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Êðàòêî îáñóæäàþòñÿ âîçìîæíûå êîñìîëîãè÷åñêèå ïîñëåäñòâèÿ
íàáëþäàåìûõ ñëèÿíèé äâîéíûõ ÷åðíûõ äûð, îáíàðóæåííûõ êîëëàáîðàöèåé
LIGO-Virgo-Kagra (êàòàëîã GWTC-3), äëÿ ôîðìèðîâàíèÿ ïåðâè÷íûõ ÷åðíûõ
äûð (Ï×Ä) â ðàííåé Âñåëåííîé. Ïîêàçàíî, ÷òî ðàñïðåäåëåíèå ÷èðï-ìàññ
äâîéíûõ ÷åðíûõ äûð LVK ìîæåò îïèñûâàòüñÿ äâóìÿ ðàçëè÷íûì è ïî÷òè
ðàâíûì ïî ÷èñëåííîñòè ïîïóëÿöèÿìè: (1) àñòðîôèçè÷åñêèì ñëèÿíèÿì
×Ä+×Ä, îáðàçîâàâøèõñÿ â ñîâðåìåííîé Âñåëåííîé â ðåçóëüòàòå ýâîëþöèè
ìàññèâíûõ äâîéíûõ ñèñòåì, è (2) ñëèÿíèÿì äâîéíûõ Ï×Ä ñ íà÷àëüíûì
ëîãíîðìàëüíûì ñïåêòðîì ìàññ. Ïðè ýòîì öåíòðàëüíàÿ ìàññà Ï×Ä
(Mc ≃ 30M⊙) è øèðèíà ëîãíîðìàëüíîãî ðàñïðåäåëåíèÿ, ïîëó÷åííûå èç
àíàëèçà íàáëþäàåìûõ ÷èðï-ìàññ ñëèâàþùèõñÿ LVK èñòî÷íèêîâ, ïðàêòè÷åñêè
íå÷óâñòâèòåëüíû ê ïðåäïîëàãàåìîé ìîäåëè îáðàçîâàíèÿ äâîéíûõ Ï×Ä â
ðàííåé Âñåëåííîé. ×òîáû ñîîòâåòñòâîâàòü íàáëþäàåìîìó òåìïó ñëèÿíèÿ
äâîéíûõ ×Ä, äîëÿ Ï×Ä â ïëîòíîñòè õîëîäíîé òåìíîé ìàòåðèè äîëæíà
ñîñòàâëÿòü fpbh ∼ 10−3, íî ìîæåò áûòü âûøå, åñëè ó÷èòûâàòü êëàñòåðèçàöèþ
Ï×Ä.

We brie�y discuss a possible cosmological implication of the observed binary
black hole mergings detected by LIGO-Virgo-Kagra collaboration (GWTC-3 cat-
alogue) for the primordial black hole (PBH) formation in the early Universe. We
show that the bumpy chirp mass distribution of the LVK BH+BH binaries can
be �t with two distinct and almost equal populations: (1) astrophysical mergings
from BH+BH formed in the modern Universe from evolution of massive binaries
and (2) mergings of binary PBHs with initial log-normal mass distribution. We
�nd that the PBH central mass (Mc ≃ 30M⊙) and distribution width derived from
the observed LVK chirp masses are almost insensitive to the assumed double PBH
formation model. To comply with the observed LVK BH+BH merging rate, the
CDM PBH mass fraction should be fpbh ∼ 10−3 but can be higher if PBH clustering
is taken into account.

PACS: 04.30.−w; 04.30.Tv

Introduction

The �rst detection of merging of massive black holes (BHs) in the binary
system GW150914 by the laser interferometers LIGO [1] heralded a new
era in astronomical observations � gravitational-wave (GW) astronomy. A
truly multimessenger astronomy started after the detection of the �rst coa-
lescing binary neutron star (NS) GW170817 [2], which was associated with a
short gamma-ray burst GRB170817A and accompanied by a follow-up multi-
wavelength electromagnetic signal [3] arising from thermal and non-thermal
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emission of matter during the merger (the so-called 'kilonova' [4]). Since
then, the LVK (LIGO-Virgo-Kagra) collaboration has completed three ob-
serving runs O1-O3. The detected astrophysical sources are summarized in
the GWTC-3 catalogue [5] and their properties are discussed in [6]. The cat-
alogue includes ∼ 90 BH+BH, BH+NS and double NS coalescences detected
with a signal-to-noise ratio S/N > 8. The analysis of these data and their
interpretation are reviewed, e.g., in [7, 8].

The number of detected sources enables statistical studies of possible pop-
ulations of coalescing compact binaries. Coalescing binary NS and BH+NS
systems are thought to result from the evolution of massive binaries [8]. The
coalescing binary BHs can be formed in di�erent ways. The main astro-
physical channels include the evolution of massive binary systems [9�12], the
dynamical evolution in dense stellar systems [13, 14] or the origin in dense
gas environments in galactic nuclei [15].

The very �rst detection of the coalescing binary BH GW1250914 with
unusually high masses of the components, ∼ 30M⊙, much exceeding the dy-
namically estimated masses of BHs in the Galactic BH X-ray binaries [16],
revived the interest to the primordial BHs (PBHs) that can be formed in
the early Universe at the radiation-dominated stage [17�19]. Indeed, in the
standard PBH formation mechanism from primordial cosmological perturba-
tions [20, 21], the mass of a PBH should be of the order of mass inside the
cosmological horizon, Mhor ≈ (2.2×105M⊙)(t/[s]). For example, at the QCD
phase transition epoch at the temperature T ∼ 100 MeV, the mass inside the
cosmological horizon MQCD

hor ≈ 8M⊙(100MeV/TQCD)
2 [22], suggestively close

the BH masses estimated in the LVK sources. The formation of PBHs from
cosmological perturbations and constraints on their abundance as possible
CDM candidates are studied in many papers, e.g. [23�26]. Therefore, one of
the most intriguing cosmological implications of the GW astronomy results
is the possibility that some of the detected binary BH coalescences can be
PBHs formed in the early Universe at t ∼ 10−5 s after the Big Bang.

In this letter, we present the result of the analysis of the chirp mass
distribution of the LVK binary BHs by a particular model including two
populations of binary BHs � with stellar masses ∼ 10M⊙ formed from the
evolution of massive stars in the modern Universe, and the PBHs with log-
normal mass spectrum predicted by the modi�ed A�eck-Dyne baryogenesis
model [27,28].

Chirp mass distribution of LVK binary black holes

From GW observations of a coalescing binary system with masses m1 and
m2 and dimensionless angular momenta a∗i = Jic/(Gm2

i ) (G, c are the New-
tonian gravitational constant and speed of light, respectively) it is possible
to estimate (with varying accuracy depending on the signal strength) the

following binary parameters: (1) the chirp-mass M = (m1m2)3/5

(m1+m2)1/5
in the ob-
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server's systemMdet
1, the individual component masses and the binary mass

ratio q = m2/m1 ≤ 1, (2) the mass-weighted projection of individual spins
on the orbital angular momentum (the e�ective spin) prior to the merging

χeff =
m1a∗1 cos θ1+m2a∗2 cos θ2

m1+m1
, the projection of the total spin of the components

on the orbital plane χp, the spin of the resulting object after the merger
a∗fin, (3) the luminosity distance to the source Dl(z) (redshift z in a given
cosmological model) [29]. The chirp mass M is derived the most accurately.
The e�ective spins of the LVK BH+BH mergings are less certain: they are
close to zero with some outliers [6], however, their determination is model-
dependent (especially for very massive coalescences, see, e.g., the discussion
of the component spins in GW190521 in ref. [30]). Therefore, here we will
not address the problem of BH+BH e�ective spins.

In Ref. [31], we have analyzed the chrip mass distribution constructed
using the GWTC-2 catalogue and open O3 LIGO-Virgo data. We have found
that a population of PBHs with log-normal spectrum in the form proposed
by [27]

dn

dm
= µ2 exp

[
−γ ln2

(
m

M0

)]
(1)

(µ is the normalization constant, γ and M0 are free parameters)2 can ade-
quately �t the overall chirp mass distribution of the LVK sources for M0 ∼
13− 19M⊙, γ ∼ 1. Similar parameters of PBHs with log-normal mass spec-
trum were obtained from the analysis of LVK data in [32,33].

However, a single PBH population is expected to produce a smooth chirp-
mass distribution of coalescing binaries, which is apparently not the case.
There are two statistically signi�cant bumps in the observed GWTC-3 chirp
mass distribution of binary BHs at M ∼ 10M⊙ and M ∼ 30M⊙ [34]. The
low-mass bump can be �tted with a population of binary BHs formed from
massive stellar evolution. The high-mass bump requires a population of BHs
with masses up to 100 M⊙. BH masses ∼ 60M⊙ − 120M⊙ are di�cult
to produce from the standard stellar evolution because of the pulsational
pair instability due to electron-positron pair production in the stellar core,
leading to a pair-instability supernovae explosion [35, 36]. Such BH masses
in the evolution scenario of isolated massive binary systems can be obtained
only under special assumptions [37]. Other possibilities include, for example,
a hierarchical growth of BH masses in successive mergings in dense stellar
systems mentioned above [14], the formation of massive BHs from Population
III stars with primordial elemental abundance [38] and in the vicinity of active
galactic nuclei [15].

Thus, we assume that a fraction xabh of the LVK BH+BH mergings

1Chirp-mass in the observer's frame is determined by measuring signal frequency during
the inspiraling along quasi-Keplerian orbits before merging and is degenerate by source
redshift z Mdet = (1 + z)M

2After the mass renormalization M0 = Mc exp[−1/(2γ)] the PBH mass distribution

can be written as F (m) =
√

γ
π

1
m exp

[
−γ ln2

(
m
Mc

)]
such that

∫
F (m)dm = 1 (γ = 1/2σ2

turns this expression into the standard log-normal form).
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comes from the astrophysical channel (evolution of massive binaries). We use
the population of binary BHs calculated in [39] for di�erent BH formation
models. The expected chirp mass distribution functions F (< M) for these
BH+BH populations with taking into account the evolution of star-formation
rate and elemental abundance in galaxies with redshift z is presented in Fig.
5 of ref. [31]. We have found (the dashed green curve in Fig. 1) that the
model of BH formation from the collapse of the CO-core of a massive star
with the common envelope e�ciency of the close binary evolution αCE = 1
best �ts the low-mass bump in the observed LVK chirp mass distribution for
xabh = 0.47.

The high-mass bump in the LVK GWTC-3 chirp masses can be �tted by a
population of coalescing PBHs with the log-normal spectrum (1). To calcu-
late the chirp mass distribution as detected by the GW interferometer with a
given sensitivity, we have used the same method as in [31]. In this approach,
we have approximated the detection horizon with the S/N=8 sensitivity to

coalescing binaries with chirp mass M as Dh(M) = 122Mpc
(

M
1.2 M⊙

)5/6

.

Equating Dh(M) = dl(z) (dl(z) is the luminosity distance in a given cos-
mological model) enables us to �nd the limiting redshift up to which the
detector is sensitive for a given chirp mass zlim(M). From the di�erential
merging rate R(z) (which is di�erent in di�erent PBH formation models, see
below), we calculate the total PBH merging rate DR(zlim(M)) as a function
of M and the cumulative chirp mass distribution F (< M).

There are several models of double PBH formation [32, 40, 41]. Here we
will use the dynamical mechanism proposed in [40] and further elaborated
in [42]. In the latter paper, a 3-body interaction is involved to form a binary

PBH. The merging rate per comoving volume is calculated as dR(z)
dm1dm2

=

npbhP (t(z)), where P (t(z)) ∝ t(z)−34/37 is a probability for a binary with m1

and m2 to merge at cosmic time t(z) integrated over the 3d mass distribution
F (m3) [42]. Its application to the �rst LIGO event yielded fpbh ≲ 10−3 [19].
With the detection rate of LVK coalescing BH+BH binaries R ∼ 16−61 per
Gpc3 per year [6], the fraction xpbh = 0.53 of the merging binary PBH means
the binary PBH merging rate R ∼ 8 − 30 per Gpc3 per year. This enables
us to constrain the PBH fraction in cold dark matter (CDM) density fpbh for
the assumed model of PBH formation and evolution, fpbh ≈ 6× 10−4, which
is consistent with the previous constraints for this model [19]. The best-�t
parameters of the log-normal PBH distribution are Mc ≈ 30M⊙, γ ≈ 10 (the
dashed magenta curve in Fig. 1).

A di�erent and widely used model of PBH formation [32] gives the dif-
ferential merging rate as a function of redshift z [26]

dR(z)

dm1dm2

=
3.2× 106

Gpc3yr−1
S(m1,m2, z)f

53
57
pbhF (m1)F (m2)

m1m2

⟨m⟩2

(
t(z)

t0

)− 34
37

M− 32
37η−

34
37

(S ≤ 1 is the suppression factor [32, 43] which we will set to 1 below, t0
is the age of the Universe, M = (m1 + m2)/M⊙, η = m1m2/(m1 + m2)

2,
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Mc=33MSun, γ=10, CO_al=1, xabh=0.47, xpbh=0.53

abh: CO_al=1

pbh 1: Mc=33MSun, γ=10

pbh 2: Mc=33MSun, γ=10
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Fig. 1. The observed (blue step-like curve) and model (red solid curve) distribution

function of the chirp-masses of coalescing binary BHs from the LVK GWTC-3

catalogue [5]. The model includes almost equal contributions from coalescences of

astrophysical binary BHs from ref. [39] (green dashed curve) and primordial BHs

with the initial log-normal mass spectrum [27] (1) with parameters Mc = 33M⊙,

γ = 10 (magenta and orange dashed curves for the PBH formation model 'pbh

1' [42] and 'pbh 2' [32], respectively). Both models give the CDM PBH fraction

fpbh ∼ 10−3 for the observed BH+BH merging rate 0.5× 25 Gpc−3 yr−1 [6]. The

combined distribution (red) �ts the empirical distribution function (blue) at 90%

CL according to the modi�ed KS-test.

the mean mass ⟨m⟩ =
∫
mF (m)dm = e

1
4γMc for our choice of the log-

normal mass function). Its application to the GWTC-2 LIGO-Virgo data
yielded fpbh < 0.002 [43] and suggested the existence of two populations of
BH+BH binaries. Changing variables (m1,m2) → (M, q) with the Jacobian

J(M, q) = (1+q)2/5

q6/5
M yields

dR(z)

dMdq
∝ f

53
57
pbhF (M)F (q)

(1 + q)
8
5

q
9
5

M 79
37

M2
c e

1
2γ

(
t(z)

t0

)− 34
37

. (2)

After substituting, as in [31], z → zlim(M) and integrating over q, we calcu-
late the cumulative distribution

R(< M) =

M∫
0

zlim(M)∫
0

1∫
0

dR
dMdq

dV

dz

dz

1 + z
dq, F (< M) =

R(< M)

R(< ∞)
(3)

and the total PBH merging rate R(< ∞) in this model. It is not very
surprising that the best-�t values of the initial log-normal PBH mass function
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in this case are close to those in the model [42], Mc ≈ 30M⊙, γ ≈ 10, and the
CDM PBH fraction is fPBH ≃ 10−3. This is because for the log-normal initial
PBH mass functions F (m1), F (m2), the chirp mass distribution F (M) also
has a log-normal shape. A log-normal distribution features that MxF (M)
also has a log-normal shape after the proper rede�nition of the parameter
Mc → M̃c. It can be checked that for large γ, the value of the rede�ned mass
M̃c ∼ Mc ∼ M0.

We conclude that to within a factor of two the di�erent PBH formation
models give the similar observed chirp-mass distributions and merging rates.

PBHs can be formed in clusters [44]. Dynamical interactions in PBH clus-
ters o�ers additional channel for the orbital energy dissipation thus increasing
the merging rate of PBH binaries, and the constraints on fpbh obtained by
assuming a homogeneous PBH space distribution can be lower limits. A re-
cent analysis in [45] using the PBH formation model [19,40] shows that even
fpbh ∼ 0.1− 1 is not excluded.

Conclusions

We conclude that the chirp-mass distribution of LVK GWTC-3 BH+BH
binaries with distinct two bumps can be explained by two di�erent popu-
lations of BH+BH binaries: (1) the low-mass bump at M ∼ 10M⊙ due to
the astrophysical BH+BH formed in the local Universe from the evolution
of massive binaries (we have used, as an example, the model of double BH
formation calculated in [39] based on the simplest BH formation from the
collapsing CO-core of massive stars and the standard common evolution e�-
ciency parameter αCE = 1) and (2) the PBH binaries with log-normal mass
spectrum (1) with Mc ≃ 10M⊙ and γ ≃ 10. The central mass of the PBH
distribution is larger than the expected PBH mass at the QCD phase transi-
tion (∼ 8M⊙) but still can be accomodated with the mass of the cosmological
horizon provided that the temperature TQCD ∼ 70 MeV, which is possible for
non-zero chemical potential at QCD phase transition [46]. Should the two-
bump chirp-mass distribution of the merging binary BH persist in future
enhanced statistics of sources detected in the forthcoming O4 LVK observ-
ing run, it can indicate the formation of PBHs with a narrow log-normal
mass spectrum (1) around the central mass Mc ∼ 30M⊙ comprising at least
fpbh ∼ 10−3 CDM fraction. Taking into account of the PBH clustering [45]
will increase fpbh.
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