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2500 from finally 4500 sq deg with UKIDSS! 



Heidelberg, 30 June  2016 

The early growth of supermassive black holes  

slide from Zoltan Haiman 
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Regan & Haehnelt 2009 

Massive seed black holes? 
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Average density 
 

Intermediate overdensity 
 

“Most massive” halo 
 

Billion solar mass black holes only form in 
highly overdense regions. 
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Two phases: 
1.  Eddington limited growth 
2.    Intermittent feedback limited growth 

This assumes massive seed black holes! 

Costa et al. 2013 
Sijacki et al. 2009  

Early growth of the most massive black holes 



Heidelberg, 30 June  2016 

Kormendy 2003 

Self-regulation? 
“Co-Evolution” 

Kormendy&Ho 2013 

Mbh ∝  σ e
4.37
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Sijacki et al. 2015 

What is going on in the simulations? 
Is it the correct physics? 
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simulation and movie by Tiago Costa 

AGN feedback drives powerful outflows. 
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simulation and movie by Tiago Costa 

Does the feedback  self-regulate the black hole growth? 
 
Where does the feedback couple: 
 
     -  in the dark matter  halo? 
     -  in the galaxy? 
 
How much of  this is numerically sound? 
 
How do we get massive seed black holes? 
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Feedback regulated growth 
super-Eddington growth? 

AGN-driven outflows  
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Cicone et al 2013 

AGN-driven molecular outflows in local ULIRGs 

Lkin~0.05  LAGN 

voutflow (dMH2/dt)outflow ~ 20 LAGN/c 



Heidelberg, 30 June  2016 



Momentum vs energy-driven outflows from AGN 

LEdd = 0.1  !MEdd  c
2
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Lth  =   εth    Ledd  
      = 0.05  Ledd 

  !P =  Ledd
c

Inner  ultra-fast 
(accretion disc) 
 wind 

Outer (galactic) wind 
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The Mbh – σ relation in the initially momentum-driven King model 

Equation of motion for shell: 

For isothermal halo with velocity dispersion σ: 

  Ledd
c

= 
Gas is unbound for: 

Mbh  ≥  Mσ  = 
fgasκ
πG2   σ

4

Gives the right slope and normalization! 

~ 3 x108 M¤ (σ/200kms-1)4 
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Kormendy 2003 

Self-regulation? 
“Co-Evolution” 

Kormendy&Ho 20013 

Mbh ∝  σ e
4.37
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Ėth = 0.05 Ledd 

!Pm = Lrad
c

Spherical haloes filled with gas in hydrostatic equilibrium  simulated with AREPO 

Costa, Sijacki & Haehnelt 2014 
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P=Pthermal P=Pram pressure= Ledd/(c 4πr2) 

The hydrodynamical simulation reproduce the analytical solutions well 
The differences are well understood  and physical. 
But this is a for a spherical halo with gas in hydrostatic equilibrium. 
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The infalling and cooling gas in cosmological simulation significantly  reduces 
the effect of AGN feedback. The outflows become bipolar  preferentially 
escaping into the voids and avoiding the filamentary inflows. A momentum 
                              flow of Ledd/c falls short by a factor  ~10. 

spherical halo No outflow with 
with Ledd/c 

Ėth=0.05LEdd 
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Com. 

� 

10-20LEdd/c are required strongly favouring an energy-driven outflow 
on galactic scales. The amount of entrained cold gas is very sensitive to the 
cooling  properties. In cosmological environment there are no thin shells. 

z=6.2 
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Ø  The inflows cover a small 
solid angle. This makes 
AGN feedback inefficient. 

 
Ø  Thermal energy input of  

5% Ledd does  the job.  
 
Ø  The kinetic energy of the  

inner ultra-fast outflow has 
to be thermalized while  the 
outflow velocity  is still  
fast and the mass loading is  
still low.    

at Rvir at 0.1Rvir 

 angular distribution of mass inflow rates (in M¤ yr—1sr-1)   
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Can we observationally test this further? 
Yes, with spatially  resolved spectroscopy. 
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The fast cold  outflow reaches a (projected) distance of 30kpc.   
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Costa,Sijacki  
& Haehnelt  2014 

The role of SN vs AGN feedback 

tcool/tflow 
SN only 

AGN only SN+AGN 

Gas pre-enriched with metals by SN feedback is entrained in hot AGN  
outflow and cools to form cold outflow. Heidelberg, 30 June  2016 



Cicone et al. 2015 Costa et al. 2015 
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Summary 

Ø  feedback-regulated growth of supermassive black holes 
phenomonologically reasonably well understood 

Ø  ~10-20 Ledd/c required for efficient feedback 

Ø AGN driven galactic winds appear to be energy driven 
hot winds with significant amounts of cooling out of 
entrained cold gas metal-enriched by SN feedback 


