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Reionization: 

(Re)combination: 

z=8.6 

z ≈ 5-15 

z ≈1100 
21cm 



•  When did the first stars form, and what were their 

masses ?     (rotation rates?) 

•  Were they isolated or multiple-star systems? 

•  When and how did they first assemble into something 

“stable” that we would call a galaxy? 

•  When did the first BHs appear, and how did they grow 

so rapidly into 109 M BHs that are present at z=6? 

•  When and how was the universe re-ionized? 



Challenge to audience:  can you pose a question* about 

the first galaxies that has been settled uncontroversially?  

* Question must be (i) intelligent and (ii) must have 

  a non-trivial answer 



Bouwens et al. 2010; Illingworth et al. 2010, …. 



Bouwens et al. 2010; Illingworth et al. 2010, …. 

steep faint slope: 
dlogn/dlogL~1.8 



Detection Threshold: ~3 nJy (NIRCam) 1-5µm in 104 sec 

•  Corresponds to MBH= 105 M  or Mstars  = 106M  at z=10 
•  DM halo mass of detectable quasars/galaxies: ~109 M  

•  Few mini-quasars, and few 10s of  “dwarf-galaxies” arcmin-2 at z>10 
•  z=10 galaxies with R(vir)~1kpc resolvable at 0.02” 
•  BUT: First galaxies may be more distant and below this threshold 

How will we see these things?  Only indirectly? 
Through effects on IGM/CMB, or explosive remnants: SN,GRB 

a.k.a. 
First Light 
Machine 

Launch: 2014 (?) 



Wayne Hu www   

CMB LSS Dark Age 

   extrapolation 
   by a factor of 
   about 100 in 
   linear scale  

e.g. Yoshida et al. (2003) 



Tseliakovich & Hirata (2010) 
Greif et al. (2011)  
Stacy et al (2010) 
Maio et al. (2010) 

possible further 
delay in gas by Δz~4: 



cf. Halo virial temperature: 
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Gas Phase Chemistry: 
     H  + e-  H- + γ 
     H- + H  H2+ e- 

Haiman,  Thoul & Loeb (1996) 
Tegmark et al. (1997) 

Gas inside halos with  
    Tvir ≳ 200 K 
can cool via H2 



Yoshida, Omukai & Hernquist (2008) 



Yoshida, Omukai & Hernquist (2008) 



Shang, Bryan & Haiman (2010) 



Shang, Bryan & Haiman (2010) 

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



Omukai, Schneider, ZH  
(2008) 

Yoshida et al. (2007) 



Greif et al. (2011);  also Prieto et al. (2011), Clark et al. (2010); Stacy et al. (2010) 



Heger et al. 2003 (for single, non-rotating stars) 

10M      25M 40M        140M      260M 



•  Formation of the 1st Star ✓  

•  Formation of the 2nd Star 

•  Formation of the 3rd Star 

•  Formation of the 4th Star 

•  Formation of the 5th Star 

….. 

•  Formation of the 3743rd Star     First Galaxy ? 

•  Formation of the 3744th Star 

….. 



z~10-15 

z~30 

CDM merger tree 
Mhalo= few × 108 M 

Mstars  = few × 103 M 

Mhalo  =  106 M 

Mstars  = few × 102 M 



•  INSIDE MINIHALO 
       - UV flux unbinds gas 
       - supernova expels gas, sweeps up shells 
       - H2 chemistry (positive and negative) 
       - metal pollution: enable atomic C,O cooling 

•  GLOBAL (FAR REACHING OR LONG LASTING) 

       - photo-evaporation (minihalos with σ < 10 km/s) 
       - photo-heating (halos with 10 km/s < σ < 50 km/s) 
       - entropy floor (inactive fossil HII regions) 
       - global dispersion of metals (pop III → pop II) 
       - mechanical (SN blast waves) 

 Does first galaxy have to wait for “atomic cooling” 
halo with deeper potential well (Tvir > 104K) ? 



redshift 



〈xH〉 ≈2×10-4 

〈xH〉 ≈10-4 

〈xH〉 ≳ 10-3 

Fan et al. 2002 

z=5.82 

z=5.99 

z=6.28 

Gunn-Peterson trough: 

Observational Breakthrough 
in 2002: SDSS quasars at z~6 
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Two contributions  
to Lyα absorption:  

HII region (xHI ~ r2) 
Gunn-Peterson wing 

(Mesinger & Haiman 2007) 



 Haiman & Bryan (2006) 

 Minihalo contribution suppressed by a factor of ~10   (2σ) 



Stars only: 
Photon m.f.p. << source sep.   
swiss cheese 

Stars + BH mix: 
Photon m.f.p. ~< source sep.   
Blurred swiss cheese 

Accreting BHs dominate: 
Photon m.f.p. >~ source sep.   
Nearly uniform ionization 

 note:  photon mean free path ~  Gpc  (E/1 keV)3  [(1+z)/10]-3  fHI
-1 



•  Power spectrum of fluctuations (HI, HII) will be 
smoothed on scales below the mean free path of ionizing 
photons leaking into the IGM 

•  We will need parameterized model to fit to future data 
(such as 21cm) probing ionization topology 

•  Semi-numerical simulations (Mesinger & Furlanetto 2008) 
•  On large scales (k ≲0.1 Mpc-1 ), linear perturbation 

theory should be adequate: 
      

•  Example: typical spectral slope β = - d lnFν / d lnν 

 Zhang, Hui & Haiman  (2007) 



 Zhang, Hui & Haiman  (2007) 

z=20 

z=13 
z=10 
z=9 



Example: SDSS 1114-5251  (Fan et al. 2003) 
                  z=6.43     Mbh = Lobs /LEdd ≈ 4 x 109 M 

e-folding (Edd) time: 
  4 x (ε/0.1) 107yr  

Age of universe (z=6.43) 
  8 x 108 yr  

How did this SMBH grow so massive? (Haiman & Loeb 2001) 

No. e-foldings needed 
 ln(Mbh/Mseed) ~ 20 for Mseed ~100 M 

Strong beaming?  No.            (Haiman & Cen 2002) 
Gravitational lensing?  No.   (Keeton,  Kuhlen & Haiman 2004) 

Rare (“5σ”) objects: 10 found in SDSS at z>6 (in ~10 Gpc3) 
                                                20 in CFHQ (Willott et al. 2010)  + few others                   



•   STELLAR SEEDS 

   uninterrupted near-Eddington accretion 
        - continuous gas supply  
        - avoid radiative feedback depressing accretion rate 
        - must avoid ejection from halos 
        - successful model can be made, but overproduces 
           105-106 M BHs – needs ‘feedback’   (Tanaka & Haiman 2010) 

•  DIRECT COLLAPSE 
   rapid formation of 105-106 M black holes either by           
   direct collapse of gas or super-Eddington accretion onto 
   a lower-mass seed 
        - gas must be driven in rapidly (deep potential)  
        - must avoid fragmentation 
        - transfer angular momentum 
        - successful model can be made, but requires very high 
          UV flux to suppress H2 formation (Shang, Bryan & Haiman 2010) 







Shang, Bryan & Haiman (2010) 



Shang, Bryan & Haiman (2010) 

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



Dijkstra, Haiman 
Mesinger & Wyithe (2008) 
Ahn et al. (2009) 



Omukai, Schneider & Haiman (2008) 



Sethi, Haiman & Pandey (2010) 



Baker et al. (2007) 



Tanaka & Haiman (2009) 104 M☉ < (1+z)Mbh < 107 M☉ 
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  Even normal core-collapse SNe visible for months at z>10  
  4 - 24 SNe per ~10 arcmin2 field at z ≥ 5 at the detection 

threshold of 3 nJy (obtainable with a 105 s exposure in the 4.5 
µm band) 

  2-yr survey: several hundred SNe/unit-z at z ~ 6 
  SNe rates can be used to measure SFR out to z ~ 13 
  1% - 50%  of SNe at z=10 are pair-instability 
  Challenge: SN long lasting, need repeat observations  

separated by ~yr. 
  Worthy investment: only (almost) direct trace of total SFR 

Mesinger, Johnson & Haiman (2006) 
Miralda-Escude & Rees (1998) 



•  When did the first stars form, and what were their masses ?  (rotation ?) 

                 z=20-30 all the way to z=3-4?   M*=0.1-100 M 

•  Were they isolated or multiple-star systems? 

                N*=1-10, depending on fragmentation and ejection 

•  When and how did they first assemble into something “stable” that we 

would call a galaxy? 

                z=10-15   Mhalo=108 M   Nstars <103 Below JWST limit! 

•  When did the first BHs appear, and how did they grow so rapidly into 109 

M BHs that are present at z=6? 

                stellar seeds, direct collapse,… or something more exotic                                 

               (large-scale magnetic field? DM annihilation-powered stars?) 

•  When and how was the universe re-ionized? 

              between z=6-15 - by stars (swiss-cheese) or accreting BHs (smooth) 


