PHYSICAL REVIEW LETTERS 131, 201401 (2023)

Editors' Suggestion

Recent Gravitational Wave Observation by Pulsar Timing Arrays and Primordial Black
Holes: The Importance of Non-Gaussianities

. . .. ]’2’* . . . ]’2’3; .
Gabriele Franciolini®, Antonio Junior Iovino®, " Ville Vaskonen,

3,4,5,%

* and Hardi Veermie®™*

lDipartimenza di Fisica, “Sapienza” Universita di Roma, Piazzale Aldo Moro 5, 00185 Roma, Italy
2INFN sezione di Roma, Piazzale Aldo Moro 5, 00185 Roma, Italy
*National Institute of Chemical Physics and Biophysics, Réivala 10, Tallinn, Estonia
4Diparl‘imem‘o di Fisica e Astronomia, Universita degli Studi di Padova, Via Marzolo 8, 35131 Padova, Italy
SINFN sezione di Padova, Via Marzolo 8, 35131 Padova, Italy

® (Received 4 July 2023; accepted 19 September 2023; published 13 November 2023)

We study whether the signal seen by pulsar timing arrays (PTAs) may originate from gravitational waves
(GWs) induced by large primordial perturbations. Such perturbations may be accompanied by a sizable
primordial black hole (PBH) abundance. We improve existing analyses and show that PBH overproduction
disfavors Gaussian scenarios for scalar-induced GWs at 20 and single-field inflationary scenarios,
accounting for non-Gaussianity, at 3¢ as the explanation of the most constraining NANOGrav 15-year data.
This tension can be relaxed in models where non-Gaussianities suppress the PBH abundance. On the flip
side, the PTA data does not constrain the abundance of PBHs.
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Introduction.—The observation of a common spectrum
process in the NANOGrav 12.5-year data [1] sparked
significant scientific interest and led to numerous interpre-
tations of the signal as potentially a stochastic gravitational
wave background (SGWB) from cosmological sources,
such as first order phase transitions [2—-13], cosmic strings
and domain walls [14-26], or scalar-induced gravitational
waves (SIGWs) generated from primordial fluctuations
[27-47] (see also [48]). Consequently, observation of the
common spectrum process was reported by other pulsar
timing array (PTA) collaborations [49-51]. The recent PTA
data release by the NANOGrav [52,53], EPTA (in combi-
nation with InPTA) [54-56], PPTA [57-59], and CPTA [60]
Collaborations, shows evidence of a Hellings-Downs pat-
tern in the angular correlations which is characteristic of
gravitational waves (GWSs), with the most stringent con-
straints and largest statistical evidence arising from the
NANOGrav 15-year data (NANOGrav15). The analysis of
the NANOGrav 12.5 year datarelease suggested a nearly flat
GW spectrum, Qg (71293 at 14, in a narrow range of
frequencies around f = 5.5 nHz. In contrast, the recent
15-year data release finds a steeper slope, Qgw o (1324 at
1o (see Fig. S2). Motivated by this finding, a new analysis is
necessary to explore which SGWB formation mechanisms
can lead to the generation of a signal consistent with these
updated observations.

As reported by the NANOGrav Collaboration [61], an
astrophysical interpretation of the signal [i.e., as SGWB
emitted by supermassive black hole (SMBH) mergers]
requires either a large number of model parameters to be
at the edges of expected values or a small number of
them being notably different from standard expectations.
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For example, the naive Q « /3 scaling predicted for
GW-driven SMBH binaries is disfavored at 26 by the latest
NANOGrav data [61,62]. However, environmental and
statistical effects can lead to different predictions
[61-67]. Although the NANOGrav analysis indicated a
preference for a cosmological explanation [62], an astro-
physical origin cannot certainly be ruled out at the moment.

In this Letter, we consider the possibility that the recent
PTA data can be explained by the SGWB associated with
large curvature fluctuations generated during inflation. The
SIGWs are produced by a second-order effect resulting
from scalar perturbations reentering the horizon after the
end of inflation [68-74]. On top of SGWBEs, sufficiently
large curvature perturbations can lead to the formation of
primordial black holes (PBHs) at horizon reentry [75-79]
(see Refs. [80,81] for recent reviews).

In general, PTA experiments are sensitive to frequencies of
the SGWB associated with the production of PBHs near the
stellar mass range. The possibility of PBHs constituting all
dark matter (DM) is restricted in this mass range by
optical lensing [82—-87] and GW observations [88-93] and
accretion [94-100]. However, the merger events involving
binary PBHs can potentially account for some of the observed
black hole mergers detected by LIGO/Virgo, provided they
comprise O(0.1%) of DM [88-93,101-104]. Crucially,
requiring no PBH overproduction strongly limits the maxi-
mum amplitude of the SIGW from this scenario, as we will see
in detail.

Large primordial fluctuations are possible in a wide
range of scenarios including single-field inflation with
specific features in the inflaton’s potential [105-130],
the most common being a quasi-inflection-point, hybrid
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inflation [77,131-137] and models with spectator field, i.e.,
the curvaton [138-156]. Even if the models generate
similar peaks in the curvature power spectrum and thus
also similar SIGW spectra, they may vary in the amount of
non-Gaussianity (NG) which has a notable impact on the
PBH abundance. We aim to extend the analysis reported by
the NANOGrav Collaboration [62] by performing a state-
of-the-art estimate of the PBH abundance and, most
importantly, by considering in detail the impact of NGs
in various inflationary models predicting enhanced spectral
features.

Scalar-induced gravitational waves.—Scalar perturba-
tions capable of inducing an observable SGWB and a
sizeable PBH abundance must be strongly enhanced when
compared to the cosmic microwave background (CMB)
fluctuations. In the following, we aim to be as model
independent as possible and assume Ansitze for spectral
peaks applicable for classes of models.

A typical class of spectral peaks encountered, for
instance, in single-field inflation and curvaton models
can be described by a broken power law (BPL)

(a+p)
(B(k/ k)™ + a(k/ k)Y

PEPL(K) = A (1)

where a, f > 0 describe, respectively, the growth and
decay of the spectrum around the peak. One typically
has @ < 4 [157]. The parameter y characterizes the flatness
of the peak. Additionally, in quasi-inflection-point models
producing stellar-mass PBHs, we expect f 2 0.5, while for
curvaton models f# 2 2. Another broad class of spectra can
be characterized by a log-normal (LN) shape:

PEN(k) = A L exp (—Llnz(k/k*)) (2)

V27 2A?

Such spectra appear, e.g., in a subset of hybrid inflation and
curvaton models. We find, however, that our conclusions
are only weakly dependent on the details of peak shape.

The present-day SIGW background emitted during
radiation domination is gauge independent [158-161]
and possesses a spectrum

H2Qgw (k) = h;?’ <g—> <&> _%Ph(k), (3)

2 ) \ g%

where ¢, = g.,(Ty) and g, = g,.(T;) are the effective
entropy and energy degrees of freedom (evaluated at the
time of horizon crossing of mode k and at present day with
the superscript 0), while #’Q, = 4.2 x 107 is the current
radiation abundance. Each mode k crosses the horizon at
the temperature 7, given by the relation

> =T
k=15x10"Mpe™' (L) (= ) ([ 2E ) (4
P Ape (106.75> 10675) \Gev)w W

while corresponding to a current GW frequency

f:l6 nHz % .
10> Mpc

The tensor mode power spectrum is [162,163]

Py (k) =4/wdtllds{(t2%(lsz_sz)r
< TP <" I_Ts> Pe (kt 5 s) O

where the transfer function

2 _ 288(s% 4+ 12 — 6)? |:71'2
rs =

GEroL (s + 2= 6)20(1 - V3)

4
1_a_ Lo o 2 -3\
e _E(S + 15 —6)log Ty . (7

2

To speed up the best likelihood analysis, we assume perfect
radiation domination and do not account for the variation of
sound speed during the QCD era (see, for example,
[164,165]) which also leads specific imprints in the low-
frequency tail of any cosmological SGWB [166]. On top of
that, cosmic expansion may additionally be affected by
unknown physics in the dark sector, which can, e.g., lead to
a brief period of matter domination of kination [167-172].
Both SIGW and PBH production can be strongly affected in
such nonstandard cosmologies [173-178].

Equation (6) neglects possible corrections due to pri-
mordial NGs. This is typically justified because, contrary to
the PBH abundance which is extremely sensitive to the tail
of the distribution, the GW emission is mostly controlled by
the characteristic amplitude of perturbations, and thus well
captured by the leading order. In general, the computation
of the SGWB is dominated by Eq. (6) and remains in the
perturbative regime if A(3fx;/5)> < 1, where fy. is the
coefficient in front of the quadratic piece of the expansion
[see Eq. (11) below]. For the type of NGs considered in this
work, we always remain within this limit. Interestingly,
however, both negative and positive fy increase the SIGW
abundance, with the next to leading order correction
QNLO /Qaw x A(3fnL/5)? [179-187] (see also [188]).
We leave the inclusion of these higher-order corrections
for future work.

We perform a log-likelihood analysis of the
NANOGravl5 and EPTA data, fitting, respectively, the
posterior distributions for Qgyw for the 14 frequency bins
reported in Refs. [52,53] and for the 9 frequency bins [54],
including only the last 10.3 years of data. The results are
shown in Figs. 1 and 2 for the BPL and LN scenarios,
respectively. This analysis is simplified when compared to
the one reported by PTA collaborations, which fit the PTA
time delay data, modeling pulsar intrinsic noise as well as

201401-2



PHYSICAL REVIEW LETTERS 131, 201401 (2023)

(70205, 810°0)

SIGW-BPL
—— EPTADR2New
—— NANOGrav1lh

[(—0.867072, —0.49+017)

log;y A
No N, N, N
0 s Yo %

ol (@503, 453 38)

'
i

% @

v

x

o \% %%

>

o
-

>

v

3, N P <
PR AN /x-Q NS

logo(k+/Mpc™) log;g A o B el

2

(5.024472, 5,037 17

Y N & %

FIG. 1. Posterior for the parameters of a BPL model (1) for
SIGWs, assuming no other source of GWs is present in both
EPTA and NANOGrav15 data. The shaded regions in the off-
diagonal panels show 2D posteriors at the lo, 20, and 3o
confidence levels and the dashed lines in the 1D posteriors
indicate the 20 confidence level.

pulsar angular correlations. However, it provides fits
consistent with the results of the NANOGrav [62] and
EPTA [56] Collaborations and thus suffices for the pur-
poses of this Letter. We neglect potential astrophysical
foregrounds, by assuming that the signal arises purely
from SIGWs. Around A = O(1) or flat low k tails, the
scenarios considered here are also constrained by CMB
observations [189,190]. However, these constraints tend to
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FIG. 2. Same as Fig. 1, but for the LN model (2).

be less strict than PBH overproduction and we will neglect
them here.

It is striking to see that the posterior distributions shown
in Figs. 1 and 2 for both BPL and LN analyses indicate a
rather weak dependence on the shape parameters, which are
(a,fBy) and A, respectively, as long as the spectra are
sufficiently narrow in the IR, i.e., « 2 1.1 and A <2.1 at
20. This is because the recent PTA data prefer blue-tilted
spectra generated below frequencies of the SIGW peak
around k.

At small scales (k < k,), the SIGW asymptotes to [for
details, see the Supplemental Material (SM) [191] ]

Qaw(k < k,) o K[1 + Aln?(k/k)], (8)

where A and k = O(k,) are parameters that depend mildly
on the shape of the curvature power spectrum, see more
details in the SM. The asymptotic “causality” tail Qgw
k3 is too steep to fit the NANOGravl5 well, being
disfavored by over 30. However, this tension may be
relieved by QCD effects [166]. As a result, the region
providing the best fit typically lies between the peak and the
causality tail, at scales slightly lower than k, at which the
spectral slope is milder. Such a milder dependence can be
observed in the k,-A panel of Figs. 1 and 2, where A in the
1o region scales roughly linearly with k, indicating that
Qgw has an approximately quadratic dependence on k in
the frequency range relevant PTA  experiments.
Additionally, since k, > 2 x 107 at 20, the peaks in the
SIGW spectrum lie outside of the PTA frequency range.
This can also be observed from Fig. S2.

PBH abundance.—To properly compute the abundance
of PBHs, two kinds of NGs need to be taken into account.
First, the relation between curvature and density perturba-
tions in the long-wavelength approximation is intrinsically
nonlinear [200,201]:

oo 2 1\2 , o2 1
8(X, 1) = 3q)<aH> e {V C+2ai@i§]’ )
where a denotes the scale factor, H the Hubble rate, and @
is related to the equation of state parameter w of the
universe. For w constant, ® = 3(1 +w)/(5 + 3w) [202].
We have dropped the explicit X and ¢ dependence for the
sake of brevity. Therefore, even for Gaussian curvature
perturbations, the density fluctuations will inevitably
inherit NGs from nonlinear corrections (NL) [203-205].
Second, there is no guarantee that { is a Gaussian field—we
refer to such cases as primordial NGs. The relation

{(¥) = Fl¢o(¥)] (10)

between ¢ and its Gaussian counterpart g depends on the
physical mechanism that generates the enhancement of the
power spectrum at small scales. These NGs are generically
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independent of large-scale NGs constrained by CMB data
(e.g., [206]).

Often, a generic model-independent approach is to
consider the quadratic template

3
{={Cg +§fNLé%v (11)

with fyr, as a free parameter. However, in explicit PBH
formation models, the quadratic expansion may not be
sufficient. Therefore, we will also consider two specific
cases of F[{g(X)] in which the primordial NG can be
worked out explicitly. First, in quasi-inflection-point mod-
els of single-field inflation, the peak in P, arises from a
brief phase of ultraslow-roll followed by constant-roll
inflation dual to it [118,207,208]. In this case, the NGs
can be related to the large k spectral slope [209,210],

2 P
CZ—BIOg (1_§CG>- (12)
Second, in curvaton models [211,212],

Czlog[x(rdewCG)]’ (13)

where X (rge.) is a function of ry. [see Eq. (S7) in the SM
for details] which we take to be the free parameter in our
analysis. Curvaton self-interactions may modify the NGs
(see, e.g., Refs. [213,214]). We omit their contribution here
and leave such investigation for future work.

We follow the prescription presented in Ref. [215]
(see also [216]) based on threshold statistics on the
compaction function C. The prescription improves upon
the recent literature [217-233] by both including NL and
the full primordial NG functional form (10) nonperturba-
tively [234]. The total abundance of PBHs is given by the
integral (see, e.g., [118])

QPBH 1 / MH -1/2
=—= dinMy|—
e A

9 N 9 \7'( _PMpy)
x <106.75> (106.75> <7.9x 10—10>’ (14)

where Qpy = 0.264 is the cold dark matter density of the
universe and the horizon mass corresponds to the temperature

1
§ 9.\ T\
My(T,) = 4.8 x 10 2MO<10675> <$) . (15)

We compute the mass fraction f by integrating the joint
probability distribution function Pg

p= / K(C = o) Po(Co. Co)dCodls.  (16)
D

where the domain of integration is given by D =
{C(Cg,¢g) > Cin A Ci(Cg,Cg) < 2@}, and the compaction
function C = C; — C3/(4®) can be built from the linear C; =
CgdF/d{s component, that uses Cg = —2®Dr;. The
Gaussian components are distributed as

Ps(Cq. (c) = ' T -, (17)

The correlators are given by

4D [ dk
o2 =2 [T L e WAk, 1, P, (18a)
o Jy &
2D [ di
Ugr -5 —(krm)2W(k, rm)‘/Vs(k7 rm)Pg’ (18b)
3 )y &
w dk
03:/0 Wk, )P, (18¢)

with PI = T%(k,r,)P¢(k), and y., = o,/0.0,. We have
defined W(k,r,,), W(k,r,), and T(k,r,) as the top-hat
window function, the spherical-shell window function, and
the radiation transfer function, computed assuming radiation
domination [231,236].

In this Letter, we have followed the prescription given in
Ref. [237] to compute the values of the threshold Cy, and
the position of the maximum of the compaction function
r» which depend on the shape of the power spectrum. The
presence of the QCD phase transitions is taken into account
by considering that y(My), K(My),Cy(My) and ®(My)
are functions of the horizon mass around Mpgy = O(Mg)
[93,238]. We give more details in the SM.

The effect of NGs is illustrated in Fig. 3 for a BPL model
with f =3, a =4, and y = 1. We find this scenario to be
one of the more conservative ones, that is, changing the
shape parameters or switching to an LN shape would yield
similar or less optimistic conclusions for SIGW explan-
ations of the recent PTA data.

Figure 3 shows that even in the absence of primordial
NGs, the region avoiding overproduction of PBHs (black
band and below) is excluded at over 26 by NANOGrav15
while EPTA is currently less constraining. This conclusion
confirms the results obtained in Ref. [44] based on IPTA-
DR2 data [51]. Existing constraints on the PBH abundance
force A to fall at the lower edge of the colored band, and
slightly strengthen this conclusion. For quasi-inflection-
point models, the situation is more dire as NGs tend to
assist PBH production which pushes the overproduction
limit below the 36 region for NANOGrav15. Although both
the slope and the NGs in the # = 3 case, shown in red, are
quite large, reducing the f cannot bring these models above
the black band. All in all, we can conclude that constraints
on the PBH abundance disfavor quasi-inflection-point
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FIG. 3. PBH abundance for different NG models: nonlinearities
only (black), quasi-inflection-point models with g =3 (red),
curvaton models with r.. = 0.9 (blue) and negative fy; (cyan).
We assume a BPL power spectrum (1) with « =4, f =3 and
y = 1. The colored bands cover values of PBH abundance in the
range fppy € (1, 1073) from top to bottom. The green and purple
posterior comes from Fig. 1, corresponding to NANOGrav15 and
EPTA, respectively. The dashed line indicates an average PBH
mass (m) = M.

models as a potential explanation for NANOGrav15. The
flip side of this conclusion is that NANOGrav15 does not
impose additional constraints on the PBH abundance. Thus,
a component of the signal may be related to the formation
of subsolar mass PBHs that may be independently probed
by future GW experiments [239-243].

On the other hand, the tension between SIGWs and
NANOGrav15 can be alleviated in models in which NGs
suppress the PBH abundance. This is demonstrated by the
blue bands in Fig. 3, which correspond to fpgy € (1073, 1)
curvaton models (13) with a large ry.. and for a generic
quadratic Ansatz (11) with a large negative fyp. It is
important to stress, that both cases displayed in Fig. 3
represent the most optimistic scenarios: increasing 7ge.
above 0.9 would have an unnoticeable effect on fpgy and
decreasing fy; below —2 has a positive effect on PBH
formation and would shift the lines away from the best-fit
region. This is because sizable negative curvature fluctua-
tions can still generate large fluctuations in the compaction
and seed sizable abundance (16) (see the SM for further
details).

The best-fit region for NANOGravl5 lies at scales
k, > 10" Mpc~! which corresponds to the production of
subsolar mass PBHs (see Fig. 3). Around k, =~ 10" Mpc™!,
small dents in the colored bands in Fig. 3 can be observed.
These arise due to the effect of the QCD phase transition
which promotes PBH formation. Thus, we find that the
QCD-induced enhancement of fppy in the parameter space
relevant for NANOGrav15 tends to be negligible.

Although our fpgy estimates assume quite narrow
curvature power spectra, we checked that our conclusions
about PBH overproduction in single-field inflation persist

also in the case of broad spectra (e.g., see the models in
Refs. [29,36,46,244] connecting PTA observations to
asteroidal mass PBH dark matter).

As a last remark, limiting our analysis to the absence of
NGs in the curvature perturbation field {, we have found
that our results differ from those published by the
NANOGrav Collaboration [62]. These discrepancies arise
because their analysis is subject to a few simplifications:
the omission of critical collapse and the nonlinear relation-
ship between curvature perturbations and density contrast;
the adoption of a different value for the threshold (inde-
pendently from the curvature power spectrum); and the use
of a Gaussian window function (which is incompatible with
their choice of threshold [245]). Another minor limitation is
that they disregard any corrections from the QCD equation
of state, although we find that the result is minimally
dependent on this aspect.

Conclusions and outlook—The evidence for the
Hellings-Downs angular correlation reported by the
NANOGrav, EPTA, PPTA, and CPTA Collaborations sets
an important milestone in gravitational-wave astronomy.
One of the most pressing challenges to follow is
to determine the nature signal: is it astrophysical or
cosmological?

In this Letter, we have analyzed the possibility that this
signal may originate from GWs induced by high-ampli-
tude primordial curvature perturbations. This scenario is
accompanied by the production of a sizable abundance of
PBHs. Our findings demonstrate that PBH formation
models that feature Gaussian primordial perturbations,
or positive NGs, would overproduce PBHs unless the
amplitude of the spectrum is much smaller than required
to explain the GW signal. For instance, most models
relying on single-field inflation featuring an inflection
point appear to be excluded at 3¢ as the sole explanation
of the NANOGrav 15-year data. However, this tension can
be alleviated for models where large negative NGs
suppress the PBH abundance. For instance, curvaton
scenarios with a large r4,. and models exhibiting only
large negative fi.. As a byproduct, however, we conclude
that the PTA data does not impose constraints on the PBH
abundance.

Several future steps should be taken to improve the
analysis of this Letter. For instance, it would be important
to fully include the impact of NGs and the variation of
sound speed during the QCD era when calculating the
present-day SIGW background, which provides a signifi-
cant computational challenge. Beyond that, it would be
important to include NGs corrections to the threshold for
collapse and to reduce remaining uncertainties in the
computation of the abundance. Finally, we expect that a
comprehensive joint analysis involving all collaborations
within the International Pulsar Timing Array (IPTA)
framework will further strengthen the constraints discussed
in this work.
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Note added.—Recently, similar and other simplifications
were made in Refs. [246-248].
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