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Figure 1. Evolution of the gas density and ionization fraction in a simulation of an accreting black hole of mass Mbh = 100 M⊙, gas density nH,∞ = 105 cm−3, and
temperature T∞ = 104 K. In each panel, the top halves show the density (number of hydrogen atoms per cm3) and the bottom halves show the ionization fraction,
xe = ne/nH, of the gas. The evolutionary sequences are shown in a clockwise direction. Top panels from left to right: a Strömgren sphere forms fueled by ionizing
photons as the black hole accretes gas. The higher pressure inside the Strömgren sphere stops the gas inflow while the black hole at the center consumes the hot gas
inside the ionization front. Inflowing gas accumulates in a dense shell outside the hot bubble while exponential decay of the accretion rate occurs due to decreasing
density inside the hot bubble as gas depletion continues. Although the number of emitted ionizing photons decreases, the ionized sphere maintains its size because
of the decrease in density inside the hot bubble. Bottom panels from right to left: the density of hot gas inside the Strömgren sphere keeps decreasing until pressure
equilibrium across the front can no longer be maintained. Middle left: the dense shell in front of the Strömgren sphere collapses onto the black hole and this leads to a
burst of accretion luminosity. Top left: the Strömgren sphere reaches its maximum size and the simulation cycle repeats.

The ionization front propagates outward in a spherically
symmetric manner, creating a large Strömgren sphere and
returning to the state where the high pressure inside the
Strömgren sphere suppresses gas inflow from outside.

4.2. Comparison of 1D and 2D Simulations

In agreement with previous studies, our simulations show that
radiation feedback induces regular oscillations of the accretion
rate onto the IMBH. This result is in good agreement with nu-

merical work by MCB09 for accretion onto a 100 M⊙ black hole
from a high density (nH,∞ = 107 cm−3) and high temperature
(T∞ = 104 K) gas. Periodic oscillatory behavior is found in all
our simulations for different combinations of parameters, when
assuming spherically symmetric initial conditions and a station-
ary black hole. This oscillation pattern is quite regular and no
sign of damping is observed for at least ∼10 cycles.

For the same parameters, our 1D and 2D simulations are
nearly identical in terms of oscillatory behavior in accretion
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Figure 1. Central accretion rate and radiative luminosity as a function of time
for radiative efficiency ϵ = 0.1.

2.4. Mesh Refinement and Initial Conditions

We simulate a cylindrical domain in the upper hemisphere
0 < (R, z) < 1 pc with 18 levels of mesh refinement. Since
each AMR block contains 8 × 8 zones, the maximum spatial
resolution in the simulation is ∆x ∼ 3 × 1012 cm. We require
that the central hole, with radius rhole = 1014 cm, is always
resolved at the highest level of mesh refinement. We achieve
pseudo-logarithmic gridding by capping the resolution at radius
r with ∆x > 1

8ηr where we choose η = 0.1; this prevents
the use of excessive resolution far from the central hole. The
simulation domain initially contained uniform-density partially
ionized gas, with initial electron abundance of χe = 0.5, at
temperature 104 K and density nH = 107 cm−3. The initial value
for the central point mass was 100 M⊙.

3. RESULTS

The central accretion rate, shown in Figure 1, oscillates
between values close to, and occasionally mildly exceeding the
Eddington limit, Ṁmax ∼ ṀEdd ∼ 2×10−6 M⊙ yr−1, and a rate
lower by an order of magnitude, Ṁmin ∼ 2×10−7 M⊙ yr−1. The
accretion is approximately periodic with a mild trend toward
an increasing period separating consecutive peak episodes;
the period varies between 250 yr and 350 yr. Accretion rate
falloff following a maximum is roughly exponential, as may
be expected when photoheating and photoionization radiation
pressure in the ionized region surrounding the black hole drive
down the accretion rate (see Section 3 in Milosavljević et al.
2009). The average accretion rate and luminosity are ⟨Ṁ⟩ =
4.6×1019 g s−1 and ⟨L⟩ = 4.2×1039 erg s−1, which says that on
average, the black hole accretes at 32% of the Eddington limit.
The average accretion rate is still only ∼0.2% of the isothermal
“Bondi” accretion rate ṀBondi = e3/2π (GMbh)2nmp/c3

s (∞),
calculated ignoring radiative feedback, for an ambient sound
speed of cs(∞) = 14 km s−1.

During a central accretion maximum, electron scattering
and photoionization radiation pressure drive an outflow in the
ionized gas within the H ii region that has neutral fractions
χH ∼ 10−4 to 10−5 (Figure 2, lower panels). This leads to rar-
efaction and exponential drop in central accretion. Meanwhile,
as radiation pressure subsides, gas near the edge of the H ii
region accelerates inward. This acceleration is driven by a gas
pressure imbalance near the edge; the imbalance was inherited
from the preceding accretion maximum when an outward radi-
ation pressure force balanced an inward gas pressure gradient
force. The outflow intersects with the inflow, and the inflowing
gas ultimately arrives at the edge of the central hole and gives
rise to a new accretion maximum. The longest timescale in the
cycle is the inward acceleration and infall time, which is here a

Figure 2. Gas number density n (upper panels) and neutral fraction χH (lower
panels) at two separate instances around t ∼ 4000 yr. The left panels show
the flow during a central accretion minimum; infalling gas is clearly visible at
r ∼ 1.5 × 1016 cm. The right panels show the flow during a central accretion
maximum. The structure near the central axis, in the conical region marked by
dashed lines, is an artifact of our having set the optical depth to zero along the
axis, for R/|z| < tan 5◦, to avoid numerical issues arising from the coordinate
singularity.

Figure 3. Minimum radius at which neutral gas, with ionization fraction
χH+ < 1

2 is found (lower boundary of the shaded region in panel (a)) and
maximum radius at which ionized gas, with χH+ > 1

2 , is found (upper boundary
of the shaded region). Panel (b) shows the minimum radius at which the radial
inflow is subsonic. Because of transient shock heating in the flow, the sonic
radius, which normally resides at rs ∼ 2.2 × 1014 cm, shrinks to the edge of the
hole at rhole = 1014 cm.

factor of ∼3 shorter than the radial sound crossing time of the
H ii region with typical temperature TH II ∼ 4 × 104 K.

To investigate the relative importance of radiation pressure
compared to heating, we continued the simulation shown in
Figures 1– 3 with the radiation pressure force artificially set
to zero. The heating-only simulation exhibited a significantly
higher, super-Eddington mean accretion rate and a rapid,
monthly variability reflecting an episodic heating to the Comp-
ton temperature and convective transport at r ∼ rhole. The longer
period (∼300 yr) behavior observed in the simulation with the
radiation pressure was absent in the heating-only simulation.
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xe = ne/nH, of the gas. The evolutionary sequences are shown in a clockwise direction. Top panels from left to right: a Strömgren sphere forms fueled by ionizing
photons as the black hole accretes gas. The higher pressure inside the Strömgren sphere stops the gas inflow while the black hole at the center consumes the hot gas
inside the ionization front. Inflowing gas accumulates in a dense shell outside the hot bubble while exponential decay of the accretion rate occurs due to decreasing
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Figure 1. Central accretion rate and radiative luminosity as a function of time
for radiative efficiency ϵ = 0.1.
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We simulate a cylindrical domain in the upper hemisphere
0 < (R, z) < 1 pc with 18 levels of mesh refinement. Since
each AMR block contains 8 × 8 zones, the maximum spatial
resolution in the simulation is ∆x ∼ 3 × 1012 cm. We require
that the central hole, with radius rhole = 1014 cm, is always
resolved at the highest level of mesh refinement. We achieve
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panels) at two separate instances around t ∼ 4000 yr. The left panels show
the flow during a central accretion minimum; infalling gas is clearly visible at
r ∼ 1.5 × 1016 cm. The right panels show the flow during a central accretion
maximum. The structure near the central axis, in the conical region marked by
dashed lines, is an artifact of our having set the optical depth to zero along the
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singularity.

Figure 3. Minimum radius at which neutral gas, with ionization fraction
χH+ < 1

2 is found (lower boundary of the shaded region in panel (a)) and
maximum radius at which ionized gas, with χH+ > 1

2 , is found (upper boundary
of the shaded region). Panel (b) shows the minimum radius at which the radial
inflow is subsonic. Because of transient shock heating in the flow, the sonic
radius, which normally resides at rs ∼ 2.2 × 1014 cm, shrinks to the edge of the
hole at rhole = 1014 cm.

factor of ∼3 shorter than the radial sound crossing time of the
H ii region with typical temperature TH II ∼ 4 × 104 K.

To investigate the relative importance of radiation pressure
compared to heating, we continued the simulation shown in
Figures 1– 3 with the radiation pressure force artificially set
to zero. The heating-only simulation exhibited a significantly
higher, super-Eddington mean accretion rate and a rapid,
monthly variability reflecting an episodic heating to the Comp-
ton temperature and convective transport at r ∼ rhole. The longer
period (∼300 yr) behavior observed in the simulation with the
radiation pressure was absent in the heating-only simulation.
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Accretion under anisotropic radiation 11

Figure 6. Same as Fig. 4 but for Ds model. The structure of accreting gas at the end of simulation on large (top left), medium (top
right) and small (bottom) scales. White dashed squares in the top-left and top-right panels correspond to the sizes of the top-right and
bottom panels, respectively. The Bondi radius rB is illustrated as a black dashed circle.

4.1.3 Disk radiation with shadowing effect

Here, we present the result of our simulation for Ds model in
which we assume the direction dependence of inner radiation
is that for disk radiation with shadowing effect. Specifically,
we assume the anisotropy factor F = fdiskfshadow in Eq. (6)
where fshadow is given by Eq. (8) with θshadow = 45◦. We
also take MBH = 103M⊙ and nH,∞ = 105 cm−3 in Ds model.
Note we take θshadow = 45◦ for an example of inner radiation
model with shadowing effect. The qualitative nature of flows
are independent of θshadow as long as it is not smaller than
the critical value, as later discussed in Sec. 4.2.1.

The bottom panel of Fig. 3 shows Ṁ and L for Ds
model. After 1Myr, Ṁ approaches an almost constant value
and becomes Ṁ = 59% ṀB at the end of the simulation.
This very high accretion rate, compared with Ṁ ! 0.2% ṀB

in Di and Dns models, is realized due to a Bondi-like in-

flow in a equatorial HI region, as will be explained below.
Although the initial non-trivial time evolution is a conse-
quence of the simple but artificial initial condition, we note
that Ṁ exceeds ṀB for a while because the compression of
the equatorial HI gas by the polar HII region increases the
accretion rate of the Bondi-like inflow in a equatorial HI re-
gion. In the following we concentrate on the properties of
flow at the end of the simulation. At that time, L ∼ 8LE

and the radiation is super-Eddington in the polar region.

Fig. 6 shows the structure of accretion flow at the end
of the simulation. The whole HII bubble is fitted within the
large plotted area of the top-left panel, while the central re-
gion are zoomed up on the intermediate scale and that of rB
in the top-right and bottom panels, respectively. In the top-
left panel, similarly to Dns model, we see that the pressure
equilibrium is more-or-less realized all over the simulation
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and becomes Ṁ = 59% ṀB at the end of the simulation.
This very high accretion rate, compared with Ṁ ! 0.2% ṀB
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Figure 4. Structures of accretion flow before (left) and after (right) an accretion burst in Di model. From the top-left panel in clock-wise,
each panel represents the number density nH [cm−3], the pressure P [dyn cm−2], the neutral fraction of hydrogen xH and the temperature
T [K]. The arrows in the top-left panel represent the velocity v, which is shown only when |v| > 1 kms−1. The central dashed black circle
represents the Bondi radius rB.

Ṁ ∼ 2 × 10−3ṀB obtained by Milosavljević et al. (2009b),
while a few times smaller than Ṁ ∼ 10−2ṀB obtained by
Park & Ricotti (2012) although the difference is in a same
order as that between Milosavljević et al. (2009b) and Park
& Ricotti (2012). The difference might come from that in
the adopted chemistry in each work because Ṁ is sensitive
to the thermal structure of the flow, as discussed in Park
& Ricotti (2011, 2012). It might be also possible that the
hydrodynamic scheme affect Ṁ quantitatively, as our simu-
lation and Milosavljević et al. (2009b) adopt Godunov type
methods while Park & Ricotti (2012) adopts a method with
the artificial viscosity. The quantitative difference mentioned
above, however, is not likely to affect the conclusion of our
work and we don’t pursuing the origin of it further.

Fig. 4 shows the structures of accretion flows before and
after an accretion burst in the left and right panels, respec-
tively. As explained above, an HII bubble shrinks before the
burst (left panel of Fig. 4) while it becomes larger again due
to the increased luminosity after the burst (right panel of
Fig. 4). While the original Bondi radius rB for the ambient
HI gas is illustrated in Fig. 4, that for a hot HII bubble

rB,HII is too small to be illustrated in it although we resolve
rB,HII in our simulation. The velocity field does not show a
systematic inflow structure but rather seems to be turbu-
lent since the gas pressure dominate the gravity in the HI
and HII regions with r > rB and r > rB,HII, respectively.
These snapshots are also very similar to those plotted in the
early works (Milosavljević et al. 2009b; Park & Ricotti 2011,
2012).

Note that there is a narrow hole of an HII bubble along
the z axis in the right panel of Fig. 4. Since the system
is spherically symmetric, this must be an artifact of our 2-
dimensional simulation, presenting the limitation of it. Any
flows toward the z axis cannot skim it and inevitably col-
lides right on it due to the axisymmetry of our simulation,
creating a high density HI clump that shadows the cells be-
hind it in the same radial direction. We expect this artifact
vanishes in future 3D simulations.

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 3. Time evolution of the accretion rate Ṁ and the luminosity L for D models, normalized by the Bondi accretion rate ṀB

and the Eddington luminosity LE, respectively. Top left: Ṁ (solid purple), Ṁ on average (dot-dashed purple) and L (solid orange) for
the isotropic inner radiation model (Di model) are plotted. We overplot the result of the 1-dimensional calculation (dashed green) in
the same panel. Top right: for the inner radiation model with the direction dependence of disk radiation without shadowing effect (Dns
model). Bottom: for the inner radiation model with the direction dependence of disk radiation with shadowing effect (Ds model). Note
the scales of the vertical and horizontal axes are different from those in the upper two panels. (a) や (b) の印をつけた方が見やすい？？

dependence. We summarize the result of these simulations
in Tab. 2.

4.1.1 Isotropic radiation

Here, we present the result of our simulation for Di model
in which we assume the inner radiation is isotropic. We also
take MBH = 103M⊙ and nH,∞ = 105 cm−3 in Di model. The
setup and result for Di model are basically same as those in
the earlier works (Milosavljević et al. 2009b; Park & Ricotti
2011, 2012), and so we briefly explain about this model and
refer readers to the above literature for detail.

The top left panel of Fig. 3 shows Ṁ and L of
our 2-dimensional simulation along with the result of 1-
dimensional calculation for the same initial condition. As
explained by Park & Ricotti (2011), Ṁ oscillates by repeat-
ing the following three phases: (a) the high thermal pressure
of a hot HII bubble created by ionizing photons suppresses
the gas inflow while creating a dense shell outside the HII
bubble; (b) the HII bubble shrinks because Ṁ , and hence
L, gradually decreases due to gas depletion inside the HII
bubble, which also leads to collapse of the dense shell; (c) an
accretion burst caused by the collapse of the dense shell onto

the BH dramatically increases ionizing photons and creates
a large HII bubble again. The accretion rate Ṁ in our simu-
lation exactly matches that in the 1-dimensional calculation
in the early time (t ! 5× 104 yr), but they become different
later because a numerical error breaks the spherical symme-
try of the system. Although the qualitative behavior of the
two calculations are similar, the oscillation is slightly weaker
in the 2-dimensional simulation because the breaking of the
spherical symmetry weakens the above mechanism to drive
oscillation. The luminosity L is almost always lower than LE

and proportional to Ṁ (see Eq. (5)).

The average accretion rate Ṁ between t = 4 × 105 yr
and 5×105 yr is Ṁ = 1.7×10−3ṀB and much smaller than
ṀB. As explained in Sec. 2, the suppression of Ṁ can be
understood by considering the stationary flow from the HII
bubble that is in the pressure equilibrium with a surround-
ing HI medium (Milosavljević et al. 2009a; Park & Ricotti
2011). This simple picture gives ṀB,HII ∼ 4×10−3ṀB, con-
sistent with our result with a factor of two difference, which
is understandable as the actual structure of accretion flow
is not as simple as that considered in Sec. 2. Our result is
also consistent with the earlier works (Milosavljević et al.
2009b; Park & Ricotti 2012). It is in good agreement with

c⃝ 0000 RAS, MNRAS 000, 000–000
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L > LE

LE =
4⇡GMBHcmp

�es

İņņŋŐŉŖőŐ"iǍ



��() !��������

17

KS, Hosokawa, Yajima, Inayoshi, Omukai, in prep



θshadow

Rin RoutrB

?
simulation	region

{�ǆƽƭǂ

nH,1 = 105 cm�3

T1 = 104 K

ĵļėđŋŐđŒŔŇŒ

• ´ÀǋƁƊƋ>�ƅÜY

• +�Ƅ��ƃ�Ùñ1ùƘ�Ůƕǉæ
ëƘĂŴǊ

ŔĭBH

103M�

• è]Ɔí�ŰƓĹĸƄźƕ
• (¯'ƀšÅuƘ�YǉšĩĜĚĜĝǊ

ŔŋŐ ĩđĝĜ
ęĞ Ŕĭ

ŨĻĞ
Ōũ

(Ãj�ǍĻ

Ō

Ŕĭ

+�Ùñ1ù*c

ǉĻŅĘũĩĜĚĝŔĭǊ

ŌĦđ�Ùñ1ù ŁŅŏĞěŕł

ĻŅ ĩđŌ
ĞěĲķĦđôq.4o

ıŅđĩđŌ
ĞěĻğĦđôq.



è]OFF
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