Supermassive Black Holes and their
Galaxies




A black hole is a region of space time from which
gravity prevents anything, including light, from
escaping. The theory of general relativity predicts
that a sufficiently compact mass will deform space-
time to form a black hole.



Evidence for Black Holes in the Real Universe

X-ray binaries are a class of binary stars that are luminous in X-
rays. The X-rays are produced by matter falling from one
component, called the donor (usually a relatively normal star) to
the other component, called the accretor, which is compact: a
white dwarf, neutron star, or black hole. The infalling matter

releases gravitational potential energy, up to several tenths of
Its rest mass, as X-rays.



THE
GALACTIC
CENTER

Sagittarius A* is a
bright and very
compact
astronomical radio
source at the
center of the Milky
Way galaxy,

Sgr A* was
discovered
in1974, by
astronomers
Bruce Balick and
Robert Brown
using the baseline
interferometer of
the National Radio
Astronomy
Observatory.
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The proper motion of a star is its rate of angular change
In position over time, as observed from the center of
mass of the Solar System. It is measured in seconds of
arc per year, arcsec/yr.
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. Since S2 1s on a highly elliptical orbit
with e = (.88, its peri-center distance from Sgr A* in spring 2002 was a mere 17 light
hours, or 1400 Ry for a 4.4 x 10° M_ black hole (Figure 4.3.1). The data from the
NTT/VLT and Keck telescopes agree:d very well: the first orbital analyses gave
4.1 x 10° (Schodel et al. 2002) and 4.6 x 10° M M., (Ghez et al. 2003,

* MNTT SHARP- WLT NACCFSIMFPOMI
a Keck NIRC/NIRCZ2ZMOSIRIS

D.175F ]
+ 20 .

i 1952 1995 . aooof |
o5l 2005 ] f
[ : aonot
0.125F !
= /
3 /
g o 1 2000/ !
= o
= E
o 0.075
% = 1joo0}
o =
g oosf
] ol
D.UQE SHrﬂ.*
~1000} T
U 2002
s2 (snz)
005 0025 0 . Z0.025 —0.05 '—b 075 Z000 2002 2004 2005 2008 2000
RA-offset {arcsec) 1 (yr)

Figure 4.3.1. Orbit of the star S2 (S02) on the sky (left panel) and in radial velocity (right
panel). Blue, filled circles denote the NTT/VLT points of Gillessen et al. (2009a,b, updated to
2010), and open and filled red circles are the Keck data of Ghez et al. (2008) corrected for the
difference in coordinate system definition (Gillessen et al. 2009a). The positions are relative
to the radio position of Sgr A* (black circle). The grey crosses are the positions of various
Sgr A* IR-flares (§ 7). The center of mass as deduced from the orbit lies within the black
circle. The orbit figure is not a closed ellipse since the best fitting model ascribes a small
proper motion to the point mass, which is consistent with the uncertainties of the current IR-



In summary, from the stellar orbits it is now established that the Galactic Center
contains a highly concentrated mass of ~ 4 million solar masses within the peri-center
of 82, i.e. within 125 AU. This requires a minimum density of 5 x 10"° M_pc . The
mass centroid lies within + 2 mas at the position of the compact radio source Sgr A*,
which itself has an apparent size of < 1 AU only (Shen et al. 2005, Bower et al. 2006,
Doeleman et al. 2008). Taken together, this makes the Galactic Center Black Hole

the currently best case for the existence of astrophysical black holes.
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Galaxy M84 Nucleus

SPACE
TELESCOPE
IMAGING
SPECTROGRAPH

WFPC2
Hubble Space Telescope

PRCS7-12 - 5T Scl OPO - May 12, 1997 - B. Woodgate (GSFC), G. Bower (NOAO) and NASA

Fig.50. Left: Image of M84; Right: Velocity profile across the nucleus of M84 taken with 5TIS
aboard the HST. The estimated black hole mass is about 300 million solar masses.
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The galaxy M31 , our
nearest spiral neighbour
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NGC 4258 Black Hole

Water molecules in star-forming regions can
undergo a population inversion and emit
radiation at about 22.0 GHz, creating the
brightest spectral line in the radio universe.
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Nuclear gas disk with masers giving doppler velocities and proper motions.
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Accretion onto Black Holes




1963 M. Schmidt discovers that the radio source 3C273 can be identified with an optical
point source (stellar) with a jet. The spectrum shows broad emission lines Hs -5, Mgll,
Olll ...which are redshifted by = = 0.178 = v,ad = 17 llll.il%. So, the object was called a
QUAsi StellAr Radio source — QUASAR.

WAVELENGTH ( Angstroms )



The black holes in quasars are believed to be surrounded by an
accretion disk of matter spiraling into the black hole.
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Best-fit blackbody accretion disk spectra to the line-free continuum windows of the
composite quasar spectrum of Francis et al. (1991). The solid curve shows the
composite spectrum; the short-dashed curve, a disk model around a Schwarzschild
hole; and the long-dashed curve, a disk model around a Kerr hole with a = 0.98M.



Are QSOs actually active galactic nuclei?

(i.e. live in galaxy center)
Answer:
whenever on ‘has a chance’ to see a ‘host galaxy’ one does see one

HST imaging COSMOS: Jahnke et al 2007/8_



Seyfert Galaxies: fainter versions of
quasars

MREK 335

NGC 513

A4

NGC 7388

NGC 1358

NGC 2110

MREK 348

MREK 359

MRK 1066

NGC 1386

NGC 424 NGC 526

MRK 1157 MREK 573

~ -

MREK 612

-

E362-G03 E362-G18

MREK 620




F, (10" ergss™ em™ A

[ L

[Ne V] 3425
= [0 1] 33727
i ‘ (Fe VII] 13760

Hp
(Ne I11] 3869

|- Hy24M0
H& 24101

[ 11

[0 TI] 34959 —

I

J
Seyfert 1 NGC 5548

(O 110] A50407

s |

[N 1] 6583

I

He IT A4686

[Ne [IT] A3968
‘( [S LI] 4071

[0 1) 6364 + [Fe X] L6374

He [ L5876
[Fe VII] 35721 |

[Ca V] L5309
(]

MNa D {abs.)

[S ] 246716, 6731

W

[O I]lﬂi}ﬂ~l

2000 6000
Rest wavelength (A)

Illllllllllll_r—ll
— Ho + [N II] AA6548, 6533-! -

Seyfert 2 ]

NGC 1667
— [O III] 224959, 5007 =
| [OII] A3727

Seyfert Is have spectra
with broad emission lines
and there are clear point-
like central nuclel in the
images of the host galaxy.

In Seyfert 2s, thereis no
point-like nucleus. The
spectro show strong HIGH
IONIZATION POTENTIAL
emission lines
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The Unified Model

All known classes of AGN are thought to be explainable by the above scheme.
Depending on the viewing angle the observed spectra will look different, leading
to a different classification of the object.
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Some accretion discs produce jets of twin, highly collimated, and fast
outflows that emerge in opposite directions from close to the disc. The
direction of the jet ejection is determined either by the angular momentum
axis of the accretion disc or the spin axis of the black hole.

Rotating black hole as energy source:

The magnetic fields around the accretion disk are dragged by the spin of
the black hole. The relativistic material is possibly launched by the
tightening of the field lines (Blandford-Znajek process)



Cygnus A - the prototype high-powered radio galaxy

Cygnus A
(3C 405)

HST closeup

Optical
VLA -6 cm




Low-powered radio galaxies




Clear evidence that radio-loud AGN influence their
gaseous environment

Feedback of radio-loud AGN
into the surrounding IGM
(seen through X-ray here).




The link between black hole growth and galaxy

formation: clues from large spectroscopic surveys

Sloan Digital Sky
Survey
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A break: ratio of flux bluewards and
Stellar surface mass density redwards of the break in the spectrum

(u*= 0.5 M./R502)
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Fit the stellar absorption line spectrum with a superposition of
stellar templates of different ages/metallicities, subtract, then
measure emission lines from the residual spectrum.
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LOG ([OlI)/Hp)

Emission line diagnostic diagrams for identification
of AGN through emission-line ratios
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Fraction of AGN as a function of Mass/Concentration
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AGN are found only in massive galaxies with significant
bulge component

No AGN and no evidence
for black holes in galaxies
like these.
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The stellar populations of the host galaxies of
strong AGN are closest to late-type (spiral)
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Which black holes and galaxies

are currently accreting? Distribution of = L[OIII] as a function of
galaxy properties
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The Starburst-AGN Connection
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More strongly accreting AGN
have younger stellar
populations

The average ratio between
the star formation rate in
the bulge and the accretion
rate onto the black hole is
1000 — remarkably close to
the ratio of bulge mass to
black hole mass.



Distribution of accretion rates (in units of the Eddington
accretion rate) for black holes of different mass
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Most of the accretion today is occurring onto low mass
black holes in galaxies like our own Milky Way ==
Massive black holes formed early on in the Universe and

then stopped growing
log (o/200 km/s)
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What about radio-loud AGN?

Radio Galaxy 3C272.1 = MB84 = NGC4374 copyright (¢) NEAQ 1928




BPT-class SF BPT-class AGN
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Radio synchrotron emission arises
from electrons accelerated in

supernovae shocks: correlation
between radio emission and star
formation rate as measured by Halpha
emission

Radio AGN can be identified by their
excess radio luminosity with respect
to this correlation
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% of gals that are radio-loud AGN
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CONCLUSIONS FROM STUDYING HOST GALAXIES

Present-day Optical (emission-line) AGN
activity is linked to:

1) lower mass black holes

2) galaxies with low mass bulges

3) more powerful AGN found in galaxies with younger
stellar populations

Present-day Optical Radio-AGN activity is
linked to:
1) high mass black holes

2) galaxies with higher mass bulges
3) no apparent dependence on mean stellar age




HOW ARE AGN FUELLED?

AGN Fueling: Movies

-




Galaxy interactions/mergers trigger more star formation, but
apparently NOT more AGN activity

The cross-correlation function star-forming galaxies compared to
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Processes very close to the black hole
likely to be the key to understanding black
hole fuelling. New technology needed.



Radio-loud AGN are more strongly
clustered than control samples —
frequently found in the BCG (brightest
cluster galaxy)
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AGN “Feedback” : Impact on Galaxy Formation




More examples of cavities
in X-ray emission filled in
with radio synchrotron
emitting plasma
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A possible picture is emerging
from the data:

Jets from AGN (visible at radio
wavelengths as a result of synchrotron
emission) push gas and metals out of
the central galaxy, and also heat the
ambient gas, preventing from cooling
and forming stars.



Outflows of ionized gas around Type Il quasars also now

seen. These ionized gas “halos™ extend out to radii of 50 kpc

and are very round in morphology. (Greene & Zakamska)
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HERSCHEL
observations of
outflows of
molecular gas in

nearby quasars
and AGN
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ACTUAL
IMPACT OF

i OUTLOWS
FROM
QUASARS ON
SUBSEQUENT
EVOLUTION
OF GALAXY
NEEDS TO BE
BETTER
UNDERSTOOD



Cosmic Evolution of the AGN Activity

¢ Describe the distribution of accretion luminosities at different
cosmic epochs by the "quasar-luminosity-function” at different
redshifts

Abundance of luminous QSOs has
decreased by 2 orders of magnitude
_ H,=70km 5 'Wpc since early epochs!
e dle 0 =03 0,207

L |

h_ (e.g. SDSS Richards et al 2006)

It I 1 |
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2DF Survey: Croom et al 2004
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Likewise radio AGN are more luminous at higher
redshifts ==> Higher accretion rates onto the
black holes
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BEFORE WE ARE ABLE TO
UNDERSTAND THE FULL
PICTURE OF HOW AGN
HAVE SHAPED THE
FORMATION AND
SUBSEQUENT EVOLUTION
OF TODAY'S GALAXY
POPULATION.
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