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Outline

• Introduction: The Epoch of Reionization

• Cosmological I-Fronts and the 
Photoevaporation of Minihalos During 
Reionization

• Effects of small-scale structures on global 
reionization and CMB electron-scattering 
optical depth 



The Epoch of Reionization

+GP troughs detected in spectra of SDSS quasars at 
z > 6 ==> IGM H I density high enough to suggest 
reionization only just ended at z ~ 6-7.

+WMAP detection of CMB polarization fluctuations 
on large angular scale ==> foreground electron 
scattering optical depth high enough to suggest IGM 
mostly ionized by z >12.

+Plausible explanation: reionization began by z >15 
but was extended in time, with final “overlap” of 
ionized zones at z ~ 6-7. 
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The
WILKINSON MICROWAVE ANISOTROPY PROBE

Mission



Best fit model

Prediction 
based on TT, 
no free params.

cosmic variance

Temperature

Temperature-
polarization

1 deg

85% of sky
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Ionization fronts in the IGM
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High-resolution N-body simulations
(w/Ue-Li Pen, Hy Trac, Hugh Merz and Mirza Ahmic) 

• We performed high-resolution N-body 
simulations of structure formation at high-z 
using PMFAST code developed at CITA 
(Merz, Pen & Trac 2004)

• 10/h Mpc box (3/h Mpc box currently running)
• 18563 particles (6.4 billion)
• 37123 cells
• Identified between 544,000 halos (z=17.2) to 

2.3 million halos (z=6) (>100 particles/halo)



High-resolution N-body simulations 

• 1 Mpc slice    
(1/14th of box)

• Z=17.2
• red=sources         

(16 halos)
• black=minihalos 

(32,627 halos)



High-resolution N-body simulations 

• 1 Mpc slice 
• z=9.42
• red=sources         

(1077 halos)
• black=minihalos 

(124,121 halos)



High-resolution N-body simulations 
• 1 Mpc slice 
• z=6
• red=sources         

(1672 halos)
• black=minihalos 

(142,260 halos)
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Effect of minihalos on the 
propagation of a cosmological I-front

(Iliev, Scannapieco and Shapiro 2004)

   Propagation of an   
I-front about an 
individual source:

    
    108 Msolar source 

forming at z=15 
producing 40 
photons/atom 
during its lifetime

____no minihalos 

........ minihalos, no bias

- - - - minihalos, bias
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C = 0

____no minihalos 

........ minihalos, no bias

- - - - minihalos, bias

 C = 1

 C = C(z)

 C = 0
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    For sources producing a 
total of 250 photons per 
baryon during their 
lifetime:

� Consistent with WMAP 
constraint for low or no 
clumping of IGM

� Produces too low optical 
depth for realistic 
evolving IGM clumping 
C=C(z)
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