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We investigate the production of gravitational waves during preheating after inflation in the common
case of field potentials that are asymmetric around the minimum. In particular, we study the impact of
oscillons, comparatively long lived and spatially localized regions where a scalar field (e.g., the inflaton)
oscillates with large amplitude. Contrary to a previous study, which considered a symmetric potential, we
find that oscillons in asymmetric potentials associated with a phase transition can generate a pronounced
peak in the spectrum of gravitational waves that largely exceeds the linear preheating spectrum. We discuss
the possible implications of this enhanced amplitude of gravitational waves. For instance, for low scale
inflation models, the contribution from the oscillons can strongly enhance the observation prospects at
current and future gravitational wave detectors.
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Introduction.—Inflation is a very successful paradigm
for early Universe cosmology. The accelerated expansion
can solve the horizon and flatness problems, while the
quantum fluctuations of the inflaton field provide the seed
for structure in the Universe. After inflation, the potential
energy of the inflaton is transferred to a thermal bath of the
matter species present in the Universe today in a process
called reheating. The early stage of reheating, referred to as
preheating, is often governed by nonlinear dynamics of the
inflaton field and other fields coupled to it, typically
resulting in inhomogeneous field configurations. A generic
consequence of preheating is the production of a stochastic
background of gravitational waves (GWs) [1,2].
Observations of the cosmic microwave background

(CMB) [3] point to adiabatic, nearly Gaussian primordial
fluctuations as predicted by simple one-field slow-roll
models of inflation. Furthermore, tight constraints on the
ratio of tensor to scalar fluctuations, r < 0.09 at 95% C.L.
[3], can be seen as a hint toward small-field models of
inflation taking place below the Planck scale. The red-tilted
spectral index, ns ¼ 0.968� 0.006 at 68% C.L. [3], then
points to a negatively curved inflaton potential, where
inflation happens along a “plateau” with large potential
energy, i.e., along a flat “hilltop” [4,5]. Such inflaton
potentials are also attractive because they appear in particle
physics models where a phase transition at high energies
takes place (see, e.g., [5,6]). These potentials are, in
general, asymmetric around the minimum.
Reheating in these models generically features oscillons,

comparatively long lived and spatially localized regions
where the inflaton oscillates with large amplitude. Oscillons
can be produced during preheating after different models of
inflation [7–11] as well as in various types of field theories
[12–19]. In [20], it has been shown that they form when a
scalar field oscillates in a potential that opens up away from
the minimum, i.e., that is shallower than quadratic. The

hilltop potentialsmentioned above have this property on one
side of the minimum, while on the other side, they are
steeper. Nevertheless, oscillons are a characteristic feature of
the reheating dynamics of this class of models. Despite the
fact that the potential is steeper than quadratic on one side,
the oscillons are “long-lived” and can survive at least several
e folds after the end of inflation [21,22]. Interactions with
other fields can affect the oscillons in some cases, e.g., when
a parametric resonance occurs; however, in general they do
not have a significant impact during the first few e folds of
reheating (see, e.g., [22]).
So far, effects of oscillons on the production of GWs

have been studied in [23] in the context of axion mono-
dromy inflation [24], a large-field model that is symmetric
around the minimum. It was found that oscillons contribute
to GW production when they form after inflation, generat-
ing a small peak in the GW spectrum. However, in that
model the oscillons quickly become spherically symmetric,
suppressing the production of GWs. As a consequence, the
GW peak stops growing very soon, until the oscillons
eventually decay. Their decay, which was not studied in
[23], is another potential source of GWs.
In this Letter, we study GW production from oscillons in

field potentials that are asymmetric around the minimum,
as is typical in plateau inflation or hilltop inflation models
embedded into high energy particle physics. We find that
oscillons in such asymmetric potentials converge less
efficiently to a spherical shape, and GW production
continues long after the oscillon formation phase. As a
result, the GW spectrum continues growing during the
“oscillon phase,” i.e., the phase after oscillon formation and
before they decay. This continuous growth can yield a
pronounced peak in the GW spectrum largely exceeding
the GWs from linear preheating. We argue that this is a
generic effect in asymmetric potentials, and discuss pos-
sible implications.
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Framework.—As mentioned above, models of hilltop
inflation are favored by recent CMB observations and offer
attractive links to particle physics phase transitions. We
choose a simple realization of such potentials, of the form

VðϕÞ ¼ V0

�
1 −

ϕp

vp

�
2

; ð1Þ

where V0 is the potential energy on top of the hill, p ≥ 3,
and ϕ is a real scalar field with jϕj ¼ v holding at the
minimum of the potential. For example, ϕ can be identified
with an order parameter of a second order phase transition,
where some symmetry gets spontaneously broken. The
Universe inflates while ϕ rolls away from the maximum at
ϕ ¼ 0 and inflation ends when the curvature of the
potential becomes too large, and the inflaton accelerates
toward v. In this model, V0 is fixed by the amplitude of the
primordial curvature perturbation As ≃ 2.2 × 10−9 [3]. For
p ¼ 6 and v ¼ 10−2mPl, which we will use as an example
in this Letter, we have ns ≃ 0.96, r≃ 10−12, and V0 ¼
24π2εAsm4

Pl ≃ 10−13v3mPl ≃ 10−19m4
Pl with the slow-roll

parameter ε≡ 1
2
m2

Plð∂V=∂ϕÞ2=V2 evaluated N ≃ 60 e
folds before the end of inflation.
Around the minimum at ϕ ¼ v, the potential is highly

asymmetric, with an inflection point toward the plateau for
ϕ < v and steeper than quadratic for ϕ > v. Thus, such
potentials support oscillons only on one side, ϕ < v. As
mentioned above, oscillons in this type of potential form
after inflation [10,11], when the inflaton accelerates toward
the minimum and undergoes a series of tachyonic oscil-
lations, periodically crossing the inflection point at ϕ < v.
These oscillons are then separated by a characteristic
distance related to the frequency of the tachyonic oscil-
lations, which is proportional to the mass of the inflaton
around the minimum mϕ ∝

ffiffiffiffiffiffi
V0

p
=v.

The above scenario is very minimal and ties V0 to the
amplitude of the curvature perturbationAs once v is fixed. For
v≃ 10−2mPl leading to V0 ≃ 10−19m4

Pl ≃Oð1013 GeVÞ4,
this also fixes today’s frequency of theGWs generated during
preheating to f ≃ 1010 Hz, many orders of magnitude
beyond the frequencies that can be reached by currently
envisaged experiments. Lower frequencies in the observable
range are possiblewhen the scenario of Eq. (1) is generalized.
For instance, ϕ does not necessarily have to be the inflaton
field itself.
Similarly, (p)reheating and oscillons can, indeed, emerge

in scenarios where a second field acts as the inflaton, i.e., in
hybridlike inflation models. The potentials of these models
have the form

Vðχ;ϕÞ ¼ V0

�
1 −

ϕp

vp

�
2

þ V infðχ;ϕÞ; ð2Þ

where, now, p ≥ 2, and V infðχ;ϕÞ is responsible for the
N ∼ 60 e folds of inflation, with ϕ ≈ 0 after inflation [25].

The choice p ¼ 2 includes the case of hybrid inflation [26],
for which the GW signal has been studied, e.g., in [27] [28].
Furthermore, we may also consider p ≥ 3 as, e.g., in the
tribrid inflation models of [29], which would then give
preheating dynamics analogous to model (1). Oscillons in
this scenario form after inflation during (p)reheating when
ϕ is rolling toward the minimum of the potential at ϕ ¼ v,
as discussed above.
The main difference between the models (1) and (2) is

that, in (2), V0 and v have become essentially free
parameters, which opens up the possibility for realizing a
low-scale phase transition [with, e.g., V0 ∼Oð100 TeVÞ4]
such that the frequency of the GWs lies in the observable
range of present and future experiments. Furthermore, we
note that potentials of the form of Eq. (1) can also arise in
particle physics models with phase transitions independent
of inflation, and in this case, V0 may also lie in the
Oð100 TeVÞ4 range.
GW spectrum from lattice simulations.—We have simu-

lated the production of GWs during preheating in models
(1) and (2) using three-dimensional lattice simulations. To
this end, we used a modified version of LATTICEEASY [30].
For further discussion of GW production in lattice simu-
lations of preheating, see, e.g., [31,32].
The original version of the program solves a discretized

version of the nonlinear scalar field dynamics in a
Friedmann-Lemaître-Robertson-Walker (FLRW) universe.
We consider a real scalar field ϕ and solve the following set
of equations in a portion of comoving volume V:

ϕ̈þ 3H _ϕ −
1

a2
∇2ϕþ ∂V

∂ϕ ¼ 0;

H2 ¼ 1

3m2
Pl

�
V þ 1

2
_ϕ2 þ 1

2a2
j∇ϕj2

�
V
; ð3Þ

where h…iV denotes a spatial average over V. Furthermore,
we have implemented additional code that allows us to
simultaneously solve the equations of motion of GWs.
They correspond to the transverse-traceless (TT) part hij of
the tensor perturbations of a flat FLRW universe. In the
synchronous gauge, the line element can be written as

ds2 ¼ −dt2 þ a2ðtÞðδij þ hijÞdxidxj; ð4Þ

with ∂ihij ¼ hii ¼ 0. The equations of motion are

ḧij þ 3H _hij −
1

a2
∇2hij ¼

2

m2
Pla

2
ΠTT

ij ; ð5Þ

where ΠTT
ij ¼ ½∂iϕ∂jϕ�TT is the TT part of the anisotropic

stress tensor (for more details see, e.g., [33]).
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The GW energy density is then given by

ρGWðtÞ ¼
m2

Pl

4
h _hijðx; tÞ _hijðx; tÞiV : ð6Þ

The spectrum of the energy of GWs per logarithmic
momentum interval observable today, and its frequency, are

ΩGW;0h2 ¼
h2

ρc
k
dρGW
dk

����
t0

¼ h2

ρc
k
dρGW
dk

����
te

a4eρe
a40ρc;0

¼ 4.3
105

ΩGW;e

�
ae
a�

�
1−3w

�
g�
g0

�
−1=3

; ð7Þ

f ¼ k

aeρ
1=4
e

�
ae
a�

�ð1−3w=4Þ
4 × 1010 Hz; ð8Þ

where, respectively, the subscript 0 indicates quantities
evaluated today, e at the end of the lattice simulations and
� at the end of reheating, while ρc;0 is the critical energy
density today, g the number of light degrees of freedom andw
is the mean equation of state between te and t� (see, e.g., [32]
for more details). In our calculations, we use g�=g0 ¼ 100.
In order to study the production of GWs during preheating

in the models of Eqs. (1) and (2), we performed three-
dimensional lattice simulations with 1283 points in a box
with comoving volume V ≡ L3 ∼ ð0.01=HiÞ3, where Hi is
the Hubble parameter at the beginning of the simulations and
the initial scale factor ai ¼ 1. The parameters and setup of
the lattice simulations are given in Table I. The fluctuations
of the field and its derivative were initialized using the usual
prescription [34,35], i.e., as stochastic variables with a
variance reproducing the two-point function of the quantum
vacuum fluctuations. For details on the numerical imple-
mentation, see [30]. The tensor perturbations and their
derivatives were initialized as zero. We stopped the simu-
lations about three e folds after the end of inflation, before
fluctuations on the smallest distances of the lattice become
important and the simulations break down.
We note that regarding the produced GW spectrum, we

did not find any noticeable difference between models (1)
and (2): In particular, for model (2), we considered a tribrid
inflation scenario with p ¼ 6 and with a linear deformation
of the potential V0 → V0ð1þ βϕÞ (see, e.g., [36]) and
convinced ourselves that the deformation has no impact on
the first ∼3 e folds after inflation if βmPl ≲

ffiffiffi
2

p
. For the

simulation, we used βmPl ¼
ffiffiffi
2

p
. Interestingly, since the

equations of motion, Eqs. (3) and (5), are invariant under a

simultaneous rescaling of the potential and of distance and
time units, the GW amplitude ΩGW is unchanged under a
rescaling of V0. The only relevant consequence of changing
V0 is to change the frequency of the GWs, such that with
lower V0 one can realize frequencies in the observable
range. In the following, we will discuss models (1) and (2)
on the same footing.
Results.—Figure 1 shows the evolution of the spectrum of

GWs in a lattice with 1283 points. We can distinguish three
different stages: The initial stage corresponds to the linear
growth of the spectrum (purple line in Fig. 1), where GWs
are produced during tachyonic preheating and tachyonic
oscillations, which are characteristic of hilltop inflation.
Afterwards, in the second stage, the fluctuations become
nonlinear and oscillons form, resulting in a widening of the
spectrum (blue line). Finally, the oscillon phase follows as
the third phase. As one can see from Fig. 1, a peak in theGW
spectrum forms and continues growing, becomingmore and
more significant (yellow to red lines).
It is during this third phase that our result for the GW

spectrum differs strongly from the one of the previous
study: While, for the symmetric potential studied in [23],
the growth stops and is followed by a phase of spherically
symmetric oscillons where the production of GWs is highly
suppressed, in models (1) and (2), the spectrum continues
to grow and the amplitude of the peak becomes orders of
magnitude larger than the linear preheating spectrum.
Furthermore, we find that, in contrast to lattice simu-

lations of the symmetric model of [23], where the oscillons
form a nearly static network, in the asymmetric models,
they are not as isolated and collisions between the oscillons
continue to happen until the end of the simulations (∼3 e
folds after the oscillons have formed). Also, they do not

TABLE I. Initial conditions and parameters of simulations of
the models of Eqs. (1) and (2) on a three-dimensional lattice with
1283 points.

Model LHi v=mPl V0=m4
Pl p hϕii=v h _ϕii=v2

Eq. (1) 0.01 10−2 10−19 6 0.08 2.49 × 10−9

Eq. (2) 0.01 10−2 free 6 0 0

FIG. 1. Evolution of the spectrum of GW as a function of
the physical momentum k=ðaHiÞ. The spectra are obtained
from a lattice simulation of the model (1) with 1283 points.
Table I specifies the simulation setup. The lines correspond to the
following times, scale factors: t ¼ 573=mϕ, a ¼ 1.47 (purple);
t ¼ 5544=mϕ, a ¼ 4.29 (blue); t ¼ 18924=mϕ, a ¼ 8.9
(yellow); t ¼ 38040=mϕ, a ¼ 13.81 (orange); t ¼ 57156=mϕ,
a ¼ 17.94 (red).
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become spherical as efficiently as in the symmetric model.
In addition to the oscillons, which we illustrate in the time
slice of energy overdensities shown in Fig. 2 as regions
with ρ ≥ 20hρiV , other, less energetic overdensities above
6hρiV but below 20hρiV are visible.
Such additional overdensities are not spherically sym-

metric and may also contribute to the production of GWs.
We argue that the combination of these effects, originating
from the considered generic class of asymmetric potentials,
leads to a continuous growth of the GW spectrum during
the oscillon phase.
Turning to the implications of the continuous growth of the

GW spectrum, it is important to note that, when we stopped
our simulations∼3 e folds after the oscillons have formed, the
oscillon peak in theGWspectrumwas still growing, and there
is no reason to assume that itwould stopgrowing immediately
after the end of the simulations. If the spectrum continues to
grow, we may reach the point where a full general relativity
simulation is necessary to obtain reliable results for the GW
spectrum and also include the backreaction effects, which is
beyond the scope of this Letter. Such a large amplitude of
GWsmay then also lead to constraints on inflation models of
the hilltop type from the BBN bound [37,38], which requires
ΩGW;0h2 ≲ 5 × 10−6 from preheating.
Finally, let us discuss the prospects for observing the

GWs produced during the oscillon phase. To this end, we
consider the GW spectra from the end of our simulation,
which gives a conservative estimate for the produced GWs.
We expect the peak from the oscillons to continue growing,
which would further improve the detectability. As dis-
cussed above, observation prospects are greatly enhanced if

we consider models of the form of Eq. (2), where V0 is not
constrained by the amplitude of the CMB temperature
fluctuations. Figure 3 shows the GW spectra obtained from
a lattice simulation of the model of Eq. (2) with the
simulation setup given in Table I. Since the GW amplitude
remains unchanged when changing V0, to produce the plot
in Fig. 3, we simply rescaled the frequency according to
Eq. (8), assuming reheating ends at te (i.e., ae=a� ¼ 1). For
example, setting V0 ≃ 4.8 × 10−53m4

Pl ≃ ð200 TeVÞ4 leads
to a frequency of f ∼ 30 Hz, while the amplitude remains
unchanged and the peak lies above the expected sensitivity
curve of the aLIGO–AdVirgo detector network which is
expected for the fifth observing run (O5) [39]. The planned
Einstein Telescope detector [40] would have an even lower
sensitivity (for more details, see, e.g., [41,42]).
We note that Fig. 3 is just an example, and indeed, various

parameters can affect the GW spectrum. First of all, if
reheating continues after the end of the simulation at te until
t� > te with an equation of state w ¼ 0, both the frequency
and the amplitude are stretched to lower values, with f ∝
ðae=a�Þ1=4 and ΩGW;0 ∝ ae=a�. For V0 ¼ Oð100 TeVÞ4,
this can push the peak of the GW spectrum in the sensitivity
region of the BBO [43] andDECIGO [44] experiments. Also,
changing the vacuum expectation value v of ϕ would affect
theGWspectrum, since the scale of thepeak is proportional to
the mass of the oscillating field, which is inversely propor-
tional to v. Finally, the parameter p sets the degree of
asymmetry of the potential around the minimum: Larger p
means a potential which is steeper for jϕj > v and flatter for
jϕj < v. We expect this to affect the production of GWs.
In summary, we found that the gravitational wave

production from the oscillons in the considered class of
asymmetric potentials does not stop after the oscillon
formation phase but leads to a continuous growth of the
gravitational wave spectrum at a characteristic peak

FIG. 2. Snapshot of the energy density during the “oscillon
phase,” at a ¼ 5.35, with energy density contours at 6hρiV (blue)
and 20hρiV (red), obtained from a lattice simulation of model (1)
with v ¼ 10−2mPl, V0 ¼ 10−19m4

Pl, and p ¼ 6. The lattice size is
L ¼ 0.02=Hi with 2563 points.

FIG. 3. Example predictions for gravitational wave spectra
today, obtained from simulations of model (2) with parameters
given in Table I and using the results at ae ¼ 15.51. The spectra
are shown for V0 ≃ ð110 TeVÞ4 (blue), V0 ≃ ð200 TeVÞ4
(green), V0 ≃ ð375 TeVÞ4 (orange) and compared to the ex-
pected sensitivity curve of the fifth observing run (O5) of the
aLIGO–AdVirgo detector network [39].

PRL 118, 011303 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

6 JANUARY 2017

011303-4



frequency, with an amplitude orders of magnitude above
the spectrum from the initial phases of preheating.
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