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In this paper, nonperturbative lattice simulations are used to study Higgs preheating and the associated
gravitational wave (GW) background after the inflaton Z2 symmetry is broken during inflation. This
symmetry breaking generates both trilinear and quartic inflaton-Higgs interactions during preheating. The
quartic inflaton-Higgs coupling is characterized by qϕh ≡ λϕh=λϕ, while the trilinear interaction enters

jointly through qϕh and qϵ ≡mϕ=ð
ffiffiffiffiffi
λϕ

p
ϕ0Þ. The Higgs self-coupling parameter qh ≡ λh=λϕ determines the

onset of backreaction through the effective mass induced by Higgs self-interactions. Our simulations show
that efficient preheating requires both a sufficiently broad resonance band and delayed backreaction. For
λϕ ¼ 10−13, the viable parameter region is approximately qϕh > 10, qh < 103, and qϵ < 10−5. Smaller qϵ
keeps the system in a quartic-dominated regime and suppresses the rapid drift of resonance bands, while
smaller qh delays the end of preheating by weakening self-interaction-induced backreaction. The amplified
Higgs inhomogeneities source GW through the transverse-traceless part of the anisotropic stress tensor.
The lattice results show that the GW spectrum grows rapidly during parametric resonance, broadens
through rescattering, and saturates in the nonlinear stage. At late times, the spectrum develops a broad peak
with amplitude Ωgw ∼ 10−6 at production. After redshifting to the present day, the peak frequency is

f ∼ 109 Hz with present-day amplitude Ωgw;0h2 ∼ 10−10. These results suggest that high-frequency GW
from Higgs preheating may be detectable by future resonant-cavity detectors.

DOI: 10.1103/pgrx-7fby

I. INTRODUCTION

Inflation provides a natural explanation for the horizon,
flatness, and magnetic monopole problems in early cos-
mology, while generating primordial density perturbations
that seed the large-scale structure of the Universe [1–4]. At
present, inflation is strongly supported by high-precision
measurements of the cosmic microwave background
(CMB) and has become one of the central pillars of the
standard cosmological model [5–15]. A wide variety of
inflationary models have been proposed, including natural

inflation, high-curvature inflation, and chaotic inflation
[16–18]. Meanwhile, increasingly precise cosmological
observations have imposed stringent constraints on the
parameter space of these models. In particular, measure-
ments of primordial perturbations in the CMB provide tight
constraints on the scalar spectral index ns and the tensor-to-
scalar ratio r [19,20], significantly narrowing the range of
viable scenarios. Among these, models involving the Higgs
sector during inflation or reheating are especially attractive
[21–23], as they establish a direct link between early-
Universe cosmology and particle physics.
After inflation ends when the slow-roll conditions are

violated (ϵ ≈ 1), the inflaton field ϕ begins to oscillate
coherently around the minimum of its effective potential.
Through reheating, the energy stored in the inflaton is
eventually transferred into a thermal bath of relativistic
particles. This process typically proceeds through three
stages: parametric resonance, particle decay, and thermal-
ization. The initial stage, known as preheating, is charac-
terized by explosive particle production via nonperturbative
parametric resonance [24–26]. During preheating, energy is
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rapidly transferred from the inflaton field to coupled scalar
or vector fields [26–33], in a highly nonequilibrium and
nonperturbative manner [34,35]. Since parametric reso-
nance acts only in specific momentum bands during
preheating, the Fourier modes of inflaton quanta or scalar
matter fields grow exponentially only within those bands.
This selective growth leads to pronounced, time-varying
density inhomogeneities in configuration space, which
manifest as large anisotropic stresses. These field inhomo-
geneities efficiently act as sources for the gravitational
wave (GW) background in the preheating; thus, the non-
linear dynamics during the preheating stage can give rise to
a notable GW background [26,28,33,36–39].
The GW generated during the reheating epoch redshift as

a radiationlike fluid during the subsequent cosmic expan-
sion, remaining essentially decoupled from other energy-
matter constituents. Crucially, unlike the GW from tensor
perturbations sourced by vacuum fluctuations during infla-
tion, the amplitude of preheating-generated GW is
decoupled from the inflation energy scale, which deter-
mines their present-day peak density ranges from: Ωgwh2 ∼
10−8 around the frequencies f ∼ 108 Hz. Furthermore, with
the enhanced understanding of the preheating dynamics
theory and the detection range of the next-generation GW
observatory approaching the preheating GW sensitivities
[40–45]. Therefore, conducting in-depth research on the
GW generated during the preheating stage plays an
important role in extracting the physical information of
the Universe at this stage.
Reference [28] first revealed the GW background gen-

erated through preheating within quartic inflation models.
Employing Weinberg’s flat-spacetime formula, they calcu-
lated for the first time the gravitational-wave energy per
unit solid angle, identifying a background peak at
f ∼ 108 Hz. Reference [46] investigated hybrid inflation
models using a flat-space numerical simulation that simul-
taneously evolved scalar fields and metric perturbations.
Reference [47] used LatticeEasy [48] to simulate scalar
field dynamics in Friedmann–Robertson–Walker (FRW)
spacetime and coupled it with a metric perturbation
integrator, including corrections for cosmic expansion, to
systematically study hybrid inflation scenarios, discovering
a scale-invariant background amplitude. Reference [49]
also studied the GW background from reheating after
hybrid inflation using LatticeEasy with a metric configu-
ration-space integrator within expanding spacetime.
Meanwhile, Ref. [39] established a method based on
Green’s function for studying the generation of gravita-
tional waves from preheating after inflation.
Previous studies of Higgs preheating have shown that

parametric resonance plays a central role in the postinfla-
tionary dynamics, and that the efficiency of preheating
depends sensitively on the interactions between the inflaton
and the Higgs field. In the present work, we consider a two-
field Higgs-preheating model in a spatially flat FRW

background, in which an inflaton field ϕ is coupled to
the Higgs field. The scalar potential is assumed to respect a
Z2 symmetry, ϕ → −ϕ. After inflation, the inflaton oscil-
lates around its true vacuum expectation value, and expand-
ing the potential around the true vacuum naturally
generates both trilinear and quartic interaction terms
relevant for reheating. These interactions control the non-
perturbative transfer of energy from the inflaton condensate
to the Higgs sector.
The dynamics of this system are mainly governed by

three dimensionless parameters: the dimensionless Higgs
self-coupling parameter qh ¼ λh=λϕ, the dimensionless
inflaton-Higgs coupling parameter qϕh ¼ λϕh=λϕ, and the
dimensionless mass-scale parameter qϵ ¼ mϕ=ð

ffiffiffiffiffi
λϕ

p
ϕ0Þ.

Physically, qϕh controls the strength of the resonant
excitation of Higgs modes, qϵ determines the stability of
the resonance bands in momentum space, and qh regulates
the onset of backreaction through the Higgs effective mass
induced by self-interactions. The interplay among these
parameters determines whether preheating can proceed
efficiently, how long the resonance can be sustained, and
how strongly nonlinear effects suppress the energy transfer.
In this paper, we perform a nonlinear lattice study of

Higgs preheating with both trilinear and quartic inflaton-
Higgs interactions, with particular emphasis on the role of
Higgs self-interactions in regulating resonance, backreac-
tion, and GW production. Using CosmoLattice, we determine
the viable region of parameter space that allows efficient
energy transfer from the inflaton to the Higgs sector,
analyze the evolution of the Higgs power spectrum during
preheating, and compute the corresponding GW energy-
density spectrum. We then redshift the lattice-generated
GW signal to the present epoch and compare it with
existing cosmological bounds and projected sensitivities
of high-frequency GW experiments.
The remainder of this paper is organized as follows. In

Sec. II, we introduce the Higgs preheating model, discuss
the relevant constraints on the parameter space, and analyze
the efficiency of energy transfer in lattice simulations. In
Sec. III, we investigate the production of gravitational
waves, present the resulting spectra, and translate them into
present-day observables. Finally, Sec. IV summarizes our
results.

II. HIGGS PREHEATING

A. Higgs potential

In this work, we will consider a preheating model that
couples an inflaton field ϕ with a Higgs field H. In the
context of a spatially flat FRW universe, the relevant
Lagrangian is expressed as:

L ¼ 1

2
∂μϕ∂

μϕþ ðDμHÞ†ðDμHÞ − Vðϕ;HÞ; ð1Þ
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where H is the Higgs doublet

H ¼ 1ffiffiffi
2

p
�
h1 þ ih2
h3 þ ih4

�
; ð2Þ

hj is the real scalar field and j ¼ f1; 2; 3; 4g. The potential
is invariant under a Z2 symmetry ϕ → −ϕ and can be
expressed as follows:

Vðϕ;HÞ¼ λϕ
4
ϕ4−

1

2
m2

ϕϕ
2þ λϕh

2
ϕ2ðH†HÞþλhðH†HÞ2: ð3Þ

During inflation, the dynamics is dominated by the inflaton
field, while the Higgs field remains close to its vacuum
state and plays a negligible role, so the effective potential
reduces to1

VðϕÞ ¼ λϕ
4
ϕ4 −

1

2
m2

ϕϕ
2: ð4Þ

Assuming that Z2 symmetry is spontaneously broken,
leading to a nonzero vacuum expectation value

hϕi ¼ v ¼ mϕffiffiffiffiffi
λϕ

p : ð5Þ

To study the reheating dynamics, we expand the inflaton
field around the true vacuum. Meanwhile, in the unitary
gauge, the Higgs doublet reduces to a single real scalar
field,

H ¼ 1ffiffiffi
2

p
�
0

h

�
; ⇒ H†H ¼ 1

2
h2: ð6Þ

In the present work, we focus on the scalar-sector dynamics
during preheating and neglect the dynamical evolution of
gauge fields. Accordingly, in the lattice simulations the
covariant derivative is effectively reduced to the ordinary
derivative. Gauge-field contributions to the anisotropic
stress tensor are therefore not included in the computation
of the gravitational-wave source. In terms of the shifted

field ϕ, the scalar potential becomes

Vðϕ; hÞ ¼ λϕ
4
ϕ4 þmϕλ

1
2

ϕϕ
3 þ 1

4
λϕhϕ

2h2 þm2
ϕϕ

2

þ 1

2
mϕλ

−1
2

ϕ λϕhϕh2 þ
1

4
λ−1ϕ λϕhm2

ϕh
2 þ 1

4
λhh4: ð7Þ

B. Model constraints

To ensure efficient energy transfer from the inflaton to
the daughter fields and the generation of significant GW
signals, the model parameters should be carefully con-
trolled in three key aspects: the intensity of parametric
resonance, the duration of the resonance, and the suppres-
sion of backreaction [39,52–54]. First, the parameter
governing energy transfer is the inflaton-Higgs coupling
parameter qϕh ¼ λϕh=λϕ, which dictates the magnitude of
the Higgs field excitation within the broad resonance
regime. It is well known that sufficiently large values of
qϕh can place the system in a broad-resonance regime. In
quartic-type preheating, however, the detailed resonance
structure depends nontrivially on the inflaton-Higgs cou-
pling parameter, so the efficiency is not strictly monotonic
in qϕh [26,55]. In this case, even when accounting for the
decay of field amplitudes due to cosmic expansion, the
Higgs modes enter and remain within instability bands,
leading to an exponential growth in energy density.
The mass-scale parameter qϵ ¼ mϕ=ð

ffiffiffiffiffi
λϕ

p
ϕ0Þ (where ϕ0

denotes the initial amplitude of the inflaton field) mea-
sures how far the system is from the quartic-dominated
regime. It also determines the dynamic change from
quartic-driven to mass-dominated oscillations. For small
qϵ, the system remains approximately conformal, and the
oscillation frequency is nearly constant in conformal time.
Consequently, the resonance windows in momentum space
stay stable, allowing for sustained energy transfer.
Conversely, if qϵ is large, the mass term m2

ϕϕ
2 dominates

the dynamics. In such mass-driven preheating, the reso-
nance windows drift rapidly as the field amplitude decays
with the scale factor, causing the resonance to terminate
prematurely. Therefore, to ensure sufficient energy transfer,
a small qϵ is typically preferred to keep the system within
the quartic-dominated regime [56]. Finally, the Higgs self-
coupling parameter qh ¼ λh=λϕ controls the upper bound
of energy transfer. Once the Higgs field is excited via
resonance, its self-interaction induces an effective mass that
alters the resonance phase conditions, triggering a back-
reaction that eventually terminates the process.
To maximize the energy transferred from the ϕ field to

the h field, the onset of backreaction must be delayed; a
smaller qh allows the h field to attain larger amplitudes. At
the electroweak scale, LHC measurements of the Higgs
mass imply λh ≈ 0.13 [57,58]. However, within the exper-
imentally allowed parameter space, the running of the

1We emphasize that the potential considered in this work is
employed primarily as an effective description of the postinfla-
tionary oscillatory stage. Its large field quartic extrapolation
predicts ns ≃ 1 − 3=ðN� þ 1Þ and r ≃ 16=ðN� þ 1Þ, which are
incompatible with current CMB constraints for N� ≃ 50 − 60
[19,20]. A nonminimal coupling ξϕϕ

2R=2 can flatten the poten-
tial and improve CMB compatibility, but also alters the canonical
normalization, initial conditions, and possibly preheating dy-
namics [23,50,51]. Thus, our lattice results are conditional on the
adopted effective postinflationary setup.
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Higgs self-coupling at higher energy scales remains only
weakly constrained. Renormalization group evolution typ-
ically drives λh to smaller values at high energies; con-
currently, vacuum stability requires that λh be positive, so
λh lies within the range [0, 0.13] [59]. In the subsequent
numerical analysis, we fix λϕ ¼ 10−13 and vary the values
of qϕh, qh, and qϵ. This approach allows us to systemati-
cally investigate how the strong backreaction induced by
Higgs self-interactions affects the preheating dynamics and
the resulting GW background.

C. Preheating in the Lattice simulation

This section investigates Higgs preheating following
inflation. Driven by nonperturbative parametric resonance,
this stage involves complex field interactions that transcend
the scope of perturbative approaches. Consequently, we
employ publicly available lattice code CosmoLattice to cap-
ture the nonlinear evolution and backreaction effects that
are inaccessible via the standard Boltzmann equation
[60,61]. In the simulation of this article, we choose the
simulation parameters such that the relevant physical scales
are well separated from both the infrared (IR) and ultra-
violet (UV) cutoffs. We employ a lattice size of N ¼ 2563.2

To ensure stable and accurate numerical evolution, we
use dt ¼ 0.01 for the benchmark parameter and adopt
smaller time steps at larger qϕh, with dt=δx < 1=

ffiffiffi
3

p
satisfied in all simulations.3 The IR cutoff is defined as
kIR ¼ 2π=L ¼ 0.75, where L denotes the comoving box
side length, and this fixes the lattice spacing to δx ¼ L=N.
The momentum cutoff for initial fluctuations is set to
kcutoff ¼ 4, which restricts the initial excitation of field
modes to momenta below this value in program units. The
UV cutoff is determined by the grid discretization scheme.
It is given by

kUV ∼
π

δx
¼ N

2
kIR; ð8Þ

while the maximum momentum satisfies the relation

kmax ¼
ffiffiffi
3

p π

δx
: ð9Þ

This cutoff defines the maximum resolvable momentum in
the simulation, ensuring numerical consistency. For the
initial conditions, vacuum fluctuations are imposed on the

scalar fields to mimic quantum fluctuations. These are
implemented as Gaussian random fields in momentum
space. Specifically, for scalar fields, the fluctuation ampli-
tudes are sampled from a Rayleigh distribution to match
quantum expectations, while the phases are drawn from a
uniform distribution to ensure randomness and isotropy.
Firstly, the dynamic evolution of the absolute values of

the mean Higgs field value hh̃i (red dotted line) and the
inflaton field hϕ̃i (green solid line) is shown in Fig. 1. The
horizontal axis represents the conformal time z. It is defined
by z ¼ ffiffiffiffiffi

λϕ
p

ϕ0

R
dt=aðtÞ, where aðtÞ is the scale factor. The

vertical axis indicates the inflaton field amplitude and the
Higgs field amplitude. In the initial stage, the Higgs field
undergoes rapid growth driven by parametric resonance;
the mean value hh̃i increases by several orders of magni-
tude before reaching a nonlinear saturation stage at an
amplitude of approximately Oð10−5Þ. Meanwhile, the
amplitude of the inflaton field decays, indicating the
commencement of energy transfer from the inflaton to
the subdominant Higgs sector. The fact that hh̃i remains
smaller than the inflaton scale indicates that the zero mode
of the Higgs field is not significantly amplified. Instead, the
energy is predominantly transferred into inhomogeneous
fluctuations with nonzero momentum. This process leads to
the formation of spatially inhomogeneous structures in the
Higgs field [62–64], making this stage a significant
potential source of GW. As the evolution enters the non-
linear regime (z≳ 100), the growth of the mean Higgs field
saturates and begins to exhibit a slow suppression, a
behavior attributed to the backreaction of produced par-
ticles and the scattering between different modes. The
energy eventually cascades to smaller scales through
turbulence; these dynamical evolutions are consistent with
hybrid inflation models, where preheating is driven by
strong interfield couplings [49]. A comprehensive analysis
of the field dynamics is provided in Ref. [64], so the present
work specifically focuses on the details of GW production
during this epoch.

0 200 400 600 800 1000
10-20

10-15

10-10

10-5

100

FIG. 1. Evolution of the Higgs and inflaton mean field values,
where λϕ ¼ 10−13, qϕh ¼ 102, qϵ ¼ 10−6, and qh ¼ 102.

2We have checked that increasing the lattice resolution (larger
N) and varying the box size (smaller kIR) do not lead to
significant changes in the resulting spectra, confirming the
robustness of our results.

3As qϕh increases, the inflaton-induced contribution to the
effective Higgs mass becomes larger, raising the characteristic
frequency scale of the Higgs modes. We therefore reduce the time
step until the energy-density evolution and field spectra become
insensitive to the time step.
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In realistic cosmological scenarios, most of the inflaton
energy should be transferred to Standard Model radiation
predominantly via the Higgs field. However, backreaction
and rescattering can significantly suppress this process.
Reference [65] showed that, in the absence of a Higgs self-
coupling (λh ≈ 0), the Higgs field amplitude grows expo-
nentially due to parametric resonance [66–68], which
finally leads to a strong backreaction on the inflaton.
However, the introduction of a nonzero λh induces an
additional effective mass term that dynamically shifts the
position of the resonance bands. This mass-induced shift
can either suppress or facilitate the resonance efficiency,
thereby modulating the overall rate of energy transfer
between the two fields. It should be noted that λh > 0 is
required to ensure the stability of the Higgs potential at the
electroweak scale. In the present setup, both trilinear and
quartic inflaton-Higgs interactions arise naturally after
expanding the Z2-symmetric potential around the true
inflaton vacuum. We therefore perform a systematic analy-
sis of the preheating dynamics, focusing on the influence of
the inflaton-Higgs coupling parameter qϕh, the mass-scale
parameter qϵ, and the Higgs self-coupling parameter qh.
We next compute particle production using the adiabatic

formalism developed in Ref. [69]. The analysis is per-
formed in conformal time τ, defined via dτ ¼ dt=aðtÞ, and
then we introduce the canonically normalized field

h̃ðτ;xÞ≡ aðτÞhðτ;xÞ: ð10Þ

The field is subsequently decomposed into Fourier modes
using comoving momentum k:

h̃ðτ;xÞ ¼
Z

d3k
ð2πÞ3 h̃kðτÞe

ik·x: ð11Þ

Each mode satisfies the equation of motion

h̃00k þ ω2
kðτÞh̃k ¼ 0; ð12Þ

where the effective frequency is

ω2
kðτÞ ¼ k2 þ a2ðτÞm2

hðτÞ −
a00ðτÞ
aðτÞ ; ð13Þ

and primes denote derivatives with respect to conformal
time. The adiabatic particle occupation number is
defined as

nkðτÞ ¼
1

2ωk

�
jh̃0kj2 þ ω2

kjh̃kj2
�
−
1

2
ð14Þ

and the number density and energy density are given by

nhðτÞ ¼
1

ð2πÞ3a3ðτÞ
Z

d3knkðτÞ; ð15Þ

ρhðτÞ ¼
1

ð2πÞ3a4ðτÞ
Z

d3kωkðτÞnkðτÞ: ð16Þ

The effective Higgs mass is obtained from the scalar
potential as

m2
hðτÞ ¼

∂
2V
∂h2

: ð17Þ

For the scalar potential considered above, this yields

m2
hðτÞ ¼

1

2
λϕh

�
ϕþ mϕffiffiffiffiffi

λϕ
p

�
2

þ 3λhh2: ð18Þ

To capture the nonlinear dynamics, we numerically
evolve the classical equations of motion using the
lattice code CosmoLattice, from which the macroscopic
quantities defined in Eqs. (15) and (16) are evaluated.

D. Efficiency of inflaton-to-Higgs energy transfer

This section investigates the efficiency of energy transfer
from the inflaton to the Higgs field during preheating. After
the end of inflation, the inflaton field oscillates around the
minimum of its potential, leading to nonperturbative
particle production via parametric resonance through its
interaction with the Higgs field. We systematically explore
the model parameter space to identify the conditions under
which efficient preheating can be sustained. To isolate
the role of the Higgs self-coupling parameter, we fix the
inflaton-Higgs coupling parameter qϕh ¼ 102 and the
mass-scale parameter qϵ ¼ 10−6, and analyze the sensitiv-
ity of the energy transfer efficiency to variations in qh. By
varying qh, we probe the impact of Higgs self-interactions
on the nonlinear evolution, particularly the onset of back-
reaction and rescattering effects that can significantly alter
the efficiency of resonance. This allows us to identify the
region of parameter space where resonance is sustained
long enough to enable efficient energy transfer, as well as
the regimes in which strong self-interactions suppress
particle production and prematurely terminate preheating.
Figure 2(a) illustrates the evolution of the normalized

energy density components, as a function of the dimension-
less conformal time z. When qh ¼ 102, the interaction ρϕh
(light blue line) and the Higgs energy density ρh (the brown
line) increase nearly exponentially, and their values rise
rapidly from a very low level within a short period (z ≈ 50),
spanning several orders of magnitude, which is the sig-
nature of the explosive onset of parametric resonance
instability. Concurrently, the inflaton energy density ρϕ
(the olive line) decays efficiently, dropping from an initial
value of unity, and eventually the energy of ρϕ is smaller
than ρh. For z≳ 50, all energy components stabilize: the
ratio between ρh and ρϕ fluctuates slightly around 1, while
ρϕh decays and remains at a very low value thereafter.
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This behavior is characteristic of parametric resonance
during preheating. The exponential growth of ρh, together
with the decay of ρϕ, indicates an efficient transfer of
energy from the inflaton to the Higgs field. The strong
oscillations in ρh and ρϕh during the initial resonance phase
reflect the spatiotemporal variation of the resonance
parameter and the nonperturbative nature of particle pro-
duction. Subsequently, backreaction effects from the pro-
duced particles suppress the resonance, leading the system
toward equilibrium. At this stage, the negligible contribu-
tion of ρϕh indicates that the direct coupling energy
between the fields becomes minimal, with most of the
energy residing in the form of free particles associated with
ρϕ and ρh.
In contrast, when the Higgs self-coupling ratio qh

approaches qh ≈ 103, the energy transfer becomes ineffi-
cient. As shown in Fig. 2(b), the inflaton energy density ρϕ
remains dominant throughout the evolution, indicating that
only a small fraction of energy is transferred to the Higgs
sector. The intermediate case qh ¼ 104, shown in Fig. 2(c),
exhibits a partially suppressed energy transfer. This

suppression of energy transfer is further exacerbated as
the Higgs self-coupling ratio increases to qh ¼ 105. In this
case, as illustrated in Fig. 2(d), the rapid onset of back-
reaction terminates the energy redistribution at an early
stage. Consequently, both the Higgs energy density and the
interaction energy remain strongly suppressed, exhibiting
no significant growth.
The behavior of these curves indicates that, although

weak energy transfer does occur, the vast majority of the
energy remains confined within the inflaton field.
Therefore, preheating is inefficient in this parameter region.
This can be traced back to the strong Higgs self-interaction,
which induces substantial backreaction effects. These
effects generate sizable effective mass corrections and
enhance rescattering processes, thereby disrupting the
resonance structure and suppressing nonperturbative par-
ticle production. As a result, the reheating process remains
inefficient, and the universe remains dominated by the
energy of the inflaton field. Overall, our analysis demon-
strates that the efficiency of energy transfer is highly
sensitive to the Higgs self-coupling parameter qh.

(a)

(c) (d)

(b)

FIG. 2. The evolutions of the energy density of Higgs field ρh, inflaton field ρϕ, and interaction energy ρϕh as a function of the
conformal time, where the energy has been normalized to the total energy density. The parameters are set to λϕ ¼ 10−13,
qϕh ¼ 102, and qϵ ¼ 10−6. Panels (a)–(d) correspond to qh ¼ 102; 103; 104, and 105, respectively.
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Increasing qh enhances backreaction, accelerates the
growth of the Higgs effective mass, and modifies the
resonance conditions, leading to a premature termination
of the explosive particle production phase and, conse-
quently, a reduced preheating efficiency.
Meanwhile, we emphasize that qh should be understood

as an effective high-scale Higgs self-coupling ratio during
the preheating stage. Since we fix λϕ ¼ 10−13, the con-
dition qh < 103 corresponds to an effective λh < 10−10.
Therefore, the efficient-preheating region implicitly
assumes that the Higgs self-coupling is strongly suppressed
at the high-energy scale. If the Standard Model value
λh ≃ 0.13 were directly used without such suppression, the
corresponding qh would be much larger, and the resonance
would be strongly affected by backreaction.
Then, Fig. 3 shows the evolution of the volume-averaged

mean-square Higgs field hh̃2i for different qh. At the initial
stage, hh̃2i exhibits a rapid growth, indicating an efficient
amplification of field fluctuations driven by parametric
resonance. As the system evolves, the saturation value of
hh̃2i does not increase with qh. In particular, for qh ¼ 102,
the final amplitude is several orders of magnitude larger
than in cases with higher qh. Specifically, the peak value
reaches about 10−6 when qh ¼ 102, while it decreases to
the order of 10−9 when qh increases to 105. This shows that
a stronger self-coupling does not always lead to more
particle production. Instead, when qh is large enough,
particle production is strongly suppressed.
This suppression can be understood as a consequence of

enhanced backreaction effects. A larger Higgs self-
coupling leads to a rapid growth of the effective mass of
the Higgs field, which modifies the resonance structure and
shifts the system out of the instability bands. At the same
time, nonlinear rescattering becomes increasingly efficient,
redistributing energy among modes and further disrupting
coherent resonance. As a result, the resonance is terminated
prematurely, leading to a lower saturation amplitude. These

results are consistent with the behavior observed in the
energy density evolution in Fig. 2. Efficient energy transfer
and strong field amplification occur only within a narrow
range of qh, while larger values of qh suppress both the
resonance and the energy transfer.
Furthermore, we extend our analysis to explore the

viable parameter space associated with the inflaton-
Higgs coupling parameter qϕh and the mass-scale param-
eter qϵ. The corresponding constraints are summarized in
Table I. By fixing the inflaton self-coupling to λϕ ¼ 10−13,
we systematically explore the region of parameter space
compatible with efficient preheating. Numerical results
suggest that efficient preheating is favored in the approxi-
mate range qϕh > 10.4 Similarly, efficient preheating favors
qϵ ≲ 10−5, since larger values lead to a rapid drift of the
resonance bands and an earlier termination of particle
production. These results demonstrate that efficient pre-
heating occurs only within a restricted region of parameter
space, where the resonance is sufficiently strong, while
backreaction effects remain under control.

III. PRODUCTION OF THE GRAVITATIONAL-
WAVE BACKGROUND

A. Higgs dynamics and GW production

In the following, we investigate the production of the
gravitational-wave background during Higgs preheating by
lattice simulations. In a spatially flat FRW universe,
gravitational waves are described by the transverse-trace-
less (TT) component of metric perturbations [39], i.e.,

ds2 ¼ gμνdxμdxν ¼ −dt2 þ a2ðtÞðδij þ hijÞdxidxj: ð19Þ

The tensor perturbation hij satisfies the conditions
∂ihij ¼ hii ¼ 0, and it corresponds to two independent
tensor degrees of freedom. Its dynamics are governed by
the equation of motion

FIG. 3. The evolutions of the volume-averaged mean-square
Higgs field hh̃2i as a function of the dimensionless time z. The
parameters are set to λϕ ¼ 10−13, qϕh ¼ 102, and qϵ ¼ 10−6.

TABLE I. Viable parameter space for the Higgs self-coupling
parameter, inflaton-Higgs coupling parameter, and mass-scale
parameter obtained from numerical simulations, where we fix
λϕ ¼ 10−13.

Parameter
Viable range for

efficient preheating

Higgs self-coupling parameter (qh) <103

Inflaton-Higgs coupling parameter (qϕh) >10
Mass-scale parameter (qϵ) <10−5

4A possible upper bound on qϕh cannot be excluded. However,
no such bound is found within the parameter range explored in
our simulations. Exploring larger qϕh would require much finer
temporal and spatial resolutions, beyond the reach of our current
numerical setup.
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ḧij þ 3Hḣij −
1

a2
▽2hij ¼

16πG
a2

ΠTT
ij ; ð20Þ

where HðtÞ ¼ ȧðtÞ=aðtÞ is the Hubble parameter. In the
absence of a source term, Eq. (20) describes free GWs. After
quantization, their vacuum fluctuations in an expanding
universe can be analyzed further. In this case, the expo-
nential expansion of the Universe leads quantum fluctua-
tions of tensor modes to become a classical background
for long-wavelength GWs. When quantum effects are
neglected, GW are instead generated by the nonzero source
term in Eq. (20), where the source term ΠTT

ij denotes the
transverse-traceless part of the anisotropic stress tensor Πij,

∂iΠTT
ij ¼ ΠTT

ii ¼ 0; ð21Þ

and

Πij ¼ Tij − hpigij; ð22Þ

where Tij refers to the energy momentum tensor and
symbol hpi denotes the homogeneous pressure of the
background.
Several methods can be used to solve Eq. (20), including

the use of Green functions in configuration space. On the
other hand, in the harmonic gauge of Minkowski space-
time, the solution can be expressed in the wave zone
approximation via a double Fourier transform (both time
and space) of the stress-energy tensor [28,33]. In this work,
for the convenience of numerical calculation, such as
preheating with extended sources or continuous media in
an expanding universe, we work in Fourier space:

fðkÞ ¼ 1

ð2πÞ3=2
Z

d3xeik·xfðxÞ: ð23Þ

Accordingly, the wave function Eq. (20) in Fourier space
can be expressed as

ḧijðt;kÞ þ 3Hḣijðt;kÞ þ
k2

a2
hijðt;kÞ ¼

16πG
a2

ΠTT
ij ðt;kÞ;

ð24Þ

and the comoving wave number is: k ¼ jkj. In the
momentum space, the transverse-traceless part of Πij is
obtained by applying a projection operator [49]

ΠTT
ij ðkÞ ¼ ½Pilðk̂ÞPjmðk̂Þ −

1

2
Pijðk̂ÞPlmðk̂Þ�ΠlmðkÞ; ð25Þ

where k̂ ¼ k=k and Pijðk̂Þ ¼ δij − k̂ik̂j is the projection
operator onto the subspace orthogonal to the vector k,
satisfying Pijki ¼ 0 and PijPjl ¼ Pil. Hence, this leads
directly to

kiΠTT
ij ¼ ΠTT

ii ¼ 0: ð26Þ

Based on the relation of the projection operator derived
above, an arbitrary tensor in momentum space satisfies the
following evolution relation:

hijðt;kÞ ¼ Λij;lmulmðt;kÞ: ð27Þ

Therefore Eq. (20) can be rewritten as

üij þ 3Hu̇ij þ
k2

a2
uij ¼

16πG
a2

Πeff
ij ; ð28Þ

where Πeff
ij denotes the effective anisotropic stress tensor

encapsulating the nonvanishing TT components of Πij. For
the case of real scalar fields, Πeff

ij is explicitly given by

Πeff
ij ¼ ∂iϕa∂jϕa; ð29Þ

with ϕa representing the collection of real scalar fields
indexed by a ¼ 1, 2... Finally, the energy density spectrum
of GW is expressed as

ΩgwðkÞ¼
1

ρc

dρgw
d lnk

¼ k3

64π3GVρc

Z
dΩk

4π
ḣijðkÞḣ�ijðkÞ: ð30Þ

B. GW spectrum and observations

In the following analysis of the Higgs power spectrum
and GW production, we adopt qh ¼ 102, qϕh ¼ 102, and
qϵ ¼ 10−6 as a representative benchmark point within the
efficient-preheating region identified in Sec. II D. We first
present the evolution of the Higgs field power spectrum in
Fig. 4. At early times, the spectrum is initially dominated
by vacuumlike fluctuations. As the program time η̃
increases, the Higgs power spectrum is rapidly amplified,
indicating the efficient excitation of Higgs field modes
during the preheating stage. At later times, the spectrum
gradually approaches saturation, and both its overall
amplitude and shape become nearly stable. The enhance-
ment of the Higgs power spectrum reflects the growth of
Higgs field fluctuations and is consistent with an efficient
transfer of energy from the inflaton field to the Higgs
sector. This process is accompanied by the development of
field inhomogeneities and an increase in gradient energy,
which are characteristic features of the nonlinear stage of
preheating. As the resonance develops further, backreaction
and rescattering effects progressively suppress the growth
of fluctuations, and the spectrum eventually saturates once
the resonance becomes inefficient.
A clear dependence on the resonance parameter qh is

observed. For qh ¼ 102, the Higgs power spectrum is
amplified more strongly, reaches a higher late-time ampli-
tude, and retains larger power over most of the displayed
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wave number range. This suggests that lower or moderate
values of qh leads to a more efficient growth of Higgs
fluctuations and is therefore consistent with a more
effective transfer of energy from the inflaton field to the
Higgs field. In contrast, for qh ¼ 105, the amplification is
weaker, and the late-time spectrum decreases more rapidly
toward larger wave numbers, indicating that the excitation
of Higgs modes is less efficient in this case.
The behavior of the GW spectrum shown in Fig. 5 can be

understood as a consequence of the preceding growth of the
Higgs-field fluctuations. As the Higgs field becomes
increasingly inhomogeneous, its spatial gradients enhance
the anisotropic stress, which acts as the source of gravi-
tational waves. Since the source term is quadratic in field
gradients, the momentum distribution of Higgs fluctuations
directly affects both the amplitude and the spectral shape of
the resulting GW background. Figure 5 illustrates the
evolution of the GW energy density spectrum Ωgwðk; tÞ
obtained from the lattice simulation. The evolution can be
divided into three distinct stages. Initially (purple curves),
the GW spectrum remains strongly suppressed but is
rapidly amplified as a consequence of the resonant growth

of the Higgs field. In this stage, the spectrum exhibits a
pronounced cutoff-like feature around the characteristic
scale k=ω� ∼ 9, which is consistent with the dominant
momentum scale of the source fluctuations. Then, as the
system enters the nonlinear evolution stage (blue to green
curve), the rescattering effect becomes important, and the
energy is redistributed toward higher-momentum modes.
This leads to a significant broadening of the spectrum to the
UV region and softens the sharp early-time spectral
structure. In the final stage (orange and red curves), as
the system approaches a quasistationary state, the growth of
the gravitational wave signal reaches saturation. The final
spectrum develops a broad peak with an amplitude of order
Ωgw ∼ 10−6 and exhibits a clear suppression at high
frequencies. Figures 4 and 5 show a consistent physical
picture: amplification of Higgs-field fluctuations leads to
stronger anisotropic stress and consequently becomes a
source of gravitational waves.
The GW energy spectrum shown in Fig. 6 has been

transformed to present-day observables, Ωgw;0h2, using the
standard conversion relations given in Ref. [70], with the
detailed transition relationship can be found in Ref. [49].
Figure 6 further compares the predicted GWenergy density
spectrum from our model with the projected sensitivity of
resonant cavity (Res.Cavities) detectors [71,72], as well
as with indirect constraints on the high-frequency GW
background from future cosmological probes, including
COrE/Euclid and the cosmic-variance-limited (CVL) case
[73–75]. For completeness, the Big Bang nucleosynthesis
(BBN) bound is also shown. Our results indicate that at
frequencies near 109 Hz, the corresponding GW back-
ground partially overlaps with the projected sensitivity of
resonant cavity detectors, suggesting that the high-fre-
quency GW signal generated during Higgs preheating
may be accessible to such experiments.

IV. CONCLUSION

In this work, we have performed a systematic inves-
tigation of Higgs preheating in an inflaton-Higgs model

(a) (b)

FIG. 4. The evolution of the Higgs field power spectrum Phðk; tÞ as a function of the wave number, where η̃ is the program variable
time. The (a) and (b) panels correspond to qh ¼ 102 and qh ¼ 105, respectively.

FIG. 5. Time evolution of the GW energy density spectrum
Ωgwðk; tÞ. The color bar denotes the program time η̃. The
benchmark parameters are λϕ ¼ 10−13, qh ¼ 102, qϕh ¼ 102,
and qϵ ¼ 10−6.
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with both trilinear and quartic interactions, using nonlinear
lattice simulations. We have shown that the efficiency of
preheating is controlled by three dimensionless parameters:
the inflaton-Higgs coupling qϕh, the Higgs self-coupling
qh, and the mass-scale parameter qϵ. Our numerical results
indicate that efficient preheating requires qh < 103,
qϕh > 10, and qϵ < 10−5 when λϕ ¼ 10−13. Beyond this
range, either the resonance is too weak to transfer energy
efficiently, or strong self-interactions induce early back-
reaction that suppresses particle production. We further find
that, although the mean Higgs field remains small through-
out the evolution, parametric resonance efficiently ampli-
fies its inhomogeneous fluctuations, leading to significant
anisotropic stress. In turn, this sources a gravitational wave
background.
The resulting gravitational-wave spectrum exhibits a

characteristic three-stage evolution: an initial exponential
growth during resonance, spectral broadening due to

rescattering, and eventual saturation in the nonlinear
regime. The final spectrum develops a broad peak with
amplitude Ωgw ∼ 10−6 at production. After redshifting to
the present epoch, the gravitational wave peaks at frequen-
cies around f ∼ 109 Hz, with a present-day amplitude
ΩGW;0h2 ∼ 10−10, lying within the projected sensitivity
range of resonant cavity detectors while remaining com-
patible with current cosmological constraints. It is worth
noting that the requirement qh ≲ 103 corresponds to a
relatively small effective Higgs self-coupling for the chosen
inflaton coupling. This may indicate that the Higgs quartic
coupling is suppressed at the relevant energy scale, or that
the scalar field should be interpreted as an effective Higgs-
like degree of freedom.
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