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• Main components of AGNs
– The BLR and the NLR
– BH mass
– Highly ionized gas
– Central obscuration
– Accretion disk



Observations of AGNs: 1
Basic observations and general definitions

• Optical observations 
• IR observations
• X-ray observations
• Radio observations
• Gamma-ray observations
• Global SED
• Variability
• Definition of AGNs



Normal and active galaxies



Cisternes et al. 2011

Luminous AGNs and their host galaxies 

??

What about very high z AGNs?



Non-stellar emission

Radio emission

Relativistic effects 



Nonthermal emission



AGN emission lines

Permitted lines

Forbidden lines

Semi-forbidden lines



Stellar or non-stellar?



P. Hall et al 



SDSS z>5.8 QSOs

Fan et al. 2001



QSO multifrequency spectrum
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Basic definitions: 
Luminosity and spectral energy distribution - SED

• Monochromatic luminosity
• Bolometric luminosity
• Spectral energy distribution
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Spectral energy distribution (SED) of AGN





Variability



3C279



Definition of Active galactic nuclei

• It contains a compact nuclear region emitting significantly beyond what is 

expected from stellar processes typical of this type of galaxies

• It shows the clear signature of a non-stellar continuum emitting process

• Its spectrum contains strong emission lines with line ratios that are typical of 

excitation by a non-stellar radiation field

• It shows line and/or continuum variations

An extragalactic object is classified as an AGN if 
at least one of the following is fulfilled



Basic definitions: Radiative transfer

• Specific intensity  -
• Emission coefficient
• Absorption coefficient
• Source function

• The equation of radiative transfer
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The simplest solution of the 
equation of radiative transfer
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Black holes and accretion physics 1

• General properties of Black Holes (BHs)

– BH mass

– BH spin

– Energy production efficiency

• The Eddington luminosity

– Electron scattering and radiation pressure (1)

– Spherical accretion



Karl Schwarzschild (1917†)

The first black hole



General properties of Black Holes (BHs)
• The no-hair theorem

– Mass - M
– Spin   - s
– Charge – Q

• Definitions
– Gravitational radius:

• rg=GM/c2

– Spin parameter: 
• a

• Energy production efficiency
– 0.038≤η≤0.421
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Accretion onto black holes- summary
• Spherical accretion

– Eddington luminosity
– Eddington accretion rate
– Eddington time
– Bondi accretion and efficiency
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Black holes and accretion physics 2
• Thin accretion disks 1: 

– Optically thick geometrically thin accretion disks
– Angular momentum
– Torque
– Luminosity
– Emissivity and temperature



Accretion disks
Definition of disk parameters

1/ 2( )

kS mv R
S GMR
m

=

=

• •
1/ 2

N

( )

k
dS dm v R
dt dt

SM M GMR
m

= = =

 = = 
 

S - angular momentum

N - torque

Σ - surface density

Vr - radial velocity

VK- Keplerian velocity

ΩK - Keplerian angular velocity

•
2 rM R vπ= − Σ

1/ 2

3
k

K
v GM
R R

 Ω = =  
 

ΩK
z

Rin Rout

2 HρΣ =



Accretion disks
Total radiated energy
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Accretion disks
Energy and temperature
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Black holes and accretion physics 3
• Thin accretion disks 2

– Viscosity
– Geometry
– The emitted SED

• Generic disk spectrum
• Dependence on BH mass and accretion rate
• Disk inclination



Accretion disks
Radial velocity and viscosity

What is the accretion rate (or Vr)?

Viscosity - ν
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Accretion disks
Disk boundaries
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Accretion disks
- H Disk scale height
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Accretion disks
• The spectrum of accretion disks

– Steady state spectrum

• Spectral energy distribution
• Orientation
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Black holes and accretion physics 4
• Real AGN disks

– Comptonization
– Relativistic effects
– Disk corona and X-ray illuminated disks

• Slim and thick accretion disks
• Radiation inefficient accretion flows (RIAFs)

– Advection dominated accretion flows (ADAF)
– Two temperature disks
– Radiative efficiency revisited



Accretion disks
Slim and thick disks
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Accretion disks
Slim disks and disk corona

Comptonization



Accretion

Accretion disks
Slim disks with coronae

Schematic spectrum Calculated spectrum

Thermal or non-thermal
This is the question!

The spectrum of slim accretion disks

Wang and Netzer 2005



Accretion disks

• Magnetic disks
• Evaporation and winds
• Instabilities

fr

Blandford 1990



Accretion disks
Real AGN disks - RIAFs

• Radiation inefficient accretion flows 
(RIAFs)
– Advection dominated accretion flows 

(ADAF)
– Two temperature disks
– Radiative efficiency revisited



Observed SEDs



Accretion disks
relativistic effects




Galen of Pergamon
The four humors of Hippocratic medicine 
remained uncontested until 1543 Vaselius showed
The circulatory system endured until 1628, when William 
Harvey published his treatise entitled De motu cordis, 

The four body humors
Γαληνός

Ptolemy

http://en.wikipedia.org/wiki/Circulatory_system�
http://en.wikipedia.org/wiki/William_Harvey�
http://en.wikipedia.org/wiki/William_Harvey�
http://en.wikipedia.org/wiki/Treatise�
http://en.wikipedia.org/wiki/Exercitatio_Anatomica_de_Motu_Cordis_et_Sanguinis_in_Animalibus�
http://en.wikipedia.org/wiki/Exercitatio_Anatomica_de_Motu_Cordis_et_Sanguinis_in_Animalibus�
http://en.wikipedia.org/wiki/Exercitatio_Anatomica_de_Motu_Cordis_et_Sanguinis_in_Animalibus�
http://upload.wikimedia.org/wikipedia/commons/1/16/Ptolemy_16century.jpg�


The proper way of lecturing



Andreas Vesalius 1514 1564
the founder of modern human 
anatomy

1543: wonder year



Leeuwenhoek
Dutch microscopist who was the first to 
observe bacteria and protozoa. His researches 
on lower animals refuted the doctrine of 

spontaneous generation,
Harvey

http://www.britannica.com/EBchecked/topic/560859/spontaneous-generation�


Physical processes  - 1
• The physics of ionized gas – 1

– Photoionization and recombination
– Additional processes

• Dielectronic recombination
• Auger ionization
• Secondary electrons
• Charge exchange
• Collisional ionization and three body recombination

– Thermal balance



 
(Let There Be Light)

• AGN is born
– Ionization
– Recombination
– Collisional excitation
– Radiation pressure
– Shock waves
– Magnetic fields

How does it look and 

move at various times in 

different places?

Physical Processes - 1



Photoionization

Radiative recombination rate - RX

Photoionization rate - IX

Time dependent ionization
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Other ionization and recombination processes

• Collisional processes
– collisional ionization
– three body recombination

• Dielectronic recombination
• Charge exchange
• Ionization by secondary electrons
• Auger ionization and fluorescence

Ionization by shocks



Shock (mechanical energy) efficiency
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Thermal balance
• Heating - H

– photoionization heating
– other heating

• Cooling - C
– collisional cooling
– recombination cooling recombination cooling
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Photoionization heating
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Physical processes  - 2
• The physics of ionized gas – 2

– Basic spectroscopy
– Line emission

• Recombination
• Collisional excitation and de-excitation
• Radiative excitation

– Continuum emission
– Photoionization models
– Collisionally ionized plasma



Basic spectroscopy
• Energy  levels and atomic transitions

– Levels terms and selection rules
• Permitted  transitions
• Forbidden transitions
• Semi-forbidden transitions

– Examples
– OIII, OIV, OVII, OVIII



Basic spectroscopy
• Recombination lines
• Collisional excitation and de-excitation
• Radiative excitation (line absorption)
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Back to thermal balance
• Heating - H

– photoionization heating
– other heating

• Cooling - C
– collisional cooling
– recombination cooling

Statistical equilibrium
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Back to thermal balance
• Heating - H

– photoionization heating
– other heating

• Cooling - C
– collisional cooling
– recombination cooling
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Continuum emission and absorption
• Bound free (b-f) transitions
• Free-free (f-f) transitions
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The spectrum of photoionized gas 

Photoionization calculations
ionization structure
thermal structure

Spectral calculations
line emission
continuum emission
line and continuum absorption

Ionization by hot stars compared 
with ionization by an AGN SED



The spectrum of ionized gas

• The emergent spectrum
– The central continuum
– Free-free emission
– Bound-free emission
– Bound-free absorption
– Emission lines 
– Absorption lines



Physical processes  - 3
• The motion of ionized gas

– The equation of motion
– Radiation pressure

• Non-thermal processes
– Synchrotron emission
– Inverse Compton
– Relations to radio and gamma-ray emission



The motion of ionized gas
• The equation of motion

– Gravity - g(r)
– Radiation pressure - arad(r)
– Drag force - fd
– Pressure gradient
– Wind  
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The force multiplier
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The motion of ionized gas
( ) ( ) ( )rada r a r g r= − +Ψ

Accelerating a block
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Real calculations



Thermal and nonthermal
spectral energy distributions (SEDs)





Nonthermal radiation processes
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Synchrotron with broken power 
law fits X-ray spectrum

Chandra

HST

VLA

M 87   Knot A
Marshall et al. 2002

1.6 kpc



Synchrotron
Inverse Compton

Synchrotron self Compton



Exploring the landscape



Exploring the landscape



Ptolemy’s map

http://upload.wikimedia.org/wikipedia/commons/1/16/Ptolemy_16century.jpg�


Maps of the “universe”

Catalan Atlas



Physical processes  - 4
• AGN dust

– General dust properties
• Dust grains

– Formation and sublimation
– Metallicity and depletion

• Dust temperature and dust emission

– Dust in ionized gas
– Extinction by dust



General dust properties

• Dust grains
– Silicate dust
– Carbon (graphite) dust
– Grain size
– PAHs

• Galactic (ISM) dust
– Metallicity and depletion

Graphene bucky balls
(2011 discovered in space)



Dust grains
• ISM dust
• Grain composition

– Graphite grains
– Silicate grains

• Grain size distribution
• Depletion
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Element Abundance Relative 
depletion

H 1 0
C 2.5x10-4 0.5
O 4.5x10-4 0.35
Ne 9x10-5 0
Mg 3.2x10-5 0.9
Fe 2.5x10-4 0.97



Emission and absorption by dust
• Blackbody emission
• Modified (grey) blackbody emission
• Observations of dust emission
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Sublimation radius 
and Extinction curve

• Sublimation distance
– Graphite dust T~1800K
– Silicate dust T~1500K

• Extinction laws
– External dust
– Internal dust

2.61/2

lim 46

1600
10sub ation

sub

LR pc
T

  ≈      

Differential dust absorption (for E(B-V) = 0.2) 
according to Calzetti's law (solid line), a superposition 
of Calzetti's law with a 2175 A bump of amplitude α = 
0.25 (dashed line), and the Seaton (1979) extinction 
curve for the Milky Way (dotted line). 



The simplest solution of the 
equation of radiative transfer
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PAH emission 



Starburst spectral features in AGN 
(PAHs)

Starburst galaxies



Absorption cross section and modified level 
of ionization
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Physical processes - summary



Main components of AGNs 1

• The broad line region (BLR)
– Clouds and confinement
– The BLR spectrum
– Gas motion in the BLR

• The narrow line region (NLR)
– Dust in the NLR
– Diagnostic diagrams 



Main components : The BLR
• Assume BH mass 108 Mʘ

• Assumed clouds
– Density 109-11 cm-3 

– Large column density
– Location: ~ 0.1pc 
– Confinement

• by hot gas
• by magnetic fields

– Covering fraction ∼0.1
• The spectrum

• Resonance lines
• Semi-forbidden lines
• Balmer lines
• FeII and MgII lines

Bound system (gravity dominated)

Gas velocity ~ 3000 km/sec

large EW emission lines

Weak absorption lines 



Main components of AGNs
The BLR

• BLR properties
– High density clouds
– LOC
– Disk outflow

• BLR Boundary
– Dust in the BLR

• BLR dynamics
• BLR metallicity



Clouds LOC and winds 

Winds

C
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Locally Optimally 
emitting Clouds (LOC)

Clouds
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The BLR 
• Line profiles

– cloud dynamics
– the number of BLR clouds
– Direct observations of BLR clouds?



BLR metallicity

NV



The NLR
• Assume BH mass 108 Mʘ

• Assumed clouds
– Density 103-5 cm-3

– Large and small column density
– Location ~ 1 kpc
– Radial distribution
– Confinement
– Covering factor ∼0.03

Bound system?

Gas velocity ~ 500 km/sec

small EW emission lines

Weak absorption lines

Time averaged spectral properties



The NLR: The observed spectrum
• The NLR spectrum

– optical and UV lines
• permitted, semi-forbidden and 

forbidden lines
– IR lines

• coronal lines
• Low ionizaion lines
• PAHs

In the NLR we can only see

Time averaged spectral properties

because of the

- Large dimensions

- Long recombination times



The NLR: Photoionization calculations



Photoionized dusty NLR gas
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Diagnostic (BPT) diagrams

HII

Photoionization calculations for a low 
density gas with a range of U and:
A: Young stars SED
B. AGN SED

metallicity



Diagnostic (BPT) diagrams

HII metallicity



Using NLR properties to infer 
LAGN
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Main components of AGNs - 2
• Measuring BH mass – 1

– Emission line variability
– Reverberation mapping (RM)
– The outer boundary of the BLR

• Dust sublimation

– Cloud motion and BH mass



Broad-Line Variability

• Emission-line fluxes vary 
with the continuum, but 
with a time delay.

• Inferences:
– Gas is photoionized and 

optically thick
– Line-emitting region is not 

large compared with typical 
c∆t



“Isodelay surfaces”
Response of a cloud system to a delta-function pulse



τ = 0.01 r/c

“Isodelay surfaces”



τ = 0.5 r/c

“Isodelay surfaces”



τ =  r/c

“Isodelay surfaces”



τ = 1.5 r/c

“Isodelay surfaces”



τ = 2 r/c

“Isodelay surfaces”



Response of an Edge-On Ring
• Suppose line-emitting clouds 

are on a circular orbit around 
the central source.

• Compared to the signal from 
the central source, the signal 
from anywhere on the ring is 
delayed by light-travel time.

• Time delay at position (r,θ) is 
τ = (1 + cos θ)r/c

τ = r/c

τ = r (1+cosθ) /c

The isodelay surface is
a parabola:
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τ = r/c

“Isodelay Surfaces”
All points
on an “isodelay
surface” have 
the same extra
light-travel time
to the observer,
relative to photons
from the 
continuum
source.

τ = r/c



• Consider simple case of clouds in 
circular orbits at inclination  i = 90°, 
orbital speed Vorb.

• Clouds at intersection of isodelay
surface and orbit have line-of-sight 
velocities V = ±Vorb sinθ.

• Circular orbit projects to an ellipse 
in the (V, τ) plane.

Velocity-Delay Map for an Edge-On Ring



Thick Geometries

• Disk or thick shell (result is 
illustrated with simple two ring 
system).






The transfer function
• The cross correlation function (CCF)
• The transfer function

– Thin shell
– Thick shell
– Inclined ring
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Reverberation Mapping Results

• AGNs with lags for multiple 
lines show that higher 
ionization emission lines 
respond more rapidly to 
continuum variations  

• This implies ionization 
stratification



Reverberation and AGN Black Hole Masses

• For AGNs with multiple 
reverberation 
measurements, there is virial
relationship between line 
width and lag:

Onken & Peterson (2002)
Peterson & Wandel (1999, 2000)



BLR size and BH mass - results
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The Wise Observatory project 
1990-2000

Kepler law => Single epoch mass determination
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Using BLR properties to infer BH 
mass and accretion rate
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What is the factor  f ?



Looking into f
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Best method to determine f is by 
comparing with the M(BH)-sigma 
relationship in local AGNs



Using BLR properties to infer mass
What line to use?
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Using BLR properties to infer BH mass 
Radiation pressure revisited
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Hβ and CIV1549 calculations





Black hole evolution 

The Sloan 
sample

The Tel Aviv sample
2003-2007

The Tel Aviv sample
2011

Trakhtenbrot et al. 2011



Main components of AGN 3
• The Central obscuration and other dust-

related issues
– The sublimation distance – 2
– The outer boundary of the BLR
– Dust in the NLR
– The central torus

• Uniform and clumpy tori
• The torus spectrum

– Hot  warm and cold AGN dust
– Dust emission from AGN and SF heated dust



Main components of AGNs
Let There Be Dust

Sublimation distance
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The BLR radius

Dusty ionized clouds
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The outer boundary of the BLR

BLR

NLR

The landscape



Navigation without time



Toscanelli map –1474 

Distance to India is about 7000 km



Three dusty components
1. Hot dust just outside the BLR

Mor and Netzer 2011
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Three dusty components
2. Dust in the NLR



Three dusty components
3. Dusty torus

Continuous or clumpy torus



Dusty torus and dusty NLRs

Mor, Netzer, Elitzur 2009MIR spectra of 
luminous AGNs



The torus – looking from the side

Wilman and Fabian 1999
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Cold warm and hot dust in host 
galaxies of AGNs

No AGN contribution

AGN contribution



Main components of AGNs
“Miracles”

We need an additional miracle -
wind



Main components of AGNs 4
• Highly ionized gas in AGN (HIG)

– X-ray emission and absorption lines
– The coronal line region
– Optical and IR coronal lines

• Emission and reflection from accretion disks
– Disk emission
– Disk reflection
– Relativistic disk lines

• Gas outflow from AGN disks



Evidence for Outflows in AGNs

Chandra: Kaspi et al. (2002)
HST: Crenshaw et al. (2002)
FUSE: Gabel et al. (2002)



The highly ionized gas (HIG) 
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∫• Assumed clouds
• Density 103-5 cm-3

• Large and small column density
• Location ~1 pc
• Radial distribution
• Confinement?
• Covering factor (absorption?, emission?)

Stability analysis



The X-ray spectrum of NGC 3783



X-ray spectral components
• Emission 
• Absorption
• Reflection



X-ray absorption



NGC 3783: model vs. observations

Netzer et al. 2003



The HIG

Kaspi et al. 2002



The motion of the HIG 
• The equation of motion

– Gravity - g(r)
– Radiation pressure - arad(r)
– Drag force (cloud) - fd
– Pressure gradient 
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HIG in Seyfert 2s

ouflow?

Circinus



A Disk-Wind Concept



Summary of locations so far

Component     Location Density

Disk 10-3 pc 1015

BLR 0.01-1 pc      1010

HIG 1-10 pc 10-105

Torus 1-10 pc 103-6

NLR 300-2000 pc 103-4



The accretion disk - 2
• X-ray continuum
• X-ray lines
• X-ray reflection

Ionized “reflection”
Neutral “reflection”



Accretion disks
relativistic effects




Relativistic disk lines
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Summary



Vasco da Gama 



Magellan 1519-1521 



The division of the world

The big empires1581-1640



James Cook  1768-1772



Future observations: 
LSST and SPICA

2018(?)2020(???)



LSST















SPICA



SPICA





The LAMOST project

5 degree field
4000 fibers in the focal plane



1421







Zheng He 1371-1435



The fleet

The Fleet 

   

                  
            

A Comparision of Zheng He's 
Flagship 

                   
           

Baochuan (Treasure Ship) 

                  
            

Machuan (Horse Ship) 

                  
            

Liangchuan (Supply Ship) 

                  
            

Shuichuan (Water Tanker) 

                  
            

Zuochuan (Troop Transport) 

                  
            

Zhanch an (Warship) 

                   
           

Luchuan (Patrol Boat) 
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Treasure ships

Length 150 m

Width 60 m

16 isolated parts

Hundreds of people in each



A simple comparison

Crew membersNumber of 
shipsNavigator

28,00031748 -Zheng He 1405 1433

903Columbus 1492

 1604Da Gama 1498

2655Magellan 1521
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