
4 Publications of the Astronomical Society of Japan, (2016), Vol. 00, No. 0

Table 1. Our simulation models

Model # MBH (M⊙) N Ṁ/ṀEdd L/LEdd

A 103 0 ≈ 0.7 ≈ 0.07

B 103 2 ≈ 4.7 ≈ 0.47

C 103 4 ≈ 30 ≈ 2.8

D 5× 103 4 ≈ 310 ≈ 7.5

E 1× 104 4 ≈ 1100 ≈ 10

F 5× 104 4 ≈ 4300 ≈ 13

G 1× 105 4 ≈ 26000 ≈ 16

H 2× 105 4 ≈ 17000 ≈ 16

I 5× 105 4 ≈ 25000 ≈ 16

The number of N characterizes degree of anisotropic radiation:
Frad(θ) ∝ cosN θ. For N ̸= 0, Ṁ/ṀEdd is the final accretion
rate and L/LEdd is the corresponding luminosity. For N =0, the
value shows the time-averaged value.

Fig. 1. Time evolution of the gas accretion rates (upper panel) onto the
black hole with 103M⊙ the luminosity (bottom panel). The curves show the
cases for the isotropic radiation field (Model A), and two anisotropic cases;
Frad ∝ cos2 θ (Model B) and Frad ∝ cos4 θ (Model C). The number density
of the ambient gas is n∞ = 105 cm−3, the temperature is T∞ = 104 K,
and MBH = 103M⊙. In the case of Model C, the accretion rate reaches
the super-Eddington regime (Ṁ > 10ṀEdd). Conversely, for Model A, the
accretion is episodic and sub-Eddington.

C, the accretion rate exceed ∼ 10 ṀEdd significantly, where the
radiation luminosity is higher than LEdd assuming the radiation
efficiency to be 0.1 (see Eq. 12). We terminate these simulations
at t∼ 2× 104 yr, which is five times longer than the dynamical
time at the Bondi radius. The accretion rate and the radiative lu-
minosity at the end of each simulation are summarized in Table
1.

In Figure 2, we show two-dimensional snapshots of the gas
density and temperature at t = 1.83 × 104 yr for Model A
and C, respectively. For the isotropic case, radiation emitted
from the accreting BH heats the gas and form the ionization
region around the BH. When the size of the ionized region ex-
ceeds the Bondi radius, the gas supply from large scales is sup-
pressed because ṀB ∝ T−3/2

∞ , and the accretion becomes more
episodic (see Figure 1) as shown in previous studies (e.g. Ciotti

Fig. 2. Two-dimensional gas density (upper panels) and temperature (bot-
tom panels) distribution at t = 1.83× 104[yr] for Model A (left panels) and
Model C (right panels). In Model C, the ionization region does not exist
around the equatorial plane because of the weak radiation. Thus, the high
density inflow region emerges and the accretion rate increases. In contrast,
for Model A, the ionized region is spherical.

& Ostriker 2001; Park & Ricotti 2011, 2012; Inayoshi, Haiman
& Ostriker 2016). Note that since the radiation luminosity is
below the Eddington value, radiation heating is the dominant
process for suppressing the gas accretion.

For the anisotropic case, the ionization front expands to the
polar direction more than to the equatorial direction because of
anisotropic radiation from the center. In this case, since the
radiation luminosity to the polar is significantly higher than the
Eddington luminosity because of the collimation effect, strong
outflows are launched. The outflows collide the ambient gas at
r >∼ RB and form a shocked region where the temperature is as
high as >∼ 105 K. On the other hand, the gas near the equator
is neutral because of the anisotropic radiation and the radiation
shielding by neutral hydrogen at r∼ rmin. In the neutral region,
the gas temperature becomes almost constant at T ≃ 8000 K

because of efficient atomic hydrogen cooling. Therefore, the
gas can accretes on to the central BH through the neutral region
increasing the density, unimpeded by radiation feedback. The
radial profiles of the density, radial velocity and temperature
approach the isothermal Bondi solution (ρ ∝ r−3/2 and vr ∝
r−1/2 at r ≪RB).

As shown in Figure 2, the central BH is fed via accretion
mostly from the equatorial plane, where the gas is neutral be-
cause of the shadow effect. The inflow rate can be estimated
as ṀHI = ṀB∆ΩHI/4π, where ∆ΩHI is the solid angle of the
neutral region. Since the half angle of this region is ∆θHI ≈ 5


