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Abstract

Due to ram-pressure braking, intergalactic H I clouds such as tidal debris from galaxies are captured
and accreted by an elliptical galaxy which is embedded in a hot gaseous halo. The captured clouds are
rapidly accreted toward the central region along spiral orbits, and play a role in feeding the nucleus.
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1. Introduction

The feeding of AGN (active galactic nuclei) in ellip-
tical galaxies is thought to occur either by the infall of
intergalactic gas, or by an instability in the central re-
gion due to cooling flows followed by infall toward the
nulceus (e.g., Fabbiano 1989; Hattori and Habe 1990;
Fabian 1991). Increasing evidence of interstellar matter
in elliptical galaxies, suggesting clouds of external ori-
gin, has been reported (Bertola 1987; Schweizer 1987;
Kormendy and Djorgovski 1989; Bettoni et al. 1990; van
Gorkom et al. 1986, 1989). Intergalactic H I clouds, such
as those observed as debris in interacting galaxy systems
(Weilachew et al. 1978; Haynes et al. 1979; Sancici 1987;
Smith 1991), could be sources for such clouds of external
origin.

Massive objects like galaxies can merge with other
galaxies through dynamical friction (e.g., McGlynn and
Ostriker 1980; Barnes 1989); this mechanism does not ap-
ply to smaller mass objects, like H I gaseous debris. In or-
der for intergalactic gas clouds to be accreted by galaxies,
effects other than gravity should play an essential role. It
is known that a large fraction of elliptical galaxies have
extended hot (X-ray) gaseous halos (Forman et al. 1979;
Nulsen et al. 1984; Fabbiano 1989; Fabian 1991). In this
paper we point out that a hot halo plays an important
role in accreting external gas clouds, and feeding AGN.

2. Ram-Pressure Accretion Model

In our previous paper (Wakamatsu 1990; Sofue and
Wakamatsu 1991) we showed that gas clouds orbiting
around a galaxy capture and merge due to the gaseous
halo around a spiral galaxy through ram-pressure brak-

ing. We discuss here a case involving elliptical galaxies
which are embedded in extended hot (~ 107 K) gaseous
halos, which extend to radii much larger than the galax-
ies’ optical radii (e.g., Fabbiano 1989). We consider in-
tergalactic H I gas clouds which are flying about an el-
liptical galaxy. We trace the orbits of such clouds while
assuming a spherical shape for each cloud having a ra-
dius (R) of 1 kpc and a mass (m) of (47/3)R3py 1, where
pu 1~ lmy cm™3 is the cloud’s gas density.

Since a cloud feels gravity as a point mass, the galaxy’s
gravitationl potential is expressed by a Plummer’s law,

& =GM/\V/r?+a?, (1)

where G, M, and a are the gravitational constant, mass
of the elliptical galaxy, and scale radius of the potential,
respectively. We take M = 2.3 x 10! Mg and a = 10 kpc.
In addition to the gravitational force, the cloud suffers
from ram pressure due to the gaseous halo as well as
intergalactic and/or intracluster diffuse gas. We assume
that the density distribution of hot gas around the galaxy
is

p(r) = po(r*/h* +1)77 + poo. (2)

Here, pgg ~ 1073 "%my cm™3 is the intracluster (inter-
p

galactic) gas density, pg, h, and (3 are parameters giving
the distribution of halo gas; and my is the mass of hydro-
gen. We may here take pg ~ 0.1myg cm~2, h ~ 10 kpc,
and 8 ~ 0.75 (Fabbiano 1989).

In our model we assume that the initial cloud velocity
relative to the galaxy is about 100 to 200 km s~!, and
that the hot gas temperature is ~107 K, so that the cloud
motion is sub-sonic. The ram-pressure force is therefore
given by —mR2p(r)AV?, where AV is the relative ve-
locity of the cloud with respect to the halo gas. The
equation of motion can be written as
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Fig. 1. Accretion of H 1 clouds by an elliptical galaxy
due to ram-pressure by intergalactic gas. Hyperbolic
orbits for the case without intergalactic gas is also
shown. The cloud position is plotted by dots every
2 x 107 yr interval.
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where r = (z,y, z) is the cloud position with respect to
the galaxy center. The velocity difference is given by
AV = v —V, where v = dr/dt is the cloud velocity and
V = V(r) is the velocity of diffuse gas.

3. Results

Cloud’s Orbits: Figure 1 shows the motion of a cloud
encountering an elliptical galaxy on a hyperbolic orbits
from inifinity at a speed of 100 km s~! and an impact
parameter p = 100 kpc. If there exists neither a halo
nor intracluster gas (pgo = po = 0), the cloud would
obviously pass by the galaxy. If intracluster space is
filled with diffuse gas of density pgg ~ 1073myg cm™3,
the orbit changes drastically, and the cloud is trapped
by the galaxy’s potential, even if the galaxy contains no
gas (po = 0). This result indicates that intergalactic H 1
clouds are easily captured and merged by galaxies, and
can hardly survive as “floating” clouds for a Hubble time.

Figure 2 shows orbits of clouds which approach along
hyperbolic orbits at different impact parameters to an
elliptical galaxy which is embedded in a hot gas halo at
rest, as well as in intergalactic gas, namely for pgy =
1075myg ecm~3 and py = 0.1my cm~3. As they approach
the galaxy, the clouds are attracted by the increasing
gravity of the galaxy; as they approach the galaxy, the
ram pressure term becomes effective, since both p and
AV increase toward the galaxy. Thus, the clouds change
their motion to bound orbits, and are trapped by the

Fig. 2. Ram pressure accretion of an H 1 cloud by a
hot gas halo for various impact parameters (po =
0.1, poo = 10~%myg cm™3).

galaxy’s potential.

Once a cloud is captured, it is rapidly accreted toward
the center. The accretion from the r = 50-100 kpc to
the r ~ 10 kpc region typically occurs in less than one
orbital rotation after the perigalactic passage, namely
within 10° yr. Afterwards, due to increasing gravity and
increasing ram pressure, the cloud is further accreted to
the central region within an additional few rotations, or
within a few 108 yr.

Circum-Galactic Gas Bands: We next show the re-
sults of a simulation of an ensemble containing many
(N) clouds (‘N-clouds’), which has a radius (Ry) and
velocity dispersion (o0,,) of 5 kpc and 5 km s™! , respec-
tively. Figure 3 illustrates a case without a hot halo
(po = 0), but with intracluster diffuse gas of density
poo = 1073my em™3. As the N clouds approach the
galaxy, they orbit around the galaxy a couple of times
before infalling toward the center, forming a band sur-
rounding the galaxy. This could explain the H I band de-
tected around elliptical galaxy NGC 1052 (van Gorkom
et al. 1986). The dark lanes found in many elliptical
galaxies may also be such accreting clouds (Bertola 1987;
Schweizer 1987; Fabbiano 1989). If star formation takes
place in these bands during accretion, stellar rings such
as those observed in Hoag-type galaxies, would be formed
(Schweizer et al. 1987).

“Accretion Spiral” and Nuclear Fueling: Figure 4
shows the result of an N-cloud simulation for an ellip-
tical galaxy embedded in a hot halo, as well as in in-
tergalactic gas for the same parameter as shown in fig-
ure 2. In this case the accretion is more rapid, and the
clouds are accreted in an open spiral feature. As the N-
clouds are accreted into the inner 10 kpc region, they
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Fig. 3. Ram pressure accretion of an ensemble of N-
clouds by an elliptical galaxy without a gas halo

located in an intracluster gas of demsity pog =

1073my cm™3, for p = 80 kpc and velocity

100 km s~ 1.

are strongly stretched along the orbit, and attain a one-
armed spiral shape. We stress that the clouds are thus
accreted toward the nulcear region along such an “ac-
cretion spiral.” During accretion, the clouds are heated
and ionized, which may produce an emission-line gas
spiraling toward the nucleus. We mention that similar
one-armed spiral features of Ha-line emission have in-
deed been observed in elliptical galaxy NGC 4696, radio
galaxy PKS 0521—36 and in some other elliptical galaxies
(Sadler 1987; Danziger and Focardi 1988; Kim 1989).
Effect of Rotation: The present model may be applied
to a case in which the halo gas is rotating (Sofue and
Wakamatsu 1991), even though rotation of gaseous halos
in elliptical galaxies is an open question. We assume that

the rotating halo balances gravity in a direction perpen-

dicular to the rotation (z) axis, while it is in pressure
balance in the z-direction. Figure 5 shows the result for
a “retrograde” encounter of N-clouds, where the halo is
in a counter-rotation with respect to the cloud’s initial
angular momentum. Clouds pass by the central region
on S-shaped orbits during accretion, and are then pulled
into corotating orbits with the halo; they finally attain
an almost perfect ring feature. This may mimick an Ha
ring of 20-kpc radius around PKS 1216—10 and its cen-
tral S-shaped peculiar feature (van Gorkom et al. 1986;
Danziger and Focardi 1988).

Confinement, Maintenance, and Cascade of a Cloud:
We briefly comment on the confinement and cascade pro-
cesses of a cloud. We assume that a cloud maintains its
structure via a virial balance with the internal motion,
such as turbulence and rotation. The cloud is massive
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Fig. 4. (a) Ram pressure accretion of an ensemble of N-
clouds by a hot gas halo of an elliptical galaxy, for
po = 0.1, poo = 1075my, p = 100 kpc, and an
injection velocity of 100 km s~!. Clouds are rapidly
accreted and spiral into the nuclear region within a

few rotations. (b) Same as (a) but the central region.

is enlarged.

L 50 kpe )

Fig. 5. Retrograde encounter of N-clouds with a rotat-
ing hot gas halo. Note the peculiar feature accross
the central region.

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System

L25

[
y
i
G
L




.44L. . 23S

1992PASJ. .

L26 Y. Sofue and K. Wakamatsu

enough to be gravitaionally bound, unless internal mo-
tion exceeds 1020 km s~!. The ram pressure force at the
surface is transmitted to the entire cloud within a time
scale of 107-108 yr of the internal motion. Since the ther-
mal pressure of the H I gas is small compared to the exter-
nal hot gas pressure, the cloud is thermally stable. Ther-
mal conduction is negligible in heating the cloud, while
heating due to turbulence dissipation may take place.
However, heating is in balance with radiative cooling,
such as that due to molecule (Hs) formation, as is the case
for galactic H I clouds. The Rayleigh-Taylor instability
(Chandrasekhar 1961) at a stagnation surface of a
cloud grows on a time scale of Trr ~ (A\/27gram)"/?.
Here, gram ~ poQv?/(Rpu1) is the acceleration
and A is the wavelength. We then obtain gy ~
(20w 1/37p0) /2(AR)Y/2/AV ~ 10° yr for A ~ 1 kpe.
The Kelvin-Helmholtz instability (Chandrasekhar 1961)
due to a shearing motion on one side surface of a
cloud occurs locally for wavelengths smaller than A ~
(pO/pH I)(Av2/gcloud)7 where Gcloud ™~ Gm/R2 is the sur-
face gravity due to the cloud. We thus obtain A ~
R(po/pu 1)(A0/Vesc)? ~ 100 pc. The growth of horizon-
tal mode waves is much faster than a transverse mode; its
growth time is given by Tk ~ /pu 1/poN/Av ~ 107 yr.
However, in order for the entire structure of the cloud to
be changed, it takes about kg x (R/A)? ~ 10° yr, again
comparable to the accretion time scale.

The above-mentioned estimates apply when a cloud
moves through the outer halo. However, if the cloud is ac-
creted further, the environment changes and, accordingly,
the cloud structure varies and evolves, possiblly being
both elongated and compressed. If this cempression in-
duces gravitaional and thermal instabilities, followed by
fragmentation into denser cloudlets, the cloudlets will be
accreted more rapidly. However, if the cloud is stretched
along the orbit, the effective cross section decreases, as
does the ram. All of these complex processes during ac-
cretion are beyond the scope of this paper, and will be
discussed separately.

4. Discussion

We have shown that intergalactic H I clouds are easily
captured by elliptical galaxies by ram-pressure accretion
due to circum-galaxian hot gas. If the galaxy contains a
gaseous halo, the clouds are rapidly accreted along spiral
orbits, which may play a substantial role in feeding the
nuclei. However, our simulation cannot tell more about
the details of the gas flow in the central region, since we
have not taken into account the variation of sizes, density
and physical conditions of individual clouds. Thereby,
it may be possible that individual clouds are more con-
densed and tidally stretched along the orbits, so that the
cross sections decrease, which may reduce the effective
ram pressure. Therefore, before final accretion onto the

nucleus occurs, the clouds would form a circum-nuclear
accreting ring. For a detailed modeling of the gas flow
near the nucleus, we need a fully hydrodynamical simu-
lation, which is beyond the scope of this paper.

This work was financially supported by the Ministry
of Education, Science and Culture under Grant No.
01420001 and 01302009 (Y. Sofue).
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