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The evidence of the stochastic gravitational-wave background around the nanohertz frequency range
was recently found by worldwide pulsar timing array (PTA) collaborations. One of the cosmological
explanations is the gravitational waves induced by enhanced curvature perturbations, but the issue of
primordial black hole (PBH) overproduction in this scenario was pointed out in the literature. Motivated by
this issue and the Qgw ~ f2 scaling suggested by the data, we study the gravitational waves induced in a
cosmological epoch dominated by a stiff fluid (w = 1) and find that they can safely explain the PTA data

well without PBH overproduction.
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I. INTRODUCTION

Gravitational waves (GWs) are a unique probe of the
early Universe as well as astrophysical phenomena.
Following the first indirect measurement of GWs from
the observations of periods of a binary pulsar [1], GWs
from binary black hole/neutron star mergers were finally
detected directly by the ground-based laser interferometers
[2,3]. This was the beginning of GW (and multimessenger)
astronomy. Recently, the long-sought evidence of the
Hellings-Downs curve [4] was observed by the worldwide
pulsar timing array (PTA) collaborations, in particular, by
NANOGrav [5-7] and by EPTA/InPTA [8—10]; see also the
results of PPTA [11-13] and CPTA [14]. This indicates the
first evidence of the isotropic [15], stochastic [16,17] GW
background (SGWB) in the Universe. Whatever its origin
is, it will give us new insight into our Universe. While the
arguably standard interpretation is astrophysical, namely
due to merger events of supermassive black hole binaries
(SMBHBsS), it requires somewhat nonstandard parameters
to fit the data [10,18,19] (see also Ref. [20] for the
interpretation as primordial SMBHBs). For instance, cir-
cular SMBHBs that lose their energy dominantly by the
GW emission are excluded at 3.9 [21]. Though it is
premature to draw any conclusions, and new-physics (or
cosmological) interpretations always bring some nonmini-
mal assumptions in the early Universe, some new-physics
interpretations can fit the PTA data better [7,21,22] (see,
however, also Ref. [23]). Thus, we may be at the beginning
of the era of observational GW cosmology.
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It is intriguing that the Bayesian analyses by NANOGrav
[7] favor some particular new-physics interpretations.
One of the best scenarios is the so-called scalar-induced
GWs (SIGWs) [7,21], namely, GWs secondarily induced
from the curvature perturbations [24-28]. One reason
why the SIGW interpretation is favored is that it is
relatively easy to fit the observed slope of the spectrum
nt =dInQgw/dIn f ~ 2, which we discuss further later.
Another reason is that the large amplitude of the signal can
be easily realized by simply assuming the large amplitude
of the primordial curvature perturbations. Of course,
deriving such a power spectrum from a natural UV-
complete model of inflation without any fine-tuning is
much more difficult than just fitting the data phenomeno-
logically. For the inflationary model building approach in
the context of the induced GWs, see, e.g., Refs. [29-34]. In
this paper, we follow the phenomenological approach as a
first step to narrow down possible underlying inflation
models. For recent attempts to explain the PTA data by
SIGWs, see Refs. [35-59].

Typically associated to substantial SIGWSs are primordial
black holes (PBHs) [60-62]. This is because strong SIGWs
are produced by substantial curvature perturbations, which
also produce PBHs. This fact can be seen both as
advantages and disadvantages. For example, PBHs can
serve as a dark matter candidate, and in some scenarios,
one can explain the dark matter abundance by PBHs and
simultaneously predict observable SIGWs [60,63-65].
However, in some cases, the PBH abundance exceeds
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the observed dark matter abundance [66—69] and then the
model is excluded. This is because the intensity of the
SIGWs depends on the square of the power spectrum of
the curvature perturbations whereas the abundance of PBHs
is exponentially sensitive to the inverse of the power
spectrum of the curvature perturbations. On top of that,
the PBH abundance is subject to orders-of-magnitude
uncertainties depending on the calculation method (see,
e.g., Refs. [70-73] and references therein). Nevertheless,
multiple recent works [41,43,46] pointed out the PBH
overproduction issue when one fits the PTA data by SIGWs
and discussed the necessity of non-Gaussianity of primor-
dial curvature perturbations to avoid the overproduction. To
evade this issue, enhanced sound speed ¢, = 1 beyond the
perfect fluid was studied in Ref. [52]. With a similar
motivation, Ref. [74] studied GWs induced from an extra
spectator tensor field.

As mentioned above, the latest data favors the spectral
index nt around 2. The NANOGrav data show ny = 1.8 &
0.6 (90% credible region) [5]. The EPTA/InPTA data have
an internal tension between the full dataset leading to nt =
0.8170%3 and the new dataset leading to np = 2.297973
(90% credible regions for both), but the spectral index
being equal to 2 is consistent with both datasets at the 3¢
level [8]. Also, the analysis in Ref. [21] combining the
NANOGrav 15-year data and the new dataset of EPTA
shows np = 2.08f8"33§ (68% confidence level). In our
previous work with Kohri [75], we delineated three ways
to explain the Qg ~ f> scalinglz (1) SIGWs from the
linear spectrum of the curvature perturbations P (k) ~ k,
(2) the IR tail [77-79] of SIGWs generated from a very
sharply peaked spectrum P, (k) ~ §(In(k/k,)), and (3) the
IR tail of SIGWs generated in a cosmological epoch
dominated by a stiff fluid that has the equation-of-state
parameter w = 17 rather than in the standard radiation-
dominated (RD) era with w = 1/3. The second option was
the main focus of Ref. [75]. The last option is independent
of the details of the underlying power spectrum of the
curvature perturbations and is theoretically appealing. In
this paper, we focus on the last option, i.e., the GWs
induced by curvature perturbations in a cosmological era
with w = 1. Such an era is realized, e.g., when the kinetic
energy of a scalar field dominates the energy density of the
Universe. The kinetic-energy dominated era (kination)
[80-82] has been studied in a variety of contexts (see
Refs. [83,84] and references therein; Refs. [85-87] studied
kination in the context of explaining the PTA data),
and particle-physics UV completion by axionlike fields

' Apart from SIGWs, the Qgy o f2 scaling can also be realized
with melting domain walls characterized by a time-dependent
tension [76].

w = 1/9is also a possible solution for the f2 scaling of Qgy.
but the PBH abundance is enhanced in contrast to the case
of w=1.

exist [88]. Another virtue of the induced GWs from a
kination era beyond the fact that it leads to the 2 IR tail to
fit the PTA data is suppression of the PBH abundance. As
we explain in detail in the rest of this paper, there are two
reasons for the suppression of the PBH abundance. The first
reason is that we need a relatively small amplitude of the
curvature perturbations to fit the PTA data since the energy
fraction of GWs Qg increases during a kination era. The
second reason is that the threshold of the PBH formation
is presumably greater in a kination era than in the RD
era [89-92]. Both of these facts exponentially suppress the
PBH abundance.

For the study of SIGWs beyond the RD era, we refer
the reader to Refs. [79,93,94] in general. Furthermore,
Refs. [53,54] discussed SIGWs for the recent PTA data in
general w, focusing on the narrow power spectrum of
curvature perturbations with A <0.1 [see Eq. (25) for
the definition of A]. In particular, Ref. [53] focused on the
delta-function power spectrum (A — 0). In the case of the
narrow power spectrum with A < 1, the slope of the SIGW
power spectrum changes around k/k, ~ A [79], where k, is
the peak scale of the power spectrum [see Eq. (25) for the
definition]. References [53,54] used the slope in A <
k/k, <1 to fit the PTA signals, where Qgw  f on those
scales for w = 1 if the scale of k, A is inside the horizon at
the end of the kination era [79]. Then, one of the papers
concluded that the case of w=1 is outside the 90%
credible region [54]. In contrast, we consider A > 1
throughout this work and focus on the IR slope of the
GW spectrum that is different from those discussed in the
previous works.

The structure of the paper is as follows. In Sec. II, we show
that the induced GWs produced in a cosmological era with
w = 1 can fit the recent PTA data well. In particular, the f 2
scaling is well explained by the IR tail of the induced GWs. In
Sec. III, we show that the PBH abundance is significantly
suppressed in our scenario. Our conclusions are given in
Sec. IV. We use the natural unit ¢ = 7 = kg = 1.

II. INDUCED GRAVITATIONAL WAVES
IN KINATION ERA

A. Cosmological scenario and intuitive picture

We consider a cosmological scenario in which there is a
transient cosmological era with its equation-of-state param-
eter w = 1. We assume this era ends before the big bang
nucleosynthesis (BBN). We consider a transition of the era
with w =1 into the standard RD era for concreteness,
although such an era can be in principle followed by, e.g.,
an early matter-dominated era. Depending on the under-
lying particle-physics model, the transition from the era
with w = 1 to the standard RD era may or may not involve
entropy production. Since the dominant energy density
redshifts faster than radiation in the era with w =1, a
natural scenario is a smooth crossover without entropy
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production [83,84]. For definiteness, we consider such a
scenario as a fiducial setup throughout this paper.
Alternatively, the transition by the decay of the field
responsible for the era with w = 1 into radiation, i.e., with
entropy production, is conceivable. Given this possibility,
we also mention possible modifications of equations in this
case. The GW signals in our scenario are not sensitive to
this difference. Though we sometimes call the era with
w = 1 kination for short, we are agnostic about the details
of the underlying model in this work. Similarly, we do not
specify the beginning of the kination era. It may be
preceded by, e.g., inflation [80] or an early matter-domi-
nated era [83,84,88]. We only assume that the induced
GWs on the relevant frequency ranges are produced in the
kination era and the relevant scalar source modes enter the
Hubble horizon during the kination era.

Now, let us discuss in an intuitive manner how the
desired slope nt = 2 of the induced GWSs can arise in our
scenario. A more detailed formulation is given in the next
subsection. If the curvature power spectrum does not
sharply increase on small scales, the spectrum of the
GWs induced during the era with w has the rough
dependence Qg (f) ~ (k/k,,)"*P2(k) with the relation
2zf =k, where f=(1-3w)/(1+3w) and k,, is the
inverse of the horizon scale at the end of the era with w,
followed by the RD era. Note that the (k/k,,)~? factor
comes from the redshift difference from the GWs and the
total energy density in the era with w. However, when
P(k) sharply increases on some scales, GWs are not
necessarily induced dominantly by the scalar mode on the
same k but may be induced dominantly by smaller-scale
scalar modes. For example, if the curvature power spectrum
sharply increases in k < k, with n(=dInP;/dInk) >
ng(=3/2 + p — |p|) in the era with w and has a (nonexcep-
tionally) narrow peak around k ~ k, or a flatter region
kZ k, with n; <ng, the IR tail of the induced GWs
in k < k, is determined only by the perturbations around
k ~ k,, where the IR tail is given by Qgw k>~ for the
sharply increasing power spectrum [79]. This indicates that
the IR tail in that case is determined by the cosmological
background dynamics of the Universe, independently of the
details of the shape of P,(k) in k < k.. Note that # =0
and ng = 3/2 in the RD era (w = 1/3) and # = —1/2 and
ng=1/2 in the kination era (w=1). For the sharply
increasing power spectrum, this leads to the IR tails
Qgw  f2 in the RD era and Qgw o f in the kination era.

Here, we briefly explain the physical interpretation of the
frequency dependence of the IR tail of Qg in the RD and
the kination era. Causality tells us there is no correlation,
except by chance, outside the Hubble horizon. Given that
the superhorizon tensor perturbations with the absolute

I P¢ has an exceptionally sharp peak at k, such as that with
the Dirac delta function, the prediction changes [54,79,95,96].

value of their wavenumber k are composed of the super-
position of ~O((aH/k)?) independent Hubble horizon
patches, the central limit theorem tells us that the power
spectrum of the tensor modes is volume-suppressed leading
to P,,(f) o f> on superhorizon scales. This cubic scaling is
inherited by Qgw (f) as the universal IR tail Qgw (f) « f°
in the RD era even though the energy density of GWs is
proportional to f2P,(f). This is because the additional f?
factor for the energy density of GWs is canceled by the
redshift factor of the tensor modes, which are constant
outside the horizon but get redshifted as # o 1/a inside the
horizon. Note that the tensor modes with different scales
enter the horizon at different times. On the other hand, there
are extra factors in the kination universe. During the
kination era, the decrease of the source terms with the
subhorizon perturbations is slower than the decrease of
the Hubble parameter unlike during the RD era. This leads
to the growth of the superhorizon tensor perturbations as
P,, « a* while keeping the frequency dependence P;,  f>.
Once they enter the horizon, they decouple from the source
terms and behave as freely propagating waves, which
redshift as & o« 1/a. The redshift difference between the
energy densities of the kination fluid background and the
subhorizon GWs leads to the behavior of Qgw o a® on
subhorizon scales. From the above relations, we can see
Qow ~ Phlne(@/ane)? « f? on the IR tail, where the sub-
script ‘he’ denotes the value at the horizon crossing and
we have used Qgwlhe ~ Pilhes Phlne < fiaf. o f, and
a x n'/2. See Refs. [77-79] for more details on the IR tail.

B. Basic formulas for induced gravitational waves

In this subsection, we summarize the equations for the
GWs induced by scalar perturbations during the kination
era, followed by the RD era. See also Refs. [79,93,97] for
the details.

Throughout this work, we take Newtonian gauge, where
the metric perturbations are expressed as

h;; o

® and ¥ are the first-order scalar perturbations and £;; is
the second-order tensor perturbation. We have neglected
the vector perturbations because their contribution to GW
production is negligible. In this work, we consider a perfect
fluid and set ® = W throughout the evolution for simplic-
ity. We expand the tensor perturbations as

/ e @)
A=+,x

where ¢, is the polarization tensor that satisfies k'e}; = 0,
el = 0 and §*8e} el = 8. With their Fourier
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modes, we can express the power spectrum of the tensor
perturbations as

’ 7271'2

The equation of motion for the tensor perturbation during
the kination era is given by [27,28,98]

h" + 2Hh) + K*hi = 4SL, (4)
where H is the conformal Hubble parameter, a prime

denotes differentiation with respect to the conformal time 7,
and the source term S is given by

31/
i) = [ G (K 220 )10 )

43 (@) + HOD ()
< (@i (n) +H-1cb;_k,<n>>]. )

After some calculation based on the Green function
method, we finally obtain the following expression for
the time-averaged power spectrum of the induced GWs
during a kination era, which is used when we discuss their
energy density:

- ) 1+v 4 2 _ 1 2 ,2\2\ 2
ph(q,k):4/ dv/ du(@ (1+v u)>
0 [1-v| duv

x I (u, v, x) Py (ku) Py (kv), (6)

where x = k#, the overline denotes the time average over
oscillations of the tensor modes, and

(u, 0,x) = A " dkG, (0, 1) f (u, v, 5). (7)

G, is the Green function satisfying N Gi(n, ) =6(n—1),
where

=2 ol e (8)
- on? on '

Specifically, the Green function for the GWs induced
during a kination era is given by

kGy(n,71) = 5 %(Jo(X)Yo(x) = Jo(x)Yo(X)),  (9)

NSNS}

where X = ki, J,(x), and Y,(x) with v arbitrary are the
Bessel functions of the first and the second kind, and we
have used H = 1/(2#) during a kination era. The source
function f is given by

e 00) =207 + 5 (T0m) + 205 )
x (T(w‘c) +20% d(i(v?;)) , (10)

where @ (n) = T(kn), with £ being the curvature per-
turbation in the superhorizon limit. To obtain the concrete
expression of the transfer function 7'(kr), we need to solve
the equation of motion for the gravitational potential,

D) + 6HD}, + k*Dy = 0. (11)

The solution of this equation is

T(kn) = _%<k’7)_1-]1 (kn), (12)

where we have imposed the normalization of T to satisfy
the superhorizon-limit relation during a kination era,
O (n < 1/k) = =3¢, e, T(kn < 1) = =3,

For convenience, we rewrite Eq. (7) as

I, v.x) = / * ATkGy (7. 7)f (u, 0. %)

= 2 Yo (1. 0,%) = Jo() Ty (u,v.x)], (13)

where 7Z; and 7y are defined as

z,(u,y,x)Efdxwo(x)f(u,y,x), (14)

Zy(u,v,x) = /)X dxx Yo(X)f (u, v, %). (15)

In the subhorizon limit (x > 1), I can be approximated as

[(u, v, x(>1)) = —\/gx—'/2 [sinG - x>z,(u, v, x)

+COS<Z—x>Iy(u,v,x)]. (16)
Then, we can express the oscillation average of I? as

P(u, v, x(>1)) 2= x7 T3 (u,v,x) + I3 (u, v,x)].  (17)

T
4
The analytic expression of this equation in the late-time
limit x > 1 is given by [93]

- 9 (3(u® + v* = 1)? — 4u*v?)?
Pu, v, x(>1)) = 167u*v*x { 4uv? — (u* +0v* = 1)?
+9(u? + v* - 1)2}. (18)
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The energy density of GWs per log bin (In k) is given by
2

~8a?

paw (. k) Pu(n. k), (19)

and the energy density parameter of GWs is given by

Qaw(n, k) = % = % (%) 273}1(’77 k)
22
= gph(’l, k), (20)

where p, is the total energy density of the Universe and we
have used H = 1/(2#) again. Unlike Qg during a RD era,
Qgw continues to grow proportionally to a® during a
kination era even for the subhorizon GWs. This is because
the redshift evolution of pgw(xa™) and p(xa=®) is
different during a kination era.

We here relate the energy density parameter during the
kination era and the following RD era. For definiteness,
we consider the case without the entropy production (the
energy transfer from the kination fluid to the radiation). In
that case, Qgw during the following RD era is the same as
the GW-radiation energy ratio pgw/p, during a kination
era, which becomes constant for subhorizon GWs even
during a kination era. Specifically, we can express the
energy density parameter during the following RD era as®

_ paw(n.k) - Pin(1)

Q . k) = ~ Q k) (1 << Mg xin
Gw('l ) Pr(’?) Pr('?) GW(’? )('7 'Iq.k)
Aeq kin 2)627
= : —Pi.(n, k
(o) 6P
=——xP,(n, k), 21
. ﬁHeq,kmx (1, k) (21)

*If the kination era ends with the entropy production by the
decay of the kination fluid at #,,4, the relation is modified as

Prin(n)
pr(n)
(for 5 that leads to Q.(n) < 1)

a x?
= (1= 1)) () 27,1

QGW (’7&nd.+* k) = Qr(nend.—) QGW(”? k)

= (1 - Qr(r/end.—))l/ xph (’7? k)v

) k
12H(’76nd,—)
where 7.4 + 1s the time right after/before the entropy production,
respectively, and Q (77¢,q —) denotes the radiation energy density
parameter just before the entropy production. We have used

Piin(1)/pc (1) = (@(ena.-) /@ (1)) (1 = @y (Hena - ) )/ (ena.-) and
a(”l)/a(nend.—) = (ZH(”]end,—)(l - gzr(”]end,—))l/zrl)1/2 for n that
leads to Q.() < 1. We can see that, if the entropy produc-
tion terminates the kination era at #eqyin (2 (eqiin) = 1/2),
Q6w (Meng.+- k) indeed becomes one-half of Eq. (21). In this
entropy production case, fyy in Eq. (26) below is also modified
similarly.

where py;, is the energy density of the kination fluid, the
subscript ‘eq, kin’ denotes the value at the time when
Pkin = Pr» and 7. is the time when the kination energy
density becomes negligible compared to the radiation
energy density and Qgw becomes constant except for its
evolution due to the change of the degrees of freedom

(e > Neqxin)- We have also used the relation a(17)/deq xin =
(\/fHeq,kmn)l/ * for n < ieqkin- Note that xPy(y, k)
becomes constant even during a kination era.

Taking into account the late-time MD era, which follows

the RD era and dilutes Qgw, we find the current Qgyw
as [99]

Qaw (110, k) h* = 0'84<10_75> <10.75>

X Qr,OhZQGW(WW k)v (22)

where ¢” (¢°) is the effective relativistic degrees of freedom
for the energy (entropy) density, the subscript ‘h’ denotes
the value at the horizon entry of the mode with k, h =
H,/(100 kms~! Mpc~!) with H, being the current Hubble
parameter, and €, is the current energy density parameter
for radiation (Q, yh* ~ 4.2 x 107>). We use the temperature
dependence of ¢’ and ¢° in Ref. [100]. The argument of
Qgw in Eq. (22) is the scale of the tensor mode k, but it can
be converted to the frequency f through f = k/(2x)
because GWs propagate at the speed of light.

C. Explaining the PTA data

Before the application of our formulas to the PTA data,
let us discuss constraints on our parameter space. The
transition from the kination era to the RD era must occur at
T > O(1) MeV for the BBN not to be disturbed [83,101].
For simplicity, we regard 74 i, as the end of the kination
era, #qng, in the following.

The relation between the horizon scale and the temper-
ature at #.,q 1S given by5

_ génd —1/3 Teng - ﬂzf/énd Tgnd 1/2
aendH end — S 2
90 TO 90M Pl

X 2 (ena)

S N3/ \ 12
= 1.7 x 10° Mpc~! Jend end
x 107 Mpe (10.75 10.75

(g o) 2 23)

>When entropy production occurs at 77, instantaneously, Teng,
GS.a» and g7 4 in Eq. (23) should be regarded as those right after
the entropy production while Q,(#¢,q) in it should be regarded as
that just before the entropy production.
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where the subscript ‘end’ denotes the value at #,.,4 and the
subscript ‘0’ denotes the value at present as gy = 3.91 [102]
and Ty = 2.72 K = 2.35 x 10~* eV [103]. Using this and
the relation f.q = dengHena/(27), We obtain the corre-
sponding frequency as

S -1/3
— 2.6 x 10710 Hy ( -Jend
Send x Z(10.75

x <1()T%> (zgr(r/end))_]/z. (24)

Note again that T.,q > O(1) MeV must be satisfied not to
affect the BBN.

There is also an upper bound on the characteristic
frequency scale as we will see soon below. To be concrete,
we consider the log-normal power spectrum as an example,

SELUISS

L(/é;nd 1/2
10.75)

/PC(k) = 2A2

A
V2rA?
where A is the amplitude, A is the width, and k, is the peak
wave number. This is a toy model to represent a smooth
peak in the power spectrum. Note that the dynamics during
inflation is parameterized by a natural time variable during
inflation, which is the e-folding number N. It is related to
the wave number k via k = aH ~ He", explaining the
logarithmic dependence in the argument of the Gaussian.
As a benchmark point, we take A = 1 to reduce the number
of free parameters unless otherwise noted.

f+«=k,/(2x) is upper-bounded from the requirement
that the induced GWs are not overproduced as dark
radiation, Qgwh* < 1.8 x 1076 [104,105],

f* SfUV

_ fend
—28x 1077 Hz - Jend
x Z(z.s % 10710 Hz)

(te)” @

The characteristic scale f, should also satisfy (f.,q<)x
frra < f+ to explain the PTA results with the IR tail, where
fpra ~ 6 x 1078 Hz is the highest frequency the PTAs are
sensitive to. Thus, the viable range of f, is fpra S f« < fuv-

Since the NANOGrav among all the PTA observations
has the strongest signals, we compare our results with the
NANOGrav 15-year data [5,7]. Figure 1 shows the poste-
riors for the data [5,7]. In this figure, we also show the
posterior for the GWs induced during the RD era for
comparison. We can see that the kination era decreases the
curvature amplitudes required to fit the NANOGrav results.
This is because Qgw for the GWs induced during the
kination era grows proportionally to a> from their horizon
entry until the end of the kination era.

LA B B L I 7/ S B
Il A=05 1

[ A=1 ]

—0.5 mm A=2 7

[ HEE RD(A=1) ]

-1.0F _

< [ A
i ]
g —1-0F ]
'_‘O 4
—20f ]
—25F -

PR ST SR NN T SR A [ SR SO T TN N S T S

logyo (f+/Hz)

FIG. 1. The posteriors for the NANOGrav 15-year results [5,7].
The power spectrum is given by Eq. (25). We take A = 0.5
(green), 1 (gray), and 2 (red) with 7.,y = 10 MeV. For com-
parison, we also show the posterior for the GWs induced during
the RD era with A = 1 (blue). The dark and light color regions in
the posteriors denote the 68% and the 95% credible regions. The
black dots correspond to the fiducial parameters taken to compare
the PBH abundances in the kination and the RD era cases in
Sec. III. Specifically, the black dot in the gray region corresponds
to log;gA = —2.3 and log,o(f,/Hz) = —7.6, which is used in
Fig. 2, and that in the blue region log;A =—1.3 and
log,o(f./Hz) = —7.6. As priors, we take the log-uniform dis-
tribution in the range [—11,—35] for f,/Hz and the log-uniform
distribution in the range [-5,0] for A. We used PTArcade
[106,107] with Ceffyl [108] to make this figure. The dark
radiation constraint is not imposed in this figure.

As long as the power spectrum of the curvature pertur-
bations is not sharply peaked (A Z 1), the resultant induced
GWs produced in a kination era have the f? IR tail. The
strength of the induced GWs has the parametric depend-
ence Qgw(f) ~A%f?/(fenafs). This is qualitatively the
same for other generic (nonsharply peaked) choices of the
functional form of P,(k). Because of this dependence,
there is degeneracy among parameters to fit the PTA data

_ f* 172 fend 172
Am8x 10— T )7( e
x (1 x107 Hz) \2.6x 10710 Hz

for f, > O(107%) Hz. (27)

We can see this relation in Fig. 1. Setting f, = fyyv and
combining the above relations, we obtain the maximal
value of A (or, equivalently, that of f,) for a given f,4. For
example, if we fix fo,q = 2.6 x 10719 Hz, the parameters
should be A < 1.3 x 1072 and, correspondingly, f, < 2.8 x
107 Hz to be consistent with the NANOGrav results.
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FIG. 2. The GW spectrum with log,gA =-2.3 and
log,o(f,/Hz) = —=7.6 (the black dot in the gray region in
Fig. 1). The gray violins are from the NANOGrav results [7].
The lowest frequency of the black line corresponds to f.,q with
Teng = 10 MeV.

Figure 2 shows the GW spectrum for the fiducial parameter
values, log;yA = —2.3 and log,,(f,/Hz) = -7.6.

III. SUPPRESSION OF PRIMORDIAL BLACK
HOLE ABUNDANCE

In this section, we point out two reasons why the PBH
abundance is suppressed in our scenario.

The first reason is the reduction of the necessary
amplitude of the curvature perturbation to fit the PTA
data, as shown in Fig. 1. This is related to the enhancement
of the induced GWs by the redshift factor (aenq/an)?
relative to the kination fluid, where a.,y and a; denote
the scale factor at 7,4 and the horizon entry of the mode.
This implies that the necessary amplitude of the curvature
power spectrum to fit the PTA data is reduced by
(@ena/an)~". Since the PBH abundance is exponentially
sensitive to the inverse of the amplitude of the curvature
power spectrum, the PBH abundance in our scenario is
significantly reduced.

The second reason is a rise of the critical value J, in the
density perturbations for the PBH formation. The thresh-
old of overdensity for the PBH formation in a cosmo-
logical era with generic values of w(= ¢2) was studied in
the literature [89-92]. The pioneering work by Carr used
0. ~w, which shows the tendency that the critical value
increases as w increases. (However, a nonmonotonic
feature was found in Ref. [91] though it was not in
Refs. [90,92].) As summarized in Fig. 11 of the recent
work [92], there is substantial uncertainty (as in the
standard w = 1/3 case), but overall, we see 0.4 <6, <
0.75 for the case of w = 1. The PBH abundance is also
sensitive to this parameter; it is exponentially sensitive to
the square of §.. Due to this, the PBH abundance in our

scenario is further significantly suppressed compared to
the PBH formation in the RD era.

To discuss these points quantitatively, we introduce some
more formulas in the following. The PBH energy density
fraction at their formation, which can also be interpreted
(up to the factor y) as the PBH formation probability in each
Hubble patch, can be calculated with Carr’s formula (the
Press-Schechter formalism) [89]

— PPBH (M )

pM) Prot

form

- %Erfe <ﬁ%(zw)> , (28)

where the subscript ‘form’ denotes the value at the PBH
formation, ppgy(M) is the energy density of PBHs per
log M bin, y ~ ¢} with ¢, being the sound speed is the
fraction of the horizon mass that goes into a PBH, o(M)
is the coarse-grained density perturbations, and Erfc is
the complementary error function. In the era with
w(=c,) =1, y =~ 1. Although the dependence of f(M)

on P (k) could be approximately understood as S(M) ~
P (k(M)) 2 . :
\;Timscexp (—W) with a rough relation ¢%(M) ~
Pe(k(M)), we calculate o?(M) with a more specific
formula in this paper,

2w =3 [ L (L) w (I (0 Pl 09

where W(z) is a window function and 7 (¢, 1/(2k)) =
T(q/(2k)) [see Eq. (12)] is the transfer function in the
kination era evaluated at the Horizon reentry k = H.
For the window function, we take the real-space top-
hat window function, whose form in Fourier space is
given by

sin(gr) — (gr)cos(gr)
(qr)? ’

where r is the smoothing scale and we substitute r = 1/k.
In Eq. (29), we have used the relation between the density
perturbations and the curvature perturbations in comoving
slices, 6 = (8/3)(kn)>T (kn)¢ (see also Ref. [109] for the
expression in the superhorizon limit). From the appearance
of 6. and P, in the exponential factor in Eq. (28), we
confirm the above two reasons why the PBH abundance is
suppressed significantly.

The relation between the PBH mass M and the corre-
sponding wave number k of the perturbations that produce
the PBH is given by

W(gr)=3 (30)
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k= (aH)lorm
Horm 2/3
= (1 - Qr(”end,—))l/6 (Hf—> (aH)|end
end
o (Gonas \ TV (Ga i\
=7.1x 107 Mpc~! :
A Ape T (10.75) 10.75

MH —2/3 TendHr -1/
10, 10 MeV

* (%) " (31)

where this equation is valid for both the cases with/without
the entropy production. For the case with the entropy
production, we have assumed that the entropy production
occurs instantaneously at 7,,4 and we denote the time
just before and after the entropy production by #.,q_ and
Nend.+- Note that the subscript ‘end, 4’ denotes the value at
Nend.+- On the other hand, for the case without the entropy
production, which is the main focus of this paper, we set
NMend+ = Mend,— = Mend = Meq kin- 1N this equation, we have
assumed k > k.,q and used the fact that a « H~'/3 in a
kination era and that the PBH mass M is related to the
horizon mass My = 4zM3/H via M =yMy. From
the above relation and the fact that the scale of k =
7.1 x 107 Mpc™" corresponds to the frequency of f =
k/(2r) = 1.1 x 1077 Hz, we see that the typical mass of
the PBH is O(10~")My for our fiducial parameter set
in Fig. 2.°

The differential PBH abundance relative to the cold dark
matter fpp(M) = ppeu(M)/pcom is

Qo Jend+ 9o
Qcpmo ng génd,+
% Tendt 1 = (Mena,-)

Teq Q1' (”end +)

4'71-1‘/1P1 T g/end +Tgnd + -1/ Qm,O
My 90M3,

freu(M) :/}(M)(aend>3

Aform

= pM)

QCDM,O

% 5/e;nd,+ géq end + (1 - Qr(”]end,—)) 12
ggq génd,.t,_ Teq Qr(”end.+) ’

(32)

®The possibility that the induced GWs associated with much
smaller PBHs explain the PTA signals was considered in
Ref. [110] and studied more in Ref. [111] based on the poltergeist
mechanism for GW production [99,112] assuming instantaneous
evaporation of PBHs. It will be interesting to see if the PTA
signals could be explained even after taking into account
suppression effects [99,113] during a noninstantaneous transition
from the matter (PBH) dominated era to the RD era in this
scenario because these suppression effects always exist even in
the case of the monochromatic PBH mass function [99].

where Qy o = px.0/Proro [X = m (nonrelativistic matter) or
CDM (cold dark matter)] is the current fractional energy-
density abundance of a cosmological component X and the
subscript ‘eq’ means the value at the matter-radiation
equality (at z.q =~ 3400 with z the redshift). Compared to
the standard expression in the case of PBH production
in the RD era, we have a power enhancement factor
(aend/aform)S(Tend/Tform) ~ (aend/aform)z- However, ﬂ(M)
is exponentially suppressed as we discussed above. The
total PBH abundance is obtained by integral of fpgy

SeBH = j]/‘l/lj_cPBH( ) (33)

Let us demonstrate that the PBH abundance is signifi-
cantly suppressed in our scenario. From the above dis-
cussion, the two most important parameters are the critical
density 6, and the magnitude of P, i.e., the amplitude A.
As a fiducial parameter set, we take log;pA = —2.3 and
logo(f,/Hz) = =7.6, which is in the 68% credible region
in Fig. 1 (the black dot in the gray shaded region). In this
case, we find

=5 (6.=04)
-13 (6. =0.5)

logo fpeH = 22 (5. =0.6) ) (34)
=33 (6.=0.7)

for A=1 and T,y = 10 MeV, where we reported the
values in logarithm since the uncertainty of the exponent
propagates substantially. Thus, even for a conservative
choice of §, in the universe with w = 1, the PBH abundance
is significantly suppressed. For comparison, if we take
logigA = —1.3 and log,o(f./Hz) = —7.6 in the RD era
case as a conservative choice [the black dot around the edge
of the 95% credible (light blue) region in Fig. 1], we obtain
log o fpeu =~ 5 with the same formulas in Ref. [75] except
for the window function, for which we use Eq. (30) instead
of the Gaussian window function.” This shows that the
existence of the kination era helps avoid the PBH over-
production, which occurs in the RD era case. The plots of
Jfpeu for other values of A and &, are shown in Fig. 3. Note
that some parameters in Fig. 3 are extreme; for example,
logigA = —1.5 for f, < fyv is too large at more than the

"This is because the setup in Ref. [75] does not necessarily lead
to the PBH overproduction unlike that in Ref. [43], which points
out the possibility of the PBH overproduction with the use of the
real space top-hat window function, Eq. (30). For example, if we
adopt the Gaussian window function [W(gr) = e@)"/2] as in
Ref. [75], we obtain log;, fpgy = —55 with o, = 0.4 for the
kination era and log,o fpgy = —20 with the same setup in
Ref. [75] for the RD era, where the other fiducial parameters
are the same as in the main text. Thus, the PBH abundance is
further suppressed, strengthening our conclusion.
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Dependence of the fraction of dark matter in the form of PBHs fpgy on the amplitude of the power spectrum of the curvature

perturbations A (left panel) and the critical density of PBH formation &, (right panel). In the left panel, §. = 0.2 (blue), 0.3 (orange),
0.4 (green), 0.5 (red), 0.6 (purple), 0.7 (brown), and 0.8 (pink) from top to bottom. In the right panel, log;; A = —2.5 (blue),
—2.3 (orange), —2.1 (green), —1.9 (red), —1.7 (purple), and —1.5 (brown) from bottom to top. In both panels, the dashed (parts of the)
lines correspond to §, < 0.4. Other parameters are fixed to A = 1, T,q = 10 MeV, and log,y(f,/Hz) = =7.6.

20 level in view of Fig. 1. We nevertheless include such
values too to show the scale of the uncertainty of fpgy (or
the sensitivity of fpgy on A).

So far, we have focused on the dependence of fpgy on A
(or the correlated parameter f,) and &, but let us comment
on the dependence on the other parameters A and 7.
Since we discuss the IR tail of the induced GWs, the precise
value of A is unimportant for sufficiently large values of f,
unless A < 1, which can be seen in Fig. 2. On the other
hand, the dominant effect of changing 7.,q is through
changing the value of A as shown in Eq. (27). Since a lower
(higher) T.,q means a longer (shorter) kination era, it leads
to a smaller (larger) amount of PBHs.

We also comment that, in our analysis for the PBH
abundance, we do not take into account the effect of the
nonlinear relation between the density perturbations and
the curvature perturbations [114-116]. This nonlinear
relation leads to an intrinsic non-Gaussianity that decreases
the PBH abundance with the curvature amplitude fixed,
which strengthens our conclusion.

IV. CONCLUSIONS

In this paper, we have studied the GWs induced from
curvature perturbations in a cosmological era with w = 1
such as kination. In such a scenario, generic (not excep-
tionally narrow) power spectra of the curvature perturba-
tions whose tilt is n, > 1/2 on the PTA scales but is
ng < 1/2 on the adjacent smaller scales lead to the
Qgw ~ f? scaling at the IR tail of the induced GW spectrum
on the PTA scales (see Sec. Il A). The IR tail nicely fits the
recent PTA data. Also, the rapid redshift of the kination fluid
leads to the relative enhancement of the induced GWs.
Thanks to this effect, the required amplitude of the curvature
perturbations is reduced. Moreover, the critical value of the

density perturbation for PBH formation is larger than that in
the RD era. These two effects exponentially suppress the
PBH abundance in our scenario. We have confirmed that the
PBH abundance is suppressed by tens of orders of magni-
tude compared to the standard case, i.e., the PBH abundance
associated with the GWs that are induced in the RD era and
fit the NANOGrav data.

While the uncertainty of the spectrum of the induced GWs
is relatively small as it is based on perturbative physics,8
the uncertainty of the PBH abundance is huge as the PBH
formation is completely nonperturbative physics. We have
taken almost the simplest method to compute the PBH
abundance to clearly show the basic ideas of the suppression
mechanisms. It will be interesting to improve the calculation
method in our scenario to estimate the more accurate and
precise PBH abundance, which becomes important when
we discuss the observability of the PBHs through the
microlensing [131-133] and/or the GWs from their mergers
[75,134]. We leave it for future work.

Another direction for future work is to study concrete
and realistic particle physics models to realize kination. For
example, kination of an axion(like) field is an interesting
possibility since it is related to the dark matter abundance
(kinetic misalignment) [135,136], baryon asymmetry of the
Universe (axiogenesis) [88], and possible enhancement of
the induced GWs (axion poltergeist) [97].

In conclusion, the secondary GWs induced by curvature
perturbations in a cosmological epoch with w =1 can

$For possible corrections, see Refs. [63,117-125] for the
effects of primordial non-Gaussianity of curvature perturbations,
Refs. [47,126,127] for changes of the equation-of-state parameter
and sound speed in the standard thermal history of the early
Universe, Refs. [48,128—-130] for the third-order effects in the
cosmological perturbation theory.
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fit the latest PTA data without the PBH overproduc-
tion issue.
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