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•   Rare (“4-5σ”) objects:  
                             ~10 found in SDSS at z>6 
                             ~20 in CFHQS + few others 

•   Record: z = 7.085 (t=0.77 Gyr, UKIDDS) 
                                                          Mortlock et al. (2011)   

•   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)   



Abel et al. (2002), Bromm et al. (2002), Yoshida, Omukai & Hernquist (2008), … 

Protostar(s) in core: 
       T ≈few×100 K 
       n ≈1021 cm-3 

    M* ≈ 0.1 -1 M 

Greif et al. (2012) 





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   



z~6 

z~30 

CDM merger 
tree 

Mhalo ~106 M 
vesc ~ few km/s 

Mbh= few × 109 M 

Mhalo = several × 1012 M 



 Construct Monte-Carlo DM halo merger trees from z=6 to z>45 
                                    108M⊙ ≤ Mhalo ≤ 1013M⊙     

                        (Mres =3×104 M⊙;      N~105 trees;      Veff~5 Gpc3) 

   Q1: Fraction of minihalos forming stellar BH seeds ? 
           - Mseed ≈ 20 M⊙ 
           - fseed ~ 0.01-1     (requires only 1 star with M* >25 M⊙ - most can be low-mass) 

   Q2: Time-averaged mass accretion rate ? 
           - ε=0.07                (radiative efficiency) 
           - 0.5 ≤ fduty ≤ 1.0  (time-averaged Eddington rate) 

   Q3: What happens to the BHs when halos merge?   
           - gas drag leads to coalescence of BHs 
           - gravitational recoil: vkick  - spins aligned or random 
               follow kicked BH trajectory - damped oscillation (gas drag)        
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 (z>20) that avoided ejection at  merger:  asymmetric  mass ratio q<0.01 
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   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 cluster of low-mass stars 

        - gas must be driven in rapidly (requires deeper potential)  
        - transfer angular momentum  
        - must avoid fragmentation 
        - avoid cooling via H2 to T ~ few 100 K 

  a promising site: Tvir>104 K (M>108 M) halos  
  abundance: n ~ 1 Mpc-3 at z=10 



•  Rapid infall if gas remains hot Tgas ≈ 104 K (due to lack of H2)                                   
but cools efficiently via atomic HI:   Macc ≈ cs

3/G ≈ 1 M⊙ yr-1 

          cf: Eddington rate 10-2 (ε/0.1)-1(MBH/2×105M) M yr-1  
               need closer to ~1M yr-1  to accrete ~105M in KH time of 105 yr 

•  “Mo-Mao-White” disk with isothermal gas at Tvir  >  Tgas ≈ 104 K                                           
is fat and Toomre-stable, gas could avoid local fragmentation                           
(Oh & Haiman 2002)   

•  No fragmentation seen in simulations in absence of H2 
        (Bromm & Loeb 2003; Wise & Abel 2007; Regan & Haehnelt 2009; Shang et al. 2010) 

•  Gas can then: 
     - collapse rapidly onto a stellar-mass seed BH 
       (Volonteri & Rees 2005) 
     - collapse directly into 105-6M⊙ SMBH by global instability  
         (Koushiappas et al. 2004; Begelman et al 2006; Spaans & Silk 2006;  
          Lodato & Natarajan 2006; Wise & Abel 2007; Regan & Haehnelt 2008) 
    - fragment into ultra-dense 104M⊙ star cluster via metals/dust  IMBH                         

(Omukai, Schneider & ZH 2008; Devecchi & Volonteri 2009)  

   ~ 



Omukai, Schneider & Haiman (2008) 

Shang et al. (2010) 



  Wolcott-Green, Haiman & Bryan (2011) 

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



Fernandez, Bryan, Haiman & Li (2013) 



Fernandez, Bryan , Haiman & Li (2013) 



Shang, Bryan & Haiman (2010); Fernandez et al. (2013) 



Shang, Bryan & Haiman (2010); Fernandez et al. (2013) 



Inayoshi & Omukai (2012) 

Fernandez, Bryan, Haiman & Li (2013) 



Fernandez, Bryan, Haiman & Li (2012) 



Fernandez, Bryan, Haiman & Li (2013) 
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Figure 8. The figure is derived from 106 Monte Carlo realizations
of the merger tree of an atomic cooling halo with Tvir,0 = 104K
(M0 = 1.07 ⇥ 108 M�) at redshift z0 = 10. It shows the prob-
ability distribution of the terminal lookback redshift �zmax, at
which the atomic cooling halo had a progenitor, which was mas-
sive enough to cool via H2 and collapse. The “SMBH formation
by direct collapse” scenario is feasible only if none of the progeni-
tors can cool and collapse prior to z0 = 10. The figure shows that
for a LW background JLW = 10 (black histogram), all of the 106

merger trees contain an H2–cooling progenitor. However, for the
higher background fluxes of JLW = 30 (in red), or JLW = 100
(in blue) we find approximately 50 (or 2000) cases where none of
the progenitors, out to z = 20, could cool via H2 - this is shown
by the pile-up of the probability distribution in the last bin at
�zmax = 10.

the gas to collapse directly to a SMBH. Note, however, that
this requires a relatively large LW background early on: in
order for a fraction 50/106 = 5⇥ 10�5 of the atomic cooling
halos at z0 = 10 to be such candidates, we need JLW & 30
as early as z ⇡ 20.

5 SUMMARY

One way to explain the presence of SMBHs at z > 6 with
masses greater than 109 M� is through the formation of a
massive (⇠ 105 M�) BH seed via the direct collapse of a
supermassive star forming in Tvir > 104 K halos. As noted
in the Introduction, one di�culty with this mode is the need
to prevent fragmentation of the cooling halo into lower mass
stars, and, in particular, to prevent cooling due to H2. In-
ayoshi & Omukai (2012) have suggested that this can be ac-
complished through the action of cold flows, which result in

gas shocking to high densities (n > 104 cm�3) and tempera-
tures (T > 104 K). This shocked gas cools by Ly↵ emission
to about 8000 K; however, if the density is high enough,
enhanced H2 collisional dissociation suppresses the gas from
cooling further. This was demonstrated using one-zone mod-
els calculated by Inayoshi & Omukai (2012), who identified
an H2 suppression region. This mechanism is appealing as it
does not require a high LW background to destroy the H2;
however, it is unclear if this mechanism operates in nature.

To test this idea, we carried out cosmological hydrody-
namic simulations with the adaptive mesh refinement code
Enzo. We first identified three halos from a low resolution
simulation which all had Tvir > 104 K at redshifts ranging
from 12 to 17. We then re-simulated these halo at high-
resolution with a relatively modest UV flux in the Lyman-
Werner band, J21 = 10. We found that in all three cases,
cooling from H2 was able to e�ciently lower the gas tem-
perature below the H2 suppression zone, indicating that, at
least for these three halos, the mechanism was not operating.

To determine why this occurred, we examined the struc-
ture of the simulated halos in detail, and found that, while
cold flows do occur, they generally shock at or near the virial
radius and do not penetrate into the halo center where the
densities are high. We note that although these small halos
have low virial temperatures and so might be naively clas-
sified as “cold-mode” halos (Birnboim & Dekel 2003), they
actually have low cooling rates because of the ine�ciency
of H2 cooling. Therefore, the characteristic cooling times
of these halos is longer (or comparable) to their dynamical
times, making them more akin to hot-mode halos. This is
consistent with the clear virial shocks that we see in these
halos (e.g., Figure 2).

To determine if the suppression mechanism could func-
tion if we artificially suppressed H2 cooling, we reran one
of the simulations with a high LW background (J21 = 105),
well above the critical flux required to suppress H2 cooling
radiatively (Shang et al. 2010). We showed that, in this case,
the gas did indeed enter the suppression region. To see if this
situation was stable, we ran two variations of this simula-
tion, one in which we turned the flux o↵ just before the gas
in the halo center entered the H2 suppression region, and
one just after. In the first case, cooling eventually won out,
with the region just outside the core cooling first and driving
an evaporative wind which led to cooling by H2 throughout
the halo. However, in the second case, the gas inside the
suppression region stayed there and eventually collapsed to
high densities while remaining at T ⇠ 8000 K.

This demonstrates that the mechanism would work
if a halo could collapse quickly enough, but that typical
Tvir > 104 K halos have progenitors which can cool ef-
ficiently. To investigate if any halos can collapse quickly
enough to escape this fate, we ran Monte Carlo merger tree
calculations of 106 halos with an ellipsoidal collapse model.
We used a simple analytic prescription to determine if any
halos could assemble quickly enough to prevent cooling and
collapse. We found that for a typical Lyman-Werner back-
ground of J21 = 10, none of the 106 merger tree histories
collapsed quickly enough. For larger (and probably unre-
alistic) LW backgrounds, a small fraction (⇠ 10�4) of the
halos did form quickly enough to evade cooling.

Therefore, in summary, we find that the collisional H2

suppression mechanism is unlikely to prevent – by itself –

c� 2013 RAS, MNRAS 000, 1–11



1.   SMBHs with <106M⊙ should be directly detectable at z~10 

          (i) optical/IR with JWST (~10 nJy at few µm) 

         (ii) radio with EVLA, SKA  (~1-10µJy at 1-10 GHz) 

         (iii) X-rays: CXO deep fields correspond to ~108M⊙  (IXO 2021) 

2.    eLISA event rates (z>6):   0 to ~30 event/yr/dz                               

mass ratio is a diagnostic                   

3.    Accreting  BHs can cause “pre-ionizaton” at z>10 

            topology: swiss-cheese vs. nearly uniform due to X-rays.   

       power spectrum (21cm, kSZ)  depressed on scales < m.f.p. 

4.    Fossil evidence: occupation fraction of BHs in local dwarfs  



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 

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

3.    Challenge (ii): not to cool by H2 and fragment into PopIII stars. 

         large Lyman-Werner flux (J21~103) in close halo pairs, or rapid halo assembly 

4.   Future Observations:  

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

BH demography in dwarfs; GWs from eLISA up to 10’s of mergers/yr                                                      

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




