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Infrared: ESA: Herschel Telescope (2009-2013)

Very Large Array (VLA)

Radio: NRAO: VLA (1980-)
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@ Centaurus ACen A) = the closest active galactic nucleus to us,
d ~ 3.5 Mpc (1 pc~ 3 x 10! cm), Mgy ~ 5.5 x 10" M,

@ composite image (X-ray, optical, and radio)
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CHANDRA X-RAY DSS OPTICAL NRAO RADID NRAO RADIO
CONTINUUM (21-CcM)

@ Centaurus ACen A) = the closest active galactic nucleus to us,
d ~ 3.5 Mpc (1 pc~ 3 x 10! cm), Mgy ~ 5.5 x 10" M,

@ composite image (X-ray, optical, and radio)




@ Black hole formation

@ Supermasive black holes and determination of black holamear
ters (mass and spin)

@ Clasification of active galactic nuclei (unification schgme

@ Active galactic nuclei feedback
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@ gravitational colaps: 9
gravitational force> pressure P9

N
» + — energy —
/ | %

1%He

force

AUSES INW4
‘\»mq C RD FO/;

@ mass after collapse for white
dwarfs:M < 1.4M

@ gravitational radiusr = = ~
1 for Mgy ~ 10° M,

Life Cycle of a Star W Massive star near the
_  end of its lifetime has
n “onion-like”
" structure just prior to
' exploding as a
. = » | (ES8) T supernova
White L%
Dwarf

Red Giant Planetary Nebula A Red Giant Star g Fezac':ELe;iL:{'EETJ

& b neutron-rich isotopes

. “
' / Meutron Star
Stellar Nebula . ' . \ sets of nuclei are

P involved in the
\r@' reactions that
occur in each

Red Supernova : an
Supergiant P Black Hole one

Massive Star

ooarla wutan. e BS1aCK




&8 Black hole formation

@ gravitational colaps:

SUMARY | Y A . |
S gravitational force> pressure »@ "
Supermassiv e e a A
Hubble sche force 1 ) £

Kerr BHs 4'H 1 “He

o~ @ mass after collapse for white  Zamm

AGN U dwarfs:M < 1.4Mg

Radio dichoto

BH mass . . .

iron B @ gravitational radiust = 3 ~

Galaxy forma ~

AGN feedbac 1 for MBH 109 M®

. =—p @»
Lot White
Dwarf o
Red Giant Planetary Nebula . OPTICAL
-

-

/ Neutron Star .
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BH formation
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@ supermassive black holasthe center of galaxies

M~ 10" —10° M,

@ binary systems stellar black holes

M ~ few/tensM

@ primordial black holes

at the atomic scale, Hawking radiation: black hole “evaporéd

... but if one photon passes
/’T over the event horizon it gets

Q trapped, and its partner is
. emitted as Hawking radiation

out of nowhere and then

Virtual photon pairs pop f\
annihilate each other.. [*]

(" ]
1-'

\

1:"_ 3 EN.T H r:'nf:.:jﬂ',

HAWKING RADIATION
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Black hole formation

o —det

Acérqtioﬁ_ - e A'X-'ray heat_iﬁg

N

/ " Accretion

" Discwind  ~ - = stream .

' Companion
- star- .

R Agnes. 2007

@ X-ray emission due to hot gas in the accretion disk




M Black hole formation
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@ horizon executes 800 rotations per seconds

@ blue starM ~ 8—10x Mg
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@ through star disruption

@ galaxy meargers
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SUMARY

BH formation
Supermassive B
Hubble scheme
Kerr BHs
Accretion disks
BH jets

AGN unification
Radio dichotomy
BH mass

Iron line

Galaxy formation
AGN feedback

@ 4 forms elliptic, spiral, lenticular, and irregular

Edwin Hubble's
Classification
Scheme '

' Sa
Ellipticals '_ \

EO E3 s
Spirals

.0.-




@ Kerr space-time symmetriejlling vectors & = (0t), o = (09)

@ Kerr (1963) metric in Boyer-Lindquist (1967) coordinates,0,):

42 — (1_ ?) di2 4Marzsmzedtd(p+ %dr2+Zd92+

2 .
(r2+a2+2Ma rsm26> i 0d?

2

geometrical functionsh = r? — 2Mr + a2, = = r’ + a°cos’

a=J/(Mc), BH spin

@ energy-momentum tensofy,

@ conservation lawsf energy,E = T - 0/0t, and of angular momen-
tum,J=T-0/0¢
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@ event horizore singularity of the BL coordinated = 0O:

s =M++vM2—-a2=rq4(1++/1-a.), rg= GM/c?gravit. radius

a, =a/ryg,| —1<a, < 1|, BH spin parameter

@ ergosphere (stationary
limit surface) time-
like Killing vector be- .
comes null

ergoregion outer hrlzon .(’-i-)

stationary limit
surface

inner horizon ()

(¢t =0 =0

(rsl)ezn/z = 2Ig
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@ frame-dragging effecinothing inside the ergosphere can remain a

rest with respect to distant observatsnust co-rotate with the BH

rotation

Kerr BHs

Black holes and AGN — 8/16
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Accretion disks

loana Dutan

@ geometrically thin, op- (1) p—— ———————

m >m black hole disk

tically thick disk reach- | |
ing inward to the last  msm, ) ADAF
stable orbit (for ac-

cretion rates between i |

a few percent up to
almost the Eddington
rate) inner disk

hot optically thin, &< /

geometrically extended
advection-dominated
flow (ADAF)

accretion ratem= 4; luminosity: L = mc

Eddington accretion rateMgqg = Lgdqg/(6€%) = 4NGM/(eK7C),
whereg = efficiency of converting the accreting rest mass-energ
Into radiation energy, anklr = Thomson opacity
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HST Optical

@ synchrotron emission OVer  synchrotron Radiation: .
the whole spectrum (from- electron
ray to radio)

magnetic field x-ray
optic

radio

mid-1R




—1{ M87 -- From 200,000 Light-Years to 0.2 Light-Year

VLA-20cm

Very Large Array (VLA)

ALBI-1.3¢em

-t"!“

i
q
g A &
"V g /
& VLEl-18'cm

Credit: Frazer Owen (NRAD), John Biretia (STScl) and colleaguss,
"'l The Naiional Radic Aslionomy Obssvalory isa facility of the
Nelional Science Foundalion, opialed under cooperalive
qu b by imiad U nivarsiis, Inc.

Effelsberg, Germany

@ Dbetter resolution with VLBI(Very Long Base Interferometry);
shorter long waves

@ correlator: interference of coherent radio waves from VE&itions
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Very Large Array (VLA)

A T 3 o . : TR T v > ¥ .
/ (‘ “ A ; ¢
X m— T s

Arécibd, ‘Puerto Rico

Effelsberg, Germany

@ Dbetter resolution with VLBI(Very Long Base Interferometry);
shorter long waves

@ correlator: interference of coherent radio waves from VE&itions
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I Unification scheme of the AGN

Seyfert 1
NGC 4151

s oo b e s o

BL Lac object

0814+425 |
S \JLIL_M_

Intensity

Seyfert 2
“ NGC 4941
R 1JL
Mean quasar T At

I
rogrtntiiad Lo
et

LINER
NGC 4579 |
\a-‘,r.r.w.n-'\g-...'l_.IL.'\m.,l\-r-,r"-"'"‘“'“"""'"N"I"""'"""‘-a-’ll"ﬂafl s

n \
. kﬂ ! rermiimf ¥
2 I L\'\,r-"u.r.' J

Intensity

] T A prn M~L b T
Arll"‘“"'“'*'I.n"l"'n«!ﬂ'l.r*rft LS Jml}lﬁ

flph ! Nermal galaxy

,....lrl,\r,,nﬂ' NGC 3368

&000
Emitted wav Plen*th (&)

@ Active galactic nuclel (AGN¥ galaxies the center of which cannot
be explained through standard stellar physics, a massiyelans
stellar cluster or a stellar black hole




AGN unification
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luminosity ——

@ blackbody (thermal) radiatioraiccretion disk

Radio/Infrared Visible Ultraviolet

absorption lines

synchrotron
radiation

blackbody

radiation
N

-<«——— wavelength

@ power-law (non-thermal) radiation(?): jets
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I Unification scheme of the AGN

P Radio Loud Quasars @ SupermaSS|Ve BH (M ~
Broad Line - Narrow Line Region 107 o 1()9 M@)’ Splnnlng1
Radio Galaxies p 40

o and surrounded by an ac-
e‘://\,;\e‘ . .
Narrow Line " ?&d\oa Cretlon dISk

Radio Galaxies

< Obscuring torus

' Accretion Disk

Black Hole

Type 2

Seyfert Galaxies
Type 1

Radio Quiet Quasars

@ BH jets Cygnus A (FR-II)
Viets ~ 0.9— 0.995¢
c=3x10 m s, speed of
light

Credit: NRAOJ/ALTL




Radiative-mode AGN Jet=-mode AGN

Radio Type 1 Dominant
© o et o o ° Radio Jet o
o
o o o
o o
o
o
Black hole

Advection—dominated|
inner accretion flow

= o o o " °
a Weak narrow
MNarrow line a line region v
region g Q °
Q o o
o o]
o o] ]

@ Schematic drawings of the central engines of radiative-erad
jet-mode AGN (Hackman & Best 2014)
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@ Radio dichotomyRadio galaxies present
either strong emission or weak emission
(radio loud and radio quigt

@ study of dichotomy is important for elu-
cidation of mechanisms that produce the
activity at the center of galaxies (STAR
project at the Institute of Space Science)

@ radio loud galaxiesFR | and FR II, two morphological types, ac-
cording to where the most of the luminosity is radiated

@ radio power division ati7gunz ~ 10°° W Hz~! sr! (Fanaroff &
Riley 1974)

@ FR I: edge darkened, with extended twin lobe structure
FR II: edge brightened, with bright hot spots




Radio dichotomy
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radio dichotomy =himodal separatioof AGN based on radio loud-
ness parameter

radio loudness — ratio of tHaminosities in radio and optic

I—radio,SGHz
I—optic,B

R =

It gives two branches: radio-loud and radio-quiet galaXesg.,
Sikora et al. 2007)

radio dichotomy in AGN as a result efpidly and, respectively,
slowly rotating black holeguestioned (e.g., Broderick & Fender
2011)

Sikora+ sample: 199 AGN from &on-Cetty & \eron catalogno
blazars, no narrow-line region galaxies

estimatelack hole masfom the emission of the broad-line region

Black holes and AGN — 12/16
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I uni GLJ _— o ¥ vvvv v ° o * __
Radio dichotomy P I ¥ . . mx
o v o9 °
] B v + 4 X ox* 7
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@ Total radio luminosity vs. B-band luminositgr 199 AGN (Sikora
et al. 2007)
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@ Radio loudness parameter vs. accretion rate in Eddingtiis fon
199 AGN (Sikora et al. 2007)
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Radio dichotomy

@ Aitoff projection in galactic coordinates of our sample 20
AGN

@ Black, Blue, Red, Orange, and Green correspond to redsiaefts
tween 0,0.7,0.9,1.5,2.4

loana Dutan Black holes and AGN — 12/16



Radio dichotomy

log(total radio luminosity) [erg s
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@ Radio luminosity vs. B-band luminositipr our sample of 2,440
AGN

Black holes and AGN — 12/16



Radio dichotomy

loana Dutan

@ eguations which describe tlsynchrotron self-absorbed emission
of a non-thermal particle distributioa(E~P) obtained from accel-
eration at shock@utan & Caramete 2015)

@ observed radio fluxrom a flat spec-
trum core times squared distance:

2p+3

2p+3 B p+4
2 2(p+4) H
DsFobsN MBH (Bmax>
H

@ launching area of the jet:

/ N

rSl*

1+ry 2r3
(S Z_O_ZT[r /r* + a*+ akdr*
1—-r;t4r%a2

@ maximum BH magnetic fietd

. 04 M ~1/2
By ~0.56x1 10°M. gauss
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@ from BLR (Broad Line Region): BLR size-luminosity relatismp,
gas produces #dlines in optical

Mgy
Mg

AL,(5100 A)
10%ergs s~

0.7
>
] FWHM

=
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\"' ™ Determination of black hole mass

@ measured directly through the dynamical modeling of theiglba
resolved kinematics of stars and/or gas

@ correlation betweeBH mass and galaxy bulge ma&sg., Cordes
& Brown)

Correlation Between Black Hole Mass
and Bulge Mass

One
billion
solar
masses

One
million
solar
masses

Black hole mass

Increasing
Mass of central bulge
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@ measured directly through the dynamical modeling of theiziha
resolved kinematics of stars and/or gas

@ correlation betweeBH mass and host-galaxy bulge velocity dis-
persion(e.g., Gueltekin et al. 2009)

Ww'e—T 17 1 T T
Fo o Stellar dvnamics
T O Gas dynamics
C ¥ Masers
"~ O Excluded %
" @ Elliptical

& 50 i

e Spiml
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2.8 Determination of black hole mass

Sagittarius A* 8

10,000 light years

@ Sgr A" = Galactic center

@ BH mass was determined from
the Keplerian motion of the
stars around the BH

M ~ 10°P M,

New SNR 0.3+0.0

e

Sgr

'
-
Snake

Moise w

SNR I500.00.9
1994.32 1985.53

1998.36

0.03"
‘ 1999.47

(2 light-days)
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@ Fe line: characteristic
double-horned shape
(Doppler effect)

@ X-ray photons com-
Ing from close to the
BH are gravitationally
redshifted, introducing
a characteristic distor-
tion of the line

Iron line

Flux (photons/sqg-cm/sec/kell)
[y}
|

-]
T I — —T T —T T
!
I —

[
@ gives an estimation for Energy (kel)

the BH spin (e.g., min
0.5 for Sgr A)
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Image credit: http://cosmicweb.uchicago.edu
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protogalactic cloud with less angular momentum

protogalactic cloud with more angular momentum

Image credit: Pearson Education, publishing as Addisoriéiles

@ spiral and elliptical galaxies started to form from protiegéic
clouds

elliptical galaxy

spiral galaxy
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¥ Galaxy formation

@ spiral and elliptical galaxies started to form from protiegéic

clouds

lower density protogalactic cools slower

Image credit: Pearson Education, publishing as Addisoriéiles

elliptical galaxy

—~ spiral galaxy




AGN feedback
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@ AGN feedback invoked in both semi-analytic models and namer
ical simulations in order to reproduce the observed progeef
massive galaxies

@ AGN feedback is generally assumed to be negatiabiting star-
formation and/or black hole growth

@ AGN-driven outflows occur in galaxies with actively growibiack
holes and are responsible for the termination of star-ftionand
the migration of the galaxy from the blue star-forming ma@ s

guence to the red sequence
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