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Ultralow mass primordial black holes in the early Universe
can explain the pulsar timing array signal
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Pulsar timing array collaborations have recently announced the discovery of a stochastic gravitational
wave (GW) background at nanohertz frequencies. We analyze the GW signals from the domination of
ultralow mass primordial black holes (PBHs) in the early Universe and show that they can explain this
recent discovery. This scenario requires a relatively broad peak in the power spectrum of scalar
perturbations from inflation with a spectral index in a narrow range of 1.45-1.6. The resulting PBH
population would have mass around 10® g, and the initial abundance §; lies between 1070 and 10~°.
We find that this explanation is preferred by the data over the generic model, assuming supermassive
black holes as the source. These very light PBHs would decay before big bang nucleosynthesis;
however, upcoming third-generation terrestrial laser interferometers would be able to test the model by
observing the GW spectrum produced during the formation of the PBHs. Also, the scalar power spectra
associated with our scenario will be within the reach of PIXIE probing cosmic microwave background

spectral distortions.
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I. INTRODUCTION

In a recent data release, multiple pulsar timing array
(PTA) experiments have reported evidence for a sto-
chastic gravitational wave background (SGWB) including
NANOGrav [1,2], EPTA (including the data from
InPTA) [3,4], PPTA [5,6], and CPTA [7]. The most obvious
explanation for such a background would be from super-
massive black hole binary mergers. However, at this stage,
it is impossible to determine whether the origin is astro-
physical [8—10] or if this is one of the possible signals from
the early Universe [11,12]. Cosmological SGWB sources
discussed in the literature to explain NANOGrav include
the SGWB from the massive primordial black hole (PBH)
formation models [13-22], PBH mergers [23,24], cosmo-
logical phase transition [25-32], cosmic strings and domain
walls [33-43], models of axion inflation [18,44,45], and
blue-tilted inflationary tensor spectrum [46—49], etc.

In this paper, we study a scenario wherein a peaked
spectrum of inflationary first-order scalar perturbations
leads to the formation of ultralow mass PBHs in the post-
inflationary radiation-dominated Universe. These PBHs
overcome the radiation energy density after some time
and dominate the expansion history of the Universe until
they evaporate due to Hawking radiation. As PBHs in such
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a scenario evaporate and contribute to subsequent radiation
domination (RD) far before the big bang nucleosynthesis
(BBN), the later dynamics leading to cosmic microwave
background (CMB) are not altered. Yet, a PBH-dominated
era can lead to a resonant amplification in the SGWB [50].
Earlier works studied such mechanisms of SGWB
generation both for inflationary adiabatic scalar power
spectrum [51] and isocurvature-induced adiabatic scalar
perturbations contributed by PBH density fluctua-
tions [52-54] (also see [55] explaining the NANOGrav
signal in this context), which leads to a doubly peaked
SGWB spectrum [56,57]. Here we consider an integrated
picture with a peaked inflationary scalar power spectrum
appropriate for PBH formation in the corresponding mass
range and abundance and find that the resulting resonant
SGWRB has the potential to explain the recent PTA signals.

II. PBH FORMATION FROM AMPLIFIED
INFLATIONARY SCALAR POWER SPECTRUM

Many inflationary models have been proposed to pro-
duce an appropriate amplification in the small-scale scalar
perturbations, leading to the formation of PBHs in the post-
inflationary era. These amplified perturbation modes col-
lapse when they reenter the horizon during the RD [58-60]
or the reheating era [61].

Here we will focus on the formation of ultralow mass
PBHs, which would have evaporated before BBN due to
Hawking radiation [62]. We assume the formation of these

© 2023 American Physical Society
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PBHs (Mpgy < 10° g) during the early radiation domina-
tion (eRD) era from an amplified inflationary power
spectrum, subsequent PBH domination, or early matter
domination (eMD) and their evaporation leading to stan-
dard RD. Such a scenario requires a peak in the inflationary
power spectrum at a very small scale. In single field
inflation for potentials with a local extremum [58—60] or
for varying sound speed [63—65], it is possible to generate a
large enhancement of the scalar perturbations. We model
this peak in the inflationary scalar power spectrum as a
broken power law,

k < kg,
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where we take the scalar spectrum amplitude A; =
2.1 x 107, scalar index n; = 0.965, and pivot scale k, =
0.05 Mpc~! from Planck 2018 data [66]. The value of A,
and kp, determines the height and location of the peak
and thus the abundance and mass range of produced
PBHs, while n reflects the slope of the blue-tilted part
of the power spectrum, with a theoretical upper bound,
ny <5 [67-69].

For PBHs forming in RD, their mass can be related to the
horizon mass of that time as

4 yp

MPBH<k) =yMy = 3 F

; (2)

k=aH

where we took into account the appropriate efficiency
factor y % 0.2 [70]. The initial PBH mass fraction can be
estimated as

1 5,
e e

Here we use the simple Press-Schechter formalism for
estimating PBH initial mass fraction /3, with critical density
contrast 5. and the variance of the density contrast o3
coarse grained at a comoving scale R [60]. It is important to
note that /3 is exponentially sensitive to the peak height of
the scalar power spectrum (Ag), which makes it necessary
that one chooses a fine-tuned value of A, to avoid
negligible or too large production of PBHs. This fine-
tuning problem is generic when considering the PBH
formation in RD [71].

The estimation of f; involves many uncertainties, as
discussed in Appendix B of [60]. One of them concerns the
value of the critical density contrast d,.. This threshold, in
principle, should depend on the shape of the assumed
power spectrum of curvature perturbations [72,73]; how-
ever, for simplicity, we use a constant analytical value for §,.
derived in [70]. Moreover, non-Gaussian effects can also

prove to be quite important in the computation of the PBH
abundance. While the PBH forming models typically pre-
dict a highly non-Gaussian tail for the curvature perturba-
tion distribution, another source of non-Gaussianity is the
nonlinear relationship between density contrast and curva-
ture perturbation [74,75]. As we do not consider any parti-
cular inflationary model here, the more accurate estimation
of the combined effects of non-Gaussianities from both
these origins is outside the scope of this paper, and we leave
it for future work.

The PBHs act as nonrelativistic matter whose relative
energy density grows proportional to the scale factor during
eRD. Thus, ultralow mass PBHs produced during eRD at
conformal time 7 = 7, can dominate the Universe at 7 = 7,,
before PBH evaporation at 7 = z,. The comoving horizon
sizes at those different transition points can be expressed in
terms of PBH mass Mpgy and the initial abundance §; [56],

1 Mg\ 32
k, = —m2.1x 10%%) Mpc™!,  (4)
10% g
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We quantify the duration of PBH domination with the ratio
of conformal times at the end and the start of PBH domi-
nation, Ty = 7,/7,,.

III. EVOLUTION OF FIRST-ORDER SCALAR
PERTURBATIONS AND RESULTING SGWB

The SGWB generated at the time of formation of
massive PBHs due to the amplified scalar perturbations
sourcing the tensor perturbation at second order is the
most popular mechanism, discussed extensively in the
literature [11,13,14]. In the case of ultralow mass PBHs,
SGWB associated with PBH formation would peak at a
very high frequency, which is incompatible with the
NANOGrav frequency band (=10~° Hz), but the resonant
SGWB, generated during the very onset of RD, due to the
nontrivial evolution of first-order scalar perturbations dur-
ing eMD, can lead to an SGWB amplification around
NANOGrav frequency.

The existence of two nontrivial phases before standard
RD determines the evolution of scalar perturbation modes,
which reenter the horizon during eRD and eMD. While
the amplitude of first-order scalar perturbation modes,
which reenter the horizon during eRD, are suppressed
rapidly [76], the modes reentering the horizon during eMD
stay nearly constant. These constant subhorizon modes
oscillate rapidly with high frequency and amplitude once
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the RD era starts, leading to resonant amplification in the
SGWB [50].

The energy density per logarithmic k interval Qgw (7, k)
for the second-order SGWB sourced by first-order scalar
perturbations can be expressed as

1 ) 1+v 41}2 _ (1 + 1)2 _ M2)2 2
Qew (7, k :—/ dv/ du( )

x I%(v, u, x)Pr (kv)Pr (ku). (7)

For the SGWB from PBH formation, the last two terms are
the inflationary scalar perturbation spectra (at 7 = z;) and
the kernel Z? =%y, refers to the evolution of scalar
perturbation modes during eRD, and x = k7 is a dimen-
sionless time variable. On the other hand, for the resonant
SGWB generated during RD, the last two terms are the
first-order scalar perturbation spectra at the very start of
RD and 7% =73, comes from the evolution of first-
order scalar perturbation modes during RD [51,77].
Using Eq. (7), we estimate SGWB from PBH formation
Qlom(z, k) at 7 = 7, and resonant SGWB, Q%% (7;, k) at
7 = 1;, which corresponds to a late time during RD, by
which time the scalar perturbation source stops contributing
to the kernel. During eRD, we can use the pure RD
expressions for the kernel [78,79],

ngD(v, u,x = o)

1 (3(u2 +0v? — 3))2

2 433

x {(‘4”” + (u? + 2 = 3) log % )2
+ 22 (u? +1* =3)*0(u+ v — \/§)] ) (8)

Because of the presence of an eMD before the late RD
phase, the expression of Z%, is more involved. As we limit
ourselves to a finite duration of PBH-dominated era
(r,, < 1,), we can take the scale factor during RD agp
(r —7,/2) [56] and use the expression for Z%, derived in
Appendix A of our earlier work [77], where the peculiar
velocities of PBHs are assumed to have negligible con-
tribution in comparison to other terms. It is important to
note that this expression is more general and can be reduced
to pure RD expression in the limit 7z, — 0, as shown in
Appendix A of [77].

The next step is to estimate the present day (z = 7))
value of Qg for both cases,

QfGo\r’{/n<TO7 k) = (Ctll_m> CQQr.OQfG()\r’{/Il(Tnz’ k)’ (9)

r

Q6w (0. k) = ¢, Q05w (71, k). (10)

where Q, is the present radiation energy density, and
c,~ 0.4 if we take the number of relativistic degrees of
freedom to be ~106.7 [78]. The extra factor in Eq. (9), the
ratio of scale factors a,,/a,, comes from the dilution of the
SGWB energy density during the PBH-dominated era.

When the PBH domination or eMD starts, scalar modes
with comoving wave number k, < k < k,, reenter the
horizon during eMD and stay nearly constant. As a result,
at the start of RD, we get the scalar spectra retaining their
inflationary shape for comoving wave number k < k,,,
while for k > k,, part of the power spectra gets significantly
suppressed, setting a cutoff scale around k = k,,. Thus, in
the case of broad inflationary power spectra, where the tail
part of the peak continues below k < k,,, the resultant
scalar power spectra at the start of RD contain a blue-
tilted amplified region (shown in the left panel of Fig. 3),
which, in turn, leads to a higher amplification in the
resonant SGWB spectra, comparable with NANOGrav
15 yr observation. To estimate the resonant SGWB, we
assume the transition from PBH domination to RD to
be nearly instantaneous and follow the formalism devel-
oped in [50]. It is interesting to note that, in this resonant
amplification scenario, both the duration of the eMD and
the amplitude of scalar power spectra at the start of eMD
play important roles in determining the resultant SGWB
spectra.

Prolonged duration of eMD can lead to density contrast
of O(1) and, in such a scenario, the estimation of SGWB
based on linear order scalar perturbations on small scales
(k Z kyontinear) might become inaccurate [51,80]. This also
opens up the possibility of another population of PBHs to
form during eMD; however, recent investigations taking
into account the velocity dispersion generated during a
nonlinear era [81] suggest that their abundance would be
negligible.

IV. SIGNAL ANALYSIS

Next, we will quantify how well our resonant SGWB
originating from broadly peaked inflationary scalar pertur-
bations can explain the PTA observations. We use the
NG15 dataset [1,82] and version B of the IPTA2 data-
set [83,84]. Our Bayesian analysis of both IPTA2 and
NGI15 data rely on PTArcade [85] in ENTERPRISE [86] mode
without Hellings and Downs [87] correction. Given the
observed PTA data D, using the Bayes theorem, we can
express the likelihood function in terms of the posterior
distribution P(@|D) for model parameters 6,

P(DI6)P(6)

POID) ==

(11)

Here, P(6) denotes the prior distribution, while P(D) is the
marginal likelihood, used as a normalization constant so
that the integration of the posterior distribution is unity.
We estimate the marginal likelihood for PTA data (D), in
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support of model Y, versus model X, with the Bayesian
factor,

BFy y = P(D|Y)/P(DIX), (12)

and use GetDist [88] to plot the results. We confine ourselves
to 14 and 13 frequency bins of the NG15 and IPTA2
datasets to avoid pulsar-intrinsic excess noise. We simulta-
neously analyze the supermassive black hole binary
(SMBHB) model, with theoretical priors [85] as model
X, the reference model for our Bayesian analysis. For
modeling the SMBHB parameter priors, we have chosen
the smbhb = True option in PTArcade, Which adds the
expected signal produced by SMBHBs modeled as

2712 A2 f 5-7BHB
0 <f>=ﬁ(—_) 2 (13)
oW 3HZ  \yr!

Particularly, we use the bhb_th_prior = True option and
choose a 2D Gaussian prior for yggg and Agyg, derived by
performing a power-law fit to the simulated SMBHB
populations [11,85].

We use the PBH mass Mppy, PBH domination duration
Tra» and the slope of the blue-tilted part of the scalar spectra
ny as input parameters for our Markov chain Monte Carlo
(MCMC) runs. We also obtain f3 as a derived parameter, a
function of Mpgy and 7. The Mpgy and S, determine the
peak wave number k, associated with the PBH formation
peak, as discussed in Eq. (6). Thus, the inflationary power
spectrum is determined by this peak value k. = ky, the
slope of the blue tilted part n(, and the height of the peak
Ay, which is determined using Eq. (3) to get the corre-
sponding value of ;.

One interesting point in this context is the effect of the
chosen PBH collapse criteria. The calculation of f; from
the scalar power spectra is exponentially sensitive to this
choice. Thus, after fixing the primordial scalar spectra, one
would expect a large uncertainty in the resonant gravita-
tional wave (GW) production due to the uncertainties in
the estimated f;, as f; determines the duration of PBH
domination and the resonant SGWB is highly sensitive to
this duration. However, our analysis traces this path from
the opposite direction (as shown in Fig. 2), leading to a
suppressed sensitivity toward the uncertainties in PBH
formation conditions. Our input parameters are the PBH
mass Mpgy and the duration of PBH-dominated era 7,
which determine the required PBH abundance $; [56,57].
Using f, we determine the height of the scalar power
spectra parameter A,. While the calculation of 3 from Ay is
exponentially sensitive to the value of §,., that is simply not
the case for the inverse calculation (from f; to Ag). For a
fixed 3, the variance of density contrast o, is only linearly
sensitive to the changes in J,., and thus the changes in PBH

collapse condition can only lead to small changes in Ay and
resulting Qgw-

During the data analysis, we carefully consider the
following theoretical and observational bounds and exclude
the inconsistent regions of parameter space.

(i) PBH evaporation bound. Depending on initial
PBH abundance and mass range, PBHs can either
dominate the Universe briefly or evaporate before
they can dominate. We set 7, > 1 to avoid the
parameter region where PBHs evaporate before they
can dominate.

(i) ANy bound. GWs generated before BBN act as an
extra relativistic component, which both BBN and
CMB observations severely constrain in terms of the
effective number of neutrinos AN [89,90], thereby
restricting our parameter space,

Qawh?|peaic 6.9 x 107°. (14)

(iii) Bound from CMB scales. We limit our parameter
search to the region where the scalar spectrum is
unaffected at CMB scales. We ensure that, at
k=1 Mpc~!,

k\ ns—l k O\ no—1
A, <—> > Ay (—) . (15)
kp kpk

Figure 1 shows the results of our scan over the model
parameter space for priors described in Table I. We find a
good fit to the NANOGrav data for the PBH mass Mppy

IPTA DR2
Il NANOGrav 15yr

9.0

—95F

logy0(By)

—10.0 |

A ‘ ‘

-V 1 °®

! ! ! ! !
7.5 8.0 8.5 -10 -9 1.4 1.5 1.6

logyo(MppH/9) logy0(8y) ng

FIG. 1. Triangular plot from the MCMC runs for our model
parameters with NANOGrav 15 yr (blue) and IPTA DR2
(orange).
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TABLE 1. Parameter priors used in the Bayesian analysis of this
work.

Parameter Description Prior
10g10(1"€PZH) PBH mass in log scale Uniform [7.5, 8.5]
Trat Duration of PBH domination Uniform [100, 300]
no Tilt of the scalar spectra Uniform [1.4, 1.6]
TABLE II. Mean and 68% confidence interval values from the

probability distribution of ultralow mass PBH model parameters.

Posterior mean

Model Parameters NG15 IPTA2
Ultralow mass 10g10(A/11PBgH) 7.9970-12 8.117°0%
PRHmodel ogy(p) o570 969792
" LSO3OE 15077080
TABLE III. Bayesian factors BFy y with values exceeding 1

show support for model Y with respect to model X. We can see
that ultralow mass PBH model-induced resonant SGWB is
favored with respect to SGWB from mergers of SMBH binaries
in NG15 and IPTA2 data.

BFqu
Model X Model Y NG15 IPTA2
SMBHB  Ultralow mass PBHs 18.00 +1.75 3.31 +£0.09
Ty gy

100?

1074L

Pr

107 .
1078 E
10710 4
; fRT | N mmi vobul ol vomd vood vood ol 3o vl 3wl \Lmu‘ vl vl cod vl ol
1 10* 108 10'2 10'6 10%°
k(Mpc™)
FIG. 3.

kfa km, kr ﬂf

<=

FIG. 2. A schematic view of the steps involved in our analysis.

between 6.9 x 107 and 1.3 x 10® g, while the abundance
B; lies between 2.0 x 10710 and 3.8 x 107'* with the
spectral index ny in a narrow range of 1.48-1.53. The
results for IPTA are similar, with the ranges slightly
increased. The mean values of Mpgy, ny, and 3, obtained
from the scan are specified in Table II and the Bayes factor
with respect to the SMBHB model in Table I1I. We find the
Bayes factor larger than unity for both the NG15 and IPTA2
datasets.

In the left panel of Fig. 3, we display the inflationary
scalar power spectra with orange lines for the posterior
mean values from our scan with NANOGrav 15 yr dataset
(see Table II). The spectrum is within reach of PIXIE [94]
and super-PIXIE [96], which could verify our scenario in
the near future [95].

10—12%

10—14%

E )
10716 FRETTT ERTITYY EERAE T MU MAETITY R ETTT M QYT MRS I MR TIT MR T ST M
-8 -6 —4
10 10 10 0.01 1 100

f1Hz]

Left: the time evolution of first-order scalar power spectrum P, at the end of inflation, 7 = 7, (dashed) and at the start of RD

7 = 7, (solid) for the posterior mean values from our scan with NANOGrav 15 yr data. We also added the CMB spectral distortion bound
from FIRAS [91-93] and projected sensitivity for future measurements like PIXIE [94,95]. Right: associated SGWBs: SGWB generated
during eRD from PBH formation (dashed) and resonant SGWB generated at the very start of RD due to the nontrivial evolution of scalar
perturbations during eMD (solid). The vertical lines refer to the comoving horizon sizes at the start of PBH domination k,,, the start of
RD after PBH evaporation k,, and at the time of PBH formation k = k.
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In the right panel of Fig. 3, we show the GW spectra
associated with the same inflationary power spectrum as
well as projected sensitivities of LIGO/Virgo/KAGRA
(LVK) [97-99] at the end of its operation, the Einstein
Telescope (ET) [100,101], LISA [102-104], the Nancy
Roman telescope (ROMAN) [105], and two atom inter-
ferometry experiments AION [106] and AEDGE [107].
The gray violins show the recent NANOGrav data [1,2]
with some of the widest bins that do not contribute very
significantly to the fit omitted for clarity. We see that the solid
orange line, associated with the resonant peak produced by
our scalar perturbation spectrum, fits the PTA data very
well and would be within reach of astrometry experiments
such as the Nancy Roman Telescope. The dashed lines
represent second-order SGWB associated with the produc-
tion of PBHs. As we see, the third-generation terrestrial
laser interferometers, such as the ET [100,101] or Cosmic
Explorer [108], will be able to probe our scenario as
expected [109]. We also verified the same holds for all the
points in our scan; they are all within reach of the ET, but not
any of the other indicated experiments.

The detection of this second SGWB peak or the PBH
formation peak can play a very crucial role in identifying
the curvature power spectrum in the broader k range. For
example, if we take an optimally chosen power law for
k < k,, with a sharp peak at k ~ k;, we can obtain identical
results for the resonant SGWB peak satisfying PTA data.
However, this degeneracy can be easily broken with the
PBH formation peak, as both the shape and the amplitude
of the PBH formation peak would change significantly if
we consider a different form of the scalar power spectra
near k ~ kj.

V. DISCUSSION AND FUTURE PROSPECTS

The recent detection of SGWB in PTAs has triggered an
intensive search for possible cosmological sources that
can explain the signal. In this context, the second-order
SGWB generated during the formation of comparatively
massive PBHs has been considered in the literature
already [11,13,14]. In this paper, we focus on the resonant

SGWB associated with the domination of ultralow mass
PBHs in the early Universe. In particular, we assume a
broadly peaked inflationary scalar power spectrum leads to
the formation of the PBHs that dominate the expansion
briefly before evaporating. The nontrivial evolution of
scalar perturbations during that period contributes to the
resonant amplification of SGWB upon return to RD. We
find that this background can adequately explain the
observed NANOGrav signal. We compare our ultralow
mass PBH scenario with the SMBHB merger model and
find Bayesian evidence in favor of our model for NG15 and
IPTA2 datasets.

While the resonant SGWB in the scenario we consider is
consistent with the PTA observations, there are also two
other methods to verify this possibility. First, the SGWB
associated with the formation of these ultralow mass PBHs
would be within the reach of third-generation terrestrial
laser interferometers such as the ET, as shown in the right
panel of Fig. 3. Second, the CMB spectral distortion probes
like PIXIE [92,94] would be able to probe the broadly
peaked inflationary scalar spectra scenario in the near
future [95], as we show in the left panel of Fig. 3.
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