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Of what?



Constituents of the UniverseConstituents of the Universe

Of what?Present Constituents of Universe Of what?
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SummarySummary



Quasar SpectraQuasar Spectra

Neutral Hydrogen



Diffuse GasDiffuse Gas



Optical Depth τOptical Depth τ

I=I0 e-τ

τ =n L σ 



Lyman α ForestLyman α Forest

z < 4   τ< 1z < 4   τ< 1
Neutral fraction
Below 10-5Below 10



SDSS quasarsSDSS quasars

19 SDSS quasars
5 74 <  z < 6 425.74 <  z < 6.42

Ly-αTransmission
~1% to 20%

Fan et al. 2006, AJ, 132, 117



Lyα Optical Depth EvolutionLyα Optical Depth Evolution



Lyα  Lyβ  LyγLyα, Lyβ, Lyγ

For same HI density Lyβ and Lyγ optical y yβ yγ p
depth are 6.2 and 17.9 times smaller 



Hydrogen Neutral FractionHydrogen Neutral Fraction
Volume averaged Mass Averagedg g

2.8 х10-3 (z~5.7))

0.04 (z~6.4)



SummarySummary



CMBRCMBR
Thomson Scattering of CMBR from electronshomson Scatter ng of CMBR from electrons

Suppresses CMBR anisotropies at scales Suppresses MBR an sotrop es at scales 
Below the Horizon at Epoch of Reionization

Polarize the CMBR Large Scale TE and EE 

WMAP3  Spergel et al. 2007, ApJS, 170, 377



Thomson Scattering τThomson Scattering τ
τ∼0.1  error ~30%



Constraining ReionizationConstraining Reionization

zreion==11.3 if xe=1reion e



SummarySummary



How did reionization occur?How did reionization occur?



Structure Formation

G i i l I bili    Gravitational Instability

 
D k tt d i t th d iDark matter dominates the dynamics 
 



Rionization
Dark Matter Halos
Baryons Condense Within Halos Galaxies

Photoionization    First Luminous Objects z~30

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

30 >z > 6



Reionization SourcesReionization Sources

• Quasars - not enough photons to reionizeQuasars not  enough photons to reionize

St i l i• Stars in galaxies 



Star/Galaxy FormationStar/Galaxy Formation

• Metal Free - Pop III stars - very massiveMetal Free Pop III stars very massive
• Chemical Enrichment

P II t• Pop II stars
• Star formations and quasars heat the IGM
• Chemical and thermal feedback on star 

formation in halos

Bagla et al.,2009,arXiv.0902.0853
Metal Enrishment and Reionization ConstrantsMetal Enrishment and Reionization Constrants 
On Early Star Formation



High z galaxies and reionizationHigh z galaxies and reionization
Bunker at a. 2009, arXiv.0909.1565

Photometric redshift i’ band dropout
z~6  Zero flux  λ < 1216 A (1+z)z 6  Zero flux  λ  1216 A (1 z)
z’ band 9000A, 
i’ band 8000A

HST ACS



High z galaxies and reionizationHigh z galaxies and reionization
HUDF comoving volume averaged g g
star formation rate



Implication for reionizationImplication for reionization
Measured SFR at z~6is 5 times smaller than Measured SFR at z 6is 5 times smaller than 
needed if bulk of  reionization occurred at z~6

3.6-8 μm
Spitzer/IRACp



Some more issuesSome more issues

Sources are clustered
Radiative Transfer
Hydrogen density not uniformy g y

Choudhury, T. Roy 2009, arXiv0904.4596



Simulations
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21-cm radiation
Neutral Hydrogen HI

21 cm radiation
Neutral Hydrogen - HI
Ground state

Spin TemperatureSpin Temperature



21-cm signal21 cm signal



HI EvolutionHI Evolution



The Dark AgesThe Dark Ages

N  l  No luminous sources
HI traces dark matter
Will be seen in absorption against CMBR 200 > z > 30p g

Ts < Tγ



Statistical SignalStatistical Signal

MAPS



Prereionization SignalPrereionization Signal

Very sensitive probe of the dark matterVery sensitive probe of the dark matter
power spectrum



Epoch of reionizationEpoch of reionization

• Luminous sources produce UV/X-rayLuminous sources produce UV/X ray 
• Ionize and  heat IGM

T T• Ts>Tγ
• 21-cm signal is in emission
• HI distribution is patchy 
• ionized bubbles around luminous sourcesionized bubbles around luminous sources



Reionization SignalReionization Signal

X=0.5, z=10



Non-GaussianNon Gaussian

Bispectrum Power spectrum



Radio Interferometric Arraysy

GMRTGMRT   
30 antennas 45 diameter

Frequency 
MHz

153 235 325 610 142
0

z 8.3 5.0 3.4 1.3 0
32 MHz bands with 128 separate channels



14 hrs GMRT Observations14 hrs GMRT Observations

RA 01 36 46  DEC 41 24 23



Results GMRT ObservationsResults GMRT Observations



ForegroundsForegrounds

• 4 to 5 orders of magnitude larger than4 to 5 orders of magnitude larger than 
signal

• Galactic Synchrotron Extragalactic Radio• Galactic Synchrotron, Extragalactic Radio 
Sources
C ti S• Continuum Sources

• Expected to be correlated across large 
frequency separations ~5 MHz

• HI Signal decorrelates faster with Δνg



Frequency DecorrelationFrequency Decorrelation



Detecting Ionized Bubbles
Visibility based

Noise in each visibility 
Is independentIs independent



Other contributionsOther contributions



Matched FiterMatched Fiter

Optimize Signal to Noise ratio 
Minimize Foreground contribution



Prospects Prospects 
1000 hrs
ER           LR   

GMRTGMRT

MWAMWA



Concluding Remarksg m

21 cm  – important cosmological 21 cm  – important cosmological 
probe

GMRT + upcoming MWA  LOFARGMRT + upcoming MWA, LOFAR,…



Concluding Remarksg m

• Probe Dark Ages, First 
Luminous Objects  Luminous Objects, 
reionization, post-reionizationp

P t ti l P b  f D k • Potential Probe of Dark 
Energygy


