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Abstract

This review gives an introduction to the physics of ionized gas in active galactic
nuclei (AGN). The main topics are: Definition of the AGN phenomenon, methods
for discovering AGN, basic AGN observations, photoionization and recombination
of low density plasma, energy balance and gas temperature, the spectrum of ionized
gas, dust and reddening, the motion of ionized gas under the influence of strong
radiation fields, the broad line region (BLR), the narrow line region (NLR), and the
highly ionized outflowing gas in AGN.
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1 Basic observations of Active Galactic Nuclei

The only name that is used in this review is AGN. An object will be considered
an AGN if at least one of the following is fulfilled:

(1) It contains a compact nuclear region emitting a significant fraction of the
total energy, much beyond what is expected from stellar processes typical
of this type of galaxies.

(2) It exhibits the clear signature of continuum emission produced by non-
stellar processes.

(3) Its spectrum contains strong emission lines indicating non-stellar excita-
tion processes.

(4) It shows line and/or continuum variations.

This is a very broad definition that, in some cases, extends the limits and
overlap with sources that are not associated with accreting BHs. An object
can leave the AGN category if its luminosity is reduced below a certain limit
and new AGN can “appear” occasionally when a non-active source undergoes
a sudden burst of activity. Sub-categories of the AGN family may be related
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Fig. 1. Broad band spectral energy distribution (SED) for various types AGN (cour-
tesy of L. Ho)

to the radio properties, to the emission line widths, to obscuration, viewing
angles and the level of variability.

1.1 The spectral energy distribution of AGN

The spectral energy distribution (SED) of AGN has been studied in numerous
sources and in various energy bands. Fig. 1.1 shows some examples covering
the range of 109 − 1018 Hz and comparing sources with various luminosities
and spectral shapes. All quantities related to the SED are described by either
Lν (erg s−1 Hz−1) or Lλ (erg s−1 λ−1). The conversion between the two is
obtained from a simple energy conservation argument, Lνdν = Lλdλ.

1.2 The optical-UV spectrum of AGN

The optical-ultraviolet (UV) spectrum of AGN shows many prominent emis-
sion lines that are the source for understanding many of the important prop-
erties of such objects. The relative line intensities provide information about
the gas density and temperature, the gas composition, column density and
degree of obscuration of the central source. The line profiles are used to de-
duce the gas dynamics and the emission line variations are the most reliable,
perhaps only source for directly measure the central black hole (BH) mass.
These topics are discussed later in this review and in several contributions by
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Fig. 2. A composite spectrum of high luminosity type-I AGN

others. Fig. 1.2 is an example of a composite spectrum obtained by combining
many spectra of luminous AGN at various redshifts.

1.3 AGN Variability

This is another important characteristic of AGN which will be discussed in
several other contributions. Variability of type-I AGN is observed in all parts
of the spectrum, from radio waves to X-rays and even γ-rays. The various
bands are probably related although not necessarily in a simple and direct
way. Thus, X-ray variations are likely to be the result of accretion disk in-
stabilities and radio variability, in radio-loud sources, arise, probably, from
jet-related processes. Fig. 1.3 shows a typical example. The source in question
is NGC3783 and the light curves shown represent several days of observations
by Chandra.

While the general topic of AGN variability will not be discussed in this review,
it is important to note that typical variability time scales, and variability
amplitudes, seem to be inversely correlated with source luminosity, perhaps
through the accretion rate onto the central BH. This is clearly seen in the
X-ray and optical bands, where most such studies have been conducted, with
indications in other spectral bands as well.

1.4 Discovering AGN

There are various methods for discovering AGN, some almost as old as the
subject itself (mid-1960s). The more recent methods are the ones that resulted
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Fig. 3. Two 2001 light curves of NGC3783 as observed by Chandra. The left hand
side shows count rates in the 2–10 keV range and the right hand side gives the
“hardness ratio” which is obtained by dividing count rates in the two energy bands
specified on the vertical axis of the diagram.

in the largest number of sources and the most significant statistics. The most
important methods are:

(1) By the color of their SED. There are several detection methods based on
a combination of optical colors from 3 to 5 optical bands. Such methods
clearly separate the non-thermal component of the SED (in comparison
with the black-body type stellar SED). The most advanced of those, like
the Sloan Digital Sky Survey (SDSS) use 5 optical bands that are also
efficient in discovering high redshift sources by detecting the reduced
emitted flux belong the Lyman edge. Such studies are supplemented,
now-a-days, with 3–4 infrared (IR) colors.

(2) By their radio properties. About 10% of all AGN are radio loud and hence
can be found by correlating their radio and optical positions. Various
techniques, at different radio frequencies, can be use to separate steep
from flat spectrum radio sources and discover the active nucleus in type-
II AGN.

(3) By their optical spectrum. Discovering AGN directly by their spectrum,
mostly by the large contrast between the strong broad emission and ab-
sorption lines and the underlying continuum, was a very useful method
in the 1970s. It produced the first large AGN samples that were then
used to characterize the population properties. The method is based on
objective prism surveys, which were eventually supplemented by high-
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resolution follow-up spectroscopy. The method is very inefficient in dis-
covering type-II AGN.

(4) By their X-ray properties: Almost all AGN are strong X-ray emitters.
This can be used to discover AGN in deep X-ray images. The first large
X-ray detected samples were the result of ROSAT observations. More re-
cently (since 1999) there are several very deep Chandra and XMM-Newton

surveys that are being added to the list. Needless to say, optical follow-up
spectroscopy is needed to confirm those detections. X-ray selected AGN
samples are not efficient in discovering very high redshift AGN because
of the limited sensitivity of the X-ray instruments.

(5) By their variability: This is an interesting method that has not been
used, very much, because of various experimental limitations. It requires
at least two visits per field and follow-up spectroscopy.

(6) By their IR properties: Several recent IR surveys, most notably by Spitzer,
have been used to discover AGN with unusual IR properties (e.g. by their
24µm flux).

The result of all such surveys are more than 105 known AGN where the number
is increasing very fast. Some abbreviations of the best known large surveys are:
SDSS, 2dF, 2SLAQ, LAS, HDFS and HDFN.

1.5 AGN terminology

The study of AGN has produced many terms and abbreviations. Only the most
common ones will be used in this review, e.g., the narrow line region (NLR),
the broad line region (BLR), the highly ionized gas (HIG) and the black
hole (BH). The terms “type-I AGN” (those objects showing broad, strong
optical-UV emission lines in their spectrum) and “type-II AGN” (those show-
ing prominent narrow emission lines, very faint, if any, broad lines, and a large
X-ray obscuring column), are used to classify all sources into only two major
sub-groups. Given this division we note that some type-I or type-II sources
can be strong or weak radio emitters, strong or weak X-ray emitters, etc.

2 Physical processes in AGN gas

Ionized AGN gas is found from very close to the central BH, at r ' 1000rg,
where rg = GM/c2, to distances of several kpc. This gas is exposed to the
strong central radiation field and its properties are well described by consid-
ering photoionization and recombination and neglecting most other ionization
and excitation processes. Notable exceptions are regions of violent star forma-
tion where mechanical heating and ionization, due to super-novae explosions
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and fast stellar winds, are major sources of energy input to the gas. The spec-
trum of such regions is typical of thermal plasma although photoionization
can be important too.

This section explains the general principles needed for understanding the emis-
sion line spectrum of active galaxies and the most important physical processes
necessary to model their spectrum. The main underlying assumption is that
the gas density is low enough, NH < 1012 cm−3, that collisional transitions
among excited states are of secondary importance for most ions, except for
hydrogen and helium.

2.1 Photoionization and radiative recombination

Consider gas at a distance r from a point source of total luminosity L and
monochromatic luminosity Lν . The fractional ionization of ion X is determined
by the ionization rate, per particle, due to flux reaching the location of the
ion, IX , and by the recombination rate per particle, RX .

Assume σν is the photoionization cross section of ion X from its threshold ion-
ization νX (normally the ground level), αX(T ) is the recombination coefficient
for the ion, and

τν = NX

∫

r

σνdr (1)

is the frequency dependent optical depth. All these can be used to obtain an
expressions for the photoionization rate,

IX =

∞∫

νX

(Lν/hν)σνe
−τν

4πr2
dν , (2)

and the recombination rate,

RX = αX(T )Ne . (3)

Thus, the ionization rate of ion X (cm−3 s−1) is NXIX and the recombination
rate is NX+1RX .

We can now write a set of time dependent differential equations for the frac-
tional ionization of all ions,

dNX

dt
= −NX [IX + RX−1] + NX−1IX−1 + NX+1RX , (4)
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where all other ionization and recombination processes have been neglected.
The steady state solution for an element with n electrons and n + 1 ions is a
set of n equations of the type

NX+1

NX
=

IX

RX
. (5)

The additional relation needed for solving the set of equations is

ΣNX = NZ , (6)

where NZ is the total abundance of the element in question. This suggests that
the level of ionization of the gas in photoionization equilibrium is proportional
to IX/RX which, in turn (see Eqn. 2 and 3) is proportional to the photon
number density divided by the electron density.

The above set of equations leads to the definition of two important time scales:
the recombination time, trec = 1/RX , and the ionization time, tion = 1/IX .
The first time scale gives the typical time required for ion X +1 to recombine
to ion X, when the radiation source is turned off. The second time scale is
the time required for X to get ionized to X + 1 after a large increase in
the ionizing flux. The recombination time depends on the particle (electron)
density and the photoionization time depends on the photon number density.
Thus, following a time dependent recombination process provides a way to
probe the local conditions while following a time-dependent ionization enables
to set a limit on the local radiation field, i.e. the distance from the source.

The simplest example of time dependent equations of this type are related to
the ionization and recombination of hydrogen. In this case

dNH0

dt
= −IH0NH0 ;

dNH+

dt
= −α(H)NeNH+ (7)

with the trivial solutions

NH0 = NH0(0)exp(−IH0t) ; NH+ = NH+(0)exp(−α(H)Net) . (8)

For T = 104 K, α(H) ∼ 10−13 cm3s−1. In this case

trec =
1

αNe

'
1013

Ne

sec. (9)

The recombination and ionization time scales can be quite different, depending
on the radiation field and the gas density. Moreover, the coupling between
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the various stages of ionization suggests that, under various conditions, the
fractional abundance of ion X may change very slightly, or remains almost
constant, despite large changes in the radiation field. Perhaps more important
are the global recombination and ionization time scales which are the times
required for the entire atmosphere to undergo a significant change in the level
of ionization. Both are roughly given by 1/RX where X is the most abundant

ion of the element in question.

2.2 Additional ionization and recombination processes

While photoionization from the ground level, and radiative recombination fol-
lowing cascade, are the dominant processes in many cases of astrophysical
interest, other processes must be considered too. The most important ones in
AGN gas are:

Dielectronic recombination: This term refers to recombination through ex-
cited states. The process involves one free and one bound electrons that
combine, for a short time, to form a highly excited state above the ion-
ization threshold. The excited system can decay via “auto-ionization” (i.e.
returning to its original state), or via recombination which result in a more
neutral ion. Dielectronic recombinations is traditionally divided into “low
temperature dielectronic recombination”, due to ∆n = 0 transitions, where
n is the energy level in question, and “high temperature dielectronic re-
combination” involving ∆n = 1 transitions. The first type is important for
many elements at Te = 1− 3× 104 K and the second for hot (Te ∼ 106−7 K)
plasmas.

Auger ionization: Ionization from inner shells due to absorption of high en-
ergy X-ray photons is important for ions with three or more electrons. The
ejection of the inner electron results, in most cases, in the ejection of one or
more electrons and even higher ionization. In a small fraction of the cases,
the relaxation to the ground state involves the emission of a line photon, in
most cases due to 2p−1s transitions. This fraction is called the “fluorescence
yield” and is strongly dependent on the charge of the atom in question. For
low ionization oxygen ions it is of order 0.01 and for iron ions it is typically
0.3.

Auger ionization couples non-adjacent stages of ionization and must be
treated accordingly. For the most abundant elements with Z < 26, the inner
shell ionization involves a doubly ionized atom (i.e. two stages above the ion
that absorbs the high energy photon). For iron and heavier elements, more
ionization are common, depending on the number of inner shell electrons.

Heating and ionization by secondary electrons: This process is important for
gas with a very low level of ionization which is exposed to a large flux of
high energy photons. The energetic electrons ejected due to the absorption
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of such photons can collide with neutral atoms (mostly hydrogen) and cause
additional ionization before they are thermalized. They can also collisionally
excite n > 1 levels causing additional line emission.

Charge exchange: Charge exchange collisions between ions

X + Y +

 X+ + Y (10)

can be very fast leading to a significant changes in the level of ionization
under favorable conditions. An important example for photoionized gas at
low temperatures involves neutral hydrogen and singly ionized oxygen. This
reaction is known to be very fast under conditions prevailing near the hy-
drogen ionization front. Other important examples are the charge exchange
of neutral nitrogen with ionized hydrogen and charge exchange of several
ions with He+.

Collisional ionization and three body recombination: These processes can be
described as

X + e 
 X + e + e , (11)

They are negligible for most ions for temperatures below few × 105 K.
Collisional ionization dominates the ionization of the gas in starburst regions
and near shock fronts. In AGN, both processes can also become important
in a high density, large optical depth gas where they can dominate the
population of the high-n levels of hydrogen and helium.

Compton ionization, heating and cooling Photon-electron collisions can heat
or cool the electron gas. In particular, the inverse Compton process can be
a major source of cooling for a highly ionized gas.

2.3 Thermal balance

The thermal structure of the gas is determined by the balance between various
heating and cooling processes that are noted here with H for heating and C for
cooling, both in erg cm−3 s−1. This is normally described by a set of equations
that involves energy terms rather than ionization and recombination terms.
The most important heating in AGN gas is due to photoionization (bound-
free) which, for ion X, is given by

Hbf,X = NX

∞∫

νX

Lνσνe
−τν

4πr2
dν . (12)

Note that in this equation we sum over the absorbed energy while in the pho-
toionization equation (Eq. 2) the sum is over the number of ionizing photons.
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Similarly, an important cooling term is recombination cooling which, for ion
X, is given by

Cbf,X = NX+1NeαX(T )[hν1,∞ + h < νfree >] (13)

where hν1,∞ is the minimum ionization energy from the ground level of the ion
and h < νfree > is the mean energy of a free recombining electron (∼ kTe).

The above heating and cooling terms are simple manifestations of energy con-
servation. They are different from standard heating and cooling expressions
given in other books where only the energy of the free electrons is consid-
ered. In that case, the term Lν in the heating integral should be replaced by
(Lν/hν)(hν − hνX) and the recombination cooling equation does not include
cascade to the ground (the hν1,∞ term). The two treatment are exactly equiv-
alent and all other heating and cooling terms can be computed with either
approach provided they are used consistently.

Free-free is another cooling process. It is especially important in fully ionized
plasma where it can be the dominant way of loosing energy by the gas. The
rate for ion X with charge Z is,

Cff,X = 1.42 × 10−27Z2T 1/2gffNeNX+z . (14)

Many cases of astrophysical interest includes gas which is not fully ionized.
In general, the most important cooling term in such cases is line cooling due
to bound-bound (bb) transitions. The computation of this term, denoted Cbb,
requires a complete solution of the level population for all ions of importance.

The most important contributers to the level populations in AGN gas are
recombination and cascade, emission and absorption of line photons, and col-
lisional excitation and de-excitation of bound states. Consider first bound-
bound transitions between levels i and j, where j > i, that result, eventually,
in bb cooling. The collisional excitation rate between the levels is

qij = CijNe , (15)

where

Cij =
8.63 × 10−6

√
T

Ωij

ωi
e−Eij/kT . (16)

Likewise, the collisional rate from j to i is

qji = CjiNe , (17)
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where

Cji = Cij
ωi

ωj
eEij/kT . (18)

Here wi and wj denote the statistical weights of levels i and j and Ωij is the
effective collision strength that is obtained from quantum-mechanical calcula-
tions. The calculation of Cbb requires, therefore, a complete knowledge of all
level populations at all times.

Solving for the level populations involves a large set of time dependent statis-
tical equilibrium equations. To illustrate this we consider a simple two-level
system and only three processes: recombination with a rate αeff,2, collisional
excitation and de-excitation with rates q12 and q21 respectively, and line (but
no continuum) photon emission and absorption. Consider first a case of very
small optical depth in the 2− 1 transition. The time dependent equations can
be written as

dn2

dt
= n1q12 − n2(A21 + q21) + NX+1Neαeff,2 (19)

with the additional constraint

n1 + n2 = NX . (20)

The level population are time dependent since the ionic abundance and the
electron temperature are time dependent. The solution of the two equations
results in the level population of n1 and n2 at all times. Additional processes
that have been neglected so far, and were mentioned earlier as potentially
important, are dielectronic recombination, collisional ionization of both levels,
three body recombination, photoionization from both levels and continuum
pumping that will be explained later. Most of these can easily be added to the
above equations.

Having solved for n1 and n2, we can now express the line emissivity, ε21, as

ε21 = n2A21hν21 . (21)

where ε21 is time dependent too. The bb cooling term associated with such
processes is the sum over all lines,

Cbb = Σj>iεji . (22)

The expression for Cbb contains the hidden assumption that the emitted radia-
tion in all lines can freely escape the medium. In such a case, a photon emitted
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in a certain location carries with it the maximum possible energy, hν21, which
results in maximum cooling. However, this assumption is not always true.
Some lines, in particular the leading resonance lines of hydrogen, helium and
the more abundant metals, can become optically thick to their own radiation.
A line photon emitted in such a transition can be absorbed in a different lo-
cation in the gas contributing additional heating at that point and increasing
the n2 level population there. For lines with large optical depth, the absorbing
location is close to the location of emission. For lines of small optical depth,
this can be in a different part of the cloud.

A simple, not very accurate way to deal with this complication is to introduce
the “line escape probability” which gives the probability of line photons to
leave the point where they are created without being absorbed by another 1–2
transition. This escape probability, which is indicated here with β12, can be
specify as an average property, over the entire cloud (a “mean escape probabil-
ity”) or as a local quantity (a “local escape probability”). All that is required
is to replace A21 in eqn. 21 by β21A21, i.e. not to count those photons absorbed
on the way out. Thus the local n2 level population is increased by a factor of
1/β12 relative to the previous case and the line emission is replaced by

ε21 = n2β21A21hν21 . (23)

The net result for a two level system, in the absence of non-radiative processes,
in no change in local cooling, or in emergent line emission, relative to the case
of β12 = 1. In reality this is not the case since transitions to and from other
levels must be included, collisional suppression of the upper level can become
important, etc.

The above treatment replaces the more rigorous, full radiative transfer solu-
tion. It enables a full local solution but neglects radiative coupling of different
locations in the gas. Detailed radiative calculations show that a reasonable
approximation is β12 = 1/(1 + bτ12), where τ12 is the optical depth between
the two levels and b is a constant of order unity. Extensive theoretical studies
show that the escape probability formalism, in which each line is assigned it
own escape probability, is an adequate method to deal with many resonance
transitions. The approximation is more problematic when dealing with the
hydrogen atom since, in such cases, the strong AGN radiation filed can re-
sult in clouds of large column density where hydrogen is almost fully ionized.
In such cases, the hydrogen level 2 population can be large and the optical
depth in the Balmer lines significant. This, couples with the extremely large
optical depth of the Lyman lines, makes line transfer and photon diffusion
in the cloud more difficult to treat and reduces the usefulness of the escape
probability approach.
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Having computed the individual heating and cooling processes, we can now
write the general energy equation,

H = C , (24)

where

H = ΣiHi (25)

and

C = ΣiCi (26)

are sums over all heating and cooling terms. The solution of this equation is
used to obtain the kinetic temperature of the gas. This is relatively simple
in steady state, where the level population and ionization fractions are not
time dependent. The main complications are due to radiative transfer in op-
tically thick line and continua that couple the level populations to the gas
temperature through collisional excitation and de-excitation processes.

2.3.1 Mechanical heating of AGN gas

The temperature and ionization of AGN gas are controlled, primarily, by the
central radiation field. This is in contrast to different environments, such as
star-forming regions, where mechanical heating is the dominant heating source
and most ionization is due to collisional processes. Such AGN gas can indeed
be affected by collisional processes. For example, small-scale jets can transfer a
large amount of mechanical energy into a very small region, producing strong
shocks and bright emission knots typical of collisionally excited plasma. How-
ever, general considerations suggests that such processes cannot be globally
important in the type of environment considered here.

Consider the mechanical energy produced by a shock of velocity vsh. This is
given roughly by 1

2
mshv

2
sh where msh is the mass of the flowing material. We

can assign an efficiency factor, ηsh, to this process which, in units of mc2, is
1
2
v2

sh/c
2. Equivalently, if macc is the mass of the gas accreted by the BH then

the energy associated with this process is about ηaccmaccc
2, where ηacc is the

mass to energy conversion factor in the accretion process. The velocity of the
bulk of the line emitting gas in AGN is 500–1000 km s−1 and for accretion
disks around massive BHs, ηacc ∼ 0.1. The ratio of the energies produced by
the two processes is approximately

ηaccmacc

ηshmsh

' 105macc

msh

. (27)
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Thus, for shock excitation to be energetically significant, the amount of flowing
shocked gas must exceed, by many orders of magnitude, the amount of material
accreted onto the BH.

2.4 The spectrum of ionized AGN gas

2.4.1 Ionization parameter

The earlier discussion suggests that the level of ionization of photoionized gas
depends on IX/RX (eqn. 5) which is proportional to the ratio of the ionizing
photon density over the gas density. Given the conditions of photoionization
equilibrium, one can define an “ionization parameter” which is proportional
to this ratio. A possible definitions is

U =

E2∫

E1

(LE/E)dE

4πr2cNH

, (28)

where c, the speed of light, is introduced to make U dimensionless and E1

and E2 are the energies defining the limits of integration over the ionizing
continuum. The value of U defined in this way gives a good indication for
the level of ionization provided E1 is close to the minimum energy require
to ionized the most “important” (cooling-wise) ions. For gas that is ionized
by soft-UV radiation, E1 should be chosen such that it is related to the UV
ionizing field, e.g. the energy of the hydrogen Lyman limit at 13.6 eV. An
appropriate name in this case is U(hydrogen). Similarly, a suitable choice
for gas whose level of ionization is dominated by a strong soft X-ray source is
E1 = 0.1 keV and E2 = 10 keV. This is usually assigned the symbol U(X−ray)
or UX . Such gas can be transparent to UV photons and U(hydrogen) is not
a good indicator of its level of ionization. An alternative suitable choice for
the case of X-ray dominated gas might be E1 = 0.54 keV, corresponding to
the K-shell threshold ionization of oxygen, the most important emitting and
absorbing element under such conditions. A suitable name is U(oxygen). There
are other, somewhat different definitions of the ionization parameter that are
used in the literature. A common one, ξ, is defined by the energy flux, rather
than the photon flux, and is given by

ξ =

13.6 keV∫

13.6 eV

LE

r2NH

dE . (29)

Using the “right” ionization parameter, we normally find that U = 10−1−10−2

corresponds to gas that produces strong emission lines in the energy range
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Table 1
Various ionization parameters used in AGN research

Ionization parameter E1 E2 conversion factors, LE ∝ E−1.3

U(hydrogen) 13.6 eV ∞ 1000

U(helium) 54.4 eV ∞ 165

U(X − ray) 0.1 keV 10 keV 73.3

U(oxygen) 0.54 keV 10 keV 8.2

ξ 13.6 eV 13.6 keV 31.1

under question. For example, U(oxygen) = 0.1 results in strong 0.5-3 keV
emission lines. A much smaller U results in more neutral gas, with very little
X-ray emission, and a much larger U results in very highly ionized gas and
insignificant line emission. Table 2.4.1 gives a list of several ionization param-
eters that are useful in various situations and are commonly used in AGN
research. The right column of the table allows a simple conversion between
those ionization parameters for the case of LE ∝ E−1.3.

2.4.2 Line and continuum emitting processes

The most important continuum emitting processes in AGN gas are due to
bound-free transitions. The clear signature of such processes in the optical-
UV band are the bound-free edges of levels n = 1 and n = 2 of hydrogen and
helium. In the X-ray band the observationally important processes are bound-
free transitions to the ground levels of H-like and He-like carbon, nitrogen,
oxygen, neon, magnesium and silicon. Free-free emission is important at radio
frequencies, in a low temperature gas, and at hard X-ray energies in a high
temperature plasma.

Line emission (bound-bound) transitions dominate the heating-cooling bal-
ance in low ionization (U(hydrogen) ∼ 0.01) photoionized gas. The most in-
tense transitions are due to forbidden lines, in low density gas, and due to re-
combination and collisionally ionized permitted lines, in high density gas. For
highly ionized X-ray gas (U(oxygen) ∼ 0.01), most cooling is via bound-free
transitions because the lowest accessible levels are at energies that are much
larger than kT . This gas is dominated by permitted, intercombination and for-
bidden recombination lines. Starburst heated X-ray gas, which is sometimes
found in AGN, is characterized by higher temperatures and lower densities.
The most intense lines in such gas are produced via collisional excitation of
the n = 2 and n = 3 levels of the more abundant elements.

There are several additional line and continuum emitting processes that be-
come important under favorable conditions. Two of those are:
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Fig. 4. The spectrum of optically thin Te ∼ 104 K NH ∼ 106 cm−3 photoionized
gas, showing the strong bound-free recombination edges (in this case, the Lyman,
Balmer and Paschen jumps) and many emission lines.

Continuum fluorescence: This process, sometimes referred to as “photoexci-
tation” or “continuum pumping”, is the result of populating low lying levels
by absorbing the incident continuum in various resonance transitions. This
increase the level population and results in additional line emission. The
effect on the global energy balance is negligible, especially in low density
environment, since most of the radiation can escape the gas. Thus, heating
and cooling almost exactly balance.

The increase or decrease in the observed line intensity, due to this pro-
cess, is geometry dependent. For example, in a static spherical atmosphere,
or in a static spherical thin shell around a point continuum source, the pro-
cess can be considered as pure scattering since emission is exactly balanced
by absorption. In a moving spherical atmosphere, the emitted photons are
Doppler shifted relative to the gas rest frame, and absorption and emission
appear at different energies. This results in a P-Cygni line profile with the
same equivalent widths (EWs) for emission and absorption. In cases of in-
complete covering, like a broken spherical shell, absorption is stronger than
emission in terms of the measured EW, provided the line of sight passes
through the absorber. Finally, for optically thick lines, the absorption and
emission optical depths are geometry (e.g. direction) dependent and are not
necessarily the same. This can affect the emergent line intensity.

Continuum fluorescence in the X-ray band can also excite inner shell
transitions. In principle, this is similar to absorption by resonance lines
except that some of these transitions can result in an autoionized stage above
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the threshold ionization energy of the valence electrons. This can result
in either ionization or recombination depending on the level in question.
Autoionization dominated transitions result in almost no line emission. Such
transitions can be seen as X-ray absorption lines and the process can affect
the ionization and heating of the gas.

Line fluorescence: As explained earlier, the ejection of inner shell electrons
can lead to line emission (“fluorescence lines”). The process is important
at X-ray energies where lines of this type, most notably iron Kα and Kβ
lines, in the 6.4–9.0 keV energy range, are occasionally observed. The fluo-
rescence efficiency (“fluorescence yield”) depends on Z3 and is roughly 0.3
for iron. Thus, the most abundant elements, like oxygen, do not produce
strong fluorescence lines, despite the order of magnitude difference in abun-
dance between iron and oxygen. This difference can partly be compensated
for by the larger incident flux around 0.54 keV (the K-shell threshold for
neutral oxygen), compared with the flux near 7.1 keV (the K-shell threshold
of neutral iron).

2.5 Gas composition

There are several standard ways to measure the composition of ionized plasma.
The most accurate methods are based on the comparison of the intensities of
metal recombination lines, with known effective recombination coefficients,
with Hα or Hβ. Such methods depend on the ability to measure the recom-
bination lines that are typically very weak and often undetected. A less accu-
rate but more practical method is based on the comparison of the intensities
of various collisionally excited lines. Unfortunately, these methods that were
developed for low density gas, e.g. in planetary nebulae and HII regions, fail
to give reliable answers in AGN, especially in regions of very high density like
the BLR. There are two reasons for the failure, one is the high density where
many levels are collisionally suppressed by unknown amounts and the other
due to complication in calculating, accurately, the intensities of optically thick
lines like Lyα and Hβ.

Several methods have been developed in order to circumvent these difficul-
ties. In particular, the Nvλ1240/C ivλ1549 line ratio (hereafter the NV/CIV
method) has been suggested as a good N/C abundance indicator in BLR gas.
These lines are easy to measure either with space-borne spectrographs, in low
redshift sources, or from the ground, in high redshift AGN. The idea is that
the abundances of all α elements (C, O, Mg etc.) relative to hydrogen are
increasing together and represent the star-forming rate. Thus C/H, O/H etc.
are all proportional to the metallicity (Z) of the gas. Nitrogen is a secondary
element and we expect that for large enough metallicity (Z ≥ 0.2) N/H ∝ Z2.
Given these relations, we expect that NV/CIV∝ Z.
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The crucial question is under what condition is the Nvλ1240/C ivλ1549 line
ratio a good N/C abundance indicator. This is related to the rather differ-
ent level of ionization of C+2 and N+3 and the somewhat different excitation
energies. This question has been investigated, theoretically, by computing nu-
merous photoionization models with various assumptions about the ionization
parameter, gas density and SEDs. In most those calculations there is, indeed,
a good correlation between the actual N/C abundance ratio and the value
obtained from the Nvλ1240/C ivλ1549 line ratio.

A more promising method is to search for line ratios that are insensitive to ion-
ization and local temperature conditions, i.e. lines from ions with overlapping
production regions and similar excitation energies (to eliminate the strong
dependence on temperature through the the exp(−Eij/kT ) factor). Some ex-
amples of such line pairs are Oiii]λ1663/Ciii] λ1909 that can be a good O/C
indicators and Niv]λ1486/C ivλ1549 which is a good N/C indicator. This
method, which is probably best, is difficult to apply since most of the lines in
question are weak and difficult to measure. Moreover, several of the lines are
semi-forbidden lines with critical densities that are close to the typical density
of the BLR gas. Thus, there are uncertainties due to the unknown gas density
which affect the observed line intensities.

The general results of such studies is a large metallicity range, 1 ≤ Z ≤ 5,
with several examples of Z > 10. There are several interesting suggestions that
connect the high measured metallicity to other properties of AGN. One is that
the gas metallicity (more specifically the NV/CIV line ratio) depends on the
source luminosity. Other possibilities are a dependence on the black hole mass
and/or the accretion rate. At this stage there are not enough measurements
of objects with well determined mass and accretion rate estimates to decide
between all those.

2.6 Clouds, condensations, confinement and winds

The basic line emitting entity in AGN is normally referred to as a cloud. The
assumption of clouds, or more generally condensations, is reasonable given
the observations of galactic HII regions, and the interstellar medium, where
condensations are indeed observed. Clouds are also required by line intensity
considerations, mainly the observation that the typical observed line widths,
e.g. in the BLR, are similar for low and high ionization lines. A configuration
in which every ionization stage is associated with a certain location and thus a
certain velocity cannot explain the observed line profiles. On the other hand,
an ensemble of small clouds, each optically thick and each producing many
emission lines with a large range of ionization, is more plausible. This however
is somewhat problematic since such entities must be either gravitationally
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bound or else confined by external pressure.

Likely candidates for self gravitating clouds are stars in the central cluster.
In particular winds produced by “bloated stars” have been considered as the
origin of material in the broad and the narrow line regions. It it interesting
to note that “typical” NLR clouds (that are not just theoretical entities since
direct observations of nearby AGN show clear condensations in the NLR)
contain masses of about one M�. Much lower mass clouds, containing as little
as 10−8 M�, have been considered in various BLR models. Such clouds must
be confined or else be created and destroyed on a sound speed crossing time,
which is very short. For the BLR clouds, this time is of order one year.

The most likely confinement mechanisms for clouds that are not self-gravitating
are either thermal confinement, by a low density hot inter-cloud medium
(HIM), or confinement by magnetic fields. The conditions for pressure equi-
librium are obtained from general considerations of a two-phase medium, sim-
ilarly to what is done in the ISM.

Consider a medium where the fractional ionization of the gas and its kinetic
temperature are determined solely by the central radiation field. Suppose there
are two components at the same location with different temperatures, densities
and levels of ionization, that are noted ‘cold” and “hot”. In this case,

Ucold ∝
L/c

r2NH(cold)
; Uhot ∝

L/c

r2NH(hot)
. (30)

At a given distance r, the radiation pressure is simply Prad ∝ L/cr2 and
is independent of the gas density. This means that U ∝ Prad/NH . Dividing
U by the relevant temperature (Tcold or Thot) and noting that all quantities
are calculated at the same location, we find that the condition for pressure
equilibrium due to the same gas pressure in the two compensate leads to

Ucold

Tcold
=

Uhot

Thot
∝

Prad

Pg
. (31)

Thus, for all components at the same chosen location U/T ∝ P−1
g ∝ (NHT )−1.

This allows several different temperatures, and hence several values of the den-
sity, at the same location provided U/T is the same for all components. Such
two (or more) components can survive, side by side, in pressure equilibrium,
provided they are stable against thermal perturbations. The situation is illus-
trated in Fig. 5 that shows the famous “S-curve”, which is the photoionization
equilibrium curve (sometimes referred to as the “stability curve”) for such gas.
Each point on the curve is characterized by thermal equilibrium (H = C) at
a different temperature. The points outside the curve are regions where either
H > C (on the right hand side of the stability curve) or in the region where
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Fig. 5. Stability curves for different SEDs: 1. LE ∝ E−0.8. 2. LE ∝ E−1.1. 3. “Typi-
cal” AGN SED with a strong blue-bump and an X-ray power-law. Note the several
unstable regions (negative slope parts) that are less noticeable in the SED con-
taining a UV bump. Such a SED results in lower TC due to the efficient Compton
cooling by the blue-bump radiation.

H < C (on the left hand side of the curve). These represent pairs of U and
T which cannot be found in gas of the same composition which is in thermal
equilibrium.

The upper branches of the stability curves shown here are stable, i.e. a small
deviation from the curves results in return to an adjacent stable region. Their
temperature is close to the Compton temperature of the fully ionized gas which
is determined solely by Compton heating and cooling and is given by,

TC =
hν

4k
, (32)

where hν is the mean photon energy weighted by the cross section. TC depends
only on the SED and, for AGN, is ∼ 107 K. The lower branch with the positive
slope is also stable and is typical of AGN photoionized gas with a characteristic
temperature of ∼ 104 K. For example, an increase in the incident flux results
in increasing U . On the positive slope part of the stability curve, this will
result in an increase of T which will take the gas to an adjacent equilibrium
point just above the starting point.

The intermediate part contains one or more regions with negative slopes. These
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are unstable regions where small perturbations to the right (the region where
H > C) due to additional heating, or to the left (H < C) due to reduced
heating. This will result in further removal from the stability curve. There
is no nearby solution and the gas can reach thermal equilibrium only in a
place with very different values of U and T . This is the clear signature of an
unstable gas. The curve shown suggests that there are values of U/T that
correspond to two and even three stable (positive slope) solutions. Thus a two
or three-component medium can be formed in gas exposed to a typical AGN
radiation field. Such localized components, with well defined temperatures and
densities, could be described as “clouds” or condensations.

An alternative and perhaps a more likely situation is confinement by magnetic
pressure. In this case, B2/8π ≥ (NH + Ne)kT and the required magnetic field
is of the order of one gauss for the BLR and much smaller for the NLR.
The “clouds” in this case are likely to have a non spherical shape, perhaps
elongated filaments along the magnetic field lines.

Another alternative to the pressure confined clouds are condensations or fila-
ments that are constantly produced and destroyed. Such situations are com-
mon in the interstellar medium and have also been considered for AGN. One
model that attracted much attention is the locally optimally emitting cloud
(LOC) model which involves an assumed range of density, column density and
covering factor at any given location. The various components in this model
are not in pressure equilibrium and little is known about their formation and
stability. The calculated spectral properties are quite appealing since they
produce a good fit to the observed optical-UV spectrum of many AGN. Here,
again, there are several ad-hoc assumptions that must be made in order to
specify the various properties of such medium.

Finally we consider gas outflow from the central disk, or from other large mass
reservoirs, in the form of a continuous wind. Such flows are characterized by
continuous change of density and velocity and are very different from the above
considered “clouds”. The emission and absorption spectrum of such flows are
very different from those produced by clouds mostly because of the different
opacity distribution and the location of the various ionization fronts.

2.7 Photoionization models

Putting all the above together is not a simple task. It is normally achieved
with the help of photoionization models that include the calculations of all
the processes mentioned above and more. A given model solves, numerically,
for the ionization and thermal structure within one cloud. Most present day
models are time independent since time-dependent processes are more difficult
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to treat. The transfer of radiation is done, in most cases, with an escape
probability formalism but more sophisticated methods have been tried too.

Having calculated the ionization and thermal structure, and the steady state
level population of all abundant ions, one can now use these properties to
calculate a theoretical emission line spectrum which will then be compared
with observations. Such calculations involve some assumptions about the cloud
distribution in space and their other properties such as density, column density
and shape. A simple approach is to assume a line emitting region which is
made of numerous small clouds whose density, dimension and other properties
depend solely on the distance r. Confinement is achieved by hot gas (HIM), by
magnetic pressure, or perhaps by something else. The exact mechanism is not
important provided the pressure of the confining medium/agent is a simple
function of the radius, P ∝ r−s. The contribution of each cloud to the various
emission lines is determined by the physical conditions within the cloud and its
distance from the center. We can also assume a spherical geometry around the
central radiation source and simple radial dependence of all cloud properties.

Having defined the external pressure, we find that the hydrogen number den-
sity, N(r) is controlled by the equilibrium with the external pressure. Neglect-
ing the small electron temperature variation inside the cloud we can take this
to be identical to the external pressure distribution, i.e.,

NH(r) ∝ r−s . (33)

Next, we define the cloud column density, Ncol, by considering spherical clouds
of radius Rc(r). The mass of the individual clouds is conserved, as they move
in or out, but it is not necessarily the same for all clouds, thus, R3

c(r)N(r) =
const. The cloud mean (over the sphere) column density is thus

Ncol(r) ∝ Rc(r)N(r) ∝ r−2/3s , (34)

and the geometrical cross-section is

Ac(r) ∝ R2
c(r) ∝ r2/3s . (35)

Finally, the number of clouds per unit volume is

nc(r) ∝ r−p , (36)

where p is an additional parameter which is required to fully define the calcu-
lation.
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The next step requires the integration over the entire system. This is simplified
by assuming only one type of clouds. Simple generalization of this scheme can
involve a local population of clouds having some size distribution.

The clouds in question are illuminated by a central source whose ionizing lumi-
nosity, L(t), varies in time. Designating εl(r, L) as the flux emitted by the cloud
in a certain emission-line, l, per unit projected surface area (erg s−1 cm−2),
we get the following relation for the emission of a single cloud:

jc,l(r, L) = Ac(r)εl(r, L) . (37)

Assuming the clouds extends from rin to rout we obtain the cumulative line
fluxes,

Ll ∝
rout∫

rin

nc(r)jc,l(r, L)r2dr . (38)

Having determined the properties of the emission line clouds, we now calculate
εl(r, L) using a photoionization code. We then follow the above formalism to
obtain El. Since all parameters have been fixed, there is no need to indepen-
dently specify the ionization parameter, U(r) which, in this model, is given
by

U(r) ∝ rs−2 . (39)

A complete model of this type, with a given gas composition, is specified
by the source luminosity and SED, the radial parameter s, the boundaries
rin and rout, and the normalization of the density and column density at a
fiducial distance. The comparison with the observations further requires the
normalization of the total line fluxes. This is better defined by using the total
covering factor, Cf(rout), which is obtained by integrating

dCf(r) = Ac(r)nc(r)dr ∝ r2/3s−pdr (40)

between rin and rout. The normalization of Cf(rout) is achieved by comparing
the observed and calculated flux of the emission lines. In all this we did not
consider cloud obscuration and the possibility that radiation emitted by one
cloud is absorbed by another. Thus, such models are limited to Cf(rout) smaller
than about 0.3.

As noted earlier, there are alternatives to the small clouds model. In particular,
the LOC model assumes numerous clouds, with a range of properties like
density, column density and covering fraction, at any given location. The main
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suggestion is that the local ionizing flux, and the gas density, produce a large
range of ionization parameter at any given locations. Lines from high and low
ionization species are produced, with different efficiencies, at all radii, and
the local spectrum reflects the range of physical properties. The 1/r2 flux
variation across the system is the main reason for the different contributions
to the various emission lines at different locations.

2.8 Collisionally ionized plasma

While most of the gas in AGN is photoionized by the intense radiation field,
some regions, in particular those associated with star formation, may be heated
and ionized by shock due to fast stellar winds and super-novae explosions. The
resulting collisional ionized plasma can be very different in its thermal and
ionization properties from photoionized gas. Its emitted spectrum will carry
the signature of the dominant line and continuum producing processes and
its analysis can reveal some of those properties. In general, the micro-physics
in such regions is dominated by collisional processes and typical temperatures
can be orders of magnitude larger than those observed in photoionized gas
with a similar level of ionization. Different tools are needed to analyze such
gas.

2.9 The motion of ionized gas

2.9.1 The equation of motion

AGN gas is exposed to a strong radiation field that can, under certain condi-
tions, produce large-scale flows. Such flows can be continuous, in which case
they are classified as “winds”, or else drive clouds or condensations in a ballistic
way (the general term “wind” as used in the literature can include condensa-
tions inside a continuous flow).

The general form of the equation of motion for a cloud of mass Mc is

a(r) = arad(r) − g(r) −
1

ρ

dP

dr
+ fd/Mc , (41)

where g(r) is the gravitational acceleration, arad(r) the acceleration due to
radiation pressure force and fd the drag force. For pure wind flows we neglect
the drag force term and the internal radiation pressure. This gives

v
dv

dr
= arad(r) − g(r) −

1

ρ

dPg

dr
. (42)
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We also need an equation that describes the location dependent density of the
flow. This is obtained from the continuity condition

Ṁ = 4πρr2vCf(r) = const. , (43)

where Cf(r) is the location dependent covering factor of the outflowing gas.
For ballistic flows Ṁ needs to be specified more carefully, given the initial
conditions, the number of moving clouds and the flow geometry.

The relative importance of the various terms in the equation of motion depend
on the local conditions. Gravity dominates in almost all cases of low ionization,
large column density gas. The reason is that the neutral gas at the part of
the cloud away from the illuminated surface is not affected by the radiation
pressure force. Radiation pressure force dominates the motion of ionized, low
optical depth gas near a source with a high accretion rate and large η. This
is not the case for fully ionized gas where only electron scattering contributes
to the pressure. Pressure gradient can be the dominant factor when arad(r) �
g(r) and when the volume is filled with high ionization, high temperature gas.

2.9.2 Radiation pressure

The equation required for calculating the radiation pressure force at a distance
r is obtained by summing over all absorption processes. In this equation the
contribution to arad due to ion X is

arad(r, X) =
NX

ρ(r)c

∞∫

νX

Lνκνe
−τνdν

4πr2
. (44)

The term κν , gives the total absorption cross section per gram, including all
bound-bound, bound-free, free-free and Compton scattering processes. It is
different from the photoionization cross section, σν, used in Eqn. 2, which is
the bound-free cross section per particle.

The relationship between arad and the level of ionization can be understood by
considering the important case where the largest contribution to the radiation
pressure force is due to ionization (i.e. bound-free transitions). To illustrate
this we assume that the mean energy of an ionizing photon is hν and use the
definition of IX from Eqn. 2. For ionized gas with Ne ' NH this gives

arad(X) ∝
hν

cNe
NXIX . (45)
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In a steady state case, photoionization is exactly balanced by radiative recom-
bination which gives

NXIX = RXNX+1 = αNeNX+1 ∝ N2
e . (46)

Thus arad is proportional to NX+1 and for the specific case of hydrogen,

arad ∝ Ne . (47)

It is customary to introduce the “force multiplier”, M(r), which is the ratio
of the total radiation pressure to the Compton radiation pressure,

M(r) =
arad(total, r)

arad(Compton, r)
, (48)

where

arad(Compton, r) =
Ne(r)σT L

4πr2ρ(r)c
. (49)

M(r) provides a convenient way of expressing the radiation pressure force in
the equation of motion. Note that by definition M(r) ≥ 1 and that M(r) = 1
for fully ionized gas.

For partly neutral gas, the main contributions to M(r) are from bound-bound
and bound-free transitions. The former dominates in those cases where the
line optical depths are small. The contribution is much reduced for optically
thick lines except for the illuminated surface of the gas. The Compton and
free-free terms are usually small except for fully ionized plasma. Fig. 6 shows
several examples of the various contributions to the force multiplier in a highly
ionized AGN gas.

The gravitational and radiation pressure forces can be directly compared by
writing the equation of motion in a slightly different form. This is done by
noting that the mass of the central BH is proportional to LEdd and the radi-
ation pressure force is proportional to L. Denoting Γ = L/LEdd and noting
that LEdd ∝ MBH , we obtain

v
dv

dr
'

σT L

mHc4πr2
[M(r) − 1/Γ] −

1

ρ

dPg

dr
(50)

for the wind equation of motion. The term M(r)− 1/Γ in this equation gives
the relative importance of gravity and radiation pressure. Thus sources of
large Γ require smaller force multipliers to drive the wind. E.g. a source with
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Fig. 6. The force multiplier calculated for a “standard AGN SED” and solar metallic-
ity over a large range of the ionization parameter U(oxygen). The optically thin case
includes free-free, bound-free and bound-bound contribution to M . Bound-bound
absorption dominates for all levels of ionization except for almost completely ionized
gas at large values of U(oxygen) . The large column density case is dominated by
bound-free absorption since the resonance lines are very optically thick and do not
contribute much to M (courtesy of D. Chelouche).

Γ = 0.1, typical of low and intermediate luminosity AGN, require M ≥ 10 in
order to drive a wind by radiation pressure force. Such large values of M(r)
are normally achieved only in situations where bound-bound transitions are
important (see Fig. 6). Note that the constant multiplying M(r) − 1/Γ in
Eq. 50 is defined to within a factor of ∼ 1.2 since the force multiplier and
the Eddington ratio differ by the value of µ, the mean molecular weight per
electron (this is the reason for the use of the ' sign in Eq. 50).

AGN outflows are clearly recognized by their UV and X-ray absorption lines.
The first indicate a large velocity range, from few× 102 to few× 104 km s−1,
while the latter are characterized by v∞ = few × 102 km s−1. This can be
translated to conditions near the base of the flow. As explained, the maximum
velocity of AGN flows that are driven by bound-free dominated radiation
pressure force is of the same order as the escape velocity at the base of the
flow. The highest velocity, UV absorbing gas must therefore originate in the
vicinity of the central BH and accretion disk. The slower X-ray outflows can
originate much further out, perhaps outside the BLR. As explained, bound-
bound radiation dominated flows can reach higher velocities.
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3 Main components of AGN

The AGN phenomenon which is normally recognized by the association with
the nuclear region of the host galaxy, can, in fact, cover a large range of radii
and different physical conditions. The observed properties of AGN gas depend
on its location, density, column density and composition. These determine the
ionization parameter, the relative importance of radiation pressure force and
the gas velocity. Other important factors are the local pressure (e.g. confine-
ment) and the interaction with the other nuclear components. In the following
we consider several possible locations, and gas properties, and discuss their
observational signature.

3.1 The broad line region

Consider large column density (∼ 1023 cm−2) high density (∼ 1010 cm−3) gas
clouds situated at a location where L/4πr2 ' 109 erg s−1 cm−2, i.e. about
1 pc for a very luminous AGN. Consider also that the clouds can survive
over many dynamical times (tdyn ∼ 300 years in that location) An important
consequence is that the cloud system is bound, because gravity dominates
over radiation pressure force which is inefficient in such large column density
material. The clouds typical velocity at this location is ∼ 3000 km s−1 which
will be reflected in the widths of the emitted line profiles. Finally, we assume
a global (4π) covering factor of order 0.1. This means that we can neglect the
absorption of the radiation emitted by the clouds on its way out.

The physical conditions assumed for this region result in U(hydrogen) ∼ 10−2.
This means that only the illuminated surfaces of the clouds are highly ionized.
The most abundant ions in the ionized parts are He iii, O iv-vi, C iii-iv, etc.
The strongest emission lines are, therefore, Lyα, C ivλ1549 and Oviλ1035.
The density is high but not too high to suppress all semi-forbidden lines.
Strong predicted lines of this type are C iii]λ1909 and O iii]λ1663. Much of
these large column density clouds must be partly neutral since only X-ray
photons can penetrate beyond an hydrogen column of ∼ 1022cm−2. These
parts will produce strong lines of H i, Mg ii and Fe ii. The observed EWs
of the strongest lines depend on the emissivity and covering factor. For the
specified conditions assumed here they are of order 10–100 Å for the strong
emission lines. Absorption lines are predicted to be extremely weak because
of the small covering factor. A region with those observed properties and
spectrum would justify the name “broad line region” (BLR).

Can BLR clouds be confined? Magnetic confinement is a likely possibility
since the required magnetic field is small, about 1G. Confinement by HIM
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Fig. 7. The ionization and thermal structure of a 1023 cm−2 column density BLR
cloud with NH = 101 cm−3 exposed to a “typical” AGN SED at a distance which
results in U(hydrogen) = 0.01.

is more problematic for various reasons. The required HIM density can be
estimated from the assumed density and temperature of the BLR gas and
from the requirement of pressure equilibrium. This gives NHIM ∼ 107 cm−3

for a Compton temperature of ∼ 107 K. The dimension of the BLR in the
most luminous AGN is of order 1 pc (see below). This gives a total Compton
depth of more than unity for the HIM. The observational consequences are
smearing of the central source variations and broad Compton scattering wings
for all broad emission lines. This is generally not observed in AGN. There are,
however, relativistic processes that can raise the HIM temperature beyond its
Compton temperature. Such a relativistic HIM may still provide the required
confining pressure.

How many high density clouds are required to produce the observed broad line
profiles? Given the gas typical velocity, and the fact that individual confined
clouds are likely to emit lines with a typical width of 10 km s−1(roughly the
sound speed in the gas), we can estimate the number of clouds required to
produce the symmetrical and smooth profiles observed in many cases. The
number is very large, of order 106−8. This raises serious questions about the
formation and destruction of the clouds and possible collisions among clouds.
A possible way out is to invoke internal turbulent motion that exceeds the
sound speed by an order of magnitude or so. This results in a much broader
single-cloud profiles and can alleviate some of the difficulties.

There are numerous studies about emission line intensities, broad line pro-
files, line variability and their correlation with continuum variations (see B.
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Fig. 8. Broad line region metallicity measure from NV/CIV as a function of lumi-
nosity and BH mass (from Shemmer et al et al. 2004).

Peterson contribution). Of particular interest are several recent papers that
make use of the fact that BH mass and accretion rate can now be measured
for a large number of sources using the reverberation mapping results. This
enables a more physical insight into the BLR physics. Out of the large number
of diagrams and correlations discussed in the literature I show here only a few
addressing the issue of metallicity.

As explained, the gas metallicity in the BLR can be estimated from the
Nvλ1240/C ivλ1549 line ratio. Given known luminosity, BH mass and ac-
cretion rate (i.e. L/LEdd one can search for the dependence of metallicity on
one of those measures. Figs. 8 and 9 show several potential correlations for a
relatively small sample of about 80 AGN. The reason for the small sample size
is the fact that in low redshift sources, the above line ratio must be measured
by HST and this is done one source at a time. Thus multi-object spectroscopy
cannot help. As evident from the diagram, there are significant correlation
of metallicity with all three variables if high-z high-L sources are considered.
However, the correlation with BH mass and source luminosity weakens con-
siderably when low luminosity cases are considered. In this case, the only
significant correlation is with the normalized accretion rate, L/LEdd.

A serious challenge to BLR models is to simulate several emission line in-
tensities as they vary in response to the varying ionizing luminosity. This
requires mapping all line emission sites and combining reverberation mapping
studies (see Peterson’s contribution) with a specific model for the cloud distri-
bution (above equations). One such attempt, applied to the best studied case,
NGC5548, is shown in Fig. 10. It demonstrates that some observed emission
line variations are well explained by the cloud model (i.e. a specific chosen dis-
tribution with specific values of s, p, and initial column density) but others,
most notably the low ionization line of MgIIλ2800Å, are not in agreement with
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Fig. 9. Broad line region metallicity measure from NV/CIV as a function of L/LEdd

(from Shemmer et al et al. 2004).

the observations. This is likely to be the result of either wrong assumptions
about the gas distribution in the outer part of the nucleus or, more likely,
some missing physics in the modelling of low ionization lines.

Finally we comment of the more recent studies of BH mass and accretion rates
in large AGN samples. These studies use RM results to measure ‘single epoch”
(see B. Peterson review) masses and accretion rates for many thousands of
AGN. The example shown in Fig. 11 summarizes those properties for ∼ 10, 000
SDSS GN with z ≤ 0.75. The study shows that smaller BHs accrete faster in
the local universe, BH of all masses accrete faster at higher redshifts and the
population accretion rate goes up with z in a slope which is similar to the SF
slope, at least for small z.

3.2 The narrow line region

Next we consider smaller column density (∼ 1020−21 cm−2) low density (∼ 104

cm−3) clouds situated at a location where L/4πr2 ' 102 erg s−1 cm−2 (about
3 kpc for a very luminous AGN). We also assume a smaller covering fraction,
of order 0.01-0.1. The ionization parameter for this gas is similar to the one
obtained for the BLR and the typical velocity, assuming a bound system, 500
km s−1.

The physical conditions in this larger region are considerably different from
those in the BLR, despite the very similar level of ionization. First, the column
density in some of the clouds is small enough to be optically thin in the
hydrogen Lyman continuum. Under such circumstances, the radiation pressure
force may be important and the line profiles may include a non-gravitational
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components. Optically thin gas is, on average, more ionized than optically
thick gas of the same ionization parameter. This will show in the spectrum
of the gas. Confinement may not be an important issue since the life time of
such large clouds is rather long. The EW of the emission lines is considerably
smaller than that of the broad lines because of the smaller covering factor and
the smaller Lyman continuum opacity.

The observed spectrum of this component includes intense forbidden lines,
because of the low densities. This shifts the line cooling balance in such a way
that the semi-forbidden and permitted lines are relatively weaker. Another
group of lines that are predicted to be intense in the innermost part of this
region are coronal lines, produced by fine-structure transitions and observed
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mostly in the infrared. The region producing such a spectrum qualifies for the
name “narrow line region” (NLR).

3.2.1 The narrow line spectrum and diagnostic diagrams

The NLR spectrum is perhaps the best studied AGN feature. optical-UV spec-
tra, from the ground and space, have been obtained for numerous sources, oc-
casionally in a spatially resolved manner. Line profiles have been investigated
in great detail and IR spectroscopy enabled the measurement of many very
high excitation lines (so called “coronal lines”) that are prominent in this part
of the spectrum. Fig. 3.2.1 shows one example of a Seyfert 2 galaxy. Focusing
on type-II sources gives the clear advantage of avoiding the complication of
separating broad and narrow line components in several permitted lines. This
is based, of course, on the assumption that the NLR is identical in the two
classes of sources.

A very useful way to investigate the physical conditions in the NLR is to
construct diagnostic diagrams that are made by plotting various line ratios
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Fig. 12. A spectrum of a low luminosity type-II AGN (the Seyfert 2 galaxy
NGC5252)

against each other. This has been proven to give insight about the level of ex-
citation of the gas (the ionization parameter), the gas metallicity and perhaps
also the reddening. With present day large samples, like the SDSS with many
thousands of spectra, one can use such diagrams to investigate the population
properties in various way. Fig. 13 shows one such example that has been used
to separate star-forming galaxies from AGN using the very different SEDs that
ionized the gas in those sources.

3.3 Dust and reddening

Dust is a common ingredient in all astrophysical environments counting gas
with a large enough metallicity. The obvious exceptions are very highly ionized
plasmas heated by fast shock waves and regions very close to strong radiation
sources where dust grains are too hot to survive. Thus, dust is likely to be
present in various parts of AGN and in particular in their line emitting re-
gions. Such dust will scatter and absorb some of the ionizing and non-ionizing
radiation, will re-radiate the observed energy at infrared wavelengths and will
modify the observed spectrum in various different ways (for more discussion
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Fig. 13. The spread of various types of emission-line galaxies in an SDSS-based line
ratio diagnostic diagram that uses four strong optical emission lines, [OIII] λ5007Å,
[NII] λ6583Å, Hα and Hβ. The line ratios distinguish galaxies that are dominated
by ionization from young stars (starburst galaxies), from those that are ionized by
a typical AGN SED. The curves indicate empirical (solid) and theoretical (dashed)
dividing lines between AGN and star-forming galaxies (Courtesy of B. Groves).

see Elitzur’s contribution).

Most of the important dust properties are well explained by considering a
single spherical dust grain, of radius a, situated a distance r from a radiation
field Lν . The grain is fully exposed to the radiation and all its emitted radiation
can freely escape. The dust absorption cross section is Qν and its emissivity
coefficient, assuming a black body source function, is QνBν . The radiation
absorbed by the grain is therefore

πa2

4πr2

∞∫

0

QνLνdν (51)

and the resulting grain emission is

4πa2

∞∫

0

πQνBν(Tg)dν , (52)

where Tg is the grain temperature. Since grain heating is given by eqn. 51 and
grain cooling by eqn. 52, equating the two can be used to numerically solve
for the grain equilibrium temperature, Tg.

For a grain situated inside a gas cloud, the incoming radiation is attenuated
by gas and dust absorption inside the cloud. This makes the grain heating less
efficient and requires an additional factor of e−τν in eqn. 51. Such a grain is
also heated by the radiation of other grains and by the diffuse gas radiation.
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A simple (not very accurate) method to account for this effect is to use an
escape probability formalism and multiply eqn. 52 by a term that takes into
account the absorption of the emitted radiation by dust on the way out. This
makes grain cooling less efficient and roughly accounts for the heating by the
internally produced radiation assuming it is mostly due to dust.

A simple expression for the grain temperature can be derived by noting that
most of the absorption takes place in the UV, where the absorption cross
section is the largest, and most of the emission is in the IR, because of the
expected value of Tg. For most known grains, the UV absorption cross section
depends little on frequency and the IR absorption cross section, and hence
emissivity, can be described by Qν ∝ νγ where the index γ depends on the size
and the composition of the grain and is in the range of 0–2. For example, for
large graphite grains γ ' 0 and for typical silicate grains 1 ≤ γ ≤ 1.5. Using
those notation we obtain the following expression for the grain equilibrium
temperature,

T (4+γ)
g = A

L46

r2
pc

, (53)

where L46 is the integrated source luminosity in units of 1046 erg s−1. The
constant A depends on grain size and composition since both determine the
value of γ. For an AGN with L46 = 1 and an intermediate size graphite grain
at a distance of rpc = 1, A ' 1500K.

The properties of ISM dust in the Galaxy are normally specified by the fraction
of metals in the dust phase (depletion), the particle size distribution and the
other specific dust properties like grain shapes and composition. Graphitic
dust and silicaceous dust are common in many dusty environments and were
extensively studied in astronomical objects and in the laboratory. A commonly
used composition, (so called “MRN composition”, after the work of Mathis,
Rumpl and Nordsieck) is made of graphite, enstatite, olivin, silicon cabide,
iron and magnetite with a size distribution covering the range of 0.005–0.25
µm. It beautifully reproduces the observed galactic extinction curve given the
assumed optical properties (absorption and scattering cross sections) and a
size distribution of the form

dn(a)

da
= kda

−α . (54)

For silicate and graphite grains, the index α is of order 3.5. The minimum grain
size is determined by various destruction processes, such as photodestruction
and the largest size is determined by the growth process of the grains (con-
densation and sticking). In galactic environment, amin < 0.01µm but in AGN
environment, some of the smallest grains may not survive because of the strong
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Fig. 14. Optical depth due to dust (solid line) and the combined dust and gas opacity
(dotted line) for a 1021.5 cm−2 column density cloud with Galactic dust-to-gas ratio
and MRN type dust. The ionization parameter chosen for this example result in
similar gas and dust contribution to the the total opacity over the Lyman continuum
wavelength range.

radiation field. The largest size is estimated to be about 0.3µm. Finally, the
constant kd in eqn. 54 depends on the dust-to-gas ratio and hence on the
depletion of the heavy elements onto dust grains.

An additional important property is the dust sublimation temperature, Tsub,
which is the maximum temperature attained by the grain before it evapo-
rates. Laboratory and theoretical studies suggest that for graphite grains,
Tsub ' 1800K while for silicate grains Tsub ' 1400K. These numbers can be
put together to derive a “sublimation radius”, Rsub, which is the minimum
radius where a grain of a certain composition can survive the central radia-
tion field without evaporating. In general, smaller grains have larger γ and
thus a larger temperature for a given radiation intensity. The result is that
larger grains survive at smaller distances and there is a range of a factor ∼ 3
in sublimation distances for different grains. Averaging over ISM-type grain
size and composition, one obtains a typical value for AGN which is,

Rsub ' 0.5L
1/2
46 pc . (55)

Reverberation mapping of the BLR show that the mean RBLR as determined
by the emissivity of the Hβ line is

RBLR ' 0.35L0.6±0.1
46 pc . (56)

Evidently, Rsub ' RBLR which suggests that there is a natural boundary to
a dust-free BLR. Since dust is such a common component in all known HII
regions, it is possible that almost the entire volume of the nucleus, from just
outside the BLR to the outer edge of the NLR, is filled with dust.

There is clear observational evidence for dust outside the BLR from two types
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of independent observations. First, IR monitoring of several near-by AGNs,
mostly in the K band, clearly show reverberation of the light in this band
relative to the light in the UV-optical continuum. The K-band emission is
interpreted as dust radiation in the innermost part of the dusty AGN region
(or the dusty torus - see later). The source of heating for this dust is the
variable central continuum source and the time lag between the two bands
can be used to calculate an empirical sublimation radius. This number seems
to be in good agreement with the estimate given in eqn 55.

Another indication comes from searching for dust emission between the broad
and the narrow emission line regions. There are several nearby sources where
spatially resolves IR imaging detect such emission all the way down to a few
pc from the center. The clearer signature is emission in the 10–20 µm range
which is most likely due to the strong silicate dust emission features. Such a
search can also be done in far away sources since the silicate features can be
used to obtain the dust temperature and thus, from eqn 53, the distance to the
region in sources whose optical-UV radiation is known. Studies of this type
reveals the existence of “warm” (Tg ∼ 250K) dust in several high luminosity
AGNs. The typical distance in this case is roughly 100-200 times Rbub i.e., way
outside the BLR but not quite in the range where most narrow line emission
is produced (which is another factor of about 10 further away).

The presence of dust in the gas producing the observed narrow line emission
can substantially change its level of ionization and line emissivity. Such dust
competes, effectively, with the ionization of the gas because of its large absorp-
tion cross sections at all wavelengths larger than about 0.02µm. The fraction
of Lyman continuum photons absorbed by the dust, relative to those absorbed
by the gas, depends on Ndust/NH0. For ionized gas with NH+ > NH0 this is
proportional to U(hydrogen) since

Ndust

NH0

∝
Ngas

NH0

'
NH+

NH0

∝ U(hydrogen) . (57)

Therefore, dust is more efficient in attenuating the ionizing radiation in highly
ionized gas, where it absorbs a larger fraction of the photons capable of ionizing
hydrogen. The different ionization structures of dusty and dust-free environ-
ments are illustrated in Fig. 15 and 16.

Because of its large cross section, dust is also subjected to large radiation
pressure force which is then delivered to the gas through the efficient charge
coupling of the two components. In fact, the radiation pressure acceleration
due to dust can be orders of magnitude larger than the acceleration given
to the gas. This raises the interesting possibility that the internal pressure
structure of the cloud is determined by the external radiation field through
pressure balance. Since outside such dusty clouds arad(r) ∝ L/r2 and inside
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Fig. 15. The ionization and temperature structure of a constant density dust-free
gas cloud exposed to a typical AGN ionizing continuum. In this case NH = 104

cm−3 and U(hydrogen) = 0.03.
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Fig. 16. Similar to Fig. 15 except that galactic type dust with the galactic dust-to-gas
ratio is assumed to be present. Note the large reduction in the dimension of the ion-
ized region and the increase in electron temperature mostly because of the depletion
of carbon and oxygen that provide the strongest cooling lines.

the cloud Pg ∝ NH , we find that for all such clouds L/r2 ∝ NH . The conclusion
is that for dusty ionized gas

U ∝ L/NHr2 = const. (58)

This fixes both the absolute value of the ionization parameter and the fact that
it is location independent. NLR models based on this idea are quite successful
in reproducing the observed NLR spectrum while providing the physical jus-
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Fig. 17. The spectrum produced by dusty AGN clouds situated at various distances,
as marked, from a luminous central source with L = 1046 erg s−1 (L46 = 1). The
calculations assume a gas density of 104 cm−3 and a column density of 1021.5 cm−2.
Galactic dust-to-gas ratio is assumed with dust properties and depletion factors
similar to what is observed in Galactic HII regions. The assumed gas density de-
termines the ionization parameter at the given distance thus clouds at the same
location but smaller (higher) gas density will show spectra of more ionized (less
ionized) emission line gas (adopted from calculations by B. Groves).

tification for the specific observed value of U(hydrogen). Such models require
that U ≥ 10−1.5 at the illuminated face of the cloud since only for such U the
dust opacity dominates over the gas opacity (see Eq. 57). Obviously, the ef-
fective ionization parameter inside the gas, where most line emission is taking
place, is smaller because of the increasing neutral hydrogen opacity. An obvi-
ous shortcoming of the model is the lack of explanation for the absence of gas
at the locations where U < 10−1.5 at the illuminated face. In particular, one
can imagine a situation where there is a large density range at each location
and only those clouds with density below a certain value (and hence ioniza-
tion parameter above a certain value) produce the “typical” (to this model)
dusty-gas spectrum.

Finally, dust has been suggested to be present even in the most luminous
AGN and to affect the luminosity and shape of the non-stellar continuum
and the broad emission line ratios. Such dust is difficult to observe because
of the unknown shape of a pure, un-extincted AGN continuum and the large
uncertainties on the intrinsic broad emission line ratios. It is clear that such
dust, if it exists, does not show the 2175Å dust feature observed in many
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galactic sources. This is not surprising since the AGN environment is so dif-
ferent that the grain size distribution, and even the dust composition, may
be very different from those of typical galactic dust. Some interesting ideas
include dust with relatively little amount of very small grains. This will result
in a grey extinction at short wavelengths which is supported by some obser-
vations. More extreme scenarios suggest diamond dust with steep extinction
curve near the Lyman limit and hardly any absorption or scattering at much
longer wavelengths.

3.4 The highly ionized gas

Next consider the region between the NLR and the BLR, 0.1–10 pc from the
center. Assume intermediate to large (1021−23 cm−2) column density gas and a
density such that the ionization parameter is 10–100 times larger than in the
BLR. For this gas U(oxygen) ∼ 0.02 thus we expect strong absorption and
emission features in the X-ray part of the spectrum. Similar temperatures and
levels of ionization can be found in gas with a much lower density which is
distributed inside the NLR. A proper name for such a component is the highly

ionized gas (HIG). In the X-ray literature is is often called “warm absorber”.
For scaling purposes we note that the density of a typical HIG cloud is

NHIG ' 2 × 104U(oxygen)−1L44(oxygen)R−2
pc cm−3 , (59)

and its mass is

MHIG ' 103 N22CfR
2
pc M� , (60)

where N22 is the hydrogen column density (assuming solar composition) in
units of 1022 cm−2 and L44(oxygen) the 0.54–10 X-ray luminosity in units
of 1044 erg s−1 (for low luminosity AGN, like NGC 5548 and NGC 3783,
L44(oxygen) ' 0.05 and for high luminosity quasars L44(oxygen) ' 1).

Modern X-ray observations of type-I AGN show the clear signature of such
gas. The strongest spectral features are numerous absorption lines of the most
abundant elements, strong bound-free absorption edges due mostly to O vii
and O viii, and several emission lines. Perhaps the best spectrum of this
type (correct to 2004) is a 900 ks spectrum of NGC3783 obtained by Chandra

HETG. This spectrum was observed in two states of the source, high and low,
that differs by about a factor of 1.5 in flux of the hard X-ray continuum. Part
of the low-state spectrum is shown in Fig. 18.

The X-ray spectrum of type-II AGN is completely different, because of the
large obscuration in this type of sources. It shows prominent X-ray emission
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lines that indicate similar properties to the gas producing the strong absorp-
tion in type-I AGN. In some of the sources the X-ray emitter is resolved and
its dimension can be directly measured. This indicates X-ray emission region
of several hundred pc in diameter. It is not yet clear whether the type-I ab-
sorbers are of similar dimensions. In fact, some well studied cases indicate
much smaller absorption regions.

3.4.1 HIG outflows

The HIG gas is transparent to the UV and soft X-ray radiation and is thus
subjected to a strong radiation pressure force, compared with the opaque BLR
gas. This can results in mass outflow from the nucleus. Such outflows have
been observed in several well studied cases and it is interesting to consider
their affects on the general AGN environment.

The mass outflow rate of the HIG can be inferred from its observed velocity
and from the known (or guessed in some cases) location. It is given by

ṀHIG = 4πr2CfρvHIGεHIG (61)

where Cf is the covering fraction and εHIG the filling factor of the HIG. The
associated dynamical time is rHIG/vHIG which is of order a thousand years
for HIG at several pc from the center and outflow velocity of several hundred
km s−1. Such outflows can interact with the NLR gas and disturb or modify
the gas distribution at that location. It can also reach the ISM and the galactic
halo on time scales of several million years with important consequences to
the overall cooling and energy output to the inter-galactic medium.

3.4.2 Associated UV absorbers

Are X-ray absorption lines the only signature of HIG at the above mentioned
location? The answer to this question depends on the level of ionization and
the column density of the gas. Large columns and low ionization parameters
can result in HIG whose less ionized species may well be C iv, Nv, Ov and
Ovi. Relatively small column density of such ions along the line of sight can
produce strong UV absorption lines with typical widths similar to the widths
of the X-ray absorption lines. Interestingly, some of the ions, e.g. Ovi, show
both UV and X-ray lines which can be compared to test the idea that the UV
and X-ray absorption lines originate in the same moving gas component. Fig.
20 shows a typical example of UV absorbers in an AGN whose X-ray spectrum
shows the clear absorption signature of HIG.
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Fig. 20. The FUSE spectrum of the quasar MR 2251-178 showing narrow Ovi ab-
sorption lines superimposed on emission lines of the same ion. The derived outflow
velocities are in the range 300–600 km s−1. The source also shows time-dependent
X-ray absorption lines.

3.5 The torus

We next consider a region of size 1–100 pc located around the central BH with
density of 104 − 106 cm−3 and extremely large column density, 1025 cm−2 and
even larger. We assume a flat geometry i.e. a torus or a collection of large
column density clouds moving in a plane.

The above structure covers such a large range in radii that we expect a large
range in physical conditions. Far from the center, at 10 or even 100 pc, the
gas is very optically thick with very low temperature. Only the hard X-ray
radiation can penetrate that far and even those photons are limited to a few
Compton depths. The conditions must be similar to those in molecular gas
in the galaxy. Such regions are likely to contain large amount of dust. Their
spectral signature are infrared emission and absorption with strong dust fea-
tures.

The inner part of such a structure is exposed to the central radiation field. The
temperature and ionization of this part depend on the ionization parameter.
Using the previously defined L44(oxygen), and assuming a typical X-ray SED,
we get

U(oxygen) ' 0.2L44(oxygen)r−2
pc N−1

5 , (62)

where N5 = NH/105 cm−3 and rpc the distance to the inner wall in pc. Assume
for example L44(oxygen) = 0.1 (intermediate luminosity AGN), rpc = 1 and
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N5 = 0.1. This gives U(oxygen) = 0.2. This would produce strong high ion-
ization X-ray lines from the torus cavity. In particular, low, intermediate and
high ionization iron Kα lines are expected to show as a clear signature of such
a structure. Because of the huge column density, such a wall is a very efficient
“X-ray reflector” which will scatter and reflect the incident X-ray continuum
radiation. Finally, we note that the inner parts of such a torus are a likely gas
reservoir for both X-ray driven winds and accretion onto the central BH.

4 Conclusions

The physics of ionized gas in AGN is govern by a few fundamental principles:
Gas is present on all scales, from a fraction of a pc to a very large distance
(several kpc for NLRs in high luminosity AGN). The central strong radiation
field is the main, perhaps the only ionization and heating source for the gas.
Gas dynamics in some regions is almost completely governed by the BH mass.
Some components are however affected by radiation pressure force due to the
central source (HIG and wind outflows) and/or the stellar mass (extended
NLRs). Variability of the central source drives the variability of the broad
emission lines. There are claims that such variations are also responsible for
the observed variations in the spectrum of X-ray emitting outflowing gas.
There are indications of super-solar metallicity especially in the BLR of high
luminosity, fast accreting AGN.
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