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Implications of GWTC-3 on primordial black holes from vacuum bubbles

3,1,6,7.% 12,8

Jibin He®,"**" Heling Deng®,*>" Yun-Song Piao, and Jun Zhang
'International Centre for Theoretical Physics Asia-Pacific, University of Chinese Academy of Sciences,
100190 Beijing, China
2Taiji Laboratory for Gravitational Wave Universe (Beijing/Hangzhou),

University of Chinese Academy of Sciences, 100049 Beijing, China
3School of Physics, University of Chinese Academy of Sciences, Beijing 100049, China
4Department of Physics, Arizona State University, Tempe, Arizona 85287, USA
5Department of Physics, Oregon State University, Corvallis, Oregon 97331, USA
®School of Fundamental Physics and Mathematical Sciences, Hangzhou Institute for Advanced Study,
UCAS, Hangzhou 310024, China
"Institute of Theoretical Physics, Chinese Academy of Sciences, P.O. Box 2735, Beijing 100190, China

® (Received 29 August 2023; accepted 16 January 2024; published 20 February 2024)

The population of black holes inferred from the detection of gravitational waves by the LIGO-Virgo-
KAGRA Collaboration has revealed interesting features in the properties of black holes in the Universe.
We analyze the GWTC-3 dataset assuming the detected black holes in each event had an either
astrophysical or primordial origin. In particular, we consider astrophysical black holes described by the
fiducial POWER LAW + PEAK distribution and primordial black holes whose mass function obeys a broken
power law. These primordial black holes can be generated by vacuum bubbles that nucleate during
inflation. We find that astrophysical black holes dominate the events with mass less than ~30M , whereas
primordial black holes are responsible for the massive end, and also for the peak at ~30M, in the mass
distribution. More than half of the observed events could come from primordial black hole mergers. We
also discuss the implications on the primordial black hole formation mechanism and the underlying

inflationary model.
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I. INTRODUCTION

The LIGO-Virgo-KAGRA (LVK) Collaboration has so
far reported about 70 events that could be confidently
identified as gravitational waves emitted from black hole
binary (BHB) mergers [1-3]. These events and their
properties are collected in the cumulative Gravitational-
Wave Transient Catalog 3 (GWTC-3) [3]. While population
analyses performed on GWTC-3 show interesting sub-
structures in the mass distribution of the detected black
holes [4,5], implying more than one channel of BHB
formation [6], the physical origin of these black holes is
still a topic of discussion.

It is known that a massive star can collapse to produce an
astrophysical black hole (ABH), and binaries of ABHs
formed by the isolation evolution of massive-star binaries
and by the dynamical assembly in a dense stellar environ-
ment [7,8] could merge at low redshift, providing plausible
origins for the BHBs in GWTC-3. However, ABHs are not
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expected to form with mass in a range of 50-130M , a mass
gap due to the pair instability [9]. Thus they cannot explain
the observed high-mass black holes without the aid of
additional mechanisms. Phenomenologically, the observed
black holes can be described by the POWER LAW + PEAK
model, where the lower bound of the power gives a peak at
~10M 4 and the Gussian peak gives a peak at ~35M, [4,5].

In addition to the astrophysical origin, black holes
produced before the matter-dominated era, aka primordial
black holes (PBHs) [10-12], could also form binaries that
merge within the age of our Universe, making contributions
to the LVK detections. The primordial origin was suggested
in Refs. [13—15] soon after the first BHB was observed, and
was further investigated with updated data in Refs. [16—18].
Unlike ABHs, PBHs can in principle have mass ranging
from the Plank mass (~10738M,) to orders of magnitude
larger than the solar mass, subject to the abundance
constraints from y ray, microlensing, cosmic microwave
background (CMB), and many other observations at
corresponding mass bands (see Ref. [10] and references
therein). The mass distribution of PBHs depends on the
formation mechanisms and has been used to distinguish
between early universe scenarios recently [19]. In the most
widely studied category of PBH mechanism, perturbative
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quantum fluctuations during inflation can give rise to large
overdensities that could collapse into black holes during the
postinflation evolution.' PBHs generated in this way approx-
imately obey a (skew-)lognormal mass distribution [25-27].
The perturbative-quantum-fluctuation-led PBHs and the
associated lognormal mass distribution are typically assumed
when investigating the primordial origin of the GWTC-3
black holes [16-18].

It is noticed in Ref. [28] that nonperturbative quantum
effects could also play a role in PBH formation. In
particular, spherical domain walls and vacuum bubbles
could nucleate during inflation via quantum tunneling in
a multifield potential [29,30].> For a sufficiently small
nucleation rate, the nucleated walls and bubbles will
expand during inflation, typically without interacting with
each other. After inflation, the walls and bubbles will start
receding relative to the Hubble flow at some point, (with
some of them) eventually forming PBHs. The resulting
PBHs are referred to as subcritical or supercritical depend-
ing on whether their mass is below or beyond the critical
mass parameter m,, which is determined by the specific
underlying physical model. While a subcritical PBH is a
typical black hole, a space-time singularity enclosed by the
black hole horizon given general relativity, a supercritical
black hole also contains a space-time patch that evolves
independently with generally nonsingular future infinities,
which in other words is a baby universe. This scenario has
been further investigated in Refs. [32-36]. It is understood
that PBHs forming from domain walls and vacuum bubbles
typically have a broken power law mass distribution with a
break mass at the critical mass m,.

In this work, we shall discuss the possibility that, in
addition to the fiducial POWER LAW + PEAK ABHs, part of
the GWTC-3 black holes are quantum-tunneling-led PBHs,
and shall use GWTC-3 to constrain the broken power law
PBH mass distribution. The purpose is twofold: (i) to
examine if PBHs forming from domain walls/vacuum
bubbles can account for some features observed in the
GWTC-3 population analyses; and (ii) to investigate the im-
plications of GWTC-3 on the physics that leads to the
formation of primordial domain walls and vacuum bubbles.

The rest of the paper is organized as follows. In Sec. II
we review the mass functions and BHB merger rates in
PBH and ABH models considered in this work. The
standard hierarchical Bayesian inference method used to
analyze the GWTC-3 is reviewed in Sec. IIL. In Sec. IV we
summarize the results of analyzing the GWTC-3 dataset.
Sec. V is devoted to a brief review of our PBH mechanism
and the implications of our results on the mechanism.
Conclusions are summarized and discussed in Sec. V1.

'There are some recent discussions regarding whether single-
ﬁeld inflation allows the formation of (large) PBHs [20-24].

’A different formation channel of vacuum bubbles can be
found in Ref. [31].

II. BLACK HOLE MERGER RATES AND MASS
DISTRIBUTIONS

We begin with PBHs, the merger rate of which in the
early universe has been extensively studied in the liter-
ature [15,37-39]. In this work, we do not consider the mass
growth of PBHs caused by accretion, nor the spin distribu-
tion of PBHs. The former is highly model dependent [40],
while the spin features in GWTC-3 are not very informative.
In this case, the differential merger rate for binary black
holes of masses m; and m, is given by [39]

6><106fsz M\5(t\ ¥
e 37 —
Gpclyr BT Mg to

X S(M, fopu. ween)Wesn (M1 )wpsn(ms). (1)

dRPBH
dmldmz

where n = mym,/(m; + m,)*, M = m, + my, fpgy is the
fraction of PBHs in dark matter, ¢ is the time when the
merger occurs, f, is the current age of the Universe, and
S =S85, xS, is the suppression factor accounting for the
possible disruption of binaries due to the surrounding
environments. The first term can be estimated as

X () ) (m)? -21/74
S1(M. fepu.y) ~ 1.42 N(y)+C +fPBH
x exp [=N(y)], @

where m is the PBH mass, N(y) ~ M fpgu/[(m)(fpgu +
oy)] is the expected number of PBHs within a comoving
sphere of radius y around the initial PBH pair, ), ~ 0.004
is the rescale variance of matter density perturbations at the
time of binary formation, and C(fpgy) is a fitting function
given in Ref. [16]. The second term is

Sy #min|[1,9.6 x 1073x% exp(0.03In’x)|  (3)

where x = (#(z)/t9)"* fpgy. In the case of small PBH
abundance (fpgy ~0.001), S can be estimated as S;.
Finally, wpgy(m) is the PBH mass distribution, which is
defined by

m anBH

wppy(m) = ————, 4
pan(m) = 08 @

where dnpgy is the PBH number density within the mass
range (m, m + dm), and ppgy is the PBH energy density. The
mass distribution is normalized such that [yppydm = 1.
Motivated by the formation mechanism of PBHs from
domain walls/vacuum bubbles, we are interested in a PBH
mass function described by a broken power law [28,32-35]:

wegn(m|m,, ay, ay)

- 1 { (m/m)"=', m<m,

(5)

m > m,,
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where m, is the critical mass with @; and a, being the
spectral indices for the subcritical and supercritical PBHs
respectively. It is also useful to introduce

f(m) = mfpguyppn(m) (6)

as the fraction of dark matter in PBHs at m within the mass
range Am ~ m.

In our analysis, we also consider the astrophysical origin
of BHBs. Following Refs. [17,41], the differential merger
rate of ABHs can be written as

dRABH
dmldmz

= NRpgu(l + 2)*n(m;, my), (7)

where Rapy is the local merger rate at redshift z = 0, A/
is a normalization factor ensuring Rapy(z = 0) = Ragn»
and x=~2.7 describes the merge rate evolution with
|

redshift [5,42]. z(m,, m,) depends on the mass distribution
of ABHs. In the literature, there are different proposals for
the ABH mass distribution. In this work, we shall consider
the POWER LAW + PEAK model [4,43], whose primary
mass distribution obeys

Y ABH (ml Mpeak’ Mmins Mmax C’ Hms Om> 5m)
& [(l - ﬂpeak)B(ml| - g» mmax)
+/1peakg(ml|/’£mvam)] S(ml ’mmin’ém)’ (8)

where B is a normalized power law distribution with a
spectral index of —¢, and G is a normalized Gaussian
distribution with mean g, and width 6,,,. Acq s the fraction
of the Gaussian component in the primary mass distribu-
tion. S(my, my;,, 5,,) is a smoothing function which rises
from O to 1 over the interval (m iy, Myin + 6,)s

O, m < Mpyip
S(m|mminv 5m) = [f(m - mmin75m) + 1]_lv Mpin <m< Mpin + 5m (9)
1’ m Mpin + 6m

with

1) 1)
r5,) = el n . 10
oty =esp (24 2) o)
For the POWER LAW + PEAK ABH model, the conditional
mass ratio distribution satisfies

”ABH(ml ’ m2) X C(ml)l//ABH(ml Mpeaka Mmins Mmax» éla

ﬂm’am?ém)qﬂq? (11)

where g = m,/m; and C(m,) is a normalization factor.

In the later analysis, we shall consider two hypotheses:
(1) All BHBs are of astrophysical origin; (2) BHBs could
be either astrophysical or primordial. In the former hypoth-
esis, the merger rate is simply given by Eq. (7), i.e.,
dR/dmdm, = dR gy /dm;dm,. In the latter hypothesis,
which we shall refer to as the ABH-PBH model, the mass
distribution of ABHs is described by the POWER LAW +
PEAK model (8) while the mass distribution of PBH is given
by Eq. (5), and the total merger rate is given by

dm1 dm2 - dml dmz

dRPBH
dml dm2 ’

(12)

III. HIERARCHICAL BAYESIAN INFERENCE

The hierarchical Bayesian analysis [44,45] is cur-
rently extensively utilized in the analysis of the BHB

|
population [17,46—48]. In this section, we will provide a
brief introduction to our parameter analysis. For each popu-
lation model, the POWER LAW + PEAK ABH model, or the
ABH-PBH model, we marginalize over the parameters of
individual events to find the posterior distributions of the
model parameters. To be concrete, we label the parameters
of individual events, i.e., the intrinsic parameters, as 6,
and the parameters of population models, i.e., the hyper-
parameters, as A. In practice, we consider @ = {m, m,, z}.
We have A = {RABI-lv /lpeakv Mmins Mmax» gv K> Oms 6mvﬁq}
for the POWER LAW + PEAK ABH model. For the ABH-
PBH model, the hyperparameters also include {fpgy, 7.,
aj,a,} besides the ones in the ABH model. The hyper-
parameters of the models and their priors z(A) used in the
hierarchical Bayesian inference are listed in Table I.

Given a population model of parameters A, the like-
lihood of a dataset d is

N det

L(d|A) x e—N<A>5<A>[N(A)]NwH / L(d;|0)x(0|\)do.

(13)

Here d = {d,} with i labeling an individual event from the
considered detections. Ny, is the number of detected
merger events considered in the analysis. N(A) is the total
number of merging events expected by the model, and
hence depends on the population model. Given the differ-
ential merger rate, the differential expected number of
events can be evaluated as [41]
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TABLE I.  Prior and posterior credible intervals (68%) of the hyperparameters of the ABH-PBH model and the POWER LAW + PEAK
ABH model.
Parameter Prior ABH-PBH ABH Description
BROKEN POWER LAW PBH
m./Mg [5, 501  29.647%0 The critical mass
logo feen (-5, 1] =3.0959%¢ Logarithmic fraction of dark matter in PBHs
a; [1, 15] 10_23j33;722 Spectral index of the mass function of subcritical PBHs
a, [-15,-1] _3,84j§)_-§39 Spectral index of the mass function of supercritical PBHs
POWER LAW + PEAK ABH
Rapu/Gpeyr™! [5,50]  17.23%482 17.66745 Integrated merger rate of ABHs at z =0
log ;0 Apeak [-6,0] —3.23F ffég -1.707 8_'32'69 Fraction of the Gaussian component in the primary mass distribution
Mumin/ Mo 2, 10] 5_02j8-§’g 4.70f?jgé Minimum mass of the power law component in the primary mass distribution
Mpax/ Mg [30, 100] 72.377 3286133 87.5558‘-;;’;‘ Maximum mass of the power law component in the primary mass distribution
¢ [-4,12]  3.9772% 3597037 Slope of the primary mass distribution for the power law component
U/ Mg [20, 50] 20. 64j712l éo 34,03j11_-;‘§ Mean of the Gaussian component
on/Mo [1,10] 486133 321173 Width of the Gaussian component
S/ Mg [0, 10]  6.26°215  5.847%4 Range of mass tapering on the lower end of the mass distribution
By [-4.7]  —1.57% 1571180 Spectral index for the power law of the mass ratio distribution
dN 1 dvV. dR
v v R 50 = [ pualO)atoin)co. (18)
dm,;dm,dz 1 +z dz dmdm,

where T, is the effective observing time, (1+z)7!
accounts for the time redshift at the source frame, and
V. is the comoving volume. In particular, we assume a flat
ACDM universe in which

dV. 47 DX(2)
dz  Hy E(z)’

(15)

with  E(z
dlstance,

= /(1

)*+Q, and the comoving

D)= | % (16)

The comoving distance D.(z) relates to the luminosity
distance Dy (z) by D.(z) = D;(z)/(1 + z). In our calcu-
lation, we take Hy = 67.9 km/s/Mpc and Q,, = 0.3065
from the Planck 2015 results [49]. Assuming a log-uniform
prior on the total expectation number N, we can margin-
alize Eq. (13). By doing so, we obtain

ﬁfﬁ d;|0)z(6|A)d6

A)
L(d] N

(17)

Finally, £(A) in Eq. (13) is the detection fraction, i.e., the
fraction of binaries that we expect to detect given the model
with hyperparameter A. Formally,

where py.(6) is the detection probability of an event with
parameters 6, and z(0|A) is the prior of 6 given the
population model of parameters A. We utilize simulated
signals of injections provided by LVK to estimate the
detection fraction, which can be approximated as

- ] N, tri

E(A) o E(A) = r(0;10)

Nm_] j=1 pdraw<9 ) ’ (19)
where Nj,; is the number of injections, Ny; is the number of
the injections which can be detected, and pgy,,, (6;) is the
distribution from which the injections are drawn [4,41]. In
practice, we replace the integrals in Eq. (17) with weighted
averages over discrete samples,

Naw 1 71'(91‘]‘|A)
@A) < ][ g(A);i; 7(0;) .

i=1

where 0;; denotes the intrinsic parameters of the jth sample
of the zth event, and 7z(6;;) is the prior on the binary
parameters used when performing the parameter estima-
tion. The posterior of the hyperparameters A given the
observed dataset d, p(Ald) « L(d|A)n(A), is obtained by
EMCEE [50] and DYNESTY [51].

The dataset d we consider consists of 69 BHB merger
events (listed in Table 28 of Ref. [5]). These events have
a false alarm rate FAR < 1 yr~!. To avoid the potential
impact of neutron star coalescences in our analysis, the

044035-4
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dataset does not include any events with masses less than
3Mq. The posterior sample data for these events was
published by LVK [52], and we utilize the CO1:Mixed
samples. Most of the selected events involve black holes
with masses below 50M, but there are some exceptions,
such as GW190521, which contains black holes with
masses exceeding 50M and therefore falls within the
pair-instability mass gap.

Rpgn = 17663432

10g10Apeak = =170+

10g10Apeak
2

Mmin = 4.704984

Mimax = 87,5556

o

g

Mmax

)

®

IV. RESULTS

The posterior credible intervals (68%) of the hyper-
parameters of the POWER LAW + PEAK ABH model and the
ABH-PBH model are listed in Table I (also see Fig. 1 and
Fig. 2 for the posterior distributions). For the ABH model,
our values are largely consistent with the results obtained
by LVK. For the ABH-PBH model, we find that the
observed BHBs can be best fitted if the PBH density is

{=3.59183

%

U = 34.037142

tm
Vs

°

STV Ee e

IV VI
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- +251
Om = 321283}

—
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L T S S T S R Y
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FIG. 1. Posterior distributions of the hyperparameters in the POWER LAW 4 PEAK ABH model. The values displayed at the top of the

plots represent the 68% credible intervals.
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FIG. 2. Posterior distributions of the hyperparameters in the ABH-PBH model. The values displayed at the top of the plots represent

the 68% credible intervals.

about 0.1% of the dark matter density. In order to get an
intuition of the fraction of PBHs in the observed BHBs, we
follow Ref. [17] and define the proportion of PBHs and
ABHs in the ABH-PBH model

vean = Nt/ (NS + Ny (21)

YaBu = | — yppu- (22)

The posterior distributions of ypgy and ypy in the ABH-
PBH model are shown in Fig. 3, according to which the
PBHs could account for about 60% of the observed BHBs.
We also show the posterior predictive distributions of the
primary mass m; of both hypotheses in Fig. 4 and Fig. 5.
For the ABH-PBH model, the weighted average of PBH
has a minor peak at ~8M,, which is due to a smaller mode
in the posterior distribution of m, at ~8M . However, this
mode is too small to have a noticeable impact on the 90%
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Mixing fractions

FIG. 3. The posterior predictive fractions of ABHs and PBHs in

GWTC-3.

credible interval. We find the distribution of the primary
mass in the ABH-PBH model manifests two peaks, which
has also been observed in the phenomenological population
analysis performed in Refs. [5,6], indicating our ABH-PBH
model is capable of explaining the observed data. More-
over, we find that black holes with mass less than 20M , as
well as the peak at ~10M are dominated by ABHs, while
black holes with mass greater than 20M , are more likely to
be PBHs. In particular, the mass function of PBHs is likely
to peak at ~30M with the subcritical black holes being
suppressed given the large best-fit value of a;. We shall
discuss the implications of the posterior PBH mass dis-

tribution in Sec. V.
Now we consider the POWER LAW + PEAK ABH model

as our benchmark and calculate the Bayes factor between
the ABH-PBH model and the ABH model

ABH
10° 4
PBH
,
IR
Y
1071 4 |\
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FIG. 5. Posterior predictive distribution of the primary mass

m; in the POWER LAW + PEAK ABH model. The dashed line
represents the weighted average, and the shaded area represents a
90% credible interval. The dashed lines can be outside of the
shaded areas due to the skewed posterior distribution of A.

_ Z ABH-
Bygron — ZAgteon, 2
ABH
where
(24)

Za = / L(d|A)m(A)dA

is the evidence for model M. The evidence of each model
ABH-PBH ., 10183

is obtained by DYNESTY, which gives Bipy
This indicates that our ABH-PBH model is strongly favored

over the fiducial POWER LAW + PEAK ABH model.

100 4 ABH+PBH
»
1 \\
_ 1
1071 4 1 “ -
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FIG. 4. Posterior predictive distributions of the primary mass m1; in the ABH-PBH model. The left plot shows the distribution of ABHs
and PBHs separately, while the right plot shows the sum of both ABHs and PBHs. The dashed lines represent the weighted average, and
the shaded areas represent a 90% credible interval. The dashed lines can be outside of the shaded areas due to the skewed posterior

distribution of A.
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V. PBH’s FROM VACUUM BUBBLES

In this section, we discuss the production of PBHs whose
mass function obeys a broken power law. It was proposed
and investigated in a series of works that PBHs can be
formed by spherical domain walls and vacuum bubbles that
nucleate during inflation [28,32-35]. We shall focus on
the case of vacuum bubbles, introducing in more details the
formation mechanism and discussing the implication of
the GWTC-3 data on the model. For domain walls, the
mass distribution of the resulting PBHs usually has
a, = —1/2, which is not compatible with the a, inferred
from GWTC-3.

A. Mechanism

If the inflaton field lives in a multidimensional potential,
it may tunnel from the quasi-de Sitter vacuum to another
vacuum of a lower energy scale. As a result, bubbles
constantly pop out in space at a certain nucleation rate, and
expand at a speed close to the speed of light. After inflation
ends, inflaton outside the bubbles rolls down to the
Universe’s present vacuum, decaying into hot radiation,
while the rapidly expanding bubbles run into the radiation
fluid. If the energy scale of the bubble interior is larger than
that of our vacuum, such a bubble will eventually come to a
stop and start receding with respect to the Hubble flow,
because all forces acting on the bubble wall, including the
vacuum pressure, the wall tension, and possible friction
from the radiation fluid, point inward. The fate of the
bubble depends on its size. A small bubble could collapse
into a black hole after it reenters the cosmological horizon.
This kind of bubble and its resulting PBH are what we refer
to as subcritical. For a sufficiently large bubble, the bubble
wall will also start receding with respect to the Hubble flow
at some point after inflation for the same reason as in the
case of a subcritical bubble, but the bubble will never
collapse due to the inflation occurring in the bubble interior.
As a result, a wormhole forms, connecting our Universe
and the bubble, and eventually pinches off, leaving a black
hole in our Universe and a space-time that is causally
disconnected from our Universe, i.e., a baby universe. This
kind of bubble and its resulting PBH are what we refer to as
supercritical.

The mass of the resulting black holes can be found by
studying the evolution of the bubble, the details of which
are investigated in Refs. [28,33-35]. Neglecting the friction
from the radiation fluid, the bubble motion after inflation is
determined by the following parameters: the inflationary
scale 7;, the energy scale of the bubble interior 7, the wall
tension scale 7,, and the bubble wall’s Lorentz factor y at
the end of inflation. From these parameters, along with the
bubble size at the end of inflation, one finds how the bubble
expands by numerically solving the bubble wall’s equation
of motion. The resulting black hole mass m can then be
estimated by the bubble size at time f;, when the bubble

comes to a stop with respect to the Hubble flow. In the
subcritical regime, assuming that the bubble mass is domi-
nated by the interior vacuum, it can be shown that black
holes formed by bubble collapse have mass m ~ i / MS,.
On the other hand, the resulting black holes from super-
critical bubbles have mass estimated as m ~ ¢, [34,35].
Equating these two gives the critical mass that connects the
two regimes:

m, ~ M3 /. (25)

In the above analysis, the bubble is assumed to be
perfectly spherical. However, at the time of nucleation,
there are inevitable quantum fluctuations in the bubble
wall. When a subcritical bubble collapses, these fluctua-
tions grow, and the bubble may fragment into smaller
pieces, which will disintegrate into relativistic particles.
This effect certainly hinders the formation of black holes
from small subcritical bubbles. It was found in Ref. [33]
that in order for fluctuations not to break the shrinking
bubble, the resulting black hole should at least have mass

4 3/2
o (miM
2 (") (26)

This gives a lower bound to the black hole mass in the
subcritical regime. On the other hand, supercritical bubbles
are not subject to this constraint. Therefore, if m. < m,, the
minimum black hole mass is given by ~my; if m; > m,,
then most subcritical bubbles would not turn into black
holes, and the minimum black hole mass is given by ~m,.

Bubbles formed at different times expand to different
sizes. By working out the bubble dynamics during infla-
tion, and assuming a constant bubble nucleation rate x, one
obtains the size distribution of the bubbles when inflation
ends (x «). Then by the relation of ¢, and m, we obtain the
mass distribution of the black holes [32]. Several examples
of the mass function f(m) are shown in Fig. 6. We can see
that f(m) can be approximated by a set of broken power
laws near the critical mass m., where there is a relatively
sharp change (for example, the peak in the blue curve). The
shaded regions in Fig. 6 are observational constraints on
fpen for monochromatic PBHs, which means all PBHs are
of the same mass.” The only window that allows PBHs to be
responsible for all dark matter is restricted to 10'7-10%* g.

A noticeable feature of f(m) is that PBHs in the super-
critical regime near m, obey f o« m* where a & —4.* This is
a generic result as long as the Lorentz factor y is sufficiently
large. An assumption behind the mechanism is there is no
friction exerting on the bubble wall from the radiation fluid.

3Stn'ctly speaking, these constraints are improper for an ex-
tended mass function as our f(m) [53]. However, using the upper
bounds of fppy to constrain f(m) is qualitatively reasonable
as long as wpgy = f/m does not have a plateau over a large range.
By semianalytic calculations one finds a ~ —4.25.
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FIG. 6. Observational constraints on the fraction of the dark matter in (monochromatic) PBHs fppy (shaded regions; adapted from
Fig. 10 in Ref. [10]) and several examples of the PBH mass function (four curves) considered in this work. From the bottom curve (red)
to the top (blue), we increase the value of the Lorentz factor y, with all other parameters fixed.

In the other extreme scenario, where all fluid is reflected
by the bubble wall, the resulting mass function for super-
critical black holes should obey f o m~!/2. Taking mass
accretion into account tends to give a shallower slope.
Therefore, a power law much steeper than m~ is incom-
patible with our mechanism. If such a mass function is
favored by future detection, our PBH mechanism as an
explanation of the LVK events can be ruled out.

B. Implications from GWTC-3

Assuming that our ABH-PBH model is responsible for
the LVK events, our analyses on the GWTC-3 dataset
suggest that more than half of the LVK black holes come
from PBHs. While ABHs dominate the low-mass end in the
mass distribution, larger black holes are mostly PBHs. The
PBH mass function is given by

f=107m™* for m > 30M, (27)
and is suppressed at m < 30M, since «; is likely to have a
large value. Such a mass function can be approximated by
the blue curve in Fig. 6 for the mass range m 2 30M ~
6 x 10** g (right side of the peak). Note that it looks
incompatible with the light blue shaded region, which is a
constraint from the nonobservation of disklike PBH accre-
tion effects in the CMB [54]. If the accretion is spherical
instead of disklike, the light purple shaded region [54] is
marginally consistent with our result.

The mass function (27) suggested by GWTC-3 brings
several implications to our PBH mechanism:

(1) Eq. (27) is consistent with the mass function predicted
for PBHs formed from supercritical bubbles. As
discussed in the previous subsection, f « m™ is a
generic feature for m 2 m,. These PBHs can account

for the GWTC-3 events at the high-mass end, as well
as the peak in mass distribution at ~30M .

(i) By Egq. (25), the critical mass m,, is determined by the
vacuum energy density inside the bubble. By (27),
we have

M/} ~30Mg — 11, ~0.1 GeV,  (28)

i.e., the energy scale of the bubble interior
is O(0.1) GeV.

(iii) A large a; means the formation of subcritical black
holes are suppressed. From the discussion in the
previous subsection, this could happen if most
subcritical bubbles are destroyed by wall fluctua-
tions. By Eq. (26), we have

Mo 3/2
my? (’11—3131) > 30Mg — nj > moMp.  (29)
n

o

If we further assume that the bubble wall and the
bubble interior have comparable energy scales, i.e.,
n, ~ 1y, then we have

n > 10* GeV, (30)

which provides a lower bound to the inflation-
ary scale.

VI. CONCLUSIONS

The analysis of GWTC-3 reported by the LVK
Collaboration indicates a substructure in the mass distri-
bution of the detected black holes. In particular, two peaks
were found at ~10M 5 and ~35M g respectively, suggesting
more than one channel of the formation of BHBs. The mass
distribution can phenomenologically be described by the

044035-9



HE, DENG, PIAO, and ZHANG

PHYS. REV. D 109, 044035 (2024)

POWER LAW + PEAK model, where the Gaussian peak
accounts for black holes around 35M,. In this work, we
have considered the possibility that the peak at higher
masses is attributed to PBHs obeying a merger rate different
from black holes on the lower mass end. In particular, we
considered PBHs generated in a nonperturbative mecha-
nism, where the black holes are formed by vacuum bubbles
that nucleate during inflation. These PBHs are either
“subcritical” or “supercritical,” and the mass function near
the critical mass m, is expected to obey a broken power
law. We then assumed a model where each LVK BHB is
either a ABH binary from the POWER LAW + PEAK dis-
tribution or a PBH binary from the broken power law
distribution.

Under the above assumption, we performed hierarchical
Bayesian analyses on the GWTC-3 data, and found that
(1) PBHs described by a broken power law mass function
are strongly preferred over the POWER LAW + PEAK ABHs
near ~30M,. These PBHs significantly suppress the
“peak” in the POWER LAW + PEAK model. (2) More than
half of the GWTC-3 events can be attributed to PBHs.
(3) Black holes with masses smaller than 30M are
dominated by ABHs. (4) PBHs are rare below m,, i.e.,
the mass function obeys a power law rather than a broken
power law. One should note that these conclusions rely
on the assumption that ABHs are described by the
POWER LAW + PEAK model, which is a phenomenological
parametrization for the ABH mass function. Given the
uncertainties in ABH formation, the strong preference over
the POWER LAW + PEAK ABH model is not conclusive
evidence for the existence of PBHs.

These results impose several constraints and implications
on our PBH mechanism. Firstly, the PBH mass function f
suggested by GWTC-3 is consistent with the prediction
made in Ref. [35] for PBHs from supercritical bubbles:
f < m®, where a, ~ —4. Secondly, the best-fit value of
the critical mass m, ~30M leads to an estimate of the
energy scale of the bubble interior, i.e., another vacuum
that the inflationary state tunnels to during inflation:
n, = O(0.1) GeV. Thirdly, almost all PBHs are from
supercritical bubbles, which means most subcritical bub-
bles were destroyed or did not nucleate for some reason.
This could happen if the quantum fluctuations on the
bubble wall break the bubbles when they shrink. This gives
the PBH a lower bound in mass. If we further assume that
the energy scale of the bubble interior and that of the wall
tension are comparable, we obtain a lower bound of the
inflationary scale: 7, > 10* GeV. Besides making infer-
ences on the inflation model, we would like to emphasize
that the observational evidence of the supercritical PBHs is

also evidence of the multiverse. Moreover, the PBH mass
distribution indicated by GWTC-3 can provide seeds of
supermassive black holes located at the center of most
galaxies [54,55].

In this work, we assumed a constant nucleation rate of
vacuum bubbles. However, the nucleation rate could vary
with time [55,56]. In this case, the long wavelength
primordial perturbations may affect the nucleation rate,
leading to the initial clustering of the PBHs, which shall be
studied in detail in future work. Moreover, when deriving
the constraints on the inflation model, we assume that
subcritical PBHs are suppressed due to the deviation from
a spherically symmetric bubble. Actually, there are other
reasons that may further suppress the subcritical bubbles. In
particular, as the vacuum energy in our Universe changes
during inflation, the surface tension of the bubble wall
should also change accordingly. While in Ref. [35], the
surface tension has been treated as a free parameter so that
the wall tension is not necessarily the same as that during
inflation, the nonlinear effects, which have not been
considered in Ref. [35], can still lead to scalar waves
peeling off from the wall, taking away additional energy. As
a result, the subcritical bubbles might not collapse into
black holes. This process might affect the inference on the
inflation model, and will be investigated in more detail in
future work with a full general relativity numerical simu-
lation. In spite of the possible systemic errors caused by the
uncertainties in modeling, this work shows a promising
approach to probe the physics of the early universe with
gravitational wave observations. This is especially the case
with the next generation gravitational wave detectors,
which are able to probe black hole mergers at high redshift.
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