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Evolution of Neutral Hydrogen (HI)

CMBR
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Post-EoR EoR Dark Ages Credit: Bharadwaj and Ali 2004



21-cm intensity mapping

* HI emits 21-cm signal
* The Universe expands = 21-cm signal gets redshifted
* Redshifted signal carries information from the z.

Goal: Measuring the intensity fluctuations of the
redshifted 21-cm signal.



Cosmology with 21-cm IM at post-EoR (z < 6)

* Probe large scale structures
(e.g. Bharadwaj, Nath & Sethi 2001)

* Measuring BAO = Constrain Dark Energy
(e.g. Wyithe et al. 2008; Chang et al. 2008)

 Cosmological parameter estimation
> from BAO (e.g. Wyithe et al. 2008)
> independent from BAO (e.g. Visbal et al. 2009)

* Quantify non-Gaussianity, constrain inflation, test Gravity on very
large scales ...



Our Aim

The IM Signal can be measured
from the ground using radio
telescopes
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21-cm power spectrum from visibility-correlation
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Oscillations in MAPS,
Wedge in PS
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Foregrounds
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Extragalactic Point Sources Diffuse Galactic Synchrotron Radiation

4 to 5 orders of magnitude larger than the 21-cm signal
Biggest Challenge

Ali + 2008




Tapered Gridded Estimator

f<1 Choudhuri + 2014, 2016
— Bharadwaj + 2018
Pal + 2020

Tapered Foreground

Foreground Leakage

Foreground Wedge
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uGMRT Observation

1.9<z2<2.6
394 — 494 MHz

Table 3.1: Observation summary

ELAIS-N1
Working antennas 28
Central Frequency 400 MHz
Number of Channels 8192
Channel width 24.4 kHz

Bandwidth
Total observation time

On-source observation time

200 MHz

+55.00°

+54.80°

+54.60°

DEC (J2000)

+54.40°

+54.20°

+54.00°

243.50°

243.00°

242.50°

RA (J2000)

Chakraborty + 2019

242.00°

T 2.5e-04

r 2.0e-04

r 1.5e-04

1.0e-04

Flux density (Jy beam™1)

5.0e-05



TGE in action

Cy(Av) mK?

— f=50

=== 2.0

== 06

— (.6, combined

1
0 10 20 0
Avr MHz

Pal, AE, Bharadwaj + 2022, MNRAS

Foreground suppression

F=a0, May b = 06, combined
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TGE in action

Cy(Av) mK?

— f=50

=== 2.0

== 06

— (.6, combined

1
0 10 20 0

Avr MHz

Pal, AE, Bharadwaj + 2022, MNRAS

Foreground suppression

F=a0, May b = 06, combined
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TGE in action

Cy(Av) mK?
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Foreground suppression
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TGE in action
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TGE in action

Cy(Av) mK?
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Foreground removal
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Foreground removal Elahi et al 2023; MNRAS
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Foreground removal from MAPS - PF

21-cm signal is localized within Av < [Av] = minimal signal loss

Polynomial Fitting (PF)
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Foreground modeling
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Foreground removal from MAPS - GPR

Gaussian Process REgI" ession (GPR} Idea: 21-cm signal fiecnrn‘alates liast'er than foreground
21-cm signal is localized within Av < [Av]

* Step 1: Model the foregrounds from the range Ay > [Ay]

[Cf(:ﬁ’l’)] FG ™ QP [0? llfcFG (&Vﬂ‘h ‘&Vﬂ)] Ce(Av) = [Ce(AV)]pg + [Noise]

* Step 2: Predict the foreground in the range A, < [Av]

kg (AVim, Avy) = 1 (Avpy, - Av, + b)E

Polynomial kernel

* Step 3: Subtract the foreground prediction
[Ce(AV)]ies = Ce(Av) = [Ce(AV) kG

0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
Av MHz Av MHz

predict model Residual (PF) Residual (GPR)




uGMRT

24.4 MHz Bandwidth

At 432.8 MHz
z=2.28

Elahi et al 2023; MNRAS

before FG removal after FG remgqal
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uGMRT
100 MHz Bandwidth, 394 - 494 MHz,

measured PF

1.9<z2<2.6

GPR
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Consistent with noise?
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Upper limit on the 21-cm signal
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= Upper limit is within an
order-of-magnitude.

[Q:bu,] < 1.01 x 1072
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TGE

Foreground
removal

Power
Spectrum

Upper limit

Future

Visibility-based (i.e., directly from the observed data)
mitigates foregrounds, unbiased, immune to missing frequency
channels, wideband

Removes foregrounds from MAPS,
21-cm signal is localized, PF and GPR

Consistent with noise

Observation 25 hours [QHIbHJ < 1.01 x 1074

v Longer Observation (obtained 50h, 20 detection k < 0.4 Mpc)
v Other telescope (MeerKAT, SKA)
v Other frequencies (e.g. EoR using MWA/SKA-low)



