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Abstract. We study the supermassive black holes (SMBHs) observed in the galactic centers.
Although the origin of SMBHs has not been well understood yet, previous studies suggest that
seed black holes (BHs) with masses 104−5 M

exist at a high redshift (z ∼ 10). We examine

whether primordial black holes (PBHs) produced by inhomogeneous baryogenesis can explain
those seed black holes. The inhomogeneous baryogenesis is realized in the modified Affleck-Dine
mechanism. In this scenario, there is no stringent constraint from CMB µ-distortion in contrast
to the scenario where Gaussian fluctuations collapse into PBHs. It is found that the model can
account for the origin of the seed BHs of the SMBHs.
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Introduction

There are many evidences that most galaxies have supermassive black holes (SMBHs) with
masses 106 − 109.5 M

in their centers [1–3]. However, the origin of SMBHs has not been well

understood yet. It is conventionally argued that stellar black holes (BHs) with masses O(10)M

produced by stellar collapses grow to SMBHs by accretion and mergers. But observations of high
redshift QSOs indicate that SMBHs already exist at z > 6 [e.g. [4]] and hence it is in dispute
whether stellar BHs have time to grow to SMBHs.
Another candidate for SMBHs are primordial black holes (PBHs) which are produced from
large density fluctuations in the early universe [5–7]. Such large density fluctuations can be
produced by inflation [8–10]. PBHs have been attracting great interest because they can be
dark matter of the universe or they are a good candidate for BHs that cause gravitational wave
events discovered by LIGO [11–25]. In Refs. [26, 27], it is shown that BHs exsiting at z ∼ 10

can be seeds for SMBHs if they have masses around 104 − 105 M . If PBHs are formed at the
cosmic temperature ∼ 1 MeV, they have masses ∼ 104−5 M and account for those seed BHs for

SMBHs. In fact an inflation model producing such SMBHs was proposed in Ref. [28]. However,
the scenario for producing supermassive PBHs has a difficulty. PBH formation requires large
density fluctuations on small scales, which leads to the CMB spectral distortion due to the Silk
damping [29, 30]. In fact the µ-distortion of CMB gives a stringent constraint on the amplitude
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of the power spectrum of the curvature perturbations, Pζ . 10−4 for k ∼ 1 − 104 Mpc, from
which PBHs with masses between 4 × 1013 M and 4 × 102 M are excluded [31].

However, this constraint is obtained assuming that the fluctuations are nearly Gaussian and

models for PBH formation based on highly non-Gaussian fluctuations can evade it. One example
is the PBH formation using the inhomogeneous Affleck-Dine baryogenesis [32–35]. (For another
example, see [36].) Recently, Hasegawa and one of authors [37, 38] showed that the inhomogeneous Affleck-Dine baryogenesis is realized in the framework of the minimal supersymmetric
standard model (MSSM) and it produce high baryoin bubbles (HBBs) which is regions with high
baryon-to-entropy ratio ηb . Those HBBs collapse into PBHs with masses & 10M that explain
the LIGO gravitational wave events.
In this paper, we examine whether the inhomogeneous Affleck-Dine baryogenesis can account for SMBHs. It is found that the PBHs formed in the inhomogenous Affleck-Dine mechanism
can be the seed BHs of the SMBHs in the galactic centers. By varying the model parameters, we
can easily control the mass distribution of the PBHs. The scenario of Affleck-Dine mechanism
depends on the SUSY breaking scheme. We mainly discuss the gravity-mediated SUSY breaking
scenario, where the baryon asymmetry in the HBBs become the massive baryons after the QCD
transition and generate the density contrast. Finally, we make some comments on the gaugemediated SUSY breaking scenario, where the AD field fragments into the stable Q-balls. In this
scenario, the Q-balls can contribute to both the seed PBHs and the dark matter abundance.
This paper is organized as follows. In Sec. 2, we review the outline of the inhomogeneous
Affleck-Dine baryogenesis and evaluate the distribution of the HBBs. In Sec. 3, we explain how
the HBBs evolve and gravitationally collapse into the PBHs. We show the conditions for the
seed BHs of the SMBHs and estimate the abundance of the PBHs in Sec. 4. Finally, we conclude
in Sec. 5.

2

HBBs from Affleck-Dine field

In this section, we briefly review the generation of inhomogeneous baryon asymmetry and high
baryon bubbles (HBBs) based on [37, 38].
2.1

Model Setting

In the previous works [37, 38], it was shown that HBBs are produced in the modified version of
the AD baryogenesis in MSSM. In this model, we modify the conventional AD baryogenesis by
making two assumptions:
(i) During inflation, the AD field has a positive Hubble induced mass, while it has a negative
one after inflation.
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(ii) Just after inflation, the thermal potential for the AD field overcomes the negative Hubble
induced mass around the origin.
These assumptions are easily satisfied by appropriate ( and natural ) choice of the model parameters. Under these assumptions, the potential for the AD field φ = ϕeiθ is written as


 m2 + cI H 2 |φ|2 + VNR ,
(during inflation)
φ

V (φ) = 
 m2 − cM H 2 |φ|2 + VNR + VT (φ), (after inflation)
φ

(2.1)

where cI , cM are dimensionless positive constants, mφ is the soft SUSY breaking mass for the
AD field, and VNR represents the non-renormalizable contribution given by
!
2(n−1)
m3/2 φn
2 |φ|
,
+
h.c.
+
λ
VNR = λaM
n−3
2(n−3)
nMPl
M

(2.2)

Pl

where λ, aM are dimensionless constants. The integer n (≥ 4) is determined by specifying the
MSSM flat direction. VT is the thermal potential for the AD field induced by the thermalized
decay product of the inflaton and is written as
(
c1 T 2 |φ|2,  |φ| . T,
2
VT (φ) =
c2 T 4 ln |φ|
, |φ| & T,
T2

(2.3)

where c1 , c2 are O(1) parameters relevant to the coupling between the AD field and the thermal
bath.
2.2

Dynamics of the AD field

Let us describe the dynamics of the AD field in this scenario. During inflation, the potential of
the AD field has the minimum at ϕ = 0 due to the positive Hubble induced mass. Furthermore,
when cI < 1, the AD field acquires quantum fluctuations around it. Therefore, the AD field
coarse-grained over the Hubble scale stochastically fluctuates and takes a different value in each
Hubble patch shown in Fig. 1.
After inflation, by the assumption (ii), the negative Hubble induced mass and the thermal
potential bring on the multi-vacuum structure with the vacuum “A” at ϕ = 0 and the vacuum
“B” at ϕ 6= 0 (see Fig. 1). Then, the AD field rolls down the potential to one of the two vacua

depending on values of the AD field at the end of inflation te . If ϕ(te ) in some patch is smaller
than the maximal point between the two vacua ϕc (te ), the AD field rolls down to the vacuum A
soon after inflation Thus, in this case almost no baryon number is produced, i.e.
(A)

ηb

' 0.

(2.4)

On the other hand, in the patches satisfying ϕ(te ) > ϕc (te ), the AD field rolls down to the
vacuum B. The vacuum B vanishes later due to the thermal potential or soft SUSY breaking

–3–

P (Ne , )

V( )

V( )
c

B

A

c

B

Figure 1. The schematic view of the dynamics of the AD field during and after inflation. Upper side:
During inflation, the coarse-grained AD field diffuses in the complex plain and takes different values in
different Hubble patches. Lower side: Just after inflation, the multi-vacuum structure appears due to
the thermal potential and the negative Hubble induced mass. In the patches with |φ| > φc , the AD field
rolls down to the vacuum B. On the other hand, the patches with |φ| < φc , the AD field rolls down to
the vacuum A.

mass term and the conventional AD baryogenesis takes place. Therefore, the AD field begins to
oscillate around the origin at H(t) ' Hosc , which produces the baryon asymmetry given by


TR m3/2 ϕosc 2
'
,
2
Hosc
MPl
r
c qb |aM | sin(nθ0 + arg(aM ))


=
,
n−1
3 n−4 + 1

(B)
ηb

(2.5)
(2.6)

n−2

where the subscript “osc” represents the values evaluated at the onset of the oscillation, TR is
the reheating temperature, qb is the baryon charge of the AD field, and θ0 is the initial phase of
the AD field. In this way, the inhomogeneous AD baryogenesis takes place and the HBBs with
large baryon asymmetry are formed.
Here, we derive the condition for our assumption (ii). When the decay products are thermalized instantaneously, the cosmic temperature is given by
T inst (t) ' TR2 H(t)MPl

1/4

.

(2.7)

With use of Eq. (2.7), the assumption (ii) is satisfied if
∆≡

TR2 MPl
& 1,
H(te )3

–4–

(2.8)

where we set cM , c1 ∼ 1 for simplicity. The critical point just after inflation ϕc (te ) can be written
as

ϕc (te ) ≡ ϕc = ∆1/2 H(te ),

(2.9)

where we also set the O(1) model parameters to unity.
2.3

Volume fraction of HBBs

Next, we analytically evaluate the volume fraction of the HBBs. The evolution of the coarsegrained AD field during inflation is described by the Langevin equation including the Gaussian
noise [39–41] and the probability distribution function of the AD field with respect to e-folding
number N (∝ ln a [a: scale factor]), P (N, φ) follows the Fokker-Planck equation:

X ∂  ∂V (φ) P (N, φ)
H 2 ∂P (N, φ)
∂P (N, φ)
,
=
+ 2
∂N
∂φi
∂φi
3H 2
8π
∂φi

(2.10)

i=1,2

where (φ1 , φ2 ) = (<[φ], =[φ]). The first term in the RHS is classically induced by the poten-

tial and the second term represents the quantum fluctuations. Assuming the initial condition
P (0, φ) = δ(0) and the constant Hubble parameter during inflation H(t ≤ te ) = HI , we obtain
2

1
− ϕ
e 2σ2 (N ) ,
2
2πσ (N )
 2
0
HI
1 − e−cI N
σ 2 (N ) =
,
2π
c0I

P (N, φ) =

(2.11)
(2.12)

where we have used V (φ) ' cI HI2 φ2 and defined c0I ≡ (2/3)cI . The phase of the AD field θ is
random unless large CP violation terms such as Hubble induced A-terms are introduced.

As discussed above, the patches where the AD field rolls down to the vacuum B cause the
AD baryogenesis and form HBBs. Therefore, at the e-folding number N , the physical volume of
the regions which would later become HBBs, VB (N ) is evaluated as
Z
VB (N ) = V (N )
P (N, φ)dφ ≡ V (N )fB (N ).

(2.13)

ϕ>ϕc

3 e3N , where r ∼ H −1
Here, we represent the physical volume of the Universe at N as V (N ) ∼ rH
H
I

is the Hubble radius during inflation. The volume fraction of the regions which would later
become HBBs, fB (N ), is evaluated as
Z
fB (N ) =

2π

Z

∞

dθ
0

ϕc

−

ϕ2

2∆
e 2σ2 (N )
− 2π
σ̃ 2 (N ) ,
dϕϕ
=
e
2πσ 2 (N )



0
where σ̃ 2 (N ) ≡ 1 − e−cI N /c0I . We show the evolutions of fB (N ) in Fig. 2 (left panel).
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Figure 2. The evolutions of the volume fraction of HBBs fB (N ) (left) and the production rate of HBBs
at βB (N ) (right) for various c0I . ∆ is adjusted for each plot so that fB (N = 60) takes the same value.

2.4

Size distribution of HBBs

The creation rate of the regions which would later become HBBs is obtained by differentiating
VB (N ) with respect to N as
dVB (N )
= 3VB + V (N )
dN

Z
ϕ>ϕc

P (N, φ)
dφ.
dN

(2.15)

The first term in the RHS represents the growth of the existing regions which would later become
HBBs due to the cosmic expansion and the second term represents the creation of such regions.
Therefore, the fraction of the HBBs with the scale exiting the horizon at N is evaluated at the
end of inflation Ne as


Z
1
dP (N, φ)
3(N −Ne )
βB (N ; Ne ) =
·e
V (N )
dφ
V (Ne )
dN
ϕ>ϕc
=

(πc0I )2 ∆
d
 fB (N ).
fB (N ) =
dN
sinh c0I N/2

(2.16)

We show the evolutions of βB (N ) in Fig. 2 (right panel).
The scale of the HBBs k can be expressed in terms of the e-folding number N when the
scale k exits the horizon as
k(N ) = k∗ eN −NCMB ,

(2.17)

where k∗ is the CMB pivot scale and NCMB is the e-folding number when the pivot scale exits
the horizon. The horizon mass when the scale k re-enter the horizon is evaluated as
−2
 g −1/6 
k
∗
MH ' 19.3M
,
10.75
106 Mpc−1
where M

(2.18)

is the solar mass and g∗ is the effective degree of freedom of relativistic particles.

Equivalently, the e-folding number N is evaluated in terms of MH as
1 MH
N (MH ) ' − ln
+ 21.5 + NCMB ,
2 M
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(2.19)

where we used g∗ = 10.75 and k∗ = 0.002 Mpc−1 . It is known that the typical inflationary
models suggest that
Ne − NCMB ∼ 50 − 60.

(2.20)

On the other hand, to solve the horizon and flatness problem of the Big Bang cosmology, the
total number of e-foldings of the inflation era should be
Ne & 60.

(2.21)

In the rest of this paper, we fix Ne = 60 and NCMB = 10. It is also convenient to relate the
cosmic temperature T to the horizon mass as

T (MH ) = 434MeV

3

MH
M

−1/2
.

(2.22)

Gravitational collapse of HBBs

In this section, we discuss the evolution of the HBBs and their gravitational collapse into PBHs.
3.1

Density contrast of HBBs

Just after inflation, the energy density inside and outside the HBBs are almost the same because
of the energy conservation of the AD field and the domination of the oscillation energy of the
inflaton. After the AD field decays, the quarks carry the produced baryon asymmetry. As long as
the quarks remain relativistic, the density fluctuations are not generated. After the QCD phase
transition, the baryon number is carried by massive baryons (protons and neutrons). Since
the energy of the baryons behaves as non-relativistic matter, their energy density is given by
ρ ' nb mb (mb : the nucleon mass). Thus, the density contrast between inside and outside the
HBBs is written as

nin
ρin − ρout
b mb
δ≡
'
' 0.3ηbin
out
2
ρ
(π /30) g∗ T 4



T
200MeV

−1
θ (TQCD − T ) ,

(3.1)

where TQCD is the cosmic temperature at the QCD phase transition and θ(x) is the Heaviside
theta function. Here, we have used mb ' 938 MeV.

Here, we make three comments. First, HBBs are considered as top-hat type baryonic

isocurvature fluctuations. Such small-scale isocurvature fluctuations are hardly constrained by
the CMB observations.1 Although isocurvature fluctuations induce adiabatic ones after the
QCD phase transition, the produced perturbations are highly non-Gaussian. In addition, HBBs
are presumed to be rare objects and adiabatic perturbations averaged over the whole universe
1

Large isocurvature baryonic perturbations are constrained from the big-bang nucleosynthesis if they are
Gaussian [42].
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are small. Therefore, this model does not suffer from the stringent constraints from CMB µdistortion and the PTA experiments [43–45]. Second, the baryon asymmetry ηbin is different from
HBB to HBB depending on the initial phase of the AD field θ0 , which is efficiently random due
to the flatness of the phase direction. Although this effect does not bring a substantial change
to the following discussion, we assume that all HBBs have the baryon asymmetry for simplicity.
Actually this assumption can be realized by introducing the Hubble induced A-term. Third,
we implicitly assumed that the AD field decays into the quarks above. However, it is known
that the coherent oscillation of the AD field usually fragments to the localized lumps called Qballs [46–48]. In this paper, we mainly focus on the gravity-mediated SUSY breaking scenario,
where the produced Q-balls are unstable and decay into the quarks. On the other hand, in the
gauge-mediated SUSY breaking scenario, the produced Q-balls are stable and can make density
fluctuations which become PBHs later. We will make a comment on this case later.
3.2

PBH formation

From Eq.(3.1), the HBBs become over-dense after the QCD transition. If the density contrast
is large enough, the overdense regions collapse into PBHs after they re-enter the horizon. In the
radiation-dominated era, the threshold value of the density contrast for the PBH formation is
roughly estimated as δc ' w with w ≡ p/ρ [6], which we adopt in this paper. Notice that our

model is hardly sensitive to the choice of estimation of δc unlike the case of the Gaussian density
perturbations.
In the present case w is written in terms of δ(T ) as
w(T ) =

pout
1
1
pin
' in =
.
in
ρ
ρ
3 1 + δ(T )

(3.2)

Thus, the condition for the PBH formation δ(T ) > δc (T ) ' w(T ) is given by
δ(T ) &

1
1
⇐⇒ δ(T ) & 0.26,
3 1 + δ(T )

(3.3)

and this gives the upper bound of the temperature at the horizon re-entry for the PBH formation.
The critical temperature for the PBH formation Tc is obtained from Eq.(3.1):


Tc ' Min 231ηbin MeV, TQCD ,
which leads to the lower bound of the horizon mass for the PBH formation,
"

−2 #

T
−2
QCD
Mc ' Max 14.1 ηbin
M , 18.8M
.
200MeV

(3.4)

(3.5)

Here we used Eq.(2.22). Since the mass of the formed PBH is comparable with the horizon mass
at the horizon re-entry, MPBH ∼ MH , the mass distribution of the PBHs is given as
1
βPBH (MPBH ) = βB (N (MPBH )) θ(MPBH − Mc ),
2
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(3.6)

where βPBH is the volume fraction of the HBBs which become the PBHs with a mass MPBH at
the horizon re-entry over logarithmic mass interval d (ln MPBH ). The relation between N and
MH , Eq.(2.19) introduces the factor 1/2 in Eq.(3.6).

4

SMBH seeds from the modified Affleck-Dine baryogenesis

In this section, we investigate the possibility that the PBHs in our scenario account for the
SMBHs. First, let us summarize the conditions for the seed BHs of the SMBHs. As supported
by observations of high red-shift (z ∼ 10) SMBHs, the formation of galaxies is considered to

be preceded by the formation of seed BHs [49]. Therefore, we assume that the number density
of SMBHs is equal to that of galaxies. The number density of galaxies Ngal is not well-known.
Here, we take it as
Ngal = (10−3 − 10−1 ) Mpc−3 .

(4.1)

This is consistent with the estimated values in Refs. [50, 51]. In Ref. [27], it is shown in the
numerical simulation that PBHs with masses around (104 − 105 )M
109 M

. Since PBHs heavier than

(104

−

105 )M

subsequently grow up to

are also supposed to become SMBHs [52], we

assume that PBHs heavier than a certain boundary value Mb are seed BHs of SMBHs. Here, we
take Mb as
Mb = (104 − 105 )M ,

(4.2)

following Ref. [35].
Next, let us estimate the abundance of the PBHs. The present abundance of the PBHs
with mass MPBH over logarithmic mass interval d(ln MPBH ) is given by
ρPBH
Ωm
Ωm T (MPBH )
ΩPBH (MPBH )
'
=
βPBH (MPBH )
Ωc
ρm eq Ωc
Ωc
Teq


−1 

βPBH (MPBH )
Ωc h2
MPBH −1/2
'
,
1.6 × 10−9
0.12
M

(4.3)

where Ωc and Ωm are the present density parameters of dark matter and matter, respectively. h
is the present Hubble parameter in units of 100 km/sec/Mpc. T (MPBH ) and Teq are respectively
the temperatures at the formation of PBHs with a mass MPBH and at the matter-radiation
equality. The number density of PBHs over d(ln MPBH ) is written as
dNPBH
ΩPBH (MPBH )ρcrit
(MPBH ) =
d(ln MPBH )
MPBH



MPBH −3/2
10
−3 βPBH (MPBH )
' 3.3 × 10 Mpc
,
1.6 × 10−9
M

(4.4)
(4.5)

2 is the critical density. The relation which N
where ρcrit ≡ 3H02 MPl
gal and Mb should satisfy is

written as

Z

∞

Ngal =

d(ln MPBH )
ln Mb
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dNPBH
.
d ln(MPBH )

(4.6)
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Figure 3. The PBH abundance. The left panel is the case with Mc = 104 M and the right panel is the
case with Mc = 105 M . In each panel, three lines correspond to Ngal = 0.1, 0.01, 0.001 Mpc−3 from top
to bottom if Mc ≥ Mb .
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Figure 4. The number density of PBHs assuming Mc ≥ Mb . Each plot is normalized by its maximum
value. If Mc < Mb , the cutoff below which there is no PBH appears at MPBH = Mb .

In Fig. 3, we show the abundance of the PBHs with the parameters satisfying Eq. (4.6). Although
the number density of galaxies and the masses of the seed BHs are not well-known and we put
some assumptions on them in the above discussion, the mass distribution of the PBHs can be
easily modified in our model by varying the model parameters (cI , ∆, ηbin ).
The HBBs with masses less than Mc do not collapse into PBHs but they can contribute to
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the baryon asymmetry of the Universe. In order to evaluate this contribution, we introduce the
quantity

ηbB = fB (Ne ) − fB (N (Mc )) ηbin ,

(4.7)

which represents the averaged baryon asymmetry. Those baryons are highly inhomogeneous and
nucleosynthesis in the HBBs are different from the standard BBN because of high baryon density
environment, which predicts quite different abundances for light elements. Therefore, in order
not to spoil the success of the standard BBN, we should require ηbB  ηbob ∼ 10−10 where ηbob is

the observed baryon asymmetry. The parameters in Fig. 3, where ηbB /ηbob . 10−4 , satisfy this
requirement. In Fig. 4, we show the number density spectrum of the PBHs. It can be seen that
they have similar shapes with sharp peaks at Mc independent of the choice of the parameters.
Since the HBBs can account only for the small fraction of the observed baryon asymmtery, we
need another baryogenesis mechanism. The simplest possibility is to utilize another AD field (flat
direction) with negative Hubble mass during and after inflation, which leads to the conventional
Affleck-Dine baryogenesis.
Finally, we comment on the gauge-mediated SUSY breaking scenario. As mentioned in
the previous section, in this scenario, the coherent oscillation of the AD field in the HBBs can
fragment into stable Q-balls. Then, the density contrast between inside and outside the HBBs
grows as ∝ T −1 and the HBBs which re-enter the horizon sufficiently later collapse into PBHs.
On the other hand, the residual Q-balls in the small HBBs which re-enter the horizon earlier

and hence do not collapse into PBHs survive until now and they contribute to the current dark
matter abundance. Interestingly, for the appropriate parameters c0I . 0.01, the PBHs originated
from HBBs become the seed BHs of the SMBHs and at the same time the surviving Q-ball can
account for the whole dark matter. In Fig. 5, we show the abundance of PBHs with c0I = 0.01.
In the case of Mc = 105 M and N gal = 0.1 Mpc−3 in Fig. 5, the surviving Q-balls account for
almost all the dark matter.

5

Conclusions

In this paper, we have examined whether the HBBs produced in the modified AD mechanism
proposed in Ref. [37] account for the seed PBHs of the SMBHs in the galactic centers. The
modified AD mechanism in MSSM realizes inhomogeneous baryogenesis by taking into account
the Hubble induced mass and the finite temperature effect, which leads to the formation of
high baryon density regions called HBBs. We have mainly studied the gravity-mediated SUSY
breaking scenario. In this scenario, after the QCD phase transition, the massive baryons inside
the HBBs behave as non-relativistic matter and the HBBs have larger densities than the outside
of the HBBs. Because the density perturbations produced by the HBBs are highly non-Gaussian
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Figure 5. The PBH abundance. The left panel is the case with Mc = 104 M and the right panel is the
case with Mc = 105 M . In each panel, three lines correspond to Ngal = 0.1, 0.01, 0.001 Mpc−3 from top
to bottom if Mc ≥ Mb .

and HBBs are rare objects, the produced perturbations hardly constrained by the CMB µdistortion or the PTA experiments.
If the HBBs have sufficiently large densities when they re-enter the horizon, the HBBs
gravitationally collapse into PBHs. The density contrasts of the HBBs increase as the cosmic
temperature deceases. Therefore, only HBBs with large masses, which re-enter the horizon at
late epochs, can form PBHs. Thus, the condition for the PBH formation introduces a lower
cut-off Mc on the mass of the produced PBHs. The mass distribution of the PBHs including
the cut-off depends on the parameters of inflation and the potential for the AD field. We have
shown that the PBHs produced by this mechanism can have a reasonable number density and
masses as the seed BHs of the SMBHs for appropriate values of the model parameters.
The small HBBs which do not collapse into PBHs contribute to the baryon asymmetry of
the universe. However, since the produced baryons are highly inhomogeneous, nucleosynthesis
proceeds quite differently from the standard BBN. Thus, the success of the BBN requires that
the baryon asymmetry produced through HBBs should be much smaller than the observed one.
So, we need another mechanism or another AD field to produce the observed baryon asymmetry.
In the gauge-mediated SUSY breaking scenario, the stable Q-balls can contribute to both
the PBHs and the dark matter abundance. In our model, the PBHs produced from the Q-balls
can have the reasonable number density and masses as the seed BHs of the SMBHs and, at the
same time, the residual Q-balls can constitute the whole dark matter abundance.
Although the required mass distribution of the seed BHs of the SMBHs has some uncertainties associated with the number density of the galaxies and the mass growth of the SMBHs,
the validity of these result are hardly affected because the mass distribution of the PBHs in our
scenario can be easily controlled by varying the parameters.
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