Using gravitational lensing to probe distribution of neutral
hydrogen in the post-reionization Universe

THESIS SUBMITTED
FOR THE AWARD OF

DOCTOR OF PHILOSOPHY
in
PHYSICS
by

URVASHI

DEPARTMENT OF PHYSICS
INDIAN INSTITUTE OF TECHNOLOGY
BANARAS HINDU UNIVERSITY
VARANASI - 221 005

ROLL NUMBER YEAR OF SUBMISSION
17171001 2022



Certificate

It is certified that the work contained in the thesis titled “Using gravitational lensing to
probe distribution of neutral hydrogen in the post-reionization Universe” by Urvashi
has been carried out under my/our supervision and that this work has not been submitted

elsewhere for a degree.

It is further certified that the student has fulfilled all the requirements of Comprehensive

Examination, Candidacy and SOTA for the award of Ph.D. Degree.

< S

Date: %7/, Z- /2.2 Supervisor .
Place: W Dr Prasun Dutta
Assistant Professor
Department of physics
IIT(BHU) Varanasi

Pr. Prasun Dutta
Assistant Professor
Pepartment of Ph,\pilc«
T “). Varanas
\Ixrc(xBanL PIN 221003



Declaration

I, Urvashi, certify that the work embodied in this thesis is my own bonafide work and
carried out by me under the supervision of Dr. Prasun Dutta from July 2017 to July 2022
at the Department of Physics, Indian Institute of Technology (BHU), Varanasi. The matter
embodied in this thesis has not been submitted for the award of any other degree/diploma.
I declare that T have faithfully acknowledged and given credits to the research workers
\\"hcncvcr and wherever their works have been cited in my work in this thesis. I further
declare that I have not wilfully copied any other’s work, paragraphs, text, data, results, etc.,
reported in journals, books, magazines, reports dissertations, thesgs, etc., or available at
websites and have not included them in this thesis and have not cited as my own work.
)
Y=
Date: || {o? /2 3R Signature of the student

Place: \/axamast Urvashi

Certificate by the Supervisor

I is certified that the above statement made by the stdent is correct (o the best of my

knowledge.

Supervisor Head of the a t
Ga—mw% HEAD/RrSrres:
Dr Prasun Dutta 3 Wty
r Frasun Du *ﬁfﬁﬁhﬂﬁ/Deptt.othysiu.

Dr. PrasunfDutta Wofotio /(a1 oRofo)/ 11T (BHU)
ssistant Professor z ._
D?{)Slr:rigm of Physics T / Varanasi 221005

iT (BHU). \‘aranasi_
\I'ga'nasi. PIN 221003



Copyright Transfer Certificate

% .. ¥ ¥ . : . i- . . oy . i " '(|F()-
Title of the Thesis: Using gravitational lensing to probe distribution of neutral hy

gen in the post-reionization Universe

Name of the Student : Urvashi

Copyright Transler

| i ' 3 . S Tae » ¢« Hindu
The undersigned hereby assigns to the Indian Institute of Technology (Banaras Hindt

University) Varanasi all rights under copyright that may exist in and for the above thesis

submitted for the award of the Doctor of Philosophy.

[
Date; “/0_?/2/2 Signature: Lb\# a'}’//
Place: Vainal) Urvashi
Note: However, the author may reproduce or authorize others to reproduce material

extracted verbatim from the thesis or derivative of the thesis for author’s personal

use provided that the source and the Institute’s copyright notice are indicated.



In the honour
of
My Parents



Acknowledgements

Firstly, I would like to express my sincere gratitude to my guide, Dr Prasun Dutta, for
his continuous support during my PhD study and his patience, motivation, and immense
knowledge. His guidance helped me all the time during the research and writing of this

thesis. I could not have imagined having a better advisor for my PhD study.

Besides my advisor, I would like to thank the rest of my thesis committee: Dr Ab-
hishek Kumar Shrivastav and Dr Somak Bhattacharya, for their insightful comments and
encouragement. I am also thankful to the anonymous reviewer who gave constructive and

useful comments on my publications.

I would like to thank Professor Sandip Chatterjee who is like a father figure for me in
the department and has always shown me the right path. I am thankful to all the faculty

members and the head of the department of physics for their continuous support.

I thank all my fellow mates in the department, especially Seema who always helped
me in my all ups and downs. I thank my labmates Pavan bhaiya who taught me a lot about
research, and Meera and Jais who gave me good suggestions for writing and learning. |
will take this opportunity to thank my roommates Renu Bala, Khyati, Priti and my friends

Pooja, Urwashi and Alam.

I would like to specially thank to my parents, for teaching me various life lessons and
brother Bhushan for sharing my stress, sorrows and success. Your prayers and continuous
support for me are what sustained me this far. I would like to thank to my special friend
Arjun. Besides teaching me various life lessons, he always motivated me and encouraged

me to learn and achieve more.






List of figures

1.1

1.2

1.3

1.4

2.1

Cartoon of the different phases of the Global 21 cm signal. After reioniza-
tion is complete there is a residual signal from neutral hydrogen in galaxies.
Credit: (Pritchard and Loeb, 2012) . . . . . . . . . ... .. ... ....
The global evolution of the CMB (blue line), gas (green line) and spin
(red solid line and red dashed line) temperatures as a function of redshift.
The CMB temperature evolves steadily as 1 4z whereas the gas and spin
temperatures evolve in a more complicated manner (see text in detail).
(Zaroubi, 2013) . . . . . . e
Shows the 21 cm evolution along various stages of the universe and is
taken from (Pritchard and Loeb, 2012). The upper panel shows a slice
through the light-cone of the 21 cm signal. The lower panel gives the
evolution of the brightness temperature 67p,. . . . . . . . . ... ... ..
Lensing Geometry. The quantities Dy, D;g and Dy represent the angular
diameter distances between observer and lens (or deflector), lens and
source, and observer and source. The angular position of the source (S) is
defined as f3, that of the image (I) is 6 and the deflection angle is called c.
& is the impact parameter of light ray. Figure is taken from Narayan and

Bartelmann (1996) . . . . . . . . ... ... o

Dark matter power spectrum in units of MPc> as a function of wavevector

18



xxii

List of figures

22

2.3

2.4

2.5

3.1

32

33

34

H 1 power spectrum with GMRT as a function of wavevector for three
post-reionization redshifts . . . . . ... ...
Figure shows 21 cm angular power spectra for redshifts of 1.25, 1.5, 3.0
using the models from Ade et al. and Collaboration (2016); Bharadwaj and
Ali (2005); Sarkar and Bharadwaj (2018); Sarkar et al. (2016) as described
Inthetext. . . . . . . . .. e
Expected visibility correlation with the GMRT as a function of baselines
for three post reionization redshifts. . . . . . . ... ... .. ... ...
Theoretical DGSE power spectrum as a function of multipole for three

post-reionization redshifts . . . . . ... ...

Critical curves generated by the four lensing models at the fiducial source

redshifts of 1.25,1.5and 3.0. . . . . . . . .. .. ... ...

Area in arcsec’ with magnification over a certain threshold is plotted.
Each panel shows for all four potentials with the panels (a), (b) and (c)
corresponding to source redshift of 1.25,1.5 and 3.0 respectively. The lens
redshiftis 0.3. . . . . . . . ..o
Modulus square of the azimuthally averaged lensing sampling function is
plotted against baselines. Each panel shows for all four potential with the
panels (a), (b) and (c) corresponding to source redshift of 1.25,1.5 and 3.0
respectively. The lens redshiftis 0.3. . . . . . ... ... ... ... ...
Visibility correlation in the presence of strong gravitational lensing is
shown as a function of baseline. Each panel shows for all four potentials
with the panels (a), (b) and (c) corresponding to source redshift of 1.25,1.5
and 3.0 respectively. The grey line corresponds to the expected diffused

galactic synchrotron emission (DGSE) from Trott (2016). The lens redshift

35

37

38



List of figures

xxiii

3.5

4.1

4.2

4.3

4.4

Visibility correlation in the presence of strong gravitational lensing is
shown as a function of baseline. Each panel shows for all four potentials
with the panels (a), (b) and (c) corresponding to source redshift of 1.25,1.5
and 3.0 respectively. The grey line corresponds to the expected diffused

galactic synchrotron emission (DGSE) from Trott (2016). The lens redshift

Central part of the critical curves for all the lens models given in Table 4.1

shown for a source redshiftof 1.5. . . . . . . . . . . .. . ... ... ..

Figure showing how the lensing sampling function at the multipole of
1000 remains correlated with frequency. Here y-axis is in a relative scale
with the value at Av set to unity. The black lines correspond to the lensing

sampling function and the grey lines correspond to the H I signal. . . . . .

Signal to noise ratio (SNR) for the cluster Abell 773 for 250 hours ob-
servations with the uGMRT with a bandwidth of 16 MHz. Left panel:
The black continuous line shows the signal to noise ratio for S7 = 1. The
dashed line corresponds to the case when there is no effect of sample
variance, whereas the dot-dashed line shows the SNR if instrumental noise
is negligible. Right panel: Signal to noise ratio for different values of St.

In both panels, the grey dashed line marks three-sigma confidence level. .

Signal to noise ratio for the best clusters in our sample for 250 hours
observations with the uGMRT with a bandwidth of 16 MHz shown in three

panels. The grey dashed line marks three-sigma confidence level. . . . . .

55



Xxiv List of figures

4.5 Left panel: Signal to Noise ratio combining eight best clusters in our
sample for redshifts of 1.25,1.5 and 3.0. Each case is for 16 MHz band-
width uGMRT observation. For redshifts of 1.25 and 1.5 with the total
observation hours for all eight clusters is 400 hours, for the redshift of 1.5
the observation time is 200 hours only. The grey line shows the five-sigma
confidence level. Right panel: Angular power spectrum at redshifts z=
1.25, 1.5 and 3.0 and corresponding modified DGSE. The grey region
shows the one-sigma error in the power spectrum estimates. Legends for
different cases are shown in the left panel and is used identically for both

the panels of this figure. . . . . . . .. ... ... ... . L. 56

5.1 Histogram is between redshift and Number of galaxies with 12 number of

bins, data is taken from Richard etal. (2021) . . . . . ... ... ... .. 63



	Acknowledgement
	List of figures

