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Few important points about PBH

• PBHs were proposed as compact objects, more precisely, black
holes formed in the early universe.

• They can partially or completely play the role of dark matter
in the standard cosmology.

• Many theoretical predictions, such as Hawking evaporation or
superradiant instability, can be verified from PBHs.

• PBHs can originate from inflation, cosmic strings, first-order
phase transitions (FOPT), etc
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Creation of PBH

• In this study, we consider the delayed vacuum decay during a
FOPT as the mechanism that creates PBH.

Primordial Black Holes from Supercooled Phase Transitions

Yann Gouttenoire1, * and Tomer Volansky1, †

1School of Physics and Astronomy, Tel-Aviv University, Tel-Aviv 69978, Israel

Cosmological first-order phase transitions (1stOPTs) are said to be strongly supercooled when the nucleation
temperature is much smaller than the critical temperature. These are often encountered in theories that admit
a nearly scale-invariant potential, for which the bounce action decreases only logarithmically with tempera-
ture. During supercooled 1stOPTs the equation of state of the universe undergoes a rapid and drastic change,
transitioning from vacuum-domination to radiation-domination. The statistical variations in bubble nucleation
histories imply that distinct causal patches percolate at slightly different times. Patches which percolate the lat-
est undergo the longest vacuum-domination stage and as a consequence develop large over-densities triggering
their collapse into primordial black holes (PBHs). We derive an analytical approximation for the probability
of a patch to collapse into a PBH as a function of the 1stOPT duration, β−1, and deduce the expected PBH
abundance. We find that 1stOPTs which take more than 12% of a Hubble time to complete (β/H ≲ 8) produce
observable PBHs. Their abundance is independent of the duration of the supercooling phase, in agreement with
the de Sitter no hair conjecture.

I. INTRODUCTION

Primordial black holes (PBHs) have been the object of in-
tense research activities since the detection of gravitational
waves from mergers of solar-mass black holes in 2015 [1].
The detection of black holes with sub-solar masses would
be considered evidence for the gravitational collapse of large
overdensities which pre-existed in the primordial plasma [2].
A variety of mechanisms have been proposed for generat-
ing such inhomogeneities, e.g. inflaton ultra slow-roll [3, 4],
collapse of cosmic strings [5–8], of domain walls [9–12],
of scalar condensates [13–16] or in a dissipative dark sec-
tor [17–20]. Overdensities and the formation of PBHs can
also be associated with cosmological first-order phase transi-
tions (1stOPTs) where by and large, four mechanisms have
been identified: bubble collisions [21–23], matter squeezing
by bubble walls [24–28], transitions to a metastable vacuum
during inflation [29–32] and the collapse of delayed false vac-
uum patches [33–44].

In this letter, we revisit the last of these mechanisms and
show that PBHs can be abundantly produced in the supercool-
ing regime, e.g. when the energy density of the universe is
dominated by the latent heat of a phase transition. The latent
heat acts as a cosmological constant which causes the uni-
verse to inflate until the transition completes and the energy is
converted into radiation once bubbles nucleate and percolate.
As illustrated in Fig. 1, since bubble nucleation is a stochas-
tic event, and since regions outside bubbles expand faster than
those inside, a delayed nucleation within a causal patch would
develop high curvature and collapse into a PBH. We find that
any 1stOPT whose “duration” β−1 is longer than one tenth of
Hubble time,

β ≡ 1

ΓV

dΓV

dt
≲ 8H , (1)

produces PBHs with observational consequences. Here ΓV ≡
Γ/V is the bubble nucleation rate per unit of volume (and
hence a dimension-4 parameter). The mass of these PBHs is
given by the mass inside the sound horizon, cf. Eq. (17).

H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

Figure 1. The supercooled late-blooming mechanism:
a) The nucleation of bubbles through quantum or thermal tunneling
is a random process. Within certain causal patches – such as the
one delimited with a black dotted circle and labeled “late-bloomer”
– bubble nucleation can start later than the background. b) and c)
In the supercooled limit, false vacuum regions in gray are vacuum-
dominated while true vacuum regions in brown are energetically
dominated by components which redshift like radiation (see App. B).
As a result, the background is rapidly redshifting while late-bloomers
admit a nearly constant energy density. d) This inhomogeneity in the
equation of state generates a Hubble-size over-density in the radia-
tion fluid which, above a certain threshold, collapses into a PBH.
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(taken from arXiv: 2305.04942)
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Generation of PBH Spin

• The spectral moments:

σ2
n =

∫
dk
k

k2nPζ(k)

• The fraction that collapses:

β0 =

√
2

π

2

5

σh
δH,th

exp
[
−25

8

(
σh
δH,th

)2
]
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Generation of PBH Spin

• Mass of the PBHs:

MPBH = 9.23× 1031
(

T
GeV

)−2

g

• Abundance:

fPBH = 1.26× 1026β0

(
MPBH

g

)−1/2

• Spin:

⟨a2
∗⟩1/2 =

A
√
1− γ2(

1 + 0.036

[
21− 2log10

(
fPBH
10−7

)
− log10

(
MPBH
1015g

)])
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Dependence on FOPT parameters

• The curvature power spectrum:(arXiv:2208.14086)

Pζ(k) = 34.5[σH (α, β/H )]2(k/H)3

• Spin:

⟨a2
∗⟩1/2 =

A
√
1− γ2(

1 + 0.036

[
21− 2log10

(
fPBH
10−7

)
− log10

(
MPBH
1015g

)])
• Narrow power spectrum (arXiv: 2011.00710):
A = 4.01× 10−3

• The power spectrum due to FOPT (arXiv: 2311.03406)
A = 2.5× 10−2
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Dependence on FOPT parameters
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Dependence on FOPT parameters
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Dependence on FOPT parameters

• PBH mass depends on the transition temperature, whereas
the PBH abundance and spin depend on the strength of the
FOPT (α), the inverse time scale of the FOPT (β), and the
transition temperature.

• {T , α, β/H}→ {MPBH(g), fPBH, 10−3⟨a∗⟩1/2}
{108 GeV, 3.22, 22} → {9.23× 1015, 0.00025, 4.74}
{106 GeV, 2.1, 17} → {9.23× 1019, 0.918, 6.48}
{100 GeV, 2.7, 18} → {9.23× 1027, 0.0176, 8.79}
{26 GeV, 1.4, 12} → {1.36× 1029, 0.0161, 8.04}
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Future Scope

• Supercooled cases, for which the order of the nucleation and
the percolation temperatures are different than that of the
critical temperature, might give rise to different temperature
dependence.

• FOPTs in Non-standard cosmology, such as some early
matter-dominated era, may give rise to PBH with high initial
spin, which has implications in Hawking evaporation
superradiant instability, gravitational waves, etc.
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Thanks!
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