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Abstract.
In recent years it has become possible to use high resolution ra-

dio interferometry and other techniques to study the sub-kiloparsec scale
circumnuclear gas in the centres of Active Galactic Nuclei. This gas pre-
sumably provides the fuel source for the AGN activity and also plays a
role in obscuring the direct view of the central engine from certain direc-
tions. The status of high resolution observations of the ionised, atomic
and molecular phases of this circumnuclear gas are briefly reviewed.

1. Introduction

In the last five years there has been substantial progress in using interferometric
observations to study circumnuclear gas in the inner kiloparsec of AGN. Here
we review these results, concentrating on the highest resolution images from
radio interferometry but considering also complementary millimetre and other
data. Historically radio observations have concentrated on imaging synchrotron
emission from relativistic plasmas emitted in the forms of jets. However, with
increased sensitivity and spectral capabilities it has become possible to instead
probe the properties of the non-relativistic gas in the centres of AGN hosts. This
can be done via observations of atomic and molecular spectral absorption, maser
emission, thermal continuum emission, free-free absorption, depolarisation and
rotation measure mapping. In this review I discuss the current state of the
observations, first in low luminosity Seyfert galaxies (in Section 2) and then in
powerful radio-loud AGN (in Section 3). Finally in Section 4, the properties of
the two classes are briefly compared and some trends are noted.

2. Low Luminosity AGN

The most detailed studies of circumnuclear gas in AGN are available for nearby
Seyfert galaxies. These observations reveal a continuous distribution of gas
in disk-like structures from sub-parsec to kiloparsec scales via observations of
ionised, atomic and molecular gas. In the centres of many objects the state of
the gas is probably controlled by the ratio of hard X-ray heating from the central
AGN to the local gas density (see Maloney, Hollenbach, & Tielens 1996), giving
an onion-skin structure with decreasing gas temperature with distance. The
different gas components in rough order of distance are described in Sections 2.1
to 2.4. In sources with ongoing star-formation supernovae form an additional
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energy source which can modify the gas physical state on 100pc scales (see
Section 2.5).

2.1. Ionised Gas

In NGC1068 r < 1pc VLBI continuum emission has been observed (Gallimore,
Baum, & O'Dea 1997); which it has been argued arises from thermal emission
from the ionised inner edge of the nuclear torus. Searches for such emission in
other Seyferts have been attempted with another candidate found (see Mundell
et al.2000 and these proceedings). The ionised gas component can also be traced
by means of free-free absorption. Pedlar et al. (1998) report free-free absorption
on scales r < 50pc in NGC4151, while other cases of free-free absorption in
Seyferts down to scales r = 1pc have been proposed by Wilson et al.(1998), Roy
et al.(1998) and Ulvestad et al. (1999). It is unclear how much of the inferred
free-free absorption occurs in highly ionised gas or is due to a small ionised
fraction within an atomic gas component.

2.2. "Water Masers

On scales r = 1 - lOpe in Seyferts circumnuclear water masers are sometimes
observed. To date (Greenhill 2000 and these proceedings), circumnuclear water
masers have been detected in about two dozen sources, all of them are Seyfert 2
galaxies or LINERS. The fact that there are no water masers in Seyfert 1 galaxies
is consistent with Seyfert unification schemes. Only in four of the water masers so
far studied (namely NGC4258, NGCI068, NGC4945 and Circinus) are the water
maser spectra bright and complex enough that a full or partial circumnuclear
disk is revealed by VLBI observations. The best example of this phenomena
is still NGC4258. In NGC1068 and Circinus (Greenhill these proceedings) the
maser disks appear to be substantially warped.

2.3. Molecular Emission

On scales r = 10 - 100pc the circumnuclear gas can be studied by millimetre
molecular emission lines. Interferometric observations (Schinnerer et al. 2000)
of CO in NGCI068 have probed gas on scales between r = 13pc and r = 100pc
The gas kinematics on these scales have been modelled in terms of a warped
disk. Single dish surveys suggest that dense gas tracers such as HCN are more
abundant in Seyfert galaxies than normal spirals (Curran et al. 2000). Rapidly
rotating HCN and CO gas has been imaged down to r=13pc in the Seyfert
1 galaxy NGC3227 (Schinnerer, Eckart, & Tacconi 2000). In NGC3227 infra-
red observations (Fernandez et al. 1999) show emission from excited molecular
hydrogen out to r ~ 50 pc. The same authors also detect excited molecular
hydrogen in NGC4151 at r ~ 50pc 1998) just outside the inferred HI disk. In
a few Seyfert galaxies the molecular gas dynamics on r < 100pc scales can be
traced via observations of OH megamasers (see Section 2.5) but these only seem
to occur in objects showing on-going starbursts.

2.4. Atomic Absorption

Gallimore et al. (1999) has summarised the observations of HI absorption in
Seyferts. In most cases where the sites of HI absorption are mapped against
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the background continuum structures projected distances are 100pc to 600pc
from the AGN core. In most cases the HI absorption avoids the central radio
components. The HI column densities in the inner kiloparsec of Seyferts appear
to be at least a factor of 10 greater than in inactive spirals and Gallimore et al
speculate that differences in fuel supply in the inner kpc are required to trigger
a Seyfert. These authors find a correlation between the inferred HI column
density and the inclination of the host galaxy. If it is assumed that HI is in
the galaxy plane it is possible to fit most HI absorption profiles, assuming inner
disk radii of lOpe to 100pc and outer radii from 300pc to 1kpc. NGC4151 seems
to be an exception and requires a compact r ~ 10 pc disk. Although most HI
absorption data in Seyferts is well fitted by obscuring disks, there are exceptions,
in particular the highly blueshifted absorption in the southern Seyfert IC5063
(Ooster100 et al. 2000) which is well modelled by a jet-cloud interaction.

Gallimore et al. (1999) find in Seyferts no correlation between the inferred
HI disk column densities and those deduced from X-ray photoelectric absorption
observations. It is argued that the atomic gas spin temperatures are likely to
be lOOK, in which case the atomic column densities are also 10 -100 times less
than those derived from photoelectric absorption. Gallimore et al. conclude
that most of the observed HI gas in Seyferts is associated with the inner part
of the galactic disk rather than the region associated with the majority of the
photoelectric column density. The finding that most of the HI absorption in
Seyferts occurs on 500pc - 1000pc scales, in some cases outside the molecular
emission, seems inconsistent with the expectation of decreasing gas excitation
with radius (Maloney et al.1996). However depending on the gas density profile
with distance, AGN X-ray heated gas can have atomic gas outside the molecular
zone (see Neufeld, Maloney, & Rees 1994). Alternatively at these large radii
other non-AGN heating sources, i.e. stellar sources, might suffice to keep the
gas atomic.

Various explanations are given by Gallimore et al. (1999) as to why (with
the probable exception of NGC4151) there is no sign of any atomic absorption
associated with the bulk of the photoelectric absorbing gas - given that models
(Maloney et al. 1996) predict significant atomic gas between the radii where the
gas is purely ionised and purely molecular. The possible explanations offered
include line broadening, free-free absorption of the background continuum and
radiative excitation of the atomic gas by the continuum. All three explanations
require that the majority of the column density, and hence probably the majority
of the optical obscuration, occurs on scales r < 10 pc.

2.5. Nuclear Starbursts

Radio observations have recently revealed large 100pc scale regions of contin-
uum emission in three ultra-luminous infra-red galaxies, namely Mrk 231 (Carilli,
Wrobel, & Ulvestad 1998 and Taylor et al. 1999), Mrk 273 (Carilli & Taylor
2000) and IC694 (Polatidis, this volume). The first of the above objects is a
Seyfert 1 while the extent of the AGN component in the other two objects is
unclear. In each case it has been argued that the radio continuum in these
objects comes from synchrotron emission from relativistic electrons accelerated
by supernovae which diffuse into the circumnuclear disk. It is argued that star
formation rates of 50 - 200 solar masses per year are required to power this
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emission. In both Mrk 273 (Carilli & Taylor 2000) and Mrk 231 (Taylor et al.
2000) compact candidate radio supernova remnants have been identified in VLBI
maps, supporting this model. All these candidates have similar luminosities to
the population of supernovae identified in Arp 220 by Smith et al. (1998). In all
three objects high opacity HI absorption has been detected against the 100pc
scale continuum (see references above), and velocity gradients measured which
give estimates of enclosed masses. Additionally in Mrk273 (Yates et al. 2000),
Mrk 231 (Richards this volume) and IC694 (Polatidis, this volume) OH mega-
masers are detected and have similar velocity gradients to the HI; suggesting
that the regions of OH maser emission and atomic absorption partially overlap.
These observations show that in AGN sources with active starbursts the physical
state of the circumnuclear gas on 100pc scales is likely to be greatly modified.

3. Powerful AGN

HST imaging (e.g. De Koff et al. 2000) has shown that nuclear dust structures
on scales < 2kpc are common in powerful FRI and FRII radio-galaxies. In
the former class of object the dust often has a settled disk morphology which
is perpendicular to the the radio jet (perhaps the best example being the r ==
250pc disk in NGC4261, Jaffe et al.1993). In FRII radio-galaxies on the other
hand a wider variety of dust morphologies, including disks, are seen. In the
radio and millimeter the phenomenology of circumnuclear gas in powerful AGN
is not quite as rich as for Seyferts. For instance despite extensive searches
there have been no detections of water (Henkel et al. 1998) or OH mega-maser
emission. Furthermore until recently searches for associated broad molecular
absorption have not been very successful (see Section 3.3). Despite this there
has been success in tracing the small scale ionised and atomic components of
the circumnuclear gas on scales of r < 100pc as described in Sections 3.1 and
3.2.

3.1. Ionised Gas

A number of detections of free-free absorption have been reported in radio loud
AGN. The best studied cases so far are in NGC1275 (Walker et al. 2000) and
NGC4261 (Jones et al. 2000 and these proceedings). The last reference gives
a list of detected sources, to which recent detections in Compact Symmetric
Objects (eSOs; doubles with overall size <lkpc) by Kameno et al. (2000) and
Marr, Taylor, & Crawford (2001) can be added.

In cases where free-free absorption is detected toward the cores of FRI or
FRII sources, the object always shows a parsec scale counterjet as well as a
jet. This is a remarkable result given the small number of two-sided parsec
scale jets known. Invariably the free-free absorption is also concentrated against
the counterjet feature. Both results are consistent with the free-free absorption
occurring in an ionised disk orientated perpendicular to the radio jet. The results
for the CSOs are also consistent with this model with usually only one minilobe
being significantly free-free absorbed. Most ionised disk radii are estimated to
be ~lpc, the smallest radius (D.1pc) occurring in the FRI NGC4261, and the
largest radii ~ 20pc occurring in CSOs.
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Another way to probe ionised gas (and magnetic fields) on small scales is
via VLBI mapping of Faraday rotation of polarisation. This technique applied
to the strongly polarised cores of core-dominated sources (Taylor 2000) shows
evidence for an ionised gas component on scales of r = 1 - 100pc.

3.2. Atomic Absorption

Flux limited surveys for atomic absorption in powerful AGN have been carried
out by van Gorkom et al.(1989) and more recently by Morganti et al.(2001).
In the sample of 29 sources surveyed by van Gorkom et al, 4 sources were
detected in HI absorption, 3 of these could be classified as being dominated by
Compact Symmetric (CSS) structure with overall size < 15kpc. Morganti et al.
(2001) detected 5 sources out of 23 surveyed; one of these sources had a CSS
structure, another had a CSS structure embedded within a larger double. Of the
remaining three sources one HI detection was toward the nucleus of a medium
sized FRII source, one toward the nucleus of a FRI source and one toward a
core-jet. Morganti et al. (2001) noted that the two galaxies in their sample with
signs of on-going rapid star formation were both detected in HI absorption.

Despite the small number statistics compact CSS-like sources seem to be
over-represented amongst the HI detections. This class of source only comprises
~ 20% or so of sources selected in centimetre wavelength flux-limited surveys
yet comprises 60% of the detections. It has been argued (Conway 1997) that the
reason for this high detection rate is that these small radio sources all have their
radio emission embedded within the dense nucleus of the host galaxy; and so
provide good targets for detecting absorption. Consistent with this HI absorp-
tion observations targeted toward CSS sources show a high detection rate with
possible evidence for a inverse correlation between source size and HI column
density (Pihlstrom et al.2001).

VLBI HI absorption observations have been conducted toward HI absorbers
in both CSS sources and the cores of twin jet FRII/FRI/LINER sources. Obser-
vations toward the former class include the small CSS sources 4C31.04 (Conway
1997) and 1946+708 (Peck, Taylor, & Conway 1999) which both show absorp-
tion toward their minilobes and core components. In both cases the pattern of
absorption can be fitted by an almost edge-on disk of radius ~ 100 pc. HST
observations of 4C31.04 and other CSOs have confirmed the presence of dust
disks of the expected dimensions (Perlman et al. 2001). In contrast observa-
tions of the 2kpc scale CSS-like structure in 3C236 show that the absorption is
associated with a jet-cloud interaction (Conway 2001). This observations shows
that, as noted by Morganti et al (2001), obscuration by disks is not the only
source of HI absorption.

Amongst the twin jet sources the results of VLBI HI observations have
been presented for one FRII source (Cygnus A, Conway 1999), three FRI cores
(Hydra A, Taylor 1996; 2322-123 Taylor et al. 1999b; NGC4261, van Langevelde
et al. 2000), and one LINER NGC3994 (Peck et al. 1998). Remarkably all
five objects show a detectable parsec-scale counterjet. Two other parsec-scale
two-sided sources, 3C84 and NGC1052 also have broad HI absorption but have
not yet been mapped by VLBI. Given the rarity of sources with parsec scale
counterjets the correspondence with HI absorption is remarkable. This result
can be understood if the HI absorption occurs primarily in a relatively thin
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disk structure which lies in a plane perpendicular to the radio jets. The atomic
absorption is inferred to occur at between r ~6pc (in NGC4261, van Langevelde
et al. 2000) and r ~50pc (in Cygnus A, Conway 1999).

3.3. Molecular Absorption and Emission

Both free-free and HI absorption observations provide evidence for circumnuclear
gas in the plane perpendicular to the radio jets in FRII radio galaxies and are
,therefore consistent with orientation based unified schemes. In such schemes it
is usually assumed that most of the obscuring column is molecular. However
searches for broad CO and other molecular absorption toward the cores of FRIIs
such as Cygnus A, which should be easily detectable, have up to now been
largely negative (Drinkwater, Combes & Wiklind, 1996). Evans et al. (1999) did
recently detect 60 km/s wide CO(1-0) absorption in the FRII radio galaxy 3C293
but this may well be an unusual object. There is evidence from the detected CO
emission for a large (3kpc) massive circumnuclear disk in this object containing
1010 solar masses of gas. In this object the CO absorption may therefore be
occurring some distance (~ 1kpc) from the central engine. Note that in general
searches for molecular emission in FRI or FRII sources have proved largely
negative (see Evans et al. 2000), presumably because of the large distances to
these sources and their usually relatively low molecular disk masses (see the
estimates of, De Koff et al.2000). One exception however is the detection of a
r ~100pc CO disk in the nearby FRI Centaurus A (Rydbeck et al. 1993).

In contrast to emission the detectability of molecular absorption should be
independant of distance and should be detectable. Several explanations have
been given for the lack of such absorption toward Cygnus A and other classical
FRII cores. Based on the detection of HI absorption it has been been proposed
that the whole X-ray obscuring column is atomic (Conway & Blanco 1995).
Alternatively it has been suggested that radiative excitation of molecules due
to nuclear millimetre continuum elevates the excitation temperature and makes
absorption invisible (Maloney, Begelman & Rees, 1994). Very recently Fuente
et al. (2001) have in Cygnus A detected CO+ absorption with similar velocity
width to the HI absorption. It is argued that this molecular species can have
relatively high abundance in X-ray irradiated circumnuclear gas - so that it is
detectable despite radiative excitation effects. These observations show that
molecular gas does indeed exist in the obscuring region of Cygnus A. Further
observations of different transitions of the same ion should be able to localise at
what radius the absorption occurs.

4. Conclusions

This review of the observations shows that in both low and high luminosity
sources there is evidence for continuous distributions of gas from kiloparsec to
parsec scales. The best examples in the two luminosity classes are respectively
NGC1068 and NGC4261 (van Langevelde et al. 2000). HI absorption appears
to occur at smaller radii in powerful sources than in Seyferts, this might be due
to the former having more luminous hard X-ray sources compared to Seyferts.
Alternatively the difference might be due to them having lower circumnuclear
gas densities and so less cooling. Disks in FRI sources appear to be relatively
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thin (van Langevelde 2000, Morganti et al. 2001) which is consistent with recent
optical results. The future combination of X-ray observations of the AGN heat-
ing sources, ALMA observations of molecular circumnuclear gas, HST/NGST
observations of dust disks and central dark masses and radio interferometry will
be a powerful one. This combination should lead us to a quantitative under-
standing of gas physical conditions versus radius in many AGN. This knowledge
will in turn help us to constrain the mechanisms by which gas is fed into AGNs.
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