are very different. The pre-big-bang scenariadhank the Director and staff of the Newton Institute for Math-

ACKNOWLEDGMENTS

123522-22



EKPYROTIC UNIVERSE: COLLIDING BRANES AND . ..

PHYSICAL REVIEW D64 123522

ematical Sciences, where this work was initiated, and theorted in part by the Natural Sciences and Engineering Re-
organizers of the String Cosmology Workshop at the the Pasearch Council of Canad@l.K.), the U.S. Department of

cific Institute for Mathematical Sciencé¥ancouvey where
some of this work was carried forth. This work was sup-

Energy grants DE-FG02-91ER40671.K. and P.J.$.and
DE-ACO02-76-03071(B.A.O.), and by PPARC-UK(N.T.).

[1] A.H. Guth, Phys. Rev. 23, 347(1981).

[2] A.D. Linde, Phys. Lett108B, 389(1982; A. Albrecht and P.J.
Steinhardt, Phys. Rev. Le#8, 1220(1982.

[3] V.A. Ruybakov and M.R. Shaposhnikov, Phys. L&25B, 136
(1983.

[4] K. Akama, Lecture Notes in Physics, Vol. 1{8pringer, New
York, 1982, p. 267.

[5] P. Holava and E. Witten, Nucl. PhyB460, 506(1996); B475,
94 (1996.

[6] A. Lukas, B.A. Ovrut, and D. Waldram, Nucl. PhyB532, 43
(1998; Phys. Rev. D57, 7529(1998; A. Lukas, B.A. Ovrut,
K.S. Stelle, and D. Waldranibid. 59, 086001(1999.

[7] J. Lykken, E. Poppitz, and S.P. Trivedi, Phys. Leti4B5, 286
(1998; Nucl. Phys.B543 105(1999; B520 51 (1998.

[8] L.E. Ibanez, C. Muoz, and S. Rigolin, Nucl. Phyg553 43
(1999; G. Aldazabal, L.E. Ibanez, and F. Quevedo, J. High
Energy Phys01, 031(2000; 02, 015(2000.

[9] G. Shiu and S.-H. Henry Tye, Phys. Rev5B, 106007(1998;

Z. Kakushadze and S.-H. Henry Tye, Nucl. PhB§48 180
(1999.

[10] L. Randall and R. Sundrum, Nucl. PhyB557, 79 (1999;
Phys. Rev. Lett83, 3370(1999; 83, 4690(1999.

[11] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B
429 263(1998; Phys. Rev. D69, 086004(1999; I. Antonia-
dis, N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys.
Lett. B 436, 257 (1998; N. Arkani-Hamed, S. Dimopoulos,
and J. March-Russell, Phys. Rev. &, 064020(200D; N.
Arkani-Hamed, S. Dimopoulos, G. Dvali, and N. Kaloper,
Phys. Rev. Lett84, 586 (2000; J. High Energy Physl2, 010
(2000.

[12] E.B. Bogomol'nyi, Sov. J. Nucl. Phy4, 449 (1976; M.K.
Prasad and C.M. Sommerfield, Phys. Rev. L&b 760
(1975.

[13] K. Volk and J. Katz(private communication

[14] E.R. Harrison, Phys. Rev. D, 2726(1970; Ya.B. Zel'dovich,
Mon. Not. R. Astron. Socl60, 1 (1972.

[15] E. Witten, Nucl. PhysB471, 135 (1996.

[16] T. Banks and M. Dine, Nucl. Phy8479 173 (1996.

[17] J. Khoury, B.A. Ovrut, N. Seiberg, P.J. Steinhardt, and N.
Turok, hep-th/0108187.

[18] G. Veneziano, Phys. Lett. B65 287 (199)).

[19] M. Gasperini and G. Veneziano, Astropart. Phys. 317
(1993.

[20] A. Buonanno, T. Damour, and G. Veneziano, Nucl. Phys.
B543 275(1999.

[21] G. Dvali and S.-H. Henry Tye, Phys. Lett. 450, 72 (1999.

[22] G. Dvali, Phys. Lett. B459, 489(1999.

[23] G. Dvali and G. Gabadadze, Phys. Lett4B0, 47 (1999.

[24] C. Park and S.-J. Sin, Phys. Lett.4B5 239 (2000.

[25] S.H.S. Alexander, hep-th/0105032.

[26] T. Banks, hep-th/9911067.

[27] A. Lukas, B.A. Ovrut, and D. Waldram, Phys. Rev. @,
086001(1999.

[28] A. Lukas, B.A. Ovrut, and D. Waldram, Phys. Rev. @,
023506(2000.

[29] G.D. Starkman, D. Stojkovic, and M. Troden, Phys. Re%3)
103511(2001).

[30] A. Lukas, B.A. Ovrut, K.S. Stelle, and D. Waldram, Nucl.
Phys.B552, 246 (1999.

[31] A. Lukas, B.A. Ovrut, and D. Waldram, Phys. Rev. 19,
106005(1999.

[32] R. Donagi, A. Lukas, B.A. Ovrut, and D. Waldram, J. High
Energy Phys05, 018(1999; 06, 034 (1999; 11, 030(1999.

[33] R. Donagi, B.A. Ovrut, T. Pantev, and D. Waldram,
hep-th/9912208; hep-th/0008008; math.AG/0008010;
math.AG/0008011.

[34] See, for example, E. Caceres, V.S. Kaplunovsky, and |.M.

Mandelberg, Nucl. Phy8493 73 (1997; H.-P. Nilles and S.
SteibergerB499, 3 (1997; I. Antoniadis and M. Quiros, Phys.
Lett. B392 61(1997); K. Choi, Phys. Rev. 56, 6588(1997);
Z. Lalak and S. Thomas, Nucl. PhyB515 55 (1998; S.
Lalak, A. Lukas, and B.A. Ovrut, Phys. Lett. &5, 59(1998;
A. Lukas, B.A. Ovrut, and D. Waldram, Phys. Rev5[3, 7529
(1998; Nucl. Phys.B540 230(1999; K. Choi, B. Kim, and
C. Munoz, Phys. Rev. 17, 7521 (1998; H.-P. Nilles, M.
Olechowski, and M. Yamaguchi, Nucl. Phyg530, 43 (1998);
T. Li, Phys. Rev. D57, 7539(1998; 59, 107902(1999.

[35] See, for example, J. Ellis, Z. Lalak, S. Pokorski, and W. Pokor-
ski, Nucl. PhysB540, 149(1999; R. Sundrum, Phys. Rev. D
59, 085009(1999; K.R. Dienes, E. Dudas, and T. Gherghetta,
Nucl. Phys.B537, 47 (1999; J. Ellis, Z. Lalak, and W. Pokor-
ski, Nucl. Phys.B559 71 (1999; K. Behrndt, Nucl. Phys.
B573 127 (2000; O. DeWolfe, D.Z. Freedman, S.S. Gubser,
and A. Karch, Phys. Rev. B2, 046008(2000; A. Lukas and
K.S. Stelle, J. High Energy Phy81, 010(2000; K. Behrndt
and S. Gukov, Nucl. Phy$8580, 225 (2000; S. Kachru, M.
Schulz, and E. Silverstein, Phys. Rev.@2, 045021(2000);

M. Fabinger and P. Hava, Nucl. PhysB580, 243 (2000;
B.R. Greene, K. Schalm, and G. Shibid. B584, 480(2000;

A. Grassi, Z. Guralnik, and B.A. Ovrut, J. High Energy Phys.
01, 037(2002); P. Berglund, T. Hubsch, and D. Miniiid. 09,
015(2000; P. Mayr,ibid. 11, 013(2000; K. Behrndt, C. Her-
rmann, J. Louis, and S. Thomalsid. 01, 011(2001); M. Faux,

D. Lust, and B.A. Ovrut, Nucl. Phy®8589, 269 (2000.

[36] G. Moore, G. Peradze, and N. Saulina, Nucl. Pl8&07, 117
(2001).

[87] E. Lima, B.A. Ovrut, J. Park, and R. Reinbacher,
hep-th/0101049; hep-th/0102046.

[38] J.-P. Derendinger and R. Sauser, Nucl. PIBE98 87 (200)).

[39] B.A. Ovrut, T. Pantev, and J. Park, J. High Energy Pl95.
045 (2000.

123522-23



KHOURY, OVRUT, STEINHARDT, AND TUROK PHYSICAL REVIEW D64 123522

[40] N.S. Manton, Phys. Lettl10B, 54 (1982; 154B, 397 (1985. [49] D.W. Olson, Phys. Rev. D4, 327 (1976.
[41] P. Binetruy, C. Deffayet, and D. Langlois, hep-th/0101234. [50] S. Kachru, M. Schulz, and E. Silverstein, Phys. Rev6®)

[42] W.D. Goldberger and M.B. Wise, Phys. Rev. Le38, 4922 045021(2000.
(1999. [51] J.E. Lidseyet al., Rev. Mod. Phys69, 337 (1997).
[43] A.H. Guth and S.-Y. Pi, Phys. Rev. Let#t9, 1110(1982. [52] R.L. Davis, H.M. Hodges, G.F. Smoot, P.J. Steinhardt, and
[44] L. Wang, V.F. Mukhanov, and P.J. Steinhardt, Phys. Lett. B M.S. Turner, Phys. Rev. Let69, 1856(1992.
414, 18 (1997. [53] See, for example, A.D. Linde, Phys. Rev.4b, 748(1994; J.
[45] J.M. Bardeen, P.J. Steinhardt, and M.S. Turner, Phys. Rev. D  Garcia-Bellido, A.D. Linde, and D. Wandsbid. 54, 6040
28, 679(1983. (1996.
[46] V.F. Mukhanov, JETP Lett41, 493 (1989; Sov. Phys. JETP [54] R. Kallosh, L. Kofman, and A.D. Linde, Phys. Rev. &,
67, 1297(1988. 123523(2001)). .
[47] V.F. Mukhanov, H.A. Feldman, and R.H. Brandenberger, Phys[55] R. Brustein, M. Gasperini, M. Giovannini, and G. Veneziano,
Rep.215 203(1992. Phys. Lett. B361, 45 (1995.
[48] J. Khoury, B.A. Ovrut, P.J. Steinhardt, and N. Turok, [56] R. Kallosh, L. Kofman, A.D. Linde, and A. Tseytlin, Phys.
hep-th/0109050. Rev. D64, 123524(2001.

123522-24



