
Expected Science from
 21 cm

 Experim
ents

i.
Ionization history

ii.
Cosm

ology: Density field, ionization frac. 
Redshift distort, pow

er spectrum
iii.High order statistics
iv.M

apping m
assive BH environm

ent 
v.

First sources
vi.Cross correlation w

ith other probes
vii.Dark ages and history of spin tem

perature.
viii.The future.



EoR  &
 Dark Ages:

Key Science Q
uestions

l
G

lobal E
volution of the E

oR
. 

H
ow

 did reionization proceed?
l

W
hat are the first sources?

→
S

tars: H
ow

 did they form
? 

→
The role of H

2 &
 H

I cooling.
→

P
op.II vs P

op III
→

B
H

 + m
ini-Q

S
O

s
→

D
M

 decay or annihilation.
l

Topology of the IG
M

 during the 
E

oR
.

l
W

hen reionization becam
e 

com
plete?

l
Individual H

alos.

l
Typical size of ionized regions 
as a function of redshift.

l
Therm

al history of the IG
M

l
Influence of the E

oR
 on 

subsequent structure form
ation 

and evolution
l

D
o w

e know
 that reionization is 

photon starved? Is this a strong 
constraint of reionization?

l
C

osm
ology: 

P
S

, high-order statistics, 
cosm

ological P
S

, prim
ordial 

non-G
aussianity, constrain D

M 
candidates, A

lcock P
aczynski 

test, ....



Prim
ary Science Goals of 1

st

generation experim
ents (e.g., LO

FAR)
•

Statistical detection of the global reionization 
history of the Universe as a function of redshift 
(rm

s as a function of z).
•

The pow
er spectrum

 of the underlying density 
fluctuations during the reionization.

•
M

easure higher order statistics of the EoR signal. 
•

Cross-correlating the EoR signal w
ith other 

astrophysical observations.
•

The 21 cm
 forest along the line of sight of very 

lum
inous high redshift radio sources.

•
The study of individual ionization bubbles around 
very high redshift superm

assive black holes or 
around clustered first stars.



Please rem
em

ber radio interferom
eters 

can't m
easure m

ean quantities but rather 
only variations on scales w

ithin the 
instrum

ents field of view
!

(Yesterday's question about CM
B tem

p. 
and the 21 cm

)



Extraction



R
adio sky at 408 M

H
z continuum

H
aslam

 et al, 1982

T
sys

=
T
sky
+
T
R
eceiver

A
t 150 M

H
z T

sky ~200K



Angular pow
er spectra of 

various contributions

Santos et al.2006
Jelic at el. 2009

Fitting is expected to be w
orse 

 at large scales (sm
all l)

Foregrounds

Signal

N
oise



Extraction w
ith Polynom

ials

Jelic et al. 2009



W
ish list for a foreground 

fitting algorithm

●A
lgorithm

 should be accurate to better than 1/1000 
per 1M

H
z.

● Should be U
nbiased.

●Avoid under-fitting or over-fitting.
●M

ake m
inim

al assum
ptions about the functional form 

of the foregrounds; i.e., exploit their sm
oothness 

directly.
●R

obust against “system
atic effects”

●Speed (less im
portant since fitting is done once) 



Statistical approach for FG fitting

●M
odel data points (x

i  ,y
i  ) by:

●Then w
e w

ish to solve the follow
ing problem

:

“Least squares”
R

oughness penalty



Cross-correlation of residuals 
w
ith foregroundsH

arker et al 2009

The fitting here is using a 
non-param

etric algorithm 
called W

p w
hich is w

ell 
suited for this problem

.

It avoids over- and under-
fitting. It also m

inim
izes 

the cross talk betw
een the 

the fitted FG
 and the 

residuals.  



Pow
er Spectrum 

M
easurem

ents

H
arker et al. 

2010



M
esinger et al. 2010



Redshift Space effectZaroubi &
 H

offm
an 1996

K
aiser 1987



Linear pow
er spectrum

:

    astrophysics
Velocities alone w

hich give 
clean probe of cosm

ology 

(n.k) 4 com
ponent can be used for cosm

ology

B
arkana &

 Loeb 2006



High O
rder Statistics



PDF of the brightness 
tem

p.

The evolution of the PD
F of 

the brightness tem
p. as a 

function of redshift could be 
used to set constraint on 
reionization.

Ichikaw
a et al. 2010



The Skew
ness

O
riginal sim

ulations



Extraction through the 
skew

ness

H
arker et al. 2009

Iliev et al. 2006

Thom
as et al. 2008



Spin Tem
perature issues

In case the spin tem
p. is of the order the C

M
B

 tem
p. 

or sm
aller an absorption signature is expected at high

redshifts.

Thom
as &

 Zaroubi 2010
See also B

aek et al. 2010



The tim
e dependent PD

F 
for a sim

ulations w
ith 

evolving T
s  

Jensm
a &

 Zaroubi, in prep.



Cross correlating 21 cm
 data w

ith 
galaxy surveys



Lidz et al. 2009



21cm
-galaxy cross pow

er spectrum





  Introduction
Introduction: :  basic idea 

basic idea 



• kS
Z

 fro
m

 th
e E

o
R

 

§ sem
i-an

alytical m
o

d
el: S

antos et al. 2003 
§ sim

u
latio

n
s: M

cQ
uinn et al. 2005, S

alvaterra et al. 2005, Zahn et al. 
2005, D

oré et al. 2007, Iliev et al. 2007, Jelic et al. 2009 

• C
M

B
-E

o
R

 cro
ss-co

rrelatio
n

 

§ an
alytically: C

ooray 2004, A
lvarez et al. 2006, S

losar et al. 2007, 
A

dshead &
 Furlanetto 2008, Lee 2009, Tashiro et al. 2009

§ sim
u

latio
n

s: S
alvaterra et al. 2005, Jelic et al. 2009 



  Sim
ulations

Sim
ulations: :  kSZ m

aps
kSZ m

aps
• B

E
A

R
S

: density, neutral fraction &
 velocity cubes



  Sim
ulations results

Sim
ulations results





  Influence of prim
ary CM

B
Influence of prim

ary CM
B



Bubbles around high z Q
SO

s

M
B

H =10
4 M

sun



The future:
SKA and the EoR

l
SKA w

ill have three m
ain advantages 

over LO
FAR:

–
Sensitivity (10-100 tim

es m
ore collecting 

area)  
–

Frequency coverage (covers z~6-26)
–

Resolution
These advantages w

ill allow
 addressing 

m
any issues that LO

FAR w
on't be able to 

address.



M
aps from

 SKA
3 arcm

in



Sum
m
ary: the future is 

bright
l

W
e are closing the gap in probing the the z>6 

Universe. The EoR as probed by m
any future 

instrum
ents should give a consistent picture.

l
LO

FAR w
ill provide High sensitivity data in the 

frequency range 115-190M
Hz w

ill in the near 
future.

l
Extracting the EoR signal is challenging but doable 
and w

ill usher us into a new
 era in studying the 

Universe.
l

SKA w
ill provide a another im

portant jum
p in the 

quality of the 21 cm
 data from

 the EoR and the 
Dark Ages 


