
O
bservational probes of reionization

i.
CM

B Polarization.
ii.

Lym
an- forest data.

iii.O
pacity of ionizing photons.

iv.Tem
perature evolution.

v.
HST W

PC3 results 
vi. Soft Xray BG
vii.IR BG (HESS results) 
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l

R
edshifted 21 cm
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(absorption)
l

21 cm
 forest at high z

l
G

am
m

a ray bursts: H
ow 

m
any w

e should have to 
constrain reionization?

l
Lum

inosity function of first 
objects, e.g., G

alaxies: 
R

ecent results from
 the new 

W
FC

3 aboard H
S

T.

K
ey Probes of R

eionization 

l
B

ackground detections: IR
, 

soft x-ray.
l

Lym
an- absorption system

: 
ionization, m

etallicity, therm
al 

history, U
V

 background, 
proxim

ity effect.
l

Lym
an alpha em

itters
l

M
etals at high redshift.

l
U

sing the local volum
e to 

study reionization.



CM
B and Reionization

l
Influence of reionization on CM

B 
Tem

perature fluctuations
l

Influence of reionization on CM
B 

polarization.

R
eferences:

1. Scott, W
hite &

 Silk 1994 (review
).

2. H
u &

 W
hite 1997

3. A
ghanim

,Subhabrata &
 Silk 2008 (review

)
4. W

M
A

P papers.



Photon-baryon tight coupling
&

 “last scattering”

Free stream
ing

R
eionization

Scattering 

zrec
zr

CM
B photons Thom

son 
scatter off free electrons



The dom
inant contribution to tem

perature anisotropies 
generated during reionization are D

oppler shifts of the scatterers

G
ravitational potential

redshifted (blueshifted) C
M

B

,



The CM
B and Reionization:
Tem

perature

l
Im

print on CM
B anisotropies governed by 

the visibility – or probability that a 
photon scatters out of the line of sight:

l
 is the optical depth given by

w
ith x

e nH  the num
ber density of free 

electrons



Reionization &
 CM

B Tem
perature 

The influence of reionization on the CM
B tem

perature 
angular pow

er spectrum
. (from

 Sugiyam
a 1995)



Photon-baryon tight coupling
&

 “last scattering”

Free stream
ing

R
eionization

Scattering 

zrec =1100
zr =10

Sim
ple visibility 

Tw
o '-functions' 

A
ssum

ing that the visibility is given by tw
o delta

Functions, the C
M

B
 is given by the follow

ing expression:

zrec
zr

For the astrophysical reionization scenarios
(low

 optical depth) second term
 negligible 



From
 A

. Lew
is



CM
B and Reionization:

Polarization 

Polarization: Stokes param
eters

Q
U

Q
 →

 -Q
, U

 →
 -U

 under 90 degree rotation
Q

 →
 U

,  U
 →

 -Q
 under 45 degree rotation

am
plitude                      angle



Q
 and U

 are generated by Thom
son

scattering  of unpolarized light. 
N

otice no V
 (circular polarization) 

is generated.

Thom
son scattering



E and B polarization m
odes

E-m
ode has (-1) l    parity w

hereas B
-m

ode (-1) l+
1



G
iven the geom

etry of linear polarization the am
plitude

of the signal at any scale depends on the local quadrupole
that scatters the photons. H

ow
ever, at scales larger than 

horizon scales (either at recom
bination or during reionization)

there is no coherence and the signal decays. 

H
orizon scale

at recom
bination H

orizon scale at reionization

O
bserver



From
 A

. Lew
is

The influence of 
reionization is show

n 
on the large scale 
am

plitude and shape 
of the E-m

ode 
polarization pow

er 
spectrum

.



The W
M

AP cosntraint

l
The W

M
A

P polarization m
easurem

ent 
tells us only about the optical depth not 
about exact ionization redshift. For that 
one needs a reionization history m

odel. 
H

ow
ever, reasonable reionization 

m
odels suggest that ionization has 

happened at about z~10. 

~ 0.088



Sudden reionization ....



The Lym
an- optical depth 

from
 Q

uasar spectra

A
bsorption features due to 

Lym
an- in the IG

M
.




 is the optical depth.x is the 
com

oving radial distance. 


 is 
the cross section &

 n
H

I  is the 
neutral hydrogen num

ber 
density



Three m
ain classifications

Lym
an- forest 10

12 
 N

(H
I) 

 10
16 cm

-2

Ly lim
it system

s  10
18

 N(HI) 
 10

20 cm
-2

D
am

ped Ly
 N

(H
I) 

 10
20 cm

-2



The Lym
an- optical depth 

from
 Q

uasar spectra

The cross section peaks at the 
observed frequency:

Then substitution in the 
optical depth (w

ritten in term
s

R
edshift) yields:

W
hich gives the sim

ple result:
 



The Lym
an- optical depth 

from
 Q

uasar spectra



The Lym
an- forest optical depth 

at z about 6

Fan et al. 2003, 2006



The end of the reionization 
process

l
The Lym

an-alpha forest: At 
z<6 he Universe is 
com

pletely ionized 
l

The Universe has com
pleted 

its ionization by redshift 6: 
SSDS quasars (how

ever, 
som

e, e.g., M
esinger 2009, 

still claim
 it is still about 

10%
 neutral)



The IGM
 Tem

perature Evolution

M
ost of the absorption is 

caused by quasilinear 
densities that follow

 a 
sim

ple equation of state:

Since cooling tim
e is 

long these absorption 
lines retain inform

ation 
about the therm

al history 
of the IG

M



Efstathiou et al 1999



M
easurem

ent of IGM
 Tem

perature: 
W

avelet estim
ate of w

idth of lines

Theuns &
 Zaroubi 2001



The IGM
 tem

perature at low z

Theuns et al. 2002
H

aim
an &

 H
ui 2003

B
olton et al. 2010



M
easuring the ionizing em

issivity

G
alaxy surveys:

Lym
an- forest opacity:



Galaxies at z~7-9
HST W

PC3 data

O
esch et al 2010

B
ouw

ens et a. 2010



Galaxies

B
ouw

ens et al. 2010

G
a

la
x
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a

p
p
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to 
becom
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blu

er
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m
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L
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w
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e
cre
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g
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m
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n
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g 

redsh
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O
pacity of the IGM

:
Photon starved reionization

B
olton &

 H
aehnelt 2007



Are w
e m

issing photons?

C
ourtesy of M

. H
aehnelt



Lym
an- em

itters 



O
ther probe

l
Soft x-ray background: constrains 
ionization by (m

ini-)Q
SO

s (w
eak)

l
IR background: constrains star light from 
reionization (unclear results)

l
HESS Blazars constrain IR background, 
gives too little BG (m

odel dependent)
l

......



Sum
m
ary

l
CM

B and Lym
an- forest data give the 

strongest constraints but give no detailed 
evolution.

l
Current observations indicate too few 
photons per baryon and even those could 
not be accounted for by high z galaxies. 
But this is still the beginning.

l
 M

any probes of the EoR but m
ost are 

indirect and/or m
odel dependent.



W
e need data from

 the redshifted 
21cm

 line, w
hich is the m

ost direct 
probes of reionization. 

See lecture tom
orrow

!


