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Cosmology with the HI 21-cm line
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Neutral Hydrogen - HI
Ground state

21-cm radiation



Spin Temperature



Cosmic Microwave Background 
Radiation (CMBR)

2.73 K



CMBR anisotropies

Universe ionized and opaque at z >1000

Nearly isotropic T ~ 10 micro K

WMAP NASA

Z=1000

Z=1000

T= (1+z) 2.73 K



CMBR propagates through HI



21-signal

CNBR
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The 21-cm Signal

Tb(n,) = Tb(n,)-T



21-cm signal

Bharadwaj & Ali, 2004



21-cm signal



Cosmic Microwave Background 
Radiation (CMBR)



HI Evolution

Dark Age

HI seen in absorption against CMBR



The Dark AgesNo luminous sources
HI traces dark matter
Will be seen in absorption against CMBR 200 > z > 30

Ts < T



HI Evolution

HI seen in emission

Epoch of Reionization



Structure Formation

    Gravitational Instability

 
Dark matter dominates the dynamics  
 

Z=1000 Z=0



Rionization
Dark Matter Halos
Baryons Condense Within Halos Galaxies

Massive Stars
Quasars -  Accreting Black Holes
Emit Photons with E > 13.6 eV
Bubbles of Ionized Gas -  HII Regions
Bubbles Grow -  Overlap 
Reionization Complete by z ~ 6

15 >z > 6

Photoionization    First Luminous Objects z~30
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HI Evolution

HI seen in emission

Epoch of Reionization



HI Evolution

Post-Reionization   

HI seen in emision



Damped Ly-Clouds (DLA)

Bulk of neutral gas in DLAs

GAS ~ 10-3        1 <  z  < 6



Simulation z=3

Sarkar, D. et al.,  2016, MNRAS

Dark Matter Halos HI



HI Evolution

Post-Reionization   

HI seen in emision



What can we observe?

The redshifted 21-cm brightness 
temperature fluctuates  with 
frequency and angle on sky



21-cm Power Spectrum
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Fourier Transform

Power Spectrum



21-cm Power Spectrum



Our Efforts Started With
JApA, 2001



GMRT Giant Meter-wave Radio Telescope



Z=3.35

21-cm Visibility Signal

U



Visibility     V(U,)   (k)



21-cm Power Spectrum





Evolution of the Universe



Summary 

● Redshifted 21-cm radiation fluctuates with 
frequency and angle on sky 

● Observations can be used to study:
– Universe at z ~ 50  (Dark Age) – only possible 

probe
– Formation of the first luinous objects 
– Reionization
– Structure formation after reionization 



Foregrounds

Point Sources Diffuse

Removal is Biggest Challenge



Thank You



3.2 Gpc

0.2   Gpc   0.34 Gpc

OWFA II

Z=3.35



Binned Power Spectrum

Sarkar, A. et al., 2017 

1000 hr

BAO


