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accretion luminosity released at Rtr can be Lacc =
(GṀMBH/Rtr) = LEdd. The maximum luminosity is es-
timated as ≈ 0.6 LEdd from an analytical argument (Begel-
man 1979). In non-spherically symmetric case, accretion
disks in the super-Eddington regime would form, which are
so-called slim disks. RHD simulations (some of them in-
cludes magnetic fields) have supported that (1) gas can
accrete at Ṁ ! ṀEdd through a geometrically thick disk,
where radiation trapping happens, and (2) radiative emis-
sion is highly anisotropic and emergent luminosity can ex-
ceed the Eddington luminosity moderately into the polar
direction (e.g. Ohsuga et al. 2005, 2009; Fragile, Olejar &
Anninos 2014; McKinney et al. 2014; Sa̧dowski et al. 2015).
Recent three-dimensional simulation (Jiang, Stone & Davis
2014) has found that a super-Eddington accretion is realized,
though turbulent motion in the disk makes the photon trap-
ping less efficient. However, their expensive multi-dimension
RHD simulations have been performed for a small range of
parameters and limited within a vicinity of the central BH
(∼ 100 RSch ≪ RB).

In this paper, we study properties of a spherically sym-
metric accretion flow on to an intermediate-massive BH
(102 " MBH " 106 M⊙) by performing one-dimensional
hydrodynamical simulations which include radiation trans-
fer with multi-frequency and non-equilibrium chemistry. We
first run simulations of the outer region which resolves
around the Bondi radius well (10−3 RB # r # 10 RB) and
find that super-Eddington accretion from the Bondi radius
is realized without radiative feedback when ṁ ! 3000. Oth-
erwise, gas accretion behaves episodically due to radiative
feedback and the average accretion rate is limited as ṁ # 10.
We study several cases for different parameters (e.g. MBH

and n∞) and clarify the physics of the transition from the
episodic state to steady state, which is well-explained by the
comparison of the Bondi radius and the Strömgren radius.
Second, for a case that we obtain the super-Eddington solu-
tion, further simulations at the inner region, which resolves
the photon trapping radius (0.5 Rtr # r # 10−3 RB), are
performed. We confirm that radiation from the inner region
do not affect the gas properties at the outer region. More-
over, we discuss the gas properties which capture the physics
of the photon-trapping and finally obtain a steady solution
of the accreting flow at the super-Eddington rate.

We briefly note new results in our paper compared to
previous works. For the outer-region simulations, our treat-
ment is based on that of 2D-RHD simulations by Milosavl-
jević, Couch & Bromm (2009) and Park & Ricotti (2011,
2012), where the radiative efficiency is assumed to be con-
stant. We update the model of the radiative efficiency in-
cluding the photon trapping effect for ṁ ≫ 1, and find a
new pathway to form the solutions of accretion flows at a
super-Eddington rate. Recently, Pacucci, Volonteri & Fer-
rara (2015) also study similar situation with 1D-RHD sim-
ulation with gray-approximation around the Bondi radius
and discuss the possibility of a super-Eddington accretion.
Our new points are that radiative recombination induces the
transition to a steady solution with ṁ ! 5500 and that the
final steady state of the accreting gas is an isothermal Bondi
solution. Moreover, we study the gas properties at the in-
ner region including the photon trapping and confirm the
consistency of our solution by using numerical simulations.

The rest of this paper is organized as follows. We de-
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Figure 1. A schematic picture of a spherically symmetric accret-
ing flow on to a massive BH at a super-Eddington accretion rate
(ṁ ≫ 1). There are three characteristic scales; the Bondi radius
(RB), photosphere (Rph), and the photon trapping radius (Rtr).
The dashed line is the boundary between the two separated sim-
ulation regions: outer region (10−3 RB # r # 10 RB) and inner
region (0.5 Rtr # r # Rph # 10−3 RB).

scribe in §2 the methodology of our RHD simulation. In
§3, we show the simulation results and discuss necessary
conditions where a steady super-Eddington accretion flow
exist. In §4, we discuss some constraints on seed formation
scenarios of high-z SMBHs. Finally, in §5 we summary our
conclusion and give some discussions.

2 SIMULATION METHOD

2.1 Our strategy

We here use the hydrodynamical simulation code (ZEUS) in-
cluding multi-frequency radiation transfer, photoionization
and heating, and primordial chemical network. To simplify
and understand properties of accreting gas, we assume a
spherically symmetric accretion (e.g. Park & Ricotti 2011).
To investigate a self-consistent solution of accreting gas, we
need to consider gas dynamics over a wide range in space.
Figure 1 shows a schematic picture of a BH accreting sys-
tem. In our case, the important scales are typically 1

RB ≃ 1.96× 1018 MBH,4T
−1
∞,4 cm, (6)

and

Rtr ≃ 1.48× 1012 MBH,4ṁ3 cm, (7)

where MBH,4 = MBH/(10
4 M⊙), T∞,4 = T∞/(104 K) and

ṁ3 = ṁ/103. Then, the required size of our simulation box
is at least 6− 7 orders of magnitude in space, which needs a
long computational time. To avoid the problem and follow
time evolution of the accreting gas in several dynamical time
around the Bondi radius, we here separate our simulation re-
gion into two regions: outer region (10−3 RB # r # 10 RB)
and inner region (0.5 Rtr # r # 10−3 RB). To discuss con-
sistent solutions of the accreting gas over the wide range,

1 Through the paper, the Bondi radius and Bondi accretion rate
are estimated by using γ = 1.0 and µ = 1.22 for reference. But
both of γ and µ are solved self-consistently in our simulations.
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