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We discuss (and debunk) ten common myths about cosmological perturbations in in
ationary
and ekpyrotic/cyclic models and their implications for future observations.

The purposeof this keynote addressis to discussthe
predictions of density perturbations in cosmologicalmod-
els. For astrophysicists, density perturbations provide
oneof the best meansfor discriminating competing mod-
els. For particle physicists and string theorists, they can
provide qualitativ e and quantitativ e information about
microphysics that is not accessiblein accelerators.

In
ation [1] was shown to generate a nearly scale-
invariant, adiabatic, gaussianspectrum of density per-
turbations over twenty years ago [2]. Yet, revisiting the
subject is worthwhile for several reasons. First, there
have been a number of misconceptionsthat have devel-
oped over the years that ought to be clari�ed now that
their properties are actually being measured. Second,
a new mechanism for generating the samekind of den-
sity perturbation spectrum has beenrecently discovered
in ekpyrotic [3] and cyclic [4] models, and it useful to
compare the old and new approaches. Here, also, some
misconceptionshave already developed that we shall ad-
dress. Third, a new \dualit y" relating perturbation spec-
tra in in
ationary and ekpyrotic models has been found
[5, 6]. Theserecent theoretical advances,combined with
the availabilit y of highly precise measurements of the
density perturbation spectrum [7], make this discussion
especially timely.

Myth 1: In
ation mak es no �rm predictions

We will arguebelow that in
ation and the cyclic model
make �rm predictions for the characteristic mass scale
and equation of state during in
ation, the spectral tilt
of the scalar perturbations and the gravitational wave
amplitude. This conclusion appears to run contrary to
many paperson in
ation that suggestthe predictions can
vary over many orders of magnitude. Somego so far as
to suggestthat in
ation makes no �rm predictions and
is not falsi�able.

The disagreement is simple to explain. First, we begin
herewith the idea that in
ation is a powerful explanatory
model. Seekingthe most powerfully explanatory model,
we identify the minimal conditions and minimal tuning
required to meet its goals{ to solve the horizon, 
atness
and monopole problems and to generate an acceptable
spectrum of density perturbations. From these minimal
conditions, we derive rather de�nitiv e predictions.

For the past twenty years,though, theorists have made
a small industry out of constructing increasingly com-
plicated models of in
ation, adding further ingredients

(masses,�elds, symmetries, etc.) that change the pre-
dictions. How are we supposed to regard these revised
predictions? As with any scienti�c theory, one should
recognizethat the changedpredictions are not natural to
in
ation itself, but, rather, hinge on the justi�cation of
the added ingredients. Sincetheir addition pushesin
a-
tion into a small corner of what it naturally allows, one
might even say that there is a certain tension between
the ingredients and in
ation.

A second reason why many surveys of in
ationary
models claim a broader range of predictions is because
they allow extra parameters, �elds, tunings, etc. with-
out penalty. This type of analysis does not re
ect good
scienti�c common sensethat favors the fewest degrees
of freedom and the fewest tunings. Adding to the con-
fusion is the fact that the in
ationary analysesdo not
always make the extra parameters,�elds and tunings ap-
parent. For example, someanalysesconsider the shape
of the in
aton potential over the range where perturba-
tions leave the horizon without consideringhow this links
up with the part of the potential required for in
ation to
end. The statistical treatment is as if the two parts can
be adjusted independently so that all combinations are
equally probable. In practice, for most choices, the two
parts tend to interfere, requiring extra �ne-tuning to �t
the them together. The surveys treat models with and
without extra tuning with equal weight.

Here we try to present an approach that givesmodels
the weight that makesgood scienti�c commonsense.The
reasonfor expounding on this issueis becauseit a�ects
the current outlook for testing in
ationary cosmology.
Following the natural in
ationary predictions, we will see
the critical tests of the in
ationary paradigm are within
reach of experiment in the next few years. If in
ation
passesthose tests, it is important to recognizethat the
predictions are meaningful and an important milestone
has beenachieved.

We already have a working example. In
ation nat-
urally predicts a 
at universe. Yet, numerous authors
explored in
ationary models with extra tunings or �elds
arrangedto obtain an open, subcritical universe. This ef-
fort reached its zenith in the mid-1990swhen it became
apparent that the mass density is less than the critical
density and the curvature of the universewas in doubt.
At that time, someargued that open in
ationary was as
plausible as 
at in
ation. They often argued that, since
in
ation requiressomedegreeof �ne-tuning anyway, ad-
ditional �ne-tuning shouldbe viewedasdisadvantageous.
Others (such as myself) argued that an open universe
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was incompatible with in
ation becausethe extra �ne-
tuning was intro duced only to push in
ation towards a
prediction which was otherwise unlikely. Observations
have shown that the universeis 
at. Theseobservations
are now embraced as evidencefor in
ation (by someof
the samepeople who propounded Open In
ation). You
cannot have it both ways you cannot say that in
ation
allows all possibilities and then claim successwhen the
universe is proven to be 
at. If you believed in
ation
madeno prediction, it is not success.However, if you are
cautious to discriminate betweenwhat in
ation naturally
predicts versuswhat happenswhen you add extra ingre-
dients, then you can rightfully claim triumphan t agree-
ment betweenthe simplest theory and observation. This
sameargument applies to other predictions we describe
below.

Simplicit y is a guiding principle that motivates in
a-
tion, and sooneshould placegreat weight on predictions
obtained by assumingthe fewest number of elements and
massscales.This, wewill show, leadsto de�nite, testable
predictions for near-future experiments. At this point,
there is every reason to be optimistic that the natural
predictions will be veri�ed empirically.

Myth 2: In
ation is required for quan tum

uctuations on subhorizon scales to exit the horizon

Current measurements [7] suggestthat the spectrum of
density perturbations is nearly scale-invariant, adiabatic
and gaussian,and so we will restrict ourselvesto models
that predict theseproperties. Thesemodels have a com-
mon feature: the origin of the density perturbations are
quantum 
uctuations on sub-horizon scalesthat exit the
horizon in onephaseand re-enter the horizon in the usual
radiation or matter dominated epoch. In using concepts
like entering and exiting the horizon, we are always refer-
ring to formulations of the microphysics in the Einstein
frame for which the gravitational action has standard
Einstein-Hilb ert form:

S =
Z

d4x
p

� g
�

1
2

R + : : :
�

(1)

where g � det(g�� ) is the determinant of the metric, R
is the Ricci scalarand reducedPlanck units 8� G = 1 are
used.

The key parameter in describing the shape of the den-
sity perturbation spectrum is the equation of state w
during the phasewhen the quantum 
uctuations exit the
horizon, where w is the ratio of the pressurep to the en-
ergy density � . We will treat the stress-energyasa scalar
�eld with self-interaction potential V (� ). The pressure
for a homogeneousscalar �eld is, then, p = 1

2
_� 2 � V ,

and the energy density is � = 1
2

_� 2 + V , where dot rep-
resents the time derivative. For a Friedmann-Robertson-
Walker metric ds2 = � dt2+ a2dx2 and Hubble parameter
H � _a=a, the continuit y equation

_� = � 3H (p + � ) (2)

has solution

� �
1

a3(1+ w)
=

1
a2� (3)

where

� �
3
2

(1 + w): (4)

The parameter � is oneof the well-known \slow-roll" ex-
pansion parameters, which is small in in
ationary mod-
els because1 + w � 1. Here we will consider general
w; � should not be assumedto be small unlessexplicitly
speci�ed to be so. Substituting (3) into the Friedmann
equation, we �nd that the scalefactor is

a � t2=3(1+ w) = t1=� (5)

and the Hubble radius is

H � 1 � a� : (6)

Note that we will use � throughout to represent \ap-
proximately proportional to." This paper is intended as
a pedagogicalintro duction and, for this purpose,factors
of order unit y will be dropped except in caseswherethey
are important.

From recent developments [3{5, 8, 9], we now under-
stand that there are two completely di�eren t approaches
for causing quantum 
uctuations on sub-horizon scales
to exit the horizon. The �rst approach occurs if the uni-
verseis expanding. Then, a mode can exit the horizon if
it is stretched at a rate faster than the Hubble radius. In
other words, a(t) must grows faster than H � 1(t). From
(5) and (6), this requires � < 1.

The alternativ e approach arises in a contracting uni-
verse. Quantum 
uctuations exit the horizon if a(t)
shrinks more slowly than the H � 1(t). Using the same
relations, (5) and (6), it is easyto seethat this condition
occurs if � > 1.

The expanding universewith � � 1 and the contract-
ing universe with � � 1 correspond to the in
ationary
and ekpyrotic regimes, respectively. (The term "ekpy-
rotic" was �rst used[3] to describe a model which began
with a contraction expansion phase where � � 1. The
cyclic model [4] has repeated periods of expansion and
contraction; the contraction phase is essentially identi-
cal to the ekpyrotic case.) We will �rst focus on the
expanding, in
ationary casethat is already familiar to
many. After analyzing its properties, we will turn to the
contracting caseand discussthe relation betweenthem.

Myth 3: The mass or energy scale for in
ation is
poorly determined

The derivation of the density perturbation spectrum
in in
ationary models can be found in many standard
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reviews. The result for the Fourier mode with physical
wavenumber k is

� �
�

(k) �
H 2

_�
(7)

where the expression on the rhs is to be evaluated
when the physical wavelength is equal to the Hubble
radius during in
ation. The shape and amplitude of
the spectrum near wavenumber k depend on three time-
dependent parameters

� the equation of state w as mode k leavesthe hori-
zon,

� the number of e-foldsof in
ation, N , betweenwhen
the mode exits and in
ation ends,and

� the characteristic energy scale during in
ation,
M � � 1=4; the in
aton potential energy density
is M 4.

We now consider the conditions these parameters must
satisfy to resolve various cosmologicalproblems.

Resolving the horizon problem: The horizon prob-
lem is resolved by having a su�cien t number of e-folds
N total such that the current horizon radius H � 1

0 lay
within a causal horizon radius H � 1

I before in
ation be-
gins. Extrap olating back in time, the current radius was
smaller by a factor of aend =a0 = T0=Tend at the end of
in
ation, where T is the temperature. Further extrapo-
lating to the beginning of in
ation, the radius is reduced
by an additional e� N total . The resolution of the horizon
problem translates into the constraint

H � 1
0 �

�
T0

Tend

�
� e� N total < H � 1

I (8)

or, using the fact that H � T 2,

N total > ln
Tend

T0
� 60; (9)

where we have used Tend � 1015 GeV and T0 = 3K �
10� 13 GeV.

We will use N total to represent the total number of
e-folds of in
ation; the symbol �N � N total to represent
the number of e-folds before the end of in
ation when
the mode on the horizon today exited the horizon during
in
ation; and N (without the bar) to represent the time-
like variable that runs from N total to zero as in
ation
proceedsfrom beginning to end. Our computation above
has shown that �N � 60.

Perturbation amplitude: The density perturbation
amplitude for �N � 60 must satisfy

� �
�

�
H 2

_�
�

�
p

� + p
�

r
�

1 + w
� 10� 5: (10)

This places the constraint on the height of the in
aton
potential V or, equivalently , the characteristic energy
scaleduring in
ation, M � � 1=4 � V 1=4:

M � 10� 5=2 (1 + w)1=4: (11)

Notice the weak dependenceon 1 + w; its value is much
lessthan unit y during the in
ationary phase,but, assum-
ing that it is not absurdly small, we obtain

M � 10� 3: (12)

This estimate for M should be regardedasa prediction
of in
ation, as sure as any other. Yet, this remark seems
confusing in light of the many papers which treat this
scaleas a free parameter. Somehave even argued that a
much smaller scale,M � 10� 6, is more natural basedon
consideration of supersymmetry.

We canseenow that the only way to obtain M � 10� 6,
say, is if 1 + w is incredibly �ne-tuned: 1 + w = 10� 14.
This is 12 orders of magnitude of tuning beyond what is
required to resolve the horizon, 
atness, and monopole
problems.

For some, w is an unfamiliar parameter and it may
not be apparent that the condition 1 + w = 10� 14 re-
ally constitutes �ne-tuning. They note that numerous
authors have constructed in
ation potentials V(� ) with
M � 10� 6 (and smaller). Where is the additional tun-
ing? In
ationary model-builders are very clever, but the
extra tuning is always there. Let us translate our con-
straint on w into a constraint on the in
aton potential
V and its derivatives with respect to � (indicated by
primes). In the in
ationary limit where 1

2
_� 2 � V ,

1 + w �
_� 2

V
�

�
V 0

V

� 2

(13)

where we have usedthe equation of motion for �

•� + 3H _� = � V 0 (14)

and taken the slow roll approximation •� � 3H _� . If
H is slowly varying and V 0(� N ) � V 00� N , then it is
straightforward to show (using the equation of motion)
that the number of e-folds before the end of in
ation is

�N �
V
V 00 =

V
V 0

V 0

V 00; (15)

where we evaluate the expression for the mode whose
wavelengthis equal to the Hubble horizon today, �N � 60.
The expressionfor �N hasbeenexpandedin terms of two
parameterswith the dimensionsof masswhich we might
call m � V=V0 and m0 = V 0=V00. Eq. (15) implies

m m0 = �N

and (13) implies m2 = (1+ w) � 1. Putting thesetogether,
the simplest possibility is to assumea singledimensionful
massscale,or m � m0 �

p
�N , in which caseone obtains

1 + w = 1= �N . We will seebelow that this value of w
satis�es all the constraints of in
ation. But, then, of
course,we are forced by (11) to have M � 10� 3. Now,
suppose we insist on M � 10� 6 and 1 + w = 10� 14.
Then, m = 107 and m0 = �N � 10� 7. We seefrom this
argument that �ne-tuning w is equivalent to intro ducing
a new hierarchy problem { that is, a ratio of m=m0 that
is far from unit y { a hierarchy that is not required by
in
ation.
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Myth 4: The in
ationary perturbation spectrum is
equally lik ely to be red or blue.

Further constraints �x the spectral tilt of the in
ation-
ary perturbation spectrum, causing it to be red.
Tilt: We can expressthe density perturbation spectrum
in (10) as

� �
�

�
r

�
1 + w

� Ak (n s � 1)=2; (16)

where A is constant and ns is the spectral index. The
deviation from unit y is called the spectral tilt. In general,
ns may be scaledependent, but we imagine examining a
small enoughrange of k about kN (the mode that leaves
the horizon N e-foldsbefore the end of in
ation) that ns

is approximately constant. Then, using (3) and (4) plus
the relation dN = � d ln k = � dlna, we obtain

ns � 1 =
d ln

p
�= (1 + w)
dln k

= � 2� +
d ln �
dN

(17)

Recall that 0 < � � 1 and that � must increaseas in-

ation ends(or, equivalently , N becomessmall). Hence,
both terms in (17) are negative and ns must be lessthan
unit y (\red") as in
ation comesto a close. The only way
to make a blue spectrum during the last 60 e-foldsof in-

ation is to intro ducea �nite rangeof the potential along
which epsilondecreasesrapidly; this must end after a few
e-folds in order to allow in
ation to complete after 60 e-
folds. Extra tunings and/or �elds must be intro duced
to accomplish this e�ect. There is no reason from the
point-of-view of in
ation alone for there to be the extra
ingredients.
Duration of in
ation: We are interested in the valuesof
ns, w, and M when the modes k left the horizon dur-
ing in
ation with N e-folds of in
ation remaining. If
� tN is the time interval for the last N e-folds, then the
constraint that in
ation ends is that H should change
substantially by the end of this time interval, or, equiva-
lently ,

_H � tN � H : (18)

Since N � H � tN , we have N � H 2= _H . According to
the Friedmann equations, H 2 = 1

3 � and _H = 1
2 (� + p).

Hence,we have

N �
2
3

�
� + p

=
2

3(1 + w)
=

1
� (N )

: (19)

By imposing the constraint that in
ation ends after N
e-folds,we have obtained an expressionrelating � and N .
Tilt revisited: Substituting our expression for � (N ) in
(19) into our expressionfor the tilt in (17), we obtain

ns � 1 � �
3
N

: (20)

As anticipated above, the prediction is that the spec-
trum is red. Furthermore, if we evaluate the expression

on the current horizon scale, corresponding to �N � 60,
the spectral index is predicted to be ns � 0:95. All the
� 's mean that there is someuncertainty in this estimate
which adds up to roughly 2 or 3 per cent. Part of the
uncertainty might appear to be due to the uncertainty in
�N . However, this uncertainty can be removed by com-

bining our observation of the amplitude on the current
horizon scale with our estimate for � in (19) to obtain
one condition on �N :

� �
�

�
r

�
1 + w

� M 2 � � 1=2 � M 2 �N 1=2: (21)

Our earlier condition on �N in (9) wasexpressedin terms
of Tend which is � M . Combining the two, we �nd that
Tend � M � 1016 GeV and �N � 60. This is consistent
with our estimatesall along and suggeststhat there is lit-
tle room to play with N without intro ducing extra �elds
and parameters.

Myth 5: The detectabilit y of tensor perturbations in
the cosmic micro wave background dep ends

sensitiv ely on magnitude of the in
aton poten tial

Gravitational Wave Spectrum: In
ation produces a
nearly scale invariant spectrum of tensor perturbations
as well as scalar perturbations. The mean square am-
plitude is T � V � M 4, where V is the magnitude of
the in
aton potential when the modes leave the horizon
during in
ation. For M � 10� 3, the tensor contribu-
tion to the microwave background anisotropy is of order
a few microkelvin. Near-future experiments aiming to
re�ne the measurements of the temperature anisotropy
and to detect the B -mode polarization of the microwave
background should exceedthe sensitivity to detect the
gravitational waves[10, 11] by an order of magnitude or
more [13].

However, some point out that T is proportional to
M 4 and that M is not well constrained. A decreasein
M by an order of magnitude or more reducesthe ten-
sor contribution to the point where it is very di�cult to
detect. Hence, it is argued, the microwave background
anisotropy and polarization test only a narrow range of
parameters.

The analysisis somewhatmisleadingbecauseit focuses
on T alone without considering the mean square scalar

uctuation amplitude, S � (� �=� )2. In fact, both S and
T are proportional to M 4 and their sum is constrained
to equal the observed amplitude on large angular scales
[12]. A better way to judge the detectabilit y of tensor

uctuations is to consider the ratio

r �
T
S

�
H 2

I

H 4
I = _� 2

�
� + p

�
= B � (22)

where B is a constant. The precisevalue of B depends
on the multip ole moment or combination of multip ole
moments for which one measuresS and T . Using the
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WMAP convention, the value is B � 14. Notice that the
height of the in
aton potential (or M ) drops out com-
pletely from this ratio. Hence, if the scalar 
uctuations
have beendetected,the detectabilit y of the tensor 
uctu-
ations only dependson the equation of state parameter,
� = 3

2 (1 + w).

Myth 6: The gra vitational wave spectrum in
in
ation is lik ely to be undetectable.

From (9), we obtain the prediction [5]

r �
14
N

� 23%: (23)

(The WMAP value of r W M AP a, which is basedon a dif-
ferent normalization convention, is 1.16times this value.)
This value is quite substantial, perhapswithin the range
of a full WMAP survey of the temperature anisotropy
and probably within the range of planned polarization
experiments. There is some uncertainty in this predic-
tion, but it is fair to say that pushing r below 1% or
above 50% requires additional �ne-tuning beyond what
is required to solve the canonical cosmologicalproblems.

Hence, the expectation is that, if in
ation is right, a
detection of primordial gravitational wavesis around the
corner. This should be regarded as a strong prediction
of in
ation to be celebrated if veri�ed, just like the pre-
diction of spatial 
atness. The suggestionthat the pre-
diction can be easily evaded improperly reducesthe sig-
ni�cance of the detection (or the signi�cance of a failed
detection).

In particular, considerthe plot of the r -ns plane shown
in Fig. 1, an adaptation of a �gure constructed to show
the combined constraints of WMAP and SDSSdata [17].
The contours indicate the regions excluded by WMAP
alone or WMAP combined with SDSS.The dark region
represents the natural predictions of in
ation, wherehere
we have including uncertainties in the estimates above.
The current situation is very exciting. Half of the likely
region is excluded,and half is allowed.

A moresensitiveprobe is measuringthe B -modepolar-
ization of the microwave background. Planck may probe
down to r � 10� 3, and a dedicated polarization satellite
a decadeor soaway might get down as far r � 10� 6 [13].
The point is that these experiments cover a wide span
that generouslyencompassesthe dark region in Fig. 1.

Fig. 1 leads one to view the entire r -ns plane as be-
ing equally likely, whereasour point is that the situa-
tion is really di�eren t: the dark region is what in
ation
naturally predicts and the rest of the plane requires ad-
ditional �ne-tuning. Yet, Fig. 2 illustrates a common
way of dividing up the r -ns plane into subregionsrepre-
senting di�eren t typesof in
ationary models. How does
this standard subdivision into types relate to the claim
about �ne-tuning? Examining each type, one �nds a dif-
ferent kind of �ne-tuning. In the caseof hybrid in
ation,
this type model is characterized by having two or more
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FIG. 1: Plot showing WMAP and SDSS constraints on
the scalar spectral index ns versus the ratio of tensor to
scalar 
uctuations r (adapted from Tegmark et al., astro-
ph/0310723).

scalar �elds in the in
aton sector, each playing an active
role. If we consider two-�eld in
ation models in general
with a minimum of tuning, thesewill give predictions in
the dark zoneon Fig. 2. To get outside the zonerequires
tuning the massesand couplingsof the �elds to be orders
of magnitude di�eren t from one another { there lies the
extra tuning. Small �eld in
ationary models often en-
tail a single scalar �eld, but they correspond to choosing
m=m0 � 1 in Eq. (15). Large �eld in
ationary models
correspond to m=m0 � 1. In other words, the brands of
in
ation outside the dark zoneeach correspond to intro-
ducing an additional �ne-tuning of one sort or another.

A. Myth 7: In
ation is the only mec hanism for
generating nearly scale-in varian t, adiabatic,

Gaussian perturbations.

We have argued that there are two kinds of cosmo-
logical backgrounds in which quantum 
uctuations can
exit the horizon: an acceleratingexpandinguniversewith
� < 1 and a slowly contracting universewith � > 1. As-
suming that the equation of state is not changing too
rapidly, the 
uctuations of the Newtonian potential (in
Newtonian gauge) for either the expanding or contract-
ing casecan be computed. It is straightforward to obtain
a generalexpressionfor the spectral index as a function
of � [9, 18]:

ns � 1 = �
2

(1 � � )2

�
� �

1 � � 2

2
d ln�
dN

�
(24)

Examining this expression,one �nds that a nearly scale-
invariant spectrum (ns � 1) can be obtained in two lim-
its: � � 1 and � � 1. The �rst limit corresponds to
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FIG. 2: Plot showing ns versus r with a conventional subdi-
vision of the plane into di�eren t types of in
ation (adapted
from Tegmark et al., astro-ph/0310723).

in
ation, where we obtain for � � 1

ns � 1 = � 2� +
dln�
dN

(25)

and the secondlimit corresponds to the ekpyrotic/cyclic
models, where we obtain for � � 1

ns � 1 = �
2
�

�
dln�
dN

: (26)

Hence, in
ation is not the unique mechanism for gen-
erating nearly scale-invariant, gaussian,adiabatic pertur-
bations. In fact, the in
ating and ekpyrotic solutions are
related by a surprising \dualit y" symmetry [5, 6]. The
expressionsfor ns transform into oneanother if � ! 1=�.
That is, for every in
ationary model with a given � , there
is an ekpyrotic model with � 0 � 1=� which producesa den-
sity perturbation spectrum with precisely the sametilt.
The relative evolution of the scalefactor a and the Hub-
ble radius H � 1 is the samein the two models. In
ation
correspondsto a growing rapidly comparedto H � 1; and,
ekpyrosis corresponds to a shrinking less rapidly than
H � 1; but the relative changeis the sameif � ! 1=�.

The dualit y is important for two reasons. First, it
makes clear that there is nothing so mysterious about
the ekpyrotic mechanism for generating density pertur-
bations. We can see that the calculation is conceptu-
ally and quantitativ ely a straightforward generalization
of the well-known in
ationary analysis. Secondly, the
dualit y makes it clear that measurements of the scalar
spectral index cannot be usedto determine if the density

uctuations were produced in an in
ationary or ekpy-
rotic phase. The predictions at linear order for the two
models are not merely similar, but precisely equivalent
under the dual transformation. (Non-linear corrections
are di�eren t.)

The analysisassumesthat the modesre-enter the hori-
zon at a later stagewith the sameamplitude with which
they left. In the caseof in
ation, re-entry is made pos-
sible by ending in
ation and entering a slower expansion
phasewith � > 1 during which H � 1 grows faster than a.
In the ekpyrotic/cyclic case,a bounce to an expanding
phaseand a changefrom � > 1 to � < 1 is required.

In ekpyrotic and cyclic models, the contraction phase
and bounce correspond to a collision between two orb-
ifold planes. The contracting phasecommencesafter the
universe has undergone a period of acceleratedexpan-
sion. The temperature and density are negligible after
the acceleratedexpansion period and remain so up to
the point that the branes collide. The equation of state
is � � 1 during the contracting phasewith � ! 1 at col-
lision. In the e�ectiv e 4d moduli space�eld theory, the
4d e�ectiv e scalefactor approacheszero at collision.

Myth 8: In cyclic mo dels, the densit y perturbation
spectrum that emerges after the bounce is blue

rather than scale-in varian t.

The 4d calculations of perturbations in ekpy-
rotic/cyclic models has been controversial and have led
to an ambiguous conclusion. An issuehas been that the
gaugeinvariant variables� (the Newtonian potential per-
turbation) and � (the curvature 
uctuation on comoving
hypersurfaces)cannot both be continuousat the bounce.
More generally, two independent linear combinations of
� and � cannot be both continuousat the bounce[14]. If
one is continuous, the other must jump. The calculation
depends critically on which linear combination ought to
match continuously, and the right choice is ambiguous.
(In in
ationary models, both � and � are continuous, so
there is no ambiguit y.)

Somesuggestedthat � is the proper variable to match
[15]. During the contracting phase, � obtains a nearly
scale invariant spectrum of 
uctuations, but � obtains
a blue one. Hence, if � is the appropriate variable to
match, the perturbation spectrum after the bounce is
blue, rather than scale-invariant. This is the source of
the myth.

On the other hand, if the appropriate variable to match
is some linear combination of � and �, a linear combi-
nation of blue and scale-invariant spectra would emerge
after the bounce. At long wavelengths, the blue contri-
bution is negligible and the spectrum is e�ectiv ely scale-
invariant.

Hence, the ambiguit y in matching conditions makes
uncertain whether a scale-invariant spectrum emergesaf-
ter the bounce. Although di�eren t physical arguments
were raised to suggestone combination or the other, the
bottom line after considerable exchanges is that a de-
tailed understanding of the bounce itself is required to
obtain an unambiguous answer.

To resolve the ambiguit y in ekpyrotic/cyclic models,
Tolley et al. [16] consideredthe bounce as a collision of
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branesin 5d. The 4d moduli theory is usedto determine
the conditions on the branes approaching the bounce;
then 5d general relativit y is used to follow the propaga-
tion of bulk perturbations through the bounce. The fact
that the branesexist before,during and after the bounce
imposessu�cien t conditions to make the matching con-
dition unique.

If the extra dimension is orbifolded, the bulk and
branesare distinguished and there is no 5d analogueof �
sincethere are no 5d comoving (uniform) hypersurfaces.
Nevertheless,� 4d has a natural interpretation in the 5d
theory. There is on each 4d brane a curvature perturba-
tion variable � � which is conserved for modesoutside the
horizon (just like � 4d). One can choosehypersurfacesin
the 5d theory where � + = � � = � 4d. This corresponds to
a slicing where � is uniform, where � is the moduli �eld
which determines the distance betweenbranes. Naively,
the distance is d = ln (� coth � ). Hence, it is tempting
to conclude that the bounce at � ! �1 corresponds
to a surface of constant � � = � 4d and that � 4d is the
appropriate variable to match.

However, Tolley et al. [16] show that the correct vari-
able to match is � plus a correction proportional to v4

coll ,
wherevcoll is the relative velocity of the colliding branes.
The collision does not occur precisely on a surface of
constant � or constant � . As the branes approach, a
scale-invariant spectrum of (massive) bulk modes is ex-
cited by the motion of the braneswith scale-invariant rip-
ples, which producesa small non-zero warping depend-
ing on the relative velocity of branes near the collision,
vcoll . These 
uctuations in the y direction correspond
to 
uctuations in the distance between branes. That
is, even though � � and � are uniform, the distance be-
tween branes 
uctuates. Hence, the collision does not
occur simultaneously on any slice of constant � . To
match perturbations, a small adjustment has to be made
to a di�eren t slicing where the bounce is simultaneous.
Then, the variable that matches continuously is not � ;
and � itself must jump by an amount that depends on
the nearly scale-invariant bulk 
uctuations. � , thereby,
obtains a scale-invariant spectrum resulting in a scale-
invariant density perturbation spectrum after reheating.

The discrepancybetweenthe uniform bounceand uni-
form � slices is proportional to v4

coll , which is small for
non-relativistic velocities. Consequently , scale-invariant

uctuations produced in the contracting phase pass
through the bounce, but the amplitude is small. Hence,
the ekpyrotic mechanism leadsnaturally to small ampli-
tudes (whereas in
ation leads naturally to large ampli-
tudes and must be tuned to obtain small amplitudes).

Another way to interpret the result is that the bulk
warp 
uctuations induce a small correction to the for-
mula relating the interbrane distance to the 4d moduli
�eld � , d = ln (� coth � ) + v4

coll f (r �; � ). Note that f is
not a function of � alone; otherwise, the distance would
be uniform on constant � . In the 4d theory, the re-
sult meansthat a ! 0 does not coincide precisely with
� ! �1 . Rather, there is a correction dependent on

vcoll and gradients of � . Rather than compute the pre-
ciseform of f , Tolley et al. [16] �nd it is easierto match
acrossthe bounceusing the 5d matching construction.

Myth 9: The cyclic and in
ation mo dels cannot be
distinguished observ ationally

Although the scalar perturbation spectra in in
ation-
ary and cyclic models are indistinguishable to leading
order in perturbation theory due to the dualit y that re-
lates a theory of one type to the other, there are other
di�erences betweenthe two theories. Thesecanbe traced
back to the fact that in
ation corresponds to � � 1 and
ekpyrotic/cyclic correspondsto � � 1. The �rst casecor-
responds to ultra-rapid acceleratedexpansion in which
the Hubble parameter is large compared to the curva-
ture of the scalar �eld e�ectiv e potential, V . The second
casecorresponds to ultra-slow contraction in which the
Hubble parameter is 10100 times smaller than in in
ation
and negligible comparedto the curvature of V .

In in
ation, the large value of H compared to V 00

means that the equation of motion for the in
aton is
nearly the sameas for a massless�eld. The metric com-
ponents satisfy preciselythe masslessequation of motion.
Hence, the in
aton and metric components both obtain
the samespectrum of 
uctuations.

In the ekpyrotic/cyclic model, where the Hubble pa-
rameter is negligibly small, the 
uctuations in the scalar
�eld depend critically on V and its derivatives. How-
ever, the metric components are masslessand do not de-
pend directly on V . In fact, since the background is
very slowly contracting, the metric 
uctuations are blue,
roughly what is to expectedin a nearly static background
[3, 8, 19, 20]. The di�erence between scalar and tensor
equationsof motion accounts for why the scalarspectrum
is nearly scaleinvariant and the tensor spectrum is very
blue.

The comparisons of the in
ationary and ekpy-
rotic/cyclic predictions have taught us that the shape
of the tensor 
uctuation spectrum provides direct infor-
mation about the conditions under which the scalar 
uc-
tuations weregenerated. The spectrum is scale-invariant
if the cosmologicalbackground wasrapidly expanding or
blue if it was slowly contracting.

The di�erence in expansion rate between in
ation
and ekpyrotic/cyclic models also a�ects the predictions
of higher order non-gaussiancorrections to the density

uctuation spectrum. The corrections are proportional
to the Hubble parameter, and are, thus, exponentially
smaller in ekpyrotic/cyclic models than in in
ation.

A third di�erence is that ekpyrotic/cyclic models de-
pend on a single �eld, the modulus �eld that determines
the distance between branes. Only 
uctuations in this
one degreeof freedom created the initial perturbations.
Consequently , perturbations are purely adiabatic. In in-

ation, various schemesexist for producing an isocurva-
ture component by adding a second�eld to the reheating
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process.
Altogether, then, there are at least four ways of distin-

guishing in
ation and ekpyrotic/cyclic models.

� The tensor spectrum is nearly scale-invariant for
in
ation but strongly blue for ekpyrotic models.

� The higher-order non-gaussiancorrections to the
scalar spectrum (/ H when the modes exit the
horizon) is exponentially greater in in
ation than
in ekpyrotic models.

� The primordial ekpyrotic spectrum is purely adia-
batic whereasin
ation may be adiabatic or a mix-
ture of adiabatic or isocurvature, depending on
whether there are oneor more �elds dominant dur-
ing in
ation and reheating.

� The dark energy is a form of quintessenceand un-
stable in the cyclic theory whereasin
ation makes
no prediction.

The tensor spectrum, is the most promising since the
technology exists to test the natural in
ationary predic-
tion.

Myth 10: Stringy e�ects on the densit y
perturbations are di�cult or imp ossible to observ e

Another important di�erence between in
ation and
ekpyrotic/cyclic models is the physical interpretation of
the density 
uctuation amplitude. In in
ation, any di-
rect knowledge of conditions near the string or Planck
scaleare wiped out by the acceleratedexpansion. The
density 
uctuation amplitude only dependson the condi-
tions when the perturbations were generatedduring in-

ation.

In the ekpyrotic/cyclic models, the perturbations exit
the horizon during the contracting phaseand, then, prop-
agate through the bounce. The bounce depends explic-
itly on 5d physics: the warp factor between branes, the
velocity of collision, and the Z2 orbifold structure. The
�nal amplitude of the density perturbations after the
bounce depends directly on these features, as well as
the conditions during the stage of contraction when the
modesexited the horizon. The bounceconditions in the
cyclic model factor into the amplitude but do not a�ect
the spectral shape.

From this discussionemergesa profound conclusion. If
in
ation is correct, then we are blocked from any direct
knowledgeof the big bang and any other pre-in
ationary
conditions. If the ekpyrotic solution is correct, then
our measurements of the microwave background 
uctua-
tion amplitude are to leading order direct probes of the
big crunch and big bang, including stringy and extra-
dimensional physics. Settling the cosmological issue of
whether the density 
uctuations were produced during
a period of expansion or contraction (by searching for
tensor 
uctuations) will also determine whether physical
conditions near the big bangcanbeprobedempirically or
not. This raisesthe stakesand enhancesthe importance
of distinguishing the two scenarios.
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AdvancedStudy with support from the Wm. Keck Foun-
dation and the Monell Foundation.

[1] A.H. Guth, Phys. Rev. D 23, 347 (1981); A.D. Linde,
Phys. Lett. B 108, 389 (1982); A. Albrecht and P.J.
Steinhardt, Phys. Rev. Lett. 48, 1220 (1982).

[2] J. Bardeen, P.J. Steinhardt and M. S. Turner, Phys. Rev.
D 28, 679 (1983); A.H. Guth and S.-Y. Pi, Phys. Rev.
Lett. 49, 1110 (1982); A.A. Starobinskii, Phys. Lett. B
117, 175 (1982); S.W. Hawking, Phys. Lett. B 115, 295
(1982).

[3] J. Khoury , B.A. Ovrut, P.J. Steinhardt and N. Turok,
Phys. Rev. D 64, 123522(2001).

[4] P.J. Steinhardt and N. Turok, Science296, 1436 (2002);
Phys. Rev. D 65, 126003(2002).

[5] J. Khoury , P.J. Steinhardt, N. Turok, astro-ph/0302012.
[6] L. Boyle, P.J. Steinhardt and N. Turok, in preparation.
[7] D. Spergel et al., Astrophys. J. Suppl.148, 175 (2003).
[8] J. Khoury , B.A. Ovrut, P.J. Steinhardt and N. Turok,

Phys. Rev. D 66, 046005(2002).
[9] S. Gratton, J. Khoury , P.J. Steinhardt and N. Turok,

astro- ph/0301395.

[10] U. Seljak and M. Zaldarriaga, Phys. Rev. Lett.78, 2054
(1997).

[11] M. Kamionk owski, A. Kosowsky, and A. Stebbins, Phys.
Rev. Lett.78, 2058 (1997).

[12] R.L. Davis, H.M. Hodges, G.F. Smoot, P.J. Steinhardt
and M.S. Turner, Phys. Rev. Lett. 69, 1856 (1992); A.
Liddle and D. Lyth, Phys. Lett. B 291, 391 (1992).

[13] U. Seljak and C.M. Hirata, astro-ph/0310163.
[14] R. Durrer, hep-th/0112026; R. Durrer and F. Vernizzi,

Phys. Rev. D 66, 083503 (2002); C. Cartier, R. Durrer
and E.J. Copeland, hep- th/0301198.

[15] R. Brandenberger and F. Finelli, JHEP 0111,056 (2001);
F. Finelli and R. Brandenberger, Phys. Rev. D 65,
103522 (2002); D. Lyth, Phys. Lett. B 524, 1 (2002);
Phys. Lett. B 526, 17 (2002); J.C. Hwang, Phys. Rev.
D 65, 063514(2002); P. Peter and N. Pinto-Neto, Phys.
Rev. D 66, 063509(2002).

[16] A. Tolley, N. Turok and P.J. Steinhardt, hep-th/0306109.



9

[17] M. Tegmark, et al., astro-ph/0310723.
[18] L. Wang, V.F. Mukhanov and P.J. Steinhardt, Phys.

Lett. B 414, 18 (1997).
[19] L. Boyle, P.J. Steinhardt and N. Turok, hep-th/0307170.

[20] J. Khoury , P.J. Steinhardt and N. Turok, hep-
th/0307132.


