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We propose a mechanism for gravitational wave (GW) production sourced by spectator scalar fields
during inflation. These fields, while not driving cosmic expansion, generate blue-tilted isocurvature
fluctuations that naturally satisfy current cosmic microwave background (CMB) constraints at large scales
while producing enhanced power spectra at smaller scales accessible to GW detectors. The resulting GW
spectrum spans an exceptionally broad frequency range from 10−20 to 1 Hz, with amplitudes ranging from
ΩGWh2 ∼ 10−19 to 10−14 depending on the reheating temperature and spectator field mass. Observable
signals across multiple detector bands are possible in a restricted region of parameter space, mχ=HI within
the isocurvature- and ΔNeff -allowed window and Treh, such that the spectator either provides all of the dark
matter (stable case) or decays near matter-radiation equality (unstable case). Our analysis reveals multiple
complementary constraints on spectator field parameters. For a high reheating temperature of
Treh > 1010 GeV, GW-induced limits on the effective number of relativistic species (ΔNeff ) require
mχ ≳ 0.59HI , stronger than CMB isocurvature bounds alone (mχ ≳ 0.54HI). The nonobservation of
primordial B-modes by Planck provides stronger constraints, mχ ≳ 0.64HI , with projected LiteBIRD
sensitivity potentially reaching mχ ≳ 0.67HI . This mechanism enables a unique multimessenger
probe of beyond the standard model physics during inflation, providing simultaneous constraints on
inflationary dynamics, dark matter production, and reheating through current and next-generation GW
experiments.

DOI: 10.1103/dxht-n25w

I. INTRODUCTION

Cosmic inflation remains the leading theoretical frame-
work addressing several fundamental problems in cosmol-
ogy, including the horizon problem, the flatness problem,
and the origin of large-scale structure [1–6]. Despite
extensive observational efforts, primordial B-modes,
expected imprints of tensor perturbations, have yet to be
detected, but they remain a pivotal observational target for
testing the inflationary paradigm [7,8]. Simple single-field
slow-roll models of inflation not only resolve these
fundamental issues but also predict an approximately
scale-invariant curvature power spectrum, consistent with

current observational constraints from the cosmic micro-
wave background (CMB) [9] and large-scale structure
(LSS) surveys [10]. The curvature power spectrum mea-
sured by Planck gives Δ2

ζðk�Þ ≃ 2.1 × 10−9 at the pivot
scale k� ¼ 0.05 Mpc−1 [9].
The existence of the Higgs scalar field in the standard

model (SM) [11,12] strongly motivates the presence of
other scalar fields, including spectator fields—fields
present during inflation that do not drive the expansion
and do not significantly influence its dynamics. Recent
studies [13,14] have shown that large isocurvature fluctua-
tions associated with spectator scalar fields can produce
significant and potentially observable gravitational wave
(GW) signals, while Ref. [15] demonstrated that stochastic
effects arising from these fields can independently generate
detectable GWs. In contrast to Ref. [15], where the
isocurvature modes are solved using the superhorizon
stochastic fluctuations, in our setup the spectator is a
massive field with meff ∼OðHIÞ, whose fluctuations arise
from gravitational particle production and are evolved
using adiabatic regularization of the energy-momentum
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tensor. This leads to a distinct dependence of the small-
scale spectrum onmeff and the reheating history, and allows
us to map the viable parameter space (masses, couplings,
and reheating temperature) consistent with both CMB and
GW constraints.
The fact that isocurvature perturbations can source

gravitational waves at second order, either directly or after
conversion into curvature perturbations, is by now well
established and has been reviewed in detail in Refs. [13,14].
Our scenario belongs to the second class identified there:
isocurvature fluctuations of a spectator sector are first
transferred into the total curvature perturbation and sub-
sequently source induced GWs. However, we extend the
general mechanism and consider the contribution arising
from the quantum perturbations and not just at a classical
level. Related works have explored GW production via
parametric resonance [16] and the connection to enhanced
curvature perturbations and primordial black hole forma-
tion [17,18].
Current Planck constraints limit the isocurvature power

spectrum contribution at the CMB pivot scale k� ¼
0.05 Mpc−1 to [9],

Δ2
Sðk�Þ

Δ2
ζðk�Þ þ Δ2

Sðk�Þ
< 0.038 ð95% C:L:Þ: ð1Þ

This implies for the isocurvature spectrum
Δ2

Sðk�Þ < 8.3 × 10−11, indicating that these perturbations
must be strongly suppressed at CMB scales. However, it is
possible for isocurvature perturbations to have a larger
amplitude at smaller scales beyond the reach of current
CMB experiments. Current constraints from CMB and LSS
primarily limit the curvature power spectrum across scales
in the range k ∼ 10−4 − 1 Mpc−1, while scales smaller than
k > 1 Mpc−1 remain largely unconstrained.
In this paper, we propose a novel mechanism for GW

production sourced by spectator scalar fields, incorporating
the complete evolution of isocurvature fluctuations from
inflation through reheating to the present day. Our analysis
combines analytical approximations with numerical calcu-
lations to capture the full cosmological history and reveals
that heavy spectator fields naturally produce blue-tilted
isocurvature spectra with distinctive observational signa-
tures spanning a broad frequency range from 10−20 Hz to
1 Hz. This mechanism provides a powerful probe of
beyond the standard model physics applicable to various
spectator scalar field scenarios, including dark matter (DM)
candidates [19–28], curvaton models [29–32], axions [33–
36], and supersymmetric theories [37,38]. As GW
astronomy achieves unprecedented multiband sensitivity,
our framework establishes spectator field fluctuations as a
novel observational window into inflationary dynamics and
the poorly understood reheating epoch, with the broad
frequency coverage enabling multimessenger constraints
across pulsar timing arrays (PTAs) [39–42], space-based

interferometers [43–45], and ground-based detectors
[46–48].1
The paper is organized as follows. In Sec. II, we

introduce the general model and theoretical framework.
In Sec. III, we describe the reheating dynamics. In Sec. IV,
we discuss the evolution and decay of the spectator scalar
field. In Sec. V, we analyze the associated curvature and
isocurvature perturbations. In Sec. VI, we compute the
gravitational wave signals sourced by these perturbations.
Finally, we present our results and conclusions in Sec. VII.

II. FRAMEWORK

We adopt natural units, kB ¼ ℏ ¼ c ¼ 1, with metric
signature ð−;þ;þ;þÞ. The homogeneous and isotropic
Friedmann-Robertson-Walker (FRW) metric is given by
ds2 ¼ aðηÞ2ð−dη2 þ δijdxidxjÞ, where aðηÞ is the scale
factor and dη ¼ dt=a denotes conformal time. The general
action for our theory is

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
1

2
M2

PR −
1

2
ð∂μϕÞ2 − VðϕÞ

−
1

2
ð∂μχÞ2 −

1

2
m2

χχ
2 −

1

2
σϕ2χ2

�
; ð2Þ

where g ¼ det gμν is the determinant of the metric, MP ¼
1=

ffiffiffiffiffiffiffiffiffiffiffiffi
8πGN

p
≃ 2.435 × 1018 GeV is the reduced Planck

mass, and R represents the Ricci scalar. Here, ϕ is the
inflaton field with potential VðϕÞ, and χ is the spectator
scalar field, with bare mass mχ . The interaction term σϕ2χ2

characterizes the coupling between the inflaton and the
spectator field. When considering the perturbations, we
decompose the scalar fields into homogeneous back-
grounds and perturbations as

ϕðt;xÞ ¼ ϕ̄ðtÞ þ δϕðt;xÞ; χðt;xÞ ¼ δχðt;xÞ; ð3Þ

that is, χ̄ðtÞ ¼ 0 at the background level and δχ denotes the
inhomogeneous spectator field. Starting in its vacuum state,
χ is treated as a purely quantum field living on the
homogeneous FRW background, with its fluctuations
described by the canonically normalized mode functions
XkðηÞ (see below and Appendix A for details).
Introducing the canonically normalized field X ≡ aχ,

and varying the action with respect to X, we obtain the
equation of motion,

ð□ − a2m2
effÞX ¼ 0; m2

eff ¼ m2
χ þ σϕ2 −

1

6
R: ð4Þ

1See Refs. [49,50] for scenarios with spectator fields that
provide tensor perturbations. Owing to their linear coupling to
metric tensor perturbations, such fields can generate a stochastic
background as large as ΩGW ∼ 10−7, comparable to that sourced
by curvature perturbations.
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The Ricci scalar is given by

R ¼ 6ð2H2 þ ḢÞ; ð5Þ

where H denotes the Hubble parameter. During slow-roll
inflation one has jḢj ≪ H2 so that R ≃ 12H2

I > 0, where
HI is the inflationary scale. Therefore, the curvature
contribution in meff is negative, −R=6 ≃ −2H2

I , which
can lead to the tachyonic excitation of the field mode
functions for small bare masses and large isocurvature
fluctuations [25,51–53]. For the present work, in all
numerical examples we require m2

eff > 0 and focus on
the range 0.5HI ≲meff , where the spectator is sufficiently
heavy to avoid the tachyonic instability, keeping its con-
tribution to CMB-scale perturbations small, while still
generating a strongly blue isocurvature spectrum on the
small scales of interest.
We expand the field X in Fourier modes as

Xðη;xÞ ¼
Z

d3k

ð2πÞ3=2 e
−ik·x

�
XkðηÞâk þ X�

kðηÞâ†−k
�
; ð6Þ

where k is the comoving momentum, with jkj ¼ k, and âk
and â†k are the annihilation and creation operators, respec-
tively, that satisfy the canonical commutation relations:
½âk; â†k0 � ¼ δð3Þðk − k0Þ and ½âk; âk0 � ¼ ½â†k; â†k0 � ¼ 0. By
substituting the Fourier-decomposed field from Eq. (6)
into the equation of motion (4), we obtain the mode
equation,

X00
k þ ω2

kXk ¼ 0; with ω2
k ¼ k2 þ a2m2

eff ; ð7Þ

where primes denote derivatives with respect to con-
formal time.
Evaluating GW signals from spectator scalar fields

requires careful treatment of their gravitational production
during and after inflation. This process determines the
energy density ratio between spectator and inflaton fields,
ρχ=ρϕ, which critically influences isocurvature power
spectrum evolution as modes re-enter the horizon. We
solve the mode equations with initial conditions set by the
Bunch-Davies vacuum. In the early-time asymptotic limit,
η → −∞, modes deep inside the horizon (k ≫ aH) evolve
in effectively flat Minkowski space with frequency ωk ¼ k,
motivating the vacuum state limη→−∞ XkðηÞ ¼ 1ffiffiffiffi

2k
p e−ikη.

The comoving energy density of gravitationally produced
spectator scalar fields is computed as [24–26,54]2:

ρχa3¼
Z

∞

k0

dk
k
EkðηÞ; with EkðηÞ¼

k3

2π2
ωkðηÞ
aðηÞ nk; ð8Þ

where the occupation number is given by
nk ¼ 1

2ωk
jωkXk − iX0

kj2.3 We numerically evolve these
mode equations to track the complete energy density
evolution throughout cosmological history.4

For concreteness, we adopt the T-model inflationary
potential [55]5:

VðϕÞ ¼ λM4
P

� ffiffiffi
6

p
tanh

�
ϕffiffiffi
6

p
MP

��
2

; ð9Þ

where the coupling is normalized to Planck observations
via λ ≃ 3π2Δ2

ζðk�Þ=N2�. For N� ¼ 55 e-folds, this yields
λ ≃ 2 × 10−11, spectral tilt ns ≃ 0.963, and tensor-to-scalar
ratio r ≃ 0.004, which is highly favored by current
CMB measurements [9,56]. The parameter λ determines
the inflaton mass at the potential minimum Vð0Þ, with
mϕ ¼ ffiffiffiffiffi

2λ
p

MP ≃ 1.6 × 1013 GeV. The Hubble parameter
at the horizon exit is given by HI ¼ 1.5 × 1013 GeV
(with ϕ� ¼ 5.35MP), and at the end of inflation,
Hend ¼ 6.3 × 1012 GeV.

III. REHEATING DYNAMICS

The inflationary phase terminates once the expansion is
no longer accelerating and the inflaton ϕ departs from the
slow-roll approximation. From that moment on, ϕ begins
coherent oscillations about the minimum of its potential
VðϕÞ. The energy stored in these oscillations is gradually
transferred to lighter fields, thereby reheating the Universe.
If the inflaton couples (directly or through mediators) to
SM degrees of freedom, this process efficiently populates a
relativistic plasma that thermalizes and provides the
initial conditions for standard big bang nucleosynthesis
[57–59].
In this work, we model reheating as a perturbative decay

of the homogeneous inflaton condensate reheating around a
quadratic minimum of the inflaton potential. Under this
assumption, the condensate remains coherent throughout
reheating, and nonlinear effects such as broad parametric
resonance of the decay products (preheating) can be

2For a detailed review on gravitational particle production, see
Ref. [24].

3This expression is computed in the late-time asymptotic
limit. The complete time-dependent evolution is provided
in Appendix A.

4We note that in computing gravitational particle production of
the spectator, we treat χ as a quantum field on the homogeneous
FRW background and neglect scalar metric perturbations in its
mode equation. This is justified because the metric perturbations
are small and their feedback on the particle production rate is a
higher-order effect. The effect of scalar perturbations is fully
included at the level of the total curvature perturbation ζ, which
sources the induced tensor modes at second order following the
standard formalism.

5The results presented in this paper are mostly general and can
be applied to any plateaulike inflationary potential.
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neglected.6 The homogeneous background is then gov-
erned by the coupled Boltzmann equations

ρ0ϕ þ 3Hρϕ ¼ −aΓϕρϕ; ð10Þ

ρ0R þ 4HρR ¼ aΓϕρϕ; ð11Þ

where ρϕ and ρR denote the inflaton and radiation energy
densities, respectively, Γϕ is the inflaton decay rate, and
H≡ aH is the conformal Hubble parameter. The expan-
sion rate is determined by the Friedmann constraint,

3H2M2
P ¼ a2ðρϕ þ ρRÞ: ð12Þ

We define the end of reheating as the time treh at which the
inflaton and radiation energy densities are equal,
ρϕðtrehÞ ¼ ρRðtrehÞ≡ ρreh. The associated reheating tem-
perature Treh is obtained from the usual relation

ρRðtrehÞ ¼
π2

30
grehT4

reh; ð13Þ

where greh is the effective number of relativistic degrees of
freedom at Treh. For Treh > mt we take greh ¼ 427=4.
In the early stages of reheating, when aend < a ≪ areh,

the radiation component is still subdominant and the
inflaton behaves as nonrelativistic matter,

ρϕðaÞ ≃ ρend

�
a

aend

�
−3
; ð14Þ

where aend and ρend denote the scale factor and total energy
density at the end of inflation. Inserting this matterlike
scaling into Eqs. (11) and (12) yields a useful analytic
approximation for the build-up of the radiation bath during
reheating [63],

ρRðaÞ ≃
2

5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3M2

PΓ2
ϕρend

q �
aend
a

�
4
��

a
aend

�
5=2

− 1

�
: ð15Þ

At early times the bracket in Eq. (15) captures the growth of
ρR driven by inflaton decays. At later times the radiation
density approaches the standard ρR ∝ a−3=2 scaling driven
by inflaton decays, and eventually transitions to free-
radiation scaling ρR ∝ a−4 once ρϕ has been sufficiently
depleted.
Equation (15) also allows one to read off characteristic

scales of the thermal history. The maximum temperature
Tmax of the primordial plasma occurs at amax ≃ ð8=3Þ2=5aend

and is approximately

Tmax ≃
5

3

�
3

8

�
8=5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3M2
PΓ2

ϕρend

q
; ð16Þ

while the reheating temperature can be expressed in terms of
the decay rate as

Treh ≃
�
72Γ2

ϕM
2
P

5π2greh

�1=4

; ð17Þ

reached when the scale factor has grown to

areh ≃
�
25

12

ρend
Γ2
ϕM

2
P

�
1=3

aend: ð18Þ

These relations provide a convenient parametrization of the
reheating era in terms of the microscopic parameter Γϕ (or,
equivalently, Treh) and the inflationary initial condition ρend.
In our numerical analysis, we solve Eqs. (10)–(12) without
further approximation and treat Γϕ as a free parameter
controlling the duration of reheating and the subsequent
expansion history. This background evolution defines the
time-dependent FRW geometry in which the spectator field
is gravitationally produced and subsequently evolves. We
illustrate the background evolution in Fig. 1, which shows
the energy densities of the decaying inflaton, ρϕ, the visible-
sector radiation, ρR, and the gravitationally produced spec-
tator field, ρχ , for a benchmark reheating temperature
Treh ¼ 1013 GeV (see the discussion below).

IV. SPECTATOR FIELD DYNAMICS AND DECAY

Once the background evolution is fixed, the spectator
scalar χ is treated as a purely quantum field with a
vanishing homogeneous expectation value. Its excitation
is entirely due to gravitational particle production in the
time-dependent FRW geometry. To describe this process,
we introduce the canonically normalized mode functions
Xk and solve their equation of motion with Bunch-Davies
initial conditions deep inside the horizon during inflation.
The resulting XkðηÞ are then used in the renormalized
energy density expression, Eq. (8), which we evolve
numerically from the inflationary phase, through reheating,
and well into the subsequent radiation-dominated era. This
procedure captures the nonperturbative production of χ
quanta and their subsequent redshifting over the entire
evolution.
The numerical solutions exhibit several distinct regimes.

During inflation, the effective mass meff and the Hubble
rate vary slowly, and the spectator energy density is nearly
constant in time. In this regime, one must use the full
expression, Eq. (8), to accurately evaluate ρχ . After
inflation ends and the inflaton begins to oscillate, the
Hubble parameter decreases. Once H drops below meff the

6For the T-model potential in Eq. (9), this regime is realized,
for instance, if reheating proceeds via two-body decays into
fermions with Yukawa couplings y ≲ 10−5 [60], or through
multibody decays in no-scale scenarios, as discussed in
Refs. [61,62].
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relevant modes become adiabatic, and the produced χ
quanta behave as a nonrelativistic gas. The comoving
number density approaches a constant, nχa3 ≃ const:; so
that the spectator energy density subsequently scales as

ρχ ∝ a−3; ð19Þ

while the radiation bath sourced by inflaton decays red-
shifts as ρR ∝ a−4 after reheating. The energy density ratio
fχ ≡ ρχ=ρR, therefore, grows with the scale factor during
radiation domination. Deep inside the horizon (k=a ≫ H)
and once H ≪ meff , when the background curvature is
negligible and the expansion is slow compared to the
oscillation frequency, gravitational particle production
effectively ceases and the comoving number density
nχa3 becomes constant.
In the following, we consider two limiting scenarios for

the late-time fate of the spectator. In the unstable (curvaton-
like) case, we assume that χ decays into visible radiation.
Rather than specifying a particular microphysical coupling,
we parametrize the decay by an effective width Γχ and
implement it as a sudden conversion of ρχ into radiation at a
decay time td defined by HðtdÞ ¼ Γχ. The key quantity
controlling the impact of the decay is the energy fraction
fχðtdÞ ¼ ρχðtdÞ=ρRðtdÞ. For generic choices of Γχ , fχðtdÞ
can range fromOð10−2Þ (a small entropy injection) toOð1Þ
(a curvatonlike scenario). In Fig. 1, we illustrate a bench-
mark in which we impose decay when fχðtdÞ ¼ 10−2. The
solid green curve follows ρχ up to td, after which its energy
is added to ρR, while the dashed green curve shows the
same evolution in the absence of decay.
In the stable (dark matter) case, we set Γχ ¼ 0 and evolve

the spectator energy density without decay, allowing ρχ to
remain as an additional nonrelativistic component. The

normalization of ρχ in this scenario is fixed by the
gravitational production process described above. In our
parameter scans, we require that the relic abundance
generated in this way matches the observed dark matter
density at matter-radiation equality. The two cases, unstable
and stable, will lead to different induced gravitational wave
signals, which we analyze in detail in the following
sections.

V. CURVATURE AND ISOCURVATURE
POWER SPECTRA

We analyze metric perturbations in the Newtonian gauge
with line element

ds2 ¼ a2ðηÞ½−ð1þ 2ΦÞdη2 þ ½ð1 − 2ΦÞδij þ hij�dxidxj�;
ð20Þ

where Φ represents scalar perturbations and hij denotes
tensor perturbations satisfying the transverse-traceless con-
ditions hii ¼ ∂ihij ¼ 0. Primordial fluctuation dynamics are
governed by two gauge-invariant quantities: the curvature
perturbation ζ ¼ −Φ −Hδρ=ρ̄0 on uniform-density hyper-
surfaces, and the isocurvature perturbation

S≡ 3ðζχ − ζRÞ ¼
δρχ

ρ̄χ þ p̄χ
−

δρR
ρ̄R þ p̄R

; ð21Þ

measuring entropy fluctuations between spectator field and
radiation components.7 Here, δρ is the total density
perturbation, and ρ̄0 is the conformal time derivative of
the background energy density. For spectator scalar field χ
with vanishing background value χ̄ ¼ 0, the effective mass

FIG. 1. Evolution of the inflaton energy density ρϕ, visible-sector radiation ρR, and the spectator density ρχ as functions of the number
of e-folds N, for a benchmark with reheating temperature Treh ¼ 1013 GeV. The solid green curve tracks ρχ in the unstable
(curvatonlike) scenario, where the spectator is taken to decay into radiation once its fractional contribution reaches
fχðtdÞ ¼ ρχðtdÞ=ρRðtdÞ ¼ 10−2. The dashed green curve shows the corresponding evolution in the stable (dark matter) case with
no decay.

7We assume the inflaton decays into radiation, thus ζϕ ¼ ζR.
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m2
eff ¼ m2

χ þ σϕ2 − 1
6
R determines the amplitude of quan-

tum fluctuations during inflation. When meff ≲HI , super-
horizon modes are efficiently excited, generating
substantial isocurvature perturbations that persist after
inflation ends. The statistical properties of these isocurva-
ture fluctuations are captured by the dimensionless power
spectrum, Δ2

S ≡ k3

2π2
PSðη; kÞ, where PS is defined through

the two-point correlation function hSðη;kÞSðη;k0Þi ¼
δð3Þðkþ k0ÞPSðη; kÞ.
After expressing energy density fluctuations in terms of

the canonically normalized field X ¼ aχ, we can derive an
expression for the exact isocurvature spectrum, valid at all
times,

Δ2
Sðη; kÞ ¼

1

ρ̄2χðηÞ
k3

a8ð2πÞ5
Z

d3pfjX0
pj2jX0

qj2

þ a4m4
eff jXpj2jXqj2 þ a2m2

eff ½ðXpX0�
p ÞðXqX0�

q Þ
þ H:c:�g; ð22Þ

where q ¼ jp − kj. In the late-time asymptotic limit,8 an
analytical approximation to this expression can be con-
structed, based on the de Sitter solution of the mode
function equations in (7),

Δ2
SðkÞ ≃ Λ2

�
k

kend

�
2Λ

ln

�
k

aendHI

��
Hend

HI

�
2Λ
; ð23Þ

where Λ ¼ 2m2
eff=3H

2
I and kend ¼ aendHend, the mode that

leaves the horizon at the end of inflation [53,64] (see
Appendix B for more details on the derivation of the
isocurvature spectrum).9

We emphasize that throughout this work, we focus on the
regime meff ∼OðHIÞ, which yields a strongly blue-tilted
isocurvature spectrum, see Fig. 5. For much lighter spec-
tators with meff ≪ HI, the field behaves as a curvaton: its
fluctuations are nearly scale invariant, and if it later decays
into SM radiation it can dominate the adiabatic curvature
perturbation. This regime is tightly constrained by CMB
measurements of As and ns and has been extensively
studied in the literature. We, therefore, do not consider
meff ≪ HI, which is primarily excluded by isocurvature
perturbation constraints. In all benchmarks shown, the
spectator contribution to Δ2

ζ at the Planck pivot scale
remains well below the observed value.

Our analysis reveals a key feature: the isocurvature
spectrum exhibits exponential sensitivity to the ratio
meff=HI . Small increases in this ratio dramatically suppress
isocurvature perturbations at large scales, producing a
strongly blue-tilted spectrum that naturally satisfies
CMB constraints at observable scales (k� ¼ 0.05 Mpc−1)
while maintaining significant power at smaller scales where
GW production occurs.
After inflation, as the Universe transitions to radiation

domination, the total curvature perturbation receives con-
tributions from both radiation (originating from inflaton
decay) and the spectator field,

ζ ¼ 4ρ̄RζR þ 3ρ̄χζχ
4ρ̄R þ 3ρ̄χ

: ð24Þ

Here, ζR and ζχ denote the individual curvature perturba-
tions associated with the radiation and spectator compo-
nents, respectively, defined by ζi ≡ −Φ −Hδρi= ˙̄ρi for
i ¼ R, χ. Before reheating, ζϕ describes the curvature
perturbation of the inflaton condensate. After reheating,
we identify ζR with the curvature perturbation of the
radiation fluid sourced by the inflaton decay products
and use this as the adiabatic component. Using the
isocurvature perturbation S ¼ 3ðζχ − ζRÞ, we can express
the total curvature perturbation as

ζ ¼ ζR þ ρ̄χ
4ρ̄R þ 3ρ̄χ

S ¼ ζR þ fχ
4þ 3fχ

S; ð25Þ

where fχ ¼ ρχ=ρR is the energy density ratio. Since
radiation and matterlike spectator fields scale differently
with expansion (ρR ∝ a−4, ρχ ∝ a−3), this ratio increases as
fχ ∝ a until the spectator field decays, creating a scale-
dependent modulation of the curvature power spectrum.
Assuming statistical independence between inflaton and
spectator field fluctuations, the total curvature power
spectrum becomes

Δ2
ζ ¼ Δ2

ζR
þ
�

ρ̄χ
4ρ̄R þ 3ρ̄χ

�
2

Δ2
S; ð26Þ

where Δ2
ζðkÞ ¼ k3

2π2
PζðkÞ and hζðkÞζðk0Þi≡

δð3Þðkþ k0ÞPζðkÞ, with Δ2
ζR
ðkÞ and Δ2

SðkÞ defined analo-
gously. For modes re-entering the horizon at different
epochs, this density ratio creates a scale-dependent enhance-
ment. A mode with wave number k re-enters when k ¼ aH,
allowing us to relate fχðtÞ to scale k through

fχðtÞ ¼ fχðtdÞðkdk Þ, where kd is the wave number of the
mode re-entering at the spectator field decay time td.
This leads to a distinctive piecewise curvature power

spectrum [15],

8We use the “late-time asymptotic limit” [25,53] to denote the
regime in which both meff ≫ H and k=a ≫ H for the modes of
interest, so that the expansion is slow compared to the oscillation
frequency and the mode functions approach their Minkowski
form.

9An alternative analytical approximation is given by Δ2
SðkÞ ≃

4
π Γð2 − 2ΛÞ sin ðπΛÞð k

kend
Þ2Λ [15,27,53,64–66], though this form

does not fully capture the transition from inflation to the matter-
dominated epoch.
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Δ2
ζðkÞ ¼

8<
:

Δ2
ζR
ðkÞ þ

	
fχðtdÞ

4þ3fχðtdÞ


2
Δ2

SðkÞ; k < kd;

Δ2
ζR
ðkÞ þ

	
fχðtdÞðkd=kÞ

4þ3fχðtdÞðkd=kÞ


2
Δ2

SðkÞ; k > kd:

ð27Þ

The resulting spectrum exhibits a characteristic peak at kd,
with position depending on reheating temperature, followed
by a red-tilted region at smaller scales. In the examples
shown here, we fix Γχ (and hence td and kd) and vary the
inflaton decay rate Γϕ, or equivalently the reheating temper-
ature Treh. Changing Treh modifies the expansion history
between the end of inflation and td, thereby shifting the
position and height of the peak in k-space. Figure 2
illustrates this dependence of Δ2

ζðkÞ on Treh for fixed
spectator parameters. These enhanced scalar perturbations
directly source GWs through nonlinear interaction, as we
demonstrate in the following section. The complete iso-
curvature power spectrum for various spectator field masses
and couplings σ is presented in Appendix B.

VI. GRAVITATIONAL WAVES FROM
ISOCURVATURE PERTURBATIONS

Enhanced scalar perturbations from spectator fields
source secondary GWs through nonlinear gravitational
interactions. The tensor perturbation equation in Fourier
space is

h00λðη;kÞ þ 2Hh0λðη;kÞ þ k2hλðη;kÞ ¼ Sλðη;kÞ; ð28Þ

where hλ represents the two polarization modes of GWs,
and

hijðη;xÞ ¼
X
λ

Z
d3k

ð2πÞ3=2 e
−ik·xελijðkÞhλðη;kÞ; ð29Þ

where ελijðkÞ is the corresponding polarization tensors.
The source term directly couples to the isocurvature
perturbations through the gauge-invariant Poisson equation
∇2 Φ ¼ δρχ=2M2

P, with Sλðη;kÞ ∼
R
d3pp2jk − pj2

Φðη;pÞΦðη;k − pÞ ∼ R
d3pδρχðη;pÞδρχðη;k − pÞ. The

gravitational wave power spectrum is defined as
hhλðη;kÞhλ0 ðη;k0Þi ¼ δλλ0δ

ð3Þðkþ k0ÞPλðη; kÞ with
dimensionless spectrum Δ2

λðη; kÞ ¼ k3Pλðη; kÞ=2π2. The
present-day gravitational wave energy density is

ΩGWh2 ¼
1

12

�
k

a0H0

�
2

Δ2
h; ð30Þ

where a0 is the present-day scale factor, H0 ¼
100h km=s=Mpc is the present-day Hubble parameter,
and Δ2

h ¼
P

λ Δ2
λ represents the total power across both

polarization states.
One can then show that if one imposes statistical

homogeneity and isotropy on the perturbation δρχ that
arises in the source term Sλ, it leads to Δ2

h ∼ hhλhλi∼
hSλSλi ∼ hδρχδρχδρχδρχi ∼ hδρχδρχi2, where we assume
that there is no significant presence of primordial non-
Gaussianities as perturbative corrections to the Gaussian
statistics [74]. Therefore, we derive
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FIG. 2. Curvature power spectra for selected spectator field masses and couplings. Each panel shows four reheating temperatures, with
the highest corresponding to instantaneous reheating, areh ¼ aend. The spectrum exhibits a characteristic peak at kd (corresponding to
spectator field decay), with red-tilted suppression at smaller scales where fχ ≪ 1 and Δ2

ζ ≃ ðkd=kÞ2Δ2
S=16. Background curves indicate

current and projected sensitivities: CMB spectral distortion experiments (PIXIE and Super-PIXIE [67,68]), PTA constraints on
enhanced dark matter substructure [69], and GW observatories (SKA [42,70,71], LISA [43,72], and BBO [44,73]). Here, we fix the
spectator decay rate Γχ and vary the inflaton decay rate Γϕ, so that each curve corresponds to a different reheating temperature Treh while
the decay time td (and hence kd) is held fixed.
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Δ2
h ¼ C × k2

Z
∞

0

dpp
Z

kþp

jk−pj

× dqq
ðk4 − 2k2ðp2 þ q2Þ þ ðp2 − q2Þ2Þ2

p7q7

× Δ2
SðpÞΔ2

SðqÞ: ð31Þ

This expression directly relates the GW spectrum to the
isocurvature power spectrum, creating a distinctive obser-
vational signature of spectator field dynamics. The com-
plete derivation and the numerical factor C are provided in
Appendix C.

VII. RESULTS AND DISCUSSION

Before describing the spectra in detail we note that, as
anticipated on general grounds, scalar-induced GWs from a
stable spectator are generically small because ρχ=ρtot ≪ 1
throughout radiation domination. An observable signal
requires the peak of the matter perturbation to sit at scales
not far above keq, which restricts meff=HI to the narrow
window allowed by isocurvature andΔNeff constraints, and
additionally requires Treh tuned so that Ωχh2 ¼ 0.12. The
benchmarks shown below should, therefore, be read as
illustrating the best-case observable scenarios rather than
generic predictions.
We demonstrate that heavy spectator fields with effective

masses near the Hubble scale (meff ∼HI) naturally gen-
erate blue-tilted isocurvature spectra with spectral indices
Λ ≃ 2m2

eff=3H
2
I (typically Λ ≃ 0.25–0.50), producing

observable GWs across frequencies from 10−20 to 1 Hz.
Our analysis combines analytical approximations with
numerical evolution of spectator field dynamics, employing
normal-ordered energy density operators and regularized

momentum integrals to capture the complete gravitational
production mechanism.
For each benchmark shown below in Fig. 3, the under-

lying spectator energy fraction can be read off Fig. 1 (for
the representative cases shown there), the corresponding
isocurvature spectrum from Fig. 5, and, for the σ ¼ 0 stable
case, the position relative to the isocurvature, ΔNeff , r, and
overclosure bounds from Fig. 4.
Two distinct phenomenological regimes emerge depend-

ing on reheating temperature Treh and spectator field
evolution.
For dark matter production scenarios (Treh ≲ 10 TeV),

stable spectator fields produce suppressed amplitudes with
scaling ∝ T−2=3

reh and

ΩGWh2 ∝
�
k4Λ−2ln2ðk=HIÞ; k ≪ arehHreh;

k4Λ−6ln2ðk=HIÞ; k ≫ arehHreh:
ð32Þ

In curvatonlike scenarios with high reheating temperatures
(Treh ≥ 107 GeV), spectator fields decay before matter-
radiation equality, leading to

ΩGWh2 ∝
�
k4Λ−2ln2ðk=HIÞ; k ≪ adHd;

k4Λ−4ln2ðk=HIÞ; k ≫ adHd;
ð33Þ

with GW amplitude scaling ∝ T4=3
reh . Both scenarios share

identical large-scale behavior but differ at small scales,
where gravitational production shows stronger suppression
due to the absence of spectator field decay enhancement.
The GW spectra exhibit rich phenomenology depending

on the inflaton-spectator coupling. For purely gravitational
production (σ ¼ 0), spectra are universally red-tilted for
potentially detectable amplitudes. For dark matter produc-
tion scenarios, the left panel of Fig. 3 demonstrates that

FIG. 3. Gravitational wave spectra for two spectator field scenarios. Left: stable spectator field constituting dark matter through purely
gravitational production. The labeled values mχ=HI ¼ f0.50; 0.53; 0.57; 0.60; 0.63; 0.67g correspond to the colored dots on the Ωχ ¼
ΩDM teal curve of Fig. 4. Right: unstable spectator field decaying near matter-radiation equality in a high reheating scenario
(Treh ≃ 1015 GeV). Background curves show current and projected sensitivities for CMB experiments [68,75–79], PTAs [39–42], and
space/ground-based interferometers [43–48,80–83].
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purely gravitational production can account for the observed
relic abundance ΩDMh2 ¼ 0.12 while generating detectable
GW signals. Spectator masses mχ=HI ¼ f0.50; 0.53; 0.57;
0.60; 0.63; 0.67g correspond to reheating temperatures
Treh ¼ f700; 876; 1096; 1360; 1680; 2071g GeV, respec-
tively. This dark matter boundary (teal curve in Fig. 4)
separates parameter regions producing over- or under-abun-
dance relative to observations.
Nonzero coupling introduces additional complexity:

small couplings (σ=λ≲ 0.036) maintain red-tilted spectra,
intermediate values (0.036≲ σ=λ≲ 0.04) produce peaked
spectra with maxima around f ≃ 10−5 Hz, while larger
couplings (σ=λ ≥ 0.04) generate blue-tilted infrared behav-
ior for mχ ¼ 10−2Hend. The right panel of Fig. 3 shows that
for instantaneous reheating at Treh ¼ 1015 GeV and
mχ=Hend ¼ 10−2, the coupling range 0.036≲ σ=λ≲
0.040 produces correlated signatures across CMB experi-
ments, PTAs, and space-based interferometers.
Parameter space constraints from multiple observations

are summarized in Fig. 4. CMB isocurvature bounds ex-
clude spectator masses mχ ≲ 0.54HI ≃ 8.4 × 1012 GeV,
while our GWanalysis reveals stronger constraints through
ΔNeff ≲ 0.28 bounds that exclude combinations of small
masses and high reheating temperatures [75], requiring
mχ ≳ 0.59HI ≃ 9.1 × 1012 GeV for Treh ≃ 1010 GeV. The
nonobservation of primordial B-modes by Planck/BICEP2/
Keck [75,84] further constrains mχ ≳ 0.64HI ≃ 1013 GeV
except at very low reheating temperatures. Future CMB
observatories like LiteBIRD [78] will probe remaining
viable parameter space, with projected sensitivities

reaching mχ ≳ 0.67HI ≃ 1.1 × 1013 GeV. We note that
ΩGWh2 ∝ ðHI=MPÞ4 at fixed mχ=HI, σ, and Treh.
Furthermore, for fixed mχ=HI and Treh, increasing σ shifts
the constraint contours of Fig. 4 toward smaller mχ.
Our analysis reveals that spectator field isocurvature

perturbations provide a novel probe of the elusive reheating
epoch, as GW amplitudes depend strongly on reheating
temperature. Future detection or nondetection could yield
the first direct observational constraints on postinflationary
thermalization. The broad frequency coverage, spanning
1 nHz (accessible to SKA [42], NANOGrav [39],
and EPTA [40,41]) through 1–10 Hz (e.g., μ-Ares [83],
AION [80], and AEDGE [81]) to 1 kHz (Einstein
Telescope [47] and Cosmic Explorer [48]), makes multi-
band GW astronomy essential for characterizing these
signatures.
Spectator fields bridge multiple frontiers in fundamental

physics, connecting inflation with dark matter production
while probing nonstandard thermal histories and potential
beyond-standard-model coupling structures. We identify
parameter space “sweet spots” (e.g., mχ=HI ≃ 0.6–0.7 for
purely gravitational production with σ ¼ 0) where signals
satisfy current constraints yet remain detectable by future
experiments, providing concrete observational targets.
Our results show that significant induced GWs from

spectator fields require (i) effective masses meff=HI ≳ 0.5,
(ii) sufficiently large gravitational production to increase
the energy density of the spectator scalar field, and
(iii) specific choices of reheating and decay rates. For
example, the dark matter benchmark in Fig. 3 (left) relies
on low reheating temperatures, whereas the benchmark in
Fig. 3 (right) assumes an unstable spectator that decays near
matter-radiation equality, corresponding to a very small
ratio Γχ=mχ . These assumptions are chosen to maximize
the induced GW signal and illustrate what is in principle
possible, rather than representing the typical behavior of
generic spectator models. As next-generation experiments
achieve unprecedented sensitivity, from CMB-HD target-
ing ΔNeff ¼ 0.014 and LiteBIRD probing r > 0.001 [78]
to BBO reaching ΩGWh2 ≃ 10−16 − 10−17 [44], these sig-
nals could provide unique insights into beyond the standard
model physics at 1013–1015 GeV energy scales, dark matter
production mechanisms, and the thermal history between
inflation and big bang nucleosynthesis. The blue-tilted
spectra naturally avoid problematic infrared divergences
that plague inflation scenarios, while our combined
analytical-numerical methodology establishes a robust
framework for interpreting data from this emerging multi-
messenger window into the primordial universe.

ACKNOWLEDGMENTS

The authors would like to thank Andrew Long for a
detailed discussion on the isocurvature power spectrum,
and also thank Jeff Dror, David Kaiser, Rocky Kolb,

103 105 107 109 1011 1013

Treh [GeV]

0.8

0.9

1.0

1.1

1.2

1.3
m

χ
[×

10
13

G
eV

]

Isocurvature

Planck ΔNeff

Planck r

LiteBIRD r

Ω
χ

=
Ω

D
M

scale invariant ΩGW,S(k)

σ = 0

FIG. 4. Parameter space for purely gravitational production of
heavy spectator fields [σ ¼ 0, fχðtdÞ ¼ 1], with inflationary
Hubble rate HI ¼ 1.5 × 1013 GeV fixed by the T-model nor-
malization. The colored dots correspond to benchmark values
from the left panel of Fig. 3. Excluded regions: CMB isocurvature
bounds (purple, mχ ≲ 0.54HI ≃ 8.4 × 1012 GeV), ΔNeff from
GW backgrounds (gray), nonobservation of primordial B-modes
by Planck/BICEP2/Keck (red), and projected LiteBIRD sensi-
tivity (orange). The teal curve marks Ωχh2 ¼ 0.12 with over-
production (underproduction) to the right (left). The viable region
for an observable stable-spectator GW signal lies on the teal curve
within the white wedge.

GRAVITATIONAL WAVES FROM SPECTATOR SCALAR FIELDS PHYS. REV. D 114, 023551 (2026)

023551-9



Soubhik Kumar, Evan McDonough, and Vincent Vennin
for helpful conversations. The work of S. V. was supported
in part by DOE grant No. DE-SC0022148 at the University
of Florida. M. G. was supported by the DGAPA-PAPIIT
grants No. IA103123 and No. IA100525 at UNAM, and the
SECIHTI “Ciencia de Frontera” grant No. CF-2023-I-17.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further informa-
tion or data should be sent to the authors.

APPENDIX A: REGULARIZATION AND
RENORMALIZATION OF ENERGY DENSITY

This appendix details the regularization and renormal-
ization procedure for the spectator field energy density
ρχðηÞ, addressing ultraviolet divergences that arise from
high-momentum field modes in the curved spacetime
background. The treatment requires both systematic regu-
larization of divergent integrals and renormalization
through normal ordering with respect to the appropriate
vacuum state.
We begin with the stress-energy tensor for the spectator

field χ, derived from the action via
ffiffiffiffiffiffi−gp

TðχÞ
μν ¼

2δð ffiffiffiffiffiffi−gp
LχÞ=δgμν [85],

TðχÞ
μν ¼∇μχ∇νχ−

1

2
gμνgρσð∇ρχÞð∇σχÞþ

1

2
gμνðm2

χþσϕ2Þχ2:
ðA1Þ

In the FRW background, the 00 component becomes

TðχÞ
00 ðη;xÞ ¼

1

2a2
½χ02 þ ð∇χÞ2 þ a2ðm2

χ þ σϕ2Þχ2�: ðA2Þ

Using the field redefinition X ¼ aχ and the relation
χ0 ¼ a−1ðX0 −HXÞ, we obtain

TðχÞ
00 ðη;xÞ ¼

1

2a4

�
ðX0Þ2 þ ð∇XÞ2 − 2HXX0

þ
�
H2 −

a2R
6

�
X2 þ a2m2

effX
2

�
; ðA3Þ

where H ¼ a0=a is the conformal Hubble parameter and R
is the Ricci scalar.
We expand the rescaled field X in Fourier modes,

Xðη;xÞ ¼
Z

d3k

ð2πÞ3=2 e
−ik·x

�
XkðηÞâk þ X�

kðηÞâ†−k
�
; ðA4Þ

where âk and â†k satisfy canonical commutation relations,

½âk; â†k0 �¼δð3Þðk−k0Þ; and ½âk;âk0 �¼ ½â†k;â†k0 �¼0:

ðA5Þ

The mode functions XkðηÞ evolve according to

X00
kðηÞ þ ω2

kðηÞXkðηÞ ¼ 0; ðA6Þ

with ω2
kðηÞ ¼ k2 þ a2ðηÞm2

effðηÞ and Wronskian normali-
zation XkX0�

k − X�
kX

0
k ¼ i.

To handle ultraviolet divergences, we employ adiabatic
regularization based on the Wentzel-Kramers-Brillouin
expansion. We introduce the adiabatic basis functions

fkðηÞ≡ e−i
R

η
ωkdη0ffiffiffiffiffiffiffiffi

2ωk
p ; ðA7Þ

and express the mode functions through Bogoliubov
coefficients,

XkðηÞ ¼ αkðηÞfkðηÞ þ βkðηÞf�kðηÞ; ðA8Þ

with the corresponding derivative

X0
kðηÞ ¼ −iωk½αkðηÞfkðηÞ − βkðηÞf�kðηÞ�; ðA9Þ

where jαkj2 − jβkj2 ¼ 1 preserves canonical commutation
relations. We define time-dependent ladder operators
through the Bogoliubov transformation,

AkðηÞ ¼ αkðηÞâk þ β�kðηÞâ†−k;
A†
−kðηÞ ¼ βkðηÞâk þ α�kðηÞâ†−k: ðA10Þ

The adiabatic vacuum j0i is defined by Akj0i ¼ 0 for all k.
The vacuum is normalized such that h0j0i ¼ 1.
The inverse Bogoliubov transformation allows us to

express the original operators in terms of the adiabatic
ladder operators,

âk ¼ α�kAk − β�kA
†
−k;

â−k ¼ α�kA−k − β�kA
†
k: ðA11Þ

Substituting these relations into the field expansion, we can
express the rescaled field and its derivative directly in terms
of the adiabatic basis,

Xðη;xÞ ¼
Z

d3k

ð2πÞ3=2 e
−ik·x

�
fkðηÞAk þ f�kðηÞA†

−k
�
;

X0ðη;xÞ ¼ −i
Z

d3k

ð2πÞ3=2 e
−ik·xωk

�
fkðηÞAk − f�kðηÞA†

−k
�
:

ðA12Þ
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Using the Bogoliubov transformation with rotated ladder operators Ak, A
†
−k, A

0
k, and A

†
−k0 , the 00 component of the stress-

energy tensor for the spectator field can be expressed as

TðχÞ
00 ðη;xÞ ¼

1

2a4

Z
d3kd3k0

ð2πÞ3
�
B1ðk; k0ÞAkAk0 þ B2ðk; k0ÞAkA

†
−k0 þ B3ðk; k0ÞA†

−kAk0 þ B4ðk; k0ÞA†
−kA

†
−k0

�
: ðA13Þ

The coefficient functions Biðk; k0Þ encode the field dynamics and curvature coupling effects,

B1ðk; k0Þ ¼
�
ðiωk þHÞðiωk0 þHÞ − kk0 þ a2m2

eff −
a2R
6

�
fkðηÞfk0 ðηÞ; ðA14Þ

B2ðk; k0Þ ¼
�
ð−iωk −HÞðiωk0 −HÞ − kk0 þ a2m2

eff −
a2R
6

�
fkðηÞf�k0 ðηÞ; ðA15Þ

B3ðk; k0Þ ¼
�
ðiωk −HÞð−iωk0 −HÞ − kk0 þ a2m2

eff −
a2R
6

�
f�kðηÞfk0 ðηÞ; ðA16Þ

B4ðk; k0Þ ¼
�
ðiωk −HÞðiωk0 −HÞ − kk0 þ a2m2

eff −
a2R
6

�
f�k0 ðηÞf�kðηÞ: ðA17Þ

This expression contains ultraviolet divergences that arise from high-momentum mode contributions where the adiabatic
approximation breaks down. Renormalization through normal ordering with respect to the adiabatic vacuum state is
required to extract finite results [24,51]. The procedure involves expressing the rotated operators Ak and A

†
−k in terms of the

original operators âk and â†−k using the inverse Bogoliubov transformation from Eq. (A10). The resulting normal-ordered
expressions are as follows:

∶akak0 ≔ akak0 þ α�kβ
�
kδ

ð3Þðkþ k0Þ; ðA18Þ

∶aka
†
−k0 ≔ a†−k0ak − jβkj2δð3Þðkþ k0Þ; ðA19Þ

∶a†−k0ak ≔ a†−k0ak − jβkj2δð3Þðkþ k0Þ; ðA20Þ

∶a†−k0a
†
k ≔ a†−k0a

†
k þ αkβkδ

ð3Þðkþ k0Þ: ðA21Þ

After normal ordering with respect to the adiabatic vacuum state and taking the vacuum expectation value, the
renormalized energy density becomes

ρχðηÞ ¼ h∶TðχÞ
00 ðη;xÞ∶i ¼

1

2a4

Z
d3k
ð2πÞ3 ½C1ðk;−kÞα

�
kβ

�
k − C2ðk;−kÞjβkj2 − C3ðk;−kÞjβkj2 þ C4ðk;−kÞαkβk�; ðA22Þ

where the CiðkÞ coefficients arise from the normal ordering transformation and are linear combinations of the Biðk; k0Þ
terms, given by

C1ðk; k0Þ ¼ B1ðk; k0Þαkαk0 þ B2ðk; k0Þαkβk0 þ B3ðk; k0Þαk0βk þ B4ðk; k0Þβkβk0 ;
C2ðk; k0Þ ¼ B1ðk; k0Þαkβ�k0 þ B2ðk; k0Þαkα�k0 þ B3ðk; k0Þβkβ�k0 þ B4ðk; k0Þα�k0βk;
C3ðk; k0Þ ¼ B1ðk; k0Þαk0β�k þ B2ðk; k0Þβk0β�k þ B3ðk; k0Þα�kαk0 þ B4ðk; k0Þα�kβk0 ;
C4ðk; k0Þ ¼ B1ðk; k0Þβ�kβ�k0 þ B2ðk; k0Þα�k0β�k þ B3ðk; k0Þα�kβ�k0 þ B4ðk; k0Þα�kα�k0 : ðA23Þ

Using the explicit forms of the Bogoliubov coefficients,

αk ¼
ω�
kXk þ iX0

k

2ωkfk
; βk ¼

ωkXk − iX0
k

2ωkf�k
; ðA24Þ
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the normal-ordered energy density can be expressed directly in terms of the mode functions,

ρχðηÞ ¼
1

2a2

Z
d3k
ð2πÞ3

�
jωkXk − iX0

kj2 þ
�
H2 −

a2R
6

�
jXkj2 −HðXkX0�

k þ X0
kX

�
kÞ −

1

2ωk

�
H2 −

a2R
6

��
: ðA25Þ

APPENDIX B: ISOCURVATURE COMPUTATION

This section provides the detailed derivation of the isocurvature power spectrum used in the main text. The isocurvature
power spectrum is computed from the two-point correlation function of energy density fluctuations,

hδρχðη;xÞδρχðη; yÞi ¼ h∶ρχðη;xÞ∶∶ρχðη; yÞ∶i − ρ̄2χðηÞ: ðB1Þ

The normal-ordered product of energy density operators can be expressed as

∶ρχðη;xÞ∶∶ρχðη; yÞ ≔ ≕TðχÞ
00 ðη;xÞ∶∶TðχÞ

00 ðη; yÞ

≔
1

4a8

Z
d3kd3k0

ð2πÞ3
�
C1ðk; k0Þ∶akak0∶ þ C2ðk; k0Þ∶aka†−k0∶þ C3ðk; k0Þ∶a†−kak0∶þ C4ðk; k0Þ∶a†−ka†−k0∶

�

×
Z

d3qd3q0

ð2πÞ3
�
C1ðq; q0Þ∶aqaq0∶þ C2ðq; q0Þ∶aqa†−q0∶þ C3ðq; q0Þ∶a†−qaq0∶þ C4ðq; q0Þ∶a†−qa†−q0∶

�
;

ðB2Þ

where the coefficients Ciðk; k0Þ are given by Eq. (A23). When taking the vacuum expectation value, most terms vanish due
to the normal ordering, except for specific combinations that create particle pairs. The surviving terms correspond to
contractions between creation and annihilation operators,

hC1ðk; k0ÞC4ðq; q0Þakak0a†−qa†−q0 i ¼ C1ðk; k0ÞC4ðq; q0Þ
�
δð3Þðkþ qÞδð3Þðk0 þ q0Þ þ δð3Þðkþ q0Þδð3Þðk0 þ qÞ�: ðB3Þ

Performing the integrals with respect to q and q0, we will be left with the contribution that is proportional to
C1ðk; k0ÞC4ð−k;−k0Þ þ C1ðk; k0ÞC4ð−k0;−kÞ. Therefore, we find that the full isocurvature expression is given by10

Δ2
Sðη; kÞ ¼

1

ρ̄2χðηÞ
1

2a8
k3

2π2

Z
d3r

Z
d3k0

ð2πÞ3
Z

d3k00

ð2πÞ3 × eiðk0þk00−kÞ·r

×
�
Xk0Xk00

�
a2m2

eff − k0k00 þ
�
H2 −

a2R
6

��
þ X0

k0X
0
k00 −HðXk00X0

k0 þ Xk0X0
k00 Þ

�

×

�
X�
k0X

�
k00

�
a2m2

eff − k0k00 þ
�
H2 −

a2R
6

��
þ X�0

k0X
�0
k00 −HðX�

k00X
�0
k0 þ X�

k0X
�0
k00 Þ

�
: ðB4Þ

After performing integrals and relabeling k0 → p, we find

Δ2
Sðη; kÞ ¼

1

ρ̄2χðηÞ
1

2a8
k3

2π2

Z
d3p
ð2πÞ3

�
XpXq

�
a2m2

eff − pqþ
�
H2 −

a2R
6

��
þ X0

pX0
q −HðX0

pXq þ XpX0
qÞ
�

×

�
X�
pX�

q

�
a2m2

eff − pqþ
�
H2 −

a2R
6

��
þ X0�

pX0�
q −HðX0�

pX�
q þ X�

pX0�
q Þ
�
; ðB5Þ

where q ¼ jp − kj. In the late-time asymptotic limit where the spacetime approaches Minkowski (H → 0, R → 0) and for
modes with pq ≪ a2m2

eff , the isocurvature power spectrum simplifies to

10Here, we relabeled k → k0 and k0 → k00.
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Δ2
Sðη; kÞ ¼

1

ρ̄2χðηÞ
k3

a8ð2πÞ5
Z

d3p
�jX0

pj2jX0
qj2 þ a4m4

χ;eff jXpj2jXqj2 þ a2m2
χ;eff ½ðXpX0�

p ÞðXqX0�
q Þ þ H:c:

�
; ðB6Þ

which matches previous results [25,53]. This asymptotic
expression provides a good approximation for estimating
the isocurvature power spectrum at CMB scales. However,
for a complete analysis across all scales, particularly at
small scales relevant for gravitational wave signatures, we
employ the full expression (B5) and evolve it numerically
throughout the cosmological history.
Figure 5 shows the numerical isocurvature power

spectrum for both purely gravitational production (σ ¼ 0)
and scenarios with nonzero inflaton-spectator coupling
(σ ≠ 0).

APPENDIX C: GRAVITATIONAL WAVE
SPECTRUM

This appendix details how scalar perturbations from
spectator fields source secondary gravitational waves at
second order in perturbation theory [6,86,87]. We review
the general formalism and examine how the evolving
isocurvature power spectrum influences the scalar potential
Φ, which subsequently sources tensor perturbations hij.
Working in the Newtonian gauge with the perturbed line

element from Eq. (20), the equation of motion for secon-
dary gravitational waves sourced by scalar perturbations
is [87]

ḧijþ3Hḣij−
∇2hij
a2

¼a−2Pab
ij

�
4∂aΦ∂bΦþ 2

M2
P
∂aδχ∂bδχ

�
;

ðC1Þ

where Pab
ij is the transverse-traceless projection operator

and δχ represents spectator field fluctuations. The inflaton
perturbation δϕ is negligible compared to the spectator field
contribution since ρϕ ≫ ρχ during the relevant epoch.
We work in the Newtonian gauge for scalar perturba-

tions, with the line element defined in Eq. (20). The
equation of motion for secondary GWs sourced by scalar
perturbations is given by [87]

ḧijþ3Hḣij−
∇2hij
a2

¼a−2Pab
ij

�
4∂aΦ∂bΦþ 2

M2
P
∂aδχ∂bδχ

�
;

ðC2Þ

where Pab
ij is the projection operator, and δχ represents the

dark matter fluctuations. Here, we neglected the δϕ con-
tribution since it is negligible compared to χ at the back-
ground level. Converting to conformal time using
dt ¼ adη, the equation becomes
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FIG. 5. Isocurvature power spectrum for the spectator field χ for pure minimal gravitational production (left), and for a fixed mass with
varying inflaton coupling (right). Each mass parameter (left panel) and coupling strength (right panel) is represented by a different color.
Here, Ntot ¼ 76.5 e-folds of inflation. The vertical dashed lines show the positions of the present horizon scale (k0 ¼ 1.4 × 10−26kend)
and the Planck pivot scale (k� ¼ 3.2 × 10−24kend). The horizontal dotted line represents the current upper bound on isocurvature
perturbations from Planck, Δ2

S ≃ 8.3 × 10−11 at the Planck pivot scale.
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h00ij þ 2Hh0ij −∇2hij ¼ Pab
ij

�
4∂aΦ∂bΦþ 2

M2
P
∂aχ∂bχ

�
;

ðC3Þ

where primes denote derivatives with respect to conformal
time η. The gravitational wave source consists of two
distinct contributions:
Scalar potential term (4∂aΦ∂bΦ). This arises from the

nonlinear evolution of curvature perturbations enhanced by
isocurvature fluctuations. The scalar potential Φ is related
to density perturbations through the Poisson equation,
creating a direct link between the isocurvature power
spectrum and gravitational wave production.
Direct field fluctuations ( 2

M2
P
∂aχ∂bχ). This term re-

presents direct coupling of spectator field gradients to
the gravitational wave equation. However, this contribution
typically generates very high-frequency signals that fall
outside the sensitivity range of current gravitational wave
detectors and would require specialized resonant cavity
experiments for detection.
For the present analysis, we focus exclusively on

gravitational waves induced by the scalar potential term,
which dominates in the frequency ranges accessible to
pulsar timing arrays, space-based interferometers, and
ground-based detectors. The computation of the resulting
gravitational wave spectrum is detailed in the main text. To
compute the tensor perturbations hij and resulting gravi-
tational wave spectra, we transform to Fourier space and
employ Green’s function methods. The energy density
fluctuations are decomposed as

δρχðη;xÞ ¼
Z

d3k

ð2πÞ3=2 e
−ik·xδρχðη;kÞ: ðC4Þ

Using the gauge-invariant Poisson equation ∇2 Φ ¼
δρχ=ð2M2

PÞ and projecting onto the transverse-traceless
polarization tensors ελijðkÞ, the gravitational wave equation
becomes

h00k;λðηÞ þ 2Hh0k;λðηÞ þ k2hk;λðηÞ ¼ Sλðη;kÞ; ðC5Þ

where the source term Sλðη;kÞ is given by

Sλðη;kÞ ¼ −
Z

d3p
ð2πÞ3

a4

M4
P

εabλ paqb
p2q2

δρχðη;pÞδρχðη;qÞ:

ðC6Þ

To solve the inhomogeneous differential Eq. (C5), we
construct the retarded Green’s function from two linearly
independent solutions h1ðη; kÞ and h2ðη; kÞ of the homo-
geneous equation,

Gkðη; η̃Þ ¼
1

Wðh1; h2; η̃Þ
�
h1ðηÞh2ðη̃Þ − h1ðη̃Þh2ðηÞ

�
; ðC7Þ

where the Green’s function satisfies

G00
kðη; η̃Þ þ 2HG0

kðη; η̃Þ þ k2Gkðη; η̃Þ ¼ δðη − η̃Þ: ðC8Þ

The Wronskian determinant ensures the proper normali-
zation,

Wðh1; h2; η̃Þ ¼ h01ðη̃Þh2ðη̃Þ − h1ðη̃Þh02ðη̃Þ: ðC9Þ

With vanishing initial conditions hλðηi;kÞ ¼ h0λðηi;kÞ ¼ 0

at some early time ηi before significant source contribution,
the particular solution is obtained through convolution,

hλðη;kÞ ¼
Z

η

ηi

dη̃Gkðη; η̃ÞSλðη̃;kÞ: ðC10Þ

This formulation provides the foundation for our numerical
computation of the gravitational wave amplitude hλðη;kÞ,
from which we derive the energy density spectrum ΩGWðkÞ
presented in the main text.
Next, we follow the methodology developed in

Refs. [74,88–90]. We assume statistical homogeneity and
isotropy of the spectator field density perturbations δρχ that
appear in the gravitational wave source term (C6). With
vanishing mean hδρχi ¼ 0, the two-point correlation func-
tion of induced gravitational waves can be expressed as

hhλðη;k1Þhλðη;k2Þi ∼
Z

d3q1
ð2πÞ3=2

d3q2
ð2πÞ3=2 hδρχðq1Þδρχðk1 − q1Þδρχðq2Þδρχðk2 − q2Þi: ðC11Þ

This expression involves a four-point correlation function of density perturbations, which contains both Gaussian and non-
Gaussian contributions. The four-point correlation function can be decomposed into disconnected and connected parts,

hδρχðk1Þδρχðk2Þδρχðk3Þδρχðk4Þi ¼ hδρχðk1Þδρχðk2Þδρχðk3Þδρχðk4Þid þ hδρχðk1Þδρχðk2Þδρχðk3Þδρχðk4Þic; ðC12Þ

where the disconnected part represents the Gaussian contribution and the connected part captures non-Gaussian effects.
These contributions are given by

MARCOS A. G. GARCIA and SARUNAS VERNER PHYS. REV. D 114, 023551 (2026)

023551-14



hδρχðk1Þδρχðk2Þδρχðk3Þδρχðk4Þic ¼ δð3Þðk1 þ k2 þ k3 þ k4ÞT ðk1;k2;k3;k4Þ; ðC13Þ

and

hδρχðk1Þδρχðk2Þδρχðk3Þδρχðk4Þid¼hδρχðk1Þδρχðk2Þihδρχðk3Þδρχðk4Þi
þhδρχðk2Þδρχðk3Þihδρχðk4Þδρχðk1Þiþhδρχðk1Þδρχðk3Þihδρχðk2Þδρχðk4Þi: ðC14Þ

Here, T ðk1;k2;k3;k4Þ is the connected trispectrum, and
the two-point function is defined as

hδρχðk1Þδρχðk2Þi ¼ δð3Þðk1 þ k2Þρ̄2χPSðk1Þ: ðC15Þ

For spectator field models with weak primordial non-
Gaussianities, we treat the connected contribution as a
small perturbative correction to the dominant Gaussian
statistics. The gravitational wave power spectrum accord-
ingly splits as

PλðkÞ ¼ PλðkÞjd þ PλðkÞjc; ðC16Þ

where the Gaussian piece arises from products of two-point
functions (disconnected diagrams) and the non-Gaussian
piece encodes contributions from the primordial trispec-
trum (connected diagrams). Since the connected contribu-
tion is typically subdominant for the parameter ranges of
interest, we focus on computing the Gaussian contribution.
A comprehensive analysis including non-Gaussian effects
is provided in Ref. [74].
The Gaussian approximation requires evaluating the

disconnected part of the four-point correlation function
appearing in Eq. (C11),

hδρχðq1Þδρχðk1 − q1Þδρχðq2Þδρχðk2 − q2Þid ¼ hδρχðq1Þδρχðk1 − q1Þihδρχðq2Þδρχðk2 − q2Þi
þ hδρχðk1 − q1Þδρχðq2Þihδρχðk2 − q2Þδρχðq1Þi
þ hδρχðq1Þδρχðq2Þihδρχðk1 − q1Þδρχðk2 − q2Þi: ðC17Þ

When substituting the explicit form of the two-point functions, certain terms generate contributions proportional to δð3Þðk1Þ
and δð3Þðk2Þ. These zero-momentum modes correspond to unphysical infrared divergences that must be regularized. Since
we are interested in gravitational waves with finite momentum k1, k2 ≠ 0, these terms can be consistently dropped. After
this regularization procedure, the physical contribution to the disconnected four-point function becomes

hδρχðq1Þδρχðk1−q1Þδρχðq2Þδρχðk2−q2Þid¼ δð3Þðk1þk2Þ½δð3Þðq1þq2Þþδð3Þðk1þq2−q1Þ�ρ̄4χPSðq1ÞPSðjk1−q1jÞ:
ðC18Þ

The gravitational wave two-point correlation function is obtained by convolving the source correlations with the
appropriate Green’s functions,

hhλðη;k1Þhλðη;k2Þi ¼
Z

η

0

dη1

Z
η

0

dη2Gkðη; η1ÞGkðη; η2ÞhSλðη1;k1ÞSλðη2;k2Þi; ðC19Þ

where the source two-point function is given by

hSλðη1;k1ÞSλðη2;k2Þi ¼
aðη1Þ4
M4

P

aðη2Þ4
M4

P

Z
d3q1

ð2πÞ3=2
d3q2

ð2πÞ3=2
Qλðk1;q1ÞQλðk2;q2Þ

q21jk1 − q1j2q22jk2 − q2j2
× T Sðη1ÞT Sðη2Þhδρχðq1Þδρχðjk1 − q1jÞδρχðq2Þδρχðjk2 − q2jÞi: ðC20Þ

Here, we used the property that we found from the numerical analysis,

Δ2
Sðη; kÞ ¼ T SðηÞΔ2

SðkÞ; ðk < aHÞ; ðC21Þ
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where T SðηÞ represents a time-dependent transfer function.
The gravitational wave polarization structure is encoded in
the projection factor,

Qλðk;qÞ≡ ελijðkÞqiqj ¼ −εijλ ðkÞðk − qÞiqj; ðC22Þ

where ελijðkÞ are the transverse-traceless polarization ten-

sors satisfying εijλ ðkÞki ¼ 0. For computational conven-
ience, we choose coordinates with k̂ ¼ ẑ and parametrize
q ¼ qðsin θ cosϕ; sin θ sinϕ; cos θÞ. The projection factors
for the two polarization states become

Qþðk;qÞ ¼
q2ffiffiffi
2

p sin2θ cosð2ϕÞ;

Q×ðk;qÞ ¼
q2ffiffiffi
2

p sin2θ sinð2ϕÞ: ðC23Þ

The projection factors possess useful symmetry properties
that simplify the momentum integrals. Because ελðkÞ is
orthogonal to k, we find

Qλðk;qÞ ¼ Qλðk;qþ ckÞ; ðC24Þ

for any constant c. Qλðk;qÞ is symmetric under k → −k
and q → −q,

Qλðk;qÞ ¼ Qλð−k;qÞ ¼ Qλðk;−qÞ ¼ Qλð−k;−qÞ:
ðC25Þ

The GW power spectrum can be expressed as

hhλðη;kÞhλ0 ðη;k0Þi ¼ δλλ0δ
ð3Þðkþ k0ÞPλðη; kÞ; ðC26Þ

where the dimensionless power spectrum is given by

Δ2
λðη; kÞ ¼

k3

2π2
Pλðη; kÞ: ðC27Þ

The gravitational wave energy density is conventionally
expressed as a fraction of the critical density ρc ¼ 3H2M2

P,

ΩGWðkÞ≡ 1

3M2
PH

2

dρGW
d ln k

; ðC28Þ

where ρGW is the gravitational wave energy density. The
relationship between the dimensionless power spectrum
and the energy density parameter is

ΩGWðkÞ ¼
1

12

�
k

aðηÞHðηÞ
�

2X
λ

Δ2
λ : ðC29Þ

For comparison with observational constraints, we evaluate
the spectrum at the present epoch. Using the present-day
Hubble parameter H0 ¼ 100h kms−1 Mpc−1 and scale
factor a0, the observable gravitational wave energy density
becomes

ΩGW;0ðkÞh2 ¼
1

12

�
k

a0H0

�
2

Δ2
h; ðC30Þ

where
P

λ Δ2
λ ¼ Δ2

h is the total GW power spectrum across
both polarization states.
The complete dimensionless gravitational wave power

spectrum can be expressed in factorized form as

Δ2
hðk; NÞ ¼ 2

�
1

8

Z
N
dN0GkðN;N0ÞT SðN0Þ

�
aðN0ÞHðN0Þ

k

�
2
�

ρχðN0Þ
H2ðN0ÞM2

P

�
2
�
2

gðkÞ≡ Cðk; NÞ × gðkÞ; ðC31Þ

where

gðkÞ ¼ k2
Z

∞

0

dpp
Z

kþp

jk−pj
dqq

ðk4 − 2k2ðp2 þ q2Þ þ ðp2 − q2Þ2Þ2
p7q7

Δ2
SðpÞΔ2

SðqÞ: ðC32Þ

The gravitational wave energy density spectrum becomes

ΩGW;S ¼ 1

12

�
k
aH

�
2

Δ2
hðk; NÞ≡ Iðk; NÞgðkÞ: ðC33Þ

This factorization separates the time-dependent gravita-
tional wave growth from the momentum-space structure
determined by the isocurvature spectrum. The calculation is
performed using the number of e-folds N as the time

variable, which provides computational advantages during
the inflationary and postinflationary epochs where the scale
factor evolves exponentially. Correspondingly, GkðN;N0Þ
represents the Green’s function expressed in e-fold time
rather than conformal time. The normalization of gðkÞ
includes appropriate factors of k to ensure dimensional
consistency, specifically, the k2 prefactor in Eq. (C32)
renders gðkÞ dimensionless while preserving the correct
scaling behavior of the gravitational wave spectrum.
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