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ENGLISH SUMMARY

Introduction
The present-day Universe consists of luminous galaxies embedded in a tenuous Inter
Galactic Medium (IGM). The IGM primarily consists of hydrogen gas in an ionised state
i.e. the protons and electrons have been dissociated. This was not always the case in
the early Universe. After emitting the cosmic microwave background some 380 thousand
years after the Big Bang, the Universe had cooled sufficiently to consist mostly of hy-
drogen in the neutral state i.e. electrons were bound to protons. Due to an absence of
luminous source such as stars and galaxies, the ensuing period is referred to as the Dark
Ages (DA). As time progressed, this neutral gas is thought to have formed progressively
denser ‘clumps’ due to gravitational attraction, and these clumps eventually collapsed to
form the first stars and galaxies about 100 million years after the Big Bang 1. The epoch
of formation of the first stars in referred to as the Cosmic Dawn (CD). We currently do
not know the precise nature of the first stars, but their ultraviolet radiation is thought
to have ionised the neutral hydrogen in the IGM by about 1 billion years after the Big
Bang during the Epoch of Reionization (EoR). In addition to ultraviolet radiation from
the first stars, the end products of stellar evolution such as black-holes are known to emit
X-rays. These X-rays are also thought to have heated the IGM in addition to ionizing
it. The above cosmic history, and the various epochs are depicted in Fig. 1.

The dark ages, cosmic dawn, and reionization epochs form an unexplored period in
the history of our Universe, and hence are important area of study in contemporary as-
trophysics and cosmology. Our current understanding of these epochs is largely based on
imprecise extrapolations from observations of the cosmic microwave background (CMB)
and of subsequent generations of stars and galaxies. Directly observing these epochs is
critical to build a complete understanding of the nature of the first sources in the Universe
and their interaction with the IGM around them. Since hydrogen is the most abundant
element in the Universe, it is an effective probe of the physical state of the Universe at
any epoch. Neutral hydrogen preferentially interacts with electromagnetic radiation at a
defined set of frequencies or wavelengths, each of which correspond to an electronic tran-
sition within the hydrogen atom. Observationally speaking, the most promising probe
1 It is now about 13.7 billion years after the Big Bang
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of the physical conditions in the early Universe is a transition in the spin-state of the
electron and proton forming the hydrogen atom (see Fig. 1). This transition occurs at
a frequency of about 1.4 GHz or equivalently, at a wavelength of 21 cm. Detecting and
studying this 21-cm line from the early Universe will revolutionise our understanding of
the unexplored epoch when the first stars and galaxies formed.

Due to cosmic expansion, the 21-cm radiation from the early Universe is redshifted or
‘stretched’ to wavelengths of the order of few to several metres, corresponding to frequen-
cies between 40 and 200 MHz2. Each frequency in this range corresponds to a unique
redshift, or epoch in time during the early Universe. Hence by observing the angular vari-
ation of the 21-cm signal along with its spectral (frequency) variation, we can construct
a three dimensional picture of the physical conditions in the early Universe. To achieve
this goal, many pioneering radio telescopes such as LOFAR (www.lofar.org) have been
built, and even more ambitious ones such as the SKA (www.skatelescope.org) are cur-
rently being designed. Fig. 2 shows an aerial photograph of the central core of the
LOFAR telescope which is located near the village of Exloo in the Netherlands.

Current 21-cm observations of the early Universe fall under 2 broad categories: global
signal experiments, and angular power spectrum experiments. Global signal refers to the
sky-averaged 21-cm signal. By measuring the global signal at different frequencies, one
can study the bulk or average properties of the early Universe as a function of cosmic
time. Since global signal experiments measure the mean brightness of the radio sky,
they do not require any meaningful angular resolution and may be carried out by simple
all-sky viewing dipole antennas. Power spectrum experiments other hand, measure the
amount of fluctuations present in the 21-cm signal on different spatial scales. As opposed
to single dipoles, spatial fluctuations are measured by arrays of antennas forming a radio
interferometer such as LOFAR. Though a first detection of the global 21-cm signal as
well as its angular power spectrum may be impending, current experiments still face a
number of formidable challenges. The primary objective of this thesis is to study and
devise techniques to overcome some of the outstanding observational challenges in 21-cm
experiments.

Observational challenges in 21-cm cosmology
The expected signal from the CD and EoR epochs is extremely faint. Even detect-
ing such a faint signal requires one to observe for hundreds of hours using large radio
telescopes such as LOFAR3. In comparison to the expected 21-cm signal, foreground
emission from our own Galaxy and all the intervening Galaxies is 4 to 5 orders of mag-
nitude brighter. In addition to long exposures, detecting the cosmic 21-cm signal in
the presence of bright foreground emission requires extremely precise calibration of the
instrument and subtraction of the said foreground emission from the data. In addition,
man-made radio frequency interference (RFI) is several orders of magnitude stronger
than even the brightest astronomical sources. Data affected from such interference must
2 For comparison, the FM radio frequencies are typically between 88 and 108 MHz. FM stations

create interference and make radio astronomical observations difficult.
3 If just the high band antennas of LOFAR were all packed together, they would still span about 7

football fields!

www.lofar.org
www.skatelescope.org
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Figure 2: Top: An aerial photograph of the central core of LOFAR (image credit: c©Top-
Foto, Assen). The Low Band Antennas (bottom left, image credit: c©ASTRON) are inverted
V-shaped dipoles that are tuned to observed between 10 and 80 MHz where we expect to find
the signal from the Cosmic Dawn epoch. The High Band Antennas (bottom right, image credit:
c©ASTRON) reminiscent of spiders are fat dipoles that are tuned to observe between 110 and

200 MHz where we expect to find the signal from the Epoch of Reionization.

be efficiently identified and discarded. Dominant foregrounds and man-made interference
are the main challenges that must be overcome to detect the 21-cm signal from the early
Universe.

Opening the low frequency window

The electromagnetic waves we observe on the Earth are affected by their passage through
the Earth’s atmosphere. The Earth’s atmosphere provides ‘observation windows’— a set
of frequency bands where the atmosphere is mostly transparent. Fortunately, the 21-
cm signal from the early Universe falls under one such window. However a layer of the
Earth’s atmosphere, called the ionosphere, does impose small distortions on radio waves.
As seen in Fig. 3, These distortions manifest as small fluctuations in the apparent posi-
tion, morphology, and brightness of radio sources, much in the same way stars twinkle.
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Figure 3: Ionospheric effects on radio sources: The top left panel shows an image of a fore-
ground radio source made with 6 hours of exposure. Rest of the panels show snapshot images
made with just 12 seconds of exposure where the grey circle is centred on the true position of
the source to guide the eye. As seen, the ionosphere causes fluctuations in the position, flux,
and morphology of radio sources leading to imperfect removal of foreground emission.

Such distortions invariable lead to imperfect subtraction of foreground emission from our
data. Given the dominance of foregrounds over the cosmic signal, even small imper-
fections in foreground subtraction can leave sufficient residuals in radio images that are
larger than the cosmic 21-cm signal. Fully opening this radio frequency window to view
the early Universe thus requires a careful study of ionospheric corruptions and develop-
ment of techniques to mitigate them— one of the primary aims of this thesis.

A complementary approach to opening the radio frequency window involves devising
new observational techniques that have the potential to circumvent current challenges
in 21-cm experiments carried out with traditional radio astronomical means. One such
novel technique I develop in this thesis aims to circumvent an important limitation of
single dipole global signal experiments. As compared to interferometers, single dipole
experiments are difficult to calibrate in practice. Since an interferometer only measures
spatial fluctuations, it is in general insensitive to a spatially invariant global signal.
However, one can use interferometry to measure the contrast (or difference) between a
global signal and a reference source. In this thesis I explore the possibility of using the
Moon as a brightness reference to interferometrically measure the global 21-cm signal.
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This thesis
In chapter 2, I discuss the effects of frequency dependent antenna beam and ionospheric
effects on global 21-cm experiments with a single dipole. The ionosphere imparts a fre-
quency dependent ‘deflection’ to radio waves similar to what a prism does to optical
light. This results in a frequency dependent distortion on the observed spectrum of the
sky brightness. Since frequency corresponds to cosmic time, the time evolution signa-
tures from the early Universe can get corrupted due to this distortion. In chapter 2, I
devise a data processing technique to mitigate this corruption during periods of low to
moderate ionospheric densities. I also compute ionospheric densities beyond which single
dipole 21-cm experiments are adversely affected and such data must be discarded.

In Chapters 3 and 4, I study the effect of the ionosphere on interferometric measure-
ment of the 21-cm power spectrum. in Chapter 3, I derive for the first time, equations to
study the effects of ionospheric turbulence in wide field-of-view interferometers such as
LOFAR. Using these equations, I show that turbulence in the ionosphere leads to ran-
dom fluctuations in interferometric data which may be treated as an additional source of
noise, and that this noise can be the dominant source of uncertainty in low frequency ra-
dio observations. In chapter 4, I present forecasts for the limiting influence of ionospheric
effects in 21-cm power spectrum data as a function of the strength of turbulence. These
results can thus be used to asses the suitability of data acquired in particular periods for
accurate measurement of the 21-cm signal from the early Universe.

In chapter 5 and Fig. 4, I present the first images of the Moon at low radio frequen-
cies as part of a pilot study to assess the suitability of a new observational technique to
measure the global 21-cm signal with an interferometer. I confirm predictions based on
high frequency data that the Moon is ‘colder’ (or fainter) that the Galactic background
emission, and must thus appear as a ‘hole in the sky’ in interferometric images. I also
show that the Moon to first order acts as a smooth reflective sphere at radio frequencies,
due to which all the reflected man-made emissions appear as a compact ‘spot’ at the
centre of the lunar disc. I use measurements of the brightness of this ‘spot’ to assess
the strength of the combined radio frequency emissions from the Earth that propagate
into interplanetary and interstellar space. These measurements provide critical inputs
regarding the radio frequency interference environment on the Moon for proposed Moon-
based radio astronomy missions.

In chapter 6, I build on the results of chapter 5 to further refine the lunar occultation
technique. In doing so, I find the lunar temperature to be brighter than expected by
about 100 Kelvin. Since low frequency radio emissions come from deeper layers in the
lunar surface, these results can either be reconciled with higher sub-surface temperatures,
and/or increased albedo (reflectance) of the lunar surface for radio waves. However
better absolution calibration standards are necessary to ascertain this anomaly to be
true. Nevertheless, these results open up an interesting path for the current generation
of low frequency radio telescopes such as LOFAR to improve our understanding of deeper
layers of the lunar crust.
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Figure 4: First radio images of the Moon at low frequencies. The panels correspond to different
frequency bands. The Moon appears as a negative flux source (‘hole in the sky’) since it is fainter
than the Galactic radio emission it eclipses. The spot seen at the centre of the lunar disc in
the last 2 panels is reflected man-made radio emission! Images such as these can be used in the
future to infer the temperature of composition of the lunar crust at unprecedented depths of up
to 1 km.




