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The intermediate mass black hole range, 102 ≲MBH=M⊙ ≲ 105, has long offered enticing possibilities
for primordial black holes (PBHs), with populations in this range postulated to be responsible for some of
the black hole binary merger detected events as well as the existence of supermassive black holes embedded
at galactic centers. However, a prominent bound derived from PBH accretion during recombination
severely restricts the mass fraction of intermediate mass PBHs. We address this problem by proposing a
formation scenario in which “primordial” black holes form late in our cosmological history, beyond the
cosmic microwave background era, and bypassing this bound. During this crucial epoch, our population of
compact objects exist as thermal balls supported by thermal pressure, which eventually cool to Fermi balls
supported by degeneracy pressure and finally collapse to PBHs. Our mechanism is a viable production
method for both the mass gap LIGO-VIRGO-KAGRA detections and the James Webb Space Telescope
observation of an early time z > 10 supermassive black hole. Furthermore, we present the remarkable
possibility of PBH formation after the present era, which we term future PBH. Such a population would
evade most, if not all, bounds on the PBH mass spectrum in the literature and open up previously
unthought-of possibilities. Light future PBHs could form below the Hawking evaporation threshold and
convert the bulk of the matter in the Universe into radiation.
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I. INTRODUCTION

The intermediate mass black hole (IMBH) range
∼102–105M⊙ has long been considered in connection with
primordial black hole (PBH) formation, offering many
unique possibilities and consequences. Although a PBH as
the dominant darkmatter (DM) component in thismass range
is ruled out bymultiple unique bounds [1–17], a subdominant
population can contribute to the LIGO-Virgo-Kagra (LVK)
spectrum of detected binarymergers [18–31], act as seeds for
the supermassive black holes (SMBH) found at the center of
galaxies [32–34], and generate hypervelocity stars through
three-body scattering at our Galactic Center [35–37].
The strongest constraint in this region comes from

analysis of accreting PBHs, which affect recombination
and distort the cosmic microwave background (CMB)
spectrum [38]. The very restrictive limits of the CMB
bound on IMBH pose problems for the PBH interpreta-
tion of PBH merger events first detected by LIGO
(fPBH ∼ 10−3–10−4 and M ∼ 10–100M⊙) [24] and as

supermassive seeds (fPBH ≲ 10−5 and M ∼ 104–105M⊙)
[32–34]. However, this bound does not apply to
“primordial” black holes formed after the CMB.1

We propose a mechanism for producing these late-
forming PBHs which circumvent the CMB bound.
Using the asymmetric dark fermion model developed in
Refs. [40–44], we consider first order phase transitions
(FOPT) that produce intermediate mass compact objects
existing as thermal balls [44] during recombination. These
thermal balls steadily cool, eventually collapsing into
Fermi balls then PBHs by the present day. Although such
a PBH population is prevented from being the dominant
DM component by bounds from microlensing, dwarf
galaxy heating, etc., the parameter space for PBH LVK
binary progenitors and supermassive seeds is considerably
freed. Of particular interest are the 70–80M⊙ merger event
[45] and the James Webb Space Telescope (JWST)
observation of an active galactic nuclei at z ≈ 10.6 [46].
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1Reference [39] proposed a model of PBH formation between
big bang nucleosynthesis (BBN) and the CMB era. Here we
present an even more delayed mechanism.
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In this paper, we develop a mechanism for producing
late-forming PBH. In Sec. II A, we outline the basic model
and thermal history of compact objects which transform
into intermediate mass PBHs after recombination. In
Sec. III A, the conditions for the transition from thermal
remnant to Fermi ball and finally to PBHs are derived. In
Sec. III B, cooling rates and transition temperatures are
calculated. In Sec. IV, the relevant constraints on late-
forming PBH are discussed. We summarize in Sec. V.

II. OUTLINE

We summarize the thermal history of PBH formation in
ourmodel and present ourmain points. The essential point in
the present PBH scenario is the existence of a FOPT in the
dark sector at low temperatures TSM ∼ 1 keV, which results
in the formation of remnants and its collapse to PBHs. After
decoupling from the standard model (SM) plasma around
the electroweak (EW) scale, the dark sector temperature TD
evolves independently of the SM temperature TSM, and we
outline the whole thermal history here to avoid confusion.
The thermal history is schematically summarized in Fig. 1,
and detailed calculations are presented in Sec. III.

A. Thermal history

We use the model of Refs. [40–44] which contains a
nearly dark sector with fermions χ, χ̄ and a scalar ϕ which
couples to the Higgs,

L ¼ LSM −
1

2
∂μϕ∂

μϕ −
μ2

2
ϕ2 −

κ

2
ϕ2ðH†HÞ − UðϕÞ

þ χ̄i=∂χ − yχϕχ̄χ; ð1Þ

where the potential UðϕÞ is assumed to trigger the FOPT.
We represent its thermal effective potential as Ueffðϕ; TÞ in
the following. In this paper, we do not specify a concrete
shape of UðϕÞ [or Ueffðϕ; TÞ] in order to achieve model-
independent results.

In this nearly dark sector model, we consider the
following thermal history of the Universe: We first assume
that both the SM and dark sector particles are in thermal
equilibrium with the same temperature T after inflationary
reheating.2 During this epoch, the total energy density is
given by

ρðTÞ ¼ ρSMðTÞ þ ρDðTÞ ¼
π2gSM
30

T4 þ π2gD
30

T4; ð2Þ

where gSMðgDÞ denotes the effective number of degrees of
freedom (d.o.f.) of the SM (dark) sector. The Hubble scale
is given by H2 ¼ 8πGρ=3.
As the Universe cools down, the ordinary electroweak

(EW) phase transition occurs around T ∼ 160 GeV. In
particular, the SM Higgs becomes heavy mH ¼ 125GeV,
and ϕϕ ↔ HH processes decouple at T ∼mH. From this
moment, the dark sector starts to evolve independently
from the SM sector with different temperatures. In the
following, we represent the temperature of dark (SM)
sector as TDðTSMÞ. Our PBH production mechanism
proceeds as follows:
(1) A FOPT occurs in the dark sector at low SM

temperatures (TSM� ∼ 1 keV). Because of the en-
tropy conservation in each sector, their temperatures
are different with

TSM� ¼
�
gSM;dec

gSM�

�
1=3

TD�; ð3Þ

where gSM;dec (gSM�) is the effective number of d.o.f.
of the SM sector at TSM ¼ mH ðTSM�Þ. A moder-
ately large expectation value of ϕ, vϕðTDÞ, induces a
large mass gap δmϕ; δmχ ≫ TD� between the true
and false vacuum, and dark sector particles are
trapped in the false vacuum pockets of the expanding
true vacuum bubbles with the trapping fraction
Ftrap
χ ≈ 1. The strength parameter αD of the FOPT

is given by

αD≔
1

ρDðTDÞ
�
ΔUeffðTDÞþTD

∂ΔUeffðTDÞ
∂T

�����
TD¼TD�

;

ð4Þ

where ρDðTDÞ is the energy density of the dark sector
and ΔUeffðTDÞ ¼Ueffð0; TDÞ−UeffðvϕðTDÞ; TDÞ.

FIG. 1. Thermal history of our PBH formation scenario.
The orange (blue) line corresponds to the SM (dark-sector)
temperature.

2This can be achieved through the SM portal coupling κ. As a
qualitative check, the interaction rate of ϕϕ ↔ HH is Γ ∼ κ2T,
which is greater than the Hubble rate H ∼ T2=MPl when
κ ≳ ðT=MPlÞ1=2. Thus, as long as the reheating temperature is
below MPl, ϕ (and χ) can thermalize with the SM particles even
for small values of κ ≪ 1. Alternatively, a direct coupling
between the inflaton and dark sector particles can result in a
reheating temperature similar to that of the SM.

LU, KAWANA, and KUSENKO PHYS. REV. D 107, 103037 (2023)

103037-2



The other strength parameter β which determines the
duration of FOPT is given by

β

H�
¼ −TD

∂ΓðTDÞ
∂TD

����
TD¼TD�

; ð5Þ

where H� ¼ HjTSM¼TSM� and ΓðTDÞ is the decay rate
of the false vacuum. In this paper, we typically
consider 0.1≲ α ≲ 1 and β=H� ∼ 100, where α is
similarly defined as in Eq. (4) but relative to the SM
energy density.

(2) The separated false-vacuum pockets at the remnant
percolation time, when the false vacuum fraction
f0 ≈ 0.29, constitute individual remnants with their
typical size [42]

R� ≈
vw
β
; ð6Þ

where vw is the bubble wall velocity. The corre-
sponding asymmetrical number density of χ=χ̄
fermions trapped within the remnants is directly
related to the eventual mass of the PBH (see
Sec. II B). The latent heat released increases the
temperature of the dark sector to TD;0.

(3) The remnants undergo an initial shrinking phase [44]
driven by the vacuum pressure, releasing latent
heat and increasing the temperature of the dark
sector in the false vacuum until the outward thermal
pressure balances the inward vacuum pressure,
forming thermal balls.3 Since we consider a rapid
phase transition with transition parameter β=H� > 1,
the SM temperature stays roughly constant at
TSM ¼ TSM�, whereas the dark sector temperature
at pressure balance increases to [44]

TD;1 ¼
�
90ΔUeff

π2gD

�
1=4

: ð7Þ

We denote the corresponding terminal radius of the
remnant in the initial shrinking phase as R1, which is
given by [44]

R1 ≈
�
1þ αD
4αD

�
1=3

R�: ð8Þ

(4) The thermal balls are unable to directly collapse to
PBH, but remain at a constant temperature TD;1
throughout a second slow cooling phase. As they

cool, the remnants shrink but are kept in homeostasis
at TD;1 by the continuous release of latent heat.

(5) Eventually, the asymmetrical population of dark
fermions, which remain constant in the thermal
balls, dominate the thermal population which de-
creases in proportion to the remnant volume.
The thermal ball then makes a transition to a Fermi
ball, or a remnant supported by Fermi degeneracy
pressure [40].

(6) After minimal further cooling, the range of the
ϕ-mediated Yukawa force,

LϕðTDÞ ¼ m−1
ϕ ðTDÞ ¼

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2 þ cT2

D

p ; ð9Þ

becomes long enough to cause an instability in the
Fermi ball, which rapidly transitions to a PBH [41].
In our scenario, this final transition can happen after
recombination TSM ∼ 0.3 eV.

B. PBH mass and abundance

The average mass of the black hole resulting from Fermi
ball collapse is [41]

M̄PBH ≈ 102M⊙ × α1=4D v3wF
trap
χ

�
ηχ

10−5

��
β=H�
100

�
−3

×

�
gD�
4

�
−1=4

�
gSM�
gSM;dec

�
−2=3

�
TSM�
1 keV

�
−2
: ð10Þ

The present day PBH fraction of DM, fPBH ≔ ρPBH=ρDM,
is [41]

fPBH ≈ 0.1

�
M̄

102M⊙

�
v−3w

�
gD�
4

�
1=2

�
gSM�
gSM;dec

�

×

�
TSM�
1 keV

�
3
�
β=H�
100

�
3
�
ΩDM

0.26

�
−1
: ð11Þ

In Fig. 2, we show the contours of M̄PBH (blue) and fPBH
(orange) in the β=H� vs TSM� plane. Other parameters are
chosen as

ηχ ¼ 10−6; vw ¼ 0.6; αD ¼ 0.1: ð12Þ

There are two populations of interest which can benefit
from evading the CMB bound. First, the hypothetical LVK
population of PBH which requires black holes of mass
≲102M⊙ and density fPBH ¼ 10−3–10−4. In our FOPT
model, false vacuum remnants are only a fraction of
the horizon size. Thus, to form intermediate mass PBH
requires a much lower temperature TSM ≲ keV (much
larger horizon) when compared to the standard formation
mechanism of horizon-scale perturbation collapse. For
the proposed LVK PBH population, the typical parameter
space is β=H� ¼ Oð100Þ and TSM� ¼ Oð100 eVÞ. Another

3In Ref. [44], an extremely small value of κ was assumed to
forbid the rapid annihilation ϕϕ → HH. In the present case, κ is
still limited to small values ≲10−16 to avoid an extra contribution
to the scalar mass after the EW symmetry breaking.
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interesting parameter space is for SMBH seeds, MPBH ≳
104M⊙ and fPBH ¼ 10−5–10−4, with lower β=H� and
TSM�. Since the LVK population is formed at higher
temperatures, a more prolonged period is necessary to
delay PBH formation, whereas relatively efficient cooling
can enable the SMBH seed population to form after
recombination.
In Table I, we show two benchmark parameter values,

one to represent the hypothetical LVK PBH population and
the other SMBH seeds. The corresponding PBH mass
spectra is found using the results in Ref. [42]. The number
density distribution of false vacuum (FV) remnants with
size R at the percolation time is given by

dn
dR

≈
I4�β4

192v3w
e4βR=vwe−I�e

βR=vw ð1 − e−I�e
βR=vw Þ; ð13Þ

where I� ¼ 1.238. Since the PBH mass formed by the FV
remnant with size R is proportional to R3, Eq. (13) also
gives the mass distribution with the replacement R →

M1=3
PBH (see Ref. [42] for more details).
We plot this extended mass distribution in Fig. 3 against

relevant constraints. In particular, the yellow region corre-
sponds to the CMB bound coming from the accretion disk

emission of PBHs [38], but this does not apply in the
present PBH formation scenario. See Sec. IV for details.

III. DETAILED THERMAL HISTORY

In the following, we will support our proposed formation
scenario with detailed calculations of the cooling rate and
collapse conditions. Since such late-forming PBH is a new
concept, it is important to work out the viability of the
model. We show that our most salient point of delayed PBH
formation is well justified.

A. Fermi ball transition and PBH formation

We first detail the process of PBH formation. After
sufficient cooling, the thermal ball forms cold compact
objects supported by Fermi degeneracy pressure, Fermi
balls, which then collapse into black holes. Here we
investigate the transition of thermal balls to Fermi balls
and their subsequent collapse due to the Yukawa
force [41,44].
Let us consider the collapse condition for thermal

balls, which have a lesser density and therefore are less
susceptible to collapse. We assume a uniform density
thermal ball with

Qtherm
4π
3
R3

¼ ζð3Þg̃D
π2

T3
D; ð14Þ

where Qtherm denotes the total number of particles inside a
thermal ball, and g̃D ¼ 1ð3=4Þ for each bosonic (fermionic)
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FIG. 2. Predicted PBH mass (blue) and abundance (orange).
Here we take ηχ ¼ 10−7, vw ¼ 0.6, αD ¼ 0.1.

FIG. 3. LVK and SMBH model mass spectrums against
relevant constraints in the IMBH range. The CMB bound
[47,48] in yellow is drawn with dashed lines to show its reduced
applicability to thermal balls. Other bounds shown in black
include gas heating [1,2] (Gas), radio sources [4] (RS), globular
clusters [5,6] (GC), Icarus [7] (I), x-ray binaries [8] (XRB),
dynamical friction [9] (DF), Lyman-α [10] (Ly-α), survival of
systems in Eridanus II [11] (Eri), Segue 1 [12] (S), EROS [13],
OGLE [14] (O) wide binary disruption [15] (WB), and large scale
structure [16] (LSS).

TABLE I. Benchmark parameter points for sample LVKmerger
and SMBH seed PBH populations.

M̄PBH TSM� ηχ α β=H� vw fPBH

LVK 30M⊙ 400 eV 10−6 0.1 300 0.6 10−3

SMBH 3×104M⊙ 40 eV 10−6 0.1 150 0.6 10−4
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specie, and does not include other internal d.o.f. such as
spin. The attractive Yukawa energy is given by [41]

Eϕ ≈ −
3y2χ
20π

Q2
therm

R
5

2

�
Lϕ

R

�
2

¼ −
2g̃2Dζð3Þ2

3π3
y2χR3T6

DL
2
ϕ;

ð15Þ

and the resulting pressure is

Pϕ ¼ ∂Eϕ

∂V
¼ g̃2Dζð3Þ2

2π4
y2χT6

DL
2
ϕ: ð16Þ

The Fermi ball shrinks if this inward Yukawa pressure is
greater than the outward thermal pressure Ptherm ¼ ρD=3 ¼
ðπ2=90ÞgDT4

D. If the scalar mass mϕðTDÞ is dominated by
the thermal χ term, i.e. c ¼ y2χ=6, then

Pϕ ¼ g̃2Dζð3Þ2
2π4

T4
D <

π2gD
30

T4
D ¼ Ptherm ð17Þ

for g̃D ¼ Oð1Þ. We see that Yukawa pressure cannot
overcome thermal pressure, meaning that thermal balls
are stable until they cool down sufficiently and become
Fermi balls.
The transition point from thermal to degeneracy pressure

occurs around the time when the asymmetrical population
exceeds the thermal population. The former density is given
as [41]

nχ − n̄χ ¼
�
R1

R

�
3

ðnχ − n̄χÞjTD¼TD�

¼
�
R�
R

�
3

× Ftrap
χ ηχsðTD�Þ; ð18Þ

where sðTDÞ ¼ 2π2gDT3
D=45 is the entropy density of dark

sector. While the radius of Fermi ball R steadily shrinks
during the cooling phase, the temperature remains steady at
TD;1 [Eq. (7)] due to pressure balance with the false-
vacuum energy. The transition point (radius) is defined by
the equality

nχ −nχ̄
nχ þnχ̄

¼Ftrap
χ ηχ

2π4

45ζð3Þ
�
gD
g̃D

��
R�
R

�
3
�
TD�
TD;1

�
3

¼ 1 ð19Þ

∴ Rtr ¼ 0.4 × ðFtrap
χ ηχÞ1=3

�
gD
g̃D

�
1=3

�
TD�
TD;1

�
R�

¼ 7 × 10−3 × Ftrap
χ

1=3

�
ηχ

10−5

�
1=3

α−1D

�
gD
g̃D

�
1=3

R�:

ð20Þ

where we have used Eq. (7). This is of course comparable
to the Fermi-ball radius RFB [40,41].

After the transition, the Fermi ball can collapse into PBH
if the Yukawa force range Lϕ is longer than the average
separation size of χðχ̄Þ particles inside the Fermi ball [41],
which would make the remnant energetically unstable.
Explicitly, the condition for Fermi-ball collapse is given as

LϕðTDÞ ¼ mϕðTDÞ−1

¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2 þ cT2

D

p >
1

yχ

ffiffiffiffiffiffiffiffiffi
2π

3
ffiffiffi
3

p
s �

2π

3

�
1=6 RFB

Q1=3
FB

≈ y−1χ g−1=4D T−1
D�α

−1=4
D ; ð21Þ

where QFB is the total asymmetric charge inside the Fermi
ball [41].
In the simple case where μ2 ≈ 0 and the thermal mass is

dominated by the χ contribution, c ¼ y2χ=6, the above
condition becomes

TD=TD;1 ≲ 6g1=2D α1=2D : ð22Þ

Since TD < TD;1 after the transition from thermal balls, this
result implies that Fermi balls immediately collapse into
PBHs for 0.01≲ αD.

4

B. Cooling of thermal balls

In order to ensure that the PBH forms after recombina-
tion, TSM ≲ 1 eV, we calculate the SM temperature at
which the transition from thermal ball to Fermi ball to PBH
occurs. This temperature depends on the rate of cooling,
which can proceed via surface cooling with dE=dt ¼
−4πR2ξlρD or volumetric cooling with ð4π=3ÞR3 _C. Here
ξl is an efficiency parameter where ξl ¼ gl=4gD for black-
body radiation, with gl the d.o.f. of the emitted (light)
particle species, and _C is the cooling rate per unit volume.
Note that the volumetric cooling occurs only when the
interactions among dark-sector particles are very weak (see
Appendix A). For comparison with the recombination era,
it is convenient to track the evolution of the radius with the
SM temperature TSM. The evolution equation is

dR
dTSM

¼ dR
dE

dE
dTSM

¼ ð45Þ3=2MPl

16π9=2gDg
1=2
SMR

2T4
D;1T

3
SM

dE
dt

; ð23Þ

where we have used

4After the transition to Fermi ball, the finite density contri-
bution ∼yχðnχ − nχ̄Þ1=3 adds to the scalar mass, and becomes
dominant over the thermal contribution as the Fermi ball shrinks.
However, we have checked that PBH formation is not prevented
because the inward Yukawa pressure is still stronger than the
outward Fermi degeneracy pressure.
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dE
dR

¼ 4πR2ðρD þ ΔUeffÞ ¼
16π

3
R2ρD

¼ 16π

3
R2 ×

π2gD
30

T4
D;1; ð24Þ

dTSM

dt
¼ −HTSM ≃ −

1

MPl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8π3gSM
90

r
T3
SM; ð25Þ

and taken ρSM ≫ ρD in the last equality.
First, consider the case of surface cooling, dR=dTSM ∝

1=T3
SM, which has the solution

RðTSMÞ ¼ R1 −
as
2

�
1

T2
SM

−
1

T2
SM�

�
;

as ¼
ð45Þ3=2ξlMPl

120π3=2g1=2SM

; ð26Þ

where we have assumed that gSMð¼ Oð1ÞÞ is a constant. On
the other hand, in the volumetric cooling case, dR=dTSM ∝
R=T3

SM, the solution is

RðTSMÞ ¼ R1 exp

�
−
av
2

�
1

T2
SM

−
1

T2
SM�

��
;

av ¼
ð45Þ3=2 _CMPl

12π7=2gDg
1=2
SMT

4
1

: ð27Þ

In Sec. III A, we obtained the thermal ball to Fermi ball
transition radius Rtr as a function of model parameters, i.e.
Eq. (20). Combining this result with specific cooling
models, we will now estimate the corresponding SM
temperature of PBH formation.

1. Blackbody cooling

If the mass differences of the trapped particles
between two phases are negligible, Δmi ≪ TD;1, they
can freely escape and produce blackbody radiation with
ξl ¼ Oð0.1–1Þ. For large couplings yχ between χ and ϕ,
thermal equilibrium in the dark sector is maintained [44], so
that continuous emission of ϕ and χðχ̄Þ is possible. Since
Rtr ≪ R1, the transition temperature can be qualitatively
estimated by RðTSMÞ ∼ 0 and it is given by

TSM;tr ≈
�
1þ 8vw

3ξl

�
β

H�

�
−1
�
1þ αD
4αD

�
1=3

�
−1=2

× TSM�:

ð28Þ

In this case, blackbody radiation rapidly cools and shrinks
the remnant so that the transition to Fermi ball and PBH
happens shortly after the phase transition. Thus, blackbody
cooling is not conducive for late-forming PBH.

2. Evaporation cooling

On the other hand, if the dark fermions χ, χ̄ are
only partially trapped, Δmχ ≳ 5TD, then the high energy
tail of the Fermi-Dirac distribution may slowly escape
and cool the remnant, a scenario studied in Ref. [44]. If
the ϕ-mediated χχ → χχ scattering rate is fast enough to
continuously replenish the population of high energy
fermions, then evaporation will be surface cooling. On
the other hand, if the thermalization timescale of the
remnant τtherm is longer than the crossing timescale
tc ¼ R1=c, then evaporation will be volumetric cooling.
Here we consider the stronger surface cooling case and
leave the detailed calculation of τtherm and volumetric
cooling for Appendix A. Note that evaporation cooling
from escaping ϕ particles is also possible and is analogous
to the χ,χ̄ cooling we consider here.
The surface cooling factor ξl of evaporation is given in

Ref. [44] as

ξl ¼
120gχ
7π5gD

�
Mχ

TD;1

�
3

e−Mχ=TD;1 ð29Þ

with gχ ¼ 4 when there are only χ and χ̄ particles. This
exponentially suppressed slow cooling rate justifies using
the low transition temperature and small transition radius
limit TSM;tr ≪ TSM�; Rtr ≪ R1 of Eq. (26),

TSM;tr ¼
�

as
2R1

�
1=2

≈ TSM�v
−1=2
w

�
β=H�
100

�
1=2

�
gχ
gD

�
1=2

×

�
1þ αD
4αD

�
−1=6

�
Mχ

TD;1

�
3=2

e
− Mχ
2TD;1 : ð30Þ

Then to get a transition temperature between the CMB
era and the present day from an initial phase transition
temperature TSM� ∼ 1 keV, a reduction of 103–106 requires
20≲Mχ=TD;1 ≲ 40. For even larger mass to temperature
ratios, there is the interesting possibility of producing PBH
from collapsing thermal balls in the future. As explained in
Sec. IV, thermal balls are difficult to bound due to their less
compact nature. Present day thermal balls would therefore
have significantly reduced constraints across the entire
mass spectrum, opening up much larger mass windows.
Future populations of PBH, which evade present day
bounds, may be a possible DM candidate.
Let us comment on the angular momentum of the PBHs

produced by the present mechanism. The initial FV
remnants (thermal balls) can obtain angular momentum
during their formation process. However, surface cooling
removes the angular momentum very efficiently if the
surface rotates at nearly relativistic speeds [30]. The
radiation emitted from the photosphere in the direction
of rotation is blueshifted, while the radiation emitted in the
opposite direction is redshifted due to Doppler effect. Just
as in Ref. [30], one can show that the timescale for removal
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of angular momentum is much shorter than the cooling
timescale. Thus, it is unlikely that PBHs with large angular
momentum are produced in our mechanism. More detailed
studies are left for future investigation.

IV. BOUNDS

All the constraints based on microlensing, accretion, etc.
that are independent of cosmological history still apply to
PBH forming between CMB and the present day (see
Ref. [49] for a review). However, future forming PBHs
which exist today as slowly cooling thermal balls could
evade and ameliorate most of the present day bounds on its
mass spectrum.5

We discuss three constraints of interest: BBN ΔNeff ,
CMB bounds, and gravitational wave (GW) emission from
the FOPT. Some other bounds on PBH, such as those from
considerations of large scale structure formation, may be
affected although a detailed analysis is beyond the scope of
this paper. While the Fermi balls are cooling, they resemble
decaying dark matter, but the current bounds do not
constrain a fraction of such dark matter below ∼0.1 [50].

A. BBN Neff

In the models we consider, the FOPT occurs around
the keV scale so that the dark sector particles were free
floating during the BBN era. The relevant bound is the
BBN ΔNeff ¼ ρD=ρνe ≲ 0.40 [51] limit on the number
of extra relativistic species, although this limit may seem
to be grossly violated because of the two dark sector
fermions χ,χ̄ and scalar ϕ. However, the weak coupling
between the dark sector and the SM results in freeze-out at
high temperatures after the EW transition. When the dark
sector freezes out at around the EW scale, the dark sector
temperature TD at BBN compared to the SM temperature
TSM is TD=TSM ¼ ð10.75=106.75Þ1=3 ≃ 0.5 [see Eq. (3)],
which corresponds to ΔNeff ≃ gDðTD=TSMÞ4 ≪ 0.4 for
gD ¼ Oð1Þ. Thus, the constraint by BBN can be easily
evaded.

B. CMB accretion bound

Here we reevaluate the Planck/CMB bound on PBHs
[38,52,53] for thermal ball remnants. These bounds are
based largely on accretion, so the lower density and surface
gravity thermal remnants are unable to convert the potential
energy of accreted material into radiation as efficiently.
In Ref. [38], the accretion disk is modeled as a thin disk

with luminosity L ∼ 0.1 _m for high accretion rates _m ¼
_M= _MEddington and as an advection dominated accretion flow

L ∼ 0.011 _m2 for low accretion rates. In each of these
accretion models, the luminosity is roughly proportional to
the surface gravitational potential, which is calculated at the
innermost stable circular orbit radius for PBH, GM=3Rs ¼
1=6 for Schwarzschild black holes. In contrast, the mini-
mum radius for thermal balls is much larger and, con-
sequently, the surface gravity is much lower. For simplicity,
we assume a uniformly distributed thermal ball so thatM ¼
ð4πR3=3ÞρD and ρD ¼ gDðπ2=30ÞT4

D so that the ratio of
surface potentials between thermal remnants and PBH is

ðGM=RÞtherm
ðGM=RÞPBH

¼ G
4π3

45
gDR2T4

D;1: ð31Þ

The surface potential of the thermal ball is highest
immediately after formation and decreases during the slow
shrinking phase. The ratio of the potentials at this time is

ðGM=RÞtherm
ðGM=RÞPBH

����
R¼R1

≈ 2 × 10−5
�

gD
gSM�

�
v2w

×

�
β=H�
100

�
−2 ð1þ αDÞ2

αD
: ð32Þ

For typical parameters, the thermal ball surface potential
even at its maximum is much weaker than for PBH of
similar mass. Thus, the accretion based CMB bounds
should be weaker by the same factor, i.e., ftherm <
106fPBH ∼ 10−3 at its peak assuming the most stringent
conditions. Since the thermal balls are formed around
∼1 keV, by the recombination era of ∼1 eV, the radius
will have decreased further, weakening the bound.
Additional second-order effects such as the lower temper-
ature of the thermal ball accretion disk result in propor-
tionally less ionizing x rays emitted. PBH accretion
following recombination may still induce spectral dis-
tortions into the CMB. However, for PBH formation at
z≲Oð100Þ the gas density should be sufficiently low.
Therefore, the CMB bound on PBHs does not signifi-
cantly apply to precollapse thermal balls and is superseded
by the other noncosmological PBH bounds in the IMBH
mass range.

C. Gravitational wave bounds

Another phenomenological signature of FOPT is the
production of stochastic GWs [54–56]. In general, there are
three sources of the stochastic GWs produced during a
FOPT: bubble collisions, sound waves, and magnetohy-
drodynamic turbulence in the plasma. Although the GW
strength from these sources has different parameter depend-
ences, their peak frequencies are qualitatively the same,

fpeak ¼ Oð10−2–10−3 mHzÞ ×
�

β

H�

��
TSM�

100 GeV

�
; ð33Þ

5We comment on the lensing constraints in the case of the
thermal ball DM scenario [44]. In this paper, we consider the
formations of thermal balls with masses on the order of or greater
than 10–105M⊙. For these masses, lensing constraints on PBH
are not strong.
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which means that the typical peak frequencies in our
PBH scenario are fpeak ¼ Oð10−11–10−12 HzÞ for β=H� ¼
100 because TSM� ≲ 1 keV. These frequencies are
too low even for pulsar timing array experiments such as
the International Pulsar Timing Array [57–60] and the
Square Kilometre Array (SKA) [61] to detect. Note that
there also exists the bound by CMB observations [62] in the
low frequency region, f ≲ 10−15 Hz, which is well below
the frequencies in our model. Thus, there are no bounds
from GW signals in the present scenario. We explicitly
show the GW spectra in Fig. 4 for the parameters of the two
benchmark models presented in Table I, using the numeri-
cal fitting functions in Ref. [54].

V. CONCLUSION

In this paper, we have presented a viable method for
producing late-forming PBHs which exist in thermal ball
form until late in our cosmological history. The primary
benefit of this novel production scenario is to avoid con-
straints on the PBH mass spectrum which rely on cosmol-
ogy, most notably the CMB bound in the intermediate mass
range. The bypassing of this constraint allows otherwise
restricted primordial populations to generate some of the
(highermass)merger events detected byLVKand to seed the
puzzlingly supermassive black holes found at the center of
galaxies and clusters. To support our claims, we have
presented detailed calculations of collapse conditions and
cooling rates to show that such prolonged formation is
indeed possible.Building upon previousworks in this series,
Refs. [41,42,44], we have selected sets of model parameters
that generate extended mass distributions of both LVK and
SMBH seed populations, showing our results in Fig. 3. We
provide a valid formation mechanism for the LVKmass gap
black holes as well as the JWST z ≈ 10.6 SMBH that is
unencumbered by CMB bounds.
In addition to PBH forming between the CMB era and

the present day, we propose an even more exotic possibility

of thermal ball remnants collapsing in the future to Fermi
balls and PBH. This ghost population of PBH could
circumvent an even larger subset of PBH bounds, so that
intermediate mass PBHs comprising the whole of dark
matter could be possible at later epochs. We therefore
term these compact objects future PBHs. Future PBHs
could open up many exciting paths in our cosmological
evolution. Since light M < 1017 g thermal balls would not
be affected by Hawking evaporation, they would be exempt
from limits in that mass range. Future PBHs could form
around or below the mass threshold of 1015 g, rapidly
emitting Hawking radiation, converting the bulk of the
matter density into radiation. We leave exploring the
possibility of a second radiation era from future light
PBHs to future work.
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APPENDIX A: VOLUMETRIC EVAPORATION
COOLING

Here we calculate the thermalization time τtherm which
will relate the volumetric cooling rate _C to the parameters
of the FOPT and enable a quantitative condition for the
dominance of surface cooling at large couplings (more
interactions and faster thermalization) to volumetric cool-
ing at small couplings.
From Ref. [44], the scattering cross section of dark sector

particles can be approximated by the dominant process of
χχ → χχ scattering,

dσ
dt

¼ y4χ
16πs2

; ðA1Þ

where s ¼ ðp1 þ p2Þ2 ¼ 4E2
cm and t ¼ ðp1 − p3Þ2 are the

usual Mandelstam variables. The energy change δE of the
colliding particle 1 after its collision with particle 2 is

FIG. 4. GW spectra for the two benchmark parameter points
presented in Table I. The red (blue) contour corresponds to
M̄PBH ¼ 30M⊙ð3 × 104M⊙Þ.
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δE ¼ ðE1 − E2Þðcosϕ − 1Þ
2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E1E2ð1þ cos θÞ=2

p
sinϕ;

ðA2Þ

where θ is the angle between the particle momenta before
the collision in the thermal ball frame and ϕ is the (post)
scattering angle in the CM frame. By symmetry, both
angles are spherically distributed. We use a thermal Fermi-
Dirac distribution for both particles 1 and 2 as a function of
ϵ ¼ p=T:

fðϵÞ ¼ 1

eϵ þ 1
: ðA3Þ

Using the relations

dσ
dϕ

¼ dσ
dt

dt
dϕ

¼ y4χ sinϕ

64πE1E2ð1 − cos θÞ ; ðA4Þ

and vrel ≃ 2c, rate of energy transfer of a particle 1 with
energy E1 ¼ ϵ1T is

δE1

δt
¼ T2y4χ

512π3ϵ1

Z
∞

0

dϵ2
ϵ2

eϵ2 þ 1

Z
π

0

dθ
sin θ

ð1 − cos θÞ

×

�Z
π

0

−
Z

2π

π

�
dϕsin2ϕ

�ðϵ1 − ϵ2Þðcosϕ − 1Þ
2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ1ϵ2ð1þ cos θÞ

2

r
sinϕ

�

¼ 2.582 × 10−4
T2y4χffiffiffiffiffi
ϵ1

p : ðA5Þ

To find the thermalization timescale, average across the
incident particle energy distribution

τtherm ¼ 2

3ζð3Þ
Z

∞

0

dϵ1
ϵ21

eϵ1 þ 1

E1

δE1=δt
¼ 2.402 × 104

Ty4χ
:

ðA6Þ

Comparing this to the crossing timescale at temperature
T ¼ TD;1 [Eq. (7)],

tc ¼ R1=c ¼ 1.22vw
β

�
1þ αD
4αD

�
1=3

; ðA7Þ

the cooling will be surface dominated if tc > τtherm,

yχ > 9.50 × 10−6
�
TSM�
1 keV

�
1=4

�
β

H

�
1=24

× g1=6SM�g
1=12
SM;dec

�
4αD

1þ αD

�
1=12

; ðA8Þ

and volume cooling dominated if the opposite inequality is
satisfied.
The volumetric cooling rate _C from evaporation cooling

is [44]

_C ¼ gχTM3
χ

2π2τtherm
e−Mχ=T ¼ gχy4χT2M3

χ

4.74 × 105
e−Mχ=T; ðA9Þ

where we have substituted the previous result for τtherm.
As with the surface cooling case, the volumetric cooling

rate is exponentially suppressed. Therefore the use of the
small transition temperature limit of Eq. (27) is justified.
The transition temperature in this regime is then

TSM;tr ¼
�

av
2 lnðR1=RtrÞ

�
1=2

¼ 1.7 eV

�
yχ
10−6

�
2
�

T1

keV

�
1=2

×

�
ln

�
R1

Rtr

��
−1=2

�
Mχ

T1

�
3=2

e−Mχ=2T1 : ðA10Þ

For this boundary value of yχ , transitioning between the
CMB and the present era requires 10≲Mχ=T1 ≲ 25.

APPENDIX B: SM PORTAL COOLING

The thermal ball remnant can cool by SM particle
production via the Higgs portal. Since SM particles are
not trapped by the bubble wall, they can easily escape. For
most of the cooling, TSM ≪ TD;1, as the remnant is heated
up during the initial collapse, the SM plasma within the
thermal ball is negligible. Thus, the energy in the produced
particles freely disburses into the surrounding low temper-
ature plasma.
The dominant production channel at the low temper-

atures of interest, T ≲ 1 keV, is ϕϕ → γγ with cross section

σ ≃
α2e2ðκvÞ2

1152π3 sin θWM2
W

s
ðs −M2

HÞ2
; for s ≪ m2

t

≈ 2.717 × 10−9
κ2s
M4

H
: ðB1Þ

Integrating over the incident and target particle Fermi-Dirac
momentum distribution, and incoming angle θ, the cooling
rate is calculated to be

_C ¼ T3

2π2

Z
dϵ1

ϵ21
eϵ1 þ 1

T3

2π2

Z
dϵ2

ϵ22
eϵ2 þ 1

ðϵ1 þ ϵ2ÞT

×
Z

π

0

dθ
sin θ
2

vrel
dσ
ds

ds
dθ

¼ 5.808 × 10−9
κ2T9

M4
H
; ðB2Þ

where we have used vrel ¼ 2, s ¼ 2ϵ1ϵ2ð1 − cos θÞ,
and the factor ðϵ1 þ ϵ2ÞT is the energy loss to the
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SM. The cooling rate is minimal as it is suppressed by
large factors of both κ2 and ðT=MHÞ4. Thus, any
observable x-ray signature from these slowly emitting
thermal balls is unlikely.
The low transition temperature limit of Eq. (27) gives

TSM;tr ≃
�

av
2 lnðR1=RtrÞ

�
1=2

¼ 2.8 × 10−6 eVκ

�
T1

keV

�
5=2

�
ln

�
R1

Rtr

��
−1=2

: ðB3Þ

For the transition temperature to be between CMB TSM ∼
1 eV and the present day TSM ∼ 2 × 10−4 eV, the thermal
ball temperature should be in the range of 6 keVκ−2=5≲
TD;1 ≲ 170 keVκ−2=5. SM portal cooling is therefore not
conducive to forming intermediate mass PBH by the
present day unless there is extreme reheating of the dark
sector particles from the FOPT temperature of ∼1 keV to
∼1 TeV. However, the extreme slow cooling of the thermal
ball remnants is ideal for the scenario of future PBH as
discussed in Sec. III B 2.

[1] P. Lu, V. Takhistov, G. B. Gelmini, K. Hayashi, Y. Inoue,
and A. Kusenko, Astrophys. J. Lett. 908, L23 (2021).

[2] V. Takhistov, P. Lu, G. B. Gelmini, K. Hayashi, Y.
Inoue, and A. Kusenko, J. Cosmol. Astropart. Phys. 03
(2022) 017.

[3] V. Takhistov, P. Lu, K. Murase, Y. Inoue, and G. B. Gelmini,
Mon. Not. R. Astron. Soc. 517, L1 (2022).

[4] P. N. Wilkinson, D. R. Henstock, I. W. A. Browne, A. G.
Polatidis, P. Augusto, A. C. S. Readhead, T. J. Pearson, W.
Xu, G. B. Taylor, and R. C. Vermeulen, Phys. Rev. Lett. 86,
584 (2001).

[5] R. Ibata, C. Nipoti, A. Sollima, M. Bellazzini, S. C.
Chapman, and E. Dalessandro, Mon. Not. R. Astron. Soc.
428, 3648 (2013).

[6] J. D. Bradford, M. Geha, R. R. Muñoz, F. A. Santana, J. D.
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