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~ History N

1908: E. Fath: Emission lines in NGC 1068

1926: E. Hubble: ditto in NGC 1068, 4051, 4151

1943: C. Seyfert: Recognization of galaxies with
emission lines as class

1954: W. Baade & R. Minkowski: Cyg A is radio
source

1963: M. Schmidt: 3C273 has z = 0.158

1963: J. Greenstein & Th. Matthews:
3C48 has z = 0.368

1985: R. Antonucci & J. Miller:
Spectropolarimetry of NGC 1068

Major properties:
— very luminous (L ~ 10'? L)
— Mass of BH: M ~ 10"-%M,

History 1
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Seyfert Galaxies, |

IC 4329A

NGC 3786

Seyfert Galaxies

NGC 3516

" NGC 5728

Markarian 279

NGC 7674

Classification
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He i1,

Seyfert Galaxies, Il N

—> Emission lines from
, many ionization stages observable

Classification in gory detalil:
Lawrence (1987)
Urry & Padovani (1995)

Radio-quiet AGNSs:

Seyfert 1: pointlike nucleus, strong continuum
from IR to X, broad allowed lines (H 1, He 1,

), harrow

forbidden lines (O 11, N1, Sii,

)

Seyfert 2: weak continuum, both forbidden and
allowed lines have

R

Classification




Seyfert Galaxies, lll
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Seyfert 1 Galaxy.

Optical/UV spectrum of NGC 5548: a typical
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Seyfert Galaxies, IV

Wavelength (A)
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2000

MHSL another Seyfert 1 Galaxy
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~ Seyfert Galaxies, V N
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Seyfert 2 galaxies,

~ Seyfert Galaxies, VI N
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Ho et al., 1993

(Low-lonization Nuclear Emission Line
Region galaxies): optical spectrum very similar to

[O1] A6300, [N 1] AA6548, 6583 relatively strong.

R
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Seyferts are predominantly found in spiral galaxies (Sa, Sb).

~ Seyfert Galaxies, VII
{a) (b)
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~ Seyfert Galaxies, VI ™

w2, NGC4151 and PG 1416129

T \+\\HHA

107

10°

100

Photon flux [ph/cm?s keV]

10

7F— ROSAT — GINGA HEXE - OSSE“*
10 1 1 L1 ‘ 1 1 1 1 1 L1 ‘ 1 1 1 1 1 L1 ‘ 1 Z
1 10 100
Energy [keV]

X-ray spectrum

e Nyw(E) o E71', where ' ~0.7...1
e Exponential cutoff at around 100 keV.
—> Due to Comptonization; indication of hot material close
to the BH

e Fe-edge
e Ka-line with EW=160...300eV at 6.4 keV
e Steepening above 10 keV
—> Due to Compton reflection; indication of cold material
close to the BH

H J

Classification 8
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~ Seyfert Galaxies, IX N

10—10

10—11

vF(v) (erg em™= s7})

10—13

M—HM—IA—LLM—I—M—H—MM—H—LLM—HM
102 101 10 10" 10 10'7 10'® 10'® 10%
v (Hz)

MCG—6-30-15 spectral energy distribution (Reynolds et al.)

Spectra well explained by thermal emission from accretion disk
plus Comptonization

H _

Classification 9




6-12

Radio Loud Galaxies

Radio lo

les are often found in ellipticals

Classification 10
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~ Radio Loud Galaxies ™\

Radio Loud Galaxies show jets.
Classification: Fanaroff-Riley Classes

FR 1. e nucleus dominates
e less luminous
e bright
e broad ending in
e two asymmetric jets

FR 2: e luminous radio sources
e lobes dominate
e weak jets ending in radio lobes

H _

Classification 11
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~ Radio Loud Galaxies N\

Laing & Bridle (1997); VLA 4885MHz, 134" x 170"
Radio image of M84 (3C272.1):
A typical FR 1 galaxy

—— |AAT J/

Classification 12
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Radio Loud Galaxies

. -
Gluasar 2175

YLA Gom image (o) NEAD 1996

A. Bridle (priv. comm.)

Radio image of 3C175 (z = 0.768):
A typical FR 2 galaxy

one sided jet

Edge brightening = Shock heating due to
iInteraction with ambient intergalactic medium
(IGM)

H /

Classification 13
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~ Radio Loud Galaxies

20“ —

a

41°41'00"F

Declination (1950.0)

40" F

4873 _MHz

| I

03115MopS 58S
Right Ascension (1950.0)

of this type often found in galaxy clusters.

R 2

NGC 1265: a head-tail radio galaxy = Interaction with IGM. Sources

J

Classification

14
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~ Radio Loud Galaxies ™\

NGC 6251
radio
structure

0.1 arc second - -

W. Keel; Jets are well collimated at all length scales

H _/

Classification 15
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~ Radio Loud Galaxies N\

3C279

Superluminal Motion

5 milliarcseconds

Superluminal motion in 3C279
Superluminal motion seen in many radio loud
sources.

Explanation: see discussion in XRB chapter on superluminal
motion in microquasars.

—HAAT /

Classification 16
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~ Radio Loud Galaxies N\

photon energy
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Courvoisier (1998): Spectral Energy Distribution of 3C 273

v f,-plot gives energy per frequency decade

H )
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Radio Loud Galaxies
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General model for broad band spectral energy
distribution: Synchrotron-Self Compton radiation
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e Unifi ed Model
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e Unifi ed Model

Polarized intensity

4000 4500 3000
Wavelength, Angstroms

Polarization map

Unified Model

| Antonucci & Miller: NGC 1068 (Sy 2) in polarized light shows broad lines =—- Same as Sy 1! j

2
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~ Unifi ed Model ~N

The Unifying Model of AGN
e Radio boud
; ELLE QS0

Eadio Quiet
Q50

Urry & Padovani

H _

Unified Model 3
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~ Introduction ™\

Two types of AGN lines:

broad lines: : FWHM: Av/v ~ 0.05...0.1, i.e.
1000...10000kms™!

narrow lines: : FWHM: Av /v ~ 0.002...0.1,
i.e. <100kms™*

What is absorbing gas — Temperature?
Density? Abundances?

Similarity of optical spectrum to planetary
nebulae =—> photoionization!

H _

BLR and NLR 1
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~ Photoionization, | ™

Assume: cloud irradiated by photons

Goal: only source for ionization: photoionization
Equilibrium: number ionizations = number of
recombinations

/Voo a(u)%N(XT)dV = a(T)NeN(X7H) (6.1)

where
a(v): photoionization cross section (cm?; oc £~3)
a(Te): Recombination coefficent (cn? s™1)
N;: particle density (cm™3)
F,,: local photon flux, ergcm—?s 1 keV 1,
L,
47 D?
Since a(v) quickly decreasing function:

N(X") a(Vion) L 1 6.3
N(X™1) " o(T) 47D2N, hvjen (63)

l.e., ionization equilibrium mainly depends on

F, =

(6.2)

L/ArD?hvi,y, 1 # ionizing photons/cm?®
Ne c # electrons/cm

the ionization parameter

many other defi nitions available!

H J

BLR and NLR 2
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~ Photoionization, I

In reality, other physical processes need to be
considered:

lonization:

e Photoionization
e collisional lonization
e Auger-lonization

Recombination: e radiative recombination
e dielectric recombination

Continuum Processes: e Bremsstrahlung
e Compton-Scattering

Solution using advanced radiation codes such as
or

~N

© A

BLR and NLR 3



6-27

~ Line Diagnostics: Density, |

Choose atom with two levels with almost same
excitation energy. Either or

O Il

3/2
1/2

3726
3729

For N ~ 1000 cm 3 use [O11] 3729/3726, for
higher densities: Cil

~

-

BLR and NLR
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~ Line Diagnostics: Density, Il N
Rate equations in equilibrium:
nineCia = no Az + noneCsy (6.5)
nineCls = nzAsr + nzneCs (6.6)

where A;; Einstein-Coefficient, (j; coefficient for collisional
(de)excitation.

Computation of C;:

For de-excitation:

Cy = /OOO oa1(v)vf(v)dv (6.7)

where ¢: cross section, f(v) Maxwell.
One can show that

h? Q
Uzl(U) . 21

= g, (6.8)

where (),1: collision strength.

Therefore
B2 Qo <27r)1/2 8.616 x 10 %0y ., _,
(o = ~ cm’s
m3/2 g, \kT T/ 92
(6.9)
Because of Microreversibility
Cip = %021 exp(—Elz/kT) (6.10)

g1

H J

BLR and NLR S
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~ Line Diagnostics: Density, Il
Solve rate equations
n2 _ neCho
n1 Ay +neCx
Ne

g2
= =C —FE. /KT
Ao +neCo g1 ot exp( 12/ )

and a similar equation for n3/n;.

Intensity of the line (assuming cloud is optically thin)

Therefore
]21 _ A21’n2hV21/47T
[31 AglnghV31/47T

since Vpr ~ V3q. ..

- Ang

a Azins
(2192 A Az +neCsy

B 031;1431 Az +neCo

920211+ ne/ncr s
= = exp(—FEzp / kT
93C311 + ne/ncr2 (= Eez/kT)

exp(—Fz/kT)

where the critical density is defined by
A

Nero2 =
’ (o1

© A

(6.11)

(6.12)

(6.13)

(6.14)

(6.15)
(6.16)

(6.17)

(6.18)

BLR and NLR
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~ Line Diagnostics: Density, IV N

I [onp
1.5 1(3729)/1(3726) |

1.0 —

05—

0.0 | | | | | lll‘ | | | | | lll‘
10 10

\ n, (cm’) )

BLR and NLR 7
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Line Diagnostics: Temperature, |

6-31

)

To obtain temperature use similar ideas. This
time, use two levels with different excitation
energy

—> Use different excitation probability of
collisionial excitation

O Il
1
S
: 0
|
I
|
4363:

I
|
: 2321
|
y D)
o 2
| |
| |
| |

5007: :
. 14959
o
| |
| |
| |

2 V

1 y 3p

0

For /" ~ 10000 K, mainly Ol and Nii

© A

BLR and NLR
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~ Line Diagnostics: Temperature, | R

[Ol11]

000 —
- (1(4959)+1(5007))/1(4363)

100 — —

10 | | |

5000 10000 15000 20000 25000
T(K)

1(4959 +5007)  7.7exp(3.29 x 10*/T)) (6.19)

4363 1445 x 10 4nT1/2 y

BLR and NLR 9
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~ Mass determination N\

Mass determination: Determine number of
emitting atoms from line strength.
Hydrogen: HS (less influenced by radiative
transfer effects)

hvy

JHB = NeNpQiyg pyn (6.20)
2
T 4w O AT (6.21)
2
n
= 1.24 x 107 ®ergs *ecm 3sr i = (6.22)
47

where ozﬁ‘},: effective recombination coefficient forn = 4 —

n = 2 transition (weakly temperature dependent).
Total emissivity

= 3 .1.24 x 10”3 fergs™* oc/ nidV  (6.24)

where [n2dV:emission measure, and f: filling factor.

Number of clouds:
]Vcloudl3 — frs (6-25)

where [ cloud radius, r: size of region

R L

BLR and NLR 10
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~ Results: NLR

Typical numbers for the NLR:

Mass:

S

\
Lay(H3)\ "
r=19pc | ——— (6.26)
fns
For close Seyferts: r > 100 pc = f < 1072,
4
M = ?ﬂfrg’nemp (6.27)
L41(H
=7 x 10° M, a(H0) (6.28)
ns
/
11

BLR and NLR
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~ Results: BLR R

BLR: Line ratios show RT effects and effects of high density
(collisional deexcitation of n = 2 level)

—> La/HB ~ 5...15 compared to 2> 30

Doppler broadening

kT
v=|— ~10kms 1 T}/? (6.29)
My

No observation of [O 111] A4363, 4959, 5007 — 'S, level of
O 111 deexcited by collisions (* ") Since
Nerit = 108em™3 = n > 108 cm 3

On the other hand: Ciii] A1909 visible (n¢it = 101° cm™3)
— BLR density n, = 10%-%cm—3

Mass and radius using C1v A\1549 line

Results:
r = 8L light days (6.30)
f=27x10"L,"? (6.31)
Mgir =103Lgp M (6.32)

-

BLR and NLR 12
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~ Black Hole Paradigm N

The Black Hole Paradigm

Active Galactic Nuclei are powered by
supermassive black holes

Alternative solutions to Black Holes are either
physically impossible or (at least) very difficult to
obtain.

Arguments:

1. Large luminosity of AGN

2. Short term variability of AGN
3. Jets and superluminal motion
4. Physical arguments

5. Occam’s Razor

R

Black Hole Paradigm 1



6—37
4 AGN Luminosities N

Typical AGN luminosity:
Lacn = 10" ergs™ (6.33)

Eddington Luminosity:
AnG Mmyc
oT
—> need to radiate below Eddington.

—> Black Hole
Also: efficiency of BH is large (6. ..42%), i.e.,
radiation can be produced very efficiently.

~ 10®Mgergs ™ (6.34)

Leggq =

H J

Black Hole Paradigm 2
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IRAS 13225—-3B09

&)

X—ray intensity

3.8—cm Eadio Intensity
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1980 1
Time {3

W. Keele

AGN Variability, |

6—-38

1085

1890
T3 )

Intengity

Intensity

1995

100

e
Ly o

Mg II e S
o f g of =17} O_oogf oO0ono0 o
o =} oo O oo 9og

nununﬂn (=T =t = | o “uﬂ:'n Op goooo [=]

NGC 5548 emission lines

100 150 200
Time {(davs)

100 150 200 250

Time {davs)

AGN are variable on all timescales

Black Hole Paradigm
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~ AGN Variability, Il N

JD-2451685
0.0 o1 o

2 0.3

H
~
I I ‘ I

H
N
T

©
\

EPIC pn count rate [counts s
H
o
==

4\\\\\\\\\+ﬂéﬁﬁ\\\—

(o]
FT T 0

12 13 14 15 16 17 18 19
2000 May 20

Mkn 766, Benlloch et al., 2001

Short term variability: rapid variability on
time-scales shorter than a day or so.
Fastest time-scales: At ~ 500 sec. If variation is due to one

physical cause (e.g., shock,...) = upper limit for the size
of the emitting region.

Tmax < CAL (6.35)

— observed luminosity change AL occurred within a
region smaller than r. Since AL is typically large, a large
amount of energy is set free in a small region (rmax ~ 1 AU!)
—> Black Hole!

H J

Black Hole Paradigm 4
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|Jets and Superluminal Motion N

Cygnus A, VLA

Large amounts of energy are needed to generate
fast jets. Most efficient mechanism for this is

, which requires
(rotating) BH (“Black hole spin paradigm?”).

In our own galaxy, only BHCs are superluminal
sources (“microquasars”), all other jets are
weaker and slower (e.g., SS 433, YSOs,...).

H _

Black Hole Paradigm 5
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Stellar Evolution

GAS
CLOUD

i o

Star
formation

R ot ._-.A

.

New stars form

b

Contraction

Collapse
and/or
accretion

AR-MASS
One black hole BLACK HOLES
SrOWs cularly

by

Post-Newtonian
instability

Rees (1984)

BLACK HOLE
BINARY
Contraction catalyzed

I system that
ejection

|

ing energy

!

RELATIN &
CLUSTER

MASSIVE B

Black Hole Paradigm
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-

H /

Wilhelm de Occam (~1285 — ~ 1350):
“ENTIA NON PRAETER NECESSITATEM
MULTIPLICANDA SUNT.”

=entities must not be multiplied beyond necessity
“PLURALITAS NON EST PONENDA SINE
NECCESITATE”

=plurality should not be posited without necessity.

<= Don’t make a theory more complicated than
necessary

This has also be called the KISS principle:

Occam’s Razor N\

KISS - Keep It Simple Stupid!

Black holes are the simplest supermassive
objects that physics can think of. Realistic
BHs can be uniquely characterized by just
two properties: Mass and Spin. Why should
there be more complicated objects, just to
avoid the existence of the singularity?

Black Hole Paradigm 7



6—-43

~ Direct Methods

Determine presence of Black Hole directly:

dynamical mass determination, or determination

of presence of horizon.

— from a region that is as
small as possible!

— on spectrum
(presence of Schwarzschild or Kerr metric,
presence of horizon,...)

From the outside to the inside:
2. Gas tori (HST, close AGN, several pc)
1. Stellar motion (galactic center, 11y)
3. Water masers (radio, NGC 4258, 0.4 ly)
4. Broadened Iron lines (X-rays, many AGN)

For didactic reasons, will speak about these points in numbered
sequence

~

R

Black Hole Paradigm
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~ Galactic Center, | ™

Velocity profile from point source:

|GM
V= G— oc Y2 (6.36)
r

Distance of GC: d = 8 kpc, so that
0=1" <= r=df =0.04pc =0.1ly (6.37)
Assuming M = 10° M
v(f) ~ 330kms™* (6.38)
Techniques to determine velocity field:

e High resolution IR spectroscopy (SUSI, 3.5m
NTT)

e High resolution IR imaging (Speckle, 3.5m
NTT, 10 m Keck)

H J

Black Hole Paradigm 9
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~ Galactic Center, Il N
10w ' 30
TSE 3
|0
INE NE  (NW 9
(e ¥ g bW
. 6F
; i
ISE 35 SR ]
2 33
25
_ 12N . AHH
)
14NE _
125
145W
10"=0.4pc

Eckart et al., 1998

H _

Black Hole Paradigm 10




_ 6—46
~ Galactic Center, llI ™

More precise determination of velocity profile
from radial velocities and proper motion.
eForf > 0.1" v o §71/2
e For 1” < 0 < 5" radial velocity profile and
proper motions agree
—> No anisotropy in velocity field! Spherical
symmetry!

Using these velocities: Mgc = 2.6 x 10° M,

Better masses: Velocity profile from virial

theorem:
M(r < R)oc Y %0, (6.39)

H J

Black Hole Paradigm 11
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~ Galactic Center, IV N

ST TTT] T T T TTTT] T T T T TTT] T T T TTT1
]

-~ 10k 26110°M_ _:
=" / 5
A S e :

E ;"1.'
E 10° £ \ yd E
i 12 -3 3
_c=a' - 2210°M pe / H-’-II{I'SMD pe” .
i B ‘;f R _.=038pe .
]‘05:_||||| L 0t aaaal lfl Lt il | | |||||||_:
0.01 0.1 1 10

distance from SgrA* (pc)

Profile: point-mass with 2.6 x 10° M, plus isothermal stellar cluster
with 4 x 10° M, pc3, nuclear radius » = 0.4 pc.

H _

Black Hole Paradigm 12
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~ HST Observations of AGN N\

Same idea as before: measure velocity profile in
galaxy, and determine central mass by
superposing point mass plus model for galaxy
potential.

Since it is not possible to determine velocity
of individual stars —> measure velocity
dispersion o.

. GM

R
Velocity dispersion in galaxy o, therefore sphere

of influence (i.e., o > ogg)

G Mph Mg
~ 43 ——pcC (6.41)

O9 00,100

where 00,100 = 0'0/100 kms™1.

At the distance of the Virgo cluster (20 Mpc):
R ~ 0.2”,i.e., barely possible with HST.

o (6.40)

H /

Black Hole Paradigm 13
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~ Nuclear disks, | ™

Most often shown in HST press releases, which
don’t make clear difference between these
extended (r ~ 200 pc) disks and the real
accretion disk.

Disk are aligned with jets = coupling galactic
disk with inner accretion disk?

It is not clear yet whether nuclear disks can
be used to measure black hole mass.

H J

Black Hole Paradigm 14
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~ Nuclear disks, Il N

Ground

Disk around a Black Hole in Galaxy NGC 7052
Hubble Space Telescope * Wide Field Planetary Camera 2

PRC98-22 « June 18, 1998 « ST Scl OPO ¢ R. P. van der Marel (ST Scl), F. C. van den Bosch (University of Washington) and NASA

R T

Black Hole Paradigm 15
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- Optical Velocity Profiles, | ™

Approaching

Determine profile from narrow slit line profile. Due to high angular
resolution needed, use HST.

H _

Black Hole Paradigm 16
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e AT

Black Hole Paradigm

e Optical Velocity Profi les, I ~N
Velocity Profiles o,
in the M87 Core
Model: central mass 3.2x10? solar masses
Wavelength —h-— 3720 3750
J
17
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e Optical Velocity Profi les, Il ~N

STIS

Galaxy M84 Nucleus
Hubble Space Telescope * WFPC2 « STIS

PRC97-12 « ST Scl OPO « May 12, 1997 « B. Woodgate (GSFC), G. Bower (NOAO) and NASA

H _/
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~ NGC 4258: Water Masers, | ™

T e T
a.0f |
2, 5E |
2. {}E

1 EL :
1.0 ! Lﬂf’m\r
0. EEJ V\k

C.0F — ~

tfr{]"l} 459 500 550 600
SR Velocity (km s )

Loazgaleagaz)ypags

Flux Density {Jy)

Greenhill et al. (1995)

in NGC 4258 (d = 6.5 Mpc) provide
excellent

Note that the existence of a masing environment is a very rare
occurrence in AGN accretion disks.

H J
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NGC 4258: Water Masers, Il
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10

North-South Offset (mas)
<o [8; ]

§

-10

10 5 0 -5 -10
East-West Offset (mas)

HOT, ATOMIC OUTER DISK
{too hot for molecules)

] T~8000K
Atomic Gas

Neufeld & Maloney

Greenhill et al. (1996); 1 mas ~

0.03 pc for d = 6.5Mpc

FLAT, COLD INNER DISK
(too cold to mase)

© T<l00K

WARPED, MASING ANNULUS
{obliquely illuminated)

T~8000K Atomic Gas

T=200-1000K Molecilac Gas |

Position of masers is along a narrow (almost
straight) line = Evidence for a (warped)

accretion disk

R
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NGC 4258: Water Masers, llI
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p—

1300

Velocity (km s :

1200

1400 E

A RRARERNN

C -
5("

rRIIYETINIETANE S

i

. i
i
skt o sl

0.0 -0.2

-0.4 -0.6

Cylindrical Radius (pc)

Greenhill et al. (1996)

Velocity-profile measured in the water masers.
Accretion disk fitting gives Mgy ~ 3.6 x 107 M,
masers are between 0.12 pc and 0.26 pc,

thickness of disk is 3 x 10~ “pc.

Note that there is discussion on nature of accretion fow (ADAF vs.
standard «-disk, cf. Neufeld & Maloney (1995)).
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~ NGC 4258: Water Masers, IV ™
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~ lron Lines ™\

Emissivity

Radius

Test GR using fluorescent iron line emission
e Thin accretion disk
e Parameterization of emissivity as I(r) oc 7~

H _
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~ Iron Lines ™\

Obtain observed flux by summation over
accretion disk:

F, = /IVO cos 0 df) ~ /[vo df2 (6.42)
0 0
1,
= / OVO dQ (643)
Vo
but: 1, /v2 = 1, /v2 (Liouville)
I, ,
= [ Z2d0 (6.44)
0 Ve
= / °I, (Te, i) dQ2 (6.45)

/ / (Zes Te, )Ly (Te, te) dg 7o dre  (6.46)

where T'(iq, e, g) transfer-function
(Cunningham, 1975, Speith, Riffert & Ruder,
1995), and g = v, /v, = 1/(1 + 2).

H J
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~ Iron Lines ™
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Iron Lines

z=(E/E,) - 1

0.10 0.00 -0.05 -O.
\

10
|

-0.15

l,, [arbitrary units]
AN
|
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~ Iron Lines ™

z=(E/E,) - 1
0.30  0.20 0.10 0.00 -0.05 -0.10 -0.15
\ \ \ I \ \ \

1.0
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o
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Wsiviw Law (e oc 7 —¥) /
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~ lron Lines

ﬂ}
B

Photon Flux [10®° phcm?s? keV?]
ol

Energy [keV]

Mean profile of the Fe-Line of MCG —6-30-15
Tanaka et al. (1995)

©
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~ lron Lines

0.01

Line Flux (arb. units)
0

0.02

0.01

Line Flux (arb. units)

|
L
AL LA
LA e

Analysis of ASCA spectra of 18 Sy 1 galaxies, 14
exhibit resolved Ko, FWHM~ 50000 km/s, most
have strong red wing, 8 have E'TV 2> 200¢eV.

Nandra et al. (1997)

©
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~ Iron Lines ™\

e Cold Comptonization: would need 7. > 5 and
low temperature —> not observed in
continuum (would require a break at 20 keV).

e \Wrong modeling of continuum: “blue wing”
could be Fe-edge, but would be at wrong
energy (6.5 as compared to 7.1 keV).

e Line blends: wrong form of the line
e \Warm absorber: influence negligible

e \Wrong assumed geometry: see next slide

Fabian et al. (1995)

\\_____IIIII _
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