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A novel mechanism for the primordial black hole (PBH) production is proposed as a natural and
inevitable consequence of general first-order phase transitions without reference to specific underlying
particle physics models. We obtain mutual predictions and constraints between primordial black holes and
gravitational waves from phase transitions in the general case. For particular interest, our PBHs generated
during a PeV-scale phase transition could make up all the dark matter, while PBHs generated during a
MeV-scale phase transition could simultaneously account for LIGO-Virgo coalescence events and
NANOGrav 12.5-yr result for the corresponding gravitational waves.
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I. INTRODUCTION

The detection of gravitational waves (GWs) from the early
Universe opens a new window to probe new physics [1,2].
Among them, the first-order phase transitions (PTs) are well
motivated and predicted by many extensions of the Standard
Model of particle physics (see, for example, [3] for a recent
summary.) During a PT, the vacuum bubbles copiously
nucleate due to quantum tunneling [4,5] and continuously
release the vacuum energy into bubble walls and background
plasma [6–8]. As the vacuum pressure pushes bubble walls
forward, true vacuum bubbles continuously expand and
finally collide with each other, generating large energy
density perturbations and then produce GWs.
Furthermore, it has been proposed that the collapse of

false vacuum bubbles formed during bubble collisions with
a certain bubble-formation rate leads to the formation of
primordial black holes (PBHs) [9–13]. PBHs are of broad
interest for the ability to constitute even all dark matter
[14,15] and explain the coalescence events observed by
LIGO-Virgo collaboration [16,17]. Generally speaking,
amplified energy density perturbations also provide the
necessary conditions of PBH formation when generating

GWs. Once energy density fluctuations reach the threshold,
PBHs formed from the gravitational collapse of the whole
mass within a Hubble horizon [18,19]. In this paper, we
propose a novel and generic mechanism of PBH formation
during PTs arising from the asynochronization of the
vacuum tunneling progress, which is different from the
PBH formations mechanism proposed in Refs. [20–22]
that proceeding through the collapse of fermion bubbles
depending on the interaction between the scalar field and
background plasma [20–22].
In this paper, we do not assume any specific particle

physics model for PT to achieve such a PBH production
channel, and find the PBH formation is a universal
consequence of PTs. Because of the asynochronization
of the vacuum tunneling progress, there always exist some
Hubble-sized regions where the decay of the false vacuum
is postponed. Since the radiation energy density decreases
in the expanding Universe while the vacuum energy
remains constant, the postpone of false vacuum decay
leads to an increase in total energy density within those
regions. At the time the vacuum energy inside those regions
totally decays into other components, the overdensity
reaches the maximum and the whole mass inside those
regions may collapse into PBHs. Different from the
previous works, we utilize the concrete numerical result
of gravitational collapse [23,24] to obtain the exact result of
the PBH abundance in terms of the basic model parameters
of PTs, where numerical relativity simulation results are
indispensable to obtain correct PBH formation mechanism.
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Especially PBHs abundantly form in a relatively slow and
supercooled PT. We also discuss the mutual constraints on
GW energy spectrum and PBH abundance basing on our
mechanism. For convenience, we choose c ¼ 8πG ¼ 1
throughout this paper.

II. PBHs FROM PTs

The exponential nucleation rate of vacuum bubbles
reads [4,25]

ΓðtÞ ¼ Γ0eβt; ð1Þ

where Γ0 is the initial value, the key parameter β ≥ 0

represents the increasing rate. For the case β ≫ 1, β−1 is
also an estimation of the duration time of PTs. The
averaged spatial fraction of the false vacuum reads [26]

FðtÞ ¼ exp
�
−
4π

3

Z
t

ti

dt0Γðt0Þa3ðt0Þr3ðt; t0Þ
�
; ð2Þ

where rðt; t0Þ≡ R
t
t0 a

−1ðτÞdτ denotes the comoving radius
of the true vacuum bubble and ti is the nucleation time of
the first bubble. Before ti the false vacuum covers the whole
space so FðtÞ ¼ 1, and then FðtÞ gradually decreases with
the expansion of true vacuum bubbles. As FðtÞ decreases,
the vacuum energy is released to bubble walls and back-
ground plasma. The Friedmann equation reads

H2 ¼ ρv þ ρr þ ρw
3

; ð3Þ

where ρv, ρr, and ρw are the energy densities of false
vacuum, background radiation, and bubble walls, respec-
tively. Here ρv ¼ FðtÞΔV and ΔV is the energy density
difference between the true and false vacua, where we have
normalized the true vacuum energy density to be the zero
point of the vacuum energy. αðtÞ≡ ΔV=ρrðtÞ is another
key parameter that represents the ratio of the vacuum
energy density released to the radiation bath during PTs.
The initial value of αðtÞ determines the strength of the PT
which is given later in specific cases. We assume the
velocity of bubble walls is close to the speed of light. Thus,
the equation of state parameters of both bubble walls
and background plasma are 1=3. Then, the evolution of
radiation energy density reads

dðρr þ ρwÞ
dt

þ 4Hðρr þ ρwÞ ¼
�
−
dρv
dt

�
; ð4Þ

where the lhs represents the Hubble expansion effect and
the rhs comes from the release of vacuum energy. Since the
vacuum decay is probabilistic, there always exists some
probability that in some Hubble volumes the vacuum decay
is postponed, and the corresponding probability is obtained
from Eq. (1),

PðtnÞ ¼ exp

�
−
4π

3

Z
tn

ti

a3ðtÞ
a3ðtPBHÞ

H−3ðtPBHÞΓðtÞdt
�
; ð5Þ

where tn is the time for bubbles starting to nucleate in those
Hubble volumes with postponed vacuum decay and tPBH is
the PBH formation time.
In the expanding Universe ρv is constant but

ρw; ρr ∝ a−4ðtÞ, so the delay of vacuum decay results in
an increase of the total energy density. The energy density
ratio inside and outside those regions, ρinside=ρoutside, con-
tinues increasing until vacuum energy totally decays inside
the overdense regions. At that time, ρinside=ρoutside reaches
the maximum and remains a constant afterwards. Then, the
mixture of both radiation and relativistic bubble walls
collapse into PBHs if the overdensity reaches the threshold
1þ δc. Increasing tn results in larger ρinside=ρoutside so that
PBHs can form more easily. However, as implied by
Eq. (5), the probability of the overdense regions quickly
decreases with larger tn, and the PBH abundance becomes
smaller. Equation (5) also implies that PðtnÞ exponentially
decreases with β. In other words, although PBHs naturally
form during PTs, they can constitute a non-negligible part
of dark matter only for relatively slow PTs.
If the energy density in one Hubble volume exceeds the

critical density for a certain threshold, δc ¼ 0.45 [23,24],
almost the whole mass in the Hubble horizon will collapse
into a PBH, and the PBH mass reads

MPBH ≈
4π

3
γH−3ðtPBHÞρc ¼ 4πγH−1ðtPBHÞ; ð6Þ

where ρc is the critical density and γ ≲ 1 is a factor
depending on detailed dynamics of gravitational collapse.
See Ref. [27] for a more accurate estimation of the PBH
mass, we simply adopt Eq. (6) as an illustration. In the
next section, we will show the evolution of ρvðtÞ and
ρrðtÞ þ ρwðtÞ, the amplification of energy density perturba-
tions, as well as the predicted PBH mass function in detail.
The previous analysis implies that the PBH abundance

only depends on the basic parameters α and β, and we do
not assume any details of specific models. Thus, the
mechanism and result of this work are generic.
In general, The PTs happen in the radiation-dominated

era, and the scale factor a increases for many orders of
magnitude until the time of matter-radiation equality. Since
the PBHs energy densities ρPBH ∝ a−3 and radiation energy
density ρr ∝ a−4, the proportion of PBH energy density is
immensely amplified by the expansion of the Universe.
Thus, the PBH abundance is non-negligible although
the probability PðtnÞ may be many orders of magnitude
smaller than 1.

III. THE PBH MASS FUNCTION AND GW
ENERGY SPECTRUM

We consider two typical cases as examples: (1) a strong
PT with α > 1 and (2) a weak PT with α < 1, and we give
the evolution of each component of the energy density,
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then obtain the predicted GW energy spectrum and
PBH abundance.
For the parameters we consider in the following, bubble

collisions dominate the GW sources, and we neglect
GWs from sound waves and magnetohydrodynamic tur-
bulence. The numerical simulations under envelope
approximation give the energy spectrum of GWs from
bubble collisions1 [28,29]

ΩGWh2ðfÞ ¼ 1.67 × 10−5ðH�=βÞ2
�

κα�
1þ α�

�
2

×
0.11v3w

0.42þ v2w

3.8ðf=fpÞ2.8
1þ 2.8ðf=fpÞ3.8

; ð7Þ

where vw is the bubble wall velocity and we simply choose
vw ¼ 1, κ is the fraction of energy density transferred from
vacuum into bubble walls, the subscript � denotes the
parameters evaluated at the PT time, i.e., Fðt�Þ ¼ 0.7
[30,31]. The peak frequency fp reads

fp ¼ 0.62
1.8 − 0.1vw þ v2w

ðβ=H�Þ
T�

100 GeV

× 1.65 × 10−5 Hz; ð8Þ

where T� is the PT temperature.
To obtain the evolution of the energy density, we solve

Eqs. (1)–(4) together self-consistently assuming ti ¼ 0.
In case 1, we choose β=H� ¼ 14.8, α� ¼ 6, and κ → 1. In
case 2, we choose β=H� ¼ 3.7, α� ¼ 0.5, κ ¼ 1=3.
Figure 1 shows the evolution of the false vacuum fraction
FðtÞ (upper) and each component of the energy density
(lower) in case 1 (left) and case 2 (right), we can find that as
FðtÞ decreases, ρrðtÞ þ ρwðtÞ increases correspondingly,
which means the vacuum energy transfers into bubble walls
and background plasma. Comparing the blue and orange
lines in each panel of Fig. 1, the decrease of FðtÞ is
postponed for tn, since ρr scales as a−4, the postpone of
vacuum decay finally results in an increase of radiation
energy density. At the end of simulation, ρinside=ρoutside
exceeds the threshold 1þ δc ¼ 1.45 and PBHs form.
The PBH abundance depends on α� and β=H�. For

smaller α�, Eq. (4) implies the quantum decay in the
overdense region should be postpone to a larger tn to
reach the threshold δc, then the probability PðtnÞ decreases.
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FIG. 1. The evolution of the false vacuum fraction FðtÞ (upper) and each component of the energy density (lower) in case 1 (left) and
case 2 (right). The energy density of each component is rescaled by the initial value ρðtiÞ. The blue and orange lines denotes the
conditions inside and outside the overdense regions. The dot-dashed line denotes the time of the first bubble nucleation tn inside the
overdense region. The solid and dashed lines in the lower panel, respectively, depict the evolution of the energy density of the false
vacuum and the radiation.

1The collapse of PBHs may result in additional GW produc-
tion. Since the overdense regions are very rare in the whole
Universe, this stochastic gravitational wave background (SGWB)
is too weak compared to that sourced from bubble collisions
elsewhere.
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For larger β=H�, Equation (5) implies PðtnÞ decreases with
tn unchanged. Thus, the PBH abundance increases with α�
and decreases with β=H�, while the PBH mass only
depends on T� according to Eq. (6).
The PT temperature in cases 1 and 2 are chosen to be

T� ¼ 1.58 × 106 GeV and T� ¼ 28.6 MeV, which are
inspired from Peccei-Quinn axion models [32] and hidden
sector models [33], respectively. In case 1 we choose γ ¼ 1,
PBHs with mass 1020 g constitute all dark matter and the
predicted GWenergy spectrum peaks at fp ¼ 0.65 Hz with
the peak value ΩGW;p ¼ 4.3 × 10−9, which are expected to
be detected by DECIGO, BBO, ET, and CE, satisfying
the current constraint by LIGO-Virgo collaboration [34].
In case 2 the predicted GW energy spectrum peaks at
fp ¼ 4 × 10−9 Hz with the peak value ΩGW;p ¼ 10−9,
which successfully explains the common spectrum process
detected by NANOGrav collaboration [35,36]. PBHs
formed in case 2 with the parameter γ ¼ 1=5, whose
abundance is predicted to be ρPBH=ρDM ¼ 10−3, can
explain the coalescence events observed by LIGO-Virgo
collaboration [37]. Figure 2 shows the predicted GW
energy spectrum (left) and PBH mass function (right) in
each case. Note that the nearly monochromatic mass
function is an approximation here. In principle, one needs
to consider the detailed collapsing process and the evolu-
tion of PBHs to obtain the small width of the mass function.

IV. CONCLUSION AND DISCUSSION

In this paper, we consider a novel mechanism of PBH
formation during PTs as a model-independent universal
consequence. Based on the numerical result of the collapse
threshold of the whole Hubble horizon, we obtain an exact
result of the predicted PBH abundance, and the mass
function is almost monochromatic. We investigate two
typical cases as examples and find that (1) PBHs from a PT

could constitute all dark matter, and the predicted ΩGW
peaks at about 0.65 Hz, which is expected to be observed
by DECIGO, BBO, CE, and ET. (2) GWs and PBHs
produced from a PT could both explain the common-
spectrum process observed by NANOGrav and the coa-
lescence events observed by the LIGO-Virgo collaboration.
Based on the mechanism in this work, we can further

realize a more accurate GW-PBH mutual constraint in
the PT case. Roughly speaking, for the PT temperature
T� < 5 × 108 GeV (so that the PBHs are not evaporated),
ΩGW < 10−7 is ruled out by the overproduction of PBHs.
Our mechanism can give constraints on PTs parameters at a
higher energy scale comparing with that from the GW
observation of LIGO-Virgo collaboration [34]. The upcom-
ing GW detectors can also give strict constraints on PBHs
from PTs.
For the models where vw ≲ 1, the results remains

roughly the same. In the other models where the bubble
wall interacts strongly with background plasma, vw is then
much smaller than the speed of light. We qualitatively
conclude here that both the GW strength and the PBH
abundance are largely reduced in this case, and leave the
quantitative analysis for future work. Since the GW energy
spectrum from PTs depends on other parameters such as
vw, the sound speed, and the interaction between bubble
walls and background plasma, from GWs produced by
bubble collisions and sound waves one cannot determine
all of the PT parameters.2 Thus, the observations of both
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FIG. 2. The predicted GW energy spectra and PBH mass functions in each case. The sensitivity curves can be found in Ref. [38],
including EPTA [39], PPTA [40], NANOGrav [41], IPTA [42], SKA [43], LISA [44], Taiji [45], DECIGO [46], BBO [47], LIGO, Virgo,
and KAGRA (LVK) [48,49], CE [50], and ET [51]. The PBH constraints include EGγ [52], INTEGRAL [53–55], Subaru HSC [56],
Kepler [57], OGLE [58], MACHO/EROS [59,60], SNe [61], Lyα [62], CMB [63], and LIGO-Virgo collaboration (LVC) [64].

2From the analytical point of view, the envelope approximation
[65,66], bulk flow model [67,68], and sound shell method [69,70]
give the GW energy spectrum from bubble collisions and sound
waves. References [71–75] conduct precise numerical simula-
tions for GWs from PTs. The characteristic energy spectrum of
GWs helps to distinguish PT models and determine model
parameters [76,77].
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PBHs and GWs can eliminate degeneracy and give more
strict constraints on model parameters.
The PBH formation mechanism proposed in this paper

does not suffer from the fine-tuning problem encountered
in the case of PBH production from curvature perturba-
tions. PBHs can be overproduced during strong and slow
PTs which happened at a temperature T� > 109 GeV.
These PBHs then dominate the Universe before their
evaporation time, and the Planck relics of Hawking
radiation could also account for dark matter. For the
low-scale PTs inspired by the axion models, GWs may
be detected through the B-mode polarization in the cosmic
microwave background, and supermassive black holes
with 106 solar mass can also be produced for an
Oð100Þ keV-scale dark PT.
In this work, we consider the collapse of the overdense

regions in the whole Hubble volume. However, small false
vacuum bubbles are more common in the same situation.
These bubbles tend to shrink into a very small region and
the energy is then highly concentrated. The interactions
become so violent that nonlinear evolution may arise in
such a small region. One needs numerical relativity
simulations to obtain the final fate of the false vacuum
bubbles. Moreover, smaller PBHs may arise if one takes
into account the PBHs from bubble collisions surrounding
the overdense regions. Thus, the result of PBH mass
function in this work is a conservative estimation and
smaller PBHs may be more abundant.
We plan to consider the following aspects to obtain more

accurate results. (1) The lattice simulations of PTs in the
Friedmann-Robertson-Walker Universe can give more
accurate results of ΩGW. (2) In more realistic models, such
as the results presented in numerical simulations [72–74],

the equation of state parameter is not exactly 1=3 at the
end of PT. This may be caused by the equation of state
parameter of bubble walls for vw < c, or the nonzero
effective mass of the scalar field near the true vacuum.
The threshold δc is smaller in this case as stated in
Ref. [78], which results in larger PBH abundance. For this
work’s originality and physical meaning, these problems
deserve more detailed research, which we leave for future
work.
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