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Abstract. We compare three fierent models of clumpy gas disk and show that the Circumnuclear Disk (CND) in the Galactic
Center and a putative, geometrically thick, obscuring torus are best explained by a collisional model consisting of quasi-stable,
self-gravitating clouds. Kinetic energy of clouds is gained by mass inflow and dissipated in cloud collisions. The collisions give
rise to a viscosity in a spatially averaged gas dynamical picture, which connects them to angular momentum transport and mass
inflow. It is found that CND and torus share the same gas physics in our description, where the mass of clotiEBNg,2dnd

their density is close to the limit of disruption by tidal shear. We show that tfierdice between a transparent CND and an
obscuring torus is the gas mass and the velocity dispersion of the clouds. A change in gas supply and the dissipation of kinetic
energy can turn a torus into a CND-like structure and vice versa. Any massive torus will naturally lefictiergly high mass

accretion rates to feed a luminous AGN. For a geometrically thick torus to obscure the view to the center even super-Eddington
accretions rates with respect to the central black hole are required.
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1. Introduction void of molecular gas. In this sense the CND resembles more a
ring or a torus.
The central black hole of the Galaxy is surrounded by sev-

eral hundred clouds of gas and dust forming a disk-like struc- In actlve. galactic nuc!el (AGN) th_e central luminous and
compact object (e.g. the inner accretion disk around the black

ture (Circumnuclear Disk CNDsee e.g. Gsten et al. 1987) S .
up to a radius ok 7 pc. The CND has a hydrogen mass of EQole) is likely to be obscured by the torus, if the mean free path

few times 16 M, which is distributed in clumps with an esti-2f ¢luds along the line of sight is greater than one. This qual-
mated area filling factor afs ~ 0.1 and a volume filling factor itatively obvious statement was quantified by Nenkova et al.
of ¢y ~ 0.01. The clumps have densities of several ¢or-3 (2002) based on the comparison between models of cloudy

o f 0.0 p an gas emperausHD A ppcalcusy 0% STIeSon a0 R specta e demtons. Ty o
clump has a visual extinctioAy, > 30" and My ~ 30 M. 9 9

Further properties of the clouds in the central 2 pc are Iistbg. 5-10, which corresponds to the mean free path of clouds

in Jackson et al. (1993). The vertical thicknesdd{2of the &eér;g gl_ml :;'gg;’g?éﬂgg;i?} ﬂlﬁ;%?gﬁoogigliégﬁz g\:g:';l
CND increases frome0.5 pc at a radius of 2 pc to about 2 pc 9 9

at the outer radius of 7 pc. The disk rotates with a Veloepysmal properties of the circumnuclear gas in active galactic

ity of ~100 km s which corresponds to a Keplerian velocitycenters' They already emphasized the importance of the cloudy

around a central object of several®18l, and has a velocity structure of the circumnuclear material.
dispersion 0f~20 kms!. With anR/H of ~5-7 (R being the Based on the unified model (Antonucci 1993) the spectro-
radius to the center), the CND can be qualified as a thin disikcopic diterence between Seyfert 1 and 2 nuclei is due to the
At a distance of~1.5 pc the molecular gas density drops biine of sight passing through the torus (Sy 2) or not (Sy 1).
more than a magnitude, i.e. the central 3 pc of the Galaxy &m@m the relative numbers of Sy 1 and Sy 2, Schmitt et al.
(2001) derive a half-opening angle of “48r the obscuring
torus. But Tran (2003) shows in a recent paper that about half
Send gprint requests toT. Beckert, the Sy 2 nuclei derived from a 12m sample do not have
e-mail: tbeckert@mpi fr-bonn.mpg.de detectable hidden broad line regions (HBLR) in spectropo-
1 We assume 8.5 kpc for the distance to the Galactic Center.  larimetric observations. Because the obscuration determined
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from X-ray spectra is not systematicallyfidirent for Sy 2 with individual clouds. Because the energy reservoir is the gravi-
HBLR and those without HBLR, it is not obvious that the obtational binding energy in the potential of the galaxy, a star
scuring material in non-HBLR Sy2 nuclei, which seem to bduster, or a central black hole, and the dissipation scale is
intrinsically fainter, is in form of a torus. It is thereforefii¢ult set by self-gravity, we will call this scenario the fully gravi-
to determine the half-opening angle of the torus and its relatitaional model (FG model) in the following. Turbulence trans-
thickness statistically. fers the energy from the driving wavelendth, to the dissi-
More evidence can be found by imaging extended NLpation wavelengthyiss, which corresponds to the length scale
in Om for example. For some sources the extended NLR ta&Ea self-gravitating cloud. The two length scales are linked by
the shape of an ionization cone either due to a anisotropic the scaling parameter which measures the extent of the in-
diation source or a collimating torus (for a review see Wilsogrtial range. For a Kolmogorov-like turbulent energy spectrum
1996; Mulchaey et al. 1996 for a list of morphologically idené = (Idri\,/ldiss)%.
tified sources). The latter scenario is supported by evidence An additional “free” parameter of the model is the
for obscuration at the apex of some of the observed conesTdomreQ parameter:
this torus is responsible for an ionization cone, it extends radi-
ally from a few pc to several tens of pc and its flaring shou@ _ Dturb 2 > 1
bea = (187 - y)/2, wherey is the opening angle of the ion- nGx ~ 7
ization cone. With a mean opening angle/ct 80° + 20°, the

1)

; . . ) where vy is the turbulent velocityQ the angular velocity,
dr:Sk frl]armg angle ISy ~ 500_i ﬁoo rc])_r ';/R ~ 1, which means G the gravitational constant, ar¥lthe gas surface density of
that these tori are geometrically thick. _the disk. For all models we assurfeto be constant through-

The CND in the _Galactic Center in its current form But the disk. If we can approximate the total gas mass within a
clearly not an obscuring torus, because the mean free paﬂ} iUSR by Myas = 7R2S ToomreQ can be rewritten
the clouds along the radius ig ~ 10 pc and thuR/ly < gas

1, whereR = 7 pc is the extent of the CND, i.e. the line
of sight through the torus. It is not a thick disk either@ =
becauséd/R ~ 0.2.

In this article we investigate if there are common prowhere My is the total enclosed mass amg; the rotation
erties between the CND in the Galactic Center and obscuelocity.
ing tori in Seyfert galaxies. In Sect. 2 we recall the theory of Like in a standard accretion disk scenario a viscosity al-
clumpy accretion disks. The equations needed for the compdsiws redistribution of angular momentum and mass accretion
son between the flerent models and observations are given gether with a gain of kinetic energy from the potential well
Sect. 3. The models are then applied to the CND and a thighwhich the disk resides. For the viscosity we use the following
obscuring torus (Sect. 4). We discuss the results in Sect. 5 @ngscription:
give our conclusions in Sect. 6.

Vturb Miot

)

s
Urot Mgas

V= {_lvturbldriw (3)

2. The theory of clumpy gas disks A set of equations is obtained with 3 parameters: the Toomre
. parametel, the scaling parametet and the mass accretion
2.1 Turbulent disks rate within the diskM. These equations can be solved analyt-
In a recent work (Volimer & Beckert 2002, Paper |) we deically and the results were already used in Paper | to describe
veloped an analytical model for clumpy accretion disks and iproperties of our Galaxy’s extended gas disk. Besides the pa-
cluded a simplified description of turbulence in the disk. In comameters above the solutions depend onvthieandR. Within
trast to classical accretion disk theory (see, e.g., Pringle 198hg model it turned out that the driving wavelength in Eq. (3)
we do not use the “thermostat” mechanism, which implies a diguals the disk heighgy = H.
rect coupling between the heat produced by viscous friction and In a second step we included the energy input due to super-
the viscosity itself which is assumed to be proportional to tlmva (SN) explosions (Vollmer & Beckert 2003, Paper Il). Here
thermal sound speed. Thus, the viscosity, which is responsitile energy flux provided by SNe is transfered by turbulence to
for the gas heating, depends itself on the gas temperature. Bhigller scales where it is again dissipated. The SN energy flux
leads to an equilibrium corresponding to a thermostat mecligiassumed to be proportional to the local star formationaate
nism. Instead, we used an energy flux conservation, where Wigich, in turn, is taken to be proportional to the mean density
potential energy that is gained through mass accretion and difid inversely proportional to the local free fall time of clouds.
ferential rotation is cascaded by turbulence from large to sm@ihiese clouds have sizes that are a fagsmaller than the driv-
spatial scales. The inertial range of the turbulent cascade unidgrlength scale. The factor of proportionality is the probability
consideration will not reach down to the scale of microscopic find a self-gravitating cloud, i.e. the volume filling factor.
dissipation. Instead we regard the energy to be dissipatedBatause the model works with vertically integrated quantities,
an inner scale where the first cascade coming from the largiat the surface density, the integration length in the vertical di-
scales ends or breaks. rection is assumed to be the turbulent driving length scale, i.e.
In a first approximation this happens when the gas clouttee vertical length scale over which clouds can become self-
become self-gravitating and dissipation then takes place insgtavitating:X.. = p. l4iv. The SN energy per unit timésy per
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areaAA is therefore proportional to the local star formatioand so we are consistent with Eq. (5) and the use in Paper I.

rateX,: Since the driving wavelength in Eq. (3) for the FG model is the
E _ disk scale heighlyiy = H, the FG model and the collisional
ﬁ = &3, (4) model are formally equivalent when we identifywith £. But

the interpretation of the viscosity in terms of a continuous tur-

where the factor of proportionaliyis independent of the ra- hylent medium (FG model) and the collisional viscosity here
dius in the disk. Its normalization with Galactic values yieldgre completely dferent.

£ =4.6x107% (pgyr)?.

In the FG model it is assumed that the energy flux trans-
ported through the turbulent cascade is supplied by m
accretion and the energy balance is of the three models

90 In this section we recall relevant relations between observables

comparison of characteristic properties

vtzurb _ 1. L .
T = " on MUrota_R‘ (5) within the FG and the SN models and derive observable prop-
driv erties of the collisional disk. This will allow us later on to deter-

In the case of SN driven turbulence the energy flux is detfine the free model parameters and compare the models with

mined by the star formation rate observations.
v .
Zturb _
P a £ 2. © 31 The fully gravitational (FG) model

In most gas disks on galactic scales the energy supply by pdtiowing Paper | this model has two dimensionless param-
pernovae dominates the gravitationally released energy for giers: Toomred defined in Eq. (2) and in Eq. (3). From a
same disk properties except for lar@evalues. The situation spjution consistent with observations it is possible to derive the
Changes if the disks are so thin, that SN bubbles break out qﬁgss accretion rate in the d|M(fr0m the FG model. Very im-
most of their energy is lost from the disk. portantly the turbulent velocity dispersion can be expressed as

Furthermore, we take into account that the clouds ag&unction of the gravitational consta@t the scaling parame-
formed at the compressed edges during the interaction betwgg the mass accretion rak, andQ:

SN remnants. The size of the cloudsis smaller than the tur-

1
bulent driving wavelength and we uée-= |y /1y with § > 1. 1 -\3
g g drlv/ cl Vturb = (§G§QM) ) (9)
2.2. Collisional disks Furthermore the cloud radius is given by
While the turbulent disk model describes the ISM as a cong = ¢ 7*H, (10)

tinuous medium where a turbulent cascade can develop, this

changes when the self-gravitating clouds become stable. 3} the volume filling factor, which is defined By = p/pa,

such a medium an equilibrium disk can form, if there are fraﬁf'herep is the mean density in the disk ang is the density of
menting or partially elastic collisions (the clouds are magnH€ clouds, yields:

tized) between the clouds. These collisions give rise to aviscos- 1
ity which depends on the velocity dispersion of the clouds (v?é/ - g_Q
will call it vy, NOnetheless) and the mean free path of clo . . .

with respect to cloud collisiong,. If the collisional timescale lﬁgsz i(iISli(v;Vr:tE almost constant surface density the total gas
teol = lcoll/vwrb IS larger or equal to the dynamical timescale, 9 y

the resulting viscosity (Pringle 1981) can be written as Mgas = TERE = 273G 33Q M IyR (12)

(11)

-1 . . . .
v =1 "vurbH, (7)  where the rotational velocityy: can be either directly observed
wheret = touQ and H is the disk height. Here it is al- O determined from the total mass distribution. In the case of

ready assumed that the disk is in hydrostatic equilibrium ver@l iSothermal star cluster the surface density also has a cusp
cally H = un/Q, Where the pressure is provided by the velo¥ith = o R™* and the enclosed gas mass is a factor 2 larger
ity dispersion. The energy dissipation rate due to collisions i1 in EQ. (12).

be written as

3 3 2
AE _ €§2vt2urb _ 3z, 5, (R@) ‘ ® 3.2. The SN model
AAAt teol lcon O0R In Paper Il we distinguish two cases: (i) a self-gravitating gas

The last equation on the right implies that the energy sourceéligk in vertical direction@ = 1) and (i)Q>1.
differential rotation and accretion as in the FG model. Here we ForQ = 1 the velocity dispersion in the disk is given by
introduced an iciency parameter which measures the frac- 33 1,1

. o o ) . =0.82GuM1§ , 13
tion of the kinetic energy of clouds dissipated in a typical col ™™ EMuEg e (13)
lision. Because most conclusions from this model are indep@&rheref is the normalization of the SN energy input in Eq. (6)
dent of the particular form of the energy Eq. (8) weset2/3 ands the ratio if actual cloud size to the driving length scale.
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ForQ > 1 the velocity dispersion in the disk and the drivingable 1. Observed properties for the CND.
length scale are

e 11 a4 114 cloud radius ra 0.05pc
Vb = 0.87yBGEM5 QB8 BEBy g, (14) cloud mass Mg 30M,
. _7 Cp e _
lary = 0.69/\/‘%6% M3 Qééég—% o (15) sound speed within the clouds ¢ 105kms?
turbulent velocity dispersion in the disky, 20 kms?
wherey = H/Ris the relative thickness of the disk. The volume  isk radius R 7pc
filling factor turns out to be disk height H  1pc
2 2 -2 2 2 8 _2 disk mass M 2x10* M
=079y BGSM5Q 155 15 1By, ;0. 16 gas N
v X Q & Borot (16) rotation velocity vot 115 kms?

It is possible to give a criterion for the validity of the model

that is when the energy input through supernovae explosions

Eq. (6) dominates over the gravitationally released energy dugerting Eq. (21) for the cloud size gives the following con-
to accretion (Eq. (5)). This can be turned into the followingition for the ratio of Toomre parameter to the dimensionless

condition for the volume filling factor: collision timer

by > E20HE 17 Q_ V8uwm 23)
T T Cs

3.3. The collisional model or using the definition of the Toomm@{Eqg. (1)) a lower bound

o ) _on the collision time for stability of clouds
For the collisional model we can get quite general relations

for cloud sizes and a criterion for th@ parameter to be sat- Qcs (24)
isfied so that clouds are actually stable. As already mentioned V8GX

in Sect. 2.2, the mean free path of a cloud is The upper bound o/t increases for thick disks (e.g. large

v velocity dispersions), while the limit on the collision time gets
leol = vturblooll = T2 = 7H (18) Ve di
coll = Puurbicoll = 1757 = 1T shorter for more massive disks.

The limit on Q/7 is especially interesting for geometri-

while the mean free path on the other hand is the inversze of ifly thick and obscuring tori, because obscuration requires
cloud number density times the cloud cross section=a7g: - — |, /H to be small, which turns into a severe constrain

_1 on the allowedD-values.
leot = (o)™t = ( 3Zv ) _ 4ral (19) For the CND the clumpy structure is allowed to be transpar-
4rgpH 3¢y ent, but with the known cloud sizes and temperatures (sound

geed) it is possible to get a measurerdfom the formally

In contrast to the turbulent models, the condition for cloudsi uivalent FG model expressions Egs. (9) and (12) by replac-

be self-gravitating is that the free fall time equals the soun
crossing time (in the case of the turbulent models it is the tdr-g ¢ by, and Eq. (21)

bulent crossing time): 2 2
g time) = 5 R (25)
8 GMgaS rc|
3 r
tr = 4 fﬁ = tsound = —°', (20) Obviously the collision time gets longer for smaller clouds, less
Pl Cs massive disk, but surprisingly also for higher temperatures in
the clouds.

wherecs is the sound speed within the clouds. Inserting:
Q?/(rGQ) from the definition of theQ-parameter (Paper I)

leads to 4. Finding the most appropriate model
i ”_299—10—1 2 (21) In this section we will determine the model parameters of
=87 turb™s* the 3 diferent models for (i) the Circumnuclear Disk in the

Galactic Center and (ii) for obscuring tori. This will enable us

Not surprisingly the size OT ClQUdS gets Ia}r.ger when the diSktjé discuss, which models are realistic for the two kinds of ring
further away from the gravitational instability (larg@values) SFU ctures

and the collision time is long. The critical density against tidal
shear isoerit = 3Q?/(4nG) and thuso/pcir = 4/(3Q). On the

other hand we have/pq = ¢v. The condition for the clouds to 4.1. What it needs to make a Circumnuclear Disk
resist disruption by tidal shear jg; > pcrit, Which leads with

the help of Eq. (20) to an upper bound for the cloud size: The observed or from observations deduced properties of the

CND are summarized in Table 1. The CND resides in a region
T Cs where the central star cluster starts to dominate the total mass

Fol < %ﬁ' (22) (e.g. Sclodel et al. 2002). The total enclosed mass at ragius
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rises linearly withR and the rotation velocity is almost constanTable 2. Assumed properties of an obscuring torus.
throughout the CND. Because the CND extends only over a

limited range in radius we uség,s = 7ZR? for the gas mass sound speed within the clouds ¢ l2kms*
contrary to the discussion at the end of Sect. 3.1. For all models turbulent velocity dispersion in the disk, 72 kms?
the ToomreQ parameter is disk radius R 10pc
R disk height H 6pc
Q= UturbUrot - 190 (26) . . <1
G Mgas rotation velocity vot 120 kms

With this number fixed we can go to the individual models

formationfSN dficiency required shows, that energy supplied
4.1.1. Massive clouds in the FG model by SN under normal conditions is much too small to drive the

. . N , dynamics of the CND.
From the cloud size and the disk height inserted in Eq. (105/

we getl = 20. Together with th&-value this leads to a vol- o
ume filling factorgy = ((Q)™! ~ 2.6 x 10°*. Independent of 4.1.3. A transparent collisional CND

the volume filling factorlwe find from Eq. (.9) amass accretioni:he observed properties of the CND allow us to estimate the
rate ofM = 103 M, yr~1. The mass of a single cloud fOIIOWS“transparency”r — leon/H of the CND from Eq. (25) which

— 3 — i i
'\{:C' - (fr/3);rrc|p/f¢% = 260 Meabuttnotlcg_that ftThS acrst[r;e[)results int = 15. So on average there are abo(@r) =~ 2
strong function of the assumed outer radius of the ' “collisions for each cloud per orbit in this model. The expres-

cause it enters quadratically in the mass density. The hum e L : o .
S ) . . 1on for the velocity dispersion Eq. (9), which is equally valid
of individual clouds in the CND is only 80 in the FG model. for the collisional case witly = r, gives an estimate of the

mass accretion rate &l = 1.3 x 10°3 Mg yr~t, which is al-
4.1.2. Why supernovae do not play any role most the same as in the FG model, becaulsere and’ for in
in the Circumnuclear Disk? the FG case are not muchfidirent. The volume filling factor
_ of cloudsgy = (4rqQ)/(3tuwrm) = 3.6 x 1072 is significantly
In a first attempt we followed Paper Il and assuried 5, but larger than in the FG model. The reason is @anters ingy
the resulting driving length scale was much to large. We cowdthe FG model (Eq. (11)), while it is the cloud size in the col-
reduce that problem by choosiag= 2. The relative thickness jisional case here. The result is a substantially smaller mass of
of the disk is knowry = H/R = 0.14, so that we derived from yypica| cloudsMy = 19 M,. While the transparency derived
Eq. (14) a mass accretion ratedf= 2.3 x 10° Mo yr*. The ' from Eq. (25) depends on global properties like the total gas

expression for the volume filling factor (Eq. (16)), the drivingnass in the CNDr can also be determined from a purely geo-
length scale (Eq. (15)), and the cloud radius then give= netrical consideration

8.2x 1074, lgiv = 1.24 pc, and¢ = lgry/6 = 0.62 pc. In this
scenario the cloud radius is derived from the model and is listed. Q =20, (28)
in Table 3 for that reason. Consequently, the mass of a single NoVwrb

gas cloud isMg = 1.6 x 10° My, even larger than the th"ewith the cloud number density = Ne/V = (MgagMa)/V,

mass of the CND. the total number of cloudNy = 1044, andV = 200 pé the

_Inafurther approach we treateas a free parameter, Solv+qyme of the disk. This value is reasonably close to the one
ing Egs. (15) and (14) together witly = laiv/0 leads to the yarived from Eq. (25) above.
incredible ratio

5 = 0.86Q 4—55 % = 74%10°, 27) 4.2. Building geometrically and optically thick tori
Fel Vot For obscuring the BLRs in type 2 AGN and for collimating

which states that, ~ 370 kpc. outflows and the ionizing flux in the extended NLR (ionization

In a last attempt we leff the normalization of the SN en-cones) we suggest properties for an obscuring torus as sum-
ergy input rate as a free parameter. This requires us to fix tharized in Table 2. The values would be appropriate for our
driving length scaléy:iy, which up to now was always too large galactic center becoming a Sy 2 nucleus with a compact dusty
to the disk scale heighy = H = 1 pc. The cloud radius from torus. The results are easily rescaled to objects like NGC 1068,
Table 1 is used as input here and is included in Table 3 for comere NIR-speckel observations (Wittkowski et al. 1998) show
pleteness only. This immediately leadsste: 20, an accretion that the inner rim of the torus, if interpreted as such, is less
rate ofM = 6 x 103 M, yr-%, a volume filling factor ofpy = than 2 pc from the AGN. The torus rotates somewhat faster and
10°%, and a cloud mass dfl = 5 x 10* M,. Apart from the since there is an enhanced radiation from the active nucleus,
much too large cloud mass one sees that this model also failstfor sound speed within the clouds is somewhat higher.
the SN dficiency, because we firt= 2.7x 10’ (pg/yr)?, which As already mentioned in Sect. 1 the torus is obscuring if the
requires star formation and the resulting SN energy input inteean free path of the cloutlg) is smaller than the line of sight
the disk to be about 600 times morfestive than elsewhere through the torus. In a first approximation this corresponds to
in the Galaxy. The large driving length scale or the large stédre conditionlcoy = H where we expect that in the midplane
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the line of sight is blocked by several clouds (Nenkova et &alable 3. Derived parameters and properties of the CND and an ob-
2002) and the torus is also geometrically thidk~ R. Within  scuring torus (TORUS). The values in brackets for the SN model are
the framework of the FG and collisional models this leads infer ¢ treated as a free parameter as described in Sect. 4.1.2.
mediately to the requiremetit= 7 = 1.
We can start the discussion with the statement that the CND TORUS units
FG model fails to describe a thick torus, because the requirg=g model
ment = 1 implies that the cloud radius equals the disk heigh
ra = H/¢ = H. Since this is unphysical, we can reject this

'Toomre parameter Q 190 -

model for obscuring tori. lariv/ldiss {20 1

mass accretion rateM 1 x 1073 - Mo yrt
4.2.1. Colliding clouds in a thick torus volume filling factorgy 2.6 x 10 -

cloud mass My 260 - Mo

From the condition that the gas clouds have to resist tidal sheat
Eq. (23) read€Q < 54. As the torus is thicker for larggp SN model

we assume) to take its maximal allowed value. This means Toomre parameter Q 190 ~2
that typical clouds are actually at the shear limit. Together with 1 5 2(20) 2
7 = 1 we find clouds of¢ = 0.1 pc. From Eq. (9) like in the

0 y 3 3 -1
CND case we find an accretion rate Mf = 3.3 M, yr-* and mass acT:r.etlon rateM  2.3x107(6x 107) 42 Mo yr
from Eq. (12) a gas mass in the torusMfas = 4 x 10° M. volume filling factorgy 8 x 10%(10°°) ~6x1072
The volume filling factor is determined in analogy to the CND cloud radius rq 0.62(0.05) 2.0 pc
e 5 !
case (Sect. 4.1.3) and gives = 2.5x 10~ The resultingmass 4 mass My 16x10°(5x 109 280 M,

of a single gas cloud is heMd. = 45 M. The total gas mass —
is larger than in the collisional CND case as expected, becaugg'isional model

more mass in clouds is needed for obscuration. The impliedoomre parameter Q 190 ~54

cloud sizes and cloud masses are surprisingly similar to thosg,,o 15 1

of the CND_, which may indicate that the dominating phys!c.eumaSS accretion rateVl . 1.3 x 103 33 Moyt
processes in CND and torus are the same. The volume filling

factor is of course larger as we would not get an obscuring toru¥olume filling factorgy 3.6 x 10°° 25x10°2
otherwise. The higher density of clouds now lead to more cloudloud mass My 20 45 Mo
col!isions and consequently the increased mass accretion ra{fsk mass Mgas2 x 10° 4x10F M,
which feeds the AGN.

and we find a huge mass accretion rateVbf= 42 M, yr-?
' through the torus, with cloud sizes off ~ 2 pc and cloud
accretion rates masses of 280,. The torus in this model has a volume filling

For the SN driven turbulent case of a torus model it is not offtCtor of clougs ofpy ~ 6x 107 and a total mass in gas of
vious from the beginning what the appropri@eparameter is. Mgas ~ 1% 10" Mo. The large cloud sizes ard= 2 implies
The torus will only be geometrically thick for large turbulentnat the driving length scale lgq = 0.7H almost as large as
velocities. This together with the normalization of the SK-e the torus scale height. Becau@és small in this model and the
ciencyé derived from integrated galactic values (Paper II), infOrus is required to be geometrically thick with~ R, the gas
plies that a mass accretion rate (Eq. (13)Vbf 4563 My/yr  Mass in the torus is comparable to the total enclosed mass in
would be needed for &) = 1)-torus. stars and central black hole.

In the case of a torus witp > 1 we can estimate, if the
energy supplied by supernovae will dominate the heating r&ePrerequisites and consequences
due to viscosity and etierential rotation. Inserting the volume
filling factor from Eq. (16) into Eq. (17) leads to a limit for the

4.2.2. Supernovae can drive tori at large mass

In the previous section we have guantified what is needed for

products Q% turbulent (fully self-gravitational, or supernovae driven) mod-
els and a model consisting of quasi-stable clouds undergoing
, % collisions, which lead to energy dissipation balanced by ac-
0 =< Y22 t' (29)  cretion in the gravitational potential of the galactic center. A
ro

résung of the results for the Circumnuclear Disk and an ob-
With the values for the torus model from Table 2 it gives scuring torus is given in Table 3.

limit §Q? < 8.6£3. The comparison in the inequality (29) is  For the Circumnuclear Disk (CND) in the Galactic Center
made with the collisional case and for a torus it impliess the model of supernovae driven turbulence (SN model) can
7 = 1. This results in a severe limit for bothand Q, because clearly be rejected, because the inferred cloud mass is larger
both parameters should be larger than 1. The range of allovtkdn 1¢ M, and all the mass in the CND would be only
values fors andQ is rather small and we can assuhe- 2 in one cloud. Within the framework of the fully gravitational
andQ = 2 for the moment. The model is now completely fixedG) model, the volume filling factor is smaih( = 2.6x107%)
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and the cloud mass is about 8 times the observed vmg%% Nevertheless, an equilibrium disk scenario where the dy-
30 My). Even when allowing for the uncertainties in the obramics of clouds is driven by the energy input due to SNe is
servational parameters like total mass and outer radius of théte unlikely as we will show next. The SNR will expand into
CND and the crudeness of the approximations in the modelttie inter-cloud medium (ICM). The ICM density and thermal
is nonetheless unlikely that this model is a realistic descriptioalocity will limit the size the SNR and therefore the sphere of
of the CND. In contrast to the SNRG-models the collisional influence of the SN. To get an estimate for the ICM density we
model leads to disk and cloud properties that are close to #esume thatitis in pressure balance with the clouds and fills the
observed values. This model thus gives the best approximatsame region of space as the clouds do, which implies that the
to the observations. It shares with the FG model the propesiyund speed in the ICM equals the velocity dispersign The

that accretion is the energy source for keeping the velocity di€&M density is therefor@,cy = pc.cg/vfurb. With the volume
persion, but it consists of stable, individual clouds, which af#ling factor of the collisional model

not part of a turbulent cascade. This conclusion is in qualitative )

agreement with those already drawn by Krolik & Begelm oM = ET_'D’
(1988). These authors derived the cloud properties on the ba- 72 Q

sis of an extrapolated, observed gas pressure. They then y5edre | is the mean density in torus or CND. It turns out that
a model fpr an eqU|_I|br|um configuration where clou_d_mergefﬁe ICM density is 70% of the mean density for the CND and
balance tidal shearing to show that the cloud area filling factog J i+ 104 for the torus model: in both cases we find a particle
should be one. In this case the collisional time scale and sity of roughly 18 cm3, which is in nice agreement with
time scale for destruction by tidal shear are comparable. In QHE (esult of Erickson et al. (1994). We can now estimate the
collisional model, the cloud properties are best described by m‘aximum SNR size by using the power law fits provided by
transparency, which is not fixed to a singular value, and the,nton et al. (1998). To do that one has to realize that the
fact that the clouds must resist tidal shear (Sect. 4.2). SNR resolves when the shock speed of the SNR falls to the
sound speed in the external medium which is the velocity dis-

(32)

5.1. The efficiency of star formation and SN energy persionuy, here. Withus o« Rg we get from extrapolating the
input in a collisional scenario Thornton et al. result
In the following we compare the energy input due to SNe to then = 1.1 EZ}" n;%42(2/Z)** pc (33)

energy dissipation rate per unit area due to collisions within the . .
collisional model described above. Supernovae can be imptrfhe CND most SNR are likely to break out of the relatively
tant if their energy supplied to the ISM dominates the dissip§!n disk of molecular clouds and théieiency will be largely
tion rate due to collisions. This is nessesary but nfitcentto  réduced by this fect. In the case of the torus the fraction of

influence the dynamics of clouds, as we show below based $h €nérgy impinging on clouds is simply the cross section
the ratio of cloud to SN remnant (SNR) surface area. of one cloud times the mean number of clouds within the SNR

For the first step of the argument the energy supply raqgradiu.s Eq. (33) divided by the surface area of the S_NR. This
from Eq. (4), modified by anfaciencyy, must be larger than results iy = Reneg/(4ra) = ¢vRsn/(37H) and the éiciency
the dissipation rate due to collisions. The star formation rateGh SN energy from star formation to drive cloud motion is
a collisional scenario can be estimated following the discussiBir 2% 1073 for the torus model. Thus we conclude that both
of Eq. (19) in Paper Il by, = ¢vZ/ty. The free-fall time- CND apc_i obscuring torus can be succ_essfully descnped by
scale is relevant for the size of clouds in the collisional cad€ collisional model. The SN energy will aimost exclusively

(Eq. (20)) and ¢ taken from Eq. (21) withQ at its maximum heat the inter-cloud medium and they will have littiéeet on
(Eq. (23)) leads to the relation the dynamics of clouds in a scenario where clouds are stable

and “long-lived”. Krolik & Begelman (1988) usedfiierent ar-
(30) guments to estimate the energy input due to SNe and stellar

winds, which is necessary to maintain a thick torus. They also
From that we get a minimumfiéciencyneq for which SNe and found that the stirring of the circumnuclear material due to stel-
accretion supply equal amounts of energy to be dissipated: lar driven processes (supernovae/andtellar winds) is always

2 weaker than thefiects of cloud collisions.
oo = e Tas (31)
. ) ) .5.2. The transition from a CND to an obscuring torus
For the collisional torus model described in Sect. 4.2.1 we find :
: ) and vice versa

Neq = 5.2 so that star formation and SNe are required to be more
efficient than in galactic disks to become important. If the efrom the discussion up to now it seems that both, the
ergy of SNe would be kept in the cloudy structure of the CNBircumnuclear Disk in the Galactic Center and an obscuring
the equilibrium value would bgeqcnp = 0.13, where we have torus, are well described by our collisional model. The den-
used the “observed” value f@p from Eq. (26). We conclude sity of clouds within the model relative to the critical density
that if star formation in the Galactic Center proceeds in tlagainst tidal sheabcit is pci/pocrit = 4/(3Q¢y). For the CND
same way as in the Galactic disk, SN will provide a perhapge find poc/pcrit = 1.8 and the model for the obscuring torus
not negligible energy input in addition to dissipative collisionss constructed in a way so th&t takes its critical value from

. 3 3
w5, = VBgeza s £,
b4 TH
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Eq. (23) which automatically means that clouds are marginally the accretion process is indeed radiativelyficent at these

stable against tidal shear. Both clump densities are close to snper-Eddington rates.

critical density with respect to tidal shear and we may spec- Since these collisional disks are stable and long-lived,

ulate that both structures are governed by the same physicglossible formation mechanism of a thick, obscuring torus

processes. might be the infall of large gas clumps onto a pre-existing cir-
In this sense the CND would be an obscuring torus if dumnuclear ring as investigated by Vollmer & Duschl (2002).

had more mass and it would be thick if it had a higher velotifalling gas clouds with dferent angular momentum will also

ity dispersion. We can quantify this with the definition of théead to increased velocity dispersion in the merged system as

(integrated) Toomre paramet€r (Eq. (2)) to getd = Q2= required for a torus.

where My is the total enclosed mass aMj,s the enclosed

gas mass at that radius. If clouds are indeed at the shear Iig]% The physics of clouds and the inner boundary
(Eg. (23)) we can replad® and get an expression for the trans-

parency of a torus
M In Vollmer & Duschl (2001a,b) we investigated the physics of
r= LG Mot (34) gas clouds in a turbulent or collisional, clumpy disk. It turned
V8 Urot Mgas out that under realistic conditions, where the gas is heated by

Because total mass and rotation velocity are given by the erif€ UV radiation of the central Hstar cluster, the gas clouds
ronment in the galactic center and the sound speed within #8/€ Stable and self-gravitating. Their radius is mainly deter-
clouds is almost constant, we see that the torus becomes '§H1ed by the location of the ionization front due to the same
scuring (that means ~ 1) for large gas masses in the torus/V radiation. Under realistic condition this results in the ob-
Inserting Eq. (34) and the corresponding expressiorQfon  Served cloud size o#O._l pc. Th.e present ;tudy suggests t_hat
Eq. (9) to derive the required accretion rate shows that this ri#€ 9as and dust physics of thick, obscuring tori is of similar
is M o (H/R)uunM2,s Therefore large gas masses in ageomdtature. _ o
rically thick torus can easily provide the accretion rate needed [N this picture two selectionftects operate on the initial
to trigger and maintain nuclear activity. The Eq. (34) for theloud mass distribution: (i) only clumps that are dense enough
transparency also shows that the torus around an AGN, whigresist tidal shear can survive and (ii) clumps that are more
runs out of fuel and has less mass in its surrounding cloud df8assive than the Jeans mass collapse. In addition, the central
tribution, will become transparent and eventually turn into 'dV radiation field determines the size of the clumps, i.e. their
CND. Activity in a galactic center including a possibly obscufMass for a given central density. For the CND it turned out
ing torus can also be restarted when additional gas massed'@ at a critical distance of1.5 pc from the Galactic Center
the form of molecular clouds arrive in the central region. the clouds, which are dense enough to resist tidal shear, will
With the critical gas mass for obscuration & 1) from collapse. This is in agreement with the observed inner edge

Eq. (34) we can further see that the required mass accret®§fhe CND. If such a mechanism is also at work in a thick,
rate through the torus is obscuring torus around an AGN, the inner edge of this torus

would be determined in the same way, if the dust sublimation

M= (ﬂ)z Miot radius and the cloud evaporation radius are smaller than the

~ \2\R R critical radius for collapse and shear (C&S-radius) described

) o o ) here.

If the inner radius is set by the dust sublimation radius (see be- p,st syblimation due to the radiation of a central source de-
low) and the temperature in clouds is determined by radiatiygmines the size of the inner dust free cavity, which will set the
equilibrium with the central source, the sound speed is constag};rce size for NIR continuum observations (e.g. Wittkowski
at the inner radius independent of the accretion rate or lumings+| 1998 for NGC 1068). This is also the inner radius where
. . _ Y N l 2 . . . B . . . R N ) ]
ity. With (R = Ry o« M/2) we find that the minimum accretion ¢ ¢louds are shielded by dust opacity. A possible description
rate for obscuration is of the sublimation radius by Dopita et al. (1998)

(35)

: My _ H\%3 2/3 227

) P! LSNC SV [ ) PP @)
wherer_; is the radiation fficiency at the black hole relativeshows thatRy is a strong function of the sublimation tem-
to 10% dficiency andM- the enclosed mass in units“1Bl,. peratureTgy, Which depends on the dust chemistry and grain
In addition it is assumed that all the mass transportsizes witha s the typical grain radius in units of 1® cm.
through the torus actually reaches the black hole. The fEhe determination of the sublimation radius assumes radiative
guired mass accretion rates are highly super-Eddingiea = equilibrium in the dust sublimation region and is due to the
0.22 Mgy.7 Mo/yr for the central black hole with 10%ffe  R-2-dilution of the flux from the central luminositys in units
ciency for transforming rest mass energy into radiation. Tlé10* ergs.

solution is that most of the mass accreted through the torus isIf the dust sublimation radius is larger than the C&S-
not efectively turned into radiation at the black hole. Itis eitheradius described above, clouds with masses largertth@m
blown away in an outflow or jet before reaching the black holean only survive up to this radius. Inside, only the stripped
and thus constitutes a cooling process for the remaining mattemes of such clouds can survive (the “light clouds” in
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Wolimer & Duschl 2001a), because the location of the ioniz&ND model are larger than indicated by observations, but the
tion front is determined by self-shielding and not dust absorprasses in the model depend strongly on the assumed outer ra-
tion. dius for an equilibrium disk structure. A turbulent cascade may

If the cloud evaporation radius is larger than thalso existinamassive torus at exceedingly large mass accretion
C&S-radius, clouds evaporate before they can reach tlaes, where supernovae can drive the turbulence. Nonetheless
C&S-radius or dust sublimation radius. Following Krolik &the CND and a thick, obscuring torus are best described by the
Begelman (1988) clouds will evaporate when the evaporatioallisional disk model. We suggest that both the CND and a
time scale equals the accretion time scale at a given distatfuek, obscuring torus share the same gas physics: they consist
from the ionizing source, which leads to at a typical evaporaf stable, self-gravitating clouds that are heated by the central

tion radius of UV radiation and the density of clouds is in both cases close

Revap 0.79 Mgass Las tc_) the critical _density vyith respe_ct to tidal shear._ The mass of
c T T3 (38) single clouds is a few times 1Md,, in the CND and in a torus.

P Miorus Rout Net.24 T In this picture a thick, obscuring torus is a more massive

CND-like structure, that is with more gas clumps, and in addi-
tion a higher velocity dispersion. We show that a torus provides
automatically the high mass accretion rate needed to trigger and
maintain nuclear activity and that a geometrically thick torus is
obscuring the view to the center only at super-Eddington rates.
and the outer radius of the tor&Rs,, in parsec. Here we as- The model for clumpy coIIisionaI.disks suggests that the
ppearance as a CND or an obscuring torus only depends on

sumedt o« R, which is expected for a constant rotation curv W f | dii in th | iblv in th
(the torus residing in the potential of an isothermal star cluste € mass supply from farger radii in the galaxy, possioly in the

Inserting the values for the collisional torus model from Table rm of pieces of giant molecular clouds.

one findsRevap = 0.1 pc. The evaporation radius is sensitive to _

the ionizing luminosity andy in an individual cloud, so that AcknowledgementsPart of this work was support by the DFG
Eq. (38) can be used to set a lower limit to the column densffjfoudh grant SFB439 (W.JD).
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