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Abstract The NANOGrav collaboration has published a
suspected stochastic gravitational wave (GW) background
signal in its analysis of 12.5 years PTA data, so in this work,
we investigate the possibility to explain the signal by the infla-
tionary models with double-inflection-point. We calculate the
energy spectrum of GWs induced by scalar perturbations, and
show that the curve lies in the 20 region of the NANOGrav
constraints. In addition, we analyze the reheating process and
dark matter production by assuming that the inflaton is cou-
pled with the standard model (SM) Higgs boson and singlet
fermionic dark matter field. We discuss the radiative stability
of the inflationary potential under one-loop corrections, cal-
culate the reheating temperature, the dark matter production,
and constraints on the coupling parameters using the bounds
of BBN, Lyman-«, etc.

1 Introduction

Recently, the North American Nanohertz Observatory for
Gravitational Waves (NANOGrav) has published its 12.5
years observation data of pulsar timing array (PTA), where
strong evidence of a stochastic process, which can be
explained by the stochastic gravitational waves (GWs) with
a power-law spectrum Qgw o f>~7 at a reference fre-
quency of fy, >~ 3.1 x 10~3Hz, with the exponent 5 — y €
(—1.5,0.5) at 1o confidence level [1-7].

It has been pointed out in several literatures that if the
power spectrum of scalar perturbations has a large peak at
low scales, then when the perturbations corresponding to
the peak renters the horizon during the radiation-dominated
period, it will induce GWs, which is sizable to be detectable
by experiments in near future [8-22]. Such enhancement of
the power spectrum can be achieved in the ultra-slow-roll
phase near the inflection point in some inflationary models
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[23-28], and similar models have been discussed in many lit-
eratures [29-31],or in the framework of string theory [32-35]
etc. However, In the previous models, the potential contains
single inflection point, and the inflation will last about more
than 30 e-folding numbers before the inflection point. Thus
near the inflection point, the peak of the power spectrum will
induce GWs around millihertz, which couldn’t explain the
NANOGrav result around nanohertz. So in this paper, moti-
vated from the framework of effective field theory, we con-
sider a polynomial potential model with double-inflection-
point. In such a model, the inflection point at CMB scales
can make the predictions consistent with the 2018 data [36]
and last about 20 e-folding numbers, thus when the inflaton
meets the second inflection point, it will induce GWs with the
peak around nanohertz, which can explain the NANOGrav
signal.

After inflation ends, the inflaton will oscillate around the
minimum of the potential and decay into relativistic particles,
which will reheat the universe. So in this paper, we assume
that the inflaton can decay into the standard model(SM)
Higgs boson or decay into singlet fermions beyond SM,
which can be a component of dark matter(DM). In order
to ensure that the effect of the added coupling terms do not
affect the inflationary dynamics at the CMB scale, and do
not affect the GW energy spectrum, we discuss the radiative
corrections at one-loop order using the Coleman—Weinberg
(CW) formalism [37,38]. We also calculate the reheating
temperature and constrain the model parameters using BBN
[39-43], Lyman-« [44,45], etc. We also analysis the dark
matter production, and show that the main way to produce
dark matter is the direct decay of inflatons.

The paper is organized as follows. In the next section,
we setup the inflationary model with double-inflection-point
using a scalar potential with polynomial form. In Sect. 3,
we analyze the inflation dynamics of the model and calcu-
late the power spectrum numerically. In Sect. 4, we calculate
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the energy spectrum of the induced GWs and compared the
results with NANOGrav and some planned experiments. In
Sect. 4, we assume that after inflation, the inflaton will decay
into SM Higgs or singlet fermionic field and analyze the
reheating temperature. We also calculate the effect of one-
loop corrections of the coupling terms in Sect. 5. In Sect. 6,
we discuss the dark matter production and calculate the relic
density. The last section is devoted to summary.

2 The double-inflection-point model

In this section, we consider a scalar potential with polynomial
form, which can generate an inflationary model with double-
inflection-point. Such a polynomial can be derived from the
effective field theory with a cutoff scale A [46-51]

Vi) = 32 (2) (1)
effl®) = nl \A/) ~
n=0
To obtain a inflationary potential containing double-inflection-

point, we truncate the above polynomial to the sixth order,
and redefine the parameters as

2 3 4
Vi) =W [62 (%) +c3 (%) +ca (%)
5 6
@+ @)]

where the overall factor V() can be constrained by the ampli-
tude of scalar perturbations Ay, and we have omitted the
constant and first-order terms of the polynomial so that the
potential and it’s first-order derivative vanish at the origin.
By tuning the four dimensionless parameters c,_s one can
obtain a potential with two inflection points.

For the purpose of discussion, we assume that the two
inflection points are located at ¢; (i = 1, 2), where the first
and second derivatives of V vanish,ie. V'(¢;) = 0 and
V" (¢;) = 0. This condition yields the following relation-
ship between c>_5 and ¢;

3 2.2 —4 (2 2
¢2 = ot 3 = 5 (o162 + 6103).
3
2A2
However, in order to obtain a reasonable model, the inflection
points of the potential are not strict, so we introduce two

additional parameters «; to represent the small deviation.
Then the scalar potential can be written in the following form

c4 =

(67 + 40162+ 82) ces =~ + 0. B
1 192 2’5_5A 1 2).

Vi
V9) = ¢ (3010367 — 4 (8102 + 9103 ) (1 + g’

3
+5 (81 +49102+ 93) o*
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Fig. 1 The scalar potential with parameter set (5)
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For some parameter spaces, the model is both consistent
with the CMB observational constraints and interprets the
NANOGrav signal. For instance, we choose

Vo =2.157x 107°M,, A =M,,
¢1 = 0.9095875M,, «y = 8.5654 x 1072,
¢2 = 2.10081M,, ar=—4.0172x 1077, (5)

which corresponds to the parameters c_s are

c2 = 10.9543, ¢35 = —23.0119, ¢4 = 19.3264,
cs = —7.22466. (6)

InFig. 1 we draw the corresponding potential, which contains
double-inflection-point.

As we will see below, the inflation starts near the first
inflection point at high scale and generates a nearly scale-
invariant power spectrum, which is in good agreement with
the CMB observations, and when the inflaton rolls near the
second inflection point at low scale, it will go through an
ultra-slow-roll phase, which will last about 35 e-folding num-
bers and resulting in a large peak in the power spectrum,
which will induce gravitational waves consistent with the
NANOGrav data.

3 Inflation dynamics

In this section, we will discuss the dynamics of inflation.
Since there is an ultra-slow-roll stage in the process of infla-
tion, so in order to calculate the power spectrum more accu-
rately, we use the Hubble slow roll parameters defined below
[52-58]

H
H="pgr
H ldlney N
=——— =€y — = ,
= "5mr =" 27an,
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Fig. 2 The Hubble slow-roll parameters € 7 and g as functions of the
e-folding number N,. The green and red dashed lines represent 1 and
3, respectively
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Fig. 3 The Hubble parameters as functions of the e-folding number
Ne

with dots represent derivatives with respect to the cosmic
time, and N, is the e-folding numbers. The corresponding
curves of ey and ny with respect to N, are shown in Fig. 2,
and the evolution of Hubble parameter with respect to N, are
shown in Fig. 3.

As we can see in the figure, near the second inflection
point, the slow-roll parameter |ng| > 3, which implies that
inflation undergoes an ultra-slow-roll process. Correspond-
ingly, the curve of the slow-roll parameter € ; appears a deep
valley lasting about 30 e-folding numbers, which will make
the power spectrum appear a large peak. In order to calculate
the power spectrum at the ultra-slow-roll process, the slow-
roll approximation is no longer applicable, so the Mukhanov—
Sasaki(MS) equation of mode function uy, must be solved
strictly [26]

- Zd?)uk =0, (8)

with z = %Z—‘f, and t denotes the conformal time. And the

initial condition is taken to be the Bunch-Davies type [59]
e—ikr
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Fig. 4 The power spectrum of scalar perturbations with the parameter
set (5). And the black and brown lines show the upper bound from
p-distortion for a delta function power spectrum and for the steepest
growth k* power spectrum, respectively [60]

Then the power spectrum are calculated by

S

Pr= —
R=on2

. 10
k<aH (10)

Z
We show the numerical result(blue line) and the approximate
results(orange line) of the scalar power spectrum in Fig. 4.
And the constraints on the primordial power spectrum from
J-distortion of CMB are also show there.

We can see that the ultra-slow-roll behavior near the inflec-
tion point leads to a large peak in the power spectrum, and the
peak value is about seven orders of magnitude higher than
the power spectrum of the CMB scale. We will see in the
next section that the perturbations corresponding to the peak
will induce experimentally detected GWs after re-entering
the horizon, and can explain the signal of NANOGrav.

In order to verify that the model agrees with the constraints
of Planck experiment on CMB scale, we estimate the corre-
sponding scalar spectral index and the tensor-to-scalar ratio,
which can be expressed using €y and n g at the leading order
as

ng =1—4ey +2ny,
r = 16¢eg. (1D

The numerical results are ngy = 0.9672, r = 1.22 x 1073,
and the amplitude of the primordial curvature perturba-
tions Ay and the e-folding numbers during inflation N,
are In(10'°A;) = 3.0444, N, = 56.6. The results are
all consistent with the observation constraints from Planck
2018, which are ny, = 0.9649 £ 0.0042, r < 0.064 and
In(10"0A) = 3.044 + 0.014 [36].

@ Springer



749 Page 4 of 10

Eur. Phys. J. C (2023) 83:749

4 Induced gravitational waves

In the following, we will numerical calculate the second order
GWs induced by scalar perturbations using the power spec-
trum obtained in the province subsection. When the scalar
perturbation re-enters the horizon, it will induce second-order
GWs [61-66], and the corresponding GW energy spectrum
can be expressed by the tensor power spectrum as

1 [ k\>
QGW(T,k)Zﬁ(ﬁ> Pu(z, k), (12)

where the overline denotes the oscillation averaged among
several wavelengths. Using the Green’s function method and
considering that H = 1/t in the radiation dominant period,
the above energy spectrum can be calculated by the scalar
power spectrum as following [13]

42 — (1 +02 —u2)2 ’

1 0 1+v
Q k) = — d d
Gw (T, k) 12/0 v/|l—v\ u e

X PR (ku)Pr (kv)

X <4u:;v3 )2 <u2 + w2 — 3)2
x{[—4uv+(u2+v2—3)ln ]2

+[7r (u2+u2—3)®(u+v—ﬁ)]2}, (13)

3—(u+v)2
3—(u—v)?

where u and v are two dimensionless variables. Finally, the
energy density spectrum of GWs today QGw o is calculated
by [63]

8x
8x,p

-1/3
Qcw.0 = 0.83 < ) Qr0Q6w, (14)
with ©,.0 ~ 9.1 x 107> is the energy density fraction of
radiation at present, g, and g, , denote the effective number
of degrees of freedom for energy density today and at the
horizon crossing, respectively.

Combine the numerical result of scalar power spectrum
‘Pr obtained in the previous subsection, we numerically cal-
culate the energy spectrum of induced GWs and show it in
Fig. 5, with the horizontal axis is the frequency at present

f ~0.03Hz (15)

2 x 107pc~ 1"
And the upper curves are the sensitivity curves of some
planned GW detectors [31,67-71].

Recently, the NANOGrav collaboration has published its
12.5-year data of PTA, which indicate a signal which can be
explained by the stochastic GWs with a power-law spectrum
around fy, =~ 3.1 x 1078Hz,

27T2f2 f S5—y
Qow (f) = —3 A2 (—) : (16)
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Fig. 5 Energy spectrum of the induced GWs at the present time pre-
dicted by the polynomial model for parameter set (5). The curves in the
upper part are the expected sensitivity curves of the European pulsar
timing array (EPTA), square kilometer array (SKA), laser interferom-
eter space antenna (LISA),Taiji, TianQin, astrodynamical space test of
relativity using optical-GW detector (ASTROD-GW), advanced laser
interferometer antenna (ALIA), big bang observer (BBO), deci-hertz
interferometer GW observatory (DECIGO), Einstein telescope (ET),
advanced LIGO (aLIGO), respectively. These sensitivity curves are
taken from Refs. [31,67-71] The green region show the 2o confidence
level of the NANOGrav results with the tilt of 5 — y = 0 [1]

where Hy = 1007 km/s/Mpc, and 5 — y € (—1.5,0.5) at
1o confidence level [1-7]. The observed GWsfor5—y =0
with 20 uncertainty on Agw p are also show in Fig. 5.

We can see that the frequencies of the spectrum of GWs
cover from nanohertz to millihertz, and the maximum is
at the frequency f = 3.97 x 10~?Hz, which is within
the frequency range of SKA and EPTA. The spectrum of
induced GWs with frequencies around nanohertz lies in the
20 region of the NANOGrav constraints, so it can explain
the NANOGrav signals. And around millihertz, the energy
spectrum curves lies above the expected sensitivity curves of
ASTROD-GW, so it can be tested by the observation in near
future.

Moreover, we also zoom in Fig. 5 around NANOGrav’s
frequency range and show the energy spectrum of the induced
GWs with different parameters in Fig. 6. We can see from
Fig. 6(a) that the energy spectrum decrease as ¢ increase
from 0.9095873 M, t0 0.9095875M ,,, in Fig. 6(b), the energy
spectrum increase as ¢, increase from 2.100810M, to
2.100811M, and from Fig. 6(c), (d), we can see that the
energy spectrum decrease as o increase from 8.5652 x
1073 to 8.5654 x 1072, and decrease as a5 increase from
—4.0172 x 107> to —4.0174 x 1072.

5 Reheating
After inflation ends, the inflaton rolls down the potential and

then oscillates around the minimum, and the energy of infla-
ton will transfer to other degree of freedoms and raises the
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Fig. 6 The zoom in version of Fig. 5 around nanohertz frequency.
Where the parameters ¢ increase from 0.9095873 M, t0 0.9095875M ,
in (a), ¢, increase from 2.100810M, t0 2.100811M, in (b), &1 increase

temperature of the universe. This is known as the reheat-
ing period. Following References [72-74], we consider the
inflaton decays into SM Higgs boson or decays into a Dirac
fermion y through trilinear coupling, which can be a candi-
date of DM. The additional terms in the Lagrangian density
has the following form
L =ixy"oux —myXx — yy®xXx —r2pH'H
_l A2 H T
> 2¢°H'H, A7)

where m, is the mass of the DM, the coupling coefficient
Yy, A22 are dimensionless and 12 has a dimension of mass.
The associated decay widths are

¢p—HTH — 8rmyg
) (18)

Yyme

Pomix = =5

. 92 . . . .
with mé = %"75:0 is the inflaton mass during reheating,
and we have assumed that the mass of x and H are much
smaller than m. In order to fit the relic density of photon

Qewoh®
1076_
1078
—
=
10—10_
10—12_
—— $,=2.1008100Mp
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107" . - L ' flHz
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(d)

from 8.5652 x 1075 to 8.5654 x 1075 in (¢) and ay increase from
—4.0172 x 107> to —4.0174 x 107> in (d), respectively

1.x107°

numbers and hadronic numbers today, the decay width to
the SM Higgs boson should be much greater than the decay
width to the fermionic DM, that is the total decay width of
the inflaton be approximated as I' = I'y_, iy + Tp iy =
I, gt - Therefore branching ratio of DM production can
be calculated as follows

2
Tyosz Ty y
Br = P XX DT~ md (K. (19)
12

C Tyonmin+Tsix Tomnrm

A

During reheating, when the Hubble parameter becomes
small enough, the energy loss due to the decay of the infla-
ton is greater than the energy loss due to the expansion of
the universe, the corresponding temperature when H = %F
is defined as the reheating temperature 7. In the instanta-
neous decay approximation the reheating temperature can be
calculated as [73]

- (),

8x

(20)

where I' is the total decay width of the inflaton, and g, =
106.75. And the maximum temperature during reheating can

@ Springer
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Fig. 7 The allowed ranges of the ratio Tinax/ Trn
be calculated by [75-77]
60 1/4 3 2/5
1/4 1/4 ,,1/2
Ty = TV (—2> =) H M 1)
g4 TT 8

where Hj is the Hubble parameter at the beginning of reheat-
ing. In our model, according to Fig. 3, we use the value around
the second inflection point.

According to the restriction of BBN, the reheating temper-
ature T, should be greater than 4MeV [39—43]. Moreover,
the Planck 2018 give an upper limit on the inflation scale
Hy <25x%x107°M p [36], which would allows an upper
limit on the reheating temperature T, < 7 x 1013GeV. So
we can give the limit of the coupling parameter A, according
to Eq. (20)

s
2.7451 x 1073 < M—” < 4.8039 x 1075, (22)
P

In addition, we estimate the value of Tmax/ T

23 1/4
Toax (3) 3M, (107, o3
T., \8 m \ g T3 ’

and show the allowed ranges in Fig. 7. Where the lower bound
of T, is from the BBN T,;, > 4MeV and the upper bound
is from the stability discussed in the next section, T, <
4.43 x 10'2GeV.

6 Radiative corrections and stability

In order to ensure that the coupling terms added in the dis-
cussion of the reheating process in the previous section do
not affect the inflationary dynamics at the CMB scale, and
do not affect the generation of GWs at the second inflection
point, thus do not affect the parameter space of the model,
we analysis the stability of the inflation potential, calculate
the one-loop CW correction of these coupling terms to the
inflationary potential and restrict the coupling parameters.

@ Springer

The one-loop CW correction is [37,38]
8j 2s; ~4 %5 3
sz;&mz(—l) im? | In =) -3 (24)

and the corresponding first and second derivative of Ve are

~>

;o 8j 2 =2 (2 m;

Vew = 2 3 (— D] (m]) {ln <F> B l}’
J

Véw =Y 5 (D™ { [((ﬁﬁ))z + i (ﬁﬁ)}

J
~0
m= "

x In (M—;> — 2 (#2) } , (25)
where the index j is summing over three fields, the inflaton,
the Higgs H and the fermion x, and the spin s; are sy =
0,5y = 1/2,s4 = 0,the number of degrees of freedom of
the fields are gy = 4, g, = 4, g4 = 0, respectively. The

renormalization scale j is taken as ¢. 112 ; are field-dependent
masses, and in our model they are given by

6Vo
AS
+3¢7 (67 + 40192 + 63)

41+ Dgd192(¢1 + ¢2) + 6763 ).

W2 (@) = (my +ye$),
g (¢) =m¥y + rng. (26)

(@) =~ (59" — 8@z + D @1 +¢2)

At the high scale inflection point ¢, the first and second
derivatives of inflation potential are

12V,

Vg = —A—;’¢23(¢1 + ¢ (11 + aad),

/ 24Vy |, 4
Vi) = — 6 #2 (¢1 + P2) (@11 + 20002),
27

and at such point, the derivatives of the one-loop CW correc-
tion are

Ahoa(n (32) = 1) = 2023 (n (43) = 1)

872

Viw (@) =
1

oA e

( ( 24V (1 + o) (@11 + 2a2¢3)> )
x{ In|— -1

A6
x (1 + d2) (o191 + 2a2¢2)
x (a1 — D1 +2(1 + ay + 602)p1 2
+(12a2 — 1)$a?),
32 1n (%22) +2¢22y4 (1= 31n <y)2())
872

+

VC/‘/W (¢2) =
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1
= 2A129Vo ¢

x (3001200612 ~2(1+e1 +602)¢16

+(1=1202)¢2%)? —6(¢1+¢2) (1 1 +2022) (1>
+(3 = 8an)ga® — 41 (¢ + 202¢))

+2((1 = 2a1)¢1? — 2(1 4+ ay + 6a2)p1 ¢

+(1 = 1202)$2%)°

( ( 24Vo(¢1 + o) (191 + 2a2¢2)) 3)
x(In| — _ =
A© 2

+

—6(p1 + $2) (@11 + 20262) (12
+(3 — 8a2)pa? — d¢p1 (d2 + 2026h2))

24Vo(d1+P2) (11 +202¢2)
x(2In| — G -31].

(28)

In order to make sure the addition coupling terms do not
affect the inflation dynamics, we need to make sure that the
terms of y; and )»%2 are much smaller than the tree-level
results (27), which will give the following restrictions on the
parameters spaces

yy < 1.00687 x 107,

A2 < 3.03996 x 1078 M,

vy < 1.8046 x 1074,

A2 < 173968 x 1077 M,,. (29)
In addition, in our model we must also need to ensure that
the addition coupled terms will not affect the generation of

GWs, that is, the corresponding terms of y} and Af, in the
one-loop CW corrections at the low scale inflection point

A2l <ln (%}2) - 1) — 243 (ln (yg) - 1) v
872
1 24V, 2
. 2A129V0 " ( ( 0(¢1+¢2i\(6a2¢1+a1¢2)) _1>
x (1 + ¢2) a1 + a192)
x (1202 — D12 +2(1 + a1 + 6a2)p1h2 + a1 — Dp?)
(22t (32) = 2612310 (32) = Dy

872

Viw(@#2) =

Viw(@#2) =

tiaAT 2A129V0 ¢

x (3((1 = 1202)¢1% — 2(1 + a1 + 602)$1 ¢ + (1 — 201)¢2?)>
+6(¢p1 + ¢2) Qaapy + a1$2)((—3 + 8o2)1? — 2
.+ 4¢1(d2 + 22¢))
+2((1 = 1202)1% — 2(1 + a1 + 602) 102 + (1 — 201) ")
24V (¢1 + ¢2) Qoagy + a1¢2) 3
x (In (— A6 ) - =)

2
+6(d1 + ¢2) Qaagpy + o1$2) (=3 + 8a) 1> — o

+4¢1 (2 + 202¢2))

24Vo(¢1 + ¢2) Qa2 + 0t1¢2)> B 3)>

x(21In (— 76 30)

are much smaller than the terms of tree-level

12V,
__°¢13(¢1 + ¢2) (201 + a1¢2),
2

Vi) =

4V,
V/(¢1) = °¢1 (@1 + ¢2) Qo2 + a1h2),

&1V
which will give the following restrictions

yy < 22307 x 1074,

A2 < 6.46594 x 1078M,,

vy < 1.88144 x 1074,

A2 < 8.18895 x 1078 M,,. (32)

Combine (29) and (32), we get the upper bounds are y, <
1.00687 x 10~ and A12 < 3.03996 x 10-8M,,. Plugging
the upper limit of A1, into (20), we can give an upper limit
on the reheating temperature 7}, < 4.43 x 1012GeV.

7 Dark matter production and relic density

In this section, we will study dark matter production during
reheating. Combining the Boltzmann equation of DM num-
ber density n, and the Friedman equation, and considering
that during 7, < T < Tyax the energy density is dominated
by the inflaton, then we can obtain the following relationship
between the comoving number density N = n Xa3 of DM
and the reheating temperature 7, as [73]

dN 8 0 M,T
d_T = _; PR T13 Cl (Trh) Vs (33)

where a is the scale factor and y is the density of DM produc-
tion rate. And then the DM yield Y = n, /s can be expressed
as

vy 135
dT ~— 2m3g.

oW, (34)
g T

where s = % g*,ST3is the entropy density at temperature
T, and g, s is the number of relativistic degrees of freedom
contributing to the SM entropy [78]. In addition, it is worth
to note that in order to consistent with observations of DM
energy density, the present day DM yield is fixed by [73]

my Yo = 4.3 x 10719GeV. (35)

After inflation, the DM can produced by the direct decay
of inflatons, the 2-to-2 scattering of inflatons and the 2-to-2
scattering of SM particles.

The main way of dark matter production is the direct decay
of inflatons, in this case, the DM production rate density is

y = 2BrF%. (36)

@ Springer
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Fig. 8 The allowed range of coupling parameters y, when the direct
decay of the inflaton produces the whole DM

Using Eq. (34), we can get that the corresponding DM yield
in this case is

3 g« 10 M,I"

Yo = — —
T 8x,s \| 8% mq)Trh
b/

N -2
Br >~ 1.163 x 107°M, T, 37

In the above equation we have assume that g, ; = g4. Com-
bined with Eq. (35), we obtain the conditions if the inflatons
decay constitutes the whole DM abundance, and show the
allowed range of the coupling coefficient y, in Fig. 8.

Where the constraints of purple region is from the BBN,
T, > 4MeV. The brown region T, < 4.43 x 10'2Gev
and the blue region y, < 1.00687 x 10~* are all from the
discussion of stability in Sect.6, the green region is from
the Lyman — o bound ;Z—’{, > % [73], the red region is
from the kinematical threshold my > 2m,. From Fig. 8 we
can further get that if inflatons decay process constitutes all
the DM, the parameter y, should satisfies 2.081 x 10777 <
Yy < 5.294 x 1075.

Secondly, dark matter can be produced by the 2-to-2 scat-
ter of the inflaton. In this case [79-81]

g T m (1 m?‘)m (38)
Y = 3es0400 irE 2 \1 702 ]
3686400 MA78 m2 \* 2

and the the corresponding DM yield is

Yo & B(T_) (Tmax>“_1 "y
81920845\ g+« \ M) Tin mé
2\ 3/2
m
My
>3/2

Thm2
-~ —p ArhiTy
M, my

§|§
P S| PN

(39)

@ Springer

Combine with the upper bound of T}, < 4.43 x 10'2GeV in
Sect. 6, we get that for reasonable values of i, , the DM yield
Yo is less than 10~!%, the contribution to DM abundance is
negligible.

Thirdly, dark matter can also be produced via the 2-to-2
scattering of SM particles, mediated by gravitons or inflatons.
For gravitons act as mediators, one can get the decay rate
density is [82-84]

T8

y(T) =« we (40)
P

with @ ~ 1.1 x 1073, The corresponding DM Yield through
this channel is

3
45a 10 ( Tyn
2ﬂ3g*,s‘/ o <M_,,) , for my L Tpp,
Yo = 41

7
45 10 T,

27.[3;* . < M3r:;14 ’ for Trh < ny < Tmax-
S px

Similarly, if the mediators are inflatons, we can get

242 6
VA T
y(T) =~ 2= —, (42)
272 m
®
and the dark matter Yield is
135y22%, [10 M, Ty,
Yy >~ ———, for Ty < myg. (43)

47788*,5 8x m¢

Using the upper bound of y,, A12 and 7, in Sect. 6, we carry
out numerical calculation on Yy, and for the graviton medi-
ation the maximum value is on the order of Yy ~ 10723 for
my &K Ty, Yo ~ 1072 for Tpy, < my < Tiax, and for the
inflatons as the mediators, the maximum value is Yo ~ 10~48,
which are all very small compared to the present DM density,
so that we can ignore both cases of the 2-to-2 scattering pro-
cesses. In addition, we also estimate the rate of annihilation
of dark matter into Higgs y x — H'H with inflatons acting
as the mediator, and find that for the entire parameter space,
if we take the upper bound of y, and A1, the maximum of
the rate is about 2.21 x 1075 at the present time, which is
too small to be detected in near future.

Moreover, when the scalar perturbations corresponding
to the peak of the power spectrum renter the horizon, it will
produce the primordial black hole (PBHs) through gravita-
tional collapse, which could also be a candidate of DM [85—
90]. Thus we also calculate the abundance of PBHs using
the Press-Schechter approach of gravitational collapse, and
found that the peak mass of PBHs is around 0.7M, and the
fraction in dark matter is about 10733, which is very small
and can be negligible.
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8 Summary

In this paper we discuss the explanation of NANOGrav data
using inflationary potential with double-inflection-point, and
such potential can be realized by the polynomial potential
from effective field theory with a cut off scale. For some
choices of parameter sets, we analyze the inflation dynamics
and show that the inflection point at the high scale predicts
a scale-invariant power spectrum which is consistent with
the observations of the CMB. On the other hand, the inflec-
tion point at the low scale can cause an ultra-slow-roll stage,
which will generate a peak in the scalar power spectrum,
the height of which is about 10’ magnitude of the CMB
scale power spectrum. When the perturbations correspond-
ing to the peak value re-enters the horizon, it will induce
GWs that can be detected by experiments. We calculate the
energy spectrum of GWs and show that the peak is at frequen-
cies around nanohertz, which is within the frequency range
of SKA and EPTA, and lies in the 20 uncertainty of the
NANOGrav constraints. In addition, around millihertz, the
curves lie above the expected sensitivity curves of ASTROD-
GW, so it can be detected in near future.

After inflation ends, we assume that the inflaton is coupled
with SM Higgs boson and singlet fermionic dark matter field.
We analyze the reheating temperature, calculate the effect of
one-loop CW corrections of the coupling terms, combined
with the bounds of BBN, Lyman-«, etc, we constrain the
coupling parameters as y, < 1.00687 x 10~* and 2.7451 x
1073 < A2/M, < 3.03996 x 1078, We also discuss the
dark matter production of inflaton decay, inflaton scattering
and SM scattering, and find that the main way to produce dark
matter is the direct decay of inflaton. If we assume that the
inflaton decay process produces the whole DM abundance,
the parameter y, should satisfies 2.081 x 107 < y, <
5.294 x 107°.
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