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1. Introduction

One of the main tasks of modern observational cosmology is to make a spatio-temporal
map of the whole universe in all its details, thereby constraining the parameters of various
cosmological models. The frontier of this exciting research field has been steadily shifting,
going back and forth in cosmic time, for the last few decades. First, the frontier was delimited
by the z∼ 1100 universe, i. e. the recombination epoch (RE), observable through the cosmic
microwave background (CMB). There were gaps in the map immediately before and after
the RE, which meant that we could understand neither how the temperature fluctuations
in the CMB arose, nor how those fluctuations gave rise to the large-scale structures of the
universe. Naturally, the next frontiers were set by the boundaries of these gaps giving rise to
observational inflationary cosmology to probe the origins of the fluctuations and observational
21-cm cosmology to probe their aftermath.

Both cosmological probes, the 21-cm signal emitted by neutral hydrogen during the
epoch of reionization (EoR signal) and the polarization signature on the CMB imprinted
by primordial gravitational waves, are heavily impeded by the foregrounds, especially the
Galactic diffuse foreground. This thesis is concerned with the former. In this thesis, we study
the effects of the Galactic polarized foreground and the systematics of the Low Frequency
Array (LOFAR) on the observations of the EoR signal. Here, we first give an overview
of observational 21-cm cosmology, and mention the main obstacles in detecting the signal.
Because we are mainly concerned with instrumental polarization leakage among the various
obstacles, we give a brief overview of astropolarimetry in the context of radio interferometers,
and describe the general mechanism of the leakage. Finally, we describe the motivation and
structure of this thesis.
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1.1 Observing the EoR signal

According to the standard cosmological model, our universe originated around 13.8 billion
years ago (Planck Collaboration et al., 2016), and it is expanding and cooling following the
laws of general relativity and thermodynamics since then. Hydrogen is a major source for the
history of the universe, as all major phases of the information about the universe are imprinted
on it.

During the first few thousand years, hydrogen and helium, which were created by primor-
dial nucleosynthesis and constituted almost all baryonic matter at that time, were ionized.
The universe was a hot, dense plasma. According to a generic prediction of the inflationary
theory, there were small density perturbations in the primordial matter that obey Gaussian
statistics with an almost scale-invariant initial power spectrum.

At z∼ 1100, free electrons and protons combined to produce neutral hydrogen, and the
thermalized photons that were previously being scattered from the free electrons were set free.
We can still detect these primordial photons; they follow a black body spectrum at microwave
frequencies with a temperature of ∼ 2.7 K. This signal is known as ‘Cosmic Microwave
Background’ (CMB), and the primordial density fluctuations are imprinted on it.

The era characterized by 1100 & z & 30 is called the ‘Dark Ages’ (Madau & Dickinson,
2014; Bromm & Yoshida, 2011) as there were no sources of light during that time. Although
the primordial density fluctuations are not very well-understood, their subsequent growth
after the epoch of recombination is well-understood. The primordial density fluctuations gave
rise to the first structures in the universe, as matter collapsed under gravity in over-dense
regions. There is remarkable agreement between the perturbations imprinted on CMB, and
the large-scale structure (LSS) of the universe.

Between 30 & z & 10, the first structures formed, and this epoch is called the ‘Cosmic
Dawn’ (Pritchard & Loeb, 2012). The first structures were ‘population III’ stars and black
holes that emitted energy at ultraviolet wavelengths. Even this energy could not light up the
universe properly, as they were absorbed by hydrogen.

Between 10 & z & 5, bulk of hydrogen were reionized by ultraviolet radiation (Mesinger,
2016, pp. 1–2), and this epoch is called the ‘Epoch of Reionization’ (Furlanetto et al., 2006;
Zaroubi, 2013). The boundaries of the EoR is highly uncertain, and they have been determined
via indirect methods, specifically by CMB polarization at the high-z end, and by absorption
features in the quasar spectra at the low-z end. However, the new generation low-frequency,
wide-bandwidth, wide-field radio telescopes operating at 100–200 MHz can directly probe
the hydrogen during this epoch.

The 21-cm signal emitted by hydrogen during the epoch of reionization is redshifted
to the aforementioned frequency range, and this redshifted radiation is called the ‘EoR
signal’. Although this signal has not been detected yet, there are several ongoing and planned
experiments to detect it using radio telescopes such as Giant Metrewave Radio Telescope
(GMRT), Low Frequency Array (LOFAR), Murchison Widefield Array (MWA), Precision
Array for Probing the EoR (PAPER), 21-cm Array (21CMA), and the planned Hydrogen
Epoch of Reionization Array (HERA) and Square Kilometre Array (SKA).

These telescopes are or will be attempting to detect, and in some cases possibly map the
‘differential brightness temperature’ (δTb) of the 21-cm signal with respect to CMB. δTb is
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Figure 1.1: Evolution of the expected EoR signal created by a semi-numeric simulation 750
Mpc on a side spanning the epochs of reionization and cosmic dawn, from a redshift of 37 to
5. In the upper panel, X-ray luminosity of the primordial galaxies have been assumed to be
same as the present-day galaxies, while in the lower panel the primordial galaxies have been
assumed to be much more efficient in generating X-rays. We can clearly see the three phases
of the signal: at high redshifts the signal is in absorption (red), at the intermediate redshifts it
goes into emission (blue), and finally it disappears when reionization is complete. Adapted
from Valdés et al. (2013).

related to the radiation intensity I(ν) measured by the telescope as

I(ν) =
2ν2

c2 kBδTb (1.1)

where I(ν) is calculated from Stokes I. The differential brightness temperature is defined as
(Mesinger, 2016)

δTb(ν) =
TS−Tγ

1+ z
τν0 (1.2)

where TS is the spin temperature characterized by the relative populations of the two spin
states of hydrogen, Tγ is the CMB temperature, and τν0 is the optical depth of hydrogen at
the rest frequency ν0. If TS < Tγ , the signal will be in absorption, and if TS > Tγ , the signal
will be in emission. Expected phase changes of hydrogen during the EoR are shown in Fig.
1.1. At higher redshifts (15∼ 37), i. e. during the dark ages and the beginning of the cosmic
dawn, most of the hydrogen is neutral and the spin temperature, coupled to the cold gas,
remains below the CMB temperature resulting in an absorption signal at 21-cm wavelength.
During the peak of the reionization process, the signal is in emission, and finally it disappears
when hydrogen becomes almost completely ionized at lower redshifts (Mesinger, 2016, pp.
240–280).

The magnitude of the EoR signal is low compared to the foreground and even the thermal
noise. Current experiments are thus trying to detect the signal statistically, i. e. detecting the
power spectrum or RMS of the signal is the main goal. Most of the current experiments are
using interferometers, and interferometers, by definition, only measure the spatial fluctuations.
So, in these experiments, not the total power but the spatial fluctuations of δTb as a function
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of redshift will be measured. Fractional perturbation to the differential brightness temperature
is defined as

δ21(z)≡
δTb(z)−δTb

δTb
(1.3)

which is a zero-mean partially random field. Power spectrum is calculated from the Fourier
transform of δ21(z), and it gives us the power of the EoR signal as a function of comoving
scales, i. e. P21(k).

1.1.1 Obstacles in detecting the EoR signal

The main obstacles in detecting the EoR signal are noise, foregrounds, and systematics. Noise
is expressed by the system temperature of a telescope Tsys which includes contributions from
the telescope, the receiver system, and the sky. The EoR signal to noise ratio is low for the
current generation telescopes, but even greater challenge is posed by the foregrounds.

The radio sky at low frequencies is dominated by diffuse synchrotron (70%) and free-
free emission (1%) from our Galaxy and integrated emission from extragalactic sources
like radio galaxies and galaxy clusters (27%). Their combined emission is 4–5 orders
of magnitude higher than the expected EoR signal. But as interferometers only measure
fluctuations, we are affected less by the foregrounds. The ratio of the intensity fluctuations of
the foregrounds and the EoR signal on arcmin to degree scales is 2–3 orders of magnitude.
The extragalactic foregrounds appear as compact sources in the EoR observations, and can be
removed comparatively easily. Removing the diffuse foregrounds is more challenging. There
are two main approaches in dealing with diffuse foregrounds in the EoR experiments—one is
the ‘foreground removal’ and the other is ‘foreground avoidance’.

To explain these approaches, we have to introduce the concept of ‘EoR window’ in the
cylindrically averaged power spectrum (PS). A 3D PS of the EoR observations can be created
by Fourier transforming the observed visibilities along the frequency or equivalently the
redshift axis. The 3D cube thus produced will give us the power as a function of transverse
(k⊥) and line-of-sight (LOS, k‖) wavenumbers. The 3D PS is then averaged in cylindrical
bins to produce a 2D spectrum, where the horizontal and vertical axes represent k⊥ and k‖,
respectively. A shematic diagram of such a PS is shown in Fig. 1.2, which is also called the
instrumental k-space, as it is limited by instrumental parameters on all sides.

The low k⊥ scales are dominated by errors due to limited field of view of the antennae,
and the highest k⊥ scale is determined by the longest baseline of the interferometer. The
highest k‖ scale is determined by the spectral resolution of an instrument. Low k‖ scales are
in principle limited by cosmic variance, but in practice the lowest LOS scale is determined by
the spectral bandwidth. Lower k‖ scales will be dominated by diffuse foreground, because
this foreground is mostly contributed by the Galactic synchrotron emission which is very
smooth along frequency. However, as we go toward higher k⊥ scales, the foregrounds leak
into higher k‖ scales creating a wedge-shaped region in the Fourier plane. Therefore, along
with the low k‖-modes, all modes within the wedge are most likely to be contaminated by
the foregrounds if they are not removed. The region least contaminated by the foregrounds
in the instrumental k-space is called the ‘EoR window’ as the EoR signal is expected to be
the dominant component in this window besides thermal noise. Now to come back to the



1.1 Observing the EoR signal 5

Figure 1.2: A schematic diagram of the EoR window in the Fourier plane created by k⊥ and
k‖ wavenumbers. This plane is also called the instrumental k-space as it is delimited by on all
sides by instrumental parameters. From Liu et al. (2014a).

two approaches mentioned earlier, the ‘removal’ approach focuses on removing foregrounds
as much as possible, whereas the ‘avoidance’ approach tries to avoid the regions affected
by foregrounds in the k-space. Removal is always better, but it is not always possible to
characterize and remove leakage completely in which case avoidance would be the only
option.

There is another potential contaminant of the EoR window. As mentioned earlier, this
thesis is mainly concerned with the contamination of the EoR signal by the leakage of
polarized emission into total intensity. The mechanism of this will be explained in the next
section. The Galactic synchrotron emission is spectrally smooth, but its polarized part might
have fluctuations along frequency because of Faraday rotation along the line of sight by the
intervening magnetized plasma. A fraction of the spectrally fluctuating polarized diffuse
emission will leak into Stokes I because of the polarized primary beam of the observing
instrument. The EoR signal is measured in Stokes I and it also fluctuates along frequency,
which can be understood from Fig. 1.1—δTb varies significantly along redshift which is
equivalent to the frequency axis. Therefore, the leakage might contaminate the signal.

Jelić et al. (2010) showed the potential effects of leakage on the EoR signal by simulating
both an EoR signal and a polarized Galactic diffuse emission. Fig. 1.3 (figure 7 of Jelić
et al. 2010) shows the spectral structure of a random line of sight though a simulated EoR
signal (solid line). The residual leakage (after calibration) of the ‘model D’ of the simulated
polarized emission is shown by the dotted line. The model of the polarized emission was
created by considering that along the line of sight there are three types of regions: a region
where only cosmic-ray electrons are present, a region where only thermal electrons are
present, and a region where both types of electrons are mixed together. It was assumed that
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Figure 1.3: Spectral structure of a random line of sight through a simulated 21-cm data
cube (solid line). The dotted line shows the leakage of simulated polarized Galactic diffuse
emission considering 0.15% residual leakage after calibration. The dashed line shows the
sum of the 21-cm signal and the leakage. From Jelić et al. (2010).

the resulting residual leakage is 0.15% considering only the geometric projection effects of
LOFAR, i. e. 0.15% of the polarized emission is leaked into Stokes I. The dashed line shows
the sum of the leakage and the EoR signal. If the behavior of leakage is like this in reality, and
if this leakage is not removed, we might mistake the polarization leakage to be the EoR signal.
This can also be understood in terms of the cylindrical PS. If the leakage indeed has similar
spectral structure as the EoR signal, the EoR window shown in Fig. 1.2 will be contaminated
by the leakage to some extent.

1.2 An overview of astropolarimetry

Maxwell’s equations give rise to a set of six wave equations for each of the three Cartesian
components of the electric (E) and magnetic (B) fields.1 If the solution of a sinusoid in a free
space is considered, the velocity of the wave is found to be

c =
1

√
ε0µ0

(1.4)

where ε0 is the permittivity and µ0 the permeability of free space. Such a wave can be
completely described using four parameters:

1. intensity which is proportional to the amplitude of the electric field squared, E2,
2. frequency, ν ,
3. direction of propagation, i. e. the Poynting vector E× (B/µ0), and
4. orientation of the electric or magnetic vectors with respect to some reference frame.

Because astronomical observations are largely based on the observations and analyses of
electromagnetic waves coming from space, it is not surprising that an independent area of
observational astronomy has been dedicated to make time-dependent measurements of each
of these four parameters. We know these subject areas as photometry, that measures the
intensities, spectrometry, that deals with frequency behaviors, astrometry, that determines
the direction of the associated Poynting vectors, and finally polarimetry, that analyzes the

1B = µ0H where B is the magnetic flux density and H is the magnetic field intensity. We have used B instead of
H throughout the thesis.
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orientation of the different components of the electric fields. In this thesis, we are interested
in astronomical polarimetry or ‘astropolarimetry’ in general, but more specifically ‘radio
astropolarimetry’, and even more specifically ‘radio interferometric astropolarimetry’. Much
of polarimetry has little to do with astronomy, and thus the bulk of the discussion in this
section will be about polarimetry in general, albeit in the context of astronomical waves.2

1.2.1 Polarization ellipse

The electric and magnetic field vectors in an EM wave are orthogonal, hence equivalent
in terms of polarization. So an EM wave can be described using either the electric or the
magnetic field vector. But the electric field vector is almost always preferred, because this
component interacts most with matter, making it easier to detect with a telescope. Let us
consider an EM wave traveling along the z-axis of a Cartesian frame, where the electric vector
is vibrating in the xz- and yz-planes. At a certain point along z, the x and y components of this
vector will take the forms

Ex = Ex0 exp [i(2πνt +δx)]

Ey = Ey0 exp [i(2πνt +δy)]
(1.5)

where Ex0 and Ey0 are the amplitudes, and δx and δy are the phases. These equations describe
the form of the electric field vibration in a plane perpendicular to z, i. e. the xy-plane, and this
is the most interesting plane for describing polarization. If a free electron is placed in this
plane, it will be forced by the oscillating electric field to curve out an orbit. The locus of this
orbit falls in the family of Lissajous curves.3 The curve is created by two orthogonal forces
with different amplitudes oscillating at the same frequency with a constant phase difference,
and it takes the form of, in general, an ellipse, called the polarization ellipse. The form of the
ellipse, derived from the real parts of Eqns. 1.5, is

E2
x

E2
x0

+
E2

y

E2
y0

−
2ExEyφ

Ex0Ey0

= sin2
φ (1.6)

where φ = δy−δx is the phase difference. The equation clearly shows that the form of po-
larization can be described using only four parameters: Ex0 , Ey0 , δx and δy. These quantities
cannot be measured directly; instead, various combinations of them are usually measured,
which will be described later. Linear and circular polarizations are two special cases of the
elliptical polarization described by this ellipse. For both linear and circular polarizations, the
amplitudes of the two components have to be the same, i. e. Ex0 = Ey0 . Their difference is de-
termined by the phases—for linear polarization φ = 0 and for circular polarization φ =±π/2.
Moreover, the E-vector rotates in a clockwise direction if the phase difference is positive, and
in an anti-clockwise direction if the phase difference is negative. An instantaneous snapshot
of the E-vector as it is distributed along the z-axis follows a helical pattern. To explain the
emergence of the polarization ellipse in another way, it can be said that this helix does not
rotate but only moves forward along the z-axis with time, and its point of intersection with
the xy-plane at z = 0 traces out the ellipse.

2Section 1.1 has been written following two books: Clarke (2010) and Thompson et al. (2001).
3First studied by Nathaniel Bowditch in 1815 and later in more detail by Jules-Antoine Lissajous in 1857. For an

example of a Lissajous curve see the title sequence of Alfred Hitchcock’s film Vertigo (1958).
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Figure 1.4: The polarization ellipse. Its major (a) and minor (b) axes do not coincide with the
axes of measurements, i. e. the xy axes. The major axis is at an angle of χ with the x-axis,
and tanβ is the ratio of the major and minor axes. From Clarke (2010).

Another way to describe the polarization ellipse is to use the geometry of the ellipse itself.
The axes for measuring the x and y components of the E-field do not coincide with the major
and minor axes of the polarization ellipse, but a relationship between them can be established.
If a and b are the major and minor axes of the ellipse (as seen in Fig. 1.4), and the x-axis
subtends an angle of χ with the major axis, and the ratio of the major and minor axes is tanβ ,
then the relations between the two systems of representing the polarization ellipse would be

tan2χ =
2Ex0Ey0 cosφ

E2
x0
−E2

y0

sin2β =
2Ex0Ey0 sinφ

E2
x0
+E2

y0

.

(1.7)

Here, the aforementioned four parameters Ex0 , Ey0 , δx and δy have been combined to produce
a set of two parameters χ and β that can completely characterize the polarization ellipse—χ

is the azimuth of the major axis, and β determines the ellipticity and rotational properties of
the ellipse. These terms are physically more meaningful, and a further useful aspect is that
they are presented in terms of intensity, which is measurable. The factor (E2

x0
+E2

y0
) in Eqns.

1.7 is the total intensity of the EM wave, denoted by I.

1.2.2 Poincaré sphere

The previous section shows that any polarization state can be described by the two double-
angles 2χ and 2β . These angles and the I = (E2

x0
+E2

y0
) can be used to map polarization

forms onto the surface of a sphere situated in a polar coordinate system with longitude θ = 2χ

where 0◦ ≤ χ ≤ 360◦, and latitude φ = 2β where −90◦ ≤ 2β ≤+90◦. This sphere is called
the Poincaré sphere, where each point P(θ ,φ) corresponds to a unique polarization form.

Different polarizations are represented by different regions of this sphere:

1. The polarizations mapped around the equator, where φ = 0, are linear polarizations.
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Figure 1.5: A schematic diagram of a Poincaré sphere. The two double angles corresponding
to a polarization form P(θ ,φ) are shown in different colors. Adapted from Wikimedia
Commons.

The horizontal linear polarizations are mapped at θ = 0◦, and the vertical ones at
θ = 180◦ at the equator.

2. Those mapped at the poles, where θ = 90◦, are circular.
3. The polarizations mapped by all other regions are elliptical. The upper and lower

hemispheres correspond to the clockwise and anti-clockwise rotations of the E-vector
as seen by the observer.

The radius vector representing a particular polarization form is equivalent to the eigenvector
of that form. The polarization forms at two opposite ends of a diameter of this sphere have
opposite eigenvectors, and are said to be orthogonal; they have perpendicular azimuths but
identical ellipticity.

It is interesting to define three new parameters,

Icos = 2Ex0Ey0 cosφ = I cos2β sin2χ (1.8)
Isin = 2Ex0Ey0 sinφ = I sin2β (1.9)

Idiff = E2
x0
−E2

y0
= I cos2β cos2χ. (1.10)

If we consider a Cartesian coordinate system (Idiff, Icos, Isin), then the polar coordinates of
the Poincaré sphere of radius I will be related to these parameters by

θ = tan2χ =
Icos
Idiff

(1.11)

φ = sin2β =
Isin

I
, (1.12)
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because the radius

I2 = I2
diff+ I2

cos+ I2
sin. (1.13)

The concept of polarization ellipse, described in the previous section, is developed by
combining two orthogonal waves, that are considered to have a long-term phase coherence so
that the form of the ellipse does not change over a long period of time. But if the amplitude
and phase of the waves change, which they do in reality, the ellipse will change its form. This
transformation can be described using the Poincaré sphere. But this description becomes
complicated if the radiation is also attenuated by the transformations. A more general
description of the transformations is used in practice.

1.2.3 Jones calculus

An electromagnetic wave can be transformed by either the intervening medium between
the source and the observer, or the observing instrument. The transformations by various
intervening and instrumental processes are most easily described by Jones matrices. The
most basic transformation is the rotation of the coordinate frame. The radiation can also be
subjected to absorption and phase delays as it passes through a medium or instrument. If
an electromagnetic wave E is traveling toward the z-axis of a Cartesian coordinate system
designated by (x,y,z), then the rotation of the (x,y) frame by an angle γ to a new frame (x′,y′),
and the absorption and phase delay of the radiation in the new frame can be represented as[

Ex′

Ey′

]
=

[
kx′ 0
0 ky′

][
e−i∆x′ 0

0 e−i∆y′

][
cosγ sinγ

−sinγ cosγ

][
Ex
Ey

]
(1.14)

where kx′ ,ky′ are the amplitude transmission coefficients responsible for absorption, and
∆x′ ,∆y′ are the phase retardations. The first three matrices on the right-hand side of this
equation represent the absorption, phase delay, and coordinate transformations respectively.
This formulation is known as Jones calculus, after R. Clark Jones (see Jones, 1941).

In a Jones matrix, the column vectors describing the vertical and horizontal components
of a wave is called a Jones vector. Jones vectors describe orthogonal coherent waves that
retain a constant phase difference. In reality, astronomical waves do not behave this way. In
an electromagnetic radiation coming from the sky, many waves are present simultaneously,
and their electric field vector provides a distribution of phases and orientations. In time, some
components of the wave are replaced by other components, and their phase coherence is not
maintained. If snapshot polarization ellipses of these waves could be recorded, they would
show the change of ellipticity and and orientations. In reality, we measure the expectation
values of the parameters describing the ellipse over the observing time. Stokes parameters,
introduced in the next section, are very convenient to represent these values.

1.2.4 Stokes parameters

Stokes parameters represent the expectation values of the parameters describing a polarization
ellipse over the integration time of an observation. The Stokes parameters are the time
averages of Idiff, Icos, Isin and I introduced above. The four Stokes parameters for an
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integration time of t and averaged over frequency ν , can be written as

I = 〈E2
x0
+E2

y0
〉ν ,t (1.15)

Q = 〈E2
x0
−E2

y0
〉ν ,t (1.16)

U = 〈2Ex0Ey0 cosφ〉ν ,t (1.17)
V = 〈2Ex0Ey0 sinφ〉ν ,t . (1.18)

These parameters were first introduced by George Stokes in 1852, and they were introduced
to astronomy by Chandrashekhar in 1947.

If the fluctuations of the electric field vector have no time coherence, Q =U =V = 0 and
the wave is said to be completely unpolarized. The values of Q,U,V will change according to
the degree of coherence over the integration time. If the degree of coherence is maximum, the
wave is completely polarized and in that case

I =
√

Q2 +U2 +V 2 (1.19)

similar to equation 1.13. Astronomical waves are never completely polarized, and they follow
the condition

I ≥
√

Q2 +U2 +V 2. (1.20)

The degree of polarization is measured by

d =

√
Q2 +U2 +V 2

I
. (1.21)

The degree of linear polarization

p =

√
Q2 +U2

I
(1.22)

and the polarization angle

χ =
1
2

tan−1 U
Q
. (1.23)

The level of linear polarization P = Q+ iU and thus Q = Pcos2χ and U = Psin2χ . The
Stokes parameters are usually expressed as a four-element column vector, known as Stokes
vector (I,Q,U,V )T .

1.2.5 Mueller calculus

Stokes vector suffers change as the wave interacts with the intervening medium and the
instrument. These changes can be expressed by a matrix multiplication of the Stokes vector
with a 4×4 matrix, known as Mueller matrix. The relation between the initial Stokes vector
{Ii,Qi,Ui,Vi} and the final Stokes vector {Io,Qo,Uo,Vo} can be expressed as

Io
Qo
Uo
Vo

=


m11 m12 m13 m14
m21 m22 m23 m24
m31 m32 m33 m34
m41 m42 m43 m44




Ii
Qi
Ui
Vi

 (1.24)
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where m jk are the components of the Mueller matrix. In a radio interferometer, the four
correlations of the visibliities are directly related to the four Stokes parameters. Mueller
matrices can be constructed from Jones matrices using Kronecker product, which will be
shown in Chapter 2.

1.2.6 Polarization leakage

The polarization state of the incoming wave is altered by the observing instrument. One of
the most common effects is instrumental polarization, which causes a completely unpolarized
wave to appear partly polarized after observation. The instrumental polarization can be
demonstrated in terms of Jones matrices by considering two orthogonal feeds of an antenna
on the ground plane designated by x and y. Ideally, each feed of the antenna should be
responsive to only one of the orthogonal polarization states. So the signal component vx
should be detected solely by the x feed, and the component vy by the y feed. But in reality x
feed also detects a small fraction of vy. This cross-polarization can be easily understood by
considering the polarization ellipse of the wave that would be generated by the antenna, if it
was in the transmission mode.

The polarization ellipse of the wave transmitted by an antenna would be similar to that
presented in Fig. 1.4. For simplicity, let us assume that the major and minor axes of the
antenna polarization ellipse are aligned with the major and minor axes of the polarization
ellipse of the incoming wave. Ideally we want the x feed to detect only the vx component, but
it will also detect a fraction of the vy component. If the signals detected by the x feed are v′x
and v′y, then the ratio Dx = v′y/v′x would give the instrumental polarization caused by the x
feed. Similarly, Dy = v′x/v′y would be the instrumental polarization caused by the y feed. If
we consider the χ and β angles for the antenna polarization ellipse, then it can be shown that
(Thompson et al., 2001, p. 118)

Dx ' χx− iβx (1.25)
Dy '−χy + iβy (1.26)

where χx,βx are measured from the x-axis, and χy,βy are measured from the y-axis. In terms
of Jones matrices, the output and input signals are related as[

v′x
v′y

]
=

[
1 Dx

Dy 1

][
vx
vy

]
(1.27)

where the 2× 2 matrix is the leakage Jones matrix (JL), as it causes leakage from total
intensity to polarization and vice versa.

Effects of the instrumental polarization on Stokes parameters can be seen if we take the
Kronecker product of the 2× 2 leakage Jones matrices of two antennae to create a 4× 4
Mueller matrix, i. e. the leakage Mueller matrix ML. Two antennae create a baseline
in an interferometer, and hence ML represents the leakage term for a baseline. In such a
representation, Stokes I will be corrupted by Stokes Q,U,V because of the m12,m13,m14
components of the Mueller matrix, respectively, as evident from Eq. 1.24. Similarly, Stokes
Q,U,V will be affected by Stokes I because of the m21,m31,m41 components, respectively.

In radio interferometers, JL or ML are constituted by the direction independent (DI) gains,
and the direction dependent (DD) primary beam. DI effects include cross-talk between the
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electronic components of the feeds, and DD effects include the response of the antenna toward
different directions in the sky, which can be thought of as DD gains. Polarization leakage
is a more general term than instrumental polarization, because instrumental polarization
is thought of as the polarization induced by the instrument, whereas leakage can mean
intermixing between all the Stokes parameters.

1.3 Overview of this thesis

1.3.1 Motivation

The work presented in this thesis is part of the EoR key science project of the Low Frequency
Array (LOFAR), i. e. the LOFAR-EoR project. The simulation pipeline of the LOFAR-EoR
project has three main modules: the EoR signal (described in the thesis of Thomas 2009),
the foregrounds (described in the thesis of Jelic 2010), and the instrumental response (partly
described in the thesis of Lampropoulos 2010). The three modules need to come together
to create an end-to-end simulation of the EoR signal taking into account all effects of the
intervening medium and the instrument. As the EoR signal is expected to be heavily affected
by noise, foregrounds, and systematics, such simulations constitute an important part of all
EoR experiments. The effects of the noise and systematics of LOFAR and the unpolarized
foregrounds on the expected EoR signal have been described in the thesis of Patil, 2016
(in preparation). In this thesis we focus on the polarized foreground and the leakage of
that foreground into Stokes I due to systematics. So the thesis takes into account both the
polarized foregrounds and the systematics.

As described above, Jelić et al. (2010) showed that the leakage of polarized Galactic
diffuse emission into Stokes I can potentially mimic the EoR signal. However, their result
was obtained from simulations, albeit realistic. The spectral structure and the intensity of
the EoR signal or the polarized emission were not well known at the time. Now we have
a better idea about the intensity and spectral structure of the polarized emission, but the
EoR signal, of course, remains unknown to this day. Besides, the systematic processes of
LOFAR that give rise to polarization leakage were not explored fully before. Jelić et al.
(2010) assumed a generic geometric projection effect to calculate the aforementioned level
of leakage. Therefore, the main motivation behind this thesis is to understand the spatial,
spectral and scale-dependent behaviors of the diffuse polarized emission, the polarization
leakage, and the contamination of the EoR signal by the leakage. We have also explored
leakage caused by extragalactic point sources. Moreover, various strategies to remove or
avoid the leakage are also discussed in the thesis.

Keeping these motivations in mind, several questions can be asked, that we will try to
answer in this thesis. The main questions are:

1. What is the spectral structure of the Galactic diffuse polarized emission observed by
LOFAR at the frequencies relevant for EoR observations? The behavior of the emission
in the instrumental k-space will be dictated by this spectral structure.

2. What is the spatial structure of the polarized emission? More specifically, how does the
emission vary between the different observing fields of the LOFAR-EoR project?

3. What is the contribution of the direction independent gains to the polarization leakage?
How well can the direction independent leakage be calibrated away by standard LOFAR
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calibration software? And what is the effect of incomplete sky models in this calibration?
4. What are the spatial, temporal and spectral structures of the current primary beam model

of LOFAR?
5. How accurate is the primary beam model in predicting the leakage of polarized emission

into Stokes I.
6. How much polarization leakage we should expect in Stokes I, based on the observed

polarized emission and the model primary beam in the different observing fields of the
LOFAR-EoR project? We focus on two fields: ‘3C196’ centered on the radio galaxy 3C
196, and ‘NCP’ centered on the north celestial pole.

7. How much the EoR window of the cylindrical PS is contaminated by the expected
polarization leakage in the two fields?

8. How does the leakage vary with distance from the phase center of a field? And how does
this variation affect the EoR window in the PS?

9. How does the level of leakage compare with a fiducial EoR signal?

We will come back to these questions in the conclusions of this thesis, in Chapter 7.

1.3.2 Structure of the thesis

This thesis is divided into 3 parts. Part I is adapted from Asad et al. (2015), and it is divided
into three chapters, numbered 2, 3 and 4. Part I has an introduction which should be considered
as the introduction to all three chapters. However, each chapter has a separate concluding
section adapted from the conclusions of Asad et al. (2015).

Chapter 2 revisits the mathematical formalism of a radio interferometer and describes the
direction independent effects (DIE) and the LOFAR beam-related direction dependent effects
(DDE) within the context of this formalism. Formalisms used for calibration, imaging, flux
conversion, rotation measure synthesis and power spectrum analysis are also described briefly.
As this formalism is used throughout the thesis, it is worthwhile to include it as a separate
chapter.

In Chapter 3, we simulate the LOFAR observations of extragalactic foreground, i. e.
point sources, taking into account the full-polarization systematic effects of LOFAR. First,
we describe the pipeline and setup of the simulated observations and then present three
different results: effect of DI errors and the accuracy of self-calibration in this case, effects of
DD-errors and a possible DDE correction strategy, and finally errors due to self-calibration
with incomplete sky models.

In Chapter 4, we simulate the LOFAR observations of polarized Galactic foreground in
the 3C196 field taking into account the direction dependent systematic effects of LOFAR,
and the thermal noise. Here we show the results of rotation measure synthesis and power
spectrum analysis, compare the power spectra of the leakage and the expected EoR signal,
and also test a potential leakage removal method.

Part II of the thesis is adapted from two papers: Asad et al. (2016a) and Asad et al. (2016b,
in preparation). The two papers constitute the two chapters of this part: chapters 5 and 6,
respectively.

We calculate the accuracy of the model beam of LOFAR in predicting polarization leakage
in Chapter 5. Section 5.2 revisits the nominal model beam of LOFAR and shows the behavior



1.3 Overview of this thesis 15

of the intrinsic cross-polarization ratio of the instrument as a function of the distance from
the phase center and also the distance of the observing field from the local zenith. In Section
5.3, we describe the data reduction, calibration and simulation pipelines. Our results are
presented in Section 5.4—first, we present the results of the observation and the simulation,
then compare them to quantify the accuracy of the beam model, and finally present the results
of the DD calibration. The chapter ends with a discussion of our analysis and some concluding
remarks.

In Chapter 6, we compare the expected leakages in the 3C196 and NCP fields, and see
how the expected leakage varies if the field of view is increased. Section 6.2 presents the
PS of the observed polarized emission in the 3C196 and NCP fields with two different fields
of view. Section 6.3 presents the calculation of the RMS fractional leakage, by predicting
LOFAR observations of a simulated Galactic diffuse polarized emission, for the two fields
and for three different fields of view. In both sections, the methods and results are presented
in separate subsections. Then, the implications of the calculated fractional leakage in Section
6.3 on the PS presented in Section 6.2 is explored in the discussion section. The chapter ends
with some conclusions that include some remarks about our ongoing and future works.

Part III contains the conclusions and future prospects of our work, the bibliography, and
the summaries in three languages: English, Dutch and Bengali. In the concluding section
of the thesis, in Chapter 7, we revisit the main conclusions of each preceding chapter. Here,
we revisit the questions posed in Section 1.3.1, and answer them based on the results of the
scientific chapters. The thesis ends with the acknowledgement.
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Abstract and Introduction of Part I

Part I is adapted from Asad et al. (2015). The three main sections of the paper constitute the
three chapters of this part. The following abstract and introduction are for all three chapters,
i. e. Chapter 2, 3 and 4. But each of the three chapters has a separate conclusion adapted
from the conclusions of Asad et al. (2015).

Abstract

Detection of the 21-cm signal coming from the epoch of reionization (EoR) is challenging
especially because, even after removing the foregrounds, the residual Stokes I maps contain
leakage from polarized emission that can mimic the signal. In Part I of the thesis, we discuss
the instrumental polarization of LOFAR and present realistic simulations of the leakages
between Stokes parameters.

From the LOFAR observations of polarized emission in the 3C196 field, we have quan-
tified the level of polarization leakage caused by the nominal model beam of LOFAR, and
compared it with the EoR signal using power spectrum analysis. We found that at 134–166
MHz, within the central 4◦ of the field the (Q,U)→ I leakage power is lower than the EoR
signal at k < 0.3 Mpc−1. The leakage was found to be localized around a Faraday depth of 0,
and the rms of the leakage as a fraction of the rms of the polarized emission was shown to
vary between 0.2–0.3%, both of which could be utilized in the removal of leakage.

Moreover, we could define an ‘EoR window’ in terms of the polarization leakage in the
cylindrical power spectrum above the PSF-induced wedge and below k‖ ∼ 0.5 Mpc−1, and the
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window extended up to k‖ ∼ 1 Mpc−1 at all k⊥ when 70% of the leakage had been removed.
These LOFAR results show that even a modest polarimetric calibration over a field of view
of . 4◦ in the future arrays like SKA will ensure that the polarization leakage remains well
below the expected EoR signal at the scales of 0.02–1 Mpc−1.

Introduction

Five phases of the large-scale universe are imprinted on Hydrogen: (i) the primordial phase
before redshift z ∼ 1100—when the universe was a hot, dense plasma—that ended when
protons recombined with electrons releasing the photons that we detect today as a ∼ 2.7 K
signal known as the cosmic microwave background (CMB); (ii) the ‘Dark Ages’ (1100 &
z & 30) when the baryonic universe contained mostly neutral Hydrogen and freely moving
photons; (iii) the ‘Cosmic Dawn’ (30 & z & 12) when the first structures formed; (iv) the
‘Epoch of Reionization’ (EoR; 12 & z & 6.5) when high-energy photons emitted by the
first sources reionized the Hydrogen in the intergalactic medium; and (v) the current phase
(z . 6.5) when almost all Hydrogen in the universe are ionized (e.g. Furlanetto et al., 2006;
Mellema et al., 2013; Zaroubi et al., 2012).

The aforementioned highly uncertain boundaries of the EoR have been approximated
using indirect probes, e.g. CMB polarization at the high-z end (e.g. Page et al., 2007) and
absorption features in quasar spectra at the low-z end (e.g. Fan et al., 2006). However, the new
generation low-frequency, wide-bandwidth radio interferometers have the potential to directly
detect the 21-cm radiation emitted by neutral Hydrogen during the EoR, redshifted to the
wavelengths of around 1.5–3 m (corresponding to 200–100 MHz), as a differential brightness
with respect to the CMB. There are several ongoing and planned experiments to detect the
EoR signal using radio arrays: Giant Metrewave Radio Telescope (GMRT)4, Low Frequency
Array (LOFAR)5, Murchison Widefield Array (MWA)6, Precision Array for Probing the EoR
(PAPER)7, 21-cm Array (21CMA)8, and the planned Square Kilometre Array (SKA)9.

In order to detect the EoR, the effect of all other signals, e.g. the Galactic and extragalactic
foregrounds, has to be excluded from the observed data; spatial fluctuations of the Galactic
foreground can be 2-3 orders of magnitude higher than that of the EoR signal (Bernardi
et al., 2009, 2010; Pober et al., 2013) which is around 10 mK within the redshifts 6–10 at
3′ resolution (Patil et al., 2014). However, even after removing the foregrounds with high
accuracy the system noise after even hundreds of hours of integration will be an order of
magnitude higher than the signal, thereby forcing us to aim for a statistical detection of the
signal. One of the methods for detecting the EoR signal statistically entails removing the
foregrounds with high accuracy and then measuring the power spectrum of the residual which
depends heavily on a proper understanding of the systematic and the random (noise) errors
associated with the observing instrument and foreground removal (e.g. Dillon et al., 2015; Liu
et al., 2014a,b; Bernardi et al., 2013; Chapman et al., 2013; Vedantham et al., 2014; Morales
et al., 2012a; Parsons et al., 2012; Bernardi et al., 2010; Harker et al., 2010; Jelić et al., 2008).

4http://gmrt.ncra.tifr.res.in/
5http://www.lofar.org/
6http://www.mwatelescope.org/
7http://eor.berkeley.edu/
8http://21cma.bao.ac.cn
9http://www.skatelescope.org/
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In Part I of the thesis, we address the systematic errors due to polarized foregrounds
associated with the EoR experiment being conducted using LOFAR (the LOFAR-EoR project).
After taking out the bright extragalactic foreground, i.e. the resolved point sources, the
Galactic foreground can be removed utilizing the fact that the EoR signal has significant
correlated structure along the frequency—or equivalently the redshift—axis while the Galactic
diffuse foreground is spectrally smooth in Stokes I. However, the Faraday rotated polarized
Galactic foreground is not always smooth along frequency and hence a leakage of the polarized
emission into Stokes I might mimic the EoR signal (e.g. Jelić et al., 2010). Systematic errors
can cause this leakage in two different ways: direction independent (DI) and direction
dependent (DD). Non-orthogonal or rotated feeds of an antenna of an interferometer can
cause Q to leak into I and vice versa while cross-talk between two feeds can cause mixing
between all 4 Stokes parameters. As these are DI errors, they can be corrected with high
accuracy using traditional self-calibration. However, the DD errors (DDE) caused by the
time-frequency-baseline dependent primary beams cannot be corrected so easily. In the latter
case, an ellipticity of the beam can cause I↔ Q mixing while cross-polarization between two
orthogonal components of the beam can mix all Stokes parameters.

Carozzi & Woan (2009) calculated a full polarization Mueller matrix to account for the
look-direction dependent polarization aberration inherent in a dipole interferometer due to the
fact that a source sees different projections of a dipole at different times. Jelić et al. (2010)
used this Mueller matrix to calculate the amount of leakage to be expected over the field of
view of LOFAR and found that the leakage should be 0.1-0.7% at 138 MHz within a 5◦×5◦

patch of sky around the zenith and should increase to 2-20% for an elevation of 45◦. If the
polarized intensity is ∼ 1 K, then a 1.5% leakage would give a polarized emission of ∼ 15
mK in Stokes I which is comparable to the EoR signal. Moore et al. (2013) simulated the sky
with randomly generated Faraday rotated, polarized point sources and found that the power of
Q→ I leakage due to the model beam of PAPER that has a FWHM of around 45◦ at 150 MHz
is of the order of thousands of [mK]2 which is several orders of magnitude higher than the
expected EoR signal power. Their result turned out to be pessimistic because of their choice
of the model; in reality, point sources are much more weakly polarized at low frequencies
(Bernardi et al., 2013).

Here, we predict the level of polarization leakage to be expected in the 3C196 window
of the LOFAR-EoR experiment using reasonable models of the field and the model beam of
LOFAR produced by Hamaker (2011) using an electromagnetic simulation of the ASTRON
Antenna Group10, and also test some leakage-correction strategies. This part is organized as
follows.

Chapter 2 revisits the mathematical formalism of a radio interferometer and describes
the DI errors and the LOFAR beam-related DD errors within the context of this formalism.
Formalisms used for calibration, imaging, flux conversion, RM synthesis and power spectrum
analysis are also described briefly.

In Chapter 3 we describe the pipeline and setup of the simulations of extragalactic point
sources and present three different results: effect of DI errors and the accuracy of self-
calibration in this case, effect of DD-errors and a possible DDE correction strategy, and finally
errors due to self-calibration with incomplete sky models.

10M. J. Arts; http://www.astron.nl
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Pipeline, setup and results of the simulation of Galactic foreground are presented in
Chapter 4, where we show the results of rotation measure synthesis and power spectrum
analysis, compare the power spectra of the leakage and the expected EoR signal, and test a
potential leakage removal method.



2. Simulating EoR observations

Adapted from Section 2 of Asad et al. (2015).

2.1 Mathematical model of a radio interferometer

Here, we give an outline of the mathematical model of a radio interferometer and refer the
readers to Hamaker et al. (1996); Smirnov (2011) for a detail description.

Consider a quasi-monochromatic electromagnetic wave propagating through space from a
single point source. Using the Cartesian coordinate system xyz where the signal propagates
along z direction, the signal, at a specific point in time (t) and space, can be described by the
complex vector E (x,y, t) and transformations (e.g. contaminations) of this signal along its
path can be represented by 2×2 Jones matrices. Assuming all such transformations to be
linear, a cumulative Jones matrix (J) can be constructed from the products of the matrices.
The signal detected by our telescope will be the intrinsic signal multiplied by this cumulative
matrix, mathematically1 E ′ = JE .

The electric field represented by this vector hits an antenna of our interferometer that
has two feeds, each one sensitive to a specific polarization state of the vector in case of a
perpendicularly incident electric field. Let us assume that the p and q feeds are sensitive to the
x and y polarization states of the signal respectively. The feeds convert the respective electric

1In this paper vectors are represented by calligraphy, matrices by bold and scalars by normal typefaces.
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fields into voltages and this conversion can be expressed as yet another Jones matrix yielding

V = J′E ′⇒
(

vp
vq

)
= J′

(
ex
ey

)
. (2.1)

Let us denote this antenna as a and assume that there is another antenna in our interferometer
denoted by b. Voltages from each antenna are fed to a correlator that cross-correlates them to
create 4 pairwise correlations that can be written as a 2×2 matrix, known as the visibility
matrix,

Vab = 〈VaV
H

b 〉=
(
〈vapv∗bp〉 〈vapv∗bq〉
〈vaqv∗bp〉 〈vaqv∗bq〉

)
=

(
Vpp Vpq
Vqp Vqq

)
(2.2)

which is related to the electric field correlations according to Eq. 2.1, i.e.

Vab = Ja

(
〈exe∗x〉 〈exe∗y〉
〈eye∗x〉 〈eye∗y〉

)
JH

b . (2.3)

Here ∗ denotes a complex conjugate, H the conjugate transpose or Hermitian conjugate and 〈〉
the time averages. Polarized waves are best described by Stokes parameters and their relation
with the correlations of the electric field components, for a linear experiment, can be written
as (Hamaker et al., 1996)(

〈exe∗x〉 〈exe∗y〉
〈eye∗x〉 〈eye∗y〉

)
=

(
I +Q U + iV

U− iV I−Q

)
≡ B (2.4)

where B is the brightness matrix. Therefore, Eq. 2.3 becomes

Vab = JaBJH
b (2.5)

which contains all effects along the signal path in the form of Jones matrices. The effect
fundamental to all interferometers is the phase difference between the measured voltages Va
and Vb. To account for the phase delays in Eq. 2.5, consider the interferometer to be situated
in a Cartesian coordinate system represented by u,v,w and the antenna a to be located at the
coordinates Ua = (ua,va,wa). The phase delay between the baselines a and b then becomes

Kab = e−2πi(uabl+vabm+wab(n−1)) (2.6)

where Uab =Ua−Ub; l,m are the cosines of the right ascension and declination of the source
respectively; and n =

√
1− l2−m2. If we take out the phase delay scalar matrices (K-Jones)

from J for both antennae and express them as a single scalar associated with the baseline,
then Eq. 2.5 becomes

Vab = JaBKabJH
b = JaXabJH

b (2.7)

where Xab = BKab is called the coherency matrix as it represents the spatial coherence
function (Clark, 1999) of the electric field for this particular baseline.

If, instead of a single source, we have a continuum of sources, the visibility matrix has to
be written as an integration over all directions within the field of view and the cumulative
Jones matrix has to be separated into two different matrices, one representing the direction
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independent effects (DIE, G-Jones) and another the direction dependent effects (DDE, E-
Jones),

Vab = Ga

∫∫
l,m

EaBKabEH
b

dldm
n

GH
b . (2.8)

This is the standard equation to describe the mathematical model of a radio interferometer
that, from now on, we will refer to as the measurement equation.

2.1.1 Mueller formalism

For understanding the effects of systematic errors on the images produced from the visibilities,
it helps to write this equation in terms of baseline-based Mueller matrices (M) instead of
antenna-based Jones matrices (J) remembering the relation between the two (Hamaker et al.,
1996),

Mab = S−1(Ja⊗JH
b )S (2.9)

where the coordinate transformation matrix,

S =
1
2


1 1 0 0
0 0 1 i
0 0 1 −i
1 −1 0 0

 (2.10)

and ⊗ denotes the Kronecker product. To do so, instead of taking the matrix product of va
and vb like in Eq. 2.2, we have to take their Kronecker product to get the voltage correlation
vector Vab = (Vpp Vpq Vqp Vqq)

T where T represents transpose. Then Eq. 2.8 becomes

Vab = Gab

∫∫
l,m

EabSI Kab
dldm

n
(2.11)

where Gab = Ga⊗GH
b , Eab = Ea⊗EH

b and brightness vector I = (I Q U V )T .

2.1.2 Stokes visibilities

In order to describe the relation between Stokes parameters and voltage correlations in Fourier
space, let us define

V (ab)
Z = JaZKabJH

b (2.12)

where V (ab)
Z = VI ,VQ,VU ,VV is a Stokes visibility and Z = I,Q,U,V is a Stokes parameter.

Comparing equations 2.12, 2.7 and 2.2, and remembering the definition of the coherency and
brightness matrices, we can establish the relation between Stokes visibilities and the voltage
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correlations as (Sault et al., 1996; Bunn, 2007),

VI =
1
2
(Vpp +Vqq) (2.13a)

VQ =
1
2
(Vpp−Vqq) (2.13b)

VU =
1
2
(Vpq +Vqp) (2.13c)

VV =
1
2i
(Vpq−Vqp). (2.13d)

2.2 Systematic effects

In this section, we will discuss the effects of the systematic errors (G and E Jones) on the
Stokes visibilities and the Stokes parameters for the case of LOFAR, although the aforemen-
tioned formalism is universal. LOFAR is a phased array covering the frequency range from
10–240 MHz. LOFAR stations consist of two types of antennae— LBA (low band antenna;
10–90 MHz) and HBA (high band antenna; 110–240 MHz). We use the HBA stations in our
simulations and a schematic diagram of a typical 24-tile LOFAR HBA core (situated within
the central 3.5 km) station is shown in Fig. 2.1. In this case, 16 dipoles are combined to create
a tile and 24 tiles are combined to create a station (for details see van Haarlem et al., 2013).

2.2.1 Direction independent effects

To simplify calculations, while discussing DIEs, we will ignore the DDEs by assuming the
E-Jones terms of Eq. 2.11 to be identity matrices. Consequently, the Mueller-matrix form of
the measurement equation (Eq. 2.11) becomes,

Vab = Gab

∫∫
l,m

SI Kab
dldm

n
= Gab

∫∫
l,m

SV̂Z
dldm

n
(2.14)

where V̂Z = I Kab represents the Stokes visibilities without any systematic errors. The DIEs,
denoted here by Gab, are caused by errors in the electronic gains of the antennae (gain errors)
and non-orthogonal and/or rotated feeds (feed errors). Gain and feed errors, for antenna a,
can be modelled by the Jones matrices,

Gg
a =

(
gap 0
0 gaq

)
and G f

a =

(
1 εap
−εaq 1

)
(2.15)

where gap is the gain error of the feed p of the antenna a and εap is the spurious sensitivity of
the p feed to the y polarization. The Jones matrix for all DIEs, i.e. G-Jones of Eq. 2.8, then
becomes Ga = Gg

aG f
a . Gain and feed errors affect different Stokes visibilities (Eq. 2.13) in

different ways which can be illustrated by taking into consideration how the Stokes visibilities
observed by an instrument with DIEs differ from that of an error-free ideal instrument. Let’s
assume that both Gg and G f of the ideal instrument are identity matrices and for a realistic
instrument gains and feeds are in error by,

∆Gg
a =

(
∆gap 0

0 ∆gaq

)
and ∆G f

a =

(
0 εap
−εaq 0

)
. (2.16)
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Figure 2.1: Schematic diagram of a 24-tile LOFAR HBA station. A tile is made of 16 dual
polarization dipoles. Dipoles see almost the whole sky (FWHM∼ 90◦), while the FWHM of
a tile beam is ∼ 20◦ and that of a station beam is only ∼ 4◦. There is a 15 cm gap between
the tiles which is not shown here.
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Then, seven error parameters (hereafter DI-error parameters) can be defined following Sault
et al. (1996, equations 36-42) as,

δs = (∆gap +∆gaq)+(∆g∗bp +∆g∗bq) (2.17a)

δI,Q = (∆gap−∆gaq)+(∆g∗bp−∆g∗bq) (2.17b)

δU,V = (∆gap−∆gaq)− (∆g∗bp−∆g∗bq) (2.17c)

δQ,U = (εap + εaq)+(ε∗bp + ε
∗
bq) (2.17d)

δI,U = (εap− εaq)+(ε∗bp− ε
∗
bq) (2.17e)

δI,V = (εap + εaq)− (ε∗bp + ε
∗
bq) (2.17f)

δQ,V = (εap− εaq)− (ε∗bp− ε
∗
bq) (2.17g)

where the subscript I,Q stands for mixing between Stokes I and Q. Now, if the difference
between the ideal Stokes visibilities and the Stokes visibilities affected by these errors is
∆V = V ideal

ab −Vab, then by assuming errors to be very small it can be shown that (see Sault
et al., 1996, appendix B),

∆V =−1
2


δs δI,Q δI,U −iδI,V

δI,Q δs δQ,U −iδQ,V
δI,U −δQ,U δs iδU,V
−iδI,V δQ,V −iδU,V δs

V ideal
ab . (2.18)

Here, the 4×4 matrix is the instrumental Mueller matrix for the DIEs (hereafter DI-Mueller)
and it determines the full Stokes response of an instrument without any direction dependent
errors. It can be seen from the equation that a completely unpolarized source (Q,U,V = 0)
will appear to have non-zero Stokes Q, U and V in an interferometric observation because
of the DIEs δI,Q, δI,U and δI,V respectively and these same errors will cause leakage into
Stokes I from Stokes Q, U and V respectively. The DIE-parameters can be used to determine
calibration errors if, instead of comparing the ideal and the actual gains, we compare the input
and the solved gains (Sault et al., 1996).

2.2.2 Direction dependent effects

Direction dependent errors in a radio interferometer are caused mainly by the Earth’s iono-
sphere and the primary beams—i.e. the radiation patterns—of the antennae. Here, we restrict
ourself only to the LOFAR beam errors. The beam we use for the bowtie dipoles has been
modelled by an analytic expression whose coefficients are determined by fitting to a numer-
ically simulated beam raster generated by the ASTRON Antenna Group (Hamaker, 2011;
hereafter H11). Here, we will give a brief overview of this model; for further details we refer
the readers to H11.

From basic symmetry considerations a generic expression for a dual dipole antenna E-
Jones matrix has been derived by H11 which, for azimuth φ and zenith angle θ ≡ (π/2−
elevation) can be written as,

Ee(θ ,φ) =
N

∑
k′=0

R(k′,φ)Pk(θ) (2.19)
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where the azimuth dependent rotation matrix

R(k′,φ) =
(

cos[(−1)k′(2k′+1)φ ] −sin[(−1)k′(2k′+1)φ ]
sin[(−1)k′(2k′+1)φ ] cos[(−1)k′(2k′+1)φ ]

)
(2.20)

and the zenith angle and frequency (ν) dependent projection matrix that contains the detailed
geometry of the dipoles and the ground plane is

Pk′(θ ,ν) =

(
pθ ,k′(θ ,ν) 0

0 −pφ ,k′(θ ,ν)

)
, (2.21)

and k′ = 0 gives the ‘ideal’ beam, whereas the higher order terms represent the differences
between the ideal and the more realistic beams. Each element of the projection matrix p(θ ,ν),
for each harmonic k′, is calculated as θ̄ [C]ν̄ where θ̄ is a row vector (θ 0 θ 1 ... θ Nθ ), ν̄ is a
column vector (ν0 ν1 ... νNν )T , [C] is a 2D matrix of dimensions (Nθ +1)× (Nν +1) that
contains the complex coefficients determined by fitting to an electromagnetic simulation, and
Nθ = Nν = 4.

In Eq. 2.19, Ee has been expressed in a topocentric (azimuth-zenith angle) coordinate,
but in reality the source is carried around through the beam by the apparent rotation of the
sky during an observation. To account for this effect, the position of the source is transformed
from equatorial celestial coordinate system to the topocentric system. For polarized sources,
there is an additional factor— the relative rotation between the equatorial and the topocentric
grids at the position of the source that causes the beam to rotate with the parallactic angle,
known as the parallactic rotation which has been incorporated in the dipole beam model as
a separate Jones matrix. Hereafter, by Ee we will refer to an element beam where all these
effects have been taken into account.

In an element beam Jones matrix the diagonal terms determine the primary beam of the
element and the off-diagonal terms the level of cross-polarization. Errors related to antenna
pointing, beamwidth and beam ellipticity are all included in the diagonal terms. For a dipole
of size D∼ 1.25 m the FWHM at 150 MHz becomes λ/D∼ 90◦ and the shape of the diagonal
terms of the matrix is similar to an Airy pattern. The polarization response of a LOFAR
station is completely determined by Ee. Therefore, it would be interesting to analyse the
beam Mueller matrix corresponding to an interferometer constructed by two such elements
before entering into the discussion of the tile and the station beams.

In a two-element interferometer, the component at the first row and first column of the
Mueller matrix (hereafter M11) represents the Stokes I response of the interferometer to a
completely unpolarized point source of unity flux and M12 gives the corresponding Stokes
Q response. Examples of Stokes I and Q responses of a LOFAR LBA dipole can be seen
in Fig. 3.8 and 3.9 of Bregman (2012, hereafter B12) respectively. From the figures we see
that Stokes I response is almost circular with amplitudes decreasing from the centre toward
the edges until the first null. Stokes Q response, on the other hand, has a cloverleaf pattern
with 2-fold symmetry corresponding to the physical structure of the dual dipole. The cross-
polarization over a beam is conventionally measured by the ratios Q(θ)/I(θ), U(θ)/I(θ)
and V (θ)/I(θ). Comparing Fig. 3.9 and 3.8, B12 finds that Q/I is lowest at the centre and
increases quadratically with θ and reaches a value of 0.5 at the FWHM. It implies that an
unpolarized source situated at FWHM of a dipole beam will become 50% polarized in the
observed data due to instrumental polarization.
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Figure 2.2: (a) Direction dependent Mueller matrix representing the polarization response of the baseline 0-1 (127 m) of LOFAR at 150 MHz over
the 3C196 field (20◦×20◦) at the time when the centre of the field culminates. (b) Spatio-temporal profiles as a percentage of total intensity—i.e.

first row, first column (M11) of the matrix representing Stokes I—for leakages from (1) I to linear polarization (P), i.e.
√

M2
12 +M2

13; (2) linear to

I, i.e.
√

M2
21 +M2

31; (3) I to circular, M14 and (4) circular to I, M41. Here, ∆θ represents distance from the phase centre. See section 2.2.2 for
details.
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Figure 2.3: (a) Gaussian fit to the azimuthally averaged Stokes I response of the 0-1 baseline of LOFAR at 150 MHz over the 3C196 field when
the field culminates (M11 component of Fig. 2.2a). (b) FWHM of the Stokes I beam at different frequencies (solid); the αλ/D curve (dashed)
is overplotted. (c) A single line through the centre of the Mueller term responsible for linear polarization leakage (see caption of Fig. 2.2) at
different frequencies. The leakage is shown as a percentage of Stokes I flux density.
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The beams of the 16 dipoles (Ee) in a tile are combined in an analogue way to form the
tile beam which is narrower (∼ 20◦, Fig. 2.1) and the beams of all the tiles in a station are
digitally combined to form the station beam which has the smallest width (∼ 4◦). Assuming
the tile beams (Et ) have been created by phasing the constituting dipole beams, the beam of
the station a can be written as (Yatawatta, 2009)

Ea(θ ,φ) = wHv(k)�Et(θ ,φ) (2.22)

where � denotes the Hadamard product, k is the wave vector, v(k) is the steering vector, i.e.
the delay an incoming wavefront experiences depending on the position (ri) of the observing
tile in a station that can be expressed as

v(k) =


e− jk.r0

e− jk.r1

...
e− jk.rN−1

 (2.23)

for N number of tiles and w is the weight vector that contains the complex weights associated
with each tile. Station beams cut only a small portion of the element beam and get a
polarization response depending on which part of the element beam it is tracing. The
sidelobes of the station beam cut yet another part of the element beam and accordingly
acquire a different polarization response. Station beams that are formed to track a source in
the sky follow a trace in azimuth and elevation over the polarized element beam. Hereafter,
by beam we will refer to the beam of a single station, Ea.

We could, in principle, derive a direction dependent equivalent of Eq. 2.18 using Ea as
the only systematic error and ignoring the DIEs, but it will be much more complicated in
this case. So, instead, we numerically calculate the baseline-dependent Mueller matrices (e.g.
Eab) from the constituent station beams (Ea and Eb) following the formalism of section 2.1.1.
Such a Mueller matrix for baseline 0-1 (a 127 m baseline formed by the two sub-stations of
the central core stations, CS001HBA0 and CS001HBA1) at 150 MHz, at the time when the
centre of the target field (20◦×20◦) culminates has been shown in Fig. 2.2a. The components
of the matrix have been normalized with respect to the Mueller matrix at the phase centre
resulting in a differential Mueller matrix; hereafter, by differential beam or nominal beam
we will refer to this form of the Mueller matrix. Let’s denote this matrix by M01, where the
superscript represents the station numbers.

M01 can be thought of as a direction dependent equivalent of the DI-Mueller (Eq. 2.18),
hence we can call it the DD-Mueller. By comparing these two matrices, we can see that M21
component of the DD-Mueller will cause Stokes I to leak into Stokes Q. The off-diagonal
terms of M01 show the spatial variation of the instrumental polarization— it is lowest at
the phase centre and increases toward the edges until the first null and then, after a gap,
we get further polarization at the location of the first sidelobe. In addition to the spatial
variation, all components of the instrumental Mueller matrix also vary with zenith angle, or
equivalently with hour angle, of the source during an observation. To show the dependence
on the directions and sidereal time simultaneously, i.e. spatio-temporal dependence, we
calculated M01 for all hour angles. In Fig. 2.2b, we show spatio-temporal profiles of various
leakages as a percentage of total intensity. Leakage from linear polarization to total intensity,

i.e.
√

M2
12 +M2

13/M11× 100, at different distances from the phase centre (x axis) and at
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different hour angles (y axis) during an eight-hour observation is shown in the top panel. The
second panel shows fractional leakage from Stokes I to linear polarization and the third and
fourth panels show fractional I→V and V → I leakages respectively. These figures show the
variation of the leakages along a single line through the centre of the field at every hour angle
during a night-long observation.

From the spatio-temporal profiles, we see that leakage increases with both distance from
the phase centre and zenith angle. During the beginning and the end of the observation
zenith angle is very high and the beam is extremely attenuated which results in a very high
percentage of leakage. Leakages vary across the FoV mainly due to polarization aberrations
caused by geometric projection of the antenna on the plane perpendicular to the line of sight
(see section 5.3 and Fig. 2 of Carozzi & Woan 2009). The projection changes as a function of
direction and zenith angle because of both the coordinate rotation and parallactic rotation that
were introduced in the beam model (as discussed before). We see that at high zenith angle the
leakages change more rapidly, but these effects can be considered constant within ten minutes
(B12) which is an useful assumption for primary beam correction.

Besides direction and elevation, the width and shape of the beam also vary with frequency.
Fig. 2.3a shows a Gaussian fit to the azimuthally averaged station beam (M11) that gives us
an FWHM of 3.8◦ at 150 MHz. Fig. 2.3b shows the beamwidths obtained by Gaussian fitting
as a function of frequency and we can see that the curve closely follows the αλ/D relation
where λ and D denote wavelength and station size respectively (for an analogous fitting, see
Fig. 21 of van Haarlem et al. 2013). Leakages also vary with frequency, albeit not in a very
prominent way; as evident from Fig. 2.3c, within approximately ten degrees leakage changes
very slowly with frequency. Therefore, if we have multi-frequency data, the leakages can be
removed by utilizing their spectral smoothness.

Ideally, the beam should be exactly same for all elements and, consequently, for all
baselines, for traditional calibration to work efficiently, but making them slightly different
in configuration could be advantageous in another way. In case of LOFAR, although all
dipoles are rotated into the same position, station configurations are rotated with respect to
one another to minimize blind angle effects and to average out the effect of grating lobes
(B12).

2.3 Calibration and imaging

In DI-calibration, it is assumed that all baselines of an array observe the Fourier transform
of a common sky which is only true if DDEs are taken to be identical across all antennae.
Consequently, Ea of Eq. 2.8 becomes a function of just l,m and the common sky observed by
all baselines becomes Bc = EBEH , i.e. the true sky attenuated by the beam. Then, Eq. 2.8
can be written as

Vab = GaXc
abGH

b (2.24)

where Xc
ab is the element by element 2D Fourier transform of Bc. The most widely used

DI-calibration method, self-calibration or selfcal works with this form of the measurement
equation. The first step of selfcal is to create a model of the observed sky and to ‘predict’
the corresponding visibilities, Vmod

ab that an interferometer would produce. Then, the values
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of G terms that minimize Vmod
ab −Vab are determined. G terms can be calculated to a very

high accuracy, because an array provides over-determined information as N(N−1) complex
visibilities are available for computing only 2N−2 error parameters, N being the number of
antennae.

The inferred values (G̃) are applied to the observed visibilities to yield the corrected
visibilities as

Vcorr
ab = G̃−1

a VabG̃−H
b . (2.25)

Inverse Fourier transform of the weighted and gridded visibilities produce a ‘dirty’ image,
which is the true sky convolved with the PSF. To recover the true sky as sampled by the
visibilities as closely as possible, the PSF is deconvolved from the dirty image iteratively
producing a ‘clean’ image. As the primary beam has not been corrected for, this clean image
is actually the true sky attenuated by the primary beam (Bc). If the primary beam is assumed
to be same for all antennae and at all times, the true brightness distribution B can be extracted
from Bc by just multiplying it with the inverse of E. Traditionally, this is what has been done
for dish instruments with small FoV. But in case of wide FoV instruments, e.g. LOFAR,
time-frequency-baseline variations of the instrumental Mueller matrices (M, Fig. 2.2) cannot
be ignored and one way of dealing with this is AW-projection (Tasse et al., 2013).

2.3.1 AW-projection

The problem of imaging can be expressed in Mueller formalism as V = A I+ ε where V
is the total set of visibilities, I is the set of Stokes images to be estimated, ε is the noise,
A = W S FM ignoring the ionospheric effects, W is the set of visibility weights, S is
the sampling function, F is the Fourier transform kernel, and M is the Mueller matrix
corresponding to the primary beam. Each of these parameters is a multi-dimensional matrix
(for explanation see Tasse et al., 2013). AW-projection, as implemented in AWImager,
calculates Î, an estimate of I, iteratively as,

În+1 = În +ΦΦΦA H(V−A În) (2.26)

where ΦΦΦ is a non-linear operator that estimates the deconvolved sky from the residual dirty
image A H(V−A În). Here the construction of the residual dirty image constitutes the major
cycle and the deconvolution the minor cycle. Note that A În is the forward Fourier transform
taking into account all instrumental effects and this has to be done accurately for the solutions
to converge; during prediction of visibilities using AWImager, only this step is performed. On
the other hand, during minor cycle only an approximation of (A HA )−1 is calculated and
applied on the residual. A-projection, as described in Bhatnagar et al. (2008), is a fast way for
applying A or A H . In AWImager, the element beam (Ee) and the array factor (wHv(k) of
Eq. 2.22) of LOFAR have been taken out of the M matrix of the A-term and they are applied
separately.

2.4 Flux conversion

For easier comparison with the predicted level of the EoR signal we convert fluxes to inten-
sities and express them as temperature. If FJy is the flux of a radio source in Jy, then the
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corresponding intensity in K units can be written as,

TK =
λ 2FJy

2kBΩE
10−26 (2.27)

where kB is the Boltzmann constant and ΩE = πθ 2/(4ln2) is the beam solid angle, θ being
the FWHM of the Gaussian restored PSF calculated during imaging.

2.5 Rotation measure synthesis

The rotation of the plane of polarization (χ) of a linearly polarized signal while propagating
through a magnetized plasma is called Faraday rotation which, for a single Faraday screen
along the LOS, can be written mathematically as χ = χ0 +Φλ 2 where χ0 is the intrinsic
polarization angle and Faraday depth,

Φ = 0.81
∫ observer

source
neB‖dl (2.28)

where ne is the density of electrons and B‖ is the magnetic field component along the
LOS. Note that rotation measure (RM) is defined as dχ/dλ 2 and hence for a single phase
screen along the LOS it is equivalent to Faraday depth. Polarized surface brightness per
unit Faraday depth, F(Φ) can be obtained from the polarized surface brightness per unit
squared-wavelength, P(λ 2) using the technique of RM-synthesis (Brentjens & de Bruyn,
2005); mathematically,

F(Φ) = R(Φ)?
∫

∞

−∞

P(λ 2)e−2iΦλ 2
dλ

2 (2.29)

where R(Φ) is the Fourier transform of the wavelength sampling function, known as ‘rotation
measure spread function’ (RMSF) and ? denotes convolution.

The polarized brightness, P = Q+ iU2 is a complex valued function and, hence, F(Φ)
is also complex. However, a Faraday dispersion function for real valued Stokes I, FI(Φ) can
also be calculated assuming its imaginary parts to be zero in all spectral bands (e.g. Geil et al.,
2011). As the Fourier transform of a real function is always Hermitian, F∗I (Φ) = FI(−Φ).
The same can be done for Stokes V . In section 4, we will present some of our results in terms
of F(Φ), FI(Φ) and FV (Φ).

2.6 Power spectrum analysis

The power spectrum (hereafter PS) of an image is the measure of the variance per unit angular
wavenumber (k = 2π/θ ). As the first detections of the EoR signal will be statistical, and its
PS is the most widely used statistic (e.g. Bowman et al., 2006; Harker et al., 2010; Moore
et al., 2013; Patil et al., 2014; Chapman et al., 2016), most of our analysis will be done through
PS. We present three types of PS: 2D, 3D cylindrical and 3D spherical, and in all of them

2In this paper P always refers to Q+ iU , while P is always |Q+ iU |, and note that the 2D and 3D power spectra,
denoted by P2D and P3D respectively, are not related to P or P.
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the wavenumbers are converted to the unit of comoving Mpc−1 at the redshift corresponding
to the observing frequency. PS can be calculated from the weighted visibilities directly. As
the imaging process puts weights on the visibilities and calculates the resulting PSF, we have
measured the PS from the Fourier transform (hereafter FT) of the images remembering that
the squared complex modulus of a FT yields the PS of a signal.

2.6.1 2D power spectrum

Assume that Ĭuv is the 2D FT of the image Ilm where u,v represent the spatial frequencies
corresponding to the angular scales l,m. The minimum and maximum spatial frequencies of
Ĭuv are determined by 1/(Nxθpix) and 1/(2θpix) respectively where θpix is the angular size of

the pixels in Ilm and Nx =
√

N2
l +N2

m where Nl and Nm are the total number of pixels in l and

m directions respectively. We cut the portion of Ĭuv delimited by the minimum and maximum
physical baselines and calculate the 2D PS as P2D(u,v) = |Ĭcut

uv |2.

To produce 1D angular PS, we divide P2D in several concentric circular bins and calculate
the average power at every bin. Finally, we plot the average power in the bins as a function
of comoving transverse wavenumbers corresponding to the bins defined as (Morales et al.,
2012b, equations 2-3),

k⊥ =
2πUλ

Dc(z)
(2.30)

where Uλ =
√

u2 + v2 in units of wavelengths, transverse comoving distance at redshift z,
Dc(z) =

∫ z
0 dz′/E(z′), and dimensionless Hubble parameter, E(z) = [Ωm(1+ z)3 +Ωk(1+

z)2 +ΩΛ]
1/2, Ωm, Ωk and ΩΛ being the matter density, curvature and cosmological constant

parameters respectively. Thus, we obtain k⊥ in units of Mpc−1 and P2D(k⊥) in units of K2

Mpc2. Note that the minimum and maximum values of k⊥ are determined by Umin
λ

and Umax
λ

respectively, as shown in Vedantham et al. (2012, equations 13-14).

2.6.2 3D power spectrum

Assume that Ĭuvη is the 3D FT of the image Ilmν where η represents the LOS spatial frequency
corresponding to the LOS distance signified by the frequency ν (see Morales et al., 2012b,
Fig. 2). After taking only the portion of the cube that represents real baseline distribution as
before, the 3D PS can be calculated as P3D(u,v,η) = |Ĭcut

uvη |2. Two types of binned PS can be
calculated from this PS-cube: cylindrical, P3D(k⊥,k‖), and spherical, P3D(k).

In the cylindrical case, averaging is done in concentric cylindrical bins centred on the
centre of the cube. Hence, P3D(k⊥,k‖) is the average power of all uv cells within a logarithmic
cylindrical bin around k⊥,k‖ where the comoving LOS wavenumber,

k‖ = η
2πH0E(z)ν21

c(1+ z)2 , (2.31)

ν21 being the rest frequency of 21-cm radiation emitted by HI, and k⊥ is the same as defined
by Eq. 2.30. The minimum and maximum values of k‖ are given by ηmin = 1/B and
ηmax = 1/∆ν respectively where B is the bandwidth and ∆ν is the frequency resolution
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provided by the instrument. From the minimum and maximum values of k⊥ and k‖, it
is evident that the boundaries of the k-space are defined by the instrumental parameters
(see e.g. Vedantham et al., 2012, Fig. 4). Instead of showing the raw power we plot the
quantity ∆2(k⊥,k‖) = k2

⊥k‖P3D(k⊥,k‖)/(2π)2 in our 2D figures which has the dimensions of
temperature squared.

For constructing the spherical 3D PS, we divide the PS-cube in concentric spherical annuli
around the centre of the cube and average the power in every annulus. Consequently, we get
a 1D PS as a function of k =

√
k2
⊥+ k2

‖. Here, we plot the quantity ∆2(k) = k3P3D(k)/(2π2)

that has the same dimensions as ∆2(k⊥,k‖).

2.7 Conclusion

We have revisited the measurement equation of a radio interferometer and modelled the
direction independent (DI) and direction dependent (DD) errors as 2×2 Jones matrices and
the corresponding 4×4 Mueller matrices have been used to show the polarization properties
of the instrument. The full polarization DD-Mueller matrix (Fig. 2.2) describing the time-
frequency-direction dependent behaviour (e.g. see Fig. 2.2 and 2.3) of the response of
a baseline of LOFAR, created by two stations (Fig. 2.1), has been presented to be a DD
equivalent of the DI-Mueller matrix of Eq. 2.18.

We have found that the polarization leakage predicted by the model beam increases with
distance from the phase center of the field, and also with distance of the field from the local
zenith. The components of the Mueller matrix responsible for leakage were found to be 3–4
orders of magnitude lower than the Stokes I beam. The FWHM and spatial structure of the
beam model change smoothly with frequency. The LOFAR beam model has an FWHM of
3.776◦ at 150 MHz and decreases with increasing frequency.

The primary beam model and the mathematical formalism described in this chapter will
be used throughout the thesis.





3. Extragalactic foreground

Adapted from Section 3 of Asad et al. (2015).

To show the effects of direction independent errors on calibration, we simulate the
observations of a mock sky with point sources. In case of the direction dependent errors, we
first simulate a mock sky to show the trend of the effects, and then proceed to simulate the
realistic sky to quantify the effects expected in the LOFAR-EoR observations. We did not
include any additive noise in the simulations described in this section. Below we describe
the general pipeline of the simulations followed by the set-ups and results of the specific
simulations.

3.1 Pipeline

A block diagram of the pipeline for simulating extragalactic point sources is shown in Fig.
3.1. We start from a given model of the sky (described in the specific sections) and predict
the visibilities that LOFAR would produce in the presence of certain DI and DD (beam)
errors. Simulations with the two systematic errors are done separately, although some steps
are common to both of them.

DI errors are introduced in accordance with the formulation described in section 2.2.1.
After prediction, the visibilities corrupted by the DIEs are self-calibrated using the same sky
model that was used to predict. Then, the gains determined by selfcal are compared with
the input gains to calculate the error parameters defined by equations 2.17a-g. Additionally,
the solved gains are applied to the model visibilities to produce corrected visibilities. All
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Figure 3.1: Block diagram of the pipeline of the simulations of extragalactic foreground.
Blocks with solid and dotted borders represent simulations with DD and DI errors respectively;
blocks with dashed borders represent steps performed for both simulations, but separately.
Arrows with dashed line-styles have been used to avoid intersection between arrows. FT, IFT
and SC stand for Fourier transform, inverse Fourier transform and self-calibration respectively.
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Table 3.1: Observational setup for simulations of extragalactic sources:

Number of LOFAR HBA stations used, N 59
Number of baselines, N(N−1)/2 1711
Number of spectral subbands 1
Number of channels in the subband 1
Central frequency of the channel 150 MHz
Width of the channel, i.e. frequency resolution 0.19 MHz
Total observation time 8 h
Integration time, i.e. time resolution 10 s
Number of timeslots 2874
Number of visibilities 5090520
Baseline cut (umin ∼ umax) for imaging 0.06 – 20 km
Baseline cut for PS estimation 0.06 – 1 km
Angular resolution (PSF) of the images, αλ/umax ∼ 0.34 arcmin
Physical width of the HBA stations, D 30 m
FWHM of station primary beams, αλ/D ∼ 3.78 deg
Field of view, π(FWHM/2)2 11.2 deg2

processes up to this point are performed using the standard LOFAR calibration and simulation
software, Black Board Selfcal (BBS; Pandey et al. 2009). We image both the corrupted and the
corrected visibilities using CASA and produce 2D PS from the images through the procedure
described in section 2.6.1.

DD errors are introduced by multiplying every point source in the model with the relevant
station beam at the position of the source at every timeslot. Fourier transform of the beam at-
tenuated sky yields the visibilities corrupted by DDEs. We carry out two different simulations
with these dataset: one to measure effects of DD errors, and another to quantify the errors in
calibration due to incomplete calibration sky model. The latter could be done meaningfully
without introducing systematic errors at all, but we did it this way to make it more realistic.

To quantify the effects of DD errors, first, we correct the corrupted visibilities for the
beam at the phase centre which, in reality, normalizes the DDEs with respect to the phase
centre so that only the differential nominal beam effects remain (this step is not shown in
Fig. 3.1). Then, we image both the corrupted and uncorrupted (ideal) visibilities and produce
2D PS from the images. Furthermore, we extract the fluxes and positions of the brightest
point sources in the corrupted and uncorrupted images using PyBDSM1 and compare them.
Finally, we correct the visibilities for the differential beam and produce images from them
using AWImager. Fluxes of the beam-corrected images are compared with the uncorrected
fluxes to quantify the quality of the correction.

To determine calibration errors due to an incomplete sky model, we calibrate the corrupted
visibilities using different incomplete sky models. As the same DDEs are included during
both prediction and calibration, the remaining errors will be only due to the incompleteness of
the models. The deviation of the different corrected visibilities from the corrupted visibilities
is demonstrated through PS.

1http://tinyurl.com/PyBDSM-doc

http://tinyurl.com/PyBDSM-doc
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Figure 3.2: Left: Fractional error on the 7 DIE parameters defined in Eq. 2.17 for a single baseline as a percentage of the input rms DI-errors.
The ∆g and ∆ε used to calculate these parameters are the differences between the components of the input Jones matrix and the Jones matrix
calculated by self-calibration. Right: Square-root of the fractional residual power spectra, which is equivalent to the rms of the image, for
different rms DI-errors and Stokes parameters. See section 3.2 for details.
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3.2 Direction independent errors

To show the effects of DI errors and test their correction strategy, we ignore the DDEs and
introduce DIEs for every station and timeslot as G-Jones matrices. Both gain (g) and feed
(ε) error terms of G are modelled as complex numbers that are random at every time-step
drawn from a Gaussian distribution with zero mean and a certain standard deviation (rms).
Then, we create a sky model containing 25 sources of 5 Jy Stokes I flux (Q,U,V = 0) in a
5×5 uniform grid of 1◦ separation, predict the DIE-corrupted visibilities for all baselines of
LOFAR and perform all the other steps described in the previous section and shown in Fig.
3.1 (see the blocks with dotted and dashed borders). The rms of the introduced errors is the
same for every term of the G-Jones of every station and we repeat this experiment thrice for
three different rms DI-errors: 10−3, 0.01 and 0.1. Note that, as the calibration was done with
a perfect sky model, the errors will be due only to the calibration process itself.

We analyse the results using two parameters: fractional rms selfcal error (δ f ) and square-
root of the residual power spectrum (

√
P(k)) which, in effect, gives the rms of the images at

different spatial frequencies. To determine δ f , we calculate ∆Gg and ∆G f (see Eq. 2.16) by
differencing the model gains and the solved gains for two stations, and then, calculate the
DIE-parameters (δ ) for the baseline created by those stations (equations 2.17). We did not
plug in the values of ∆Gg and ∆G f directly in Eq. 2.16 to calculate δ , but created an error
DI-Mueller matrix from the ∆G matrices of two stations following Eq. 2.9 and extracted the
7 relevant parameters from it. δ f for a given δ is the rms of the δ as a percentage of the input
rms DI-error. The seven δ f are plotted as a function of the input rms DI-errors on the left
panel of Fig. 3.2. We see that fractional selfcal errors increase linearly with rms DI-errors,
and for an rms DI-error of 10−3, which is not unrealistic, the error on these parameters is less
than 0.002%.

For calculating residual P(k), we subtract the corrected Stokes images from the corrupted
ones and measure the PS of the residuals. As we did not subtract any source from the
corrected visibilities, if the calibration error is low the difference between the corrected
and the corrupted visibilities should also be low. Pr(k) is the PS of a residual image as a
percentage of the PS of a corrupted image.

√
Pr(k) of the different Stokes images for the three

simulations are plotted on the right panel of Fig. 3.2 which clearly shows that the calibration
errors propagated to the PS are negligible as expected in the absence of additive noise. For
an rms DI-error of 10−3, errors on

√
P(k) or, equivalently, on the rms of the image is less

than 0.005%. Furthermore, by comparing the Stokes I, Q+ iU and V power spectra for an
rms DI-error of 0.01, we see that the errors on different Stokes parameters are the same, as
expected. This simulation shows that self-calibration can correct for the DI-errors to a very
high accuracy if we have a sufficiently accurate model of the sky.

3.3 Direction dependent errors

To show the effects of DD errors on point sources and to test one of their correction strategies,
we ignore the DIEs, introduce DDEs as station beams and carry out the steps outlined in Fig.
3.1 (see the blocks with solid and dashed borders). As mentioned before, we implemented
two different simulations with the DDE-corrupted dataset; the purpose of the first one is
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Table 3.2: Sky models used for the different simulations of extragalactic foreground with
DDEs.

Field Phase centre FoV Number of Max Min Totala Spectral
(Equatorial J2000) (deg) sources (Jy) (Jy) (Jy) index

Mock 8h13′36′′, 48◦13′0′′ 10 225 100 0.4 189.6 -0.75
3C196b 8h13′36′′, 48◦13′0′′ 10 4567 83 0.027 796.64 -0.75

aAll flux densities shown here are at 150 MHz.
bSources taken from the Faint Images of the Radio Sky at Twenty-cm (FIRST) survey, produced by NRAO VLA

at 1365 and 1435 MHz and 5′′ resolution; noise ∼ 0.15 mJy.

to show the effects of DD-errors on the Stokes parameters and this has been done for two
different sky models, some information about which are listed in table 3.2.

3.3.1 Test with a mock sky

To show the general trend of the effects of DD-errors, we make a mock sky model comprising
225 unpolarized point sources arranged in a 15×15 uniform grid of 0.66◦ separation centred
on the position of 3C1962 and simulate an 8-hour, 150-MHz observation of LOFAR, taking
into account the beams described in section 2.2.2. The source at the centre of the grid is given
a flux density of 100 Jy, while each of the other sources have a flux density of 0.4 Jy. The
central source has been made exceptionally bright (analogous to the 3C196 field) to be able
to check the consequence of calibrating an otherwise dim sky with a very bright point source
which will be described in section 3.4.

As the sources were completely unpolarized, the Stokes Q,U,V images created from
this dataset contain only the flux leaked from Stokes I, i.e. instrumentally polarized sources.
These sources are shown on the middle and right panels of Fig. 3.3. Each bubble in the
plots represent an instrumentally polarized point source and the size and colour of the bubble
represent the flux of the source as a percentage of its Stokes I flux. The figures show that
leakages to both linear and circular polarizations increase as we go out from the centre of the
field. As for the levels of leakage, within the central 4 degrees, i.e. within the first null of the
primary beam at 150 MHz, linear polarization leakage (I→ P) is around 0.5%, and circular
polarization leakage (I→ V ) is less than 0.003%. Instrumental polarization of the central
bright source (not shown in the figure) is very low, because before imaging the visibilities
corrupted by the DDEs were corrected for the element beam (Ee of Eq. 2.19) at the phase
centre, thereby making the leakage terms very close to zero at that point. In physical terms
this means that the projection of the beams on the sky had been made perfectly orthogonal
at the phase centre. What is left after this centre-correction is the effect of the differential
beam (e.g. Fig. 2.2a). There is an anomaly in the south-east corner of the middle and the
right panels of Fig. 3.3 which can be attributed to the errors in extracting fluxes of very dim
sources situated near the null of the primary beam.

These results are consistent with the beam model described in section 2.2.2. For example,
we can understand both the trend and the level of linear leakage seen in Fig. 3.3 by comparing
it to the M21 and M31 components of the instrumental Mueller matrix shown Fig. 2.2a, or to

2A quasar situated at z∼ 0.871 with a flux density of 74.3 Jy at 174 MHz.
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Figure 3.3: Left: Distribution of 103 sources from the 225 sources arranged in a 15×15 uniform grid within a 10◦ field of view. Flux (bubble size)
and position (colour) errors due to calibration with only the prominent central source are shown. Middle: Same distribution with corresponding
fluxes leaked from Stokes I to linear polarization as a percentage of Stokes I flux (size and colour). Right: Same as the middle figure except that
it is for the leakages to circular polarization which is much lower.
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Figure 3.4: Left: Distribution of the brightest 33 sources (I > 100 mJy) in the 3C196 field with their corresponding Stokes I fluxes (colour) and
flux errors (bubble size) due to calibration with different number of sources (numbers in the legend) in the sky model. The percentages in the
legend refer to the minimum and maximum flux errors. Note that after calibration with 1000 sources errors for most of the sources decrease.
Right: Same distribution with the corresponding linear polarization leakages as a percentage of Stokes I flux. Both colour and size of the bubbles
represent fractional leakage.
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Figure 3.5: a: Square-root of the power spectra of the Q,U,V leakages as a percentage of the Stokes I power spectrum within the central 10
degrees of the 3C196 field. b: Residual (after subtracting calibrated data from the uncalibrated ones) power spectra of Stokes I as a percentage of
the uncalibrated Stokes I PS of the same field. The different cases are for calibration with different number of sources in the sky model. These
residuals correspond to calibration errors due to incomplete sky model.
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the spatio-temporal profiles of the leakages shown in Fig. 2.2b. We expect to see leakage at
this level also in the realistic simulations and this expectation will be put to the test in the
next section where we describe the simulation of one of the LOFAR-EoR target fields.

3.3.2 3C196 field

The 3C196 field (centred on the bright quasar, 3C196; Bernardi et al. 2010) is well-suited for
EoR observations because the presence of a bright and almost unresolved source at its centre
allows very accurate direction independent calibration, and it is situated in one of the colder
regions of the Galactic halo. To make an unpolarized sky model for simulating this field, we
extract Stokes I fluxes and positions of the sources brighter than 25 mJy within a radius of
5◦ around 3C196 from the FIRST survey catalogue (see table 3.2) and extrapolate the fluxes
to that of 150 MHz using a spectral index of -0.75 which is typical for the radio sources at
these frequencies. The eponymous source, 3C196, has been taken out of this model, and a
4-component improved model of the source made from LOFAR data by V. N. Pandey has
been inserted in its place.

Linear leakage of the brightest 33 sources (Stokes I > 100 mJy) is shown on the right
panel of Fig. 3.4. Both colour and size of the bubbles in the figure represent the percentage of
leakage. Extraction of fluxes and positions of the sources in this case is not as precise as that
of the gridded sky model as here sources are much more closely spaced; thus some errors
in this scatter plot originate from the source extraction process. Nevertheless, the figure, as
a whole, is quite informative; we see that linear leakage can be as high as 4%, but for most
of the sources it is less than 2% and for the sources very close to the phase centre only less
than a percent leak, as expected. The sources with the highest leakages (the three reddest
bubbles) are very dim in Stokes I which can be seen by comparing these three bubbles with
the corresponding bubbles on the left panel where the Stokes I fluxes are shown as colour
of the bubbles. These leakages might not be real, but a consequence of errors in the source
extraction process. The leakage from 3C196 itself is very low and hence is not shown here.

The overall level of the leakage can be better understood from the fractional (as a per-
centage of Stokes I PS) power spectra of Stokes Q,U,V shown in Fig. 3.5a. The PS of Q/I
and U/I tell us that the rms of the linear leakage is 0.05∼ 0.06% of the rms of the Stokes
I image. On the other hand, rms of circular leakage is almost 4 orders of magnitude lower.
Leakage from linear polarization to Stokes I, which is relevant for the EoR experiments, will
be similar to the I→ P leakage shown in this simulation, as evident from a comparison of the
first and second panels from the top of Fig. 2.2b. However, compact radio sources are usually
unpolarized or very weakly polarized and hence the leakage from polarized point sources into
Stokes I is very low and even that leakage can be removed by direction dependent calibration
(e.g. SAGECal; Kazemi et al. 2011; Kazemi & Yatawatta 2013) and/or AW-projection (Tasse
et al., 2013).

3.3.3 Correcting polarization leakage of point sources

There are several strategies for correcting beam-related DDEs which are classified broadly
into two categories: image-plane and Fourier-plane corrections. Here, we test one of the
Fourier-plane strategies called AW-projection (see section 2.3.1), a particular version of which
is implemented by AWImager for the LOFAR AW-terms.
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Figure 3.6: Linear polarization leakage removed by AWImager as a percentage of the leakage;
both size and colour of the bubbles represent the same quantity. All sources in this simulated
dataset had a Stokes I flux of 10 Jy and their linear leakages were around 0.1 mJy. We see
that up to 80% leakage could be removed using AWImager in this case.

To do a simple test, we create a dataset from a sky model consisting of 36 unpolarized
10 Jy sources in a 6×6 uniform grid of 0.5 degree separation so that all sources are within
the FWHM of the primary beam, and then try to correct the Stokes I fluxes and remove the
leakages using AWImager. As mentioned in section 2.3.1, LOFAR A -terms are separated into
two parts by AWImager: the slowly varying (in time) element beam (Ee), and the fast-varying
array factor. We assume Ee to be constant within 12 minutes, and the array factor to be
constant within 5 minutes.

The result is shown in Fig. 3.6; both color and size of the bubbles represent percentage
of leakage removed by AWImager. It seems that up to 80% of the leakage can be removed.
The performance appears to be worse near the centre of the field than further away which is
counter-intuitive, but the leakage is already very low near the centre and the bad performance
could be due to the inefficiency of both AWImager and the flux extraction software in dealing
with faint sources. We should be careful to draw any final conclusions on the effectiveness of
AWImager in removing leakages from our data as the software is still under construction and
we are not aware of any test of leakage removal done on a realistic dataset.

3.4 Selfcal errors due to incomplete sky model

Incomplete sky models can lead to many problems in directionally independent self-calibrated
data, among them generation of spurious source components, removal of real source compo-
nents and the generation of ghost sources, a spurious source whose flux is proportional to the
flux of an unmodelled source (Grobler et al., 2014). We try to quantify the calibration errors
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due to incomplete sky models with different numbers of sources in the models for the 3C196
field. Note that, as we included the beam during both prediction and calibration, its effect was
taken out and we were left with only selfcal errors. The calibration is performed using BBS
which is based on the matrix formalism described in section 2.

We make 5 different calibration sky models that contain roughly 10, 15, 30, 60 and 75%
of the total flux of the field; the models have 1, 5, 50, 400 and 1000 sources respectively. After
self-calibrating the field with each one of these models, we calculate the difference of fluxes
of the sources between the calibrated and uncalibrated data, and also create corresponding
residual PS. The left panels of Fig. 3.4 show the flux errors on the sources that contribute to
the largest errors in the field; the filled bubbles represent the errors after calibrating with only
10% of the total flux, while the unfilled bubbles with red borders are for the case when 75%
flux is modelled. According to the figure, errors go down significantly after improving the
sky models.

In Fig. 3.5b, we show the PS of the Stokes I residual after subtracting the calibrated
images from the uncalibtrated ones as a fraction of uncalibrated Stokes I PS. As there is an
exceptionally bright source (the second brightest source is only 7.7 Jy) at the centre of the
3C196 field, rms of the residual is already low (1% of the rms of the original image) after
calibrating with only 3C196 which contains 10% of the total flux of the field. Errors go down
significantly when we include 15% of the total flux by adding another 4 sources in the model,
but after that there is no rapid improvement.

3.5 Conclusion

This chapter presents a first step in the analysis of the systematic errors of a radio inter-
ferometer, with a focus on polarization leakage, by simulating the LOFAR observations of
both compact and diffuse emission in the presence of direction independent and direction
dependent errors which are treated separately.

We have simulated an observation with DI-errors by assuming them to be random at every
timestep and the rms of the random numbers drawn from a Gaussian distribution with zero
mean is dubbed the ‘rms DI-error’. We find that self-calibration can solve for these errors
to an extremely high accuracy if the sky model is perfect as, in that case, the information
provided by an interferometer will be highly redundant. For an rms DI-error of 10−3, the
selfcal error is less than 0.002% and the corresponding error in the rms of the resulting
residual image is less than 0.005% (Fig. 3.2).

The only DD-error that we have simulated is the differential (normalized with respect
to the phase centre) station beam of LOFAR. We simulated the LOFAR observations of
extragalactic unpolarized point sources in the 3C196 observing field of the LOFAR-EoR
experiment including the DD-errors, and estimated the flux and position errors due to self-
calibration with incomplete sky models, and the percentage of I → (Q,U) leakage of the
brightest sources (see Fig. 3.4). We see that the errors go down significantly as the sky model
is improved. However, calibrating with only unpolarized sources has its limitations, e.g. the
unitary ambiguity (Wijnholds et al., 2012; Carozzi, 2014). There is no plan for using polarized
sources in calibrating LOFAR EoR data until now, as there are very few intrinsically polarized
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point sources in the data, and the polarized emission is dominated by diffuse emission (e.g.
see Yatawatta et al., 2013; Jelić et al., 2014).

We test a possible strategy of correcting the DD errors from point sources using AWImager
with an unrealistic, exaggerated sky model and see that AWImager can remove up to 80% of
the leakage from Stokes Q,U , but a more elaborate testing of this algorithm with realistic sky
models has to be done to reach any final conclusion.
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Adapted from Section 4 of Asad et al. (2015).

So far we have considered leakages from unpolarized point sources into Stokes Q,U,V
only, but, as mentioned before, our interest lies in the opposite case, i.e. leakage from
polarization to total intensity. Compact radio sources are very weakly polarized and most
of the point sources seen in polarization maps can be attributed to instrumental polarization
and leakage. As at frequencies of tens to hundreds of MHz the polarized sky is dominated
by Galactic diffuse synchrotron emission, we take real data of the 3C196 field observed
by LOFAR, and create the simulated dataset using it as a sky model following the pipeline
described in the next section. In these simulations, except for the one represented by Fig. 4.3h,
our Stokes I data contain only the noise leaked from Stokes Q,U . We do not add realistic
noise to Stokes I until the final test because that would make the quantification of the intrinsic
instrumental polarization over the complete k-space difficult, as the expected level of leakage
is lower than the system noise. However, as a final test we add system noise to check the
efficiency of a leakage removal technique.

4.1 Simulation setup

The general pipeline of the simulation of Galactic foreground is almost same as that of the
extragalactic foreground (boxes with solid borders in Fig. 3.1), but there are two major
differences: here we simulate datasets for 161 spectral bands instead of just one, and examine
the leakages from Stokes Q,U to I,V rather than that from I to Q,U,V . The former enables
us to examine the frequency behaviour of the leakages through rotation measure synthesis
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Table 4.1: Setup of the simulation of Galactic foreground.

Baselines used for simulated observation up to 3 kλ

Number of spectral subbands 161
Number of channels in each subband 1
Width of the channels / frequency resolution, δν 0.19 MHz
Central frequency of the observing band 150 MHz
Total bandwidth, ∆ν 32 MHz
Total observation time 8 hr
Integration time / time resolution 10 s
Baseline cut for imaging and PS estimation 30 – 800 λ

Angular resolution (PSF) of the images 4.3 arcmin
Number of pixels in the images 480×480
Size of each pixel 0.5 arcmin
Maximum detectable Faraday depth,

√
3/δλ 2 160 rad/m2

Largest resolvable structure in Faraday depth, π/λ 2
min 0.96 rad/m2

Resolution in Faraday depth space, 2
√

3/∆λ 2 1 rad/m2

Minimum and maximum k⊥ [Mpc−1] 0.02 – 0.53
Minimum and maximum k‖ [Mpc−1] 0.011 – 1.85

and 3D power spectrum analysis, and the latter provides us with a realistic estimate of the
amount of leakage into Stokes I to be expected in the current LOFAR-EoR observations of
the 3C196 field.

To make the 3C196 polarization sky model, we took Stokes Q,U images for 161 subbands
spanning 32 MHz centred at 150 MHz that were produced from a single-night (8 hr) LOFAR
observation using the standard LOFAR calibration and imaging pipeline (e.g. see Yatawatta
et al., 2013; Jelić et al., 2014). During the reduction process, DI-errors were removed and the
data was also corrected for the element beam at the phase centre, thereby removing most of
the instrumentally polarized point sources. We removed the remaining point sources by just
masking them with noise so that diffuse emission dominates the image. The most significant
systematic errors that still remains in these images are the ionospheric Faraday rotation and
the differential beam. A dataset with ionospheric correction implemented is not necessary for
our case as we are not concerned with analysis of the real data here, but only with the fraction
of leakage; thus, any reasonable input model would serve our purpose. Also note that we
are applying the ‘model’ differential beam to an image that already has the ‘true’ differential
beam in it. This cannot be avoided as direction dependent calibration or differential beam
correction are yet to be done in this observing window, but DD-correction would not bring
any dramatic change in the final results that we want to produce, as the polarization maps are
dominated by diffuse emission and differential beam is only an 1% effect.

Stokes I and V in the model images were put to zero so that after applying the beam, they
contain only leakages from Q,U . The following steps were performed to produce the final
results.

1. DDE-corrupted visibilities at different frequencies are simulated using AWImager, as a
prediction using BBS would currently take too much time. Here AWImager, in effect,
carries out the forward transform of the major cycle and stops.
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Figure 4.1: Faraday dispersion images of Galactic diffuse polarized emission within the
central 4 degrees of the 3C196 field (top) and their leakages to Stokes I (middle) and V
(bottom) caused by the LOFAR differential beams at the Faraday depths of 0 (left), +1
(middle) and +2 (right) rad/m2. The diameters of the inner and the outer circles are 2◦ and
3.8◦ (FWHM of LOFAR station beam at 150 MHz) respectively. The images have 480×480
pixels of 0.5′ with a PSF of 3′.
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2. Images from the simulated visibilities are produced using CASA. Different parameters
of the input model images and the final CASA images were kept the same; for details
see table 4.1.

3. We make 4 image-cubes by combining the images for 4 Stokes parameters and also
convert the fluxes in Jy to intensities in temperature following Eq. 2.27.

4. To analyse Faraday structure of the leakage of polarized emission, RM-synthesis is
performed on the cubes according to the formalism of section 2.5 resulting in 3 ‘dirty’
(without deconvolving the RMSF) RM-cubes: F(Φ), FI(Φ) and FV (Φ).1

5. Cylindrical and spherical 3D power spectra for all Stokes parameters are calculated
from the image-cubes according to the formalism described in section 2.6.2.

4.2 Results

We first show the results of RM-synthesis of both polarization and leakage, but with a focus
on the leakages, and then present the 3D power spectra produced from the image-cubes.

4.2.1 RM synthesis

The polarization RM-cube, F(Φ) basically represents the real data that we took as our input
model, as leakage from Q to U and vice versa will be very small compared to their brightness.
The maximum intensity in the cube is ∼ 5 K which is seen at Φ = +1.2 rad/m2 and the
brightest structures are located within the Faraday depths of -1.5 and +5.0. Three slices of
the F(Φ) cube at Φ=0,1,2 rad/m2 are shown in the top 3 panels of Fig. 4.1 and the diffuse
Galactic emission is prominent in all of them, but increases toward Φ =+1 rad/m2. For a
detailed analysis of polarized emission in the 3C196 window seen by LOFAR, we refer the
reader to Jelić et al. (in preparation). The corresponding slices of FI(Φ) leakage are shown
in the middle panels of the figure and here we see that the highest leakages appear at Φ = 0
and their peak is ∼ 10 mK. As differential beams vary slowly with frequency (e.g. see Fig.
2.3), the leakages caused by them are a smooth function of frequency, thereby making them
localized around Φ = 0 in RM space. This property can be utilized to correct the effects of
leakage, but performing a realistic leakage removal is beyond the scope of this paper (e.g.
see Geil et al., 2011). However, in section 4.3, we will show the results of a correction that
does not take the differential beam into account. Another aspect of these images can be
seen by focusing on the central 2 degrees; for example, although F(Φ = 0) is highest in the
central part, the corresponding FI(Φ = 0) leakage is still much lower than that of the outer
region (between the inner and the outer circle). This is expected as leakage terms of the beam
Mueller matrix increase toward the outskirts.

The 3 bottom panels of Fig. 4.1 show the same Faraday dispersion images for leakages
into Stokes V and they are much lower than the corresponding leakages into Stokes I—so
much lower that they are dominated by leaked noise. This can be understood in terms of the
differential beam of Fig. 2.2— the M42 and M43 components of this matrix are responsible for
leaking Q,U to V and we see that they are 2-3 orders of magnitude lower than the components
responsible for leakage into Stokes I, i.e. M12 and M13.

1The RM-synthesis code of Michiel Brentjens was used for this purpose.
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Figure 4.2: Four lines of sight along Faraday depth (Faraday spectrum) for 4 bright pixels
in the Faraday dispersion images F(Φ) (top), leakage into FI(Φ) (middle) and leakage into
FV (Φ) (bottom). The pixels were chosen according to their intensity in FI(Φ) and their RA
and DEC are shown in the legend.
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Behaviour of the leakage in Faraday space can be seen more clearly in Fig. 4.2, where we
show 4 lines of sight along Faraday depth (Faraday spectrum) for 4 bright pixels in F(Φ) (top),
FI(Φ) (middle) and FV (Φ) (bottom). The bright pixels were chosen in FI(Φ) and then the
corresponding pixels were found in F(Φ) and FV (Φ). The fact that instrumental polarization
and leakage appears at Φ = 0 in a Faraday spectrum, convolved with the RMSF, is evident
from the middle panel of the figure. It is not so evident in FV (Φ) due to the dominance of
leaked noise.

4.2.2 3D Power spectra

A 3D power spectrum analysis of the DDE-corrupted image-cubes would be most interesting,
as this would allow us to calculate the amount of polarized Galactic foreground leaked into a
possible ‘EoR window’ (a region in 3D Fourier space where the EoR signal is taken to be
least contaminated) of LOFAR; for an example of an EoR window, see Fig. 1 of Dillon et al.
(2014) that was made using the instrumental parameters of MWA. In the top panels of Fig.
4.3, we show the 3D cylindrical power spectra of the beam-corrupted polarized emission (P),
its leakages into Stokes I and V , and the ratio between the power spectra of the I-leakage and
that of the 21-cm differential brightness temperature δTb of the fiducial model of Mesinger
et al. (2011). The plots show the power that lies within a given k⊥,k‖ bin in units of [mK]2 or
as a ratio.

The P spectrum (panel a) exhibits the same characteristics that one would expect based
on the behaviour of the polarized emission in RM-space (described in the previous section).
As in RM-space the brightest polarized emission were found near Φ = 1 rad/m2, so here the
power is high at low k‖ (< 0.1 Mpc−1). Some additional power is seen in a wedge-shaped
region at k‖ > 0.1 and k⊥ > 0.1 which can be attributed to the frequential unsmoothing of the
intrinsically smooth polarized foreground by the frequency-varying PSF, and the extra power
at high k‖,k⊥ is due to noise. At k⊥ < 0.04 power is very low, as expected, and it reaches its
maximum at around 0.3 Mpc−1. The maximum power is around 4.4×105 [mK]2 which is
found at the highest k⊥,k‖.

The I-leakage spectrum (c) looks very similar to the P spectrum, and the leakage power
reaches up to ∼ 5.5 [mK]2. At k⊥ < 0.1 and k‖ > 0.1 leakage power is 2–3 orders of
magnitude lower than the maximum. In order to see if I is just a scaled down version of P, we
calculate the ratio

√
I/P as a percentage of P, shown in panel e, which gives an estimate of

the percentage of rms leakage at different k⊥ and k‖. Evidently, at k‖ < 0.06 leakage rms is
0.2%–0.3% of the polarization rms, and can go as high as 0.4% at high k‖ where noise leaked
from P to I dominates.

The V -leakage spectrum is shown in panel b, and its level is much lower, the peak being
around 0.06 [mK]2. The region at high k‖ and high k⊥ is dominated by noise, as signal-to-
noise ratio is lower for longer baselines. By comparing this spectrum with that of P, it can
be seen that the rms of the V -leakage at low k‖ is only ∼ 0.003% of the rms of the polarized
emission which means that the uncorrected V leakage is negligible compared to the current
noise levels in the EoR experiments within a FoV of 4◦.

As noted in the previous section, leakage is lower near the centre of the field (see Fig.
4.1). In order to quantify the associated decrease in power, we calculated the power spectra of
I, P and

√
I/P within the inner 3◦ of the field. We found that, in this case, maximum leakage
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Figure 4.3: Top: Cylindrically averaged 3D power spectra (PS) of the polarized emission (P) within the central 4◦ of the 3C196 field (a) and its
leakages into Stokes V (b) and I (c). Panel d shows the ratio between panel c and the corresponding PS of the 21-cm differential brightness
temperature ∆2

21 for the fiducial model of Mesinger et al. (2011) at z = 9. The contours are drawn where this ratio is 1 for both the normal
leakage and the leakage reduced by 70%. Bottom: (e) Square-root of the ratio between the panels c and a expressed as a percentage. The g and f
panels represent the same quantity as that of the c and e panels respectively, but for the case when 4 foreground components were removed from
the leakage into Stokes I. Panel h shows the same percentage as the e and f panels, but when 60 mK noise was added to the I-leakage before
foreground removal. The subscript R stands for GMCA residual.
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into I at low k‖ is ∼ 4.9 [mK]2 and
√

I/P≈ 0.2% at k‖ < 0.06 which is lower than the level
of leakage within the inner 4◦.

To see how P→ I leakage affects the EoR signal, we took the 3D spherical power
spectrum of the fiducial model of 21-cm differential brightness temperature δTb at z = 9
from Mesinger et al. (2011) and calculated the corresponding cylindrical power spectrum
as ∆2

21(k⊥,k‖) = k2
⊥k‖∆2

21(k)/[2(k
2
⊥+ k2

‖)
3/2]. The spherical PS is plotted in Fig. 4.4 along

with the spectra of P, I and V , and the figure clearly shows that the EoR signal power is
higher than the I-leakage at k < 0.3 Mpc−1, and can be 2 orders of magnitude higher at the
lowest scales. The ratio between ∆2

21(k⊥,k‖) and ∆2
I (k⊥,k‖) is plotted in Fig. 4.3d where the

contours are drawn at ∆2
I /∆2

21 = 1 for the normal case and the case when 70% of the leakage
had been removed. Evidently, there is an ‘EoR window’ above the PSF-induced wedge and
below k‖ ∼ 0.5 Mpc −1, and the window extends up to k‖ ∼ 1 Mpc−1 when 70% leakage is
removed.

4.3 Polarization leakage removal

As Jelić et al. (2010, section 7.2) have discussed at length, a leakage of the polarized
foreground into total intensity will be a major obstacle in detecting the EoR signal if (1)
the level of leakage is comparable to the intensity of the EoR signal, and/or (2) frequency
spectrum of the leakage mimics that of the signal. Fortunately, in the 3C196 field the latter is
not the case, as we have seen that there is no significant polarization at high Faraday depths,
or, equivalently, at high k‖. However, the power of leakage could be comparable to that of the
signal at high k‖ and hence leakage needs to be removed with sufficient accuracy to extend
the EoR window.

There are many methods for removing foregrounds from Stokes I; some assume spectral
smoothness of the foreground and try to fit it out using polynomials, while others do not
assume anything and hence are called ‘blind’ or non-parametric methods (for a list see
Chapman et al., 2016). The best way to remove the leakage contribution of the foreground is,
of course, to use the time-frequency-baseline dependent Mueller matrices during calibration
and/or imaging to produce beam- and leakage-corrected images. Another potential way is to
correct them in the Faraday dispersion images, i.e. correcting the FI(Φ) using information
from F(Φ) as demonstrated by Geil et al. (2011, see section 6.2 and Fig. 6). For leakages as
smooth as in the field of 3C196, simply filtering the FI(Φ) for Φ∼ 0 could be another potential
solution. However, testing these methods is beyond the scope of this paper, and here we use
a non-parametric foreground removal method, called GMCA (generalized morphological
component analysis; Bobin et al. 2007, 2008a,b), that has been shown to be able to remove
foregrounds from simulated LOFAR-EoR data with high accuracy (Chapman et al., 2013).

If a signal is represented as X = AS+N where S is the foreground to be extracted, N is
noise and A is the mixing matrix, then GMCA tries to calculate a mixing matrix for which S
is sparsest (have the least number of non-zero wavelet coefficients) in the wavelet domain.
For details of the algorithm we refer the readers to Chapman et al. (2013). We run GMCA on
the Stokes I-leakage cube to extract and subtract 4 components of the leaked foreground, as
this number has been shown to yield good results (Chapman et al., 2016), and produce 3D
cylindrical power spectrum from the residual cube which is shown in Fig. 4.3g. It clearly



4.3 Polarization leakage removal 61

0.1 1

k [Mpc¡1 ]

10
-6

10
-3

10
0

10
3

10
6

¢
2
(k
) 

[m
K

]2

P

I

V

¢221(k) at z=9

Figure 4.4: Spherically averaged 3D power spectra of the polarized emission within the central
4◦ of the 3C196 field (top solid), its leakages into Stokes I (middle solid) and V (bottom
solid) caused by the LOFAR model beam, and the PS of the 21-cm differential brightness
temperature ∆2

21 at z = 9 (solid with circles) for the fiducial model of Mesinger et al. (2011).

shows that the power of the smooth foregrounds at low k‖ (< 0.06) has been reduced by
almost two orders of magnitude by GMCA; compare it with the input I-leakage spectra of
panel c that is plotted on the same scale. On the other hand, everything above k‖ = 0.1
has been kept completely untouched due to low SNR—where S is the foreground and N
is the noise including the cosmic signal—as GMCA cannot produce reliable model for the
foregrounds when the SNR is low. In panel f , we plot the ratio of the GMCA residual PS
and the polarization PS which shows that after GMCA subtraction, rms residual leakage at
k‖ < 0.1 is around 0.1% of the polarized intensity. However, the EoR signal could also be
removed along with the foreground in this case as there was no noise in Stokes I except for a
very low level of noise leaked from Q,U .

To see how additive noise affects the removal of leakage, we add 60 mK (rms) noise,
which should be reached after 600 hours of integration using LOFAR (Chapman et al., 2016),
to the Stokes I leakage maps at all frequencies. The noise was added to the visibilities and
a new image cube was produced from the noisy visibilities. We run GMCA on the noisy
I-leakage cube and produce a 3D cylindrical PS from the residual and take the square-root of
the ratio of this PS with respect to the I-leakage which is shown as a percentage in Fig. 4.3h.
We see that almost no leakage has been removed in this case, not even in the relatively high
SNR region at low k⊥. Therefore, we conclude that in case of such levels of noise, either a
different strategy should be taken to remove foreground-leakage, or the leakage dominated
region (where the leakage is more than the EoR signal) should be avoided to some extent
(see Chapman et al. (2016) for a discussion on the relative merits of foreground removal and
avoidance.)
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4.4 Conclusion

To predict the level of polarization leakage in the Stokes I images of the 3C196 field, we took
the real LOFAR observations of Galactic diffuse polarized emission in this field and created
an unreal sky model where I =V = 0 to quantify the leakages from Q,U to I,V caused by
the DD errors. An RM-synthesis of the DDE-corrupted P image cubes showed that in this
particular field polarization peaks within the Faraday depths (Φ) of -1 and +5 rad/m2. From
the effective Stokes I Faraday dispersion images we saw that polarization leakage is localized
around Φ = 0 (Fig. 4.2), as DD-errors do not have any rapid variation along frequency.
Maximum leakage was found to be around 15 mK which could be comparable to the EoR
signal (Fig. 4.1).

To understand the level of leakage contaminant in the ‘EoR window’ of the instrumental
k-space, we calculated the cylindrically and the spherically averaged 3D power spectra (PS)
of I,P,V cubes. The P spectrum shows characteristic smooth polarized foregrounds at low k‖
(Fig. 4.3) and the I-leakage spectrum looks very similar to this. From the power ratio,

√
I/P

we showed that the percentage of rms leakage over the k⊥,k‖ space varies by a factor of 2
and ranges from 0.2% to 0.4%. We compared the I-leakage with the 3D PS of the expected
21-cm differential brightness temperature at z = 9 simulated by Mesinger et al. (2011) and
saw that the region above the PSF-induced wedge and below k‖ ∼ 0.5 Mpc−1 is dominated
by the cosmic signal (Fig. 4.3d) and hence defines a potential ‘EoR window’, and the window
expands substantially after removing 70% of the leakage.

As the I-leakage do not mimic the EoR signal in this case, we tried to remove it using
GMCA which is being used to remove diffuse foreground from the LOFAR-EoR data. From
the 3D PS of the residual left after the removal of foreground leakage components by GMCA,
we saw that (Fig. 4.3f,g) at k‖ < 0.1, i.e. in the high SNR regime, GMCA could reduce
the leakage by up to two orders of magnitude while the region above that scale was left
completely untouched. For a more realistic analysis, we added 60 mK noise to the Stokes I
leakage maps, reran GMCA on it and saw that (Fig. 4.3h) in this case almost no leakage was
removed, not even in the relatively high SNR region.

Antennas for the future arrays like SKA, that have EoR detection as one of the main
scientific objectives, are being designed in such a way that their polarimetric performance
is good enough to be able to minimize the effects of polarization leakage (de Lera Acedo;
private communication). A recently proposed figure of merit for quantifying the polarimetric
performance is the intrinsic cross-polarization ratio (IXR) which, in Mueller formalism, can
be directly related to the instrumental polarization (Carozzi & Woan, 2011, eq. 23). Our
LOFAR results show an instrumental polarization of around 0.3% (Fig. 4.3e; ignoring V → I
leakage) within the FWHM of the nominal station beams, i.e. within a FoV of ∼ 4◦. This
corresponds to an IXRM (Mueller IXR) of 25 dB, or equivalently an IXRJ (Jones IXR; see eq.
25 of Carozzi & Woan 2011) of 56 dB, and if the leakage can be reduced by 70%, IXRM will
improve to 35 dB.

Therefore, we can say that if SKA has a minimum IXRM of 25 dB within the central ∼ 4◦

of its nominal station beams, then even a modest polarimetric calibration (∼ 70% leakage
removal) will ensure that the polarization leakage remains well below the expected EoR signal
at the scales of 0.02–1 Mpc−1. However, if the IXRM is lower within a FoV of 4◦, more
leakage needs to be removed to reach the same level as before in relation to the EoR signal in
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the power spectra, e.g. if the IXRM is 20 dB, 91% leakage has to be removed, and if it is 15
dB, 97% has to be removed.

The major conclusions of this chapter are the following.

1. Two properties of the polarization leakage can be utilized for its removal in this specific
case: it appears around a Faraday depth of 0 rad/m2 in RM-space and the overall
variation of the rms of the fractional leakage in the instrumental k-space is less than a
factor of 2.

2. In the cylindrically averaged 3D power spectra, a clear ‘EoR window’ can be defined
in terms of polarization leakage above the wedge and below k‖ ∼ 0.5 Mpc−1. Within
this window, the EoR signal dominates the polarization leakage and the window takes
up the whole k-space at k‖ < 1 after removing 70% of the leakage.

3. A DDE-blind foreground removal method like GMCA is not ideal for removing leakage
of diffuse polarized emission, as the level of leakage is lower than the current noise
level in the LOFAR observations.
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5. Accuracy of the beam model

Published as Asad et al. (2016a).

Abstract

Leakage of diffuse polarized emission into Stokes I caused by the polarized primary beam of
the instrument might mimic the spectral structure of the 21-cm signal coming from the epoch
of reionization (EoR) making their separation difficult. Therefore, understanding polarimetric
performance of the antenna is crucial for a successful detection of the EoR signal. Here, we
have calculated the accuracy of the nominal model beam of LOFAR in predicting the leakage
from Stokes I to Q,U by comparing them with the corresponding leakage of compact sources
actually observed in the 3C295 field. We have found that the model beam has errors of≤ 10%
on the predicted levels of leakage of ∼ 1% within the field of view, i. e. if the leakage is taken
out perfectly using this model the leakage will reduce to 10−3 of the Stokes I flux. If similar
levels of accuracy can be obtained in removing leakage from Stokes Q,U to I, we can say,
based on the results of our previous paper, that the removal of this leakage using this beam
model would ensure that the leakage is well below the expected EoR signal in almost the
whole instrumental k-space of the cylindrical power spectrum. We have also shown here that
direction dependent calibration can remove instrumentally polarized compact sources, given
an unpolarized sky model, very close to the local noise level.
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5.1 Introduction

One of the fundamental obstacles in statistically detecting the 21-cm signal coming from
the epoch of reionization (EoR) is the leakage of polarized signal into total intensity caused
by the time-frequency-baseline-direction dependent primary beams of the telescope. The
Galactic diffuse foreground, the most dominant contaminant of the EoR signal after the
extragalactic compact sources (e.g. Bernardi et al., 2009, 2010; Patil et al., 2014), is expected
to be separated from the signal by utilizing the fact that the foreground is spectrally smooth
and the signal is not (Jelić et al., 2008; Datta et al., 2010b; Harker et al., 2010; Trott et al.,
2012; Morales et al., 2012a; Bernardi et al., 2013; Pober et al., 2013; Chapman et al., 2013;
Dillon et al., 2015; Thyagarajan et al., 2015b). However, the Faraday-rotated polarized
foreground is also not smooth along frequency, and its leakage into total intensity might
mimic the frequency structure of the EoR signal making the separation of the two difficult
(Pen et al., 2009; Jelić et al., 2010; Moore et al., 2013; Asad et al., 2015, hereafter A15).
Moreover, chromaticity of the beam—characterized, e. g., by the first derivative of the beam
as a function of frequency—can cause the spectrally smooth diffuse foreground to show
fluctuations along frequency (Mozdzen et al., 2016). The EoR detection experiments with
GMRT1 (Pen et al., 2009), LOFAR2 (A15, Jelić et al. 2015), PAPER3 (Kohn et al., 2016),
MWA4 (Sutinjo et al., 2015), HERA5 (Neben et al., 2016), SKA6 (de Lera Acedo et al., 2015)
will be affected by ‘polarization leakage’ to various degrees depending on the directional gain
properties and the fields of view of the instruments.

A number of papers dealing with the direction dependent (DD) gains, i. e. the primary
beam, of low frequency radio telescopes have been published recently that shows the relevance
of polarimetric analysis in the detection of the EoR signal. Pober et al. (2016) demonstrated
the effects of the Stokes I primary beam of MWA that can leak power from the foreground
wedge into the EoR window, claiming that the foreground in even the sidelobes of the primary
beam needs to be modeled and removed for a successful detection of the EoR signal as
the farther the source is from the phase center the worse the leakage of power from the
wedge. Polarized power will be leaked from the wedge in a similar way albeit to a much
lower amplitude. Efforts are underway to better understand the MWA beam and calculate
the accuracy of the beam model. Sutinjo et al. (2015) found that with the ‘Full Embedded
Element Pattern’ model, the beam can be 2–5% different from reality. With the improved
model they found that a I → Q leakage of a few per cent (with outliers up to 10%) is
achievable which is higher than that of the LOFAR case, as the field of view of an MWA
tile is significantly higher than that of a LOFAR station. Some preliminary results of the
‘intrinsic cross-polarization ratio’ (IXR; Carozzi & Woan, 2011) of MWA tiles (Sutinjo &
Hall, 2013) have been published. Foster et al. (2015, fig. 1) show an example of the variation
of IXRJ (IXR calculated in terms of Jones matrices; see Carozzi & Woan (2011) for more
details) of a simple all sky dipole element at 130 MHz. The beam model exhibits an IXRJ
of 70 dB toward the zenith with a low-IXRJ structure along the 45 degree line between the
orthogonal receptors, and based on this model they have used a polarization leakage of up to

1http://gmrt.ncra.tifr.res.in/
2http://www.lofar.org/
3http://eor.berkeley.edu/
4http://www.mwatelescope.org/
5http://reionization.org/
6http://www.skatelescope.org/
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-30 dB in their simulations of pulsar times of arrival. A stringent limit on the accuracy of the
model beamwidth of a wide-field transit radio telescope has been set by Shaw et al. (2015).
By simulating the CHIME7 observations of the foreground-contaminated 21-cm signal in
the presence of instrumental errors, they have found that in order to recover unbiased power
spectra, the model beamwidth of each element should be known to an accuracy of at least
0.1% within each minute. Compared to beamwidth, beamshape errors would be even more
difficult to model and hence would be a more problematic source of bias in the power spectra.

In Chapter 4, we predicted the polarization leakage from Stokes Q,U to I to be expected
in the ‘EoR window’ of the cylindrically averaged power spectra (PS) using the LOFAR
observations of the 3C196 field. The prediction was based on the nominal model beam of
LOFAR produced by Hamaker (2011) using an electromagnetic simulation of the ASTRON
Antenna Group8 (Schaaf & Nijboer, 2007). We found that within a field of view (FoV) of
3 degrees the rms of the leakage as a fraction of the rms of the polarized emission varies
between 0.2 to 0.3 per cent, and the leakage is lower than the EoR signal at k < 0.3 Mpc−1.
We thus concluded that even a modest polarimetric calibration over the FoV would ensure
that the polarization leakage remains well below the expected EoR signal at scales of 0.02–1
Mpc−1. The accuracy of this prediction depends mainly on the accuracy of the model beam.

In this chapter, we have used LOFAR observations of the compact sources in the 3C295
field to quantify the accuracy of the nominal model beam of LOFAR (Hamaker, 2011), as
this field is less contaminated by polarized diffuse emission than the 3C196 field. In addition
to quantifying the accuracy of the beam, we demonstrate the efficiency of a DD calibration
method in removing instrumentally polarized compact sources. This chapter is organized
as follows. Section 2 revisits the nominal model beam of LOFAR and shows the behavior
of the intrinsic cross-polarization ratio of the instrument as a function of distance from the
phase center and also distance of the observing field from the zenith. In section 3, we describe
the data reduction, calibration and simulation pipelines. Our results are presented in section
4—first, we present the results of the observation and the simulation, then compare them to
quantify the accuracy of the beam model, and finally present the results of the DD calibration.
The chapter ends with a discussion of our analysis and some concluding remarks.

5.2 Primary beam model of LOFAR

The primary beams of LOFAR HBA stations are modeled in three steps: an analytic expression
is used for the dipole beams whose coefficients are calculated by fitting to a beam raster
generated by electromagnetic simulation, the 16 dipole beams are phased in an analog way to
create the tile beams, and the tile beam patterns are multiplied together with the respective
weights and phases using an ‘array factor’ to create the station beams.9 As a low-frequency
aperture array, LOFAR does not have any moving parts and hence the beams of two orthogonal
feeds are projected non-orthogonally away from zenith while tracking a moving source giving
rise to mutual coupling between the beams. The projection-induced mutual coupling is the

7http://chime.phas.ubc.ca
8M. J. Arts; http://www.astron.nl
9The simulation procedure is described in detail in Hamaker (2011) and its key points are also mentioned in Asad

et al. (2015, section 2.2.2). Also note that the software package that creates the directional response of the antenna
elements is included in the standard LOFAR calibration software BBS (Pandey et al., 2009), publicly available at
https://svn.astron.nl/LOFAR/trunk/CEP/Calibration.

https://svn.astron.nl/LOFAR/trunk/CEP/Calibration


70 Chapter 5. Accuracy of the beam model

6 ◦

12 ◦

18 ◦

6 ◦

12 ◦

18 ◦

20 15 10 5 45 40 35 30

Figure 5.1: Simulated model of the primary beam Jones matrix of the LOFAR station
CS001HBA0 at 150 MHz for a zenith pointing. The color-bar is shown in decibel units. The
left and right panels show the (xx+ yy)/2 and (xx− yy)/2 components respectively.
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Figure 5.2: Spectral structure of the primary beam model of LOFAR calculated by taking
a slice in frequency space at different zenith angles at an azimuth of 180◦. The color-bar
is shown in decibel units. The left and right panels show the (xx+ yy)/2 and (xx− yy)/2
components respectively.
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Figure 5.3: IXRM of a typical LOFAR baseline within the central 8.3◦× 8.3◦ of the 3C295 field at eight different instances during an 8-hr
synthesis. The EM-simulated LOFAR model beam has been used to calculate the parameter. The panels correspond to different hour angles,
mentioned in the top-left corners. IXRM is lowest at ∓0.6 h when the field is very close to its culmination point or equivalently in the zenith.
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principal contributor to polarization leakage and its removal completely depends on how well
we can model the beam.

Although projection effects are worse at lower elevation, it is possible to remove the
effects of the primary beam to high accuracy toward at least one direction, the phase center,
at all elevations using direction independent (DI) calibration (Sault et al., 1996) and a model
of the dipole beam (e. g. see Chapter 2). After calculating the electronic gains of a station
via DI calibration and correcting the data for the dipole beam at the phase center, only the
effect of the array factor and the errors in correcting the dipole beam effects remain, which
can be thought of as a differential beam with respect to the phase center. An example of such
a ‘differential’10 station beam at 150 MHz is shown in Fig. 5.1 where the field of view, the
nulls and the sidelobes are clearly visible. The left panel of the figure shows the sum of the
diagonal terms of the beam Jones matrix, i. e. (xx+ yy)/2, and the right panel shows their
difference, i. e. (xx− yy)/2. If we divide the difference by the sum, we obtain the fraction
of Stokes I flux that leaks into Stokes Q. A more intuitive way to calculate this leakage is
to use Mueller matrices instead of Jones matrices, and we calculate the leakage in terms
of Mueller matrices below and follow the Mueller formalism throughout the chapter. Fig.
5.2 shows the spectral structure of the sum (left panel) and the difference (right panel) of
the diagonal terms of the beam Jones matrix and they demonstrate that the position of the
sidelobes changes smoothly as a function of frequency. We will demonstrate the accuracy
of this beam in predicting the polarization leakage. We will call this leakage the ‘off-axis’
leakage as opposed to the ‘on-axis’ leakage at the phase center. Off-axis leakage increases as
we go away from the phase center and the zenith or, in case the observing field never reaches
the local zenith, the culmination point of the field.

A fundamental figure of merit (FoM) to evaluate the polarization performance of a
polarimeter is the intrinsic cross-polarization ratio (IXR) introduced by Carozzi & Woan
(2011). The ‘intrinsic’ in IXR signifies that the parameter is independent of the choice of
coordinate systems. IXR is related to the invertibility of a DD Jones matrix. The Jones
matrices calculated by calibration are inverted and multiplied with the data to give the
‘corrected’ data, and hence the intrinsic invertibility of a Jones matrix put a fundamental
limit to the extent to which a data can be corrected. For Stokes polarimeters, IXR can be
easily converted to a Mueller IXR, or IXRM which, in turn, is directly related to the fractional
polarization leakage (fraction of Stokes I signal leaked into Stokes Q,U,V and vice versa)
caused by the beam, mathematically

IXRM = 10× log10


√

M2
10 +M2

20 +M2
30

|M00|

dB (5.1)

where M is a 4× 4 Mueller matrix corresponding to the outer product of the DD Jones
matrices of two elements that make up a baseline of an array, and by the subscript ‘10’ in M10
we mean the second row and first column of the matrix (for explanation see section 2.2.1 of
A15). M10, M20, and M30 give leakages from I to Q, U , and V respectively, and M00 gives the
Stokes I beam. For an example of a Mueller matrix that completely characterizes the beam
of a baseline see fig. 2 of A15. Note that IXRM is usually taken to be the opposite of this

10In this chapter, whenever we talk about the LOFAR primary beam or station beam, it should be understood to
be the ‘differential’ primary beam, i. e. the beam where each component of the Jones or Mueller matrix has been
normalized with respect to the phase center.
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Figure 5.4: Azimuthal profiles of IXRM at eight different instances of time during an eight
hour observation of the 3C295 field. The texts correspond to the hour angle of the field during
the observation which clearly shows that the leakage is lowest at±0.6 h. The solid and dashed
lines correspond to the negative and positive hour angles respectively.

value, the values are usually expressed as a positive integer and in dB units. However, here
we express the dB values as negative integers so that they correspond to the increment of
leakage with distance from the phase center more intuitively.

IXRM distributions within the central 8.3◦×8.3◦ of the 3C295 field, one of the secondary
observing windows of the LOFAR-EoR project, at eight different instances of time during
an 8 hour synthesis are shown in Fig. 5.3 for example; the observation time increases as we
go from left to right panels on the top, and then from right to left panels on the bottom. We
see that IXRM increases as we go away from the phase center of the field and also from the
culmination point, and this increment directly corresponds to an increase in leakage. There is
a reversal of orientation of the elliptical shape of the spatial distribution of the IXRM which is
due to the reversal of the orientation of the projected dipole beams. For a more quantitative
understanding we show the azimuthal profiles of IXRM at the same eight instances of time in
Fig. 5.4. We see the same trend as Fig. 5.3 here: an increase of IXRM as we go away from
the center and the zenith. IXRM or equivalently the leakage is lowest near the zenith, 3.4 ∼
4.5 hours after the beginning of the synthesis.

All plots in this section have been calculated from the model beam of LOFAR (Hamaker,
2011), the same beam that was used to predict the amount of leakage from linearly polarized
diffuse Galactic emission into total intensity (A15). Our main aim in this chapter is to
demonstrate the accuracy of this model within the FoV of a typical LOFAR HBA (high band
antenna, 110–200 MHz) station. After finding the accuracy, we will be able to constrain our
previous prediction more robustly and the need for improvement of the model. The accuracy
has been demonstrated below by comparing the leakage actually seen in an 8-hr synthesis
data of the 3C295 field and the leakage predicted by the model beam that we have introduced



74 Chapter 5. Accuracy of the beam model

Table 5.1: Observational parameters of the 3C295 synthesis.

3C295 field
Observation ID L104068
Start time [UTC] 22 Mar, 2013, 21:41:05
Phase center, RA 14h11m20.6s

Phase center, DEC +52◦12’9”
Frequency range 115–189 MHz
Spectral resolution 3.2 kHz
Observing time 8h
Integration time 2s

in this section.

5.3 Data processing and simulation pripelines

We have used real and simulated LOFAR observations of the 3C295 field. This field was
chosen because the compact sources in Stokes Q,U leaked from Stokes I are less contaminated
by diffuse polarized emission compared to the 3C196 field. Observed data were processed
using the standard LOFAR software pipeline, and the simulated observations were produced
using the simulation pipeline presented in A15. In this section, we briefly describe the
observational setup and data processing steps. Next, the process of simulating the desired
observations, taking into account the systematic effects of LOFAR, by implementing our
previous pipeline is described.

5.3.1 Observations

The 3C295 field was observed multiple times by LOFAR. Here we have used an 8-hour
synthesis observation taken in March 2013. An overview of the observational parameters is
presented in Table 5.1, and an instantaneous uv-coverage of the inner 3 km of the configuration
used for this observation is shown in Fig. 5.5.

For this observation, the phased array was set up in the HBA DUAL INNER configuration
consisting of 48 core stations (CS) and 14 remote stations (RS). As the RS have 48 tiles in
contrast to the 24-tile CS (van Haarlem et al., 2013, fig. 4), half of the tiles of the RS were
turned off to make them equivalent to the CS. The observations spanned the frequency range
from 115 to 189 MHz, that was divided into 380 sub-bands, each of width ∼ 195 kHz. Each
subband was further divided into 64 channels. All four correlations of the voltages between
the orthogonal pairs of dipoles were recorded and the data were integrated every 2s at the
correlator. Data were taken only during the night and the syntheses were symmetric around
the time of culmination of the fields.

5.3.2 Flagging and averaging

The acquired data were first processed using the AOFlagger (Offringa et al., 2010, 2012)
to remove terrestrial radio frequency interference (RFI). Within the frequency range from
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Figure 5.5: The instantaneous uv-coverage of the LOFAR configuration. Only the Dutch sta-
tions have been shown here. The coverage within the inner 3km, relevant for our experiment,
is shown on the inset. The u and v distances are shown in frequency independent physical
units, i. e. in km.

115–177 MHz, on average only 1% data were flagged due to RFI. However, above 177
MHz more than 40% of the data were flagged due to interfering signals from Digital Audio
Broadcasting. After flagging, the data were averaged in time and frequency to reduce their
volume for further processing. Every 10s of the data were averaged, and the inner 60 channels
of every sub-band were averaged to produce a single channel of width 183 kHz. The four
edge channels were excluded from the averaging process to remove edge effects from the
polyphase filter. Averaging usually results in bandwidth and time smearing, but we are not
affected by them as only the short baselines were considered in this study which are less
prone to smearing effects.

5.3.3 Calibration

After flagging and averaging, we performed calibration in two steps: direction independent
(DI) and direction dependent (DD). DI calibration was performed using the Black Board
Selfcal (BBS) package (Pandey et al., 2009). We used a sky model consisting of only 3C295,
the central source that dominates the visibilities on all baselines. The model (Scaife & Heald,
2012) had two components with a total Stokes I flux of 97.76± 2 Jy at 150 MHz and it
also sets our broad band spectral model. Note that the model "lead to unacceptably high
flux scale uncertainty at frequencies below 70 MHz," but we would not be affected by this
as we restrict ourselves within the frequency range of 134–166 MHz. BBS calculates the
four complex components of the DI Jones matrices for each station taking into account the
changing location of 3C295 within the primary beam of the dipole elements, and the variation
of parallactic angle which minimizes the instrumental polarization in the vicinity of the phase
center of the field. The gains are then applied on the model visibilities which in turn are
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Table 5.2: Imaging parameters.

Baseline cut 30−1000 λ

Weighting Natural
Angular resolution (PSF) 3.44 arcmin
Frequency range 134–166 MHz
Spectral resolution 1.9 MHz
Synthesis time 8h
Time resolution 10s
Number of pixels in the image 1024 × 1024
Size of each pixel 0.5 arcmin

subtracted from the observed visibilities to remove the 3C295 source with its DI gains. In
addition, BBS removes the clock and short-timescale ionospheric phase errors, and sets the
frequency-dependent intensity and astrometric reference frame for the field (Pandey et al.,
2009; Yatawatta, 2012; Jelić et al., 2014).

DI-calibration works well only for the sources on or very close to the phase center.
However, there are another 10 sources brighter than 0.75 Jy within the central 8◦ of the
3C295 field, and we removed them with their corresponding DD-gains using SAGECAL, a DD-
calibration package (Kazemi et al., 2011; Kazemi & Yatawatta, 2013). SAGECAL calculates
complex Jones matrices for every station toward the directions of the 10 sources. Although
SAGECAL does not have any information about the time-frequency varying polarized primary
beams of the stations, it should be able to reproduce their effects through the DD-gains. In
principle, all significant DD effects should be absorbed in the DD-gains, among them also the
position-dependent ionospheric delays. Each direction is associated with one source, and the
solution interval is 10 minutes for each direction which is sufficient to remove the sources
down to the confusion noise, resulting from the background unresolved radio sources, on
the short baselines. Removing these 10 sources does not affect the other sources in the field
since no gain solutions are applied to the data in DD calibration; they are only applied to the
model and subtracted from the data. Note that the data has not been corrected for ionospheric
Faraday rotation, that depolarizes the signal depending on the level of total electron content in
the ionosphere. However, it will not affect our experiment as the variation of the ionospheric
Faraday rotation is usually comparatively small within 8 hours (e. g. see fig. 2 of Jelić
et al., 2015) and it affects only the intrinsically polarized sources which are excluded while
calculating the accuracy of the beam model.

5.3.4 Imaging

Two different sets of images were produced, one from only the DI-calibrated data and the
other from both DI- and DD-calibrated data. Imaging was performed using the standard
LOFAR-EoR imaging software, excon (Yatawatta, 2014, http://exconimager.sf.net).
Baselines only up to 1 kλ were used and, although higher resolution images would produce
even better results, an angular resolution of 3.44 arcmin is both sufficient for our purposes
and computationally less expensive. The visibilities were weighted naturally in all cases.
We took 160 subbands within the frequency range of 134–166 MHz centered around 150
MHz to conduct our simulation and analysis described below. We use the same parameters to

http://exconimager.sf.net
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Table 5.3: Parameters for the simulated observation.

Baselines used 30−1000 λ

Phase center, RA 14h11m20.6s

Phase center, DEC +52◦12’9”
Frequency range 134–166 MHz
Spectral resolution 1.9 MHz
Synthesis time 8h
Time resolution 10s
Minimum flux in the sky model 100 mJy
Number of sources 140

create images from both the real observations and the simulated observations. The imaging
parameters are listed in Table 5.2.

5.3.5 Simulated observations

For simulating the LOFAR observations of the 3C295 field, we use the pipeline described in
our previous paper, A15. Here we briefly outline the steps of the simulation specific to this
experiment.

First step in simulating an observation is to create a realistic sky model from observed data
that we want to compare with. We have taken the Stokes I images for 160 frequency channels
and created a sky model using buildsky that uses the available frequency information to
calculate the spectral index of each source. The aim is to predict the leakage from Stokes
I to Q,U , hence we do not want to include any polarization in our sky model. We used a
flux cut of 100 mJy to remain well above the local noise around the sources (∼ 5 mJy/beam).
Our model consisted of 140 point sources, mainly within the first null of the primary beam,
several of which were constructed by more than one components. Note that, we have created
a sky model from an image that was not corrected for the primary beam. Therefore, there is
a systematic decrease in flux away from the phase center until the first null, and then there
are some more sources on the sidelobes of the beam. The attenuation caused by the primary
beam does not pose any difficulty in quantifying the fractional leakages, as the attenuation
effect drops out in the ratio of different Stokes parameters, the parameter we are interested in.
Also note that in the case of calibrating real data, sky models are usually constructed from
very high resolution images, but for our purpose such precision is not required as, again, we
are only interested in the fraction of Stokes I flux leaked into the other Stokes parameters,
and not in the absolute Stokes I flux.

We calculated visibilities from the sky model using the same baselines as that of the
observation at all frequency channels and taking into account the station-time-frequency
dependent model primary beams of the instrument. This was done, in effect, by multiplying
the fluxes of the individual sources with the beams at the corresponding positions, times
and frequencies and Fourier transforming them using BBS. Therefore, although the sky was
completely unpolarized, the predicted visibilities had non-zero values in all four visibility
correlations due to instrumental polarization. The parameters of this simulated observation
are listed in Table 5.3. Note that, the set-up of the instrument was the same for the simulation
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as that of the observation.

The simulated visibilities were inverted to produce four images corresponding to the
four Stokes parameters. Same imaging parameters were used in this case as in the case of
imaging from the observed data; the key parameters are listed in Table 5.2. The standard
imaging software CASA was used for all imaging. Although we created images for all Stokes
parameters, here we will use only Stokes I, Q and U images for our analysis, as the SNR
of I→V leakage is too low to be useful for a comparison between the observation and the
simulation. We used the standard definition of Stokes visibilities to calculate the Stokes
parameters from the visibility correlations, as given by the equations (13)a–d of A15, and the
linear polarization P was calculated as Q+ iU . We also created an average of the images of
all frequency channels to get an increased SNR that will facilitate the extraction of source
fluxes.

5.3.6 Source flux extraction

Once we have all the images, the next step was to calculate the fluxes of the sources that we
want to compare. The quantity we use in this case is the ‘peak flux’, as it is straightforward
to determine and sufficient for illustrating the difference between the observation and the
simulation. To extract the peak fluxes, first, we created small non-overlapping circular
apertures around the point sources of interest in the averaged observed P image—as the
source must be present in the observed P image for us to be able to compare it with the
simulation—where the sources are clearly visible due to high SNR. The sizes of the apertures
depended on the structure of the sources, some of which had double lobes, but their radii were
never more than 3.3 arcmin in an 8.3 degree image of 0.5 arcmin pixel size. The apertures thus
produced from the observed P image were used in all images, and the maximum flux within
the apertures were extracted in each case. Following this method, we produced eight different
lists of the sources with their peak flux corresponding to the Stokes I, Q, U and the linear
polarization P images of both the observation and the simulation. The minimum threshold set
during flux extraction depended on the SNR of individual images and the numbers will be
mentioned when we describe the results of the data analysis and simulation. The observation
also has diffuse polarization, but, as mentioned before, in the 3C295 field this emission is
small compared to the 3C196 field, motivating the use of this field rather than the latter; the
diffuse emission in the real data set a lower limit on the accuracy of the measurements in the
data.

It should be noted that we do not include the effects of the total intensity of the diffuse
foregrounds in our simulations. One could argue that we would be affected by the total
intensity of the diffuse emission here, if the emission was sufficiently bright. But, we have
seen that this is not the case. In fact, we could not detect any diffuse emission in Stokes I
even after removing the brightest compact sources. More sources have to be subtracted before
we can start looking for diffuse emission in total intensity. However, the case is very different
in polarization. Polarized diffuse emission can be comparable to both the instrumentally and
intrinsically polarized compact sources. But, again, we have seen that in the 3C295 field
that is not the case. In fact, less contamination from diffuse polarized emission was the very
reason we chose this field for this experiment. For example, note in Fig. 5.6a that very few
compact sources are seen through diffuse polarized emission, and even the sources that are,
are much brighter than the diffuse emission around them. More details about this figure are
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described below in section 5.4.1.

5.3.7 Figures of merit

The figures of merit used in this chapter are mainly the fractional linear polarization leakages,
equivalent to the degrees of polarization. However, we also calculate the leakage for Stokes
Q,U separately. The following three parameters are most frequently used:

mP =
|Q+ iU |

I
×100 (5.2)

mQ =
Q
I
×100 (5.3)

mU =
U
I
×100. (5.4)

From now on, mP, mQ and mU will refer to the the observed data, and for the simulated data
we will use m′P, m′Q and m′U , the ratios of the corresponding simulated Stokes parameters. The
ratio parameters mP/m′P, mQ/m′Q, mU/m′U and the difference parameters mP−m′P, mQ−m′Q
and mU −m′U are the figures of merit we are most interested in. mP of the sources should
follow a Rice distribution as they are essentially the degrees of polarization (for a review see
Trippe, 2014).

Note that these parameters are different from the IXRM introduced in section 2. mP is
most closely related to the IXRM and, as Stokes V leakage is ∼ 3 orders of magnitude lower
than the linear polarization leakage (e. g. see figs. 6 and 11 of A15), the value of mP should
be comparable to IXRM in magnitude. However, we would like to point out that IXRM is
calculated directly form the model of the beam, whereas mP is calculated either from the
observed data or from the data created by applying the model beam on the sky and, also, in
this case the data is averaged over 8 hours within which time the sky moves in the beam.
In case of instrumental polarization, mQ is determined by M10, mU by M20 and mP by a
combination of them.

5.3.8 Rotation Measure Synthesis

A good way to distinguish between the intrinsic and the instrumental polarization is rotation
measure (RM) synthesis (Brentjens & de Bruyn, 2005). A linearly polarized wave can
undergo Faraday rotation, the rotation of its polarization angle (χ), during its journey from the
source to the observer if there are magnetized plasma in between. This wavelength-dependent
rotation is quantified by rotation measure, defined as dχ/dλ 2, which is equivalent to Faraday
depth

Φ = 0.81
∫ observer

source
neB‖dl (5.5)

if the intervening magneto-ionized medium is assumed to be a single screen; here ne is the
density of electrons and B‖ is the magnetic field component along the line-of-sight component
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dl. Φ and λ 2 are a Fourier conjugate pair, and this Fourier relationship is the basis of RM-
synthesis, a per-pixel one dimensional Fourier transform along λ 2 for a multi-frequency data.
If a source is intrinsically polarized, Faraday rotation will introduce spectral structures in
the broadband signature of the source. The more it fluctuates along λ 2 the higher Faraday
depth it will appear at, a basic consequence of the Fourier relationship. On the other hand
if the source is not intrinsically polarized, the only broadband signatures that it will have in
its polarization is that of the ‘differential’ beam, which is very smooth along frequency (as
shown in Fig. 5.2), and the ionosphere. Due to the spectral smoothness of the beam, and due
to the fact that we do not apply an ionospheric RM correction, instrumental polarization will
produce a strong signal at Φ = 0 rad m−2.

We have performed RM-synthesis—using the code written by Michiel Brentjens11—
in our analysis mainly to distinguish between the intrinsic and instrumental polarization,
which is necessary if we want to compare the leakage predicted by the model beam with the
instrumental part of the linear polarization seen in the observed data.

The image obtained after RM-synthesis is usually called Faraday dispersion function
F(Φ), which is just the polarized surface brightness per unit Faraday depth. We have not
cleaned F(Φ) in our analysis, which means in our case F(Φ) is actually the polarized surface
brightness convolved with the rotation measure spread function (RMSF), the equivalent of
power spread function (PSF) in imaging. However, to clearly determine the fluxes and degrees
of polarization of the instrumentally polarized sources, we have subtracted the RMSF from
the Faraday depth profiles, F(Φ) as a function of Φ, for the sources that could be confused
with sidelobes. Sometimes a source can appear at a higher Faraday depth even if it is not
intrinsically polarized due to the sidelobes of the RMSF. However, sidelobes are usually
symmetric whereas real RM structures are not. By subtracting the RMSF we could eliminate
the possibility of false detection of intrinsic polarization.

5.3.9 Direction dependent calibration

Both modeling and calibration have been or are being tested for removing polarization leakage
in Fourier space. In the former case, leakages are predicted using a model primary beam of
the instrument and then deconvolved from visibilities which is essentially similar to primary
beam correction in Fourier space. One such method, called AW-projection (Tasse et al.,
2013), was tested in A15, and it was found to be able to remove up to 80% leakage. The
latter method solves for the leakages instead of modeling them by minimizing a leakage-free
data set, simulated from a sky model, with the observed data toward different directions;
the solutions thus produced are then applied on the observed visibilities to remove leakage.
SAGECAL is being used as the standard tool for direction dependent calibration and source
removal from Stokes I in the LOFAR-EoR key project. It can also be used to remove point
sources from polarized data (Jelić et al., 2015). Like self-calibration, SAGECAL tries to solve
for gains to match the model visibilities with the observed ones, but SAGECAL does it for
all given directions instead of just one. If the solutions are good, the corrected data after
multiplying the inverse of the gains with the observed visibilities should correspond very
closely to the model visibilities. If the model visibilities are calculated without taking into
account the primary beam, without any leakage from Stokes I to Q,U , SAGECAL should be

11https://github.com/brentjens/rm-synthesis

https://github.com/brentjens/rm-synthesis
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able to blindly incorporate the beam and the corresponding leakage terms in its gain solutions.
SAGECAL’s performance in this regard has not been tested yet,12 and here we perform one
such test. We will show how well it can remove instrumentally polarized point sources by
incorporating beam-leakage terms into the gain solutions. For this we have run DD calibration
on the DI calibrated data set and then used RM synthesis to see if SAGECAL removed the
sources at all Faraday depths.

5.4 Results

We will describe the polarization leakage found in the observed data and the simulated
observations separately and then go on to compare them to demonstrate the accuracy of the
model beam.

5.4.1 Observed polarization leakage

We extracted the peak fluxes of 138 sources from the frequency-averaged P image of the
3C295 field. The faintest source in our list had a flux of 1 mJy which is 6.5σ above the noise
level in the averaged image. Most of these sources are instrumentally polarized and we could
find their Stokes I counterparts from which they were leaked. After finding Stokes I,Q,U
fluxes of all the sources, we could calculate mP, mQ and mU of the sources. The degrees of
linear polarization mP are shown by the bubble sizes in Fig. 5.6a, that ranges from 0.15% to
4%. The trend of increasing mP as we go out from the phase center is also clearly visible
suggesting the effect is a systematic one, and principally caused by the primary beam of the
instrument; compare this with the increase of leakage as a function of distance from the phase
center seen in Fig. 5.3, 5.4.

We then proceed to create the RM profiles, i. e. F(Φ) as a function of Faraday depth, for
all sources detected in P. The average and standard deviation of the fluxes of all the sources at
each Faraday depth is shown in Fig. 5.7a. We can already see from this figure that the fluxes
of most of the sources peak at around a single Faraday depth, and that peak is always around
Φ = 0. The 16 sources that show peaks at higher Faraday depths along with the 0-peak were
isolated. Among them, only 6 could be identified as intrinsically polarized, as described in
section 5.4.1. In case of the other 10 sources, either their peaks were caused by the sidelobe
of the RMSF, or the SNRs of the peaks were too low to be considered as a detection. We did
not take these 16 sources into account while comparing the predicted and observed leakages
to calculate the accuracy of the beam model.

Intrinsically polarized point sources

We have found 6 intrinsically polarized compact sources in the 3C295 field. The RM profiles
of these sources are plotted in Fig. 5.8. The ‘dirty’ RM profiles (convolved with the RMSF)
are shown in green, and the red line shows only higher RM peaks as it was created by
subtracting the product of the RMSF and the 0-peak from the ‘dirty’ profile. Only three
sources show more than 1% polarization and the minimum degree of polarization is only

12A special concern in this regard is the unitary ambiguity that might cause the beam-incorporated solutions to
appear differently rotated than the actual beam (Yatawatta, 2012).
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(b) RM profiles of the simulated polarized point sources in the 3C295
field. The average (solid line) and standard deviation (shaded region) of
the fluxes of almost 100 compact sources have been plotted here at each
Faraday depth. In contrast to Fig. 5.7a, here all sources have their peak
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Figure 5.7
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0.17%. A comparison of the green and red curves in Fig. 5.8 shows that for most of the
sources intrinsic polarization is either comparable to or more than the polarized flux seen
at around Φ = 0. It should be noted that the Faraday depth and the polarization fraction are
affected by the ionospheric Faraday rotation and the depth and beam depolarizations. As we
did not correct for these effects, the measured values (shown on the top right corners of each
panel in Fig. 5.8) cannot be considered to be the true values. But knowing the true values is
not necessary for calculating the accuracy of the beam model; knowing whether the sources
are intrinsically polarized or not is enough.

Based on previous observations, Bernardi et al. (2013) stated that "one would expect to
have one polarized source every four square degrees with an average polarization fraction
of a few percent" between 1.4 GHz and 350 MHz. In their 2400 deg2 survey performed
using MWA at 189 MHz with an angular resolution of 15.6 arcmin and a noise level of 15
mJy beam−1, they found only one polarized point source that shows a 320 mJy peak at RM
∼ +34.7 rad m−2 and a polarization fraction of ∼1.8%. On the other hand, in our 10 deg2

LOFAR image averaged over 134 to 166 MHz with an angular resolution of 3.44 arcmin
and a noise level of 0.15 mJy beam−1, we have found 6 intrinsically polarized point sources.
This discrepancy is mainly due to the different sensitivities of the two observations. A
polarized source in the MWA observation had to have a flux of at least 75 mJy (5σ above their
noise level) to be considered a detection, whereas in our case even the brightest intrinsically
polarized point source have a flux of only ∼7 mJy. Bernardi et al. (2013) did not find any
polarization in the 137 point sources brighter than 4 Jy, and concluded that if any of them
were polarized, the polarization fraction would be less than ∼2%. Our result is in general
agreement with this conclusion, as we see that even for fainter sources—all our point sources
except one are fainter than 2.5 Jy in Stokes I—the polarization fraction is not more than
∼1.3%.

5.4.2 Predicted polarization leakage

We have identified 95 instrumentally polarized sources in the frequency-averaged image of
the visiblities predicted using the unpolarized sky model created from observation. Sources
appear in Stokes Q and U because of the primary beam induced leakage and their degrees
of polarization m′P are shown as bubbles in Fig. 5.6b. Only the sources within the first null
of the primary beam are shown here, as the current software for simulating visibilities can
reproduce the effects of the ‘real’ primary beam well only within the FoV. The polarization
leakage from outside the FoV only comes in via the sidelobes and is a very small effect and
because the EoR analysis is limited to the FoV, this is the only region of interest in terms
of polarization leakage. Leakages from Stokes I into polarization increases as a function of
distance from the phase center and they range from 0.05 to 1.22 per cent as shown by the
sizes of the bubbles. This is consistent with the fractional leakages observed in the 3C196
field which is expected as the two fields roughly have similar declinations. The average and
standard deviation of the fluxes of all the sources are plotted at each Faraday depth in Fig.
5.7b and the contrast with Fig. 5.7a is clearly visible. In the previous figure, intrinsically
polarized sources were found at higher Faraday depths due to the rotation of their polarization
angle by intervening magneto-ionic medium, but in the latter figure there are no such sources
as here the polarization is caused only by the spectrally smooth primary beam. The sources
that do appear at slightly higher Faraday depths than 0 rad m−2 in the latter figure do so only
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Figure 5.8: RM profiles of the 6 intrinsically polarized point sources in the 3C295 field (in
green). The red lines show the profiles after the product of the RMSF and the peak flux at
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positions of the sources in RA, DEC, and their Faraday depths and degrees of polarization are
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due to the sidelobe of the RMSF.

5.4.3 Accuracy of the beam model

As a first step toward understanding the accuracy of the primary beam model, we have
compared the degrees of polarization of the observed and predicted polarized sources, i. e.
mP and m′P, by taking their ratio. The parameter mP/m′P for the sources found in both the
observed and the predicted images is plotted in Fig. 5.9. Both the size and color of the bubbles
correspond to the ratios of the observed and predicted leakages. The most general trend in Fig.
5.6a, 5.6b and 5.9 is that the observed leakage is almost always more than the one induced by
the model beam which seems to show that the model beam is under-predicting the leakage,
but one should note that the observed data has noise and diffuse emission that contribute to the
estimation of source fluxes. The observed leakage is seen to be 0.75 to 4.61 times higher than
the predicted leakage, but for most of the sources the ratio is less than 2. The overestimation
of the degrees of polarization in the observed data could be due to the well-known bias in the
presence of noise (Simmons & Stewart, 1985), and the diffuse emission faintly visible in Fig.
5.6a.

A more natural way to calculate the accuracy of the beam would be to compare the
leakages into Stokes Q and U separately and take the difference between the observed and
predicted leakages, i. e. mQ−m′Q and mU −m′U , instead of their ratios. A bar chart of
these difference parameters are plotted together in Fig. 6.9. As individual Stokes parameters
follow Gaussian noise statistics, their difference should also be Gaussian, and although here
we rescale the Gaussian by taking the difference between the ratios of Stokes parameters
and although the diffuse foreground might not follow Gaussian noise, the distribution still
approximately follows a Gaussian. Both mQ−m′Q and mU −m′U follow approximately a
Gaussian with means close to zero (0.02 for Q and -0.03 for U) and a standard deviation σ

of 0.3. Therefore, we can say with a 68% certainty that the leakage predicted by the model
beam of LOFAR will be 30% different from the actual leakage. If the actual leakage is ∼ 1%,
the model beam might predict the leakage to be around 0.7% – 1.3%.

We have calculated the uncertainty in the prediction of the beam model induced po-
larization leakage, but there are uncertainties in that uncertainty arising from the errors in
extracting fluxes of the sources. To show these uncertainties we plot the FoM mQ−m′Q and
mU −m′U for the sources as a function of their Stokes I fluxes in Fig. 5.11, and as a function
of their distances from the phase center in Fig. 5.12. In the former plot, as the flux of the
source decreases thereby decreasing the local SNR of the source and enhancing the effect
of the Gaussian noise, the random scatter of the aforementioned FoM increases. Therefore,
this trend can be attributed to the Gaussian noise in the image that leaves its imprint on the
extracted fluxes. As sources are attenuated as we go away from the phase center due to the
azimuthally decreasing primary beam, we should expect an increase in the scatter of the FoM
as we go outward from the phase center, and this is exactly what we see in the latter figure.
Hence, this incremental trend of the FoM as a function of distance from the center should not
be attributed to a systematic bias in the model of the beam, but again to the imprint of the
image noise on the extracted fluxes.

As, here, we are mainly limited by the image noise and the errors in extracting fluxes of
faint sources, one would expect the uncertainty in the calculation of the accuracy of the beam
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Figure 5.12: The differences between the observed and predicted leakages for different
sources are plotted against the corresponding distances from the phase center for both Stokes
Q (blue) and U (red).

model to go down if a higher flux density cut is used. And we see exactly this trend. We have
taken only the 18 sources brighter than 600 mJy in Stokes I and made bar charts similar to
that of Fig. 6.9 and found that the standard deviation indeed improves significantly—although
the mean of mQ−m′Q remained 0.02%, its standard deviation improved to 0.1%. On the other
hand, for the 26 sources brighter than 500 mJy, the σ was found to be 0.2% showing that,
due to the effect of the image noise, σ increases as we include more fainter sources. The
contribution of flux extraction error in the calculation of the accuracy of the model beam can
also be seen clearly by comparing Fig. 6.9 and 5.11—the sources for which the difference
between the observation and prediction is more than 0.5% are the ones with low flux and high
scatter, and if we discard these sources the bar chart becomes narrower and exhibits a lower
standard deviation for both Stokes Q and U . Note that the standard deviation in these figures
is contributed solely by the observed images as there was no additive noise in our simulation.
The 18 brightest sources provide a clean model that is precise enough to predict leakage more
accurately over the FWHM of the primary beam. Therefore, we can now say that the errors
are ≤ 10% on the predicted levels of leakage of ∼ 1% typically in 68% of the cases, i. e. in
these cases polarization leakage after calibration with the nominal LOFAR beam should be
≤ 10−3 of Stokes I within the FoV.

5.4.4 Direction dependent calibration

We solved for DD gains toward 10 clusters using SAGECAL (Kazemi et al., 2011; Kazemi &
Yatawatta, 2013). Instead of solving toward the direction of every source in the sky model,
SAGECAL groups the sources into different clusters and solves for the gains toward the
center of each cluster (Yatawatta et al., 2013). However, in our case, each cluster had only one
source, as solving for only the brightest sources is sufficient for our demonstration purpose.
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Figure 5.13: RM profiles of the 10 sources used in DD calibration both before (red) and after
(blue) the calibration. For most of the sources, more than 80% flux could be subtracted using
this calibration. RA and DEC of the sources are given on the top left corner of every panel for
ease of comparison. The texts on the top right corners show percentages of flux subtracted,
and the residual levels with respect to the image noise (in brackets).
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As the sky model was completely unpolarized, SAGECAL should subtract polarized flux
at all Faraday depths irrespective of instrumental or intrinsic polarization. RM profiles of
the 10 sources were created both before and after SAGECAL and they are shown together
in Fig. 5.13 in red and blue respectively. The figure shows that the sources with high SNR,
i. e. half of the sources, were subtracted to more than 80%, and the brightest two sources
were subtracted to ≥ 90%. Local noise level in these images was on average 0.2 mJy, and the
brighter sources were removed sufficiently close to the noise level. The brighter the source,
the better it was removed; the residual of the 20 mJy source was only 2.4 σ above the local
noise. Residuals after subtracting all the sources are mentioned on the top right corner of
each panel, and we see that most residuals are < 5σ .

5.5 Discussion and Conclusions

We have calculated the accuracy of the nominal model beam of LOFAR—created from the
EM simulations of the ASTRON antenna group (Hamaker, 2011)—by comparing the leakages
predicted by the model beam with that of the observation of the 3C295 field. Fig. 5.1 shows
the model beam of a typical station (left panel), and the mismatch between the beams of
the two dipoles (right panel), and Fig. 5.2 shows that the position of the sidelobe of the
beam varies smoothly along frequency. Although the mismatch of the feed-beams already
shows the extent of the polarization leakage, we have quantified the polarimetric performance
of the beam using the IXRM , the Mueller matrix version of the intrinsic cross-polarization
ratio, a standard figure of merit for measuring the polarimetric performance of low-frequency
arrays (see, e. g., de Lera Acedo et al., 2015). Fig. 5.3 and 5.4 show that the polarimetric
performance of low-frequency aperture arrays like LOFAR is best near the phase center of
the field and when the field is close to its culmination point. However, narrowing the field
of view or filtering out the observations close to horizon result in reduced sensitivity and a
balance between data filtering and calibration and modeling of the systematic errors needs to
be maintained. In A15, we showed that taking data only within the central 3 degrees decreases
the effect of polarization leakage. Here, from Fig. 5.4, we see the significant improvement of
polarimetric performance close to the zenith, and further work is needed to establish a balance
between the calibration and/or modeling of the DD systematic effects and the avoidance of
the systematics dominated observation. Note that we did not use the IXRM directly while
calculating the accuracy of the model beam, but the figures of merit we used for this purpose
is very closely related to IXRM , as explained in section 5.3.7.

The prediction of polarization leakage in the ‘EoR window’ of the cylindrical PS can
be made more robust in the context of LOFAR based on the calculations of this chapter.
A15 found that even without any leakage correction the simulated EoR signal is higher than
the rms of the leakage in a significant portion of the cylindrical PS, and this EoR window
extends to almost the whole instrumental k-space of LOFAR if 70% of the leakage could be
removed. In this chapter, by comparing the leakages from Stokes I to Q,U , we have found
that the prediction of the beam, in 68% of the cases, will have an error of ≤ 10%, i. e. if the
predicted leakage is 1%, the actual leakage might be between 0.9% to 1.1%. Therefore, if the
differential beam effects are taken out perfectly using the nominal model beam of LOFAR,
the errors in the correction will be ≤ 10%, i. e. the residual leakage in Stokes Q,U will be
10−3 of Stokes I flux.
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We could calculate the accuracy of the beam model only up to the first null; accuracy of
the sidelobes of the model could not be calculated for two interconnected reasons. First, the
beam model under-predicts leakage on the sidelobes to some extent which can be seen by
comparing the observed (Fig. 5.6a) and the simulated (Fig. 5.6b) images. In the former figure,
some sources can be seen on the sidelobes, whereas in the latter all sources are within the FoV
(note that the FoV would also change with frequency). Of course, the accuracy of the model
beam could still be calculated, if we could quantify the under-prediction, and that’s where the
second reason comes in. The Stokes I fluxes of the sources in the sidelobes were already very
low as they were attenuated by the primary beam, and when we predicted leakage from these
"faint" sources, the resulting leakage was even lower. So, we could not find compact sources
bright enough to give rise to a detectable polarization leakage, even after the under-prediction
of the beam, that would make the calculation of the accuracy possible at these distances from
the phase center. Due to this limitation, we claim our measurement of the accuracy of the
beam model to be reliable only within the FoV. However, a future paper (in preparation) will
take into account both the leakage and the accuracy of the beam model farther away from the
phase center, as they are crucial for EoR experiments.

The result of this experiment obtained using the I→ Q,U leakages should hold true even
for the Q,U → I leakages, as their relationship is symmetric for both the on-axis (Sault et al.,
1996) and off-axis (e. g. see fig. 2b of A15) beams. Therefore, we can say that the beam
model used to predict the Q,U → I leakage in A15 had a 10% error, and if the leakage could
be removed, this error would be one of the constituents of the residual. However, we do not
know how well this subtraction can be performed given that the leakage is even below the
noise level, let alone the total intensity of the diffuse foregrounds. One should be careful
about the uniqueness of each field in terms of both the projection effects of the beam and
the diffuse polarization structure. For example, the diffuse polarized emission in the 3C295
field is very different in both amplitude and spatial and Faraday structure from that of the
3C196 field, but the projection of the beam toward these fields are not that different as they
are situated at similar declinations.

We used DD-calibration to remove leakages of compact sources from Stokes I to Q,U
and found that for sources with sufficiently high SNR, more than 80% of the flux could be
removed and the residuals were generally very close to the local noise level. More work is
needed to see how this blind correction of leakage compare with the correction using model
beam. A good way to compare the modeling and DD-calibration approaches would be to test
the effectiveness of AW-projection (using, e. g., AWIMAGER) and SAGECAL in removing linear
polarization leakage. However, both AWIMAGER and SAGECAL can remove only the leakages
of compact sources from Stokes I to Q,U , whereas for the EoR project we are interested in
the leakages of diffuse emission from Stokes Q,U to I.
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Abstract

Leakage of polarized Galactic diffuse emission into total intensity can potentially mimic
the 21-cm signal coming from the epoch of reionization (EoR), as both of them might have
fluctuating spectral structure. Although we are sensitive to the EoR signal only in small
fields of view, chromatic sidelobes from further away can contaminate the inner region.
Here, we explore the effects of leakage into the ‘EoR window’ of the cylindrically averaged
power spectra (PS) within wide fields of view using both observation and simulation of the
3C196 and NCP fields, two observing fields of the LOFAR-EoR project. We present the
polarization PS of two one-night observations of the two fields and find that the ‘NCP’ has
higher fluctuations along frequency, and consequently exhibits more power at high-k‖ that
could potentially leak to Stokes I. Subsequently, we simulate LOFAR observations of a model
Galactic diffuse polarized emission to assess what fraction of polarized power leaks into
Stokes I because of the primary beam toward different directions. We find that the fractional
leakage over the instrumental k-space is 0.35% in the 3C196 field, and 0.27% in the NCP
field, and it does not change significantly within the three fields of view: 15◦, 9◦ and 4◦ in
diameter. Based on the observed PS and simulated fractional leakage, we show that a similar
level of leakage into Stokes I is expected in the 3C196 and NCP fields.
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6.1 Introduction

Polarization leakage is one of the least explored effects that can potentially contaminate
the 21-cm signal coming from the epoch of reionization (EoR). A fraction of the polarized
emission (Stokes Q, U) always leaks into total intensity (Stokes I) due to instrumental effects,
specifically a mismatch of the primary beams of the two feeds of an antenna. The EoR signal
is expected to be detected statistically by current telescopes such as GMRT (Paciga et al.,
2011), LOFAR (van Haarlem et al., 2013), MWA (Tingay et al., 2013) and PAPER (Parsons
et al., 2010), and future telescopes such as HERA (DeBoer et al., 2016) and SKA (Koopmans
et al., 2015). For a successful detection, the foregrounds contaminating the signal need to be
removed one by one. First, bright point sources are removed. Then, the total intensity of the
Galactic diffuse synchrotron emission is removed by utilizing the fact that this emission is
spectrally smooth, whereas the EoR signal is not (Jelić et al., 2008; Datta et al., 2010b; Harker
et al., 2010; Trott et al., 2012; Morales et al., 2012a; Bernardi et al., 2013; Pober et al., 2013;
Chapman et al., 2013; Dillon et al., 2015; Thyagarajan et al., 2015b). Removing polarization
leakage comes at the very end if at all necessary, because the leakage level is usually lower
than noise in these observations (Asad et al., 2015; Kohn et al., 2016), although potentially
still above the EoR signal.

Jelić et al. (2010) showed that if the polarization angle of the Galactic diffuse polarized
emission is differentially Faraday-rotated by the magnetized plasma in the interstellar medium,
then the emission that reaches us can have significant spectral fluctuation. If this is indeed the
case, and if this high-rotation measure polarized emission is leaked into Stokes I, the leakage
might mimic the EoR signal, which is expected to have similar fluctuations as a function of
frequency.

There are two main approaches toward detecting the EoR signal—foreground ‘avoidance’
and ‘removal’ (Chapman et al., 2016). In the former approach, the region of the cylindrically
averaged power spectra (PS) most contaminated by foregrounds and noise is avoided. The
region least contaminated by the foregrounds and systematics is called the ‘EoR window’ and
this is the only region where the EoR signal is looked for. In the latter approach, foregrounds
are subtracted from the data employing various strategies.

The levels of foreground and system noise are expected to be much higher than the
polarization leakage in Stokes I. For example, in the LOFAR-EoR observations, an excess
noise is detected, which is higher than the expected level of leakage, and this noise is not
contributed by leakage (Patil et al. 2016, in preparation). In case of PAPER, Kohn et al.
(2016) found no evidence of polarization leakage in the EoR window with their current
sensitivity. Although polarization leakage is not one of the main concerns of the current EoR
experiments, previously it was thought to pose a greater problem (private communication,
de Bruyn). For example, based on the experience of WSRT1, a higher level of polarization
leakage was expected than what was found by Asad et al. (2015) in case of LOFAR. The
diffuse polarized emission was found to be rich in Faraday structures (Jelić et al., 2015), but
the instrumental polarization of LOFAR was much lower than WSRT, resulting in a lower
leakage in the LOFAR observations. Although the level of leakage is low, it is worth exploring
because it will be relevant for the more sensitive experiments in the future. Once we reach

1Westerbork Synthesis Radio Telescope, http://www.astron.nl/radio-observatory/astronomers/
wsrt-astronomers.

http://www.astron.nl/radio-observatory/astronomers/wsrt-astronomers
http://www.astron.nl/radio-observatory/astronomers/wsrt-astronomers
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the sensitivity limit where leakage becomes relevant, we have to decide whether to avoid or
remove leakage. If the leakage toward certain directions is found to be spectrally structured,
however, avoidance would not be a proper strategy.

Asad et al. (2015) showed that in the 3C196 field, one of the observing fields of the
LOFAR-EoR project, leakage from observed polarized emission into Stokes I is contained
within a wedge-shaped region at the high-k⊥ (transverse wavenumber), low-k‖ (line of sight
wavenumber) corner of the cylindrical PS, and there is a wide region at the opposite corner of
the PS relatively free from leakage-contamination. This prediction of leakage was performed
using the model beam of LOFAR. Asad et al. (2016) showed that this beam model has an
accuracy of ∼ 10% within the first null of the primary beam. These two papers enabled us to
properly assess the level of leakage that could potentially make EoR detection harder if not
mitigated properly.

In this chapter we take our previous analyses one step further. Here we present cylindrical
PS of both the 3C196 and NCP fields and compare them to each other. Another worry about
polarization leakage is that the leakage is expected to increase with distance from the phase
center—wider fields are expected to suffer from more leakage. Although in case of LOFAR,
we are sensitive to the EoR signal only within small fields of view (FoV), chromatic sidelobes
of the diffuse and compact emission and the polarization leakage from further away might
corrupt the inner regions to some extent. We therefore present simulations of leakage for
different FoV ranging from 4◦× 4◦ to 15◦× 15◦, and compare their PS. Once we know
the fractional leakage, we can predict the level of leakage based on the observed polarized
emission in different fields.

This chapter is organized as follows: Section 6.2 presents the PS of the observed polarized
emission in the 3C196 and NCP fields with two different FoV. Section 6.3 presents the
calculation of the fractional leakage, by predicting LOFAR observations of a simulated
Galactic diffuse polarized emission, for the two fields and for three different FoV. In both
sections, the methods and results are presented in separate subsections. The implications
of the calculated fractional leakage in Section 6.3 on the PS, presented in Section 6.2, are
explored in the discussion section. The chapter ends with some conclusions and remarks
about our ongoing and future works.

6.2 Power spectra of polarized emission

This section presents cylindrically averaged power spectra of the diffuse polarized emission in
the 3C196 and NCP observing fields. A power spectrum of the polarized emission P = Q+ iU
in the 3C196 field was shown in Asad et al. (2015, hereafter A15), but here the Stokes Q and
U power spectra are also presented. Moreover, the power spectrum presented by A15 was
created from the observed emission convolved with the beam, whereas here we create power
spectra from the observed emission itself. In the previous case, the power spectrum was, in
effect, convolved with the beam twice, as the emission was not deconvovled to correct for
the beam before convolving it again with the beam. This double-convolution was not that
relevant because in that test, our aim was to calculate the fractional polarization leakage. We
found that the ratio of the polarized emission and the leakage is almost constant over the
instrumental k-space in the power spectrum. It is expected to be constant, because leakage
is caused by the convolution of the visibilities with a polarized primary beam that remains
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almost same for all baselines, and thus for all k-scales. Therefore, if we know the power
spectrum of the polarized emission and the leakage ratio for a certain field, we can predict the
level of leakage in the k-space and potentially correct for this bias in the EoR power spectrum,
in a similar fashion as correction for the noise bias. The power spectra of polarization in
the 3C196 and NCP fields presented in this chapter provide an idea of how much the ‘EoR
window’ can be corrupted toward different pointing directions.

6.2.1 Method

The power spectra have been created using the same pipeline as used in Part I of this thesis.
Here we briefly outline the main steps relevant for this experiment. We took polarization
images (Stokes Q and U) of 50 spectral subbands corresponding to about 10 MHz of band-
width from 150 to 160 MHz for both the NCP and 3C196 fields. The images are created
from observed visibilities using natural weighting and an angular resolution of 0.5 arcmin
within an area of 10◦×10◦. Two sets of image cubes are produced from these images, one
containing the inner 4 degrees, and the other the inner 9 degrees in diameter. These two
fields of view (FoV) were chosen because it will make the comparison of these PS with
the PS of the experiment described in the next section more convenient. The image cubes
are then Fourier transformed, and the squared absolute values of the transformed cubes are
cylindrically averaged resulting in a 2D cylindrical PS as a function of comoving transverse
(k⊥) and LOS (k‖) wavenumbers. Finally, spherical PS as a function of wavenumbers k are
produced by averaging the same Fourier cubes in spherical shells.

Table 6.1: Parameters related to the power spectrum estimation:

NCP 3C196

Observation ID L86762 L80508
Phase center (α,δ ) 0◦, 90◦ 123.4◦, 48.2◦

Observation date 6 February 2013 16 Dec 2012
Observing time 13 hours 8 hours
Baseline range 30–800 λ

Frequency range 150–160 MHz
Spectral subbands 50
Bandwidth 10 MHz
Spectral resolution 0.195 MHz
Integration time 10 s
Pixel scale 0.5 arcmin

Here an additional parameter, the wedge, has been indicated in the cylindrical PS. The
total intensity of diffuse foregrounds is expected to be smooth along frequency, and hence
should appear only at low k‖. However, the frequency-dependent synthesized beam leaks
power from low k‖ to high k‖ as one goes to higher k⊥ wavenumbers, spreading the foreground
in a wedge-shaped region on the bottom-right corner of the PS. The spread increases at higher
k⊥ because longer baselines have higher fringe rates making them more susceptible to spectral
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distortions. In an optimistic scenario, the wedge should spread no further than the region
delimited by the FoV set by the primary beam of the instrument. In fact, the line delimiting
the foreground wedge is usually calculated from the primary FoV as (Morales et al., 2012a;
Liu et al., 2014a; Dillon et al., 2014)

k‖ =
[

sinθFoV
H0Dc(z)E(z)

c(1+ z)

]
k⊥ (6.1)

where H0 is the Hubble parameter at redshift z = 0, c is the speed of light, E(z) is the
dimensionless Hubble parameter defined in Chapter 2, Section 2.6.1, Dc(z)≡

∫ z
0 dz′/E(z′),

and θFoV is the angular radius of the field of view delineated by the first null of the primary
beam. This wedge can be called the ‘primary wedge’ as its boundary is fixed by the width
of the primary beam. In a pessimistic scenario, foreground might leak beyond the primary
wedge, but even then it should not leak beyond the ‘horizon wedge’, the wedge delimited by
the angular distance to the horizon. The region above the wedge is considered to be the ‘EoR
window’ as it is expected to be least contaminated by foreground and systematics. Although
the concept of the wedge has originally been developed for analyzing the Stokes I PS (Datta
et al., 2010a; Vedantham et al., 2012; Parsons et al., 2012), it can also be used for polarization
PS, which we intend to do here.

6.2.2 Results

The cylindrical PS of the 3C196 and NCP observations within an area of 4◦×4◦ are shown
in Fig. 6.1, and the corresponding spherical PS are shown in Fig. 6.2. The corresponding
cylindrical and spherical PS within an area of 9◦×9◦ are shown in Fig. 6.3 and 6.4 respectively.
In each case, the PS of Q, U , and P = Q+ iU have been presented. In the cylindrical PS, the
lower blue and upper green dashed lines correspond to the boundaries of the ‘primary’ and
‘horizon’ wedges respectively.

The bottom panels of Fig. 6.1 show the PS of the polarized emission in the 3C196 field.
The diffuse polarized emission is clearly contained within a wedge-shaped region, but the
wedge extends beyond the limit set by the primary beam. Significant power is seen between
the primary and horizon wedges, i. e. between the blue and green dashed lines. The region at
k‖ ≥ 0.2 and k⊥ ≤ 0.15 is relatively free of foreground and noise. The power of the polarized
emission can be seen more clearly from the corresponding spherical PS shown on the right
panel of Fig. 6.2. The polarized emission is of the order of 105 in Stokes Q and U , but goes
down by almost a factor of 5 in |Q+ iU |, because the polarization vector rotates by 180◦

many times across the averaged frequency band.

The top panels of Fig. 6.1 show the PS of the polarized emission in the NCP field. The
diffuse polarized emission is almost an order of magnitude lower here compared to the 3C196
field, which is seen by comparing the low k‖ power in Stokes Q,U in the top and bottom
panels. Another difference is that there is significant power at high k‖ and low k⊥ which will
leak into the EoR window of the Stokes I PS. The power at high k‖ is caused by differential
Faraday rotation along of the intrinsic polarized signal by the intervening magnetized plasma
along the LOS. The difference between the two fields, thus, shows that one can expect
considerable difference in the level of Faraday rotation toward different directions in the sky
and hence considerable differences in polarization leakage.
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Figure 6.1: Cylindrically averaged power spectra of the observed polarized emission in the
inner 4◦×4◦ of the NCP (top row) and 3C196 (bottom row) fields within the frequency range
of 150–160 MHz. The columns from left to right correspond to the PS of respectively Q, U ,
and Q+ iU in units of [mK]2. The lower blue and upper green dashed lines correspond to the
boundaries of the primary and horizon wedges respectively.
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Figure 6.2: Spherically averaged PS of the polarized emission in the inner 4◦×4◦ of the NCP
(left) and 3C196 (right) fields within the frequency range of 150–160 MHz. Q, U , and Q+ iU
spectra are plotted in red, blue, and green respectively.



6.2 Power spectra of polarized emission 99

0.1
k⟂ [Mpc¡1 ]

0.1

1.0

k
∥ 
[M

p
c¡

1
]

103 104 105
Q: ¢2  [mK]2

0.1
k⟂ [Mpc¡1 ]

0.1

1.0

k
∥ 
[M

p
c¡

1
]

103 104 105
U: ¢2  [mK]2

0.1
k⟂ [Mpc¡1 ]

0.1

1.0

k
∥ 
[M

p
c¡

1
]

103 104 105
jQ+iUj: ¢2  [mK]2

0.1
k⟂ [Mpc¡1 ]

0.1

1.0

k
∥ 
[M

p
c¡

1
]

103 104 105
Q: ¢2  [mK]2

0.1
k⟂ [Mpc¡1 ]

0.1

1.0

k
∥ 
[M

p
c¡

1
]

103 104 105
U: ¢2  [mK]2

0.1
k⟂ [Mpc¡1 ]

0.1

1.0

k
∥ 
[M

p
c¡

1
]

103 104 105
jQ+iUj: ¢2  [mK]2

Figure 6.3: Cylindrically averaged power spectra of the observed polarized emission in the
inner 9◦×9◦ of the NCP (top row) and 3C196 (bottom row) fields within the frequency range
of 150–160 MHz. The columns from left to right correspond to the PS of respectively Q, U ,
and Q+ iU in units of [mK]2. The lower blue and upper green dashed lines correspond to the
boundaries of the primary and horizon wedges respectively.
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Figure 6.4: Spherically averaged PS of the polarized emission in the inner 9◦×9◦ of the NCP
(left) and 3C196 (right) fields within the frequency range of 150–160 MHz. Q, U , and Q+ iU
spectra are plotted in red, blue, and green respectively.
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The power of polarized emission decreases in both the 3C196 and NCP fields, if we create
PS from 9◦×9◦, instead of 4◦×4◦, which can be seen by comparing Fig. 6.1 with Fig. 6.3.
This is primarily because of the fact that the region outside 4◦ is dominated by noise, and
averaging signals with noise within the larger area gives a lower power. Averaging signals
with anti-correlated position angles could be another potential reason, as this effect could be
higher within the larger FoV.

These PS show that the ‘EoR window’ could be more prone to leakage-contamination in
the NCP field, if the level of fractional leakage in this field is comparable to the 3C196 field.
If, on the other hand, the fractional leakage is lower in the NCP field, a smaller fraction of the
high level of power at high k‖ would leak into Stokes I, making this field more or less similar
to the 3C196 field. We calculate the fractional leakage caused by the LOFAR beam model in
the two fields in the next section. The implications of the level of fractional leakage on the
‘EoR window’ will be described in the discussion section.

6.3 Fractional leakage in wide fields

In Chapter 4, it was found that the ratio between the power spectra of the polarized emission
within 3× 3 degrees and its leakage into Stokes I varies very little over the instrumental
k-space. However, that ratio was calculated using a noisy polarization observation. To
understand this ratio better, and to see how it changes if the field of view is increased, we now
perform a different experiment where a model of polarized emission is used instead of an
observation.

6.3.1 Method

A model of the diffuse Galactic polarized emission is created using the foreground simulations
discussed by Jelić et al. (2010). The model, that will be described in Section 6.3.2, contains
diffuse foreground within 15◦×15◦ and 150–160 MHz, and has a pixel scale of 18.75 arcmin,
sufficient to analyze the short baselines that we consider here. A coarse grid of 50×50 pixels
is used because simulating visibilities for more pixels is computationally very expensive.
We note however that for the purposes of calculating polarization leakage, oversampling of
the PSF is not necessary. The polarization model has both Stokes Q and U emission. For
each Stokes parameter three image cubes are created from the original model cube for three
different observing areas: 15◦× 15◦, 9◦× 9◦, and 4◦× 4◦. Hence, the three cubes contain
502, 282, and 162 pixels, respectively, in the spatial domain.

To produce point source sky models, each pixel in the Stokes Q,U cubes is considered
a point source with I = V = 0 and Q,U taken from the values of the pixels. The three sky
models for the three different fields of view contain 2500, 784, and 256 polarized point
sources. Visibilities corresponding to these sky models are simulated toward two phase
centers, one centered on the NCP, and the other on 3C 196. All parameters for the six
simulated observations, for three areas centered on two different directions, were kept same
except for the total observing time. Because the NCP always remains above the horizon as
seen from the LOFAR site, it can be observed for considerably more time than the 3C196
field, which in general is only visible during the shorter spring and summer nights.2

2EoR observations are carried out during the night when the ionospheric phase fluctuations are more benign.
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To reconstruct the effects of the actual observations as precisely as possible, we have
simulated the NCP observations for more time than 3C196. LOFAR-EoR visibilities are
usually integrated every 2 seconds, and the 2 s visibilities are again averaged down to every
10 s. If, to remain as close to reality as possible, we wanted to simulate observations every 10
s for all LOFAR baselines, we would have to predict 442 million visibilities for 13 hours and
for 50 spectral subbands, which is computationally very expensive. Instead, we have predicted
visibilities for every 120 s (as mentioned in Table 6.2), and for only the core baselines of
LOFAR—the maximum baseline is 3 km long. In the end, baselines longer than 180 λ will
not be needed, because the model has a resolution of only 18.75 arcmin, and any baseline
longer than 180 λ would resolve the diffuse emission into point sources. Also note that
time-smearing on these short baselines is negligible.

Full-Stokes visibilities are simulated in four main steps. First, the sky model is Fourier
transformed to produce four correlations of the visibilities for every baseline, frequency
channel, and timeslot. Then, the visibilities are convolved with the Fourier transform of the
primary beam corresponding to the specified baseline, frequency, and timeslot, and toward
the specified directions. Third, the convolved visibilities are corrected for the polarized
primary beam toward the phase center only via an inverse Mueller matrix multiplication.
After this correction, all effects of the beam toward the phase center are removed, and only the
‘differential’ effects, i. e. those of the wide-field beam with respect to the phase center, remain.
Finally, Stokes visibilities are calculated from the four visibility correlations following Eqn.
2.13. The first three steps are performed using the standard LOFAR calibration and simulation
software BBS (Pandey et al., 2009).

The sources in the sky model does not have any Stokes I flux, but Stokes Q,U emission is
leaked into Stokes I,V resulting in non-zero values of the latter. The aim of this experiment is
to measure the fraction of power leaked from Q and U to I because of the polarized primary
beam, and in this respect it is similar to the experiment presented in Chapter 4. But there
are two major differences. First, in Chapter 4, fractional leakage was calculated from real
observations, and here we calculate it from simulated observations to avoid the effect of
noise and the effect that in real observations Stokes I will also leak in to Stokes Q and U and
hence needs to be corrected for. Second, the visibilities were predicted using AWIMAGER in
Chapter 4, whereas here BBS is used. In the previous case, a gridded sky map was directly
Fourier transformed to produce visibilities and then convolved with the beam. Here, direction-
dependent Jones matrices corresponding to the model beam are applied to each source in
the sky model. Although AWIMAGER is much faster, BBS is used for the current experiment
because currently AWIMAGER cannot produce visibilities from maps wider than the width of
the main lobe of the primary beam.

The results of this experiment are presented in terms of power spectra. Some power
spectra of polarized emission and leakage have been presented in Chapter 4, and Section 6.2.2
of this chapter. These PS were calculated from observed images, whereas here we calculate
PS directly from the visibilities. One of the motivations behind the current approach is that
the model used here has very low resolution and covers very few pixels. Another motivation
is that, it would be easier to characterize instrumental effects in visibility space, as we will
not need to worry about imaging artifacts. The procedure of creating PS from visibilities and
the figures of merit used to present the final results are described in section 6.3.3.
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Table 6.2: Parameters related to the simulated observations:

NCP 3C196

Phase center (α,δ ) 0◦, 90◦ 123.4◦, 48.2◦

Observing time 13 hours 8 hours
Baseline range 30–180 λ

Frequency range 150–160 MHz
Spectral subbands 50
Bandwidth 10 MHz
Spectral resolution 0.195 MHz
Integration time 120 s
Pixel scale 18.75 arcmin

6.3.2 Diffuse polarized foreground model

We use the foreground simulations of Jelić et al. (2010), in which the 3D emission coefficients
of the Galactic synchrotron and free-free emission are obtained from the cosmic-ray and
thermal electron densities, and the Galactic magnetic field. It is assumed that both cosmic-ray
and thermal electrons are mixed in a region of 1 kpc in depth along the LOS. The synchrotron
emission produced by the cosmic-ray electrons are depolarized due to differential Faraday
rotation. This is the ‘Model B’ of Jelić et al. (2010) and we refer the reader to their paper for
more details.

We have created 3D cubes of dimension 503 for Stokes Q and U models within a field of
15◦×15◦ and a frequency range of 150–160 MHz. An example slice of the model is shown
in Fig. 6.5. Note that level of polarized foreground in this simulation is lower than the typical
observed polarized emission, as shown in Fig. 6.1. However, the main result of this exercise
will not be affected by this unrealistic choice of simulated polarized emission, because we are
only interested in the leakage ratio. The top panels show Stokes Q and U emission at 150
MHz in mK units. The power spectra of P = Q+ iU of this slice is shown on the bottom-left
panel. The high value of power at small k-scales is caused by the large-scale diffuse emission.
The frequency profile of an example pixel of this cube is shown in the bottom-right panel of
the figure. The figure shows that the polarized emission fluctuates along frequency, caused by
differential Faraday rotation of synchrotron emission by the mixed thermal and cosmic-ray
electrons in the intervening medium.

Jelić et al. (2010) noted that if a fraction of this polarized emission is leaked into total
intensity, the leakage might mimic the EoR signal. However it has been found that in the
3C196 field, the observed diffuse polarized emission does not fluctuate too much along
frequency, the level of differential Faraday rotation was found to be small (Jelić et al., 2015;
Asad et al., 2015). However, in Section 6.2.2, we have shown that the situation is different
in the NCP field. Although the diffuse polarized emission in the NCP field is lower than
that of the 3C196 field, the former has more fluctuation along frequency, i. e. it has higher
power at high k‖-scales. It would be useful to examine the effect of leakage on the EoR
window in the worst case scenario, i. e. when the fluctuation of the emission along frequency
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Figure 6.5: Top: Galactic diffuse foreground model of Stokes Q and U at 155 MHz created
from the ‘model B’ of Jelić et al. (2010). Bottom left: The Power spectrum of the above
model. Bottom right: Frequency spectra of the Stokes Q and U emission of the model for a
single pixel.

is high. Therefore, even though the choice of model is not important for the measurement
of fractional leakage—as leakage is caused solely by uv-plane effects—, we have used a
spectrally fluctuating model. Our findings related to both the fractional leakage and the
corruption of the EoR window by the spectrally varying polarized emission is described
below.

6.3.3 Power spectrum from visibilities

We have used Stokes visibilities, defined in Section 2.1.2 of Chapter 1, to create cylindrically
averaged PS. Consider a Stokes visibility VZ(b, t,ν) for the baseline of length b =

√
u2 + v2

at the time t and frequency ν , where Z = I,Q,U,V denotes different Stokes parameters. In
synthesis observations, the position of a baseline with respect to the astronomical source
changes as the Earth rotates, producing many more baselines than is possible with a snapshot
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observation. In other words, if there are nb physical baselines, then after synthesizing over
nt timeslots the total number of baselines will be nb× nt . As the baselines created by the
synthesis can be considered independent baselines in themselves, we can re-write VZ(b, t,ν)
as just VZ(b,ν) where b is the length of any of the nb×nt baselines.

To produce PS, the uv-plane within the baseline range bmin–bmax is gridded3 in Nb×Nb
pixels. The width and height of each pixel is 16λ , corresponding to the diameter of a LOFAR
core HBA-station. To correct for the w-terms, the visibilities were also w-projected using 32
w-planes. A visibility cube is produced taking the gridded visibilities for all spectral subbands.
The visibility in each voxel of this cube can be written as VZ(bn,ν), where bn refers to the
n-th pixel, n going from 0 to (Nb−1)2.

Each pixel of the visibility grid is Fourier transformed along the frequency axis using the
one-dimensional FFT algorithm. The Fourier conjugate of frequency is ‘delay’ (τ) and the
transform can be written mathematically as

ṼZ(bn,τ) =
1

Nν

Nν−1

∑
ν=0

VZ(bn,ν)exp
[
−2πi

ντ

Nν

]
(6.2)

where Nν is the number of frequency channels. The squared absolute values of ṼZ(bn,τ) give
the 3D PS, i. e. P3D(bn,τ) = |ṼZ(bn,τ)|2.

To create cylindrically averaged PS, the uv-plane of P3D is divided into N annuli and the
powers within an annulus are averaged for each delay. The averaged power at a certain delay
and a certain uv-annulus bN

P2D(bN ,τ) =
1

Np

b=bN+1

∑
b=bN

P3D(b,τ) (6.3)

where Np is the number of pixels within the annulus bN .

Delay τ is related to k‖, and the baseline length for a particular annulus bN is related to k⊥.
We have presented P2D(bN ,τ) in terms of k⊥ and k‖, i. e. as PZ ≡ P2D(k⊥,k‖). The relation
between baseline length and k⊥ is given in Section 1.6 of this thesis, and the relation between
time delay and k‖ can be found in Thyagarajan et al. (2015a, equation 6). Dimensionless
power spectrum is calculated as ∆2(k⊥,k‖) = k2

⊥k‖PZ(k⊥,k‖)/(2π)2.

We are interested in Stokes Q,U and their leakage into Stokes I. The power of Stokes
I,Q,U visibilities are PI ,PQ,PU , respectively, and the power of the linear polarization Q+ iU
is denoted as PP. Then, the fractional leakage from Q,U to I

LI =

√
PI

PP
×100. (6.4)

LI represents the leakage into Stokes I as a percentage of linear polarization as a function of
k⊥ and k‖. Both the 2D spectrum and histogram of LI for different fields of view and toward
different directions are presented below.

3Visibility gridding is done using the excon imager.
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6.3.4 Results

Cylindrically averaged PS of the model polarized emission observed by LOFAR and its
leakage into total intensity are presented in Fig. 6.6 and 6.7. Fig. 6.6 shows the spectra for
the 3C196 field, and Fig. 6.7 for the NCP field. In both figures, the columns represent PP, PI
and LI spectra from left to right, respectively. And the rows represent the spectra for field
areas of 15◦×15◦, 9◦×9◦ and 4◦×4◦ from top to bottom, respectively.

Polarization power

PS of linear polarization (PP) show the characteristics of the sky model in both fields. In the
left panels of Fig. 6.6 and 6.7, most polarized power are found within a wedge shaped region at
high-k⊥, but the the wedge is located at higher k‖ scales as compared to the observed emission
of Fig. 6.1. High k‖ modes are affected by diffuse emission, because the emission had
significant spectral fluctuations, as seen in the bottom-right panel of Fig. 6.5. A comparison
between Fig. 6.6 and 6.7 shows that more polarization power is predicted in the NCP than in
the 3C196 field. The simulated sky model is same for both fields, but the visibilities have
been convolved with two different beams, and also the fields have been observed for different
durations, 3C196 for 8 hours and NCP for 13 hours. The difference in polarization power
could be caused by these two dissimilarities.

The difference between the polarization beams toward the 3C196 and NCP fields can be
seen in the top two rows of Fig. 6.8. The figures show some components of the beam Mueller
matrix, the outer product of the beam Jones matrices of two stations constituting a baseline.
For an example of a complete beam Mueller matrix see Fig. 2.2 of Part I of this thesis. M22
and M33 components of the matrix represent the Stokes Q and U beams, respectively. Fig.

6.8 shows the polarization beam
√

M2
22 +M2

33, for a FoV of 15◦× 15◦, and all beams are
normalized with respect to the Mueller matrix at the phase center. We see that the shape of
the polarization beam is different in the NCP field compared to the 3C196 field—the former
has a 2-fold symmetry, whereas the latter is either circular or elliptical depending on the hour
angle. Different panels in the figures show beams at different hour angles, and we can see
the rotation of the beam with the apparent rotation of the sky. The 3C196 field rises, reaches
very close to the zenith, and then sets during the observation, but the NCP field rotates around
the north celestial pole with the rotation of the Earth without rising or setting. Exactly why
the beam is so different in the two fields, and how this difference gives rise to a difference in
power in the PS will be explored in our future work.

Another interesting aspect of the PS is that they show the extent of contamination of the
‘EoR window’ by the leakage of a spectrally fluctuating polarized emission. Looking at the
middle columns of Fig. 6.6 and 6.7, one can clearly see that there is significant foreground
power at the high-k‖, low-k⊥ corner of the PS, which is expected to be a clean window for
statistically detecting the EoR signal. Comparing the simulated leakages in the two fields,
we can see that the contamination of the EoR window is higher in ‘NCP’ than in ‘3C196’.
However, in real observations, this level of spectral structure has not been found in all fields.
For example, we refer to the PS made from real observations shown in Fig. 6.1 and 6.3.
Between the observed emission in the two fields, ‘3C196’ shows limited spectral fluctuation
and almost no leakage in the EoR window, whereas ‘NCP’ suffers from considerable level of
leakage in the EoR window due to its high-rotation measure polarized emission.
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Figure 6.6: Power spectra created from the visibilities corresponding to the model of Fig.
5.6b toward the 3C196 field. The three rows represent three fields of view centered around
3C196: from top to bottom 152, 92 and 42 deg2 respectively. The three columns represent
Stokes P = |Q+ iU |, I, and

√
I/P from left to right respectively. Note that the structure in k‖

direction corresponds to the ’wave’ seen in Fig. 6.5 (bottom-right panel).
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Figure 6.7: Power spectra created from the visibilities corresponding to the model of Fig.
5.6b toward the NCP field. The three rows represent three fields of view centered around
NCP: from top to bottom 152, 92 and 42 deg2 respectively. The three columns represent
Stokes P = |Q+ iU |, I, and

√
I/P from left to right respectively. Note that the structure in k‖

direction corresponds to the ’wave’ seen in Fig. 6.5 (bottom-right panel).



108 Chapter 6. Polarization leakage in wide fields

-4.0 -2.9 -1.7 -0.6

0.6 1.7 2.9 4.0

1

10

20

30

-6.5 -5.4 -4.3 -3.3 -2.2 -1.1 0.0

1.1 2.2 3.3 4.3 5.4 6.5

1

10

20

30

-4.0 -2.9 -1.7 -0.6

0.6 1.7 2.9 4.0

10

20

30

-6.5 -5.4 -4.3 -3.3 -2.2 -1.1 0.0

1.1 2.2 3.3 4.3 5.4 6.5

10

20

30

Figure 6.8: Top two rows: LOFAR primary beam model for linear polarization for a single

baseline at 150 MHz within 15◦×15◦, i. e.
√

M2
22 +M2

33 where the subscripts represent the
components of the beam Mueller matrix (e. g. Fig. 2.2). The top and bottom panels show
the beams for the 3C196 and NCP fields, respectively. All beams have same FoV, and are
normalized with respect to the Mueller matrix at the phase center. Bottom two rows: Leakage
from linear polarization to Stokes I as a fraction of Stokes I for the 3C196 (top) and NCP

(bottom) fields, i. e.
√

M2
12 +M2

13/M11. All plots are shown in dB, and the numbers on the
top-left corners show the hour angles at which the beams are measured.
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Table 6.3: Statistics of LI (%) for different fields of view in the 3C196 field.

Data
Fields of view 15◦ 9◦ 4◦

Mean 0.62 0.61 0.59
Median 0.36 0.36 0.34
Standard deviation 1.39 1.12 1.47
Peak 0.18 0.15 0.15

Table 6.4: Statistics of LI (%) for different fields of view in the NCP field.

Data
Fields of view 15◦ 9◦ 4◦

Mean 0.63 0.63 0.49
Median 0.26 0.26 0.29
Standard deviation 1.76 1.67 0.94
Peak 0.09 0.09 0.12

Leakage power and RMS

The PS of the leakage of polarized emission into Stokes I (PI) are shown in the middle panels
of Fig. 6.6 (3C196 field) and 6.7 (NCP field). The figures show that PI is almost a scaled
down version of PP for all fields of view and toward both observing fields. The square-root
of the ratio between the two PS LI are shown in the right-hand panels of both figures as a
percentage. Because LI is the square root of power or variance, it represents the RMS of the
fractional leakage as a function of k⊥ and k‖.

In both 3C196 and NCP fields, LI varies little over the instrumental k-space. Whatever
variation is present is mostly due to the sample variance. The difference among the three
fields of view 15◦×15◦, 9◦×9◦ and 4◦×4◦ is not significant, although the fraction seems to
be higher within 4◦×4◦ compared to the other fields of view. There is significant difference
between the LI PS of the 3C196 and NCP fields. It is considerably lower in the NCP field.

The comparison between the two observing fields and the three FoV would be easier if
we look at the histogram of the ratio LI for each of the voxels in the 3D box before averaging
cylindrically or spherically, shown in Fig. 6.9. The top and bottom rows show the histograms
for the 3C196 and NCP fields, respectively. The three columns show the histograms for the
three FoV. The mean, median, and position of the peak of LI are shown by blue, green and
red dashed lines, respectively. These values are also presented in Table 6.3 and 6.4. The
histograms have several general characteristics: they all have a long tail, their medians are
close to the positions of the peaks, and the means are greater than the medians due to the tails.
Therefore, median would be a better estimator for LI .

The median of the fractional leakage is higher in the 3C196 field compared to the NCP,
which seems paradoxical given that the beam model shows more leakage in the NCP field, as
evident from the bottom two panels of 6.8. Leakage is lower near the zenith and increases as
one moves away from the zenith. As the 3C196 field comes very close to the zenith during the
mid-point of the observation, the leakage decreases substantially. But the NCP field rotates
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Figure 6.9: Histograms of the leakage RMS (Lrms
I ) over the instrumental k-space over the

NCP (bottom row) and 3C196 (top row) fields. The three columns correspond to the fields
of view of 152, 92 and 42 deg2 from left to right respectively. The mean and median of the
fractional leakage are shown on the inset in each panel.

around a fixed elevation resulting in a constant leakage pattern throughout the observing time.
Therefore, from the beam plots 3C196 seems to exhibit more leakage than NCP. However, in
the power spectra, the leakages at all hour angles are averaged, and we think Stokes Q and U
are averaged down more in the NCP than in the 3C196 field resulting in a lower fractional
leakage in the former field.

The median of LI has a very weak dependence on the fields of view; it remains almost
same in the three FoV. This also seems paradoxical, because the fractional leakage calculated
directly from the model beam increases as a function of distance from the phase center (Asad
et al., 2015, fig. 2b). However, as we go away from the phase center, the fractional leakage
increases, but the power of the polarized emission decreases. This can be clearly seen by
comparing the top two panels with the bottom two in Fig. 6.8. The top panels show the
polarization beams that attenuate the polarized emission, and the bottom panels show the
leakage patterns that determine the level of leakage. It might be the case that these two effects
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cancel each other out so that leakage does not vary significantly with the change of fields of
view. Another reason could be that the polarization vector are averaged down more in a larger
area, thereby diminishing the effect of leakage in wider FoV. The exact mechanism of these
attenuations, and their mathematical interpretation will be explored in a future work.

We take the medians of LI to be the best estimator of the fractional leakage. As the
variation of this value is negligible between the three FoV, as seen in Table 6.3 and 6.4, we
take the average of the three medians in each field to be the fractional leakage. The resulting
fractional leakages are:

L3C196
I = 0.35% (6.5)

LNCP
I = 0.27%. (6.6)

6.4 Discussion

The observed polarized emission is lower in amplitude but has larger fluctuation along
frequency in the NCP field, compared to the 3C196 field. The power of the polarized emission
(PP) in both fields has been shown in Fig. 6.1 and 6.3 as cylindrically averaged PS. A fraction
of this power leaks into Stokes I because of the polarized primary beam. The fractional
leakage (LI) has been calculated through simulations for three FoV and two fields, as listed in
Table 6.3 and 6.4. The observed PP and model LI (according to the model beam) can be used
to calculate the RMS of the leakage into Stokes I that should be expected in the two fields.
Mathematically, the RMS of the expected leakage

Lexp
I =

√
Pobs

P ×Lmodel
I . (6.7)

We have seen that LI varies very little over the instrumental k-space, and hence the leakage
PS can be considered to be an almost scaled-down version of the polarization PS. The same
scaling relationship is also seen seen in Fig. 4.4 of Chapter 4.

In Fig. 6.10, we show the variance of the expected leakage, [Lexp
I ]2, in the 3C196 (blue

lines) and NCP (red) fields within 4◦×4◦ (dotted) and 9◦×9◦ (solid). To calculate [Lexp
I ]2 for

a certain observing field and field of view, the corresponding medians of LI were used from
Table 6.3 and 6.4. The figure shows that leakage is lower in the 9◦×9◦ fields. The NCP field
suffers from the same level of leakage as the 3C196 field within 4◦×4◦, but within 9◦×9◦

NCP leakage is higher. This is of course coincidental. As noted earlier, the NCP field exhibits
higher power at high k‖ in the cylindrical PS, and hence even if the expected level of leakage
is similar in both fields, the ‘EoR window’ would suffer more from leakage-contamination in
the NCP field.

One limitation of our results regarding LI is that we do not know the accuracy of the
LOFAR model beam very well outside the first null, which has a diameter of 6◦.4 at 150
MHz. The accuracy of the beam model within this limit is presented in Chapter 4 of this
thesis. It was found that the beam has 10% error in predicting polarization leakage within
the first null. We do not expect the same level of accuracy outside the field of view, but more
work is needed to quantify this. In this chapter, the beam model out to a maximum diameter
of 15◦ has been used, and we are bound to be affected by beam model errors to some extent.
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6.5 Conclusion

In this chapter, we have presented cylindrically and spherically averaged power spectra (PS)
of the observed Galactic diffuse polarized emission in the 3C196 and NCP fields of the
LOFAR-EoR key science project. The PS have been produced from an 8-hour synthesis
observation of the 3C196 field, and a 13-hour observation of the NCP field for 50 spectral
subbands ranging from 150 to 160 MHz. A version of the 3C196 PS was presented in Chapter
4, but unlike that chapter, here we have created the PS directly from the observed image cubes
without re-convolving them with the primary beam. The main difference between the PS of
the two fields seen in Fig. 6.1 is that, in ‘3C196’ polarization power is restricted within a
‘wedge’ at low-k‖ and high-k⊥, whereas in ‘NCP’ power is more distributed and one can see
a considerable amount of power at the high-k‖, low-k⊥ corner of the PS, i. e. in the ‘EoR
window’. This is because the diffuse emission in ‘NCP’ has more spectral fluctuations than
that of ‘3C196’. The PS were produced for two different fields of view: 9◦×9◦ and 4◦×4◦.
Power slightly decreases within the larger field of view, because the region outside a diameter
of 4◦ is dominated by noise.

We have also determined the fraction of polarized power that would leak into Stokes
I PS of the two fields, contaminating the EoR window, for three different fields of view:
15◦×15◦, 9◦×9◦ and 4◦×4◦. A leakage PS of the 3C196 field was calculated in Chapter 4
by simulating a sky modeled from real observations of Galactic diffuse polarized emission.
To avoid the effect of noise, here we have calculated the PS for both ‘3C196’ and ‘NCP’ by
simulating LOFAR observations of a model Galactic-diffuse-polarized emission created by
Jelić et al. (2010). The model emission has significant fluctuations along frequency due to
Faraday rotation, and the spectrally fluctuating emission contaminate the EoR window of the
PS considerably. The level of leakage is higher in ‘NCP’ than in ‘3C196’ (compare Fig. 6.7
and 6.6), because the simulated polarized emission is also higher in ‘NCP’. The squared-root
of the ratio of the leakage and linear polarization powers, i. e. fractional leakage (LI), has
been found to vary very little over the instrumental k-space. Histograms of LI (Fig. 6.9) show
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this more clearly. Although the LI was found to be lower in the NCP field compared to the
3C196 field, higher leakage power was observed in the former field, because the polarized
power was also much higher in the former.

We have taken the median of the fractional leakage as the best estimate of LI . One very
interesting result of this chapter is that, the median of LI depends very weakly on the field of
view. This might be due to the fact that, although fractional leakage increases with distance
from the phase center, polarized power decreases due to attenuation by the polarized primary
beam, and the two cancel each other out. The resulting fractional leakage has a median of
0.35% in the 3C196 field, and 0.27% in the NCP field.

After calculating the PS from observation, and the fractional leakages from model beam
simulation, we have predicted the level of leakage to be expected in the EoR windows of the
two fields for different fields of view (see Fig. 6.10). The leakage into Stokes I is lower in the
9◦×9◦ fields compared to the 4◦×4◦ fields. Within 4◦×4◦, leakage is almost same in the
two fields, but within 9◦×9◦, it is higher in the NCP field. The differences are not very high,
and in any case they are coincidental.

One limitation of this work is that we have used fields much wider than the width of the
primary beam for our simulations, but we do not know the accuracy of the beam very well
outside the first null. Moreover, we did not investigate yet the mathematical explanation of
why the fractional leakage depends very weakly on the FoV. Answering this question is a part
of our ongoing and future work. In Chapter 7, we will come back to the future perspectives of
our work.
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7. Conclusions and outlook

The standard cosmological model of our age, in contrast to the models of the ancients, have
passed innumerable observational tests. But one can still say that our observational knowledge
of the universe is rather limited. We have pictures of the universe only as a baby and as
an adult; snapshots of the whole adolescence period are missing. The Cosmic Microwave
Background (CMB) is the snapshot of the baby universe, and large portions of the adult
universe have been mapped by astronomical surveys throughout the electromagnetic spectrum.
During the so-called adolescence period, galaxies, stars and black holes formed, and gradually
re-ionized almost all hydrogen gas in the universe. Neutral hydrogen is the most promising
beacon of this period, because they emit a signal of 21-cm wavelength. Modern low-frequency
radio telescopes, such as the GMRT, LOFAR, MWA, PAPER, are trying to detect this 21-cm
signal coming from the epoch of reionization (EoR) which ended about one billion years after
the big bang.

The 21-cm signal is expected to be much weaker than the extragalactic and Galactic
foregrounds, and the system noise in the current telescopes. The detection of the EoR
signal will largely depend on a successful removal of the foregrounds. The extragalactic
foregrounds appear as compact sources at the resolutions relevant for EoR observations, and
thus easily removable. The Galactic foregrounds are diffuse, but their total intensity can
be removed utilizing its spectral smoothness. However, the leakage of spectrally structured
polarized Galactic foregrounds into total intensity could be more difficult to remove. This
leakage is caused by systematic effects of the instrument. In this thesis, we have studied the
observed polarized Galactic emission, the systematic effects of LOFAR, calibration errors
and polarization leakage removal methods. In this chapter, we give a summary of our main
results, and then discuss the outlook of our work. The major conclusions that one should take
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away from this thesis are shown in italic typeface.

7.1 Conclusions

The motivation behind this thesis was to analyze the systematic effects in general and polar-
ization systematics of LOFAR high-band antennae (HBA) in particular on EoR observations.
Some key questions were presented in Chapter 1, Section 1.3.1. This thesis was an attempt to
answer these questions. For this purpose, we created a simulation pipeline, by assimilating
existing calibration, imaging and simulation software1, that can simulate LOFAR observations
from any compact or diffuse sky model taking into account the direction independent and
dependent (model primary beam) systematic effects. The wide-band simulated data can be
analyzed in rotation measure, image, or power spectrum (PS) space using this pipeline. The
PS can be produced either from images or from visibilities. The mathematical formalism of
this pipeline is described in Chapter 2, and the parts of the pipeline that were added later in
this thesis are described in the subsequent chapters.

7.1.1 Primary beam model of LOFAR

We described the spatial, temporal and spectral structure of the full-polarization nominal
model primary beam of LOFAR2 using Mueller matrices in Chapter 2. We found that the
polarization leakage predicted by the model primary beam of LOFAR increases with distance
from the phase center of the field, and also with distance of the field from the local zenith.
The components of the Mueller matrix responsible for leakage were found to be 3–4 orders
of magnitude lower than the Stokes I beam in power. The FWHM and spatial structure of the
beam model change smoothly with frequency. The LOFAR beam model has an FWHM of
3.8◦ at 150 MHz and decreases with increasing frequency.

We quantified the polarimetric performance of the beam model using IXRM , the Mueller
matrix version of the intrinsic cross-polarization ratio, a standard figure of merit for measuring
the polarimetric performance of low-frequency arrays (see, e. g., de Lera Acedo et al., 2015).
Fig. 5.3 and 5.4 show that the polarimetric performance of low-frequency aperture arrays
such as LOFAR is best near the phase center of the field and when the field is close to its
culmination point. However, narrowing the field of view or filtering out the observations close
to horizon result in reduced 12-cm power spectrum sensitivity and a balance between data
filtering and calibration and modeling of the systematic errors needs to be maintained.

Accuracy of the model beam

In Chapter 5, we assessed the accuracy of the model beam of LOFAR by comparing the leak-
ages predicted by the beam model with the actual leakages observed in LOFAR observations
of the 3C295 field. We found that the leakage prediction of the beam, in 68% of the cases,
will have a relative error of ≤ 10%, i. e. if the predicted leakage is 1%, the actual leakage
might be between 0.9% to 1.1%. Therefore, if the differential beam effects are taken out

1The software packages used in this pipeline are BBS, SAGECAL, AWIMAGER, CASA, EXCON, the RM-synthesis
code by Brentjens & de Bruyn (2005), the diffuse foreground simulations by Jelić et al. (2010), DS9, and the python
packages numpy, scipy, matplotlib, pyrap, pyfits.

2The model is created from the EM simulations of the ASTRON antenna group (Hamaker, 2011).
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perfectly using the model beam, the errors in the correction will be ≤ 10%, i. e. the residual
leakage in Stokes Q,U in that case will be 10−3 of Stokes I flux.

The result of this study using the I→Q,U leakages should hold true even for the Q,U→ I
leakages, as their relationship is symmetric for both the on-axis (Sault et al., 1996) and off-axis
(e. g. see Fig. 2.2) beams. Therefore, we can say that the beam model used to predict the
Q,U → I leakage in Chapter 4 and Chapter 6 has a 10% error, and if the leakage could be
removed, this error would be one of the constituents of the residual.

7.1.2 Extragalactic foreground

In Chapter 3, we simulated an observation with DI-errors by assuming them to be random at
every timestep and the rms of the random numbers drawn from a Gaussian distribution with
zero mean is dubbed the ‘RMS DI-error’. We find that self-calibration can solve for these
errors to an extremely high accuracy if the sky model is perfect. Because, in that case the
information provided by an interferometer is highly redundant. For an RMS DI-error of 10−3,
the selfcal error is less than 0.002% and the corresponding error in the rms of the resulting
residual image is less than 0.005% (Fig. 3.2).

In this chapter, we also simulated LOFAR observations of extragalactic unpolarized point
sources in the 3C196 field taking into account the time-frequency-baseline dependent DD
effects, i. e. the primary beam model described in Chapter 2. We estimated the flux and
position errors due to self-calibration with incomplete sky models, and the percentage of
I→ (Q,U) leakage of the brightest sources (see Fig. 3.4). We see that the errors decrease
significantly as the sky model is improved. EoR observations will not be severely affected by
leakage of intrinsically polarized point sources into Stokes I, because the point sources seen
at low frequencies are very weakly polarized.

7.1.3 Galactic polarized foreground

In Chapter 4, we took the real LOFAR observations of Galactic diffuse polarized emission in
the 3C196 field and created a mock sky model where I =V = 0 to more precisely quantify
the leakages from Q,U to I,V caused by the beam model. An RM-synthesis of the beam-
corrupted polarization image cubes showed that in this particular field polarization peaks
within the Faraday depths (Φ) of -1 and +5 rad/m2. From the effective Stokes I Faraday
dispersion images we saw that the instrumental polarization leakage is localized around Φ = 0
(Fig. 4.2), because DD-effects (beam) themselves do not have any rapid variation along
frequency. In the 3C196 field, maximum leakage was found to be around 15 mK which could
be comparable to the EoR signal (Fig. 4.1) in magnitude.

In Chapter 6, we presented cylindrically and spherically averaged PS of the Galactic
diffuse polarized emission in the 3C196 and NCP observing fields. The PS have been
produced from an 8-hour synthesis observation of the 3C196 field, and a 13-hour observation
of the NCP field for 50 spectral subbands from 150 to 160 MHz. A version of the 3C196
PS was presented in Chapter 4, but unlike that chapter, in Chapter 6 we have created the PS
directly from the observed image cubes without re-convolving them with the primary beam.
The main difference between the PS of the two fields seen in Fig. 6.1 is that, in ‘3C196’
polarization power is restricted within a wedge-shaped region at low-k‖ and high-k⊥, whereas
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in ‘NCP’ power is more distributed and one can see a considerable amount of power at the
high-k‖, low-k⊥ corner of the PS. This is because the diffuse polarized emission in ‘NCP’ has
a higher level of spectral fluctuations than that of ‘3C196’. The PS were produced for two
different fields of view: 9◦×9◦ and 4◦×4◦. Power slightly decreases within a larger field of
view, probably because of averaging the polarized emission with anti-correlated or random
position angles.

7.1.4 Effects of leakage on EoR window

A fraction of the polarized power described above leaks into the total intensity PS because
of the polarized primary beam. The low-k⊥, high-k‖ corner of a 2D PS is called the ‘EoR
window’, because this region is expected to be least affected by total intensity foregrounds.
In this thesis, we studied the effects of leakage on the EoR window of the 3C196 field.

In the 3C196 PS presented in Chapter 4 (Fig. 4.3), a clear ‘EoR window’ can be defined
in terms of polarization leakage above the wedge and below k‖ ∼ 0.5 Mpc−1. Within this
window, the EoR signal dominates the polarization leakage and the window takes up the
whole k-space at k‖ < 1 after removing ≥ 70% of the leakage. The fraction of polarized
power that leaks into Stokes I can be found by taking the ratio LI =

√
PI/PP where PI and PP

are the Stokes I and P = Q+ iU power spectra, respectively. We saw that LI varies by a factor
of ∼ 2 and ranges from 0.2% to 0.4%. We compared this leakage with the PS of the expected
21-cm differential brightness temperature at z = 9 simulated by Mesinger et al. (2011) and
saw that the region above the PSF-induced wedge and below k‖ ∼ 0.5 Mpc−1 is dominated
by the cosmic signal (Fig. 4.3d) and hence defines a potential ‘EoR window’.

7.1.5 Leakage within wider fields

In Chapter 4, leakage was predicted from observed polarized emission. To see the effect of
RMS fractional leakage within wider fields of view (FoV), in Chapter 6 we have calculated
the PS for both ‘3C196’ and ‘NCP’ by simulating LOFAR observations of a Galactic-diffuse-
polarized emission model simulated by Jelić et al. (2010). The PS were created for three
different FoV: 15◦×15◦, 9◦×9◦ and 4◦×4◦. The model emission has significant fluctuations
along frequency due to Faraday rotation, and the spectrally fluctuating emission contaminate
the EoR window of the PS considerably. The level of simulated leakage is higher in ‘NCP’
than in ‘3C196’ (compare Fig. 6.7 and 6.6), because the simulated polarized emission is
also higher in ‘NCP’. LI has been found to vary very little over the instrumental k-space, as
expected.

In Chapter 6, the histograms of the values of LI show that the best estimator of LI is the
median. We see that the median of the fractional leakage is lower in ‘NCP’, but even then
higher leakage power was observed in ‘NCP’ because the model polarized power was also
higher in ‘NCP’ than in ‘3C196’. One very interesting result of this chapter is that, the level
of fractional leakage depends weakly on the field of view. This might be due to the fact that,
although fractional leakage increases with distance from the phase center, polarized power
decreases due to attenuation by the primary beam. Moreover, the polarization vectors might
add incoherently lowering the leakage within a wider field of view. The resulting fractional
leakage is around 0.35% in the 3C196 field, and around 0.27% in the NCP field.
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After calculating the PS from observations, and the fractional leakages from beam model
simulation, we have predicted the level of leakage to be expected in the EoR windows of the
two fields for different fields of view (see Fig. 6.10). The leakage into Stokes I is lower in the
9◦×9◦ fields compared to the 4◦×4◦ fields. The levels of leakage in the 3C196 and NCP
fields are comparable in the 4◦×4◦ FoV. This is of course coincidental.

7.1.6 Removing or avoiding polarization leakage

We tested various strategies for removing polarization leakage of both point sources and
diffuse emission. Two methods for removing point source leakage were tested, one uses AW-
projection, and the other uses DD calibration. AW-projection is implemented in AWIMAGER
and, in Chapter 3 we found that it can remove upto 80% of the I → Q,U leakage. The
DD-calibration was tested in Chapter 5, and it was found that for sources with sufficiently
high SNR, more than 80% of the flux could be removed and the residuals were generally very
close to the local noise level. AW-projection and DD-calibration have similar efficiency in
removing polarization leakage of point sources.

However, our main concern is leakage in the opposite direction, i. e. from Stokes Q,U
to I, and this leakage is mostly contributed by diffuse polarized emission. There can be two
strategies for dealing with such leakage: leakage removal and avoidance. If the leakage has
similar spectral structure as the expected EoR signal, then avoiding the leakage would be
impossible, and removing it would become difficult. In such cases, we could either model the
polarized emission in RM-space and remove it following a deconvolution procedure (Geil
et al., 2011), or correct the power spectrum for the bias caused by the leakage as shown in
Chapter 6.

On the other hand, if the leakage does not mimic the EoR signal, we can either avoid it, as
it will be confined within a small region in the PS-space, or try to remove it to decontaminate
even the low-k‖ scales. In contrast to the NCP field, the leakage in the 3C196 field does
not mimic the EoR signal in the PS-space. So we tried to remove the leakage in the latter
field using GMCA which is being used to remove diffuse total-intensity foreground from the
LOFAR-EoR data. From the cylindrical PS of the residual left after the removal of foreground
leakage components by GMCA, we saw that (Fig. 4.3f,g) at k‖ < 0.1, i.e. in the high SNR
regime, GMCA could reduce the leakage by up to two orders of magnitude while the region
above that scale was left completely untouched. For a more realistic analysis, we added
60 mK noise to the Stokes I leakage maps, reran GMCA on it and saw that (Fig. 4.3h) in
this case almost no leakage was removed, not even in the relatively high SNR region. A
DDE-blind foreground removal method like GMCA is not ideal for removing leakage of diffuse
polarized emission, as the level of leakage is lower than the current noise level in the LOFAR
observations.

7.2 Outlook

This is the best of times for observational 21cm cosmology. Some upper limits on the EoR
signal have already been published using the GMRT, MWA, PAPER, and LOFAR telescopes,
and this is only the beginning. Most 21-cm EoR experiments are still limited by total intensity
foregrounds and systematics. Once these limitations are overcome, polarization leakage
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will become an important issue. To understand the leakage, the polarized emission at low
frequencies will have to be studied carefully, and thus EoR experiments will also boost low
frequency polarization studies. In this section, we describe future prospects of the results of
this thesis, and also our future work.

7.2.1 Future prospects

Antennas for the future arrays such as SKA, that have the 21-cm EoR signal detection as
one of the main scientific objectives, are being designed in such a way that their polarimetric
performance is good enough to be able to minimize the effects of polarization leakage. A
recently proposed figure of merit for quantifying the polarimetric performance is the intrinsic
cross-polarization ratio (IXR) which, in Mueller formalism, can be directly related to the
instrumental polarization. In the case of LOFAR, we found (Chapter 2–4) an instrumental
polarization of around 0.3% (Fig. 4.3e) within the FWHM of the nominal station beams, i.e.
within a FoV of ∼ 4◦. This corresponds to an IXRM of 25 dB, or equivalently an IXRJ of 56
dB, and if the leakage can be reduced by more than 70%, IXRM will improve to 35 dB.

Our calculations of the polarimetric performance of LOFAR can give some insights into
the polarimetric performance of future telescopes, such as SKA. We can say that if SKA has
a minimum IXRM of 25 dB within the central ∼ 4◦ of its nominal station beams, then even a
modest polarimetric calibration (∼ 70% leakage removal) will ensure that the polarization
leakage remains well below the expected EoR signal at the scales of 0.02–1 Mpc−1. However,
if the IXRM is lower within a FoV of 4◦, more leakage needs to be removed to reach the same
level as before in relation to the EoR signal in the power spectra, e.g. if the IXRM is 20 dB,
91% leakage has to be removed, and if it is 15 dB, 97% has to be removed.

7.2.2 Future work

We could calculate the accuracy of the beam model only up to the first null; accuracy of the
sidelobes of the model could not be calculated for two interconnected reasons. First, the
beam model under-predicts leakage on the sidelobes to some extent which can be seen by
comparing the observed (Fig. 5.6a) and the simulated (Fig. 5.6b) images. In the former figure,
some sources can be seen on the sidelobes, whereas in the latter all sources are within the FoV
(note that the FoV would also change with frequency). Of course, the accuracy of the model
beam could still be calculated, if we could quantify the under-prediction, and that’s where the
second reason comes in. The Stokes I fluxes of the sources in the sidelobes were already very
low as they were attenuated by the primary beam, and when we predicted leakage from these
"faint" sources, the resulting leakage was even lower. So, we could not find compact sources
bright enough to give rise to a detectable polarization leakage, even after the under-prediction
of the beam, that would make the calculation of the accuracy possible at these distances from
the phase center. Due to this limitation, we claim our measurement of the accuracy of the
beam model to be reliable only within the FoV. However, in the future we will take into
account the accuracy of the beam model farther away from the phase center, as it is crucial
for EoR experiments.

Also, more study is needed to see how DDE-blind correction of leakage compare with
the correction using a model beam. We have compared the modeling and DD-calibration
approaches by testing the effectiveness of AW-projection (using AWIMAGER) and SAGECAL in
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removing linear polarization leakage. However, both AWIMAGER and SAGECAL can remove
only the leakages of compact sources from Stokes I to Q,U , whereas for the EoR project we
are interested in the leakages of diffuse emission from Stokes Q,U to I. In the future, we will
test the effectiveness of removing this leakage using an RM-model of the diffuse emission
and the beam model of an instrument.

In Chapter 6, we have found some paradoxical results. For example, we saw that the RMS
of the fractional polarization leakage depends very weakly on the FoV. This is especially
important as the other telescopes being used to detect the EoR signal have larger fields of
view than LOFAR. We have thought about two reasons for the weak-dependence of leakage
on FoV. First, although the leakage term of the polarization beam increases, the power of
the polarized emission itself rapidly decreases with distance from the phase center, and the
two effects might lead to a converging level of polarization leakage. Second, the polarized
emission with anti-correlated or random position angles might average down more in the
larger FoV. One of the main focus of our future work is to test these hypotheses further using
simulations and observations.
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English summary

Let us put our poetic-naturalist hat for a second and imagine that our universe is a living being
on an evolutionary journey from birth to death. It had an extremely restless, chaotic, playful
(even happy!) childhood. When the universe was a child, it did not know that it was a child.
But now, after a long 13.8 billion years of journey, the grown-up universe knows that it once
was a child, that it even had a dark teen age, that its wayward clouds were first dispersed by
the bright shafts of light from stars and black holes. How does the universe know so much?
Did it know that it would one day know? It knew nothing, not even the potentiality of its
knowledge. But on an insignificant bend of its evolutionary path, that wayward child has
come to terms with its life by accident, it has met its greatest creation, because what it has
produced through random musings now dare to know itself, dare to unveil all its dark veils.
That random creation, that proud knower of truth is the human animal; and other animals of
that sort, if they really exist.

The life story of the universe is a most unusual one. It started in a grand explosion—called
‘big bang’—of something resembling existence itself, and is expanding and cooling following
the laws of general relativity and thermodynamics ever since. The origin of big bang is still
a mystery, but its aftermath has been so well understood by humans that their cosmologists
boast of their modern theory as one of the greatest ever devised. Another one of the greatest
human-made theories say that all matter are made of atoms, that are in turn made of subatomic
wave-particles, mysterious entities that are waves in reality and particles in appearance.
Ancient Roman poet Lucretius believed in the eternity of atoms, but contemporary humans
know better: the building blocks of atoms—mainly quarks and electrons—were created
during the first second after big bang. The creators were photons, carriers of energy and
light. Matter and antimatter particles created from photons annihilated by colliding with each
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Figure 7.1: The 13.8 billion years of history of the universe—from the big bang to the present
day following the arrow of time. Different telescopes are suited for observing different
epochs—BICEP2 is aiming to indirectly detect the signature of big-bang-producing inflation,
whereas the ground based optical telescopes can probe only the recent history. The low-
frequency radio telescope LOFAR is on the verge of observing the epoch of reionization.
Adapted from an original graphics of NAOJ.

other, recreating the creator photons in an impressive feat of irony. As the universe expanded
and cooled, the temperature became insufficient to keep the creator-creation-creator cycle
going, and almost all matter and antimatter particles annihilated for the last time without
being created again. Almost, because there was a billion and one matter particles for every
billion antimatter particles, and this excess meant the universe, at the end of the ultimate
annihilation, consisted of photons and matter in the form of leptons (e. g. electrons) and
quarks. The quarks glued together to form protons during the first three minutes.

The universe was dominated by photons when it was less than 380,000 years old. Electrons
and protons were independent, free beings, and the freedom of electrons meant the captivity of
photons, however dominant they may be. Photons were unable to follow their natural ‘straight
path’, because they were being continually distracted and scattered by untaken electrons.
But when the universe was roughly 380,000 years old, the electrons were taken by protons
and together they formed a soup of neutral hydrogen in an event called ‘recombination’.
Bound electrons were no longer attracted to photons, and the photons propagated everywhere
freely on a straight line without any swerves. We can detect these emancipated photons as
the cosmic microwave background (CMB) radiation of 2.7 K. Planck satellite has created
by far the most sensitive maps of CMB, and these maps are the greatest treasure trove of
observational cosmology to date. They are a snapshot of the infant universe, when it was only
380,000 years old, 0.003% of its current age.

After the recombination of hydrogen, the universe entered into its teen age which was
very dark, because there was no source of light. The first stars and black holes soon formed
but even they could not light things up. Because they emitted mostly ultraviolet light, and
the hydrogen-bound electrons absorbed the energy of this light to free themselves from the
relationship with protons. Although the old photons of the recombination era were relatively
free from the influence of electrons, the new photons produced from stars and black holes
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were not. When photons cannot propagate freely, we get a foggy, smoggy atmosphere.
Therefore, one can say that the universe entered into a dark, cold, winter smog of reionization,
from the bright, hot, summer smog of pre-recombination. The epoch of reionization is only
theoretically somewhat known to humans, but so far they have not been able to observe it
directly, nor have they been able to observe the dark ages and the cosmic dawn of the first
stars. If a person has a photograph of her in the womb, and then when she is an adult, we
would not be able to guess how she looked and behaved during her childhood and teenage;
people, not unlike the universe, change a lot. This is exactly the condition of the universe as
revealed to humans. They have a snapshot of the infant universe through CMB, and then they
have many pictures of the adult universe, but the dark ages, the cosmic dawn, and the epoch
of reionization are still a mystery.

How fortunate for humans that they can now dare to map the whole universe in both
space and time! Because the happy families that electrons and protons produced during
recombination do give away some detectable vibes, however weak that may be compared
to the strong signal of the craving for freedom via reionization. It is produced due to an
interplay between electrons and protons, who have a special directedness called ‘spin’. When
the partners in a hydrogen family are spinning in the same direction, they have higher energy
as opposed to when they are spinning in the opposite direction. Let us call the hydrogen
families with ‘aligned’ spin ‘happy’ and the ones with ’anti-aligned’ spin ‘sad’, for no other
reason than being a bit poetic again. The sad families play around with other families or
lonely photons and become happy after gaining some extra-familial energy, but when the
phase passes and they become sad again they release the afore-gained energy as a radiation of
21-cm wavelength. It might be relevant to mention here that, in these families it is always the
electron who is unstable. This 21-cm signal is so fundamental a beacon for learning about the
universe that a picture of the spinning partners in a hydrogen family was put on the ‘pioneer
plaque’ in the Pioneer 10 spacecraft by humans, so that other intelligent animals, if there are
any, can understand what they are talking about.

Another big stroke of luck for humans is that the speed of light is constant, otherwise
they would not come into existence, let alone observe their creator. Because of this constancy,
the farther they look in space, the earlier they see in time. Reionization of hydrogen by
stars and black holes was probably complete when the universe was 1 billion years old. If
humans look far enough in space, they can see that adolescent universe through the 21-cm
signal. If they look even farther, they can even observe what was happening during the cosmic
dawn and the dark ages. Huge low-frequency radio telescopes have been and are being
built on Earth to do just this. Because of the expansion of the universe, the 21-cm signal is
stretched out to almost 4 to 1 meters depending on how far into the history one is looking.
For this reason, the telescopes are tuned to low frequencies, equivalent to large wavelengths.
One such telescope is LOFAR (LOw Frequency ARray, centered around a core near Exloo,
Netherlands), that detects all extraterrestrial and terrestrial signals with wavelengths between
1 and 30 meters. Human-created terrestrial signals are filtered out, and the remaining haystack
of extraterrestrial radiation is combed thoroughly to find the 21-cm signal lying deep in the
noise.

The 21-cm signal is elusive. First of all, one cannot really see the absolute signal, what is
observable is the relative intensity of the signal with respect to CMB, called the differential
brightness. And even the actual value of the differential brightness is not observable; telescope
arrays like LOFAR can only see the spatial fluctuations of this brightness. But one can learn a
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Figure 7.2: How the beacon from reionization might get obstructed by the inherent imperfec-
tions of human-made telescopes.

lot just from these fluctuations of the differential brightness.

From theoretical calculations, the period from the dark ages to the epoch of reioniza-
tion has been characterized by three temperatures: kinetic, spin, and radiation. Radiation
temperature has to do with the energy of CMB, and kinetic temperature is a measure of
the motion of atoms. Spin temperature is the measure of the relative number of atoms with
aligned and anti-aligned spins. These three temperatures engaged in a ménage à trois. In the
beginning of the dark ages they were living and falling together with the cosmic expansion,
but around 10 million years after the big bang, kinetic temperature broke away from the other
two and started falling rapidly. The spin temperature was vacillating between the other two,
but remained close to the radiation temperature. It was less than the radiation temperature in
the beginning resulting in a 21-cm signal in absorption, but around 100 million years after
the big bang it surpassed the radiation temperature producing a 21-cm signal in emission.
Finally, the 21-cm signal disappeared when all hydrogen in the intergalactic medium became
ionized releasing the electrons from their protonic shackles once and for all. These theoretical
predictions, among many other, remain to be proved, disproved or better constrained by the
forthcoming observations of the 21-cm signal.

But the observation is one of the most difficult ever attempted by humankind. Just as
humans can only think of the form of a perfect circle, but can never reproduce that ideal form
in reality, so the telescopes they build are bound to be flawed reproductions of the eye of a
flawless observer. Understanding these flaws flawlessly has never been as dire a necessity as
in the case of detecting the 21-cm signal. This thesis is concerned with understanding some
of the errors of LOFAR in detecting the 21-cm signal coming from the epoch of reionization
(hereafter, the ‘EoR signal’). However imperfect their material creations may be, humans
are excellent at imagining the perfect, ideal form behind those creations. In fact, they cannot
mold anything imperfect without a perfect model. And there is a perfect model describing
the ‘form’ of the ideal observer which is, fortunately, also very straightforward to describe
pictorially within the scope of this summary. In the remainder of this summary, I will do just
that referring to Figure 7.4.



135

Figure 7.4 shows three mathematical forms: the observed Stokes vector on the left hand
side (SO), the true Stokes vector on the right hand side (ST ), and a 4×4 matrix (known as
Mueller matrix, M) representing the flawed observer in between. Between the truth and the
appearance, there is always an observer. Each term in the vectors and the matrix spans a
field of view of 20◦×20◦. An observation SO is equivalent to a matrix multiplication of the
true object ST with the flawed observer M. But there are more complications, because the
truth observed here by LOFAR is not the desired truth. As mentioned above, ST here is a
great haystack of extraterrestrial radiation from which all unwanted parts need to be combed
out. For example, all extragalactic and Galactic foreground radiation lying in the intervening
medium need to be removed to get at the EoR signal. Extragalactic foreground appears as
tiny compact sources and are comparatively easy to remove. But the Galactic foregrounds
arise mostly from relativistic electrons spinning around magnetic field lines in the interstellar
medium and are diffused throughout the fields of view of our telescope. Fortunately, there is
a way to identify the Galactic diffuse foreground too: it is smooth along frequency, unlike the
EoR signal. After removing the frequentially smooth components, the residuals are expected
to contain the EoR signal, the random and systematic noises, and another subtle effect called
‘polarization leakage’, the focal point of this thesis. To explain this leakage, we have to delve
into Figure 7.4 again and explain the phenomenon of polarization.

Astronomy is concerned with detecting and analyzing electromagnetic waves coming
from space. These waves are created by oscillations of electromagnetic field. Looking at an
open ocean on a sunlit day, we recognize only one wave, that of the ocean. But if we think
deeply enough, we come to the realization that the light engulfing us and enabling us to see
the water waves is itself a kind of wave, not wave on the water but on the electromagnetic
field. The ocean waves can look very well structured when they are about to break on the
shore, but in general they are haphazard, sloshing this way and that way. Likewise, the electric
(and/or magnetic) field can oscillate in a specific direction, or haphazardly in all directions.
The former is called polarized, and the latter unpolarized. The polarization characteristics of
these waves can be completely described by the four Stokes parameters shown by the Stokes
vectors in Figure 7.4. Stokes I represent the total intensity, Q and U linear polarization and V
circular polarization. Low-frequency radio emission from our galaxy is polarized, but it gets
depolarized to a large extent on the way to us. The linear polarization (Q, U) fraction that we
detect in the end is, however, might not be small enough to discard. Especially because the
polarized emission might mimic the EoR signal in its spectral structure.

The EoR signal will be detected in total intensity, i. e. in Stokes I, but a small fraction of
the polarized emission can leak into Stokes I via the M matrix shown in Figure 7.4—Stokes
I in SO will have contributions from all elements of ST and the elements of the first row of
M. If the polarization indeed mimics the signal in frequency, then its leakage would be very
difficult to separate from the signal. If we know both the polarized emission and the M matrix,
we can hope to disentangle the two, although it will still be difficult as M varies with time,
frequency, observing antenna, pointing direction, and field of view.

In this thesis, we have characterized the linearly polarized emission in the 3C196 and
NCP fields, two observing windows of the LOFAR-EoR project. After creating a model of
this polarized emission, we have predicted the level of leakage into Stokes I, for a standard
one-night observation, using the time-frequency-antenna-direction dependent M matrices
created from the standard primary beam model of LOFAR. We have shown that the leakage is
lower than one of the simulated EoR signals at larger angular scales, but surpasses the signal
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at smaller scales. The leakage was found to mimic the EoR signal to some extent in the NCP
field, but not in the 3C196 field. We have determined the accuracy of the primary beam model
of LOFAR using an one-night full polarization observation. The accuracy was found to be
around 10% and it helped us better constrain the predicted level of leakage. The fields of
view of LOFAR antennae ranges from around 4 to 5 degrees at higher frequencies. However,
this inner region is affected by leakage and sidelobes from farther away. We have shown that
the effect of leakage from outside the field of view is negligible, because although leakage
increase as one goes away from the phase center, the intensity of the emission decreases, and
the two effects cancel each other out to a certain extent.

Another focus of this thesis was to test different strategies of removing polarization
leakage. Existing algorithms can only deal with removing leakage of compact sources
from total intensity into polarization, whereas we are interested in the opposite case. These
strategies, the direction dependent calibration and AW-projection, have been tested in any
case, and we have found them almost equally capable of doing the job—both can remove
more than 80%–90% of the leakage if the signal to noise ratio is sufficiently high. Ultimately,
we want to be able to remove leakage of diffuse polarized emission into total intensity, and
the works presented in this thesis will be helpful in this regard. Every scientific work has
some serendipitous elements. In our case, we can say that a work that started as an attempt
to characterize the level of polarization leakage also enabled us to detect polarized compact
sources previously un-observed at these frequencies, and quantify the accuracy of the primary
beam model of LOFAR.

The level of polarization leakage is comparable to the EoR signal at some scales and
toward some directions, and it is much lower than the noise level. Therefore, for the current
generation telescopes like LOFAR leakage might not be one of the main concerns. This effect
will be much more relevant and interesting for the more sensitive future telescopes like SKA.
We have only just started to characterize the polarized emission at such low radio frequencies,
and what we will be able to discover in the future is the unknown. This thesis is one of many
stepping stones toward that age of low-frequency astropolarimetry.



Nederlandse samenvatting

Laten we ons universum op een poetisch naturalistische wijze bekijken en het zien als een
levend wezen op haar evolutionaire reis van de wieg tot het graf. Het had een ongelofelijk
rusteloze, chaotische, levendige en misschien zelfs wel gelukkige jeugd. Toen het universum
een kind was, had het geen idee dat het een kind was. Maar vandaag de dag, na een reis
van 13,8 miljard jaar, weet het universum dat het ooit een kind was, dat het zelfs donkere
tienerjaren beleefde en dat haar nukkige mistflarden pas verdwenen door het velle licht van
sterren en zwarte gaten. Hoe weet het universum zo veel? Ooit wist het van niks, niet eens van
de potentie van haar kennis. Maar door een onbeduidende bocht in haar evolutionaire reis is
het nukkige kind per ongeluk in het reine gekomen met haar verleden. Het heeft haar grootste
creatie ontmoet. Want wat het geproduceerd heeft, heeft door willekeurige overpeinzingen
zichzelf en haar gedurft te leren kennen, gedurft al haar donkere sluiers te ontsluieren. Die
ene willekeurige creatie, die trotse kenner van waarheid is de menselijke diersoort; en andere
dieren van dat soort, mochten ze echt bestaan.

Het levensverhaal van het universum is een zeer bijzondere geschiedenis. Het begon met
een grote explosie, genaamd de oerknal, van iets dat lijkt op het bestaan zelf en sindsdien
expandeert en koelt volgens de wetten van de algemene relativiteitstheorie en de thermo-
dynamica. De oorsprong van de oerknal is nog steeds een mysterie, maar haar nasleep is
zo goed begrepen door mensen, dat kosmologen hun moderne theorie bestempelen als een
van de voornaamste theorien ooit bedacht. Een andere van deze voornaamste door mensen
ontwikkelde theorien zegt dat alle materie bestaat uit atomen, die op hun beurt weer bestaan
uit subatomaire golf-deeltjes, mysterieuze entiteiten die in werkelijkheid golven zijn, maar in
hun verschijnen zich gedragen als deeltjes. De klassieke Romeinse dichter Lucretius geloofde
in de eeuwigheid van atomen, maar hedendaagse mensen weten beter: de bouwstenen van
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Figure 7.3: De 13,8 miljard jaar van de geschiedenis van het heelal, van de oerknal tot
vandaag de dag. Verschillende telescopen zijn geschikt om verschillende tijdperken te
observeren. BICEP2 richt zich op het indirect waarnemen van de vingerafdruk van de oerknal
producerende inflatie. Optische telescopen op aarde richten zich daarentegen enkel op het
recente verleden. De lage frequentie radio telescoop LOFAR staat op het punt om het tijdperk
van reionizatie waar te nemen.

atomen, voornamelijk quarks en elektronen, zijn gecreëerd tijdens de eerste seconde van
de oerknal. De scheppers waren fotonen, de dragers van energie en licht. Materie- en anti-
materiedeeltjes gecreëerd uit fotonen annihileerden door met elkaar te botsen, waarbij ze de
scheppende fotonen herschiepen in een indrukwekkend staaltje ironie. Met het expanderen
en koelen van het universum daalde de temperatuur tot onder het punt waarop de schepper-
scheppen-schepper cyclus in stand gehouden kon worden en voor de laatste keer bijna alle
materie- en anti-materiedeeltjes annihileerden, zonder weer opnieuw geschapen te worden.
Bijna, want er was een miljard en één materiedeeltje voor elke miljard anti-materiedeeltjes.
Dit overschot betekende dat het universum, na de ultieme annihilatie bestond uit fotonen
en materie in de vorm van leptonen, bijvoorbeeld elektronen, en quarks. De quarks plakten
tijdens de eerste drie minuten samen om protonen te vormen.

Het heelal werd overheerst door fotonen tijdens de eerste 380.000 jaar. Elektronen en
protonen waren onafhankelijke, vrije wezens. De vrijheid van elektronen betekende de
gevangenschap van fotonen, hoe dominant deze ook waren. Fotonen waren niet in staat hun
natuurlijke rechtlijnige beweging uit te oefenen, omdat ze continu afgeleid en verstrooid
werden door ongevangen elektronen. Toen het universum ongeveer 380.000 jaar oud was,
werden de elektronen gegrepen door de protonen om samen een brij van neutraal waterstof te
vormen in een gebeurtenis die recombinatie heet. De gebonden elektronen werden niet langer
aangetrokken door fotonen en de fotonen konden zich vrij bewegen in rechtlijnige bewegingen
zonder omzwervingen te maken. We kunnen deze vrij gemaakte fotonen waarnemen als
de kosmische achtergrondstraling (in het Engels Cosmic Microwave Background (CMB)
radiation) van 2,7 K. De Planck satelliet heeft verreweg de meest fijngevoelige kaart van
de CMB gemaakt. Deze kaarten zijn tot nu toe de grootste schatkamer voor observationele
kosmologie. Het zijn momentopnames van het universum als baby, toen het nog maar 380.000
jaar oud was, 0,003% van haar huidige leeftijd.
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Na de recombinatie van waterstof ging het heelal door haar tienerjaren, die erg donker
waren door het totale gebrek aan lichtbronnen. De eerste sterren en zwarte gaten vormden snel,
maar zelfs zij konden geen verlichting brengen. Dit kwam doordat ze voornamelijk ultraviolet
licht uitstraalden. De energie afkomstig hiervan werd door aan waterstof gebonden elektronen
geabsorbeerd om zichzelf te bevrijden uit de greep van de protonen. Hoewel de oude fotonen
uit het recombinatietijdperk relatief gevrijwaard waren van de invloed van elektronen, waren
de nieuwe elektronen dat niet. Als fotonen zich niet vrij kunnen bewegen, ontstaat er een
mistige, rokerige atmosfeer. Daarom kan gezegd worden dat het heelal een donkere, koude
wintersmog van reionizatie betrad, vanuit de felle, hete zomersmog van pre-recombinatie. Het
tijdperk van reionizatie is enkel theoretisch enigzins bekend voor mensen, maar tot dusverre
zijn ze nog niet in staat geweest om het rechtstreeks waar te nemen, noch de zogenaamde
dark ages en de kosmische dageraad van de eerste sterren. Als een mens een foto heeft van
zichzelf in de baarmoeder en als volwassene, zouden we niet kunnen raden hoe ze eruit zag
en zich gedroeg tijdens haar kinder- en tienerjaren. Mensen, net als het heelal, veranderen
veel. Dit is exact hetzelfde als de toestanden van het heelal die geopenbaard zijn voor mensen.
Ze hebben een momentopname van het universum als baby door het CMB en ze hebben vele
opnames van het volwassen heelal, maar de dark ages, kosmisch dageraad en het tijdperk van
reionizatie zijn nog steeds een mysterie.

Wat een geluk voor mensen dat ze nu kunnen dromen over het in kaart brengen van
het heelal in zowel ruimte en tijd! Dit is mogelijk doordat de blije gezinnen gevormd door
elektronen en protonen tijdens recombinatie waarneembare golven uitzenden. Hoe zwak
ook ten op zichte van het sterke signaal van de hunkering naar vrijheid door reioizatie.
Het wordt geproduceerd door een samenspel van elektronen en protonen, die een speciale
gerichtheid hebben genaamd ‘spin’. Als de partners in een waterstofgezin in dezelfde richting
spinnen hebben ze een hogere energie dan als ze in tegengestelde richting zouden spinnen.
Laten we de waterstofgezinnen met uitgelijnde spin blij noemen en met anti-uitgelijnde
spin somber, enkel om weer een beetje poetisch te zijn. De sombere gezinnen kunnen met
andere gezinnen rondhangen of met eenzame fotonen en blij worden door het winnen van wat
buitengezinse-energie. Als deze fase voorbijgaat en ze weer somber worden, zullen ze eerder
gewonnen energie wegstralen in de vorm van 21-cm straling. Het is misschien belangrijk
te melden dat in deze gezinnen het altijd het elektron degene is die onstabiel is. Dit 21cm
signaal is zo fundamenteel voor kennis van het universum, dat mensen een afbeelding van de
spinnende partners in het waterstofgezin op de ‘pioneer plakette’ hebben gezet in de Pioneer
10 ruimtesonde, zodat andere intelligente dieren, als ze er zijn, kunnen begrijpen waar mensen
het over hebben.

Met de constante lichtsnelheid hebben mensen ook veel mazzel gehad, anders zouden ze
niet bestaan en zeker niet in staat zijn om hun schepper te observeren. Door deze constantheid
kijk je terug in de tijd als je verder de ruimte in kijkt. Reionizatie van waterstof door sterren
en zwarte gaten was waarschijnlijk klaar toen het heelal een miljard jaar oud was. Als mensen
ver genoeg kijken, zien ze het heelal tijdens haar puberteit in 21cm straling. Als ze nog verder
kijken, kunnen ze zelfs waarnemen wat er gebeurde tijdens de kosmische dageraad en de
dark ages. Enorme lage frequentie radiotelescopen zijn en worden op aarde gebouwd om
dit te doen. Door het uitdijen van het heelal is het 21cm signaal uitgerekt tot bijna 4 tot 1
meter, afhankelijk van hoe ver je terugkijkt in de geschiedenis van het universum. Dit is
de reden dat de telescopen afgesteld zijn op lage frequenties, die overeenkomen met lange
golflengtes. Een van deze telescopen is LOFAR (LOw Frequency ARray, gebouwd met vele
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Figure 7.4: Hoe het baken van reionizatie belemmerd zou kunnen worden door de inherente
imperfecties van door de mens gemaakte telescopen.

stations rond het centrum nabij Exloo in Drenthe), die alle aardse en buitenaardse signalen
met golflengtes tussen 1 en 30 meter waarneemt. Door mensen geproduceerde aardse signalen
worden weggefilterd, waarna de overgebleven hooiberg aan buitenaardse signalen doorgezeefd
wordt op zoek naar het 21cm signaal, dat diep verborgen ligt in de ruis.

Het 21cm signaal is moeilijk te vangen. Allereerst kun je het absolute signaal niet echt
waarnemen. Wat wel waar te nemen is is de relatieve intensiteit van het signaal ten opzichte
van de CMB, genaamd de differentiële helderheid. En zelfs de waarde van de differentiële
helderheid is niet waarneembaar: radio interferometrische telescopen zoals LOFAR kunnen
alleen de ruimtelijke fluctuaties van deze helderheid waarnemen. Het is echter mogelijk om
veel te leren van deze fluctuaties van de differentiële helderheid.

Uit theoretische berekeningen blijkt dat de periode van de dark ages tot het tijdperk van
reionizatie wordt gekarakteriseerd door drie verschillende temperaturen: kinetische, spin- en
stralingstemperatuur. Stralingstemperatuur heeft te maken met de energie van de CMB en de
kinetische temperatuur is een maat voor de bewegingen van atomen. De spintemperatuur is
een maat voor het relatieve aantal atomen met uitgelijnde en anti-uitgelijnde spintoestand.
Deze drie temperaturen zijn deelnemers aan een ménage à trois. Aan het begin van de dark
ages leefden en daalden ze samen met de kosmische uitdijing. Ongeveer 10 miljoen jaar
na de oerknal ging de kinetische temperatuur een andere weg en begon snel te dalen. De
spintemperatuur kon niet kiezen tussen de twee, maar bleef dichtbij de stralingstemperatuur.
Het was lager dan de stralingstemperatuur in het begin, waardoor het 21cm signaal in absorptie
verscheen. Na ongeveer 100 miljoen jaar na de oerknal werd de spintemperatuur hoger dan
de stralingstemperatuur, wat zorgde voor een 21cm signaal in emissie. Uiteindelijk verdween
het 21cm signaal toen alle waterstof in het intergalactisch medium geionizeerd werd, wat
de elektronen voor eens en voor altijd bevrijdde van hun protonenboeien. Deze theoretische
voorspelling, net als vele andere, dienen nog bewezen, weerlegt, of nog beter, haar parameters
ingeperkt te worden door de aanstaande waarnemingen van het 21cm signaal.

Deze waarnemingen zijn echter sommige van de moeilijkste die ooit gepoogd zijn te
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ondernemen. Net zoals mensen enkel kunnen denken over de vorm van een perfecte cirkel en
het ze nooit zal lukken deze perfecte vorm te tekenen, zo zullen telescopen die door mensen
gebouwd worden altijd een gebrekkige weergave zijn van het oog van een perfecte waarnemer.
Het perfect begrijpen van deze imperfecties is nog nooit zo van belang geweest als bij het
waarnemen van het 21cm signaal. Dit proefschrift heeft betrekking op het begrijpen van
een paar van de gebreken van LOFAR bij het waarnemen van 21cm straling afkomstig van
het tijdperk van reionizatie (in het Engels Epoch of Reionization, EoR). Hoe imperfect hun
fysieke creaties ook zijn, mensen zijn heel goed in het inbeelden van het perfecte beeld achter
deze creaties. In werkelijkheid zijn ze niet in staat om iets imperfects te modelleren, als ze
geen perfect model hebben. Ook voor deze samenvatting is er zo’n perfect model dat een
ideale waarnemer in beelden beschrijft beschikbaar. Voor de rest van deze samenvatting zal
ik verwijzen naar deze afbeelding: 7.4.

Figuur 7.4 laat drie wiskundige vormen zien: de waargenomen Stokes vector aan de
linkerkant (SO), de echte Stokes vector aan de rechterkant (ST ) en een 4− bi j− 4 matrix
(bekend als Mueller matrix, M) in het midden als representatie van de gebrekkige waarnemer.
Tussen de werkelijkheid en verschijning staat altijd een waarnemer. Elke term in de vectoren
en in de matrix beslaat een gezichtsveld van 20◦× 20◦. Een waarneming SO staat gelijk
aan een matrix vermenigvuldiging van het ware object ST met de gebrekkige waarnemer
M. Er zijn echter nog meer complicaties, omdat de waarheid waargenomen door LOFAR
niet de gewenste waarheid is. Zoals eerder aangegeven is ST een hooiberg van buitenaardse
straling, waaruit alle ongewenste delen gekamd moeten worden. Alle galactische en extra-
galactische straling uit het tussenliggende medium moeten van het EoR signaal worden
afgetrokken. Extragalactische voorgrondstraling verschijnt als miniscule compacte bronnen
en zijn betrekkelijk gemakkelijk te verwijderen. Galactische voorgrondstraling daarentegen
wordt veroorzaakt door relativistische elektronen die door magnetische veldlijnen draaien
in het interstellaire medium en is diffuus door het hele gezichtsveld van onze telescoop.
Gelukkig is er een manier om de diffuse galactische voorgrondstraling te identificeren: het
varieert op een voorspelbare wijze als de frequentie verandert, wat het EoR signaal absoluut
niet doet. Na het verwijderen van deze in frequentie gladde signalen, verwacht je dat de
residuen het EoR signaal, willekeurige en systematische ruis en een ander subtiel effect
genaamd ‘polarisatielekkage’, het brandpunt van dit proefschrift, zijn. Om deze lekkage uit te
leggen moeten we in figuur 7.4 duiken en daarbij ook het fenomeen van polarisatie uitleggen.

Sterrenkunde houdt zich bezig met het waarnemen en analyseren van elektromagnetische
straling afkomstig uit het heelal. Deze golven worden veroorzaakt door oscillaties in het
elektromagnetische veld. Als we naar de oceaan kijken op een zonnige dag, kunnen we enkel
één golf zien, de golf van de oceaan. Maar als we diep genoeg nadenken, realiseren we ons
dat het licht waarin we baden en hetgeen het ons mogelijk maakt de watergolven te zien,
zelf ook een soort golf is, maar dan van het elektromagnetische veld. Golven op de oceaan
kunnen er zeer gestructureerd uitzien als ze op het punt staan op het strand te breken. Over
het algemeen zijn ze echter willekeurig, ze klotsen eerst zo en dan weer zo. Op dezelfde
wijze kan het elektrische (en/of magnetische) veld in een bepaalde richting oscilleren, maar
ook willekeurig in alle richtingen. Het eerste heet gepolariseerd, het tweede ongepolariseerd.
De polarisatie-eigenschappen van deze golven kunnen volledig beschreven worden door de
vier Stokes parameters. Deze zijn in figuur 7.4 te zien als de Stokes vectoren. Stokes I staat
voor de totale intensiteit, Q en U voor lineaire polarisatie en V voor circulaire polarisatie.
Lage frequentie radiostraling van onze Melkweg is gepolariseerd, maar wordt grotendeels
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gedepolariseerd op de weg naar ons toe. De hoeveelheid lineaire polarisatie, Q en U , die nog
over is zou voor ons echter wel eens te groot kunnen zijn om te negeren. Vooral omdat de
gepolariseerde straling de spectrale structuur van het EoR signaal na zou kunnen bootsen.

Het EoR signaal zal worden waargenomen in totale intensiteit, met andere woorden in
Stokes I. Een klein deel van de gepolariseerde straling kan echter naar Stokes I lekken via
de M matrix in figuur 7.4. Stokes I in SO zal bijdrages hebben van alle elementen in ST en
de elementen in de eerste rij van M. Als polarisatie inderdaad het EoR signaal nabootst in
frequentie, dan zal de lekkage zeer lastig te onderscheiden zijn van het EoR-signaal. Als
we zowel de gepolariseerde straling als de M matrix kennen, kunnen we beide hopelijk van
elkaar loshalen. Al zal het nog steeds lastig zijn, aangezien M varieert met tijd, frequentie,
waarneemantenne, waarneemrichting en gezichtsveld.

In dit proefschrift hebben we de linear gepolariseerde straling in de 3C196 en NCP
velden, twee van observatievelden van het LOFAR-EoR project, in kaart gebracht. Nadat we
een model van deze gepolarizeerde straling hebben gemaakt, hebben we voorspeld hoeveel
lekkage naar Stokes I er aanwezig is voor een normale observatie van één nacht, met de tijd,
frequentie, antenne en richtingsgevoelige M matrices. Deze matrices hebben we afgeleid uit
het algemene primaire bundel-model van LOFAR. We hebben laten zien dat de hoeveelheid
lekkage lager is dan een van de gesimuleerde EoR-signalen op grote hoekafstanden, maar
hoger op kleine hoekafstanden. De lekkage bleek het EoR signaal tot op zekere hoogte na
te bootsen in het NCP veld, maar niet in het 3C196 veld. We hebben de nauwkeurigheid
van het primaire bundel-model bepaald aan de hand van een observatie van één nacht met
volledige polarizatie. De nauwkeurigheid van het model bleek binnen de tien procent te
vallen. Deze observaties hebben ons geholpen om het mogelijke bereik voor de voorspelde
hoeveelheid lekkage beter in te perken. De gezichtsvelden van de LOFAR-antennes variëren
tussen vier en vijf graden bij hogere frequenties. Echer, dit binnenste gebied wordt beïnvloed
door lekkage en bijbundels verder weg. We hebben laten zien dat het effect van lekkage
buiten het gezichtsveld verwaarloosbaar is. Hoewel lekkage toeneemt als je verder bij het
fasecentrum weggaat, neemt de intensiteit van de straling af. Deze twee effecten heffen elkaar
tot op zekere hoogte op.

Een ander speerpunt van dit proefschrift is het testen van verschillende strategieën om
polarisatielekkage te verwijderen. Bestaande algoritmes kunnen enkel lekkage van compacte
bronnen van totale intensiteit naar polarisatie verwijderen. Wij zijn geïnteresseerd in het
tegenovergestelde. We hebben deze strategieën, richtingsafhankelijke calibratie en AW-
projectie, getest en zijn tot de conclusie gekomen dat ze ongeveer net zo capabel zijn. Beide
verwijderen meer dan 80% tot 90% van de lekkage, als de signaal-ruisverhouding voldoende
hoog is. Ons ultieme doel is om lekkage van diffuse gepolarizeerde straling naar totale
intensiteit te verwijderen. Het werk gepresenteerd in dit proefschrift zal hiervoor nuttig zijn.
Elk wetenschappelijk werk heeft enkele toevalstreffers. In ons geval, heeft een exercitie
om de hoeveelheid polarizatie lekkage te bepalen ons in staat gesteld om gepolarizeerde,
compacte bronnen waar te nemen die voorheen niet zichtbaar waren voor LOFAR en om de
nauwkeurighed van de primaire bundel van LOFAR te bepalen.

De hoevoeelheid polarisatielekkage is vergelijkbaar met het EoR-signaal op sommige
schalen en in sommige richtingen en is bovendien veel lager dan het ruisniveau. Daarom
kunnen we concluderen dat voor de huidige generatie radiotelescopen, zoals LOFAR, lekkage
niet tot de belangrijkste redenen tot zorgen behoort. Polarizatielekkage zal veel relevanter en
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interessanter zijn voor de gevoeligere, toekomstige generatie van radiotelescopen zoals SKA.
We zijn nog maar net begonnen met het bepalen van de eigenschappen van gepolariseerde
straling op zulke lage frequenties. Wat we nog kunnen ontdekken in de toekomst is een
grote onbekende. Dit proefschrift is een van vele stapjes in de richting van lage frequentie
astropolametrie.





Bengali summary

িনেজেদর কিব-pক* িতিবদ মনটা িদেয় একবার ভাবার 2চ4া করা যাক আমােদর মহািব8 এক9 জীবn সtা 2য জn 
2থেক মৃতA Bর িদেক একটা িববতCনীয় যাtা কের যােc। মহািবে8র এক9 খুব অিsর, িবশৃŋল, আমুেদ (এমনিক সুখী!) 
Nশশব িছল। 2স যখন িশP িছল তখন 2স জানত না 2য 2স এক9 িশP। িকnt এখন ১৩৮০ 2কা9 বছেরর দীঘC যাtা 
2শেষ 2স জােন একসময় 2স িশP িছল, তার একটা অnকার Nকেশারও িছল, তার িবষাদঘন 2মঘ pথম অপসৃত 
হেয়িছল নkt ও ক* \িববরেদর তীb আেলাকবােণ। মহািব8 িকভােব এখন এতিকছA  জােন? 2স িক জানত 2য 
একসময় 2স জানেব? জানত না; এমনিক তার জানার সুp-kমতাটাও তার অজানা িছল। িকnt িনেজর িববতCনীয় 
পেথর এক নগণB বঁােক এেস 2সই 2খয়ািল িশP তার জীবেনর সােথ 2বাঝাপড়া কেরেছ, তার 2ef সৃgর মুেখামুিখ 
হেয়েছ, কারণ ঘটনাচkজাত িকছA  অনুধBােনর মাধBেম 2স এমন একটা সtা Nতির কেরেছ 2য িনেজেক জানার sধCা 
কের, মহািবে8র সব অnপদCা উেnাচন করার সাহস কের। 2সই যাদ* িcক সৃg, 2সই গিবCত সতBানুসnানীই হেc 
মানুষ নামক pাণী, বা এরকম অনB সব pাণী, যিদ তারা আসেলই 2থেক থােক। 

মহািবে8র জীবনকািহনীর 2চেয় অdA ত আর িকছA  হেত পাের না। তার জn হেয়িছল sয়ং অিsেtর মেতা 
একটা িজিনেসর এক জঁাকােলা িবেsারেণর (মহািবেsারণ) মাধBেম যার পর 2থেক 2স তাপগিতিবদBা ও সাধারণ 
আেপিkকতার িনয়ম 2মেন সmpসািরত ও শীতল হেত 2থেকেছ। মহািবেsারেণর উৎপিt আেজা রহসBেঘরা, িকnt 
তার পিরণিত মানুষ এত ভালভােব বুেঝেছ 2য তােদর িব8তািttকরা তােদর আধুিনক তtt9েক এযাবৎ উdািবত 
সবCেef তttgেলার এক9 মেন কের। মানুেষর আেরক9 অনBতম 2সরা তtt বেল সব পদাথC পরমাণু িদেয় Nতির, যারা 
আবার অিতপারমাণিবক তরŋ-কণা িদেয় গিঠত যারা srেপ তরŋ িকnt বাহBrেপ কণা। pাচীন 2রামান কিব 
লুেkিতউস পরমাণুর িনতBতায় িব#াস করত, িকnt আধুিনক মানুেষরা 2বিশ জােন: পরমাণুর গাঠিনক উপাদানgেলা 
(pধানত 2কায়াকC ও ইেলকyন) সৃg হেয়িছল মহািবেsারেণর পর pথম 2সেকেn। s4া িছল 2ফাটন, যারা শিk ও 
আেলার বাহক। 2ফাটন 2থেক Nতির পদাথC ও pিতপদােথCর কণারা এেক অপেরর সােথ সংঘষC কের ~ংস হেয় 
যািcল, যার ফেল পুনঃসৃ4 হিcল s4া 2ফাটেনরা। 
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এরপর মহািব8 আেরা pসািরত ও শীতল হওয়ার পর s4া-সৃg-s4া চk9 আর চলেত পােরিন, এবং এক 
মুহ� েতC pায় সব পদাথC ও pিতপদাথC 2শষ বােরর মেতা িবলুp হেয়েছ, এবং তােদর পুনঃসৃg আর সmব হয়িন। pায় 
বললাম কারণ pিত একশ’ 2কা9 pিতপদােথCর িবপরীেত একশ’ 2কা9 এক9 পদাথC িছল, এবং এর ফেল চ� ড়াn 
~ংসযj9র পর মহািবে8 অবিশ4 িছল 2ফাটন আর 2লpন (েযমন, ইেলকyন) ও 2কায়াকC rপী পদাথC। তারপর 
2কায়াকCরা pথম িতন িমিনেট িমিলত হেয় 2pাটন Nতির কেরেছ। 

ছিব ১: মহািবে8র ১৩৮০ 2কা9 বছেরর ইিতহাস—মহািবেsারণ 2থেক সময়তীর অনুসরণ কের বতCমান পযCn। িবিভn dরিবন 
িবিভn যুগ পযCেবkণ করার জনB উপযুk—এক pােn বাইেসপ২ মহািবেsারণ-উৎপাদনকারী sীিতর িনশান 2খঁাজার 2চ4া করা 
যােc, আর অনB pােn ভ� েকিndক আেলাক dরিবনgেলা 2কবল সমকালীন ইিতহাস 2দখেত পাের। 2লাফােরর মেতা িনm 
কmােŋর 2রিডও dরিবনgেলা পুনরায়নন (reionization) যুগ পযCেবkণ করেত পারেব। 

মহািবে8র বয়স যখন ৩ লk ৮০ হাজার বছেরর কম তখন তােত 2ফাটেনর দাপট িছল সবেচেয় 2বিশ। 
ইেলyন ও 2pাটন তখন sাধীন িছল, এবং তােদর sাধীনতার অথC 2ফাটেনর পরাধীনতা, তা তারা যতই দাপুেট 2হাক 
না 2কন। 2ফাটনরা তােদর sাভািবক ‘সরল পথ’ অনুসরণ করেত পারিছল না, কারণ মুk ইেলকyন তােদরেক ঘন ঘন 
িবhল ও িবিkp কের িদিcল। িকnt ৩ লk ৮০ হাজার বছেরর মাথায় ইেলকyনেদরেক 2pাটনরা অিধকার কের 
2নয়, এবং এক মহা-পুনিমCলেনর মাধBেম তারা িনরেপk হাইে�ােজন পরমাণুর জn 2দয়। আবd ইেলকyনরা আর 
2ফাটনেক আক* 4 করেত পাের না, এবং 2ফাটনরা সব িপছA টান ভA েল সবিদেক মুkভােব ছিড়েয় পেড়। এই মুk 
2ফাটনেদরেকই আমরা বতCমােন ২.৭ 2কলিভন তাপমাtার মহাজাগিতক পটভ� িম িবিকরণ (পটিকরণ) িহেসেব 2দখেত 
পাই। পটিকরেণর এযাবৎ সবেচেয় সূk মানিচtgেলা Nতির কেরেছ pাংক উপgহ, এবং এই মানিচtgেলা বতCমান 
পযCেবkণমূলক িব8তেttর অনBতম মূলBবান gpধন। এেদরেক ৩ লk ৮০ হাজার বছর বয়সী (বতCমান বয়েসর 
০.০০৩%) rণ মহািবে8র এক9 িsরিচt বলা 2যেত পাের। 

হাইে�ােজেনর পুনিমCলেনর পর মহািব8 তার Nকেশাের pেবশ কেরেছ—অnকার ঘন Nকেশার, কারণ তখন 
তার 2কােনা আেলার উৎস িছল না। pথম নkt ও ক* \িববেররা শী�ই জn 2নয়, িকnt তােদর আেলা 2স অnকার 
দমেনর জনB যেথ4 িছল না। কারণ তারা মূলত অিতেবgিন রি� িনঃসরণ করত যা 2শাষণ কের িনেয় হাইে�ােজন-
বd ইেলকyন 2pাটেনর সােথ তােদর সmকC 2শষ কের, অথCাৎ হাইে�ােজন পুনরায়িনত হেয় যায়। পুনিমCলন যুেগর 
pবীণ 2ফাটনরা ইেলকyেনর pভাব 2থেক তA লনামূলক মুk হেলও নkt ও ক* \িববর 2থেক Nতির নবীন 2ফাটনরা 
আর মুk িছল না। 2ফাটন যখন িনিবCে� চলাচল করেত পাের না তখন আমরা একটা কA য়াশা-েধঁায়াশাcn পিরম�ল 
পাই। সুতরাং বলা যায় মহািব8 পুনিমCলেনর pাককালীন উjjল, উtp 2ধঁায়াশা 2থেক 2বিরেয় পুনরায়নন যুেগর 
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অnকার, শীতল 2ধঁায়াশায় বিn হয়। পুনরায়নন যুগ সmেকC মানুেষর 2কবল তািttক ধারণা আেছ, িকnt এযাবৎ তারা 
এ9 2দখেত পােরিন, িঠক 2যমন আঁধারযুগ ও মহািবে8র ঊষালgও তারা এযাবৎ সরাসির 2দখেত পায়িন। যিদ 
একজন মানুেষর মােয়র 2পেট থাকাবsার ছিব থােক, এবং তারপর 2কবল পূণCবয়s অবsার ছিব থােক তাহেল 2স 
Nশশব ও Nকেশাের 2দখেত-Pনেত 2কমন িছল তা িঠকভােব বলা সmব না; মহািব8 ও মানুষ dেটাই অেনক পাlায়। 
মানুেষর 2দখা মহািবে8র দশাও িঠক এমন। মানুেষর কােছ পটিকরণ িদেয় 2তালা rণ মহািবে8র একটা িsরিচt 
আেছ, এবং তারপর pাpবয়s মহািবে8র অেনক ছিব আেছ, িকnt আঁধারযুগ, ঊষালg, এবং পুনরায়নন যুগ 2য 
আঁধাের 2স আঁধােরই রেয় 2গেছ। 

মানুেষর কী 2সৗভাগB 2য বতCমােন তারা sান এবং কাল dই িদক িদেয়ই পুেরা মহািবে8র মানিচt Nতিরর 
সাহস করেত পাের! কারণ পুনিমCলেনর সময় 2য সুখী হাইে�ােজন পিরবারgেলার জn হেয়িছল তারা একটা সংেকত 
2দয়, তা পুনরায়নেনর মাধBেম পরম sাধীনতা লােভর সংেকেতর 2চেয় যতই dবCল 2হাক না 2কন। ইেলকyন ও 
2pাটেনর ‘িsন’ নােম একটা িবেশষ িদকধমCীতা আেছ যার কারেণ এই সংেকতটা Nতির হয়। হাইে�ােজন পিরবােরর 
সŋী d’জন যখন একই িদেক ঘুের তখন তােদর শিk িবপরীত িদেক ঘুরার সমেয়র 2চেয় 2বিশ থােক। 2কবল একটA  
কািবBক হওয়ার জনB যােদর িsন ‘একমুখী’ তােদরেক ‘সুখী’ এবং যােদর িsন ‘িবপরীতমুখী’ তােদরেক ‘dঃখী’ 
বলা যাক। dঃখী পিরবারgেলা অনB পিরবার বা িনঃসŋ 2ফাটনেদর সােথ 2মলােমশা কের একটA  পিরবার-বিহভCূত 
শিk অজCেনর মাধBেম সুখী হেয় যায়, িকnt যখন সুেখর 2রশ 2কেট যায় এবং তােদর জীবেন আবার dঃখ 2নেম আেস 
তখন তারা 2সই অিজCত শিkটA কA  ২১ 2সিnিমটার তরŋৈদেঘCBর িবিকরণ িহেসেব িনঃসরণ কের 2দয়। বেল রাখা 
ভােলা, এসব পিরবাের সবসময় ইেলকyনই অিsিতশীল। ২১-েসিম (একA েশ) এই তরŋ9 মহািব8 সmেকC জানার 
জনB এত grtপূণC 2য হাইে�ােজন পিরবােরর িsিনং সŋীেদর একটা ছিব মানুষ তােদর ‘পােয়ািনয়ার ১০’ নেভাযােন 
এঁেক িদেয়েছ, যােত অনBানB বুিdমান pাণী (যিদ তারা আসেলই থােক) বুঝেত পাের তারা কী বলেত চােc। 

মানুেষর আেরকটা বড় 2সৗভাগB 2য আেলার 2বগ rব। অনBথায় তারা জnােতই পারত না, তােদর s4ােক 
পযCেবkণ করা 2তা দ� েরর কথা। এই rবেtর কারেণ তারা যত দ� ের তাকায় তত অতীেতর িজিনস 2দেখ। নkt ও 
ক* \িববেরর মাধBেম হাইে�ােজেনর পুনরায়নন সmবত মহািবে8র বয়স যখন ১০০ 2কা9 বছর তখনই 2শষ হেয় 
িগেয়িছল। যেথ4 দ� ের তাকােল মানুষ একA েশ তরেŋর মাধBেম এই িকেশার মহািব8 পযCেবkণ করেত পারেব। আেরা 
অতীেত তাকােল তারা এমনিক ঊষালg ও আঁধারযুেগর ঘটনাgেলাও 2দখেত পােব। িঠক এই কাজটা করার জনB 
িবশালকায় িনm কmােŋর 2রিডও dরিবন বানােনা হেc পৃিথবীর আনােচ কানােচ। মহািবে8র সmpসারেণর কারেণ 
2সই একA েশ সংেকত আজ ৪ 2থেক ১ িমটার পযCn pলিmত হেয় 2গেছ; সংেকত যত অতীেতর pলmনও তত 2বিশ। 
এ-কারেণই dরিবনgেলা িনm কmাŋ তথা দীঘC তরŋৈদেঘCB 9উন করা। এমনই এক9 dরিবন হেc LOFAR (যার 
2কnd 2নদারলBাnেসর Exlooর কােছ) যা ১ 2থেক ৩০ িমটােরর মেধB যত পািথCব বা অপািথCব সংেকত আেছ সব 
সনাk কের। মনুষBিনমCীত পািথCব সংেকতgেলা pথেমই বাদ িদেয় 2দয়া হয়। বািক রেয় যাওয়া অপািথCব সংেকেতর 
খড়গাদায় িচrিন অিভযান চািলেয় নেয়েজর গভীের শািয়ত একA েশ সংেকেতর সnান করা হয়। 

একA েশ সংেকত খঁুেজ পাওয়া খুব কিঠন। pথমত, sয়ং সংেকতটা নয় বরং পটিকরেণর সােপেk তার 
আেপিkক তীbতাই 2কবল সনাk করা যায়, যার নাম ‘অnরক উjjলতা’। এবং এমনিক অnরক উjjলতার 
আসল মানটাও মাপা যায় না; 2লাফােরর মেতা dরিবন অBােরgেলা 2কবল এই উjjলতার sািনক তারতমBটA কA ই 
মাপেত পাের। তেব অnরক উjjলতার sািনক তারতমB 2থেকও grtপূণC অেনক িকছA  জানা সmব। 

তািttক িহসাব-িনকােশর মাধBেম আঁধারযুগ 2থেক পুনরায়নন যুগ পযCn সময়টােক িতন9 তাপমাtা িদেয় 
বণCনা করা হেয়েছ: গতীয়, িsন ও িবিকরণ তাপমাtা। িবিকরণ তাপমাtা পটিকরেণর শিkর আর গতীয় তাপমাtা 
পরমাণুgেলার গিতর পিরমাপক। আর িsন তাপমাtা হেc একমুখী ও িবপরীতমুখী িsনিবিশ4 পরমাণুেদর 
সংখBার অনুপােতর পিরমাপক। তাপমাtা িতন9 এক িtভA জ 2pেম মg হেয়িছল। আঁধারযুেগর Prেত তারা 
একসােথ থাকত এবং মহািবে8র pসারেণর সােথ তাল িমিলেয় একটা িনmগামী যাtা করত। িকnt মহািবেsারেণর 
আনুমািনক ১ 2কা9 বছর পর গতীয় তাপমাtা অনB d9 2থেক আলাদা হেয় 2বিশ drত পিতত হেত Pr কের। িsন 
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তাপমাtা অনB d9র মােঝ আনােগানা করেলও সবসময় িবিকরণ তাপমাtার 2বিশ কাছাকািছ িছল। Prেত 2স 
িবিকরণ তাপমাtার 2চেয় 2ছাট িছল 2য-কারেণ তখনকার একA েশ সংেকত এক9 িবেশাষণ সংেকত। মহািবেsারেণর 
আনুমািনক ১০ 2কা9 বছর পর 2স িবিকরণ তাপমাtােক ছািড়েয় যাওয়ায় একA েশ সংেকত9 িনঃসরণমুখী হেয় যায়। 
অবেশেষ আnঃগBালাkক মাধBেমর pায় সব হাইে�ােজন পুনরায়িনত হেয় যাওয়ার পর একA েশ সংেকত9 িমইেয় 
যায়। এgেলা এবং এরকম আেরা অেনক তািttক ভিবষBdাণী pমাণ, অpমাণ, বা আেরা সুগিঠত করার জনB একA েশ 
িবিকরণ পযCেবkণ করার 2কােনা িবকl 2নই। পযCেবkণমূলক ও তািttক 2জBািতিবCjানীরা একA েশ সংেকত 2দখার 
আশায় তাই িদন gণেছন। 

 

ছিব ২: িকভােব মনুষBিনিমCত dরিবেনর অnিনCিহত tr9র কারেণ পুনরায়ন যুেগর একA েশ সংেকত 2দখায় িব� ঘটেত পাের। 

িকnt একA েশ সংেকত সনাk করার 2চেয় কিঠন 2কােনা পযCেবkণ মানুষ অতীেত খুব কমই কেরেছ। মানুষ 
2যমন এক9 িবPd বৃেtর ধারণা ভাবেত পাের, িকnt বাsেব 2কবল তার এক9 tr9পূণC মূতCrপ Nতির করেত পাের, 
িঠক 2তমিন তােদর Nতির dরিবনgেলা এক9 tr9মুk পযCেবkেকর 2চােখর srেপর এক9 tr9পূণC মূতCrপ। 
একA েশ সংংেকত সনাk করেত হেল এই tr9gেলা যথাসাধB tr9পূণCভােব 2বাঝাটা খুব grtপূণC। এই িথিসেস 
পুনরায়নন যুগ 2থেক আসা একA েশ িবিকরণ সনাk করার 2kেt 2লাফােরর কেয়ক9 tr9 বা সীমাবdতা িনেয় 
আেলাচনা করা হেয়েছ। মানুেষর সৃg যতই tr9পূণC 2হাক না 2কন তারা 2সসব সৃgর িপছেনর tr9মুk rপ9র 
নকশা Nতির করেত খুব পটA । আসেল tr9মুk একটা মেডল ছাড়া তারা tr9পূণC িকছA  বানােতই পাের না। িনখঁুত 
পযCেবkেকরও 2সরকম এক9 মেডল আেছ, এবং ভাগB ভাল 2য মেডলটা এই সারমেমCর বBািpর মেধB িচtসহ বণCনা 
করাটাও 2বশ 2সাজা। বািক অংেশ ২ নং ছিবর মাধBেম িঠক 2সই কাজটাই করব। 

ছিব ২-এ িতন9 গািণিতক rপ 2দখােনা হেয়েছ: বাম পােশ পযCেবkেণর পর পাওয়া tr9পূণC 2sাকস 2ভkর 
(S0), ডান পােশ pক* ত 2sাকস 2ভkর (ST), এবং মাঝখােন tr9পূণC পযCেবkেকর pিতিনিধt করা ৪×৪ 2মk 
যােক মুBলার 2মk (M) বলা হয়। সতB ও বাহBrেপর মােঝ সবসময় থােক এক9 পযCেবkক। 2ভkর এবং 
2মেkর pিত9 উপাদান আকােশর ২০×২০ িডিg এলাকা 2দখােc। pক* ত আকােশর (S0) সােথ পযCেবkেকর 
tr9র (M) 2মk gণেনর মাধBেম tr9পূণC পযCেবkণ9 (ST) পাওয়া যায়। িকnt তার উপেরও অেনক সমসBা 
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আেছ। কারণ 2লাফার 2য pক* ত আকাশ 2দেখ তা পুেরাপুির কািŋkত আকাশ নয়। আেগ 2যমন বলা হেয়েছ, এখােন 
ST অপািথCব সংেক েতর এক িবশাল খড়গা দা যা 2থেক  সব অনাকািŋkত অংশ বাদ িদেত হেব। 2যমন, একA েশ 
সংেকত9 2পেত হেল পুনরায়ন যুগ এবং আমােদর মাঝখােনর সব গBালাkক ও বিহগCBালাkক িবিকরণ (যােদরেক 
‘পুেরাভ� িম’ বেল) বাদ িদেত হেব। বিহগCBালাkক িবিকরণ pধানত িবnA বৎ 2ছা° 2ছা° বst িহেসেব 2দখা 2দয় 2যgেলা 
বাদ 2দয়া তA লনামূলক সহজ। িকnt গBালাkক িবিকরণ আেস আমােদর গBালািkর (আকাশগŋা) সবCt িবs* ত 2চৗmক 
2kেtর চারিদেক অেপkীয় গিতেত ঘূণCায়মান ইেলকyন 2থেক, যার নাম িসংেkাyন িবিকরণ। dরিবেনর দ*gেkt 
জA েড় িবs* ত এসব িবিকরণ বাদ 2দয়ারও একটা উপায় আেছ: এরা কmােŋর সােপেk মসৃণ, অথCাৎ এক কmাŋ 
2থেক আেরক কmােŋ এেদর উjjলতা খুব ধীরলেয় পাlায়। িকnt একA েশ সংেকত9 এমন মসৃণ নয়। সুতরাং 
কmােŋর সােপেk মসৃণ অংশ9 বাদ 2দয়ার পর অবিশ4 থাকেব িসেsেম9ক ও Nদব নেয়জ, একA েশ সংেকত এবং 
আেরক9 সূk িজিনস যার নাম ‘সমবতCন িলক’। এই িলক-টাই এই িথিসেসর মূল িবষয়বst। বBাপারটা s4 করার 
জনB আবার ২ নং ছিবেত িফের িগেয় সমবতCন িkয়া9 বBাখBা করেত হেব। 

2জBািতিবCjােনর pধান কাজ মহাকাশ 2থেক আসা সব তিড়cA mকীয় তরŋ সনাk ও িবে³ষণ করা। এই 
তরŋgেলা Nতির হয় তিড়cA mকীয় 2kেtর আেnালেনর মাধBেম। 2রৗেdাjjল 2কােনা িদেন উnুk সাগেরর িদেক 
তাকােল আমরা আপাতদ* ে4 2কবল এক9 তরŋই 2দখেত পাই: সমুdতরŋ। িকnt গভীরভােব িচnা করেল 2বাঝা 
যায়, 2য আেলা আমােদর িঘের 2রেখেছ এবং আমােদরেক ঐ সমুdতরŋ 2দখেত পারŋম করেছ 2স িনেজই এক9 
তরŋ—জলতরŋ নয়, তিড়cA mকীয় 2kেtর তরŋ। তীের 2ভেঙ পড়ার সময় সমুdতরŋেক অেনক সুগিঠত মেন হেত 
পাের, িকnt সচরাচর এই 2ঢউgেলা খুব অেগাছােলা, 2যন এিদক ওিদক িবশৃŋলভােব dলেছ। একইভােব তিড়ৎ (ও/
বা 2চৗmক) 2kt 2কােনা িনিদC4 িদেক আেnািলত হেত পাের, বা সবিদেক িবশৃŋলভােব ওঠানামা করেত পাের। 
সুগিঠত হেল তােক বেল সমবিতCত, আর অগিঠত হেল অসমবিতCত। এসব তরেŋর সমবতCন চার9 রািশ (I, Q, U, 
V) িদেয় পুেরাপুির বBাখBা করা যায় যােদর নাম 2sাকস রািশ। 2sাকস ‘I’ তরŋ9র সবCেমাট তীbতা, Q, U 2কবল 
Nরিখকভােব সমবিতCত অংেশর পিরমাণ, আর V Pধু বৃtাকাের সমবিতCত অংেশর পির মাণ। আমােদ র গBালািk 
2থেক আসা িনm কmােŋর 2রিডও িবিকরণ অেনকটাই সমবিতCত, িকnt আমােদর কােছ আসেত আসেত তারা অেনক 
অসমবিতCত হেয় যায়। তারপরও 2যটA কA  Nরিখক সমবতCন আমরা পিরেশেষ সনাk করেত পাির 2সটA কA ই একA েশ 
সংেকত আিব¸াের িব� ঘটােনার জনB যেথ4। কারণ এটA কA  সমবতCন 2দখেত একA েশ সংেকেতর মেতা হেত পাের, 
এবং dেটােক আলাদা করা খুব কিঠন হেত পাের। 

একA েশ সংেকত 2দখেত হেব 2মাট তীbতা তথা 2sাকস `I’ 2ত। িকnt ২ নং ছিবর M 2মেkর মাধBেম 
সমবিতCত িবিকরেণর িকছA  অংশ 2মাট তীbতায় িলক করেত পাের। ছিবেত 2দখা যােc, S0 2ভkেরর 2sাকস `I’ 
এর মেধB S0 2ভkেরর সবgেলা উপাদান, এবং M 2মেkর pথম সািরর অবদান থাকেব। সমবতCন যিদ আসেলই 
2দখেত একA েশ সংেকেতর মেতা হয় তাহেল এই অবদানgেলা বাদ 2দয়া কিঠন হেব। সমবিতCত িবিকরেণর পিরমাণ ও 
Nবিশ4B এবং dরিবেনর M 2মk যিদ জানা থােক তাহেল িলকটা বাদ 2দয়া সmব, যিদও 2সেkেtও কাজটা অত 
2সাজা নয় 2যেহতA  M সময়, কmাŋ, এেn না, পযCেবkেণ র িদক, এবং দ*gেkেtর আকােরর উপর িনভCর কের 
সবসময় পাlােত থােক। 

2লাফার পুনরায়নন যুগ পযCেবkেণর জনB আকােশর 2য পঁাচ9 অ¹ল পযCেবkণ করেছ তার মেধB d9েত 
(3C196 ও NCP) এক রােত 2যটA কA  Nরিখক সমবতCন 2দখা 2গেছ তার Nবিশ4B আমরা এই িথিসেস আেলাচনা 
কেরিছ। একরািtর 2ডটা 2থেক সমবতCেনর একটা মেডল Nতির করার পর আমরা তা বBবহার কের 2মাট তীbতা তথা 
2sাকস `I’-এ সমবিতCত িবিকরণ কতটা িলক করেত পাের তার ভিবষBdাণী কেরিছ। এর জনB 2লাফােরর ‘মুখB 
িবম’ (primary beam) মেডল 2থেক সময়-কmাŋ-এেnনা-িবিকরেণর উপর িনভCরশীল M 2মk িহসাব করেত 
হেয়েছ। আমরা 2দিখেয়িছ, িলেকর পিরমাণ িসমুেলশনক* ত একA েশ সংেকত 2থেক 2বিশ হয় 2কবল 2ছাট 2কৗিণক 
2sলgেলােত, িকnt বড় 2sেল সংেকেতর 2চেয় িলক 2বিশ হেত পাের। ‘৩িস১৯৬’ অ¹েলর তA লনায় ‘এনিসিপ’ 
অ¹েল িলক একA েশ সংেকতেক 2বিশ অনুকরণ কের। এছাড়া আমরা এক রািtর পূণC-সমবতCন 2ডটা িবে³ষণ কের 
2লাফােরর মুখB িবম মেডেলর tr9র পিরমাণ িহসাব কেরিছ। tr9র পিরমাণ িছল আনুমািনক ১০% যা আমােদরেক 
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িলেকর পিরমাণ আেরা িঠকভােব িনধCারণ করেত সাহাযB কেরেছ। তA লনামূলক উc কmােŋ 2লাফােরর 
এেnনাgেলার দ*gেkt আনুমািনক ৪ 2থেক ৫ িডিg। িকnt দ*gেkেtর বাইেরর িবিকরেণর সাইডেলাব এবং িলক 
দ*gেkেtর িভতেরর পযCেবkণেক কলুিষত করেত পাের। আমরা 2দিখেয়িছ, দ*gেkেtর বাইের 2থেক আসা িলেকর 
পিরমাণ নগণB, কারণ 2কnd 2থেক বাইেরর িদেক িলক বাড়েলও sয়ং িবিকরেণর তীbতা কেম যায়, এবং dেটা িkয়া 
এেক অপরেক অেনকটা বািতল কের 2দয়। 

এই িথিসেসর আেরকটা িবষয়বst িছল সমবতCন িলক বাদ 2দয়ার িবিভn 2কৗশল। বতCমােন বাদ 2দয়ার 2যসব 
2কৗশল আেছ 2সgেলা 2কবল 2মাট তীbতা 2থেক সমবতCেনর িদেক িলক িনেয় কাজ করেত পাের, 2যখােন আমােদর 
িচnার িবষয় উেlা িদেকর িলক। তারপরও আমরা 2তমন dেটা 2কৗশল পরখ কের 2দেখিছ: িদকিনভCর কBািলেbশন 
এবং এডিbউ-pেজকশন। dেটার পারŋমতা pায় একই রকম—নেয়েজর তA লনায় সংেকত যেথ4 2বিশ হেল dেটা 
2কৗশলই pায় ৯০% িলক 2মরামত করেত পাের। 2শষ পযCn যা দরকার তা হেলা সুিবs* ত সমবিতCত িবিকরণ 2থেক 
2মাট তীbতার িদেক িলক বাদ 2দয়া, এবং এই িথিসেসর কাজ 2সেkেt উপকাের লাগেব। pিত9 Nবjািনক কােজরই 
িকছA  ঘটনাচkজাত উপির পাওনা থােক। আমােদর 2kেt এমন dেটা উপির পাওনা হল িনm কmােŋ এযাবৎ 
পযCেবkণ করা হয়িন এমন িকছA  সমবিতCত িবnA -উৎস সনাk করা, এবং 2লাফােরর মুখB িবেমর মেডেল tr9র 
পিরমাণ িহসাব করা। 

িলেকর পিরমাণ িকছA  2কৗিণক 2sেল এবং আকােশর 2কােনা 2কােনা অ¹েল একA েশ সংেকেতর pায় সমান, 
িকnt নেয়েজর 2চেয় অেনক কম। সুতরাং 2লাফােরর মেতা সমকালীন dরিবনgেলার 2kেt এটা মাথা বBথার 
সবেচেয় বড় কারণgেলার এক9 হেব না। িকnt SKA-এর মেতা িনমCীয়মান dরিবনgেলার 2kেt সমবতCন িলক 
আেরা আকষCণীয় ও pাসিŋক হেয় উঠেব। এত িনm কmােŋ সমবতCেনর িচt ধারণ করার কাজ আমরা সেব Pr 
কেরিছ, এবং ভিবষBেত এ িবষেয় কত িকছA  জানা যােব তা অেনকটাই অজানা। এই িথিসস 2সই িনm-কmােŋর 
2জBািতঃসমবতCনিমিতর যুেগর িদেক যাtার অেনকgেলা ধােপর এক9।
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