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I. INTRODUCTION

Cosmological observations, most recently by the Planck satellite [1], indicate conclusively
that at early times our universe was exceptionally flat on average, but, crucially, also con-
tained a near-Gaussian distribution of small and nearly scale-invariant density perturbations.
These small (classical) perturbations are thought to provide the seeds for the formation of
the whole cosmic web of galaxies via subsequent gravitational collapse [2]. An open question
is still what the origin of these fluctuations was.

The most popular explanation is the theory of inflation [3-5], which proposes that the
primordial density perturbations arose from the amplification of quantum fluctuations of a
scalar field during a phase of accelerated expansion of the universe. The transition from
quantum fluctuations to a statistical distribution of classical density perturbations has been
studied in detail in this context (see for example [6-12]), and it was found that there are
two effects that support the classical interpretation of the resulting fluctuations: the first
is that the (approximately Gaussian) quantum state evolves into a highly squeezed state,
which means that in the field amplitude/momentum plane there is one direction along which
the quantum mechanical uncertainty is very small, and a perpendicular direction in which
it is very high. Such a state is far from classical, but can in fact be reinterpreted as a
statistical distribution of classical states if in addition the density matrix describing these
quantum fluctuations is approximately diagonal. The density matrix must be approximately
diagonal in the field amplitude basis in order that one be able to assign definite probabilities
to different field amplitudes. Otherwise, off-diagonal elements in the density matrix would
imply the existence of coherent superpositions of states with different field amplitudes, in
which case no equivalent classical description would apply. The suppression of the off-
diagonal elements of the density matrix is called “decoherence”, and is typically found
to occur when one considers the coupling of the fluctuations to an environment (usually
provided by additional fields). Thus, given such a coupling to an environment, inflation
can successfully describe the origin of all structure in the universe out of initial quantum
fluctuations.

However, even though inflation has many compelling features, it also has important open
problems — for a comprehensive recent discussion see [13]. For this reason it is certainly of in-

terest to explore the properties of alternative cosmological models. A particularly attractive



alternative to inflation is provided by cyclic models of the universe, containing an ekpyrotic
phase [14-16]. This is a phase of slow contraction of the universe, which also renders the
universe spatially flat while producing nearly scale-invariant density perturbations (again
via amplification of quantum fluctuations). In order to provide a truly viable alternative to
inflation, it is necessary that the perturbations produced in ekpyrotic/cyclic models can be
reinterpreted as a statistical distribution of classical perturbations. In this paper, we show
that, for the currently best-understood ekpyrotic models, this is indeed so.

These models, which are in good agreement with the observations of the Planck satel-
lite [17], employ the entropic mechanism for producing density perturbations [18-20]. In
these models one considers gravity minimally coupled to two scalar fields with potentials.
The perturbations are created via a two-step process. First, during the slowly contracting
ekpyrotic phase, nearly scale-invariant entropy perturbations are generated. These entropy
perturbations evolve into a highly squeezed quantum state during this generation phase.
Subsequently, in the approach to the bounce, the ekpyrotic potential becomes unimportant,
and the universe enters a phase in which the energy density is mostly comprised of the
kinetic energy of the scalar fields. During this phase, the field space trajectory describing
the dynamics undergoes a bend (see Fig. 1). As a result, the entropy perturbations are con-
verted into adiabatic curvature perturbations which inherit both their squeezed state and
their spectrum. What we find in addition is that during this second phase the interactions of
entropic and adiabatic modes are already sufficient to cause the density matrix to decohere
efficiently, without the need to couple these perturbations to an additional environment. The
end result is that the produced curvature perturbations can indeed be faithfully described
as a statistical mixture of classical perturbations. Thus, an ekpyrotic phase can equally well
provide the seeds for the large-scale structure in our universe, and should be regarded on
the same footing as inflationary models in this respect.

The plan of our paper is as follows: in section II, we will discuss the generation of
adiabatic and entropic fluctuations during an ekpyrotic phase, including a detailed study
of the issues of amplification and squeezing. In section III, we will then analyze how the
entropy modes become a source for the adiabatic modes, as a result of which the latter ones
inherit the classicality properties of the former ones. We also quantify the decoherence of the
reduced density matrix that occurs simultaneously. After our discussion section, we include

a technical appendix where we present the general formalism for treating two-scalar-field
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FIG. 1:  In the models that we study, the evolution starts out with an ekpyrotic contracting
phase to the right of the figure. During this phase, nearly scale-invariant entropy perturbations,
which are perturbations transverse to the background trajectory, are amplified and evolve into a
highly squeezed quantum state. Such a squeezed quantum state is approximately classical in the
sense that it can equivalently be described as a statistical mixture of classical perturbations. After
the ekpyrotic phase, the trajectory in scalar field space enters the kinetic phase and bends - this
bending causes the conversion of entropy into curvature perturbations, with the latter inheriting
both their spectrum and their near-classicality from the entropy perturbations. Moreover, the
interactions of entropy and curvature modes during the bending phase cause decoherence to occur,
such that the resulting curvature perturbations can be assigned definite classical probabilities for
their amplitude. In this way, the ekpyrotic phase produces an ensemble of nearly scale-invariant

classical density perturbations in the approach to the bounce.

models quantum mechanically, and we highlight potential ambiguities that can arise when
performing integrations by parts on the Lagrangian of the system under consideration. A

second appendix lists a number of useful formulae involving Bessel functions.



II. GENERATION OF COSMOLOGICAL PERTURBATIONS AND
SQUEEZING

The model that we discuss involves gravity minimally coupled to two scalar fields, with
action

R 1, . ., 1._

S=[V-g 9 5(8@) - 5(&?2) —V(¢1,02)| - (IL1)

We are assuming that during the ekpyrotic phase, both fields have (steep and negative)
ekpyrotic-type potentials, 7.e.

Vg1, da) = —Vie % — Vpe 22, (1L.2)

Then the analysis is greatly simplified by rotating to the new fields ¢ and s pointing trans-
verse and perpendicular to the field velocity respectively [21, 22]. It is convenient to first

introduce the angle @ in field space, defined by [23]
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Then, if we write the fields together as ¢; = (¢1, ¢2) the adiabatic and entropy directions

cosf =

(11.3)

are defined respectively by the vectors
el = (cosf,siné), e/ = (—sinf, cosh). (I1.4)
In terms of these new variables, the potential can be re-expressed as
V=—VyeV* [1+ koes® +---], (IL.5)

with 1/e = 2/c¢2 + 2/c2 and V; a constant. For exact exponentials of the form (I1.2), one
has k9 = 1, which indicates that if we slightly extend the class of potentials we consider
we may take ko to be close to 1 (as we will see below, in such a case the spectral index
of the entropy perturbations will be close to scale-invariant [17, 24]). The ellipsis denotes
higher-order terms in s in the potential, which determine the non-gaussian corrections to
the primordial perturbations — these are discussed in detail in [25-27], for a review see [28].

The ekpyrotic scaling solution is given by

a(t) = (—t)Ve o=— 2ln <— :2_‘/%15> s=0, (IL.6)



where time runs from large negative to small negative values, and with the angle 6 being
constant. The solution corresponds to motion along a ridge in the potential and thus the
two-field ekpyrotic background evolution is unstable [20, 29]. This instability has significant
consequences: it determines the global structure of a cyclic universe employing the entropic
mechanism (this is discussed in detail in [30, 31] — see also the essay [32]), and it is also
responsible for amplifying the quantum perturbations in the entropic direction.

In order to discuss the quantum fluctuations, we must expand the action to second order
in fluctuations. The gauge-invariant fluctuations that we are interested in are the comoving
curvature perturbation R and the entropy perturbation ds. In comoving gauge, the curvature

perturbation is defined as a space-time dependent fluctuation in the scale factor
ds® = —dt® + a(t)?e RE2) g2, (11.7)
while the entropy perturbation is defined (in any gauge) as
§s = elb¢; = cosf dpy — sinf ;. (11.8)

In fact, the re-scaled versions

Vy = 2R, vy = ads, with z = aﬁa’ (11.9)

turn out to be the canonically normalized variables. We will also switch to conformal time
7 (with dt = adr), and denote derivatives w.r.t. conformal time with primes. Moreover, we
find it most convenient to work in momentum space from the start, but since modes with
different wavenumbers k are decoupled, we will for the most part suppress such labels. Then,
as shown in [33], the Lagrangian for the real/imaginary parts of the Fourier components of

the curvature and entropy perturbations reads

1 1 ! ! 1 ! 1
L = 51);2 + Evf — %vgva — %v;vs — 20" vs — §mc2,vc2, + 29'%?}0125 — §m§v§ (11.10)
2
2 2~
m; = k*— — (IL.11)
(e 22 ?
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my = k"= — +aVs =07, (I1.12)
a
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o a 1/2
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V:?S = (V,¢>1¢1¢/22 - 2V¢1¢2¢11¢/2 + V¢2¢2 112) /0/2 . (11'14)

Varying the Lagrangian leads to the linearized equations of motion

2
Vv, — = (2000,) = 0, (IT.15)
z
!
V' 2o, + 220 (“-") ~ 0, (IL.16)
z
where
2 2 2 2 , d” 2 2
pr=k*——, pi=~k ——+a'V, — 0" (IL.17)
z a
The canonical momenta are
z a’
o = U, — —vy — 20005, s = v, — —y, (IT.18)
z a
and consequently the Hamiltonian is given by
1 ' S| 7\ ?
H = - (WJ + ivo + 29’1)5) + = <7r8 + &vs> (I.19)
2 z 2 a
1 1 !
Fom2o? 4+ =m20? — 20 v, .
2 2 z

We can quantize the perturbations as usual by promoting the fields to operators. In our
case, the general solution of the resulting Heisenberg equations can be written in terms of

two sets of creation/annihilation operators:
by = fot+ fial + gob+ g5bt | (I1.20)
by = fua+ fra + gb+ glbl (IL.21)
where f, s and g, s are time-dependent, complex, linearly independent solutions of the equa-

tions of motion. Analogous expressions for the momentum operators follow from Eq. (I1.18).

The following quantities (Wronskians) are constants of motion,

/ /
Folfy = Zhs =26 F) + Fuf = T f) —ee = i (1L.22)
*/ Z/ * ! k */ al * o
gU(QJ - ;gcr — 20 gs) + gs(gs - EQS) —C.C. =1, (1123)
;7 / ,
f0<ga - ;gd - 20 gs) + fs(,gs - Egs> - (f — g) == O, (1124)

!/ /

* Z * * * a *
folgy' = —9; = 20'9)) + fol9d — —g5) = (f > 9) = 0, (I1.25)



where we have fixed the right hand sides in such a way as to ensure the canonical normaliza-
tion of the mode functions. Using these Wronskian relations, it is then possible to re-express
the annihilation operators a, b in terms of the mode functions and their canonical momenta:

2 a’

ia = (fy = —f5 =20 f))0s — fofte + (f' — —f2)0s — fifts , (11.26)
z a

- */ Z, * / ~ * A */ CL/ *\ A * A

ib = (ga - ;ga — 20 gs>UCf — 95T + (gs - Egs)vs — GsTs - (1127)

We define the vacuum state as usual by requiring that it vanishes when acted upon by the

annihilation operators

al0) =bl0)=0. (I1.28)

Using the expressions above and the canonical replacements 7, — —i% we can then
o,s

obtain an expression for the corresponding (Schrédinger picture) wavefunction W :
1 2 1 2
U(v,,vs) = Nexp —§vaa — AgsUpUg — §Assvs , (I1.29)

where N is a normalization factor and where the correlators are given by

* *x/ _ * */ /

Apy = —i¥3le =105 | 2 (I1.30)
gsfa - fs 95 z
* okl ok k] /

Ass - _ifo-*gs* _g:fi Z 9 (1131)
Jrgt —gxfe a
* */ _ * *x/ * *x/ _ * */

A, — _@'% +2if) = —i% . (I1.32)
o9s — 9513 95le — 1595

The correlators satisfy their own equations of motion, which can be derived either via the
equations of motion of the mode functions, or via the time-dependent Schrédinger equation

iW = HU. Both methods lead to

!

PAL = (Agy — i)+ A2, —m? | (11.33)
z
PAL, = (Ayy — i)+ (Agy — 2i0')2 —m? | (I1.34)
a
iAL = Apa(Age + Aws) —i(Z + L) Age — 200/ Ay . (11.35)
z a

Having set up the necessary formalism, we can now apply it to the ekpyrotic phase, during

which the following relations hold:

9 2
o= — —ln(— 6V0t>, s=0, (I1.36)
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a = ap(—t) = Go(—7)/ Y, (11.37)

a” 2" e—2 1
= - _ - - - I1.38
a 2 (e—1)272" ( )

a o, 2k 1.1
—a? Vo &~ (2ky — = — 2)= . I1.39
LV~ (2 - 2 - 0)5 (11.39)

Hence the mode equations (I1.15) and (I1.16) read

L_ 2
v+ (k;2+ e~ )v =0, (I1.40)
n
with
, (e—3)? 5 1 2ry 1
= — N —+2hp— — ——. I1.41
&y 4(6 _ 1)2 ) Qg 4 + 2K9 B B ( )

Note that during the ekpyrotic phase 6’ = 0 and thus there is no coupling between adiabatic
and entropic modes. Consequently, the two modes can be treated independently. The

solutions respecting the Wronskian conditions may be written in terms of Bessel functions,

v = \/g\/—_kT(Ja(—kT) + iYa(—k7)> . (11.42)

When ¢ is large and |ky — 1| < 1 one has

Q

N W] —

: (I1.43)

(k2 —1) — L (11.44)

€

o%

+

g R

wWlinNm | =

where these solutions apply to the two non-zero mode functions f, and g,, while f, and
go are zero during the ekpyrotic phase. Using the asymptotic behaviors of Bessel functions

provided in Appendix B we obtain

~ I'(a)2¢ T Ve g (Ve
= i (e ) i) A

l

[(a)2* -
~ (—k7)1+2(”2_1)/3—1/6> .(11.46)

I = "k (22ar(a)r(a+1)

We are now in a position to evaluate the correlators during the ekpyrotic phase. Again using

(_kT>2+2(5271)/371/6 .

the formulae of Appendix B as well as the relation (1 — 2a,)(e — 1) = 2, we find that the
correlators are given by

k2ag

- 20,—1 m .
Ayy & mh’\ <F(ozc,) — i, (—ay) COS(?TO(U)) : (I1.47)
Ay = 0 (I1.48)
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2a 1 1
ks (s — 3+ 1)
A ~ 2a5—1 . S 2 €
ss ~ —2‘7’ s -

I1.49
22a5—1r(as) J ( )

7]
where «a, and a; were listed above in Eqs. (I1.43)-(I1.44), and where we have kept only
the leading real and imaginary parts. One can immediately see that the adiabatic and
entropic correlators behave very differently: let us first look at the adiabatic modes, which
are characterized by a blue spectrum n, = 4 — 2a, ~ 3. The criterion for describing a
quantum state as being semi-classical (in a WKB sense) is that the phase of the wavefunction
must vary much faster than its amplitude. From (I1.29) we can see that this corresponds
to the criterion that the imaginary part of the correlator must be much larger than the real
part. However, in the present case, the real and imaginary parts of A,, have the same time
dependence, and thus their relative magnitude remains fixed over time. Moreover, as the

explicit expression (I1.47) shows, their magnitudes are of the same order
Re(Ayo) ~ Im(A,,) (I1.50)

at all times, and hence these blue modes cannot be given a classical interpretation. This
calculation reproduces the results of [34]. We note that the correlator becomes large as
7 — 07, which implies that the dispersion of the v, modes becomes small as the ekpyrotic
phase progresses. Thus there occurs no significant production of these modes.

By contrast, the real part of the entropic correlator A,; becomes small as 7 — 0~. Hence
in this case the dispersion of the entropic perturbations becomes large — in other words, such
modes are amplified as the ekpyrotic phase proceeds. Moreover, the imaginary part of the
correlator becomes large in magnitude, so that the phase of the wavefunction evolves much
faster than its amplitude !. Over time such modes behave increasingly classically in a WKB

sense, with
[Im(Ass)| 1
[Re(Ag)| "~ [kr|?e

This formula shows that the perturbation modes evolve into a highly squeezed Gaussian

> las|kr| < 1. (IL.51)

state as they leave the horizon, in complete analogy with inflationary perturbations. The
entropic modes of interest to us belong to this category (with ay = %) Their spectral index

is given by
4 2
ne=4—20, 1= g(m— 1)+, (11.52)
€

I Tt is interesting to note that the leading imaginary term of the correlator A, does not appear in Ay,
where it cancels out exactly due to Eq. (I11.41).
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and thus their spectrum is nearly scale-invariant spectrum when € > 1 and |ko — 1] < 1. All
of these features, with one important exception, make these modes suitable candidates for
producing the seeds of the large-scale structure in the universe. The exception is of course
that these modes correspond to local perturbations in the entropy, whereas observations
indicate that the temperature fluctuations in the cosmic background radiation are primarily
due to adiabatic curvature fluctuations. As we will see in the next section, it is precisely
the process that converts such entropic into adiabatic fluctuations that is also responsible

for decohering them, thus confirming their classical appearance.

III. CONVERSION OF ENTROPIC INTO ADIABATIC PERTURBATIONS
AND DECOHERENCE

In the previous section, we have shown that the ekpyrotic phase produces two sets of
fluctuations: adiabatic perturbations with a blue spectrum, a small amplitude and no clas-
sical interpretation, alongside nearly scale-invariant entropic modes in a highly squeezed
semi-classical state. In the entropic mechanism, after the ekpyrotic phase has come to an
end the entropy modes get converted into adiabatic curvature perturbations. This conver-
sion occurs when the trajectory in field space undergoes a bend, as shown in Fig. 1. (As
described in [35], such a bending of the trajectory occurs automatically in the embedding
of ekpyrotic models into heterotic M-theory.) In the following, we would like to examine to
what extent the semi-classical properties of the entropic modes get inherited by the adia-
batic modes during this process. In the model that we are studying, after the conversion
process the universe briefly remains in a phase dominated by the kinetic energy of the scalar
fields before it undergoes a bounce into an expanding hot big bang phase (without inflation
occurring). The idea is that the bounce is not completely elastic, and that a small fraction
of the energy density gets converted into radiation and matter degrees of freedom during
the bounce phase [15]. (Models describing either classically singular or non-singular bounces
form an active research topic, see e.g. [36-42].) The curvature perturbation corresponds
to a local fluctuation in the scale factor of the universe, and thus it has the effect that the
bounce will occur at slightly different times in different regions of the universe. In this way,
any radiation and matter that get produced during the bounce inherit their perturbations

directly from the curvature perturbation.
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A. The reduced density matrix and decoherence

We are assuming here that the entropy field decays sometime after the ekpyrotic phase
has come to an end, e.g. during reheating at the bounce. Then the only observable imprint
from the ekpyrotic phase on the cosmic background radiation is represented by the adiabatic
curvature perturbations - concerning this point see also the analogous discussion in the
context of two-field inflation in [10]. This means that we should treat the entropic modes
as an inaccessible environment for the curvature modes, and hence, in order to characterize
the generated curvature perturbations, we must study the reduced density matrix that
one obtains by tracing over the entropic degrees of freedom. As we will see, this reduced
density matrix allows us to quantify the effective classicality of the curvature perturbations.

Explicitly, it is given by

PV, U5) = (Vo] Try, plUs) (IT1.1)
= /d’l}S\II(UU,US>\I/*(UU,US) (I11.2)

~ 1 9 1 9 .
= Nexp —50551}5 — §ODDUD - lCSDUSUD s (1113)

where N is a normalization factor and p denotes the full density matrix. For simplicity, we
will adhere to common practice and call the left-hand side p the reduced density matrix,

although it actually only corresponds to one particular element thereof. Here we have defined

vg = %(vg +7,) (TI1.4)
v = Uy — Ty (IIL.5)
while the correlators are given by [10]?
Css = 2AE (1 — %) : (I11.6)
Csp = AL (1 — jé:ﬁi) : (I11.7)
Cpp = %Afo (1 + %) : (I1L.8)

2 In [10] an additional erroneous factor of 2 is present inside the brackets in the expression of Csp. Our
preliminary analysis shows that the use of the correct expression (II1.7) does not significantly change the

conclusions of that work, while it plays a crucial role in the results of the present paper.
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Note the extra factor of ¢ that we have pulled out of the coefficient of the mixed vgvp term,
such that Cgp is real.

The situation that we are aiming for is one where the density matrix is approximately
diagonal in the field amplitude basis - in this case we say that the density matrix has deco-
hered. More explicitly, we would like the density matrix to yield a sizeable probability when
we choose the field amplitudes v, and v, to be equal, but a zero or very small probability
when they are unequal, v, # ¥,. In this case, the density matrix describes with high ac-
curacy a statistical mixture of states with definite field amplitudes, and thus the quantum
perturbations that we are studying can then equivalently be described as an ensemble of
classical density perturbations®. We can specify the amount of decoherence by evaluating

the so-called entanglement entropy

o 1 4Cpp
Sk =5 ln( Css ) , (I11.9)

which quantifies the extent to which the difference terms vp are suppressed relative to the
vg terms. The entanglement entropy s; does not obey a simple evolution equation, and one
must in fact evaluate the correlators Clsgs, Cpp directly in terms of the original correlators
Asq, Ass and Agg, and these in turn are most easily evaluated via their dependence on the
mode functions f, s, g, s. Although approximation techniques exist in order to solve for the
evolution of the mode functions during the conversion phase [43], we have found these to
be insufficiently accurate for our present purposes, and thus we have solved for the mode
functions numerically. In analogy to the numerical calculations performed in [27] in the
context of non-gaussian corrections to the perturbations that we are studying here, we
model the bending of the trajectory during the conversion phase by assuming a repulsive
potential

7
Viep = ¢_§€_(10¢2)2 + Vo, (II1.10)

where V', Vj are small constants (we chose the explicit values V = 8-10%, V; = 10~'2). Thus
the trajectory bends in the vicinity of the ¢ = 0 line. We have added the small constant

term Vj in order to improve the numerical stability of our computations. Compared to

3 If the density matrix is not diagonal in the field amplitude basis, then the fluctuation modes are in coherent
superpositions of states with different field amplitudes. Evidently, such a situation cannot be described

classically.



14

[27], we have also added an exponential suppression term, which ensures that away from
the ¢o = 0 line the potential quickly reaches a constant value. This implies that at the
start of our computation, the angle of the trajectory in scalar field space is almost exactly
constant (with our initial conditions, the starting value of the rate of change of the angle
is 0 ~ 1073%). This allows us to see the onset of decoherence with high precision. We
have started our numerical evaluation right after the ekpyrotic phase has come to an end,
when the background dynamics becomes dominated by the kinetic energy of the scalar fields
(incidentally, even during the bending the energy density still remains dominated by the
kinetic energy of the scalars). As initial conditions for the mode functions f, and g, we have
used the explicit analytic expressions (I1.45) and (I1.46). During the ekpyrotic phase, the
other two mode functions, f, and g,, are zero. This is consistent as long as ' = 0, but since

0’ assumes a (tiny) non-zero value already at the start of our computation, we have also set

fo(m0) = =20 fo(70),  go(10) =0 (IT1.11)

such that the Wronskians (I1.22)-(I1.25) remain exactly satisfied at the starting time 7.
Fig. 2 then shows our results for the evolution of the entanglement entropy s; as a
function of scale-factor time N o Ina. Since the universe is contracting, N is decreasing,
and hence in the figure time is running from right to left. The figure shows how, for
different values of the wavenumber k, we start with perfect quantum coherence on the right,
and then, as the conversion process takes place the environment provided by the entropy
modes effectively decoheres the reduced density matrix. As is evident from the figure, the
entanglement entropy reaches a constant value after the conversion process has ended. As
mentioned above, the entanglement entropy s; does not obey a simple evolution equation,

as its evolution is governed by

AGo A + Ase Aoy
AT AL (IIL.12)

s, = —20'

but this explicit formula immediately confirms that s is constant when # = 0. From a
physical point of view, this is also easy to understand, as the adiabatic and entropy modes
become decoupled when 6" = 0.

An interesting feature of the model we are studying is that the amount of decoherence

increases rapidly for longer (comoving) wavelengths 1/k. As illustrated in Fig. 2, right panel,
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FIG. 2: These figures show the entanglement entropy sx as a function of time for various wavenum-
bers k. Time runs from the right to the left, and is given in units of scale-factor time N o In(a).
Left panel: the perfect quantum coherence at the end of the ekpyrotic phase is rapidly destroyed
during the conversion process, and reaches a constant value in the approach to the bounce. Right
panel: for small-wavelength modes, the final amount of decoherence s finqi can be seen to be

inversely proportional to k — the dashed line corresponds to the fitting formula ((III.13)).

the final values of s, are well fitted by the relation

k
Sk, final ™~ — In (k'_) y k(] ~ 1074, (k 5 ]{?0) (11113)
0

The modes of cosmological interest, i.e. those that we can observe in the cosmic background
radiation, have wavenumbers on the order of k& ~ 1072°. We have not been able to reach
such small values numerically, but if we just extrapolate the fitting formula above, we can
estimate that for such modes the entanglement entropy is on the order of 50. Recalling that
s, is essentially half of the logarithm of the suppression factor in the reduced density matrix,
we see that decoherence is extremely effective for all modes of cosmological interest (thus,
for such modes, off-diagonal elements are suppressed by a factor 10*? relative to the diagonal
elements), and that in the present model one does not even have to consider a coupling to an
additional environment in order to obtain sufficient decoherence — the interactions between

adiabatic and entropic modes during the conversion phase are entirely sufficient!
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B. Amplification, squeezing and semi-classicality

As we have just seen, the reduced density matrix decoheres very effectively during the
conversion phase. Hence, at the end of that process, we are left with adiabatic curvature
perturbations that have a nearly scale-invariant spectrum and that behave like an ensemble
of classical perturbations with definite amplitudes. However, it would still be interesting to
know precisely to what extent the curvature perturbations have become classical: to what
extent has the squeezed state of the entropic perturbations been inherited by the curva-
ture perturbations? In other words, to what extent is the field momentum correlated with
the amplitude according to the classical relation? This question is relevant for cosmolog-
ical applications, as the acoustic peaks in the cosmic background radiation show that the
momentum of the perturbations must have been highly correlated with the field amplitudes.

We can address this question by looking at the Wigner function. As is well-known, due
to the uncertainty relations, it is impossible in quantum mechanics to talk about a precisely
defined phase space. However, for semi-classical states an effective phase space description
becomes available by making use of quasi-probability distributions, of which the Wigner
function is the best-known example - for a review see [44]. The Wigner function for v,, 7,

can be obtained from the reduced density matrix via

1 .
W(v,m) = %/dvD plv — %,v + %}) e'rm (I11.14)
039/52 ( Css 5 1 2)
= exp | — ve — 7w+ Cspv , III.15
2%011)/; P 2 2CDD( spv) ( )

where we have imposed that the total probability is normalised to one, [ dvdrW (v, 7) =1,
and where we are now dropping the o subscripts when a possible confusion seems unlikely.

We may rewrite the Wigner function as

W o exp (_2(21;)2 - Z(Aircl)Q (7 — Wd(v)f) , (I11.16)

This form lets us identify the classical correlation between v and 7 that describes the quan-

tum state in the optimal way*

ma(v) = —Cgpv. (ITL.17)

4 By this we mean that the expectation value ((# — A\9)2) is minimized for A = —Cgp.
y p
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FIG. 3: The figure shows the amplification of the curvature perturbations (Av)? = 1/Cgsg as a
function of time (left panel) and at the reference time N = 1 (right panel) for various wavenumbers
k. Noting the logarithmic scale on the vertical axis, it is evident that long-wavelength modes become
highly amplified during the conversion process. In particular, at fixed time one finds (Av)? oc k73,
During the kinetic phase, this amplification is reduced somewhat, but will remain large if the

bounce occurs within not too large a number of e-folds after conversion.

The dispersions of v and m — 7, can be read off directly from the Wigner function:

Av? = (3% = Ogd (I11.18)
AT = (7 + Cspd)?) = Cpp - (II1.19)

Given that (7) = 0, the total dispersion of momentum is given by

2
(AT)* = (7?) = /dvdw W (v, m)n* = Ar? + CepAv® = Cpp + %. (I11.20)
ss

In passing, we note that the entanglement entropy is also directly related to the dispersions

in field amplitude and momentum via

1 o 1
s JEPD Ay ARy > = 111.21
2¢ Cog 08T =75 ( )

Expressed in this form, one can see that the exponential of the entanglement entropy is

given by the area of the Wigner ellipse in phase space (see also Figure 4).
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If the dispersion Aw is large, this indicates that the curvature perturbations are amplified.
In Fig. 3 we show our numerical results for the amplification (we have plotted (Av)?)
again as a function of the wavenumber k. As the figure shows, for small wavenumbers
the perturbations are highly amplified during the conversion process, while afterwards, in
the approach to the bounce, this amplification is reduced somewhat. If the bounce occurs
within a few e-folds after the end of the conversion process, as is natural in the entropic
mechanism, then a large amount of amplification remains. The right panel of Fig. 3 shows
the amplification (plotted here at the reference time N = 1) as a function of wavenumber.

The curve is well fitted by assuming a k-dependence
Av o k32, (111.22)

which confirms that small-wavelength modes are highly amplified, and that they inherit
their spectrum from the entropy modes®.

Finally, as also discussed in [10], it is important to evaluate the degree of classicality of
the final adiabatic modes. The effective classicality is largely determined by the dispersion
Amg, i.e. by the length of the (typically) shorter axis of the Wigner ellipse (see Figure 4,
top left panel). For this quantity to be small, the dispersion of v must necessarily be large
according to (II1.21). This implies a large ratio between the lengths of the principal axes
of the Wigner ellipse, and is for this reason referred to as squeezing. A large amount of
squeezing is required in order for the correlations between v and 7 to closely follow their
classical counterpart. Combining our definitions and results (II1.13), (III1.21) and (II1.22),

it follows that
A?Td < A?T

Av _EO(

and thus on large scales the curvature perturbations are in a highly squeezed state. The

k? (I11.23)

crucial question here is whether this effective classicality is such that the produced curvature
perturbations lead to the observed features of the cosmic background radiation, and in
particular whether they will lead to the observed pattern of peaks and troughs in the angular

power spectrum of the cosmic microwave background. These peaks and troughs are caused by

5 Some reader may not be accustomed to seeing the variance of the perturbations expressed in this way.
To provide a link to the usual calculation, note that for a single field the variance is given by (Av)? =
1/Css = 1/Re(—iv* Jv*) = 1/[—i(v* Jv* —v'/v)] = vv*, where in the last step we have used the wronskian
(I1.22).
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acoustic oscillations after the curvature perturbations re-enter the horizon in the expanding
phase of the universe. At that point, the evolution of the perturbations is given by circular
classical trajectories in the (k'/2v, k='/27) plane. When the Wigner ellipse is highly squeezed
in these reduced variables the initial phase (temporal phase) of the oscillations is the same
for all the modes with the same wavenumber. The classical value of the temporal phase is
given by

iTa(v)]  Csp
t = =
Y 2

Moreover, as long as ¢ is small (which will be the relevant case here), the variance of the

(I11.24)

temporal phase of a squeezed wavepacket is approximately given by

Aﬂcl

Ap ~ :
14 k Av

(I11.25)

Fig. 4 presents numerical results for this indicator. As shown in the bottom left panel, the
variance of the temporal phase decreases dramatically during the conversion phase, then
starts slowly growing again due to the contraction. The bottom right panel shows that, at

a fixed reference time after the conversion, the following approximate scaling holds:
Ap x k, k<1070, (I11.26)

Moreover, our numerical results show that, for sufficiently small k, the classical value of the

temporal phase after the conversion phase is much smaller than its variance,
=~ 10%, (I11.27)

but this relation is independent of k for sufficiently small k. Thus, the classical value of
the angle ¢ also scales in proportion to k. Hence the classical relation between v and 7w
is essentially # = 0 and the inclination of the Wigner ellipse is effectively invisible for
small-k modes (see Fig. 4, top right panel). This implies that for all long-wavelength
modes, the initial temporal phase is zero. If one describes the acoustic oscillations of the
density perturbations upon horizon re-entry as a linear sum of a cos and a sin solution,
then our results imply that (for all observationally relevant scales) purely the cos mode is
realized, and consequently all modes with the same wavenumber k will reach maximal and
minimal amplitudes in synchrony. This is precisely what is needed to reproduce the acoustic

oscillations observed in the cosmic microwave background [45].
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Let us briefly contrast our results with the two-field inflationary model studied in [10],
where the temporal phase was found to have a definite classical value % ~ 1073, where this
ratio is much smaller than in our case. However, it should be clear now that the precise
numerical value of this ratio is rather unimportant — what really matters is that for all
observationally relevant scales both the numerator and the denominator in this expression
become very small. And this occurs both in the inflationary model of [10] and in the model
that we study here.

A final comment: the scaling (IT1.26) can be seen as a consequence of the approximate

conservation, at the quantum level, of the comoving curvature perturbation

~

=2, I11.2
R=" (111.28)

The Heisenberg equation for R reads (see (I1.18))

/

R =0, — S, = 7ty + 2070, (I11.29)
z

I\

Therefore, after the conversion (¢’ = 0) we have approximately
2R =7, . (II1.30)

Hence, the degree of conservation of R is directly connected to the dispersion of m,. In
our case, this quantity is simply related to the dispersion of the temporal phase, since the
Wigner ellipse is almost horizontal and Awy ~ A7

AT
Ap ~ — . I11.31
14 kAv ( )

As previously shown, after the conversion Av oc k~%/2, hence

AR = (RY? x k2 (111.32)

This confirms that, after the conversion phase, long wavelength adiabatic curvature pertur-
bations evolve classically in the sense that they are very accurately conserved at the full

quantum level.

IV. DISCUSSION

The proposition put forward both by the inflationary theory of the early universe and

by the alternative ekpyrotic/cyclic models is that all structure in the universe originated
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FIG. 4: Top, left panel: general shape of the Wigner ellipse for a gaussian state. Top, right panel:
shape of the Wigner ellipses in the rescaled phase space at N = 1 for k = 10~7,10~8 and 107°.
The plot shows that the dispersion of v scales very accurately as k~3/2, while the dispersion of the
temporal phase rapidly goes to zero: the k = 10~ ellipse is barely distinguishable from a segment
of the 7 = 0 line. Bottom panels: behavior of the temporal phase dispersion (II1.25) as a function
of N and at N =1 for different values of k. The right panel indicates that Ay x k (dotted line)

for sufficiently small k.
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out of primordial quantum fluctuations, generated either during the currently expanding
phase of the universe respectively in a prior contracting phase. This stunning proposition
requires that there was a phase in the history of the universe when the usually tiny quan-
tum fluctuations were amplified in such a way as to end up behaving as classical density
perturbations.

In the context of inflationary cosmology, it became progressively clear over the last three
decades that the quantum-to-classical transition of perturbations relies on several key ingre-
dients: for one, the approximately Gaussian state of the perturbations becomes amplified
and highly squeezed during the inflationary phase, as the fluctuation modes exit the horizon.
Secondly, decoherence must occur so that one can explain why these squeezed states can be
interpreted as a classical ensemble of density perturbations. A final, still unresolved aspect,
is to explain why we observe one particular outcome of this classicalization process on the
microwave sky, rather than a different (but statistically very similar) one®[46].

Here, we have performed an analogous analysis for ekpyrotic models. Because the back-
ground dynamics is very different in these models, it was not a priori clear that a similar
quantum-to-classical transition could occur here as well. And in fact, during the ekpyrotic
phase, the adiabatic curvature perturbations, which have a blue spectrum, are neither am-
plified nor do they get squeezed. Hence they cannot be interpreted classically. This result,
which was previously noticed in [34], has implications for single-field ekpyrotic models: it was
originally thought that such blue modes could end up with a scale-invariant spectrum due
to (essentially classical) matching conditions at the bounce [47]. This now appears unlikely,
as the modes of interest cannot be treated classically in the approach to the bounce.

However, in the entropic mechanism nearly scale-invariant entropy perturbations are cre-
ated during the ekpyrotic phase. These do get amplified and evolve into a highly squeezed
state. The subsequent conversion phase kills two birds with one stone: as the entropy per-
turbations source the curvature perturbations, the latter perturbations inherit the desirable
properties of the entropic modes (amplified, squeezed, nearly scale-invariant), while on top
of that the interactions between the two types of fluctuations lead to efficient decoherence

of the density matrix. The end result is that the entropic mechanism generates a classical

6 In a many-worlds interpretation of quantum mechanics, this is the question of why we happen to find

ourselves in one particular decohered branch of the wavefunction rather than another one.
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ensemble of nearly scale-invariant curvature perturbations in the approach to the bounce. In
terms of generating nearly scale-invariant curvature perturbations during the early history
of our universe, our results demonstrate that ekpyrotic models can now be considered as
truly standing on the same footing as inflationary models.

Recent studies of non-singular bounce models involving higher-derivative kinetic terms
for the scalar fields [48, 49], loop quantum cosmology models [50], and in particular the
recent fully non-perturbative classical study of [51] all suggest that the perturbations evolve
through the bounce unscathed, and emerge in the currently expanding phase of the universe
in agreement with cosmic microwave background observations. However, it is certainly the
case that the bounce phase remains the least understood part of ekpyrotic/cyclic models,

and it is here that future progress is most eagerly awaited.
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Appendix A: General formalism for two-field cosmological perturbations

In this appendix, we will present the general formalism for quantizing cosmological models
with two gauge-invariant scalar perturbation modes as well as the related discussion of
the associated reduced density matrix and decoherence. We do this for two reasons: the
first is that we hope that this appendix will be useful to the reader when investigating
closely related situations. And the second is to highlight the ambiguities that appear when
integrating the Lagrangian by parts. Indeed, it is usually assumed that Lagrangians related
by total derivatives are equivalent. This is of course true in the sense that they lead to the
same equations of motion. However, in quantizing the system, one is necessarily making a
choice of canonical variables, and these variables depend on the Lagrangian one is using. In
discussing decoherence, we have considered the situation where one of the two fields acts as

an environment for the other. Choosing different canonical variables then implies that one is
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tracing out different degrees of freedom, and the physical results do depend on that choice.
Below, we will elaborate more precisely how the results can change by performing such
an integration by parts on the original Lagrangian. Before doing so, we should comment
on our choice of Lagrangian: we have used the Lagrangian that one obtains directly by
substituting the definitions of gauge-invariant perturbations modes, without performing any
integrations by parts. This appears to us to be the most conservative and best-motivated
choice. However, it would certainly be interesting to try to elucidate further the role of other
Lagrangians that are equivalent to ours up to total derivative terms.

We will consider the following general quadratic lagrangian for the real/imaginary part

of the Fourier modes of two gauge-invariant perturbation modes v, and v

Ko 1o Lo R / 2.2
L = SV~ LyuVoUy — 3MoVs + 5 Vs~ lssv5vg — 3MsVs
/i / / 2
FRosUp Vs — LysUl Vs — LspgUp U — M2 Vs Us (A.1)

where all the coefficients are a prior: arbitrary functions of time. Integration by parts
maintains the form of the Lagrangian, except for the re-definitions

EO'O' — )\0'0'60'(77

m2 — m2 — (1 —Xo)l,, .

g

ess — )\ssgss )
m?2 — m?— (1 - N\l .
eas — )\Usgas )
o—5: lsg = Lo — (1 = Aos)lys (A.4)
m2, — m2, — (1= Ags)l.,
éas — Eas - (]— - ASO’)ESO' )
§—0: esa — )\30650 ) <A5>

m — mgs - (1 - )\30‘)6,50'

gs

where the functions \,,, Ays, Ass depend on the specific integration by parts one is perform-

ing. All physical quantities depend only on the invariant combinations

m2 = m2 — (! (A.6)

oo )

m? — (! (A7)

S8 )

2
s

0= Uy — Ly, (A.8)

Si
Il



m(QTS = m(278 - g;s = m(ZJ'S - gga — . (A9>

For instance, the Euler-Lagrange equations read

oz

(Kol + Figs¥l) = —m2v, + L0 — m2 v, (A.10)

(ks + Kostl) = —miv, — (0], —m2 v, . (A.11)

However, adding a total derivative to the Lagrangian corresponds to performing a canonical

transformation acting on momenta in the Hamiltonian formalism according to

o o + 11— )\0'0' gaava

o—o " o+ ( ) : (A.12)
Ty — Ty
Ty — Ty

s—s : (A.13)
Ts — T+ (1 - )\ss)gssvs

o o + 11— )\as gasvs

o—s " o +( ) : (A.14)
s — Ts+ (1 = Aos)losts
Ty — Ty + (1 — )\50' gsavs

s—o: ( ) (A.15)
Ts — Tg+ (1 - Asg)gsavo‘

We note that each of these transformations can be written as # — m + M v, where M is a
symmetric matrix.
Proceeding to the quantization of these modes, we write the general solution of the

Heisenberg operator equations as
v =Fa+Fa' +Gb+ G, (A.16)

where F and G are complex, linearly independent solutions of the equations of motion and
d,dT,l;, bt are two pairs of annihilation/creation operators. Due to the symmetry of the
matrix M, the following Wronskian quantities are constants of the motion, whose values we

fix in the canonical fashion:

F-P,—F Pp=1, (A.17)
G P,-G" Ps=1, (A.18)
F-Po—Pr G=0, (A.19)
F-P,—-Pp -G =0. (A.20)
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Here the quantities denoted P are the canonical momenta associated with F, G. One can

then re—express the annihilation operators as

ia = PL-v—F .7 (A.21)
ib =P v—G" 7. (A.22)

These expressions can be used to define a vacuum state
al0) =00y =0, (A.23)

which will depend on the choice of mode functions. The vacuum can equally well be described

by the wave—function

1 1
Wigy o< exp <_§AU"U‘2T — Ay U0 — §Assv§) , (A.24)

% 1£3 * * % I£3
AUU = — (K‘/UFO' + HUSF;;g; — ?}S{GU + /{USGS ) + Z[UU s (A25)
(ks FI* 4 Ko F)GE — FX (kG + RosG)
F;Gy — 3Gy
(R FF + Kos FIN)GE — FX (koG + KosGY)
- F: G5 — F;G
(B + R B )Gy — FY (R GY + K GY)

= —4 G FG + il . (A.28)

Ay = —i +il,, (A.26)

+il,, (A.27)

Not surprisingly, the correlators depend on the quantization: the different behaviors of the
phase of the wave—function correspond to different values of momenta, related by (A.12-
A.15). By considering the time-dependent Schrédinger equation, we can obtain equations
of motion for the correlators. For this, we need an expression for the Hamiltonian of our

system. It is given by

Rs 2 Rg
H = o gcra o gas s
o (T + LogVs + Lysvs) +2m
Ros

(ﬂ-a + goovo + gasvs) (7Ts + gsvs + KSJIUJ)
KR

(ﬂ-s + ‘esvs + gsava>2 -

1 1
—I—émg,vg + Emgvf +m2 0,0 (A.29)
K = Koks — Koy (A.30)

gs

and it can be quantized trivially since the ordering ambiguities correspond to an additive

constant in H. The equations for the correlators, obtained from i¥’ = HW, or directly from
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the equations of motion for the constituent mode functions, take the form
.1 _ - = N2 T :
— kAL, = kM) — kA2, — Ko (Ags +i0)" 4 2655 Age(Ags + il)

—ikAl, = kM2 — kg A2, — KoAZ, + 255 AssAgs

gs gs

|
3
1

AO’O’ - iéaa )

N
B
Il

(
(

—ikAL, = kML, — (Ksloo + KoAss) Aps — 1holAss + Koy (Age Ass + Aps(Ags + ilJN.33
(
= Acrs - igas ) (
(

Ao = Ay — il .

Note that the equations for the reduced correlators A only contain the invariant combinations
(A.6- A.9). Moreover, according to (A.25— A.27) the initial conditions for the correlators are
also independent of the quantization. Thus, so far all results are unaffected by performing
an integration by parts on the Lagrangian.

However, in discussing the reduced density matrix and decoherence, this is no longer so:

tracing over e.g. vy, the reduced density matrix for measurements of v, reads

1 1
p(l_}ml)g) = N/ exp (—50551)3 — §CDDU2D — iCSDUSUD> > (A37)
1
vg = 5(1)0—1—170) , (A.38)
Up = Vg — Uy , (A.39)
(AX)?
Css = 2A§§0( ARAR ) (A.40)
AL AR
Csp = AL (1— Al ) : (A.41)
1 (AI )2
= AR (1 os . A.42
Cbp 5 ( +A£,Afa ( )

As discussed in the previous sections, the main indicator for decoherence is the ratio
Cpp  ARAE + (Al +4,,)?
Css ~ ARAR _ (AR )2

88”00

(A.43)

This quantity does depend on the quantization, as is obvious from the appearance of the
l,s term. Therefore, the answer for the amount of decoherence depends explicitly on the
choice of canonical variables. As an application, we checked that the prediction for the toy
model studied in [34], namely no decoherence for kinetically coupled scalar fields during an
ekpyrotic phase, only holds for the choice of variables adopted in that paper ({55 = a'/a).
On the other hand, if like in our case the two fields are not coupled from a given time on

(£ys x 0'), this ambiguity is no longer present.
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Appendix B: Formulae involving Bessel functions

Approximating cosmological mode functions at late times requires the use of the following

asymptotic behaviors of Bessel functions (with a > 0)

h@) 2 s (5) 0. B1)
oty 0 I (2 Elelosten (o (512 gy

In order to work out the corresponding correlators, one needs to evaluate time derivatives

of the mode functions. Denoting = = —kr, so that v = —kv,, we have

dv T 1 dJe . dY,
@ T (2™ iy 2t )
i \NToe (‘] Ty Tt dg;>

and hence
v’™* 1 k d
Re[—) = —— ————— — (J?+Y?
e(w) 2 v )
,U/* k . .
Im <F> = —m [YaJa — JaYai| .

It turns out that we must keep sub-leading terms in order to calculate the asymptotic

behavior of the correlators. A straightforward calculation leads to

grevy = O (o)™ (1 HE el i, 2oyt Y
L) = 22 ey (1 e g2y

so that one obtains

w(£) - (1) B
(1 —-2a)(e—1) 2al'(—a) cos (Ta) <x>2a M

= )

w(Z) - e

[1] Planck Collaboration Collaboration, P. Ade et al., “Planck 2013 results. xvi. cosmological

parameters,” arXiv:1303.5076 [astro-ph.CO].


http://arxiv.org/abs/1303.5076

[2]

[10]

[11]

[12]

[16]

29

C. Frenk and S. D. White, “Dark matter and cosmic structure,” Annalen Phys. 524 (2012)
507-534, arXiv:1210.0544 [astro-ph.CO].

A. H. Guth, “The inflationary universe: A possible solution to the horizon and flatness
problems,” Phys.Rev. D23 (1981) 347-356.

A. D. Linde, “A new inflationary universe scenario: A possible solution of the horizon,
flatness, homogeneity, isotropy and primordial monopole problems,” Phys.Lett. B108 (1982)
389-393.

A. Albrecht and P. J. Steinhardt, “Cosmology for grand unified theories with radiatively
induced symmetry breaking,” Phys.Rev.Lett. 48 (1982) 1220-1223.

A. H. Guth and S. Pi, “Fluctuations in the new inflationary universe,” Phys.Rev.Lett. 49
(1982) 1110-1113.

R. H. Brandenberger, R. Laflamme, and M. Mijic, “Classical perturbations from decoherence
of quantum fluctuations in the inflationary universe,” Mod.Phys.Lett. A5 (1990) 2311-2318.
A. Albrecht, P. Ferreira, M. Joyce, and T. Prokopec, “Inflation and squeezed quantum
states,” Phys.Rev. D50 (1994) 4807-4820, arXiv:astro-ph/9303001 [astro-ph].

D. Polarski and A. A. Starobinsky, “Semiclassicality and decoherence of cosmological
perturbations,” Class. Quant.Grav. 13 (1996) 377-392, arXiv:gr-qc/9504030 [gr-qc].

T. Prokopec and G. I. Rigopoulos, “Decoherence from isocurvature perturbations in
inflation,” JCAP 0711 (2007) 029, arXiv:astro-ph/0612067 [astro-phl].

C. Kiefer, I. Lohmar, D. Polarski, and A. A. Starobinsky, “Origin of classical structure in the
universe,” J.Phys.Conf.Ser. 67 (2007) 012023.

J. Martin, “The quantum state of inflationary perturbations,” J.Phys.Conf.Ser. 405 (2012)
012004, arXiv:1209.3092 [hep-th].

A. Tjjas, P. J. Steinhardt, and A. Loeb, “Inflationary paradigm in trouble after planck2013,”
Phys. Lett. B723 (2013) 261-266, arXiv:1304.2785 [astro-ph.CO0].

J. Khoury, B. A. Ovrut, P. J. Steinhardt, and N. Turok, “The ekpyrotic universe: Colliding
branes and the origin of the hot big bang,” Phys.Rev. D64 (2001) 123522,
arXiv:hep-th/0103239 [hep-th].

P. J. Steinhardt and N. Turok, “Cosmic evolution in a cyclic universe,” Phys.Rev. D65
(2002) 126003, arXiv:hep-th/0111098 [hep-th].

J.-L. Lehners, “Ekpyrotic and cyclic cosmology,” Phys.Rept. 465 (2008) 223-263,


http://dx.doi.org/10.1002/andp.201200212
http://dx.doi.org/10.1002/andp.201200212
http://arxiv.org/abs/1210.0544
http://dx.doi.org/10.1103/PhysRevD.23.347
http://dx.doi.org/10.1016/0370-2693(82)91219-9
http://dx.doi.org/10.1016/0370-2693(82)91219-9
http://dx.doi.org/10.1103/PhysRevLett.48.1220
http://dx.doi.org/10.1103/PhysRevLett.49.1110
http://dx.doi.org/10.1103/PhysRevLett.49.1110
http://dx.doi.org/10.1142/S0217732390002651
http://dx.doi.org/10.1103/PhysRevD.50.4807
http://arxiv.org/abs/astro-ph/9303001
http://dx.doi.org/10.1088/0264-9381/13/3/006
http://arxiv.org/abs/gr-qc/9504030
http://dx.doi.org/10.1088/1475-7516/2007/11/029
http://arxiv.org/abs/astro-ph/0612067
http://dx.doi.org/10.1088/1742-6596/67/1/012023
http://dx.doi.org/10.1088/1742-6596/405/1/012004
http://dx.doi.org/10.1088/1742-6596/405/1/012004
http://arxiv.org/abs/1209.3092
http://dx.doi.org/10.1016/j.physletb.2013.05.023
http://arxiv.org/abs/1304.2785
http://dx.doi.org/10.1103/PhysRevD.64.123522
http://arxiv.org/abs/hep-th/0103239
http://dx.doi.org/10.1103/PhysRevD.65.126003
http://dx.doi.org/10.1103/PhysRevD.65.126003
http://arxiv.org/abs/hep-th/0111098
http://dx.doi.org/10.1016/j.physrep.2008.06.001

[24]

[25]

28]

[29]

30

arXiv:0806.1245 [astro-ph].

J.-L. Lehners and P. J. Steinhardt, “Planck 2013 results support the simplest cyclic models,”
arXiv:1304.3122 [astro-ph.CO].

F. Finelli, “Assisted contraction,” Phys. Lett. B545 (2002) 1-7, arXiv:hep-th/0206112.

A. Notari and A. Riotto, “Isocurvature perturbations in the ekpyrotic universe,” Nucl. Phys.
B644 (2002) 371-382, arXiv:hep-th/0205019.

J.-L. Lehners, P. McFadden, N. Turok, and P. J. Steinhardt, “Generating ekpyrotic
curvature perturbations before the big bang,” Phys. Rev. D76 (2007) 103501,
arXiv:hep-th/0702153 [HEP-TH].

K. Koyama and D. Wands, “Ekpyrotic collapse with multiple fields,” JCAP 0704 (2007)
008, arXiv:hep-th/0703040.

K. Koyama, S. Mizuno, and D. Wands, “Curvature perturbations from ekpyrotic collapse
with multiple fields,” Class. Quant. Grav. 24 (2007) 3919-3932, arXiv:0704.1152
[hep-th].

C. Gordon, D. Wands, B. A. Bassett, and R. Maartens, “Adiabatic and entropy
perturbations from inflation,” Phys. Rev. D63 (2001) 023506, arXiv:astro-ph/0009131.
E. I. Buchbinder, J. Khoury, and B. A. Ovrut, “On the initial conditions in new ekpyrotic
cosmology,” JHEP 11 (2007) 076, arXiv:0706.3903 [hep-th].

J.-L. Lehners and P. J. Steinhardt, “Non-gaussian density fluctuations from entropically
generated curvature perturbations in ekpyrotic models,” Phys.Rev. D77 (2008) 063533,
arXiv:0712.3779 [hep-th].

J.-L. Lehners and P. J. Steinhardt, “Intuitive understanding of non-gaussianity in ekpyrotic
and cyclic models,” Phys.Rev. D78 (2008) 023506, arXiv:0804.1293 [hep-th].

J.-L. Lehners and S. Renaux-Petel, “Multifield cosmological perturbations at third order and
the ekpyrotic trispectrum,” Phys.Rev. D80 (2009) 063503, arXiv:0906.0530 [hep-th].
J.-L. Lehners, “Ekpyrotic non-gaussianity: A review,” Adv.Astron. 2010 (2010) 903907,
arXiv:1001.3125 [hep-th].

A. J. Tolley and D. H. Wesley, “Scale-invariance in expanding and contracting universes
from two-field models,” JCAP 0705 (2007) 006, hep-th/0703101.

J.-L. Lehners and P. J. Steinhardt, “Dark energy and the return of the phoenix universe,”

Phys.Rev. D79 (2009) 063503, arXiv:0812.3388 [hep-th].


http://arxiv.org/abs/0806.1245
http://arxiv.org/abs/1304.3122
http://dx.doi.org/10.1016/S0370-2693(02)02554-6
http://arxiv.org/abs/hep-th/0206112
http://dx.doi.org/10.1016/S0550-3213(02)00765-4
http://dx.doi.org/10.1016/S0550-3213(02)00765-4
http://arxiv.org/abs/hep-th/0205019
http://dx.doi.org/10.1103/PhysRevD.76.103501
http://arxiv.org/abs/hep-th/0702153
http://arxiv.org/abs/hep-th/0703040
http://dx.doi.org/10.1088/0264-9381/24/15/010
http://arxiv.org/abs/0704.1152
http://arxiv.org/abs/0704.1152
http://dx.doi.org/10.1103/PhysRevD.63.023506
http://arxiv.org/abs/astro-ph/0009131
http://arxiv.org/abs/arXiv:0706.3903 [hep-th]
http://dx.doi.org/10.1103/PhysRevD.79.129903, 10.1103/PhysRevD.77.063533
http://arxiv.org/abs/0712.3779
http://dx.doi.org/10.1103/PhysRevD.78.023506, 10.1103/PhysRevD.79.129902
http://arxiv.org/abs/0804.1293
http://dx.doi.org/10.1103/PhysRevD.80.063503
http://arxiv.org/abs/0906.0530
http://dx.doi.org/10.1155/2010/903907
http://arxiv.org/abs/1001.3125
http://arxiv.org/abs/hep-th/0703101
http://dx.doi.org/10.1103/PhysRevD.79.063503
http://arxiv.org/abs/0812.3388

[31]

[32]

33]

[34]

[39]

[40]

[41]

31

J.-L. Lehners, “Diversity in the phoenix universe,” Phys.Rev. D84 (2011) 103518,
arXiv:1107.4551 [hep-th].

J.-L. Lehners, P. J. Steinhardt, and N. Turok, “The return of the phoenix universe,”
Int.J.Mod.Phys. D18 (2009) 22312235, arXiv:0910.0834 [hep-th].

D. Langlois and S. Renaux-Petel, “Perturbations in generalized multi-field inflation,” JCAP
0804 (2008) 017, arXiv:0801.1085 [hep-th].

C.-Y. Tseng, “Decoherence problem in ekpyrotic phase,” Phys.Rev. D87 (2013) 023518,
arXiv:1210.0581 [hep-th].

J.-L. Lehners, P. McFadden, and N. Turok, “Colliding branes in heterotic m-theory,”
Phys.Rev. D75 (2007) 103510, arXiv:hep-th/0611259 [hep-th].

N. Turok, M. Perry, and P. J. Steinhardt, “M theory model of a big crunch / big bang
transition,” Phys. Rev. D70 (2004) 106004, hep-th/0408083.

E. I. Buchbinder, J. Khoury, and B. A. Ovrut, “New ekpyrotic cosmology,” Phys. Rev. D76
(2007) 123503, hep-th/0702154.

P. Creminelli and L. Senatore, “A smooth bouncing cosmology with scale invariant
spectrum,” JCAP 0711 (2007) 010, arXiv:hep-th/0702165.

J.-L. Lehners, “Cosmic bounces and cyclic universes,” Class. Quant. Grav. 28 (2011) 204004,
arXiv:1106.0172 [hep-th].

Y.-F. Cai, D. A. Easson, and R. Brandenberger, “Towards a nonsingular bouncing
cosmology,” JCAP 1208 (2012) 020, arXiv:1206.2382 [hep-th].

M. Osipov and V. Rubakov, “Galileon bounce after ekpyrotic contraction,”
arXiv:1303.1221 [hep-th].

T. Qiu, X. Gao, and E. N. Saridakis, “Towards anisotropy-free and non-singular bounce
cosmology with scale-invariant perturbations,” arXiv:1303.2372 [astro-ph.CO].

J.-L. Lehners and P. J. Steinhardt, “Non-gaussianity generated by the entropic mechanism
in bouncing cosmologies made simple,” Phys. Rev. D80 (2009) 103520, arXiv:0909.2558
(hep-th].

M. Hillery, R. O’Connell, M. Scully, and E. P. Wigner, “Distribution functions in physics:
Fundamentals,” Phys.Rept. 106 (1984) 121-167.

S. Dodelson, “Coherent phase argument for inflation,” AIP Conf.Proc. 689 (2003) 184-196,

arXiv:hep-ph/0309057 [hep-ph].


http://dx.doi.org/10.1103/PhysRevD.84.103518
http://arxiv.org/abs/1107.4551
http://dx.doi.org/10.1142/S0218271809015977
http://arxiv.org/abs/0910.0834
http://dx.doi.org/10.1088/1475-7516/2008/04/017
http://dx.doi.org/10.1088/1475-7516/2008/04/017
http://arxiv.org/abs/0801.1085
http://dx.doi.org/10.1103/PhysRevD.87.023518
http://arxiv.org/abs/1210.0581
http://dx.doi.org/10.1103/PhysRevD.75.103510
http://arxiv.org/abs/hep-th/0611259
http://arxiv.org/abs/hep-th/0408083
http://arxiv.org/abs/hep-th/0702154
http://dx.doi.org/10.1088/1475-7516/2007/11/010
http://arxiv.org/abs/hep-th/0702165
http://dx.doi.org/10.1088/0264-9381/28/20/204004
http://arxiv.org/abs/1106.0172
http://dx.doi.org/10.1088/1475-7516/2012/08/020
http://arxiv.org/abs/1206.2382
http://arxiv.org/abs/1303.1221
http://arxiv.org/abs/1303.2372
http://dx.doi.org/10.1103/PhysRevD.80.103520
http://arxiv.org/abs/0909.2558
http://arxiv.org/abs/0909.2558
http://dx.doi.org/10.1016/0370-1573(84)90160-1
http://arxiv.org/abs/hep-ph/0309057

[46]

[47]

[48]

[49]

32

J. Martin, V. Vennin, and P. Peter, “Cosmological inflation and the quantum measurement
problem,” Phys.Rev. D86 (2012) 103524, arXiv:1207.2086 [hep-th].

A. J. Tolley, N. Turok, and P. J. Steinhardt, “Cosmological perturbations in a big crunch /
big bang space-time,” Phys. Rev. D69 (2004) 106005, hep-th/0306109.

Y .-F. Cai, R. Brandenberger, and P. Peter, “Anisotropy in a nonsingular bounce,”
Class.Quant.Grav. 30 (2013) 075019, arXiv:1301.4703 [gr-qcl.

Y.-F. Cai, E. McDonough, F. Duplessis, and R. Brandenberger, “Two field matter bounce
cosmology,” arXiv:1305.5259 [hep-th].

E. Wilson-Ewing, “Ekpyrotic loop quantum cosmology,” arXiv:1306.6582 [gr-qc].

B. Xue, D. Garfinkle, F. Pretorius, and P. J. Steinhardt, “Nonperturbative analysis of the
evolution of cosmological perturbations through a nonsingular bounce,” arXiv:1308.3044

[gr-qc].


http://dx.doi.org/10.1103/PhysRevD.86.103524
http://arxiv.org/abs/1207.2086
http://arxiv.org/abs/hep-th/0306109
http://dx.doi.org/10.1088/0264-9381/30/7/075019
http://arxiv.org/abs/1301.4703
http://arxiv.org/abs/1305.5259
http://arxiv.org/abs/1306.6582
http://arxiv.org/abs/1308.3044
http://arxiv.org/abs/1308.3044

	I Introduction
	II Generation of cosmological perturbations and squeezing
	III Conversion of entropic into adiabatic perturbations and decoherence
	A The reduced density matrix and decoherence
	B Amplification, squeezing and semi-classicality

	IV Discussion
	 Acknowledgments
	A General formalism for two-field cosmological perturbations
	B Formulae involving Bessel functions
	 References

