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We study the possibility of generating dark matter (DM) purely from ultralight primordial black hole
(PBH) evaporation with the latter being produced from a first order phase transition (FOPT) in the early
Universe. If such ultralight PBH leads to an early matter domination, it can give rise to a doubly peaked
gravitational wave (GW) spectrum in Hz-kHz ballpark with the low frequency peak generated from PBH
density fluctuations being within near future experimental sensitivity. In the subdominant PBH regime, the
FOPT generated GW spectrum comes within sensitivity due to absence of entropy dilution. In both the
regimes, PBH mass from a few kg can be probed by GW experiments like BBO, ET, CE, UDECIGO etc.
while DM mass gets restricted to the superheavy ballpark in the PBH dominance case. Apart from distinct
DM mass ranges in the two scenarios, GW observations can differentiate by measuring their distinct
spectral shapes.
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I. INTRODUCTION

Primordial black holes (PBH), originally proposed in [1]
and later by Hawking [2,3] can have several interesting
cosmological consequences [4,5]. A recent review of PBH
can be found in [6]. Depending upon the initial mass ðminÞ
and initial energy fraction (β), PBH can face different
astrophysical and cosmological constraints. Among them,
the ultralight PBH mass window is relatively less con-
strained as such PBH evaporate by emitting Hawking
radiation [2,3] before the big bang nucleosynthesis
(BBN) epoch. Comparing the evaporation temperature
with the BBN temperature Tev > TBBN ≃ 4 MeV leads
to the upper bound on this ultralight PBH mass window.
On the other hand, a lower bound can be obtained by
using the upper limit on the scale of inflation from
cosmic microwave background (CMB) measurements.
Using these BBN and CMB bounds simultaneously
leads to the allowed initial mass for ultralight PBH that
reads 0.1 g≲min ≲ 3.4 × 108 g. As mentioned above,
the range of PBH masses in this window is relatively

unconstrained [6]. It should be noted that the upper bound
is obtained only for PBH which evaporates on a timescale
smaller than the age of the universe and have a large initial
fraction β to dominate the energy density at some epoch.
Such evaporation of ultralight PBH can also lead to the
production of dark matter (DM) in the universe [7–23]. As
suggested by observations in astrophysics and cosmology
based experiments, approximately 26% of the present
universe is made up of DM, the particle origin of which
is not yet known. If DM has only gravitational interactions
as observations indicate, the conventional thermal freeze-
out mechanism fails and PBH evaporation provides a very
good alternative.
While DM with only gravitational interactions may not

have much detection prospects, the ultralight PBH and their
formation mechanisms in the early universe can lead to
promising detection prospects. In spite of this relatively less
constrained mass window, it is still possible to probe an
ultralight PBH dominated epoch in the early universe via
detection of stochastic gravitational waves (GW) back-
ground.1 Interestingly, detection of stochastic GW can
also probe the formation mechanism of PBH in the early
universe. In the early universe, PBH can be formed
in a variety of ways like, from inflationary perturbations
[25–29], first-order phase transition (FOPT) [30–42], the
collapse of topological defects [43,44] etc. Such mecha-
nisms often come up with their own unique GW spectrum.
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On the other hand, PBH can lead to generation of GW in a
variety of ways. The Hawking evaporation of PBH itself
can produce gravitons which might constitute an ultrahigh
frequency GW spectrum [45]. PBH can also lead to GW
emission by forming successive mergers [46]. In addition,
the scalar perturbations leading to the formation of PBH
can induce GW at second-order [47], which can be further
enhanced during the PBH evaporation [48]. Finally, the
inhomogeneity in the distribution of PBH may also induce
GW at second order, as recently studied in [49–51]. In the
present work, we consider the last possibility which, for
ultralight PBH mass window, can lead to stochastic GW
with peak frequencies in the ballpark of ongoing and
planned future experiments.
Motivated by this, we study the possibility of simulta-

neously probing the signatures of formation mechanism
and PBH via detection of stochastic GW background with
nontrivial implications for dark matter produced solely
from PBH evaporation. Recently, FOPT origin of heavy
PBH was studied by the authors of [52–57]. Here, we
consider the ultralight PBH mass window, not considered
in earlier works and study the possibility of forming them
in FOPT. The combined GW spectrum arising out of the
FOPT and density perturbations of ultralight PBH consists
of a unique doubly-peaked feature. For the PBHmass range
of interest, the peak in GW spectrum due to FOPT occurs
at a frequency higher than the one due to PBH density
perturbations. Depending upon the model parameters, the
peak frequencies and corresponding blue and red tilted
parts of the GW spectrum remain within the sensitivities of
several planned experiments like DECIGO [58], BBO [59],
ET [60], CE [61], UDECIGO (UDECIGO-corr) [62,63]
etc. While doubly peaked GW spectrum arises in a scenario
with PBH domination, the DM parameter space is typically
restricted to the superheavy ballpark. In subdominant PBH
scenario, DMmass range gets much wider whereas the GW
spectrum generated by FOPT comes within the sensitivities
of several future experiments. Depending upon the specific
scenario, DM masses from GeV to superheavy regime and
PBHmass as low as a few kg remains within sensitivities of
such GW experiments. It is worth mentioning that in most
of the earlier works studying DM production from PBH
evaporation, the formation mechanism of the latter is not
included. The inclusion of the PBH formation mechanism
not only leads to a tighter parameter space but also to
complementary detection prospects.
This paper is organized as follows. In Sec. II, we

outline the particle physics setup responsible for FOPT
followed by discussion of PBH formation in Sec. III.
In Sec. IV and Sec. V, we discuss the stochastic GW
generated by FOPT and PBH density fluctuations respec-
tively. In Sec. VI, we discuss the combined GW spectrum
arising from FOPT and PBH followed by implications for
DM phenomenology in Sec. VII. We briefly comment on
other FOPT origin of PBH not discussed in this work and

the corresponding GW signatures in Sec. VIII. We finally
conclude in Sec. IX.

II. THE SETUP

Among different scenarios relating FOPT to PBH for-
mation [30–42], we consider the false vacuum collapse as
the origin of PBH formation. In particular, we consider the
collapsing Fermi-ball scenario [35,36,41,42,53,64–67]. In
this scenario, a dark sector fermion χ with an asymmetry
between χ and χ̄ leads to the formation of Fermi-balls after
getting trapped in the false vacuum. Due to the strong
Yukawa force among the dark fermions, such Fermi-balls
can collapse into PBH. As the dark sector is asymmetric2

and carries a conserved charge, we consider a global dark
Uð1ÞD symmetry which remains unbroken as the Universe
goes through a FOPT. The dark sector fermion χ has a
charge qχ under thisUð1ÞD global symmetry while all other
fields are neutral. We consider the FOPT to be driven by a
singlet scalar Φ. The dark sector fermion χ is coupled to Φ
through Yukawa interaction. Since fermion and bosons
contribute with opposite signs to the effective potential,
and fermion χ has large Yukawa coupling with Φ, addi-
tional bosonic degrees of freedom are required to have an
effective potential consistent with a strong FOPT while
keeping all dimensionless couplings within perturbative
limits. We consider an additional singlet scalar Φ0 and
doublet scalar H2 for this purpose. However, this choice is
arbitrary. For example, if we embed this setup within a new
gauge symmetry under which Φ transforms nontrivially,
such extra scalar fields are no longer required. These
additional scalars are also neutral under Uð1ÞD global
symmetry and their couplings with Φ are the only relevant
ones for our analysis.
The relevant Lagrangian of these newly introduced fields

is given by

L ⊃ −gχΦχ̄χ −mχ χ̄χ − VðΦ;Φ0; H2Þ ð1Þ

where, the scalar potential (suppressing a few allowed
terms for simplicity) is

VðΦ;Φ0; H2Þ ¼ λD

�
jΦj2 − v2D

2

�
2

þm2
Φ0 jΦ0j2 þ λΦ0 jΦ0j4

þ λΦΦ0 jΦj2jΦ0j2 þm2
H2
jH2j2 þ λH2

jH2j4
þ λΦH2

jΦj2jH2j2 þ λΦHjΦj2jHj2: ð2Þ

Here, vD is the vacuum expectation value (VEV) of the
singlet scalar Φð≡ϕ=

ffiffiffi
2

p Þ. In order to realize electroweak
vacuum, the coupling λΦH with the standard model (SM)

2Here, we remain agnostic about the origin of such an
asymmetry. Example of a UV complete model can be found
in [36]. The GW phenomenology discussed here is generic and
independent of such UV completions.
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HiggsH is suppressed. The one-loop correction to the tree-
level potential is computed considering the couplings of all
the particles to the singlet scalar Φ and this correction is
known as Coleman-Weinberg (CW) potential [68], which
can be written as

VCWðϕÞ ¼
1

64π2
X

i¼ϕ;ϕ0;H2;χ

niM4
i ðϕÞ

�
log

�
M2

i ðϕÞ
v2

�
− Ci

�

ð3Þ

where, nΦ ¼ 1, nΦ0 ¼ 1, nH2
¼ 4 and nχ ¼ 2 and

CΦ;Φ0;H2;χ ¼ 3
2
. The physical field-dependent masses of

all particles are

M2
ΦðϕÞ ¼ λDð3ϕ2 − v2DÞ; M2

Φ0 ðϕÞ ¼ m2
Φ0 þ λΦΦ0ϕ2

2
;

M2
H2
ðϕÞ ¼ m2

H2
þ λΦH2

ϕ2

2
; M2

χðϕÞ ¼ ðmχ þ gχϕÞ2:

Now, the thermal contributions to the effective potential
[69,70] can be expressed as

VTðϕ;TÞ¼
X

i¼Φ;Φ0;H2

niT4

2π2
JB

�
M2

i ðϕÞ
T2

�
−
nχT4

2π2
JF

�
M2

χðϕÞ
T2

�

ð4Þ

where

JFðxÞ ¼
Z

∞

0

dyy2 log
h
1þ e−

ffiffiffiffiffiffiffiffiffi
y2þx2

p i
;

JBðxÞ ¼
Z

∞

0

dyy2 log
h
1 − e−

ffiffiffiffiffiffiffiffiffi
y2þx2

p i
:

Besides this, the Daisy corrections [71–73] are also
incorporated in thermal contribution to improve perturba-
tive expansion considering Arnold-Espinosa method [73]
during FOPT such that V thermalðϕ; TÞ ¼ VTðϕ; TÞþ
Vdaisyðϕ; TÞ. The Daisy contribution can be written as

Vdaisyðϕ; TÞ ¼ −
T
2π2

X
i¼Φ0;H2

ni½M3
i ðϕ; TÞ −M3

i ðϕÞ� ð5Þ

where,M2
i ðϕ;TÞ¼M2

i ðϕÞþΠiðTÞ and the relevant thermal
masses are

M2
Φ0 ðϕ; TÞ ¼ m2

Φ0 ðϕÞ þ
�
λΦ0

4
þ λΦΦ0

6

�
T2;

M2
H2
ðϕ; TÞ ¼ m2

H2
ðϕÞ þ

�
λH2

4
þ λΦH2

12

�
T2:

So, at finite temperature, the effective potential can be
written as

Veffðϕ; TÞ ¼ V treeðϕÞ þ VCWðϕÞ þ V thermalðϕ; TÞ: ð6Þ

At high temperatures, the Universe lies in a vacuum
hϕi ¼ 0. When the temperature decreases to a critical
temperature Tc, two degenerate vacua are created which
are separated by a barrier. Below this critical temperature,
the Universe tunnels through the barrier from false vacuum
hϕi ¼ 0 to true vacuum hϕi ≠ 0. The rate of tunneling is
estimated by calculating the bounce solution [74]. The
tunneling rate per unit volume is defined in terms of O(3)
symmetric bounce action S3ðTÞ as

ΓðTÞ ∼ T4e−S3ðTÞ=T: ð7Þ

The nucleation temperature Tn is calculated by comparing
the tunneling rate with the Hubble expansion rate as

ΓðTnÞ ¼ H4ðTnÞ ¼ H4�: ð8Þ

The volume fraction of false vacuum of the Universe is
defined by pðTÞ ¼ e−IðTÞ [75,76], where

IðTÞ ¼ 4π

3

Z
Tc

T

dT 0

T 04
ΓðT 0Þ
HðT 0Þ

�Z
T 0

T

dT̃

HðT̃Þ
�

3

: ð9Þ

The percolation temperature Tp is then calculated by using
IðTpÞ ¼ 0.34 [75] indicating that at least 34% of the
comoving volume is occupied by the true vacuum. After the
nucleation, an amount of energy is released as latent heat
related to the change of energy-momentum tensor across
the bubble wall during the FOPT [77,78] given by

α� ¼
ϵ

ρrad
ð10Þ

where, ϵ¼ðΔVeff−T
4
∂ΔVeff
∂T ÞT¼Tn

, ΔVeff ¼ Veffðϕfalse; TÞ −
Veffðϕtrue; TÞ and ρrad ¼ g�π2T4=30. Here, g� denotes the
total relativistic degrees of freedom. The time span of
FOPT is denoted by the parameter β=HðTÞ ≃ T d

dT ðS3T Þ,
whereas, the bubble wall velocity vw, in general, is related

to the Jouguet velocity vJ ¼ 1=
ffiffi
3

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α2�þ2α�=3

p
1þα�

. For the type of
FOPT we are considering, vw ≈ vJ [79–81] whereas in the
presence of supercooling they are related nontrivially [82].
In these analyses, the calculation for the action S3ðTÞ can
be performed numerically by fitting the effective potential
given by Eq. (6) to a generic potential [83]. The details of
this procedure is described in Ref. [84].

III. PBH FORMATION FROM FERMI-BALL

As the FOPT proceeds, the true vacuum expands to
cover the whole Universe, while the false vacuum gradually
shrinks to a smaller region. At a later stage, the false
vacuum region contracted into smaller disconnected
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volumes, which again split to negligible size at percolation
temperature [75]. Within these final pockets of false
vacuum, some preexisting asymmetry of χ fermions can
get trapped and the symmetric part annihilates via χχ → S
and χχ → SS, to final state particles S (either SM particles
or ϕ) through decay or annihilation. Now, the trapped χ’s
create a degeneracy pressure. If such a pressure is able to
balance the vacuum pressure, these χ remnants form a
bound state which is known as Fermi-ball [35,85–87].
These Fermi-balls formed at T� defined by pðT�Þ ¼ 0.29.
The energy of a Fermi-ball can be written as

EFB ¼ 3π

4

�
3

2π

�
2=3Q4=3

FB

R
þ 4π

3
U0ðT�ÞR3

FB; ð11Þ

where, QFB ¼ Ftrap
χ

nχ−nχ̄
n�FB

with nX denoting number density

of X, Ftrap
χ ≈ 1 for maximum trapping of χ inside false

vacuum and U0 is vacuum energy. Now, minimizing the
Fermi-ball energy, we can get the mass and radius as

MFB¼QFBð12π2U0ðT�ÞÞ1=4; R3
FB¼

3

16π

MFB

U0ðT�Þ
: ð12Þ

Within the Fermi-balls, the χ’s interact through attractive
Yukawa interaction gχϕχ̄χ and the interaction range is

LϕðTÞ ¼ ðd2Veff
dϕ2 jϕ¼0Þ−1=2 [64]. The Yukawa potential

energy contribution to the Fermi-ball energy can be
expressed as

EY ≃ −
3g2χ
8π

Q2
FB

RFB

�
Lϕ

RFB

�
2

: ð13Þ

At a later stage, when the Yukawa potential energy
becomes larger than the Fermi-ball energy, the Fermi-ball
becomes unstable and collapses to form PBH [35]. We
consider that the Fermi-ball formation temperature is close
to the nucleation temperature, T� ∼ Tn. The initial PBH
mass during formation can be estimated in terms of FOPT
parameters as [35]

Min ∼ 1.4 × 1021 × v3w

�
ηχ

10−3

��
100

g�

�
1=4

×

�
100 GeV

T�

�
2
�

100

β=H�

�
3

α1=4� g: ð14Þ

The initial temperature of the black hole is related to its
mass as T in

BH ≃ 1013 GeVð1 g
Min

Þ. The initial abundance of
PBH which is characterized by the parameter βPBH, defined
as the ratio of the energy density of PBH to the total energy
density, is obtained to be [35]

βPBH ∼ 1.4 × 10−15 × v−3w

�
g�
100

�
1=2

�
T�

100 GeV

�
3

×

�
β=H�
100

�
3
�

Min

1015 g

�
3=2

: ð15Þ

Now, if the initial abundance of PBH is large enough,
PBH can dominate the energy density of the Universe over
radiation. This puts a lower bound on βPBH for PBH
domination, given by

βPBH ≳ βcrit ≃
Tevap

Tn
; ð16Þ

where Tevap ≃ ð9g�ðT in
BHÞ

10240
Þ
1
4ðM5

P
M3

in
Þ
1
2 indicates the temperature of

the thermal bath when PBH evaporates. Solving Eq. (14)
and (15), we can connect the FOPT parameters Tn and
β=H� to the PBH parameters Min and βPBH as

Tn ¼ 1.61 × 1018βPBH

�
100

g�

�
1=4

�
Min

1 g

�
−1=2

×

�
ηχ

10−3

�
−1 1

α1=4�
GeV; ð17Þ

β=H� ¼1.75×10−2α1=4�

�
ηχ

10−3

�
vw

�
g�
100

�
1=12

β−2=3PBH : ð18Þ

It should be noted that, we require to maintain gχvD > Tn

to ensure that the fermion χ’s get trapped inside the false
vacuum and its penetration to the true vacua is kinemat-
ically disfavored.

IV. GW FROM FOPT

The stochastic GW spectrum from a FOPT can be
estimated by considering all the relevant contributions
from bubble collisions [88–92], the sound wave [93–96]
and the turbulence [79,97–101] of the plasma medium. So,
the stochastic GW spectrum can be written as [102]

ΩPT
GWðfÞ ¼ ΩϕðfÞ þΩswðfÞ þ ΩturbðfÞ; ð19Þ

where Ωϕ;Ωsw;Ωturb are individual contributions from
bubble collisions, sound wave of the plasma and turbulence
in the plasma respectively. The GW spectrum for bubble
collision can be written as [102]

Ωϕh2 ¼ 1.67 × 10−5
�
100

g�

�
1=3

�
H�
β

�
2
�

κα�
1þ α�

�
2

×
0.11v3w

0.42þ v2w

3.8
�
f=fPT;ϕpeak

�
2.8

1þ 2.8
�
f=fPT;ϕpeak

�
3.8 ; ð20Þ
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with the peak frequency [102] given by

fPT;ϕpeak ¼ 1.65 × 10−5 Hz

�
g�
100

�
1=6

�
Tn

100 GeV

�

×
0.62

1.8 − 0.1vw þ v2w

�
β

H�

�
: ð21Þ

The efficiency factor κϕ for bubble collision can be
expressed as [79]

κϕ ¼ 1

1þ 0.715α�

�
0.715α� þ

4

27

ffiffiffiffiffiffiffiffiffiffiffiffi
3α�=2

p �
: ð22Þ

The GW spectrum produced from the sound wave in the
plasma can be written as [77,102,103]

Ωswh2¼2.65×10−6
�
100

g�

�
1=3

�
H�
β

��
κswα�
1þα�

�
2

×vw
�
f=fPT;swpeak

�
3
�

7

4þ3
�
f=fPT;swpeak

�
2

�
7=2

ϒ ð23Þ

and the corresponding peak frequency is given by [102]

fPT;swpeak ¼ 1.65× 10−5 Hz

�
g�
100

�
1=6

�
Tn

100 GeV

��
β

H�

�
2ffiffiffi
3

p :

ð24Þ

The efficiency factor for sound wave can be expressed
as [81]

κsw ¼
ffiffiffiffiffi
α�

p
0.135þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0.98þ α�
p : ð25Þ

The suppression factor ϒ ¼ 1 − 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ2τswH�

p depends on the

lifetime of sound wave τsw [103] given by τsw ∼ R�=Ūf

where mean bubble separation is R� ¼ ð8πÞ1=3vwβ and rms
fluid velocity is Ūf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3κswα�=4

p
.

Finally, the GW spectrum generated by the turbulence in
the plasma is given by [102]

Ωturbh2 ¼ 3.35 × 10−4
�
100

g�

�
1=3

�
H�
β

��
κturbα�
1þ α�

�
3=2

vw

×

�
f=fPT;turbpeak

�
3

�
1þ f=fPT;turbpeak

�
11=3ð1þ 8πf=h�Þ

ð26Þ

with the peak frequency as [102]

fPT;turbpeak ¼1.65×10−5 Hz

�
g�
100

�
1=6

�
Tn

100GeV

�
3.5
2

�
β

H�

�
:

ð27Þ

The efficiency factor for turbulence is κturb ≃ 0.1κsw and
the inverse Hubble time at the epoch of GW emission,
redshifted to today is

h� ¼ 1.65 × 10−5
Tn

100 GeV

�
g�
100

�
1=6

: ð28Þ

It is clear from the above expressions that the contribution
from sound waves turns out to be the most dominant one
and the peak of the total GW spectrum corresponds to the
peak frequency of sound waves contribution.

V. GW FROM PBH DENSITY FLUCTUATIONS

While there are several ways in which PBH can give rise
to GW [45–47,104], for our purpose of ultralight PBH, the
GW spectrum generated by most of these mechanisms lies
at very high frequencies. Hence, we rather focus on GW
generated because of the inhomogeneity in the PBH
distribution after they are formed [49–51,105,106]. Such
a spectrum is independent of the formation mechanism of
PBH, and is within reach of near-future GW detectors.
After PBH are formed, they are inhomogeneously dis-

tributed in space following Poisson statistics [49]. These
inhomogeneities can induce GW at second order once PBH
dominates the energy density of the Universe [49,50], which
gets further enhanced during PBH evaporation [50]. The
dominant contribution to the GW spectrum observed today
can be written as [21,50,51,107]

ΩPBH
GW ≃ΩPBH

peak

�
f

fPBHpeak

�
11=3

Θ
�
fPBHpeak − f

�
: ð29Þ

Note that there exists an ultraviolet cutoff that corresponds
to length scales smaller than the mean separation between
PBH, below which the PBH cannot be treated as a
continuous fluid. The associated frequency is estimated to be

fPBHpeak ≃ 1.7 × 103 Hz

�
Min

104 g

�
−5=6

: ð30Þ

The peak amplitude, on the other hand, is given by

ΩPBH
peak ≃ 9.67 × 10−11

�
kUV
keva

�
17=3

�
keq
kUV

�
8

; ð31Þ

where kUV corresponds to the comoving wave number
corresponding to the mean separation between PBH,
whereas keq, keva indicates the comoving wave number of
the modes entering the horizon when PBH begins to
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dominate and when they evaporate respectively. The ratio
of the comoving wave numbers are found using [50]
kUV=k� ¼ð 3Min

4πρinPBH
Þ−1=3H�−1, keq=k� ¼

ffiffiffi
2

p
β2=3PBH and keva=k� ¼

ðβPBHHeva=H�Þ1=3, where ρinPBH, k� and Heva (H�) denotes
the initial energy density of PBH, wavenumber at the time of
PBH formation, Hubble parameter at the time of PBH
evaporation (formation) respectively. Expressing explicitly
in terms of the PBH formation temperature T� ≃ Tn, we get

kUV
keva

≃ 106
�

Min

104 g

�
2=3

; ð32Þ

keq
kUV

≃ 3.18×10−11ðβPBHÞ2=3
�
Min

1 g

�
1=3

�
Tn

1GeV

�
2=3

: ð33Þ

Using the above ratio of wave numbers in Eq. (31), we can
write the GW amplitude as

ΩPBH
peak ≃ 4.75×10−20ðβPBHÞ16=3

�
Min

107 g

�
58=9

�
Tn

100GeV

�
16=3

:

ð34Þ

Note that for PBH formed through Fermi-ball collapse, Tn in
turn depends on the PBH parameters and the asymmetry ηχ
through Eq. (17).
Now, since GW behave as radiation, they can contribute

to extra relativistic degrees of freedom during the epoch of
BBN. GW from PBH density fluctuations can violate the
BBN bound from Planck, if the GWamplitude is very large.
This translates into an upper bound on the initial PBH
fraction βPBH, which we find to be given by

βPBH ≲ βmax

≃ 1.8 × 10−4
�

Min

104 g

�
−17=32

�
α

0.1

�
3=16

�
β=H�
10

�
3=4

:

ð35Þ

VI. THE COMBINED SPECTRA AND DETECTION
PROSPECTS

If PBH are formed during the phase transition through
Fermi-ball collapse, they can leave their indirect imprints in
the GW spectrum. Considering the dominant sound wave
contribution and using Eq. (17) and (18), we can analyti-
cally relate the FOPT GW spectrum to the PBH mass and
initial abundance approximately as

fPTpeak ≃
5.33 × 109

S1=3
β1=3PBH

�
Min

1 g

�
−1=2

Hz; ð36Þ

ΩPT
peakh

2 ≃
1.42 × 10−7

S4=3
β2=3PBHα

−1=4
� η−1χ

�
κswα�
1þ α�

�
2

: ð37Þ

Here, the factor S accounts for the extra entropy dilution
after the gravitational waves from FOPT are produced,
which is because of PBH domination and their subsequent
evaporation. This makes the frequency and the FOPT
generated GW amplitude more redshifted, compared to
the usual scenario without PBH domination. The factor S
can be approximated as

S ≃
Tdom

Teva
¼ β

Tn

Teva
; ð38Þ

where Tdom indicates the temperature of the Universe when
PBH starts to dominate. Now, note that the peak frequency
depends explicitly both on the PBH mass as well as the
initial abundance of PBH, but not on the asymmetry ηχ.
On the other hand, the peak amplitude is not dependent on
the PBH mass explicitly, but is sensitive to the initial
abundance of PBH as well as the asymmetry ηχ.
Considering the contribution of GW from PBH density

perturbations, the combined spectrum exhibits a unique
doubly peaked feature. While the peak at the higher
frequency corresponds to the contribution from FOPT,
the sharp peak at the lower frequency is the contribution
from PBH density fluctuations. In Fig. 1, we show the
combined GW spectrum varying the initial PBH mass Min
(left panel) and initial PBH abundance βPBH for a fixed
PBH mass (right panel). Note that changing Min also
changes βPBH in the left panel [cf. Eq. (15)]. The other
details of these benchmark points are given in Table I. In all
these plots, the experimental sensitivities of SKA [108],
GAIA [109], THEIA [109], μARES [110], LISA [111],
AEDGE [112], DECIGO [58], UDECIGO (UDECIGO-
corr) [62,63], BBO [59], ET [60], CE [61] and aLIGO (HL)
[113] are shown as shaded regions of different colors. The
horizontal dashed red-colored line corresponds to the BBN
limit on effective relativistic degrees of freedom from GW.
The value of the initial asymmetry ηχ depends on the

details of the χ dynamics in the early Universe before the
phase transition, and is generally unconstrained. However,
the constraints on the PBH abundance βPBH can constrain
ηχ , since for PBH formation from Fermi-ball collapse, ηχ is
related to βPBH through Eq. (17) and (18). In Fig. 2, we
show the allowed ηχ values in the MPBH − ηχ plane, along
with corresponding values of the temperature Tn in color
code for two different values of β=H�. The gray shaded
upper triangular region is ruled out since here βPBH > βmax,
leading to overproduction of GW violating BBN bounds, as
discussed earlier. On the other hand, in the gray shaded
lower triangular region, βPBH turns out to be less than βcrit,
which does not lead to PBH domination. In such a case,
GW from density fluctuations do not exist, leading to only a
single peak feature in the GW spectra, arising from the
phase transition. The double peak feature is also absent if
the peak of GW contribution from PBH density fluctuation
falls below the corresponding GW amplitude from FOPT,
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i.e., ΩPBH
peak < ΩPT

GWðfPBHpeakÞ. As the GW peak arising from the
FOPT remains outside the sensitivities of low frequency
experiments for most part of the parameter space, we
show the parameter space and sensitivities to the GW peak
arising from PBH density perturbations in Fig. 3. However,
for subdominant PBH, the GW peak from FOPT does not
suffer any entropy dilution and can be brought within
sensitivities of several experiments which we discuss
below along with the corresponding implications for DM
phenomenology.

VII. IMPLICATIONS FORDMPHENOMENOLOGY

As seen in the previous section, if PBH dominates the
energy density of the Universe we observe a unique doubly-
peaked spectrum. However, the second peak at the higher
frequency sourced by the FOPT remains out of reach of
future GW experiments like ET, CE, DECIGO, BBO. This
is primarily because of the extra redshift and dilution
arising because of PBH domination and subsequent evapo-
ration [cf. Eq. (36), (37)]. If PBH do not dominate the
energy density, the single peak can be within reach of future
GW sensitivity. This can also have interesting conse-
quences in terms of producing the observed DM relic

abundance, which otherwise is overproduced in the case of
PBH domination, unless superheavy [20,114].
The dark sector fermion χ in our setup cannot lead to the

observed DM abundance, because of being trapped in the
false vacuum. However χ can still be produced from PBH
evaporation [41,42] or from the SM bath. Also, some small
fraction of χ can cross from the false vacuum to the true
vacuum [115]. While a detailed calculation of such trap-
ping and crossing is beyond the scope of our present work,
simple conservative estimates, shown in Appendix justifies
maximum trapping. In all such cases where χ appears in the
true vacuum, the interaction of χ with the SM bath can play
crucial role in deciding its final relic. Since we remain
agnostic about the UV completion of the dark sector, we do
not consider the possibility of χ being DM. The amount of
χ produced from the above possible ways can finally decay
into the SM bath, before the BBN epoch. As long as χ is
long-lived enough and decay at a temperature Tdecay ≪ T�,
the formation temperature of PBH, the phenomenology
discussed here remain unaffected. Such a decay of χ can be
introduced via explicit Uð1ÞD global symmetry breaking
higher dimensional operators like lLH̃χΦ=Λ where lL
denotes the lepton doublet of the SM. Since χ is lighter in
the false vacuum, depending upon the UV completion of

FIG. 1. Combined GW spectrum from phase transition and PBH density fluctuations for BP4 (see Table I), considering different
values of Min (left panel), and for BP1, BP2 and BP3 for a fixed Min (right panel) but different values of βPBH.

TABLE I. Benchmark parameters considered in the analysis.

vD (GeV) gχ λΦΦ0 λΦH2
Tc (GeV) Tn (GeV) Tp (GeV) T� (GeV) β=H� α� vJ

BP1 1010 1.4 1.8 2.5 2.8 × 109 1.6 × 109 1.3 × 109 1.3 × 109 95 0.12 0.78
BP2 2 × 109 1.5 1.9 2.3 3.3 × 108 2.6 × 108 2.6 × 108 2.6 × 108 1014 0.03 0.70
BP3 109 1.4 1.8 2.3 2.9 × 108 2.3 × 108 2.2 × 108 2.2 × 108 1729 0.04 0.71
BP4 109 1.4 1.8 2.5 2.1 × 108 1.2 × 108 7.9 × 107 7.9 × 107 58 0.12 0.78
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the dark sector, it is also possible to ensure DM decay in the
true vacuum while preventing the same in the false vacuum
due to kinematical restrictions.
If we consider the dark sector to be purely gravitational

in agreement with all experimental evidences, it can still be
produced from PBH evaporation since the process of
Hawking radiation is based solely on gravitational
interactions.3 For the case of subdominant PBH

(β < βcrit), the DM relic density produced from PBH
evaporation is found to be4 [8,18,117,118]

ΩDMh2 ≃MDMβPBH
Tn

Min

8>><
>>:

�
Min
MP

�
2

for MDM < T in
BH;�

MP
MDM

�
2

for MDM > T in
BH;

ð39Þ

FIG. 2. Min − ηχ parameter space with β=H� ¼ 95, α� ¼ 0.12 (left panel) and β=H� ¼ 300, α� ¼ 0.12 (right panel).

FIG. 3. Min − βPBH parameter space for ηχ ¼ 10−6, α� ¼ 0.12 (left panel) and ηχ ¼ 10−4, α� ¼ 0.12 (right panel) showing the
sensitivity of different experiments to the GW peak from PBH density perturbations.

3PBHs can also leave Planck remnants after evaporation,
which can act as DM and have their imprints on GW. See
Ref. [116].

4Here, for our demonstration, we consider the dark sector to
consist of scalar particles. Similar results can be obtained for
other particles depending on their degrees of freedom.
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where MDM indicates the DM mass. Note that Tn in turn,
depends on the PBH mass and initial fraction [cf. Eq. (17)].
On the other hand, in the case of PBH domination, the DM
relic density is given by

ΩDMh2 ≃MDM
Tev

Min

8>><
>>:

�
Min
MP

�
2

for MDM < T in
BH;�

MP
MDM

�
2

for MDM > T in
BH:

ð40Þ

As mentioned above, for PBH domination, DM gets over-
produced from PBH evaporation irrespective of their spins
and only MDM ≳ 109 GeV can lead to right abundance for
Min ≳ 106 g [16,20,114]. DM over-production can also be
controlled by choosing sufficiently light DM mass, but it is
likely to face constraints from structure formation.
In Fig. 4, we show the contours of observed DM

abundance in the Min − βPBH plane considering two differ-
ent values of the initial asymmetry ηχ. As we can see, for
PBH domination regime, the DMmass range gets restricted
while for subdominant PBH scenario, a much wider DM
mass range becomes viable. While the value of ηχ does not
change the DM parameter space, the GW sensitivity
changes as changing ηχ also amounts to changing the
FOPT parameters in order to generate the PBH of same
initial mass and energy fraction. Clearly, future GW
experiments like CE, ET, BBO, UDECIGO can probe a
sizeable part of the parameter space in PBH mass ranging
from Oð1000 gÞ as well as DM masses ranging from GeV

to superheavy ballpark. The detectable GW spectrum in
this low frequency regime is purely generated by the
FOPT in this case which is also free from any entropy
dilution due to PBH evaporation. Figure 5 shows the GW
spectrum of a few such benchmark points, the details of
which are given in Table II. Similarly, the PBH domina-
tion region also remains within GW experimental sensi-
tivities as shown in Fig. 3. While DM is mostly in
the superheavy ballpark for such a scenario, PBH mass

FIG. 4. Contours satisfying the observed DM relic abundance for different values of DM mass, considering ηχ ¼ 10−6 (left panel) and
ηχ ¼ 10−10 (right panel).

FIG. 5. GW spectrum from FOPT with subdominant PBH for
different benchmark points.
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Min ≳Oð1000 gÞ can be probed by future GW experi-
ments. While PBH mass range within GW sensitivities is
similar in both the PBH dominance and subdominance
cases, it is possible to distinguish these two scenarios
at GW experiments due to different GW spectrum arising
from PBH density fluctuations (PBH dominance) and
FOPT (PBH subdominance).
Finally in Fig. 6, we show the contours of the observed

DM relic density in Min −MDM plane, for the two cases,
i.e., PBH dominance (left panel) and subdominance
(right panel). For a fixed PBH mass, the DM relic is
satisfied at two DM mass values, either when DM is light
(MDM < T in

BH) or when DM is superheavy (MDM > T in
BH)

[cf. Eq. (39), (40)]. The free-streaming length of DM is
constrained from Lyman-α flux-power spectra [119–121],
which puts a constraint on light DM depending on the PBH
mass [16,20,117,122]. This is due to the fact that light DM
produced from such PBH evaporation can have relativistic
speeds more than what is allowed for warm dark matter.
This is shown by the gray-shaded region. For the PBH-
dominance case, only the superheavy DM regime remains
viable, while for subdominant PBH, we can satisfy the

correct DM relic density at lighter DM mass as well while
being consistent with Lyman-α bounds. The different
colored contours along the relic density contour indicate
the reach of future GW experiments that can probe the
corresponding peak frequencies of the GW spectrum
relevant for the PBH and DM mass. The left and the right
panels specify the GW peak from density fluctuations and
FOPT respectively, both having a one-to-one correspon-
dence with the PBH mass [cf. Eq. (30), (36)], considering
other parameters to be fixed.

VIII. PBH FROM OTHER MECHANISMS
RELATED TO FOPT

Before concluding, we briefly comment on other
FOPT origins of PBH and corresponding GW signatures.
In other mechanisms without not relying on any dark
sector asymmetry or Fermi ball collapse mechanism, PBH
are formed when horizon-sized perturbations become
more than the critical overdensity δ > δc ∼ 0.45 leading
to gravitational collapse [123]. Such type of gravitational
collapse as a consequence of FOPT have been studied in

TABLE II. Benchmark parameters considered in the analysis for subdominant PBH.

vD (GeV) gχ λΦΦ0 λΦH2
Tc (GeV) Tn (GeV) Tp (GeV) T� (GeV) β=H� α� vJ ηχ

BP5 104 1.3 1.3 2.2 2.7 × 103 1.6 × 103 1.4 × 103 1.4 × 103 206 0.13 0.79 10−12

BP6 105 1.4 1.3 2 3.2 × 104 2.1 × 104 1.8 × 104 1.7 × 104 140 0.09 0.76 10−11

BP7 106 1.4 1.3 2.2 3.1 × 105 1.8 × 105 1.2 × 105 1.0 × 105 78 0.12 0.78 10−10

FIG. 6. Contours satisfying the observed DM relic abundance inMin −MDM plane, considering ηχ ¼ 10−6 with PBH domination (left
panel) and ηχ ¼ 10−10 with PBH subdomination (right panel), along with the future GW experiments that can probe our scenario. The
gray-shaded region is constrained from warm dark matter bounds.
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several works including [38,39,124,125] and references
therein. During FOPT, nucleation may get delayed in
some Hubble-sized region, and the late decay of the false
vacuum increases the total energy density. In an expanding
Universe, the radiation energy density keeps on decreasing,
whereas in some regions the vacuum energy density
remains constant. This leads to total energy density higher
than the threshold overdensity and the mass inside such
Hubble-sized region collapses to form PBH. After solving
the Friedmann equation and radiation energy density
evolution equations [38] in late false vacuum decay region
and background region, we can estimate the time, tPBH
when PBH formed and the initial PBH mass can be written
as MPBH ¼ 4π

3
H−3ðtPBHÞρc, where ρc is critical energy

density.5 In such mechanisms, ultralight PBH of mass
∼8 × 108 g can be formed from FOPT with nucleation
temperature of order 1013 GeV. Thus, if PBH is subdomi-
nant, the GW peak from FOPT will be in the ultrahigh
frequency regime ∼107 Hz which is far outside the reach
of near-future GW experiments.6 For PBH domination, the
GW peak from FOPT can get redshifted to a lower
frequency (depending on βPBH) because of entropy dilution
during PBH evaporation. For instance, considering the
PBH mass mentioned above and taking βPBH ∼ βmax, we
find the FOPT peak in the frequency range of order 104 Hz,
with a very small amplitude (ΩPT

peakh
2 ≲ 10−25) because of

the entropy dilution. Moreover, note that a detailed analysis
requires calculating the energy fraction PBH βPBH through
the probability of late false vacuum decay [124]. Therefore,
the PBH formation mechanism adopted in this work offers
more detection prospects irrespective of whether PBH
dominates or remains subdominant.

IX. CONCLUSION

We have studied the detection prospects of an ultralight
primordial black hole formation mechanism in gravitational
wave experiments and consequences for production of
gravitational dark matter from such PBH evaporation.
Considering the Fermi-ball collapse mechanism of PBH
in the context of a first-order phase transition, we consider
the combined GW spectrum arising from the FOPT as well
as PBH density fluctuations with the latter requiring a PBH
dominated phase. We show that such a PBH formation
mechanism leads to a unique doubly peaked GW spectrum.
While the GW spectrum generated from FOPT suffers from
entropy dilution at later stages due to ultralight PBH
evaporation, the blue-tilted part of its arm for certain region
of parameter space can remain within experimental

sensitivity. Combined detection of both the GW peaks
require new experiments in kHz frequency ballpark having
sufficient sensitivity. The PBH domination scenario mostly
produces superheavy DM whereas the subdominant PBH
can generate a much wider range of DM. While the doubly
peaked feature in subdominant PBH scenario disappears due
to absence of GW generated by PBH density fluctuations,
the FOPT generated GW can be brought within sensitivities
of future GW experiments like CE, ET, BBO, UDECIGO
corresponding to DM mass in GeV to superheavy regime
and PBH mass as low as a few kg. The PBH domination
regime remains within sensitivities of such experiments for
PBH mass as low as a few kg and DM masses mostly in the
superheavy ballpark. Due to the strong connection between
PBH parameters and FOPT parameters which in turn affect
DM mass from relic abundance criteria, we have interesting
correlations and complementarity among different observ-
ables which can be tested in near future.
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APPENDIX: PARTICLE TRAPPING
IN FALSE VACUUM

Initially, all particles are in the false vacuum state. As the
first order phase transition proceeds, particles gain mass in
the true vacuum. The bubble of true vacuum expands and
tries to capture the particles in the plasma. Due to the
dynamical change of mass in the true vacuum, only
sufficiently energetic particles are able to enter the bubble
while conserving energy. Here, we show a simple quanti-
tative analysis of particles getting trapped or reflected
from bubble wall to false vacuum following the works
of [41,128]. We can estimate the particle flux going to true
vacuum in the bubble wall rest frame. The number of
particles passing through the bubble wall along -z direction
(considered for simplicity) per area ΔS in Δt time can be
written as

ΔNin

ΔS
¼ gi

Z
d3p
ð2πÞ3

Z
r0−

pzΔt
p

r0

drT ðpÞΘ ð−pzÞfðp;xÞ ðA1Þ

where, r0 is bubble radius, Θð−pzÞ is ensuring particles
going inside and T ðpÞ ¼ Θð−pz −miÞ satisfied energy
conservation inside bubble. Also, gi is degrees of freedom
of particle with mass mi in true vacuum. Here, fðp; xÞ is
the distribution function of particles in false vacuum and it

5Similar relation is obtained for PBH formed through bubble
collisions [126].

6There have been several proposed ideas to look for these
ultrahigh frequency gravitational waves. See Ref. [127] for a
review.
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will be Bose-Einstein (BE) or Fermi-Dirac (FD) distribu-
tion. The distribution can be approximated to be Maxwell-
Boltzmann distribution as fðp; xÞ ¼ e−γ̃ðpþṽpzÞ=T , where
ṽ is the velocity of fluid or plasma with respect to bubble
wall and γ̃ is corresponding Lorentz factor. The flux of
particles in bubble wall frame can be calculated from above
Eq. (A1) as

Jw ¼ giT3

�
γ̃ð1 − ṽÞmi=T þ 1

4π2γ̃3ð1 − ṽÞ2
�
e−

γ̃ð1−ṽÞmi
T : ðA2Þ

Since, the bubble is expanding with a wall velocity vw, the
average number density inside true vacuum in global
plasma frame can be expressed as

nin ¼
Jw
γwvw

: ðA3Þ

So, the fraction of particle which gets trapped in false
vacuum can be written as

Ftrap ¼ 1 −
nin
neq

ðA4Þ

where, neq is equilibrium number density of particles. In
general, the velocity of fluid or plasma ṽ depends on fluid
dynamics. From Eq. (A4), it can be seen that Ftrap is
maximum (∼1) for fluid velocity ṽ O(0.1).
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