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We investigate a cogenesis scenario for composite asymmetric dark matter framework: a dark sector has
a similar strong dynamics to quantum chromodynamics in the standard model, and the dark-sector
counterpart of baryons is the dark matter candidate. The Hawking evaporation of primordial black holes
plays the role of a source of heavy scalar particles whose CP-violating decay into quarks and dark quarks
provides particle-antiparticle asymmetries in baryons and dark matter, respectively. Primordial black holes
should evaporate after the electroweak phase transition and before the big-bang nucleosynthesis for
explaining the baryon asymmetry of the Universe and for consistent cosmology. We find that this scenario
explains the observed values for both baryon and dark matter energy densities when the heavy scalar
particles have a mass of 10°~10° GeV and the primordial black holes have masses of 107-10° g.
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I. INTRODUCTION

The existence of dark matter (DM) is firmly confirmed
by astrophysical and cosmological observations. However,
the particle nature of DM remains one of the open questions
despite extensive experimental and observational efforts to
detect DM signals. The production mechanism of DM in
the early Universe is one of the key properties determining
the DM abundance in the Universe. Asymmetric dark
matter (ADM) provides an alternative to the standard
thermal freeze-out framework for DM, where the par-
ticle-antiparticle asymmetry accounts for the DM relic
abundance in the current Universe (see Refs. [1-14] for
early work and also Refs. [15-17] for reviews). If the DM
number asymmetry is related to the baryon asymmetry of
the Universe, the ADM mass can be predicted from the
cosmological observations of the visible and DM energy
densities.

Compositeness plays a significant role in the ADM
framework [18-72]. We introduce confining gauge
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dynamics into the dark sector, where the low-energy theory
is described by the hadronic spectrum of the confining
dynamics, referred to as dark hadrons. A dynamical mass
scale for the dark-sector hadrons naturally emerges through
the dimensional transmutation, and hence it is possible to
explain why the mass scale of dark baryons is close to that
of nucleons. The dark baryons are stable due to the dark-
baryon number conservation analogous to the stability of
the proton, and thus the lightest dark baryons are the DM
candidate in this framework. The symmetric component of
the DM abundance is strongly depleted due to a sizable
annihilation cross section into dark-sector pions (dark
pions) in analogy with the strong annihilation of nucleons
into pions. It is necessary to introduce a low-energy portal
interaction connecting the two sectors; otherwise, the dark
pions may carry most of the energy density after the
annihilation.

The mechanisms that relate the two number asymme-
tries, for baryons and DM, are commonly classified into
two types: one involves sharing asymmetries and the
other is cogenesis mechanism. In the former case, the
asymmetry is first generated either in the standard model
(SM) sector or in the dark sector, after which the generated
asymmetry is transferred to the other sector (see e.g.,
Refs. [8,9,11,14,73,74] for early work). In order to transfer
the generated asymmetry, it is necessary to introduce
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operators that are singlets under gauge symmetries of both
sectors and that carry the baryon (or B — L) number and
the dark matter number. In particular, for composite
ADM, the portal interaction between the two sectors
generally arises from nonrenormalizable operators com-
posed of dark quarks [53], and hence ultraviolet (UV)
completions have also been explored [70,75-78].
Meanwhile, a single source can generate both the baryon
asymmetry and the DM asymmetry in the cogenesis
framework (see e.g., Refs. [10,13,79-82] for early work).
In the literature, it is often assumed that a single particle
couples to both baryon (or lepton) and DM, and its decay
generates both asymmetries. One may consider a macro-
scopic object as a source of asymmetries, such as the
decay of a scalar configuration into both baryon and DM
[83,84] (for example, known as the Affleck-Dine mecha-
nism [85]) and evaporation of the primordial black holes
(PBHs) [86].

The PBHs are hypothetical compact objects formed at
the early stage of the Universe [87,88], due to the
cosmological energy contrast triggered by inflation (see
e.g., Refs. [89-95] for single field inflation), phase
transition (see e.g., Refs. [96—-105]), extended objects,
and so on (see Ref. [106] for instance). Evaporation of
light PBHs may trigger the generation of the baryon
asymmetry of the Universe [107-113]. In this study, we
propose a cogenesis scenario for the composite ADM
framework, where the PBHs in a specific mass range
trigger the generation of both baryon and dark-matter
asymmetries. It is natural that PBHs serve as a common
origin of the particles responsible for generating both
asymmetries, because gravity couples universally and
does not discriminate between the SM sector and the
dark sector. As the first step of this scenario, the PBHs can
produce very heavy particles at the last stage of the PBH
evaporation via the Hawking radiation [114,115], even if
the temperature of the Universe is lower than the masses
of these particles. The subsequent asymmetry generation
resembles the conventional grand unification (GUT)
baryogenesis [116—119] and the conventional leptogene-
sis [120]. The out-of-equilibrium decay of the heavy
particles, with baryon (or lepton) number violation and
C and CP violation, into light particles generates the
particle-antiparticle asymmetries. Indeed, the PBHs with
the mass range of 10°~10° g complete their evaporation
after the decoupling of the sphaleron process but before
the big-bang nucleosynthesis (BBN). Therefore, it is
possible to explain the baryon asymmetry of the
Universe directly from the decay of heavy particles (as
in GUT baryogenesis) without conflicting with other
cosmological constraints [112]. Given that the dark sector
mirrors the SM structure in the composite ADM frame-
work, PBHs can also provide the heavy particles respon-
sible for generating the DM particle-antiparticle
asymmetry. This cogenesis scenario reproduces the

observed energy densities when the heavy particles have
masses of 10°-10° GeV.

The outline of this paper is as follows. We briefly discuss
the PBHs and summarize our notation in Sec. II, while we
discuss our particle-physics model, composite ADM, in
Sec. III. We discuss a baryogenesis model via the PBH
evaporation in Sec. IV, and discuss the prediction of the
ADM mass in this framework. Section V is devoted to
concluding this study.

II. PRIMORDIAL BLACK HOLES AND
EVAPORATION

We begin by briefly describing PBH properties
and PBH evaporation, establishing our notation used
throughout this study. The formation and mass of PBHs
are model dependent; there are several ways to form
PBHs, such as primordial density perturbation from
inflation, phase transition, and so on. We discuss the
PBH properties under simple assumptions, as the analy-
sis is not expected to be significantly affected by the
precise details of the PBH formation. We assume that
the PBHs do not have charge or angular momentum.
Although we consider a dark-sector scenario in this
study, we assume that the dark sector remains in thermal
equilibrium with the SM through low-energy portal
interactions.

Once spherical PBHs form during the radiation-domi-
nated era, the initial mass of the PBH is close to the horizon
mass enclosed within the Hubble volume at the formation
time, which is given by

. 4r
My, = —, 1
BH — 7PR 33 ( )

where pr = 3H?>M3, denotes the energy density of the
radiation, H is the Hubble rate, Mp = 2.4 x 10'® GeV is
the reduced Planck mass, and y ~0.2 is a numerical
factor depending on the details of the gravitational
collapse [121]. Although the constraints on PBHs change
for the extended mass function [122], we assume a
monochromatic mass function for the PBH mass for
simplicity throughout this study. We define the ratio of
the initial energy densities of radiation and PBHs as
follows,

_ peu(To)
= pr(To) @

where the initial energy density of PBHs is given by
peu(To) = nid M, with the initial number density of
PBHs, nil;. Since we assume that the PBHs form in the
radiation-dominated era, we obtain the temperature of the
Universe at the PBH formation, denoted by T, as
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Here, g, denotes the effective number of degrees of
freedom, contributing to the radiation component of the
energy density, at the PBH formation. Since the ratio of
the energy densities of radiation and PBHs scales with
the scale factor (i.e., pgy/pr < a), the PBHs may
dominate the energy density of the Universe before
evaporation completes. Indeed, once we assume that
the effective degrees of freedom do not drastically
change during the cosmic evolution, the energy densities
of radiation and PBHs approximately evolve as
pr(T)/pr(To) = T*/Ty and  ppy(T)/pen(To) = T°/T5,
respectively. One can estimate the critical value for
the initial abundance ratio S such that the PBHs
dominate the energy density of the Universe before
the completion of their evaporation. If we ignore the
temperature dependence of g,,, the PBH lifetime 7pgy

and the reheating temperature Ty due to evaporation are
approximately given by [123]

160 (Mig,)? N (909*,,)1/4 M
TpBH = Y

ng, My M =\i2a0) G
4)

The ratio of the energy densities, pgy(T)/pr(T),
reaches its maximum just before the completion of
the evaporation due to the scale factor dependence.
Therefore, if the ratio at the reheating temperature Try
exceeds order unity, pgy(Tru)/Pr(Tru) = 1, PBHs can
dominate the energy density of the Universe when the
PBH evaporation ends. This condition gives the mini-
mum value of the initial energy-density ratio required
for the presence of the matter-dominated epoch during
the cosmic history,

/}ZEPBH(TRH)>/} ' :3)(10_12(106 g) < g*/) )1/2
T() pR(TRH) i M};:H 106.75
(5)

Here, we use the parameter dependence of the temper-
ature at the PBH formation, 7, given in Eq. (3), and
we define fin = Tru/To. Even if the initial abundance
of PBHs is very small compared to that of radiation,
PBHs readily come to dominate the energy density of
the Universe before evaporating. We note that PBHs
may produce stochastic gravitational waves even if they
evaporate before the BBN epoch [123-126]. Our
scenario can remain viable even if the initial abundance

and mass lie well outside the sensitivity of future
observations. As stated, we do not specify the formation
mechanism of PBHs in the early Universe in this study,
and hence we take the ratio f to be a free parameter
that is below the future sensitivities to the gravitational
wave observations. However, it is important to take
these sensitivities into account once we specify the
mechanism for the PBH formation.

Now, we discuss the particle production from the PBH
evaporation in detail. A particle is emitted by PBHs as
Hawking radiation when its mass is below the black hole
(BH) temperature,

M2 109
PL ~ 1,05 x 107 GeV< g). (6)
MBH MBH

TBH =

A heavy particle is produced at the last stage of the
evaporation since Ty increases as the PBH loses mass.
The PBH loses mass through particle emission, and the
mass-loss rate of an evaporating PBH is expressed as
[121,127]

dMBH . 5 1 g 2 1
= = 5.34 x 10”e(Mgy) My gsec'.  (7)

Here, a function e(Mpgy) measures the number of emitted
particles [128]. The SM contribution for the function
€(Mgy) is evaluated as [128,129]

esm(Mpgy)
= 2f, + 612, + 4f! Tt 4 33 T
S 610, +4f (D e +3) e
14 q

MpH

M _ My _ Mgy _
+ 16f e /M +3f, (2€ fittw - e /i‘MZ> + foe PoMu,
(8)

We normalize the function e(Mgy) to unity,
esm(Mgy) = 1, as the BH mass Mgy > 107 g, corre-
sponding to the emission of only (almost) massless
particles, a photon, and three generations of neutrinos.
Each term in Eq. (8) describes the contributions from a
photon, neutrinos, charged leptons and quarks, gluons,
electroweak gauge bosons, and the physical Higgs boson
from the first term. The coefficient for each contribution
represents the inner degrees of freedom, such as particle-

antiparticle, spin, and colors. The constants ; and f l(-q) with
spin i are

Bo =266, pi,=453 =604 (9)

and
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B {0.267 (s =0) .
10060 (s=1)

The mass parameter M; for particle i denotes the BH
mass whose temperature corresponds to the particle

mass m;,
M5 1 GeV
Mi_—PlzIOBg( ¢ ) (11)
m; m;
As for light quarks and gluons, we choose the effective
masses to be their dynamical masses m, = 300 MeV
and m, =600 MeV, respectively, as taken in

Refs. [128,129]. The production of massive particles
is exponentially suppressed until the BH temperature
gets larger than their masses, as shown in Eq. (8). In
practice, we stop solving Eq. (7) once the PBH mass
reaches the Planck mass 4zMp; (see Appendix A for
detail). There may exist stable remnants of the PBH
evaporation, known as the Planck-mass relics [130—
133], which can contribute to the DM abundance. We
ignore the presence of the Planck-mass relics in this
study, since we remain agnostic about the impact of the
quantum gravity on the final stage of evaporation.

We also ignore a possible backreaction from the emitted
particle on the Hawking evaporation. A backreaction from
the emitted particles on the quantum state of BHs would
become important when the energy of the emitted particles
is close to the BH’s total energy. This effect, known as the
memory-burden effect [134,135], may slow down the
evaporation by resisting the loss of the PBH mass. If
present, it could modify the allowed region for the PBH
mass due to the altered evaporation history. It would be
worthwhile to investigate the impact of the memory-burden
effect on the baryon and DM asymmetries, which we leave
for future work.

Next, we discuss how PBHs affect the evolution of the
energy density of the Universe. We define the comoving
energy densities of the PBHs and the radiation as
opn = @’ppy and gp = a*pp with the scale factor a,
respectively. The energy densities evolve following the
equations [136-138],

dQR . dlnMBH

aH—da =—fr dr agQgH, (12)
dQBH dln MBH
H = , 13
a da dr OBH (13)
1 OBH |, QR
H?> = —+-= - 14
3M3, < a’ * a* (14)

; 0.147
1271 0.142

(¢ = O:neutral) (10)
(¢ = 1:charged)

|
Here, fr denotes the fraction of Hawking radiation
composed of light particles, which contribute to the
radiation component of the energy density of the
Universe, fr = €g(Mpy)/€(Mgy). The left-hand sides of
these equations are proportional to the mass-loss rate of the
PBH given by Eq. (7). In particular, the comoving energy
density for radiation remains constant in the absence of
PBHs (i.e., gy = 0); namely, the radiation energy scales
pr & a~*. Meanwhile, since the PBH evaporation after the
matter-dominated era reheats the Universe, the comoving
entropy density, S = sa’, also increases by following the
equation,

aHd—S _ _fRdlnMBHQ,;H'

1
da dt T (15)

The comoving entropy density is conserved as ggg — 0 as
expected. In this study, we include the impact of the
entropy injection, which reduces the final yields of heavy
particles just after the PBH evaporation (this effect can
also be crucial for the high-scale leptogenesis [139]). In
addition, PBH evaporation modifies the scale-factor
dependence of the temperature of the thermal plasma as
follows,

GHAT _ 1 () Fedn M)
T da A 4 dt  gs(T) pr)’
T d
A=14 - 295, (16)
39*5 ar

Here, g, counts the effective number of the degrees of
freedom contributing to the radiation component of the
entropy density. We take into account the temperature
dependence of the effective degrees of freedom contrib-
uting to the energy density g,, and to the entropy density
g.s, 1n particular we include the SM contribution taken
from Ref. [140].

After we introduce the composite ADM framework in
the next Section, we discuss the cogenesis scenario utiliz-
ing the PBH evaporation in Sec. IV.

III. COMPOSITE ASYMMETRIC
DARK MATTER

In this Section, we briefly review the composite-particle
realization of ADM framework. We establish the notation
and discuss the particle contents of the model.

We consider a dark-sector model with confining
SU(N,.)p gauge dynamics, which is commonly referred
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to as dark quantum chromodynamics (QCD). In this study,
we take N, =3 for simplicity.1 We introduce N j-flavor
vectorlike quarks (referred to as dark quarks) in the (anti)
fundamental representation of SU(3),. N, denotes the
number of flavors active at low energy, whereas additional
dark quarks may decouple from the low-energy spectrum
due to sizable vector-like masses. There is an upper bound
on the number of flavors required to preserve the asymp-
totic freedom of the dark QCD, and hence we assume a
moderate number of flavors N in this study. The vectorlike
masses for the N-flavor dark quarks are assumed to be
universal, collectively denoted by m,, and below a
dynamical scale of the dark QCD, denoted by Agcp-
The low-energy theory of dark QCD below the dynamical
scale is described by composite particles (dark hadrons),
and there are two kinds of dark hadrons: dark mesons and
dark baryons. Since we have an approximate chiral sym-
metry for dark quarks, the lightest dark mesons are dark
pions, pseudo—Nambu-Goldstone bosons of the chiral
symmetry breaking in the dark sector, and the masses of
such dark pions are of order (m,Aqcry)'/?. Meanwhile, the
mass of dark baryons is dynamically generated and of order
Agcpy - If the dark QCD coupling is comparable to the SM
QCD coupling at some high energy scale, we expect the
dark dynamical scale Agepy to be close to the QCD
scale Agcp =200 MeV.

By analogy with the stability of protons, the lightest dark
baryon is stable due to the accidental conservation of the
dark baryon number, making it a viable DM candidate.
However, by analogy with the SM, most of dark baryons
generated in the early Universe do not survive in the current
Universe due to strong annihilation into dark pion.
Therefore, a particle-antiparticle asymmetry in dark bary-
ons must be generated to account for the DM abundance. If
the dark baryon and baryon asymmetries are related, the
DM mass can be predicted from the observation of the
energy densities of baryons and DMs.

Pom _ "MbmIIDM. 5 45 (17)
PB mpllp

Here, 173 pv denotes the number asymmetry of baryons and
DM. In other words, in the composite ADM framework, the
dark-sector dynamical scale Agcpy must be close to that of
the SM sector if 775 =~ npy-

!Since the color number of two sectors is the same in this case,
we can consider the mirror model as a UV model for the dark
sector (see e.g., [70,75-78] for mirror unification). This setup
explains why the dynamical scale of the dark QCD Aqcyy is close
to that of the QCD: the strong couplings in both sectors are
related to each other at the UV scale, and similar renormalization
evolution of the strong couplings leads to similar dynamical
scales for dark QCD and SM QCD.

TABLE 1. Charge assignment of dark-sector particles in a
composite ADM model: Weyl dark quarks and dark Higgs.
SU(3)p, and U(1), are gauge symmetries of the dark sector.

SU@3)p Uu(l)p
u 3 2/3
i 3 -2/3
d 3 -1/3
d 3 1/3
H' 1 1

Furthermore, the strong annihilation of dark baryons
produces a substantial abundance of dark pions, and hence
the dark pions would also behave as DM if stable and
would carry a large entropy density in the Universe and
contribute as dark radiation [141]. To avoid such cosmo-
logical problems, we often introduce a portal interaction
connecting two sectors to release significant energy
through decay and annihilation of dark pions. In this
study, we introduce a portal mediated by a massive dark
photon that kinematically mixes with the SM photon.
Through the same dark photon, the dark sector can remain
in the thermal equilibrium with the SM sector. The
massive dark photon arises as the U(1), gauge boson,
which acquires its mass through the Higgs mechanism
triggered by the dark Higgs H’. The dark quarks are
assumed to have the U(1), charges analogous to the
electromagnetic charges of the SM quarks. The dark pions
can be depleted into dark photons through decay and
annihilation by the U(1), interactions, and then dark
photons decay into the SM fermions via the kinetic
mixing. To realize this, we assume the dark photon is
the lightest particle in the dark sector. The particle
contents and the charge assignments are summarized in
Table I.

IV. PARTICLE ASYMMETRIES VIA PRIMORDIAL
BLACK HOLES

Analogous to the baryon asymmetry of the Universe, a
particle-antiparticle asymmetry in the dark sector must be
generated to account for the DM abundance, since dark
baryons are strongly depleted into dark pions. In this
Section, we study the generation of particle-antiparticle
asymmetries in both the SM sector and the dark sector via
the out-of-equilibrium, CP-violating decay of heavy
scalar particles produced from the PBH evaporation.
Even though we consider an analogy of the GUT baryo-
genesis, the heavy scalar particles whose decay generate
the particle asymmetry may not be related to the GUT
scale physics. Indeed, their masses can be much lower
than the GUT scale of 10!® GeV, and we do not further
investigate the UV origin of the heavy scalar particles in
this study.
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We introduce scalar particles 7 and 7" in the funda-
mental representation of SU(3). and SU(3),, respec-
tively.” The scalar particles 7 (7”) couple to quarks
(dark quarks), and their masses are much larger than the
QCD (dark QCD) dynamical scale of about O(1) GeV.
Various assignments of U(1) charges are possible for 7°
and 7', which allow the Yukawa interactions to (dark)
quarks: precisely, the hypercharge of 7 and the U(1),
charge of 7'. When we choose their charges to be —1/3,
the possible Yukawa interactions among the heavy scalar
particles and (dark) quarks (in terms of two-component
Weyl spinors) are’

Line = Vi 1€apye TIQ1 05 + 5 | Tfiig2
+ 350 T QL + V] 26" T ligd,
+ 7€y, Ty ul d" + yr e P T 1 d,
+y7,3T 5d“y + He, (18)

where greek indices (with primes) represent the (dark) color
indices, roman indices r, s represent the weak indices, and
i, i’ denote the indices for the scalar particles. The flavor
indices for both quarks and dark quarks are implicit. We
also introduce a gauge-singlet fermion y in the dark sector,
which has the Majorana mass term and is decoupled from
the low energy spectrum by its Majorana mass. The baryon
number and the dark baryon number are violated in the
presence of the Yukawa interactions, and the CP violation
is introduced by the complex phases in the Yukawa
couplings.

The Yukawa structure is constrained by the following
considerations: (i) it must not wash out the generated
asymmetries in both the baryon number and the dark
baryon number, and (ii) it must ensure the stability of
the lightest baryon and the lightest dark baryon. When the
decay of the heavy scalar particles produce the same
amount of (dark) baryon and (dark) antibaryon, the net
asymmetries are washed out. The Yukawa couplings violate
the (dark) baryon number, it may lead to the instability of
proton (lightest dark baryon). In particular, the Yukawa
couplings of 7 to the first-generation quarks and leptons
are required to be small in order to suppress nucleon decay
mediated by 7. The nucleon decay, such as p — e*n?, is
strongly constrained by the Super-Kamiokande experiment
[142]. The nucleon decay rate via 7, which is the lightest
T, is given by

Instead of introducing heavy scalars in each sector, we may
consider bicharged scalar particles that couple to both quarks and
dark quarks. We comment on this case in Sec. V.

*We may consider different N, from the number of the SM
colors. We expect that a similar analysis will be applicable even in
such a case by introducing a scalar field in the antisymmetric
tensor representation allowing us a coupling to two dark quarks,

such as Tia, 9 wedr.

['(p—etn®) zm(

4710 GeV\*
~ (4.2 x 10% years) ™! y_T °Y,
10 10 ms

m
V7T D7) WP
T

(19)

where yr collectively denotes the size of Yukawa cou-
plings, and W denotes the nuclear matrix elements,
|W|~0.1 GeV?. It is assumed that the Yukawa coupling
of 7 is nothing to do with that of the SM Higgs doublet at
low energy. At the UV scale, it may not lead to unification
of 7 and the SM Higgs doublet into a single representation
of the GUT gauge symmetry. Once we ignore the uni-
fication of 7 and the SM Higgs doublet, there are several
ways to avoid the nucleon decay constraints. For example,
if 7 very feebly couples to leptons (or does not couple to
leptons), proton decay is quite suppressed (or the proton
cannot decay into any fermions) by mediating 7. The other
possibility is to suppress the Yukawa couplings of 7 to the
first-generation quarks enough for avoiding nucleon decay
at low energy: of course, not only the direct couplings to the
first-generation quarks but also those to the second and
third generations must be small enough to suppress the
nucleon decay rate via the Cabibbo-Kobayashi-Maskawa
mixing. It is beyond the scope of this study to discuss the
UV origin of the Yukawa structure, and we assume that
the Yukawa couplings of 7 leading to the nucleon decay
are small enough to suppress the nucleon decay rate below
the current experimental bound. Meanwhile, the lightest
dark baryon (namely, DM particle) is stable unless we
introduce the dark-sector counterpart of leptons.

It is known that two or more scalar particles are required
in the radiative correction contributing to the decay process
for generating particle asymmetry (see Refs. [143,144] for
GUT baryogenesis and Ref. [145] for leptogenesis). A
nonvanishing particle asymmetry can be generated even
when the masses of the scalar particles are hierarchical. In
this study, we assume that 7 (77) is the lightest among
color-triplet scalars (dark color-triplet scalars). 7 (7”) is the
only dynamical degree of freedom responsible for generat-
ing the asymmetry in each sector. Since we can assign the
B — L charge to 7 in a consistent manner in Eq. (18), the
B—L is conserved in the interactions involving 7.
Therefore, unless the initial asymmetry in the B — L is
generated in the early Universe, the most part of the baryon
asymmetry generated by the thermal 7" decay is washed out
by the sphaleron process. There is no counterpart of the
sphaleron process in the dark sector, and hence the dark
baryon asymmetry generated by the thermal 77 decay is not
washed out. However, as we saw in Sec. II, the thermal
contributions to the asymmetries are quite suppressed due
to the large energy injection from the PBH evaporation, and
hence we do not take into account the asymmetries
generated by the thermal decay of 7 and 7’ in the
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following. We illustrate the thermal contributions to the
asymmetries in Appendix B.

The heavy scalar particles 7 and 7" are produced as a
part of radiation during the last stage of the PBH evapo-
ration, and their energy densities evolve following the
equations

dQT(/) _ d ln MBH

H ) ——————
“ da 70 dt

AQBH> (20)

with the comoving energy densities for 7 and 7”, denoted
by o7 7. The fraction evaporating into 7" and 7" is described
by fro = €70 (Mpn)/e(Mpu) where €70 (Mpy) is the
contribution from 7 to the evaporation function
€(Mpgy). The function e(Mpy) includes extra contributions
from the dark-sector particles and the heavy colored scalar
particles, e(Mgy) = esm(Mgn) + eps(Mpn) + €n(Mpn)-
The function egy; is given by Eq. (8), and the other
functions are

__Mpu _ Mgy
eps(Mpn) = 12f}/226 NN 416 e MM
q/

MpH My

+3f1e M+ foe PV, (21)
_Mpy —Mpu_
en(Mpy) = 6fge ™1 + 6fe MM, (22)

Here, epg denotes the contribution from light particles in
the dark sector, while ¢, denotes the contribution from the
heavy scalar particles, color-triplets 7 and dark color-
triplet 7’. The mass parameter M; for the particle i again
denotes the BH mass whose temperature corresponds to the
particle mass m;, see Eq. (11). In particular, the mass
parameters for dark quarks and dark gluon have the relation

m m
Mq,:qu< B>, Mgz:ng< B), (23)

mMpm mMpm

since the ratio of the dynamical scales in both sectors can be
written in terms of the mass ratio of baryon and DM. We
set the masses of dark photon and dark Higgs to be
my ~my ~ 100 MeV. The DM particles (precisely dark
quarks) are produced through evaporation, but no particle-
antiparticle asymmetry would be generated via evaporation.
Hence, the DM abundance from PBH evaporation is
sufficiently suppressed due to the strong depletion of dark
baryons, and we can ignore the (symmetric) abundance
from evaporation.4

“There is another possibility to produce (symmetric compo-
nent of) DM particles from PBHs [146], from the PBH hot spot
[147-149]. The PBH evaporation can generate very energetic
DM [109,150-153] that would affect the structure formation if its
population is sufficient enough (and solely gravitational inter-
action) [154,155].

Since the function e;((Mpy) is exponentially sup-
pressed until the PBH mass is below the threshold given
by Eq. (11), the heavy particles, 7 and 7, are produced at
the last stage of the PBH evaporation. The yields of the
scalar particles are given by

Vro(n) = 2D, 4

Then, the yields for the baryon asymmetry and the DM
asymmetry are

Yp(T) = er Y (T), Ypm(T) = ep Y (T).  (25)
Here, e7 and &7 denote the CP-violating parameters for
the decay of 7 and 7, respectively. As we mentioned, the
Yukawa couplings of 7" and 7" are assumed to be nothing
to do with the Yukawa couplings of the SM Higgs doublet.
The CP-violating parameters &, are just free parameters

of this scenario. We find the resulting mass ratio of DM and
baryon as follows,

oM _ P M5 _ g 45 ETPTIIT g
mpg PB Tbpm Epprmy

Here, we use ppum/ps = Qpmh?/Qeh®>~5.45 and
nom/Ms = Yom/ Y -

For now, we examine the asymmetry generation only in
the SM sector from the out-of-equilibrium decay of the
heavy scalar particle 7, assuming the absence of the dark-
sector particles. We choose the initial abundance of PBHs
to be # = 10?f,y;, to ensure that PBHs dominate the energy
density of the Universe before evaporation. The results are
insensitive to the choice of # as long as PBHs are formed
during the radiation-dominated epoch and the Universe
enters a matter-dominated epoch before evaporation. This
is because the energy density ppy; follows the same time
evolution as the energy density py in the absence of PBHs
just after the energy densities of matter and radiation are
equal (see Appendix C for details). In Fig. 1, we show the
viable parameter space for achieving the observed baryon
energy density Qgzh? = 0.022 for the CP-violating param-
eter 7 ranging from 107> to 1.

The Universe is reheated by the emission of relativistic
particles from PBHs, and we define the reheating temper-
ature Try as the temperature when the evaporation ends.
When the reheating temperature exceeds the sphaleron
decoupling temperature, the sphaleron process reenters the
thermal equilibrium and washes out the generated baryon
asymmetry. A primordial B — L number asymmetry is
therefore required for explaining the observed baryon
asymmetry of the Universe, which is depicted as the
light-cyan shaded area. One can consider the nonthermal
leptogenesis scenario through the generation of primordial
B — L number via the PBH evaporation, and the PBH mass
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FIG. 1. M,—m7 plot for the successful baryogenesis: we obtain the observed baryon energy density Qgh?> = 0.022 on black lines
(different values of e are written on each lines). The reheating temperature above the electroweak scale Tgwpr = 160 GeV (the light-
cyan region) requires the primordial B — L asymmetry. The light-gray region is excluded by the late-time evaporation of PBHs
(corresponding mass of Mgy > 10° g), and the pink shaded region is excluded by the strong depletion of the produced 7. There are
several dots on the plot, which correspond to the reference points used in the following figures.

should be below 3 x 10° g to convert the primordial B — L
number to the baryon asymmetry through the sphaleron
process. Meanwhile, the PBH evaporation continues even
during the BBN if the PBH mass exceeds 10° g. In such a
case, the emitted particles from the PBH evaporation affects
the primordial abundances of the light nuclei [121], and
thus this region is excluded (depicted by the light-gray
shaded region).’

When 7 is sufficiently light, it is efficiently depleted by
the annihilation into gluons. The annihilation rate is given
by the product of the annihilation cross section and the
number density of 7,

Tra?

FTT—»gg = O-(TT - gg)vng—, G(TT - gg) =

m2
T
(27)

Here, the number density just after the PBH evaporation is
ny = pr(Try)/m7. The annihilation process should be
decoupled immediately after evaporation; therefore, the
annihilation rate should be below the Hubble rate H at
the time (namely, H = 1/2tgy with the time fzy when the
evaporation ends). The region of light ms excluded by

5Improvement BBN constraints may extend this exclusion
down to the PBH mass of O(10%) g [156,157].

efficient depletion of 7 is depicted as the pink-shaded
region in Fig. 1. As a summary, the parameter space
compatible with the observed baryon asymmetry is limited,
and e7 = 107 is required to generate the observed baryon
asymmetry through the PBH evaporation.

We now compare our treatment of the number density of
heavy particles with the previous approaches in the
literature. We use the cosmological evolutions of the energy
density of 7 as a part of radiation, given in Eq. (20), to
compute the number density of 7 after the PBH evapo-
ration. It is apparent that a portion of the energy possessed
by the PBHs is transferred to the heavy scalar particles. The
(comoving) energy density (instead of the number density)
is independent of its mass m¢ for small m7, and hence the
resulting baryon asymmetry depends on ms even for
small my.

Alternatively, one may calculate the total number of the
heavy scalar 7 from integrating over a statistical (Bose-
Einstein) distribution for radiative particles with the
Hawking temperature as discussed in Refs. [108,109,112].
The total production number is given by

dN;t T/ d*p 1
di —ﬂ'rsggH (27[)36E/TBH_1,

where ry = 2Mpy /M3, denotes the Schwarzschild radius,
G ~ 3.8 is the appropriate greybody factor, and gg denotes

(28)
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(Left): Energy density ratio p7/py at the reheating temperature as a function of m+/my with fixed m; = 10°® GeV: different

input PBH masses Mg‘H =107 g (blue thick), Mg’H =5x 107 g (red dashed), and Mg‘H =3 x 10% g (green dotted). (Right): A
schematic picture for the energy density ratios with different PBH mass. The black-dashed line depicts m4 that is equal to the PBH

temperature as a function of the PBH mass Mpy.

the number of the effective degrees of freedom of 7. In this
approach, the produced number of 7 is independent of its
mass my when the initial BH temperature, M3 /M5,
exceeds its mass m¢. Hence, the resulting baryon asymme-
try no longer depends on m4 for small m, which contrasts
with our result.

Next, we introduce the dark-sector particles and examine
the DM mass prediction for given energy density ratio
pom/Pe = Qomh?/Qh* ~5.45. We take the number of
dark-quark flavors to be Ny = 3 in the numerical analysis.
The results are qualitatively insensitive to the choice of N
as far as the dark quarks are confined at low energy for the
following reasons. The energy densities of 7 and 7" vary
with the evaporation fractions, denoted by f;¢, and the
change of N affects only a part of the total amount of the
radiation component of the energy density of the Universe.
The impact of N, on the results can be negligible compared
to the other parameters such as the heavy scalar masses and
the PBH mass.

The right panel of Fig. 2 shows a schematic picture for
my/my dependence of the energy density ratio p7/p7. In
the figure, my is equal to the PBH temperature,
my = Tpy(Mgy), on the black-dashed line, and PBHs
can emit 7" in the cream-yellow area. The star symbols in
the figure correspond to the initial mass of PBHs (3 x 10% g
for the green points and 107 g for the blue points), and the
PBHs lose their mass via the Hawking radiation along each
arrow. The PBH mass enters the cream-yellow area when it
falls down below a certain threshold, resulting the eventual
production of 7”. For a large PBH mass Mpyy, the lighter
scalar particle starts being produced earlier during the
evaporation process than the heavier scalar particle (the
delay of the production period is shown as the red arrow).

As a result, the final energy density of the lighter scalar is
larger than that of the heavier scalar.

The left panel of Fig. 2 shows the ratio of the energy
densities just after the PBH evaporation is completed
pr(Tru)/pr(Tru) as a function of my/my. We note
that the ratio p7+(Try)/p7(Tru) has nothing to do with the
CP-violating parameters 7). In this figure, we choose the
initial PBH mass to be 107 g, 5x 107 g, and 3 x 10% g.
The mass of the color-triplet scalar 7 is taken to be
my = 10% GeV. For a lighter initial PBH mass M, =
107 g (blue-thick line), both 7 and 7" are produced at the
initial stage of the PBH evaporation for the range of
my/mg ~ 0.1 — 10. Hence, the energy densities are almost
independent of the triplet masses within the range of
my/my ~0.1 — 10, and the ratio of the energy densities
is determined by the ratio of the effective degrees of
freedom. In this study, we find p7(Try)/pr(Try) = 1
in this range since both 7" and 7" have the same degrees of
freedom. For the initial PBH mass of M, = 10® g (red-
dashed line), both 7 and 7" are produced at the early stage
of the PBH evaporation as ms/ms < 1 since the Hawking
temperature for the PBH mass of 10® g is already close to
their mass. Hence, the ratio of the energy densities
approaches to a certain finite value of O(1) for
my/mz < 1. On the other hand, as my/my 2 1, since
7" is not produced until the Hawking temperature exceeds
mqg, T' is delayed to be produced from the PBH evapo-
ration compared to 7. Thus, the ratio of the energy
densities is strongly suppressed in this region. Finally,
for a heavier mass M, = 10° g (green-dotted line), the
mass difference between 7 and 7 significantly changes
the ratio of the energy densities because heavier particles
are produced at a much later stage of evaporation, and
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FIG. 3. DM mass prediction for the fixed parameters (my, M}QH, er, ) from 0.1 to 100 GeV, indicated by black dashed lines: the
color-triplet mass of my = 10° GeV is fixed and the initial PBH mass of 107 g (left panels), 5 x 107 g (center panels), and 3 x 103 g
(right panels). &7 is fixed to produce the correct relic abundance, Qzh> = 0.022, for each my and M’ g‘H. p is taken at the upper bound
required by the energy density of gravitational waves at the time of BBN, denoted by fgw. The values on each plot show the DM mass in
GeV. The blue dotted lines indicate, for each DM mass, the region where the relic abundance of DM produced by the decay of thermally
produced dark color-triplets reaches 1% of the total DM abundance. In the upper panels, the decay width of the dark color-triplet is set to

'+ = 'z, while in the lower panels, it is set to ['z» =
sector is no longer valid for DM masses below 100 MeV.

hence the energy density for the heavier particle is strongly
suppressed.

In Fig. 3, we show the predicted DM mass (in GeV) as a
function of the ratios m;/m; and e+ /er, as indicated by
the black dashed lines. We choose the parameters for the
baryon asymmetry, m, 7, to achieve the observed energy
density Qzh? = 0.022 as shown in Fig. 1: the parameters
my and er are close to the parameters on the benchmark
symbols in Fig. 1. To show the thermal contribution to the
DM abundance in the figure, we also choose a specific
value for f: /3 is taken to be at the upper bound required by
the energy density of gravitational waves at the time of
BBN [158],

Min N\ —17/24
BH ) : (29)

Pow = 1.1 x 10—6<104 .
The CP-violating parameter satisfies 7+ > 1 in the green-
shaded area, while 7’ is quickly depleted after the
evaporation in the pink-shaded area. For the DM mass
below 0.1 GeV (gray-shaded area in Fig. 3), the assumption
that the dark photon is the lightest particle in the dark sector
is no longer valid. The DM mass is proportional to e7 /e

10°T"7. The assumption that the dark photon is the lightest particle in the dark

as shown in Eq. (26), which can be found in Fig. 3.
Meanwhile, the DM mass is proportional not only to
mqy/mg but also to py/py. In particular, the ratio of
the energy densities changes significantly when the
initial PBH mass is heavy enough such that the heavy
scalars are not produced in the early stage of evapora-
tion. For the heavy PBHs as in the right panels, the DM
mass changes steeply following the significant suppres-
sion of the energy density. The blue dotted line repre-
sents, for each DM mass, the region where the
contribution from DM produced from the thermal bath
reaches 1% of the total DM abundance (see Appendix B
for details: We use the black dot in the upper-left
panel as a benchmark for Fig. 4). The only difference
between the upper and lower panels is the position of the
blue line, which reflects the different sizes of the
decay width of the dark color-triplet, I'7». In the upper
panels, we take I';» = I'7, while in the lower panels, we
take I'7» = 10°T";. The region above and to the right of
the blue dotted line, along the black dashed line
corresponding to the same DM mass, is excluded due
to DM overabundance. When f is smaller than fgyw, the
dilution due to entropy injection becomes weaker.
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FIG.4. Time evolution of the relevant quantities at the benchmark point corresponding to the black dot in the upper-left panel of Fig. 3.
(Top): The black dashed line shows the yield of dark color-triplets produced from the thermal bath, while the gray solid line shows the
yield assuming thermal equilibrium. The red solid line represents the DM yield produced through the decay of dark color-triplets
generated from the thermal plasma. The red dotted line corresponds to the DM yield for which the relic abundance amounts to 1% of the
total DM abundance. (Middle): Time evolution of the various energy densities. The blue dashed, magenta solid, and green dotted lines
show the energy densities of radiation, PBHs, and DM produced through PBH evaporation, respectively. (Bottom): Time evolution of the

ratio of the comoving entropy to its initial value.

Consequently, the blue dotted contour shifts toward
the lower-left region. Meanwhile, the nonthermal
contributions shown as the black-dashed lines do not
change by the change of f or the change of the decay
width 'z

We comment on the dark photon mass dependence of the
gray-shaded area. The dark pion mass is naively expected
to be an order of magnitude smaller than the dark baryon
mass at least. Thus, one may think that we can take the dark
photon mass an order of magnitude smaller than the DM
mass to avoid the overabundance of dark pions. For the DM
mass of 100 MeV, it requires the introduction of the dark
photon lighter than about O(10) MeV. Meanwhile, the
dark photon lighter than 10 MeV heats up only electron-
photon plasma by its decay and annihilation after the
neutrino decoupling, and hence it is constrained by the
effective number of neutrino degrees of freedom [159].
Therefore, the excluded region is qualitatively the same as
the gray-shaded area even if the dark photon mass varies in
accordance with the DM mass.

V. DISCUSSION AND CONCLUSION

The evaporation of PBHs has the potential to generate
particles with masses far above the electroweak scale. We
have proposed a cogenesis scenario for the composite
ADM, where heavy scalar particles produced via PBH
evaporation generate the baryon and DM asymmetries in
this study. The heavy scalar triplet 7, which couples to
quarks and leptons, is constrained to lie within the mass
range of 10°~10° GeV for successful baryogenesis. The
mass of heavy dark scalar 7’ must also be within a
comparable mass range for successful DM—anti-DM asym-
metry generation; a significant mass hierarchy between 7°
and 7' is disfavored.

In this work, we have assumed a monochromatic PBH
mass function. A natural extension is to consider an
extended mass distribution for the PBH mass. The initial
PBH abundance and the PBH mass are constrained in order
to explain the sufficient particle-antiparticle asymmetries
for baryons and dark baryons. In addition, there may also
be the observational bounds on the PBH mass that is
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irrelevant to the asymmetry production since the PBH
mass would be broadly distributed. Besides, we have not
included several effects on the PBH evaporation in this
study, such as the memory-burden effect and the for-
mation of hot spots. Based on quantum-information
considerations, the PBH evaporation would be delayed,
known as the memory-burden effect, and hence the
preferred mass range may differ from that considered
in this work. The PBH evaporation may locally heat up
the surrounding plasma, which is called the hot spot
[147-149], and the hot spot may affect the asymmetry
generation.

It is worthwhile to investigate the UV models for this
scenario, since we have a large mass hierarchy between
the SM/dark-sector particles and the heavy scalar particles
7T and 7’. One of the candidates is a type of grand
unification; however, there remain several problems to
address. One of them is to suppress the nucleon decay rate
as mentioned in the text, and hence the scalars 7 must
originate from a multiplet different from the SM Higgs
doublet, or the Yukawa coupling of 7 is quite suppressed
by some mechanism compared to the SM Yukawa
couplings. One may consider a scenario with a different
heavy scalar particle, which couples to both quark and
dark quark: the out-of-equilibrium, CP-violating decay of
the single scalar particle provides both baryon asymmetry
and DM asymmetry. Our analysis already covers this
scenario: both asymmetries are determined by the heavy
scalar parameters (mr,e7) and the PBH mass as with
Fig. 1. Since the number density asymmetries in the two
sectors are determined by the same parameter and tightly
correlated, the DM mass should be about 5 GeV in order
to account for the observed ratio of energy densities,
Qpph?/Qph* ~5.45.

In contrast to models assuming shared asymmetries, we
do not need to introduce any portal interactions that convert
DM number into baryon number (or lepton number) in the
cogenesis scenarios with PBH evaporations. Consequently,
the DM decay does not occur, and indirect searches via
cosmic-ray signals of the DM decay are not applicable to
this scenario [160-162]. Meanwhile, the scenario can be
tested through the searches for long-lived particles, where
dark baryons and dark mesons can be produced at the
terrestrial experiments, such as collider experiments and
beam-dump experiments [163,164].
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APPENDIX A: ANALYSIS OF PBH
EVAPORATION

In this appendix, we show the analysis of the PBH
evaporation, which is used in our numerical computation,
in detail. Once the PBH mass goes below a certain
threshold value, the PBH emits all possible particles whose
masses are below the Planck scale. We can find an analytic
solution of the differential equation Eq. (7) for My in this
regime since the evaporating function ¢(Mpgy) is nearly
constant. The PBH mass changes drastically at the final
stage of evaporation, leading to the instability of the
numerical solver of Eq. (7). Therefore, we can make the
numerical computation stable by matching the numerical
solution to the analytic solution. We match the numerical
solution Mgy (7) to the analytical one denoted by M}, (1) at
a matching time ¢,,,. The matching time should be chosen so
that the BH temperature at the time is quite larger than the
mass of the heaviest particles in the effective models. We
find the analytic solution as

MBH(I) = M%rh(t) = 31/3(_Clt =+ CQ)I/B(tm <t< tev),
(Al)

where ¢; = 5.34 x 10%¢(0) sec™! and ¢, is determined by
matching the analytic solution with the numerical value at
tm- We define 7., as the time when the PBH mass Mgy(?) is
equal to the Planck mass 4zMp;, in other words, the
evaporation is assumed to terminate at this point. Since
we are agnostic about quantum gravity, we cannot deal with
the evaporation of PBHs whose masses below the Planck
scale. We also assume that there are no new particles in
addition to the particles introduced in Sec. IV. The presence
of additional particles would slightly change the temper-
ature evolution of Mpy.

Similarly, the comoving energy density of PBHs ggy can
be given by the analytical solution of the differential
equation Eq. (13). In particular, the comoving energy
density of PBHs for 7> 7, can be written in terms of
the analytic solution for the PBH mass M}, as follows,

My (1)

M%HH (tm> (AQ’)

opu(t) = ofy(1) = O (tm) (tm S 1 < 1ey).

We comment on the temperature dependence of the
effective degrees of freedom of relativistic particles in the
presence of new particles, which is used for the evolution of
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temperature (16). We incorporate the contribution of new
particles to g,, and g, as the step function as follows,

g*/},S(T) = QE%S(T) + Z gle(T - mi)

i=bosons

Y G0 -m), (A3)

i=fermions

where g3 denotes the contributions of the SM particles to
Gsp.s» and the second term and the third term correspond to
the contributions from new particles. Here, we assume all
new particles are in thermal equilibrium with the SM
particles. In our case, due to the dark confinement, the
relativistic degrees of freedom change from dark quarks to
dark hadrons as the temperature decreases. We do not take
into account the change of g,, ¢ due to dark confinement,
while the similar change due to the QCD confinement is

incorporated in g3).

APPENDIX B: ON THERMAL CONTRIBUTION

We have considered the asymmetry generation only by
the heavy scalar particles 7 and 7’ produced from the PBH
evaporation in the text, and we have ignored the thermal
contribution of 7 and 7’ to the asymmetries in the early
Universe. We discuss that the thermal contributions of 7°
and 7" are not significant in this appendix.

First, the heavy color-triplet scalar 7 can be produced in
the SM thermal bath during the thermal history since
the temperature at the PBH formation is quite high. Its
CP-violating decay would provide the baryon asymmetry,
while B — L is conserved. Hence, as far as the initial B — L
is zero, this asymmetry is washed out by the sphaleron
process until its decoupling. The net baryon asymmetry
generated by the thermal production of 7 is therefore
negligible.

Meanwhile, the thermal contribution of the heavy dark
scalar 7’ to the DM asymmetry cannot be washed out since
there is no counterpart of the sphaleron process in the dark
sector. Below the decoupling temperature of the annihila-
tion process and the inverse decay process, the DM
asymmetry generated by the thermal production of 7 is
frozen. The DM asymmetry generated by the thermal
production of 7’ is estimated by solving the coupled
Boltzmann equations for the number density of 7’ and
the DM asymmetry,

dYpm _ &1 (FT/>

Y — Y, B1
v _erUT) vy (BY)
dYp (') eqy _ S{ov) o eqy\2

wherex = mz/ /T, Ypy = (npy —ngy)/s-and Y = ng /.
(T'7/) denotes the thermally averaged decay rate of 77,

and (ov) denotes the thermally averaged annihilation cross
section of 7”. We may have the scattering processes changing
the DM number mediated by the heavy scalar 7”, while we
ignore them for simplicity.

Figure 4 shows the time evolution of the relevant
quantities at the benchmark point corresponding to the
black dot in the upper-left panel of Fig. 3. In the top panel,
we show the time evolution of the yields of each particle.
The black dashed line represents the yield of the dark color-
triplet 7' produced from the thermal plasma, while the gray
solid line shows its yield assuming that 7' remains in
thermal equilibrium. The red solid line represents the DM
yield produced through the decay of the thermally pro-
duced 7'. The red dotted line indicates the DM yield
corresponding to 1% of the total DM abundance. In the
middle panel, the blue dashed, magenta solid, and green
dotted lines show the energy densities of radiation, PBHs,
and 7" produced through PBH evaporation, respectively. In
the bottom panel, we show the time evolution of the ratio of
the comoving entropy to its initial value.

As shown in the top and the middle panel of Fig. 4, the
DM asymmetry is thermally generated before the PBH
evaporation. Meanwhile, the entropy injection can also be
significantly effective just after the PBH evaporation as
shown in the bottom panel of Fig. 4. In this case, the DM
asymmetry generated by the thermal production of 77 is
diluted by the entropy production from the PBH evapora-
tion. Figure 3 includes the region where the thermally
produced DM asymmetry can be beyond O(1)%. In the
remaining region, the DM asymmetry generated by the
thermal production of 7" can be safely negligible compared
to the DM asymmetry generated by the PBH evaporation.

APPENDIX C: g DEPENDENCE

In this appendix, we discuss how the final result depends
on the initial ratio of energy densities § = pgu(To)/pr(To)-
Equation (13) leads to the simple scaling of the comoving
energy density ggy « . Meanwhile, the dependence of the
energy density pgy on f# can be found from the equation,

dpgu dIn Mgy
3H, = —— gy
da + 5Hpgy gy PBH

aH (C1)
The loss of the energy density via the evaporation is less
effective until the late time of the evaporation, and hence we
ignore the impact of the right-hand side in this appendix.
The second term in the left-hand side is proportional to the
Hubble expansion rate, which is proportional to the square
root of the energy density: the evolution of pgy is different
in the radiation-dominated epoch and in the matter-domi-
nated epoch. The Hubble expansion rate scales as H o a2
in the radiation-dominated epoch, while it scales as H «
a=3/? in the matter-dominated epoch. The energy density
ppu decreases by the Hubble expansion in the radiation-
dominated epoch at the early stage. Once the PBHs
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FIG. 5.
represents pr in the absence of PBHs, which is proportional to

dominate the Universe, pgy decreases by the Hubble
expansion in the matter-dominated epoch. The Universe
quickly enters the matter-dominated epoch when the initial
ratio f is large. pg develops as pg =~ p%(1/1,)~% with the
initial abundance p% and the initial time #, in the absence of
PBHs (the gray-thick line in Fig. 5). In the matter-
dominated epoch, the scale factor scales as a « #*/3, and
thus the Hubble rate is given by H = 2/3t. The energy
density of PBHs follows the scaling ppy = ply (1/1eq) 2
where 7., denotes the time when the PBH energy density
and the radiation energy density are equal, pr = ppy. We
can find that pgy decreases along the thick gray line in

10°

Time evolution of pg (black) and ppy (magenta). Different line types correspond to different f/f,,;,. The gray-thick line

2. We take Mgy = 107 g.

Fig. 5 in the matter-dominated epoch, as it shares the same
time dependence as the radiation energy density in the
absence of PBHs. Therefore, for fixed initial mass M1, the
PBH energy density does not depend on f just before
the completion of the PBH evaporation as far as there exists
the matter-dominated epoch.

In addition, the entropy density s just before the
completion of the PBH evaporation does not strongly
depend on f. Once we write Eq. (15) in terms of the
entropy density s, the right-hand side is proportional to the
energy density of PBHs per the temperature of the thermal
plasma pgy/T. As stated above, the energy density of

10*
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FIG. 6. Time evolution of T. The thick gray line represents T in the absence of PBHs. All other conventions are the same as in Fig. 5.
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PBHs just before the completion of the PBH evapora-
tion does not depend on pS. The temperature of the
thermal plasma just before the completion of the PBH
evaporation is also less dependent on f as can be seen
from Fig. 6: since the Universe is matter-dominated by
PBHs at this stage, the reheating temperature is pri-
marily determined by the PBH energy density just
before the completion of the PBH evaporation, which
is almost independent of . Therefore, the final yields

of 7 and 7' are less sensitive to the initial ratio of
energy densities /.

Since the Hubble expansion rate depends on f'/2, the
scale factor will also change depending on f at the early
stage of the matter-dominated epoch. The comoving energy
density ggy is proportional to f as mentioned above, while
the energy density ppy is independent from f in the end.
Therefore, the scale factor follows a nontrivial scaling at the
late stage of the matter-dominated epoch, a o /3.
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