A&A 367, 72-85 (2001)
DOI: 10.1051/0004-6361:20000425
@ ESO 2001

Astronomy

Astrophysics

A cloudy model for the Circumnuclear Disk in the Galactic

Centre
B. Vollmer!23 and W. J. Duschl!»?

! Institut fiir Theoretische Astrophysik der Universitit Heidelberg, Tiergartenstrafe 15, 69121 Heidelberg,
Germany

2 Max-Planck-Institut fiir Radioastronomie, Auf dem Hiigel 69, 53121 Bonn, Germany

3 Observatoire de Meudon, DAEC, UMR 8631, CNRS et Université Paris 7, 92195 Meudon Cedex, France

Received 23 July 1999 / Accepted 30 November 2000

Abstract. We present a first attempt to construct an analytic model for a clumped gas and dust disk and apply
it to the Galactic Centre. The clumps are described as isothermal spheres partially ionized by the external UV
radiation field. The disk structure formed by the clouds is described as a quasi standard continuous accretion disk
using adequately averaged parameters of the discrete cloud model. The viscosity in the Circumnuclear Disk is due
to partially inelastic cloud—cloud collisions. We find two different solutions for the set of equations corresponding
to two stable cloud regimes: (i) the observed molecular clouds and (ii) much lighter and smaller clouds which
correspond to the stripped cores of the observed clouds. It is shown that the resulting physical characteristics of the
heavy clouds and the disk are in very good agreement with all comparable observations at multiple wavelengths.
A mass accretion rate of M ~ 10™* Mg yr~! for the isolated Circumnuclear Disk is inferred. We propose that the

Circumnuclear Disk has a much longer lifetime (~10” yr) than previously assumed.
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1. Introduction

The Galactic Centre is surrounded by a large number of
gas and dust clouds forming a thick disk (Circumnuclear
Disk CND) up to a radius of ~7 pct. This disk was discov-
ered by Becklin et al. (1982) interpreting their FIR data
as a tilted dust ring. It has its minimum emission towards
the central compact radio source SgrA*. Subsequently, the
CND was investigated by several authors observing the
emission of dust, molecules and atoms.

— Dust: Mezger et al. (1989), Davidson et al. (1992),
Dent et al. (1993), Telesco et al. (1996);

— Molecules: Gatley et al. (1986) (Hgz), Serabyn et al.
(1986) (CO, CS), Giisten et al. (1987) (HCN), DePoy
et al. (1989) (Hz), Sutton et al. (1990) (CO), Jackson
et al. (1993) (HCN), Marr et al. (1993) (HCN);

— Atoms: Lutgen et al. (1986) (Cr), Jackson et al.
(1993) (O1).

They concluded that the CND has a hydrogen mass of a
few 10* M. The disk is very clumpy with an estimated
area filling factor of ®5 ~ 0.1 and a volume filling factor of
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1 We assume 8.5 kpc for the distance to the Galactic Centre.

®v ~ 0.01. The clumps have densities of several 10° cm ™3,

radii of ~0.1 pc and gas temperatures >100 K. A typical
dust clump has Ay > 30™ and My ~30 Mg . The physical
parameters of the clouds in the central 2 pc are listed in
Jackson et al. (1993). They are partially ionized by the
radiation of the central Hel star cluster (see e.g. Genzel
et al. 1996). A low density ionized gas with a density of
~10% cm™3 (Erickson et al. 1994) and a temperature of
a typical HiI region of T" ~ 7000-8000 K surrounds the
clouds. The vertical thickness of the CND increases from
~0.5 pc at a radius of 2 pc to ~2 pc at 7 pc. The disk
rotates with a velocity of ~100 kms~! which corresponds
to a Keplerian velocity around a central object of several
105 M, and has a velocity dispersion of ~30 kms~=1. Tt
is inclined by an angle i ~ 20°-30° relative to the line of
sight (LOS). Due to its clumped structure, the CND is
usually assumed to be a rather short-lived transient fea-
ture (~10° yr) (Giisten et al. 1987).

At a distance of ~1.7 pc from Sgr A* it has a sharply
defined inner edge (Marr et al. 1993). The dust and molec-
ular line emission drops there by an order of magnitude.
This defines the outer limit of the Central Cavity (CC)
which contains the HiI region Sgr A West. It was investi-
gated in detail by Lo et al. (1991), Roberts & Goss (1993),
Lacy (1994).
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Three dimensional kinematical models were made by
Davidson et al. (1992) for the dust emission, Marshall
& Lasenby (1994) for the molecular line emission, and
Vollmer & Duschl (2000) for the ionized component. They
conclude that there is a single plane in which the major
parts of the CND is located.

As yet, there are only few attempts to construct a
physical model for the CND. Wardle & Konigl (1990,
1993) investigated a continuous smooth disk model for
the CND including the magnetic field. They succeeded in
explaining the dust polarization observed by Hildebrand
et al. (1993). On the other hand, Krolik & Begelman
(1988) constructed a clumpy disk model for AGNs where
cloud-cloud collisions are responsible for the energy and
momentum transport and thus for the viscosity. Cloud—
cloud collisions dissipate orbital energy resulting a net in-
ward drift of the clouds. If the angular momentum of one
cloud is low enough it can be “captured by the central
object, providing its accretion fuel” (Krolik & Begelman
1988). They mentioned that the clouds observed by Genzel
et al. (1985) have a column density comparable to the
Jeans column density. However, they conclude that self-
gravity cannot overcome tidal shear.

Shlosman & Begelman (1987) pointed out that a nec-
essary condition for the fragmentation of an externally
heated disk is that the cooling time must be shorter than
the orbital time. They argued that this is often the case
for disks in which the temperature is regulated by dust.
Furthermore, Shlosman et al. (1990) discussed the possi-
bility of fueling an AGN by the means of a cloudy disk.

Given the area and volume filling factor of the CND, it
is clear that a continuous, smooth molecular disk is ruled
out. A model of a clumpy disk is needed. In this paper we
present such a model. First we describe the outlines of the
model disk physics (Sect. 2). We then give a description of
the viscosity in the disk and discuss the energy dissipation
mechanism in Sect. 3. We present the model for a partially
ionized globule (PIG), give the equations for the disk, and
treat the physical conditions in Sect. 4. The results and
the verification of the assumptions are shown in Sect. 5.
Section 6 treats the influence of the tidal shear on the
clouds. We discuss the mass accretion rate in Sect. 7. The
conclusions are given in Sect. 8.

2. The outlines of the model

We assume that during a short accretion event (At ~
105 yr) an amount of gas of several 10* M, is driven into
the Galactic Centre region at distances less than 10 pc.
The accreted mass is not uniform but has density fluctua-
tions. This clumpy medium is exposed to the ambient UV
radiation field due to the population of young O/B stars
in the Galactic Centre. Low density regions of the infalling
gas are evaporated rapidly while regions of higher density
stay molecular and are heated to an equilibrium temper-
ature during less than an orbital period. In this way gas
clouds of different masses and different sizes are formed.
At a given distance from the Galactic Centre only clouds

with a central density high enough to resist tidal shear can
survive. In these clouds the thermal pressure is balanced
by gravitation. They are assumed to be isothermal. Since
the UV radiation comes mainly from the Galactic Centre
their radius in this direction is given by the location of
the ionization front resulting from the incident radiation.
The radius of the opposite side is given by the pressure of
the ionized gas which fills the space between the clouds.
During the infall the clouds have frequent partially inelas-
tic collisions. These collisions are highly dissipative be-
cause the cooling time is much shorter than the duration
of the collision (Krolik & Begelman 1988). These collisions
can lead to cloud fragmentation, mass exchange, or coales-
cence depending on the mass ratio and velocity difference
of the colliding clouds. If the initial infalling gas has a to-
tal angular moment which is not zero these collisions will
lead to the formation of a disk structure, corresponding
to a clumpy accretion disk, i.e. the CND. Within this disk
structure clouds lose orbital energy during dissipative col-
lisions. This results in a net inward drift of the clouds,
i.e. angular momentum is transported due to cloud—cloud
collisions (Krolik & Begelman 1988; Ozernoy et al. 1998).
We adopt two different views to model the CND as a
clumpy accretion disk as described above. First, the small-
scale aspect where the gas clouds are treated as isothermal
selfgravitating spheres. For each distance to the Galactic
Centre the cloud structure is calculated with a given cen-
tral density, temperature, and external pressure due to
the ionization front. Second, the large-scale aspect where
the cloud distribution is smoothed out over the whole disk
resulting in a continuous accretion disk model. Both mod-
els share the same temperature distribution and the same
UV radiation field with respect to their distance to the
Galactic Centre. The connection between the small-scale
and the large-scale model lies in the link between the cen-
tral density of the clouds and that of the accretion disk.
In addition, the disk viscosity due to partially inelastic
collisions is taken into account in the large-scale model.

2.1. The gas clouds

The gas clouds are exposed to the radiation field of the
central Hel star cluster, which ionizes the illuminated sur-
face. The gas in the ionization front flows away from the
clump and fills up the whole volume of the disk providing
an outer pressure at the cloud surface which is not illumi-
nated. The external radiation field is also responsible for
the gas temperature within the cloud, which is assumed
to be constant. Consequently, the cloud is modeled as an
isothermal sphere whose boundary is given at the illumi-
nated side by the location of the ionization front and at
the shadowed side by the pressure of the ionized inter-
cloud gas. For a quantitative estimate we can solve the
virial theorem for the surface pressure P:
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Fig.1. The electron density corresponding to the boundary
pressure of the cloud as a function of the cloud radius. The
dotted lines indicate the electron density at a typical cloud
radius of 0.1 pc

where ¢, is the specific heat, M. the cloud mass, T the
temperature inside the cloud, r¢ its radius, and © is a fac-
tor of order one. The outer pressure can be translated into
an electron density, taking 7' = 7000 K for the intercloud
medium (Roberts & Goss 1993). We set M, = 15 Mg
and T = 100K. The deduced electron density is plotted
in Fig. 1. The electron density at a radius of 0.1pc is of
the order of 500 cm ™3 which compares very well with the
observed value (e.g. Erickson et al. 1994) considering the
approximate character of the model.

The CND consists of ~1000 gas clouds. Each of these
clouds has a mass of ~30 M, (see e.g. Jackson et al. 1993).

2.2. The accretion disk

The clouds can have partially inelastic collisions, which
are responsible for the energy dissipation and the trans-
port of angular momentum, i.e. the viscosity (Ozernoy
et al. 1998). The standard viscosity description does not
apply in this case, because the turbulence in the CND
is supersonic. Therefore, we derive a new viscosity de-
scription, which is based on Kolmogorov’s theory. This
viscosity depends on the disk height and the energy dissi-
pation rate. At the smallest scales the energy is radiated
away by infrared line emission. Thus, the disk is described
following the standard equations for a smooth continuous
disk (see e.g. Pringle 1981) with the modified viscosity de-
scription. In this picture the different components (neutral
and ionized) of the discrete cloud model are completely
mixed and the disk central density is directly related to
the clouds’ central density at a given distance from the
Galactic Centre.

3. The turbulent viscosity

In a turbulent medium kinetic energy is transferred from
large scale structures to small scale structure practically
without losing energy. So there is a constant energy flux

from large scales to small scales where the energy is finally
dissipated. Since the velocity dispersion (Av ~ 20 kms™1)
within the disk is more important than the shear, there is
no preferred transfer direction. The turbulence can thus
be assumed as isotropic. In this case the similarity theory
of Kolmogorov applies (see e.g. Landau & Lifschitz 1959).
The assumption of a universal Kolmogorov equilibrium
implies that the kinetic energy spectrum of the turbulence
depends only on the energy dissipation rate per mass unit
e and the characteristic size of the turbulent eddy [ ~ %,
where k is the wave number. The kinetic energy E(k) is
related to the mean kinetic energy in the following way:

+oo
s@?) = [ Bk, )
0

where u is the velocity of the medium. Kolmogorov’s the-
ory yields

E(k) = Ce3k™5 (3)
where C' is a constant of the order of unity. Considering
a schematic energy spectrum given by E(k) = 0, for k <
Eturb and for k > kg and by Eq. (3) for kuub < k < kaq,
we can derive expressions for the dissipative scale length
lq ~ k:d_l, the large scale turbulence scale Ity =~ k:t_uib,
and the large scale velocity veurn:

la=(Pe)t, (4)

where v is the large scale viscosity due to turbulence;

2
vtzurb = <u2> = 63ktu b *

= Wi

(5)

This leads to a relation between the two length scales and
the turbulent Reynolds number Re = vturb - liurb /v
Ty ~ Retlq . (6)
Consequently the turbulent large scale viscosity v is
given by

1 1.4
Tl (7)

Vv~

The macroscopic pressure due to the turbulence is given by

(8)

where p is the overall density in the turbulent medium. We
recall that, since there is only negligible energy loss during
the energy transfer from large scales to small scales, the
energy dissipation rate per unit mass for large structures
is the same as that for small structures and is determined
by the actual physical dissipation process in the smallest
structures (heating and radiation). If we can identify this
dissipative process in a given observed system, it should
be possible to draw conclusions about the large-scale tur-
bulence. In the next section we give a possible radiative
dissipation mechanism in order to get an analytic expres-
sion for e.
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3.1. Energy dissipation by radiative cooling

The clouds in the CND are subject to partially inelastic
collisions where they lose kinetic energy. During the col-
lision the clouds’ gas is heated, radiating away its excess
energy in the infrared lines of O1, Ci1, and excited Hy
emerging from the hot outer layer of the cloud. During
a collision a shock front is formed heating the gas in the
interacting region to ~1000 K. In a detailed model one
has to account for this enhanced temperature within a
small region. In order to treat the energy dissipation in
our large-scale model we are not interested in the details
of these non-stationary hot layers but in a smooth sta-
tionary dissipation rate over the whole disk. We therefore
make the assumption that the time and space averaged
dissipation rate in these hot layers can be approximated
by the continuous infrared line emission of the smoothed
large scale disk. This point will be further discussed in
Sect. 5.3.

At temperatures of ~200 K and densities of several
10* cm ™3, which represent the averaged values of our disk
model, the Or and CII line intensities are comparable (see
e.g. Tielens & Hollenbach 1985). Here, we will only take
into account the CII line at 158 pum, assuming that it is
representative for the radiative dissipation of the turbulent
energy in the disk.

The cooling function of the CiI line at 158 um is
(Spitzer 1978)

AE
AVPDR At
7910~ dce "/ Tnd erg em s~ | 9)

Acii =

where AVppr is the volume of the photodissociation re-
gion (PDR), T is the disk temperature, ny the hydrogen

density in the disk and dc = %

tion of atomic carbon abundance in the disk with respect
to the solar one ((nc/nu)e ~ 310~*). This is valid be-
cause at the given density (n > nert =~ 310% em™3) and
at a temperature beyond 200 K the level populations are
simply determined by their statistical weights (i.e. LTE)
(Wolfire et al. 1990).

The radiative cooling takes place in the outer layers
of the clouds, i.e. in the PDR, which represent only a
small fraction of the whole cloud volume. In the large-
scale model the ionized, atomic, and molecular phases are
mixed. If the total cloud volume is AV, the modified cool-
ing function is

Arnod _ AE
CIL ™ AV At

where 7 = A‘/PDR/A‘/ =~ Matomic/Mtot =~ Natomic/Ntot-
M atomic is the mass of atomic gas located in the PDR,, My
is its total mass, Natomic 1S the column density of atomic
gas, and Niot = my, Lpd is the total column density of a
cloud of diameter d.

The column density of the PDR is determined
by Hy/CO self-shielding or dust absorption. As the

= 1 is the frac-

=7.910"2"ne 92/Tp% erg cm™3s~ ' (10)

C*/C/CO transition region is difficult to determine, we
decided to use only a normalized value of the H/Hs transi-
tion region. For the self-shielding its value n''2 follows from
the balance of formation and destruction of Hy (Burton
et al. 1990).

213GH
R

surface

Natomic — (11)
where Iy = 6 107!! s7! is the unshielded photodissocia-
tion rate, 8 = 410° cm~! is the selfshielding parameter,
(R) = 310717 cm?® s~ is the Hy formation rate coefficient,
Nsurface 1S the hydrogen density at the cloud surface, and
Gy is the FUV radiation field in units of the equivalent
Habing (1968) flux of 1.61073 ergem~2s~1. This gives
n"2 = 4 (Natomic/Ntot). The factor v is determined by
the condition that the self-shielding becomes the domi-
nant process for ngurface/Go > 100 cm™2 (Burton et al.
1990). For the dust absorption the column density is fixed
by the UV optical depth 7yy ~ 1. This corresponds to a
constant column density of N4ust. ~ 2102 cm™2, result-

v atomic
ing in pdust = Ndust. /Ni.. The total volume fraction of

1 1 1

atomic gas is obtained by et = oAz + PR

This leads to an energy dissipation rate per mass unit
of

e=AE/p=19 10*27m;277t°te*92/Tp =£{p, (12)

which can be used in the expression for the viscosity and
the turbulent pressure derived above.

4, The detailed model
4.1. Partially lonized Globules (PIG)

The clouds embedded in the Hir region Sgr A West and
illuminated by the ambient radiation field are assumed to
be spherically symmetric, isothermal, and selfgravitating.
We follow the model of Dyson (1968). The incident UV ra-
diation ionizes the outer rim and produces an ionization
front. As only photons above 13.6 €V ionize the hydrogen
atoms in the ionization front, the FUV field can pene-
trate further into the cloud. There, these photons cause
the photodissociation of the Hy molecules. Both the ion-
ization front and the dissociation front are governed by
dust absorption and self-shielding effects. In addition, the
PDR is preceded by a shock front. Thus, the cloud struc-
ture has three components, the inner molecular core, the
predominantly atomic PDR and the outer ionization front.
Here we are only interested in the ionization front, which
is assumed to be quasi stationary and D-critical where the
velocity of the shock front is approximately the neutral gas
sound velocity squared divided by twice the ionized gas
sound velocity (see e.g. Spitzer 1978). Due to the much
higher temperature in the ionization front, the electrons
are torn away from the cloud, giving rise to an effective
mass loss. Across the front, the following jump conditions

apply:

C

S

2
Pi Cn
5 Vi = Gy, — =59
C; Pn C;

(13)
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Fig. 2. Illustration of the PIG model described in the text. The
UV radiation comes from the direction of the Galactic Centre.
The lower boundary is determined by the gas pressure of the
surrounding ionized low density gas

where v is the gas velocity and c is the isothermal sound
speed. The index n stands for the neutral, the index 7
for the ionized gas component which is located directly in
front of the ionization front. The outward electron flux is
assumed to be isothermal and stationary because the ion-
ization front moves very slowly into the cloud. The jus-
tification for all these assumptions is given in Sect. 5.3.
The solution for a spherically symmetric, stationary flux
is given by

1 2 .9 2 9
r ci>2 cZ—v n cZ—v

T (8 exp (=), 2o 14
r; (v Xp( 4c? )’ n; Xp( 2¢2 ) » (14)

K2

where v and n are the velocity and the number density at
the distance r from the cloud centre. The outer limit of
the cloud is given by the location of the ionization front
at r = r;. Figure 2 illustrates this model.

In the ionization front the equilibrium between ion-
ization and recombination is governed by the following
equation:

oiJ(1 —z) = ana?, (15)

where x is the degree of hydrogen ionization, n the hy-
drogen density, J the number of incident UV photons per
cm? and s, a the recombination coefficient, and o; the ion-
ization cross section. The ionization cross section is cal-
culated using the “on the spot” approximation. It is only
valid if the recombination time scale is much less than
the kinematic timescale. This assumption is justified in
Sect. 5.3. J(r) is given by

J(T) = Joe_(Tg(T)"'_Td(T)) , (16)

where 7,(r) and 7q(r) are the optical depths of the gas
and the dust along a radial line from an outer radius R}
to an inner radius r. The optical depth of the gas is:

Ry Ry an?2
To(r) = / no; (1 —x)dr = / Tachr . (17)
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The optical depth of the dust is:

Ry,
Ta(r) = ad/ ndr | (18)
T
where o4 is the UV cross section of the dust per hydrogen
nucleus. Differentiating Eq. (4.1) with respect to r and
substituting J(r) gives

Joe e Mdr, = —an?e™adr . (19)

Integrating this equation from r; to infinity and setting
J(r;) = nic; leads to
o0
Jo = nc;e™ (M) 4 a/ n2e™(dy . (20)
T
This is the final equation governing the radiation transfer
in the ionization front.

Since the ionization front velocity is assumed to be
small compared to the local sound velocity of the neu-
tral gas, the isothermal neutral condensation is in a quasi-
equilibrium state. Its structure is described by the Lane-
Emden equation for isothermal spheres:

d®u 2du u

2 e 21
a2 T rdr (21)
where z = Cr—i(47erC)%, pc is the cloud’s central density
and G is the gravitation constant. The radial density is
given by

pla) = pee™ . (22)

The jump conditions over the D-critical ionization front
lead to the following expression for the gas pressure:

u

Pal@) = p(@)e2 = pee"c = 2pi(w) = 2pic? . (23)

Since the density never drops to zero, an isolated isother-
mal sphere has no boundary. This changes with an ex-
ternal radiation field. The outer boundary is given by the
location of the ionization front at the illuminated side and
by the pressure of the surrounding ionized low density gas
at the shadowed side. It should be mentioned here that
clouds with z > 6.5 are gravitationally unstable (Jeans
unstable).

4.2. The disk model

The disk is assumed to be continuous and smooth. We
follow Pringle (1981) for the disk equations, replacing the
a-viscosity prescription by the one described in Sect. 3.
Furthermore, the pressure due to the turbulent viscosity
is added to the thermal pressure:

1 1 4 1
= — ¢3H3p3 24
v Re P> (29)
M
N=Ref SH 5p 58— (25)
3T
p=%/H, (26)
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The disk parameters are the height H, the surface density
¥, the mass accretion rate M, and the neutral gas temper-
ature Ty; kg is the Boltzmann constant. Here & is defined
by the equation ¢ = £ - p. The second term in Eq. (28)
represents the turbulent pressure of the clouds p = pvgurb.
The radial mass distribution M (R) is given explicitly by
M(R) = M + MyR3, where M = 3 10° My, is the central
mass component and My = 1.6 10° MQ/pC% describes
the mass distribution of the stellar content. This is close
to the findings of Eckart & Genzel (1996). In addition we
assume that the central density of the disk in the contin-
uous picture is linearly coupled to the central density of
the clouds in the discrete picture, i.e. p = (- pc.

Finally we take into account that the clouds are illu-
minated from the centre. Therefore the ionization front
exists only on the illuminated side. As described above,
there is a flux of electrons away from the clouds. These
electrons fill up the space between the clouds and thus
build an intercloud medium which is the Sgr A West Hi1
region. Most of its mass is concentrated within the disk
plane. Its pressure is responsible for the cloud boundary at
the shadowed side. The electron density of the intercloud
medium is calculated using H; = ¢;/Q and p; = X/ H;,
where € is the angular velocity of the clouds at a distance
R from the Galactic Centre.

4.3. The physical conditions

The radiation field in the Galactic Centre seems to be
made by the central cluster of Hel stars (Genzel et al.
1996). In Fig. 3 we show the identified Hel stars together
with the Nell data from Lacy at al. (1991). The clustering
seen in Fig. 3 leads us to the assumption that the produced
radiation field is approximately spherically symmetric and
follows a R~2-law. The Lyman continuum (Lyc-)photon
production rate within 1 pc is Npye ~ 10°%s~1 (Mezger
et al. 1996). Since it is assumed that this radiation is
responsible for the heating of the clouds, the tempera-
ture follows a R™2-law (for direct heating see Puget &
Boulanger 1985). The absolute values of the tempera-
ture are in agreement with molecular excitation models
(Sutton et al. 1990; Jackson et al. 1993). The FUV radia-
tion field is G ~ 10° (Wolfire et al. 1990) at 1 pc which
is in excellent agreement with the Lyc-photon production
rate if one assumes a black body temperature of 35000 K
for this radiation. The number of UV photons per cm?
and s and the gas temperature can be seen in Fig. 4.
The ambient Hil region has a constant tempera-
ture of T, = 7000 K (Roberts & Goss 1993). The de-
duced isothermal sound speed in the ionized medium is

\ \ \ \
-285845 — —
5900 — —
g -
o + |t
s 15— L +++ m
5 iy .
3 s
w
a 30— ++ —
45— —
-290000 — —
\ \ \ \ \ \
174232 31 27

30 29 28
RIGHT ASCENSION (B1950)

Fig. 3. Crosses: the Hel stars identified by Genzel et al. (1996).
Greyscale: Nell line emission (Lacy et al. 1991)

¢; = 7.610° cms™!. The recombination coefficient for hy-
drogen atoms is o = 3.31073 cm?3s~!, the UV cross sec-
tion per hydrogen nucleus is o4 = 1.111072! ecm?. The
Reynolds number is Re = 1000, the critical value for the
onset of turbulence in laboratory experiments. For the fac-
tor B between the disk’s central density and the clouds’
central density the observed volume filling factor is used:

B=dy = 1.

5. Results and verification of the assumptions

The problem which must be solved consists of a sys-
tem of 6 non-linear equations (Eqgs. (20), (24)—(28)) to-
gether with the Lane-Emden Eq. (21). It is solved us-
ing a Newton-Raphson iteration. Given the non-linearity
of the equations multiple solutions are possible. We solved
the equations with the parameters given above starting
the Newton-Raphson iteration from different initial val-
ues in order to recover all solutions. These solutions rep-
resent a stationary clumpy accretion disk which consists
of distinct clouds.

It turns out that we can solve the system of equa-
tions exactly and that there are two different solutions for
the radiation transfer with the clouds’ central density al-
most unchanged. We refer to the two different solutions
as the heavy cloud and the light cloud solutions. Since the
only parameter which is not a priori determined is the
mass accretion rate, we varied this parameter in the range
1076 Mgyr—! < M < 107! Mg yr~!. Higher values of
M give higher central densities and larger disk heights H.
The adopted value of M = 10~* Mg yr~' is a compro-
mise between a high M leading to high central densities
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Fig. 4. The external radiation field and the inner gas temperature of the clouds as a function of the distance to the Galactic

Centre

in order to resist the tidal shear and a low M giving the
observed small disk height. Both solutions describe stable
gas clouds in the sense discussed in Sect. 2.

5.1. The heavy clouds

Figures 5 and 6 show the results for the heavy clouds.
Plot 5a shows the number densities of the neutral gas in-
side the cloud. The averaged density is plotted with a solid
line, the central density with a dashed line, and the density
at the cloud surface with a dotted line. It is remarkable
that the central density has an almost constant value for
distances greater than 3 pc and that there is more than
a factor of 6 between the surface density and the cen-
tral density. At a distance to the Galactic Centre of 2 pc
the central density is about ~3.510% cm ™3, corresponding
very well to the value derived from HCN excitation mod-
els (Jackson et al. 1993), whereas the surface density has
a value of ~610° cm™3. Since the gas in the PDR is hotter
and therefore the gas density is expected to be lower than
derived in this simple isothermal model, the value stated
above corresponds well to the value derived from the [O1]
63 pm/[C1] 158 pm ratio and the Hy 1-0/2-1 S(1) ra-
tio (Burton et al. 1990; Wolfire et al. 1990) and from the
low-J CO line emission (see e.g. Sutton et al. 1990). Thus,
the HCN line emission originates in the dense cloud core,
whereas the low-J CO and the Hy S(1) lines are emitted
in the atomic/molecular transition region of the PDR.

Plot 5b shows the electron density at the cloud surface
as a solid line and the electron density of the intercloud
medium as a dashed line. The latter is in good agreement
with the value derived from A19 and [S1] 3 gm line ratios
(Erickson et al. 1994). The electron density at the surface
lies exactly in the range given by Lo & Claussen (1983).
We conclude that the radio continuum and line emission of
high surface brightness at the inner edge of the CND orig-
inates in the cloud surfaces and the low brightness overall
emission distribution corresponds to the low density in-
tercloud medium. Both features form the Hir region Sgr
A West.

Plot 5¢ shows the emission measure FM = f:oo n2dr.
It is in agreement with the value given by Beckert et al.
(1996) based on the 15 GHz flux of Brown & Liszt (1984).

The ratio between the column density of the atomic gas
and the total column density 17 = Natomic/Ntot (plot 5d)
is determined by the dust absorption for distances smaller
than 2 pc and by Hs self-shielding for larger distances.
Estimating the atomic hydrogen column density at 2 pc
Natomic = 2nnr; gives a value of ~4 102! em~2. The ob-
served value (Liszt et al. 1983) is about twice this estimate.
We observe a significant difference of the cloud radius 5e
between the illuminated and the shadowed side. We can
interpret them as upper and lower limits for the cloud
radius.

The two graphs in plot 6b can be interpreted as upper
and lower limits for the cloud mass, which lies in a range
between 10 and 30 M. The timescale for the mass loss
(plot 6¢) by the outward electron flux is about 10°® yr for a
cloud mass of 10 M. The clouds are thus in a quasi sta-
tionary state. An important plot is the one showing the
Lane-Emden parameter (plot 6d). The dashed line corre-
sponds to the shadowed side, the solid line to the illumi-
nated side. Interpreting these two lines again as upper and
lower limits for the actual x, we find a tendency that the
clouds become gravitationally unstable for distances to the
Galactic Centre of less than about 2 pc. In order to com-
pare our findings with observations, we also plot the 30 pm
optical depth (plot 6€) T30,m ~ 27r;k30,m Where the ab-
sorption coefficient k3pum is taken from Draine (1985).
This can be directly compared with the 30 yum measure-
ments of Telesco et al. (1996), who measured an optical
depth at 30 um of 1072 at the outer edge of the minispiral.
This compares very well with the outcome of our model
(Fig. 6e). The UV optical depth across the ionization front
Tuv (plot 6f) tells us that the ionization front boundary
is determined by atomic hydrogen self-shielding.

We now examine the solution for the averaged pa-
rameters of the disk model (Fig. 7). The parameters
shown are the column density ¥ (plot 7a), the disk height
H (plot 7b), the disk’s central density (plot 7c), the cen-
tral pressure (plot 7d), the velocity dispersion Awv of the
clouds (plot 7e), the disk flaring angle ® (plot 7f), the
radial inward velocity v, (plot 7g), and the turbulent vis-
cosity v (plot 7h). Since these clouds are only found at
distances larger than 2 pc, we will only comment on this
part of the graphs. It is remarkable that the disk height
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fits well with the one deduced from observations (Giisten
et al. 1987). The central density, which is assumed to be
proportional to the central density of a cloud, stays ap-
proximately constant, which is a reasonable result. The
velocity dispersion of the clouds lies in a range between
10 and 20 kms™!, compared to 30 kms~! derived by the
same authors. The accretion velocity v, is extremely low,
which means that the clouds take a long time to approach
the centre.

The viscosity v used here is equivalent to an effective
« as used in the standard prescription v = acy,H. It has
a nearly constant value of o ~ 0.01.

The cloud inflow time is given by Krolik & Begelman
(1988) as

tinflow ™~ (A’U/vorb)iztcoll ) (29>

where we take the cloud collision rate derived at the
end of this section. this leads to a mass accretion rate
of M ~ My /tinflow. Assuming a total disk mass of
Mot = 5 10* Mg gives M ~ 1074 Mg yr—!. This value

is in good agreement with the mass accretion rate used in
our model.

5.2. The light clouds

Figures 8 and 9 show the same parameters as Figs. 5 and
6 but for another class of solutions. Here the densities of
the cloud centre (plot 8a), at the outer boundary and the
mean density have the same value than that of the heavy
clouds. The observed increase of the density with increas-
ing distance might not be significant, whereas its increase
with decreasing distance smaller than 1 pc is important
because only denser clouds can resist tidal shear at smaller
distances. The clouds are 100 times smaller (plot 8e) and
1000 times lighter (plot 9b) than the heavy ones. Thus,
the light clouds have the appearance of stripped cores of
the heavy clouds.

Their distribution shows a maximum of radius and
mass at a distance of about 1 pc. The column density
of atomic hydrogen (plot 8d) is determined everywhere by
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Hs/CO self-shielding because of the high density at the
outer boundary. The electron density at the illuminated
boundary is 10 times higher than that of the heavy clouds
(plot 8b), whereas the emission measure is comparable to
that of the heavy clouds (plot 8c). They evaporate much
faster (tevap ~ 10° yr at 2 pc) (plot 9¢) and are gravita-
tionally stable (z < 6.5) (plot 9d).

These clouds might account for the high-J CO lines
which require a density close to 107 cm™ in the
atomic/molecular transition region (Burton et al. 1990).

5.3. Verification of the assumptions

In this section we show that our model assumptions are
valid for the light and heavy clouds. We only discuss the
results for the heavy clouds because they contain most of
the mass of the CND.

As described above, the outer layer of the cloud has
three different regions. The ionization front, caused by UV
photons with energies above 13.6 €V, is located outside,
followed by the PDR whose origin is the FUV radiation
field, followed by a shock front due to the higher tempera-
ture and therefore higher pressure in the PDR. The cloud
can only be assumed to be stationary if the velocity of the
shock front vghock and the velocity of the ionization front
vrp are much smaller than the sound velocity within the
cloud. In this case they do not affect the clouds’ overall
structure. (Dyson 1968). The velocity of the shock front
is given by (Bertoldi & Draine 1996)

TLy 1 1

Uahock = e (998) Fe~ F (14 7) T+ 0.72%) * L (30)

where § = Jy/(2any7r;) is the “Stromgren number”, R
the distance to the Galactic Centre, and 71y is the UV
optical depth. The velocity of the ionization front can be
obtained by vip ~ mM /M where M is the cloud mass and
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M ~ 4mr?e;n;. Figure 10 shows these velocities together
with the sound velocity in the neutral gas. The sound ve-
locity is always a factor 10 larger than that of the shock
front and the ionization front velocity. Thus, the assump-
tion of a quasi-stationary equilibrium is justified. In ad-
dition, it should be noticed that the velocity of the shock
front is larger than that of the ionization front.

The assumption of an isothermal ionization front
only holds if the characteristic cooling length is small
against the depth of the ionized layer. The character-
istic cooling time in the HII region outside the cloud
is tcool = 6.3 10*/n; s. With a typical electron den-
sity of ~10* ecm™3 we obtain a typical cooling length
of Leool = Citeool = 4.8 10" cm. This is ~10~* times
the cloud radius. If the ionization front has a depth of
Ay ~ 0.01 (Tielens & Hollenbach 1985), its extent is
~1073 times the cloud radius.

The assumption of an ionization-recombination equi-
librium is only valid if the timescale of the recombina-
tion is small against the kinematic timescale. The recom-
bination timescale at 7000 K is given by Spitzer (1978):

traa = 310'2/n, s. With the same electron density used
above one obtains t,aq = 3 108 s. The kinematic timescale
is approximately given by tyin ~ 7;/c; which gives a value
of tkin ~ 1011 S.

Furthermore, we must check if the collisional timescale
is much smaller than the crossing time for a sound wave
(thermal timescale). Only in this case does the cloud
have enough time to reach the quasi-equilibrium state.
The thermal timescale is given by tihermal = 7i/Cn. For
the collisional timescale we choose the expression v ~
v (tCOHQQ)_l (Pringle 1981). In this case it is assumed
that the collisional timescale is larger than the orbital
timescale (Shlosman et al. 1990) and the disk can be
treated in analogy to the Saturn’s rings (Goldreich &
Tremaine 1978). As the CND has a volume filling fac-
tor of 0.01 we think that this assumption is justified.
Nevertheless, it has to be proven by dynamical models,
which is beyond the scope of this paper. Such a numerical
model, which will be discussed in a following paper, seems
to agree with this assumption. The different timescales
are shown in Fig. 11. Clearly, the collisional timescale is
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much larger than the thermal one. It is remarkable how
large this timescale is. In this scenario there is only one
collision every 10* yr in the whole isolated CND.

We made the assumption that the time and space av-
eraged dissipation rate in the hot, layers during a cloud—
cloud collision can be approximated by the CiI line emis-
sion of the smoothed large scale disk. In the hot partially
ionized layer which is formed during a cloud—cloud colli-
sion the gas has a density >10° cm™2 and is heated to a
temperature of ~1000 K. Under these conditions the Or,
Ci1, and Hy lines are mainly responsible for the cooling
of the gas. The total cooling rate in this layer is approx-
imately A ~ 10717 ergem™3s~! (Tielens & Hollenbach
1985). The CiI cooling rate of our smooth model disk
is Acit = epc ~ 1071 ergem™3s~!. We now have to
account for the transient character of the hot layer. Its
lifetime can be approximated by the thermal timescale
tihermal Of the cloud compared to the timescale between

two collisions. The transient and continuous cooling rates
are thus connected in the following way:

tcoll
A~Aon —— -
tthermal

(31)

Figure 11 shows that teol1/tthermal ~ 100. This justifies our
assumption.

6. Tidal forces

The clouds in the vicinity of the Galactic Centre are ex-
posed to strong tidal forces which tend to disrupt the
clouds, except if self-gravity is effective against tidal shear.
The tidal (Roche) limit for the cloud mass M, is given by
(Mathews & Murray 1987)

3GM3 1 9 (e

22 a o 2
2O DMl (R (52)
where f(R) = GM(R)/R?, rq the cloud radius, and R

is the cloud’s distance to the Galactic Centre. We have
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calculated the cloud tidal radius r.; analytically. For the
heavy clouds it is compared to the cloud radii at the illu-
minated and the shadowed side (Fig. 12). The tidal radius
is smaller than the radius determined by the UV radiation
field at distances less than 2.5 pc and smaller than the ra-
dius of the shadowed side at distances less than 3.5 pc.

We have also calculated the cloud tidal radius 7. an-
alytically for the light clouds. It is compared to the cloud
radii at the illuminated and the shadowed side in Fig. 13.
These very small clouds are stable against tidal shear for
distances from the Galactic Centre greater than 1.5 pc.
Comparing the gravitational collapse time tg to the or-
bital period P, at a distance of Rcentre = 1 pc from the
Galactic Centre yields:

n _% Vorb
~0.5 (7) RIL [—=2 ), (33
107 Cm_3 centre 150 kmSil ( )

where n is the gas density of the cloud and v is the
orbital velocity of the cloud. Thus, these self-gravitating

ter
Porb

light clouds will be stretched out along their orbital path
by an amount comparable to their initial radial extent
within about one orbital period.

7. The mass accretion rate

Giisten et al. (1987) have derived a mass accretion rate
of the clouds in the CND of M ~ 102 Mg yr=t. They
assumed that the total luminosity in the infrared and
submm-lines comes entirely from the dissipation of the
turbulent motions.

We suggest that if the turbulent energy dissipation
is due to the infrared line emission (for which we have
used the CII line as representative), it should not exceed
several percent of the whole infrared line emission due
to the PDRs. The total luminosity in the infrared and
submm-lines (PDR) is L = 2 10* L (Genzel 1989). The
emitted luminosity of the Cil-line L ~ € X Mo in our
model represents ~10% of the total luminosity. This
is consistent with the radiative dissipation rate given
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by Genzel et al. (1985)

s Menp
Linock ~ 2103 (—) —CND
shock 0.1/ \ 10% My,

2 4
><< Av 1) <10 yr) Lo .
30 ks Teoll
where 7 is the fraction of kinetic energy converted into
radiation via shocks, Mcnp is the mass of the CND, and
Awv is its velocity dispersion. We stress here that .oy is
the mean collision time for all clouds in the CND in order

to recover the total luminosity due to radiative energy
dissipation.

(34)

8. Conclusions

We have constructed an analytic model for the CND. It
mainly consists of ~500 heavy clouds moving around the
Galactic Centre building a disk-like structure. The spatial
structure of the cloud ensemble is described by a smooth
continuous disk whose viscosity is due to partially in-
elastic cloud—cloud collisions. This work represents a first
attempt to model a clumped disk analytically including
a simple UV radiation transfer. The input parameters
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(T, Jo, 8, Re) are set to observed quantities. At the chosen
Reynolds number Re turbulence sets in laboratory exper-
iments. The real unknown and therefore free parameter is
the mass accretion rate M of the disk. The independent re-
sulting parameters (n,ne, EM,r;, H, Av) are in excellent
agreement with observations at multiple wavelengths.

There are two solutions for our set of equations that
correspond to two stable clump regimes:

1. the observed heavy molecular clouds with masses of
~10 Mg and sizes of 0.1 pc;

2. the stripped cores of the heavy clouds with masses be-
tween 107° to 10~* M, and sizes of ~1073 pc.

It will be of importance to find out whether — in our
Galactic Center and/or the centers of other galaxies — the
light cloud population plays a role.

Within the disk, the number of collisions between
clouds is very low (Ticon ~ 10~% yr~! for about 500 clouds).
We infer a mass accretion rate for the isolated CND of
M ~10~* Mg yr~!. We conclude that the CND is much
more stable and has a much longer lifetime (~107 yr) than
previously assumed.

In the present discussion we have focussed on the in-
vestigation of the two stable regimes of clouds (heavy and
light). For a more complete model of the CND, however,
several aspects need to be adressed additionally, including:

— The influence of tidal forces and internal rotation of
the clouds on their stability. While tidal forces tend to
disrupt the clouds, the role of rotation is not so clear,
since rotation may easily lead to modifications of the
cloud structure and thus to clouds that are more or
less stable than the non-rotating ones. The interplay
between gravity, tidal forces, rotation, and the pres-
ence of a point-like central mass distribution (i.e., the
central black hole) may explain why the CND seems
to be almost empty of material in its inner ~2 pc;

— The connection between the structure and dynamics of
the gaseous material in the CND and the stellar com-
ponent in the immediate vicinity of the central black
hole.
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