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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)



� � � �� �� � � � � ��� � �� � � � ��� � � � � � � � � � �



���� � � ���   � ¡¢ £¤ �� ¥ ¦ � ¦ §

¨ ¤ © �   � ª� « � ¢ « � �� � ¦ §

¬ � � ª �   � ª ¦ © ¦�   ¥� « © ¦

® ¦ � ¢ �  � � ¦ ª� «+��¯�� � � ¦ � � ¦ § ¡� � ¨ �� ¢�°

•

± ²³ ´µ¶ ·¸¹ º »¼½ ¾À¿Á Â ÃÄÀÅÆÇ ÈÉÊ ËÆÌ É Å È Í ÎÐÏ



•

Ñ Ò+Ó ÔÓ ÕÖ ×Ø Ù Ô Ô × ÚÛ Ü Ý Õ Ü Ò Ù�Þ Òß Ö Ó à áâ ×Û × ãÓ á × Ó á Ú à á Ù Õ Þ

á × Ù�Ó Õ Ùß Ý Ô Ù Ó Õ ä Ù å å Ô Ü æ Ù â Ý å å Ü × Õ â Ó à Õ Ô × á å Ý áÞ × Õ à Ø Û × áÖ Ó ã

æ Ò+Ó ÔÓ ×ç Ý æÓ á Ý Ô Ù Õ Þ Ø Ù Õ Ù Ò Ý åÓ Ö Ý Ôß è éÐê



ëì íî ï ð î í ïñ ð ò íó ô õ ó ô ó î ö ÷

ñ ï ò í ø ï ô ùú û ÷ ö ó û ö óýü õ ò ô í ÷
•

þ�ÿ � �� ÿ � ÿ � ��� � � ÿ 	

� � 	
 � �
 � ����� 	 � � 	 � � � �
�� � �

�
 �� � � �
 � � � � � � � ÿ

� � � � � ÿ � � � � � � �
 � � � � �

� � � � � � � �
 � � � �
 �
 � � � �

� � ÿ � �� � �� � � ÿ � ��� �

�� � ÿ �  � � � � � 
 � � � ÿ

�� � � � � � 	 
 � � � �� �� �ÿ � �ÿ 	 �� � � ÿ � �ÿ � � � �

� � � �� ÿ � � � � 	 
 � �
 � �! 



" #$&% $ ')( *)+ , + -). *�/ 0&12 % 3( 4. -65 % + % 7$&% 82 *( 1 5 $ 7 + 4 '. 1 ,( * 79 '. 1 . :; 0< = >? + @

AB #DC E( 1F + % 7C 7. * @HG 7$ ,$ *( 1 5 79 '. 1 $ 3( *5 3+ 7 , + * + 8$ 3( * $&% @( * *6I . I 8 I #KJL J M

NOP QSRT U V WYX Z[ \ ] ^ ^ ^_ ` σ a = 

bKc d e)f g&hji kjl m npo qr s)t ujv w xzy {| } }�~�� � � �p�

� �&� �)� �� � �� �� ��� � ��� � �D� ��� �Y�� �  ¡ ¢£ ¤Y¥¦ § ¨&© ª« ¬  ®¯�° ± ®)² ³ ² ´µ © ¶ ´© ©j·¸D¹ º»¼ ½S¾¿ À ÁÂÃ Ã ÄÅ ÆÂ Ç È Å ÉÂ ÊYË ÌÍ Î ÏÐÑ Ò Ó�ÔÕ Ö!×Ø Ù Ù Ú Û Ü6Ý

Þ ß à)áâ â ã�ä å áæ â ã�ç â æ èáé ê

ëì í î ãï ð ñò óâ : 

ô

ν 

õ ν ö ÷ùø ú(ν > ν û)                                                                           üý þÿ � � � � �� ü ��� � 	 	 þ�
 � � � �� � ��� ��� � � � � ��� � � � �

�� ��  �! "�# $% &(' ) * $# & & % + �, ! - . . . ��/ 021 3 3 4 56 6�7 6 6 6 8
.

9 :<; = >? @ A = >B C; B D E A FHG IKJL JM JN O P QSR TU V

W X Y�Z [ Y(\ ]\ Y(^_ Xa`  = 

bdc egf h i(ν > ν j)/ kmln o prq st�u t vxw v t y z|{

} ~� � �� ��� � � �� �� ��� � ��� �� � � �� � � � �� � � � � � � � � � � �� � ��� � � � � � �� � � � � � � � �

�� � � � � � �� �� � � � � � ��� � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � �� �� � �� � �� �� �  � � � �� �� � � � � �� � � � ¡ � � � � � � � � �|¢ £¤ ¤ ¥ � � � � � � � � � � � � ¢ £¤ ¤ ¦ ¡ ¢

§ ¨�© ª« ¬ ® ¯ ® °(± ®� ² ®© ª ®�³ ´ µ ®© ª ± ´ µ« « ¬  ´ µ ®© ª¶· ¸º¹ ¸ « » ¼½ ¹ ¨º¹ ¾¹ ¨ « ¹ ¿ À ÁÂ ÃÅÄ Æ

ÇÈ É(ÊË Ê Ì�Í Î Ï Ê ÎÐ Ñ

ÒÓ Ô ÕÖ Ò × ÔØ Ù Ú Ø ÛÜ ÔØ Ù Ú





Ý�Þ ßà Þá â ãäá Þ â ã

ã å ß Þæ ãèç é�ê é�ë é�ê ì ëì ê í ë î é�ë ï é�ë î í é

ð�ñ á æ ê
ò ðôóöõ ÷öø ù úKûü ûý ûþ ÿ� ��� � �

�� �	 
�� � � � � � ���

��� � � ��� � � �� ���





 ! " # $&% ')( * +-,

. ! *( / 01 * 0 23% *( / 03 /4 3 05

6 '3 * '% 78 19 1 0 7% % '( * + 7 2

' 1 :)( 63 / 2; < 7 0 6 7 7 / . 1 / 2

= > ?9 ( @% 6 7 8 0BA 4 8 " # $

; < 7 0 6 7 7 /  1 / 2 . > ,

= ! 63 / 2)% ')( * +-,

< 7 0 6 7 7 / = 1 / 2C !

% 4 8 79 % ( /3 * 63 / 2 ,

C ! " A ?9 ( / 0,

D ! <( 4 / 2 19 5 ( ?FE 1 % 3 /3 03 1 : : 5

3 /% 3 2 7 @3 /3 ' 1 :( 1 0G ! H ,

I !% ' ( * + 3 /% ' 1 2 ( 69 7E 3 ( /

* 1 4 % 7 2 < 5 *( @ 8 9 7% % 3 ( / ( ?

% ' 1 2 ( 6 E 1 % < 5 % ' ( * + A' 7 1 0 7 2 E 1 % ( 4 0% 3 2 7

% ' 1 2 ( 6J,



K K

LNM OM P Q M R QTS M QTU V M W X M Q P QTS VZY M U Y [ WS \ M U Y S ] [ ^
TEMPERATURE
DENSITY
H I
He II
C IV

_a` b c c _ ` b c c c
TEMPERATUR

E
DENSITY
H I
He II
C IV



dFe f gih g fj k le me fn oe fn p qr s kr t g f g lvu we me q

xy zF{ | }�~� � � � }�� � { � �� { �{ �� � ��� � � }�� � � y z{ | }�~� { � �� { �{ � � � � �

�ξ ��� ��� ��� �F� � � ��

�� ��� �  ¡ �  ¢ £�¤ � � �

¤ ¥�  ¢ � ¦ �  �¨§

© ª« ¬® ¯®° ± ²´³¶µ ³· ³¶¸ ¹º »�¼ ½¿¾

ÀÁ ÂÃ ÄÅÆ Ç È É È Ê ËÌ



Í�Î ÏÐÑ Ò Ï Ó ÔÑ Õ

Ó Ô�Ö ×Ø
ÙÑ Õ Ô�Ú Ô ÕÛ Ð ÜÑ ÓÑ Õ

ÝÑ Õ ØÞ Ö Ð Ó ÔÑ Õ



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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