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Abstract. This review gives a brief introduction to the physics and the structure
of active galactic nuclei (AGN). The main topics that are being discussed are general accretion, the structure and the spectrum of various types of accretion disks,
photoionization and recombination, energy balance and gas temperature, the spectrum of ionized gas including the eﬀect of dust, and the dynamics of ionized gas in
a strong radiation ﬁeld. These principles are then applied to various AGN components including the broad and the narrow line regions, the ionized X-ray gas, the
torus and the central disk.

1 Terminology, Classiﬁcation and Abbreviations
The study of active galactic nuclei (AGN) has produced many new 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). I shall avoid, as much as possible,
using names such as Seyfert 1s, Seyfert 2s and LINERs. Instead I shall refer
to type-I AGN (those objects showing broad, strong optical-UV emission
lines in their spectrum), and type-II AGN (those showing prominent narrow
emission lines, very faint, if any, broad lines, and a large X-ray obscuring
column).

2 Black Holes
Black holes (BHs) of all sizes are very common in the universe. This has been
known for many years. However, the understanding that most galaxies, especially early type galaxies, contain massive BHs is more recent. New studies
compare BH mass and evolution in high redshift quasars to the evolution of
early galaxies. It seems that massive BHs, as large as 109 M , have already
been present at z  6 [1]. Some of these sources seem to accrete matter at
a very high rate. This raises important questions about the growth rate and
the formation mechanism of those BHs. Any BH and accretion disk model,
like the one presented below, must be compatible with such observation.
The basic properties of BHs can be expressed using their gravitational
(rg ) and Schwarzschild (rs ) radii,
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rg =

GM
, rs = 2rg .
c2

(1)

We can also deﬁne the BH angular momentum s
s ∼ IΩ  M rg2

v
 M rg c ,
r

(2)

where Ω is the angular velocity, and the BH speciﬁc angular momentum
(angular momentum per unit mass),
s/M ≡ ac ∼ rg c ∼ 5 × 1023 M8 cm2 s−1 ,

(3)

where M8 is the mass in units of 108 M . Considering massive BHs in galactic
nuclei, we note that the typical speciﬁc angular momentum on galactic scales
(e.g. r=1 kpc, v = 300 km s−1 ) is many orders of magnitude larger than
ac in (3). Thus, for BHs to grow substantially over time scales typical of
galactic evolution, there must be an eﬃcient mechanism to get rid of the
excess angular momentum of the accreted gas (in order to bring it to the
center). On large scales, BH growth depends on mechanisms such as galaxy
collision and merging and bar instability that are capable of bringing far away
gas into the vicinity of the BH.
Gas particles very close to the center, at rg ∼ 1000, are subjected to
diﬀerent types of forces and are not necessarily accreted onto the BH. The
understanding of their motion, temperature and emission requires a discussion of those mechanisms including the balance between gravity and radiation
pressure force, the general process of spherical accretion and the properties
of thin and thick accretion disks.
2.1 The Eddington Luminosity
Assume a central source of mass M emitting monochromatic luminosity Lν .
The radiation pressure force acting on gas particles at a distance r is given
by

Ne σ T ∞
Ne LσT
L,
(4)
Lν dν =
frad =
2
4πr c 0
4πr2 c
where L is the total luminosity, Ne is the electron density and σT the Thomson cross section. The gravitational force is
fg =

GM µmp Ne
r2

(5)

where µ is the mean molecular weight (mean number of protons and neutrons
per electron; about 1.17 for a fully ionized solar composition gas). Spherical
accretion of fully ionized gas can proceed as long as fg > frad . The requirement frad = fg leads to the so-called “Eddington luminosity”,
LEdd =

4πcGM µmp
 1.5 × 1038 (M/M ) erg s−1 ,
σT

(6)
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which is the maximum luminosity allowed for objects that are powered by
steady state accretion. This deﬁnition of LEdd takes into account only one
source of opacity, Compton scattering. This is the case for fully ionized
plasma. More realistic situations may involve partly neutral gas and hence
much larger opacity. Thus, the eﬀective LEdd can be signiﬁcantly smaller
than the value deﬁned in (6).
Given the deﬁnition of LEdd , and the accretion rate Ṁ = L/ηc2 , where η is
the eﬃciency of converting gravitational potential energy to electromagnetic
radiation, we can deﬁne several other useful quantities. Thus, the “Eddington
accretion rate”, ṀEdd , is the accretion rate required to produce LEdd ,
ṀEdd =

 η −1
LEdd

3M
M y −1 ,
8
ηc2
0.1

(7)

The “Eddington time”, tEdd , is the typical time associated with this accretion
rate and is given by
tEdd =

M
 4 × 108 η yr .
ṀEdd

(8)

This terminology allows us to express the relative accretion rate (accretion
rate per unit mass of the BH) in the following way:
L
LEdd

∝

Ṁ
Ṁ
.
∝
M
ṀEdd

(9)

The normalized Eddington accretion rate, ṁ = Ṁ /ṀEdd , is used in various
articles. Unfortunately, this is done in an inconsistent way since in some
articles it includes the eﬃciency factor η (like in here) while in others η is
not included (i.e. ṁ = c2 Ṁ /LEdd ).
2.2 Spherical Accretion
The simplest possible case involves spherical accretion (also known as “Bondi
accretion”). In this case we assume that accretion starts from a large radius
where the gas is at rest. We follow the gas radial motion under the combined
force of gravity and radiation pressure. Detailed calculations [2], show that the
optical depth of such gas is very large. For example, if the gas is completely
ionized, its electron scattering optical depth is
τe 

Ṁ /ṀEdd
,
[r/rg ]1/2

(10)

which, for a critical accretion rate (Ṁ = ṀEdd ) with inﬂow at the free fall
velocity, gives a Compton depth of order unity. The radiation conversion
eﬃciency (η) in spherical accretion is very small. The reason is that, in such

4

H. Netzer

accretion, most of the radiation is emitted by two body collisional processes
in the ionized plasma. Such processes are relatively ineﬃcient compared with
the release of gravitational energy. The result is that most of the gravitational
energy is advected into the central object and the radiated luminosity is only
a small fraction of the released gravitational energy. A good estimate is


L

−4

LEdd

 10

Ṁ
ṀEdd

2
.

(11)

3 Accretion Disks
The most eﬃcient accretion processes are associated with accretion disks.
Such systems are naturally formed by infalling gas that sinks into the central
plane while retaining most of its angular momentum. Such disks, if dense
and thick enough, can provide the necessary mechanism to transfer angular
momentum out and to allow gas infall into the vicinity of the BH [3]. There
are several types of accretion disks with diﬀerent shapes and properties. The
most important ones are discussed here in general terms.
3.1 Basic Disk Parameters
First we consider optically thick geometrically thin accretion disks. Such
systems are formed and maintained for a large range of accretion rates,
<
<
L/LEdd ∼
0.3. The important physical parameters of such systems
10−4 ∼
are the angular momentum of the material in the disk at radius r, s(r), the
net torque associated with this angular momentum, N (r), and the radial drift
velocity of the gas, vr [4, 5]. In general all these quantities can change as a
function of time. Here we limit the discussion to time independent, stationary
disks.
Consider ﬁrst the angular momentum of a ring of radius r with a total
(time independent) mass m,
s = mvφ r ,

(12)

where vφ is the azimuthal velocity. For most cases of interest vr  vφ and
vφ  vK , where vK is the Keplerian velocity. The associated Keplerian angular velocity is

1/2
GM
vK
ΩK =
=
.
(13)
r
r3
The radial mass ﬂow rate of a stationary disk, Ṁ , is constant and is given by
Ṁ = −2πrΣvr .

(14)
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Here Σ is the surface mass density of the disk (cm2 ), which is also time
independent and is given by
Σ = 2ρH(r) ,

(15)

where ρ is the mean density and H(r) the scale height (see below) at a
radius r.
Given these assumptions we can ﬁnd the net torque (i.e. the torque between two adjacent rings) by considering conservation of angular momentum.
This means that the angular momentum carried inward across radius r minus
the angular momentum transported outward by the torque exerted on the
disk outside of that radius, is constant. This requires that
N (r) = Ṁ [GM r]1/2 + const.

(16)

Thin accretion disks are deﬁned by those properties as well as their inner
(rin ) and outer (rout ) radii. The innermost radius is where the assumption
of bound Keplerian motion breaks down. This is normally referred to as the
“last stable orbit” and is a function of the angular momentum of the BH.
For non-rotating BHs rin = 6rg while for a maximally rotating Kerr BH
rin = 1 − 1.2rg . Regarding the outer radius, rout , this is not well deﬁned and
depends on the pressure and the gravity at large distances (see Subsect. 3.5).
The various disk parameters are shown in Fig. 1.

Fig. 1. Deﬁnition of the basic disk parameters (see text). The disk breaks into self
gravitating blobs beyond the self-gravity radius, rout (courtesy of K. Sharon)

3.2 Energy and Luminosity
The energy release in thin accretion disks is determined by the loss of gravitational energy of the inward going material and the work done by the torque
that results in outward loss of angular momentum. The ﬁrst of these can be
written as


GM
dLg = −d Ṁ
(17)
2r
and the second as
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GM
dLN = −d(N ΩK ) = −d Ṁ
,
r

(18)

where Lg and LN are the luminosities associated with those terms. Combining
the two and diﬀerentiating with respect to r we obtain an expression for the
energy release at various radii,


r
1/2
dL
3GM Ṁ
in
=
1−
,
(19)
dr
2r2
r
where the second term on the right takes into account the innermost radius
of the disk, rin . Simple integration over parts of the disk far from its center
shows that Lr ∝ GM Ṁ /r. The total radiated power, obtained by integrating
over the entire disk, in the non-relativistic limit, is
L=

1 GM Ṁ
.
2 rin

(20)

This is half the total available power meaning that, neglecting relativistic
corrections, the matter at rin still retains a kinetic energy which is half the
potential energy it has lost.
Relativistic corrections are important for thin accretion disks since much
of the radiation is released close to rin . They change the geometric correction
factor, 1 − ( rrin )1/2 , in a signiﬁcant way, especially for rapidly rotating BHs.
Including those terms one ﬁnds that for a Schwarzschild BH, 50% of the
energy is emitted between 6 and about 30 rg while for extreme Kerr BHs,
the limits are even closer. It is thought that in thin AGN accretion disks,
much of the ionizing radiation is released at radii of order ∼10rg [6].
3.3 Emissivity and Temperature
The expression derived above for dL/dr enables us to obtain the emissivity
per unit area of the disk,


1/2
rin
3GM Ṁ
1−
.
(21)
D(r) =
8πr3
r
Assuming local emission as a perfect blackbody with a temperature T (D =
σT 4 ), we get an expression for the disk temperature at all radii,
T (r) =


3GM Ṁ
1−
8σπr3

rin
r

1/2



1/4

.

(22)

Expressing the radius in units of rg and the accretion rate in normalized units
of Ṁ /ṀEdd (i.e. for a given L/LEdd ) enable us to compare accretion disks
around various mass BHs. This gives
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T (r) ∝

−1/4
M8

Ṁ
ṀEdd

1/4 

r
rg

7

−3/4
.

(23)

For scaling purposes we note that in a thin accretion disk around a BH
with M8 = 1, the temperature is T (6rg ) ∼ 105 K. Such disks emit most of
their energy in the UV part of the spectrum. In a similar way, the maximum
blackbody temperature associated with thin accretion disks around stellarsize BHs is about 107 K, with most of the energy emitted in the X-ray part of
the spectrum. Thus, accretion disks around massive BHs are much cooler than
stellar size accretion disks. Also, for standard geometrically thin optically
thick disks, T (r) ∝ r−3/4 .
3.4 Viscosity
The only variable which is not yet fully deﬁned is the radial velocity vr . This
is determined by the viscosity of the disk which in turn depends on the microphysics (atomic or molecular processes) of the disk material, the turbulence
in the disk, the magnetic ﬁelds strength and structure, etc [4, 5, 7, 8, 9]. It
is customary to deﬁne the viscosity stress, ν, such that
ν = αvs H

(24)

where H is the scale height of the disk (to be deﬁned later) and the parameter
α includes all unknowns regarding the disk microphysics. This results in a
family of disk models referred to as “α disk models”. The simplest form
assumes the same α for all parts of the disk. The radial velocity in α disks
is found by combining the accretion rate (14) and the torque (16) equations
with the deﬁnition of ν. This gives
vr =

3ν
 vs .
2r

(25)

Thus, the radial inﬂow is subsonic.
We can combine the various parameters in a diﬀerent way to obtain
νρΩK = αP ,

(26)

where P is the total pressure. In this prescription the viscosity depends on
the pressure. There are various variants of this prescription where α is proportional to the total pressure, the gas pressure, or some combination of the
two.
The above deﬁnitions allow us to write an expression for the important
“viscous time scale”, tvis , which is the radial drift time from radius r to rin ,
tvis 

r
2r2
.

vr
3ν

For steady state AGN disks this time is very long (many years).

(27)
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3.5 Disk Geometry
Accretion disks can be thin, slim or thick, depending on the mass accretion
rate. This can be seen by considering the vertical component of the BH
gravity, gz , at some distance r,
gz =

GM
GM
2
sin θ  3 z = ΩK
z,
2
r
r

(28)

and the hydrostatic equation
dP
2
= −ρgz = −ρΩK
z,
dz
where
P = Pg + Prad =

ρkT
1
+ aT 4 .
µmp
3

(29)

(30)

Assume ﬁrst that the total pressure is determined by the gas pressure,
P = Pg . In this case, P = ρvs2 , where vs is the sound speed. The hydrostatic
equation is
dρ
dP
2
= vs2
= −ρΩK
z
(31)
dz
dz
with the simple solution


z2
vs
ρ = ρ0 exp − 2 ; H 
,
(32)
H
ΩK
where ρ0 is the mid-plane density of the disk. Thus
vs
H

r
vK

(33)

and the disk is geometrically thin since vs  vK .
Next, consider the self gravity of the disk in the z direction,
gzself = 2πGΣ = 2πG(2ρz) ,

(34)

and compare it with the vertical component of the central gravitational ﬁeld,
gz . We expect the disk to break into small fragments at those radii where
gzself > gz , which gives a natural outer boundary for the disk, rout . This
boundary, together with the inner boundary rin , and the disk scale height,
H, specify the thin disk geometry (see Fig. 1).
3.6 Slim and Thick Accretion Disks
The situation is very diﬀerent when the accretion rate, that determines the
disk temperature and hence Prad , exceeds a critical value where Prad > Pg .
The simple hydrostatic solution of (32) is no longer valid and a more accurate
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treatment gives much larger H/r. Such systems are sometimes called “slim”
or “thick” accretion disks, depending on their exact geometry. Calculations
show that AGN disks are dominated by radiation pressure [6]. However, for
<
0.3 the hydrostatic solution gives H/r which is small enough for
L/LEdd ∼
the disk to be considered “thin”. This is no longer the case for larger accretion
rate where more accurate solutions must be considered.
Large accretion rate disks can be ineﬃcient emitters since the accretion
(inﬂow) time scale can be shorter than the time it takes for radiation to diﬀuse
to the surface of the disk. The photons in such disks can become trapped in
the accretion ﬂow leading to low radiation eﬃciency [10].
It is speculated that some AGN (e.g. narrow line Seyfert 1 galaxies, NLS1s,
and very high luminosity quasars) are accreting at rates that are close or even
exceed the Eddington accretion rate. These are the most likely candidates to
host slim or thick accretion disks. A derivation of the mass of such systems
based on the emitted radiation can lead to erroneous results, due to the
processes discussed here.
3.7 The Spectrum of Accretion Disks
The expressions obtained above for the emissivity and local temperature of
thin accretion disks can be combined to derive the local emitted monochromatic luminosity,
(35)
dLν = 2πr(πBν )dr ,
and the total emitted monochromatic luminosity,
 rout

rdr
4π 2 hν 3 rout
Lν =
∝ ν 1/3 ,
dLν =
2
c
exp(hν/kT ) − 1
rin
rin

(36)

where the last step involves the substitutions x = hν/kT , T ∝ r−3/4 and
the assumption that xout  xin . This simple ν 1/3 dependence holds over
a limited energy band because of the physical limits of the disk. The outer
disk boundary imposes a minimal disk temperature. Thus, at low frequencies
the spectrum resembles a blackbody with T = T (rout ). This gives, at low
frequencies, Lν ∝ ν 2 . At the high frequency end, Lν drops exponentially with
a functional dependence corresponding to the maximum disk temperature
(emitted at a radius slightly larger than rin ). A schematic representation of
the spectrum of such ideal disks is shown in Fig. 2.
3.8 Complex Disks and ADAFs
The application of the thin-disk theory to AGN is problematic for several
reasons. Most important, such disks cannot explain the entire emitted spectral energy distribution (SED) since much of AGN energy is emitted in the
X-ray band yet the maximum disk temperature cannot exceed f ew × 105 K.
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Fig. 2. Schematic representation of a disk-corona spectrum assuming a geometrically thin optically thick accretion disk with Tmax = 105 K and an optically thin
corona with Tcor = 108 K

It is therefore plausible to assume an additional hot medium, in the vicinity
of the disk, where more energetic photons are emitted. An appealing idea is
that of a hot dilute gas where the soft disk-emitted photons are upscattered,
via Compton scattering, to their observed X-ray energy. This process (Comptonization) can also explain the observed shape of the X-ray continuum which
resembles a simple power-law over a large range of frequencies. The condition
for the hot medium is to have a non-negligible Compton depth.
Accretion through the outer layers of the disk can result in a large energy
dissipation and a sharp temperature rise. The outer skin expands and the
disk develops a hot corona [11]. Such a structure can considerably modify the
emitted spectrum. In particular, hard photons that are created (or scattered)
in the corona can either escape the disk-corona structure or else be absorbed
by the cool disk and hence change its energy balance. Likewise, soft disk
photons can be absorbed by the corona in some parts or freely escape in other
parts, depending on the geometry. All these eﬀects are diﬃcult to calculate.
A combined solution of the hydrostatic and radiative transfer equations
for the disk-corona conﬁguration is complicated and involves some ad-hoc
assumptions [10]. A simpliﬁed treatment could include the assumption of
an optically thin corona with a small scale height (i.e. geometrically thin
disk-corona system). The corona temperature in this case is determined by
the fraction of the total accretion power released in the corona. Even a very
small fraction, such as 1% of the total accretion rate, can result in very high
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Fig. 3. Complex magnetic disks can include a non-uniform geometry like the one
shown, schematically, in this diagram. Cool clouds can be ﬂown from the surface of
the disk along the magnetic ﬁeld lines. Such gas is exposed to the central radiation
ﬁeld at some height above the disk surface (courtesy of K. Sharon)

temperatures, ∼108 K. Such coronae radiate through free-free processes and
their emission can dominate the spectrum at X-ray energies. As explained,
depending on their Compton depth, they can also up-scatter the soft Xray photons which results in additional X-ray ﬂux. A schematic spectrum a
corona dominated by free-free X-ray emission is shown in Fig. 2.
Real disks are likely to be very complex. In particular, strong magnetic
ﬁelds can strongly inﬂuence the disk viscosity and may drive massive winds
from the surface. A possible (schematic and highly simpliﬁed) conﬁguration is
shown in Fig. 3. Numerical calculations are needed to solve for the structure
and the spectrum of such systems.
Very low accretion rate disks are interesting and important for other reasons, not necessarily related to AGN. Low accretion rate results in weak
coupling between the ions (mostly protons) and the electrons which will lead
to two diﬀerent temperatures for the two types of particles. While protons
carry most of the gravitational energy, cooling, and hence electromagnetic
energy release is mostly due to electrons. In such systems, the heavier protons are advected into the BH taking with them much of the gravitational
energy. Such advection dominated accretion ﬂows (ADAFs) are very hot yet
very ineﬃcient emitters. It is speculated that some AGN disks can ﬂuctuate
between the states of high accretion rate and ADAF, depending on the fuel
supply to the center.
3.9 Spectral Energy Distribution
The spectral energy distribution (SED) of AGN is complex, with signiﬁcant variations between diﬀerent energy bands and diﬀerent objects. Figure 4
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Fig. 4. Observed SED (thick solid lines connected with a thin dotted line) compared
with a theoretical SED composed of a spectrum of a thin accretion disk around a
3 × 109 M BH with L/LEdd = 0.1. The theoretical spectrum has an additional
component of an X-ray power-law. Note the strong “blue bump” (energy excess
close to and beyond the Lyman limit) predicted by this model

shows a composite SED made of the combined spectrum of several hundred
AGN in the 1–20 eV range and a “typical” X-ray powerlaw continuum.
The observed SED in Fig. 4 looks diﬀerent than the schematic disk spectrum in Fig. 2. However, there are good reasons to believe that the optical-UV
continuum of AGN is dominated by disk emission. First, real accretion disks
do not emit as simple blackbodies. The run of density and temperature with
distance from the mid-plane of real disks result in a thin atmosphere where
conditions are quite diﬀerent from thermal equilibrium. Integrating over the
various parts of such disks results in a spectrum which is considerably diﬀerent from the schematic ν 1/3 dependence and is closer in shape to Lν ∝ ν −s ,
with s ∼ 0.5 in the optical-UV band. Second, the infrared part of the SED
(λ ≥ 1 µm) is dominated by non-disk processes (thermal emission by dust and
nonthermal synchrotron emission). This obscures the part of the spectrum
where pure disks are predicted to show Lν ∝ ν 2 . A theoretical spectrum that
includes several of those eﬀects is shown in Fig. 4 where it is compared with
the composite observed spectrum.

4 Physical Processes in AGN Gas
Dilute ionized gas in AGN is found from very close to the central BH, at r 
1000rg , to distances of several kpc [12, 13]. This gas is exposed to the strong
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central radiation ﬁeld and its properties are well described by considering
photoionization and recombination and neglecting most other ionization and
excitation processes. Notable exceptions are regions of violent star formation
where mechanical heating and ionization, due to super-novae explosions and
fast stellar winds, are major sources of energy input to the gas. The spectrum
of such regions is typical of thermal plasma although photoionization can be
important too.
The following is a brief account of the principles and the more important
processes necessary to analyze and model the spectrum of active galaxies.
The main assumption is that the gas density is low, NH < 1012 cm−3 , such
that collisional transitions among excited states are of secondary importance
for most ions (but not for hydrogen and helium) [12].
4.1 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 . These rates are
given by
 ∞
(Lν /hν)σν e−τν
dν ,
(37)
IX =
4πr2
νX
and
RX = αX (T )Ne ,

(38)

where νX is the (ground state) threshold ionization frequency for ion X,
αX (T ) is the summed recombination coeﬃcient for the ion, and τν the optical
depth. The time dependent fractional ionization is obtained from the solution
of
dNX
= −NX [IX + RX−1 ] + NX−1 IX−1 + NX+1 RX ,
(39)
dt
where NX is the number density of ion X. All other ionization and recombination processes have been neglected at this stage. The steady state solution
is
NX+1
IX
=
(40)
NX
RX
which represents n equations for n + 1 ions. The additional equation is
ΣNX = Nelement ,

(41)

where Nelement is the total abundance of the element in question.
The above set of equations leads to the deﬁnition of two important time
scales: the recombination time, 1/RX , and the ionization time, 1/IX . The ﬁrst
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
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X to get ionized to X + 1 after a large increase in the ionizing ﬂux. We note
that the recombination time is density dependent but the ionization time is
not. Thus, following a time dependent recombination provides a way to probe
the local conditions while following a time-dependent ionization enables to
set a limit on the distance r.
The recombination and ionization time scales can be quite diﬀerent, depending on the radiation ﬁeld and the gas density. Moreover, the coupling
between 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. This leads to
somewhat diﬀerent deﬁnitions of the recombination time involving positive
contributions (recombination of X +1 ) as well as negative contributions (recombination to X −1 ). Such expressions can be found in various other reviews
[14]. 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 given roughly
by 1/RX where X is the most abundant ion of the element in question.
4.2 Additional Atomic Processes
While photoionization from the ground level and radiative recombination
following cascade are the dominant processes in AGN ionized gas, other
processes must be considered too. The most important ones are:
Dielectronic recombination: These are normally divided into “low temperature dielectronic recombination”, due to ∆n = 0 transitions, where n
is the energy level under question, and “high temperature dielectronic
recombination”, ∆n = 1 transitions. The ﬁrst are important for many
elements at Te = 1 − 3 × 104 K and the second for hot (Te ∼ 106−7 K)
plasma.
Auger ionization: Ionization from inner shells due to absorption of high energy X-ray photons is important for ions with three or more electrons.
The process couples non-adjacent stages of ionization and results in X-ray
ﬂuorescence lines that are commonly observed in the spectrum of AGN.
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 of such photons can collide with neutral atoms (mostly hydrogen)
and cause additional ionization before they are thermalized. They can
also collisionally excite some lines, such as Lyα.
Charge exchange: Charge exchange collisions between various ions can be
very fast, leading to signiﬁcant changes in the level of ionization under
some favorable conditions.
Collisional ionization and three body recombination: These processes are
negligible for most ions for temperatures below f ew × 105 K. Collisional
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ionization dominates the ionization of the gas in starburst regions. Both
processes are important in high density large optical depth clouds where
they can dominate the population of the high-n levels of hydrogen and
helium.
4.3 Thermal Balance
The thermal structure of the gas is governed by a set of equations that involves energy terms rather than ionization and recombination terms. These
will be noted by H for heating and C for cooling. In AGN gas, the most
important heating is photoionization (bound-free) heating which, for ion X,
is given by
 ∞
Lν σν e−τν
Hbf,X = NX
dν .
(42)
4πr2
νX
In this equation we sum over the absorbed energy while in the photoionization
equation (37) we summed over the number of ionizing photons. Similarly, an
important cooling term is “recombination cooling” given by
Cbf,X = NX+1 Ne αX (T )(hν1,∞ + hνf ree )

(43)

where hν1,∞ is the ionization energy from the ground level of ion X and
hνf ree is the mean energy of the free electron (of order kTe ).
The above heating and cooling terms are diﬀerent from those used in
most text books where only the energy of the free electrons is considered
[15]. In that case the term Lν in the heating integral should be replaced
by (Lν /hν)(hν − hνX ) and the recombination equation does not include the
hν1,∞ term. All other heating and cooling terms can be computed with either
of the two equivalent treatments provided they are used consistently when
calculating the heating-cooling balance.
In many cases, the most important cooling term is due to line cooling.
This involves solving for the time dependent statistical equilibrium equations which result in the time dependent level population and the net cooling
(net line emission). This is illustrated here for a two-level system and only
three processes: recombination with a rate αeﬀ , collisional excitation and deexcitation with rates q12 and q21 respectively, and line (but no continuum)
photon emission and absorption. The time dependent equations in this case
are
dn2
= n1 q12 − n2 (A21 β21 + q21 ) + NX+1 Ne αeﬀ
(44)
dt
and
n1 + n2 = NX ,
(45)
where the abundance of ion X, NX , is also time-dependent (see (39)). Potentially important processes that are neglected in this simpliﬁed treatment are
dielectronic recombination, collisional ionization, three body recombination,
photoionization from both levels and continuum pumping (see below).
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The term β21 in (44) is the “local escape probability”, i.e. the probability of line photons to leave the point where they are created without being
absorbed by 1–2 transitions in a diﬀerent location. This simpliﬁed escape
probability treatment replaces the more rigorous, full radiative transfer solution. It enables a full local solution but neglects radiative coupling of diﬀerent
locations in the gas. Detailed radiative calculations show that a reasonable
approximation for β is β = 1/(1 + bτ12 ), where τ12 is the optical depth between the two levels and b is a constant of order unity [12].
Having solved for n1 and n2 , we can now express the line emissivity, 21 ,
which is also the bound-bound (bb) cooling term, Cbb , as follows:
Cbb = 21 = n2 β21 A21 hν21 .

(46)

The general energy equation is H = C, where H = Σi Hi and C = Σi Ci
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 eﬀects that
couple level populations to the gas temperature through collisional excitation
and de-excitation processes.
Mechanical Heating of AGN Gas
The general energetics and the physical conditions in 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. There have been several suggestions that parts of
the gas in the nucleus is aﬀected by collisional processes, e.g. 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. However, general considerations suggest that such processes
cannot be globally important in the type of environment considered here.
The mechanical energy produced by a shock of velocity vshock is roughly
2
where mshock is the mass of the ﬂowing material. Equivalently,
mshock vshock
if macc is the mass of the gas accreted by the BH then the energy associated with this process is about ηmacc c2 , where η is the accretion eﬃciency
factor. The observed velocity of much of the AGN line emitting gas is of
order 500 km s−1 or larger and, for accretion disks around massive BHs,
η ∼ 0.1. Thus the ratio of the two energy producing processes is approximately 105 (macc /mshock ). For shock excitation to be energetically signiﬁcant,
the amount of ﬂowing shocking gas must exceed, by many orders of magnitude, the amount of accreted material. This seems to be in contradiction with
known properties of AGN.

AGN Basic Physics and Main Components

17

4.4 The Spectrum of Ionized AGN Gas
Ionization Parameters
Given photoionization-recombination equilibrium, one can deﬁne an “ionization parameter” which is proportional to the level of ionization of the gas.
One possible deﬁnition is
 E2
(LE /E)dE
U=
,
(47)
4πr2 cNH
E1
where c is the speed of light (introduced to make U dimensionless) and E1
and E2 are energy boundaries to deﬁne the photon ﬂux. U deﬁned in this
way gives a good indication for the level of ionization provided E1 is close
to the minimum energy required to ionize the most “important” (coolingwise) ions and elements. 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. 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 inside that energy range.
Such gas can be transparent to UV photons and U (hydrogen) is not a good
indicator of its level of ionization. A suitable choice in this case is 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 various publications. A common one, ξ, is deﬁned by the
energy ﬂux rather than the photon ﬂux,
 13.6 keV
LE
dE .
(48)
ξ=
2
r NH
13.6 eV
This ionization parameter has been used in many X-ray related papers.
Using the “right” photon ﬂux ionization parameter, we normally ﬁnd that
U = 10−1 − 10−2 corresponds to gas that produces strong emission lines in
the energy range 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 in gas that is so
highly ionized that line emission is insigniﬁcant.
Table 1 gives a list of several ionization parameters that are useful in
various situations and are commonly used in AGN research. The right column
of the table allows a simple relative scaling of those ionization parameters for
the case of LE ∝ E −1.3 .
Line and Continuum Emitting Processes
The most important continuum emitting processes are due to bound-free
transitions. The signature of such processes in the optical-UV band are the
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Table 1. Various ionization parameters used in the literature
Ionization Parameter

E1

E2

Conversion Factors,
LE ∝ E −1.3

U (hydrogen)
U (helium)
U (X-ray)
U (oxygen)
ξ

13.6 eV
54.4 eV
0.1 keV
0.54 keV
13.6 eV

∞
∞
10 keV
10 keV
13.6 keV

1000
165
73.3
8.2
31.1

bound-free transitions to 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
balance in low ionization (U (hydrogen ∼ 0.01) photoionized AGN gas. The
most intense transitions are due to forbidden lines, in low density gas, and due
to recombination and collisionally ionized permitted lines, in high density gas.
For highly ionized X-ray gas (U (oxygen) ∼ 0.01), most cooling is via boundfree transitions because the lowest accessible levels are at energies that are
much larger than kT . This gas is dominated by permitted, intercombination
and forbidden recombination lines. Starburst X-ray gas, which is sometimes
found in AGN, is characterized by higher temperatures and lower densities.
The most intense lines are produced via collisional excitation of n = 2 and
n = 3 levels.
Several additional processes that were not discussed so far result in line
emission and absorption. Here we comment on two of those.
Continuum ﬂuorescence: This process, sometimes referred to as “photoexcitation” or “continuum pumping”, is the result of populating low lying
levels by absorbing the incident continuum in various resonance transitions. This increases the level population and the line emission but the
eﬀect on the global energy balance is negligible, especially in low density
environment, since heating and cooling almost exactly balance.
The increase or decrease in the observed line intensity, due to this process,
is geometry dependent. For example, in a static spherical atmosphere, or
in a static spherical thin shell, where the point continuum source is in the
center, the process can be considered as pure scattering and emission is
completely canceled out 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 both
emission and absorption with the same equivalent widths (EWs). In cases
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of incomplete covering, absorption is stronger than emission (in terms of
the measured EW). Finally, in optically thick lines, the absorption and
emission optical depths are not necessarily the same which can aﬀect the
emitted 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 leave the ion in an autoionized
stage which can aﬀect the ionization balance.
Line ﬂuorescence: Photoionization of K-shell electrons can lead to line ﬂuorescence, following the ejection of an Auger electron. The process is
important at X-ray energies where lines of this type (most notably iron
Kα lines in the 6.4–7.0 keV energy range) are occasionally seen. The ﬂuorescence eﬃciency (“ﬂuorescence yield”) depends on Z 3 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 abundance between iron and oxygen. This diﬀerence can partly be
compensated 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).
4.5 Clouds, Condensations, Conﬁnement and Winds
The basic line emitting entity 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. It is 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. The assumption of clouds
is somewhat problematic since such entities must be either gravitationally
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 is 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 created and destroyed on a very short (the sound
speed crossing time) time scale. For the BLR clouds, this time is of order one
year.
The most likely conﬁnement mechanisms for clouds that are not selfgravitating are either thermal conﬁnement, by a low density hot inter-cloud
medium (HIM), or conﬁnement by magnetic ﬁelds. Conﬁnement requires
pressure equilibrium and the exact physical conditions are obtained from
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general considerations of a two-phase medium, similarly to what is done in
the ISM [16,17].
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 very diﬀerent temperatures that are noted here by ‘cold” and “hot”. In this case,
Ucold ∝

L/c
L/c
; Uhot ∝ 2
.
r2 NH (cold)
r NH (hot)

(49)

Dividing by the relevant temperature (Tcold or Thot ) and noting that all
quantities are calculated at the same location we get
Ucold
Uhot
Prad
=
∝
.
Tcold
Thot
Pg

(50)

At a given distance r, Prad ∝ L/r2 and is independent of the gas density.
−1
∝ (NH T )−1 . This allows
Thus, for all components at that location U
T ∝ Pg
several diﬀerent temperatures and densities for the same value of U/T . For
the case considered here there are two possible values of T for the same
U/T . For other cases there may well be even more such solutions, all with
the same Pg . Such two (or more) components can survive, side by side, in
pressure equilibrium, provided they are stable against thermal perturbations.
The situation is illustrated in Fig. 5 where we show the famous “S-curve”,
which is the photoionization equilibrium curve (sometimes referred to as the
“stability curve”) for such gas.
The upper branches of stability curves like the ones shown here are stable,
i.e. a small deviation from the curves results in return to an adjacent stable
region. Their temperature is the Compton temperature of the fully ionized
gas which is determined solely by Compton heating and cooling and is given
by
hν
,
(51)
TC =
4k
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. The intermediate part contains one or
more regions with negative slopes. These are unstable regions where small
perturbations to the right (the region where H > C) or to the left (H < C)
result in further removal from the stability line. Thus a two, three and even
four-component medium can be formed in gas exposed to a typical AGN
radiation ﬁeld. Such localized components, with a well deﬁned temperature,
could be described as “clouds” or condensations.
An alternative and perhaps a more likely solution is conﬁnement by magnetic pressure. In this case, B 2 /8π ≥ NH kT and the required magnetic ﬁeld
is of the order of one gauss for the BLR and much smaller for the NLR.

AGN Basic Physics and Main Components
10

21

8

ν

Te

−0.8

10

7

10

6

10

5

ν

−1.1

powerlaw + UV bump

10000
10

−7

10

−6

Uox /Te

Fig. 5. Stability curves for several assumed SEDs, calculated by the author: 1.
LE ∝ E −0.8 . 2. LE ∝ E −1.1 . 3. “Typical” 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 containing a UV bump. Such SED results in lower
TC due to the eﬃcient Compton cooling by the blue-bump photons

Such magnetic ﬁelds are likely to occur near the central accretion disk and,
perhaps, throughout the emission line region [7, 8]. The “clouds” in this case
are likely to have a non spherical shape, perhaps elongated ﬁlaments.
One can consider also a range of properties in any given location, in a time
dependent situation, where condensations or ﬁlaments are constantly produced and destroyed. Such situations are common in the interstellar medium
and have also been considered in AGN. The one that attracted most 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 [18]. The various components are not in pressure equilibrium and
there is little work, if any, regarding their formation or stability. However,
the resulting spectral properties are quite appealing since they produce a
good ﬁt to the observed optical-UV spectrum of many AGN.
Finally we consider gas ﬂowing away from the central disk or from other
large mass reservoirs in the nucleus, in a 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 run of opacity and the structure and
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location of the various ionization fronts. The dynamics and the spectrum of
AGN ﬂows are further discussed in Subsect. 4.6.
4.6 The Motion of Ionized Gas
The Equation of Motion
AGN gas is exposed to a strong radiation ﬁeld that can, under certain conditions, produce large scale ﬂows. Such ﬂows may be continuous, in which case
they are classiﬁed as pure “winds”, or else drive clouds or condensations in a
ballistic way (the general term “wind” as used in the literature can include
condensations 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 dP
+ fd /Mc ,
ρ dr

(52)

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

1 dPg
dv
= arad (r) − g(r) −
.
dr
ρ dr

(53)

An additional required equation describes the continuity condition and allows
to obtain the density and velocity at every location. For the wind scenario,
this is given by
Ṁ = 4πρr2 vCf (r) = const. ,
(54)
where Cf (r) is the location dependent covering factor. For ballistic ﬂows Ṁ
needs to be speciﬁed more carefully, given the initial conditions, the number
of moving clouds and the ﬂow geometry.
The importance of the various terms in the equation of motion can vary a
lot depending 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 does not feel
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 most
important factor when arad (r)  g(r) and there is a high ionization, high
temperature gas component [19].
Radiation Pressure
The radiation pressure force at a distance r is obtained by considering all
absorption processes and by summing over the contributions to arad from all
ions at that location. The contribution to arad due to ion X is
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arad (r, X) =

NX
ρ(r)c



∞

νX

Lν χν e−τν
dν ,
4πr2
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(55)

where χν is the total absorption cross section including all bound-bound and
bound-free transitions. This should be supplemented by two additional terms
that count the free-free and the Compton contributions to arad .
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 (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 (37). For ionized gas with Ne  NH this
gives
hν
NX IX .
(56)
arad (X) ∝
cNe
In a steady state, photoionization is exactly balanced by radiative recombination, i.e. NX IX = RX NX+1 ∝ Ne2 . Thus arad is proportional to NX+1 . For
the speciﬁc case of hydrogen, arad ∝ Ne .
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)

where
arad (Compton, r) =

Ne (r)σT L
.
4πr2 ρ(r)c

(57)

(58)

M (r) is then used to express 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 gas which is not fully ionized, 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 cloud
(or wind). The Compton and free-free terms are usually small except for the
case where the gas is fully ionized. Figure 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
radiation pressure force is proportional to L. Denoting Γ = L/LEdd and
noting that LEdd ∝ MBH , we obtain
v

σT L
1 dPg
dv

[M (r) − 1/Γ ] −
dr
mH c4πr2
ρ dr

(59)

as the equation of motion for the wind scenario. The term M (r) − 1/Γ in
this equation gives the relative importance of gravity and radiation pressure.
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Fig. 6. The force multiplier calculated for a “standard AGN SED” and solar metallicity over a large range in ionization parameter (U (oxygen) in the case shown here).
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. The large column density case is dominated by
bound-free absorption since the resonance lines are very optically thick (courtesy
of D. Chelouche)

Thus sources of large Γ require smaller force multipliers to drive the wind.
E.g. a source with Γ = 0.1, typical of low and intermediate luminosity AGN,
requires 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 boundbound contributions to the force multiplier are important, see Fig. 6. (Note
that the constant multiplying M (r)−1/Γ in (59) 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  in (59)).
There are several important scenarios of radiation pressure driven ﬂows
that produce a similar asymptotic solution of the form
v(r) = v∞ [1 − r0 /r]1/2 ,

(60)

where r0 is the launching distance of the ﬂow and v∞ is the asymptotic ﬂow
velocity. For cases of constant [M (r) − 1/Γ ] we get
v∞  vc [M − 1/Γ ]

1/2

,

(61)

where vc is proportional to [L/r0 ]1/2 and is roughly the escape velocity at
the launching point of the ﬂow. The above results are geometry dependent
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and the velocities under questions can be very diﬀerent in, e.g., spherical and
disk geometries. However, the launching point is a very important parameter
in determining the largest obtained velocities.
The equation of motion has been solved, in various works, in an attempt to
explain the velocities inferred from observations of UV and X-ray absorption
lines. The ﬁrst seem to indicate very high velocity ﬂows (v∞ = f ew × 104
km s−1 ) while the latter are characterized by v∞ = f ew × 102 km s−1 . This
can be translated to conditions near the base of the ﬂow. For example, 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. In such radiation pressure dominated AGN ﬂows, the highest
velocity gas must originate in the vicinity of the central 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 (vc ∝ M (r)).

5 Main Components of AGN
The AGN phenomenon, while deﬁned as being in the nuclear region, can
cover a large range of radii and hence a large range of physical conditions.
The physical properties of any gas component are determined by its location
(which determine the gravity and the ionizing ﬂux), density (that gives the
ionization parameter) and column density (speciﬁes the optical depth and
hence the eﬀective radiation pressure force and the self-gravity). Other important factors are the local pressure (conﬁnement), composition (opacity
and emissivity) and interaction with the other components (e.g. direct or
indirect line of sight to the center). The following is an attempt to specify
some of those properties and investigate the observational consequences.
5.1 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) either because
they are conﬁned or because they are the extensions of large self-gravitating
bodies, like bloated stars. We also assume a global (4π) covering factor of
order 0.1.
One immediate consequence of these assumptions is that the clouds are
bound, because gravity completely dominates over the radiation pressure
force which is ineﬃcient in such large column density material. The clouds
will have typical velocities of order 3000 km s−1 which will be reﬂected in
the observed widths of the emitted emission lines.

26

H. Netzer

The physical conditions in the region under discussion are such that
U (hydrogen) ∼ 10−2 . This means that only the illuminated surface of the
cloud is highly ionized. The most abundant ions in this part are He iii, O ivvi, C iii-iv, etc. The strongest predicted emission lines are, therefore, Lyα,
C iv λ1549 and O vi λ1035. 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. As explained, much of these large column density clouds
must be partly neutral since only X-ray photons can penetrate beyond an
hydrogen column of ∼1022 cm−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 condition they are of
order 10–100 Å. The observed absorption lines are extremely weak because
of the small covering factor. A region with those observed properties and
spectrum would deﬁnitely justify the name “broad line region” (BLR).
Can such clouds be conﬁned? Magnetic conﬁnement is a likely possibility
since the required magnetic ﬁeld is small, about 1G. Conﬁnement by HIM
is more problematic for various reasons. The required HIM density can be
obtained by the known density and temperature of the BLR gas. This gives
NHIM ∼ 107 cm−3 where we assumed a typical Compton temperature of
107 K. Combined with the dimension of the BLR, one can obtain the total
Compton optical depth that exceeds unity for the more luminous AGN. The
observational consequences are clear: 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, other processes that
can raise the HIM temperature beyond the Compton temperature. Such relativistic HIM may still provide the required conﬁning pressure.
Another interesting issue is the number of BLR clouds. Given the above
typical velocity, and the fact that individual conﬁned clouds are likely to emit
with typical line width of 10 km s−1 , we can determine the number of cloud
required to produce the symmetrical smooth proﬁles observed in many cases.
This number is huge, of order 106−8 , which raises serious question about the
formation and destruction of such clouds. Alternatively, internal turbulent
motion, that exceeds the sound speed by about an order of magnitude, could
alleviate some of those diﬃculties. This needs to be justiﬁed observationally
as well as theoretically but is still an open possibility.
5.2 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 .
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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 radiation
pressure force may be important and the line proﬁles may include a nongravitational components. Optically thin gas is, on the 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
mostly in the infrared. The region producing such a spectrum qualiﬁes for
the name “narrow line region” (NLR).
Dust and Reddening
Dust is likely to be present in AGN emission line regions. Such dust will
scatter and absorb some of the ionizing and non-ionizing radiation, and will
aﬀect the observed spectrum in various ways. There is clear evidence for dust
in the NLR but no indication for dust in the BLR. The possible reasons for
this, as well as for the diﬀerences in ionization and other physical conditions,
are explained below.
If AGN dust is of similar composition to the dust observed in the interstellar medium of our galaxy, we can calculate a dust “sublimation radius”,
i.e. the minimum radius where dust of a certain composition can survive the
central radiation ﬁeld without evaporating. For graphite particles, this radius
is given roughly by
1/2
(62)
Rsub  0.2L46 pc ,
where L46 = L/1046 erg s−1 . Reverberation mapping of the BLR shows that
the mean RBLR as determined by the emissivity of the Hβ line is
0.6±0.1
RBLR  0.4L46
.

(63)

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.
The presence of dust in the NLR can substantially change the level of
ionization. Such dust competes, eﬀectively, with the ionization of the gas
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Fig. 7. Calculations by the author showing 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

because of its large absorption cross sections at all energies between about
0.02 µm and 10 µm. The fraction of Lyman continuum photons absorbed by
the dust, relative to those absorbed by the gas, is proportional to U (hydrogen)
since
Ndust
Ngas
N + + NH 0
∝
∝ H
∝ U (hydrogen) .
(64)
NH 0
NH 0
NH 0
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
environments are illustrated in Figs. 7 and 8.
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 [20]. Since outside such dusty clouds arad (r) ∝ L/r2 and
inside the cloud Pg ∝ NH , we ﬁnd that for all such clouds L/r2 ∝ NH . The
conclusion is that for dusty ionized gas
U ∝ L/NH r2 = const.

(65)

This ﬁxes both the absolute value of the ionization parameter and the fact
that it is location independent. Recent dusty NLR models based on this idea
are quite successful in reproducing the observed NLR spectrum while providing the physical justiﬁcation for the speciﬁc observed value of U (hydrogen).
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Fig. 8. Similar to Fig. 7 except that galactic type dust with the galactic dust-togas ratio is assumed to be present. Note the large reduction in the dimension of
the ionized region and the increase in electron temperature mostly because of the
depletion of carbon and oxygen that provide the strongest cooling lines

The NLR is, perhaps, the best observed region in active galaxies. We can
therefore infer the physical conditions with great accuracy using standard
line ratio techniques. We can also deduce the reddening corrections by comparing reddening sensitive line pairs. This may be somewhat tricky regarding
internal dust (dust which is mixed in with the ionized gas) because of the
source geometry and the distribution of the dust opacity relative to the line
formation region.
There are notable exceptions to the dust-regulated constant U model.
Some mid-IR emission lines (e.g. [Nevi]7.66 µm) as well as optical lines due
to Fe x, Fe xi and Fe xiv, clearly originate in clouds of very high level of ionization that are situated in the general NLR. These coronal lines are probably ionized by the same central continuum, but the ionization parameter
is clearly much higher. It is possible that the gas producing those lines is
density bounded (i.e. of low Lyman continuum optical depth) or is dust-free.
In several well studied cases, there are clear signs that this part of the NLR
is closer to the central source and is characterized by higher than average
density and velocity. Thus, in at least several sources, the NLR is stratiﬁed
with both density and ionization decreasing outward.
5.3 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
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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 it is often called “warm
absorber” [14]. For scaling purposes we note that the density of a typical
HIG cloud is
−2
cm−3 ,
NHIG  2 × 104 U (oxygen)−1 L44 (oxygen)Rpc

(66)

and its mass is
2
MHIG  103 N22 Cf Rpc
M ,

(67)

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 [21]. 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 NGC 3783 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. 9.
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
lines that indicate similar properties to the gas producing the strong absorption 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 absorbers are of similar dimensions. In fact, some well studied cases indicate
much smaller absorption regions.
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 result in mass outﬂow from the nucleus. Such outﬂows have
been observed in several well studied cases and it is interesting to consider
their eﬀects 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
(68)
ṀHIG = 4πr2 Cf ρvHIG HIG
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Fig. 9. Part of the low-state spectrum of NGC 3783 observed by Chandra in 2002
[22]. Some 60 X-ray lines were identiﬁed in this part of the spectrum

where Cf is the covering fraction and HIG 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.
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 [14]. Large columns and low ionization
parameters can result in HIG whose less ionized species may well be C iv,
N v, O v and O vi. 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. O vi, 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. Figure 11 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. 10. Two of the three components required to model the low-state spectrum
of NGC 3783 shown in Fig. 9 [23]
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Fig. 11. The FUSE spectrum of the quasar MR 2251-178 showing narrow Ovi
absorption lines superimposed on emission lines of the same ion [24]. The derived
outﬂow velocities are in the range 300–600 km s−1 . The source also shows timedependent X-ray absorption lines
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5.4 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 Xray 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 features.
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 estimate that
−2 −1
U (oxygen)  0.2L44 (oxygen)rpc
N5 ,

(69)

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 N5 = 0.1. This gives U (oxygen) = 0.2. This would produce strong high
ionization 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.
5.5 Stars and Starburst Regions
We next consider stars and starburst regions at various locations.
Stars in the (hypothetical) nuclear cluster can absorb and reprocess the
incident AGN continuum. Regarding main sequence stars, those are not likely
to show any spectral signature because of the high density atmospheres and
the small cross section (i.e. small covering factor). However, some stars may
develop extended winds, or envelops, as a result of the interaction of their
atmosphere with the hard, external radiation ﬁeld. This will lower the density and increase the cross section for absorbing the ionizing radiation. Such
extended envelope stars have been named “bloated stars”. It has been speculated that star-star collisions may also produce bloated stars.
Bloated stars extended envelopes are similar, in many ways, to the low
density gas discussed so far. Close to the center they will show typical BLR
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spectrum and further away a typical NLR spectrum. Moreover, such winds are
likely to have a large density gradient that, far enough from the stars, could be
observed as typical HIG. Thus the presence of giant envelope stars can bridge
the gap between several observed components of AGN with diﬀerent densities
[25]. This can also provide another reservoir, or source, for the emission line
gas.
Starburst regions are normally considered as a diﬀerent component of
AGN. The typical dimension of such regions is several kpc and the typical
density 100 − 103 cm−3 . Such regions contain their own internal source of
mechanical energy: supernovae explosions and fast stellar winds. The typical X-ray signature of starburst regions is that of a multi-temperature hot
plasma, i.e. strong collisionally excited emission lines. An example is given in
Fig. 12 which shows the X-ray spectrum of the typical starburst galaxy M82.
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Fig. 12. A comparison of X-ray photoionized gas (NGC 1068, a type-II AGN with
an extended X-ray nebulosity) and X-ray collisional gas (M82, a “classical” starburst galaxy). Both spectra were obtained by the RGS on board XMM-Newton and
were retrieved from the XMM archive
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For comparison we also show the X-ray spectrum of the “classical” type-II
AGN, NGC 1068, obtained with the same instrument. The two spectra are,
indeed, very diﬀerent and the relative emission line ratios clearly show the
diﬀerent excitation mechanisms.
Close enough to the central source, the starburst excited gas is also exposed to the strong, hard radiation ﬁeld. Depending on the density and ﬂux,
the resulting ionization parameter can be high enough to cause signiﬁcant
additional ionization thus changing the ionization balance and the emergent
spectrum. We expect such starburst regions to show a mixed-type spectrum
which can diﬀer a lot from the spectrum of starburst regions that are not
exposed to a central radiation source.
5.6 The Central Accretion Disk
Finally, consider the central accretion disk itself. This is an object of high
density, large column density gas at 10–100 rg which can be exposed to part
of the centrally produced continuum emission. This can result in emission
and/or absorption lines, depending on the geometry.
The term “central radiation ﬁeld” should be deﬁned more carefully since,
so far, it has been used to describe the radiation emitted by material in the
disk and in its vicinity. The disk itself, i.e. the part emitting the opticalUV radiation, is exposed to only some of the emitted SED, e.g. the X-ray
radiation. The exact geometry is, therefore, of paramount importance. Plausible models considered in the literature include the possibility that the disk
is illuminated by a central point source, by a double X-ray source (i.e. two
point sources above and below the plane of the disk) and by the X-rays produced and scattered by an extended corona [26]. The unknown geometry,
plus the fact that the density of the disk depends on the uncertain value of
the parameter α, leave a large range of acceptable ionization parameters.
The results of such a scenario are easy to predict. For a low ionization
parameter, the main spectral signatures are ﬂuorescence lines of relatively
neutral species and a strong reﬂected X-ray continuum. The strongest lines
are due to Fei-xvii, at around 6.4 keV, because of the combination of high
abundance and large ﬂuorescence yield for such ions. For higher ionization
parameter, the “skin” of the disk is ionized and is a source of high excitation
high ionization X-ray lines. The strongest predicted lines are the leading
resonance transitions in the H-like and He-like sequences of carbon, nitrogen,
oxygen, neon silicon and iron. Such disk lines are predicted to be broadened
by the strong gravitational ﬁeld, and by the large rotational velocity of the
gas, if produced close enough to the central BH.
To summarize all these possibilities we show in Table 2 a list of all possible locations considered here with the known or expected density and the
corresponding ionization parameters.
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Table 2. AGN components

Component
Accretion disk
BLR
Torus
HIG
NLR
Starburst

Location
−3

10 pc
0.01–1 pc
1–10 pc
∼1 pc
100–1000 pc
∼1000 pc

Density

Ionization Parameter
−3

∼10 cm
∼1010 cm−3
103−6 cm−3
103 −105 cm−3
103−5 cm−3
100 −103 cm−3
15

U (oxygen) = 10−3 − 10−1
U (hydrogen) ∼10−2
U (oxygen) ∼10−2
U (oxygen) ∼10−2
U (hydrogen) ∼10−2
U (oxygen) = 10−2 −10−4

5.7 AGN Winds
Can all or most of these components be combined into a simpliﬁed model
where the various locations, and the diﬀerent dynamics, form a single, more
coherent picture? Such ideas have been proposed in recent years [27]. The
general picture is that of a “wind model” that originates from the vicinity
of the central BH, perhaps from the surface of the accretion disk. The components are linked to this global picture, some with more justiﬁcation than
others. The more important ingredients of the model are:
Disk wind: Such winds are assumed to be lifted along the magnetic ﬁeld lines
as shown in Fig. 3. They can also be evaporated from the disk upper
surface in a vertical direction. The gas gets an additional “kick” at some
height above the disk surface, where it is ﬁrst exposed to part or all of
the central radiation. The ﬂow accelerates due to radiation pressure force
and moves to large distances. The ﬂow lines can change direction due
to the combined eﬀect of all forces and the global velocity ﬁeld is rather
diﬀerent from a simple spherical outﬂow.
Broad and narrow absorption lines: These are most naturally explained by
the wind model. They are observed to be broad or narrow depending on
the location and the line-of-sight to the center. An important factor for
disk winds is the amount of spectral shielding since very high velocity
outﬂows require shielding at their base. The spectral appearance of such
ﬂows is very sensitive to the observers’ line-of-sight and can produce
rather diﬀerent appearances at diﬀerent viewing angles. Many absorption
lines are optically thick yet they are not black at their center since the
covering factor along some viewing angles is less than unity.
Broad emission lines: The BLR in the wind scenario is assumed to be made
of high density, optically thick condensations (or regions) in the wind.
This is a weak point of the model since no calculation can currently
produce all the observed properties of this region. Moreover, there are
some indications, based on reverberation studies, of Keplerian (random
orientation) velocities in the BLR of several well studied objects.
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Narrow emission lines: Naive arguments suggest that the outﬂow can reach
the NLR and form larger condensations. There are no calculations that
support this claim.
HIG outﬂows: This is, perhaps, the most successful aspect of the model since
highly ionized X-ray gas is easy to produce in many diﬀerent situations.
However, the observed velocities of such gas are an order of magnitude
smaller than the escape velocity from the disk.
Mass loss rate: The required mass loss rate in most global wind models considered so far is of the same order as the mass accretion rate to the BH.
Global AGN wind models are only just starting to emerge. It remains to
be seen whether the more complete calculations can explain the observed
properties of AGN, given such winds.

6 Summary
The basic physics of the central power house in AGN must be related to
accretion disks around massive BHs. A well developed theory of such structures, in particular of optically thick geometrically thin accretion disks, helps
to understand the optical-UV continuum of AGN. The observed strong X-ray
source is likely to originate in a separate component, such as a disk corona.
The emergent continuum SED, together with the density, column density and
the location of the gas relative to the BH, determine the physical conditions
and the emission and absorption spectra of such objects. Examples that were
treated here in some detail include gas in the BLR, in the NLR, the HIG,
bloated stars, gas in star forming regions and the central accretion disk.
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