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Performing a fully non-perturbative analysis using the tools of numerical general relativity, we
demonstrate that a period of slow contraction is a “supersmoothing” cosmological phase that homo-
genizes, isotropizes and flattens the universe both classically and quantum mechanically and can do so
far more robustly and rapidly than had been realized in earlier studies.
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1. Introduction

The degree of homogeneity, isotropy and flatness observed in
the universe on large scales is generally viewed as so striking that
it calls for some kind of cosmological phase to explain it. Typically,
this very same phase is also supposed to be the source of a nearly
scale-invariant spectrum of quantum fluctuations spanning length
scales much larger than the Hubble radius that, through one means
or another, lead to a spectrum of density perturbations.

To achieve these objectives, the phase must be a supersmoother,
meaning it must be a

(i) classical smoother (the relative contribution of small inhomo-
geneities and anisotropies to the total energy density must
shrink according to classical cosmological evolution equa-
tions);

(ii) quantum smoother (homogenizes and isotropizes even when
all quantum fluctuations are included);

(iii) robust smoother (insensitive to initial conditions even when
they correspond to large, non-perturbative deviations from a
homogeneous and isotropic spacetime); and,

(iv) rapid smoother (sufficient smoothing is achieved well before
the phase ends).
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The goal of this paper is to show that a slow contraction phase
[1] (also known as an ekpyrotic contraction phase [2-4]) satisfies
these four conditions. In fact, it is the only currently known exam-
ple of a supersmoothing cosmological phase.

Slow contraction is the mechanism commonly invoked in
bouncing and cyclic cosmologies [1,5]. A standard example, and
one that will be used here, is described by a canonical scalar field
¢ minimally-coupled to Einstein gravity with a negative exponen-
tial potential

V() =—Voe VZ = _yge /M (1)

where Vg > 0 and M~! = +/2¢ > 1. (Here and throughout units in
which the reduced Planck mass is set equal to one are used.)

Slow contraction is an attractor scaling solution in which the
scalar field homogeneously evolves down the potential as ¢ (t) =
J2/eIn|t| and the scale factor decreases as a(t) o [t|1/¢ [6]. In
this limit, the parameter & characterizes the equation of state;
more exactly, € = (3/2)(1 + p/o) where p is the pressure and o
is the energy density associated with the scalar field. (The contri-
butions of matter, radiation, gradient energy, and all other forms
of energy are negligible during the attractor phase.) The slow con-
traction phase is followed by a classical (non-singular) bounce and
reheating (e.g., decay of the scalar field energy) to a hot expanding
phase with all the large-scale properties of the universe already set
as needed to explain cosmological observations.
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Appealing features of bouncing cosmologies of this type are
that they are geodesically complete; resolve the cosmic singularity
problem; avoid quantum runaway effects that lead to a multiverse
of outcomes; and can generate a nearly scale-invariant spectrum
of nearly gaussian density perturbations without producing a cor-
responding spectrum of primary tensor perturbations (in accord
with current observations) [1]. In addition, recently proposed self-
similar cyclic versions [5] avoid the Tolman entropy problem of
earlier cyclic cosmologies; enable information to pass smoothly
across each bounce; predict the instability of the current vacuum;
and assign dark energy a new role as the critical component shap-
ing the overall cyclic history of the universe. However, all of these
features rely on slow contraction being a supersmoothing phase.

We begin by reviewing the already-established case that slow
contraction is (i) a classical and (ii) a quantum smoother. These
conditions can be verified using perturbative analyses around ho-
mogeneous spacetimes. We then turn to new results based on
fully non-perturbative calculations utilizing the tools of numeri-
cal general relativity that establish (iii) the robust insensitivity to
initial conditions and (iv) the rapidity with which slow contraction
smooths the universe.

This investigation builds on early work by Garfinkle et al. [7]
that adapted numerical relativity methods to study the robust-
ness of slow contraction as a classical smoother beginning from
highly non-linear, non-perturbative deviations from homogeneity
and isotropy. Based on case studies, the Garfinkle et al. results sug-
gested that, generically, smoothing never completes. Rather, slow
contraction suffices to make most of the volume homogeneous and
isotropic, but there always remains a small regime that is inhomo-
geneous and anisotropic.

Here we demonstrate that the case studies of Ref. [7] were
anomalous in that they inadvertently began with cosmologically
implausible initial conditions and limited values of ¢. In our study
using still highly non-perturbative but now physically plausible ini-
tial conditions, we find that slow contraction for sufficiently large
€ generically results in an entirely smoothed universe and no rem-
nants of inhomogeneity and anisotropy. We further show that, for
somewhat larger values of &, the smoothing completes rapidly af-
ter only a tiny amount of contraction, as required to generate a
sufficiently broadband spectrum of nearly scale-invariant density
perturbations to explain the temperature variations in the cosmic
microwave background. In other words, slow contraction is a sig-
nificantly more effective and robust smoothing mechanism than
suggested by the earlier study.

2. Classical smoother

We define a phase as a ‘classical smoother’ if the dynamical
attractor solution is a flat, homogeneous, and isotropic universe
presuming initial conditions that can be described as small per-
turbations about a Friedmann-Robertson-Walker (FRW) spacetime
and the generalized Friedmann equation,

1(p% p9 3 k  o?
2 m r ¢
H E(a—3+a_4+a? _a_2+a—6’ )

where H =a/a is the Hubble parameter; dot denotes differentia-
tion with respect to the physical time coordinate t; the scale factor
a(t) is normalized so that a(tp) =1 at t =tp; p? represents the en-
ergy density for component i at t =tp; and i € {m,r, ¢} refers to
the densities of matter, radiation and the scalar field (kinetic plus
potential energy density), respectively. The last two terms corre-
spond to the spatial curvature and anisotropy. Note that the scalar
field gradient energy density in this perturbative limit scales as
1/a?, the same way as the spatial curvature.

Slow contraction with ¢ > 3 is a classical smoother because the
scalar field energy density pg /a%¢ increases faster than all other
terms as a(t) decreases. Analogously, inflationary expansion [8-10]
with € < 1 passes this test because the scalar field energy density
for this equation of state decreases slower than all other terms as
a(t) increases.

A reasonable objection to this test is that it assumes near ho-
mogeneity as an initial condition, the same condition that slow
contraction (or inflation) is supposed to explain. The test further
assumes that quantum fluctuations have a negligible effect on the
background evolution, which is inconsistent with the fact that in-
flation is generally eternal [11,12] due to large quantum backreac-
tion effects. That is why the next conditions must also be satis-
fied for a cosmological phase to be considered as supersmoother
mechanism capable of explaining the large-scale properties of the
universe.

3. Quantum smoother

A litmus test for a ‘quantum smoother’ is that an initially ho-
mogeneous, flat, and anisotropic universe should be stable to quan-
tum fluctuations generated during the smoothing phase.

A classical smoother is not necessarily a quantum smoother. In
an inflationary phase, for example, quantum fluctuations of the in-
flaton generate growing mode curvature fluctuations that drive the
universe away from homogeneity. (That there are growing modes
traces back in the Mukhanov-Sasaki perturbation equation [13-15]
to the fact that a”/a > 0 for an expanding phase with € < 1, where
prime represents d/dt and t is the conformal time.)

The standard approach in inflationary model-building is to
suppress the unstable growth for a range of inflaton field val-
ues (corresponding to the last 60 e-folds of inflation, say) by
setting the inflaton self-interaction strength to be exponentially
small [16,17] and setting the initial field strength and kinetic
energy density to lie within a specific restricted range. This is
the source of the “fine-tuning” and “initial condition” problems
of inflation. However, there is generally no physical mechanism
that can restrain a quantum field like the inflaton from ex-
ploring values and kinetic energy densities that lie far outside
the chosen restricted range, including a range of values some-
times called the ‘self-reproduction’ regime. In regions of space
where the field lies in this regime, the quantum-induced per-
turbations dominate over classical evolution [11,12,18] and excite
growing mode curvature perturbations [19]. The result is a quan-
tum runaway effect in which quantum fluctuations superimposed
on quantum fluctuations transform a universe - even if it is per-
fectly homogeneous and isotropic universe initially - into a spacetime
with arbitrary and unpredictable deviations from homogeneity
and isotropy. By definition, this means that inflation fails the lit-
mus test for a quantum smoother, even though it is a classical
smoother.

Failing this test is critical. It means that, in a fundamental sense,
inflation cannot explain the homogeneity (isotropy or spatial flat-
ness) of the universe. While it is possible that some regions of
spacetime are smooth, they are not generic.

In contrast, the curvature modes decay during slow contrac-
tion; e.g, the sign of a’/a in the Mukhanov-Sasaki equation [13-
15] is negative during a contracting phase with & > 2. Conse-
quently, homogeneity, isotropy and spatial flatness are preserved
even when quantum fluctuations are included. Slow contraction
therefore passes the litmus test, meaning that it can actually
explain the observed large-scale properties of the universe. At
present, slow contraction is the only known example of a cos-
mological phase that is both a quantum smoother and a classical
smoother.
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4. Robust smoother

A cosmological phase that classically smooths only for small
perturbations away from FRW does not explain the observed ho-
mogeneity and isotropy because it fails to smooth for generic initial
conditions. Hence, a third condition for supersmoothing is that the
phase be a ‘robust’ smoother: homogeneity and isotropy should
emerge even if the initial conditions are non-perturbatively far
away from FRW. The wider the range of initial conditions that can
be smoothed, the more robust is the smoothing phase. As we shall
see, this imposes a somewhat more stringent constraint on the
equation of state & during a contracting phase than required to
be a classical smoother (¢ > 3) or quantum smoother (& > 2).

To analyze the robustness of slow contraction to a wide range
of initial conditions with non-perturbative deviations from FRW,
we solve the full 3+1 dimensional Einstein-scalar field equations
numerically beginning from large initial inhomogeneous spatial
curvature, matter density and shear and track their evolution for
long times (i.e., up to several hundreds of e-folds). As in Ref. [7],
we restrict ourselves to deviations from homogeneity along a sin-
gle spatial direction so that the spacetimes have two Killing fields,
although with sufficiently general initial data that the behavior ap-
proaching the singularity is the same as with no restriction. The
scheme is fully detailed in Ref. [20]. (We have extended our nu-
merical simulations to cases where the inhomogeneities are along
two dimensions that will be presented elsewhere [21], but we have
not observed any qualitative differences in the result.)

We note that, at present, there is no analogous test of robust-
ness for an expanding case, including inflation. Recent work has
used full numerical relativity simulations to explore smoothing
of large initial inhomogeneities in inflation [22,23], though these
early studies have only considered initial data with rather special
initial conditions that favor inflation and is arguably far from what
might be expected as a generic pre-inflationary state.

A key feature of our scheme is to use scale-invariant (Hubble-
normalized) variables (denoted by bar). For example, we define the
scalar field time derivative

W=N"15¢ (3)

where A/ = N/® is the scale-invariant generalization of the lapse
N, and the time coordinate t is given through

el =10, (4)

with ® = |[H™1|, so that surfaces of constant time are constant
mean curvature hypersurfaces. (Here we explicitly consider a uni-
verse that is contracting everywhere initially. A different scheme,
the subject of ongoing work, is needed if the initial hypersur-
face contains a mixture of locally expanding and contracting pock-
ets.)

Note that, in the homogeneous limit, the variables of our nu-
merical scheme reduce to the well-known dimensionless Fried-
mann variables, €; for component i, representing the fractional
contribution of component i (matter density, curvature or aniso-
tropy) to H? in the Friedmann equation, see e.g. [4]. Note also that
the matter contribution (£2;;), which includes the sum of positive
kinetic energy density and negative potential energy density, and
the curvature contribution (£2;) can be positive or negative.

We set the initial conditions by first picking a particular time
to. Then, for the geometry we must provide the spatial metric as
well as the extrinsic curvature of the tg-hypersurface. Not all com-
ponents of these tensors are freely specifiable, but must satisfy
the constraint equations of general relativity. (Notably, the evo-
lution equations propagate the constraints, i.e, ensure that the
constraints are satisfied at later times.) To this end, we adapt the

York method [24] commonly used in numerical relativity compu-
tations: We freely specify a conformally flat initial metric and the
vacuum contribution to the conformally rescaled trace-free extrin-
sic curvature. This method enables us to freely choose the initial
field ¢ (x, tp) and velocity distributions

W (x,to) = ¥ °(x, t0) Q (%, to), (5)

as well as the divergence-free part of the initial shear contribution,
which is the trace-free part of the extrinsic curvature

Tab (X, t0) = ¥ O (x, t0) Zap (%, to). (6)

The set of initial data is completed by solving the constraint equa-
tions for the conformal factor v/ (x, tg) and the rest of Zgy(x, to).

Periodic boundary conditions with 0 < x < 27w with 0 and 27
identified are used; hence, functions x can be expressed as sums
of Fourier modes. We use the same divergence-free and trace-free
ansatz for Zg, as in Ref. [7].

A critical difference from Ref. [7] is the inclusion of a homoge-
neous term, Qg, in the initial conditions for Q,

Q (x,tg) = © (f1 cos(m1x +d1) + Qo), (7)

where Qg, f1,mq and dy are constants. The test for robustness en-
tails highly non-linear initial conditions such that Ay = f1/Qar
and Aq =|Qo — Qartr|/Qartr are O(1), where Q (x,t) = Qqtr(t) is
the homogeneous attractor solution.

Qo represents the average value of Q over the periodic box.
Including only the cosine perturbation term proportional to fi, as
was done in Ref. [7], means that, for a portion of the space, the
initial scalar field velocity is aimed up the steep potential rather
than down. Revisiting the analysis in Ref. [7], we find that precisely
the regions with the maximal “wrong-way” initial velocity end up
being trapped in inhomogeneous regions (see Fig. 1a) where the
scalar field changes on very small spatial scales and behaves like a
fluid with w =1 (that is, as if there were no potential) and where
the dynamical behavior is similar to chaotic mixmaster vacuum
solutions. (Note that our sign convention is that positive Q cor-
responds to rolling the right way, i.e, downhill, and negative Q
corresponds to the wrong-way.)

In the context of bouncing cosmology, though, the conditions
in which the scalar field is initially rolling rapidly up a steeply
downward potential at the beginning of the contracting phase are
quite extreme and, in some contexts, physically nonsensical. For
example, in a cyclic cosmology, the transition from a slowly accel-
erated expansion phase (like the current dark energy dominated
phase) to a slowly contracting phase occurs only if the scalar field
first rolls down the potential (right-way) sufficiently far such that
the potential energy density changes from slightly positive to suffi-
ciently negative. In other words, rolling down the steep potential is
a prerequisite for contraction to begin and, therefore, the right-way
condition is automatically satisfied. The study in Ref. [7] did not
consider this physical requirement, and, as illustrated by Fig. 1b,
this is the only reason why the inhomogeneous region formed dur-
ing slow contraction (as shown in Fig. 1a). For the case illustrated
in Fig. 1b, Q¢ has been set to a sufficiently positive value that the
initial scalar field velocity is not rapidly uphill (negative) for any
x, as expected physically, and the evolution converges to a smooth
solution despite the fact that the initial conditions are highly non-
perturbative in the sense that Ay and Aq = O(1), the same as in
Ref. [7].

Fig. 2 shows the state space orbits associated with Figs. 1a
and 1b evaluated at the same value of x = 37 /2 projected onto
the (X4, ¥_) plane, where

Ti= %(211 + 2_322), o= 217(5_311 — i22)- (8)



4 W.G. Cook et al. / Physics Letters B 808 (2020) 135690

2 2
1 — 1
\ ( a\l
Q wa—k"—‘/ y \ 0 (a)
-1 1
B n,=0 n,=3 n,=5 n,=150
2 2
1 1
Q o 0 (b)
-1 -1
-2 -2
X X X X

Fig. 1. Four t = const. snapshots of the normalized energy density in matter Q, (blue, solid line), curvature € (red, hashed line) and shear 2 (green, dotted line) for
0 <x <2m at several times during the evolution for two cases: (a) initial conditions as in Ref. [7] with Qo =0 and f; sufficiently large that the initial scalar field velocity
in half the space is wrong-way - headed very rapidly up the steeply downward potential (Q < 0); and (b) the same case but with Qo = 1.5, sufficiently large that the initial
scalar field velocity is headed right-way (downwards) or very slowly wrong-way for all x. 91y is the number of e-folds of contraction in the Hubble radius, |[H|~'. Notably,
smoothing is incomplete in case (a) even after 9ty = 150 e-folds of contraction as there remains an inhomogeneous region (near x =3 /2 in this example) where the scalar
field velocity was initially headed rapidly in the wrong direction; but smoothing completes everywhere if the initial scalar field velocity is nowhere headed rapidly in the
wrong direction, even though the initial conditions are highly perturbed with respect to the attractor slow contraction FRW solution, as illustrated in case (b). As in Ref. [7],

both examples use a physically plausible value of M = 0.1 (in reduced Planck units), corresponding to & = 50.

Fig. 2. The state space orbit for a worldline at x = 37 /2, a point in the inhomo-
geneous region for the case with Qo =0, as shown in Fig. 1a (blue, dotted); and
then superposed the space orbit for the same point the case with Qg > 0 shown
in Fig. 1b (red, solid). The center of the circle corresponds to an isotropic FRW
universe. The first orbit (blue, dotted) corresponding to an inhomogeneous region
never reaches the center, whereas the second example (red, solid) corresponding to
a smoothed region does reach the center.

The point x =37 /2 lies in the inhomogeneous region of Fig. 1a.
The orbits begin near the outer (Kasner) circle and travel inward.
They show that, for the case in Fig. 1a, the orbit never converges to
the center (corresponding to FRW), signifying that the mixmaster-
like reflections in the inhomogeneous region never isotropize. This
is to be contrasted with the orbit shown for the case in Fig. 2b
tracking the same point x = 377 /2 which isotropizes and converges
to the center of the plot.

The critical value of Q¢ required to have “complete smooth-
ing” (smoothing for all x) depends on & and Ay = f1/Qqr. The
curves in Fig. 3 show the critical Qg as a function of ¢ for three
different values of Ay for cases in which the initial Z,, distribu-
tion is homogeneous. Depending on Ay, complete smoothing and
convergence to the attractor solution Q (x,t) = Qg (t) occurs for
any value of Qg on or above the corresponding curve. Note that
there is a significant gap between these curves and the curve cor-
responding to the attractor solution, Q (X,t) = Qg r(t), indicating
that the initial velocity may be quite far from the eventual smooth
solution; this is a sign of robustness.
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Fig. 3. The three solid curves show the minimal value of Qg required for complete
smoothing and convergence to the attractor solution Q (x,t) = Qg (bold dashed
curve) as a function of &, where Ay = f1/Qqrr measures the spatial inhomogeneity
of the initial velocity distribution. (The initial distribution of Z,, is homogeneous.)
The solid curve marked Ay =0 corresponds to a strictly homogeneous initial con-
dition and the upper solid curves correspond to increasingly inhomogeneous initial
velocity distributions.

The larger the value of ¢ is, the greater the robustness is. For
example, for the case of a homogeneous initial velocity distribution
(the curve marked Ay =0), complete smoothing and convergence
to the attractor solution occurs for & > 13 (or M~! > 5.1) even if
the scalar field begins at rest for all x (Qo = 0). For cases with
non-uniform initial velocity (A # 0), it suffices if Qp is posi-
tive enough that the initial scalar field velocity is downhill for all
x. As noted above, rolling downhill is typically a prerequisite for
contraction to begin (and absolutely necessary for cyclic models)
and so, in these scenarios, this condition is automatically satis-
fied.
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5. Rapid smoother

A measure of smoothing power is how rapidly a cosmologi-
cal phase can transform a highly inhomogeneous and anisotropic
patch into a nearly FRW universe like the one we observe. The ra-
pidity is critically important in cases like bouncing cosmology or
inflation where the same phase is supposed to generate a nearly
scale-invariant spectrum of fluctuations on scales larger than the
Hubble radius during the smoothing period [4]. In these cases, the
smoothing phase must last long enough to first homogenize the
background beginning from highly non-perturbative initial condi-
tions and, in addition, last long enough to generate the requisite
band of quantum fluctuations on the smoothed background as
needed to explain the cosmic microwave background and galaxy
formation.

The case of cyclic bouncing cosmology [5] is the most re-
strictive because the slow contraction phase is limited to a fi-
nite period beginning when the Hubble radius is roughly the
current value |Hpeg|™! = ©(10?® cm) and ending when the Hub-
ble radius shrinks to a microscopic size |Heng|™' = O(1072° cm).
There follows a classical (non-singular) bounce to an expanding
phase accompanied by reheating. Note that |He,g| ™! is much larger
than the Planck length where quantum gravity effects are non-
negligible. This value of |Heng|~! corresponds to a reheat temper-
ature of T ~ 10" GeV. In total, the change in the Hubble radius
during the slow contraction phase is a factor of about 120 e-
folds.

This range of 120 e-folds determines the maximum range of
wavelengths (Fourier modes) that exit the Hubble radius during
the slow contraction phase. During slow contraction, fluctuations
exit the Hubble radius because the Hubble radius shrinks rapidly
while the scale factor a(t) changes negligibly (see below). Each
mode can be labeled by wavenumber k/a = Heyi, that depends
on the value of the Hubble radius when the mode exits the Hub-
ble radius. Consequently, quantum fluctuations with wavelengths
spanning the roughly 120 e-folds between k/a = |Hbeg|‘l and
k/a = |Henq|~! exit the Hubble radius by the time the bounce is
reached.

After the bounce, |H|~! expands in proportion to a® during
the radiation-dominated phase and as a*/2 during the matter-
dominated phase. The scale factor a(t) grows by about 60 e-folds
over this period. Hence, modes with comoving wavenumbers be-
tween k/a = |Heng|™' and k/a = e%|Henq| ™! lie within the Hubble
radius today. These are probed by observations of galaxy forma-
tion and the temperature fluctuations of the cosmic microwave
background radiation. In order to agree with observations, these
fluctuations should be the only deviations from homogeneity and
isotropy; that is, the initial highly-nonlinear deviations from FRW
at the beginning of slow contraction must be smoothed well be-
fore these last 60 e-folds of quantum fluctuations exit the Hubble
radius. (The first 60 e-folds to exit the Hubble radius lie beyond
the current Hubble radius and are unconstrained by observations.)
The rapidity constraint, therefore, is that smooth contraction must
be rapid enough to smooth the universe well within the first 60
e-folds of the contraction of |H|~ 1.

The rapidity depends on the rate of slow contraction which, in
turn, depends on the equation of state &. We have seen that the
minimal value required for a classical and quantum smoother is
& = 3. We have shown in Figs. 2 and 3 that, for M~! > 5.1 or & >
13, the smoothing is robust: the universe is completely smoothed
for the entire range of physically plausible initial conditions.

Now we want to consider how long the smoothing takes. For
4 < M~1 <10, the smoothing is complete within the first 60 e-
folds or less, depending on how nonlinear the initial conditions
are. This barely meets the minimum criterion for rapidity. For
modestly greater values, M~! > 10 or & > 50, corresponding to our

example in Fig. 1b above, the smoothing is complete in less than
10 e-folds, easily satisfying the rapid smoother condition.

6. Discussion

Explaining the observed large-scale properties of the universe
requires a mechanism that causes these properties to emerge even
from initial conditions that are very different from the desired out-
come. We have argued that supersmoothing, as defined by the four
criteria described above, is required to achieve this goal. Then, us-
ing the tools of numerical relativity, we have shown that a slow
contraction phase with ¢ > O(10) satisfies these criteria, the only
example of a supersmoother phase currently known.

An additional notable property of the slow contraction phase
is that the scale factor a(t) hardly shrinks at all (by only 9%, =
Ina/apeg ~ Ny /e e-folds) compared to the Hubble radius (which
shrinks by 9y e-folds) [5]. For example, in the case shown in
Fig. 1b, a(t) shrinks by 91, = 2.2 e-folds during the same period
that the Hubble radius shrinks by 9ty ~ 150 e-folds. In a cyclic
bouncing model, this means that the distance between black holes
(or galaxies) existing at the end of an expanding phase decreases
by a negligible amount over the entire contraction phase!

Consequently, there is no crunch of pre-existing black holes,
galaxies or other macroscopic objects as the bounce approaches.
There is also no large increase in the density of ordinary mat-
ter and radiation. Space remains classical and spread out. What
changes exponentially is the size of the Hubble radius and the
energy density stored in the scalar field driving slow contraction.
This is a fundamental difference between cyclic models based on
slow contraction and classical non-singular bounces versus all pre-
vious cyclic models dating back to Friedmann and Tolman or early
conceptions envisioned before the introduction of general relativ-
ity [5]. The entropy problem that plagued earlier renditions is not
relevant here because nearly all entropy from the previous cycles
lies outside the Hubble radius at the bounce and does not re-enter
after the bounce.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

W.G.C. is partially supported by the Simons Foundation grant
number 654561. The work of A.L is supported by the Lise Meit-
ner Excellence Program of the Max Planck Society and by the
Simons Foundation grant number 663083. FEP. acknowledges sup-
port from NSF grant PHY-1912171, the Simons Foundation grant
number 256111, and The Canadian Institute for Advanced Research
(CIFAR) grant number FS20-056. PJ.S. is supported in part by the
DOE grant number DEFG02-91ER40671 and by the Simons Founda-
tion grant number 654561. A.l. thanks the Black Hole Initiative at
Harvard University for hospitality, where parts of this work were
completed.

References

[1] A. Tjjas, PJ. Steinhardt, Class. Quantum Gravity 35 (2018) 135004, arXiv:1803.
01961.

[2] ]J. Khoury, B.A. Ovrut, PJ. Steinhardt, N. Turok, Phys. Rev. D 64 (2001) 123522,
arXiv:hep-th/0103239.

[3] E.I Buchbinder, J. Khoury, B.A. Ovrut, J. High Energy Phys. 11 (2007) 076, arXiv:
0706.3903 [hep-th].

[4] AM. Levy, A. [jjas, PJ. Steinhardt, Phys. Rev. D 92 (2015) 063524, arXiv:1506.
01011.


http://refhub.elsevier.com/S0370-2693(20)30493-7/bib5D3444451224E2A7E9450ACB5D0702DDs1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib5D3444451224E2A7E9450ACB5D0702DDs1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib058E8C53A49EC6B70C25648B7CD46319s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib058E8C53A49EC6B70C25648B7CD46319s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bibD6A1A1A1B77EA544CF2112E147AB0432s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bibD6A1A1A1B77EA544CF2112E147AB0432s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bibDC083980C7ED5004441C0D67C7E876AEs1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bibDC083980C7ED5004441C0D67C7E876AEs1

[5] A. Ijjas, PJ. Steinhardt, Phys. Lett. B 795 (2019) 666, arXiv:1904.08022.
[6] J.K. Erickson, D.H. Wesley, PJ. Steinhardt, N. Turok, Phys. Rev. D 69 (2004)
063514, arXiv:hep-th/0312009.
[7] D. Garfinkle, W.C. Lim, F. Pretorius, PJ. Steinhardt, Phys. Rev. D 78 (2008)
083537, arXiv:0808.0542.
[8] A.H. Guth, Phys. Rev. D 23 (1981) 347.
[9] A.D. Linde, Phys. Lett. B 108 (1982) 389.
[10] A. Albrecht, PJ. Steinhardt, Phys. Rev. Lett. 48 (1982) 1220.
[11] PJ. Steinhardt, in: G. Gibbons, S. Hawking, S. Siklos (Eds.), The Very Early Uni-
verse, Cambridge University Press, 1983, pp. 251-266.
[12] A. Vilenkin, Phys. Rev. D 27 (1983) 2848.
[13] M. Sasaki, Prog. Theor. Phys. 70 (1983) 394.
[14] H. Kodama, M. Sasaki, Prog. Theor. Phys. Suppl. 78 (1984) 1.
[15] V.E. Mukhanov, Sov. Phys. JETP 67 (1988) 1297; Zh. Eksp. Teor. Fiz. 94 (7)
(1988) 1.

W.G. Cook et al. / Physics Letters B 808 (2020) 135690

[16] J.M. Bardeen, PJ. Steinhardt, M.S. Turner, Phys. Rev. D 28 (1983) 679.

[17] P. Steinhardt, M.S. Turner, Phys. Rev. D 29 (1984) 2162.

[18] A.D. Linde, Phys. Lett. B 175 (1986) 395.

[19] A.H. Guth, ]J. Phys. A 40 (2007) 6811, arXiv:hep-th/0702178.

[20] A. Tjjas, W.G. Cook, F. Pretorius, PJ. Steinhardt, E.Y. Davies, Robustness of slow
contraction to cosmic initial conditions, arXiv:2006.04999, 2020.

[21] W.G. Cook, A. ljjas, PJ. Steinhardt, 2020.

[22] WE. East, M. Kleban, A. Linde, L. Senatore, J. Cosmol. Astropart. Phys. 1609
(2016) 010, arXiv:1511.05143.

[23] K. Clough, E.A. Lim, B.S. DiNunno, W. Fischler, R. Flauger, S. Paban, J. Cosmol.
Astropart. Phys. 1709 (2017) 025, arXiv:1608.04408.

[24] J.W. York Jr., Phys. Rev. Lett. 26 (1971) 1656.


http://refhub.elsevier.com/S0370-2693(20)30493-7/bib62FD93A6B52070A0BBA413CF14EDB8F2s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib7BF2601F4B77AF1755F7A41E817F2B59s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib7BF2601F4B77AF1755F7A41E817F2B59s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib098D741F4C4E41F35E5EAE6754C07ECDs1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib098D741F4C4E41F35E5EAE6754C07ECDs1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib722AB33C040B6270A34A226F926191E5s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bibB760EBDBF7951085FAED53F0992B61F0s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib95BB6BE1B808D1DDDA4FAD233A53C678s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bibBADDC8ED0924B5CAE592CDAF52E25C0Bs1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bibBADDC8ED0924B5CAE592CDAF52E25C0Bs1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib5C0F0D123EE0118BBEFC019FAF6725ECs1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib060ECEFD2FCA32AAC70AA91643D038F0s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib480585010A6644F6E86CCA0A6D26B098s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bibF7F507D9AECA42BF429F63C4DAC56A6Es1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bibF7F507D9AECA42BF429F63C4DAC56A6Es1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bibE2D1148A602D2DE0752682BC4B56921As1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib9DEFF34592F26F41960F973FF33F5767s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib76DC576B6882E0CD95C6A91D5DE0F602s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bibF9C8836C6B8B606B5ABF77F0D5E95C82s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib3E3DB9F28031328312E6E5F7A613221Bs1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib3E3DB9F28031328312E6E5F7A613221Bs1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bibCF0EE29FD52A3467FF56204509D4FC75s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bibCF0EE29FD52A3467FF56204509D4FC75s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib2ED539860209E1D1B67BAAE238560C36s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib2ED539860209E1D1B67BAAE238560C36s1
http://refhub.elsevier.com/S0370-2693(20)30493-7/bib200E5BB9E359E0A10E4C7F49CF230DFEs1

	Supersmoothing through slow contraction
	1 Introduction
	2 Classical smoother
	3 Quantum smoother
	4 Robust smoother
	5 Rapid smoother
	6 Discussion
	Declaration of competing interest
	Acknowledgements
	References


