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We investigate the enhancement of the curvature perturbations in a single-field slow-roll inflation with a
spectator scalar field kinetically coupled to the inflaton. The coupling term with a periodic function of
inflaton triggers the exponential growth of the spectator field perturbations, which indirectly amplifies the
curvature perturbations to produce a sizable abundance of primordial black holes (PBHs). This scenario is
found to be insensitive to the inflationary background. We study two distinct populations of the stochastic
gravitational wave background (SGWB) produced in this scenario, i.e., induced by the scalar perturbations
during the inflationary era and the radiation-dominated era, respectively. With the appropriate choices of
parameter space, we consider two PBH mass windows of great interest. One is PBHs of masses
Oð10−12ÞM⊙ that can be a vital component of dark matter, and the predicted total energy spectrum of
SGWB shows a unique profile and is detectable by LISA and Taiji. The other is PBHs of massesOð10ÞM⊙
which can provide consistent explanation for the LIGO-Virgo events. More interestingly, the predicted
gravitational wave signal from the radiation-dominated era may account for the NANOGrav 12.5-yr results.
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I. INTRODUCTION

A region could collapse to a black hole by self-gravitation
in the very early Universe as a result of initial overlarge
density fluctuations [1–3]. These primordial black holes
(PBHs), in general, span a wide mass range from tens of
micrograms tomillions of solarmasses due to their formation
mechanism which is different from that of BHs who have
stellar origins. Inviewof this promising feature, PBHswithin
differentmasswindowswere expected to relate to a variety of
cosmological and astronomical phenomena [4–8].One of the
majormotivations to study PBHs is that they could serve as a
reasonable candidate for thewhole or an appreciable portion
of dark matter (DM) which comprises 25% of the critical
density of our Universe [4–6]. In particular, the suggestion
that the gravitational waves (GWs) were generated by the
coalescence of PBH binaries has attracted much attention in
recent years with the LIGO-Virgo detection [9–13]. Shortly
after the first detection of theGWevent,GW150914 [9], Bird
et al. [7] found that the merger rate of PBHs with masses of

∼30 M⊙ falls within the range of 2–53 Gpc−3 yr−1 inferred
from GW150914, and Sasaki et al. [8] argued that the
expected PBH merger rate can be made compatible if PBHs
constitute Oð1Þ‰ of DM.
The induced GWs associated with PBH formation have

attracted great attention in recent years.According to second-
order cosmological perturbation theory [14–19], the scalar
perturbations would provide anisotropic stress via the non-
linear couplings and result in the generation of GWs. Hence,
the overlarge primordial curvature perturbations for PBH
formation should induce sizeable GW signals after their
reentry into the Hubble horizon during the radiation-
dominated era [20–37]. This strong correlation between
PBHs and the concomitant GW signals could be a promising
approach to detecting PBHs in the upcoming GW experi-
ments, such as space-based projects LISA [38] and Taiji [39].
In addition, the North American Nanohertz Observatory for
GravitationalWaves (NANOGrav) [40] recently has reported
strong evidence of a stochastic common-spectrum process
across pulsars from analyzing 12.5-yr pulsar timing array
data, which might be interpreted as the signal of a stochastic
GW background (SGWB). Although NANOGrav did not
find the significant “quadrupole” or “Hellings-Downs (HD)”
correlation which would have been a smoking gun for a
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SGWB [41], it is worthwhile to study the potential impli-
cations of the NANOGrav signal in terms of SGWB. To date,
there are already many works discussing the interpretation
for a NANOGrav signal, such as from the cosmic string
[42–45], phase transition [46–49], domainwall [50], and also
as inflationary GWs [51,52] and SGWB related to PBH
formation [53–59].
Currently, the most popular scenario for PBH formation

within the inflationary Universe is to generate large-
amplitude primordial curvature perturbations during infla-
tion. In this sense, PBHs could be used to detect the physics of
the cosmic inflation. The key challenge of this scenario is to
enhance the primordial curvature perturbations on small
scales, while one has to ensure the nearly scale-independent
property of the large-scale perturbations that was confirmed
by cosmic microwave background (CMB) observations [60]
and large-scale structure (LSS) surveys [61] with high
precision. Up to now, there are a tremendous amount of
the mechanisms for enhancing small-scale curvature
perturbations, such as the ultra-slow-roll inflation [62–75],
the small sound speed [76,77], the parametric resonance [78–
83], the modified dispersion relation for scalar perturbations
[84], etc.
Among the existing mechanisms for enhancing curvature

perturbations, the parametric resonance that triggers the
exponential growth of the scalar field perturbations leads,
in general, to a phenomenology that is much richer than
that of the other mechanisms. In particular, the sound
speed resonance predicts a unique energy spectrum of
GWs with a double-peak profile due to the contribution of
the induced GWs during inflation [28]. Moreover, there has
been an increasing interest in the possibility of enhancing
curvature perturbations through the resonance of the specta-
tor fields which play no role in driving inflation. A common
scenario is to consider themodel of an axionlike inflaton field
interacting with a gauge field via Chern-Simons type coupl-
ing [85,86], in which the temporary fast-roll of inflaton
around theclifflike regionsofpotential triggers theproduction
of one helicity state of gauge fields. References [87,88]
studied the possibility of amplifying GWs from the coupling
between the inflaton and spectator field. Furthermore, there
are some works focusing on amplification of primordial
perturbations through the small sound speed of spectator
fields, e.g., Refs. [89–91]. In this work, we consider the
enhancement of the curvatureperturbations as the result of the
kinetic coupling between the inflaton and a spectator scalar
field. This kinetic coupling makes the energy transfer
between the inflaton and the spectator field more efficient,
and the inflaton fluctuations would be amplified accompany-
ingwith the resonance of the spectator field. In contrast to the
discussions in the existing literatures, the resonating spectator
field can lead to the exponential growth of the curvature
perturbations even at the linear level. The resulting PBH
formation and induced SGWB in this model are studied
numerically.

The organization of this paper is as follows: In Sec. II,
we describe the model of inflation with a spectator scalar
field and discuss the possibility of enhancing the curvature
perturbations through this sector. In Sec. III, we outline the
estimation of PBH abundance as well as the energy spectra
of GWs from the inflationary era and the radiation-
dominated era, respectively. In Sec. IV, we present the
results of our numerical calculations for the curvature
perturbations, PBHs and SGWB. Finally, the conclusions
are given in Sec. V.

II. MODEL AND LINEARIZED DYNAMICS

A. Basic equations

Our model consists of two scalar fields minimally
coupled to gravity, one of which has a noncanonical kinetic
term, and is specified by the following action:

S¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
M2

p

2
R−

1

2
ð∇ϕÞ2−e2bðϕÞ

2
ð∇χÞ2−Vðϕ;χÞ

�
;

ð1Þ

where Mp ¼ 2.4 × 1018 GeV is the reduced Planck mass.
Such an action is motivated by many of generalized
Einstein theories after making use of a conformal trans-
formation [92]. In this model, we consider that the inflation
is driven by the canonical field ϕ, in the presence of a
noncanonical spectator field χ. Due to the presence of the
function bðϕÞ, through which the two fields can interact,
we consider the following decoupled potential where the
spectator field has a simple quadratic potential:

Vðϕ; χÞ ¼ VðϕÞ þ 1

2
m2

χχ
2; ð2Þ

with an arbitrary inflation potential favored by the current
observational data.
Throughout this paper, we work with the spatially flat

Friedmann-Lemaître-Robertson-Walker metric in the con-
formal Newtonian gauge. Ignoring the anisotropic stress,
the perturbed metric can then read:

ds2 ¼ −ð1þ 2ΨÞdt2

þ aðtÞ2
�
ð1 − 2ΨÞδij þ

1

2
hij

�
dxidxj; ð3Þ

where the first-order scalar metric perturbations are
described by the single variable Ψ, and hij represents
the second-order transverse-traceless tensor perturbations.
The reason that we choose such a gauge for the perturbed
metric is that one of the main focuses of this paper is on
SGWB induced by the scalar perturbations, whose calcu-
lations and physical interpretations are both suitable to be
performed in the conformal Newtonian gauge [93].
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During inflation, we split the scalar fields into a
homogeneous background and a first-order perturbation,

ϕðt;xÞ ¼ ϕ0ðtÞ þ δϕðt;xÞ;
χðt;xÞ ¼ χ0ðtÞ þ δχðt;xÞ: ð4Þ

The dynamics of the homogeneous scalar fields and the
scale factor can be solved from the action (1)

−2 _H ¼ M−2
p ð _ϕ2

0 þ e2b _χ20Þ; ð5Þ

ϕ̈0 þ 3H _ϕ0 − b;ϕe2b _χ20 þ V;ϕ ¼ 0; ð6Þ

χ̈0 þ ð3H þ 2b;ϕ _ϕ0Þ_χ0 þ e−2bm2
χχ0 ¼ 0; ð7Þ

whereH ≡ _a=a represents the Hubble parameter. The first-
order perturbed Einstein and Klein-Gordon equations are
given by

3H _Ψþ
�
k2

a2
þ 3H2

�
Ψ

¼ 1

2M2
p
½ð _ϕ2

0 þ e2b _χ20ÞΨ − _ϕ0δ _ϕ − e2b _χ0δ_χ

− ðb;ϕe2b _χ20 þ V;ϕÞδϕ −m2
χχ0δχ�; ð8Þ

_ΨþHΨ ¼ 1

2M2
p
ð _ϕ0δϕþ e2b _χ0δχÞ; ð9Þ

δϕ̈þ 3Hδ _ϕ −
Δ
a2

δϕþ ½V;ϕϕ − ðb;ϕϕ þ 2b2;ϕÞe2b _χ20�δϕ
− 2b;ϕe2b _χ0δ_χ ¼ −2V;ϕΨþ 4 _ϕ0

_Ψ; ð10Þ

δχ̈ þ ð3H þ 2b;ϕ _ϕ0Þδ_χ −
Δ
a2

δχ þ e−2bm2
χδχ þ 2b;ϕ _χ0δ _ϕ

þ ð2b;ϕe−2bm2
χχ0 þ 2b;ϕϕ _ϕ0 _χ0Þδϕ

¼ −2e−2bm2
χχ0Ψþ 4_χ0 _Ψ: ð11Þ

B. Amplification of curvature perturbations
from the resonance of χ field

As the standard quantization process, we promote the
field χ to quantum operator χ̂, and the Fourier components
δχk defined by δχðt;xÞ ¼ ð2πÞ−3=2 R d3kδχkðtÞeik·x are
expressed via the following decomposition:

δχ̂kðtÞ ¼ δχkðtÞâk þ δχ�−kðtÞâ†−k; ð12Þ

where the creation and annihilation operators â†k and âk
satisfy the canonical commutation relation ½âk; â†k0 � ¼
δðk − k0Þ. It is useful to make a similar operation for
inflaton fluctuation δϕ. Using Eq. (11) with the χ0 back-
ground set to zero, the mode function δχk obeys

δχ̈kþð3Hþ2b;ϕ _ϕ0Þδ_χkþ
�
k2

a2
þe−2bm2

χ

�
δχk ¼ 0: ð13Þ

Through transforming δχk as

Xk ≡ a3=2ebδχk; ð14Þ

Eq. (13) can be reexpressed as

Ẍk þ
�
k2

a2
þm2

χ;eff

�
Xk ¼ 0; ð15Þ

with the effective mass term

m2
χ;eff ¼ e−2bm2

χ −
9

4
H2 −

3

2
_H − 3Hb;ϕ _ϕ0 − b2;ϕ _ϕ

2
0

− b;ϕϕ _ϕ
2
0 − b;ϕϕ̈0: ð16Þ

In this paper, we phenomenologically consider that bðϕÞ
is a periodic function of ϕ [see Ref. [94] that studied the
linear and quadratic form of bðϕÞ], and take the following
form as a typical representative:

bðϕÞ ¼ ξ

2
cos

�
ϕ

ϕc

�
Θðϕs − ϕ0ÞΘðϕ0 − ϕeÞ; ð17Þ

where ξ is a dimensionless parameter, and ϕc is the
characteristic field value. Here,Θ is the Heaviside function,
and this profile describes that the two fields nongravita-
tionally interact with each other just during the period when
the inflaton rolls from ϕ0 ¼ ϕs to ϕ0 ¼ ϕe. We only focus
on this period in the subsequent discussion. By appropri-
ately choosing parameters ξ and ϕc, which satisfy ξ < 1

and j _ϕ0j=ϕc ≫ H, the b;ϕϕ term may dominate the square
of the effective mass given in Eq. (16). Then, Eq. (15) can
be simplified as

Ẍk þ
�
k2

a2
þ ξ _ϕ2

0

2ϕ2
c
cos

�
ϕ0

ϕc

��
Xk ¼ 0: ð18Þ

Since the inflaton is slowly rolling during inflation, the
evolution of the ϕ background can be simply described as
ϕ0 ¼ cþ _ϕ0t with c being a constant during a small field
excursion Δϕ≡ jϕs − ϕej ≪ Mp. Thus, after introducing a

dimensionless time parameter 2z ¼ ðcþ _ϕ0tÞ=ϕc þ π,
Eq. (18) can be cast in the form of the so-called Mathieu
equation,

d2Xk

dz2
þ ½Ak − 2q cosð2zÞ�Xk ¼ 0; ð19Þ

where Ak ¼ 4k2ϕ2
c=ða2 _ϕ2

0Þ, and q ¼ ξ. In particular,
Floquet theory states that Xk will grow exponentially,
known as the parametric resonance, when (Ak; q) fall in
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an instability band of the Mathieu equation (19). For q < 1,
namely, ξ < 1 chosen in our paper, the most enhanced
instability band is located in the narrow region with
jAk − 1j < q, and obviously each mode will pass through
the instability band as a result of the expansion of the
Universe. However, since Eq. (19) is valid during the period
from ϕ0 ¼ ϕs to ϕ0 ¼ ϕe, only the perturbation δχk (or
Xk), with a k mode that is redshifted to the instability band
during this period, will grow exponentially. Thus, the
resonant amplification of δχk only appears in the specific
scales. In addition, since j _ϕ0j=ϕc ≫ H, the resonance of
each mode occurs deep inside the Hubble horizon.
For the case of two scalar fields, the definition of

comoving curvature perturbation is given by [95]

R≡ΨþH
_ϕ0δϕþ e2b _χ0δχ

_ϕ2
0 þ e2b _χ20

: ð20Þ

By using Eqs. (5) and (9), the comoving curvature
perturbation can also be given in terms of the metric
perturbations in the conformal Newtonian gauge,

R ¼ Ψ −
H
_H
ð _ΨþHΨÞ: ð21Þ

In the above discussions, we have ignored the χ back-
ground. According to Eq. (9), the metric perturbations
couple only to the inflaton perturbations in the absence of a
χ background, at first-order level. Besides, it is evident, as
seen from Eq. (10), that the evolution of δϕ does not feel
the appearance of δχ without a χ background. As a result,
the χ field perturbations resonantly amplified do not
trigger the enhancement of curvature perturbations at the
linear level. In the present paper, we consider the spectator
field χ with a homogeneous background χ0, which gives a
negligible contribution to the energy density during infla-
tion. Moreover, we expect that the χ field background and
perturbations decay after the end of inflation, in view of the
χ field acting as a spectator, rather than a curvaton.
Therefore, we consider a massive χ field with mχ ∼
OðHÞ in the present paper, and the modes of χ field
perturbations will decrease after crossing the Hubble
horizon. In addition, it should be noted that the entropy
perturbation also quickly decreases as the decay of δχ,
since the entropy perturbation is due solely to δχ on large
scales when the background χ0 vanishes. So, we can
safely ignore the remaining entropy perturbation in our
model, which is consistent with the CMB observations. To
sum up, the resonant modes δχk induce the exponential
growth of the corresponding modes δϕk through non-
gravitational interaction inside the horizon and, in turn,
enhance indirectly the curvature perturbations at some
certain scales.

III. PRIMORDIAL BLACK HOLES
AND STOCHASTIC GRAVITATIONAL

WAVE BACKGROUND

In this section, we give a brief review of PBH formation
originated from the primordial curvature perturbations and
of the SGWB produced both during the inflationary era and
the radiation-dominated era.

A. Primordial black holes

When primordial curvature perturbations with large
amplitudes at a certain scale reenter the Hubble horizon
at the radiation-dominated epoch, the resulting overdense
regions will collapse to form PBHs, whose masses M can
be related to the comoving wave number k of the sourced
primordial curvature perturbations as [96]

M ¼ γ
4πM2

p

H

����
k¼aH

≃M⊙

�
γ

0.2

��
g�;form
10.75

�
−1=6

×

�
k

1.9 × 106 Mpc−1

�
−2
; ð22Þ

where g�;form is the effective number of the relativistic
degree of freedom at PBH formation. We adopt g�;form ¼
106.75 as a fiducial value in this paper. Here, the correction
factor γ, representing the mass efficiency of collapse, can be
evaluated as γ ≃ 0.2 through a simple analytical calculation
[3]. If the perturbations follow the Gaussian probability
distribution function, the mass fraction β of PBHs formed is
approximately given by [96]

βðMÞ ¼ γ

Z
δc

dδffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πσ2ðMÞ

p e
− δ2

2σ2ðMÞ

≃
γffiffiffiffiffiffi

2π
p

δc=σðMÞ e
− δ2c
2σ2ðMÞ; ð23Þ

where δc ≃ 0.45 is the threshold for PBH formation [97].
Here, σ2ðMÞ represents the variance of density contrast
given by [98,99]

σ2ðMðkÞÞ ¼
Z

d ln qW̃ðqk−1Þ 16
81

ðqk−1Þ4

× T2ðq; η ¼ k−1ÞPRðqÞ; ð24Þ

where PR is the power spectrum of R in the superhorizon
limit, and Tðq; ηÞ is the transfer function at the radiation-
dominated phase defined as

Tðq; ηÞ ¼ 3
sinðqη= ffiffiffi

3
p Þ − ðqη= ffiffiffi

3
p Þ cosðqη= ffiffiffi

3
p Þ

ðqη= ffiffiffi
3

p Þ3 : ð25Þ

Here, W̃ is the windows function, whose different choices
will affect the corresponding relation between the PBH
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abundance and the required power spectrum. For instance,
compared to the Gaussian and k-space top-hat ones, the
required amplitude of the power spectrum with the real-
space top-hat window function is the smallest one for the
same abundance of PBHs [96]. In this paper, we adopt the
real-space top-hat window function given as follows:

W̃ðxÞ ¼ 3

�
sinðxÞ − x cosðxÞ

x3

�
: ð26Þ

The fraction of PBHs against the total DM at present is
given by [100]

fPBHðMÞ≡ΩPBHðMÞ
ΩDM

¼ 2.7 × 108
�

γ

0.2

�
1=2

�
g�;form
10.75

�
−1=4

×

�
M
M⊙

�
−1=2

βðMÞ: ð27Þ

B. Stochastic gravitational wave background

In the model introduced in this work, there are two
distinct populations of the induced GW background: one
originates from the amplified scalar field perturbations
during inflation, and the other is associated with the
enhanced primordial curvature perturbations that reenter
the horizon to form PBHs in the radiation-dominated era.
Next, we derive the basic formulas of the induced GWs
from the inflationary era and the radiation-dominated era,
respectively.
Under the conformal time τ≡ R

t dt=a, the tensor per-
turbations, hij, obey the following equation of motion:

h00ijðτ;xÞþ2Hh0ijðτ;xÞ−∇2hijðτ;xÞ¼4T̂ lm
ij Slmðτ;xÞ; ð28Þ

where a prime denotes the derivative with respect to τ,
H≡ a0=a the conformal Hubble parameter, and T̂ lm

ij the
transverse-traceless projection operator. We expand the
tensor perturbation hij and the source T̂ lm

ij Slm in Fourier
space, respectively, as

hijðτ;xÞ¼
X
λ¼þ;×

Z
d3k

ð2πÞ3=2e
ik·xeλijðkÞhλkðτÞ;

T̂ lm
ij Slmðτ;xÞ¼

X
λ¼þ;×

Z
d3k

ð2πÞ3=2e
ik·xeλijðkÞeλ;lmðkÞSlmðτ;kÞ;

ð29Þ

where Slmðτ;kÞ is the Fourier transform of Slmðτ;xÞ,
and the index λ ¼ þ;× denotes two polarization states
of GWs. Here, the polarization tensors eλijðkÞ are trans-
verse traceless and satisfy the conditions kieλijðkÞ ¼ 0,

eλijðkÞeλ0;ijðkÞ¼δλλ
0
, and eλijð−kÞ ¼ eλijðkÞ. Equations (28)

and (29) can be combined into the equation

hλ00k ðτÞ þ 2Hhλ0kðτÞ þ k2hλkðτÞ ¼ SλkðτÞ; ð30Þ

with

SλkðτÞ ¼ 4eλ;ijðkÞSijðτ;kÞ

¼ 4

Z
d3x

ð2πÞ3=2 e
−ik·xeλ;ijSijðτ;xÞ: ð31Þ

Through the Green’s function method, Eq. (30) is solved by

hλkðτÞ ¼
Z

τ
dτ0gkðτ; τ0ÞSλkðτ0Þ; ð32Þ

where gkðτ; τ0Þ is the Green’s function. The power spectrum
for a single polarization of tensor perturbations is defined as

hĥλkðτÞĥλ
0
k0 ðτÞi ¼ δλλ

0
δð3Þðkþ k0Þ 2π

2

k3
Pλ

hðτ; kÞ: ð33Þ

1. Inflationary era

During inflation, Sijðτ;xÞ given in Eq. (28) has the
following form:

Sijðτ;xÞ ¼ −4Ψ∂i∂jΨ − 2∂iΨ∂jΨ

þM−2
p ð∂iδϕ∂jδϕþ e2b∂iδχ∂jδχÞ: ð34Þ

Since the coupling between Ψ and the scalar fields is slow-
rolling suppressed,Ψ plays no role in the emission of GWs,
and therefore, we choose to neglect theΨ terms in Eq. (34).
Then, we have

SλkðτÞ ¼
4

M2
p

Z
d3p

ð2πÞ3=2 e
λ;ijðkÞpipjðδϕpðτÞδϕk−pðτÞ

þ e2bδχpðτÞδχk−pðτÞÞ: ð35Þ

Proceeding in the standard fashion, the power spectrum of
tensor perturbations, Ph ¼

P
λ¼þ;× P

λ
h, is given by

Phðτ;kÞ¼
2k3

π4M4
p

Z
∞

0

dpp6

Z
1

−1
dcosθ sin4 θ

×

�����
Z

τ
dτ0gkðτ;τ0Þδϕpðτ0Þδϕjk−pjðτ0Þ

����
2

þ
����
Z

τ
dτ0gkðτ;τ0Þe2bδχpðτ0Þδχjk−pjðτ0Þ

����
2
�
; ð36Þ

where the Green’s function gkðτ; τ0Þ during inflation with
aðτÞ ≃ −1=Hτ reads [89]
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gkðτ; τ0Þ ¼
1

k3τ02
½−kðτ − τ0Þ cosðkτ − kτ0Þ

þ ð1þ k2ττ0Þ sinðkτ − kτ0Þ�Θðτ − τ0Þ: ð37Þ

When the tensor modes sourced by the scalar fields during
inflation reenter the Hubble horizon, they become a SGWB
and evolve into the present. For the waves with frequency
f > 10−10 Hz, the current energy spectrum of SGWB is
related to the inflationary power spectrum of the tensor
perturbations via [101]

ΩðinfÞ
GW;0ðkÞ ¼ 2.7 × 10−7Phðτend; kÞ; ð38Þ

where τend denotes the time at the end of inflation.

2. Radiation-dominated era

In the radiation-dominated era, Sijðτ;xÞ is given by
[16,17]

Sijðτ;xÞ ¼ −4Ψ∂i∂jΨ − 2∂iΨ∂jΨ

þ 1

H2
∂iðHΨþΨ0Þ∂jðHΨþ Ψ0Þ: ð39Þ

The evolution of the mode function Ψk may be described
as [16]

ΨkðτÞ ¼
ψk

ðkτÞ3
�
kτffiffiffi
3

p cos

�
kτffiffiffi
3

p
�
− sin

�
kτffiffiffi
3

p
��

; ð40Þ

where ψk is related to the power spectrum of primordial
curvature perturbations as

ψ2
k ¼

216π2

k3
PRðkÞ: ð41Þ

The density parameter of the induced GWs per logarithmic
interval of k is given by

ΩGWðτ; kÞ ¼
1

48

�
k

aðτÞHðτÞ
�

2

Phðτ; kÞ; ð42Þ

where the overline denotes the oscillation average, and the
power spectrum for GWs is written as

Phðτ; kÞ ¼ 8

Z
∞

0

dv
Z j1þvj

j1−vj
du

�
4v2 − ð1þ v2 − u2Þ2

4uv

�
2

× I2ðv; u; kτÞPRðkuÞPRðkvÞ: ð43Þ

The oscillation average of the function I2 in the subhorizon
limit (x ¼ kτ → ∞) can be evaluated as [25]

I2ðv; u; x → ∞Þ

¼ 1

2

�
3ðu2 þ v2 − 3Þ

4u3v3x

�
2

×

��
−4uvþ ðu2 þ v2 − 3Þ ln

���� 3 − ðuþ vÞ2
3 − ðu − vÞ2

����
�

2

þ π2ðu2 þ v2 − 3Þ2Θðvþ u −
ffiffiffi
3

p
Þ
�
: ð44Þ

We set τ ¼ τc to represent the time when the induced
GWs start to evolve without any source, and the relation
between the energy spectrum at present and that at τc is
derived as [96]

ΩðradÞ
GW;0 ¼ 0.83

�
g�;c
10.75

�
−1=3

Ωr;0ΩGWðτc; kÞ; ð45Þ

where we simply take g�;c ¼ g�;form and Ωr;0 represents the
current density parameter of radiation.

IV. NUMERICAL RESULTS

According to the above discussions, there are not any
theoretical restrictions on the inflaton potential, which
implies our model is insensitive to the inflationary back-
ground. For convenience, we thus consider the Starobinsky
potential,

TABLE I. Three sets of parameters given in the coupling
function bðϕÞ.
Set ξ ϕcðMpÞ ϕsðMpÞ ϕeðMpÞ
1 0.7724 5 × 10−4 4.70 4.66
2 0.773 5 × 10−4 4.75 4.65
3 0.808 5 × 10−4 5.16 5.05

10–1010–60.01100.00106

10–16

10–12

10–8

10–4

1

FIG. 1. The evolution of the power spectrum PYðkÞ≡
k3=ð2π2ÞjYkj2, for Yk ¼ δχk, δϕk, and Ψk, as a function of
k=ðaHÞ in the case of using Set 1. This particular comoving wave
number k is redshifted to the resonance band during the period
when the inflaton goes through ϕs to ϕe.
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VðϕÞ ¼ 3μ2M2
p

4

�
1 − e−

ffiffi
2
3

p
ϕ
Mp

�
2

; ð46Þ

with μ ¼ 1.14 × 10−5Mp as a typical representative to
present the predictions of our model. According to the
discussion in Sec. II, we set a nonzero χ background with
χ ¼ Mp at ϕ ¼ 5.6Mp and a heavy mass with mχ ¼ 0.1μ
having the same order of magnitude as H. Then, we
perform the numerical calculations with the three sets of
parameters shown in Table I.

Taking Set 1 as an example, we first show the evolution
of the scalar perturbations with a resonant mode. In Fig. 1,
we plot the time evolution of the power spectrum at a
resonant scale for each of the perturbations δχ, δϕ, and Ψ.
This figure indicates that δϕk exponentially grows as δχk
exponentially grows, which is the result of the noncanoni-
cal kinetic coupling of the ϕ and χ fields. Meanwhile, it is
easy to observe that δχk decays far outside the horizon due
tomχ ∼OðHÞ. Moreover, it is evident that the scalar metric
perturbation is a negligible source of GWs relative to the
scalar fields.
Figure 2 displays the resulting power spectrum of the

curvature perturbations for these three sets of parameters.
For Set 1 and Set 2, the resonant scales of the curvature
perturbations are both located in the range of around
1012 Mpc−1, and the both amplitudes of the corresponding
power spectra are of order 10−2. The main difference
between the two sets embodies the width of the amplified
part of power spectrum due to the different field excursion
Δϕ. The power spectra of these two cases result in the
production of a sizable amount of PBHs with masses
around 10−12 M⊙, as shown in the left panel of Fig. 3. The
resulting PBHs in Set 1 and Set 2, comprising 28% and
39% of DM, respectively, can make up of the vital
component of DM. The predicted total energy spectra of
GWs for Set 1 and Set 2 are plotted in the right panel of
Fig. 3. It is easy to see that small Δϕ (Set 1) and the large
Δϕ (Set 2) result in a peak and a broad plateau in the energy
spectra of GWs from both the inflationary era and the
radiation-dominated era, respectively. Interestingly, the
height of the peak or plateau in the energy spectrum of
GWs from inflation is much larger than that from the
radiation-dominated era; however, the frequency of the
peak or plateau in the former is located in the lower
frequency range relative to that in the latter. As a result, the
total energy spectrum of GWs is not dominated by the

0.001 10.000 105 109 1013 1017

10–9

10–6

0.001

Planck

FIRAS

PIXIE

FIG. 2. The power spectra of the curvature perturbations
obtained by setting the e-folding number from the time when
the pivot scale k� ¼ 0.05 Mpc−1 exits the horizon to the end of
inflation as 60. The red, blue, and purple lines represent the
results in Set 1, Set 2, and Set 3, respectively. The green shaded
region is excluded by the CMB observations [60]. The orange
shaded region shows the current upper bound on the power
spectrum from measurements of μ distortion for COBE/FIRAS
[102,103]. The forecasted constraint for the distortion experiment
PIXIE [104] is shown as the orange dashed line. See Ref. [105]
for the summary of constraints on the power spectrum of the
curvature perturbations.
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FIG. 3. The mass spectra of PBHs (left panel) and the current energy spectra of the induced GWs (right panel) for Set 1 and Set 2. The
red and blue lines correspond to the results of Set 1 and Set 2, respectively. In the left panel, the lines with half shades represent the
current observational constrains on PBH abundance: diffuse supernova neutrino background (SUPER-K) [106], extra-galactic gamma
ray by the Hawking radiation (EGγ) [107], galactic center 511 keV gamma-ray line (INTEGRAL) [108], and Subaru HSC microlensing
(Subaru HSC) [109]. In the right panel, the orange and brown dashed lines represent the sensitivity curves of the space-based projects
LISA [38] and Taiji [39], respectively.
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energy spectrum of GWs from inflation but displays a
unique uneven double-peak or double-plateau pattern. In
addition, the energy spectra of GWs from both the infla-
tionary era and the radiation-dominated era exceed the
sensitivity curves of LISA and Taiji, and the detection of
such SGWBs provides us a chance to test our model.
For Set 3, the resonant scales of the power spectrum of

the curvature perturbations approximately span from 105 to
107 Mpc−1, as seen in Fig. 2. We can see from the left panel
of Fig. 4 that fPBH ∼ 10−3 at M ∼Oð10ÞM⊙, which may
account for the merger rage expected by the LIGO-Virgo
Collaboration [8]. We plot the energy spectra of GWs
induced during the inflationary era and the radiation-
dominated era compared with the five first frequency bins
from NANOGrav in the right panel of Fig. 4. Obviously,
the induced GWs associated with the PBH formation are
compatible with the NANOGrav results. Note that in the
choice of δc ≃ 0.45, the predicted GWs from the radiation-
dominated era are too large to explain the NANOGrav
results if we take the Gaussian or k-space top-hat window
function.

V. CONCLUSIONS

In this work, we studied the amplification of the
curvature perturbations in the single-field slow-roll infla-
tion with a spectator scalar field kinetically coupled to the
inflaton. After introducing a periodic coupling function of
the inflaton, the perturbations of the spectator field at
certain scales are exponentially amplified through the
parametric resonance, and then, the enhanced spectator
field perturbations trigger the amplification of the inflaton

perturbations at first-order level due to the kinetic coupling
and a nonzero background of the spectator field. As a
result, the curvature perturbations are enhanced to lead to
the production of a sizable amount of PBHs. Meanwhile,
due to ineludible second-order effect of overlarge scalar
perturbations, the model leaves a sizable SGWB contrib-
uted from the inflationary era and the radiation-dominated
era. Choosing the appropriate model parameters, we obtain
the mass spectrum of PBHs at Oð10−12ÞM⊙ as a vital
component of DM. The corresponding SGWB, including
two components, may be detected by the future space-
based projects such as LISA and Taiji, and its energy
spectrum displays a unique uneven double-peak or
double-plateau structure, which can be utilized to test
our model. Moreover, for the case of PBHs that could
explain the LIGO-Virgo events, we find that the energy
spectrum of the resulting GWs originating from the
radiation-dominated era is consistent with the NANOGrav
signal.
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