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The radiation transfer coupled with the chemistry is
successively solved in the radial direction with the spheri-
cal coordinates from the inner-most cell, where photons are
injected in accordance with an inner radiation model, as ex-
plained in Sec. 3.2. Here, we neglect the absorption of pho-
tons within the sink cell because of its large uncertainties.
In each step of the radiation transfer through a cell, it is
solved as follows: a photon flux on the front side of the cell
is firstly given. Then, the chemistry is updated in the cell
taking into account the photoionization using the informa-
tion of the given photon flux. Finally, the flux on the rear
side of the cell, which corresponds to that on the front side
of the next cell, is calculated taking into account the con-
sumption of photons at the photoionization as well as the
geometrical dilution.

For this work, we have modified the module used in
Hosokawa et al. (2016) in two ways. Firstly, we have mod-
ified the original radiation transfer module with the gray
approximation to solve the multi-frequency radiation trans-
fer, in order to take into account the photons with various
energies that photo-ionize H, He and He+. We use the 128
logarithmically spaced frequency bins for photons between
13.6 eV and 1 keV. Secondly, we have modified the original
module to take into account the radiation pressure due to
Thomson scattering and the photoionization. As we will see
later, the radiation pressure plays an important role in deter-
mining the gas dynamics when the radiation becomes super-
Eddington. We simply assume photons with hν < 13.6 eV
freely escape from the system, as in the literature (e.g., Park
& Ricotti 2011). Although the radiation pressure of Lyα
photons can affect the gas dynamics in a spherically sym-
metric system, such an effect is expected to be weaken by
the leakage of those photons in reality (see, e.g., McKee &
Tan 2008; Milosavljević et al. 2009a). We plan to study the
effect of lower energy photons in future investigation.

3.2 Inner radiation model

In modeling the inner radiation, we assume ionizing pho-
tons from the inner part of a circum-BH accretion disk are
shielded by some structure in the outer parts. Ionizing pho-
tons are injected with the direction dependence at the inner
boundary according to the model described here, depending
on the accretion rate evaluated at the inner boundary. In the
following, we first describe the structure of a BH accretion
disk that motivates our inner radiation model in Sec. 3.2.1,
and then give the explicit expressions for the luminosity and
direction dependence in Sec. 3.2.2 and Sec. 3.2.3, respec-
tively.

3.2.1 BH accretion disk with shadowing

The enlarged view of the inner region in Fig. 1 describes
the structure of a BH accretion disk that motivates our in-
ner radiation model. On much smaller scale than the inner
boundary of our simulation, ionization photons are emitted
from the surfaces of an accretion disk formed around a cen-
tral BH. Although the overall structure of accretion disks is
yet to be known well, we discuss possible shadowing mech-
anisms of inner ionizing photons by the outer part, which
can significantly change the nature of accretion in our sim-

Figure 2. Anisotropy factor F(θ) of inner radiation for
the isotropic radiation, disk radiation without shadowing ef-
fect and disk radiation with shadowing effect (θshadow =
45◦, 33.75◦, 22.5◦, 11.25◦) models. Radius r in the figure corre-
sponds to the value of F(θ).

ulations. In the following, we will describe the structure of
a disk one by one from the inner to outer parts.

Fig. 1 shows two types of accretion disks formed around
a BH: a geometrically thick slim disk with aspect ratio ∼ 1
formed inside the photon trapping radius rtr ≡ (Ṁ/ṀE)rSch
where the advection of photons dominates (Begelman 1978;
Abramowicz et al. 1988); and a geometrically thin stan-
dard accretion disk with aspect ratio ≪ 1 formed outside
rtr where the cooling from the surfaces dominates (Shakura
& Sunyaev 1973). If Ṁ/ṀE < 1, a standard accretion disk
continues to the inner-most part of the disk and a slim disk
does not exist at all. We model the luminosity according to
these structures in Sec. 3.2.2. Since the surface temperature
of the disk increases as the radius r decreases, ionizing pho-
tons are expected to be emitted from the inner part of the
disk.

Fig. 1 also shows a disk wind from the surface of a stan-
dard disk and inflated shock-heated region around the cen-
trifugal radius rcen that shield the ionizing photons from the
inner part. A photo-heated disk surface might launch disk
wind (see Proga et al. 2000; Proga & Kallman 2004; Nomura
et al. 2013, 2016, for line-driven disk wind), while bent in-
flow due to the centrifugal force might collide at around the
equatorial plane and form a shock-heated inflated region.
It is also argued in the study of a tidal disruption event of
DCBHs (Kashiyama & Inayoshi 2016) that the emission of
ionizing photons is limited to a slim disk and self-shielding
by the disk works when rtr is large enough for the surface
temperature at rtr to be lower than ∼ 104 K, which happens
in case MBH and/or Ṁ are large. Note that the structure of
the outer part of an accretion disk is highly uncertain, and
furthermore, such structures are probably not universal and
strongly depends on the properties of system, such as MBH,
Ṁ and angular momentum and metalicity of inflowing gas.
Thus, in Sec. 3.2.3, we model the effect of shadowing in a
simple way in order to make it easier to study the conse-
quence of it.
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Accretion under anisotropic radiation 9

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.
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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
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Figure 5. Same as Fig. 4 but for Dns model. The structure of accreting gas at the end of the simulation are plotted on the larger (left)
and smaller (right) scales. White dashed square in the left panel corresponds to the size of the right panel. The original Bondi radius rB
for the ambient HI gas and that for a hot HII bubble rB,HII are illustrated as black and white dashed circles, respectively.

4.1.2 Disk radiation without shadowing effect

Here, we present the result of our simulation for Dns model
in which we assume the direction dependence of inner ra-
diation is that for disk radiation without shadowing effect.
Specifically, we assume the anisotropy factor F = 2 sin θ by
taking fshadow = 1 in Eq. (6). We also take MBH = 103M⊙
and nH,∞ = 105 cm−3 in Dns model.

The top right panel of Fig. 3 shows Ṁ and L for Dns
model, which initially behave similarly to those for Di model
but the oscillation settles down after 3× 105 Myr. Since we
take the simple but artificial initial condition with a static
homogeneous medium, the latter weak oscillatory behavior
is considered to be more physically relevant than the former
strong oscillatory behavior influenced by the initial condi-
tion. The reason why the oscillation becomes weaker in Dns
model can be explained as the mechanism driving the os-
cillation, as exp lined in Sec. 4.1.1, works asynchronously
with a different amount of ionizing photons in each direc-
tion. The average accretion rate Ṁ between t = 4 × 105 yr
and 5×105 yr, when the oscillation has been already weak, is
Ṁ = 1.3×10−3ṀB and about the same as that of Di model.
Thus, in the same way as Di model, this result can be un-
derstood by considering the stationary flow from the HII
bubble that is in the pressure equilibrium with a surround-
ing HI medium, as explained in Sec. 2. The luminosity L is
much lower than LE and proportional to Ṁ (see Eq. (5)).

Fig. 5 shows the structure of accretion flow at the end
of the simulation. The whole HII bubble is fitted within
the larger plotted area of the left panel, while the central
region on the scale of rB is zoomed up in the right panel.
In the left panel, we see that the pressure equilibrium is
roughly realized all over the simulation region with nH in
the HII bubble reduced to ! 104 [cm−3]. The HII bubble is
narrowed around the equatorial plane because less number
of ionizing photons are emitted in these directions due to
the anisotropy of the given inner radiation model. The gas

in the polar HII region outflows upward until it hits the the
ambient HI region. A high density region is seen on the z axis
and just outside the HII bubble, but this is again likely to
be an artifact of 2-dimensional axisymmetric simulations, as
explained in Sec. 4.1.1. Hereafter, we will ignore this kind of
features since it hardly affects the conclusion of this paper.
In the right panel of Fig. 5, the gas is ionized in almost all
the region and an equatorial HI region existing at rB with
only one cell width (∆θ = 0.6◦) does not reach Rin. The
polar HII outflow region is supplied with the gas from the
equatorial HI region for r " rB. The velocity field does not
show a inflow structure in the right panel of Fig. 5, because
the gas pressure dominate the gravity in almost all the region
where the gas is ionized but r " rB,HII.

Below, we will investigate the HI region formed around
the equatorial plane in more detail. The numerical reason
why it does not reach Rin in this simulation is simple. A
finite amount of ionizing photons Ṅion are injected even in
the equatorial direction with a factor F(θ) ∼ 0.01 due to
the finite resolution ∆θ = 0.6◦ in the angular direction.
Since the Strömgren radius rSt ∝ Ṅ1/3

ion , the factor of 1/100
decrease in Ṅion corresponds to just a factor of 1/5 decrease
in rSt, explaining the reason why the equatorial HI region
does not reach Rin. If we could perform a simulation with
infinitely high resolution, a very thin equatorial HI region
would continue to Rin. Such a very thin HI region, however,
is not expected to affect the overall accretion, because the
mass supply to the central sink from a equatorial HI region
is reduced by mass loss from the surfaces of it, as will be
shown later (See Sec. 4.1.3 and Sec. 4.1.4). Moreover, the
diffusive recombination photons processed in a polar HII
region, which are not taken into account in our simulation,
would demolish such a very thin HI region in reality (see,
e.g., Hollenbach et al. 1994; Tanaka et al. 2013).
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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,
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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.
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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
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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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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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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.
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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
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Ṁ

B

� Ṁ
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