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The Co-Evolution of galaxies and black holes
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Massive black holes?

Yes
Yes but black hole 
mass scales with 
bulge mass not 
total mass

Possibly Maybe

Giant Ellipticals/S0s 
Spirals Dwarfs Globular

Clusters

A few
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Cosmic Downsizing

Most of the big black
holes form  at high
redshift. Most of the
black holes still growing
at the present  day are
small. These small black
holes have gained most
of their mass recently.

Merloni 2004

Evolution of the black hole mass function as
reconstructed from accretion history
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We know the DM power spectrum very well!
Tegmark
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DM haloes grow by merging

Bullock et al. 
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Typical merging history in a bright elliptical

Growth of black holes
dominated by accretion
of gas and feedback
regulated

At late time also growth 
by infall and merging 

of black holes

How do 106 Msol
black holes form?

Kauffmann & Haehnelt 2008
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Does the hierarchical assembly 
extend all the way to stellar 
mass black holes?

Volonteri et al. 

orDoes the hierarchical
growth start with a 
minimum seed mass?

Kauffmann & Haehnelt
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escape velocity from
galaxies

Merritt et al. 2004

estimated  kick velocity
after binary merger

Favata et al. 2004

can be > 2000 kms-1

for anti-aligned spins!
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z=6.4

Fan et al.

Black holes as massive as the most 
massive black holes today have 
already formed at z=6.4.

Estimated mass: 3 x 109 Msol
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Springel et al 2005

Sufficiently massive haloes do exist at z=6.
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z=6.4

Fan et al.

Black holes as massive as the most 
massive black holes today have 
already formed at z=6.4.

Estimated mass: 3 x 109 Msol

Age of Universe at z=6.4: 0.8-0.9 Gyr

For Eddington limited accretion only 20
e-foldings  possible!

1

1.0

!"
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Growth from stellar mass seeds requires

Eddington-limited accretion with duty cycle close to one
                                            and
efficient growth in shallow potential wells
                                            and
(“fine tuning” of space density of stellar mass black hole
seeds to avoid excessive ejection by black hole recoils
in hierarchically merging proto-galaxies)

or

super-Eddington accretion
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We most probably need massive seed black holes.
How do massive seed black holes form?
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The Begelman & Rees
roadmap
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Direct collapse into a compact massive self-gravitating disc

H2 cooling
metal cooling

fragmentation

haloes with Tvir ≥   10000K
with no metals (and H2 supression)
are least prone to fragmentation



 Paris, 8th July 2008

with H2

without H2

strongly suppressed 
fragmentation without 
H2 cooling

collapsing 104K halo:
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15000K halo
no H2 cooling

isothermal collapse
gas does not reach
rotational support
in the simulation
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The formation of
compact massive self-gravitating disks

in haloes with
virial temperatures of 30000K
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John Regan
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ENZO AMR

Cosmos

Darwin

Altix 4700 (152 cores)

Dell cluster (2340 cores)
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Regan & Haehnelt 2008

Tvir ~ 35000K

Vvir ~ 30kms-1

Mtot~ 3.3 x 108 M

z ~ 15

no H2 cooling
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Regan & Haehnelt 2008

Isothermal collapse at T~7000-8000K

The inner 2x104 M collapse by a factor 1000 in radius
before they settle into rotational support!
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Regan & Haehnelt 2008

Angular momentum loss and rotational support

The inner 2x104 M loose more than 95% of their initial
angular momentum.
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The inner 2x104 Msettle
into rotational support and
form a compact fat self-
gravitating disc with
“radius” ~ 0.3pc.
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An exponential disc with scale length 0.035pc.

Regan & Haehnelt 2008
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Deborah SijackiVolker Springel

Resimulating the  build-up
of galaxies and black holes
(including spin history and
kicks due to gravitational
wave re-coil) in the most
massive halo at z=6 with
higher resolution.
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How will we ever know?
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LISA will see mergers of 105 –107 M

binary black holes  with high S/N

2011?

2017?
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A significant
fraction of the
X-ray sources
detected by XEUS
should be at z>6.
Should be able to
see black holes with
masses as small as
105 M.
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• Feedback regulated co-evolution of galaxies and their central
black holes.

•  We still don’t know  how (and when) massive black holes form
    in the first place!
• Most probably require massive seed black holes. Direct collapse
   of gas in haloes with Tvir ≥ 10000K with no metals (and H2

supression) is least prone to fragmentation
• The inner 2x104 M in Tvir ≥   10000K  collapse by a factor
   1000 in radius,  settle  into rotational support and form a

compact fat self-gravitating exponential disc with scale length
0.035pc.

•  LISA and future X-ray missions offer excellent prospects
   for unravelling the early build-up and determining detailed
   properties of supermassive black holes.

Summary


