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Early History

1908 — Edward Fath notices strong emission lines from H, O, Ne in the nuclear
spectrum of NGC 1068. This was way before:

- 1915 — General Relativity
- 1916 — Schwarzschild solution found, but not fully understood
- Early 20s realizing that galaxies were extragalactic objects!!

1917 — Vesto Slipher obtains a higher quality spectrum of NGC 1068 and notes its
emission lines are unusually broad

e 1918 — Herber Curtis notes in M87 a “curious straight ray ... connected with the nucleus
by a thin line of matter”

« 1924-1929 — General realization that galaxies are extragalactic — led by Edwin Hubble

1926 — Edwin Hubble notices the nuclear emission-line spectra of NGC 1068, NGC
4051, NGC 4151
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Early History

1939 — Grote Reber discovers the radio source Cygnus A

1943 — Carl Seyfert shows that a fraction of galaxies have strong, broad emission lines and
that these galaxies are especially luminous — now known as “Seyfert galaxies”

1954 — Walter Baade and Rudolph Minkowski find the counterpart to Cygnus A at z = 0.057
1963 — Maarten Schmidt discovers 3C273 to have z = 0.158

1964 — Zeldovich & Novikov and Salpeter speculate about black holes powering quasars
1967 — The term “black hole” comes into general use

1968 — Donald Lynden Bell notes that many galactic nuclei may contain “collapsed old
quasars”

After — AGNs become a topic of widespread study
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AGN basics:
What are Active Galaxies?

M33 - Normal Galaxy M100 - Norimal Galaxy * In the local

universe...

- 10° of massive
galaxies contain
luminous quasars

- ~ 5% are moderately
luminous (Seyfert

3C273 - Active Galaxy PKS 2349-014 - Active Galaxy g alaxie S)

- - ~ 30% show signs of
* low-level nuclear

activity




Seyfert Galaxies

* Carl Seyfert (40s)

* Peculiar spiral galaxies with strong emission lines in the

nuclel
Gal_assia di Seyfert -

Seyfert nucleus (NGC7469)
Bulge of 'normal’ galaxy

- ]

NGC 1566 _ -Spirale | 2 /\ }(}L_ !

.................

« Emission lines indicates an ionization
level of the gas larger than HII regions
and

e Emission lines can have FWHM>1000
km/s (normal galaxies ~ few 100s km/s)



Ultraviolet Spectrum of
Seyfert Galaxies
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NGC 1068:
An Obscured Seyfert

This bright cloud has a direct
view of the intense nucleus

Radiation and (possibly) a wind
escapes through a cone-shaped

funnel

Nucleus is hidden in here



Basic Observed
Properties of AGNSs

Five main observed properties

Broad range of luminosities, reaching very large values.
Strong and broad optical/UV emission lines.

Emission over a very broad band (very unlinkely from
stars).

Variabllity.
Particle jets.



Broad Range of Luminosities
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Broad Range of Luminosities
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Broad Range of Luminosities

Span 9+ orders of magnitude in luminosity.

There is no strict lower limit on luminosity; e.g., even the black hole
at the center of our Galaxy shows some intermittent activity at very
low levels (comparable with 10%3in the previous units.

At very low luminosities, the distinction between active and normal
galaxies is largely semantic. There is no clear bimodal separation of
properties, for example.

There is a maximum observed luminosity, and we believe that we
have found examples of the most luminous AGNs that exist (i.e., the
most luminous quasars).

They outshine their own galaxy by factors of 100-1000s.. Can easily
be detected to high-z



Flux Density, f, (Arbitrary Units)

Strong and broad optical/UV
emission lines.
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Almost like a forest of ELs
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Strong and broad optical/UV
emission lines.

* Indicates the presence of ionized nebular gas.
* Gas Is photo-ionized by the bright central
source.

* Line widths indicate high-speed motions with a
wide range of velocities, up to ~ 25000 km s !l

| Not thermal motion, but
1 doppler - bulk motions




Strong and broad optical/UV
emission lines.

* Indicates the presence of ionized nebular gas.

* Gas Is photo-ionized by the bright central
source.

* Line widths indicate high-speed motions with a
wide range of velocities, up to ~ 25000 km s !l

Some lines are narrower [O Il1] vs Hf3
* Broad-line and Narrow-line
regions of AGNs




Strong and broad optical/UV
emission lines.

Indicates the presence of ionized nebular gas.
Gas Is photo-ionized by the bright central source.

Line widths indicate high-speed motions with a wide
range of velocities, up to ~ 25000 km s !

Abundances about solar or slightly super-solar (very
difficult measurements).

(Sometimes) AGNs present blue-shifted absorption lines



Blueshifted absorption
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* Can be very broad (large velocities-thousands km/s)
* Indicate the presence of absorbing gas along the LOS



Emission over a very broad band
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Emission over a very broad band
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Emission over a very broad band
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Typically much flatter spectrum w.r.t. e.g. stellar emission



B MAGNITUDE

Variability of AGNs
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The variability is generally chaotic without a clear period or quasi-period.




Flux density F, [ Jy ]

Variability of AGNs
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* Variability of 3C 27§ at Many Wavelengths

* The variabllity is generally chaotic
* No a clear period or quasi-period

* Variability in different bands is often correlated.
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Variability of AGNs

- X-ray light curve of the H
@ I- active galaxy 1H0707-495 W‘

Counts s~}
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e Variability increases (larger amplitude and more rapid) as one moves to higher

frequencies.

* Rapid X-ray Variability on Timescales Down to Minutes!!

« X-ray variability often implies an emission-region size of light hours or less.



Variability of AGNs
emits a sudden flash of light.

S Y —

2. The first light that we receive
comes from A (the part of the
object nearest to Earth).

To Earth —

3. The light from B (the center of

the object) has to travel an additional
15 light-year to reach Earth, so we

see this light /% year later than the
light from A.

4. We see the light from C (the far side of the object)

1> year later than the light from B and 1 year later than
the light from A. Hence we see the sudden flash of light
spread over a full year.

* Rapid X-ray Variability on Timescales Down to Minutes!!
« X-ray variability often implies an emission-region size of light hours or less.



Variability of AGNs
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e Variability increases (larger amplitude and more rapid) as one moves to higher
frequencies.

* Rapid X-ray Variability on Timescales Down to Minutes!!
« X-ray variability often implies an emission-region size of light hours or less.
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Emission-Line Variability

C IV Variability in NGC
5548

B | : | ' l

NGC 5548
HST spectra 1993

mean of
34 spectra
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Figure 4. The top panel shows the mean spectrum computed from 34 HST spectra of the
variable Seyfert 1 galaxy NGC 55480, The lower panel shows the rms spectrum based on
variations around this mean. The rms spectrum thus isolates the variable components of
the spectrum. Fluxes are in units of 10~ ¥ ergs s™! em™2 A—L.

Julian Date (-2400000)

Figure 23. The HB emission-line and optical continuum fluxes for Mrk 335, as shown in
Fig. 22, are plotted as a function of time. It is clear from the figure that the continuum
and emission-line fluxes are well-correlated, and that the correlation can be improved by a
linear shift in time of one time series relative to the other. The optimum linear correlation
occurs by shifting the emission-line light curve backwards by 15.6 days.

* The broad emission lines also vary, generally following the continuum with a lag.

* Leads to the idea of that there’s a physical time delay - different regions between
continuum and EL regions (reverberation mapping)



Particle Jets

Radio galasy 30355
YLA multi-band image (¢) NEAD 1985

Optical and Radio Views ‘

of Radio Galaxy 2C212
Montage (¢c) NRAD 1924

Radio Galaxy 3C296
Radio/optical superposition

Optical

Copyright (¢) NRAG/AUT 1999

* A significant minority of
AGNs (about 10%) emit
powerful particle jets.

* These produce strong radio
emission via synchrotron —
such AGNs are “radio loud”.

MIR Radiocontinuum HI X ray + Optical + Submillimetre + Radio Composition
Centaurus A



Fadia Galaxy 2057

How do we know the jets
are streams of gas?

They produce of kind of “skywriting” when
interacting with background

NGC 1265
- a‘“radio trail”

YA 20cm image (c) NEAQ 1996



VLA-90cm

VLBI-1.3ecm

Particle Jets

VLA-7 mm

-'.-r*"

/‘U’LEI- 18 em

Zooming in on the jet of M87.

Note the pointing stability
over a very long timescale.

Implies some “gyroscope”
keeping the pointing fixed.

Can trace the jet down to the
vicinity of the SMBH.



3C279

Superluminal Motion

5 milliarcseconds
Courtesy of Monaco




Super-Luminal Motions

Suppose source emits flashes 1 day apart, while
moving toward you at 0.8c

7~ N\ Flash1
Flash 1 ﬁlt-d{
7~ N\ Flash 2
1 It-day
{"ﬁranshZ
0.8¢ Flashes emitted 1 day
i apart, received
Flash 1 * 0.8 It-day 0.2 days apart.

Day 0 Day 1



Super-Luminal Motions

* Consider continuously glowing blob, moving
almost directly toward you at 0.8c

0.8 sin®

Actual dist. traveled: 0.8 It-day
Apparent travel time: (1- 0.8 cos0) day
Sideways dist: 0.8 sin®
Apparent sideways speed:

0.8 sin@/(1- 0.8 cos0®) c

0.8 cos®

0.8 It-day

Day 0 Day 1



Radiative Mechanism
needs to explain:

* Broad range of luminosities, reaching very large
values.

e Strong and broad optical/UV emission lines.
* Emission over a very broad band.

* Variability.

e Relativistic Particle jets.



Radiative Mechanism
needs to explain:

Broad range of luminosities, reaching very large
values.

Strong and broad optical/UV emission lines.
Emission over a very broad band.
Variability.

Relativistic Particle jets.

.
Black Hole + Accretion Disk Model



Sagittarius - A
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* Dynamical mass of Sagittarius — A - few 10° Msun within ~10s AU




Star proper motions and orbits

Breakthrough from the detection of accelerations (i.e. curvature of proper
motions), and the determination of stellar orbits.
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Dynamical Masses: S2 star
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Other Methods

Which are the scales probed In terms of the
Schwarzschild radius, i.e. the BH typical size?

6 fis 2 GMen 10~ " arcsec BH D
g = —— = —_— —_—
D c2 D 108 Mg 20 Mpc
TABLE I
Probing the centers of galaxies.
Method & Scale No.of SBH M, Range Typical Densities
Telescope (Rg) Detections (Mg) (Mg pc_S)
Fe Ka line (XEUS, ConX) 3-10 0 N/A N/A
Reverberation mapping (Ground 600 36 106—4 x 108 21010
based optical)
Stellar proper motion (Keck, NTT, 1000 1 4 x 100 4 x 106
VLT)
H>0O megamasers (VLBI) 104 1 4 x 107 4 x 10°
Gas dynamics (optical) (Mostly 106 11 7 x 107—4 x 107 ~10°
HST)
Stellar dynamics (Mostly HST) 10 17 10’ -3 x 10° ~10°

The columns give all methods which can (or, in the case of the Fe Ke line emission, might) be used

Ferrarese & Ford 2005



Eddington Limit

« Accretion produces radiation: radiation makes pressure — can this inhibit further accretion?

* Radiation pressure acts on electrons; but electrons and ions (protons) cannot separate
because of Coulomb force.

4nGMm ¢
_ LO'Tz _F. =GM(m§+me) L L<L,, = p
47cr r o8

(m, >> m,)

rad



Black Hole + Accretion Disk Model

Schematic depiction of AGN SED
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Origin of the X-ray Emission
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_ure 4.3. A schematic of a combined disk—corona spectrum. The maximum
temperature of the geometrically thin, optically thick accretion disk is 7,

max —

10°K, and its outer boundary temperature is determined by the conditions at

the self-gravity radius. The disk is surrounded by an optically thin corona with
T =10° K,

X-rays are not naturally produced by AGN disks; the disk is too cool.
Need to add an accretion disk “corona” with a temperature of ~ 150 keV.
This makes X-rays by Compton scattering.

Perhaps low-energy X-rays from disk component (soft X-ray excess)



Obscuration and Radiation
Reprocessing

Center of the Milky Way Galaxy
Chandra X-ray Observatory X-ray source Accretion disk
M Hubble Space Telescope

Fﬁ;f_’{:ﬁﬂ 2 Spitzer Space Telescope Optical, UV, Soft X-rays

X-ray Binary
1E 1743.1-2843

“. ?a.gi ttarius A

50 Iight—yrears-
15.3 parsecs 635"

Obscuring gas & dust “torus”
(Note cut-through view)

* Many active galaxies have obscuring/reprocessing material, often envisioned to be in the form of a “torus”.
* This material likely produces much of the infrared emission as reprocessed “waste heat” from dust.
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Explaining Variability

The accretion disk is expected to have about the correct size to explain the
observed variability timescales.

It naturally explains the change in variability as a function of frequency.

At a fundamental level, the physical origin of the variations is STILL
POORLY UNDERSTOOD!

MHD simulations of accretion disks indicate several possible causes of
variability: local random variations in dissipation, non-axisymmetric
structures, global precession of tilted flows, etc.

A deeper understanding will require proper simulation of both dynamics
and thermodynamics.

Also can have variable accretion rates, variable obscuration, microlensing.



Explaining Particle Jets

Formation of extragalactic jets
from black hole accretion disk

Extragalactic
jet

\ Magnetic

field lines

Accretion
disk

BH Accretion is a natural good candidate:

* Relativistic Motions

* Magnetic Fields (also responsible for the X-ray Corona emission)
» Stable “gyroscopes”
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* AGN basics

* AGN terminology
* AGN unification

* Dissecting AGNSs

* Focused lecture: Proving the Evidence of a
SuperMassive BH



Finding AGNSs

* There are many methods for finding AGNSs.

 All methods devised for finding AGNs have
limitations and selection effects.

* Though some are more effective and give purer
samples than others.

* For a complete census, want to apply as many
methods as possible enabling cross-checks.

* Need for Multiple Methods.



Optical/UV Colors
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These methods work best for unobscured quasars; e.g., reddening
causes trouble.

Furthermore, at lower AGN luminosities, host-galaxy light becomes
problematic
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BPT Diagram
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Figure 6.1. The spread of emission-line galaxies from the SDSS on one diagnostic
diagram that uses four strong optical emission lines, Ho, HB, [O111] A5007, and
[N 11] A6584, to distinguish galaxies that are dominated by ionization from young
stars (green points) from those that are ionized by a typical AGN SED (blue points
for high-ionization AGNs and red points for low-ionization AGNs). The AGN and
SF groups are well separated, but the division between the two AGN groups is
less clear. The curves indicate empirical (solid) and theoretical (dashed) dividing
lines between AGNs and star-forming galaxies (courtesy of B. Groves).

O
v



Luminosity-Redshift Coverage
from Optical/UV Surveys

30} e ° -

—-26

~24
Just et al. (2007)

=22

0 1 2 3 4 S 6

 The SDSS has now identified ~ 300,000 AGNSs.
* These span a broad range of luminosity and redshift.
* Note the inevitable luminosity-redshift correlation, common to surveys of all types.



X-ray Surveys for AGNs

X-ray emission nearly universal from AGNs. Almosto all AGNs are STRONG X-ray emission.
X-rays have reduced absorption bias compared to optical/UV, especially for high-energy X-rays.
X-rays maximize contrast between black-hole vs. host-galaxy light.

Can find obscured AGNs and lower luminosity AGNs than in optical/UV.

Now are a wide variety of X-ray surveys, ranging from shallow all-sky to deep pencil-beam.

ROSAT ALL-SKY SURVEY Bright Sources Chandra Deep Field-South

Aitoff Projection
Galactic || Coordinate Systemn

Energy range: 0.1 - 2.4 keV
Number of RASS-I sources: 18811

Hardness ratio: -1.01-0.41-0.210.210.611.0 (soft -> hard : magenta - red - yellow - green - cyan) &

3.817 Ms coverage

465 arcmin? : Xue et a_l (2011)

776 point sources




Gamma-Ray Surveys for AGNs

Gamma-ray surveys mostly find AGNs with radio jets pointed right at us,

commonly called “blazars”.

Credit: NASA/DOE/Fermi/LAT Collaboration

What has Fermi found: The LAT two-year catalog

w-. }

L i Pulsars 4%
g 6%

Non-blazar
active galaxies
1%

Unknown
31%

Supernova
remnants

Globular clusters,
high-mass binaries,
normal galaxies
and more

Blazars
57%



Infrared Selection of AGNS

1-5 T T T I T T ‘[ T 3 T T T T T T T T T | T
+ WISE source
L4 ® WISE AGN
1 x IRAC AGN
/| @ WISE+IRAC AGN
1 — —
0]
0
<+
— -
|
— * O]
© I '
5 0.5 e b .
T
gl
H
0 — —
[ | | |
0 1 2 3

[5.8] - [8.0]

Figure 4. IRAC color—color diagram of WISE-selected sources in the COSMOS
field. We only plot sources with S/N = 10 in W1 and W2, and we require
[3.6] > 11 to avoid saturated stars. Sources with W1 — W2 2> 0.8 are indicated
with larger circles; filled circles indicate sources that were also identified as
AGNs using the Stern et al. (2005) mid-infrared color criteria. Sources identified
as AGNs using Spifzer criteria but not using the WISE criterion are indicated
with x’s.

Stern et al. (2012)

Several methods have been developed
for the effective selection of AGNS in
sensitive infrared data.

Often are seeing infrared power-law
emission or “waste heat” from the AGN
re-emitted by warm dust.

These are also relatively resistant
against obscuration effects.

They sometimes even find AGNs
missed in X-ray surveys.

At lower AGN Iluminosities, such
surveys suffer substantial
contamination from star-forming
galaxies.
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Radio Surveys for AGNs
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©r1 » Many of the first quasars were
found via radio selection (3C).

* About 10% of AGNSs are radio-loud
sources.

» Sensitive radio surveys can detect
many radio-quiet AGNSs too.

Stars are usually very weak radio
°I] sources, so little stellar
contamination.

Generally good radio positions
allow efficient follow-up studies.
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Often quite incomplete, owing to
radio-quietness of many AGNSs.

Often involves “human
¢ intervention” - Visual inspection
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Radio Surveys for AGNSs

* Many of the first quasars were
found via radio selection (3C).

* About 10% of AGNSs are radio-loud
sources.

» Sensitive radio surveys can detect
many radio-quiet AGNs too.

» Stars are usually very weak radio
sources, so little stellar
contamination.

* Generally good radio positions
allow efficient follow-up studies.

« Often quite incomplete, owing to
radio-quietness of many AGNSs.

 Often involves “human
intervention” - Visual inspection




The AGN bestiary

BAL Quasar

Seyfert 1 galaxy Radio Loud Quasar

FR1 Radio-Quiet Quasar
Blazar Broad Line Radio galaxy
OVVs
Narrow-Line Radio Galaxy LLAGN SEyRertagalaxy
. FRII
Narrow-Line Seyfert 1 LINER
BL Lac Object Type 2 Quasar

Weak Line Quasars



Galassie di Seyfert

Esistono due tipi di galassie di Seyfert in base L
.. [Ne V133425 Seyfert 1 NGC 5548
alla presenza o meno di righe larghe nello {

[O (1] 25007 [N [[] 26583

HP 14861

spettro: . s
~20% di tutte le Seyfert

[MNe [1]2.3869
[ Hy 430
HE 24101

[Fe VIO A3760 [o l[ﬂm§9<‘

T | T ] T ] T

=

W righe larghe (broad ~ 5000 km/s;
> 1000 km/s) continuo UV-X forte e

F, (o™ ergs stem™ i")
(S
l

' ' LW [S (1] 226716, 6731
variabile; i [o.mm.x,mw
W luminosita fino a ~10% erg/s o[ | ke ) [| v | h:
("‘"2)(1 011 LO). C_1 | | CTK“TJ | l | ! | | | | | | | O
4000 5000 65000
[ | T I I | T
. _) — HU,+[NII]M48,6583—| —
W solo righe strette (narrow ~ 500 km/s; < _80% 8 ;zfgrlt;? |
1000 km/S), di tutte le : [O [I[] k34959, 5007 :
3¢ continuo UV-X molto debole rispetto a  Seyfert | o uum —— |
quello stellare della galassia ospite. W

: regione
compatta, di alta densita (n >10° cm) Qi ol T T Y T A
: regione estesa 4000 5000 6000 7000
di bassa densita (n ~10% -10° cm®) Wavelength (A)
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Altre galassie di Seyfert ...

Le Narrow Line Seyfert 1 Galaxies (NLS1) sono -

L [ L lll | I I 1
galassie di Seyfert di tipo 1 ma con righe larghe I ]
(1 .

strette”: 1000 km/s < FWHM < 2000 km/s | UJ 615 ok 1066,
WM"*"M‘J 'l W«—M
I O O B B B X He Il (©m
— l‘lcr.-'-['N[[]?..?-ﬁs-ls,&SBS-l — l-;
: N N 5 NLS1 (Mrk 42)
— [O [[] AA4959, S007 — © - r -
i | Q:_S WLW\LMM
| [O m]Ai3T27 [O [1A6300 -
4 w — F Fell Sy1 (NGC 3516)
I L N e
'E | B JHeII lH;s lkmvflw*’“‘“«lﬁmﬁq
"'% 0 =1 |,|,|,||{ 2400 4600 4800 5000 5200 5400 5600
Wavel h
i; o L oqmoem . avelengt
NGC 1052
10 — —
i . | ILINER (Low lonization Narrow Line
F"ﬂ | e |M%“’ |”“ Region) sono analoghi delle Seyfert 2 ma
¢ e 5000 6000 w0  CON righe molto forti di bassa ionizzazione.
Wavelength (A)

G. Risaliti



| Quasar

Scoperti nel 1960 come sorgenti radio (Quasar = Quasi stellar radio source)
|dentificati nel 1963 (Marteen Schmidt). Sono piu luminosi delle galassie piu
luminose note.

La loro luminosita “nasconde” la
galassia ospite ed hanno
un’apparenza stellare.

Quasar 3C 273 HST = WFPC2, ACS

. BT & B | Syapny
i) -
O
O ACS/HRC
W - ,._ NASA, A. Martel (JHU), the ACS Science Team, J. Bahcall (IAS) and ESA STScl-PRC03-03
- 1400k .
O b1 |
£ o Fnenit) o ?f?f‘s ~ : N
5 | | 1sae B 3C 273 - il quasar piu vicino
O & ] . .
= WM} \u 19004 o0 6saat ] e la sua galassia ospite.
T cmj+si] 57988 HB 65634 ]
e CFl NIl w H Ha+[Ni] |
é 9804 ﬂ—-&.jj_./«l—}\. i
1 | 1 L l | 1 | 1 ] Esl—
0
600 800 1000 2000 3000 4000 6000 . . .
wavelength (&) Spettro tipico di un quasar.

G. Risaliti



Esistono due tipi di sorgenti radio (galassie o quasar) classificate in base alla
loro apparenza radio:

Sorgenti Fanaroff-Riley | (FR )
Sorgenti Fanaroff-Riley Il (FR 1)

Getti radio gemelli, molti
“blob” di emissione,
estesi, oscurate ai bordi
(edge darkened)

<2x10*®*W FRI

Radio
Loudness
L(178MH2)

Getti radio singoli e
altamente collimati,
brillanti ai bordi
(edge brightened)

>2x102°W  FRII

Courtesy of Monaco



BL Lac e Blazars

Alcuni AGN sono peculiari nel senso che sono caratterizzati da:
sorgenti radio compatte (no lobi) e molto potenti;

spesso “blob” di emissione radio mostrano moti superluminali (velocita
apparenti sul piano del

cielo > c);

hanno spettri dominati da

continuo fortemente i
] [ [ ] . + =
polarizzato privo dirighe di & .12|- -
emissione; £ 3 2 < :
g +14 - o ,f :
la SED & piu piatta di quella = 2l B hy :
. . @ + S 5 !-'. : o
degli altri AGN; Ty — e 2
Q.
< +18| .
sono estremamente variabili | l | I | I l |
: - o 1931 1934 1937 1940 1943 1946 1949 1952
in luminosita. Year

Questi AGN sono detti BL
Lac o Blazars.

G. Risaliti



The AGN bestiary

BAL Quasar

Seyfert 1 galaxy Radio Loud Quasar

FR1 Radio-Quiet Quasar
Blazar Broad Line Radio galaxy
OVVs
Narrow-Line Radio Galaxy LLAGN SEyRertagalaxy
. FRII
Narrow-Line Seyfert 1 LINER
BL Lac Object Type 2 Quasar

Weak Line Quasars



The AGN Zoo — Key Classification

Strength of Radio Emission
- Radio-Loud Quasar vs. Radio-Quiet Quasar

Optical/UV Emission-Line Properties

- Seyfert 1 galaxy vs. Seyfert 2 galaxy

- Type 1 Quasar vs. Type 2 Quasar

- Broad Line vs. Narrow Line Radio Galaxy

- Also intermediate Seyfert types, Narrow-Line, Seyfert 1, BL Lac, Weak-Line Quasar

Also Variability and UV Absorption-Line Properties

Luminosity is also often used in classifications for largely historical reasons; usually not so
fundamental (e.g., Seyferts are just low-luminosity quasars).

AGN zoo: 3 dimensional classification: optical spectral type, radio properties, and L

Table 1.2: The AGN Bestiary

Name Optical spectral Radio Luminosity?
Beast Pointlike Broad-band Broad Lines Narrow Lines Radio Variable Polarized type? Loud?
E Seyferts 1,12,15,18,1.9, No Moderate
Radio-loud quasars Yes Yes Yes Yes Yes Some Some 20
Radio-quiet quasars Yes Yes Yes Yes Weak Weak Weak Quasars i (2 No High
Broad line radio galaxies Yes Yes Yes Yes Yes  Weak Weak
LINERS or 1,2 Yes and No | Low
(FR2 only) low-luminosity AGN
Narrow line radio galaxies No No No Yes Yes No No Broad-line Radio 1 Yes Moderate
(FRI and FR2) Galaxies (BLRGs)
: . ﬂ i . ’ Narrow-line Radio 2 Yes Moderate
OVV quasars Yes Yes Yes Yes Yes Yes Yes (é Galaxies (NLRGS)
BL Lac objects Yes Yes No No Yes Yes Yes 2 | Radiodoud quasars | 1, 2 Yes High
Seyferts type 1 Yes Yes Yes Yes Weak Some Weak §
Seyferts type 2 No Yes No Yes Weak  No Some ._g FRIs 1 Yes Low
LINERs No No No Yes No No No é:u :
FRIls 1,2 Yes Low-High
Blazars o Yes Low-High

Krolik (1999)




Classification Scheme

radio

NLRGs BL Lacs

BLRGs OVVs
RLQs -

variability

Seyfert 2s

Seyfgrt 1s
RQQs

emission line width

Fig. 1.9 The principal subvarieties of AGNs schematically arranged
according to relative power in the radio band, emission line width,
and variability. All combinations are possible except that there are

no highly variable radio-quiet objects. Krolik (1999)



Evidence for Unification

* Key Observation:
Polarized Spectrum of
NGC 1068 (Seyfert 2
archetype) - Shows
clear Broad Lines!

Polarization and the Hidden Nucleus of NGC 1068

* Polarized light enhance
the presence of broad
linees.

* BL in intensity are 100
times fainter than
Continuum and NL e el
(impossible to detect) . —— —

Polarization map




radio-loud (RL) AGN

radio-quiet (RQ) AGN

The Unifying Model

Blazar
low power high power

BL Lac FSRQ

s

FR-I , FR-II
jet
P 0 NLRG,
NLRG Type 1I
folle)

Seyfert 2

dusty absorber
accretion disc

electron plasma

black hole

broad line region

narrow line region

Seyfert 1



Dissecting AGNs emission

1) The BH region
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Courtesy of Pat Hall



Dissecting AGNs emission

2) The UV/Optical Continuum Emission Region
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Dissecting AGNs emission

3) The Broad Line Region
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Dissecting AGNs emission

4) The Outflow Region
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The Black Hole Region

 [Inher ~50 RS

Figure 4. View of the disc as seen by a distant observer at an inclination angle of 5° (upper left), 30° (upper right), 55° (lower
left) and 80 (lower right). In these raw images, note the presence of stress extending to the inner boundary of the computa-
tional domain, within the marginally stable circular orbit. Movies showing the evolution of the simulated disc are available at
http://jilawww.colorado.edu/~pja/black-hole.html.



The Black Hole Region




The Black Hole Region

Schematic AGN X-ray Spectral Energy Distribution

Continuum components

 Power law

* Soft X-ray excess

* Compton reflection
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The Black Hole Region

Schematic AGN X-ray Spectral Energy Distribution

Continuum components % ~ \\\
* Power law T o
* Soft X-ray excess £ 5 ]
» Compton reflection e =
hump N ————,
Discrete atomic features | g
* [ron Ka Line g - Yy ]
. . B iy et +__

* Other line emission E R R T e
1 10 100

Channel energy (keV)

Suzaku Spectrum Reeves et al. (2007)



X-ray Power Law

* Power law N(E) a ET has a photon index of I' = Magnetized
Disk Corona
1.7-2.2. A

* The “corona” Compton up-scatters UV/optical
photons from the disk to create the power law.

* Corona likely heated by magnetic flares.

* Corona has a temperature of ~ 150 keV, beyond
which an ~ exponential cutoff is observed.

* 150 keV “reasonable” - 511 keV pair production

» The corona’s properties cannot yet be computed
from first principles, but progress being made.

 Thus the corona’s nature remains uncertain.
- Sandwiching the disk?
- Base of a jet?



 Almost all
AGNSs show
some X-ray
emission

X-ray sighature

90% Conf. Limit on Fraction of Quasars

0.01

0.1

I|TI

217 radio-quiet AGNs
SDSS

_ ) 100% X-ray detections
139 radio-quiet AGNs

100% X-ray detections i

Gibson et al. (2008)

Ll l 1 1 1 Ll 1 1l
1 10
Factor of X-ray Weakness



Soft X-ray Excess

* Strong soft emission of a ~ Mﬂ M Ark 564 _
blackbody spectral form seen _ # XMM—-Newton EPIC |
from some objects below ~ 1.5 @ |- ﬁ Vignali et al. (04)
keV. ‘

* Too hot and too variable to be : Soft

entirely from standard accretion

Data / Model Ratio

| ol
* Likely a combination of disk :
emission at lowest energies plus Power Iaw
a cool Compton-scattered : N |
component and disk reflection. R I AL ++_+_

0.5 1 2
Energy (keV)



Compton Reflection Hump

60 keV Compton
<60 keV

IIT'IIII T T 1

T TTTT0

L1 Lipi

Photons keV
T llly T

| | IIIIiII

| llIIIIII

T T Illll'
1 1 IHIHI

IlIlIII | |
1

E (keV)

* Broad band hump peaking at 20-40 keV.

* Produced when X-rays shine upon the accretion disk or other material.

« At low energies have a competition between Compton scattering and photoelectric absorption.
* Photoelectric absorption dominates below 10-15~ keV

At high energies drops off due to e.g. Compton recoil, and the power-law cutoff.
« Affected by Doppler shifts, beaming, GR



. Iron Ko Line  -zev-os

Newtonian | |
i 1
| |
| f\.‘nk ,ﬂ |
AL
Special relativity } Transverse Doppler shift z
|
| Beaming
\\ ‘ ,,{f.f"l |‘
1T I |
g-::-l----l ......... b a
General relativity I Gravitational redshift o 4 e : ¥ B

Observed Energy (keV)

Figure 4: The figure above shows the relativistic disk line profile revealed in

MCG-6-30-15 after fitting for the continuum. (Adapted from Miniutti et al. 2007

. and Reeves et al. 2006.) The line in MCG-6-30-15 is the best example known

Fabian et al. (2000) presently, and these spectra above are the best yet obtained. The spectrum in

Line profile ‘ black was obtained with Suzaku, and the spectrum in red was obtained with
- XMM-Newton.

P i I
0.5 1 1.5
oba/ Vem 6.4 keV
* Made via iron fluorescence when disk irradiated by X-rays.
* Iron has best product of abundance and fluorescent yield.

» With very high-S/N data, can use to estimate disk
inclination, disk emissivity, and black-hole spin.




X-ray Variablility
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AGN variability power spectra usually do not show periodicity or quasi-
periodicity.

Observe noise power spectra with a bend/break at ~ 0.1-100 days.

The bend/break timescale can be correlated with other AGN physical
properties.



X-ray Variablility
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 AGN variability power spectra usually do not show periodicity or quasi-
periodicity.

* Observe noise power spectra with a bend/break at ~ 0.1-100 days.

« The bend/break timescale can be correlated with other AGN physical
properties.



The Broad Line Region (BLR)

* Relative strengths of emission lines in AGN spectra indicate we are
observing gas in photoionization equilibrium at ~ 104 K.

* Abundances about solar or slightly supersolar.

 Lines are kinematically composite:

- Broad components
* Doppler widths of 1000-25000 km/s.
- Arise in gas with density n_~10° -10** cm = (as determined from strengths (missing) of certain
density sensitive lines like [O 1ll] and CIII]).
* We called it the “Broad Line Region”

* These motions are not thermal (~10 km/s for 104 K).
* Rather are supersonic bulk motions.

* The larger Doppler widths of the broad lines indicate they arise deeper in
the gravitational potential.



Strong and Broad Lines Common

4000 A wavelength 9000 A



Broad Lines Lag Continuum
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Grier et al. (2012)

The broad lines vary on short
timescales, usually following the
continuum variations with a time
delay.

Thought to be the light travel time
across the BLR, leading to the idea
of “reverberation mapping”.

Provides a way to measure the BLR
size, which is ~ 5-500 light days
depending upon luminosity.

The narrow lines do not vary on
short timescales, indicating they are
from a much larger region.



BLR Size (It-days)

Size of the Broad Line Region
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« The BLR radius is found to scale as R , ~ L°>%7.

* The slope is about as expected if all AGNs have similar ionization
parameters and densities in their BLRs (r ~ L%°)

Derived from - & = L/(n R?)
¥

lonization parameter

1 046



Object-to-Object Differences
In Broad Line Properties

* There are significant object-to-object differences in broad-line properties.

* There is a set of emission-line properties that vary in a correlated manner
called “Eigenvector 1".

« Likelyrelatedto L/ L_, .
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Reverberation Mapping:
Stratification and Virialization

* Reverberation lags have now been measured for ~ 50-100 AGNSs.
* The current sample is biased toward AGNs with relatively strong lines.
« Mostly measured for H., but in some cases for multiple lines.

* The highest ionization emission lines respond most rapidly to continuum
changes, indicating ionization stratification.

* A plot of line width vs. lag (1) shows that v ~ 1°° , as expected for virialized
gas dominated by the gravitational potential of the central source.

QUICK FIELD: Author First Author Abstract Year Fulltext All Search Terms

2022 reverberation mapping year:2022

Your search returned 47 results
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Estimating Black Hole Masses

* Can estimate black-hole masses
following the virial theorem:

ferAV?
G
 Where f is a factor that includes

_ N Other lines = (unknown) BLR geometry and
b inclination.

| | | |||III| | |

10000
Mgy =

|
:_‘_\ Virial Expectation NGC 5548

/
!

e Comparison with other mass-
estimation methods indicates an
average value of f ~ 4-5.

* Masses measured this way
appear accurate to within a factor
of ~ 3 when Hg is used.

1000 L1 R —  Note this method can be used, if
1 10 patient, for masses at high
T, (days) redshifts.




Mass-Luminosity Relationship

Peterson et al. (2004) . Can combine the R . -L relation with the
Bolometric luminosity .. . .
o owE ol ol g el virial theorem to estimate single-epoch

I IIIIIII| 1 rl—llllll I IIIIIII| LI IT]”' T T 1IIII| 1

masses. For example...

10’

10*

My, T [vL,,(SlOO A)1°7 [FWHM(HB)r

10° M B 10* ergs s~ 10° km s~

=
=)
=

 Similar relations exist for Mg Il and C IV.

Black hole mass (solar masses)

T IIII|I|
11 IIIIIIl

* These allow quick estimates for large AGN

g L ol e s oot s e samples, but their accuracy is no better
Optical luminosity AL, (51004) than a factor of several. The main
Fig. 9. The mass-luminosity relationship for reverberation-mapped AGNs. The Cha”enge |S Chal'aCtel’IZIng the Ilne WIdthS,

luminosity scale on the lower x-axis is log AL, in units of ergs s~'. The upper
x-axis shows the bolometric luminosity assuming that Lo &~ 9ALx(5100A). The
diagonal lines show the Eddington limit Lgdd, 0.1Lg4d, and 0.01Lgaa. The open

circles represent NLS1s. From [25] « Statistical use of such masses in large
samples is probably OK, but individual
mass estimates may be unreliable.

where caution is needed.



What is the Nature of the BLR?

* After much research, it is appearing increasingly likely that the
BLR itself has a composite nature:

* Moderate-ionization and high-optical-depth region
— Largely responsible for the Balmer-line emission and Mg Il
- Accretion disk itself?

- A disk with a large line-emitting region can make single-peaked
profiles consistent with most objects

* High-ionization and moderate-optical-depth region
— Largely responsible for the high-ionization lines
- Accretion-disk wind?

- Helps explain blueshifts of high-ionization lines and blueward line
asymmetries



Outflowing

Winds

Blueshifted UV Broad Absorption Lines (BAL) in Quasars

Seen in 10-15 % of sources, but thought to be associated to 20-30% of sources (due to selection

effects)

Complex and multiple absorption features
Defined to be broader than 2000 km/s
Smaller are often defined as mini-BALs

flux (x10-'% ergs s=! ecm=2 A1)

600 800 1000 Feak 1200 1400
S e . "1 wavelength T [ = " T d
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0O VI 1034 L C IV ]

re 1549
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Si IV 1397 ﬁ
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S 1 b
0OV N III O III N III
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observed wavelength (&)

Arav et al. (2001)



UV Outflows Found Over a

Wide AGN Luminosity Range
07— 1 T
E 40 - .
© e e
\ 20 - t j
>E A/ *8 J"?ﬁ jp
O/~ " .° |A.LS :fiﬂ':.'lt wd
43 44 45 46 47

log A L,(3000 &) [erg s7']

* There's seem to be a correlation with L.
- The larger the luminosity, the larger the wind velocity



BAL Fraction Depends
Upon Radio Power

OO F Shankar etal. (2008) 5 -
o5& + 1 g " E « BALs generally avoid highly
. E | 1 | _é_ 1 - Bl . .
P SR E radio-luminous quasars (though
T R not entirely).
A S A g
203k S | : * Reason for this is still not
=k 4 ! - g entirely clear.
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0.1F H’+ +++ 3 - Connection with Eddington
i é Rate (ER)?
1032 1033 103 10% 103 - Lower ER - Radio Mode
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 Qrientation effects?



Wind Model

N T T T S R < i & A e RN U SR y
SDSS J104109.85+001051.8
Redshift= 2.25

=] i M M i | L " M L i L M i L 1 M i 1 M L i L
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Most AGNSs likely drive winds — orientation effect.

Multiple lines from same transition probe distinct wind components.

Wind material exists over a wide range of radii from 0.01 pc to kpc
scales. Often outside the BLR.

Lines often saturated with partial covering.

* Wind is driven by radiative pressure on the lines from the Equatorial
Accretion-Disk or Torus to Velocities of ~ 100-30000 km/s



Effect of Winds

* Why Care About AGN Winds?

 Significantly affect observed AGN properties (UV line
absorption, high-ionization line emission, reddening,
polarization, X-ray absorption).

» Substantial part of typical AGN nuclear regions; seen in
absorption in ~ 30+% of AGNSs.

* Help black-hole accretion to proceed by removing angular
momentum from the disk.

e Can evacuate gas from the host galaxy, likely affecting
black-hole growth and galaxy evolution.



Wind Feedback into the ISM

Shock front
(momentum and \ L i
- {_——'—"_? .
pressure conserved) g — Wind shock
(energy conserved,
but rapidly cooling)

-
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._ -=7 Fast wind
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ISM shock
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The Narrow Line Region

Dusty Torus

Radio Jet




Imaging the NLR

NGC 10‘@53{ g

Nucleus
NLR “plume” is ~ 200 pc long.
Combined U and [O III] image
HST - Macchetto et al. (1994)

NGC 1068 (Fath 1908)

The line emission region is
clumpy and complex.

NLR is clearly not spherically
symmetric, but rather is
roughly axisymmetric.

NLR axis generally coincides
with radio axis in cases where
extended linear radio emission
IS detected.

In some sources, we see
strong line emission from
regions where the radio jet is
colliding with the ISM and
causing shocks — an additional
source of ionization.



The Narrow Line Region

Narrow components
- Doppler widths typically less than 900 km/s.
- Arise in relatively low-density gas (n_ ~ 10° cm* ) (Forbidden Lines!!)

- From the “Narrow Line Region”.
Largest spatial scale where ionizing radiation from the AGN dominates.

NLR can be spatially resolved in the optical; has sizes of ~ 100+ pc in local Seyferts (and even larger
in quasars).

Can map out physical and kinematic properties directly to some extent.
FWHM values are 200-900 km s/1 , with line profiles varying across NLR.

See a wide range of ionization states:

- Low ionization (e.g., [O 1] A6300)

- High ionization (e.g., [O Ill] A4959, 5007)

- Sometimes even very highly ionized species (e.g., iron coronal lines)

From line ratios, infer that the NLR is mostly photoionized by the AGN continuum (with some likely
additional ionization by shocks from radio jets).

NLR line EWs drop with increasing continuum luminosity, and are often undetectable in high-luminosity
guasars.

NLR becoming larger than the host galaxy?

If inoization parameter ¢ is constant —» & = L/(n R?) — R Can exeed the Galaxy (running out of gas)



Importance of NLR

* Line peaks provide useful systemic
redshifts for AGNSs.

* Useful as a bolometer for inferring
AGN total power.
- NLR lines can be used to estimate

rough bolometric luminosities, even for
obscured AGNSs.

- Emitted from a region larger than any
nuclear obscuration - Vary on longer
timescales (decades).

* Connection with Eigenvector 1.

* NLR line widths are correlated with
host-galaxy bulge luminosity (and
bulge gravitational potential).

* Anisotropic illumination provides
clues about AGN geometry and
orientation.

43 .

42 - . =
- * LT B L Il

lof Loy

40 - -

39 - =

3 B 1 1 1 L | 1 1 1 1 | [l 1 1 L | 1 L 1 I | L 1 1 1 | 1 1
41 42 43 44 45 46

log L,y

Fic. 2.—Plot of the hard X-ray (3—20 keV) vs. the [O m] 45007 luminosities

for the AGNs in Fig. 1. The Type 1 AGNs are plotted as filled circles and the

Type 2 AGNs as hollow circles. Luminosities are in units of ergs s~ '.



Importance of NLR

* Line peaks provide useful systemic
redshifts for AGNSs.

* Useful as a bolometer for inferring
AGN total power.

- NLR lines can be used to estimate
rough bolometric luminosities, even
for obscured AGNSs.

- Emitted from a region larger than any
nuclear obscuration.

* Connection with Eigenvector 1.

[_ Q [I H :‘ll.‘-‘ll:?\

* NLR line widths are correlated with

hOSt-gaIaXy bUIge Iu mi nOSIty (and Figure 6: [OlllJ/(H~+[NIl]) showing the ionization structure of the cone.
I I I The uniform dark blue region is where Ho+[NII] but not [Olll] was
bulge gravitational potential). I e a0

* Anisotropic illumination provides Marconi et al. (1994)
clues about AGN geometry and
orientation.



Importance of NLR

* Line peaks provide useful systemic
redshifts for AGNSs.

* Useful as a bolometer for inferring R NGC 5252 O** emission
. N

AGN total power.

- NLR lines can be used to estimate
rough bolometric luminosities, even
for obscured AGNSs.

- Emitted from a region larger than any
nuclear obscuration.

* Connection with Eigenvector 1.

* NLR line widths are correlated with
host-galaxy bulge luminosity (and
bulge gravitational potential). Netzer (2013)

* Anisotropic illumination provides
clues about AGN geometry and
orientation.

Orientation of the Cone not correlated
with host galaxy



The Torus and the Unifying Model

 To first approximation, the optical/UV
spectra of AGNs separate into two broad
spectral types:

* Type 1:

- Broad permitted emission lines, particularly the
Balmer lines

- Permitted lines clearly broader than forbidden
lines

- Moderate EW forbidden lines
* Type 2:

- Narrow permitted emission lines, particularly
the Balmer lines

- Permitted lines have similar widths to forbidden
lines

- High EW forbidden lines
* There are additional complications to this

simple scheme (e.g., intermediate type
classifications, narrow-line Type 1 AGNSs).

Dusty Torus

Radio Jet

Urry & Padovani 1995

* These optical spectral differences have
come to be understood as (often) due to
orientation-dependent central obscuration
by a so-called “TORUS”.



The Torus and the Unifying Model

Urry & Padovani 1995

Dusty Torus

Radio Jet

The torus is presumed to be an axisymmetric structure of
large height so that, at least at low luminosities, the
majority of AGNs are obscured by it.

It is made of a combination of dusty atomic and
molecular gas.

The dust causes large extinction in the optical/UV and
sometimes even in the NIR.

The torus lies between the BLR and the NLR.

Type 2 AGNs are those obscured by the torus, and
emission on the scale of the BLR and smaller is
obscured by it.

Models explaining differences between Type 1 and Type
2 AGNs this way are referred to as “unification models”.

These models have had much success, though they are
not complete and there are likely exceptions.

There appear to be substantial object-to-object variations
in the covering factor and geometry of the torus.

Keplerian velocities at the torus distance are ~ 1000 km/s
Density of torus “clumps” are ~ 10° -10” cm™3 .

The estimated mass of the torus is only a small fraction
of the SMBH mass.

The torus is likely a dynamic system (maybe clumpy)
being part of the general flow of matter from the galaxy’s
center to the SMBH. But the details remain unclear.
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Figure 5. Size—luminosity relation for AGNs probing
different regions of the torus: blue/ red points are
MIDI measurements from the MIDI AGN Large Pro-
gramme + archive for type 1/type 2 sources (statisti-
cal errors are smaller than symbol sizes); green
crosses are NIR interferometry with both the Keck-
Interferometer and AMBER/VLTI; orange pluses are
from NIR dust reverberation mapping. Filled triangle:
show limits. Taking both the limits and the deter-
mined half-light radii into account shows that the
mid-infrared size is less strictly correlated with lumi-
nosity than the innermost radius of dust that is seen
in the NIR.

Burtscher et al. (2013)

* We know the torus must lie between the BLR and NLR, but we can be more specific.

* We can now directly measure the size of the torus using
- Dust reverberation mapping between the V-band and K-band light curves.
and the cool dust.

- Interferometry in the NIR and MIR mapping
* The size of the torus appears to scale as L°® (consistent with constant ionization parameter).
* The inner edge of the torus is at about 3 times the BLR radius for Hp as determined from reverberation mapping.



Jets

Could be
several
Mpc (this
one 3 Mpc)

VLA radio (20cm) image Radio/optical superposition Optical identification

Palma et al. (2000)



Jets properties

 Jets often appear relativistic based
on beaming, apparent superluminal
motions on sub-pc scales, and
variability.

* Thus, the apparent properties of a
jet depend strongly upon orientation.

Optical « At least in some cases, jets are
launched on very small scales
(making much of the “core” radio
emission). And they can be
collimated over a huge range of
scales.

 Jets are often seen in the X-ray and
also the optical.

X-ray + Optical




Flat vs. Steep Spectrum
Radio Sources

Often observe radio power-law spectra: L~ v

Radio-loud AGNs with dominant radio cores usually show “flat” radio
spectra with a < 0.5

Radio-loud AGNs with dominant lobes usually show “steep” radio spectra
with a> 0.5

Much of the difference in measured value of a is due to inclination of
radio jet to our line-of-sight

Table 1. The characteristic spectral indices and 1o uncertainties
for all SUMSS detected sources in the SPT region and a subset
of these, which we denote as BCGs, that lie within 0.1 x 8200 of
the MCXC cluster centers. Mean spectral indices are presented
for pairs of frequencies constructed from 150 GHz, 95 GHz and
843 MHz. The SZE correction is applied at 95 and 150 GHz.

Dataset g 8s3 o943 ag2®

SUMED ~0.38%03  —038I05  —0.50203
+0.34 +0.33 40.32

SUMSS BCGs  —0.63703% 0641933 _o.771032

Gupta et al. 2017



How Are Jets Made?

* Generally invoke MHD processes to
divert some of the inflowing plasma
outward and then keep it collimated.

* But exactly how to combine the
“Ingredients” remains poorly understood.

* What sets if a strong jet will be
launched?
- SMBH spin?
- Magnetic geometry?

- Environment?

- Connection with Eddington Rate (ER)?
- Lower ER - Radio Mode

- Higher ER - Quasar Mode




Relative Decl. (orcsec)

Jet Feedback in Clusters

McNamara et al. (2005)

Fabian et al. (2003)

Jets can do substantial work against the hot gas in galaxy clusters



AGN Feedback in Clusters

AGN1

Figure 7. Maps of emission weighted Fe abundance in the g51 cluster for the runs without feedback (NF, top left), with winds (W, top right) and with AGNs
(AGN1 and AGN2, bottom left and bottom right, respectively). Each map has a side of 2R,,;,. Abundance values are expressed in units of the solar value, as
reported by Grevesse & Sauval (1998), with color coding specified in the right bar.

Fabjan+10
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