The Co-evolution of Galaxies and their Supermassive
Black Holes




BLACK HOLES

The Curvature of Space caused by ahassive Object,
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Curved Spacetime around a Elack Hole,
Inside the horizon or gravitationa!
Fodlieds space
is 5o strongly curved that nothing can
escape.

The French mathematician
Laplace first speculated about
the existence of an object so
compact that the escape speed
would be greater than the
speed of light.

The first relativistic
calculation was performed by
Karl Schwarzschild (1916),
shortly after Einstein
published his theory.

Rhorizon =2 G M/ ¢2




In 1939, J. Robert Oppenheimer and H. Snyder (a graduate student) described
a mechanism by which black holes may be created in the real Universe.

A star that has exhausted all its nuclear fuel can no longer support itself
against gravity. A star whose remnant core exceeds a critical limit following
a supernova explosion will form a black hole.
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More than two dozen stellar black hole candidates have been indentified 1n
the Milky Way, all of them part of binary systems in which the other
component is a visible star. They have highly variable x-ray emission,

thought to be coming from an accretion disk surrounding the black hole.




The Supermassive
Black Hole at the
Centre of the Milky
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Evidence for Supermassive Black

Holes in Other Galaxies
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Revolution in in our understanding of galaxy formation:

1) All galaxy bulges contain supermassive black holes
2) The massof the black hole 1s tightly correlated with
the mass of the bulge.

Correlation Between Black Hole Mass
and Bulge Mass
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From John Kormendy
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STRUCTURE FORMS HIERARCHICALLY
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Galaxies are believed to form through two processes:
gas accretion and merging

3D D e

Gas cools and forms a rotationally—supported disk

Galaxles merge on a dynamical friction time-scale

Major merger leads to formation of bulge; new disk forms when gas cools again




Mergers between galaxies are also well-documented

A new frontier in astrophysics:

.| what happens when the black holes
4 | inthese galaxies merge?




Quasars (quasi-stellar objects) have apparent brightnesses

comparable to stars in our galaxy, yet they are at cosmological
distances.

Only possible source of
energy: accretion disks
surrounding supermassive
black holes. Frictional
heating 1n the disk can
convert 10% of the rest
mass energy on the
infalling material into
radiation.




Flux Density, f, (Arbitrary Units)
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Only after the advent of the Hubble Space Telescope, did it
become clear that quasars reside within galaxies. Some
show disturbed morphologies.







Seyfert galaxies are names for Carl K. Seyfert who in 1943 described
them as gaving peculiar spectra with notable emission lines. They
sometimes, but not always, have bright point-like nuclei.

Seyfert Nuclei — HST Planetary Camera

IC 4329A NGC 1019 NGC 3516

NGC 3393 NGC 7469




Two types of Seyfert galaxies: Type I and Type I1I.
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A Type II Seyfert compared to a normal star-forming galaxy
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The peculiar line ratios in a Type 11
Seyfert spectrum can be understood
if the source of 10nizing radiation 1s
not massive stars, but a source with
a much “harder” spectrum.

But why do Seyfert II's not exhibit
broad emission lines??



PROPOSED GEOMETRY

The accretion disk 1s
surrounded by a dusty
obscuring “torus”.

One sees a Type II AGN
when the torus 1s oriented
perpendicular to the line-of-
sight, so that the accretion
disk 1s obscured.

One sees a Type I AGN when
one looks at the system face-
on.




PROOF: Detection of the “hidden” broad line component in
polarized light in NGC1068 by Antonucci & Miller in 1985.
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AGN “Unification”

Accretion disk Obscured

Accretion disk Unobscured

Seyfert II

Type 2 quasars

Seyfert I

Classical quasars




3C 296

3C272.1

Radio Galaxy 3€288

VLA 4cm image
Copyright (c) NRAO/AUT 1999




The number density of AGN has evolved very strongly as function
of cosmological time...
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New very deep X-ray surveys are probing the space density of
Type II “obscured” quasars and seyferts out to cosmological
distances




Hasinger 2005

Clues from Deep X-—ray Surveys 9
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Convert luminosity in seen in AGN to the amount of mass being
accreted by black holes. Does this produce the black holes seen today? :
Answer: yes, roughly.
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Hasinger et al.: Lumincsity-dependent evalution of soft X -ray AGH 11
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Models for the joint evolution of galaxies, quasars and
supermassive black holes

Assumption: Black holes are formed and fuelled during the same
merging events that destroy disks and make galaxy bulges.
Assumption: Some fraction of the gas present in the galaxy is added
to the black hole and fuels the quasar.

Kauffmann & Haehnelt 2000
Cattaneo 2001

Granato et al 2001

Volunter1 et al 2003

D1 Matteo et al 2003
Bromley et al 2004

Croton et al 2006

Cattaneo et al 2006

Hopkins et al 2005,2006



log N / Mpe® / log M

Figure 5 The mass function of black holes as a function of epoch. Solid, dotted, short-dashed,
long-dashed, short dashed-dotted and long dashed-dotted show results at z=0, 05,1, 2, 3.1 and 3.8
respectively.
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Figure 6 The evolution of the number of major mergers per Gyr and per comoving cubic Mpo which
produce black holes of different mass. Solid, dotted, short-dashed and long-dashed lines show

results for merged galaxies containing black holes with 1IZI?, 1IIIB, 10% and 10" p respectively.
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-1 Critical aspect of the model: galaxies
are more gas rich at higher redshift

Figure 14 The ratio of gas mass to stellar mass present during the |ast major merger of an elliptical
gala=y of present-day magnitude M‘v
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Figure 17 Top: the evolution of the space density of gquasars with ME{—ZE f

Eottom: the same for guasars with M‘E{Zd.
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What is the observational evidence that AGN are signposts
of “bulges-in-formation”?

Active Galaxy Centaurus A

2 & .;-I " E -J!‘:HI
PRC98-14a + ST Scl OPO « May 14, 1998 « E. Schreier (ST Scl) and NASA




Surveys of Type II AGN at Low Redshifts from SDSS
(for detailed analysis of host galaxy properties)

| : Seyferts :
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Kauffmann et al 2003



Star formation in bulges:

The structural properties of AGN compared to early- and
late-type galaxies: low redshifts
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Mean stellar ages of AGN compared to late- and early-type

galaxies
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We see evidence that powerful AGN have experienced recent

STARBURSTS...
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Accretion

The [OIII] Line Luminosity as a Black Hole Accretion
rate Indicator
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Most of the accretion today 1s occurring onto low mass black holes.
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Number Density [hi,Mpec—2]

The history of accretion:
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Downsizing: The characteristic mass of actively accreting

black holes 1s getting smaller at lower redshifts.
A consistent picture!

10—

log Meu(z) [Mo]

B 90% of final mas=
Oo0% of final mass
¥ b% of final mass

2 IIII|IIII|IIII|IIII|IIII|IIII

0.0 0.5 1.0 1.5 2.0 2.5 3.0
A

Marconi et al 2004



The estimated growth time of the bulge through star

formation 1s the same as the growth time of the black
hole .
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3) Does AGN feedback help resolve some long-standing problems in
galaxy formation?

Why does the galaxy luminosity function have a Schechter form?
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In order to prevent the formation of too many very massive
galaxies, one must reduce the efficiency with which gas 1s able to
cool 1n dark matter halos with very large masses.

However, massive galaxies found in the massive halos are
RED with very little ongoing star formation. We therefore
require a source of feedback that is NOT RELATED TO

STAR FORMATION. As we have seen, optical AGN

activity 1s closely linked with strong star formation events
in a galaxy.

Candidate: Radio -loud AGN.



In clusters, there 1s evidence that radio galaxies may be regulating
gas cooling onto the central cluster galaxy.

CHANDRA X-raY [3-CoLor] CHANDRA X-raY [SounD Waves]
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Radio galaxies are strongly
biased towards high mass
galaxies that contain massive

black holes.

Best et al 2005
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Radio-loud fraction is significant boosted in the central
galaxies in clusters and groups.

Van der Linden, in preparation
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In the local Universe, radio AGN are located in the “right places”
to solve the over-cooling problem for large galaxies.



New work by Croton et al 2005

Ingredients for a model for the joint evolution
of galaxies and their black holes.

In the quasar mode, super-massive black holes grow through
merging events where black holes coalesce and cold disk gas
is driven onto the central black hole.

fBHM 014
1 4+ (280kms—1 /Vyiy)?

MBH,Q =




Ingredients

The “radio” mode

In the radio mode, quiescent hot gas accretes onto the central
super-massive black hole. This ongoing accretion comes from
the surrounding hot halo, where we capture the mean
behavior with an empirical equation.

T - 7 3
. ) M BH -[ T
MBH,R — RAGN | 77— T ——
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Results — BH growth

Black hole
B oan(z=0) = 3.7x10% Mg Mpc~3

mass
accretion
history

“radio”

log men (Me yr~' Mpc—3)

mode e
Y
Black hole mass : %
. - % i
density at z=0 _gE | \ 3
B merger cir:;rg? é:géd gas \\ ]
- [ ——— ‘Quiescen
2'5 X 105 MSUH MPCB [ g i | U ST [ . . | ; PR i . . i
. 0 2 4 5 8 10
(Merloni 2004) redshift

Quasar mode dominates the BH mass history



Effect of feedback on the Luminosity Function

10-1E

10_2§

d (h3Mpe=2mag=1)

Full model with reionisation, AGN and SN feedback

I T T T | T T T I T T T
- e Marberg et al. (2002)

24

=SS VR
Mm — 5|O@]1Dh

—~| =]

@ [(neMpcTYmagT!)

10-1 7
10—2;
10—3;
10—4;
10—5;

10‘5§

10-7 L,

| T T T
- & Cole et al. [(20C1)

| j | | |

kochanek et al, %2[][]1%

Huang et al. {2002

—28

—26

=2 =2
|‘v‘1|{ — 5|D@]mh

— 20

Croton et al 2005

—]



Effect of radio AGN feedback on the Luminosity Function
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MANY open questions in this field of research!

How did the first supermassive black holes form?

Is the relation between black hole mass and bulge mass different
at high redshift or 1s 1t truly “Universal”?

When galaxies merge, how long does it take for their supermassive
black holes to merge? Will these mergers produce gravitational waves
that we can detect?

Why 1s there such a tight relation between black hole mass and bulge
mass? Does this imply that the black hole is regulating the star formation
in the bulge or vice versa?

Why do some black holes produce powertful jets and become radio loud?
What is the influence of these jets on the long-term evolution of the
galaxy? Do these processes change at higher redshifts?



