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A R T I C L E I N F O A B S T R A C T
Editor: P. Brax We study preheating via kinetic couplings after dilaton-axion 𝜔-attractor inflation. We focus on E-model 𝜔-

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 
𝜎 𝑤 1.6 × 10−5.

1. Introduction

Non-minimal 𝜔-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 𝜔-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 𝜔-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 𝜔-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 𝜔-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 𝜔-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 𝐿 which pa-
rameterizes the curvature of the Kähler manifold. This parameter sets 
the tensor-to-scalar ratio, 𝜎, and also controls the strength of the kinetic 
coupling. We explore the efficiency of preheating as a function of 𝐿, 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 𝜎 < 1.6 × 10−5 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 
[16,17], which are projected to probe tensor-to-scalar ratios at the level 
of 𝜎 𝑤 10−3.

We use natural units, which set 𝑡 = 𝑥 = 1, and define the reduced 
Planck mass ≳pl = 1∕

√
8𝑝). We use the “mostly plus” metric conven-

tion for a homogeneously expanding Friedmann-Lemaître-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, , ,

 = −
≳2

Pl
2 -− 1

2 (.+)2 − / (+)
2 (.,)2 − 0 (+), (1)

where - is the Ricci scalar. The inflaton, +, is subject to an E-model 
𝜔-attractor potential [1,2]

0 (+) = 12𝐿2

2
(
1− 2−+∕𝐿

)2 , (2)
where 𝐿 is a free parameter. We chose to parameterize the system by 𝐿
(see, e.g. [15]) as opposed to √3𝜔∕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 1, however, is set by matching 
to the amplitude of the scalar spectrum as measured by Planck [18]

32
50

8𝑝≳2
pl450

= 2 × 10−9, (3)

where 350 and 450 are the Hubble rate, 3 = 6̇∕6, and slow-roll param-
eter, 4 = −3̇∕32, evaluated 50 2-foldings before the end of inflation. 
In these models the tensor-scalar ratio, 𝜎, directly depends on 𝐿, while 
the scalar tilt is approximately independent [19],

𝜎 = 𝐿2 8
72 , 89 = 1− 2

7
, (4)

where 7 is the number of 2-foldings before the end of inflation. While 
eq. (4) is an approximation, numerical solutions to the homogenous evo-
lution of eq. (3) evaluated 7 = 50 2-foldings before the end of inflation, 
and using the standard 𝜎 = 16450 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],

/ (+) = 22+∕𝐿 , (5)
thereby leaving the entire inflaton-axion system parameterized by 𝐿
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 , has no vacuum ex-
pectation value during inflation.1 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 𝜔-
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 ,

1 Note that this does not result in geometric destabilization of the ultralight 
, field during inflation [20], as shown in Ref. [14].

+̈+ 33+̇− ∇2+
62

+ .0
.+

= 22+∕𝐿
𝐿

(
,̇2 − 1

62
∇⃗, ⋅ ∇⃗,

)
, (6)

,̈ + 33,̇ − ∇2,
62

=− 2
𝐿

(
,̇+̇− 1

62
∇⃗, ⋅ ∇⃗+

)
. (7)

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, 3≳2

pl3
2 = ⟨<⟩, i.e. we calculate < at every 

point and use the spatial average of this quantity to source the evolution 
of 6. The energy density receives contributions from both the inflaton 
and axion, < = <+ + <, , where

<+ = +̇2

2 + 1
262

∇⃗+ ⋅ ∇⃗++ 0 (+) , (8)

<, = 22
+
𝐿

2

(
,̇2 + 1

62
∇⃗, ⋅ ∇⃗,

)
. (9)

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 = =

√
63/ (+), . In Fourier space, this reads

=̈> +
(
>2

62
−
(
3
23 + +̇

𝐿

)2
−
(
3
2 3̇ + +̈

𝐿

))
=> =0. (10)

A tachyonic instability exists when the effective mass of = is negative. 
The effective mass can be read directly from eq. (10)

12
= = −

(
3
23 + +̇

𝐿

)2
−
(
3
2 3̇ + +̈

𝐿

)
, (11)

note that we can identify two distinct types of terms here. The first term, 
proportional to +̇2 arises due to the field space curvature (see, for exam-
ple, refs. [43–46]) and appears in previous studies of preheating after 
𝜔-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

3 < >
6
< +̇

𝐿
,

√
+̈
𝐿
, (12)

assuming 3 ≪ +̇∕𝐿. Because 1 controls the dynamics of + in this 
regime, +̇ ∼1+, while 3−1 ∼ 501−1 (see below), wide instability bands 
can exist even when +0∕𝐿 ∼ 1, +0 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 
2-foldings of inflation for each value of 𝐿, thereby ensuring that we are 
on the inflationary attractor 50 2-foldings before the end of inflation. We 
use these to calculate 1 from eq. (3) as well as the homogenous values 
+0 = +̄ and +̇0 = ̄̇+ at the end of inflation.

We employ Gabe2 [21] to conduct nonlinear simulations during the 
preheating period. For the values of 𝐿 that we study, 3−1 ∼ 50 1−1 at 
the end of inflation, although this number varies from 28 1−1 for the 
largest value of 𝐿 to 59 1−1 for the smallest value of 𝐿. We give + and 
, Bunch-Davies initial conditions,
⟨|+(>)|2⟩ =

(
26@+

)−1 (13)

2 http://cosmo .kenyon .edu /gabe .html.
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Fig. 1. Statistics of preheating for 𝐿 = 0.104 ≳pl (left panels), 𝐿 = 0.0705 ≳pl (middle panels) and 𝐿 = 0.0602 ≳pl (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, A2

+ (red), alongside the variance of the axion, A2
, (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 B = 1∕3. Note that the timescale for the 
𝐿 = 0.0602 ≳pl simulation is shorter than the other two cases.

and
⟨|,(>)|2⟩ =

(
26@,/ (+̄)

)−1 . (14)
The extra factor of / in the , initial conditions represents the fact that 
= is the canonically quantized field. The frequencies, @ =

√
>2 +12

eff , 
are set by the wave number and the curvature of the potential at the end 
of inflation, 12

eff = .20 ∕.+2 for the inflaton, and 12
eff = 0 for the axion.3

Since the effective mass is slightly negative at the end of inflation, 12
eff =

−0.125 12, we set C0 = 15 1−1 which ensures that the smallest non-zero 
mode of the box >min = 2𝑝∕C0 is not tachyonic when the simulation 
begins.

For all of the simulations here the grid has 73 = 2563 points with a 
time-step of ΔD =ΔE∕30 =C0∕7∕30. Inhomogeneities in the fields can 
be parameterized by the variance, A2, e.g.

A2+ =
⟨
+2 − +̄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 , 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 𝐿 has two effects on the dynamics. First it changes the 
hierarchy between 1 and 3 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 𝐿. For larger values of 𝐿, we ob-
serve weak preheating. This can be seen in the left panels of Fig. 1, 
for the case where 𝐿 = 0.104 ≳pl. In these weak cases, there is some 
resonance–characterized by an increase in the variance of the axion, 
, , 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, 
𝐿 = 0.0705 ≳pl, where the modes of , are amplified, followed by back-
scattering onto +; the zero mode of the inflation also decays from its 
homogeneous limit. For values of 𝐿 𝑤 0.07 ≳pl, the preheating process 
appears quite efficient, as in the right panels of Fig. 1, with the variance 
of , growing within a few oscillations of the homogenous mode. In 
these cases, our simulations terminate due to significant scattering into 
higher->modes. The scattering into these modes is a consequence of the 
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Fig. 2. The ratio of energy deposited into the , field as a function of 𝐿. The left panel shows the fraction of energy in the , field as a function of the time in the 
simulation, <̄,∕<̄; darker colors (top) correspond to the data produced by simulations with a lower values of 𝐿 ranging from 𝐿 = 0.0439 ≳pl (upper leftmost curve) 
to 𝐿 = 0.104 ≳pl (lowest curve). The right panel shows the maximum value of the ratio of <̄,∕<̄ for each value of 𝐿 evaluated after preheating has begun, D ≳ 45 1−1.

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, 
B ≡ G∕<, 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 𝐿, we see that the equation of state remains 
matter-dominated, near B = 0, throughout the simulation. However, in 
the other two cases, as modes of , 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 𝐿. We probe a range of 𝐿 values, sampled logarithmically, from 𝐿 =
0.0439 ≳pl to 𝐿 = 0.104 ≳pl. For values of 𝐿 below the threshold of 
𝐿 ( 0.8 ≳pl, we see that preheating generically arises in these models. 
As 𝐿 increasing, the preheating efficiency quickly decreases. For the case 
of 𝐿 = 0.0705 ≳pl, which we identify as the borderline case between 
incomplete and complete preheating, this gives 𝜎 ( 1.6 × 10−5. In cases 
where 𝜎 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 
𝐿 𝑤 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 𝜔-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 𝐿, 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 𝜎 ( 1.6 × 10−5.

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, 7eff [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].
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