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Abstract. This review describes the properties of several components in the central kpc
of active galactic nuclei (AGN) and points to old, as well as recently found relationships
between dust gas and luminous starbursts in those regions. The spectroscopic properties
of the broad line gas are becoming the main source for obtaining black hole mass, accre-
tion rate and metalicity with important implications to AGN evolution. The central torus is
the focus of numerous mid-infrared spectroscopic studies suggesting, in some cases, a two
component origin for the spectrum: the torus itself and an additional contribution from a
dusty narrow line region gas. Finally, luminous starburst regions seem to be associated with
luminous AGN resulting in a significant L(starburst)-L(AGN) correlation over four orders
of magnitude in luminosity. Such starbursts are not likely to be located in the central kpc.
The correlation is difficult to explain and is a new important source for estimating AGN and
starburst duty cycles at all redshifts.
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1. Introduction

Among the various ways to deduce the prop-
erties of gas and dust in the central kpc of
active galactic nuclei (AGN), spectroscopy is
perhaps the best, especially for high redshift
objects where the spatial resolution is lim-
ited. Thus, optical and ultraviolet spectroscopy
is a powerful tool for deducing the physical
conditions in the accretion disk, in the broad
line region (BLR) in the narrow line region
(NLR) of such sources. Similarly, mid-infrared
(MIR) spectroscopy provides useful informa-
tion about dust emission from the torus as well
as from the the NLR.

This review describes, briefly, several of
the important inferences obtained from spec-
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troscopy of various emitting regions in AGN,
from just outside the central accretion disk to
way beyond the NLR. The physical sizes of
most components scale roughly with L!/2 thus
a more proper title should perhaps be “Gas dust
and starbursts in the central L}éz kpc of Active
Galactic Nuclei”, where Lys is the optical lu-
milnosity (AL, at 5100A) in units of 10% ergs
s

2. Broad emission line clouds:
optical-UV spectroscopy

Properties of the broad emission line gas
are routinely extracted from their optical-UV
spectrum. These include gas density and col-
umn density, gas dynamics, covering factor
and even metalicity (e.g. Hamann and Ferland
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Fig. 1. Normalized accretion rate as a function
of redshift for ~ 10,000 z < 0.75 SDSS AGN
(From Netzer and Trakhtenbrot 2007). The group of
sources above the two central diagonal lines (mark-
ing the flux limit of the sample) have mean BH mass
of 107 M, within a factor of 0.3 dex. The group be-
low these lines contain BHs that are ten time more
massive.

1999; Shemmer et al. 2004). Most impor-
tant for this review is the ability to derive
black hole mass and accretion rates. This is
based on the results of reverberation mapping
(RM) campaigns (e.g. Kaspi et al. 2000), more
specifically on the so called “single epoch
mass determination” method (e.g. Netzer and
Trakhtenbrot 2007). Such methods can now be
used to analyze the properties of large AGN
samples, like all type-I (unobscured) AGN in
the Sloan Digital Sky Survey (SDSS). The re-
sults can be used to address more fundamental
issues such as BH accretion rate as a function
of redshift, BH evolution trough time and the
comparison with galaxy evolution.

As an example I show in Fig. 1 the appli-
cation of the single epoch mass determination
method to a large sample of SDSS AGN. The
diagram shows the normalized accretion rate
(L/Lggaq) for about 10,000 z < 0.75 AGN as a
function of redshift. The original paper (Netzer
and Trakhtenbrot 2007) addresses the cosmic
evolution of mass and accretion rate of those
sources and shows that the slope of the L/Lgyq
vs. z correlation is similar to the slope of the
cosmic star formation rate over the same red-
shift interval.
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The BLR is probably not a distinct isolated
region. It is part of a continuous distribution
of gas extending all the way from just outside
the inner accretion disk to hundreds of par-
secs from the center. The effective boundary is
probably determined by the dust sublimation
radius which is estimated at

Ry = 0.7L) pe, 1)

where Ly is the bolometric luminosity in units
of 10* ergs s™! and the exact scaling depends
on grain size and composition. This idea, sug-
gested by Netzer and Laor (1993), is now con-
firmed, observationally. First, RM-based mea-
surements of the BLR size (the part emitting
the hydrogen Balmer lines) give a radius which
is roughly

Rprg = 045155 pc | (2)

very similar to Ry,,. Moreover, there are sev-
eral direct measurements of the innermost dust
location, in several nearby AGN, using dust
RM based on the comparison of the V and
K band Iuminosities (Suganuma et al. 2006).
These indicated sizes that are slightly larger
than the size of the Hyz emission region.

The physical explanation for the apparently
BLR boundary is based on the properties of the
dust. For galactic type grains, the dust com-
petes very efficiently with highly ionized gas
in absorbing the Lyman continuum photons
thus reducing, significantly, the intensity of all
emission lines coming from the ionized gas.
The current view is of a continuous gas and
dust distribution that extend out from Ry, all
the way to the NLR. Much of the gas, espe-
cially the part which is of the highest ioniza-
tion, is practically invisible since the line inten-
sities are very low. As argued below, this dust
contributes also to the observed MIR emission
of AGN.

3. Torus and other dusty
components: mid-infrared
spectroscopy

The central structure (torus) that extends from
Rgp» to several parsecs away from the cen-
ter, is described, in detail, by M. Elitzur (this
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proceedings). Spitzer spectroscopy is perhaps
the best tool for understanding the proper-
ties of such structures in a large number of
sources (direct imaging, which is better in
many ways, is only available for a handful
of nearby sources). Such spectroscopy can be
used to distinguish between various AGN types
(e.g. Hao et al. 2007), to search for starburst
indicators (see below) and to provide a direct
measure of the covering factor of the central
dusty structure.

Recently, we have analyzed a sample of
28 AGN selected by their optical properties.
These are all PG (blue excess) type-I AGN
with intermediate to high luminosity and z <
0.35. The objects were observed by Spitzer-
IRS as part of a large project aimed at the com-
parison of AGN and ULIRGS of similar bolo-
metric luminosity. The spectra cover the en-
tire IRS accessible range (about 440 ym). The
MIR spectra (see Fig. 2) show the clear sig-
nature of PAH emission, typical of starburst
regions (see §4) and strong silicate emission
features at 10 and 18 um. The observations
(Schweitzer et al. 2006) and analysis (Netzer et
al. 2007; Schweitzer et al. 2008) indicate that
the intrinsic AGN MIR spectrum does not ex-
tend beyond about 40 um (see §4). Moreover,
the fitting of the silicate emission features re-
quired additional dust components at typical
distances of ~ 170Ry,;,. This dust could not
possibly be associated with the inner torus and
we suggested that it is located in the inner part
of the NLR. A more recent study by Mor et
al. (2008, in preparation), using more realis-
tic torus models, suggest larger distances for
these components, ~ 1000R,;. This places the
emitting dusty gas well inside the NLR (see
Fig. 3 for illustration of the expected proper-
ties of such gas).

4. Dusty NLRs: optical-infrared
spectroscopy

The narrow line region (NLR) is arguably the
best studied zone in AGN. Its spectroscopic
properties are known from numerous studies
of low and high-z sources and the spatially re-
solved distribution was mapped in dozens of
nearby AGN, mostly using HST imaging. Here
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Fig. 2. Composite MIR spectra of low-z “QUEST”
QSOs (lower curve, based on Schweitzer et al. 2006)
and high-z QSOs (upper curve, from Lutz et al.
2008). Note the strong PAH features at various
wavelength in both spectra, in particular the feature
around rest wavelength 7.7 ym.
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Fig. 3. An example of a two component fit to the
mean MIR spectrum of the QUEST AGN (the com-
posite shown in Netzer et al. 2007). The model in-
cludes two parts; a clumpy torus from Elitzur’s ta-
bles and a dusty NLR cloud (Mor and Netzer 2008).

I shall focus on the dust-related properties of
NLR clouds.

The NLR is probably composed of numer-
ous large (compared with the BLR) size clouds
with a range of density and distances from the
central source. The size of the NLR has been
the subject of much discussion, especially in
type-I sources (e.g. Bennert et al. 2002; Baskin
and Laor, 2005). Since the observed ionization
range is large, and the radial distribution sig-
nificant, it is not very meaningful to assign a
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number to a “typical” NLR size. Imaging of
the strong [O mi] 45007 line in z < 0.3 sources
suggest outer sizes of about 1000-3000 Rj,.
Obviously some [O 1] 15007 emission is seen
to much larger distances and the above esti-
mate refers to the region producing ~90% of
the line emission. This approximation cannot
extends to the highest luminosity AGN since,
for such sources, the derived NLR size exceeds
the galaxy size, even for the largest known
galaxies (see a detailed discussion in Netzer et
al. 2004).

Most NLR clouds are dusty except, per-
haps, the part of the NLR with the highest
level of ionization (the so-called “coronal line
region”). This is deduced from various ob-
servations (narrow Blamer line ratios, etc.) as
well as from theoretical arguments (Netzer &
Laor1993; Dopita et al. 2002). The spectral
properties and the overall luminosity of such
dust depend on the distance from the center, the
dust covering factor and the dust column den-
sity. The exact grain composition is less impor-
tant although it can result in noticeable spec-
tral differences from one source to the next and
for dust in a hot torus compared with dust in
Galactic HII regions. The line luminosity of
the same dusty gas is determined by the ioniza-
tion parameter (the combination of gas density
and distance), the gas column density (if opti-
cally thin) and the gas covering factor. Thus,
it is not straight forward to compare proper-
ties deduced from emission lines and from IR-
continuum observations. For example, dusty
clouds very close to the ionizing source can
contain very hot dust and, at the same time,
produce very weak emission lines from highly
ionized species if the gas density is high (low
ionization parameter).

The realization that some of the silicate
emission is due to dusty NLR clouds could, in
principle, help to solve for all unknown prop-
erties since it gives a direct handle on the dis-
tance of the emitting dust. This can be achieved
by calculating the continuous (dust produced)
spectrum and the emission line spectrum of
dusty NLR clouds over a range of density, col-
umn density and distance. Such models can
then be compared to the optical-infrared spec-
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Fig. 4. Predicted spectra of dusty NLR clouds lo-
cated at various distances, as marked, from a central
AGN with L = 10* erg/sec.500 The gas density in
these models is 10* cm™3 (adopted from calculations
by B. Groves presented in Schweitzer et al. 2008).

trum of AGN with various luminosities and
spectral properties.

Fig. 4 shows the predicted spectrum of
NLR clouds with a characteristic density of
10* cm™ located at various distances from a
“typical” high luminosity AGN (the assumed
SED is deduced from observations of such ob-
jects). The diagram shows the distinct hot dust
features including the high temperature peak
and the two silicate emission features at ~ 10
and ~ 18 um. It is easy to imagine how such
features can contribute to the observed MIR
spectrum in a case where the emissivity of the
NLR component is large enough, i.e. it cover-
ing fraction is significant.

5. Powerful starburst regions:
far-infrared observations

According to various evolutionary scenarios
(e.g. Sanders et al. 1988; Norman & Scoville
1988), luminous AGN phases coincide with
or follow periods of intense star formation.
The observations are still limited in spatial
resolution and cannot be used to test the
more advanced models, those that combine
galaxy merging, gas transport, star formation,
accretion and feedback processes. However,
there are indications for intense star forma-
tion events in the host of high redshift QSOs.
Perhaps the most important indication is the
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detection of sub-mm or mm continuum (rest
frame far-infrared) from dust in several high-
z, high luminosity AGN. This emission indi-
cates high star formation rates, above 300-500
Mo/yr.

We have recently obtained independent
support for this500 suggestion by looking at
two AGN samples. The QUEST sample de-
scribed in the previous section (Schweitzer et
al. 2006) and a new sample of 12 high z high
luminosity QSOs (Lutz et al. 2008). The high-z
sources are mostly mm-bright AGN with bolo-
metric luminosities of 10*-10* ergs s~!.

We have used several PAH features, well
known star forming region indicators, in or-
der to separate the AGN emission from the
starburst emission. PAH features are know to
be present in star forming environments with
a wide range of physical conditions but are
absent in the vicinity of powerful AGN. The
main mid-infrared PAH emission features are
at 6.2, 7.7, 8.6, and 11.3um. The calibration
factor between PAH luminosity and star for-
mation rate depends somewhat on the average
physical conditions in the interstellar medium
of the host galaxies. For the specific case of
star formation in QSO hosts, the calibration un-
certainty is outweighed by several advantages.
PAH emission from starbursts is very luminous
and thus less easily outshone by the power-
ful AGN source. Unlike other star formation
indicators (e.g. He), the PAHs are not over-
whelmed by strong AGN emission in the very
same tracers. It is also more reliable than the
optical [Ou] 23727 line which is sensitive to
dust obscuration typical of starburst regions.

In Schweitzer et al. (2006) and in Netzer
et al. (2007) we applied the technique of com-
paring PAH and FIR luminosities to the local
QUEST PG QSOs. We detected PAH emission
in many of these objects and concluded, based
on the strong correlation between L(PAH)
and L(FIR), that most of their 10'°-10'2L
far-infrared luminosity is due to star forma-
tion. Comparing average spectra and SEDs of
groups of QSOs that are differing in their level
of far-infrared emission, we were able to sub-
tract the starburst contribution and derive an
infrared SED for the pure AGN. In Lutz et al
(2008) we show similar results for the more lu-
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Fig. 5. The correlation of the luminosity of the PAH
feature at 7.7 um with FIR luminosity for the sam-
ples shown in Fig. 2. The strong correlation, com-
bined with the assumption that the PAH emission
is due to star forming regions, is an indication that
most of the observed FIR flux is due to starburst
emission.

minous, high-z QSOs. Fig. 5 shows the PAH
vs. FIR (60 um) luminosities for the two sam-
ples, at low and high redshifts. The correlation
is highly significant confirming the suggestion
that most, or perhaps all of the FIR emission is
due to star forming regions.

Having separated in this way the starburst
and the AGN emission, we can now check for
the correlation of the two. This is shown in
Fig. 6 where we compare FIR, 60um luminos-
ity and optical luminosity (1L, at 5100A) for
our two samples and several other sources col-
lected from the literature. The resulting very
strong correlation, with a slope which is some-
what shallower than 1, is very surprising. Not
only that the two energetic events co-exist in
the same host, they seem to “know” about each
other in a way that more luminous AGN are as-
sociated with more star formation. Apparently,
there is a direct link that must be explained
by the models. Note, however, that the sample
does not necessarily represent the entire AGN
population since its selection is biased toward
high SF rate sources.

The powerful starbursts found in many of
the sources studied by us cannot be located in
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Fig. 6. The correlation of the AGN luminosity
(measured at 5100A) with the FIR luminosity (mea-
sured at 60 um) for several AGN samples showing
clear starburst signatures in their spectra (from Lutz
et al. 2008). Note the strong linear correlation sug-
gesting that starburst and AGN luminosities go hand
in hand.

the central kpc. This can be shown by sim-
ple temperature-size relationships. Thus, the
link between the two phenomena is found over
a large scale of distances, especially in the
more luminous sources. The direct measure of
star formation and black hole growth available
from these results provide a new way to esti-
mate the duty cycles associated with the two
phenomena. We predict this to become a very
important tool in the study of the parallel evo-
lution of massive black holes and their hosts.
The samples shown here do not represent
the entire AGN population. There are sources
that do not show such a clear correlation and
the Spitzer based statistics can only be applied
to small number of sources that are not neces-
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sarily drawn from complete samples. The dif-
ficulties associated with obtaining more high
quality MIR and FIR observations of AGN,
especially high redshift ones, will prevent us
from obtaining large new samples and better
statistics in the near future. However, the phe-
nomenon is common and deserves better ex-
planation.

6. Conclusions

Ultraviolet, optical and infrared spectroscopy
are important probes of the various gas and
dust components in AGN. Broad emission
lines are used for estimating black hole mass
and accretion rates for thousands of type-I
sources and MIR spectroscopy is a powerful
tool for understanding the structure and dimen-
sions of the torus and other dusty components.
A combination of all those indicators shows
that, in many sources, starburst and black hole
accretion go hand in hand thus changing our
view of the main stages of black hole and
galaxy evolution, especially those stages in-
volving large amounts of gas accretion onto the
central black hole.
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