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•   Rare (“5σ”) objects:  
                             10 found in SDSS at z>6 
                             20 in CFHQS + few others 

•   Record: z = 7.085 (t=0.77 Gyr, UKIDDS) 

•   Tip of the iceberg (?): 
                             Space density  ~1 Gpc-3 

•   Mass estimates 

                Mbh = Lobs /LEdd ≈  109-10 M    (Eddington luminosity) 

                             Mhalo ≈  1012-13 M                    (Matching space density)               

Willott et al. (2010)   







Masses estimated from: Fan et al. (2006); Willott et al. (2010); Mortlock et al. (2011) 

Must start early! 

Accretion rate must  
keep up w/ Eddington 
most of the time 

Obvious alternatives:  
 (1) merge many BHs  
 (2) grow faster 

e-folding (Edd) time: 
M/(dM/dt) =  4 (ε/0.1) 107yr  

Age of universe (z=6-7) 
(0.8 - 1) x 109 yr   



•   STELLAR SEEDS 

   uninterrupted near-Eddington accretion onto ~10-100 M seeds 
        - continuous gas supply  
        - avoid radiative feedback depressing accretion rate 
        - must avoid ejection from halos and loosing BHs  
        - avoid overproducing total ρBH   (in ~106 M holes) 

•  DIRECT COLLAPSE (A.K.A “HEAVY SEEDS”) 
   rapid formation of 105-106 M black holes at z>10 by direct      
   collapse of gas or via intermediary (supermassive star, 
   quasi-star, or ultra-dense star cluster) 
        - gas must be driven in rapidly (deep potential)  
        - transfer angular momentum 
        - must avoid fragmentation 
        - avoid cooling via H2 to T ~ few 100 K and fragmenting 



z~6 

z~30 

CDM merger 
tree 

Mhalo ~106 M 
vesc ~ few km/s 

Mbh= few × 109 M 

Mhalo = several × 1012 M 
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•  Internal feedback:   
             - MBH limited in each halo by MBH – σ relation 

•  No BH seeds after PopIIIPopII ? 

            -  Requires sharp cut at z~25  and low fseed ~ 10-3  
               (mutually exclusive…) 

•  External radiation backgrounds:     

           -  stars and their BH remnants build early IR/UV/X-ray 
           -  affect H2 chemistry,  heat IGM 

(without suppressing most massive ones) 
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Total BH mass density remains below 10% of its present-day value 
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        - avoid radiative feedback depressing accretion rate 
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        - gas must be driven in rapidly (deep potential)  
        - transfer angular momentum 
        - must avoid fragmentation 
        - avoid cooling via H2 to T ~ few 100 K 



Omukai, Schneider & Haiman (2008) 

Shang et al. (2010) 

Sethi & Haiman (2010) 

Inayoshi & Omukai(2012) 

Silk & Spaans (2008) 



  Wolcott-Green, Haiman & Bryan (2011) 

Achieved in close (~10kpc) pairs of 108 M halos  Dijkstra et al. (2009) 



Shang, Bryan & Haiman (2010) 



Shang, Bryan & Haiman (2010) 

Abel et al.; Bromm et al.; Yoshida et al. 



Fernandez, Bryan & Haiman (2012) 

Inayoshi & Omukai (2012) 



Fernandez, Bryan & Haiman (2012) 



1.    Growing z>6  SMBHs with ~109M⊙ requires extreme assumptions: 

          (i) stellar seeds grow at Eddington rate without interruption,   or 

         (ii) rapid “direct collapse” in rare special environments with no metals 

2.    Extra challenge (i): not to overproduce number of ~105-6M⊙ SMBHs.           
 seed formation AND growth are suppressed by X-ray “global warming” 

3.   Extra challenge (ii): not to cool by H2 and fragment. 

         requires large Lyman-Werner flux (J21 ~ 103), achieved in close halo pairs 

4.   Future Observations:  

         faint-end quasar LF (optical/radio/X-ray) to ~105-6M⊙   (e.g. JWST)           

GWs from eLISA up to ~100 merger events/yr                                                      

smooth reionization topology (e.g. 21cm, kSZ) to diagnose X-rays 




