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Kparko  obcyxmarorcd  BO3MOXKHBIE  KOCMOJIOTUYECKHE  TIOCAEICTBUAL
HaOJIF0JAEMBIX CIUSTHUN JIBOMHBIX YEPHBIX JIbIP, 0OHAPYKEHHBIX KOJuIaboparueit
LIGO-Virgo-Kagra (karaisor GWTC-3), misa dhopMupoBanusi MEPBUIHBIX YEPHBIX
aeip (ITY/T) B panmmeit Beenmennoii. Ilokazano, 9To pacmpeseneHne Gupr-mMace
nBoiHBIX depHbIX AbIp LVK Moxker onmchiBaThHCH ABYyMsT PA3IAYHBIM U MOYTH
PaBHBIM TI0O YHUCJEHHOCTW TOIYJIAITNAMMNU: (1) aCTpOCbI/ISI/IquKI/IM CJINAHUAM
YHO+YJI, obpazoBasimxcs B coBpemenHoii BcesieHHON B pe3ysibTaTe IBOJIIONUAN
MaCCUBHBIX JIBOMHBIX cucreMm, u (2) cansgnusiv asoiabix [TYJ] ¢ HagajbHbIM
JIOTHOPMAJIBHBIM ~ CHEKTPOM  MaccC. I[Ipm »Tom menTpaspuag wacca I[IYJT
(M, ~ 30My) u mupuHa JOTHOPMATBHOTO PACIPEIEJeHUs, TMOJyUeHHbIE U3
aHaJm3a HabJI0IaeMBbIX YUpI-Mace ciauBatoiuxces LVK nctounnkoB, mpakTudeckn
HEUYBCTBUTE/ILHBI K MPEIIoIaraeMoii momenn obpazosamusa asoviabix [[YJ B
panneit Bcesennoit. YrobBl cOOTBETCTBOBATH HAOJIOMAEMOMY TEMITY CIUSHUS
meoitabrx UJI, moma ITYJI B maoTHOCTM XOJIOMHONW TEMHON MaTepuu I0JIKHA,

COCTaBIATE fppn ~ 1073, HO MOXKET OBbITH BBIIIE, €CJAN YINTHIBATH KJIACTEPUBAIUIO
TY/1.

We briefly 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 fit 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

find that the PBH central mass (M. ~ 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 fpp, ~ 1073 but can be higher if PBH clustering
is taken into account.

PACS: 04.30.—w; 04.30.Tv

Introduction

The first 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 first 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 different 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 first 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, My, & (2.2 x 10°M)(t/[s]). For example, at the QCD
phase transition epoch at the temperature 7' ~ 100 MeV, the mass inside the
cosmological horizon M2SP ~ 8 M (100 MeV /Toep)? [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 ~ 107° 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 modified Affleck-Dyne baryogenesis
model [27,28|.

Chirp mass distribution of LVK binary black holes

From GW observations of a coalescing binary system with masses m; and
my and dimensionless angular momenta af = Jic/(Gm?) (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 = % in the ob-



server’s system Mge:!, the individual component masses and the binary mass
ratio ¢ = my/my < 1, (2) the mass-weighted projection of individual spins
on the orbital angular momentum (the effective spin) prior to the merging
Yeoif = 14 Coizﬁ:rjf“? €59 the projection of the total spin of the components
on the orbital plane y,, the spin of the resulting object after the merger
af., (3) the luminosity distance to the source D;(z) (redshift z in a given
cosmological model) [29]. The chirp mass M is derived the most accurately.
The effective 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 effective spins.

In Ref. [31], we have analyzed the chrip mass distribution constructed
using the GW'TC-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]
5; = 11 exp [—71112 (%H (1)

(p is the normalization constant, v and M, are free parameters)? can ade-
quately fit the overall chirp mass distribution of the LVK sources for M ~
13 —19Mg, v ~ 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 significant bumps in the observed GW'TC-3 chirp
mass distribution of binary BHs at M ~ 10M and M ~ 30M,, [34]. The
low-mass bump can be fitted 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 difficult
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
I11 stars with primordial elemental abundance [38] and in the vicinity of active
galactic nuclei [15].

Thus, we assume that a fraction z,y, of the LVK BH-+BH mergings

LChirp-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 Mge, = (1 + 2)M

2After the mass renormalization My = M,.exp[—1/(27)] the PBH mass distribution
can be written as F(m) = /T L exp [ ~1n? ( mc)} such that [ F(m)dm =1 (y =1/20?

turns this expression into the standard log-normal form).



comes from the astrophysical channel (evolution of massive binaries). We use
the population of binary BHs calculated in [39] for different 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 efficiency of the close binary evolution acg = 1
best fits the low-mass bump in the observed LVK chirp mass distribution for
Labh — 0.47.

The high-mass bump in the LVK GWTC-3 chirp masses can be fitted 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 Dy(M) = 122Mpc (%)5/6.
Equating Dp(M) = di(z) (di(z) is the luminosity distance in a given cos-
mological model) enables us to find the limiting redshift up to which the
detector is sensitive for a given chirp mass zj,(M). From the differential
merging rate R(z) (which is different in different PBH formation models, see
below), we calculate the total PBH merging rate DRz, (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 dfn?c(l?w =
nn P(t(2)), where P(t(2)) o< t(2)~2*37 is a probability for a binary with m,
and my to merge at cosmic time #(z) integrated over the 3d mass distribution
F(mg3) [42]. Tts application to the first LIGO event yielded fyp, < 1072 [19].
With the detection rate of LVK coalescing BH+BH binaries R ~ 16 — 61 per
Gpc? per year [6], the fraction z,,, = 0.53 of the merging binary PBH means
the binary PBH merging rate R ~ 8 — 30 per Gpc® per year. This enables
us to constrain the PBH fraction in cold dark matter (CDM) density fuun for
the assumed model of PBH formation and evolution, f, &~ 6 x 10™*, which
is consistent with the previous constraints for this model [19]. The best-fit
parameters of the log-normal PBH distribution are M, ~ 30Mg, v ~ 10 (the
dashed magenta curve in Fig. 1).

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

dR(z) 3.2 x 109
dmidm, — Gpclyr—1

3
53 H2)\
S(mq, ma, z)fp"’ghF(ml)F(mg)T;g? (%) M_%n_%
0

(S < 1 is the suppression factor [32,43] which we will set to 1 below, ¢,
is the age of the Universe, M = (m; + ms)/My, n = mims/(my + ms)?,
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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 M. = 33Mp,
~v = 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
foor, ~ 1073 for the observed BH+BH merging rate 0.5 x 25 Gpc™3 yr~! [6]. The
combined distribution (red) fits the empirical distribution function (blue) at 90%
CL according to the modified KS-test.

the mean mass (m) = [mF(m)dm = e# M, for our choice of the log-
normal mass function). Its application to the GWTC-2 LIGO-Virgo data
yielded fp, < 0.002 [43] and suggested the existence of two populations of
BH-+BH binaries. Changing variables (my, ms) — (M, ¢q) with the Jacobian

J(M, q) = H22 M yields

(2)

R o 8 (+9f ME (1)) ¥
deq X pbhF(M)F((D q% Mcze% 0 )

After substituting, as in [31], 2 — 21 (M) and integrating over ¢, we calcu-
late the cumulative distribution

et r v d R(< M)
z <
R(<M) _/ /deq%szq’ HeM =z ©
0 0 0

and the total PBH merging rate R(< oo) in this model. It is not very
surprising that the best-fit values of the initial log-normal PBH mass function



in this case are close to those in the model [42|, M, ~ 30M, v ~ 10, and the
CDM PBH fractionis fpgr ~ 1073. This is because for the log-normal initial
PBH mass functions F'(my), F'(ms), the chirp mass distribution F'(M) also
has a log-normal shape. A log-normal distribution features that M*F (M)
also has a log-normal shape after the proper redefinition of the parameter
M, — M.. It can be checked that for large ~, the value of the redefined mass
M, ~ M, ~ M.

We conclude that to within a factor of two the different 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 offers additional channel for the orbital energy dissipation thus increasing
the merging rate of PBH binaries, and the constraints on fp, 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
foor ~ 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 different 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 effi-
ciency parameter acp = 1) and (2) the PBH binaries with log-normal mass
spectrum (1) with M, ~ 10M and v ~ 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 Tihep ~ 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 M. ~ 30M comprising at least
foon ~ 1072 CDM fraction. Taking into account of the PBH clustering [45]
will increase fypp.
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