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HOWHOW  

can you can you 
make a make a 
massive massive 

black black 
hole?hole?

 from Rees 1977



   



   



   

3C31:

Optical
Radio



   

QuickTime �  and a
Sorenson Video decompressor
are needed to see this picture.



   

What is likely spin (a/m)?

 (determines accretion efficiency, minimum 
variability timescale, importance of B­Z energy 
extraction, etc)

       Affected by:  coalescence/mergers
                            spin­up by disc 
                            etc
                             
            



   



   



   



   



   

XMM

Fabian et al 02



   

Broad iron­L and iron­K 
emission lines



   



   

black hole mass scales with 
bulge mass

stellar velocity 
dispersion of the bulge

Kormendy 2003

Is this really tighter?



   



   

Massive black holes?

Yes Yes but black hole 
mass scales with 
bulge mass not 

total mass

Some 
at least 

Maybe

Giant Ellipticals/S0s Spirals Dwarfs Globular
Clusters



   

"In my entire scientific 
life,... the most shattering 
experience has been the 
realisation that an exact 
solution of Einstein's 
equations...... provides the 
absolutely exact 
representation of untold 
numbers of massive black 
holes that populate the 
universe"
     S. Chandrasekhar.



   

QuickTime �  and a
YUV420 codec decompressor

are needed to see this picture.



   

Formation and evolution of supermassive binaries

1. Dynamical friction

2. Binary hardening 
due to stars

or 
accretion of gas 

3. Gravitational radiation

    

t ∝ a

4

t ∝ a

Do they merge?



   

LISA

Will see mergers
of 10

5 

–10

7 

Msol 

black holes

2025?



   

Lisa sensitivity to massive black hole binaries



   



   



   



   



   



   



   



   



   



   



   



   

QuickTime �  and a
YUV420 codec decompressor

are needed to see this picture.



   

WMAP CBR SKY

Page et al; 2003



  

FLUCTUATION AMPLITUDE
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Bound Systems* with Gravitational 
Binding Energy 2QMc

(Virial Velocity          )       cQ 2
1

Max Non-:Linear Scale

Q1/2 x (Hubble Radius). 

*Formation of Bound System Requires Expansion 
  Factor of >~ Q-1 After System Enters Horizon.



  

POSSIBLE UNIVERSE WITH Q = 10-4
*perhaps more interesting than ours!

Masses >~ 1014  M  condense at 3.108  yrs into huge 
disc galaxies with orbital velocity ~2000 km/sec (gas 
would cool efficiently via Compton cooling, leading 
probably to efficient star formation).

These would, after 1010 yrs, be in clusters of 
>~ 1016 M.

There would be a larger range of non-linear scales than 
in our actual universe. Only possible ‘disfavouring’ 
feature is that stellar systems may be too packed 
together to permit unperturbed planetary orbits.



  

UNIVERSE WITH Q > 10-3

Monster overdensities (up to 1018 M) condense out 
early enough that they trap the CMB radiation, and 
collapse as radiation-pressure-dominated hypermassive 
objects unable to fragment*. This leads to universe of 
vast holes, clustered on scales up to several percent of 
Hubble radius (and probably pervaded by intense ‘hard’ 
radiation).
It isn’t obvious that much baryonic material would ever 
go into stars.  (If so they would be in very compact 
highly bound systems.)

*This does not require pre-combination collapse. Collapse at (say) 
107 years would lead to sufficient partial reionization (via strong 
shocks) to recouple the baryons and CMB.



   

AN ANAEMIC UNIVERSE (Q = 10

-6

)

Small loosely-bound galaxies form later than in our 
universe; star formation is still possible, but 
processed material is likely to be expelled from 
shallow potential wells. There may be no second-
generation stars containing heavy elements, and so 
no planetary systems at all.

If Q were significantly lower than 10

-6

, then gas 

would be unable to cool with a Hubble time.*

In a Λ-dominated universe, isolated clumps could survive for an 
infinite time without merging into a larger scale of hierarchy. So 
eventually, for any Q > 10-8, a ‘star’ could form – but by that time 
there would be merely one minihalo within the entire event horizon!



   

Cosmic Evolution ­Cartoon

Well-understood nonlinear simulations
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The Very 
Early 

Universe

Real size!



   

Cosmic Evolution ­Cartoon

Well-understood nonlinear simulations
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QuickTime �  and a
 decompressor

are needed to see this picture.



   



   



   



   

Observational progress in 
demography and evolution of 

holes
(I) Ubiquity of holes in galaxies 
(II) Feedback from hole to galaxy 



   



   



   

Astrophysical questions about 
black holes

1.       Radiation, ,accretion  jets, winds, etc ­­­      phenomenology and 
models.   

1. Do ‘holes’ obey the Kerr metric (testing strong­field  GR, etc)?

2. Population and demography of supermassive holes: how do they 
form and evolve?

*                              * straightforward scaling laws between        

                                                  stellar­mass and supermassive holes 



   



   



   

Just six numbers

Six constants of nature whose values must lie in an ‘anthropic’ range for life to emerge

1. D = 3            The number of spatial dimensions
2. G/E = 10-36   The ratio of gravitational to electrostatic force
3. S = 0.007     A measure of the strong force that binds nuclei
1. ΩTotal = 1      The density of matter/energy in space
1. Q= 0.00001  The scale of fluctuations in the microwave

   background
1. ΩΛ= 0.7        Omega lambda, a measure of the vacuum 

  energy of the universe

•Coincidence?
•Consequence? 

•Multiverse?



   

Winter, Mushotzky 
& CSR, submitted

Heger & 
Woosley 
(2002)



   

Suzaku

MCG-6-30-15

Red wing due to large 
gravitational redshift

implying BH rapidly spinning



   

 MAXIMUM POWER OF ANY 
COSMIC SOURCE

                    (rest mass energy)
                  ­­­­­­­­­­­­­­­­­­­­­ 
              (light travel time across 

                   Schwarzschild radius)

                                5
                   =  C     / G

    



   



   



   



   

STARS

        

              Gravitationally­bound systems
                  with negative specific heat
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z=3.502Lyman Forest
Lya

SiIV CIV
CIII]

Lyα forest

probes matter distribution
on galactic scales and 
measures slope of 
power spectrum of 
density  fluctuations 
in early Universe

probes galaxies as 
they form from the 
Intergalactic Medium 



   

ANTHROPIC REQUIREMENTS FOR A UNIVERSE

Large amplitude inhomogeneities. (almost certainly?)

Some baryons (very probably?)

At least one star (probably?)

Some second-generation stars (probably – unless heavy elements 
are primordial?)

WHAT ARE THE CONSEQUENT CONSTRAINTS ON:

•
 Fluctuation amplitude Q?                      (~10

-5

 in our universe)

• Λ                    (maybe 70% of present critical density in our universe)

•
 Baryon/photon ratio n

b

n

γ

?                     (~10

-9

 in our universe)

•
[Baryon/(cold) dark matter] ratio?        (~ 10

-1

 in our universe)

Note: constraints are correlated, so should really consider 
these (and maybe other) parameters together.



   



   



   

PopIII stars remnants

Simulations suggest that the first 

stars are massive M~100-600 M

sun

 

 Metal free dying stars with 
M>260Msun leave remnant BHs with 

M

seed

≥100M

sun

 

Efficient viscous angular momentum   

    transport  + efficient gas confinement 

Q

M

BH

~10

3

-10

5

 M

sun

 M

BH

~100-600 M

sun

 

HOWHOW can you make a (super)massive  can you make a (super)massive 
black hole @ z≈10-30?black hole @ z≈10-30?

Quasistars



   

BARYONS: need to COOLCOOL
 First  ‘action’ happens in the smallest the smallest 

 halos  with  deep enough potential  halos  with  deep enough potential 
wells to allow this wells to allow this 

(at (at  z~20-30)
 

Hierarchical Galaxy 
Formation:  

small scales collapse first
and merge later to form 
more massive systems 

 courtesy of M. Kuhlen

First ‘seed’ black holes?First ‘seed’ black holes?



   

What happens earlier?

• What are the  ‘hosts’ of the first holes?
• How massive are these  ‘seed holes’ (stellar ­­­ 

Pop III remnants ­­  or ‘intermediate’) ?
• How fast can they grow via:
                 (a) accretion?
                 (b) mergers?
      How can we probe the highest redshifts 

(detection, environmental impact, ‘fossils’)?



   



   



   

Just six numbers

Six constants of nature whose values must lie in an ‘anthropic’ range for life to emerge

1. D = 3            The number of spatial dimensions
2. G/E = 10-36   The ratio of gravitational to electrostatic force
3. S = 0.007     A measure of the strong force that binds nuclei
1. ΩTotal = 1      The density of matter/energy in space
1. Q= 0.00001  The scale of fluctuations in the microwave

   background
1. ΩΛ= 0.7        Omega lambda, a measure of the vacuum 

  energy of the universe

•Coincidence?
•Consequence? 

•Multiverse?



   

SummarySummary

SMBHs can be built up from seeds dating back to SMBHs can be built up from seeds dating back to 
the end of the cosmological dark agesthe end of the cosmological dark ages

✔✔seed MBHs in biased proto-galaxiesseed MBHs in biased proto-galaxies

✔✔MBHs evolve through mergers and accretionMBHs evolve through mergers and accretion

✔✔accretion: leads mass (and spin) evolutionaccretion: leads mass (and spin) evolution

✔✔GWs to detect “black” black holesGWs to detect “black” black holes



   

Diffusion of flux?
How d id the flux gen erated by the jets in  Cygnu s A or by  the pulsar in th e Crab Nebu la diffuse into amb ient or embed ded thermal p lasma (to the ex tent indicated b y Faraday ro tation)?



   

Electron­ion coupling

When there is shear but no streaming, 
are there collective processes that 

couple electrons and ions?
(Non­thermal tail?cf fusion research)



   

Field generation and particle 
acceleration by shocks?

Does the field generated by Wrubel­type 
mechanisms  lead to a large­scale 
and persistent component?

Particle acceperation in ultrarelativistlc 
shocks?



   



   



   

PopIII stars remnants
(Madau & Rees 2001, 

Volonteri, Haardt & Madau 2003)

Viscous transport + supermassive 
star (e.g. Haehnelt & Rees 1993, Eisenstein & Loeb 
1995, Bromm & Loeb 2003, Koushiappas et al. 2004)

Efficient viscous angular momentum   
    transport  + efficient gas confinement 

First black holes in pregalactic halosFirst black holes in pregalactic halos
z≈10-30z≈10-30

Simulations suggest that the first 

stars are massive M~100­600 M

sun

(Abel et al., Bromm et al.)  
 Metal free dying stars with 
M>260Msun leave remnant BHs with 

M

seed

≥100M

sun

 (Fryer, Woosley & Heger)

Bar­unstable self­gravitating gas + large 
“quasistar” (Begelman, Volonteri & Rees 2006) 

Transport angular momentum on the 
     dynamical timescale, process cascades

Formation of a BH in the core of a low
    entropy quasistar ~104­106 Msun

 The BH can swallow the quasistar

M

BH

~10

3

­10

6

 M

sun

 M

BH

~100­600 M

sun

 



   



   



   



   

Field generation by shocks?

•

Does the field generated by Wrubel­type mechanisms  lead to a large­scale and persistent component?



   

How do MBHs grow into superMBHs?

Mergers  + accretion?
Is there enough time?
Effects of radiative and dynamical 
feedback?
Gravitatational wave recoil?



   

Diffusion of flux?
How  di d  t h e  f l u x  gen er at ed  by   t he  j et s   i n  Cyg nus   A   or   by  t h e  pul sar   i n   t he  Cr ab  Nebu l a  di f f use   i nt o  am bi ent   o r   em bedd ed  t h er m al   pl as m a  ( t o  t he  ex t ent   i ndi ca t ed  b y  Far aday   r ot a t i on) ?



   

Key issues

• Were SMHs ‘seeded’ by Pop III remnants, or by 
‘intermediate mass’ holes?

• How can we detect individual objects out to z=20?
• What is the ‘environmental impact’? (first ‘metals’, 

magnetic fields, ionization, etc etc)
• What is relative importance of mergers and accretion 

(GR very important!)?



   



   

Build-up  of holes by accretionBuild-up  of holes by accretion
 (a) Is there a continuous  gas supplycontinuous  gas supply from host halo?

Johnson & Bromm 2007, Pelupessy et al. 2007 

(b) When supply is super-criticalsuper-critical:  is ’excess’ radiation 
trapped and/or accretion inefficient, allowing rapid growth in 
hole’s mass ? Volonteri & Rees 2005

Or is there a radiation-driven outflow? Wang et al. 2006Wang et al. 2006

(c) What is the influence of spinsinfluence of spins? affect maximal 
accretion efficiency, importance of Blandford-Znajek 
energy extraction, etc



   

black hole mass scales with 
bulge mass

stellar velocity 
dispersion of the bulge

Kormendy 2003

Is this really tighter?



   

1. Mass of the BH seed1. Mass of the BH seed

PopIII stars remnants
MBH~100-600 Msun 

Gas collapse via Post-Newtonian 
instability MBH~105-106 Msun 

2. BH mergers2. BH mergers

Positive contribution Negative contribution

3. Accretion rate 3. Accretion rate 

Eddington-limited Super-Eddington



   



   

BHs spin is modified by BH mergers and  BHs spin is modified by BH mergers and  
coupling with the accretion disc coupling with the accretion disc           

Hughes & Blandford 2003, Moderski & Sikora 1996Hughes & Blandford 2003, Moderski & Sikora 1996

   ✔ mergers can spin BHs either up or down in a random 
walk  - mainly depending on MBH mass ratio

  ✔ alignment with a thin disc spins up efficiently on short 
timescales. Volonteri,  Madau, Quataert & Rees 2005

The hierarchical evolutionhierarchical evolution predicts typical BH BH 
spins close to maximalspins close to maximal

The radiative efficiency is consequently high: 

 > 0.1



   



   


