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Historic overview
l

H.C. van de Hulst (inspired by J. O
ort) show

ed the potential of the 21 
cm

 transition in astronom
y  - 1945

l
The first astronom

ical observation of the 21 cm
: H.I. Ew

en &
 E.M

. 
Purcell (1951, Nat. 168, 356)
C.A. M

uller &
 J.H. O

ort (1951, Nat. 168, 357-8)
l

Excitation m
echanism

 W
outhuysen (1952). Field (1958, 1959) gave the 

proper fram
ew

ork.
l

Im
portance for cosm

ology w
as inspired by Zel'dovich's top dow

n 
scenario.

l
Scott &

 Rees (1992) pointed out that a signal could detected from 
high z 21 cm

.
l

M
adau, M

eiksin &
 Rees (1997) w

ere the first to consider the interplay 
betw

een the first sources and the 21 cm
 transition.

l
O
ver the years m

any observational attem
pts failed. Shaver et al. 1999  

argued that w
e can observe high redshift 21 cm

 radiation.
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The  21 cm
 transition

•
The value of the T

s  is given by:

n
0 , g

0

n
1 , g

1

21 cm

Field 1958
M

adau et al 98
C

iardi&
M

adau 2003



Lym
an- Coupling

•
The W

outhuysen-
Field effect, also 
know

n as Lym
an-

alpha pum
ping. 

 

D
om

inant in both in the case of stars and B
lack-

holes, due to photo and collisional excitations, 
respectively.  

W
outhuysen 1952

Field 1958 





Collisional Coupling

l
H-H collisions that excite the 21 cm 
transition. This interaction proceeds through 
electron exchange.

l
H-e collisions. Especially im

portant around 
prim

ordial X-ray sources (m
ini-quasars). 

–
This effect m

ight also excite Lym
an-alpha 

transition w
hich adds to the T

s - T
CM

B  
decoupling efficiency.




b , The Brightness Tem

perature

T


T
S

T
b

W
here the optical depth is given by:



A
10  = 2.85x10

-15 s
-1  is the spontaneous em

ission coefficient.
N

H
I  is the colum

n density of H
I; 4 accounts for fraction in singlet state


() is the line profile.

A
n accurate calculation of the optical depth at a given redshift, w

hich 
takes into account line profile broadening due to H

ubble expansion and 
casts the relation in term

s of num
ber density, yields: 



12

δT
b : B

rightness tem
perature

C
osm

ology

A
strophysics

l
The Interpretation m

ight be very com
plicated

l
Notice that the signal in absorption can be 
m
uch sm

aller



The Global evolution of the 
Spin Tem

perature

L
oeb &

 Z
aldarriaga 2004,Pritchard &

 L
oeb 2008, 

B
aek et al. 2010, T

hom
as &

 Z
aroubi 2010

A
t z~20 T

s  is tightly 
coupled to T

CM
B . In 

order to observe the 
21 cm

 radiation 
decoupling m

ust occur.

H
eating m

uch above the 
C

M
B

 tem
p. and 

decoupling do not 
necessarily occur together.



This drives the C
om

pton heating rate to alm
ost zero

C
om

pton heating
rate

C
om

pton cooling tim
e

The redshift of therm
al decoupling is about 200

(proper calculation could be done w
ith the  publicly available code R

EC
FA

ST)



The Spin Tem
perature 

Prior to the EoR

L
oeb & 

Z
aldarriaga 04

O
nly feasible from

the M
oon



Ionization sources

M
ean free path

Bound-free 
Cross section 

n
H

 =
 2.2 x 10

-7 cm
-3 (1+z) 3


0 = 6 x 10

-18 cm
2

E
0  = 13.6 eV 

A
t z = 9:    For E =

 E
0                 lE  ≈ 2 kpc com

oving
                   For E =

 1 keV
          lE  ≈ 1 G

pc com
oving



X
-ray photons

U
V

 photons

L
arge cross section but ejected electron has low

 energy

L
ow

 cross section but ejected electron has high energy

e
- e
- 



The fraction of photon energy that goes to reionization, 
heating and excitation is roughly 1:1:1 as calculated with 
M

onte-Carlo radiative transfer code by Shull & van 
Steenberg (1986) and Valdes et al. 2009.  



The signal: Stars vs. M
iniqsos

Thom
as & 

Zaroubi 2008



K
inetic tem

perature is greatly 
heated just beyond the H

II region,
but further out it has been 
adiabatically cooled.

21cm
 absorption strongly dom

inates 
over the inner em

ission core

W
hat happens around a high

R
edshift x-ray  source

Thom
as &

 Zaroubi 2008

M
B

H =10
4 M

sun



Sim
ulations of the EoR

l
Cosm

ological Hydro sim
ulations:

1- High enough resolution to resolve halos in w
hich 

ionization sources form
. 2- Span Large Scales as w

ell 
as sm

all scales, especially since designed arrays have 
sm

all 1' res. 3- In certain cases DM
 only sim

ulations 
are sufficient.

l
O
ut of equilibrium

 Radiative Transfer:
1- Source and their flux. 2- Ionization of H and He 
(not alw

ays done). 3- Heating due to the radiative 
processes. 4- Spin tem

p decoupling (Ly RT). 
l

It is very difficult to account for all the physical aspects 
of the problem

 and approxim
ations are norm

ally m
ade. 



Results from
 3D RT 

Iliev et al. 2008

A
t half ionization the signal rm

s is about 8m
K



~12m
K

Results from
 approxim

ate m
ethods 

Thom
as &

 zaroubi 2008



Full vs. approxim
ate sim

ulations

l
Full 3D RT sim

ulations are 
m
ore accurate but 

com
putationally expensive. 

They provide crucial insight 
about the physical processes 
(especially on sm

all scales).
l

Approxim
ate m

ethods are less 
accurate but easier to 
produce and allow

 for an 
exploration of the param

eters 
space. This is especially 
im

portant for interpretation 
of the data

Thom
as et al 2009



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 21 cm
 forest

Sim
ulated spectrum

 from
 100 M

Hz to 200 M
Hz of a source w

ith S
120  

= 20 m
Jy at z=10 using the Cygnus A spectral m

odel and SKA noise



Sum
m
ary

l
21 cm

 line is a very prom
ising probe of 

the EoR and the Dark Ages.
l

It tracks the evolution of reionization 
and the therm

al history of the IGM
 in 

tim
e and space.

l
The signal is of the order of 10 µK in 
em

ission and 100 µK in absorption. 


