Accretion Phenomena and Related Outflows, AU Colloquium 163
ASP Conference Series, Vol. 121, 1997
D.T. Wickramasinghe, L. Ferrario, and G.V. Bicknell, eds.

Dynamical and Microphysical Constraints on Accreting
Magnetospheric Clouds in Active Galactic Nuclei

Zdenka Kuncicl

ANU Astrophysical Theory Centre, Australian National University,
Canberra ACT 0200, Australia

Abstract. The range of microphysical and dynamical timescales at the
centres of Active Galactic Nuclei (AGN) is sufficiently wide to permit mul-
tiphase structure. In particular, very dense, cool clouds can coexist with a
hot, magnetically-dominated plasma. The strong dynamical forces in this
central magnetosphere can give rise to clouds so small that microphysical
processes determine whether they can survive for long enough to produce
potentially observable spectral signatures due to thermal reprocessing.
Specific physical constraints on the scale sizes of such reprocessing clouds
are examined. It is found that there exists a parameter subspace in the
extreme high density regime for which gas can sustain cool temperatures
whilst maintaining pressure equilibrium with the ambient magnetosphere.

1. Introduction

The strong gravitational, radiation and magnetic fields in the central regions of
AGN maintain any accreting gas in a state of ongoing dynamical activity. The
relevant microphysical timescales (e.g. thermalization, cooling) can, however, be
extremely short compared to the global dynamical timescale (Rees 1984). This
suggests that an instantaneous ‘snapshot’ could reveal the existence of small,
quasi-equilibrium structures that are capable of producing spectral signatures.

A picture in which cool clumps of material are embedded in much hotter
and more tenuous gas has been successful in accounting for a variety of thermal
reprocessing signatures in AGN spectra (e.g. broad UV emission and absorption
lines, ‘warm absorber’ soft X-ray edges) which are inferred to arise from gas
residing at distances (.01 — 1) pc from the central source (e.g. Davidson 1972,
Netzer 1993).

Such a multiphase picture may also apply to the central source itself, where
cool clouds will be many orders of magnitude denser than the reprocessing gas
residing further out and where the strong confining forces can give rise to cloud
sizes which are extremely small by most astrophysical standards (e.g. Rees
1987, Celotti et al. 1992, Barvainis 1993, Kuncic et al. 1996). These unusual
physical conditions warrant further investigation: can such small-scale, dense
clouds survive in the central magnetospheres of AGN long enough to be detected
through thermal reprocessing signatures in the observed spectra?
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2. Dynamical constraints — radiative and hydrostatic equilibrium

In order for clouds to cool to a temperature T, before falling into the strong
gravitational well at the centre of an AGN, the timescale ;.4 for radiative cooling

must be much shorter than the dynamical timescale. This requires electron
densities (Kuncic et al. 1996)

T 1/2 -2
ne > 1016 (T—e) (rL) M7t cm™3, (1)
vir g

where Tyir = mpvZ /k is the virial temperature corresponding to a free-fall speed
vg = c(r/rg)"Y/? and rg = GM/c? ~ (1.5 x 101?2)M7 cm is the gravitational
radius of a central mass M = 10" My M.
At the same time, the dense clouds can only be confined by an ambient
magnetosphere if the sound-crossing time is shorter than tg = r /vg. This implies
" an upper bound on the characteristic thickness Rygq of a cloud,

Rog < tgvs, (2)

where the total internal sound speed is given by v = (2kTe/m,)(1+1/8) (8 is
the usual plasma beta parameter).

The pressure scaleheight Dense clouds can feel a strong radiation pressure,
which gives rise to an effective gravity term, ¢g*, in the standard equation of
magnetohydrostatic equilibrium,

(19 _ . B? .(BJ'Bi)
nempg: 1 g>—v, (nekTe+8ﬂ) v; (B2 3)

Very small scaleheights can be achieved, with hqq reduced by a factor g*/g >
1, by the compressive action of radiation forces against the magnetic stresses
which confine dense clouds (Celotti et al. 1992, Kuncic et al. 1996). Such
clouds are unlikely to exist as infinitessimally thin structures, however, since
their survival is then threatened by the microphysical processes which act to
disrupt multiphase structure.

3. Microphysical constraints — thermal conduction

The high-energy spectra of most AGN imply mildly relativistic temperatures for
the emitting plasma (see Zdziarski et al. 1995). The high thermal conductivity
of such an ambient hot plasma poses the most serious threat to the continued
existence of small-scale, cool clouds embedded within it (see Kuncic et al. 1996
and references therein).

The thermal diffusion coefficient is given by Dt ~ /\T(kTe/me)l/z, where
the effective path length for collisions between the hot electrons and the denser
cloud particles is

-1 2
3 Neld Thot
Ar ~ (3 X 10%) (1018cm“3> (ng) cm. (4)
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The depth to which hot electrons can diffuse into cool clouds during a timescale
At {in seconds) is typically

VDAt 6 Ncld U2 Thot \ P4 1/2
dT ~ TAL ~ (6 X 10 ) -1—01—8(:—IF3' 109K (At) cm. (5)

Diffusion across magnetic field lines is negligible by comparison.
Clouds with R.q > Ar are susceptible to evaporation, unless their densities
are higher than the critical density

Ncrit 6 Tcld —1/2 ( Thot )—1/2
—n~(2x1
ey~ (22 10) (105K> 109K (6)

at which the additional heat input from hot electrons can be efficiently radiated
away. When nclg > Terit, it is possible for clouds to remain relatively cool whilst
threaded by field lines to which hot electrons are also tied. This holds even
when Rgq < Ar, since although the conducting electrons are then unimpeded
by collisions, they can impart energy to the clouds by dynamical friction instead.

Pair Plasma Effects Thermal conduction by electron-positron (ete™) pairs
poses a particularly important threat to the survival of cool, dense clouds at the
centres of AGN. This is because once the compactness parameter I = o1 L/m.c*r
satisfies f,I > 4w, where f, is the fraction of primary luminosity that is emitted
above 1 MeV, the encounters between 7y-ray photons which produce pairs can
occur anywhere — even within clouds themselves. Pairs created ‘in situ’ can
provide a roughly uniform heat input before they annihilate. There is a corre-
sponding minimum cloud density at which this extra heat input can be balanced
by radiative cooling (see Kuncic et al. 1996 for details).

4. Results and discussion

Fig. 1 shows the parameter space (nqq vs. Reqd) diagram for clouds with
a constant temperature Teq = 10° K in pressure equilibrium with a diffuse,
magnetized intercloud plasma with a constant temperature Thor = 10° K. The
source region has a size r = 10'%cm ~ 10rgM; ' from which emerges a total
luminosity L =10*erg.s~!. These quantities are representative of current ideas
for the central regions of most AGN (e.g. Zdziarski 1995). The plot shows regions
restricted by the following physical constraints: the maximum thickness, tgvs,
for pressure support; the pressure scaleheight, h; the thermal diffusion depth dt
for various timescales; and the path length A; over which collisions are effective.
Also shown are the diffusion depth dr, | transverse to magnetic field lines and the
diffusion depth dpair for thermal pairs, which is the same as dr, but calculated
for an annihilation timescale tany ~ (r/c)({/47)~1/2, The cross-hatches identify
the subspace for which clouds cannot be confined by the ambient magnetosphere.

The darkest shaded region in the plot indicates where radiative cooling
prevails; any additional heating due to thermal conduction can be efficiently
radiated away, so that cool gas always prevails. It is this dense gas which is
capable of producing thermal reprocessing signatures in the spectra. The next
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Figure 1.  Parameter space for clouds at the centres of AGN, indicat-
ing densities and sizes at which clouds can survive against dynamical
- and microphysical processes. All labels are defined in the text.

darkest shaded region in the plot indicates where clouds threaded by the same
field lines to which hot electrons are also tied can survive the effects of conduction
for timescales 3 traq which may be sufficient to produce spectral signatures. Such
clouds are unlikely to be able to survive on timescales approaching tg, since
dt eventually becomes comparable to h and evaporation is then unavoidable.
Moreover, in the presence of an effective gravity (due to radiation pressure, for
instance), h can be substantially reduced and hot electrons can then readily
diffuse into dense clouds on timescales shorter than tg. Thus, such clouds can
only survive if coupled to separate field lines or as self-contained structures,
decoupled from the magnetosphere.
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Discussion

O. Blaes: What do you expect the neutral hydrogen fraction to be in these
clouds, and do you expect a Lyman edge feature to be present?

Z. Kuncic: Because the temperature of these clouds is > 10°K, they are es-
sentially completely ionised in hydrogen. No Lyman edge feature is therefore
expected to be present in the emergent spectrum due to reprocessing by these
clouds.

M. Owen: Regardless of whether super-dense clouds could exist in the corona
above AGN accretion disks, how are these clouds formed? (i.e. riding up field
lines in flux loops, etc).

Z. Kuncic: Clouds confined within an AGN corona could originate from at least 3
possible means; (i) from local condensations which grow from small-scale density
fluctuations either in the corona itself (i.e. along coronal field lines or between
tangled field lines) or within the accretion disk, whereby they are removed by
the field lines, (ii) from ejections of diamagnetic plasmoids formed in the AD
from small-scale reconnection events and (iii) from small amounts of accreting
matter that does not manage to fall into the AD before being caught in the
corona by magnetic fields.
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