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THE FIRST STAR 

z = 52.2 

z = 47.9 

Gao+07 

hot core 

dark matter density gas density gas temperature 
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ACCRETION 

•  Run-away collapses produces a core + accreting envelope structure 
•  Initial conditions: Mc ≈ 10 –3 M� , Menv ≈ 10 3 M�

 

Accretion rate 

 dM/dt  ≈  MJ / tff  ∝ λJ
3 ρ / tff ∝ cs

3 ρ  tff
 2 ∝ cs

3 G–1
  

Numerical estimate 

 dM/dt  ≈ 4.4 × 10–3 M�/yr        (T = 1600 K) 

KEY POINTS 

It takes only 70,000 years to build  
a 300 M� star 

 
Was the Initial Mass Function  

of the first stars top-heavy? 



Cosmic Reionization 

Cosmic hydrogen is ionized by UV light from first stars/galaxies 



BASIC PHYSICS 

HI 21 CM LINE 



Mesinger, AF & Spiegel 2013; Pacucci+14 
HI 21CM LINE View 

COSMic REIONIZATION 

Brightness Temperature Evolution 

redshift 27 15 6 
Dark Ages 

•  IGM colder than CMB 
•  Weak Ts – Tk coupling 

Cosmic Dawn 
•  IGM colder than CMB 
•  Lya coupling (WF effect) 
•  X-ray preheating 

Epoch of Reionization 
•  IGM warmer than CMB 
•  Strong Ts – Tk coupling 

absorption strong 
absorption emission 



Mesinger, AF & Spiegel 2013 
21CM POWER SPECTRUM 

COSMic REIONIZATION 

PAPER-64 RESULT 
135 days/64 elements 

2-sigma 
Ali+2015 

redshift 10 20 30 40 



Diving	
  in	
  a	
  hydrogen	
  sea	
  

The	
  world’s	
  largest	
  radiotelescope	
  



Planck Collaboration 15 
PLANCK POLARIZATION DATA 

τ = 0.066 ± 0.016 

zrei =[7.2 – 10.5] 

COSMic REIONIZATION 



HIGH-z Star FORmation 

Lmin = 0.001 L★ 

Robertson+15 

fesc= 0.2 



Salvaterra+11, Bouwens+14 

REIONIZATION SOURCES 

LUMINOSITY FUNCTIONS 

Lmin = 0.001 L★ 
MUV= −13 

− 13 



GO FAINTER: IR BACKGROUND 

  
 CIB FLUCTUATIONS Kashlinsky+12; Helgason+12; Yue+12 

≈ 1o 

Spitzer/IRAC 3.6 µm UDS+EGS fields 
12 hr/pixel w Resolved, mAB < 25 sources removed 

“ordinary” z<5 galaxies 

high-z, reionizing galaxies 

EXCESS 

KEY POINTS 

Nature of CIB fluctuations excess yet 
unkown 

Once understood, can be subtracted to reveal 
the signal from reionizing sources  

(30x smaller) 



  CIB-CXB CORRELATION 

Cappelluti+12 

ADDITIONAL EXPERIMENTS 
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X-ray 0.5–2 keV count-rate map 

X-ray 0.5–2 keV fluctuation map  

X-ray 0.5–2 keV exposure map  

IRAC 4.5 µm fluctuation map  

IRAC 4.5 µm exposure map 

BREAKING NEWS 
 

Now independently confirmed by  

Mitchell-Wynne et al., arXiv:1610.02015 



First Black Holes ? 



  FIRST BLACK HOLE ERA 

MODEL 

unpolluted “atomic” 
Tvir ≈ 104 K 

minihalo 
Tvir < 104 K 

Lyman-Werner UV 

Mw=105 M¤ 

Xrays, UV 

…….. 
supermassive/ 

quasi-star 

Mw=106 M¤ 

……….. 
tEdd =45 Myr 
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Yue, AF, Salvaterra, Xu, Chen 2013 



HIGH-z BLACK HOLES 

DCBH FORMATION 
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  ABSORBED SPECTRUM 

HOW SEEDS EMIT 

Collapsing  
envelope 

NH=1.5x1025 cm−2 

(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! 

Yue, AF & Salvaterra 13 



  SEEDS EXPLAIN CIB-CXB CORRELATION 

BACK TO NIRB 

CXB Power spectrum CXB-CIB cross-power 

Yue, AF & Salvaterra 13 



A	
  growing	
  DCBH	
  

DCBH ACCRETING ITS PARENT HALO GAS 

IR Light 

UV Light 



Observational SEARCHes 

SELECTING DCBH BY COLORS 
Pacucci+16 



Do	
  DCBHs	
  exist?	
  Yes!	
  	
  

H-band Image 
(Hubble Space Telescope) 

X-ray Image 
(Chandra Space Telescope) 

Pacucci+16 

z =9.7 



Pacucci+16 



KEY POINTS 

CIB	
  contains	
  the	
  cumulaAve	
  light	
  of	
   	
  early	
  ultra-­‐
faint	
   galaxies.	
   A	
   puzzling	
   CIB	
   fluctuaAon	
   excess	
  
over	
  known	
  galaxies	
  is	
  found	
  

Abundance	
   of	
   DCBH	
   uncertain.	
   First	
  
observaAonal	
  evidence	
   for	
  DCBHs	
  at	
   z	
  >	
  6	
  
found.	
  SMBH	
  seeds?	
  
	
  	
  

The	
   detecAon	
   of	
   a	
   CIB-­‐CXB	
   correlaAon	
   points	
   to	
   light	
  
from	
  accreAng	
  compact	
  ojects.	
  DCBH	
  can	
  explain	
  both	
  
the	
  observed	
  CIB	
  auto-­‐	
  and	
  CXB	
  cross-­‐correlaAon	
  


