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We study preheating via kinetic couplings after dilaton-axion a-attractor inflation. We focus on E-model a-

attractor driven inflation where the inflaton is kinetically coupled to an ultralight axion. In this class of models, the
kinetic coupling is related to the form of the potential, and once the amplitude of the scalar curvature spectrum
as well as the tensor-to-scalar ratio are specified, the model has no free parameters. We find that the kinetic
couplings can lead to extremely efficient tachyonic preheating, with stronger preheating occurring at parameter
values corresponding to smaller values of the tensor-to-scalar ratio. Preheating becomes extremely efficient below

r<1.6% 1075,

1. Introduction

Non-minimal a-attractor classes of inflationary models present a
novel opportunity to study preheating in a scenario where the inflaton’s
potential and kinetic couplings to other fields share a single parame-
ter. These kinetically coupled fields occur generically in a-attractor and
supergravity models [1-4], as well as in various string constructions,
such as Fibre Inflation [5], and generalized Einstein theories [6,7]. In
the simplest realizations of a-attractors [1], kinetic couplings play only
a small role during preheating due to the strong attractor nature of
the background multifield trajectories [8]. These trajectories generically
end inflation along directions where the kinetic couplings vanish during
the early stages of preheating. Nonetheless, preheating after a-attractor
inflation can be very efficient [8-10], leading to significant gravitational
wave backgrounds [11,12].

In this work, we consider scenarios in which the inflaton enters
the reheating phase with a significant kinetic coupling to an additional
scalar degree of freedom. We specialize to exponential type couplings
of the sort that arise in supergravity constructions such as multifield
generalizations of a-attractors [13,14]. An explicit example of inflation-
ary model where inflation can end with a significant kinetic coupling is
Hypernatural inflation [2,15], where the inflaton can be either the dila-
ton or axion, or some combination of both. These dilaton-axion models
have been used to construct two-stage inflationary models that gener-
ate large amplitude scalar fluctuations near the end of inflation to seed
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primordial black holes and induce large-amplitude gravitational waves
[3,4].

We consider inflation to proceed along the dilatonic direction on an
E-model a-attractor potential. After fixing the amplitude of the fluctu-
ations to match those observed in the cosmic microwave background,
the resulting model has only one free parameter, the scale y which pa-
rameterizes the curvature of the Kdhler manifold. This parameter sets
the tensor-to-scalar ratio, r, and also controls the strength of the kinetic
coupling. We explore the efficiency of preheating as a function of u, and
find that the kinetic coupling induces a type of tachyonic preheating
into the spectator field. This tachyonic preheating can be extremely ef-
ficient for strongly curved manifolds, which correspond to low values of
the tensor-to-scalar ratio r < 1.6 X 107 in these models. Unfortunately,
this transition value is far smaller than the projected sensitivity of up-
coming cosmic microwave back ground experiments, such as CMB-S4
[16,171, which are projected to probe tensor-to-scalar ratios at the level
of r S 1073,

We use natural units, which set # = c¢ = 1, and define the reduced
Planck mass M, =1/v/87G. We use the “mostly plus” metric conven-
tion for a homogeneously expanding Friedmann-Lemaitre-Robertson-
Walker background and repeated/contracted Greek spacetime indices
are summed via the Einstein summation convention. Over-bars, e.g.
¢, as well as angled-brackets, (¢), denote constant-time grid-averaged
quantities.
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2. The model and background

We consider a dilaton-axion model of inflation with dilatonic scalar
field, ¢, and an axion field, y,

M? 1
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where R is the Ricci scalar. The inflaton, ¢, is subject to an E-model
a-attractor potential [1,2]
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where u is a free parameter. We chose to parameterize the system by u
(see, e.g. [15]) as opposed to 1/3a/2 as the coupling so that the scale of
the interaction is simply given by a parameter with mass-dimension. The
height of the potential, parametrized by m, however, is set by matching
to the amplitude of the scalar spectrum as measured by Planck [18]
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where Hs, and €5, are the Hubble rate, H = d/a, and slow-roll param-
eter, ¢ = —H /H?, evaluated 50 e-foldings before the end of inflation.
In these models the tensor-scalar ratio, r, directly depends on u, while
the scalar tilt is approximately independent [19],

r—,uﬁ nS:l_N’ (€3]
where N is the number of e-foldings before the end of inflation. While
eq. (4) is an approximation, numerical solutions to the homogenous evo-
lution of eq. (3) evaluated N = 50 e-foldings before the end of inflation,
and using the standard r = 16¢5,, agree with eq. (4) within ten percent.

The kinetic coupling between the inflation and the axion is not a free
function in this model [3,4],

W () = ek, &)

thereby leaving the entire inflaton-axion system parameterized by u
alone. This choice of potential is not unique [15], but it provides an in-
triguing opportunity to study a preheating system in the absence of free
parameters. For this work, we assume that the field y has no vacuum ex-
pectation value during inflation.! Here, the dilaton is the inflaton, and
there is only one free parameter in the model.

There have been a number of previous studies of preheating in a-
attractor models, e.g. Ref. [8-12]. In these studies, the inflation is taken
to be the axion field-the field that exhibits the non-minimal kinetic
structure. The authors study the floquet analysis of the perturbations
of both the axion (inflaton) and the dilaton (decay) field, showing that
preheating can occur. The authors showed that of the modes of the ax-
ion occur via self-resonance, alongside the amplifications of the dilaton
field. This type of preheating can also be seen in other scenarios where
the inflaton has a non-minimal kinetic structure, e.g. [21-24]. Here,
our scenario is somewhat different; the inflaton is a canonical field and
the decay field exhibits the non-minimal kinetic structure. The homoge-
neous mode of the canonical inflaton drives the instability in the decay
field which leads to efficient decay.

In the absence of a coupled axion, oscillons [25-38] can form from
these asymmetric potentials [39,40], which can also produce gravi-
tational waves [41,42]. While these self-resonances also occur in the
model presented here, the additional instabilities in the axion field can
dominate the preheating phase.

The model in eq. (1) leads to the classical equations of motion for
the fields ¢ and y

1 Note that this does not result in geometric destabilization of the ultralight
x field during inflation [20], as shown in Ref. [14].
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The expansion of the Universe is taken to be spatially homogeneous,
where the evolution of the scale factor is self-consistently calculated
from the Friedmann equation, 3M slH 2 = (p), i.e. we calculate p at every
point and use the spatial average of this quantity to source the evolution
of a. The energy density receives contributions from both the inflaton
and axion, p=py +p ¥ where
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To study the early stages of kinetic preheating, we ignore inflaton fluc-
tuations, and linearize the equation of motion for the canonically nor-
malized axion field ¢ = v/a3W (¢) y. In Fourier space, this reads
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A tachyonic instability exists when the effective mass of ¢ is negative.
The effective mass can be read directly from eq. (10)
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note that we can identify two distinct types of terms here. The first term,
proportional to ¢ arises due to the field space curvature (see, for exam-
ple, refs. [43-46]) and appears in previous studies of preheating after
a-attractor inflation, see for example [9]. The second term, proportional
to ¢, is a kinematical effect that arises from the kinetic coupling. Note
that this term is absent in models where inflation is driven by the axion
and preheating starts with no dilaton vev [9]. Once inflation ends, this
term dominates the dynamics and results in bursts of strong tachyonic
preheating.

We can estimate that significant instabilities exist during reheating
for momenta in the band

H<5<9,\/E, (12)
a u \u

assuming H < ¢/u. Because m controls the dynamics of ¢ in this
regime, ¢ ~ m¢p, while H=! ~ 50m~! (see below), wide instability bands
can exist even when ¢ /u ~ 1, ¢ is the value of the inflaton at the end
of inflation.

3. Initial conditions and numerical parameters

To set our initial conditions we first numerically integrate the homo-
geneous mode of the inflation field during inflation. We simulate many
e-foldings of inflation for each value of u, thereby ensuring that we are
on the inflationary attractor 50 e-foldings before the end of inflation. We
use these to calculate m from eq. (3) as well as the homogenous values
¢o = ¢ and ¢, = ¢ at the end of inflation.

We employ GABEZ2 [21] to conduct nonlinear simulations during the
preheating period. For the values of y that we study, H~! ~50m~! at
the end of inflation, although this number varies from 28 m™! for the
largest value of u to 59m™! for the smallest value of . We give ¢ and
x Bunch-Davies initial conditions,

(1p(0)1?) = (2aw,y)™" a3)

2 http://cosmo.kenyon.edu/gabe.html.
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Fig. 1. Statistics of preheating for u =0.104 M, (left panels), yu = 0_.0705 M, (middle panels) and u = 0.0602 M, (right panels). The top panels show the average
value of the field in each simulation (red) as well as the solution ¢ from the homogeneous limit of eq. (6) (gray, dashed). The middle panels show the variance
of the inflaton, aé (red), alongside the variance of the axion, o2 (black, dashed). The bottom panels show the equation of state both instantaneously (gray) and
averaged over a period of the inflaton (black); the horizontal line (blue, dash-dotted) indicates a radiation equation of state w = 1/3. Note that the timescale for the

#=0.0602 M, simulation is shorter than the other two cases.

and
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The extra factor of W in the y initial conditions represents the fact that

Viahs Merps
are set by the wave number and the curvature of the potential at the end

of inflation, mgff = 0%V /d¢? for the inflaton, and msz = 0 for the axion.?
Since the effective mass is slightly negative at the end of inflation, mgff =
—0.125m?, we set L, = 15 m~! which ensures that the smallest non-zero
mode of the box k;, = 2x/L, is not tachyonic when the simulation
begins.

For all of the simulations here the grid has N3 = 2563 points with a
time-step of At = Ax/30= L,/N /30. Inhomogeneities in the fields can
be parameterized by the variance, o2, e.g.

@ is the canonically quantized field. The frequencies, w =

min

Gi= <¢2—q§2>. (15)
4. Results

Preheating is characterized by the explosive production of particles
due to the periodic dynamics of the homogeneous inflaton background

3 Note that this is not strictly true as can be seen from eq. (10). However,
it remains an excellent approximation until very close to the end of inflation,
where the effective mass quickly becomes large and negative. Our initial con-
ditions therefore likely underestimate the subsequent amplification of y during
preheating.

[47-50]. In momentum space, this results in the parametric or tachy-
onic amplification of axion momenta that fall into unstable regions of
the relevant Floquet chart. In the case of nonlinear self-interactions in-
duced by anharmonicity of the potential in eq. (2), resonance results
in amplification of the inflaton field itself. When preheating is efficient
and large amplitude fluctuations are excited, a second phase can oc-
cur in which backscattering excites further field inhomogeneities which
can lead to the decay of the homogeneous mode of the inflaton. For the
kinetic coupling we consider in this work, preheating is dominated by
energy transfer to the axion.

The value of y has two effects on the dynamics. First it changes the
hierarchy between m and H at the end of inflation, and secondly it di-
rectly controls the strength of the kinetic coupling and therefore the
width of the instability bands in eq. (12). We therefore expect stronger
preheating effects at smaller values of u. For larger values of 4, we ob-
serve weak preheating. This can be seen in the left panels of Fig. 1,
for the case where y =0.104 M. In these weak cases, there is some
resonance—-characterized by an increase in the variance of the axion,
x, with little back-scattering. In these cases the average of ¢ does not
fragment and matches the numerical evolution of the homogeneous
limit of eq. (6). The middle panels of Fig. 1 show a marginal case,
#=0.0705 M), where the modes of y are amplified, followed by back-
scattering onto ¢; the zero mode of the inflation also decays from its
homogeneous limit. For values of y < 0.07 My, the preheating process
appears quite efficient, as in the right panels of Fig. 1, with the variance
of y growing within a few oscillations of the homogenous mode. In
these cases, our simulations terminate due to significant scattering into
higher-k modes. The scattering into these modes is a consequence of the
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Fig. 2. The ratio of energy deposited into the y field as a function of y. The left panel shows the fraction of energy in the y field as a function of the time in the
simulation, j,/p; darker colors (top) correspond to the data produced by simulations with a lower values of y ranging from u = 0.0439 M, (upper leftmost curve)
to 4 =0.104 M, (lowest curve). The right panel shows the maximum value of the ratio of 5, /p for each value of u evaluated after preheating has begun, t > 45m™".

nonlinear coupling of the fields and is a problem for lattice simulations
where we can only resolve a finite number of modes; in the continuum
this cascade would terminate. Fig. 1 also computes the equation of state,
w = p/p, as a function of time for these three cases to test whether the
final state looks radiation-dominated, e.g. ready for big-bang nucleosyn-
thesis. In the case of large u, we see that the equation of state remains
matter-dominated, near w = 0, throughout the simulation. However, in
the other two cases, as modes of y are populated, the equation of state
approaches that of a radiation-dominated epoch.

In Fig. 2 we show the results of our simulations over a wide range
in u. We probe a range of u values, sampled logarithmically, from u =
0.0439 M, to u = 0.104 M. For values of yu below the threshold of
u~ 0.8 M, we see that preheating generically arises in these models.
As p increasing, the preheating efficiency quickly decreases. For the case
of u=0.0705 My, which we identify as the borderline case between
incomplete and complete preheating, this gives r ~ 1.6 x 107>, In cases
where r is less than this value, we expect that the kinetic coupling to be
the dominant reheating channel.

In models where no kinetic coupling exists, oscillons are formed for
1 5 0.08 [51]. Incidentally, kinetic preheating becomes efficient near
this same threshold, implying that the kinetic channel dominates over
self-resonance and suppresses oscillon production.

5. Discussion and conclusions

In this work, we have studied preheating in a class of kinetically
coupled inflationary models. These types of kinetic couplings arise nat-
urally in classes of non-minimal a-attractor inflation currently favored
by observational data. Specifically, we have considered a dilatonic in-
flaton coupled via an exponential kinetic coupling to an ultralight axion
field. For observationally-relevant values of u, strong preheating arises
without the need for any tuning. We find preheating is stronger at lower
values of the tensor-to-scalar ratio, with the transition to efficient pre-
heating occurring for r ~ 1.6 X 107>,

Finally, we anticipate that, analogously to the kinetically-coupled
gauge field case [52,53], gravitational wave production will be ex-
tremely efficient in these scenarios [54], and may lead to constraints
on the scenario through cosmic microwave background measurements
of the effective number of relativistic species, N [55,56]. Further, in
the region of parameter space where preheating is extremely efficient,
we expect large density inhomogeneities to be produced, potentially col-

lapsing to form compact structures such as black holes [57]. These, and
other investigations will be published separately [58,59].

We thank Mustafa Amin and Zachary Weiner for early conversations
regarding kinetic couplings. P.A. and J.T.G. gratefully acknowledge sup-
port from the Simons Center for Geometry and Physics, Stony Brook
University at which some of the research for this paper was performed.
J.T.G. is also grateful for the hospitality of the Illinois Center for Ad-
vanced Studies of the Universe at the University of Illinois at which
much of this work was conducted. P.A. is supported in part by the United
States Department of Energy, DE-SC0015655. J.T.G. and R.P. are sup-
ported in part by the National Science Foundation, PHY-2309919. The
simulations presented here were carried out at the Ohio Super Computer
Center [60].

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:
John T. Giblin Jr. reports financial support was provided by National
Science Foundation. Peter Adshead reports financial support was pro-
vided by US Department of Energy. John T. Giblin Jr. reports financial
support was provided by Simons Foundation. Peter Adshead reports fi-
nancial support was provided by Simons Foundation. If there are other
authors, they declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.

References

[1] Renata Kallosh, Andrei Linde, Non-minimal inflationary attractors, J. Cosmol. As-
tropart. Phys. 10 (2013) 033, arXiv:1307.7938 [hep-th].

[2] Andrei Linde, Dong-Gang Wang, Yvette Welling, Yusuke Yamada, Ana Achtcarro,

Hypernatural inflation, J. Cosmol. Astropart. Phys. 07 (2018) 035, arXiv:1803.09911

[hep-th].

Matteo Braglia, Dhiraj Kumar Hazra, Fabio Finelli, George F. Smoot, L. Sriramkumar,

Alexei A. Starobinsky, Generating PBHs and small-scale GWs in two-field models of

inflation, J. Cosmol. Astropart. Phys. 08 (2020) 001, arXiv:2005.02895 [astro-ph.

CO].

Renata Kallosh, Andrei Linde, Dilaton-axion inflation with PBHs and GWs, J. Cosmol.

Astropart. Phys. 08 (2022) 037, arXiv:2203.10437 [hep-th].

[3

[4


http://refhub.elsevier.com/S0370-2693(24)00486-6/bib5F4A7B3801EAEEFB66873AD0F44EE22Ds1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib5F4A7B3801EAEEFB66873AD0F44EE22Ds1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib73EFC9B17DE849EEA1292359A007189Es1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib73EFC9B17DE849EEA1292359A007189Es1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib73EFC9B17DE849EEA1292359A007189Es1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib5F068743D03E457FD8D758E165018870s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib5F068743D03E457FD8D758E165018870s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib5F068743D03E457FD8D758E165018870s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib5F068743D03E457FD8D758E165018870s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibEEAE6858B087B8DC2D1EF6BD43E3C1D5s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibEEAE6858B087B8DC2D1EF6BD43E3C1D5s1

P. Adshead, J.T. Giblin and R. Pfaltzgraff-Carlson

[5] M. Cicoli, C.P. Burgess, F. Quevedo, Fibre inflation: observable gravity waves from
IIB string compactifications, J. Cosmol. Astropart. Phys. 03 (2009) 013, arXiv:0808.
0691 [hep-th].

[6] Alexei A. Starobinsky, Shinji Tsujikawa, Jun’ichi Yokoyama, Cosmological pertur-
bations from multifield inflation in generalized Einstein theories, Nucl. Phys. B 610
(2001) 383-410, arXiv:astro-ph/0107555.

[7] Fabrizio Di Marco, Fabio Finelli, Robert Brandenberger, Adiabatic and isocurvature
perturbations for multifield generalized Einstein models, Phys. Rev. D 67 (2003)
063512, arXiv:astro-ph/0211276.

[8] Oksana larygina, Evangelos I. Sfakianakis, Dong-Gang Wang, Ana Achucarro, Uni-
versality and scaling in multi-field a-attractor preheating, J. Cosmol. Astropart. Phys.
06 (2019) 027, arXiv:1810.02804 [astro-ph.CO].

[9] Tomasz Krajewski, Krzysztof Turzynski, Michat Wieczorek, On preheating in a-
attractor models of inflation, Eur. Phys. J. C 79 (2019) 654, arXiv:1801.01786
[astro-ph.CO].

[10] Oksana larygina, Evangelos I. Sfakianakis, Dong-Gang Wang, Ana Achtcarro, Multi-
field inflation and preheating in asymmetric a-attractors, arXiv:2005.00528 [astro-
ph.CO], 2020.

[11] Junmei Li, Hongwei Yu, Puxun Wu, Production of gravitational waves during pre-
heating in a-attractor inflation, Phys. Rev. D 102 (2020) 083522.

[12] Tomasz Krajewski, Krzysztof Turzynski, (P)reheating and gravitational waves in
a-attractor models, J. Cosmol. Astropart. Phys. 10 (2022) 005, arXiv:2204.12909
[astro-ph.CO].

[13] Renata Kallosh, Andrei Linde, Multi-field conformal cosmological attractors, J. Cos-
mol. Astropart. Phys. 12 (2013) 006, arXiv:1309.2015 [hep-th].

[14] Ana Achticarro, Renata Kallosh, Andrei Linde, Dong-Gang Wang, Yvette Welling,
Universality of multi-field a-attractors, J. Cosmol. Astropart. Phys. 04 (2018) 028,
arXiv:1711.09478 [hep-th].

[15] Renata Kallosh, Andrei Linde, Polynomial a-attractors, J. Cosmol. Astropart. Phys.
04 (2022) 017, arXiv:2202.06492 [astro-ph.CO].

[16] Kevork N. Abazajian, et al., CMB-S4, CMB-S4 Science Book, first edition, 2016, arXiv:
1610.02743 [astro-ph.CO].

[17] Kevork Abazajian, et al., CMB-S4 Science Case, Reference Design, and Project Plan,
2019, arXiv:1907.04473 [astro-ph.IM].

[18] Y. Akrami, et al., Planck, Planck 2018 results. X. Constraints on inflation, Astron.
Astrophys. 641 (2020) A10, arXiv:1807.06211 [astro-ph.CO].

[19] Renata Kallosh, Andrei Linde, Universality class in conformal inflation, J. Cosmol.
Astropart. Phys. 07 (2013) 002, arXiv:1306.5220 [hep-th].

[20] Michele Cicoli, Veronica Guidetti, Francisco G. Pedro, Gian Paolo Vacca, A geomet-
rical instability for ultra-light fields during inflation?, J. Cosmol. Astropart. Phys. 12
(2018) 037, arXiv:1807.03818 [hep-th].

[21] Hillary L. Child, John T. Giblin Jr., Raquel H. Ribeiro, David Seery, Preheating with
non-minimal kinetic terms, Phys. Rev. Lett. 111 (2013) 051301, arXiv:1305.0561
[astro-ph.CO].

[22] Rachel Nguyen, Jorinde van de Vis, Evangelos I. Sfakianakis, John T. Giblin, David I.
Kaiser, Nonlinear dynamics of preheating after multifield inflation with nonminimal
couplings, Phys. Rev. Lett. 123 (2019) 171301, arXiv:1905.12562 [hep-ph].

[23] Jorinde van de Vis, Rachel Nguyen, Evangelos 1. Sfakianakis, John T. Giblin, David
I. Kaiser, Time scales for nonlinear processes in preheating after multifield inflation
with nonminimal couplings, Phys. Rev. D 102 (2020) 043528, arXiv:2005.00433
[astro-ph.CO].

[24] Dhong Yeon Cheong, Sung Mook Lee, Seong Chan Park, Reheating in models with
non-minimal coupling in metric and Palatini formalisms, J. Cosmol. Astropart. Phys.
02 (2022) 029, arXiv:2111.00825 [hep-ph].

[25] I.L. Bogolyubsky, V.G. Makhankov, On the pulsed soliton lifetime in two classical
relativistic theory models, JETP Lett. 24 (1976) 12.

[26] IL.L. Bogolyubsky, V.G. Makhankov, Dynamics of heavy spherically-symmetric pul-
sons, Pisma Zh. Eksp. Teor. Fiz. 25 (1977) 120-123.

[27] Marcelo Gleiser, Pseudostable bubbles, Phys. Rev. D 49 (1994) 2978-2981, arXiv:
hep-ph/9308279.

[28] Edmund J. Copeland, M. Gleiser, H.R. Muller, Oscillons: resonant configurations
during bubble collapse, Phys. Rev. D 52 (1995) 1920-1933, arXiv:hep-ph/9503217.

[29] S. Kasuya, M. Kawasaki, Fuminobu Takahashi, I-balls, Phys. Lett. B 559 (2003)
99-106, arXiv:hep-ph/0209358.

[30] Paul M. Saffin, Anders Tranberg, Oscillons and quasi-breathers in D+1 dimensions,
J. High Energy Phys. 01 (2007) 030, arXiv:hep-th/0610191.

[31] Mark P. Hertzberg, Quantum radiation of oscillons, Phys. Rev. D 82 (2010) 045022,
arXiv:1003.3459 [hep-th].

[32] Mustafa A. Amin, Richard Easther, Hal Finkel, Raphael Flauger, Mark P. Hertzberg,
Oscillons after inflation, Phys. Rev. Lett. 108 (2012) 241302, arXiv:1106.3335
[astro-ph.CO].

Physics Letters B 856 (2024) 138928

[33] Petja Salmi, Mark Hindmarsh, Radiation and relaxation of oscillons, Phys. Rev. D 85
(2012) 085033, arXiv:1201.1934 [hep-th].

[34] Marcelo Gleiser, Max Krackow, Resonant configurations in scalar field theories: can
some oscillons live forever?, Phys. Rev. D 100 (2019) 116005, arXiv:1906.04070
[hep-th].

[35] Stefan Antusch, Francesco Cefala, Francisco Torrenti, Properties of Oscillons in Hill-
top Potentials: energies, shapes, and lifetimes, J. Cosmol. Astropart. Phys. 10 (2019)
002, arXiv:1907.00611 [hep-ph].

[36] Masahiro Ibe, Masahiro Kawasaki, Wakutaka Nakano, Eisuke Sonomoto, Decay of
I-ball/oscillon in classical field theory, J. High Energy Phys. 04 (2019) 030, arXiv:
1901.06130 [hep-ph].

[37] Hong-Yi Zhang, Mustafa A. Amin, Edmund J. Copeland, Paul M. Saffin, Kaloian D.
Lozanov, Classical decay rates of oscillons, J. Cosmol. Astropart. Phys. 07 (2020)
055, arXiv:2004.01202 [hep-th].

[38] Fabio van Dissel, Oriol Pujolas, Evangelos I. Sfakianakis, Oscillon spectroscopy, J.
High Energy Phys. 07 (2023) 194, arXiv:2303.16072 [hep-th].

[39] Stefan Antusch, Francesco Cefala, Sven Krippendorf, Francesco Muia, Stefano Orani,
Fernando Quevedo, Oscillons from string moduli, J. High Energy Phys. 01 (2018)
083, arXiv:1708.08922 [hep-th].

[40] Fuminori Hasegawa, Jeong-Pyong Hong, Inflaton fragmentation in E-models of cos-
mological a-attractors, Phys. Rev. D 97 (2018) 083514, arXiv:1710.07487 [astro-
ph.CO].

[41] Stefan Antusch, Francesco Cefala, Stefano Orani, Gravitational waves from oscillons
after inflation, Phys. Rev. Lett. 118 (2017) 011303, arXiv:1607.01314 [astro-ph.CO],
Erratum: Phys. Rev. Lett. 120 (2018) 219901.

[42] Mustafa A. Amin, Jonathan Braden, Edmund J. Copeland, John T. Giblin, Christian
Solorio, Zachary J. Weiner, Shuang-Yong Zhou, Gravitational waves from asym-
metric oscillon dynamics?, Phys. Rev. D 98 (2018) 024040, arXiv:1803.08047
[astro-ph.CO].

[43] Misao Sasaki, Ewan D. Stewart, A general analytic formula for the spectral index of
the density perturbations produced during inflation, Prog. Theor. Phys. 95 (1996)
71-78, arXiv:astro-ph/9507001.

[44] S. Groot Nibbelink, B.J.W. van Tent, Scalar perturbations during multiple field slow-
roll inflation, Class. Quantum Gravity 19 (2002) 613-640, arXiv:hep-ph/0107272.

[45] S. Groot Nibbelink, B.J.W. van Tent, Density perturbations arising from multiple
field slow roll inflation, arXiv:hep-ph/0011325, 2000.

[46] Sébastien Renaux-Petel, Krzysztof Turzyriski, Geometrical destabilization of infla-
tion, Phys. Rev. Lett. 117 (2016) 141301, arXiv:1510.01281 [astro-ph.CO].

[47] Jennie H. Traschen, Robert H. Brandenberger, Particle production during out-of-
equilibrium phase transitions, Phys. Rev. D 42 (1990) 2491-2504.

[48] Y. Shtanov, Jennie H. Traschen, Robert H. Brandenberger, Universe reheating after
inflation, Phys. Rev. D 51 (1995) 5438-5455, arXiv:hep-ph/9407247.

[49] Lev Kofman, Andrei D. Linde, Alexei A. Starobinsky, Reheating after inflation, Phys.
Rev. Lett. 73 (1994) 3195-3198, arXiv:hep-th/9405187.

[50] Lev Kofman, Andrei D. Linde, Alexei A. Starobinsky, Towards the theory of reheating
after inflation, Phys. Rev. D 56 (1997) 3258-3295, arXiv:hep-ph/9704452.

[51] Josu C. Aurrekoetxea, Katy Clough, Francesco Muia, Oscillon formation during in-
flationary preheating with general relativity, Phys. Rev. D 108 (2023) 023501,
arXiv:2304.01673 [gr-qc].

[52] J. Tate Deskins, John T. Giblin, Robert R. Caldwell, Gauge field preheating at the
end of inflation, Phys. Rev. D 88 (2013) 063530, arXiv:1305.7226 [astro-ph.CO].

[53] Peter Adshead, John T. Giblin, Zachary J. Weiner, Non-Abelian gauge preheating,
Phys. Rev. D 96 (2017) 123512, arXiv:1708.02944 [hep-ph].

[54] Peter Adshead, John T. Giblin, Zachary J. Weiner, Gravitational waves from gauge
preheating, Phys. Rev. D 98 (2018) 043525, arXiv:1805.04550 [astro-ph.CO].

[55] Peter Adshead, John T. Giblin, Mauro Pieroni, Zachary J. Weiner, Constraining axion
inflation with gravitational waves from preheating, Phys. Rev. D 101 (2020) 083534,
arXiv:1909.12842 [astro-ph.CO].

[56] Peter Adshead, John T. Giblin, Mauro Pieroni, Zachary J. Weiner, Constraining axion
inflation with gravitational waves across 29 decades in frequency, Phys. Rev. Lett.
124 (2020) 171301, arXiv:1909.12843 [astro-ph.CO].

[57] Peter Adshead, John T. Giblin, Ryn Grutkoski, Zachary J. Weiner, Gauge preheating
with full general relativity, arXiv:2311.01504 [astro-ph.CO], 2023.

[58] Peter Adshead, John T. Giblin Jr., Avery Tishue, Gravitational waves from kinetic
preheating, arXiv:2402.16152 [astro-ph.CO], 2024, in press.

[59] Peter Adshead, John T. Giblin Jr., Kinetic preheating with full general relativity,
arXiv: [astro-ph.CO], 2024, in press.

[60] Ohio Supercomputer Center, Ohio supercomputer center, 1987.


http://refhub.elsevier.com/S0370-2693(24)00486-6/bib211B5CE897C2877AC01B28798E5BA218s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib211B5CE897C2877AC01B28798E5BA218s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib211B5CE897C2877AC01B28798E5BA218s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib5FF967D296CCBBAF43FDBFE07087DDC1s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib5FF967D296CCBBAF43FDBFE07087DDC1s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib5FF967D296CCBBAF43FDBFE07087DDC1s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib93F58098807642761FE54CBBCF19A523s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib93F58098807642761FE54CBBCF19A523s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib93F58098807642761FE54CBBCF19A523s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib6E0D074E7944A75485E8074F79B1F1AEs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib6E0D074E7944A75485E8074F79B1F1AEs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib6E0D074E7944A75485E8074F79B1F1AEs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib2798C5281020315CA5E57F2AE6FD50C4s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib2798C5281020315CA5E57F2AE6FD50C4s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib2798C5281020315CA5E57F2AE6FD50C4s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibAA6C6B13CF9EF12E23B92255515F58E6s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibAA6C6B13CF9EF12E23B92255515F58E6s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibAA6C6B13CF9EF12E23B92255515F58E6s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibC1DF2ABB94792096E98783DAC0913626s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibC1DF2ABB94792096E98783DAC0913626s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib1AB428F366B5D9611B98A0AC6EF37444s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib1AB428F366B5D9611B98A0AC6EF37444s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib1AB428F366B5D9611B98A0AC6EF37444s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibFACBAA3C5F74EA04CCC0D4DBF51B1A78s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibFACBAA3C5F74EA04CCC0D4DBF51B1A78s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib82EEA85000C7750FA0381730E2ED9E7Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib82EEA85000C7750FA0381730E2ED9E7Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib82EEA85000C7750FA0381730E2ED9E7Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib5B10FCBD5FF1E5C486931729BE067D7Fs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib5B10FCBD5FF1E5C486931729BE067D7Fs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib96E062A7C5E9A3B65D965DDDD988710As1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib96E062A7C5E9A3B65D965DDDD988710As1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib92D7E2B92FC8E780A6434847E2EB53EAs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib92D7E2B92FC8E780A6434847E2EB53EAs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib857ED59BFE052A8EB10FA184AA7B6D68s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib857ED59BFE052A8EB10FA184AA7B6D68s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib9AB22E4510B98DB1EA2188F8C792C1B1s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib9AB22E4510B98DB1EA2188F8C792C1B1s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib2637FD84803C8CE6C0C3691B39BF971Cs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib2637FD84803C8CE6C0C3691B39BF971Cs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib2637FD84803C8CE6C0C3691B39BF971Cs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibFB6569DF78AA598B563A446EF6F30C3Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibFB6569DF78AA598B563A446EF6F30C3Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibFB6569DF78AA598B563A446EF6F30C3Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib025DBFD490EC61A91C0BE37039F692B2s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib025DBFD490EC61A91C0BE37039F692B2s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib025DBFD490EC61A91C0BE37039F692B2s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib90430108C1B32D5E68401DBBC92EB765s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib90430108C1B32D5E68401DBBC92EB765s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib90430108C1B32D5E68401DBBC92EB765s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib90430108C1B32D5E68401DBBC92EB765s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib13A7E5BDB7B437E80B03B61EFA7C9CB1s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib13A7E5BDB7B437E80B03B61EFA7C9CB1s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib13A7E5BDB7B437E80B03B61EFA7C9CB1s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibA3CA43BBB94818683DE4CADA7D8EA764s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibA3CA43BBB94818683DE4CADA7D8EA764s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib69DEC7979A09B2CB12210974A4539B5Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib69DEC7979A09B2CB12210974A4539B5Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib16A9D09ED6CF8737F6CF6AA33F7BBBA8s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib16A9D09ED6CF8737F6CF6AA33F7BBBA8s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib7EC990E0370D2B88E0C462187A24A54Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib7EC990E0370D2B88E0C462187A24A54Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib49D63F8C521CAF39AAC6AE2A3A414269s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib49D63F8C521CAF39AAC6AE2A3A414269s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib39B971E0166BE58243775BF12C018A1Fs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib39B971E0166BE58243775BF12C018A1Fs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib830272660EDA7E2613ED951426BC5612s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib830272660EDA7E2613ED951426BC5612s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib74A96FF0C2EF7A062A7847496250888Fs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib74A96FF0C2EF7A062A7847496250888Fs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib74A96FF0C2EF7A062A7847496250888Fs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib1AFF4AC401E32CED2846E23E450731E0s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib1AFF4AC401E32CED2846E23E450731E0s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib81633270780750906EF0A988C7EAEEAAs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib81633270780750906EF0A988C7EAEEAAs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib81633270780750906EF0A988C7EAEEAAs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib2D7C0B3E905921C670827AB283631AACs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib2D7C0B3E905921C670827AB283631AACs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib2D7C0B3E905921C670827AB283631AACs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibECDCE1CFD91F1109BC6F4E07FF1F9C4Ds1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibECDCE1CFD91F1109BC6F4E07FF1F9C4Ds1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibECDCE1CFD91F1109BC6F4E07FF1F9C4Ds1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib0D1D0C35D47AF84C8A3A585885AC64EEs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib0D1D0C35D47AF84C8A3A585885AC64EEs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib0D1D0C35D47AF84C8A3A585885AC64EEs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib0CF3E106AED40D8839F2BEDD77618441s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib0CF3E106AED40D8839F2BEDD77618441s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib4B975EBF4776F449F0AC1F71B4ED0AEAs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib4B975EBF4776F449F0AC1F71B4ED0AEAs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib4B975EBF4776F449F0AC1F71B4ED0AEAs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib32CDB6D6733B18577A5CE5A33F4529C0s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib32CDB6D6733B18577A5CE5A33F4529C0s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib32CDB6D6733B18577A5CE5A33F4529C0s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib52C4CC796FA6DE41A91C50EE7282A2FBs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib52C4CC796FA6DE41A91C50EE7282A2FBs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib52C4CC796FA6DE41A91C50EE7282A2FBs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib02AD07DAAB23F66FBB4A517D99C606F7s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib02AD07DAAB23F66FBB4A517D99C606F7s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib02AD07DAAB23F66FBB4A517D99C606F7s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib02AD07DAAB23F66FBB4A517D99C606F7s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib1836ACCDE63AC73CF6ECF471CDDD28A0s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib1836ACCDE63AC73CF6ECF471CDDD28A0s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib1836ACCDE63AC73CF6ECF471CDDD28A0s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib6B3D5D50401C8E093DED0648291EA78Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib6B3D5D50401C8E093DED0648291EA78Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib9E43417ADF389B029AB16C93DB0D66C8s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib9E43417ADF389B029AB16C93DB0D66C8s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib3CE1CA481DFF22BE235D1F062F3744D3s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib3CE1CA481DFF22BE235D1F062F3744D3s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibC34B2D78D6750958B3081DD212F0BC2Fs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibC34B2D78D6750958B3081DD212F0BC2Fs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib7AC46AE81D1AFFC5080E0FCEE9FCD0ECs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib7AC46AE81D1AFFC5080E0FCEE9FCD0ECs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibE4ECF4E6CF7E2D511EA668C9F7F9378Fs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibE4ECF4E6CF7E2D511EA668C9F7F9378Fs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib330774387E51F1BC61071C630C59D152s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib330774387E51F1BC61071C630C59D152s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib6F6C72458E64C49D7E4056B64BDC1D5Fs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib6F6C72458E64C49D7E4056B64BDC1D5Fs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib6F6C72458E64C49D7E4056B64BDC1D5Fs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibA9937C5153DE2AE9583DD4240388CC48s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibA9937C5153DE2AE9583DD4240388CC48s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib16D0FDA0243C46F3761CAD43A871AC92s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib16D0FDA0243C46F3761CAD43A871AC92s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibE9B311DA36C65935FAE09647AD318C33s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibE9B311DA36C65935FAE09647AD318C33s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib30B06FBC981142175832E0043788250As1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib30B06FBC981142175832E0043788250As1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib30B06FBC981142175832E0043788250As1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib999DADED482BDC76E750D41013D3047Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib999DADED482BDC76E750D41013D3047Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib999DADED482BDC76E750D41013D3047Bs1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib59853CF706F90A61EFD94FE91EF947D2s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bib59853CF706F90A61EFD94FE91EF947D2s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibF21F6F3C319093B6B8F2C3F115F9FAA9s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibF21F6F3C319093B6B8F2C3F115F9FAA9s1
http://refhub.elsevier.com/S0370-2693(24)00486-6/bibFC50565BD4550FC7382E0E783FD3AF7Cs1

	Kinetic preheating after α-attractor inflation
	1 Introduction
	2 The model and background
	3 Initial conditions and numerical parameters
	4 Results
	5 Discussion and conclusions
	Declaration of competing interest
	Data availability
	References


