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In this paper we study scenarios of the super-Eddington accretion onto black holes at high redshifts z > 10,
which are expected to be seeds to evolve to supermassive black holes until redshift z ∼ 7. For a initial mass,
MBH;ini ≲ 2 × 103 M⊙ of a seed black hole (BH),we definitely need the super-Eddington accretion,which can
be applicable to both astrophysical and primordial origins. Such an accretion disk inevitably emitted high-
energy photons which had heated the cosmological plasma of the inter-galactic medium continuously from
high redshifts. In this case, cosmic history of cosmological gas temperature is modified, by which the
absorption feature of the cosmological 21-cm lines are suppressed. By comparing theoretical predictions of the
21-cm line absorptionwith the observational data at z ∼ 17,weobtain a cosmological upper boundon themass-
accretion rate as a function of the seed BHmasses. In order to realizeMBH ∼ 109 M⊙ at z ∼ 7 by a continuous
mass accretion on to a seed BH, to be consistent with the cosmological 21-cm line absorption at z ∼ 17, we
obtained an severe upper boundon the initialmass of the seedBH tobeMBH;ini ≲ 102 M⊙ (MBH;ini ≲ 106 M⊙)
when we assume a seed BHwith its comoving number density nseed;0 ∼ 10−3 Mpc−3 (nseed;0 ∼ 10−7 Mpc−3).
We also discuss some implications for application to primordial black holes as the seed black holes.
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I. INTRODUCTION

Quite recently a luminous quasar (QSO) J0313-1806
was observed at redshift z ¼ 7.642 [1]. The mass of the
central black hole (BH) in this QSO system is quite large
MBH ¼ ð1.6� 0.4Þ × 109 M⊙. In addition to this BH, so
far several QSOs at around z ∼ 7 have been already
reported, each of which has a massive central BH similarly
with the order of MBH ∼Oð109Þ M⊙. In astronomy and
astrophysics, it is a big challenge to produce such super-
massive black holes (SMBHs) in an early Universe within
cosmic time tðz ∼ 7Þ ∼ 0.76 Gyr.1

One of the most natural scenarios to increase a BH mass
to a massive one should be a gas accretion on to it.
However, even if the Eddington accretion is realized, there
is no easy solution. For example, when we assume the

Eddington accretion rate is successively continuing with a
radiative efficiency ηeff ∼ 0.1 from cosmic time tðz ¼
30Þ ¼ 0.10 Gyr [2] to tðz ¼ 7Þ ¼ 0.76 Gyr, the seed mass
at z≳ 30 should be ∼Oð103.3Þ M⊙ in order to obtain
MBH ∼Oð109Þ M⊙ until z ¼ 7. Therefore, even if we
assume the Eddington accretion rate, we need a massive
seed as an initial condition [3,4]. Possible scenarios to
produce such massive seed BHs have been studied, e.g.,
through collapses of massive stars/gas clouds, or through
mergers of massive stars/black holes [5–53]. Alternatively,
those massive seeds may be formed through other primor-
dial origins such as primordial black holes [54–58] (see
also Refs. [59–62] for review articles). Another possibility
would be assuming a super-Eddington accretion rate2 on to
a light seed BH [28,68–79].3

*kohri@post.kek.jp
1Here we used the Hubble parameter H0 ¼ 68 km=s=Mpc, the

omega parameters of matter, ΩM ¼ 0.32, and cosmological
constant ΩΛ ¼ 0.68 as reference values.

2For concrete models of the super-Eddington accretion, see
references for the slim disk models [63–65], the neutrino-
dominated accretion flows [66,67], etc. and references therein.

3See also Ref. [80] for another mechanism through mergers of
seed BHs that were produced by mergers of massive stars.
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To test consistencies of the theoretical disk models for
the (super-)Eddington accretions with observations, in
principle we can use cosmological 21-cm line emissions/
absorptions that were produced in the dark ages at z ∼
Oð10Þ–Oð102Þ (e.g., see [81–85] for earlier works). So far,
the EDGES collaboration has reported the observational
data for the absorption feature of the cosmological global
21-cm line spectrum at around z ∼ 17 [86]. If there existed
an extra heating source due to emissions from the accretion
disks in this epoch, gas temperature could be larger than the
standard value predicted in the standard Λ-cold dark matter
(ΛCDM) model. In this case, a depth of the 21 cm line
absorption should have become shallower than the one in
the ΛCDM model. Because the EDGES collaboration
reported the large depth with finite errors, we can test this
kind of scenarios and obtain a conservative upper bound on
such an extra emission at least not to bury the observed
absorption trough [87,88]. It is known that a cosmological
extra heating of the order of Oð10−20Þ eV= sec =cm3 at
z ∼ 17 affects the absorption feature of the global 21-cm
line spectrum (e.g., see Ref. [88] and references therein). In
this paper, by using this logic, we discuss how we can
constrain the scenarios of the (super-)Eddington accretions
onto high-redshifted seed BHs, which are expected to
evolve to the SMBHs until z ∼ 7 and obtain observational
bounds on the accretion rates.
This paper is organized as follows. In Sec. II, we review

how energy injection affects evolution of the intergalactic
medium (IGM). Models of accretion disks are introduced in
Sec. III. In Sec. IV, we discuss energy injections from
accretions onto seed black holes. In Sec. V, we present our
results. We conclude in the final Sec. VI.
Throughout the paper, we adopt the Heaviside-Lorentz

units of c ¼ ℏ ¼ kB ¼ 1 unless otherwise stated.

II. EVOLUTION EQUATIONS OF IGM IN THE
PRESENCE OF ENERGY INJECTION

In this section, we explain how energy injection affects
evolutions of the IGM. For illustrative purposes, we follow
a simple description of hydrogen in the IGM, which is
based on the effective three-level atom [89–91]. As will be
shown in Sec. V however, we actually execute the public
recombination code HyRec,4 which is based on the state-of-
art effective multilevel atom (see [92,93]). In this study, for
simplicity we focus only on ionization and recombination
of hydrogen while assuming helium is neutral. It is known
that this simplification is a good approximation as long as
we are interested in processes that occurred in the cosmic
dark ages [94] (see also [95]).
The cosmic evolution of the ionization fraction, xe, is

then described by the following equation:

dxe
dt

¼ −CP½αHðTmÞx2enH − βHðTγÞð1 − xeÞe−Eα=Tγ �

þ dEinj

dVdt
1

nH

�
fionðtÞ
E0

þ ð1 − CPÞfexcðtÞ
Eα

�
; ð1Þ

where Tm and Tγ are the temperatures of gas and photon,
respectively. nH is the number density of hydrogen,

FIG. 1. Luminosity L of the accretion disk as a function of the
accretion rates for three models, RIAF [65], the standard disk, and
the slim disk [63]. HereLE is the Eddington luminosity and _Mcrit is
the corresponding critical accretion rate. In the theoretical calcu-
lations, the dimensionless viscous parameter αvis is taken to be 0.1.

FIG. 2. A unified picture of accretion disk models [65,66]. Here
we plot accretion rates as a function of αvisΣ for the RIAF [65], the
standard disk, and the slim disk [63], respectively. Here Σ ¼ R

ρdz
is the surface density which is obtained by integrating the mass
density ρ along the vertical axis (z) with respect to the disk plane.4https://pages.jh.edu/yalihai1/hyrec/hyrec.html.
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E0 ≃ 13.6 eV is the ionization energy of hydrogen, and
Eα ¼ 3E0=4 is the energy of Ly-α. Here αH is the case-B
recombination coefficient, and βH is the corresponding
ionization rate. The Peebles’s C factor (CP), represents the
probability that a hydrogen atom initially in the n ¼ 2 shell
reaches the ground state without being photoionized. It is
given by

CP ¼ ΛnHð1 − xeÞ þ 1
2π2

E3
αHðtÞ

ΛnHð1 − xeÞ þ 1
2π2

E3
αHðtÞ þ βHnHð1 − xeÞ

; ð2Þ

where Λ ≃ 8.23 s−1 is the two-photon decay rate of the
hydrogen 2s state, and HðtÞ is the Hubble expansion rate.
The last term in (1) represents the effects of energy
injection with the energy injection rate per unit volume
per time, dEinj=ðdVdtÞ, which will be shown in detail in the
next section.
Evolutions of the gas temperature Tm is described by the

following equation:

dTm

dt
¼ −2HðtÞTm þ ΓCðTγ − TmÞ

þ dEinj

dVdt
1

nH

2fheatðzÞ
3ð1þ xe þ fHeÞ

; ð3Þ

where ΓC is the coupling rate of Tm to Tγ , which is
dominated by the Compton scattering,

ΓC ¼ 8σTarT4
γ

3me

xe
1þ fHe þ xe

; ð4Þ

where σT is the Thomson scattering cross section, ar is
radiation constant, me is the electron mass, and fHe is the
number ratio of helium to hydrogen. The last term in (3)
represents heating of the gas temperature due to the energy
injection. As defined in [96,97] the coefficients fionðtÞ,
fexcðtÞ, and fheatðtÞ (collectively denoted by ffcðtÞg here-
after) are the fractions of injected energy deposited into the
hydrogen ionization, the hydrogen excitation, and the
heating of gas, respectively.

III. MODELS OF ACCRETION DISKS

In Fig. 1, we plot the luminosity L from the accretion
disks as a function of the accretion rate _M in case of the
viscous parameter αvis (¼0.1) in the unified picture of
the three models (see Fig. 2) [65], RIAF (radiation

inefficient accretion flow) ( _m≲ 10−2), the standard disk
(10−2 ≲ _m≲ 1), and the slim disk (1≲ _m). The luminosity
is normalized by the Eddington luminosity,

LE ≃ 1.3 × 1038 erg sec−1
�
MBH

M⊙

�
; ð5Þ

where M⊙ denotes solar mass (≃2.0 × 1033 g). The accre-
tion rate is normalized by the critical accretion rate, _Mcrit
to be

_m ¼
_M
_Mcrit

; ð6Þ

where _Mcrit ≡ η−1effLE with the radiative efficiently ηeff,
which ranges η−1eff ∼ 10–16 in the standard disk and the
slim disk models [63,98], and approximately in the RIAF
model with _m≳ 10−3 [65]. In this study, for simplicity we
take η−1eff ¼ 10 as a reference value. Then the critical
accretion rate is represented by

_Mcrit ≃ 1.4 × 1018 g sec−1
�
η−1eff
10

��
MBH

M⊙

�
: ð7Þ

The spectrum of the emissivity in each model is
approximately parametrized by the following function
form,

dL
dω

¼ Anorm

�
ω

ωmin

�
ps

exp

�
−

ω

ωcut

�
; ð8Þ

with the photon energy ω, Anorm being the normalization
factor in unit of erg sec−1 eV−1 to be consistent with the
curve plotted in Fig. 1. These parameters are fitted to be the
values shown in Table I [63,65,98]. In Fig. 3, we plot ω dL

dω
as a function of the energy ω in eV forMBH ¼ 10 M⊙ (left)
and MBH ¼ 105 M⊙ (right).5

TABLE I. A set of parameters parametrized in an analytical form in Eq. (8).

RIAF Standard disk Slim disk

ωmin in eV ðMBH=10 M⊙Þ−1=2 1 1
psðω ≥ ωminÞ −1 1=3 −1
psðω < ωminÞ 2 2 2
ωcut in keV 200 10 _m1=4ðMBH=10 M⊙Þ−1=4 10 _m1=4ðMBH=10 M⊙Þ−1=4

5See also Ref. [99] for possible modifications of the spectrum
for the slim disk through the inverse Compton scattering by
energetic electron in coronae. In order to observationally confirm
the shape of the spectra, we also have to additionally consider
possible absorptions of soft x rays by Compton absorbers. It is
interesting that we can trace such absorbers by measuring neutral
hydrogen with column density NHI ∼ 1021 cm−2 by future low-
redshifted 21 cm observations [100–105].
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IV. ENERGY INJECTION AND DEPOSITION
INTO THE IGM FROM ACCRETION DISKS

The energy injection rate is given as

dEinj

dVdt
ðzÞ ¼

Z
∞

0

dω
dEinj

dVdtdω
ðzÞ; ð9Þ

with

dEinj

dVdtdω
ðzÞ ¼ nseedðzÞ

dL
dω

; ð10Þ

where nseedðzÞ is the number density of the seed BHs as a
function of z, which are expected to be evolved to SMBHs

in a late epoch. Then, we parametrize the form of nseedðzÞ
to be

nseedðzÞ ¼ nseed;0ð1þ zÞ3 ð11Þ

with the comoving number density of the seed BHs nseed;0.
This equation requires careful attention to the actual
meaning of nseed;0. Surely it is equal to nseedðz ¼ 0Þ at
face value. However, it is notable that nseed;0 can increase at
a later time as a function of cosmic time, depending on
models, e.g., for z≲ 7. For each value of nseed;0 thus, we
take it to be constant at least from z ∼ 30 to z ∼ 10. Here we
may take a maximum value of it possibly to be nseed;0∼
Oð1Þ×10−3Mpc−3ðΩCDMh2=0.1ÞðMgal=1012M⊙Þ−1 which
is derived roughly by assuming that every (massive) galaxy
at least had a seed BH in its center in the comoving
coordinate (∼ρCDM=Mgal) [57], with the energy density
of CDM ρCDM, the reduced Hubble constant h ð∼0.7Þ,
and Mgal being a typical mass of a massive galaxy
(∼Oð1Þ × 1012 M⊙). This value of nseed;0 ∼Oð1Þ ×
10−3 Mpc−3 is consistent with the observations of the
SMBHs at z ¼ 0 [81,106]. On the other hand, as a
conservative limit of it, we may take nseed;0 ∼Oð1Þ ×
10−7 Mpc−3 to fit some observations of the SMBHs at
around z ¼ 6 [106].6 In this latter case, it is interpreted that
the main components of the seeds were produced at a late
time z < 6. Because we cannot judge which value of the
normalization of nseedðzÞ is more correct, in the current
study therefore, we adopt some representative values by
changing it in the range of nseed;0¼10−7Mpc−3–10−3Mpc−3

as an initial value of the comoving number density set at a
higher redshift z ≫ 17–20 and study the effect in each case.

FIG. 3. Plots of ω dL
dω as a function of the photon energy ω in eV for MBH ¼ 10 M⊙ (left) and MBH ¼ 105 M⊙ (right).

FIG. 4. Plots of ω dEinj

dtdVdω as a function of the photon energy ω in
eV at z ¼ 17. Here we took the comoving number density of the
seed, nseed;0 ¼ 10−3 Mpc−3 and MBH ¼ 10 M⊙.

6In this case, we assume that the number density of the seed
BHs does not increase much from z ¼ 7 to z ¼ 6.
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In Fig. 4, we plot ω dEinj

dtdVdω as a function of the energy ω in
eV at z ¼ 17. Here we took nseed;0 ¼ 10−3 Mpc−3 and
MBH ¼ 10 M⊙ as a reference.
To compute the deposition fractions ffcðtÞg, we need

detailed information about both the spectrum of photon
emitted from accretion disks and processes of their inter-
actions with the IGM. The authors of Refs. [107–114]
studied how those energetic photons lose their energy
through interaction processes with the IGM and affect
ionization and heating of the IGM. A typical timescale of
energy-loss processes for photons with their energy ranges
103 eV ≃ ω ≃ 1011 eV can be longer than the Hubble time.
This requires detailed computation of the energy deposition
fully over cosmological timescales. Here we adopt ways of
computations done in Ref. [97],7 in which the effects of
energy injection is treated at a linear level, i.e., omitting
higher-order nonlinear terms. For full treatments including
feedback of the modification of the IGM evolution in the
computation of ffcðtÞg, we refer to Ref. [95].
By using Eqs. (9)–(11), we can estimate the energy

injection rate analytically to be

dEinj

dVdt
∼ 10−20 eV sec−1 cm−3 ×

�
nseed;0

10−3 Mpc−3

��
1þ z
18

�
3

×
�

L
1040 erg sec−1

�
: ð12Þ

It has been known that this order-of-magnitude energy
injection rate [∼dEinj=dVdt ∼Oð10−20Þ eV sec−1 cm−3]

should have affected the absorption feature of the global
21-cm line spectrum at around z ∼ 17 [88].8 This means that
we see intuitively that the (super-)Eddington accretion rate
[≳1038 erg= secðMBH=M⊙Þ] can be highly constrained for
MBH ≳ 102 M⊙ in case of nseed;0 ∼ 10−3 Mpc−3 by obser-
vational data of the cosmological 21-cm line absorption.
The time evolution of MBH ¼ MðtÞ is solved to be

MBHðtÞ ¼ MBH;ini exp

�
_mfduty

1 − ηeff
ηeff

t − tini
τE

�
; ð13Þ

whereMBH;ini ≡MBHðt ¼ tiniÞ at t ¼ tini with a constant _m
and a possible suppression factor fduty ≲ 1 [119,120] due to
efficiencies for a continuous accretion and so on. We adopt
fduty ¼ 1 as a simple reference value in this study. Here the
timescale of the Eddington accretion is given by

τE ≡MBHc2

LE
¼ σTc

4πμGmp
≃ 0.45 Gyr: ð14Þ

V. RESULTS

In Fig. 5, the evolutions of xeðzÞ and TmðzÞ are shown as
a function of redshift z in case with the emission from
accretion disk, which started from the initial redshift
zini ¼ 30. Here we assumed there is no significant heating
from the other astrophysical sources.
Compared to cases where such an energy injection is

absent, the gas temperatures Tm is highly enhanced. This is
due to the extra heating by photons emitted from the

FIG. 5. Evolutions of the ionization fraction xe and the temperatures of gas Tm in the heating by photons emitted from accretion disks
with the initial redshift zini ¼ 30. We plot the cases of the initial black hole mass for MBH;ini ¼ 30 M⊙ (left) and 100 M⊙ (right),
respectively. The normalized mass-accretion rate is taken to be _m ¼ 0.1 (blue), 1 (orange), and 10 (green). For reference, the photon
temperature TγðzÞ (black dashed) is also plotted in each panel.

7https://faun.rc.fas.harvard.edu/epsilon/. 8See also Refs. [87,115–118].
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accretion disks, which modified the evolution of the spin
temperature, Ts, associated with the hyperfine splitting in
the ground states of neutral hydrogen. This allows us to
constrain emission from accretion disks from observations
of differential brightness temperature of redshifted 21-cm
line emission T21 cm before reionization (see, e.g., [121]),

T21 cmðzÞ ¼
TsðzÞ − TγðzÞ

1þ z
τ21 cmðzÞ: ð15Þ

A time-evolution of the spin temperature Ts is controlled
by relative couplings of Ts with the photon temperature Tγ ,
the gas temperature Tm, and the color temperature Tc,
which is the effective temperature associated with back-
ground Lyman-α radiation. Throughout the epoch we are
currently studying, the IGM is fully optically thick for
emissions of Lyman-α radiation. Therefore, it is reasonable

to assume Tc ≈ Tm. The EDGES collaboration reported a
global absorption (not emission) signal [86]

T21 cm ¼ −500þ200
−500 mK ð99% C:L:Þ; ð16Þ

which means the gas temperature is smaller than the photon
temperature Tm < Tγ . Here we considered the delayed
deposition which was studied in Refs. [122,123].9

FIG. 6. Upper bounds on accretion rates normalized by the Eddington accretion rate as a function of initial black hole masses set at the
initial redshift zini ¼ 30. The shaded region is observationally excluded for nseed;0=Mpc−3 chosen to be (a) 10−3, (b) 10−4, (c) 10−5, and
(d) 10−6. The blue, orange, magenta, and green solid lines denote the conditions given in Eq. (13), on which successfully
MBH=M⊙ ¼ 109, 108, 107, and 106 are realized at z ¼ 7 with fduty ¼ 1 from top to bottom, respectively.

9The optical depth for the x-ray with a few keV highly depends
on redshifts with a rapidly changing function of z, and acciden-
tally becomes O(1) at z ¼ 10–30. This is clearly shown in
literature, e.g., Fig. 2 of Ref. [108] and Fig. 3 of Ref. [97].
Therefore, to be thermalized for the emitted x rays, we need a
time of the order of or even much longer than the Hubble time at
that time. That is the reason why the thermalization was not
realized immediately and got delayed.
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In general, photon emissions from accretion disks sup-
press the amplitude of the absorption for the global 21 cm
signals by ionizing and heating the IGM. It is reasonable to
assume a tight coupling of spin temperature to gas temper-
ature through the Lyman-α pumping (theWouthuysen-Field
effect [124,125]). This maximizes the absorption depth,
which gives the most conservative limit on extra-photon
emissions. In addition, we did not assume other ambiguous
astrophysical heating sources such as UV emissions from
stars formed by nonstandard CDM halo formations at small
scales, annihilating/decaying darkmatter, and soon, that also
helps to obtain the most conservative upper bound on it. The
prediction in the standard ΛCDM model without such a
heatingby the accretiondisks givesT21 cm ≃ −230 mK(e.g.,
seeRef. [88]).Weobtain an upper bound on the photon emis-
sions from accretion rate by requiring T21 cm ≤ −75 mK,
which correspond to the 2σ upper bound on it with given
uncertainties of the EDGES (ΔT21 cm ≃þ155 mK) at
95% C.L. [88] Here we did not assume any exotic cooling
mechanisms such as interaction between baryon and CDM
only to fit the observational depth of the absorption feature
reported by EDGES (see also [87]).10

In Fig. 6, we show the upper bound on the accretion rate
as a function of the initial seed BH mass (MBH;ini)
conservatively obtained in this study, which means that
the shaded region (the upper-right region) is excluded for
nseed;0 chosen to be (a) 10−3 Mpc−3, (b) 10−4 Mpc−3,
(c) 10−5 Mpc−3, and (d) 10−6 Mpc−3. The blue, orange,
magenta, and green solid lines denote the conditions
given in Eq. (13), on which successfully MBH¼109M⊙,
108 M⊙, 107 M⊙, and 106 M⊙ are realized at z ¼ 7 with
fduty ¼ 1 and η−1eff ¼ 10, respectively. In case of fduty < 1 or
η−1eff ≠ 10, readers can read off a value of the y axis by using
the scaling law of it ½∝ _mfdutyðη−1eff − 1Þ�.11 Here we have
chosen the reference value of the initial redshift to be zini ¼
30 after that the accretion had started by following the
discussions in [129]. Even if we adopted a larger value of
zini, the obtained bound becomes much stronger. Thus, our
current choice gives a conservative bounds on the plane of
(MBH;ini, _m). A more comprehensive analysis by studying
every case with changing those values is outside the scope
of the current paper.
In case of the maximum value of nseed;0 ¼ 10−3 Mpc−3

shown in Fig. 6(a), to satisfy the condition for the

successful SMBH formation with MBH ¼ 109 M⊙ at
z ¼ 7, the initial masses of seed BHs have been excluded
forMBH;ini ≳ 102 M⊙ at 95% C.L. Therefore, the reference
value of the initial seed mass MBH;ini ∼ 103.3 M⊙ with
the just-on Eddington accretion rate is apparently
excluded in this case. This means that we inevitably need
the super-Eddington accretion rate for lighter-mass seed
BHs, MBH;ini ≲ 102 M⊙.
In Fig. 7, we plot the excluded region when we adopt the

most conservative case, nseed;0 ¼ 10−7 Mpc−3. From this
figure, we find that the initial mass of the seed BHs for
MBH;ini ≲ 106 M⊙ are allowed at 95%C.L. to obtainMBH ¼
109 M⊙ at z ¼ 7. In this case, we need _M ∼ 0.5 _Mcrit for
continuous accretions on to the initial seed mass MBH;ini ¼
106 M⊙ set at zini ¼ 30 until z ¼ 7.
FromFigs. 6 and 7, readers can read off every constraint by

changing nseed;0. For example, according to information of
Fig. 8 of Ref. [106], to realize MBH ¼ 107 M⊙ until z ¼ 7

withnseed;0 ¼ 10−5 Mpc−3wecan seeMBH;ini ≲ 104 M⊙ are
allowed at 95% C.L. from the magenta line in Fig. 6(c).
In Fig. 8, we plot the lines of the conditions to realize

MBHðz ¼ 7Þ ¼ 109 M⊙, 108 M⊙, 107 M⊙, 106 M⊙ in the
2D plane of the initial BH massMBH;ini set at zini ¼ 30 and
the comoving number density of the seed BHs nseed;0 in case
of (a) _M= _Mcrit ¼ 1.0 and (b) _M= _Mcrit ¼ 0.5. The upper-
right regions (red regions) are excluded by the observatio-
nal bounds on the 21-cm lines at around z ∼ 17. From
Fig. 8(a), to realize MBHðz ¼ 7Þ ¼ 109 M⊙, we find that
nseed;0 ≳ 4 × 10−5 Mpc−3 is excluded for _M= _Mcrit ≳ 1.0.
This means that we need another mechanism to create the
seedBHs after z ≪ 17. On the other hand, fromFig. 8(b), we

FIG. 7. Upper bounds on accretion rates normalized by the
Eddington accretion rate as a function of initial black hole masses
set at the initial redshift zini ¼ 30. The notations are the same as
those in Fig. 6 but for nseed;0=Mpc−3 ¼ 10−7.

10Quite recently the SARAS 3 collaboration reported that they
rejected the signal by the EDGES at 95.3% C.L. [126]. In this
paper however, we only use the sensitivity on the errors (not the
signal of the absorption feature) of the EDGES, which is not
inconsistent with the claim by the SARAS 3. See similar
discussions, e.g., in Ref. [127].

11We do not use the data reported by the HERA Phase 1 to
obtain the mild lower bound on 21 cm emissions at around
z≲ 10. [128] because it does not constrain any model parameter
in the current setup where we have not specified when the
standard processes of the cosmological reionization occurred.
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obtained the conservative upper limit on MBH;ini to be
106 M⊙ with the minimum mass-accretion rate _M= _Mcrit ≳
0.5 to realize MBHðz ¼ 7Þ ¼ 109 M⊙ for a conservative
lower limit on the comoving number density of the seed
BHs nseed;0 ¼ 10−7 Mpc−3.
It is notable that those bounds can be applicable to

scenarios for accretions on to primordial black holes
(PBHs) like as floating BHs, which were produced at
z ≫ 30.12 Those BHs could enter into halos by chance and
be surrounded by dense gas at higher redshifts. In this case,
the cosmological omega parameter of the seed BHs (ΩsBH)
is related to nseed;0 by

ΩsBH=ΩCDM ∼ 10−10
�

nseed;0
10−3 Mpc−3

��
MBH;ini

102 M⊙

�

×

�
MSMBH

109 M⊙

��
Mgal

1012 M⊙

�
−1
: ð17Þ

with MSMBH the mass of SMBHs. Then, MBH;ini has two
meanings: (1) the mass of a BH that was originally equal to
it, or (2) that had evolved to this value by an accretion until
z ¼ zini. This parametrization also requires careful attention
to the meaning of ΩsBH (or nseed;0) here. It is different from
the usual definition of the cosmological omega parameter
for the homogeneously distributed field component of the
BHs, but for the one inside halos surrounded by rich gas.
Actually it should be highly model dependent to estimate

the real fraction of such seed BHs captured into this kind of
systems to the total BHs.

VI. CONCLUSION

In this paper we have studied the scenarios of the
accretions on to black holes from sub- to super-
Eddington rates at high redshifts z ≫ 10, which are
expected to become seeds to evolve to supermassive black
holes until redshift z ∼ 7. Such an accretion disk emits
copious high-energy photons (the UV and keV-MeV
photons) which had heated the plasma of the intergalactic
medium continuously at high redshifts. In this case, the gas
temperature is modified, by which the absorption of the
cosmological 21-cm lines are suppressed at around z ∼ 17.
As is shown in Figs. 6 and 7, by comparing the theoretical

prediction of the global cosmological 21-cm line absorption
with the signal observed by the EDGES collaboration,
conservatively we have obtained the upper bounds on the
mass-accretion rate on to each initial seed black hole set at
z≳ 20–30. If we adopted a maximum value for the comov-
ing number density of the seed BH to be nseed;0 ¼
10−3 Mpc−3 shown inFig. 7, in order to satisfy the successful
formations of the supermassive black holes until z ¼ 7, we
obtained the upper bound on the seed-BH masses to be
MBH;ini ≲ 102 M⊙. Clearly the reference model MBH;ini ∼
103.3 M⊙ with the exact Eddington accretion rate ( _m ¼ 1) is
excluded. In other words, for a seed BH mass smaller than
102 M⊙ we inevitably need the super-Eddington accretion.
Alternatively, such a high accretion on to a larger seed mass
(MBH;ini ≳ 102 M⊙) should have started after z ∼ 17–20.
On the other hand, if we adopted a conservative value for

the comoving number density of the seed BH, nseed;0 ¼
10−7 Mpc−3 to fit the observations of SMBHs partly with

FIG. 8. Upper bounds on the 2D plane of the initial BH massMBH;ini set at zini ¼ 30 and the comoving number density of the seed BHs
nseed;0. The lines give the conditions to realize MBHðz ¼ 7Þ ¼ 109 M⊙, 108 M⊙, 107 M⊙, 106 M⊙ in case of (a) _M= _Mcrit ¼ 1.0, and
(b) _M= _Mcrit ¼ 0.5 by the accretions. The upper-right regions (red regions) are excluded by the observational bounds on the 21 cm lines
at around z ∼ 17.

12We can refer to papers for the other aspects of researches
about the PBHs constrained from 21-cm line observations for
cosmological accretions on to PBHs [116,130–138] and evapo-
ration of PBHs [59,60,127,139–144].
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MBH ∼ 109 M⊙ at z ∼ 6 [106], we obtain a milder bound on
the initial seedmass,MBH;ini ≲ 106 M⊙. In this latter case,we
only need a sub-Eddington rate for MBH;ini∼103.3–106M⊙.
This constraint is applicable to scenarios for accretions on

to PBHs and so on. Then, the cosmological omega
parameter of the seed PBHs, i.e., ΩsBH (not the homo-
geneously distributed field component of the PBHs, ΩPBH)
is related to nseed;0 approximately by ΩsBH=ΩCDM ∼
10−10 ðnseed;0 = 10−3 Mpc−3 Þ ðMBH;ini =102 M⊙ÞðMSMBH=
109 M⊙ÞðMgal=1012 M⊙Þ−1.
In future, more precise data of high-redshifted 21-cm

lines will be reported by HERA [145], SKA [146],
Omniscope [147], or DAPPER [148]. By adopting those
data, then we will be able to detect signatures of the super-
Eddington accretion on to the seed BHs to evolve to the
high-redshifted SMBHs.
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