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ature are

Rvir ≃ 7.9× 102 M1/3
h,8 pc

(
1 + z
21

)−1

, (36)

and

Tvir ≃ 1.9× 104 M2/3
h,8 K

(
1 + z
21

)
, (37)

respectively. The density profile is given by

n(r) = fnnvir

(
r

Rvir

)−2

≃ 103 Tvir,4 cm−3

(
r

10 pc

)−2 (fn
4

)
, (38)

where fn is a numerical factor which we choose fn = 4
so that the density profile agrees with cosmological simu-
lations of atomic cooling halos with Tvir ≃ 104 K (Shang,
Bryan & Haiman 2010; Latif et al. 2013; Regan, Johansson
& Haehnelt 2014; Becerra et al. 2015). Thus, the value at
the Bondi radius is

n(RB) ≃ 9.5× 105 M−2
BH,4T

2
∞,4Tvir,4 cm−3 (39)

Therefore, the ratio of the Bondi rate to the Eddington rate
is given by

ṀB

ṀEdd

= 5.2× 104 M−1
BH,4T

1/2
∞,4Tvir,4, (40)

and the necessary conditions to realize a super-Eddington
accretion rate (ṁ > 3000) is written as

MBH ! 1.7× 105 T 1/2
∞,4Tvir,4 M⊙. (41)

Therefore, a BH with ≃ 2× 105 M⊙ can grow at the Bondi
accretion rate (" 3000LEdd/c

2) in an atomic cooling halo
with as long as a steep density profile is developed.

As formation scenarios of seed BHs, remnant BHs by
gravitational collapse of Pop III stars (∼ 100 M⊙) and su-
permassive stars (∼ 105 M⊙) have been considered. For both
the cases, we justify that stellar feedback would not break
the density profile (∝ r−2) in atomic cooling halos before
the BH accretion starts. Pop III stars emit strong ioniz-
ing radiation during their main-sequence phase and some of
them occur supernova explosions, which might evacuate the
gas from the DM halo depending on its mass. According to
radiation hydrodynamical simulations (e.g. Kitayama et al.
2004; Whalen, Abel & Norman 2004; Kitayama & Yoshida
2005), radiation and mechanical feedback could not blow
away the gas inside an atomic cooling halo with " 107 M⊙.
On the other hand, a supermassive star continues to grow
via gas accretion (∼ 1 M⊙ yr−1) within their lifetime (In-
ayoshi, Omukai & Tasker 2014) and collapse to a massive
seed BH. Since the growing supermassive star has bloated
stellar envelope with a effective temperature of ∼ 5000 K
(Hosokawa, Omukai & Yorke 2012; Hosokawa et al. 2013;
Schleicher et al. 2013), radiation feedback could be ineffi-
cient. Therefore, we conclude that massive BHs embedded
in an atomic cooling halo with Tvir ≃ 104 K, where the den-
sity profile follows ∝ r−2, can grow via gas accretion rapidly
at the Bondi accretion rate (" 3000 LEdd/c

2), for the two
seed BH models.

Next, we discuss the BH growth in more massive (or
lower z) DM halos, where virial temperature is larger and
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Figure 13. Mass assembly history of a DM halo of our sample
(solid line). The DM halo reaches Mh = 1013 M⊙ at z = 6, which
starts from Mh = 2 × 108 M⊙ and z = 20. The dashed lines
show those at constant virial temperature; the values of which
are indicated by numbers in the figure.

thus the accretion rate increases (see equation 40). When
gas temperature remains at ≃ 104 K inside an atomic cool-
ing halo and keeps close to the virial temperature4, gas dis-
tribution in the halo is almost spherical (if a disk form, it
should be a fat disk due to the gas pressure support). With
higher virial temperature, the gas cools down to ∼ 104 K
due to efficient radiative cooling after virialization shocks.
Thus, the gas distribution should be like a pancake because
the gas pressure is negligible. Then, the aspect ratio of the
gas cloud is roughly estimated as

Zvir

Rvir
≈

(
T∞

Tvir

)1/2

. (42)

In this case, when the Bondi radius becomes larger than the
cloud scale height, the accretion rate from the Bondi radius
does not increase even if the BH mass is larger, i.e. RB is
larger. The conditions where the Bondi radius is embedded
in the gas (RB < Zvir) is written as

Tvir

T∞
<

(
Mh

2MBH

)2/3

≃ 2.9× 102M2/3
h,8 M

−2/3
BH,4 . (43)

Combining equations (40) and (43), we can obtain the max-

4 what is the conditions? H2 dissociation
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