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n  AGN is one of the most luminous object in the Universe. 
Ø  Lbol≈1042-1046[erg/s], the majority of energy is emitted in the optical/UV & X-ray bands. 
Ø  AGNs feedbacks (by radiation and jets) are thought to play important roles in 

formation and evolution of galaxies (e.g., Benson 2003; Di Matteo et al. 2005) 

n  In order to understand the effects of AGNs on evolution of galaxies, we need to know 
1)  when and how AGN phenomenon is triggered, 
2)  what determines type(QSO/radio) and strength of AGN-activity, 
3)  how long its activity continues, 

 
n  Recent studies indicate a clumpy dusty torus associates with an luminous AGN. 

It is important to understand the effects of AGN radiation on 
the evolution of optically-thick gas clouds, which play a 
main role in angular momentum transfer in a dusty torus and 
which are main sites of star formation. 

gas inflow (       ) 

gas supply 
from outside 

Ø  Mass of the torus, Mtorus, must be related to 
duration of AGN phenomenon. 

Ø  Mtorus decreases by (1) gas inflow toward a SMBH, 
(2) star formation in the torus, and (3) outflow from 
the torus. 

Ø  Clumpiness ⇒ gas inflow rate. Ṁin



PREVIOUS WORKS 
14.2.19

	


3	


E
xtern

al R
eview

 F
Y

2013
	


n  Stability of static BLR clouds has been studied by photo-
ionization calculations [Williams (1972), Weymann (1976), McKee & 
Tarter (1975), Krolik (1981)]. 

 
n  Pier & Voit (1995) investigated mass loss process from a dusty 

gas cloud in an AGN torus by solving a spherically-symmetric 
steady-state wind equation, and showed that 
(1)  Radiation pressure can reduce/suppress photo-

evaporation flow, 
(2)  Because evaporation timescale is longer than orbital 

period, a dusty gas cloud can penetrate inside the inner 
torus edge. 

n  Recent radiation hydrodynamic simulations [Schartmann et al. 
2011; Hocuk & Spaans 2010,2011]. 

Radiation feedback on dusty clouds 745

with the help of an effective cooling curve for solar metallicity (see
fig. 1 in Schartmann et al. 2009, and text therein). All boundary
conditions are set to outflow, not allowing for inflow. We do not
take magnetic fields into account in these calculations. In these 2D
simulations, we cannot investigate the dependence of the radiation
pressure effects on cloud rotation (see discussion in Section 4).

3 R ESULTS

3.1 Cloud evolution

Fig. 5 and the upper row of Fig. 8 show the time evolution of the
density distribution for our standard model (SC00) in Cartesian as
well as spherical coordinates. After having switched on the cen-
tral radiation source, the initially spherical cloud (Fig. 5a) contracts
in radial direction (Fig. 5b). The inner boundary of the cloud ex-
periences direct radiation pressure interaction, which produces a
nearly isothermal shock wave with a compression factor of about
100. The outer part of the cloud, which is well shielded from the
central radiation source, still experiences the gravitational forces
and is accelerated inwards. These two effects together result in a
converging flow, which causes the formation of density fluctuations
by a number of fluid instabilities (Fig. 5c). Most important in this
case is the non-linear thin shell instability, the Kelvin–Helmholtz
instability (KHI) and the thermal instability. For a detailed descrip-
tion we refer to Heitsch et al. (2006). As the pressure in the cloud
rises above the ambient pressure, the cloud expands in the direction
perpendicular to the radial direction. This gas together with other
low-density gas at the upper and lower cloud edge is stripped and
forms long, radial tails which are subject to KHIs (Figs 5d and e).
These, together with shielding effects, lead to the formation of a
turbulent wake and some mixing of higher density clumps into the
shadow region of the cloud. The onset of turbulence is suppressed
in regions with direct lines of sight towards the radiation source, as
this relatively low-density material suffers from strong outward ac-
celerations. With the given parameters, the centre of mass (COM) of
the cloud starts moving inwards. As radial rays with lower column
densities suffer from a higher radiation pressure acceleration (equa-
tion 1), they lag behind. This leads to the formation of a narrow,
sickle-shaped structure (Figs 5c and d). An additional structuring
effect results from the gas cooling. Dense regions cool on shorter
time-scale (tcool ∝ 1

ρ
), leading to further contraction. As a result of

this cooling instability, density inhomogeneities within the converg-
ing flow are able to contract further, finally forming small cloudlets
of high-density material. As the acceleration critically depends on
the column density of the material (see equation 1), the shell is now
able to spread out again (Figs 5d and e), forming radially extended
filaments and high-density knots, which show a strong dependence
on the balance between gravitational and radiation pressure ac-
celeration forces. In principle, each cloudlet now goes through an
evolution similar to our initial cloud.

In summary, three different phases of cloud evolution are ob-
served: (i) radiation pressure and gravitational forces lead to a com-
pression of the cloud in radial direction, leading to a lenticular
shape (the lense phase, Figs 5b and c); (ii) the converging flows at
the inner edge together with cooling of the gas lead to a clumpy,
sickle-shaped distribution (the clumpy sickle phase, Figs 5c and
d) and (iii) the clumps induce a column density instability, which
stretches the cloudlets into long radial filaments (the filamentary
phase, Figs 5d and e).

Fig. 6 shows the evolution of the distribution of mass on to
spherical shells (given as a fraction of the initial total mass in the

Figure 5. Time evolution of the gas density distribution for our standard
model (simulation SC00). Labels are given in parsec, the time is given in
years. The cloud gets initially compressed and moves inwards.

C⃝ 2011 The Authors, MNRAS 415, 741–752
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

A&A 522, A24 (2010)

Fig. 2. Density morphology of simulation A at t = 0.4tff in 2D slices through the center of the cloud with axes in parsec. The color represents the
number density (cm−3). On the left, an XY slice is shown with arrows representing the direction of radiation emanating from the black hole, which
is located at the upper left side. On the right, an XZ slice is shown with radiation that is coming from the left and under an angle of 16 degrees
with the slice.

Fig. 3. Temperature-density phase diagram of the X-ray irradiated sim-
ulation A after 1 dynamical evolution, t = tff .

The total mass of the particles after one free-fall time for
simulation B is 104 M⊙, i.e., about 1/8th of the initial cloud
mass. Quite interestingly, simulation A is able to convert more
gas mass into stars, 230 M⊙. This is a strong argument for ef-
ficient X-ray induced star formation in AGN. The star forma-
tion efficiencies mentioned here are upper limits, since these
calculations do not contain feedback effects from young stars.
Feedback effects, like outflows, should decrease the efficiency
overall (Wang et al. 2010).

4. Conclusions and discussion

We have performed two 3D simulations of similar molecular
clouds, each at 10 pc distance from a supermassive black hole
and followed their evolution. In one case A, we expose the cloud
to an active black hole, producing a strong, 160 erg s−1 cm−2,
X-ray flux. In the other case B the black hole was inactive and

the molecular cloud had isothermal (10 K) conditions through-
out the run. We saw clear differences between the simulations.

For the X-rays included run, we find that the molecular cloud
is heated at the irradiated side and an ionizing pressure front
is formed. This conic pressure front breaks up due to turbulent
motions, forming finger-like structures that can be seen in col-
umn density plots, see Fig. 1. The density increases at the top
of the compression front and the shielded gas cools. Star for-
mation is initially delayed due to the higher temperatures, but
the cloud continues to contract and after the critical density is
reached sink particles start to from. Since the temperature in the
shielded parts of the cloud decreases with increasing density, the
Jeans mass drops at an amplified rate. Consequently, protostar
formation increases sharply around 0.75 tff . Despite this, fewer
sink particles are created in total with respect to simulation B,
but they are more massive. The latter is a consequence of the
high temperature (∼50 K) and Jeans mass (>∼1 M⊙) in X-ray ir-
radiated gas. In the end, case A ends up with more total stellar
mass after one free-fall time. These protostars also accrete more
material as the accretion rate scales with mass and density. This
becomes increasingly more important for the mass growth due to
the deeper potential well created and favored by massive stars.
The two effects together cause that competitive accretion domi-
nates the mass growth and strongly affects the shape of the mass
function. The resulting IMF has a higher characteristic mass and
a near-flat, non-Salpeter slope. We summarize the main points
by stating how case A behaves with respect to B:

– Protostars are created at a later stage, around 0.65 tff (0.45 tff
for B).

– Fewer protostars are created but they have higher masses,
M = 0.8–6 M⊙ (0.2–3.6 M⊙ for B).

– Although protostars are created later, there is a burst mode
around 3/4th of the collapse time of 105 years.

– The total stellar mass formed from the gas is more than twice
higher after 105 years and the efficiency is about 28% (13%
for B).

– Competitive accretion is more influential in shaping the IMF.
– The IMF has a much flatter slope, Γ = −0.28 (–1.37 for B).
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2D RHD (Schartmann 11’) 

a dusty gas cloud freely falling 
toward a SMBH. 

radiation pressure and ram 
pressure trigger thin-shell 
instability, resulting in 
destruction of a dusty cloud. 

3D RHD (Hocuk & Spaans 2010) 

Thermal expansion by X-ray 
heating by an AGN drives 
evolution of a molecular cloud. 

In a gas cloud that is directly 
irradiated by an AGN, both 
radiation pressure and photo-
evaporation must be important to 
determine its evolution. 
 
This is our motivation. 

Ø  Radiation pressure only 
Ø  No self-gravity 

X-ray heating only 



PURPOSE AND MODEL 
Using 3D RHD simulations, we investigate evolution of a dusty gas cloud that is directly 
irradiated by an AGN. Especially, we focus on 
①  how radiation pressure and photo-evaporation control the evolution of a cloud if they 
act simultaneously, 

②  how cloud destruction timescale depends on the strength of incident radiation fields 
and the optically thickness of a cloud. 
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Purposes 

Model and model parameters 
n  Fundamental parameters are (r、rcl、Lbol、nH). 
n  Because it is not practical to explore this 4-dimensional parameter space, we examine 

the dependencies on the following two parameters: 

2 D. Namekata, M. Umemura, and K. Hasegawa

the galaxies is considered to be rapidly built up by merg-
ers of very huge gas clouds (Immeli et al. 2004; Elmegreen
& Elmegreen 2005; Bournaud et al. 2007, 2008; Elmegreen
et al. 2009; Agertz et al. 2009; Inoue & Saitoh 2012) and
many gas clouds probably existed in the bulge and/or halo
regions. The mass assembly process can be affected by the
AGN radiation, especially in the bulge region, if the activity
of the central engine is sufficiently strong. Thus, the AGN
radiation may control gas supply rates from the AGN tori as
well as from larger scales. Then, it is very interesting to in-
vestigate impacts of the AGN radiation onto the gas clouds.
In particular, invetigation of evolution of optically-thick and
dense gas clouds is most important, because such clouds has
a possibility of reaching the accretion disk scales even under
strong radiation field.

Evolution of an irradiated cloud is vastly studied by
many authors in various fields. For early phase of galaxy for-
mation, photoevaporation of a minihalo or a dwarf galaxy by
the reionization photons have been discussed (e.g., Barkana
& Loeb 1999; Shapiro et al. 2004; Susa & Umemura 2004a,b;
Iliev et al. 2005). In the context of star formation, photo-
evaporation of a gas clump or a protoplanetary disk that
exposed to a nearby massive young star is a subject of re-
search (e.g., Bertoldi 1989; Bertoldi & McKee 1990; Lefloch
& Larareff 1994; Bertoldi & Draine 1996; Johnstone et al.
1998; Richling & Yorke 2000; Gorti & Hollenbach 2002; Susa
& Umemura 2006; Susa 2007; Motoyama et al. 2007; Susa
et al. 2009; Hasegawa et al. 2009). Thus, most of them are
studies that investigate mainly photoevaporation process of
the clouds and there are not many studies that investigate
effects of radiation pressure in detail, which is expected to be
important factor in determing the evolution of the gas clouds
exposed to the AGN. Several studies were performed to in-
vestigate the effects of radiation pressure on line-emitting
clouds in quasi-stellar objects (QSOs) (e.g., Williams 1972;
Weymann 1976; McKee & Tarter 1975; Krolik et al. 1981).
However, these studies ignored hydrodynamic effects. Pier
& Voit (1995) investigated hydrodynamic properties of the
AGN-irradiated dusty gas clouds and their emission line
characteristics by solving the steady-state wind equation as-
suming spherical symmetry and by calculating their spec-
trum with the photoionization code XSTAR. They showed
that radiation pressure force suppresses photoevaporation
by confining the cloud if thermal sputtering of dust is in-
efficient and that the dusty clouds on eccentric orbits can
penetrate well inside the inner edge of the torus because the
photoevaporation time is shorter than the orbital period.
However, the spherically-symmetric approximation is inap-
propriate for modeling one-sided irradiated clouds when the
radiation pressure is strong and a more accurate treatment
is needed to refine impact assessment of radiation pressure
on evolution of the AGN-irradiated gas clouds.

In this paper, we perform three-dimensional RHD sim-
ulations of the AGN-irradiated gas clouds in order to study
effects of radiation pressure on the evolution of the clouds
without enforcing spherical symmetry. Escpecially, we focus
on combined effects of gas stripping process driven by the
radiation pressure and the photoevaporation process, be-
cause these destructive actions must be key processes when
we consider the gas supply processes. We aim to clarifying
the dependencies of the mass loss rates and the destruction
times of the clouds on the cloud column density and the in-

cident radiation field strength. Such relations may be useful
to discuss fates of wide range of clouds.

This paper is organized as follows. In §2, we explain
our models. In §3, we describe the detail of the numerical
methods. In §4, we show our numerical results. Evolutions
of irradiated clouds are explained here and we show the de-
pendence of mass loss rates and dynamical lifetime on the
initial size of clouds and the AGN bolometric luminosity.
In §5, we apply our results to gas clumps in AGN tori and
discuss possible effects of radiative processes ignored in thus
study. Finaly, we summarized this paper in §6.

2 MODEL

2.1 Basic assumptions and model parameters

We for simplicity. In order to investigate the radiation pres-
sure stripping of the gas clouds irradiated by the radia-
tion from AGN accretion disk, we perform three-dimensional
RHD simulations of uniform gas clouds taking into accout
self-gravity and non-equilibrium chemistry for e−, p, HI, H2,
and the dust. The initial gas cloud is placed at a distance
of r from the AGN and is assumed to be at rest. The gravi-
tational potential of host galaxies is not considered for sim-
plicity. We do not consider star formation in the gas clouds.
Effects of metals in gaseous phase are also ignored.

The basic parameters that control the system are the
cloud radius rcl, the hydrogen number density of the cloud
nH, the distance of the cloud center from the light source
r, and the bolometric luminosity of the AGN Lbol. Thus,
the number of free parameters is 4. It is not practical to
quest the entire of the four-dimensional parameter space.
Instead, we investigate the dependence on two parameters
that we consider important, the ionization parameter U and
the Strömgren number NS . They are defined by

U =
Lbol

4πr2cnH
, (1)

NS =
2rcl
lS

, (2)

where c is the speed of light, lS is the Strömgren length
defined by

lS =
Fion

αBn2
H

, (3)

where Fion is the number flux of the ionizing photon, αB ≈
4.5 × 10−13 cm3 s−1 is the case B recombination coefficient
at the gas temperature of 104 K (Hui & Gnedin 1997). The
Strömgren number NS is the optical depth of the gas clouds
for the photoionization of HI, whereas the ionization param-
eter U is an indicator of the strength of incident radiation
fields. The latter can be understood by considering the ratio
of the radiation energy density to the thermal energy density
in fully-ionized regions which corresponds to an irradiated
surface of the gas clouds. The thermal energy density in the
fully-ionized gas is given by

eth =
3
2
(ne + np)kBTgas = 3nHkBTgas. (4)

On the other hand, the radiation energy density is given by

erad =
Lbol

4πr2c
. (5)

c⃝ 2012 RAS, MNRAS 000, 1–24
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c⃝ 2012 RAS, MNRAS 000, 1–24

where Fion is the number flux of ionizing 
photons and lS is the Strömgren length 
defined as 

(αB: case B recombination rate coef.) 

Strömgren number 

Ionization parameter U = Fion

cnH

U≈0.01(Low-U models), 0.05(High-U models)	

Choice of U is explained later. 
For each U, NS≈5, 10, 20 are examined. 
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n  Hydrodynamics: Density-Independent type SPH method (Hopkins 2013). 
n  Radiative Transfer: Tree-accelerated LONG method. 
n  Self-gravity: Tree method accelerated by the Phantom-GRAPE library. 
n  Chemistry: (e,p,HI,H2,dust). 

Ø  Photo-ionization of HI. 
Ø  Photo-heating of HI and dust (to capture photo-evaporation). 
Ø  Radiation pressure on HI and dust. 

AGN’s SED	
ISM model	


A SED peaking at UV is used. 

Numerical Method	


(1)   HI + e− → p + 2e−	
 

(2)   p + e− → HI + γ 
(3)   H2 + e− → 2HI + e− 

(4)   HI + γ → p + e− 

(5)   H2 + γ → 2HI + e− 

(6)   H2 + HI → 3HI 
(7)   H2 + H2 → H2 + HI 
(8)   2HI + dust → H2 + dust 
(9)   3HI → H2 + HI 
(10)  2HI + H2 → 2H2	


A reduced chemical network: 

Radiative processes: 
Ø  case B recombination cooling 
Ø  Bremsstrahlung cooling 
Ø  CI/CE cooling of HI and H2 
Ø  Latent heat of H2 
Ø  Heat exchange between gas and dust 
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In order to estimate the value of U at which radiation pressure becomes important, we 
perform order estimation of the ratio of radiative acceleration to pressure-gradient 
acceleration at the irradiated face of a cloud. The pressure-gradient acceleration is estimated 
as �aP� = �p

�
� p

�lS

⇥ 2nHkBTgas

mHnHlS

�arad� � Lbol

4�r2c

1

mHnHlS

On the other hand, the order of the radiative acceleration averaged over a Strömgren length is  

Then, the ratio becomes 

The gas temperature at an ionized region is always (1-3) × 104[K] and can be regarded as 
a constant. Therefore, we expect radiation pressure becomes important in High-U models 
(U≈0.05). 

�arad��ap� =
Lbol

4⇡r2cnH

1

2kBTgas
,

≈ 1 eV

2kBTgas
� U
1.5 × 10−2 ��

h⌫ion
44 eV

��BCion

1.5
�



VELOCITY OF 
A RADIATION-PRESSURE DRIVEN SHOCK 
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Assuming all the photons are absorbed in a very thin gaseous shell at the irradiated face of 
a cloud, equation of motion of the shell is written as 

Radiation 
thin shell 

Gas cloud’s medium 

velocity v 

d

dt
[mHnHSRv] = prS

Mshell(R) = mHnHSRwhere 

Area S 
We can rewrite this equation using v=dR/dt: 
d

dt
(RṘ) =

pr
mHnH

1

2

d2

dt2
(R2) =

pr
mHnH

R(t) =

r
pr

mHnH
t

Therefore, the solution is  

In a radiation pressure-dominant regime, cloud destruction timescale can be 
estimated as： 

tsweep = 2rcl
vsh

vappsh = dR(t)
dt

= const. =
�

pr
mHnH

∝√U
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Density Evolution of L20 (Low-U; U≈0.01, NS=20) r=50[pc]、Lbol=1.25 × 1044[erg/s] 
rcl=0.5[pc]、nH=104[cm-3] 

Photo-evaporation flow 
(approximately spherically-
symmetric) 

≈100[km/s] 

vsh≈18[km/s], 
two times larger than vappsh. 
➤Rocket effect works 
efficiently. 

Tgas≈3×104[K] 
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Density Evolution of H20 (High-U; U≈0.05, NS=20) r=50[pc]、Lbol=5 × 1044[erg/s] 
rcl=2[pc]、nH=104[cm-3] 

Gas stripping by R.P. 

Confined by 
R.P. on dust 

post-shock shell collapses 
by self-gravity 
➤formation of disk-like core Pgas comparable to a 

first core. 

disk-like core 
Mgas=211[M⦿] 
d=0.84[pc] 

≈200[km/s] 

D-type shock 

vsh=22[km/s] 
vappsh=19[km/s] 
➤Rocket effect not so efficient. 
  (similar results for NS=5,10) 
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Time evolution of dense gas fraction 
and cloud destruction timescales 

Ø  Mass loss is larger in Low-U models than High-U models, since radiation 
pressure reduces mass loss in High-U models. 

Ø  The reason why fdense saturates in Low-U models is that geometric surface area 
of the irradiated face of the cloud becomes small with time. 

Ø  For all the models, tdest≈(1-2)tsc. Especially, tdest≈tsweep for High-U models. 

赤：High-U (U≈0.05) 
黒：Low-U (U≈0.01) 
solid :     NS=20 
dashed : NS=10 
dotted :  NS=5 

NS=20	


NS=10	


NS=5	


NS=5	


NS=10	


NS=20	


fdense=Mgas(>nH0/2)/Mgas,tot (nH0: initial density)	


(tsc=2rcl/cs,irr; cs,irr=sound speed at Tgas=3×104[K]) 

saturate 
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Physical properties of gas clumps in AGN torus 
(Kawaguchi & Mori 2011＋α) 
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(U ,NS) that investigated in this study, if the initial cloud is
sufficiently massive, since density of the dense filament or the
shocked layer is quite high. For example, a self-gravitating
dense clump is formed in the model H20 as already discussed
in § 4.2. The density in the center of the clump increases as
large as 1012 cm−3 (Fig. 10), although we do not include
line cooling and the gas is artificially heated by the temper-
ature floor. The thermal pressure in the center of the clump
is comparable to that of first core in low-mass star forma-
tion simulations (e.g., see ρ-Tgas planes in Masunaga et al.
1998; Masunaga & Inutsuka 2000; Tomida et al. 2013). This
suggests that the dense clump is eligible to form stars. If
we take into account line cooling (e.g., CO, CII, OI) and
remove the temperature floor, this clump will fragment into
subclumps rapidly and collapse dynamically. Such process is
reminiscent of current massive star formation scenario (e.g.,
Zinnecker & Yorke 2007; Bergin & Tafalla 2007).

In connection with the current discussion, Hocuk &
Spaans (2010, 2011) recently investigate the influence of
the X-ray emitted by the AGN on the initial mass func-
tion (IMF) of the gas cloud by performing three-dimensional
hydrodynamic simulations with the X-ray transfer calcula-
tion. They assume that the cloud is in a location where
most of the optical/UV lights are blocked by many inter-
vening clouds and the X-ray only illuminates the cloud.
Their clouds show similar evolution with that of the lower
U cases in this study. They show that the X-ray heating
makes gaseous fragments more massive and the resulting
IMF becomes top-heavy compared to the Salpeter IMF. In
contrast, the gas clouds that investigated in this study are
irradiated directly by the AGN and in this sense our study
is complementary with their studies, although we do not
take into account star formation at this time. It is very in-
teresting to examine the star formation properties in the
directly-irradiated gas clouds and we will address this issue
in a futre study.

5.3 Implifications for gas clumps in AGN tori

Here, we discuss possible effects of the AGN radiation on
the evolution of gas clumps in AGN tori and mass supply
process based on our results. To this end, we first derive the
physical proerties of the gas clumps in the AGN tori. They
can be estimated by considering stabilities against both the
tidal shearing by the SMBH and the internal pressure (see
appendix in Kawaguchi & Mori 2011). For the sake of com-
pleteness, we rederive a part of the results relevant to our
study employing the following assumptions: (1) any external
pressures are ignored, and (2) we consider the gravity of the
SMBH alone.

From the tidal stability condition, we can determine
uniquely the mass density of the clump that located at a
distance of r from the SMBH as,

ρcl = 3.54× 10−16 g cm−3

Å
MBH

107 M⊙

ãÅ
r

1 pc

ã−3

. (43)

The corresponding number density of the hydrogen nuclei is

nH,cl = 2.12× 108 cm−3

Å
MBH

107 M⊙

ãÅ
r

1 pc

ã−3

. (44)

The radius of the clump can be determined by the balance

between its internal pressure and self-gravity, namely by the
Jeans length, as

rcl = 0.0182 pc

Å
MBH

107 M⊙

ã−0.5

×
Å

r
1 pc

ã1.5 Ä cs
3 km s−1

ä
, (45)

where the normalization of the sound speed is based on
the result of Krolik & Lepp (1989), in which they showed
that the gas temperature of the clump is mainly deter-
mined by the X-ray radiation and is ≈ 103 K, leading to
cs ≈ 3 km s−1. We can take into account the magnetic pres-
sure by replacing cs by ceff ≡ (c2s + c2A)

0.5, where cA is the
Alfvén velocity, although the strength of the magnetic fields
inside the clump is currently unknown. The mass and hy-
drodygen column density of the clump are

Mcl = 120 M⊙

Å
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107 M⊙
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×
Å
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3 km s−1
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, (46)

NH,cl = 1.2× 1025 cm−2
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×
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, (47)

The size, mass, and column density of the clump can be
smaller values if the clump is confined by the external pres-
sure. Note that the values above are just rough estimates,
because we ignore dynamical effects. For example, if the
creation and the destruction of the clumps are repeatedly
occurred in the AGN torus and the clumps are merely tran-
sient objects, we cannot necessarily consider the clumps are
stable against the tidal shear.

Using these values, we can obtain the bolometric ion-
ization parameter U and the Strömgren number NS for the
clump that is directly irradiated by the AGN as

U = 1.39× 10−12 erg
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ã−1 Å
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= 0.868 eV
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, (48)

NS = 3.13× 103
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×
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, (49)

where Lion is the ionizing luminosity and the Strömgren
length of the clumps ls is

lS = 2.33 AU

Å
Lion

1045 erg s−1

ã

×
Å

MBH

107 M⊙

ã−2 Å
r

1 pc

ã4

, (50)
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(U ,NS) that investigated in this study, if the initial cloud is
sufficiently massive, since density of the dense filament or the
shocked layer is quite high. For example, a self-gravitating
dense clump is formed in the model H20 as already discussed
in § 4.2. The density in the center of the clump increases as
large as 1012 cm−3 (Fig. 10), although we do not include
line cooling and the gas is artificially heated by the temper-
ature floor. The thermal pressure in the center of the clump
is comparable to that of first core in low-mass star forma-
tion simulations (e.g., see ρ-Tgas planes in Masunaga et al.
1998; Masunaga & Inutsuka 2000; Tomida et al. 2013). This
suggests that the dense clump is eligible to form stars. If
we take into account line cooling (e.g., CO, CII, OI) and
remove the temperature floor, this clump will fragment into
subclumps rapidly and collapse dynamically. Such process is
reminiscent of current massive star formation scenario (e.g.,
Zinnecker & Yorke 2007; Bergin & Tafalla 2007).

In connection with the current discussion, Hocuk &
Spaans (2010, 2011) recently investigate the influence of
the X-ray emitted by the AGN on the initial mass func-
tion (IMF) of the gas cloud by performing three-dimensional
hydrodynamic simulations with the X-ray transfer calcula-
tion. They assume that the cloud is in a location where
most of the optical/UV lights are blocked by many inter-
vening clouds and the X-ray only illuminates the cloud.
Their clouds show similar evolution with that of the lower
U cases in this study. They show that the X-ray heating
makes gaseous fragments more massive and the resulting
IMF becomes top-heavy compared to the Salpeter IMF. In
contrast, the gas clouds that investigated in this study are
irradiated directly by the AGN and in this sense our study
is complementary with their studies, although we do not
take into account star formation at this time. It is very in-
teresting to examine the star formation properties in the
directly-irradiated gas clouds and we will address this issue
in a futre study.

5.3 Implifications for gas clumps in AGN tori

Here, we discuss possible effects of the AGN radiation on
the evolution of gas clumps in AGN tori and mass supply
process based on our results. To this end, we first derive the
physical proerties of the gas clumps in the AGN tori. They
can be estimated by considering stabilities against both the
tidal shearing by the SMBH and the internal pressure (see
appendix in Kawaguchi & Mori 2011). For the sake of com-
pleteness, we rederive a part of the results relevant to our
study employing the following assumptions: (1) any external
pressures are ignored, and (2) we consider the gravity of the
SMBH alone.

From the tidal stability condition, we can determine
uniquely the mass density of the clump that located at a
distance of r from the SMBH as,

ρcl = 3.54× 10−16 g cm−3
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107 M⊙

ãÅ
r

1 pc

ã−3

. (43)

The corresponding number density of the hydrogen nuclei is

nH,cl = 2.12× 108 cm−3
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. (44)

The radius of the clump can be determined by the balance

between its internal pressure and self-gravity, namely by the
Jeans length, as

rcl = 0.0182 pc
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×
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, (45)

where the normalization of the sound speed is based on
the result of Krolik & Lepp (1989), in which they showed
that the gas temperature of the clump is mainly deter-
mined by the X-ray radiation and is ≈ 103 K, leading to
cs ≈ 3 km s−1. We can take into account the magnetic pres-
sure by replacing cs by ceff ≡ (c2s + c2A)

0.5, where cA is the
Alfvén velocity, although the strength of the magnetic fields
inside the clump is currently unknown. The mass and hy-
drodygen column density of the clump are

Mcl = 120 M⊙
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NH,cl = 1.2× 1025 cm−2
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The size, mass, and column density of the clump can be
smaller values if the clump is confined by the external pres-
sure. Note that the values above are just rough estimates,
because we ignore dynamical effects. For example, if the
creation and the destruction of the clumps are repeatedly
occurred in the AGN torus and the clumps are merely tran-
sient objects, we cannot necessarily consider the clumps are
stable against the tidal shear.

Using these values, we can obtain the bolometric ion-
ization parameter U and the Strömgren number NS for the
clump that is directly irradiated by the AGN as

U = 1.39× 10−12 erg
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Lbol
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NS = 3.13× 103
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where Lion is the ionizing luminosity and the Strömgren
length of the clumps ls is

lS = 2.33 AU
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Lion
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ã

×
Å

MBH

107 M⊙

ã−2 Å
r

1 pc

ã4

, (50)
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(U ,NS) that investigated in this study, if the initial cloud is
sufficiently massive, since density of the dense filament or the
shocked layer is quite high. For example, a self-gravitating
dense clump is formed in the model H20 as already discussed
in § 4.2. The density in the center of the clump increases as
large as 1012 cm−3 (Fig. 10), although we do not include
line cooling and the gas is artificially heated by the temper-
ature floor. The thermal pressure in the center of the clump
is comparable to that of first core in low-mass star forma-
tion simulations (e.g., see ρ-Tgas planes in Masunaga et al.
1998; Masunaga & Inutsuka 2000; Tomida et al. 2013). This
suggests that the dense clump is eligible to form stars. If
we take into account line cooling (e.g., CO, CII, OI) and
remove the temperature floor, this clump will fragment into
subclumps rapidly and collapse dynamically. Such process is
reminiscent of current massive star formation scenario (e.g.,
Zinnecker & Yorke 2007; Bergin & Tafalla 2007).

In connection with the current discussion, Hocuk &
Spaans (2010, 2011) recently investigate the influence of
the X-ray emitted by the AGN on the initial mass func-
tion (IMF) of the gas cloud by performing three-dimensional
hydrodynamic simulations with the X-ray transfer calcula-
tion. They assume that the cloud is in a location where
most of the optical/UV lights are blocked by many inter-
vening clouds and the X-ray only illuminates the cloud.
Their clouds show similar evolution with that of the lower
U cases in this study. They show that the X-ray heating
makes gaseous fragments more massive and the resulting
IMF becomes top-heavy compared to the Salpeter IMF. In
contrast, the gas clouds that investigated in this study are
irradiated directly by the AGN and in this sense our study
is complementary with their studies, although we do not
take into account star formation at this time. It is very in-
teresting to examine the star formation properties in the
directly-irradiated gas clouds and we will address this issue
in a futre study.

5.3 Implifications for gas clumps in AGN tori

Here, we discuss possible effects of the AGN radiation on
the evolution of gas clumps in AGN tori and mass supply
process based on our results. To this end, we first derive the
physical proerties of the gas clumps in the AGN tori. They
can be estimated by considering stabilities against both the
tidal shearing by the SMBH and the internal pressure (see
appendix in Kawaguchi & Mori 2011). For the sake of com-
pleteness, we rederive a part of the results relevant to our
study employing the following assumptions: (1) any external
pressures are ignored, and (2) we consider the gravity of the
SMBH alone.

From the tidal stability condition, we can determine
uniquely the mass density of the clump that located at a
distance of r from the SMBH as,

ρcl = 3.54× 10−16 g cm−3
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. (43)

The corresponding number density of the hydrogen nuclei is

nH,cl = 2.12× 108 cm−3
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. (44)

The radius of the clump can be determined by the balance

between its internal pressure and self-gravity, namely by the
Jeans length, as

rcl = 0.0182 pc
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where the normalization of the sound speed is based on
the result of Krolik & Lepp (1989), in which they showed
that the gas temperature of the clump is mainly deter-
mined by the X-ray radiation and is ≈ 103 K, leading to
cs ≈ 3 km s−1. We can take into account the magnetic pres-
sure by replacing cs by ceff ≡ (c2s + c2A)

0.5, where cA is the
Alfvén velocity, although the strength of the magnetic fields
inside the clump is currently unknown. The mass and hy-
drodygen column density of the clump are

Mcl = 120 M⊙
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The size, mass, and column density of the clump can be
smaller values if the clump is confined by the external pres-
sure. Note that the values above are just rough estimates,
because we ignore dynamical effects. For example, if the
creation and the destruction of the clumps are repeatedly
occurred in the AGN torus and the clumps are merely tran-
sient objects, we cannot necessarily consider the clumps are
stable against the tidal shear.

Using these values, we can obtain the bolometric ion-
ization parameter U and the Strömgren number NS for the
clump that is directly irradiated by the AGN as

U = 1.39× 10−12 erg
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where Lion is the ionizing luminosity and the Strömgren
length of the clumps ls is

lS = 2.33 AU
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We estimate physical properties of gas clumps 
in AGN tori assuming that a gas clump is 
stable for tidal shearing and its self-gravity: 

Assuming a SED adopted in this study and 
AGN radiation is isotropic, (U,NS) is 
obtained as follows: 

At r=1[pc], U is comparable to Low-U models 
and NS is extremely large. 

U = 1.3 × 10−2 � Lbol

1045 erg s−1 �
× � MBH

107 M⊙ �
−1 � r

1 pc
�

≈ 1.3 × 10−2 � r

1 pc
���Edd

1
�

U≈0.05 (High-U
) 

U≈0.01 
(Low-U)

 

U	
 NS	




1D SPHERICALLY-SYMMETRIC 
RHD SIMULATIONS 
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Radiation pressure confines a photo-evaporation flow in an early phase of the evolution 
even for small U. This result indicates that for a given U there is a value of NS, above 
which a photo-evaporation flow is confined before the shock reaches the center or the 
opposite side of the cloud. In this case, evolution becomes radiation pressure-driven. 

U≈0.01, NS=1280 
Ø  HLL scheme with 2nd 
order MUSCL interp. 

Ø  TVDRK2. 
Ø  CMA method. 
Ø  A hybrid grid (uniform
+logarithmic) 

Ø  The same chemical 
network as that in SPH 
code. 
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Time-averaged shock velocity and its dependencies on NS and nH 
Ø  Time-averaged shock velocity, vsh, is almost independent of  nH. 
Ø  vsh becomes small with NS and saturates at large NS. The saturated value is close to vappsh. The 

difference between vsh and vappsh may be attributed to that all the photons are not absorbed by the 
post-shock layer. 

Ø  The difference between 1D and 3D calc. can be attributed to (1) that an ionized gas can escape 
from the system in 3D (more effective rocket-effect), and (2) that our 3D RHD code tends to 
overestimate radiative acceleration slightly. 

★：nH=106[cm-3] 
◆：nH=105[cm-3] 
●：nH=104[cm-3] 
＋：nH=103[cm-3] 

L203D (visual inspection) 

The saturated value: 6.8[km/s] 

vappsh=9.4[km/s](U=0.01) 

Important point 
vappsh is an good approximation for 
shock velocity in an extremely optically-
thick gas cloud for lower U. 

U≈0.01 
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Lifetime of gas clumps in AGN tori 

On the evolution of gas clouds exposed to the AGN radiation 17

where we used αB = 2.59 × 10−13 cm3 s−1 (Hui & Gnedin
1997). Thus, the clumps in the AGN torus are extremely
optically-thick if the clumps are stable for the tidal shear and
the self-gravity. Figure 14 shows the spacial distributions
of U and NS of unshielded gas clumps in the AGN torus
in the case of Lbol = 1045 erg s−1 and MBH = 107 M⊙.
In the calculations, we assume the SED described in §2.2
and take into account the anisotropy of the radiation from
the accretion disk. The range of U that investigated in this
study is 0.869 - 3.478 eV, which corresponds to the surface
layer of the AGN torus at r = 1 pc. Based on our numerical
results, the photo-evaporation flow may be launched from
the surface layer of the AGN torus and then the flow are
blown off by the radiation force on the dust. If the AGN
torus is sufficiently clumpy, the AGN radiation might drive
the photo-evaporation of the clumps that lie deep in the
torus. Such evaporation flow may contribute the obscuration
of the AGN and affect the mass supply rate to the galactic
center as with the simulations by Wada (2012).

For the clump located at r, we can estimate the velocity
of the shocked layer and the sweep time as

vappsh = 9.04 km s−1

Å
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tsweep = 4016 yr
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, (52)

where we assume the AGN radiates isotropically. This razor-
thin approximation breaks down if vappsh < cs, because the
shock does not form. If cs ≈ 3 km s−1 thoughtout the torus,
the critical radius is

rcr = 0.1 pc
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. (53)

At r < rcr, the clumps are simply pushed by the radiation
force if U is high. Note that if U is small, vappsh is not a good
approximation according to the results of Low-U models and
rcr may be different. It is useful to compare tsweep with other
various timescales. The orbital time and the sound crossing
time are

torb = 2.98× 104 yr

Å
MBH

107 M⊙

ã−0.5 Å
r

1 pc

ã1.5

, (54)

tsc =
2rcl
cirrs

= 1.27× 103 yr
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where cirrs is the sound speed of fully-ionized pure hydro-
gen gas of Tgas = 30000 K. Thus, both tsweep and tsc are
much smaller than torb and the gas clumps should be com-
pressed in a short time if they are directly irradiated. Given
the magnitude of NS (see Eq.(49)), the great portion of the
mass should be compressed. It is unclear how this compres-
sion affects the gas supply rate. A density raise may prevent
the gas clump that falling into the galactic center from be-
ing destroyed by the tidal shear, while the compression may

trigger star formation in the clump and turn most of the gas
into stars before the clump reaches the accretion disk scale.
Obviously, further studies are needed to clear these points.
Finaly, we comment on the results of Pier & Voit (1995). As
mentioned in § 1, they has concluded that the clump can
penetrate well inside the inner edge of the torus because the
photo-evaporation time is longer than the orbital period. A
long photo-evaporation time is also expected in our simula-
tions (it seems to take several times as long as tsc or tsweep

for all the gas to evaporate for the case of NS = 20; see
Fig. 13). However, as discussed above, the compression pro-
ceeds in a shorter time than this photo-evaporation time.
Most important is to elucidate net effects of the compres-
sion.

6 SUMMARY

!! Under Construction !!
In this paper, we have performed 3D RHD simulations of the
gas clouds exposed to the AGN radiation varying the ioniza-
tion parameter U and the Strömgren numberNS of the cloud
to investigate combined effects of the photo-evaporation and
the radiation pressure force on the evolution of the cloud. We
have found that the evolution of the clouds can be classified
into two cases depending on U :

(i) In Low-U case (U ≈ 1 eV), the photo-evaporation de-
termines the evolution of the cloud independent of NS . The
photo-evaporation flow is launched from the irradiated face.
The flow is almost spherical and its velocity is ≈ 100 km s−1.
The mass loss is realized as this photoevaporation flow and
the gas clouds are compressed by the counteraction of the
flow. The compression is completed in a timescale compara-
ble with tsc.

(ii) In High-U case (U ≈ 3.5 eV), the radiation pressure
turn the photoevaporation flow that launched from the out-
skirt of the irradiated face into the direction opposite to the
AGN, outward from the the galactic center, while it confine
the flow that launched from the central part of the irradiated
face. Because of this, fractional mass loss rate is smaller than
Low-U case, at least until t ! tsc. The shocked layer that is
formed by both the radiation pressure and the counteraction
of the photo-evaporation flow sweep the main body of the
cloud in a timescale of tsweep.

In both cases of U , mass fraction of dense gas is larger
for larger NS . Star formation will occurs in the compressed
part of the cloud, if the initial cloud has sufficient mass
to form stars. We analyze a self-gravitating dense clump
formed at the center of the shocked layer in the model H20
and found that the clump has physical properties similar to
those in high-mass star-forming region in the Galaxy. We
speculate high-mass star formation occurs in this clump
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where we used αB = 2.59 × 10−13 cm3 s−1 (Hui & Gnedin
1997). Thus, the clumps in the AGN torus are extremely
optically-thick if the clumps are stable for the tidal shear and
the self-gravity. Figure 14 shows the spacial distributions
of U and NS of unshielded gas clumps in the AGN torus
in the case of Lbol = 1045 erg s−1 and MBH = 107 M⊙.
In the calculations, we assume the SED described in §2.2
and take into account the anisotropy of the radiation from
the accretion disk. The range of U that investigated in this
study is 0.869 - 3.478 eV, which corresponds to the surface
layer of the AGN torus at r = 1 pc. Based on our numerical
results, the photo-evaporation flow may be launched from
the surface layer of the AGN torus and then the flow are
blown off by the radiation force on the dust. If the AGN
torus is sufficiently clumpy, the AGN radiation might drive
the photo-evaporation of the clumps that lie deep in the
torus. Such evaporation flow may contribute the obscuration
of the AGN and affect the mass supply rate to the galactic
center as with the simulations by Wada (2012).

For the clump located at r, we can estimate the velocity
of the shocked layer and the sweep time as

vappsh = 9.04 km s−1

Å
Lbol

1045 erg s−1

ã0.5

×
Å

MBH

107 M⊙

ã−0.5 Å
r

1 pc

ã0.5

, (51)

tsweep = 4016 yr

Å
Lbol

1045 erg s−1

ã−0.5

×
Å

r
1 pc

ãÄ cs
3 km s−1

ä
, (52)

where we assume the AGN radiates isotropically. This razor-
thin approximation breaks down if vappsh < cs, because the
shock does not form. If cs ≈ 3 km s−1 thoughtout the torus,
the critical radius is

rcr = 0.1 pc

Å
Lbol

1045 erg s−1

ã−1 Å
MBH

107 M⊙

ã
. (53)

At r < rcr, the clumps are simply pushed by the radiation
force if U is high. Note that if U is small, vappsh is not a good
approximation according to the results of Low-U models and
rcr may be different. It is useful to compare tsweep with other
various timescales. The orbital time and the sound crossing
time are

torb = 2.98× 104 yr

Å
MBH

107 M⊙

ã−0.5 Å
r

1 pc

ã1.5

, (54)

tsc =
2rcl
cirrs

= 1.27× 103 yr

Å
MBH

107 M⊙

ã

×
Å

r
1 pc

ã1.5 Ä cs
3 km s−1

ä
, (55)

where cirrs is the sound speed of fully-ionized pure hydro-
gen gas of Tgas = 30000 K. Thus, both tsweep and tsc are
much smaller than torb and the gas clumps should be com-
pressed in a short time if they are directly irradiated. Given
the magnitude of NS (see Eq.(49)), the great portion of the
mass should be compressed. It is unclear how this compres-
sion affects the gas supply rate. A density raise may prevent
the gas clump that falling into the galactic center from be-
ing destroyed by the tidal shear, while the compression may

trigger star formation in the clump and turn most of the gas
into stars before the clump reaches the accretion disk scale.
Obviously, further studies are needed to clear these points.
Finaly, we comment on the results of Pier & Voit (1995). As
mentioned in § 1, they has concluded that the clump can
penetrate well inside the inner edge of the torus because the
photo-evaporation time is longer than the orbital period. A
long photo-evaporation time is also expected in our simula-
tions (it seems to take several times as long as tsc or tsweep

for all the gas to evaporate for the case of NS = 20; see
Fig. 13). However, as discussed above, the compression pro-
ceeds in a shorter time than this photo-evaporation time.
Most important is to elucidate net effects of the compres-
sion.

6 SUMMARY

!! Under Construction !!
In this paper, we have performed 3D RHD simulations of the
gas clouds exposed to the AGN radiation varying the ioniza-
tion parameter U and the Strömgren numberNS of the cloud
to investigate combined effects of the photo-evaporation and
the radiation pressure force on the evolution of the cloud. We
have found that the evolution of the clouds can be classified
into two cases depending on U :

(i) In Low-U case (U ≈ 1 eV), the photo-evaporation de-
termines the evolution of the cloud independent of NS . The
photo-evaporation flow is launched from the irradiated face.
The flow is almost spherical and its velocity is ≈ 100 km s−1.
The mass loss is realized as this photoevaporation flow and
the gas clouds are compressed by the counteraction of the
flow. The compression is completed in a timescale compara-
ble with tsc.

(ii) In High-U case (U ≈ 3.5 eV), the radiation pressure
turn the photoevaporation flow that launched from the out-
skirt of the irradiated face into the direction opposite to the
AGN, outward from the the galactic center, while it confine
the flow that launched from the central part of the irradiated
face. Because of this, fractional mass loss rate is smaller than
Low-U case, at least until t ! tsc. The shocked layer that is
formed by both the radiation pressure and the counteraction
of the photo-evaporation flow sweep the main body of the
cloud in a timescale of tsweep.

In both cases of U , mass fraction of dense gas is larger
for larger NS . Star formation will occurs in the compressed
part of the cloud, if the initial cloud has sufficient mass
to form stars. We analyze a self-gravitating dense clump
formed at the center of the shocked layer in the model H20
and found that the clump has physical properties similar to
those in high-mass star-forming region in the Galaxy. We
speculate high-mass star formation occurs in this clump
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If vappsh is a good approximation for shock velocity for a extremely optically-thick gas cloud, 
we can estimate destruction times of gas clumps: 

tsweep is much shorter than the orbital period: 

It seems that gas clouds that are located near the 
surface of a AGN torus are rapidly destroyed. If the 
clumpy structure is maintained for long periods, we 
can think of two possibilities: 
 
First possibility 
gas clumps are intrinsically transient and some 
mechanism continues to create gas clumps to offset 
destruction of them. A possible mechanism may be 
turbulence driven by stellar feedbacks (e.g., Wada & 
Norman 2002; Wada et al. 2009) 
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Figure 5. Density distributions on x–y and x–z planes (a) in a high-resolution model H100a and (b) in a low resolution model L100a at t = 4.02 Myr.
(A color version of this figure is available in the online journal.)

Figure 6. Evolution of molecular gas fraction fH2 in high-resolution models
(H10a and H100a) and low resolution models (L10a, L100a and L100c)
recalculating from the high-resolution runs at t = 2.5 Myr.

a clumpy torus plus a central thick disk model from mid-IR
observations using VLTI of Circinus, which has a Seyfert 2
nucleus. Although the size is smaller (∼2 pc), the geometry and
structures suggested by their high-resolution observations (see a
schematic picture in their Figure 9) is quite similar to the models
presented here.

4.2. Effects of X-rays

The strong X-ray continuum emanating from the AGN could
affect the chemical state of the ISM in the central region
(Maloney et al. 1996; Meijerink et al. 2007). It is known that the
chemical state of the X-ray Dissociated Region (XDR) is mainly
determined by HX/n, where HX is a X-ray heating deposition
rate and n is the number density of the gas (Maloney et al. 1996).
Although we do not include the effect of X-ray from the nucleus,
here we estimate its potential effect using one of our models. In
Figure 10, we plot a fraction of H2 and temperature as a function
of HX/n (erg cm3 s−1) at randomly selected points in the
computational box. Here, we assume that the X-ray luminosity
of the AGN is LX = 1044 erg s−1. Although there is a large
scatter, for log(HX/n) ≃ −24 or smaller, the molecule fraction
increases significantly and the temperature in most regions is
less than 100 K. At high-gas densities (∼105 cm−3), large
(>0.1) H2 fractions can be sustained for the range of HX/n
values, limiting the impact of XDR effects (Meijerink et al.
2007). This is partly because the free electrons associated with
ionization processes help to form H2 through the H− route and
also because H2 formation scales with density squared. Still, for
HX/n significantly larger than 10−26, gas is mostly atomic as
expected (Maloney et al. 1996).

These results suggest that XDR chemistry may change dis-
tribution of H2 around an AGN, if we explicitly include X-ray
from the nucleus in the following sense. The H2 abundance is
indeed robust in a clumpy medium, but the XDR gas tempera-
ture should rise relative to the PDR case by a factor of ∼5 for
log HX/n > −26 (Meijerink et al. 2007). After all, X-ray ion-
ization heating with for example HX/n ∼ 10−25 erg cm−3 s−1,
is more efficient than photoelectric emission by dust grains,
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computational box. Here, we assume that the X-ray luminosity
of the AGN is LX = 1044 erg s−1. Although there is a large
scatter, for log(HX/n) ≃ −24 or smaller, the molecule fraction
increases significantly and the temperature in most regions is
less than 100 K. At high-gas densities (∼105 cm−3), large
(>0.1) H2 fractions can be sustained for the range of HX/n
values, limiting the impact of XDR effects (Meijerink et al.
2007). This is partly because the free electrons associated with
ionization processes help to form H2 through the H− route and
also because H2 formation scales with density squared. Still, for
HX/n significantly larger than 10−26, gas is mostly atomic as
expected (Maloney et al. 1996).

These results suggest that XDR chemistry may change dis-
tribution of H2 around an AGN, if we explicitly include X-ray
from the nucleus in the following sense. The H2 abundance is
indeed robust in a clumpy medium, but the XDR gas tempera-
ture should rise relative to the PDR case by a factor of ∼5 for
log HX/n > −26 (Meijerink et al. 2007). After all, X-ray ion-
ization heating with for example HX/n ∼ 10−25 erg cm−3 s−1,
is more efficient than photoelectric emission by dust grains,

Wada et al. (2009) 
3D HD simulation of a starburst circumnuclear 
disk. A clumpy structure is maintained by SNe.	
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The most of gas clumps are exposed to sufficiently weak radiation fields and therefore a 
shock does not form. The causes to reduce U include 
(1)  average density of gas clumps is higher than critical density w.r.t. tidal shearing,  
(2)  anisotropic AGN radiation, 
(3)  extinction by inter-clump medium. 
 
Another interesting mechanism is that a dusty wind that is launched from the inner edge 
of the torus shields the main body of the torus. This seems to compatible to recent 
numerical study (Wada 2012) and observational studies (Czerny & Hryniewicz 2011; 
Tristram et al. 2012; Hönig et al. 2012, 2013). 

Second possibility 

The Astrophysical Journal, 758:66 (10pp), 2012 October 10 Wada

0 deg 45 deg

90 deg 135 deg

Figure 7. Azimuthal change of gas density distribution of a model with LAGN/LE = 0.1 at t = 4.59 Myr. In each panel, the x-axis is inclined at 0◦, 45◦, 90◦, and
135◦ to the original x-axis of the computational box.
(A color version of this figure is available in the online journal.)

seen in the velocity field at the equatorial plane (left panel of
Figure 2).

The downward flows can be naturally expected due to
the balance between radiation pressure and gravity. The ratio
between the radiation pressure for the dusty gas and the gravity
due to the central BH is

frad

fgravi
= LAGNχd | cos θ |

4πGcMBH
e−τd , (9)

where τd denotes the optical depth for the dusty gas at a given
point. Suppose that the gas density is a function of z, e.g.,
n(z) = Ncol/

√
2πhe−z2/2h2

. Figure 3 shows how the radiation-
pressure-dominated region and gravity-dominated region are
distributed around the AGN for the given gas density. Here, we
assume the dust-to-gas mass ratio of 0.03 (Ohsuga & Umemura
2001), LAGN = 1044 erg s−1, dust extinction coefficient χd =
105 cm2 g−1, and the gas density at z = 0 as n0 = 1000 cm−3.
The four curves represent the condition frad/fgravi = 1, with
the vertical extent of the gas h = 4, 6, 8, and 10 pc, for which
radiation pressure dominates in the inner side of the curve,
therefore outflows are expected. On the other hand, the radiation
pressure cannot prevent gas accretion outside the critical lines.
In fact, accretion flows appear in the gravity-dominated domain
as seen in Figures 1 and 2. Moreover, since the critical lines
dividing the two domains are not purely radial (Figure 3),
outflows with large angles from the z-axis may collide with
the boundary of the cavity. This pushes the boundaries of the

outflow outward, and the gases in the outflows change their
directions and fall toward the center as indicated by the velocity
vectors in Figure 2. This also causes the biconical cavities to
become non-steady, and the vertical circulation of the flow, or
the “fountain” of gas, circulates around the AGN on a scale of
10 pc. The kinetic energy of this circulating flow is partially
used to generate the random motion in the disk and maintain
its thickness. In other words, both radiation energy and gravity
are the cause of origin of the internal turbulent motion in the
disk.2

3.2. Structures and Dynamics in Quasi-steady State

Figure 4 shows that the density structures in a quasi-steady
states differ depending on the luminosity of the central source.
Here, “quasi-steady” means that the global morphology has
reached an approximately steady state; that is, the phase diagram
of the gas (Figure 6) does not significantly change after
this point. The accretion rates to the central region are also
approximately constant. This is achieved roughly after t =
3.0–3.5 Myr (Figure 9). Note that since the duration of the
present simulation is much shorter than the accretion timescale

2 In a self-gravitating, multi-phase gas disk, gravitational and thermal
instabilities themselves can generate and maintain turbulent motion (Wada
et al. 2002). In the present model, random motions of the high-density gas near
the equatorial plane (z ∼ 0) are dominated by this gravity-driven turbulence.
However, the random motions along the vertical direction in the less dense gas
in the thick disk are not driven by gravitational instability.

7

Wada (2012) 
A 3D RHD global simulation of a circumnuclear 
gas disk in a AGN-hosting galaxy. 
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Figure 9. Sketch of the dust distribution that contributes to the
near- and mid-IR emission around AGN like NGC 424 and Circi-
nus. The classical torus that provides the angle-dependent obscu-
ration is geometrically-thick only in the inner region that radiates
primarily in the near-IR. In the mid-IR the emission is dominated
by dusty clouds or filaments in polar region that cover a larger
surface compared to the torus at these wavelengths. The dashed
and dotted annuli indicate the approximate scales from which the
near- and mid-IR emission, respectively, originate.

dependent obscuration does not require that the scale
height is large at all distances from the AGN, although
this is what most torus models assume. It is well possi-
ble that the geometrically-thick part that gives rise to the
required torus covering factor in the unification scheme
is limited to the innermost dusty region. Indeed, as
mentioned before, type 1 AGN show a distinct near-IR
“3 − 5µm bump” in the SED from hot dust, and this
component has different emission characteristics than
the mid-IR emission Mor et al. (2009); Kishimoto et al.
(2011b). The size of this component is consistent with
AGN-heated, large graphite grains near their sublimation
temperature (Kishimoto et al. 2011a). Moreover, IR in-
terferometry suggests that this hot-dust component has
at least a comparable or even larger surface filling factor
as the cool dust (see Fig. 11 of Kishimoto et al. 2011b).
One interpretation of this result is a considerable cover-
ing factor of the hot dust component (see also Mor et al.
2009, for an SED-based argument on the covering fac-
tor of the hot component). We may, therefore, speculate
that the classical, obscuring torus is, in fact, related to
the hot-dust emitting dust component rather than the
mid-IR emitting component.

In Fig. 9 we show a sketch of the dust distribution
around NGC 424 as this scenario would suggest. The
torus flares strongly in the innermost part, but becomes
geometrically thin in the outer regions. In this picture,
the near-IR emission originates from the obscuring part
of the torus while the mid-IR emission comes primar-
ily from the polar region. The IR-emitting sources in
the polar regions have been drawn as clouds, but they
could also be filamentary. This inhomogeneous structure
of the dust is motivated by the mid-IR interferometry
of Circinus (Tristram et al. 2007), but also mid-IR imag-
ing of NGC 1068 (e.g. Galliano et al. 2005). Moreover,
in Circinus (but not necessarily in NGC 1068), the ex-
tended mid-IR emission in the single-telescope images
seems to be associated with the edge of the outflow re-
gion (Tristram et al. 2007, 2012). We also see an offset of
20◦ between mid-IR position angle and the polarization
angle in NGC 424. This could be a sign of an edge-
brightening effect as expected in a cone-like region filled
with optically-thin dust. Therefore, we placed the polar-
region clouds preferentially around the edges of the open-
ing cone in the sketch. Note that this is not a full picture
of the distribution of the dust but only a sketch for the
IR-emitting material and the polar region may well be
filled more homogeneously with dust clouds.

5.5. Further implications

This picture also has several implication related to
the physical mechanisms around the AGN. The new ob-
servations presented here can be interpreted as strong
support for a dusty wind (as used in models for the X-
ray emission of some AGN; e.g., Komossa & Fink 1997;
Komossa & Bade 1998; Turner et al. 2003). This wind
could be driven by radiation pressure on dust grains
in the AGN environment. For an AGN in the Seyfert
regime radiating at about a tenth of its Eddington lu-
minosity LEdd (defined by electron scattering), radiation
pressure is sufficient to unbind dust from the gravita-
tional potential (the corresponding dust Eddington lumi-
nosity is LEdd;dust ∼ 10−4...−5 LEdd; Pier & Krolik 1992;
Hönig & Beckert 2007). The mid-IR spectra also hint
toward the source of the dust that is driven outward
in polar direction: as discussed in Sect. 5.4 the dust
seems to be deficient of silicate grains. Silicates have
a lower sublimation temperature than graphite grains
(Phinney 1989), making them disappear from a dusty
medium at generally larger distances from the heating
source than graphite grains (for a given grain size). This
is consistent with the near-IR interferometry and rever-
beration mapping sizes in AGN that favor large graphite
grains for the hottest dust at the sublimation tempera-
ture (Kishimoto et al. 2007, 2009a), and similar require-
ments from optical extinction curves in type 1 AGN
(Gaskell et al. 2004). This inner region is also the one
closest to the AGN where the dust is directly exposed
(i.e. without significant self-obscuration) to the strongest
radiation field. It is, therefore, plausible to expect that
the dust is driven away from this inner part of the torus.
This scenario seems qualitatively in agreement with re-
cent radiation feedback simulations in hydrodynamic
simulations (Roth et al. 2012). Keating et al. (2012) re-
cently presented IR SEDs of wind models that could
eventually serve as a starting point for a more quanti-
tative test of dusty winds.

Hönig et al. (2012) 
IR interferometric observation for NGC 424 (Sy2) show 
that the majority of MIR emission originates from the 
polar region and suggest a radiatively-driven dusty wind. 



SUMMARY 
¢  In order to investigate the evolution of a gas cloud exposed to AGN 
radiation and its destruction timescale, we perform 3D/1D RHD 
simulations of an AGN-irradiated gas cloud. 

¢  Based on the 1D simulations, for a given U, there is a critical value of NS, 
above which a photo-evaporation flow is confined by radiation pressure 
before a shock reaches the center of a cloud. Evolution of a cloud can be 
classified as follows: 
1.  photo-evaporation driven: NS << NS

crit(U). 
2.  radiation pressure driven: NS >> NS

crit(U). 

¢  For an extremely optically thick cloud, cloud destruction timescale is well 
approximated by tsweep for any U. 

 
¢  A simple estimate suggests that gas clumps in an AGN torus is rapidly 
destroyed if volume filling factor is very small. For the clumpy structure 
to be stable for long periods, (1) some creation mechanism(s) of gas 
clumps, or (2) some mechanism(s) that weaken radiation fields incident 
on gas clumps are needed. 
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Thank you !	



