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ACTIVE galactic nuclei (AGNs) are usually thought to be powered
by accretion onto a supermassive black hole (SBH)“’. Their
luminesities, which may exceed 10*° erg s~', require mass accretion
rates of =1 Mo yr~' for reasonable mass-to-energy conversion
efficiencies. Although this quantity of fuel could be supplied by
the interstellar medium of the host galaxy, it is not obvious how
it could be transported from typical galactic radii, ~10 kpc, down
to the scale of the SBH, <10 pc. We propose here a mechanism,
applicable to AGNs and nuclear starburst galaxies, which brings
in gas from large to small scales by successive dynamical
instabilities. On the large scale, a stellar bar sweeps the interstellar
medium into a gaseous disk of a few hundred parsecs in radius.
Under certain conditions, this disk can become unstable again,
allowing material to flow inwards until turbulent viscous processes
control angular-momentum transport. This flow pattern may feed
viscosity-driven accretion flows around a SBH, or lead to the
formation of a SBH if none was present initially.

If the accretion flow is disk-like and is driven by local viscosity,
then the radial inflow time can be expressed in terms of the
standard o parameter’, which is defined as a suitably averaged
ratio of viscous stress to pressure inside the disk. For a disk
with shear induced by a poirit-mass potential, the viscosity-
controlled radial inflow time, ?, is

tvisc = a—l(vd>/cs)2tdyn
~1.2%x10°a v, T3 ' Ryg yr (1)

where 1000, km's ™" is the orbital speed, 10R,, pc is the radius,
layn is the dynamical time R/v,, ¢ is the sound speed in the
disk, and 1007, K is the gas temperature*’. An alternative
viscosity formulation, obtained by setting the coefficient of
kinematic viscosity to v = ac,H, where H is the disk thickness,
gives identical results for a non-self-gravitating disk, but leads
to a slower inflow rate when vertical self-gravity is important.
Because of the effects of self-gravity and fragmentation*”’, the
disk feeding an AGN may resemble a system of gas clouds
rather than a quasi-continuous fluid. In this case, the efficiency
of angular-momentum transfer depends on the cloud-cloud
collision timescale, t.,,, and the value of the effective a is of
order ty,/ t.on. We expect a to be <1 at the onset of fragmenta-
tion, and to become smaller if the clouds contract further. If
fragmentation is somehow suppressed, higher effective values
of @ may be possible®, but a consideration of realistic heating
and cooling processes suggests that this does not lead to a
significant enhancement of inflow*?. In regions where the stellar
potential dominates over the potential of the SBH, the shear is
reduced and the viscous inflow time is prolonged. We conclude,
therefore that standard viscous processes are too slow to be
effective in collecting gas liberated in the main body of the host
galaxy. This can be overcome either if the gas is generated close
to the SBH or if gas liberated at larger distances is brought in
towards the SBH by a mechanism other than subsonic turbulent
viscosity. For example, a large-scale non-axisymmetric disturb-
ance of the galaxy, such as a stellar bar, is capable of inducing
global shocks, thereby driving the inflow of gas towards the
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centre. The amount of H 1 in spirals is observed to lie in the
range 108-10!° M, and molecular gas may be more abundant
by a factor of ten. Both the total H1, CO and H, content and
the ratio of molecular gas to H 1 are maximal for spiral galaxies
of type Sb to Sbc®'°. There is certainly enough gas present in
spirals to power the whole range of AGN activity, provided that
this gas can be swept inwards from several kpc down to tens of
pc in a short time.

It has been known for some time that barred spiral galaxies
are associated with Seyfert galaxies. Adams'* noticed that a
large number of Seyferts are barred. The 12 objects in his
highest-resolution class are all barred spirals at some level, or
show inner rings thought to be generated by bar instabilities'?.
Apart from ten obvious SB and SAB galaxies, this class contains
NGC1068 and Mk10, which are observed to be barred™'*. In
the next resolution class, Adams found that two thirds of the
galaxies are SB or have rings. The remaining third either have
an “amorphous body” or are seen edge-on, or their observation
was subject to instrumental errors.

In a survey of a sample of Seyfert galaxies, Simkin et al'¢
concluded that there was an excess of bars, rings and oval
distortions among Seyferts with respect to their control sample.
A recent survey based on CCD images of a volume- and luminos-
ity-limited sample by MacKenty'’ shows that Seyfert galaxies
“nearly always possess mechanisms for transporting material
into their nuclei (for example, peculiar, tidally interacting or
barred galaxies)”. In other respects the host galaxies appear
normal, having colours, magnitudes and disk parameters typical
of their morphological class. Clearly, the simplest interpretation
of these observations is that all Seyferts are barred at some level.

The large-scale stellar bar cannot, however, be solely respon-
sible for the AGN phenomenon. First, about half of the spiral
galaxies in the sky are barred or show oval distortions whereas
only a few per cent of them host AGNs (but see ref. 18). Second,
the gas inflow generated by a barred rotating potential does not
extend down to scales at which turbulent viscosity could take
over. Numerical studies of the response of a compressible fluid
to an imposed oval distortion of the potential indicate that, in
these systems, the gaseous component loses angular momentum
in a pair of shocks, and flows towards the centre of the galaxy
in about ten rotation periods'®?°. Given the fractional deviation
of the potential from axial symmetry, A®, we can estimate the
radius at which the shocks weaken and the inflow ceases to be
dynamically driven. We assume that A® = gv%, where ¢ is of
the order of 0.1. The condition for A® to cause a shock in the
gas can be expressed as® ¢, <0.5(y+1)evy, where ¢, is the
sound speed in the gas and v is its adiabatic index. If the inner
parts of the galaxy rotate as a solid body within a radius R,,
shocks will not be present within a radius Ry given by Ry =
2R,/ (y+1)et, where # is the Mach number (v/c,) of the flow
at R, and we have assumed ¢, « v,. Numerical simulations show
that the gas can be swept up into a ring if inner Lindblad
resonances (ILRs) are present, yielding a ring-like configuration
of H 1t regions. If the bar distortion is strong, however, the
positions of the ILRs cannot be calculated using the circular
velocity curve®.

In summary, the gaseous inflow in a barred potential slows
down at a radius R;. We shall assume, for simplicity, that the
net effect of a stellar bar on the gaseous component of the host
galaxy is to sweep it into a disk with radial scale Ry=0.1R,,
where R, is the radius of the bar. At R, viscous processes are
still too slow to drive inflow. We propose instead that the gas
which accumulates in the central kpc or so, as a consequence
of the inflow in the stellar bar, forms a disk which, under certain
conditions, becomes again dynamically unstable to form a
gaseous bar. We derive a condition for this secondary instability
in the context of a simple model, and argue that the resulting
inflow can extend all the way into the centre of the galaxy, that
is, to the inner ~10 pc or so.

No single criterion is known for global stability of self-gravi-
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tating disks (gaseous or stellar) encompassing all possible disk
models*>?*. However, the stability of a large variety of disk
models can be described by applying the semi-empirical criterion
proposed by Ostriker and Peebles®*, which is known to have a
theoretical analogue for Maclaurin ellipsoids. A sufficient condi-
tion for instability is given by t = T,.,/| W|= t,, where T, is
the kinetic energy of rotation of the disk, W is the gravitational
energy of the system and z;, is the maximum value of ¢ required
for stability. This criterion seems to apply to gaseous thin disks,
which have t.;, =0.14 for secular instability and ¢ =~ 0.26 for
dynamical instability®>*°, We model the system after the bar
has brought the gas within the radius R, in terms of three
components: a cool gaseous disk having a Kuzmin density
distribution with radial scale a; a stellar disk having a similar
density distribution but with a larger radial scale b; and a
Plummer-model halo, also with radial scale b (see, for example,
ref. 23). Let the total mass of the system be M, a fraction g of
which is in the gaseous disk and a fraction s in the stellar disk.
The halo therefore contains a mass (1 — g —s)M. This particular
choice of model is motivated by the fact that ¢ can be evaluated
analytically, but the conclusions drawn from it are expected to
be at least qualitatively correct in a more general context.

We treat the potential of the stellar component as axisym-
metric and fixed, and therefore include in the calculation of ¢
only the kinetic energy of the gaseous disk:

8a 1+g)

where we have assumed that the disk rotates at every radius
with a fraction f of the local circular speed for equilibrium
(f=1 indicates full rotational support), and have introduced
B = b/ a, the ratio of length scales of the fixed stellar component
to the gaseous component. From equation (2) and the expression
for the potential energy,

GM2|: , 4g(1—g) s(2-2g—s) 3w
4

@

¢! —s—g)z]
(3)

one can obtain an expression for ¢ in terms of the mass fractions
in the various components and the radial-scale ratio 8. The
physically interesting question is: given a certain gas fraction,
by how much must the gas disk shrink radially in order to
become unstable? A rough answer to this question can be
obtained by setting ¢ equal to ¢, and solving for B. In the limit
g« 1, we find that the gaseous disk is unstable (> 1) if

2t (1—h2+37h%/8)
g2(f2 - 2tcrit)

where h=1-g -y is the halo mass fraction. The r.h.s. of eq.
(4) is not very sensitive to the value of h, and equation (4) holds
to better than 10% for g=<0.3, when compared with the exact
evaluation of the Ostriker-Peebles criterion. Any effects of non-
axisymmetry will probably enhance the instability.

Two aspects of equation (4) are worth mentioning: (1) for a
given f and h, B varies inversely with the gas fraction squared,
and (2) the disk must be cold, f> 21, for it ever to become
unstable. This places stringent limits on the proposed mechan-
ism. For example, in a cold disk with f =1, h=0.5and ¢_;,, = 0.14,
B must be >0.4/g* for instability. If 8 =1 initially and g =0.2,
then a reduction in size of the gas disk by a factor of ten would
make it susceptible to global instabilities. It is important to note
that the value of z_,;, = 0.14 used above corresponds to dynamical
instability of stellar (collisionless) disks, but to only secular
instability of gaseous disks. This is because gaseous disks have
fewer degrees of freedom than stellar disks. Secular instability
of a gaseous disk would occur on the viscous inflow time, and
would therefore be too slow to be of interest. Dynamical instabil-
ity of a smooth gaseous disk would require f., =0.26, corre-
sponding either to contraction by an additional factor of 2-3,
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or to increase in g by a factor of about two. However, it is likely
that the self-gravitating gaseous disk will be highly in-
homogeneous, consisting of clouds which fill a rather small
fraction of the volume®. If the collision frequency of clouds is
small relative to the orbital frquency, the system will behave
more like a stellar disk than a gaseous disk, and a lower value
of t.;; will apply. Gravitational coupling of the gaseous disk to
the stellar disk may also contribute to the instability®?’.

Therefore, we have established that a large-scale stellar bar
sweeping the gas inward yields a disk, which can become
unstable, if it is not too hot, and can feed a viscosity-driven
flow. The unstable configuration is likely to resemble a bar-
driven spiral®®, which will transfer angular momentum outwards,
leading to further contraction. At the same time, the velocity
dispersion of inhomogeneities will tend to increase, but this
energy will be dissipated through cloud-cloud collisions. To the
extent that the system does not form stars, the inevitable con-
sequence of sinking of the gaseous system towards the centre
of the stellar system is that ¢t will grow, and the gaseous system
will become increasingly unstable. The degree to which the
system forms stars before the gas reaches the centre must, in
this model, determine whether the principal form of activity is
a starburst or an AGN. The above argument implies that galaxies
with a gas content of less than 10% will not display a bar within
a bar and are therefore candidates for the generation of a
starburst but not of a powerful AGN.

The process is not necessarily restricted to spirals. Elliptical
galaxies are to some extent also supported by rotation. Material
that is released at radii of a few kpc, and which is only 1%
rotationally supported, would go into keplerian orbit at about
one tenth of its original distance from the centre. Turbulent
viscosity would still be insufficient to drive inflow, and the
formation of a gaseous bar might occur even in this case.

Thus, a large-scale bar is a necessary but not sufficient condi-
tion for strong nuclear activity if the host is a spiral galaxy.
Another stage of dynamical instability, which occurs in the
gaseous disk that accumulates in the centre under the influence
of the stellar bar, is required to feed an accretion disk at smaller
scales, that is, such a process requires gaseous bars within stellar
bars. A similar but tidally induced process was found in numeri-
cal simulations (L. Hernquist, preprint). Any process that sup-
presses this second stage of instability will prevent formation
of the SBH and/or its subsequent fuelling, and is likely to lead
to nuclear star formation or to low-level activity. This view is
supported by recent evidence that most or perhaps all starbursts
are barred”®. The majority of spirals avoids becoming a con-
spicuous AGN or starburst. The most probable causes for this
are relatively low gas content of the host, inefficiency of the
stellar bar in sweeping all of the gas in, and the presence of ILRs.

The fact that activity seems to occur preferentially in inter-
mediate morphological classes can be simply explained in terms
of the relative abundance of gas-rich galaxies among those
morphological types®'®. Additional factors, such as the length
of the bar relative to the photometric galactic radius, may
influence the correlation between activity and morphological
type. It is plausible that nuclear activity in some galaxies may
be suppressed at present because the SBH (or the nuclear
starburst) has exhausted the available mass supply and must
wait for new material to be brought in from large scales. The
duration of the active phase of an AGN would be of the order
of a few ty,, at the bar radius, whereas the gas would be
replenished only on the stellar-evolution timescale or on the
timescale for capture of extragalactic clouds.

An important prediction of this model is that dynamical
instabilities on scales of ~100 pc must be present in the central
regions of active galaxies, including ellipticals (such as powerful
radio galaxies). Perhaps some evidence of the processes dis-
cussed here can be found in the Sérsic-Pastoriza galaxies, whose
nuclei have been long recognized as unusually bright and distur-
bed®. All of these galaxies are barred at some level and some
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of them are well-known today to be Seyferts and starbursts.
More high-resolution optical and infrared observations of these
objects and H 1 and CO observations of the innermost regions
of moderately distant AGN are desirable.

We have not discussed the effects of environment on Seyferts
and starbursts. The passage of a close companion may induce
a stellar bar, but this may not be necessary for their production,
as isolated galaxies may host bars which are relics from galaxy
formation, or which have been generated spontaneously as a
result of infall. [
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sources of atmospheric
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A PROPER inventory of atmeospheric emissions from matural
sources is basic to our understanding of the atmospheric cycle of
the trace metals (and metalloids), and is also needed for assessing
the extent of regional and global pollution by toxic metals’. It is
generally presumed that the principal natural sources of trace
metals in the atmosphere are wind-borne soil particles, volcanoes,
seasalt spray and wild forest fires”®. Recent studies have shown,
however, that particulate orgamic matter is the dominant com-
ponent of atmospheric aerosols in non-urban areas’'® and that
over 60% of the airborne trace metals in forested regions can be
attributed to aerosols of biogenic origin''%. Here I estimate that
biogenic sources can account for 30-50% of the global baseline
emissions of trace metals. For most of the toxic metals, the natural
fluxes are small compared with emissions from industrial activities,
implying that mankind has become the key agent in the global
atmospheric cycle of trace metals and metalloids.

In compiling the emission factors used in the calculations
(Table 1), the most recent data have been used; for older data,
the lowest reported concentrations have been preferred. For
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enrichment factors, a range of values', rather than a single value,
has been used. A range in the flux of material from each source
has also been employed so as to assess the errors inherent in
the reported emission intensities of trace metals.

The episodic nature of volcanic emissions makes it difficult
to derive trace-metal emission rates using the enrichment-factor
strategy'>'®. There have been numerous studies, however, of the
release of sulphur and trace metals from volcanoes and
fumaroles, and a number of authors have estimated the outputs
of trace metals by normalizing the metal release to the sulphur
flux from this source'®. I have adopted such an approach here,
using a global volcanic sulphur flux of (15-50) x 10*? g yr™* (refs
15, 16) and metal-to-sulphur ratios derived from published
data®®?"7,

The release of large quantities of volatile non-methane hydro-
carbons (NMHC) is well documented, particularly in forested
areas'®?°, For example, the average emission rates for NMHCs
in the forested areas of the United States range from 450 to
1,712 pgm2 h™! (ref. 18). Biogenic emissions of isoprene and
terpenes in the Amazon rain-forests have been estimated as 233
and 1,040 pgm™2h™" respectively'®. Rasmussen and Khalil*
have calculated the global atmospheric flux of isoprene to be
450x 10 gyr™!, and the combined releases of isoprene and
terpenes have been suggested'® to be equivalent to ~0.7% of
the net global primary production. Thus the NMHC flux of
100-500 g m™>h™" used here is clearly a conservative figure.
Terpenes and isoprene, the two dominant components of
NMHCs, are known to form strong complexes with many trace
metals?*, and thus should play a part in the transfer of metals
to the atmosphere. As far as I know, however, the NMHCs
have not been analysed for trace metals, so that the emission
factors listed in Table 1 are subject to a large uncertainty. They
are based on reported flux measurements and the concentrations
of methylated compounds of Hg, As, Pb and Se in the atmos-
phere®'*?*_ For the other elements, the emission factors are
based on metal concentrations in the surface organic microlayers
of aquatic ecosystems>?,

The average concentration of particulate organic carbon
(POC; derived from -organic matter which is the dominant
component of atmospheric aerosols) in the Amazon rain-forests
has been reported” to be 8.9 pg Cm™ in the mixed layer and
2.6 pg C m™ in the free troposphere. These reported POC con-
centrations in forest ecosystems are considerably higher than
the mean value of 0.06 wg C m™ in the marine atmosphere of
the Southern Hemisphere**. The carbon isotope composition
suggests, however, that most of the marine POC is also derived
from natural land-based sources™. The annual flux of particulate
organic matter (POM) to the atmosphere, Q, can be estimated
from

Q= VxBx22x(3-6)x10"

where V, the total deposition velocity of the aerosols, is estimated
tobe 1.0 cm s~ (ref. 44), and b, the average POC concentration,
is 3-9 pg m™>. The figure of 2.2 is used to relate organic carbon
to organic matter’’, and the forested area is believed to be
(3-6) x 10'> m? (ref. 51). These values yield a global atmospheric
POM flux of about (1-5) x 10" g yr™'. The POM flux used here
is thus higher than the value of 27 x 10'* g yr™* reported recently
by Cachier et al.*. The global flux of material from the other
non-biogenic sources are summarized in Table 1.

There is a wide range in the estimated total emission of each
metal from any given source (Table 1), reflecting the large
dispersion in the emission factors used and in the published
estimates of the mass flux from individual sources. There are
significant gaps in the data, demonstrating the need for further
study of the role of biological processes in the emission of trace
metals. The proposed limits on the fluxes of metals from each
source serve to indicate that current data are sufficient for only
order-of-magnitude estimates of the global emission intensities.
In view of this, the central (or median) values of the ranges
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