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INTRODUCTION

B AGN is one of the most luminous object in the Universe.
> L,o=~1042-1046[erg/s], the majority of energy is emitted in the optical/UV & X-ray bands.
»  AGNSs feedbacks (by radiation and jets) are thought to play important roles in

Accretion disk

formation and evolution of galaxies (e.g., Benson 2003; Di Matteo et al. 2005) ~
bo
B 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, CED
jov]
B Recent studies indicate a clumpy dusty torus associates with an luminous AGN. =
<.
» Mass of the torus, M,,,,., must be related to clumpy dusty torus / 8as clumps <
duration of AGN phenomenon. / i@ =
> M,,, . decreases by (1) gas inflow toward a SMBH, ol ® J
(2) star formation in the torus, and (3) outflow from dust sublimation radius -~ ° ® =
the torus. i (~0:1pc) o®
> Clumpin inflow rat i Iy ollj? il
- sll. <=
° (Y
etecc e o ° gas supply
‘ Gt 0 ©® ol © from outside
funnel structure E P o
. T : o
It is important to understand the effects of AGN radiation on PY
the evolution of optically-thick gas clouds, which play a ® ®
main role in angular momentum transfer in a dusty torus and el @
which are main sites of star formation. outer edge

(~10-100pc?)



PREVIOUS WORKS

Stability of static BLR clouds has been studied by photo-

ionization calculations [Williams (1972), Weymann (1976), McKee &

Tarter (1975), Krolik (1981)].

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)
(2)

evaporation flow,

Radiation pressure can reduce/suppress photo-

Because evaporation timescale is longer than orbital

period, a dusty gas cloud can penetrate inside the inner

torus edge.

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

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.

3D RHD (Hocuk & Spaans 2010)

Thermal expansion by X-ray
] heating by an AGN drives
evolution of a molecular clou
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PURPOSE AND MODEL

Purposes

Using 3D RHD simulations, we investigate evolution of a dusty gas cloud that is directly

irradiated by an AGN. Especially, we focus on

@ how radiation pressure and photo-evaporation control the evolution of a cloud if they
act simultaneously,

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

Model and model parameters

B Fundamental parameters are (r. rg. Lo Np).
B Because it is not practical to explore this 4-dimensional parameter space, we examine

the dependencies on the following two parameters:

where F,,,, is the number flux of ionizing

photons and g is the Strdmgren length ionized region

defined as
n AGN
lg = — 22 Stromgren length
aBny - Is
(ag: case B recombination rate coef.) . Lpoy (~10% erg/s)

1
|
-

I (50pc or 5pc)

1 = Fion lonization parameter ‘U~0.01(Low-"U models), 0.05(High-U models)
cny Choice of ‘U 1s explained later.
Ne — 27l Strémgren number For each ‘U, Ng=5, 10, 20 are examined.
s Dusty gas cloud
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NUMERICAL METHOD

Numerical Method

B Hydrodynamics: Density-Independent type SPH method (Hopkins 201 3).

B Radiative Transfer: Tree-accelerated LONG method.
B Self-gravity: Tree method accelerated by the Phantom-GRAPE library.
B Chemistry: (e,p,Hl,H,,dust).

>  Photo-ionization of HI.

> Photo-heating of HI and dust (to capture photo-evaporation).

> Radiation pressure on HI and dust.

ISM model AGN'’s SED
A reduced chemical network: _ )
A SED peaking at UV is used.

(1) Hl+e — p+ 2e

10 1 2 ;3 ;4 ;5 I:6 7
Latent heat of H, 10" 10% 10° 10* 10° 10° 10
Heat exchange between gas and dust A [A]

(2) p+e —Hl+y 10% prm ey
(3) Hy+e —2HI +e 00 TN
4 Hi+y >p+e el
(5) Hy+ v — 2HI+e ST S N N
(6) H, + HI — 3HI — 10n L
(7) H,+H, > H, +HI P
(8) 2HI + dust — H, + dust 20 1039
(9) 3HI— H, + HI 10
(10) 2HI + H, — 2H, = 10
Radiative processes: 1036 T
» case B recombination cooling 1077 P\
> Bremsstrahlung cooling 103 F
» CI/CE cooling of HI and H, 30 L
>
>
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ORDER ESTIMATION

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 v]) D

p  pls

2?”LH kBTgaS

R

munuls

On the other hand, the order of the radiative acceleration averaged over a Strémgren length is
Lbol 1
A7r?c myngls

|arad| ~

Then, the ratio becomes

@rad| & Lbot 1 1

N “1eV -( U ) ( hvion ) (BCion)
2kpTyas \1.5x 1072/ \44ev )\ 15

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

(‘U=0.05).
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VELOCITY OF
A RADIATION-PRESSURE DRIVEN SHOCK

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 d | SRyl g
- MAaNgo V| = Pr
—> velocity v dt
— where Mghen(R) = munuSR
—> Gas cloud’s medi
as clotid’s mediim We can rewrite this equation using v=dR/dt:
Area S d 2
. Pr 1d y%
—(RR) = ) (R =
dt( ) MHANH 2 dt2( ) MUNH
Therefore, the solution is
T a d t T
R(t) = Py vﬁ)p:ﬂ:const.z P Vu
MANH S dt MHNH

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

27“C1
tsweep =

Ush
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Density Evolution of L20 (Low-1; u=0.01, #g=20) | =55k Len=129 x 10
cl—V- > UHT

r=50[pc]. L,,=1.25 x 1044[erg/s]

Number density (1) Number density (12y)

T= 27.000 [kyr]

T = 13.500 [kyr]

1.50 .00
Photo-evaporation flow = 1.50 L 5.00
(approximately spherically- - i
0.75 symmetric) L 400
' — 0.75 -4.00
= g
& 000 3003 %
5 3
—0.75 ~100[km/s] <00 g5 2.00
Tgase3x104[K]
—1.90 1.00
—1.50 1.00
4850 49.25 50.00 50.75 51.50 4850 49.25 50.00 5075 51.50
X [pc] X [pel
Number density (74) Number density (14)
T= 40.500 [kyr] T= 54.000 [kyr]
1.50 o 5.00 1.50 Ol 5.00
0.75 -4.00 0.75 -4.00
2 2
) %9 %
£ 0.00 -3.00= 2 0.00 - 3.00 =,
N [¢]
— :
= Vg,=18[km/s], =
—0.75 .00 —0.75 'tV\;lO times larger than varr,, 2.00
»Rocket effect works
efficiently.
—-1.90 1.00 —1.50 1.00
4850 49.25 50.00 50.75 51.50 4850 49.25 50.00 50.75 51.50

X [pcl X [pc]
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Density Evolution of H20 (High-u; u=0.05, Ng=20)

r=50[pc]l. L,,=5 x 10%*[erg/s]
rq=2[pcl. ny=104[cm-3]

Number density (72)
T = 22.500 [kyr]

Number density (72 )

6.00 g 5.00 6.00 T = 90.000 [kyr] % 500
D-type shock r Gas stripping by R.P. i
3.00 \ 400 300 z/2;0[km/s] -4.00
i E% i
& 000 3004, 2
<Y N BN OROOE Confined by - 3.00
=
—3.00 .00 300 2.00
—6.00 1.00
—6.00 1.00
4400 47.00 50,00 53.00 56.00 44.00 47.00 50.00 53.00 56.00
. X [pcl
o INT'PBII;.(}O)Oe[lgrr]d?n81t¥ (nH)I i} Number density (7 )
— — : : 2.0 6.00 T = 180.000 [kyr] - 500
4.5 (d) T=180[kyr] 1.5 post-shock shell collapses i
4 : ) by self-gravity
=0 / Pgés comparable to 3| 1.0 _)O _ eXeo > formation of disk-like core L 4.00
o 3.5/ first core. O 1 Ty R
S 3.0 TR —— 0.5 {a—ﬂ_——:r; E
N ZLoasl o £ gl = 0.00 - 3.00
2.0t : ‘ )y 30 i
- I -/ _|disk-like corel |—0-5 — Vih=22[km/s]
1.5 4 Tl 3.00 - PR 2.00
1.0—— .d=084[pcl | L]_j o »Rocket effect not so efficient
_ -2 0 2 4 6 8 10 12 14 0 (similar results for Ng=5,10)

log;gny[cm ]
44.U0 4r.UU OU.UU OJ5.UU DOL.UU

X [pel X [pc]

1.00

44.00 47.00 50.00 53.00 56.00

[¢- wo]¥u Fo1

[ wo]Hu% Fo1
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Time evolution of dense gas fraction
and cloud destruction timescales

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

» The reason why f . Saturates in Low-U models is that geometric surface area
of the irradiated face of the cloud becomes small with time.

> For all the models, tyes=(1-2)1s.. Especially, tyesi=tsweep TOr High-U models.

'—A
=~
1.0 ! ! ! ! T T i
; Efdense:Mgas(>nHO/52)/Mgas,t(E)t (nHO: 1r511t1a1 del:lSltY) ©
/: : =
7, . +
0.8F ViR, -
L, : o
’, D,
“, ; : =
: “2, ; ' <
: ", : ~ :””lul ' Ns=20 )
O 6- --------- SEREEPRRRS R (7 EEE ERRRRRERY A SREELL Eebbppppjjiec oo e Peeeiann - <
O . ; ; ‘1, ; Mg N=5
8 : : /// : ] N " ”,.7\[8 5 : E
. / . . .
5 : : : ’//,,I: " S e mmmam Lo
< ; ; ; ‘114, ; Ng=10 I =
S~ 0.4 5 5 5 Mgy, ' i saturate
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dotted: Ng=5
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DISCUSSION:

GAS CLUMPS IN AGN TORUS

Physical properties of gas clumps in AGN torus

(Kawaguchi & Mori 2011+ «)

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

M, r\7°
q = 2.12x10° —3( BH )(—)
el A\ 107 My, /) \ T pe

—0.5
Mex
a = 0.0182pc| o0
ra 0.018 pc(107M®)

X (‘T \1'5 (AL\,

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

U=1.3><10_2( Lol )

104 erg s~1
(i) (55)
X —_—
107 Mg 1 pc

m13x10_2( r )(AEdd)
' 1 pc 1
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1D SPHERICALLY-SYMMETRIC

RHD SIMULATIONS

—  T=8.000156 [kyr] R
s -] TTTTTTTr Fveerre. mrr—" T T  PYPPRPION PRI ST s U 17 =
‘i 4 ....... ,. .......... ,. ........... ........... ........... ......... E §D
E 2_ .......................................... ........... ........... ........... ........... ........... ......... = &
E O ot : - - - - =1
%3 S E— — e N TSI S R— — — q EO
- 0 10 20 30 40 50 60 70 80 90
r[pc
— _6 &
z 1 -8 3
2 0 ~-10 5
K _8 —12§
c_ -14 %3
= =90 ~16 o5
K=

electron: HI; === H2I: mm Dygt; =

alkm/s/kyr]

BERRRRE

s =t)
Numberfraction

U=0.01, Ng=1280

>

>
>
>

HLL scheme with 2nd
order MUSCL interp.
TVDRK?2.

CMA method.

A hybrid grid (uniform
+logarithmic)

The same chemical
network as that in SPH
code.

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 INg, 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.
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Time-averaged shock velocity and its dependencies on Ngand ny

» Time-averaged shock velocity, vy, is almost independent of n,,.

» Vg, becomes small with Ng and saturates at large Ng. The saturated value is close to varP, . The
difference between v, and var, may be attributed to that all the photons are not absorbed by the
post-shock layer.

» 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 sllghtly

30 :
'U~O O] | : % : nyg=10%[cm-3]
’ : nH=.I 05[Cm'3]
® : n,=10%[cm-3]
] R e A + 1 n=10%[cm3] |
D0 frereeeerere ‘§ -------------------------------------- I o
_ @ L203P (visual mspectlon) ;
g : 1 Important point
B o R b T vapP_, is an good approximation for
< ' shock velocity in an extremely optically-
|= thick gas cloud for lower U.

10 |vo0=9.ATM/SI(U=0.0T) -t oo o S — o
............................ e e @i —al
- The saturated value: 6. 8[km/s] :
0 I N - .............................................
g : :
10V 101 102 103

Ny
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Lifetime of gas clumps in AGN tori

If varP,, is a good approximation for shock velocity for a extremely optically-thick gas cloud,
we can estimate destruction times of gas clumps:

I 0.5
app  _ ~1 bol
vy = 9.04kms (1045 org 51 )

y ( MBH )—0.5 ( r )O.S
107 Mg 1 pc ’
Wada et al. (2009)

—0.5
tawee = 4016 yr ( Lyol ) 3D HD simulation of a starburst circumnuclear
P 1045 erg s—1 disk. A clumpy structure is maintained by SNe.

% (1;(:) (31{;138_1)7

toweep IS Much shorter than the orbital period:
0.5 1.5
i) ()
torb = 2.98 x 10" yr (— ,
b Y\ 107 Mg, 1 pc

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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Second possibility

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 201 1;
Tristram et al. 2012; Honig et al. 2012, 201 3).

Wada (2012)

A 3D RHD global simulation of a circumnuclear
gas disk in a AGN-hosting galaxy.

Mid-IR o .
o o °
.... ..... .o
.."o.o ®
.l. l. Near-IR
8. °e
PORRERS " ®
[ J (]
Hoénig et al. (2012) o © o

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.
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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 g,
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:

photo-evaporation driven: Ng << NgCtH(U).

radiation pressure driven: Ng >> N H(‘U).

For an extremely optically thick cloud, cloud destruction timescale is well
approximated by tq,ee, 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.

Thank you !
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