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Abstract. We discuss mechanisms for angular momentum However, appropriate physical mechanism(s) which would
transport in the clumpy medium of the circumnuclear disk &g able to provide the necessary rate of momentum transfer
the Galactic center. The viscosity due to clump-clump collwithin the central 10 pc or so is (are) obscure so far. The present
sions is found to be less than some critical viscosity; this megiaper aims at consideration of such mechanisms. In Sect. 2 and
the conditions at which a collective mode of nonaxisymmetr&gppendix, we discuss viscosity in a clumpy disk due to clump
shear perturbations in the disk is able to grow until going infateractions, both with and without self-gravity included. Sect. 3
the saturation regime where fully developed turbulence is estaleals with short-wave instability of the clumpy, viscous disk;
lished. We find that the angular momentum transfer due to thiie necessary condition for developing small-scale turbulence
turbulent viscosity turns out to comparable to the transport diseestablished here. In Sect. 4, we apply this mechanism to the
to magnetic torques. Taken together, the turbulent and magneticum-nuclear ring at the Galactic center. The results of the
transfer of angular momentum are able to provide the inflow paper are discussed in Sect. 5.
mass into the central parsec with a rate of adouat M, yr—!,
consistent with the available data. 2. Viscosity due to cloud-cloud interactions
Key words: Galaxy: center — accretion, accretion disks — tutn arecent version of the unified model for fueling AGN, Begel-
bulence — ISM: clouds — ISM: kinematics and dynamics ~ man et al. (1989) proposed that the inflow of matter (driven by
global axisymmetric gravitational instabilities on large scales)
proceeds on small scales in the form of a ‘disk’ composed of
randomly moving clouds, which are embedded in a low-density
1. Introduction medium with a small filling factor. There is an essential un-
certainty in our knowledge about the overall configuration, dy-
Transport of angular momentum in the disks of spiral galajamics, and confinement mechanisms for thermal gas clouds
ies is one of the central issues in galactic dynamics. It is alsogifserved in AGN, but as for our Galaxy, such a disk is known
prime importance for fueling the central engines in active galagrexist as the circum-nuclear disk, or ring that is rather clumpy,
tic nuclei (AGN). With regard to our own Galaxy this topic hasgndeed (Jackson et al. 1993). Begelman et al. (1989) assumed
been recently explored in a series of papers (von Linden et@at the viscosity in the disk is provided by collisions between
1993a,b; Biermann et al. 1993) with the conclusion that the eflouds. Below, this collisional mechanism of viscosity is com-
ergy input from the SN explosions can feed the turbulence of thgred with some others.
interstellar matter so as to provide the effective viscosity high Wwe consider the following simple model of a cloudy disk:
as required to feed the star formation. The clouds are orbiting in an external gravitational field and
An immediate implication is that the viscous transport diave some random peculiar velocities. It is assumed that the
angular momentum outwards is accompanied by inflow of galeuds have a small filling factor and are embedded in a low-
inward with the rate that might be as high #5> Mq/yr on  density medium that provides a confinement of the clouds. In
the scale of hundreds pc. Earlier, a similar mass inflow rate wtag differentially-rotating cloudy disk, the angular momentum
inferred to exist on the scale of the circumnuclear disk, i.e. at isdtransported due to cloud-cloud interactions (which include,
pc £ R <10 pc (Genzel & Townes 1987, Jackson et al. 1993)and are not just restricted to, collisions). Let us address the shear
We also note that the star formation in the inner region @fscosity associated with these interactions.
the Galaxy requires such a mass supply. The most elaborated models to calculate the shear viscos-
ity have been considered by Goldreich & Tremaine (1978) and
Send offprint requests tb. Ozernoy Stewart & Kaula (1980), hereinafter referred to as GT and SK,
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correspondingly. GT consideretntactinelastic collisions of The filling factor of the system of clouds, i.e. the fractional

non-gravitatingspherical particles obeying an anisotropic disrolume filled by the clouds is

tribution function, whereas SK considergrhvitational (elas- 4

tic) encounters of particles obeying a Maxwellian distribution. F=_nd’n. (2.8)

In the both cases, as shown in Appendix A, the viscosity coef- 3

ficient can be represented in the form Egs. (2.5), (2.6), and (2.8) yield one more expressiorr foon-
taining F":

B o2 AT 91 Ta*no,

"TaBe L (21) Ty

Evidently, FF < 1 for any cloudy disk witha < h unless

TZh/a> 1.

Here we emphasize that cloud-cloud collisisons cannot be
discussed without noting that the magnetic fields permeate
clouds, and are likely to make such collisions more efficient
by increasing the effective cross section: When two clouds col-
lide, it is unlikely that they just slide along a given straight
flyx tube. First of all, if this imagined flux tube were not ex-
actly on a circle, then by angular momentum conservation the
clouds would not go in a straight line, and second, by virtue of
the general distribution of velocities it is very unlikely that two
wherea andn are the typical size of a cloud and the spatiallouds would just match in proper velocities to be able to slide
number density of the clouds, respectively. For gravitationalong a flux tube, and, third, the energy density in flux tubes is
encounters between the clouds unlikely to sufficiently overpower the kinetic energy of clouds
to do this. It follows that it is indeed likely that the flux tube

% (2.9)

3
4
Here o, is the one-dimensional velocity dispersidn,is the
orbital angular velocity in the disk; = Qt; is the ‘optical
depth’ to cloud-cloud interactions (see below),is the free
path time (index = ¢, G; ¢ stands forcollisional, orcontact,
interactions,G stands forgravitational ones), and\;, B; are
the constant coefficients defined below.

Collisions between the clouds result in diminishipg,
whereas gravitational encounters tend to increase it. For clo
cloud collisions,

te = (77a2n01,)_1 , (2.2)

3
ta = _ B0y (2.3) will be twisted, thus strengthened in magnetic field, and there-
4y/mG*m*n fore the clouds may interact even at some distance. This means

(Braginskii 1965), wheren is the typical mass of a cloud EV_that cloud-cloud collisions may involve a larger effective cross
' "~ section than just the geometry would imply.

. o 71/2 2 .
'df? ntl?(} aGiz_ Qf(f’a/;r 3 m |§T/r J“r C\‘;? Senc??r?;lderr?d an ‘;? Furthermore, with magnetic loops and reconnection in the
etiective size of the domauin for gravitational Influence o Fegion above the disk, the effective scale height may well be

cloud. . - Co
- . . _larger than the scale height of the visible cloud distribution.
Coefficientsd; andB; in Eq. (2.1) take the following values: It follows that the estimate above may be an underestimate

A, = 0.46; B, = 0.97 just as well as an overestimate; the observational fit and inter-
1.95 if v — const pretation given to the data by von Linden et al. suggests that the
Ag = { 0.83 O o r_3/2’ ; Bg =1.95. (2.4) viscosity derived above for cloud-cloud collisions is an under-
' estimate.

The optical depthr of the disk is a convenient parameter It is instructive to compare the viscosity coefficient in a
describing how effective are the interactions between the cloug@udy disk [Eq. (2.1)] with that in a typical thin, but continu-
By order of magnitude, it is nothing but the mean number &us diskiv ~ v l, wherev, andl are the sound velocity and

interactions suffered by a cloud in passing through the digke mean free path length, correspondingly. Qualitatively, in a
More accurately, continuous disK is anticipated to be much smaller thaim a

T~ na’nh, (2.5) cloudy disk. Ifvs ~ o, the viscosity in a cloudy disk exceeds
] ] ~_ thatin a continuous disk, bearing in mind some reasonable as-
assuming: to be the largest of geometrical and gravitation@),mptions about the disk parameters. Before specifying them,
influence sizes. Herk is the thickness of the disk given by \ye would like to discuss one more mechanism for viscosity in

o a cloudy disk, this time of a collective origin, proposed recently
h o q - (2:6) by Fridman & Ozernoy (1992).
Sinceh ~ ¥/mn, whereX is the surface density of the disk, . )
Eq. (2.2) can be rewritten as 3. Small-scale turbulent viscosity
a2 We consider, for simplicity, both the typical size of the clouds,
T o~ ok (2.7) a,andthe mean free path of the cloufj$o obey an inequality:
m

R . . o : a, | < h. (3.1)
which implies one more interpretation fer it is the covering

factor, C, or the fraction of disk area covered by clouds whefhe hydrodynamics of a cloudy accretion disk with respect to
they are placed as a monolayer. 2-D nonaxisymmetric shear perturbations is similar to that for
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a disk with the continuous distribution of the matter explored,, (f) reaches its maximum equal to
by Fridman (1989) who found the solution of this problem in a )
- i . imi - k- (0
small-amplitude, short-wave limit Oty (B < ;( )) 010 (0) (3.9)
(%2}
kykoh? > 1, (3.2) N .
_ _ _ and then goes to zero &t co. The growth ofvy,. at0 <t <
wherek is the wave vector. In alocal rotating coordinate system,s is a result of a decrease bf (t) while ul,,(f)ki (t) keeps
the solution for the radial component of the perturbed velociypnstant due to the Thomson theorem (3.7).

vy, reads: The minimum of the denominator in Eq. (3.6 At+-£.) = 0
) implies that(k,(0)/k, + r |dQ/dr|t) = 0 asdQ/dr < 0.
vir(t) _ ! + /3 — exp(—v/vey) (3.3) Sincer > 0, t > 0, the necessary condition for the pertur-
vi;(0) 1+ (B+1) ’ bations to grow with time is given by
where k.- (0)
_k(0) - o dQ <0. (3.10)
B= 5 , t=At, A= T (3.4) ky
Therefore, in a differentially rotating disk, the growing short-
Vep = A[kf,f(l + B2+ B+ liz)]—l . (3.5) scale spiral perturbations can only be leading.
3 To clarify possible misunderstandings, we note several
Here(r) is the angular velocity of the diskis the time elapsed points in the following:
since the perturbations were “turned on”, ang is a (time- In Appendix B, we show that in a differentially rotating disk
dependent) critical viscosity. When< v, viscosity does not there are no incompressible short-wave perturbations oscillat-
play any role in the disk dynamics. ing with the epicyclic frequency at all; in a solid-body rotating

The shortwave perturbations under consideration behavedigk such perturbations are stationary, in agreement with our
incompressible modes. The solution (3.3) describes how tr@s. (3.6)-(3.10).
vorticity decays with time in a viscous fluid. Some limiting cases In Appendix C, we demonstrate that Coriolis forces are ir-
of interest can be revealed from Egs. (3.3)—(3.5)¢As co, relevant to the solution for velocity perturbations in a plane
there appears the asymptotic solutiorxp(—at?), which has shear layer, which we found to be similar to short-wave, low-
been known earlier (e.g. Timofeev 1976, Zaslavskii et al. 198gquency perturbations in a rotating gaseous disk. We empha-

Another]imiting casewhen Viscosityis absen[:é O), deserves size that Coriolis forces have nothing to do with the physical
a more detailed consideration. meaning of our solution. The latter is associated with vorticity

conservation (in the limit of small viscosity).
We consider perturbations with wavelenggmallerthan
the disk’s width. Consequently our case is close to a cylinder
In the absence of viscosity, the solution (3.3) goes into fluid layer. Meanwhile the short-scale perturbations under the
condition (3.2) are incompressible (Fridman 1989). Therefore
analytical results obtained in this paper as well as in our pre-
vious papers (Fridman 1989, Fridman and Ozernoy 1992) lend
to support interpretation of well-known laboratory experiments
which was obtained by Lominadze et al. (1988). In this casgy a liquid flow between two rotating cylinders. The latter
solution (3.6) implies that demonstrate a nonlinear instability and developed turbulence
(e.g., Lukashchuk & Predtechenskii 1984). Therefore, we have
all the reasons to believe that, for short-wave perturbations, a
nonlinear instability is likely to occur. Likewise, in Appendix C,
we show that the dynamics of short-wave incompressible per-
K2 (1) = k2(1) + ki, K (8) = K (0) 4 kot - turbations in a rotating disk is completely equivalent to that in a
plane shear layer. This proves the equivalence of the nonlinear
Eq. (3.7) is a 2-D analog of the Thomson theorem on the cdnstability in a plane shear layer and in the situation investigated
servation of vorticity in an incompressible fluid flow (Fridmarhere.
1989). It is instructive to compare the above instability with that
The solution (3.6) is shown in Fig. 1 by the solid linesconsidered by Goldreich & Lynden-Bell (1965) (referred to as
Evidently, the velocity perturbation is growing (implying instaGLB hereinafter) for a self-gravitating, differentially rotating
bility) if the denominator in (3.6) is decreasing. At the momerttisk. There are two basic differences between our and their
when the denominator has a minimum, Be+ ¢, = 0, where situations. First, different branches of growing perturbations
t. is given by are considered: we deal with the vortex branch while GLB do
k. (0) with the sound-gravitational branch. Second, the conditions for
k, the growth of perturbations are different, too. Under condition

3.1. Non-viscous case & 0)

n _ v (0)(1+6%)

Ulr(t) = 1—|—(ﬂ—|—t~)2 ’ (3'6)

v1,-(D)E3 () = v1,(0)k2 (0) = const , (3.7)

where

t, =

; (3-8)
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6 (3.10), the leading vortex perturbations grow, due to the con-

2 servation of vorticity, in an otherwise stable disk. GLB deal

51 p=-1 with the disk stable for axially-symmetrical perturbations, and
the growth of their non-axially-symmetrical, long-wave pertur-

na bations proceeds due to a leading role of self-gravity. Toomre
(1982) christened this growth as “swing amplification”. It is

. worth noting that, in our case, a similar swing amplification oc-

curs for the (vortex) short-wave perturbations and it does not
require self-gravity.

3.2. General case (non-zero viscosity)

The growth of perturbations with accounting for viscosity,
which is described by Eqg. (3.3), is shown in Fig. 1 by the dot-
ted and dashed lines. The “instability” described by the exact
solution (3.3) is of very specific kind as, tends to zero at

t — oo. Nevertheless, during a finite timig given by Eq. (3.8)

the perturbations are in the growing regime and their amplitude
increases by a factor éf (0)/k2 (—3) = (3? + 1), which can
be> 1if |3| = |k, (0)/ky| > 1.

Let us suppose that by the moment= ¢, = |3| when
the amplitude of any perturbation arrives at its maximum, the
viscosity does not play any essential role, ie< ve(t.).
Though this growth in the amplitude proceeds during the time
interval At ~ £, only, it could onset the local turbulence. In this
case, turbulence can be established everywhere in the disk as a
superposition of the spiral perturbations originated in different
points of the disk and on different moments of time; all of them
have experienced a growth duridg ~ ¢,.

The turbulence appeared as a result of the growth of the
perturbations can be characterized by some turbulent viscosity,
which generally is much larger than the molecular one. It is

10.00 possible that a steady-state regime will emerge in which

£
w
\
T N N S SRRt FASUT Y

4 )

v — Ver(t) = Vourn - (3.11)

In this regime, the decay due to viscosity is strong enough to
provide a steady-state level of the turbulence so that the ampli-
tude of the perturbations is kept more or less constant in time,
ie.

vir(t) P> Ty -

(0 = lLat £ () =-B~1. (3.12)
Substituting Egs. (3.11) and (3.12) into Eq. (3.3) with taking
into account Eq. (3.5) and assuming that, by order of magnitude,
A ~ Q, we arrive at the following transcendental equation:

4 Viurb ki 1
exp < 5 Q 5 (3.13)
— ‘ SR B Taking the logarithm of this equation one finds:
0.01 0.10 1.00 10.00
£ Q
_ Viarb =~ 0.5 = . (3.14)
Fig. 1. “Unstable” solutionsy = v1-(t)/v1-(0), represented by Eg. k3

(3.3) for several values ¢f = k,.(0)/k,. The solid lines show a non-
viscous case (Eq. 3.6). A general, non-zero viscosity solution (3.3
shown by the dotted lines for = 0.3 v.ris and by the dashed lines for
V = Verit, Wherevg,: is defined by Eq. (3.5).

_Itis straightforward to see that the basic contribution into the
)[L'ﬁbulent viscosity is given by the perturbations of the smallest
k,'s; thereforevy,, =~ 0.59/(ki)rnin. From Egs. (3.2) and
(3.12) one hask,| ~ |k.| > h~!, whencek,| . ~h~! ie.

min
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The function (3.18) reaches its maximumrat Bi‘l, and this

Veurb = 0.5 Qh? . (3.15) maximum is given by
By substitutingh = o,/ into Eq. (3.15) the latter can be v A;
rewritten in the form: ve) T B (3.20)
Veurh =~ 0.5 o . (3.16) Evenin this, the least favorable case [when~ 0.5 as one
Q can see from Eq. (2.4)] is less than., by a factor of 2 or so,

It is instructive to compare the expression for the BohNs{hich is enoughf(_)rsmall-s_c_ale turbulence_to appear. Th_erefore
diffusion coefficient( D) with our Egs. (3.14) and (3.15) forthe range of physical conditions under which the viscosity due
Vearn. A well-known estimation of the Bohm diffusion coef-t0 fully developed turbulence should dominate is indeed very
ficient for a strong turbulence plasma is given by (see e. .road.

Kadomtsev, 1964, or a review by Horton, 1984): ' Unlik_e the classical example of gravitational insta_lbility, our
mechanism for the growth of shortwave perturbations has a

(VL) max much higher level of viscous stabilization, as it follows from

(k2 )mnin the value of critical viscosity calculated above in comparison
with that for a self-gravitating disk. Indeed, the growth of short-

where~;, is the maximum linear growth rate of the drift instawave perturbations leads to the increase of the amplitude by a

bility, and (%, ) is the minimum wave number, also from a lineafactor of

theory. They are much the same: in our C&g€)max ~ 0.5 Q

and instead ok, we substitute(k, )min =~ h~'. Kadomtsev vir(te) (kr(o)

obtained D g)max by using the relationship, p ~ 1, wherep vir(0) Ky

Is the Larmor radius. AkL ~ p ' Dphasa maximum. But This strong inequality follows from the fact that

the Larmor radius in plasma corresponds to the epicyclic r,

dius in graviphysics. The latter, in fact, is the thickness of dis@"(o)/k“’| ~ /T, \_Nheret* IS the Cha”.iCte”St'C tlm_e of the
) . . . gtowth of perturbations an@ is the period of the disk rev-
ki ~ h~*, and this, actually, is being used here.

o . o lution. According to the perturbation theory implemented to
wasTch;ig(;S; O;'r%r\;vgﬁfgjg:ﬁés ?{g%%ymi?ééiltﬁ)e(;;g;@xamine instability, the conditioh /7" >> 1 holds (otherwise
Y y L he zero-approximation of perturbation theory is not fulfilled:
sense as one introduces anomalous resistivity and anoma

e . o 7 L lésequilibrium condition is broken for the time less then that
diffusion in plasma physics: The origin of this viscosity is bt one revolution of the disk). As a result of the above inequal-
fully developed turbulence which is established in the saturati&n a strong growth of perturbation takes place, which leads to
regime described above. ' '

. . . the development of short-scale turbulence and the appearance
Eq. (3.15) or (3'16? could be denvgd from d_|n_1en5|onal aGt turbulent viscosity. A very large factor of the growth given
guments (of course, without the numerical coefficient) as an

timati fyi it i tating disk with turbulent moti Gbove explains why the value of the critical turbulent viscosity,
Imation ot viScosity in a rotating disk with turbuient motions,, ;. stops the growth of perturbations, turns out to be much

Howeyer, we sho_uld emphas_lze that_ without an analysis sucnzﬂaer than that for the instability of a self-gravitating disk (e.g.,
one given above it would be impossible to reveal an underlyn&gidman & Polyachenko 1984, p. 41)

physical mechanism for the origin of such turbulence.
It is important to test whether the necessary condition for
developing of small-scale turbulence 4. Viscosity in the circumnuclear ring

(DB)max =

)2 >> 1.

V< Vg (3.17) Before making numerical _estimates, we I_ist the basic parameters
of the clumpy gas in the circumnuclear ring (CNR), such as the
is met. To this end, let us find the ratig'v,,;, as a function inferred clump size, the volume filling factotF’, and velocity
of = Qt;, i.e. of the basic parameter that characterizes tHEspersion of the clumps,, taken from Jackson et al. (1993)

number of interactions per one revolution: and GQisten at al. (1987):
v 2A;T
Ver = B2r2+1° (3.18) a~015pc; F~01—03; 0,~20kms™ . (4.1)
Asymptotically, Adopting the average gas density in the clumps=
10° cm~3 one finds the average clump mass= 5 M. This
v 2471 T <1, givestheratia /a ~ 10~3, which implies that elastic (gravita-
Ver %T_l <lifr>1, (3.19) tional) interactions between the clumps are negligible compared

to inelastic ones, i.e. clump-clump collisions. In other words,
i.e.in both limits,r <« 1 andr > 1, the viscosity coefficient is gravitation plays no role in the interactions between the CNR
much less than the critical value given by Eq. (3.15) or (3.16lumps.



110 L. Ozernoy et al.: Angular momentum transport in the central region of the Galaxy

The mean free path of the clumps given by for a continuous disk. This assertion could be easily confirmed
4a by numerical estimates when we address the circum-nuclear
l= 3~ (0.7 = 2) pc, (4.2)  ring (CNR):in a continuous disk with similar global parameters,

one would haver ~ ¢, <c.h ~ 1022 cm?s~1, wherec, ~ 1
@mi/s is the sound speed of the gadigten et al. 1987) and
h ~ 0.5 pc is the thickness of the disk. What provides a much
larger viscosity than it would be possible in a continuous disk is
~(0.3—1)-10""2s7, (4.3) (although only partly) the clump-clump collisions. As is shown
l in Sect. 3, the collective mode of instability would dominate
i.e.w.<0 ~2-10712 s~ ! implying less than one collision perthe dynamics of a clumpy disk if viscosity in the latter is less
revolution. The anticipated optical depth7is~ 0.1 — 0.5, than some critical viscosity [Eq. (3.11)] whose value is given
which, according to Eq. (3.17), resultsin< v,. Therefore, by Eg. (3.15) or (3.16). This condition is (marginally) met in
the conditions for fully developed turbulence to appear, whithe CNR, which results in the turbulent viscosity coefficient
are described at the end of Sect. 3, are met to yield the viscosity,, ~ 1 10** cm?s~!. We note in passing thatiGten et
coefficient al. (1987) suspected the existence of turbulence in the clumpy
CNR, although they did not evaluate its viscosity coefficient.
st (4.4) It is worth mentioning that, in spite of the differences in
5he specific physical parameters of the clumps in the CNR and
tive galactic nuclei, or AGN (for the latter, see Netzer 1990),
e value of,, evaluated above turns out to be in the range of
e values estimated by Fridman & Ozernoy (1992) for cloudy

is rather large (even in a marginal conflict with the simplifyin
assumption (3.1) thdt< h). The clump-clump collision rate
in the CNR is given by:

b OV
L~

Veurb = 1-10%* em?

Itis instructive to compare this result with the upper limit t
viscosity derived by von Linden et al. (1993a,b). Their resul
were obtained by fitting an accretion disk model with arbitra
viscosity to the velocity fields of various molecular clouds, an . L :
then inferring the required kinematic viscosity from the fit. Su fisks in AGN. This might be relevant to the issue whether the

cessful fits were made in the radial range from 10to 100 pc, with'R %OUId be Cons'd?fg l;\ils ‘T prototype for C|Lcum-lnuclear ;[0”
animplied kinematic viscosity 61026 cm? sec—! ata distance &found Some types o - (Itis interesting that a large value

of 100 pc. Such a high viscosity is just within the limits imposeafhth(:]\./iscosity.in ctjhe CNR imfplie?] its rather I.arge scale heigﬂt,
by the basic assumption of an accretion disk: The thin disk Juhichis arequired geometry fort e AGN tori). Inany case, the

sumption implies, in the context of isotropic turbulence, thgtngular momentum transportin the CNR seems to be atemplate

the kinematic viscosity has to be clearly less than the circW—h'Ie considering similar issues both for quiescent and active

lar velocity times the scale height. At~ 100 pc the circular galacr:ic nuc:ei.. ¢ d ab h d for th
velocity is ~ 200 km/sec, and the scale height is difficult to 1 ne analysis performed above has not accounted for the

determine; the-distribution of clouds gives a lower limit to them""ﬁn_et'C field in Ithde ENE-IQ/'eanWhI:]e_ Ser\:erall OZServ?)lonal
scale height, and thatis 10 pc. This means that the kinematidechniques revea & the field strength in the clouds to g
viscosity has to be less tha&r 026 cm? sec—: the fit by Linden mG (forarecentreview, see Genzel etal. 1994). Amagneticfield
et al. is obviously just at the limit. It follows either, a) that théS strong as this cannot be ignored in the transport of angular

real scale height is quite a bit larger, with a rather hard limit ohme.ntum. Cor:jservauaq of angular mon:)entum tra?sp%rteg by
roughly 1/3 of the radius, implying a hard limit of the viscosit oth viscous and magnetic stresses can be written for the CNR

of 21027 em? sec—!, which should not be reached, or b) thaf! Whichv,, ~ constin the form (Ozernoy & Genzel 1998):

the kinematic viscosity cannot be described with an isotropic S R 12
turbulence. o= 2T (602 + ves®) ll _ (1)
The viscosity values implied by the fit to the observations Vo r
of molecular clouds differ for different radii. A fit was made for .
clouds at 100 pc as well as 10 pc, with the viscosity decreasi¥gere) is the mass inflow rate; is the surface density of the
for smaller radii. This radial variation may become steeper @NR.¢ ~ 1is the(—B, /B,;) averaged over the-coordinate,
smaller radii. The hard upper limit mentioned above would intx iS the Alfven velocity .« is an effective viscosity, anft; ~
ply that it decreases as approximately3, and so would imply 1.5 pc is the inner radius of the ring. If we consider the CNR
that the hard upper limit at 1.5 pcis 51024 cm2sec—1. We @s a magnetized disk for whiahy, ~ h€} ~ 30 km/s andv.g
note that the result (4.4) is a factor of 5 below this upper limi given by Eq. (4.4) the two terms in parentheses in the r.h.s.
Assuming the same scaling for the kinematic viscosity derivéd Ed. (5.1) turn out to be comparable. This implies that while
by von Linden etal. would lead ts 1.5 1024 cm?2 sec !, which evaluating the angular momentum transport in the CNR, both
is close to Eq. (4.4); assuming the number derived from a fitrgagnetic and turbulent viscosity need to be accounted for. One
10 pc we obtain an estimate which is near the limit. can see that with the parameters listed abovedand2 1072 g
cm~2 the total mass inflow rate given by Eq. (5.1) at a fiducial
distance of- = 2 pc amounts ta\/ ~ 102 Mg yr~ 1.
This resultis consistent with a naive, by order-of-magnitude,
A qualitative argument presented at the end of Sect. 2 shows tstimate of M ~ M/t,,, where M is the CNR mass and
the viscosity in a cloudy diskis, in general, much largerthanthat = R?/vi., is the characteristic time for the angular

SN GRY

5. Discussion
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momentum transport: Taking..., ~ 1 10** cm?s~! and Appendix B: character of perturbations

M ~ 310* M, i.e. somewhere in betwedf* and10° M., in a differentially rotating vs. a solid-body rotating disk
the current estimates for the CNR mass (Genzel et al. 199@t us consider an incompressible. differentially rotating. liquid
one getst;, ~ 6 10° yrand M ~ 51072 Mg yr—!. This is b ’ yrotating, iqui

consistent as well with the inflow rate toward the Galactic ceﬁylmder' The linearized equations of motion take the form:

ter inferred from the observational data (e.g. Blitz et al. 1993, dive = 0,
Genzel et al. 1994). 05, b, i 1P
—+ Q a — QQULp = 7787,
r
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helpful discussions. Substituting a perturbation in the form of the wave pagket

~ exp[—iw 4+ mp + [ k.dr] results in the following dispersion

Appendix A: shear viscosity in a clumpy disk relation &, = m/r):

at elastic/inelastic encounters k. k
O = w-mQ = —i(20 - k?/2Q) =2
The shear viscosity in a differentially rotating clumpy disk, with k
accounting for gravitational interactions between the clumps 8§ alwaysx?2 < 402, and therefore the condition of instability

massm, is given by Eq. (60) in Stewart & Kaula (1980): is k,.k, < 0, which corresponds to the growth of the leading spi-
rals. Under this condition the instability is monotonous without
—rQv = Ago?, any oscillations with epicyclic frequency. If the rotation is solid-
9v/2 ngl body, one obtaing = 0, i.e. the perturbations are stationary.
0= ) (A1) The above solution has a drawback since-tsemponent of

—1)\2
(36/5) + 55 (QWG ) the group velocity for perturbations under consideration is zero.

A more detailed analysis should be performed to find out what is

the role ofr-dependence fdr. This difficulty can be overcome

if one considers the system in a corotating frame of reference. In

this case, an exact time-dependent solution can be derived (see

(A2) Fridman, 1989) which demonstrates a qualitatively the same
behaviour as is obtained above. Specifically, in any differentially
rotating disk whose angular velocity decreases with radius, the

qu- (A2) cc;rrlegponds to Eq. (57) of SK when one guf$ +  |e4ding spirals grow monotonously. As for a solid-body rotating

_(UU,/GmQ> 4 =1 because in aflat disk the long-range gravgisyc a| perturbations are stationary.

itational interactions could be neglected compared to the short- Note that if one would consider absolutely compressible

range ones. The value ot; is related to the characteristic timecase, i.eP = 0 in the above equations, the continuity equation
of gravitational encounters¢, given by Eq. (2.3) simply by {akes the form:

wg' = te/V/2. By substituting Eq. (A2) into Eq. (A1), the

whereQ)’ = dQ/dr, andwg is frequency of clump-clump col-
lisions given by

~3.35 G?m?n

wa
3
U?)

latter could be written in the form: 9p T pdive + Ur@ -0,
ot dr
2
y_ % AeT 7 (A3) and we immediately obtain
Q1957)° +1
82— 2

whereAs = 0.83 for a Keplerian diskAg = 1.25 for a solid-

body rotating disk, and — Q. The contrast to other work is illuminating. Julian & Toomre

. . - - 1966) considered perturbations in a very thin collisionless self-
The viscosity coefficient for clump-clump collisions, whe

2 - ; . ravitating stellar disk. In fact, for such perturbations a colli-
the clump gravity IS negl_lglble [Goldreich & Tremaine 1978sionlessrstellardisk is absolutely compressible, in contrast to in-
Eq. (46)], can be written in the form analogous to Eq. (A3):

compressible character of perturbations with wavelengths much
) smaller than the disk’s width forgaseouslisk considered here.
Y= o, 0467 _ (A4) Goldreich & Lynden-Bell (1965) studied dynamics of perturba-
Q (0.97 7-)2 +1 tions in a gaseous disk, but only at high frequencies. Really,
perturbations considered in their paper demonstrate (asymptot-
Eq. (2.1) unifies the representation of viscosity both in thealy) oscillations with sound frequenéy, wherek is the wave
case when interactions are inelastic, while gravitation is neghumber and is the sound speed. As the scale of perturbations is
gible [Eqg. (Ad)]andin the case when gravitational encountersmaller than the diskwidth, i.&h > 1, theirfrequencyis higher
are dominating [Eq. (A3)]. than the epicyclic one. But as the equations of motions contain
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Appendix C: Velocity perturbations in a plane shear layer

kr(t)0r + ko0, = 0, Holt, S.S., Bennett, C.L., & Trimble, V.) AIP Conf. Proc. 222, 280
oo, ~ . ~ g Genzel, R., Hollenbach, D., & Townes, C.H. 1994, Rep. Progr. Phys.
5 2000, = —ik.(t)x — vk (t)o,, 57,417
o Genzel, R. & Townes, C.H. 1987, Ann. Rev. Astr. Ap. 25, 377
—Z 4+ (2Qp — A)D, = —ikyX — yki(t)@w, Goldreich, P. & Lynden-Bell, D. 1965, MNRAS, 130, 125
ot Goldreich, P. & Tremaine, S. 1978, Icarus 34, 227 (GT)

Here(), = const is the angular velocity of the corotating fram€usten, R., Genzel, R., Wright, M.C.H., Jaffe, D.T., Stutzki, J., &

of referenceA = —ry(d€2/dr), characterizes the value of the  Harris, A.l. 1987, ApJ, 318, 124

sheark, (t) = k, + tAk,; ki(t) = k2(t) + k2 Horton “Drift wave turbulence and anormalous transport”, Handbook
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This system has an exact solution in the form (Fridman, of Plasma Physics, v.2, p.383, North-Holland Phys. Publ., 1984
Julian, W.H. & Toomre, A. 1966, ApJ 146, 810

1989): Kadomtsev, B., Sov. Phys. JETP, 1964, v.18, p.847
9 t Jackson, J.M., Geiss, N., Genzel, R., Harris, A.l., Madden, S.,
B (1) = ké(o)@r(o) exp —y/ki(t)dt ) (C1) Poglitsch, A., Stacey, G.J., & Townes, C.H. 1993, ApJ, 402, 173
kL (t) Lominadze, D.G., Chagelishvili, G.D., & Chanishvili, R.G. 1988, Sov.

0 Astron. Lett. 14, 364
For smallt the exponential term is negligent and we come upikashchuk, S.N. & Predtechenskii, A.A. 1984, DAN SSSR, 274, 1317
with vorticity conservation: Netzer, H. 1990, in “Active Galactic Nuclei” (eds. Courvoisier, T.J.-L.,
and Mayor, M.). Springer, Berlin, p. 57
k2 v, = const. (C2) ©Ozemoy,LM.& Genzel, R. 1998 (to be submitted)
k&p Stewart, G.L. & Kaula, W. 1980, Icarus 44, 154 (SK)

. . imofeev, A.V. 1976, Sov. J. Plasma Physics, 2, 280
For a plane shear layer, a similar set of equations can ogc;mre,A. 1981, In “Structure and Evolution of Normal Galaxies. Ed.

derived. The simpliest way to do this would be to putin the S.M.Fall and D.Lynden-Bell. Cambridge University Press, p. 111
above systeni2 — 0, 7 — o0, Qr — v(x). As a result, We o, jnden, S., Duschl, W.J., & Biermann, P.L. 1993a, A&A, 269, 169
obtain the following system: von Linden, S., Biermann, P.L., Duschl, W.J., Lesch, H. & Schmutzler,
ke (t)y + kyty = 0 T. 1993b, A&A, 280, 468 _

- ’ Zaslavskii, G.M., Meitlis, V.P., & Filonenko, N.N. 1982, “Wave Inter-

curl,(v) = i(kyvy —kpvr) = -

o% ‘ ~ _ ) . . o ; L
3: = ik, ()% — Vki ()0, actions in Nonuniform Media” (in Russian). Nauka, Novosibirsk
o5
% + B, = —ikyX — vk2 (1)3,.

Here B = (dv/dzx), characterizes the value of the shéday(t)
=k, — tBky; k7 (t) = k2(t) + k7. One can easily see that this
system is almost similar to the previous one and it has a similar

solution:
9 t
Uu(t) = ]Zé(((t); 0.(0) exp | —v / k3 (t)dt| . (C3)

0

Obviously, in a plane layer there are no any Coriolis forces at

all. Nevertheless, the solution (C3) has the same form as (C1).
What is relevant to the real physical meaning of our solution is

conservation of vorticity (Eq. C2), which has been emphasized
here.
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