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1 Introduction

Curvature perturbations of the metric created in the very early universe induce the primordial
density inhomogeneities that are responsible for the observed temperature fluctuations in the
cosmic microwave background (CMB) and the seeds for forming stars and galaxies. The most
recent Planck results [1–3], together with earlier observations from the Wilkinson Microwave
Anisotropy Probe (WMAP) [4] and the Atacama Cosmology Telescope (ACT) [5], show
that the spectrum of primordial density fluctuations is adiabatic, nearly scale-invariant, and
Gaussian.

While it is an unsettled question when in cosmic history the curvature perturbations
were generated, there is strong observational evidence that the curvature perturbations are
sourced by quantum fluctuations of one or more scalar matter fields that occur on wavelengths
smaller than the Hubble radius [6–8]. By one means or another, the wavelengths end up on
scales much larger than the Hubble radius, evolve into classical curvature perturbations, by
some time prior to primordial nucleosynthesis, and set the conditions required to explain
galaxy formation and CMB temperature fluctuations in the later stages of cosmic evolution.

Quantum fluctuations of the scalar matter field come in two types: perturbations of the
total energy density δ% on hypersurfaces of constant mean curvature are called ‘adiabatic;’
and perturbations of the total pressure on hypersurfaces of constant energy density (δ% ≡ 0)
are called ‘entropic.’ Which one of the two types yields the dominant contribution to the cur-
vature modes depends on the background mechanism that drives the underlying cosmological
evolution. For example, during inflation, both adiabatic and entropic modes are excited by
the rapid background expansion. Accordingly, in some proposed inflationary scenarios the
curvature modes are sourced solely by the adiabatic mode (e.g., single-field slow-roll mod-
els [9–11]) and in other scenarios solely by the entropic mode (e.g., curvaton models [12]).
In yet other inflationary constructions, both adiabatic and entropic modes contribute to the
curvature fluctuations [13].
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Notably, in bouncing and cyclic cosmological theories where the universe is flattened
and smoothed by undergoing a phase of slow contraction that is connected to the current
expanding epoch through a cosmological bounce [14–16], there are not all these options.
In a slow contraction phase, the amplitudes of adiabatic fluctuations decay. On the other
hand, in non-singular bouncing cosmology, for example, in which the background solution
is a dynamical attractor [17], the amplitudes of entropic modes grow. Consequently, the
entropic modes are inevitably the dominant source of the curvature modes observed in the
CMB in these theories.

One mechanism for generating entropy modes that has been discussed in the literature
for either inflationary expansion or slow contraction smoothing phases entails a linear com-
bination of two scalar fields with canonical kinetic energy density rolling down a trajectory
on a two-dimensional scalar potential. In this case, the entropic fluctuations originate from
quantum fluctuations orthogonal to the trajectory. After the smoothing phase completes,
the entropy modes can source curvature perturbations if the two-dimensional scalar poten-
tial is shaped just as to cause the trajectory to change sharply just as the smoothing phase
ends [14, 18–21].

In the case of classical (non-singular) bouncing and cyclic cosmology, though, tuning
a potential in this way appears ad hoc because here, as the slow contraction phase ends,
the kinetic energy of the scalar matter fields naturally comes to dominate over the potential
energy as the scale factor continues to decrease. For these cosmologies, a kinetic energy
density driven mechanism for using the entropic fluctuations to source curvature fluctuations
would be the natural approach, in principle.

In this paper, we show that just such a ‘kinetic entropic mechanism’ is possible and that
it can be used to generate a nearly scale-invariant spectrum of curvature perturbations on
super-Hubble scales. Here, a key role is played by the same higher-order kinetic energy terms
that initiate the classical bounce stage. First examples of a smooth non-singular bounce were
proposed in ref. [22], demonstrating that a healthy classical bounce is indeed possible.

The paper is organized as follows. In section 2, we briefly review and expand on the
classic hydrodynamic approach to perturbation theory to derive generic conditions for sourc-
ing super-Hubble curvature modes from the entropic matter perturbations. We then obtain
the key equation for the time evolution of curvature perturbations that include sourcing
by entropy perturbations and discuss a wide range of possibilities for generating a nearly
scale-invariant spectrum of curvature perturbations on super-Hubble scales. In section 3, we
present a microphysical realization that involves two kinetically coupled scalar fields with a
scalar field potential. Most importantly, we derive a master equation for the time variation
of the curvature perturbation in terms of the relative field fluctuations. From the latter
equation, various microphysical possibilities for generating curvature perturbations on large
scales are presented in section 5. Finally, we consider a case in which the generation occurs
without any scalar field potential at all, as is natural near a bounce — that is, a purely
kinetic mechanism. Notably, in this case, the generation process depends not only on the
relative field perturbation but also on its time derivative. In section 6, we summarize our
findings and sketch out possibilities for further studies.

2 Hydrodynamic analysis

According to our current understanding, the generation of primordial curvature perturbations
is closely tied with the classical mechanism that smooths and flattens the cosmological back-
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ground and drives it to a homogeneous and isotropic Friedmann-Robertson-Walker (FRW)
geometry. Namely, the curvature fluctuations as observed in the CMB originate from quan-
tum fluctuations of the stress-energy that occur during the last 60 e-folds of smoothing.

In this section, we shall employ a (macroscopic) hydrodynamic ansatz [23, 24] to char-
acterize the background evolution as well as the corresponding adiabatic and entropic fluc-
tuations generated by the quantum fluctuations. The main result of the section is a master
equation relating the co-moving curvature perturbation R to its possible sources, the adia-
batic and entropy perturbations.

The hydrodynamic approach has the advantage of being both minimalist and generic
at the same time. It is minimalist in that it suffices to reduces the description of the stress-
energy to just four relativistic fluid parameters: the equation of state, the sound speed
of the adiabatic modes, the non-adiabatic pressure and the anisotropic stress. From this,
the hydrodynamic ansatz can be used to identify generic predictions for different classes of
stress-energy without reference to specific microphysical realizations.

2.1 Background evolution

Slow contraction is a ‘super-smoother,’ meaning that it rapidly homogenizes, isotropizes, and
flattens the universe according to the classical equations of motion and also when quantum
effects are included, even when starting from initial conditions that lie far outside the per-
turbative regime of FRW spacetimes [25, 26]. At the same time, because the Hubble radius
shrinks much faster than the scale factor during slow contraction, the wavelengths of quantum
fluctuations of the stress-energy generated on scales smaller than the Hubble radius evolve
to become much larger than the Hubble radius and classicalize by the end of the smoothing
phase, providing a natural source of primordial curvature perturbations.

The simple underlying idea is to introduce a form of stress-energy that rapidly becomes
the dominant source of energy density during a contracting phase and slows the expansion
of the universe so as to drive the geometry towards a FRW universe. Due to the symmetries
of the FRW geometry, this new component acts on the background as a perfect fluid,

Tµν =
(
%+ p

)
uµuν − pgµν , (2.1)

and can therefore be characterized through its energy density %, pressure p, and co-moving
velocity uµ = (1, 0, 0, 0). Note that, as with any barotropic fluid, the background pressure p
is a function of the energy density

p ≡ p(%) ≡
(

2
3ε− 1

)
%. (2.2)

The fluid is fully specified by the dimensionless quantity ε, known as the equation of state,
that relates the pressure p with its energy density %. For simplicity, we will treat ε as
approximately constant during the smoothing phase.

The dynamics of the smoothing component follows the continuity equation

%̇+ 2εH% = 0, (2.3)

where H(t) = ȧ/a is the Hubble parameter; a(t) is the FRW scale factor; and dot denotes
differentiation with respect to the synchronous time coordinate t. (Here and throughout, we
use reduced Planck units.) We choose the time coordinate such that, during the smoothing
phase, t runs from some initial value t0 � 0 to some negative tend that is much closer to
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zero. We take a(t0) = 1. The bounce phase that takes the universe from slow contraction to
expansion begins at t = tend.

For constant ε, eq. (2.3) implies

% = %0

a2ε , (2.4)

where %(t0) = %0 and the FRW scale factor has been normalized such that a(t0) = 1. Note
that, according to the continuity equation (2.3), the smoothing component is anti-damped
because H < 0; i.e., its energy density is being continuously enhanced by gravity.

To homogenize, isotropize, and flatten the cosmological background, the energy density
of the smoothing component % must come to dominate all other contributions to the energy
density, the anisotropy and the spatial curvature on the right hand side of the generalized
Friedmann constraint,

H2 = 1
3

(
%0
m

a3 + %0
r

a4 + %0

a2ε

)
+ γ2

s

a6 −
k

a2 , (2.5)

where %0
m and %0

r are the (pressureless) matter and radiation densities at t0; and the last
two terms characterize the anisotropy and spatial curvature contributions, respectively. It
is immediately apparent from this constraint that a necessary condition for the smoothing
component to grow to become the dominant contribution to H2 during contraction is that
ε > 3. The constraint then reduces to

3H2 ≈ %0

a2ε , (2.6)

driving the universe towards the FRW scaling attractor solution,

a(t) = (−t)1/ε, H(t) = 1
ε t
. (2.7)

Note that a(t) shrinks more slowly than the Hubble radius, |H|−1 = εt during the contracting
phase. In fact, the larger is ε, the less the scale factor a(t) (or any physical distance) shrinks
for the same change in Hubble radius. For example, for ε = 60, during a period of slow
contraction in which the Hubble radius shrinks by 60 e-folds, the scale factor changes by
only a factor of two.

The radically different rates at which the scale factor and the Hubble radius shrink is
the key to smoothing and flattening the background. In the example above, for instance,
the measure of the cosmic spatial curvature, Ωk ≡ k/(a2H2) ∝ |H|−2/a2, shrinks by over
hundreds e-folds each time a(t) shrinks by a factor of e.

The difference in rates is also critical for obtaining perturbations on super-Hubble scales.
The wavelength of any quantum fluctuation that is generated on sub-Hubble scales shrinks at
the same slow rate as the scale factor a. Because the Hubble radius shrinks at a much faster
rate, any sub-Hubble mode quickly ends up on wavelengths much larger than the Hubble
radius by tend.

The smoothing phase ends, when ε decreases and falls to (or below) three. This is the
stage of graceful exit, leading up to the bounce stage when the universe transits to the current
expanding phase.
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2.2 Scalar perturbations

Next, we characterize how the amplitude of adiabatic and entropy fluctuations in the smooth-
ing matter component evolve during slow contraction and relate them to the curvature fluc-
tuations of the metric.

The amplitude of scalar perturbations in the metric and the smoothing stress-energy
component evolve according to the linearized Einstein equations and the linearized equations
describing the conservation of stress-energy. To represent the scalar metric perturbations in
a coordinate independent way, we use the gauge-invariant Bardeen variables [27],

Ψ ≡ ψ +Hσsh, (2.8a)
Φ ≡ α− σ̇sh, (2.8b)

where α and β are the lapse and shift perturbation, respectively; δgij = −2a2(t)(ψδij+∂i∂jη)
is the scalar part of the perturbed spatial metric; and σsh ≡ a2(t)η̇− a(t)β is the scalar part
of the linearized shear component. Similarly, we write the components of the linearized
smoothing stress-energy — the energy density, pressure, and co-moving velocity — in a
coordinate independent way:

δ%N ≡ δ%− %̇ σsh, (2.9a)
δuN ≡ δu+ σsh, (2.9b)
δpN ≡ δp− ṗ σsh. (2.9c)

(The subscript N refers to Newtonian or zero-shear gauge; note that, in this gauge, the
linearized scalar field matter variables are automatically gauge-invariant.)

Furthermore, we decompose the linearized pressure component into a part that is pro-
portional to the linearized energy density δ%N and a residual contribution:

δpN ≡
ṗ

%̇
δ%N + δpnad , (2.10)

where the gauge-invariant residual δpnad is called the ‘non-adiabatic pressure’ perturba-
tion [27, 28]. Note that the proportionality factor, ṗ/%̇, is a formal quantity. In general
and especially in the case of scalar fields, it is not equivalent to the propagation (or sound)
speed of the perturbed matter field variables, as we will discuss below, but for a single shift-
symmetric field, this expression yields exactly the speed of propagation. The non-adiabatic
pressure perturbation δpnad is an input parameter that, together with the dynamical vari-
ables δ%N and δuN, fully specify the linearized stress-energy. Note that, prima facie, there is
no reason why δpnad should be zero.

With these variables, we can write the scalar part of the linearized Einstein equations
for each Fourier mode with wavenumber k in a coordinate independent way:

3H
(
Ψ̇ +HΦ

)
+ k2

a2 Ψ = −1
2δ%N, (2.11a)

Ψ̇ +HΦ = −1
3ε%δuN, (2.11b)

Ψ− Φ = a2πS , (2.11c)

Ψ̈ + 3HΨ̇ +HΦ̇ +
(
2Ḣ + 3H2

)
Φ = 1

2
(
δpN − k2πS

)
. (2.11d)
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Here eqs. (2.11a)–(2.11b) are the Hamiltonian and momentum constraints; eq. (2.11c) is
the anisotropy equation; and eq. (2.11d) is the linearized pressure equation. Note that, for
completeness, we included a non-zero anisotropic stress component πS . In many sources of
stress-energy, such as a canonical scalar field, πS ≡ 0, in which case Φ = Ψ.

The linearized conservation equations for the energy density and momentum of the
perturbed hydrodynamic matter take the following form:

δ%̇N + 3H
(
δ%N + δpN

)
+ 6ḢΨ̇ = −k

2

a2

(
2ḢδuN − a2HπS

)
, (2.12a)

−2Ḣ
(
δu̇N − 3H ṗ

%̇
δuN + Φ

)
= −δpN + k2πS , (2.12b)

An observationally relevant quantity is the curvature perturbation on co-moving hyper-
surfaces R, a quantity that is directly related to the observed fluctuations in the CMB and
the primordial density fluctuations that seeded galaxy formation [6]:

R ≡ ψ −Hδu. (2.13)

Note that, by construction, R is gauge invariant. The linearized Einstein-scalar field equa-
tions (2.11a)–(2.11d) can be combined to yield a first-order expression for the time evolution
of R:

− Ḣ

H
Ṙ = 1

2δpnad −
k2

a2

(
ṗ

%̇
Ψ + 1

2
(
Ψ− Φ

))
. (2.14)

Working in Newtonian gauge, the right hand-side of the expression for Ṙ is manifestly gauge-
invariant. In particular, as shown byWeinberg [29], this implies that, whatever the contents of
the universe, eq. (2.14) always has a physical solution for which δpnad → 0 and R approaches
a non-zero constant in the limit k → 0. In general, however, there are other solutions for
which R is not constant.

Most importantly, in the absence of non-adiabatic pressure (δpnad ≡ 0), eq. (2.14)
implies that, on super-Hubble scales (aH � k), the amplitudes of the co-moving curvature
modes are constant, as was first pointed out by Bardeen, Steinhardt, and Turner in ref. [6].
A corollary is that the amplitudes exiting the Hubble radius and re-entering are the same. As
the amplitudes on sub-Hubble scales, including at exit and re-entry, are observable quantities,
the corollary is a coordinate independent statement. (In certain often-used gauges, e.g., in
unitary or flat and synchronous gauge, R obeys a second-order equation. In these gauges,
recovering the fact that the zero-mode amplitude Rk=0 is the same at exit and re-entry
becomes a rather cumbersome exercise. For details, see ref. [6, 29].)

If the non-adiabatic pressure contribution is non-zero (δpnad 6= 0), co-moving curva-
ture modes are generated by δpnad on super-Hubble scales. The intriguing fact that non-
adiabatic pressure fluctuations act as a source of co-moving curvature modes on super-Hubble
scales, which we will exploit below in section 3, can be viewed as a feature of the linearized
scalar metric field evolution equation (2.11d) when combined with the three constraint equa-
tions (2.11a)–(2.11c). Alternatively yet equivalently, it can be viewed as a consequence of
momentum conservation for hydrodynamic matter within Einstein gravity, in the sense that
eq. (2.14) can be derived by combining the momentum conservation equation (2.12b) with
the same three constraints of Einstein relativity.

We note that in ref. [28] it was suggested to view the non-adiabatic sourcing mechanism
as a direct consequence of the local conservation of stress-energy (nν∇µTµν = 0, where nµ is
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a unit time-like vector) for any relativistic theory of gravity. Indeed, it is possible to recast
eq. (2.12a) and obtain a conservation equation

ζ̇ = −H δpnad
%+ p

+ 1
3
k2

a2

(
δuN −

%

%̇
a2πS

)
. (2.15)

for the curvature perturbation on uniform-density hyper-surfaces

ζ ≡ −ψ −Hδ%

%̇
, (2.16)

only by assuming Lorentz invariance and without invoking the Einstein field equations (2.11a)–
(2.11c) or any particular theory of gravitation. However, the energy density and velocity per-
turbations, δ%N , δuN , and hence the curvature perturbations ζ and R are generally distinct
and can only be related by invoking the gravitational field equations. In the case of Einstein
general relativity, ζ and R can be shown to approach one another in the long wavelength
limit (k/aH � 1). That is, by using the linearized Hamiltonian and momentum constraints
(eqs. 2.11a)–(2.11b), we obtain a relativistic generalization of the Poisson equation,

− k2

a2 Ψ = 1
2
(
δ%N + %̇ δuN

)
. (2.17)

Combining eq. (2.17) with the definitions of ζ and R yields the relation

R = −ζ + 1
3Ḣ

k2

a2 Ψ, (2.18)

meaning that the co-moving curvature perturbations and the curvature perturbations on
uniform density hypersurfaces coincide on super-Hubble scales. We stress, though, that the
same is not generally true for modified gravity theories, such as Horndeski gravity [30].

The non-adiabatic pressure component induces an entropy perturbation S,

S = H
δpnad
ṗ

= H

(
δp

ṗ
− δ%

%̇

)
. (2.19)

Combining this definition for S with the continuity equation (2.3), we can re-express eq. (2.14)
as follows:

Ṙ = −3H ṗ

%̇
S + H

Ḣ

k2

a2

(
ṗ

%̇
Ψ + 1

2
(
Ψ− Φ

))
. (2.20)

This relation together with eq. (2.18) show that S acts as a direct source of R and ζ on
super-Hubble scales even when the gradient term is negligible (k → 0), in which case

Ṙ ≈ −ζ̇ ≈ −3H ṗ

%̇
S. (2.21)

In some places, the adiabatic or density perturbations are characterized as ‘direct’
sources of (co-moving) curvature modes R as observed in the CMB while S is often be-
ing referred to as an ‘indirect’ source, a terminology that leads some to think that entropic
sourcing is somehow more contrived. This semantic distinction is largely misleading, though,
because its sole basis is the fact that, on super-Hubble scales, R and ζ are related to the (adi-
abatic) energy density fluctuation δ%N by a zeroth-order relation (2.16) while they are related
to S by a first-order relation (2.21). In the proper physical sense, there is nothing indirect

– 7 –



J
C
A
P
0
6
(
2
0
2
1
)
0
1
2

about sourcing curvature modes by the entropy fluctuation S. Furthermore, as emphasized
by Bardeen [27], a generic fluid will have non-zero δpnad and will include both adiabatic
and entropic contributions to R. The fact that the first examples studied in inflation had
δpnad = 0, is the oddity, as noted in [6]. Furthermore, it is not necessary to have a fluid with
multiple components to have δpnad non-zero [27]. For this reason, we will not employ the
‘direct-indirect’ terminology.

3 Curvature modes from ‘graceful exit’

In bouncing and cyclic scenarios, where the universe is flattened and smoothed during a phase
of slow contraction [14], a spectrum of quantum fluctuations in the stress-energy generated
on sub-Hubble scales ends up on super-Hubble scales by the end of slow contraction and
classicalizes. This is due to the fact that the wavelength of these modes is proportional
to a(t), which shrinks at a much slower rate than the Hubble radius, as detailed in the
Introduction. Notably, though, the amplitudes of adiabatic matter and metric fluctuations
decay as contraction proceeds [31].

In this section, we demonstrate how non-adiabatic perturbations of the stress-energy
generated during the slow contraction phase thereby become the natural source of co-moving
curvature modes on super-Hubble scales during the stage of graceful exit, i.e., when slow
contraction ends and the transition to the bounce stage begins.

3.1 Graceful exit in non-singular bouncing cosmologies

A simple microphysical realization of slow contraction is a set up in which the stress-energy
is supplied by two scalar fields, φ, χ , minimally-coupled to Einstein gravity [17, 32],

Tµν
S = ∇µφ∇νφ+ Σ1(φ)∇µχ∇νχ−

1
2
(
∇λφ∇λφ+ Σ1(φ)∇λχ∇λχ+ 2V (φ, χ)

)
gµν . (3.1)

During the contracting phase V ≡ V0e
−φ/M with V0 < 0 and Σ1(φ) ≡ eφ/m with M and

m being the characteristic scales of the potential V and the non-linear sigma type kinetic
interaction Σ1, respectively.

It is straightforward to show that ∇µχ ≡ 0 is a solution of the corresponding system of
Einstein-scalar field equations and that it is a stable fixed point solution [17]. This is because
the kinetic interaction (∝ Σ1(φ)) modifies the second term in the χ-equation,

χ̈+
(

3H + φ̇

m

)
χ̇ = 0, (3.2)

flipping it from an anti-friction to a friction provided that φ̇/m > |3H|. As a result, the
background evolution is driven solely by the φ field that acts like a perfect fluid on the
background, rapidly and robustly homogenizing, isotropizing, and flattening the universe.
As shown in ref. [26], after only a few e-folds of contraction of a(t), the dynamics is well-
described by the FRW scaling attractor solution as specified in eq. (2.7) with M−1 =

√
2ε.

Apart from perturbations in the χ field, all classical and quantum fluctuations of both
the matter and the metric experience the Hubble anti-friction such that their amplitude
is continuously decaying. This means, slow contraction is not just a classical but also a
quantum smoother [25]. At the same time, fluctuations in the χ field are being continuously
damped and ‘see’ a de Sitter like background. For the same reason as was argued in the
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inflationary context, the spectrum of perturbations in χ generated during slow contraction
is nearly scale-invariant and gaussian [17].

It is important to note, though, that perturbations in χ do not source co-moving cur-
vature modes during the phase of slow contraction. The proof is based on evaluating the
master equation (2.20) derived above for the linearized Einstein-scalar system with the spe-
cific stress-energy TµνS as given in eq. (3.1). With δφ ≡ φ − φ̄ and δχ ≡ χ − χ̄ denoting
the linearized scalar field components, the linearized energy density, pressure, and co-moving
velocity perturbations take the following form:

δ%N = −δT 0
0 = φ̇δφ̇+ Σ1χ̇δχ̇+

(
1
2Σ1,φχ̇

2 + V,φ
)
δφ−

(
φ̇2 + Σ1χ̇

2
)
Φ, (3.3)

δpN = 1
3δT

i
i = φ̇δφ̇+ Σ1χ̇δχ̇+

(
1
2Σ1,φχ̇

2 − V,φ
)
δφ−

(
φ̇2 + Σ1χ̇

2
)
Φ, (3.4)

∂iδuN =
(
p+ %

)−1
δT 0

i = −∂i

(
φ̇δφ+ Σ1χ̇δχ

φ̇2 + Σ1χ̇2

)
. (3.5)

Here and onwards, we shall work in Newtonian gauge (σsh ≡ 0) as the obvious gauge choice.
For simplicity, we omit the bar for the background solutions φ(t) and χ(t). Using the
Poisson-like equation (2.17) that we derived by combining the Hamiltonian and momentum
constraints (2.11a)–(2.11b), we can identify the k-dependent components of the adiabatic
pressure perturbation and obtain the simple expression

δpnad = V,φφ̇+ V,χχ̇

3HḢ

(
−2k

2

a2 Ψ
)

+ 2
(
V,φΣ1χ̇− V,χφ̇

) φ̇δχ− χ̇δφ
φ̇2 + Σ1χ̇2 . (3.6)

Manifestly, in the long-wavelength/super-Hubble limit (k � aH), there is no or no significant
non-adiabatic pressure contribution if V,χ ≈ 0 and χ̇ ≈ 0, which is exactly the case for the
fixed point attractor solution of interest. It is for this reason that no co-moving curvature is
being generated on super-Hubble scales during the smoothing phase, i.e., with eq. (2.20):

Ṙ = H

Ḣ

k2

a2 Ψ− H

Ḣ

(
V,φΣ1χ̇− V,χφ̇

)
× φ̇δχ− χ̇δφ
φ̇2 + Σ1χ̇2 −−−−−→k/aH�1

0 , (3.7)

which completes the proof that the χ-perturbations cannot source curvature perturbations
during slow contraction.

On the other hand, in what follows, we will show that the non-adiabatic super-Hubble
fluctuations in the χ field generated during the phase of slow contraction can source co-
moving curvature modes on super-Hubble scales during graceful exit from slow contraction.
This fits naturally in scenarios involving a classical (non-singular) bounce. In these scenarios,
the phase of slow contraction ends when the kinetic energy and the total energy density have
both grown to be large enough such that the equation of state ε shrinks and approaches 3, at
which time higher-order kinetic terms in χ become important [16, 33]. We will demonstrate
that such a set-up naturally leads to a non-trivial non-adiabatic pressure component that
induces the generation of curvature modes on super-Hubble scales.

More specifically, to incorporate the stage of graceful exit leading up to the classical
bounce phase, we extend the smoothing stress-energy component TµνS in eq. (3.1) as follows:
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Tµν
exit = Tµν

S + 1
4Σ2(φ)

(
∇λχ∇λχ

)2
gµν − Σ2(φ)

(
∇λχ∇λχ

)
∇µχ∇νχ, (3.8)

where Σ2(φ) is the quartic kinetic interaction.
On an FRW background, the two fields together act as a perfect fluid with energy density

and pressure taking the form

% = −T 0
0 = 1

2 φ̇
2 + 1

2

(
Σ1 + 3

2Σ2χ̇
2
)
χ̇2 + V, (3.9a)

p = 1
3T

i
i = 1

2 φ̇
2 + 1

2

(
Σ1 + 1

2Σ2χ̇
2
)
χ̇2 − V ; (3.9b)

such that the corresponding equation of state parameter is given by

ε = 3×
1
2 φ̇

2 + 1
2
(
Σ1 + Σ2χ̇

2) χ̇2

1
2 φ̇

2 + 1
2

(
Σ1 + 3

2Σ2χ̇2
)
χ̇2 + V

. (3.10)

The evolution of the background ‘fluid’ is determined by the Euler-Lagrange equations
for φ and χ:

φ̈+ 3Hφ̇+ V,φ = 1
2

(
Σ1,φ + 1

2Σ2,φχ̇
2
)
χ̇2, (3.11a)(

Σ1 + 3Σ2χ̇
2
)
χ̈+

(
Σ1 + Σ2χ̇

2
)

3Hχ̇+
(
Σ1,φ + Σ2,φχ̇

2
)
φ̇χ̇+ V,χ = 0. (3.11b)

The quartic kinetic coupling in eq. (3.8)is negligible during the smoothing phase when χ̇ ≈ 0
but becomes important as a(t) continues to shrink and χ̇2 increases. There, Σ2(φ) plays
a twofold role. First, by modifying the damping friction term in the χ-equation (3.11b), it
drives the system away from the scaling attractor solution. In addition, the quartic term acts
as an effective potential on the φ-field in Eq (3.11a), modifying its trajectory. Both effects
together trigger the phase of graceful exit from the smoothing phase.

3.2 Sourcing curvature modes during graceful exit
During graceful exit, the linearly perturbed energy density δ%N and pressure δpN components
are given by

δ%N = −δT 0
0 = φ̇δφ̇+

(
Σ1 + 3Σ2χ̇

2
)
χ̇δχ̇−

(
φ̇2 +

(
Σ1 + 3Σ2χ̇

2
)
χ̇2
)
Φ (3.12a)

+
(
V,φ + 1

2Σ1,φχ̇
2 + 3

4Σ2,φχ̇
4
)
δφ+ V,χδχ,

δpN = 1
3δT

i
i = φ̇δφ̇+

(
Σ1 + Σ2χ̇

2
)
χ̇δχ̇−

(
φ̇2 +

(
Σ1 + Σ2χ̇

2
)
χ̇2
)
Φ (3.12b)

−
(
V,φ −

1
2Σ1,φχ̇

2 − 1
4Σ2,φχ̇

4
)
δφ− V,χδχ.

As before, the co-moving scalar velocity potential δuN can be read off from the 0i-component
of the linearized stress-energy tensor,

δT 0
i = −φ̇∂iδφ−

(
Σ1 + Σ2χ̇

2
)
χ̇∂iδχ = (p+ %) ∂iδuN, (3.13)

or equivalently,

δuN = − φ̇δφ+
(
Σ1 + Σ2χ̇

2) χ̇δχ
φ̇2 + (Σ1 + Σ2χ̇2) χ̇2 . (3.14)
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To identify the k-dependent contributions to the non-adiabatic pressure component
δpnad, we shall again employ the Poisson-like equation (2.17) which specified for Tµνexit takes
the form

−2 k
2

a2 Ψ = φ̇δφ̇+
(
Σ1 + 3Σ2χ̇

2
)
χ̇δχ̇−

(
φ̇2 + Σ1χ̇

2 + 3Σ2χ̇
4
)
Φ (3.15)

+
(
Σ1,φ + 3

2Σ2,φχ̇
2
)1

2 χ̇
2δφ+ V,φδφ+ V,χδχ+ 3H

(
φ̇δφ+

(
Σ1 + Σ2χ̇

2)χ̇δχ) .
Unlike scalar-field induced stress-energy forms that only involve quadratic kinetic terms,
the right hand side of eq. (3.15) explicitly depends not only on the linearized scalar field
components but also on the linearized lapse perturbation Φ. We will use the momentum con-
servation equation (2.12b) to eliminate Φ and write it in terms of the matter field quantities
δ%N, pN and δpnad.

Substituting the expressions (3.12a)–(3.12b) for the linearized energy density δ%N and
pressure δpN into the definition of δpnad as introduced in eq. (2.10) together with eqs. (2.12b),
(3.15) yields

1
2

(
1 + 2Σ2χ̇

4

%+ p

)
δpnad =

(
1− ṗ

%̇

(
1 + 2Σ2χ̇

4

%+ p

))(
−k

2

a2 Ψ
)

(3.16)

+
V,χφ̇−

(
Σ1 + Σ2χ̇

2) (V,φ + 1
4Σ2,φχ̇

4
)
χ̇

%+ p

(
χ̇δφ− φ̇δχ

)
− Σ2χ̇

3 d

dt

(
χ̇δuN + δχ

)
,

where %, p and δuN are given by eqs. (5.2a)–(5.2b), (3.14), respectively. The first line of
eq. (3.16) includes the gradient term. This is the only non-zero term in δpnad and in S =
H δpnad/ṗ in the case of a single scalar field; the fact that it is vanishing on large scales
(k/aH � 1) is why R approaches a constant on super-Hubble scales in these models. The
second line originates from the variation of the potential V , and the quartic kinetic coupling
function Σ2. Finally, the third line follows from the perturbation of the quartic kinetic term,
which, in contrast to the previous terms, also involves time derivatives of the scalar field
perturbations.

Finally, with eq. (2.20), the time-variation of R can be re-expressed in the microscopic
picture:

Ṙ = − 2H
φ̇2 + Σ1χ̇2 + 3Σ2χ̇4 ×

k2

a2 Ψ (3.17)

−
V,χφ̇− Σ1χ̇

(
V,φ + 1

4Σ2,φχ̇
4
)
− 2Σ2χ̇

3
(
V,φ + 3

2Hφ̇−
1
4Σ1,φχ̇

2
)

φ̇2 + Σ1χ̇2 + 3Σ2χ̇4 × 2H φ̇δχ− χ̇δφ
φ̇2 + Σ1χ̇2 + Σ2χ̇4

− 2Σ2χ̇
3φ̇

φ̇2 + Σ1χ̇2 + 3Σ2χ̇4 ×H
d

dt

(
φ̇δχ− χ̇δφ

φ̇2 + Σ1χ̇2 + Σ2χ̇4

)
,

This is one of the main results of our paper. In contrast to the single-field case with con-
ventional kinetic term, or the case of two scalar fields with quadratic kinetic coupling and
V = Σ2 = 0, the evolution of R is non-trivial on large scales in the presence of a second field
together with a potential and a quartic kinetic term contributions.
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4 Geometric interpretation (and the absence thereof)

To illustrate the connection between the macroscopic (hydrodynamical) picture and the mi-
crophysics as well as the relation between the co-moving curvature and the entropy modes,
R and S, it is common to write R as a weighted sum of the individual contributions by the
two perturbed scalars,

R ≡ Ψ−H
(
ωφδuφ + ωχδuχ︸ ︷︷ ︸

≡ δσ/σ̇

)
, (4.1)

which together define the adiabatic fluctuation δσ with the adiabatic field defined through

σ̇ ≡
√
−2Ḣ . (4.2)

Here δuφ, δuχ are the co-moving scalar velocity potentials associated with the perturbed
matter fields δφ and δχ, respectively, given by

δuφ ≡ −
δφ

φ̇
, δuχ ≡ −

δχ

χ̇
; (4.3)

and the weight factors are defined as

ωφ ≡
φ̇2

−2Ḣ
, ωχ ≡

Σ1χ̇
2 + Σ2χ̇

4

−2Ḣ
. (4.4)

Note that ωφ + ωχ ≡ 1.
One can associate the weight factors with the angle ϑ between the scalars and the

adiabatic direction in field space [34], i.e.

cos2ϑ ≡ ωφ, sin2ϑ ≡ ωχ . (4.5)

such that the adiabatic mode introduced in eq. (4.2) can be re-expressed as

σ̇ ≡ cosϑφ̇+ sinϑẊ (4.6)

and, similarly, the adiabatic fluctuation defined through eq. (4.1) can be re-written as

δσ = cosϑ δφ+ sinϑ δX . (4.7)

Note that we rescaled χ̇ and δχ so that Ẋ ≡
√

Σ1 + Σ2χ̇2χ̇ and δX ≡
√

Σ1 + Σ2χ̇2 δχ.
In the case of two (or multiple) scalar fields with quadratic kinetic terms that have a

well-defined field-space metric, this geometric interpretation suggests that the macroscopic
entropy perturbation S as introduced in eq. (2.19) can be associated with a scalar field δσ⊥
which, in field space, is perpendicular to the adiabatic direction δσ, i.e.,

δσ⊥ ≡ −sinϑ δφ+ cosϑ δX. (4.8)

For example, if Σ2 ≡ 0 in eq. (3.8) as is the case during slow contraction, the evolution
equation for the adiabatic field σ takes the simple form

σ̈ + 3Hσ̇ + V,σ = 0 , (4.9)
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where the potential slope along the adiabatic field direction is given by

V,σ ≡ cosϑV,φ + sinϑ V,χ√
Σ1
. (4.10)

With eq. (4.5), it is immediately apparent that the non-adiabatic pressure perturbation δpnad
derived in eq. (3.6) is proportional to δσ⊥ in the long-wavelength limit (k/aH � 1),

δpnad −−−−−→
k/aH�1

−2×
(

cosϑ V,χ√
Σ1
− sinϑV,φ

)
× δσ⊥ , (4.11)

such that, on super-Hubble scales, the time variation of the co-moving curvature perturbation
as obtained in eq. (3.7) can be re-expressed as

Ṙ −−−−−→
k/aH�1

2×
(

cosϑ V,χ√
Σ1
− sinϑV,φ

)
×
(
−Hδσ⊥

σ̇

)
. (4.12)

Here, the proportionality term

V,σ⊥ ≡ cosϑ V,χ√
Σ1
− sinϑV,φ (4.13)

can be viewed as the potential slope along the σ⊥ direction. That is, co-moving curvature
modes are sourced by scalar potentials that have non-zero slopes along the σ⊥ direction.
Since in the special case of two canonical scalars (Σ1 ≡ 1),

−
V,σ⊥

σ̇
= ϑ̇ , (4.14)

this geometric picture led to relating the generation of non-adiabatic pressure with turning of
the background trajectory in field space (ϑ̇ 6= 0). Indeed, cosmological model building in the
context of slow contraction exclusively considered this option to source co-moving curvature
modes by entropic fluctuations [19, 34]. This interpretation is misleading, though, because
it only holds for Σ1 ≡ 1, as was noted, e.g., in ref. [35].

More generally, the geometric picture, according to which the entropic sourcing mech-
anism is always associated with a scalar potential that has a non-zero slope along the σ⊥
direction, does not hold in scenarios where the transition to the expanding phase is driven
by a classical (non-singular) bounce. As pointed out above, here slow contraction ends due
to higher-order kinetic terms becoming important at high (yet classical) energy scales. In
these cases, Ṙ depends on both δσ⊥ and its time derivative δσ̇⊥ and can be sourced in the
absence of potentials, as can be seen, e.g., from eq. (3.17) and the examples presented below
in section 5.

This demonstrates an essential physical difference between the true hydrodynamical
entropy perturbation S and the microphysical relative field fluctuation δσ⊥, despite the
nomenclature sometimes given to δσ⊥ as the generalized entropy perturbation [34, 36]. To
keep the physics clear, we suggest here and henceforth using ‘entropy perturbation’ to refer
to the unambiguous hydrodynamic quantity S, and suggest using ‘relative field fluctuation’
for the microphysical quantity δσ⊥.
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5 Special examples

In this section, we briefly discuss some of the ways curvature perturbation can be generated
on super-Hubble scales using the entropic mechanism in cases where the scalar potential is
negligible, V (φ, χ) ≈ 0.

The scalar potential is the only source of coupling between the curvature perturbationR
and the relative scalar matter field fluctuations in the model of two fields with only quadratic
kinetic terms (Σ2 ≡ 0), leading to a non-zero non-adiabatic pressure contribution δpnad 6= 0.
The cases presented below where V (φ, χ) may be negligibly small or zero illustrate the new
possibilities arising due to the presence of higher-order kinetic terms as analyzed in this paper.
In particular, unlike the examples commonly presented in the literature, these scenarios do
not rely on turning of the two-field background trajectory for the entropic mechanism to
generate curvature perturbations.

If V (φ, χ) ≈ 0, it follows from eq. (3.16) that the non-adiabatic pressure perturbation
is given by

1
2

(
1 + 2Σ2χ̇

4

%+ p

)
δpnad ≈

(
1− ṗ

%̇

(
1 + 2Σ2χ̇

4

%+ p

))(
−k

2

a2 Ψ
)

(5.1)

+
(1

4
(
Σ1 + Σ2χ̇

2)Σ2,φχ̇
5 − Σ2χ̇

3φ̈

)
φ̇δχ− χ̇δφ
%+ p

− Σ2χ̇
3 d

dt

( φ̇δχ− χ̇δφ
%+ p

)
,

where the background energy density and pressure are defined as

% ≈1
2 φ̇

2 + 1
2Σ1χ̇

2 + 3
4Σ2χ̇

4, (5.2a)

p ≈1
2 φ̇

2 + 1
2Σ1χ̇

2 + 1
4Σ2χ̇

4. (5.2b)

It is obvious from eq. (5.1) that, in general, δpnad 6= 0 despite the absence of a potential
interaction term between the scalars. As a matter of fact, non-adiabatic pressure is being
sourced due to the higher-order kinetic term in χ even in the absence of kinetic coupling
between the two scalars (i.e., constant Σ1 and Σ2).

For example, if all kinetic coefficients are constants, Σ1 ≡ 1 and Σ2 ≡ Λ−4 (where Λ is
the strong coupling scale of the χ-field), using eqs. (2.19)–(2.20), the time variation of the
co-moving curvature fluctuation on super-Hubble wavelengths is given by

Ṙ −−−−−→
k/aH�1

6Λ−4χ̇3φ̇

φ̇2 + χ̇2 + 3Λ−4χ̇4 ×H
2 φ̇δχ− χ̇δφ
φ̇2 + χ̇2 + Λ−4χ̇4 (5.3)

− 2Λ−4χ̇3φ̇

φ̇2 + χ̇2 + 3Λ−4χ̇4 ×H
d

dt

(
φ̇δχ− χ̇δφ

φ̇2 + χ̇2 + Λ−4χ̇4

)
.

The expression for Ṙ in eq. (5.3) illustrates the key novel features of the ‘kinetically driven’
entropic mechanism: first, on large scales (k/aH � 1), the co-moving curvature mode evolves
as a function of both the relative field fluctuation and its time derivative. This is in sharp
contrast to the cases in whichR is sourced due to the presence of a scalar interaction potential
V (φ, χ) between φ and χ. Second, although the two fields do not interact directly, R is
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nevertheless being sourced on super-Hubble scales due to the presence of the quartic kinetic
term.

The role of the non-negligible quartic kinetic coupling becomes further obvious when
introducing a non-linear sigma-type interaction between the scalars (Σ1 ≡ Σ1(φ)) but no
quartic interaction (Σ2 ≡ Λ−4). In this case, Ṙ is non-zero only due to the presence of the
quartic term as in the previous example where there was no direct interaction between the
scalar matter fields:

Ṙ −−−−−→
k/aH�1

Λ−4χ̇3
(
3Hφ̇− 1

2Σ1,φχ̇
2
)

φ̇2 + Σ1χ̇2 + 3Λ−4χ̇4 ×H φ̇δχ− χ̇δφ
φ̇2 + Σ1χ̇2 + Λ−4χ̇4 (5.4)

− 2Λ−4χ̇3φ̇

φ̇2 + Σ1χ̇2 + 3Λ−4χ̇4 ×H
d

dt

(
φ̇δχ− χ̇δφ

φ̇2 + Σ1χ̇2 + Λ−4χ̇4

)
.

On the other hand, if the two scalars interact only through the quartic kinetic term
(Σ1 ≡ 1 and Σ2 ≡ Σ2(φ)), the expression for the time variation of the co-moving curvature
mode on super-Hubble scales is modified:

Ṙ −−−−−→
k/aH�1

Σ2χ̇
3
(
3Hφ̇+ 1

4
Σ2,φ
Σ2

χ̇2
)

φ̇2 + χ̇2 + 3Σ2χ̇4 ×H φ̇δχ− χ̇δφ
φ̇2 + χ̇2 + Σ2χ̇4 (5.5)

− 2Σ2χ̇
3φ̇

φ̇2 + χ̇2 + 3Σ2χ̇4 ×H
d

dt

(
φ̇δχ− χ̇δφ

φ̇2 + χ̇2 + Σ2χ̇4

)
.

6 Summary and outlook

Our goal in this paper was to explore the ‘entropic mechanism’ for inducing the generation
of co-moving curvature perturbations on large scales when the mode wavelengths are much
larger than the Hubble radius (k/aH � 1). The entropic mechanism is of particular im-
portance in the context of bouncing and cyclic cosmologies in which the generation of the
observed spectrum of nearly scale-invariant and gaussian curvature perturbations during a
slow contraction smoothing phase is not possible through a purely adiabatic mechanism [31].

The key lessons from this study are:

- by employing a hydrodynamic approach, we showed that co-moving curvature perturba-
tions can be sourced whenever the non-adiabatic component of the linearized pressure
is non-vanishing on super-Hubble scales;

- this sourcing mechanism can be viewed as a consequence of local momentum conserva-
tion of the stress-energy in the context of Einstein gravity;

- two interacting scalar matter fields minimally coupled to Einstein gravity can act as a
source for non-adiabatic pressure perturbation;

- a possible, already explored way for the generation of non-adiabatic pressure pertur-
bations is the family of two-field models where the fields are coupled through their
potential energy density [14, 18–21];

- another, novel way analyzed in this paper is the ‘kinetic sourcing’ where non-adiabatic
pressure is generated due to the presence of higher-order kinetic terms;
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- ‘kinetic sourcing’ can occur even if the potential energy density of the fields is zero or
negligible or if the fields do not interact through their kinetic terms;

- the ‘kinetic sourcing’ is especially important in the context of non-singular bouncing
and cyclic cosmologies during the phase of graceful exit in cases where the smoothing
stage ends due to higher-order kinetic terms becoming important.

Our results open up new avenues for model building in various cosmological applications.
In a companion paper [37], we show under which conditions the novel ‘kinetically driven’ en-
tropic mechanism leads to the generation of a nearly scale-invariant spectrum of co-moving
curvature perturbations consistent with current experimental observations. It would be espe-
cially interesting to see the implementation of the kinetic mechanism in other early-universe
scenarios, such as models involving galilean genesis [38], ghost condensation [39] or limiting
curvature [40].

Acknowledgments

We thank Paul J. Steinhardt and V. (Slava) Mukhanov for helpful comments and discussions.
The work of A.I. is supported by the Lise Meitner Excellence Program of the Max Planck
Society and by the Simons Foundation grant number 663083. R.K. thanks the Max Planck
Institute for Gravitational Physics (Hannover) for hospitality, where parts of this work were
completed.

References

[1] Planck collaboration, Planck 2018 results. VI. Cosmological parameters, Astron. Astrophys.
641 (2020) A6 [arXiv:1807.06209] [INSPIRE].

[2] Planck collaboration, Planck 2018 results. X. Constraints on inflation, Astron. Astrophys.
641 (2020) A10 [arXiv:1807.06211] [INSPIRE].

[3] Planck collaboration, Planck 2018 results. IX. Constraints on primordial non-Gaussianity,
Astron. Astrophys. 641 (2020) A9 [arXiv:1905.05697] [INSPIRE].

[4] WMAP collaboration, Five-Year Wilkinson Microwave Anisotropy Probe (WMAP)
Observations: Cosmological Interpretation, Astrophys. J. Suppl. 180 (2009) 330
[arXiv:0803.0547] [INSPIRE].

[5] Atacama Cosmology Telescope collaboration, The Atacama Cosmology Telescope:
Cosmological parameters from three seasons of data, JCAP 10 (2013) 060 [arXiv:1301.0824]
[INSPIRE].

[6] J.M. Bardeen, P.J. Steinhardt and M.S. Turner, Spontaneous Creation of Almost Scale — Free
Density Perturbations in an Inflationary Universe, Phys. Rev. D 28 (1983) 679 [INSPIRE].

[7] M. Sasaki, Gauge Invariant Scalar Perturbations in the New Inflationary Universe,
Prog. Theor. Phys. 70 (1983) 394 [INSPIRE].

[8] V.F. Mukhanov, Quantum Theory of Gauge Invariant Cosmological Perturbations, Sov. Phys.
JETP 67 (1988) 1297 [INSPIRE].

[9] A.H. Guth, The Inflationary Universe: A Possible Solution to the Horizon and Flatness
Problems, Phys. Rev. D 23 (1981) 347 [INSPIRE].

[10] A.D. Linde, A New Inflationary Universe Scenario: A Possible Solution of the Horizon,
Flatness, Homogeneity, Isotropy and Primordial Monopole Problems, Phys. Lett. B 108 (1982)
389 [INSPIRE].

– 16 –

https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.06209
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1051/0004-6361/201833887
https://arxiv.org/abs/1807.06211
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.06211
https://doi.org/10.1051/0004-6361/201935891
https://arxiv.org/abs/1905.05697
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.05697
https://doi.org/10.1088/0067-0049/180/2/330
https://arxiv.org/abs/0803.0547
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0803.0547
https://doi.org/10.1088/1475-7516/2013/10/060
https://arxiv.org/abs/1301.0824
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1301.0824
https://doi.org/10.1103/PhysRevD.28.679
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD28%2C679%22
https://doi.org/10.1143/PTP.70.394
https://inspirehep.net/search?p=find+J%20%22Prog.Theor.Phys.%2C70%2C394%22
https://inspirehep.net/search?p=find+J%20%22Sov.Phys.JETP%2C67%2C1297%22
https://doi.org/10.1103/PhysRevD.23.347
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD23%2C347%22
https://doi.org/10.1016/0370-2693(82)91219-9
https://doi.org/10.1016/0370-2693(82)91219-9
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB108%2C389%22


J
C
A
P
0
6
(
2
0
2
1
)
0
1
2

[11] A. Albrecht and P.J. Steinhardt, Cosmology for Grand Unified Theories with Radiatively
Induced Symmetry Breaking, Phys. Rev. Lett. 48 (1982) 1220 [INSPIRE].

[12] D.H. Lyth and D. Wands, Generating the curvature perturbation without an inflaton,
Phys. Lett. B 524 (2002) 5 [hep-ph/0110002] [INSPIRE].

[13] D. La and P.J. Steinhardt, Extended Inflationary Cosmology, Phys. Rev. Lett. 62 (1989) 376
[Erratum ibid. 62 (1989) 1066] [INSPIRE].

[14] 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. D 64 (2001) 123522 [hep-th/0103239] [INSPIRE].

[15] A. Ijjas and P.J. Steinhardt, Bouncing Cosmology made simple, Class. Quant. Grav. 35 (2018)
135004 [arXiv:1803.01961] [INSPIRE].

[16] A. Ijjas and P.J. Steinhardt, A new kind of cyclic universe, Phys. Lett. B 795 (2019) 666
[arXiv:1904.08022] [INSPIRE].

[17] A.M. Levy, A. Ijjas and P.J. Steinhardt, Scale-invariant perturbations in ekpyrotic cosmologies
without fine-tuning of initial conditions, Phys. Rev. D 92 (2015) 063524 [arXiv:1506.01011]
[INSPIRE].

[18] F. Finelli, Assisted contraction, Phys. Lett. B 545 (2002) 1 [hep-th/0206112] [INSPIRE].

[19] J.-L. Lehners, P. McFadden, N. Turok and P.J. Steinhardt, Generating ekpyrotic curvature
perturbations before the big bang, Phys. Rev. D 76 (2007) 103501 [hep-th/0702153] [INSPIRE].

[20] E.I. Buchbinder, J. Khoury and B.A. Ovrut, New Ekpyrotic cosmology, Phys. Rev. D 76 (2007)
123503 [hep-th/0702154] [INSPIRE].

[21] K. Koyama, S. Mizuno and D. Wands, Curvature perturbations from ekpyrotic collapse with
multiple fields, Class. Quant. Grav. 24 (2007) 3919 [arXiv:0704.1152] [INSPIRE].

[22] D.A. Easson, I. Sawicki and A. Vikman, G-Bounce, JCAP 11 (2011) 021 [arXiv:1109.1047]
[INSPIRE].

[23] V.F. Mukhanov, H.A. Feldman and R.H. Brandenberger, Theory of cosmological perturbations.
Part 1. Classical perturbations. Part 2. Quantum theory of perturbations. Part 3. Extensions,
Phys. Rept. 215 (1992) 203 [INSPIRE].

[24] L.-M. Wang, V.F. Mukhanov and P.J. Steinhardt, On the problem of predicting inflationary
perturbations, Phys. Lett. B 414 (1997) 18 [astro-ph/9709032] [INSPIRE].

[25] W.G. Cook, I.A. Glushchenko, A. Ijjas, F. Pretorius and P.J. Steinhardt, Supersmoothing
through Slow Contraction, Phys. Lett. B 808 (2020) 135690 [arXiv:2006.01172] [INSPIRE].

[26] A. Ijjas, W.G. Cook, F. Pretorius, P.J. Steinhardt and E.Y. Davies, Robustness of slow
contraction to cosmic initial conditions, JCAP 08 (2020) 030 [arXiv:2006.04999] [INSPIRE].

[27] J.M. Bardeen, Gauge Invariant Cosmological Perturbations, Phys. Rev. D 22 (1980) 1882
[INSPIRE].

[28] D. Wands, K.A. Malik, D.H. Lyth and A.R. Liddle, A New approach to the evolution of
cosmological perturbations on large scales, Phys. Rev. D 62 (2000) 043527 [astro-ph/0003278]
[INSPIRE].

[29] S. Weinberg, Adiabatic modes in cosmology, Phys. Rev. D 67 (2003) 123504
[astro-ph/0302326] [INSPIRE].

[30] A. Ijjas, Space-time slicing in Horndeski theories and its implications for non-singular bouncing
solutions, JCAP 02 (2018) 007 [arXiv:1710.05990] [INSPIRE].

[31] P. Creminelli, A. Nicolis and M. Zaldarriaga, Perturbations in bouncing cosmologies: Dynamical
attractor versus scale invariance, Phys. Rev. D 71 (2005) 063505 [hep-th/0411270] [INSPIRE].

– 17 –

https://doi.org/10.1103/PhysRevLett.48.1220
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C48%2C1220%22
https://doi.org/10.1016/S0370-2693(01)01366-1
https://arxiv.org/abs/hep-ph/0110002
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0110002
https://doi.org/10.1103/PhysRevLett.62.376
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C62%2C376%22
https://doi.org/10.1103/PhysRevD.64.123522
https://arxiv.org/abs/hep-th/0103239
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0103239
https://doi.org/10.1088/1361-6382/aac482
https://doi.org/10.1088/1361-6382/aac482
https://arxiv.org/abs/1803.01961
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1803.01961
https://doi.org/10.1016/j.physletb.2019.06.056
https://arxiv.org/abs/1904.08022
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.08022
https://doi.org/10.1103/PhysRevD.92.063524
https://arxiv.org/abs/1506.01011
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1506.01011
https://doi.org/10.1016/S0370-2693(02)02554-6
https://arxiv.org/abs/hep-th/0206112
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0206112
https://doi.org/10.1103/PhysRevD.76.103501
https://arxiv.org/abs/hep-th/0702153
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0702153
https://doi.org/10.1103/PhysRevD.76.123503
https://doi.org/10.1103/PhysRevD.76.123503
https://arxiv.org/abs/hep-th/0702154
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0702154
https://doi.org/10.1088/0264-9381/24/15/010
https://arxiv.org/abs/0704.1152
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0704.1152
https://doi.org/10.1088/1475-7516/2011/11/021
https://arxiv.org/abs/1109.1047
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1109.1047
https://doi.org/10.1016/0370-1573(92)90044-Z
https://inspirehep.net/search?p=find+J%20%22Phys.Rept%2C215%2C203%22
https://doi.org/10.1016/S0370-2693(97)01166-0
https://arxiv.org/abs/astro-ph/9709032
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F9709032
https://doi.org/10.1016/j.physletb.2020.135690
https://arxiv.org/abs/2006.01172
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.01172
https://doi.org/10.1088/1475-7516/2020/08/030
https://arxiv.org/abs/2006.04999
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.04999
https://doi.org/10.1103/PhysRevD.22.1882
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD22%2C1882%22
https://doi.org/10.1103/PhysRevD.62.043527
https://arxiv.org/abs/astro-ph/0003278
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F0003278
https://doi.org/10.1103/PhysRevD.67.123504
https://arxiv.org/abs/astro-ph/0302326
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F0302326
https://doi.org/10.1088/1475-7516/2018/02/007
https://arxiv.org/abs/1710.05990
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.05990
https://doi.org/10.1103/PhysRevD.71.063505
https://arxiv.org/abs/hep-th/0411270
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0411270


J
C
A
P
0
6
(
2
0
2
1
)
0
1
2

[32] M. Li, Generating scale-invariant tensor perturbations in the non-inflationary universe,
Phys. Lett. B 736 (2014) 488 [Erratum ibid. 747 (2015) 562] [arXiv:1405.0211] [INSPIRE].

[33] A. Ijjas and P.J. Steinhardt, Fully stable cosmological solutions with a non-singular classical
bounce, Phys. Lett. B 764 (2017) 289 [arXiv:1609.01253] [INSPIRE].

[34] C. Gordon, D. Wands, B.A. Bassett and R. Maartens, Adiabatic and entropy perturbations
from inflation, Phys. Rev. D 63 (2000) 023506 [astro-ph/0009131] [INSPIRE].

[35] F. Di Marco, F. Finelli and R. Brandenberger, Adiabatic and isocurvature perturbations for
multifield generalized Einstein models, Phys. Rev. D 67 (2003) 063512 [astro-ph/0211276]
[INSPIRE].

[36] D. Wands, N. Bartolo, S. Matarrese and A. Riotto, An Observational test of two-field inflation,
Phys. Rev. D 66 (2002) 043520 [astro-ph/0205253] [INSPIRE].

[37] A. Ijjas and R. Kolevatov, Nearly scale-invariant curvature modes from entropy perturbations
during graceful exit, arXiv:2102.03818 [INSPIRE].

[38] P. Creminelli, A. Nicolis and E. Trincherini, Galilean Genesis: An Alternative to inflation,
JCAP 11 (2010) 021 [arXiv:1007.0027] [INSPIRE].

[39] N. Arkani-Hamed, H.-C. Cheng, M.A. Luty and S. Mukohyama, Ghost condensation and a
consistent infrared modification of gravity, JHEP 05 (2004) 074 [hep-th/0312099] [INSPIRE].

[40] V.F. Mukhanov and R.H. Brandenberger, A Nonsingular universe, Phys. Rev. Lett. 68 (1992)
1969 [INSPIRE].

– 18 –

https://doi.org/10.1016/j.physletb.2014.08.008
https://arxiv.org/abs/1405.0211
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1405.0211
https://doi.org/10.1016/j.physletb.2016.11.047
https://arxiv.org/abs/1609.01253
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1609.01253
https://doi.org/10.1103/PhysRevD.63.023506
https://arxiv.org/abs/astro-ph/0009131
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F0009131
https://doi.org/10.1103/PhysRevD.67.063512
https://arxiv.org/abs/astro-ph/0211276
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F0211276
https://doi.org/10.1103/PhysRevD.66.043520
https://arxiv.org/abs/astro-ph/0205253
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F0205253
https://arxiv.org/abs/2102.03818
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.03818
https://doi.org/10.1088/1475-7516/2010/11/021
https://arxiv.org/abs/1007.0027
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1007.0027
https://doi.org/10.1088/1126-6708/2004/05/074
https://arxiv.org/abs/hep-th/0312099
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0312099
https://doi.org/10.1103/PhysRevLett.68.1969
https://doi.org/10.1103/PhysRevLett.68.1969
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C68%2C1969%22

	Introduction
	Hydrodynamic analysis
	Background evolution
	Scalar perturbations

	Curvature modes from `graceful exit'
	Graceful exit in non-singular bouncing cosmologies
	Sourcing curvature modes during graceful exit

	Geometric interpretation (and the absence thereof)
	Special examples
	Summary and outlook

