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Under certain conditions, the oscillating inflaton condensate filling the Universe after inflation can
fragment and form so-called oscillons. These long-lived solitonlike field configurations can dominate the
Universe for several e-folds of expansion, leading to an early matter-dominated phase preceding the
standard radiation era. In this paper we show how the rapid final decay of the oscillons leads to an enhanced
production of induced gravitational waves, whose energy density can saturate the observational bound
on the effective number of relativistic species. We leverage this bound to constrain the inflaton mass,
cubic, and quartic self-coupling in generic models that admit oscillon formation, providing novel and
complementary constraints in regions of parameter space that are inaccessible with cosmic microwave

background observations alone.
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I. INTRODUCTION

The idea of cosmic inflation was originally introduced to
address questions not answered in the standard big bang
model, like the absence of magnetic monopoles, or the flat-
ness and horizon problems [1-5]. Furthermore, its incar-
nation in terms of a quantum field slowly rolling down its
potential offers a natural explanation for the origins of the
spectrum of temperature anisotropies observed in the
cosmic microwave background (CMB) [6-9] and the large
scale structure of the Universe [10-15].

Although the paradigm of single-field, slow-roll inflation
has been successful in providing a unified solution to these
problems, the nature of the hypothetical inflaton field and
the precise shape of its potential are still unknown. Further-
more, the dynamics during reheating, i.e., the transition
from inflation to the subsequent era of radiation domina-
tion, is largely unconstrained by current data. In fact, over a
hundred different models for the inflaton potential have
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been proposed and there exists a large variety of different
reheating expansion histories that are all compatible with
current data [16,17]. It is therefore crucial to look for
observable signatures that might help distinguish between
different models.

In this paper we focus on models in which the potential
features a quadratic minimum that “opens up” toward the
wings. These properties are favored by observations, as
many of the models that best fit the latest CMB data are
precisely of this type [7,9,18]. If the potential is shallower
than quadratic, the inflaton condensate filling the Universe
after inflation can fragment, and long-lived, nonlinear field
configurations known as oscillons can form via parametric
self-resonance [19-24]. They are localized, pseudostable,
nontopological solitonlike objects, and can be thought of as
spherical bubbles where the scalar field undergoes large
amplitude oscillations on the inside. While inside the
bubble the field probes the nonlinear part of the potential,
outside it oscillates around the quadratic minimum
with small amplitude. Oscillons are not protected by any
conserved charge, but they can persist for millions or more
oscillations, which comes about as a dynamical balance
between attractive self-interactions and dissipative forces.
Their surprisingly long lifetimes and (classical and quan-
tum) decay rates have been investigated both analytically
and numerically, see, e.g., [20,25-32]. Curiously, oscillons
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might also act as seeds for primordial black hole (PBH)
formation [33,34].

Importantly, the violent fragmentation of the inflaton
condensate is accompanied by the generation of gravita-
tional waves (GWs), which may serve as a direct probe of
this elusive epoch of the Universe’s history. In particular, a
stochastic GW background is sourced by the large inho-
mogeneities in the scalar field energy density generated
during the preheating phase [35,36], and the presence
of oscillons may leave distinct imprints in the GW spec-
trum [37-41]. Further, the formation of any cosmological
solitons leads to a “universal” gravitational wave signature
due to the isocurvature perturbation associated with their
number density fluctuations [42,43].

If oscillons do form abundantly and live long enough,
they can come to dominate the postinflationary universe
and lead to an early matter-dominated era [24,44-46]. As
their final decay to (scalar) radiation is almost instanta-
neous [32,47], such a scenario involves a sudden transition
from matter domination to radiation domination, leading to
an enhanced production of induced gravitational waves
(GW5s) through the so-called “Poltergeist” mechanism [48].
Reference [49] studied the enhanced production of GWs
after oscillon decay from adiabatic curvature perturbations,
assuming a scale-invariant power spectrum generated dur-
ing inflation, while Ref. [50] calculated the enhanced GWs
due to the Poisson fluctuations of generic cosmological
solitons.

In this paper, we compute the enhanced induced GWs
due to the number density fluctuations of oscillons in
several well-motivated inflationary models. By directly
linking the GW signal to the parameters of the inflaton
potential and applying the observational bound on the
effective number of relativistic species AN to the induced
GW amplitude, we demonstrate a novel way to constrain
inflationary physics. The structure of the paper is as
follows. We give a general discussion of oscillon formation
and their properties in Sec. II, introducing also the specific
models we consider in the following. In Sec. III we discuss
the evolution of perturbations in the early matter-dominated
phase driven by the domination of oscillons. The enhanced
induced GWs sourced by these scalar perturbations are
discussed in Sec. IV. Using these results, we derive novel
constraints on the inflaton potential in Sec. V. We close
with a summary and conclusions in Sec. VI.

II. NONLINEAR DYNAMICS AFTER INFLATION

After slow-roll inflation ends, the inflaton field starts
oscillating coherently about the minimum of its potential. If
the inflaton couples (strongly) to other fields, this con-
densate eventually fragments and decays into daughter
particles of those fields in a process known as preheating
[51-53]. If instead the coupling to other fields is not too
strong and the self-coupling of the field is large enough,
the condensate may instead fragment into quasistable or

transient lumps of the inflaton field itself [22,23,45,54].
As we are interested in studying the effects of oscillon
formation, we will impose that the inflaton couples only
weakly to standard model (SM) fields, in order to avoid
rapid decay of the condensate to SM particles before any
oscillons can form. Oscillon formation and decay in the
presence of a coupling to additional matter fields has been
studied in, e.g., [55-58]. In the following Section, we
provide a short overview of properties of inflaton oscillons.

A. Conditions for oscillon formation

Generally speaking, oscillons can form from a scalar
field of mass m coherently oscillating in a potential of
the form,

Vg) = 3 m2 + Vuld), (1

where the “nonlinear” part of the potential V; has a
minimum at the origin V;(0) = 0 and “opens up” toward
the wings [20-22,24]. This condition means V ;(¢) < 0 for
some range of ¢, which entails an attractive self-interaction
of the field, which can counterbalance dissipative effects
and sustain the localized overdensity inside the oscillon.
The case of a minimum at a nonzero field value ¢, can be
treated with a simple field redefinition, ¢ — ¢ := ¢ — ¢bo.

For a broad class of models one can expand V,(¢) near
the minimum as

V(e < M) = gp* = 2* + - -, (2)
with
m2 mz
g:CgM and /IZC;LW, (3)

where ¢, and ¢, are nondimensional O(1) numbers that
depend on the specific potential. Here, M denotes the scale
where the potential turns over from the slow-roll regime at
large ¢ to the quadratic regime near the minimum. For
potentials that are symmetric about the minimum, we have
¢, = 0. The condition V,;(¢) < 0 for having an attractive
self-interaction then translates to 4 > 0. For asymmetric
potentials, the nonlinear part of the potential V is negative
only toward one side of the minimum. In the case of ¢, > 0,
the attractive self-interaction arises from the asymmetric ¢°
term, which becomes negative for ¢ — ¢y < 0 render-
ing V(< ) < 0.

From Eq. (3) we see that, if M becomes too large, we
have g, A — 0 and V() is effectively quadratic. In this case
the attractive self-interaction, which is crucial for long-
lived oscillons to form, is suppressed by inverse powers
of M. This indicates an upper bound on M, and indeed
from lattice simulations it is found that efficient oscillon
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TABLE L.

Comparison of different models within the classes Egs. (6) to (8) for different values of n, ¢, and p for which results on

oscillon lifetimes are available from numerical simulations, see [32,45,47,62]. We assume the central values of Planck [6] for A, n; and
the upper bound on r to derive bounds on M and the resulting range of N,. We include bounds on M that would be set by a future
nonobservation of r. The number of e-folds of oscillon domination N, cf. Eq. (16), is given for M = 10~2Mp,. Note that recent results
from the Atacama Cosmology Telescope (ACT) [8] point to a somewhat higher value of ng, which would slightly alter the numerical
values. The Hubble parameter at oscillon formation is given in terms of H; = HMp/(mM) for M < Mp,.

Model cy c; r < 0.056 r<1073 Tose = LogcM N ose N, H,
a-attractor T (n = 1) 0 1/3 M < 12Mp, M < 1.3Mp, >3 x 10° 7 57 1/v/6
Axion monodromy (g = 1) 0 1/8 M < My, (ruled out) ~3x 108 11 71° My,
3vV2M
Logarithmic (g = 0) 0 1/4 M < 32Mp, M < My, ~O(1)x 105 9 29-44 0415
Plateau (g = —1) 0 3/8 M < 83Mp M < 0.018Mp >6 x 108 10 38-50 1/V3
Hilltop (p = 4) 3/2 -17/8 M <36Mp M <85Mp  ~O(1)x10° 4 5486  1/(4/7)
Hilltop (p = 6) 5/2  -155/24 M <51Mp M <85Mp  ~O(1)x105 5 5371 1/(6v2)
Hilltop (p = 8) 7/2  —105/8 M <6IMp M <9.3Mp, ~2 % 106 5 5267 1/(8v2)

*The bound on r in the monodromy model implies M < Mp, and N, = 71. This corresponds to a rather large spectral index
ny, =~ 0.979, which is disfavored by Planck, but still within the error bars of the combined data with ACT [8].

formation requires M? < M3, [24,45], see also [59,60] for
analytical conditions for inflaton fragmentation.
However, M should also not be too small, for the follow-
ing reason. Oscillons are produced from the backreaction of
an unstable mode, k,, ~ m. If we wish to impose that the
process be classical, this means that the occupation number
of the unstable mode of the bosonic field ¢ should be large,
n(k,,) > 1. Backreaction takes place when the energy
density of the unstable mode becomes comparable to the
background energy density, that is p ~ p(k,,) ~ k&,n(k,,).
Since p ~ m*>M?, imposing n(k,,) > 1 leads to the generic
condition for classicality, M? > m?. This condition trans-
lates to an upper bound on the strength of the self-
interaction, 4 < 1. In other words, in the regime of strong
self-coupling the classical treatment breaks down and
quantum backreaction has to be taken into account. The
theory becomes nonperturbative in this regime, hence
classical simulations of oscillons are no longer valid.

B. Properties of individual oscillons

The energy contained in a single lump of the scalar field,
i.e., the mass of a single oscillon, is determined by the
inflaton mass and self-interaction as [61]

MZ
Mose = Ay ——» (4)
m

where a,, ~ O(10?-10?) is a numerical coefficient that has
to be determined from simulations. We will fix a,, = 10 as
a benchmark for our plots. This scaling relation is expected
to be universal for large-amplitude oscillons, for which
the amplitude at the core is ¢, ~ M (see, e.g., [32]). The
relation Eq. (4) can be understood by noting that the
radius for large-amplitude oscillons is approximately R . ~
0.1 m~! (or at least R,  m~'), implying that the mass of

an individual oscillon scales as Mg ~ Rige X V(heore)
m™3 x m>¢2... and thus we obtain m, o M?/m.

In the following we will assume the same mass .
given by Eq. (4) for all oscillons. This is justified because
soon after their formation oscillons settle into a profile with
a fixed frequency, where the decay rate is exponentially
suppressed. This profile is an attractor and oscillons spend
most of their lifetime in this state [32], rendering the
oscillon mass function monochromatic.

In numerical simulations it is found that oscillons

typically persist for over a million oscillations
Tose 2 10°m7", (5)

but the precise lifetime depends on the details of the
potential and can in fact be much longer, exceeding 7, 2
6 x 108m~! in some cases. Due to their nonlinear nature
and the importance of backreaction effects, the exact life-
times and decay rates have to be determined by numerical
simulations, see, e.g., [25-28,30-32] and in particular
[32,45,47,62] for the models that we consider in the
following. Note that the precise lifetimes also depend on
details like the initial oscillon radius and amplitude, and in
some cases only lower bounds on the lifetime have been
obtained. We will use the values provided in [32,45,47,62]
and listed in Table I below as benchmarks for our
calculations.

C. Inflationary potentials

As stated in the introduction, there exists a plethora of
models for inflation that satisfy current observational
constraints [16]. We restrict ourselves to a minimal setup
with a single inflaton field ¢ with canonical kinetic term.
We consider different classes of potentials V(¢) with
quadratic minima, which are theoretically well motivated
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(a) Examples of potentials (6) and (7).
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(b) Examples of potential (8).

Some representative examples of the potentials (6) to (8) for different values of n, g, and p, respectively. The dashed line marks

the quadratic minimum in the two cases. For a few examples, we also mark the field values ¢, and ¢,, corresponding to scales that exit
the horizon N, e-folds before the end of inflation (at ¢, ), with circles and stars, respectively. In order to fix ¢, and ¢, for illustration
purposes, we chose M = 0.1Mp, for the T model (n = 1), and M = 2Mp, for the plateau (¢ = —1) and p = 6 cases.

and among those that best fit current CMB data [7,16,18].
Interestingly, the latest Planck data [6,7] favors concave
potentials, V”(¢,) < 0, which indicates a constant plateau
or power-law potential, V(¢ ~ @) ~ ¢* with a < 1. This
implies that attractive self-interactions, as described in
Sec. II A, are present in the potential and inflation may
naturally be followed by a phase of oscillon domination
[24]. Here, ¢, denotes the value of the inflaton field around
the time when CMB scales k, ~ 1073 Mpc™! exit the
Hubble horizon.

The first family of models we consider is a hyperbolic
tangent potential of the form,

V(g) = mzzMztanhZ" ((k;;') 1/n> , (6)

which asymptotes to a plateau at large field values,
V(¢ > M) ~ m*M?/2, for n > 0. This potential belongs
to the a-attractor T models [63,64], motivated by (super)
conformal field theory and supergravity considerations.
The parameter M is related to the original a parameter
via M = v6aM PI-

Near the minimum, the nonlinear part of the potential
Eq. (6) behaves like V() ~ |¢[>*%/", indicating a more
complex structure in the general case than captured by
Eq. (2). We find that for n =1, the self-interaction is
quartic with ¢, = 0 and ¢, = 1/3. In the case n = 2, the
attractive self-interaction term is |¢|*> with ¢, = —2/3, and
¢, = —3/5. Note that due to the absolute value of ¢ in
Eq. (6) the lowest order is cubic even though V(¢) is
symmetric, and ¢, < 0.

The second class of potentials is given by

0= (o @) o

which is a generalization of the so-called axion mono-
dromy models [65-67]. For positive values g > 0, the
potential (7) has a power-law form at large field values,
V(¢ > M) ~ 7, while for negative ¢ < 0 it asymptotes to
a constant ~m*M? /q. Near the minimum, the potential can
be expanded as in Eq. (2) with ¢, = 0 and ¢; = (2 - ¢)/8.
Intriguingly, the condition ¢ < 2, necessary to allow for
the formation of oscillons, is imposed on the model by
observational data [7].

The last class we consider belongs to the so-called
hilltop (squared) models of inflation, and the potential is

of the form,
2M2 2
o-ZEG-@)).

which features a plateau (the “hilltop”) near the origin, and
a quadratic minimum around ¢, = M. Such models are
theoretically attractive, as they appear commonly in particle
physics models that involve a phase transition and (sponta-
neous) symmetry breaking [4,5,68]. In Eq. (8), p is a
positive integer, and constraints from Planck and recent
ACT data favor p >4 [7,69]. Expanding the potential in
powers of ¢ = (¢p—M) <1, we find c,=(p-1)/2
and ¢, = (=11 + 18p — 7p?)/24.

The potentials in Egs. (6) and (7) belong to the class of
large-field models, where inflation happens at large field
values ¢ > M in a plateau or power-law regime of the
potential, whereas Eq. (8) represents a small field model,
where inflation takes place with the field near the origin
with ¢ < M. In Fig. 1 we illustrate some examples for
potentials of the different classes Egs. (6) to (8), and in
Table 1 we list some representatives of each model for
which numerical results for oscillon lifetimes are available.

Let us note that oscillons may also form in asymmetric
potentials like the a-attractor E models [45,70]. This class
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of potentials includes the Starobinsky R + R? model [1] as
a special case (for @ = 1) [64]. Interestingly, as discussed
above, for efficient oscillon production a sufficiently large
self-interaction is necessary, which implies a < 1, such
that in the Starobinsky model itself no significant oscillon
formation is expected [70,71].

The latest CMB data [6-9] provides constraints on
the model parameters, in particular on the scale M. The
procedure of relating parameters in the potential to CMB
observables is illustrated in Appendix A. In all models
we find that the current Planck constraint, r < 0.056 [6],
corresponds to an upper bound on M that lies above the
Planck scale, see Table I. Future CMB experiments like
LiteBIRD or the Simons Observatory are expected to reach
sensitivities of r ~ O(1073) [72,73], which could push the
bound on M to O(Mp;). This means that a nondetection by
these experiments, placing an upper bound r < O(1073),
would increasingly favor the parameter space where oscil-
lon formation is generically expected. This demonstrates
that with growing experimental sensitivity, the nontrivial
dynamics during reheating, involving e.g. an oscillon-
dominated epoch, have to be accounted for when assessing
the physical viability of inflationary models.

III. PERTURBATIONS IN THE OSCILLON-
DOMINATED UNIVERSE

Let us now discuss the evolution of scalar perturbations
after oscillons have formed. We provide some more details
on the calculations in Appendix B.

In numerical simulations it is found that oscillons can
come to dominate the Universe soon after their formation.
Generically, once the scalar condensate fragments, over
250% of the initial energy of the condensate is converted
into oscillons, with the remaining energy density in scalar
radiation [22-24]. As oscillons behave like nonrelativistic
matter, the subsequent expansion of the Universe makes
them completely dominant. For example, in the a-attractor
T model oscillons have been shown to become dominant
within one e-fold after formation and lead to a matter-
dominated phase, which can last several e-folds [44-46].

For our analytical estimates, we assume that oscillon
formation happens almost instantaneously at the time #;
when inflation ends,' as determined by the condition on the
slow-roll parameter €, ~ 1 given in Eq. (A2). After they
have formed, the population of oscillons can be treated as a
dustlike perfect fluid with characteristic density fluctua-
tions due to their discrete nature. Assuming the formation

'In practice it takes a few oscillation periods for the condensate
to fragment and form oscillons. However, because the oscillation
frequency of the condensate, ® ~ O(m), is much larger than the
Hubble rate at the end of inflation, H, ~ mM/Mp,, given that
M < My, oscillon formation typically completes within less
than one e-fold after inflation has ended [23,45,61], validating
our assumption H, ~ H;.

process in real space can be considered as a set of
uncorrelated localized events, the initial power spectrum
of number density fluctuations is given by a Poisson distri-
bution. The assumption of an initially Poissonian spectrum
is directly supported by lattice simulations [61]. These
simulations show that the specific oscillon formation
sites are spatially uncorrelated, resulting in a characteristic
white-noise spectrum. The physical mechanism behind this
is that fragmentation is driven by the local, self-resonant
amplification of random vacuum fluctuations. At late times,
gravitational interactions between these localized individ-
ual objects lead to clustering and modify the power spec-
trum on small scales. We account for this gravitational
growth of density fluctuations in our analysis of cosmo-
logical perturbations as described in Appendix B. On scales
much larger than the mean separation of individual oscil-
lons, the local average density is additionally modulated by
the nearly scale-invariant primordial fluctuations, reflecting
the long-range correlations of the condensate. However,
because the induced GW signal we will discuss in Sec. [V is
entirely dominated by the small-scale Poisson fluctuations
of the oscillon gas, we can safely neglect the large-scale tail
of the power spectrum.

For the density contrast .. = 8Posc/Posc (Where pys. and
Oposc are the energy density in oscillons and its perturba-
tion, respectively), the power spectrum2 is given by [74]

2 (k3
Pgowf(k) - g (k ) ) (10)

which is valid on scales k < k. and at the formation time
denoted by the subscript “f.” Here, k denotes the wave
number of a given Fourier mode, and the scale k.
corresponds to the comoving mean separation of individual
oscillons. On smaller scales, k > k.., the effective fluid
description breaks down. Note that many oscillons form
in each Hubble patch, such that k. > k; with the scale
k¢ = ayH; corresponding to the horizon size at formation.>
Here, a denotes the scale factor of the Universe, and H is
the Hubble parameter.

Once oscillons become dominant, the total energy
density fluctuation is dominated by the density fluctuations
in the oscillon fluid. Then, the Poisson equation for the
gravitational potential @ on subhorizon scales (k > aH)
reads

*The dimensionless power spectrum of a field X is defined by

k3

Px(k)ép (k + k) = 55 (XiXic). )
*Note that this is opposite to the case of PBHs, where only in a

few Hubble patches a single PBH is formed and thus kpgy < k¢

for the comoving mean PBH separation kppy.
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3 (aH\?2

During matter domination ® becomes constant, while
the density contrast grows linearly with the scale factor,
Opsc ¢ @ [75]. Let us emphasize here that the oscillon
number density fluctuations correspond to isocurvature
perturbations, meaning that initially the curvature pertur-
bation is zero. However, numerically one can check that a
curvature perturbation is quickly generated on super- and
subhorizon scales for isocurvature initial conditions when
B = poscsr/pr 2 1/2, see Fig. 4 in Appendix B.

Deep in the matter dominated phase, the constant plateau
value ®pp = ®(a > a;) is determined by the initial
amplitude of the isocurvature perturbation Sy, as well as
the initial energy fraction f. As explained in Appendix B,
we find a numerical fit for @y, by evolving the coupled
equations Egs. (B6) and (B7) for @ and S deep into the
matter-dominated phase. We obtain

w5 (s s (8) ) 0

In the k > k; regime @y scales as k72, cf. Eq. (B11),
which follows directly from the Poisson equation (11). In
the superhorizon regime (k < k;) the scale-dependence
vanishes, see Eq. (B10). The suppression factor S(f)
quantifies the efficiency of the conversion of isocurvature
to curvature on subhorizon scales in dependence of the
initial energy fraction of the matter component f. For
1/2<p <1 it is of order S(f) ~O(10~! —1072), and
we provide a numerical fit in Eq. (B12). The initial
amplitude of the isocurvature is proportional to the oscillon
number density fluctuations, Sy « ., and given explicitly
in Eq. (BS).

Let us focus on the regime where k ~ k.. > k¢, which
gives the largest contribution to the induced GWs.
Combining Egs. (10), (12), and (B5) we then find the
power spectrum of the curvature perturbation in the matter-
dominated epoch as

2 [k \*/ k \!
'P¢MD(k>>kf)NC(ﬂ)§<kf> <k> . (13)

The f-dependent prefactor is defined in Eq. (B13) and is of
order C(f) ~ O(107") for our values of interest.

Let us mention that the (nearly) scale-invariant curvature
perturbation generated during inflation could be accounted
for by adding a constant term ~A; to Eq. (13). This term
could become relevant on very large scales, k < k;. The
enhanced generation of induced GWs from such a flat
spectrum in a similar setup has been studied in [49].

We can relate the relevant scales in the system to each
other to find

kosc MPI MPl 13
= (4nff——— 14
kf ( ”ﬁ Mose Hf ’ ( )
and
k¢ 3 1/3
_tz\/ﬁ 1+_tosch ’ (15)
ke 2

where in the second equality we assumed g > 1/2 and
approximated the background evolution to be that of a purely
matter-dominated universe throughout, ie., ayp o« 2/3.
foe = Toiem~' denotes the lifetime of the oscillons, and
kg, 18 the scale corresponding to the horizon size at the time
of reheating, i.e., when the oscillons decay into radiation.

Equation (15) also provides an expression for the number
of e-folds from oscillon formation to decay, namely,

Nose =21n <:—f> —In(p)

th

2 3
Ngln (1 +§tOSCHf)' (16)

Inserting some typical numbers, as those provided in
Table I, we find that oscillons can persist for up to
O(10) e-folds, depending on the values of the lifetime
tosc and M /Myp,. Let us note here that during such a matter-
dominated phase density perturbations grow and can
become nonlinear, invalidating the use of linear cosmo-
logical perturbation theory. We provide an estimate of the
scale k,, beyond which nonlinearities become relevant
during the oscillon lifetime, in Appendix C.

Using Eq. (16) we can also illustrate the timescale
on which the oscillon decay takes place. For example,
in the hilltop model the decay happens on a timescale
Atge.m ~ 10, compared to a total lifetime of 7,,.m ~ 10°
for M ~ 1072Mp, [62]. Using these values, the number
of e-folds from oscillon formation to decay is
around N, ~5, while the final decay happens within
AN 4. ~ 1073 e-folds, which shows that the approximation
of instantaneous decay is well justified.

Finally, the temperature of the radiation bath after
oscillon decay (i.e., the reheating temperature)4 is given by

90 Sl H My
T~ 2 3 ’ (17)
g*(Trh)” 1+ ijtosc

where g, (T) denotes the number of relativistic degrees of
freedom at a given temperature 7.

“Note that oscillons decay into scalar radiation, so we require a
(weak) coupling of the inflaton to SM fields to allow the scalar
radiation to decay into the SM radiation bath later.
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IV. GRAVITATIONAL WAVES INDUCED BY
OSCILLON DECAY

Large scalar density perturbations, such as the ones
associated with the oscillon number density perturbations
described above, can induce tensor perturbations, i.e.,
gravitational waves, at second order in cosmological
perturbation theory [76-80], see [81] for a recent review.
The sudden transition from oscillon (i.e., matter) domina-
tion to radiation domination leads to an enhanced produc-
tion of induced gravitational waves via the so-called
“poltergeist” mechanism [48,82]. Physically, this can be
understood as a consequence of the fact that during matter
domination the sound speed of perturbations vanishes,
¢y ~ 0, while at the same time density perturbations grow
linearly with the scale factor. After the sudden transition,
the overdensities are converted into large perturbations in
the radiation fluid, which start propagating with ¢z = 1/3,
leading to large anisotropies and velocity flows, which
backreact onto the metric to produce a loud GW signal.’

A very similar situation appears in the PBH reheating
scenario, where ultralight PBHs temporarily dominate
the early Universe before evaporating and reheating the
Universe via their Hawking radiation.’ The enhanced
induced GWs in this scenario have been first studied in
[74,84,86,87] and in the following we adopt the notation
and formalism developed in [84,85]. We provide some
more details on the calculation in Appendix D.

The dominant resonant contribution to the GW spectrum
is obtained as

QGW.res (k) (18)

eak k 3
QIC)}W res <k— ®UV (k) ’

0osc

SLet us note here that in some models, oscillons decay into
scalar particles with momenta comparable to the rest mass m [83].
Such quasirelativistic particles would give rise to a fluid with a
softer equation of state, 0 < w < 1/3. However, extending the
formalism to this case would require a dedicated reanalysis of the

induced GW kernel Z2, which enters the tensor power spectrum
through Eq. (D2), for the Poltergeist mechanism with the
curvature transfer function for a generic perfect fluid background,
which is beyond the scope of the present paper. As a rough order-
of-magnitude estimate, we note that the c,-dependent prefactor
of Eq. (20) changes by <12% when varying w between
0.1 £w < 1/3, indicating that the mechanism is robust against
small deviations of w from the exact radiation case w = 1 /3.

®A crucial difference between the oscillon and PBH scenarios
is that the initial energy density fraction of oscillons at formation
is Qse.¢ ~ O(1), compared to the PBH case where the initial frac-
tion is constrained to be Qppy s << 1 from induced GW over-
production [74,84,85]. A further difference lies in the details of
the decay mechanism, which in the case of PBHs proceeds through
the (almost) thermal emission of Hawking radiation. Oscillons on
the other hand spend most of their lifetime in a quasistable attractor
configuration, oscillating at a frequency @’ < m?. Once ®
increases above a critical value @, this configuration ceases
to be a solution to the nonlinear equations of motion and the
oscillon becomes unstable and rapidly dissipates [32].

where the peak amplitude is given by

The function @, (k), defined in Eq. (D4), acts as a smooth
cutoff for frequencies above the UV scale k.. Using the
relations Eqgs. (14) and (15) we can rewrite the peak
amplitude of the GW spectrum as

C ﬂ 2ﬂ19/6 3 7/3
Qpeak = (33-5677: CS(I—C%)Z 1+§tosch

'GW res

1 Mosc H f 13

<4” Mp M Pl> ’

in terms of the oscillon mass, lifetime, and time of
formation. In principle, these values are fixed for a given
inflationary model and thus one can use this GW spectrum
to directly probe the parameters of the inflaton potential.
Inserting the expression Eq. (4) for m,,. and those for H;
and 7. given in Table I, the dependence on m cancels out
and the amplitude of the spectrum is solely determined by

the scale M and the initial energy fraction f.
The low-frequency tail at k < k. scales linearly with k

and is given by

C?C(ﬁy kf 8 kosc 6 k

3247[2 kosc krh kosc ‘
Using that the GW energy density redshifts as that of
radiation one can directly relate the GW spectral density in
the radiation epoch to the spectral energy density today, as
explicitly given in Eq. (D6).

The peak frequency fpes = kose/(27) of the spectrum

today is given by

Qpeak _ C(ﬁ)z
OWres 34567

(20)

Qaw r (k) ~ (21)

fpeak =

9 (T) "/ <g*,s(To)>'/3TO

27/1251/4\/_71.1/6 g*,s(Trh)
( HfMPIﬁ—S/Z >1/6
mosc(1 +3 tosch) ’

where we used the relations Eqs. (14), (15), and (17). To
redshift the frequency to today we used entropy conserva-
tion, aTg, ((T)"/* = const., with the number of entropic
degrees of freedom g, ((T) [75].

We plot the present day GW spectrum for some sample
values of M and different potentials in Fig. 2. See how for
larger values of M the peak amplitude increases, in some
cases breaking the bound from big bang nucleosynthesis
(BBN) (as discussed below). Inserting some benchmark
values into Eq. (22), we find that the peak frequency today
is of the order fex = O(107) Hz, and could thus be a
target for future high frequency GW detectors such as

(22)
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FIG. 2. Present day spectral energy density of gravitational
waves Qgwo(f) induced after oscillon decay for some repre-
sentative models. We fixed = 0.8 and two illustrative values of
M shown with solid and dashed curves, respectively. The hori-
zontal red dashed line marks the (integrated) BBN bound on
AN, and the light gray curve indicates the projected sensitivity
of resonant cavities [88]. As a reference, the reheating temper-
atures corresponding to the displayed models all lie in the
range 9 x 10" < Ty [GeV] < 1 x 1013,

resonant cavities, repurposed axion experiments using the
inverse Gertsenshtein effect, or next-generation laser inter-
ferometers [88-92]. Interestingly, the enhanced induced
GWs associated with the adiabatic, (nearly) scale-invariant
spectrum of perturbations from inflation peak at slightly
lower frequencies around ~k; and could therefore serve as a
complementary probe [49,85]. Note also how the peak
frequency shifts toward higher values upon decreasing M.
Unfortunately, this indicates that in large regions of the
parameter space compatible with BBN the peak frequency
falls above O(GHz), making a direct detection extremely
challenging. Let us mention here also that the sensitivity
curve estimated in [88] might be regarded as very opti-
mistic, and the sensitivity of resonant cavities to stochastic
GW backgrounds (as compared to coherent, monochro-
matic signals) might be significantly reduced [90,93].

V. INDUCED GW CONSTRAINTS ON THE
INFLATON POTENTIAL

Even without immediate prospects for direct observa-
tion, we can use the constraint on the number of effective
relativistic degrees of freedom, AN < 0.30 [6], derived
from the CMB and BBN, to place bounds on the inflaton
model parameters. In terms of the energy density of
gravitational waves, the BBN bound can be written as [94]

A x QFw s < 0.068, (23)

where

kosc k 5
A= / dlnk(k—> O, (k) = 0.23. (24)
0

0sc

Using the expression Eq. (20), this bound can be used to
place constraints on the model parameters, such as the
inflaton mass m and the self-interactions ¢ and A.

The resulting parameter space in the (m, g) and (m, 1)
planes is displayed in Fig. 3. The lower bound on A in
Fig. 3(b) [corresponding to the upper bound on m in
Fig. 3(a)] reflects the bound on M stemming from the CMB
constraint on r listed in Table I for some of the models. The
lines converge around m ~ 6 x 107°Mp,, as in this regime it
is M > Mp, and the region of the potential probed by the
CMB approaches the same quadratic minimum indepen-
dent of M for all models. The boundary of the excluded
region at lower A (higher m) marks the limit M > 0.05Mp,
below which oscillon formation becomes efficient [24] and
the BBN constraint from GW overproduction becomes
relevant. Finally, the boundary at larger A (lower m) reflects
the bound set by Eq. (23).

In Fig. 5 we illustrate how the boundaries of the excluded
region shift upon varying our benchmark values for the
upper bound on M for oscillon formation, the oscillon
lifetime 7., and their initial abundance f (which are all
model-dependent quantities). Also the coefficient «,,,
which is related to the oscillon mass via Eq. (4), enters
the GW amplitude and introduces an O(1) uncertainty. The
resulting overall error bars emphasize the need for dedi-
cated lattice simulations to measure the model parameters
more precisely.

Observe how GW overproduction strongly constrains the
viable parameter range for the combination of m and 4, in
particular. Importantly, for the monodromy potential of the
form Eq. (7) with ¢ 2 —5 (including the logarithmic,
plateau, and axion monodromy models) we find that a
significant region of parameter space where A < 1 is ruled
out. Taking into account also the projected constraints from
next-generation CMB experiments, we find that these
models will be confined to the strong-coupling regime at
A > 1. Consequently, if one demands A4 < 1 in order to have
a controlled, perturbative model, this class of potentials
would then come into conflict with observations. If one
allows large 4> 1, the models may still be physically
viable, but in this case strong quantum backreaction
becomes important and needs to be taken into account
when simulating the reheating phase after inflation.
Allowing also larger negative values g < —5, allowed
regions with 4 < 1 open up again.

Note also how the constraint in the (m,g) plane is
weaker than the one on (m, 1), which follows from the
relations Eq. (3). Recalling from the expression Eq. (20)
that the BBN bound can be recast as a bound on M, the
weaker dependence g o M~ compared to 1 o« M~ trans-
lates to a softer constraint. In either case, our results
demonstrate that induced GWs from oscillons provide a
novel tool to probe and constrain inflationary models in a
regime that is inaccessible by CMB observations alone.
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(a) Parameter space of potential (8) (b) Parameter space of potentials (6) and (7)

FIG. 3. Here we show the allowed and excluded parameter space in the (m, 1) plane for the symmetric potentials Egs. (6) and (7)
(a-attractor T model and generalized monodromy), and in the (m, g) plane for the asymmetric hilltop potential Eq. (8). Each line marks
one specific model. The green shaded area is allowed parameter space, the red shaded region is ruled out by induced GW overproduction
violating the BBN bound. The gray shaded area shows the forecasted constraint from next generation CMB missions (r < 107%) and the
hatched area marks the strong-coupling region where 1 > 1 and quantum backreaction has to be taken into account. We assume that
oscillon formation becomes efficient at M < 0.05Mp; [24]. We fixed # = 0.8 in all cases, and for the generalized monodromy model
with ¢ = 5, 10 we conservatively assumed the same lifetime as for ¢ = 0. Varying these benchmark values shifts the boundary of the
region ruled out by the BBN constraint, as we illustrate in Fig. 5. For the a-attractor T model we explicitly vary N, to show the range of
variation within the observational error bars, and analogous uncertainties are present for all models. To avoid further clutter in the plot,
for the other models we fix the central value from Planck for n, [and thus N, via Eq. (A8)] and focus on the variation with the model
parameters g and p. The ACT-preferred higher value for n, [8] would mainly yield a shift toward larger values of N, with effects similar

to what is illustrated for the a-attractor model.

On the one hand, our calculation may overestimate the
induced GWs, as we are assuming an exactly monochro-
matic mass function and an instantaneous final decay.
Although these assumptions are supported by results of
simulations, the oscillons may form with some initial mass
distribution, before they settle into the attractor solution at a
fixed frequency, and in reality the decay takes a finite
amount of time to complete. These effects may lead to a
suppression of the induced GWs, as the decay will not
happen exactly simultaneously everywhere and thus the
transition from matter to radiation domination will be
softened, see, e.g., [95-97] for studies investigating the
effects of a gradual transition.

On the other hand, our constraints can be viewed as
conservative, because we have not taken into account the
enhanced GWs produced from the scale-invariant curvature
power spectrum [49,85,86], the ones induced during the
matter dominated phase [74], or the GWs from preheating
and oscillon formation [37—41], which would all contribute
to Ny at BBN. Taking these into account as well would
tighten the bounds we derived. Furthermore, in several of
the models under consideration the oscillon lifetime is only
bounded from below, meaning that the bounds will actually
be stronger if the lifetime is significantly longer than the
benchmarks in Table I we have assumed.

Finally, we have cut off the density contrast power
spectrum Eq. (10) at the scale k., and in some cases the
density contrast J,,. at the smallest scales near the peak
at k., may become nonlinear before the oscillons decay,

as discussed in Appendix C. However, GW production will
likely continue in the nonlinear regime and thus further
contribute to N, see, e.g., [98,99].

VI. SUMMARY AND CONCLUSIONS

In this paper we have studied the induced GW spectrum
generated due to the rapid decay of oscillons after they have
dominated the postinflationary Universe for several e-folds
in an early matter-dominated phase. We have first discussed
several general properties of oscillons and discussed three
classes of potentials that sustain their production in Sec. II.
Table I summarizes key quantities for the models under
consideration. In Sec. III we discussed the spectrum of
isocurvature perturbations that arise due to the Poisson
noise associated with the discrete nature of the oscillons.
The key result of this part is the analytical expression for
the transfer function of the isocurvature induced curvature
perturbation @y, in Eq. (12). Section IV is devoted to the
discussion of the induced GW spectrum. We presented an
analytical expression for the resonant contribution to the
spectrum in Eq. (18) and expressed the peak amplitude
in terms of the oscillon parameters in Eq. (20). The spec-
trum today peaks at ultrahigh frequencies at or above
O(107) Hz, making a direct detection challenging even for
future experiments. Importantly however, we found that the
peak amplitude can surpass the BBN bound, yielding a
novel way to constrain parameters of the inflaton potential
in previously unexplored regions of parameter space. The
resulting parameter space showing the allowed and ruled
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out regions is displayed in Fig. 3. Our work demonstrates
how novel constraints on inflationary models can be derived
by using already existing data and accounting for the non-
trivial dynamics during postinflationary reheating.

As pointed out at the end of Sec. V, our analysis could be
extended by including other sources of GWs as well, which
will also contribute to N and thus tighten the constraints
we have derived. The understanding of the nonlinear
regime at the smallest scales is another important direction
for future work, which will most likely require numerical
simulations. Another relevant aspect to investigate in order
to derive accurate constraints is the dependence of our
constraints on experimental uncertainties, particularly
given the new results of ACT, although we do not expect
our main conclusions to be affected. Key questions that
need to be addressed with lattice simulations regard the
precise details of oscillon formation, lifetime, and decay.
In particular, the upper bound on M <« Mp, below which
oscillon formation becomes efficient and which sets the
boundary of the region ruled out by BBN, needs to be
determined more precisely. Also the oscillon lifetime, for
which in some models only lower bounds are available,
needs to be measured in dedicated simulations. This is true
also for the exact mass of individual oscillons, as well as the
initial distribution of oscillon masses and the details of the
final decay. We hope our results provide an incentive for
these questions to be answered in future work.

Let us conclude by emphasizing that, given the precision
of current and future CMB and GW data, a detailed
understanding of the postinflationary reheating dynamics
is becoming a crucial aspect in determining details of the
inflationary potential and constraining the microphysics
that set the initial conditions for the hot big bang.
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APPENDIX A: RELATING POTENTIAL
PARAMETERS TO CMB OBSERVABLES

To illustrate the procedure of relating parameters of the
inflationary potential to CMB observables, we will discuss
the a-attractor T model, Eq. (6) with n = 1, in more detail.
This potential has the advantage that analytical relations for
all model parameters are available, while for other poten-
tials some of these have to be obtained numerically.

Within the slow-roll approximation we can find relations
between the model parameters m and M, and the observ-
ables A, ny, and r. The Friedmann and Klein-Gordon
equations read

3H>M3, ~ V(¢), 3Hp+ Vy(d) ~0,  (Al)

where the dot denotes a derivative with respect to cosmic
time, = d/dt, and V, = dV/dé.

As usual, we define the end of inflation as the moment
when the slow-roll condition is violated [75]. In the
slow-roll approximation, this corresponds to the potential
slow-roll parameter ¢, becoming order unity, i.e.,

€V(¢e) - 5 V(¢)

= A/gz’l (V¢(¢))2 ~1. (A2)

¢(’

Solving the above equation for the value of the field at the
end of inflation, ¢,, we find

M M
¢, = > arcsinh (2\/5 W“) . (A3)

and with this we obtain the Hubble parameter at the end of
inflation

_ |Vig.)  mM
o 3M12>1N\/6MP1,

(A4)

where the first equality is for a general slow-roll potential,
and the second equality is for the a-attractor model for
which we took M <« Mp, as required for oscillon for-
mation. We assume that oscillons form around the time
when inflation ends and the inflaton starts oscillating at the
bottom of the potential, H; ~ H,.

For the number of e-folds we find

te & 1
N, :/ Hdtz/ dp —
1, b V2eyMp
M2

sinh? <ﬁ) for a-attractor, ~ (A5)

~
~

4M3, M

where ¢, is the value of the field when CMB scales exit the
horizon. The second line demonstrates a characteristic
feature of the a-attractor T-model, namely that it allows
for the analytical inversion of it to obtain an expression
¢.(N,). Typically, such a relation has to be obtained
numerically.

For the amplitude of the scalar power spectrum at the
CMB pivot scale k, we obtain

123507-10



CONSTRAINING THE INFLATON POTENTIAL WITH ...

PHYS. REV. D 113, 123507 (2026)

1 H?

A, T Q2 (N2

8m €V(¢*)MP]
NZm?

for a-attractor, (A06)

R
67~ M5,

which is to be evaluated at the time of horizon crossing. The
tensor-to-scalar ratio is given by

2 H?
r=16ey(¢.) = —5—
An? Ml%l
2M?
R —— for q-attractor. (A7)
NMp

The last important inflationary observable is the scalar
spectral index ng, which can be computed as

ng=1- 6€V(¢*) + 277V(¢*)

for a-attractor,

rl—-—

*

(A8)

where the second potential slow-roll parameter #y is
defined as

> Vop(d)

=)

(A9)

A unique feature in the a-attractor model is that both free
parameters m and M can be fixed independently of each
other in terms of the observable parameters A, n, and r.
The relations derived above coincide with the ones given
in [40]. For the logarithmic, axion monodromy and plateau
potentials similar analytical relations can be obtained
under the assumption |¢,|>> |¢,|, and are provided in
the appendix of [49].

In the above we focused on the a-attractor model, which
allowed us to compute various quantities analytically. In
the general case, particularly when M ~ Mp,, such accu-
rate analytical evaluations are not available for all the
other potentials considered in this paper. Therefore, for the
bounds provided in Table I and the parameter space plots
Figs. 3 and 6, we compute the above relations numerically.
The analytical approximations for M <« Mp, serve as a
validation of the numerical implementation.

Our general strategy for a precise numerical treatment is
as follows. We first solve Eq. (A2) for ¢, (M) and Eq. (A8)
for ¢, (M). Then, we insert the obtained numerical function
for ¢, (M) into the expression Eq. (A6) for A, and solve
it for m(M). For n, and A, we fix the Planck central values
n, ~0.965 and A; ~ 2.1 x 1077 [6]. Finally, one can obtain
N. (M) from Eq. (A5) by evaluating the integral and using
the numerical results for ¢,(M) and ¢, (M).

APPENDIX B: EVOLUTION OF ISOCURVATURE
PERTURBATIONS

To study the evolution of density perturbations and
the generation of secondary gravitational waves we
employ linear cosmological perturbation theory, see, e.g.,
[11,75,100] for more details. We consider a perturbed
Friedmann-Lemaitre-Robertson-Walker metric in the con-
formal Newtonian gauge taking the form

ds* = a*(7)[-(1 — 2®)d7?

where a is the cosmic scale factor in terms of conformal
time 7, @ denotes the gravitational potential, ;; are the
transverse-traceless tensor perturbations, and we neglect
vector perturbations and anisotropic stress. The (back-
ground) energy densities of oscillons (“0sc”) and radiation
(“r”’) evolve as

posc_3ﬁ<ﬁ>2(£>_3,
ag as

B k\2 (a4
r=a0-m(Gl) (@)

where f := py. ¢/ pr 1s the energy fraction that is converted
into oscillons at the formation time denoted by the subscript
“f,” and k; is the scale that corresponds to the size of the
(comoving) Hubble horizon at formation, k; = a;H;. For
convenience, we set Mp; = 1 in this Appendix.

The isocurvature (or entropy) perturbation is defined in
terms of the density contrasts of the oscillon and radiation
components as

(B2a)

(B2b)

3
S = 6p5c — =01,
osc 4 T

(B3)
where 6y = py/px for X €{osc,r}. The condition of
initial isocurvature, ®; = 0, implies

5posc,f + 5pr,f =0, (B4)
which follows from the 00-component of the perturbed
Einstein equations, see, e.g., [100] and [101,102]. Then one
obtains for the initial amplitude of the isocurvature per-
turbation

3 p
Sy = <1 + Zm) osc f-

From the perturbed Einstein equations and energy-
momentum conservation, one can find a closed system
of equations for ® and S, given by

(BS)
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Q" +3H(1 + 2D + ((1 +3c¢2)H? + 2H' + k) D

1
_ 2.2
=5da CxposcSv

: (B6)
and
"+ (1 + (3c2 = 1))HS' -~ (3c2 = 1)$ = 3.6 g
4 3 ' 2a%p,
(B7)

where 1 = d/dr, H = d'/a denotes the comoving Hubble
parameter, and the speed of sound is defined by

4
e (BS)

3posc +4p:

In the superhorizon limit, kK — 0, the system can be solved
analytically in terms of the scale factor y := a/ay, yielding

4(—-1)S
15((5_4);3;3 (ﬂ3(3)(3 +7 4y -8)

=2B7(15v/B(r = 1) + 14372 + 14y = 32)
+86(10\/Blx— 1)+ 1+ 3y —13)
—48(VBu-D+1-1)),

which grows rapidly from ®(a;) = 0 to the plateau value
Dyp = P(y > 1) at late times. It is given by

Dy k< kp) =
(B9)

q)MD(k < kf) = MS},

5@ p) (B10)
which recovers the well known factor of 1/5 in the limit
p <1 [101,102]. The isocurvature perturbation remains
constant on superhorizon scales, S(y; k < k¢) = S;. Using
Eq. (B2) and the Friedmann equations, one can integrate
Egs. (B6) and (B7) numerically also for small scales. We
set the initial conditions at the formation time a;, = a;
where ®(a;,) = 0 and evolve them until some late time
Qena > ap, when @ has reached the plateau value ®yp,
which we can then read out. We illustrate two examples for
the evolution of ® in Fig. 4.

By scanning over a range of values for (f, k/k;) and
performing a fit to the obtained numerical data, we find that
@Oy p scales as

K\ -2
Oy (k> ki) ~ S; x S(B) (,;f) ,

(B11)

which is expected from the Poisson equation (11). We find
that the suppression factor S(f3) is well approximated by
the fit

0»
,2'_ /“‘"’“
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FIG. 4. Evolution of the gravitational potential ® as a function
of the number of e-folds since the time of oscillon formation,
N — Ny, with isocurvature initial conditions and for initial energy
density fraction f = 0.8. With solid lines we show the result of
numerical integration of Eqs. (B6) and (B7) for two modes that
are initially sub- (k/k; = 10%) and superhorizon (k/k; = 1073).
The initial conditions are set at the time of formation, ®; = 0, and
we fixed Sy =1 for the plot. The dotted and dashed lines
superimposed on the numerical solution represent the analytical
approximations (B9) and (B11) for the super- and subhorizon
regimes, respectively. See how the potential is quickly generated
on both scales and approaches the plateau value fast.

S(B) ~ 1.48(1 - 0.2108) x (1 = BB,  (B12)
in the regime 1/2 < p < 1. Equation (B12) vanishes as
f — 1 and recovers the « > scaling, which is expected
from known analytical approximations for f <1 [101,102].
By interpolating between the large- and small-k regimes of
Dyvp, Egs. (B10) and (B11), respectively, we obtain the
result Eq. (12) quoted in the main text.

The full # dependence of the spectrum of @y (k > ky)
is given by the product of Eq. (B12) and the prefactor of
Eq. (BS) and is collected in

C(p) = S(B)? (1 *%1%)2' (B13)

APPENDIX C: NONLINEAR SCALES

During the oscillon-dominated period, density perturba-
tions grow with the scale factor as J,,. « a, indicating that
for a long enough oscillon lifetime density fluctuations can
become nonlinear and thus violate the validity of linear
perturbation theory. In order to estimate the scale, beyond
which nonlinearities can arise, we define k,; such that at the
time of oscillon decay, ¢4, the density contrast reaches
unity at that scale, 8y (ky, f,) = 1 [86]. We can then use
the Poisson equation Eq. (11) evaluated at the reheating
time and at k, to find

3 (kg2
‘I’MD(knl) = 5 <_h) .

. (C1)
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FIG. 5. Here we show the shift of the parameter space
boundaries upon varying the threshold value for efficient oscillon
formation between 0.01 < M [Mp] <0.1 (gray shaded area,
left), the initial abundance 0.5 < < 0.9 (blue shaded), and
the oscillon lifetime 107 < 7., < 10 (gray shaded, right). The
benchmark values shown in Fig. 3(b) are marked with dash-
dotted lines. For the sake of clarity of presentation we only
illustrate three example models, but similar ranges of variation
apply for the other models.

Then, we use the relations Eqs. (14) and (15) to express k,;
in term of k., and model parameters. As a rough estimate
for the (generally scale-dependent) initial value of the
isocurvature perturbation S; we use Eq. (B5) and take

Oose.f ~ 73(151 2f from Eq. (10). Inserting typical values for the

models under consideration, one can then numerically
solve for ky /ky. The results are rather sensitive to the
precise numerical values and we cannot make a general
statement. For the models with the longest oscillon life-
times (e.g., the axion monodromy potential), and for large
values # ~ 0.9 and M ~ 1072 Myp,, the nonlinear scale can be
as low as k,; ~ 107%k,., meaning that in these cases we
are extrapolating linear perturbation theory into the non-
linear regime at the smallest scales ~k,. In contrast,
for models that yield shorter lifetimes (like the hilltop
model with p = 4), and for smaller values of f ~ 0.5 and
M <1073 My, we find k, = ko, indicating that all scales
that we are considering remain in the linear regime for these
cases.

Let us mention also that, although 6,,, may become order
unity, the gravitational potential always remains small,
®yp < 1, due to the k> suppression in the Poisson
equation. Therefore, one may argue that the use of linear
perturbation theory to estimate the induced GWs sourced
by @ is justified, and the possible appearance of non-
linearities in J,, should not affect any of our main
conclusions.

APPENDIX D: SCALAR INDUCED
GRAVITATIONAL WAVES

In the computation of the scalar induced GWs we closely
follow the formalism laid out in [81,84,85] and we refer the
interested reader to these references for more details.

=5r —p=1
[ — p=6
*6; p=8

S

= [

Siatiy

ECR

< [

-8

-9 I ! I I I i

| S - 1
-4 -12 -10 -8 -6 —4 =2 0 2
10g10|)“

FIG. 6. The parameter space for the asymmetric hilltop poten-
tial Eq. (8) in the (m, 4) plane with the same specifications as in
Fig. 3. Note that 4 is negative and we plot the absolute value.

The induced GW spectral energy density is given by the
power spectrum of tensor modes as

kZ

th(kvf),

Qaw (k) = (D1)
which should be evaluated at a time 7 > 7,; when the
generation is completed and all tensor modes are deep
inside the horizon and behave as free GWs. The (oscil-
lation-averaged) tensor spectrum P, (k, 7) in turn is com-
puted as a convolution of the tensor modes’ Green’s
function with a source, which contains the quadratic scalar
perturbations (i.e., the gravitational potential ® computed
in Appendix B). The tensor power spectrum generated in
the radiation era right after oscillon decay can then be

written as [80,84]
1+L
2048x / /1 ol

x (407 — (1 4+ 0* = u?)?)?1?
X (X, u, v)Pg(uk)Pe(vk),

PhRD(k T, X > 1

(D2)

where X =x—x4/2 with x = kz, xy = 2k/ky, and
¢2 = 1/3 in radiation domination. For the scalar power
spectrum Pg, we substitute Eq. (13) in the GW kernel. It is
well known that there is a resonant production of secondary
GWs when the sum of the two momenta of the scalar
modes matches that of the tensor mode, which happens at
cs(u + v) = 1 [81]. For frequencies near this resonance one
can analytically find the dominant contribution to the

kernel ﬁ, which is given explicitly by [84,85]

— 1

Ties(w,v) = 5 Ci(|(1 = es(u + 0))xn/2)%. (D3)
Inserting Eq. (D3) into Eq. (D2), one can analytically
evaluate the integrals to obtain the result given in Eq. (18).

The function ®,,, which appears due to momentum
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conservation and the cutoff we impose on the power
spectrum Eq. (10) at k., is given by

(1—s2)?
—, D4
(1= ) Y
with s, as defined in [48,84,85].

The dominant contribution to the low-frequency tail
stems from large momenta u ~ v > 1 and is given by

Thu.v) = 4 (Cilen/27 + (2/2 = Si(xa/2)7).  (DS)
with the sine and cosine integrals Si and Ci, respectively.

Once the tensor modes are deep inside the horizon, they
behave as classical GWs and their energy density redshifts
like that of radiation, pgw o a™*. We can then directly
relate the GW spectral density in the radiation era (denoted

by RD) to the spectral energy density today as [48]

106.75
X QGwRD (f),

T -1/3
Qawo(f)h? ~0.387 (M) Q, oh?

(Do)

where we used entropy conservation and g, (Trp) =
9.(Tgrp). The energy density fraction of radiation today
is approximately Q, (h* ~4.18 x 107 [6].

The spectral energy density of a stochastic GW back-
ground is related to the (dimensionless) characteristic strain
h. by [89]

4 2
PR,

o (D7)

QGW(f) =

which we use to transform the sensitivity curve of the
resonant cavity experiment proposed in [88] for Fig. 2.

[1] A. A. Starobinsky, A new type of isotropic cosmological
models without singularity, Phys. Lett. 91B, 99 (1980).

[2] D. Kazanas, Dynamics of the universe and spontaneous
symmetry breaking, Astrophys. J. Lett. 241, L59 (1980).

[3] A.H. Guth, The inflationary universe: A possible solution
to the horizon and flatness problems, Phys. Rev. D 23, 347
(1981).

[4] A.D. Linde, A new inflationary universe scenario: A
possible solution of the horizon, flatness, homogeneity,
isotropy and primordial monopole problems, Phys. Lett.
108B, 389 (1982).

[5] A. Albrecht and P.J. Steinhardt, Cosmology for grand
unified theories with radiatively induced symmetry break-
ing, Phys. Rev. Lett. 48, 1220 (1982).

[6] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020); 652, C4(E) (2021).

[71 Y. Akrami et al. (Planck Collaboration), Planck 2018
results. X. Constraints on inflation, Astron. Astrophys.
641, A10 (2020).

[8] T. Louis et al. (Atacama Cosmology Telescope Collabo-
ration), The Atacama Cosmology Telescope: DR6 power
spectra, likelihoods and ACDM parameters, J. Cosmol.
Astropart. Phys. 11 (2025) 062.

[9] E. Calabrese et al. (Atacama Cosmology Telescope Col-
laboration), The Atacama Cosmology Telescope: DR6
constraints on extended cosmological models, J. Cosmol.
Astropart. Phys. 11 (2025) 063.

[10] V.F. Mukhanov and G.V. Chibisov, Quantum fluctua-
tions and a nonsingular universe, JETP Lett. 33, 532
(1981).

[11] H. Kodama and M. Sasaki, Cosmological perturbation
theory, Prog. Theor. Phys. Suppl. 78, 1 (1984).

[12] M. Sasaki, Large scale quantum fluctuations in the infla-
tionary universe, Prog. Theor. Phys. 76, 1036 (1986).

[13] V.E. 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. Rep. 215, 203 (1992).

[14] A.R. Liddle and D. H. Lyth, Cosmological Inflation and
Large-Scale Structure (Cambridge University Press, Cam-
bridge, England, 2000), 10.1017/CB0O9781139175180.

[15] D. Baumann, Inflation, in Physics of the Large and the
Small (World Scientific, Singapore, 2011), pp. 523-686.

[16] J. Martin, C. Ringeval, and V. Vennin, Encyclopadia inflatio-
naris: Opiparous edition, Phys. Dark Universe 5-6, 75 (2014).

[17] R. Allahverdi et al., The first three seconds: A review of
possible expansion histories of the early universe, Open J.
Astrophys. 4 (2021).

[18] S. Choudhury, G. Bauyrzhan, S.K. Singh, and K.
Yerzhanov, What new physics can we extract from
inflation using the ACT DR6 and DESI DR2 observa-
tions?, arXiv:2506.15407.

[19] E.J. Copeland, M. Gleiser, and H. R. Muller, Oscillons:
Resonant configurations during bubble collapse, Phys.
Rev. D 52, 1920 (1995).

[20] S. Kasuya, M. Kawasaki, and F. Takahashi, I-balls, Phys.
Lett. B 559, 99 (2003).

[21] M. A. Amin and D. Shirokoff, Flat-top oscillons in an
expanding universe, Phys. Rev. D 81, 085045 (2010).

[22] M. A. Amin, Inflaton fragmentation: Emergence of
pseudo-stable inflaton lumps (oscillons) after inflation,
arXiv:1006.3075.

[23] M. A. Amin, R. Easther, and H. Finkel, Inflaton fragmen-
tation and oscillon formation in three dimensions,
J. Cosmol. Astropart. Phys. 12 (2010) 001.

123507-14


https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1086/183361
https://doi.org/10.1103/PhysRevD.23.347
https://doi.org/10.1103/PhysRevD.23.347
https://doi.org/10.1016/0370-2693(82)91219-9
https://doi.org/10.1016/0370-2693(82)91219-9
https://doi.org/10.1103/PhysRevLett.48.1220
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1088/1475-7516/2025/11/062
https://doi.org/10.1088/1475-7516/2025/11/062
https://doi.org/10.1088/1475-7516/2025/11/063
https://doi.org/10.1088/1475-7516/2025/11/063
https://doi.org/10.1143/PTPS.78.1
https://doi.org/10.1143/PTP.76.1036
https://doi.org/10.1016/0370-1573(92)90044-Z
https://doi.org/10.1017/CBO9781139175180
https://doi.org/10.1016/j.dark.2014.01.003
https://doi.org/10.21105/astro.2006.16182
https://doi.org/10.21105/astro.2006.16182
https://arXiv.org/abs/2506.15407
https://doi.org/10.1103/PhysRevD.52.1920
https://doi.org/10.1103/PhysRevD.52.1920
https://doi.org/10.1016/S0370-2693(03)00344-7
https://doi.org/10.1016/S0370-2693(03)00344-7
https://doi.org/10.1103/PhysRevD.81.085045
https://arXiv.org/abs/1006.3075
https://doi.org/10.1088/1475-7516/2010/12/001

CONSTRAINING THE INFLATON POTENTIAL WITH ...

PHYS. REV. D 113, 123507 (2026)

[24] M. A. Amin, R. Easther, H. Finkel, R. Flauger, and M. P.
Hertzberg, Oscillons after inflation, Phys. Rev. Lett. 108,
241302 (2012).

[25] M. Gleiser and D. Sicilia, Analytical characterization of
oscillon energy and lifetime, Phys. Rev. Lett. 101, 011602
(2008).

[26] M. P. Hertzberg, Quantum radiation of oscillons, Phys.
Rev. D 82, 045022 (2010).

[27] P. Salmi and M. Hindmarsh, Radiation and relaxation of
oscillons, Phys. Rev. D 85, 085033 (2012).

[28] P.M. Saffin, P. Tognarelli, and A. Tranberg, Oscillon
lifetime in the presence of quantum fluctuations, J. High
Energy Phys. 08 (2014) 125.

[29] M. Kawasaki, F. Takahashi, and N. Takeda, Adiabatic
invariance of Oscillons/I-balls, Phys. Rev. D 92, 105024
(2015).

[30] M. Ibe, M. Kawasaki, W. Nakano, and E. Sonomoto,
Decay of I-ball/oscillon in classical field theory, J. High
Energy Phys. 04 (2019) 030.

[31] M. Gleiser and M. Krackow, Resonant configurations in
scalar field theories: Can some oscillons live forever?,
Phys. Rev. D 100, 116005 (2019).

[32] H.-Y. Zhang, M. A. Amin, E.J. Copeland, P. M. Saffin,
and K.D. Lozanov, Classical decay rates of oscillons,
J. Cosmol. Astropart. Phys. 07 (2020) 055.

[33] E. Cotner, A. Kusenko, and V. Takhistov, Primordial black
holes from inflaton fragmentation into oscillons, Phys.
Rev. D 98, 083513 (2018).

[34] E. Cotner, A. Kusenko, M. Sasaki, and V. Takhistov,
Analytic description of primordial black hole formation
from scalar field fragmentation, J. Cosmol. Astropart.
Phys. 10 (2019) 077.

[35] S.Y. Khlebnikov and I.I. Tkachev, Relic gravitational
waves produced after preheating, Phys. Rev. D 56, 653
(1997).

[36] R. Easther and E. A. Lim, Stochastic gravitational wave
production after inflation, J. Cosmol. Astropart. Phys. 04
(2006) 010.

[37] S.-Y. Zhou, E.J. Copeland, R. Easther, H. Finkel, Z.-G.
Mou, and P. M. Saffin, Gravitational waves from oscillon
preheating, J. High Energy Phys. 10 (2013) 026.

[38] S. Antusch, F. Cefala, and S. Orani, Gravitational waves
from oscillons after inflation, Phys. Rev. Lett. 118, 011303
(2017); 120, 219901(E) (2018).

[39] S. Antusch, F. Cefala, and S. Orani, What can we learn
from the stochastic gravitational wave background
produced by oscillons?, J. Cosmol. Astropart. Phys. 03
(2017) 032.

[40] K. D. Lozanov and M. A. Amin, Gravitational perturba-
tions from oscillons and transients after inflation, Phys.
Rev. D 99, 123504 (2019).

[41] T. Hiramatsu, E. I. Sfakianakis, and M. Yamaguchi, Gravi-
tational wave spectra from oscillon formation after in-
flation, J. High Energy Phys. 03 (2020) 021.

[42] K.D. Lozanov, M. Sasaki, and V. Takhistov, Universal
gravitational wave signatures of cosmological solitons,
J. Cosmol. Astropart. Phys. 01 (2023) 094.

[43] K.D. Lozanov, M. Sasaki, and V. Takhistov, Universal
gravitational waves from interacting and clustered solitons,
Phys. Lett. B 848, 138392 (2024).

[44] K. D. Lozanov and M. A. Amin, Equation of state and
duration to radiation domination after inflation, Phys. Rev.
Lett. 119, 061301 (2017).

[45] K.D. Lozanov and M.A. Amin, Self-resonance after
inflation: Oscillons, transients and radiation domination,
Phys. Rev. D 97, 023533 (2018).

[46] T. Jia, Y. Sang, and X. Zhang, Nonlinear dynamics of
oscillons and transients during preheating after single field
inflation, Phys. Rev. D 111, 083531 (2025).

[47] J. OlI¢, O. Pujolas, and F. Rompineve, Oscillons and dark
matter, J. Cosmol. Astropart. Phys. 02 (2019) 006.

[48] K. Inomata, K. Kohri, T. Nakama, and T. Terada, Enhance-
ment of gravitational waves induced by scalar perturba-
tions due to a sudden transition from an early matter era to
the radiation era, Phys. Rev. D 100, 043532 (2019); 108,
049901(E) (2023).

[49] K. D. Lozanov and V. Takhistov, Enhanced gravitational
waves from inflaton oscillons, Phys. Rev. Lett. 130,
181002 (2023).

[50] X.-B. Sui, J. Liu, and R.-G. Cai, Enhancement of small-
scale induced gravitational waves from solitons and
oscillons, Phys. Rev. D 111, 123503 (2025).

[51] B. A. Bassett, S. Tsujikawa, and D. Wands, Inflation
dynamics and reheating, Rev. Mod. Phys. 78, 537 (2006).

[52] K.D. Lozanov, Lectures on reheating after inflation,
arXiv:1907.04402.

[53] M. A. G. Garcia, M. Gross, Y. Mambrini, K. A. Olive, M.
Pierre, and J.-H. Yoon, Effects of fragmentation on post-
inflationary reheating, J. Cosmol. Astropart. Phys. 12
(2023) 028.

[54] I. Dymnikova, L. Koziel, M. Khlopov, and S. Rubin,
Quasilumps from first order phase transitions, Gravitation
Cosmol. 6, 311 (2000).

[55] S. Antusch and S. Orani, Impact of other scalar fields on
oscillons after hilltop inflation, J. Cosmol. Astropart. Phys.
03 (2015) 026.

[56] M. Shafi, E. J. Copeland, R. Mahbub, S. S. Mishra, and S.
Basak, Formation and decay of oscillons after inflation in
the presence of an external coupling. Part I. Lattice
simulations, J. Cosmol. Astropart. Phys. 10 (2024) 082.

[57] S. Li, M. Yamaguchi, and Y.-1. Zhang, Decay and lifetime
of oscillons coupled to an external scalar field: Insights
from instability band analysis, J. Cosmol. Astropart. Phys.
12 (2025) 028.

[58] S.Li, Oscillon decay via parametric resonance: The case of
three-point scalar interactions, arXiv:2511.03501.

[59] J. Kim and J. McDonald, Inflaton condensate fragmenta-
tion: Analytical conditions and application to a-attractor
models, Phys. Rev. D 95, 123537 (2017).

[60] J. Kim and J. McDonald, General analytical conditions for
inflaton fragmentation: Quick and easy tests for its
occurrence, Phys. Rev. D 105, 063508 (2022).

[61] M. A. Amin and P. Mocz, Formation, gravitational cluster-
ing, and interactions of nonrelativistic solitons in an
expanding universe, Phys. Rev. D 100, 063507 (2019).

[62] S. Antusch, F. Cefala, and F. Torrenti, Properties of
oscillons in hilltop potentials: Energies, shapes, and life-
times, J. Cosmol. Astropart. Phys. 10 (2019) 002.

[63] R. Kallosh and A. Linde, Universality class in conformal
inflation, J. Cosmol. Astropart. Phys. 07 (2013) 002.

123507-15


https://doi.org/10.1103/PhysRevLett.108.241302
https://doi.org/10.1103/PhysRevLett.108.241302
https://doi.org/10.1103/PhysRevLett.101.011602
https://doi.org/10.1103/PhysRevLett.101.011602
https://doi.org/10.1103/PhysRevD.82.045022
https://doi.org/10.1103/PhysRevD.82.045022
https://doi.org/10.1103/PhysRevD.85.085033
https://doi.org/10.1007/JHEP08(2014)125
https://doi.org/10.1007/JHEP08(2014)125
https://doi.org/10.1103/PhysRevD.92.105024
https://doi.org/10.1103/PhysRevD.92.105024
https://doi.org/10.1007/JHEP04(2019)030
https://doi.org/10.1007/JHEP04(2019)030
https://doi.org/10.1103/PhysRevD.100.116005
https://doi.org/10.1088/1475-7516/2020/07/055
https://doi.org/10.1103/PhysRevD.98.083513
https://doi.org/10.1103/PhysRevD.98.083513
https://doi.org/10.1088/1475-7516/2019/10/077
https://doi.org/10.1088/1475-7516/2019/10/077
https://doi.org/10.1103/PhysRevD.56.653
https://doi.org/10.1103/PhysRevD.56.653
https://doi.org/10.1088/1475-7516/2006/04/010
https://doi.org/10.1088/1475-7516/2006/04/010
https://doi.org/10.1007/JHEP10(2013)026
https://doi.org/10.1103/PhysRevLett.118.011303
https://doi.org/10.1103/PhysRevLett.118.011303
https://doi.org/10.1103/PhysRevLett.120.219901
https://doi.org/10.1088/1475-7516/2017/03/032
https://doi.org/10.1088/1475-7516/2017/03/032
https://doi.org/10.1103/PhysRevD.99.123504
https://doi.org/10.1103/PhysRevD.99.123504
https://doi.org/10.1007/JHEP03(2020)021
https://doi.org/10.1088/1475-7516/2025/01/094
https://doi.org/10.1016/j.physletb.2023.138392
https://doi.org/10.1103/PhysRevLett.119.061301
https://doi.org/10.1103/PhysRevLett.119.061301
https://doi.org/10.1103/PhysRevD.97.023533
https://doi.org/10.1103/PhysRevD.111.083531
https://doi.org/10.1088/1475-7516/2019/02/006
https://doi.org/10.1103/PhysRevD.100.043532
https://doi.org/10.1103/PhysRevD.108.049901
https://doi.org/10.1103/PhysRevD.108.049901
https://doi.org/10.1103/PhysRevLett.130.181002
https://doi.org/10.1103/PhysRevLett.130.181002
https://doi.org/10.1103/d2rp-xyzt
https://doi.org/10.1103/RevModPhys.78.537
https://arXiv.org/abs/1907.04402
https://doi.org/10.1088/1475-7516/2023/12/028
https://doi.org/10.1088/1475-7516/2023/12/028
https://doi.org/10.1088/1475-7516/2015/03/026
https://doi.org/10.1088/1475-7516/2015/03/026
https://doi.org/10.1088/1475-7516/2024/10/082
https://doi.org/10.1088/1475-7516/2025/12/028
https://doi.org/10.1088/1475-7516/2025/12/028
https://arXiv.org/abs/2511.03501
https://doi.org/10.1103/PhysRevD.95.123537
https://doi.org/10.1103/PhysRevD.105.063508
https://doi.org/10.1103/PhysRevD.100.063507
https://doi.org/10.1088/1475-7516/2019/10/002
https://doi.org/10.1088/1475-7516/2013/07/002

LOZANOV, SASAKI, and TRANKLE

PHYS. REV. D 113, 123507 (2026)

[64] R. Kallosh, A. Linde, and D. Roest, Superconformal infla-
tionary a-attractors, J. High Energy Phys. 11 (2013) 198.

[65] E. Silverstein and A. Westphal, Monodromy in the CMB:
Gravity waves and string inflation, Phys. Rev. D 78,
106003 (2008).

[66] L. McAllister, E. Silverstein, and A. Westphal, Gravity
waves and linear inflation from axion monodromy, Phys.
Rev. D 82, 046003 (2010).

[67] L. McAllister, E. Silverstein, A. Westphal, and T. Wrase,
The powers of monodromy, J. High Energy Phys. 09
(2014) 123.

[68] L. Boubekeur and D. H. Lyth, Hilltop inflation, J. Cosmol.
Astropart. Phys. 07 (2005) 010.

[69] M. Lynker and R. Schimmrigk, ACT implications for
Hilltop inflation, arXiv:2507.15076.

[70] R. Mahbub and S.S. Mishra, Oscillon formation from
preheating in asymmetric inflationary potentials, Phys.
Rev. D 108, 063524 (2023).

[71] N. Takeda and Y. Watanabe, No quasistable scalaron lump
forms after R? inflation, Phys. Rev. D 90, 023519 (2014).

[72] P. Ade et al. (Simons Observatory Collaboration),
The Simons Observatory: Science goals and forecasts,
J. Cosmol. Astropart. Phys. 02 (2018) 056.

[73] E. Allys et al. (LiteBIRD Collaboration), Probing cosmic
inflation with the LiteBIRD cosmic microwave back-
ground polarization survey, Prog. Theor. Exp. Phys.
2023, 042F01 (2023).

[74] T. Papanikolaou, V. Vennin, and D. Langlois, Gravitational
waves from a universe filled with primordial black holes,
J. Cosmol. Astropart. Phys. 03 (2020) 053.

[75] D. Baumann, Cosmology (Cambridge University Press,
Cambridge, England, 2022).

[76] K. Tomita, Non-Linear theory of gravitational instability in
the expanding universe, Prog. Theor. Phys. 37, 831 (1967).

[77] S. Matarrese, O. Pantano, and D. Saez, A general relativ-
istic approach to the nonlinear evolution of collisionless
matter, Phys. Rev. D 47, 1311 (1993).

[78] K.N. Ananda, C. Clarkson, and D. Wands, The cosmo-
logical gravitational wave background from primordial
density perturbations, Phys. Rev. D 75, 123518 (2007).

[79] D. Baumann, P. J. Steinhardt, K. Takahashi, and K. Ichiki,
Gravitational wave spectrum induced by primordial scalar
perturbations, Phys. Rev. D 76, 084019 (2007).

[80] K. Kohri and T. Terada, Semianalytic calculation of
gravitational wave spectrum nonlinearly induced from
primordial curvature perturbations, Phys. Rev. D 97,
123532 (2018).

[81] G. Domenech, Scalar induced gravitational waves review,
Universe 7, 398 (2021).

[82] K. Inomata, K. Kohri, and T. Terada, The poltergeist
mechanism—enhancement of scalar-induced gravitational
waves with early matter-dominated era, arXiv:2511.07266.

[83] K. Imagawa, M. Kawasaki, K. Murai, H. Nakatsuka, and
E. Sonomoto, Free streaming length of axion-like particle
after oscillon/I-ball decays, J. Cosmol. Astropart. Phys. 02
(2021) 024.

[84] G. Domenech, C. Lin, and M. Sasaki, Gravitational wave
constraints on the primordial black hole dominated early
universe, J. Cosmol. Astropart. Phys. 04 (2021) 062;
11 (2021) EO1.

[85] G. Domenech and J. Trinkle, From formation to evapo-
ration: Induced gravitational wave probes of the primordial
black hole reheating scenario, Phys. Rev. D 111, 063528
(2025).

[86] K. Inomata, M. Kawasaki, K. Mukaida, T. Terada, and
T. T. Yanagida, Gravitational wave production right after a
primordial black hole evaporation, Phys. Rev. D 101,
123533 (2020).

[87] G. Domenech, V. Takhistov, and M. Sasaki, Exploring
evaporating primordial black holes with gravitational
waves, Phys. Lett. B 823, 136722 (2021).

[88] N. Herman, L. Lehoucq, and A. Fuzfa, Electromagnetic
antennas for the resonant detection of the stochastic gravi-
tational wave background, Phys. Rev. D 108, 124009 (2023).

[89] N. Aggarwal et al., Challenges and opportunities of
gravitational-wave searches at MHz to GHz frequencies,
Living Rev. Relativity 24, 4 (2021).

[90] A. Berlin, D. Blas, R. Tito D’Agnolo, S. A.R. Ellis, R.
Harnik, Y. Kahn, and J. Schiitte-Engel, Detecting high-
frequency gravitational waves with microwave cavities,
Phys. Rev. D 105, 116011 (2022).

[91] V. Domcke, C. Garcia-Cely, and N. L. Rodd, Novel search
for high-frequency gravitational waves with low-mass
axion haloscopes, Phys. Rev. Lett. 129, 041101 (2022).

[92] Y. He, S.K. Giri, R. Sharma, S. Mtchedlidze, and I.
Georgiev, Inverse gertsenshtein effect as a probe of high-
frequency gravitational waves, J. Cosmol. Astropart. Phys.
05 (2023) 051.

[93] N. Aggarwal ef al, Challenges and opportunities of
gravitational wave searches above 10 kHz, Living Rev.
Relativity 28, 10 (2025).

[94] C. Caprini and D. G. Figueroa, Cosmological backgrounds
of gravitational waves, Classical Quantum Gravity 35,
163001 (2018).

[95] K. Inomata, K. Kohri, T. Nakama, and T. Terada, Gravi-
tational waves induced by scalar perturbations during a
gradual transition from an early matter era to the radiation
era, J. Cosmol. Astropart. Phys. 10 (2019) 071; 08 (2023)
EOl.

[96] M. Pearce, L. Pearce, G. White, and C. Balazs, Gravita-
tional wave signals from early matter domination: Inter-
polating between fast and slow transitions, J. Cosmol.
Astropart. Phys. 06 (2023) 021.

[97] M. Pearce, L. Pearce, G. White, and C. Baldzs, Using
gravitational wave signals to disentangle early matter domi-
nated epochs, J. Cosmol. Astropart. Phys. 11 (2025) 004.

[98] M. Kawasaki and K. Murai, Enhancement of gravitational
waves at Q-ball decay including non-linear density per-
turbations, J. Cosmol. Astropart. Phys. 01 (2023) 050.

[99] N. Fernandez, J. W. Foster, B. Lillard, and J. Shelton,
Stochastic gravitational waves from early structure for-
mation, Phys. Rev. Lett. 133, 111002 (2024).

[100] K. A. Malik and D. Wands, Cosmological perturbations,
Phys. Rep. 475, 1 (2009).

[101] H. Kodama and M. Sasaki, Evolution of isocurvature
perturbations. 1. Photon—baryon universe, Int. J. Mod.
Phys. A 01, 265 (1986).

[102] H. Kodama and M. Sasaki, Evolution of isocurvature
perturbations. II. Radiation dust universe, Int. J. Mod.
Phys. A 02, 491 (1987).

123507-16


https://doi.org/10.1007/JHEP11(2013)198
https://doi.org/10.1103/PhysRevD.78.106003
https://doi.org/10.1103/PhysRevD.78.106003
https://doi.org/10.1103/PhysRevD.82.046003
https://doi.org/10.1103/PhysRevD.82.046003
https://doi.org/10.1007/JHEP09(2014)123
https://doi.org/10.1007/JHEP09(2014)123
https://doi.org/10.1088/1475-7516/2005/07/010
https://doi.org/10.1088/1475-7516/2005/07/010
https://arXiv.org/abs/2507.15076
https://doi.org/10.1103/PhysRevD.108.063524
https://doi.org/10.1103/PhysRevD.108.063524
https://doi.org/10.1103/PhysRevD.90.023519
https://doi.org/10.1088/1475-7516/2019/02/056
https://doi.org/10.1093/ptep/ptac150
https://doi.org/10.1093/ptep/ptac150
https://doi.org/10.1088/1475-7516/2020/03/053
https://doi.org/10.1143/PTP.37.831
https://doi.org/10.1103/PhysRevD.47.1311
https://doi.org/10.1103/PhysRevD.75.123518
https://doi.org/10.1103/PhysRevD.76.084019
https://doi.org/10.1103/PhysRevD.97.123532
https://doi.org/10.1103/PhysRevD.97.123532
https://doi.org/10.3390/universe7110398
https://arXiv.org/abs/2511.07266
https://doi.org/10.1088/1475-7516/2021/02/024
https://doi.org/10.1088/1475-7516/2021/02/024
https://doi.org/10.1088/1475-7516/2021/04/062
https://doi.org/10.1088/1475-7516/2021/11/E01
https://doi.org/10.1103/PhysRevD.111.063528
https://doi.org/10.1103/PhysRevD.111.063528
https://doi.org/10.1103/PhysRevD.101.123533
https://doi.org/10.1103/PhysRevD.101.123533
https://doi.org/10.1016/j.physletb.2021.136722
https://doi.org/10.1103/PhysRevD.108.124009
https://doi.org/10.1007/s41114-021-00032-5
https://doi.org/10.1103/PhysRevD.105.116011
https://doi.org/10.1103/PhysRevLett.129.041101
https://doi.org/10.1088/1475-7516/2023/05/051
https://doi.org/10.1088/1475-7516/2023/05/051
https://doi.org/10.1007/s41114-025-00060-5
https://doi.org/10.1007/s41114-025-00060-5
https://doi.org/10.1088/1361-6382/aac608
https://doi.org/10.1088/1361-6382/aac608
https://doi.org/10.1088/1475-7516/2019/10/071
https://doi.org/10.1088/1475-7516/2023/08/E01
https://doi.org/10.1088/1475-7516/2023/08/E01
https://doi.org/10.1088/1475-7516/2023/06/021
https://doi.org/10.1088/1475-7516/2023/06/021
https://doi.org/10.1088/1475-7516/2025/11/004
https://doi.org/10.1088/1475-7516/2024/01/050
https://doi.org/10.1103/PhysRevLett.133.111002
https://doi.org/10.1016/j.physrep.2009.03.001
https://doi.org/10.1142/S0217751X86000137
https://doi.org/10.1142/S0217751X86000137
https://doi.org/10.1142/S0217751X8700020X
https://doi.org/10.1142/S0217751X8700020X

	Constraining the inflaton potential with gravitational waves from oscillons
	I. INTRODUCTION
	II. NONLINEAR DYNAMICS AFTER INFLATION
	A. Conditions for oscillon formation
	B. Properties of individual oscillons
	C. Inflationary potentials

	III. PERTURBATIONS IN THE OSCILLON-DOMINATED UNIVERSE
	IV. GRAVITATIONAL WAVES INDUCED BY OSCILLON DECAY
	V. INDUCED GW CONSTRAINTS ON THE INFLATON POTENTIAL
	VI. SUMMARY AND CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: RELATING POTENTIAL PARAMETERS TO CMB OBSERVABLES
	APPENDIX B: EVOLUTION OF ISOCURVATURE PERTURBATIONS
	APPENDIX C: NONLINEAR SCALES
	APPENDIX D: SCALAR INDUCED GRAVITATIONAL WAVES
	References


