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First Billion Years 
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COSMIC REIONIZATION 

SOURCE LIST 

•  Structure formation 

•  Dark Matter: decays/annihilations 
Light particles (LDM, sterile neutrinos) can produce a τe < 0.01 
Heavy particles (neutralinos, gravitinos) totally negligible 
 

•  Supernova explosions 
Filling factor too small; Compton-y limited 

•  Quasars 
Too rare, too late; key sources for HeII reionization 

•  Stars: Pop II and/or (massive) Pop III 
In what proportion ?  Nγ = (4, 30, 100)×103 phot/baryon into stars    

•  Mini-quasars 
Limited by unresolved SXRB 
Only 3 phot/baryon in IGM  in 10 Salpeter times   



•  Lyα Gunn-Peterson opacity  
•  CMB: e.s. optical depth + TT, TE, EE power spectra  
•  Lyβ Gunn-Peterson opacity  
•  UV Background intensity 
•  Redshift evolution of Lyman Limit Systems 
•  IGM Temperature evolution 
•  IGM Metallicity 
•  Cosmic star formation history 
•  High-z galaxy counts 
•  Near Infrared Background 

EXPERIMEntal constraints 

REIONIZATION CHALLENGES 



Mitra, Choudhury & AF 11,12 
NEUTRAL H EVOLUTION 
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COSMIC REIONIZATION 
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NATURE OF REIONIZATION sources 

Halo Mass [M�] 

IONIZING PHOTON BUDGET 

z = 7 fγ > 80% of the ionizing power  
   from M < 109 M� halos 
 

LAE range 
 

Choudhury & AF 2007 



Mesinger, AF & Spiegel 2012 
REIONIZATION HISTORY 

X-RAY EFFECTS 

Redshift 

NX = 0.4 
Best fit model, τe=0.092 

NX = 40 
τe=0.107 

NX = 4000 +  
radiative feedback 

saturates SXRB, τe=0.108 

“fiducial” 

“extreme” 



Mesinger, AF & Spiegel 2013 
KINETIC SZ SIGNAL 

X-RAY EFFECTS 

fiducial 
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Reionization: THE FUTURE 

21 CM SIGNAL 
Valdes, Evoli, Mesinger, AF & Yoshida 2013 

fiducial 

extreme 



What about galaxies ? 



THE FIRST GALAXIES AS REIONIZATION SOURCES 

LYMAN ALPHA EMITTERS 
 
•  Narrow band filters tuned on redshifted Lyα line 
•  Few and narrow atmospheric clean windows 
•  Not all spectroscopically confirmed 

 

SEARCH TECHNIQUES 

  
DROP-OUTS 
 
•  Sharp drop in flux shortwards than Lya line 
•  Finding galaxy candidates at z>6 : using i, z, Y, J-drops. 
•  Contamination by stars and low-z ellipticals 
 
 



HIGH-z Star FORmation 

THE MOST DISTANT GALAXY z=11 
Coe+2013 



HIGH-z Star FORmation 

THE MOST DISTANT GALAXY z=11 
Coe+12 

HST CLASH Survey (19 orbits) 



HIGH-z Star FORmation 

Dropouts constraints 

fesc=1 

Dwarf (fainter) galaxies required ? 



HIGH-Z LUMINOSITY FUNCTIONS 

Bouwens+08 Bouwens+08 Oesch+09 

Bouwens+10 Bouwens+09 
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Steep faint-end α ≈ -2 

HIGH-Z GALAXIES 

Salvaterra, AF, Dayal 2011 

50% 

18% 22% 

20% 

Fraction of ionizing photons sampled 



GO FAINTER! 

   NIRB FLUCTUATIONS 

Matsumoto+11 

AKARI @   2.4 µm                3.2 µm                 4.1 µm 
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   NIRB FLUCTUATIONS 

Kashlinsky+12 

shot-noise  
(unresolved sources) 

“ordinary”  
galaxies 

Total including high-z  
galaxy clustering 

High-z Galaxies 

Spitzer @ 3.6 µm 

GO FAINTER! 



  
NIRB FLUCTUATIONS 

Yue+12 

HIGH-Z GALAXIES 
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NIRB fluctuations 



  XRB-NIRB CORRELATION 

Cappelluti+12 

ADDITIONAL EXPERIMENTS 

Chandra EGS/AEGIS field 

X-ray 0.5-2 keV fluctuation maps in counts rate units 

News  
06.05.13 



  Science, 14 JUNE 2013, 340, 6138, 1257 

INAF, 17 JUNE 2013 



First Black Holes ? 



  FIRST BLACK HOLE ERA 
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Yue, AF, Salvaterra, Xu, Chen 2013 



  DCBH SPECTRUM 
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  INTRINSIC SPECTRUM 

MODEL 



  ABSORBED SPECTRUM 

MODEL 

Collapsing  
envelope 

NH=1.5x1025 cm2 

(Compton thick) 

non-ionizing UV 
(mostly 2γ-emission) 

ionizing UV 

X-rays Mw=106 M¤ 
(Direct collapse black hole) 

X-rays 

Observed NIR 

No Lyc  
photons! 



  NIRB POWER SPECTRUM 

RESULTS 



  CXB CONTRIBUTION BY DCBH 

RESULTS 

Moretti+12 

Gilli+07 

Adopted here 

EXCLUDED 



  THE XRAY CONNECTION 

RESULTS 

CXB Power spectrum CXB-NIRB cross-power 



v   fγ > 80% of the ionizing power at z > 7 from halos of M < 109 M�  

v   kSZ can be used to quantify the X-ray  effects on reionization history 

v   Current drop-out high-z candidates are not the reionization sources  

v   Reionization sources populate the (steep) faint-end of LF (MUV > −18)  

v   Their clustering signal 30× smaller than observed NIRB fluctuations 

v   Highly obscured DCBHs in Tvir≈104 K metal-free halos at z>12 could: 

CONCLUDING 

SELECTED SUMMARY 

•  Explain 3.6 and 4.5 µm NIRB fluctuations on scales > 100”  
•  Explain CXB-NIRB cross-correlation signal  



  

CONCLUSIONS 

THE END 


