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We resolve the potential-restriction problem in K/G inflation by introducing nonminimal coupling.
In this context, Higgs field successfully drives inflation satisfying cosmic microwave background (CMB)
observations while enhancing curvature perturbations at small scales, which in turn accounts for primordial
black holes (PBHs) and scalar induced gravitational waves (SIGWs). We then uncover the effect of the
noncanonical kinetic coupling function in more detail and study its the observational constraint. Besides,
we also give the gauge invariant expression for the integral kernel of SIGWs, which is related to terms
propagating with the speed of light. Finally, the non-Gaussian effect on PBH abundance and SIGWs is
studied. We find that non-Gaussianity makes PBHs form more easily, but its effect on the energy density of
SIGWs is negligible.
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I. INTRODUCTION

The overdense inhomogeneities in the radiation era
could gravitationally collapse to form primordial black
holes (PBHs) [1,2], which could be used to account for dark
matter (DM) [3–11]. Due to the vast range of masses, PBHs
may explain the black hole binaries with tiny effective spin
detected by LIGO-Virgo Collaboration [12–15]. These
density inhomogeneities can be generated from the infla-
tionary stage, and cause collapse to form PBHs after
horizon reentry. This mechanism requires the amplitude
of the primordial curvature perturbation to be As ∼
Oð10−2Þ [16] while the amplitude has been constrained
by the cosmic microwave background (CMB) anisotropy
measurements to be As ≈ 2.1 × 10−9 at the pivot scale
k� ¼ 0.05 Mpc−1 [17]. Thus the enhancement of the
amplitude can occur exclusively at small scales.
Away to enhance the curvature perturbation is to provide

a dramatic decrease in the velocity of the inflaton, and thus
the slow-roll condition is violated. This can be achieved by

an inflationary potential with an inflection point [18–21] or
a steplike feature [22]. For other enhancement mechanisms,
please see Refs. [23–33]. While the inflection point does
lead to the decrease in _ϕ, and thus the enhancement of
the power spectrum, it is a challenge to fine-tune the
model parameters to enhance the power spectrum to the
order of Oð10−2Þ with the total number of e-folds within
N ≃ 50 − 60 [34,35]. Meanwhile, a new mechanism with a
peak function GðϕÞ in the noncanonical kinetic term was
proposed to enhance the primordial power spectrum at
small scales [36–43]. As we will show in our paper, the
peak function serves not only the enhancement of the
curvature perturbation, but also the fast exit of inflation
keeping the e-folds within N ≃ 50 − 60. Both sharp and
broad peak functions are acceptable [38], which contribute
up to ∼20 e-folds so that the usual slow-roll inflation epoch
should be kept to 30–40 e-folds and the inflationary
potential may be restricted. To cure this problem, this
mechanism was improved by generalizing the noncanoni-
cal kinetic term to GðϕÞ þ fðϕÞ [37–40]. In this paper, we
will show another way to avoid this potential-restriction
problem by employing the nonminimal coupling between
gravity and scalar field.
On the other hand, as the only scalar field verified so far,

Higgs, if drives inflation, suffers from the problem of
unacceptably large tensor-to-scalar ratio r. To satisfy cosmic
microwave background (CMB) observation, nonminimal
(derivative) couplings ξϕ2R, Gμν

∂μϕ∂νϕ are introduced to
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reduce r [44–51]. Taking into account the running of self-
coupling constant and the nonminimal coupling between
Higgs field and gravity, the effective potential in Einstein
frame possesses an inflection point, which can enhance the
curvature perturbation. However, such an enhancement is
only of five orders of magnitude compared with CMB
constraint As ∼Oð10−9Þ, and is unable to produce a sig-
nificant abundance of PBHs [52,53]. In our paper, we will
show that, by introducing a noncanonical kinetic term and a
nonminimal coupling, the Higgs-field-driving inflation is
compatible with CMB observation while simultaneously
enhancing the curvature perturbations to order Oð10−2Þ at
small scales.
The production of PBHs by the enhanced primordial

curvature perturbation is accompanied by the generation of
scalar induced gravitational waves (SIGWs) [24,54–70],
for recent review, please refer [71], which consist of the
stochastic background and can be tested by pulsar timing
arrays (PTA) [72–75] and the space based GW observato-
ries like Laser Interferometer Space Antenna (LISA) [76],
Taiji [77] and TianQin [78]. Therefore, the observations of
both PBHs and SIGWs can be used to constrain the
amplitude enhancement of the primordial curvature per-
turbation during inflation and thus to probe the physics in
the early universe.
The paper is organized as follows. In Sec. II, we show

our mechanism to enhance the curvature perturbation with
Higgs potential by combining the noncanonical kinetic
term with the nonminimal coupling. The PBH abundance
and the energy density of SIGWs generated by Higgs
inflation are presented in Sec. III. In Sec. IV, we discuss the
effect of the non-Gaussianity on PBH abundance and
SIGWs. We conclude the paper in Sec. V.

II. K/G INFLATION WITH NONMINIMAL
COUPLING

A. Review of K/G inflation

An idea to enhance curvature perturbation is to tempo-
rarily change the friction term in curvature perturbation
equation

ζ00k þ 2
z0

z
ζ0k þ k2ζk ¼ 0; ð1Þ

into a driving term during inflation. To wit, z0=z < 0. For
K/G inflation [36] with the noncanonical kinetic term
½1þ GðϕÞ�X where X ¼ _ϕ2=2, the friction term is

z0

z
¼ aH

�
1þ ϵ1 − ϵ2 þ

Gϕ
_ϕ

2Hð1þGÞ
�
; ð2Þ

where ϵ1 ¼ − _H=H2; ϵ2 ¼ −ϕ̈=ðH _ϕÞ are slow-roll param-
eters. To make z0=z < 0, we could temporarily keep
the second slow-roll parameter ϵ2 > 0 and large, i.e., the

velocity of scalar field should dramatically decrease.
The scalar field equation is

H _ϕð3 − ϵ2Þ þ Veff
ϕ ¼ 0; ð3Þ

where

Veff
ϕ ¼ Vϕ þ XGϕ

1þG
ð4Þ

is the gradient of effective potential and the subscript ϕ
represents the derivative with respect to ϕ. In our original
paper [36], we have shown that the power spectrum can be
enhanced ifG has a peak. Motivated by Brans-Dicke theory
[79] with coupling 1=ϕq, we choose [36,38]

GðϕÞ ¼ h
1þ ðjϕ − ϕcj=cÞq

; ð5Þ

where h, c determine the amplitude and width of the peak,
respectively. q controls the shape of the enhanced power
spectrum. Larger q may give a broad peak in the power
spectrum. The peak position ϕc is related to the peak mass
of PBH and the peak frequency of SIGWs. Away from the
peak, G ≈ 0 such that the usual slow-roll inflation is
recovered., In fact, by performing a field-redefinition
dφ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ GðϕÞp
dϕ, K/G inflation is equivalent to a class

of the canonical inflation with the potential UðφÞ possess-
ing an inflection point, as shown in Fig. 1.

B. Potential-restriction problem and K/G inflation
with nonminimal coupling

Note that due to the dramatic decrease in _ϕ, the peak
function GðϕÞ will contribute up to ∼20 e-folds, and the
usual slow-roll inflation epoch should be kept to e-folds

FIG. 1. After the field redefinition, the corresponding canonical
potential possesses an inflection point.
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N ≃ 30 − 40 so that the total e-folds during inflation is
within N ≃ 50 − 60. Thus the usual K/G inflation suffers
from the potential-restriction problem. For power-law
potential V ¼ λϕp with 0 < p ≤ 4, the e-folds during
slow-roll inflation can be expressed in terms of the
spectrum index as Nsr ≈ ðpþ 2Þ=2ð1 − nsÞ. To keep
Nsr ≃ 30 − 40, the power-law index p should be bounded
by p≲ 1. Thus this mechanism does not work for Higgs
field (p ¼ 4). Besides, the tensor-to-scalar ratio predicted
by inflation with Higgs potential is

r ≈ 8

�
Vϕ

V

�
2

¼ 8pð1 − nsÞ
pþ 2

����
p¼4

≈ 0.18; ð6Þ

which is incompatible with observational constraints
r0.05 < 0.036ð95%CLÞ [80].
To realize the enhanced power spectrum with Higgs

field, we combine K/G enhancement mechanism with the
nonmiminal coupling between Higgs field and gravity, i.e.,
ΩðϕÞR̃. The action in Jordan frame is

S¼
Z

d4x
ffiffiffiffiffiffi
−g̃

p �
1

2
ΩðϕÞR̃ðg̃Þ−1

2
ωðϕÞg̃μν∇μϕ∇νϕ−VðϕÞ

�
:

ð7Þ

Under conformal transformation gμν ¼ ΩðϕÞg̃μν, the action
in Einstein frame becomes

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
1

2
RðgÞ − 1

2
WðϕÞgμν∇μϕ∇νϕ −UðϕÞ

�
;

ð8Þ

where

WðϕÞ ¼ 3

2

ðdΩ=dϕÞ2
Ω2ðϕÞ þ ωðϕÞ

ΩðϕÞ ;

UðϕÞ ¼ VðϕÞ=Ω2ðϕÞ: ð9Þ

For power-law potential VðϕÞ ¼ λϕp, we choose the
conformal factor

ΩðϕÞ ¼ 1þ ξϕp=2: ð10Þ

The conformal factor can flatten the power-law potential
so that the tensor-to-scalar ratio is within the CMB

observation and the e-folds of usual slow-roll inflation is
kept within 30–40. By choosing the appropriate coupling
function ωðϕÞ in Jordan frame, the coupling function in
Einstein frame becomes

WðϕÞ ¼ 1þGðϕÞ: ð11Þ

We will show now this mechanism works for generic
power-law potentials. To be specific, we will numerically
calculate the power spectrum for Higgs field (p ¼ 4) and
power-law potential with p ¼ 2. We use labels “H” and
“WH” to represent Higgs inflations with the shape param-
eter q ¼ 1 and q ¼ 6=5, respectively and use label “Q”
to represent power-law inflation with p ¼ 2. The self-
coupling constant λ is set as Oð10−7Þ to satisfy the
amplitude of power spectrum As ≃ 2 × 10−9 at CMB scale.
To get Oð10−2Þ enhancement at small scale, we choose
h ∼Oð107Þ. The nonminimal coupling constant is
taken as ξ ¼ 100. With the model parameters listed in
Table I, solving the equations for the background and the

TABLE I. The chosen parameters and the results for the scalar power spectrum at small peak scales.

Models ϕ� ϕc λ h c N ns r kpeak=Mpc−1 PζðpeakÞ
H1 1.6 1.515 2.3 × 10−7 8 × 107 8.3 × 10−11 63 0.97 0.0007 2.84 × 105 0.036
H2 1.6 1.3 2.3 × 10−7 8.15 × 107 1.309 × 10−10 63 0.966 0.0007 4 × 1012 0.0258
WH 1.6 1.47 2.3 × 10−7 8 × 107 7.445 × 10−10 64 0.965 0.0007 2.99 × 105 0.016
Q 1.3 0.98 3.3 × 10−7 1.5 × 107 9.35 × 10−10 64 0.965 0.0007 6.53 × 1012 0.013

FIG. 2. The results for the scalar power spectrum for Model H1
(the purple line), Model H2 (the blue line), Model WH (the
dotted purple line) and Model Q (the orange dashed line). The
green lines show the scale-dependent behavior of the power
spectrum. The light-green shaded region is excluded by the CMB
observations [17]. The light-gray, light-blue, and thistle regions
show the constraints from μ-distortion of CMB [81], the effect on
the ratio between neutron and proton during the big bang
nucleosynthesis (BBN) [82] and the PTA observations [83],
respectively.
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perturbations numerically, the results for the scalar power
spectrum are shown in Table I and Fig. 2. From these
results, we can see that ns and r are well within the CMB
observation constraints, ns ¼ 0.9649� 0.0042ð68%CLÞ
and r0.05 < 0.036ð95%CLÞ [17,80]. In particular, due to
conformal factor, r can be reduced to order Oð10−4Þ. The
total e-folds are around 60. The power spectrum is
enhanced to Oð10−2Þ at the scales Oð105Þ Mpc−1 and
Oð1012Þ Mpc−1. To be specific, the power spectrum for
models H1 and WH are enhanced at the scale
Oð105Þ Mpc−1 and the power spectrum for models H2
and Q are enhanced at the scale Oð1012Þ Mpc−1. In
addition, the shape parameter q ¼ 1 produces a sharp peak
while the larger shape parameter q ¼ 6=5 produces the
broad peak.

C. Noncanonical kinetic coupling function and its
observational constraint

In this subsection, we will uncover the effect of nonca-
nonical kinetic coupling function in more detail and study
the observational constraint on the parameter space of
noncanonical kinetic coupling function.
In Fig. 3, we show the numerical results for the behaviors

of the gradient of effective potential Veff
ϕ and the second

slow-roll parameter ϵ2 around the peak ϕc ¼ 1.515 for
Model H1. As we can see, as ϕ rolls down to the right

region of the peak where Gϕ is negative and very large, the
gradient of effective potential satisfies Veff

ϕ < 0 so that

ϵ2 > 3 and _ϕ will dramatically decrease, and thus enhance
curvature perturbation. As ϕ leaves for the left region where
Gϕ is positive and very large, the gradient of effective

potential Veff
ϕ > 0 such that ϵ2 < 0. Here _ϕ will violently

increase and help inflation exit. To sum up, phenomeno-
logically, the peak functionG enables not only the dramatic
decrease in _ϕ, which further leads to the enhancement of
the curvature perturbation but also the fast exit of inflation.
The observational constraints on the present PBH

abundance can be used to constrain the power spectrum
for primordial curvature perturbations at small scales and
thus the range of parameter space of noncanonical kinetic
coupling function. Now let us study the observation
constraints on K/G model with Higgs potential in detail.
The LIGO merger rates [84] constrain the power spectrum
as Pζ ≲ 0.04 for 8.9 × 104 Mpc−1 ≲ k≲ 4.9 × 105Mpc−1

[16]. This k-range of this constraint can be used to bound
the amplitude parameter h of our models with the peak
position 1.5≲ ϕc

1 for the shape factor q ¼ 1 and 1.47≲ ϕc
for q ¼ 6=5, which could further apply to the realizations
of Models H1 and WH. To be specific, by choosing the
peak position ϕc ¼ 1.515 and q ¼ 1 and varying the width
parameter c, we numerically find the upper bound on the
amplitude parameter h and the results are shown in Table II.
The larger the parameter c is, the lower the upper bound on
h will be. This result is well comprehensive. For a wider
peak function, the velocity of the inflaton decreases more
dramatically. Therefore a smaller amplitude parameter h is
required to realize the same enhancement on the curvature
perturbation. Moreover, the white dwarf explosion [85]
constrains the power spectrum to be Pζ ≲ 0.023 for
5.1 × 1012 Mpc−1 ≲ k≲ 2 × 1013Mpc−1. This k-range of
this constraint can be used to bound the amplitude
parameter h of our models with the peak position 1.27≲
ϕc for q ¼ 1, which could further apply to the realizations
of Models H2. The corresponding bound on h is shown in
Table III and here we choose ϕc ¼ 1.28 and q ¼ 1.

III. PRIMORDIAL BLACK HOLES AND SCALAR
INDUCED GRAVITATIONAL WAVES

The large curvature perturbation from inflation can
induce PBHs and GWs at radiation era. In this section,
we will calculate PBHs abundance and SIGWs from K/G
inflation with nonminimal coupling. Before that, we will
first consider the gauge issue on SIGWs and give a gauge
invariant expression for the integral kernel of SIGWs.

FIG. 3. The peak function GðϕÞ and numerical results for the
behaviors of Veff

ϕ and ϵ2 around the peak ϕc ¼ 1.515 for
Model H1.

1The amplitude parameter h with a larger ϕc is bounded by
LIGO merger rates constrains, as for a larger ϕc, one could
always choose a larger h so that the corresponding peak scale
locates within the scale where LIGO merger rates constrain.
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A. The gauge invariant expression for the integral
kernel of SIGWs

Considering a metric perturbation

ds2 ¼ a2
�
−ð1þ 2ϕÞdτ2 þ 2B;idxidτ

þ
�
ð1 − 2ψÞδij þ 2E;ij þ

1

2
hTTij

�
dxidxj

�
; ð12Þ

the scalar-induced tensor perturbations hTTij satisfy [56,57]

hTT00ij þ 2HhTT0ij −∇2hTTij ¼ 4T lm
ij slm; ð13Þ

where H ¼ aH, T lm
ij is the projection tensor extracting the

transverse and traceless part of a tensor and the scalar
source is [86]

−sij ¼ ψ ;iψ ;j þ ϕ;iϕ;j − σ;ijðϕ0 þ ψ 0 −∇2σÞ þ ðψ 0
;iσ;j þ ψ 0

;jσ;iÞ − σ;ikσ;jk þ 2ψ ;ijðϕþ ψÞ
− 8πGa2ðρ0 þ P0ÞδV;iδV;j − 2ψ ;ij∇2Eþ 2E;ijðψ 00 þ 2Hψ 0 −∇2ψÞ − E0

;ikE
0
;jk

þ E;iklE;jkl þ 2ðψ ;jkE;ik þ ψ ;ikE;jkÞ − 2Hðψ ;iE0
;j þ ψ ;jE0

;iÞ − ðψ 0
;iE

0
;j þ ψ 0

;jE
0
;iÞ

− ðψ ;iE00
;j þ ψ ;jE00

;iÞ þ 2E0
;ijψ

0 þ E;ijkðE00 þ 2HE0 −∇2EÞ;k; ð14Þ

where σ ¼ E0 − B is the shear potential. Solving Eq. (13), the current energy density of SIGWs can be expressed as [66,87]

ΩGWðk; η0Þ ¼
1

6

Ωrðη0Þ
ΩrðηÞ

�
k
aH

�
2
Z

∞

0

dv
Z

1þv

j1−vj
du

��
4v2 − ð1 − u2 þ v2Þ2

4uv

�
2

I2RDðu; v; x → ∞ÞPζðkvÞPζðkuÞ
	
; ð15Þ

where u ¼ jk − k̃j=k, v ¼ k̃=k, x ¼ kτ, Ωr is the fraction
energy density of radiation, the overbar denotes the oscil-
lation time average and IRD is the integral kernel in radiation
domination. In Newtonian gauge, the integral kernel is

INðu; v; xÞ ¼
Z

x

1

dyy sinðx − yÞf3TNðuyÞTNðvyÞ

þ y½TNðvyÞuT 0
NðuyÞ þ vT 0

NðvyÞTNðuyÞ�
þ y2uvT 0

NðuyÞT 0
NðvyÞg; ð16Þ

where the transfer function TN in the radiation domination is

TNðxÞ ¼
9

x2

�
sinðx= ffiffiffi

3
p Þ

x=
ffiffiffi
3

p − cosðx=
ffiffiffi
3

p
Þ
�
: ð17Þ

The analytical expression for IRD in Newtonian gauge was
given in Refs. [87–89]. However, SIGWs suffer from the
gauge issue [86,90–98]. On one hand, this issue may be
related to the definitions of gravitational waves and their
energy [98]. On the other hand, as noted in Refs. [92,94],
only terms that oscillate as sin x and cos x propagate with
the speed of light. They are taken as genuine GWs out of
second-order tensor perturbations. Now let us write down
the integral kernel in arbitrary gauge and extract the terms
that propagate with speed of light. The integral kernel in
arbitrary gauge can be obtained by the transformation

INðu; v; xÞ → INðu; v; xÞ þ Iχðu; v; xÞ; ð18Þ

where

TABLE III. Constraint on K/G model with Higgs potential from white dwarf explosion. Here ϕc ¼ 1.28 and
q ¼ 1.

c 1.4 × 10−10 2 × 10−10 2.5 × 10−10 3 × 10−10 3.2 × 10−10

Upper bound on h 8 × 107 5.65 × 107 4.55 × 107 3.85 × 107 3.7 × 107

TABLE II. Constraint on K/G model with Higgs potential from LIGO merger rate. Here ϕc ¼ 1.515 and q ¼ 1.

c 8.3 × 10−11 8.8 × 10−11 9.3 × 10−11 1 × 10−10 2 × 10−10

Upper bound on h 8.05 × 107 7.6 × 107 7.2 × 107 6.7 × 107 3.4 × 107
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Iχðu; v; xÞ ¼ −
1

4uv

�
3þ 3w
5þ 3w

�
2
�
−4

�
u
v
TNðuxÞTβðvxÞ þ

v
u
TNðvxÞTβðuxÞ

�

þ 2TαðuxÞTαðvxÞ þ 4
H
k

�
1

v
TαðuxÞTβðvxÞ þ

1

u
TβðuxÞTαðvxÞ

�

þ 1 − u2 − v2

uv
TβðuxÞTβðvxÞ

�
; ð19Þ

Tα, Tβ are related to gauge transformation. Note that the gauge transformation can be expressed in terms of scalar
perturbations, thus Iχ only contains terms with sound speed c2s ¼ w instead of the speed of light. Omitting terms that do
not propagate with speed of light, the kernel of genuine SIGWs (the terms of sin x and cos x, which propagate with the
speed of light) in arbitrary gauge is2

IGWðu; v; xÞ ¼
3

4u3v3x

�
−4uvðu2 þ v2 − 3Þ sin xþ ðu2 þ v2 − 3Þ2

×

�
sin x

�
Ci

��
1þ u − vffiffiffi

3
p

�
x

�
þ Ci

��
1þ v − uffiffiffi

3
p

�
x

�
− Ci

��
1þ uþ vffiffiffi

3
p

�
x

�

− Ci

�����1 − uþ vffiffiffi
3

p
����x
�
þ log

���� 3 − ðuþ vÞ2
3 − ðu − vÞ2

����
�
þ cos x

�
−Si

��
1þ u − vffiffiffi

3
p

�
x

�

− Si

��
1þ v − uffiffiffi

3
p

�
x

�
þ Si

��
1 −

uþ vffiffiffi
3

p
�
x

�
þ Si

��
1þ uþ vffiffiffi

3
p

�
x

���	
; ð20Þ

where

SiðxÞ≡
Z

x

0

sin y
y

dy; CiðxÞ≡ −
Z

∞

x

cos y
y

dy: ð21Þ

At late time x → ∞, the integral kernel of genuine SIGWs becomes

I2GWðu; v; x → ∞Þ ¼ I2Nðu; v; x → ∞Þ

¼ 1

2x2

�
3ðu2 þ v2 − 3Þ

4u3v3

�
2
��

−4uvþ ðu2 þ v2 − 3Þ log
���� 3 − ðuþ vÞ2
3 − ðu − vÞ2

����
�

2

þπ2ðu2 þ v2 − 3Þ2Θðuþ v −
ffiffiffi
3

p
Þ
	
; ð22Þ

where the Heaviside theta function

ΘðxÞ ¼
�
1; x ≥ 0

0; x < 0
: ð23Þ

B. PBHs and SIGWs from Higgs inflation

The overdense region would gravitationally collapse to
form PBHs when horizon reentry during radiation domi-
nated era. The current fractional energy density of PBHs
with mass M to DM is [8,20]

YPBHðMÞ ¼ βðMÞ
3.94 × 10−9

�
γ

0.2

�
1=2

�
g�

10.75

�
−1=4

×

�
0.12

ΩDMh2

��
M
M⊙

�
−1=2

; ð24Þ

where M⊙ is the solar mass, γ ¼ 0.2 [99]. g� is the
effective degrees of freedom at the formation time.
For the temperature T > 300 GeV, g� ¼ 107.5 and for
0.5 MeV < T < 300GeV, g� ¼ 10.75. ΩDM is the current
energy density parameter of DM and we take ΩDMh2 ¼
0.12 [100]. The PBHmassM is related to the scale k as [20]

MðkÞ ¼ 3.68

�
γ

0.2

��
g�

10.75

�
−1=6

�
k

106 Mpc−1

�
−2
M⊙:

ð25Þ
2This is the solution with the lower limit being 0 in (16). In

fact, according to Ref. [89], the difference can usually be ignored.
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βðMÞ is the fractional energy density of PBHs at the
formation. For Gaussian comoving curvature perturbation ζ
[101,102], we have

βGðMÞ ≈
ffiffiffi
2

π

r ffiffiffiffiffiffi
Pζ

p
μc

exp

�
−

μ2c
2Pζ

�
; ð26Þ

where δc is the threshold for the PBH formation and
μc ¼ 9

ffiffiffi
2

p
δc=4 [38]. Here we choose δc ¼ 0.4 [102–106]

for calculations.
Substituting the obtained power spectrum from Higgs

inflation in Sec. II B into Eqs. (24) and (15), we get the
PBH abundances3 as shown in Table IV and Fig. 4 and the
current energy densities of SIGWs as shown in Fig. 5.
Model H1 produces PBHs with mass M ≃ 30M⊙ and the
abundance Ypeak ≃ 5.3 × 10−4, which may explain the BH
event GW150914 observed by LIGO [12]. The accompa-
nying SIGWs have the peak frequency f ∼ 4.8 × 10−10 Hz
and could be tested by SKA. Although Model WH cannot
produce significant PBHs using the Gaussian formulate
Eq. (26), the energy density of SIGWs lies within the
2σ region of the NANOGrav signal [107–113]. Thus
NANOGrav signal may originate from the Higgs field.
Models H2 produces PBHs with mass M ≃Oð10−13ÞM⊙.
In these mass ranges, PBHs can constitute almost all DM.
The accompanying SIGWs has the millihertz frequency,
which can be tested by future space-based detectors like
LISA, TaiJi, and TianQin.

IV. PRIMORDIAL NON-GAUSSIANITY

Due to the violation of the slow-roll condition, the non-
Gaussianity may be large. Thus it is necessary to investigate
the impact of non-Gaussianity on PBH abundance and
SIGWs. In this section, we first compute the primordial
non-Gaussianity from our model and then we discuss its
effects on PBH abundance and the energy density of SIGWs.
The non-Gaussianity parameter fNL is [123]

fNLðk1;k2;k3Þ

¼5

6

Bζðk1;k2;k3Þ
Pζðk1ÞPζðk2ÞþPζðk2ÞPζðk3ÞþPζðk3ÞPζðk1Þ

; ð27Þ

FIG. 4. The PBH abundances for Model H1 (the purple line)
and Model H2 (the blue line) using the Gaussian formulate βG for
the fraction energy density of PBHs at the formation. The shaded
regions show the observational constraints on the PBH abun-
dance: the red region from extragalactic gamma-rays by PBH
evaporation (EGγ) [114], the cyan region from galactic center
511 keV gamma-ray line (INTEGRAL) [115,116], the orange
region from white dwarf explosion (WD) [85], the green region
frommicrolensing events with Subaru HSC [117], the blue region
from the Kepler satellite [118], the gray region from the EROS/
MACHO [119], the red points from LIGO merger rate [84] and
the yellow region from accretion constraints by CMB [120,121].

TABLE IV. The results for PBH abundance and critical frequency of SIGWs.

Model kpeak=Mpc−1 PζðpeakÞ Mpeak
PBH=M⊙ YG

PBHðpeakÞ fc=Hz

H1 2.84 × 105 0.036 29 5.3 × 10−4 4.8 × 10−10

H2 4 × 1012 0.0258 1.48 × 10−13 0.88 6.8 × 10−3

WH 2.99 × 105 0.016 5 × 10−10

Q 6.53 × 1012 0.013 1.1 × 10−2

FIG. 5. The SIGWs fromModel H1 (the purple line), Model H2
(the blue line), WH (the purple dotted line), and Q (the
orange dashed line). The black dashed curve shows the EPTA
limit [72–75], the gray dotted curve denotes the SKA limit [122],
the brown dashed curve shows the LISA limit [76], the red dot-
dashed curve denotes the TianQin limit [78] and the dotted
magenta curve denotes the TaiJi limit [77].

3Here we use the Gaussian formulate Eq. (26) for the fraction
energy density of PBHs at the formation. In the next section, the
non-Gaussianity effect will be taken into account.
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where PζðkÞ ¼ 2π2PζðkÞ=k3 and the bispectrum is
defined as

hζ̂k1 ζ̂k2 ζ̂k3i ¼ ð2πÞ3δ3ðk1 þ k2 þ k3ÞBζðk1; k2; k3Þ: ð28Þ

The expression for the bispectrum is presented in the
Appendix.
With the parameter sets in Table I, we numerically

compute the non-Gaussianity parameter fNL and the results
are shown in Figs. 6 and 7. For single-field inflation, there
is a consistency relation [124,125] that relates the bispec-
trum and power spectrum,

lim
k3→0

fNLðk1; k2; k3Þ ¼
5

12
ð1 − nsÞ; for k1 ¼ k2; ð29Þ

which can be used to test our numerical computation of
non-Gaussianity. From Figs. 6 and 7, we can see that the
spectrum index ns − 1matches with −12fNL=5 in squeezed
limit. Note that from the expressions for bispectrum
Eqs. (A5) and (A8), the large non-Gaussianity parameter

fNL may originate from the dramatic change in the velocity
and acceleration of the inflaton. Note that the second slow-
roll parameter ϵ2 for H1 (q ¼ 1, sharp power spectrum)
changes more dramatically than WH (q ¼ 6=5, broad
power spectrum) around the peak scale. Thus the non-
Gaussianity parameter of WH around the peak region
always stays smaller than H1, as shown in Table V.

A. Non-Gaussian effect on PBH abundance

Now let us consider the non-Gaussian effect on PBH
abundance. Taking the non-Gaussianity correction into
account, the fraction energy density of PBH at the formation
becomes [126–129]

FIG. 6. The power spectrum of primordial curvature perturba-
tion and the non-Gaussianity parameter fNL for the model H1.
We show the power spectrum with the blue dashed line,
−12fNL=5 in the squeezed limit with the solid black line for
the modes k1 ¼ k2 ¼ 106k3 ¼ k and the scalar spectral tilt ns − 1
with the red dashed line in the upper panel. The insets show the
oscillations in Pζ . The lower panel shows 12fNL=5 in the
equilateral limit for the modes k1 ¼ k2 ¼ k3 ¼ k.

FIG. 7. The power spectrum of primordial curvature perturba-
tion and the non-Gaussianity parameter fNL for the model WH.
We show −12fNL=5 in the squeezed limit with the solid black
line for the modes k1 ¼ k2 ¼ 106k3 ¼ k and 12fNL=5 in the
equilateral limit for the modes k1 ¼ k2 ¼ k3 ¼ k in the upper and
lower panels, respectively. We also show the power spectrum
with the blue dashed line and the scalar spectral tilt ns − 1 with
the red dashed line in the upper panel.

TABLE V. The results for the non-Gaussianity parameter fNL
and the third cumulant Δ3.

Model fNLðkpeak; kpeak; kpeakÞ Δ3

H1 0.62 25
H2 0.53 30
WH 0.13 12
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β ¼ eΔ3βG: ð30Þ

The mass of PBHs we consider is almost monochromatic,
thus the third cumulant Δ3 can be approximately expressed
as [42]4

Δ3 ≈ 23
δ3c

PζðkpeakÞ
fNLðkpeak; kpeak; kpeakÞ: ð31Þ

In Table V, we show the results for the non-Gaussianity
parameter fNL and the third cumulant Δ3. The non-
Gaussianity parameter fNL is of order Oð10−1Þ. In fact,
during inflation with the sharper peak, the velocity of the
inflaton changes more dramatically such that the non-
Gaussianity effect is more significant than inflation with
the broad peak. The non-Gaussianity correction has a
significant enhancement on PBH abundance, which means
the formation of PBHs is easier with the consideration of the
non-Gaussianity. ThePBHabundance is underestimatedwith
Gaussian statistics. Note that in Ref. [41], we have used
the approximation formula for non-Gaussian PBHabundance
proposed in Ref. [130] and concluded that for K/G inflation,
the non-Gaussian effect on PBH abundance can be neglected
due to Jpeak ∼Oð10−3Þ ≪ 1. However, this analysis
neglected the factor before Jpeak, i.e., ðζ̂5 − 8ζ̂3 þ 9ζ̂ÞJpeak,
where ζ̂≡ ζ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PζðkpeakÞ

p
and J ≡ hζ3RM

i
c
=σ3RM

=6. Taking
the critical value ζc ∼Oð1Þ [19,103,104,126,131] and thus
ζ̂c ∼Oð10Þ, thenwe can find ðζ̂5c−8ζ̂3cþ9ζ̂cÞJpeak∼Oð102Þ,
which is large enough so that the non-Gaussian effect on
PBH cannot be neglected. On the other hand, note that the
formula for non-Gaussian PBH abundance in Ref. [130] is an
approximation result requiring the term ðprefactor × JÞ ≪ 1,
which is not satisfied in K/G inflation. Thus in this paper and
Ref. [42], we adopt the exact formula for non-Gaussian PBH
abundance proposed in Ref. [126].

B. Non-Gaussian effect on SIGW

To investigate the non-Gaussian effect on SIGWs, we
first consider the power spectrum with the non-Gaussian
correction. The comoving curvature perturvation with the
nonlinear corrections can be expressed as [132,133]

ζðxÞ ¼ ζGðxÞ þ 3

5
fNLðζGðxÞ2 − hζGðxÞ2iÞ; ð32Þ

where ζG is the Gaussian part of the curvature perturbation.
Thus the power spectrum is

PζðkÞ ¼ PG
ζ ðkÞ þ PNG

ζ ðkÞ; ð33Þ

with the non-Gaussian correction of the power spectrum

PNG
ζ ðkÞ ¼

�
3

5

�
2 k3

2π
f2NL

Z
d3p

PG
ζ ðpÞ
p3

PG
ζ ðjk − pjÞ
jk − pj3 : ð34Þ

For our model with fNL ∼Oð10−1Þ at peak scales, we have
PNG

ζ ðkÞ ≪ PG
ζ ðkÞ and thus the non-Gaussian effect can be

neglected when calculating SIGWs.

V. CONCLUSIONS

K/G inflation with a noncanonical kinetic term ð1þ
GðϕÞÞX can produce enhanced curvature perturbations at
small scales if the coupling function GðϕÞ has a peak.
However, due to the dramatic decrease in _ϕ, the peak function
GðϕÞ will contribute up to ∼20 e-folds and the usual slow-
roll inflation epoch endures around 30–40 e-folds. For
power-law potential V ¼ λϕp, this indicates p should be
bounded as p≲ 1. In particular, this mechanism does not
work for Higgs potential V ¼ λϕ4. To resolve potential-
restriction problem and produce PBHs and SIGWs in Higgs
inflation, we introduce K/G inflation with nonminimal
coupling and show that the curvature perturbation at small
scales can be enhanced by theHiggs fieldwhile satisfying the
constraints from CMB observations. To be specific, in the
Einstein frame, the conformal factor flattens the Higgs
potential such that the e-folds during slow-roll inflation
are within 40 and the tensor-to-scalar ratio is reduced.
We then study the noncanonical kinetic coupling function

in detail. On the one hand, phenomenologically, we find that
the noncanonical kinetic coupling function not only drives the
dramatic decreases in _ϕ and thus the enhancement of the
curvature perturbation but also helps the exit of inflation. On
the other hand, we study the observational constraints from
LIGO merger rates and the white dwarf explosion on the
parameter space of the noncanonical kinetic coupling func-
tion. Our numerical results show that for a given width
parameter c, there is an upper bound on the amplitude
parameter h and as c gets larger, the upper bound on h
decreases.The reason is that the largerc indicates awider peak
function and thus the velocity of the inflaton decreases more
dramatically and a smaller amplitude parameter h is required
to realize the same enhancement on curvature perturbations.
By varying the peak position, the curvature perturbation

can be enhanced at different scales and thus different mass
ranges of PBHs and frequencies of SIGWs can be pro-
duced. PBHs with mass Oð10ÞM⊙, Oð10−12ÞM⊙ from
models H1 and H2 may explain BHs in LIGO-Virgo events
and almost all the DM, respectively. For SIGWs, we give
the gauge invariant expression for the integral kernel of
genuine SIGWs, which is related to terms propagating with
the speed of light. The energy density of SIGWs from the
model WH lies within the 2σ region of the NANOGrav
signal. Thus NANOGrav signal may originate from the
Higgs field. SIGWs from the model H2 have the millihertz
frequency, which can be tested by future space-based
detectors like LISA, TaiJi, and TianQin.

4The sign of Δ3 differs from that in [42], which is incorrect.
See the erratum of [42].
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Due to the violation of the slow-roll condition, the non-
Gaussianitymay have a significant effect on PBHabundance
and SIGWs. Around the peak scale, we find that the non-
Gaussianity parameter fNL of sharp power spectrum is larger
than that of broad power spectrum due to more dramatic
change in the velocity of the inflaton. For our models, the
non-Gaussianity parameter fNL in the equilateral limit is of
order Oð10−1Þ at peak scales and the non-Gaussianity
correction has a significant enhancement onPBHabundance.
Notwithstanding, the energy density of SIGWs remains
invariant even if we take the non-Gaussianity into account,
as the power spectrum receives very tiny corrections.
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APPENDIX: THE EXPRESSION FOR THE BISPECTRUM

The bispectrum Bζðk1; k2; k3Þ is [134–136]

Bζðk1; k2; k3Þ ¼ Σ10
i¼1B

i
ζðk1; k2; k3Þ; ðA1Þ

B1
ζðk1; k2; k3Þ ¼ −4Im

�
ζk1ðτ�Þζk2ðτ�Þζk3ðτ�Þ

Z
τ�

τi

dτa2ϵ21fζ�k1ðτÞζ0�k2ðτÞζ0�k3ðτÞ þ permg
�
; ðA2Þ

B2
ζðk1; k2; k3Þ ¼ 2Im

�
ζk1ðτ�Þζk2ðτ�Þζk3ðτ�Þ

Z
τ�

τi

dτa2ϵ21fðk21 − k22 − k23Þζ�k1ðτÞζ�k2ðτÞζ�k3ðτÞ þ permg
�
; ðA3Þ

B3
ζðk1;k2;k3Þ¼ 2Im

�
ζk1ðτ�Þζk2ðτ�Þζk3ðτ�Þ

Z
τ�

τi

dτa2ϵ21

��
k22−k21−k23

k21
þk21−k22−k23

k22

�
ζ0�k1ðτÞζ0�k2ðτÞζ�k3ðτÞþperm

	�
; ðA4Þ

B4
ζðk1; k2; k3Þ ¼ −2Im

�
ζk1ðτ�Þζk2ðτ�Þζk3ðτ�Þ

Z
τ�

τi

dτa2ϵ1η0fζ�k1ðτÞζ�k2ðτÞζ0�k3ðτÞ þ permg
�
; ðA5Þ

B5
ζðk1; k2; k3Þ ¼ −

1

2
Im

�
ζk1ðτ�Þζk2ðτ�Þζk3ðτ�Þ

Z
τ�

τi

dτa2ϵ31

��
k22 − k21 − k23

k21
þ k21 − k22 − k23

k22

�
ζ0�k1ðτÞζ0�k2ðτÞζ�k3ðτÞ þ perm

	�
;

ðA6Þ

B6
ζðk1; k2; k3Þ ¼ −

1

2
Im

�
ζk1ðτ�Þζk2ðτ�Þζk3ðτ�Þ

Z
τ�

τi

dτa2ϵ31

�
k23ðk23 − k21 − k22Þ

k21k
2
2

ζ0�k1ðτÞζ0�k2ðτÞζ�k3ðτÞ þ perm

	�
; ðA7Þ

B7
ζðk1; k2; k3Þ ¼ 2Im½ζk1ðτ�Þζk2ðτ�Þζk3ðτ�Þða2ϵ1ηζ�k1ðτÞζ�k2ðτÞζ0�k3ðτÞ þ permÞ�jτ�τi ; ðA8Þ

B8
ζðk1; k2; k3Þ ¼ 2Im

�
ζk1ðτ�Þζk2ðτ�Þζk3ðτ�Þ ×

�
a
H
ζ�k1ðτÞζ�k2ðτÞζ�k3ðτÞ

�

×

�
54ðaHÞ2 þ 2ð1 − ϵ1Þðk1 · k2 þ permÞþ 1

2ðaHÞ2 ½ðk1 · k2Þk
2
3 þ perm�

	�����
τ�

τi

; ðA9Þ

B9
ζðk1; k2; k3Þ ¼ −Im

�
ζk1ðτ�Þζk2ðτ�Þζk3ðτ�Þ

�
ϵ1
H2

ζ�k1ðτÞζ�k2ðτÞζ0�k3ðτÞ ×
�
k21 þ k22 −

�
k1 · k3
k3

�
2

−
�
k2 · k3
k3

�
2
�
þ perm

	�����
τ�

τi

;

ðA10Þ

B10
ζ ðk1; k2; k3Þ ¼ 2Im

�
ζk1ðτ�Þζk2ðτ�Þζk3ðτ�Þ

�
aϵ1
H

ζ�k1ðτÞζ0�k2ðτÞζ0�k3ðτÞ
�
2 − ϵ1 þ ϵ1

�
k2 · k3
k2k3

�
2
�
þ perm

	�����
τ�

τi

; ðA11Þ
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where

η ¼ _ϵ1=Hϵ1;

τi is the early time when all relevant modes are well within the horizon and the plane-wave initial condition is imposed. τ� is
the late time when all relevant modes have been frozen.
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