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  POST REIONIZATION EPOCH  

Following the completion of reionization ( z~6 ), HI was confined to over-
dense regions of the IGM where enhanced recombination maintains a non-

zero neutral fraction
          80% of  HI is in DLA systems  

The Post reionization HI can be studied using 21 cm 
intensity  maps

Aim of several presently functioning and upcoming  Radio-Telescopes
GMRT, MWA, SKA 



  



  



  

HI 21 cm observations as a  COSMOLOGICAL PROBE

• Galaxy/quasar redshift surveys can’t probe the universe at very 
high redshifts, with the potential to probe large volumes.

• CMB photons free streaming from the LSS Undergoes a dip in 
its brightness temperature on passing through a HI cloud 
depending on its optical depth and spin temperature .

• The spatial fluctuations of this “dip” depends directly and 
indirectly on the fluctuations of the HI which in turn follows the 
underlying dark matter 

21-cm INTENSITY MAPPING :   LARGE SURVEY VOLUMES AND LOW RESOLUTION 
                                                     MAPPING 



  

HI 21 cm observations as a COSMOLOGICAL PROBE

• Galaxy /quasar redshift surveys can’t probe the universe at very 
high redshifts, with the potential to probe large volumes.

• CMB photons free streaming from the LSS Undergoes a dip in 
its brightness temperature on passing through a HI cloud 
depending on its optical depth and spin temperature .

• The spatial fluctuations of this “dip” depends directly and 
indirectly on the fluctuations of the HI which in turn follows the 
underlying dark matter 

(Bharadwaj and Ali 2004)



  

Dark ages .. 
●Linear fluctuations
●HI is a tracer 
●Gravitational  wave imprint ? 

Post reionization epoch.. 

● Absence of complex astrophysics
● HI again a biased tracer
 Investigate cross-correlations with 
 other tracers

●CMBR anisotropies

●     CMBR ISW effect
●     CMBR Weak Lensing

●Lyman Alpha forest 

Redshifted HI 21-cm Signal 



  

scheme 

The bias (with respect to the dark matter field ) and the mean neutral fraction 
completely models the 21- signal in the post-reionization epoch

Numerical Simulation of the 21-cm signal
(T. G. Sarkar, S Mitra, S. Majumdar, T. Roy Choudhury MNRAS 2012.  arXiv : 1109.5552 )

Bias model verified

Observable Radio data            Power spectrum  Constraining Bias

Fisher Matrix  – Principal Component Analysis 



  

HI IS A  TRACER OF THE DARK MATTER FIELD 

PARADIGM 

STATISTICS  OF THE DARK MATTER FIELD   

    

STATISTICS OF NEUTRAL GAS DISTRIBUTION



  

The bias (with respect to the dark matter field ) and the mean neutral fraction 
completely models the 21- signal in the post-reionization epoch

Simulation :



  

T. G. Sarkar, S Mitra, S. Majumdar, T. Roy Choudhury (2011)  MNRAS, 421, 4, pp. 3570-3578 



  



  

Radio interferometric observation                          Cosmology 

Measured Quantity : VISIBILITY 

Fourier transform in the frequency direction yields  

ASTROPHYSICAL FOREGROUNDS SEVERAL ORDERS HIGHER 



  

Lyman – α Forest as a cosmological probe

The redshifted  light from a  distant Quasar as it passes through the 
predominantly ionized IGM is absorbed when the redshifted

frequency matches the Ly-alpha frequency in the rest frame of the neutral gas.

Small density fluctuations in the predominantly ionized IGM leads to 
A series of absorption peaks



  

Lyman – α Forest as a cosmological probe

The redshifted  light from a  distant Quasar as it passes through the 
predominantly ionized IGM is absorbed when the redshifted

Frequency matches the Ly-alpha frequency in the rest frame of the 
neutral gas.

Small density fluctuations in the predominantly ionized IGM leads to 
A series of absorption peaks

Fluctuating  GUNN-PETERSON EFFECT

● Gas follows the dark matter
● Equilibrium leads to a power law temperature density relation



  

Lyman – α Forest as a cosmological probe

The redshifted  light from a  distant Quasar as it passes through the 
predominantly ionized IGM is absorbed when the redshifted

Frequency matches the Ly-alpha frequency in the rest frame of the neutral gas.

Small density fluctuations in the predominantly ionized IGM leads to 
A series of absorption peaks

High resolution (FWHM 6.6 km s-1) spectrum of the z = 3.62 QSO 1422+23 (V = 16.5), taken with the Keck 
HIRES (signal-to-noise ratio ~ 150 per resolution element, exposure time 25000 s).  Womble et al (1996). 

The fluctuations in the transmitted flux hence is believed to be a 
1D probe of the underlying density field

The use of Lyman alpha forest as a cosmological probe has been 
studied in great details

 

 

http://ned.ipac.caltech.edu/level5/Sept01/Rauch/Rauch_refs.html#270


  
Traditional Cuisine !



  
Traditional Cuisine !



  

We may write  

Redshift space distortion 



  

3D Lyman – α Forest

Uses the full 3D information 

 
Cross correlation of Lyman alpha forest with 21 cm 

Guha Sarkar etal. (2011) MNRAS, Volume 410, Issue 2, pp. 1130-1134

Simulation of  3D flux power, relative to real-space linear theory 
(McDonald 2003)



  

Weights are chosen to maximize SNR



  

 

Cross correlation of Lyman alpha forest with 21 cm

(angular power spectrum) 
Guha Sarkar etal. (2011) MNRAS, Volume 410, Issue 2, pp. 1130-1134

Cross correlation in 3D 

Late time cosmological evolution 
Baryon Acoustic Oscillations

Early Universe 
Primordial non Gaussianity



  

It is now well established that DARK ENERGY accounts for the lion's share 
 of the Universe's matter budget

The ONLY way perhaps to “SEE” dark energy is through its imprint on the 
 expansion history of the Universe

For Universe governed by Einstein's equation we have

The Probes :
- Standard candles : OBJECTS OF KNOWN  LUMINOSITY
• measure d

L 
 which is an integral of H-1 

– Standard rulers : OBJECTS OF KNOWN LENGTH
• measure D

A
 [integral of H-1 (z) and H(z)]

– Growth of fluctuations :
• Crucial for testing extra ρ components vs modified gravity.



  

STANDARD RULERS

If we knew the LENGTH OF A STANDARD OBJECT  as a function of 
cosmic epoch

By noting the angle subtended by this ruler as  a function of redshift 
we map the Angular diameter distance

And by measuring the redshift interval associated with this length we map out the 
Hubble parameter.

WHERE DO WE FIND SUCH A RULER ???



  

Baryon Acoustic Oscillations

Cosmological density perturbations drive sound waves in the baryon 
Photon plasma which are frozen once recombination takes place at
Z ~ 1000 leaving distinct oscillatory signature in the CMBR anisotropy
 
Prior to recombination photons and baryons were tightly coupled
A sudden recombination decouples the photons from the baryons 
Giving a snap shot of the universe at the large scattering surface

BAO also contributes imprints on the late time clustering of matter
However the effect is suppressed by a factor 
Ω_b/Ω_m ~ 0.1



  

Baryon Acoustic Oscillations
http://astro.berkeley.edu/~mwhite/bao/



  



  

 

Guha Sarkar T, Bharadwaj S, (2013)



  

 

Guha Sarkar T, Bharadwaj S, (2013)

Ly-alpha

21 cm

cross



  

Primordial  non-Gaussianity

1D  bispectrum of Lyman alpha forest 
(Viel, Branchini, Dolag, Grossi, Matarrese, Moscardini, 2009, MNRAS, 393, 774)

3D bispectrum of Lyman alpha forest 
(Hazra, Guha Sarkar,  2012  Phys. Rev. Lett. 109, 121301  

3D cross-bispectrum of Lyman alpha forest and 21-cm 
(Guha Sarkar,  Hazra, 2012  Phys. Rev. Lett. 109, 121301  



  

Non Gaussianity parameter  is  introduced  through

   We define the Power spectrum and Bispectrum as



  

Bispectrum from Primordial non-Gaussianity 

Where and

Bispectrum from non linear structure formation 

Finally   

Scoccimarro, Sefusatti,  Zaldarriaga (2004)



  



  

Desjacques, Seljak (2010);  
Scoccimarro, Sefusatti,  Zaldarriaga (2004)

With 

And 



  



  

For high SNR spectra 



  

Equilateral configuration

D. Hazra, T. Guha Sarkar, Phys. Rev. Lett. 109, 121301 (2012)



  D. Hazra, T. Guha Sarkar, Phys. Rev. Lett. 109, 121301 (2012)



  

Cross – bispectrum of  Ly-alpha forest and 
redshifted 21-cm signal 
(T. Guha Sarkar,  D. Hazra, (2012))

Consider two tracer fields  R and S 



  

21 -cm observation using a SKA  like radio array 

 

Lyman alpha survey  ( 10, 000 sq deg) 



  



  
T. Guha Sarkar,  D. Hazra, (2012)  arXiv :1211.4756



  

Thank  you 
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