ACTIVE GALAXIES

Part VIII

-Supermassive black holes
- Evidence for their existence
-How to measure mass
- The link with galaxy evolution

- Active Galactic nuclei
- Different kinds of AGN
-How black holes grow and how they
affect the environment
-Black holes at high redshift

Two or Three Types of Black Holes?

- Stellar Mass Black Holes: 3-100 times the
mass of our Sun

- (Controversial)
Intermediate mass Black Holes: 1,000 to
100,000 times the mass of our Sun

- Supermassive black holes: Millions to
billions of times the mass of our Sun; found
at the cores of galaxies




Schwarzschild radius

Size of a black hole

Mass

1 Earth mass

1 Solar mass

10 Solar masses

1 million Solar masses

) km

M.
2 cm
3 km
30 km

3 million km
~ 4 x Solar radius!

Supermassive Black holes live in galaxy centres

Quasar Host Galaxies
PRC96-35a * ST Scl OPO * November 19, 1996
J. Bahcall (Institute for Advanced Study), M. Disney (University of Wales) and NASA

HST « WFPC2




To establish the existence of supermassive
black holes

- Can measure the mass of supermassive black holes
(SMBHs) by a variety of techniques, e.g.
Direct imaging of stars orbiting the SMBH (Galactic Centre
only)
- Imaging+spectroscopy of central gas disks (HST; radio-
observations of “mega-masers”)

- Reverberation mapping for AGN

- Then establish that the object can only be a black
hole
- Size
- Absence of surface

The Milky Way Galaxy has a supermassive
black hole at its centre

103,66 14

/
Globular cluster




Use adaptive optics to compensate for image
degradation due to atmospheric turbulence

I

S-stars around the Galactic centre

Keck/UCLA Galactic °
Center Group




Centre of the Milky Way
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M87 (nearby elliptical galaxy)

° Ear'y HST target Spectrum of Gas Disk in Active Galaxy M87

Approaching

- Rotating gas disk at
centre of galaxy

— Measured disk rotation
implies central object of
3x10° solar masses!

— Mass cannot be due to
normal stars at centre...

there isn’t enough light Rscoding
there.
[ ] Good evidence for Hubble Space Telescope « Faint Object Spectrograph

3x10° solar mass black
hole.

M106 (nearby spiral galaxy)

* M106 (NGC 4268)

* Contains central gas disk

¢ Disk produces naturally
occurring MASER emission

¢ Radio telescopes can
measure position & velocity of
MASERs to great accuracy.

* Velocity changes with radius
precisely as expected if all
mass is concentrated at
centre!

* 3x 107 solar mass black hole
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To establish the existence of SMBHs

Stellar kinematics in the core of the galaxy
Optical spectra: the width of the spectral line from
broad emission lines
- X-ray spectra: The iron Ka line is seen is clearly seen
in some AGN spectra
- The bolometric luminosities of the central regions of
some galaxies are very high
- Variability in X-rays: Causality demands that the
scale of variability corresponds to an upper limit to
the light-travel time
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To establish the existence of SMBHs

Stellar kinematics in the core of the galaxy
Optical spectra: the width of the spectral line from
broad emission lines

- X-ray spectra: The iron Ka line is seen is clearly seen
in some AGN spectra

- The bolometric luminosities of the central regions of
some galaxies are very high

- Variability in X-rays: Causality demands that the
scale of variability corresponds to an upper limit to
the light-travel time

Proving the Existence of Black Hole
X-ray spectra: the Fe K line

- X-ray spectroscopy of
AGN reveals an Fe K-
line (transition in
tightly bound electrons
of Iron). Its rest-energy
varies between 6.4 and
6.7 keV depending
upon the ionisation
state.
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Iron line at 6.35 keV (Fe K-line, transition in tightly bound
electrons) is distorted: combination of Doppler effect in the
accretion disk and strong gravitational field of the black

hole.

X-ray spectra: the Fe K line

! kev'!)

Line flux (ph em™2 §

Very broad (50.000km/s) line-profiles, offset to the red +

gravitational redshift

Relative intensity

rotation

2x107*

107

3x107

NGC3516

O, 7L Y Tfﬂfi'é

black: intrinsic energy of Fe line (6.35 KeV)

. double horned profile due to

blue: shift due to relativistic Doppler effect
and relativistic aberration

red: gravitational redshift effect (photons
climb out of gravitational well)

the red line is what’s observed

To establish the existence of SMBHs

Stellar kinematics in the core of the galaxy

Optical spectra: the width of the spectral line from
broad emission lines
X-ray spectra: The iron Ka line is seen is clearly seen
in some AGN spectra
The bolometric luminosities of the central regions of
some galaxies are very high
Variability in X-rays: Causality demands that the
scale of variability corresponds to an upper limit to
the light-travel time
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The “Broadband” emission
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- Comparable power emitted across ~seven
orders of magnitude in photon energy

Central Engine:Why a Black Hole? Energetic Considerations

® very large extents of jets, up to >| Mpc, so lifetime is at at least 107 yr (assuming
expansion speed c)

®  Lyo = 10* erg/s. Multiply this by 107 yr gives 3 108! erg

® can vary luminosity dramatically, by 50% in one day, so central source must be smaller
than one light-day (<<3 10" cm)

®  burning hydrogen into Fe (nucleus w/ highest binding energy) releases 8MeV/nucleon,
or 0.008 mpc? per nucleon (i.e., efficiency 0.8%)

® to create 3 0% erg one this needs m=E/c%/0.008 ~ 2 10° Mun
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To establish the existence of SMBHs

o Stellar kinematics in the core of the galaxy

Optical spectra: the

width of the spectral line

from broad emission lines

- X-ray spectra: The iron Ka line is seen is clearly
seen in some AGN spectra

- The bolometric luminosities of the central regions
of some galaxies are very high

Variability in X-rays:

Causality demands that the

scale of variability corresponds to an upper limit
to the light-travel time

Variability: Size of emitting volume

Normalised Count Rate
"

Light Curve
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ment: a source that varies

significantly in time At must have size R < cAt

- Here the source varies on a timescale of, say, an hour.
So the emitting volume must be less than a light-hour

acCross.
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Variability: Size of emitting volume
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Light travel time argument: a source that varies significantly in
time At must have size R < cAt

Here the source varies on a timescale of, say, an hour. So the
emitting volume must be less than a light-hour across.

Now imagine this galaxy is at a redshift z=3. We have to take
into account cosmic time dilation. This makes events at high z
appear slower by a factor (1+z). What we see as 1 hr is
therefore, in the rest frame of the galaxy, only 0.25 hr.

i.e. Atrast = Aleasured =~ (1+2) .

Does every galaxy have a supermassive black hole?

CMO=Central 1ot ¢ 4 100
Massive L 1100
Object 4100
4107
>10% Msun- most ]
probably BH.
Milky way at the 3 - 1 xS Y 10
lowest end - il o
100 | A N33 Nucleus | 100
" 1 " PR T L oo voumd oed vod 0d
-156 -20 50 100 500 10® 10' 10" 10'2
Others could M, (mag) o (km s-) Mg =aR,0%/C (M)

b € d ense F1G. 2.— Left panel: Mass of the CMO plotted against absolute blue magnitude
star C| usters of the host galaxy (or bulge for spiral galaxies). Nuclei from the ACSVCS are
shown as red squares. The SBHs in early-type and spiral galaxies are shown as
filled and open circles, respectively. Middle panel: CMO mass as a function of
the velocity dispersion of the host galaxy, measured within R,. Right panel: CMO
mass plotted against galaxy mass, defined as M., = aR,¢*/G with a = 5. In

Ferrarese et al 2006
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Black hole mass is strongly linked to host
properties

The “M-sigma relation”
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Plot mass of black hole against luminosity (left) and velocity
dispersion (right) of galactic bulge
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Black hole mass is strongly linked to host
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The Co-evolution Of Galaxies & Black
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The rate at which black holes grew via accretion (as AGN) was very
much higher in the early universe

A similar trend is seen in rate at which galaxies grew via star
formation

The Connection is to the Bulge
Component of Galaxies
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Black holes and galaxy formation

- Find that black hole mass is correlated strongly with
the velocity dispersion of the bulge (and, more
weakly, with the luminosity of the bulge)

- Velocity dispersion is a better indicator of the mass
of the galactic bulge

- Extremely important result! Shows that black hole
growth “knows” about the properties of the galaxy
(or maybe galaxy formation knows about the black
hole?)

Quasar Host Galaxies HST « WFPC2
PRC96-35a * ST Scl OPO * November 19, 1996
J. Bahcall (Institute for Advanced Study), M. Disney (University of Wales) and NASA
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Nuclear Activity in galaxies

The (geometric) centres of galaxies (few pc) exhibit local
properties which cannot be found anywhere in the rest of the
galaxy.

It turns out that many of these phenomena are related to the
bottom of the potential well and black holes.

@ compact, very bright centers, R, .. =~ 3pc
@ spectra with strong emission lines
@ ultraviolet-excess
@ X-ray emission
@ jets and double radio sources with R, ~ kpc — Mpc
@ variability over the whole spectrum on short timescales: i, ~ minuies... ~ days
@ AGN luminosities:
Ly — 107 — 10822~ 1012 1017,

S

AGN Types
1. Radio Galaxies

-Radio emission comes from lobes
0.1-0.5Mpc

-Radiation is synchrotron emission
“Lragio ~ 10810 L~ 1042-10%4 erg/s

radio
-Reside almost exclusively in massive
galaxies

- Particle acceleration to >1012 MeV

-Note: all ‘radio AGN’ show other
signs of nuclear activity, but not all
AGN have radio jets/lobes

17
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AGN Types
2. Seyfert galaxies

- Spirals with bright, unresolved nuclei with

L~104> erg/s

- Forbidden emission lines narrow (300km/s)

- Permitted emission lines (in Seyfert 1)

broad: ~3000km/s

- Line ratios exclude photo-ionization by hot

stars

- From variability studies (light travel time

continuum - broad lines) it follows that
R broad-lines ~0.01-1 pc

Seyfert | and Seyfert Il galaxies

The nuckei of Seyfert I galaxies are bright in the infrared, optical and ultraviolet. They

show broad and narrow emission lines.

Seyfert II nuclei are fainter in the UV and the optical but have similar luminosities to

Seyfert Is in the IR. Their spectra have only narrow emission lines, not broad ones.

.

18



AGN Types:
3. Luminous Quasars (QSO)
- Bright, unresolved nuclei of galaxies, at

1048 erg/s they can outshine their host
galaxy by x100

- Continuum: not black-body
Composite QS

spectrum | -Broad lines: ~3000 km/s

-Found at redshifts z~0...6.5, with a
peak at z~2 - phenomenon more
common in the past

Flux Density, f, (Arsitrary Urits)

- Either the phenomenon is rare

L |
2000 4000 6000 8000

v n O or it is common but a short-lived
QSO 1229+204 phase:

‘ n galaxy ~ ]OO - ]0,000 X nQSO

Hubble Space Tel
Wide Field Planetary mera

A May 1996

* April 1995
May 1994
1977 to 1995

AGN Emission
Across the Energy
Spectrum

VF, (ergem?s™)

*
*
* 0\@ & S
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It turns out that to explain emission across such a vast range of
energy, one needs a combination of:

accretion disk (multiple black-bodies)
Relativistic particle acceleration (including jets)
Dust (at 50K), heated by the radiation from the accretion disk

Orientation effects (jets, relativistic beaming) must play a role




What powers most AGN?

From what region does the activity emerge?
- AGN vary at many wavelengths
More rapid variability for higher energy radiation

- Size < cx tvariability

radio/optical At . =~ 10d = I, = 0.01pc
radio/optical Aty =~ ld = s = 10 *pe
TeV Atge = 1h = s = 10 "pc

The (Now) Standard Picture

AGN are Powered by Accretion onto Black Holes

A
To Radio Lobe —

Clouds in .
Broad-Line R

Region (BLR) Thin Hot Accretion Disk

Black Hole Engine

Clouds in
‘ Narrow-Line
To Radio Lobe 7 { Region (NLR)
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Blazars _ Radio Loud Quasars

.. Narrpw Line
Region

Broad Line &

Region

Accretion
Disk

Obscuring
Torus

7~

/fert Galaxies Type 2 /4

Seyfert Galaxies Type 1
Radio Quiet Quasars

Energetics of accretion onto a black hole

As material drops towards the black hole, its potential energy is
converted into kinetic energy.

If that kinetic energy is converted into thermal energy
(dissipation) then it will be radiated away

efficiency of hydrogen burning is:

lg — 105 kWh

r p— e 2
|L” burn = ".'-'l'nnc*|

Such luminous accretion of an ionized plasma has a natural
upper limit, the Eddington limit:

- Gravitational pull on proton = radiation pressure on electron
(Thompson cross section)

IJTCGJ‘[‘I;” my,

L'];-Iil[ =
OTe

21



Black hole accretion

Consider a black hole accreting matter
due to its gravitational pull, in a
spherically symmetric way

The large luminosity itself can stop the accretion

by the outward pressure the light exerts on infalling material.

0 So accretion will be able to take place steadily only if the
force of gravity the black hole exerts on the infalling
material exceeds the force from radiation pressure.

0 Thus the more massive the black hole, the larger the
luminosity it's capable of emitting by accretion.

QO The maximum luminosity via accretion, called the
Eddington luminosity, is that for which the forces of
gravity and radiation pressure balance.

We shall now derive a formula for the Eddington luminosity
to see what it has to say about quasar black holes.

The Eddington luminosity: derivation

Photons per unit time incident on electron:

 Patercepted L o, Cross-sec F1011f11 area of '
n= = 5 electron, for light scattering
hv 47R* hv )
b Distance from BH
Classical radius of electron:” assume Electron

its rest energy comes from

electrostatic potential enerey.
F o) C#D O,

Pl 2
2 € e —
met="— = 1,=——=28x10""m N A
Te Myc” Light: flux
2 .
8ty Thomson cross section _ L
e” g (8/3, not 1: quantum mechanics) 47R”

22



The Eddington luminosity: derivation (continued)

O Momentum per incident photon: ppoton = /A =Tv/c

Q Since the electron radius is so much smaller than the
wavelength of light, light will scatter from the electron
isotropically (uniformly in all directions). The scattered
light therefore has zero momentum on the average.

Q Thus all the incident photon momentum is transferred to
the electron, resulting in an outward force of

dp __lw Lo, 27‘021_ 2e4L

Fad e =—"=P n=-— = = 5
rad, e =5 = Pphoten® =7 47R%wv  3cR?>  3m2c°R?

Q Similarly, there is a force on tl1e7proto7n, but since the
proton radius is so small, 7, = c;/m CT = 1.5x1071° cm,
this force is negligible compared to that on the electron.

The Eddington luminosity: derivation (continued)

Q Each electron will drag a proton with it, whether these
particles are bound in an atom or reside in ionized gas,
because matter on macroscopic scales has equal numbers
of positive and negative charges and the electrostatic force
between them is strong.

Q Similarly, each proton will drag an electron with it. The
gravitational force exerted by the black hole on each
proton is of course much larger than that on an electron.

Q Accretion takes place if Fgray )+ Forav, e > Fad, p T Fad,

or, to good approximation, Forav,p > Fad e

23



The Eddington luminosity: derivation (continued)

Thus in order to accrete at luminosity L, the black hole mass
M must be such that
GMm,, 204
. _
R? 3m2c°R?
M 2¢4
— > ————————————————

L 3Gmy,mgc

=1.6 x 107 kg s J7'=3x10° ML}

~2 4 25
3GMm,myc
F

GivenM: L<|[g= 1
2¢

Eddington luminosity

, 268
GivenL: M> 5=
3Gmymygc”

Eddington luminosity

At the Eddington limit ~ 3GMmyc

L=
E 212

where the classical radius of the electron

62

re = =28 x%x 107 m

MeC?

So if L=1032 W, and the BH is radiating at the 0.1 x
the Eddington limit, then

(2r2)(0.1L)

M —
BH 3Gmpyge
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Quasar black holes have to be supermassive

The Eddington luminosity is the maximum luminosity that a
body with mass M can produce by accretion.

Now consider a typical quasar like 3C 273, with L = 10%? Lo.

4
M>_—2¢L Lj _=3x10" M, Supermassive black

3Gm,mzc’ hole required!

Q There are quasars with luminosities as large as L = 10* Lo;
thus we should expect to find central black holes well in
excess of 10° I : equivalent to the mass of a good-size
galaxy.

Q The event-horizon radius of the minimum-mass black
hole that would power 3C273:Rgy, = 2GMN I',v"lc‘ =0.6AU.

Energetics of accretion onto a black hole

This implies

LEdd ~ 1.3 X 1038 €erg/s Mpy > 107M

for Seyfert galaxies, and 7
Mpy ~ 10°M
for quasars. Using
1 5
Lgce == Tm(" = Lydq

yields the corresponding maximum accretion rate:

: v~ 5 0 0 Man [ M
Bdd == 5 il
N B. M yrs

In an accretion disk it is assumed that the conversion of energies E

pot

> Eihermal (2 Eragiaion P1ack body) happens locally and much faster

than the inflow
- gravitational energy is instantly exploited.

This need not be the case. There is an old puzzle why some galaxy
centers are so ‘dark’, despite the presence of BHs and gas at galaxy
centers (e.g. Galactic center)

- ‘advection dominated’ accretion (ADAF) = no radiation




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
R decreased by 2 orders of magnitude
Hy=70km s~'Mpc=? ] since early epochs!

Fe—o_y

3 . E (e.g. SDSS Richards et al 2006)

i N F History of 1
k b 3 [ accretion- |
.. broduced
& luminosity |
/i = SDSS binned \ \\,
" SDSS ML fixed F

— SDSS ML var

—2qz
- SSG95

-—-Fan+01
* lan+04

E ® 0.40<z<0.68

[ o 1.25<z<1.53

L 4 1.53<z<1.81

@(M,) (Mpc=> mag™")

p(z,M<—-27.6) (Mpc-3)

2DF Survey: Croom et al 2004

Redshift

Note the ‘Cosmic Evolution’ for less luminous
AGN looks different (‘downsizing’)

If AGN luminosity is less
drastic, not all material : : : :
may get blown out 2> Density of X-ray
obscured AGN - still <= emitting AGN
detectable in X-rays or _
mid-IR
Density of X-ray AGN
accretion

Ueda et al 2003

® Log Lx = 41.5-43
o Log Lx = 43-44.5
CDFS+CDFN+LH/XMM + X log Lx = 44.5-48
Hellas2XMM+SEXSHCLASXS+ L
ASCA/LSS+HEAO1/Grossan 3 +

Ueda et al., 2003
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.

a3 44 45
Ly (ergs™') 2-10 keV

Type 2 fraction




How do BHs grow?

- Long-ish phases of L<<Lgqygington ?

- Is most of the growth at L~Leygington in spurts,
turned off in between? (it seems that this is the case..)

M,
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(2257 6755

T
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If galaxies merge then their central black holes
should merge, too....

- Importance of this effect not known (yet)

- Can BHs get ejected before merging?

Two black holes in one galaxy?

NGC 3393- 50 Mpc
away

’ XCRAY GLOSE-UP. . Splral galaxy Wlth

two SMBHSs at its
core

Separated by
N 150 pc=490 ly
\ Found by the

~
Black Hole Chandra X-ray

observatory

Believed to be the
result of a merger

Black Hole

Fabbiano et al 2011 When galaxies merge, their SMBHs merge too
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Does the observed BH accretion match the
present-day black hole density?

Taking the Mg,-0 relation and using the stellar velocity
dispersion measured by SDSS, one gets the present epoch
density of (mostly dormant) black holes:

Por(z=0)~2.9 x 10° Mg Mpc ™

LA L L B A B BN
! [ p¥9, (0)=2.1x105(C,/11.8)[0.1(1~€)/e]MMpc?
~08r
Integrating the (emitted) energy OR
from AGNs, assuming %fo.s—
. Mgc® . o
L, (optical) = e —— with £ ~ 0.1 oA
2 L
yields consistency! 02f
(Yu and Tremaine 2002) ok
| | | 1

- Do we ‘see’ most accretion?
> Picture does ‘hang together,-) Figure 1. The history of the comoving massive BH mass density due to

accretion during optically bright QSO phases. The QSO luminosity function

‘Duty Cycle’ and
Lifetime of Luminous Accretion Phases

Duty cycle
If 1 galaxy €<= 1 black hole
f ~ nacn(>LIZ) / ngy(>Miz))~103
*Find corresponding galaxies and AGN

Lifetime (of individual luminous phase) | 7-6.28 QSO spectruim
- indirect arguments suggest few x 107 yrs (Pentericci et al 2002) ||

- Direct: measure size of ‘over-ionized’
sphere around high-z QSO

Lyman-alpha ——

I .
> onized _ 25107 yrs
c

Relative Intensitat
)
T

t

UV-bright lifetime

- Compare to e-folding time

LMy
Salpeter . §°
Mgy

one QSO phase!
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QSO/AGN phases as

shortlived stages of a
galaxy merger where
gas is being funneled
to the center

Hydrodynamical
simulations by Hopkins
and Springel

How black holes grow

Scenarios emerging from these simulations:

Merger of gas rich galaxies

- gas to the centre - (dust-enshrouded) star-burst

- black hole accretion - whose energy output blows out gas

total accretion phase is longer than ‘optically bright’ QSO phase

Simulations
from Hopkins
et al 2005

Lt ioml

TR TR Iy T

vt d ol

|

|
|
|
\
|
|
|
|
\
\
|
|
\
|
|
]

1.30 - 1.40
Simulation Time (Gyr)
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The Local Galaxy “Landscape”

THE BIMODAL SDSS GALAXY
POPULATION

Characteristic scales for transition
from old to young:
e M., ~ 3 x 1010 Mg
e Low mass galaxies are young, high
mass galaxies are old
® [y ~ 3 x 108 Mg /kpc?
e Low density galaxies are young, high
density galaxies are old
e C ~ 2.6 y S
e Low-concentration (late-type) eo(k) toof)
galaxies are young

High-concentration (early-type)
galaxies are old

Hé,

e Black Holes: the domain of massive,
dense, high-concentration galaxies
(big bulges)
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- They live in “hybrid” galaxies

Near the boundaries between the bimodal population
Structures/masses similar to early-type galaxies

- Bulges: young stellar population
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Luminosity Dependence
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- As the AGN luminosity increases the stellar
population in the bulge becomes younger

- And the amount of dust/cold-gas increases

Trigger: Morphology

J101806.66+000559.8§J115909.7 1+000006.7§J011221.3+150419.8 [J021404.39+131156.3§J015742.52+132318.8

- Usually ~normal early-type disk galaxies
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WHICH BLACK HOLES ARE

GROWING?
os .
0zl :
_ C \ ’
S 0.1 | N —
7 \ z
o B, v TS I 1]
7 8 ) 10

- Mass resides in the more massive black holes
- Growth dominated by less massive ones

MASS-DOUBLING TIMES

log {(0/200 km/s)
-0.4 -0.2 0 0.2 0.4

- Only ~ Hubble Time for lower mass black holes

- Orders-of-magnitude longer for the most
massive black holes (“dead quasars”)
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The characteristic mass scales of the populations of rapidly
growing black holes and galaxies have decreased with time
in the universe. The most massive form earliest.

Number Density [h3,Mpe-3]

AGN EVOLVE
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Hasinger et al. (2005)
Also Ueda et al. 2003

La Franca et al. 2005

Typical BH mass or accretion rate reduces with z?

K. Nandra: AGN/Galaxy Coevolution
Columbia Warm/Hot Universe
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AGN EVOLVE

L 1

0.2

0.4
log(1+2z)

SFRD: Hopkins & Beacom (2006)

Similar evolution:
Boyle & Terlevich 1998

%, 0.001 g T T T T T T 3
E, N T = E E
L <. 0.0001 [ Ly>10% .
1074 | vy < E o = E
[ oy | wo r
Fa o 5 10 4
T 108 j= rw " E 3
(" E m S 10 - T T T e —— 1
& o — — L,>10%
1079 - 2 oL _ ]
iy : —
- I @ C . . . . b
;, 10-7 F 1’2 10-¢ i/ Luminosity density evolution 1
2 F gy F————————— F———+
5 oef s T [
' b @ = L 1
2 109y 2
£ e o t ]
= - 2 10% -
Z 10710 |-, s g 3 i
F - 1000 -
F E 3 E q
10-11 | : - 5 E E
g [ , T WDE ] § '°°F BH mass density evolution \| 3
0 1 2 3 4 100 ; é :Ij ‘;
4
Hasinger et al. (2005) “
La Fran I. 2
Also Ueda et al. 2003 a Franca et al. 2005
Typical BH mass or accretion rate reduces with z?
K. Nandra: AGN/Galaxy Coevolution
Columbia Warm/Hot Universe
10-3 T T T T
@® ChaMP + CDF + ROSAT —— 2dF (Croom et ol. 2004)
z A ROSAT (Miyoji et ol. 2000) O SSG (1995)
¥ COMBO-17 (Wolf et ol. 2003) © SDSS (Fon et ol. 2001)
0 1 2 3 4 5
[T T ok i
' - T = i
TATIIIL I r N ‘B
pp el Faop T f i f 1
F L = — % H
|g o E ,#’;T_.
= L
Tt 1ol ]
| e e
L T Redshift
Q: r : i
o AGN number density:
3 _‘ Silverman et al. (2005)
ory
v

34



GALAXIES AND AGN CO-EVOLVE

FT— T T T 1 T T L
F ,

Black hole mass correlated to
10° .
£ M.-o relation, host galaxy bulge mass.

7

Formation of bulge and growth

Zioe L §
= of black hole are related.
) v
1 E AGN play a significant role in

the evolution of galaxies

10¢

60 7‘0 BIO 9’01[‘)0 22)0 300 400
dispersion (km s!)
Magorrian et al. 1988; Gebhardt et al. 2000;
Ferrarese & Merrit 2000; Tremaine et al. 2002

GALAXIES EVOLVE (2)

DEEP2 survey, 0.4<z<1.4; Willmer et al. 2006

- Colour bimodality: 19
- Blue cloud active star-forming

KEY QUESTION: WHAT IS THE | .
QUENCHING MECHANISM?

via mergers in blue cloud
Rapid quenching to red
sequence. Mechanism?
Further red sequence
growth via “dry mergers”?

S optical galaxies |

0 .
IR T S SR R T L
-18 -20 —R22
My (mag)

e.g. Strateva et al 2001; Bell et al 2004; Faber et al 2008
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QSO MODE FEEDBACK

- Gas rich major merger

- Inflows trigger BH
accretion & starbursts

- Dust/gas clouds obscure
AGN

- AGN wind sweeps away
gas, quenching SF and BH
accretion.

Hernquist (1989)
Springel et al. (2005)
Hopkins et al. (2006)

Radio Jets: Energetics based on
cavities inflated in the hot ICM
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The Impact of AGNs on their Host Galaxies

Case study: radio AGN in the Perseus cluster
(e.g. Fabian et al 2003)

radio emission (relativistic particles
X-ray (=gas) holes

radio jet
FI 1

cone |

¥

X-ray gas (emissivity) in galaxy c'Ivuster

Radio-mode feed-back (e.g. Croton et al 2006)
only effective in (massive) halos that have ‘hot’ X-ray atmosphere
energetic feed-back that requires no star-formation itself
Efficiency increases with Mgy >? only effective after the BH has grown?
- explanation of why massive galaxies no longer form stars?

RADIO MODE FEEDBACK

Croton et al. 2006

z>1: Quasar Epoch

infalling gas, hot
halo build-up,
cooling gas

-l )

z<I: hierarchical
growth
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RADIO MODE FEEDBACK

Croton et al. 2006

z>1: Quasar Epoch

infalling gas, hot
/ halo build-up

7

75
)74
77y

quasar

z<|:Radio Mode

AGN FEEDBACK

When? Trigger? Feeding? Consequence?
BH growth,
at early times gas rich mergers cold gas sets properties o
Quasar v ti ich d s of
Mode ellipticals
Radio f: [Efim (itines BH & hot halo large hot gas? suppresses cooling gas,
Mode enough? stellar winds? shuts down SF

A complete picture of galaxy evolution

probably needs both
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Final Thoughts

AGN are important for several reasons:

> They have produced ~10% of all the
luminous energy since the Big Bang

> They are unique laboratories for studying
physics under extreme conditions

> They played a major role in the evolution
of the baryonic component of the
universe (galaxies and the inter-galactic
medium)

Summary

- A wide range of energetic phenomena at the cores
of galaxies can be best explained by material
accreting onto supermassive black holes.

- Dynamical/observational evidence for black holes
is very strong in many galaxies

- Black holes are (nearly?) ubiquitous in the centers
of nearby massive galaxies.
- Mg, correlates (surprisingly?) well with o. or M.
indicating a strong link with galaxy formation

- AGNs (quasars, etc,...) are shortlived phases in the
lives of normal galaxies




