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Timeline of Cosmic Dawn ~ Epoch of Reionization 



Timeline of Cosmic Dawn ~ Epoch of Reionization 

1. Lyɹ pumping epoch (T s~T k<TCMB) 
ï IGM first hit by continuum @ [10.2 - 13.6] eV from stars  
ï absorption of continuum by Lyman lines Ą ~30% of absorbed photons 

down - converted to Lyɹ  
 

2. x- ray heating epoch (T s~T k>>TCMB; ɼTb ʉ) 
ï some overlap with above  
ï mini- quasars, x - ray binaries  
ï long mean free path  
ï partial - ionization and heating  

 

3. Epoch of Reionization (T s~T k>>TCMB; ɼTb ÝHIʉ) 
ï ionizing UV has shortest mean free path  
ï happens patchy way  
 Pritchard & Loeb (2008) 



Recent development in theory of 

first star formation 



Å1 star / 1 halo paradigm 
(Abel, Yoshida, Bromm, é) 

ïstar >~ 100 M
¼

 

ïuntil several years ago  

 

Åparadigm shift? (e.g. Turk, 
Abel, OôShea 2009)  

ï1 binary / 1 halo  

ïstars ~ 7 M
¼

 + ~ 20 M
¼

 Ą 
weaker UV output?  

ïstellar binary Ą x- ray binary Ą 
x- ray source?  

 

New developments - First star formation 



Å110 First Star simulation (and more)  

ïHirano+ (2014, 2015)  

 

 

 

New developments - First star formation 



Å baryon moving against dark matter  
ï velocity offset @ recombination  
ï ~ a few km/s velocity offset @ 

z~20 (Tseliakhovich & Hirata 2010)  
 

Å baryon formation offset  
ï velocity offset Ą formation offset 

(OôLeary & McQuinn 2012)  
ï Jeans mass up Ą suppression of 

star formation  (Greif+ 2011)  
ï heating Ą 21cm boost (McQuinn & 

OôLeary 2012)  

 

New developments ς baryon bulk motion wrt CDM 



Å Cosmology what??  
ï McQuinn & OôLeary (2013)  
ï power spectrum may be dominated by bulk motion induced effect Ą boost 

of BAO feature and amplitude (but take it with a grain of salt)  
 

 
 

New developments ς baryon bulk motion wrt CDM 



ÅLate reionization(z ov<7) & high 
t conditions (WMAP): hard to 
match simultaneously w/o first 
stars 
ïhard in numerical simulations 

(Iliev+; Zahn+; Trac & Cen)  
ïhard with observed galaxies 

(Robertson+ 2013, HUDF12)  

 

ÅMaybe OK now with Planck, 
§º¹ ̌
ïPlanck polarization data prefers 

lower t than WMAP 
ïFirst star formation just in 

massive halos may be OK 
(Richardson+ 2015) ĄĄĄĄ 

ïBUT still large error bar in t : too 
early to draw firm conclusion  

ïDirect measurement of EoR still 
required  

Before/After Planck 
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Simulation of cosmic reionization 

with first stars 



ÅProcess is nonlinear and directional: (usually) need 
simulation  

 

ÅStatus of state - of - art numerical simulation so far  
ïNeed big box for statistics (H II bubble ~ 20 Mpc)  

ïnumerical resolution limited  

ïMinihalos (<~10 8 M
¼

) not resolved  

ïMinihalos are the cradle for the first stars !! (Norman, Wise, 
Yoshida, Bromm, Abel, é) Most abundant halo type.  

 

Å In this talk, Minihalos ~ First Stars  

 

ÅDifficulty: large dynamic range  
ïSource halos from ~ 10 5 M

¼
 -  1011 M

¼
  

ïBig box (~100 Mpc) being too big to resolve halos of    
M=105 M

¼
 -  108 M

¼
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²ƘŀǘΩǎ ƴŜǿΚ 
ÅPopulating grid with 

minihalos (first stars!)  
ïsmall- box (6.3/h Mpc) 

simulation resolving minihalos   
ïcorrelation between density & 

minihalo population (nonlinear 
bias: KA, Iliev, Srisawat, 
Shapiro 2015)  

ïput one Pop III star per 
minihalo  
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ÅConsidering photo -
dissociation of coolant  
ïcalculate transfer of Lyman -

Werner Background (KA, 
Shapiro, Iliev, Mellema, Pen 
2009)  

ï remove first star from 
minihalos, if LW intensity over -
critical  
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ÅRetarded- time field 
calculation (KA 2015)  
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