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High Band: 115-189 MHz



21cm line 
A hot topic in today’s astronomy
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Why is this line so important? 



The first light in the Universe 

Credit - http://discovermagazine.com/~/media/Images/Issues/2014/April/21-centimeter-cosmology.jpg

Quantum
 Fluctuations 

Timeline for 21cm line transition



The electromagnetic spectrum

21cm line

λ0 = 21 cm  

λobs = λ0 (1+z)




The HI 21cm line 
The first light in the Universe

Lecture 1


i) The 21 cm line 


ii) CMB Formation


iii) The mean 
21cm line signal


Lecture 2


iV) Cosmic Dawn/
The First Stars


V) Reionization


Vi) Observing the 
EoR


Lecture 3


Vii) Impact of the 
EoR on the CMB


Viii) Other probes 
of the EoR


ViV) 21cm line in 
the post EoR 




Lecture 1

i) The 21 cm line 


ii) CMB Formation


iii) The mean 21cm line signal


iV) Structure formation




The 21-cm line from neutral hydrogen 



21 cm line Brightness Temperature



Brightness Temperature

Rayleigh-Jeans approximation

Apparent brightness

 Credit: http://hyperphysics.phy-astr.gsu.edu/hbase/mod6.html



Brightness Temperature

Apparent brightness

Radiative transfer along a line of sight

(optical depth)

Radiation Background (TR) z~ 1100

z = 0

z = 10

Integral along the path of 
the absorption coefficient



Brightness Temperature

Radiation = CMB Spin Temperature



Tb: Optical depth

Radiation Background (TR)

z~ 1100
z = 0

z = z’

credit: http://spiff.rit.edu/classes/phys440/lectures/optd/optd.html

Incidente radiation  (I0 ) Absorbed radiation Scattered radiation Observed radiation (I)



Tb: Optical depth

(Cross section)

1

0

credit: DC Price 2016



The energy of the 21cm radiation

E21cm=   5.9x10-6 eV



δTb: The Brightness Temperature



21 cm line Brightness Temperature

If we assume this is 0 
(Except for the Hubble flow the gas is not  
moving in the direction of the line of sight)



21 cm line Brightness Temperature



How do we constrain cosmology  
in the early Universe? 



The Cosmic Microwave Background (CMB)

credit: http://abyss.uoregon.edu/~js/ast123/lectures/lec23.html

Raw image: 
Typical dipole appearance because our Galaxy is moving in a particular direction



credit: http://abyss.uoregon.edu/~js/ast123/lectures/lec23.html

After removing the Galaxy’s motion: 
Map dominated by the far-infrared emission from gas in our own Galaxy

The Cosmic Microwave Background (CMB)



credit: http://abyss.uoregon.edu/~js/ast123/lectures/lec23.html

The Cosmic Microwave Background (CMB)
After removing our galaxy emission:



Small scale fluctuations in the 
CMB map are ~10-5 the 
strength of the radiation 
itself.

The Cosmic Microwave Background (CMB)



Small scale fluctuations in the 
CMB map are ~10-5 the 
strength of the radiation 
itself.

The Cosmic Microwave Background (CMB)



Where does this radiation come from? 



From the Big Bang to the Epoch of Recombination

Decoupling

Nucleosynthesis

Planck Epoch
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z~1100
Decoupling



Recombination and Photon decoupling

Photon Decoupling 
(CMB formation)

Recombination to an excited state  
followed by photon emission

When the photon mean free path  
became bigger than the rate of  

expansion of the Universe 
  𝜆mfp> H-1 



The Cosmic Microwave Background (CMB)

Decoupling

Nucleosynthesis

Planck Epoch

TCMB,z = 3000(1+Δz)-1 K 

     
TCMB,0 = 3000(1+1100)-1 K 

= 2.725 K               

  𝜆mfp> H-1 z~1100 

credit: http://abyss.uoregon.edu/~js/ast123/lectures/lec23.html



The 21 cm line Brightness Temperature

No signal

Signal in emission

Signal in absorption



The Spin Temperature

No signal

Signal in emission

Signal in absorption



The Spin Temperature

Thomson scattering of CMB 
photons (low energy photons) 

by free electrons 

Scattering of Lyα photons

Collision with other HI atoms, 
electrons and protons 

HI HI

HI

Coupling to the CMB Coupling to the gas 



Temperature Evolution

In a Universe expanding adiabatically

TK coupled to TCMB through Thomson scattering 
of residual free electrons

TK will increase with the 
onset of Star Formation 

z~150
z~1100

z~30

410 K



The global evolution of TS



The global evolution of TS: 
Collisional and radiative coupling to TK

Collision with other HI atoms, 
electrons and protons 

HI HI

Scattering Lyα photons

Important when the 
densities are high Lyα photons are 

emitted by stars



Collisional coupling: xc

Collision with other HI atoms,  
electrons and protons 

HI HI tabulated coefficients  
for collisions

e-HI

Spontaneous emission  
coefficient

Important coupling mechanism  
when the densities are high



The global evolution of TS: 
Collisional and radiative coupling

Collision with other HI atoms, 
electrons and protons 

HI HI

Scattering Lyα photons

Important when the 
densities are high Lyα photons are 

emitted by stars



Very important line!!!

The Lyman-alpha line

Couples the 21cm line Spin Temperature to the Gas 
Temperature 

Main cooling line for star formation 

Independent tracer of the high redshift Universe



Radiative coupling of TS to TK 

due to scattering 


(absorption and reemission) 

of Lyα photons

The Lyman-alpha transition: xα

The Lyα line has a huge cross section: It is absorbed and reemitted 
multiple times in a hydrogen cloud



The Lyman-alpha transition: xα

x

HI



Radiative coupling of TS to TK 

due to scattering 


(absorption and reemission) 

of Lyα photons

The Lyman-alpha transition: xα

Lyα photons are UV photons (high energy) 
emitted by stars 

⬇ 
So they only contribute to TS after stars are form 



The global 21cm signal 

In Pritchard & Loeb (2010), using simulations from 
Santos et al., 2008, ApJ, 689, 1



The global 21cm signal



High-z 21cm Projects Under Way

EDGES
SARAS



EDGES 
Experiment to Detect the Global Epoch of Reionization Signature

50-100MHz



How could this feature 
absorption be so strong? 

Thermal equilibrium at 
z≈200-150 ⇒  TK=TCMB



How could this feature 
absorption be so strong? 

Thermal equilibrium at 
z≈150 ⇒  TK=TCMB

Extra radiation from binary sources? 

or  

A colder gas Temperature? 



DM



DM

Not a possible explanation 

This type of interaction is ruled out by the CMB 



Is the detection real? 



Discussion

Is it a real detection? 
Foreground removal artefact due to 
the simple polynomial foreground 
model 
Multi path propagation 
Ionosphere 
Absorption line in the galaxy 



To be confirmed soon!!! 



SARAS 2

Spectral radiometer
designed for measuring the
 all-sky global 21-cm 
spectral distortions, 
located in Southern India 



Next: The first light sources

From quantum fluctuations 

to the first bound structures



The first light in the Universe 

Credit - http://discovermagazine.com/~/media/Images/Issues/2014/April/21-centimeter-cosmology.jpg

Quantum
 Fluctuations 

Quantum fluctuations evolve into classic density fluctuations
 and later into large scale structure



Credit - http://discovermagazine.com/~/media/Images/Issues/2014/April/21-centimeter-cosmology.jpg

From quantum fluctuations to large scale structure formation

From density fluctuations to 
star formation

PoP III stars  (metal free)

First Stars formed in the peaks of the density field

Overdense regions become more and more 
overdense and form DM halos



i) First density fluctuations are gaussian 

       (confirmed by the CMB)


ii) The Universe is flat


iii) For non-linear fluctuations 


       Spherical collapse

(Press & Schechter formalism)

Credit - https://kanbanize.com/blog/ 
normal-gaussian-distribution-over-cycle-time/

Structure Formation: Dark Matter halos

https://kanbanize.com/blog/


Credit - Chris Power

Dark Matter Halos Formation

• Consider a spherically 
symmetric overdensity in an 
expanding background

• By Birkhoff’s Theorem, it 
can treat as an independent 
and scaled version of the 
Universe

• Initial expansion with Hubble 
flow, turnaround, collapse 
and virialisation

R



Spherical collapse: Press & Schechter Formalism 

Mass-density field smoothed over a scale R correspondent to a mass M  
is also Gaussian 

R



Spherical collapse: Press & Schechter Formalism 

z=0
z=5

z=20
z=30

z=10

Credit: Barkana & Loeb 2001



“Let there be Light” 
The first stars and Galaxies

Credit: Saleem Zaroubi

POP III stars : Formed from primordial gas with only Hydrogen and Helium

Cooling without metals

The fragmentation issue

Impact on the IGM of the first stars



Stellar Formation in a Halo

Credit: Saleem Zaroubi

POP III stars : Formed from primordial gas with only Hydrogen and Helium

Cooling without metals

The fragmentation issue: free fall time scale vs. cooling time scale 

Impact on the IGM of the first stars

1 pc = 3.086 x 1016 m  

1 R☉ = 6.09 x 1015 m  

1 Au = 1.496 x 1011 m  



Star Formation in a Halo: Stability of gas clouds

Stability of spherical gas cloud: Jeans criterion

Mean densities: 

Sun: 1.4 g cm-3

MW at solar radius: 10-23 g cm-3
Present day average: 5 x 10-31 g cm-3

Jeans mass is the critical mass needed 
to form a bound object

Gravity vs Gas pressure



Star Formation in a Halo: Cooling

The gas needs not only to be bound but also to cool to form stars

The Jeans Mass scales with redshift and cosmological parameters as:

For z < 40 Mcool> MJ ⇒ Many halos do not form stars

If M < Mcool the gas does not cool sufficiently fast (within a Hubble time) 



Cooling rate of Primordial gas 

Credit: Barkana & Loeb 2001

H

H2



Molecular gas: H2 formation 

Credit: Yoshida 2006



Properties of collapsing halos 

Credit: Barkana & Loeb 2001



Stellar Formation in a Halo

Credit: Saleem Zaroubi

POP III stars : Formed from primordial gas with only Hydrogen and Helium

Cooling without metals

The fragmentation issue: free fall time scale vs. cooling time scale 

Impact on the IGM of the first starsz=0
z=5

z=20
z=30

z=10

Huge dynamic range
Computational challenging

Initially thought to be only one massive 
star forming per halo



Fragmentation


