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Did NANOGrav See a Signal from Primordial Black Hole Formation?
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We show that the recent NANOGrav result can be interpreted as a stochastic gravitational wave signal
associated to formation of primordial black holes from high-amplitude curvature perturbations. The
indicated amplitude and power of the gravitational wave spectrum agrees well with formation of primordial

seeds for supermassive black holes.
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Introduction.—Strong  evidence for a stochastic
common-spectrum process, that can be interpreted as a
stochastic gravitational wave (GW) signal, was found in the
recent analysis of 12.5-year pulsar timing array (PTA)
data collected by the North American Nanohertz
Observatory for Gravitational Waves (NANOGrav) [1].
NANOGrav observes a narrow range of frequencies around
f =5.5nHz. The potential GW signal can be fitted
by a power law Qgw « f¢ with amplitude Qgw(f =
55nHz) € (3x107'9,2x 107°) and exponent (€
(—1.5,0.5) at 1o confidence level, and with a small positive
correlation between the amplitude and the exponent.

A possible source for a stochastic GW background at
such frequencies is supermassive black hole (SMBH)
binary inspirals [2], which give Qgw « f%/3. Their merger
rate and therefore the resulting amplitude of the GW signal
has, however, large uncertainties. Alternatively, instead of
being astrophysical, a strong stochastic GW background at
nanohertz frequencies can originate from cosmological
sources. For example, the NANOGrav result has been
recently interpreted as a signal from cosmic strings [3,4].

PTA experiments are sensitive to parts of the secondary
GW background associated with the production of plan-
etary mass or heavier primordial black holes (PBHs) from
large curvature perturbations. [We note that PTAs cannot
probe the mass window below 10719 M in which PBHs
may constitute all dark matter (DM), as the formation of
these PBHs corresponds to much higher frequencies.] They
may therefore probe two open problems. First, it is thus far
unknown whether the black hole (BH) binaries observed by
the LIGO-Virgo collaboration [5—7] are of astrophysical or
primordial origin. Although scenarios in which PBHs in the
solar mass range comprise all of DM are heavily
constrained [8-10], they might still account for the
LIGO-Virgo BH mergers when they make up about
0.1%-10% of the DM density [9-16]. Second, PBHs
heavier than 10° M, can provide seeds for SMBHs [17—-
19] and act as generators for cosmic structures [19]. In
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particular, the origin of SMBHs has been a long-standing
problem in astrophysics as, although their existence at the
center of most galaxies has been well established [20-22],
their astrophysical production seems to require super-
Eddington accretion [23] or direct collapse into intermedi-
ate mass BHs [24]. In the PBH scenario, even a small
abundance of heavier than 10> My PBHs can provide the
seeds for SMBHs.

In this Letter we interpret the NANOGrav result as a
stochastic GW background associated to PBH formation
from high-amplitude peaks in the primordial curvature
power spectrum. We consider two different well-motivated
shapes for a peak in the curvature power spectrum and,
assuming the standard radiation dominated expansion
history, we calculate the secondary GW spectrum and
the corresponding PBH abundance and mass function.

Peaks in the curvature power spectrum.—In order to
perform our analysis in a model independent fashion, we
consider two different shapes for the peak in the curvature
power spectrum.

First, typical peaks generated in single field inflation
[25,26] can be approximated by a broken power law,

a+p

P lk) = A G+ al /e

(1)

where @, # > 0 describe, respectively, the growth and decay
of the spectrum around the peak. In single field models,
where a peak is generated via a quasi-inflection point, one
typically has a <4 [26,27]. Additionally, it follows that
£ =2 0.5, if the curvature power spectrum between
the end of inflation and the peak obeys a power law.
[This follows from ke,q < 10% Mpc™' and Ppp (kena) <
H?2./(8aM%) < 2.5 x 107" [28] and a peak with A < 0.05
at k, > 10* Mpc~'.] As a benchmark case we take in the
following @« =4 and f = 0.5.

Second, we consider a log-normal peak with an expo-
nential UV cutoff,
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where a, f > 0. For example, with « = 0.17 and § = 0.62
this shape fits well the peak obtained in two field inflation
considered in Ref. [29], and we therefore use these values
as a benchmark case.

From a theoretical perspective, peaked primordial power
spectra required for producing above planetary mass PBH
are likely not realized in the simplest inflationary models as
such models tend to generate too low spectral index n, for
the cosmic microwave background (CMB) [25,29,30]. This
is because of the short period of less than 20 e-folds
between the peak and the CMB scales, which in a wide
range of single field inflation models would produce n;, =
1 —0O(1)/AN £0.95 [30] in strong tension with the CMB

observations, n; = 0.966(4) [28]. However, such issues
can be avoided by sharp features in the scalar field
evolution, e.g., sudden turns in two field space.

Scalar-induced GWs (SIGWs).—Curvature perturbations
induce formation of GWs at second order from mode
coupling [31-35]. Recently these scalar-induced GWs
(SIGWs) have been extensively studied, and the
prospects for observing them have been considered in
Refs. [26,36-42].

During radiation domination GWs decouple from scalar
perturbations soon after horizon crossing and their
abundance reaches a constant value. In Ref. [43] (see also
Refs. [44,45]) it was shown that the observable SIGW
background produced during radiation domination is gauge
independent. The SIGW spectrum today is given by
[43,46,47]

|
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where Qp = 5.38 x 107 is the radiation abundance [48],
the effective numbers of degrees of freedom, g, ; and g,, are
evaluated at the moment when the constant abundance is

|

P = G ey

Examples of different SIGW spectra are shown in Fig. 1.
The amplitude of the spectrum depends very weakly on k,,
only through the effective number of degrees of freedom. In
Fig. 1 we used k, = 3.6 x 10° Mpc~!, which corresponds
to the temperature 7 =~ 0.2 GeV. The position of the peak
of the spectrum is determined by k, and its amplitude
inherits its scaling from the curvature power spectrum peak
as Qgw « A%, For a power-law curvature power spectrum
P « k*/2, the SIGW spectrum behaves as Qgw o k.

PBH formation.—Consider a fluctuation with density
contrast 8,, at comoving scale k. In radiation dominated
Universe an overdensity for which ¢,, is larger than
threshold value &, part of the horizon mass,

ko \2 /gt g3\ -1/
M;~14x108 M A , (5
U ®<Mpc_1> (106.75 )

collapses to BH almost immediately when the scale k
reenters horizon [49]. The masses of the produced PBHs
follow the critical scaling [50-52],

M = kM(6 = 8.)", (6)

X2 +y2 -6

reached, roughly coinciding with the horizon crossing
moment, and

1
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|
where y = 0.36 corresponds to the universal critical expo-
nent during radiation domination [50,53], and we must
account for the nonlinear relation 6,, = 5, — %5% between

k/k.

FIG. 1. The SIGW spectrum for the curvature power spectra
given in Eq. (1) and (2). The dashed lines indicate the lo
NANOGrav region ¢ € (—1.5,0.5).
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the density contrast and the curvature perturbation
O¢ [54-56]. The critical threshold 6. for PBH formation
and the x parameter depend on the procedure used to
smooth the primordial perturbations [S7-59] as well as on
the shape of individual peaks [54,60,61]. Nonsphericity
was found to have an insignificant effect on the threshold
for large perturbations [62].

The fraction of the total energy density 3, (M)d In M that
collapses into BHs of mass M can be estimated using the
Press-Schechter formalism [49,59,63,64]. It gives

(M) = L °° d5MﬂkPk(5)5D [m %}

_2kq" VP[5 (M)]

v =35 (M) - 7

where &, denotes the Dirac delta function and &;(M) =

Pi(8) =

4[1 = /1 =3(8.+¢'/7)]/3 is the inversion of Eq. (6),
\/27mk

q= M/ (kM};). We assume a Gaussian distribution for the
curvature perturbations,
& )
57 ) (8)
(5
where the variance o7 is
4 o dk' (k'
a=(3) ["% (5) wamremrw. o
0

Following Ref. [54], we will use a real-space top-hat
window function W(k'/k) and account for the damping
of subhorizon fluctuations with the linear transfer function
T(k'/k). (This implies that the evolution of subhorizon
fluctuations is linear, which might not be the case for large
fluctuations.)

At the present day, the PBH mass function normalized to

the total PBH abundance, [dIn My (M) = Qppy, is
/)y(Tk) S<T0)
w(M :/dlnkﬂ M
M )
_AXx1072 M [ dkk? l/VPk[ (M) (10)
- 4 Mg ) Mpc™ 5 (M) ’

where p,(7) and s(7) denote the energy and entropy
densities of radiation at temperature 7, and p,. is the critical
energy density of the Universe. By numerical fits we find
that the PBH mass function for the curvature power spectra
(1) and (2) is roughly of the form

w(M)

where ¢, is fixed by demanding that (Mpgy) is the average
PBH mass, and ¢, ~ 1 depends mildly on the amplitude of
the peak. The low mass tail of the mass function is

M1+1/ye—(;](M/<MPBH>)(.2’ (11)

dominated by PBHs forming close to the threshold and
is thus determined by the details of the critical collapse
[51]. The heavier tail gets exponentially suppressed as
density perturbations capable of producing heavier PBHs
become exponentially more unlikely. The abundance of
PBHs and their mean mass are

Qppy =~ coA%e/Ak, /Mpc™!,
(Mpgy) ~ CMAC;"IMk*’ (12)

where for §, = 0.55 and k = 4 we find cg = 100, c, = 1.3,
¢y~ 0.3, ¢y ~ 10, and ¢, = 1/3. In the following we show
the PBH abundance relative to the observed DM abun-
dance, fpgy = Qppy/Lpm, Where Qpy = 0.26 [48].

The PBH abundance is produced from the tail
of a Gaussian distribution and thus even O(10%) changes
to the threshold can correspond to order of magnitude
differences in the PBH abundance. This is illustrated in
Fig. 2 where we show the PBH abundance for (§.,«) =
(0.45,11), (0.55,4), (0.65, 3) corresponding to the critical
collapse of differently shaped peaks [54]. We note that the
theoretically allowed range can be slightly wider, o, €
(0.41,2/3) [60]. In the following numerical estimates we
use 6, = 0.55 and k =4

An alternative prescription based on peaks theory repla-
ces the transfer function with a hard cutoff of the top-hat
window function [59]. In this case it was shown that
different window functions combined with a careful match-
ing of the critical collapse parameters does affect the
required height of the peak in the curvature power spectrum
for a given PBH abundance by O(10%). However, as the
position of the hard cutoff can introduce additional errors,
we rely on the prescription given in Ref. [54], which is
more directly related numerical results on critical collapse,
although the use of the linear transfer function may not be
completely justified in this case. In all, the theoretical
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FIG. 2. Abundance of PBHs as a function of the amplitude of a
log-normal (solid line) and broken power-law (dashed line) peaks
in the curvature power spectrum at k, = k. The black solid and
dashed contours indicate the 16 and 26 NANOGrav ranges for

£=0.
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uncertainties related to the choice in the window function
can be effectively absorbed by the uncertainties in the
critical collapse parameters resulting in an even greater
variation in fpgy than shown in Fig. 2.

Our PBH abundance estimates may additionally be
affected by variations in the shape of the peak in the
curvature power spectrum in specific inflationary models,
by non-Gaussianities [55,65—69], or by changes to the
equation of state of the thermal bath, e.g., during the QCD
phase transition [70,71].

Results.—The first five bins of the NANOGrav analysis,
for which a power-law fit is provided in Ref. [1], are in the
narrow frequency range f/Hz € (2.5 x 107, 1.2 x 107%).
Therefore, we expand the predicted spectrum around
ky =27 x 5.5 nHz = 3.6 x 10% Mpc~! as

Qaw =~ Qaw.o(k/ko)*, (13)

and compare the experimental ranges for the parameters
Qcwo and (= dInQgy(ky)/dInk with the theoretical
predictions of the SIGW for a given primordial curvature
spectra.

The SIGW spectrum has a flat region around k ~ k, and
can thus provide a good fit for the shape of the NANOGrav
signal. From Fig. 1 we see that around the peak
Qgw ~ 4 x 107°A2%, while Eq. (12) with k, = k, shows
that PBHs will comprise a significant fraction of DM if
A=~0.02. This implies Qgwx~2x 10~ above the
NANOGrav 206 region. Moreover, Eq. (12) indicates that
the corresponding mean PBH mass is (Mppy) ~3 M.

This is illustrated in Fig. 3, where we have fixed k, and A
such that the expansion (13) holds around k = k, which,
for a given shape of the curvature power spectrum peak,
fixes the PBH abundance and mass function. The thick
contours show the lo and 26 confidence level regions
indicated by the NANOGrav result, obtained by a simple
transformation [3] from the power-law fit to the five lowest
frequency bins presented in Ref. [1]. We see that the 1o
region barely crosses the dotted gray curve indicting
fpea = 10712, The mean PBH mass is indicated by the
color coding, which shows that for { > 0 the PBH masses
are mostly (Mpgy) < 10 M. For { < 0 heavier PBH will
be formed as the peak in the curvature power spectrum lies
at k < ko.

Because of the experimental uncertainties in the slope of
the stochastic GW signal, it is possible that the peak of the
SIGW spectrum lies away from the NANOGrav range,
especially if the SIGW spectrum has relatively flat tails. For
the log-normal benchmark curvature spectra the tails are
too steep, and the slopes compatible with the NANOGrav
range are near the peak of the spectrum. However, as can be
seen from Fig. 1, for the broken power-law benchmark case
the slope of the high frequency tail, { = -2 = —1.0, is
within the 1o region.
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FIG. 3. The thick black solid and dashed contours show the 1o

and 20 ranges for the power ¢ and amplitude Qgw (f = 5.5 nHz)
of the GW spectrum indicated by the NANOGrav results [1]. The
thin solid, dashed, and dot-dashed lines instead show the PBH
abundance and the color coding shows the mean mass of the PBH
mass spectrum for the curvature power spectra (1) and (2). The
gray regions are excluded by overproduction of PBHs and the red
star indicates the PBH scenario for the LIGO-Virgo events.

Figure 4 shows the SIGW amplitude at the NANOGrav
frequency f, for the broken power-law benchmark case as a
function of k, < 0.25ky. In this case, the NANOGraw
signal is generated from the relatively flat high k tail
(¢ = —1.0) of the power spectrum, while PBHs are domi-
nantly produced by the peak at k.. A sizable PBHs
abundance is consistent with the 26 NANOGrav region
when k, < 0.1k,. Figure 4 also indicates the bound from
COBE-Firas observations of CMB u distortions [72,73],
which excludes the region left from the red line. A milder
slope of the low-k tail of the curvature power spectrum
peak, @ < 4, would move the COBE-Firas bound toward
higher k, and thus closer to the region consistent with the
NANOGrav signal. We also remark that future PIXIE-like
CMB experiments [74] may probe the SIGW interpretation
of the NANOGrav signal.

As was outlined in the Introduction, there are two PBH
scenarios with a particular phenomenological relevance.
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FIG. 4. The thick black solid and dashed lines indicate the 1o
and 20 lower boundaries of the NANOGrav range for the
amplitude Qgw(f =5.5nHz) at { = —1.0. The thin solid,
dashed, and dot-dashed lines instead show the PBH abundance
and the color coding shows the mean mass of the PBH mass
function, assuming a power-law peak in the curvature power
spectrum (1) with @ = 4 and # = 0.5. The gray region is excluded
by overproduction of PBHs. The region left of the red line is
excluded by the COBE-Firas results on the CMB y distortions.
The green band indicates the values compatible with SMBH seed
formation.

(1) Primordial origin for the LIGO-Virgo BH mergers
requires a distribution of PBH with [9]

frpeu ~ 0.01, (Mppp) ~ 20 Mo, (14)
and a narrow width of the PBH mass function. As indicated
by the red star in Fig. 3, we find that scenarios with broken
power-law peaks would require a SIGW background that is
too strong to be compatible with the NANOGrav signal.
Changing the slope of the primordial curvature power
spectrum will not relieve this tension. Since the allowed
values of A decrease with ¢, picking a bigger value for
would not put the scale k, within the 20 region.
Nevertheless, the nontrivial modifications of the shape of
the spectrum and uncertainties associated with the critical
collapse, illustrated in Fig. 2, may change the theoretical
abundance estimate by several orders of magnitude and
thus relieve the tension within common scenarios for
LIGO-Virgo PBH and the NANOGrav signal. (2) For
primordial origin for SMBH seeds we assume a mass
range of Mpgy € (10°,10°) M [17]. To roughly estimate
the required seed abundance, we assume that the SMBHs
comprise about 0.025% of the stellar mass in their host
galaxies [75], while stars make up a fraction of about 1% of
the Universes matter content [76]. This implies that the total
SMBH density is about a factor of 10° smaller than the DM
density. Using 107 M as a representative value for the
SMBH mass, we find that their primordial seeds can be
characterized by

fren ~ 107 (Mpgn) /Mo, (Mppy) > 10° Mg.  (15)
Figure 4 shows that production of a sufficiently large
abundance of primordial SMBH seeds can be consistent
with the NANOGrav signal and the u-distortion constraints.

Conclusions.—We showed that the NANOGrav result
can be interpreted as a signal from PBH formation from
peaks in the curvature power spectrum. We found that the
secondary GW backgrounds consistent with NANOGrav
will, in general, correspond to the production of a negli-
gible amount of PBH DM and is thus in tension with the
PBH scenario for LIGO-Virgo merger events. However,
this tension might be relieved when accounting for theo-
retical uncertainties in PBH formation. The NANOGrav
signal agrees well with scenarios in which PBHs provide
the seeds of supermassive black holes.

Although our estimate provides a viable proof on
concept for PBH scenarios related to NANOGrav, stronger
and more definite conclusions can be drawn only by
reducing the theoretical uncertainties related to PBH
formation and require dedicated computations based on
specific inflationary scenarios. However, as the formation
of any amount of PBHs is allowed only within a narrow
range of amplitudes of the power spectrum, it is intriguing
that the NANOGrav signal is consistent with producing
even a small PBH abundance.
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Note added.—Recently, Ref. [77] claimed that the
NANOGrav signal may be consistent with the LIGO-
Virgo PBH scenario attributing the discrepancy between
our conclusions to the choice of window function used
in Eq. (9). We improved our PBH abundance estimate
following Ref. [57] and found that our conclusions remain
in tact. The differences between our conclusions and
Ref. [77] can be resolved when we omit the nonlinear
relation between the density contrast and curvature pertur-
bations. Additionally, Ref. [78] pointed out a potential
scenario for light PBH DM consistent with NANOGrav,
which was not considered here.
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